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The Dead Sea pull-apart basin (DSB), which is located within the Dead Sea Transform fault system, displays
tectonic asymmetry between its eastern and western longitudinal zones. We investigate the seismological and
mechanical signature of this asymmetry by the analyzing the hypocenter distribution and focal-mechanisms of
114 Mw = 1.5-5.2 earthquakes recorded from 1985 till 2012. The analysis indicates that the seismicity along the
western longitudinal zone is deeper than the eastern one. Focal mechanism analysis indicates that about 50% of
solutions are strike-slip, compatible with the plate motions along the Dead Sea transform. Comparison between
the two longitudinal zones of the basin shows that the focal mechanisms in the eastern DSB are dominated by
strike-slip faulting shallower than 12 km depth, whereas those in the western DSB are dominated by oblique
faulting below 12 km depth. The b value of the Gutenberg-Richter magnitude distributions also show difference
between the two zones with ~0.9 in the west and ~0.7 in the east zone.

We develop stress-inversion analysis to identify the fault planes of the focal mechanisms by using friction-
dependent selection process. The horizontal maximum compression (6pmax) trends NNW-SSE, with increasing
value of the vertical stress component along the western part of the basin, corresponds to the oblique faulting in
this zone. The optimal friction coefficient determined by the stress-inversion for the fault planes is  ~ 0.5. Our
analysis emphasizes the significant contribution of frictional dependent stress-inversion as an effective tool in
seismotectonic analysis.

1. Introduction 1997; Mechie et al., 2009). Focal-mechanism solutions are commonly
used to determine faulting geometry and stress field patterns (e.g. Pal-
ano et al., 2013). Due to the scarcity of large earthquakes, seismotec-

tonic analyses of regions of low-to-moderate seismicity rate frequently

Pull-apart basins along transform plate boundaries are considered as
depressional regions between two sub-parallel segments of strike-slip

faults (Aydin and Nur, 1982; Freund, 1974; Reches, 1987; Sylvester,
1988). While these basins may be idealized as a rhomb-shaped basin
formed by two longitudinal faults and terminated by two transverse
faults, geophysical surveys reveal complex, internal 3D structures (e.g.
Brothers et al., 2009; Imren et al., 2001; Lubberts and Ben-Avraham,
2002; ten-Brink et al., 1989). These structures indicate that the large-
scale plate motions are accommodated by distributed slip along multi-
ple intra-basin secondary faults (e.g. Ben-Avraham and ten-Brink,
1989).

The hypocenters inside the basin can highlight the subsurface fault
patterns at depth (Braeuer et al., 2012; Wetzler et al., 2014), beyond the
resolution of deep refraction surveys (Ginzburg and Ben-Avraham,
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rely on micro-earthquakes (Brodsky, 2019). However, due to the sym-
metry of the radiation pattern of double couple sources, additional in-
dependent information of the fault geometry is required to identify the
fault planes of the focal mechanisms. Stress-inversion methods had been
used to distinguish between the fault and the auxiliary planes (Rivera
and Cisternas, 1990). Incorporation of friction coefficient in the stress-
inversion can delineate the regional stress field together with selecting
the fault planes using realistic mechanical conditions (Vavrycuk, 2014).

The friction coefficient might vary with the applied normal stress (e.
g., Lockner, 1998), and can reflect spatial rheological heterogeneity in
the crust (Provost and Houston, 2003). The conditions of shear along
surface are generalized by the Coulomb-Mohr criterion |7| = yoy,, where
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7 and o, are the magnitudes of the shear (in the slip direction) and
normal stresses, and y is the coefficient of friction.

We explore the fault kinematics and the regional stress field of the
Dead Sea basin (DSB). The DSB is a pull-apart system located at an active
plate boundary, the Dead Sea transform fault system, as manifested by
the intra-basinal small earthquakes (Fig. 1a). The Dead Sea transform
fault system has been active since the Miocene, and accumulated ~100
km of sinistral displacement with an average geologic slip rate of 5 mm/
yr (Garkunkel, 1981), consistent with the ~4-5 mm/y GPS
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measurements (Palano et al., 2013). The crust of the DSB includes a ~
10 km thick sedimentary sequence that manifests the subsidence of the
basin (ten-Brink and Flores, 2012). The internal structure of the DSB was
recognized as an asymmetric basin formation with localized deforma-
tion of the on the east side and more diffuse deformation in the west
(Ben-Avraham, 1992; Ben-Avraham and Zoback, 1992; Zak and Freund,
1981). Further geological (Garfunkel and Ben-Avraham, 1996),
geophysical (Al-Zoubi et al., 2002), and seismological studies (Braeuer
etal., 2014; Braeuer and Bauer, 2015; Shamir, 2007) support the general
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Fig. 1. (a) General tectonic map of Dead Sea transform system (black solid lines), including study area (red rectangle). (b) Seismicity at the Dead Sea basin for the
1985-2021 period. Events are colour-coded for two focal depth (above and below 12 km depth), and magnitude size shown in legend. Event locations by the Israel
National Seismic Network (https://earthquake.co.il). Also plotted: main fault (black lines) (after Sharon et al., 2020), Lisan Peninsula salt diapir (LP); Eastern
Boundary fault (EBF); Western Boundary fault (WBF); and Jericho fault (JF). The dashed-orange rectangles divide the Dead Sea basin into the Eastern DSB (EDSB)
zone and the Western DSB (WDSB) zone. (c) Depth distribution of the seismic events shown for the WDSB and EDSB zones, and basin wide (DSB); grey horizontal line
at 12 km depth divides to upper and lower groups. We note a clear spatial difference in the focal depth. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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asymmetric faulting structure of the DSB. However, it is still unclear
how does the plate motions are expressed by the deformation and
earthquake activity inside the basin, and how seismicity reflects the
plates motion and stress.

The largest instrumentally-recorded event in the DSB is the M
6.21927 North Dead Sea earthquake (Shapira et al., 1993; Zohar and
Marco, 2012), with about 500 casualties. Paleoseismic records (Agnon,
2014) and historical records (Zohar et al., 2017) suggest that earth-
quakes along the Dead Sea fault system can reach Mw 7.5. The largest
earthquake in the DSB during the analyzed period was the Mw 5.2 11
February 2004, strike-slip event, located at the northern part of the basin
(event #2337, Fig. 2a). This earthquake has a N-S preferred nodal fault
plane (Hofstetter et al., 2008), associated with the continuation of the
Jericho Fault (Wetzler et al., 2014, see Fig. 1b for the location of the
Jericho Fault). Wetzler et al. (2014) recognized earthquakes clusters
within the DSB, and attributed the larger magnitude earthquakes with
the longitudinal faults. The seismicity at the central part of the basin
reveals a “v” shaped basin with a steeply dipping fault zone at the
eastern border of the basin and a belt of normal faults and eastward
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tilting blocks along the western boundary (Sagy et al., 2003) with a
moderately eastward dipping seismicity (Braeuer et al., 2014; Braeuer
and Bauer, 2015). Focal mechanism solutions indicate a dominant
strike-slip faulting, mostly associated with the longitudinal faults and
minor right-lateral movement along east-west-fault strikes at the
southern part of the basin (Hofstetter et al., 2007, 2016). Hofstetter et al.
(2007) and Palano et al. (2013) calculated stress field based on 27 focal
mechanisms (1987-1995). A stress-inversion analysis of DSB earth-
quakes by Hofstetter et al. (2016) included smaller magnitude earth-
quakes, down to My — 0.5, within a relatively small part of the basin for a
period of 18 months. Nine sub-regions were defined, and stress states
were calculated based on the focal mechanisms population in each sub-
region. Four clusters along the eastern longitudinal fault fit the paleo-
stress field determined by Eyal and Reches (1983) in the Israel-Sinai
subplate based on meso-structures outcrops with Gpmax and Ohmin
trending of NNW and WSW, respectively.

We analyze the tectonic significant of small earthquakes during a 35
year period in a region of low-to-intermediate seismicity rate. We first
analyze the spatial and temporal distribution of the events, and then
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Fig. 2. (a) Focal mechanism solutions of earthquakes from the Dead Sea basin for the 1985-2021 period with earthquake magnitudes of My = 1.5-5.2. Shown 114
solutions of strike-slip (red), normal (green), reverse (light blue), and oblique (grey) faulting; also plotted are the main fault (black lines) and the 2021 lake coastline
(blue lines). (b) Ternary plot of faulting styles based on the plunge angles of the P, T and B axes of the focal mechanism solutions (after Frohlich, 2001); frequency
percentage of end members are displayed at each node. Most of the focal mechanism solutions show strike-slip and oblique faulting. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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calculate 114 focal mechanisms to characterize the faulting style.
Finally, we apply stress-inversion analysis to calculate the intra-basin
stress field, while exploring the stress field over a wide range of fric-
tional levels and testing the compliance of our datasets to a few possible
internal stress fields. The stress inversion discriminates between the
fault plane and auxiliary focal mechanisms nodal plane and estimate the
optimal friction coefficient within the DSB.

2. Dataset and analytical methods
2.1. Dead Sea seismicity

Earthquakes in the DSB region are recorded by the regional network
(Fig. S1) and are systematically manually analyzed since the 1980’s
(https://earthquake.co.il). The seismic distribution in the DSB generally
shows a depth dependent spatial distribution (Fig. 1b). The spatial trend
of the depth distribution indicates that the seismicity along the western
boundary of the basin (WDSB, Fig. 1b) is deeper than along the eastern
part of the basin (EDSB, Fig. 1b). We consider this depth difference as a
primary indication for asymmetry comparing the two sides of the DSB
(Figs. 1c, S2).

Additional evidence for the asymmetric seismicity comes from the
earthquake magnitudes distribution. Strike-slip regions show
Gutenberg-Richter b values of 0.9-1.0, (Schorlemmer et al., 2005).
Magnitude of completeness (Mc) and b value for seismicity inside the
DSB between 01-Jan-1985 and 18-Apr-2021 is computed iteratively
from the goodness of fit between observed and theoretical Guten-
berg-Richter distributions using a Kolmogorov-Smirnov test with b
value from maximum likelihood estimation. We select Mc for the min-
imum difference between the distributions is negligible. More specif-
ically, we use the minimum as the definition of goodness of fit from the
Kolmogorov-Smirnov metric distance between the two cumulative dis-
tribution functions. The determined Gutenberg-Richter distributions
with estimated Mc indicate the b ~ 0.9 for WDSB (Fig. 3a) relatively low
b ~ 0.7 for EDSB (Fig. 3b).

2.2. Dead Sea focal-mechanism

We compute here focal mechanisms between 1985 and 2021. For
earthquakes between 1985 and 2010 we use the relocated catalog of
Wetzler et al. (2014), which includes ~1100 earthquakes of Mw
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=1.5-5.2 (Fig. 2a). For this dataset, focal mechanisms are calculated
using the USGS HASH program (Hardebeck and Shearer, 2002), which
provides the most likely mechanism from the P-wave first-motion po-
larities using the regional seismic velocity model of Gitterman et al.
(2002). P-wave first motions were manually picked, and focal mecha-
nisms were only calculated for earthquakes located within the DSB, with
at least 10 unambiguous polarities to ensure reliable solutions resulting
66 earthquakes.

For the 2010-2021 period, we use the original locations of the Israel
Seismic Network catalog, relaying on improved locations since 2010 due
to the addition of ~100 seismic stations (Nof and Kurzon, 2020) with an
average location errors of 0.223 km at south-north, and 0.105 km at the
east-west directions. For this time period we compute focal mechanisms
using the full-waveform time-domain moment tensor (TDMT) technique
(Dreger and Helmberger, 1993), which implemented at the Geological
Survey of Israel (Wetzler et al., 2019). Data are extracted in 240 s
windows starting 80 s before the event origin time, corrected for in-
strument response and the horizontal components are rotated to great
circle path. Green’s functions are computed using the frequency-
wavenumber integration code (FKPROG) of Saikia (1994) based on
the regional velocity model of Gitterman et al. (2002) with a 10 Hz
sampling rate. For stations located within the DSB, we include a lowered
velocity layer following Braeuer and Bauer (2015) representing the top
sediments layer of the basin (Fig. S3). Green’s functions are band-pass
filtered in the frequency band of 0.06-0.1 Hz for earthquake with
magnitude 3.0 < My < 4.0 (Fig. S4), and 0.5-1.0 Hz for My < 2.9
(Fig. S5) to capture the high frequency seismic energy content of smaller
magnitude earthquakes at closer range. The best result is achieved
through a grid-search on the depth and choosing the moment tensor
solution and centroid depth for which the variance reduction (VR) is at
maximum. Solutions are obtained with maximum number of seismic
stations that results variance reduction above 50% and a minimum
number of 3 stations. Depth is obtained from the maximum VR.

A total of 114 focal mechanisms are calculated for the basin (Fig. 2a)
describing the entire ~35 time windows of our study (Fig. 4). About
46% of the focal-mechanisms indicate pure strike-slip faulting, and
about same number of seismicity is recognized as oblique faulting
(Fig. 2b).

Spatial examination of the focal mechanism distribution shows that
the strike-slip faulting alternates between shallow (<12 km) at the EDSB
(Fig. 5b) to relatively deep (>12 km) faulting along the WDSB (Fig. 5c).
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Fig. 3. Frequency-magnitude (Gutenberg-Richter) plots of the 1985-2021 seismicity divided to Western DSB (a), and Eastern DSB (b) (after Fig. 1b). Plotted:
earthquake magnitudes frequency (black squares), cumulative magnitude frequency (red circles), and magnitude of data completeness (red triangle). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Temporal occurrence of earthquakes in the two zones (legend) of the Dead Sea basin.

We also note a distinct pattern of normal faulting located at the central
north section of the basin (Fig. 5¢). Thus, our analysis clearly indicates
asymmetry of the faulting style of small-earthquake along the basin.

2.3. Stress-inversion

To identify the fault plane from the two nodal planes, determine the
faults frictional strength, and calculate the local stress field, we used
stress-inversion approach developed to calculate the stress state asso-
ciated with a set of focal mechanisms (Reches et al., 1992; Busetti and
Reches, 2014). This approach was customized into MATLAB environ-
ment (https://github.com/nadavwetzler/Stress-Inversion) to calculate
the orientations and relative magnitudes of the three principal stress
axes (3D stress tensor) for a group of focal mechanisms under three
assumptions: 1) All the earthquakes in the group occurred under the
same stress state; 2) Slip along a fault occurs in the direction of
maximum resolved shear stress, and 3) the shear and normal stress on
the faults satisfy the Coulomb failure criterion. Each pair of the nodal
planes is tested with respect to the Principal Axes Misfit angle (PAM),
which is the angle between the ideal stress axes of each nodal plane and
general stress axes of the entire group according to the optimal me-
chanical condition for faulting. The quality of the calculated stress
tensor is represented by the confidence levels, calculated by boot-
strapping method, for 500 random samples of the original focal mech-
anisms group. Stress is inverted for each friction coefficient, y, that
ranges between 0.1 and 0.8, weighted by the earthquake magnitude, and
fault planes are selected according to smallest PAM between the two
focal mechanisms nodal planes. To ensure coherent selection, two more
criteria are set: 1) PAM is smaller than 30°, and 2) the aperture between
the PAM of the two nodal planes is larger than 10%.

The inversion procedure begins with all possible planes of the focal
mechanism dataset and with initial friction coefficient level of 0.1. After
a general stress field is calculated, the PAM angles are calculated for
each nodal plane and fault planes are selected according to the condi-
tions described above, for a series of frictional coefficients. The optimal
stress field is selected by the friction level that resulted maximum
number of selected nodal planes under the conditions of a maximum
angular misfit angle of +25° following the uncertainty level of focal-
mechanism data of the World Stress Map (Heidbach et al., 2010). The
program calculates for each step the relative magnitudes of the principal
stresses defined as ¢ = (62 -03) / (01 - 63) (Angelier, 1984), and the stress

ratio o3 ; 02.
3. Stress field at the Dead Sea basin
3.1. Basin-wide stress state

We first analyze the stress state for the basin wide earthquake pop-
ulation. The initial solution of the inversion is calculated with 4 = 0.1
and yielded stress tensor of maximum (c;) and minimum (c63) principal
stress axes at 319°/4° + 10°, and 50°/5° + 4°, respectively (Fig. S7a).
The 114 focal mechanisms are tested with respect to the PAM angle,
according to the conditions described above, resulting a total of 45
selected fault plane at 4 = 0.1 with sub horizontal principal axes: ¢; at
317°/4° + 8°, and o3 at 227°/2° + 5° (Fig. 6a). We then increase the
value of u by 0.1 up to u4 = 0.8 and calculate the stress state for the
selected fault planes for each individual friction coefficient. The number
of selected fault planes increased to maximum of 69 planes at friction
coefficient y = 0.6 (Fig. 6a). However, at this friction level of ; = 0.6, the
uncertainty of the maximum principal axis (o;) is large, +£49°. There-
fore, we selected the solution obtained at 4 = 0.3 as the optimal friction
coefficient for this group, including 58 planes (Fig. 6b). This basin-wide
stress analysis demonstrates that the seismicity during the recent de-
cades well represent the left-lateral faulting along the Dead Sea fault
system and support the assumption that the chosen events occur under
relatively homogeneous stress field. Below, we will refine this basin-
wide stress-state.

3.2. Depth and spatial classification

To explore stress dependence on hypocenter depth, we divided the
focal mechanism dataset into two groups based on depth distribution
(Fig. 1b), with shallow group, depth < 12 km, of 29 earthquakes, and
deep group, 12-30 km of 85 earthquakes (Fig. 7). The stress-inversion
procedure was repeated for each group. The initial stress results, using
all nodal planes in each group, are presented in Fig. S7b for the shallow
and in Fig. S7c for the deep group.

Both focal mechanism groups present stable stress solutions
throughout almost entire frictional range reconstructing the stress di-
rection obtained at the previous stage (Fig. 6). For the shallow group, the
maximum principal stress (c7) trend horizontally at ~326°, and the
minimum principal stress (c3) trends horizontally at ~236° (Fig. 7a).
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DSB at <12 km depth (b), and at >12 km depth (d).

Maximum number of selected fault planes (17 out of 29 earthquakes) is
obtained at p = 0.3 and remained constant up to p = 0.8 with a relatively
low bootstrap uncertainty (<25°) up to p = 0.7. We select p = 0.5 as the
optimal friction coefficient. The deep group constrained horizontal
maximum and minimum principal axes with o; trending at ~314°and o3
at 45° with the entire range of tested friction coefficients. Maximum
number of selected fault planes (50) is obtained at p = 0.5 with bootstrap
uncertainty of £24° (Fig. 7b). We also note that the depth classification
increased the total number of selected fault planes to 67, compared with
the basin wide analysis (58 planes).

We continue with spatial classification of the focal mechanism
dataset comparing the western and eastern fault zones of the basin
(Fig. 1b). The Eastern DSB includes a total of 63 focal mechanisms, and
the Western DSB 51 focal mechanisms. The Eastern DSB resulted a
remarkably stable stress field, expressed by <20° bootstrap uncertainty
of all stress axes, throughout the entire range of tested friction co-
efficients (Fig. 8a). Maximum number of selected fault planes (34) is
obtained at p = 0.5 and remains constant up to p = 0.8. The maximum
principal stress (1) is constrained at ~143°, and minimum stress (63)
trends ~54° (Fig. 8a).
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Fig. 6. (a) Stress-states in the Dead Sea basin calculated by stress-inversion of 114 focal mechanisms; lower hemisphere projection of principal stress axes with
bootstrapping uncertainties, 500 re-samples for p = 0.1-0.8 (see text for details). The number of selected events for each friction coefficient solution is shown below
each stereonet projection (e.g., 58/114 for p = 0.3). The orientations of the principal stress axes are noted in each solution with its standard deviation uncertainty. (b)
The selected fault planes with friction coefficient 4 = 0.3, considered as the optimal friction coefficient with the maximum number of selected fault plains below
bootstrap error angle of +-25° (see text). Selected planes are emphasized with solid black curve on each stereonet; also plotted are the main faults (black lines) and the
2021 lake coastline (blue lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The maximum number of selected fault planes (26) is obtained where
p = 0.3 for the Western DSB and remained constant through the entire
range of friction levels. The maximum principal stress (1) is constrained
between 312°-313°, and minimum stress (c3) trends 44° (Fig. 8b). We
use p = 0.5 as the optimal coefficient for the two groups (Fig. 8b).

The number of selected fault planes has slightly increased (~10%)
for the depth and spatial classification compared with the basin-wide
group with similar calculated stress field for the selected datasets. We
continue with geometrical examination of the resulted fault planes for
the classified datasets.

3.3. Selection of fault planes

In general, the classified focal mechanisms groups (Fig. 7, Fig. 8) and
the basin-wide stress fields (Fig. 6) can be directly associated with the far
field paleo-stress field (Eyal and Reches, 1983). The calculated stress
field is based on the planes selected by the criterions discussed in Section
2.3. The discrimination of the nodal planes depends on the PAM angles
of the two nodal planes, which are systematically tested for a range of
friction coefficients. During this process, about 50% of the focal mech-
anisms are selected with fault planes. From a mechanical point of view,
we expect the larger magnitude earthquakes to reflect the regional stress
field. Following this approximation, we find that the spatial classifica-
tion better represents the larger magnitude range (M > 4) in the DSB
(Fig. S6).

All the tested focal mechanisms groups yield similar orientations of
the principal stresses. However, differences in the solutions are observed
by the direction of the selected fault planes. The basin-wide group in-
dicates that the fault planes trend at two distinct faulting direction: N-S
and ENE - WSW, dipping from 45°-90° (Fig. 9a). These two fault ori-
entations appear in different focal depths (Fig. 9b, c¢) and geographical
zonation (Fig. 9d, e). The shallow, <12 km group and the Eastern DSB

(Fig. 9d) are primarily (~65%) composed of N-S striking faults, mostly
dipping between 60° and 80°. The deep >12 km group (Fig. 9c) and the
Western DSB (Fig. 9¢) include dominant ENE - WSW (~65%) and minor
N-S faulting. Additional information is obtained from the rake angles of
the selected fault planes (Fig. 8d). A comparison of the rake angles be-
tween the Western DSB and Eastern DSB shows that rakes at the Eastern
DSB are confined to ~0° and + ~180° associated with strike-slip
faulting. Along the Western DSB, the rakes are distributed between
—180° and 50°, indicating oblique normal and strike-slip faulting. This
analysis is consistent with our previous observed asymmetry of the on-
going deformation along the basin (Figs. 1, 2, 5, 7, 8). The tectonic
interpretation of these observations is discussed in Section 4.3.

4. Discussion
4.1. Application of stress inversion to seismological data

To incorporate the effect of fault frictional strength, we applied and
enhanced the approach of Reches et al. (1992) for calculating regional
stress and for selecting the fault planes. We develop a methodology for
inverting for the principal stress axis based double couple focal mech-
anisms dataset at a range of friction coefficients. The process starts by
initial calculation of the stress field at low friction coefficient; p = 0.1
(Fig. S7). In this case, the shear stresses along the two nodal planes are
almost identical, and the inferred principal stress axes (61 and 03) are
closely oriented to the P and T axes (respectively) associated with the
direction of the maximum, minimum seismic energy of the P wave ra-
diation pattern. This strategy is implemented by previous stress-
inversion codes such as SATSI algorithm (Hardebeck and Michael,
2006), which is widely utilized in many studies to calculate the stress
field (e.g. Johnson et al., 2020; Martinez-Garzoén et al., 2013; Yang and
Hauksson, 2013).
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Fig. 7. The calculated stress-states in the DSB (Fig. 6) divided into two depth groups (Fig. 1b); (a) focal mechanisms of earthquake with depth < 12 km; (b) focal
mechanisms of earthquakes of 12-30 km depth. (c) Plot of the focal mechanisms included in the stress calculation with ¢ = 0.5 with selected planes marked by the

solid thick black lines in each beachball diagram. Legend as in Fig. 6.

After the initial stress orientation is obtained, the two nodal planes
are tested for a range of friction coefficients. At least for the case of the
DSB, we find the inverted stress fields after selecting one fault planes
(Figs. 6, 7, 8) are not distinctively different than the initial stress state
obtained at low friction coefficient (Fig. S7). Alternatively, the process
can start with higher friction levels, but doing that we find that the so-
lution converges to a meaningless stress state represented by very few
nodal planes. This is demonstrated in Fig. S8 for the basin-wide group
with initial friction of y = 0.5.

The threshold of the PAM angle is selected empirically as 30° and
was estimated from our multiple tests at a range of PAM thresholds
(Table 1). In general, the number of selected nodal planes is dependent
by the maximum PAM threshold. The tested end members 15° and 45°
resulted in 26 and 88 selected nodal planes (respectively). Not surpris-
ingly, the optimal friction coefficient was also found to be sensitive to
the threshold of the PAM, indicating lower values of optimal friction
coefficients with decreasing PAM threshold. The choice of 30° repre-
sents a conservative selection, based on the small contribution of higher
value of PAM above 30° to the number of selected nodal planes.

4.2. The unselected events

While our stress inversion method and procedure calculate the stress
tensor and assisted in the fault plane selection, it also filters out a rela-
tively large number of focal mechanisms. For the condition we applied
in our analysis, about 50% of the focal mechanisms are not associated
with the regional stress field. We now focus on two examples of earth-
quakes clusters that deviates from the regional stress field.

Focal mechanisms of the 15-Aug-2002 to 20-Nov-2002 earthquake
cluster in the northern part of the basin, including six events (events:
2266, 2269, 2270, 2276, 2271, 2281 and 2578, Table S1), show a
repeating right-lateral strike-slip motion on a ~ N-S trending fault plane
- opposite to the left-lateral motion along the Dead Sea transform or left-
lateral motion on a E-W trending fault. This cluster was recognized by
Wetzler et al. (2014) ~2 km south to the 2004 M5 cluster. Retrograde
slip was also recognized after major earthquakes such as the 1989 Loma-
Prieta earthquake (Aydin et al., 1992) and the 2019 Ridgecrest earth-
quake sequence (Xu et al., 2020). It was attributed to localized stress
immediately after the main rupture. Therefore, it is difficult to explain
the mechanical conditions for such behavior prior to the mainshock.
Alternatively, dextral strike-slip on E-W trending faults is discussed by
Christie-Blick and Biddle (1985) in the formation of ‘Antithetic Shear’ or
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Fig. 8. The calculated stress-states in the DSB (Figs. 6, 7) divide into the Eastern zone (a) and Western zone (b); legend as in Fig. 6. (c) Focal mechanisms included in
the stress field calculation using ;¢ = 0.5 and selected planes marked by the solid thick black lines on each beachball diagram. (d) Histograms of the rake angles of the
fault planes selected by the stress-inversion method for friction coefficient 4 = 0.5 for the two zones.

a ‘Conjugated Riedel Shear’ scenarios. Other excluded planes include
oblique (events: 2578, 2542, and 1166), reverse faulting (event 1625)
and strike-slip (event 2615).

Another example is the aftershock sequence of the 2004 M5 earth-
quake (event 2237, Table S1) represented here by 12 focal mechanisms.
Five aftershocks (events: 2345, 2380, 2382, 2409, 2436, Table S1) were
excluded by the inversion method. Wetzler et al. (2014) suggested that
the aftershocks of the 2004 M5 sequence were affected by local stress
associated with the mainshock. Therefore, the stress inversion proced-
ure not only important as a method for calculating stress and choosing
the probable plane, but also for identifying local perturbations in the
stress field.

4.3. Basin asymmetry and faulting style

Our examination of the seismicity at the Eastern and Western DSB,
Fig. 1 shows clear spatial differences in the focal depth (Fig. 1), b value
(Fig. 3), and faulting style (Fig. 5). The b value (Fig. 3) on the Western
DSB is 0.7 whereas on the Eastern DSB it is 0.9. Typically, b values of 0.7
are associated with well-localized fault zone, as was shown for sub-
duction zones (Schorlemmer et al., 2005). Low b value are also associ-
ated with relatively high deviatoric stresses (Scholz, 2015). Our stress

inversion results are consistent with the relationship of high deviatoric
stress and relatively low b value. The calculated differential stress (o7 -
o3) of the shallow and Eastern DSB groups are systematically lower than
the deep and Western DSB datasets (Fig. 10a, and b).

Comparison of faulting styles (Fig. 5) shows a clear partitioning of
the strike-slip focal mechanisms between the shallow activity along the
Eastern DSB (Fig. 5b) to deep along the Western DSB (Fig. 5¢). In
addition, we note a localized left-lateral strike-slip activity along the
Eastern DSB, and mixed and oblique strike-slip and normal faulting
along the Western DSB. This tendency of the deeper earthquakes to show
oblique and normal slip components is compatible with the ratio be-
tween maximum principal stress (61) and the intermediate principal (c2)
stress (Fig. 10c, and d). We find a clear separation between the ratio 61/
oo at all tested friction coefficients between the two zones. The seis-
micity along the Western DSB indicates a 61/0, ratio of ~1, demon-
strating alternation of the maximum and intermediate principal stresses.
We argue that the asymmetry observed between the two zones of the
basin can be attributed to the fault configuration as observed by
geological and geophysical studies, namely localized faulting along the
eastern border and step-like faulting on the west (Garfunkel and Ben-
Avraham, 1996). Our solutions suggest that more oblique faulting
with sinistral and normal components occur in this zone. We further



N. Wetzler et al.

Depth <12 km

DS

Dip angel

Dip > 80
777 60 < Dip <80
I 40 < Dip <60
I 20 < Dip <40
I 0 < Dip <20

Tectonophysics 819 (2021) 229069

Depth = 12 km

N

20%

S

Fig. 9. Rose diagrams of the strike and dip of the fault planes selected by the stress-inversion method for friction coefficient 4 = 0.5 shown for five groups: basin-wide
(a, Fig. 6b), depth groups (b, ¢, Fig. 7b), and spatial groups (d, e, Fig. 8b). The radii of the rose plots are marked by the shown percentages; MATLAB code for the rose
diagrams by Pereira (2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Number of selected planes at a range of Principal Axis Misfit (PAM) thresholds
for the basin wide group. At each PAM threshold, the optimal friction coefficient
(between 0.1 and 0.8) is selected by the maximum number of selected planes
with maximum bootstrap angle of +25°.

PAM threshold Optimal p Selected plane Bootstrap error
45 0.7 88 24
40 0.5 81 25
35 0.5 75 24
30 0.3 58 17
25 0.3 42 21
20 0.4 41 23
15 0.3 26 16

deduce that during the recorded period, the deformation along the
eastern longitudinal fault was more localized than on the western zone;
the later might consist of an ensemble of faults that accommodate both
the strike-slip and the subsidence.

We also recognize deep normal faulting limited to the northern
section of the basin. Deep seismicity between 25 and 29 km, which was
recognized at the base of the crust (Braeuer et al., 2014, 2012), below
the Lisan peninsula (Fig. 1b, Fig. S3), was associated with a decoupling
zone (Mechie et al., 2009). Thermo-mechanical numerical evolutionary
model of the DSB (Petrunin et al., 2012) suggests low frictional strength
of the faults with friction coefficient of 4 = 0.1. The differences between
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the Eastern DSB and Western DSB described above, are not reflected by
difference of frictional strength between the two spatial zones (Fig. 8)
nor are the two depth groups (Fig. 7). The orientation of the stress
principal axes of the DSB can be directly association with the large-scale
paleo-stress field with an optimal friction coefficient of 4 = 0.5. The
frictional properties of the crust generally agrees with previous studies
(Reches et al., 1992; Shalev et al., 2013) indicating a cold and brittle
crust up to the brittle-to-ductile transition at 30 km depth (Aldersons
et al., 2003). However, it is possible that our dataset does not provide
enough resolution to identify crustal weakening at depth.

5. Conclusions

By analyzing earthquake locations, faulting kinematics and stress
field based on 114 small seismic events recorded within the DSB for 35
years, we identify a clear separation of the deformation style between
the eastern and western longitudinal fault zones of the DSB. The spatial
separation by 12 km depth (Fig. 1), followed by b value analysis is
translated to differences of the focal mechanism and fault plane orien-
tation. We suggest that the spatial differences in the seismicity express
the basin structural asymmetry, which was noted by geological and
geophysical studies. We find that ~50% of the focal mechanisms fit the
long-term transform motion. The computed stress field fits the left
lateral displacement along the Dead Sea transform, and the paleo-stress
field determined by meso-structure kinematic markers (Eyal and Reches,
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Fig. 10. The calculated differential stress (o7 - 63) (a, b), and the stress ratio 61/05 (c, d) as function of the friction coefficient, y (see text). The depth groups (a, c),

and spatial groups (b, d) are marked in the legends.

1983). The best-fit friction coefficient for the DSB is p = 0.5, in agree-
ment with Byerlee’s law. We suggest that the strain partitioning between
shallow strike-slip faulting and deep oblique-normal fault is a direct
kinematic indication of the ongoing simultaneous subsidence and
extension of the Dead Sea basin.
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