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Short Note
The Seismicity along the Dead Sea Fault during the Last 60,000 Years

by Y. Hamiel, R. Amit, Z. B. Begin, S. Marco, O. Katz, A. Salamon, E. Zilberman, and N. Porat

Abstract Evidence for unchanging slip rate and a Gutenberg—Richter relation for
earthquake distribution along the Dead Sea fault during the past 60,000 yr are pre-
sented. The evidence comes from three different segments, approximately 100 km
apart, and from three different timescales: prehistoric—paleoseismic, historical, and
modern (instrumental) records. The paleoseismic data are based on two different
methods. In the southern Arava Valley and the northern Jordan Valley segments,
the amount of normal displacement along several faults is used, while in the Dead
Sea basin the appearance of brecciated beds, which are considered as seismites, is
used. We found that for the southern Arava Valley segment a constant dip-slip rate
of 0.5 mm/yr can explain the cumulative normal slip during the past 45,000 yr. This
suggests that normal faulting is only ~10% of the total left-lateral strike-slip motion.
We also found that for all three segments, the paleoseismic and historical records of
strong earthquakes lie on the linear extrapolation of the frequency—magnitude relation
of the instrumental record. The calculated b-values for all three segments are between
0.85 and 1, similar to other major strike-slip faults in the world. It is concluded that the
Gutenberg—Richter distribution is a stable mode in the tectonic setting of the Dead Sea

fault during the past 60,000 yr.

Introduction

Time-dependent seismicity has become an important
topic in the evaluation of seismic hazard (see review by
Steacy et al., 2005). The concept implies that current seis-
micity should be evaluated on the backdrop of the past, short
or long. Here we discuss the Late Quaternary recurrence in-
terval of earthquakes along the Dead Sea fault (DSF). Seismic
activity of the DSF has been measured for different magni-
tudes and timescales: tens of thousands of years (Marco et al.,
1996; Amit et al., 2002; Begin et al., 2005), thousands of
years (Amit et al., 1995; Leonard et al., 1998; Zilberman
et al., 2000), hundreds of years (Migowski et al., 2004),
and decades (Salamon et al., 2003; Begin and Steinitz,
2005). In this work, for the first time, we combine different
data sets of prehistoric—paleoseismic, historical, and modern
(instrumental) observations in three different segments along
the DSF: the southern Arava Valley, the northern Jordan Val-
ley, and the Dead Sea basin segments. We then calculate the
slip rate and frequency—magnitude relation for these seg-
ments and discuss the recurrence interval for strong earth-
quake in each segment.

Tectonic Setting

The DSF is an active fault zone, forming the boundary
between the Arabia and Sinai plates, stretching from the Red

Sea to the Eurasia plate (Fig. 1). Based on geological
evidence and kinematic considerations, it is generally ac-
cepted that the DSF is a continental transform, along which
the principal movement has been a post-Miocene 105 km
left-lateral displacement (e.g., Garfunkel er al., 1981; Joffe
and Garfunkel, 1987).

The left-lateral slip rate along the DSF was estimated
directly from displacement of geological and archaeological
structures. In the central and northern Arava Valley, strike-
slip rates were calculated for the past 5 m.y. by displaced
alluvial fans, terraces, and streams, with resulting values be-
tween 3 and 7.5 mm/yr (Ginat et al., 1998; Klinger et al.,
2000; Niemi et al., 2001). Based on distorted beds in the
Lisan Formation (70,000-14,000 yr B.P.) a slip rate of
4.7-6.5 mm/yr was suggested for the eastern Dead Sea
(El-Isa and Mustafa, 1986). In the central Jordan Valley
the average slip rate during the past 47 k.y. was estimated
to be 4.9 mm/yr using displaced drainage systems (Ferry
et al., 2007). Along a north—south trending fault in the
western Dead Sea, the rate during the past 30,000 yr was
determined as 3.5 mm/yr (Bartov and Sagy, 2004). In the
northeastern Sea of Galilee basin the minimum rate during
the past 5000 yr was found to be 3 mm/yr (Marco et al.,
2005), and in the Missyaf segment in Syria the rate
for the past 2000 yr is 7 mm/yr (Meghraoui et al., 2003).
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Figure 1. Location map, showing main segments along the

DSFE. Open circles show location of the PZ1 section of the Lisan
Formation in the Dead Sea basin and locations of the study area
in the southern Arava Valley and the northern Jordan Valley. Boxes
denote the area considered for the instrumental record.
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Along the Yammuneh segment, which strikes 30° east off the
general direction of the DSF, the slip rate was determined as
3.8-6.4 mm/yr during the past 25,000 yr (Daéron et al.,
2004). These field observations concerning fault displace-
ment are generally in accord with the present rate of plate
movement as measured by a Global Positioning System
(GPS) and assuming a locked fault at a depth of ~12 km
(in millimeters per year): between 5.6 &= 1 (McClusky et al.,
2003) and 4.4 + 0.3 (Mahmoud et al., 2005) for the southern
DSF, 4.9 & 1.4 for the Arava Valley (Le Beon et al., 2008),
between 3.7 + 0.4 (Wdowinski et al., 2004) and 7.5 4+ 0.8
(Ostrovsky, 2001, 2005) for the central DSF in Israel, 4.4 +
0.5 in Lebanon (Gomez et al., 2007), and 6.0 = 1 for the DSF
in Syria (McClusky et al., 2003).

Late Quaternary Seismicity along the Dead Sea Fault

Southern Arava Valley

Late Quaternary paleoseismicity of the southern Arava
Valley was deduced from offsets on faults detected in
trenches, in a fault-zone area having a surface width of
6 km and surface length of 40 km, extending through the
rift valley from the northwestern coast of the Gulf of Elat
(Aqgaba) to the northeast (Amit ef al., 1995, 2002; Zilberman
et al., 2005). The fault zone may be subdivided into three
subzones: a central subzone, 5 km wide, trending northeast,
characterized by sinistral faults expressed by push-ups and
pull-aparts, and two marginal zones characterized by normal
faults that trend northwest and north—northeast on both sides
of the rift valley. Amit et al. (2002) reported 20 different
paleoearthquakes between 45 and 1 k.y. B.P. in the southern
Arava Valley segment. The cumulative normal slip versus
time that was calculated from their data (Fig. 2) shows that
a constant slip rate of 0.5 mm/yr can account for the total
normal slip. The relatively small amount of normal slip per
event recorded during the past 16 k.y. (12 events, average slip
of 0.65 m per event) is compensated by the shorter recur-
rence interval in that period (1500 yr), as compared to the
earlier period of 45-16 k.y. (8 events, average slip of
1.4 m, and a recurrence interval of 3000 yr). The difference
in slip per event between the two periods is statistically
significant (p < 0.002 in the Mann—Whitney test, where
p is the probability that the two samples are drawn from
the same population).

Assuming an average slip rate of 5 mm/yr for the left-
lateral motion along the DSF, the average cumulative normal
slip rate in the southern Arava Valley of 0.5 mm/yr suggests
that normal faulting is only ~10% of the total strike-slip
motion in the past 45 k.y. This is supported by the calculated
rake for small and large earthquakes along the DSF in modern
times (Hofstetter et al., 2003; Salamon et al., 2003) and by
the amount of transverse extension along the fault (e.g.,
Joffe and Garfunkel, 1987). A similar dip-slip to strike-
slip ratio was observed in the northeastern Sea of Galilee
basin (Marco et al., 2005) and was estimated for the Dead
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Figure 2. Cumulative normal slip versus time from the southern

Arava Valley paleoseismic data (diamonds). The black line
illustrates a slip rate of 0.5 mm/yr.

Sea basin using seismic refraction data (Ginzburg and
Ben-Avraham, 1997).

The transformation of displacement detected in trenches
across faults to earthquake magnitude was calculated using
the regressions presented by Wells and Coppersmith
(1994). The calculated magnitudes for all paleoearthquakes
in the Arava Valley segment are in the range of 5.9 <
M, <7.1,with an average magnitude of M, 6.5 for 16—1 k.y.,
and 6.8 for45-16 k.y B.P. Because of the nature and inaccuracy

(@,

Southern Arava:
Log(N/yr)=-1"M+3.3

0 -
§’ -2 S o
> ~
-3 S
# Instrumental =
-4 M Paleo-seismic (16-1 Kyr) > ~ ~
[ Paleo-seismic (45-16 Kyr)
-5 T T T T T T
1 2 3 4 5 6 7 8
Magnitude (Mw)
C
OF Dead Sea basin:

Log(N/yr)=-0.97*M3.67

0 B
s
N
a o4
2 ~
-3-| @Instrumental ::';-EE
AHistorical N
-4 1| OPaleo-seismic (44-16 Kyr)
M Paleo-seismic (49-59 Kyr)
-5 T T T T T T
1 2 3 4 5 6 7 8
Magnitude (Mw)
Figure 3.

Short Note

of the displacement-magnitude relation (Wells and Copper-
smith, 1994), we assume an error in magnitude of +0.6
(~10%) for all paleoevents. The earthquake catalogs that
are based on historical records report a single large earthquake
(M > 6) that occurred in the year of 1068 A.D. in the southern
Arava Valley (e.g., Guidoboni and Comastri, 2005; Zilberman
et al., 2005), which is included in the aforementioned record.
Because of the remoteness of this desert area in ancient times,
it is hard to find reliable historic evidence for earlier events.
The instrumental data used in this study were taken from
the Geophysical Institute of Israel earthquake catalog (see
the Data and Resources section). As the catalog is complete
for earthquakes with My, >2 only since 1983, we used instru-
mental data that were recorded between the years of 1983 and
2007. Figure 3a shows the calculated frequency—magnitude
relation for the southern Arava Valley segment using the in-
strumental and paleoseismic records. The instrumental record
includes 123 events and was divided into magnitudes between
2 and 2.9, 3 and 3.9, and 4 and 4.9. We found that the data
points as retrieved from paleoseismic record for the southern
Arava Valley segment lie on the linear extrapolation of the fre-
quency—magnitude relation of the instrumental record, with a
calculated b-value (the slope of the frequency—magnitude re-
lations) of 1. This value is in agreement with b = 0.96 that was
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Frequency—magnitude relations for (a) the southern Arava Valley segment, (b) the northern Jordan Valley segment, (c) the Dead

Sea basin, and (d) all three segments together using instrumental (diamonds), historical (triangles), and paleoseismic (squares) records. Black
lines denote the regression curves for the instrumental record only (in [a]—[c]), and dashed lines denote its extrapolation. The black line in
(d) denotes the best-fitting model for all data. Note that a b-value (the slope of the curve) of 0.95 can explain the whole data range for all three

segments.
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found for the DSF in Israel using instrumental data only
(Shapira and Hofstetter, 2002).

Northern Jordan Valley

In the northern Jordan Valley, Late Quaternary paleo-
seismicity was deduced from normal offsets on faults
detected in trenches in the same manner as in the southern
Arava Valley segment. The paleoseismic data in this segment
come from two different sites: one is east to the Sea of
Galilee and the other is near the archeological site of Tel
Rehov (Fig. 1). In the site east to the Sea of Galilee, three
trenches were opened crossing three of the mapped north—
south oriented faults between the western slopes of the Golan
Heights and the eastern coast of the Sea of Galilee
(Katz et al., 2008). The data in this site include 2—4 different
events between 11 and 3.5 k.y. B.P. In the Tel Rehov site,
trenches were opened on a marginal mapped fault of the
DSF, north to the archaeological site (Zilberman et al.,
2004). The data in this site include three different
events in the past 3000 yr. Because of the small number
of paleoevents, we did not estimate the slip rate for this
segment. Using the regression presented by Wells and
Coppersmith (1994), the calculated average magnitude for
the paleoearthquakes in the northern Jordan Valley segment
is M, 6.6. Studies of macroseismic damage from historic
events and archaeological evidence conclude that 1-3 large
earthquake (Mg > 6) occurred in the northern Jordan Valley
segment during the past 2000 yr (e.g., Ambraseys et al.,
1994; Guidoboni et al., 1994; Marco et al., 2003). According
to these studies the earthquake of 749 (or 746) A.D. occurred
along the Jordan Valley segment. However, it is not clear
if the earthquakes of 363 and 1033 A.D. occurred along
the Jordan Valley or the Dead Sea basin segments. The
instrumental record for the northern Jordan Valley, which
includes 59 events, was treated in a similar way as that of
the Arava Valley segment. Figure 3b shows the calculated
frequency—magnitude relation for the northern Jordan Valley
segment using all data. Here also, the paleoseismic record
lies on the linear extrapolation of the frequency—magnitude
relation of the instrumental record, with a slightly lower
b-value, namely 0.85. Figure 3b shows that the average
recurrence interval for a large earthquake (M >6.5) in this
segment is ~1500 yr.

Dead Sea Basin

Late Pleistocene seismicity in the Dead Sea basin was
deduced from the occurrence of 30 breccia beds (59,000—
16,000 yr B.P.) within the lacustrine sediments of the Lisan
Formation at the PZ1 section in Nahal Perazim (Fig. 1).
These beds are considered to be seismites, having been
induced by M >6 earthquakes (Marco and Agnon, 1995;
Marco et al., 1996; Begin et al., 2005). Based on these
studies and assuming a maximum magnitude of 7.6 (see
the Discussion section), all paleoseismic large events in
the Dead Sea basin have magnitudes between 6 and 7.6.
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Thus, we estimate an average magnitude for all these large
earthquakes to be M 6.8 & 0.8. Two important differences
between the record of this segment and that of the two former
ones stem from the difference in the method of deduction of
seismic activity. First, while in the Arava Valley and Jordan
Valley segments the slip on faults records only earthquakes
that actually took place on these faults, the Dead Sea
seismites may record strong earthquakes that occurred at
some distance north and south of the Dead Sea area. Second,
while in the Arava Valley and Jordan Valley segments only
the dip-slip component is recorded, the Dead Sea basin
seismites recorded both dip- and strike-slip events.
Because of a hiatus in the Lisan Formation between 49
and 44 k.y. B.P. (Machlus et al., 2000), which was not recog-
nized by Marco et al. (1996), the paleoseismic data were di-
vided into two periods: 59-49 and 44-16 k.y. B.P. The
calculated recurrence interval for strong earthquakes
(M 6.8 £0.8) in the period of 5949 k.y. was found to
be ~900 yr, while for 44-16 k.y. it was found to be
~1700 yr. The catalogs of historic earthquakes in the Dead
Sea basin (e.g., Ambraseys et al., 1994; Guidoboni et al.,
1994; Guidoboni and Comastri, 2005) are more complete
than for the other segments; they include not only 1-3 large
events (6.5 < Mg <7.5), but also 9-10 medium events
(5.5 < Mg <6.5) that occurred since 31 B.C. (Table 1). Note,
that we include the 1927 M 6.2 earthquake (Shapira et al.,
1993) in our historical record. The instrumental record for
the Dead Sea basin includes 310 events of 2 < M| <5.2.
Figure 3c shows the calculated frequency—magnitude rela-
tion for the Dead Sea basin using the instrumental, historical,
and paleoseismic data. As shown in Figure 3c the Dead Sea
basin paleoseismic record also lies on the linear extrapolation
of the frequency—magnitude relation of the instrumental
record, with a calculated b-value of 0.97, which is close
to the values of 1 and 0.85 that were found for the Arava
Valley and the northern Jordan Valley segments, respectively.
The Gutenberg—Richter (GR) relation for the combined re-
cord of Dead Sea basin shows that the higher seismic activity
between 59 and 49 k.y. compared to the activity between 44
and 16 k.y. B.P,, is an expected result from the a- and b-values
of that relation. It appears from the combined record (Fig. 3¢c)
that the calculated average recurrence interval for strong
earthquakes (M, >6.5) in the Dead Sea basin is ~500 yr.

Discussion

We integrated paleoseismic, historical, and instrumental
records of earthquakes in three different segments, 100 km
apart, in order to detect the seismic activity of the DSF in the
past 60,000 yr. Despite the limitations on the transformation
of the paleoseismic and historic evidence to reliable esti-
mates of earthquake magnitude, we adopt the assumption
that the long-term characteristics of these records actually
represent the trends of seismic behavior in the three seg-
ments. We further assume that the major seismic moment
release is associated with the sinistral component of faulting
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Table 1
Historic Earthquakes Used in This Study

Date Main Source of Information Estimated Magnitude Ruptured Segments’
31 B.C. Guidoboni et al. (1994), Karcz (2004) M DS
363 Guidoboni et al. (1994) L— JV, DS
634 Guidoboni et al. (1994) M DS
659/660 Guidoboni et al. (1994) M DS
746 (or 749) Guidoboni et al. (1994), Marco et al. (2003), Karcz (2004) L— A
757 (or 749, or 750)  Guidoboni et al. (1994) M DS
1033 Ambraseys et al. (1994), Guidoboni and Comastri (2005) L JV, DS
1068 Ambraseys et al. (1994), Zilberman et al. (2005), Guidoboni and Comastri (2005) L AR
1105 Guidoboni and Comastri, 2005. M DS
c. 1150 Guidoboni and Comastri (2005) M DS
1293 Guidoboni and Comastri (2005). L DS
1458 Ambraseys et al. (1994), Klinger et al. (2000), Guidoboni and Comastri (2005) M DS
1557 Ambraseys and Karcz (1992) M DS
1927 Shapira er al. (1993) M; 6.2 DS

“Estimated magnitude: M, moderate (5.5 < Mg <6.5); L, large (6.5 < Mg <7.5).
tRuptured segment: AR, southern Arava Valley; DS, Dead Sea basin; JV, Jordan Valley.

along the DSF. We found that the GR relation explains
the observed data rather well, with calculated b-values be-
tween 0.85 and 1 for the three segments (Fig. 3a—c) and with
b = 0.95 for all data (Fig. 3d). These values are in agreement
with frequency—magnitude relations observed in other major
strike-slip faults in the world (e.g., Evernden, 1970; Shi and
Bolt, 1982; Bakun, 1999). Note that for small magnitude
earthquakes (instrumental record) the seismic activity in
the Dead Sea basin is higher than in the other segments
(Fig. 3d). For large magnitude earthquakes, however, our his-
torical and paleoseismic records suggest that the seismic ac-
tivity in all segments may be similar. It should also be noted
that an extrapolation of the GR relation beyond the data limits
would not be justified because not a single estimation has
been suggested of an earthquake stronger than M > 7.6 along
the DSF in Israel in the past 60,000 yr. This observation is
compatible with the relatively short segments that character-
ize the DSF in Israel (~60 km long; ten Brink et al., 1999).
Stronger earthquakes may possibly occur on the Yammuneh
restraining bend in Lebanon.

Both the southern Arava Valley and Dead Sea basin
paleoseismic data show some temporal variations in seismic
activity, the origins of which are not clear. For the southern
Arava Valley segment, the average recurrence interval and
magnitude between 45 and 16 k.y. B.P. are ~3000 yr and
6.8, while between 16 and 1 k.y. B.P. they are ~1500 yr
and 6.5, respectively. For the Dead Sea basin, the average
recurrence interval for M > 6.8 & 0.8 earthquakes between
59 and 49 k.y. B.P. is ~900 yr, while between 44 and
16 k.y. B.P. it is ~1700 yr. We suggest that these variations
do not result from changes in slip rate along the DSF, as can
be deduced from the fact that the average slip rate of
5 mm/yr along the DSF as calculated for a time window
of 20 m.y. is the same as the current slip rate as detected
by GPS measurements during several years. This conclusion
is also supported by the observation that a constant slip rate

of 0.5 mm/yr can explain all normal faulting during the past
45,000 yr in the southern Arava Valley (Fig. 2). At any rate,
the temporal variation in seismic activity, compared to the
accuracy of the data, is small, and the whole data set is still
well represented by a GR relation (Fig. 3d).

The GR relation, with power-law distribution of earth-
quake statistics, is an end-member mode that was proposed
to explain earthquake distribution. The other end member is
the characteristic earthquake mode, with more earthquakes
closer to the maximum magnitude than expected by GR re-
lations (Schwartz and Coppersmith, 1984). As shown by
Lyakhovsky et al. (2001), the ratio between the timescale
of fault healing and loading provides a guideline for under-
standing different fault evolution patterns and earthquake sta-
tistics. Fault systems with a long memory (high loading rate)
tend to produce high localization and frequency—magnitude
relations that are typical of characteristic earthquake statis-
tics. Conversely, fault systems with a short memory (low
loading rate) tend to produce a disordered and diffuse fault
system with GR distributions of earthquakes. This correlation
between fault geometry and earthquake statistics is in agree-
ment with the seismological and field observations (e.g.,
Wesnousky, 1994; Stirling et al., 1996). Different segments
of the San Andreas fault show the two modes. The fre-
quency—magnitude relation in southern California is in ac-
cord with the characteristic earthquake mode (Wesnousky,
1994), while the observed seismic data for northern and cen-
tral California can be explained through the GR relation
(Shi and Bolt, 1982; Bakun, 1999). We suggest that because
the loading rate in the DSF is an order of magnitude lower
than that of the San Andreas fault and because at least part of
the San Andreas fault operates according to the GR relation,
the latter is more compatible with the tectonic setting of the
DSF. The fact that the GR relation can explain the seismic
behavior of the DSF during the past 60,000 yr suggests that
this is a stable mode in the seismicity of the DSF.
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Data and Resources

Paleoseismic and historical data sets used in this article
came from published sources listed in the references. The
modern (instrumental) seismic data can be obtained from
the Geophysical Institute of Israel earthquake catalog
(www.gii.gov.il, last accessed September 2007).
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