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Abstract The Dead Sea Fault (DSF) is a crustal-scale continental transform fault separating the African
and the Arabian plates. Neogene to Quaternary volcanic activity is well-spread in Northern Israel. Yet, the
origin of the magmas that fed the eruptions is still unpinned. Our local earthquake tomography depicts velocity
distributions typical of rifting settings. At 9 km depth, a prominent high Vp/Vs anomaly marks the presence

of cooling melts. We propose that protracted transtension along the DSF caused crustal thinning promoting

the emplacement of magmatic bodies. Crustal emplacements of magmas in Northern Israel reconcile multiple
observations, including the high geothermal gradient, the prominent magnetic anomalies and the traces of
mantle-derived fluids in the springs across the Sea of Galilee. We provide a compelling evidence for rifting in
segments of the DSF and identify the potential source of magmatism that fed part of the volcanic activity of the
area.

Plain Language Summary The Dead Sea Fault (DSF) is a deep-reaching fault separating the
African and the Arabian plates. Geologically recent volcanic activity is well-spread in Northern Israel but the
origin of the magmas that fed the eruptions is yet to be found. We propose that protracted extensional motion
along the DSF caused crustal thinning facilitating the emplacement of magmatic bodies in the crust. Our local
earthquake tomography depicts velocity distributions typical of spreading margins. At 9 km depth, a prominent
anomaly marks the presence of cooling melts. Crustal emplacements of magmas in Northern Israel reconcile
multiple observations that are normally not common in sedimentary environments. The occurrence of magmas
at depth would release fluids that would be compatible with the seismicity that sporadically affects the region.
We provide a compelling evidence for rifting in segments of the DSF and identify the potential source of
magmatism that fed part of the volcanic activity of the area. Our findings hold major implications for revisiting
the natural hazard assessment of the Levant region.

1. Introduction

The Dead Sea Fault (DSF) is a crustal sharp-cut (Rosenthal et al., 2019) continental transform fault running for
more than a thousand kilometers spreading to the Red Sea toward the South and bridging with collision in Turkey.
This prominent geological feature was a major morphological corridor that allowed the migration of Hominids
from Africa into Eurasia (Ben-avraham et al., 2005). The DSF, active since the Miocene (Matmon et al., 2003;
Nuriel et al., 2012), is characterized by extensional structures such as the Dead Sea (Hofstetter et al., 2000) and the
Sea of Galilee (SoG) (Hurwitz et al., 2000). The SoG developed within the Kinarot-Beit-Shean pull-apart basin
where the sedimentary infill thickens toward the Eastern border of the DSF (Magri et al., 2015). Across Northern
Israel and around the SoG, sediments alternate with magmatic formations as confirmed by deep-penetrating
wells and geophysical data (including active seismic, magnetic field modeling and gravimetry) (Ben-Avraham
et al., 2014; Eppelbaum et al., 2004; Reznikov et al., 2004; Sneh & Weinberger, 2003). Portions of the Levant
volcanism (Figure 1b) flank the Eastern side of the SoG and the magmatic units extend across Syria, Jordan and
Saudi Arabia (Weinstein & Heimann, 2017). Recently, magmatism and its source in the Kinneret-Kinarot basin
have been reassessed using high-resolution mapping methods (Schattner et al., 2019, 2022; Segev et al., 2022).
According these studies, there is no evidence for volcanic eruption centers within the basin. The authors conclude
that magnetic anomalies probably represent subsurface basaltic bodies that flowed down-slope from the Golan
Heights in the east and the Galilee in the west to fill the basin (Segev et al., 2022). The complex nature of
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Figure 1. (a) Spatio-temporal distribution of earthquakes before and during the 2018 Sea of Galilee (SoG) seismic sequence. The color-scale shows the temporal
evolution of the seismicity. Events in green occurred before the 2018 July sequence. The triangles indicate the seismic stations used for the tomography (Haddad

et al., 2020). The tectonic setting was modified from previous authors (Garfunkel, 1981; Gasperini et al., 2019; Hurwitz et al., 2002; Matmon et al., 2010). WMF,
Western Margin Fault; AF, Almagor Fault; DSTF, Dead Sea Transform Fault; JF, Jordan Fault. (b) Location of volcanic fields and their age in the SoG region
(Schattner et al., 2019). (c) Distribution of the principal stress axes for all the events calculated with the StressInverse package (Vavrycuk, 2014). The sub-vertical o,
suggest deformation with transtensional mainly left-lateral (from Haddad et al. (2020)) kinematics.

magnetic anomalies in the SoG results from significant E-W trending deep-seated causative subsurface basalt
bodies that were probably emplaced during the Pleistocene and a volcanic eruption center located in the Yarmouk
River gorge in the south of the lake (Schattner et al., 2019). According to the authors, this provides the source
of the basaltic flows and gabbro intrusions since 13 ma. The presence of magmas, despite not being proved yet
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under the SoG, is also suggested by the mantle-derived isotopic signature of fluids sampled from the springs
scattered around the SoG (Gasperini et al., 2019; Inguaggiato et al., 2016). The region is also characterized by an
anomalously high heat flux (75-80 mW m~2) (Shalev et al., 2013). Around the SoG, the Moho is shallow, around
21 km depth (Koulakov & Sobolev, 2006; Mechie et al., 2013). Magnetic anomalies (Eppelbaum et al., 2004)
and gravity data (Rosenthal et al., 2019; Segev et al., 2006) suggest the occurrence of denser basaltic units and
a thicker sedimentary cover below the SoG, respectively. Tectonic deformation develops (c.f. creeping) on the
scale of a few mm/yr (Hamiel et al., 2016) and it is more prominent on the eastern flank of the DSF in the SoG
region.

2. Methods and Results

In July 2018 a seismic swarm struck the SoG (Haddad et al., 2020; Wetzler et al., 2019). The largest earth-
quake (M, 4.4) was followed for a month by more than 660 events that occurred at about 9 km depth (Haddad
et al., 2020) (Figure 1). Parallel studies confirmed the swarm-like character of the seismic sequence (Wetzler
et al., 2019) that is similar to what was already observed in 2013 (Wetzler et al., 2019). The proposed driving
mechanisms suggest a causal relationship with either an exacerbated groundwater extraction from nearby wells
(Wetzler et al., 2019) or tectonic activity driving faulting in the region (Haddad et al., 2020). Both studies agree
on the important role of crustal fluids throughout the sequence and in suggesting that the regional deformation
was masked by a local and more dominant stress field.

We used the catalog of a temporary seismic network deployed around the SoG (Haddad et al., 2020) that comple-
mented six broadband stations of the Israel National Seismic Network to perform a local earthquake tomog-
raphy (Figure 2). To calculate 3D Vp and Vp/Vs ratio velocity models we used the Simulps14 package (C. H.
Thurber, 1983; C. Thurber & Eberhart-Phillips, 1999; Eberhart-Phillips, 1990; Haslinger et al., 1999). The 657
selected earthquakes have well-constrained focal depths (Haddad et al., 2020) and at least eight P-wave and
three S-wave phase arrivals with highly-weighted values. Weight values for the phase picks were assigned using
the PS-Picker algorithm (Baillard et al., 2014) (see also previous studies (Haddad et al., 2020)). A total of 607
earthquakes belong to the 2018 seismic sequence and 50 events were recorded before its occurrence (Figure 1).
The calculation of the current stress regime by Haddad et al. (2020) shows sub-vertical o, suggesting lateral kine-
matics and a minor extensional component (Figure 2). This is in agreement with the tectonic context and stress
regime imposed by the two left-stepping left-lateral strike-slip faults of the Kinerot-Beit-Shean pull-apart basin
where the SoG develops (Figure 1).

Simulps14 inverts P- and S-waves phase arrival times solving simultaneously for earthquakes and Vp and Vp/
Vs parameters (C. Thurber & Eberhart-Phillips, 1999). The initial velocity model that is used is obtained by the
linear interpolation of starting values (from Haddad et al. (2020)) assigned to nodes of a 3D grid (Figure S1 in
Supporting Information S1). The space between the nodes in the horizontal and vertical directions in the central
area is 2 and 3 km, respectively (Figure 2). The spatial distribution of the processed earthquakes provides an
excellent coverage of the northern part of the SoG (Figure 2). A spread function analysis was performed to iden-
tify the well-resolved regions (Figure 2) along with a synthetic test and a characteristic model test at 9 km depth
(Figures S2 and S3 in Supporting Information S1).

The relocated seismicity occurs between 6 and 16 km depth and it is well-bounded on the Eastern side of the basin
(Haddad et al., 2020) (Figure 1). The spatial distribution of P-wave velocities shows faster values in the northern
part of the SoG. This region corresponds to the domain most affected by the 2018 seismic sequence (Figure 2).
At 6 km depth, this high velocity region bounds the NE shore of the SoG and moves toward the center of the
basin at greater depths where it becomes more prominent. At 15 km depth, the high Vp region is still visible
in the center of the SoG. However, the resolution is not optimal at this depth and we avoid interpretations. We
notice a striking correspondence between the distribution of high P-wave velocities shown in Figures 2 and 3a,
the magnetic anomaly map of the SoG (Eppelbaum et al., 2004) and the negative Bouguer anomalies (Rosenthal
et al., 2019) mapped in the region. The Vp/Vs ratio highlights low values in the upper crust (Figure 2e¢) that are
interrupted at about 9 km depth by a prominent NW-striking region of high Vp/Vs ratio. The 2018 seismicity
occurred precisely in this region (Figure 2f). At greater depths, such a sharp NW-striking discontinuity is still
present but less prominent (Figure 2g).
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Figure 2. (a) Satellite Image, grid spacing and ray coverage. Grid spacing is 2 and 3 km in the horizontal and vertical direction, respectively. (b) Maps of P-wave
velocities at 6, 9, 12, and 15 km depths. (c) Maps of Vp/Vs ratio at the same depths. The blue line limits the well-resolved volume (Spread Function = 3). Black dots
correspond to the relocated earthquakes. Resolution tests are shown in Figure S2 in Supporting Information S1.

3. Discussion and Conclusions

The most striking feature of our velocity model is the high Vp/Vs ratio centered at around 9 km depth. High
Vp/Vs regions with values of about two along continental transform faults may be ascribed to different litholo-
gies and processes such as the presence of high-Vp salt rocks (Yan et al., 2016), serpentinites and/or magmatic
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Figure 3. (a) Cross-sections of P-wave velocities and (b) Vp/Vs ratio. Positions of the cross-sections are shown in Figure 1.
Black dots correspond to the relocated earthquakes.

intrusions (Grevemeyer et al., 2018). The occurrence of salt diapirs was already identified in the upper crust of
Northern Israel (Dazel & Brouard, 2010; Inbar, 2012; Magri et al., 2015; Reznikov et al., 2004). However, the
Zemah salt complex in the southern SoG and the Triassic units are suggested to be shallower than 6 km depth
in this region, that is, well-inside the sedimentary cover. The occurrence of salt would not help explaining the
occurrence of low Vs velocities. Moreover, salt would not cause positive magnetic anomalies as reported in the
study region (Eppelbaum et al., 2004). An alternative hypothesis explaining high Vp/Vs ratios would relate to
active serpentinization of mafic and ultramafic crustal rocks. In this scenario, low Vs would be related to the
percolation of groundwaters along the DSF. However, the positive geothermal anomaly of the region implies
upward convection instead of downwelling of fluid. Serpentinites would be inherited from the lithospheric mantle
and buoyancy-triggered uprising of such lower density rocks along the DSF. Their development might be favored
by the transtensional stress regime (Figure 1) that is also observed along the incipient rifting zone of the Ionian
Sea (Polonia et al., 2017). Inherited serpentinite along the displacement zone of a continental transform was also
proposed along the San Andreas Fault (Ryberg et al., 2012). However, no evidence of serpentinites has been
described for the DSF in the SoG and surrounding regions, therefore, we consider this hypothesis unlikely with-
out further supporting data. The region with high Vp/Vs ratio runs parallel to the direction of the DSF hinting the
central role that the crustal deformation may play.

To explain the observed velocity structure, we propose a comprehensive model consistent with other regional
observations. We suggest that magmatism causes the high Vp/Vs ratio found at depth. Magma upwelling is
driven by prolonged transtentional stress regime (Gasperini et al., 2019; Haddad et al., 2020; Hurwitz et al., 2002)
(crustal-thinning) leading to localized rifting. Moderate passive rifting may facilitate astenospheric rise (Segev
et al., 2006) via lithostatic unloading, causing repeated, yet moderate and confined intrusions of melts in the upper
crust. This is compatible with the shallow Moho found in the region at about 21 km depth (Mechie et al., 2013). In
this context, magma and deep fluids rise through the crust flowing across the DSF. This scenario also explains the
region's high heat flux as well as the mantle-derived signature of the fluids sampled around the SoG (Gasperini
et al., 2019; Inguaggiato et al., 2016). The accumulation of magma in the middle to upper crust reconciles the
swarm-like character of the 2018 and 2013 earthquake sequences and also addresses the masking of the domi-
nant stress field suggested for the recent seismic events (Wetzler et al., 2019). Geology also provides support
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Figure 4. Conceptual model of the crustal structure beneath the Sea of Galilee. The black dots show the projected

locations of the seismic events occurred in 2018. We propose that repeated and discrete intrusions of magma occur

within the area characterized by Vp/Vs around two. Intrusions promoted by a slow and localized rifting-like protracted
transtensional tectonics crystallize and release fluids causing the high Vp/Vs ratio. The arrows show the transtentional regime
accommodated by a simplified fault system. The cross sections locations are shown on Figure 1 Faults locations and dips
were extracted from geophysical data interpretation and maps (Garfunkel, 1981; Gasperini et al., 2019; Hurwitz et al., 2002;
Matmon et al., 2010).

for the occurrence, at least in the past, of magmas at depth. Reconstructing the magmatic history of the region
is not trivial. The Harrat Ash-Shaam volcanic field extends for a few hundreds kilometers eastwards (Weinstein
& Heimann, 2017). While it seems to depart from the SoG segment of the DSF (Figure 1), magmatism of the
Harrat ash-Shaam may not be strictly related to plate boundary processes. Bagley and Nyblade (2013) suggest
that the African super plume may have driven magmatism in the region. Geophysical surveys across North-
ern Israel concur with the presence of Quaternary magmatic units beneath the SoG (Eppelbaum et al., 2004;
Rosenthal et al., 2019). Furthermore, wells penetrate basaltic and pyroclastic units beneath the SoG at shal-
low depths (Rosenthal et al., 2019), that is, less than 1 km deep. Such a prominent magmatic activity may be
driven by crustal thinning or at least by extensional kinematics. While transtension suggests the occurrence of
a leaky transform (Garfunkel, 1981), Sadeh et al. (2012) shows minor regional stretching perpendicular to the
plate boundary. Extensional processes may therefore be of local origin and due to specific geological processes
occurring at depth. Indeed crustal thinning may be rapid and facilitate the rise in the crust of deep magmas (e.g.,
Christie-Blick and Biddle, 1985 and Smit et al., 2008).

While it is not possible to exclude an interplay between localized and regional transtensional deformation, the
anomalously high heat flow around the SoG (Shalev et al., 2013) is consistent with the He signatures of ground-
waters that suggest an efficient mix between percolating meteoric waters and upwelling mantle-derived fluids
(Gasperini et al., 2019; Inguaggiato et al., 2016). This multidisciplinary set of information is in agreement with
studies proposing the SoG as a rifting environment (Hurwitz et al., 2000; Smit et al., 2010). Recent seismolog-
ical studies investigating the moderate magnitude earthquakes affecting the SoG segment of the DSF suggest
swarm sequences (Haddad et al., 2020; Wetzler et al., 2019) where fluids interplay with tectonic deformation. In
particular, it was proposed that local stress fields driving seismic sequences may overrule the large-scale tectonic
stress field (Haddad et al., 2020; Wetzler et al., 2019). The velocity structure of the crust below the SoG recalls
those of other rifting environments (Daly et al., 2008; Haslinger et al., 2001; Tryggvason et al., 2002). We there-
fore propose that the high P-wave velocities are caused by the presence of cooling magmas releasing fluids (low
Vs velocities) (Figure 4). We notice that the distribution of the seismicity and the location of the high Vp/Vs
anomaly well fit the studies of Sadeh et al. (2012) and Gomez et al. (2020) suggesting a similar depth for locked
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region of this portion of the DSF. In turn, this drastically rules out the salt model proposed by Cohen et al. (2022).
Indeed, the locking depths derived by geodetic models are often explained by the brittle-ductile transition (possi-
bly due to the emplacement of magmas) and have been proposed for other similar geodynamic settings such as
the San Andreas Fault (Smith-Konter et al., 2011).

Overall, our local earthquake tomography may help in understanding the evolution of other transform settings
where the interplay between transtensional deformation and magmatism may promote the rise of deep fluids.
While the association between strike-slip faulting and magmatism is well-established (Mathieu et al., 2011), less
is known about localized rifting at continental transform margins. Yet, deep-reaching transform structures (e.g.,
the San Andreas and Anatolian Faults) are often associated with well-developed hydrothermal systems on the
shoulders of the deforming zones (Berndt et al., 2016; Italiano et al., 2013; Mazzini et al., 2011). Our tomography
substantiates a set of regional observations corroborating the evidence of repeated magmatic intrusions along
a segment of the DSF (SoG) and suggests that this process may still be ongoing. Our study has relevant impli-
cations for a better understanding of the Levant volcanism and of the source of earthquakes occurring the SoG.
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