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Abstract In this study, we present the work done to
review the existing historical earthquake information of
the Dead Sea Transform Fault Zone (DSTFZ). Several
studies from various sources have been collected and
reassessed, with the ultimate goal of creating of new
homogenized parametric earthquake catalog for the re-
gion. We analyze 244 earthquakes between 31 BC and
1900, which are associated with the geographical buffer
extending from 27 N to 36 N and from 31 E to 39 E. Of
these, 93 were considered real seismic events with mo-
ment magnitude (Mw) greater than 5 that indeed occurred
within this zone. While we relied on past parametric data
and did not assign new macroseismic intensities,

magnitude values, or epicenters for several controversial
events, we did however resort to the primary sources to
obtain a more critical perspective for the various assigned
macroseismic intensities. In order to validate the derived
parametric information, we tried to associate the events
present in the historical records, with any evidence com-
ing from past field investigations, i.e., geological or ar-
chaeological studies. Acknowledging the uneven quality
and quantity of data reporting each event, we provided
each entry with an uncertainty range estimate. Our cata-
log lists 33 events of Mw ≥ 6 absent from the latest
published compilation with compatible time span and
areal coverage. The whole catalog is considered complete
down toMw 7 and in certain areas down toMw 6 after the
year 1000, with majority of the larger earthquakes located
in the part of DSTFZ, which extends from the southeast
part of Dead Sea lake till Antioch.
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1 Introduction

Seismic hazard assessment is often performed in a prob-
abilistic way, based on the observed recurrence rates of
earthquakes (e.g., Woessner et al. 2015). The latter can
be measured or inferred in many ways (Field et al.
2014), but the most common approach is the analysis
of observed seismological data, e.g., from instrumental
recordings. Unfortunately, direct observations are avail-
able for a relatively short time spanwhen comparedwith
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• We reviewed 244 earthquakes mentioned in historical records,
geological investigations, and archaeological studies.
• We list parametric information for 93 earthquakes with
magnitude greater than 5 that occurred between 31 BC and 1900.
•Our catalog lists several earthquakes with magnitude greater than
6 that are absent from previous compilations.
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the average return period of large magnitude earth-
quakes. The latter are indeed rare, since they are the
product of a slow geological process of strain accumu-
lation, and thus require a long observation period to be
properly characterized in a statistical sense. Integration
with non-direct evidence of past historical seismicity is
therefore essential to properly constrain low probabili-
ties of occurrence in seismic hazard assessment.

Pre-instrumental sources of information comprise
any documented descriptions of an earthquake and its
effect on the society (e.g., damage to buildings) or on the
environment (e.g., modification of the landscape)
(Albini et al. 2014). Written historical data can thus be
very useful, even though they can be subjective and
ambiguous. Relevant primary sources are often
scattered and obscure, in a variety of languages and
scripts, and frequently reflect the cognitive bias of con-
temporary writers to associate natural disasters with
theological and political morals (Karcz 2004;
Ambraseys 2005b). The identification of historical
events is thus a rather multi-disciplinary procedure,
which combines historical and cultural knowledge, en-
gineering judgment, seismological background, and in-
terpretation of geological and archeological evidence.
Comparing independent and heterogeneous sources of
information enables one to evaluate the uncertainty sur-
rounding each seismic event, while combining them
adds important constraints to the definition of more
objective parametric results. The present study treats
this complex task with a certain methodology, aiming
at presenting an updated historical earthquake catalog
for the Dead Sea Transform Fault Zone (DSTFZ), tai-
lored for use in seismic hazard assessment.

The demand for seismic hazard estimates is particu-
larly high in the region around the DSTFZ, where sev-
eral seismic risk mitigation efforts are taking place
(Grigoratos et al. 2016; Kottmeier et al. 2016;
Grigoratos et al. 2018a). Although the DSTFZ has pro-
duced several destructive events in the past, many places
around it are characterized by a large percentage of non-
seismically designed buildings, hence being particularly
vulnerable to earthquakes. In some countries, the popu-
lation is not fully aware of the seismic risk, due to the
(temporary) quiescence of the fault zone in recent years.
As a matter of fact, only two earthquakes with Mw ≥ 6
have occurred along the DSTFZ in the last century
(Ambraseys 2006). Long-term observations over the
past 2100 years along the DSTFZ however are very
different. There have been many earthquakes that

destroyed entire cities, caused great loss of life, and
affected the economic growth of certain centers (e.g.,
in 31 BC, 115, 551, 1033, 1170, 1202, 1759)
(Ambraseys 2009).

Although many descriptive historical catalogs do
exist for the region (§4.1), only two of the available
parametric ones span a wide enough geographical cov-
erage and time period. The first catalog, EMEC
(Gruenthal and Wahlstroem 2012), was used in the
SHARE project (Woessner et al. 2015), while the sec-
ond one, by Zare et al. (2014), was compiled for the
EMME project (Danciu et al. 2017). Within our region
of interest (27 N–36 N and 31 E–39 E), EMEC does not
consider events before the year 300, while the catalog by
Zare et al. (2014) does not list around 30 damaging
events listed in multiple descriptive sources. Both para-
metric catalogs are mainly based on historical sources,
with limited cross-examination of the available field
data (§4.2). Additionally, some of their conclusions are
challenged by newly published studies. For these rea-
sons, we decided to reappraise the reported historical
earthquakes and their correlated field evidence and com-
pile an updated parametric historical earthquake catalog
for the DSTFZ. Combined with the updated instrumen-
tal catalog for the region (Grigoratos et al. 2020), our
study offers nearly 2050 years of homogenized histori-
cal earthquake data, tailored for use in seismic hazard
assessment studies (e.g., Grigoratos et al. 2018b).

2 Seismotectonic setting

The Dead Sea Transform Fault Zone (DSTFZ) consists
of a sequence of left-lateral transform faults connecting
the spreading ridge of the Red Sea in the south with the
compressional deformation zones of the Arabia-Eurasia
collision zone in the north (Garfunkel et al. 1981). It
includes several pull-apart basins (Fig. 1), lakes, and
push-up zones. The DSTFZ is mostly confined to a
relatively narrow zone, less than 100 km wide, but
spreads out close to the Lebanon restraining bend and
the Palmyrides in the North (Ambraseys 2009). The
fault system is highly segmented; hence, ruptures are
likely limited in length due to structural discontinuities
or bends. Seismicity is rather diffuse along the system,
with epicenters localized both within and nearby the
main lineaments. Although the large majority of earth-
quakes are localized at depths between 10 and 20 km,
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the total seismogenic thickness beneath the Dead Sea
lake is about 28 km (Aldersons & Ben-Avraham 2014).

In recent times, there is an apparent quiescence of the
DSTFZ. Excluding the large earthquake of November
22, 1995 (surface magnitude Ms 7.1) in the Gulf of
Aqaba, only one mainshock of Ms 6.0 or larger has
occurred during the past century, in July 11, 1927
(Ambraseys 2001). The seismic activity of the last
2000–3000 years, however, is quite different, as dem-
onstrated in the following. Global positioning system
(GPS) measurements indicate significant crustal motion
with slip rates of about 4–5 mm year−1 for the whole
DSTFZ, perhaps somewhat larger north of Dead Sea
lake and smaller further south (Marco & Klinger 2014;
Am09). Garfunkel (2009) notes that approximately 1–2
Myr ago, the slip rate slowed to 4.0–5.5 mm year−1,
compared with an average rate of 6–7 mm year−1 over
the past 5 Myr.

3 Methodology

For the creation of a homogenized historical parametric
earthquake catalog for the DSTFZ, we first collected
and reviewed available descriptive information from
peer-reviewed articles and books, to create a preliminary
list of significant earthquakes. Then, we compared this
list with existing parametric historical catalogs (§4.1).
We relied on past parametric data and did not assign new
macroseismic intensities, magnitude values, or epicen-
ters. For several controversial events, we did however
resort to the translated original sources (herein also
called contemporary or primary sources) in order to
obtain a more critical perspective for the various
assigned macroseismic intensities. In order to validate
the derived parametric information, we tried to associate
the events present in the historical records, with any
evidence coming from past field investigations, i.e.,
geological or archaeological studies (§4.2).

The case study region has been the subject of several
past studies (§4.1) due to its historical importance and
tectonic domain. As a result, for most large historical
events, several estimates of origin time, magnitude, and
location are available in the literature. To address this
issue, we had to evaluate and prioritize the parametric
sources accounting also for their agreement with the
field investigations (§5.2). Although a general hierarchy
was defined based on qualitative considerations, in the
end, each event was evaluated separately (Fig. 2). We

paid special attention to properly annotating all the
original sources (Appendix D) in order to render the
procedure as transparent and reproducible as possible.

The resulting catalog was homogenized in moment
magnitude (Mw) (Table 4), flagged for fore/aftershocks,
and assessed in terms of uncertainty (§5.3) and com-
pleteness (§6.2).

A literature review on “piecewise” methodologies
similar to the flowchart presented in Fig. 2 yielded
limited results. To the best of our knowledge, only four
past studies have relied solely on older sources of para-
metric information to compile a fully parameterized
historical catalog of earthquakes. These four compila-
tions are Khair et al. (2000), Gruenthal and Wahlstroem
(2012; EMEC), Albini et al. (2014; GEM), and Zare
et al. (2014; EMME). Khair et al. (2000) relied heavily
on the solutions of Ben-Menahem and prioritized the
parametric values that are closer to the mean of the
observed range, without a critical evaluation of the
damage distribution. The articles by Gruenthal and
Wahlstroem (2012) and Zare et al. (2014) focus mainly
on the instrumental part of the catalogs and do not
clarify the rationale behind the parameterization of the
historical events. Albini et al. (2014) followed a meth-
odology that is similar to our approach; they treated
most events on “an earthquake-by-earthquake basis”
and selected as primary source the study in which the
epicenters are most consistent with the available histor-
ical information. Regarding the magnitude, they priori-
tized values that were available inMw orMs. Contrary to
our approach, they did not assign their own uncertainty
classes, and rather listed uncertainty estimates only
when such values were part of the original regression.
Even though the selection of location and magnitude
solutions is often subjective, a rigorous assessment
on whether an event is reliably reported was pro-
posed by Zohar et al. (2016; 2017). They came up
with a four-step scheme that checks the number of
primary and secondary sources to assign each event
to five confidence levels, one of which considers the
event spurious.

4 Review of sources

4.1 Historical data

In the historical times, the DSTFZ was politically un-
stable, mostly under the rule of successive invaders and
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oppressors (Karcz 2004). Consequently, the main refer-
ences of seismic events are in chronicles and texts
written in various languages, at distant administrative
centers of the day. It should be noted that some au-
thors of these texts sometimes subjectively explained
the earthquakes as theological signs, whereas devas-
tating effects on a distant or isolated province may
have been overshadowed by lesser effects in more
important parts of the regime (Karcz 2004;
Ambraseys 2005b).

Nevertheless, the region is one of the few areas
worldwide where historical accounts of earthquakes
can date back many years BC. A careful and critical
interpretation of these raw historical data is mandatory
in order to build or evaluate descriptive catalogs of
events, which are subsequently the basis of any para-
metric catalog for seismic hazard assessment. This
process has been tackled by several past studies, whose
quality and reliability however varies. The key descrip-
tive and parametric earthquake catalogs for the region

Fig. 1 Map of the Middle East showing the most relevant topo-
nyms to the present study. AB, Amik Basin; AG, AlGhab Basin;
DS, Dead Sea; GA, Gulf of Aqaba; JG, Jordan Gorge; JV, Jordan
Valley; RA, Rachaya; SG, Sea of Galilee (aka Lake Kinneret or

Tiberias); SE, Serghaya; WA, Wadi Araba; WB, West Bank; YM,
Yammouneh. The orange color indicates important basins, while
the dashed gray lines represent the major faults of the DSTFZ
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Fig. 2 Descriptive representation of the framework proposed to reappraise historical earthquakes and field investigation studies. All lines are directed from the right edge of each rectangle to
the left edge of the next. Mw, moment magnitude; M.I., macroseismic intensities
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that we examined are listed below in chronological
order. A list of past bibliographic studies on specific
historical events can be found in Appendix C1.

& Willis (1928) compiled an earthquake catalog for
Palestine, between 1606 BC and 1927. As pointed
out by Ambraseys (1962), it contains several errors
and its contents should be treated carefully.

& Sieberg’s annotated world catalog of earthquakes
(1932) (Sieb32) includes isoseismal maps for the
largest historical earthquakes worldwide up to
1930. His work, as he himself admits, is subjective.
His catalog contains known errors and duplications
in entries and gives little indication of his sources of
information (Ambraseys 2009; Albini et al. 2018).
His valuable work should be treated with caution.

& Amiran (1950; 1952) presented in 1950 and 1952 a
revised catalog of Willis’ work. In total, it contains
around 180 events and sometimes provides Mercalli-
Cancani-Sieberg (MCS) intensities. He updated the
catalog 44 years later (Amiran et al. 1994) (Ami94)
using Universal Time (UT) and the Modified
Mercalli Intensity (MMI) scale (Wood & Neumann
1931), namely, the English translation of MCS.

& The catalogs of earthquakes in the Middle East by
Ben-Menahem (1979) (BM79) (1991) (BM91) con-
tain information extracted from earlier catalogs of
varying quality (mainly Sieberg’s) and from second-
ary works. These lists, which include a parametric
catalog going back to 2050 BC, should be used with
great caution. They are one of the earliest sources of
magnitude values (local magnitude scaleML), which
are sometimes accompanied byMMI estimates. The
source of the events and the rationale behind the
estimated magnitude are often not given.

& The catalog of Poirier and Taher (1980) (PoTa80)
covers the seismicity of the Middle East, listing near-
ly 200 events up to 1800. Even though the catalog
contains some errors and duplications, it summarizes
information taken from a thorough survey of Arabic
material. The primary sources are properly cited. It
also provides approximate coordinates of the affected
cities and MMI estimations.

& The descriptive book by Ambraseys et al. (1994)
(Am94) presents a thorough re-evaluation of seis-
micity in Egypt, Saudi Arabia, and the Red Sea. It is
based on primary Persian, Arabic, and occidental
sources, which are cited. It includes a parametric
catalog with many approximate epicentral

coordinates and Medvedev-Sponheuer-Karnik
(MSK) intensities for events between 184 BC and
1899. It also contains few magnitude estimates and
maps.

& The 1994 book by Guidoboni et al. (1994)
(INGV94) describes earthquakes in the Mediterra-
nean area up to the tenth century. Events are anno-
tated and the primary sources are translated and
properly cited. The book also provides a parametric
catalog with the affected sites and maximum ob-
served intensities, in both MCS and EMS scale
(Gruenthal 1998). This catalog has been later con-
verted into an online geo-referenced fully parametric
catalog (Guidoboni et al. 2019) (INGVweb,
http://storing.ingv.it/cfti/cfti5/#). The latter, in
contrast to the book, also provides magnitude
estimations and epicentral coordinates.

& Sbeinati et al. (2005) (Sb05) studied the historical
earthquakes in Syria. Their sources are properly
cited. They presented a list of 181 events (affected
cities and EMS-92 intensities), together with a para-
metric catalog for 36 of them. For the latter, they
estimated epicentral coordinates and surface wave
magnitudes (Ms). They used isoseismal maps and
the nomograph by Shebalin (1970). Their work has
been proven valuable to this study.

& The 2005 book by Guidoboni and Comastri (2005)
(INGV05) consists of a compilation of information
about earthquakes in the Mediterranean region and
in the Middle East over the period 1000–1500. This
impressive catalog is written in similar style with the
1994 book by Guidoboni et al. and lists 383 events,
of which 154 belong to Italy. The authors have used
the “Boxer”method (Gasperini et al. 1999; Gasperini
2004) to calculate the epicentral coordinates and the
equivalent moment magnitude (Me), from geo-
referenced MCS-assigned macroseismic intensities.
As with INGV94, this catalog has been also
merged into an online geo-referenced catalog
(Guidoboni et al. 2019). The latter often provides
magnitude estimations even when the 2005 book,
due to limited intensity data, does not. Both the
books and the geo-referenced catalog were a
valuable source of descriptive and parametric in-
formation for this study.

& The book of Ambraseys (2009) (Am09) consists of a
comprehensive descriptive catalog for the Mediterra-
nean and Middle East until the year 1900. Primary
sources are properly identified, cited, and when
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necessary quoted. Entries that concern Egypt and the
Red Sea are mostly identical to Am94. However,
unlike the former, the 2009 book does not provide a
parametric catalog with epicentral coordinates and
intensities. Nevertheless, it contains critical descrip-
tive information regarding the dating of events, af-
fected areas, and tries to identify potential amalgam-
ation of events or duplications. It also contains some
isoseismal maps derived from previous studies of the
author. The 2009 book occasionally compares its
findings with what previous catalogs have reported
(e.g., INGV94 or INGV05). This book, and the work
of Ambraseys in general, was a key reference point
throughout the course of this study.

& The European-Mediterranean Earthquake Cata-
log (EMEC) (Gruenthal and Wahlstroem 2012)
contains events with Mw ≥ 6 since year 300
and Mw ≥ 4 since year 1000 in Europe and
the Mediterranean area. The parametric infor-
mation has been derived from previous studies,
e.g., INGV94, INGV05, Sb05, and Feldman
and Amrat (2007). EMEC often converts Khair
et al.’s (2000) Ms values to moment magnitude.
These Ms values however are already converted
from original ML estimates of Ben-Menahem.
This sequential conversion may have led to
increased uncertainty in the final homogenized
values.

& The Global Earthquake Model (GEM) published a
global parametric catalog of earthquakes between
1000 and 1903, which they considered complete
for earthquakes aboveM 7 (Albini et al. 2014). They
followed a transparent and refined methodology.
The catalog contains 16 events within our investi-
gated area, whose assigned epicentral coordinates
and Ms values are derived from papers of
Ambraseys or from Sb05. There is also an informa-
tive online geo-referenced version of this archive
(https://emidius.eu/GEH/map.php).

& Within the framework of the large-scale “Earth-
quake Model of the Middle East Region” (EMME)
project (Danciu et al. 2016; Danciu et al. 2017), Zare
et al. (2014) compiled a parametric historical catalog
since 31 BC for the Middle East. It contains 44
events within our investigated zone and provides
epicentral coordinates and moment magnitude
values, derived mostly from previous studies. For a
few events, the source of the parametric values
remains unclear.

4.2 Utilization of field investigations in parametric
earthquake catalogs

The DSTFZ not only has long historical records but also
stands out in the richness of archaeological and geolog-
ical earthquake-related evidence, including tsunami re-
ports (Salamon et al. 2007). That enables cross-
evaluation of these three individual datasets. The mutual
independency of these sources is not always warranted,
and circular reasoning should be avoided carefully
(Karcz 2004; Ambraseys 2005b; Rucker & Niemi
2010). We should clarify that even though the evidence
from geology and archaeology often originate from
historical times, the term “paleoseismic studies” is com-
monly used in the literature. We hereby prefer to use the
more general terms “field investigations” or “in-situ
collected data” as an equivalent concept.

Information from field investigations can be used to
identify earthquake effects on ancient constructions and/
or the environment. However, pairing this information
to a specific earthquake, known from historical records,
is not a straightforward process. For instance, unless
there is charcoal in the mortar of repairs (or coins,
broken pottery) which one can radiocarbon-date, dating
archaeological evidence is very difficult. Even more
difficult is to prove that the cause was indeed a seismic
event (and not other natural phenomena or a siege or
fatigue) and that the observed damage is not cumulative
but was the result of a single event. Regarding geolog-
ical evidence, as Marco and Klinger (2014) explain “a
major uncertainty is related to dating because the com-
monly used methods in paleoseismic research, namely
radiocarbon and luminescence, have large error margins
and these need to be correlated with the often-uncertain
dates of reported earthquakes. Commonly, the geolo-
gists who find evidence for past earthquakes look for
records of historical earthquakes listed in catalogs
whose dates fall within the geological dating ranges.”
When the radiocarbon data and the stratigraphy are
analyzed with Bayesian statistics, the correlations can
be expressed in terms of probability density functions
(Bronk-Ramsey 2009). As demonstrated in the last col-
umn of Table 1, the correlation is often loose and the
reported matches mainly reflect the historical records,
which before the first millennium might be incomplete
even for events associated with surface rupture (GEM).

Despite the aforementioned difficulties and
limitations, evidence from field investigations can be
of great value, if treated carefully. We have thus built
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Table 1 Sumary of past field investigations around the Dead Sea Transform Fault Zone that confirmed historical events. Curly braces indicate confidence intervals; “σ” is the standard
deviation (normal distribution). The correlation of the events in parenthesis is less certain. In the second to last column, italics font style indicates events that occurred outside our investigated
zone (27 N–36 N, 31 E–39 E), while square brackets indicate that the event is considered spurious. The parameters of the events with assigned IDs (in bold) can be found in Table 4; the rest
are listed in Appendices B and D. For the missing abbreviations, see Appendix A. All dates are AD, except where specified

Study Location Observations Event ID or year of correlated event Dating constraint

Ellenblum et al. 2015 Tell Ateret (N Sea of Galilee) Trenches, archaeology 142 BC 143–142 BC

Reches and Hoexter 1981 Jericho fault (S Jordan Valley) Trenches H31BC
H747

200 BC–200
700–900

Russell 1985 Palestine and NWArabia Archaeology H112, 130, H363a or H363b, H418, H551, H659a or H659b Unspecified

Marco et al. 1997, Ellenblum et al. 1998 Tell Ateret (N Sea of Galilee) Archaeology H1202, (H1759a), (H1837) > 1178

Klinger et al. 2000 Araba valley (Jordan) Archaeology, outcrops (H1212), H1458 > 1174

Gomez et al. 2003 Serghaya fault (Lebanon, Syria) Trenches, outcrops H1705 or H1759a or H1759b > 1700

Meghraoui et al. 2003 Missyaf segment (NW Syria) Trenches, archaeology (H115)
1

H1170

100–750 {2σ}
700–1030 {2σ}
990–1210 {2σ}

Marco et al. 2003 Sea of Galilee Archaeology H747 650–750

Daeron et al. 2005 (Dae05) Yammouneh fault2 Trenches H1202 864–1400

Zilberman et al. 2005 Elat fault (S Araba Valley) Trenches H1068a Unspecified

Marco et al. 2005 Jordan Gorge fault (N Sea of Galilee) Trenches H1202
H1759a

1020–1275 {2σ}
> 1415

Akyuz et al. 2006 (Aky06) N Yammouneh fault (S Turkey) Trenches H860
H1408
1872

< 1018
1284–1478
> 1650

Nemer and Meghraoui 2006 (NeMeg06) Roum fault Trenches, outcrops H1837 > 84

Haynes et al. 2006 (Hay06) N Wadi Araba fault Trenches, archaeology H634
H659a or H659b
8733

H1068a
H1546

< 687
641–700
641–1115
900–1155
1515–1918

Daeron et al. 2007
(Dae07)

Yammouneh fault Trenches (H347)
4

H1202

30 BC–469 {2σ}
405–945 {2σ}
926–1381 {2σ}

Elias et al. 2007 Lebanon thrust fault Outcrops H551, H1063 Unspecified

Thomas et al. 2007 Aila (Aqaba, Jordan) Archaeology H363a or H363b 360–400

Nemer et al. 2008 Rachaya-Serghaya fault Trenches, outcrops H1759a, H1759b 1482–17405

Altunel et al. 2009 Amik Basin (S Turkey) Trenches, archaeology H1408
1872

1391–1442
1801–1888

Ferry et al. 2011 Jordan Valley fault Trenches H747
H1033

560–1640
560–1640

Wechsler et al. 2014 (Wech14) Jordan Gorge (JG) fault (N Sea of Galilee) Trenches [92 BC] or H31BC6 or [33]
1307
8

392 BC–91 {2σ}
137–206 {2σ}
165–236 {2σ}
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Table 1 (continued)

Study Location Observations Event ID or year of correlated event Dating constraint

H3039

H34710

H363a or H363b11

[500] or H502 or H551
H634 or H659a or H65912

250–310 {2σ}
269–329 {2σ}
294–369 {2σ}
505–593 {2σ}
619–684 {2σ}

Klinger et al. 2015
(Kli15)

S Wadi Araba fault Trenches H363a11 or H363b
H74713
13

(H1033)
H1068a
H1212
H1458

9 BC–492
671–845 (cracks)
671–845
806–1044 (cracks)
1003–1138
1155–1269
1434–1459

Langgut et al. 2016 Yavneh (Palestine) Archaeology H659a or H659b Occurred in spring

1 Possible match with H847 in West Syria or the event of the same year in Antioch.
2Dae05 assigned H1759a (foreshock) to the Rachaiya fault and H1759b to the longer Serghaya fault.
3 Am94 argues that the event of 873 occurred in Saudi Arabia. Hay06 note that perhaps the event occurred in Wadi Arabia but it was not reported there because of lack of population. The
latter scenario matches better with the distribution of active faults in the area.
4Dae07 note that the deformation might have formed due to the previous event. If that is not the case then possible matches could be H455, H551, H847, and H860, with the latter being the
most probable since Aky06 have correlated it with the North Yammouneh fault.
5 The dates are drawn from a figure and thus may not be highly accurate.
6 The events of 92 BC and 33 are spurious according to Am09. Therefore, Wech14 probably identified H31BC.
7 The year 130 is out of the range of the sample of Wech14. Am09 argues that in fact the event of 130 occurred in North Turkey. The finding of Wech14 probably relates to an event absent
from the catalogs.
8 This event appears to be absent from the catalogs.
9According to historical sources, the epicenter of H303 was along the Lebanese coast in north of Sydon. Wech14 identified the event in North Sea Galilee (250–310; 2σ). For both historical
and geological evidence to be valid, the earthquake must have ruptured a fault between Sea of Galilee and Beirut, passing east of Mountain Hermon. That description matches with the trace
of the Roum fault. It is unclear whether the Roum fault reaches Beirut and connects with the Lebanon thrust fault (NeMeg06).
10 See §5.4.
11Kag11 argues that H363a occurred in North Palestine and H363b further south. Therefore, Wech14 probably identified H363a and Kli15 H363b.
12 None of the three candidate events appears to have occurred close to the Sea of Galilee (Lake Tiberias). The event that Wech14 identified might be absent from the catalogs.
13 Kli15 found geological evidence in the South Wadi Araba fault that can be correlated with two events between 746 and 757: one that happened further North (hence only small cracks
found) and one that ruptured Wadi Araba fault. While the former might be H747, the second event is probably absent from the catalogs. There is supporting evidence of multiple events
between 746 and 757 that damaged Palestine, since the dates of the primary sources are very inconsistent (§5.4). Alternatively, this event happened in the first half of the ninth century,
forming a seismite in the Dead Sea lake (Table 2).
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upon the work of Marco and Klinger (2014) and Kagan
et al. (2011) (Kag11), who reviewed such studies along
the DSTFZ, in an attempt to validate the inevitably
incomplete historical data (Tables 1 and 2). The next
two sessions summarize the findings of such previous
field investigations. The analyzed data were later used to
constrain the plethora of quantitative estimations avail-
able in the existing parametric catalogs.

4.2.1 Fault trenches and archaeology

Parametric catalogs are usually affected by large uncer-
tainty in location and magnitude solutions. Excavating
trenches across active faults and analyzing the observed
displacements can associate an event with a specific
fault segment, thus constraining the earthquake’s loca-
tion. Assuming that the rupture did not propagate to
other segments, one can also infer the earthquake’s
magnitude from empirical scaling relations that use the
fault’s geometry (e.g., area, length). Some relations
(e.g., Anderson et al. 1996) use also the fault’s displace-
ment during the event, which may be inferred from
geological or archaeological investigations. Moreover,
in few cases, lack of in situ evidence can endorse suspi-
cions that a reported event is in fact spurious or simply
prove that its rupture did not reach the segment in
question.

Table 1 presents a list of past field investigations
around the DSTFZ that, according to their authors,
confirmed historical events. The table illustrates the
rather loose dating constraint behind the correlations,
in particular regarding archaeological data. We re-
evaluated these correlations, based on the current state-
of-knowledge. New historical or geological evidence
have emerged since some of these studies were pub-
lished, shedding light to alternative interpretations of the
results.

4.2.2 Seismically triggered soft-sediment deformation
structures

Seismically triggered soft-sediment deformation struc-
tures (SSDS), i.e., seismites, are formed when layered
deposits at the lakebed/seabed are deformed by ground
shaking; the sediments get fluidized, brecciated, re-
suspended, and then re-settled in their new deformed
structure (Marco et al. 1996; Agnon et al. 2006). The
same procedure can be also triggered by the presence of
long water waves (i.e., seiche or tsunami), which mix

the stratified lakebed/seabed (Agnon et al. 2006). The
age of a seismite is usually interpolated from the radio-
carbon age-depth data of organic remains (e.g., wood)
using stratigraphic constraints and annual laminae
counting. The resulting modeled calendar age of a
seismite is in the order of decades (68% confidence
interval, 1 standard deviation σ) to few centuries (95%
confidence interval, 2σ). The dating range can be further
narrowed by the superposition principle and rate of
sedimentation (Ken-Tor et al. 2001b). The latter also
allows the age determination of layers that lack organic
debris and thus cannot be dated with radiocarbon. It is
important to note that a uniform deposition rate may be
an oversimplification for the arid climate of the Dead
Sea, which often features irregular flash floods (Agnon
et al. 2006; Lopez-Merino et al. 2016).

Ken-Tor et al. (2001a) (Ken01) and Kag11 analyzed
samples from the Dead Sea lake (DSL), directly com-
paring modeled radiocarbon ages of the soft-sediment
deformation structures that they identified with the his-
torical records to check for possible correlations. We
used their findings in our analysis. For reasons ex-
plained in the Appendix C2, we did not use the results
from a similar study that Migowski et al. (2004)
(Mig04) performed, even though we listed them in
Table 2.

As far as the DSL is concerned, SSDS that are well
classified as seismically triggered could indicate wheth-
er a historical event did occur in the region or not and
perhaps provide a rough indication about its size given
its distance. The logic behind the latter is that the energy
that reached the sampled site has to be enough to cause
either direct disturbance in the stratification of the
lakebed or a seiche. Several source and propagation
effects play a role in that. Kag11 note that the formation
of seismites depends on water depth at the site (mass of
water above sediment), lithology, sediment compaction,
sedimentation rate, and the topography (“basin effect”).
That is probably why Ken01 found no relationship
between seismite thickness and historical earthquake
intensity. Nevertheless, some empirical considerations
can bemade. In the absence of a seiche, the formation of
seismites involves fluidization, which requires stronger
ground shaking than liquefaction (Lowe 1975).
Atkinson (1984) set the magnitude threshold for the
latter at M 5, based on ground motion duration consid-
erations. Similarly, one could reasonably assume that
MSK intensity around VIII (“[…] large cracks and
fissures opening up, rockfalls […]”) should have been
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Table 2 Multisite comparison of Holocene seismites from four lacustrine sediment samples along the Dead Sea lake (DSL). Curly braces indicate confidence intervals; “σ” is the standard
deviation (normal distribution) and bold deformation values indicate correlation within the 1σ range. In the column on the left, italics font style indicates events that occurred outside our
investigated zone (27 N–36 N, 31 E–39 E), while square brackets indicate that the event is considered spurious. MSKDSL is the expected MSK intensity at DSL, given magnitude and
distance from the epicenter RDSL. The study sites are shown in Fig. 1. The parameters of the events with assigned IDs (in bold) can be found in Table 4. For more information about the events
and the missing abbreviations, see Appendices A, B, and D. All dates are AD, except where specified. A more detailed version of this table is available in Appendix C3

Event ID or year
of
correlated event

Event
parameters

Study/site Remarks

Ken01 Ze’elim Mig04 Ein
Gedi

Kag11 Ze’elim Kag11 Ein Feshkha
(EF)

– 140 BC–66 BC {1σ} 146 BC–96 BC {1σ} This event is either absent from catalogs or is [139 BC]

[92 BC] ✓ 126 BC–76 BC {1σ} Am09 and Kar04: spurious event

– 101 BC–42 BC {1σ} H31BC already correlated in EF, so this event is absent from catalogs

69 BC RDSL = 500 km 200-60 BC {1σ}1 ✓2 96 BC–41 BC {1σ} Agn061: relates to [139 BC]; masked by subsequent deformation2

H31BC MSKDSL = VI 40 BC–130 AD {1σ} ✓ 40 BC–35 AD {1σ} 57 BC–7 AD {1σ}

[33] 64 BC-3113,4 ✓ 12–91 {1σ} 25–100 {1σ} Am09: spurious event; alternative match3: H112; dated based on
sedimentary rate4

H76 MSKDSL = III ✓ Very low MSKDSL

[90] ✓ No historical record

H112 MSKDSL = VI 3 ✓ 5 Am09: only archaeological evidence

H115 MSKDSL = III ✓ 55–210 {1σ}5 Alternative match5: H112 {1σ}

[175] ✓ No historical record

H347 RDSL = 250 km 372–487 {1σ}6 Alternative match6: H363a or H363b {∼1σ}
H363a or H363b MSKDSL > VI 358–5807,8 408–515 {1σ}6,9 Am09: seiche in DSL; Agn067: relates to H418; alternative match9:

H418 {1σ}; dated based on sedimentary rates8

– 439–542 {1σ}10 Alternative match10: H502 {1σ}

H418 RDSL = 50 km 7 ✓ 386–519 {1σ} 448–551 {1σ}9,11 Alternative match11: H551 {1σ}

[500] Masked Am09: Amalgamation of 4 events

H502 MSKDSL = VI ✓ 12 10

H551 MSKDSL = V ✓ 467–606 {1σ}12 543–638 {1σ}11,13 Alternative match12: H502; alternative match13: H634 {1σ}

H634 MSKDSL =
VII–VIII

603–692 {1σ}13,14 Alternative match14: H659a or H659b {1σ}

H659a or H659b MSKDSL = V–VI ✓ 666–747 {1σ}14,15 Event outside the dating range; preffered match15: H747 {1σ}

H747 MSKDSL = VI ✓ 699–848 {1σ}17 795–856 {1σ}15,16 Michael: Tsunami in Med., seiche in DSL; correlated rupture in
Wadi Araba16 (Table 1); Kag1117: H747 or 757. More likely the
former

757 801–861 {1σ}18 757 perhaps in NE Syria (INGV94); alternative match18: H854 {1σ}

H847 MSKDSL = III 849–905 {1σ} Very low MSKDSL; perhaps event absent from catalogs or H854

H860 MSKDSL = III ✓ 859–915 {1σ} Very low MSKDSL; perhaps event absent from catalogs

873 RDSL = 600 km 885–939 {1σ} Very large RDSL; perhaps event absent from catalogs
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Table 2 (continued)

Event ID or year
of
correlated event

Event
parameters

Study/site Remarks

Ken01 Ze’elim Mig04 Ein
Gedi

Kag11 Ze’elim Kag11 Ein Feshkha
(EF)

H956 MSKDSL = I 963–1005 {1σ}19 Alternative match19: H991 {1σ}

H991 MSKDSL = IV ✓ 991–1026 {1σ}19,20 Alternative match20: H1033 {∼1σ}
1033 Mar 6 Masked Am09: Istanbul

H1033 MSKDSL = VII ✓ 1013–105120,21 Tsunami in Acre (Am09); alternative match21: H1047 {1σ}

H1042 RDSL = 400 km ✓

H1063 MSKDSL = III Masked 1028–1067 {1σ}

H1068a MSKDSL = V ✓ 1044–1084 {1σ}22 Tsunami in Mediterranean (Am09); alternative match22: H1068b {1σ}

1114 Nov 29 MSKDSL = I ✓ Very low MSKDSL

1138 MSKDSL = II 1118–1155 {1σ}23 Alternative match23: H1113 {∼1σ}
H1170 MSKDSL = IV–V 1150–1190 {1σ}

H1202 MSKDSL = V 24 Masked25 1199–1240 {1σ}26 Tsunami in Mediterranean (Am09); Agn06: masked24, apparent not
masked25; Kag1126: H1202 or H1212

H1212 MSKDSL = V–VI 1244–1385{1σ}27 ✓ 1199–1240 {1σ}26 H121227 outside modeled age range; perhaps event absent from
catalogs

H1293 MSKDSL = VII 1280–1390 {1σ} ✓ 1260–1293{1σ}

H1313 MSKDSL < I 1300–1343 {1σ} Very low MSKDSL; perhaps event absent from catalogs

H1408 MSKDSL = III Masked

H1458 MSKDSL = VIII ✓ 1400–165028 Extrapolation from age-depth deposition model28

H1546 MSKDSL = VI ✓ Tsunami in Gaza? (Am09)

H1588a MSKDSL = VI ✓

1656 RDSL = 2000 km ✓ Event too far away

[1712] ✓ Ami94: Epicenter in Jerusalem

H1759a or
H1759b

MSKDSL = V–VI ✓

1822 MSKDSL = II ✓ Very low MSKDSL

H1834 MSKDSL = VIII 1670–1950 {1σ} Masked

H1837 MSKDSL = V ✓ Seiche in Sea of Galilee? (Am09)

The superscript numbers are used to connect the content of columns 3-6 to the notes in the last column (column 7).
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reached in the DSL by a candidate event for the corre-
lation to be valid. Using the DSTFZ-specific attenuation
relation of Am06 and assuming reasonable values for
the errors in magnitude and/or location (§5.3), a lower
bound of MSK intensity V could be used. If the pre-
ferred magnitude and location of the candidate event
result in MSK intensity below this threshold, then the
correlation is unlikely.

Table 2 summarizes the findings of Ken01, Kag11,
and Mig04, who examined samples for seismites in four
locations collected from around the DSL. The corre-
sponding earthquakes are listed as assigned by the au-
thors. Additional metadata such as the preferred magni-
tude and location of the event, the seismite’s thickness,
and the 2σ dating range are available in a more detailed
version of this table that can be found in Appendix C3.
We re-assessed all the correlations proposed by these
three studies given the current state-of-knowledge
regarding the events in question and the specific
dating constraints. In light of new studies, many of
the proposed correlations in the literature correspond
to seismic events that are either spurious or occurred
too far away from the DSL to cause enough ground
shaking for a seismite to be formed (e.g., 1822 or
1656). Furthermore, several SSDS (e.g., H634 or
H956) can be assigned to multiple events with

similar statistical significance, given the uncertainty
of the age-depth deposition models (Ken01; Fig. 3 in
Kag11). The great number of field evidence regard-
ing a number of possible earthquakes before 31 BC
does not agree with the limited historical information
we have about strong ground shaking in that time
period. This indicates that the historical records be-
fore 31 BC might be mostly incomplete.

It is notable that only two historical events have been
identified in all the samples (i.e., H31BC and 33 AD).
The last one is in fact considered spurious by some
modern sources (e.g., Am09). The absence of a seismite
in the samples can often be explained even if an earth-
quake powerful enough to form a SSDS occurred near-
by. Ken01 argue that the lack of well-known historic
earthquakes in the Ze’elim archive coincides with site-
specific periods of depositional hiatuses. The location of
the Ze’elim terrace is sensitive to lake level fluctuations
that induced hiatuses during low lake stands (Ken01,
their Fig. 3b). We should point out however that the
samples of Kag11 from the same area did include events
between 400 and 800. Thus, as a general note, the results
of seismite-related studies must be treated with caution.
The existence or absence of correlated seismites is a
good indication that the event is properly reported or
not only when multiple sites provide the same

Fig. 3 The June 29, 1170 earthquake (H1170). The maps contain
MCS macroseismic intensities (squares) (Guid04b; INGV05),
MSK isoseismals (Am09), major fault traces, and original location
and magnitude solutions in parametric catalogs. A1: Ambraseys

and Barazangi (1989); A2: Am94; A3: Ambraseys and Jackson
(1998); A4: Am06; B1: BM79; B2: BM91; E: EMME; G:
Guid04b; H: Hough and Avni (2009); M: Meghraoui et al.
(2003); N: NOAA; S: Sb05; Z: Zuhair et al. (2015)
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conclusion; the correlation has a unique solution and
falls within the 1σ range.

5 Data analysis

5.1 Magnitude homogenization

Modern earthquake catalogs use the moment magnitude
scale (Mw) (Hanks and Kanamori 1979), which does not
suffer from saturation effects and can also be related to
the fault parameters. Unfortunately, most of the existing
parametric catalogs for our zone use a variety of mag-
nitude scales (Grigoratos et al. 2020), such as Ms (pub-
lications by Ambraseys; Sb05), local magnitude ML

(Ben-Menahem 1979), or equivalent magnitude (Me,
INGV94 and INGV05). As a result, the need of harmo-
nization to a common magnitude scale was evident.
Hence, Ms values have been converted to Mw using
GEM’s conversion equation (Eq. 1, Di Giacomo et al.
2015). GEM used a global dataset with more than
16,000 data points, orthogonal distance regression and
the validity range goes up to magnitude 8.1. Concerning
ML, it is not possible to define a unique global relation
connecting ML to Mw, due to the agency-specific site
and distance calibration factors. We considered best to
use the conversion equation of EMME (Eq. 2), since it is
fitted against data from the region in question (2271 data
points up to magnitude 8.3). Regarding the equivalent
magnitude, Guidoboni et al. (2004) consider it equiva-
lent to Mw (Di Giacomo et al. 2015).

Mw ¼ eaþb•M s þ c; 3:0≤M s≤8:2; ðDi Giacomo et al: 2015Þ
where a ¼ −0:222� 0:043; b ¼ 0:233� 0:004;

c ¼ 2:863� 0:056

ð1Þ
Mw ¼ 1:0136ML−0:0502; 4:0≤ML≤8:3 EMMEð Þ

ð2Þ

5.2 Source selection and ranking

In this study, we only consider unique tectonic events
between 31 BC and 1900. We decided not to go earlier
than the first century BC based on the conclusion of
Ambraseys and White (1997) that the historical data in
BC times are very incomplete. The missing seismites
between 200 and 31 BC support that claim (Table 3).

Since the location of historical earthquakes is very un-
certain and the primary sources were usually based in
the main administrative centers of the historical times,
we decided to investigate an extended zone that is wide
enough to include events that might have been originally
reported in Cyprus or East Syria and important historical
cities (e.g., Alexandria, Palmyra), which hosted prolific
writers (Fig. 1). Our list covers the geographical area
defined by the boundaries 27 N–36 N and 31 E–39 E
(Fig. 4).

Similarly to what EMEC, EMME, GEM, and the
National Oceanic and Atmospheric Administration
(NOAA; Dunbar 2009) have done, we relied on existing
parametric data, i.e., dates, epicentral coordinates, and
magnitude estimates, derived from previous studies. We
did not perform any new macro-seismic analyses. That
said, our study made an in-depth cross-examination of
past historical records against field investigations, which
is summarized in Fig. 2. We first analyzed the references
listed in the “Historical data” section and created a
preliminary earthquake catalog based primarily on his-
torical records. From the list, we removed those events
which are either not associated with any damage or
associated with damage not explicitly linked to a partic-
ular earthquake. The latter check is important because
sometimes, the observed effects were not earthquake-
induced, but were rather caused by conflicts, rainfall-
triggered landslides, storms, or structural fatigue. Al-
most all screened events were reported by multiple
secondary sources. Therefore, the next step was to use
the data from the regional field investigations to:

& check how well the historical reports from primary
sources correlate with damaged localities identified
by archaeological evidence (Table 1, e.g., H31BC,
H747).

& check how well the historical reports from primary
sources correlate with the reported macroseismic
intensities in parametric catalogs. Identify possible
exaggerations (e.g., event of 92 BC, H1063), amal-
gamation of events (e.g., event of 500, H747, H847)
or attempts of contemporary writers to draw

Table 3 Indicative numerical representation of the uncertainty
estimates within our catalog

V (very large) L (large) M (medium)

Magnitude < 1.00 < 0.75 < 0.50

Epicentral location No constraint < 100 km < 75 km
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theological and political morals from a natural di-
saster (e.g., 69 BC, 33, H1546).

& identify cases where the rupture propagated to
neighboring segments (e.g., H31BC, H347,
H363a, H1202).

& identify how the reported epicenter (e.g., H115,
H860, H1170) and magnitude (e.g., H1293,
H1546) correlates with the assigned rupture length
using the scaling relations by Wells and
Coppersmith (1994) (global) and Ambraseys and
Jackson (1998) (region-specific). Next, use these
results to narrow the range of available estimates.
For a total number of 22 events, our selection of

source for parametric values (epicentral coordinates
and/or magnitude) was influenced by fault-related
information (geometry, length).

& use the data from the seismite-related studies (Table 2)
to check whether the event in question indeed hap-
pened at a reasonable distance from the DS lake. For
example, the events of year 17 and of March 6, 1033
did not form any seismite. That is supporting evidence
that they did not occur in Palestine but in West Tur-
key, as noted by several authors (e.g., Am09).

In case of lack of constraining field evidence, we had
to critically evaluate the historical data in order to select

Fig. 4 Map with all the earthquakes withMw ≥ 5 between 31 BC and 1900 inside our investigated zone. The symbols are color-coded for
LocUnc (Table 3), red for V, orange for L, and dark green for M. The black lines represent the major faults of the DSTFZ
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the most suitable location or magnitude. For several
events, there were at least 4 different proposed solutions
for the epicentral coordinates or the magnitude. There is
a clearly larger availability of data for large magnitude
events; for example, for H1170, there were 9 different
location solutions and 10 different magnitude estimates
proposed by different authors (Fig. 3). For most events,
we referred not only to the modern descriptive catalogs
but also to the primary (translated) sources as quoted in
the books of Ambraseys and of INGV (i.e., INGV94
and INGV05). That enabled us to have our own critical
view of parameters that were presented differently be-
tween catalogs. After reviewing all available informa-
tion, we selected the solutions that were derived using
the macroseismic intensity points that best reflect the
most up-to-date analysis of the primary records. In few
cases, the reported duration of the shock itself and the
extent of the period of aftershocks provided an addition-
al qualitative indication for its size (Salamon 2010).

We should point out that there were several events
that were reported inside our investigated zone by some
authors and outside by others. We reviewed all these
events, but included in our catalog only those with
preferred epicenter inside the investigated zone; that
led several large events that occurred North of Antioch
and had latitude larger than 36 N to be discarded.

Even though each event was analyzed separately,
some common rules were applied to the parametric input
data of the catalog. In descending order, the general
hierarchy was (i) documents (co-)authored by
Ambraseys; (ii) GEM; (iii) INGV; (iv) SB05; (v) EMEC;
(vi) EMME; and (vii) Ben-Menahem. Exceptions to that
rule were the epicentral locations provided by Am94 that
were not derived from an isoseismal map and solutions
listed in INGVweb that were computed using less than 3
data points. The magnitude type was not considered as a
criterion in our selection process since the uncertainty
from conversion to moment magnitude is usually much
lower than the uncertainty of the original estimates. The
reasoning behind the aforementioned order was some-
what subjective, although driven by certain reasonable
considerations. Ambraseys and INGV are specialized in
this research field and their reports are based on primary
sources, which they cite and quote. The latest book of
Ambraseys (Am09) was written after both INGV books
and thus the former often reviews and comments on the
conclusions of the latter. As a result, Am09 was the
selected source for the dating of almost all the events.
At the global scale, GEM’s procedure was very

transparent, even though it was a compilation of previous
estimates. In the regional domain, the epicentral coordi-
nates and surface wave magnitudes computed by SB05
have been derived mainly from original isoseismal maps
utilizing the nomograph of Shebalin (1970). On the con-
trary, EMEC and EMME were large-scale projects that
relied on previous studies.

We should mention that our confidence in the magni-
tude estimations of Ben-Menahem varied depending on
the input data he used for his calculations. The first reason
is because he relied heavily on the catalog of Sieberg
(1932), who often amalgamates different events, espe-
cially in North Syria. That is particularly crucial because
Ben-Menahem often derived magnitude estimates using
only the “radius of extremal human perceptibility” (Δf),
defined as the “epicentral distance at which MMI = 3.5,”
without any evident intensity data constraint (e.g., H115,
H528, H1033, H1068, H1042, H1287c). In other in-
stances, it is not transparent how the magnitude was
estimated since there are no reported MMI values nor
any Δf values (e.g., H31BC, H713, H1063, H1160). In
other cases, he used only the maximum observed inten-
sity (assumed equal to epicentral) as input (e.g., H1157c,
H1546, H1759b). The few estimates of Ben-Menahem
that were calibrated on both maximum observed intensity
and on Δf were ranked higher (e.g., H76, H860, H991).
The type of input behind each estimate by Ben-Menahem
is available in Appendix D. The methodology of Ben-
Menahem (1979, 1981, 1991) in general leads to rather
large magnitude estimates.

In the “Historical data” section (§4.1), we mention
that both INGV catalogs (1994; 2005) have been
merged into an online geo-referenced archive
(Guidoboni et al. 2019) (INGVweb). The latter provides
magnitude estimations and epicentral coordinates for all
the events in INGV94 (absent from the hardcopy) and in
INGV05 (absent from the hardcopy for events with very
few intensity data). It should be noted that the coordi-
nates in the book (INGV05) are given in degrees and
minutes, while the online archive uses decimal degrees.
Regarding the dating of the events and the affected
localities, both books were very reliable. That said, our
confidence on the results of INGV05 varied depending
on the amount of sites with reported intensities; the
“Boxer” method (Gasperini et al. 1999; Gasperini
2004) that INGV05 employed seemed to work much
better with plentiful data (e.g., more than 8 mapped
intensities). That should be more or less expected since
the method has been validated against the much richer
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Italian dataset. The 2004 version of the “Boxer”method
yielded rather low magnitude estimates when the max-
imum MCS intensity was IX or higher, yet the number
of mapped intensities was less than 6 (e.g., H1212,
H1458). This scenario is common in the Dead Sea
region where vast pieces of land used to be uninhabited
or lack cultural centers. For the 1212 earthquake in
particular, the estimated magnitude was only Me 5.8,
even though Eilat (epicenter), Cairo (> 350 km away),
and Al-Karak (150 km away) had assigned MCS inten-
sities IX–X, VIII, and VIII respectively. The latest im-
plementation of the method has been designed to deal
exactly with that situation (Gasperini et al. 2010).

Lastly, we should note that the magnitude values in
online archive of Guidoboni et al. (2019) (INGVweb)
do not always match the values listed in the book
(INGV05), with the documentation for these changes
to be lacking. We found 11 events in the online archive
with modified Me compared with the book, with differ-
ences ranging from 0.2 to 1.5 magnitude units. For
example, the reported Me for H1033 is 6.0 in the book
and 7.3 in the archive, while for H1068a, it is 8.1 in the
book and 7.2 in the archive. While small changes could
be explained by a different calibration of the Boxer
method (Rovida et al. 2016), some of the large magni-
tude differences are well outside the typical uncertainty
ranges.We opted to report the latest magnitude solutions
of Guidoboni et al. (2019) in Table 4 and in Appendix
D, since they were usually more consistent with the
values estimated by other authors.

5.3 Uncertainty estimation

Uncertainty estimations are a prerequisite for any input
of a probabilistic analysis (Bommer & Scherbaum
2008). Errors in the magnitude or location of historical
events have a large impact on the occurrence rates of a
forecasting model (Panzera et al. 2011, Panzera et al.
2016), on the maximum magnitude and on the segmen-
tation of the fault model (Mignan et al. 2015). Errors in
location can affect the forecasted ground motion shak-
ing in case of scenario-specific hazard assessment. The
problem is equally significant when probabilistic ap-
proaches such as the smoothed seismicity models are
selected (Hiemer et al. 2014). Errors in dating are not
that important for large magnitude events with long
return periods, unless the analysis is time-dependent
(Field et al. 2015). Conversely, large dating errors could

affect the results of the declustering procedure (Gardner
& Knopoff 1974).

The uncertainty surrounding the epicenter and mag-
nitude determination from historical macroseismic data
in particular is a well-known issue (Cecic et al. 1996).
We thus attempted to estimate the level of uncertainty
carried by the parametric results of the previous studies
that we compiled (Table 3). Although the analysis is
somewhat subjective, we consistently adopted the fol-
lowing workflow in order to do the classification; the
criteria are sorted below progressively from broad to
stricter.

a. All primary sources agree on the date, felt area, and
damage distribution. These are key indications that
the historical reports come from a single tectonic
event within our region.

b. The author of the parametric estimates used mapped
macroseismic intensities and a suitable empirical
relation to determine the epicenter and the size of
the event (e.g., Am09, INGV05, Sb05) and not
other proxies or expert opinion (e.g., Ben-
Menahem, INGVweb).

c. The parametric estimates of the different studies that
used refined methodologies are in agreement (e.g.,
H1759b, while H1068a and H1170 are counter-
examples).

d. The estimated parameters are consistent with any
available evidence from field investigations. If the
event has been associated to a fault, then we
checked if its estimated epicenter is close to that
fault (e.g., H363a, H551, H1068a, H1157c, H1170,
H1202) and whether the estimated magnitude is
within the range that geologists have assigned to
this fault or specific rupture (e.g., H115, H363a,
H551, H1068a, H1212). If the dip and width of
the fault were known, then we used the projection
of the fault plane instead of the fault trace.

e. The value of the estimated magnitude itself. The
smaller the magnitude, the smaller the maximum
distance between the event and a site with reported
damages. For example, according to the global
empirical formula of Ambraseys (1992) for Ms 6,
the MSK intensity gets below V (slight damage to a
few poorly constructed buildings) at distances >
75 km. The values using the DSTFZ-specific for-
mula of Am06 are similar. As a result, it is highly
unlikely that an event with magnitude around 6 or
less will have an error in its epicenter of more than
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about 75 km. We should note, however, that the
large magnitude uncertainty in many events ren-
dered this criterion inapplicable.

The considerations made for selecting the indicative
thresholds in Table 3 follow, starting with the magni-
tude. Sb05 and Ben-Menahem do not provide any un-
certainty estimates. Ambraseys’ empirical relations have
been assigned with an uncertainty of 0.3 in terms of
magnitude (Am06). Guidoboni et al. (2004) have used
the “Boxer” method for H1170 with intensity data from
29 locations (Fig. 3); they reported a mean magnitude of
7.7 with a 0.22 uncertainty. The global relation ofMs to
Mw that GEM derived using more than 16,000 events
yields an uncertainty of 0.36 for a magnitude 8 event (Di
Giacomo et al. 2015). Given thatMs is a better proxy to
Mw than any macroseismic intensity, the 0.22 value of
Guidoboni et al. (2004) seems underestimated. Even
though INGV05 has also used the “Boxer” method to
compute all estimated magnitudes, unfortunately, no
uncertainty values are reported in order to have a better
idea of the overall uncertainty bounds and sensitivity.
The uncertainty behind magnitude estimates derived
from macroseismic intensities is expected to be rather
large since the empirical relations do not take into ac-
count site effects (Sun et al. 1998) and the seismic
vulnerability of the building population (Molin 1995).
Although the relations have been derived using
macroseismic data after the year 1900, they are applied
to a time period of 2000 years, in which the construction
practice has evolved dramatically. Another major and
often understated assumption that complicates the esti-
mation of the true uncertainty is that the intensity data
are complete. If new mapped intensities are to be iden-
tified in historical documents or archaeological sites,
then the resulting parametric estimates will obviously
change. New refined procedures have been proposed in
order to address this issue (Pasolini et al. 2008;
Gasperini et al. 2010). With all the above in mind, we
do not expect the magnitude uncertainty to be lower
than 0.5. The next two thresholds were set arbitrarily as
150% and 200% of the first one respectively (Table 3).

Regarding the uncertainty in epicentral coordinates,
Guidoboni et al. (2004) reported 100 km maximum
uncertainty in the determination of the epicenter of
H1170 (Fig. 3). The value of 100 km may seem at first
glance large for such well-reported event. However,
epicentral locations provided by modern local seismic
networks often happen to be more than 50 km apart

(Bratt & Bache 1988). We therefore chose the value of
100 km as the threshold for well-reported large events
(Table 4). We were confident that the uncertainty was
lower (i.e., < 75 km) only if the magnitude was smaller
than 6 or the assigned epicenter was validated by the
location of the associated fault. Even for aMw 7.7 event
(maximum in our catalog), the scaling relations (Wells
& Coppersmith 1994; Ambraseys & Jackson 1998) give
a rupture length of about 150 km, meaning that the
epicenter cannot be more than about 75 km away, as-
suming strike-slip focal mechanism. Indeed, almost all
the faults in the region are strike-slip and therefore the
assumption that the epicenter is not far from the fault
trace is valid.

5.4 Discussion on specific events

In this section, we analyze few controversial events that
could potentially affect significantly the seismic hazard
along DSTFZ. We first summarize the most up-to-date
information and, when available, present new interpre-
tations that our analysis revealed. All abbreviations and
a more comprehensive list of our considerations regard-
ing the rest of the events in our catalog can be found in
Appendices A and B. Figure 1 shows the location of
several key toponyms.
H347: According to historical sources, the epicenter of
H347 was in Beirut. Dae07 and Wech14 identified the
event east of Beirut, in the Yammouneh and Jordan
Jorge segments respectively (Table 1). The correlation
by Wech14 is rather poor since the date of the event is
outside the 2σ range. The evidence has been found in
two investigated fault sites about 130 km away, indicat-
ing a very long rupture, compatible with a magnitude
(M) of 7.4–7.6 event (Wells & Coppersmith 1994;
Ambraseys & Jackson 1998). However, the historical
data does not necessarily support such a large size. The
only primary source for this event is Theophanes (eighth
century), who mentions that most of Beirut was
destroyed; he does not reference any other affected
localities. BM79 has assigned ML 7 to this event based
only on the maximum observed intensity (assumed
equal to epicentral intensity); he cites Willis (1928),
Sieb32, and Plassard and Kogoj (1981). Sieb32 is the
only one who mentions a tsunami further north in
Tablus, but he does not cite his source. INGVweb has
assigned Me 5.8, based probably only on the maximum
observed intensity (Sibol et al. 1987). It is very hard to
estimate the magnitude of the event because even
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though the maximum observed intensity is large, only
one affected city is mentioned. We preferred to use the
more conservative estimate, i.e., ML 7, which we then
converted to Mw. This event requires further research.

H363a and H363b:Am09 concludes that two events
happened the same day (May 19, 363) with a difference
of 6 h, contrary to Am06 who assigned a single Ms 7.4
event. Sb05 and INGV94 also considered only one event.
The two earthquakes caused the destruction of 22 towns
in Palestine andWest Syria. It is very hard to separate the
effects of the two shocks and the issue of damage accu-
mulation has to be noted. Furthermore, several sources
amalgamate the effects of these events with those of a
large earthquake in the Hellenic arc in 365.

Kag11, in agreement with Kli15, argue that H363a
occurred in North Palestine and H363b further south.
The rest of the field evidence are rather inconclusive.
Wech14 assigned a sample from the Jordan Gorge fault
(North Palestine) to the year 363; however, the match is
outside the 1σ range. Ken01 have correlated a seismite
in DSL with H363a or H363b or H418, while Agn06
argue that in fact it matches best with H418 (Table 2). A
seismite that Kag11 have assigned to H347 correlates
with greater statistical significance with either H363a or
H363b (Table C.1). We should expect to find seismites
associated with the shocks of year 363, since a seiche is
reported in DSL (Am09).

H551: Eli07 attributed the July 9, 551, shock to the
Lebanon thrust (offshore), thus explaining the origin of
the destructive sea wave that is reported in the primary
sources. It is very hard to comment on Eli07’s dating
scheme, since it was based on radiocarbon dating on
vermetid samples, which were indicating that a
shoreline-fringing bench suddenly emerged by about
80 cm (see their Data Repository). We should however
mention an alternative scenario. Darawcheh et al.
(2000), after analyzing the historical data attributed the
event to the Roum fault. Wech14’s evidence of rupture
in the Jordan Gorge fault (dating range 505–593) sup-
ports Darawcheh et al.’s conclusion. The peak probabil-
ity of Wech14’s range is in year 551, which seems like a
remarkable coincidence. The sea wave in that case can
be explained by the slumping of part of the Libanus
mountain called Lithoprosopon (Lebanon) in the sea, as
Malalas reports. Am09 notes that the latter better ex-
plains the damage distribution along the coast, namely
great damage near-field and rapid attenuation of the

macroseismic intensities with distance. Goodman-
Tchernov et al. (2009) found geological evidence of a
strong tsunami in Caesarea (N Israel) that could be dated
around the year 551.

Malalas (sixth century) and John of Ephesus (sixth
century), both contemporary sources, date the event dif-
ferently, September 550–August 551 and October 558–
September 559 respectively (INGV94; Am09). The
ranges are a result of the different dating schemes used
in historical times. Am09 notes that although not impos-
sible, “it would be odd for John to have multiplied a well-
known earthquake in his own lifetime.” However, they
both describe very similar effects (i.e., coastal destruction,
sea wave, aid from Emperor). Nevertheless, only Malalas
mentions the slumping (rocksliding) of Lithoprosopon.
We would like to highlight an important detail that pre-
vious catalogs have missed or neglected: John in fact
mentions a second destructive shock that flattened Beirut
probably several minutes or hours after the first one. He
interprets the latter however as God’s punishment against
those who stole dead men’s treasures; thus, we cannot be
sure if it was indeed a severe aftershock.

Combining the current historical and in situ data leads
to the following, plausible but far from definite, conclu-
sion: a large earthquake ruptured the Lebanon thrust in
551 causing Lithoprosopon to fall into the sea, while a
severe aftershock occurred on the JordanGorge fault. The
latter would explain Wech14’s field evidence and
Rus85’s claim that Pella (Tabqet Fahel, 50 km south of
Jordan Gorge) was also damaged in the same year.

746–757: Michael the Syrian (twelfth century) has
amalgamated at least three events between 740 and
757 into a single earthquake that presumably affected
an area of about 600 km radius, from Egypt to Istanbul
and from the east coast of the Mediterranean Sea to the
Euphrates River in Iraq. Ambraseys (2005a) provides an
extensive analysis arguing that Theophanes the Confes-
sor, born a few years later, clearly mentions three events
in Syria, Palestine, and Jordan between 746 (or 747) and
756 (or 757). For the debate over the exact dating of
Theophanes, see Ambraseys (2005a). Kar04 has inves-
tigated the first two earthquakes. Some modern catalogs
still report only one or two events in that decade.

We present below the key primary references in chro-
nological order. Theophanes mentions an earthquake that
affected Palestine, Jordan, and Syria on January 18, 746
(or 747). He mentions widespread damage just east of
DSL. Later, Arab chronicles mention an earthquake in
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May 4, 747–June 2, 748 in Jerusalem that was felt in
Damascus. Other later chronicles indicate damage in Ti-
berias and Mount Tabor around that period. Dionysius of
Tel Mahre (ninth century) mentions that the temple of
Mabug (Manbij) collapsed in September 747–August
748. Archeological evidence indicates damage south of
Sea of Galilee (Bet Shean) after a date ranging between
August 748 and August 749. Later, Arab chronicles note
an event between August 31, 748 and August 19, 749
which damaged the Al Aqsa Mosque in Jerusalem.
Theophanes adds another event in early 749 (or 750) in
Syria and Mesopotamia, where he mentions evidence of
surface faulting. Dionysius of Tel Mahre notes that three
villages collapsed in Khabura on March 3, 756, while
Theophanes mentions a shock on March 9, 756 (or 757)
in Syria and Palestine; he characterizes it “not small” (and
not “powerful” as INGV94’s translation from Greek
states). Lastly, later, Arab chronicles report damage at
the Al Aqsa Mosque in Jerusalem which was under repair
at some point after 757.

Even though the evidence is rather inconclusive, we
could identify at least three possible events: (i) in Janu-
ary 18, 747 in the Jordan Valley (H747), (ii) in 750 close
to modern Manbij, and (iii) in March 757 near modern
Al-Hasakah. The last two earthquakes fall outside our
investigated zone and are thus not included in Table 4.

ReHo81 and Fer11 assigned H747 to the Jordan Valley
fault system,Marc03 assigned it to a fault below the Sea of
Galilee, while Am09 concluded that the event ruptured a
fault that passes through Jerusalem, Tiberias, and Baalbek.

H1063: Am09 argues that Matthew of Edessa (twelfth
century) exaggerated in his reports for personal reasons.
The former also concludes that Antioch suffered no note-
worthy damage and points out that aftershocks lasted
only few days. Maximum intensity was reported in Trip-
oli (Lebanon), while Acre, Tyre, and Latakia suffered
damages. INGV05 and Am09, contrary to Sieb32 and
Sb05, do not mention Damascus. Sb05 assigned Ms 6.9
and INGV05 (with only 4 reported intensities) Me 5.6.
We believe that these values present the upper and lower
bounds of the possible size of this event. The widespread
damage indicates a large event, while the relatively low
epicentral intensity and the very short duration of after-
shocks indicate moderate size (Salamon 2010). The mag-
nitude of the August 1063 event, in our opinion, remains
an unresolved issue. We preferred to be on the conserva-
tive side and thus chose the value of Sb05.

H1170: The June 29, 1170 earthquake is probably the
largest event within our zone (Fig. 3). Thirty towns and
fortified sites, from Tyre (Sur) till Antioch, have reported
damages. Tripoli was apparently destroyed with very few
survivors, while Aleppo (more than 150 km to the North)
also suffered severe damages and great loss of life. Even
though INGV05 and Am09 agree on the affected locali-
ties, the assigned intensities by the former are, in general,
significantly higher (Fig. 3). Palestine did not suffer any
notable damage and the reports by Ben-Menahem regard-
ing the effects of the event in Caesarea and Egypt are not
confirmed by INGV05 andAm09. The aftershocks lasted
up to 4months (William of Tyre twelfth century), without
causing further destruction. Guidoboni et al. (2004) ex-
amined the hypothesis that there were in fact two different
events, one close to Tripoli and one in the Ghab basin,
and concluded that all but one primary sources hint to a
single event.

As far as the field evidence is concerned, Meg03
found geological evidence that correlates H1170 with
the Missyaf segment (2σ range) and Kag11 have corre-
lated this distant event with a seismite in DSL (1σ
range). The latter, given the distance, hints towards a
very large event. Indeed, all but one magnitude estimate
are in the range ofM 7.0–7.9; theM 6.6 value by Hough
and Avni (2009) seems less probable.

6 Results

6.1 Homogenized parametric catalog

We analyzed and cross-examined the available histori-
cal, geological, and archaeological data, following the
aforementioned methodology (§3; §5.2; Fig. 2) and
compiled a parametric earthquake catalog with Mw ≥ 5
between 31 BC and 1900 covering the Dead Sea Trans-
form Fault Zone and East Mediterranean (Table 4). We
homogenized all size estimates in the moment magni-
tude scale (Mw) (Hanks and Kanamori 1979), to render
the catalog applicable for seismic hazard assessment.

The majority of the events are located in the part of
DSTFZ which extends from the southeast part of Dead
Sea lake till Antioch (Fig. 4). From those, 9 withMw ≥
7.0 have been associated with the DSTFZ branches that
extend north of the Sea of Galilee, with the largest ones
reported in 1170 (Mw 7.7, Fig. 3) and 1202 (Mw 7.7).
The area below Antioch in particular appears to have
been very active in historical times with several events
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Table 4 Homogenized parametric earthquake catalog withMw≥ 5 between 31 BC and 1900 in East Mediterranean and Dead Sea Transform Fault Zone (27 N–36 N, 31 E–39 E). Universal
time is reported. Asterisks in the ID column indicate foreshock or aftershock. Loc, location; Unc, uncertainty (Table 3). For more information about the events and the missing abbreviations,
see Appendices A, B, and the extended electronic version of the catalog (Appendix D). Appendix D includes also parametric values for minutes and seconds (when available)

ID Date source Year Month Day Hour Latitude Longitude Loc Unc Loc source Mw Mw Unc M source

H31BC Am09 -31 32.0 35.5 M BM79 6.3 L Kar04

H17BC Am09 -17 34.7 32.6 L INGVweb 6.8 V BM79

H76 Am09 76 35 33 V INGVweb 7.0 V BM79

H112 Am09 112 31 35 L Am94 6.3 V Am94

H115 Am09 115 12 13 35.8 36.3 M AmJa98 7.4 M Meg03

H303 Am09 303 4 2 33.6 35.4 M INGVweb 6.6 L INGVweb

H332 INGV94 332 35.2 33.9 L INGVweb 6.6 V INGVweb

H342 Am09 342 35.2 33.9 L INGVweb 6.6 L INGVweb

H347 Am09 347 33.9 35.8 M 1 7.0 V BM79

H363a Am09 363 5 19 1 31.5 35.5 M Am06 6.5 M Kag11

H363b* Am09 363 5 19 7 31.5 35.5 M Am06 6.5 M Kag11

H375 Am09 375 34.7 32.6 V INGVweb 6.4 L INGVweb

H418 Am09 418 31.8 35.2 L INGVweb 6.6 M INGVweb

H455 Am09 455 9 34.4 35.9 L INGVweb 6.2 L INGVweb

H476 Am09 476 35.4 35.9 L INGVweb 6.2 L INGVweb

H502 Am09 502 22 8 33.0 34.8 L Sb05 7.2 L Sb05

H528 Am09 528 11 29 35.5 35.8 L INGVweb 6.0 L INGVweb

H551 Am09 551 7 9 8 34.0 35.5 M Eli07 7.5 M Eli07

H634 Am09 634 31.8 35.2 V INGVweb 6.8 L EMEC

H659a Am09 659 6 7 32.2 35.1 L INGVweb 6.2 V INGVweb

H659b* Am09 659 9 31.9 35.5 M INGVweb 6.0 V INGVweb

H747 Sb05 747 1 18 32.8 35.8 M Am06 7.0 M Am06

H847 Am09 847 11 24 34.4 36.3 L Sb05 6.2 V BM79

H854 Am09 854 32.8 35.5 L INGVweb 6.5 V EMEC

H857 Am09 857 4 28 31 V Am94

H860 Am09 860 1 35.5 35.8 L INGVweb 7.0 M Am06

H885 Am09 885 11 30.0 31.2 L PoTa80 5.8 L INGVweb

H950 Am09 950 7 25 30.0 31.2 L PoTa80 6.5 L EMEC

H956 Am09 956 1 5 34 32 V Am94 6.2 L INGVweb

H991 Am09 991 4 5 33.7 36.4 L Sb05 6.7 L BM91

H1033 Am09 1033 12 5 32.5 35.5 M AmJa98 7.3 L INGVweb
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Table 4 (continued)

ID Date source Year Month Day Hour Latitude Longitude Loc Unc Loc source Mw Mw Unc M source

H1042 Am09 1042 34.6 38.3 M INGVweb 5.6 V INGVweb

H1047 Am09 1047 31.0 35.5 V EMEC 6.5 L EMEC

H1063 Am09 1063 8 34.4 35.6 L INGVweb 6.9 V Sb05

H1068a Am09 1068 3 18 29.8 35.0 L Zilb05 7.2 L INGVweb

H1068b Am09 1068 5 29 32.6 35.3 L INGVweb 6.0 M INGVweb

H1111 Am09 1111 8 31 30.0 31.2 M INGVweb 5.4 L INGVweb

H1113 Am09 1113 7 18 31.8 35.2 V 2 6.3 V BM81

H1117 Am09 1117 6 26 33.2 35.2 V INGVweb 5.8 L INGVweb

H1151 Am09 1151 9 27 32.5 36.5 L INGVweb 5.1 L INGVweb

H1156* Am09 1156 10 13 35.4 36.4 L INGVweb 5.5 M EMEC

H1157a* Guid04a 1157 4 2 35.4 36.6 M INGVweb 5.4 M INGVweb

H1157b* Am09 1157 7 13 35.2 36.6 M Sb05 6.6 M Sb05

H1157c Am09 1157 8 12 35.3 36.4 M Am06 7.2 M Am09

H1160 Am09 1160 34.8 32.3 V INGVweb 6.0 L INGVweb

H1170 Am09 1170 6 29 3 34.9 36.3 L Guid04b 7.7 L Guid04b

H1202 Am09 1202 5 20 34.1 36.1 M AmBa89 7.7 M INGVweb

H1212 Am09 1212 5 1 30 35 M Am06 7.0 M Am06

H1222 Am09 1222 5 11 6 34.7 32.7 M INGVweb 6.0 L INGVweb

H1259 INGV05 1259 3 22 33.5 36.3 V INGVweb 6.5 V EMEC

H1284 Am09 1284 33.3 36.2 M PoTa80 5.6 V INGVweb

H1287a Am09 1287 2 16 33.9 36.1 L INGVweb 5.8 L EMEC

H1287b* Am09 1287 3 8 34.7 36.7 M INGVweb 5.1 L INGVweb

H1287c Am09 1287 3 22 35.5 35.8 M INGVweb 6.0 V EMEC

H1293 Am94 1293 1 31.5 35.1 M INGVweb 6.6 M Am94

H1313 Am09 1313 2 27 30.0 31.2 L Am94 5.8 V BM79

H1339 Am09 1339 1 34.4 35.8 L INGVweb 6.2 L EMME

H1350 Am09 1350 7 34.8 32.4 L INGVweb 6.4 L INGVweb

H1354 Am09 1354 35.1 36.4 V NOAA

H1392 Am09 1392 4 13 35 33 L INGVweb 6.0 L INGVweb

H1404 Am09 1404 2 20 35.9 36.3 L AmBa89 5.6 V INGVweb

H1408 Am09 1408 12 29 35.8 36.1 M Sb05 7.4 L Sb05

H1458 Am09 1458 11 16 31.0 35.3 M Am06 7.1 L Am06
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Table 4 (continued)

ID Date source Year Month Day Hour Latitude Longitude Loc Unc Loc source Mw Mw Unc M source

H1481 INGV05 1481 3 18 13 35.1 33.2 M INGVweb 5.6 M INGVweb

H1491 INGV05 1491 4 24 17 34.9 33.4 M INGVweb 6.6 M INGVweb

H1546 Am09 1546 1 14 32.0 35.1 M Am94 6.1 M AmKa92

H1567 Am09 1567 4 25 34.5 33.0 L EMEC 5.3 L EMEC

H1568a Am09 1568 10 7 34.7 33.1 L EMME 5.4 L EMME

H1568b Am09 1568 10 10 35.5 35.5 M Sb05 6.1 M Sb05

H1577 Am09 1577 1 28 34.5 33.0 L BM79 6.0 L BM79

H1588a Am09 1588 1 4 29 36 V Am94 7.2 M Am06

H1705 Am09 1705 11 23 33.7 36.6 M Sb05 6.9 M Sb05

H1710 Am94 1710 8 27 29 33 M Am94 5.7 M Am94

H1718 Am09 1718 12 10 35.3 33.3 L EMEC 6.0 L BM79

H1735 Am09 1735 4 11 35 34 L EMEC 6.3 L EMEC

H1746 Am09 1746 7 5 33 36 M EMEC 5.2 L EMEC

H1753 Am09 1753 12 18 33 36 M EMEC 6.0 V EMEC

H1754 Am09 1754 10 29.6 32.2 M Am94 6.6 M Am94

H1756 Am09 1756 1 17 35.1 33.4 L EMME 5.0 M EMME

H1759a* Am09 1759 10 30 1 33.1 35.6 M AmBa89 6.6 M AmBa89

H1759b Am09 1759 11 25 17 33.7 35.9 M AmBa89 7.5 M Am06

H1764 Am09 1764 2 14 34.4 35.8 M EMME 6.2 L EMME

H1796 Am09 1796 4 26 35.3 36.2 M Sb05 6.8 M Sb05

H1814 Am09 1814 6 27 29 33 L Am94 5.7 M Am94

H1834 Am09 1834 5 26 11 31.3 35.6 V BM79 6.3 L BM79

H1837 Am09 1837 1 1 14 33.3 35.5 M Am06 7.0 M Am97

H1845 Am09 1845 2 21 3 35.2 33.4 L EMME 5.0 L EMME

H1850 Am09 1850 2 12 20 33.9 35.5 M EMME 5.6 L EMME

H1868 Am09 1868 2 20 1 32 33 M Am94 5.7 M Am94

H1879 Am09 1879 7 11 29 33 M Am94 6.0 M Am94

H1894 Am09 1894 1 13 0 35.6 34.7 L AmAd93 5.7 L AmAd93

H1896a Am09 1896 6 29 20 34.3 33.0 L AmAd93 6.5 L AmAd93

H1896b* Am09 1896 7 3 6 34.3 33.0 M AmAd93 5.6 L AmAd93

1We increased Kh00’s longitude coordinates by 0.3 to better match Dae07’s finding that the event ruptured the Yammouneh fault
2We decreased Zuh15’s latitude coordinates by 0.7 to better match Am09’s note that the event was a local shock close to Jerusalem
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with Mw ≥ 6.8, (e.g., H115, H1157c, H1408, H1796).
Regarding the DSTFZ segmentation, several events that
rupture the DSL segment seem to not propagate south to
Wadi Araba (e.g., H1033, H1293, H1546) (Kli15). Ac-
cording to Masson et al. (2015), part of the relative
displacement is accommodated along faults located
west of Wadi Araba, in the Sinai Desert. On the other
hand, the Jordan Gorge segment appears to be better
connected with the DSTFZ branches in the North (e.g.,
H303, H1202) (Marc05, Dae07, Wech14).

We examined 244 events reported in previous cata-
logs, from which 115 have been identified as real events
within our investigated zone and have been assigned
with an event ID (Appendix D). From these 115 events,
9 have been flagged as either foreshocks or aftershocks
(following Gardner & Knopoff 1974), 93 have Mw ≥ 5
(Table 4), and 67 have Mw ≥ 6 and 14 Mw ≥ 7. Even
though EMEC and INGVweb provide magnitude esti-
mates down to magnitude 4.2 and 3.7, respectively, we
decided not to present values below Mw 5 in Table 4,
since such magnitudes are not well constrained by his-
torical data and will in any case not pass the complete-
ness analysis (§6.2). These low magnitude events are
included in the more detailed electronic version of the
catalog, which can be found in Appendix D.

When compared with EMME (Zare et al. 2014),
given the same area and magnitude range, our catalog
contains more than double the number of events, with
33 events ofMw ≥ 6 present in our catalog being absent
from EMMEs. As a result, the catalog update might
have a significant impact in the seismic hazard estimates
for large return periods. In comparison with EMEC,
even though our catalog has only 4 events more
(Table 5), it actually shares only 84 common events.
From the 27 events which are different, 1 caused no
damages, 12 were considered spurious, and the

remaining 14 events from EMEC were re-assigned with
epicenters which fall outside our investigated zone. The
latter case was common, since several events occurred
north of Antioch and at least 17 events have most
probably occurred in the Mediterranean (Medit.), Tur-
key or East Syria (Table 6). The reasons were amalgam-
ation with previous disastrous distant events, mistrans-
lation of town names, or a tsunami originating from the
Hellenic Arc (Am09). Finally, given the respective
timeframes of EMEC and GEM, our catalog contains
15 events of Mw ≥ 6 and 7 events of Mw ≥ 6.5 absent
from these catalogs respectively.

6.2 Completeness

Themagnitude of completeness in an earthquake catalog is
the minimum magnitude above which all earthquakes
within a certain region are consistently reported. The most
reliable historical records usually originate from contem-
porary chronicles, which inevitably can report limited time
periods (e.g., Malalas, Theophanes). The rise or death of a
prolific writer can affect the completeness of the historical
data, similarly to how the installation or termination of a
seismic network affects instrumental data. Same stands for
the period range covered by historical catalogs. For exam-
ple, the very detailed book of INGV05 covers the period
1000–1500. As a result, our catalog contains 19 events
with reported Mw < 5 by INGVweb, all from that period
and most of them from Egypt (Fig. 5).

The identification of historical earthquakes depends
greatly on the density of populated localities in the region
in question. That is why the assigned epicentral coordi-
nates often correspond to the location of a cultural center,
e.g., Jerusalem, Damascus, Antioch (Fig. 4), since most
of the intensity information are documented there. Thus,
much fewer earthquakes are reported in Wadi Araba,

Table 5 Comparison with other parametric catalogs. Only fully parameterized events (date, epicenter, and magnitude given) within our
investigation zone are taken into account

Parametric catalog INGVweb INGV05 EMME EMEC GEM NOAA This study

Events within
invest. zone

72 16 43 111 16 16 115

M range 3.7–7.7 4.9–8.1 5.0–7.5 4.2–7.3 6.6–7.7 5.9–7.6 3.7–7.7

Time span 31 BC–1500 1000–1500 33 BC–1900 300–1900 1000–1900 33 BC–1900 31 BC–1900

Common events
with this study

71 16 40 84 16 13 -

Coverage Medit. Medit. Middle East Medit. and DSTFZ Global Global E Medit. and DSTFZ
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Egypt, or west of DSTFZ (zone 1), where the population
was sparser. There, the little data are assumed complete
only for Mw ≥ 7 (GEM; Kli00). Based mainly on histor-
ical considerations, we determined more detailed com-
pleteness periods (Fig. 5) for the part of DSTFZ, which
extends from the southeast part of DS lake till Antioch,
plus Cyprus (zone 2). The improved completeness after
year 1000 is endorsed by trenches along the DSTFZ,
which have not identified any missing events within zone
2 in the secondmillennium (Table 1), and by the seismite-
related evidence (Table C.1). The arrival of the Crusaders
around 1100 improved the quality and coverage of the
reports significantly, as shown by the smaller magnitudes
present in Fig. 5.

7 Concluding remarks

The present study aimed at presenting an updated his-
torical earthquake catalog (31 BC–1900; Mw ≥ 5;
Table 4) for the Dead Sea Transform Fault Zone
(DSTFZ). Together with the updated instrumental cata-
log for the region (Grigoratos et al. 2020), these two
publications offer nearly 2050 years of homogenized
historical earthquake data, tailored for use in seismic
hazard assessment studies (e.g., Grigoratos et al. 2018b).

The identification of historical events is a rather
multi-disciplinary procedure that combines historical
and cultural knowledge, engineering judgement, seis-
mological background, and interpretation of geological
evidence. The present study tries to address this com-
plex task systematically (Fig. 2, §5.2), by cross-
examining the historical, archaeological, and geological
data (i.e., trenches, seismites).

While examining the reported correlations between
historical records (§4.1) and geological evidence of past
ruptures (§4.2), we observed the often rather poor dating
constraint provided by trenches in coarse-grained sedi-
ments outside the Dead Sea, i.e., with an uncertainty of
more than two centuries. Correlation of archaeological
evidence with past reported events is even more uncer-
tain (up to thousands of years), if not specified at all
(Table 4). We also reappraised all previous correlations
between seismically triggered soft-sedimentary defor-
mation structures (seismites) in the Dead Sea lake and
historical records (Table 2, Appendix C2), given the
current state-of-knowledge behind each reported event
and the specific dating constraints accompanying each
seismite (Ken-Tor et al. 2001b; Kagan et al. 2011). The
analysis indicated that seismite-related findings must be
treated with caution and have greater value as
supporting evidence rather than stand-alone proof.

Table 6 Historical events after 31 BC that are erroneously associated with the Dead Sea Transform Fault Zone. All new assigned locations
are based on Am09. For more information, refer to Appendix B

Year (AD) Month Day Alleged location Most probable location

17 Sidon Asia Minor

130 Palestine N Turkey

494 N Lebanon E Turkey

717 S Turkey E Syria

749/750 Palestine Manbij (N Syria)

757 3 Palestine/W Syria NE Syria

881 Acre Hellenic Arc

963 5 12 Antioch Hellenic Arc

1033 3 6 Lebanon Istanbul

1114 8 10 Jerusalem E Anatolia

1149 N Antioch Iran

1303 8 8 E Mediterranean Crete

1344 1 3 SW Syria S Turkey

1537 1 8 Antioch Egypt

1656 Tripoli (Lebanon) Tripoli (Libya)

1752 7 21 NE Syria Italy

1802 Lebanon N Aleppo

J Seismol



We should note that trenches along the DSTFZ and
seismites in the Dead Sea lake hint to about 14 different
and potentially significant events between the second
century BC and fourteenth century AD that are missing
from the historical records. The trenches (Table 1) in
particular indicate that three missing events have oc-
curred along the Jordan Gorge fault and one (perhaps
in the first half of the ninth century, Table 2) in Wadi
Araba. The remaining 10 possible events, inferred by
uncorrelated SSDS (Table 2), are harder to interpret.

Our catalog contains 33 and 15 events ofMw ≥ 6 that
are not listed in Zare et al. (2014) and EMEC respectively.
Compared with GEM’s historical catalog (Albini et al.
2014), our compilation has 7 additional events of Mw ≥
6.5. The impact of these differences in the seismic hazard
estimates for long return periodsmight be significant. The
majority of the earthquakes in our list are located in the
part of DSTFZ, which extends from the southeast part of
Dead Sea lake till Antioch, and in Cyprus. There, the
catalog was found complete down to Mw 6 since about
the year 1000. The whole catalog is considered complete
down to Mw 7 since 31 BC. As a matter of fact, 9
earthquakes with Mw ≥ 7.0 have been associated with
the DSTFZ branches that extend north of the Sea of
Galilee (Fig. 4), with the largest ones reported in
June 1170 (Mw 7.7, Fig. 3) and May 1202. We should
note that 17 events reported in previous catalogs as
having occurred around DSTFZ, most probably occurred
in the Hellenic Arc, Turkey or east of Syria (Table 6).

In the “Uncertainty estimation” section, we estimated
the uncertainty carried by the parametric results of the
previous studies that we compiled (Table 4). Even
though this procedure is somewhat subjective, we

introduced a basic classification system to facilitate the
process. We argue that the uncertainty will probably be
around 0.5–1.0 for Mw and 75 km–100 km for the
epicentral location, decreasing with richness of data
and increasing with magnitude size.

As far as the analysis of specific controversial events
potentially impacting the regional seismic hazard is con-
cerned (§5.4), combining the primary historical transcripts
and up-to-date in situ data indicates that probably a large
earthquake ruptured the Lebanon thrust (offshore) in 551
causingmountain Lithoprosopon to fall into the sea, with a
severe aftershock possibly occurring few hours later on the
Jordan Gorge fault. Regarding the 746–757 sequence,
even though the evidence is rather inconclusive, we could
identify at least three possible events, fromwhich only one
is within our investigated zone.

The analysis of the translated original sources revealed
that some events cannot be resolved unless new historical
evidences come to light. For example, it is still unclear
whether a large earthquake struck Syria and Judea in 1182
(Appendix B), as reported in modern parametric catalogs.
Moreover, additional data are necessary in order to re-
evaluate the size of H347, H1042, and H1063 or assign
magnitude values to H857 and H1354, which at the mo-
ment lack this parameter. Unresolved are also locations of
H1354 and of H1588a, due to missing information and
sparsely populated epicentral region respectively
(Appendix B). It is also still unclear whether a large
earthquake struck Jerusalem in the year 33, as some reli-
gious sources and geologic evidence suggest (Williams
et al. 2012; Table 2). In general, the re-assignment of
macroseismic intensities (in a unified scale) and the com-
putation of newmagnitude estimates would benefit almost

Fig. 5 Distribution of historical
earthquakes in terms of time and
size within our investigated zone.
The lines (dashed blue for zone 1,
magenta for zone 2) indicate the
magnitude of completeness
through time, while the color of
the circles represents the
uncertainty in Mw, as defined in
Table 3
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all events in the region. Although critical, this task was
outside the scope of the present study. Another future
perspective could be to try to assign depth values to the
events, taking into account the attenuation of intensities
with distance and the total seismogenic depth. Even
though there are some algorithms for that (e.g., Gasperini
et al. 2010), the resulting values are usually
underestimated. Further research is required also on defin-
ing a ground motion threshold below which the formation
of seismites should not be expected. As a first-order ap-
proximation, we introduced the MSK intensity level VIII,
which considering the uncertainty in magnitude and loca-
tion could go down to MSK V.
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