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Abstract About 1100 micro-earthquakes that occurred along the Dead Sea basin during the past 25 years
express ongoing seismic activity along mostly obscured fault segments. We apply seismological and statistical
methods in order to associate seismic activity with geological and geophysical data and to locate and
characterize active fault segments in the basin; three regional 1-D velocity models and the double-difference
method were used for the relocation of seismic events. Geostatistical analysis shows that in first order the
micro-earthquakes reflect faulting along segments of the main longitudinal fault while seismic quiescence
along historically active zones indicates locked segments and stress concentration. Based on waveform
similarity, spatial and temporal proximity, we define earthquake clusters that comprise about 30% of the
relocated seismicity and two thirds of the total seismic moment. About 80% of the clusters are associated
with N-S trending faults. In two cases the clusters indicate a migration of the seismicity in time and space, one
of which preceded the largest earthquake in our catalog (M5.2). In addition to the associated longitudinal
activity, several clusters appear to represent faulting in east-west orientation which is interpreted here as a
secondary fault system.

1. Introduction

During the last decades seismology has become an essential tool for revealing fault structures across
tectonically active zones [Chiaraluce et al., 2003; Fukuyama et al., 2003; Shearer et al., 2005; Ouillon and
Sornette, 2011; Kroll et al., 2013]. In this study we address the seismic activity in the Dead Sea basin
(DSB, Figure 1) to reveal the fault geometry in depth. The DSB is a deep depression that developed
between two segments of the Dead Sea Transform (DST, Figure 1) along a left step-over between the
Jordan Valley fault and the Arava fault [Garfunkel et al., 1981; Garfunkel and Ben-Avraham, 1996]. The DSB
has been active since the Miocene and has accommodated the majority of the total > 100 km left-lateral
motion in this area [Garfunkel, 1981; 1997]. Several geophysical studies in the DSB reveal a partial
picture of the crustal structure [e.g., ten Brink et al., 1993; Ginzburg and Ben-Avraham, 1997; ten Brink et al.,
2006; Choi et al., 2011; ten Brink and Flores, 2012]. Seismic reflection surveys in particular provide a tool
for identifying faults within the top few kilometers of the upper crust [Neev and Hall, 1979; Kashai and
Croker, 1987; Gardosh et al., 1997; Ginzburg et al., 2007]. However, in areas of a thick crust, such as the DSB,
where seismicity reaches depths of 25 km [Aldersons et al., 2003; Braeuer et al., 2012], the continuation
of faults into the basement and the deep seismogenic zone is poorly constrained. Furthermore, it is not
clear how the lateral displacement of the transform motion is accommodated by the internal structure
of the basin.

Several studies have identified earthquake clusters that were associated with mapped fault structures. van
Eck and Hofstetter [1989] identified four spatial earthquake clusters that were associated with the

main longitudinal faults: two in the south of the DSB, associated with the Eastern Border Fault (EBF)
(Figure 2a), and two associated with the West Intrabasinal Fault (WIF) (Figure 2a). In addition, a 17 month
microseismological study using a seismic array of 65 stations from the Dead Sea Integrated Research project
at the southern DSB shows clustered activity at depths of ~20 km associated with the EBF and the WIF
(Figure 2a) [Braeuer et al., 2012]. However, the association of earthquake clusters was not limited only to the
longitudinal faults. Hofstetter et al. [2007] recognized clustered activity north of the Lisan Peninsula that was
associated with an E-W striking transverse fault. These seismological studies imply the possibility of localized
cluster activity within the basin and manifest the association of some of these clusters with the mapped
faults. Some of the clusters’ activity cannot be explained directly by the fault geometry at the surface. One
example is the 5.1 magnitude (M,,) earthquake of 11 February 2004. This event was followed by a linear
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Figure 1. The regional seismic network including all operational stations spatial linkage [Dasgupta and Raftery,
between 1985 and 2010, including the Israel Seismic Network (green dots 1998]. We define earthquake clusters by
= short period and red triangles = broadband) and the Jordanian Seismic  two methods: (1) a combination of
Observatory (purple diamonds). The Dead Sea Transform fault system is spatial distribution and temporal

plotted in red lines, and red arrows show the relative slip motion. A wider

map of the Middle East is inserted at the top left corner. proximity and (2) waveform

resemblance. We explore the clusters

and examine the possibility that the
earthquakes within the cluster reflect the location of active fault segments at depth, which improves our
understanding of the fault structure and tectonic regime in the DSB.

2. Tectonic Framework

More than 1100 earthquakes with magnitudes ranging from 0.5 to 5.2 were located in the DSB during
1985-2010 (Figure 2). The strongest recorded event in the last 100 years was the 1927 M, 6.25 earthquake
[Ben-Menahem et al., 1976; Shapira et al., 1993] (Figure 2a), whereby the mean recurrence period of M>5
earthquakes in the DSB is estimated to be approximately 30 years [Shapira and Hofstetter, 2002]. Paleoseismologic
studies demonstrate that moderate to large magnitude (M > 7) earthquakes have occurred in the basin area.

The DSB is approximately 150 km long and 15-20 km wide with sediments more than 10 km thick (Figure 2a).
Seismic reflections and borehole data reveal that the narrow basin is bordered by steep longitudinal faults
on the eastern margin, the Eastern Border Fault (EBF), and wider fault belt on its western margin, the Western
Border Fault (WBF) (Figure 2). Several internal longitudinal faults are identified within the DSB including
the Jericho fault (JF) [Reches and Hoexter, 1981], its southern continuation with the West Intrabasinal Fault
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Figure 2. (a) Interpreted faults (red lines) and salt bodies (yellow polygons) in the Dead Sea basin, (modified following Neev
and Hall [1979], Ben-Avraham and ten Brink [1989], and Ben-Avraham et al. [1993]). The black “plus” indicates the earthquake
catalog (1985-2010). Stars mark the M>5 magnitude earthquakes (“M5” for the 2004 event), and in cyan line, the lake
shoreline; (b) projected hypocenters on a vertical S-N cross section along A-A’. Colored layers represent the structure
following the seismic tomography of the DSB [ten Brink and Flores, 2012]: dark yellow (basin fill), light yellow (prebasin fill
sediments), green (upper crust), and orange (lower crust). Red lines present the extrapolation of the faults into the

crust, modified from Ben-Avraham and Schubert [2006]. Coordinate system is in Israel Transverse Mercator (ITM), and
background Digital Terrain Model (DTM) after Hall [1993].

(WIF) [Ben-Avraham et al., 1993], and the Ghor-Safi fault at the east [Al-Zoubi et al., 2002] (Figure 2). Evidence of
an ongoing N-S activity of longitudinal faults in this region is exposed in the Mor structure (“MS” in Figure 2)
[Bartov and Sagy, 2004].

A tectonic model combining longitudinal and transverse faults was suggested by Arbenz [1984]. The model
predicts that the accumulation of the lateral basin extension is sustained by a set of transverse faults, which
merge into a midcrustal detachment zone. Although the deep seismicity along the basin rules out the
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Figure 3. (a) An example for cross-correlation between two M2 earthquakes recorded at station MZDA in the DSB. The
waveforms are shown in blue and red, and the P wave picks marked by the grey vertical line, are located at 0 s. (b) The
cross-correlation between the two events (blue) and a lag time of 0.025 s between the events (green); the corresponding
correlation coefficient of this pair is 0.92.

possibility of such a detachment zone, or alternatively restrict it to a ~5 km corridor between the Moho at
~30 km and the deepest seismicity at ~25, several studies based on seismic reflections indicate a secondary,
E-W trending fault system [Neev and Hall, 1979; Ben-Avraham and ten Brink, 1989; Larsen et al., 2002; Lazar
et al., 2006; Ginzburg et al., 2007]. These faults (Figure 2a) include the Kalia fault, Ein Gedi fault, Bogeq fault,
and the southern Amazyahu fault segment with a relatively vertical throw of more than 10 km [Ben-Avraham
and Schubert, 2006]. In addition, several north dipping faults, ~10-15 km north of the Amazyahu fault, have
been proposed by Ginzburg et al. [2007] (see dashed lines in Figure 2b).

A few salt diapirs were identified within the basin [Neev and Hall, 1979; Al-Zoubi and ten Brink, 2001;
Larsen et al., 2002]. The largest one is the Lisan diapir (Figure 2a) that occupies a vast section of the
central DSB and is bordered by normal faults: the WIF to the west and the Ghor-Safi fault to the east.
North of the Lisan diapir, the basin is shallower with a basement depth ranging from ~8 km near the Lisan
diapir to ~6 km at the present northern shore of the lake. The Sedom diapir in the southwest end of
the basin (Figure 2a), which has been rising at a rate of ~5 mm/yr over the past 14 kyr, forms Mount Sedom
[Weinberger et al., 2006], positioned above a set of east stepping normal faults with a continuation to
the WIF [Larsen et al., 2002; Gardosh et al., 1997]. It was also suggested that additional shallow bodies of
evaporites exist in the northern part of the basin [Ginzburg and Ben-Avraham, 1997] and that E-W trending
transverse faults might be located near the present northern border of the lake and even farther

north [Lazar et al., 2006].

3. Description of Data

In this study we relocate seismicity from 1985 to 2010 (about one seismic cycle [Shapira and Hofstetter, 2002]),
which includes ~1100 events in the magnitude range of 0.5 <M,;<5.2, collected by the Geophysical Institute
of Israel (Gll), within the following geographical boundaries: 30.8°N-31.8°N, 35.3°E-35.65°E. The GlI has been
monitoring the seismic activity in the region during the past 25 years by the Israeli Seismic Network (ISN,
Figure 1) consisting of a total of ~150 vertical seismic station components. During these years many of these
stations were deactivated, and some still operate with the addition, as of 2004, of eight, three component,
broadband stations. Since the ISN includes various types of seismometers, the sampling rates in the seismic
station vary between 20 sps for the older stations to 50 sps for the modern ones. Several stations of the
Jordanian Seismological Observatory (JSO, Figure 1) network were synched with the ISN during the time
window of this work. Unfortunately, this was possible only for very short time periods, and less than 7% of the
data is represented by the JSO stations.
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Figure 4. Relocation results. (a) P wave velocity models that were previously applied to the basin (Gl black) and present local relocation (local velocity model,
colored). Velocity models of the northern and central basins are based on a deep seismic refraction study of the DSB by Ginzburg and Ben-Avraham [1997]. The
southern velocity model is a compilation of several studies [Ben-Avraham and Schubert, 2006; Mechie et al., 2009]. (b) Map and (c) North-South cross-section of the
640 relocated events. The green lines divide the regions according to the velocity models. (d) East-west cross section of the relocated catalog and (e) earthquake
distribution in depth, before (catalog, blue) and after relocation (relocation, red). Coordinate system is in ITM, and background DTM is after Hall [1993].

The original catalog locations were determined by the Gll, applying a 1-D velocity model (Figure 4a) and
manually picking arrivals, using JSTAR software provided by the GlI. The association of earthquakes with
the mapped faults located by the Gll (Figure 2a) is ambiguous. This may be explained by (a) errors in the
location process resulting from the low resolution of the 1-D velocity model (Figure 4a, Gll), (b) bias due to the
one-sided seismic network located mostly on the western side of the basin (Figure 2b), and (c) significant
variation in velocities, originating in the unknown internal structure and the sharp lithological variations, i.e.,
salt bodies forming large velocity anomalies which deflect the paths of the seismic rays.

Our analysis includes three steps: (1) relocation of the seismic events based on local velocity models,
waveform cross-correlation, and catalog time differences between pairs of approximately colocated events,
(2) geostatistical analysis of the relocated events, and (3) grouping the events into distinct clusters and
associating the clusters with fault segments at depth and with fault traces at the surface.

4. Analytical Methods
4.1. Relocation of Earthquakes

In order to improve the earthquake locations we utilize the double-difference (DD) method, hypoDD, of
Waldhauser and Ellsworth [2000]. This method has been used in many seismological studies of fault structures
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and has been proven to successfully improve the locations of earthquakes. We apply two sets of differential travel
times for the relocation algorithm: (1) the catalog times of P and S waves and (2) the differential times obtained
from all possible waveform cross-correlation (CC) of event pairs. CC delay times have been shown to increase
the accuracy of the first picks by an order of magnitude. Additionally, CC coefficients can be used to weight the
data during inversion. The CC functions for the P waves (Figure 3) were computed using a 1.5 s window
around the P arrivals, with time shifts of up to £1.5 s (following Shearer et al. [2003]). The waveform CC technique
requires identical sample rates of the seismograms. Since the ISN operates at several different sampling rates,
we resampled the waveforms to the higher sample rate before calculating the CC. In addition, we used a
band-pass filter between 1 Hz and 30 Hz in order to achieve more reliable CC measurements [Hauksson and
Shearer, 2005]. We cross-correlated ~190,000 event pairs with a maximum distance of 3000 m between events.
Figure 3 plots an example of a high correlation between two events that were recorded at the same station.

Previous studies show that the velocity structure of the DSB changes dramatically from south to north
[Ginzburg and Ben-Avraham, 1997; Ben-Avraham and Schubert, 2006; ten Brink and Flores, 2012]. Therefore, the
DSB was divided into three subzones, and a 1-D local velocity model is built for each zone (Figures 4a and 4b).
The velocity models are mostly derived from a deep seismic refraction [Ginzburg and Ben-Avraham, 1997] and
the combination of a density-to-velocity equation [after Gardner et al., 1974] that was calculated for the
southern basin, using the density profile suggested by Ben-Avraham and Schubert [2006] for the lower crust
and the velocity profile that is suggested by Mechie et al. [2009] for the upper. To include the Lisan salt diapir
within the velocity model of the central basin, a decreased P wave velocity was placed between 3 and 8 km.
The division to three subzones is the basis of our earthquake cluster analysis in the basin (section 5.1). We
apply the least squares method for the relocation analysis in the hypoDD, weighting the first 10 iterations by
catalog data and the later iterations weighted by the CC data.

4.2. Relocation Results

Results of the relocation are shown in map view (Figure 4b) and in S-N (Figure 4c) and W-E (Figure 4d) cross
sections. The 640 relocated earthquakes show that the seismicity in the DSB has a maximum depth

of ~25 km, as previously shown by Hofstetter et al. [2012], and a few kilometers less than the previous
estimation of 32 km, by Aldersons et al. [2003], with peak activities at 12 and 17 km (Figure 4e). Figure 4e
displays the depth distribution before and after the relocation. The relocated catalog shows that about 75%
of the relocated earthquakes occur below 10 km and about 45% occur below 15 km. This observation
correlates with the relatively low heat flux (<40 mW/m?) measurements along the DSB [Shalev et al., 2007;
Shalev et al., 2013] that indicate a cold and brittle crust, showing seismic activity that almost reaches the
Moho at about 30 to 32 km [Ginzburg et al., 1979; ten Brink et al., 2006].

The relocated earthquakes show a focused view of the seismicity in the DSB (Figure 4b), compared to the
corresponding, more scattered, original locations (Figure 2). In the new locations, the seismicity collapses into
more discrete zones within the basin, while others became more spread out. The events are located along the
eastern and western boundaries of the basin, showing patterns that roughly follow the areas of increased
strain, associated with the left step-over pull-apart basin (see also Figure 5). We also note that more events are
positioned along the western boundary of the basin, compared to the eastern boundary.

As previously noted, only a small part of the data are represented by seismic stations on the eastern side of
the research area, resulting in uneven station coverage. However, the influence of the JSO station on the
relocation is found to be relatively minor. Further details are given in the supporting information.

4.3. Geostatistical Analysis

We conducted a robust spatial analysis addressing the first-order distribution of the events with respect to
the longitudinal boundary faults. The boundary faults are represented by two parallel vertical planes, spaced
9 km apart (Figure 5), striking 7°. The eastern fault trace (blue line in Figure 5) is drawn along and almost parallel
to the WBF, and the west fault trace is a continuation of the JF (Figure 2) into the basin, along the WIF, and
extends south to the Amazyahu fault (red line in Figure 5). The horizontal distances between the relocated
epicenters and the two fault planes are calculated for six lower cutoff magnitude thresholds of 0.5, 1.0, 1.5, 2.0,
2.5, and 3, filtering out all events that are below the threshold magnitude. Maps of the filtered events, including
the number of events and their percentage of the total relocated catalog, are presented in Figures 5a1 to 5a6.
Events are associated with a maximum distance of 0-3 km from the planes (Figures 5b1-5b6).
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Figure 5. Seismic activity along the longitudinal faults. (a) The events are plotted (black dots) along with the mapped faults (black lines) with an exceeding magni-
tude threshold (shown at the top of each map). The number of the filtered events is presented at the bottom left corner along with the percentage of the unfiltered
events from the total relocated catalog. The longitudinal faults are converted to two parallel lines 9 km apart. The red line represents the continuation of the JF
southwest into the basin, and the blue line represents the EBF. (b) Histograms presenting the percentage of the filtered events (shown in the above image) that can
be associated with the longitudinal faults, defined by a maximum of 3 km event-to-fault distance. In the legend, at the upper right corner of each histogram, is the
total percentage of the associated events in the WBF (red), the EBF (blue), and the unassociated events (UNC).

The magnitude-threshold plots (Figures 5a1-5a6) demonstrate that in first order, as the magnitude cutoff
threshold increases, more events can be associated with the longitudinal faults. This is manifested by the
decreasing uncorrelated events (see legends of Figures 5b). The geostatistic analysis also highlights the
localization of seismicity along the basin. For example, the northern tip of the basin, at Y =555, shows activity
for all magnitude ranges. But when moving north in the basin along the longitudinal faults, the activity
decreases and fades out. Relatively inactive segments are also present within the basin. South of the northern
cluster (at about Y=620 in Figure 5), the seismicity is muted for 10 km to the south and appears again at
Y=610 (Figure 5). In the other parts of the basin (from 560 < Y < 610) the seismicity is distributed throughout
the DSB between the WBF and the EBF.

We find that the relocated catalog shows a magnitude-sensitive asymmetric seismicity that is probably an
artifact originating in the lack of station coverage to the east of the DSB. Up to M; ~1.5 (Figure 5b3) more
events can be associated with the western boundary, whereas from M, > 2.0 (Figure 5b4) more events can
be associated with the eastern boundary. This asymmetric distribution persists at higher magnitudes, up to
M, cutoff 4, but is not presented due to the small number and percentage of the filtered events and the
lack of activity at several distances. In general, the asymmetry between associated events and the WBF/EBF
planes is relatively small and does not exceed +5% for the discreet distances and ~10% for the magnitude
range (Figure 5a). It is possible that there is a better detection of M, < 2.0 events on the western side, closer to
the network. Moreover, the fact that the number of events along the eastern boundary is higher for the
M, > 2 range sets a threshold of 1.5 <M, < 2.0 for further statistical analysis.
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Figure 6. Clusters of earthquakes in the DSB from 1985 to 2010. The clusters are defined by two different methods: (a) waveform-based linkage with CC coefficient
> 0.75 and maximum distance of 5000 m between events. The CC clustering shows a total of 167 events that are linked to 22 clusters (represented by the
different colors), presented in map view (a1), and an S-N cross-section (a2); (b) Spatial and temporal clustering using a time window of 90 days and 2000 m. The
ST clustering shows a total of 202 events that are linked to 18 clusters, presented in map view (b1) and S-N cross section (b2). The northern CC clusters are enlarged
for convenience and the events of the M5 aftershock is marked by the orange polygon. The cluster that is bounded by the yellow polygon is mostly composed by
events of C03; Clusters C07, C08, C09, and C10 are bounded by the polygon in Figure 6b1. Coordinate system is in ITM, and background DTM after Hall [1993].

To conclude this analysis, we find that the relocated events are biased in terms of threshold detection,
showing more events along the western border of the DSB up to M ~2. However, the effect on the tectonic
interpretation is minor, showing clear localization along the WBF and EBF, which border the basin. Seismic
activity is increased to the north and south of the basin, while other interstitial regions remain seismically
inactive. This observation suggests a clear earthquake-clustered “behavior” along the basin, which is the
basis of our further analysis.

4.4. Earthquake Clusters

We use two methods for identifying earthquake clusters: (1) waveform resemblance (CC clusters, Figure 6a)
and (2) proximity in space and time (ST clusters, Figure 6b). The clustering algorithm used in the spatial and
temporal method, also known as a hierarchical clustering method, is based on the idea of objects being more
related to nearby objects than to objects farther away [Johnson, 1967]. For the ST clustering method,
earthquake clusters were linked applying a time window of 90 days and a hypocenter distance of 2000 m
between events (Figures 6b1 and 6b2). A total of 202 earthquakes were recognized under these criteria,
forming 18 clusters with 5 to 49 events (Table 1).

As previously mentioned, it is assumed that nearby earthquakes with similar waveforms are more likely to
originate from the same fault because of the similarity in the raypaths, stress field, fault geometry, and source
mechanism [Baisch et al., 2008]. When the waveforms of two close events detected by the same seismic
station are compared, the difference between them represents the difference between the source
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Table 1. Cluster Information and Location®

ID X Y Depth Year Days Events Mpnax nCC CCE Fault
(@ 248.04 624.26 18 2004 210 49 5.2 8 33 JF
(] 248.00 621.80 12 2002 31 18 24 3 18 JF
ca 252.28 621.45 1 2007 67 10 43 0 0 EBF
Cc4 247.86 620.48 18 1989 168 1 24 0 0 JF
cs5 246.75 602.92 19 1993 148 8 2.2 0 0 JF
cé6 247.13 602.74 18 1995 2 5 26 2 4 JF
c7 248.79 602.67 18 2003 29 7 37 1 6 NS
c8 247.40 601.01 16 1999 1 5 24 1 4 NS
c9 254.61 600.43 12 2009 28 9 33 1 7 EBF
c10 242.15 597.37 14 1997 24 11 26 2 6 JF
C11 240.09 582.62 23 1993 205 8 4.1 0 0 WIF
c12 248.73 579.82 4 1992 3 5 34 1 1 GS
c13 240.61 578.56 23 1987 136 6 26 0 0 WIF
c14 250.23 577.89 1 2008 1 5 36 1 5 GS/EBF
Cci15 243.71 557.33 10 1986 43 6 3.2 0 0 T
c16 242.15 555.58 " 1992 1 8 3.2 1 1 T
c17 245.06 555.56 13 1987 182 1 3.7 0 0 T
C18 245.53 555.11 12 1991 110 20 39 1 4 T

®The names (ID's) are as plotted in Figures 9-11.“X,” “Y,” and “Depth” show the mean location of the cluster in the ITM
coordinate system, “Days” represents the cluster time window, “Events” are the number of earthquakes in each cluster,
and “Myax" is the strongest magnitude in each cluster. The number of different CC clusters that are indicated within the
ST cluster is “nCC”, and “CCE” is the number of the CC cluster events that are included in a single ST cluster. The last
column (“Fault”) indicate the associated fault: EBF, East Boundary Fault; JF, Jericho fault; WIF, West Intrabasinal Fault;
GS, Ghor-Safi fault; NS indicates association with a NS longitudinal fault, and Tis an unknown fault, suspected transverse.

parameters. Therefore, we can utilize waveform CC of earthquake couples and use the CC coefficient in order
to evaluate the relation between two events, linking events with a common faulting mechanism. Hence,
based on the resemblance between the waveforms, events are gathered into CC clusters, constrained by a
minimum of 0.75 for the correlated coefficient, within a distance of 5 km, and recorded at a minimum of four
stations (Figures 6a1 and 6a2). A total of 167 earthquakes were recognized under these criteria, forming 22
clusters of 3 to 27 events per cluster.

Figure 6 demonstrates that the two sets of relocated clusters (ST and CC) are quite similar; 91 of the events
cluster in both the CC and ST clustering techniques. Therefore, the CC clusters can highlight the homogeneity of
the ST clusters in terms of the source mechanism with clusters that share events using both cluster methods.
The number of CC clusters that are recognized in a single ST cluster is presented in the ninth column of Table 1.
Converting the magnitudes of the clustered events from local magnitudes to moment magnitudes [Shapira and
Hofstetter, 2002], Log(Mo) = (0.96 + 0.02) M, +(17.59 £ 0.05) suggests that about one third of the relocated
catalog is linked to earthquake clusters, releasing ~68% of the total seismic moment in the basin (Table 2).

5. Association of the Clusters With the Mapped Faults

Following, we present our examination and interpretation of the cluster distribution and the possible
association of the clusters (Table 1) with the previously mapped faults (Figure 2).

Table 2. Regions, Clusters, and Seismic Moment?

Region Events C Events % Clusters Cluster Moment Total Moment % Moment
Northern 335 171 51 10 5.74E+ 22 6.87E+ 22 83
Central 148 50 34 4 1.37E+22 2.53E+22 54
Southern 157 58 37 4 1.17E+22 2.65E+22 44
Total 640 279 43 18 8.28E +22 1.21E+23 68

@Events are the number of the relocated events in the region. “C events” are the number of events that are linked to
clusters in the region.
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Figure 7. The northern DSB. (a) Map of the northern DSB including 10 clusters that contain 171 events; the M5 event is
shown by the red “star.” (b) South-north depth cross section of the relocated clusters along the A’-A dashed blue line.
The focal mechanism of the M5.2 event of 2004 is presented [Hofstetter et al., 2008], and black line points to the epicenter.
The cluster details are presented in Table 1. Colored layers represent the structure following the seismic tomography

of the DSB [ten Brink and Flores, 2012]: dark yellow (basin fill), light yellow (prebasin fill sediments), green (upper crust),
and orange (lower crust); (c and d) West-east depth cross section of the two cluster groups: northern (orange rectangle) and
southern (pale blue rectangle). (e) Temporal distribution of two cluster groups showing a south to north cluster migration
over time. (f) Temporal migration of the clusters eastward. Relocated earthquakes are plotted in red “plus” in all figures.
Coordinate system is in ITM, and background DTM after Hall [1993].

5.1. Earthquake Clusters in the Northern DSB

A total of 335 events were relocated in the northern DSB of which 171 were linked in 10 clusters (clusters
C1-C10in Table 1). The clusters are grouped in two main regions, separated by a relatively aseismic region of
10 km (from 605 to 615, Figures 7a and 7b).

The northern group includes four ST clusters and four CC clusters trending in a W-E formation (Figure 7). The
largest cluster of this catalog is the C1 cluster, with a total of 49 events, including the strongest event within
the catalog, the M, 5.2 earthquake of 11 February 2004 (M5) (Figure 2). The aftershock sequence shows a

strike of ~290° (R*> ~0.55) and shows a subplanar seismicity dipping eastward at ~45° (red cluster, Figure 7c).
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Figure 8. The central DSB. (a) Map of the central DSB including the four clusters that contain a total of 50 events. (b) South-
north depth cross section (A-A’) of the relocated clusters. The clusters (by number) are detailed in Table 1. Colored

layers show interpreted structure following the seismic tomography of the DSB [ten Brink and Flores, 2012] and interpre-
tation of Bouguer gravity data [Choi et al., 2011]: dark yellow (basin fill), light yellow (prebasin fill sediments), green
(upper crust), orange (lower crust). (c) West-east depth cross section according to B-B’, dashed line in Figure 8a. Relocated
earthquakes are plotted in red plus. Background image follows Al-Zoubi and ten Brink [2001] and ten Brink and Flores [2012].
Coordinate system is in ITM, and background DTM after Hall [1993].

Directivity analysis of the M5 event shows that motion occurred on a N-S trending fault [Hofstetter et al., 2008]
that does not align with the W-E trend of the cluster nor with the configuration of the Kalia fault that was
interpreted as a south dipping transverse fault [Lazar et al., 2006]. Eight CC clusters are included within cluster
C1 (Table 1). The multiple CC clusters may reflect the magnitude range (2-5.2) of the cluster, and the various
types of faulting mechanisms, including normal, oblique reverse and mostly strike-slip solutions as was
computed by Hofstetter et al. [2008].

Cluster C2 (Figure 7) of the northern group includes 18 events, all share a single CC cluster, almost parallel to
the C1 cluster (Figure 6a) and with a 60° northward dip (Figure 6b).

Several ST clusters show a spatial migration over time. The migrated activity began on 22 July 1987 (circled in
blue, Figure 7d), propagated northward (C4 and C2, Figure 7a), and ended on 15 August 2004 with cluster C1.
Figure 7d presents the temporal distribution of the four clusters of the northern group. From this point (in
time), the activity shifted eastward with cluster C3, positioned with the continuation of the E-W trend of
cluster C1 eastward, reaching to ~200 m west of the EBF (Figure 7a).

Within the southern group, clusters C5-C8 include 25 events located at the center of the basin with an
average depth of ~17 km (Figure 7a). East of this group, cluster C9 is located along the EBF at a depth range of
10-15 km and is highlighted by a single CC cluster (red, Figure 6a1). West of this group, cluster C10 is located
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Figure 9. The southern DSB. (a) Map of the southern DSB including the four clusters that contain a total of 57 events. The
clusters (by number) are detailed in Table 1. Relocated earthquakes are plotted in red plus. (b) Cross sections A-A’; colored
background layers show interpreted structure following the seismic tomography of the DSB [ten Brink and Flores, 2012]:
dark yellow (basin fill), light yellow (prebasin fill sediments), green (upper crust), and orange (lower crust). (c) East-west
depth cross section (B-B’) with a background image showing seismic interpretation following Ben-Avraham and Schubert
[2006] and Al-Zoubi et al. [2002]. Coordinate system is in ITM, and background DTM after Hall [1993].

~1km NE of the Ein Gedi salt diapir at a depth range of 12-15 km (Figure 7a). The cluster is composed of 11
events in a time window of 23 days with maximum magnitudes of 2.6. Although the cluster is in close
proximity to the Ein Gedi diapir and a few kilometers below the salt layer, it is also located at a junction of
the WIF [Smit et al., 2008] and the Ein Gedi fault. Therefore, it is more reasonable that this activity is associated
with the WIF and not related to salt tectonics. East-west cross section (Figure 7d) shows activity at the center
of the basin at a depth of ~17 km bounded by activity along the longitudinal boundary faults dipping ~60°
toward the center of the basin. Figure 7f shows that this activity started with cluster C5 in 1993, propagated
to the east with clusters C6 and C8, and ended in December 2003 with cluster C7 about 1.5 km west of

the EBF (Figure 7a). The pattern is also highlighted by 15 of the CC cluster events of three of the clusters
(C6-C8) and by a north dipping, single CC cluster (“green” at Y =601, Figure 6a1 and 6a2), at a depth range of
12-20 km (Figure 6a2).

5.2. Earthquake Clusters in the Central DSB

Of the 148 total events relocated in the central basin, 50 are grouped into four clusters (C11-C14 in Table 1
and in Figure 8), located east (C12 and C14) and west (C11 and C13) of the Lisan Peninsula (Figure 8a).
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Of the 119 events, 76 are located between 565 < Y < 590 km (Figure 8), beneath the Lisan diapir. This activity
is highlighted by clusters C11 and C13, the deepest in the basin, showing an average depth of 22 km. The
clusters consist of 14 events with magnitudes ranging up to M, 4.1. Depth cross sections (Figures 8b and 8c)
show that the two deep western clusters (C11 and C13) are part of a relatively horizontal activity that extends
north toward the En Gedi fault (Y=590, Figure 8b). Based on the spatial distribution of these clusters, it is
possible that the deep activity is associated with the WIF. Deep longitudinal activity is also highlighted by two
CC clusters, shown west of the Lisan diapir with a total of 17 events located at a depth range of ~23 km
(purple and red clusters in Figures 6a1 and 6a2). East of the Lisan diapir, the locations of two clusters (C12 and
C14, Figure 8) show activity along the interpreted EBF and the Ghor-Safi fault.

We suggest that the clusters of the central DSB mainly highlight the longitudinal eastern and western
boundary faults that border the Lisan salt diapir, but with no connection to salt tectonics, since most of the
activity lies deep below the salt body (Figures 8b and 8c).

5.3. Earthquake Clusters in the Southern DSB

The seismicity of the southern basin includes 157 events, conjoined into four clusters (C15-C18), including a
total of 45 events that form linear bands east of Mount Sedom (Figure 9) at depths of 8-12 km (Figures 9b
and 9¢).

As previous microseismological investigation at this site shows [Braeuer et al., 2012], the EBF is active and
produces seismic activity at about a 90° dip. Such activity is shown with clusters C17 and C18, located at a
depth range of ~12 km at the bottom of the interpreted Ghor-Safi fault (Figure 9c).

While part of the activity is located at the lower EBF (Figure 9c¢), the clusters extend ~7 km west of the EBF
toward the center of the lake (see cluster C18 in Figures 9a and 9c). Cluster C16 is the westernmost of this
group. It consists of eight events that occurred on 26 June 1992, with magnitudes up to 3.2, at a depth
range of ~10 km, located ~5 km west of the Ghor-Safi fault (Figure 9). This activity could be interpreted as
several subparallel longitudinal faults that are located west of the Ghor-Safi fault. Alternatively, the extension
of the seismicity toward the center of the basin may suggest that the activity is not restricted only to the
eastern longitudinal faults. Another indication of a secondary fault system is demonstrated by a single CC
cluster in this part of the basin (“purple” at Y =555, Figure 6a), which may possibly highlight a similar source
signature trending E-W.

Although the Amazyahu fault is well defined in seismic reflections down to depths of 7 km [Ginzburg et al.,
20071], the level of seismicity is rather low with no indication of clustering and with no seismic activity
detected near the Sedom diapir.

6. Discussion

We demonstrate that between 1985 and 2010 the activity in the DSB was not randomly distributed and could
be partly grouped into well-defined and possibly physically meaningful clusters. Regarding some of the
clusters that appear to have a dominant E-W trend (e.g., C1 and C2 in Figure 7), we note that one-sided station
distribution can produce an artificial lineation toward or away from the network, regardless of the location
method used. This is because origin time can be a trade-off with distance from the network. The shift can be
either toward (later origin time) or away (earlier origin time) from the network, especially if the catalog
locations and origin times were used as the starting locations (in the case of hypoDD). This effect on the E-W
direction is accounted for, and clusters that trend E-W are interpreted under the previous consideration.

Tempo-spatial methods were applied to link about 30% of the relocated events into 18 clusters, releasing
about two thirds of the seismic moment (Table 2), reliably representing the strain distribution along the basin.
About one quarter (26%) of the data is linked using the CC method. For comparison, cluster analysis of
relocated events in southern California based on waveform CC and natural neighborhood show that about 10
to 30% of the events belong to clusters of similar events [Shearer et al., 2003].

6.1. Activity Along Longitudinal Faults

The tectonic configuration of pull-apart basins dictates that in first order, the longitudinal faults are the main
carrier of the regional plate motion. The relocation and the cluster analysis support this concept, as the
eastern and western border faults are highlighted by the seismicity throughout the basin in several areas.
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About 75% of the events that are included with the ST clusters are interpreted here as activity that is
associated with the longitudinal faults (Table 1). The geostatistical analysis also indicates that more events
can be associated with the main faults within the close range as the magnitude cutoff increases. The analysis
shows a minimum recurrence of association within the first bar (“0 km”) and a maximum in the second

("1 km") and the third (“2 km") ranges for almost all magnitudes (Figure 5), which can be interpreted as an
expression of the faults’ dip. The geostatistical analysis also reflects the possibility that the eastern boundary
of the DSB is slightly more active throughout the entire basin, as previously shown only for the southern and
central DSB over a time window of 17 months [Braeuer et al., 2012].

The longitudinal faults are highlighted also by deep activity. About 18% of the relocated events are below
20 km, indicating a cold crust in the region of the DSB [Shalev et al., 2013]. Although deeper activity is located
along the western side of the basin, it is highly possible that this asymmetry is a product of biased event
detection, as most of the deep activity is in the magnitude range of ~1.5, the lower threshold of detection
shown by the geostatistical analysis. It is also possible that the concentration of deep events along the
western part of the basin indicates that the western plate is colder [Reches, 19871.

The cluster analysis in the northern part of the DSB presents two cluster groups, 10 km apart (Figure 7). The
southern group is composed of six clusters that highlight the east and west longitudinal boundary faults
(C9 and C10), dipping toward the center of the basin (Figure 7b). The rest of the clusters (C5-C8, Figure 7) are
located in the center of the basin ~17 km deep. Previous geophysical works [Neev and Hall, 1979; ten Brink
and Ben-Avraham, 1989; ten Brink and Flores, 2012] show no indication of a transverse fault. It is highly
possible that the localization of the four clusters in the center of the basin indicate the geometrical
interaction between the JF and the EBF as was recognized by a “Y”-shaped seismicity by Hofstetter et al. [2007]
in several locations along the basin.

We conclude that the longitudinal faults are represented by the micro-earthquake activity throughout the
basin and highlighted in several locations by the earthquake clusters. We also note that the spatial
distribution of the earthquakes reflects the geometry of the longitudinal faults.

6.2. Strain Accumulation and Seismic Activity in the Northern Part of the Basin

Seismic reflections and palaeoseismic analysis demonstrate that north of the lake, the JF (Figure 2) is the main
active strike-slip segment of the transform [Reches and Hoexter, 1981; Rotstein et al., 1991; Shapira et al., 1993;
Lazar et al., 2006]. Yet our observations show a sharp decrease of the seismicity in the Jericho valley (Figure 2),
suggesting that the JF north of the lake (i.e, in the Jericho valley) is seismically locked. On the other hand,
the northern DSB, south of the Jericho valley has been the most active zone in the area during the past

25 years (Figure 7). The activity consists of several micro-earthquake clusters and a main shock (the M5 event).

We show that the directivity of the M5 event and its aftershock cluster are not consistent with the main faults
in this area (JF, EBF, and the suggested Kalia fault, Figure 2). The combination of the focal mechanism and
the directivity of the M5 event suggest an oblique left-lateral component of an eastward dipping fault (strike
343, dip 54, and rake 338), with a rather small component of reverse motion (Figure 7a).

However, experimental and theoretical predictions of faulting near the edge of a main fault in a segmented
strike-slip system demonstrates that faults propagate into the regions of lower mean stress [Segall and
Pollard, 1980; Reches, 1987; Katzman et al., 1995; ten Brink et al., 1996]. In the case of brittle pull-apart basins,
the tips of the faults are predicted to propagate toward one another [Reches, 1987; Segall and Pollard, 1980].
Therefore, we interpret the M5 earthquake as out-of-plane faulting in the edge zone of the EBF (Figure 7).
We find that this conceptual model matches the structure of the main and the predicted faults (top right inset
of Figure 10a). Note that on 12 September 2013, a ~3.5 M event with a similar focal plane solution occurred at
a depth of 16 km, 7 km north (azimuth ~10°) of the 2004 M5 event. Moreover, our cluster analysis suggests
propagation of the activity northward, as well as an overall deepening (Figures 6b2 and 7d). Such activity
might express propagation of deformation and strain accumulation prior to the M5 event. Similar progressive
sequences of earthquakes prior to a relatively large earthquake were documented in strike-slip faults [Stein
et al., 1997], subduction zones [Lin and Stein, 2004], and simulated by laboratory experiments [Rubinstein
etal, 2011].

The aftershock sequence that followed the M5 event trends in an E-W linear band. We suggest that this
orientation is an effect of static stress changes, promoting the earthquake failure [e.g., Stein, 1999]. Figure 10
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Figure 10. Coulomb stress zone at (a) depth of 20 km, and (b) along the cross section A-B. The main shock is marked by the
black arrow (M5), aftershocks (orange circles), mapped faults at the surface, and the color bar represents the rupture area
stress changes, measured in bars. A predicted structure of a pull apart in brittle material is shown in Figure 10a at the upper right
corner [after Reches, 1987]. Light blue area marks a subsidence area, and the ticked lines mark the predicted faults.

illustrates the correspondence of the C2 aftershocks (red circles) with the increased Coulomb stress changes
(red regions) in a map view (Figure 10a) and in a NE-SW cross section (Figure 10b). The main shock source
parameters that are used as input for the Coulomb 3.3 software to calculate Coulomb stress change [Lin and
Stein, 2004; Toda et al., 2005] are as calculated by Hofstetter et al. [2008] for the M5 event. The input friction is
0.6, and the rupture length is calculated using empirical relations following Wells and Coppersmith [1994].

We suggest that ongoing strain accumulation northward precedes the M5 event on a secondary fault. Our
analysis shows that the aftershock sequence that accompanied the M5 event aligns with the increased
calculated Coulomb stress change and might reflect triggering of another secondary fault. Furthermore, the
increased seismicity, the multiple source mechanisms, and the geometrical shape of the clusters indicate
seismic activity on several segments, some of them unmapped, suggesting that this part of the basin is
relatively young. We assume that a continuation of this stress accumulation will eventually lead to rupture
along the locked section of the JF north to the present lakeshores.

6.3. Activity Along Transverse Faults

Our analysis, as discussed above, suggests that the majority of the activity along the DSB is associated with
the N-S bounding faults. However, several clusters in the southern part of the DSB (e.g., C15-C18) are
characterized by a spatial distribution that cannot be explained by the N-S longitudinal faults. These clusters
are localized at depth, trending WNW-ESE, and extend from the EBF toward the center of the basin

(Figure 9a), although the longitudinal eastern faults, the EBF and the Ghor-Safi fault, appear vertical in seismic
reflection surveys [Arbenz, 1984; Al-Zoubi et al., 2002] and are supported by microseismic activity [Braeuer
et al,, 2012]. Therefore, we examine the possibility of associating the southern activity to a transverse faulting.
The closest indication of a transverse fault to the cluster bands is the Bogeq fault (Figure 2), interpreted as a
south dipping normal fault [Ben-Avraham and Schubert, 2006]. While at the surface the fault is ~5 km north of
the cluster epicenters, it is possible that at a depth of ~10 km the Boqeq fault intersects the hypocenters.
However, since the clusters lie a few kilometers below detection of the available seismic reflection data,
and with no direct indication of the style of the faulting (i.e., focal mechanism analysis), the association of
these clusters with the Bogeq fault remains speculative. It is also possible that this activity is associated with
an unmapped, relatively small, E-W trending fault, similar to the faults that are identified in the southern DSB
between the Amazyahu and the Bogeq faults (see dashed red lines in Figure 2b and Figure 9b following
Ginzburg et al. [2007]). If such a fault exists, we could expect a localized earthquake distribution on a map
across the basin (clusters C15-C18).
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6.4. The Active and the Quiescent
Fault Segments in the Basin

Our analysis suggests that many of
the clusters along the DSB can be
associated with the N-S bounding faults.
On the other hand, the southern
transverse Amazyahu fault segment
(Figure 9), which is clearly visible at
the surface, and in geophysical
interpretation [Ginzburg et al., 2007],
did not generate cluster seismicity
within the time window of the
research. It is possible that the
Amazyahu fault is locked in the time
period of this research.

640 |7

620

We find that other fault segments are
seismically silent within the time
window of the research, including the JF
north of the lake. We assume that the
seismic quiescence reflects that the
fault was locked in the northern part of
the basin because it is clear that it was
previously activated by large historical
earthquakes [Reches and Hoexter, 1981;
Lazar et al., 2010].
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7. Conclusions

Earthquake relocation and two different
methods for defining earthquake
clusters have been used to detect and
characterize the seismic activity in the
DSB. While the original earthquake
catalog may look chaotic at first sight,
relocation analysis shows that
earthquake collapses to certain more
discrete zones along the basin, while
others become more spaced (Figure 4),
reflecting activity of specific fault
segments in the basin. About one third
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Figure 11. Cluster-associated fault map. The
fault sections associated with microseismicity
are marked by the red lines, while the quies-
cent fault segments are marked in green.
Relocated earthquakes are plotted by
black plus, earthquakes that are linked to
ST clusters are marked by yellow plus, and
CC clusters are shown in blue plus. The faults
s presented were previously interpreted,
220 230 240 250 260 mostly by seismic reflection surveys [Neev
and Hall, 1979; Ben-Avraham and ten Brink,
W-E [km] 1989; Ben-Avraham et al., 1993]. Coordinate
system is in WGS84, and background DTM
after Hall [1993].
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of the data is linked to 18 earthquake clusters using spatiotemporal criteria (ST clusters, Figure 6b), and about
one quarter is linked to clusters based on waveform resemblance (CC clusters, Figure 6a). The total clustered
activity includes a total of 279 events that represent the majority of the released seismic energy in the
basin (Table 2).

About 75% of the microseismic activity that is linked to the ST clusters is associated with N-S trending faults.
The EBF and JF and its continuation southward are highlighted by cluster activity in the north (Figure 7)
and by the deep activity east and west of the Lisan Peninsula (Figure 8). The geostatistical analysis supports
the cluster interpretation, showing that earthquakes in the DSB are mostly associated with the main
longitudinal faults (Figure 5) and is therefore consistent with the pull-apart model, which suggests increasing
activity along longitudinal faults.

We find evidence of a predominant transverse fault in the southern part of the DSB, suggesting an association
with the Bogeq fault or alternatively, with another secondary ~E-W trending fault that was mapped north of
the Amazyahu fault (dashed red line, Figure 11).

The occurrence of the clusters and their distribution in the northern DSB indicates progression of the activity
northward, probably along the JF (Figure 7). The northward propagation may relate to the accumulated
left-lateral motion of the DST (Figure 1) and the global northward motion of the Arabian Plate. The M5
earthquake is explained here as a secondary fault at the tip of the EBF, and the aftershock sequence that
followed the M5 event corresponds to the local increase of Coulomb stress. We also note that the varied CC
clusters identified within the M5 aftershock sequence support the multiple types of focal mechanisms that
were previously calculated [Hofstetter et al., 2008]. Therefore, we interpret this cluster as relatively recent,
suggesting that the northern basin is relatively young.

The compilation of our seismological analyses in the entire basin (Figure 11) shows the “activeness” of major
mapped faults within the time period of the past 25 years. We show that while the seismic activity is
associated with several faults along the basin, some faults remain quiescent throughout the entire time
window of this study (e.g., Amazyahu fault). Overall, our analysis is in agreement with the general fault
geometry of the DSB, suggesting two main boundary faults and transverse faults between them [Zak et al.,
1981; ten Brink and Ben-Avraham, 1989]. We note that in order to achieve better constraint of the faults-
to-cluster association, a 3-D velocity model should be applied with the location/relocation, e.g., NonLinLoc
(http://alomax.free.fr/nlloc/). Such a method can overcome the variations of the velocity model, within and
outside the basin, and clarify the uncertainty regarding the E-W trend of several clusters.
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