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ARTICLE INFO ABSTRACT

Keywords: Sinkhole development is a hazardous geomorphic process responsible for increasing economic losses worldwide.
Salt karst The highly dynamic eogenetic salt karst of the Dead Sea is one of the most striking examples of a human-
Subsidence enhanced sinkhole hazard. Since the 1980s, the shores of the Dead Sea have been affected by thousands of
;ﬁgi:i;oral mapping sinkholes while the lake level has been declining. Sinkholes pose a major threat, but their rapid development also
Coalescence offers an exceptional opportunity to study their evolution. Although the evolution of the morphometry and
Susceptibility distribution of sinkholes provides essential data for hazard assessment, this kind of studies are almost lacking

because of the typical slowness of the processes. Here we present multi-temporal cartographic sinkhole in-
ventories of a sector in the western shore of the Dead Sea. The database was constructed using aerial and satellite
imagery, high-resolution three-dimensional photogrammetric models, and fieldwork. Most of the depressions
mapped were single, small, relatively shallow, subcircular, collapse sinkholes nested within large sagging basins.
From 2005 to 2021, the 702 new sinkholes have been concentrated along a narrow N-S-oriented strip comprising
tightly packed alignments and clusters. Sinkhole expansion by mass wasting and coalescence play an essential
role in the evolution of the sinkhole landscape. An average subsidence rate of 45 cm/year has been calculated for
the total area affected by sinkholes, providing an indirect estimate for the rate of subsurface salt dissolution. This
research illustrates how multi-temporal geomorphic mapping and morphometric analyses provide an objective
basis for the development of reliable spatial predictions for sinkhole evolution.

1. Introduction

Many karst regions throughout the world suffer significant economic
losses related to sinkhole development. Very often the damaging sink-
holes are induced or accelerated by human activities that alter the sur-
face and/or underground hydrological systems (Gutiérrez, 2016; Parise,
2019; De Waele and Gutiérrez, 2022). The eogenetic salt karst of the
Dead Sea is one of the most striking examples worldwide, with the
development of thousands of human-induced sinkholes since 1980s in
the expanding lake shores (Abelson et al., 2017). The extremely high
activity of the subsidence phenomena poses a major threat, but also an
exceptional opportunity to study the morphometric and spatio-temporal
evolution of sinkholes using high-resolution data covering a limited time
span.

The Dead Sea endorheic lake, the lowest continental area on Earth,
has been affected by a water-level decline since 1950s. It used to be a
single water body occupying the whole Dead Sea basin, but nowadays it
is restricted to a northern sub-basin, and the southern one is occupied by
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evaporation ponds for potash extraction (Fig. 1a and b; Ben-Avraham
etal., 2008). The Dead Sea water has a salinity of approximately 340 g/L
(Al-Halbouni et al., 2021), around 9 times the salinity of the ocean
water, and it is mostly saturated with respect to halite. In addition to the
Jordan River, its main water input, the lake also receives water from
three main aquifers (Kurnub sandstone aquifer, Judean carbonate
aquifer, Quaternary alluvium) that discharge into the lake basin via
springs located in the lake bottom or in the vicinity of the coastline
(Yechieli et al., 1995, 2006; Abelson et al., 2006; Charrach, 2019). The
lake level decline is mainly caused by water diversion from the Jordan
River for irrigation, and pumping of Dead Sea water to feed the southern
evaporation ponds (Closson et al., 2013; Abou Karaki et al., 2016). In the
1970s the lake level fell at a rate of 0.5 m/year, and in the last decade the
decline rate has reached 1.1 m/year (Vey et al., 2021).

The contraction of the lake and the accompanying base-level drop
have induced a number of hazardous geomorphic processes, such as
landsliding, fluvial downcutting, and subsidence. The latter is related to
three main types of processes: (1) widespread subsidence associated
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Fig. 1. Geological context of the study area. a. Satellite image showing the Dead Sea located in the transform fault system between the Sinai sub-plate and the
Arabian plate. b. Topographic model of the Dead Sea area, located in the northern half of a 150-km-long pull-apart basin between the left-stepping Arava and Jericho
faults (structural data from Sneh and Weinberger, 2014). Its receding coastline is the lowest land surface in the world (—437 m below sea level according to the
Digital Surface Model of 2021 generated for this research). c. Geological sketch of the western sector of the Dead Sea south of the Nahal Hazezon alluvial fan
(modified from Mor and Burg, 2000). 1: Upper Cretaceous carbonate units of the Judean Mountains. 2. Pliocene En Feskha conglomerates. 3. Plio-Pleistocene Samra
and Lisan Fms. 4. Holocene Ze'elim Fm. d. Geomorphological map of the study area, bounded to the north by the Nahal Hazezon alluvial fan. Morpho-sedimentary
units from west to east include colluvial deposits, alluvial fans and mudflats exposed by the decline of the Dead Sea Lake level. The map depicts the 571 sinkholes
mapped in the study area in 2021. The dashed line indicates the limits of the abandoned Mineral Beach resort. The location of the three boreholes reported in Yechieli

et al. (2006) is shown (M-1 to 3). Coordinate system: EPSG:2039.

with dewatering and compaction of near-surface lake sediments (—24 to
—153 mm/year; Vey et al.,, 2021); (2) large subsidence basins that
enclose sinkhole clusters (e.g., Watson et al., 2019); and (3) rapidly
forming and evolving collapse sinkholes, which represent the most
dramatic and hazardous geomorphic process. The western coast has
experienced the formation of >6000 sinkholes since 1980, a process that
according to Abelson et al. (2006) displayed an acceleration trend be-
tween the 1980s and 2002. Sinkholes have caused substantial damage
on human structures (e.g., roads, tourist resorts) and economic activities
(potash exploitation, agriculture), and have the potential to cause fa-
talities (Frumkin and Raz, 2001; Closson and Abou Karaki, 2009a;
Frumkin et al., 2011; Abou Karaki et al., 2016, 2019; Nof et al., 2019;
Salameh et al., 2019; Vey et al., 2021). Several people have been
swallowed by sinkholes formed under their feet (Frumkin et al., 2011).
Interestingly, the depressions tend to occur forming clusters along
relatively narrow belts away from the shoreline (Abelson et al., 2006;
Yechieli et al., 2006; Watson et al., 2019). According to Abelson et al.
(2003), the majority of the sinkhole clusters on the western coast display
a linear shape with prevalent NE and SSE orientations, coinciding with
the principal trends of the exposed faults and the rift wall segments.
Research boreholes that encountered cavities in a shallow Holocene
salt unit corroborated the causal relationship between halite dissolution
and sinkhole occurrence (Abelson et al., 2006; Yechieli et al., 2006).
Two main interpretations have been proposed in the western coast of the
Dead Sea to explain the generation of sinkholes within the current lake-
level decline context. According to the most widely accepted interpre-
tation, the base-level lowering causes the lakeward migration of the
brackish water — saline water interface, allowing undersaturated water
to dissolve halite that used to be in contact with saturated saline water
(Yechieli et al., 2001, 2006). Different water sources and preferential
dissolution zones have been proposed to explain the karstification of the

halite unit on the landward side of the brackish-saline water interface
(Fig. 2): (1) dissolution at the salt edge by water derived from laterally
interfingered alluvial gravels (e.g., Ezersky et al., 2009; Frumkin et al.,
2011); (2) dissolution controlled by concealed faults that guide the
upward flow of undersaturated water from bedrock aquifers (hypogene
karst) (Abelson et al., 2003; Closson, 2005; Shalev et al., 2006); (3)
downward percolation of surface water during flash floods via sinkholes
that interrupted drainages, functioning as swallow holes (Avni et al.,
20165 Arav et al., 2020). An additional interpretation postulates that the
lake-level decline is not a requisite for the development of sinkholes, and
that halite dissolution can occur on the saline side of the interface by
undersaturated groundwater rising from a deep confined aquifer along
faults, as supports the presence of sinkholes formed under the lake water
(e.g., Frumkin et al., 2011; Closson et al., 2013; Charrach, 2019). All
these models are fully compatible and most probably play some role on
sinkhole development on the western coast of the Dead Sea, with vari-
able contribution depending on local conditions. On the eastern coast,
where the subsurface stratigraphy is poorly known due to the paucity of
borehole data, Al-Halbouni et al. (2017, 2021), Polom et al. (2018), and
Watson et al. (2019) attribute hectometer-scale subsidence basins with
nested collapse sinkholes to the development of solutional conduits in
lenticular salt beds and the internal erosion (piping) of detrital deposits.
The main differences between the genetic models proposed on the
western shore (dissolution model) and the eastern shore (dissolution-
piping model) of the Dead Sea are related to the characteristics of the
salt deposits and the processes responsible for mass depletion and void
creation in the subsurface. All the authors working on the western bank
referred to above concur that dissolution of a thick salt layer, regardless
of the source of the undersaturated water and the location of the
dissolution zone, is the main responsible for sinkhole development (i.e.,
dissolution model). Conversely, on eastern bank halite is considered to
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Fig. 2. Conceptual model (not to scale)
for the western coast of the Dead Sea
showing the two main scenarios in
which halite dissolution and sinkhole
formation occur, with respect to the
lakeward-migrating interface between
the brackish and saline water: on the
landward side of the interface; and on
the lakeward side of the interface,
where saturated saline water may be
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occur as relatively thin lenticular layers and the subsurface voids
responsible for sinkhole development are attributed to salt dissolution
and notably to subsurface mechanical erosion (piping) in mud deposits,
leading to the development of a dense network of conduits. This
dissolution-piping model suggests that the mud deposits are transformed
by internal mechanical erosion from an aquitard into a peculiar aquifer
of soft muddy sediments with high conduit permeability. According to
this model, the evacuation of detrital material from the conduit network
occurs via springs with sediment-laden waters observed at the surface,
and probably present under the lake waters (Al-Halbouni et al., 2017,
2021; Polom et al., 2018; Watson et al., 2019).

The extraordinary Dead Sea sinkholes have been the subject of a
large number of scientific studies. Preliminary maps of sinkhole clusters
along the western and eastern shores of the Dead Sea were produced by
Frumkin and Raz (2001) and Closson and Abou Karaki (2009b),
respectively. Abelson et al. (2006) presented the first multi-temporal
inventories of two sinkholes clusters in the western shore of the lake.
Besides, sinkhole maps were produced as auxiliary data for detailed
geophysical studies on the west (Ezersky et al., 2009; Ezersky and
Frumkin, 2020) and east coasts (Al-Halbouni et al., 2021; Ezersky et al.,
2021). Filin et al. (2011) conducted the first airborne laser scanning
survey of the western shore of the Dead Sea to illustrate the application
of the technique to the three-dimensional characterization of sinkholes.
Avni et al. (2016) and Arav et al. (2020) used the same method to
produce general high-resolution 3D models to assess the relationship
between the development of sinkhole swarms and the drainage network
at the Ze'elim alluvial fan, the largest one along the Dead Sea coast. Baer
et al. (2002), Yechieli et al. (2016) and Nof et al. (2019) applied Inter-
ferometric Synthetic Aperture Radar (InSAR) to detect ground defor-
mation in sinkhole sites of the western shore, including slow subsidence
preceding collapse. On the eastern shore, Al-Halbouni et al. (2017) and
Watson et al. (2019) conducted detailed quantitative analyses of sink-
holes and subsidence basins using multi-temporal maps produced with
remote-sensed data, including photogrammetric DSMs and orthomo-
saics. Moreover, Al-Halbouni et al. (2018, 2019) tracked the spatio-
temporal evolution of sinkholes to validate geomechanical models of
the formation of sinkholes within karstic depressions.

Sinkhole fields evolve over time by various processes: (1) enlarge-
ment of pre-existing sinkholes by lateral expansion (surface erosion) and
deepening (renewed and continuing subsidence), (2) generation of new
sinkholes, and (3) coalescence of two or more sinkholes. The latter
process can occur as a consequence of the first two, namely lateral
expansion and intersection of pre-existing sinkholes by new ones, and is
influenced by spatial factors, such as sinkhole density and clustering,
and rheological conditions. While the degree of morphological maturity
increases, these processes modify the morphometric and spatial distri-
bution features of the sinkholes. These parameters are critical for the
development of sinkhole hazard and risk assessments. However, despite
of their practical importance, the evolution of the morphometry and
spatio-temporal distribution of sinkholes have been barely explored in
real cases (e.g., Festa et al., 2012). This is largely due to the typically
slow rates of the geomorphic processes, requiring for their study longer
time spans than those covered by the available data. However, the
rapidly evolving Dead Sea sinkholes offer an exceptional opportunity for
this type of analyses. The main objective of this work is to illustrate such
kind of studies using multi-temporal cartographic sinkhole inventories
and 3D morphometric data. These data allow analyzing quantitatively a
number of evolutionary features with significant geomorphological and
practical implications, such as: (1) the role played by sinkhole expansion
and coalescence on the morphometric evolution of the depressions; (2)
the variable frequency-size relationships of single and compound sink-
holes; (3) the impact of clustering versus dispersion on the evolution of
sinkholes; (4) the relative distribution between pre-existing and new
sinkholes and its utility for sinkhole prediction. The results of the work
also provide novel insights into the characteristics and origin of sink-
holes and large subsidence basins in the eogenetic salt karst of the Dead
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Sea.
2. Geological setting

The Dead Sea is a hyper-saline endorheic lake located in the 150-km-
long Dead Sea pull-apart basin, with its water level currently lying at
~437 m below sea level (according to the topographic data gathered for
this research). The basin formed 18-15 Ma ago between the left-stepping
Arava and Jericho strike-slip faults (Fig. 1). These N-trending structures
occur in the southern sector of the left-lateral Dead Sea transform fault
system, which defines the boundary between the Arabian plate and the
Sinai sub-plate. The structure of the Dead Sea basin is controlled by
border faults with dominant normal displacement and longitudinal
intrabasinal strike-slip faults. It is divided into two main sub-basins
separated by the Lisan salt diapir (Fig. 1a and b; Garfunkel and Ben-
Avraham, 1996; Abelson et al., 2006; Ben-Avraham et al., 2008).

The sedimentary record reveals that the lake-level has experienced
significant variations since the mid-Pliocene as a consequence of cli-
matic fluctuations and the resulting imbalances between water inputs
and outputs (Garfunkel and Ben-Avraham, 1996). From that time the
northern basin has hosted at least four large paleolakes recorded by the
corresponding litho-stratigraphic units: Amora Fm. (220-135 ka),
Samra Fm. (135-87 ka), Lisan Fm. (75-14 ka), and Ze'elim Fm. (11
ka—present) (Neugebauer et al., 2014; Coianiz et al., 2019, 2020). There
are extensive outcrops of the Lisan Fm. along the Dead Sea coast, which
belong to a much larger and deeper late Pleistocene pluvial lake. This
formation consists of varves comprising minerals precipitated from the
lake water (aragonite, gypsum, and halite), and fine-grained detrital
material (Neugebauer et al., 2014; Dor et al., 2019). The younger Ze'elim
Fm., inset with respect to the Lisan Fm., is exposed along the rapidly
expanding coast. Outcrop and borehole data indicate that its reaches 70
m in thickness and comprises interdigitated alluvial and lacustrine
sediments. The latter are characterized by alternating laminae of
autochthonous precipitates (aragonite, gypsum, and halite) and mud
ascribed to aeolian dust from the Sahara-Arabia deserts (Haliva-Cohen
et al., 2012; Neugebauer et al., 2014; Coianiz et al., 2019). According to
boreholes drilled in near-shore environments, the lower section of the
Ze'elim Fm. is made up of a ca. 10 ka halite unit that was deposited
during the transition between the Pleistocene Lisan Lake to the Holocene
Dead Sea Lake, during a significant shrinking phase under extremely
arid conditions. This porous and poorly lithified salt unit, still in its
eogenetic stage, is mainly composed of idiomorphic halite crystals and
reaches 25 m in thickness (Yechieli et al., 1993, 1995, 2006; Abelson
et al., 2006; Neugebauer et al., 2014).

The study area (Fig. 3a), covering 2.89 kmz, is bounded to the west
by the Western Boundary Fault, that essentially juxtaposes Holocene
Ze'elim sediments in the downthrown block, against the Quaternary
Samra and Lisan formations, underlain by Cretaceous carbonate units of
the Judean Mountains (Mor and Burg, 2000; Fig. 1c). From the
geomorphological perspective, the analysed piedmont and coastal strip
is situated, from north to south, between the southernmost sector of the
Nahal Hazezon alluvial fan, and 100 m north of the Ein Kedem North
thermal spring. From west to east, the study area comprises the
following morpho-sedimentary environments underlain by interdigi-
tated deposits: (1) a strip of relatively steep slopes with colluvial de-
posits shed from the fault escarpment; (2) alluvial fans fed by the wadis
that drain the Judean Mountains, consisting of slightly cemented
gravels; (3) mudflats exposed by the anthropogenic decline of the lake
level and underlain by soft, laminated lacustrine deposits.

The studied sinkholes mainly occur in the mudflat and, to a lesser
extent, in the Nahal Hazezon alluvial fan and the colluvial deposits
(Fig. 1d). At the gradational boundary between the Nahal Hazezon al-
luvial fan and the mudflat there used to be a tourist resort (Mineral
Beach), now abandoned as a consequence of its destruction caused by
sinkholes (Fig. 3b). The resort was built in an area with a thermal spring
with water emerging at around 30 °C. According to borehole data, here
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the water rises from deep strata with a salinity of ca. 120 g/L, which is
around 35 % of that of the Dead Sea, and hence with high capability to
dissolve halite (Abelson et al., 2006; Yechieli et al., 2006). Three bore-
holes were drilled in the vicinity of Mineral Beach (Yechieli et al., 2006;
see Fig. 1d for location). The longest borehole (49 m; M-2 in Fig. 1d)
crossed in ascending order: (1) an alternating sequence, 16 m thick, of
lacustrine muds and alluvial gravels; (2) a 15-m-thick halite unit be-
tween —440 and — 425 m b.s.1.; and (3) a package of 18 m of lacustrine
muds. This borehole penetrated a cavity >1.5 m wide at the lower part
of the salt unit (between —440 and — 435 m b.s.1.).The muds underlying
the halite unit belong to the Lisan Fm., and those above to the Ze'elim
Fm. Toward the west, these lake deposits grade laterally through an
interdigitated contact into the alluvial fan gravels. This lateral facies
change bounds deposits with markedly different permeability and
rheology; porous and brittle gravels versus low-permeability and ductile
muds. The remaining boreholes, M-1 (35 m) and M-3 (15 m), did not
intercept the halite unit, most probably due to the marginal position and
limited depth, respectively. The thickness and elevation of the halite
unit varies considerably with distance to the lakeshore (Abelson et al.,
2006; Yechieli et al., 2006). These variations can be related to the ex-
pected pinching-out toward the margin of the basin, truncation and
offset of the unit by concealed Holocene faults, and dissolution.

3. Methodology

In order to gain insight into the morphometric and spatio-temporal
evolution of the sinkholes in the study area (2.89 kmz), multi-
temporal sinkhole maps have been produced covering the period
2005-2021, with intervals of 1-3 years. Sinkhole mapping was con-
ducted in a GIS environment (ArcGIS and QGIS) using various types of
imagery: (1) aerial photographs from 2005 to 2011; (2) satellite images
from 2015; and (3) orthomosaics produced for this work by Structure
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Fig. 3. a. Image of the study area taken
from the western escarpment and looking to
the north. The Nahal Hazezon alluvial fan is
in the background. The arrow points to the
location of Mineral Beach resort (shown in
b). The mudflat is punctured by sinkhole
alignments and numerous coast-parallel
linear features (i.e., risers, strand lines)
recording previous Dead Sea shorelines. b.
Collapse sinkhole affecting the parking lot
and some buildings at the Mineral Beach
resort. Note the concentric network of cracks
beyond the array of boulders, attesting for
the substantial expansion of the ground
instability phenomenon. The arrow points to
a person for scale on the left.

from Motion (SfM) Photogrammetry with images taken by a UAV (Un-
manned Aerial Vehicle) in 2018 and 2021. We also generated high-
resolution photogrammetric digital surface models (DSMs) with the
drone images of 2018 and 2021, which were used for measuring
planimetric and three-dimensional morphometric parameters of the
sinkholes. Table 1 indicates the type of data employed, their source,
date, horizontal resolution, and georeferencing error (root mean
squared error, RMSE).

For mapping sinkholes within the interval 2005-2011 we produced
georeferenced orthomosaics with the corresponding aerial photographs.
Initially, we merged the overlapping photographs from each date.
Subsequently, we orthorectified and georeferenced the mosaics using
between 23 and 29 control points and our SfM-derived 2018 orthomo-
saic as reference. The control points were restricted to the limited
number of persistent locations identifiable on both images. We chose a
second order polynomial for georeferencing, which contributes to
reduce the influence of the distortion associated with the flight obliq-
uity. All the data sets were georeferenced under the EPSG:2039 coor-
dinate system.

In December 2018 and 2021 we conducted fieldwork in the study
area to: (1) check the mapped landforms and identify new ones on the
ground; (2) gather data on the sinkhole areas, including outcrops and
features not identifiable in the available imagery; and (3) perform drone
photogrammetric flights. For the latter task, we installed 30 evenly
spaced ground control points (targets 50 cm in diameter) across the
study area that were measured with a Differential-GPS (Trimble R8).
The drone flights were operated by Terrascan-Labs LTD with a DJI Mavic
2 Pro in 2018 and a DJI Phantom 4 Pro in 2021. We produced high-
resolution orthomosaics and digital surface models (DSM) of the
vegetation-free surface by SfM Photogrammetry using the software
Agisoft Metashape Professional. This photogrammetric approach finds
and matches a number of common image features in the overlapping
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Table 1
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Raster data used for multi-temporal mapping of sinkholes and for characterizing their morphometric features and spatio-temporal evolution. The coordinate system

EPSG:2039 was used for all the data sets. RMSE: root mean squared error.

Data type Source Date Elapsed time Resolution RMSE
Aerial photographs Geological Survey of Israel 2005-01-13 - 100 cm/pix 391 cm
Aerial photographs 2006-08-04 1.56 years 95 cm/pix 317 cm
Aerial photographs 2008-12-28 3.96 years 81 cm/pix 337 cm
Aerial photographs 2011-10-11 6.75 years 66 cm/pix 157 cm
Satellite image 2015-09-08 10.66 years 25 cm/pix 124 cm
Drone orthomosaic Drone images captured by Terrascan-Labs LTD 2018-12-12 13.92 years 4 cm/pix 7 cm
Drone DSM 2018-12-12 13.92 years 15 cm/pix 7 cm
Drone orthomosaic 2021-12-07 16.91 years 4 cm/pix 2 cm
Drone DSM 2021-12-07 16.91 years 17 ecm/pix 2cm

photographs taken for different points, that are subsequently used to
establish their exterior and orientation parameters (Micheletti et al.,
2015). After assigning coordinates to the 30 ground control points, the
software sequentially produced georeferenced high-resolution point
clouds, DSMs, and orthomosaics. To maintain consistency between the
2018 and 2021 SfM-derived models, we used the same distribution of
GCPs and the same SfM processing parameters.

The multi-temporal sinkhole mapping was carried out by manual
digitizing on the various types of imagery. We opted for this method due
to the following reasons: (1) the depressions and their boundaries can be
confidently identified in the images of the barren and nearly flat ground
surface; (2) the approach can be applied to all the dates, allowing the use
of consistent mapping criteria; (3) manual mapping involves a thorough
virtual examination of the study area, which provides the means for
grasping important geomorphic features and relationships that would go
unnoticed using automatic methods (Festa et al., 2012; Zumpano et al.,
2019; De Waele and Gutiérrez, 2022). Automatic or semi-automatic
mapping approaches using DEMs (e.g., Panno and Luman, 2018) were
ruled out because they were not feasible for all the dates, and they
typically yield a high number of false positive and missed positives (e.g.,
Wall et al., 2017), as well as imprecise sinkhole boundaries (e.g.,
Hofierka et al., 2018). Various types of relief models generated with the
2018 and 2021 DSMs (conventional and multidirectional hillshades, Red
Relief Image Maps; Chiba et al., 2008; Gokkaya et al., 2021) revealed a
tight correspondence between the features mapped with the images and
those identifiable in the high-resolution models. In order to track the
evolution of the sinkholes (e.g., reactivation, expansion, coalescence)
and the occurrence of new ones, we produced maps in chronological
order starting with the 2005 images. An identification number was
assigned to each sinkhole, that was retained for the following dates. In
case of coalescence of two or more sinkholes, the identification number
of the larger one was kept for the compound sinkhole. The maps
covering the 2005-2021 interval include a total of 935 different sink-
holes, of which 702 were newly formed within that time period. The
multi-temporal sinkhole database was furnished with attributes such as
the morpho-sedimentary environment in which the sinkholes are
located (mudflat, alluvial fan, colluvium), whether they were single or
compound, and for the sinkholes identified in the high-resolution 2018
and 2021 orthoimages, the subsidence mechanisms (i.e., collapse, sag-
ging, mixed (concurrently or consecutive combination of collapse and
sagging processes); Gutiérrez et al., 2008; Gutiérrez, 2016; Parise,
2019). The coastline and the drainage network (gullies), locally inter-
acting with the sinkholes (e.g., blind gullies, dissected sinkholes), were
also mapped for each date. Additionally, the two most recent orthoim-
ages, thanks to their high resolution (4 cm), allowed us to identify sys-
tems of extensional cracks and scarps developed along the marginal
zones of the sinkholes.

The following planimetric morphometric parameters were computed
automatically for each sinkhole and each date: major axis, azimuth of
the major axis, perimeter, area, circularity ratio, elongation ratio. The
three-dimensional parameters, including depth, length-to-depth ratio,
and volume were only measured for the sinkholes mapped with the 2018

and 2021 DSMs. Table 2 indicates the definition of the parameters and
how they were measured. Sinkhole depth was computed as the elevation
difference between the highest point of the edge and the deepest point of
the sinkhole. Sinkhole volumes were computed with the SfM-derived
DSMs of each sinkhole and their synthetic DEMs, equivalent to their
pre-collapse surface, as a pixel-by-pixel volume summation using the
Volume Calculation Tool of QGIS (REDcatch GmbH, 2020).

To analyse the spatio-temporal distribution patterns of the sinkholes
and the impact of processes such as their areal growth and coalescence,
we produce a map for each date assessing the number of sinkholes per
hectare. These density maps by number of sinkholes were generated
with their centroids and applying a triweight kernel function and a
circular search radius of ~56 m (i.e., 1-hectare search area). The per-
centage of area occupied by sinkholes was measured conducting overlay
analyses over an orthogonal mesh with a cell area of 1 ha.

We calculated for every mapped sinkhole the shortest distance be-
tween its centroid to the drainage network, its areal expansion with
respect to the previous date, and its deepening and volumetric
enlargement between sinkholes mapped from 2018 to 2021. We also
computed for each date the Nearest Neighbor Index (NNI) (Table 2). The
NNI (NNI = La / Le; Clark and Evans, 1954) is the ratio between the
average distance between nearest neighbors in the study area (La) and
the expected distance between neighbors in a theoretical random dis-
tribution with the same distance (Le). It ranges between maximum ag-
gregation (NNI = 0) and maximum dispersion (2.1491). A NNI of 1
means random distribution. We also applied the density-based spatial
clustering (DBSCAN; Ester et al., 1996) algorithm to identify clusters
among the sinkholes mapped in 2021 (Table 2). It can be applied to
group sinkhole centroids that are packed together and mark as outliers
the non-clustered ones without indicating the number of clusters in
advance, unlike in the widely used k-means clustering method. The low
resolution of the initial imagery and the coalescence of sinkholes
restricted the assessment of the areal and volumetric evolution of indi-
vidual sinkholes. We were able to measure the rate of areal change of 71
% of the sinkholes mapped between 2005 and 2021 and the rate of
volumetric change of 68 % of the sinkholes mapped from 2018 onwards.
The subtle mapping discrepancies related to the different raster resolu-
tions and the georeferencing errors resulted in inaccuracies such as very
small negative areal (32 %; median: —0.3 mz/year) and volumetric (16
%, median: —0.2 m®/year) change rates.

4. Results
4.1. General features of the sinkholes

A total of 702 new sinkholes have been mapped for the period
2005-2021 (Fig. 4). The multi-temporal cartographic inventories
included the differentiation between single and compound depressions,
their geomorphic position, and the sinkhole type for those of 2018 and
2021 (collapse, sagging, mixed; Fig. 5). The number of sinkholes map-
ped in 2005, 2006, 2008, 2015, 2018, and 2021 was 158, 164, 341, 386,
427, 558 and 551, respectively (Fig. 6a). Interestingly, the area covered
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Table 2

Parameters measured and calculated from the mapped sinkholes. The table in-
cludes its coding, definition, and the procedure followed for obtaining them.

Parameter Code Definition Procedure

Major axis Ma Planar length of the Longest distance
straight line between between any two
the antipodal points of  vertices of the convex
the sinkhole perimeter ~ hull that encloses the

sinkhole. Convex hull
generated using the
ArcGIS Minimum
Bounding Geometry
tool

Azimuth of major ~ AzMa Orientation of the Horizontal angle of

axis major axis measured the major axis (Ma)

from the North. measured clockwise

from the North.
Automatically
calculated by the
ArcGIS Minimum
Bounding Geometry
tool

Perimeter P Length of the mapped Measured using R (R
sinkhole edge Core Team, 2022), the

sf package (Pebesma,
2018) and the
st_perimeter tool from
Iwgeom package (
Pebesma, 2020)

Area A Area enclosed within Measured using R (R

the perimeter Core Team, 2022)and
the st_area tool from
the sf package (
Pebesma, 2018)

Areal change AA Increase of the area of (1) Identification of
a sinkhole between, at  the sinkholes mapped,
least, two consecutive at least, in two
dates consecutive dates. (2)

Area of the sinkholes
in the corresponding
dates. (3) Time
elapsed between the
dates of the images
used for mapping. (4)
Calculation of the rate
of areal increase per
year. These steps were
carried out using R (R
Core Team, 2022) and
the tidyverse (
Wickham et al., 2019),
sf (Pebesma, 2018),
and data.table (Dowle
and Srinivasan, 2022)
packages

Circularity ratio Re Ratio between the RC = A/ Ap (Ap = P?
area of the sinkhole / 4m). Computed using
(A) and the area of a R (R Core Team, 2022)
circle with the same
perimeter as that of
the sinkhole (Ap)

Elongation ratio Re Ratio between the Re=D/Ma (D=
diameter (D) of a 24/(A / 1)). Calculated
circle with the same using R (R Core Team,
area as that of the 2022)
sinkhole and the
major axis (Schumm,

1956)

Depth D Elevation difference Measured using the
between the highest QGIS Zonal statistics
point of the sinkhole tool and the SfM-
edge and the deepest derived DSMs for
point of the sinkhole 2018 and 2021

Length to depth RMa-D Ratio between the RMa-Z = Ma / D.

ratio

major axis (Ma) and
the depth (Z) of a
sinkhole

Computed using R (R
Core Team, 2022)

Table 2 (continued)
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Parameter

Code

Definition

Procedure

Maximum
deepening rate

Volume

Volumetric
change

Shortest distance
between
sinkhole
centroid and
drainage
network

Nearest Neighbor
Index

AD

AV

SD-
sinkhole
drainage

NNI

Maximum deepening
rate measured in
centimeters per year
(cm/year)

Summation of the
pixel-by-pixel
volumes within the
sinkhole perimeter
bounded between
synthetic DEMs (pre-
collapse surface) and
the SfM-derived DSM
(sinkhole topography)

Increment of the
volume of a sinkhole
between 2018 and
2021

Distance between the
centroid of a sinkhole
and the closest
drainage (gully) in the
corresponding date

Assessment of the
degree of clustering
versus dispersion by
the ratio between the
average distance
between nearest
sinkholes (centroids)
in the study area and
the expected distance
between sinkholes
with a theoretical

(1) Identification of
sinkholes mapped in
2018 and 2021. (2)
Difference between
sinkhole depths in
both dates. (3)
Calculation of the time
elapsed between the
dates of the SfM-
derived DSMs used for
measuring their
depth. (4) Calculation
of their maximum
deepening rate per
year. These steps were
carried out using R (R
Core Team, 2022) and
the tidyverse (
Wickham et al., 2019)
and sf (Pebesma,
2018) packages
Addition of the pixel-
by-pixel volumes of all
the raster cells within
the sinkhole
perimeters between
their synthetic DEMs
and the SfM-derived
DSM of 2018 and
2021. Estimated using
the QGIS Volume
Calculation Tool (
REDcatch GmbH,
2020)

(1) Identification of
distinctive sinkholes
mapped in the 2018
and 2021 images. (2)
Sinkhole volume in
each date. (3)
Calculation of the time
elapsed between the
dates of the SfM-
derived orthomosaics
used for mapping. (4)
Calculation of the
annual rate of
volumetric change.
These steps were
carried out using R (R
Core Team, 2022) and
the tidyverse (
Wickham et al., 2019),
sf (Pebesma, 2018),
and data.table (Dowle
and Srinivasan, 2022)
packages

Measured using R (R
Core Team, 2022), the
tidyverse package (
Wickham et al., 2019)
and the st_distance
tool from the sf
package (Pebesma,
2018).

Calculated using R (R
Core Team, 2022) and
the nni tool (envelope
as minimum bounding
geometry) from the
spatialEco package (
Evans and Murphy,
2021)

(continued on next page)
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Table 2 (continued)

Parameter Code Definition Procedure

random distribution
and the same density (
Clark and Evans,
1954)

Density-Based DBSCAN Density-based Calculated using the
Spatial assessment of point algorithm proposed by
Clustering of clustering. Sinkhole Ester et al. (1996), the
Application centroids in this case. nearest neighbor
with Noise graph created by the

dbscan (Hahsler et al.,
2019) package, and
the QGIS DBSCAN
clustering tool.

We considered a
threshold of 3
sinkholes for a region
to be considered dense
and a maximum
grouping distance of
55 m between points
calculated with a
nearest neighbor
graph of the sinkholes
mapped in 2021

by sinkholes shows a steady increase from 1 to 4 % of the study area
(Fig. 6¢), whereas the increasing trend of the number of sinkholes re-
verses between 2018 and 2021, despite the significant improvement of
the resolution of the images from 2018. This pattern is related to both
the coalescence of sinkholes and the expansion of the depressions by
mass wasting processes, entailing a decrease in the number of sinkholes

2005 2006 2008 2011
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and an increase in the area covered by them. The 551 sinkholes mapped
with the 2021 high-resolution orthoimages and DSM comprised: (1) 473
single and 78 compound depressions; (2) 469, 62 and 20 sinkholes
located in the mudflat, the alluvial fans and colluvial deposits, respec-
tively; and (3) 404 collapse sinkholes, 90 sagging sinkholes, and 57
mixed sinkholes (Figs. 4, 5).

As displayed in Fig. 4, the 2021 sinkholes are concentrated along a
narrow strip with a general N-S orientation lying between the Dead Sea
Western Boundary Fault escarpment and the receding coastline. The
strip comprises a number of sinkhole alignments and strongly elongated
clusters with sharp changes in orientation, ranging from NNW-SSE to
NE-SW. In 2021, the sinkhole density in the study area (2.89 km?) was
191 sinkholes/km?. However, due to the highly clustered distribution of
the sinkholes along a well-defined belt, they can be enclosed by a single
convex hull polygon (i.e., polygon of minimum perimeter containing all
the sinkholes) 3087 m long and 454 m wide that occupies an area of
1.13 km?. The density of sinkholes considering this minimum bounding
geometry rises to 488 sinkholes/km? These are exceptionally high
densities compared with those reported in other sinkhole areas world-
wide (see table and references in De Waele and Gutiérrez, 2022, p. 431).
The cumulative area of the 2021 sinkholes, excluding nested ones, is
0.11 km?, yielding percentage areal densities of 4 % and 10 % with
respect to the whole study area and the convex hull polygon, respec-
tively. The graphs in Fig. 6 show the temporal evolution of the number
of sinkholes partitioned by their geomorphic setting, differentiating
between single and compound, and considering the subsidence mecha-
nism (for 2018 and 2021). The sinkholes mapped in 2006 are not indi-
cated because of the lack of data in the southernmost area (Fig. 4). The
great majority of the sinkholes were single and developed in the
mudflat, which occupies 65 % of the study area. However, mixed

2021

2015 2005-2021

Anthropogenic

- no data -

237800 238000

™ Dead Sea M Sinkhole

[ ] Mudflat

%

005909

000909

005509

000509

G %
%iu':ilk.
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00009

"1 2005 sinkhole
T T
237800 238000

I Colluvial deposits [ Alluvial fan

Fig. 4. Evolution of the spatial distribution of sinkholes between 2005 and 2021. The sequence of maps shows the enlargement of the emerged land and the
increasing area occupied by sinkholes related to the formation of new ones, the expansion of depressions by mass wasting processes, and their coalescence. Note the
longitudinal and lakeward expansion of the linear sinkhole clusters and the formation of new ones, progressively filling the gaps along a well-defined sinkhole belt.
The location of the Mineral Beach resort is indicated, closed in 2015 because of its destruction by sinkholes. The maps also show the anthropogenic fill dumped in the
study area between 2008 and 2011 and its enlargement. It covered pre-existing sinkholes, some of which punctured its eastern sector between 2015 and 2018.



J. Sevil and F. Gutiérrez Geomorphology 434 (2023) 108732

Collapse  Mixed Sagging

606000 606500

605500

605000

6o O

604500

604000

237800 238000 [ ] Dead Sea
[l Collapse sinkhole [ ] Mudflat
[ ] Mixed sinkhole [ Colluvial deposits
I Sagging sinkhole [ Alluvial fan

Fig. 5. Spatial distribution of the 2021 sinkholes in the different geomorphic units grouped by the main subsidence mechanisms inferred from their surface
expression. Note that sagging sinkholes are essentially restricted to the mudflats underlain by ductile deposits. These sinkholes typically evolve into collapse or mixed
(sagging and collapse) sinkholes.
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Fig. 6. Graphs showing some features related to the temporal evolution of sinkholes in the study area. The sinkholes mapped in 2006 are not indicated due to the
lack of data in the southernmost sector of the study area. a. Number of sinkholes from 2005 to 2021 indicating the share of the different subsidence mechanisms for
2018 and 2021. b. Number of sinkholes mapped for each year partitioned according to the geomorphic unit, and whether they are single or compound. c. Temporal
evolution of the sinkhole density expressed by percentage area occupied by sinkholes. d. Temporal evolution of the sinkhole density by number of sinkholes. Note the
decrease in the number of sinkholes and sinkhole density by number between 2018 and 2021.

sinkholes account for the highest percentage of the area occupied by
sinkholes due to their larger dimensions (Figs. 5, 6¢). Like the number of
sinkholes, the sinkhole density by number shows a decrease between
2018 and 2021 related to both the coalescence and expansion of the
strongly clustered sinkholes (Fig. 6a, d).

We examined the sinkholes during field campaigns conducted in
2018 and 2021 (Fig. 7). Overall, the collapse sinkholes displayed well-
defined scarped edges in the mudflat and in the alluvial and colluvial
deposits (Fig. 7a, b), unlike the sagging sinkholes, characterized by
vaguely defined boundaries expressed as gentle flexures, fissures and
scarplets (Fig. 7c, d). The margins of the collapse sinkholes in the
gravelly alluvial fan and colluvial deposits are frequently affected by
falls and topples controlled by unloading cracks, leading to the accu-
mulation of debris at the foot of the scarp (Fig. 7b). The margins of the
collapse sinkholes in the mudflat are mostly affected by rotational slides
(Fig. 7e) and less frequently topples (Fig. 7f). The slumps locally show
significant retrogressive progression, resulting in the rapid enlargement
of the collapse sinkholes in the mudflat by mass wasting, rather than
dissolution-induced subsidence. Sagging sinkholes often contain nested
collapse sinkholes (Fig. 7d) and some of them evolved into collapse
sinkholes between 2018 and 2021 (Fig. 7c). The mixed sinkholes, the
least frequent ones, share morphological characteristics of collapse and
sagging sinkholes (Fig. 7g). In some areas, the coalescence of tightly
packed sinkholes has generated compound depressions that may exhibit
a hummocky topography where it is difficult to differentiate the prim-
itive sinkholes (Fig. 7i). The process of sinkhole coalescence can be
related to the expansion of adjoining sinkholes, and to the occurrence of
new ones intersecting pre-existing nearby sinkholes. In the southern
sector of the study area, the sinkholes are distributed along narrow N-S
and NE-SW alignments in the mudflat with an en echelon pattern
(Figs. 4, 7j).

Between 2018 and 2021, the study area experienced remarkable
geomorphic changes, mainly including the occurrence of new sinkholes
and the enlargement and coalescence of previous ones (Fig. 8). For
instance, in the parking lot of Mineral Beach resort, lying on the Nahal
Hazezon alluvial fan, two decameter-scale and one meter-scale collapse
sinkhole appeared. Moreover, the concentric cracks of a large pre-
existing collapse sinkhole located at the center of the parking lot
expanded, especially toward one of the new collapse sinkholes to the
north (Fig. 8a, a'). In the alluvial fan, pre-existing collapse sinkholes
experienced enlargement by mass wasting acting on their margins and/
or renewed subsidence, and new collapse sinkholes formed without any
visible precursory sign in 2018 (Fig. 8b, b’). In the mudflat, the largest
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compound depression of the study area experienced the greatest changes
on its southeastern sector. Three large collapse sinkholes formed in be-
tween two compound sinkholes, merging into a larger compound
depression (Fig. 8c, ¢/). This is an example of coalescence through the
occurrence of new sinkholes. Interestingly, in 2018 there was a pre-
cursory gentle sagging sinkhole with marginal cracks at the site where
one of the new collapse sinkholes formed (Fig. 7c and yellow arrow in
Fig. 8c). Some areas with clustered sinkholes were affected by the for-
mation of new isolated sinkholes, the occurrence of sinkholes nested into
pre-existing ones, and the coalescence of depressions by the expansion of
their boundaries and/or the occurrence of new intervening ones
(Fig. 8d, d’). In some areas sinkholes disrupt pre-existing gullies, even-
tually acting as ponors (i.e., swallow holes). Fig. 8e, €’ illustrates that
between 2018 and 2021 a compound sinkhole intercepting two gullies
expanded and was connected to the nearby single sinkhole by a deep and
narrow channel. In this sector a new collapse sinkhole occurred over this
time lapse but it was separated from both the gullies and the sinkhole
cluster.

Around 80 % of the 551 sinkholes of the 2021 inventory are located
within 10 subsidence basins up to 1174 m long and 251 m across defined
by concentric fissures and inward-facing scarps recognizable in the high-
resolution orthomosaics and DSMs produced with the drone images.
These surface ruptures are associated with gentle flexures, being more
conspicuous on the eastern flank where the monoclines face upslope
locally reversing the surface gradient. The opening, throw and lateral
continuity of these ruptures tend to be greatest along the crest of the
flexures and decrease outward (Fig. 9a’—€¢’). The lower part of the
monoclinal slopes locally shows pressure ridges up to several decimeters
high, attributable to contraction in the inner/upper arc of the lower
flexures of the monoclines (Fig. 7h). Similar landforms have been
described in active subsidence basins related to natural and human-
induced dissolution of Triassic salt in the UK (Serridge and Cooper,
2022).

In addition to the sinkholes related to salt dissolution, we identified
20 small collapses in 2021 attributable to shallow subsurface mechani-
cal erosion (i.e., piping; Bernatek-Jakiel and Poesen, 2018). These de-
pressions are much smaller than the mapped sinkholes, are mostly
associated with gullies carved in the mudflat, and tend to grow in the
direction of the slope gradient, eventually exposing shallow conduits as
small natural bridges (Fig. 10). The median values of the major axis,
perimeter, area, depth, and volume of the mapped pipe collapses are 2.1
m, 5.8 m, 2.4 m?, 0.3, and 0.1 m5, respectively.
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4.2. Morphometric characteristics and their evolution

The mapped sinkholes show a wide range of dimensions and their
main morphometric parameters (i.e., major axis, perimeter, area, depth,
and volume) display a highly right-skewed distribution over a wide
range of sizes, meaning many sinkholes with relatively small sizes and
few with very large ones. To describe the morphometric data, we prefer
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Fig. 7. Images of sinkholes taken in 2018 and
2021. a. Collapse sinkhole on the mudflat
showing high circularity and a well-defined
scarped edge. b. Collapse sinkholes on the allu-
vial fan next to the abandoned Mineral Beach
resort (left background of the image). Note
debris shed from the sinkhole scarp by falls and
topples consisting of slightly cemented gravels. c.
Shallow meter-scale sagging sinkhole with a
marginal concentric network of cracks. It
evolved into a decameter-scale collapse sinkhole
between 2018 and 2021 (Fig. 8c and c'). d.
Cluster of sagging sinkholes bounded by
concentric cracks and punctured by nested
collapse sinkholes. e. Eastern scarp of a com-
pound sinkhole developed on the mudflat. Note
retrogressive rotational slides (slumps) associ-
ated with the sinkhole margin responsible for the
expansion of the depression by mass wasting. f.
Collapse sinkhole in the mudflat with an incip-
ient topple at its scarped margin. g. Mixed sink-
hole in the mudflat. h. Large subsidence
depression in the southern sector of the study
area. The red arrows point to a decimeter-scale
pressure ridge formed in its lower sector. Per-
son for scale. i. Image of the largest compound
sinkhole of the study area with hundreds of
coalesced and nested sinkholes separated by
rounded ridges forming a rough hummocky
topography. j. Hectometer-scale elongated sink-
hole cluster in the mudflat formed by tightly
packed individual and compound sinkholes. This
lineament follows a NNW-SSE orientation
roughly parallel to the Dead Sea Western
Boundary Fault.

using statistical values that are robust for skewed distributions, such as
the median over the mean, as a measure of the central value of the size
distribution, and the interquartile range (IQR) over the range, as a
measure of the statistical dispersion. Nonetheless, we have also included
the widely used mean values and the range for comparison with other
sinkhole studies.

The morphometric parameters of the sinkholes mapped in 2021
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Fig. 8. Images captured from the SfM-derived orthomosaics showing the evolution of five zones between 2018 (a—e) and 2021 (a'-€’). See text for description. White
arrows point to new sinkholes formed between 2018 and 2021. Green arrows indicate sinkholes that experienced significant expansion by mass wasting processes (i.
e., slumps, falls, topples). Red arrows point to newly formed nested sinkholes. Blue arrow indicates a new gully section connecting two adjacent sinkholes. f. Location

of the five zones in the 2021 map.

show median values of 6.1 m, 17.6 m, and 22.7 m? for the major axis
length, perimeter, and area (Table 3), as well as 1.5 m and 6.8 m? for the
depth and volume (Table 4), respectively. Over the entire investigation
time, the major axis, perimeter, area, depth, and volume of the sinkholes
showed similar median, IQR, and minimum values (Tables 3 and 4).
However, their maximum values increased every year as a consequence
of the enlargement of pre-existing sinkholes. The median annual areal
expansion of single sinkholes between successive years ranged between
0.7 and 2.1 m?/year (overall median: 1.0 m?/year), representing annual
areal increments of 5.7 to 16.4 %, respectively. These values provide a
measure of the impact of mass wasting processes in the areal growth of
sinkholes; on average, single sinkholes experienced an 8.6 % areal in-
crease over ten years (i.e., 2008-2018). We tested the relationship be-
tween the rate of areal enlargement of the sinkholes between 2018 and
2021, and their shortest distance from their centroids to any gully (i.e.,
proximity). We found a weak (Spearman's rho = 0.31) and statistically
significant (p-value = 7.151E-10) positive correlation between them
suggesting that there is not a strong linear correlation between those
variables. This means that the sinkholes that grew faster were not
necessarily the ones that were in the vicinity of the gullies. However,
rapid enlargement in the sinkholes that intercept gullies could be ex-
pected during flash floods; as described by some authors (e.g., Avni
et al., 2016; Arav et al., 2020).

The aggregated area of all the sinkholes mapped in 2021, excluding
the nested sinkholes to avoid double-counting the same area (i.e., spatial
redundancy), is 112,482 m?2. From 2005 to 2021, the total area covered
by sinkholes increased on average 5362 m?2/year. Theoretically,
expanding single sinkholes are expected to enlarge at progressively
higher rates as their perimeter increases, whereas the available space for
the areal growth of sinkholes before their coalescence decreases due to
competition for space in areas with clustered distribution (De Waele and
Gutiérrez, 2022). However, from 2005 to 2021 the median areal
expansion rates of single sinkholes showed low variability, ranging be-
tween 1.1 (2008) and 0.7 m%/year (2015) (Table 3). Most of the
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sinkholes from 2005 to 2021 were dominantly subcircular, as shown by
the computed circularity and elongation ratios (Table 3). The azimuth of
the major axes of the elongated sinkholes (i.e., elongation ratio < 0.82 or
major axis to width ratio of >1.2) displays a wide distribution, with a
weak prevalence between 45 and 135°, roughly perpendicular to the
main trend of the sinkhole alignments (Fig. 11).

The maximum sinkhole depth in 2021 is 21.2 m, corresponding to
the largest compound sinkhole (Fig. 7g). However, in general, the
sinkholes are relatively shallow (median depth of 1.4 and 1.5 m in 2018
and 2021, respectively). The median of the deepening rates calculated
with the deepest points of the sinkholes in 2018 and 2021 was 5.9 cm/
year. This value indicates that sinkholes grew not only by lateral
expansion, but also by deepening related to internal subsidence. The
fastest deepening rate of 2 m/year was measured in the largest com-
pound sinkhole of the study area. The wide range of the length-to-depth
ratio, spanning between 1.1 and 28.9, reflects the broad 3D morpho-
logical spectrum between pan-shaped and shaft-like sinkholes. Howev-
er, the median values of 2018 and 2021 (4.9 and 4.4, respectively)
indicate a prevalence of intermediate morphologies between the afore-
mentioned profiles. The median volume computed for 2021 is 6.8 m°,
and the maximum volume 228,343 m®, measured in the largest com-
pound sinkhole. The aggregate volume of all the sinkholes mapped in
2021 is 329,148 m°. To avoid double-counting the volume of nested
sinkholes, the sum was conducted merging the sinkholes and their
nested collapses. The median of the volumetric change of single sink-
holes between 2018 and 2021 was 0.3 m3/year, which represents an
annual enlargement of 9 %. The total volumetric change between 2018
and 2021 was 151,792 m°, yielding an average subsidence rate in the
study area of 45 cm/year considering the aggregated area of all the
sinkholes mapped in 2021 (112,482 m?). This value accounts for ground
subsidence related to both dissolution-induced subsidence of previous
and new sinkholes.

The morphometric parameters of the sinkholes over the analysed
period were significantly different (minimum p-value equal to 0.004 for
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Fig. 9. Large subsidence basins defined by concentric fissures and scarps enclosing sinkhole clusters. a—e. Shots of the 2021 orthomosaic centered on the clusters
identified by the DBSCAN algorithm, each labelled with a number. Note the general eastwards (lakeward) expansion of the subsidence basins between 2018 and
2021. a'-€’. Close-up views of the 2021 orthomosaic in which it is possible to recognize the peripheral sets of fissures and scarps. f. Clustering analysis conducted with
the DBSCAN algorithm (Ester et al., 1996) with the centroids of the sinkholes mapped in 2021. The colors indicate the different clusters and the black dots outliers
(non-clustered sinkholes according to the DBSCAN algorithm). The map also shows the perimeters of the large subsidence basins in 2018 and 2021.

Fig. 10. Images of pipe collapses associated with gullies carved in the mudflat. a. Capture of the 2021 orthomosaic showing a cluster of small pipe collapses
associated with gullies. b. View of a pipe collapse intercepting a gully, suggesting the development of a pipe beneath the gully (see (a) for location). c. View of an
elongated collapse depression connected to the termination of a gully with a natural bridge in between (unroofed pipe) (see (a) for location).

the comparison between medians - Mood's Median Test) depending on
whether they were single or compound sinkholes, on the geomorphic
units in which they developed (alluvial fan and colluvial deposits, or
mudflat), and on the subsidence mechanism (collapse, sagging, or
mixed). Table 5 provides summary statistics of the morphometric pa-
rameters of the sinkholes mapped in 2021 differentiating their
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evolutionary type (single or compound), their morpho-sedimentary
environment and their type. As expected, compound sinkholes are
larger than the single ones, with higher median values for the major axis,
perimeter, area, depth, and volume. The comparison of the compound
and single sinkholes reveals that the process of coalescence tends to
increase the elongation and length-to-depth ratio and decrease the
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Table 3
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Morphometric parameters of the sinkholes mapped over the interval 2005-2021. The table shows the number of sinkholes mapped each year (N) and the summary
statistics of the planimetric morphometric parameters. The ‘unknown’ areal change value indicates the number of sinkholes for which the parameter could not be
measured or provided an erroneous value because of (1) insufficient resolution of the data, (2) georeferencing errors, or (3) the evolution of the sinkholes themselves
related to processes such as their occurrence and coalescence (see Methodology for further clarification).

2005, N =158 2006, N = 164 2008, N = 341 2011, N = 386 2015, N = 427 2018, N = 558 2021, N =551
Major axis length (m)
Median (IQR) 5.2 (3.3-11.1) 5.9 (4.0-10.7) 4.7 (3.1-8.4) 4.9 (3.4-8.2) 5.2 (3.3-9.2) 5.8 (3.5-9.9) 6.1 (3.9-11.0)
Mean (range) 10.1 10.9 (1.0-158.1) 8.9 (1.0-206.5) 8.8 (1.3-241.5) 9.5 (0.6-328.8) 9.8 (0.7-330.1) 10.8 (0.9-437.1)
(1.0-122.8)

Perimeter (m)
Median (IQR)
Mean (range)

Area (mz)
Median (IQR)
Mean (range)

14.6 (9.5-32.1)
29.9
(2.8-526.2)

16.0 (6.8-64.9)
137.9

16.1 (11.5-29.7)
33.0 (2.8-707.9)

19.9 (10.0-63.4)
180.1

13.2 (8.6-23.6)
25.9 (2.8-849.8)

13.2(5.6-35.1)
132.5

13.7 (9.6-22.6)
26.3 (3.7-1093.3)

13.7 (7.0-35.0)
135.1
(1.0-19,974.6)

15.0 (9.3-25.8)
28.2 (1.7-1073.5)

16.2 (6.6-45.8)
155.0
(0.2-29,211.9)

16.2 (10.1-27.8)
29.8 (1.9-1200.8)

19.4 (7.6-52.7)
157.8
(0.3-32,682.7)

17.6 (11.1-32.0)
33.5(2.5-1649.2)

22.7 (8.8-65.9)
210.3
(0.5-50,410.0)

(0.6-7237.3) (0.6-11,351.7) (0.6-14,239.6)

Areal change of single

sinkholes (mz/year)

Median (IQR) [A%/year] 2.1 (0.4-6.4) 1.1 (0.5-2.9)

[16.4] [6.5]

Mean (range) 5.5 (0.0-71.5) 5.5 (0.0-141.6)

Unknown 55 218
Circularity ratio

Median (IQR) 1.0 (0.9-1.0) 1.0 (0.9-1.0) 1.0 (0.9-1.0)

Mean (range) 0.9 (0.3-1.0) 0.9 (0.3-1.0) 0.9 (0.2-1.0)
Elongation ratio

Median (IQR) 0.9 (0.8-0.9) 0.9 (0.8-0.9) 0.9 (0.8-0.9)

Mean (range) 0.8 (0.6-1.0) 0.9 (0.6-1.0) 0.9 (0.5-1.0)

1.2 (0.5-2.3) 0.7 (0.3-1.7) 1.1 (0.5-2.9) 0.9 (0.4-2.2)
[11.1] [5.7] [8.9] [5.7]

3.7 (0.0-169.5) 2.5 (0.0-39.5) 3.1 (0.0-75.5) 2.5 (0.0-100.0)
163 253 177 103

0.9 (0.9-1.0) 0.9 (0.9-1.0) 0.9 (0.9-1.0) 0.9 (0.8-1.0)
0.9 (0.2-1.0) 0.9 (0.2-1.0) 0.9 (0.2-1.0) 0.9 (0.2-1.0)
0.9 (0.8-0.9) 0.9 (0.8-0.9) 0.9 (0.8-0.9) 0.9 (0.8-0.9)
0.8 (0.6-1.0) 0.9 (0.5-1.0) 0.9 (0.5-1.0) 0.8 (0.5-1.0)

Table 4

Summary statistics of the three-dimensional morphometric parameters of the
sinkholes mapped for 2018 and 2021. The ‘unknown’ deepening and volumetric
change values indicate the number of sinkholes for which these parameters
could not be measured or provided a negative value because of (1) insufficient
resolution of the data, (2) georeferencing errors, or (3) the evolution of the
sinkholes themselves, involving processes such as their occurrence and coales-
cence (see Methodology for further clarification).

2018, N = 558 2021, N = 551

Depth (m)

Median (IQR) 1.4 (0.6-2.6) 1.5 (0.8-3.0)

Mean (range) 2.0 (0.0-5.1) 2.3(0.1-21.2)
Length to depth ratio

Median (IQR) 4.9 (3.5-7.2) 4.4 (3.3-6.1)

Mean (range) 5.8 (1.2-49.1) 5.2 (1.1-28.9)
Deepening rate (cm/year)

Median (IQR) 5.9 (3.3-10.2)

Mean (range) 10.7 (0.1-202.5)
Unknown 193

Volume (m®)
Median (IQR)
Mean (range)

5.5(0.7-33.8)
321.0
(0.0-103,626.0)

6.8 (1.0-41.4)
605.4
(0.0-228,342.6)
Volumetric change of single
sinkholes (m>/year)
Median (IQR) [A%/year] 0.3 (0.1-1.3) [9.1]
Mean (range) 4.5 (0.0-468.3)
Unknown 151

circularity of the depressions. Between 2018 and 2021, the compound
sinkholes showed higher rates of areal expansion, deepening, and
volumetric enlargement than the single sinkholes. The maximum volu-
metric sinkhole growth rate (41,686 m>/year) was mainly related to the
coalescence of two adjoining compound depressions as a consequence of
the occurrence of new intersecting sinkholes in between (Fig. 7c—c').
However, the percentage areal and volumetric growth rates were higher
for the single sinkholes, meaning that the compound sinkholes experi-
enced a slower relative growth (Table 5).

Regarding the geomorphic units on which they occur, the median of
the major axis, perimeter, area, depth, and volume of the sinkholes in
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the alluvial fan and colluvial deposits are larger than those in the
mudflat. However, there are many compound sinkholes in the mudflat
that are much larger than the compound sinkholes in the alluvial and
colluvial deposits. The median of the length-to-depth ratios shows
similar values for the sinkholes developed in the alluvial fan and
colluvial deposits (3.4) and in the mudflat (4.6). It also shows that the
pan-shaped sinkholes (i.e., high length-to-depth ratio) are distinctly
typical of the mudflat area. Between 2018 and 2021, the sinkholes
developed on the alluvial and colluvial deposits showed higher median
rates of areal expansion and volumetric enlargement. However, the
median deepening rates were comparable. Single sinkholes in the
mudflat experienced a slightly slower percentage areal expansion rate
(Table 5).

Concerning the main subsidence mechanism involved in the gener-
ation of the sinkholes, the mixed ones show the largest median values for
the major axis, perimeter, area, depth, and volume. As expected,
collapse sinkholes feature the lowest length-to-depth ratios, whereas
sagging sinkholes display the highest ones, with median values of 4.1
and 6.7, respectively. Albeit by a small difference, between 2018 and
2021, the mixed sinkholes recorded the highest median rates of areal
expansion, deepening, and volumetric enlargement. All of them expe-
rienced an equivalent percentage areal expansion rate whereas, as a
consequence of their geometric features, the sagging sinkholes displayed
the slowest percentage volumetric enlargement rate (Table 5).

The frequency-size distribution of the mapped sinkholes can be
compared with those published from other karst settings to shed light
into the influence of geological and hydrogeological factors and various
processes (e.g., expansion, coalescence) on the dimensions of the sink-
holes. Fig. 12 shows the comparison of the cumulative frequency dis-
tribution of the major axis of sinkholes measured in a range of
conditions, including carbonate and evaporite karst settings, epigenic
and hypogenic systems, as well as bare and mantled areas: (1) in yellow,
cover collapse sinkholes in a limestone karst mantled thin unconsoli-
dated alluvium (Val d'Orleans, France; Gombert et al., 2015); (2) in blue,
cover subsidence sinkholes in a limestone karst with a thick cohesive
cover (Hamedan Plains, Iran; Taheri et al., 2015); (3) in pink, collapse
sinkholes in a salt karst with a residual gypsum-rich caprock (Ambal salt
pillow, Iran; Gutiérrez and Lizaga, 2016); (4) in green, a wide variety of



J. Sevil and F. Gutiérrez

b] Single
N

[——

-

S

P

S

735 sinkholes 479 sinkholes S

sinkholes in an epigene evaporite karst with both unconsolidated covers
and lithified caprocks (Fluvia Valley, NE Spain; Gutiérrez et al., 2016);
(5) in brown, a hypogene and deep-seated interstratal evaporite karst
with a high proportion of caprock collapse sinkholes (Sant Miquel val-
ley, NE Spain; Gutiérrez et al., 2019); (6) in grey, cover subsidence
sinkholes developed in the valley floors of the Sivas gypsum karst (B,
Sivas, Turkey; Gokkaya et al., 2021); (7) in purple, bedrock collapse
sinkholes in the Sivas gypsum karst (A, Sivas, Turkey; Gokkaya et al.,
2021); and (8) in red, the sinkholes we have mapped in 2021 in the
mantled eogenetic salt karst of the Dead Sea. Like in the other data sets,
without distinguishing between single and compound sinkholes. The
central part of the distribution of the major axes of the Dead Sea sink-
holes is coincident to those inventoried in the Val d'Orleans, charac-
terized by relatively small cover collapse sinkholes developed in thin
unconsolidated alluvium underlain by cavernous limestone. However,
the Dead Sea sinkholes are larger for cumulative frequencies higher than
0.67 and lower than 0.27. These differences may be attributed to mul-
tiple non-exclusive factors, including: (1) the higher cohesion and
thickness of the deposits above the soluble material in the Dead Sea; (2)
the higher degree of morphological maturity of many sinkholes in the
Dead Sea, affected by significant areal enlargement by expansion and
coalescence. Note that the major axis of the sinkholes in the Val
d'Orleans mostly corresponds to the size of the depressions measured
soon after their formation (Gombert et al., 2015). The distribution of the
smallest Dead Sea sinkholes within the >0.85 cumulative frequency
range is similar to that of the single sinkholes in the Hamedan plains,
where there is a thick cohesive cover (Taheri et al., 2015) with higher
mechanical strength. The largest major axis measured in the study area
(437 m) is in between the largest sinkholes mapped in the salt karst of
Gotvand (355 m, Gutiérrez and Lizaga, 2016) and in the evaporite karst
of the Fluvia valley (637 m). All of them were compound sinkholes. The
database gathered by Gokkaya et al. (2021) in the Sivas gypsum karst
differentiates between single and compound sinkholes (solid and dashed
lines, respectively, in Fig. 12b), allowing to compare the frequency-size
distributions of the major axes in both karst settings. The comparison
shows that the sinkholes of the Sivas gypsum karst are larger than those
of the Dead Sea salt karst, both for single and compound sinkholes.

As noted above, around 80 % of the sinkholes mapped in 2021 are
located inside ten large subsidence basins defined by concentric fissures
and scarplets. The dotted lines of Fig. 9 connect the outermost peri-
metral fissures of those basins. In 2021 these depressions show median
values of 142 m, 373 m, and 8535 m? for the major axis, perimeter, and
area, as well as 9 m and 7152 m® for the depth and volume, respectively.
The length of the major axes ranges from 32 to 1174 m and their
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Fig. 11. Half-rose diagrams showing the distribution
of the azimuth of the major axes of the elongated
sinkholes from 2005 to 2021 (the area of the wedges

e
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is proportional to the frequency). (a) All sinkholes,

(b) single sinkholes, and (c) compound sinkholes

mapped in the study area. Sinkholes were considered

elongated if their elongation ratio was smaller than or

equal to 0.82. The mean azimuth of all the elongated
\ sinkholes is 89°, while that of the single and com-
\ pound sinkholes is 90° and 86°, respectively.

256 sinkholes

orientation shows preferential NNE-SSW and SE-NW trends. From 2018
to 2021, the median major axis of the subsidence basins did not vary
(from 141.7 to 141.6). However, the median perimeter, area, depth, and
volume increased by 2, 1, 18, and 15 %, respectively. Eight out of ten
basins experienced noticeable areal expansion: six grew to the east (i.e.,
lakeward) and two to the south (Fig. 9). Despite the areal expansion of
the subsidence basins between 2018 and 2021, the total number of
sinkholes nested within them slightly decreased from 457 to 454 as
result of coalescence processes.

4.3. Spatio-temporal distribution patterns

The 551 sinkholes of 2021 are distributed along a well-defined N-S
trending belt, comprising several alignments and linear clusters of
tightly packed sinkholes with variable orientations. This spatial distri-
bution strongly suggest that salt dissolution and subsidence are
controlled by a concealed fault system with local changes in orientation,
as substantiated by Abelson et al. (2003) with geophysical data. Fig. 4
shows the evolution of the spatial distribution of sinkholes between
2005 and 2021. In 2005 there were 158 sinkholes, 106 of which were
concentrated in a N-S-oriented linear cluster in the northern sector,
south of Mineral Beach resort, and the rest were in several widely spaced
clusters, roughly defining a N-S oriented sinkhole-prone belt. The
comparison of the multi-temporal sinkhole maps reveals the following
spatio-temporal patterns regarding the occurrence of new sinkholes: (1)
tend to fill the gaps between the pre-existing clusters along the N-S belt;
(2) cause the northward and southward longitudinal extension of the
sinkhole belt; (3) transform clusters of closely-spaced sinkholes into
large compound depressions; and (4) cause the widening of the sinkhole
belt, mainly in the lakeward direction. Overall, sinkholes show a very
constrained spatial distribution that expands through time mainly
longitudinally and to the east.

The 702 new sinkholes formed between 2005 and 2021 increased the
area affected by subsidence from 21,794 to 112,482 m? (5362 m?/year
on average), while the overall sinkhole density by number experienced a
slight decrease between 2018 and 2021 (Fig. 6). This latter trend is
related to sinkhole coalescence, that eventually starts to have a greater
impact on the number of sinkholes than the occurrence of new ones,
favored by their strongly clustered distribution (i.e., reduction by coa-
lescence exceeds increase by neoformation). Fig. 13 illustrates the
spatio-temporal evolution of sinkhole density expressed as number of
sinkholes (centroids) by square hectometer with kernel models. The
highest density (23 sinkholes/hm?) occurred in the southern zone in
2011, and subsequently decreased due to sinkhole coalescence.
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Table 5
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Morphometry of the 2021 sinkholes grouped into single and compound, considering the geomorphic unit in which they occur, and the main subsidence mechanisms
inferred from their surface expression. (*): the calculation of the areal and volumetric changes grouping sinkholes by the morpho-sedimentary environment and the
main subsidence mechanism has been restricted to single sinkholes. The ‘unknown’ deepening, areal and volumetric change values indicate the number of sinkholes for
which these parameters could not be measured or provided an erroneous value because of (1) insufficient resolution of the data, (2) georeferencing errors, or (3) the
evolution of the sinkholes themselves related to processes such as their occurrence and coalescence (see Methodology for further clarification).

Evolutionary type

Morphosedimentary environment

Main subsidence mechanisms

Single (473) Compound (78) Alluvial fan and colluvial ~ Mudflat (469) Collapse (404) Mixed (57) Sagging (90)
deposits (82)
Major axis length
(m)
Median (IQR) 5.5 (3.6-8.5) 18.7 (12.5-32.4) 10.4 (7.0-15.5) 5.7 (3.7-10.1) 5.7 (3.6-10.2) 11.5 (6.4-23.1) 6.1 (4.4-12.0)
Mean (range) 7.2 (0.9-60.6) 32.7 (5.9-437.1) 14.5 (1.5-78.4) 10.2 (0.9-437.1) 8.4 (0.9-78.4) 29.9 (2.6-437.1) 9.7 (1.9-43.1)
Perimeter (m)
Median (IQR) 15.6 56.3 (35.6-94.2) 29.2 (19.4-44.5) 16.1 (10.3-28.9) 16.2 33.1 (19.1-69.7) 17.4
(10.2-24.9) (10.2-29.1) (12.2-35.4)
Mean (range) 20.8 111.3 43.0 (4.5-241.3) 32.0 (2.5-1649.2) 24.5 107.6 (7.7-1649.2) 27.8
(2.5-176.3) (16.0-1649.2) (2.5-241.3) (5.1-134.6)
Area (mz)
Median (IQR) 17.6 (7.5-44.1) 149.3 (74.0-360.1) 57.1 (25.0-117.9) 19.0 (8.0-59.7) 19.6 (7.6-58.5) 72.7 (26.3-202.8) 22.7
(11.2-70.3)
Mean (range) 51.5 1175.5 168.1 (1.5-2229.4) 219.1 67.5 1434.0 78.5
(0.5-2229.4) (17.0-50,410.0) (0.5-50,410.0) (0.5-2229.4) (4.4-50,410.0) (2.0-827.7)
Areal change* (m?/
year)
Median (IQR) 0.9 (0.4-2.2) 3.3(1.4-6.4) [2.2] 3.2 (1.6-6.5) [8.8] 0.7 (0.3-1.5) [5.0] 0.8 (0.4-2.2) 1.3 (0.6-3.2) [6.2] 1.1 (0.5-1.5)
[A%/year] [5.71 [5.7] [6.3]
Mean (range) 2.5(0.0-100.0) 8.3 (0.5-86.0) 6.6 (0.3-100.0) 1.7 (0.0-42.8) 2.6 (0.0-100.0) 3.2(0.0-27.1) 1.9 (0.0-14.0)
Unknown 102 43 13 89 93 3 6
Circularity ratio
Median (IQR) 0.9 (0.9-1.0) 0.6 (0.5-0.8) 0.8 (0.7-0.9) 0.9 (0.9-1.0) 0.9 (0.8-1.0) 0.8 (0.6-0.9) 0.9 (0.8-0.9)
Mean (range) 0.9 (0.4-1.0) 0.6 (0.2-0.9) 0.8 (0.2-1.0) 0.9 (0.2-1.0) 0.9 (0.2-1.0) 0.7 (0.2-1.0) 0.9 (0.4-1.0)
Elongation ratio
Median (IQR) 0.9 (0.8-0.9) 0.7 (0.7-0.8) 0.8 (0.7-0.9) 0.9 (0.8-0.9) 0.9 (0.8-0.9) 0.8 (0.7-0.9) 0.9 (0.8-0.9)
Mean (range) 0.9 (0.6-1.0) 0.7 (0.5-0.9) 0.8 (0.5-0.9) 0.9 (0.5-1.0) 0.9 (0.5-1.0) 0.8 (0.5-0.9) 0.8 (0.6-1.0)
Depth (m)
Median (IQR) 1.2 (0.7-2.6) 3.3(2.3-5.6) 3.4 (2.2-5.6) 1.3 (0.7-2.6) 1.6 (0.7-3.1) 2.2 (1.3-4.8) 1.1 (0.6-1.8)
Mean (range) 2.0 (0.1-12.6) 4.4 (1.3-21.2) 4.1 (0.2-12.6) 2.0 (0.1-21.2) 2.3(0.1-12.6) 3.5(0.2-21.2) 1.4 (0.1-4.4)
Length to depth ratio
Median (IQR) 4.3 (3.2-5.8) 5.7 (4.1-8.4) 3.4 (2.7-4.1) 4.6 (3.6-6.4) 4.1 (3.0-5.3) 5.7 (3.9-8.8) 6.7 (4.9-8.4)
Mean (range) 4.9 (1.1-28.9) 6.6 (3.0-20.7) 3.9 (1.1-13.0) 5.4 (1.2-28.9) 4.5 (1.1-16.6) 6.8 (2.0-20.7) 7.2 (3.1-28.9)
Deepening rate (cm/
year)
Median (IQR) 5.8 (3.3-9.8) 7.5 (3.6-26.39) 6.1 (4.1-12.7) 5.8 (3.2-10.1) 6.1 (3.2-10.2) 7.9 (4.1-15.0) 5.2 (3.2-7.3)
Mean (range) 9.1 (0.1-131.0)  22.9 (0.4-202.5) 12.1 (0.1-94.4) 10.5 (0.2-202.5) 10.2 21.9 (0.4-202.5) 6.2 (0.2-28.4)
(0.1-131.0)
Unknown 157 36 35 158 164 15 14
Volume (m*)
Median (IQR) 4.4 (0.8-24.4) 68.4 (40.0-409.5) 39.5 (8.7-160.9) 4.8 (0.8-32.6) 6.2 (0.8-38.9) 22.5 (5.2-197.5) 4.2 (1.2-17.5)
Mean (range) 76.9 3790.2 302.4 (0.0-4366.0) 658.7 120.3 4925.8 30.5
(0.0-4093.0) (2.9-228,342.6) (0.0-228,342.6) (0.0-4366.0) (0.1-228,342.6) (0.0-353.1)
Volumetric change*
(m®/year)
Median (IQR) 0.3 (0.1-1.3) 5.7 (2.5-61.9) [7.8] 1.9 (0.9-5.4) [8.5] 0.3 (0.1-0.8) 0.4 (0.1-1.4) 0.6 (0.3-1.8) [11.3] 0.2 (0.1-0.8)
[A%/year] [9.1] [12.0] [11.1] [7.4]
Mean (range) 4.5(0.0-468.3)  967.1 18.2 (0.0-468.3) 1.8 (0.0-57.6) 5.7 (0.0-468.3) 1.2 (0.0-5.5) 1.6 (0.0-57.5)
(0.3-41,686.4)
Unknown 151 26 20 131 137 5 9

Similarly, the northern sector reached its maximum density (13 sink-
holes/hm?) in 2008 and then it decreased by the merging of progres-
sively larger compound sinkholes. In contrast, in the central sector of the
belt, where the sinkhole landscape shows a lower degree of maturity,
sinkhole density shows a general increase over the whole investigation
period.

The Nearest Neighbor Index (NNI) has been widely used to assess the
spatial clustering versus dispersion of sinkholes (De Waele and Gutiér-
rez, 2022 and references therein). This is an important parameter from
the spatial prediction perspective, in as much as the location of future
sinkholes is easier to predict in areas where sinkholes tend to have a
clustered distribution (Gutiérrez, 2016). A NNI of 0 means maximum
aggregation, a NNI of 1 random distribution, and 2.1491 maximum
dispersion. From 2005 to 2021 the sinkholes showed a highly clustered
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distribution with a mean NNI of 0.45 (range: 0.42-0.47). This value is
comparable to other karstic areas with clustered sinkhole patterns such
as the caprock- collapse sinkholes of the Ambal salt pillow, Zagros
Mountains — Iran (NNI: 0.3; Gutiérrez and Lizaga, 2016) or the cover-
collapse sinkholes triggered by flooding of the Flint River in a covered
limestone karst in Albany, Georgia — USA (NNI: 0.55; Hyatt and Jacobs,
1996). Moreover, in 2021 sinkholes in the mudflat show higher clus-
tering than in the alluvial and colluvial deposits (0.44 and 0.80,
respectively), and sagging and collapse sinkholes show a slightly higher
clustering than mixed ones (0.39, 0.47, and 0.60, respectively).

The clustering of the sinkholes can be also assessed using the
spatially distributed DBSCAN algorithm (Ester et al., 1996). Considering
a threshold of 3 sinkholes as the minimum number of centroids in a
cluster and a maximum grouping distance of 55 m between points,
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Fig. 12. Cumulative frequency distribution plot
of the major axis of the sinkholes mapped in
different karst regions worldwide (a), and
differentiating single sinkholes (solid lines) from
compound sinkholes (dashed line) inventoried in
the Sivas gypsum karst and in this work (b). Both
plots share the same legend. See text for
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Fig. 13. Kernel density models produced with the centroids of the sinkholes showing the spatio-temporal evolution of sinkhole density (number of sinkholes/hm?).
Note that in some sectors (e.g., southern zone) sinkhole density increases and eventually starts to decrease due to coalescence.

calculated with a nearest neighbor graph for the 2021 sinkholes, it
identified 17 outliers and 9 clusters containing 534 sinkholes (Fig. 9f).
There is a tight spatial correlation between the location of the sinkhole
clusters identified by the DBSCAN algorithm and the large subsidence
basins defined by concentric fissures. As many as 97 % and 80 % of the
sinkholes mapped in 2021 belong to a cluster or are located inside one of
the subsidence basins, respectively. In addition, only 3 clusters including
a total of 12 sinkholes are not located within any of the mapped
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subsidence basins (Fig. 9f).
5. Discussion
5.1. Sinkhole characteristics and spatio-temporal evolution

The eogenetic salt karst of the Dead Sea is one of the most striking
examples of human-induced sinkhole hazard worldwide. Its rapid
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development in an expanding lake shore is causing significant societal
and economic damage that require a good understanding of the subsi-
dence phenomena for the design and application of effective mitigation
measures. Moreover, this highly dynamic hazardous process also offers
an exceptional opportunity to study the morphometric and spatio-
temporal evolution of sinkholes using high-resolution data covering a
limited time span. Time-lapse cartographic inventories allowed the
reconstruction of the sinkhole evolutionary patterns between 2005 and
2021 (16.9 years), and the high-quality SfM-derived data from 2018 and
2021 provided the basis for an innovative three-dimensional charac-
terization. This work illustrates that multi-temporal sinkhole analyses
yield valuable clues about the geological processes and factors involved
in these hazardous phenomena and provide an objective basis for the
development of reliable spatial predictions.

The sinkholes in the study area are concentrated within a narrow N-
S-oriented strip including alignments and tight clusters with NE to SSE
trends (Fig. 4). This spatial distribution, which coincides with the
principal trends of the basin-bounding faults, strongly suggests that salt
dissolution and sinkhole development are controlled by concealed
intrabasinal faults, as corroborated by geophysical data (e.g., Abelson
et al., 2003). Fault systems can control the location of sinkholes by
(Fig. 2): (1) guiding the upward flow of undersaturated water from deep
bedrock aquifers; (2) creating permeability pathways and barriers
within the halite-bearing cover; and (3) reducing the mechanical
strength of the cover. The deep source of the groundwater likely
responsible for a hypogene salt dissolution is supported by the existence
of thermal water springs along the coast, such as Mineral Beach
(19-43 °C) and Ein Kedem (28-48 °C) (Shalev and Yechieli, 2007; Zil-
berman et al., 2017), and subaqueous groundwater discharge (e.g.,
lonescu et al., 2012). In addition, syn- and post-sedimentary fault ac-
tivity may have controlled the depth, thickness, and lateral extension of
the salt unit, as suggested by Ezersky and Frumkin (2013).

The vast majority of the sinkholes mapped are single, small, rela-
tively shallow, subcircular, collapse depressions. They show significant
differences depending on the geomorphic unit in which they develop. In
general, sinkholes in the slightly cemented gravelly alluvial and collu-
vial deposits are larger than those developed in the soft deposits of the
mudflat (Table 5). Their cohesive behaviour and the development of
collapse failures may prevent from the generation of suffosion sinkholes.
The length-to-depth ratio tends to be larger in the sinkholes of the
mudflat than those mapped in alluvial and colluvial deposits, with
average values of 5.4 and 3.9, respectively. This can be largely attributed
to the rapid expansion of the former by slumping. The obtained values
are rather similar to those reported in Ghor Al-Haditha area on the
eastern shore of the Dead Sea (7.14 in mudflat and 2.5 in alluvial fans,
measured as depth-to-diameter by Al-Halbouni et al., 2017). Interest-
ingly, about 80 % of the 2021 sinkholes are located within 10 large
subsidence basins up to 1174 m long defined by concentric fissures and
scarplets associated with gentle inward-facing flexures. These basins
have been mapped for the first time on the western coast thanks to the
high-resolution SfM-derived orthomosaics from 2018 and 2021, which
allowed us to identify the outermost fissures that display the smallest
opening, throw and lateral continuity (Fig. 9).

On average, the area of the single sinkholes mapped in the alluvial-
colluvial deposits and in the mudflat grew 13 and 9 % over ten years
(2008-2018), respectively, largely due to mass wasting processes acting
on their steep margins. This means that the depressions result from both
dissolution-induced subsidence and slope movements, with a progres-
sively higher contribution of the latter as the sinkholes become more
mature. Collapse sinkholes in gravelly deposits mostly expand by falls
and topples controlled by concentric unloading cracks, whereas rota-
tional sliding is the main process acting in the mudflat sinkholes (Fig. 7b
and e). From 2018 to 2021 these mass wasting processes were the main
responsible for a median areal increase rate of 0.9 m?/year in single
sinkholes. Slope movements at the margins of the sinkholes involve an
increase in their area, but not in their volume, since the landslide
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deposits contribute to fill the depressions and experience a volume
expansion (bulking effect). This explains the limited volumetric
enlargement computed for the single sinkholes between 2018 and 2021
(median growth rate of 0.3 m3/year), largely attributable to renewed
subsidence. From 2005 to 2021 the areal expansion rates remained
essentially constant, with median values ranging between 0.7 (2015)
and 1.1 m?/year (2008), against the concept whereby steadily expand-
ing sinkholes experience progressively faster areal increase as their
perimeter grows (De Waele and Gutiérrez, 2022). We hypothesize that
the retrogressive progression of rotational slides in the margins of the
mudflat sinkholes produces the flattening of the slopes with a stabilizing
effect, i.e., expansion is not steady, but experiences a declining trend.
Single collapse sinkholes in the mudflat are the most common in the
study area and experience a slower areal expansion rate than those in the
alluvial fan and colluvial deposits (Table 5).

The tightly clustered distribution of the sinkholes in the study area
determines that coalescence plays a critical role in their evolution.
Sinkhole coalescence may occur via two mechanisms: (1) lateral
expansion of adjoining sinkholes; (2) occurrence of new sinkholes
intersecting pre-existing ones (Fig. 8c—c’). This process has a number of
effects on the morphometric features of the sinkholes, including an in-
crease in their area, elongation, and length-to-depth ratio. It also causes
a decrease in their number, density by number and circularity (Table 5;
Figs. 6, 13). This work illustrates that those metrics in sinkhole fields are
conditioned by the initial distribution pattern of the sinkholes (clustered
versus dispersed) and the maturity of the karst landscape, as illustrated
with theoretical exercises by De Waele and Gutiérrez (2022).

The comparison of the multi-temporal sinkhole maps provides the
basis for understanding the spatio-temporal patterns of new sinkhole
occurrence and the growth of the pre-existing ones, including the large
subsidence depressions. From 2005 to 2021 sinkholes have been
essentially confined within a N-S trending belt, and clusters and align-
ments mostly expanded longitudinally, filling gaps, and to the east
(Fig. 4). This eastward migration of sinkhole occurrence explains the
prevalent rough E-W orientation of the major axes of the elongated
sinkholes (Fig. 11). The large subsidence basins have experienced a
similar evolution. Six out of ten expanded lakeward and two to the
south. It can be forecast that eventually most of them will connect
longitudinally, forming large elongated compound sinkholes like the
one mapped in the northern sector of the area, where the landscape
shows a greater degree of maturity (Figs. 4 and 9). The consistent spatio-
temporal evolution of the subsidence basins and sinkhole alignments
and clusters can be attributed to preferential dissolution controlled by
concealed faults and the lakeward migration of a dissolution front, both
processes occurring at significant distance to the west of the current
position of the brackish-saline water interface. Fault-guided upward
flow of undersaturated groundwater from bedrock aquifers is most
probably contributing to the dissolution processes (hypogene karst), as
supported by the presence of thermal water springs. The eastward
migration of a dissolution front is most probably dictated by the gradient
of the hydrologic system, which base level corresponds to the declining
Dead Sea lake.

The total volumetric increase of the sinkholes between 2018 and
2021 (151,792 m®) provides a minimum estimate of the yearly volume
of salt dissolved beneath the area affected by sinkholes, equivalent to a
cube with an edge of 37 m. The actual value can be considerably higher
because not all the void space created by dissolution produces subsi-
dence and the collapsed sediments are affected by a bulking effect.
Considering the area affected by sinkholes in 2021 (112,482 mz), an
average subsidence rate of 45 cm/year can be estimated. Al-Halbouni
et al. (2017) calculated an average subsidence rate of 21 cm/year on the
eastern coast of the Dead Sea. In their study they considered both the
Ghor Al-Haditha subsidence depression and the nested sinkholes. These
are very high values compared with other salt karst environments. For
example, the fastest sinkhole monitored in the alluvial evaporite karst of
the semiarid Ebro Valley (Spain) related to halite dissolution shows
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mean and maximum subsidence rates of 5.44 and 16.28 cm/year,
respectively (Desir et al., 2018). In Russell County, Kansas, two sagging
sinkholes hundreds of meters across related to the interstratal dissolu-
tion of Permian salts at a depth of 350 m experienced maximum subsi-
dence rates of 10-13 cm/year. These sinkholes were induced by
improperly plugged oil wells that allowed fresh water to flow down-
wards through the salt (Croxton, 2003). In north Cheshire, UK, Serridge
and Cooper (2022) report subsidence rates of 15-35 cm/year in a sub-
sidence basin related to dissolution of Triassic salt induced by uncon-
trolled brine extraction. The high dissolution and subsidence rates in the
Dead Sea arid environment (70 mm of mean annual rainfall) support
that rising groundwater flows from a deep aquifer with a distant
recharge area play a significant role in the karstification process
(Abelson et al., 2003, 2017; Closson, 2005; Shalev et al., 2006; Char-
rach, 2019). According to Abelson et al. (2017), sinkhole development
on the western shore of the Dead Sea is controlled with some delay
response by the flux of fresh groundwater fed by rainfall in the more
humid Judea Mountains (300-600 mm of average annual precipitation),
located >30 km to the west.

The available borehole and geophysical data indicate that the study
area is underlain by a thick salt layer at shallow depth, which is verti-
cally offset by concealed faults (Abelson et al., 2003, 2006; Yechieli
et al., 2006). Consistently with previous studies carried out in the
western shore of the Dead Sea, we attribute the formation of sinkholes to
salt dissolution (i.e., dissolution model). This subsurface karstification
process is most probably controlled by faults that guide groundwater
flow, but may also occur along the salt edge and can migrate lakeward
though the propagation of a dissolution front. We consider that the
dissolution-piping model proposed on the eastern shore, largely attrib-
uting sinkhole development to conduit networks created by subsurface
erosion in muds, is not compatible with the analysed sinkholes due to
the following reasons: (1) piping conduits cannot generate collapse
sinkholes with diameters as much as 32 m at the time of formation in the
mudflat; (2) piping cannot explain the numerous sinkholes mapped in
the alluvial fans, underlain by pebble-cobble gravel, too coarse for in-
ternal erosion; (3) the subsurface mass depletion computed in the study
area for the interval 2018-2021, with a minimum volume of 151,792 m®
and an minimum average thickness of 1.34 m for the material removed
from the subsurface, cannot be explained by the erosion and evacuation
of detrital material from a conduit network, but by rapid dissolution of
high solubility halite; (4) the spatial distribution of sinkholes, forming
rather rectilinear NNW-SSE to NE-SW alignments, is not consistent with
a putative network of piping conduits, which should have a dominant
east-directed trend controlled by the hydraulic gradient.

5.2. Sinkhole susceptibility models

A major challenge in the Dead Sea with direct implications for risk
management is the prediction of the spatial distribution of future sink-
holes. This involves the production of sinkhole susceptibility models
with a reasonably high prediction capability. Preferably, such models
should be able to forecast a large percentage of the new sinkholes
delineating high susceptibility zones that represent a small proportion of
the total area. Susceptibility models are commonly developed analysing
the statistical relationships between the spatial distribution of sinkholes
and that of a number of controlling factors (Gutiérrez, 2016 and refer-
ences therein). This approach is hardly feasible in the Dead Sea, given
the lack of information on the hidden factors that control the dissolution
and subsidence processes. Nonetheless, detailed cartographic sinkhole
inventories and the analysis of the spatial-temporal evolution patterns of
the sinkholes offer the possibility of developing susceptibility models
solely based on past sinkhole occurrence. These models are typically
based on the assumption that future sinkholes will show spatial distri-
bution patterns similar to those in the past, and that the existing sink-
holes are good predictors for future ones (Gutiérrez, 2016). The
performance of susceptibility models based on sinkhole inventories is
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particularly satisfactory in karst areas where sinkholes show a clustered
distribution, as is the case of the Dead Sea. Moreover, susceptibility
models solely based on sinkhole inventories and spatially distributed
parameters derived from them (e.g., density, proximity) often yield
prediction rates as high as those developed through more complex and
time-consuming statistical approaches incorporating multiple factors (e.
g., Galve et al., 2009). In our study area, over a period of 16 years
(2005-2021), sinkholes have been restricted to a N-S trending belt that
has experienced a progressive expansion toward the lake (Fig. 4). This
spatio-temporal pattern can be used as the basis to produce simple
susceptibility models. For instance, the delineation of a high suscepti-
bility zone using buffers 50 m and 100 m wide to the west and east,
respectively, of an axis connecting the antipodal points of the main
sinkhole clusters from 2008, would allow to predict 83 % of the new
sinkholes formed in the following decade (2008-2018; Fig. 14a). This is
a high prediction rate achieved with a restricted high susceptibility area
(19 % of the study area), applying a simple method and considering a
reasonable time lapse from the risk management perspective (i.e., high
benefit/effort ratio). Moreover, the large subsidence basins mapped
thanks to the SfM-derived data, which host a great proportion of the
sinkholes, can be used for spatial predictions. For instance, 71 % of the
new sinkholes occurred between 2018 and 2021 fall within the large
subsidence basins mapped in 2018, which represent 10 % of the study
area (Fig. 14b).

6. Conclusions

The methodology presented in this work, essentially based on multi-
temporal cartographic sinkhole inventories with morphometric data,
allowed us to quantitatively analyse the morphological evolution of the
sinkholes and their spatio-temporal patterns. This information provides
an objective basis for gaining insight into the origin of the sinkholes and
furnishing hazard assessments.

The sinkholes are concentrated within a well-defined N-S-oriented
strip, including alignments and tight clusters that have expanded to the
east (lakeward) and longitudinally, filling gaps between them. Most of
the sinkholes are single, small, relatively shallow, subcircular, and of the
collapse type. The vast majority of the sinkholes (80 % in 2021) occur
within large subsidence basins defined by gentle flexures, fissures and
scarplets.

Over ten years (2008-2018), single sinkholes in alluvial and collu-
vial deposits and in the mudflat experienced areal growths of 13 and 9
%, respectively, revealing the important morphogenetic role played by
mass wasting processes in the post-collapse development of the de-
pressions. The rapid lateral expansion of collapse and mixed sinkholes
by mass wasting processes, the high rate of sinkhole occurrence, and the
tightly clustered distribution determines that sinkhole coalescence plays
an important role in the time-dependent morphometric and spatial
features of the sinkholes.

Between 2018 and 2021 the area affected by sinkholes experienced
an average subsidence rate of 45 cm/year. This high value illustrates the
extremely rapid dissolution of the salt unit despite the arid conditions.
Sinkhole clusters are expected to evolve into large compound sinkholes
that will progressively merge to form a large lakeward propagating
subsidence trough.

Several lines of evidence support the hypogenic origin of the Dead
Sea salt karst by rising groundwater flows from deep aquifers guided by
concealed faults: (1) the rectilinear sinkhole distribution, coincident
with the main trends of the basin-bounding faults, (2) the consistent
spatial distribution over time of the sagging basins and the sinkhole
alignments and clusters, (3) the presence of thermal water springs, and
(4) the high dissolution and subsidence rates calculated in such an arid
environment.

Finally, this work illustrates that detailed multi-temporal sinkhole
mapping provides the basis for predicting the spatial distribution of
future sinkholes with a high success rate and a high benefit/effort ratio.
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Fig. 14. Susceptibility models based in
the spatio-temporal patterns observed
in the study area. a. A high susceptibil-
ity area, based in an asymmetric buffer
away from an axis connecting the
antipodal points of the main 2008
sinkhole clusters (19 % of the study
area), allows to predict 83 % of the new
sinkholes formed in the following
decade 2008-2018. b. A high suscepti-
bility area restricted to the large subsi-
dence basins (10 % of the study area)
mapped in 2018 serves to predict 71 %
of the new sinkholes occurred from
2018 to 2021. Sinkholes represented as
centroids.
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