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Abstract

Sinkholes and depressions are typical landforms of karst regions. They pose a considerable nat-
ural hazard to infrastructure, agriculture, economy and human life in affected areas worldwide.
The physio-chemical processes of sinkholes and depression formation are manifold, ranging from
dissolution and material erosion in the subsurface to mechanical subsidence/failure of the overbur-
den. This thesis addresses the mechanisms leading to the development of sinkholes and depressions
by using complementary methods: remote sensing, distinct element modelling and near-surface
geophysics.

In the first part, detailed information about the (hydro)-geological background, ground structures,
morphologies and spatio-temporal development of sinkholes and depressions at a very active karst
area at the Dead Sea are derived from satellite image analysis, photogrammetry and geologic field
surveys. There, clusters of an increasing number of sinkholes have been developing since the 1980s
within large-scale depressions and are distributed over different kinds of surface materials: clayey
mud, sandy-gravel alluvium and lacustrine evaporites (salt). The morphology of sinkholes differs
depending in which material they form: Sinkholes in sandy-gravel alluvium and salt are generally
deeper and narrower than sinkholes in the interbedded evaporite and mud deposits. From repeated
aerial surveys, collapse precursory features like small-scale subsidence, individual holes and cracks
are identified in all materials. The analysis sheds light on the ongoing hazardous subsidence process,
which is driven by the base-level fall of the Dead Sea and by the dynamic formation of subsurface
water channels.

In the second part of this thesis, a novel, 2D distinct element geomechanical modelling approach
with the software PFC2D-V5 to simulating individual and multiple cavity growth and sinkhole
and large-scale depression development is presented. The approach involves a stepwise material
removal technique in void spaces of arbitrarily shaped geometries and is benchmarked by analytical
and boundary element method solutions for circular cavities. Simulated compression and tension
tests are used to calibrate model parameters with bulk rock properties for the materials of the field
site. The simulations show that cavity and sinkhole evolution is controlled by material strength of
both overburden and cavity host material, the depth and relative speed of the cavity growth and
the developed stress pattern in the subsurface. Major findings are: (1) A progressively deepening
differential subrosion with variable growth speed yields a more fragmented stress pattern with
stress interaction between the cavities. It favours multiple sinkhole collapses and nesting within
large-scale depressions. (2) Low-strength materials do not support large cavities in the material
removal zone, and subsidence is mainly characterised by gradual sagging into the material removal
zone with synclinal bending. (3) High-strength materials support large cavity formation, leading
to sinkhole formation by sudden collapse of the overburden. (4) Large-scale depression formation
happens either by coalescence of collapsing holes, block-wise brittle failure, or gradual sagging and
lateral widening.

The distinct element based approach is compared to results from remote sensing and geophysics
at the field site. The numerical simulation outcomes are generally in good agreement with derived
morphometrics, documented surface and subsurface structures as well as seismic velocities. Com-
plementary findings on the subrosion process are provided from electric and seismic measurements

vii



in the area.

Based on the novel combination of methods in this thesis, a generic model of karst landform
evolution with focus on sinkhole and depression formation is developed. A deepening subrosion
system related to preferential flow paths evolves and creates void spaces and subsurface conduits.
This subsequently leads to hazardous subsidence, and the formation of sinkholes within large-scale
depressions. Finally, a monitoring system for shallow natural hazard phenomena consisting of
geodetic and geophysical observations is proposed for similarly affected areas.
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CHAPTER 1

Introduction

1.1 Sinkholes in karst dominated regions

Humanity dedicates a large effort to understand the natural processes in order to mitigate the
effects of any kind of prominent natural hazards and desasters, i.e. earthquakes, volcano eruptions,
storms, floodings and landslides, just to name a few very well known examples. Sinkholes, how-
ever, are an until recently rather unknown and underestimated natural hazard. These circular to
elliptical, closed depressions of the Earth’s surface can cause considerable damage to infrastructure,
agriculture, economy and human life in affected areas worldwide (Waltham et al., 2005)). Promi-
nent examples (Fig. 1.1) can be found in Florida (US) (Tihansky, 1999; Brinkmann et al., 2008),
Italy (Intrieri et al., 2018; Parise and Vennari, 2013), the Ebro valley in Spain (Gutiérrez et al.,
2011), China (Pan et al., 2018), all along the Dead Sea shore (Abelson et al., 2017), in the German
Kyffhauser mountains (Wadas et al., 2016) and northern sediment plains (Kaufmann et al., 2018),
as well as in many large cities of the world, e.g. in Guatemala, (Hermosilla, 2012).

Figure 1.1: Media covered prominent sinkholes. Typical examples of natural (top row) and
man-made sinkholes (bottom row): (A) in the mountain province of Fengjie, Chongquing,
China, (B) the Chinchon doline, Spain, (C) at a campsite at rainbow beach, Queensland,
Australia, (D) due to Potash mining at Solikamsk-2 in Perm, Russia, (E) due to a broken
water channel in Guatemala city, Guatemala and (G) due to water extraction at Crooked
Lake, Florida, USA. Credits are listed in MediaSH (2019).
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The physio-chemical processes leading to the development of sinkholes are manifold and often
not yet fully understood, but in most natural cases linked to the development of a karst system,
hydrologically complex geological units that consist of interconnected cavities, cracks, tubes, fissures
and other secondary void spaces with fluid flow. Karst aquifers consist of carbonate or evaporitic
rocks and cover approximately 10 % of the Earth’s surface (cf. World Karst Map BGR et al., 2017),
providing fresh water for a quarter of the world’s population (USGS, 2000). The primary processes
of karst formation are:

o Chemical dissolution (leaching) by undersaturated water with respect to the mineral composi-
tion of the surrounding material. This concerns usually limestones, dolomites, chalk and any
kind of evaporitic deposits that are rich in soluble minerals like calcite, gypsum, anhydrite,
aragonite or halite (Warren, 2006).

o Physical erosion, i.e. mechanical mobilization of unconsolidated materials of the subsurface
of any grain sizes.

The term ’subrosion’ is often used for both leaching and physical erosion of the subsurface. In this
study it is used to distinguish the mobilisation by leaching and transport from pure dissolution.
Subrosion leads to material removal in the underground with possible subsequent ground subsidence
or collapse. Such a collapse, termed either sinkhole formation or sinkhole collapse in the following,
happens generally when the critical mechanical strength of the overburden is surpassed. This may
happen slowly, due to continuous material removal and progressive failure of the overburden, or
relatively fast, due to sudden failure and potentially triggered by external processes like earthquakes,
storms or human interference (constructions, mining, pumping), that may cause a collapse due to
short-term changes of the physical conditions of the subsurface. In either case, the mechanical
constitution of the subsurface and overburden, whether it can sustain large voids or not, is essential
for the type of sinkhole developed at the surface. There are several classifications of sinkhole types
available in literature (Gutiérrez et al., 2014; Waltham et al., 2005). In this work the generic
classification by Gutiérrez et al. (2014) based on collapse styles (morphology) and type of cover
and basement rock is used.

A simple conceptual model of sinkhole formation is shown in Fig. 1.2. A subrosion zone is sketched
in the subsurface and is of general interest for geophysical investigation, to assess the hazard
potential and possible collapse precursors.
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Figure 1.2: Simple conceptual model of sinkhole formation. Indicated are typical surface
and subsurface features the principal stress system around a subsurface void space.
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Due to material removal, small subsidence may appear before collapse. In nature, generally mixtures
of different types of sinkholes are widespread (cf. Gutiérrez et al., 2014) and the detailed steps of
formation in the subsurface are still unknown. In an evolved karst system one finds typically large
depression landforms into which the sinkholes are embeded. Coalescence of holes into larger groups
or clusters and alignements are common. In karst terminology, more complex shaped, large-scale
depressions with lower slope-inclinations are called uvalas and elongated, flat valley like depressions
are commonly referred to as poljes (Waltham et al., 2005).

Since the last two decades only, a large effort has been undertaken to investigate the physical back-
ground of sinkholes and subsidence, culminating into recent interdisciplinary projects (Kottmeier
et al., 2016; Krawczyk, 2018), into which this thesis is embedded. The Dead Sea has been chosen as
the focus area to compare modelling results of this study because of its unique setting as a natural
laboratory.

1.2 The Dead Sea sinkhole hazard

Tectonically the Dead Sea pull-apart basin forms part of the Dead Sea transform fault (DSTF),
an active left-lateral rift system between the Arabian and African plate running from the East
Anatolian fault in the North to the Red Sea in the South (Bender, 1968; Garfunkel and Ben-
Avraham, 1996). The Dead Sea hypersaline terminal lake is located in this basin and is mainly
fed by the Jordan river and several Wadi systems (Siebert et al., 2014). This setting, together
with the semi-arid to arid climatic conditions makes the region around the Dead Sea vulnerable
to several natural hazards like droughts, flashfloods and severe storms, subsidence, landslides as
well as sinkholes (Kottmeier et al., 2016; Vey et al., 2019). The development of the latter with
more than six thousand sinkholes documented so far has steadily increased in the last decades
(Abelson et al., 2017). It has been connected to the dramatic drop of the lake level from -393 mbsl
in the 1950° (Taqieddin et al., 2000) to -433.4 mbsl in Oct. 2018 and the subsequent base-level fall
(Watson et al., 2019). As a result, a higher groundwater head gradient develops towards the Dead
Sea. This recession is clearly seen in the increased exposure of the shore (Fig. 1.3), where the most
active sinkhole areas on both sides of the lake are marked.
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Figure 1.3: Landsat satellite images of the Dead Sea area. A recession of the shoreline and
the separation into a Northern Dead Sea body and the evaporation pond body is clearly
visible between 1973 and today. Yellow circles mark a selection of the most important sites
with known sinkhole formation on both sides of the Dead Sea, based on Ezersky et al. (2017)
and Abou Karaki et al. (2016) and this work. These are: 1) Ghor Al-Haditha, the study
area of this work; 2) Lisan Peninsula; 3) Arab Potash company and Dead Sea works; 4)
Newe Zohar and Ein Bogeq; 5) Lynch Strait; 6) Nahal Zeelim; 7) Ein Gedi to Nahal Hever;
8) Dragot to Mineral Beach and 9) Zikim. Satellite images are from USGS (2017) with
spatial resolutions of 60 m before the year 2000 and 30 m thereafter.

The investigation area of this study is located near Ghor Al-Haditha in Jordan, on the southeastern
shore of the main body of the Dead Sea, between the Lisan Peninsula and the Moab mountains (Fig.
1.4A). The area forms part of a piedmont of consolidated to semi-consolidated alluvial fan deposits
of Pleistocene to recent age, and lies between several ephemeral streams as indicated in Fig. 1.4B.
Different viewpoints of the area are shown in parts C-F of Fig. 1.4. Since 1970, the shoreline has
retreated by 2.5 km exposing the former Dead Sea lakebed. It consists of silt-clay material (mud)
interbedded with evaporites (halite, gypsum, aragonite, calcite) of the Lisan formation (see Chap.
3 and Taqieddin et al., 2000; Watson et al., 2019).

The first sinkholes formed in 1985 near the Wadi Ibn Hamad and since then, more than 1100 have
appeared in the area, covering a stretch of approximately 25km? (Fig. 1.4B). The main clusters
of hazardous sinkholes formed around the former 'Numeira mixed salts and mud company’, at the
border between the alluvial cover and the mud-flat, and lead to the destruction of the factories
infrastructure and neighboring agricultural fields and roads until 2009 (Watson et al., 2019; Closson
and Abou Karaki, 2009, see Chap. 3). In the last decade, the majority of sinkholes started to appear
in the northern part of the area and moved closer to the shoreline, although activity in the southern
part has not ceased yet.
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Figure 1.4: Overview of the sinkhole area of Ghor Al-Haditha. (A) map of the Dead
Sea with location of the study area. (B) Pleiades satellite image from April 2018 with
a resolution of 50 cm. Sinkhole evolution and migration since the year 1985 is depicted
in coloured circles (modified after Watson et al. (2019)). The location of parts (C-F) is
indicated by symbols. (C) exposed mud/salt-flat, the former lakebed of the Dead Sea.
(D) former mud factory area which has been destroyed by subsidence, sinkhole and canyon
formation. (E) view of the main Wadi Ibn Hamad. (F') overview from the Moab mountains
with major canyons and geological materials. The length of the road section visible to the
left of the image is 0.5 km.

Sinkhole types in the area follow generally two main morphological endmembers: flat and wide
sinkholes in the mud /salt-flat and narrow and deep sinkholes in the alluvium or thick evaporite cover
(Fig. 1.5). While this distinction generally holds for individual sinkhole endmembers, mixtures
of both types, lateral widening, soil piping structures and coalesced/nested multiple sinkholes
developed over time in this area (Fig. 1.5B and C). This development is related to the above
described maturation of the karst system and goes along with the formation of large depression
zones and uvalas. Furthermore, sinkholes may be associated to individual relatively fresh water
springs and may lie adjacent to active canyons (see Chap. 3 and Watson et al., 2019).

Despite several geophysical studies (cf. e.g. Ezersky et al., 2017; Ezersky and Frumkin, 2013;
Frumkin et al., 2011; Sawarieh et al., 2000; Diabat, 2005; El-Isa et al., 1995) sinkhole occurrence,
morphology and development at Ghor Al-Haditha remain incompletely understood and a topic
of high relevance, not only for the local authorities. For this study, Ghor Al-Haditha was there-
fore chosen as the suitable field-site and remote sensing was used to enlight the spatio-temporal
development of karst landforms.
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Figure 1.5: Different forms of sinkholes at the Dead Sea shoreline. (A) examples of
individual sinkholes in the three typical cover materials (alluvium, mud and salt). (B)
multiple sinkholes and larger depression structures in the same materials. (C) sinkholes
with active springs with typical mixtures of the materials observable at the margin outcrops.
Note persons/infrastructure for scale.

1.3 Geomechanical numerical modelling of collapse processes

Numerical modelling is widely used for a further understanding of the physio-chemical processes
that involve material removal and fracturing of rock mass with subsequent, potentially hazardous,
ground collapse or subsidence. Numerical simulation of a dynamic karst system is generally complex
due to the discontinuities, heterogeneities and complex porosities of carbonate rocks (Andriani
and Parise, 2015). Continuum mechanics based numerical simulation methods are widely used
to investigate both the process of rock dissolution and karst evolution (cf. overview from Parise
et al., 2018) and the stability of single cavity systems for specific applications (Fazio et al., 2017;
Carranza-Torres et al., 2016; Fuenkajorn and Archeeploha, 2010; Parise and Lollino, 2011; Rawal et
al., 2016; Salmi et al., 2017). Recent promising advances have been made with viscoelastic modelling
of sinkhole formation, partly with application to the Dead Sea area (Shalev and Lyakhovsky, 2012;
Baer et al., 2018; Souley et al., 2011), and three-dimensional finite element modelling (FEM) of
caves (Sainsbury, 2012).
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However, three major drawbacks are identified in these approaches considering geomechanical sim-
ulation of collapse processes and sinkhole formation: Firstly, rotation, fracturing and non-elastic
deformation subject to large and highly localised strains are difficult to simulate with FEM (Jing
and Stephansson, 2007). Secondly, past continuum-based approaches have often neglected the
mechanical growth of void spaces and the explicit simulation of sinkhole collapse. And thirdly,
the geometries of voids involved in sinkhole development are often non-singular, irregular and dis-
tributed over lots of scales (see Chap. 3 and Abelson et al., 2017; Ezersky et al., 2017; Gutiérrez
et al., 2016; Yizhaq et al., 2017), and most present studies do not account for this.

For addressing these drawbacks related to rock mechanics, discontinuous medium simulation meth-
ods are more suitable, where the intrinsic heterogeneity of the particle assembly allows for complex
mechanical behaviour and spontaneous crack formation. The main advantage is its ability to simu-
late rock samples or rock masses as an assemblage of discrete particles or blocks, which can undergo
large displacements and rotations. A member of the family of such discrete element methods which
uses undeformable particles is called the distinct element method (DEM, cf. Cundall and Strack,
1979; Potyondy and Cundall, 2004; Fakhimi and Villegas, 2007).

While DEM has been developed and used since several decades for small-scale modelling, the
application to large-scale geological problems has only been rising recently due to the increase
of computer power. Recent successful large-scale numerical simulation of rock failure processes
with DEM address the topics of caldera subsidence and volcano deflation (Holohan et al., 2011,
2015, 2017; Gudmundsson et al., 2016), structures and growth of normal fault systems (Schopfer
et al., 2007a,b, 2016, 2017), as well as slope, mine and tunnel stability (Bonilla-Sierra et al., 2015;
Thompson et al., 2010). The latter is generally linked to the topic of sinkhole formation due to
the basic approach to simulate a void space in the underground with observation of the surface
displacements. For modelling sinkhole collapse and surface deformation, Baryakh et al. (2008,
2009) and Bym et al. (2013) used DEM for single void space analysis, Hatzor et al. (2010) used
predefined discrete fracture networks and Mercerat (2007) used DEM limited to a single rock layer
in a FEM coupled model of a salt-cavern. However, the explicit simulation of the growth and
mechanical interaction of single and multiple void spaces is essential for understanding sinkhole
and subsidence formation and has not been presented so far.

This thesis is embedded in the above elaborated framework. The software Particle Flow Code
(PFC-V5) from Itasca (Potyondy and Cundall, 2004; Potyondy, 2014) is used to develop a 2D
DEM approach of large-scale mechanical collapse processes modelling and comparison with results
obtained by remote sensing and geophysics.

1.4 Structure of this cumulative thesis

An introduction to the structure of this thesis is given in the following. Chapter 2 highlights the
main research questions of this work and summarises the methods used in all main authored pub-
lications. Chapter 3 deals specifically with the analysis of the sinkhole formation at the field site
via an up-to-date high resolution photogrammetric survey and satellite image analysis. It provides
essential findings on sinkhole development and morphology important both for process understand-
ing and comparison with numerical modelling. In Chap. 4, after benchmarking and calibration
of rock mechanical parameters, a sophisticated geomechanical numerical modelling approach to
simulate individual sinkhole formation is presented. In Chap. 5, a more generic version of this
approach is presented to investigate subsurface failure processes and morphologies of more complex
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karstic landforms. Finally, the implications for the sinkhole formation process in the field area and
the potential of further advanced numerical modelling and geophysical monitoring is discussed in
Chap. 6. In the following, the main highlights of all main author and co-author publications part
of or relevant for this thesis and the broader perspective are summarised.

1.4.1 Publications as chapters of this thesis

Statement of contribution: As the main author of these publications the contribution ranged
from scientific literature research, collecting and analysing the data, programming the model codes
and analysing the model outputs, to writing the text and putting together the figures as well as
final correction of the revised manuscripts.

Publication 1 (Chap. 3): Al-Halbouni, D., Holohan, E. P.Saberi, L., Alrshdan, H., Sawarieh,
A., Closson, D., Walter, T. R., & Dahm, T., Sinkholes, subsidence and subrosion on the eastern
shore of the Dead Sea as revealed by a close-range photogrammetric survey. Geomorphology, 285,
305-324. https://doi.org/10.1016/j.geomorph.2017.02.006, 2017

Publication one is included as Chap. 3 in this thesis. This work builds the basis for the numerical
modelling as it reveals important information about the strong physical component of the material
removal based on subsurface stream flows and its relation to sinkhole morphologies in the former
Dead Sea mud-flat and alluvial fan sediments. Structural, morphological and hydrological features
of the Ghor Al-Haditha sinkhole area in Jordan are analysed by close-range photogrammetry,
GIS and (hydro)-geological fieldwork. Important quantitative parameters (sinkhole circularities,
depth/diameter (De/Di) ratios, slope steepness) and erosion rates for the southern part of the area
are estimated based on high resolution and high accuracy orthophotos (OF) and digital surface
models (DSM).

Publication 2 (Chap. 4): Al-Halbouni, D., Holohan, E. P., Taheri, A., Schopfer, M. P. J.,
Emam, S., & Dahm, T.: Geomechanical modelling of sinkhole development using distinct elements:
Model verification for a single void space and application to the Dead Sea area. Solid Farth, 9,
Environmental Changes and Hazards in the Dead Sea Region ,1341-1373. https://doi.org/10.5194/
se-2018-62, 2018

Publications two is included as Chap. 4. A new technical and methodological development using
2D distinct elements for modelling individual sinkhole collapse based on the growth of single void
spaces in the underground is presented. A detailed numerical benchmarking of the methods with
analytical solutions and calibration of rock parameters for the three typical sediment types at the
Dead Sea is performed: lacustrine mud, alluvial sand-gravel and lacustrine rock salt. It reveals the
high susceptibility of all materials to mechanical failure and sinkhole formation, and a dependency
of morphological aspects on the mechanical strength of the overburden. Also, the collapse process
itself differs, depending on the material in which the void space forms: large cavities may be
sustained or the subsurface collapse zone may form a triangular area. The observed structures
and quantitative measurements of morphological (De/Di ratios) parameters fit well to results from
photogrammetry, revealing the evolution history of the sinkholes at Ghor Al-Haditha.

Publication 3 (Chap. 5): Al-Halbouni, D., Holohan, E. P., Taheri, A., Watson, R., Polom,
U., Schopfer, M. P. J., Emam, S. and Dahm, T., Distinct element geomechanical modelling of the
formation of sinkhole clusters within large-scale karstic depressions, Solid Farth, 10, 1219-12/1,
https://doi.org/10.5194 /se-10-1219-2019, 2019.


https://doi.org/10.1016/j.geomorph.2017.02.006
https://doi.org/10.5194/se-2018-62
https://doi.org/10.5194/se-2018-62
https://doi.org/10.5194/se-10-1219-2019

Chapter1 : Introduction

Publications three is included as Chap. 5. An extended DEM approach is presented to simulate
complex karstic landforms like clustered sinkholes and large-scale depressions, as observed in the
field and by remote sensing (cf. publication 6). A comparison between different multiple cavity
growth scenarios is provided. The importance of a differential velocity field in the material removal
system to produce multiple sinkholes, rather than only block-wise subsidence, is highlighted. A
deepening of the subrosion zone is necessary to simulate the correct appearance order of sinkholes
within large-scale depressions. This deepening differential subrosion scheme mimics the driving
background processes of base-level fall at the Dead Sea and preferential flow paths in a karstic
system. Morphometric aspects of the sinkholes and depressions as well as structural and geophysical
features (cf. publication 7) of the subsurface of the sinkhole field site Ghor Al-Haditha are well
reproduced.

1.4.2 Further relevant publications

Publication 4: Kottmeier, C., Agnon, A., Al-Halbouni, D., Alpert, P., Corsmeier, U., Dahm,
T., Eshel, A., Geyer, S., Haas, M., Holohan, E. P., Kalthoff, N., Kishcha, P., Krawczyk, C. M., Lati,
J., Laronne, J. B., Lott, F., Mallast, U., Merz, R., Metzger, J., Mohsen, A., Morin, E., Nied, M.,
Rodiger, T., Salameh, E., Sawarieh, A., Shannak, B., Siebert, C., & Weber, M., New perspectives
on interdisciplinary earth science at the Dead Sea: the DESERVE project. Science of the Total
Environment, 544, 1045-1058, https://doi.org/10.1016/j.scitotenv.2015.12.003, 2016

Publication four gives an overview of the international and interdisciplinary DESERVE project
which deals with natural hazards at the Dead Sea region. Scientific investigation of meteorological,
hydrological and tectonic hazards formed part of this Helmholtz Virtual Institute, into which the
sinkhole topic and this thesis are embedded.

Publication 5: Vey, S., Alshawaf, F., Al-Halbouni, D., Metzger, J., Glintner, A., Dick, G.,
Ramatschi, M., Wickert, J., & Weber, M., Interplay of climate, water and Solid Earth - Subsidence
of the Dead Sea shore. Scientific Reports, in review, 2019.

Publication five shows the direct interplay between three different compartments, "Solid Earth',
"hydrosphere" and "atmosphere', in their role regarding the Dead Sea subsidence phenomenon.
From GNSS reflectometry derived subsidence rates of the surface are synchronous, with a time-lag
of two months, to the Dead Sea lake drop and derived evaporation rates. This work describes the
background processes of the Dead Sea regression and the related ground subsidence relevant for
the sinkhole hazard adressed in this thesis.

Publication 6: Watson, R. A., Holohan, E. P., Al-Halbouni, D., Saberi, L., Sawarieh, A.,
Closson, D., Alrshdan, H., Abou Karaki, N., Siebert, C., Walter, T.R., & Dahm, T., Sinkholes and
uvalas in evaporite karst: spatio-temporal development with links to base-level fall on the eastern
shore of the Dead Sea. Solid Earth Discussions, accepted, https://doi.org/10.5194/se-2018-105,
2019.

Publication six expands the remote sensing analysis of the sinkhole affected area in Jordan to nearly
five decades. Sinkhole distribution and migration in space and time is analysed with the help of
satellite and aerial images. Quantitative measurements of alluvial fan growth, stream channel
incision, land subsidence and sinkhole morphologies in three different cover materials are provided.
The relation between the hydrogeological system of the Wadis at Ghor Al-Haditha, the subsurface
channels and sinkhole/depression formation is highlighted. This publication shows that sinkholes
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usually form before major depressions develop, probably related to the rapid base-level fall of the
Dead Sea, and is an important link for comparison to our numerical models.

Publication 7: Polom, U., Alrshdan, H., Al-Halbouni, D., Dahm, T., Sawarieh, A., Atallah, M.
Y., & Krawczyk, C. M., Shear wave reflection seismics yields subsurface dissolution and subrosion
patterns: application to the Ghor Al-Haditha sinkhole site, Dead Sea, Jordan. Solid Farth, 9,
Environmental Changes and Hazards in the Dead Sea Region, 1079-1098, https://doi.org/10.5194/
se-9-1079-2018, 2018.

Publication seven analyses the subsurface of Ghor Al-Haditha with the shear wave reflection
method. This method has been applied several consecutive years in the main sinkhole affected
area. A high resolution characterization of the subsurface into intercalated, dipping alluvial fan
and mud-flat sediment layers is revealed. The structure of the subsurface is analysed and depres-
sions, bowl-shaped zones, void space and subrosion areas with low reflectivity, stable areas as well
as the depth of the main limestone-carbonate mud layer susceptible to subrosion are delineated.
Interestingly, the analysis reveals the non-existence of a massive salt layer in this area, contrary to
findings on the western side of the lake, which attribute this layer as the base to subsurface ero-
sion and dissolution. Rather, interpretation of the seismic profiles together with photogrammetric
analysis lead to conclusions about the importance of the physical erosion of chemically weakened
mud and alluvial sediments containing thin evaporite layers. This work builds another important
basis to which the numerical modelling results are compared to.

Publication 8: Al-Halbouni, D., Holohan, E. P., Alrshdan, H., Sawarieh, A., & Dahm, T.,
Sinkhole morphologies from photogrammetry and distinct element modelling - an example from
the Dead Sea. In: Recent Advances in Environmental Science from the Euro-Mediterranean and
Surrounding Regions. Proceedings of the CAJG conference 12-15 November, Hammamet, Tunesia,
Springer, 2019.

Publication eight summarises the use of the distinct element modelling method to reproduce mor-
phological features of the mud-flat and alluvium sinkholes at the Dead Sea shoreline. It highlights
the complementary use of field methods and numerical modelling for a broader readership interested
in the hazard potential of sinkholes.
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CHAPTER 2

Objectives and methods

In this chapter, the research questions and methods used to address the topic of sinkhole and
large-scale depression formation are highlighted and the link to each corresponding part of this
cumulative thesis is given. The questions can generally be transferred to any area affected by rapid
sinkhole growth. The answers to these questions are discussed in a broader perspective in Chap.
6.

2.1 Research questions

@ What are the typical morphologies and ground features that develop in an active
karst area? How do sinkholes develop in space and time?

» Background: Sinkhole morphologies give important hints about their dimensions (depth and
diameter) and ellipticities. They are dependent on the material distribution involved in
the collapse. Recognition of structural features like large depression zones, uvalas, sinkhole
alignment and clustering, canyon slumps, bowl-shaped formations, faults, cracks, crevasses
and fissures in the surface and subsurface gives indications about their origin and may help to
define hazardous areas. The (hydro)-geological background here forms an important integral
part to understand the formation process.

o Data/methods used: Literature research, field survey, aerial images from drones and balloons,
photogrammetry and Geographical Information System (GIS) software.

o Chapter(s): 3 and 6.

@ How can large-scale ground subsidence and sinkhole formation be simulated with
the particle-based distinct element method?

e Background: DEM has not been used yet intensively to address the large-scale problem of
subsidence and sinkhole formation (see Chap. 1). An approach using this computationally in-
tensive particle-based method for large-scale simulation needs to be thoroughly benchmarked
and calibrated before applying it to real cases. This involves comparison with analytical
solutions for simple excavation shapes and calibration of real rock parameters.

o Data/methods used: Distinct element modelling with PFC2D-V5.

« Chapter(s): 4 and 6.

11
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@ How does a void space develop mechanically in the subsurface and how does it
translate to a sinkhole at the surface? How do sinkhole clusters and depressions
develop mechanically?

o Background: This question concerns the general investigation of mechanical controls of sink-
hole formation. It addresses the comparison of DEM outcomes with real field observations
from the Dead Sea. This topic concerns the analysis of structural features, sinkhole collapse
onset, morphologies and morphometrics, evolution and patterns, the mechanical interaction
of voids in a karst system and the relation between large-scale depressions and sinkholes.

« Data/methods used: Distinct element modelling with PFC2D-V5, field survey, photogram-
metry, GIS, and shear wave reflection seismics.

» Chapter(s): 4, 5 and 6.

@ What is the relation between subsurface geophysical parameters and the sink-
hole/depression formation process?

o Background: Field data comparison with model results is essential for correct interpretation
of geophysical data and established conceptual models for characterization of subsurface pro-
cesses. Subject to implementation, with the help of DEM it is generally possible to track
geodetic and geophysical parameters on a very high resolution scale. Knowing calibrated
macroscopic rock parameters helps to derive e.g. apparent seismic velocity distribution with
depth. Moreover, near-surface geophysical studies reveal essential information about subsur-
face processes.

« Data/methods used: Distinct element modelling with PFC2D-V5, photogrammetry and GIS,
shear wave reflection seismics, electric resistivity tomography (ERT) and self-potential (SP).

« Chapter(s): 4, 5, 6 and 7.

2.2 Applied methods

The scientific questions of Sec. 2.1 are addressed by the most suitable method or by a combination
of methods. These methods are highlighted in Fig. 2.1. Different complementary approaches from
various perspectives are combined:

1. Remote: Aerial imagery from satellites, drones and balloons is analysed by near-field pho-
togrammetry and GIS.

2. Ground based: Observations from geologic fieldwork and hydro(geo)logical measurements.
3. Subsurface: Geophysical imaging by shear wave reflection seismics and electrics.

4. Simulation: 2D geomechanical numerical modelling of sinkhole formation with the distinct
element approach.

12
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Remote Sensing

Figure 2.1: Overview of the different perspectives the sinkhole phenomenon is addressed.

The technical details of all methods can be found in the according publications and manuscripts
of this cumulative thesis (see list in Chap. 1). Highlight, and main focus of this thesis, are the
photogrammetric analysis (Chap. 3) and the numerical modelling of sinkhole formation with the
distinct element method (Chapters 4, 5, and 6).
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Sinkholes, subsidence and subrosion on the eastern shore of the Dead Sea
as revealed by a close-range photogrammetric survey
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Ground subsidence and sinkhole collapse are phenomena affecting regions of karst geology worldwide. The
rapid development of such phenomena around the Dead Sea in the last four decades poses a major geological
hazard to the local population, agriculture and industry. Nonetheless many aspects of this hazard are still
incompletely described and understood, especially on the eastern Dead Sea shore. In this work, we present
a first low altitude (< 150 m above ground) aerial photogrammetric survey with a Helikite Balloon at the
sinkhole area of Ghor Al-Haditha, Jordan. We provide a detailed qualitative and quantitative analysis of

Keywords: a new, high resolution digital surface model (5 cm px~!) and orthophoto of this area (2.1 km?). We also
gil:]okt}(:ir::lmeny outline the factors affecting the quality and accuracy of this approach.

Subsidence Our analysis reveals a kilometer-scale sinuous depression bound partly by flexure and partly by non-tectonic
Subrosion faults. The estimated minimum volume loss of this subsided zone is 1.83-10% m*® with an average subsi-
Karst dence rate of 0.21 m yr~! over the last 25 years. Sinkholes in the surveyed area are localized mainly within
Dead Sea this depression. The sinkholes are commonly elliptically shaped (mean eccentricity 1.31) and clustered

Ghor Al-Haditha (nearest neighbor ratio 0.69). Their morphologies and orientations depend on the type of sediment they
form in: in mud, sinkholes have a low depth to diameter ratio (0.14) and a long-axis azimuth of NNE-NE.
In alluvium, sinkholes have a higher ratio (0.4) and are orientated NNW-N. From field work, we identify
actively evolving artesian springs and channelized, sediment-laden groundwater flows that appear locally in
the main depression. Consequently, subrosion, i.e. subsurface mechanical erosion, is identified as a key phys-
ical process, in addition to dissolution, behind the subsidence and sinkhole hazard. Furthermore, satellite
image analysis links the development of the sinuous depression and sinkhole formation at Ghor Al-Haditha
to preferential groundwater flow paths along ancient and current wadi riverbeds.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction (Parise, 2010), termed subrosion in the following as in e.g. Dahm

et al. (2011). They typically span a submeter to hundreds of meters

Ground subsidence phenomena occur all over the world due to
both natural and anthropogenic causes (cf. e.g. Kohl, 2001; Denizman,
2003; Caramanna et al., 2008; Closson et al., 2009; Parise and Lollino,
2011; Dahm et al,, 2011; Dreybrodt, 2012; Gutierréz et al., 2014;
Kotyrba, 2015; Parise, 2015). Sinkholes in particular are enclosed
depressions of the soil/rock surface caused by subsurface chemical
dissolution (Waltham et al., 2005) or subsurface mechanical erosion

* Corresponding author.
E-mail address: halbouni@gfz-potsdam.de (D. Al-Halbouni).

http://dx.doi.org/10.1016/j.geomorph.2017.02.006
0169-555X/© 2017 Elsevier B.V. All rights reserved.
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scale, both for depth and diameter (cf. e.g. Goldscheider and Drew,
2007; Filin et al., 2011; Gutierréz et al., 2014; Messerklinger, 2014).
Sinkholes are genetically classified into two main groups: solution
and subsidence sinkholes (Waltham and Fookes, 2005; Gutiérrez
et al.,, 2008; Beck, 2012). Subsidence sinkhole end-member classi-
fication refers to the affected material (cover, caprock or bedrock)
and the process of formation (collapse, sagging or suffosion) (cf.
Gutierréz et al., 2014). In karst environments, collapse sinkholes
are often related to subsurface void collapse (Hatzor et al., 2010;
Parise and Lollino, 2011; Dreybrodt, 2012; Gutierréz et al., 2014;
Waltham, 2016), where stress conditions exceed material strength in
the surroundings, frequently related to sudden water-level changes
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(Tharp, 1999, 2002; Shalev and Lyakhovsky, 2012; Lollino et al., 2013)
or seismic activity (e.g. L'Aquila earthquake, Kawashima et al., 2010;
Parise et al., 2010). These phenomena are most hazardous due to the
rapid cavity roof breakdown and include not only potential direct
losses of life, but also damage to economically important buildings,
land (Parise, 2010; Krawczyk and Dahm, 2011) and infrastructure
(e.g. Brinkmann et al., 2008; Dahm et al., 2011; Gutierréz et al., 2014).
The opposite, a slow subsidence process with long-term sinkhole
growth, holds for sagging or suffosion sinkholes and is considered as
less hazardous from an engineering point of view (Gutierréz et al.,
2014).

The sinkhole formation at the Dead Sea (Fig. 1A) has increased
sharply in the last decades (Arkin and Gilat, 2000; Yechieli et al.,
2015). This development has been associated with the significant
lake-level drop since the 1950s (Taqgieddin et al., 2000) from =~ 393
m to 430 m (20.10.2015) below sea level. Anthropogenic influence
is considered to be the main reason for this decline, i.e. large water
irrigation projects in the northern part along the Jordan river catch-
ment (Gavrieli and Oren, 2004; Bowman et al., 2010), extensive
use of Dead Sea brine for Potash production (Lensky et al., 2005;
Abelson et al., 2006) as well as the increasing need for drinking and
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Fig. 1. Location of the Dead Sea and investigation area Ghor Al-Haditha: A: Schematic
tectonic background of Dead Sea transform fault (DSTF) based on (Bender, 1968;
Closson, 2004; Le Béon et al., 2012). MS: Mediterranean Sea, RS: Red Sea, ]M: Judean
Mountains, JH: Jordanian Highlands, LT: Lake Tiberias. Topographic data are based on
SRTM3 databases (Farr et al., 2007). B: Dead Sea and surroundings. The survey area
Ghor Al-Haditha in Jordan is located at the SE margin of the Dead Sea basin. DS: Dead
Sea, EP: Evaporation Ponds. C: Detailed outline of the investigation area and the main
wadis. A third river, Wadi Al Madbaa, discharges into the delta system in the southern
bay and is located further south outside the shown area. Image is a publically available
2009 Digital Globe image from Google Earth.

irrigation water due to a growing population (World Bank, 2016) and
climatic changes (Menzel et al., 2007; MWI, 2013; Al-Omari et al.,
2014; Odeh et al., 2015). Attention to the sinkhole phenomenon has
increased, since touristic regions, highways, agricultural land as well
as industries (e.g. Ein Gedi, Ghor Al-Haditha, Arab Potash factory)
have become seriously affected (Nof et al., 2013; Closson et al., 2013;
Closson and Abou Karaki, 2015).

An important scientific question concerns the mechanical and
chemical processes of sinkholes formation: is the formation mech-
anism controlled by pure salt-dissolution (Frumkin et al., 2011; Oz
et al., 2016), faults (Closson and Abou Karaki, 2009), both (Ezersky
and Frumkin, 2013; Closson and Abou Karaki, 2013; Ezersky et al.,
2014) or subrosion (Arkin and Gilat, 2000)? Hereby the role of rock
properties and detailed material/(sub)surface water movement is
essential for understanding sinkhole evolution and development of
early-warning scenarios (Waltham et al., 2005; Parise, 2008; Lollino
et al,, 2013; Gutierréz et al., 2014).

In this context, we conducted a high resolution close-range pho-
togrammetric (Burneretal., 1983; Luhmannetal.,2014) investigation
of the active sinkhole area of Ghor Al-Haditha in Jordan (cf. DESERVE
project in Kottmeier et al., 2016) in Oct. 2014 and 2015 (Fig. 1B,C).
We used a cost-efficient and robust helium balloon technique for
areas, such as this one, where legal permissions for other UAV based
surveys and access to satellite images are difficult to attain.

Photogrammetry has been applied extensively on the western
shore of the Dead Sea, e.g. for mapping stream channel incision
(Bowman et al., 2010), ground-water flow paths (Mallast et al.,
2011) and is currently used for spring discharge detection (Siebert
et al., 2014a). However, rather cost-intensive LiDAR (Laser Imaging,
Detection and Ranging) or low resolution satellite based InSAR
(Interferometric Synthetic Aperture Radar) studies have been used
for detailed sinkhole characterization (Filin et al., 2011; Nof et al.,
2013; Atzori et al., 2015). Especially on the eastern side of the lake
remote sensing studies are still under way (e.g. Al-Ruzouq et al.,
2011; Tessari and Floris, 2014, unpublished reports). This is the first
study to present a high resolution (5 cm px~1) digital surface model
(DSM) and orthophoto of the sinkholes in Jordan.

We firstly introduce the area (Section 2) and then detail the meth-
ods used (Section 3). In the results (Section 4) we demonstrate that
at Ghor Al-Haditha a large-scale depression has developed in a zone
of former surface water channels. In this main depression, at the
boundary between two geological units, the alluvium and mud-flat,
sediment-laden artesian springs and stream channels appear, con-
tinuing both on the surface and below. Furthermore, we provide an
estimation of the minimum volume loss in this area and quantitative
evidence for material control on sinkhole morphologies. Limitations
of the method, implications and a detailed discussion on structural,
lithological and groundwater control of subsidence and sinkhole
formation are given (Section 5). Finally, we provide a conceptual
model for subsidence and sinkhole formation at Ghor Al-Haditha.
This study is hence important for the understanding of sinkhole for-
mation processes both at the Dead Sea and in similar hydrogeological
environments and may serve as a basis for future sinkhole hazard
and risk assessment.

2. Ghor Al-Haditha sinkhole area

The investigation area is located at the SE shore of the northern
Dead Sea basin (Fig. 1B,C), an orthorhombic pull-apart basin of 80
km length, between 5 and 17 km width and up to 10 km depth of the
sediment infill (Ten Brink and Ben-Avraham, 1989; Garfunkel and
Ben-Avraham, 1996; Smit et al., 2008). It forms part of the left-lateral
Dead Sea Transform Fault System (DSTF, see Fig. 1A), running from
the Red Sea to the East Anatolian Fault between the African and Ara-
bian plates (Bender, 1968), with typically a N10—30° orientation of

17



Chapter3 : Publication 1 - Close-range photogrammetric survey of sinkholes at the Dead Sea

D. Al-Halbouni et al. / Geomorphology 285 (2017) 305-324 307

the main faults (cf. e.g. Yechieli et al., 2015). In this semi-arid to arid
region, the Dead Sea is considered as a hyper-saline terminal lake of
the Jordan river (Siebert et al., 2014b); the course of which follows
the DSTF.

Marine and lacustrine sediment sequences cover the Dead Sea
floor and surroundings (cf. e.g. Bender, 1968; Begin et al., 1974;
Garfunkel and Ben-Avraham, 1996; Taqieddin et al., 2000; Frumkin
etal, 2011). The most prominent is the late Miocene Usdom (Sedom)
formation (2-4 km) of diapiric evaporites found by oil drillings
beneath the Lisan Peninsula (Bentor, 1961). On top are the middle-
late Pleistocene lacustrine-fluviatile Amora and Samra formations,
up to 3 km thick. Exposed at the surface are lacustrine sediments
of the late Pleistocene Lisan formation (10-40 m) and recent sedi-
ments with thickness of several tens of meters. Kilometer long flats
of those lacustrine sediments are nowadays exposed by the Dead Sea
regression on both sides of the lake.

The Ghor Al-Haditha sinkhole area lies partly on a piedmont of
alluvial fan deposits of Pleistocene to recent age (Tagieddin et al.,
2000). It is around 3 km wide and lies between three periodically
active wadi systems, Wadi Ibn Hammad, Wadi Mutayl Ath Thib and
Wadi Al-Madbaa in the South (Fig. 1C). In 1970, these wadis fed
fertile alluvial fan-deltas that were largely used for agriculture; no
sinkholes had formed at that time (Fig. 2).

The first sinkholes appeared at Ghor Al-Haditha, south of Wadi
Ibn Hamad, in the 1980s, but were quickly filled in. At the beginning
of the 1990s, more sinkholes opened north of the Wadi Ibn Hamad
river. Following this development, local geological and geophysical
studies were initiated to assess the sinkhole hazard (El-Isa et al.,
1995). The ‘Numeira mixed salts and mud company’ started a factory
in this area in 1997, but since sinkhole clusters were approaching the
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Fig. 2. Corona satellite image of Ghor Al-Haditha from 1970, with overlay of the sur-
vey outline. At that time the fan-deltas were strongly used by agriculture and no
sinkholes were recorded yet. Since then, the Dead Sea has receded by around 1 km.
The first sinkholes appeared in the 1980s near the Wadi Ibn Hamad (red circle), but
then approached the Numeira Mud factory (NMF). Blue arrows show schematically
the groundwater flow pattern in this area in the year 1999 based on water level mea-
surements in wells and springs mentioned in the unpublished report of Sawarieh et al.
(2000). The general trend was towards N-NW from the alluvial fans towards the Dead
Sea (black coloured), with an estimated hydraulic gradient of > 30 m km~1.
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factory, more scientific research was undertaken (Taqgieddin et al.,
2000; Sawarieh et al., 2000; Diabat, 2005; Al-Zoubi et al., 2007;
Frumkin et al.,, 2011; Alrshdan, 2012; Ezersky et al., 2013, partly
unpublished reports).

Already in the late 1990s, the main recommendation for both
the land farmers and factory was to leave the area, as it was, and
is, considered a hazardous zone. In the early 2000s, the most haz-
ardous zone shifted closer to the factory (Kottmeier et al., 2016). The
agricultural area was partly abandoned and the factory had to be
closed in 2009 (Fig. 3) (Closson et al., 2009, and personal commu-
nication by Eng. Emad Talafeha). Sinkholes still develop nowadays
(cf. Fig. 3) in the alluvial fans as well as in the more and more exposed
former lake bed.

Nontheless, sinkhole occurrence, morphology and development
in Ghor Al-Haditha are incompletely understood and remain a topic
of high relevance also for the local authorities. We therefore under-
took a high resolution photogrammetric survey to provide a more
detailed documentation of the sinkholes in the area surrounding
the former factory site and to gain new insight into the factors
controlling their formation (cf. Section 5).

3. Data acquisition and processing
3.1. Close-range photogrammetry

Aerial images of the area were acquired by a Ricoh GRII camera
with 16.2 MP resolution, an angle of view of 28 mm and a focus

Fig. 3. Damage of infrastructure at Ghor Al-Haditha sinkhole site. A, B: Panorama
views of deep cover-collapse sinkholes that destroyed agricultural buildings and
roads. C: Sinkholes and subsidence destroyed the ‘Numeira mixed salts and mud
company’ at the alluvium/mud-flat contact. Dashed circles mark scales (persons,
buildings).
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length of 13.7 mm. It was mounted on a kite-stabilised, helium-
filled balloon (Helikite) of 4.5 m3 size that flew at between 100 and
150 m altitude (Appendix Fig. A1A). For the requirements of the
acquired near-field image pairs (see algorithm description below),
the balloon offered the best possibilities (cf. Walter, 2014), as in
windy areas like at the Dead Sea the kite stabilizes the azimuth and
incidence angle. The photo footprint at 100 m flight height was about
125 x 180 m, leading to =~ 3.6 cm px~! ground resolution for an
image at nadir. The calculated mean ground resolution for all pro-
cessed images was 6.7 cm px ~!. For geo-referencing, over 60 ground
control points (GCPs) were measured by a Differential Global Posi-
tioning System (DGPS) with up to 10 cm horizontal and vertical
accuracy (Appendix Fig. A1B), using a real-time global satellite-based
augmentation system (Trimble Omnistar XP.).

The aerial images of Oct. 2014 were used to build a 3D
digital surface model and orthophoto. A Multiview Stereopsis tech-
nique (Furukawa and Ponce, 2010) of the structure-from-motion
close-range photogrammetric method (Harwin and Lucieer, 2012;
Luhmann et al., 2014) was applied, as implemented in the com-
mercial software package PhotoScan Pro (Agisoft LLC). We followed
mainly the processing scheme shown in Fig. 4 and described in detail
in e.g. Agisoft (2013) and Leon et al. (2015).

Photogrammetry in general uses single or multi-image photo-
graphic recordings for the 3D reconstruction and interpretation of
objects or areas of interest (Luhmann et al., 2014). The interior 2D
image coordinate system (x’,y’) of each point (P), defined by the
camera of the acquired photograph, is transformed by mathemati-
cal models into the exterior 3D object space (X,Y,Z) (Forstner and
Wrobel, 2013), see bundle adjustment technique in Appendix A.1.
For this purpose a record of a single image point needs to be avail-
able in at least two photographs, providing intersecting image rays.
For a high accuracy in all coordinates, at least three to four photos
are desirable (Luhmann et al., 2014). Therefore common aerial photo
surveys with photogrammetric purpose tend to have 50-70 % over-
lap between each acquired image pair and recordings at different
incidence angles.

Each point of the generated sparse point cloud is identified by
its particular information about geometric position and radiomet-
ric data (Luhmann et al., 2014), like grey value, RGB, gradients and
intensity. This requires ideally similar image acquisition conditions
(light sources, shadow distribution and camera sensor), which in the
field can be fulfilled by repeated measuring at the same time of the
day or selection of appropriate time spans. In our case the light con-
ditions are of special importance for the edge detection algorithm of
structures in the field, therefore photos were taken mainly from late
morning to early afternoon.

By using relative positions of the detected sets of overlap-
ping image points, a multi-image triangulation and space resection
(see Appendix A.1) is performed taking into account the cam-
era calibration. In PhotoscanPro the camera position is determined
after primary sparse point cloud image triangulation, by using
information like camera type, focal length and resolution from
the metadata of the images to determine distortions. When sur-
vey information on the object surface (geometries and reference
points) exists, the normal equations are over determined and the
bundle is transferred into a local or global (geo-referenced) coor-
dinate system, building the Dense Point Cloud (Fig. 4). The final
adjusted bundle contains 3D information of the measured object or
area with a quality (coordinate residuals) mainly determined by the
accuracy of the reference measurements, the correlation of phys-
ical parameters of the pixel comparison algorithm and systematic
errors. An evaluation loop is applied and erroneous regions have
been improved by carefully adding further images, manual point
cloud editing, non-linear deformation removal (Agisoft, 2013) and
model cropping and merging, so that the final optimized DSM is
achieved.
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Evaluation (Gaps, Artefacts)

Fig. 4. Applied processing scheme of the structure-from-motion close-range pho-
togrammetric method. See text for a detailed description.

To place the photogrammetric results into the geomorphological
context, we also analysed a set of satellite images with 1.8 m px~!
resolution, acquired by the Corona (USGS, 2015) mission KH-4B 1111
from 1970-08-05. This represents the time when the shoreline was
still stable, corresponding to the superficial limit between alluvium
and mud-flat in our area (cf. Section 2). Additionally, we analysed
satellite images from Quickbird-2 (0.6 m px~') and Worldview-2
(0.46 m px~1) from 2012. For further analysis of the DSM, GIS has
been used. It enabled a detailed mapping of structures and morpho-
logical features in the survey area. Details of the algorithms used can
be found in Esri (2015) and De Smith et al. (2015). GIS and aerial
photo analysis was complemented by field observations made in
2014 and 2015.

3.2. Accuracy and limitations
As a first step, a sensitivity study on the northern half of the sur-

veyed area has been performed to investigate the role of reference
marker selection. In general, at least three GCPs should exist in a
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survey area, while a higher accuracy and a more even distribution of
GCPs increase the accuracy of the derived DSM (Harwin and Lucieer,
2012; Luhmann et al., 2014). Different GCP distributions have been
tested and an elevation difference (reprojection error) of the indi-
vidual Test-DSM with respect to the measured GCP values has been
calculated (Figs. 5 and 6). The term elevation is used here and in the
following with reference to the geoid equipotential surface of the
Earth.

Gaps and artefacts generally occur due to downsampled image
sets, significantly different light conditions in the overlapping
regions, vegetation, or at the margins of the area. A crucial factor
for the existence of gaps in the DSM is the number of image over-
laps (Fig. 5A). Even large numbers of GCPs, which means a strong
interpolation of elevation data, cannot counterbalance a low number
of image tie points. A GCP selection orientated roughly perpendicu-
lar (NE-SW) to the overall topographic gradient shows the highest
root mean square error (R) values (Figs. 5B and 6B), while the same
line simply orientated parallel (NW-SE) and hence spanning a large
elevation gradient, performs much better (Figs. 5C and 6B). The
lowest mismatch is achieved by using all GCPs in this area (33MHP),
while the selection of 20, 12 or even only six well-distributed GCPs
(20MDIS, 12MDIS and 6M-OR) still yields a very good result and
shows similar mismatches (Figs. 5D-F and 6B). The most important
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Fig. 5. DSM quality analysis for the northern half of the survey area. A: Agisoft image
overlaps. Missing images lead to a lack of tie points, as seen nicely at the upper central
part and the gap (white) areas. This hence will hinder the optimal referencing of the
image pairs. Black circles refer to camera locations. Numbers indicate IDs of control
points (yellow circles) used for error estimation. B-F: Elevation differences with ref-
erence to a DSM generated with all 33 ground control points, the lowest error DSM for
this part (cf. Fig. 6B). Here, black circles indicate GCPs used for error estimation while
circles with flags mark the control points used for georeferencing the individual DSM.
B: Six NE-SW aligned GCPs. |Az| is higher than 1 m as the GCPs tend to follow a topo-
graphic contour line. C: Six NW-SE aligned GCPs. |Az| is lower than at B, because of
the perpendicularity to topographic contour lines. D: Six GCPs approximately aligned
as a rectangle. This distribution strongly improves the mismatch. E: Twelve well dis-
tributed GCPs. The overall mismatch is slightly lower while locally areas with high
mismatch remain. F: Twenty well distributed GCPs.
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Fig. 6. Georeferencing and error analysis of the DSM. A: Position of all ground control
points used for georeferencing the final DSM (black triangles). Note that the distribu-
tion is plotted before final optimization of the DSM, resulting in some GCPs outside
the cutted margins. The background topography is an interpolated pre-subsidence
DSM used for volume loss estimation of the Ghor Al-Haditha sinkhole area. The main
depression and canyons have been omitted in the placement of the fixed boundary
points (IP, yellowish circles). B: Reprojection error analysis for the northern half of
the survey area. A comparison of the calculated DSMs of varying GCP selection with
original in-field measured elevations is shown (cf. Fig. 5 and part A for GCP loca-
tions). Markers a and b emphasize the spatial distribution effect, where the DSM of six
NE-SW aligned GCPs performs badly at the margins and well at the center (GCP ids
12-20). The behaviour of GCP id 13 at marker ¢ highlights that even high numbers of
image projections do not avoid errors in elevation estimation, if certain GCPs are not
included.

criteria hence for DSM accuracy are the equal spatial distribution of
the marker points and the accuracy of the GCP positions.

4. Results

We present a high resolution orthophoto and digital surface
model of the surveyed sinkhole area of Ghor Al-Haditha. This is
followed by a detailed qualitative and quantitative analysis of struc-
tural and morphological aspects of the subsidence phenomena.
Combining the photogrammetry with satellite image analysis we
then describe evidence for surface and subsurface water flow and its
relationship to the morphological and structural phenomena at Ghor
Al-Haditha.
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4.1. Orthophoto and digital surface model

From close-range photogrammetry, we generated a high reso-
lution orthophoto (Fig. 7) and digital surface model (DSM, Fig. 8).
Marked in both images for reference are the most important mor-
phological features and the locations of aerial and ground-based
photos. The total size of the surveyed area is ca. 2.1 km?.

After the GCP selection procedure, a preliminary DSM, based on
more than 3100 photos, was generated stepwise in three overlapping
model areas due to computation limitations. Following corrections
with the evaluation loop technique described above (Section 3), the
final DSM is based on approximately 8400 photos. A modelling mesh
of 6.56-10° vertices was used to produce a high resolution (6.7 cm
px~1) orthophoto (Fig. 7) and final 3D DSM (Fig. 8) of the area of
interest. The reprojection error of the final DSM is higher than the
optimal value calculated for the northern part (Fig. 6B). This is due
to lower DGPS accuracy, more image-pairs and markers missing at
the margins (cf. final GCP distribution in Fig. 6A). Nonetheless the
final accuracy of the DSM is around 10/11/15.2 cm (x,y,z). The effec-
tive DSM resolution is 29.6 cm px~! with a point density of 11.31 pt
m~2, while interpolation for smoother subsequent analysis leads to
a feasible higher resolution of 5 cm px~'.

35°31'20"E

35°31'40"E

In the orthophoto and DSM (Figs. 7 and 8) we distinguish the
two principally affected surface materials: (1) the Dead Sea mud
and salt sequences of the former Dead Sea lake bed (cf. Appendix
Fig. A2C) and (2) the alluvial fan sediments of the Lisan formation (cf.
Section 2). The mud appears dark reddish-brownish in the northern
part of the area with individual whitish areas of exposed evaporites.
A sharp boundary delimits the mud from the bright greyish alluvial
sediments in the southern part.

The distinction between both main geological units is also very
clearly visible in the DSM. The topographically high area (reddish)
corresponds to the alluvial fans, while the low lying area (blueish)
corresponds to the mud-flat. The observable and marked transition
zone shows a relatively sharp drop in elevation between approxi-
mately —393 and —407 m. This corresponds to the old, long-term
stable and vegetated shoreline of the Dead Sea.

4.2. Aseveral hundred metre scale sinkhole-hosting depression
The DSM reveals a distinctive bright area marking a subtle, large-
scale, sinuousoidal depression. The limits of this depression have

been determined visually rather than by GIS tools following sugges-
tions from Doctor and Young (2013). Meter-scale concentric faults
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Fig. 7. High resolution (6.7 cm px~') orthophoto of Ghor Al-Haditha sinkhole area. The orthophoto lies upon a satellite image background from February 2011 provided by ArcGIS
basemap source Digital Globe with 15 m px~"' resolution. Indicated are the most important large-scale morphological features as well as locations of field observation and aerial
photos. This dynamically changing area contains very recently formed channels (center, N) and alluvial fans (center, E). Concentric normal faults partly bound the main sinkhole
area. Streams and springs carry sediments into the lake. Sinkhole-related pools and salt ponds are observable in the mud-flat. Vegetation (v) and stream channels appear at the

alluvium/mud-flat boundary.
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Fig. 8. High resolution (5 cm px~!) digital surface model of Ghor Al-Haditha sink-
hole area. A: Shaded relief image of topography within the surveyed part of the
Ghor Al-Haditha sinkhole area resulting from the DSM. The main depression area, the
alluvium/mud-flat boundary and the active groundwater springs are indicated. A fur-
ther continuation of the main depression area to the NE can be inferred from the DSM.
B: Closeup of a representative sinkhole in the alluvium. C: Closeup of a representa-
tive sinkhole in the mud. Dotted lines mark either data gaps (a), uncertain areas with
higher error (b) and identified artefact zones (c), resulting from different light con-
ditions or missing images. Trees may rarely be confounded with or hide sinkholes (d
and closeup B) and artificial water ponds are recognizable due to their elevated rims
(e, see also truncated irrigation pond marked with an arrow in B).

and ground cracks bound the area and are visible in the orthophoto;
a ground based view is given in Appendix A.2 (Fig. A2A). The gentle
main depression area covers roughly 0.34 km? and contains approxi-
mately 85 % of the identified sinkholes. The deepest point in the main
depression lies at —424 m elevation, exactly at the spring point of an
active stream that is described more in detail in Section 4.5.

4.3. Sinkhole distribution and clustering

The total number of sinkholes identified in the surveyed area is
298; in alluvium 193 and in mud 105. Closeup DSMs of representa-
tive sinkholes in these materials are shown in Fig. 8A,B. Twenty-four
of those counted as in mud are at the vegetated transition between
both surface material types. Eleven sinkholes are filled with water,
most of them in the mud. The total area affected by sinkholes,
including the northward possible continuation of the depression and
marginal sinkholes, is approximately 0.45 km?, leading to a density
estimation of 6.6 sinkholes ha~1.

The observed clustering is quantified via a GIS nearest neigh-
bor comparison (Esri, 2015). A random distribution yields a nearest
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Table 1

Nearest neighbor comparison of sinkholes for Ghor Al-Haditha sinkhole area. NNR is
the nearest neighbor ratio, P the significance level and d the mean distance between
sinkholes. As all NNR < 1, the distribution is significantly clustered.

Alluvium Mud Total
NNR 0.64 0.83 0.69
P-value < 0.01 < 0.01 < 0.01
d[m] 16.18 24.03 18.66

neighbor ratio (NNR) of 1. NNR < 1 means a clustered distribution,
while NNR >> 1 means a dispersed distribution. With NNR < 1
the distribution for both mud- and alluvium-hosted sinkholes
is significantly clustered with a mean intra-cluster distance of
18.7 m between two sinkholes (Table 1). According to the relative
density map (Fig. 9), the majority of those clusters is inside the main
depression.

4.4. Material control on subsidence morphology and structure

4.4.1. Qualitative observations

As identified in the DSM and orthophoto, the area contains two
main geological units (Fig. 10A,B), covered by a few meters of top-
soil: old to recent poorly consolidated, coarse to fine grained alluvial
fan deposits (alluvium) and interbedded, lacustrine, fine grained clay
and evaporites (mud-flat). The Dead Sea mud (Fig. 10A) comprises
dark organic material (brownish-reddish to olive-greyish), greyish
calcite and whitish aragonite laminae (cf. e.g. Khoury, 2002). It is
also referred to as ‘lime carbonates’ (Frydman et al., 2008) because of
the high content of carbonate minerals (Khlaifat et al., 2010). It even
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Fig. 9. Relative density distribution of sinkholes. Each sinkhole is represented by a
uni-sized point at its center. The density is calculated via the kernel density calcula-
tion by GIS, using standard search radius and a smooth quadratic and tapered surface
for each point (Esri, 2015). The resulting maximum number of 2496 pixels per unit
area has been used for normalization of the colorscale. Clearly, a local clustering with
changing bulk cluster orientation is observed (red areas). In alluvium the high density
clusters tend to strike NNW-N, and in mud from NE-E. The main fractures bounding
the depression area are indicated.
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Fig. 10. Geology, structures and sinkhole morphologies at Ghor Al-Haditha. A: Mud-flat deposits, comprising laminated silt and clay, locally interbedded with evaporite layers up
to 1.5 m thick (a) and ideomorphic halite crystals (b). B: Alluvial fan deposits, comprising poorly consolidated gravels (a), coarse to fine grained sand (b), with clayey topsoil (c).
C: Typical shallow and wide sinkhole (depth to diameter ratio D ~ 1.5 m/17 m = 0.09) with gentle slopes in the mud-flat deposits about 100 m north of the alluvium/mud-flat
contact (a). Note tripod for scale. D: Listric normal fault bounding outward-rotated blocks of a landslide or slump into a dry stream channel in the rheologically weak mud-flat
deposits. E: Small overhanging sinkhole in a mud-salt sequence locally dominated by thin but strong evaporite layers. Highlighted by contrast stretching is the wet mud filling.
A tunnel has been carved into the strong salt layer whose overhanging side points towards the Dead Sea. F: Typical deep sinkhole with high D = 12 m/23 m = 0.52 in the
rheologically strong alluvium. G: Inward-tilted and overhanging faulted blocks at the margin of a sinkhole in the alluvium. Note person (circled) for scale. H: Overhanging side
walls of sinkhole in the alluvium, here highlighted by contrast stretching. I: Up to 2 m high normal fault scarp (a) and ca. 4 m deep cracks (b) in the alluvium about 20 m from the

alluvium/mud-flat transition (c).

contains idiomorphic halite (NaCl) crystals, in places up to 50 % by
volume. Locally, individual evaporite layers (Fig. 10A and Appendix
Fig. A2C) 1 cm to 1.5 m thick were observed in sections along the
stream channels. The alluvial sediments comprise a mixture of clasts
of sandstone, limestone, marl, chert and basalt, with grain sizes vary-
ing from fine grained sand to pebbles and even boulders (Fig. 10B).
The material compound is partly to poorly cemented.

Important morphological differences have been observed
between the subsidence phenomena of the mud-flat and alluvial
fans, as highlighted in a slope distribution map (Fig. 11) and in
Closeup DSMs for representative sinkholes in Fig. 8A,B. In the mud,
sinkholes are generally wide but shallow (Figs. 8B and 10C), some-
times coalesced into uvala like structures. Slopes of the margins
are more gentle (0° to 90°), similar to the slopes at canyon slumps.
Nevertheless, some sinkholes in mud with relatively strong evap-
oritic cover show overhanging margins (Fig. 10E). Many sinkholes
in mud display a wide peripheral zone of extensional fractur-
ing and outward-rotated strata (Fig. 11F). This is structurally and
morphologically similar to landslides or slumps found adjacent to
the deeper stream channels (Fig. 11G); these slumps are bound
by listric normal faults (Fig. 10D). Despite overprinting effects, a
distinction between sinkholes and slumps is possible. Slumps are
open on the streamward side and generally spatially connected to
the outer-arc of the stream meanders (cf. DSM in Fig. 8). Finally,

slump boundaries do not cross the associated stream channel, as
would be so in the case of a sinkhole intersected by a stream.

In the alluvium, sinkholes generally show steeper internal slopes
(between 45° and 90°) and in several places linear alignments or
coalescence (Fig. 11C,D). Some of these deep and narrow sink-
holes (Figs. 8A and 10F) display inward-tilted (toppled) sidewall
blocks (Fig. 10G), or even partially overhanging side walls (Fig. 10H).
More rarely, subsidence in the alluvium expresses locally as ‘sag’
structures with a wide ‘halo’ of concentric cracks (Fig. 11B). These
non-collapsed depression areas may show compression ridges in the
center. Within the alluvium numerous cracks, fault scarps of up to 2
m height and crevasses with depths of up to 4 m (Figs. 10l and 11A)
adjoin the deeper points of the depression zone (Fig. 9).

4.4.2. Quantitative observations

Quantitative analysis of sinkhole geometries requires an error
estimation for sinkhole depth and diameter. It is based on a manual
determination of the standard deviation of long, short axis and depth.
A randomly chosen sample set of 40 sinkholes has been used for this
purpose. Considering the horizontal error of the DSM, the mean rel-
ative error for sinkhole diameter estimation is 17.6 % and for the
depth 27.9 %. Those sinkholes filled with water and most of those in
the transition zone between the cover materials are excluded from
further detailed quantitative analysis.
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The mode of sinkhole diameter distribution (Fig. 12A) in alluvium
is between 4-12 m. In mud the value is slightly shifted to 8-16 m,
with a longer tail due to larger diameters of up to 75 m in the sur-
veyed area. Sinkholes in the alluvium deposits display a higher depth
to diameter ratio, (D, = 0.4 + 0.11) than those in the mud layers
(Dm = 0.14 £ 0.04; Fig. 12B). The surveyed sinkholes show a mean
eccentricity value of E = long axis/short axis = 1.3062 =+ 0.23, with
similar values for for mud E, = 1.37 + 0.24 and alluvium E, =
1.28 + 0.225 (Fig. 12C). E values larger than 2 are rarely observed,
however.

Sinkholes with E > 1.05 on the alluvium display a main orien-
tation of NNW-N, while those in the mud strike NNE-NE (Fig. 13).
Nested or elongated sinkholes appear in both types of cover mate-
rial (see DSM in Fig. 8 and Appendix Figs. A2B and D). Coalesced or
nested sinkholes are considered as one entity if their margins par-
tially overlap. The general trend of all sinkhole long axes is N to NNE.
This is because those in the alluvium outnumber those in the mud.

4.5. Surface and subsurface groundwater flow

Typical erosional morphological features observed in the former
lake bed are wave-cut steps, rills and both surface and sub-surface
stream channels. Wave-cut steps up to 0.75 m high mark former
shoreline limits. Erosional rills are generally orientated perpendic-
ular to the mud-flat slope. Most stream channels dissecting the
mud-flat (Fig. 7) were dry at the time of our survey. However, several
active streams were also observed:

1. A main stream channel (canyon) emerges in the center of the
ENE-WSW elongated section of the main depression (Fig. 8).
The stream rises from several springs here within the mud-flat
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sediments at or near the contact with the alluvium. The main
spring lies in the channel head at around 6.5 -7 m below the
former lake bed (Fig. 14A,B). In addition, a spring rises under
the now destroyed factory site and feeds a tributary stream
that passes through several vegetated pools before joining the
main stream. The main stream meanders, with slump related
structures on the outer-arc bends and discharges into the Dead
Sea. Both the stream channel depth and the marginal slumping
gradually diminish lakeward. Aerial images and field observa-
tions show that is is carrying a substantial load of sediments
already at the spring points (Fig. 14C,E). An artesian, peri-
odically and rapidly location changing, sediment-laden new
spring (Fig. 14D,E) formed in 2015, a few tens of meters
SE of the main springs of 2014, as observed during a sec-
ond field survey in October 2015. It disgorges pebbles of the
alluvial sequence in the pressurized outflow (Fig. 14E), thus
indicating subsurface flow through the alluvium or along the
alluvium/mud boundary.

2. A small active stream channel in the North that carries reddish
sediments into the lake (close to the location of Fig. 14G). The
spring point must lie within the mud-flat as the heads of all
channels from the more recent Wadi Mutayl fan were dry.

3. At least one small subsurface stream (Fig. 14F) has been
observed at the base of a hole of around 1.5 m depth in the cen-
tral area of the mud-flat. No directly obvious outflow of this
channel into the Dead Sea could be seen at surface, nor could a
surface inflow source be found.

The mud-flat also exhibits several slump-related seeps, as well as
water-filled sinkholes that lack salt rims (Fig. 14A) and have no obvi-
ous channel connection (Fig. 14H,I). Whether active or dry, several
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Fig. 12. Quantitative analysis of sinkhole geometries at Ghor Al-Haditha. A: His-
togram (i.e. frequency- magnitude distribution) of sinkhole diameters in alluvium
(blue) and mud (red). B: Sinkhole mean diameter to maximum depth. Sinkholes in
alluvium material show higher depth/diameter (D) ratios between 0.05 and 1.8 with a
mean of 0.4. Sinkholes in mud have values of D between 0.036 and 0.41 with a mean
of 0.14. C: Plan-view long axis versus short axis plot of all sinkholes in the area. The
mean eccentricity is E = 1.306.

stream channels that cut the mud-flat do not continue onto the allu-
vium. Rather, the heads of these channels occur at or close to the
alluvium/mud-flat boundary (Fig. 7). With the exeption of the Wadi
Mutayl at the north-eastern-most edge, there are currently no nat-
ural stream channels on the alluvium in the surveyed area. A storm
drain runs NW-SE at the SW edge of the surveyed area, but does not
continue into any of the stream channels incised into the mud-flat.

Trees and bushes are preferentially found at the old shore-
line, particularly where this coincides with the margin of the main
depression. They are also found in dried streams on the mud or even
inside many sinkholes on the alluvium (Fig. 7). Aerial photos of the
current shoreline reveal dark, circular to sub-circular shaped features
in clusters immediately off-shore (Fig. 14G), which elsewhere have
been associated with submarine sinkholes and springs in coastal
karst systems (Fleury et al., 2007; Boever et al., 2013).
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Fig. 13. Map showing the azimuths of the long axis of sinkholes with E > 1.05. The
rose diagrams at the bottom are produced by a 9° binning for A, the alluvial sinkholes,
M the mud sinkholes and A+M all sinkholes. The trends are discussed in the text.

4.6. Temporal evolution of surface and groundwater flow from satellite
image analysis

Here we take a closer look at the 1970 satellite image presented
in Section 2. To highlight vegetation and water channels, we used
a coloured version of the image (Fig. 15). Although flow from the
Wadi Ibn Hamad is constrained today by engineering works (Fig. 1c),
in 1970 flow was dispersed within alluvial fan-deltas that extended
both south of and inside todays’ sinkhole affected area. In particular,
one observes two individual water channels leading from the wadi
to the present-day main depression zone. Interestingly, the currently
most affected area around the destroyed ‘Numeira mixed salts and
mud company’ factory was located at the outflow points of those two
channels at that time.

Publically available satellite images (Google Earth) of the 2000s
show the development of a lake of unsaturated water within the cur-
rent main depression. This lake was separated from the Dead Sea
base level by a NE-SW elongated natural dam made of salty mud
(Closson and Abou Karaki, 2008), i.e. the NW margin of the main
depression. The water accumulated exactly at the boundary between
the alluvium and clay sequences.

The evolution of a wide canyon, related to the drainage of the
lake, is seen in satellite images (Fig. 16). In an image from March
2012 a NW-SE stream channel terminating landward in a fork has
developed from the Dead Sea shore to the middle of the mud-flat.
This channel is not visible in an image from December 2011. There
is also an outflow point from the lake in the centre of Closeup image
(a in Fig. 16), but this cannot be traced with certainty to the fork in
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Fig. 14. Evidence of subsurface groundwater flow and subrosion in the mud-flat at Ghor Al-Haditha. A: A sediment-laden stream emerging from within the mud-flat sediments (a).
Clearly distinguishable are sinkholes in the mud-flat filled by saturated salt-water (b, note white rims of salt) and fresh/brackish water (c¢). The main springs observed in 2014/15
and the newly formed artesian spring (part D and E) are marked. B: Vegetated contact between alluvial fan and mud-flat. The active stream channel in part A has dug a 6-7 m deep
canyon into the mud-flat (a). Its spring point lies a few tens of meters north of the alluvium/mud-flat contact (b). C: Sediment plume at the outlet of the active main stream shown
in A. D: New artesian, periodically location changing and sediment bearing spring (a) discovered in Oct. 2015 at the main canyon area. This outflow was observed to cause active
upstream channel incision through collapse of overlying material (b). E: Spring of subfigure D carrying clearly visible sediments (a) and pebble-sized clasts (b) in the upwelling
water. F: Channelized flow within the mud-flat sediments. Highlighted by contrast stretching, the water bearing channel has no onshore outflow, hence indicating a submarine
point of emanation. G: Current Dead Sea shoreline at superficially dry canyon fan-deltas (a). Dark round shapes in the water are possibly related to submarine sinkholes and/or
springs (b). H: Fresh-water filled mud-flat sinkhole (a) with no obvious surface channel connection, hence indicating subsurface recharge. Freshly collapsed rims show a continuing
lateral sinkhole evolution (b). Note person circled for scale. I: New sinkhole on the mud-flat, formed after a storm event in Oct. 2015 and filled with relatively fresh water.

the image. It is thus possible that the connection was underground
at this time. By retrogressive erosion, the NW-SE stream channel
extended towards the lake, crossing the natural dam perpendicu-
larly (b). The surface connection of the channel with the lake was
established between May and June 2012 (b and c). Progressive with
the development of the channel the reservoir drained, as seen in the
receding lake shore line from March to June 2012. By August, the
lake was almost completely drained (d). The NW-SE stream enlarged
progressively owing to the springs located in the depression. The
nearly dried out area comprised several nested depression structures
with channels between them in August 2012. By the time of our
survey in October 2014, only a few water-filled ponds remained
around the factory site.

4.7. Estimation of volume loss due to sub-surface material removal

Under the assumption of stability around the areas obviously
affected by subsidence, we are able to calculate an interpolated pre-
subsidence DSM (Fig. 6A). From this, a minimum volume loss of the
depression and sinkholes can be estimated by GIS volume subtrac-
tion algorithms for equally gridded datasets. Only minimum values
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can be determined by this approach because the margins around the
areas of interest might have also subsided and sinkhole refillings are
not considered. A compilation of the results for the depression zone
in mud and alluvium separately and for the whole surveyed area is
presented in Table 2.

The total minimum volume loss of this area including stream
channels is estimated as roughly AVyn o = 2.5-108 m3. Assuming,
the strong Dead Sea recession started in 1955 (cf. Section 2 and
Tagieddin et al., 2000) this would mean a minimum erosion rate of
Tor = 41,670 m3 yr—1. As sinkholes in the study area only appeared
from the year 1990 on, 25 years of subsurface material removal
(AVmingep = 1.83-10° m3) leads to an estimation of the minimum
erosion rate in the main depression area to rge, = 73,200 m3 yr-1.

The minimum subsidence S, is calculated by Sy, = AV /A
averaged over each area of interest. For the southern part of the
depression area in the alluvium the calculation yields S; =
4.2 m. For the northern part of the depression area in the mud-
flat, including the boundary region to the alluvium with strong
topographic gradient (Fig. 8), we have S;;;; = 6.95 m. Weighted by
the area for alluvium and mud, the total value for the depression area
iS Sindep = 5.36 m. This yields an average minimum subsidence rate
of § =~ 0.21 m yr~! for the main depression in 25 years.
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Fig. 15. Coloured Corona image (1970) with close-range photogrammetry outline
(2014) highlighting water flow in the Wadi Ibn Hamad delta system (a). Vegetation (b)
at the former Dead Sea shoreline (c) appears in red. Two identified main surface water
channels (d) bifurcate at (e) from the Wadi Ibn Hamad. They flow into what is now
the main depression zone (f) and pass the future Numeira mud factory location (g).
Interpreted surface water flow is indicated by arrows.

5. Discussion

This qualitative and quantitative geomorphological analysis of
the sinkhole affected area of Ghor Al-Haditha reveals several main
new results. A NNW-NE orientated, 0.34 km? gentle depression
straddling mud-flat and alluvial-fan sediments contains the majority
of nearly 300 sinkholes in the surveyed area.

Sinkhole morphologies depend on the cover material in which
they formed: In mud, the holes are elliptically shaped (E, = 1.37 +
0.24) with a long-axis strike of NNE-NE and a depth to diameter ratio
of Dm = 0.14 + 0.04. In alluvium, holes show a similar eccentric-
ity (E; = 1.28 + 0.255), but with a long-axis strike of NNW-N and
Dy, = 0.4 + 0.11. Sinkholes have a clustered distribution (NNR =
0.69, d = 18.66 m), with a bulk cluster orientation of NNW-N in
alluvium and NE-E in mud and a density of 6.6 sinkholes ha~! in the
most affected zone in and around the main depression.

Dynamic, sediment-laden springs appear at the alluvial-fan/mud-
flat contact. Channelized subsurface groundwater flow is seen within
the salty mud evaporite sequence of the mud-flat. These flows dis-
charge into the Dead Sea either through canyon-like channels or
tunnels. Analysis of satellite images reveals the former existence of
wadi riverbeds spatially coincident with the main depression on the
alluvial fan. The satellite images also reveal that the section of the
main depression along the mud-flat/alluvium boundary hosted a lake
that drained in conjunction with the development of an upstream
incision of a channel. This new canyon-like channel hosts the major
active stream in the surveyed area and is fed from springs rising
within the main depression.

The calculated minimum volume loss since 1955 in the main
depression is AV4,, = 1.83-10% m?, around 73 % of the volume loss
of the whole survey area. The surface of the now main depression

area lies on average at least 4.2 m in the alluvium and 6.95 m in
the mud lower than 25 years ago. This leads to a minimum average
subsidence rate of Sy, ~ 0.21 myr~'.

After a quality assessment of the DSM, we focus in this section
on different aspects of the control of subsidence and sinkhole for-
mation. We provide an overall interpretative scheme and highlight
relevant implications for areas and studies of similar natural hazard
phenomena.

5.1. Quality and relevance of the DSM and uncertainties in volume
loss calculation

This study shows the feasibility of the cost-efficient Helikite aerial
survey approach to address complex geomorphological phenom-
ena like subsidence and sinkhole formation at the Dead Sea. It has
been shown that the distribution, accuracy and orientation of GCPs
rather than the quantity is essential for correct georeferencing. This
is important for e.g. planning further photogrammetric surveys in
terrains that are hard to access. As some of the GCPs were lost dur-
ing the survey, their distribution across the area is not homogeneous,
introducing a larger reprojection error especially at the margins of
the area (cf. Figs. 5 and 6).

Two small artefacts (Fig. 8) are identified in the DSM by careful
comparison with the orthophoto (Fig. 7). One artefact is a consecu-
tive topography change that arises from vegetation cover. It is only
visible at strong relief shading and is within the margin of error of the
vertical accuracy of the DSM. Another artefact appears as an arc-like
step and is due to different light conditions of surveys undertaken at
different times of day. Data gaps due to missing images occur only at
a small (60 x 30 m) spot in the mud-flat.

Sinkhole mapping has been done carefully with back and forth
comparison of DSM and orthophoto to exclude features of human
origin, such a irrigation ponds. The maximum depth of small sink-
holes with overhanging sides is underestimated because of shadow-
ing effects. This introduces a small error for the D ratio estimation for
those holes, but since the number affected is small (4 out of 298), the
error has negligible impact on our main conclusions.

The volume loss of the main depression has been calculated under
the premise of non-subsided surroundings (Fig. 6A). We have cur-
rently no means of testing the validity of this premise, but there
are no grounds to regard it as unreasonable. Nevertheless, such a
surface-derived volume loss, for both individual holes and the main
depression is likely to be less than the true sub-surface volume loss,
because of material dilation during subsidence (‘bulking’, cf. Reddish
and Whittaker, 2012) and possible sinkhole refilling by farmers. We
provide a minimum value for the total volume loss and dependent
erosion rate and subsidence estimation. This includes stream chan-
nels, springs, roads, vegetation and artificial water ponds, although
the contribution from these factors is small. The contribution of the
main stream channel incision to volume change in the mud-flat area
of the main depression is likewise negligible (~ 7 %).

Sinkhole hazard susceptibility models (cf. Galve et al.,, 2011)
generally apply the here presented well-established GIS analysis.
Our photogrammetric survey however provides a high resolution
DSM for further detailed studies on sinkhole precursors. Subtle local
subsidence and crack formation may precede sinkhole collapse pro-
cesses (Tharp, 1999; Closson et al., 2009; Shalev and Lyakhovsky,
2012), and these are detectable by the InSAR technique (Nof et al.,
2013; Intrieri et al., 2015). On a large scale, typical subsidence rates
of mm—cm month~! before sinkhole formation have been deter-
mined (Baer et al., 2002; Abelson et al., 2006; Yechieli et al., 2015),
while on the local scale the low resolution (2.5 m px~1) of the tech-
nique and the missing orthophoto for comparison prevents a more
detailed analysis (cf. e.g. Intrieri et al., 2015). This gap can be filled
by low-altitude UAV surveys such as performed here. Our approach
can be used either as a stand-alone method, or in combination
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Fig. 16. Lake drainage and canyon development near the former mud factory site. Images were acquired in March (Quickbird-2 with 0.6 m px~! resolution), May, June, August
2012 (Worldview-2 satellite with 0.46 m px~') and October 2014 (orthophoto from close-range photogrammetry). Visible channels (circled) exist already in March 2012 in the
NW, where later the canyon develops. Note the shoreline retreat from May to August 2012 as indicated by the dashed line. Circles on closeup figures a—c show the lake outflow
point and migrating channel head (nick-point) and channels interlinking the lake remnants in d.

with subsurface investigation via geophysical (e.g. Kaufmann et al.,
2011; Margiotta et al.,, 2012; Kaufmann, 2014), hydrogeological (e.g.
Caramanna et al., 2008; Panno et al., 2013) and numerical modelling
methods (e.g. Shalev et al., 2006; Fuenkajorn and Archeeploha, 2010;
Lollino et al., 2013). Given the high resolution, the simple application
(especially in areas of complicated legal permissions) and the cost-
efficiency both of the equipment and logistics, a similar approach
may be appropiate for scientific research and early-warning analysis
in other subsidence and sinkhole affected regions worldwide.

5.2. Lithological control on subsidence structure and morphology

Our quantitative sinkhole depth/diameter analysis confirms
results of previous studies elsewhere around the Dead Sea, in that
we also show that sinkhole morphology is strongly controlled by the
differing mechanical properties of the sediments in which they form

Table 2

Affected area A, minimum volume loss AVy,;,, and corresponding minimum average
subsidence S,;;, for the alluvium and mud zones of the main depression as well as the
total survey area in 25 years.

Alluvium Mud Total
A [km?] 0.197 0.144 2.1
AV [m3] 0.83-106 1106 2.5-106
Smin [M] 42 6.95 1.2
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(e.g. Arkin and Gilat, 2000; Filin et al., 2011; Shalev and Lyakhovsky,
2012). The soft, cohesive clay sequence reveals a dominant 'sagging
style’ subsidence. This suggests the role of a mechanically weaker
cover material in the depression formation (Holohan et al., 2011;
Shalev and Lyakhovsky, 2012). A related brittle-ductile deformation
leads to the formation of wide but shallow sinkholes which enlarge
laterally by retrogressive slumps. As seen in numerical models (cf.
Holohan et al., 2011), this process of lateral enlargement in the weak
mud probabaly accounts for the observed wide periphal zones of
fractured and outward-rotated blocks around many sinkholes in the
mud. It may also explain both the low depth/diameter ratio and skew
towards larger diameters seen for sinkholes in the mud (cf. Fig. 12).
The alluvial fan sediments show generally poor cementation and
so are generally easily erodible (Tagieddin et al., 2000). Compared
to the mud however, the alluvium is rheologically rather strong,
and supports a more brittle deformation style. The older alluvium
is locally sufficiently compacted/cemented to form vertical scarps
of up to 2m in height and cracks of up to 4 m deep, border-
ing the main depression. Moreover, the alluvium enables sinkholes
within it to attain generally higher slopes and greater depths than
the mud. In some cases alluvial-based sinkholes have overhang-
ing sides and cavities have also been observed (Closson and Abou
Karaki, 2009). Similar features also characterise sinkholes formed in
salt-dominated deposits at the surface. These structural and mor-
phological characteristics of subsidence are seen also in numerical
models with high material strength (Holohan et al., 2011). The high
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strength of the alluvium retards the lateral enlargement of the sink-
holes, thus leading to the observed higher depth/diameter ratio (cf.
Fig. 12).

5.3. Structural controls on sinkhole distribution and alignment

A structural control by NNE trending concealed neotectonic faults
is suggested by Closson and Abou Karaki (2009) to be such a pre-
ferred groundwater flow and material dissolution path, responsible
for the typically observed clustering and alignment of sinkholes
along an en-echelon structure. We find a general northward trend of
the sinkhole long-axis alignment, which only in the mud sinkholes
partially matches the general major Dead Sea rift faults’ N10—30°
trend. On the other hand, long-axis azimuths (NNW-N) in the allu-
vium point towards the former mud factory. They are similar to
regional fault strikes determined by Diabat (2005) in the hard rock
areas around Ghor Al-Haditha.

No direct evidence of tectonic faults or fractures has been found in
the surveyed area, although these may be concealed (Closson, 2004).
Cracks, crevasses and faults adjacent to the main depression zone
are spatially and temporally linked to it, and so are non-tectonic
(i.e. local subsidence-related structures). With continuous base-level
drop, the former surface water channels revealed by the satellite
image analysis (Section 4.6), are very likely to still persist as pref-
erential pathways deeper in the underground. The main depression,
and hence the distribution of the sinkholes and their appearance
in clusters, at least on the surveyed scale, depends strongly on the
distribution of salty mud-flat deposits (bathymetry and shore-line
geometry) and the subsurface-water channel flow directions from
the main wadis Ibn Hamad and Mutayl.

Due to the limited size of the survey area, we cannot rule out that
the groundwater flows reveal concealed tectonic faults at a regional
scale, e.g. for the bulk cluster orientation (Closson and Abou Karaki,
2009). However, in light of our results we suggest for the local scale
at the survey area in Ghor Hadith a sub-surface stream flow control
on subsidence and clustered sinkhole distribution. Tectonic faults are
not necessary to explain the observed groundwater flow when we
consider a developing karst aquifer system, as we will illustrate in
the following section.

5.4. Sinkhole formation by dissolution/subrosion in a karst aquifer

The clay sequence of the former Dead Sea lake bed is considered
as an aquiclude (Bender, 1968; Frumkin et al., 2011; Mallast et al.,
2011; Ezersky and Frumkin, 2013; Siebert et al., 2014c), sub-dividing
the alluvium into several sub-aquifers (Shalev et al., 2006; Yechieli
et al., 2015) and hence preventing direct groundwater flow except
when subject to faulting. We have shown from field and satellite
observations in Section 4.6, however, that the mud sequence allows
direct groundwater penetration, as stated originally in Arkin and
Gilat (2000). Our direct field observations include: (1) channelized
subsurface water flow and seepage within the upper few meters
of the inter-layered salt and mud succession; (2) sinkholes with
fresh/brackish water in the mud-flat without any associated surface
channel and (3) the emergence of partly artesian springs within the
mud-flat (cf. Section 4.5). It is reasonable therefore to consider that
a karst aquifer is developing inside the salt and mud deposits of the
mud-flat area. We hence interpret the current behaviour of the Dead
Sea mud at Ghor Al-Haditha in hydrogeologic terms as aquitard, i.e.
hindering groundwater flow but not preventing it.

We propose that the combination of chemical dissolu-
tion/leaching of the carbonate and salt minerals in the mud (cf.
Section 4.4) and mechanical mobilization (subrosion) of poorly con-
solidated lacustrine and alluvial sediments (cf. Section 4.5) increases
the permeability of the subsurface. A layered interface model among
fresh-water (7-20 m depth), a mixing zone (20-32 m), saline water

(32-81 m) and Dead Sea water (from 81 m depth) has been estab-
lished by Alrshdan (2012) based on transient electromagnetics and
electric resistivity imaging results on the alluvium close to the for-
mer mud factory. Due to the decreased base-level by ca. 18 m since
1999, the hydraulic gradient from the Wadi Ibn Hamad to the Dead
Sea is expected to be even stronger than >30 m km~! as determined
by Sawarieh et al. (2000) (Fig. 2). Such a hydrogeological setting of
a strong base-level drop, radially flowing groundwater towards the
Dead Sea, high evaporation rates (cf. e.g. Salameh and El-Naser, 2000;
Salameh and Hammouri, 2008; Siebert et al., 2014b; Salameh, 2016),
sudden potentiometric differences and transient hydraulic head (at
Ghor Al-Haditha: periodic wadi flood events) offers ideal conditions
for the development of a karst system of branchwork caves (cf. e.g.
computer models by Kaufmann and Braun, 2000; Gabrovsek et al.,
2014) and sinkhole clusters (Whitman et al., 1999; Denizman, 2003).
Additionally the local existence of rheologically strong evaporite lay-
ers in the mud (cf. Section 4.4) supports tunnel and subsurface void
formation (cf. Section 5.2). This enables a positive feedback loop
between cavity/channel creation and focussed groundwater flow.
Consequently, the salty-mud deposits of the former lake bed may
undergo a transition from initial aquiclude behaviour to progressively
less-effective aquitard behaviour.

Such a process of relatively fast karst formation is highlighted in a
conceptual model for Ghor Al-Haditha in Fig. 17. It is based not only
on findings of this study, but also on (hydro)-geological information
(boreholes) from El-Isa et al. (1995), Sawarieh et al. (2000), Tagieddin
et al. (2000) and recent studies from Krawczyk et al. (2015) and
Polom et al. (2016), which delineate the subsurface mud/alluvium
boundary via shear wave reflection seismics.

Our quantitative sinkhole results (NNR, depth/diameter, eccen-
tricity) fit well with outcomes of GIS studies in limestone karst (e.g.
Whitman et al., 1999; Denizman, 2003), evaporite karst (Galve et al.,
2009; Gutiérrez et al., 2016; Gutiérrez and Lizaga, 2016) and previous
studies at the Dead Sea (Filin et al., 2011). All have in common that
sinkholes appear clustered, with a higher frequency of small diam-
eter sinkholes and pronounced elongated geometry. Because of the
high sinkhole density of 6.6 sinkholes ha=! and high degree of clus-
tering, the nearest neighbor distance is at the lower margin of the
study of Denizman (2003). This possibly indicates a youthful to early
mature stage of a salt karst according to the engineering classifica-
tion (cf. e.g. Waltham, 2016).

On the western side of the Dead Sea, the documented sinkholes,
subsidence, uvalas and submarine springs (cf. e.g. Siebert et al.,
2014b; Yechieli et al., 2015) are typical earth surface expressions
of such a developing karst system (cf. e.g. Benito et al., 1995;
Goldscheider and Drew, 2007; Parise, 2010). A2-20 m thick and 20-
50 m deep salt-layer from the Holocene period is found on the west-
ern side of the Dead Sea at Ein Gedi, nearby Mineral Beach and Nahal
Hever (Fig. 1B, cf. e.g. Abelson et al., 2006; Ezersky, 2008; Legchenko
et al.,, 2008; Ezersky et al., 2009; Stein et al., 2010; Frumkin et al.,
2011; Yechieli et al., 2015). Evidence of such a thick salt-layer at Ghor
Al-Haditha (El-Isa et al., 1995; Taqieddin et al., 2000; Ezersky et al.,
2013)is relatively weak (Polom et al., 2016), although we cannot rule
out its existence. Hence the subsidence phenomena can be alterna-
tively explained by the progressive kartification of the thinly-bedded
salty mud deposits with subsequent or concurrent physical material
removal (subrosion) in the alluvium (Fig. 17A).

A similar mechanism of sinkhole formation by subsurface
drainage and flow is mentioned by Arkin and Gilat (2000), Filin et al.
(2011) and Garfunkel and Ben-Avraham (1996) on the nearby Lisan
peninsula and at several sites on the western side. Therefore this
mechanism - the Dead Sea mud acting as an aquitard and later as
an aquifer - poses also a scientific novelty for numerical modelling
of sinkhole formation including groundwater flow (see Shalev et al.,
2006; Ezersky et al., 2013), and should be considered in further
studies at both sides of the Dead Sea.
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Fig. 17. Conceptual model of subsidence and sinkhole formation at Ghor Al-Haditha based on findings of this study and of previous investigations by (El-Isa et al., 1995; Sawarieh
et al., 2000; Taqgieddin et al., 2000; Krawczyk et al., 2015; Polom et al., 2016, partly unpublished reports). A: Development of a karst aquifer in the alluvium and clay-sequence
along a roughly SSE-NNW cross-section. The geologic sequence consists of interbedded alluvial fan sediments and the lacustrine, evaporite rich mud-flat with strong salt-layers
that support tunnels. Dissolution of local evaporitic lenses/layers and salt minerals weakens the material compound. The Dead Sea base-level drop forces strong mechanical mobi-
lization (subrosion) of both mud and alluvial sediments by fresh-water flow and progressive karstification and consequent subsidence/sinkhole formation. Note that subrosion
may act even below the salt-water table (light blue line) which is constrained by calculations from Salameh and El-Naser (2000). B: Interpretative scheme of subsidence and
sinkhole formation processes at the study area, using a 3D Raster topographic image to highlight the main central sinuous depression. See text for a detailed description.

5.5. Overall interpretation of land subsidence at Ghor Al-Haditha

Our overall interpretation of the development of land subsidence
and sinkhole formation processes at Ghor Al-Haditha is depicted
graphically in part B of the conceptual model of Fig. 17.

Groundwater flows lakeward beneath the alluvial cover, follow-
ing the old stream paths of waters from Wadi Ibn Hamad and
Wadi Mutayl, seen in the satellite image from 1970 (Fig. 15). The
subsurface sequences of intercalated alluvial fans and mud-flat sed-
iments containing thin evaporite layers can easily be chemically
and mechanically removed by the undersaturated water flow, which
is driven by the high hydraulic gradient due to the continuous base-
level drop. Sinkhole clusters appear initially on the alluvium but
also later on the mud-flat (cf. Section 4.1). At the confluence of the
groundwater flows and at the boundary between alluvium and mud-
flat, a large depression formed with concentric cracks around it. The
mud-flat sediments here act as an aquitard, leading to an accumula-
tion of water in the depression to form major lakes and appearance of
partially artesian springs (Fig. 17A). The lake drains, as a large canyon
is formed via surface and subsurface flow in the exposed mud-flat on
a timescale of a few months (cf. Section 4.5). The mud progressively
develops into a karst aquifer system depending on the distribution
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of evaporites. Sinkholes nowadays appear more and more in the
N-NE of the main depression, hence indicating a direction of the
hydraulic gradient with the clayey layers as initial limiting boundary
conditions. Subsurface channels without observed outflow into the
Dead Sea are found and are likely to terminate as submarine springs.
This system of preferential subterranean groundwater flow paths,
involving dissolution of evaporitic minerals and subrosion of uncon-
solidated material, has to be considered as a complex karst water
flow network.

Considering the complexity of the subsidence and sinkhole
formation process around the Dead Sea, it is clear that a simple
interpretative scheme does not explain every single feature or the
complete time development in this area. We have studied in detail
about 1.5 km of a 6 km long sinkhole lineament, hence our findings
concern only about 25 % of the longest sinkholes’ lineament in the
whole Dead Sea area. In general the hydrogeological conditions, for
example the aquicludal behaviour of the Dead Sea mud, the role of
the salt-fresh water boundary in a context of such a complex flow
network and the existence or removal of a salt-layer, need to be
investigated more in detail as they are beyond the scope of this work.

Nevertheless, our results provide a new perspective on the ongo-
ing processes of land subsidence at Ghor Al-Haditha. Importantly, the
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high resolution DSM and orthophoto, combined with future survey
repetitions, will lead to an estimation of short-term subsidence rates
(cf. Section 5.1), changes in morphology and the time evolution of
sinkhole formation. This will in turn help to delineate zones prone to
future collapse inside this actively subsiding area on a very detailed
scale.

6. Conclusions

In this work we presented a first high resolution (5 cm px ') digi-
tal surface model and orthophoto (6.7 cm px ') for the sinkhole area
of Ghor Al-Haditha in the SE part of the Dead Sea. We showed that the
equal dispersed distribution of ground control points in the survey
area is of crucial importance for correct georeferencing and reliable
subsequent DSM analysis. The high resolution DSM and geomorpho-
logical analysis are of high relevance for subsidence and sinkhole
hazard and precursor assessment on the eastern coast of the Dead
Sea. This photogrammetric study, combined with field and satel-
lite image analysis, reveals new quantative and qualitative aspects
of the subsidence and sinkhole formation. We summarize the main
outcomes here as follows:

1. A subtle, large-scale (length 1.5 km, width 0.15 -0.4 km), sin-
uousoidal depression bound partly by non-tectonic faults and
orientated NNW with a shift to NE at the mud/alluvium contact
has been identified at Ghor Al-Haditha. This depression con-
tains around 85 % of the almost 300 identified sinkholes spread
over 0.45 km? of the 2.1 km? survey area. Sinkhole density in
the most affected zone is 6.6 sinkholes ha~1.

2. The estimated minimum volume loss of the surveyed area is
2.5-10% m3, the main depression alone counts for 1.83-10°
m3. The estimated minimum erosion rates are 41,670 m? yr—!
and 73,200 m3 yr—! respectively. The minimum subsidence
of the depression lies between 4.2 m (alluvium) and 6.95 m
(mud-flat), with an average subsidence rate of 0.21 myr!
since the beginning of sinkhole formation.

3. Sinkholes in the depression area show different morpholo-
gies related to the mechanical strength of the materials they
formed in. In mud, wide and shallow sinkholes develop with
low depth to diameter values (0.14); in alluvium, deep and
narrow sinkholes develop (0.4).

4. Sinkholes are mostly elliptical with eccentricities of 1.31. The
sinkhole sequence shows a significantly clustered distribu-
tion with a nearest neighbor ratio 0.69. Long-axis strike of the
individual sinkholes in alluvium is between NNW-N, in mud
NNE-NE.

5. Springs and highly mobile channelized groundwater flow
appear at or near the contact between the mud and allu-
vium sequences. Observations of entrainment of unsoluble
sediments of up to pebble size at the partially artesian springs
adjacent this contact suggest that subrosion acts as a signif-
icant driving physical process for subsurface material deple-
tion. The Dead Sea mud acts as an aquitard, locally penetrated
by solution-driven water channels, which dynamically form
new canyon systems and generally follow preferential flow
paths.

6. Interbedded evaporite layers of observed 1.5 m maximum
thickness facilitate groundwater penetration and dissolution
processes within the salty mud sediments of the former Dead
Sea lake bed. The voids and conduits form an actively evolving,
complex karst system with sinkholes, subsidence and uvalas as
typical morphological expressions.

7. A satellite image from 1970 reveals formerly existing surface
water streams from the Wadi Ibn Hamad into todays’ most
affected sinkhole zone. Despite engineering diversion of the

river, inferred continued existence of such a preferential sub-
surface flow provides a basis for chemical and mechanical
material removal in the surveyed area.

In conclusion, sinkhole formation and subsidence at Ghor Al-
Haditha is related to karstification by both chemical dissolution and
mechanical subrosion along a channelized subterranean flow net-
work in thinly interbedded salt and mud deposits. This constitutes an
alternative to the massive salt layer dissolution models as proposed
formerly for both sides of the Dead Sea.
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Appendix A
A.1. Bundle adjustment algorithm

We summarize here the mathematical fundamentals of the
bundle adjustment algorithm used for multi-image triangulation

in close-range photogrammetry based on detailed descriptions in
Forstner and Wrobel (2013) and Luhmann et al. (2014).

Fig. Al. Field equipment used for the photogrammetric survey. A: Filling and reeling
out the camera bearing Helikite balloon. B: Measuring the ground control points with
a high accuracy Differential GPS.
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Fig. A2. Geomorphological structures in alluvium and mud. A: Major cracks (a) bounding the main depression zone at the fractured edge of the sinkhole area in the alluvium
(b). B: Sinkhole cluster in the alluvium. Indicated are nested sinkholes (a, b) and a destroyed farm building (c). C: The retreat of the shoreline and the existence of individual salt
pans (a), built by evaporation of closed salt-water ponds. Marker point a the edge of an old shoreline (b). D: Heterogeneous water filling of mud-flat sinkholes: Fresh-water (a),
salt-water with high iron-oxide content (b) and dried out former salt-water sinkhole (c). Several older sinkholes of the nest zone are nowadays dry (b).

A.1.1. Collinearity equations

Looking at one single image first, the interior coordinate sys-
tem (image frame, (x',y’,z')) of the camera is known, including the
offset z/ of its perspective center (Xp) in relation to the origin of
the reference exterior coordinate frame (global or object coordinate
system, (X,Y,Z2)).

The angular orientation (® = o, ¢, k) in space of the image coor-
dinate system is defined by a rotation matrix R about the global
coordinate system:

1 T2 13
Ta1 T22 123
r31 '3z 133

Using a Helmert coordinate system transformation any point of
the image (x’) can now be translated from camera coordinates into
the global coordinates, denoting the vector from the perspective cen-
ter to the image point within the object coordinate system with X*,
so that X = Xp + X". The image vector can be expressed by scaling
(m) and rotation as X* = mR-x'. The projection of an image point
into the object point is therefore:

X=2Xo+mR-¥ =Xo+X" (A2)

For a 3D inversion of this problem for one image point more infor-
mation is needed in the form of intersection with additional image
ray paths or surfaces. With xy’ as a principal point in the camera
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coordinate system and Ax’ as internal image distortion parameters,
the inversion equation reads as:

X —x)—AX = %R"-(X+Xo) (A3)

The scaling factor is eliminated by internal division of the first
two rows by the third in Eq. (A3). This leads to the general collinear-
ity equations for transformation of object (exterior) coordinates into
image (interior) coordinates as function of the orientation parame-
ters stated above, expressed here in vector entries notation:

,111(X = Xo) + r21(Y = Yo) + 131(Z — Zo)
r13(X = Xo) + r3(Y = Yo) + 133(Z — Zp)
r12(X = Xo) + ro(Y = Yo) + 132(Z — Zp)
r13(X —Xo) + ra3(Y — Yo) + 133(Z — Zp)

X =x)+AX +z

Y=y +A+7 (A4)

A.1.2. Space resection

In the case of a fixed interior coordinate system of e.g. a metric
digital camera, at minimum three reference points in the object
frame providing the position and orientation parameters are needed
for the non-linear solution of the collinearity Eq. (A4) with approx-
imate starting values. A unique solution will be achieved with four
reference points and each 3D reference point provides three cor-
rection equations. A Taylor-series expansion linearisation and a
least-squares fit is used for solving the resulting normal correction
equations. For multi-image processing it has the general form:

X; + vX} = F (Xi, Xoj, M%), Xop., ©}) (A5)
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with indices: i: image point, j: image and k: camera
The number of unknowns (u) in this set of equations can be
calculated using reference points via:

U = Uj Nimages + Up Mpoints + UC NMcameras (A6)

with u; = six parameters of exterior orientation, up = three param-
eters for the position of each point and uc = zero to more than three
parameters of the interior orientation per camera. Additional con-
straints, e.g. measured distances or object surfaces can be included
in the correction equations leading to less degrees of freedom. In
the case of a non-fixed interior coordinate system at minimum five
reference points are needed to apply a Direct Linear Transformation
method that does not need approximate initial values. For further
reading and the mathematical details of these procedures refer to
Luhmann et al. (2014).

A.2. Additional field and aerial photo evidence

We present the main equipment used in this study, namely the
Helikite balloon used for acquisition of the aerial images (Fig. A1A)
and the differential GPS device used for ground referencing (Fig. A1B).
Finally, we provide an assemblage of further field and aerial photo
evidence of the structures, sinkholes and streams/springs in the
measurement area referred to in the main text (Section 4). A ground-
based view of the non-tectonic faults bounding the main depression
area is given in Fig. A2A. The detailed aerial photos highlight a sink-
hole cluster sequence (B), individual salt accumulations (C) and the
range of water infilling of the sinkholes (D).
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Abstract. Mechanical and/or chemical removal of material
from the subsurface may generate large subsurface cavi-
ties, the destabilisation of which can lead to ground col-
lapse and the formation of sinkholes. Numerical simulation
of the interaction of cavity growth, host material deformation
and overburden collapse is desirable to better understand the
sinkhole hazard but is a challenging task due to the involved
high strains and material discontinuities. Here, we present 2-
D distinct element method numerical simulations of cavity
growth and sinkhole development. Firstly, we simulate cav-
ity formation by quasi-static, stepwise removal of material
in a single growing zone of an arbitrary geometry and depth.
We benchmark this approach against analytical and boundary
element method models of a deep void space in a linear elas-
tic material. Secondly, we explore the effects of properties of
different uniform materials on cavity stability and sinkhole
development. We perform simulated biaxial tests to calibrate
macroscopic geotechnical parameters of three model mate-
rials representative of those in which sinkholes develop at
the Dead Sea shoreline: mud, alluvium and salt. We show
that weak materials do not support large cavities, leading to
gradual sagging or suffusion-style subsidence. Strong mate-
rials support quasi-stable to stable cavities, the overburdens
of which may fail suddenly in a caprock or bedrock collapse
style. Thirdly, we examine the consequences of layered ar-
rangements of weak and strong materials. We find that these

are more susceptible to sinkhole collapse than uniform mate-
rials not only due to a lower integrated strength of the over-
burden but also due to an inhibition of stabilising stress arch-
ing. Finally, we compare our model sinkhole geometries to
observations at the Ghor Al-Haditha sinkhole site in Jordan.
Sinkhole depth / diameter ratios of 0.15 in mud, 0.37 in allu-
vium and 0.33 in salt are reproduced successfully in the cal-
ibrated model materials. The model results suggest that the
observed distribution of sinkhole depth / diameter values in
each material type may partly reflect sinkhole growth trends.

1 Introduction

Sinkholes are enclosed surface depressions in sediments and
rocks. They commonly result from subsidence of overbur-
den into void space that is generated through the physical—
chemical removal of material in the underground. In the final
stage of a sinkhole process, a sudden collapse of the overbur-
den may occur (Gutiérrez et al., 2014; Waltham et al., 2005).
Removal of material and void formation in the underground
is usually related to hydraulic flow and to associated disso-
lution, physical erosion of material or both. Subsidence may
occur continuously over a long time depending on the flow
conditions and material properties (Goldscheider and Drew,
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2007; Parise and Gunn, 2007; Waltham et al., 2005). Depend-
ing on the properties of the overburden (cover or caprock)
and the evolution stages, different sinkhole morphologies can
be described. Typical end-members can be defined (Fig. 1;
see Gutiérrez et al., 2008, 2014).

1.1 Sinkhole development at the Dead Sea

The Dead Sea is a hypersaline terminal lake and is one of
the world’s most active areas of sinkhole development. More
than 6000 sinkholes have formed there at an increasing rate
over the last 35 years (Abelson et al., 2017). Previous studies
relate the sinkhole formation at the Dead Sea to the regres-
sion of the lake, which has been ongoing since the 1960s, and
to the consequent invasion of evaporite-rich sedimentary de-
posits around the Dead Sea by relatively fresh groundwater.
Evaporitic minerals in the sediments are susceptible to dis-
solution, while the non-evaporitic sedimentary materials are
weak (poorly consolidated or unconsolidated) and can easily
be physically eroded by subsurface flow (“piping”). Some
studies have highlighted the role of subrosion, i.e. both me-
chanical and chemical (leaching) erosion of the subsurface
(Wadas et al., 2016), in the development of sinkholes (Al-
Halbouni et al., 2017; Arkin and Gilat, 2000; Polom et al.,
2018), while others have focussed on the role of dissolution
only in generating large cavity development in a relatively
shallow but thick salt layer (Ezersky and Frumkin, 2013;
Taqgieddin et al., 2000; Yechieli et al., 2006).

In this paper, we draw upon observations from the sinkhole
site of Ghor Al-Haditha (31°18’45” N, 35°31’52” E) on the
southeastern shore of the Dead Sea in Jordan (Figs. 2, 3).
Sinkhole development in the area has been active since 1986
(Sawarieh et al., 2000), with ongoing damage or destruction
of infrastructure and agriculture. As of 2018, the cumulative
number of sinkholes formed there has passed 1000 (Watson
et al., 2018). Photogrammetric datasets have been acquired
in 2014, 2015 and 2016 to produce high-resolution and high-
accuracy digital surface models and orthophotos for the Ghor
Al-Haditha sinkhole site. Although the results for 2015 and
2016 shown below in this paper are new, the methodology of
their generation is the same as for the 2014 survey, which is
described in detail by Al-Halbouni et al. (2017).

Sinkholes form in the three “end-member” near-surface
materials at the Ghor Al-Haditha sinkhole site (Fig. 2):
(1) unconsolidated to semi-consolidated lacustrine clayey
carbonates (“mud”) with interleaved thin evaporite layers;
(2) unconsolidated to semi-consolidated alluvial sand—gravel
sediments; and (3) rock salt (mainly halite) with interleaved
thin mud layers. The main morphological distinction is that
narrower and deeper sinkholes occur in the “alluvium” and in
the “salt” (Fig. 3b, ¢), whereas wider and shallower sinkholes
occur in the “mud” (Fig. 3a). Many sinkholes in the alluvium
and especially in the salt have overhanging sides and/or large
marginal blocks and deep (up to several metres) concentric
ground cracks. The alluvium and the salt can sustain metre-

Solid Earth, 9, 1341-1373, 2018

scale or multi-metre cavities associated with sinkhole devel-
opment (Al-Halbouni et al., 2017; Closson and Abou Karaki,
2009; Yechieli et al., 2006). The mud sinkholes commonly
contain a wide peripheral zone of back-rotated blocks de-
limited by small faults that down-throw towards the centre.
Ground cracks are commonly also well developed around
sinkholes in the mud but are not as deep (up to a few tens
of centimetres) as in the other materials.

1.2 Numerical modelling of sinkhole development

The numerical simulation of sinkhole development is of in-
terest to understand better the processes of sinkhole for-
mation and the related hazard. Continuum-mechanics ap-
proaches (Carranza-Torres et al., 2016; Fazio et al., 2017;
Fuenkajorn and Archeeploha, 2010; Parise and Lollino,
2011; Rawal et al., 2016; Salmi et al., 2017) have generally
defined a single cavity in an elastic or elastoplastic half space
and assessed the static threshold strength of the overburden
to predict mechanical failure. This approach is possibly suit-
able for assessing the factor of safety of an individual, fully
developed cave and for deriving a relation between measured
surface subsidence and cavern configuration. However, the
geometries of voids involved in sinkhole development are of-
ten non-singular, irregular and distributed on lots of scales
(Abelson et al., 2017; Al-Halbouni et al., 2017; Ezersky et
al., 2017; Gutiérrez et al., 2016; Parise et al., 2018; Yizhaq et
al., 2017). Alternatively, continuum-based corrosion models
have addressed the rock dissolution and void growth in a hy-
drogeological framework (Kaufmann and Romanov, 2016;
Shalev and Lyakhovsky, 2012). This approach has the ad-
vantage of accounting for geometrically complex or stochas-
tic void development and the role(s) of material heterogene-
ity, but it does not account for effects of overburden insta-
bility. Both of these past continuum-based approaches have
neglected the mechanical consequences of void growth and
the explicit simulation of sinkhole collapse.

Distinct element method (DEM) modelling is increasingly
used in geoscience for numerical simulation of large-strain
and discontinuous rock deformation (Cundall and Strack,
1979; Potyondy and Cundall, 2004). The main advantage
of the DEM is its ability to simulate rock samples or rock
masses as an assemblage of discrete particles or blocks,
which can undergo large displacements and rotations. The
method uses a so-called soft contact approach where the par-
ticles are rigid but allowed to overlap at contact points. Based
on updated particle positions, the contacts between parti-
cles are automatically detected or deleted during the simu-
lation. Based on the relative displacement and velocity of the
particles in contact, interaction laws are used to update the
forces and moments transmitted through the contacts. The
resultant forces and moments that accumulated on each par-
ticle are subsequently used to solve Newton’s second law
of motion and to update the particle’s position and veloc-
ity. Elastoplastic bonds of finite strength can be accounted
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Figure 1. Conceptual models of sinkhole formation. (a) Subsurface dissolution and/or subrosion caused by focussed flow in soluble/weak
material. (b) Cover suffusion or dropout sinkhole that forms by material transport through a pipe or along a funnel. A weak cover material
slumps into the voids and creates a sinkhole with low depth / diameter (De / Di) ratio and flat-to-steep margins depending on the material
cohesion. (c¢) Cover or caprock collapse sinkhole. Large voids may stay initially stable in a strong material, but their growth leads to a sudden
overburden collapse. The formed sinkholes have usually a high De / Di ratio and contain steep margins with large ground cracks. Both
sinkhole types represent late-stage end-members and mixtures of both are very common in nature (Fig. 2).

Figure 2. Sinkhole examples from the eastern shoreline of the Dead Sea. (a) Sinkhole with De / Di ~ 0.15 formed in semi-consolidated lime-
carbonate mud of the former Dead Sea bed. (b) Sinkhole with De / Di ~ 0.33, formed in semi-consolidated sandy gravel (alluvial) sediment.
Note the deep cracks and tilted blocks marginal to the sinkhole. (¢) Sinkhole with De / Di ~ 0.33 formed in semi- to well-consolidated salt
material. Note the typical overhanging sides and pronounced cracks in the surroundings.

for in the interaction law and enable a quasi-continuum be-
haviour at assembly scale, which can evolve to highly discon-
tinuous deformation as bonds between particles break and
damage develops. In this way, the DEM can overcome lim-
itations of continuum-based numerical simulation of large
and highly localised strains in discontinuous media (Jing and
Stephansson, 2007). Using the DEM, recent advances have
been made in, for example, rock mechanics (Schopfer et al.,
2009), slope stability and mass movements (Thompson et al.,
2010), mine or tunnel stability (Bonilla-Sierra et al., 2012),
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synthetic rock mass modelling (Ivars et al., 2011), fracture
growth (Schopfer et al., 2016), hydrofracture and caldera
subsidence analysis (Holohan et al., 2011, 2015, 2017).

For modelling sinkhole collapse, Baryakh et al. (2008,
2009) used the DEM to conduct simple stability tests and
mechanical analyses for a single, instantaneously generated
cavity of varying geometry, depth and overburden mechani-
cal properties. Other studies have adopted a similar approach
but also included discrete fracture networks (DFNs) that rep-
resent predefined or empirically determined discontinuities

Solid Earth, 9, 1341-1373, 2018
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Figure 3. Representative morphological data from single sinkholes at the eastern shoreline of the Dead Sea: (a) in the mud flat, (b) in the
alluvial material and (c) in the salt cover. Shown here are orthophotos (left column), digital surface models (DSMs, middle column) and
topographic cross-sections (right column) with a resolution of 10 cm and an accuracy of 12 and 17 cm (H and V), respectively. These were
created from low-altitude aerial images acquired in 2015 and processed by structure-from-motion photogrammetry. Contours of elevation in
metres are indicated for clarity on the DSM, which is plotted in the same colour scale for all materials.

(joints, faults) within rock masses (Hatzor et al., 2010). DEM
coupled with finite element modelling (FEM) has been used
for simulating mechanical failure above a large salt cavity
(Mercerat, 2007), but the DEM part was limited to a single
rock layer within the overburden. Again, the main shortcom-
ing of these earlier DEM-based studies is that cavity growth
and related mechanical development were not explicitly sim-
ulated.

1.3 Contribution of this paper

This paper reports the first two-dimensional DEM simula-
tions of sinkhole formation that explicitly simulate both void
growth and overburden collapse. In part, the approach of
void growth adopted here is similar to that in a recent work
on mine caving (Sainsbury, 2012). Our study builds upon
the previous works of Caudron et al. (2006) and Baryakh et
al. (2008, 2009) but goes further in calibration of geomechan-
ical behaviour, in complexity of process and in application to
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natural sinkholes. As in many previous studies, we focus here
on the creation, growth and instability of a single void lead-
ing to a single sinkhole. We use the general-purpose commer-
cial DEM Particle Flow Code in two dimensions (PFC2D)
software, developed by Itasca Consulting Group Inc. (Po-
tyondy, 2014b). Further details of the DEM, as implemented
in PFC2D, are covered in Appendix A. Note that, in accor-
dance with PFC2D convention, compressive stress is taken
as negative throughout this paper.

Regarding the structure of this paper, we begin by sum-
marising tests on model resolution, model dimensions and
void creation procedures, and we show results of benchmark-
ing to continuum-based solutions for displacement around a
void. We then show the results of calibration tests that were
used to tune the bulk geomechanical behaviours of the DEM
particle assemblies. Following this, we analyse the evolu-
tion stages of model void growth and sinkhole collapse for
uniform and layered materials. We then compare the mor-
phological parameters at the Ghor Al-Haditha survey site to
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those predicted by our models. In the final part, an outlook to
future improvements and applications is given.

2 A distinct element method approach for modelling
cavity and sinkhole formation

In this section, we report on convergence and benchmark-
ing tests for the DEM model as pertained to cavity genera-
tion. To this end, we firstly simulate a material that behaves
elastically by using bond strength and cohesion values at the
upper limit of realistic rock strengths (see Table 1). We also
report on the material parameter calibration by simulated bi-
axial compression and tension tests applied to the numerical
materials mimicking those common in the Dead Sea region.
Finally, we summarise the final procedure for cavity growth
that is based on these tests but implemented under conditions
in which the DEM model material is weak enough to fail and
lead to sinkhole formation.

2.1 Determination of the optimal void space
installation and model dimensions

We tested model sensitivity to resolution, dimension and void
installation method. In a first test, different void space instal-
lation methods were compared in terms of computation time.
For this, surface particle displacement was tracked above a
cavity of 5m radius placed at 35 m depth (Fig. 4a), an as-
sumed realistic subrosion zone depth and dimension. Two
methods utilised a particle deletion scheme, while two other
methods were based on particle radii reduction. No substan-
tial differences in the vertical and horizontal surface dis-
placements were observable; i.e. the methods did not affect
the outcome of the elastic solution, but the particle deletion
scheme was 1 order of magnitude faster than radii reduction.
Hence, the particle deletion scheme was chosen as appro-
priate for the following tests and the sinkhole models. More
details on the results and the set of investigated parameters
can be found in Appendix B1.

In a second test, model width, height and particle radii
were varied to determine the optimal model dimensions for
the problem of a void space in the subsurface. The void
installation method based on instantaneous particle dele-
tion was applied. The final results indicates that symmetric
boundaries of H x W =400 x 400 m with a particle mean
radius of 0.32m yield the best results. These model dimen-
sions and resolution were hence chosen for the main model
set reported below. Details on the convergence tests that led
to this choice of dimensions and resolution can be found in
Appendix B2.
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2.2 Benchmarking of the DEM approach against
analytical solutions and BEM

We performed a benchmarking of surface displacements in
the DEM cavity development models with displacements
derived from different continuum-based approaches. Cavity
depth and size, model dimensions (Fig. 4a) and the bulk elas-
tic parameters of the DEM material in Table 1 serve as input
parameters for two analytical solutions and a boundary ele-
ment (BEM) numerical model.

The analytical solutions are for a circular cavity in a grav-
ity loaded, infinite, linear elastic full/half space under plane
strain conditions (Kirsch, 1898; Verruijt and Booker, 2009).
The Kirsch solution is a classical full-space solution for sim-
ple excavation shapes but does not include the free-surface
effect; mathematical details are provided by Brady and
Brown (2006). The Mindlin (1940) solution is for stresses
around tunnels and includes free-surface effects; mathemati-
cal details are given by Verruijt and Booker (2009). The in-
put values for the Mindlin analytical solution are d/h =4,
E =5GPa, v=0.39 and Ky = 0.26. The reader is referred
to Appendix B3 for more details on the effect of d and E.

The BEM model is based on a code by Nikkhoo and Wal-
ter (2015) and simulates the surface displacements along a
cross-section above a 3-D cylindrical void space. The void
space is simulated as a traction-free, horizontal, north—south-
oriented cylinder of 200 m total length. The cylinder’s cen-
troid is located exactly beneath the origin; a hydrostatic re-
mote stress is applied equal to the gravitational stress oy =
Oyy = 0,; = pgh, where h is the depth to the cylinder cen-
troid.

The DEM model displacements (Ux, Uy) as well as
the displacement differences (AUx, AUy) in Fig. 5 match
closely the Kirsch solution and the BEM results. For the
Mindlin solution, this is only true for the horizontal com-
ponents. For the vertical components, the modelled compo-
nents only match the Mindlin solution in the near field of the
subsidence centre, while in the far field a large disagreement
is observable, expected from an intrinsic mathematical diffi-
culty in determining the displacement of a stress-loaded half
space (Appendix B3).

2.3 Model setup for cavity generation and sinkhole
formation

Based on the above-described tests for model resolution, di-
mensions and cavity generation, a generalised setup for cav-
ity growth with attendant fracturing and sinkhole collapse is
presented in Fig. 4c. This setup comprised a 400 x 400 m as-
sembly of parallel-bonded particles of 0.32 m radius on aver-
age. The assembly is subdivided according to bond and par-
ticle contact properties into a cover material sequence that
lies over a “soluble” or “mobile” material with a fixed base-
ment rock below. The cavity is grown according to a material
removal zone of arbitrary geometry, taken here as a verti-
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Figure 4. Setups for model benchmarking, calibration and sinkhole simulation. Panel (a) indicates model verification and benchmarking. A
circular cavity of radius r = 5 m is placed instantaneously at a depth 2 = 35 m and a distance d = H — h from a fixed point at the bottom of
a box of varying dimensions H x W and particles of radii R subject to the body force due gravitational acceleration Fg. Panel (b) indicates
rock tests for material parameter calibration. A sample is contained within walls that are used for applying confining pressure simulating the
materials’ response at different depth. A servo-mechanism controls the walls’ axial velocity. For a tensile test, grips of certain thickness are
defined at the bottom and top of the sample and moved outwards. (¢) Sinkhole simulation by quasi-static incremental single void growth.
T/ D is referring to the overburden thickness to diameter ratio of either a stable cavity (D = Dcay) or an unstable collapse zone (D = D).
Yellow/red circles represent particles that act as extensometers/markers, respectively. Big red circles indicate overlapping measurement
circles distributed within an area of interest.

Table 1. Bulk properties of the particle assemblies used in the benchmarking of DEM cavity formation models vs. analytical solutions and
BEM.

Bulk parameter (unit) Symbol  Unit Value
Porosity n - 0.16
Density! Obulk (kgm™3) 2100

Earth pressure coefficient at restt K 0 - 0.26
Young’s modulus E (GPa) 5.337+773
Poisson ratio® v - 0.39+0.03

! Estimation based on measurement circles in five different particle assemblies at a depth of 35 m.
2 Estimation based on fitting of measurement circle data in 10 different simulated rock tests.
Compare Sect. 2.4.
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Figure 5. Results of benchmarking of the DEM cavity model against continuum-based cavity models: analytical solutions and modelled
displacement curves for model dimensions of 400 x 400 m with particle radius 0.32 m. The reference is a cavity with r/h = 0.143, at 35 m
depth and with a 5 m radius. (a) Horizontal displacement, (b) vertical displacement, (c) horizontal displacement difference and (d) vertical

displacement difference.

cally orientated half ellipse, using the incremental deletion
approach (M2) described above. For the technical details of
the bond installation and void space creation procedure, see
Appendix BS.

A key geometric parameter in subsidence studies is the
ratio of overburden thickness (7') to width or diameter (D)
of the undermined area before the initiation of subsidence
or collapse. In the following, T/D refers to (1) thickness
of the overburden/diameter of the cavity (7 /Dc,y) if mate-
rials can sustain a cavity in or around the material removal
zone or (2) thickness of the strong material/diameter of the
destabilised zone (7'/ Do) if materials cannot sustain a cav-
ity. This subsurface destabilised zone is shown arbitrarily as
a triangular-shaped area in Fig. 4c. For each model setup, at
least two (mostly five) different particle assemblies were run,
and the errors in the following are based on these.

2.4 Calibration of the distinct element method
approach for modelling sinkhole collapse at the
Dead Sea

2.4.1 Bulk parameter estimation of geomaterials
adjacent to the Dead Sea

The geotechnical parameters of rocks and soils commonly
cover a wide range, as they depend strongly on detailed
mineral composition, grain sizes, external stress conditions,
fluid saturation and stress histories; cf., e.g. Brady and
Brown (2006) and Jaeger et al. (2007). Here, we consider
geotechnical parameters for the three main material types in-
volved in sinkhole formation at the Dead Sea region: (1) la-
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custrine clayey carbonates and evaporites, (2) alluvial sands
and gravels and (3) pure rock salt (halite) (Table 2).

For lacustrine mud, friction angle, cohesion, porosity and
density parameters from laboratory tests are used (Ezersky
et al., 2013, 2017; Frydman et al., 2008, 2014). For the al-
luvial sediments, upper limits are given by nearby field in-
vestigations in firm sandstone rocks (El-Naga, 2001) and
also by published values for medium-grained Quaternary
sand—gravel (Carter, 1983; Manger, 1963; Tagieddin et al.,
2000). The bulk modulus of alluvial sand—gravel and lacus-
trine clays were estimated using Poisson’s ratio values from
the literature (Zhu, 2010) and shear-wave velocities from re-
cent field measurements (Polom et al., 2018), where the latter
were reduced by a factor of 1.5 to account for drained condi-
tions.

Elastic parameters and strength values of the field materi-
als have been estimated by using tables from Brown (1981)
and Hoek (2007) and by classifying the clayey mud as grade
RO in terms of intact rock consistency and the alluvial sedi-
ments as grade RO-R1. The Holocene salt rock of the Dead
Sea is considered weaker than typical halite rock salt (Fryd-
man et al., 2008, 2014) and has been classified as grade R1.
The cohesion value of salt is strongly depth dependent and
has been determined by using depth-normalised results de-
rived from triaxial tests (Frydman et al., 2014) via

q Xz

, D

where Ny =,/ tzgi , ¢ the cohesion, z the depth of the rock
sample, ¢ the intercept in a principal stress o} (03) plot and ¢
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Table 2. Estimated geomechanical properties of main materials in sinkhole-affected areas at the Dead Sea. References: Ezersky et al. (2017);
Ezersky and Livne, (2013); Frydman et al. (2008, 2014); Hoek (2007); Khoury (2002); Manger (1963); Polom et al. (2018); Zhu (2010).

Parameter Symbol  Unit Wet lacustrine mud Alluvial sediment  Holocene salt
Bulk density Pbulk (kg m~3)  1500-2100 1500-2300 1400-2200
Porosity n 0.2-0.3 0.2-0.3 0.05-0.4
Friction angle ¢ ®) 2.4 (wet)-34 (saturated)  30-40 53
Young’s modulus E (MPa) 83 220 300-10000
Poisson’s ratio v 0.2-0.4 0.15-0.35 0.2-0.4
Unconfined compressive strength  UCS (MPa) —0.243 to —0.053 —5t0 —0.1 —5to —1
Unconfined tensile strength* T (MPa) 0.0053-0.0243 0.01-0.5 0.1-0.5
Cohesion c (MPa) 0-0.019 0.027-1.33 0.84-1.73

(at 20-40 m depth)

*(T ~ UCS/10) after Hoek (1968).

the friction angle. We use a friction angle of ¢ = 54°, depth
7 =20-40m and an intercept of n =259 kPa for a specific
rock weight of 18 kN m~> (Frydman et al., 2014). For the
alluvial sediment, we assume a friction angle of ¢ = 34° and
an UCS of 0.1-5 MPa and calculate the cohesion value by the
well-known relation ¢ = UCS/(2Ny) (Jaeger et al., 2007).
Modulus, friction angle and strength hereby depend strongly
on the porosity distribution, while Poisson’s ratio is quasi-
independent of it (Schopfer et al., 2009).

2.4.2 Calibration of DEM material properties via
simulated rock tests

Bulk material parameters are determined by simulated, biax-
ial compression and tension tests similar to those described
by Khanal and Schubert (2005) and Schopfer et al. (2007)
(see Fig. 4b). We generated material “samples” with dimen-
sions of 10 x 8 m and with a mean particle radius of 0.32 m
and an initial porosity of 0.2. Each sample then contains ap-
proximately 200 particles. In order to simulate the materials
of the Dead Sea region, we used the microproperties listed in
Table 3 and the assembly generation scheme outlined in Ap-
pendix B5.1. Note that, for the lacustrine mud material, we
also implemented a re-bonding (“annealing’) scheme to sim-
ulate the cohesiveness of that material. Tests were conducted
with confining pressures p between 0 and —5 MPa, corre-
sponding for a bulk density of ~ 2000-2200 kg m~3 to depth
range of 0-250 m. Measurement circles (averaging regions
as described in Potyondy and Cundall, 2004) are installed in
the centre of the sample to determine the stress—strain and
porosity values.

The sandy gravel and salt materials show brittle fail-
ure behaviour (i.e. a sharp post-peak stress drop) at low
confining pressures, which changes to brittle—ductile be-
haviour for larger confining pressures (Fig. 6). Ductile is de-
fined as the state of deformation without significant loss of
strength, and the transition to this behaviour is the brittle—
ductile transition (Byerlee, 1968). The salty mud material
shows a brittle—ductile transition for all tested confining pres-
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sures or, more precisely, a brittle-to-cataclastic-flow transi-
tion to distinguish it from the brittle-to-crystal-plastic transi-
tion (Schopfer et al., 2013).

Plots of the peak stress data for each confining pressure
are used to estimate the bulk strength parameters according
to the widely applied Mohr—Coulomb and Hoek—Brown fail-
ure criteria (Hoek, 2007; Hoek et al., 2002; Hoek and Brown,
1997) (Fig. 7). The Mohr—Coulomb failure envelopes for the
compression tests are shown in Fig. 7a. If tension test results
are included, a highly non-linear behaviour of the material is
recorded, so that a Mohr—Coulomb envelope is partly not ap-
propriate anymore. Consequently, a non-linear Hoek—Brown
envelope is included in Fig. 7b, although it only fits well to all
the data for the lacustrine mud material and to low-confining
pressure data for the other materials.

The slopes of the elastic parts of the stress—strain curves
are used to estimate the bulk elasticity parameters. Figure 7c
shows that Young’s modulus, E, increases with confining
pressure (i.e. depth), while Poisson’s ratio, v, shows no trend.
Tensile tests reveal lower elastic moduli and Poisson ratios
than in the compression tests. An overview of the bulk mate-
rial properties resulting from these calibration tests is given
in Table 4. At low confining pressures, the failure envelopes
for bonded particle models are non-linear — cf. Schopfer et
al. (2013). Further details and examples are found in Ap-
pendix B4.

This calibration shows that the model materials mimic the
mechanical responses of the natural materials, and it builds
the basis for the analysis of the specific sinkhole formation
problem at the Dead Sea, as presented in the following sec-
tion.
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Table 3. Particle, contact and bond properties for DEM sinkhole collapse models. Note the geology convention.
Parameter! Symbol  Unit Lacustrine mud ~ Alluvial sediment  Holocene salt
Initial material porosity n - 0.2 0.2 0.2
Particle density ) (kgm™3) 2715 2750 2500
Contact Young’s modulus? Er (GPa) 0.1 0.2 1
Contact Young’s modulus at ~ Ew (GPa) 5 5 5
particle-wall contacts
Bond Young’s modulus Epy, (GPa) 0.1 0.2 1
Bond tensile strength oc (MPa] 0.1 0.5 1.0
Bond cohesion ¢ (MPa) 0.02 0.5 1.0
Bond friction angle ¢ ®) 2.4 34 54
! See Appendix A and Potyondy and Cundall (2004) for a detailed definition of these parameters. 2 A friction coefficient of 0.5 and a
normal-to-shear stiffness ratio of 2.5 is chosen for all materials.
Low-strength mud Middle-strength alluvium High-strength salt
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Figure 6. Differential stress vs. vertical strain plots for simulated compression tests. Confining pressures of —0.1, —1.5 and —4.0 MPa are
compared that highlight the depth-dependent division into elastic, yielding and post-peak behaviour in all tested materials: (a) low-strength
lacustrine mud, (b) middle-strength alluvial sediment and (c) high-strength Holocene salt material. Black dashed line in panel (a) marks the
cutoff limit at Eyy, = —0.02 for lacustrine mud elastic properties and peak stress estimation.

3 Results of DEM models of void growth and sinkhole
collapse

3.1 Development in ‘“end-member” Dead Sea materials

We simulated the effect of continuous material removal from
a semi-elliptical subrosion zone at 20, 30 or 40 m depth be-
low the initial surface for all three end-member Dead Sea
materials. For brevity, we here report on the evolution of the
models with subrosion at 30 m depth only; for the detailed
evolution of all simulated configurations, see the electronic
Appendix.

As shown in Figs. 8 and 9, the evolution of cavity devel-
opment strongly depends on the mechanical interaction with
the surrounding material. The mud is geomechanically the
weakest end-member, and even the initial small cavity is not
supported by it; the cavity collapses almost instantly after it is
generated. Consequently, a cavity of large size (metre scale)
never develops in the mud. As material is progressively re-
moved from the subrosion zone, material from around and
above the removal zone subsides gradually toward it. A col-
umn of subsiding material develops that is partly fault-bound
and is characterised internally by downsagging of the over-
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burden layering. This column grows upward until intersect-
ing the surface, where a sag-like sinkhole forms. With fur-
ther subrosion, the sinkhole grows deeper and wider as areas
marginal to the subsiding column slump inwards.

In contrast, the alluvium is strong enough to sustain the
cavity as it grows. The growing cavity interacts mechani-
cally with the surrounding material, as sections of the cav-
ity roof and walls collapse into it. Eventually, the overburden
above the cavity fails abruptly, and the cavity is closed by
the collapse of the overburden into it. The overburden col-
lapse is also usually partly fault-bound with downsagging or
with a more complex internal structure. The resultant model
sinkhole margins are characterised initially by large and
deep (metre-scale) opening mode fractures (ground cracks),
inward-tilted blocks and in part by overhanging sides. With
further subsidence, the inward-tilted blocks and overhang-
ing sides tend to slump into the sinkhole’s centre. The salt is
the strongest end-member geomechanically, and so large sta-
ble cavities can develop within it — essentially unaffected by
deformation of the surrounding material — until only a thin
“bridge” of overburden is left.

The mechanical differences in the structural development
are highlighted in Fig. 9. For the low-strength mud, stress
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Figure 7. Bulk failure envelopes and elasticity parameters of the simulated Dead Sea materials derived from simulated laboratory tests.
(a) Mohr—Coulomb failure envelopes, (b) Mohr—Coulomb and Hoek—Brown principal stress, (c) variation of elastic parameters with confining
pressure. Left column: low-strength cohesive lacustrine mud; central column: middle-strength alluvial sandy gravel material; right column:
higher-strength Holocene salt. CT indicates compression test data; TT indicates tension test data.

Table 4. Bulk material properties of the three investigated Dead Sea materials as derived by simulated rock tests and measurement circles.
All values refer to unconfined conditions (i.e. at or close to the surface). Mohr—Coulomb and Hoek—Brown results are based on compression
and tension tests on 10 different particle assemblies for each material.

Parameter Symbol  Unit Wet lacustrine mud ~ Alluvial sediment Holocene salt
Particle packing porosity Neff - 0.21 0.2 0.17
Bulk density Pbulk (kg m3) 2145 2200 2075
Young’s modulus Eeff (GPa) 0.084+1.272 017442572 1106+ 1263
Poisson’s ratio Veff 0.1940.12 031462 0.30+0.03
Mohr—Coulomb: unconfined compressive ~ UCS (MPa) —0.25+573 —0.524+83 —1.23+1472
strength

Mohr—Coulomb: unconfined tensile T (MPa) 024473 0244473 0434575
strength

Mohr—Coulomb: cohesion c (MPa) 0.11+£1.274 0.18+£54 0.36+173
Mohr—Coulomb: friction angle ¢ ©) 5.7+ 0.06 22.3+0.17 28.8+£0.18
Hoek—Brown: unconfined compressive UCSsS (MPa) —0.06 +0.04 —0.924+0.28 —1.54+0.41
strength

Hoek-Brown: unconfined tensile T (MPa) 0.01 +£0.01 0.18 4972 0.31+0.14
strength

Hoek—Brown: ratio compressive/tensile UCS/T (MPa) 6.0 5.1 5
strength
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arching, which tends to stabilise the overburden, is weakly
developed around the material removal zone and within the
overburden. Stress arching is well developed around and
above the cavity in the alluvium, although the absolute val-
ues of shear stress are high on the cavity’s lateral walls, sug-
gesting that these areas are most susceptible to failure. The
stress arch is disrupted upon final failure of the overburden
and formation of a sinkhole. In the strong salt, stress arching
is best developed and persists even after the thin “bridge” of
the remaining overburden fails.

3.2 Development in layered Dead Sea materials

We also simulated the effect of continuous material removal
from a semi-elliptical subrosion zone at 20, 30 or 40 m depth
below the initial surface for layered combinations of the end-
member Dead Sea materials. The models comprise a layer of
either alluvial sandy gravel or rock salt (0—13 m depth) over-
lying a lacustrine mud layer (13—-40 m depth), followed by
the alluvium/salt as a basement, respectively. For brevity, we
again report on the evolution of the models with subrosion at
a depth of 30 m only (Figs. 10 and 11); for the detailed evo-
lution of all simulated configurations, see the Supplement.

In general, for layered materials with mud as the
subrosion-affected interlayer, the ground tends to fail clearly
earlier than for the uniform materials. The mud cannot sus-
tain large cavities and hence fails immediately upon material
removal, and the upper mud layers bend. This leads conse-
quently to the development of a cone-shaped underground
collapse zone. In alluvium on lacustrine mud, a small subsi-
dence may be noted before collapse and cracks appear even
at a certain distance from the main area. Note also the devel-
opment of ephemeral cavities at the interface with the mud
and/or within the alluvium or salt top layers, as deformation
migrates upward toward the surface. After the collapse, large
and small rotated blocks slump towards the centre, and open-
ing cracks grow downwards to a depth of 12 m around the
collapse zone. These blocks define the base of the formed
sinkholes. Although salt has double the strength of alluvium,
the shapes of the sinkhole for these multilayer models do not
differ much, but a small tendency to more overhanging sides
is observed. For the condition of lacustrine mud on rock salt,
the salt layer sustains large cavity formation, but as soon as
the void space reaches ~ 2 m below the mud border, the ma-
terial collapses. The formed sinkhole is a mixture of typical
end-member types mentioned in Sect. 1.

As shown in Fig. 11, the mechanical effect of the weak
mud layer is to inhibit the development of stable stress arch-
ing in the overburden. Where the weaker layer lies below the
stronger layer, the development of a collapse zone is indi-
cated as a zone of low stresses, around and above which a
stress arching is weakly developed. Effectively, this subsur-
face collapse zone is mechanically similar to a large cavity.
The lack of support from the weak layer concentrates stress
in the stronger layer (note the high magnitude of shear stress
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there), pushing the strong layer toward failure. Where the
weak layer overlies the strong layer, the stress arch is well
developed until the cavity growth nears the weaker layer. The
weaker layer cannot sustain the stress arch, and so the over-
burden collapses.

3.3 Effect of subrosion zone depth

As shown in Fig. 12, the variation of depth of the subrosion
zone changes the morphology of the sinkholes. For more de-
tails, refer to the electronic Appendix. The removed material
in the subrosion zone is assigned a removed “volume” AV,
which is based on the area of the removed disk-shaped parti-
cles and its unit thickness; see Appendix A.

In lacustrine salty mud, for all subrosion depths, the sink-
hole collapse is gradual with continuous subsidence. The
deeper the subrosion zone, the lower the vertical displace-
ment at the surface, and a greater amount of material needs
to be removed before an effect is visible at the surface (AV ~
80m? for deep vs. AV ~ 50m? for shallow). For a shallow
subrosion zone, the sinkholes are V shaped with partly steep
margins. For middle subrosion zones, the sinkholes exhibit
a compressed V shape with both flat and steep margins. In
contrast, the deep subrosion zone leads to bowl-shaped sink-
holes with flat sides.

In the homogeneous alluvium models, the sinkhole col-
lapse process varies between sudden (shallow material re-
moval zone) and partly gradual (deep zone). For a shallow
subrosion zone, the collapse occurs relatively late at a re-
moved material volume of AV ~400m?3. A long-term sta-
ble cavity, also asymmetric (see Fig. 8), can reach the im-
mediate subsurface, and no precursory cracks at the surface
appear. The final sinkhole is A shaped with overhanging
sides. A deep subrosion zone causes cracking in the over-
lying layers and at the surface together with subsidence be-
fore gradual collapse occurs, commencing relatively early at
AV ~80m3. The final sinkhole is V shaped.

In homogeneous rock salt models, for all subrosion depths,
the sinkhole collapse is sudden and occurs after large
amounts of material are removed. The sinkholes that form
are in all cases A shaped. No surface subsidence can be ob-
served before the collapse, as the void spaces stay stable up
to the immediate subsurface. For a shallow subrosion zone,
the cavity fails very late at AV ~ 400m?, for a middle sub-
rosion zone at AV ~900m? and for a deep subrosion zone
at AV ~ 1500m?>. The latter shows pronounced spalling at
the sides of the cavity. The shallow model only fails because
the material left is of minute thickness.

For the multilayer model alluvium on mud with alluvial
basement, the collapse in all cases happens earlier than in
pure alluvial material and is sudden. For a shallow subrosion
zone, the sinkhole forms at AV ~ 240 m3; for middle and
deep subrosion zones, it forms at AV ~ 80-100 m?3, with lit-
tle subsidence before collapse onset. For middle and deep
subrosion zones, the formed sinkhole is initially narrower
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Figure 8. Evolution of DEM model cavity growth and sinkhole collapse in end-member Dead Sea materials. Shown here are selected stages
in the development of cavity/sinkhole in salty mud (a), alluvium (b) and rock salt (¢). The top row shows the initial cavity growth stage for
each material. The layering in the other rows defines passive markers and does not represent any change in material properties.

but widens with continued material removal. For the shallow
zone, this does not happen due to lack of material.

Similar features are observed for the multilayer model salt
on mud; the collapse in all cases happens earlier than in
pure salt material and is sudden. The removed volume be-
fore collapse is similar to results from alluvium on mud;
namely, for a shallow subrosion zone the sinkhole forms at
AV ~ 240 m3; for middle and deep subrosion zones, it forms
at AV ~ 80-120 m3, with little pre-collapse subsidence and
compression ridges. The sinkhole morphologies are similar
to the ones for alluvium on mud, but a tendency to larger
block size and a more pronounced overhanging is observed.

3.4 Thickness-to-diameter ratio at the onset of collapse

Figure 13a shows the estimated 7'/D ratios at the onset of
the collapse (T /Dgit) for all model setups independent of
the subrosion zone depth. A collapse hereby is defined when
both particle movement at the surface and in the subsurface
occurs. A distinction for the different involved materials is
found. Pure lacustrine mud models generally fail at higher
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ratios of T /D¢t > 0.5 than the majority of the other mod-
els. Multilayer models with mud underlying alluvium or salt
show low T/ D¢ < 0.5, while pure alluvium or salt models
have the highest and lowest measured values, respectively. A
collection of the mean values is given in Table 5. The deeper
the subrosion zone in both multilayer and uniform material
models, the less material needs to be removed to trigger a
collapse (Fig. 13b).

4 Comparison with data derived from
photogrammetry at Ghor Al-Haditha sinkhole site

4.1 Surface displacement

In Fig. 14, we compare the topographic profiles of sinkholes
derived from photogrammetric studies at Ghor Al-Haditha
(see Sect. 1, Fig. 3) with our results from DEM sinkhole
modelling. In Fig. 14a, we show the simulated sinkhole mor-
phologies for different evolution stages for a subrosion zone
with intermediate depth (30 m). To facilitate the comparison,
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Figure 9. Evolution of maximum shear stress during cavity growth and sinkhole collapse in end-member Dead Sea materials. Shown here
are selected stages in the development of cavity/sinkhole in salty mud (a), alluvium (b) and rock salt (c). The same model setups as in Fig. 8

are used.

Table 5. Critical thickness to diameter ratios for modelled sinkhole collapse onsets. The error is based on the mean between different particle

assemblies for each setting.

Subrosion zone depth/ Lacustrine mud Alluvium Salt  Alluvium on mud  Salt on mud Mud on salt
modelled material setup

Shallow 0.66+0.01 0.06+£0.05 0.02+0.01 0.224+0.05 0.17+0.1 -
Middle 0.57£0.05 0.5+0.29 0.03£0.03 0.32+£0.08 0.48=+0.15 0.43+£0.1
Deep 0.57+0.02  0.97+0.1 0.08+0.01 0.27+0.06 0.51£0.03 -

the topographic profiles derived by photogrammetry have
been normalised and the axes have been adjusted to the same
dimensions as for the models (Fig. 14b). An impressive sim-
ilarity can be found for these sinkhole end-members both in
terms of lateral extent and subsidence amplitude: (1) the mud
sinkhole in the field appears to be of an early-stage sinkhole
but with a larger extension laterally; (2) the alluvium sink-
hole shape is remarkably similar to the late-stage (evolved)
modelled sinkholes both laterally and vertically; (3) the salt
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sinkhole is comparable to the respective simulation result for
an early-stage salt sinkhole.

These findings are essentially confirmed by knowledge
about the rather recent development of the sinkholes selected
in the mud and salt flats and the older, more evolved sink-
holes in the alluvial fan of Ghor Al-Haditha (Al-Halbouni et
al., 2017). Our models, which are based on realistic material
parameter estimation, hence reproduce the topographic fea-
tures of the sinkholes successfully in the field site. This result
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Figure 10. Evolution of DEM model cavity growth and sinkhole collapse in layered configurations of the end-member Dead Sea materials.
Shown here are selected stages in the development of cavity/sinkhole in salty mud overlain by alluvium (a), salty mud overlain by rock
salt (b) and rock salt overlain by salty mud (c). The top row shows the initial cavity growth stage for each material. Note that the initial cavity
again closes rapidly in the mud, leading to a broader zone of subsurface instability.

is even better reflected in the De / Di analysis described in the
following section.

Sinkhole depth / diameter ratios

In Fig. 15, we compare the sinkhole depth /diameter
(De / Di) ratios for the DEM models and for natural equiva-
lents at the Ghor Al-Haditha field site. We use results from
the models with uniform lacustrine mud from the layered
models of alluvium on mud for different stages of collapse
(early, middle and late). Figure 15 does not include data for
salt-on-mud layered models, as natural equivalents were not
mapped by Al-Halbouni et al. (2017), but the De /Di ra-
tios for these models are given in Table 6 and are generally
similar to those in alluvium-on-mud models. Mean values of
De / Di are 0.37 £ 0.15 for alluvium, 0.15 £0.02 for mud and
0.33 £0.11 for salt, and close to the statistical estimates given
by Al-Halbouni et al. (2017) and to the examples shown in
Fig. 2.
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In simulations with uniform mud material, the fit to the
De / Di data is good in the early and intermediate stages of
collapse (Fig. 15a). For the late stages of these models, the
model De /Di ratios are at the outer bound of the natural
range. Conversely, in simulations with alluvium-on-mud ma-
terial, the fit to the De / Di data is better in the intermediate
and early stages of collapse (Fig. 15b). For the early stages
in alluvium, the results are at the lower margin of the depth.

5 Discussion

5.1 Comparison to previous DEM and non-DEM
studies of cavity generation and sinkhole collapse

Baryakh et al. (2008, 2009) used the DEM to investigate the
effect of depth, geometry and mechanical properties on the
collapsed state in karst. Their approach is to some extent sim-
ilar to ours; however, essentially only the position of a rectan-
gular or an arched cavity was varied for different uncalibrated
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Figure 11. Evolution of maximum shear stress during cavity growth and sinkhole collapse in layered configurations of the end-member Dead
Sea materials. Shown here are selected stages in the development of cavity/sinkhole in salty mud overlain by alluvium (a), salty mud overlain
by rock salt (b) and rock salt overlain by salty mud (c). The same model setups as in Fig. 10 are used.

Table 6. Depth / diameter ratios for modelled sinkhole collapses. A set of five models for each material combination is analysed for a
subrosion zone at middle depth (30 m). De / Di ratios for alluvium and salt are generally higher than for mud.

Collapse stage  Removed volume (m3) Lacustrine mud ~ Alluvium on mud  Salt on mud
Early 100 0.09+0.01 0.13£0.06 0.08+0.05
Middle 160 0.13+£0.02 0.25+0.1 0.21£0.08
Late 220 0.15+£0.02 0.37+£0.15 0.33+0.11

materials. In contrast, our numerical simulations allow for a
mechanical interaction of a slowly growing void space with
the surrounding rock and provide calibrated bulk rock pa-
rameters. Consequently, the material removal either creates
a cavity or not, leading to variably shaped subsurface col-
lapse zones, details of which are elaborated on later. Hatzor
et al. (2010) used jointed blocky rock mass (DFN) modelling
to define stability criteria (7'/ D ratios) for a rectangular cav-
ern in high-strength (UCS > 10 MPa) rocks. One conclusion
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of their study, namely the conservative 7/D = 1.0 for large
cavity sizes, may also apply to our results for homogeneous,
relatively weak rock and cohesive soil models. Nevertheless,
the stability depends strongly on the collapse zone geometry,
and the well-known stability limit for deep-seated excavation
from Terzaghi (1946) does not hold for our shallow collapse
zones. A FEM approach from Shalev and Lyakhovsky (2012)
addresses sinkhole formation by utilising viscoelastic rheol-
ogy with a damage model. It is applied to the sinkhole hazard
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at the Dead Sea and relates the different deformation modes
(viscoelastic vs. brittle) to the different mechanical properties
of the involved materials (mud vs. alluvium) and their com-
mon morphological characteristics. However, no field data
comparison is given, and sinkhole formation is only simu-
lated using a simplified cavity geometry that does not evolve.

In summary, earlier studies lack a detailed calibration of
the model strength parameters to field and laboratory esti-
mates, and quantitative comparisons of model results with
measured data are limited or absent. Our study hence fills
this important gap and explicitly simulates cavity growth and
related sinkhole development and therefore provides a signif-
icant advance in this field.
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5.2 Model testing, and benchmarking and limitations

Our tests and model benchmarking provide several new in-
sights for undertaking the simulation of karstic void develop-
ment and sinkhole collapse under gravity with the DEM. As
expected, there is a strong sensitivity of model results (dis-
placement) not only to parameters such as model dimensions
and resolution but also to model shape, with the best results
attained for relatively high-resolution and equidimensional
model setups. Our tests also show that the method of cavity
generation has only a minor impact on the surface displace-
ment pattern. Cavity generation by particle deletion differs
from generation by particle radius reduction mainly in the
much longer model runtime for the latter. This is reasonable
given the elastic and quasi-static conditions of the DEM test
models. By such tests, we infer that the models with non-
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Figure 14. Topographic cross-sections of sinkholes in different cover materials. (a) Modelled profiles for subrosion zones in 30 m depth and
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model setup. Model sets are pure lacustrine mud (left row), alluvium on mud multilayer (middle row) and salt on mud multilayer (right
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Figure 15. Sinkhole depth / diameter ratios from photogrammetry (Al-Halbouni et al., 2017) and DEM model results of this study. For field
data, depth and diameter for the materials alluvium and mud were determined for 237 sinkholes. The mean values are 0.4+0.11 for sinkholes
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(b) alluvial sediments and multilayer alluvium on lacustrine mud model results.

elastic deformation (i.e. cavity wall failure and sinkhole col-
lapse) are also insensitive to cavity generation method as
long as they are run under quasi-static conditions, as was the
case in our study.

In the benchmarking tests, the DEM surface displacements
for a circular cavity in a gravitationally loaded elastic mate-
rial closely resemble those predicted by the BEM model and
the Kirsch solution both in the far and near fields of the sub-

www.solid-earth.net/9/1341/2018/

54

sidence centre (see Fig. 5). A perfect match is not expected,
despite our efforts to compare like for like, having in mind
the intrinsic differences between these models in terms of
material properties and boundary conditions. The Kirsch re-
sults nonetheless provide the best match to the DEM results
for both vertical displacement and displacement differences.
Overall, the DEM and Kirsch curves fit in the near field and
behave similarly and realistically (tendency to zero) in the

Solid Earth, 9, 1341-1373, 2018



Chapter4 : Publication 2 - DEM Modeling of sinkholes - model verification and application

1358 D. Al-Halbouni et al.: Geomechanical modelling of sinkhole development

far field. The BEM models offer a plane-strain solution for
a hydrostatic remote stress, while the two-dimensional DEM
model does not consider out-of-plane stress—strain and ad-
ditionally has before cavity creation a horizontal to verti-
cal stress ratio Ko equal to ~ 1/4. This leads to the gen-
erally narrower vertical and horizontal displacement curves
in the DEM models at the centre of the subsidence area.
The mismatch to the Mindlin solution is greatest in the far-
field displacements; these displacements as predicted by the
Mindlin solution seem unrealistic given that they progres-
sively increase away from the cavity. Consequently, for the
purposes of this work and in light of the minute differences
between the DEM results and the BEM/analytical solutions
(sub-millimetre for displacements and micrometer for dis-
placement differences, except for the Mindlin solution in the
far field), we consider the DEM model approach here to be a
valid numerical approximation of the problem.

The manner of cavity growth and its timing relative to
collapse are, of course, simplified approximations to com-
plex processes of dissolution and mechanical erosion of
the subsurface as they occur in nature. The model cavity
grows by instantaneous and repeated material removal of the
same volume within a domain of simplified shape. In real-
ity, cavity growth may occur on extremely long to relatively
short timescales, depending on the nature of the materials
(e.g. limestone vs. salt) and hydrogeological conditions (e.g.
porous flow, conduit flow, dripping, flash floods). The cycling
to quasi-static equilibrium during each model growth incre-
ment ensures, however, that cavity growth rate is smaller than
or equal to collapse rate, as expected in nature. An improve-
ment will be to adjust the cavity area growth function to fol-
low typical dissolution laws (cf. Dreybrodt and Kaufmann,
2007; Kaufmann and Romanov, 2016) and thus to develop
more complex and realistic cavity geometries.

5.3 Geomechanical parameter calibration

The outcomes of the simulated compression and tension tests
(Table 4) closely agree with literature values and estima-
tions from geotechnical studies and seismic velocity mea-
surements (Table 2), in terms of UCS ranges, bulk densi-
ties, Young’s modulus and Poisson ratios. The friction an-
gles of the simulated sand—gravel and rock salt materials are
slightly lower than the desired values but fit well in the case
of the low-strength lacustrine clay material. Low-friction an-
gles are typical for bonded particle models (cf., e.g. Schopfer
et al., 2017), because both sliding and rotation of particles ac-
commodate bulk deformation; with the contact model used
in the present study, the latter cannot be inhibited even with
large friction coefficients. It is well known from other DEM
studies that UCS /T ratios in bonded-particle materials are
lower when compared to natural rock (UCS /T ~ 10) and
soils (UCS /T ~ 8; Koolen and Vaandrager, 1984), reflect-
ing the discretisation by means of circular/spherical particles
(Schopfer et al., 2007, 2009).
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The Mohr—Coulomb and Hoek—Brown failure envelopes
(Fig. 7) fitted to the calibration data serve as guides to the
material behaviour. These envelopes were chosen as they are
widely used in geomechanics, and so the overall behaviour
of the model materials is readily assessed from them. In de-
tail, however, neither envelope provides a perfect fit to the
calibration results. This may be a consequence of the timing
of confinement of the particle assembly, which is here done
before installing the parallel bonds. Our results indicate that
this may lead to some stress-path-dependent behaviour that is
more complex than can be represented fully by either Mohr—
Coulomb or Hoek—Brown envelopes. A thorough exploration
of such complexities is well beyond the scope of this paper,
but it could be subject of future work.

It is well known that the relationship between field-scale
rock parameters and those determined at the laboratory sam-
ple scale depends strongly on the degree of fracturing or
alteration of the rock mass (Schultz, 1996). Given that the
materials we studied are of rather low strength and are
weakly consolidated materials (in contrast to hard karst rock
in which sinkholes often form), we neglected the effect of
pre-existing weaknesses (e.g. tectonic fractures). We hence
adopted literature values for salt and mud derived from
laboratory-scale measurements. A poorly understood effect
in the Dead Sea materials is, however, the influence of wa-
ter content which may lead to time-dependent geomechani-
cal behaviours (see Shalev and Lyakhovsky, 2012) that is not
accounted for in our models. In principle, however, the mod-
elling scheme we developed could be adapted to account for
time-dependent (e.g. viscoelastic) material behaviour.

5.4 General implications for cavity and sinkhole
formation

5.4.1 Structural or morphological features of sinkholes

The DEM models of sinkhole collapse show a wide range of
structural or morphological features that are found at natural
sinkholes, and they highlight how these features reflect the
mechanical properties of the material in which the sinkholes
form. Similar near-surface structural features are found at
volcanic collapse calderas and pit craters, and similar expla-
nation in terms of mechanical properties of the near-surface
materials have been proposed (Holohan et al., 2011; Poppe
etal., 2015).

In relatively weak materials (here the simulated “mud”),
the near-surface strain is distributed across many small frac-
tures, such that there is no sharp margin to the sinkhole. Sub-
sidence at the surface develops gradually before the collapse
develops (if at all) and the material’s response is brittle—
ductile. The sinkhole also widens gradually as it deepens.
Overall, the sinkhole formation process is similar to classic
“cover sagging” or “cover collapse” with partial suffusion
(cf. Gutiérrez et al., 2008).
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In relatively strong materials (here the simulated “alluvial
sand—gravel” and “salt”), the strain is localised on fewer but
larger fractures that develop as faults (shear fractures) and/or
deep cracks (opening-mode fractures). Structures like com-
pression ridges form in the centre of the subsidence area.
Sinkhole margins in such materials are consequently sharp,
steep and, at least initially, overhanging. Any subsidence be-
fore collapse is slight, although this depends partly on ma-
terial rigidity (i.e. modulus); the material’s response is brit-
tle. The sinkhole also widens as it deepens but in more of
a stepwise manner as new marginal fractures form and de-
limit marginal blocks. Overall, the collapse style is similar to
classic “caprock collapse” or “bedrock collapse” (see Gutiér-
rez et al., 2008). In extremely strong materials, there may be
little or no collapse at all — in the limit, the hole may result
simply from the intersection of an essentially stable, growing
cavity with the ground surface.

5.4.2 Stability of cavities and relationship to sinkhole
geometry

The stability of cavities in the DEM models is clearly related
to the strength of the material and to the depth of the mate-
rial removal zone. In general, the cavity stability depends on
a combination of material strength (UCS, T, friction coef-
ficient) and geometric properties (cavity geometry, 7/D ra-
tio). In principle, larger 7/ D and stronger materials promote
larger void spaces in the underground as stable compression
arches build up (Fig. 16; see also Holohan et al., 2015). Thus,
for a given T/ D, cavities are unstable in the weak “mud” ma-
terial but are stable in the stronger “sand—gravel” and “rock
salt” materials. As the cavity grows, however, the 7/D ra-
tio decreases and ultimately the overburden geometry can no
longer support its weight. Eventually, the overburden will fail
partially or completely and collapse into the cavity.

The gravitational stress field in the models also means that
the absolute depth, and not just relative depth as expressed
by T/D, is critical, however. The deeper the cavity, inside
which stresses are zero, the higher the differential stress im-
mediately around it (Figs. 9, 11 and 16). This accounts for the
observation in our models that, for a given material strength,
deeper-seated cavities fail earlier than shallow ones in these
weakly consolidated materials. Overall, our results indicate
that cavity sizes and stability, and hence the style of sink-
hole collapse, will depend on the material strength and depth
of dissolution. Thus, caprock collapse sinkholes, which form
above large cavities (Fig. 1), may be favoured for relatively
strong material and/or shallow dissolution levels. Dropout or
suffusion sinkholes may be favoured by relatively weak ma-
terial and/or deep dissolution levels. In the limit, no macro-
scale cavities will form below a certain dissolution zone
depth in a given material, as in situ stresses become too high
for that material to support such cavities.

The DEM models also show how the interaction of ma-
terial removal and mechanical instability can lead to cavity
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growth. This is seen mainly in moderately strong DEM ma-
terial (here the “sand and gravel”), where void spaces usually
stay stable until large volumes of material are removed, with
typical spalling at the sides rather than from the roof (Fig. 8).
This lateral spalling of the cavity is typical of “tunnel break-
outs” encountered by engineers and arises from the in situ
stress field in the DEM model surrounding the cavity being
characterised by a Ko <1 (oxx <0oyy). In nature, a feedback
mechanism may arise from such spalling, whereby lateral or
vertical spalling expose more fresh surfaces to dissolution
and reduces the overburden 7'/D, leading to further cavity
growth and instability, leading to more spalling, etc.

Another important result of our DEM models is that mul-
tilayer models with a weak (mud) interlayer fail earlier than
the models with a uniform material. This is not only because
the integrated strength of the overburden is lessened, but also
because the rapid failure of any cavities in the weak layer
effectively increases the stress concentration in the strong
overlying layer, similar to a beam (Fig. 16), leading to bend-
ing induced stresses with inner arc contraction and outer arc
extension. This is contrary to the higher 7'/ D ratios for the
same amount of removed volume in the homogeneous layer
models in which a stable cavity develops.

A consequence of such material-controlled cavity stability
is that, as is often inferred for nature (e.g. Waltham et al.,
2005), the geometric relationship between subsurface cavi-
ties and sinkholes is not a straightforward one. In the weak
DEM model material, a sinkhole can have little or no geomet-
ric relationship to a cavity, because cavities are not sustained
at any comparable scale. In the strong DEM model materials,
on the other hand, the sinkhole geometry may relate to cav-
ity geometry to a variable degree. This relationship may be
especially direct in the case of a shallow removal zone and
a very strong material, where a cavity can stably grow up-
ward with little or no collapse until intersecting the ground
surface. Overall, our results reinforce the point that the use
of continuum-based methods to estimate cavity geometry
from sinkhole geometry (i.e. where there are large permanent
strains) should be treated with caution (see also Fuenkajorn
and Archeeploha, 2010 and Holohan et al., 2017).

Future work will include a variation of lateral (long-wall-
mining-like), vertical (tube-like) and multiple void space
growth systems. Especially for typical karst simulations,
multiple void spaces with different growth functions and ge-
ometries are a more suitable, complex approach. Another as-
pect is the role of hydrostatic (buoyancy) and pore pressure,
which is usually an important factor regarding soil liquefac-
tion and landslides due to the reduction of effective stress
(cf., e.g. Tharp, 1999; Zeev et al., 2017; Clément et al., 2018)
and has been ignored in these simulations for simplicity. A
possible DEM approach is to apply forces to the boundary
particles of the void space to simulate the pressure inside
a water-filled cavity or to apply forces related to the pore
spaces between particles to simulate hydrofractures (Yoon
et al., 2015). An alternative is the combination of FEM and
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Figure 16. Maximum compressive stress for representative models after the same amount of material removal (~ 33 m?). Different depths
of subrosion zones are compared: (a) shallow (20 m), (b) middle (30 m) and (c¢) deep (40 m). The deeper the zone, the higher the maximum
compressive stress above the created void space. The stronger the material, the more pronounced the compression arch. Tensile stresses are

observed directly above the removal zone.

DEM with accounting for drag forces due to fluid flow or
other combined particle-lattice model schemes (Ghani et al.,
2013).

5.5 Implications for sinkhole formation at the Dead Sea

In general, the good fit of model sinkhole geometry with
the observed topography of sinkholes at Ghor Al-Haditha
(Sect. 4) confirms the suitability of the DEM approach and
allows for interpretation of morphological features there.
In addition, structures as found in the simulations are visi-
ble also in the field, such as sagging layers and distributed
marginal fracturing in weak materials, as well as cavi-
ties, compression ridges (pop-up structures) and overhanging
sides in stronger materials. For a still better fit to the low di-
ameter results of the field (Fig. 15), we would need to use a
wider variety of the void space growth functions, geometries
and subrosion zone depths, as expected to happen in nature.
Due to computational costs, this has not been included in this
study. Nonetheless, the already good agreement between the
paths of depth / diameter of the existing model sinkholes as
subsidence evolves and the distribution of depth / diameter
values in the field (Fig. 15) strongly suggests that those distri-
butions represent growth trends of the natural sinkholes that
are controlled ultimately by material properties (Fig. 17).
Since material heterogeneity is the rule rather than the ex-
ception in nature, and since our simulation results fit well to
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Figure 17. Simulated sinkhole depth / diameter interpretation. The
simulations reveal a tendency towards deeper sinkholes in alluvium
and both deeper and wider sinkholes in mud, a trend that is able to
explain the observations for sinkholes at Ghor Al-Haditha.

seismic and photogrammetric studies in the area of Ghor Al-
Haditha (Al-Halbouni et al., 2017; Polom et al., 2018), we
consider our multilayer models as favourable over uniform
models for Ghor Al-Haditha. The exact values of large-scale
material strength, however, due to the described material test-
ing procedure with a constant particle packing porosity and
the limitations of literature laboratory scale values under the
assumption of intact rock, should be rather used carefully.
Lower strength for the materials in the field is highly prob-
able, as the observed maximum crack depth in alluvial and
salt materials (4 m) is less than in the DEM simulations (up to
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12 m). This is probably because in detail “pure” sand—gravel
or rock salt is rare on a large scale at the site — usually, there is
plenty of muddy material interbedded. However, some gen-
eral observations for the models with materials and material
successions typical at the field site of Ghor Al-Haditha in
Jordan can be drawn from the following simulations:

1. A weak lacustrine mud layer beneath a strong cover
material favours sinkhole formation. Even high-strength
material like the salt would collapse in such a setting.

2. A middle—deep subrosion zone (30—40 m) leads to col-
lapses even for the pure alluvium models, which means
that a subrosion acting only in the alluvial sediments
can similarly cause sinkhole formations like those with
a weak interlayer. Only a higher-volume removal is
needed.

3. The pure salt models do not produce typical sinkholes
as observed in the field zone. This fact can be related
either to a lack of such a thick and strong cover material
in nature or a too-high strength assigned in the model.
It is perhaps worth noting that at the Lisan Peninsula,
close to the field area at the Dead Sea, large (several-
metre-scale) cavities and arches were observed here in
Holocene Dead Sea salt (Closson et al., 2007). On the
other hand, the observed salt exposure at our field site
contains rather thin salt layers, interleaved with mud
on a centimetre scale, so that the bulk material strength
there is expected to be lower than that simulated.

4. The possibility to record surface subsidence before ac-
tual sinkhole collapse depends on both the cover mate-
rial type and the depth of the subrosion zone. A mul-
tilayer model of a middle-deep subrosion zone with a
large subsurface collapse zone may produce recordable
surface signatures in the order of sub cm before the on-
set of collapse.

Finally, the single void collapse concept explored in this
paper may sufficiently explain some individual sinkhole oc-
currences at Ghor Al-Haditha and elsewhere around the Dead
Sea (cf. laboratory experiments by Oz et al., 2016); the coa-
lescence, sequence evolution and sinkhole cluster structures,
morphological expressions at the surface and larger sinkhole
depression areas may not. For this, a more sophisticated ap-
proach of multiple void space growth, testing different ge-
ometries and a more realistic subrosion process is necessary
and will be addressed in a future paper.

6 Summary and conclusions

In this work, we presented a benchmarked and calibrated 2-D
distinct element modelling approach to simulating the pro-
cess of both cavity growth and sinkhole development. Our
principal findings are as follows.
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Firstly, we presented a computationally fast DEM ap-
proach to simulating sinkhole formation by instantaneous,
quasi-static, stepwise material removal in a single void space
at a depth of an arbitrarily shaped geometry under gravi-
tational loading. We successfully benchmarked the models
with analytical and BEM solutions yielding a sub-millimetre
degree of agreement for surface displacements and displace-
ment differences.

Secondly, we performed simulated compression and ten-
sion tests to determine microscopic bond strength param-
eters and moduli calibrated by intact rock literature val-
ues and field estimates for the three materials common at
the Dead Sea shoreline. The simulated rock tests yield low
bulk strength (UCS ~ 0.06-0.25 MPa) for lacustrine mud,
middle bulk strength (UCS ~ 0.53-0.92 MPa) for alluvial
sandy gravel sediments and high bulk strength (UCS ~ 1.23-
1.54 MPa) for rock salt materials, based on Mohr—Coulomb
and Hoek—Brown fits.

Thirdly, we simulated a cavity growth until sinkhole col-
lapse in uniform materials. Cavity development is controlled
by the interaction of the material strength and the depth of
material removal. Weak materials do not support large cav-
ities, and so subsidence is characterised by gradual sagging
and suffusion-type collapse into the material removal zone.
Stronger materials support the development of large cavities
at the material removal zone, leading to sinkhole formation
by the sudden collapse of the overburden (caprock or cover
collapse type sinkholes). At one end of the spectrum, near
the Earth’s surface, very strong materials may support cavity
growth until the intersection with the ground surface, giving
rise to sinkholes with little or no collapse. At the other end of
the spectrum, below sufficient depth and for a given material
strength, the development of cavities on a significant scale is
inhibited as gravitational stresses are too high.

Fourthly, we simulated a cavity growth until the sinkhole
collapse in multilayered materials. We show with the inclu-
sion of weak layers, either as cover material or as subroded
bedrock material, results in sinkhole development with less
volume of removed material than in the case of uniform
model material. Such development is not only due to an in-
tegrated weakening of the overburden but also due to the
growth of a subsurface collapse zone in the weak material
that geometrically destabilises the overburden.

Lastly, we compare the developed morphologies from a
set of models for all three materials with photogrammet-
ric analysis from the sinkhole area of Ghor Al-Haditha in
Jordan. Our approach produces physically realistic sinkhole
shapes and successfully reproduces typically measured sink-
hole depth / diameter ratios of 0.15 in mud-flat material, 0.37
for sinkholes in alluvium and 0.33 in salt. The field distribu-
tion appears hereby to be related to evolution stages of the
sinkholes between early and late collapses. A weak (mud)
interlayer and/or a deeper lying subrosion zone enhances for-
mation of sinkholes in materials typical of the Dead Sea mar-
gins.
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Appendix A: The distinct element method and its use
for simulating geomaterials

The DEM is a specific scheme of undeformable particles
and deformable contacts developed by (Cundall, 1971). In
the PFC2D v5.035 software, the DEM is used to implement
Newton—Euler equations of motion and rotation on disk-
shaped particles (Itasca Cooperation Group, 2014; Potyondy,
2014a; Potyondy and Cundall, 2004) (Fig. Ala). In PFC, the
resolution scheme is an explicit second-order velocity Verlet
algorithm (Verlet, 1967). The particles are assigned a mass
and a radius, are initially unbonded and are free to move and
rotate depending on external forces. Particles interact only
at contact points between particles and wall facets, where
the mechanical interaction is treated in terms of a frictional
contact with a set of linear elastic springs that are assigned
normal and shear stiffness (Fig. Alb). The “rigidity” of the
particles is defined by setting the elastic Young constant in
accordance to the spring stiffness. An additional bonding of
the elements can be performed, whereby many different bond
types can be specified. Here, we use the parallel-bond model
(Potyondy and Cundall, 2004), which is defined in terms of
a set of linear elastic springs in parallel to the linear contact
bond. The parallel bonds allow for tensile forces and bend-
ing moments between the bonded particles, and they break
once their strength is exceeded. Here, we set the bonds to
have the same material constants (microproperties) as the
particles, like stiffness and elastic modulus, but since bond
strength is defined similar to a Mohr—Coulomb failure crite-
rion, the bonds are also assigned a cohesion, tensile strength
and friction angle (Fig. Alc).

Al Mathematical details of the DEM method
implemented in the PFC software

The Newton—Euler equations are solved in a finite differ-
ence explicit time-stepping algorithm involving dynamic re-
laxation (Cundall, 1971; Jing and Stephansson, 2007). Dur-
ing the procedure, Newton’s second law and the force-
displacement law is solved for each of the particles and its
contacts (Potyondy and Cundall, 2004). For a 2-D system of
coupled rigid elements, the differential equations solved by
the explicit time-marching relaxation scheme for a particle
of mass m are (Jing and Stephansson, 2007)
mii'. + ami’, = Fxmiifv + amdg, = Fy,

16" + al6' =M, (A1)

with F as force, u as displacement, u as velocity, ii as accel-
eration, o as damping, M as moment of force, I as inertia, 6
as Euler rotation angle, 6 as Euler rotation velocity and 6 as
Euler rotation acceleration at a certain time 7.

It is assumed that (1) velocities and accelerations within
one time step are constant and (2) that the step chosen is
small enough that disturbances, which occur due to external
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or body forces, particle or boundary wall movement, prop-
agate only to the neighbours of the particles. The resulting
velocity and acceleration components for both the transla-
tional and rotational motion of one particle are determined
via a finite difference scheme successively for each time step
t (Jing and Stephansson, 2007):

1
l/tf = m (M;+1 —214; + Mi_l)
t

1
.t +1 —1
ug_z—m(ug —ul ) (A2)

with i as x or y and the equations for 6 and @ accord-
ingly. The displacement calculation is generally one time
step ahead of velocities’/accelerations’ calculation, and con-
stitutive laws of arbitrary complexity (Jing and Stephans-
son, 2007) can be added between the contacts without nu-
merical instability. The kinematic critical time step Afcii =

min( ’,’(ﬁ) is determined for an infinite multiple set of
1

masses m; and springs with stiffness k; to allow for the above
constraints and solution of the equations.

The equilibrium is defined by a convergence criterion,
where the ratio between the “out-of-balance” forces to the
overall forces is below a defined threshold (solve ratio, SR)
of usually 17> or lower. This “solving” can be performed for
the mean (SRpeqan) or maximum (SRp.x) forces that appear
in the model. A problem can occur when absolute normal
force calculation during material gravity settling is used: in-
terlocked forces due to the particle overlap may not be re-
leased during further simulation. This issue has been over-
come by introducing an incremental normal force calculation
(Fakhimi, 2004) which is implemented in PFC2D v5 (Itasca
Cooperation Group, 2014; Potyondy, 2014b).

A2 Creating a gravitationally loaded synthetic rock
mass in the DEM

Creation of a bonded particle assembly in this study followed
that of Holohan et al. (2011) and involved the following chain
of steps:

1. Creation of an unbonded particle assembly of defined
particle sizes, porosity and geometrical distribution. A
uniform distribution of particles between a defined min-
imum and maximum radius is placed randomly in the
model box of size H x W. The unbonded material is
limited by three walls with low-friction (0.01) elastic in-
teraction. The radii distribution in this study is chosen to
be equal between the minimum and maximum assigned
radius (Table B1) according to the defined porosity.

2. Assignment of material domains. The mechanical prop-
erties are distributed in the assembly according to the
desired model setup, e.g. layering. The linear contact
model is installed between each two entities at a dis-
tance smaller than or equal to the surface gap.
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Figure A1. Schematic description of 2-D DEM modelling with PFC2D v5. (a) Inter-particle and particle-wall force chains developed after
gravity settling of an assembly of balls in a box of dimension H x W. The close-ups below show the pore space, contact planes and
nomenclature. Particles, although undeformable, are allowed to overlap slightly or have a small gap g.. In both cases, linear contacts and
optional parallel bonds are active. These bonds act additionally to the linear contacts. (b) Close-up of the notional and contact planes with
all elements necessary for the physical definition of the contact and bond interactions. (¢) Failure criterion for parallel bonds. Compression

in this study is considered as negative.

3. Gravity settling. Gravity acts as the main body force. A
settling criterion is applied; i.e. the material is consid-
ered as settled when a certain threshold, here SR yean =
179, of the velocity and displacement change of the par-
ticles between two time steps is reached. The material is
settled under low friction until the defined solve ratio.

. Particle bonding. The created assembly contains, as real
rock, interlocked forces. Now the particle bonding is ap-
plied according to a chosen bond type (parallel) and the
model is cycled into equilibrium. Linear contact friction
is set to the defined value.

At each step, the material assembly is cycled until a static
equilibrium is reached. The behaviour of a DEM model de-
pends strongly on the material packing assembly (Schopfer
et al., 2009), and so a spectrum of solutions is usually ob-
tained by performing multiple realisations for different as-
semblies. The above chain is thus repeated to produce many
random particle assemblies that may be used to obtain a sta-
tistical mean of packing-dependent model outcomes. In this
study, the procedure was repeated generally for 5-10 random
assemblies of the particles.

Appendix B: Details on model convergence tests,
benchmarking, material calibration and the final
sinkhole model implementation

The following section gives an overview over the performed
DEM model convergence, void space installation and bench-
marking tests that were performed to determine the optimal
sinkhole formation modelling setup. Table B1 summarises
the main DEM model parameters used for the tests.
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B1 Comparison of cavity generation methods

Several methods have been tested in order to determine the
optimal void installation procedure for reasonable simulation
time and realistic surface displacement curves. These are in-
stantaneous material removal by particle deletion (M1), in-
cremental material removal by particle deletion (M2), whole
cavity particle radii reduction (M3) and incremental particle
radii reduction (M4). The radius (r = 5 m) and centre depth
(h = 35 m) of the circular material removal zone was chosen
to match the expected sizes of cavities at the area of applica-
tion. In M1, particles inside the cavity are instantaneously re-
moved, while M2 allows for 15 steps of incremental particle
deletion. For the other two methods, parallel bonds are first
removed and then we use particle radii reduction in 50 steps
to 7.7 % of the original size, each step meaning 5 % reduc-
tion. The difference between both is again a complete (M3)
vs. incremental (M4) approach. In all methods, the assembly
is cycled to SR = le — 6.

M3 and M4 show similar results for the horizontal dis-
placement U, but a slightly lower vertical displacement U,
compared with M1 and M2 (Fig. B1). A crucial finding is that
M3 and M4 reveal a longer calculation time by 1-2 orders of
magnitude. As a result of this test, we consider methods M1
and M2 as generally suitable to simulate a realistic material
removal under acceptable calculation time. For the following
model verification tests, we rely on method M1 as the sim-
plest option to implement a cavity, and M2 will serve for the
final sinkhole models.

B2 Convergence tests on model dimensions and
resolution

We performed model resolution tests to determine the op-
timal size for the mechanical problem of a shallow cavity
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Table B1. Dimensions of the model and contact and particle properties used in development and testing of DEM cavity formation models.

Geometric parameter or microparameter Symbol  Unit Value range (common)
Model height H (m) 100-500 (400)
Model width |74 (m) 100-500 (400)
Material porosity n 0.2

Minimum particle radius Rmin (m) 4.98-0.17 (0.24)
Mean particle radius R (m) 6.65-0.23 (0.32)
Particle radius factor R 1.66

Particle density 0 (kgm™3) 2500

Solve ratio unbalanced/balanced forces SR 16

Cavity centre depth h (m) 35

Cavity radius r (m) 5

Boundary walls Young’s modulus Ew (GPa) =5

Parallel bond Young’s modulus Epy (GPa) -5

Parallel bond tensile strength Oc (MPa) 1000

Parallel bond cohesion c (MPa) 1000

Parallel bond friction angle ¢ @) 30

Parallel bond ratio normal/shear stiffness  kp/ks 2.5

Linear contact Young’s modulus E (GPa) -5

Linear contact friction coefficient % 0.01-0.5 (0.5)
Linear contact normal/shear stiffness ratio  kp/ks 2.5

Linear contact normal/shear damping Bn/Bs 0.7/0.0

Surface gap gs (m) 2172 % Ruin(= 5.0473)
Gravitational acceleration G (m s_z) 9.81

M1 duration 155005
M2 duration 9890 s

M3 duration 57594 s
M4 duration 329211s

(b)

0.0010

M1 duration 15500 s
M2 duration 9890 s

M3 duration 57 594 s
M4 duration 329 211 s
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Figure B1. Displacement plots for different void installation methods. (a) Horizontal and (b) vertical model setup with size 400 x 400 m
using a coarse particle distribution (mean radius 0.74 m). Indication of needed simulation time is given in the legend. M1-M4 refer to the

installation methods described in the text.

in a bonded rock assembly. The cavity is installed by in-
stantaneous (quasi-static) particle removal (M1 as shown in
Fig. 4a). We varied the width W and height H of the model
box from 100 to 800 m while keeping the particle radii con-
stant at 0.74 m for a cavity installation in 35 m depth with
a radius of 5m and track the horizontal and vertical surface
displacement.

In Fig. B2, we see the horizontal and vertical displace-
ment curves for all model dimensions. Boundary effects in
such a setting close to the free surface make the judgement
of the optimal size demanding, but the expected behaviour
for the vertical displacement is a subsidence roughly 9/10
and an uplift roughly 1/10 of the total vertical displacement
(see model benchmarking in Sect. 2.2).

Solid Earth, 9, 1341-1373, 2018

We observe the most stable results for symmetric model

dimensions and define the optimal model size to height (H)
x width (W) =400 x 400 m to account for later possible
growth of such a void space. In relation to the cavity size,
this means the optimal model is 40 times the cavity diameter.
In another expression, the optimal model dimension / cavity
depth ratio is 10, a typical value in engineering problems (see
Sect. B3). In detail, asymmetric or small model sizes lead to
instable results with tails not reaching the expected zero line.

The influence of the particle radii on the displacement
curves is shown in Fig. B3 for the above-determined
favourable model dimensions. A convergence is observed
for particles with mean radius around 0.32 m. Model dimen-
sions of H x W = 400 x 400 m with a mean particle radius of
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Figure B2. Convergence test results for model assembly dimensions: cavity of radius of 5m and depth of 35 m created in each case by
method M1. Mean particle radius is 0.74 m. Left and right columns show horizontal and vertical displacement profiles, respectively. Each

plot shows results for varying model height (H) from 100 to 800 m

for a given width (W): (a) W = 100m; (b) W = 200m; (¢) W =400 m;

(d) W = 800m. A convergence is observed for larger model dimensions and a minimum height of 400 m is favoured. Symmetric boundaries

(400 x 400 m) give the most stable results.

R =0.32m are thus the optimum parameters to account for
converging results, model boundary effects and minimising
simulation times.

B3 Detailed of continuum-based solutions for
displacements around a gravitationally loaded
cavity in 2-D

The first analytical solution used, the Kirsch solution, a clas-
sical solution for simple excavation shapes, does not include
the free-surface effect, and the mathematical details are de-
picted, e.g. in Brady and Brown (2006). The radial and tan-
gential displacements at a point a = a(a, 0) at the surface for
an average vertical stress P, the horizontal stress K x P and

www.solid-earth.net/9/1341/2018/

the shear modulus G are

@ =L (k) —a-5)
uy(a = iG] +K)—(1-
r2
X (4 X (1 —-v)— |a_|) c052®:| B1)
o= K x@x(d—2
us(a )_4G|a|[( —K)x2x(1-2xv)
,,.2
+—) sinz(a.] (B2)
|al

With translation into Cartesian coordinates, this yields the
surface displacements:

Uxx (y =0) = u, cos20 — u; sin20 (B3)
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Figure B3. Results of convergence tests of for influence of particle size: horizontal (a) and vertical displacement (b) profiles for method M1
with in a 400 x 400 m sized box. We observe a convergence of the displacement curves for mean radii around 0.32 m, but for decreasing

particle sizes, we observe further diminishing of the amplitudes.

tyy (y =0) =u,sin26 + u;cos20. (B4)

The second analytical solution used is from Verruijt
and Booker (2009) and includes the free-surface effect
and is based on the analytical solution of stresses from
Mindlin (1940). Verruijt and Booker (2009) added the dis-
placement calculation to the original 2-D Mindlin solution.
It is determined via the complex variable method (Muskhel-
ishvili, 1953) and consists of three partial solutions. The sec-
ond and third partial solutions are relevant for displacement
calculation. The second is based on Melan’s solution for a
concentrated vertical force in a semi-infinite medium and the
third involves a balance of the stresses at the cavity boundary.
The reader is referred to Verruijt and Booker (2000, 2009) for
mathematical details.

The equation for normal displacements as derived by the
second solution for an elastic half space (x, y) under the
action of normal line surface load P (Melan’s solution) is
(Davis and Selvadurai, 1996; Jaeger et al., 2007)

d-vP =00

uyy(xy) = ———I[[In(x +a)11,=5 » (B5)

v
Gn
with G the Lamé parameter (shear modulus), v the Poisson
ratio and a the distance to the point of interest.

As known well from linear elastic material theory
(Muskhelishvili, 2013; Timoshenko and Goodier, 1973), the
integration of the stress formulae is such that a setting of a
loaded material (Flamant’s problem), which is similar to ma-
terial removal in the underground, leads to the logarithmic
term in the equation above. This leads to infinite vertical dis-
placements along the x surface and a singularity at the centre
point (xy = 0).

As a workaround for calculation of finite displacements
around the cavity, Verruijt and Booker (2009) defined a value
d where displacements are set to zero, uyy,(y =d, x =0) =
0, a so-called fixed point at depth. This constant d can be
arbitrarily defined; in engineering, it is usually set to 10 times
the depth of the cavity (d = 10 x h).

Thus, displacements are considered as not physically real-
istic in the far field of a load (or cavity), but relative displace-
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ment differences are (cf. Davis and Selvadurai, 1996 and Ver-
ruijt and Booker, 2009). For the above-stated problem, the
relative vertical displacements Auyy = uyy (x1)—yy (x2) be-
tween two points x1 and x, at the surface are (Davis and Sel-
vadurai, 1996)

(I1—-v)P_ xg
———In—.
b4 bY)

Auyy = (B6)
Figure B4 highlights the effect of a variation in Young’s mod-
ulus and the fixed point depth on the fit between modelled
vertical displacements and the analytical Mindlin solution
described above. A general finding is that E determines the
amplitude of the curve and one can gain even better fits of
the DEM results when using a higher elasticity module than
determined by the simulated rock tests. Furthermore, setting
the d/ h value to a more realistic value such as 11.43 which
corresponds to a cavity central depth of 35m and a model
height of 400 m, shifts the entire vertical displacement curve.
The displacement difference is not affected by this integra-
tion constant. Hence, when considering the final “best-fit”
solution with a low d/h = 4 and high elastic modulus E > 10
GPa, the difficulty in cancelling out the integration constant
of the analytical displacement solution leaves a still poor fit
of the DEM results in the far field but a reasonable fit in
the near field of the installed cavity. We use this approach
to determine the near field at the surface as approximately
—8r < x < 8r with r the radius of the cavity. In our case,
this means that the surface near-field limits are £40 m from
the centre of the depression.

B4 Details on Mohr—-Coulomb and Hoek—-Brown rock
test analysis

The bulk behaviour of particle assemblies emerges from the
interaction of the particle according to the mechanical rules
imposed at the contact and bond scale. Therefore, and un-
like for continuum-based approaches, the bulk behaviour in
DEM models must be calibrated by simulated rock or soil
mechanics tests (Potyondy and Cundall, 2004). Here, biax-
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Figure B4. The effect of Young’s modulus E and fixed depth point d/ & on the vertical displacement (a, ¢) and displacement difference (b,
d) of the Mindlin (MDL) analytical solution as calculated by Verruijt and Booker (2009). Panels (a) and (b) show the scaling effect of the
elastic modulus which affects both Uy and AUy. Panels (¢) and (d) show the effect of d/h for E = 10 GPa which shifts the Uy curve but

has no effect on AUy,

ial compression and tension tests are used to determine the
bulk elastic properties of the medium, i.e. the Poisson ra-
tio v and Young’s elastic modulus E. By fitting of the peak
stress data upon failure in such tests to, e.g. Mohr—Coulomb
or Hoek-Brown failure envelopes, one can also determine
bulk strength properties (tensile strength 7', unconfined com-
pressive strength UCS, coefficient of internal friction ¢).

A typical stress vs. strain curve contains three parts: (1) a
non-linear or linear elastic behaviour, (2) a non-linear yield-
ing behaviour as cracks appear in the material and (3) a non-
linear post-peak behaviour after material failure. The peak of
the stress—strain curve defines the maximum and minimum
principal stresses (o1, 03) at failure. For the compression test,
the axial stress is the maximum compressive stress o (most
negative value in the convention used here) and the transver-
sal stress is the minimum compressive stress o3 (least neg-
ative). For the tension test, it is vice versa: the transversal
stress is the maximum tensile stress o7 (most positive) and
the axial stress is the minimum tensile stress o3 (least posi-
tive).

The mean peak stresses can be determined for each con-
fining pressure and plotted against each other. In a linear
(Mohr—Coulomb) fit of o1 (03), the UCS is determined by the
intercept at 03 = 0 and the unconfined tensile strength (7°) by
the intercept at o1 = 0. The slope ¢ = tan?$ can be used to
fit the Mohr failure envelope as shown in Fig. 7:

o1 = C +o3tan’B, B7

www.solid-earth.net/9/1341/2018/

with C = UCS =2c¢ptan 8 and B = 45° + ¢ /2. For a Hoek—
Brown fit in a o1 (03) plot, a function of the following form
is used:

01 = 03 ++/mopo3z + s002,

with m and s as the empirical rock parameters. For the as-
sumption of intact rock, s = 1, 090 = C, the UCS and T ~ %
Hence, the fit parameters m and C are used to derive the
strength properties of the tested materials. Figure B5 pro-
vides exemplary stress vs. strain plots at a confining pressure
of —0.1 MPa for all tested materials.

(B8)

BS Technical details of implementation of cavity
growth and sinkhole collapse in Dead Sea materials
in PFC2D v5.0

B5.1 A PFC- and Python-based code to simulate
sinkhole formation

A graphical description of the implemented Python/PFC2D-
Fish sinkhole modelling code is depicted in Fig. B6. Here,
Fish code parts are marked in yellow and Python code in grey
colour. A typical sinkhole simulation follows the following
scheme:

1. Model dimensions, particle parameters and a function
f (@) for the material removal is defined at the beginning
of each set. An unbonded assembly of particles with a
fixed porosity of 0.2 is generated at once for the whole
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Figure BS. Differential stress vs. vertical strain for CC and DT tests for a confining pressure of 0.1 MPa: (a) lacustrine mud; (b) alluvium
sediments; (c) holocene salt rock. The dashed line indicates elastic limit which was used to determine elastic parameters displayed above the

graphs. Red dots mark the peak stresses.

assembly at the initial void space growth round (i =0,
no material removal yet).

2. Similar to the material generation procedure for the
model verification material (see Appendix A2), we
settle and bond the assembly with a parallel bond
model according to the desired material properties. It
has to be noted that for low-strength material a bond-
reinstallation procedure has been applied, a so-called
annealing; i.e. failed bonds can be re-established by
contact with other particles of the same material, ac-
counting for, e.g. cohesive mud behaviour. For the other
materials, a failed PB is not activated again. We then
install the desired tracking functions (measurement cir-
cles, marker particles, histories) and group the initial
void spaces defined in the model control file.

Solid Earth, 9, 1341-1373, 2018

3. This material removal loop acts on each defined cavity
growth round i. If the area of the particles in the void
space zones matches the definition by function f (i),
the loop is broken and important tracked parameters are
recorded.

4. Step 3 is repeating with increasing material removal
round i, and after each, the desired tracked results are
output via Python code. When a predefined maximum
void space growth is reached, the model is finished and
a new random assembly starts at step 1.

To avoid another degree of freedom in the calibration of
micro- vs. macroproperties, the initial porosity only changes
due to the compression by the gravity settling scheme. We
have refrained from using either post-settling particle re-
moval to adjust the porosities to specific values or layer-wise
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Figure B6. Graphical description of the PFC2D-based sinkhole modelling code. Yellow colours indicate PFC-Fish language-based code;
grey colours are Python control connections. Solid arrows indicate time step cycling. Each model set consists of 7,,,4 random assemblies of
particles to account for statistical variation of the DEM sinkhole collapse via arbitrary material removal function in single voids.

gravity deposition with different porosities because of the
high amount of calculation time needed.

The Fish material removal core loop (no. 3 in Fig. B6)
provides the technical implementation of a quasi-static void
space growth. A simple law between the particle area A;
that is supposed to be removed during the void space growth
round i and the initial area Ag has been chosen with arbitrar-
ily definable function f (i):

Ai = f(D)Ao.

The void space area is defined by a major and a minor axis.
This enables both semi-elliptical, elliptical and circular void
space growth. For the results presented in this paper, a slow,
constant void space growth f (i) = 1.0 with Ag = 16.3 m?
and a linear eccentricity of e = 2.64 was chosen. This avoids
the triggering of dynamic effects if too many particles are
deleted at once. Other options may include a doubling void
space each round (f (i) = 2.00~1 or an exponential increase
f @) =e""D fori > 1. For this purpose, a computationally
rather cost-intensive static equilibrium procedure is available
in PFC2D v5, which sets the bond strengths high before par-
ticle deletion, cycles to a stable limit after particle deletion
and then resets the bond strengths to the original value.

The pure runtime for a full simulation of an alluvium on
mud setup on an Intel Xeon 3.7 GHz processor with 64 GB
RAM needs roughly 2 weeks for one particle assembly with-
out tracking geophysical parameters. The tracking would in-
crease the runtime by a factor of ~ 1.5. A possible improve-
ment in future will be the introduction of focus regions with
an increasing particle radius with distance from the centre of
the model.

(B9)

B5.2 Details on the implemented parameter tracking

A tracking of pre-, syn- and post-collapse geodetic and geo-
physical parameters has been implemented in the modelling
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code (no. 4 in Fig. B6). The technical details are listed as
follows.

Porosity, stress and strain rate are recorded using the distri-
bution of so-called measurement circles of area A™ through-
out the model domain (Itasca Cooperation Group, 2014; Po-
tyondy and Cundall, 2004).

Porosity is calculated via n = V‘V,"i“ =1- % with Vyoid
as the volume of the void and Vi the appr0x1mated volume
of the particles of amount N in the measurement circle.

The average stress tensor is calculated in static conditions
via o = —VLmZF © @ L© where ® is the dyadic product
of two tensors, N, is the number of contacts, F(© is the con-
tact force vector and L(© the branch vector that joins the
centroids of two entities. From this, the maximum compres-
sion principal stress o1, the minimum compression principal
stress o3 and the maximum shear stress Tyax = ©@3-01) 4re
calculated, which is always positive in the convention used
here, where compression is negative.

The strain rate tensor é (velocity gradient tensor) is calcu-
lated via a least-squares best-fit approach of the predicted vs.
V(p ) V(p ) —V; between
4 (»)

the measured relative velocities

each two entities p during a time step i, with as the

»
>,V
Np

translational velocity and V; = as the mean veloc-
ity in the circle area.

The strain tensor in the measurement region is then calcu-
lated by multiplying strain rate components with the simula-
tion time step and summing over the desired period.

Alternatively, strain is calculated via simulated exten-
someters. For these, pairs of particles which lie either hor-
izontally or vertically next to each other are defined. By reg-
istering the displacement of each particle, a pairwise calcu-
lation of the horizontal and vertical strains is achieved at low
computational cost in comparison to the measurement circle
distribution (Itasca Cooperation Group, 2014).
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Abstract. The 2-D distinct element method (DEM) code
(PFC2D_V5) is used here to simulate the evolution of
subsidence-related karst landforms, such as single and clus-
tered sinkholes, and associated larger-scale depressions. Sub-
surface material in the DEM model is removed progres-
sively to produce an array of cavities; this simulates a net-
work of subsurface groundwater conduits growing by chem-
ical/mechanical erosion. The growth of the cavity array is
coupled mechanically to the gravitationally loaded surround-
ings, such that cavities can grow also in part by material fail-
ure at their margins, which in the limit can produce individual
collapse sinkholes. Two end-member growth scenarios of the
cavity array and their impact on surface subsidence were ex-
amined in the models: (1) cavity growth at the same depth
level and growth rate; (2) cavity growth at progressively
deepening levels with varying growth rates. These growth
scenarios are characterised by differing stress patterns across
the cavity array and its overburden, which are in turn an
important factor for the formation of sinkholes and uvala-
like depressions. For growth scenario (1), a stable compres-
sion arch is established around the entire cavity array, hin-
dering sinkhole collapse into individual cavities and favour-
ing block-wise, relatively even subsidence across the whole
cavity array. In contrast, for growth scenario (2), the stress

system is more heterogeneous, such that local stress concen-
trations exist around individual cavities, leading to stress in-
teractions and local wall/overburden fractures. Consequently,
sinkhole collapses occur in individual cavities, which results
in uneven, differential subsidence within a larger-scale de-
pression. Depending on material properties of the cavity-
hosting material and the overburden, the larger-scale depres-
sion forms either by sinkhole coalescence or by widespread
subsidence linked geometrically to the entire cavity array.
The results from models with growth scenario (2) are in close
agreement with surface morphological and subsurface geo-
physical observations from an evaporite karst area on the
eastern shore of the Dead Sea.

1 Introduction

Karstification occurs worldwide in rocks like limestone,
dolomite, gypsum, anhydrite and salt primarily by chemical
dissolution (BGR et al., 2017). While subsurface-solution-
based drainage networks and connected void spaces resulting
from karstification are hydrologically important for ground-
water provision (Chen et al., 2017), such features reduce
the mechanical stability of the geologic material and so may

Published by Copernicus Publications on behalf of the European Geosciences Union.
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pose a significant hazard to humans and infrastructure. Sink-
holes, also termed dolines, are the prominent karst land-
forms (Waltham et al., 2005). They form enclosed small- to
large-scale depressions that are commonly considered to be
morphological expressions of material removal in the under-
ground and subsequent collapse of the overburden (Gutiérrez
et al., 2014; De Waele et al., 2011; Waltham, 2016). Often,
systems develop into agglomerations of closely spaced or co-
alesced dolines and elongated valley-like depressions, poten-
tially revealing linear patterns of drainage (Waltham et al.,
2005). Such sinkhole cluster development can be highly dy-
namic and partly accelerating, and may affect large areas in
short times (e.g. Abelson et al., 2017). Understanding their
development and, where possible, their precursory signals is
of utmost importance to mitigate their hazard and to promote
sustainable land and water usage.

The main problem for unravelling the geometric and ge-
netic relationships between sinkhole cluster development and
larger-scale depressions in limestone karst areas, where such
landforms have historically been best described, is that the
landform evolution is controlled by the relatively slow dis-
solution kinetics of carbonate minerals. Consequently, the
development of these karstic landform types is not directly
observable in such areas, and furthermore, it is suscepti-
ble to long-term influences from climate change and tec-
tonic activity. Indeed, the areas in which dolines and other
karstic depressions have been historically best documented
have been modified not only by karst processes but also by
fluvial and/or glacial processes (compare Cali¢, 2011).

An opportunity to shed new light on such relationships
has arisen in an evaporite karst setting at the margins of
the shrinking Dead Sea (Yechieli et al., 2016). There, clus-
ters of tens to over a hundred sinkholes (1-75 m diameter)
that are surrounded by larger-scale (100-800 m diameter) de-
pressions have rapidly developed over the last 40 years (Al-
Halbouni et al., 2017; Atzori et al., 2015; Filin et al., 2011).
In particular, recent studies by (Al-Halbouni et al., 2017;
Watson et al., 2019) involving field work, remote sensing
and photogrammetric surveying enabled the detailed docu-
mentation of spatiotemporal relationships between sinkhole
and depression development at Ghor Al-Haditha, on the east-
ern shore of the Dead Sea (Fig. 1a). The area exhibits mature
karst landforms comprising individual and compound sink-
holes. The term “compound sinkhole” here means the nested
or non-nested coalescence of individual sinkholes. Sinkhole
clusters or aggregations commonly comprise multiple indi-
vidual sinkholes and/or compound sinkholes in close prox-
imity. Such clusters commonly lie within gentler, larger-scale
(uvala-like) depressions of up to several hundreds of metres
in diameter, as depicted in Fig. 1b and c.

Initially, these karst landforms develop as small localised
subsidence zones, with single sinkholes that form in hetero-
geneous material made of Dead Sea mud, alluvial fan sedi-
ments and salt (Watson et al., 2019). Wider-scale subsidence
and sinkhole clustering follow, with ground fracture systems
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developing that are geometrically related to the larger-scale
depression rather than to the individual sinkholes or sinkhole
clusters (Fig. 2).

In this paper, we test the hypothesis that the driving pro-
cess for the geomorphological and structural development of
such large-scale karst features is a widespread, differential
subsidence above an array of subsurface cavities, with tem-
porally and spatially variable patterns of material removal
driven by base-level fall associated with the shrinking of the
Dead Sea.

To test our hypothesis, we use a novel 2-D distinct ele-
ment method (DEM) numerical modelling. We examine two
end-member growth scenarios of model cavity arrays, and we
look at the surface morphologies, subsurface structure and
stress patterns developed by subsidence of the overburden
as those cavity arrays grow. The numerical results are dis-
cussed with respect to both surface and subsurface data from
the Dead Sea evaporite karst. Interpretation of shear wave re-
flection data indicates that the subsurface under the alluvial
fan sediments at the Ghor Al-Haditha site is characterised by
inclined layering typical of a prograding Gilbert-type delta,
superimposed on which are zones of disrupted seismic reflec-
tors, as well as bowls and depression structures (Polom et al.,
2018). We provide in this work both a qualitative and quanti-
tative comparison of the results from the seismic survey and
from the numerical modelling. We show that our more com-
plex end-member modelling scenario is able to explain com-
plementary observations from surface morphology to subsur-
face hydrology and subsurface geophysics.

2 Numerical approach
2.1 Distinct element method numerical modelling

The mechanical interaction of a single void space with its
surrounding rock mass has been investigated previously by
analytical methods (e.g. Tharp, 1999) and numerical mod-
elling studies (e.g. Al-Halbouni et al., 2018; Baryakh et al.,
2009; Fazio et al., 2017; Hatzor et al., 2010; Parise and
Lollino, 2011). Little is known, however, about the me-
chanical interactions between multiple actively evolving void
spaces in the subsurface and about how these interactions
may lead to the development of sinkhole clusters and large-
scale depressions. Moreover, commonly used continuum nu-
merical simulation methods are usually not appropriate to
simulate rotation, detachment and non-continuous deforma-
tion found in rocks or semi-consolidated materials that have
been subject to large strains, which are characteristic of
sinkhole collapses. Discontinuous medium simulation meth-
ods, on the other hand, allow for complex behaviours like
spontaneous crack formation and block rotation (Jing and
Stephansson, 2007). The distinct element method (Cundall,
1971) is a subset of discrete element modelling (Cundall and
Strack, 1979; Jing and Stephansson, 2007), whereby a ma-
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Figure 1. Topography of the Ghor Al-Haditha sinkhole area. (a) Digital surface model (DSM) from 2016 on Pleiades satellite image from
2015 for the sinkhole area at the Dead Sea (inset). The DSM has a resolution of 10cm prl and accuracy of 37 and 31 cm (H and V),
respectively. The main zone affected by sinkholes extends from the south towards the NNE along the contact zone between alluvial fans and
the mud flat (dashed white line) and comprises several partly connected large depression zones, of which the main area is indicated by the
square. SP1 is a section of seismic profile 1 of Polom et al. (2018). (b) Typical examples of sinkhole formations in the main depression.
(I) View from the stable agricultural area towards the centre of the depression. (II) Nested sinkholes and ground cracks from the opposite
view. (III) Destroyed “Numeira” mud factory at the turning point (TP) of the depression. (¢) N-S and E-W topographic profiles across the

several-hundred-metre depression, derived from the DSM of 2016.

terial is represented as an assembly of non-deformable par-
ticles in the shape of disks of unit thickness (2-D, Fig. 3)
or spheres (3-D). The particles are assigned a density, ra-
dius and elastic contact modulus. They are assembled with
a certain porosity and follow a defined size distribution. The
particles follow the Newton—Euler laws of motion and the
linear force-displacement law as they interact elastically at
each contact point. The assembly is generated via a ran-
domised particle-packing scheme and a gravitational settling
scheme (Al-Halbouni et al., 2018), after which particles can
be bonded with their neighbours (Potyondy and Cundall,
2004). In this study, we used the parallel-bond model (PBM)
in the commercially available PFC2D software (Potyondy,
2014), which sets a second pair of elastic springs that in-
corporate moments and can fail either in shear or tension, al-
lowing for a complex elasto-plastic rheology (Al-Halbouni et
al., 2018; Holohan et al., 2011; Potyondy and Cundall, 2004;
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Schopfer et al., 2009). The resulting differential equations
are solved via a finite-difference explicit time-stepping al-
gorithm (Jing and Stephansson, 2007). Each model requires
multiple realisations as the outcomes generally depend on
the randomised particle packing. For more mathematical de-
tails on the calculations and modelling scheme, refer to Al-
Halbouni et al. (2018), Itasca (2014), Jing and Stephans-
son (2007), Potyondy (2014) and Wang et al. (2018).

2.2 Cavity growth in a DEM model

Al-Halbouni et al. (2018) simulated the growth of a single
cavity in a DEM model, and they conducted a detailed cal-
ibration and verification procedure to determine the optimal
model geometry, resolution and material removal technique.
We here adopt the same setup parameters and conditions: i.e.
a 2-D box of model height H x width W =400 x 400 m, a
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Figure 2. Remote sensing analysis of the evolution of sinkholes,
cracks and large depressions at the main depression of Ghor Al-
Haditha, Dead Sea. Small single sinkholes appear in 2000 at the
former “Numeira” mud factory site (0.6mpx_1 aerial photo from
Royal Jordanian Geographic Centre). Up to 2010, lakes, sinkhole
clusters and large fractures have appeared around a depression
zone spanning over both alluvium and the mud flat (0.5 mpx_1
GeoEye-1 satellite image). Up to today, the number of fractures
and sinkholes as well as the depth of the depression has increased
0.5 mpx_1 Pleiades satellite image). Red lines in lower left image
mark the locations of the profiles shown in Fig. 1c.

uniform particle distribution between a minimum (Rpi, =
0.24 m) and maximum particle radius (Rpyax = 0.4 m); an ini-
tial porosity of the unsettled assembly of n =0.2; no-slip
boundary conditions; and a fixed wall elastic modulus of
Ey, =5GPa. Instead of simulating material removal in a
single cavity as in Al-Halbouni et al. (2018), here, we im-
plemented an array of multiple cavities of arbitrary shape
(Fig. 3a; see Appendix Al). The adopted procedure is an in-
cremental particle removal that mimics subrosion, i.e. the re-
moval of subsurface material by chemical leaching and/or
physical erosion. Our 2-D model thus represents a flow-
perpendicular cross-section through a groundwater conduit
network, which we envisage to result from dissolution that
rapidly localises through a feedback mechanism of enhanced
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Figure 3. Generic setup for multiple cavity modelling with DEM.
(a) The core of the model and the specific setup of the void zone
and implemented features. Arbitrary material removal zones can be
defined and associated with different removal functions activated at
arbitrary removal zone growth increments. (b) The subrosion pro-
cedures for (1) models with deep constant subrosion and (2) models
with deepening and differential cavity growth are highlighted.

fluid flow with increasing dissolution (Weisbrod et al., 2012)
and which in turn can also promote conduit growth by phys-
ical erosion.

We test two end-member growth scenarios of the cavity
array and their impact on surface subsidence in the models
(Fig. 3b): (1) cavity growth at the same depth level and at
the same individual growth rate; (2) cavity growth at pro-
gressively deepening levels with varying individual growth
rates. The quasi-static growth is simulated by incremental
particle removal and details can be found in Appendix Al
and A2. In the first scenario, five semi-elliptical cavities be-
gin to grow at the same time, at the same constant rate, and at
the same depth of 40 m. The latter has been chosen accord-
ing to tests on single cavities in Al-Halbouni et al. (2018) and
similar tests on cavity arrays as presented in Appendix A2.
In the second scenario, the five cavities start to grow simul-
taneously, but the initial cavity area is largest in the centre
and decreases laterally. In addition, the cavity growth rate
is largest for the central cavity and smallest for the outer-
most cavities. This represents the energy distribution of a
progressively focussed flow within the growing conduit sys-
tem. Furthermore, the array geometry changes as new cavity
sets develop at progressively increasing depths from 20 to
50m at 10 m increments. The growth in the shallower cav-
ity set stops when the new set initiates. The area of removed
particles multiplied by a unit thickness is considered as the
total removed volume, AV. A 30 m deep cavity set only ini-
tiates after a total volume removal of AV ~400m?, a 40 m
deep set starts after AV ~ 800 m?>, and a 50 m deep set starts
after AV ~ 1200m3. The width of the array also increases
slightly from ~ 110m in the shallow part to ~ 150 m in the
deep part. This progressive initiation of newer and deeper
sets of cavities represents a vertical evolution of a dissolu-
tion front during base-level fall, the main hydrogeological
boundary condition at the shrinking Dead Sea (Abelson et
al., 2017; Bartov, 2002; Watson et al., 2019).
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2.3 Material parameters

The bonded particle assembly’s bulk material properties,
which emerge from the properties defined on the particle
scale, were constrained by simulated geomechanical tests
on material samples (Schopfer et al., 2007; Al-Halbouni et
al., 2018). Parallel-bond tensile strength, modulus and fric-
tion, cohesion and friction angle, as well as contact modulus
and friction, are hence transferred to corresponding bulk val-
ues of unconfined compressive strength (UCS) and tensile
strength (7'), Poisson’s ratio (v) and Young’s modulus (E).
This calibration procedure has been done for three materials
representing those in which sinkholes form at the Dead Sea
shoreline: (1) low-strength marl (mud) of the former Dead
Sea lake bed, (2) middle-strength sandy-gravel alluvial fan
sediments and (3) relatively high-strength Holocene rock salt
of the Dead Sea (Table 1). For (1), a bond-healing proce-
dure has been implemented to account for a more realistic
recombination behaviour of naturally wet muddy material.
For each material, the calibration was run on 10 subsamples
of H x W = 10 x 8 m size, with approximately 200 particles
of a mean radius R = 0.32m. See Al-Halbouni et al. (2018)
for details on the procedure.

2.4 Geophysical parameter tracking

Distributed measurement circles of 10 m diameter (area
AM=178.5 m2) are used to record stresses, strain rates, po-
sitions and porosity of the particle assemblies (see Al-
Halbouni et al., 2018, for details). From recording of the
stress components (0yx0yy,Oyx,Oyy) and particle areas, we
calculate the principal stresses, o1 (most compressive, i.e.
most negative) and o3 (least compressive) The maximum
shear stress is calculated via half the differential stress (e.g.
Holohan et al., 2015):

(03 —01)

5 ey

Tmax =

For strain calculation, the displacement gradient tensor is cal-
culated for particles inside the 50 % overlapping measure-
ment circles between two simulation stages (e.g. Schopfer et
al., 2006). The maximum in-plane shear strain is determined
via the principal strains (&1, £3) and the shear strain (yxy):

53

(1 —¢3)°

2 +

Ymax = 2 ()

We use porosity-tracking results to determine apparent elas-
tic moduli, which can then be translated via bulk density into
apparent bulk seismic velocities. In general, for a homoge-
neous, linearly elastic, isotropic medium, compression wave
velocities (vp) and shear wave velocities (vs) are estimated
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E=2G(1+v) is Young’s elastic modulus for homo-
geneous, isotropic materials, with v as the Poisson ratio. p is
the bulk density calculated by p = pparticle (1 — 1), with n as
the particle-packing porosity. A correction factor is needed
to account for the differences between static and dynamic
moduli to enable a comparison of numerical simulation with
field data. Dynamic field methods like seismic reflection
profiling measure at small strains and therefore reveal high
values of the shear modulus. E and v of the model mate-
rials are known from simulated large-strain compression
tests for a variation of confining pressures and porosities
(Al-Halbouni et al., 2018). We here use Ggyn ~ 1.5 X Ggat,
the dynamic shear modulus, approximated as a minimum
scaling of the static shear modulus determined for uncon-
solidated sand in a cycling loading/unloading and shearing
test (Soldal and Mondol, 2015). The factor depends on the
applied static technique in laboratory experiments and on the
cycles; the difference arises mainly from the strain amplitude
(Hammam and Eliwa, 2013; Wichtmann and Triantafyllidis,
2009). Furthermore, from the simulated compression tests,
conservative values for moduli and Poisson ratio are taken
at limits where few or no cracks have appeared in the
sample. For a more realistic approach, the values are further
adjusted by accounting for the crack (broken bond) density
in the model, following Dahm and Becker (1998). For
the adjustment to the DEM, crack density is defined as
c= krrﬁ/ A™ with k as the number of cracks, A™ the area
of the measurement circle and R the mean particle radius,
which is a proxy to the parallel-bond (crack) half length (see
Al-Halbouni et al., 2018, for details). Cracks, i.e. broken
parallel bonds in DEM, are recorded by using an intrinsic
“fishcall” procedure (Hazzard, 2014; Hazzard and Young,
2004) and distributed onto the according measurement
circles. With increasing crack density, v and the apparent
(effective) shear modulus Gegr are expected to change by

(1—vp)e> +2vp— 1

2(1—vp)e’s +2vp—1
fe
G(Oett = Go/2(1 —vp)eZ +2vp —1).

v(c) =

®)

(6)

For randomly oriented cracks, the mean of the shear trac-
tions on the cracks is one-half of the maximum shear stress
in the body (compare Dahm and Becker, 1998), for which a
factor of f = 0.5 can be estimated. Furthermore, vy = 0.5 is
the Poisson ratio when the bulk modulus is larger than G,
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Table 1. Estimated mean bulk geomechanical properties of the main materials in sinkhole-affected areas at the Dead Sea. The variation of
the bulk strength values is related to analysis by both Mohr—Coulomb and Hoek—Brown failure criteria assuming intact rock (Al-Halbouni et
al., 2018). Note the geotechnical engineering convention of compressive stress being taken as negative.

Parameter Symbol  Unit Wet lacustrine mud ~ Alluvial sediment  Holocene salt
Particle-packing porosity Neff - 0.21 0.2 0.17

Bulk density Obulk [kgm™3] 2145 2200 2075

Young’s modulus Ectf [GPa] 0.084 £0.02 0.174 £0.025 1.106 +0.126
Poisson’s ratio Veff - 0.19+0.12 0.31£0.6 0.30+0.03
Unconfined compressive strength ~ UCS [MPa] —0.25 to —0.06 —0.92 to —0.52 —1.54to —1.23
Unconfined tensile strength T [MPa] 0.01-0.2 0.18-0.24 0.31-0.43
Cohesion c [MPa] 0.11 0.18 0.36

Friction angle ¢ [°] 5.7 22.3 28.8

the shear modulus of a homogeneous, isotropic rock mass
(Dahm and Becker, 1998).

3 Modelling results

In this section, we present outcomes of both end-member
cavity growth scenarios, while focussing on a final model
setup that most closely reproduces the natural karst land-
forms (Sect. 1). For both end-member cavity growth scenar-
ios, we also show the results of models for layered combi-
nations of weak and strong materials common at the Dead
Sea shoreline. Note that for certain model conditions (weak
material and/or deep subrosion; see also Al-Halbouni et al.,
2018) the cavity walls and overburden tend to collapse im-
mediately, and so cavities may remain small during a model
evolution or may exist only instantaneously for each incre-
ment of material removal.

In Fig. 4, we compare the outcomes of both end-member
cavity growth scenarios for four different material setups
representing weak and strong overburden configurations:
(D alluvium-on-lacustrine mud (Fig. 4a), (II) a thin salt layer
above lacustrine mud and alluvium (Fig. 4b), (IIT) pure la-
custrine mud (Fig. 4c) and (IV) a mud layer above a salt
and alluvium succession (Fig. 4d). In this overview, a clear
difference between the cavity growth scenario (1), constant
medium-depth (40 m) subrosion, and scenario (2), a differen-
tial deepening subrosion, can be seen. While scenario (1) re-
sults in block-wise subsidence or large-scale sagging over
the entire array, scenario (2) reproduces the observed pattern
of multiple sinkholes in a large-scale depression zone. The
main structural and morphological features that relate to dif-
ferences in material and in subrosion scenario are marked in
each individual plot.

In Fig. 5, we show the main evolutionary stages (I-VI)
of sinkhole/depression development for cavity growth sce-
nario (2), i.e. the deepening differential cavity growth sce-
nario. Detailed animations of the evolution can be found in
the Supplement.

Solid Earth, 10, 1219-1241, 2019

For all combinations of material type, the large-scale de-
pression is deepest throughout the evolution above the central
and fastest growing cavity in each array (as per definition in
the model setup).

In general, for the material combination of a strong
or weak overburden above a weak cavity-hosting material
(Fig. 5a—c), individual sinkholes form synchronously with,
or just before, the development of a larger-scale synclinal
depression that initially spans several central cavities and
eventually spans the cavity array as a whole. The forma-
tion of the sinkholes more clearly predates the array-scale
depression where the overburden is weak. The margins of
the array-scale synclinal depression are commonly delim-
ited, especially in the strong overburden, by fractures and/or
faults. These marginal fractures geometrically relate to sub-
sidence across several cavities or to subsidence across the en-
tire array, rather than to collapses into individual cavities. In
weaker overburden, the margins of the main depression are
defined by inward bending (sagging) of the overburden lay-
ers (although in detail there are many small-scale fractures
here).

For the material combination of a weak overburden above
a strong cavity-hosting material (Fig. 5d), large cavities can
develop before the overburden collapses into them. This pro-
duces deeper and wider sinkholes in the later stages of the
model evolution. Also in this case, the strong cavity-hosting
material does not deform so easily around the cavity array
as a whole; therefore, synclinal bending of the overburden
across the cavity array is much less pronounced. Conse-
quently, a larger-scale depression forms in this case mainly
by nesting and coalescence of the sinkholes.

For individual sinkholes in strong overburden materials
(Fig. 5a, b), the collapsed overburden is commonly delim-
ited by faults near the surface, but at depth the structure takes
a synclinal form (V-shaped) on the same scale as the indi-
vidual cavities. For individual sinkholes in weak overbur-
den material (Fig. S5c, d), the collapsed overburden shapes
are synclinal at all depths. In the strong cavity-hosting mate-
rial (Fig. 5d), the deep levels of the individual collapse zones
are again in part fault bounded but also take in part a syn-
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Figure 4. Comparison between final results for two cavity growth end-members and different material compositions common at the Dead
Sea shoreline. The removed volume at the shown stages is approximately 900 m3. Strong overburden: (a) alluvium/mud succession and
(b) salt-on-mud/alluvium succession. Weak overburden: (c¢) pure lacustrine mud and (d) mud-on-salt/alluvium succession. Note that passive

marker layers are applied to highlight structural features.

clinal form. These cavity-scale synclinal structures represent
the downward flow of the weak material into the cavities or,
where cavity formation is inhibited, into the zones of mate-
rial removal.

Depth-to-diameter (De / Di) ratios of simulated sinkholes
and depressions are given in Table 2 as mean values of five
model assemblies of each material combination. The dimen-
sions of depressions at the scale of the entire cavity array
range from ~ 65 to 190 m across and ~ 2 to 18 m deep, while
individual sinkholes have dimensions of ~ 1.5-36 m across
and ~ 0.5-12 m deep. Higher De / Di ratios of 0.48-0.64 for
sinkholes are generally recorded for cover material of higher
strength (alluvium, salt), while lower De / Di ratios of 0.22—
0.24 are found for low-strength cover material (mud). The
De / Di ratios of 0.08-0.14 of the larger-scale depressions are
many times lower (in some cases, nearly an order of magni-
tude lower) than those of the sinkholes.

The evolution of depth and diameter of large-scale depres-
sions (Fig. 6) shows the influence of the material strength
on their geometries. A clear divergence can be observed be-
tween mud subsurface and salt subsurface models. A me-
chanically weak subsurface (mud) enables a lateral widening
of the depression at the expense of deepening. A mechani-
cally strong (salt) subsurface inhibits the synclinal bending
at the margins of the main depression, leading to deepening
of the depressions and preventing their widening.

The influences of different positions and different speeds
of material removal zones have also been tested thoroughly

www.solid-earth.net/10/1219/2019/

(see Appendix A for details). In all material cases for sce-
nario (1), i.e. the constant cavity growth level and rate, and
regardless of the depth of the array, only large, array-scale
depressions occur and no sinkholes form in relation to the
individual cavities. A shallower cavity array leads only to
faulting/segmentation of the sinking block and/or fracturing
of the margins. Varying the speed of array-wide subrosion
produces no discernible difference in model outcome, as ex-
pected for the quasi-static approach.

Clearly, a differential cavity growth is essential for devel-
opment of sinkholes within a larger-scale depression. This is
even more pronounced with accelerating growth of the cen-
tral cavities. Additionally, and importantly, for reproducing
the morphological features and the order of appearance of
sinkholes relative to the larger-scale depression, as observed
in the Dead Sea examples, a simulated deepening of the kars-
tification/subrosion level, i.e. cavity growth scenario (2), is
necessary. From comparison of numerical simulations of all
tested scenarios and setups in the previous section and in Ap-
pendix Al and A2, we conclude also that the inter-cavity
distance has an influence on the sinkhole clustering and gen-
eration of larger-scale depressions. In the limit, if the inter-
cavity distance is wide enough, no clusters or large-scale de-
pressions would form but only individual sinkholes.
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Figure 5. Final model sinkhole evolution results for four different material combinations common at the Dead Sea shoreline. Strong over-

burden: (a) alluvium/mud succession and (b) salt-on-mud/alluvium

succession. Weak overburden: (c) pure lacustrine mud and (d) mud-

on-salt/alluvium succession. The removed volume [m?3] is shown above the plots. Note that passive marker layers are applied to highlight

structural features.

3.1 Stresses and strains in a multiple void space system

The differences in model outcome depending on the cavity
growth scenario are better understood when looking at the
stress and strain distribution patterns. The maximum shear
stress Tmax around the cavity arrays in model cavity growth
scenarios (1) and (2) is shown in Fig. 7. We here compare
two different material setups: strong alluvium on weak mud
and weak mud on strong salt and alluvium. Each model has
the same particle assembly and comprises five void spaces
at ~ 40 m depth at stages immediately before or exactly dur-
ing the collapse of the overburden. The differential subrosion
scheme here uses the same setup as in the model (Fig. 14g) in
Appendix A2, which is without a deepening of the subrosion
zone, to avoid effects of remnant stress distributions.

Solid Earth, 10, 1219-1241, 2019

Regarding the mechanical development, cavity growth
scenario (1) produces a stress arch spanning the whole array
of cavities, best visible in the alluvium-on-mud combination
of Fig. 7a. For cavity growth, scenario (2) produces a more
complex pattern of more localised stress concentrations and
arches appearing around or between individual cavities. The
setup of a constant cavity growth rate hence leads to a block-
wise subsidence, while for differential cavity growth rate, the
interaction of stresses around and between the cavities leads
to multiple sinkhole development in a large-scale depression.
Appendix A3 shows similar results for principal stresses.

For the same scenarios, the maximum shear strain ymax is
shown in Fig. 8. It highlights the different subsidence styles:
block-wise subsidence for a constant subrosion scenario (1),
and fragmented, individual overburden failure with fault-
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Table 2. Depth-to-diameter ratios of simulated array-scale depressions. The average results for the four different material setups and different
stages of depression development are given. The depth of a depression is hereby considered the deepest point that might coincide with the
deepest point of a sinkhole within the depression. The diameter goes as far as a vertical surface displacement of ~ 10 cm amplitude can be
observed. A total of five realisations were done for each material combination.

Type/model setup Lacustrine mud

Alluvium on mud

Salt on mud/alluvium  Mud on salt/alluvium

Depression — early stage 0.05+0.003 0.03 £0.009 0.04 £0.003 0.07 £0.006
Depression — middle stage 0.08 +0.004 0.07+£0.013 0.08 = 0.006 0.124+0.010
Depression — late stage 0.08 +0.004 0.09 +0.004 0.11 +0.007 0.14 +0.005
Sinkholes — final stage 0.22£0.12 0.48 £0.36 0.64+0.3 0.24+£0.08
20 Al . values of the shear wave velocity in “stable” ground are 100—
’ Deepening / , 150 m s~ ! for mud and 200450 m s~ for alluvium (Fig. 9b).
iE ¢ satfmud IR The porosity distribution at the final stage can be seen in
_ + Mud * L, ° . Fig. 9c. The number of cracks is depicted in Fig. 9d. Note that
B = Mud/salt = w0 A cracks in alluvium are counted in a cumulative way, while
= 2 ™, Widening . .
B 10 n=5 whg cracks in mud are calculated per stage, due to the healing pro-
a © 8 cedure for broken bonds in mud (see Sect. 2 and Al-Halbouni
u . et al., 2018). These cracks cause, in addition to the poros-
5 m Divergence .
A%é‘.. ity, further changes of the apparent shear modulus (Eq. 6)
e and Poisson ratio (Eq. 5) and hence reduce the effective ap-
0 Same starting point . . ..
parent elastic modulus of the underground (Fig. 9e). This is
0 0 Diamggr [m] 150 200 also expressed in the apparent shear wave velocity (Eq. 3)

Figure 6. Depth versus diameter for different stages of the final
model large-scale depressions for different material combinations.
A clear divergence can be observed between mud-rich subsurface
and salt-rich subsurface models at the late stage of the simulation.
The number of realisations of each model is n = 5.

ing/segmentation for the differential subrosion scenario (2),
with stable areas of low strain in between the subsiding
blocks. In comparison to the shear stress images, this rep-
resentation more clearly illustrates cracking and fracture de-
velopment. These observations are complemented by the in-
cremental strain and maximum shear stress evolution as pre-
sented in Appendix A4 and AS.

3.2 Generic geophysical parameters

Figure 9 shows the synthetic geophysical parameters that
characterise the model underground. As we consider a non-
elastically deformed underground, all derived elastic parame-
ters must be regarded as apparent. We concentrate on a snap-
shot of the final stage of the alluvium-on-mud model simu-
lating cavity growth scenario (2); see Fig. 5a at a removed
volume of AV = 1355m3 for the most important structural
features. A deep and large depression zone with sinkholes
has formed already. At this stage, the actively growing cav-
ity set (or active subrosion zone) lies at ~ 50 m depth. The
initial porosities lie between 0.2 and 0.1 depending on the
depth (Fig. 9a). We consider areas of porosities over 0.5 as
“empty” space with a zero modulus/seismic velocity. Initial
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for the same stage (Fig. 9f). We observe strong changes in
the central deep part of the model, where the largest void
space growth rate exists. Remnants of earlier subrosion at
shallower depths are nicely reflected in the apparent modu-
lus and shear wave velocity distribution. More stable parts
of the alluvium layers have higher values of E >500MPa
and vs>275ms~! (HVZ — high-velocity zone). The low-
est values of E <100 MPa and vg<100ms~! occur in the
mud layer close to the zones with highest porosity and most
cracks in the currently active area cavity growth (very-low-
velocity zone — VLVZ). In between lies the low-velocity
subrosion-affected part both in the mud and alluvium lay-
ers (low-velocity zone — LVZ), corresponding to the areas of
earlier cavity growth and overburden disruption. The model
shows up to 75 % shear wave velocity reduction in the cen-
tral subrosion-affected parts of the mud in comparison to the
initial values and up to 50 % for the alluvial overburden or
contact zone between mud and alluvium.

4 Discussion

In this section, we discuss how realistic our numerical mod-
elling results are in comparison to natural observations and
what can be deduced in terms of process understanding. We
first make some general points about the relationship be-
tween sinkholes and larger-scale depression in different karst
settings. We then concentrate our comparison on results from
remote sensing and geophysics for the very active sinkhole
formation area at Ghor Al-Haditha at the Dead Sea. As a re-
minder, our model should be able to explain the following
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Figure 7. Maximum shear stress around void spaces for (a) constant and (b) differential cavity growth scenarios models. Chosen are two
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sion. Shown are critical stages after void space installation followed by or exactly during overburden collapse for the same particle assembly.
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features of the karst landform evolution typical in that area 4.1 Implications for karst landforms of clustered
(Figs. 1, 2; compare Al-Halbouni et al., 2018; Watson et al., sinkholes and large-scale depressions
2019): .
As discussed by Cali¢ (2011), for limestone karst areas, dif-
— In all materials, multiple sinkholes have formed with ferences between enclosed depression types in karst regions

many clustered, coalesced and/or nested. occur in regard to scale, inter-relationship and morphometry.
Sinkhole (or doline) diameters occur on a sub-100 m scale,

— Larger-scale depression zones with pronounced uvalas typically occur on a several-hundred-metre to kilome-
marginal cracks have also developed around the sink- tre scale in limestone karst and so-called poljes on even a
holes and sinkhole clusters. Formation of sinkholes larger scale. A single uvala typically includes numerous do-
began before, or at the same time as, the appearance lines within it, which led to the concept of uvala formation
of the first marginal cracks of the depression zones. by doline coalescence (Gutiérrez et al., 2014; Waltham et al.,
Lateral expansion of the depression occurs in tandem 2005). The further development of dolines to uvalas and ul-
with sinkhole formation. timately to poljes, is regarded by most workers as erroneous,

and some do not consider uvalas to evolve by doline coa-
— Morphological differences depend in which material the lescence either (Cali¢, 2011). Although our simulations are
sinkholes form: low depth/diameter (De / Di) ratio for purely mechanical and hence lack some important hydrolog-

mud-flat sinkholes; high De / Di for alluvium sinkholes. ical aspects for comparison to areas of limestone or evaporite

Sinkholes in high-strength materials have partly over- karst, they nonetheless yield some new insights into the po-

hanging sides. tential controlling factors on the inter-relationship between
these different depression types.

— The De / Di ratios of the larger-scale depressions are an Our models generally show that a differential subrosion
order of magnitude lower than those of the sinkholes pattern is necessary to achieve clustered sinkhole formation
within them. within a larger-scale depression. A spatially constant growth
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Figure 10. Examples for subsidence and sinkhole formation at Ghor Al-Haditha from orthophotos and DSM difference maps. All orthophotos
and DSMs have the same resolution (10 cm px_l) and the accuracies (horizontal, vertical) are as follows: 2014 (10, 11 cm), 2015 (12, 17 cm)
and 2016 (37, 31 cm). (a) Vertical displacement between 2014 and 2015 in the alluvium. Large sinkholes have formed in the alluvium (I,
II) with slight overall subsidence along cross-section A—A’ from SW to NE. The red circle marks a small precursory hole at (II). Vegetation
growth may cover subsidence effects in coalesced sinkholes (III). (b) Vertical displacement changes between 2015 and 2016 in the mud flat.
Precursory information (reactivated sinkholes) may exist (IV) or not be visible (V). Nests of sinkholes exist (VI) in an area of pronounced
overall subsidence of 0.5 m £0.2 m determined for cross-section B-B’ from W to E. Compare topographic profiles in Fig. 11.

rate across the cavity array alone is not sufficient to gener-
ate sinkhole clusters, even if the interacting cavities were
at different depths. This is due to the resultant stress sys-
tem, whereby a well-developed stress arch spans the entire
constant-growth cavity array, which acts mechanically as a
single entity. A differential cavity growth, on the other hand,
produces more localised stress concentrations and arches
above individual cavities in the array, leading to localised
overburden failure and collapse into those cavities. The pro-
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gressive deepening of subrosion is particularly important to
account for the observation at the Ghor Al-Haditha site of
initiation of larger-scale depression synchronously with or
shortly after sinkhole development.

Our models also highlight conditions under which uvala-
like depressions may or may not develop by sinkhole coales-
cence. In models with a relatively strong soluble layer, sink-
hole coalescence is a mechanism for formation of a larger-
scale uvala-like depression (Fig. 5d). This is because the rel-
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atively strong cavity-hosting layer inhibits deformation be-
yond the immediate cavity surroundings and promotes the
formation of relatively large sinkholes that coalesce. In mod-
els with a relatively weak soluble layer, however, the uvala-
like depression develops as a spatially and temporally dis-
tinct feature from the sinkholes within it. Rather than forming
by sinkhole coalescence, the uvala-like depression reflects a
wider-scale subsidence into the cavity array (or subrosion
zone) as a whole that results from more widely distributed
deformation in the weak cavity-hosting layer (Fig. 5a, b
and c). The results of this latter model setup are consis-
tent with observations of the spatiotemporal relationships be-
tween sinkholes and uvalas in the evaporite karst examples at
Ghor Al-Haditha (Fig. 2).

In our model results, we also reproduce the main rela-
tive morphometric attributes of sinkholes and uvala-like de-
pressions as observed at the Ghor Al-Haditha study area. As
shown by Al-Halbouni et al. (2018), sinkhole depth/diameter
ratios in the models and nature are dependent on overburden
material properties, especially strength. Sinkholes in strong
alluvium overburden have De / Di ~ 0.48 in the models com-
pared with De / Di ~ 0.40 in nature; sinkholes in weak mud
overburden have De /Di ~ 0.22 in the models compared
with De /Di ~ 0.10 in nature (Watson et al., 2019). The
uvala-like depressions at Ghor Al-Haditha have a De / Di
~ 0.016-0.042 (Watson et al., 2019), which, as seen also for
limestone karst settings (Calié, 2011), is about an order of
magnitude less than the sinkholes. A similar relationship is
seen in our models in which the larger-scale depressions have
De / Di ~ 0.07-0.14; this ratio could have been made even
lower simply by having a wider cavity array.

4.2 Detailed comparison with temporal development of
subsidence at the Dead Sea sinkhole area

We analysed data from repeated photogrammetry of 3 con-
secutive years of the sinkhole area of Ghor Al-Haditha, at
the eastern side of the Dead Sea (Fig. 1a and Al-Halbouni et
al., 2017). The datasets have been used to derive DSM differ-
ence maps between the consecutive years via GIS software.

Figure 10 shows the spatiotemporal evolution of recent
sinkhole formations and patterns of holes, drainage channels,
cracks and depression structures as observed in all cover ma-
terials in and around the main depression zone of the area
(see Figs. 1 and 2). In the relatively strong alluvial sandy-
gravel cover material (Fig. 10a), we observe a cluster of
rather deep and narrow sinkholes forming between 2014 and
2015. Small conical holes are precursors to the development
of larger conical sinkholes (I and II). A typical coalescence
and partial overprinting of large and small holes can be seen
at the lower right (III). The DSM difference in Fig. 10a de-
picts the new sinkholes and lateral sinkhole growth. We ob-
serve a small overall subsidence between the new sinkholes
but a rather stable surrounding.

Solid Earth, 10, 1219-1241, 2019

In the relatively weak clayey limestone carbonate material
(Fig. 10b), we observe the development of a cluster of typical
wide and shallow sinkholes formed between 2015 and 2016.
Similar to the alluvium, coalescence of individual holes into
larger ones as well as the alignment of a series of different
sized holes are observed. The development of new collapses
during 1 year in this material can either show possible pre-
cursory structures (IV) or not (V). The scarps are generally
not stable in time (VI) due to the weak material, as seen in
the DSM difference map. An overall wider-scale subsidence
of approximately 0.5 m£0.2m is observed in the mud and
between the sinkholes in the alluvium.

For qualitative comparison with our models, Fig. 11 shows
the profiles across the DSM and vertical surface displace-
ment for different stages of our models for weak and strong
overburden. Although a precise matching is not intended, we
clearly observe similar features in the modelled topographic
profiles in comparison to the ones of the sinkholes/depression
system at the Dead Sea. In weak material in the field, slight
subsidence at the early stage is visible, revealing the con-
tours of the future sinkhole (imprints), which were also ob-
served in the model. In strong material, early collapse sink-
holes may be a precursor for further large-scale collapses and
nesting, both in nature and in the models. Sinkhole develop-
ment is usually accompanied by fracturing at the margins of
the larger-scale depression (see Figs. 2, 5a, c and 11c). Large,
deep fractures occur in strong material, while small, shallow
fractures in the cohesive weak material (see also Holohan et
al., 2011). In general, the fractures indicate a widening of the
depression zone. Finally, because of the prescribed geometry
of the subrosion zone, which is expected to be more complex
in natural karst systems, and the limitation to 2-D modelling,
we cannot infer conclusions about the observed migration of
such sinkhole clusters in nature (Fig. 2).

4.3 Subsurface patterns of sinkhole clusters and
subrosion

From shear wave reflection seismics, zones with low reflec-
tivity and velocity inversion anomalies in the S-wave ve-
locity field are indicators for zones of material depletion or
faults (Wadas et al., 2016). In the central part of the sinkhole-
affected alluvial fan system at Ghor Al-Haditha, a deep-
seated (> 60 m depth) main subrosion zone based on the de-
termined top of a lacustrine mud layer has been identified by
comparison of shear wave reflection profiles with borehole
logs (Polom et al., 2018). In several profiles of that work,
shallower subrosion zones can also be identified, and a gen-
eral dip tendency of the deeper layers towards the NW is ob-
served, indicating a Gilbert-type alluvial fan foreset/topset
system. We picked a section of profile 1 (see Fig. 1) of Polom
et al. (2018) as an example, and we present an interpreted
version of the shallower part in Fig. 12a.

A layered system of alluvial fan sediments with stronger
reflections can be seen to the SW, while the central and NE

www.solid-earth.net/10/1219/2019/

83



Chapter5 : Publication 3 - DEM Modeling of sinkhole clusters and large-scale karstic depressions

D. Al-Halbouni et al.: Distinct element geomechanical modelling

Strong overburden (alluvium)

Early single
collapse sinkhole a2
R !

/ ooy

Emn ',/ 7
8 e
© 3 I
= 404 \
D < y p —A-A' 2014
406 £ I —A-A 2015
Deepening and nesting Az AN 2014-2015
o 0 10 20 30 " 40 50 60 70 80 90
Distance [m]
(C) _w Early single
E 5 collapse sinkhole
— = & cracks
O g o /
s ~c—21
O & -
S 5.3 N <
©-10 crack - Wa
® Lat Depression
£-15 sinl?h?)le X / widening
L 58 Deepening & nesting
=100 -75 -50 -25 0 25 50 75 100
X [m]
4
Stage: ‘ Early
AV [m3]: 60-200

1231

Weak overburden (mud)

4 —
. £
— 41 Early subsidence R
B / (imprints) , 5
= €
300 @ .E.::j 1 8
4‘00%_ % i %-
5008 S I L
© = 1o
o] b —B-B'2015 ,®
70.9 417 \ " . O
o 5 w Y Progressive J | BB =
s | deepening \YA -7 B-8' 20152016 2
“e 0 20 80, 100 120 140 160 180 2004
Distance [m]
(d) =0 I
£ Early subsidence (imprints)
€ 5
[}
5o
(&)
o5
2 /
AT . ‘\
8 Progressive
15 deepening = | Sinkhole
> 0 | conglomerations
TS0 -75 -50 -25 0 25 50 75 100
X [m]
—+=
Middle Late
S .
350-650 >1000

Figure 11. Topographic profiles data as indicated in Fig. 10 and corresponding models. Top row: topography and vertical displacement.
Figure 10 of (a) cross-section A—A’ from SW to NE in the alluvium and (b) cross-section B-B’ from W to E in the mud flat. Bottom row:
representative topographic profiles across final models for (¢) high-strength alluvium on mud and (d) low-strength lacustrine mud.

Fractured

Distance [m] sSwW
100 surface 300

500

Subrosion

— Destabil}z:e&;
(b ) 0 100 200

Stable l
400 500

Distance [m]300

Depth [m]

s

-

25

Shear wave interval velocity [ms™]

50 100 150 200 250 300 350 400 450 500

Figure 12. Subrosion-affected parts of shear wave reflection seis-
mic profile 1 at the sinkhole site of Ghor Al-Haditha. (a) Modified
and interpreted first 500 m of profile 1 after Polom et al. (2018).
(b) Shear wave interval velocity versus depth with marked very-
low- (VLVZs), low- (LVZs) and high-velocity zones (HVZs).

www.solid-earth.net/10/1219/2019/

84

parts, close to the main depression zone, are affected by
downsagging of up to several metres, by disturbed layers, and
by bowl- or cone-shaped features in the upper 50 m. Near-
surface uneven reflectors may indicate local fracturing of the
layers. Locally, more stable parts, i.e. stronger reflections, ex-
ist. This is comparable to the subsurface structure as found in
the final stages of the alluvium-on-mud model (Fig. 5a). The
stable blocks are especially clearly visible in the incremental
strain evolution plots (see Fig. 17 in Appendix A4). An in-
dication of a deepening subrosion zone can be inferred from
the change in the transparency of the reflectors.

Figure 12b shows the 2-D field of shear wave interval ve-
locities in depth of the same profile section. It was derived
after Dix (1955), based on the 2-D root mean square (rms)
mean velocity field in time resulting iteratively from inter-
active velocity analysis of the hyperbola move-outs for the
common midpoint (CMP) stacking procedure, which was
subsequently iteratively evaluated and optimised by migra-
tion velocity analysis. The velocity field reflects the gen-
eral survey situation of a relatively high velocity of 400—
425ms~! close to the surface caused by the road construc-
tion (asphalt surface over a compacted man-made gravel in-
fill) and reduced velocities of 300375 ms~! below for the
natural alluvial sediments. The lateral structure mainly cor-
relates with the structure image in Fig. 12a. Low-velocity
values of 275 ms~! down to approximately 100ms~! (light
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Figure 13. Conceptual model of sinkhole cluster and large-scale depression development. Several sinkholes of different stages, types and
varying subrosion depths are indicated in this sketch (centre — caprock sinkholes; left — suffosion sinkhole).

blue to blue zones) indicate either subsurface zones of true
low velocities due the specific lithologic formation, i.e. soft
sediments, or zones of disturbed formations where the shear
modulus is reduced due to mechanical stress of the formation
by disruptions, caused by an upward-propagating deforma-
tion process. Very low values below 100 ms~! may indicate
areas where the shear wave could not propagate the area by
a straight ray path and turned around it, e.g. in the case of a
cavity (Ggyn = 0) or a collapsed zone of very low shear mod-
ulus. In this case, the resulting elongated propagating paths
compared to the regular straight paths lead to zones of ap-
parently very low interval velocities of less than 100ms~',
partly close to zero, which are not realistic for true lithologic
units.

The decrease in apparent seismic shear wave velocity has
been attributed by Polom et al. (2018) to diminished grain
coupling (either by pore pressure effects or enhanced frac-
turing of the rocks) and to the influence of a high-velocity
surface layer (e.g. asphalt). The simulated apparent velocity
values of Sect. 3.2 lie in the range of the field estimates with
a strong reduction in the simulated mud layer during crack-
ing and collapse. We consider the presented simulation stage
of Fig. 9 as most appropriate to explain the observed shear
wave velocity reduction, which we interpret to be caused by
enhanced fracturing, i.e. crack density increase, porosity in-
crease and consequent modulus reduction in a deepening dif-
ferential subrosion zone. As such, our final model qualita-
tively and quantitatively aids the interpretation of the sub-
surface geophysical patterns for the material combination as
found at the Ghor Al-Haditha field site.

A conceptual model in Fig. 13 summarises the main find-
ings of this study and how they relate to the complex,
dynamic karst systems in nature. A large-scale depression
builds up due to distributed material removal in the under-
ground by subrosion in a karstic drainage network. Nested
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and/or clustered sinkholes may appear with relatively sta-
ble blocks in between. Lateral material heterogeneities may
cause different sinkhole morphologies and surface expres-
sions of cracks/fractures that surround the large-scale de-
pression. Depending on the material strength, large-scale de-
pressions may build up either by sagging, block-wise brit-
tle failure, lateral widening or coalescence of sinkholes. The
subsurface shows strong layering disturbances and porosity
and modulus changes leading to a low seismic velocity zone
(LVZ). The pre-collapse principal stress system is divided
into individual stress arches due to the differential subrosion
pattern. Water infiltration generally may cause additional su-
perficial dissolution structures.

5 Summary and conclusions

In this study, we presented a physically realistic 2-D dis-
tinct element numerical modelling approach to simulate the
growth of a system (array) of karstic cavities with the subse-
quent formation by subsidence of multiple (clustered) sink-
holes within a larger-scale (uvala-like) depression. Two end-
member growth scenarios of the multiple cavity array were
tested with the following main outcomes:

1. Cavity growth at the same depth level and growth rate
yields a stable compression arch around the entire cav-
ity array. This scenario hinders individual sinkhole col-
lapses but favours a simple block-wise subsidence span-
ning the whole cavity array.

2. Cavity growth at progressively deepening levels with
varying growth rates is characterised by a heteroge-
neous, interacting stress pattern in the cavity array and
overburden. This scenario favours the more complex
formation by subsidence of individual sinkholes and
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sinkhole clusters within a larger-scale, gentler (uvala-
like) depression.

The influences of geomechanical variation in growth sce-
nario (2) were further investigated by simulating four differ-
ent layered combinations of low- and high-strength materials
representing the cavity-hosting medium and its overburden.
The model results were also compared with surface mor-
phologies from remote sensing and with subsurface struc-
tures from geophysical studies at the active sinkhole forma-
tion area near Ghor Al-Haditha at the Dead Sea. We found
that

— For models with a weak cavity-hosting material, cavi-
ties remain small throughout, and wide-scale deforma-
tion in the cavity-hosting material and the overburden
is promoted. This leads to development of a large-scale
depression formed by subsidence that is structurally dis-
tinct from the individual sinkholes and is geometrically
linked to the cavity array as a whole.

For models with a strong cavity-hosting material, large
cavities can develop before the overburden collapses
into them and wider-scale deformation is inhibited.
Consequently, a larger-scale depression forms in this
case mainly by coalescence of sinkholes.

Deepening of the differentially growing cavity array
in model scenario (2) leads to sinkholes forming syn-
chronously with, or just before, the development of a
larger-scale synclinal depression. This order of appear-
ance of sinkholes relative to the larger-scale depression
is observed at the Ghor Al-Haditha sinkhole area. The
modelling condition of deepening cavity growth is rep-
resentative of a base-level fall, the main hydrogeologi-
cal boundary condition occurring at the Dead Sea shore-
line.
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— Morphometric relations (depths and diameters) for both
sinkholes and large-scale depressions as observed in na-
ture are successfully reproduced in the models.

Subsurface structures and calculated shear wave veloc-
ities match to a high degree those inferred from field
estimations in shear wave seismic data. A low seismic
velocity zone (100-275ms~!) is imaged and simulated,
compatible with the existence of a deepening subrosion
zone at the Ghor Al-Haditha field site.

Finally, we conclude that the presented numerical modelling
approach of multiple cavity growth has proven to be success-
fully applicable to sinkhole—depression systems and that it
provides a basis for enhanced geomechanical understanding
of karst development and hazard assessment.

Data availability. A full set of metadata is available upon request.
For photogrammetric surveys, raw images, DSMs and orthophotos
are available upon consultation with the authors. For DEM models,
data and results are available upon request.
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Appendix A: Numerical simulation of multiple void
spaces with DEM

Al Cavity growth implementation

The cavity growth function, f (i), which relates the initial
removed area Ag to the area increment to be removed A;
(Al-Halbouni et al., 2018), has been updated to account for
multiple voids that can start and stop growing at defined in-
tervals (i, imax)- The function hence depends on each single
void of index j and the formula becomes

A= fj(i,) Ao, i € [io, imax]- (AD)

The linear void space growth function relating initial void
space area with the removed area at further intervals stands as
an approximation for real fracture or void growth by physio-
chemical processes in karst aquifers. Pure chemical dissolu-
tion of limestone or gypsum versus fracture widening shows
a linear behaviour as long as the concentration of the under-
saturated incoming fluid is lower than 90 % of the equilib-
rium concentration for that mineral (Dreybrodt et al., 2005;
Kaufmann and Dreybrodt, 2007; Romanov et al., 2010).

A2 Optimal model development

For finding the optimal model, we generally define five indi-
vidual semi-elliptical voids with a distance of 25-40 m from
each other. They belong to one of three initial size groups and
one of three void space growth function classes. Initial areas
of set 1 (small) are Ag,| =2.7-6 m> and linear eccentricity
e; = 1.7-2.2 of set 2 (mid-sized) Ap, = 10-14m?> and e; =
3.5-4.0 and of set 3 (big) Ap3 =24.5 m3 and ez = 5-5.5.
Material removal of set A (slow) has an incremental func-
tion of fj—1 (i) = 1.0/, set B (mid-speed) fj=2 (i) = 1.05-
1.075' and set C (fast) f;—3 (i) = 1.1'. The subrosion zone
is defined in different depth below the surface: set I (shal-
low) is for 20 m depth, set II (middle) for 30 m depth, set III
(mid-depth) for 40 m depth, set IV (deep) for 50 m depth and
set V (very deep) for 60 m depth. Representative of different
material combinations, all results of the tests are shown in
Fig. 14 for the alluvium-on-mud layer setup. The following
table summarises the different tested void space setups. The
results for the final model are shown in Sect. 3.

Constant void space growth (test scenario 1). Figure 14a
shows the evolution of a growing void space system of five
voids of set A until surface collapse for multiple layers of
alluvium and mud. It shows cracks at the margins of the col-
lapse zone and gradual sinking of a whole block. Individual
smaller-scale sinkholes do not form. See the main text of the
paper for the description of the results for this test scenario.

Constant void space growth with shallower inner voids.
Figure 14b shows the evolution of a growing void space sys-
tem of five voids of set A with two inner voids 10 m higher
than the others. It shows cracks at the margins of the collapse
zone and gradual sinking of the whole block but with a divi-
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sion of the block into segments. Real individual smaller-scale
sinkholes do not form but are only an effect of the segmenta-
tion by the higher-lying voids.

Constant void space growth with shallower outer voids.
Figure 14c shows the evolution of a growing void space sys-
tem of five voids of set A with the two outer voids 10m
higher than the others. It shows cracks at the margins of the
collapse zone and gradual sinking of the whole block and
toppled blocks at the margins. Real individual smaller-scale
sinkholes do not form — only a large and rather flat depres-
sion.

Accelerating growth of outer voids. Figure 14d shows the
evolution of a growing void space system of three inner voids
of set A with the two outer voids of set B, which leads effec-
tively to an accelerated growth of the outer voids. We observe
cracks and toppled blocks at the margins of the collapse zone,
a gradual sinking of the whole block and first individual but
very large sinkholes. The deepest part of the depression is
one of the sinkholes. The convex-shaped bending of the mid-
dle part is not observed in our field study.

Differential growth with same initial areas. Figure 14e
shows the evolution of a growing void space system of the
two outer voids of set A, the two inner voids of set B and
the central void of set C, effectively an accelerating growth
for the inner voids. We find cracks and toppled blocks at the
margins of the collapse zone, a gradual sinking of the whole
block. A large-scale, more steep-sided depression forms.

Constant growth with variable initial areas. In Fig. 14f,
the same effect as in the previous model can be produced by
larger initial areas of the inner void spaces, with the largest
material removal zone in the centre. The growth rate is con-
stant for each individual void space leading but the initial
sizes differ. Here, we produce a compression ridge at the cen-
tre of the depression zone.

Differential void space growth with variable initial areas.
In Fig. 14g, a combination of a larger starting area with the
fastest growing rate in the centre as in Fig. 14e and f is used
to achieve an accelerating differential void space growth. We
can see the same effect as in the previous models but with a
first formation of a small-scale sinkhole in the centre of the
depression.

Deepening differential void space growth (test scenario 2).
Figure 14h is a pre-final model accounting for the base-level
fall affecting the subrosion zone depth. A combination of a
larger starting area and deepening from levels I (20 m) to III
(40m) to V (60 m) is implemented, halting the previous sub-
rosion when the new one is activated. We can see already
complex structure of individual nested sinkholes in a large-
scale depression. This process is refined for the final model
shown in Fig. 14i, using a more complex combination and
intermediate steps of subrosion zone deepening from levels
I to IV. This leads to clearer development of multiple nested
sinkholes that subside into a large depression zone the deeper
the subrosion zone lies. See the main text of the paper for a
detailed description of the outcomes of this test scenario.
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Figure A1l. The influence of void space geometry (sizes and positions) and material removal speed in an alluvium-on-mud layered system.
These simulations (a)—(i) are essential to determine, step by step, the optimal model setup to achieve multiple sinkhole collapses in a large
depression zone. Shown are only the core zones of the models at different stages of removed volume indicated above each plot. Note the
slightly different size of plots (h, i) in order to account for the widening and deepening subrosion zone. For simplicity, no passive markers
are applied in these images.
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Table Al. Tested sets of void spaces for the DEM models. All of them were applied to the material settings common at the Dead Sea
shoreline. The model set combination is given in the terminology: initial area set/void space growth class/subrosion depth set. So, e.g. 1/A/I

would stand for small-sized, shallow-seated void spaces growing at a constant rate.

Removal  A:all B: three C: two D: two E: all F: all G: all voids H: deepening I: final model:
zone voids inner outer outer voids voids voids differential deepening
(void the same  voids voids voids differential ~ same growth rate growth rate differential
space)/ (Ap,2) shallower shallower accelerating  but same but variable  and variable and variable growth rate
model (Ap,2) (Ap2) growth initial areas  initial areas  initial areas initial areas and variable
set name (Ao,2) (Ao,2) (Ap2,40,3)  (Ao,1,402,403) (Ao,1,40,2,A0,3) initial areas
(Ag,1, 40,2, A0,3)
Central 2/A/MI 2/A/MT 2/AMI 2/A/MI 2/C/MI 3/A/M 3/C/I 1: 3/CN 1:3/CN
Central 2: 3/C/I 2: 3/C/ML
3:3/CIV 3: 3/C/MIL
4: 3/C/TV
Two 2/A/MI 2/A/M 2/A/MI 2/A/MI 2/B/MI 2/A/MI 2/B/MIL 1: 2/B/ 1: 2/B/
Inner 2: 2/B/I 2:2/B/M
3: 2/B/IV 3: 2/B/II
4: 2/B/IV
Two 2/AMI 2/AMI 2/AM 2/B/MIL 2/A/MIT 1/A/I 1/A/II 1: /A1 1: /A1
Outer 2: 1/A/MI 2: 1/A/M
3: 1/AIV 3: 1/A/I
4: 1/ANMV

A3 Principal stresses in a multiple void space system

Figures 15 and 16 show the developed maximum o7 and
minimum and o3 compressive stress for the constant subro-
sion versus differential subrosion setups (scenarios 1 and 2)
and two different material combinations. A large compres-
sion arch spanning the cavity array develops in scenario (1)
but is more fragmented in scenario (2). For the weak overbur-
den, rather individual stabilising compressive arches build up
in the strong interlayer and hardly translate upward. The min-
imum compressive stress plots for both setups show similar
behaviour. Tensile stresses are recorded near the surface for
strong overburden material. In contrast, the strong interlayer
beneath the weak material leads to strong tensile stresses
lined up at the edges of the cavities with spalling phenomena
for both subrosion schemes. This line is centrally broken in
the differential subrosion scheme. Shear stress observations
are discussed in Sect. 3.1.

A4 Incremental shear strain evolution

Figure 17 shows the incremental shear strain evolution for
all simulated material combinations for the differential deep-
ening subrosion scenario (2). The different mechanical re-
sponse to material removal in the subsurface is nicely illus-
trated by these images. Strong strain localisation occurs in all
models in the material removal zones, at the boundaries of
the depressions and at the margins of formed fractures. The
continuous evolution of cracks into long fractures is nicely
imaged as well.

Solid Earth, 10, 1219-1241, 2019

A5 Maximum shear stress evolution

Figure 17 shows the maximum shear stress evolution for all
simulated material combinations for the differential deepen-
ing subrosion scenario (2). The stress is best imaged prior to
collapse, i.e. the snapshots refer to unstable moments except
for the strong cavity-hosting material. Localised and frag-
mented stress patterns can be observed in all models, with
maxima for the mechanically strong overburden and cavity-
hosting materials (salt and alluvium) and delamination pat-
terns due to the modulus contrasts.
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(a) Constant cavity (b) Differential cavity
growth growth
Alluvium on Lacustrine mud Alluvium on Lacustrine mud
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Figure A2. Maximum principal stress around void spaces for (a) constant and (b) differential cavity growth scenarios models. Chosen are
two material combinations where the subrosion-affected layer differs in strength: alluvium-on-mud multilayer and mud-on-salt/alluvium

succession. Shown are critical stages after void space installation followed by or exactly during overburden collapse for the same particle
assembly. The removed volume [m3 ] is shown above the plots.

(a) Constant cavity (b) Differential cavity
growth growth
Alluvium on Lacustrine mud Alluvium on Lacustrine mud
lacustrine mud on salt/alluvium lacustrine mud on salt/alluvium
AV=217.29 AV=271.61 AV=197.65 AV=272.10
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Figure A3. Minimum principal stress around void spaces for (a) constant and (b) differential cavity growth scenarios models. Chosen are
two material combinations where the subrosion-affected layer differs in strength: alluvium-on-mud multilayer and mud-on-salt/alluvium

succession. Shown are critical stages after void space installation followed by or exactly during overburden collapse for the same particle
assembly. The removed volume [m3] is shown above the plots.
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Figure A4. Incremental shear strain evolution in between the simulation stages for four different material combinations common at the
Dead Sea shoreline. Strong overburden: (a) alluvium/mud succession and (b) salt-on-mud/alluvium succession. Weak overburden: (c) pure
lacustrine mud and (d) mud-on-salt/alluvium succession. The plots refer to the difference of maximum strains between two simulation stages
indicated to the left. Refer to Fig. 5 for individual stages. Note that passive marker layers are applied to highlight structural features.
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Figure AS. Maximum shear stress evolution for four different material combinations common at the Dead Sea shoreline. Strong overbur-
den: (a) alluvium/mud succession and (b) salt-on-mud/alluvium succession. Weak overburden: (c¢) pure lacustrine mud and (d) mud-on-
salt/alluvium succession. Note that snapshots show unstable stages before cavity collapse except partly for salt-cavity-hosting material.
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CHAPTER 6

Summary and discussion of major findings

Complementary methods consisting of satellite image analysis, photogrammetry and distinct ele-
ment modelling provided important constraints for a more concise picture of subsidence and rock
failure in areas of distributed subrosion and dissolution. In this chapter, answers to the overall re-
search questions (1-4) are provided. I focus the discussion on causal relationships and theoretical,
conceptional aspects, as a general comparison and literature review is discussed extensively in my
papers in the previous chapters. My discussion integrates the findings of individual papers and
covers the broader view of the studies integrated in the PhD thesis.

6.1 Spatio-temporal development and morphometrics of sinkholes and
ground features in an active karst area

Detailed information about sinkhole and other ground feature development in the study area of
Ghor Al-Haditha has been derived by a photogrammetric survey conducted in 2014 (Chap. 3).
A 0.45km? sized, sinusoidal main depression, bound partly by non-tectonic faults, and orientated
NNW with a shift to NE at the mud/alluvium contact, has been identified at the field site. It
contains 85 % of the 300 sinkholes in the studied area. From GIS analysis, the minimum volume
loss of the surveyed area has been estimated to 2.5¢% m? in 25 years, leading to an average subsidence
rate of 0.21m yr~!. The minimum erosion rate lies at 16-40mm yr—!, comparable to results for
other salt dominated terrains (Mottershead et al., 2007, 2008; Bruthans et al., 2008). Important
morphological features have been derived: The morphology of sinkholes in the depression area is
related to the type of the overburden material they formed in. In mud, wide and shallow sinkholes
develop with low depth to diameter values (0.14), in alluvium, deep and narrow sinkholes develop
(0.4). Overall, sinkholes are basically elliptical with eccentricities of 1.31 and strike of the long-axis
between NNW-N for alluvium and NNE-NE for mud, and significantly clustered with a nearest
neighbour ratio of 0.69. Mixtures of the morphological endmembers mentioned in Chap. 1.2 exist
at the field site.

From field work and analysis of satellite images and orthophotos, evidence of the background driv-
ing hydro(geo)logical process could be derived. A conceptual model summarizing these findings,
main sinkhole types and the general formation processes is sketched in Fig. 6.1. Actively evolving,
partly artesian springs, and channelized, highly mobile, sediment-laden groundwater flows form
at the contact between the mud and alluvium sequences, sketched as a simplified layered alluvial
fan system in Fig. 6.1A-C. The evaporite rich Dead Sea mud hereby acts as an aquitard, locally
penetrated by solution-driven water channels, which dynamically form new canyon and subsurface
channel systems. These conduits in the soluble/erodible material are schematically indicated as
ellipses in Fig. 6.1. Consequently, sinkhole formation and subsidence at Ghor Al-Haditha is re-
lated to karstification by both chemical dissolution and mechanical subrosion along a channelized
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subterranean flow network in interbedded evaporite and mud/alluvium deposits.
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Figure 6.1: Generic model of karst landform development with focus on sinkholes and
large-scale depression formation. Indicated are typical surface and subsurface features and
the principal stress system. (A) cover suffosion or dropout sinkhole endmember. (B) cover
or caprock collapse sinkhole endmember. (C) large depression formation with mixtures of
multiple and nested sinkholes and indications of precursory structures.

From analysis of repeated DSMs (Chap. 5), little or no subsidence or crack formation is observed
before a collapse in strong materials. Rather often precursory small holes grow with time. In the
weak cover material, small subsidence may indicate a subrosion in depth. This development and
growth of individual sinkholes is highlighted in Fig. 6.1A and B. With further development, multiple
nested and coalesced sinkholes in large depression zones bound by deep cracks form in all materials
(Fig. 6.1C), characteristic for a mature karst system. Remote sensing images covering the last 50
years of a larger part of the study area (25m?) have been analysed recently (Watson et al., 2019).
Highlight is the appearance order in the evolution of sinkholes and depressions: Individual sinkholes
often appear before or at the same time as cracks around major depression zones. While the
large-scale depression-zone deepens, sinkhole clusters and alignments form, building aggregations,
indicated by the overall subsidence in Fig. 6.1C. These depressions show generally De/Di ratios
of one order of magnitude lower than for sinkholes. The extended study in Watson et al. (2019),
also emphasizes the role of the base-level fall in the formation of the sinkhole and stream channel
system. Our remote sensing studies of the sinkhole area hence provide essential findings about the
background driving processes and local conditions as well as morphological characteristics which
build the basis for our numerical modelling.

6.2 A distinct element modelling approach to simulate large-scale ground
subsidence

A novel, 2D distinct element modelling approach with the software PFC2D-V5 to simulating indi-
vidual and multiple cavity growth and sinkhole/depression formation has been developed (Chapters
4 and 5). The approach uses a stepwise material removal technique in void spaces of arbitrarily
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shaped geometries under gravitational loading, simulating a network of subsurface groundwater
conduits growing by chemical/mechanical erosion. Such a network is sketched in Fig. 6.1C. A
feedback loop between material removal and mechanical failure of the material with porosity in-
crease develops. The approach has been benchmarked successfully by analytical and boundary
element method solutions for a growing circular cavity. For application to the Dead Sea sinkhole
phenomenon, simulated compression and tension tests have been used to derive realistic bulk rock
properties from microscopic bond-strength parameters and moduli. Tests yielded relatively low bulk
strength values for lacustrine mud (UCS & 0.06-0.25 MPa), middle values for alluvial sandy-gravel
sediments (UCS =~ 0.53-0.92 MPa) and high values for lacustrine salt(UCS ~ 1.23-1.54 MPa).

Morphological data derived from photogrammetry at the karst area of Ghor Al-Haditha are, both
qualitatively and quantitatively, in close agreement with numerical modelling results. The DEM
approach produces physically realistic sinkhole shapes, and successfully reproduces typically mea-
sured sinkhole and depression De/Di ratios for the Dead Sea materials, also comparable with other
studies and regions (see discussion in Chap. 3). Vertical displacement profiles across the surface
of either individual sinkholes or large-scale depressions with nested sinkhole clusters are in close
agreement to field results. The field distribution appears to be related to evolution stages of the
sinkholes between early and late stage collapses. With continuous material removal, future devel-
opments may be anticipated: Large basins may develop, with a flat bottom for weak material and
a scattered ground for strong materials.

The developed DEM approach has therefore been successfully benchmarked and calibrated to ad-
dress the simulation of collapse processes and the evolution of (sub)surface features. The detailed
mechanical characteristics of such process are discussed in the following.

6.3 Mechanical development of sinkhole clusters and depressions

The most important result of the modelling study (Chapters 4 and 5) is that cavity and sink-
hole/depression evolution are controlled by:

o material strength of the overburden and cavity host material,
e the depth and relative speed of the cavity growth process,
« and the developed stress pattern in the subrosion zone and near the surface.

In the summarizing Fig. 6.1 these aspects are indicated in a simplified way: Different overburden
and host materials stand for variable mechanical parameters and produce different morphological
features; a deepening differential subrosion zone (indicated by channels of variable elliptic shape)
and the stress systems at depth and at the surface are sketched. It is important to mention that
these controlling factors are not independent from each other, and their relation is discussed under
the aspect of the mechanical development of karstic features. Major findings hereby include:

1. Low-strength materials do not support large cavities in the material removal zone, and subsi-
dence is characterised by gradual sagging into the material removal zone and lateral widening,
both for sinkholes and large-scale depressions, as sketched in Fig. 6.1A and C (left and right
part). Synclinal bending structures develop and the margins show gentle slopes for low
strength overburden and fractures for high strength overburden. The material behaviour is
brittle-ductile.
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2. High-strength materials support large cavity formation, leading to sinkhole formation by
sudden collapse of the overburden, as sketched in Fig. 6.1B and C (central part). The
margins of sinkholes and depression in high strength overburden are steep due to fracturing
and can be partly overhanging. Large-scale depression formation happens by coalescence of
holes if high strength material is covered by low strength material. The material behaviour
is brittle.

3. A constant subrosion in a multiple cavity array yields a stable compression stress arch span-
ning over the whole subrosion zone. It hinders sinkhole collapse into individual cavities and
favours block-wise large-scale subsidence.

4. A deepening differential subrosion, highlighted in Fig. 6.1C, yields a more fragmented stress
pattern. Local stress interaction around individual cavities generates more stress peaks that
lead to cracks that destabilize the subground. This favours multiple sinkhole collapses by
shear and tensile failure and nesting within large-scale depressions.

5. The inclusion of weak layers in multilayer models results generally in earlier sinkhole develop-
ment, i.e. less amounts of removed volume at depth are needed for a collapse in comparison
to the case of uniform model material. This is related to both integrated weakening and
geometrical destabilisation of the overburden.

6. A strong interlayer leads to stabilizing individual compressive stress arches and focussing
shear stresses near the edges of the cavities, with subsequent spalling, a typical phenomenon
observed e.g. in boreholes, mines or tunnels (Karatela et al., 2016; Zang and Stephansson,
2010; Potyondy and Cundall, 2004).

Cavities can further be destabilized and grow in a feedback mechanism. Such feedback mechanism
depends on all mentioned controlling aspects: material strength and distribution, depth and relative
speed of the cavity growth and stress pattern development. The DEM method hereby proved to
be explicitly suitable to investigate the influence of each aspect and their relation, due to the
intrinsic spontaneous crack and void space formation based on particle bond failure. Although the
mechanical aspects of collapse processes are well described and simulated with the presented DEM
approach, further complexities may be introduced due to e.g. lateral material variations or thinly
layered systems, which resemble more heterogeneous materials in nature (see Chap. 7).

6.4 Relation of the sinkhole formation process to geophysical parameters
of the subsurface

Generic tracking of geodetic and geophysical parameters has been implemented successfully in the
DEM approach, such as porosity, stress, strain, surface displacement and microseismicity. The
latter is described more in detail for synthetic examples in the following Chap. 7 and in Appendix

A.

Porosity tracking, simulated rock testing and crack density is used to derive apparent elastic moduli
and shear wave velocities comparable to field survey results from Polom et al. (2018) at the Ghor Al-
Haditha sinkhole site. Reflection seismics with a shear wave vibrator and landstreamer device were
performed there between 2014 - 2016. The seismic study from Polom et al. (2018) nicely revealed
the geologic structures of intercalated, dipping alluvial fan and mud-flat sediment layers. The 30-
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60 m deep lying mud and alluvium layers show hereby a reduced apparent shear wave velocity of <
275m/s, while more stable parts at the surface have higher values. Such a low-velocity layer is also
indicated in Fig. 6.1C. The propagation of shear wave velocities depends on grain size coupling.
After Polom et al. (2018) velocity reduction can occur due to different reasons: (1) Diminished
grain size coupling due to less cementation or pore-pressure increase, (2) High-velocity layers at the
surface (e.g. asphalt roads) and (3) mechanical damage of the subsurface material. The effect of
(2) is documented for parts of the survey area in Polom et al. (2018). However, it does not explain
the larger scale reduction in areas without a high-velocity top layer. The favoured explanation for
the sinkhole area of Ghor Al-Haditha is (3), shear wave velocity reduction related to fracturing of
the rock mass, as also the numerical simulations with DEM in Chap. 5 support this hypothesis.
Both simulated and well-calibrated material types, alluvium and mud, are affected by cracking and
void space formation, which leads to enhanced porosities and reduced seismic velocities of the same
order like derived from field data. The effects of this subrosion process can be seen in the seismic
profiles of Polom et al. (2018), where subsurface features like depressions, bowl-shaped zones and
areas of low reflectivity are documented. However, the effect of the pore-pressure increase with
depth has not been tested in our mechanical models and should be addressed in future work (see

Chap. 7).

Supportive results from related geophysical studies

For sinkhole sites along the western shore of the Dead Sea, seismic refraction, surface-wave disper-
sion, electric and electromagnetic methods as well as borehole drillings revealed a complex setting
of a thick Holocene salt layer in a system of sandy-gravel aquifer and Dead Sea mud deposits, and
the existence of faults, buried sinkholes, void spaces and synforms at the salt layer edge (Ezersky
and Livne, 2013; Ezersky et al., 2013; Ezersky and Frumkin, 2017; Ezersky et al., 2017; Frumkin
et al., 2011). At our study area on the eastern side of the Dead Sea, however, neither such a
thick salt layer, nor the existence of tectonics related fault zones are found by the detailed shear
wave reflection survey from Polom et al. (2018). Moreover, recent near-surface geophysics in the
area support our findings of a deepening subrosion system in poorly cemented sediments and are
presented in the following.

Fig. 6.2A shows an interesting and important anomaly that was found in an old, coloured satellite
image (see Chap. 3). Vegetation and water is coloured by red and at the indicated location, a
former surface channel fork is observed in 1970. In 2016, a profile with shear wave reflection was
conducted along the main road on the eastern boundary of the sinkhole area, crossing the marked
anomaly. The preliminary analysis of the seismic data of the profile, based on the same technique
from Polom et al. (2018), is presented in Fig. 6.2B. The interpretation in part C of the figure reveals
the structure of a deepening channel system, an important finding as in 1970 the water was still
flowing superficially. Nowadays, the water follows subsurface channels as indicated in Fig. 6.1C,
and creates the deepening subrosion zone in weak materials due to groundwater flow, with the
subsequent consequences of sinkhole formation within large-scale depressions that develop above
such dynamic channel system.
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Figure 6.2: Water conduit anomaly in aerial photos and seismics. (A) highlights the
former surface channel fork on a coloured Corona satellite image from 1970 (resolution of
1.8 m px~!). Water content and vegetation appears in reddish color (see Chap. 3). (B) shear
wave reflection seismics profile 6 and its preliminary interpretation after analysis performed
like in Polom et al. (2018) and Wadas et al. (2016). A deepening channel system can be
recognized in the central part.

Technically, water-bearing layers and flow patterns, both horizontal and vertical movement on
different scales can be resolved by electromagnetic (Jackisch et al., 2017) and electric methods
(Jardani et al., 2007; Kaufmann and Romanov, 2016). Variations of resistivity or electromagnetic
wave velocity derived from ERT and ground penetrating radar (GPR), respectively, are often
related to complex porosity and water saturation distribution in the underground (Billi et al.,
2016; Ezersky, 2008; Kaufmann, 2014; Sevil et al., 2017).

Exemplary application of ERT and SP, performed during fieldwork in 2018 near the main canyon
system of the field site, is shown in Fig. 6.3. The canyon developed by retrogressive, upslope erosion
and connected several sinkholes (Watson et al., 2019). These recent electric measurements revealed
an extremely low resistivity layer (interpreted as salty mud) beneath resistive alluvial gravel and
sand cover (Fig. 6.3B). These data also highlight low resistivity areas of possible groundwater flow
connected to the spring system. Complementary results are achieved from a 2D SP array with
local, strong negative potentials indicating sub-horizontal groundwater flow in the upslope part of
the canyon mouth (Fig. 6.3A, cf. e.g. Jardani et al., 2007; Revil, 2005; Richards et al., 2010).
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Figure 6.3: Electric resistivity tomography and self-potential at the main spring area CM5.
(A) Pleiades satellite image from April 2018 of the still-evolving head of the 'main channel’
CM5 showing the profile location and the SP array results acquired by unpolarizable Ag-
AgCl electrodes. The error on SP data has been estimated by repeated measurements to
4.5%. Circles indicate water sampling points. (B) electric resistivity distribution along the
profile achieved by inversion of apparent resistivities. A Wenner spread of steel electrodes,
the Lippmann ERT device "4point light 10W’ (Grinat et al., 2010) and the software Geotomo
Res2DInv (Loke and Dahlin, 2002) were used. The RMS is 4.4 % after 8 iterations.

Overall, all methods of this work yield complementary findings on the detailed development of
an active karst system. The deepening subrosion related to preferential low paths in an interca-
lated alluvial fan/mud-flat system creates void spaces, subsurface conduits and subsequently leads
to hazardous subsidence, and sinkholes within large-scale depressions. The versatilely applicable
DEM based numerical modelling approach presented in this thesis is suitable to simulate such col-
lapse processes under different background conditions and resulted in a deeper understanding of
the mechanical system of subsidence related phenomena. It gives an important link to measurable
geodetic and geophysical parameters. In simple terms, the existence of multiple void spaces, their
deepening and variable growing speed, lead to destabilization of the subground. This is character-
istic for a system with base-level fall, such as observed at the Dead Sea shoreline, but also for other
karst areas.
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CHAPTER 7

Perspectives

A key question that remains, is to identify and quantify the links between the time dependent
natural hazards of sinkhole and subsidence formation to collapse triggering mechanism. Such po-
tential triggers are for example earthquakes, natural or man-made changes in the groundwater flow,
hydraulic transients in fault zones, flash floods related to strong meteorological events and com-
binations of these. Here, the perspective of a combined, interdisciplinary approach of geophysical
methods and numerical modelling to improve the understanding of the time-dependent small-scale
formation mechanism, the interplay of the mentioned triggering processes and the relevance for
accurate hazard assessment and early warning potential is discussed.

7.1 Advanced modelling

Improvements of DEM based numerical modelling techniques are possible in regards of several
terms. Further ideas and directions that are important for a model scenario based geodetic and
geophysical monitoring system, are elaborated in the following.

Firstly, although bulk rock parameters are well calibrated for the application of our DEM approach
to materials common at the Dead Sea, rocks and sediments are heterogeneous in nature. Especially
the former Dead Sea lakebed consists of a mud/salt-flat, a layered mixture of clay and silt minerals
with evaporites like gypsum, calcite and halite. In the simulations, this has been simply represented
by the material mud, with an implemented bond healing procedure accounting for the brittle-ductile
mud behaviour. For future work, the material composition of mud could be adjusted to thin
alternating layers between a strong and weak compound. Also, a different, non-linear particle
contact scheme (e.g. hysteretic contact model, cf. Itasca Cooperation Group, 2014) could be
used for the purpose of simulating viscoelastic rheology, as done successfully in sinkhole formation
simulations with FEM (Shalev and Lyakhovsky, 2012; Baer et al., 2018). More complex model
setups with lateral material variation, pre-fracturing or fault inclusion have also not been scope
of this work. Particularly, DEM is able to simulate the deformation patterns in fault systems
(Schopfer et al., 2007a,b), using a different particle-bonding scheme (e.g. smooth or flat joints, cf.
Itasca Cooperation Group, 2014).

Secondly, such faults are however often the nucleation points where dissolution and material removal
in the underground start, as a result of fluid movement. For more realistic simulation of the material
removal process in karst, it is possible to include dissolution kinetics and fluid mechanics more
thoroughly (for calcite see e.g. Kaufmann and Dreybrodt, 2007). In FEM based studies, coupled
chemo-mechanical modelling has been investigated by Khadka and Hu (2019), while pure chemical
dissolution in karst has been addressed by e.g. Kaufmann et al. (2012). Mechanically, drag-forces
on particles due to fluid movement or pore-fuid pressure effects have a strong impact on the stress
limits in the system before rock failure. Both could be simulated by external forces purely by DEM
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(Yoon et al., 2015; Ghani et al., 2013). But this is computationally intensive! and, additionally,
correct boundary conditions for simulated flow are needed. For the latter, FEM could be used
for the extended model domain, and DEM could be limited to the fracturing affected model core,
effectively reducing the computation costs. These costs are the main reason why an early-warning
aspect is currently not possible with pure DEM modelling. The coupling of FEM with DEM, so
called hybrid FDEM modelling (Lisjak and Grasselli, 2014), e.g. the codes FLAC and PFC-V6
from Itasca, could serve as the basis for this purpose.

Thirdly, simulation of fluid flow in rocks may lead to a completely new aspect in DEM modelling,
the consideration of the electric double layer (Grahame, 1947). Simulation of electric potential
differences have been successfully applied to small-scale swelling clay phenomena (Anandarajah and
Amarasinghe, 2012), but not yet on large-scale rock and flow systems. Technically, if electrokinetic
forces between the particles are considered and thoroughly added, the proposed coupled FEM-DEM
modelling would also be able to simulate electric potential differences.

Forthly, micro earthquakes can occur related to fracturing, collapses and material movement in
the underground (Dahm et al., 2011; Kinscher et al., 2014; Wust-Bloch and Joswig, 2006; Abelson
et al., 2018). In DEM, breakage of bonds between particles lead to crack formation. Acoustic
emission/microseismicity and moment tensor calculation based on the forces and displacements
during cracking have been provided for PFC2D and 3D by Hazzard and Young (2002, 2004) and
Hazzard (2014). The physics behind the implementation is explained in Appendix A.1. As an
example, Fig. 7.1 shows the cumulative microseismicity at final collapse stage. They are recorded
for several material combinations in the complex deepening differential subrosion scheme presented
in Chap. 5.

The events are coloured by simulation time (cycles). Their size relate to the moment magnitude.
Most of the events appear closely spaced around the defined subrosion zones or relate to crack and
fracture zone growth at the surface. Larger events appear mainly in the horizon between 20 and
30m. Different stages of subsurface cavity growth and fracture propagation can be imaged by this
way. A different pattern of event distribution is also visible for weak (Fig. 7.1A-C) and strong
cavity host material (Fig. 7.1D). The latter is affected by fracturing beside the active subrosion
zone.

'For pure DEM simulations using the developed approach, depending on which parameters are tracked, the time
needed for computation on an up to date workspace computer to produce a well-developed mature collapse structure
is 2-5 weeks, for one model assembly only.
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Figure 7.1: Cumulative microseismicity coloured by time for simulations of four material
setups common at the Dead Sea with the multiple cavity growth scenario by deepening
differential subrosion. Note that transparent background represents post-collapse layers at
the final stage of the model. Star size represents magnitudes and reference magnitude is
indicated. Setup are (A) Alluvium on mud, (B) lacustrine salt on mud, (C) pure lacustrine
mud and (D) lacustrine mud on salt and alluvium.

In the following, the potential of this microseismicity and strain recording procedure is highlighted
for future analysis and comparison with real data during fracturing and collapse processes on large
scales. An exemplarily tracked simulation of a single void growth starting in 30 m depth and
subsequent sinkhole collapse in an alluvium on mud multilayer model is presented in Fig. 7.2. A
focus is given on stresses, microseismicity, extensometer strains and marker particle displacement.
Their locations are indicated in Fig. 7.2A. We observe that both compressive and shear stress
accumulate in an arch form around the material removal zone (A). Most events are either in
the subrosion zone or clustered in the roof of the cavity, before the actual collapse. The moment
magnitudes are clipped to M,, > —2.5 according to typically measurable values in field experiments
(Kinscher et al., 2016; Wust-Bloch and Joswig, 2006; Dahm et al., 2011). Although the seismicity
keeps increasing in the early stages, the maximum subsidence does not, related to further cracking
in the subsurface after subsidence (B and C). The extensometer record is only shown for the
timeframe before the collapse (D). The deeper extensometer (no. 5) reacts first, recording vertical
strain, but immediately afterwards the superficial extensometers (no. 1 and 2) react, indicating
subsidence. In parts E and F of Fig. 7.2, the stable zone marker particle, 50 m away from the centre
of the collapse zone, records a dynamic particle movement before the collapse actually happens,
related to the cracking of the subsurface and the appearance of seismic waves. For completeness,

the whole record of stress, displacements, porosity and microseismicity of this model is shown in
Fig. A.2.1.
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Figure 7.2: Microseismicity vs. stress patterns tracked with PFC2D-V5. (A) principal
stress o1, maximum shear stress 7,4, and the cumulative microseismic events for the early
pre- and syn-collapse states of the alluvium on mud multilayer models with a subrosion
zone in 30 m depth. Events are scaled by magnitude and the reference maximum magnitude
is given in the legend. Mean moment magnitude is M,, = —3.17, but note that event
magnitudes are clipped for M,, = —2.5 for clarity. (B) cumulative number of events versus
simulation cycles. Note that semi-transparent background represents layers at the current
stage of the model. (C) surface subsidence Uy, versus the number of events. (D) vertical
strain ey, of extensometers put in the cover material above the centre of the active zone at
depths 2,4, 8,12 and 15m from the surface. (E) record of the horizontal displacement and
(F) the vertical displacement of a marker particle located 50 m away from the centre of the
collapse zone.

This proposed advanced modelling approach will allow for a direct comparison of the different
methods in one setup, and offer new options for joint interpretation and analysis of the time-
dependent collapse process. An application of this coupled modelling scheme would not be limited
to sinkholes, but applicable also to other natural hazard phenomena that involve the influence of
fluids on mechanical strength and stability, e.g. hydro-fracturing, landslides, rock-falls or related
volcano hazards. In case the detailed hydro- and geological background (boundary conditions), as
well as rock mechanical parameters for an investigation area are well-known, this approach may
lead to scenario-based model sets, which can be used for quick assessment of a hazard. For this,
the provision of geodetic and geophysical data is essential. The composition of such a monitoring
system is explained below.
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7.2 Monitoring systems and early warning

Satellite/aerial based monitoring or well-equipped ground monitoring systems are commonly used
for large-scale surveillance of natural hazards, e.g. volcanoes (Amoroso et al., 2018; Sigmundsson
et al., 2018; Sparks et al., 2012). However, for shallow and local hazard like the sinkhole formation,
researchers often focus on one technique that addresses the effect but not the cause, e.g. mostly
deformation studies with InSAR or laser scanning, seismic activity as well as gravity monitoring
(Benito-Calvo et al., 2018; Kersten et al., 2016; Intrieri et al., 2015; Lebert et al., 2011; Abelson
et al., 2018). Only recently, the combination of different methods for monitoring of the deeper
processes that lead to sinkhole formation has been applied (Krawczyk, 2018), although not intended
for long-term installation. The most important aspect for monitoring the ground-scale sinkhole
hazard, is the relation of both, subsurface water-flow and rock failure processes, as supported by
the main findings of this thesis.

Cost-effective near-surface geophysical methods have shown generally a high potential to investigate
processes, fluid flow systems and the potential impact and precursory information of sinkhole and
subsidence development (Baer et al., 2018; Wust-Bloch and Joswig, 2006; Jardani et al., 2007;
Krawczyk et al., 2012; Malehmir et al., 2016; Krawczyk, 2018, and references therein). For surveying
sinkhole affected areas like the field-site of Ghor Al-Haditha, I suggest the installation of a combined
geodetic and geophysical monitoring system. The installation of the ground devices should be
around relevant areas identified as susceptible to subsurface flow and future material failure, for
example near the main canyon/spring system at Ghor Al-Haditha. As the first preparative step,
available geodetic data, e.g. from high accuracy InSAR studies like in Baer et al. (2018) and Nof
et al. (2019), should be used to identify zones that have shown strong ground movement in the last
years. Lately, semi-automatic delineation methods for geological structures prove very promising
for fast processing of such remote sensing data (Yeomans et al., 2018; Hofierka et al., 2018). The
identified areas could be confirmed by the experience of local inhabitants and experts. As a second
preparative step, electric resistivity tomography (ERT) and self-potential (SP) should be used to
identify zones of distribution and flow of fresh and salt water in shallow depth of the underground,
which represent possible subrosion horizons. At these areas, the ground monitoring system could
be installed and may consists of the following:

e Buried unpolarizable electrodes and data logger for SP electric monitoring.
o Buried seismometers and data logger for acoustic emission/microseismicity monitoring.
o Fixed Differential GPS stations to record horizontal and vertical ground movement.

o Installed time-lapse cameras at buildings or telephone posts nearby, and ground-control
points, to record images that can be processed directly via photogrammetric software to
see immediate changes of the surface, e.g. cracks and subsidence.

« Data transfer system via wireless satellite links.

The combination of the proposed cost-effective methods, electrics, seismics and deformation record-
ing, will therefore offer unique chances to identify relations between the causes and effects, i.e. the
different mechanical processes and the areas prone to failure. The key and novel point is hereby the
integration of a locally well calibrated FDEM advanced modelling scheme, as described above. This
may provide the background scenario database for such a system and new means for identifying
and evaluating hazard and pre-collapse early warning possibilities for near-surface processes.
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7.3 Fault control on sinkhole formation

Another still open question specifically for the Dead Sea area is related to possible tectonic control
on regional-scale sinkhole formation (see Fig. 1.3). Studies on the western shore relate the sinkhole
formation to fault-controlled groundwater flow in contact with dissolvable, thick salt layers from
the Holocene (Ezersky and Frumkin, 2013; Shalev et al., 2006). The sinkhole lineaments hereby
show similarity to the N340-350° and N10-30 ° strike of major tectonic rift faults of the Dead Sea
transform system (Yechieli et al., 2016), their deviation is explained by the variation of the salt-edge
dissolution front (Ezersky et al., 2016), which has also been proposed to be the origin of salt-cavern
collapse based seismic events (Abelson et al., 2018). Similar observations on tectonic controls are
drawn about the eastern Dead Sea. There, ’en-echelon’ lineaments, i.e. closely-spaced, sub-parallel
structural features oblique to the overall trend, are typical for left-lateral rift basins (Smit et al.,
2008). Closson and Abou Karaki (2009) compared these observations with sinkhole lincaments
at Ghor Al-Haditha and recent studies confirm the similarity of the sinkhole lineament trends of
N10-24° with main regional faults (Watson et al., 2019). Such tensile fracture systems and related
damage zones may provide enhanced groundwater percolation by increased hydraulic conductivity
(cf. e.g. Kim and Sanderson, 2010). This may lead to fresh water contact with dissolvable and
erodible material and the evolution of artesian, even submarine springs. However, as the existence
of a thick salt-layer beneath Ghor Al-Haditha is unclear (see Chap. 3 and Polom et al., 2018) and
no tectonic surface-faults have been observed directly in the area, further investigations about the
origin and control of groundwater flow systems beneath the area are necessary.
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Figure 7.3: Electric resistivity tomography at the interface between mud and alluvium.
(A) Pleiades satellite image from April 2018 near canyon CM1 showing the profile location.
(B) electric resistivity distribution along the profile achieved by inversion of apparent resis-
tivities. A Wenner spread of steel electrodes, the Lippmann ERT device '4point light 10W’
(Grinat et al., 2010) and the software Geotomo Res2DInv (Loke and Dahlin, 2002) were
used. The RMS is 8.3 % after 10 iterations.

Presented in Fig. 7.3 is an ERT survey from our most recent fieldwork at the Ghor Al-Haditha
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sinkhole site. It shows the 2D resisitivity pseudo-section from a profile close to a stream channel
emerging at the alluvium-mud-flat boundary. At time of the measurement the channel was dry.
The resistivity contour graph nice reveals the salt-fresh water interface and an upward intrusion
like structure, originating at the lower centre of the profile. One possible interpretation of this
vertically rising and then horizontally striking structure, is a subsurface, relatively fresh water
conduit (resistivity 5-30 2m) that intruded into the conductive mud-flat deposits (resisitivity <
5Qm). This is the first geophysically-imaged evidence of > 80 m deep groundwater flow in the area
of the Dead Sea. It may relate to concealed faults between the different aquifer levels (Kurnub
and Um Ishrin Sandstone aquifers) on the eastern Dead Sea shore, which have been nicely imaged
by magnetotelluric measurements of Meqgbel et al. (2013). These examples shall emphasize of
how relevant electric geophysical measurements in this setting are and can be used to derive more
information about the important fault control on groundwater flow patterns and sinkhole formation
in future studies.
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CHAPTER 8

Conclusion

In the presented thesis, the topic of sinkhole and large-scale depression formation has been success-
fully addressed by a combined, cross-disciplinary approach consisting of geodetic, geophysical and
numerical simulation techniques. By repeated photogrammetric and geologic field surveys as well as
satellite image analysis, the morphology, morphological changes and structural features of sinkholes
and depressions have been investigated at a field-site at the Dead Sea. Geophysical methods helped
to reveal structural features in the underground and the role of water in the formation process. By
using a novel, well calibrated, distinct element based mechanical modelling approach to simulate
subsurface void space growth and large-scale subsidence, important connections between surface
observations and detailed subsurface mechanical development have been derived. This thesis has
consequently offered significant advances in several terms:

e Detailed estimation of the extent and consequences of the sinkhole hazard in the area.
o Methodological development in large-scale subsidence simulation with the DEM method.
o Conceptual understanding of general hydro-mechanical karst formation processes.

Essential major aspects of sinkhole and karstic depression formation, which are of relevance to
determine the potential hazard of such a system, were derived in this thesis and include:

1. A progressively deepening subrosion zone with variable growth speed of the associated voids
leads to the formation of multiple, partly nested sinkholes in large-scale depressions.

2. Subsidence in low-strength materials is characterised by gradual sagging and development of
synclinal bending structures.

3. Subsidence in high-strength materials is characterised by sudden collapse of the overburden
with pronounced and deep crack formation.

4. Depending on the material combination and cavity growth scenario, larger depressions may
form either by coalescence of sinkholes, block-wise brittle failure or by gradual, large-scale
sagging with lateral widening.

More specifically, this work has achieved a detailed understanding of the sinkhole formation pro-
cess at the Ghor Al-Haditha sinkhole area. The development of a fresh and very active karst
system has been documented and the evolution pattern of sinkholes and large-scale depressions
more thoroughly investigated. The process in the study area is based on dynamic physio-chemical
processes in the underground, i.e. subrosion of weak material of different composition (mud, sandy-
gravel alluvium and salt) by high-gradient groundwater flow in preferential channel systems, with
subsequent void space creation and collapse.

The detailed conceptual comprehension of this process helps not only to estimate impacts for the
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local community and decision makers in the area, but has also much wider implications applicable
to similarly active karstification regions. For example, these findings may offer complementary
information for researchers and stakeholders on the eastern side of the Dead Sea, where a dom-
inating mechanism of salt dissolution has been postulated. Furthermore, the developed versatile
numerical modelling approach and derived conceptual model are applicable to karst formation areas
worldwide, regardless if the process runs on geologic (long) or human (short) time scale.

The outlook of this work highlights important suggestions and ideas for the installation of geode-
tic/geophysical monitoring systems combined with an advanced modelling scheme. This will not
only improve our knowledge about hazardous collapse triggers, but also provide means to address
natural hazards based on similar hydro-mechanical mechanism (i.e. landslides), in order to mitigate
their effects. Finally, and most importantly, this thesis has shown the high relevance and success
of combined, interdisciplinary approaches to investigate natural hazard phenomena.
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APPENDIX A

Supplementary information on parameter tracking

A.1 Implementation of acoustic emission tracking in PFC

Acoustic emission (AE) and microseismicity (MS) recording in mines, tunnels or cavities is very
important to address stability issues and determine possible geological risks (Maghsoudi et al.,
2014; Kinscher et al., 2016; Mercerat, 2007; Kwiatek et al., 2010). As DEM is particularly useful to
simulate fracture initiation and propagation on a high resolution (sub-particle)-scale, development
to simulate seismicity in this area is of great relevance. Several methods to derive seismic events
in PFC have been proposed in literature. For example, kinetic energy of the particles has been
used by Potyondy et al. (1995) to calculate magnitudes and forces at the time of bond breakages
(cracks) around the particles. Hazzard and Young (2002, 2004) showed that force changes due to
bond breakages in PFC can be used to derive AE and MS, and magnitude from the moment tensor
matrix. This approach is sketched in Fig. A.1.1 and described in the following.

O particle

& bond breakage

bond counting for
event cluster

- 00ONd nNot counting for
event cluster
@ centroid location
~._.- wavefront propagation
during one cycle

------ line joining bond
breakage events

Figure A.1.1: Sketch of acoustic emission and microseismicity tracking as implemented in
PFC by Hazzard and Young (2002).

The moment tensor components M;; are calculated by summing all force changes AF; from contact
and parallel-bonds multiplied by the distance R; from a centroid of the event around a closed
surface S.

S

In PFC this works under the assumption of angular moment conservation, leading to equal off-
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diagonal components calculated by averaging (Hazzard, 2004). Summing multiple (small) cracks
into one (larger) MS event is needed to account for realistic conditions of a magnitude power law
distribution (Gutenberg and Richter, 1956). Hazzard and Young (2002) introduced the shear-
fracture propagation velocity, which has to be given by the user. If a new crack forms within the
source area of the first crack, determined by duration of and area passed by the shear-wave, both
cracks are considered of the same MS event (see Fig. A.1.1).

This approach has been tested in PFC2D-V4 simulations, also in early stages of this work, and two
main disadvantages were raised by Hazzard, 2014: large non-tensile components of tensile cracks
and generally too large magnitudes. Therefore, more recent implementations by Hazzard, 2014
have been used in the PFC2D-V5 sinkhole modelling approach of this work. Every bond breakage
here is considered as one single seismic event (AE) occurring around the source, which is the contact
between two particles (see Fig. A.1.1). The relative displacement Au of two particles involved is
recorded for 25 timesteps and the maximum is taken for calculation of the moment tensor after
the biaxial, potency decomposition from Chapman and Leaney (2012). The first term is due to
volume change AV in a spherical cavity and the second term represents the opening and slip across
a displacement discontinuity:

1 00
1
M=AVEemp |0 1 0]+ iAAucS : (Gnh + na) (A.2)
0 01

with the embedded bulk modulus kenp = A+ 2G = M, for isotropic media, A, G the 1st and
2nd Lamé-constants, M, the (longitudinal) P-wave modulus, fi the unit normal vector, G the unit
displacement vector, A the area of the fracture (here the contact area of two parallel bonded
particles), cg the elastic stiffness tensor and : the double dot product of dyadic tensors.

Bulk and shear modulus are taken from the contact moduli while the Poisson ratio is dependent on
a user input. For the details of the calculation see Chapman and Leaney (2012, 2014) and Hazzard
(2014). Microcracks occurring close together in space (distance of one R,,.,) and time were used to
define a macro event, i.e. moments are summed representing a fracture growth by microcracking
(Fig. A.1.1). They form a MS event whose location is the average location of all AE. This is similar
to the shear-fracture propagation approach from Hazzard and Young (2002) described above, with
more exact moduli values and Poisson ratios that can e.g. be determined by simulated rock tests
(see Chap. 4). The scalar moment is then calculated via:

1

with m; as the i’* principal component of the moment tensor. The moment magnitude is finally
calculated after Hanks and Kanamori (1979):

M, = gl\/[o —6 (A.4)

This described approach has been tested by Hazzard (2014) and has shown more realistic magnitude
distributions. We used it hence for tracking the microseismicity in the sinkhole models.
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A.2 Example of a tracked single void simulation

The potential of the implemented geophysical and geodetic tracking procedure can best be evaluated
with the help of Fig. A.2.1. The parameters at each detailed step of the simulation are shown for
an alluvium on mud single void space growth model as presented in Chap. 4.
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Figure A.2.1: Tracked simulation of a typical sinkhole formation in layered alluvial/mud
models with a subrosion zone at 30m depth. From left to right are plotted the removed
material volume at depth versus principal stresses o; and oy , maximum shear stress 7,4z,
displacements Uy, and Uy, porosity n, cumulative acoustic emissions coloured by magnitude
(above M, = —2.5) and time. T'/D stands for thickness to diameter ratio of the overburden,
AV for the removed volume at depth in m?, and it for the iteration (cycle) of the simulation.
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The following is generally observable:
Stress and displacement:
o Shear stress is high at locations where at later simulation stages failure occurs.

e The highest compressive stress occurs in arch like structures around the material removal
zone. Similarly, the highest shear stresses also form such an arch.

o Tensile stresses are high in a broad zone directly underneath the surface.

» Surface subsidence and surface tilting is nicely reflected in the vertical and horizontal dis-
placement plots, respectively.

Porosity:

« The collapse happens early when around 100 m® of volume has been removed, with large side
cracks developing of approximately 6 m depth. Porosity tracking reflects these changes in
the near surface. A compression ridge appears at the later stage and as the subsided zone
deepens, also the cracks do up to 12 m, revealing the border of the developing sinkhole.

Microseismicity:

o The highest MS event magnitudes M, = —1.21 are found at early stages directly above the
subrosion zone. Later, the caprock is cracking and MS events starts in a broad zone above
the subrosion base.

o The main events above M, = —2.5 follow mainly the cracks that form in the subsurface at
the early collapse state

o Most of the seismicity comes from small events with mean magnitude of M,, = —3.17, which
are difficult to record in the field and therefore not shown for clarity of the images.
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