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1 INTRODUCTION

SUMMARY

While the Dead Sea basin has been studied for a long time, the available knowledge about
the detailed seismicity distribution in the area, as well as the deeper structure of the basin,
is limited. Therefore, within the framework of the international project DESIRE (DEad Sea
Integrated REsearch project), a dense temporary local seismological network was operated in
the southern Dead Sea area. We use 530 local earthquakes, having all together 26 730 P- and
S-arrival times for a simultaneous inversion of 1-D velocity models, station corrections and
precise earthquake locations. Jackknife tests suggest an accuracy of the derived hypocentre
locations of about 1 km. Thus, the result is the first clear image of the absolute distribution
of the microseismicity of the area, especially in depth. The seismicity is concentrated in the
upper crust down to 20 km depth while the lower limit of the seismicity is reached at 31
km depth. The seismic events at the eastern boundary fault (EBF) in the southern part of the
study area represent the northward transform motion of the Arabian Plate along the Dead
Sea Transform. North of the Bogeq fault the seismic activity represents the transfer of the
motion in the pull-apart basin from the eastern to the western boundary. We find that from the
surface downward the seismic events are tracing the boundary faults of the basin. The western
boundary is mapped down to 12 km depth while the EBF reaches about 17 km depth, forming
an asymmetric basin. One fifth of the data set is related to a specific cluster in time and space,
which occurred in 2007 February at the western border fault. This cluster is aligned vertically,
that is, it is perpendicular to the direction of the dominating left-lateral strike-slip movement
at the main transform fault.
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its length (107-230 km) depending on the definition of its northern
and southern boundaries (ten Brink et al. 1993; Larsen ef al. 2002;

The Dead Sea transform (DST) fault is one of the largest transform
faults in the world with a length of about 1000 km. It forms the
boundary between the Arabian Plate and the African Plate (Fig. 1).
The relative left-lateral motion of these two plates, which started
in the early Miocene (~20 Ma), caused a total shift of ~107 km
(Quennel 1958; Freund et al. 1970). This relative motion resulted
in creating the Dead Sea Basin (DSB), one of the largest pull-apart
basins in the world. Two main properties make it a unique place
to study: (1) its special geometry, very deep [depth: 11-16 km for
the southern part (ten Brink et al. 1993; Ginzburg & Ben-Avraham
1997; Mechie et al. 2009)] and narrow (~16 km wide) relative to
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Ben-Avraham & Lazar 2006; Shamir 2006); (2) the two strike-slip
faults bordering the basin to the East (Arava Fault) and to the West
(Jericho Fault), which have moved approximately parallel to each
other during the complete formation of the basin. Therefore, it is
considered a prime location to study pull-apart basins. Despite the
large amount of studies that were made in the Dead Sea region, little
is known about the deeper structure of the DSB and therefore the
distribution of the local seismicity is used in this study to shed light
on it. A distinct picture of the seismic activity at the different faults
is a subject of this study.

Thick layers of sediments fill the basin (Zak & Freund 1981).
Clastics and evaporites were deposited during periods of different
climate and varying water sources (fresh or salt), which transported
the sediments into the basin (Garfunkel & Ben-Avraham 1996).
Some of the evaporites ascended at fault zones and formed two
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Figure 1. (Top) Station distribution (triangles) and tectonic setting in the
southern DSB simplified after Garfunkel (1997), Larsen et al. (2002) and
Smit et al. (2008). The areas which are covered with water recently are
marked in blue. Used stations from the permanent networks in Israel and
Jordan are also marked. Only the main faults are indicated as solid red
lines. Eastern border fault (EBF), Jericho fault and Western Boundary fault,
here collectively called Western faults (WF). The two faults bordering the
Lisan Peninsula: Ein Gedi Fault (EGF) and Boqeq fault (BOF). (Bottom)
Topographic profile from West to East at 31.25°N.

prominent salt diapirs within the basin: the Sedom diapir in the
southwest of the basin (below Mount Sedom in Fig. 1) and the
Lisan diapir, situated in the centre of the basin, dividing it into two
parts (Ginzburg & Ben-Avraham 1997). These authors inferred this
division from an abrupt change of depth from 6 to 8 km north of
the diapir to 14 km below the diapir.

The DSB is bounded to the East by the Arava or eastern boundary
fault (EBF in Fig. 1). To the West the basin is bounded by the Jericho
Fault (strike-slip) and the Western Boundary fault (normal fault),
here collectively called Western faults (WF in Fig. 1). The secondary
transverse Ein Gedi fault (EGF in Fig. 1) and Boqeq Fault (BOF
in Fig. 1) are bordering the Lisan diapir to the north and the south,
respectively (e.g. Ben-Avraham & Ten Brink 1989).

The seismic activity at the DST in general is small compared
to other transform faults (Begin & Steinitz 2005). However, these
authors showed that the relationship between fault offset and number

of earthquakes proposed by Wesnousky (1990) for California, is also
valid for the DST. In several studies of the seismicity along the DST
(van Eck & Hofstetter 1989, 1990; Aldersons ez al. 2003; Begin &
Steinitz 2005) the DSB is found to be one of the main regions of
seismic activity. Using data from stations on both sides of the basin,
Aldersons et al. (2003) determined the depth of the local events.
Unlike other basins (Meissner & Strehlau 1982; Chen & Molnar
1983) and other strike-slip regions (e.g. Thurber ef al. 2006) they
observed that most of the microseismic activity occurred at depth
greater than 20 km.

2 EXPERIMENT AND DATA

In 2006 October a seismic array of 65 stations was installed in
the southern Dead Sea area along the border region of Israel and
Jordan (Fig. 1). The stations were located in the DSB as well as
on the shoulders east and west of the main border faults. A to-
tal of 38 stations were equipped with Mark L-4C-3D short pe-
riod sensor, sampled at 200 Hz in high gain mode. The other 27
recorders were equipped with GURALP CMG-40T or CMG-3T or
STS-2 seismometers, all sampled at 100 Hz. In 2008 March, after
17 months of operation time, all stations were dismantled. The mean
station spacing was about 5 km in Israel and 3 km in Jordan. On
average the network recorded one to two local events per day.

3 DATA PROCESSING AND 1-D
VELOCITY MODEL

Event detection was done visually by inspecting each half hour of
the data. In total more then 700 events were found. Arrival times
were manually picked using JSTAR, a software provided by the
Geophysical Institute of Israel (GII). Only events with 12 or more
onset times were included, containing at least six S-wave observa-
tions, and a gap (largest azimuth angle with no observation) <180°.
This reduced the number to 530 well-constrained events consisting
of 13970 P- and 12760 S-wave arrival time observations. These
observations were used for a simultaneous inversion of accurate
hypocentres, 1-D velocity models and station corrections (Kissling
et al. 1994). The P- and S-wave velocity models were determined
independently using a vp/vg ratio of 1.74 as an initial value (based
on Wadati diagram analysis). The final 1-D models consist of 10
layers down to a depth of 30 km. A wide range of initial velocity
models (indicated in Fig. 2) were used to investigate the quality
and the stability of the final P- and S-wave velocity models. A
first-arrival tomography of a controlled source seismic experiment
(Paschke ef al. 2011) crossing the study area from the West to East
showed clearly that the uppermost 2 km are laterally very inhomo-
geneous, for example, the P-wave velocity at 1 km depth is varying
between 3.5 and 5 km s~!. This explains the varying velocity values
(for different start models) for the first layer (Fig. 2). The P-wave
velocity model in Fig. 2 starts at 3.6 kms~! at the surface and
reaches 6.4kms™' at 30 km depth. Due to the fact that most of
the earthquakes occur in the upper 17 km and the seismicity does
not occur at depth greater than ~30 km, between 20 and 30 km
depth the resolution is limited. The S-wave velocity is very low (1.3
km s~'—lower than all the tested start models) in the uppermost
2 km due to weathered and partly water-saturated rocks near the
surface in the basin. Therefore, the vp/vg ratio is high, about 2.9. In
the next layer the S-wave velocity is 2.3 kms™! and at 30 km depth
it reaches 3.7kms~!. The vp/vg ratio shows small variations in the
subsequent layers having an average value of 1.74.

© 2012 The Authors, GJI, 188, 873-878
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Figure 2. (Top panel) 1-D velocity models for S and P waves and vp/vg
ratio. All resulting models from 36 different starting models are shown
in grey. Solid black lines indicate the best final model with lowest rms.
Dashed lines indicate the limits of the used starting models. (Bottom panel)
Corresponding P-wave station corrections. The reference station is indicated
by a star.

A geological interpretation of the 1-D velocity models, laterally
averaging over crystalline basement and a huge sediment basin, is
limited. The velocity values for the upper 10 km incorporate upper
crustal values [5-6 kms~! after ten Brink et al. (2006) and Mechie
et al. (2009)] and values in the sedimentary basin [3.5-4.5 kms™!
after ten Brink et al. (2006) and Mechie et al. (2009)]. Due to a
majority of ray paths crossing the sedimentary basin, the velocities
presented here are closer to those of the basin. The layer between 10
and 20 km represents the sedimentary basin [down to 14 km depth
following Ginzburg & Ben-Avraham (1997)] and the lower crust
(below 14 km depth), also resulting in an average value between
upper crust and sediments.

Station corrections are introduced to also find an appropriate 1-D
model in laterally heterogeneous areas (Kissling et al. 1995). The
station corrections (relative to the reference station; Fig. 2 bottom
panel) are in the range of —1.45 to +0.47 s. In general, one can
see larger values of station corrections (related to low velocities) in
the basin and smaller values (high velocities) on the shoulders of
the basin. Furthermore, the corrections on the eastern shoulder are
smaller than on the western shoulder.

© 2012 The Authors, GJI, 188, 873-878
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Figure 3. Stability tests: (a) Mislocation of hypocentres that are randomly
shifted by 2-3 km in direction north—south, (b) east-west and (c) in the
depth, before being introduced into the 1-D velocity inversion. Grey dots
denote the shifted hypocentral locations and black dots denote the relocal-
ized hypocentres after the shifting. (d) Subsets of observations for certain
events randomly selected and relocated to estimate location accuracy (jack-
knife test). Location variance is plotted against the number of stations used.
The arrows are indicating the location variance (about 1 km) for the av-
erage number of stations (26), which is assumed to be representative for
the average hypocentre accuracy.
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Figure 4. (a) Map of the study area, rotated 8° ccw to align approximately with the direction of the main border faults; (b) projected hypocentres on a vertical
cross-section along the main axis of the DSB; (c) projected hypocentres on a vertical cross-section along the transverse axis of the DSB and (d) histogram of
events per depth kilometre. The boxes assign areas discussed in detail in the text. (e) Number of events per magnitude step of 0.5. The derived magnitude of

completeness is M = 0.5.

To assess the quality and stability of the 1-D model several tests
were carried out. Shifting the initial values of the hypocentral co-
ordinates randomly by a few kilometres and then introducing them
into the joint velocity hypocentre inversion, provides a check for
a potential bias in the hypocentre locations and for the stability of
the solution to the coupled problem (Figs 3a—c, Husen et al. 1999).
If the proposed 1-D velocity model indicates a robust minimum in
the solution space, no significant changes in velocity and hypocen-
tre locations are expected. The location errors yield a standard
derivation of 100-200 m for the horizontal coordinates and about
300 m for the depth. With these small values it is reasonable to as-
sume that the inverted velocity model is the global minimum of the
inversion.

The accuracy of the obtained hypocentres can be verified with
a jackknife test (Fig. 3d; Lange 2008), that is, subsets of observa-
tions for certain events are selected randomly and relocated with
the final velocity model. For relocations with 26 stations, which
is the average amount of stations for all events, we obtain a vari-
ance of about 1 km (Fig. 3). This is assumed to be representa-
tive for the hypocentre accuracy and is confirmed by a similarly

small misfit of the relocalization of an artificial explosion in the
area.

For the magnitude determination, the duration magnitude scale
M ; (magnitude employing the fact that the total length of the seismic
wave train reflects the size of the event, Solov’yev 1965) used by
the GII for the region was applied. The magnitude of completeness
(M.: lowest magnitude at which 100 per cent of the events in a
space—time volume are detected, Rydelek & Sacks 1989) is about
0.5 (Fig. 4e), which shows the uniqueness of the data set for the
region as none of the older data sets had an M lower than 2.

4 RESULTS AND DISCUSSION

Seismicity occurs close to the surface and down to depths of 31 km,
which agrees with Aldersons ef al. (2003). Fig. 4 shows the first ac-
curate image of the distribution of microearthquakes in the southern
DSB. In the south of the investigation area (south of 31.13°N, I in
Fig. 4) the seismic activity is solely related to the EBF. These events
occur mainly between 12 and 17 km depth. From 2007 February 9 to

© 2012 The Authors, GJI, 188, 873-878
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2007 February 27 spatial and temporal clustering of 110 events also
occurred here (red box in Fig. 4a—c). The first and the third events
of this cluster were the largest of all events during the recording
period (M, 3.5 and 4.5, respectively). The cluster is located on the
EBF, and surprisingly it extends vertically and not horizontally in
the direction of the main left lateral strike-slip movement (compare
the red boxes in Figs 4b and ¢ and in Fig. 4a). North of the clus-
ter a seismically inactive region extends to 31.17°N where shallow
activity (1-12 km depth) starts on both boundaries (II in Fig. 4).
This change in the seismic behaviour can be associated with the
transverse BOF (BOF in Fig. 4). The lower boundary of the seismic
activity in the upper crust [above 20 km depth after Mechie et al.
(2009)] deepens between BOF and the EGF from 12 to 17 km depth
(Fig. 4). It is important to note that this pattern of the seismicity
distribution between BOF and EGF is similar for both boundaries
(EBE, WF). A similar seismicity distribution pattern was found by
van Eck & Hofstetter (1989) for a 20 month period of investigation
between 1986 and 1988: Strong activity around 31.12°N only at
the EBF, including a cluster, a gap of seismicity farther north, and
activity on both boundary faults north of 31.16°N. Thus, this pattern
can be assumed to be constant over a longer period.

In the W-E cross-section the seismic events trace the EBF nearly
vertically from depth of 2 to 18 km (B in Fig. 4c). The seismic
activity along the western boundary (A in Fig. 4c) has a dip of
about 60° and is only traceable down to 12 km depth.

In the lower crust (Il in Fig. 4b) the distribution of the events
appears rather diffuse so the events seem not to be related to fault
system of the sedimentary basin. This is consistent with the assump-
tion of Mechie et al. (2009) that the boundary between the upper
and the lower crust at 20 km depth act as a decoupling zone. While
activity at this depth is known also from Aldersons et al. (2003),
the limited activity does not allow further interpretations.

Due to their small size most of the events are normally not
recorded by the permanent networks in Israel and Jordan, which
have large spacings between adjacent stations. This explains the
large difference between our observations of depth range with high-
est seismic activity (6—17 km, Fig. 4d) and the observations of
Aldersons et al. (2003) with highest seismic activity in a depth
range of 15-30 km.

5 CONCLUSIONS

The unusually deep limit of seismicity for such a basin, about 31 km,
found by Aldersons et al. (2003) is confirmed by our study, while
large part of the seismicity is related to the basin and thus concen-
trated in the upper crust down to 20 km depth.

The EBF of the DSB is active over the entire study area except
for a small gap related to the transverse BOF. South of the BOF the
entire seismicity occurs at the EBF. In this area we found a cluster
(red box in Fig. 4) in time and space whose spatial distribution is
perpendicular to the main direction of the movement on the main
transform fault. This vertical extension of the cluster is probably
related to the locking of the region north of it, a nearly aseismic
area (Figs 4a and b). The events in the south reflect the ongoing
movement of the Arabian Plate to the north. However, the WF show
no seismicity in the south during the time of the investigation. North
ofthe BOF similar seismic activity occurs at both boundaries. These
earthquakes represent probably the expected transfer of the motion
in pull-apart basins from the eastern to the western boundary.

Furthermore the distribution of the seismicity indicate a basin
with a vertical EBF going down to a depth of at least 17 km and a

© 2012 The Authors, GJI, 188, 873-878
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60° eastward dipping western boundary (representing the western
boundary fault and the western strike-slip fault), but only traceable
down to a depth of 12 km (B and A in Fig. 4c). Our results thus reveal
an asymmetric basin. Similar asymmetries have been observed in
many other sedimentary basins in strike-slip regimes (e.g. Shedlock
et al. 1990; Lodolo et al. 2003; Uzel & Sozbilir 2008) and also in
other basins along the DST (Ben-Avraham 1992). In these cases the
basins are bounded by a linear transform segment on the steep side
(here the EBF) and normal faults on the other side (here the WF).
Thus, asymmetric basins require simultaneous strike-slip motion
and transform-normal extension (Ben-Avraham & Zoback 1992).
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