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ABSTRACT

We present an analysis of recent (1995-2001) tectonic activity along the Arava Valley
(AV) section of the Dead Sea Transform (DST) based on Interferometric Synthetic
Aperture Radar (InSAR) measurements of surface displacement. We suggest that aseismic
deformation detected at AV fault stepovers plays an important role in the seismic moment
balance of this section of the DST.

The DST is a left-lateral strike-slip plate boundary between the Arabian plate and the
Israel-Sinai sub-plate. The AV is a 160 km long depression in the DST between the Dead
Sea in the north and the Gulf of Elat (Agaba) in the south. It consists of several NNE-
striking en-echelon fault segments each a few tens of kilometers long, enclosing small
extensional and compressional structures in the major stepover zones. The current slip rate
along the DST is poorly constrained and there are some indications that the AV segments
are locked and that a seismic gap is forming along them. For example, paleoseismic data
indicate decrease in earthquake magnitudes since Late Pleistocene, and a low seismicity
level has been measured during the past 15 years.

In order to detect and analyze all observable surface deformation features along the AV,
we processed all available SAR data collected by the European Space Agency Remote
Sensing Satellites, ERS-1 and ERS-2. Using a hybrid approach of topographic phase
construction (combining an independent DEM with a topographic phase constructed from
suitable ERS-1 to ERS-2 tandem pairs) we analyzed five ERS frames of both descending
and ascending tracks. Interferograms (i.e. surface displacement maps) were generated from
almost every possible pair and span periods of 2-74 months between 1995 and 2001. We
observed three surface deformation features that are attributed to tectonic processes based
on their magnitude, spatial characteristics and on their correlation with active faults.
Incorporating our measurements and independent geologic knowledge, fault dislocation
models were constructed. Analysis of these models indicates that the observed deformation
features are induced by interseismic creep events at fault stepovers within the AV.

At Yotvata Playa, southern AV, uplift of ~120 mm occurred during the period of
3/1995-5/1999 over a shallow reverse fault connecting a right stepover between Elat Fault

and Agaba-Gharandal Fault. The uplift at Yotvata covers an area of approximately 30 km?,



it is continuous in time with measured displacement rates between 80 mm/yr (3/1995-
11/1995) and 10 mm/yr (11/1996-12/1998).

Near Zofar settlement, northern AV, interferograms of ascending and descending tracks
reveal subsidence of ~37 mm during the period of 4/1998-10/2000. The subsidence is
induced by oblique slip on Zofar Fault (AV western border fault) and normal slip on Wadi-
Musa Fault which is a shallow fault traversing the AV. The subsidence at Zofar covers an
area of approximately 10 km?, it is continuous with an average rate of ~15 mm/yr and
maximal rate of ~30 mm/yr during the first half of 1999.

At Avrona Basin, southern AV, we detected a complex pattern of local uplift and
subsidence features that occurred between 3/1995 and 1/1999. The subsidence features are
induced by oblique (left-lateral and normal) slip on four segments of Elat Fault forming
two left stepovers, and the uplift is related to oblique (left-lateral and reverse) slip on a
right bend in Elat Fault. The average displacement rate of both subsidence features is
approximately 15 mm/yr, and the average rate at the uplift feature is 10 mm/yr.

Based on dislocation models, the moment release in each deformation site was
calculated. The uplift at Yotvata Playa released 19.7-10'® Nm, equivalent to an earthquake
with magnitude M;~5.5 (assuming instantaneous seismic moment release of 19.7-10'
Nm). The subsidence near Zofar released 5.9-10'® N'm, equivalent to an earthquake with
magnitude M;~5.2. And the complex deformation at Avrona Basin released 12.2-10'® Nrm,
equivalent to an earthquake with magnitude M;~5.4. Comparing these results with the
seismic record from the AV indicates that during the period of 1995-1999 the aseismic
moment release is two orders of magnitude larger than the moment released by seismicity.
Assuming that the AV slips at an average rate of 3.1 mm/yr (based on GPS measurements),
we suggest that the aseismic displacement released approximately 50% (!) of the moment
accumulated along the AV during this time period.

InSAR measurements and their tectonic analysis indicate that during the period of 1995-
2001 significant creep occurred along the AV within Yotvata, Zofar and Avrona fault
stepover zones. Although no strike slip motions were detected outside of these stepover
zones, it is still possible that creep along the intervening AV segments occurs at rates lower
than the detection limit of ~4 mm/yr for such motions (less than 25 mm during the study

period).
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1. INTRODUCTION

Knowledge of current tectonic activity along the Arava Valley (AV) segment of the
Dead Sea Transform (DST) is based primarily on current seismicity and on long-term
geologic observations. Space geodetic measurements of surface displacement provide a
new and powerful tool to constrain current deformation rates, to detect aseismic surface
deformation and to understand the partitioning between seismic and aseismic tectonic
activity along the AV. This study applies the Interferometric Synthetic Aperture Radar
(InSAR) method to measure surface displacement that occurred along the AV during the
years 1995-2001. Using InSAR we calculate the surface deformation field within and
around the AV with unsurpassed accuracy and spatial resolution. Three deformation
features were measured and analyzed in this work. Tectonic models characterizing the
faults and slip distribution that generated the observed surface displacements were
constructed. The tectonic analysis of these deformation features indicates that they are
induced by aseismic creep. Based on our unprecedented geodetic measurements of creep

along the DST, we discuss the role of aseismic creep in the tectonics of the AV.

1.1 Geological setting

1.1.1 The Dead Sea Transform

The Dead Sea Transform is a left-lateral strike-slip plate boundary between the Arabian
plate and the Israel-Sinai sub-plate. Since its formation in early Miocene (e.g. Garfunkel,
1981), the DST has accommodated approximately 105 km of sinistral displacement
(Quennel, 1959; Freund, 1970), of which at least 30 km post-dated the Miocene (Joffe and
Garfunkel, 1987). The DST extends more than 1000 km from the Red Sea in the south, to
the Taurus-Zagros collision zone in the north (Figure 1.1). The DST consists of several en-
echelon segments that strike in general N15°E direction, and which create large pull-apart
basins such as the Sea of Galilee, the Dead Sea and the Gulf of Elat (Reches et al., 1987).
The Jordan and Arava valleys are located in between these basins (Figure 1.1) where
relatively simple linear segments of the DST are characterized by almost pure strike slip

motion (Garfunkel, 1981).



Figure 1.1. Tectonic setting and main structures within the Arava Valley, Dead Sea Transform.
The Southern DST stretches from the Sea of Galilee (SG) in Northern Israel through the Jordan
Valley (JV), Dead Sea and Arava Valley (AV), to the Gulf of Elat (Agaba) and to the Red Sea.
The AV stretches from the Dead Sea Basin in the north (gray) to the Gulf of Elat (Aqaba) in the
south (blue), it consists of four basins: Shezaf (turquoise), Zofar (pink), Yaalon (green) and
Avrona (yellow). In northern AV the basins are separated by Amazyahu Fault (AMF) and Shezaf
Fault (SHF). Zofar Basin is traversed by a series of normal faults (dashed lines), the
southernmost is Wadi-Musa Fault. The settlements of Zofar (northern AV) and Yotvata and the
city of Elat (southern AV) are marked by red dots. PAF and THF are Paran Fault and Themed

Fault respectively. AV faults based on Frieslander (2000).
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Estimates of the long-term slip rate along the DST range from 6 to 9 mm/yr according
to regional plate kinematic models (Garfunkel et al., 1981; Joffe and Garfunkel, 1987) and

global tectonics (DeMets et al., 1994) respectively. While the long-term DST slip rate is in

general consensus, the short-term slip rate is not well constrained. The estimated short-
term slip rate ranges widely, 1-10 mm/yr, depending on the method used and on the region

studied. Plate kinematic models and large-scale geological observations suggest



Quaternary slip rates between 7 and 10 mm/yr (Garfunkel et al., 1981; Freund et al., 1968;
Reches et al., 1987). Geomorphologic studies based on translocated drainage systems and
morphotectonic observations, yield Pliocene-Quaternary slip rates of 2-7.5 mm/yr (Enzel et
al., 1994; Ginat et al., 1998; Klinger et al., 2000a). The short-term slip rate derived from
historic record of earthquakes and related damage along the DST is considerably lower
than the long-term slip rate. Slip rates of 1-4 mm/yr were estimated based on 4500 years of
documented earthquakes (Ben-Menahem, 1981; North, 1974). Analysis of seismic
observations of the last one hundred years indicates an average slip rate of 1-2 mm/yr
(Salamon, 1993). As this estimate preceded the 1995 Nuweiba earthquake sequence, it
probably underestimates the current seismic activity along the DST. Archaeological
observations of damaged structures near the Sea of Galilee (Figure 1.1) indicate a
minimum rate of 2.5 mm/yr during the past 800 years (Marco et al., 1996). The slip rate

estimates for the entire DST during the Quaternary are summarized in Table 1.1.

Table 1.1. Slip rate estimates along the DST during the Quaternary (based on Marco, 1996).

Slip Rate (mm/yr) Relevant period Method/Data Reference
7-10 Quaternary Plate kinematics Garfunkel et al., 1981,
55-6 Pleistocene Geologic Heimann 1990
10 Late Pleistocene - present Geologic Freund et al., 1968
9 Holocene Geologic Reches et al., 1987
2-6 Holocene Morphotectonic Klinger et al., 2000a
2.2 4500 yr Historic seismicity Ben-Menahem 1981
>2.5 800 yr Archaeologic Marco et al., 1996
1-2 100 yr Recorded seismicity Salamon, 1993

The first geodetic slip rate estimate, based on continuous GPS monitoring (GIL
network, Wdowinski et al., 2001), yielded values of 2.6 £1.1 mm/yr (Pe’eri et at., 2002).
However, these measurements were based on three years data from only three GPS
stations, located 0, 5.5 and 70 km west of the fault zone. Based on a larger network (11
stations), longer time span (1996-2003) and improved modeling, Wdowinski et al. (in
press) estimated the DST slip rate to be 3.3+0.5 mm/yr.



The apparent decrease in slip rate could be partly attributed to the fact that historic slip
rates are derived primarily from documented earthquakes and from their traces. The short-
term slip rates may not represent an entire seismic cycle and may reflect an incomplete
earthquake record due to the sparse population in the region. In addition, the low values of
slip rate derived from seismicity could be a reflection of the low seismic efficiency typical
of the DST (only 30-50% of the moment accumulated is released in earthquakes; Salamon
et al., 2003; Garfunkel et al., 1981).

The DST is the main source of seismicity in the Levant, it has produced over a hundred
large earthquakes (6.0 <M < 8.0) during the past 4500 yr (Ben-Menahem, 1981). The last
major event occurred on the 22/11/1995 in the Gulf of Agaba (Nuweiba earthquake,
Mw=7.2). Paleoseismic studies suggest that several large earthquakes with magnitudes
M~7 occurred along the DST since the Pleistocene (Amit et al., 1999; Marco et al., 1996).
In addition, there is evidence for decrease in earthquake magnitude and recurrence interval
along the Southern DST during the Holocene (Amit et al., 2002). The recorded seismicity
of the past 5 decades (GII, 2000) displays a spatially non-uniform distribution with
increased activity at major fault stepovers (i.e. Dead Sea, Gulf of Elat and near the Sea of
Galilee) and quiescence along the intervening segments (i.e. Arava and Jordan valleys).

1.1.2 The Arava Valley

The Arava Valley is a 160 km long depression between the Dead Sea and the Gulf of
Elat (Figure 1.1). The uplifted western and eastern margins of the AV are built of
Precambrian basement rocks overlain by Paleozoic to Cenozoic sedimentary and igneous
rocks. The AV and the basins within it are filled with Miocene to Holocene clastic
sediments with depth between several hundreds of meters to a few kilometers (Zak, 1967;
Garfunkel et al., 1981; Freund et al., 1968; Frieslander, 2000). The main fault segment
along the AV displays a relatively linear trace that strikes N20°E. This simple geometry
strongly suggests pure strike-slip motion along this segment (Garfunkel et al., 1981).
Nevertheless, extensional and compressional jogs, and minor variations of the fault
azimuth create topographic features along the AV such as the pressure ridge in central
Arava (Garfunkel et al., 1981). The AV consists of several elongated tectonic basins
(Figure 1.1) each bordered by sub parallel segments of the DST (Bartov, 1994; Bartov et
al., 1998). In northern Arava, the Southern Dead Sea Basin, Shezaf Basin and Zofar Basin



are separated by listric faults striking approximately NW (Frieslander, 2000). In southern
AV, the Yaalon Basin is located northwest of the Avrona Basin in a left stepping en-
echelon pattern (Frieslander, 2000; ten-Brink et al., 1999) (Figure 1.1).

The current and historic seismicity along the AV is considerably lower than the
seismicity of adjacent sections of the DST (GII, 2000; Ben-Menahem, 1981; Ben-
Menahem and Aboodi, 1981) apparently forming seismic gaps (Shapira, 1997; Shapira and
Shamir, 1994; Salamon, 1993). Although the DST has a long history of destructive
earthquakes, only three large historic events were inferred for the Arava Valley region, the
earthquakes of 1068, 1212 and 1293 A.D. (Ambraseys et al., 1994; Ben-Menahem, 1991;
Zilberman et al., 1998; Amit et al., 2002). Paleoseismic studies along the AV suggest that
during the Upper-Pleistocene and Holocene (past 80,000 years), earthquake magnitudes
have decreased from a magnitude range of 6.7 - 7 to magnitudes 5.9 - 6.7 (Amit et al.,
2002 and references therein). The suggested decrease in earthquake magnitude, combined
with the low current and historic seismicity level is interpreted by Amit et al. (2002) as an
indication that the AV fault segments are locked and forming a seismic gap.

1.1.3 Current slip rate along the Arava Valley

The current horizontal slip rate along the AV is not well constrained. Geomorphologic
observations (Enzel et al., 1994; Ginat et al., 1998; Klinger et al., 2000a) and analysis of
seismicity along the Southern DST (Ben-Menahem, 1981; Shapira and Hofstetter, 1993;
Klinger et al., 2000b) yield slip rates similar to those of the entire DST (see above).
Current GPS measurements by Wdowinski et al. (in press) yielded a slip rate estimate of
3.1£1.1 mm/yr for the Southern DST. The sparse geodetic instrumentation along the
Southern DST limits the spatial resolution of slip rate estimates, thus yielding poorly
constrained AV slip rates. Some constraints are found, however, for the vertical slip
component. Long-term subsidence rates of basins along the AV varies from 0.1 mm/yr at
the southern end of Zofar Basin (Frieslander, 2000; based on seismic reflection) to ~1
mm/yr at the Southern Dead Sea Basin (based on Sedom-1 and Amaziahu-1 deep drills;
Gardosh et al., 1997; Gardosh et al., 1990). Paleoseismic studies conducted within Avrona
Basin (Amit et al., 2002; Amit et al., 1999) inferred a vertical slip rate of 0.1-0.3 mm/yr
during the past 14,000 yr. The current subsidence rate of AV basins is not resolved due to

insufficient geodetic measurements.



1.2 Geodetic measurement and tectonic analysis of surface deformation at plate

boundaries

1.2.1 Monitoring methods and basic analysis approaches

During the past decades several geodetic methods evolved enabling continuous (or
frequently repeated) measurement sufficiently accurate for monitoring surface deformation
along plate boundaries. Most existing instruments measure the precise position (e.g. GPS,
precise leveling) of a point of interest or the distance between two such points (e.g.
Electromagnetic Distance Measurement (EDM), Very Long Base-line Interferometry
(VLBI), strain-meters). Repeated measurements of an array of interest points can yield a
time series describing either the displacement vector of each specific point relative to a
reference frame or the two dimensional deformation (i.e. strain) of the measured baselines.
In order to monitor the displacement field associated with plate boundaries, vast arrays of
continuously measuring instruments are deployed. Examples of such arrays are the SCEC
(Southern California Earthquake Center) permanent GPS array (SCIGN) and the strain-
meters installed at the Parkfield Earthquake Experiment (Roeloffs and Langbein, 1994).
Based on geodetic measurements of surface displacement one can study the current
tectonic activity at depth and the slip-rate along plate boundaries. In addition, analysis of
surface displacement associated with earthquakes aids in characterizing seismic faults and
in evaluation of the seismic risk imposed by them. For example, a suitable array of GPS
stations on two sides of a plate boundary may record the strain accumulation and the slip
distribution along the fault system, thus revealing fault segments with slip deficit. An
important approach to seismic hazard analysis is based on the strain balance on faults. This
approach is implemented by basic earthquake models such as the time predictable model
(Shimazaki and Nakata, 1980) and the slip predictable model (Kiremidjian and Anagnos,
1984) that compare the geodetic slip rate (representing tectonic strain rate) with the rate of
strain release by earthquakes in order to evaluate seismic risk. The geodetic and seismic
data are used to evaluate the efficiency in which a fault system releases the strain
accumulated on it, and determine whether it is accumulating an excess amount of strain
(i.e. forming a seismic gap). Seismic hazard studies of the past few decades also

implemented surface displacement measurements and fault models derived from them to



assess the interaction between earthquakes and the implications that large earthquakes have
on their tectonic environment (e.g. Ben-Zion et al., 1993; Lienkaemper et al., 2001). Today
there is a growing consensus that earthquakes may trigger one another through changes in
the regional stress field by means of stress transfer.

Although the DST has been intensively studied for over 50 years, the detection of
current plate motion and the measurement of current slip rate were based until lately on
seismicity (e.g. Ben-Menahem, 1981; North, 1974) and on archeological findings (e.g.
Marco et al., 1996) rather than on geodetic measurements. During the past 20 years, space
geodetic measurements of the DST provided the first direct estimates of current plate
motion. Early geodetic studies, which used episodic measurements, were able to detect the
relative motion between Israel-Sinai, Africa and Eurasia plates (Smith et al., 1994; Karcz
et al.,, 1997). However, due to the low rates of crustal deformation in the region, these
measurements were not accurate enough to detect interseismic deformation across the DST
(Adler et al., 2001; Ostrovsky, 2001). During the years 1996-2001 a network of 11
continuous GPS stations (GIL network) was constructed in Israel to monitor current crustal
movements across the DST (Wdowinski et al., 2001). Data from the GIL network and from
additional stations in Amman, Jordan and Damascus, Syria enable evaluation of the current
tectonic plate motion in the Eastern Mediterranean. However, due to the limited GPS array
along the southern part of the DST (only 5 stations south of 32°N, all west of the DST), the
slip rate estimates relevant to the AV are still not well constrained (see 1.1.3).

1.2.2 InSAR contribution and applicability for studying the Dead Sea Transform

Until the advent of space geodesy, measurements of surface displacement relied on
terrestrial methods in which repeated surveys revealed deformation of the crust. These
methods provide precise measurements of displacement; however, they are time intensive
and costly, they are restricted to sparse point measurements, and they do not allow for the
direct measurement of three dimensional displacements (Burgmann et al., 2000). During
the past few decades space geodetic methods, especially GPS, have overcome some of the
limitations of terrestrial geodesy enabling the analysis of crustal deformation on a global
scale. Interferometric Synthetic Aperture Radar (InSAR) is the latest addition to space
geodesy. Encompassing unique capabilities that complement the existing methods, it

enables the study of active deformational processes that were previously inaccessible.



Although the displacement measurement capabilities of InNSAR were demonstrated earlier
(Gabriel et al., 1989), it was the successful measurement of displacement associated with
the 1992 Landers Earthquake, California, that demonstrated the uniqueness of the
technique (Massonnet et al., 1993; Zebker et al., 1994b). The InSAR derived coseismic
displacement maps and fault models were comparable to data from other geodetic
measurements (particularly GPS), to field observation, and to models based on seismic
data (Massonnet et al., 1993; Zebker et al., 1994b). The Landers case study proved that
InSAR could be applied worldwide to measure surface displacement at dense pixel spacing
of ~20 m with precision comparable to GPS and leveling, but without requiring ground
stations or fieldwork. Since the Landers Earthquake, a large variety of geophysical studies
profit from the advantages of InSAR; these can be classified in three categories: (a)
Complex or subtle surface deformation processes with wide spatial extent. Examples for
such studies are complex earthquake ruptures (e.g. Price and Sandwell, 1998), surface
creep (e.g. Burgmann et al., 2000; Lyons and Sandwell, 2003), triggered slip and post-
seismic deformation (Peltzer et al., 1996; Massonnet et al., 1994). (b) Vertical
displacement such as associated with volcanic and geothermal activity (Rosen et al., 1996),
and with land subsidence (Amelung et al., 1999; Baer et al., 2002). (c) Deformation
processes in remote, inaccessible areas, and in regions otherwise not monitored with
geodetic instruments (Goldstein et al., 1993; Baer et al., 2001; Baer et al., 2002).

During the past few years InSAR has been applied in several studies of the Dead Sea
Transform. These studies demonstrated that the arid conditions and limited anthropogenic
activity along the DST combined with good ERS SAR coverage make the region suitable
for InSAR. Problems such as inaccessibility and the lack of geodetic arrays monitoring
both sides of the plate boundary can now be solved by InSAR. Two examples of InNSAR
studies along the DST are (a) measurement and analysis of sinkholes and other subsidence
features along the Dead Sea shores (Baer et al., 2002), and (b) characterizing the
underwater rupture geometry and the slip distribution of the 1995 Nuweiba Earthquake
(Baer et al., 1999 and 2001). In the first example, InNSAR ability to measure subtle vertical
displacements was proven valuable in detecting various types of subsidence features with

rates as low as 5 mm/yr. In the second example, InSAR measurements successfully



compensated for the lack of direct observations of the underwater rupture, and were used

to refine estimations of fault geometry and slip distribution based on seismology.

1.3 Objectives

The main objective of this study is to characterize the current surface deformation along
the Arava Valley, Southern Dead Sea Transform. This work aimed to measure the ground
movements along the Arava Valley by processing all available (relevant) SAR data, and to
analyze and determine the mechanisms of observable surface deformation features. The
analysis of INSAR measurements aimed to isolate and model the deformation generated by
tectonic processes. In addition, the tectonic analysis of observed surface deformation
features examined their role in the Arava Valley strain balance. We hope that our
measurements and tectonic analysis will provide a detailed description of current tectonic
activity in the Southern DST, and will strengthen the geodetic basis for studies such as

regional tectonics and seismicity, seismic hazard analyses and definitions of active faults.

2. METHODS
2.1 Interferometric Synthetic Aperture Radar (InSAR)

2.1.1 Principles of SAR and InSAR

Since 1978 Earth’s crust is being continuously monitored with space-borne radar (Radio
Detection And Ranging) instruments. Satellites that are used as platforms for side-looking
radar orbit the earth in ascending and descending near polar tracks. Each track is orbited
once every repetition cycle. The data from each orbit (of each track) is divided into frames
of about 100 km x 100 km, which are the basic processing units. Some basic radar
definitions are visualized in Figure 2.1, and parameter values are demonstrated based on

the European Remote Sensing satellites (ERS-1,2) which are the data source for this work.
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Figure 2.1. Simplified imaging geometry of side-looking antenna
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approximately 100x100 km. ERS frames are usually
imaged once every orbit repetition period of 35 days.
Compiled from Gabriel and Goldstein (1988); Curlander
and McDonough (1991); Rosen et al. (1996).

trajectory

In conventional radar imaging, the target is illuminated with electromagnetic waves of
microwave frequency and the reflected signal is used to deduce information about the
target. SAR (Synthetic Aperture Radar) combines signal-processing techniques with
satellite orbit information in order to improve radar image resolution from its natural
resolution of approximately 5-10 km, to tens of meters. Fine resolution in the range
direction (perpendicular to the satellites track, Figure 2.1) is achieved by using a radar
signal of high frequency that improves the differentiation of radar echoes from closely
spaced targets (e.g. 5.3 GHz used in ERS-1,2). Improving the resolution in the azimuth
direction (along-track, Figure 2.1) relies on the synthetic aperture provided by a moving
antenna. The moving antenna enables each particular point target on the ground to
contribute to successively recorded radar echoes (i.e. the radar footprints of successive
pulses overlap). These echoes are combined to synthesize a larger antenna aperture (~5 km
long) and thus achieve much improved resolution with respect to a fixed antenna Radar
(Curlander and McDonough, 1991; Burgmann et al., 2000). The resulting SAR image is a
map in which each 20x4 m pixel records the amplitude and phase of the signal return from
targets within the imaging area. The amplitude in SAR images is a measure of ground
reflectivity and the phase is a measure of both the distance from the Radar to the target and
the phase shift of the waves reflected from the ground.

InSAR is a method in which the phase information of two SAR images acquired at
different times and/or from slightly different viewing position is used to determine the
phase difference between each pair of corresponding image points. In this way the phase

difference between two SAR images spanning a short time interval and acquired from
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slightly different viewing direction measures surface topography (Figure 2.2.a), yielding a
Digital Elevation Model (DEM). Alternatively, phase differences between two SAR
images taken at different times from the same viewing direction (Figure 2.2.b) correspond
to changes in satellite-to-ground range (Goldstein and Zebker, 1987; Massonnet et al.,
1993). In this case, the resulting phase difference map is called a change interferogram,
and displays fringes of equal surface displacements in the satellites Line Of Sight (LOS).
In fact, the phase differences between any two SAR images consist of phase contribution
from five sources: (a) surface displacement that occurred during the time between
acquisitions, (b) earth curvature, (c) orbit error, (d) topography, (e) variations in signal
delay within the propagation medium (i.e. atmospheric delay). To successfully image
surface displacement it is necessary to subtract the other phase contributions from the
interferogram or to identify their contribution and differentiate it from surface
displacement.

Precise orbital information (Scharroo and Visser, 1998) is used to remove the largest
phase signal due to Earth curvature. These orbits have radial accuracy of 50 mm and
crossover repeatability within 70 mm, giving an overall baseline (distance vector between
the reference and repeat satellites) accuracy better than 70 mm. As repeat orbits are usually
not parallel, the baseline must be calculated for every point in both azimuth and range
within an image frame (Gabriel and Goldstein, 1988). An error in calculating these
changes in baseline (i.e. the convergence or divergence of the orbital trajectories) can
create along-track fringes, and require adjusting the repeat orbital trajectory according to
the references (this procedure, called “orbital tuning”, is detailed in subsection 2.1.3).

To remove the topographic phase contribution, a DEM is subtracted from the
interferogram. This is done either by projecting a previously existing independent DEM
into the radar coordinates or by using InSAR to generate a DEM of the imaged area. The
first method, known as the two-pass method (Massonnet et al., 1993), requires at least one
three-dimensional ground control point and precise orbit data. In the second method, the
three- or four-pass method (Gabriel et al., 1989; Zebker et al., 1994b), the residual phase
from a pair of SAR images with negligible phase contribution from deformation

(preferably a tandem ERS-1 to ERS-2 pair with one day interval) is used to remove the
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topographic phase from interferograms. Combining the above methods is possible when
both types of DEM are available, as described in the InSAR processing subsection (2.1.3).

Variations in signal delay within the propagation medium can result from local
tropospheric turbulences, from regional ionospheric perturbations and from differences in
the hydrostatic component of the troposphere (Massonnet and Feigl, 1995a; Rosen et al.,
1996; Zebker et al., 1997; Hanssen, 2001). Because we cannot yet remove these
atmospheric signals from interferograms, it is important to recognize them as atmospheric
artifacts so that they are not confused with deformation. Determination of InSAR artifacts
is elaborated in the following section.

2.1.2 InSAR imaging geometry, error sources and limitations

In this section InSAR imaging geometry is explained and its inherent error sources,
artifacts and limitations are described.

First, we describe the equations needed to calculate ground displacement from InSAR
phase measurements (following Zebker et al., 1994b). Consider two SAR satellites
imaging the same target on the ground at two incidents from two positions (i.e. reference
and repeat, Figure 2.2.a). The measured phase at each point in each of the image consists
of a “propagation term” proportional to the round-trip distance traveled and a “scattering
term” reflecting the interaction of the wave with the ground. Assuming that no deformation
occurred during the period between the two acquisitions (Figure 2.2.a) and that the
backscatter of corresponding resolution elements on the ground does not change, then the

phase difference between the images depends solely on the imaging geometry.

Figure 2.2. InSAR imaging a. b
geometry. B is the baseline vector eneat )
between the reference and repeat | .7 p repeat

satellites. B and Bi are the
components of baseline parallel and
perpendicular to the line of sight. p is
the range from sensor to ground
target, 0 is the angle of incidence. In
case (a) the phase difference is due to
topography, earth curvature and
possibly atmospheric delay. In case
(b) a surface deformation component
is added and the topographic
component is minimized due to a
short baseline.

reference reference

p+Ap

spheroid

spheroid
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Taking the two path lengths to be p and p+Ap, the measured phase difference ¢ is:

A
¢—7Ap (1)

The phase difference therefore equals 2m times the round trip distance difference in

wavelengths. Using the law of cosines we can express Ap in terms of imaging geometry:

(p+Ap)’ =p? +B* —2pBsin(0—a) )
where the baseline is B, the satellite to target range is p, the look angle is 0, and the angle
of the baseline with respect to horizontal at the radar is a (Figure 2.2). Neglecting terms of

order (Ap)® yields:
BZ
Ap = Bsin(a—a)+Z 3)

Following Zebker and Goldstein (1986) in their analysis of InSAR topographic mapping,
the parallel-ray approximation (B<<p) implies that the second term on the right-hand side
of (3) can be ignored. Based on the geometric relation defining the baseline component
parallel to the look direction, B|| = B sin(0 — a), we deduct that Ap is approximately equal
to B, and therefore the topographic contribution to phase difference (eq.1) is:

¢z47n-3 (4)

Now consider a second pair of SAR images of the same target but with surface
deformation occurring during the time period between the two acquisitions (Figure 2.2.b).
Here in addition to the phase dependence on topography there is a phase change due to the
radar line of sight component of the displacement Ap. In this interferogram the phase ¢’ is

given by:
! 47[ !
p zT(B -+ Ap) )

If the precise orbital positions of the satellites are known and a previously determined
DEM can be registered into the satellite coordinate system and correlated to the two SAR
images, then the topographic phase contribution can be subtracted from the interferogram
(Massonnet et al., 1993; Massonnet and Rabaute, 1993). Alternatively, the phase difference
from the initial (deformation free) interferogram (¢) can be scaled by the ratio of the

parallel components of the baseline and subtracted from the second interferogram (¢’). In
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this procedure, called the four-pass method (Zebker et al., 1994; Gabriel et al., 1989), the

LOS displacement Ap can be obtained as follows:

il
B

4r

¢’ o= (6)

I
As the parallel components of the baselines are a function of the look angle 0, the LOS
displacement given here still depends on the illumination geometry and on the topography
at each point in the image. Zebker et al. (1994b) devised an indirect approach to bypass the
need for an independent DEM. By removing the phase contribution of earth’s curvature,

the “flattened” phase difference, ¢, of the interferogram is given by:
4r . .
¢ﬂat ~— [Bsin(0—a)- Bsin(d, —a)| (7

where 0 is the look angle to each point in the image assuming zero local height. The
flattened interferogram phase represents topographic variation relative to a spherical
surface and displacements in the LOS. Noting that the deviations of the exact 6 from 6, are

small, the right-hand side of equation (7) can be expanded, as follows:
4 4
b frar = - 56B cos(6, —a) = - 56B, (8)

where 60 = 0 - 0y, and B is the perpendicular component of the baseline assuming no
topography. Thus the ratio ¢/ ¢ nar s now in terms of 0 rather than 6 and depends only
on the viewing geometry and the baseline. Finally, the differential phase equation (6) can
be written in terms of flattened phase, as follows:

, B’ Ar
¢ﬂat—E¢ﬂa, ~7AP )

With this equation it is possible to calculate the LOS displacement Ap without requiring
the exact values of 0, and hence the topographic information, at an intermediate step. In the
final interferogram (flattened and topography-free), one cycle of phase difference (2m)
corresponds to a satellite-to-target range difference of A/2 (28 mm for the ERS satellites).
Based on the above equations it is easy to compare between the inherent sensitivities of

InSAR phase measurements to displacement (in the LOS) and to topography. The
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sensitivity to displacement is obtained by differentiating (5) with respect to displacement,
as follows:

% = 4% (10)
The sensitivity to topography is obtained by differentiating (5) with respect to the
topographic variation from the spheroid. Based on the equation B| = B sin(0 — a), and on
the geometric relation z =h — p cos0 in which z is topography, h the satellite altitude, and 0

the exact look angle, we can derive dz = p sinf dO, and obtain:

ﬁ=4—ﬁ3'cos(0— )ﬁ=4_7r8 cos(ﬁ—a)
dz 2 dz A psinf

(11)
Since B<<p, it can be inferred from equations (10) and (11) that InSAR phase
measurements are much more sensitive to surface displacement than to surface topography.
A sensitivity ratio of 1:3000 was calculated by Zebker et al. (1994) for ERS-1
interferograms of the Landers Earthquake. This ratio also represents the ratio between the
accuracy of InSAR derived elevation models (10-50 m) and the accuracy of InSAR
displacement maps (mm-cm) (Hanssen, 2001; Massonnet and Feigl, 1995a; Zebker et al.,
1994a,b).

After discussing InSAR imaging geometry and the theoretical considerations in
calculating surface deformation from phase measurements, we can examine and evaluate
possible error sources and their significance for ground displacement analysis. By
implementing baseline length and angle errors (6B, da) in the above displacement
equations (7,9) Zebker et al. (1994b) determines that in addition to the desired term Ap (the
accurate LOS range change) two erroneous phase components are induced. The first
component is a sinusoidal artifact across the entire displacement field caused by inaccurate
estimation of the angle between the two orbits. Convergence of the orbital trajectories by
less than 1 m over the entire length of the image can create series of parallel fringes across
the interferogram. Removing a planar phase from the interferogram in a procedure called
“orbital tuning” can usually eliminate this kind of artifact (Massonnet and Feigl, 1998).

The second erroneous phase component is a residual of the topographic phase ¢ga. By

expanding ¢aa about Oy in equation (7) Zebker et al. (1994b) shows that the displacement
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contribution of the residual topographic phase (Apwpo) is dependent on the angular
deviation of the look direction due to topography (66 =z / p), as follows:
o)

A B Z
APiopo zE(éﬂathé‘B'é‘ezé‘B; (12)

Thus, considering the estimated error 6B < 0.2 m for ERS orbital positions by Scharoo
and Visser (1998), the typical slant range of p = 800,000 m and assuming a realistic
maximal topographic variation within a scene zp,x= 4000 m, yields a displacement error
lower than 1 mm due to baseline determination errors.

A second type of error in interferograms results from incomplete topographic phase
removal, either due to errors in the topographic phase or due to inaccurate alignment
between the interferogram and the topographic phase (Massonnet and Feigl, 1998). In this
case, the induced artifacts are proportional to the topographic relief and to the
perpendicular baseline B1. These topographic artifacts are described using the notion of
altitude of ambiguity h, (Massonnet and Rabaute, 1993), which is the topographic relief
capable of inducing a phase difference of 27 (one fringe) in an interferogram:
_ pAsinb,

h
“ 2B,

(13)

Massonnet and Feigl (1995a) show that the number of “topographic” fringes induced by an
inaccurate DEM equals to the DEM elevation error divided by the altitude of ambiguity h,.
For example, a 30 m error in a DEM used to remove the topographic phase from
interferograms with perpendicular baselines ranging between 5 m and 200 m (1900>h,>50
m) will induce a range change of 0.5-17 mm, respectively. In any case, these artifacts are
easily discriminated from phase changes induced by surface displacement by comparing
their magnitude in different interferograms with different perpendicular baseline, and by
correlating their location with topographic features (Massonnet and Feigl, 1995a). It is
important to note that unlike topographic artifacts, phase changes induced by deformation
are not proportional to the baseline and should appear similar in all interferograms
spanning the same time period.

An additional error source is the variation of signal delay within the propagation
medium due to atmospheric phenomena. As we do not yet have the knowledge to remove

these phase signals it is important to recognize atmospheric artifacts so they are not
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confused with deformation. Short-wavelength atmospheric artifacts (which could be
confused with small-scale tectonic deformations) typically have length scales on the order
of 5-10 km and induce a phase change between 1/6 and 1/2 a fringe, equivalent to a range
increase of 5-15 mm (Massonnet and Feigl, 1995a; Hanssen, 2001). Regional atmospheric
effects corresponding to long-wavelength, ionospheric perturbations and to differences in
the hydrostatic component of the troposphere manifest themselves as a planar phase trend
in an interferogram (Tarayre and Massonnet, 1996). This phase trend can be removed in a
procedure similar to “orbital tuning” (see 2.1.3). A more problematic type of atmospheric
artifact can result from vertical stratification of the lower atmosphere in regions with
significant relief variations (Hanssen, 2001). In such a case the average atmospheric delay
is dependent of the topographic altitude of each target cell on the ground, yielding a phase
change correlative to topographic features but independent of the baseline. These
atmospheric artifacts can be confused with deformation that correlates with topographic
features. As all atmospheric artifacts result from the atmospheric conditions at the
acquisition time of one of the SAR images used to construct the “corrupted” interferogram,
the artifacts should appear similar in all interferograms constructed from that image. Thus
by comparing several interferograms of the study area during the study period, it is usually
easy to identify the “corrupted” image and avoid any confusion with phase changes
induced by deformation (Massonnet and Feigl, 1995a).

The applicability of InSAR for measuring geophysical phenomena is limited by SAR
imaging geometry and orbital repetition rate. As InSAR interpretation depends on
identifying a fringe pattern consisting of several pixels, measurements are meaningless on
a single pixel scale (~20 m for ERS-1,2) and on scales larger than an interferogram (~100
km for ERS-1,2). The orbit repetition interval (35 days for ERS-1,2) limits InSAR
applicability in measuring reversal phenomena such as tidal loading. Even within the
above physical limitations, SAR interferometry only works under coherent conditions,
where the received reflections are correlated between two SAR images. In order to avoid
random phase contribution, elementary targets must remain stable and contribute the same
way to both images used in constructing an interferogram. Loss of coherence and
destruction of the organized fringe pattern is a phenomenon known as “decorrelation”. The

two largest decorrelation sources that are non-reversible (i.e. that can not be reduced by
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filtering) are related to the phase gradient and the temporal variation in the physical
distribution of elementary scatterers on the ground (Hanssen, 2001). Steep spatial gradients
of range change (>107 or 1 mm per 1 m) reduce interferometric coherence and cause
decorrelation of interferograms. This limit implies that displacements that induce a phase
change higher than a significant fraction of fringe within one pixel (e.g. fault rupture and
catastrophic volcanic eruption) do not form interpretable fringe patterns in interferograms.
Orbit inaccuracies and long wavelength atmospheric gradients may obscure subtle large-
scale deformation patterns, thus imposing a low spatial gradient limit of 107 (1 cm per 100
km). Temporal decorrelation poses a major limitation for the application of InSAR in large
parts of the world when using long time intervals between the SAR images. For temporal
decorrelation to occur, the incoherent sum of variable scatterers within a pixel should be a
significant fraction of the coherent sum of stable scatterers. Weathering, vegetation and
anthropogenic activity are common causes for temporal decorrelation (Gabriel et al., 1989;
Massonnet and Feigl, 1998; Hanssen, 2001). Finally, the thermal noise of the ERS Radar
imposes an additional limit on applying InSAR to measure small magnitude range changes
(i.e. the expected thermal noise level of 1 mm; Hanssen, 2001). This last condition implies
an upper limit of phase accuracy. Massonnet and Feigl (1998) and Massonnet et al. (1997)
estimate the natural noise levels in interferograms to be ~ 2 mm, thus InSAR is applicable
for measuring LOS displacement larger than ~2 mm. The limitations on InSAR are
summarized in Table 2.1.

Table 2.1. InSAR limiting conditions.

Limit Explanation Acceptable range
High spatial gradient Destruction of contlnuoqs <103
phase pattern — decorrelation
Low spatial gradient Orbital inaccuracies and - 107
atmospheric gradients

Maximum extent Swath width <100 km

Minimum extent Pixel size >20m
Minimum magnitude Noise level >2 mm
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In addition to the above limits on InSAR applicability, it is important to note that
InSAR allows measuring a change in range along the look direction (LOS) but it does not
provide the full three-dimensional displacement vector. For instance, one fringe in an
interferogram constructed from ERS data (~28 mm of LOS range change) could be
interpreted as ~31 mm of pure vertical displacement (28/cos®, where 6 is the incidence
angle), ~74 mm of eastward displacement (28/(sinf-cosf), where B is the angle between the
satellite’s ground trajectory and the north), or ~345 mm of horizontal northward
displacement (28/(sinf+sinf)). To establish geographic components of a displacement
vector, we can combine information from interferograms of both ascending (trajectory
N12°W) and descending (S12°W) satellite orbit tracks, integrate data from other geodetic
sources (such as GPS), or constrain the deformational components using geologic
knowledge.

2.1.3 InSAR processing

SAR data for this study were collected by the European Space Agency Remote Sensing
Satellites ERS-1, which imaged the area between April 1992 and October 1997, and ERS-
2, which has been imaging the area since July 1995. During the overlapping period (1995-
1997), the two satellites performed tandem missions, at 1-day intervals.

The raw SAR data are processed using a JPL-heritage SAR processor. The output signal
is a measure of the complex backscatter of a patch on the ground delayed by the travel time
of the Radar waves from sensor to target and back (Curlander and McDonough, 1991).
Following Scripps Institution of Oceanography InSAR processing system (SIOSAR), we
first focus the SAR data by maximizing the spectral overlap in azimuth direction. This is
obtained by calculating the average mean doppler center frequency of the images that will
be combined into interferograms, and processing each of the SAR images using that value.
Then, the focused SAR images must be matched to a sub-pixel level. This procedure
consists of two steps: coarse and fine coregistration. In the first step, the offsets between
each “slave” image and one selected “master” image are approximated either by comparing
coordinates of common points in the image (i.e. by visual inspection) or according to
precise orbit information of both satellites. Once the relative offsets between the SAR
images are estimated within tens of meters in range and azimuth, the fine (sub-pixel)

registration can be performed. Coherent registration techniques apply the full complex
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(amplitude and phase) data to perform a complex cross correlation and yield shift and
stretch parameters. After matching the SAR images, interferograms (phase and amplitude)
are calculated by multiplying each complex pixel in one image by the complex conjugate
of the matching pixel in the other image.

Precise orbital information (Scharroo and Visser, 1998) with respect to the WGS84 and
EGM96 ellipsoids is used to remove the largest phase signal due to Earth curvature. A low-
resolution digital elevation model (Hall, 1993) is projected into the Radar coordinates and
removed from the full-resolution interferogram. The vertical and horizontal accuracies of
this DEM were tested by Hall et al. (1999), and were found to be 10-30 m and 20-50 m
respectively. In addition to removing the crude DEM, the residual phase from a suitable
tandem ERS-1 to ERS-2 pair is unwrapped and added back to the crude topographic phase
model to form a full-resolution topography model needed for isolating the phase signal due
to ground motion. This hybrid approach of topographic phase construction retains the long-
wavelength accuracy of the two- pass method (Massonnet and Feigl, 1998) and the full
topographic resolution of the four-pass method (Zebker et al., 1994a).

The final interferogram may display residual orbital contribution due to inaccuracies in
calculating the baseline between the SAR images (see previous subsection). “Orbital
tuning” is a procedure aimed to eliminate these orbital artifacts by attribution of the
residual fringes in the interferogram to the repeat orbit. Assuming that the baseline error is
linear (i.e. represents convergence or divergence), calculation of the number of residual
fringes per pixel in both the range and azimuth direction enables the fine-tuning of the

slave orbit. This procedure is similar to that suggested by Massonnet and Feigl (1998).

2.2 Tectonic interpretation tools

2.2.1 Synthetic interferogram

Synthetic interferograms are interferometric phase change models calculated based on a
surface displacement field induced by a fault dislocation model. Assuming the
displacement field is induced by a rectangular fault buried in an elastic medium, the
synthetic interferogram enables the determination of the fault and slip parameters.
Following Feigl et al. (1995) we use all available data on fault parameters (e.g. fault

location, dimensions, strike, dip and estimated slip) to calculate a model displacement field
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using the dislocation formulation of Okada (1985). Then, the surface displacements are
translated to “synthetic” LOS range changes based on orbit trajectory and imaging
geometry. Analysis of both ascending (LOS azimuth N78°E) and descending (LOS
azimuth N78°W) interferograms assists in determination of the geographic components of
the displacement in interferograms. Finally, in order to minimize the difference between
the observed range changes and the modeled ones we use forward modeling in which fault
model parameters are adjusted until the best solution is obtained.

2.2.2 Fault dislocation analysis and static stress transfer

Over the past 20 years, and especially since the 1992 Landers earthquake, much effort
has been focused on understanding if and how earthquakes modify the behavior of nearby
subsequent seismicity (e.g. Scholz, 1990; Savage, 1980 and references therein). There is a
growing consensus that earthquakes may trigger one another through changes in the
regional stress field; this effect is called earthquake stress transfer. Most stress transfer
studies start with similar basic assumptions. Given a slip distribution for the mainshock of
interest, the theory of elastic deformation from dislocations in a half-space (Okada, 1992)
is used to compute coseismic stress increment tensors at specified locations. These tensors
are then decomposed into fault-normal stress and fault-parallel shear stress.

The most commonly used stress formulation is the static Coulomb Failure Stress (e.g.
Jaeger and Cook, 1979; Scholz, 1990). The coseismic change in CFS is given by

ACFS = Acs+u(Ac,+Ap) ; (14)
where Ao is the coseismic change in shear stress in the direction of fault slip, Ac, is the

change in normal stress (with tension positive), Ap is the change in pore-fluid pressure, and
p is an assumed “coefficient of internal friction”. The ACFS criterion provides a measure
of the proximity of a fault to failure and has been used by numerous authors to study the
distribution of aftershocks after an earthquake, and to explore earthquake-induced static
stress changes (e.g. Stein and Lisowski, 1983; Oppenheimer et al., 1988; Stein, 1999). In
the most general case, in order to calculate the change in CFS (ACFS) at a location in the
medium caused by an earthquake, it is necessary to know the deviatoric stress tensor
before the earthquake and after the earthquake. It is possible to calculate the changes in
static stress caused by the earthquake from a dislocation model, given a known "regional"

state of stress before the earthquake. Alternatively, if a slip direction (rake) can be assumed
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for specified fault planes (e.g. based on independent geologic date), then the regional field
can be dispensed with entirely, and the changes in static stress are sufficient to calculate
whether failure on these planes has been "encouraged" or "discouraged".

In our work, basic fault dislocation analysis was performed on the “GNStress” program
prior to constructing synthetic interferograms. This program, written by Russell Robinson
of the Institute of Geological & Nuclear Sciences, New Zealand, is used to model stresses
induced by faulting and earthquakes. The program uses a code based on Okada (1985,
1992) to solve stresses induced by a dislocation in a 3-dimensional elastic half space.
Given user-defined dislocation (faults properties and slip parameters) GNStress displays
the induced change in the stress field expressed as ACFS and the displacement field at a
chosen reference plane (e.g. at the surface). Results can be map view, cross-section, or
projected onto a specified fault plane. GNStress was used to analyze the surface
displacement field induced by model fault dislocations and to evaluate the possibility of
interaction between these faults and earthquakes that occurred during the study period in

the vicinity of the observed surface deformation.

2.3 Arava Valley interferometry

2.3.1 InSAR data processed and interferogram inventory

The AV is covered by six frames of three ERS tracks (Figure 2.3), each frame is imaged
by ERS-1 and ERS-2 satellites every 35 days (the orbit repetition interval of each satellite).
To achieve a complete analysis of the surface deformation, all available images of the AV
were considered. A total of 83 interferograms spanning periods of 2-74 months between
1995 and 2002 were constructed from image pairs with perpendicular baseline lower than
150 m (Table 2.2); using this small baseline is aimed to minimize the topographic phase
contribution and the degradation of pixel correlation. In order to apply the hybrid approach
for obtaining topography-free interferograms, topographic phases were constructed for the
processed frames. Image pairs for topographic phase were chosen for their minimal time

span and wide range of perpendicular baseline (Table 2.3).
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Figure 2.3. ERS coverage of the

Arava Valley.

Images of the

following frames were processed:
frame 603 of track 71, frames 603
and 585 of track 343, frames
2979, 2997 and 3015 of track 78.
The combination of ascending
(343, 71) and descending (78)

tracks  helps

to constrain

geographic components of LOS

displacements.

Table 2.2. Interferograms processed for the analysis of surface deformation along the AV.
Interferograms are referred to by the orbit numbers of their reference and repeat orbits. “Baseline
perp.” is the perpendicular baseline between the two orbits forming the interferogram (continued
on the following page).

Interferogram Time span Baseline | Interferogram Time span Baseline
(reference repeat)| (reference repeat) | perp. (m) |(reference_repeat)| (reference_repeat) | perp. (m)
Frame 585, Track 343: Frame 603, Track 343:
19369 21874 | 29/3/95 —20/9/95 10 19369 21373 | 29/3/95 —15/8/95 90
19369 22876 |29/3/95—29/11/95 35 19369 21874 | 29/3/95 —20/9/95 2
19369 03203 |29/3/95—30/11/95 40 19369 03203 |29/3/95 —30/11/95 30
19369 25381 | 29/3/95 —22/5/96 150 19369 19736 | 29/3/95 —28/1/99 5
19369 10217 | 29/3/95 —3/4/97 6 19870 05708 | 3/5/95—23/5/96 80
19369 15728 | 29/3/95 —23/4/98 105 19870 28754 | 3/5/95—19/10/00 25
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Interferogram
(reference repeat)

Time span
(reference repeat)

Baseline
perp. (m)

Interferogram

(reference repeat)

Time span
(reference repeat)

Baseline
perp. (m)

Frame 585, Track 343 (continued):

Frame 603, Track 343 (continued):

19369 19736

29/3/95 —28/1/99

10

21373 12221

15/8/95 —21/8/97

25

19870 05708

3/5/95 —23/5/96

85

21373 15728

15/8/95 — 23/4/98

35

05708 28754

23/5/96—19/10/00

45

01700 15728

16/8/95 — 23/4/98

45

21874 22876

20/9/95 —29/11/95

30

01700 25381

16/8/95 —22/5/96

30

21874 03203

20/9/95 —30/11/95

30

21874 10217

20/9/95 —3/4/97

15

21874 10217

20/9/95 —3/4/97

25

21874 19736

20/9/95 —28/1/99

8

21874 19736

20/9/95 — 28/1/99

15

02201 10718

21/9/95 — 8/5/97

55

02201 10718

21/9/95 - 8/5/97

60

02201 19235

21/9/95 —24/12/98

6

02201 19235

21/9/95 —24/12/98

5

22375 08213

25/10/95 — 14/11/96

8

22375 08213

25/10/95 — 14/11/96

1

22375 _34766

25/10/95 - 13/12/01

110

22375 34766

25/10/95 - 13/12/01

130

02702 08213

26/10/95 — 14/11/96

20

02702 08213

26/10/95 —14/11/96

15

02702 34766

26/10/95 - 13/12/01

120

22876 25381

29/11/95 — 22/5/96

110

22876 10217

29/11/95 — 3/4/97

10

22876 10217

29/11/95 — 3/4/97

22876 _19736

29/11/95 — 28/1/99

20

22876 19736

29/11/95 — 28/1/99

15

03203 10217

30/11/95 — 3/4/97

15

03203 25381

30/11/95 —22/5/96

120

03203_19736

30/11/95 —28/1/99

25

03203 10217

30/11/95 —3/4/97

10

25381 12221

22/5/96 — 21/8/97

30

03203 19736

30/11/95 — 28/1/99

20

25381 15728

22/5/96 —23/4/98

15

25381 15728

22/5/96 —23/4/98

15

08213 34766

14/11/96 — 13/12/01

100

08213 34766

14/11/96 —13/12/01

130

10217 19736

3/4/97 — 28/1/99

10

10217 19736

3/4/97 — 28/1/99

15

10718 19235

8/5/97 — 24/12/98

50

10718 19235

8/5/97 —24/12/98

50

12221 15728

21/8/97 —23/4/98

10

Frame 3015, Track 78:

Frame 2979, Track 78:

05443 21475

5/5/96 —30/5/99

40

01435 09451

30/7/95 —9/2/97

29992 39511

14/1/01 — 10/11/02

01435 22611

30/7/95 - 11/11/95

03439 12958

17/12/95 — 12/10/97

R

Frame 2997, Track 78:

03439 29992

17/12/95 — 14/1/01

40

05443 19972

5/5/96 — 14/2/99

75

04732 12958

11/6/92 — 12/10/97

90

05443 21475

5/5/96 — 30/5/99

45

04732 22110

11/6/92 —7/10/95

30

19972 21475

14/2/99 —30/5/99

120

04732 29992

11/6/92 — 14/1/01

125

20974 29491

25/4/99 — 10/12/00

20

06445 29992

14/7/96 — 14/1/01

45

09451 20473

9/2/97 - 21/3/97

135

Frame 603, Track 71:

10744 03439

5/8/93 —17/12/95

35

20099 22470

19/5/95 —7/8/99

25

10744 06445

5/8/93 — 14/7/96

50

22103 21468

6/10/95 — 29/5/99

10

10744 12958

5/8/93 — 12/10/97

25

10744 29992

5/8/93 — 14/1/01

12958 29992

12/10/97 — 14/1/01

35

13960 20473

21/12/97 - 21/3/97

15

21108 06445

29/7/95 — 14/7/96

140

22110 03439

7/10/95 — 17/12/95

55

22110 12958

7/10/95 — 12/10/97

65

22611 09451

11/11/95 - 9/2/97

24




Table 2.3. Image pairs used in constructing topographic phases for the analysis of surface
deformation along the Arava Valley.

Image pair Time span Perpendicular
Frame (Track) (referen%e_%epeat) (reference_gepeat) b';feline (m)

585 (343) 22876 03203 29/11/95 - 30/11/95 5
10217 10718 3/4/97 — 8/5/97 165
25381 05708 22/5/96 — 23/5/96 95
19235 19736 24/12/98 — 28/1/99 210

603 (343) 21874 02201 20/9/95 — 21/9/95 215
21373 01700 16/8/95 — 17/8/95 80
25381 05708 22/5/96 — 23/5/96 95
22375 02702 25/10/95 — 26/10/95 5

2997 (78) 19972 21475 14/2/99 —30/5/99 120

2979 (78) 21108 01435 29/7/95 —30/7/95 40
21108 22110 29/7/95 —7/10/95 150
22611 03439 11/11/95 - 17/12/95 140

2.3.2 Discrimination of surface deformation features from InSAR artifacts

This subsection addresses InSAR artifacts observed in AV interferograms and their
discrimination from surface deformation features. The relief within the AV is very
moderate and thus topographic artifacts are rare. Local topographic features within the AV
may induce artifacts in interferograms with long perpendicular baseline or when the
topographic contribution is not entirely removed (Figure 2.4). On the other hand, the high
cliffs and deep canyons on both sides of the AV, and particularly on its eastern side, induce
significant topographic artifacts (Figure 2.5). In both cases the topographic artifacts are
easy to detect and discriminate from surface deformation (Figure 2.4, 2.5). Local
tropospheric artifacts are not very common along the AV due to the yearlong dry weather;
when encountered they form wavy range-changes with short wavelength of ~1 km (Figure
2.5). Regional atmospheric gradients may induce small range-changes with long-
wavelength of 100 km scale (Hanssen, 2001) which are easily discriminated from the local
(<20 km) surface deformation features observed along the AV. Decorrelation due to
human activity is also rare along the AV and is limited to a few cultivated fields (Figure
2.4), a few settlements and to nature reserves (Figure 2.5). Substantial decorrelation due to
surface processes occurs in the local playas and river beds along the AV and is visible in
interferograms spanning long time intervals, and interferograms spanning the rare event of
rain and floods which occurred in October 1997 in AV (Hydrologic Service annual report,

1997).
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Figure 2.4. Strips of interferograms 21874 10217 (a) and 19369 22876 (b) of frame 585.
Atmospheric artifacts of a wavy form are indicated by white arrows, and topographic artifacts
along the cliffs on the eastern border of the AV are indicated by black arrows. The higher baseline
of (b) accounts for the greater topographic artifacts. Also visible are local deformation features
(indicated by black circles) possibly induced by human activity at Timna Mines nature reserve
(perhaps subsidence over the deserted mines).

Figure 2.5. a. Part of interferogram 02702 34766 (frame 603 of track 343) showing an increase
of 40 mm in the satellite-target range (Zofar subsidence, see section 3.3.1). Also apparent are
topographic artifacts (indicated by white arrows) and a distinct zone of decorrelation (indicated
by a black arrow). b. The same interferogram superimposed on the amplitude image of the region.
c. Amplitude image showing topographic features (indicated by white arrows) and cultivated
areas (indicated by a black arrow) near the village of Zofar, central Arava. The topographic
artifacts in the interferogram are a result of an incomplete topographic phase removal.
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3. RESULTS
3.1 General characteristics of surface deformation along the Arava Valley

3.1.1 Magnitude, rate and distribution of surface deformation features

AV interferograms of the 1995-2001 period reveal several local, sporadic surface
deformation features with dimensions <20 km. The main observed deformation features
are found at fault stepover zones and their associated basins or ridges. Temporal
characteristics of the detected features varied from monotonous LOS range-change during
the entire study period with rates of 10-80 mm/yr, to shorter events with rates of 15-20
mm/yr.

Three regions within the AV display systematic ground displacement that could be
attributed to tectonic activity (Figure 3.1). (1) East of Zofar (northern AV), an area
approximately 7 km long and 3 km wide exhibits continuous subsidence during 1998-
2000. (2) In Yotvata Playa (southern AV), an area about 10 km long and 5 km wide
exhibits continuous ground uplift with variable rates of 10-80 mm/yr. Yotvata uplift is the
largest surface deformation feature detected in this study exhibiting 135 mm of LOS range
decrease between 1995 and 1999. (3) The Avrona Basin (southern AV) exhibits a complex
pattern of subsidence and uplift within a 12 km long and 3 km wide region.

3.1.2 Detection of strike slip motion on Dead Sea Transform fault segments

The orientation of the DST is sub-parallel to ERS descending track trajectory (Figure
2.3), and thus it is practically impossible to detect strike slip motions along the DST in
interferograms of descending ERS satellites. To evaluate the detection threshold of DST
strike slip displacements in interferograms of ascending satellites, the LOS component of
such motion is calculated here. Assuming that horizontal strike slip motions on AV
segments of the DST are at an angle of about 25-30° from the satellites trajectory and that
ERS incident angle is 23° from vertical, the LOS component of strike slip displacement
parallel to the DST is:

LOS change = Displacement - sin (23°) - sin (30°) = 0.2 - Displacement
This relation implies, for example, that 25 mm of strike slip surface displacement along
DST parallel faults correspond to ~5 mm of LOS range-change; this value is considered by
Massonet and Feigl (1998) as the detection threshold of InSAR due to background noise
typically lower than 5 mm. Considering the estimated low slip rate of the Southern DST
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Figure 3.1. Location map for Arava Valley
surface deformation features. Zofar, Yotvata
and Avrona are indicated with white arrows
on a satellite image of the Arava Valley (from
the Dead Sea in the northeastern corner to the
city of Elat near the southwestern corner).
Also indicated are active faults (Bartov et al.,
2002), and earthquakes of M;>2.5 that
occurred during the period of 1990-2000 (GII,
2000).

(0-5 mm/yr), strike slip motions on DST parallel faults could be detected only in
interferograms with time span of at least 5 years (Figure 3.2). In contrast to this limiting
threshold for strike slip motions, vertical displacements have a larger LOS effect
(LOS change = cos (23°) - Vertical displacement = 0.9 - Vertical displacement) and can be
detected more easily by InSAR. Compared to the DST, strike-slip displacement on the San
Andreas Fault and the Hayward Fault have a higher LOS component (~0.35) and higher
slip rates (10-50 mm/yr), and therefore are easily monitored with InNSAR (Burgmann et al.,
2000; Lyons and Sandwell, 2003).

Although the expected strike slip displacements on DST major segments are below the

detection threshold, such displacements may induce LOS range-changes at fault
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terminations, at sub-parallel secondary faults and at stepovers. Detection of deformation
features at stepovers within the AV without detection of creep on the intervening segments
may be a result of these limitations and can not rule out the possibility that AV segments

creep at rates lower than ~4 mm/yr.

Figure 3.2. Dead Sea Transform synthetic
interferogram (from the Dead Sea to the gulf of
Elat). The input dislocation model is of surface 31" 00'

displacement of 25 mm (left-lateral slip) along a
continuous fault segment within the AV. The
surface deformation appears as a phase change of
approximately 1/6 fringe (~5 mm LOS range
change) across the fault.

30° 30'

30° 00’

29" 30' ! J ) !

35° 00' 35° 30’

3.2 Surface deformation features along the Arava Valley

3.2.1 Zofar

In Zofar region, northern AV, we detected an area about 7 km long and 3 km wide that
displays ~40 mm of LOS range increase during a period of 2-2.5 years. The Zofar feature
is characterized by a constant and well-defined spatial extent during the entire deformation

period (Figure 3.3). The feature displays steep displacement gradients along its boundaries,
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particularly the southwestern boundary.

In order to achieve a complete analysis of

deformation magnitude, rate and temporal variations at Zofar, we processed and analyzed

35 interferograms spanning 3-74 months between March 1995 and December 2001 (Table

3.1, Figure 3.3).

Table 3.1. Interferograms and range-change at Zofar surface deformation feature.

LOS LOS
Time span Interferogram change Time span Interferogram change
(reference repeat) (reference repeat)
(mm) (mm)
Frame 603, Track 343 Frame 603, Track 343 (continued)
29/3/95 — 15/8/95 19369 21373 0 29/11/95-3/4/97| 22876 10217 0
29/3/95 —20/9/95 19369 21874 0 29/11/95 —28/1/99| 22876 19736 5
29/3/95 —30/11/95 19369 03203 0 30/11/95-3/4/97| 03203 10217 0
29/3/95 —28/1/99 19369 19736 5 30/11/95 —28/1/99| 03203 19736 5
3/5/95 — 23/5/96 19870 05708 0 22/5/96 —21/8/97| 25381 12221 0
3/5/95 — 19/10/00 19870 28754 40 22/5/96 —23/4/98 | 25381 15728 0
15/8/95 —21/8/97 21373 12221 0 14/11/96-13/12/01] 08213 34766 40
15/8/95 — 23/4/98 21373 15728 0 3/4/97-28/1/99 | 10217 19736 5
16/8/95 — 23/4/98 01700 15728 0 8/5/97 —24/12/98 | 10718 19235 5
16/8/95 — 22/5/96 01700 25381 0 21/8/97 —23/4/98 | 12221 15728 0
20/9/95 - 3/4/97 21874 10217 0 Frame 2997, Track 78
20/9/95 —28/1/99 21874 19736 5 5/5/96 — 14/2/99 | 05443 19972 10
21/9/95 — 8/5/97 02201 10718 0 5/5/96 —30/5/99 | 05443 21475 15
21/9/95 —24/12/98 02201 19235 5 14/2/99 —30/5/99 | 19972 21475 5
25/10/95 - 14/11/96| 22375 08213 0 25/4/99 — 10/12/00] 20974 29491 30
25/10/95 - 13/12/01 22375 34766 40 Frame 603, Track 71
26/10/95 - 14/11/96| 02702 08213 0 19/5/95 —7/8/99 | 20099 22470 25
26/10/95 —13/12/01| 02702 34766 40 6/10/95-29/5/99 | 22103 21468 15

The total cumulative LOS range-change at Zofar is ~40 mm with an average rate of 15-

20 mm/yr (Figure 3.4). The surface displacement initiated some time between April and

December 1998, as no subsidence occurred prior to 4/1998 (e.g. interferograms
21373 15728, 25381 15728; Table 3.1). Approximately 5 mm of LOS range-increase
occurred during the second half of 1998 (e.g. interferogram 10718 19235; Table 3.1), an

additional 25-30 mm of range-change occurred during 1999, and 5-10 mm occurred

between January and October 2000. No subsidence occurred between 10/2000-12/2001.
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Figure 3.3. Zofar interferograms of ascending track 343 (frame 603) and descending track 78
(frame 2997) indicate 40 mm of LOS range increase between April 1998 and October 2000. No
deformation is observed between May 1996 and April 1998 (interferogram 25381 15728)
indicating that the 15mm of range change observed between May 1996 and May 1999
(05443 21475) occurred between April 1998 and May 1999. The total range change of 40 mm
is observed between May 1995 and October 2001 (19870 28745), but interferogram
25381 15728 indicates that this range change occurred after April 1998. Zofar and Wadi-Musa
faults are outlined red in the amplitude images.

Frame 2997 amplitude

.. Arava Valley

5/96—4/98 5/96 — 5/99
o| 23 months, B1=15m 37 months, B1=45m

| 5095-102000 4/99 — 12/2000 :
65 months, B1=25m | 10 months, B1=30m = AR
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The similar range-change in interferograms of ascending and descending tracks (tracks
343 and 78 respectively; Figure 3.3) suggests predominant vertical surface displacement
(subsidence) in Zofar.

Zofar subsidence is attributed to tectonic processes based on the temporal and spatial
characteristics that distinguish it from topographic, atmospheric and orbital artifacts. The
LOS range change is not correlated with perpendicular baseline or with topographic
features indicating that it reflects surface displacement rather than topographic signature.
The fact that the range change is long-lasting (not reversal) and cumulative, and that it
consistently appears in all coherent interferograms supports the interpretation that the
range change reflects tectonic deformation. Non-tectonic sources for the Zofar subsidence
could be rejected as follows. First, surface processes, such as erosion and changes in
ground cover or ground use, would generate decorrelation in the interferograms as
exhibited along riverbeds and cultivated agricultural fields (Figure 2.5). Second,
groundwater withdrawal and sediment compaction were shown to induce subsidence near
the Dead Sea (Baer et al., 2002), and therefore water data from wells in Zofar region was
analyzed (Hydrologic Service of Israel data base). During the study period (1995-2001)
water level data is available only for one well near Zofar, this is the Omer 1 well, located
3-5 km NW of the deformation feature (Appendix A). Water level records of six other
wells near Zofar during the five years preceding the observed subsidence do not display
uniform trends (Figure 3.5), suggesting that the level changes are related to local activity
(e.g. pumping) at each well. The water level in Omer 1 well displays no correlation to the
behavior in Zofar feature: (1) During 1993-7, the water level rose gradually with annual
fluctuations while the Zofar feature displays no surface displacement. (2) During 1998-
2001, the water level displays very subtle decline while all the Zofar subsidence occurred.
A similar decline in water level occurred at Omer 1 during 1996-7 prior to the subsidence
at Zofar. (3) The water level changes at Omer 1 are relatively subtle (<1.5 m), and as the
water level at this well is relatively deep (~12 m below the surface), the effect these
changes may have on the surface is negligible. Therefore, the water level-descent between
March 1998 and July 1999 is rejected as a possible mechanism for the observed surface

deformation.
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Figure 3.4. Zofar time series indicating LOS displacement accumulation with time. Each data
point indicates the cumulative LOS displacement at the acquisition time of an ERS image used to
construct Zofar interferograms. The 5 mm error bars represent the typical noise level in
interferograms.
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Figure 3.5. Changes in water levels at wells near Zofar relative to water levels in January 1990.
During the period of 1994-1998 “Omer 1” well exhibited periodic low amplitude changes in
water level (~1.5 m) while no surface displacement occurred at Zofar site (gray dashed line,
smoothed version of Figure 3.4). During the first half of 1999 a very subtle linear drop occurred
in “Omer 1” water level (~0.3 m) while Zofar displacement rate reached its maximum.
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3.2.2 Yotvata

The most intense surface displacement feature detected in the present study is located

SE of Yotvata, in southern AV (Figure 3.6). The Yotvata feature occupies an area about 10

km long and 5 km wide, and exhibits 135 mm of cumulative LOS range decrease during

the 1995-1999 period. This feature is characterized by large continuous range decrease

with maximal change near the southeastern boundary, steep displacement gradients along

its western and southeastern boundaries, and well-defined spatial extent growing with time

and with cumulative range decrease.

These characteristics distinguish Yotvata feature

from possible atmospheric and orbital artifacts and from local topographic artifacts.

Figure 3.6. Interferogram 19369 22876
(29/3/95 - 29/11/95) superimposed on the
amplitude image of southern AV (from
Yotvata in the north to the Gulf of Agaba
and the city of Elat in the south). The
interferogram shows 55 mm of LOS range
decrease near Yotvata and a complex
deformation feature at Avrona consisting
of range increase at Avrona North (N) and
Avrona South (S) and range decrease
obscured by decorrelation in Central
Avrona (C).

Bg) LA, B0

P,

~ Yotvata |

We processed and analyzed 32 interferograms spanning 3-74 months between March

1995 and December 2001; however, due to coherence problems, surface deformation

analysis was possible only for the period of March 1995 to May 1999 (Table 3.2, Figure

3.7).
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Figure 3.7. Southern AV and Yotvata interferograms (frames 603 and 2997 respectively). The
interferograms display different stages of the 135 mm LOS range decrease near Yotvata (3/1995-
5/1999), and indicate that most of Avrona deformation occurred between March and September
1995. Atmospheric artifacts in 19369 21874 and 21874 22876 (wavy strokes in upper-left
quadrant) are attributed to conditions on 20/9/95 (orbit 21874). The regional phase change along
southern AV observed in interferogram 25381 15728 is also interpreted as an atmospheric artifact
based on its shape wavelength and the fact it is exclusive to interferograms constructed with orbit
15728. Scale is indicated by a grid with 5 km interval along each interferogram.
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Yotvata interferograms exhibit 95 mm of LOS range decrease between March 1995 and
April 1998 (interferograms 19369 21874, 21874 22876, 03203 25381, 25381 15728),
and additional range decrease of 15 mm (prior to January 1999) is deduced from
interferogram 10217 19736 (Figure 3.7). Interferogram 19972 21475 of frame 2997
indicates another 25 mm of range change accumulating to the total of 135 mm between
March 1995 and May 1999.

Table 3.2. Interferograms and range-change at Yotvata surface deformation feature. Interferograms

that could not be interpreted due to decorrelation are marked ***.

LOS LOS
Time span Interferogram change Time span Interferogram change
(reference repeat) (reference repeat)
(mm) (mm)
Frame 585, Track 343 Frame 585, Track 343 (continued)
29/3/95 —20/9/95 19369 21874 45 25/10/95-13/12/01 | 22375 34766 el
29/3/95 —29/11/95 19369 22876 55 26/10/95-14/11/96 | 02702 08213 35
29/3/95 — 30/11/95 19369 03203 55 29/11/95-22/5/96 | 22876 25381 10
29/3/95 —22/5/96 19369 25381 65 29/11/95-3/4/97 | 22876 10217 30
29/3/95 —28/1/99 19369 19736 ok 29/11/95-28/1/99 | 22876 19736 55
3/5/95 — 23/5/96 19870 05708 40 30/11/95-22/5/96 | 03203 25381 10
23/5/96—19/10/00 05708 28754 ik 30/11/95-3/4/97 | 03203 10217 30
20/9/95 —29/11/95 21874 22876 10 30/11/95-28/1/99 | 03203 19736 55
20/9/95 — 30/11/95 21874 03203 10 22/5/96 —23/4/98 | 25381 15728 30
20/9/95 —3/4/97 21874 10217 40 14/11/96-13/12/01 | 08213 34766 hoxk
20/9/95 —28/1/99 21874 19736 oAk 3/4/97 — 28/1/99 10217 19736 25
21/9/95 — 8/5/97 02201 10718 45 8/5/97-24/12/98 10718 19235 15
21/9/95 — 24/12/98 02201 19235 oAk Frame 2997, Track 78
25/10/95-14/11/96 22375 08213 35 14/2/99 —30/5/99 | 19972 21475 | 25

The continuous LOS range-change at Yotvata (Figure 3.8) occurred with rates varying
from 10 mm/yr to 80 mm/yr. Interferograms with long time span (> 2 yr) and post 1999
interferograms did not yield coherent data of surface deformation in Yotvata Playa, and
therefore were not included in our interpretation.

Yotvata feature is attributed here to tectonic processes based on the range change
characteristics discussed above and on rejection of an aquifer related mechanism as
follows. The water table measured in wells near Yotvata during 1995-2001 exhibit large
annual changes probably related to seasonal changes in water influx and water pumping
(Figure 3.9; Appendix A). Most wells do not exhibit a long-term change in water level, and
some wells exhibit subtle drop of water level. These water level changes do not correlate

with the observed monotonous uplift at Yotvata Playa; thus aquifer processes are rejected
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as a possible mechanism for the observed deformation.

Figure 3.8. Yotvata time series indicating LOS displacement accumulation with time. Each data
point indicates the cumulative LOS displacement at the acquisition time of an ERS image used to
construct Yotvata interferograms. The 5 mm error bars represent the typical noise level in
interferograms.

Displacement

Yotvata cumulative displacement
(mm)

140

130

120

110

100

. 1 T B

80 -
70 A
60

o

30 .
N

Nuweiba Earthquake

10

—t

0
1/1995 1/1996 1/1997 Date 1/1998 1/1999 1/2000

Figure 3.9. Water level data from 6 wells near Yotvata exhibit annual fluctuations without a
consistent long-term level increase that could produce surface uplift. As these changes in water
level do not correlate with the continuous uplift in Yotvata, they were rejected as a possible
mechanism for the surface deformation. (compiled from Hydrologic Service of Israel data base)
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3.2.3 Avrona

The most complex pattern of surface deformation was detected at Avrona Basin, a few
kilometers north of Elat. We found two zones of subsidence separated by a zone of uplift at
the eastern margins of the Avrona Playa (Figure 3.6). The subsiding zones display
moderate displacement gradients along their boundaries, and the central uplift feature
displays non-uniform elongated displacement pattern. We analyzed the Avrona feature
using the same 32 interferograms presented in the analysis of Yotvata feature (Table 3.2),
and again, due to coherence problems, the surface deformation could be analyzed only for
3/1995 to 1/1999. Most of the deformation in Avrona Playa occurred between March and
November 1995, and is apparent in interferograms 19369 21874 (Figure 3.7). The two
subsiding zones, hereafter referred to as Avrona North and Avrona South, exhibit almost
similar deformation pattern and magnitude prior to April 1997, after which Avrona North
expanded and exhibited an additional 10 mm of subsidence while Avrona South exhibited
10 mm of uplift (interferogram 10217 19736, Figure 3.7). The cumulative range-change at
the three Avrona features is summarized in Figure 3.10.

Unlike Yotvata and Zofar features, the Avrona deformation feature could not be fully
attributed to tectonic processes, as non-tectonic mechanisms could not be rejected. During
1995-2001 water wells south of Avrona (elatl, sabchal8; Figure 3.11; Appendix A) exhibit
a continuous descend in water level, while wells north of Avrona (ora6,7 and timna50;
Appendix A) exhibit a continuous water level rise. These trends show limited correlation to
the observed surface deformation, for example, the level drop in the southern wells partly
correlate to the subsidence observed in Avrona South prior to April 1997. Thus, the
contribution of water level changes to the deformation can not be rejected. A possible
indication for such interaction between water level changes and tectonic deformation was
found in well ora4, located ~2 km west of Central Avrona feature. This well exhibited an
abrupt level drop coinciding with the Nuweiba earthquake, and then a gradual rise with a
rate similar to the wells north of Avrona (Figure 3.11, Appendix A). The abrupt change in
ora4 could be related to deformation associate with the Nuweiba earthquake. Thus,
although no clear correlation was found between the water level changes and the observed
surface deformation, one may speculate that both phenomena are related to a common

tectonic cause; the nature of this relation is unknown.
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In the following analysis of Avrona surface deformation, we assume that most of the
surface deformation is due to tectonic activity, excluding the uplift at Avrona South after
April 1997. This assumption enables the description of Avrona complex pattern of surface
displacement by a relatively simple tectonic model, without incorporating an uplift phase

at the subsidence site of Avrona South.

Figure 3.10. Avrona time series indicating LOS displacement accumulation with time.
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Figure 3.11. Water level data from wells near Avrona, listed from south (in warm colors) to north
(cool colors). Unlike wells near Yotvata, these wells do not exhibit annual fluctuations. They
display long-term trends of water level rising (in wells north of Central Avrona site, latitude
29.62°N) and level drop (south of Central Avrona site). Well ora4 (coordinates: 29.69°N/34.99°E)
displays an abrupt drop in water level that coincides with the occurrence of Nuweiba earthquake
(22/11/95, Mw=7.2) that occurred approximately 100 km to the south (Shamir, 1996).

Level change

Avrona water levels

(m)
4 ‘ -
I \
‘ ‘/ — . elat1
3 H/’/"\“
‘ /-/\L/*/ —=— Sabcha18
2 } // amram2
/ﬁ“
‘ / amram3
1 -
- JFA\”\ / S P —«—ora4
| ‘\‘ / , Ve el
0 Cﬁ\"d;/*l\ \\1‘ = . ora7
“ } en . | T \ e —‘/\r S~
T S ——, \/ orab
_1 | ‘ ” . _,-J——:’:,. \,-, —H——{\
\ . -- timna50
Nuweiba Earthquake /
-2 — 1 1 1
1/1995 1/1996 1/1997 1/1998 gate 1/1999 1/2000 1/2001
4. TECTONIC ANALYSIS

In this section we present the tectonic interpretation of the surface deformation features

described above. We derive fault dislocation models for each of the three features. The

model construction was primarily based on finding the dislocation parameters that generate

surface displacement similar to the observed. The models were constrained by known

geologic features within the DST and by their tectonic context.
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4.1 Zofar Basin subsidence

4.1.1 Related tectonic features

Zofar Basin, in which Zofar deformation feature is located, is one of several elongated
tectonic basins along the AV (Bartov, 1994). It is approximately 40 km long and 12 km
wide confined between Zofar Fault on the west, Arava Fault on the east and Shezaf Fault
on the north (Figure 1.1). The basin shallows to the south towards the northern flanks of
the structurally uplifted region southeast of Paran (Bartov, 1994; Bartov et al., 1998). Zofar
Basin is characterized by a northward thickening of the post Eocene sequence (i.e. Hazeva
and Dead-Sea groups) partially due to normal faulting on a series of secondary faults that
traverse the basin (Bartov et al., 1998; Frieslander, 2000). The displacements on these
secondary faults change from oblique left-lateral with normal displacement in the south
(i.e. Wadi-Musa and Um-Mitla faults) to normal faulting in the northern part of the basin
(i.e. Bureida and Ein-Yahav faults; Frieslander, 2000). Northern Zofar Fault is traceable at
the surface and displays significant normal displacements on a fault plane dipping at 60°-
70° to the east (Bartov, 1994; Bartov et al., 1998). Southern Zofar Fault, which is not
exposed, was shown by Frieslander (2000) to have smaller vertical displacements. Data
from 6 seismic lines near the settlement Zofar, along the western boundary of the observed
deformation feature, indicates a vertical displacement of 100-300 m (Frieslander, 2000). In
this region, the thickness of post Eocene sequence drops to less than ~1 km, compared to
1-3 km in northern Zofar Basin (Frieslander, 2000).

4.1.2 Fault dislocation models

To model Zofar feature by fault dislocations, we used the previously mapped faults that
correlate spatially and structurally with the InSAR observations. The linear trace and high
gradients of observed surface displacement along the near surface faults of Zofar and
Wadi-Musa suggest that slip along these faults generated the observed surface deformation
(Figure 4.1). The similar deformation patterns displayed in ascending and descending
interferograms (tracks 343 and 78 respectively; Figure 3.3) indicate the predominance of
vertical displacements (subsidence). Yet, one cannot eliminate a possible contribution of
horizontal displacement along Zofar fault, as LOS range changes are significantly less

sensitive to such displacement (see 3.1.2).
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Figure 4.1. Zofar surface deformation (interferogram 20974 29491) and main tectonic features
(based on Frieslander, 2000 and Bartov et al., 2002) superimposed on a satellite image of northern
AV. The high gradients along the linear borders of the observed deformation correlate with the
surface trace of Zofar Fault and Wadi-Musa Fault (WMF). Profiles (a) and (b) indicate an increase
of LOS range by 30 mm. In addition, the profiles display background noise level of 5 mm, which
is typical in InSAR (Massonnet and Feigl, 1998).
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Considering the dominance of vertical displacements on the LOS range change, the
GNStress program was used to construct dislocation models, in which the vertical
displacement field was compared to the observed LOS range change in the interferograms.
The initial models were intended to reproduce the general characteristics of the observed
displacement while ensuring that the strike-slip component of the dislocation slip are left
lateral (in accord with the DST). These models included oblique slip along two faults that
correspond to the known Zofar and Wadi-Musa faults (Figure 4.2). Model parameters
(fault location and dimensions, depth to top of fault, slip magnitude, dip and strike) were
refined by trial-and-error to fit the observed spatial extent, magnitude and gradient of the
subsidence feature. This analysis yielded good constraints for the dislocation solution. For
example, the steep displacement gradients at the SW boundary of Zofar feature (Figure
3.3) could not be reproduced by a fault buried deeper than 1.5 km. For similar reasons the
southeastern elongated termination of the subsiding area, could only be reproduced by fault
slip at the surface. This southeastern elongated deformation zone could reflect an
extensional flower structure confining a narrow graben between two parallel fault planes,
similar to those observed by Frieslander (2000) along various AV strike-slip segments.
However, we attempted to describe our observations using the simplest model geometry
and therefore did not incorporate such a possibility in the model. In addition, the model
requires that both faults dip less than 75° in order to reproduce the observed asymmetric
pattern of deformation in which no surface displacement occurred to the south and west of
the faults (Figure 3.3). The GNStress model (Figure 4.2) fits the observed displacement
pattern and magnitude in interferograms 20974 29491 and 19870 28754 (Figure 3.3), in
particular it reproduces the high displacement gradients and asymmetry mentioned above,
and the observed subtle uplift to the north of the subsidence feature.

The synthetic interferogram based on these solutions (Figure 4.3) produced the LOS
range-change in interferogram 20974 29491 (25/4/99-10/12/2000). By comparing the
synthetic LOS range-change to the observed LOS range-change we refined the dislocation
parameters obtained from the GNStress model. The final Zofar model reproducing the
entire LOS range-increase of 40 mm, was constructed by extrapolation of the refined
dislocation parameters obtained for interferogram 20974 29491 (30 mm of LOS range-

increase).
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Figure 4.2. Zofar GNStress fault model displaying approximately 40 mm of vertical surface
deformation (a), and 30 mm of left-lateral motion (b). The two faults are outlined by black
rectangles, horizontal surface deformation field (b) is indicated with arrows (length correlates to
magnitude). The vertical displacement field (a) fits the observed deformation pattern and
magnitude, and also the subtle uplift to the north of the subsiding feature (yellow area at the
northern tip of the fault).
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Figure 4.3. Zofar synthetic interferogram displaying surface deformation similar to
interferogram 20974 29491 (Figure 3.6). The faults in the model are indicated by black lines,
and correlate to surface traces of Zofar and Wadi-Musa faults.
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Zofar dislocation model (Figure 4.4, Table 4.1) indicates that during the period of
23/4/98 - 19/10/2000 a slip of ~60 mm occurred over an area of approximately 30 km®
along Zofar Fault (60°/105°; dip/dip direction), and an average slip of ~35 mm over an area
of approximately 35 km® along Wadi-Musa Fault (57°/055°). The model rake on Zofar
Fault is -25°, namely predominant strike-slip motion, and the model rake on the Wadi-
Musa Fault is -80°, namely predominant normal faulting. The dislocation parameters of
Zofar model are presented in Table 4.1, and Figure 4.4.

Table 4.1. Fault and slip parameters of Zofar dislocation model (23/4/98 - 19/10/2000).

Fault segment Dip/ Strike | Length, Width| Top of fault Slip Rake
(km) (km) (mm)
Zofar 60°/105° 5.7,5.0 1.0 60 -25
NW Wadi-Musa 57°/055° 3.8,4.5 0.9 54 -83
SE Wadi-Musa 57°/055° 3.8,4.5 0.1 19 -82
Figure 4.4. Zofar surface deformation Depth
dislocation model (for the entire study (‘Sm)

period, 40 mm LOS range change). Fault
parameters (dip/dip-direction) and slip
distribution (rake, magnitude) according to
our synthetic interferogram. The rake on
Zofar Fault is approximately -25° and on 4
Wadi-Musa Fault approximately —80°.
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Through trial-and-error we found that a wide range of dislocation parameters yield a
synthetic interferogram that reproduces the observed displacement field. This robustness
strengthens our tectonic interpretation of the observed surface deformation feature,
however it also indicates that variations and tradeoffs may exist in the model parameters.
First, due to the inverse correlation between the magnitude of surface displacement and the
depth of the source dislocation, geodetic methods (such as InSAR) usually offer poor
constrains on the depth extent of model faults (Wright et al., 2004). In the case of Zofar
and Wadi-Musa model faults, the vertical surface displacement field deviates from the
observed displacement only if their width is extended to ~150% of the selected parameters

(Figure 4.5.a). Second, due to the low sensitivity of InSAR to DST-parallel strike-slip
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motion (see 3.1.2) the horizontal component of displacement and the related rake are also
poorly constrained. Significant deviation from the observed pattern and magnitude of Zofar
vertical surface displacement are exhibited only when the horizontal displacements on the

model faults are increased by a factor of >1.5 (Figure 4.5.b).

Figure 4.5. Error analysis for Zofar dislocation model (compare with Figure 4.2.a). a. Zofar
GNStress model with faults width extended to 150% of the width in our final model. b. Zofar
GNStress model with horizontal displacements increased to 200%. The displacement field in both
cases (a,b) exhibits a small deviation from our final model.

a 20 b' 20

KM

04 METERS +04

4.2 Yotvata Playa uplift

4.2.1 Related tectonic features

Yotvata Playa is located in the central deepest part of Yaalon Basin in the southern AV
(Frieslander, 2000; ten-Brink et al., 1999, 1993). The playa is an internally drained basin
approximately 8 km long, 7 km wide (Figure 4.6), it is filled with 1000-1500 m thick
sequence of Upper-Miocene and younger sediments (Frieslander, 2000; ten-Brink et al.,
1999). The northeastern tip of the playa is delimited by the eastern boundary fault of the
Arava (Agaba-Gharandal Fault; Garfunkel, 1981; Bartov, 1994). The northwestern tip of
the playa coincides with the southern termination zone of the Yaalon Fault (Garfunkel,
1970; Frieslander, 2000), which is assumed to accommodate about 60 km of the 105 km of
left-lateral displacement along the DST (Bartov, 1994). Based on field mapping and
analysis of aerial photos, Garfunkel (1970) suggested that Elat Fault which is the western
boundary fault of the Gulf of Elat (Aqaba) approaches the southeastern edge of the playa
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and terminates there (coordinate 157/913) without displacing the surface playa sediments
(Figure 4.6). An active left stepover between Yaalon Fault (N-NW from Yotvata Playa)
and Elat or Aqaba-Gharandal Fault (S-SE from Yotvata Playa) could have been the source
of extension and subsidence that formed Yotvata Playa and the deep center of Yaalon

Basin.

Figure 4.6. Southern AV Landsat image
showing Yaalon Basin, Avrona Basin and the
location of the observed surface deformation
features (blue for subsidence and yellow for
uplift). Surface traces of active DST faults are
outlined in red (based on Bartov et al., 2002).
Yotvata and Avrona playas are outlined based
on the geological map of Israel (Sneh et al.,
1998).
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4.2.2 Fault dislocation models

In the modeling, we assume that Yotvata surface displacement reflects slip along the
previously mapped faults of Elat and Aqaba-Gharandal (Garfunkel, 1970) because these
faults correlate spatially and structurally with our InSAR observations (Figure 4.6). The
uplift at Yotvata Playa suggests a change in the tectonic activity from subsidence at a left
stepover to uplift at a right stepover. The current uplift rate (135 mm of LOS range
decrease in 50 months) could not have persevered without inducing a substantial
topographic expression. This suggests that this current tectonic uplift is either a short term
phenomena or represents alternating tectonic activity, for example switching between
uplift at the currently suggested right stepover, subsidence at a left stepover, and possibly
pure left-lateral displacement along the entire Aqaba-Gharandal Fault.

The dislocation model of Yotvata surface displacement is of a compressional right
stepover between two major AV segments. A simple right stepover model consisting of
two en-echelon faults could account for part of the observed uplift, but it could not
reproduce the asymmetric pattern of uplift and the high deformation gradient along the
linear southeastern boundary of the uplifted area (Figure 3.7). These observations suggest
that the stepover is interconnected by a near-surface reverse fault with a left-lateral slip
component.

A synthetic interferogram (Figure 4.7) reproducing the 45 mm of LOS range-change in
interferogram 19369 21874 (March - September 1995) was used to determine the
dislocation parameters for Yotvata surface deformation model. The resulting model
(Figure 4.8, Table 4.2) indicates that both AV fault segments (strike N15°E) accommodate
between 85 mm of left-lateral slip (near the stepover) and 20 mm (away from the
stepover). The gradually decreasing displacements on the segments of these faults are
required to fit the lack of observed displacements along the faults’ extensions away from
the stepover (Figure 4.7). Both strike-slip faults in this model dip to the west at angles of
approximately 70°+5°; this inclination is essential in order to reproduce the asymmetric
surface displacement pattern (displacement is confined to the western side of these faults).
The tops of the two strike-slip faults are buried to depths of approximately 2 km, and the
width of dislocations on these faults are 2-4 km. According to our model, the central

reverse fault (dip 50°/320°) is 6.5 km long, 3.5-5.5 km wide, and it almost reaches the
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surface (depth to top <500 m). The reverse fault consists of two segments with slip
magnitudes of 85 and 25 mm on the NE and SW segment, respectively. Both segments
exhibit a vertical component slightly larger than the horizontal component (rake is ~50°).
The relatively low dip of this fault is necessary to enable the shallow depth of the fault top
while reproducing the asymmetric surface deformation observed (abrupt uplift NW of the
fault trace with no subsidence on the SE side).

It should be noted again that due to the low sensitivity of InSAR to DST-parallel
displacements and to lateral displacements at depth, the faults may extend deeper than
suggested in our model and the length of the strike-slip faults may be much greater (with a
limit of surface displacements lower than 25 mm during the study period, see 3.1.2). In
addition, the slip magnitude and depth of the strike-slip model faults are not well
constrained due to the possible tradeoff between these parameters. The dimensions and slip
parameters of the central reverse fault are better constrained by the observations (i.e. linear

SE border and high displacement gradient along it).

Figure 4.7. Yotvata synthetic 30°00°
interferogram  resembling  surface
deformation exhibited in
interferogram 19369 21874 (Figure
3.7). Black lines indicate the faults in
the model. The southwestern fault
correlates  with  the  inferred
continuation of Elat Fault (Garfunkel,
1970), and the northeastern fault
correlates with the surface traces of
Agaba-Gharandal Fault (Garfunkel,
1970; Bartov, 1994). 29° 48’
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Table 4.2. Fault and slip parameters of Yotvata dislocation model (29/3/95 - 20/9/95). The faults
are noted AGF for Agaba-Gharandal Fault, Reverse for the reverse fault, and Elat for Elat Fault,
the segments of each fault are described in order from north to south and noted N, C (Central), or S.

Fault, Dip/ Dip Length, Width| Top of fault Slip (mm) Rake
Segment direction (km) (km)
AGF, N 70°/285° 3.0,2.5 2.1 20 0
AGF, C 70°/285° 3.0,2.5 2.1 40 0
AGF, S 70°/285° 3.0,2.5 2.1 85 0
Reverse, N 50°/320° 3.2,4.0 0.5 86 +49
Reverse, S 50°/320° 3.2,4.0 0.5 26 +50
Elat, N 70°/285° 3.0,2.0 1.7 75 0
Elat, C 70°/285° 3.0,2.0 1.7 35 0
Elat, S 70°/285° 3.0,2.0 1.7 20 0
Figure 4.8. Yotvata surface Depth
deformation dislocation model (for (km)
Mar.-Sep. 1995, 45 mm LOS range 0 50°/320°
change). Fault parameters (dip/dip- 9 70°/285°
direction) and slip distribution (rake,
magnitude) according to the synthetic 4 70°/285°
interferogram (Fig 4.7). Dislocation
parameters are summarized in Table 6 -
4.2.

0 2 4 6 8 10 12 14 16 18 20 22 24(km)
N-NE Slip Magnitude (cm) S-SW
1 2 516 |7 |8
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Based on Yotvata synthetic interferogram and dislocation model of the displacement
observed in interferogram 19369 21874 (Mar.-Sep. 1995; 45 mm of LOS range-decrease)
we estimated the slip that occurred during the entire study period. As the total (3/1995 —
5/1999) LOS range-decrease accumulated to 135 mm (triple than during Mar.-Sep. 1995)
we estimate that the total slip values on the model faults are triple than those in Table 4.2.
Namely: Agaba-Gharandal model fault segments slipped 60 mm, 120 mm, 255 mm (N, C
and S segments respectively); The reverse model fault segments slipped 258 mm, 78 mm
(N and S segments respectively); And Elat model fault segments slipped 225 mm, 105 mm,
60 mm (N, C and S segments respectively).

4.3 Avrona Basin surface deformation
4.3.1 Related tectonic features
Avrona Basin is one of several en-echelon tectonic basins bounded by left stepping

subparallel DST segments (Garfunkel et al., 1981; Frieslander, 1995). It is approximately
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20 km long and 5 km wide (trending N20°-25°E), and is filled with fluvial post-Eocene
sediments up to 2000 m thick (Ben Gai et al., 1993; Frieslander, 1995). Being the on-land
continuation of the Gulf of Elat (Aqgaba), Avrona Basin is confined between Elat Fault in
the west and Agaba-Gharandal Fault in the east (Zak and Fruend, 1966; Garfunkel et al.,
1981; Reches et al., 1987). The Avrona Playa is a 10 km-long and 1-2 km wide area at the
southwestern quadrate of Avrona Basin (Figure 4.6). It is crossed diagonally by a north-
northeast trending branch of Elat Fault (Garfunkel, 1970; Shtivelman et al., 1997). The
playa area at present is an open basin that drains southward through Elat coastal plane
toward the Gulf of Elat (Agaba). It consists of an elevated ridge (composed of low
longitudinal subridges up to 4 m high and 5 km long) and shallow braided channels
flowing along and across these ridges (Amit et al., 1999). Paleoseismic studies y of Avrona
Playa indicated that at least six surface rupture events affected the Avrona Playa during the
past 14,000 yr, the last of which occurred in 1068 A.D. (Shtivelman et al., 1997; Amit et
al., 2002).

4.3.2 Fault dislocation models

Although Avrona surface displacement could not be fully attributed to tectonic
processes, we constructed a fault dislocation model assuming that apart from the uplift
observed at Avrona South (4/97-1/99) the entire surface displacement is tectonic (see
subsection 3.2.3). The faults in our model correlate with lineaments that we mapped on
aerial photos (Figure 4.9) as well as active faults mapped by Garfunkel et al. (1981) and
Amit et al. (2002).

The dislocation model of Avrona feature consists of four sub-parallel fault segments
forming two extensional stepovers and a fifth fault exhibiting a reverse slip component
(Table 4.3, Figure 4.10, Figure 4.11). According to this model, the subsiding zones of
Avrona North and Avrona South are generated by oblique slip (normal and left-lateral) on
four DST-parallel faults (strikes N5°E - N25°E). These faults are buried 500-1000 m below
the surface, they dip towards each other at angles of 70°-80° and their width is 4-6 km
(Table 4.3). The uplift at central Avrona is modeled as compression along a fault segment
(N45°E) that deviates by approximately 30° from the typical DST orientation. This NE
trending fault segment almost reaches the surface (depth of top <500 m), it dips at 75°-80°

to the NW, and its width is 3-4.5 km. The above model fault characteristics were derived
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from the GNStress model of the deformation that occurred during 3-11/1995 (Figure 4.10)
and from the refined model based on the synthetic interferogram representing the period of

3/1995-5/1996 (Figure 4.11).

Figure 4.9. An aerial photo of the SW corner of Avrona Basin showing Avrona Playa and Elat
coastal plane in the south. Surface lineaments are outlined in black, inferred active faults relevant
to Avrona dislocation model are outlined with dashed red lines (compiled from Garfunkel et al.,
1981; Amit et al., 2002), and the deformation features are superimposed (blue for subsidence and
yellow for uplift).
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Table 4.3. Dislocation parameters of Avrona model for the entire study period (29/3/95 - 28/1/99,
disregarding the uplift at Avrona South). Faults are listed from north to south. The slip and rake
values in the table represent the average values of all segments of each fault. The solution ranges
of the width, slip and rake are noted in brackets.

Fault Dip/ Dip | Length Width Top of Slip Rake
(num. of segments) | direction | (km) (km) fault (km) (mm)
NW (2) 70°/103° 3.4 5.0 (3-9) 0.9 65 (£30) -33 (£15)
NE (3) 77°/275° 4.5 5.0 (3-9) 0.6 70 (+40) -20 (£10)
Central (3) 78°/315° 2.5 3.5 (2-8) 0.3 90 (£50) +21 (£10)
SW (2) 75°/115° 3.8 5.0 (3-9) 0.9 60 (£30) -22 (£10)
SE (2) 75°/282° 3.6 4.5 (3-8) 0.8 90 (+40) -38 (£15)

Figure 4.10. GNStress dislocation model of 20
Avrona deformation consisting of five sub-
parallel segments (fault planes projected to
the surface). The model reproduces surface
deformation observed during 3-11/1995 in
Avrona North (26 mm subsidence), Central
Avrona (13 mm uplift) and Avrona South

(22 mm subsidence).
4]
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Figure 4.11. Synthetic interferogram of
Avrona deformation features during the
period of 3/1995-5/1996. The model
displays subsidence of 30 mm at Avrona
North and 25 mm at Avrona South. At
Central Avrona it displays uplift of 20
mm.
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Although our final Avrona model reproduces the observed displacement pattern and
magnitude (Figure 3.6, 3.7), it should be noted that the lack of distinctive features (e.g.
linear boundaries, high displacement gradients and asymmetric pattern) limits our ability to
resolve tradeoff between parameters and to better constrain the model parameters. In
particular, the fault width and average slip are poorly constrained due to the low sensitivity
of InSAR to slip at depth and to DST parallel displacements, and due to the tradeoff
between slip-magnitude and fault-depth. By way of trial-and-error we estimate that the
width of the model faults may range between 60% and 200% of the selected value, and the
slip and rake values have an error range of 50% (Table 4.3). An additional shortcoming of
the proposed model is the wide spread uplift it generates along the western side of the
Avrona Playa (Figure 4.11). This uplift could represent subtle (~5 mm) displacement that
occurred gradually during 3/1995-5/1996. Such a displacement might not be detected in
interferograms with shorter time span (e.g. 19369 21874, 03203 25381, 21874 22876 in
Figure 3.7) and might be obscured by decorrelation or by other InSAR artifacts in

interferograms with a long time span.

5. IMPLICATIONS: ASEISMIC DEFORMATION WITHIN ARAVA VALLEY

5.1 Aseismic nature of observed deformation features

We have modeled the observed InSAR displacements by slip along fault segments in
Zofar, Yotvata and Avrona regions (Tables 4.1, 4.2, 4.3). In this section, we examine the
nature of the modeled deformation, and conclude that it was induced by aseismic fault
creep. In the following section we evaluate the role of creep in accommodating seismic
moment accumulated along the AV segments of the DST.

Although Zofar and Yotvata features are located in seismically active regions of the AV
(Figure 3.1), the timing of the observed displacements does not correlate with periods of
increased seismicity rates. During 1990-2000, about 20 earthquakes of magnitude
2.5<M1<3.7 occurred in Zofar region (GII, 2000); we calculated a relatively constant

seismicity rate of 1.3-10" Nm/yr for this period. The creep period in Zofar was
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accompanied by a decrease in seismicity with only two My > 2.5 earthquakes during 1998-
2000 (Figure 5.1.a). Further, the M =4.2 earthquake of 08/10/2001 occurred 5 km from the
location of Zofar feature without inducing any surface displacement. In Yotvata the creep
rate and seismicity are both relatively high in 1995, but they do not show a correlation
during the period of 1996-1999 (Figure 5.1.b). During the period of highest creep rate (3-
10/1995) only four small earthquakes were recorded (1.5<M;<2.5), and during 1999 when
the creep rate rises again only two earthquakes were reported (M =1.7, M =1.9). In the
case of Avrona, due to the possibility that post 1997 displacement is not entirely tectonic,
the creep period is too short to compare with temporal changes in seismicity rate. It is
noteworthy that, as in Yotvata, the creep rate in Avrona is maximal during 3-9/1995 and
the seismicity rate is maximal during 11-12/1995. A second indication that the modeled
slip is induced by creep rather than by earthquakes is the gradual and monotonous

accumulation of surface deformation (Figure 5.2). Finally, the moment released by the

Figure 5.1. Temporal comparison between creep intensity and seismicity intensity in the
regions of Zofar (a) and Yotvata (b). Seismicity is presented as yearly seismic moment
released by earthquakes near the creep features (within a distance < 15 km). Creep is presented
as yearly LOS range change (Tables 4.1, 4.2).
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modeled dislocations is two orders of magnitude greater than that released by earthquakes

recorded during the study period (Figure 5.2).

Figure 5.2. Seismic moment released by creep events (left Y axis) and by earthquakes (right Y axis)
along the AV. The moment release by earthquakes is dominated by three large events in the vicinity
of the AV: Oct. 2001 - Zofar earthquake M;=4.2; Dec. 1999 — Themed earthquake M;=4.1 (located
approximately 15 km SW of Yotvata); Nov. 1995 — Nuweiba aftershocks in southern AV.
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5.2 Aseismic moment release and aseismic efficiency

To examine the contribution of creep to the tectonic activity along the AV segments of
the DST, we calculate the moment released by the modeled creep events. Two parameters
are derived from the calculated moment: the “equivalent magnitude” (M.) that estimates
the magnitude of an earthquake with moment release similar to that of the modeled creep,
and the “aseismic efficiency” that represents the ratio between the moment released by
aseismic creep and the expected seismic moment accumulation along the AV. Following
Kostrov (1974), the moment released by creep (hereafter referred to as ‘“aseismic
moment”) is defined as: Mo=pAs

where A is fault area, s is the average slip and p is the crustal rigidity. This relation was
derived from dislocation theory of faulting (Maruyama, 1963) and it is used to calculate

seismic moment release in earthquakes (Brune, 1968; Kanamori and Anderson, 1975), as
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well as moment release in aseismic creep (Kostrov, 1974).

For the present calculations, the rigidity was estimated from shear wave velocities and
density profiles of shallow (1-12 km) units in the Arava Valley (Al-Zoubi and ten Brink,
2002; Desert Group, 2002, 2004; Frieslander, 2000). These works indicate that the
properties in the upper 12 km of the AV basins are: p~2200 kg/m’ and Vs~1.5-2 km/s for
Pliocene-Recent sediments, p~2400 kg/m® and Vs~2-2.5 km/s for Miocene rocks, and
p~2600 kg/m’ and Vs~3-3.5 km/s for pre-rift sequences. Considering the thickness and
lithology variations in the local basins the following rigidity values were used. An average
rigidity of 20 GPa was estimated for the top 12 km of the AV basins. An upper rigidity
limit of p =30 GPa represents the rigidity at 7-12 km depth, in agreement with values used
in seismic studies of the DST (Salamon et al., 1996; Shamir, 1996). A lower limit of p =10
GPa was estimated for the Quaternary units found near the surface of the AV. The creep
parameters of fault area and average slip from were derived from our dislocation models
(Tables 4.1, 4.2, 4.3). Error analysis of the aseismic moment calculation is based on the
observation that the average slip is better constrained than the rigidity and the fault area.
The estimated errors for these parameters are 30-50%, 50% and 40-60% respectively. The
plausible range of solutions was estimated using the minimal and maximal credible fault
area and the rigidity (Figure 5.3). This calculation produced an error range with values

between ~30% and ~240% of our moment release best estimation.

Figure 5.3. Aseismic moment error analysis demonstrated on Wadi-Musa Fault (WMF) parameters.
Estimation of the plausible solution range was done by plotting equal rigidity lines (u=10,20,30
GPa) and lines of plausible fault area (A=25, 34, 50 km?) on a moment versus fault area graph. The
intersection of the minimal fault area and minimal rigidity indicates the minimal (plausible)
aseismic moment released in the dislocation. This analysis suggests that the moment release on
WMEF during the study period is M, =2.4 -10"* Nm (0.9-10"° — 5.25:10"® N'm).
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The aseismic moment calculations indicate that during the period of 3/1995-5/1999
creep at Yotvata released M,=19.7-10' Nm. Zofar creep event (4/1998-10/2000) released
M, =5.9-10'" Nm. And the creep at Avrona released M, =12.2:10'° Nm during the period of
3/1995-1/1999 (Table 5.1 and Figure 5.2).

The “equivalent magnitude” is calculated here as the magnitude of a virtual earthquake
that releases the same amount of seismic moment as the aseismic moment release
calculated for the modeled creep events (Table 5.1). The “equivalent magnitude” was
calculated using two moment-magnitude relations recently published based on DST
earthquake shear-wave spectra, Log(M,)=(1.5+£0.1)M;+(16.0+0.4) (Shapira and Hofstetter,
1993), and Log(M,)= (1.59+£0.07)Mp+(15.63+0.28) (Shapira and Hofstetter, 2000). These
relations are in agreement with moment-magnitude relations deduced from Californian
earthquakes and from global seismicity (see Shapira and Hofstetter, 1993, 2000). The
equivalent magnitudes calculated from these relations were also compared to a moment-
magnitude relation based on low magnitude earthquakes in the Dead Sea region,
Log(M,)=1.2M;+17.0 (Van Eck and Hofstetter, 1989), and to a relation derived from
European seismicity Log(M,)=33.87-[197.37-20.83M]*> (Ambraseys and Free, 1997).

The equivalent magnitudes assigned to Yotvata, Zofar and Avrona creep events are
M, =5.5, M. =5.2 and M. =5.4 respectively (Table 5.1). These equivalent magnitudes are
significantly higher than the cumulative magnitude of seismic events recorded in the
regions of the deformation features during the previous decade, and even during the entire
previous century. This suggests that the observed deformation could not have been induced
by recorded seismic events or by events smaller than the detection threshold of the Israel
Seismic Network along the AV (M~1.5; Hofstetter, 2003 personal communication), and
therefore the displacement is considered aseismic. The high equivalent magnitudes
assigned to the modeled creep events manifest the importance of aseismic creep in
accommodating the seismic moment accumulated along the AV segments of the DST.

Calculation of the error range of the equivalent magnitude (Table 5.1) was based on the
error range of the moment released in each creep event (using Shapira and Hofstetter,

1993, 2000).

58



Table 5.1. Aseismic moment release and equivalent magnitude of modeled creep events.
Equivalent magnitude and Moment release error ranges are presented in brackets. Moment release
error ranges are calculated according to the plausible variations in modeled dislocation parameters.

Creep site Moment release (N'm) Equivalent magnitude
Zofar 5.9-10" (1.5-18.8:10'°) 5.2 (4.8-5.5)
Yotvata 19.7:10" (6.6-52.0-10') 5.5 (5.2-5.8)
Avrona 12.2:10"° (2.6-41.5-10"°) 5.4 (4.9-5.7)

The M. error ranges for Yotvata and Zofar are well within the magnitudes derived from
Ambraseys and Free (1997) and Van Eck and Hofstetter (1989) (yielding 4.6< M, <5.6 for
Zofar, and 5.1< M, <6.1 for Yotvata), and within the accuracy limits calculated by Shapira
and Hofstetter (1999, 2000) for their moment-magnitude relations. This indicates that the
moment release error ranges calculated for Yotvata and Zofar do not inflict a wide M. error
range (M. values are robust). The wider range of M. in the case of Avrona results from the
poorly constrained parameters, particularly slip magnitude and fault width. Finally, it is
important to note that moment-magnitude relations are based on elastic rheology, and are
calibrated using earthquake shear-wave spectra (Brune, 1970; Shapira and Hofstetter,
1993). Therefore these relations do not necessarily represent the physical process of creep.

To evaluate the aseismic efficiency we calculated the expected annual moment
accumulation on the AV segment of the DST using the relation M,=pAS where § is the

annual slip. A moment accumulation rate of 1.42-10" Nm/yr along the entire AV was
calculated using the following parameters: seismogenic width w=10 km (Salamon et al.,

1996), fault length 170 km (Elat to the Dead Sea Basin), rigidity p = 27 GPa (average
rigidity of the upper 15 km along the AV), and slip rate $=3.1 = 1.1 mm/yr (current

geodetic rate estimated for AV and Dead Sea region by Wdowinski et al., in press). The
accurate determination of aseismic and seismic efficiencies require discrimination of the
moment released by horizontal DST-parallel displacements from other slip components,
which is problematic with available seismic and geodetic data. Therefore, the calculated
efficiencies may be regarded only as crude estimates.

The aseismic and seismic efficiencies during 1995-1999 are calculated here by
summing the moment released by creep and by earthquakes, respectively, in the AV

region, and dividing them by the estimated moment accumulation during this time. During
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the period of 3/1995-5/1999 the mean aseismic efficiency is 55% (45%-90% for slip rates
of 4-2 mm/yr). This value is two orders of magnitude larger than the seismic efficiency of
the AV (~0.3%, based on GII earthquake record), indicating that aseismic creep plays a

central role in the current moment balance of the AV segment of the DST.

6. DISCUSSION

6.1. Creep along strike slip fault systems

Aseismic deformation detected within the AV indicates that some portions of Elat,
Agqaba-Gharandal and Zofar faults, all of which are principal AV segments, are currently
creeping or display episodic creep events. Such creep has been reported along other major
strike-slip systems in the world. The most documented and studied are the creeping
segments along the North America - Pacific plate boundary: the San Andreas Fault (SAF),
Calaveras Fault (CAL) and Hayward Fault (HF) (Prescott and Lisowski, 1983; Bakun and
Lindh, 1985; Roeloffs, 2000; Tullis, 1999; Wyss et al., 1990; Nadeau and McEvilly, 1999;
Simpson et al., 1988; Lyons and Sandwell, 2003). Along these faults dense arrays of
geodetic and geophysical instruments accurately monitor displacements and strains,
velocity and acceleration, electric, magnetic and seismic variations (Roeloffs and
Langbein, 1994). Continuous surface creep is measured along these fault segments, with
averages slip rates of: ~30 mm/yr along the SAF (Lienkaemper and Prescott, 1989), ~3
mm/yr along the CAL (Prescott and Lisowski, 1983) and ~6 mm/yr along the HF (Prescott
and Lisowski, 1983; Burgmann et al., 2000; Simpson et al., 2001; Malservisi et al., 2003).
According to Roeloffs and Langbein (1994), the creeping section of the SAF
accommodates aseismically 40-50% of the plate motion between the North America and
Pacific plates. According to the seismic hazard analysis for the San-Francisco Bay area
(WG99) aseismic efficiencies of 40%, 20% and 60% were assigned for the Northern HF,
Southern HF and CAL faults respectively.

Comparing the aseismic efficiency of the AV (~55%) to the aseismic efficiencies of

these creeping faults could imply that the AV is a creeping segment of the DST. In
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addition, the AV and the creeping segments of the SAF and HF are bounded by highly
seismic sections of the DST (Salamon et al. 2003; Garfunkel et al., 1981), the SAF (Ward,
1998) and the HF (Lienkaemper et al., 1991). In particular, the episodic creep and apparent
seismic gap documented along the AV (Amit et al., 2002; Salamon et al., 1996; Ben
Menahem, 1991; Ambraseys et al., 1994) resemble characteristics of the Parkfield segment
of the SAF. In spite of the to significant differences of size, rates and tectonic styles
between the AV of the Dead Sea system and the SAF, HF and CAL of the San Andreas

system, it is striking that these systems display fairly similar creep characteristics.

6. 2 Vertical creep at transform stepovers - contribution to basin formation

Substantial aseismic uplift and subsidence detected at the AV stepovers of Zofar,
Yotvata and Avrona indicate that creep could contribute to the formation of local basins
and ridges within the AV. The role of such creep events in basin formation can be
evaluated by comparing the vertical slip rate measured at Zofar and Yotvata (15 mm/yr, 28
mm/yr, respectively) to documented vertical rates at AV local basins. The subsidence rate
at basins along the AV varies from less than 0.1 mm/yr (since the Miocene) in the southern
end of Zofar Basin to approximately 1-2 mm/yr (since the Pleistocene) in Southern Dead
Sea Basin (Frieslander, 2000; Gardosh et al., 1990). Paleoseismic studies conducted within
Avrona Playa (Amit et al., 2002; Amit et al., 1999) suggested that tectonic (seismic) uplift
of 2-4 m occurred during the past 14,000 years while normal slip occurred on faults
flanking the playa (western margin of the playa) at a similar average rate (0.1-0.3 mm/yr).
It is suggested here that episodic creep at stepovers could play an important role in the
formation of local basins within the AV. For example, the occurrence of seven “Zofar-
like” creep events on consecutive fault stepovers within Zofar Basin (i.e. Wadi-Musa, Um-
Mitla, Bureide, En-Yahav etc) could induce an average subsidence of 25-30 mm
throughout the basin (accounting for 70-130 years of basin subsidence at long-term rates of
0.2-0.4 mm/yr). Such creep events would also accommodate 15-30% of the left lateral slip
along Zofar section of the AV (average slip of ~65 mm), and release 10-20% of the seismic

moment accumulated within Zofar basin during that time.
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6.3 Seismic hazard implications

The importance of creep for seismic hazard evaluation is discussed in various papers
dealing with creeping transform segments such as the SAF, HF and CAL. Several studies
suggested that creep reduces seismic hazard by accommodating strain along plate
boundaries. In San-Francisco bay area, both the HF and CAL faults are creeping at the
surface with slip rates of 6 mm/yr and 3 mm/yr respectively (Prescott and Lisowski, 1983).
To evaluate how much of the seismic moment is accommodated aseismically, long term
(~30 yr) slip rates were measured using geodetic instruments and offset cultural features
(Simpson et al., 2001), and short-term slip rates were measured using space geodetic
instruments (InNSAR and GPS, Burgmann et al., 2000). Fault models based on these
measurements indicate that during 1992-1997 creep rates of 3-7 mm/yr dominate the upper
6 km of the HF and reach the bottom of the seismogenic crust (12 km) along a ~20 km
segment of the Northern HF and at the southern end of the HF. Based on the creeping fault
model by Burgmann et al. (2000) and on a long-term slip rate of ~10 mm/yr, it is possible
to calculate a 25-35% aseismic efficiency for the HF. This value is in agreement with the
aseismic efficiency assigned in the seismic hazard analysis for the San-Francisco Bay area
(WG99). Determination of the seismic and aseismic moment release rates enables the
estimation of the moment accumulation since the last earthquake. According to
Lienkaemper et al. (1991), in spite of the creep on HF the seismic moment accumulated
since the last earthquake (Oct. 1968, M~6.8) corresponds to a M~6.8-7 earthquake
potential. This assessment is in agreement with the high earthquake probability assigned by
the WG99 for the HF. The creep detected at AV stepovers accommodates a significant
portion (~50%) of the strain along the plate boundary reducing the moment accumulation
rate to 6.4-10'° Nm/yr (see 5.2). This implies that creep reduces the seismic hazard along
the AV, however as the moment accumulation rate is based on short-term measurements
(~7 yr), it might not represent the long-term tectonic activity along the AV.

Another approach to seismic risk analysis is based on the observation that creep events
or increased seismicity sometimes bound locked segments with seismic potential.
Burgmann et al. (2000) shows that two HF segments exhibiting high creep rates bound a
middle segment that is believed to have produced the 1868 earthquake (M~7), and is

currently locked at depths of 6-12 km. Such activity of consecutive segments could
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indicate an oncoming failure of the locked segment. A somewhat similar pattern was
observed prior to the November 1995 Nuweiba earthquake. During 1993, an earthquake
sequence occurred at the Aragonese/Arnona fault stepover releasing approximately
3.2:10"" N'm at the southern tip of the 1995 Nuweiba earthquake (Shamir, 1996; Hofstetter
personal communication). Other significant earthquake sequences (1983, 1991) occurred in
the Elat/Aragonese fault stepover near the northern tip of the 1995 Nuweiba earthquake. It
should be noted that the physical relations between the increased tectonic activity at these
fault stepovers and the occurrence of the Nuweiba earthquake were not resolved. In
analogy to the 1983-1995 seismic activity in the Gulf of Elat (Aqaba) and to the HF creep,
it could be suggested that Yotvata and Zofar creep events express the accumulation of
strain along the interconnecting segment, and may indicate the growing potential for a
large earthquake. It should be noted that the central AV segment, was already suggested to
constitute a seismic gap (Amit et al., 2002; Salamon et al., 1996).

Finally, during the current study period (3/1995-12/2001) a correlation was found
between the observed creep rates and the occurrence of moderate/large earthquakes near
the creep sites. The creep rate of each particular creep event increased prior to the
occurrence of an earthquake in its vicinity. This pattern was observed in Avrona and
Yotvata prior to the Nuweiba sequence (including several aftershocks, M;<3.5, in
Southern AV), in Yotvata prior to a magnitude M;=4.1 earthquake (Dec. 1999, 15 km S-
SW from Yotvata), and in Zofar prior to a magnitude M;=4.2 earthquake (Oct. 2001, 5 km
East from Zofar feature). In addition, the creep rates at Avrona and Yotvata decrease
significantly after the Nuweiba sequence (Figure 5.2). Unfortunately, we could not analyze
the post earthquake creep rate changes in the cases of Zofar (after the Oct. 2001
earthquake) and Yotvata (after the Dec. 1999 earthquake) due to lack of coherent
interferograms of those periods. Although each large seismic event was preceded by a
creep event or by increased creep rate, this temporal correlation is irregular with
precedence intervals ranging between 0.5-2.5 years. Considering the limited data on
interactions between seismicity and observed creep events, the construction of an

integrated (seismic and aseismic) model of the entire AV was not attempted.

63



6.4 Static stress transfer between seismic and aseismic events

The changes in Coulomb failure stress (ACFS) were calculated for Avrona and Yotvata
modeled faults as induced by the Nuweiba earthquake. Based on Nuweiba earthquake
parameters of Shamir (1996), the change in Coulomb failure stress ranges from +0.06 to
+0.03 MPa along the four Avrona fault segments parallel to the DST and is approximately
+0.02 MPa along the reverse fault at Central Avrona. In Yotvata the ACFS values are
positive with magnitude similar to tidal stress changes (<0.01 MPa). Whether static stress
changes of this magnitude could trigger slip is controversial (Emter, 1997; Vidale et al.,
1998a,b; Ziv and Rubin, 2000). In any case the positive ACFS (Figure 6.1) do not correlate

with the observed decrease in Avrona and Yotvata slip rate.

Figure 6.1. Static stress transfer from 60 T
Nuweiba earthquake to the site of Avrona
creep. Warm colors indicate increase in
coulomb failure stress (ACFS) at 3 km depth
calculated for faults similar to those in North
and South Avrona model (i.e. DST-parallel
left-lateral faults with a small component of
normal faulting).

0 km 60
[ . |
-0.1 ACSF (MPa) 0.1

In addition to evaluating earthquake induced stress transfer, we examined the stress
transfer induced by Zofar creep event (4/1998-10/2000) on the site of the M =4.2
earthquake that occurred near Zofar on Oct. 2001. The changes in Coulomb failure stress
induced by the modeled creep event are approximately +0.01 MPa, and may not have a
significant effect on the occurrence of Zofar earthquake. Additional research is needed to
understand the interaction between seismic and aseismic events, and to determine the

implications of such interactions on seismic hazard induced by the DST.
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7. SUMMARY

A tectonic analysis of recent deformation processes along the Arava Valley (AV)
section of the Dead Sea Transform (DST) was carried out. As the current tectonic activity
along the AV is not well monitored and there is uncertainty whether the AV faults are
locked or not, InSAR precise measurements of surface displacement were used to shed
light on current deformation processes. To achieve a complete analysis we processed all
available SAR data of the AV collected by the European Space Agency Remote Sensing
Satellites during the period of 1995-2002.

Three deformation features were detected at fault stepovers, attributed to tectonic
processes and modeled as fault dislocations:

(a) At Yotvata Playa, southern AV, uplift of ~120 mm occurred during 3/1995-5/1999
at a right stepover between Elat Fault and Aqaba-Gharandal Fault. Yotvata dislocation
model consists of left-lateral slip on Elat and Agaba-Gharandal faults with slip between 60
and 240 mm increasing towards the stepover. Both these dislocations are 9 km long and 2-
2.5 km wide, and their tops are buried to depths of ~2 km. Our model indicates that this
stepover is interconnected by a shallow (depth ~0.5 km) fault 6.5 km long and 4 km wide
that displays oblique slip (rake 50°) of ~80 and 260 mm on its southwestern and
northeastern segments, respectively. Based on Yotvata dislocation model and on an
average rigidity of 20 GPa, the moment release was calculated to be 19.7-10'° Nm,
equivalent to an earthquake with magnitude M ~5.5.

(b) Near Zofar, northern AV, subsidence of ~37 mm occurred during 4/1998-10/2000.
The subsidence is located at the intersection zone of Zofar Fault (AV western border fault)
and Wadi-Musa Fault that traverses the AV. Zofar dislocation model indicates that the
subsidence is induced by oblique slip of 60 mm on Zofar Fault and by normal slip of 19
and 54 mm on the southeastern and northwestern segments of Wadi-Musa Fault,
respectively. Zofar dislocation is 5.7 km long and 5 km wide, buried 1 km under the
surface. Wadi-Musa dislocation is 7.5 km long and 4.5 km wide, with depth between 0.1
km (southeastern segment) and 0.9 km (northwestern segment). The moment released by
Zofar deformation feature is 5.9-10'® N'm, equivalent to a - M ~5.2 earthquake.

(c) At Avrona Basin, southern AV, a complex pattern of uplift and subsidence occurred

between 3/1995 and 1/1999. Two subsidence features are related to two left stepovers
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between segments of Elat Fault. An uplift feature is related to a compressional right bend
in Elat Fault. The left stepovers consist of four faults ~4 km long, ~5 km wide buried to
depths of 0.5-1 km, and slipping between 60 and 90 mm. The compressional bend is 2.5
km long 3.5 km wide, buried less than 500 m, and accommodates ~90 mm of oblique slip.
The moment released by Avrona deformation feature is 12.2-10'® Nm, equivalent to a -
M ~5.4 earthquake.

The moment release in Zofar, Yotvata and Avrona is two orders of magnitude larger
than the moment release in AV earthquakes, and it does not correlate with increase in
seismicity rate, indicating that the deformation observed is induced by aseismic creep.

Our InSAR analysis has yielded the first geodetic indications for aseismic deformation
along the DST. Our tectonic analysis revealed that creep at the stepover zones of Yotvata,

Zofar and Avrona play a significant role in the moment balance of the AV.
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Appendix A. Well location and Hydrologic Service I.D. number

Avrona region

Well name
elat 1
sabcha 18
amram 2
amram 3
ora 4

ora 6

ora 7
timna 50

Zofar region

Well name
omer 1
zofar 3
zofar 11
zofar 4
zofar 7
zofar 10

Yotvata region

Well name
timna zimche
shmama
yotvata 21/7
yotvata 19/25
yotvata 9 t
yotvata 9
yotvata 5

I.D.
88614601
89114801
89314001
89314701
90014801
90215001
90114801
90415001

L.D.
98916701
99116702
99417202
99016701
99416901
99217101

I.D.
91415202

91515201
91915201
92215505
92215501
92415501

longitude
146.8
148.66
148
147.3
148.52
150.74
148.77
150.1

longitude
167
167.43
172.43
167.35
169.44
171.66

longitude
152.79

152.2
152.97
155.08
155.08
155.74

latitude
886.44
891.64
893.2
893.6
900.31
902.67
901.55
904.8

latitude
9894
991.06
994 .49
990.35
994 .41
992.98

latitude
914.07

915.52
919.99
922.21
922.24
924.92

longitude and latitude coordinates are given in -
old Israel coordinate system

050

000

950

900

Well +
Settlement @
Fault —
Subsidence O
Uplift O
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DINRA IPNDON MY NYYPI TNYN DR INIIPI INAVY ,I9IND INVPON NIPNN PR
TR MTPI IMVNAN NN YT MITO WA 1T IR DIVITRI IIMYNRN VININD LGOI DR
MDD IR AT INPNY PIAPY 112,190 9787 111 1INV ,IpNND NAIPN JUN2 11D 12PN TIRY
nYNN DY DNPADITV DT TNRY MPARD IPNYNN AXPY NMINA .pNYN-117T0a 1YNIMN Yan ROR
50% -3 NIINWYN 12PN TNIRY PRYA-17TR2 NP NINY PPy 1101 ,(GPS MIMn) Mwa n”n 3.1 RN
.1995-1999 DNIWN TYNA NITNRY 7NN VINNIN

TNRY NDO-RY NPT YV DTPN MION NPOLTIRG MTTN 12D PNIYN MIDARNAN NVY
PRYN-37TN2 1TTNIV NN YIPRY DRI MNVPLA NNYNI M0 .N2IP2 NYNN D’ DNHDIIV
12 5,090 NN TNRY 72NN VIMNIN TMYNYN PON DIINYA NNIIPY INAVY 191N
NTTRY RYY 09 HY AR mIMYN 123 YV AT YOPA NINDIDN MINIRD JIRNI 1IVN DI NN
MIYNNY 1917 ,(17INNY 23TRN MIIRY PINN) 1272 DPWYRIN pRYIN YOPn JIRY NP NI/npnyn
NN LNV NN 4 -N TN AXPA DPYYRIN PRYIN OYVPN HY IYIN GPVN 3TNN MNTRI NANIY
.NYNN DY DMADITVY MP22APN NPPAIR MYNINY NINN IPNNA TN O



IOWN N9 MPNYNY 1NNY DY IPNYNIN DIPNYIN M19RN

10N YTINT IRIM ITTMIV DPNVPOVN DIIHINN
120 TY YV MNMAINN TN 3/1995-5/1999 NAPNN 2NN ,N2IPN DT ,ANAVY NNYNa (R)
60- YV NI2VXN NHRNY IPINN 127N ANAVY HV APNYIN HTIN 3P DIWIYYI HY NVYI NN
IYNNN IR DPNYN AV 37TNY PINDL) HTIVY-NAPYI NYIR HNYN HY DYOPNN 223 HY NN 240
-NAPYY NYR HPNYN 12 9aNND TITI PRYn 9513 HTIND Q0N .(7TRNN PNIN NIYIT RN N3N0
nYRHOPNYN YY NPpNYNN L5TINN 28 YY ( rake ~50°) NOYRNWYI N21AN IYNN NYXINN YO HTIVY
2 -2 DNMAP PR N7P 2-2.5 DA ,N"P 9 - DINRY PRYN MNOVN YY NYXINN HTIVY-NIpM
0.5 -2 PP N”H 4 1aM7 NP 6.5 1NN ITTNRN 197NV TITIN PRYNN .NOVVYD N8Y NNnNn N7p
STATN-NARA 1T NN 260 -2 12IPN-DIITN TR 17N 80 A NYA AT PNV 221 HY NYNNN O .17
mM15w3a 20 GPa Y® Y110 11 DTPN HPI NNV NNVPYVN MYYan YV AT HY TN YY Poanna
-3 R LATYITRN APRYAN T HY IIMYY VIMINND 2WIN ,N27A (PP 0-10 PNRY) MTITIN YHON
7 0 VIMNN NINVY NNINT) M ~5.5 1702303 ARTR 7YY oRINA 7 ,19.7-10'° Nm
noYa N 37 Y YV NYPY DTN 4/1998-10/2000 NAPNN 19NN ,N2IPN NOX ,ANX MR (2)
299170 D120 PNYIN YOPN NNNNN MR PRYN KV WIANN MR INARI 1YPVN "1 10 -3 HY
99182 APNYNN HTIN LIMX PR DR ANIND TITI 9N PRYN NIV RDIN-TRY PRy ,NaIvn Hv
n"n 60 -3 YW (rake -25° ,7ORNWYI NIYYNTI) NINDIYR NYIN T HY DI TTMIN NNYNA 2 TN
=TRY PRYA YV 12IPNR-NARM ININ-DINTH DIYOPNN YV NN 54 -1 19 HV IYIM IR pnyn HY
1AM ,N7P 5.7 -3 19TIRY NOWN HY NYRIND 191X pRYN YY Apnynn HYTInn 9 Yy .ANRNNa RN
"D 7.5 -3 19TIRY NOWN HY AYRIANN ROIN-MTIRY pnva YY Apnynm ,n"p 1 -2 pm» n"p 5
MNVPV MPPAL TIMYVY VINND AT HTIN HY DOANNL TAR N”PN JOP IPMPYI NP 4.5 12N
M ~5.2 1TI0730a NNTR NTYI DRINA T ,5.9-10'° Nm -3 R0 19183
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