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Abstract—The Dead Sea area is increasingly facing serious subsidence and sinkhole hazards. On
March 22, 2000, the dyke of a two-month old major salt evaporation pond, located along the shore of the
Lisan Peninsula (Jordan), collapsed over almost two kilometers. The pond was set up over unstable new
lands that have been progressively emerging during the last three decades. In one hour, 56 millions m? of
brine poured out into the northern, natural part of the Sea. Here, we present data suggesting that the drop
of the water level, in conjunction with the particular tectonic setting of this area, is at least one of the
factors that led to the disaster. We focused our study over the northern part of the Lisan Peninsula and
Ghor Al Haditha which are two places undergoing the most intense deformations along the Jordanian
Dead Sea coast. We used the results of a static high precision gravimetric survey to detect subsurface
cavities in Ghor Al Haditha. We analyzed a interferometric digital terrain model of the recent emerged
platform of the Lisan peninsula and interpreted radar differential interferograms contemporary with
gravity measurements for the peninsula. We discuss the possibilities to detect, assess and monitor areas
prone to collapse on the Jordanian side of the southern Dead Sea coast.
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1. Introduction

The Dead Sea Basin (DSB) is the lowest place on the Earth. The watershed of this
terminal lake has a surface of 40650 km? (USGS, 1998). It receives a mean annual
precipitation that varies from 1200 mm in the north to less than 50 mm in the south
(USGS, 1998). For four decades, running and ground waters have been intensely
exploited by the Israelis (National Water Carrier, Dead Sea Works) and the
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A. Dead Sea location map (UTM 36, WGS 84). Notice that the emerged areas during the last forty years
include the hatched surfaces on the figure plus all the Dead Sea area situated south of Cap Molyneux which
is nowadays only artificially covered with pumped Dead Sea water for industrial purposes (Potash
extraction). B. The ERS-2 subset image, ascending, orbit 34494 frame 621, November 24th, 2001, shows
the northern part of the Lisan Peninsula. The NW shore was partly amputated after the collapse of a
segment of the dyke’s SEP 19 and the emptying of 56 millions of m? brine into the Dead Sea in only one
hour. The accident occurred on March 22, 2000. C. Sinkholes affected infrastructures such as roads. The
diameter exceeded 10 meters.

Jordanians (East Ghor Canal, Arab Potash Company (APC)) resulting in a strong
imbalance in the water budget of the Dead Sea (DS). SALAMEH and ABU NASEIR
(1999), SALAMEH and EL-NASER (1999) and SALAMEH and EL-NASER (2000) recorded
an annual deficit of around 1000 million m? with respect to the situation in the mid-
sixties. Consequently, new unstable lands emerged progressively. At the end of
seventies, the Lynch Strait emerged and separated the DS into northern and southern
basins (Fig. 1A). The water level has been dropping from about 392 m below sea level
(bsl) in 1950 to 416.3 m bsl by December 2002 (APC, written communication). The
level has strongly fluctuated through the Quaternary period due to long-term climatic
and tectonic causes (NIEMI and BEN AVRAHAM, 1997). The present rapid decrease,
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however, is mainly induced by human activities and is unique in the whole history of
the DS (SALAMEH and ABU NASEIR, (1999); SALAMEH and EL-NASER, (1999); and
SALAMEH and EL-INASER 2000).

Contemporary with the sharp drop of the water table from the sixties, the areas of
Ghor Al Haditha (GAH) and the Lisan Peninsula (LP), Jordan (Fig. 1A), were
particularly affected by sinkholes and other metric to kilometric subsidence related
phenomena. They are affecting fields, plantations, houses, roads, salt evaporation
ponds (SEP) and industrial dykes (Figs. 1B, C; Fig. 5).

During the nineties, the APC progressively extended its industrial complex of
SEP over the unstable Recent Emerged Platform (REP). Those new lands (Fig. 1)
encircle the peninsula emerged before 1960 (hereafter we call it the ‘old” part). A
decametric sea-cliff separates the ‘old’ and recent areas of the LP. In October 1992,
near Cape Molyneux, a road collapsed over about 100 m (KNIGHT, 1993;
TAQIEDDIN et al., 2000; TAPPONNIER, 1993). The destroyed area should become
part of the 20 km” SEP 18 built in 1994. The company decided to move the pond a
few hundred meters eastward. In October 2002, the SEP 18 was partially dried up
because of the appearance of new sinkholes wide enough to threaten its stability.

A more serious case is that of the SEP 19. Built at the end of the nineties, for
about 30 million US$, it was designed to contain 75 million m? of brine (AL ARAB AL
YAawM, 2001). On March 22, 2000, a part of its dyke collapsed over 1650 m. The
destruction took place two kilometers NW of the Cape Costigan (Fig. 1 B).
Consequently, when the dyke collapsed, 56 million m> of brine poured out into the
northern, natural part of the DS, increasing the water level of about 10 cm in less
than one hour (APC, personal communication). The destroyed zone is clearly visible
on satellite images posterior to the collapse (Fig. 1B).

Sinkholes most generally result from the upward sub-vertical movement of
cavities that developed because of the dissolution of underlying salt layers (ARKIN
and GILAT, 2000; TAQIEDDIN et al., 2000). As a consequence of the DS falling, the
interface between the DS water and the ground water is falling too. The salt layers,
previously surrounded by saturated water in respect to salt, are now exposed to
aggressive dissolution by unsaturated ground water.

Subsidence phenomena affect the DS shore. This subsidence appears to be
structurally controlled by faults, seaward landslides, and salt domes (BAER et al.,
2002).

In the present study, we analyze outputs from ERS (European Remote Sensing
satellite) synthetic aperture radar interferometry (InSAR) and differential interfer-
ometry (DInSAR) in relation with results from precise gravity measurements and
more than ten years of field investigations in the LP and GAH. We discuss the
possibilities to detect, assess and monitor prone collapse areas in this changing
hazardous environment of the Jordanian Dead Sea coast.
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Figure 2
Active tectonic feature in the DSB adapted from Ben-AVRAHAM, 1997; GARFUNKEL, 1997; HALL, 1997,
NIEMI and BEN-AVRAHAM, 1997, KLINGER et al. 2000b. Background DEM image from HALL (1997).

2. Tectonic Setting of the Dead Sea Area

The Dead Sea Fault (DSF) system is one of the major active strike-slip fault
systems of the world. The fault, left-lateral, extends over 1000 km from the Red Sea
rift to the Taurus collision zone in Turkey (Fig. 2, inset) accommodating the
differential motion between the African and Arabian plates. Its morphology is well-
expressed all along strike (GARFUNKEL et al., 1981), with several major linecar
segments separated by extensional pull-apart basins among which the DSB is the
largest. Between 33°N and 35°N the DSF bends eastward, producing large
compressional structures responsible for the Lebanon and the Anti-Lebanon
mountain ranges. The total offset, south of the Lebanese Range, is estimated to be
about 100 km (QUENNELL, 1958; FREUND et al., 1970, GARFUNKEL et al., 1981),
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probably posterior to the reorganization of regional tectonics that took place about
15 Myr ago (COURTILLOT et al., 1987). Due to Neogene’s extension (FREUND et al.,
1968), the DSF zone is marked by a conspicuous rift valley that is particularly well-
expressed along the Wadi Araba and the DSB.

The modern slip rate is still in debate. Geological observations, however (mostly
south of 33°N) suggest nearly pure left-lateral strike-slip faulting and estimated slip
rates range between 1 and 20 mm/yr with preferred values around 5 to 7 mm/yr
(FREUND et al., 1968; GARFUNKEL et al., 1981; GARDOSH et al., 1990; GINAT et al.,
1998; KLINGER et al., 2000; NIEMI et al., 2001; PE’ERI et al., 2002). BEN MENAHEM
(1981) inferred a slip rate of about 2mm/yr from the historical seismicity in the area.
By comparison, NuvellA (DEMETS et al., 1990) predicts transpressive motion, with
7 mm/yr of left-lateral slip and 6.8 mm/yr of compression for a point located at the
DSB.

LE PicHON and GAULIER (1988) has proposed a slip rate of about 9 mm/yr for the
Wadi Araba based on gravimetric and magnetic data in the Red Sea. The DSB is
about 150 km long to 15 km wide. Layers of low-density sediments fill the basin with
a maximum thickness of 10 km (GARFUNKEL and BEN AVRAHAM, 1996). The basin is
the largest extensional jog along the DSF, and it is usually described as a pull-apart.

Sinkholes location

(1992-2002)
Passage where
most sinkholes
occured

Figure 3
From September 1994 to February 1995, an area of interest was prospected about gravity anomalies. We
collected sinkholes information for almost 12 years and mapped it over an Ikonos quick look (20
September, 2000). The almost linear distribution might suggest the phenomenon is tectonically controlled
(inset is a subset of Fig. 2).
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Inside the DSB, two types of faults, both oriented roughly N-S, can be recognized
(Fig. 2). The first set of faults, located mostly offshore, is the continuation of the
northern and southern segments of the DSF, forming the pull-apart basin (BEN
AVRAHAM, 1997; GARFUNKEL, 1997). Those faults are the main ones accommodating
most of the horizontal motion of the DSF. The second set of faults in the area
bordering the basin along the western shore, are producing prominent vertical offset
easily visible in the topography (GARDOSH et al., 1990; GARFUNKEL et al., 1981).
Transverse faults, oriented NNW-SSE, cross obliquely the deep part of the basin.
The most conspicuous one is the Khunaizira (or also named Amazyahu) fault,
located south of the DSB, with a scarp height of about 50 m. Between these faults,
the basin infill is slightly back-tilted toward the South with no large deformations
(GARDOSH, 1997; BEN AVRAHAM, 1997). Strong deformations are known only near
the diapirs formed by the salt of the Sedom formation. The LP diapir, located just
between the northern and the southern basins, is the largest diapir of the DSB. Its
geometry is tectonically controlled. Active faults (creating deformations in Holocene
sediments) form a secondary basin inside the main one. These faults could be clearly
identified from the topography. They are responsible for the sharp edge of the eastern
coast of the LP.

3. Subsurface Cavities and Subsidence Areas Detection: Results of Gravimetry
and Differential Interferometry in the Ghor Al-Haditha Area

3.1. Gravimetry Measurements and Interpretation

Our reconnaissance campaigns in GAH began in 1989 and were intensified from
1991, in response to the development of a greater number of sinkholes and
subsidence areas. Field investigations reinforced the idea that sinkholes in GAH
result in most cases from bulky cavities that migrate upwards, sometimes obliquely,
by successive collapses of their roofs. When reaching the surface, they generally
become, almost spherical, metric to decametric holes. During the geophysical
investigations (September 1994 to February 1995), three new sinkholes appeared
north of the prospecting zone. Two of them were associated with cracks that evolved
quickly to form sinkholes. A third one created a 10-m-deep hole in the middle of a
road. Precise gravity measurements are adapted to detect such subsurface cavities
(CARrA, 1989; AL-MASHAGBAH, 1996; ABoU KARAKI, 1999). However, due to the
sensitivity of the instrument and the possible disruptive effects of the variation of
topography, we restricted the prospected zone to one of the flattest part of GAH
(ABoU KARAKI, 1999).

Fig. 3 shows the investigated area in its context along with the location of
sinkholes and two outlines of strong subsidence areas. A new (2003) third large
subsidence zone, in rapid expansion, is also mentioned but without precise outline. It
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is observed that the distribution of collapse features is not isotropic but is clustering
in a 200-m-wide band, with a SSW-NNE direction, suggesting a possible tectonic
control of this phenomenon (Fig. 3, inset). The orientation of the band is compatible
with the one observed from bathymetric contours few hundred meters North of
GAH where a fault has been identified (BEN-AVRAHAM, 1997; GARFUNKEL, 1997;
NIEMI and BEN-AVRAHAM , 1997; HALL, 1997).

Fig. 4 shows the set of Negative Residual Bouguer Anomalies (NRBA or
anomalies) computed for every measured point by the Griffin method. NRBA
essentially reflect the signature of near-surface heterogeneities in the vicinity of a
given station. In our area they normally reflect cavities. A cavity will develop into a
sinkhole with time. This is why we have more anomalies than sinkholes presently.
When comparing the distribution of anomalies and actual collapses between 1995 to
2002, it is observed that several sinkholes occurred in areas where we previously
singled out zones as prone to collapse. Fig. 4 compares ‘“‘significant” (from -0.1

Aerial photograph 07/06/99 . station

o -0.10t0-0.19 mgal
© -0.20to0-0.29 mgal
® -0.30 to -0.34 mgal
E 3

sinkholes from 1995
to 2002

Figure 4
Negative residual Bouguer anomalies detected and localized in a test area (600 m x 300 m) covered by
about 800 gravity stations in a regular grid (station spacing = 15 m) . Then, successive sinkholes and
subsidence inventory campaigns occurred from 1995 to 2003. Several anomalies had been confirmed in the
“passage” (see Fig. 3) indicated by the black dotted lines. We believe that it is just a question of time before
other anomalous areas become sinkholes as the system is evolving with time and that anomalous areas
inside the 200-m-wide band are most hazardous comparable to anomalous areas elsewhere within the
investigated zone.
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to -0.34 mGal) anomalies, with our sinkhole database that spread from 1992 to
2003.

The significance of the fact that sinkholes did not appear in the surroundings of
negative anomalies detected from both sides out of the 200-m-wide band could be
related to one or more, probably a combination, of the following explanations:

The distribution of sinkholes is probably fault-controlled. Faults of various sizes
are not unexpected in this well-documented plate boundary environment. This
argument is supported by the general correlation between the direction of the
distribution of sinkholes in GAH and the general direction of the DS Transform.

Cavities closer to the seashore are less prone to develop into sinkholes as quickly
as those elsewhere because the near sea cavities might be totally or partially filled
with water which makes their roofs less vulnerable to collapse.

A relation between the collapse timing of the most quickly developing sinkholes and
the location of the fresh-water/salt-water interface in the area could not be ruled out.

Several awaited sinkholes occurred a few months to a few years after the survey.
They thus confirm the efficiency of our gravimetric approach in detecting prone
collapse areas near the DS.

It is easy to carry out modeling of our residual anomalies and translate those into
hypothetical sizes, shapes and magnitudes. However, we did not do so because the
residual anomalies we computed do not, generally in this area, reflect the signature of
a single, simple geometrical source.

From terrain observations and experience, we believe that most of the anomalies
reflect multiple sources. In GAH, we observed the fact that filled sinkholes re-opened
in the same place, generally within months, which means that cavities and voids are
distributed vertically in more than one horizon. Any detected anomaly results, in
fact, from the combination of effects of cavities in all horizons, which simply tells us
not to expect a simple direct correlation. A ‘big’ anomaly may result from a small
near-surface sinkhole plus a bigger cavity or void in a slightly deeper horizon. Hence,
any purely modeling based interpretation would be speculative at best as the
interpretation would be a solution to an inverse problem admitting an infinity of
mathematically correct solutions (this is of course common to all potential methods).

The results of the gravimetric campaign suggest that the present day sinkhole
locations are the ones combining the consequences of subsidence with additional
weakness factors, resulting from a particular local hydrogeological or tectonic
setting.

The detection of a subterranean void by means of a geophysical measuring device
may well indicate the risk of the appearance of a sinkhole. However, the absence of
such findings does not totally reject the possibility of future collapses.

A weakness provoked by an initial sinkhole or subsidence will favor more
subsidence. This is the effect of subsidence dynamics (the set of phenomena, e.g.,
tensional cracks, new weakness zones...), provoked by previous gradual subsidence
and sinking. As the subsidence dynamics and the continuing drop of the DS water
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level govern the phenomena in the particular geological and tectonic setting of the
Dead Sea area, it is only a question of time before the occurrence of new sinkholes in,
or very near, the areas in which NRBA were detected.

3.2. Subsidence Mapping and Monitoring by Radar Interferometry

In parallel to the field surveys, we applied DInSAR technique from ERS single
look complex images to investigate displacement fields in GAH and the northern
part of the LP. The phase coherence preservation between two acquisitions is
among the basic requirements for an efficient repeat-pass interferometric mapping.
To avoid temporal decorrelation, moisture and scatterers distributed over land
surface do not change between the time interval that separates two acquisitions
(ZEBKER and VILLASENOR, 1992). Consequently, water, wetlands, crops and
plantations quickly lose the phase coherence and thus prevent the generation of
interferograms. As GAH is a cultivated area, it does not satisfy the basic
requirement and DInSAR is difficult to apply for assessing vertical movements
there.

BAER et al. (2002) realized a differential interferogram for only three months over
this area. They wrote “In the sinkhole area of GAH, subsidence of around 30 mm
has been observed in the 3-month interferogram. Because it is populated and
cultivated, longer-period interferograms of this area are decorrelated”.

However, the area mentioned here is not really GAH. It is a mudflat area over the
recently emerged shore in the extension of the Wadi Kerak delta, two kilometers west
of GAH. Nobody would like to live or work the field in this place. Hence, here,
topsoil moisture variation and flash floods most probably control the decorrelation
process. Possibilities thus exist to map deformation for few months. The actual GAH
probably loses coherence in less than a week because of the density of population and
irrigated agriculture that modify topsoil moisture. Only a tandem pair of images
preserves coherence over GAH.

The situation is changing in some segments of the passage affected by strong
subsidence and sinkholes. Field campaigns, from October 2000 to October 2002,
showed two subsidence areas cultivated in 2000 becoming abandoned two years later
due to the development of sinkholes and circular concentric large-scale open cracks
(Fig. 3). Farmers stopped their exploitation because of collapse threats.

Our field observations in GAH (spreading over more than a decade) showed that
subsidence could be an indicator of surfaces that are prone to collapse. This is clearly
illustrated by the following example of two comparative pictures, showing the same
area in GAH in which subsidence preceded the collapse of seven sinkholes in that
area (Fig. 5).

We used GPS to localize open cracks in the topsoil and outline the area covered
by Fig. 5 and another area of strong subsidence. In January 2003 we observed a third
strong subsidence area in the alignment of the two previous ones (Fig. 3). In all such
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Figure 5
In Ghor Al Haditha, subsidence areas (visible on the photography of October 2000) as large as 200 m in
diameter preceded the appearance of major sinkholes (photography of October 2002). The situation became
hazardous enough that farmers stopped their agricultural activities.

areas, becoming new natural “no man’s lands” and where annual precipitation is less
than 50 mm, farmers stopped irrigation and all their agricultural activities. As no
temporal decorrelation is expected in such abandoned places, this may allow future
measurements by SAR interferometry.



231

Subsidence and Sinkhole Hazards, Dead Sea, Jordan

Vol. 162, 2005

i GAH
{]
i ! A
1 b
[
1 1
H i
i
] g; |3
1 by G0
J ) 4 ] ll )
- “ ,’ ):
46?‘\\\.' a i F s i “t. A 1

Figure 6
Faults and structures in the northern part of the Lisan Peninsula, along with sources of information. LP =
Lisan Peninsula; REP = Recent Emerged Platform; CG = Cape Costigan; GAH = Ghor Al Haditha.
(Same abbreviations in the following figures).
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4. The Lisan Peninsula

4.1. Description of Three Local Fault Networks

Due to the economic importance of the LP, The peninsula was the focus of a
number of detailed geological studies. SUNNA (1986), using geological field
techniques and 1:25,000 scale aerial photographs, worked out a structural geological
map covering the ‘old’ emerged part of the LP. His map shows two local fault
networks, in the N-S and ESE-WNW directions, located respectively in the eastern
and southern part of the LP (Fig. 6). A normal offset of the Lisan lake beds by an
east dipping, N-S striking fault at the Cape Costigan was observed by TAPPONNIER
(1993), who noticed from spot image analysis, the offset of recent salt-rich deposits,
which are also apparent on the east side of the Cape.

Moreover, BARTOV (1999) and BARTOV et al (2002) mapped a NE-SW listric fault
in the western margin of the Lisan with a displacement that he estimated to be larger
than 1.5 m. The northern end of the fault segment mapped on Fig. 6 corresponds to
the limit of the figure published by BARTOV (1999).

During our field surveys we observed a fault affecting the eastern part of Cape
Costigan in the extension of the fault described in BARTOV (1999), Hence, hereafter,
we extended that fault all along the western cliff until Cape Costigan.

4.2. Lozenge-Shape feature Qutlined from Aerial Photographs

Aerial photographs analysis and field works revealed that the REP can be
described as an alternation of micro-cliffs and benches (Fig. 7). A Lozenge-Shape
Feature (LSF; CLOSSON et al., 2003) became clearly visible over aerial photographs
and satellite images from the end of the eighties when the area emerged. In this place,
the geometric relation between micro-cliffs angular change direction and the fault
mapped by Tapponnier is particularly obvious.

From this starting observation, we can interpret micro-cliffs local undulations
(such as 1 and 2 in Fig. 7) and other strong angular change directions as potential
fault activity indicators.

The general orientation of micro-cliffs along the western margin as illustrated in
Fig. 7is SW-NE. Changes occur NNW of Cape Costigan. Micro-cliff contour “3” has
an orientation compatible with the one of the fault mapped by Bartov (Fig. 6) after
which the orientation changes. We link this change to the activity of the two local fault
networks. Comparison between micro-cliff “3” orientation with the fault mapped by
Bartov reveals a slight difference, suggesting a clockwise rotation of the LSF.
<«

Figure 7
Top: Stereo color composition reproduced in black and white of two aerial photographs acquired in
September 1992. Bottom: Micro-cliffs over the recent emerged platform. LSF = Lozenge-Shape Feature.
(Other abbreviations are the same as in figure 6. For the significance of numbers 1 to 6 see text).



234 D. Closson et al. Pure appl. geophys.,

Around three to four kilometers north of Cape Costigan, micro-cliffs direction
changes again (4). The orientation becomes N-S over several hundred meters and
then changes again to become NW-SE. We interpret these strong changes as a
consequence of the activity of the N-S local fault.

In the NE sector of Cape Costigan micro-cliffs have an orientation compatible
with the N-S local fault network (6).

Gray contrast variations (Fig. 7, (Top) stereo color composition) facilitate
mapping the four segments of the LSF (dotted lines). Two of them (4 “east side” and
5 “west side” in Fig. 7) are N-S oriented. The two others (“north”” and “south”) are
NW-SE oriented. Tapponnier (Fig. 6) recognized the eastern segment ““4” in the field
as a fault. A few hundred meters westward we deduced a lineament parallel to this
fault (5).

From aerial photograph interpretation, we believe the LSF is a fault-bounded
block slightly tilted toward SW. The outline of the LSF derives from grey contrast
variations. Data acquired with other sensors and methods support this interpreta-
tion. They are radar coherence images (Fig. 8), InNSAR DTM (Fig. 9) and DInSAR
subsidence and uplift (Fig. 10). They show elements in agreement with information
inferred from aerial photographs.

micro-cliffs

(1)

Coherence for the period 06-30-1993 to 12-16-1995
B micro-cliffsw i fc

i
1
|
|
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Figure 8
Amplitude (A) and coherence (B and C) images interpretation of the northern part of the Lisan Peninsula
ERS images, 30 June 1993 and 16 December 1995, orbit 23105, frame 0621. Images are in slant range
projection.
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4.3. Contribution of Radar Interferometry to the Geological Background
of the Northern Part

Interferometric processing’s applied to ERS SAR data brings original informa-
tion about the REP in three different topics: offset of topsoil deposits which have
similar coherence properties, linear topographic variations and deformation fields.

4.3.1. Topsoil offset detected with radar coherence images

The coherence measures the averaged random change of dominant scatterers
within a resolution cell (for a particular satellite repeat-pass period). If it exceeds half
of the ERS SAR wavelength (28.3 mm) in the direction of slant range, theoretically,
it will cause total decorrelation (L1U et al., 2001) and the interferometric phase is pure
noise. As a statistical value, coherence does not provide quantitative measurements
of the ground scatterers disturbances. Coherence images serve as a measure for the
quality of interferograms.

Fig. 8 illustrates the use of coherence data in the mapping of material with similar
properties in relation to resistance of topsoil erosion. It presents a radar amplitude
subset (A) and a coherence image of the same area (B and C) for a repeat-pass period
of 30 months (30 June, 1993 to 16 December, 1995). Grayscale represents coherence
values and white color corresponds to surfaces where main scatterers do not change
their positions. Over the amplitude image, we note that the ‘old’ part appears dark
(number 1, in white) and the REP is bright (number 2, in black). We reported the
same numbers over inset B.

Coherence image shows a white band in the middle of the REP (Fig. 8 C, number
2), sandwiched between two areas of low values (Fig. 8 C, numbers 1 and 3). We
examined several other coherence images computed from different image pairs
acquired during the nineties. The repeat-pass periods were at least one year. We
noted that bands number 1 and 2 had similar behavior in relation to coherence
decrease. Respectively they always showed low and high coherence values. On the
contrary, band number 3 shows variations of coherence through time. Comparison
inside a geographical information system between coherence images and passive
remote sensing data indicates that northern and southern limits of band number 2
correspond to micro-cliffs.

The northern limit of band number 2 is a winding line, except two kilometers
north of Cape Costigan. At this place, LSF is quite easy to outline over coherence
image (Fig. 8C). It suggests offset of rock material with similar properties in relation
to resistance of topsoil erosion.

4.3.2. Topographic variations analyzed from insar digital terrain model

We studied an InSAR Digital Terrain Model (DTM; Fig. 9, A) of the northern
part of the REP. Ordnance Survey maps point out that the elevation at the bottom of
Cape Costigan cliff is =390 m. In December 1995 the DS level was around 409 m
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y Linear topographic variations
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Figure 9
A. Interferogram, 15-16 December 1995, orbit 23105 (ascending), frame 0621, perpendicular baseline
334 m, altitude of ambiguity 33.4 m, resolution 40 m X 40 m; B. Perspective view; C. Lineaments

(USGS, 1998). The difference in elevation over the REP was thus 19 m over a
distance of around 3500 m north of Cape Costigan.

In a SAR interferogram, each interferometric fringe border is a contour line and
the equidistance is the altitude of ambiguity. To gain knowledge of the lengths,
orientations and amplitudes of linear topographic variations (‘‘lineaments”’) affecting
the REP, we first selected one ERS SAR pair acquired with one day interval (15 and
16 December, 1995) to ensure very high coherence and thus accuracy. A wide
perpendicular baseline of 334 m was necessary to obtain an altitude of ambiguity of
33.4 m. Hence, the distance from Cape Costigan to the shore is covered by around
two thirds of one fringe (19 m in relation to 33.4 m). The elevation accuracy over the
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REP in this part of the DTM is between 1 to 2 m and no atmospheric artifacts are
present (DERAUW, 1999).

Fig. 9 shows side by side the DTM (A), a perspective view (B) and the
inferred map of lineaments (C). A SSE-NNW wide strip of land of relatively
‘high’ altitudes characterizes the northern part of the REP. We do not observe
similar topographic variations over the eastern and western margins. We interpret
the strip as a consequence of the intersection between the two local fault
networks.

Directions of lineaments are in agreement with the orientation of the two local
fault networks. One polygonal depression (Fig. 9, 2) and one longitudinal SW-NE
depression (Fig. 9, 3) suggest subsidence areas fault bounded. It is worth while to

Displacement

Figure 10
Differential interferograms of the northern part of the LP. Long-term interferogram are made of 15
December, 1995 and 11 October 1997. Topographic reference is the pair of 15 and 16 December 1995
(adapted from DERAUW, 1999). Number 1 is a stable passage between two subsidence areas 2 and 3.
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point out that the segment of the collapsed dyke (see also Fig. 1) fits two lineaments
revealed by the DTM (Fig. 9, C).

Interpretation inside a geographical information system of an Aster image
acquired nine months after the dyke collapse showed a remaining pond of brine
precisely located over the polygonal depression number 2. This observation is in
agreement with our InSAR DTM values.

The main information inferred from the DTM is that a major part of the SEP 19
was built over a weakness zone probably generated by the interaction between the
two local fault networks.

4.3.3. Deformation field mapped by differential sar interferometry

DInSAR mapping of the LP dates back to 1995. Two areas in subsidence were
mapped in the northern part (Fig. 10, numbers 2 and 3; DERAUW, 1999). A narrow
passage separates them without deformation (Fig. 10, number 1). This stable passage
corresponds to the Lozenge-Shape Feature (LSF).

At least three teams mapped similar features (BAER et al., 2002; CLOSSON et al.,
2003; SHIMONI et al., 2002). For all teams, the rates of subsidence for the northern
part were the highest observed. These rates are summarized in Table 1.

The origin of the subsidence mechanism had been investigated twice from
DInSAR data. BAER er al. (2002) analyzed the relationships between changes in DS
water levels and deformation of the aquifer network. *““Calculation of the expected
aquifer network consolidation and comparison with InSAR observation confirms
that the observed subsidence along the DS shore occurred where the total thickness
of the fine-grained marl layers is between 5 and 20 m in the upper 30 m below the
surface”.

SHIMONI et al. (2002) published a “cumulated 93 months vertical deformation
map” (between July, 1992 to March, 1999). Those authors noted that “continuing
shore subsidence appears along the peninsula margins with maximum value of 44
mm/year in the northern part of the REP between the duration 10/1997-3/1999”.

This team suggested that Bogeq fault, located south of the LP, could be the
initiating cause of the diapirism deformations detected by interferometry. The uplift

in the central dome causes subsidence in its periphery area (as in the northern part of
the REP).

Table 1

Subsidence rates in the northern Lisan Peninsula

References Measured rate of subsidence
BEAR et al. (2002) 10-22 mm/yr
SHIMONI et al. (2002) I-15 mm/yr

CLOSSON et al. (2003) 18-26 mm/yr
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A

2000m o 28mm

Figure 11
A. Location of the gravity station in 1995-1996 (HUSSEIN, 1997). B. Differential interferogram realized
from an ERS pair of images contemporary with the gravimetric campaign (track 078, frame 2979, orbit
21108 for 29-07-1995 acquisition, orbit 6445 for 14-07-1996 acquisition, perpendicular baseline 13m).
Differential fringes are visualized with spectrum color palette and negative Bouguer anomalies are in mGal.
Topsoil displacements are along the line of sight of the satellite.

4.4. Gravity Measurements and Interpretation

In 1995-96, by gravity measurements (Fig. 11A), HUSSEIN (1997) demonstrated
that three absolute minima of the Bouguer anomalies affected the northern part of
the LP (Fig. 11B).

The location of the greatest negative Bouguer anomaly (Fig. 11B, minimum value
3, -130 mGal) is in agreement with the “uplifted intermediate zone between the
central dome and the Cape Costigan” mapped by SHIMONI ez al. (2002) over their
“cumulated 93 months vertical deformation map.”

Two other negative Bouguer anomalies (Fig. 11B, minimum values 1 and 2; -
126 mGal and-128 m@Gal) correspond to subsidence areas along the shore.

Gravimetry and interferometry converge to reflect the same geological elements
from two complementary perspectives, i.e. the deficit of mass and the movement
respectively. Such approach helps to extrapolate (carefully) differential interferogram
in low coherence gaps, as is the case for the collapsed dyke area. As a redundancy
exists between the two approaches, the negative Bouguer anomalies strongly suggest
an extension for subsidence areas toward NNE and NNW for respectively minimum
values 1 and 2 (Fig. 11B).
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Figure 12
Morpho-structural map of the Lisan Peninsula.(abbreviations are the same as in Fig. 6)

4.5. Morpho-structural Map of the Northern Part

In conclusion of this section devoted to the northern part of the LP, Fig. 12
reproduces the geological facts of Fig. 6 (gray color), added to the main features

derived from gravity measurements, INSAR DTM, DInSAR subsidence and uplift
(black color).
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Fig. 12 shows the destroyed dyke laid down on a zone of negative Bouguer
anomaly and where linear small topographic variations are concentrated. Fig. 12
suggests that the N-S and SW-NE fault networks affected the destroyed area. As a
possible indicator, the shape of the destroyed zone fits fairly well with lineaments
inferred from InSAR DTM.

The LSF is in the center of the northern part of the REP. This structure is
partially (could also be completely) fault bounded. Detailed analysis of aerial
photographs, passive remote sensing data, radar coherence images, InSAR DTM
and deformation fields (DInSAR) of the surrounding area show many other features
which suggest fault activity.

All together those data suggest the northern part of the LP as an extremely
hazardous zone and still more for major infrastructures such as SEP. We think the
collapsed area was one of two high potential risk areas related to the subsidence
zones. Our investigations continue the ones of BEAR et al. (2002) and SHIMONI et al.
(2002). The subsidence dynamic could be controlled both by diapirism and the DS
water level decrease. We believe that subsidence will continue to threaten SEP 19.
Faults and fractures networks are the most hazardous features enhancing collapse
possibilities. This is also in agreement with our observations in GAH.

5. Discussion about the Detection, Assessment and Monitoring of Areas
Prone to Collapse

5.1. Sinkholes Hazards in Ghor Al Haditha

The detection of places prone to turn into sinkholes implies the creation of an
inventory of precursory features characterized by variable scales ranging from topsoil
centimetric to decimetric cracks; metric to decametric underground cavities and
decametric to hectometric subsidence surfaces.

In GAH, these features are especially characterized by their stage of development
and could be detectable by several complementary approaches, i.e., repeated field
surveys, geophysical, geodetic and remote sensing techniques including DTM
analysis and aerial photographs interpretation.

5.1.1. Stage I: Nucleation and Development of an underground cavity

The smaller the cavity or the deeper it is, makes it the most difficult to detect (but
also less hazardous). Areas prone to collapse are (in theory) detectable at this stage
by gravimetry, within the limitations of the method, the manner and conditions of its
application. The method is generally efficient even before the development of other
precursory features. However, practically, only relatively big and/or near surface
cavities are easily detectable. Areas prone to collapse are characterized by their
negative residual gravimetric anomalies. This is illustrated in Fig. 3.
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5.1.2. Stage II: Development of Subsidence Areas

These are detectable, once again in theory, by direct field observations, using
geodetic techniques (ideally, time-varying precise leveling). We ruled out this
approach because it is very time-consuming and expensive; it could also be
hazardous. In favorable size and coherence related conditions, areas of subsidence
could be detectable by interferometric techniques.

5.1.3. Stage III, Development of Circular Cracks

The appearance of circular cracks is a strong indication that generally announces
the imminence of a cavity roof collapse and the appearance of a new sinkhole. From
our investigations and questioning (involving local farmers and inhabitants in GAH),
it could be concluded that there is a variety of circular cracks temporal evolution
fashions. Some areas with cracks evolve quickly, within a matter of hours to become
new sinkholes, others present much slower dynamics. The extreme case is a crack
system we detected in the northern part of GAH in 1991. It evolved from a few
meters long, 2 cm wide arc of a circle in 1991 to 200 m long and about 0.8 m wide
crack by the year 2000. This area marked in Fig. 3 as an area of “Strong subsidence
associated with large sinkholes (2000-2002) became the area of the maximum
subsidence in GAH.

It is noteworthy emphasize that a place where sinkholes occur must always be
considered as hazardous. We observed that new sinkholes occurred in places where
previous collapses existed. This observation indicates that locally, cavities and voids
can be distributed vertically in several horizons. Hence, negative residual Bouguer
gravity anomalies do not always reflect the signature of a single source but most
probably reflect a superposition of multiple sources.

5.2. Dyke Collapse in the Lisan Peninsula

5.2.1. Geotechnical consideration of the SEP 19

We are convinced that the geometrical concordance between the collapsed
segment of dyke 19 and one of the most active subsidence areas is not coincidence.

However, we cannot exclude the possibility of problems regarding the design and/
or the construction processes of the dyke. Years before the construction of SEP 19,
an instrumented trial-fill dyke (about 180 m x 70 m x 12.5 m) was constructed to test
and study the engineering characteristics and response of the area’s material (AL-
HoMoubD et al., 1999). The dyke was built on soft laminated soils of the LP foreshore
of the DSB. Geotechnical data were monitored so as to assess the short- and long-
term strength of the foundations and to control other geotechnical characteristics.

The conclusion of the study was: “The successful completion of the trial dyke has
demonstrated that steep sides up to 12.5 m can be constructed rapidly on the soft
laminated soils of the LP foreshore. The construction of the trial dyke has therefore
proved to be beneficial to the evaluation of a dyke constructed along the LP shore.
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The key factor that makes this fast construction possible is the unexpected very rapid
consolidation of the majority of the foundation soils that has been shown to occur.”
... “The trial dyke has been stable, pre- and post-construction, because of the well-
drained nature of its foundation which prevented the build-up of high pore-water
pressures and led to rapid consolidation” (AL-HOMOUD et al., 1999).

Less than three months after the publication of these results, a wide part of the
actual 12-km long SEP 19 collapsed and the nearby SEP 18 started facing a series of
potentially serious stability threatening problems. We believe these results could
hardly be valid in the particular setting of the SEP 19.

Numerous geomorphologic features revealed differences in relation to the whole
LP. At first this area is the intersection zone between two local fault networks.
Hence, faults and fractures created blocks affected by vertical movements due to
either salt diaper uplift or DS water level decrease, and most probably both factors
together with different intensities through time.

The filling of the SEP 19 can be described as a key event because it corresponds to
the injection of water in highly unstable places. Landslides generally occur after or
during a rainy period because unstable areas need lubricant to slide. By comparison,
in our case, pumping water injected in the new pond was most probably the
triggering factor.

At first glance, the two subsidence areas of the LP could be assessed as less
hazardous than the ones observed in GAH because no sinkholes had been observed
since their first mapping in 1995. However, their size and shape reflect another kind
of hazard, particularly for large infrastructures such as SEPs.

5.2.2. Dinsar Monitoring

Regarding the use of the DInSAR approach, it is important to emphasize that it
is only in places where phase is highly preserved (i.e., absence of temporal
decorrelation) that deformation field can be mapped. Hence, it is of great interest to
understand why coherence remains high or decreases through time over the REP.

Initially we need to know all disruptive factors at the origin of temporal
decorrelation, and then reflect as to how we could react toward them. The final goal
of this approach is to find a method to artificially extend the high coherence surface
in order to map the deformation field everywhere inside the destroyed SEP 19.

Temporal decorrelation of a land surface is dependent on elapsed time between
two acquisitions. During this period, topsoil erosion, moisture and human activities
are factors able to cause temporal decorrelation. The entire LP is an industrial
exploitation zone under the control of the APC that forbids access to the area for
non-authorized people. Hence, it is only in particular places that activities are able to
affect radar coherence, i.e., quarries of the Cape Costigan, along roads e.g., next to
the western cliff and along the shore where dykes were built. We believe that
coherence variations through time of band number 3 (Fig. 8C) could be explained by
such human activities.
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The LP climate is hyper-arid, annual precipitation is less than 50 mm/yr.
Consequently, topsoil moisture is non-existent, except very close to the shore. This
factor cannot decrease coherence over the LP. As practically no precipitation occurs,
only deflation affects the REP topsoil. Wind acts in the same way everywhere.
Coherence contrasts are due to resistance variations in relation to the rock material,
gravel, sand and dust distribution. LP sediments are subhorizontal. Hence, white
band number 2 (Fig. 8C) corresponds to one particular bench of deposits able to
preserve coherence for a period greater than two years. It is obviously the contrary
for band number 1 (Fig. 8C). Field observations in 1998 showed that powdery
material covers the area of band number 1. Such superficial deposits are a
consequence of the drying up of the DS.

Since the 1960s, the fresh-water deficit has led to an increase in the salinity of
the upper water layers until the density of the upper water mass equaled that of the
deep waters. An overturn of the water column resulted at the beginning of 1979
(STEINHORN and GAT, 1983). Thereafter, the chemical properties of the lake
changed. The lake is saturated with respect to sodium chloride, and the negative
water balance thus caused a mass precipitation of halite. The weight of halite that
precipitated between 1976 and 1992 was estimated to be about 2,550.10° tons
(GAVRIELL, 1997). After this historical event, the sedimentation became finer than
previously (SHIMONI, oral communication). Twenty-five years later, the halite
deposits are now exposed. The alteration produced a powdery substratum easily
transported by the wind.

We presented our understanding of the temporal decorrelation process based
upon ERS nineties acquisitions. To map the deformation field until the bottom of the
future new dyke with DInSAR technique, we need to solve the problem of
the extension westward of the high coherence surface. Hence, we could suggest that
the withdrawal of deposits from the high coherent bench to cover the area where
topsoil consists of powdery material could be considered. Obviously, DInSAR
monitoring should begin just after this operation.

At present, we do not possess a quantitative evaluation of the topsoil erosion
during the rapid emptying of the SEP as well as the surface alteration after March 22,
2000. However, we cannot exclude the possibility that band 1 area currently shows
topsoil characteristics compatible with long term DInSAR monitoring. To overcome
the absence of coherence, other solutions could be tested:

a) We have previously shown the mutual benefits of interferometry complimented
with gravimetry. Locally, it seems possible to carefully extrapolate fringes where
interferometry is ineffective due to temporal decorrelation.

b) To place several radar reflectors over the dyke. The detection of displacements
from radar reflectors had already given valuable results (HARTL ez al., 1993).

¢) To use radar bands and polarization other than the ERS one (which is C band,
VV polarization).
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6. Conclusions

We have shown the usefulness of the integrated combination of gravimetry and
SAR interferometry data to monitor subsidence zones. For the LP, the deformation
field and the significant negative gravity anomalies suggest the presence of a diapiric
sub-dome two kilometers SSW of Cape Costigan. We believe that following up and
intensifying further interferometric analysis, complemented by other appropriate
investigations in specific areas will be of great importance for insuring or later
monitoring the stability of the particularly exposed segments of the whole existing
set of dykes as well as future ones.

The field of negative gravity anomalies helped to complete the missing part of the
DInSAR deformation field for the subsidence areas.

Regarding GAH, the temporal decorrelation due to human activities prevented
efficient mapping with the DInSAR approach in most of the affected part.
Nevertheless, this problem could be solved by the fact that farmers are progressively
stopping agricultural activities in the most dangerous parts of their exploitations.

Conventional terrestrial geophysics can be effective in limited areas. However, this
approach alone is not adapted for large areas as it is very time and effort consuming
and in certain cases, highly hazardous too. For the Jordanian DSB environment, such
an approach is quite unsuited to solve the regional problem. An adequate answer at
this scale could be provided by a well-planned and specially designed rational use of
space techniques that ensures overcoming the temporal decorrelation problem in the
SAR interferometry domain. In the framework of necessary future monitoring of the
LP, and indeed, of the whole DSB Jordanian shore, which is increasingly undergoing
ambitious development of its tourist and cultural potential, zones of interest or
subsidence areas could be monitored by SAR interferometry where coherence is
maintained either naturally or artificially through the use of reflectors.
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