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Abstract Four independent distributions of seismicity in the Dead Sea area underline 
the occurrence of lower-crustal seismic activity down-to at least 27 km and possibly 
as deep as 33.6 km. From these distributions, the seismogenic thickness is estimated 
to be 28.4 ± 2.2 km. The existence of a seismogenic zone extending deep into the 
lower crust is consistent with an average heat flow of only 40–45 mWm−2 over most 
regions of Israel, and around 40 mWm−2 in the Dead Sea area in particular. The 
seismogenic thickness in the Dead Sea area is thus nearly twice the average seismo-
genic thickness of 15 km observed in southern California. The fact that some 
seismic activity occurs down-to the Moho in the Dead Sea area suggests that  
the state of fully plastic deformation is probably not reached in the crust under the 
seismogenic zone.

The ISC – GEM (Storchak et al. 2013) relocation of the MW 6.3 earthquake of 11 
July 1927 from regional and teleseismic instrumental data resulted in a well-
constrained epicenter located in the Jordan Valley, not far from the epicenter 
reported in the 1927 bulletin of the ISS. Since the causative fault of this earth-
quake is likely to be the Dead Sea transform, we propose a preferred epicenter at 
31.92°N–35.56°E. The focal depth determined instrumentally by the ISC – GEM 
relocation is 15 ± 6 km, and we found an average macroseismic depth of 
21.5 ± 2.5 km. Our results as a whole underline also the seismogenic importance 
of the transition between the upper and the lower crust in the Dead Sea area for 
moderate and probably also for large earthquakes.
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3.1  Introduction

The purpose of this chapter is to determine the seismogenic thickness or maximum 
possible depth extent of rupture during moderate to large earthquakes in the Dead 
Sea area. The seismogenic thickness is important to assess the downdip width of 
faulting and hence to improve the estimate of realistic rupture area for a given fault 
or faulting system. Whether the seismogenic thickness represents or not a significant 
part of the crustal thickness has also direct implications regarding the prevailing 
mode of deformation under the seismogenic zone. This in turn can provide precious 
constraints on thermomechanical models in a given region. The question is particularly 
relevant to the Dead Sea area where for a long time, it had been accepted that the 
seismicity was entirely confined to the upper crust (Ben-Menahem et al. 1976).

We summarize the results of four independent studies of seismicity showing 
each on its own that the ultimate decline in seismicity in the Dead Sea area occurs 
in fact deep into the lower crust. We then use these depth distributions to estimate 
the seismogenic thickness according to criteria defined in southern California 
by Nazareth and Hauksson (2004). We also relocate the MW 5.3 earthquake of  
11 February 2004 from the seismograms recorded by the GII and by the JSO.

Since Zohar and Marco (2012) published the macroseismic intensities determined 
by Avni (1999) for the MW 6.3 earthquake of July 1927, we contour by kriging several 
sets of intensities and determine the macroseismic depth of the earthquake according 
to Medvedev’s (1962) and Shebalin’s (1973) methods. Thanks to the recent ISC – 
GEM instrumental relocation (Storchak et al. 2013), there is no doubt left today that 
the epicenter of the 1927 earthquake is well located in the Jordan Valley, not far 
from the original ISS location.

Finally, we conclude that the existence of a seismogenic zone extending deep 
into the lower crust is also quite consistent with the average heat flow over most 
regions of Israel, and in the Dead Sea area in particular.

3.2  From Microearthquakes to Seismogenic Thickness

3.2.1  Instrumental Seismicity

Aldersons et al. (2003) studied the seismicity along the Dead Sea Transform (DST) 
between Aqaba-Elat and the Sea of Galilee for the period 1984–1997. Out of 2,283 
earthquakes, routinely recorded by the network of the Geophysical Institute of Israel 
(GII) expanded with stations from the Jordan Seismological Observatory (JSO),  
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a first selection resulted in 653 earthquakes with at least 8 bulletin P-readings 
and an azimuthal gap smaller than 180°. To better exclude earthquakes with poorly 
constrained depths, the epicentral distance to the nearest station was required to be 
less than about twice the depth estimate according to an initial relocation. Four 
hundred and ten earthquakes qualified and are displayed in Fig. 3.1.

In order to make sure that the abundant lower-crustal seismicity observed between 
the Dead Sea basin and the Sea of Galilee was not an artifact produced by bulletin 
phase picking inconsistencies, Aldersons et al. (2003) gathered a data set of seismo-
grams from the Dead Sea basin and carefully repicked the seismograms by hand. With 
the same quality criteria as those defined above, 42 well-constrained earthquakes 
(ML ≤ 3.2) were selected. Among those, 60 % nucleated at depths between 20 and 
32 km and more than 40 % occurred below the depth of peak seismicity situated at 
20 km. With the Moho at 32 km, the upper mantle appeared to be aseismic during the 
14-year data period. A relocation involving the simultaneous use of three velocity 
models revealed that this apparently anomalous distribution of focal depths was also 
not an artifact created by strong lateral velocity variations (Aldersons et al. 2003). An 
upper bound depth uncertainty of ±5 km was estimated below 20 km, but for most 
earthquakes the depth uncertainty should not exceed ±2 km.

Several more recent publications provide well-constrained focal depths of 
earthquakes in the Dead Sea area. We briefly summarize below the general purpose 
and methodology of studies for which we could obtain sufficient details.

In a study of the active structure of the Dead Sea basin, Shamir (2006) used the 
double-difference method (Waldhauser and Ellsworth 2000; Waldhauser 2001) 
to relocate 176 earthquakes (2.5 ≤ ML ≤ 5.2) that occurred during the period 
1984–2005. Shamir used bulletin phase data augmented by P and S first-arrivals 
picked by hand. Waveform cross-correlation was not used.

Fig. 3.1 Depth section of well-constrained seismicity (410 earthquakes, 1984–1997) along the 
Dead Sea transform (DST) from Aqaba-Elat to the Sea of Galilee. The square grid fill defines the 
Dead Sea Basin on the map. Conrad and Moho discontinuities from Ginzburg et al. (1981) (From 
Aldersons et al. 2003)
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Koulakov and Sobolev (2006) performed a large-scale local earthquake tomography 
study of the Eastern Mediterranean. The purpose of their work was to create a 
regional map of the Moho depth and 3-D velocity models of the crust and uppermost 
mantle, more detailed than existing models. They performed an iterative simultaneous 
inversion for source parameters, P- and S-velocities, and Moho depth using local 
traveltimes reported by the International Seismological Center between 1964 and 
2001 (I.S.C. 2001). About 3,000 well-constrained events (with at least 25 phase 
picks and azimuthal gap not greater than 180°) within a radius of 6° around the Dead 
Sea Basin qualified for the tomography. Hypocentral locations were determined in 
three steps. In the first step, initial absolute locations were calculated according to a 
1-D velocity model corrected for a variable Moho depth. In the second step, a relative 
relocation was performed according to the double-difference method (Waldhauser 
and Ellsworth 2000; Waldhauser 2001). Hypocentral locations were computed 
simultaneously with the determination of velocity anomalies and the Moho depth 
during the final tomographic inversions.

Braeuer et al. (2012b) performed a high-resolution local earthquake tomography 
study of the southern Dead Sea basin within the framework of the DESIRE 
project (DEad Sea Integrated REsearch project). The purpose of their work was to 
draw a detailed image of the distributions of the P-wave velocity and the VP/VS 
ratio, and to gain a better understanding of the deeper structure of the basin. During 
the 18-months period between October 2006 and March 2008, a dense array of 65 
3-C stations recorded 530 well-locatable earthquakes with coda magnitudes MD 
ranging between −0.5 and 4.5, but with most magnitudes confined between 0.0 and 
1.0 and a completeness magnitude (Rydelek and Sacks 1989) of only 0.5, a value 
much lower than the completeness magnitude of about 2.0 for the GII catalogue 
since 1984 (Shapira and Hofstetter 2002; Begin and Steinitz 2005). The study 
started (Braeuer et al. 2012a) by the determination of 1-D velocity models (VP, VP/
VS and VS) and station corrections with Velest (Kissling et al. 1994; Kissling 1995). 
Tomographic inversions for hypocentral parameters and velocities (VP and VP/VS) 
were subsequently performed with Simulps (Thurber 1984) following a gradual 
approach from 1-D to 2-D and from 2-D to 3-D (Braeuer et al. 2012b).

Finally, seismograms from the Geophysical Institute of Israel (GII) and from the 
Jordanian Seismological Observatory (JSO), already used in part by Aldersons et al. 
(2003), are further analyzed here. The complete dataset (1986–2001), principally 
derived from 1-C vertical seismometers, was repicked for P-wave arrival times 
and highly-consistent observation weights by the automatic picking system MPX. 
MannekenPix or MPX (Aldersons 2004) is an advanced automatic phase picking 
system satisfying the stringent quality requirements of high-quality studies. In 
particular, it tackles in a most advanced way the delicate issue of picking uncer-
tainty (Küperkoch et al. 2012). MPX was successfully applied on a significant scale 
during a local earthquake tomography study of Italy (Di Stefano et al. 2006, 2009), 
and it has also been used more recently in several other projects involving large 
datasets (Li et al. 2008; Diehl et al. 2009; Valoroso et al. 2013).

As a general background to the study of the local seismicity in the Dead Sea 
region, it is important to know that gathering a high-quality dataset leading to truly 
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well-constrained earthquake locations in the Dead Sea basin and along the DST is 
not as trivial as it might seem. A first problem results from the fact that along the 
rather linear border between Israel and Jordan, the two national networks (GII and 
JSO) operate nearly completely separately. Several stations close to, and on both 
sides of the border, were well directly recorded by the neighbor network during the 
year 1995 and afterwards. But this is apparently no longer true. As a consequence, 
most earthquakes close to the DST and in particular those in the Dead Sea basin, are 
recorded as separate events by each network, typically with high azimuthal gaps 
around 180°. In order to make matters worse, a very unstable time signal was used 
by the JSO until at least the year 2010, with severe clock errors commonly reaching 
several minutes. When common stations (signals recorded by both networks at a 
given station) are available for an event, very accurate corrections (± 5–10 ms) can 
usually be determined by cross-correlation even when clocks differ by several minutes. 
For most events, however, only very few stations from the JSO located close to 
the border and directly recorded by the GII can sometimes be used. As a result, the 
maximum epicentral distance for GII seismograms in our dataset is 200–300 km, 
but typically less than 120 km for most JSO seismograms. For some events, however, 
our data integrate a complete set of stations from the GII and from the JSO.

Our dataset includes 188 earthquakes (1986–2001) with coda duration magnitudes 
ranging between 0.3 and 3.5 according to the GII. Only events with at least 8 accept-
able to good P-phases determined by MPX and an azimuthal gap smaller than 180° 
were selected according to a preliminary relocation. We also relocated the MW 5.3 
(Harvard CMT) earthquake of 11 February 2004, for which very different epicentral 
locations have been computed and depth estimates range between 15 and nearly 
29 km. A well-constrained focal depth for this earthquake is highly relevant to the 
determination of the seismogenic thickness because this event is already a moderate 
earthquake (5 ≤ M < 7; Hagiwara 1964; Lee and Stewart 1981) and as such, it does 
not belong to the seismic background of micro-earthquakes. The crust in the Dead 
Sea area is then certainly seismogenic down-to at least the true focal depth of 
this earthquake, or any larger one like the MW 6.3 earthquake of July 1927 that  
we treat separately due to the fact that its study involves both instrumental and  
macroseismic data.

In order to determine hypocentral locations and related uncertainties as a function 
of our approximate knowledge of the seismic velocity field, the final location for 
each of the 189 earthquakes was determined statistically from perturbations applied 
on a 1-D velocity model computed with Velest and called here the ‘Dead Sea 2013’ 
model. In other words, we did not relocate the dataset using a single 1-D velocity 
model with a classical uncertainty ellipsoid as measure of location quality. Instead, 
we relocated each earthquake according to a great number of different 1-D velocity 
models and derived the final location and uncertainties for each event from the 
distribution of individual results.

The Dead Sea 2013 P-Wave velocity model was derived with Velest from the best 
events of our dataset. The selection criteria were: at least 10 acceptable to good P-phases 
with at least 4 JSO phases, and an azimuthal gap not exceeding 150°. Fifty-two 
events qualified and they represent a dataset of 1,038 P-phases, or 20 P-phases per 
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event on the average. The MW 5.3 earthquake of February 2004 is one of the selected 
events. Due to the smallness of this dataset, we did not compute station corrections. 
Based on previous results (Aldersons et al. 2003), we explored models with 4 layers 
and with 5 layers. Models with 4 layers displayed usually a lower global misfit than 
models with 5 layers, and model Dead Sea 2013, the one with the lowest global 
misfit, is also a model with only 4 layers (Table 3.1).

Model Dead Sea 2013 is certainly a good model, but it is not because it was 
determined by Velest that it is an optimal minimum 1-D model. We will only be able 
to derive a true minimum 1-D model for the Dead Sea region as a whole when sev-
eral hundreds of high-quality events will be available with a sufficiently balanced 
number of GII and JSO stations. This is especially difficult to do for distant stations 
of the JSO due to the clock problems affecting the vast majority of seismograms 
from the JSO and preventing far too often an accurate merging between GII and 
JSO seismograms.

From perturbations defined around model Dead Sea 2013 in Table 3.1, 7,200 
models were applied on the full dataset of 189 earthquakes. The global average 
RMS misfit on all the earthquakes relocated with the 7,200 models ranges, however, 
only between 0.27 and 0.31 s. Out of the 7,200 models, we selected a broad pool of 
the best models, those for which the global average RMS misfit was not higher than 
0.28 s. Three thousand two hundred and ninety models qualified and, for each earth-
quake, we selected as final hypocentral location the median value of the 3,290 hypo-
centers relocated with Velest in single-earthquake mode. Similarly, we defined 
hypocentral uncertainty limits at the 5th and 95th percentiles (90 % confidence) of 
the 3,290 locations selected for each earthquake.

Table 3.1 Velocity model Dead Sea 2013 (in bold) and perturbations

Layer Vp (km/s)
Perturbation  
(Vp, %)

Bottom depth  
(km)

Perturbation 
(depth, %)

1 6,000 −4.0 7.000 −6.7
6,120 −2.0 7.250 −3.3
6,240 −0.0 7.500 +0.0

7.750 +3.3
8.000 +6.7

2 10.000 −9.1
6,240 −2.0 10.500 −4.5
6,370 −0.0 11.000 +0.0
6,530 +2.5 11.500 +4.5

12.000 +9.1
3 31.500 −1.6

6,530 +0.0 32.000 +0.0
6,750 +3.4 32.500 +1.6

33.000 +3.1

4 7,910 −1.5 Half-space
7,950 −1.0
7,990 −0.5
8,030 −0.0
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Before focusing on the distribution of depths from our data and from the other 
datasets, we examine the relocation results for the MW 5.3 earthquake of 11 February 
2004. Selected parameters determined by the most important sources are gathered 
in Table 3.2 and corresponding epicenters are plotted in Fig. 3.2.

According to Fig. 3.2, there are four distinct locations for the MW 5.3 earthquake of 
11 February 2004. First, a cluster of epicenters is located in or at the edge of the Dead 
Sea basin. Solutions from the GII, the EMSC and from this study locate the epicenter 
in the Dead Sea basin, while the JSO locates the epicenter close to the Eastern Dead 
Sea fault. The solution of the ISC is located further west beyond the Jericho Fault. 
Al-Tarazi et al. (2006) relocated this earthquake and its aftershocks far outside the 
basin NE of the main cluster. Finally, Abou Elenean et al. (2009) relocated the earth-
quake at about the same longitude as Al-Tarazi et al. (2006) but further south.

In order to possibly explain why there is such a wide range of epicenters for an 
MW 5.3 earthquake that should be very-well located and constrained, we examine 
first the origin times as determined by the GII and by the JSO (Table 3.2, second 
column). Assuming that the clock of the GII is accurate, the origin time of the 
earthquake is 08 h 15 m 03.30 s (Hofstetter et al. 2008). The JSO origin time, on the 
other hand, is 08 h 14 m 57.70 s (JSO time reported by the ISC), or 5.60 s earlier 
than the GII origin time. We can thus reasonably suspect that the JSO clock was late 
by a value roughly equal to the difference in origin times, or about 6 s. During the 
merging of JSO seismograms with GII seismograms in our relocation, only station 
AQBJ (Aqaba) from the JSO was available as an active common station recorded 
by both the JSO and the GII. It was thus possible to determine that JSO phase 
arrival times should be corrected by +6.125 s to match the GII clock according to 
station AQBJ. Table 3.2 shows that the ISC corrected the JSO arrival times by 

Table 3.2 Selected parameters for the MW 5.3 earthquake of 11 February 2004, 08 h 15 m, 
according to various sources

Source O.T. (s) JSO corr.
Lat N  
(deg)

Lon E 
(deg)

Depth  
(km)

Gap 
(deg)

RMS 
(s)

Nr 
phases

ISC (2011) 02.63 +6.000 s 31.711 35.452 26.2 ± 4.0 20 1.08 751
25 (pP)

EMSC 04.00 0 s 31.688 35.544 28.6 122 0.98 435
JSO (14 m) 

57.70
0 s 31.694 35.581 21.8 167 0.20 12

EAT et al. 
(2006)

N/A N/A 31.755 35.667 18 ± 5 72 N/A 42

HOF (2008) 03.30 +6.000 s 31.700 35.557 17 ± 0.7 ~75 0.41 50
ELN et al. 

(2009)
02.10 N/A 31.666 35.678 15 ± 0.2 70 0.60 96

This study 
(GII + JSO)

03.87 +6.125 s 31.691 ± 
0.2 km

35.542 ± 
0.2 km

−1.4 75 0.35 39
21.7
+1.1

Depth values in bold. JSO Corr. is the time correction applied to JSO phases
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+6.000 s, a value also applied by the GII to JSO arrival times according to details 
available from the ISC. The JSO located the earthquake only from its own stations 
and reported uncorrected times. The EMSC also did not correct the original JSO 
times but used more than 400 phase readings from local to teleseismic distances. 
Regarding Al-Tarazi et al. (2006) and Abou Elenean et al. (2009), it is not known 
whether they corrected the JSO arrival times or not.

Our relocated epicenter (Fig. 3.2) is only 0.4 km away from the EMSC epicenter, 
and it is also located about 2 km SW of the epicenter determined by Hofstetter et al. 
(2008). In our location procedure detailed earlier, when only GII seismograms are 
used, the epicenter shifts by about 1 km west, and by about 2 km toward the JSO 
Bulletin location when only JSO seismograms are used (Fig. 3.2). This allows to 
infer that the JSO Bulletin epicenter located slightly further east at the edge of the 
basin can be explained by the absence of GII phases in the JSO location procedure 
for this event. It is very difficult, however, to understand why the Al-Tarazi et al. 
(2006) and Abou Elenean et al. (2009) solutions are located so far away from the 
cluster of earthquakes in the Dead Sea basin where the agreement and the quality of 
epicentral locations are quite good.

Figure 3.3 displays the hypocentral depth of the MW 5.3 earthquake of  
11 February 2004 according to the sources listed in Table 3.2. Despite the consider-
able scatter of values, our well-constrained depth of 21.7 km, virtually identical to 
the 21.75 km median value derived from all the estimates, suggests a focal depth in 
the lower crust albeit near its top.

The complete distribution of depths for the 188 earthquakes of our MPX dataset 
and for the MW 5.3 earthquake of 2004 is displayed in Fig. 3.4. The average depth 

Fig. 3.2 MW 5.3 earthquake of 11 February 2004, 08 h 15 m. Epicenters according to ISC, EMSC, 
JSO Bulletin, HOF: Hofstetter et al. (2008), EAT: Al-Tarazi et al. (2006), ELN: Abou Elenean et al. 
(2009), GII + JSO: this study (separate locations from GII seismograms alone and from JSO 
 seismograms alone in dark grey, connected to final location by red lines). Israel Transverse 
Mercator (ITM) grid coordinates (km)
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uncertainty is ±1.5 km in the upper crust with higher uncertainties close to the 
 surface. In the lower crust, the average depth uncertainty is only ±1.0 km.

Earthquakes from the MPX dataset (Figs. 3.4 and 3.5a) are distributed over the 
whole crust from 0.0 to 31.4 km with the largest peak of seismicity at 12–14 km, 
and a smaller one at 18–20 km right above the transition between the upper crust 
and the lower crust. A region of increased activity occurs also between 8 and 12 km 
in the upper crust, and another one in the lower crust between 24 and 28 km,  
depth below which the number of earthquakes rapidly decreases. The MW 5.3  
earthquake of 11 February 2004, relocated in the lower crust at 21.7 km, occurred 
slightly below the peak of 18–20 km, a depth at which the seismic activity is only 
average.

Depths from Shamir (2006; Fig. 3.5b) range from 3 to only 27 km and are bi- 
modal with a broad peak between 7 and 11 km in the upper crust, and another one 
between 17 and 19 km that seems to correspond to the 18–20 km peak in the MPX 
dataset. The seismicity is largely upper crustal, with a flatter envelope in the upper 
crust than in the MPX dataset. The lower crust is also seismogenic but the decline 
in seismicity starts immediately at the transition between the upper crust and the 
lower crust at 20 km depth.

The seismic activity in the Braeuer et al. dataset (2012b; Fig. 3.5c) extends 
between 2.8 and 28.9 km with a strong peak at 14–16 km, where nearly 25 % of the 
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micro-earthquakes occurred. In addition, two larger earthquakes of coda magnitude 
4.3 and 4.5 respectively also nucleated in this narrow range of depths. A second 
peak occurs between 8 and 10 km and it correlates with a similar peak in the MPX 
dataset (Fig. 3.5a). In fact, the whole range between 8 and 16 km displays a good 
similarity over the two datasets, even if the largest peak from Braeuer et al. (2012b) 
occurs at 14–16 km or 2 km deeper than in the MPX dataset. The top of the lower 
crust seems to be nearly depleted in seismic activity in Braeuer et al. (2012b), but an 
increase of activity is then observed between 24 and 28 km as in the MPX dataset. 
The seismic activity declines then rapidly and stops nearly at 29 km depth.
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Finally, depths from Koulakov and Sobolev (2006; Fig. 3.5d) range from 0.0 to 
33.6 km with a nearly flat envelope between 10 and 30 km. The seismicity is slightly 
higher in the 12–14 km range and in the 22–24 km range. The lower crust appears to 
be highly seismogenic in this dataset, especially toward the DST. A few earthquakes 
were also located below 32 km and could have nucleated in the upper mantle. The 
authors, however, consider these rare events as an exception or as belonging to the 
lower crust rather than a distinct population of earthquakes occurring in the upper-
most mantle. They suggest also a simple explanation for the deepening of the seis-
micity they observe toward the DST. First, the failure stress in the brittle deformation 
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regime does not depend on the strain rate but increases with depth. Second, the flow 
stress in the ductile deformation regime increases with the strain rate. Therefore, 
closer to the DST, where the strain rate is expected to be higher compared to further 
away, the increased strain rate moves the intersection between the failure stress and 
the flow stress to a greater depth.

The four depth distributions differ in their details but they all suggest that the 
ultimate decline in seismicity in the Dead Sea area starts in the lower crust between 
20 and 30 km, with the deepest micro-earthquakes nucleating at a depth of at least 
27 km and possibly as deep as 33.6 km. Similar results are also reported by Hofstetter 
et al. (2012) in their study of the crustal structure of the Dead Sea basin from local 
earthquake tomography.

It has been suggested already a while ago (Sibson 1982; Magistrale and Zhou 
1996) that in southern California, the depth extent of rupture during major earth-
quakes can be reliably determined from the distribution of background seismicity. 
More recently, Nazareth and Hauksson (2004) studied a dataset of about 250,000 
earthquakes ranging in magnitude from 0.1 to 7.3. The authors assumed that the 
maximum depth extent of rupture during moderate to large earthquakes defines the 
seismogenic thickness TS. They determined that the depth above which 99.9 % of 
the seismic moment release of background seismicity occurs is a reliable estimate 
of TS, and that the depth above which 98.3 % of the background seismicity occurs 
is also a good estimate of TS. The seismogenic thickness for the southern California 
crust determined by this method is 15 km on the average but it is highly variable, 
ranging from less than 10 km to about 25 km (Nazareth and Hauksson 2004).

In order to derive the depth distribution of the seismic moment M0 and to deter-
mine TS from the 99.9 % depth criterion (Nazareth and Hauksson 2004), we used 
Bakun’s (1984) relation (Eq. 3.1) defined in central California to compute M0 from 
the magnitude of microearthquakes:

 M MM
0

1 2 1710 1 0 3 5= ≤ ≤+( ). . .  (3.1)

where M is either MD or ML. Among the four datasets, we determined the release of 
seismic moment only for the Braeuer et al. (2012b) dataset and for the MPX dataset 
(this study) due to the lack of magnitude details for the two other datasets. For all 
datasets, we also derived TS directly from the depth distribution or 98.3 % depth 
criterion (Nazareth and Hauksson 2004). Results are provided in Table 3.3. The 
seismogenic thickness TS derived from the background seismicity (both criteria, all 
datasets) ranges in the Dead Sea area from 25.1 to 30.9 km, with an average value 
of 28.4 km ± 2.2 km at the 95.4 % confidence level according to a t-test. It is also 
interesting to know that in the Braeuer et al. (2012b) dataset of micro-earthquakes 
(−0.5 ≤ MD ≤ 2.68), the deepest earthquake occurred at a depth of 28.9 km with a 
coda magnitude MD of 2.54 at the 99.2th percentile in magnitude. This single and 
deepest earthquake accounts for more than 5 % of the total seismic moment released 
by the micro-earthquakes of Braeuer et al. (2012b). Finally, Table 3.3 shows that all 
datasets agree about the fact that the seismic activity is greater in the upper crust 
than in the lower crust. With the exception of the dataset from Shamir (2006), 
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Table 3.3 suggests also that datasets with a longer time span seem to report an 
increased relative frequency of seismicity in the lower crust compared to shorter 
datasets.

3.2.2  The Earthquake of 11 July 1927

The MW 6.3 earthquake that occurred on 11th July 1927 in the Dead Sea area is also 
very important for the determination of the seismogenic thickness because it is the 
largest earthquake in the Dead Sea area recorded instrumentally and because unfor-
tunately it was destructive, for which widespread macroseismic observations were 
also reported. Until now, however, studies have dealt more specifically either with 
the instrumental data (Ben-Menahem et al. 1976; Shapira et al. 1993) or with the 
macroseismic effects caused by the earthquake (Vered and Striem 1977; Avni et al. 
2002; Zohar and Marco 2012). Various epicenters have well been determined but 
the instrumental and macroseismic results available did not allow to single out a 
unique location among those that have been proposed so far.

Figure 3.6 displays the location of instrumental epicenters and macroseismic 
epicentral regions for the 1927 earthquake according to various sources. The ISS 
(1927) instrumental epicenter was not computed, however, from the arrival times 
reported in the ISS (1927) bulletin despite the publication of about 120 residual 
times. The bulletin states instead that the ISS epicenter was given by the observatory 
of Ksara in Lebanon. Ksara is located only 205 km away (NNE 10°) from the ISS 
epicenter. In 1927, the observatory operated two Mainka horizontal pendula. The 
accuracy of the time signal of Ksara was usually excellent, regular corrections being 
made by meridian transit observations (Wood 1921). Due to the strength of the 1927 
earthquake occurring only about 200 km from Ksara, the NS pendulum stopped to 
work less than 5 s after the P onset time and the pen of the EW component was 
quickly destroyed, preventing any possible timing of the S arrival (Berloty 1927). 
The analysis of the two truncated seismograms revealed however that the azimuth 
of the epicenter was about SSW 185° from Ksara, on a great circle running through 
Es-Salt in Transjordan. What became later on the ISS epicenter (Table 3.4; ISS 
1927) according to Ksara, was in fact a preliminary location determined by the 

Table 3.3 Time span of each dataset, Relative Frequency of the seismicity in the upper crust and 
lower crust, and Seismogenic Thickness TS according to two criteria

Source
Time span 
(years)

U.C. 
(%)

L.C. 
(%)

TS (99.9 % M0) 
(km)

TS (98.3 % N) 
(km)

Shamir (2006) 22 85 15 N/A 25.1
Braeuer et al. (2012b) 1.5 91 9 28.9 27.0
MPX dataset (this study) 16 75 25 29.7 28.7
Koulakov and Sobolev 

(2006)
38 61 39 N/A 30.9

UC upper crust, LC lower crust, M0 seismic moment, N number of earthquakes. Results sorted by 
increasing Seismogenic Thickness TS
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Institut de Physique du Globe (IPG) of Strasbourg (Berloty 1927) derived from 
several arrival times. The final and published IPG epicenter is however different and 
located further north at 32.5 º N – 35.6 º E (Rothé 1928).

Gutenberg and Richter (1954) repeat the Ksara – ISS (1927) location, but they 
provide a depth estimate of 35 km and an mb magnitude of 6.25. Ben-Menahem 
et al. (1976) did not relocate the epicenter of the earthquake as they also repeat the 
ISS location (Table 3.4), but they determined a well-constrained MS magnitude of 
6.19 ± 0.05. They estimated the hypocentral depth to be 5–7 km according to spec-
tral amplitude of surface waves, a modeling technique by which they also  determined 
complete source parameters according to some assumptions (Table 3.5). From 
Table 3.5, the motion was determined by Ben-Menahem et al. (1976) as sinistral 
strike-slip with a small normal component on a nearly vertical and N10° E fault 
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Fig. 3.6 MW 6.3 earthquake of 11 July 1927: instrumental epicenters and macroseismic epicentral 
regions. ISS (1927): instrumental; Vered and Striem (1977): macroseismic (red); Shapira et al. 
(1993): instrumental; Zohar and Marco (2012): macroseismic (green); ISC-GEM: instrumental 
(Storchak et al. 2013). Uncertainty ellipses in yellow. Israel Transverse Mercator (ITM) grid  
coordinates (km)
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segment 45 km long. The vertical extent of the rupture was estimated at about 
10 km. A pronounced directivity effect on the spectra suggests that the epicenter 
was moving towards the south and that the rupture started thus close to the northern 
tip of the causative fault segment.

About 12 km north from the ISS (1927) instrumental epicenter endorsed by 
 Ben- Menahem et al. (1976) and close to Damiya bridge, Braslavski had reported in 
1938 the damming of Jordan River for 21 h by a massive landslide triggered by the 
1927 earthquake. This is close to where Vered and Striem (1977) located the macro-
seismic epicentral region of the earthquake (Fig. 3.6), with an intensity value of IX 
on the Modified Mercalli scale (Wood and Neumann 1931). Vered and Striem 
(1977) also determined the depth of the earthquake according to Medvedev’s (1962) 

Table 3.4 Earthquake of 11 July 1927: main parameters according to various sources of 
instrumental results

Source Time Epicenter Depth Mag N def a RMS Gap

ISS (1927) 13 h 03 m 
55 s

32.0 N 35.5 E N/A N/A N/A N/A N/A
(KSA – IPG)

GUT 
(1954)

13 h 04 m 
07 s

32.0 N 35.5 E 
(ISS)

35 km mb 6.25 N/A N/A N/A

ABM 
(1976)

13 h 04 m 
07 s

32.0 N 35.5 E 
(ISS)

5–7 km MS 6.19 
± 
0.05

N/A N/A N/A

SHA 
(1993)

13 h 04 m 
06 s

31.60 N 35.40 E Normal N/A 38 phs 2.9 s 139°
Smax b ~ 12 km 30 sta 76 ms/phs
Smin c ~ 8 km
Strike d ~ 70°

ISC-GEM 13 h 04 m 
10 s

31.922 N  
35.633 E

15 ± 
6 km

MS 6.15 110 phs 3.8 s 86°
MW 6.29 

± 
0.21

65 sta 35 ms/phs
Smax b 7.2 km
Smin c 5.7 km
Strike d 175°

ISS International Seismological Summary, KSA Ksara station in Lebanon (33°49.38″N 35°53.40″E 
+920 m), IPG Institut de Physique du Globe of Strasbourg, GUT Gutenberg and Richter (1954), 
ABM Ben-Menahem et al. (1976), SHA Shapira et al. (1993), ISC-GEM Storchak et al. (2013)
aNumber of distinct phases with location weight > 0, and number of stations
bUncertainty Semi-Major axis length
cUncertainty Semi-Minor axis length
dSemi-Major axis azimuth (clockwise from north)

Table 3.5 Earthquake of 11 July 1927. Source parameters from spectral amplitudes of surface 
waves (Ben-Menahem et al. 1976)

Strike 
azimuth

Slip 
angle

Dip 
angle

Potencya 
(cm*km2) Length Slip

Rupture 
velocity

Rupture 
propagation

N 10° E 350° 85° 18,000 45 km 0.4 ± 0.1 m 2.2 km/s N to S
aPotency P0 = A D with A the fault area and D the average slip on the fault (Ben-Menahem and 
Singh 2000). Seimic moment M0 = μ P0 with μ the rigidity
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methods. Due to the ellipticity of the isoseismal curves (Fig. 3.7), the authors esti-
mated 16 km as lower bound for the source depth and 28 km depth as upper bound, 
or an average depth of 22 ± 6 km.

Shapira et al. (1993) used the IASP91 (Kennett and Engdahl 1991) velocity 
model to relocate the 1927 instrumental epicenter according to 28 P-arrivals and 
10 S-arrivals from stations within a radius of 40° from the Dead Sea region. Their 
instrumental epicenter is located on the western shore of the Dead Sea basin, 45 km 
SSW of the initial ISS (1927) location (Fig. 3.6). An average uncertainty radius of 
about 10 km was determined (Fig. 3.6 and Table 3.4) for the new location. The 
depth value is not provided. Instead, the authors report a “normal” depth, probably 
meaning a crustal depth. After the determination of the new epicenter, Avni (1999) 

Fig. 3.7 Isoseismal map (MMI) of the earthquake of 11 July 1927 according to Vered and Striem 
(1977). ISS (1927): instrumental epicenter from ISS. SHA (1993): instrumental epicenter from 
Shapira et al. (1993). ISC-GEM: instrumental epicenter from ISC-GEM (Storchak et al. 2013). 
The area in red (MMI = IX) defines the macroseismic epicentral region according to the authors. 
Israel Transverse Mercator (ITM) grid coordinates (km). (Redrawn from original publication)
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and Avni et al. (2002) argued that the damming of Jordan River reported by Braslavski 
(1938) never occurred and that it derived exclusively from Garstang (1931), the only 
source to have reported such a phenomenon that he did not witnessed himself. 
Furthermore, Avni et al. (2002) suggested also that the new instrumental epicenter 
location was more consistent with the set of macroseismic intensities reported by 
Avni (1999). They favored thus another causative fault  segment located further south 
compared to the results of Ben-Menahem et al. (1976). As a whole, it seems that the 
new instrumental location determined by Shapira et al. (1993) and apparently further 
supported by macroseismic evidence (Avni 1999; Avni et al. 2002), has been little 
challenged. Abou Karaki (1999), however, questioned the reliability of the relocated 
epicenter, and argued that the new location was far less convincing than the original 
ISS (1927) location.

Zohar and Marco (2012) re-estimated the epicenter of the 1927 earthquake from 
macroseismic intensities reported by Avni (1999). They proceeded in two main 
steps. First, they corrected the initial intensities according to local site-attributes. 
Out of 133 sites, 111 or 83 % of them were corrected. Second, in 5 km by 5 km 
cells, they correlated the corrected intensities with a logarithmic function of the 
hypocentral distance to each site and used Pearson’s correlation coefficient to esti-
mate the quality of fit for each cell. An area of 300 km2, in which the best correla-
tions are found (Fig. 3.6), indicates the most appropriate location of the epicentral 
region according to the authors. The centroid of this area coincides with a location 
on the Dead Sea transform. The authors consider, however, that their macroseismic 
epicentral region is about equally consistent with the instrumental epicenter of Ben- 
Menahem et al. (1976) and with the instrumental epicenter of Shapira et al. (1993).

Early 2013, the ISC – GEM Global Instrumental Earthquake Catalogue (1900–
2009) was released (Bondár et al. 2012; Di Giacomo et al. 2012; Storchak et al. 
2013). The new catalogue is the result of a special effort to improve and extend 
existing bulletin data. The project was funded by the GEM (Global Earthquake 
Model) Foundation. It was led by the ISC and performed by a team of international 
experts following recommendations from a panel of IASPEI observers. The reloca-
tion procedure benefitted from improved depths determined by the EHB technique 
(Engdahl et al. 1998), and more accurate epicenters due to the development of a new 
location algorithm (Bondár and Storchak 2011) at the ISC. The catalogue also 
provides for all the earthquakes their moment magnitude MW with an uncertainty 
estimate. The epicenter of the 1927 earthquake according to the ISC – GEM catalogue 
is located only 15 km SE of the old ISS (1927) epicenter (Table 3.4 and Fig. 3.6), 
with an average epicentral uncertainty radius of about 6.5 km. The computed depth 
is 15 ± 6 km. The moment magnitude MW has been determined as 6.29 ± 0.21 and 
derives apparently from native surface-wave magnitudes MS converted to MW by 
regression. According to the parameters reported in Table 3.4, the ISC-GEM reloca-
tion (Storchak et al. 2013) of the 1927 earthquake is much better constrained than 
the Shapira et al. (1993) relocation. The ISC – GEM results are based on more than 
twice the number of stations and nearly three times the number of active (non-zero 
weight) phases. The average residual time per phase is less than half the value from 
Shapira et al. (1993) and the azimuthal gap is reduced by nearly 40 % due to the 
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greater number of stations, distant up to about 80° from the epicentral region. In 
addition, the location  procedure at the ISC has been significantly improved and 
refined during the 20 years  separating the two relocations. Consequently, there is 
little doubt that the epicentral region of the 1927 earthquake is well located some-
where in the Jordan Valley as initially determined already more than 80 years ago 
by the IPG of Strasbourg (Berloty 1927; Rothé 1928), and as argued by Abou Karaki 
(1999).

But if no damming of Jordan River occurred in 1927 as demonstrated by Avni 
(1999) and by Avni et al. (2002), the epicentral region determined by Vered and 
Striem (1977) around Damiya bridge (Fig. 3.6) and related depth estimates might 
then be invalidated. Since Zohar and Marco (2012) published macroseismic intensi-
ties as determined by Avni (1999) as well as their own site-dependent corrected 
values, we drew several isoseismal maps from which we derived depth estimates 
according to methods from Medvedev (1962) and from Shebalin (1973).

These methods are based on relations between the seismic source depth and the 
areal extent of isoseismal contour lines. Medvedev (1962) developed two approxi-
mative methods. The first method is described by Eq. 3.2, in which m is the serial 
number of an isoseismal curve of intensity I, Hm is the corresponding source depth 
estimate, ∆m is the equivalent radius of a circle with same area as the isoseismal, and 
n is a coefficient of amplitude attenuation with distance.
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−

−

∆
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(3.2)

The serial number m is given by

 m I I= − +0 1,  (3.3)

where I0 is the highest intensity value of the isoseismals, for which m = 1. Typical 
values for the attenuation coefficient n are n = 2 or n = 1.5. If the equivalent radius 
∆m is given in km, the depth Hm is also expressed in km. Equation 3.2 allows to 
determine a depth value from any isoseismal contour. The attenuation coefficient n 
is usually chosen as the value minimizing the dispersion of results. In agreement 
with Vered and Striem (1977), n = 1.5 appears to be the best value for the 1927 
earthquake. Following the observation that the second and third isoseismals are 
usually the most reliable ones, Medvedev (1962) developed a second method to 
determine the depth, given by Eq. 3.4:

 
H S S= +β 2 3  

(3.4)

In Eq. 3.4, H is the source depth in km, S2 and S3 are the areas bounded by the 
second (m = 2) and third (m = 3) isoseismals expressed in thousands of km2, and β is 
a coefficient depending on the coefficient of attenuation n. For n = 1.5, β = 5.2. For 
n = 2.0, β = 7.0.
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Shebalin (1973), in an attempt to determine several earthquake parameters from 
anomalies of intensity near the source, provides Eq. 3.5, in which m is the serial 
number of an isoseismal curve of intensity I, Hm is the corresponding source depth, 
∆m is the radius of the circle with same area as the isoseismal of serial number m, 
and n is the coefficient of amplitude attenuation with distance:

 

Hm
m

n

=

−

D

10 1
2m

 

(3.5)

The serial number m is given by

 m I I= −0 ,  (3.6)

where I0 is the highest intensity value of the isoseismals. Equation 3.5 requires the 
intensity I to be lower than I0. The attenuation coefficient n in Eq. 3.5 varies between 
3.0 and 4.5 for crustal earthquakes (Shebalin et al. 1974). We have selected a value 
of n = 3.5 at which the dispersion of depths from Eq. 3.5 is minimal for all datasets 
except the one from Vered and Striem (1977), for which n = 4 minimizes the 
dispersion.

In order to estimate the source depth of the 1927 earthquake according to 
Medvedev’s and Shebalin’s methods, we contoured by kriging several sets of MSK 
(Medvedev and Sponheuer 1969) macroseismic intensities determined by Avni 
(1999), and published by Zohar and Marco (2012) who also introduced their own 
variants. Although several spatial interpolation techniques can be used, kriging 
(Krige 1951; Matheron 1963) is one of the most robust of them, producing curves 
usually as smooth as allowed by the data. The principal benefit of drawing isoseis-
mals by kriging is that it avoids the subjectivity usually introduced when contouring 
is done by hand (Ambraseys and Douglas 2004).

According to tests on the sets of intensity data, we found that a linear variogram 
model with lags up to about 100 km provided adequate results. Anisotropy did not 
appear to be an issue and was thus not modeled. Ordinary (no trend) point (no aver-
aging in blocks) kriging was used to interpolate the observations and produce the 
isoseismals.

The depth estimates according to various intensity determinations are detailed in 
Table 3.6. The magnitudes in Table 3.6 derive from Eq. 3.7 below defined by 
Ambraseys (2006) for the region of the Dead Sea transform:

 M I R Log RS I I= − + + +0 138 0 554 0 0033 1 54. . . .  (3.7)

where MS is the surface wave magnitude, I is the MSK intensity and RI is the 
 equivalent average radius of the isoseismal of intensity I.

The most consistent results are those of Vered and Striem (1977). In  particular, 
the MS magnitudes determined by Eq. 3.7 for isoseismals VIII and VII are 
remarkably similar (6.72 and 6.77), even if they are too high compared to the 
instrumental MS value of 6.15 determined by the ISC – GEM (Storchak et al. 2013). 
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The fact that Vered and Striem used the MMI scale instead of the MSK scale is 
not an issue. Similar magnitude overestimations occur also for most MSK inten-
sities reported in Table 3.6. But as can be seen from Fig. 3.7, the isoseismals 
from Vered and Striem are so concentric and so homothetic that they seem to 
have been idealized rather than just smoothed. A recurrent problem with all the 
other intensity variants except Mean (MN) intensities (Avni 1999; Fig. 3.8), is 
that the isoseismal VIII areas (Table 3.6) appear to be systematically underesti-
mated as can be seen from the too low MS magnitudes predicted by Eq. 3.7. The 
underestimation seems to be particularly significant for the Mode intensities cor-
rected (MD–C1) by Zohar and Marco (2012), for which the kriging procedure 
did not produce any isoseismal VIII contour at all. The tiny area of 40 km2 
reported in Table 3.6 was drawn by hand (Fig. 3.17 in Appendix), in an attempt 
to determine an epicentral region from the highest intensities. In fact, besides the 
isoseismal VIII of Vered and Striem, there is no other dataset resulting in consis-
tent depths for that level of intensity. The area of isoseismal VIII in Mean (MN) 
intensities (Avni 1999; Fig. 3.8) appears to be realistic, but unlike the data of 
Vered and Striem, there is no intensity IX value in this dataset. Consequently, all 
depths derived from Mean (MN) intensities (Avni 1999) appear to be inconsis-
tent. If no intensity IX had been present in the data of Vered and Striem, the depth 
estimate from isoseismal VIII according to Medvedev’s first method would not 

Data I0 I m
MED

m 
SHB

Area 
(km2)

Radius
(km)

MS
AMB

h  
MED-1

h 
MED-2

h
SHB

MD IX
VIII 2 1 137 7 5.60 3.8 4.0

VII 3 2 14,133 67 6.80 22.2 18.7

2 +3 14,270 19.6

MN VIII
VIII 1 0 1,463 22 6.40 28.2

VII 2 1 12,148 62 6.70 35.9 37.7

MX IX
VIII 2 1 656 14 6.10 8.3 8.7

VII 3 2 15,214 70 6.80 23.1 19.4

2 +3 15,870 20.7

MD
-C1

VIII

VIII 1 0 40 3.6 5.20 4.7

VII 2 1 3,369 33 6.20 18.9 19.8

VI 3 2 20,976 82 6.40 27.1 22.8

2 +3 24,345 25.7

VRD IX
VIII 2 1 3,200 32 6.72 18.4 21.7

VII 3 2 14,000 67 6.77 22.2 22.3

2 +3 17,200 21.6

Table 3.6 Depth estimates according to Medvedev’s methods and Shebalin’s method.
MSK Intensities from Avni (1999): MD (Mode), MN (Mean), MX (Max); MSK Intensities 
 corrected by Zohar and Marco (2012): MD-C1 (Mode Corrected 1); MMI Intensities from Vered 
and Striem (1977): VRD. I0: highest Intensity isoseismal. m-MED and m-SHB: Isoseismal Index 
number according to Medvedev and Shebalin respectively. MS: Surface Wave Magnitude accord-
ing to Eq. 3.7 from Ambraseys (2006). h: source depth (km) according to Medvedev’s methods 1 
(MED- 1) and 2 (MED-2), and Shebalin (SHB). Valid depths in bold. Cells with inconsistent val-
ues have been greyed out
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have been 18.4 km but 41.6 km instead, a value also inconsistent with the other 
estimates. Isoseismal areas considered to be inconsistent were not included to 
derive the source depth. According to 16 valid estimates (Table 3.6), we found a 
macroseismic source depth average of 21.5 ± 2.5 (STD) km.

If the DST is well the causative fault of the 1927 earthquake as suggested by 
source parameters determined by Ben-Menahem et al. (1976; Table 3.5), we can 
also assume that the true epicenter is located not far from the ISC – GEM instru-
mental epicenter (Storchak et al. 2013). We propose thus as preferred epicenter 
31.92 º N – 35.56 º E (Fig. 3.9) with a latitude uncertainty of at least ± 7 km taken 

Fig. 3.8 Isoseismal map (MSK) of the earthquake of 11 July 1927 produced by kriging of Mean 
Intensities determined by Avni (1999), and published by Zohar and Marco (2012). ISS (1927): 
instrumental epicenter from ISS. SHA (1993): instrumental epicenter from Shapira et al. (1993). 
ISC-GEM: instrumental epicenter from ISC-GEM (Storchak et al. 2013). The area in red defines 
the macroseismic epicentral region (drawn by hand) according to this dataset. Israel Transverse 
Mercator (ITM) grid coordinates (km)
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from the ISC – GEM relocation. The longitude uncertainty should be much smaller 
than the  latitude uncertainty if the DST is indeed the causative fault.

Regarding the causative fault segment, the prime candidate is the Jericho Fault 
but we cannot exclude the Eastern Dead Sea Fault. Furthermore, as suggested by 
Lazar (2004) and supported by results from Hofstetter et al. (2012), there might well 
be only a single fault, the Dead Sea Fault, acting near the central axis of the basin 
from about 15–20 km depth. In that case, if the hypocenter was located around 
20 km depth in agreement with the macroseismic data, the causative fault could be 
this unique Dead Sea Fault and not any of the two border faults observed at the 
surface. If the hypocenter was shallower, as determined instrumentally, then the 

Fig. 3.9 Preferred epicenter, and tentative causative fault (Version 1) of the MW 6.3 earthquake of 
11 July 1927. Epicenter at red concentric circles. Epicentral location uncertainty as dashed yellow 
ellipse. Subsurface causative fault trace as red dashed line (36 km long). Isoseismal intensity 
MSK = VIII curve produced by kriging of Mean Intensities determined by Avni (1999), and pub-
lished by Zohar and Marco (2012). Mean Intensity (MSK) values determined by Avni (1999) in 
yellow. Macroseismic epicentral region, according to this dataset, drawn by hand in red. ISS 
(1927): instrumental epicenter from ISS. SHA (1993): instrumental epicenter from Shapira et al. 
(1993). ISC-GEM: instrumental epicenter from Storchak et al. (2013). White asterisk on the 
northern shore of the Dead Sea: alledged location of photograph in Fig. 3.11. Israel Transverse 
Mercator (ITM) grid coordinates (km)
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motion should have been initiated along one of the two border faults and the source 
would have moved deeper during the history of the earthquake.

In Fig. 3.9, our preferred epicenter is plotted on a detailed view of Mean Intensity 
values determined by Avni (1999) and the isoseismal VIII contoured by kriging. 
Although the isoseismal VIII extends surprisingly beyond Salt and Amman to the 
NE (Fig. 3.8), it does not even reach our preferred epicenter in the Jordan Valley 
(Fig. 3.9). This is apparently due to the fact that the closest point located further 
north in the Jordan Valley is about 30 km away from our preferred epicenter, where 
an intensity of only VII was estimated. In Fig. 3.9, we have also drawn by hand a 
possible macroseismic epicentral zone encompassing the sites where the highest 
intensity values have been observed (see also Fig. 3.11). The fact that the macroseis-
mic epicentral region does not include the instrumental epicenter is not necessarily 
an anomaly. Bakun (2006) observed that the location of the macroseismic epicentral 
zone corresponds more to the location of the moment centroid than to the instru-
mental epicenter where the rupture starts. If Ben-Menahem et al. (1976) are right 
about the unilateral propagation of the source towards the south, it is logical to 
assume as they did, that the epicenter was located near the northern tip of the caus-
ative fault segment. In that case, the moment centroid and the macroseismic epicen-
ter could be located at some distance south from the epicenter. The relative location 
of the epicentral macroseismic region with respect to our preferred epicenter 
(Fig. 3.9) seems to agree with this possibility. The predominance of unilateral prop-
agation in MW > 6.0 earthquakes, especially for strike-slip faulting, has been sug-
gested by McGuire et al. (2002) and by Mai et al. (2005). Unilateral propagation 
might even be enhanced at plate boundaries such as the DST due to the contrast of 
elastic properties, at least over some depth range, between the two sides of the trans-
form (McGuire et al. 2002).

It is very difficult, however, to estimate the length of the causative fault segment. 
Ben-Menahem et al. (1976) suggested a fault segment of 45 km long derived from 
directivity but this value seems very high for an MW 6.3 earthquake, a magnitude 
value for which the average subsurface length of a strike-slip rupture is slightly 
under 22 km (Wells and Coppersmith 1994). Tentatively, we have drawn in 
Fig. 3.9 a subsurface fault segment of about 36 km long. But as we have seen before, 
the MW 5.3 earthquake of February 2004 occurred in the northern part of the Dead 
Sea. According to focal mechanism solutions for the mainshock and the distribution 
of aftershocks, Hofstetter et al. (2008) determined that the causative fault was a 
dextral strike-slip fault oriented WNW – ESE. According to the location of the 
aftershocks (Hofstetter et al. 2008) that occurred within 48 h of the mainshock, we 
inferred a length of about 12 km for the causative fault. From relative relocations by 
Al-Tarazi et al. (2006) and by Hofstetter et al. (2008), the depth distribution of after-
shocks seems to have been largely confined within only about 7 km from the depth 
of the mainshock. If we transpose this result to our relocated depth of 21.7 ± 1.4 km 
for the mainshock, the range of depths between 18 and 25 km contributed highly 
then to the moment release for the 2004 earthquake. With a macroseismic depth 
average of 21.5 ± 2.5 km, the MW 6.3 earthquake of 1927 apparently also generated 
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a great part of its seismic moment at the focal depth of the 2004 earthquake. 
Furthermore, the earthquake of 1927 might have been caused by a segment of the 
DST intersected and even possibly interrupted by the causative fault of the 2004 
earthquake. It is then not impossible that the 1927 causative fault segment was in 
fact not longer than about 25 km if the causative fault of the 2004 earthquake 
 interrupted it, as displayed in Fig. 3.10. This possibility is especially relevant since 
both earthquakes generated apparently a considerable part of their seismic moment 
at very similar depths.

Fig. 3.10 Preferred epicenter, and tentative causative fault (Version 2) of the MW 6.3 earthquake of 
11 July 1927. Epicenter of the 1927 earthquake at red concentric circles. Epicentral location uncer-
tainty as dashed yellow ellipse. Subsurface causative fault trace as red dashed line (25 km long). 
Epicenter of the MW 5.3 earthquake of 11 February 2004 at black concentric circles, and subsurface 
fault trace as black dashed line. 1927 Isoseismal intensity MSK = VIII curve produced by kriging of 
Mean Intensities determined by Avni (1999), and published by Zohar and Marco (2012). Mean 
Intensity (MSK) values determined by Avni (1999) in yellow. Macroseismic epicentral region, 
according to this dataset, drawn by hand in red. ISS (1927): instrumental epicenter from ISS. SHA 
(1993): instrumental epicenter from Shapira et al. (1993). ISC-GEM: instrumental epicenter from 
Storchak et al. (2013). White asterisk on the northern shore of the Dead Sea: alledged location of 
photograph in Fig. 3.11. Israel Transverse Mercator (ITM) grid coordinates (km)
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3.3  Heat Flow and Rheology

Aldersons et al. (2003) calculated a lithospheric strength profile for the Dead Sea 
Basin. The average measured heat flow in the northern Dead Sea Basin is 38 mWm−2 
(Ben-Avraham et al. 1978; Ben-Avraham 1997) and it is 42 mWm−2 (Eckstein and 
Simmons 1978) west of the basin. These values are very similar to the uniform heat 
flow measured in the eastern Mediterranean (Erickson 1970). Consequently, the 
surface heat flow of 40 ± 2 mWm−2 used to compute the equilibrium geotherm 
appeared to be well constrained. A recent re-evaluation of the heat flow data (Shalev 
et al. 2007) confirmed this low value. A strain rate of 2 × 10−15 s−1 was used in the 
model. This value was derived from a relative plate motion of 5 mm/year, a value 
consistent with recent GPS estimates taken both from the Wadi Araba Fault and 
from the Jordan Valley Fault (Le Béon et al. 2008). Figure 3.12 displays the results. 
A narrow brittle to ductile transition occurs in the crust around 380° C at 31 km 
depth. In the upper mantle, the brittle to ductile transition occurs in the model at 
44 km depth and at 490 º C.

A study of the surface heat flow in southeastern Jordan (Förster et al. 2007) 
 estimated the average value to be around 60 mWm−2. This result is further supported 
by a set of samples originating from the upper crust down-to the lithospheric mantle 
under Jordan (Förster et al. 2010). However, the wells where these measurements 
were made, are located approximately 100 km east of the DST and more than 
180 km south of the Dead Sea, and the authors acknowledge the importance of this 

Fig. 3.11 Ground fissures caused by the 1927 earthquake. Possible location close to the Jordan 
River estuary at the Dead Sea. View probably from south to north, taken in the morning according 
to the direction of the shade (see Figs. 3.9 or 3.10 for possible location). Estimated intensity 
MSK = VIII (IX) (Photograph from American Colony, Jerusalem. Matson Photograph Collection)
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fact. They notice, however, that their value of 60 mWm−2 is identical to the heat flow 
constrained by thermomechanical modeling (Petrunin and Sobolev 2006) to be the 
pre-Miocene heat flow for the Dead Sea basin, instead of the measured value of 
40 mWm−2 used by Aldersons et al. (2003). We agree that a direct match between 
the two values is possible but we do not think that it is the most likely scenario. If 
the 60 mWm−2 value of Förster et al. (2007) is projected perpendicularly along the 
DST (Fig. 3.13, pt. 4), it fits quite well with the decay of extreme heat flow observed 
in the Northern Red Sea axis and associated with the opening of the Red Sea. We 
think that this interpretation is more realistic than a direct match with a hypothetical 
heat flow estimate derived from numerical modeling, in conflict with the measured 
values, and located about 200 km away from the Dead Sea. Our preferred scenario 
is also in agreement with an extensive study of the surface heat flow distribution in 
Israel derived from well measurements spread all over the country (Shalev et al. 
2012). This study shows that the surface heat flow in Israel is indeed low over most 
of the country, only 40–45 mWm−2 on the average, and around 40 mWm−2 in the 
Dead Sea (Fig. 3.14, top) in particular.

Figure 3.14 (from Shalev et al. 2012) shows also that the isotherm of 350 ° C, 
between the Sea of Galilee and Aqaba-Elat, is deepest in the Dead Sea area where 
it reaches 25–30 km depth. In agreement with earthquakes located by the EMSC 
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(Godey et al. 2006), Aldersons et al. (2003) and Shamir (2006), Shalev et al. 
(2012) determined 26–27 km as the seismogenic thickness in the Dead Sea area 
(Fig. 3.14). Towards the Sea of Galilee, the heat flow increase is slow but south-
east of the Sea of Galilee the heat flow reaches about 90 mWm−2. This anomaly is 
probably due to ground water flow along faults or from recent magmatic activity 
(Roded 2012). Towards Aqaba-Elat, the heat flow increase is steadier than towards 
the Sea of Galilee, and heat flow values above 60 mWm−2, similar to those found 
by Förster et al. (2007, 2010) in SE Jordan, are observed near Aqaba-Elat. Shalev 
et al. (2012) agree with Aldersons et al. (2003) who suggested that the higher heat 
flow in southern Israel is probably reflecting the opening of the Red Sea and 
related processes.

3.4  Discussion and Concluding Remarks

We focused on depth distributions of seismicity from four independent studies, with 
some overlap in the datasets, but with extensive differences in their respective 
methodology. The results of the four studies unmistakably underline the occurrence, 
in the Dead Sea area, of lower-crustal microearthquakes down-to at least 27 km and 
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possibly as deep as 33.6 km. In addition, a moderate earthquake of magnitude MW 5.3 
nucleated in February 2004 in the Dead Sea Basin at a depth of 21.7 ± 1.4 km accord-
ing to our relocation of the mainshock. From relative relocations of aftershocks by 
Al-Tarazi et al. (2006) and by Hofstetter et al. (2008), we believe that the range of 
depths between 18 and 25 km highly contributed to the seismic moment release for 
this earthquake.

The seismogenic thickness TS, or maximum possible depth extent of rupture 
 during moderate to large earthquakes, is estimated in the Dead Sea area to be 
28.4 ± 2.2 km following two criteria defined by Nazareth and Hauksson (2004) to 
determine TS from the depth distribution of microearthquakes. The existence of a 
seismogenic zone extending deep into the lower crust is also consistent with an 
average heat flow of only 40–45 mWm−2 over most regions of Israel, and around 
40 mWm−2 in the Dead Sea area in particular (Shalev et al. 2007, 2012). From their 
isotherm of 350 ° C and the depth distribution of earthquakes according to various 
sources, Shalev et al. (2012) determined a seismogenic thickness of 26–27 km in the 
Dead Sea area. With all the evidence available today, it is thus no longer possible to 
argue that the seismic activity gradually decreases below 15 km depth and com-
pletely stops around 20 km as suggested by Ben-Menahem et al. (1976) from a 
small and poorly-constrained sample of earthquakes.

Fig. 3.14 Temperature distribution along the Dead Sea Fault from the Sea of Galilee to the Gulf 
of Aqaba-Elat. Temperatures derived from the surface heat flow (top). Seismogenic zone (red 
dashed line) derived from the EMSC 2011 catalogue (Godey et al. 2006) for the entire profile, 
Aldersons et al. (2003) and Shamir (2006) for the Dead Sea area, and Navon (2011) for the Sea of 
Galilee area (From Shalev et al. 2012)
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The seismogenic thickness in the Dead Sea area is nearly twice the average 
 seismogenic thickness of 15 km observed in southern California. It is important to 
know that for a seismogenic thickness of about 28 km, large earthquakes can 
nucleate at or close to 28 km depth. Sibson (1982) suggested a significant ten-
dency of large earthquakes to nucleate in fact near the base of the seismogenic 
zone and to propagate upwards (Sibson 1982; Das and Scholz 1983). The strength 
of this tendency appears today to be somewhat weakened after the occurrence of 
a number of large and shallow earthquakes in California, but the possibility of 
large earthquakes to nucleate very deep in the seismogenic zone remains unaf-
fected by the existence of large and shallower earthquakes as well. Latter earth-
quakes tend to demonstrate that the depth distribution of large earthquakes is 
perhaps not so different as previously thought from the rather unfocused depth 
distribution of microearthquakes.

The recent ISC – GEM relocation (Storchak et al. 2013) of the MW 6.3 ± 0.2 
earthquake of 11 July 1927 from regional and teleseismic data results in a well-
constrained instrumental location in the Jordan Valley, not far from the initial 
epicenter determined by the Institut de Physique du Globe of Strasbourg (Berloty 
1927) and reported in the ISS bulletin of 1927. Since the DST appears to be the 
causative fault of this earthquake as suggested by source parameters determined 
by Ben-Menahem et al. (1976), we propose a preferred epicenter at 31.92 º N – 
35.56°E. The focal depth determined instrumentally by the ISC – GEM proce-
dure (Storchak et al. 2013) is 15 ± 6 km, and we found an average macroseismic 
depth of 21.5 ± 2.5 km. The depth value derived from macroseismic data, however, 
should not necessarily be equal to the focal depth determined instrumentally. The 
instrumental focal depth represents the depth of the source at the beginning of the 
fault rupture, but the depth derived from isoseismals in the far-field represents 
more some average depth of the source during its complete history. Since seismic 
slip is usually not homogeneously distributed across the whole rupture plane but 
is concentrated at  asperities (Lay et al. 1982) where it can be much higher than 
average, it is possible that the depth derived from macroseismic data in the far-
field corresponds more to the average depth of the asperities than to the average 
depth of rupture on the fault plane. We could adopt a unique depth of about 
20 km that would be consistent both with the instrumental depth and with the 
macroseismic depth, taking into account their respective uncertainties. In that 
case, the 1927 earthquake would have nucleated and propagated close to the 
transition between the upper and the lower crust. It is also possible that the earth-
quake nucleated around 15 km as determined instrumentally, or shallower, and 
that the source deepened with time. Since the latter scenario is more complex and 
not required by the data taking into account the uncertainties on the instrumental 
and macroseismic depths, we prefer the simpler solution of a unique depth 
around 20 km. The MW 5.3 earthquake of February 2004 nucleated at a similar 
depth (21.7 ± 1.4 km), with the depth range between 18 and 25 km contributing 
highly to the moment release. It is thus possible that the larger MW 6.3 earthquake 
of July 1927 ruptured the seismogenic zone even deeper than 25 km, perhaps 
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down- to its limit around 28 km. It is not possible, however, to have any certainty 
regarding this possibility due to the lack of reliable constraints on fault length, 
width and slip for the earthquake of 1927. Among parameters determined by 
Ben-Menahem et al. (1976), their fault length of 45 km appears to be unrealisti-
cally high, the vertical extent of 10 km results from a focal depth estimate of 
5–7 km and the hypothesis, invalidated today, that the seismicity in the Dead Sea 
area quickly decreases below 15 km depth. Finally, the slip value of 0.4 m results 
from the need to end up with values of potency and seismic moment consistent 
with the observed magnitude.

If the Dead Sea basin is indeed confined to the upper crust as suggested by wide- 
angle seismic data from the DESIRE project (Mechie et al. 2009), then the MW 6.3 
earthquake of 1927 and the MW 5.3 earthquake of 2004 generated a great part of 
their seismic moment near the base of the Dead Sea basin (18–20 km), and imme-
diately below the Dead Sea basin (20–25 km) in the lower crust. Our results for the 
MW 6.3 earthquake of 1927 and for the MW 5.3 earthquake of 2004 underline the 
seismogenic importance of the transition between the upper and the lower crust for 
moderate and probably also for large earthquakes, in agreement with Mechie et al. 
(2009) who suggested that this transition might even act as a decoupling zone at the 
base of the Dead Sea basin.

Finally, with a seismogenic zone nearly as thick as the entire crust, it is 
unlikely that a fully plastic mode of deformation could prevail under the seis-
mogenic zone in the crust because the brittle to plastic transition extends over 
a range of pressure and temperature in which the mode of deformation gradu-
ally changes from fully brittle to fully plastic (Scholz 2002). The fact that 
some microearthquakes nucleate down-to the depth of the Moho in the Dead 
Sea area according to this study and from Koulakov and Sobolev (2006), sug-
gests that the state of fully plastic deformation is probably not reached in the 
crust under the seismogenic zone. In the Dead Sea area, brittle deformation 
appears thus to be the dominant deformation mechanism prevailing through-
out the crust, a constraint already integrated in the drop- down model of Ben-
Avraham and Schubert (2006; Ben-Avraham et al. 2010; Ben-Avraham 2014, 
this volume).
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 Appendix

MW 6.3 Earthquake of 11 July 1927: Additional isoseismal maps (Figs. 3.15, 3.16, 
and 3.17)

Fig. 3.15 Isoseismal map (MSK) of the earthquake of 11 July 1927 produced by kriging of Mode 
Intensities determined by Avni (1999), and published by Zohar and Marco (2012). ISS (1927): 
instrumental epicenter from ISS. SHA (1993): instrumental epicenter from Shapira et al. (1993). 
ISC-GEM: instrumental epicenter from ISC-GEM (Storchak et al. 2013). The area in red 
(MSK = IX) defines the macroseismic epicentral region (drawn by hand) according to this dataset. 
Israel Transverse Mercator (ITM) grid coordinates (km)
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Fig. 3.16 Isoseismal map (MSK) of the earthquake of 11 July 1927 produced by kriging of Max 
Intensities determined by Avni (1999), and published by Zohar and Marco (2012). ISS (1927): 
instrumental epicenter from ISS. SHA (1993): instrumental epicenter from Shapira et al. (1993). 
ISC-GEM: instrumental epicenter from ISC-GEM (Storchak et al. 2013). The area in red 
(MSK = IX) defines the macroseismic epicentral region (drawn by hand) according to this dataset. 
Israel Transverse Mercator (ITM) grid coordinates (km)
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