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Abstract

The development of surface subsidence and collapse features (i.e. sinkhole)
along the Dead Sea shores has been observed for the last 30 years. During the last
decade the phenomenon has accelerated both in the size and in number. Today there
are about 600 sinkholes, and few thousands of sguare meters of subsurface
subsidences, along the western shores of the Dead Sea alone. Sinkholes are a
geo-hazard that endangers life, property and prevents the development of the area.
The recent development of sinkholes was observed along both the eastern and the
western shores of the Dead Sea; therefore, it might have more than a circumstantial
connection to the continuous lowering of the Dead Sea water level. According to
recent studies, the development of local surface subsidences is caused by irreversible
compaction of the subsurface matrix fine-grained layers, whereas the development of
sinkholes is triggered by the existence of underground cavities created by salt
dissolution. The surface deformation reflects mainly the mechanical properties of the
soil at shallow depths (mostly Alluvium). Recent studies provide a rough prediction
for afuture sinkhol€’ s locations and its rate of formation.

This research was carried out in two levels — regional, along the western coast
of the Dead Sea (between Z’ruya and Ze' elim dluvial fans), and local, at the northern
pat of Hever alluvia fan. The main research objective was quantitative
characterization of vertical surface displacements induced by, or related to sinkhole
activity, by using three geodetic methods. Global Positioning System (GPS),
Interferometric  synthetic aperture radar (INSAR) and Electronic Distance
Measurement (EDM). The secondary objective was to develop a technique to
investigate the surface displacements by combining between the three geodetic
methods, and to provide tools for future researches. The GPS is very precise
surveying technique (sub-centimeter level) for measuring position changes in specific
locations. Most of the field measurements were carried out using kinematic GPS: in
Real Time or Post processing modes. The geodetic data was used to create elevation
maps of each measurement session, and to compare elevation changes between the
sessions. The INSAR technique was used for measuring surface elevation changesin a
wide spatial resolution. Seventeen INSAR scenes were acquired during a period
1992-1999, which was used to create change interferograms with spanning period of 2
to 71 months. The interferograms enables characterizing surface subsidence in the
regiona level. The EDM measurements give the distance of the measured points
relative to the instrument (horizontal, vertical and angles). It was used as a
complementary method to the GPS, therefore its results had limited contribution to
the research.

The results of all these geodetic techniques, field observations and air photo
scanning enables us to characterize surface deformation both in local and regiona
levels. In the local level - During a two-year period of field measurements (GPS,
EDM) in the northern Hever aluvial fan, the number of sinkholes has risen from four
to seven within the studied area, and some of them expanded. Furthermore, surface
subsidences devel oped accompanied by concentric sets of joints around the sinkholes.
In the regiona level - Additional locations of surface subsidence were detected in
INSAR interferograms, within the area between Z'ruya and Ze elim aluvia fans
respectively. The observed surface subsidence span on vast areas (hundreds of square
meters) and develop in rates of up to 4 cm per year.
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1. Introduction

1.1 Background

During the past 30 years few hundreds surface collapses (sinkholes) have
occurred along the western shores of the Dead-Sea. Early reports indicated
development of two sinkholes in the pam plantation of kibbutz En-Gedi during the
1960s and one in the delta of Mor creek, in 1978 (Raz, 1999a). In 1989 a sinkhole was
formed on highway No. 90, near Neve-Zohar (Figure 1.1). Since then the surface
collapses phenomenon has accelerated dramaticaly (sinkholes size and numbers)
accompanied with spacious surface subsidences, especially during the past five years.
By now there are about 600 sinkholes, and few thousands of square meters of surface
subsidences, aong the western shores of the Dead Sea. The sinkholes are a
geo-hazard that endangers people, damages property and prevents programs for the
area development. The main concern is for people lives, which can be at risk due to
infrastructure failure. All these result in a need to investigate the phenomenon. Since
1960, the Dead Sea level had declined in an average rate of 0.5 "/y,. Between 1981
and today this rate increased to 0.8 "/, (Wachs, 1999). The Dead Sea water level
changes between 1920 and today are shown in Figure 1.2. Sinkholes developed along
both the western and the eastern shores of the Dead Sea. The recent massive
development of the sinkholes and the surface subsidences might have more than a
circumstantial connection to the continuous lowering of the Dead Sea level through
the last 30 years.
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1.1.1 General description of sinkhole and surface subsidence

Sinkholes and surface subsidences are two aspects of vertical displacements of
the ground that have different dimensions and different pace of development. These
vertical displacements result from different processes. The term sinkhole (or Doline)
describes a phenomenon that generaly takes place in Karst terrain. A sinkhole is
created by a sudden collapse of the ground into a subsurface cavity. The diameter of
sinkholes span from sub-meter to few tens of meters (USGS, 2000). The cavity (or a
group of cavities) is usually formed when a substance (e.g., Limestone, Gypsum or
Salt) is dissolved at a shallow depth. The mass deficit changes the force balance of the
covering soil layer and causes a gradual failure that appears at the surface as a
pre-sinkhole differential subsidence with a concentric nature. The subsidence is
usually bounded by concentric cracks that indicate the dimensions of the subsurface
cavity and the margins of the surface failure. Each stage of the developing sinkhole is
marked by cracks of bigger diameter (the subsidence diameter) with the increasing
influence of the sub-surface cavity (the gradual surface failure). A complex variety of
sinkhole with their bottoms at different levels, and sometimes depressions within
depressions, is called Uvala.

There are two major sinkhole types (Figure 1.3). Collapse Sinkhole (Figure
1.33) is formed by one rapid, usually single occurrence, downward movement of soil
mass into the sub-surface cavity (Bogli, 1980) after the soil mass had reached its point
of failure. Solution Sinkhole (or solution depression) (Figure 1.3b) is formed in a
surface layer, which consists of cohesionless soil, covering a dissolvable matter that
undergoes a process of cavitation. The cohesionless fine grains erode into small
openings in the porous layer beneath, similarly to the flow of fine sand through the
throat of a sand watch.

Pre-sinkhole subsidences, collapse sinkholes and solution sinkholes all have a
circular shape at the surface. In general, the process of sinkhole formation can be
divided into the two major stages. prior and after the soil failure. In the first stage,
prior to the soil failure, a cavity or a beehive of voids initiates at the shallow
sub-surface. The cavity mass deficit influences the surface by causing a gradua
concentric sinking, which is bounded and is guided by concentric cracks. In the
second stage, after the soil failure, a Slow depression or a rapid collapse occurs. The



sinkhole’s shape reflects the soil properties and the loca sub-surface cavity
dimensions.

The term surface subsidence describes a large-scale gradual settling of the
ground. The vertical displacement of the surface subsidence span from few
centimeters to few meters, whereas the subsiding area can reach thousands of square
meters. Subsidences are caused by withdrawal of fluid or gas from the pores between
the particles of the subsurface. As long as the pressure of the fluid (or gas) in the
pores is sufficient to support the overlying sediments, no subsidence will occur at the
surface. But, if fluids are withdrawn from below the surface, the fluid pressure
decreases resulting in gradual subsidence at the surface. The two most important
fluids that occur beneath the surface are water and petroleum (in the form of oil and
natural gas) (USGS, 2000).

Subsidence can be caused by any process that results in lowering of the water
table, like drought, dry seasons,
and excessive pumping. Most of (a) —_ o
the subsidences occur as a result of _ _ /7[ >
hydrocompaction when  water s WY
absorbed on and within clay i
mineralsis removed by withdrawal [
or drying. Then the clays become
more tightly compacted. Most
hydrocompaction is a reversible
elastic  deformation  process.
Compaction, however, can become
inelastic and therefore irreversible.
The rate of subsidence is relative
to rate of fluid withdrawal. In
some cases the transition between
elastic and inelastic compaction
can be distinguished: normaly, a
large rate of fluid withdrawal
accompanied with small rate of
subsidence  indicates  elastic
compaction. If, however, thereis a
large amount of subsidence with
only smal amounts of fluid
withdrawal, inelastic compaction

is Iikely occurri ng (Nel son, 2000)_ F_igure 1.3 -Block diagr_ams_showing a collapse
sinkhole (a) and a solution sinkhole (b) (Ogden, 1984).

1.1.2 Geographic location.

The study area is located along the western shores of the Dead Sea, on the
eastern part of Mezada plain, in a narrow strip (about 2km), sub-parallel to the recent
shoreline (Figure 1.1). The strip lies south of Hever aluvial fan, and north of Ze' elim
dluvial fan (Figure 1.7). The study was conducted in two scales of geodetic
monitoring: (1) The whole shore strip was imaged by Synthetic Aperture Radar
Interferometry, while a smaller area, (2), the northern part of Hever alluvia fan, was
monitored by Global Positioning System (GPS) and Electronic Distance M easurement
measurements (EDM) (marked as areas a and b on Figure 1.1, respectively).



1.1.3 Geologic and Geohydrologic background.

Tectonics - The Dead Sea is a rhomb-shaped pull-apart basin, located at the
boundary between two tectonic plates. the Arabian plate and the Sinai-lsrael
sub-plate. The Dead Sea basin was formed between left-stepping fault strands, in a
left lateral strike-dlip fault system, during a late-Cenozoic breakup (Garfunkel, 1997).
The Dead Sea is one of a series of intracontinental rhomb-shaped basins within the
East African - Syrian rift system, and the terminal lake of the Jordan River (Niemi et
al., 1997).

Sediments - The sediments in the study area (Mezada plain) are mainly
composed of continental sediments of Quaternary age (Figure 1.4). The sediments are
clastic (clay, sand and

gravel), deposited in fan Elo
deltas, with some £|8 Remarks
intercalations of lacustrine 313
sediments (clay, gypsum
and aragonite), belonging >
to the Lisan Formation graveis and sand
(Sneh, 1979) In general, 4955| clay. greenish-gray. limonitic, laminated
the_ wdl_mmts are Of flne 56 clay, alternating with sand,
grain size close to the 157 AT
and, quartz grains
shore of the Dead Sea and - ———"
in the upper pal’t Of the 8 59 clay, gray, alternating with sand
sedimentary column. The i X
|0wer part Of the glz gravels and sand
H H lay. . with §, 8 it ( rtz ins)
stratigraphic column (and i e i
i 63
CI Ose_r tO the mount.al nS) 64 dravel with sand and clay
consists of relatively 77 . 3 B Ly
. . clay, greenish-gray, with graveis and sand (quartz).
coarse detrital sediments erl T ack cay at botom
and halite (Fi gure 1. 4) | *1- AGE 8255170 yr B.P. (piece of wood)
(Y echieli and Gat, 1997; " 68| clay, brownish-gray, with silt and sant.!.
K aufman et al., 1992)' 69| *2- AGE 8390+80 yr B.P. (piece of wood)
70 clay, gray with reddish layers, with some
20 N_greenish-brown sand (mainly angular quartz)
7l \clay. gray to dark brown, with sand
oo 72 *3- AGE 8440195 yr B.P. (piece of wood)
;2 clay, gray. with some sand and siit
5 75 halite, fine crystals (400 microns), some clay
26 :’,g halite, coarse crystals ( 0.5 cm), some clay
28 773 halite, fine ( 400-1000 microns), some clay
80 sample 79 contains mixture of fine
81 and coarse crystals
30 82 /clay. green, with halite crystals
L~ clay, gray, with big halite crystals
32 ( up to 10 cm ). contains small euhedral, unimodal
85 prismatic gypsum crystals (10-20 micfo_ns)
. _"4- AGE 11315180 yr B.P. (piece of wood)
gg | alternation of white aragonitic laminae
88 and dark clay, few quartz grains
89 at places very distorted laminae
90!  some gypsum at top (sample 86)
Figure 1.4 - Stratigraphic cross-section of the

sediments from drillhole DSIF (Dead Sea Interface)
including radiocarbon dates (Yechieli et al., 1993)




Past water level changes - The Dead Sea is the latest in a sequence of lakes
that have filled the structural depression of the Dead Sea rift during the past 20
million years (Niemi, 1997). Lake Lisan was the precursor of the Dead Sea. Based on
the observation of drainage systems presently underwater, the lake level dropped to
approximately -700m during the transition between the Lisan Lake and the present
Dead Sea (Figure 1.5) (Neev et d., 1967).

The salt layer - The latest |ake level drop on the transition between the Lisan
and the Dead Sea lakes is supported by massive salt beds deposited in the both the
southern and the northern basins of the Dead Sea. These massive salt beds were dated
prior to 9,850 14C yr B.P. on the southern basin (Neev, 1964), and between 11,300
and 8,400 14C yr B.P. (Yechi€li et al., 1993) in the southern part of the northern basin
(Figure 1.4 and 1.5). Based on these dates, the extremely dry event marking the end of
Lake Lisan took place between 11,000 and 10,000 14C yr B.P. (Frumkin, 1997).
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Recent water level changes - Since the early 1960s, large amounts of
freshwater have been diverted from the Jordan River, the main water tributary of the
Dead Sea. The decrease in input, combined with high evaporation rates, have resulted
in a rapid dropping of the lake's level at a rate of about 0.5 m/yr between 1960 and
1980 (Klein, 1985) and by 0.8 m/yr between 1981 and 1989 (Anati et a., 1989;
Yechieli et al., 1995) (Figure 1.2). In case of asimilar climatological and hydrological
conditions, the decrease is expected to continue, though at a lower rate, until a new
equilibrium in the water balance is reached, in about 400 years, at 100-150 m below
the present water level (Yechidli et al., 1998; Y echieli and Gavrieli, 1999).

Terra Nova - With the lowering of the lake' s water level, shores which were
covered by the Dead Sea 10-40 years ago are now exposed (Y echieli and Gavrieli,
1999). This new land, the Terra Nova, is partially drained but also subjected to
processes resulting from exposure to the new atmospheric and hydrologica
environment. The extent of the area exposed by the regression of the lake depends on
the gradient of the coast. (Y echieli and Gat, 1997).

Shore characteristics - The newly exposed western coast of the Dead Sea can
be characterized according to three coastal types, which differ in their hydrological
settings. The first type, which is found mainly in the northern section of the coastline,
e.g. En-Feshkha and Turiebe (Qane-Samar) areas, is characterized by springs
discharge domination. The second type is characterized by creek discharge zones, in



which both surface and subsurface flow are prominent on a wide area basis. And the
third type is characterized by elevated areas between the major Creeks (Y echieli and
Gat, 1997).

Ground water and hydrological setting - Due to its location below sea level,
the Dead Sea basin is the hydrologica outlet for the eastern slopes of the Judean
Mountains. The runoff pattern is created by flash floods that occur in the large creeks
several times a year during the winter, and by subsurface drainage in the aquifers. The
subsurface drainage is springing above and below the surface of the lake. The depth
of groundwater level increases according to the distance from the Dead Sea, from few
meters in the lake's vicinity (up to 500m from the lake), to a few tens of meters
farther from the shore and toward the mountains (distance of 0.5-1.5 km) (Y echi€li
and Gat, 1997).

Fresh-saline water interface - The regression of the lake is also accompanied
by the migration and re-configuration of the fresh-saline water interface. The
fresh-saline water interface is the transition zone between the fresh and the saline
aquifers. This interface changes its position as the water level of the lake decreases
and migrates eastwards and downwards. The main mechanism that controls the
migration is drainage of the origina Dead Sea solutions eastwards. Meanwhile, the
fresh groundwater penetrate former saline water areas by either lateral inflow or by
upflow of water through fault planes (Yechieli and Gat, 1997). The exact depths of
the fresh-saline water interface below the western coastline of the Dead Sea are not
known (Yechieli et al., 1998).

Aquifers - There are three main aquifers in the area around the Dead Sea
(Naor et a., 1987). The deepest aquifer is located on the sandstone layers of Lower
Cretaceous Kurnub Group. The second aguifer, above the first one, is built of
limestone and dolomite of the Upper Cretaceous Judea Group. The third aquifer is the
aluvial aquifer of Quaternary rocks, which is generally separated from the other two
by the faults along the western margin of the Dead Sea Rift. The decrease in Dead Sea
level result in the decrease in groundwater level in its vicinity (Yechieli and Gavrieli,
1999) (Figure 1.6).
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Figure 1.6 —Water level of the Dead Sea (black) and ground water level in three drill-holes along
the Dead Sea shores, over a twelve years period (GSI, 2001).



1.2 Current and previous studies

Most of the studies on the formation of sinkholes along the Dead Sea shores
were conducted in the last two years (1998-2000), by a combined team from the
Geologic Survey of Israel and the Geophysical Institute of Isragl. In earlier studies
Arkin (1993) and Arkin and Michaeli (1995) described and explained surface
subsidences and sinkholes formation.

The main geologic, hydrologic and engineering conditions in the region under
investigation are used as the basis for the models suggested for the surface
subsidences and sinkholes formation. The sinkholes are usually formed by a rapid
collapse of the surface. Therefore, it is agreed that a subsurface cavity exists prior to
the collapse. However, the subsurface cavity’s properties (i.e., dimensions, depth and
formation) are a disputable aspect (GSI, 1998). Two main models of sinkhole
formation were proposed in the beginning of the project:

1. Subsurfaceflow of fine particles:

The suggested mechanism (Arkin and Michaeli [1995]) relates the formation
of the subsurface cavitiesto disposal of fine-grained particles from under alluvial fans
by water flowing through the alluvia fans. The water which flows above the water
table, within the alluvial fan, aso percolate downward during floods. The cavity
develops upwards by piping as its roof collapses progressively in the aluvium. A
sinkhole forms when the collapse levels reach the surface.

2. Deep salt layer dissolution (WachsD. and Primerman D. (GSI, 1998)):

Salt layers were found to exist in the subsurface. Cavities are formed in the
salt in places where unsaturated water (with respect to salt) reaches the layer and
dissolve the salt from underneath it. The failure of the roof of such cavity begins a
series of subsurface collapses. Eventually the collapses reach the surface and a
sinkhole is formed.

The major difference between the two above mechanismsis the location of the
initial cavity and the manner of its formation. In the first mechanism the initial cavity
is formed by downward seepage of unsaturated water; the cavity is located in the
alluvium, close to the surface; and the sinkhole is created only due to aluvium
collapse. However, the second mechanism states that the initial cavity is located
deeper, in a salt layer, and formed by upward percolation of unsaturated water that
dissolve the salt beneath the alluvium (lbid.).

In 1998 (the beginning of the Sinkholes Project formal research) neither of
these mechanisms were preferable. Since then, the second one became more
acceptable and is used as the basis model in the different studies, which are listed
below. The assumptions of the salt dissolution model are:

1. There are cavities in the subsurface, both in deep salt layers and in shallow
alluvium. The cavities are deficit in mass, which can be identified in a
microgravity survey, and sometimes, when shallow, by Ground Penetrating Radar.

2. Cavitiesin the deep salt layer initiate a collapsing cascade. The salt layer spatial
distribution (top of the salt layer) can be mapped by seismic refraction surveys,
since the velocity of the seismic waves increases prominently in the aluvium-salt
interface. A certain but local identification of the salt layer is made in drills.

3. The formation of the cavitiesin the salt is caused by its contact with unsaturated
water (with respect to NaCl). Electric and Electromagnetic methods (i.e., FDEM,
TDEM, DC and NMR) can locate these unsaturated water bodies, which differ
from their surrounding in their electric conductivity.

4. Sinkholes appear in clusters that, in places, have arough linear appearancein a
plain view. The sinkhole distribution in time and space can be mapped in the field



and seen in air photos. The linear appearance may correspond to subsurface
fractures. These fractures can be identified in seismic reflection surveys as

systematic discontinuities in reflectors.

From the beginning of the sinkhole research near the Dead Sea it was clear to
the researchers that the sinkhole phenomena is a complicated engineering-geological
problem. Therefore, attitude of the studies were interdisciplinary, combining
geomorphology, engineering geology and geophysics (Wachs, 1999). The sinkholes’
formation in different lithologies led to the thought that their initiation is located
deeper than the upper few meters of the subsurface. The research is conducted in three
main levels: 1) Collecting all the information available from fieldwork, air-photos and
previous published reports. 2) Learning the geology, through the stratigraphic,
structural, hydrological and engineering aspects. This is done using severd
geological, geophysical and photogrametrical methods, which are specify below. 3)

Developing geophysicalk means for
detection of sinkholes precursors, i.e.
micrograviometry, electromagnetic and
ground penetrating radar.

1.2.1 Mapping

Raz (1999 a and b) mapped
sinkholes along Dead Sea shores. Itamar
and Reizmann (2000) analyzed air photos
of the Dead Sea shore from 1990 to 1999.
According to both studies the sinkholes
are formed along most of the western
shores of the Dead Sea, from Mor site, the
southernmost group of sinkholes to
Dekalim site, the northernmost (Figure
1.7). The first sinkholes were formed
before 1982 aong the shores of the
southern basin of the Dead Sea The
sinkholes of the northern basin began to
appear in 1993. According to Itamar and
Reizmann (2000), The earlier formation
along the southern basin is an outcome of
the moderate slopes of the shores. These
southern shores expose more areas for
every sea level lowering than the steeper
shores in the northern basin. Therefore,
the sinkholes are distributed over larger
areas (and farther away from the recent
shoreline) aong the southern basin
shores. The air photo analysis showed that
in most of the sinkhole sites (7 out of 13)
the sinkholes are not aligned along linear
features.
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1.2.2 Geophysical studies

Several geophysical studies using various methods were conducted, in
sinkhole areas along the Dead Sea shores (Shtivelman, 2000a) at the Newe Zohar
(Ronen, 1997; Shtivelman, 1998; Shtivelman et a., 1994), En Bogeq (Beck and
Ronen, 1994; Ronen and Ezersky, 1998; Ronen et a., 1992), Hever (Shtivelman,
2000a; Shtivelman, 2000b; Shtivelman et al., 1999), and En Gedi (Ronen and Beck,
1997; Ronen and Ezersky, 1997) (Figure 1.7). The results of these surveys are
summarized below:

Seismic reflection surveys were conducted in the Newe Zohar (in 1994) and
Hever (in 1999) sites. These surveys were planned to provide structural and
stratigraphic information on the shallow subsurface at a depth range of 80-200m.
Several anomalous zones were detected on the sections in which the reflectors are
disturbed systematically. These anomalies were interpreted as shalow faults which
cross the section. The anomalous zones at depth are roughly located beneath the
sinkholes at the surface. Shtivelman (1999) suggests that these seismic anomalies may
serve as an indicator for areas of potential sinkhole’s development.

Several seismic refraction surveys carried out along the Dead Sea shores
indicate the presence of arelatively shalow high velocity layer. Shtivelman (2000a)
suggests that this high velocity layer relates to a salt unit. In the southern part of the
Dead Sea coast (Newe Zohar) the P waves velocity in the layer is about 3500-3700
"/ sec. IN the northern coasts this velocity varies between 2600-3000 "/« The salt layer
extends from the southern coasts, roughly until Qane creek (Figure 1.7) in the
northern basin of the Dead Sea. No evidence was found for the salt layer north of
Qane creek (GSI, 1998). In the En Gedi area, the salt layer extends at |east 300m west
of the main road.

Ground Penetrating Radar (GPR) surveys were carried out at Newe Zohar
(Shtivelman et a., 1994) and in the camping site of En Gedi (Arkin et a., 2000).
According to Shtivelman et a. (1999) in places where the subsurface has high
conductivity, the maximum penetration depth of the GPR is about 5m. Arkin et al.
(2000), state that the data obtained by the GPR in dluvia fans environment is
reliable. Whether reliable or not, the GPR gives information only about the shallow
subsurface (the upper 5m), and therefore currently is seldom used as an indicator for
potential sinkholes occurrence, which are believed to initiate at depths grater than 5m.

Frequency Domain ElectroMagnetic (FDEM) surveys were carried out in
En Bogeq (Ronen et al., 1992), Hever (Shtivelman et a., 1999), and En Gedi (Ronen
and Beck, 1997) sites (Figure 1.7). In general, the conductivity in the subsurface is
very high near the Dead Sea coastline and decreases westwards. These conditions
limited the penetration depth of the FDEM surveys to very shallow depth (few
meters). Few anomalous high resistivities were detected in places, but their
relationship with sinkholes is yet unclear.

Time Domain ElectroMagnetic (TDEM) measurements provide more
reliable information on the distribution of resistivities up to a depth of 100m, athough
the lateral resolution is somewhat lower (15m). Saline water saturated lithol ogies have
extremely low resistivity values. Two main resistivity units were clearly detected in
al profiles in Shtivelman et a. (1999). Shtivelman et al. (1999) s surveyed at the
Hever site, the upper unit had a generally high resistivity complicated by local low
resistivity anomalies. The lower unit was characterized by very low resistivities
complicated by relatively high resistive anomalies. The later anomalies, which are
widespread throughout the Dead Sea coastal aquifer (Kafri et al., 1997), indicate that
the aquifer is a multiple system, in which brine saturated layers can be underlain by
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relatively low salinity waters.

Microgravity surveys were conducted in the Dead Sea Works (Rybakov et
al., 1999), Hever (Rybakov et al., 1998), Newe Zohar, En Gedi, and Mineral beach
sites (Rybakov and Goldshmidt, 1999) (Figure 1.7). The microgravity techniqueis the
only surface geophysical method that can locate a subsurface cavity regardless of its
shape or fill material, as long as there is a sufficient density contrast, and as the
volume of anomaly detected is big with respect to its depth. A large and complicated
negative gravity anomaly (reaching —-0.08mGal) was found in the ‘Hever south’ site,
covering four out of five sinkholes exposed at the surface. The interpretation of this
anomaly as a subsurface cavity was confirmed in two drill wells.

1.2.3 Summary

The results from the refraction surveys and the drills that were done confirmed
the existence of asalt layer in the subsurface. The salt layer extends laterally aong the
Dead Sea shores. Locally, the salt layer extends up to a kilometer westwards from the
shore. The upper surface of the salt layer is located at depths of 20-30m, and its
thickness is more than 10m. According to drill data, several meters thick clay layers
confine the salt layer from both above and below. The electromagnetic surveys show
evidences for the existence of water with low conductivity (unsaturated with respect
to NaCl) below the salt layer, at the southern Hever sinkhole site. Microgravity
surveys that were conducted at Hever south site and southwards, at Asa € site (Figure
1.7), showed that sinkhole areas are associated with negative gravity anomalies. These
anomalies reflect mass deficit at the subsurface, suggesting that cavities exist at
depths of several tens of meters. The salt layer was found to be highly permeable with
athickness of 11m and at depth of 24m (its top) in the drill a Hever south sinkhole
site. The dimensions of the cavitiesin the salt layer are not known.

1.3 Objectives

The fast expansion of the sinkhole phenomenon, since 1995, had arisen the
need for developing methods that will detect its precursors and diminish the risk.
Together with field observations, combinations of geophysica methods were
practiced in sinkhole sites, i.e. seismic methods, electromagnetic methods, and
microgravimetry measurements. Nevertheless, the surface behavior around the
sinkholes (deformations in small and large area scale) had not been examined so far.
If sinkhole formation is accompanied by any regional surface deformation, like
surface subsidences, then tracking such changes and correlating them with observed
sinkholes can provide an additional method for estimating the potential of an area to
develop sinkholes. In this research three geodetic methods (two space-based
positioning methods and one visua-based positioning method) were used for
monitoring the small-scale elevation changes. 1) The Global Positioning System
(GPS) technique, which is very accurate for measuring position changes in specific
locations; 2) The I nterferometric Synthetic Aperture Radar (InNSAR), which measures
surface elevation changes in awide spatial resolution; and 3) The Electronic Distance
M easurement (EDM), which give the distance of the measured points relative to the
instrument. The GPS and the EDM measurements are used for monitoring the
sinkhole site at the northern part of Hever alluvial fan, on the western coast of the
Dead Sea, while the INSAR will focus on alarger area, the Mezada plain.



11

2.Sinkholes and land subsidence - Description of the
phenomena

2.1 Basic definition of sinkhole

Sinkholes are “enclosed hollows of moderate dimensions’” originating due to
dissolution of the underlying bedrock (Monroe, 1970). More specifically, sinkholes
are surficial landform, found in Karst areas and consist of an internally drained
topographic depression that is generally (but not in all cases) circular, or éliptical in
plain view, with typicaly bowel, funnel, or cylindrical shape. Although the circular
plan view and funnel shape are ideal forms for a sinkhole, they may coalesce into
irregular groups or have shapes that are much more complex (Wilson, 1995). The
terms sinkhole and Doline are synonymous.

Surface depressions and collapses in Karst terrain are formed as a result of
dissolution of carbonatious rocks. Along the Dead Sea shores the carbonatious rocks
are located several thousand meters below the surface. Therefore the subsurface voids
related to the depressions are termed PseudoKarst instead of Karst. Nevertheless the
surface depressions and collapses characteristics fall within the definition of
sinkholes.

2.2 Sinkholetypes

2.2.1 Solution Sinkhole

A Solution Sinkhole (or solution depressions) forms above a favorable point,
such as a joint intersection (Beck, 1984). In the subsurface, the joint intersection
increases the permeability of the rocks. As aresult, the rocks (e.g. limestone, gypsum
or sat) are dissolved away from beneath a soil covering layer (Terzaghi, 1913). A
cavitation process propagates through a cohesionless soil layer covering the dissolved
matter. The consolidated, coarse grained, covering soil layer becomes porous as its
finer grains are filtered downwards into the widening interstices of the layer below.
This coarser grained layer has the direct influence on the subsidence at the surface.
The cohesionless fine grains erode into small openings in the porous layer, similar to
the flow of fine sand through the throat a sand watch (Figure 2.1). When aided by
downward water percolation, a rather narrow erosion channel develops and
propagates amost vertically upwards. Eventually, a funnel-shaped sinkhole develops
at the ground surface with uniform side slopes of repose sand angle, typically 30 to 35
degrees (Sowers, 1996).

Figure 2.1 — Development of
a (b) funnel-shaped sinkhole
from (a) the initial stage
(Sowers, 1996).
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2.2.2 Collapse Sinkhole

A Collapse Sinkhole is formed by a rapid, usualy single occurrence,
downward movement of soil mass into a sub-surface cavity (Bogli, 1980), after its
roof had reached its failure point. A sow downward movement of the surface
(Subsidence Sinkhole) precedes the collapse. The collapse appearance at the surface
iscircular (Figure 1.3).

2.2.3 Sinkhole like phenomena

Karst processes create closed karst and pseudokarst cavities, which initiate
indirectly sinkhole-like phenomena, by subsidence and collapse into the underground
cavities. The main forms are sinkholes (or doline), Cenotes, Karst window, and Karst
gulf. There are also numerous atypical karst basins of various sizes that do not fall
into any of those categories (Ibid.). The most suitable definition describing the studied
pits along the Dead Sea is ‘sinkhole’. Here are definitions of the other phenomenon
noted above:

Cenotes are collapse doline above a high karst water surface. Its diameter to
depth ratio is below one. Their walls are vertica and occasionally overhanging
(Figure 2.2a8). Neighboring cenotes, as a rule, show the same water level height. A
karst window is a large funnel-shaped doline, at depths of which a short stretch of a
caveriver isvisible. Karst window can reach a diameter of 130 m and depth of 20m,
asfound in Spring Mill State Park (USA) (Figure 2.2b). A karst gulf is created by the
collapse of a broad cavity, which is located close to the surface. Later extensions
follow when corrosion cuts back under the overhang, and lateral breakdown occurs
(Figure 2.2c) (Bogli, 1980).

Figure 2.2a — Cenote (Bogli, 1980). \'/:viig:jj(r)s\/z(.l?)zitj)qﬁ (:ZLrgt))Ssg)-section of Karst
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Figure 2.2c — Cross-section of karst gulf (Bogli, 1980).
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2.2.4 Short sinkhole terminology

Definition A summary of sinkhole definition and terminology according to
Term Fairbridge (1968), Sweeting (1973), and Sowers (1996).

Daline A solution depression or a sinkhole. A circular or éliptical or irregular-shaped
depression in the ground surface.
Cutter A solution-enlarged fissure or sot.

Epikarst The soft zone of unconsolidated residual soil located immediately above the rock
surface, and in the dipper sots between the solutioned pinnacles.
Pinnacle The narrow rock remaining between wide slots.

Palje An extremely wide or valley like, flat bottomed solution depression.
Pit A more or less vertical shaft, usually a rounded solution enlarged intersectioning
fissure system.
Slot A solution-enlarged steep or vertical fissure.
Solution A near vertical, aimost cylindrical holes, formed by stope activity or by faling
shaft water.
Swallow hole | A sinkholein or adjacent to a stream into which the stream’ s flow disappears.
Uvala A complex assortment of solution depressions or sinkholes, with their bottoms at

different levels and sometimes depressions within depressions.

2.3 Sinkhole Formation and development in evaporite rocks

One of the most important ingredients in the formation of a sinkhole is the
underground cavity (the receptacle (Newton, 1984)). The receptacle is formed when
unsaturated groundwater percolate through evaporite rocks (e.g. salt) and dissolve
them. The dissolution of evaporites is attributed to one or more of the following
principles: (1) centripetal flow of unsaturated waters from the basin margins, towards
the basin; (2) centrifugal flow of unsaturated groundwater from the basin interior
towards its margins; and (3) regiona fracturing in the subsurface (Anderson and
Knapp, 1993). Once a cavern is formed, surface subsidence can take place slowly or
rapidly. In the former case a sand-watch like solution depression forms at the surface
(Figure 2.1). In case of rapid or sudden subsidence, a collapse sinkhole develops
(Myers, 1962). Most collapses forming sinkholes result from cavity roof failures in
unconsolidated deposits overlying the bedrock (carbonate or evaporite rocks)
(Newton, 1984).

2.3.1 Water tablelevel changes effects

Fluctuations in the level of the water table, on the margins of a basin, are
consequent to water level changes in the basin itself. The water level changes of the
basin have two major effects, a chemical and a physical one. The physical effect - the
fresh-saline water interface changes its position and migrates towards the basin
(centripetal flow (Ibid.)). This change in the hydrological settings may confront
unsaturated water (with respect to salt) with highly soluble evaporite sediments (e.g.
halite and gypsum), that may exist in the subsurface. As a consequence evaporites
may dissolve away (the chemical effect).

Two additional processes subsequent the water table fluctuations of a basin
margin: changesin the volume of the agquifer skeleton and artesian water seepage. The
effective stress principle, first proposed by Terzaghi (1925), claims that the interstitial
water, which fill the pores of the aquifer skeleton bear the weight around them by the
effective stress. Hence, when ground water level is decreased, support previously
provided by pore fluid pressure is transferred to the skeleton of the aquifer system. As
aresult the aquifer skeleton undergoes compaction. Contrariwise, when ground water
level rises, pore pressure increases and the aguifer skeleton expands. These
fluctuations (compaction and expansion) create only small elastic deformation of the
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aquifer system and small displacements at the surface, in the level of centimeters.
Another effect of the water table level decrease is relieving the normal pressure from
confined water horizons, enabling upward water seepage by artesian pressures.

Centrifugal flow

Sediments in the shallow subsurface of a subsiding basin are subjected to
diagenesis. Many aspects of diagenesis involve the expulsion of interstitial waters of
various origins (e.g., physical compaction of sediments, dehydration of clay minerals)
(Anderson and Knapp, 1993). According to Perrodon (1983), the interstitial water of
sediments subjected to normal pressures are progressively expelled. The interstitia
water are first expelled from the deepest zones, which are subjected to higher
pressures, and migrates towards zones with a weaker pressure (laterally towards the
edges and vertically through the beds into the surface layers). Generaly, as aresult of
electrofiltration, the expelled waters are less saline than the interstitial waters that
remain. In this way the outward flow of unsaturated interstitial waters in response to
burial under the sediments of the lake, can reach evaporite layers in the subsurface
and dissolve them (Anderson and Knapp, 1993).

2.3.2 Subsurface cavity formation and evolution

Karstifiable rocks

The formation of karst landscape and karst hydrography is related to the
existence of specific rocks group types: evaporites (e.g. gypsum, anhydrite, and salt);
carbonates (e.g. limestone and dolomite); and quartzite (only under conditions of
extreme tropic humidity). An additional prerequisite for the formation of an
underground cavity is drainage of the soluble matter. In other words, if the soluble
matter is not drained the system reaches saturation and the dissolving stops (Bogli,
1980).

The cavity dome

The propagation of the cavity dome is generated by a combination of
progressively upward slaking, ravelling, dlab falls, and erosion of the upper soil layer
into an open the rock below (Figure 2.3). Changes in the water content of the clayed
soil above the fissured bedrock may initiate a slaking process — a sudden expansion
and softening of relatively dry or partialy saturated soils. The slaking, which takes
place on the soil-water interface, initiates the formation of subsurface cavity. After a
cavity in the soil is present the ravelling occurs when thin fragments of soil separate
from the mass and fall out, to enlarge the cavity. The soil fragments and slabs fall into
the bottom of the soil cavity and accumulate in irregular mounds (Sowers, 1996).

Generaly, the dome enlarges outward and upward towards the ground surface.
In cases where a source of infiltration exists, such as a leaking pipe, the upward
propagation of the dome will deviate toward that source. The shape of the dome
varies with the nature of the overburden layer, in which wider domes is more likely to
develope in amore cohesive soil. The ratio between the diameter of the cavity and the
hole below (in the bedrock) varies largely, even beyond 100. The dome is usually
widest near its top with the shape of an inverted teardrop (Figure 2.3a). In cases where
the cavity reaches arelatively more cohesive layer during its propagation, the roof of
the cavity tends to widen laterally (Ibid.).
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Figure 2.3 — Collapse of an erosion dome into a inverted tear-drop shaped subsurface cavity: (a) the
subsurface cavity and its potential dropout roof; (b) initial roof dropout, while the rim is still hanging;
(c) final rim collapse (Sowers, 1996).

2.3.3 Surface sinking and collapse

As long as the soil of the receptacle is strong enough to support an arch over
the opening, there may be no obvious reflection of the dome at the surface. However,
if the roof of the dome is not sufficiently strong, a gentle sink may develop at the
surface. The sinking is accompanied by the formation of circular tension fissures. The
circular tension fissures are centered above the dome. Their diameter is usually
smaller than the dome' s largest diameter.

When the roof of the dome becomes thin enough or the dome becomes wide
enough the shear stresses in the soil’s roof exceed the soil strength. A truncated cone
of (intact) soil drops downward into the cavity below, leaving a near circular hole
whose sides slope outwards with increasing depth (bell shaped) (Figure 2.3b). With
time, the overhanging walls of the hole dlide into the opening below, increasing the
ground surface diameter of the hole. Eventually, the hole becomes funnel-shaped,
more or less centered over the rock hole below.

2.4 Land subsidence

Land subsidence is a gradual settling of the ground, usualy induced by
lowering of the ground water. Land subsidence may stretch laterally up to an area of a
few square kilometers, while the vertical displacement is the order of few centimeters.
The main reason for the gradua ground settling stems from changes of the granular
structure in the subsurface, the skeleton (Figure 2.4b). Water of the aquifer system
occupies the pores and cracks of the skeleton, and supports its structure. The aquifer
system is not fixed, and any lowering in the ground water level decreases the pore
pressure of the water, and thus decreases the support for the overlaying material. Both
the aquifer and aquitards that constitute the aguifer system deform, but in different
magnitude.

The reversibility of the skeleton deformation depends upon the combination of
many components. The two most important components are ground composition and
ground water level change. Unconsolidated rocks are more vulnerable for changes in
the pore pressure. Furthermore, the degree of compliance of the unconsolidated rock’s
skeleton is directly related to its percentage of clays. Hence, the deformation of
unconsolidated rocks with large percentage of clays is irreversible (Figure 2.4c). As
long as ground water level fluctuates with small amplitude, the skeleton can bear such
small changes in the pore pressure. Such fluctuations are usually daily or seasonal. In
this case the deformation of the skeleton, and hence the subsidence of the surface, is
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reversible. When the change in the ground water level is a long-term continuous
decline, then the pore pressure decreases significantly, resulting in an inelastic
compaction of the skeleton. The result on the surface is an irreversible land
subsidence (Figure 2.4).

Land surface

woe,.e%e0e®%0,, ., pe0. 1L — REvVersible surface subsidence
. e (the subsurface deformation is elastic)
L]

« 2 —Irreversible surface subsidence (the

Land Surface+ 1 subsurface deformation is inelastic)
R

'.'-'_-:.'-'-'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-'.'.'-.
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B o e e

Figure 2.4 — When the ground
water level drops, the pore
pressure decreases between the
particles of the skeleton. If the
ground water level is seasonal or
daily ((c)1) the surface subsidence

Figure 2.4— while the ground water level is high
the water fill the pores between the different ° ;
particles of the ground (a). The pore pressure of will be reversible. If the water
the fluid, between the particles bears part of the lowering is continuous ((c) 2) the

weight of the ground above it (b). f#ebzllfggf:nvwillIb:oilréf)\éir?égle’ and
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3. Work methods

This research monitors and characterizes the vertical surface displacement
induced by, or related to sinkhole activity along the western shore of the Dead Sea, in
the following locations: (1) in the eastern part of the Mezada plain (between Hever
aluvial fan, in the north and Z€e' elim alluvial fan in the south); and, (2) at the northern
part of Hever aluvial fan (Figures 1.1 and 1.7). The measurements were conducted
using three types of geodetic techniques. space-based GPS and InSAR, and
terrestrial-based positioning EDM. Most of the field measurements were carried out
using Global Positioning System (GPS) equipment, in both real time and post
processing modes, at the Hever site. The obtained data provides four-dimensional
(three in space and one in time) point positioning, in a global reference frame. The
Rea Time Kinematics (RTK) technique provides the surveyor instantaneous accurate
positioning in the field. The RTK system enables viewing and arranging the data in
the field. The regular post processing kinematic GPS also enables positioning
calculations and arranging the data, but after the fieldwork is over. Both kinematic
techniques provide very accurate positioning, with uncertainty level of 1cm in the
horizontal components and 3cm in the vertical component. Additional observations
were made using the Interferometric Synthetic Aperture Radar (InSAR) on the
Mezada-plain site. The INSAR technique compares SAR images obtained at various
time periods (days to years) to detect local and regional surface movements. Both the
vertical and the horizontal accuracies of the method are in the level of 0.5 centimeters.
In general, the accuracy is limited to by the wavelength of the satellite signals. Hence,
a pixel of the INSAR image has the dimensions of 20X4 meters in the field.
Additional measurements were carried out with Electronic Distance Measurement
(EDM), at the Hever site. The EDM measures precise distance (horizontal, vertical
and angles) between specific points. The GPS and the EDM techniques provide
discrete positioning data, which is used in the chapter 6 (Results) to generate various

map types.
3.1 GPS

3.1.1 What is GPS?

The Global Positioning System is a
navigation system that provides its users with a
24-hours space-based three-dimensional
positioning and timing information. This
information is obtained from a set of 28 satellites,
which operate simultaneously. Today the GPS is
deployed and operated by the US Department of
Defense (DOD). The development of the system
began in the early 1960s, when NASA and the US  |._.= e
military started pushing towards space-based Figure 3.1 - GPS satellite (SNDC,
positioning. In 1993 the Navigation Satdlite 1°°97)

Timing and Ranging (NAVSTAR) Global

Positioning System (GPS) became fully operational. During its developmental and
experimental stages, the GPS served avariety of positioning needs (military as well as
civilian), such as: navigation on land, sea, air, and space; guidance of robots and other
machines; and high precision geodetic surveys (Leick, 1995). The GPS consists of
three interacting components: space, control and user segments. The Space Segment

St
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consists of satellites that orbit the earth and emit signals. The Control Segment
consists of control stations that track al GPS satellites computes their orbits, and
update the satellite orbit and ephemeris. The User Segment consists of receivers that
receive the transmissions of the satellites and calculate receiver’ s absolute position, or
relative position with respect to other receivers.

3.1.1.1 Space Segment

The space segment consists of 28 GPS
satellites that communicate with the other two
segments by emitting and receiving signals. The
satellites orbit the earth in 6 planes, each of them
orbits the earth once every 11"56™ hours (Figure
3.2). The orbit atitude above the earth surface is
about 20,200 km. The number of Space Vehicles
(SV) that circle the earth in each orbital plane is
either four or five. The orbital planes are equally
spaced, 60 apart, and inclined at about 55 with
respect to the equatorial plane (Leick, 1995). The
constellation of the satellites (Figure 3.2) provides  Figure 3.2 - GPS satellites
the user with at least six space vehicles visible from  constellation (Dana, 1999).
any point on the earth (NSWU, 1999).

3.1.1.2 Control Segment

The control segment is responsible for
operating the GPS system. It is comprised of a
master control facility, located at Schriever Air
Force base in Colorado, and six monitoring stations,
distributed around the world (Leick, 1995). The
stations monitor the signals emitted from the
satellites (Figure 3.3). The signals include the
precise orbital data (ephemeris) and clock
correction parameters for each satellite. The [Tontrol station Receiver
information of each satelite is formatted, at the
Master Control station, into updated navigation (FI'D%Lr‘]Le fé%é; he control segment
messages, (USCG, 2000).

3.1.1.3 User Segment

The GPS User Segment consists of the receivers, processors, and antennas that
allow the users community to receive the GPS satellite broadcasts and compute
precise position, velocity and time. Three-dimensional navigation is the primary
function of the GPS, and it is used to support awide variety of applications, i.e.: land,
sea, and airborne navigation, surveying, geophysical exploration, mapping and
geodesy, vehicle location systems (USCG, 2000). The relative positioning method
provides precise positioning by cross-correcting data from two receivers that are
synchronized and work simultaneously.

3.1.2 How GPSworks

In order to estimate their position, GPS receivers observe two types of satellite
transmissions. the PseudoRange and the Carrier Phase. The pseudorange is a
measure of the distance between the antenna of the receiver and the satellite, at a
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given time. The observed phase is the difference between the carrier phase (received
from the satellite) and the phase of the internal receiver oscillator. Most of the GPS
navigation receivers use the pseudorange, together with the satellite position
estimates, for determining their position. However, in high-precision surveying, the
carrier phase is favored (Leick, 1995). Tracking the carrier phase signal requires that
at least two receivers, used at the same time. The three-dimensional positioning of the
receiver is computed from the intersection spheres, whose radii are the pseudoranges
of the satellites. The three-dimensional receiver velocity is calculated from the
principle of Doppler effect in the received signal. The minima number of satellites
required for standard navigation is four, in order to get the forth dimension, time.
More satellites in view can increase the positioning credibility, and under certain
circumstances, can allow detection of out-of-tolerance signals (Dana, 1999). GPS
satellite signals are also used for correcting the receiver clock offsets, alowing the use
of an inexpensive receiver clock. z

The position in Eath Centered, Earth
Fixed XYZ (ECEF XY Z) coordinates (Figure 3.5)
is converted within the recelver to geodetic
latitude, longitude and height above the ellipsoid
(or any other geodetic coordinate system). The
latitude and longitude are provided in the geodetic
datum that was configured in the GPS receiver, i.e.
WGS-84. Using wrong datum can result in position
offsets of hundreds of meters, or more.

GPSSV

Figure 3.4 - Earth Centered, Fixed X,

3.1.2.1 Satellite transmissions Y, Z coordinate system (Dana, 1999).

All satellite transmissions are derived from the basic frequency of 10.23 MHz.
Two carrier waves transmitted from the GPS satellites are multiples of the
fundamental frequency: the L1 is at 1575.42 MHz and the L2 is 1227.6 at MHz.
These frequencies are modulated with two types of codes (C/A-code and P-code) and
with a navigation message. The chipping rate of the P-code is 10.23 MHz, whereas
the chipping rate of the C/A-code is 1.023 MHz. The navigation message is
modulated both on L1 and L2 carriers at a chipping rate of 50 bps. Different types of
receivers make use of different parts of the GPS Signal Structure (see also Figure 3.6)
and achieve different accuracy levels.

Figure 3.5 - GPS signal structure (A represents wavelength).

Fundamental
Frequency Signal Codes
10.23 MHz
+10 +
Carrier L1 C/A Code L1 P-Code L1
’ 1575.42 MHz 1.023 MHz 10.23 MHz
X154 A=19 cm A=300 m A=30m
Carriers
> Carrier L2 P-Code L1
1227.60 MHz 10.23 MHz
X120 A=24 cm A=30m
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All satellites transmit on the same carrier frequency, and yet are distinguished.
Superimposing the P-code (precision code) with the carrier waves creates the
PseudoRandom Noise (PRN) code, which attains distinction between the different
satellites. Even though each week the PRN of a satellite changes it does not repeat
itself for 37 weeks. Hence, the GPS week is the major time unit used, as al the codes
areinitialized every Saturday’s midnight. The P-code is modulated on both L1 and L2
carriers.

The C/A-code (coarse/ acquisition) can be modulated on the L1 carrier or the
L2 carrier as a ground-controlled option. Each satellite transmits a different set of
C/A-codes. It can be easily distinguished by the ground receivers and therefore
received ssimultaneously from different satellites. The navigation message contains
information on the ephemerides of the satellites, GPS time, clock behavior, and
system status messages (Leick, 1995).

3.1.3 Differential GPS (DGPS)

In standard navigation, a single GPS receiver observes the satellites in order to
determine its geocentric position. However, surveying and other geodetic applications
of the GPS require higher-accuracy positioning. Differential positioning (also called
relative positioning) uses transmitted corrections between two or more receivers for
better estimating pseudoranges. The recelvers share the same celestial cap, and
therefore track the same satellites. One of the receivers is static, and defined as the
reference receiver, or base station. Its function is to compute the corrections for each
satellite signals. Another receiver, the rover station, measures different locations in
the field. The data obtained by the reference receiver is utilized to correct the
measurements of the roving receiver. In this way, many of the common mode errors
cancel or significantly reduced. The corrections are made in the field, in real-time, or
after the end of the measurements, in post-processing. Other error sources can be
reduced by placing the receivers in a static position, observing over a certain period of
time (Leick, 1995). The accuracy of the measurements is limited by the relevant
wavelength observed in the satellite transmissions. In differential navigation the
pseudorange is used for positioning, hence, the accuracy reaches several meters level.
The Kinematic technique utilizes the carriers waves L1 and L2, which have short
wavelength (Figure 3.6), as observables, to produces more accurate positioning than
the DGPS.

3.1.3.1 Kinematic GPS

Kinematic-type GPS surveys are procedures whereby the position of a roving
receiver is calculated relative to a stationary receiver (situated at a known geodetic
mark) utilizing the carrier phases, of the satellite signals. In Real-Time Kinematic
(RTK) GPS the corrections are made in the field, as the receivers communicate
through radio transmissions (i.e., VHF or UHF radio, and FM radio sub-carrier). In
this technique only three station parameters need to be estimated. This is achieved by
resolving the doubly differenced phase ambiguities on each epoch (Genrich and Bock,
1992). In order to achieve centimeter-level accuracies the RTK surveys should only
be initialized. Locating the rover receiver over a known point for a few seconds
makes the initialization of a single frequency receiver. Dual frequency receivers can
be initialized by locating the rover over an unknown location for a short period. Once
initialized, the system must track continuously at least four satellites in order to
maintain accuracy (NSWU, 1999).
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3.1.4 GPS Error Sources

Imprecise determination of the receiver position originates from systemic (e.g.
noise and bias) and non-systemic (e.g. blunders) errors. Noise errors are the
combined effect of errors in the pseudorandom noise (PRN) code and inaccurate
function of the receiver. The noise errors may affect the positioning solution in
imprecision of severa meters (Dana, 1999). Bias errors result from Satellite clock
errors, Ephemeris data errors, Selective Availability, Tropospheric and lonosphere
delays, Multipath, and Satellite geometry (Dilution of Precision factors), can result in
errors in the order of severa to tens of meters. Blunders may result from severa
sources. computer errors or human mistakes in the control segment can cause result in
positioning errors ranging from one meter to hundreds of kilometers; user mistakes,
(i.e. incorrect geodetic datum selection) can cause errors from several to hundreds of
meters, and receiver errors (i.e. software or hardware failures) can cause blunder
errors of any size (Dana, 1999).

3.2 Interferometric Synthetic Aperture Radar (InSAR)

The Interferometric Synthetic Aperture Radar (InSAR) technique is used for
detecting horizontal and vertical changes in the ground surface of a definite area
(usually 100X100 km), over a finite period of time. One of the by-products of the
technique is a topographic model of the imaged area. The data is acquired by the
ERS-1 and ERS-2 satellites that orbit the earth in an altitude of 725 km. Each satellite
transmits signal's along ray-paths pointed 90° clockwise to the trgjectory at an average
angle of 23° from the vertical (Figure 3.7) (Massonnet and Feigl, 1998). The basic
idea of the INSAR technique is to use the phase of the reflected signal, in two or more
images, to calculate the difference in ranges from two SAR antennas (that have a
dightly different viewing geometry) to targets on the ground. The natura resolution
of an orbiting radar instrument is a direct consequence of the ratio of wavelength to
aperture, which is about 103, Therefore, although observing from about 1000 km
above the ground the primary resolution is about 10 km on the ground. To improve
the resolution, the INSAR technique focuses the image, by emitting signals in a high

Figure 3.6 — The ERS satellite Simplified geometry for a European Remote Sensing (ERS) satellite

emits signals towards the ground Side-looking
surface, and receives their echo as slanted antenna
it travels through its trajectory. The
size of the satellite antenna limits
the spatial resolution to about 5km %’M
on the ground. In the Synthetic
Aperture  Radar the  signals
acquisition technique “synthesize” a
5km long antenna. This increases
the ground resolution about 150
times (based on Curlander and
McDonough, 1985).

~725km

Footprint
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frequency (about 1 kHz) and receiving them along its trgjectory. The received datais
sorted in a technique similar to tomography, called synthetic aperture processing. The
result resolution is improved by a thousand, equivalent to using an imaginary antenna
with a synthetic aperture of 20 km (Massonnet and Feigl, 1998). Thus each pixel in
the image is 20x4 metersin the field.

Each SAR image is a map of the ground reflectivity sorted by range (the
distance between the radar antenna and the ground). The phase of each 4 by 20 m
pixel measures both the range and the phase shift of the waves reflected from the
ground. An interferogram (phase difference map) is made from two SAR images,
taken at different times. The interferogram show fringes corresponding to contours of
equal change in satellite-to-ground range (Massonnet and Feigl, 1998). The phase
differences in the interferogram contain information of three sources. (@) relative
orbital positions, (b) topography as seen in parallax by the satellites from dlightly
different orbits, and (c) changes in the position of the ground. In order to detect only
the ground change, both orbit parameters of the different satellites are calculated as if
they passed in the same height above the ground. Further adjustments are made for
secant trgjectories. The topography may be eliminated by subtracting a previously
existing digital elevation model. Or, as in this study, the topography model is created
through the work process (see below), and then subtracted from the interferogram.

To successfully image ground change, the interferometric technique requires
four elements. data availability, suitable orbits, an elevation model, and good
correlation (Ibid.). The base for the elevation model is the “Gtopo30” model of the
USGS, which gives the elevation of pointsin a grid spacing of 1km. Upon this grid,
an interferogram is made for two orbits with the shortest time difference available,
with preference for a tandem (time difference of one day) (Figure 5.6). For finer
elevation model, an additiona interferogram is added, again with the shortest time
difference, but with a greater baseline (the range in space between the orbits). For
usable fringes to appear in the interferogram, the radar returns in the two images must
be sufficiently correlated. If not, the interferogram breaks down into incoherent noise.
Such noise can arise from changes in the characteristics of the reflecting surface, i.e.
tilled fields, changes in the vegetation cover of the ground, and regression of the sea
(likein the Dead Sea case).
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4. Study areas

4.1 L ocation

The study was carried out along the western shores of the Dead Sea, on the
eastern part of Mezada plain. The area was monitored in two levels of scale (see
location maps, in Figure 4.1): Areal - A narrow strip of land was imaged by the
INSAR technique. The strip, which is 13 km long and about 4 km wide, is sub-parallel
to the current shoreline. It stretches between Hever aluvia fan, in the north
(18600/09200), and Mezada aluvial fan in the south (18600/08000). Area 2 -A
smaller area (Figure 4.1) was monitored using the GPS and EDM techniques. Area 2
is located northwest of the Hever aluvia fan, in the northern part of area 1, about 1
km southeast of kibbutz En Gedi, between the coordinate (1) 18660/09125; (2)
18670/09140; (3) 18700/09120; and 18690/09105).

E
120 ) ;
100 ) Dead
En Gedi \ K
3
Hever A <
Ze'elif 4"
LT P (b)Highway 90
Mezad'a 700m
Figure 4.1 — (a) Location map of
— the study areas: Mezada plain
(area 1), and (b) northern Hever
sinkholes site (area 2). On the
060 right, the configuration of area 2,
W with its major features: the Dead
Sea, three ancient shorelines,
and highway No. 90. The study
== area itself is bordered by the red
dots.
(a)
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Focusing on area 2, its northeastern and southwestern boundaries are sub-parallel to
the current shoreline. These boundaries follow ancient shorelines. The northeastern
boundary is distant from the current shoreline by 300m. The southwestern boundary is
located 500 m northeast of highway No. 90 (Figure 4.1b). On the last field
observation (January 2001), seven sinkholes were identified in area 2 — four of them
are solitary and the other five are arranged in two complexes (Uvala). Two of the
sinkholes are separate and distinct from the other seven. Each complex consists of a
major sinkhole which is tangent, secant or even includes a few smaller sinkholes
(Figure 4.2). The sinkholes of area 2 are discussed in further details in section 4.5.
(Sinkholes in the studied area).

; KN
@ Base station flom

Figure 4.2 - A schematic reference map of the sinkholes (ellipses) and shorelines (thick
dashed lines) in area 2. The position of the base station and the boundaries of the
monitored area are marked in red.

4.2 Morphology of the area

The elevation of the study area ranges from 14 to 19 meters above the Dead
Sea Level, which was measured on December 1999 as —413.18 (DSL99). The
elevation of the study area (areas 1 and 2) with respect to the élipsoid, using the
WGS geodetic datum, is between the values (-377) and (-382) meters (measured on
17/01/2000). The monitoring survey measurements were conducted within area 2, but
the reference benchmark (the base station) was located outside area 2, on an ancient
shoreline, 23 meters above the DSL 99.

Therelief of the areaisinclined moderately, at about 3°, towards the Dead Sea
(due north-northeast). The sediments of the ancient shorelines are mounded laterally
upon the general slope, exceeding the smooth relief by about a meter. Area 2 covers
three of these ancient shorelines (Figure 4.2). Up-slope, between the central shoreline
(marked as shoreline 2 in Figure 4.2) and the southwestern one (shoreline 3), the
surface is covered by angular pebbles. Between shoreline 2 and the northeastern one
(shoreline 1) the slope maintains the same inclination and pebble cover, except to
some limited areas were the cover changes to clay and cobbles. These limited areas,
which are topographicaly lower than their surroundings, may reflect dry ponds. The
ancient shorelines consist mostly of well-rounded and well-sorted pebbles, in a
void-bound honeycombed structure. In places, aragonite laminas cover pebble layers
and strengthens the loose structure.
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4.3 Local climate

The study areas are located in an extreme arid climate with an annual average
precipitation of 70™"/y,. The annua average temperature is about 24°C, but in the
summer it can exceed 40°C. The main water contributors are floods, which flash
occasionally in the wintertime, and groundwater, which follow the routes of the local
aquifers. The low precipitation, low humidity and high temperature impede
occurrence of long-lasting standing water.

4.4 Anthropogenic influences

The sinkhole and surface subsidence sites along the Dead Sea shores are subjected to
anthropogenic influences in different extent. The anthropogenic influences range from
infrastructures (e.g. buildings, fresh water pipes, sewage pipes and roads) to people
walking freely on the beach. The study areas (eastern Mezada plain), and area 2 in
particular, were chosen to be studied, because of the combination of obvious
occurrence of sinkholes and land subsidences as well as minor direct human
influences in its vicinity. Other sinkhole sites, like the camping site of Kibbutz
En-Gedi, were not included here due to human activities (e.g. gardening and leaking
pipes) that directly affect the evolution of the sinkholes. The nearest infrastructures to
study area 2, are abandoned greenhouses distant about 200 m southwestern of area 2.
These greenhouses were never used, and more important, they do not obtain any
watering system. The main road passes about 500 m southwest of area 2, and crosses
area 1 trending south. En Gedi Hot Springs are situated about 1 km northwest of study
area 2, in the same elevation. Therefore, excess water from the Hot Springs are not
likely to reach area 2 as runoffs nor subsurface flow. Another infrastructure, which is
located 2 km west of the southern end of study area 1, is the Mezada tourist complex.
The influence of the tourist complex, in water means, is limited to a narrow strip that
stretches eastwards as Mezada Stream and its surroundings (Figure 4.1). Throughout
the two years of field observations, new man made or vehicle made traces, were rarely
seen in study area 2. Therefore, the development sinkholes and land subsidence in the
study area is mainly due to natural cause. The main parameters that control the
sinkholes and land subsidence development are geologic (lithology and tectonic
frameworks), hydrogeologic (water horizons and subsurface drainage) and
engineering (soil mechanics) influences, whereas the climatic conditions contribute
more to the preservation of the area. In this manner, the lowering of the Dead Sea
water level, isthe only indirect anthropogenic influence.
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45 Sinkholesin the studied area

In an air photo of the
Northern Hever sinkhole site,
from 1999 (ltamar and
Reizmann, 2000) (Figure
4.3), two sets of sinkholes
were identified: a western set
and an eastern one. The
sinkholes in the western set
are adigned with a few
sinkholes north of area 2 (two

of them appear in Figure 4.3). Figure 4.3 - Above: An air photo of area 2, taken on

The_a”gnment of the_WeStem 12/02/1999. The prominent features in the photo are the
set is almost perpendicular to  sinkholes (marked by red arrows) and the ancient shorelines

the current shoreline. On the (marked by green arrows). Below: A schematic reference

. map of the sinkholes and shorelines as seen in the air photo
contrary, the eastern sinkhole above. The characters and numbers given in the map are
set shows no alignment with  used as the nomenclature of the sinkholes and shorelines

sinkholes outside area 2. respectively in the next sections.
The evolution of Ya S 1
sinkholesin area2 was traced | E o

L J
from a series of air photos. Y v,
) N
Air photos from 1990 and O.'.. 2 o
1992 (Figures 4.4 and 45 | F Yeo,
respectively)  show  the [ Oa “ag

earliest stages of
development in the northern KN

Hever sinkhole site. The
beginning of the linear
sinkhole trend can be seen in Figure 4.8, which was taken at 1993. An air photo from
1995 (Figure 4.7) shows sinkholes distribution very similar to the 1999 distribution
(Figure 4.8); although the 1995 sinkholes are smaller and fewer then the 1999 ones. A
more detailed description of the sinkhole evolution with time, according to air photos
and field observations, is given in the next section.

4.5.1 Sinkhole evolution in area 2 according to air photo analysis

The development of the sinkholes in the northern Hever sinkhole site (area 2)
as detected by air photos is described in the next pages. The description is given in
five stages, from 1990 till 1999. In each page two Figures are presented — the upper
one (larger) shows the whole northern Hever sinkhole site (referred as the northern
Hever site), whereas the lower Figure shows an enlargement of area 2 (referred as
area 2). All the air photos (Figures 4.4-4.13) are from Itamar and Reizmann (2000).
Throughout the five development stages the sinkholes of area 2, have evolved exterior
to the Hever aluvia fan. The dark and light elongated features, which cross the air
photo sub-parallel to the current shoreline, are ancient shorelines. The ancient
shorelines are generally linear in most of the photo, except on the east part where they
curve around the alluvial fan.



45.1.1 Air photo: 31/08/1990

Northern Hever site
Six immature sinkholes
appear in the air photo,
two of them in area 2
(Figure 4.4a).

Area?2

Two of the sinkholes are
located in the area 2.
These sinkholes, A and
G (Figure 4.4b), Are the
first ones on the eastern
group. They are located
along the western margin
of the alluvial fan.
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Figure 4.4a - Air photo of the
northern Hever sinkhole site,
taken at 31/8/1990.

Figure 4.4b —Zooming into
study area 2. The red circles
mark sinkhole locations.

Dead Sea




28

45.1.2 Air photo: 26/09/1992

Northern Hever site

A western group of 4
sinkholes starts to develop
north of the northwestern
border of area 2 (Figure
4.53). Three of them are
aligned (red arrows) and
one is located west of the
line (blue arrow) Two new
sinkholes evolved in the
eastern group, north of area
2. The new sinkholes are
marked with red arrows.

Dead Sea

Shoreline

The shoreline migrated
inland by about 15 m,
probably as a result of the
rainy winter of 1991/1992.
The transgressed strip is not
completely covered by the

Dead Sea water.
Figure 4.5a - Air photo of the
northern Hever sinkhole site,
taken at 26/9/1992.

Area?2

Two new sinkholes (C and

D) appeared on the western

and eastern sides of Figure 4.5b — Area 2 in 1992,

sinkhole A, respectively with circles around the

(Figure  4.5b).  Both sinkholes.
sinkholes C and D
developed tangent to
shoreline 2 aong its
southern side. A possible
surface  subsidence is
detected around sinkhole G.




4.5.1.3 Air photo: 26/03/1993

Northern Hever site
Three new sinkholes were
formed in the eastern group

(red arrows in Figure 4.6a). '- b b
One sinkhole, on the |

western  group, became
smaller, maybe as a result of

collapse (blue arrow). The [

previously detected
sinkholes are marked with
red circles.

Shoreline

Dead Sea shoreline
continues to migrate
westward and the
transgressing strip is
completely covered by the
Dead Sea water.

Area?2

The size of Sinkhole D
increased (Figure 4.6b). The
subsiding area  around
sinkhole G continues to grow.
Another sinkhole, |, had
joined the western group, on
the same shoreline as sinkhole
A, shoreline 2.
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Figure 4.6a - Air photo of the
northern Hever sinkhole site,
taken at 26/3/1993.

Figure 4.6b — Area 2 at 1993, with
circles around the sinkholes.
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45.1.4 Air photo: 22/12/1995

Northern Hever site

In the two years since 1993
the site has developed
considerably: In  the
western group the size of
all the sinkholes increased.
In the eastern group new
sinkholes were formed,
and the old ones widened
(Figure 4.7a).

Figure 4.7a - Air photo of the
northern Hever sinkhole site,
taken at 22/12/1995.

Area?2

All the sinkholes grew
larger (Figure 4.7b). Two
new  sinkholes  were
formed: F, in the western Figure 4.7b - Area 2 at 1995, with
group, aong shoreline 3 circles and arrows pointing at the
(the southernmost), and B, sinkholes.

in the eastern group,
between shorelines 1 and 2
(the northernmost and the
central).




45.1.5 Air photo: 12/02/1999

Northern Hever site
Three new sinkholes
evolved, two in the western

group (Figure 4.8a). The
former sinkholes continued |

to develop. Two sinkholes
were united in the western
group. The sinkholes in the
northern part of the eastern
group enlarged, and some
of them had united.

Area 2

The old sinkholes continue
to grow, while new ones
were formed (Figure 4.8b):
Sinkhole H was formed in
the eastern group, east of
sinkhole A, on the same
side of shoreline 2.
Sinkholes B and G were
joined, and together form
the shape of the Figure 8.
Sinkhole A is joined with D
and tangent to C. The
surface subsides around
sinkhole A.
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Figure 4.8a - Air photo of the
northern Hever sinkhole site,
taken at 12/2/1999.

Figure 4.8b — Area 2 at 1999, with

arrows pointing at the sinkholes.
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4.5.1.6 Summary of sinkhole evolution in area 2 according to air photo analysis
During the ten years, between 1990-1999, the northern Hever sinkhole site
evolved considerably (Figure 4.9). The maority of the sinkholes increased their size
since their initial formation (sinkholes |, C, A, D, H, B, and G), athough some of the
sinkholes had collapsed and stopped developing (sinkholes E and F). Some of the
sinkholes were united (C-A-D and B-G complexes). Most of the sinkholes evolved
during the latest 5 years, arranged in two sets (an eastern and a western). Surface
subsidence occurred around few of the complexes.

Figure 4.9 - Northern Hever sinkhole site evolution through a 10 yeas period, from 1990 (A), 1992
(B), 1993 (C), 1995 (D), and 1999 (E). The five air photos are presented in the same scale. The most
prominent feature is the regression and transgression of the Dead Sea.

4.5.2 Sinkhole evolution accor ding to field observations

Field observations were conducted in study area 2 during a two-year period,
between October 1998 and June 2000. Two major features were given extra attention
- the sinkholes and the surface behavior. The number, size, and shape of the sinkholes
was examined as well as their distribution in the area. The surface behavior was
examined in an area as far as 100 m from the sinkholes, on ancient shorelines. More
detailed observations were made on the surface behavior around the sinkholes, in
search of topographic changes and for fractures.

4.5.2.1 Primary observations — October 1998

There are 7 sinkholes in area 2 clustered in two groups separated by about 100
m from one another (Figure 4.10). The eastern group includes 5 sinkholes: A, B, C, D,
and G. The other sinkholes, E and F, comprise the western group.
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Figure 4.10 — A map showing area 2, in
October 1998, with 3 ancient shorelines
(dashed lines) and 7 sinkholes (circles).



33

B-G complex

Sinkholes B and G are secant to each other, and form a complex that looks like
the Figure 8 in a plain view. The complex is 13 m in diameter. The joint area is
located on shoreline 1, whereas sinkhole B lies north and sinkhole G lies south of the
shoreline 1. The surface elevation subsides around B-G complex. The subsidence is
accompanied by concentric cracks that appear up to 5 m from the edges of the
sinkhole. Some cracks, of small radius, cut through the waists of the complex waists
(Figure 4.11). The center of the complex and the imaginary center of the cracks are
the same. In places, where the cracks profile is revealed on the walls of the sinkhole,
they reach depth of 3 m. Sinkholes B and G are very similar in their steep wall
morphology (up to 90°), and in the debris that is mounded on their bottom (which is
about 4 m deep).

Figure 4.11 - The ‘8’-shaped B-G complex with concentric cracks cutting
through its waists.

C-A-D complex

Sinkhole A is the biggest and most dominant sinkhole in study area 2. It has a
bowl shape with a 26 m diameter of (Figure 4.15). It appears round in a plain view,
and its northern margin erodes shoreline 2. A schematic cross-section of sinkhole A is
shown in Figure 4.12. The morphology of half of the sinkhole (from one of its edges
down to its bottom), can be described as a landslide: The toe of the dlide lays at the
center of the sinkhole, on its bottom, while the head of the dlide is at the surface.
Therefore, the three-dimensional sinkhole can be described as an axisymmetric
rotational landslide.

Sinkhole D was identified in the air
photo from 1995 as an independent
sinkhole. In the following air photo (from
1999) sinkhole D was united with sinkhole
A (Figure 4.12), although their bottoms are
r,]Ot a the same lev_el (sinkhole A I,S about 3 Figure 4.12 - Schematic cross-section of
times deeper than sinkhole D). Relicts of the  the united A and D sinkholes, in which
bordering edge of sinkhole D separate it  their bottoms are in different depths.
from sinkhole A.

Sinkhole C is secant to shoreline 2 from the south (upslope). It is a
chimney-shaped sinkhole with a 3m diameter. Its depth is about the same as the depth
of sinkhole A. Although sinkholes C, A, and D are regarded as a sinkhole complex
(Uvaa), their interrelations differ. Sinkhole D is united with sinkhole A throughout its
entire depth, whereas sinkhole C shares only its upper 2m with sinkhole A.

The western group (sinkholes E and F)
The western group is located about 150 m westward of the western margins of
the Hever alluvial fan. It is comprised of two sinkholes (E and F), that are distant 10m
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from one another. Sinkholes E and F are located on shorelines 2 and 3, respectively.
Both sinkholes are sandglass-shaped, with a diameter of 2.5 m and depth of 2 m.
Their walls, which are slanted in an angle between 30°-35°, may be described as an
axisymmetric dune slope.

4.5.2.2 Observations — August 1999 r,

! 4 Shorelinel

Western group Oa §horeline 2 Palipe®
ol e

Sinkholes E and F evolved in a

similar way. Their depth increased by 1m, |F Yo, P L Rl
yet, their circular plain view shape, their ;. R "c.d (e}
diameter, and their sandglass appearance Shore"nes. N, : ‘w
remained. NN ol JU= . 1
Eastern group

. Figure 4.13 — A map showing area 2, in
Two new sinkholes, H and |, were August 1999. Concentric cracks appeared

formed in the eastern group, both south to  around the western complexes (marked by red
shoreline 2 (Figure 4.13). Sinkhole | is dashed lined circles). Sinkholes H and | were
round in a plain view, and is located west ~ formed (marked by red circles).
of sinkhole A. It is a sandglass-shaped sinkhole, with a diameter and depth of 1.5m.
Sinkhole H is aso round in a plain view, 1.5m in diameter, but is located 5m
eastwards to sinkhole A (Figure 4.13). It is a bell-shaped sinkhole and 3 m deep
(Figure 4.14).

An éelliptic-shaped surface subsidence had developed around the C-A-D and
B-G complexes. The subsidence around C-A-D complex is bounded by cracks and
located up to 10m from the edges of sinkhole A. Sinkhole H is located within the
subsiding area. The eastern edge of sinkhole H
is tangent to the eliptic crack with the largest
radius that bounds the surface subsidence. The
surrounding cracks around the B-G complex
and at its waists continued to deepen and
open, while the size of the sinkholes

Figure 4.14 -A schematic cross-section

themselves did not change. of a bell-shaped sinkhole (sinkhole H).

In order to quantify the sinkhole
development, acircle of red dots was marked around each of the sinkholes. The marks
were painted at a constant distance from the sinkhole edge (10cm-40cm in all the
sinkholes except 1.5m around sinkhole H).

Sinkhole H Z_
-

Sinking
area

Figure 4.15 - Sinkholes A and H, lying in a subsiding area (above),
surrounded by wide cracks (see the sandal in the crack, on the right).
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4.5.2.3 Observations— April 2000

Western group

Asin 1999, sinkholes E and F changed their shape in asimilar way. The upper
50cm section of their walls had collapsed. As a consequence, the upper 50cm of each
sinkhole wall became steeper, whereas the lower section became more moderate in
slope (Figure 4.16).

Figure 4.16 - Changes in the shape of the
sinkholes E and F.

Eastern group

The diameter of Sinkhole A increased. Along its margins, a 1m step was
formed. The subsiding area around the sinkhole extended, and the surrounding cracks
extend up to 15 m from the edges of the sinkhole. Crack width exceeds 30 cm in some
locations (Figure 4.15).

Sinkhole H changed its shape from bell-like to a cylinder (Figure 4.17) after
its ceiling collapsed. As aresult, the depth of the sinkhole decreased. The red marks
that were marked 1.5m from the its margins in 1999 fell into the sinkhole. The eastern
margins of sinkhole H are located on the circumferential cracks of sinkhole A. Hence,
the plain view of sinkhole H is similar to the letter D, with a 4m diameter, and not
circular as the other sinkholes. Sinkhole H lies within the subsiding area around
sinkhole A, nevertheless, a 1m wide strip between them is uplifted from its
surrounding by 30cm.

Figure 4.17 - The bell-shaped
sinkhole, sinkhole H, collapses and
becomes cylinder-shaped.

B-G complex

Sinkholes B and G grew up to 50 cm around most of their edges, due to
collapses. On the southern margin, a 1.5m wide area collapsed. The width of the
surrounding cracks widened, and in places new ones appeared, up to 10m from the
margins of the sinkholes. Some of these cracks coincide with the concentric cracks of
sinkhole A. No new sinkholes had evolved since August 1999, nevertheless, the
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existing ones showed devel opment.

4.5.2.3 Summary

During the two years of field measurements (1998-2000), the sinkholes in area
2 evolved in two clusters (eastern and western), separated by 100m of undeformed
area. The eastern cluster developed faster both in dimensions of the sinkholes
(sinkholes E, F, C-A-D complex, and B-G complex) and in their number (sinkholes H
and | were formed).

Field observations indicate that each sinkhole affects its surrounding area in
the form of cracks and surface subsidence. Different sinkholes influence their
surroundings at different extent (vertical and horizontal). Nevertheless, the deformed
area surrounds the open of the sinkhole at the surface — deformation ring (Figure
4.18). The deformation ring is hardly observed around the western sinkholes (E and
F), contrary to its prominent appearance around the eastern cluster. On the western
cluster, the deformation rings partialy overlap in places. These interactions
complicate the nature of the surface deformation, and forms uplifted zones within
sinking areas.

Undeformed area

Deformation ring

Figure 4.18 — A schematic plain
view of a sinkhole surrounded by
a deformation ring. The width of
the deformation ring varies in
different sinkholes.
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5. Data collection and processing

In this research we monitored and characterized the surface deformation along
the Mezada plain, on the western shore of the Dead Sea. The features in focus are
surface deformation induced by sinkhole activity in the northern Hever aluvia fan
(area 2), and wide surface subsidence across the Mezada plain (area 1). Sinkhole
activity in area 2 was monitored in Six measurement sessions, using two types of
geodetic techniques. space-based positioning (GPS) and terrestrial-based positioning
(EDM) (see Table 5.1). Four sessions of the field measurements were carried out
using kinematic GPS, both in real time and post processing modes. Two additional
sessions were carried out with the Electronic Distance M easurement (EDM). The two
work methods provide elevation data for discrete points in the field. The elevation
data was used in chapter 6 to surface deformation in the study area 2. The surface
subsidence, in area 1, was monitored using the INSAR technique. Twelve (12) scenes
were selected, spanning periods of 3 to 71 months between 1992 and 1999. The
scenes are about 100x100 km? each taken from the InSAR descending track frame of
2979.

Date M easurement points M easurement type Equipment
4/5/1999 415 GPS-RTK Trimble 4000 receivers
22/12/1999 355 GPS-Post Process Z-12 and Z-surveyor
17/1/2000 460 receivers
26/6/2000 357
27/2/1999 28 EDM SET2CII (Sokkia)
19/3/2000 28

Table 5.1 — Summary of the technical
details of the six measurement sessions
conducted in study area 2.

5.1 Measurementswith GPS and EDM

One of the problems that arise during a geodetic survey with GPS or EDM
equipment is locating the measured points in an array that will give the highest
accuracy while producing the map. Therefore, in order to measure the surface in a
way that al its features will be pronounced, an array of points was selected to be

measured, according to the observations on the surface Y -,( ..
deformation. Some open questions led to the decision ?1 ey

where to measure: (1) Does a sinkhole influence its ‘iwi
surrounding topography? (2) If there is such an Anc‘em ;] "‘!@:"'
influence, how does the surface deform near a shoreline It
sinkhole? (3) What is the width of the deformed area? Sm'k;;re
(4) Are ancient shorelines leveled as they are . _
supposed to be? and (5) Is there any topography Bafe stations
changes in the areas that seem to be undeformed in the :

air photos and in the field observations? Figure 5.1 — Map showing

The surface features that recelved extra the4lS points measured with the

; ; - o RTK system, on 4/5/1999. The
attention during the measurements were: sinkholes —  — ° 2> " ere made from

their circumference and surroundings, ancient  the most western base station.

shoreines — along the three ancient shorelines in the Thl‘?b Ott_hEV two were used for
callpration.
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study area; and the intermediate zone — between the two clusters of sinkholes

(Figure5.1).

In order to achieve a high level of
measurement, repeatability some benchmarks were
built in the study area (area 2). Small flags marked
the margins of the study area and 28 fixed points
were built by placing pipes in the ground. The
pipes, each 50 cm long, were placed vertically in
the ground in a cross pattern across each of the four
major sinkholes (Figure 5.2). Red dots were
marked on the surface around each sinkhole, at a
constant distance from the sinkhole margins
(Figure 5.3). The 28 fixed points were used during
the EDM sessions as the only measured points and
during the GPS sessions as reference points.
Additional points were measured during the GPS
sessions around the sinkholes, along the ancient
shorelines and between them. The rest of the GPS
measured points were chosen during the session.

Ancient
shoreline

Figure 5.2 - location of the fixed
EDM measurement points (the
stars) relatively to a sinkhole and an
ancient shoreline (the dotted line).

Both geodetic systems, GPS and EDM, require the utilization of a base station
with a fixed and stabled location. The base station location was established 300m
away from the study area, 5m uphill, on an ancient shoreline. It was fixed by inserting
a 1m-iron rod into the ground. Two additional secondary base stations were
established 50m and 100m away from the first one, along the same ancient shoreline
(Figure 5.1). The secondary base stations were established in the same method as the
first one and were used for calibration at the beginning of each measurement session.

EDM

The 28 fixed points measured by EDM were placed at distances of 2m and 4m
from the edge of magor sinkholes. Half of these points are located on ancient

shorelines (Figure 5.2).

GPS

A typical GPS measurement session includes
the measurement of about 400 points. The
measurements were made in three circles around
each sinkhole. The smallest circle is the red dots,
which are marked on the ground near the margins of
the sinkhole. Two additional circles were measured
2m and 4m away from the margins (Figure 5.3).
Each of the three ancient shorelines in the area 2
was measured with at least one series of points,
distant 10m from one another. Measurements were
made also, between the clusters of the sinkholes and
the ancient shorelines, in roughly equally spaced
points.

Figure 5.3 - Schematic map showing
the location of the GPS measurement

points
sinkhole.

(the dots) relatively to a
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5.1.1 Surveying with Kinematic GPS

Four GPS campaigns were conducted during the two-year period of this work,
from October 1998 till June 2000. The first session of measurement was carried out
on 4/5/1998, using the TRIMBLE 4000 RTK system of the Geophysical Institute of
Israel (GIl). The raw data was downloaded from the receivers with the TRIMAP
software in the GIl. The three other sessions were carried out in the post-processed
kinematic technique on 22/12/99, 17/1/2000 and on 26/6/2000. In these measurements
two type of ASHTECH receivers were used, the Z-12 and the Z-surveyor, which
belong to Tel Aviv University and to Mr. Shmuel Grossman, respectively. The raw
data was downloaded from the Z-12 receiver with the CGHOSE software and from
the Z-surveyor receiver by the Ashtech software. Data processing was conducted
using the Ashtech software of Mr. Grossman.

A surveying typical day comprised of several procedures, i.e., emplacement
and initialization of the reference station, initialization of the roving receiver, and
surveying. Usually, the measurements did not go smooth due to technical problems.
Nevertheless, at the end of the surveying day, the collated data was ready for the
computer processing. The following paragraphs describe these components in more
details, noting some differences between the RTK GPS and the Post Processed
Kinematic (PPK) GPS.

5.1.1.1 Recelvers Initializing
At the beginning of a surveying session both the base and the rover receivers
should beinitialized in order to work synchronically.

Base station

The basic components of the reference station, whether using the RTK or the
PPK system, are the base receiver and a geodetic GPS antenna. The GPS antenna is
emplaced upon a leveled Tripod and Tribrach, which are located exactly above a
previously measured geodetic benchmark. After the antenna is mounted its slanted
height is measured from the benchmark. After connecting the base receiver to a
power source (a car battery in this case) and turning it on, some details should be
configured in order to define the surveying type that will be practiced. The
configurations consider the system components and the data processing. The system
components defined are the parameters of the antenna: its type, height and position
(the previously known geodetic benchmark). In the data processing configurations
some selections should be made. The surveying technique is defined as post processed
or rea time, and whether it will be Static, Kinematic or Differential. Then the
geodetic datum, on which the positioning calculations will be based, is defined. After
choosing the units (metric system or other) for the measurements, some limit values
are for the receiver readings. The maximum GDOP (the constellation of the satellites
issight), till reliable, isusually is set to value 4. The elevation Mask is the minimum
angle above the horizon to receive readings from the satellites. This value is usually
between 10°-13°. The period of time in which the receiver acquires transmissions
from the satellites before it marks a reading is the Epoch interval. Epoch interval
values can range from 0.5-900 seconds.

With these configurations the post-processed base station is initialized, while
the RTK base station lack some components. During an RTK survey, a constant radio
contact should be maintained between the base and the roving stations. Therefore the
additional equipment in the RTK base station is a radio antenna, a radio
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transmitter/receiver, an amplifier for the radio transmissions, and an additional Power
source. Specia cables interconnect the components of the base station.

Rover station

In both systems, the RTK and the post processed kinematic, the |n|t|al|zat|on
steps and the components of the rover
station are very much similar to those of
the base station. The base and the rover
stations of the RTK system communicate
continuously during the survey, through
radio link. Therefore, the epoch intervals
of the measurements are synchronized.
This is not the case in the post-processed
system, were the two stations work
independently in the field. Hence, the base
and rover stations must be initialized with
the same defined epoch interval.

The difference between the base  Figure 5.4 - The GPS rover receiver (Ashtech’s
and rover Stions lays in thelr Tetmes) el on  sop b e
component’s size and weight. Most of the
components of the rover are smaller and lighter, in order to ease their portability. The
GPS antenna is attached to a pole, rather than to a tripod. The pole can be carried by
hand and located at each measured spot. It can also be attached to a backpack while
roving with the RTK system. The GPS receiver is placed in the backpack (RTK), or
on a strip (Post Processed) (Figure 5.4). The receiver batteries are placed in the
backpack. The RTK rover station has additional radio equipment. The radio
transmitter/receiver and its power source are placed in a backpack, to which the
antenna is attached, on a pole. Special cables interconnect the components of the base
station.

5.1.1.2 Surveying
The survey itself is the simplest part of the job. The measurements are

preformed as follow: The surveyor arrives to the location that will be measured and
places the GPS antenna on the spot. When the antenna is leveled, the surveyor stands
still and punches the button on the receiver that starts the measurement. The receiver
collects the signals from the satellites along a previously defined time interval (few
epochs), and tags the measured spot with a serial number. When the measurement
epochs end, the receiver signals the surveyor to move to the next spot, where the same
procedure is repeated. The receiver calculates the position not only in the specific
points, labeled by the surveyor, but also along the trail between them. The data about
the trails can be used, in a post processing calculation, to give additional information
about the studied area.

Measuring points with running serial numbers is one of the basic options of
system. The RTK system has additional navigation and geodetic options, such as
navigation to specific points, calculating the intersection between two different
vectors, calculating intersections between two different circles, given their center
location and radius. In addition, several shapes can be defined, by marking equally
spaced points on the surface, i.e. aline, an arc, aslope, and a grid of points.
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5.1.1.3 Typical problems during the field work

During a typical fieldwork the surveyor is confronted with some problems.
The problems can originate from user errors, technical errors of the instruments, and
external obstacles. User errors can be technical, i.e. connecting the system
components wrongly, or measuring while the GPS antenna is not properly leveled.
Operational user errors can originate from imprecise initialization of the receivers, i.e.
defining the wrong geodetic datum; defining the wrong height for the GPS antennas;
choosing the wrong surveying technique (differential, kinematic, or static);
unsynchronized operation of the post-processed receivers, by defining different epoch
intervals for the base and rover stations. Instrumental problems can usually arise
from the technical conditions of the equipment. The problems can originate either
from weak batteries, providing voltage below the needed threshold, shaky cable
connections, or that the memory disk of the receiver had reached its full capacity
already. External problems, which affect the GPS and the transmissions, usually
originate from either poor GDOP, or bad visibility of the satellites, and radio
disturbances (in the RTK operation).

5.1.2 Surveying with EDM

Two EDM sessions were conducted, using the SET2CII (Sokkia) of the
Geological survey of Isragl (GSI). The first measurement session was carried out on
27/2/1999 and the second session on 19/3/2000. The raw data was written in the field
in a notebook.

5.1.2.1 Setting up the instrument

The EDM apparatus is placed on a leveled tripod, which is located exactly
above a previously measured spot (the base station). After the apparatus is switched
on, it is initialized by a horizontal and a vertical turn. Some pre-surveying
measurements should be conducted in the beginning of every session. These
measurements directly affect the accuracy of the EDM. The Height of the EDM and
the reflector above the ground is configured as well as the weather conditions - the
barometric pressure and the temperature of the air.

5.1.2.2 Placing the reflector

The EDM measurements were conducted above
28 fixed points. A 50cm long and 10cm wide pipe was
placed in each point, for enabling measurement
repeatability (see section 5.1). 10 cm of the pipe was left
above the ground. The reflector was screwed in the
center of a plastic cup, filled with glue (Figure 5.5).
During the measurements the reflector gadget was
placed, leveled, on each pipe, facing the EDM.

placed on one of the pipes.
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5.2 InSAR processing (based on Baer et al., 1999)

INSAR data in this study was processed in a few steps. At first, the raw data
(acquired by the ERS satellites) was sorted and the frame that covers the western
shores of the Dead Sea was chosen. Then a topographic model was calculated from a
basic reference topography model, and at least two INSAR images (of short time
interval). This model was used for producing topography-free interferograms, which
are the final product.

Twelve images were chosen from the frame 2979, for the study (Figure 5.6).
The images were taken in dates that span from 11/6/1992 until 21/3/1999, in
descending track orbits. Twelve of them image an area of 112x100 km? and one
images only 100x100 km® Generating interferograms from a group of images
demands sub-pixel correlation between al images. To achieve such correlation, a
reference ("master”) image was chosen from the group (the red triangle in Figure 5.6);
the rest of the images were correlated to the master image. The master image is
located, roughly, in the center of the group, according to the orbital location of the
satellites. The perpendicular baseline is the vertical difference between the master and
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Figure 5.6 — Twelve orbits of the two ERS satellites, used for creating the 2979 frame. Each orbit is
marked by a triangle and its serial number. The master image (06445) is marked by a red triangle.
The horizontal axis represents the time when the image was taken. The vertical axis represents the
offset between the different orbits, in meters, parallel to the earth surface (Baer et al., 1999).

the slave image trajectories. All the perpendicular baselines between the satellite
orbits, were calculated with respect to the master image (orbit 06445), hence the
master’s perpendicular baseline is zero. By finding the azimuth and range of three
points that appear on all the images, and calculating their offset from the master
image, the images were matched. The calculations were made by using an algorithm
that is part of the Stanford/Jet Propulsion Laboratory Interferometry processing
package. The result is a complex image whose phase component appears in the

interferogram. The phase
appears in 2rtcycles of colors ‘ -
(“wrapped”), without any

absolute value (Figure 5.7). Figure 5.7 — One cycle (fringe) of colors, standing for
one cycle of the phase change (2m).
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The topographic model for the specific frame of work is calculated, based on
the Gtopo30 Digital Elevation Model (DEM) of the USGS. This DEM is a 1km grid
of points on the earth, in athree-dimensional positioning, on a global reference frame.
To produce a finer topographic model, interferometric pairs are stacked on the DEM.
The most suitable pairs of images for the topography model are those that have the
longest perpendicular baseline (Figure 5.6) that still enables the phase unwrapping
(resolving the integer number of 2m cycles). The perpendicular baseline difference
between the two orbits that form the topographic interferogram, is inversely
proportional to the ambiguity height (the elevation change required to alter the phase
difference by one cycle). Therefore the pairs with longer perpendicular baseline are
more sensitive to topography (Rosen et al., 1996). Moreover, Tandem pairs, taken
only 1 day apart, are preferred because they include minimal surface deformation.

Topographic effects may obscure surface deformation on the change
interferograms. In order to reduce the topographic effects the pairs with the shortest
perpendicular baselines are chosen. Figure 5.6 shows the perpendicular baselines and
the satellite orbits that were used in this study. Figure 5.8 shows the selected change
pairs on atime scale, showing that different interferograms span over different time
periods (discussed in the Results chapter). To form topography-free
double-differenced interferograms the topography model is subtracted from the
change interferograms. The subtraction is done after both the topography
interferogram and the change interferograms are scaed by the ratio of their
perpendicular baselines to 100. The result is rewrapped to get the double-differenced
interferogram. The selected frame (2979) images a rugged area, with a topography
that extends from below —400m and exceeds 1600m. Fortunately, the study area lies
on the Dead Sea shores, where the elevation difference is less than a hundred meters.
Therefore, the study areais regarded free of topographic influences.

2979 frame
13060_20473 e
09451_20473 |
03439_12058 |
22611_20473 |
22611_09451 | —
22110_129586 |
% 22110_03439 =
o
L 01435_09451 |
E 21108_06445 |
© 01435_22611 mm
107 44_12958 |
10744_06445 |
107 44_03439 |
04732_12958 |
04732_22110 | |
1992 1993 1994 1995 1996 1997 1998 1999
Time

Figure 5.8 - The selected change pairs of the interferograms, on a time scale.
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6. Results

In the following pages the results of the different geodetic methods are
presented from the large-scale area (the INSAR measurements) to the small-scale area
(the GPS measurements); also included are the EDM calibration measurements of the
GPS.

6.1 InSAR results

Following the above procedures described, 13 interferograms were selected
from the 2979 frame. This frame was imaged by both the ERS satellites in a
descending orbit (from the north southwards) that covers most of the Dead Sea shores
(Figure 6.1). For generating the topography model, the following two pairs of images
were stacked on the Gtopo30: (1) an interferogram made from orbits 21108 2979 and
01435 2979, imaged one days apart, with a perpendicular baseline of 42 m; and (2)
an interferogram made from orbits 22611 2979 and 03439 2979, imaged 35 days
apart, with a perpendicular baseline of 138.74 m (Figure 5.6).

The thirteen double-differenced (topography free) interferograms were
generated by unwrapping, scaling, and subtracting the topography model. The
interferograms cover different time periods between 11/6/1992 and 21/3/1999. While
choosing the pairs for the double differenced interferograms, short baselines were
preferred, in order to reduce topographic influences (shorter than those of the
topography model pairs).

Dead Sea fault

Figure 6.1 — Location map of
the 2979 frame.
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8

@)

Mezada
plain

Figure 6.2 — (a) Location map of part of the 2979 frame that covers the central section of the Dead
Sea. (b) Average amplitude image generated for the same section of the Dead Sea. The land shows
in grayscale colors, and the Dead Sea is blackened. Although the amplitude image is not a
topographic map, prominent topographic features can be identified. One of these features is the cliff
(marked with red arrows) on the western shores of the Dead Sea. The cliff can be distinguished on
the 13960_20473 interferogram (Figure c), despite the topographic corrections that were done

during the data processing. Fortunately, the studied area 1 lies east of the cliff, in the Mezada plain,
which is almost free of topographic changes.
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Some areas on the 2979 frame are characterized by very high topographic
gradient, i.e. the cliffs and mountains both east and west of the Dead Sea shores. In
some of the double differenced interferograms these topographic features were not
diminished (Figure 6.2). However, the topography of the studied area is almost flat,
with elevation differences less than 100m. Hence, the observed interferometric fringes
are mostly due to surface movements.

The possibility of horizontal movements was examined by comparing the
interferograms generated by the eastward-viewing ascending path orbits with those
generated by the westward-viewing descending path orbits (Baer et al., 2000). In al
cases, the color order within the deformation fringes in a certain area, is similar for
the two paths, inferring that the InSAR-detected deformation is primarily due to
vertica movements. Taking into account the radar wavelength (56.5 mm) and
incidence angle (23°), one fringe cycle represents about 31mm vertical displacement.

This part of the research focuses on the eastern
margins of Mezada plain, a wide and elongated coastal B er norh 4
Hever delta

strip between Hever creek in the north and Mezada creek
in the south (Figure 4.1). The interferograms of study area
1 were analyzed in order to detect the position of the
ground surface. The anaysis was intended to identify
changes in three of the sinkhole sites that were
documented by Itamar and Reizmann (2000), (Hever
north, Asa’el and Ze'elim). An additional subsidence site
that was identified at the tip of the Hever aluvial fan - the
Hever delta site (Figure 6.3). Part of the analyzed
interferograms are presented in Figure 6.4. The
interferograms show the changes of the surface elevation
in six different time ranges, spanning between 1992 and
1997.All the interferograms presented here are comprised

of both on land and off shore areas. The area on the i

left-hand side of the interferogram is the Dead Sea shores

that is the main focus of this study. On the right-hand

side, the Dead Sea surface came out decorrelated in the

original interferograms. Meaning that in areas where the

surface had changed dramatically (eg. the Dead Sea Figure 6.3 —Location map of
. the subsiding area identified

surface or the terra nova) between the two images that i, the Mezada plain.

make the interferogram the comparison is impossible.

Therefore the Dead Sea surface was blackened. The

blackening was done according to the correlation border of the ‘slave’ image of each

of the interferometric pair. The red line represents the shoreline on 21/3/99, the most

recent shoreline that was imaged (based on the image 20473 2979).

In general, the wide coastal strip of study area 1 looks from the
interferograms, as a series of local surface depressions. More detailed analysis of the
major surface depressions in four sites is provided in the following paragraphs. The
depressions were analyzed from the north southwards: Hever north, Hever delta,
Asa el and Z€ elim (Figure 6.3).
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6.1.1 Northern Hever site

The northern Hever subsidence site is located on the northern Hever aluvial
fan, stretching parallel to the shoreline, in an east-west direction (figure 6.5). The
subsidence site is about 700m long and 400m wide, bordered by the En-Gedi SPA in
the northwest and the northern Hever aluvial fan in the southeast. The northern Hever
sinkhole site is located along the margins of the surface subsidence, on its eastern end.
The whole area is subsiding northwards, towards the Dead Sea. The northern part of
the area is subsiding faster than its southern part. The total subsidence reaches values
of 3cm (Figures 6.4a and 6.4b, over 3 and 15 months respectively). However, on the
rest of the interferograms in Figure 6.4 the entire site is decorrelated, and therefore no
information can be inferred.

6.1.2 Hever Ddlta site

The Hever delta subsidence area is located in the center of Hever aluvial fan
(Figure 6.5). The subsidence has a bull’ s-eye shape, stretching along the shoreline.
The center of the subsidence is almost round, with a radius of about 100m, (best

;’13% 01435_22611 n  22611_09451

"ty ; I
1 Lo M
% 7/95- 11/95 g .n;“ 11/95-2/97

Figure 6.4 — The Mezada plain in six of the scanned interferograms. The interferograms span
between 1992 and 1999 on different time periods: 3.42 months (a), 15 months (b), 28.41
months (c), 35 months (d), 50 months (e), and 64 months (f). Each of the six interferograms is
subdivided into three areas: on the right (east) the Dead Sea, in black; on the left (west) the
correlated area; and between them the decorrelated area.
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viewed on Figure 6.4c, an interferogram over 28.41 months). This subsidence was
identified in all the interferograms, with he same center location (the same pixel). In
most of the interferograms the subsidence is concentric except on Figure 6.4f where
the eastern side of the subsidence is in decorrelated. In some of the interferograms
(e.g. Figure 6.4d) the subsidence is wider aong its western side.

The amount of the subsidence varies between the different interferograms. In
Figure 6.5, which shows an interferogram spanning 3.42 months, the subsidence is
amost insignificant — about 0.5cm. However, Figure 6.4c, which shows an
interferogram spanning 28.41 months, a concentric subsidence of 3cm is detected.
The full comparison between the amount of subsidence and the interferogram
spanning periodsis given in Figure 6.6. -

‘3 " Northern Hever

6.1.3 Asa'd site Lo

s _Hever Delta
The Asael siteis awide strip (about 400m) that W
stretches paralel to the shoreline, south to the Hever
aluvial fan. Asael dry creek crosses the subsidence site
at its midst. The Asael subsidence site includes the
southern Hever sinkhole site on its north. The southern
Hever sinkhole site is located south to the southern
margins of Hever aluvia fan (Figure 6.3). The
subsidence appears in al the 13 interferograms, but in
varying paces. Typically the subsidence is divided into
two sections — northern and southern. In  most
interferograms the northern section subsides about 1cm
faster than the southern one. In short spanning period
interferograms (Figure 6.4a, over 3.42 months) no
subsidence is identified along the shore. However, in
longer spanning period interferograms, the subsidence
pattern is clear (2cm in Figure 6.4f, over 64 months) in
spite of the decorrelated strip along the shore. The
Asad site shows almost an equal rate of subsidence in
different interferograms. 0.5cm in 15 months (Figure
6.4b), 1cm in 28.41 months (Figure 6.4c), and 2cm in
64 months (Figure 6.4f). Full comparison between the  Figure 6.5 - Change
amount of subsidence and interferogram spanning ~ nterferogram 01435_22611,

over 3.42 months, showing

period isgivenin Figure 6.6. the four surface subsidence
sites: northern Hever, Hever
6.1.4 Ze dim site delta, Asa'el and Ze'elim.

The site is located on the alluvia fan of Ze'elim dry creek. The decorrelated
area on the eastern margins of the subsiding area varies between the different
interferograms, but most of the site is correlated. The surface subsidence has a
triangular shape. The base of the triangle is paralléel to the shoreline and its vertex lies
about 500m eastward. Similarly to subsidence sites north of Ze'elim site, the amount
of subsidence is greater aong its eastern side. In some interferograms the site is
divided into two subsiding areas, separated by the trace of Ze'elim creek (Figure
6.4c). The rate of subsidence varies between the different interferograms No
subsidence is identified in the 3 months interferogram (Figure 6.5). However, in the
28.41 months and the 64 months interferograms (Figure 6.4c and 6.4f), there are
subsidences of 2.5cm and 3cm, respectively, in the same location.
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Figure 6.6 — Total subsidence in the four sites, over thirteen spanning periods — the thirteen

interferograms analyzed. The estimated subsidence was calculated by counting the color

fringes in each site.
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6.2 GPSreaults

Six sessions of GPS measurements were carried out through the two-year
duration of this study, between 1999 and 2000, at the northern Hever sinkhole site.
Two of the measurement sessions were not successful, due to technical problems. The
four successful sessions, carried out on 4/5/1999, 22/12/1999, 17/1/2000, and
26/6/2000 are presented here, focusing on the middle ones. The raw data was
processed to form point distribution plots, elevation maps, isogradient maps, shoreline
profiles, cross sinkhole profiles, and a map of the differences between two sessions.

6.2.1 4/5/1999 measur ement session

Figure 6.7 shows the elevation map of study area 2, as calculated according to
the distribution of the 521 locations measured on 4/5/1999. The contours of the
elevation map represent 20cm elevation difference. Most of the measured locations
are situated on the northern part of the map, except three locations, on the southwest
corner of the map. The later three locations were measured on an elevated ancient
shoreline, distinct from the mapped area itself, where most of the locations were
measured. The westernmost measured point of the three was used as the base station
throughout all the measurement sessions. The other two locations, on the same
elevation, were used for base station calibration. The majority of the measured
locations are distributed in the mapped areain away that reflects the surface features.
Circles of points were measured around the seven magor sinkholes in the area
Elongated feature of points trending generally due northwest was measured along the
ancient shorelines. Another cluster of points was measured on the northern part of the
map, on a suspected local surface depression. The contours that are drawn inside the

-3EE

pci=]

Longitude (m)

=385

- 30K

-7

Bcis

=]

100 120

Latitude (m)

Figure 6.7 — location map of the 521 points (red dots) measured at 4/5/1999 in local coordinates.
An elevation map (black contours) was drawn according to these locations.
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circles of points (“inside the sinkholes’) were marked by the software as an
interpolation.

Figure 6.8 shows a map of the elevation’s isogradient contours. The contours
in this map connect nodes of equal elevation gradient. The numbers on the map and
the color scale represent the steepness, in degrees. Features, like different slopes, that
were identified on the elevation map are more pronounced on the map of isogradient
lines. If we look at the map from the lower left corner (southwest) towards the upper
right (northeast) we can see that between the three base points and the cluster of the
majority of the measured locations (the mapped area) lies a slanted hillside, in slope
values up to 5 degrees from the horizon. The gradient map emphasizes the surface
morphology that alters between two slope types, moderate and steep, trending due
northeast (downhill). The western group of sinkholes is located in an area where the
slope is around 5 degrees (the maximum slope in the map). However, the eastern
group of sinkholes is located in an area of shallow slope. The southernmost sinkhole
on the eastern group is surrounded by slopes that are moderating towards its center.
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Figure 6.8 —Map of isogradient contours from 4/5/1999. The slope is given in degrees below the horizon.

6.2.2 22/12/1999 measur ement session

Figure 6.9 shows the elevation map overlapped by the distribution of the 768
points measured on 22/12/1999. 357 of the points on the map were measured
manually, and the rest 411 were measured automatically, while roving between the
manual measurements. The distribution of the measured locations is very similar to
that of the previous session, and includes four trails of measurements along ancient
shorelines, and seven trails of measurements around sinkholes. However the different
range of elevation between the measurement sessions is discussed in the Discussion
(next chapter). The blackened areas are areas were no measurements have been made.

The elevation map (Figure 6.9) shows the same division to four sub-slopes, as
in the previous session In the area between the two sinkhole groups — a steep slope
was observed in the southwest. The slope becomes shallower in the locations trending
northeastwards. The group of contours, ranging between —366m and —367m border
the eastern sinkhole group from the south. This group of contours curves around the
southern sinkhole of the eastern group, and almost surround it, indicating that the
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sinkhole complex is situated in a topographic depression. Further north, but still
within the eastern sinkhole group, the shoreline morphology between the two sinkhole
complexes (northern and southern) is build of a line of small hills (20-30cm). The
northern sinkhole complex is situated in a topographic depression, surrounded by

Longitude (m)

120 140

Latitude (m)

Figure 6.9 — 768 points from the 22/12/1999 (red dots) measurement in local coordinates. An
elevation map was drawn according to these locations. The elevation map underlies the locations.

The general picture emerges from the elevation map is of a moderate
northward trending slope, with some topographic depressions. The topographic
depressions are concentrated on the eastern side of the slope, bordered by “L” shaped
elevation contours.

The map of maximum slopes (isogradient lines), Figure 6.10, shows the two
major features in the mapped area: (1) the slope between the two sinkhole group is
subdivided to four slopes, with alternating steepness; and (2) each of the sinkhole is
located within a surface depression, especially the eastern ones.

Longitude (m)

120 140
Latitude {m)

Figure 6.10 —Map of isogradient contours from 22/12/1999. The slope is given in degrees below the
horizon.
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6.2.3 17/1/2000 measur ement session

Figure 6.11 shows the distribution of the 454 measured locations (the red
dots), which are distributed in two main patterns: circular and elongated. The circular
pattern represent the three round trails of measurements around each sinkhole. The
elongated pattern represents measurements that were obtained aong ancient
shorelines. The black dots in Figure 6.11 are interpolated grid points that were
sampled to create topographic profiles of two shorelines (1 and 2) and two
cross-sinkholes lines (eastern and western groups). These grid points are use to
compare shoreline elevation between different measurement sessions (17/1/2000 and
26/6/2000). The profiles are shown in Figures 6.14 and 6.15 respectively. The
location of the base station of the measurements defines the origin (0,0) of coordinate
system.
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Figure 6.11 - Distribution map of the 454 measured locations (the red dots) on 17/1/2000. The black dots
were sampled to form four profiles (Figures 6.14 and 6.15).

The elevation map (Figure 6.12) was sketch according to each of the measured
locations (longitude, latitude and height). Yet, not all the rectangular area of the map
consists of measured locations. These areas were blackened due to the low reliability
of the elevation contours extrapolation. The elevation contours are marked every
20cm, and range from —383m (white) to —377.4m (black). The elevation values are
absolute, therefore marked with minus sign. The eight red circles, marked on the map,
represent the location of the sinkholes.

Longitude (m)

Latitude (m)

Figure 6.12 — elevation map, based on the measurements from 17/1/2000, with eight circles
marking the sinkhole positions.
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The elevation contours are sub-paralel throughout the whole mapped area,
trending in a genera direction southeastward. Between the latitudes of 200m and
250m the general trend changes and the contours are twisted: the southern contoursin
this area trend northeastward, while the northern ones trend eastwards. This trend
change gives the contours the shape of the letter S (rotated counterclockwise), borders
the eastern end of the eastern sinkhole group. If we focus on the area between the
latitudes 50m and 200m (the sinkholed area) we can divide the northeast sloping
hillside into four sub-slopes (from SW to NE). The slope changes from a relatively
steep one between the elevations —377.8m and —-379.8 (slope @), then become
moderate between —379.8m and —380.6m (slope b), between —380.6m and —381.4m it
becomes steeper again (slope ¢), and the rest of the slope is moderate —381.4m and
—382.4 (slope d). Most of the sinkholes are located on the moderate slopes (b and d).
The slope upon which the eastern group of sinkholes is located is not only moderate
but also wider than the same sub-slope in the western group area. Furthermore, the
area between the two southern sinkholes of the eastern group is lower by more than
40cm than its surroundings.

The different sub-slopes can be identified in the elevation map (Figure 6.12),
but can be seen more easily on the map of isogradient contour map (Figure 6.13). The
later map displays longitude and latitude range, in which blackened area represent
areas where no measurements were done; and the sinkhole locations. The shorelines
and their subdivision of steepness are emphasized by alteration of the elongated strips
of high and low steepness. The lying “S’ shape of the shorelines is identified, as well
as an area of zero gradient between the two southern sinkholes of the eastern group.

Longitude (m)

Latitude (m)

Figure 6.13 —Map of isogradient contours, based on the measurements from 17/1/2000, with eight
circles marking the sinkhole positions. The slope is given in degrees below the horizon.

Based on the elevation map (Figure 6.12), four topographic profiles were
drawn. The profiles were sampled aong two shorelines, and across each of the
sinkhole groups. 51 grid points were interpolated to calculate the shoreline 1 profile,
and 71 locations for shoreline 2. He sampled points appear with error bars of +-10cm.
The location of the profiles is marked in Figure 6.11 by black dots. The next two
paragraphs describe the two profiles.

Figure 6.14 shows the two topographic profiles aong shorelines 1 and 2.
Shoreline 1 is situated south of shoreline 2, as can be seen in the map in Figure 6.12.
Furthermore, shoreline 1 is topographically higher than shoreline 2, hence its
elevation in the topographic profiles is higher. The profiles of both shorelines show
topographic depressions in two areas. The elevation on both sides of the depressions
has similar values (-387.8m on shoreline 1 and —380 on shoreline 2). The location of
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these topographic depressions is in accordance with the location of the two sinkhole
groups (eastern and western).

The profile of shoreline 2 is longer than the profile of shoreline 1 in the
horizontal dimension (435m compared with 320m), and represent a wider sampling
area on both sides of the sinkhole groups. The sub horizontal red line marks the slope
of shoreline 1 in the areas beyond the segments 1, 2 and 3. The slopeis 0.3° below the
horizon. Segments 1 and 3 label the western and the eastern groups of sinkholes,
respectively. These segments are topographically lower than the red slope line (the
mean surface) by 40cm (segments 1) and 1m, (segments 3). Moreover, the area
between the sinkhole groups, segment 2, is lower by 30cm from the red slope line
surroundings.

Shoreline 1 shows only part of the picture seen on shoreline 2. There are two
topographic depressions in the two locations labeled 1 and 3. The western subsidence
is lower by 35cm from its surroundings, whereas the eastern subsidence is lower by
1.6m. The area between the two depressions is lower by 50cm from the area that
exceed the two depressions. The area southeast (right) to the eastern subsidence
(segment 3) doses not appear on shoreline 1 because no points were measured there.

Two additional topographic profiles (Figure 6.15) were drawn normal to the
shoreline profiles, across each of the sinkhole groups (Figure 6.11). The profiles were
calculated from the elevation map. The two profiles range between similar elevation
values: -381.66m to —377.98 on the western profile, and —382.13 to —379.13 on the
eastern profile. The western profile is shorter (50m long) and steeper than the eastern
one (80m long), as can be seen in Figure 6.15, as well asin the elevation map (Figure
6.12). Four elevation depressions were identified along the profiles (two in each). The
topography inside the sinkholes is not presented in the profiles because it was not
measured. The profiles were interpolated in the locations of the sinkholes, and appear
as three depressionsin Figure 6.15, in accordance with the magjor sinkholes.
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Figure 6.14 — Profiles of shorelines 1 (upper) and 2 (lower), according to the 17/1/2000
measurements. Vertical error bars are marked on the sampled points (+-10cm). The profiles are
divided into three segments. Segments 1 and 3 represent the western two and the eastern groups
of sinkholes respectively. Segment 2 is the area between the sinkhole groups. The sub horizontal
red line, tangent to shoreline 1, marks the slope of shoreline 1 (0.3°) in the areas beyond the
sinkholed (it is not a trendline).
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Figure 6.15 — Topographic profile of the north trending cross-sections through the two groups of
sinkholes. Vertical error bars are marked on the sampled points (+-10cm). The eastern cross-section
is marked in black, and the western in red. Black stars mark the location of sinkholes.

6.2.4 26/6/2000 measur ement session

Figure 6.16 shows the distribution of the 355 points measured on 26/6/2000
overlay the elevation map (drawn on the basis of this session measurements). 355 of
the 6768 locations were measured manually, and the rest 6413 were measured
automatically, while roving between the manual measurements. The measurements
were carried on in a similar distribution of the measured locations, both around the
sinkholes, between them, on ancient shorelines, and exceeding the sinkholed area
(westwards and eastwards). As can be seen in the elevation map, the pattern of
different slopes and surface depressions that appeared in the former measurement
sessions does not appear here. Moreover, the range of the topographic highest and
their values are different from the other four sessions of measurements. Therefore |
choose not to focus on this session, dueto itslow reliability in the vertical dimension.

6.2.5 Subtracting the 17/1/2000 measur ements from the 26/6/2000

The surface relief of northern Hever sinkhole site differs between the different
measurement sessions by elevation range and patterns. These elevation changes
originate from vertical displacements at the surface, yet, some of the elevation
differences (e.g. different ranges of elevation) may arise from technical reasons. A
more quantitative perspective is given in the subtraction between two GPS session
measurements over a period of 6 months, between 26/6/2000 and 17/1/2000 (Figure
6.17). Despite a relatively large number of measured points in the 26/6/2000 session
(6768 points), the result range of the points vertical component beyond the
reasonable (15 m). The range of the vertical component in the 17/1/2000
measurement session (454 points measured) is 2 m. In order to compare these two
measurement session by subtraction the vertical component of the 26/6/2000 was
scaled to fit the 17/1/2000 vertical range.
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Figure 6.16 - Elevation map, based on the measurements from 26/6/2000, with red dots marking the

manually measured locations.
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Figure 6.17 — Map showing the subtraction result between the 26/6/2000 and 17/1/2000 GPS

measurement sessions. The displacement contours are given in centimeters. Red circles mark the

location of the sinkholes. Blue lines mark the ancient shorelines 1 and 2.
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6.3 EDM results

Two sessions of EDM measurements were carried out through the two-year
period, between 1999 and 2000, at the northern Hever sinkhole site. The measurement
sessions were carried out on 27/2/1999 and 19/3/2000. The results of the 19/3/2000

session are presented here (Figure 6.17). These measurements were used only

as

calibration for the GPS measurements. The calibration was done in two levels —in the
field and while producing the results: in the field, the 28 fixed locations of the EDM
served as anchor locations while roving with the GPS. These fixed locations served
again in the data processing stage to overlap maps of different measurements sessions
correctly. And last, the comparison between the two EDM measurements (Figure
6.17) helped to verify the vertical displacement of the surface in the GPS
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Figure 6.17 - Results of the 19/3/2000 measurement session, on a local coordinate system. The
distances are related to the devise itself, which was located on the (0,0) coordinate. The measured

locations are marked red and labeled with their relative height (relative to the EDM devise). Blue
circles mark the location of the major sinkholes.
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7. Discussion and conclusions

This research monitored surface deformations on the western shores of the
Dead Sea along a period of two years (1998-2000). The main surface deformation
observed features were sinkholes, areas undergoing wide scal e surface subsidence and
tilt of ancient shorelines. Secondary surface deformation observed features were
localized surface subsidence and concentric cracks accompanying sinkhole
development. The following sections discuss first the work techniques and
methodologies, then the mechanisms that underlie the various surface deformation
phenomena, the results of the measurements, and finaly the spatial interactions
between the surface subsidence and sinkholes.

Five different methods were used for monitoring sinkhole development
and surface subsidence, of at various scales. Field observations were conducted
during a two two-year period (1998-2000) in the studied area, along the shores of the
Mezada plain, focussing on the northern part of Hever aluvia fan. A systematic
analysis of air photos covering the western shores of the Dead Sea, which span over
a nine years period (1990-1999), was used to trace the development in the northern
Hever sinkhole site. Considerable vertical deformation was identified in the surface
behavior, reflecting development of sinkholes and surface subsidence.

The current study focused on two main space-based geodetic techniques. GPS
and INSAR. We conducted six sessions of kinematic GPS measurements in the
northern Hever sinkhole site during a two-year period (1998-2000). Two of the
sessions were not successful. The results of the measurements were used for mapping
the surface of the sinkhole site, and for monitoring the changes in its elevation. The
GPS measurements showed vertical displacement of the ancient shorelines. InSAR
measurements were used for obtaining the spatial information of the topographic
changes in the Mezada plain and the rate of the changes. Thirteen scenes were
acquired during a period of 7 years (1992-1999) using the 2979 frame (descending
orbit). The calculated interferograms cover span periods of 2 to 64 months. The
different interferograms showed round, elongated and amorphous features. The
changes of the Dead Sea water level were seen as a strip of deceleration in the
different interferograms.

EDM measur ements were conducted in the northern Hever sinkhole site. The
results of these measurements are accurate and show elevation changes over a period
of one year. The EDM measurements are accurate (centimeter level) but less effective
when measuring a large number of locations. The relatively small number of
measured locations in each of the two sessions (28 locations) is not enough for
drawing a credible elevation map and reaching substantial conclusions. Yet, all
locations of the EDM measured points were fixed in the ground (section 6.3), and
were therefore used as calibration points for GPS measurements. The 28 fixed
locations were measured during the GPS sessions, along with the other locations. In
the data processing stage these fixed locations served as “anchors’ for comparing the
elevation maps of the different measurement sessions.

The large-scale surface subsidences are not easy to detect on field
observations, as are sinkholes. These surface subsidences occupy hundreds of square
meters, consequently mapping their surface with the GPS technique demands a large
number of measured locations (for creating a credible elevation map). The INSAR
technique was used for identifying sub-centimeter vertical changes of the surface over
large area (hundreds of square kilometers) (Massonnet and Feigl, 1998). On the other
hand, the horizontal accuracy of the INSAR technique islimited to the size of the pixel
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on the surface of the earth (20X5m). This resolution is not high enough for
monitoring the sinkholes on the Mezada plain because of their size (about the size of a
pixel). Therefore we measured the northern Hever sinkhole site topography using the
kinematic GPS. The combined data obtained by the five monitoring methods above
enables us to give a comprehensive evaluation of the Mezada plain surface

topography.

Sinkholes

The formation of sinkholes is related to the lowering of the Dead Sea water
level during the last few decades. The lowering of the Dead Sea water level induces
changes in the configuration of the groundwater level and the fresh-saline water
interface (Wachs et a., 2000). The general mechanism for the formation of sinkholes
suggests that cavities are formed in salt layers in the subsurface. The cavities are
formed in the salt in places where unsaturated water (with respect to salt) reaches the
layer and dissolves the salt from underneath it. The failure of the roof of such a cavity
initiates a series of subsurface collapses. Eventually the collapses reach the surface
and sinkholes are formed (GSI, 1998).

The current research focused on the sinkhole formation in the northern Hever
sinkhole site. According to this research and Itamar and Reizmann (2000), sinkholes
tend to develop in clusters (Uvala). Field observation indicates that each sinkhole
affects its surrounding area in the form of surface sinking and concentric cracks. The
GPS measurements had shown that the deformed area around sinkholes extends up to
5 times the sinkhole diameter (70m in the northern Hever sinkhole site) (section
6.2.5). Another field observation was the deformation rings around sinkholes.
Sinkholes and their deformation rings appear circular in plain view (section 4.5.2.3).
The amount of vertical deformation (surface sinking) increases closer to the margins
of a sinkhole. In places where two sinkholes were formed close to one another, the
deformation rings partly overlap. The overlapping complicates the deformation and
forms uplifted zones within sinking areas. This surface feature was measured in the
different GPS sessions, i.e. the 17/1/2000 session (Figure 7.1).
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Figure 7.1 — Elevation map, based of the GPS measurements from 17/1/2000, with eight circles
marking the sinkholes’ position. The blue arrows (1) mark area that slope and sink towards the
sinkholes; and the blue arrow (2) marks an uplifted zone within a sinking area between two sinkholes.
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An additional feature, in the study area, that indicates vertical displacement at
the surface is the ancient shorelines. The ancient shorelines are assumed to be
horizontal as they were formed by the energy of the lake waves; therefore they were
chosen as surface elevation changes markers. Two of the ancient shorelines of the
northern Hever sinkhole site underwent vertical displacement. Figure 6.17 shows that
the vertical displacement of the ancient shorelines extends only over the area of the
sinkholes, hence related to the sinkhole formation. A larger scale vertical
displacement of the ancient shorelines is presented in Figure 6.14 (the shoreline
profiles). In Figure 6.14 the ancient shorelines slope 0.3° southeastward over a 500 m
distance. This topographic gradient was identified by GPS observations during the
1998-2000 measurement span. Interestingly the GPS-determined gradient change is
perpendicular to the one identified in the same area by INSAR measurements between
7-11/1995 (section 6.1.1). The subsiding area in the northern Hever sinkhole site is
very active showing development from a general subsiding area in 1995 to
sinkhole-oriented subsidence.

Land subsidence

Land subsidence (gradual settling of the ground) is induced by the
combination of ground water level changes and the degree of soil cohesion in the
shallow subsurface. The ground water level changes stimulate fluctuations in the pore
pressure, and as a result small breakdowns of the granular structure in the subsurface
(Figure 2.4). On the surface the resulting vertical displacement is of few centimeters
while the area of the land subsidence may cover a few square kilometers. The
reversibility of the granular structure deformation depends upon the amplitude the
ground water changes, as well as the ground combination. Unconsolidated rocks are
more vulnerable for changes in the pore pressure (USGS, 2000).

Vertical displacements, which were identified in the interferograms of four
sites - Hever north, Hever delta, Asael and Ze'elim — can be examined in the light of
the changes in Dead Sea water level and three drill-holes. We can see that following
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Figure 7.2 — Water level of the Dead Sea (black), ground water in three drill holes (red, yellow and
blue), over a 12 years period (after GSI, 2001). Four critical dates are marked: (1) the ground water
level rise start point, February 1992; (2) the top of the rise, February 1995; (3) the ground water level
are back in the February 1992 level, June 1998; and (4) the DSIF starts a major drop of 3m over 6
months, June 1997.
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the two consecutive rainy winters, 1991-92 and 1992-93, the ground water level on
the western Dead Sea shores climbed by 1.24m (Figure 7.2). This climb started on
February 1992 (marked as '1' on Figure 7.2) after along period in which the Dead Sea
level lowered in a rate of about a meter per year (Figure 1.2). The anomalous rainy
winters affected the ground water level for 6.5 years. On February 1995 the ground
water reached its highest level and started falling. By the end of June 1998 the ground
water level reached the same elevation as on February 1992, and continued to fall.
These three critical dates (February 1992, February 1995, and June 1998) are marked
onfigures7.2and 7.3.

The vertical movements measured in the above four sites, using the INSAR
technique, represent the net vertical change of the surface elevation between the two
images of each interferogram. Therefore we expect that the longer the interferogram’s
time spans, the larger the vertical deformation will be. Unfortunately, this is not the
picture. For example, the vertical deformation measured in the 04732 12958
interferogram in Asael site (Figure 7.3), which covers a period of 64.09 months, is
2cm. Nevertheless, 3cm of vertical deformation were measured in the 13960 20473
and 22611 09451 interferograms, which span 14.96 and 15 months respectively. The
answer is probably the timing of the interferogram. The 22611 09451 interferogram
spans from November 1995 till February 1997. During this period the ground water
level drops continuously. However, the 04732_12958 interferogram spans from June
1992 till October 1997. This period can be divided into two parts, in terms of the
ground water level: June 1992-February 1995 rise of the ground water level, and
February 1995-October 1997, ground water level drop. If the interferogram shows the
net vertical deformation of the surface, and this deformation is induced by the ground
water level changes, then the land subsidence was not continuous in time. According
to the current set of data it is not possible to tell what was the degree of ground
settling before February 1995. Yet, comparing with the shorter spanning
interferograms mentioned above we conclude that some of the surface subsidence that
occurred after February 1995 were compensated by none or negative (uplift) surface
subsidence that probably occurred before February 1995.

Surface subsidence in the study area and beyond (on the western shores of the
Dead Seq) did not developed continuously with time. The rate of subsidence changed
in an unpredictable manner over time. This may be partly explained by the changesin
the Dead Sea water level, which dropped by about 6 m during the period covered by
the interferograms. This drop in the water level affected the hydrological settings in
the subsurface of the shore region by (1) changing ground water level, (2) the
arrangement of ground water horizons, and (3) the shape of the fresh-saline water
interface. All the changes assumed here were expressed in the rate and spatia
distribution of the surface subsidences. The INSAR measurements show that surface
subsidence occupy considerably wider areas than sinkholes (hundreds of sguare
meters relative to few tens). There are sites where both sinkholes as well as surface
subsidences occurred.
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Sinkholes and surface subsidences

Sinkholes and wide regions of surface subsidence are probably the surface
reflections of changes in the Dead Sea water configuration and its surroundings over
the years (Wachs et al., 2000). Sinkhole formation is affected mostly by the shape and
location of the fresh-saline water interface, that determine the relations between
underground salt layers and unsaturated water. On the other hand, surface subsidences
are affected by the changes in the ground water level and the degree of consolidation
in subsurface layers. February 1995 was a critical date for the development of surface
subsidence and sinkholes on the western shores of the Dead Sea. From this date on,
the ground water level started to drop continuously, after a 3- year period of
ascending resulting sinkholes and surface subsidences development accelerated
(Schattner et al., 2000).
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Anderson et al. (1998) investigated a case study of surface subsidence and

sinkholes in central Kansas. Using seismic reflection and refraction a salt layer was
found in the shallow subsurface, with its top at depth of about 100 m. The researchers
expected that the salt layer would be thin where maximum surface subsidence and
sinkhole development had occurred, and thicker elsewhere. Contrary to expectations,
the salt layer was found to be relatively thick below areas of significant surface
subsidences and sinkhole concentration. If the salt layer in the shallow subsurface of
the western shores of the Dead Sea (section 1.1.3) behave in the same manner, it
might explain the rate, scale and spatia distribution of the surface subsidences and
sinkholes at the surface.
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Seismic refraction studies overviewed in section 1.2.2 draw a connection
between the relief of the salt layer topography, and the layout of the dry creeks on the
snores of the Dead Sea (Shtivelman, 2000a; Ronen, 1997; Shtivelman, 1998;
Shtivelman et al., 1994; Beck and Ronen, 1994; Ronen and Ezersky, 1998; Ronen et
al., 1992; Shtivelman, 2000a; Shtivelman, 2000b; Shtivelman et al., 1999; Ronen and
Beck, 1997; Ronen and Ezersky, 1997). The salt layer top, inferred by the seismic
refraction studies mentioned above, is deeper beneath the creek and shallower towards
the margins of the aluvial fan (Figure 7.4). The connection between the surface
subsidence and sinkhole sites layout (surveyed in this work), the salt top and the creek
layout suggested here give a three-dimensional picture of the vertical displacements
formation. A systematic seismic investigation, mapping the salt layer top along the
Dead Sea shores, may clarify the subsurface picture and help us predict where
sinkholes and surface subsidences are more likely to develop.

The Dead Sea shores are very vulnerable and easily affected by the changesin
water level of the Dead Sea. Sinkholes and the surface subsidences develop along the
shores as an indirect consequences of anthropogenic interference in the natural water
management of the Dead Sea basin (stopping the water flow into the Dead Sea, and
pumping water from it). This emphasizes the environmental influences of every
change caused by man.

Creek ’

Alluvial fan
Sinkholes

Surface subsidence

Figure 7.4 — Scheme of the layout of a creek and its alluvial fan, with surface
subsidences and sinkholes adjacent to the fan margins. At depth, the relief of a
salt layer, with its picks beneath the surface subsidences.
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7.1 Conclusions

Surface subsidence

1) Surface subsidences develop differently in different time periods, and in irregular
shapes.

2) February 1995 was a critical date for the development of surface subsidences on
the western shores of the Dead Sea.

Sinkholes

The development of a sinkhole affects the surface topography that surround it:

3) Surface deformation extends up to 5 times the diameter of the sinkhole.

4) Sinkhole formation induces topography changes of the surface within and beyond
the sinkhole site. Two ancient shorelines, which served as markers in the northern
Hever sinkhole site, were measured sloping 0.30 towards southeast over a 500m
distance.

5) The subsiding area in the northern Hever sinkhole site shows development over
time — from a genera northeast trending subsiding area (INSAR measurements
from 1995) to sinkhole-oriented subsidence trending southeast (GPS measurements
from 2000).

6) Sinkhole sites develop outside the boundaries of alluvial fans. Sinkholes and

Surface subsidence
7) Surface subsidence develops in each of the sinkhole sites, but the opposite is not

necessarily true. Therefore the subsidences cannot serve as precursors for the
development of sinkholes.
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