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Abstract  The Dead Sea rift offers a wealth of information about pre-instrumental 
earthquakes. The types of potential archives include historic seismicity, archaeo-
logical sites, disturbed beds in lake deposits, rockfalls within caves as well as on 
free slopes, and displaced marine terraces. The rich historical archive is useful as a 
key for deciphering the geological archives.

Of the geological archives developed for the Dead Sea rift, lake sections stand 
out due to the long periods covered with high resolution. Lake deposits contain long 
and potentially continuous archives of the environment, and of earthquakes in par-
ticular. The Holocene drop in Dead Sea level, accentuated with a fast anthropogenic 
drop, have triggered incision and outcrop formation, permitting access and direct 
investigation of archives. The ongoing analysis of cores from lake drill-holes will 
augment the continuity of the archive.

The historical information spans periods that exceed the seismic cycle of 
individual fault segments. One of the provoking results of the comparisons of his-
torical versus geological archives of earthquake activity is the significant difference 
in the apparent length of the earthquake cycle, where prehistorical data indicates 
long quiescence periods. This suggests that even the long historical record of the 
Levant does not encompass the full earthquake cycle along the entire Dead Sea 
fault. This result underscores the significance of paleoseismic research for the 
understanding of earthquake-fault mechanics and for hazard assessment.

Keywords  Paleo-earthquakes • Earthquake clustering • Historic earthquakes  
• Dead Sea earthquakes
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8.1  �Introduction

The study of pre-instrumental earthquakes has made considerable progress in the 
world during the last 40 years since the introduction of geological observations to a 
subject previously dominated by historic research. Paleoseismology has opened a 
new dimension in the study of recurrence and magnitudes of past earthquakes (Sieh 
1978; Swan et  al. 1980; Yeats et  al. 1997; McCalpin 2009). Paleo-earthquake 
research is essential for the study of any fault system for which the loading-
unloading cycle is longer than the period covered by history.

The historical archive for the Dead Sea rift (DSR) is extensive over the last three 
millennia and, at times, includes complementary sources from coexisting cultures 
(Guidoboni et  al. 1994; Ambraseys et  al. 1994; Guidoboni and Comastri 2005; 
Karcz 2004; Sbeinati et al. 2005; Ambraseys 2005a, b, 2009).

The value of pre-instrumental seismicity has been underscored by several 
authors, and several articles have reviewed preinstrumental earthquakes in the 
Levant (see Garfunkel 2011, for a recent review). Ambraseys (1971) has detected a 
pattern of interaction in catalogues of historic earthquakes along the two conjugate 
faults that bound the Anatolian block (NAF and EAF in Fig. 8.1). Karcz et al. (1977) 
have used archaeological evidence to test historical catalogues, and found a different 
distribution of damage, where the former exhibit higher concentration along the rift. 
Garfunkel et al. (1981) have used historic earthquakes to identify a spatio-temporal 
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pattern of seismic gaps. Stiros (2001) has used historical accounts, archaeological 
excavations, and geological observations for identifying a cluster of activity that 
spanned three centuries along four plate boundaries in the Eastern Mediterranean, 
including the Dead Sea rift. Agnon et  al. (2006) have reviewed recent research 
focused on lake sediments for studying historic and pre-historic earthquakes. They 
reaffirmed temporal earthquake clustering with a long cycle of activity, of order 
10 kyear, longer than the historic period.

The present review attempts to be more comprehensive, including historical, 
archaeological, and geological information, and spanning historical and prehistori-
cal times. Comparison between alternative sources is given where applicable. We 
start with a systematic review of the sources that include historical catalogues, exca-
vated archaeological ruins (on- and off-fault), and geological evidence of several 
types: lake seismites, coastal terraces with related sediments, and rock falls (in 
caves and on free slopes). A discussion of the extent and the reliability of each type 
follows its description. A following section presents the temporal correlations 
between the various sources. In the spirit of the present review, an attempt is made 
to cover all possible correlations. Subsequently we consider the issue of completeness 
of the archives, critical to the assessment of recurrence patterns, which comprises 
the discussion section.

8.2  �Sources of Information

This review focuses on earthquakes recorded by off-fault effects, including collapsed 
and cracked buildings (from historical accounts and archaeological excavations), 
disturbed sediments, and displaced coastal features. Direct evidence of surface rup-
tures is reviewed in a different chapter (Marco and Klinger 2014), but on occasion 
such information is used here for supporting the present interpretations (Ellenblum 
et al. 1998; Gluck 2001; Haynes et al. 2006; Akyuz et al. 2006; Ferry et al. 2011; 
Sbeinati et al. 2010).

8.2.1  �Historic Earthquakes

During the time of the development of the paleoseismic research in the Dead Sea 
rift, namely the last two decades, several comprehensive catalogues have been pub-
lished under a modern standard. The catalogues of Ambraseys et  al. (1994) and 
Guidoboni et al. (1994) mark the transition to such a standard. The extent of litera-
ture on historic earthquakes of the Levant is formidable, and often catalogues are 
conflicting and confusing, as pointed out by Karcz (2004). Since that review, focused 
on Jewish sources between the second century BCE and the eighth century CE, three 
additional catalogues have been published (Guidoboni and Comastri 2005; Sbeinati 
et  al. 2005; Ambraseys 2009). The present review is written from a geological 
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perspective by a non-historian so only recent extensive regional catalogues are used 
systematically. When physical evidence for earthquakes support the catalogues of 
Ben Menahem (1991) and Amiran et al. (1994), they are used to augment the ones 
mentioned above. Sbeinati et  al.’s (2005) catalogue is focused on the northern 
Levant, whereas Ambraseys et al. (1994) focus on the Red Sea; the others include 
areas around the Mediterranean. Ambraseys (2006a, b) filtered the larger events for 
which he estimated surface wave magnitudes (Ms) from macroseismic data. Salamon 
(2010) and Kagan et al. (2011) compiled lists of larger and generally consensual 
events reported in these catalogues to have shaken the Levant, and in particular  
the DSR.

Figure 8.2 displays sites central to the historical discussion of earthquakes (a) 
and interpreted locations of historic events (b–d). Some of the events require special 
attention due to possible bias in the historic documents and interaction with other 
disciplines (e.g. Karcz 2004; Ambraseys 2005a, b). Archaeological evidence for 
demise has been associated with historic earthquakes even when the dating of dam-
aged structures was poorly constrained. Thus questionable dating could be pre-
sented as infallible. This approach can potentially introduce spurious interpretations 
of archaeological as well as historical data.

Kagan et al. (2011) have recently compiled a list of historic events that could 
potentially affect the Dead Sea basin, and tested for correlations between each event 
and dated lake seismites. They have used an attenuation relation that describes the 
decay of macroseismic intensity with distance from the source in the Eastern 
Mediterranean and Middle East (Ambraseys and Jackson 1998):

	
M I R R pS i i i= − + ( ) + ( ) + ( ) +1 54 0 65 0 0029 2 14 0 32. . . . log . ,

	
(8.1)

where MS is estimated surface-waves magnitude and Ii is the Medvedev-Sponheuer-

Karnik intensity. R r ri = +i
2

0
2  with ri being the mean isoseismal radius of inten-

sity Ii, and r0 = 9.7 km. Equation (8.1) was based on 488 isoseismal contours that 
were fit to about 9,000 intensity points originating from 123 shallow instrumental 
earthquakes. Ambraseys (2006a, b; 2009) studied different seismogenic zones, the 
DSR being one of them. He adjusted the coefficients of Eq. (8.1) to macroseismic 
data of 59 instrumental DSR events, and obtained:

	
M I r r pS i i= − + ( ) + ( ) + ( ) +0 138 0 554 0 0033 1 54 0 31. . . . log . ,i 	

(8.2)

where ri (in km) in the near-field is the distance from a point with the i th intensity 
to the source or its nearest rupture. Ambraseys (2006a, b, 2009) used Eq. (8.2) to 
assess source location and magnitude of 80 pre-instrumental events. This allowed 
him to calculate frequency-size distribution and rate of moment release.

Hough and Avni (2011) used extensive data by Avni (1999) from the M6.3 1927 
Jericho earthquake to calibrate the attenuation relation for the region using the 
schemes of Bakun and Wentworth (1997). They have augmented the calibration by 
“did you feel it” reports for the M5.0 2005 Lebanon earthquake (Atkinson and Wald 
2007). Hough and Avni (2011) extend the attenuation relation derived by Malkawi 
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and Fahmi (1996) (see review by Al-Qaryouti 2008) to include the M7.3 1995 Gulf 
of Aqaba event. Rearranged in the form of Eqs. (8.1 and 8.2), a preliminary cali-
brated attenuation relation for DSR is given by:

Fig. 8.2  Sites of documented historic earthquakes (a) and inferred source zones for BCE (b), 1st 
Millennium CE (c) and second Millennium CE (d)
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M I r ri= + ( ) + ( ) + ( )0 388 0 588 0 00282 0 98. . . . log .i i 	

(8.3)

Hough and Avni (2011) use Eq. (8.3) to assess the magnitudes of two historic 
earthquakes, 1170 and 1202 CE, as 6.6 and 7.6, respectively (compared with 
Ambraseys (2006a, b) who estimates 7.3 and 7.2 respectively).

Figure 8.3 displays Eqs. (8.1, 8.2 and 8.3) where iso-intensity lines are plotted on 
(log r, M) field. At small epicentral distances (<20 km) or at moderate magnitudes 
(<6.5) the three equations predict similar intensities (to within the scatter of the 
data). At large distances, Eq. (8.3) predicts intensities higher by one (low magni-
tude) to two (high magnitude) units. A general observation is that the curves are 
progressively more convex (downward) from (8.1, 8.2 and 8.3). We will return to 
these attenuation relations for correlation of historical seismicity and physical 
evidence.

8.2.2  �Archaeological Evidence of Earthquakes

The DSR and its surroundings are dotted with numerous archaeological excavations 
that have generated reports of earthquake damage tied to particular strata and hence 
often associated with historic events (Fig. 8.4) (Karcz et al. 1977). As is generally 
the case for seismology and paleoseismology (Yeats et al. 1997; McCalpin 2009), in 
archaeoseismic studies the distinction between on-fault and off-fault phenomena is 
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central. The DSR is unique in that it offers clear cases of on-fault archaeoseismic 
sites. Marco (2008) has recently reviewed archaeoseismic studies along the Dead 
Sea rift. In this section we present cases that are pertinent to the present discussion.

The study of earthquakes via the archaeology of ruins should benefit from close 
collaboration between geologists and archaeologists (and historians if the period in 
question is documented in chronicles). Coauthoring of papers with archaeologists 
increases the prospects for professional reading of the archaeology (Karcz et  al. 
1977; Marco et al. 1997, 2006; Ellenblum et al. 1998; Marco et al. 2003; Shaked 
et al. 2004; Thomas et al. 2007; Wechsler et al. 2009; Sbeinati et al. 2010; Ferry 
et al. 2011). The first example described below is a unique case where excavations 
have been systematically driven and steered in collaboration between a historian 
and earthquake geologists, where the on-site archaeologists made their operational 
decisions in order to address seismological issues.

8.2.2.1  �Tel Ateret

The most striking example of an on-fault archaeoseismic study is the excavations of 
Tel-Ateret (Fig. 8.5). Marco et al. (1997) have documented the Crusader castle of 
Vadum Iacob (Tel Ateret) over which an Ottoman mosque had been constructed, 
respectively offset sinistrally 2.1 and 0.5 m (Fig. 8.5). Ellenblum et al. (1998) have 

Fig. 8.4  Archaeological sites where earthquake evidence has been reported (a) The main fault  
segments forming the Dead Sea Rift are shown (b)
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assigned individual earthquakes to the two offset events: 20 May 1202 CE (1.6 m) 
and 30 October 1759 (0.5 m). These earthquakes have been independently assigned 
macroseismic magnitudes of 7.2 (Ambraseys 2006b) and 6.5 (Ambraseys and 
Barazangi 1989). The macroseismic magnitudes are compatible with displacement-
magnitude systematics (Wells and Coppersmith 1994).

The advantage of archaeology is its precision in determining the amounts slip. 
When combined with history, archaeology can resolve the timing of slip events as 
no other method can. The Crusader’s curtain wall was meticulously laid, allowing a 
precision approaching 1  cm. The Ottoman wall allowed ~0.1  m precision. Very 
similar and synchronous offsets, albeit with lower precisions in amount and date, 
have been recorded by paleoseismic trenching of fluvial channels some 10 km south 
of Tel Ateret (Marco et al. 2005; Marco and Klinger 2014).

Meghraoui et al. (2003) and Sbeinati et al. (2010) reconstruct an offset aqueduct 
at Al-Harif, where they assign an offset of 13 m and an age of ~2 ka (Fig. 8.4b). The 
challenge with deciphering offset from aqueducts is often the lack of control on ini-
tial, pre-deformation structure. In addition, archaeological dating of damage to an 

Fig. 8.5  Tel Ateret. (a) A satellite photo (GoogleEarth) of the Ateret – Benot Ya’aqov bridge. 
Vadum Iacob castle straddles the fault trace, that runs through an aqueduct system south of the 
castle. (b) The outline of Vadum Iacob Crusader castle (curtain wall) and the Ottoman mosque.  
(c) Aqueduct photo taken down and to the south-south-west. The red-and-white scale is 0.5 m 
aligned north to south
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aqueduct is not as precise as dating of living quarters, where one may find a wealth 
of well dated artifacts, and floors that demonstrate a stratigraphic context, constrain-
ing the age of the vertical features. Not only the destruction of aqueducts is difficult 
to date, their construction date is typically vague for similar reasons. We have exca-
vated an aqueduct at the site of Tel Ateret and, ironically, it is dated based on its left-
lateral offset of 2 m, similar to the offset of the nearby Crusader’s castle (Fig. 8.5c).

The dating of the earthquakes associated with the offset of Vadum Iacob are 
exceptionally well constrained by history, documented both by Crusaders and 
Muslims. The castle was erected during 11 months and, before completion, con-
quered and demolished by Saladin in late August, 1179 CE (Ellenblum 2007). The 
floor at the time of construction and conquest stands out due to its conspicuous lime 
color and richness with metallic weapons and construction tools. In the subsequent 
22.5 years, thin (several-cm scale) soil accumulated on the rubble to be ruptured 
during the earthquake of 20 May 1202 CE. A meter (or more) of soil has accumu-
lated during the last eight centuries. A fraction of this soil layer (30 % or more) was 
ruptured during the 30 Oct 1759 M ~ 6.5 event.

8.2.2.2  �Qasr Tilah

An additional case where the DSR or its branches offset archaeological structures 
have been documented, where the archaeological context jointly with radiocarbon 
dates allow particular earthquakes to be suggested. A water reservoir and an associ-
ated aqueduct in Qasr Tilah, south of the Dead Sea (Fig. 8.4), are offset by about 
2 m (Klinger et al. 2000; Haynes et al. 2006). The dates of damage from the last four 
rupture events was correlated by Haynes et al. (2006) to the historic earthquakes of 
634 or 659/660, 873, 1068, and an Ottoman Period event. The assignment to a sev-
enth century CE earthquake was based on dates of construction and repair during 
the occupation of the site, that has seemed to be abandoned during later centuries. 
Haynes et al. (2006) have assigned a historic earthquake from 873 CE to the second 
rupture at a paleoseismic trench. The epicenter of 873 CE earthquake was placed by 
Ambraseys et al. (1994) well in the Arabian Plate, yet Haynes et al. (2006) suggest 
that due to sparse population the catalogue is biased. Haynes et al. (2006) disregard 
the possibility that one of the mid eighth century earthquakes was candidate. Bikai 
(2002) attributes collapse of the Blue Chapel to the mid-eighth century AD earth-
quake. Eklund (2008) infers widespread destruction by a mid-eighth century earth-
quake, and this may suggest rupture during this time south of the Dead Sea.

The third rupture in the trench, being the penultimate event, crosses a layer of 
seventh–tenth century CE dated by Haynes et al. (2006), who suggest the earth-
quake of 18 March 1068. Haynes et al. (2006) select the earthquake of 1546 as the 
best candidate for the most recent event to rupture Qasr Tilah, since the layer cut 
during this rupture is dated to the Ottoman period (1515–1918 CE). The earthquake 
of 1546 was played down by Ambraseys and Karcz (1992) as one that affected only 
Jerusalem, hence being exaggerated. An alternative is the earthquake of 1834 with 
reported damage from Karak to Caesarea (Fig. 8.2) and asphalt emissions in the 
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Dead Sea (Amiran et al. 1994; Ambraseys 2009). Garfunkel et al. (1981) interpreted 
this event as a rupture in the Dead Sea and northern Arava, based on the then avail-
able catalogues. Ben-Menahem (1991) placed the 1834 epicenter at the southern 
dead sea, noting toppling of structures east of the Dead Sea. More data is needed for 
ruling between the historic earthquakes of 1546 and 1834 as the ultimate event in 
Qasr Tilah.

8.2.2.3  �Fallen and Cracked Off-fault Structures

Severe ground shaking having caused structural destruction can be recorded and 
subsequently unearthed in archaeological sites. Marco (2008) has surveyed some 
cases of fallen and cracked masonry structures to exemplify useful diagnostics 
for earthquake related damage. Additional cases, some mentioned by Russell 
(1980) include Petra, Sephourias, Bet Shearim, and Scythopolis for the 363 earth-
quake, and several others. Distinct features that testify for earthquake damage 
include lack of evidence for alternative causes of damage, and special features 
such as human skeletons in positions indicating attempts for self-protection (Nur 
2008).

Archaeology often extends the seismic record beyond the historic period. An 
ongoing collaboration between archaeologists and geologists enabled the inter-
pretation of destruction layers and masonry damage in Megiddo (Fig. 8.4), per-
petually reconstructed for twenty-six centuries (e.g. Porat et al. 2012). This site 
offers unique data on the Carmel fault branch of the Dead Sea rift. Marco et al. 
(2006) have documented 18 instances of damage, of which 16 may have resulted 
from seismic shaking. They denote ten of the cases as “probably catastrophic”, 
of which seven indicate shaking (four of them horizontal). In a single case, a 
liquified sand bed is taken as clear evidence of catastrophic shaking. Altogether, 
the damage seems to had happened in six events, where at least two of them had 
been caused by earthquakes: shortly before 5 ka and between 2.8 and 2.9 ka. 
Another likely event preceded the latter by about a century. Evidence for addi-
tional events lacks confidence in source of damage or dating, or both. The likely 
source of the earthquake damage is rupture on the Carmel fault that runs appar-
ently underneath the site (Fig. 8.4), yet the Jordan fault, less than 40 km away, is 
a viable candidate.

Russell (1980) and Hammond (1980) have based their arguments for a large 363 
earthquake, damaging the entire southern sector of the continental DSR, on the col-
lapse of the Temple of the Winged Lions in Petra and destruction at the Main Theatre 
(Fig. 8.6a). This dramatic finding matched well with the concept of a drastic decline of 
Petra during the fourth–fifth century CE up to a complete abandonment following 
destruction by a mid sixth century earthquake, namely 551 CE. The excavations of 
1991–1993, that have casted doubt on damage by the 551 CE event. These excavations 
have demonstrated that the site continued to function to a final destruction during the 
very late eighth century or the ninth century CE (Eklund 2008). The impressive col-
lapse of a colonnade from the Great Temple, likely due to an earthquake (Fig. 8.6b) is 
yet to be dated.
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Some archaeological sites show damage in more than a single layer. Tsafrir and 
Foerster (1997) documented impressive damage from a 363 CE earthquake to 
Scythopolis. Earthquake damage from 363 CE has been cited by many authors for 
many sites (e.g. Russell 1980). Scythopolis was hit again early-to-mid seventh cen-
tury CE before seismogenic demolition (under the Arab name Baishan) during the 
mid-eighth century CE. Tsafrir and Foerster (1997) used numismatic evidence to 
date the latter event as 749 CE. Karcz (2004) pointed out that this find does not rule 
out an earlier event (747 CE) while Ambraseys (2009) argued that the case is not 
closed without ruling out later events (757 or 768–775 CE). All these discussions 
underscore the precision available in historical documents buttressed by archaeo-
logical evidence which allow accuracy not attainable in purely geochronological 
studies. However, geological evidence can help when the resolution is sufficient, as 
discussed below in the “Correlation” section.

The attribution of damage in ruins to earthquakes in general and to particular 
historical temblors is often challenged. Magness (1997) has argued against the 
assignments of a pair of earthquakes, 306 CE and 419 CE, to damage in Khirbet 
Shema’ (Fig. 8.2a) (Meyers et al. 1976). The argument is based on a lack of positive 
evidence of earthquake destruction at 306 CE; Meyers et al. (1976) merely present 
precise numismatic evidence for prominent occupation between 306 and 341 CE, 
interpreting it as a building phase following a putative earthquake. Magness (1997) 
have accepted the evidence for earthquake destruction of the top layer, but assigns 
it to the mid-eighth century CE, long after abandonment of the site. This case dem-
onstrates the sensitivity of earthquake chronologies derived from archaeology to the 
assumptions at the basis of the interpretation.

Fig. 8.6  colonnades (a) Temple of Winged Lions; (b) Great Temple; (c) Hippos SE church;  
(d) Hippos NW church
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Several authors have commented on the circular reasoning and feed back between 
archaeological, historical, and geological interpretations, giving rise to false identi-
fications (Karcz and Kafri 1978; Karcz 2004; Ambraseys 2005b, 2009; Rucker and 
Niemi 2010). The case of Qal’at Subayba is a useful example for the pitfalls (Figs. 8.3 
and 8.7). Nur (2008) have attributed the damage in Qal’at Al-Subayba (“Qal’at 
Namrud”) to the 1202 CE earthquake, whilst the damaged building was only erected 
later around 1230 and buttressed only towards 1260 (Ellenblum 1989). This precise 
dating is based on massive inscriptions in the site (Amitai 1989). The damage, 
erroneously attributed by Nur (2008) to the 1202 CE earthquake, is likely dated to 
the earthquake of 30 October 1759 CE (Hartal 2001).

A comprehensive and critical review of historic earthquake catalogues versus 
archaeological and geological evidence from DSR, a long overdue foundation for 
earthquake research and hazard assessment, is beyond the scope of this paper. Yet 
the Correlation section below discusses some promising research opportunities.

8.2.3  �Lake Seismites

Seilacher (1969) pioneered the systematic identification of beds deformed at the 
water-sediment interface during earthquakes. He has coined the genetic term “seis-
mite” for sedimentary rocks displaying structures that can be interpreted to result 
from earthquake shaking. Several types of textures in lacustrine facies have been 
since recognized:

	1.	 Liquefied and fluidized beds: structures indicating folding and intrusion of 
coarse grain layers (Sims 1973, 1975).

	2.	 Intraclast breccias (mix layers): beds comprising of clasts derived from the local 
pre-shaking sediment (Marco et al. 1996; Agnon et al. 2006).

	3.	 Homogenites: Homogeneous massive intervals in the otherwise layered to 
laminated section; the composition within the homogenite is identical to a homog-

Fig. 8.7  Qal’at Subayba 
keystone
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enous mixture of the compositions of the different layers or laminae (Chapron 
et al. 1999, following Cita et al. 1984).

	4.	 Turbidites and silt layers: graded bedding, typically a thin bed of coarser material 
within fines (Siegenthaler et  al. 1987, and Doig 1990, following Heezen and 
Ewing 1952).

Sims (1973) has underscored the potential in the study of earthquakes in active 
continental zones from liquefaction structures in lacustrine beds. He subsequently 
analyzed late Quaternary sections and inferred recurrence intervals (Sims 1975). 
Hempton and Dewey (1983) described a sequence of five seismites in the East 
Anatolia fault (EAF, Fig. 8.1), and interpreted one to reflect higher shaking inten-
sity. With the absence of age data they used spacing for conjecturing a non regular 
recurrence pattern. Siegenthaler et al. (1987) have attributed a homogenite to slump-
ing during seiche triggered by a historic earthquake in Lake Lucerne, Switzerland. 
They identified such homogenites in cores and seismic reflection profiles and opened 
the way to reconstruction of recurrence intervals and patterns. Doig (1990, 1991) 
had observed discoloration in small lakes at the epicentral zone of an instrumentally 
recorded earthquake in Canada. He inferred that graded silty layers penetrated in 
short cores represent earthquake induced slumping in the catchment (Doig 1998). 
Correlation with historic events based on constant sedimentation rate and extrapola-
tion to prehistorical times revealed variable recurrence rates.

Marine paleoseismology has developed in parallel to lacustrine paleoseismology 
(Kastens 1984; Adams 1990; Roep and Everts 1991; Cita et al. 1996; Moretti et al. 
1999; McHugh et al. 2006; Monecke et al. 2006; Moretti and Sabato 2007), where 
the distinction between seismites and other structures reflecting high mechanical 
energy has remained a challenge (Cita et al. 1984). In a recent issue devoted to soft 
sediment deformation triggered by earthquakes (Owen et al. 2011, and references 
therein), Gibert et al. (2011) have cast doubts on the inference of earthquake histories 
from one of the most common sedimentary structures used to infer earthquake 
shaking, namely load structures: multiple superimposed liquified layers may result 
from a single shaking event. Therefore, seismites that evidently formed at the water 
sediment interface are more useful for determining the timing of individual events 
and recurrence patterns.

While lacustrine paleoseismology has flourished elsewhere (e.g. Davenport and 
Ringrose 1987; Jones and Omoto 2000; Waldmann et al. 2011), certain properties 
of the sediments in the Dead Sea and its ancestral lakes (Lake Lisan in particular) 
have enabled unique contributions to the discipline.

8.2.3.1  �Prehistoric Dead Sea Seismites

Laminated lacustrine sediments, common around the Dead-Sea Basin (Fig.  8.8), 
provide a recorder of high energy events at the lake bottom (Manspeizer 1985). The 
last global glacial cycle and the ensuing rise of lake level have deposited laminar, 
perhaps varved, sedimentary sections dominated by alternation of detrital and pure 
aragonite laminae (Begin et al. 1974; Katz et al. 1977; Barkan et al. 2001). Aragonite, 

8  Pre-Instrumental Earthquakes Along the Dead Sea Rift



220

a polymorph of calcium carbonate, has the advantage of preserving the primary 
chemistry and isotopic composition (Katz et al. 1977), hence allowing radiometric 
dating (Haase-Schramm et  al. 2004; Stein 2011). A typical facies in the Lisan 
Formation comprises alternations of dark detritus versus pure white aragonite, 
deposited during periods of a stratified lake (Katz et  al. 1977). These can be 
explained as seasonal laminae, or varves, where the detritus was transported to the 
lake during flash floods and subsequent evaporation led to aragonite precipitation 
(Katz et al. 1977; Barkan et al. 2001).

Laminated sections are found up to levels of ~200 m below sea level (b.s.l., 
where during the twentieth century A.D. the level declined below 400  m b.s.l. 
(Bookman et al. (2004))). The late Pleistocene Lisan Formation line the valley floor 
on a stretch 275 km long; the Holocene Ze’elim Formation stretches about 170 km 
(Fig. 8.8). The Lisan Formation (Shaw 1947) has long been recognized for unique 
study opportunities due to lithological uniformity, high resolution stratigraphy, and 
well exposed beach deposits (Bowman 1971; Bartov et al. 2002). The unit has been 
studied extensively in recent years (e.g. Haase-Schramm et al. 2004; Enzel et al. 
2006; Ron et al. 2007; Belmaker et al. 2007; Torfstein et al. 2008; Prasad et al. 
2009). The distortion and destruction of lamination in the otherwise laminated 
sediments of Lisan Formation has been used as an indicator for paleo-earthquakes 
by several authors (Pettijohn and Potter 1964; Seilacher 1984; El-Isa and Mustafa 
1986; Marco and Agnon 1995; Agnon et al. 2006; Heifetz et al. 2005; Katz et al. 

Fig. 8.8  Extent of late Pleistocene lakes and locations of paleoseismic study sites in the area. 
White curve Lisan Formation, White broken curve Ze’elim Formation, PC Pratzim Creek, LP 
Lisan Peninsula, MT Masada Terrace, ZC Ze’elim Creek, DC Daraje Creek, EG Ein Gedi, EF Ein 
Feshkha, HE Ha’Onn Escarpment, SH Soreq and Hartuv Caves, DH Denia Cave at Haifa, PS 
Palmahim slump. The shaded relief map is by Hall (1996)
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2009; Wetzler et al. 2010; Alsop and Marco 2011). The Ze’elim Formation (Yechieli 
1993) shows similar facies, with beach ridges limited to levels lower than 370 m 
b.s.l., and laminar aragonite lower than 400 m (Bookman et al. (2004)). The unit 
exhibits seismites similar to those described in Lisan Formation (Ken-Tor et  al. 
2001; Migowski et al. 2004; Agnon et al. 2006; Kagan et al. 2011). The upper part 
of the section corresponds to historic times, enabling correlation of seismites with 
historic earthquakes (Ken-Tor et al. 2001; Migowski et al. 2004; Agnon et al. 2006; 
Kagan et al. 2011).

El-Isa and Mustafa (1986) have recognized the scientific potential of intraformational 
structures indicating post depositional seismic shaking (seismites). They listed three 
categories of processes generating structures that can be used to study paleo-earth-
quakes. The first category includes local faulting, cracking, and slumping. The faults 
are normal or horizontal, of various size and age. The second category comprises 
effects of liquefaction: sand boils in coarser sediments and destruction of lamination 
in fine grain sediments. The latter is associated with loss of cohesion and “ultimate 
mixing of the particles”. The third category of processes was the focus of El-Isa and 
Mustafa’s (1986) work, namely folding over décollement surfaces. Marco and Agnon 
(1995, 2005) used detailed stratigraphy to establish a link between faulting events and 
phenomena of the likes of El-Isa and Mustafa’s (1986), with emphasis on their first 
and second categories.

The Dead Sea near-shore facies exhibits the more common types of seismites. 
Enzel et al. (2000) have documented 11 liquified layers in fan delta Holocene sedi-
ments of Daraje Creek (DC, Fig.  8.8). These include ball-and-pillow structures, 
clastic dike intrusions, convolute lamination, and micro-faults.

8.2.3.2  �Seismites in Beds from the Historic Period

Several authors approached late Holocene beds exposed by recent retreat of the 
Dead Sea lake, attempting to correlate seismites with historic earthquakes. These 
correlations are discussed in a separate section below. Enzel et al. (2000) identify 
the ultimate rupture exposed in Daraje Creek with the M = 6.2 1927 event. Ken-Tor 
et al. (2001) have identified eight seismites in the fan deposits of Ze’elim Creek 
(ZC, Fig. 8.8). They have extracted 24 radiocarbon dates from the 7 m section that 
featured two unconformities representing significant hiatuses. They dated these to 
eighth–tenth and late thirteenth–fifteenth centuries CE, paving the way for high 
accuracy lake level curves (Bookman et al. (2004)). They were able to correlate all 
eight seismites from the section studied to historic earthquakes, although some 
ambiguities could not be resolved with the data. In particular, a seismite deposited 
around 400 CE could be interpreted as 363 or alternatively ad 419 CE (see their 
Figs. 8.4 and 8.3b respectively). We return to the correlation between individual 
seismites and particular historical events in a later section.

To circumvent the hiatuses, and to access the lacustrine laminated facies appropriate 
for high resolution studies, Migowski et al. (2004) have collected continuous cores 
from the Dead Sea shores. Three coring sites along the western shore were designed 

8  Pre-Instrumental Earthquakes Along the Dead Sea Rift



222

to provide lateral coverage (Fig. 8.8): Ein Feshkha (EF), Ein Gedi (EG), and Ze’elim 
Creek, which allowed outcrop control with Ken-Tor et al. (2001) data. They studied a 
core from Ein Gedi in considerable detail. The lacustrine facies, with alternations of 
detritus and chemical precipitates (aragonite with, in places, halite), builds 3 m of the 
section of Ein Gedi core, corresponding to a historic period.

Migowski et al. (2004) had counted laminae from a 2.2 m continuously laminated 
section under a microscope for construction of a chronological model. The age 
model was constructed under the following assumptions: (i) each cycle of detritus/
chemical laminae represents a year of deposition; (ii) the top of IBLs correspond to 
years of historic earthquakes; each calibrated radiocarbon age represents a terminus 
post quem for the deposition. They resolved breccia layers as thin as 2 mm; the 
thickest seismite they report is 9 cm and the average 1.4 cm. They counted 22 seis-
mites within the otherwise laminated interval and correlated them to earthquakes 
between the 140 BCE and 1293 CE events.

Given the uneven distributions of earthquakes in history and of IBLs in the core, 
a unique age model anchored by seismite-earthquake correlation to the absolute 
time scale seemed plausible. The correlation was constrained by four radiocarbon 
dates that yielded ages 100–250 years older than the historic dates of the earth-
quakes. This was explained by the long time of deposition for organic matter through 
the dense brine formed the hypolimnion. Such a dense hypolimnion, separated from 
the surface water, is expected for the counted interval with its facies of inter-
laminated aragonite and detritus (Barkan et al. 2001).

Only two deformed layers, correlative to dates of ~90 CE and ~175 CE, could 
not be matched with historic events. A striking example of the high resolution of 
this study was given by Agnon et al. (2006) who show that the 1202 CE earthquake 
can be resolved from the 1212 CE earthquake.

As a test for the correlation, Migowski et al. (2004) and Agnon et al. (2006) have 
evaluated the local intensity of historic earthquakes in the Ein Gedi site based on the 
historical epicenter and magnitude, with the aid of attenuation relations (Fig. 8.3). All 
correlated earthquakes had high expected intensities (right-lower side of the distance-
magnitude diagram), whereas earthquakes that are missing from the record were 
expected to have low intensity (left upper side). Some medium intensity earthquakes 
were identified, and some were missing for the Ein Gedi core. This test corroborates 
the correlation of deformed layers with earthquakes and at the same time lends sup-
port to the assumption of annual laminae cycles.

Four prominent historic events did not show in the interval where laminae were 
counted; these events could have been masked by successive events (1063 followed 
by 1068 CE), or had been duplicated in the historical catalogues due to spurious read-
ing of multiple calendars (1032 versus 1033 CE, Ambraseys et al. 1994). Agnon et al. 
(2006) suggested that the earthquake of 1202 CE left a faint mark, barely resolved in 
the successive IBL assigned by Migowski et al. (2004) to the 1212 CE event.

Agnon et al. (2006) have revised the analysis of Ken-Tor et al. (2001) using a 
uniform deposition rate between unconformities. With such a model they found a 
unique match between each of the eight seismites and a historic event. They have 
accounted for the masking of event horizons by subsequent earthquakes and ana-
lyzed the resolving power of the section (see below).
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Kagan et al. (2011) have studied an extended section in the more lacustrine facies 
of Ze’elim Creek and added seismites from sections that fill in the hiatuses in the 
original section. Ongoing retreat of the lake has enhanced the exposure, affording a 
continuous section of the last three millennia. They also collected data from an addi-
tional section at Ein Feshkha in the northernmost Dead Sea (Fig. 8.8) and analyzed 
the outcrop data jointly with Migowski et al.’s (2004) data from Ein Gedi core.

Altogether, Kagan et al. (2011) study over a 100 seismites, half of which in the 
northern (truncated) Ein Feshkha section. The relative abundance of seismites in the 
northern section has been attributed to preferential recording of the northern extent 
of the rift, perhaps by waves guided through the Jordan/Jericho fault. The compari-
son of the three sites allows to single out events that have affected the entire basin, 
generating wide spread deformation dubbed “intra-basin seismites” (IBS).

Levi et al. (2006) have studied the magneto-fabrics of clastic dikes that intrude 
the Lisan Formation (Marco et al. 2002). They conclude that some of the dikes, in 
particular those showing evidence of horizontal propagation, were injected laterally 
during earthquake shaking. Porat et al. (2007), based on optically stimulated lumi-
nescence (OSL) dating of dike material, infer ages of between 15 and 7 ka for injec-
tion. With the caution that the mechanism for resetting the OSL signal is not yet 
known, they suggest that such ages can be of use in paleoseismology.

8.2.3.3  �Convolute Lamination (Intraformational Folds)

Convolute lamination – a manifestation of intraformational folding in the laminated 
Lisan Formation – provides a spectacular manifestation for the mechanical energy 
that reach the normally quiet lake bottom (Fig.  8.9). Such structures have long 
attracted the eye of geologists who typically associate the deformation with earth-
quake shaking (Pettijohn and Potter 1964). El-Isa and Mustafa (1986) were the first 
to systematically approach the recurrence of intra-formational folds in a partial sec-
tion of the Lisan Formation ~17 m thick, east of the Lisan Peninsula (Fig. 8.8). They 
have documented folded beds with amplitudes between 1 and 15 cm. They have 
assumed a relation between the amplitude of the fold and ground acceleration, and 
estimated respective magnitudes. The frequency-size relation derived should be 
regarded with care for three reasons: (1) without knowledge of the epicentral dis-
tance the magnitude estimates are minimal; (2) disregard for breccia layers may 
trim the strongest earthquakes from the archive; (3) the frequency of recurrence is a 
lower bound, as multiple events may be erroneously amalgamated (Alsop and 
Marco 2011). An additional source of uncertainty arises from the possibility that 
folding occurs at finite depth in the sediment (Gibert et al. 2011).

Heifetz et al. (2005) have noted the geometrical similarity between the convolute 
beds and deformation structures that develop between fluid layers. They differenti-
ated between symmetric folds and asymmetric billow-like structures, and conjectured 
that the billows are precursors to a state of total turbulence, represented by breccia 
layers. This suggested a mechanism for the formation of folds: Kelvin Helmholtz 
instability (KHI) caused by vorticity transfer into a pair of layers of contrasting 
density (and possibly viscosity) sliding horizontally at different speeds in response 
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to a seismic shock. Such layering is bound to form in compacting muds due to fluid 
expulsion, hindered settling, and formation of sedimentation fronts (Thacker and 
Lavelle 1977).

Heifetz et al. (2005) have linearized the KHI problem and inferred a dependence 
of inception of billows on driving wave and sediment properties. The higher peak 
horizontal acceleration, the shorter the time required for fold growth; the longer 
the period of the driving wave, the longer the time available for fold growth; the 
thinner the bed undergoing folding, the smaller the acceleration required for onset 
of folding instability. The density difference has two contradicting effects, ulti-
mately resulting in an inverse proportion with the threshold for billowing. 
Assuming small (<10 %) density contrasts (merely due to progressive dewatering) 
and estimating the viscosity from the seismic wave attenuation, the threshold for 
any folding of a layer 0.1–1 m thick under a driving frequency of 1Hz is 0.2–0.7 g 
(where g ~ 10  m/s2). Such conditions are possible near the epicenter of a M6.2 
earthquake in the Dead Sea (Oth et al. 2007). Under bottom gradients the critical 
acceleration is smaller.

Wetzler et al. (2010) have corroborated the KHI approach by noting a scaling in 
the power spectrum of the folds which is identical to that observed in other KHI 
systems. They have furthered the link between horizontal peak ground acceleration 
and the onset of folding. The KHI approach is a promising avenue for further 
research, and laboratory experiments on mud will be very useful for testing the 
application.

Fig. 8.9  Intraformational folds in Lisan Formation, Peratzim Creek
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Two aspects of mud, a two-phase fluid, are very different from experimentally 
tested single phase fluids that can develop turbulence in layers via KHI. The first 
aspect is that mud can develop localized states that do not propagate. Lioubashevski 
et  al. (1999) have shown that thin mud suspensions subject to vertical shaking 
develop localized sub-harmonic states (oscillons) known previously only in dry 
granular media. A more essential aspect is the expulsion of the suspending fluid 
(brine in the case of Dead Sea – Lisan sediments) from the grains which fossilizes 
the folding. This is the process that enables us to access the geometry of these 
dynamic states long after stabilization.

8.2.3.4  �IBLs (“Mixed Layers”)

Seilacher’s (1969) type example for a seismite comprised sequences of three 
sub-units from bottom: block faulted, rubble, and liquefied. The contacts between 
sub-units are gradual and so is the bottom of the sequence, in contrast to the top 
contact that is sharp. These features are replicated in the Dead Sea seismites identi-
fied by Marco and Agnon (1995, 2005). Owing to the seasonal lamination, the Dead 
Sea lacustrine seismites stand out in outcrop and drill holes, allowing calibration 
with historic earthquakes (Ken-Tor et al. 2001; Migowski et al. 2004; Kagan et al. 
2011) and offering a unique insight into the long term seismic behavior of an active 
plate boundary (Marco et al. 1996; Agnon et al. 2006).

Agnon et al. (2006) renamed the “mix layers” of Marco and Agnon (1995) to 
“intraclast breccia layers” (IBLs), a descriptive rather than a genetic term. In the 
typical laminated facies of the lacustrine Dead Sea Quaternary sections, these brec-
cias form conspicuous massive intervals, where in places fragments of laminae float 
in a fine grain matrix (Fig. 8.10). The top contact is sharp where a single laminae 
can be traced overlying the breccia layer for the entire extent of outcrops (tens of 
meters and possibly more). By contrast, the bottom contact is gradual, in places 
involved with intraformational folding (Fig. 8.10). The research focus on IBLs in 
the late Quaternary Dead Sea initiated due to their relations with intraformational 
faults (Fig. 8.11). Marco and Agnon (1995) have noticed the stratigraphic relations 
indicating that IBLs form simultaneously with small scale faulting and formation of 
micro topography (scale 0.1–1 m) on the lake bed. Marco and Agnon (2005) have 
documented these temporal relations in detail, and Fig. 8.11 represents visually one 
of their examples. Striking correlation between columnar sections on faulted blocks 
is limited to intervals in the hanging wall (h). Three intervals are not correlated and 
signify events of fast subsidence of the hanging wall followed by sedimentation that 
fills the tectonic micro-bathymetry. Of six IBLs in a 9 m section (7 m on the foot-
wall), three are followed directly by the three differential subsidence events. Marco 
and Agnon (1995, 2005) have interpreted these relations as evidence for a causative 
relation between faulting and IBL. Such cases of clear thickening of IBL in the 
hanging wall, and slumping down the fault plane, are common near Masada and in 
a number of additional sites. These indicate that the resuspended material settled 
right after local faulting, so local faulting might have driven local resuspension. 
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Alternatively, faulting on a different but not too distant fault caused re-suspension 
and was followed by an aftershock that was related to the local fault that cause the 
bathymetry. In the more common setting as featured in Fig.  8.11, IBLs do not 
exhibit significant difference between adjacent fault blocks, so the sediment of the 
IBL had resuspended and resettled due to somewhat remote faulting.

The mechanism of formation of the IBLs is not yet clear, but a tentative explanation 
was offered by Heifetz et al. (2005) together with the mechanism for formation of 
convolute lamination discussed above. According to this suggestion, the transition 
from folding to brecciation corresponds to the transition from billows to turbulence. 
Such a transition is the extreme case of Kelvin-Helmholtz instability, where the drive 
(seismic waves) overcomes the damping due to gravity and viscosity (see Section 
“Intraformational folds” above).

We note the fundamental difference between KHI and Rayleigh-Taylor instability 
that more commonly cause seismites (e.g. Hempton and Dewey 1983): the latter 
depends on a gravitational drive. In Rayleigh-Taylor instability an inverse density 
gradient (denser on top) is rectified where the role of shaking is to overcome static 
friction and initiate the flow. In the case of the intraclast breccias of Lisan Formation 
the density gradient is normal due to compaction, and it acts to attenuate the instabil-
ity. So seismic energy is required during the development of the instability, cascading 

Fig. 8.10  A photograph of a sequence containing an intraclast breccia layer (a). (b) shows detail 
of lower contact with upward transition from folded to fragmented structures as traced in (c).  
Masada Terrace
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into smaller scales down to the laminar scale required for complete brecciation (and 
to the grain scale for forming homogenites). Some gravitational energy may become 
available during instability because sliding on a slope is involved. The relative role of 
gravitational and seismic energy depends on the initial slope. The initial slope can be 
constrained from measurements of lateral variations in thickness of deformed units.

8.2.4  �Coastal Marine Environment

DSR is one of a few transform boundaries tearing continental crust and allowing 
seawater to inundate some of the basins. The connection with the sea provides a 
datum – the global sea level, and as the case is for the DSR, coral and vermetid reef 

Fig. 8.11  An intraformational fault, Lisan Formation, Masada terrace. (a) A photograph with 
demarcations of selected sections expanded in panel c. (b) A line tracing of panel a. (c) Selected 
sections taken respectively on the foot wall (1 and 2) and the hanging wall (3). Sections are laid out 
to emphasize the remarkable visual correlations between the faulted blocks at the bottom and top, 
where the middle section of 3 is missing between 1 and 2. For lithological and attempted temporal 
correlation, see Marco and Agnon (2005)
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tables allow precise dating of these levels. In addition to their use as reference levels 
for precise determination of vertical throw, paleo-shorelines can provide piercing 
points for measuring strike slip. As the DSR is leaky in the south and restrained in 
its central (Lebanon) section, contrasting styles of slip partitioning are displayed.

Slip partitioning in a restraining setting is manifested in the coastal marine and 
offshore Lebanon work (Elias et al. 2007). Sonar images of the bottom revealed 
fresh scarps in the soft sediment associated with a >100  km long trace of a the 
Beirut thrust that is partitioned from the Yammouneh transform segment in the rift 
(Fig. 8.4). Abrupt emergence of a vermetid reef by ~0.8 m has been dated to the 
sixth century CE and attributed to the 551 CE earthquake (Morhange et al. 2006). 
Geomorphic similarity of three successively higher benches suggests a recurrence 
of a similar M ~ 7.5 event every ~1.6 kyear, since the Holocene sea level maximum 
(Elias et al. 2007).

Slip partitioning in a leaky setting is evident in the Gulf of Eilat-Aqaba (Deves 
et  al. 2011). Makovsky et  al. (2008) have demonstrated that slip is partitioned 
between the western boundary normal fault (Eilat fault) and a parallel fault that 
accommodates much of the strike-slip (Avrona fault) (Fig. 8.12). The details of the 
seismotectonic history of the northern gulf are yet to be resolved. Shaked et  al. 
(2004, 2011) inferred catastrophic submergence for a reef flat in the northernmost 
Gulf of Aqaba (Fig. 8.12). The seemingly truncated reef table is 4–5 m deep, cov-
ered with a few decimeters of sand. Most notably, loose blocks of basement rocks, 
up to 50 cm in dimension, are laid in a plan similar to archaeological nomadic sites 
on land (Avner 1998; Avner et al. 1994) (NS in Fig. 8.12). Such loose blocks get 
carried away by seasonal southern storms at bottom depth of up to 2 m, so the per-
sistent arrangement in a plan reminiscent of archaeological sites indicates fast, per-
haps catastrophic submergence. A support for catastrophic events associated with 
submergence was unearthed onshore: a buried reef with corals in living position, 
preserving fine skeletal details without any bioturbation or reworking, topped by an 
unsorted conglomerate (ET near Elat fault in Fig. 8.12). The buried reef preserved 
evidence for an abrupt sedimentation event ~4.7 ka and a terminal event associated 
with subsidence and massive sedimentation at ~2.3 ka. A ~4 m vertical displace-
ment is suggested by the submerged reef table (Shaked et al. 2004). At least 2 m and 
likely the entire 4  m were catastrophically thrown, corresponding to M7¨ ± 0.5 
(Wells and Coppersmith 1994). For comparison, trenches in the fan of Sh’horet 
Creek (Fig. 8.12, ST) reveal 0.1–1.3 vertical displacement events during the same 
period (Amit et al. 2002). The difference may signify the transition from the Arava/
Araba valley to the gulf, yet it may also be related to the difference of seismic 
response between fan deposits and coral beach.

Additional dating of coral terraces, together with dating turbidites in the deep 
facies of the Gulf of Aqaba, might complement the history of earthquakes in the 
southernmost segment of the Dead Sea rift. Efforts to date such deposits are on the 
way. A control for earthquake dates is provided by Thomas et al. (2007) who report 
seven archaeological layers damaged by earthquake faulting (some subsequently 
repaired) since the second century CE. They conclude that historical catalogues are 
incomplete in this region.
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In addition to the direct effect of the Dead Sea rift on the tongue of the Red Sea 
in the Gulf of Aqaba, and the effect of the Beirut thrust that branches from the rift, 
earthquakes from the rift affect the entire continental slope of the Mediterranean 
(Fig.  8.1). Slumps triggered by DSR earthquake show on the bathymetry of the 
Mediterranean shelf and slope (PS, Fig. 8.8) and seem to generate local sea waves 
on the Mediterranean coast (Almagor and Garfunkel 1979; Ambraseys and Melville 
1988; Ambraseys and Synolakis 2010; Salamon et  al. 2007, 2011). Elias et  al. 

Fig. 8.12  The tectonic setting of the southern Arava/Araba Valley and northern Gulf of Aqaba. 
The background topography and the curving faults are from Kesten et  al. (2008.) Eilat Fault 
(Modified after Garfunkel et al. 1981). Shaked et al. (2004) have trenched Holocene marine 
sediments (ET) that together with a submerged nomadic site (NS) constrain vertical coseismic slip 
of 4 m ~2.3 ka. The plate boundary northward was mapped by Garfunkel et al. (1981) and strike 
slip was established based on observation of a small pull-apart basin (PA) when this concept was 
quite young (Zak and Freund 1966). Holocene sediments crossing this segment, renamed Avrona 
fault after a playa carrying this name, were trenched by Amit et al. (2002) (VT). They report trenching 
of Pleistocene sediments cut by nearby marginal normal faults (ST). Zilberman et  al. (2005) 
surveyed an irrigation system from early Islamic times that was deformed co-seismically during 
the 1068 CE March event. Makovsky et al. (2008) have identified this fault in the gulf and estab-
lished left lateral motion of ~30 m on a submerged reef terrace at ~65 m depth. Using this beach 
line as a piercing point and eustatic curves with estimated age of ~11 ka they inferred a strike slip 
rate of 2.7 ± 0.5 mm/year. Slater and Niemi (2003) trenched Holocene sediments across Aqaba 
fault (QT). Thomas et al. (2007) have analyzed the adjacent archaeological Ayla sites (AS) and 
identified seven damaged layers, attributing them to earthquakes. Some of the layers show faulting, 
and some walls record minor strike slip. An earthquake following 360 CE was identified with the 
19 March 363 CE event. Tibor et al. (2010) have collected multibeam bathymetric data and verified 
Makovsky et  al. (2008) estimate of offset submerged reef terrace. They have also identified a 
conspicuous lineament splitting the northern gulf (Ayla fault)
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(2007) argue that, for the Lebanese coast, tsunamis are generated by submarine 
thrusting. High energy deposits in the port of Caesarea (Fig.  8.3), together with 
destruction of the port, have also been associated with a remote DSR earthquake – 
the 115 CE event (Fig.  8.2c) (Reinhardt et  al. 2006). A sea wave in Yavne was 
reported for this earthquake (Fig. 8.2a) (Ambraseys et al. 1994). A strong earth-
quake at Antioch was reported for the same year (Guidoboni et al. 1994). The likely 
mechanism for sea waves generated by an earthquake rupturing the northern DSR is 
submarine slumping.

8.2.5  �Damage Recorded in Hard Rock

Earthquake shaking often shifts suspended rock masses so they can fall and activate 
a geological clock. Calcite precipitated in caves, if containing sufficient radioactive 
Uranium, provides such a clock. Free slope rock falls may become clocks if they 
contain minerals useful for cosmogenic and luminescence dating, or if they bury such 
minerals. Indirect clocks can form by modification of the local drainage and accumu-
lating of sediments behind fallen rocks or slides. Researchers of the Dead Sea rift 
have used all these instances in the quest of dating paleo-earthquakes and assessing 
their magnitudes.

8.2.5.1  �Cave Deposits (Speleothems)

Cave deposits are potentially a useful recorder of ground shaking. The cave protects 
the deposits from much of the variations in the external environment, and speleo-
thems often show fine lamination, enabling high resolution sampling for dating and 
for reconstructions of the physico-chemical conditions. In cases where the deposits 
are datable with sufficient resolution, and deposition is continuous, damage due to 
earthquakes can be dated. The optimal climate zone for this study should be suffi-
ciently humid to prevent desiccation and sufficiently warm to prevent freezing. The 
Judean Hills, abutting the Dead Sea rift, proves ideal for the development of this 
method: deposition in caves is continuous through the dating range of the U-Th 
method (Bar-Matthews et al. 2000). This has motivated Kagan et al. (2005) to study 
two adjacent caves in the Judean Hills (Fig. 8.8, SH), where they have documented 
preferred orientation of severed stalagmites. They have argued that north–south and 
east–west dominant orientations of fallen stalagmites is consistent with westward 
propagating surface wave fronts, where the respective polarization of Love and 
Rayleigh waves would accord with the orientations of fallen stalagmites. Kagan et al. 
(2005) seem to be the first to present an extended archive of earthquakes based on 
cave deposits, spanning the last 185 kyear. They have identified 38 datable speleothems 
seemingly damaged by earthquakes (“speleoseismites”), most of which showing 
micro-stratigraphic evidence of renewed calcite precipitation following damage. 
Such evidence together with dating laminae predating and postdating the damage, 
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bracket the age of damage. Some samples could not be bracketed from both ends, but 
belonged to clusters of ages; these clusters where taken as a limit for the age of an 
event. Because Kagan et al. (2005) dated the last damaging event to around 5–6 ka, 
they inferred that these pre-historic earthquakes were stronger than any historic event.

Braun (2009) has studied Denya Cave in Haifa (Fig. 8.8), a city straddling the 
Carmel fault (Fig. 8.4). This active branch of the Dead Sea rift bounds the Jezre’el 
Valley from south (Fig. 8.1). The fault runs closest to heavily populated areas, yet 
the maximum magnitude expected from the fault and the recurrence rates are poorly 
constrained. Braun (2009) has devised an isochron method for mitigating sensitivity 
to the anomalous initial isotope ratios in samples from this cave.

Kagan (2011) and Braun et al. (2011) combined results from the two speleoseis-
mic sites to assess coupling between the Carmel branch and the main Dead Sea rift 
during the Holocene. They find that the last event to have been well recorded in the 
Judean Hills, around 5 ka, is the ultimate at Denya Cave, Haifa. The penultimate 
event hit the two sites respectively at 8–9 ka and 10–11 ka. The authors then use 
these examples together with data from the Tell Megiddo (Marco et al. 2006) and 
from the rift valley to lay out possible scenarios for coupling between segments and 
branches of faults.

8.2.5.2  �Free Slope Failure

As in other active regions (McCalpin 2009), landslides and rockfalls in the Dead 
Sea rift have been used to constrain dates and intensities of seismic shaking. 
Recently, Katz et al. (2011) have studied landslides triggered by large earthquakes 
along Ha’Onn Escarpment (Fig.  8.8), east of Lake Kinneret (Sea of Galilee). 
Measuring optically simulated luminescence (OSL) of buried quartz sand they 
obtain the following dates for land sliding events: before 65 ka, around 65 ka, 6 ka, 
and 5 ka. In addition, paleoseismic trenching yielded the following OSL dates for 
earthquake ruptures: 45, 40, 35, 10, 5 ka, and a younger (<5 ka) event. The 5 ka slide 
was likely triggered by the earthquake rupture observed in the trench. This work 
followed Yagoda-Biran et al. (2010) who calculated peak ground accelerations of 
0.15–0.5 g required for mobilizing three slides around Lake Kinneret.

Katz and Crouvi (2007) have considered the effect of foundations in ancient 
settlements: they found that the town Safad/Zefat (Fig. 8.2a) that has been inhabited 
for more than two millennia, suffers from reduced stability of foundations. Buildings 
founded in archaeological debris are more susceptible to landslides induced by 
earthquakes and to amplification of ground shaking. The authors caution that sites 
like Safad, having been demolished by numerous historic earthquakes, might have 
biased the historical catalogues towards high magnitudes.

Wechsler et al. (2009) have described a landslide that displaced archaeological 
remains including an aqueduct in Umm-El-Qanatir, east of Ha’Onn Escarpment 
(Fig. 8.3). They attribute the damage to the 749 CE earthquake based on the in-site 
finds limited to sixth to mid-eighth century CE. All these studies manifest the role 
of earthquakes in triggering land sliding around Lake Kinneret.
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A novel approach to earthquake driven gravitational collapse on slopes is given 
by Matmon et al. (2005). They use cosmogenic dating together with OSL for dating 
collapse of several meter large sandstone boulders in Timna (Fig. 8.8). They iden-
tify three distinct events around 3–4.5  ka, 15 ± 1  ka, and 31 ± 5  ka respectively. 
Notably the oldest event recorded is associated with a ~5 m boulder displaced 20 m 
horizontally from its source cliff, with merely 2 m vertical drop. The boulder is 
found due north of its north-facing scar, suggesting a significant role of horizontal 
acceleration parallel to the slip vector. Matmon et al. (2005) point out that the 
cycle of boulder shedding off the cliff may be limited by either of the steps: under-
cutting and ground shaking. The apparent cycle of 12–15 ka may be determined 
by the rate of undercutting after a large earthquake. On the other hand, a similar 
period (yet with a different phase) seems to emerge from Kagan et  al. (2005) 
cave deposits (discussed in the following section). Further research is required for 
ruling between these proposed mechanisms for determining the period of boulder 
shedding events.

8.3  �Correlation of Historical, Archaeological,  
and Geological Evidence

The foregoing sections demonstrate that the DSR stands out in the richness of his-
torical, archaeological, and geological evidence of earthquakes. The availability of 
these three independent and interdisciplinary sources of paleo-earthquake data in 
the DSR enable cross tests between individual data sets. As pointed out by several 
authors, the mutual independency of these sources is not always warranted, and 
circular reasoning should carefully be avoided (Karcz 2004; Ambraseys 2006a; 
Thomas et al. 2007; Rucker and Niemi 2010).

8.3.1  �Prior to the First Millennium BCE

Kagan et  al. (2005) have discussed the correlation of speleoseismites and lake 
seismites. The possibility to match lake seismites to each of the fewer speleoseis-
mites (during times of deposition of the appropriate facies in the lake) has suggested 
that the cave acts as a filter recording only very strong events. This is in line with the 
absence of speleoseismites in the historical period. An event dated to earlier than 
5.1–6.3 ka can be correlated with a lake seismite dated ~6 ka by Migowski et al. 
(2004). The correlation between Judean Hills speleoseismites and Lisan seismites 
was noted by Kagan et al. (2005). Out of four speleoseismic event in the interval 
70–15 ka, one was dated to a time of hiatus in the Lisan formation record (event xv). 
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For the other three speleoseismic events, the uncertainty in dating disallows 
correlation to individual Lisan seismites, yet they seem to correlate to periods of 
high recurrence rate (see below in the Recurrence section).

There is little data for correlating prehistorical archaeology with geological 
observations of earthquake damage (Table 8.1). Migowski et al. (2004) correlated 
the ~6 ka event with archaeological destruction at the Tells of Ghassul (Fig. 8.3). 
This is one of a series of destructions from the Bronze Age attributed to earthquakes 

Table 8.1  Correlation of selected prehistoric earthquakes inferred from archaeologic sites with 
geochronologically dated seismites

Range  
[ka]

Archaeological  
years BCE Ruin

Geochr-onol. 
[ka] Geological site

Refs. 
notes

5.9–6 Fortieth century Ghassul 5.9–6.3 Ein Gedi core a, b, c/1
5.9–6 Fortieth century Ghassul >5.3–6.1 Judean Hills caves a, b, d
5.0–5.1 End 4th mill. Megiddo 4.2–5.6 Judean Hills caves d, e
5.0–5.1 End 4th mill. Megiddo 4.2–5.6 Denya Cave, Mt. Carmel e, f
5.0–5.1 End 4th mill. Megiddo 4.7–5.3 Sea of Galilee – Ha-’On e, g
4.6–4.7 Twenty-seventh 

century
Ai 4.4–5.0 Ein Gedi core b, c/1

4.6–4.7 Twenty-seventh 
century

Ai 3.7–5.5 Tamar Creek b, c, h/2

4.2–4.3 Twenty-seventh 
century

H. Ifdan 4.2–4.0 Ein Gedi core b, c, i/1

4.2–4.3 Twenty-seventh 
century

H. Ifdan 3.7–5.5 Tamar Creek i, h/2

3.3–3.4 ~ 1365 Ugarit 3.3–3.5 Ein Gedi core c, j/1
3.3–3.4 ~ 1350 Pella 3.3–3.5 Ein Gedi core c, k/1
3.1–3.2 ~ 1150 Pella 3.0–3.2 Ein Feshkha c, k/1
3.1–3.2 Twelfth century Deir’Alla 3.0–3.2 Ein Feshkha l, l
3.0–3.1 ~1050 Timna 3.0–3.2 Ein Feshkha m, n
3.0–3.1 ~1050 Timna 2.0–4.2 Mt. Timna n, o/3
2.75–2.76 ~760–750 various 2.75–2.85 Ein Gedi, Ein Feshkha c, m, p/1
2.75–2.76 ~760–750 Deir’Alla 2.75–2.85 Ein Gedi, Ein Feshkha c, m, l, p/1
2.65–2.75 ~700 Various 2.65–2.75 Ein Gedi, Ein Feshkha c, m/1
2.65–2.75 ~700 Deir’Alla 2.65–2.75 Ein Gedi, Ein Feshkha c, m, l/1

References: (a) Hennessey (1969). (b) Karcz et al. (1977); Karcz and Kafri (1978). (c) Migowski 
et al. (2004). (d) Kagan et al. (2005). (e) Marco et al. (2006). (f) Braun (2009); Braun et al. (2011). 
(g) Katz et al. (2011). (h) Gluck (2001). (i) Levi et al. (2002). (j) Schaeffer (1948); Hanfmann 
(1951). (k) Bourke et al. (1999); Bourke (2004). (l) Ferry et al. (2011), based on Franken (1992). 
(m) Kagan et  al. (2011). (n) Ben-Menahem (1991). (o) Matmon et  al. (2005). (p) Ambraseys 
(2009); Austin et al. (2000)
Comments: (1) Range calculated from sedimentation rates in Ein Gedi core constrained by radio-
carbon dates. (2) Large uncertainty in geochronologic date based on OSL. (3) Large uncertainty in 
geochronologic date based on cosmogenic nuclides
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(Hennessey 1969; Karcz et al. 1977). The speleoseismic date has also been correlated 
with a 5.3–5.4 ka breccia layer from Ein Gedi core (Migowski et al. 2004; Kagan 
et al. 2005).

Braun et al. (2011) correlate the latest speleoseismite in the Carmel cave with 
damage recorded at Megiddo (Marco et al. 2006). This date – ~5 ka – is common to 
the Judean Caves (Kagan et al. 2005), the ruins of Ai (Karcz et al. 1977), surface 
rupture documented south-west of the Dead Sea (Gluck 2001), and lake seismite 
from Ein Gedi core (Migowski et al. 2004) (Table 8.1).

Migowski et al. (2004) correlate a breccia layer from Ein Gedi core dated 4.7 ka 
with archaeoseismic damage of Ai (Karcz et al. 1977; Karcz and Kafri 1978). This 
archaeoseismic event also correlates with ground rupture documented south-west of 
the Dead Sea (Gluck 2001). The uncertainty of dating this rupture, based on OSL, 
allows correlation also with earthquake evidence 4.3 ~ 4.2 from Khirbet Hamrat 
Ifdan in Wadi Araba (Levi et al. 2002).Ferry et al. (2011) cite archaeological reports 
from ongoing excavations and conclude that an earthquake hit the central Jordan 
Valley around 4.3 BCE.

Ben-Menahem (1991) assigns the Biblical destruction of Jericho to an earthquake, 
and notwithstanding the delay of seven centuries in writing the text, he calculates a 
date of 1560 BC for this event. Ambraseys (2009) notes that the biblical story men-
tions no earthquake. He rejects the archaeological evidence for the biblical Jericho 
event for which he adopts a date of ~1400 BCE. A seismite from Ein Gedi core is 
dated to ~3.3–3.4 ka (Migowski et al. 2004) so, in the absence of positive evidence 
for contemporary earthquake damage in Jericho, one might conjecture that seismic 
damage elsewhere has inspired the biblical stories from that era.

Migowski et al. (2004) correlate the seismite dated ~3.3–3.4 ka with an earth-
quake that perhaps destroyed the fortifications of Ugarit (Fig. 8.3) and was arguably 
referred to by a contemporary tablet in El Amarna in Egypt and by a letter from 
Abimilki of Tyre (Schaeffer 1948; Hanfmann 1951; Ben-Menahem 1991).

Nur and Cline (2000) suggest that much of the damage to Aegean and East 
Mediterranean sites around 1200 BCE is due to a 50-year sequence of earthquakes 
(“storm”). Incidentally, this time window is one of quiescence in the Ein Gedi core 
(Migowski et al. 2004).

8.3.2  �Tenth to Second Centuries BCE

For the last three millennia it is possible to estimate the extent of rupture of historic 
earthquakes with the aid of archaeological and geological data. The completeness of 
this information is improving for each consecutive millennium, and for the first half 
of this period it is clearly insufficient. Figure 8.13 displays interpreted locations of 
ruptures based chiefly on historical data, with complementary information from 
archaeology (gray bars) and Dead Sea lake seismites (stars) as they correlate with 
the historic data. We mark earthquakes matched to Dead Sea lake seismites in 
Ze’elim Creek, Ein Feshkha (Kagan et al. 2011), Ein Gedi (Migowski et al. 2004), 
and Daraje Creek (Enzel et al. 2000). The format follows a preliminary attempt by 
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Garfunkel et al. (1981), which did not have geological data to compare. This update 
is based on recent catalogues, and includes historical information from older peri-
ods, starting with the Biblical earthquake of 759/760 BCE (Guidoboni et al. 1994; 
Ambraseys 2009). The present version also extends 200 km south-south-west to 
include the Gulf of Aqaba, where the latest strong earthquake ruptured the DSR: the 
Earthquake of Nueiba on 22 Nov 1995 amounted to M7.2 or more (Klinger et al. 
1999; Shamir et al. 2003; Baer et al. 2008). The interpretation is naturally biased by 
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the preconceptions of the present author, and it should be taken as a preliminary 
rather than a definite summary.

As is apparent from the panels of Fig. 8.3 and from Fig. 8.13, the information is 
sparser for older times and southern locations, in accord with population trends. 
However, the ability to match a great majority of Dead Sea seismites with historic 
earthquakes may suggest that the completeness of the historic and seismite archives 
are not so dissimilar. In this sense, the uneven distribution of ruptures in space and 
time exhibited in Fig. 8.13 may reflect genuine spatio-temporal clustering of earth-
quakes in historical times. As Garfunkel et al. (1981) argue, the relative quiescence 
in Wadi Araba/Arava during the instrumental period supports a different seismic 
behavior along different segments of the rift.

We start the history of the first Millennium BCE with the earthquake of the mid 
eighth century as this event is reflected in numerous archaeological sites (Ambraseys 
2009). However, note that the Iron Age stratigraphy is being hotly debated, including 
the role of the earthquake in the cultural transitions (e.g. Herzog and Singer-Avitz 
2004; Fantalkin and Finkelstein 2006). Whether all that damage is the result of a sin-
gle seismogenic rupture remains to be determined. The dates referred to in the Bible 
enable researchers to name 759 (Ben-Menahem 1979; Ambraseys 2009) as the year of 
the event. This earthquake is correlated in all three Dead Sea paleoseismic sites (stars 
in Fig. 8.13). Kagan et al. (2011, Appendix C) point out that each of the three seismite 
sites exhibits two eighth century events. This is in line with the large areal extent of 
damaged archaeological sites that led researchers to infer a very high magnitude sin-
gle event. Austin et al. (2000) assign M8.2 to this earthquake. Ambraseys (2005a) 
notes that such a high magnitude earthquake would completely demolish Jerusalem, 
where historical or archaeological evidence for destruction is not established.

The assumption of a regular repeat time of a century for Dead Sea earthquakes is 
central to the Austin et al. (2000) argument. And indeed, a superficial inspection of 
the catalogues for the last millennium can yield an approximately uniform rate of 
repeat times for destructive earthquakes in the Holy Land, namely once a century. 
However, a closer look shows pairs of events that often span a wide section along 
the transform. Salamon (2010) has reviewed sequences of historic earthquakes and 
identified 13 cases where successive events did not necessarily form as aftershocks. 
We note two pairs of earthquakes separated by a decade or less: 1202 CE ruptured 
Lebanon, severely shaking Syria and northern Israel; 1212 hit the Gulf of Aqaba. 
These events with magnitudes estimated 7.0–7.5 could erroneously be taken as a 
single M > 8 event if we did not have the temporal resolution. The pair of 1834 CE 
(M ~ 6) and 1837 CE (M7.0, Ambraseys 1998) at the Jordan and Dead Sea Valleys 
and Lebanon, respectively, would be taken as a single M ~ 7.5 event.

In addition to the unjustified assumption of a century long seismic cycle, criticism 
of Austin et al. (2000) comes from archeological grounds. Fantalkin and Finkelstein 
(2006) argue that some of the damage purported to originate from seismic shaking 
could have resulted from static loads.

The successive seismite found in Ein Gedi core (Migowski et al. 2004) and at Ein 
Feshkha (Kagan et al. 2011) is correlated to 525 BCE. This earthquake is listed by 
Ben-Menahem (1991) and Sbeinati et  al. (2005), with damage to the southern 
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Lebanese towns Sur and Sidon, and a local sea wave. Morhange et al. (2006) document 
variable uplift of paleo-shore-lines from this period, and suggest multiple seismic 
events. The 551 CE event, with perhaps larger macroseismic effects, (Elias et  al. 
2007) is recorded as well at both these seismite sites, yet in addition it is correlated to 
a seismite at the southern (further form the epicenter) Ze’elim Creek site. The fact 
that 550 BCE is not correlated in Ze’elim Creek may be due to a smaller source, or 
due to less favorable sedimentary conditions (e.g. lack of lamination) in this particular 
interval. Additional studies in a lake-ward section, being exposed due to the ongoing 
level drop, may resolve this issue.

The three overlying clear seismites in Ein Feshkha (Kagan et al. 2011) were not 
correlated, largely due to sparse historical evidence from that period (deformed 
layer is considered “questionable”). The correlation of an overlying seismite to 331 
BCE in Syria is based on a nineteenth century chronicle (“many victims and destruc-
tion”) interpreted by Sbeinati et al. (2005) as intensity I = VI. Enzel et al. (2000) date 
a seismite from Daraje Creek to 2.0–2.4  ka, correlative with the 331 BCE Ein 
Feshkha seismite, or with one of the adjacent uncorrelated seismites.

Two additional seismites at Ein Feshkha are uncorrelated between 331 and  
199–198 BCE, yet the error in dating could allow respective correlation with the 
adjacent seismites. The latter date corresponds to a damaging earthquake in the 
southern Lebanese coast, with more than half of Sidon destroyed by a landslide, for 
which Guidoboni et al. (1994) and Sbeinati et al. (2005) respectively assign inten-
sity X and VIII. This event was not recorded in Ein Gedi core and Ze’elim Creek.

Of the 30 deformed layers in Ein Feshkha section overlying the one correlated to 
199–198 BCE, spanning second century BCE to fourteenth century CE (the 
sequence is truncated), three are labeled “questionable” seismites. All 30 deformed 
layers could be matched with historic earthquakes to within he dating error (Kagan 
et al. 2011). While each individual deformed layer can be matched to one or several 
earthquakes, a unique match of the entire set is not possible: the best fit Bayesian 
model of radiocarbon ages anchored to historic earthquakes (Kagan et  al. 2010) 
leaves 2 out 30 seismites unmatched at respective model dates (95 % confidence) of 
101–42 BCE and 365–595 CE (the latter considered “questionable”).

Except for the last century in this sixteenth centuries long interval, the Ein Gedi 
core is particularly detailed as it corresponds to the chronologic model based on lami-
nae counting anchored to 22 seismites (Migowski et al. 2004). Two of these are not 
matched to historic earthquakes, at respective model dates of ~90 and ~175 CE. Note 
that the two pairs of unmatched events in from each section considered are not cor-
related mutually, suggesting four local shocks that were not recorded historically.

Several earthquakes from the counted laminae interval are worth noting. These 
are large historical events that are expected to affect the Dead Sea basin.

The information about a mid-second century BCE events is scant and comes from 
secondary but relatively reliable sources. Several dates between 148 and 130 BCE are 
mentioned in the sources, and the confusion is yet to be resolved (Ambraseys 2009; 
Guidoboni et al. 1994; Karcz 2004; Sbeinati et al. 2005). Significant destruction of the 
city of Antioch was reported (Guidoboni et al. 1994; Ambraseys et al. 1994; Guidoboni 
and Comastri 2005; Sbeinati et al. 2005; Ambraseys 2009). Historical accounts cannot 
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distinguish between a Dead Sea rift source and adjacent plate boundaries. A tsunami 
hit the Lebanese coast near Sidon. A collapse of a village “above Sidon” (Karcz 2004, 
and historical sources therein) suggest ground shaking and a regional earthquake. For 
a single event to be responsible to the damage from Antioch to Ptolemais, some 400 km 
(Fig. 8.2), it should be M ~ 8. Yet a pair of events, each around M7.5, is consistent with 
the geological data (Kagan et al. 2011) and with the historical evidence for two sepa-
rate earthquakes. Ze’elim Creek and Ein Gedi core feature each a seismite from the 
mid-second century BCE (Migowski et al. 2004; Agnon et al. 2006; Kagan et al. 2011). 
Ein Feshkha section features two clear seismites from that time, separated by a 4 cm 
undisturbed sequence. The calculated mean rate of deposition – 0.27 ± 0.03 cm/year, 
yields a minimum of 13–17 years between events. Including an additional 1 cm of 
sequence embodied in the upper seismite would give 17–20 years. This is similar to the 
upper range of difference between various interpretations of historic dates.

8.3.3  �First Century BCE to Seventh Century CE

A regional earthquake is reported for 92 BCE with tsunami in Lebanon and flooding 
in Egypt, but its source location is not clear. This event is correlated to seismites in 
Ein Feshkha and in Ein Gedi core, while Ze’elim Creek sections show undisturbed 
laminar facies. We will use this information for a comparison with more recent 
events for which we have more information.

The 64 BCE earthquake was studied in detail by Karcz (2004). He concluded 
that “it is unlikely that local intensity was much in excess of human perception”. 
Sbeinati et al. (2005) have reevaluated this event (65 BCE) and classify the com-
pleteness of data as “acceptable”. An intensity VI is assigned to Jerusalem, where 
the source is likely in western Syria (VIII > I > VII in Antioch). While Ken-Tor et al. 
(2001) identify this event with a seismite in Ze’elim Creek, Agnon et  al. (2006) 
preferred a mid-second century source for that seismite. They based their correla-
tion on a deposition model with a uniform sedimentation rate except in hiatuses. 
Accepting this model, the 64 BCE event would be reworked and “masked” by the 
subsequent 31 BCE earthquake. Migowski et al. (2004) were the first to acknowl-
edge that the subsequent 31 BCE event would mask 64 BCE. Recently however, 
Kagan et al. (2011) have found a seismite at this period in the Ein Feshkha section, 
in agreement with Sbeinati et al. (2005) intensity assessment. If we are to accept 
Karcz’ (2004) assessment that the Syrian earthquake was only felt around the Dead 
Sea, we miss a local event during that period that left a mark on the Dead Sea sedi-
ments, and perhaps was erroneously amalgamated with the large 64/65 BCE earth-
quake that hit Antioch.

The 31 BCE and the subsequent 33 CE earthquakes are well known due to their 
contemporaneity with dramatic political and military events. Kagan et al. (2011) 
classify these earthquakes as two of the nine forming “intra-basin seismites”, identi-
fied in the three sections considered in detail. In addition, a seismite dated ~2 ka in 
Daraje creek (Enzel et al. 2000) could be correlated to one of these earthquakes.
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The 362/363 CE earthquake deserves special attention, as since Russell’s (1980) 
work it is considered one of the largest events on DSR (e.g. Ambraseys 2009). Kagan 
et al. (2011) suggest that two events of M ~ 6.5, one from 363 north of the Dead Sea 
and one from a close date south of the Dead Sea, had been erroneously amalgamated 
to a single M > 7 event. The sites north of the Dead Sea are skewed significantly to 
the west, suggesting a Carmel Fault source. The Seismite C in Ze’elim Creek section 
of Ken-Tor et  al. (2001) was constrained by radiocarbon dates to correlate with 
either the 363 or 419 CE earthquake. A uniform deposition rate model of Agnon 
et  al. (2006), anchored to historic earthquakes, ruled in favor of the latter date. 
Likewise, an Ein Gedi core seismite from the laminae counting interval was corre-
lated with 419 CE, where 363 CE was not correlated (Migowski et al. 2004). Kagan 
et al. (2010, 2011) section in Ze’elim Creek was fit better to models with a seismite 
from 419 CE, where again 363 CE was not correlated. By contrast, their models for 
Ein Feshkha section show correlation of seismites to both earthquakes. They suggest 
that the Ein Feshkha records a moderate earthquake that hit the north, whereas the 
southern earthquake did not generate seismites in the study sites. A single large 
earthquake that demolish the entire region from the Galilee to Petra and Aila would 
correspond to M7.4 (Ambraseys 2006b, 2009; Russell 1980; Thomas et al. 2007). 
This would result in broad scale damage on the east of the rift, in contrast to the 
observations (Russell 1980). Kagan et  al. (2011) interpret the historical and the 
physical observation as a pair of consecutive smaller events, one in northern Israel 
(perhaps on the Carmel fault) and one in the Arava/Araba Valley. This issue requires 
additional research.

The earthquake of 419 CE, generating “intra basin seismites” according to Kagan 
et al. (2011), is likely a local moderate event. The limited reports of damage do not 
allow a precise location of source, but it may be similar to 1927 Jericho M6.2 earth-
quake. By contrast, the 551 CE earthquake that is also considered by Kagan et al. 
(2011) an “intrabasin seismite” is a remote and strong event: it ruptured a putative 
thrust under Lebanon with an estimated M ~ 7.5 (Elias et al. 2007).

Rucker and Niemi (2010) speculate that a strong earthquake hit east of the Dead 
Sea 597–598 CE, based on an inscription in Areopolis. Since historic documenta-
tion from Petra is missing after 597 CE, such an event might have escaped the 
chronicles. Ambraseys (2009) also lists an earthquake earlier than 597 in Areopolis. 
Hence the correlation of all sixth century seismites with the Lebanon event is still 
not certain.

The Jordan Valley has been struck by three earthquakes during the seventh cen-
tury CE: one at 634 and two at 660 (Amiran et al. 1994; Guidoboni et al. 1994). 
Tsafrir and Foerster (1997) dated earthquake damage in Scythopolis/Baishan to 
between the end of the sixth century and the second half of the seventh. Additional 
archaeoseismic evidence was reported nearby in Ein Hanatziv (Karcz et al. 1977). 
Kagan et al. (2011) found two seismites in Ein Feshkha, while a laminated sequence 
was deposited in Ze’elim Terrace. Migowski et  al. (2004) correlated the single 
seismite from Ein Gedi core with the latter year. This is consistent with northerly 
local sources, and a stronger shaking in the Dead Sea from the 660 event that is said 
to had been strong at Jericho (Amiran et al. 1994).
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The high resolution of late Holocene sequences exposed during the recent retreat 
of the Dead Sea lake is used by Neumann et  al. (2009) for assessing possible 
geobotanic response to large earthquakes. They have investigated the Ein Feshkha 
section, exposed on the north west corner of the lake (Fig. 8.7), and found inconclu-
sive evidence for possible seismic effects on olive pollen.

8.3.4  �Eighth Century CE

Karcz (2004) and Ambraseys (2005a) studied the historical sources of this period 
and suggest that damage reports for a 749 CE earthquake were accentuated by 
confusion with an earlier event (~747 CE); amalgamation of these two (and perhaps 
more) events gave an overestimation of the size of the 749 CE event. The mid-
eighth century CE events have been reportedly recognized in a number of additional 
sites (Marco et al. 2003). The assignment of the spectacular parallel pair of fallen 
colonnades of a Byzantine church in Hippos (Fig. 8.6c) to the 749 CE event (e.g. 
Nur 2008) is not based on archaeological evidence. A fallen colonnade from another 
Byzantine church on the site can be tied to the mid-eighth century events, based on 
an inscription from the late sixth century CE on one of the columns (Fig.  8.5d) 
(Marco 2008; Segal 2007). In any case, such spectacular manifestations of ground 
shaking may be misleading in that they strongly depend on the masonry, and the 
information they give on ground motion turns out to be limited (Hinzen 2011). The 
above mentioned earthquakes during the seventh century CE, while less famous, 
can be associated with the Hippos damage.

Kagan et al. (2011) report two seismites from the mid eighth century. This may 
seem consistent with a pair of earthquakes at Jerusalem at 746 and 757 CE, report-
edly damaging Al Aksa mosque (Ambraseys 2009). However, their correlation 
hinges on the assignment of the underlying seismite to 873 CE discussed below.

The rupture in Qasr Tilah trenched and dated seventh to tenth century CE by 
Haynes et al. (2006) could be associated with a mid eighth century event. Support 
to this hypothesis is given by Bikai (2002) and Eklund (2008), who infer terminal 
destruction of Petra due to an earthquake at the mid eighth century.

8.3.5  �Ninth to Eleventh Centuries CE

This period is marked by the transition of the center of the Muslim empire from 
Damascus to Baghdad, and a consequent deterioration of the quantity and quality of 
chronicles. This is evident in the confusion regarding some of the earthquake reports 
from the period, and in particular for the years 873, 956, and 1068 CE. Despite 
becoming a periphery, the Levant is mentioned in numerous earthquake reports 
(Ambraseys 2009). During this period the Ein Feshkha paleoseismic sites show 
high rate of activity, and it is difficult to identify individual events.
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853/4 CE: An earthquake with dramatic mass movements and tragic consequences 
had been recorded in Tiberias and vicinity (Sbeinati et al. 2005; Ambraseys 2009). 
This event is likely recorded in one of the numerous seismites from this period, yet 
no particular correlation has been suggested (Table 4 of Kagan et al. 2011).

873 CE: The historical evidence originated from well within the Arabian Plate 
(Ambraseys et al. 1994; Ambraseys 2009). Haynes et al.’s (2006) conjecture that 
this earthquake originated from a surface rupture at Qasr Tilah constrained to 
between the seventh and tenth centuries. In order to accept this conjecture, we need 
to accept that “due to the sparse population of the Hejaz and Wadi Araba, the his-
torical record of the earthquake maybe distorted or biased, thus the catalogue may 
be incorrect”. As suggested above, the Qasr Tilah rupture might be associated with 
one of the mid-eight century events. Kagan et al. (2011) tentatively identify the 873 
earthquake in the northern (Ein Feshkha) and central (Ein Gedi) sections of the 
Dead Sea, but not in the southern (Ze’elim Creek) (Fig. 8.13). Barring directivity 
effects, this could indicate a lower sensitivity of the southern site. More likely, and 
considering the historical indications for a remote source, the 873 event is not 
recorded in the Dead Sea.

Tenth century: Only a few seismites are apparent in the sections correlated to the 
tenth century: two in Ein Feshkha (Kagan et al. 2011) and one in Ein Gedi (Migowski 
et al. 2004). Likewise, only a few earthquakes appear in historical catalogues cover-
ing that period in the Levant (Sbeinati et al. 2005; Ambraseys 2009). As pointed out 
by Ambraseys (2009), the earthquakes of 952 (on the junction of the DSR with 
EAF) and 956 (Eastern Mediterranean with damage in Egypt) had been confused by 
a contemporary chronicler. The single seismite identified in Ein Feshkha at the mid-
tenth century (Kagan et al. 2011) reflects one of these large events or a smaller one 
not recorded historically.

1033 CE: This event ruptured the surface in the Jordan Valley and had been 
designated 7.0 ≤ Ms < 7.8 (Ambraseys and Jackson 1998). More recent work 
excluded that earthquake from the set of Ms ≥ 7.0 events on the DSR (Ambraseys 
2009). Ferry et  al. (2011) associate the ultimate rupture trenched in the Jordan 
Valley with this event, reasserting that this is one of the largest historic earthquakes 
recorded on this segment. Migowski et al. (2004) identify a 7.4 thick breccia layer 
with the 1033 CE earthquake, for which Kagan et al. (2011) correlate a 1.5 cm seis-
mite. The absence of a seismite report from Ze’elim Creek may be due to sandy 
facies and difficult access.

1063 CE: Significant damage in Tripoli (VII-VIII, Sbeinati et al. 2005) led Elias 
et al. (2007) to infer rupture on a local fault that they mapped traversing the coast and 
bounding the Lebanon Thrust from north. A rupture of the entire mapped length, 
65 km, would generate M ~ 7 earthquake, which is a likely upper bound for this earth-
quake. Such a magnitude would be consistent with Eq. 8.3 and the systematics of 
Wells and Coppersmith (1994). This earthquake is correlated to a seismite in Ein 
Feshkha. Migowski et al. (2004) considered this earthquake to be masked by the sub-
sequent 1068 CE earthquake. However, using the resolving power criterion of Agnon 
et al. (2006), it seems that this earthquake might be resolved in case that it generated 
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a seismite: the 1068 seismite is only 4 mm thick; the resolution for this thickness 
varies between 2 and 5 years during the time between the eighth and thirteenth centu-
ries. If the absence of a seismite in the laminae counting interval in Ein Gedi core can 
be corroborated in nearby sections, it can be used for calibrating the attenuation rela-
tion as discussed below. Yet this potential can be realized only if it can be shown that 
no small, local, and forgotten event is responsible for the Ein Feshkha seismite.

1068 CE: The latter earthquake was also identified with archaeological damage 
in the southern Arava (Zilberman et al. 2005). These authors detected vertical dis-
placement of up to a meter across an early islamic irrigation system. Using accepted 
magnitude  – rupture length  – slip systematics (Wells and Coppersmith 1994), 
Zilberman et al. (2005) suggest an M > 6.6. Accepting that the rupture extended to 
Qasr Tilah, about 150 km to the north, this earthquake could have reached M7.2–
7.8 m, consistent with several m average lateral slip. The event is recorded both in 
Ein Gedi core (Migowski et al. 2004) and Ein Feshkha, where the Ze’elim Creek 
sections are in sandy facies with difficult access (Kagan et al. 2011).

8.3.6  �Twelfth to Fifteenth Centuries CE

Historically, this period from the Crusades to the Ottoman conquest is very well 
represented by chroniclers from both the Frankish and the Muslim cultures. 
Historical records of seven large earthquakes found in catalogues are correlated to 
Ein Feshkha seismites (Kagan et  al. 2011): 1114/1117, 1150, 1170, 1202, 1212, 
1293, 1312. Of these, four are correlated in the laminated section of Ein Gedi core 
(Migowski et al. 2004; Agnon et al. 2006): 1114/1117, 1202, 1212, 1293. Only two 
thirteenth century events are correlated in Ze’elim Terrace (Kagan et al. 2011, fol-
lowing Ken-Tor et al. 2001). The southward diminishing abundance of seismites 
may reflect the observation that the historic earthquakes from the twelfth and four-
teenth centuries ruptured north of the Jordan Valley (Ambraseys 2006a, b, 2009; 
Sbeinati et al. 2005). The 1202 CE event is a special case: it was very large (M ~ 7.5) 
and closer to the Dead Sea than the earthquakes from adjacent centuries. Also, 1202 
is so close in time to 1212 that the two seismites are not always resolved from each 
other (Agnon et al. 2006). So a generalization may be made that large earthquakes 
from north of the Jordan Valley may be sufficiently intense at the north of the Dead 
Sea to generate a seismite, but the intensity decays significantly to the south of the 
lake. We use this observation in calibrating the attenuation relation below.

8.3.7  �Sixteenth to Nineteenth Centuries CE

This period is not represented in the Ein Feshkha section due to local truncation, and 
future work on nearby outcrops can fill this gap. Ein Gedi core shows eight seismites 
correlated to the historic earthquakes of 1456/1458, 1546, 1588, 1868, 1712, 1759, 
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1822, 1834/1837. Ze’elim Creek shows a 10 cm thick seismite for the first and a 
25 cm thick one for the last of these events (Kagan et al. 2011). The facies in the 
sixteenth-seventeenth centuries of this site does not allow rejection of sedimentary 
disturbance. Yet the eighteenth to early nineteenth centuries left a laminar and 
undisturbed deposit, suggesting that the 1712, 1759, and 1822 earthquakes were not 
intense there. This is in agreement with the northerly epicenters of these events 
(Sbeinati et al. 2005; Ambraseys 2009).

A comment on 1546 CE: As mentioned above, Enzel et al. (2000) have identified 
the topmost liquified layer in Daraje Creek with the instrumental 11 Jul 1927 M6.2 
Jericho earthquake. Ambraseys and Karcz (1992) note that the 1546 earthquake was 
similar in damage distribution to the 1927 event, so the penultimate rupture in 
Daraje Creek (dated mid-2nd Millennium CE) could arguably associated with this 
rupture. Kagan et al. (2011) assign both earthquakes to the Kalia fault that traverses 
the basin some 20 km north of the Daraje Creek rupture. Yet it is not inconceivable 
that the ruptures recorded in the fan delta are of large aftershocks: a M6.2 event 
typically triggers aftershocks up to M5.2. Wells and Coppersmith (1994) give this 
as the lower limit for breaking the surface by normal faults, with rupture lengths of 
several km. The age of the penultimate event determined by Enzel et al. (2000) is 
400–500 years, in agreement with the 1546 CE date of the historic event similar in 
damage distribution to the 1927 Jericho earthquake (Ambraseys and Karcz 1992). 
The penultimate Daraje seismite can again be interpreted as an aftershock of a 
M ~ 6.2 event on Kalia fault. Alternatively, a shore-parallel fault segment in the 
north-west of the lake was the source for either or both these moderate events.

8.4  �Completeness

All the records used by seismologists are incomplete in one or more aspects. 
Historical, archaeoseismc, and paleoseismic archives have the advantage of going 
back in time, as compared with the more systematic instrumental archives. However, 
the non-instrumental archives suffer from inherent problems of completeness. The 
more complete the archive, the more one can use it as an independent data set to 
correlate with others.

Historical archives are limited by the availability of cultures writing history and 
by preservation of these writings. During several periods the Levant was populated 
by coexisting (often competing) literate cultures, leaving complementary archives 
that can be mutually cross-checked. This was the case at Medieval times, when 
Muslim and Crusader historians described the same earthquakes (e.g. Ellenblum 
et al. 1998; Guidoboni and Comastri 2005) or during the Roman times, for which 
Roman as well as Jewish sources are available (e.g. Karcz 2004). When the center 
of the Islamic empire moved from Damascus to Baghdad, during the mid eighth 
century CE, the reports of earthquakes became vague. This process culminated with 
the 1068 CE earthquakes. Al-Bana, a contemporary chronicler who lived in 
Baghdad, reported two events for the same year – 18 March and 29 May. The two 
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reports are very similar- except that the latter states a complete devastation for 
Ramla and only Ramla. Makdisi (1956) suggested that Al-Bana got two versions of 
the same event from two independent sources, where the date records the time of 
arrival of the report or of its recording in writing. The former report was accurate 
(an earthquake in the south corroborated by additional sources) and the latter was 
spurious (devastation of Ramla). Perhaps it confused the more likely devastation of 
Ramla in the 1,033 event which was confirmed by other sources (Ambraseys 2009). 
This case exemplifies the effect of political geography, demography, and in particu-
lar distribution of literate population. A well known general observation is that the 
southern parts of the rift, that bisects large deserts, is clearly less represented in the 
historical archive. Further advance in the use of historical data in seismological 
research requires a systematic assessment of the completeness of the archives.

8.4.1  �Archaeological Archives

Archaeological archives are possibly incomplete due to discontinuous occupation 
and also due to poor conservation or lack of excavations. For example, Tel Ateret 
records the 1202 CE earthquake during the Ayyubid times when it was used as a 
shrine, shortly after the site was constructed by Crusaders and conquered by Saladin 
(Ellenblum et al. 1998; Ellenblum 2007). Archaeology sets a limit also on the time 
of the ultimate earthquake: it had ruptured during the Ottoman times, after the intro-
duction of tobacco. This is due to the discovery of smoking pipes on a floor in 
context with a wall displaced ~0.5 m (Marco et al. 1997; Ellenblum et al. 1998). 
During that time the site was not occupied, although it was in marginal use as a 
shrine. Luckily, historical considerations including reported damage could distin-
guish between 1759 and 1837 CE, and between the two shocks of the former year 
(Ambraseys and Barazangi 1989; Ambraseys 1998; Ellenblum et al. 1998).

The distribution of archaeological sites during the period of consideration is a 
key to the potential of retrieving a complete archive. Sparse monumental building 
during antiquity is reflected by localized evidence for destruction. The Chalcolithic 
Tells of Ghassul (Table 8.1) are a good example. As has been said for the historical 
archive, the southern parts of the rift that bisects large deserts is clearly less repre-
sented in the archaeological archive.

8.4.2  �Lake Archives

Lake archives are limited by hiatuses, not always evident in outcrop (e.g. Machlus 
et al. 2000), and by facies. When layering is obliterated during diagenesis by turba-
tion (e.g. shallow facies susceptible to wave action) there is no mark of earthquakes. 
In the case of the Dead Sea, seismites from evaporites such as halite and gypsum 
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have not been studied. The advantage of lake records is that superposition is dictated 
by gravity, and layers (down to laminae scale) are continuous and sub horizontal on 
outcrop scale and larger. Therefore disturbances due to high mechanical energy at 
lake bottom tend to stand out in outcrop and attract attention.

A method to test the completeness of the lake events during historic periods is 
presented in Fig. 8.14. The format is familiar from Fig. 8.3, but this time we only 
plot isoseismals V-VI-VII using Eq. 8.3 (Hough and Avni 2011). We plot indi-
vidual earthquakes using a solid symbol for those correlated to a Dead Sea seis-
mite, and an empty one for uncorrelated ones. For this preliminary edition we 
focus on events with better constrained magnitudes and locations, and in particu-
larly on events that are correlated for one of the sites and absent in another. This 
helps to constrain a hypothetical critical isoseismal for the generation of seismites 
in the Dead Sea (gray broken curve). The critical intensity required for seismite 
formation seems to diminish with magnitude and distance: for a close epicenter 
(<40 km) and small magnitude (≤6) the critical local intensity is close to VII; for 
a distant epicenter (>300 km) and high magnitude (≥7.2) the local intensity is 
V-VI. The critical curve in Fig. 8.14 gives a preliminary criterion for the com-
pleteness of the lake record.

Isoseismals from Equation (3)
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8.4.3  �Cave Archives

Cave archives require special caution with regard to completeness. Limestone pre-
cipitation is not regular and the ensuing stratigraphy may be complex. Recently, 
Kagan (2011) and Braun et  al. (2011) have reported a paleo-earthquake in the 
Judean Hills caves (SH and in Fig.  8.8) at ~8.6  ka. They go on to compare the 
archive from this site with the Denya Cave site (DH in Fig. 8.8), considered a proxy 
for activity on the Carmel fault, and with lacustrine and landslide archives. This 
comparison allows Kagan (2011) and Braun et al. (2011) to discuss coupling of the 
transform with its Carmel fault branch. For the Pleistocene however, such a discus-
sion would critically depend on the assumption that both records are complete.  
A complete speleoseismic record will be achieved only at the limit where additional 
age determinations give no new dates of paleo-earthquakes. Another issue with the 
present state of the art is that five out of 18 speleoseismites reported by Kagan et al. 
(2005) had no dated material preceding damage, so they were biased by the use of 
the terminus ante quem as damage date.

8.4.4  �Rockfall Archives

Rockfall archives also require statistically significant sampling, such that new 
sampling adds no new dates. With the present costs of cosmogenic dating, and with 
the low availability of new techniques such as in situ C14 dates, this requirement is 
not realistic, so rockfall archives can hardly be considered complete.

8.5  �Discussion: Recurrence Patterns

A chief goal of paleo-earthquake research is resolving recurrence patterns and, in 
particular, recurrence intervals characteristic of the seismogenic zones in question. 
Goes (1996) has used historical and paleoseismological records from the American 
continent to evaluate aperiodicity (α) of large earthquakes, using a definition of α as

	
α

σ τ
τ

=
( )

	
(8.4)

In Eq. (8.1) τ represents the distribution of recurrence intervals, the <brackets> 
denote average, and σ is the standard deviation. A perfectly periodic behavior is 
represented by vanishing α whereas clustered behavior yields α larger than unity. 
Goes (1996) also recognized the limitation imposed by the brevity of archives, one 
that is alleviated by the long time recorded for the DSR.
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The foregoing section clarifies that a discussion of recurrence based on the 
records we have may suffer from their incompleteness. Yet such a discussion can 
help point out gaps in the information needed for advancing our understanding of 
the nature of seismogenic zones. Table 8.2 summarizes data on recurrence from 
several studies that provide sufficient information for characterizing the distribution 
of intervals.

Marco et al. (1996) have identified 29 seismites in the dated section of Peratzim 
Creek and inferred a mean recurrence interval of 1.6 kyear between ~72 and ~25 ka. 
Agnon et  al. (2006) have revised the estimate based on more extensive ages of 
Haase-Schramm et al. (2004). This age scheme recognized a 5 kyear hiatus in the 
Lisan Formation around 45  ka (Fig.  8.15). The variation, between 250 and 
8,500 years, is a clear manifestation of temporal clustering of earthquakes. More 
accurate and extensive dating of Lisan Formation will modify the figures (Stein 
2011) but clustering of seismites will likely prevail (Kagan 2011).

Figure 8.15 shows the cumulative number of seismites versus interpolated age 
using Haase-Schramm et al.’s (2004) age model. Anomalous lithology and hiatuses 
are marked following Stein (2011) who has tabulated the ages versus depth and 
interpolated for seismite ages. Figure 8.16 shows smoothed recurrence intervals on 
a logarithmic scale. Despite the periods of poor dating constraints (including hiatus 
43–48 ka), Figures 8.15 and 8.16 show a pattern of long quiescence periods between 
quasi-periodic clusters. During each cluster of seismicity the recurrence interval is 
quite uniform, varying among clusters between 200 and 1,400 years. Quiescence 
periods may linger 3–10,000 years.

Table 8.2  Distributions of recurrence intervals at different locations and times along the Dead  
Sea rift

Site/segment
Window 
[ka]

Recurrence 
interval [kyear]

σ(τ)
SDEV aperiodicity α 〈 n Reference

Mean Max Min
Judean Hills 185–0 9 24.5 3 6.7 0.73 K05, B11
Peratzim Creek 72–25 1.6 8.5 0.25 2.9 1.8 29 M96, A06
Ein Gedi Core 4–0 0.1 0.088 0.9 M04, A06
Ein Gedi Core 2–0 0.05 0.07 0.75 M04, A06
Ein Feshkha 2.5–0 0.05
Ze’elim Terrace K11
Dead Sea
Yammounneh ~12–6 1–1.2 Unknown 5–6 D07
Yammounneh 6–0 1–1.2 Unknown 5 N08
Jordan Valley 25–0 0.79 1.5 0.28 0.52 0.66 5 F11

A06 – Agnon et al. (2006), B11 – Braun et al. (2011), D07 – Daeron et al. (2007)
F11 – Ferry et al. (2011), K05 – Kagan et al. (2005), K11 – Kagan et al. (2011)
M04 – Migowski et al (2004), M96 – Marco et al. (1996), N08 – Nemer et al. (2008)
α “intra basin seismites” (IBSs), simultaneously recorded at Ein Feshkha, Ein Gedi core, and 
Ze’elim Terrace
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The high rate of seismicity at ~52 ka (an event in ~200 years) is anomalous for 
the entire period represented by sediments within Lisan Formation, but a similar or 
higher rate (an event per ~100  years) during the last millennium is indicated in 
Ze’elim Creek (Migowski et al. 2004). Agnon et al. (2006) argue that the resolution 
of seismites in the ~52 ka cluster of seismites in Lisan Formation at Peratzim Creek 
would not allow recording of a rate higher than an event in 200 year. Kagan et al. 
(2011) study seismites from the last two millennia in three sites currently onshore 
the Dead Sea northern basin. They distinguish events recorded simultaneously at the 
northernmost, the center, and the southernmost basin (“intra basin seismites” of 
Kagan et al. 2011). These events, seemingly with higher local intensity around the 
Dead Sea, show an average recurrence interval of ~200 years, about twice that of 
any individual section.

Marco et al. (1996) have used the aperiodicity (Eq. 8.4) to illustrate and quantify 
earthquake clustering in the distribution of intervals: if the aperiodicity is smaller 
than unity the distribution is periodic, whereas exceeding unity indicates clustering. 
The dated section of Lisan Formation has featured aperiodicity around 1.75. Agnon 
et al. (2006) found that the correction of the age model to include Haase-Schramm 
et al. (2004) dates decreases the aperiodicity only slightly to about 1.6.

Independent indication for long-term clustering has been reported for the Arava/
Araba Valley (Fig.  8.1). Amit et  al. (2002) dug paleoseismic trenches and dated 
clastic sediments with optically simulated luminescence (OSL) up to 90 ka. The 
dates constrained the ages of dip-slip events on marginal faults, showing more fre-
quent activity of smaller events during the Holocene, and migration of activity 
across a shear zone.

The Holocene Dead Sea archive shows a quasi-periodic behavior. Aperiodicity 
for Ein Gedi core varied from 0.75 for the historic period to 0.9 for the entire upper 
5 m (3.8 ka to present). The changes of recurrence during the late Quaternary may 
indicate transitions, or mode switchings, from clustered distributions via quasi-
periodic distribution to a pronounced periodicity during the late Holocene. Such 
mode-switching was anticipated in simulations using two different physical models 
(Ben-Zion et al. 1999). Lyakhovsky et al. (1997) matched the behavior of the Lisan 
archive reported by Marco et al. (1996) with a model that explicitly computes dis-
tributed damage in the plate. In that model, mode-switching emerges when the rate 
of healing of fractures in the seismogenic zone balances the rate of mechanical load-
ing (determined by the long-term slip rate). A simpler model that displays clustered 
versus periodic behavior accounts for distributed damage by stress variations off-
fault (Kenner and Simons 2005).

Kagan et  al (2005) found a mean recurrence interval of 10–14  kyear with 
aperiodicity of 0.6 for the cave seismites (interpreted to represent M ≥ 7.8) during 
the last 185 kyear. These are likely of the largest events along the adjacent segment 
of DSR. However, correlation with lake seismites (discussed in the next section) 
does not show a consistent relationship with their clusters (Stein 2011), and in view 
of the completeness problem explained above, we may be looking at a partial set of 
such events.
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A key variable in any long term seismological analysis is the ratio between the 
durations of the seismic cycle and the available archive. Each segment of the plate 
boundary may show a cycle given simply by the interval between the largest events 
on that segment. However, segments may interact in a complex manner, particularly 
where the plate boundary is complex (Braun et al. 2011). Several cycles of individual 
segments may combine to show a cycle for the system. Such cyclic behavior may 
explain the long-term earthquake clustering apparent in Lake lisan’s record (Marco 
et al. 1996; Lyakhovsky et al. 1997).

Migowski et al. (2004) noted another manifestation of complex cycles: alternating 
periods (several centuries each) of high versus low rates of seismicity recorded in 
the Dead Sea basin, correlating them to similar periods in the East Anatolian fault 
(EAF, Fig. 8.1), and out of phase with the North Anatolian fault (NAF) (Ambraseys 
1971). Agnon et al. (2006) found that the increase in activity at NAF and decrease 
at EAF at around 500 CE is heralded by a decrease at DSR, with more complicated 
relations around 1000 CE. These correlations suffer from two aspects: (1) the 
Anatolian data is somewhat out of date; (2) the Dead Sea record is local, biased due 
to minor events with epicenter close to the Dead Sea. In addition, a comparison of 
the rate of seismic moment release is likely to be more meaningful.

The recent compilation of the Dead Sea archive of historic seismites (Kagan 
et al. 2011) shows a cyclic behavior similar to the Ein Gedi core archive of Migowski 
et al. (2004) and Agnon et al. (2006) (Fig. 8.17a): the mean recurrence rate more 
than doubles during the tenth–twelfth centuries CE relative to the rest of the first 
millennium and the rest of the second millennium. The aperiodicity α calculated for 
that time (Eq. 8.4) changes only slightly around 0.6. Ambraseys (2006a, b, 2009) 
estimated magnitudes of 139 events during the period 100–2000 CE from macro-
seismic data and computed an average slip rate. He found an abrupt increase in slip 
rate after 1150 CE, from values that fluctuated between 0.22 and 0.26 cm/year since 
the 700 CE to the range 0.35–0.4 cm/year (Fig. 8.17b). Note that each of the three 
periods delineated in Fig.  8.17a is punctuated by a short interval of accelerated 
macro-seismic slip rate (Fig. 8.17b), associated with very large earthquakes. During 
the first period, this interval spans 530–560 CE, where the 551 CE earthquake (per-
haps with associated activity) is recorded in the Dead Sea. The second period is 
associated with the 1156–1157 and 1170 CE earthquakes by Ambraseys’ data 
(2006a, b, 2009). The third period is associated with the 1759 CE double event 
(Ambraseys and Barazangi 1989; Ellenblum et al. 1998). If this pattern is verifi-
able, it might have far reaching implications for the seismic behavior of the Dead 
Sea rift and other plate boundaries. However, a recent revised estimate of the 1170 
and 1202 magnitudes (Hough and Avni 2011) might increase the acceleration of slip 
during this period (Table 8.3); more significantly, the revision would delay the tim-
ing of acceleration to the end of the middle period (thirteenth century). Figure 8.17 
underscores the need for more paleoseismic data and additional historic macroseis-
mic analyses.

Migowski et al. (2004) noted alternating activity cycles between south and north 
within DSR (see their Fig. 8.7b). Ambraseys (2006b, 2009) elaborated on this pat-
tern (Ambraseys 2006b’s Fig.  8.7). He inferred that earthquakes with Ms ≥ 7.2 
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propagate along a regular oscillatory trend. In view of the paleoseismic evidence 
from the Dead Sea, the assignment of M7.4 to the first event in the series (19 May 
363 CE) is likely exaggerated – a result of amalgamation of the two events, one in 
the northern and the other in southern Holy Land. The revision of magnitudes of the 
1170 and 1202 CE events (Hough and Avni 2011) further obliterates the oscillatory 
pattern inferred by Ambraseys (2006b, 2009).
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Fig. 8.17  Temporal variation of activity along the Dead Sea rift during the last nineteenth 
centuries. (a) cumulative number of events recorded by Dead Sea seismites (Fig. 8.13a; Kagan 
et al. 2011). The slopes of the graph suggest three periods with alternating recurrence intervals: 
100–950 CE (70 ± 47 years), 950–1250 (26 ± 15 years), 1250–2000 (65 ± 36 years). The aperiodici-
ties of the three periods are, respectively, 0.68, 0.57, and 0.55. For comparison, the mean recur-
rence interval for the entire period is 55 ± 40 years, with aperiodicity of 0.73. (b) Temporal variation 
of macro-seismic slip rate along the Dead Sea rift following the estimate by Ambraseys (2006a, b, 
2009). Three periods of accelerated seismicity are discernible (vertical gray arrows beneath time 
axis), associated with the seismic episodes of the sixth-, twelfth-thirteenth-, and eighteenth-
centuries CE (vertical broken lines denote historic earthquakes)

Table 8.3  Magnitude estimates of key historic earthquakes along the Dead Sea rift

Year CE Ambraseys (2006b, 2009) Other estimates Reference

363 M 7.4 M 6.5–7 Present studya

551 M 7.3 M 7.4–7.6 Elias et al. (2007)
1170 M 7.3 M 7.5 Hough and Avni (2011)
1202 M 7.2 M 7.8 Hough and Avni (2011)
a The magnitude estimate is based on respective rupture of the Carmel fault along 60 km and the 
Arava/Araba Valley segment along 100 km. This choice seems appropriate for generating the dam-
age pattern recorded by Russell (1980) and extended to account for the damage in Aila (Thomas 
et al. 2007)
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Daeron et al. (2007) found a recurrence interval of 1.0–1.26 millennia for M ~ 7.5 
ruptures on the Yammounneh fault, determined reliably for a limited period 
(~12–6.4 ka). Nemer et al. (2008) obtained similar results for the last six millennia. 
The dating uncertainty in both studies does not allow us to assess the aperiodicity.

Ferry et al. (2011) combined trenching, archaeology, and historical catalogues to 
study the earthquake history of the Jordan Valley (Fig.  8.1). They determined a 
mean recurrence interval of 790 years for the last four millennia, where intervals are 
smaller than age uncertainties. The standard deviation for this period is 520 years 
and the nominal aperiodicity at 0.66. This low figure is likely the result of the 
small number of intervals – (only five) and the limited period for which the dating 
precision is sufficient.

Ambraseys (2006b, 2009) compute frequency-size distributions for DSR. 
Notably, the macroseismic data covering the last two millennia are distributed sig-
nificantly differently from the instrumental data. The macroseismic data taken 
together with the instrumental data seem to indicate a characteristic earthquake 
behavior with up to three times higher frequency for events of Ms ≥ 7. Only if the 
assessment of Ms based on macroseismic analysis (Ambraseys 2006b, 2009) is sys-
tematically overestimated by the maximum reported uncertainty of 0.3, the distribu-
tion could follow a Gutenberg-Richter’s relation. Yet if the macroseismic analysis 
has systematically underestimated the actual magnitudes, the Gutenberg-Richter 
relation underestimates the frequency of Ms ~ 7 by a factor around 30.

Hough and Avni (2011) construct a composite frequency-size distribution 
based on a modified version of the data of Ambraseys (2006b, 2009). The distri-
bution, within the uncertainty of data, conform separate Gutenberg-Richter 
relations (“b-value” of unity) for either historical or instrumental data. For the 
M7, the historic earthquakes are four times more abundant than what would be 
predicted by extrapolation of the instrumental; for M7.6 the factor is 8. Ambraseys 
(2006b, 2009) frequency size relation for 4.5 ≤ Ms ≤ 5.5 fits a Gutenberg-Richter 
relation with a similar “b value”. The historical data then exceeds the extrapola-
tion of instrumental data by a similar order, with a factor of about 5 between 
Ms6.7 and Ms7.3 .

To summarize the discussion of recurrence, the DSR shows variable recurrence 
in time and space (Table  8.2). The different types of archives with different 
sensitivities and uncertainties, and the bias of Dead Sea seismites toward local earth-
quakes, prevent definite statements to be made as yet. However, two broad conclu-
sions can be drawn:

	1.	 The historic period is represented well in the late Holocene lacustrine sections, 
with seemingly periodic behavior, with aperiodicity (standard deviation over mean 
recurrence interval) α ~ 0.6 ± 0.1. The common recurrence time is 65–70 years, yet 
between the tenth and the twelfth centuries CE the period is around 26 years.

	2.	 While recurrence intervals for large earthquakes may be stable for periods up to 
several millennia, they are not stable over the 10-millennia duration scale. Yet, 
the longest archive of the strongest events, namely the speleoseismic archive, 
exhibits quasi-periodic behavior.
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The latter conclusion may be a consequence of the incompleteness of this record, 
which is being complemented by further dating of damaged cave deposits. 
Alternatively, the largest earthquakes (say M > 7.5) may be controlled by the 
broad-scale segmentation of the rift, which may be considered constant for the 
10–100 millennial time scale. Lyakhovsky et al. (1997) and by Kenner and Simons 
(2005) have proposed mechanical models for transitions between two patterns of 
frequency-size statistics and for the anoalous incidence of larger earthquakes. The 
large scale segmentation of the rift with segment lengths of ~100 km (Fig. 8.4b) 
may be reflected in the high abundance of larger earthquakes.
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