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Figure 7. Lateral extent of historical earthquakes in the Wadi Araba based on events identified in the trench and on historical accounts. The Yotvata extensional
jog appears to act like a stopping/initiation point for many ruptures, although larger earthquakes seem to be able to break through. Further studies are needed to
detail seismic history of the Wadi Araba during the 8th century regional seismic crises and earlier in time. GA and N. DS stand for Gulf of Aqaba and Northern

Dead Sea, respectively.

Dead Sea fault, between South Lebanon and the Gulf of Aqaba
(Zilberman et al. 2005) and references herein). An epicentre was
also suggested in the Hejaz mountains, northwest of Saudi Arabia,
to account for the modification of water springs reported close to
the city of Tabuk (Ambraseys et al. 1994). It was clearly established
only recently (Guidoboni & Comastri 2005; Ambraseys 2009) that

reports from two distinct earthquakes, the 1068 March 18 event,
most probably located south of the Dead Sea, and the 1068 May 29
event, located closer to northern Palestine, had been aggregated into
a single giant earthquake in most of the historical accounts.(Ken-
Tor et al. 2001; Kagan et al. 2011). The total destruction of the city
of Aila and of its local irrigation system (Zilberman et al. 2005;
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Ambraseys 2009) added to the strength of shaking in Saudi Arabia
and Egypt and to the surface rupture evidenced in our trench sug-
gest that the 1068 March 18 earthquake was located in the southern
Wadi Araba (Fig. 7). This earthquake would have ruptured, at least,
the fault segments located between our site and the Gulf of Aqaba,
that is about 30 km southward, leading to a magnitude M,, 6.5 or
higher (Wells & Coppersmith 1994), in good agreement with values
proposed earlier, based on macroseismic reports and geomorpho-
logical observations (Abou Karaki 1987; Klinger et al. 2000b; Amit
et al. 2002; Zilberman et al. 2005).

An earthquake, Esupp1, possibly occurred between E3 and E4.
As discussed earlier, evidence is scare and visible unambiguously
only in the eastern part of the trench. This event would have oc-
curred between 806 C.E. and 1044 C.E. The age bracket excludes
that it could be related to the 1068 C.E. earthquake series and no
major earthquake is reported south of the Dead Sea basin during
this period. Hence, these cracks could be related to shaking either
associated to the earthquakes that affected the area of Tiberias in
850-854 C.E., or in 873 C.E. (Agnon 2014), or more probably to
the earthquake of 1033 C.E. that severely affected the area north of
the Dead Sea (Ambraseys 2009). This later earthquake, which was
followed by numerous aftershocks, has caused severe destructions
in several places in Palestine.

Events E4 and ES5 are more difficult to tie to specific earthquakes
recorded in historical chronicles. The two earthquakes had to happen
very close in time as cracks associated with each event end within a
very short distance in our trench. The existence of the distinct unit
D, however, prevents any ambiguity about the fact that two distinct
events are recorded here. Based on our age distribution (Fig. 6), the
time bracket that includes the two earthquakes is 671 C.E.—845 C.E.
Historical descriptions during this period, although numerous, are
rather confused, due to the fact that different calendars were in use
at the same time with no possible univocal date conversion between
the different systems. In addition, early historians had a tendency
to aggregate descriptions of different earthquakes into single gi-
ant earthquakes. Ambraseys (2009) demonstrated that at least three
large earthquakes struck the region south of the Lebanese range
between 746 C.E. and 757 C.E. Although damages are reported for
many of the main cities of the region, it remains difficult to ascertain
epicentral location for each of them based only on macroseismic
data. Paleoseismological and numismatic findings suggest that at
least one large event, in 749 C.E., took place south of Lake Tiberias,
along the Jordan valley (Marco et al. 2003; Ferry et al. 2011;
Kagan et al. 2011; Wechsler et al. 2014). Evidence at our trench
site and evidence for damage in the ancient city of Aila (Thomas
et al. 2007) during the same time window suggest one large earth-
quake in the southern part of the Dead Sea fault, E4, which caused
major ground disruption. This event was preceded slightly earlier
by another event, ES, of smaller magnitude, or alternatively quite
distant, which triggered cracks with minor deformation at our site.
Hence, a possible scenario would be a first major earthquake, ES,
corresponding to 749 C.E., which ruptured fault segments north of
the Dead Sea and was recorded only by few cracks at our trench
site. In the following years, rupturing in a sequence, another large
earthquake (E4) would rupture this time the southern section of the
fault, with major ground deformation. At this stage, however, we
cannot exclude an alternative scenario where the first event ES does
not correspond to the Jordan Valley 749 C.E. event, but to an event
located further south, in the Gulf of Aqaba, similarly to M,, 7.3
Nuweiba earthquake in 1995 (Klinger et al. 1999).

The time bracket for event E6 is large because we could not
date the deposition of unit F, due to absence of preserved organic
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material in this coarse sand unit, and we have ages only in unit
E. Hence, the timing of E6 is constrained to be between 9 B.C.E
and 492 C.E. Although historical records are less numerous during
this period, two historical earthquakes are reported in this time
window, respectively in 115 C.E. and in 363 C.E. The first event,
115 C.E., is poorly documented and it has been suggested that war-
related destructions and intermediate-magnitude earthquake effects
were aggregated, leading to exaggerate the actual magnitude of
earthquakes that occurred during that time (Ambraseys 2009). The
event that occurred in 363 C.E. is better documented. It actually
corresponds to two shocks separated by 6 hr during the night of 363
May 18. This seismic sequence is recorded in the varve sequence of
the Dead Sea where a seismite could be unambiguously associated to
this event (Kagan ez al. 2011). According to historical descriptions,
the second shock severely affected the southern part of the Dead Sea
basin. A seiche was reported on the southeastern coast of the Dead
Sea, as well as much destruction in southern Palestine localities and
in the city of Petra (Ambraseys 2009). At the southern end of the
Wadi Araba, in Aila, extensive destruction of Roman buildings is
documented with the time of destruction well constrained to be post
360 C.E., according to dates of more than 100 coins found under
collapsed walls (Thomas et al. 2007). Hence, the 363 C.E. seismic
sequence seems to have affected significantly the southern part of
the Dead Sea fault and most probably corresponds to our event E6,
although further investigation would be needed to definitively rule
out the possibility of 115 C.E.

The trench log (Fig. 5) allows for the identification of three,
and possibly four more earthquakes, between 188 B.C.E and 2798
B.C.E. The event E7 occurred during the period 338 B.C.E.-213
B.C.E. The sequence E8—E9 seems to have occurred in a pair dur-
ing the period 2797 B.C.E.—1245 B.C.E. The supplementary event
Esupp2 would also have occurred in this period. We cannot rule out
that we might be missing earthquakes for the time period prior to
E6, in part due to a large sedimentation rate in the lower western
part of the trench, and in part because of erosion between units H
and G, which has probably obliterated part of the record. However,
because no obvious hiatus in the sedimentary column and in the age
distribution is visible, it seems that our record could be complete,
at least for the large events, for the last 5000 yr. Hence, the pairing
of E8 and E9 might be possible and it would reflect the fact that
earthquakes appear to happen during regional seismic crises such as
the well-documented 8th century crisis or the 363 C.E. earthquake
doublet.

Earthquakes E7-E9 are difficult to correlate with historically
documented events. However, E7 and the sequence E8—E9 can be
tentatively correlated to two successive down-faulting events along
the northwestern tip of the Gulf of Aqaba, which have buried alive
a coral-reef platform (Shaked et al. 2011). These two events have
been dated using '“C and U-series on coral and yield ages of ~2.4
ka BP and ~4.7 ka BP, respectively, in agreement with the two
seismic periods identified in the lower part of the trench (E7 and
E8+E9). In addition, the date interval for event E7 is also com-
patible with a seismite layer dated about mid-2nd century B.C.E.
that was consistently documented all around the Dead Sea basin,
and was associated to a large magnitude event which would have
affected the northern part of the Dead Sea fault (Kagan ez al. 2011).
The oldest sequence (E8+E9) could be related to some destruc-
tion reported in archeological sites north of the Dead Sea, along
the Jordan valley, which were associated with seismic activity and
dated between 1100 B.C.E. and 2600 B.C.E. (Ferry et al. 2011).
The timing of this last sequence is also in good agreement with
the occurrence of significant rock falls along the western shoulder
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Figure 8. Some of the earthquakes identified at our trench site have produced major deformation, while others are only responsible for small vertical offsets
and cracks. The later are assumed to stop/start in the Yotvata jog and the large one to break through it. The trench suggests that the fault alternates between
periods with more numerous smaller events and periods with large less frequent events. Potentially 2 cycles could be observed in this trench. Uv strands for
vertical deformation. Chronological indications are located at corresponding stratigraphic level.

of the Wadi Araba, dated to be 4.3 & 1.0ka old, and which are
associated to earthquake shaking (Matmon et al. 2005; Rinat ef al.
2014). Hence, although these correlations are only qualitative at
this point, they substantiate the assumption that the Dead Sea fault
might be rupturing during seismic crises when several large earth-
quakes break different sections of the fault over a short period of a
few centuries, separated by more quiet periods.

DISCUSSION

In the Middle East, during the last 2000 yr, most of the signifi-
cant earthquakes have been well recorded in historical accounts.
However, the use of macroseismic data only has proved to be quite
insufficient to locate specific earthquakes accurately, and additional
paleoseismic data have often been decisive (Daéron et al. 2005,
2007). The situation of the southern section of the Dead Sea fault,
in this respect, is even more difficult as the number of cities that
could potentially report damages was always limited due to very arid
climate. The new paleoseismological data exposed in our trench al-
low to identify several of the classic historical earthquakes and to
constrain their area of rupture (Fig. 7). Historical earthquakes of
1458 C.E., 1212 C.E., 1068 C.E., one major earthquake during the
8th century seismic crisis of 746 C.E.—757 C.E., and the 363 C.E.
event all ruptured the southern section of the Dead Sea fault, in
the Wadi Araba. Interesting as well, some historical earthquakes
have not been found at our trench site, meaning that they most
probably ruptured other sections of the Dead Sea fault. The 1834
C.E. earthquake was widely felt in Palestine and caused some de-
struction in Jerusalem. Destructions are also reported East of the
Dead Sea. Interestingly, it has been reported that large amount of
asphalt was cast on the shore of the Dead Sea, suggesting that
the earthquake could have been located in the Dead Sea or in di-
rect vicinity (Ambraseys 2009; Agnon 2014). A ground rupture
at the site of Tilah could also be correlated to this event although
this correlation is far from being univocal (Haynes et al. 2006).
Hence, for the 1834 event the location remains loosely constrained
(Ambraseys 2009; Agnon 2014). The 1588 C.E. earthquake, which
mostly affected the city of Aila and produced damage as far as Cairo
in Egypt (Ambraseys 2009) was most likely limited to the Gulf
of Aqaba (Agnon 2014), with no rupture propagating along the
Wadi Araba section, similarly to the 1995 Nuweiba earthquake.

The 1546 C.E. earthquake is also not found in our trench. This event
is classically described as an event that had affected the northern
part of the Dead Sea basin. The southern extent of the rupture, how-
ever, is difficult to ascertain, as damage reports seem to have been
grossly exaggerated (Ambraseys & Karcz 1992; Ambraseys 2009).
Haynes et al. (2006) reported a ground rupture about 15 km south
of the Dead Sea, at the Tilah site, that they associated to the earth-
quake of 1546 C.E. If this were to be confirmed, it would probably
correspond to the southern end of the rupture. If conversely, as
suggested by (Agnon 2014), the last rupture at Tilah is 1834 C.E.,
then the 1546 C.E. rupture would be limited to the Dead Sea basin
only with no extension in the Wadi Araba. Finally, the 1293 C.E.
earthquake is not found either in our trench. This is consistent with
the fact that damages associated with this earthquake are mostly lo-
cated north of the Wadi Araba, with the citadel of Al-Karak severely
destroyed. More surprisingly, the 1293 C.E. rupture is not identified
by Haynes et al. (2006), suggesting that this event would have been
only limited to the Dead Sea basin, with no rupture along the Wadi
Araba segments.

Among the several ruptures that we have identified at our trench
site, the style and the size of the deformations differ significantly.
The Dead Sea fault being a strike-slip fault, all the vertical defor-
mations that are used here to identify events correspond only to
secondary deformation, and a direct correlation of the amplitude of
deformations with the events magnitude would be hazardous. Nev-
ertheless, a first-order comparison between the deformation patterns
(Fig. 8) might be indicative of some differences between the events
that we have identified. The three most recent earthquakes identified
in the trench are characterized by numerous cracks, but only small
vertical offsets. In contrast, the 4th earthquake back in time, E4, in
addition to the numerous cracks, is characterized by a large vertical
deformation of about 65 cm. Although it is most probably due to
local geometry of the fault, it is worth noting that it is the eastern
side that went down, while at larger scale the basin associated to
the extensional step over is located west of the fault. A similar pat-
tern is visible for earlier events, although not so clear, with event
E8 characterized by a large deformation and some block rotation,
while the other events are mostly characterized by cracks. Although
the smaller-deformation pattern could be due to variability of slip
when earthquake rupture gets close to a jog (Klinger et al. 2006;
Fletcher et al. 2014), it can alternatively be hypothesized that in
most cases our site is close to the initiation or termination of an
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earthquake rupture (Harris & Day 1999; Wesnousky 2006; Klinger
2010) and it would only record small deformation. In such cases,
it means that these events actually ruptured only a limited section
of the Wadi Araba fault during earthquakes of magnitude M,, 6 to
M,, 7, quite in agreement with magnitude that could be inferred
from historical descriptions (Abou Karaki 1987; Guidoboni et al.
1994; Guidoboni & Comastri 2005; Ambraseys 2009). Such earth-
quakes would be responsible for the typical 1m to 1.5 m horizontal
offset that can be observed ubiquitously along the Wadi Araba fault
(Klinger et al. 2000b). In contrast, the larger deformation associ-
ated to E4 and E8 could indicate earthquakes that did not start/stop
in the jog of Yotvata, but instead ruptured through. These events
potentially broke a much longer section of the Wadi Araba fault, if
not the entire 160-km-long Wadi Araba, during major earthquakes
that could reach magnitude M,, 7.5, with several metres of horizon-
tal displacement (Wells & Coppersmith 1994). Such earthquakes
could be part of earthquake series at the scale of the Dead Sea fault,
producing regional earthquake turmoil, such as the one reported
during the 8th century in the entire Middle East (Guidoboni et al.
1994; Ambraseys 2009).

In our record, the distribution of earthquakes through time, as
well as the rupture size, seem to be variable. The early part of our
record, between ~5000 yr BP and E6, ~1600 yr BP, shows only
few earthquake bursts, at least about 500 yr apart. As we already
acknowledged, we cannot exclude that we might miss some events in
this time window, but we could not identify any obvious large hiatus
in the sedimentary sequence, which should be easily detectable in
the age distribution (Fig. 6). At about 1600 yr BP and the occurrence
of earthquake EG6, the seismic behaviour along the southern part of
the Dead Sea fault seems to have switched to a different behaviour:
The fault was producing earthquakes more often with reduced time
interval between events, from 132 to 386 yr. Then, after the last
significant earthquake in 1458 C.E., the fault behaviour seems to
have changed to turn quiet again with no significant earthquake
along the southern section of the Dead Sea fault for 556 yr. Using a
slip rate of 5 mm yr~! (Le Béon et al. 2010), this corresponds to 2.8
m of accumulated slip, which would translate into an earthquake of
magnitude M,, ~ 7 or higher (Wells & Coppersmith 1994; Le Béon
et al. 2010). The only notable exception during the recent quiet
period is the M,, 7.3 earthquake that struck the Gulf of Aqaba in
1995 (Baer et al. 1999; Klinger et al. 1999; Hofstetter et al. 2003).
It is yet too early to know if this most recent earthquake is starting
a new series of events along the Dead Sea fault, or if it was just an
anomaly during a long quiet period.

Alternation of intense seismic activity over a couple of centuries
to a thousand years and period of seismic quiescence have been
documented in several places along the Dead Sea fault, suggesting
that it could correspond to its normal long-term seismic behaviour.
From the Lebanese Range to the Gulf of Agaba, four paleoseis-
mological sites (Fig. 1) have time series that are long enough to
compute a mean return time. The first site is located along the
Yammouneh fault section, in Lebanon (Daéron et al. 2005; Daéron
et al. 2007). Up to 13 earthquakes have been identified at this site
over a period of ~12 000 yr, with the last earthquake in 1202 C.E.
The mean Return Interval (RI) is 940 yr with a standard deviation
(o) of 424 yr. The Coefficient of Variation (CoV = o/ RI) is 0.45.
The second site is located on the northern shore of Lake Tiberias.
There, 8 events have been identified over a period of ~2000 yr, with
the last earthquake in 1759 C.E. (Marco et al. 2005; Wechsler et al.
2014). RIis 207.4 yr and o = 232.71 yr, yielding CoV of 1.13. The
third site is located in the Jordan Valley. There, 12 events have been
identified over a period of ~12 000 yr, with the last event possibly
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in 1033 C.E. (Ferry et al. 2011). At that site RI is 1164 yr with
o =807 yr and CoV = 0.7. Eventually, our site, located along the
southern strand of the Dead Sea fault allows for identification of
eight periods of seismic activity over ~5000 yr, with the last event
in 1458 C.E. RI is 538 yr with 0 = 420.9 yr and CoV = 0.78. If not
identical, CoV at the different sites are consistent, with the excep-
tion of the site close to Lake Tiberias. There, conjunction of high
detection level, shorter period considered compared to the other
sites, and the peculiar location of the site at the junction between
different segments (Wechsler et al. 2014) might be responsible for
abnormally short RI and high CoV. This is probably enhanced by
the fact that, at this stage, RI does not account for magnitude and
considers all earthquakes similarly. The general picture, however,
shows CoV > 0 meaning that the Dead Sea fault departs signifi-
cantly from a periodic seismic behaviour during the last millennia
(Goes & Ward 1994; Zielke et al. 2015). In contrast, if one consid-
ers only the most recent series of earthquakes, E1-E6, at our site,
which occurred over a period of about a thousand years, it yields a
CoV = 0.34, indicative of a more periodic behaviour. Such differ-
ence shows how critical it is to get an earthquake time series long
enough to evidence possible variability of the seismic behaviour
with time.

Data-driven study (Marco et al. 1996; Agnon et al. 2006) and
model-driven study (Kenner & Simons 2005; DiCaprio et al. 2008)
both suggested that seismic activity along the Dead Sea fault might
be clustered in time and space at the scale of tens of thousands of
years. It seems from recent studies that it could also be the case at
the timescale of a couple of thousands of years with entire sections
of the Dead Sea fault switching from an active seismic mode to a
more quiet mode (Ben-Zion et al. 1999).

CONCLUSION

The number of strike-slip faults where the earthquake record is long
enough to be able to study fault seismic behaviour remains very
small. Although attempts have been numerous, sites that preserved
a long record of past earthquakes and enough material suitable for
dating are difficult to find. Here, we present a site located at the
southern end of the on-land part of the Dead Sea fault where we
could identify up to nine events grouped in eight bursts of activity,
over a period of about 5000 yr. Several of these earthquakes can
be tied to historical earthquakes in chronicles, but for which loca-
tion was remaining uncertain until now. The series of earthquakes
recorded at our site, along with earthquakes recorded at three other
sites further north along the Dead Sea fault, show some variability in
the time distribution of earthquakes, with period of intense activity
over few centuries and period of seismic quiescence. In addition, the
fact that we observe several pairs of earthquakes, which occurred
only few years to few decades apart, suggests that during periods of
seismic activity, rupture of one section of the Dead Sea fault might
trigger rupture on other nearby fault sections, leading to the total
rupture of the Dead Sea fault in a relatively short time of few cen-
turies. Such pattern of temporal clustering is not unique to the Dead
Sea fault and it has been unambiguously evidenced along other
large strike-slip fault such as the North Anatolian Fault, in Turkey
(Barka 1996; Stein et al. 1997), and the San Jacinto fault, in United
States (Rockwell et al. 2014). In contrast, however, other records
along the Alpine fault, in New Zealand (Berryman ef al. 2012) and
the San Andreas fault, in United States (Scharer et al. 2010), show
that on these faults the seismicity might be quasi-periodic in time.
Hence, time clustering does not seem to be an intrinsic behaviour of
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strike-slip faults. Because one could not do any obvious correlation
between a specific earthquake behaviour and a simple property of
the system, such as fault geometry or isolation of the fault system
relatively to other active faults, we suggest instead that it is more
likely that the key to temporal clustering might depend on some
relation between slip-rate and the existence of a time-dependent
rheology (a rheology that would keep memory of earthquake his-
tory) in the lower crust and the upper mantle, as suggested in several
model-driven approaches (Ben-Zion ef al. 1999; Lyakhovsky et al.
2001; Kenner & Simons 2005; DiCaprio et al. 2008).
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