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Résumé de Theése de Doctorat de Mohamed Reda SBEINATI
EOST - IPG Strasbourg

Titre : Sismicité historique, paléo-archéosismologie et évaluation de 1’aléa sismique

le long de la faille du Levant en Syrie

Ce travail de theése a pour objectif d’étudier les séismes majeurs de la zone de faille du
Levant (ou faille de la Mer Morte) en Syrie occidentale. La région du Moyen Orient est une des
rares zones actives qui bénéficient d’un riche catalogue de sismicité historique (avec des séismes
qui datent de plusieurs siécles avant JC). Plusieurs travaux sur 1’activité sismique historique et
contemporaine en Syrie et régions avoisinantes indiquent 1’occurrence de forts séismes destructeurs
notamment le long de la faille du Levant. Cependant, et malgré les importantes contributions a
I’étude des caractéristiques de cette sismicité, une somme considérable de documents est restée
inexploitée et un catalogue parameétrique nécessaire pour 1’évaluation de 1’aléa sismique restait a

préparer.

La sismicité¢ de la Syrie aurait pu étre qualifiée de tout a fait modérée si on se limite a
I’activité pendant les 2 derniers si¢cles. En effet, les événements sismiques instrumentaux (5 < Ms <
6) se concentrent au nord a I’intersection de la faille du Levant avec la faille Est-Anatolienne. Plus
au sud, une zone de lacune sismique apparait entre la vallée (bassin en « pull-apart ») du Ghab et

les monts du Liban (zone en transpression).

Les mécanismes focaux (CMT Harvard) des séismes récents indiquent des axes P de
direction NNW-SSE liés a des failles décrochantes. Ces mécanismes illustrent la déformation active
et la présence de failles décrochantes de direction Nord-Sud accompagnées de failles normales
associées aux bassins en « pull-apart». Les vitesses de déformation obtenues par la géodésie
spatiale (GPS) varient de 5.6 to 7.5 mm/an en accord avec les récentes investigations
paléosismiques et archéosismiques. En paralléle, d’autres questions sur le cycle sismique, la
segmentation et la période de récurrence des forts séismes le long de la faille du Levant au nord du

Liban restent posées.

Cette these traite des aspects de I’activité sismique a long terme le long de la faille du
Levant et apporte quelques réponses sur le comportement des ces failles a travers les recherches que

j’ai entrepris par des études de terrain couplées avec I’analyse des documents historiques. D’autre

XIII



part, ce travail a été effectué¢ notamment dans le cadre du projet européen APAME (projet réalisé de
mars 2003 a septembre 2006 et intitulé « Archéo-Paleoseismology for the protection of cultural
heritage in the Middle East » (EC contract ICA-CT-2002-10024). En outre depuis 1999 et dans le
cadre de mon activité professionnelle, j’ai également contribué au projet “Seismic Data for Siting
and Site-Revalidation of Nuclear Facility” sous le patronage de 1’Agence Internationale de
I’Energie Atomique (IAEA, Vienne) pour I’étude de 181 événements sismiques historiques (voir

Chapitre IV).

Les problémes de la sismicité épisodique en Syrie et les observations de terrain (faille et
sites archéologiques) ont motivé mon intérét a 1’analyse de la sismicité historique, aux travaux de

aléosismicité et d’archéosismicité, et a 1’évaluation de 1’aléa sismique dans la région.
b

Cette thése s’organise suivant 5 chapitres principaux accompagnés d’un chapitre introductif,
d’un chapitre de conclusions générales avec en annexe les articles publiés (ou en voie de

publication) et rapports préparés dans le cadre de mes travaux de recherche.

Apres le premier chapitre I Introduction qui présente essentiellement les motivations et le

contexte de ce travail.

Le chapitre II intitulée « Active faults and their relationships to earthquakes » traite des
aspects fondamentaux de la rupture sismique et des déformations de surface. Les méthodes et
procédures d’étude des documents historiques dans le contexte des anciennes civilisations sont
exposées en paralléle aux évaluations des intensités macrosismiques. Je présente ¢galement les
principes et approches de la paléosismologie et de I’archéosismologie et I’intégration des données

historiques et géologiques dans 1’évaluation de I’aléa sismique.

Le chapitre III présente le contexte sismotectonique de la région libano-syrienne et du sud
de la Turquie. J’analyse dans cette partie la géodynamique et les mécanismes au foyer et leur
signification par rapport au domaine tectonique (bati géologique, tectonique Mio-Pliocéne et
Quaternaire), du volcanisme, des caractéristiques de la lithosphére continentale et de la relation

plaque Arabe et Afrique le long de la faille du Levant.

Le chapitre IV traite de la sismicité historique depuis 1365 avant JC a 1900 ; ce travail a

fait I’objet d’une publication dans Annals of Geophysics :

Sbeinati M. R., R. Darawcheh and M. Mouty, (2005), The historical earthquakes of Syria:
an analysis of large and moderate earthquakes from 1365 B.C. to 1900 A.D. ANNALS OF
GEOPHYSICS 48, N. 3, June 2005, pp. 347-435.
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Les sources originales ont été identifiées et étudiées pour la préparation d’un catalogue
paramétrique unifi¢ et homogene. J’ai étudié 181 séismes historiques et évalué les intensités
macrosismiques de chaque localité¢ liées aux événements les plus significatifs en utilisant les
méthodes et échelles standards (EMS-92, EMS-98) telle qu’employées en Italie, Russie, Royaume
Uni et Iran. De nombreux documents en Arabe, Latin, Byzantin et Assyrien ont fait I’objet d’un
examen détaillé pour I’identification de séismes historiques non mentionnés dans les travaux
précédents. J’ai étudi¢ en particulier les descriptions détaillées des effets li€s aux séismes majeurs
telles que rapportées dans les sources arabes. Ces effets comprennent les séismes précurseurs, les
répliques, les ruptures en surface, la liquéfaction des sols, les glissements de terrain, les tsunamis,
les feux et les dégats des constructions. Un catalogue paramétrique de 36 séismes majeurs est

préparé incluant les localisations épicentrales, les intensités maximum et minimum (V < I < IX) et

les magnitudes estimées. Les calculs effectués pour ce catalogue indiquent des paramétres
complétés pour des magnitudes Mg > 6.5 et constituent une contribution considérable pour une

¢valuation réaliste de 1’aléa et du risque sismiques en Syrie.

Le chapitre V traite des travaux en archéosismologie et paléosismologie effectués sur des

sites spécifiques favorables a I’étude du comportement a long terme des ruptures sismiques.

Auparavant, un inventaire des sites archéologiques affectés par des tremblements de terre est

présenté. En Appendis une publication les résulta de I’investigation de 5 sites archéologiques

Sbeinati M. R., R. Darawcheh, and M. Mouty (1994). Field archeological evidences of
seismic effects in Syria, in Materials of the CEC Project “Review of Historical Seismicity
in Europe” — vol. 2., Albini P. and A. (edit.), CNR — Consiglio Nazionale delle Ricerche,
Milano, Italy.

Apres un rapport interne (en Arabe) présent I'introduction dédi¢e a la nomenclature et
typologie des effets des sé¢ismes sur les constructions anciennes. J’ai pu décrire plus de 18 sites qui
montrent des indices de destruction que j’attribue a des sollicitations sismiques. Les évidences de
terrain montrent des décrochements latéraux de pierres de taille, des ruptures a travers les murs et

pierres de taille, des basculements et torsions de constructions et effondrements d’édifices.

Sbeinati M. R., (1994), Evidences of Historical Earthquake Damages in some
Archeological in Syria, (Internal report in Arabic) Atomic Energy Commission of Syria,

Damascus, Syria.
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An outre rapport présent 1’étudiés des 13 sites archéologiques affectés par des tremblements
de terre est situé¢ le long de la faille du Levant et chaque site a livré un age et un degré de

destruction suivant la classification des intensités de 1’échelle EMS-92 ou MSK-64.

Sbeinati M. R. and Darawcheh R., (1998). Archaeological Evidences of Earthquake
Damage in Syria, research project “Seismic Data for Siting and Site-Revalidation of
Nuclear Facility” (contract No. 6247/R3/RB), Atomic Energy Commission of Syria
(AECS) and the International Atomic Energy Agency (IAEA), Damascus, Syria.

Etant donné mon implication dans les études de I’aqueduc faillé¢ d’Al Harif, je présente les
investigations détaillées des excavations, tranchées et analyse des carottes de travertins-tufa

accumulés sur les parois de I’édifice Romain. Une publication est en révision:

Sbeinati et al., (2010), Timing of Earthquake Ruptures at the Al Harif Roman Aqueduct
(Dead Sea fault, Syria) from Archeoseismology, Paleoseismology and Tufa Cores,

submitted to Geological Society of America Bulletin, Special Issue on “Ancient
Earthquake” (Accepted April 2010)

Ces ¢tudes et analyses rendent compte directement des caractéristiques de la faille et du

cycle sismique associ¢ au cours des derniers 3000 ans.

Les ruptures cosismiques découvertes dans le « Krak des Chevaliers » est le deuxiéme
exemple qui illustre la déformation sismique sur un site archéologique important (classée
monument historique). La datation de ’effondrement des colonnes de I’Agora dans la ville
archéologique Apamea (2 - 3eme siecle avant JC) livre des évidences sur I’occurrence de séismes
majeurs anciens non répertoriés dans les catalogues. Les fouilles archéologiques sur la destruction
d’un monastére byzantin a Deir Dahess rend compte de I’intensité du séisme historique de 526.
L’ensemble de ces travaux a bénéfici¢ de plus de 70 datations au C14 et m’a permis de complété le

catalogue de sismicité pour la période antéricure a la civilisation byzantine.

L’intégration de la sismicité historique avec les données archéosismologiques et
paléosismologiques pour I’évaluation de 1’aléa sismique constitue la majeure partie du chapitre VI.
Un traitement statistique de la sismicité historique et instrumentale suivant la loi Gutenberg-Richter
nous livre la fréquence des séismes en fonction de la magnitude. Cette analyse est couplée par une
détermination de la période de récurrence des séismes majeurs contrainte par les résultats des études
archéosismologiques et paléosismologiques. Le couplage des approches déterministes et
probabilistes est utilis¢ pour le calcul de I’aléa sismique. La possibilit¢ de réaliser des cartes
isoséistes pour des séismes historiques a rendu possible le calcul d’une loi d’atténuation pour la
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Syrie occidentale. La prise en compte des caractéristiques des ruptures sismiques (initiation et
terminaison en fonction de la géométrie des failles) m’a aidé au développement de modeles de
mouvement et accélération des sols et a I’établissement de cartes d’iso-accélération. Ces cartes et la
période de récurrence des forts séismes constituent un élément important dans le calcul de I’aléa

sismique le long de la faille du Levant en Syrie.

En conclusion (chapitre VII), les travaux de cette thése montrent essentiellement
I’importance de l’approche multidisciplinaire dans I’étude des séismes historiques et ruptures
sismiques associ¢es. En effet, la combinaison des travaux sur les archives historiques avec les
approches en sismologie, paléosismologie, archéosismologie et évaluation de I’aléa sismique a été
nécessaire pour comprendre la répartition spatiale et temporelle de la sismicité le long de la faille du
Levant. L’ensemble des sites historiques et archéologiques ¢tudi¢ a permis de mieux contraindre les
effets des séismes sur les constructions et édifices et leur degré de destruction. L’établissement de
cartes isoséistes pour des séismes historiques n’a été possible que grace a la richesse des
descriptions contenues dans les différentes archives. La segmentation de la faille (suivant les
discontinuités géométriques), la répartition des destructions liées aux séismes historiques et les
évidences des déplacements historiques et pré-historiques m’a permis d’établir la relation entre des
ruptures cosismiques historiques et les caractéristiques des segments de faille. Plusieurs séismes
auparavant décrits dans les sources historiques ont été identifiés dans les sites archéologiques et
dans les tranchées paléosismolgoques. L’intégration des différents données et résultats a également

permis une meilleure évaluation de 1’aléa sismique en Syrie occidentale.

En suivant, je présente les différents travaux publié¢s ou en voie de publication dans des revues de

rang A:

Publications:

Sbeinati M. R., R. Darawcheh, and M. Mouty (1994). Field archeological evidences of seismic
effects in Syria, in Materials of the CEC Project “Review of Historical Seismicity in Europe” —
vol. 2., Albini P. and A. (edit.), CNR — Consiglio Nazionale delle Ricerche, Milano, Italy. (in
the Appendix section)

Darawcheh, R., Sbeinati, M.R., Margottini, C., and Paolini, S., (2000), The 9 July 551 A.D. Beirut
earthquake, eastern Mediterranean region: Journal of Earthquake Engineering, v. 4, p. 403—414,
doi: 10.1142/S1363246900000229. (in the Appendix section)
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Meghraoui, M., Gomez, F., Sbeinati, R., Van der Woerd, J., Mouty, M., Darkal, A., Radwan, Y.,
Layyous, 1., Najjar, H., M., Darawcheh, R., Hijazi, F., Al-Ghazzi, R., & Barazangi, M., (2003),
Evidence for 830 years of seismic quiescence from paleoseismology, archeoseismology and
historical seismicity along the Dead Sea fault in Syria, Earth. Planet. Sci. Letters 210, 35-52.
(in the Appendix section)

Gomez, F., Meghraoui, M., Darkal, A., Sbeinati, R., Darawcheh, R., Tabet, C., Khawlie, M.,
Charabe, M., Khair, K., and Barazangi, M., (2001), Coseismic displacements along the
Serghaya Fault: an active branch of the Dead Sea Fault System in Syria and Lebanon, J. Geol.
Soc. London 158, 405 — 408. (in the Appendix section)

Sbeinati M. R., R. Darawcheh and M. Mouty, (2005), The historical earthquakes of Syria: an
analysis of large and moderate earthquakes from 1365 B.C. to 1900 A.D. ANNALS OF
GEOPHYSICS 48, N. 3, June 2005, pp. 347-435. (in Chapter IV)

Alchalbi et al., and 15 authors (2009), Crustal deformation in northwestern Arabia from GPS
measurements in Syria: Slow slip rate along the northern Dead Sea Fault, Geophys. J. Int.

(2009), doi: 10.1111/5.1365-246X.2009.04431 x. (in the Appendix section)

Sbeinati et al., (2010), Timing of Earthquake Ruptures at the Al Harif Roman Aqueduct (Dead Sea
fault, Syria) from Archeoseismology, Paleoseismology and Tufa Cores, submitted to

Geological Society of America Bulletin, Special Issue on “Ancient Earthquake” (Accepted
April 2010). (in Chapter V)
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Summary of Ph.D Thesis of Mohamed Reda SBEINATI
EOST - IPG Strasbourg

Title : Historical Seismology, Paleo-Archeoseismology and seismic hazard

along the Dead Sea Fault in Syria

The aim of this work is the study of major earthquakes along the Dead Sea Fault (DSF) in
Syria. The Middle East region is among the few seismically active regions that have a rich and long
historical seismicity catalogue with major events that date several centuries BC. Several previous
works report the occurrence of large and destructive earthquakes (with M > 7) along the fault.
Although a considerable work on their seismic characteristics has been achieved, the analysis of
historical documents and field observations were, however, still needed in order to prepare a
parametric catalogue of historical and instrumental earthquakes necessary for a realistic seismic

hazard evaluation.

The seismicity of Syria can be qualified as moderate if we restrict the period of study to the
last 2 centuries. The instrumental and historical seismicity during this period indicate magnitudes M
< 5.5 accompanied by a clear clustering of events along the Dead Sea Fault (DSF) and at the
intersection with the East Anatolian Fault. However, a seismic gap appears clearly between the

Ghab pull-apart basin and the Lebanese restraining bend.

A compilation of focal mechanisms (from Harvard CMT, Mednet and Salomon) indicates a
NNW-SSE trending P axes along the DSF strike-slip fault. These mechanisms illustrate the stress
distribution along the main active zones of western Syria with transpressive deformation and
normal faulting in pull-apart basins. Slip rates range between 5.6 to 7.5 mm/yr. are estimated from
geological, paleoseismological studies and in good agreement with results of GPS campaigns. In
parallel, the return period of large earthquakes, related seismic cycle, fault segmentation and its

long term behavior are the main issues to be addressed throughout our work.

The episodic seismicity of Syria (with the Missyaf seismic gap and quiescence period since
the Middle Age) have increased my interest in the historical seismicity, paleoseismology and
archeoseismology, and the seismic hazard assessment. In this work, the problem of long term
seismic activity along the DSF is addressed from field investigations in archeoseismology,

paleoseismology and the analysis of historical documents. This work benefited from the support of

XIX



the EC funded APAME Project [« Archéo-Paleoseismology for the protection of cultural heritage
in the Middle East » (EC contract ICA-CT-2002-10024), from March 2003 to September 2006]. In
parallel, I also benefited from the support of the project “Seismic Data for Siting and Site-
Revalidation of Nuclear Facility” under the coordination of the International Atomic Energy

Agency (IAEA, Vienne) for the study of 181 historical seismic events (see Chapter IV).

This thesis is organized into 5 main chapters accompanied by an introductory chapter I and a
chapter VII of general conclusions with 2 appendixes for published articles in international journals

and professional reports prepared in the frame of my scientific research program.

The introduction in chapter I shows the general tectonic and seismological context of the

work, the main issues, motivations and structure of the work.

Chapter II titled « Active faults and their relationships to earthquakes » presents the
fundamental aspects in active tectonic studies and the main concepts and theory of earthquake
ruptures and surface faulting and deformation. The methods and approaches used to document the
analysis of historical documents and its parametric component, and field investigations in
archeoseismology and paleoseismology are presented with the integration of seismic parameters in

the seismic hazard evaluation.

The active tectonics and seismotectonic context is presented in chapter III where the plate
tectonics between Arabia, Africa-Sinai and Anatolia shows the regional geodynamics. The detailed
fault mapping, geological and volcanic setting since the Miocene and the focal mechanism solutions

provide some constraints on the lithospheric deformation along the plate boundary in western Syria.

The historical seismicity between 1365 BC and 1900 is documented in chapter IV through
the extensive description of seismic events and their sources; this work is published in Annals of

Geophysics:

Sbeinati M. R., R. Darawcheh and M. Mouty, (2005), The historical earthquakes of Syria:
an analysis of large and moderate earthquakes from 1365 B.C. to 1900 A.D. ANNALS OF
GEOPHYSICS 48, N. 3, June 2005, pp. 347-435. See chapter IV

The original sources have been studied in order to prepare a unified and homogeneous
catalogue of 181 past events, with an estimate of macroseismic intensity using standard
macroseismic scaling (EMS-92 and EMS-98) as already tested in Italy, Russia, United Kingdom
and Iran. In a collaborative work with some colleagues, numerous historical documents in Arabic,

Latin, Byzantine and Assyrian were studied for the identification of past earthquakes with some of
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them not mentioned in previous works. In particular, I have studied in detail the effects of major
earthquakes in Arabic manuscripts. The study includes foreshocks and aftershocks, surface ruptures,
soil liquefaction, landslides, tsunami, fires and building collapses. A parametric catalogue of 36
major earthquakes is prepared with their epicentral location, maximum and minimum intensities (V

< I, £ IX) and estimated magnitudes. Our calculation shows a completed parametric catalogue

for Ms> 6.5 and contributes to a better estimate of the seismic hazard and risk in Syria.

Chapter V documents the field investigations in archeoseismology and paleoseismology
along the DSF with a particular attention to some specific archeological sites that allow the study of

seismic ruptures and their long term behaviour.

Previously, inventory studies of archeological sites that underwent earthquake damage were

conducted, the study of 5 archeological sites presented in the Appendix:

Sbeinati M. R., R. Darawcheh, and M. Mouty (1994). Field archeological evidences of
seismic effects in Syria, in Materials of the CEC Project “Review of Historical Seismicity
in Europe” — vol. 2., Albini P. and A. (edit.), CNR — Consiglio Nazionale delle Ricerche,
Milano, Italy.

Afterword; An internal report (in Arabic) presents an introduction on the nomenclature and
typology of seismic effects on ancient buildings. In this report, I have described 18 archeological
sites with clear earthquake-induced damage with field evidence of displaced key stones of aches in
Roman buildings, cracks, ruptures, waving and rotation in stones of walls, and collapse of

constructions.

Sbeinati M. R., (1994), Evidences of Historical Earthquake Damages in some
Archeological in Syria, (Internal report in Arabic) Atomic Energy Commission of Syria,

Damascus, Syria.

Another report covered 13 archeological sites distributed on the main active fault zones in
Syria describes the types of historical earthquake damages with attribution to each site a degree of

destruction following the classification given by EMS-92 or MSK-64 scales.

Sbeinati M. R. and Darawcheh R., (1998). Archaeological Evidences of Earthquake
Damage in Syria, research project “Seismic Data for Siting and Site-Revalidation of
Nuclear Facility” (contract No. 6247/R3/RB), Atomic Energy Commission of Syria
(AECS) and the International Atomic Energy Agency (IAEA), Damascus, Syria.
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The detailed archeoseismic work that I conducted for the study of the Al Harif aqueduct is
presented throughout the excavations, trenching and analysis of Tufa deposits and collected cores.

An article has been submitted for publication:

Sbeinati et al., (2010), Timing of Earthquake Ruptures at the Al Harif Roman Aqueduct
(Dead Sea fault, Syria) from Archeoseismology, Paleoseismology and Tufa Cores,

submitted to Geological Society of America Bulletin, Special Issue on “Ancient

Earthquake” (accepted April 2010). See Chapter V

These studies and related analyses describe the faulting behavior and seismic cycle during

the last 3000 years along the Missyaf segment of the DSF.

In parallel, I also conducted detailed works in 3 other different sites: The seismic ruptures
discovered in the fortress « Krak des Chevaliers » (classified historical monument) immediately
west of the DSF illustrate the seismic deformation associated with a moderate earthquake taking
place between 1285 AD and 1295 AD. The collapse of main colonnades in the city of Apamea (II —
II century BC) and a building collapse with deposited fire ashes indicate the occurrence of two
major events in 420 — 570 AD and during the XII century. Archeological investigations at Deir
Dahess show clear building collapses at different locations which can be dated around 526 AD and
may be correlated to the 29 May 526 large earthquake that affected Saint Simon. The archeoseismic
and paleoseismic investigations benefited from more than70 radiocarbon dating that help in the

determination of past earthquakes during the pre-Islamic period.

The integration of data and results from the historical seismicity, archeoseismology and
paleoseismology are prepared for the seismic hazard evaluation in chapter VI. A statistical analysis
of seismicity catalogue (both instrumental and historical) following the Gutenberg-Richter relation
provides the frequency of past events as a function of their magnitude. The analysis is coupled with
the determination of recurrence time of large seismic events for different fault segments. The use of
both deterministic and probabilistic approaches for the seismic hazard calculation allowed us to
estimate peak ground acceleration and prepare maps for different scenarios of earthquake faulting.
These maps and estimated return period of large earthquakes in zones of seismic gaps along the
DSF constitute an important element for the seismic hazard and risk in Syria and surrounding

regions.

The conclusion in chapter VII indicates the importance of multidisciplinary approaches in
the study of past earthquakes. The combined studies of historical documents with field

investigations in archeoseismology and paleoseismology provide with some insights on the physics
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of seismic ruptures and seismic damage to ancient buildings. The spatial and temporal distribution
of large earthquakes observed from the historical catalogue is now constrained with physical
observation of faulting episodes in excavations and trenching. Several past earthquakes described
only in historical archives are now documented using archeoseismic and paleoseismic
investigations and their seismic parameters listed in the parametric catalogue. The integration of
different datasets with the seismic parameters of fault segments allows a better evaluation of the

seismic hazard and risk in Syria.

I present in the following the titles of published articles prepared in the framework of my

research during the thesis preparation.

Publications:

Sbeinati M. R., R. Darawcheh, and M. Mouty (1994). Field archeological evidences of seismic
effects in Syria, in Materials of the CEC Project “Review of Historical Seismicity in Europe” —
vol. 2., Albini P. and A. (edit.), CNR — Consiglio Nazionale delle Ricerche, Milano, Italy. (in
the Appendix section)

Darawcheh, R., Sbeinati, M.R., Margottini, C., and Paolini, S., (2000), The 9 July 551 A.D. Beirut
earthquake, eastern Mediterranean region: Journal of Earthquake Engineering, v. 4, p. 403—-414,
doi: 10.1142/S1363246900000229. (in the Appendix section)

Meghraoui, M., Gomez, F., Sbeinati, R., Van der Woerd, J., Mouty, M., Darkal, A., Radwan, Y.,
Layyous, 1., Najjar, H., M., Darawcheh, R., Hijazi, F., Al-Ghazzi, R., & Barazangi, M., (2003),
Evidence for 830 years of seismic quiescence from paleoseismology, archeoseismology and
historical seismicity along the Dead Sea fault in Syria, Earth. Planet. Sci. Letters 210, 35-52.
(in the Appendix section)

Gomez, F., Meghraoui, M., Darkal, A., Sbeinati, R., Darawcheh, R., Tabet, C., Khawlie, M.,
Charabe, M., Khair, K., and Barazangi, M., (2001), Coseismic displacements along the
Serghaya Fault: an active branch of the Dead Sea Fault System in Syria and Lebanon, J. Geol.
Soc. London 158, 405 —408. (in the Appendix section)

Sbeinati M. R., R. Darawcheh and M. Mouty, (2005), The historical earthquakes of Syria: an
analysis of large and moderate earthquakes from 1365 B.C. to 1900 A.D. ANNALS OF
GEOPHYSICS 48, N. 3, June 2005, pp. 347-435. (in Chapter IV)
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Alchalbi et al., and 15 authors (2009), Crustal deformation in northwestern Arabia from GPS
measurements in Syria: Slow slip rate along the northern Dead Sea Fault, Geophys. J. Int.

(2009), doi: 10.1111/j.1365-246X.2009.04431.x. (in the Appendix section)

Sbeinati et al., (2010), Timing of Earthquake Ruptures at the Al Harif Roman Aqueduct (Dead Sea
fault, Syria) from Archeoseismology, Paleoseismology and Tufa Cores, submitted to
Geological Society of America Bulletin, Special Issue on “Ancient Earthquake” (Accepted
April 2010). (in Chapter V)
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Sbeinati M. R., R. Darawcheh, and M. Mouty (1994). Field archeological evidences of
seismic effects in Syria, in Materials of the CEC Project “Review of Historical Seismicity
in Europe” — vol. 2., Albini P. and A. (edit.), CNR — Consiglio Nazionale delle Ricerche,
Milano, Italy.
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Sbeinati M. R., (1994), Evidences of Historical Earthquake Damages in some
Archeological in Syria, (Internal report in Arabic) Atomic Energy Commission of Syria,

Damascus, Syria.
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Sbeinati M. R. and Darawcheh R., (1998). Archaeological Evidences of Earthquake
Damage in Syria, research project “Seismic Data for Siting and Site-Revalidation of
Nuclear Facility” (contract No. 6247/R3/RB), Atomic Energy Commission of Syria
(AECS) and the International Atomic Energy Agency (IAEA), Damascus, Syria.
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Sbeinati et al., (2010), Timing of Earthquake Ruptures at the Al Harif Roman Aqueduct
(Dead Sea fault, Syria) from Archeoseismology, Paleoseismology and Tufa Cores,

submitted to Geological Society of America Bulletin, Special Issue on “Ancient
Earthquake” (accepted April 2010). (See Chapter V)
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Sbeinati M. R., R. Darawcheh, and M. Mouty (1994). Field archeological evidences of seismic
effects in Syria, in Materials of the CEC Project “Review of Historical Seismicity in Europe” —
vol. 2., Albini P. and A. (edit.), CNR — Consiglio Nazionale delle Ricerche, Milano, Italy. (in
the Appendix section <lisle aud 9

Darawcheh, R., Sbeinati, M.R., Margottini, C., and Paolini, S., (2000), The 9 July 551 A.D. Beirut
earthquake, eastern Mediterranean region: Journal of Earthquake Engineering, v. 4, p. 403—-414,
doi: 10.1142/S1363246900000229. (in the Appendix section <lisldl aud 4)
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Figure Captions of Chapter 11

la: Fault nomenclature for (a) normal fault, (b) oblique-slip normal fault. Band is a
sedimentary bed offset by fault (modified from Yeats, 1997).

1b: orientation of conjugate fault planes (shaded) with respect to principal stress directions
(o1, 02, 03) in isotropic rock for (a) normal faults, (b) reverse faults, (c) strike-slip faults.
The faults are shown on left as block diagrams, and on the right in stereographic projection,
to visualize the stereographic projection, imagine that you are looking at the inside of half
sphere, its lower hemisphere concave downward into the page. The circle is the
circumference of the sphere intersecting a horizontal plane. The lines are the intersection of
planes that pass through the center of the sphere with the lower hemisphere surface. Strike-
slip faults dip=90° and show as a straight line; normal and reverse faults dip<90° and show

as curved lines (modified from Yeats, 1997).

Figure 2: Basic models of fault slipping.

Figure

Figure

Figure

Figure

3: Simple earthquakes recurrence models: (a) Reid’s perfectly periodic model; (b) time-
predictable model; (c) size-predictable model (modified from Scholz, 1990).

4: Simplified forms of the earthquake deformation cycle. Cumulative deformation (e.g.,
strain, tilt, displacement) is plotted as a function of time. Step offsets correspond to the
occurrence times of major earthquakes. Dashed lines show level at which failure occurs; the
level varies with the effects of long-term inelastic deformation (modified from Scholz,
1990).

5: Surface displacements (parallel to the fault strike) associated with several representative
strike-slip faults for comparison with the predictions of the vertical strike-slip model.
Broken lines show corrections for the hypothetical strain accumulation during the period
between pre- and post-earthquake surveys (modified from Kasahara, 1981).

6: Knopoff’s model applied to a vertical strike-slip fault intersecting the surface

Displacement and stress as a function of depth are shown (modified from Kasahara, 1981).

Figure 7: Surface displacement parallel to fault (1) as a function of distance from the fault; (x,) for

the vertical strike-slip fault model shown in the figure II-8. in this figure, u; and x are given
in normalized units, taking u,, and D respectively as normalizations (modified from

Kasahara, 1981).
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Figure 8: Displacement fields associated with vertical fault model for dip-slip (modified from
Kasahara, 1981).

Figure 9: Schematic diagram showing the increase in size and extent of two types of paleoseismic
evidence with increasing earthquake moment magnitude (M), based on measurements
following historic earthquakes. The left side of the diagram shows the dimensions of surface
faulting (primary evidence) observed in historic earthquakes of various magnitudes. Shaded
areas schematically represent the dimensions of surface deformation but are not to scale.
Values for lengths (beneath shaded areas) and maximum displacement (to right of the
shaded areas). The threshold zone, showing the lower magnitude limit of surface faulting
earthquakes. The right side of the diagram shows areas affected by coseismic landsliding
(secondary evidence); areas are not to scale. The largest area (>300,000 km?2) is for My, 9.2
1964 Alaskan earthquake from (McCalpin, 1996).

Figure 10: Flowchart illustrates the models of fault behaviour according to Nakata and shimazaki
(1981), Schwartz and Coppersmith (1984) an Sieh (1996).

Figure 11: Models of fault behaviour (Schwartz and Coppersmith, 1984; Sich, 1996).

Figure 12: General view of the Agora, at Apamea where the columns fallen down in a unified East
West direction.

Figure 13: Illustration of the comparison in steps between the Macroseismic data and Instrumental
data procedures (modified from Stucchi, 1994).

Figure 14: Basic steps of deterministic seismic hazard analysis (from Reiter, 1990).

Figure 15: Basic steps of probabilistic seismic hazard analysis (from Reiter, 1990).

Figure Captions of Chapter 111

Figure 1: General regional plate tectonic map of the Arabian and adjacent plates. Focal mechanism
are Harvard-CMTand GPS velocities are from Reilinger et al. (2006)

Figure 2: Tectonic map of Syria in Brew 2001

Figure 3: Map of historical seismicity from 37 A.D .to 1900 A.D.

Figure 4: Map of instrumental seismicity for 1900-2008

Figure 5 Map of focal mechanism (Harvard CMT, Reasenberg & Oppenheimer 1985 Salamon et
al., 2003,and Pondrelli et al., 2002) and GPS velocities (Reilinger et al., 2006; Alchalbi et
al., 2009)

Figure 6: Sections of instrumental earthquakes from 1900 to 2008
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Figure Captions of Chapter IV

Figure 1: Summary of major fault zones of the northern Arabian plate (redrawn from Garfunkel ez
al., 1981; Barazangi et al., 1993).

Figure 2: Map of Syria showing the seismicity during 1900-1993 (Sbeinati, 1993).

Figure 3: Standard nomograph for determining local depht of shallow earthquakes from
macroseismic data (area of isoseismal Si, their average radius 77, or distance to points of
known intesity A7), for attenuation coefficient /= 3.5 (Shebalin, 1970).

Figure 4: Standard nomograph of M, A, A and /. It is averaged for shallow earthquakes (b =
1.5, 7= 3.5, ¢=3) (Shebalin, 1970).

Figure 5: Map of intensity distribution for July 9, 551 A.D. earthquake. F — felt; D — damage; LS —
landslide, and SW — Sea-Wave. Triangles represent possible damaged archaeological sites
(Darawcheh et al., 2000).

Figure 6: Map of intensity distribution for the December 859-January 860 A.D. earthquake.

Figure 7: Map of intensity distribution for July-August, 1063 earthquake.

Figure 8: Map of intensity distribution for November 1114 earthquake.

Figure 9: Map of intensity distribution for August 12, 1157 earthquake.

Figure 10: Map of intensity distribution for June 29, 1170 earthquake.

Figure 11: Map of intensity distribution for January 21, 1626 earthquake.

Figure 12: Map of intensity distribution for August 13, 1822 earthquake (Ambraseys, 1989).

Figure 13: Map of intensity distribution for August 13, 1822 earthquake.

Figure 14: Detailed map of intensity distribution for August 13, 1822 earthquake, between
Antakia and Aleppo.

Figure 15: Map of intensity distribution for the 53 A.D. earthquake.

Figure 16: Map of intensity distribution for May 20, 1202 earthquake (Ambraseys and Melville,
1985). Shaded zone is the most affected region.

Figure 17: Map of intensity distribution for December 29, 1408 earthquake.

Figure 18: Map of intensity distribution for April 3, 1872 earthquake (Ambraseys, 1989).

Figure 19: Map of intensity distribution for April 3, 1872 earthquake.

Figure 20. Map of intensity distribution for November 25, 1759 earthquake (Ambraseys and
Barazangi, 1989).

Figure 21. Map of Syria and the surroundings showing the distribution of historical earthquakes
epicenters (circles). Dates of earthquakes are listed in table I. DSF — Dead Sea Fault system;
EAF — Eastern Anatolian Fault system; EFS — Euphrates Fault System; GF — Al-Ghab Fault;
RSF — Ar-Rassafeh Fault; RF — Roum Fault; SF — Serghaya Fault; SPF — Southern Palmyride
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Fault; YF — Al-Yammouneh Fault (faults are compiled from McBride et al., 1990;
Barazangi et al., 1993; Gomez et al., 2001).

Figure 22. Map of instrumental (red circles) and historical (yellow triangles) seismicity of Syria and

surrounding region.

Figure 23. Map of cumulative main historical earthquake damage distribution in Syria and

surrounding region.

Figure 24. The completeness plot of the parametric catalogue (N: number of earthquakes).

Figure A.1. Major cities affected by the historical earthquakes in Syria and the surroundings.

Figure

A.2. Localities affected by the historical earthquakes in Western and Northern Syria. Fig.

A.3. Localities affected by the historical earthquakes in and around Palestine.

Figure Captions of Chapter V

Figure 1: Map of Syria showing the studied Archeological sites and the major faults.

Figure Captions of GSA Paper in Chapter V

Figure

1: a) Seismicity (historical before 1900 and instrumental till 2004) along the Dead Sea fault
(data from merged ISC, EMSC and the APAME Project catalogue). Focal mechanism
solutions are from Harvard CMT. The black frame indicates the Missyaf fault segment (see
also Figure 3). b) Fault zone (black line; Meghraoui et al., 2003; Gomez et al., 2003; Elias,
2006; Nemer et al., 2008) and GPS velocities (red arrows with Eurasia fixed; Reilinger et
al., 2006; Gomez et al., 2007; Le Beon et al., 2008; Alchalbi et al., 2009) emphasizing the
left-lateral movements between the Sinai Block and Arabia plate. Thick line is strike slip

fault; thin line is thrust fault.

Figure 2: Major historical earthquakes (white dots) and areas of maximum damage (shaded) for the

Figure

29 June 1170 earthquake (Io=IX using EMS98 intensity definition of Grunthal, 1998) as
recorded along the northern Dead Sea Fault (local intensities are from Guidoboni, 2004 and
Sbeinati et al., 2005). The shaded area of maximum damage (Io = IX) for the AD 1170 large
earthquake is along the Missyaf fault segment and Ghab Basin (see also Figures 1b and 3 for
legend) and overlaps with the maximum intensity VIII (MSK, black dashed line) as drawn
by Ambraseys (2009).

3: The 80-km-long Missyaf fault segment and the Al Harif Roman Aqueduct site. The
background topography (SRTM 30 arc-sec posting digital elevation model;, Farr and
Kobrick, 2000) clearly delineates the fault segment (arrowheads) in between the Ghab and

Al Boqueaa pull-apart basins. The Roman aqueduct at Al Harif (see also Figure 4) was
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Figure

designed to bring fresh water from western ranges to Apamea and Shaizar. LRB is for
Lebanese Restraining Bend.

4: a) Satellite view from Google Earth showing offset Al Harif Aqueduct (black arrow)
along the DSF (white arrows); b) local geomorphologic framework of the aqueduct site as
interpreted from Figure 4a indicating a shutter ridge (Mesozoic limestone east of the fault)
and ~ 200 m of left-lateral offset. Blue arrow is for stream flow. See Figure 5 for the

detailed aqueduct map and location of excavations and trenches.

Figure 5: Microtopographic survey (0.05 m contour lines) of the Al-Harif Aqueduct and related flat

alluvial terrace. The aqueduct (thin blue crosses) shows a total 13.6 +0.20 m of left-lateral
slip along the fault zone (Meghraoui et al., 2003). Roman numbers indicate archeseismic
excavations (in reddish and orange labeled I to IV) and letters indicate paleoseismic trenches
(in grey and black labeled A, B, C and E). The dragged wall fragment is located between

excavation IV and trench E and is marked by a dense cluster of survey points.

Figure 6: a) Schematic sketch of the aqueduct and locations of the selected cores BR3, 5 and 6; BR4

core sample consists in tufa accumulation at the location of the missing (broken) piece of the
aqueduct wall near the fault. Mosaic of the archeological excavation I is detailed in Figure 8
b (see also location in Figure 5). b) Core section BR4 showing the limit between the wall

stone and tufa deposits.

Figure 7: Schematic sections of the aqueduct western wall and related tufa deposits ( B, C, D and E

Figure

indicate earlier core sections of tufa deposits (Meghraoui et al., 2003). Tufa samples AQ-Tr
B13 and AQ-Tr D5 (Table 1) are from cores B and D, respectively. The right and left
vertical sections show the relative tufa thickness of the original built part (with Opus
caementum and quadratum stones) and the rebuilt part, respectively. The plan view indicates
the variation of tufa deposition and shows the cores distribution and related depths along the
western wall of the aqueduct.

8: a) view of the fault zone from the western aqueduct wall, the dragged wall piece and
eastern wall (string grid is I m x 1 m). Log of trench-excavation E is in Figure 7c; b) Mosaic
of excavation I exhibits the main fallen wall (A and B) and dragged wall piece (C), scattered
wall pieces and the fault zone; note also location of cement sample CS 1 to 4 (see text for
explanation); c¢) Trench E (excavation I, north wall) exposes faulted sedimentary units below
the archeological remains and wall fragment C visible in bottom of Figure 7 b; fz is for fault
zone, sedimentary units are similar to those of trenches A, B and C (see also Figure 9) and

dating characteristics are in Table 1.

Figure 9: Excavations II (a) and III (b) that expose the aqueduct wall foundation (see also Figure 5)

and related sedimentary units e underneath. The difference in the size of stones (e.g., Opus
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Figure

Figure

Figure

Figure

quadratum and caementum) between excavation Il (a) and excavation III (b) implies a
rebuilding phase of the latter wall.

10: Trench logs A, B and C north of the aqueduct site (see location in Figure 5). All trenches
display the Dead Sea fault zone as a negative flower structure affecting all alluvial units
below unit a. Calibrated C'* dating are in Table 1. Fault branches in trench C are labeled I to
V (see text for explanation). The sedimentary units are very comparable and show 3 to 4
faulting events denoted W to Z (see text for explanation).

11: Synthetic description of cores with lithologic content and sample number for
radiocarbon dating (see Table 1 and Figure 6 for core locations); I stands for major
interruption. The very porous tufa indicates major interruptions in tufa growth (e.g., a major
interruption of core growth in BR3 is visible at about 22 cm (Br 3-4 sample; see text for
explanation). The correlation between major interruptions of tufa growth and faulting events
in trenches and archeoseismic building constrains the timing of repeated earthquakes along
the Missyaf segment of the Dead Sea Fault.

12: a) Calibrated dating of samples (with calibration curve INTCALO4 from Reimer et al.
(2004) with 2c age range and 94.5% probability) and sequential distribution from Oxcal
program (see also Table 1; Bronk Ramsey C., 2001). The Bayesian distribution computes
the time range of large earthquakes (events W, X, Y and Z) at the Al Harif Aqueduct
according to faulting events, building and repair of walls, starts and interruptions of the tufa
deposits (see text for explanation).

13: Correlation of results between paleoseismic trenching, archeoseismic excavations and
tufa analysis. In paleoseismic trenching, the youngest age for event X is not constrained but
it is, however, limited by event Y. In archeoseismic excavations, the period of first damage
overlaps with that of the second damage due to poor age control. In tufa analysis, the onset
and restart of Br3 and Br4 mark the damage episodes to the aqueduct; The growth of Br5
and Br6 shows interruptions [I] indicating the occurrence of major events. Except for the 29
June 1170, previous events have been unknown in the historical seismicity catalogue. The
synthesis of large earthquake events results from the timing correlation between the faulting
events, building repair and tufa interruptions (also summarized in Figure 12 and text).
Although visible in trenches (faulting event X), archeoseismic excavations (first damage)
and first interruption of tufa growth (in Br5 and Br6 cores), the AD 160 - 510 AD age of
event X has a large bracket. In contrast, event Y is relatively well bracketed between AD
625 - 690 with the overlapped dating from trench results, the second damage of the aqueduct

and the interruption and restart of Br3 and onset of Br4. The occurrence of the 1170
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Figure

Figure

earthquake correlates well with event Z of trenches, the age of 3m damage to the aqueduct,
and the age of interruption of Br4, Br5 and Br6.

14: Schematic reconstruction (with final stage from Figure 5) of the AD 160 - 510, AD 625 -
690 and AD 1170 large earthquakes and related faulting of the Al Harif Aqueduct. Except
for the AD 1170 earthquake (see historical catalogue of Sbeinati et al., 2005), the dating of
earthquake events are from Figure 12. The white small section is the rebuilt wall after event
X (see buried wall A and B in Figure 8 b); the subsequent grey piece corresponds to the
rebuilt wall after event Y (see wall section C in Figure 8 b) which was damaged and dragged
after event Z. The earlier aqueduct deformation (warping of the eastern wall near the fault
rupture) may have recorded ~ 4.3 m of coseismic left-lateral slip well preserved during the
subsequent fault movements.

15: Estimated fault-slip behavior and related slip rates (obtained from regression lines) from
two scenarios of possible earthquake occurrence taking into account timing for paleo-
earthquakes as in Figure 12 (with average X (AD 160 - 510) 375 £175, average Y (AD 625-
690) 640 £32, Z (AD 1170) and two different timeframes for W (historical event of 1365
BC and . In both cases, the two regression lines indicate a minimum a maximum slip rate
estimate. In parallel, we assume an average 4.3 m characteristic individual slip consistent
with the cumulative 13.6 m measured on the aqueduct (Figure 5). a). If we assume a
minimum age AD 962 for W (according to the dating in unit f, related rate of sedimentation
and the interface between unit f and unit g in trench C) the slip rate ranges between 6.1
mm/yr and 6.3 mm/yr (dark regression line with 80% correlation coefficient) implying that a
large seismic event is overdue. If we consider the historical catalogue and the BC 1365
earthquake sequence along the DSF for W (grey regression line with 78% correlation
coefficient), the slip rate reduces to 4.9 — 5.5 mm/yr. The question mark indicates that for
both scenarios a large earthquake is overdue along the Missyaf fault segment (according to
the seismic gap and the 4.0 slip deficit). The temporal cluster of 3 large earthquakes in less
than 1000 years suggests a Wallace model of fault behavior with periods of seismic

quiescence reaching ~ 1700 years.

Figure Captions of Chapter V (continued)

Figure
Figure

17: location map of Krak des Chevaliers.

18: Draw by Baron Ray 1859. Facing SW direction (from Tlass, 1990).

Figure 19: General view of the castle from SW.

Figure 20: Space photo of Krak des Chevaliers showing its main structural elements, and the

excavation site.

Figure 21: the construction stages of the Castle, the Mamluk bath and the fracture extension.
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Figure 22: The inner part of the southern outer fence, showing the deflection in the basaltic wall
(red line) and the crack (orange line), the Mamlouk Bath.

Figure 23: The outer part of the southern outer fence, showing the deflection in the basaltic wall as
a constructing system (red lines) in the upper and lower levels, yellow stone represent the
rebuilding stage during the French excavation 1930.

Figure 24: The Northern Eastern part of the outer fence, showing different stages of building and
the red line marking the deflection in the wall as a construction system to strength the
basaltic wall.

Figure 25: Upper photo facing South direction, lower photo vertical shows the horizontal
projection, it showing the trench in the basement of the southern outer fence, orange line:
crack, brown: building stones (limestone), red: bedrock (basaltic rocks), dark brown: soil,
blue: disposal water of the bath, bright brown: building stones of the channel of disposal
water.

Fig. 26: 3 Dimensional Underground public bath at the southern wall of the Krak des Chevaliers
Castle and related earthquake rupture affecting a buried canal.

Figure 27: Probability distribution of C14 ages (Table 2) after ignoring the unqualified samples
obtained from sequential radiocarbon dates using OxCal 3.10 (Bronk Ramsey, 1998). The
calibrated dates (black) are presented with 2c age range (95.4 % density). The age range of
the seismic event (red) is determined using Bayesian analysis probability distribution.

Figure 28: Probability distribution of the Event Z age (1285-1295 AD), after ignoring the
unqualified samples, obtained using the OxCal 3.10 software (Bronk Ramsey, 1998),
presented with 2c age range (95.4 % density).

Figure 29: Location map of Apamea, the pink shaded rectangle is the excavation site (map modified
from Balty, 1999).

Figure 30: General view of the Agora location, showing the direction of the fallen columns, the
photo facing North direction, the green and orange arrows indicate to the excavation in the
Agora and the ‘maison aux colonns bilobées’ respectively.

Figure 31: showing the excavation locations, up photo is the northern palace ‘maison aux colons
bilobees’, photo in middle shows the section in base of the excavated column in the Agora
(the debris thickness above the base of the base of the column), and the photo down showing
the location of the excavated column.

Figure 32: showing the sample locations for C14 dating and their dating results; photos a, b and c,
are sampling in the ‘maison aux bilobees’ to the north of the Agora, photo d showing the

base of the pit and sample distribution.
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Figure 33: Showing the excavation and the three different floors and the thickness of the final debris
layer.

Figure 34: the pit of the Agora, a) Showing the pit beside the base of the column, b) Showing ht jaw
of animal in the base level of the column.

Figure 35: Probability distribution of C14 ages (Table 3) after ignoring the unqualified samples
obtained from sequential radiocarbon dates using OxCal 3.10 (Bronk Ramsey, 1998). The
calibrated dates (black) are presented with 2c age range (95.4 % density). The age range of
the seismic event (red) is determined using Bayesian analysis probability distribution.

Figure 36: Probability distribution of the Event Z age (420 — 570 AD), after ignoring the
unqualified samples, obtained using the OxCal 3.10 software (Bronk Ramsey, 1998),
presented with 2c age range (95.4 % density).

Figure 37: Geological map in Dahess region.

Figure 38: Space photo of Dahess region.

Figure 39: the main parts of Deir Dahess and location of excavation works, redrawn from
(Finkbeiner, 2005)

Figure 40: A vertical section in the northern wall of the trench I, facing North, it shows the debris of
the stone building and the roof tiles.

Figure 41: A vertical section in the southern wall; of the trench I, facing South direction, it shows
the debris of the stone building and the roof tiles, and the charcoal peaces in dark grey which
may the remains of the roof pillars.

Figure 42: A horizontal section of the base of the trench II, it shows the remains of ashes and animal
bones and ash.

Figure 43: The inference to a tomb beneath the church showing the location of the taken samples
from the cement of the wall and the two floor layers.

Figure 44: the remaining northern fagcade wall of the tower showing the reckoning of the building
stones and the destruction (facing south).

Figure 45: a draw of distribution of the fallen building stones of the tower by eng. Ellen Schneiders
(Finkbeiner, 2005)

Figure 46: Coin from early Byzantine period, continue used in the early Islamic period (Deir
Dahess.)

Figure 47: Probability distribution of C14 ages (Table 15) after ignoring the unqualified samples
obtained from sequential radiocarbon dates using OxCal 3.10 (Bronk Ramsey, 1998). The
calibrated dates (black) are presented with 26 age range (95.4 % density). The age range of

the first seismic Event Z is the first earthquake (orange rectangle), the Event Y is the second
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earthquake (light blue rectangle), is determined using Bayesian analysis probability
distribution.

Figure 48: Simplified location map of Deir Dahess and the dating results of samples taken from no.
4 and no. 6 sites,1) Church, 2) Olive oil press, 3) Tower, 4) Domestic rooms, 5) Back yard,
6) Annexed room.

Figure 49: Probability distribution vs calendar age for the main fractions of all sample, The 2c-
calibrations were performed using the OxCal 3.5 software (Bronk Ramsey, 2001) and the
atmospheric data (INTCALO4) are from PJ Reimer et al. (2004).

Figure 50: Probability distribution vs calendar age for the main fractions of the samples from Series
B. The 2c-calibrations were performed using the OxCal 3.5 software (Bronk Ramsey, 2001)
and the atmospheric data (INTCALO4) are from PJ Reimer et al. (2004).

Figure Captions of Chapter VI

Fig. 1 Map of instrumental seismicity for 1900-2008

Figure 2: Major historical earthquakes (yellow dots) and areas of maximum damage for the 29 June
1170 earthquake (in yellow, with white Roman number for EMS98 intensity; Grunthal,
1998) as recorded along the northern Dead Sea Fault (Guidoboni, 2004; Sbeinati et al.,
2005). The area of maximum damage (Io = IX) for the AD 1170 large earthquake is along
the Missyaf fault segment and Ghab (see GF and Figure 3) and overlaps with the maximum
intensity VIII (MSK, black dashed line) as drawn by Ambraseys (2009).

Figure 3: De-aggregated completeness time of seismicity (AD 0 — 2008) for the whole spectrum of
magnitudes; magnitudes higher than 5.5 do not appear in this diagram because of their low
frequency.

Figure 4: De-aggregated completeness time of seismicity (AD 0 — 2008) for magnitudes higher than
45t07.5.

Figure 5: Annual rate of exceedance versus magnitude that corresponds to the modified Gutenberg-
Richter relation. The b-value (0.774) and the input data for large magnitudes (M>6.5)
illustrate the completeness of the catalogue. R*=97% corresponds to the correlation
coefficient.

Figure 6a: Seismic hazard map obtained from the input data of Tables 1 and 2 for a Poissonian
model and for a 1Hz frequency and 500 years of return period. Values correspond to
acceleration in cm/s®. The maximum acceleration reaching 0.6g is concentrated along the
Yammouneh fault and JES and Apamea faults (see Figure 2 for fault segment names).

Figure 6b: Seismic hazard map obtained from the input data of Tables 1 and 2 for a Poissonian

model and for a 1Hz frequency and 1000 years of return period. Values correspond to
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Figure

Figure

acceleration in cm/s’. The maximum acceleration exceeds 0.6g situated along the
Yammouneh, Serghaya, Missyaf, JES and Apamea faults with a minor increase of
acceleration for the Afrin fault.

7a: Seismic hazard map obtained from the input data of Tables 1 and 2 for a Poissonian
model and for a 0.5Hz frequency and 500 years of return period. Values correspond to
acceleration in cm/s’. The maximum acceleration exceeding 0.8g is concentrated in the
Ghab area. Other high acceleration is along the Yammouneh, Serghaya, Missyaf and Afrin
faults (see Figure 2 for fault segment names).

7b: Seismic hazard map obtained from the input data of Tables 1 and 2 for a Poissonian
model and for a 0.5 Hz frequency and 1000 years of return period. Values correspond to
acceleration in cm/s”. The maximum acceleration exceeding 0.9g is concentrated along the

JES, Apamea, Serghaya, Missyaf and Yammouneh fauls.
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List of Tables

Table Captions of Chapter 11

Table 1: Equations of moment magnitude and rupture length, rupture area, and displacement range
(Wells & Coppersmith, 1993). SLR: surface rupture length (km), RLD: subsurface rupture
length (km), RA: rupture area (km?), MD: maximum displacement (m), AD: average
displacement (m).

Table 2: Types of fault segments and the characteristics used to define them (from McCalpin,
1996).

Table Captions of Chapter I11

Table 1. Geologic and GPS estimate of lateral slip rates along the Dead Sea transform fault system.

Table 2; Main destructive earthquakes with Ms > 5.9 along the Dead Sea Fault, these earthquakes
have enough data to construct a parametric catalogue.

Table 3. Parameters of the fault plane solutions of first P-wave arrivals, calculated by the FPFIT
program (Reasenberg & Oppenheimer 1985). Abbreviations: Each event is noted by its
symbol on the seismotectonic maps; origin time of year, month, day, hour and minute; local
magnitude; and epicentral coordinates. Zones are: CA, Cypriot Arc; DST, Dead Sea
Transform; NMT]J, Northeast Mediterranean Triple Junction; Plm, Palmyride fold belt; are
given by the Plunge (¢) and the Trend (3) of the Pressure (P) and Tension (T) axes; and
Plunge (¢), Trend (6) and Rake (L) of the two nodal planes.

Table 4. Parameters of CMT solutions done by Harvard, origin time, location and zones, are as in
Table 2. Magnitude is mb according to NEIS. Mechanisms are given by Harvard
conventions: strike, dip and slip of the two planes. Scalar moment (Sm) is given by abscissa

and exponent( Salamon, 2003), (Ponderilli et al., 2002).

Table Captions of Chapter IV

Table I: Parametric catalogue of large historical earthquakes in Syria and its surroundings. The
magnitude is calculated following Shebalin (1970), Ambraseys and Barazangi (1989) and
Ambraseys (1997).

Table II: A complete table of historical earthquakes with estimated intensities at relevant localities
and accompanying effects, with information completeness (A — complete; B — accepted; C —
incomplete) and information quality factors (1 — good source quality; 2 — moderate source

quality; 3 — poor source quality)
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Table Captions of Chapter V

Table 1: Sample list and radiocarbon dating (AMS) at the Al Harif aqueduct site. All samples have
been calibrated using the Oxcal program v3.5 (Bronk-Ramsey, 2001) and calibration curve
INTCALO4 (Reimer et al., 2004) and adopted age ranges are equivalent to calibrated 2c
ranges (94.5%), in AD and BC. Trench and excavation units are marked in parenthesis from
trenches A, B and C and excavations I, I-E, II and III. Location of cores B and D is in Figure
7.

Table 2: Detailed measurements presented here give proper insights regarding the quality (amount
of carbon should be larger than 1 mg) of collected samples, the possibility of sample fraction
(alkali residue, humic acids) enhances the dating accuracy. The 2oc-calibrations were
performed using the OxCal 3.5 software (Bronk Ramsey, 2001) and the atmospheric data
(INTCALO04) are from PJ Reimer et al. (2004). Level 1, Level 2, Level 3, Level 4.
Level 1: First level West the trench, beside the outcrop in the corner of the basement.
Level 2: Second level North the trench, directly above the channel cover, close to the door.
Level 3: Third level West the trench, same as the level of the channel cover.
Level 4: Forth level Center the trench, beneath the broken part of the channel & along the
crack.
Table 3: Detailed measurements presented here give proper insights regarding the quality
(amount of carbon should be larger than 1 mg) of collected samples, the possibility of
sample fraction (alkali residue, humic acids) enhances the dating accuracy. The 2c-
calibrations were performed using the OxCal 3.5 software (Bronk Ramsey, 2001) and the
atmospheric data (INTCALO4) are from PJ Reimer et al. (2004).

Table 4: Detailed measurements presented here give proper insights regarding the quality (amount
of carbon should be larger than 1 mg) of collected samples, the possibility of sample fraction
(alkali residue, humic acids) enhances the dating accuracy. The 2o-calibrations were
performed using the OxCal 3.5 software (Bronk Ramsey, 2001) and the atmospheric data
(INTCALO4) are from PJ Reimer et al. (2004), sample marked by yellow are excluded

because of in sufficient amount of Carbon content.

Table Captions of Chapter VI

Table 1 : Main input parameters of active faults for Poissonian Model. Fault zones are shown in
Figure 2.

Table 2 : Main input parameters of active faults for Characteristic Model. Fault zones are shown in

Figure 2.
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CHAPTER 1

INTRODUCTION






I INTRODUCTION

e The scientific context.

Syria has a long well recorded history of destructive earthquakes extending for more than
three thousand years. These earthquakes caused thousands of casualties and injuries, severe
destruction of the man-made buildings, accompanied by large tectonic deformation mostly along
the Dead Sea Fault. One significant example is the 25™ November 1759 earthquake that took place
on the Serghaya fault, 35 km west and NW of Damascus. According to contemporaneous historical
documents and eyewitnesses, this earthquake destroyed more than 80% of Damascus. The
Damascene people stayed under tents for about three months until the next winter because of the
threatens and fears from the aftershocks. The earthquake also caused a widespread devastating
destruction that covered all SW Syria (Dahman, 1982). According to recent field measurement, the
length of resulted surface rupture exceeded 30 km with ~ 2.0 m left lateral displacement suggesting
an Mw ~7 (Gomez et al., 2003). This large seismic event was generated on a branch of the main N-
S trending Dead Sea Transform Fault (DSF) which extends for about 1000 km from the Gulf of
Aquaba in Jordan to the Amik Basin in Turkey. This event is symptomatic of the earthquake
activity along the Dead Sea fault that has the potential to generate large and destructive earthquakes.
Therefore, it is of utmost importance to characterize past rupture segments of the DSF, study its
impact, understand its driving mechanism and reduce the associated seismic hazards and risks.

In this thesis, I have tried to shed light on the past earthquake activity of the northern part of
the DSF that crosses mainly western Syria. This work program has been achieved by studying the
active tectonics, paloseismology, archeoseismology, historical and instrumental seismicity of the
DSF, and finally I used the outcome of the multidisciplinary researches to present my assumptions
and models of the seismic hazards in Syria, through a collection of seismic hazards maps using
probabilistic methods. During the preparation of this work, I benefited from the support of the
Atomic Energy Commission of Syria (AECS), the APAME (European Community funded) contract
No. project and the precious collaboration of the DGAM.

e Lessons from other examples.

Many worldwide examples of major continental fault structures can be compared to the DSF.

The most studied faults with similar fault behavior to the DSF are the North Anatolian Fault (NAF)
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and the San Andreas Fault (SAF). The NAF is a major active with right-lateral displacement that
crosses northern Anatolia. The fault extends for about 1600 km long plate boundary that slips at an
average rate of 20-30 mm.yr-1 (McClusky et al., 2000). It has developed in the framework of the
northward moving Arabian plate and the Hellenic subduction zone where the African lithosphere is
subducting below the Aegean. It initiated westward from a junction with the East Anatolian Fault
at the Karliova Triple Junction in eastern Turkey, across northern Turkey towards the west and into
the Aegean Sea. It runs about 20 km south of Istanbul. During the twentieth century, the NAF has
ruptured over 900 km of its length. A series of large earthquakes starting in 1939 near Erzincan in
Eastern Anatolia propagated westward towards the Istanbul-Marmara region in northwestern
Turkey that today represents a seismic gap western Turkey that today represents a seismic gap
along a 100-km long segment below the Sea of Marmara. This segment did not rupture since 1766
and if locked may have accumulated a slip deficit of 4-5 m. It is believed of being capable of
generating a M = 7.4 earthquake within the next decades (Hubert-Ferrari et al., 2000) and it could
even rupture in a large Mw 7.6 single event (Le Pichon et al., 1999).

The San Andreas Fault dominates the tectonic pattern in California (USA). It extended for
1100 km long across land, right-lateral strike-slip continental transform fault by northwest trending.
It forms the tectonic boundary between the Pacific Plate and the North American Plate. The fault is
divided into three segments: The southern segment (known as the Mojave segment) begins near
the Salton Sea at the northern terminus of the East Pacific Rise and runs northward before it begins
a slow bend to the west. After crossing through Frazier Park, the fault begins to bend northward.
This area is referred to as the "Big Bend" and is thought to be where the fault locks up in Southern
California as the plates try to move past each other. This section of the fault has an earthquake-
recurrence interval of roughly 140-160 years. Northwest of Frazier Park, the fault runs through the
Carrizo Plain, a long, treeless plain within which much of the fault is plainly visible. The Elkhorn
Scarp defines the fault trace along much of its length within the plain. Central segment of the San
Andreas Fault runs in a northwestern direction from Parkfield to Hollister. While the southern
section of the fault and the parts through Parkfield experience earthquakes, the rest of the central
section of the fault exhibits a phenomenon called aseismic creep, where the fault slips slowly
without causing earthquakes. Northern segment of the fault runs from Hollister, through the Santa
Cruz Mountains, epicenter of the 1989 Loma Prieta earthquake, then on up the San Francisco
Peninsula, terminating at the Mendocino Triple Junction. This segment is responsible about the
earthquake of the 1906 San Francisco caused land offset over length of more than 400 km in
California earthquake (Kasahara, 1981)



The major part of San Andreas Fault has a time period of 67 years since 1800 AD, the total
length is 1240 km, the depth is 20 km and the slip rate is 6.6 cm per year (Brune, 1968).

e Main questions to address

The main issue of our research is to characterize the seismic parameters, fault segmentation,
dimension, and slip-rate, the tectonic evolution, earthquake recurrence, the characteristic earthquake
and focal mechanism. Process of the DSF in Syria. are defining its...etc.). The tectonic evolution of
the Dead Sea Fault has been examined by many scholars along its length (McKenzie, 1970; Jackson
and McKenzie, 1984; Chaimov, 1990; Brew, 2001; Rukieh, 2005). For details please refer to the
Chapter II which is dealing with the seismotectonic setting. The slip rate estimation of the DSF is
one of essential issues and It can be obtained using geomorphic studies, paleoseismic trenching and
active deformation measurements. There are not so many scientific work and publications on the
DSF in comparison with the publications on the SAF and the NAF. On the DSF in Syria,
Meghraoui estimated 6.8 — 7.0 mm/yr left-lateral slip rate according to paleoseismological
investigation along Missyaf segment (Meghraoui et al., 2003). However, GPS measurements of the
active deformation along the DSF gives contradictory and variable slip rate results as 1.8 — 3.3
mm/y (Alchalabi, et al., 2009), 4.2 £ 0.3 mm/y (Gomez et al., 2007), 4.8 = 0.3 mm/y (Reilinger et
al., 2006), 4.7 = 0.4 mm/y (Mahmud et al., 2005) and 6 + 0.3 mm/y (McClusky et al., 2003); for
details please refer to Chapter II. This example shows the variability of results for the same segment
using deferent methods and block models, and by the same method but by different researchers. A
comparable variation can be noticed on the San Andreas Fault where the earthquake recurrence
interval is 21 +4 yr (Bakun and McEvilly, 1984). Soil studies and paleoseismic trenching data
suggest to Machette (1978) that the County Daumo Fault in New Mexico has a recurrence interval
0f 90000 yr. As pointed out by Wallace (1970) and Schwartz and Coppersmith (1984), the slip rate
of a fault directly affects the recurrence rate. Finally, the paleoseismic trenching and the
geomorphological investigations along the main fault structure and for each segment cover a few
centuries of the earthquake activity. It can be extended to several thousands of years and provide a
better slip rate evaluation for each segment, that do not fluctuate as we can see from the GPS
measurements of active deformation .

Another issue is to take in consideration the available dating techniques of and bracketted
age determination in the paleoseismic studies that often includes uncertainties and affect the
accuracy of the earthquake timing and related slip rate value. The archeohistorical seismology

combined with the instrumental seismicty offer a better constraint of the recurrence intervalof large

9



seismic events and slip rate estimation because of the more precise dating even in the case of a short
time window span (100 to 4000 yr).

Finally, I would like to point out the existence of seismic gaps along the main continental
faults. As also observed from the comparison between the instrumental seismicity during the last
century and the location of large historical earthquakes of the DSF, the seismic gap is obvious in
along the Missyaf Fault during the last century and can be the site of a future large earthquake. This

seismic gap needs to be better identified on both the short term and long term time window.

e Main methodologies and approaches (see also chapter II)

The strength of my work is based on the multidisciplinary effort as presented in the main
chapters IV, V and VI of this thesis. Chapter II gives an overview of the methods I have choosen to
apply in the frame of this thesis. The primary objective is to cover a long time-window (> 2000
years) for our paleoearthquake research and provide accurate dating of past earthquakes for the DSF
segments in Syria (Missyaf and Ghab Faults). The ultimate goal is the use of the obtained results to
develop seismic hazard maps with a realistic application for the public safety and to improve the

construction engineering design in Syria.

e The thesis content and structure

The chapter II is dealing with the applied methodologies in order to analyze the nature of
earthquake faulting and show a perspective for a realistic seismic hazard evaluation in Syria. Four
different methodologies were applied in order to cover the whole spectrum of earthquake activity
and the different time coverage using paleoseismology and archeoseismology, historical seismicity
and the instrumental seismicity. The first method is dealing with the relation between the active
faults and earthquakes. I have started from a fundamental level of definition of active faults and the
types of fault rupture. Then I have explained the relation between earthquakes and surface ruptures,
and their relationships with the elastic rebound theory. I have defined the four phases of the seismic
cycles, the relation between the size of earthquakes and the fault parameters. Finally, I introduced
the models of fault behavior including the issue of fault slip rate and seismic gap. The second
approach is the paleoseismology. I start by defining the main issues of the paleoseismology. |
explain the steps of how to define the active fault parameters with special concern on strike slip
faults. I give some examples of applying paleoseismological method and the study of active strike
slip faults in the world. I describe the different scales of investigations and the supporting tools. |

emphasize the trenching techniques and how to identify paleoearthquakes in the recent sediments
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with the application of radiocarbon dating. Finally I present the importance of trench interpretation
and the obtained parameters of paleo-earthquakes. The third method is dealing with the newly
developed archeoseismology. I start with presenting the definition and applied techniques and
mention the involved specialists that provide important conceptual views and results. I introduce the
main types of destructions which are in direct relation with earthquake effects throughout examples.
The fourth method is dealing with historical and instrumental seismicity. I start with showing the
importance of the earthquake catalogue (historical and instrumental) and present a comparison
between the applied steps in the study of historical and instrumental seismicity. The fifth approach
is dealing with the seismic hazard analysis where I define the deterministic and the probabilistic
approaches and then I explain the steps in applying the deterministic and probabilistic approaches.
The chapter III is dealing with the seismotectonic setting of western Syria. I start with the
description of the major tectonic structures in Syria. Then I present the main faults in Syria with
special concern on the Dead Sea fault segments, and their geometrical complexities and fault
branches. Then I show the historical and instrumental earthquake distribution. discuss the focal
mechanism solutions and the latest results of the GPS measurements of the Syria region. In the end,
I describe the crustal structure and plate tectonic deformation along the Dead Sea fault and the
related seismogenic depth according to the depth of the instrumental seismicity.

The chapter IV is dealing with the historical seismicity of Syria. I present in this chapter the
analysis of large and moderate earthquakes from 1365 BC to 1900 AD including the different types
of textual sources of the catalogue. I also describe the steps of used method when preparing the
earthquake catalogue. The resulted historical earthquakes are presented in four steps: i - The first
one is a descriptive summary of 181 historical seismic events, and I define for each one the date, the
seismic intensities at different localities, the different types of the compiled data and the
descriptions of the seismic event. ii - The second step is the parametric catalogue of 36 seismic
events; it contains the epicenter parameters, names of affected localities, the evaluated epicenter
intensity and finally the estimated magnitude and depth of the seismic event. iii - The third step is a
catalogue of the seismic intensities of some localities for the 181 seismic events with a thorough
evaluation of their data completeness and quality. iv - The fourth step of presenting is a collection
of isoseismal maps for most seismic events and a map of historical earthquake distribution of the
parametric catalogue. I have ended the catalogue with the completeness test. I also add to the
catalogue two appendixes. The first one is information about the authors and text cited in the
catalogue. The second one is the different historical names of localities cited in the catalogue. This

work has been published in Annals of geophysics, June 2005, entitled “The historical earthquakes
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of Syria: an analysis of large and moderate earthquakes from 1365 B.C. to 1900 A.D.” by M. R.
Sbeinati, R. Daraowcheh, and M. Mouty.

The chapter V is dealing with the archeoseismologiacl and paleoseismological investigations
in Syria. I start in this chapter by introducing the framework of the field investigations in Syria and
the location of the investigated sites. After this framework of research program, I present the paleo
and archeo-seismological investigation in Al Harif Roman aqueduct, which crosses Missyaf fault
and displays 13.6m left-lateral offset; this article is now accepted for publication in a special
volume on “Ancient Earthquakes” of the Geological Society of America. Then I present the
archeoseismological investigations in three archeological sites: Krak des Chevaliers, Apamea, and
Deir Dahess. The four sites have been severely affected by past earthquakes generated by the Dead
Sea Fault in Syria. For the Al Harif investigations, I start by the active faulting and the
seismotectonic setting of the Missyaf segment. Then I present a site description, the aqueduct
history with field measurements, the archeoseismology excavations and paleoseismic trenches. The
analyses of the tufa accumulation on the aqueduct using 4 drilled cores are correlated with the
archeoseismic excavations and paleoseismic trenches to strengthen the results and interpretation of
the timing of earthquake faulting. The second work is dealing with the ruptures in the historical
fortress of Krak des Chevaliers and the related archeoseismological investigations. I have started by
presenting the history of the fortress. Then I describe the construction condition of the fortress, the
historical earthquakes and the excavation work in the Mamluk bath showing the broken channel of
the bathroom water disposal. In the end, I present the analysis of the damaged parts and the
radiocarbon dating results in relation with historical earthquakes (and the estimated seismic
intensities) that affected the fortress. The third work is dealing with the collapsed columns of the
Apamea city and starts with a brief introduction about the historical account of Apamea. The main
archeological features of Apamea are described together with the types of historical earthquake
damages in the Agora and in the nearby house named “maison aux colonnes bilobées”. I present the
archeoseismological excavation work in both sites. and the C14 dating results with the age of
historical earthquakes and their estimated intensities at the Apamea site. The fourth work is dealing
with the collapse of monastery at Deir Dahess site. I start with a brief history of the region of Deir
Dahess and a description of the main construction parts in the monastery complex. Here, I identified
different features of destruction types in the tower, the church, the annex, and the domestic house
followed by the archeoseismological excavation work at the annex, the domestic house, the tower.
In the end I present the obtained results and the archeoseismic interpretation using the analysis of

radiocarbon dating. The historical earthquakes that affected the sites are identified with their
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estimated seismic intensities. The chapter VI is dealing with the seismic hazards analysis. I start
with a short introduction about the CRISES 2007 software. For this purpose, a new and complete
set of earthquake database is prepared along with fault parameters, in order to calculate the
probabilistic seismic hazards. After the identification of the main earthquake sources, I calculate the
earthquake occurrence and define the properties of characteristic earthquakes. An attenuation
models is chosen to proceed with calculations of the probabilistic seismic hazards for different cities
in Syria using the time-independent (Poissonian) and time-dependent (renewal) processing. |
calculate the probabilistic seismic hazards for different cities located along the Dead Sea Fault in
Syria using the Characteristic Earthquake model. Different seismic hazard maps of Syria are
generated for various intensities and return periods.

The chapter VII summarizes the main results with concluding remarks for a perspective work.
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CHAPTER 11

ACTIVE FAULTING AND RELATED
EARTHQUAKE GENERATION
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IT - Active Faulting and Earthquake Generation

The definition of an active fault is mainly based on the following two elements: (1) the
timing of most recent coseismic displacement that can be historical, Holocene, Quaternary or
in the present seismotectonic regime, and (2) the potential or probability for future coseismic
displacements in the present tectonic setting. Most of shallow earthquakes with magnitude
Mw > 5.5 are accompanied with surface ruptures (McCalpin, et al., 1996); these earthquakes
have a tectonic origin and were generated after releasing the energy of the seismic strain along
a fault. The sudden energy release along a fault implies that the earthquake must have
involved an "elastic rebound" of previously stored elastic stress (Reid, 1910). Understanding

the mechanical properties and long term behavior of a fault zone is fundamental in earthquake

geology.

IT - 1. Surface Rupture and Earthquakes

Generally, surface ruptures (fault) produce an offset parallel to a plane surface of
maximum shear stress (o1, 6, and o3); a vertical fault geometry obeys a mode II rupture
generation, and a fault with dip <90 (i.e., normal or reverse fault) which is bounded by
hangingwall overlying the fault and a footwall beneath it, obeys a mode III rupture generation
(Figures 1 a & b). The fault trace is visible at its intersection with the earth’s surface and the
fault slip is a vector measured on the fault rupture indicating the relative displacement of
formerly adjacent points on opposite sides. The fault slip may be divided into strike-slip and
dip-slip components, or horizontal and vertical components (heave and throw, respectively)
(Yeats et al., 1997).

There are three major types of fault following the orientation of maximum stress
vectors: Normal fault, Reverse fault and Strike-slip fault (e.g., the mid-Atlantic ocean
spreading, the Himalaya subduction zone and the San Andreas fault, respectively). In the
Eastern Mediterranean region normal faults such as the Amanos-Karasu fault (at the
intersection between the East Anatolian Fault and the Dead Sea Fault ), reverse faults in the
Palmyrides folded zone (Jabal Abou-Zennar central Syria) and finally the strike-slip fault with
a left lateral movement well illustrated by the Dead Sea fault that occupies the western part of

Syria (Figure 2).
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Figure la: Fault nomenclature for (a)

STRATIGRAPHIC
SEPARATION

normal fault, (b) oblique-slip normal fault. Band

is a sedimentary bed offset by fault (modified from
Yeats, 1997).
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Figure 1b: orientation of conjugate
fault planes (shaded) with respect to

principal stress directions (o1, 03, ©3) in

isotropic rock for (a) normal faults, (b)
reverse faults, (c) strike-slip faults. The
faults are shown on left as block diagrams,
and on the right in stereographic projection,

to visualize the stereographic projection,

imagine that you are looking at the inside of
half sphere, its lower hemisphere concave
downward into the page. The circle is the

circumference of the sphere intersecting a

horizontal plane. The lines are the

intersection of planes that pass through the

center of the sphere with the lower
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hemisphere surface. Strike-slip faults dip=90° and show as a straight line; normal and

reverse faults dip<90° and show as curved lines (modified from Yeats, 1997).

(Reverse)

(Left-lateral) (Right-lateral)
Figure 2:Basic models ey
of fault slippin N 5
pping. £ el
//
In the Reid (1910) physical /
concept on generating earthquakes , . " (Normal)

by means of the elastic rebound

theory, the mechanism of the 1906 San Francisco earthquake, results from a sudden relaxation
of the elastic strain through rupture along the San Andreas Fault. The causative strains were
accumulated over a long period of time and showed no motion of the fault blocks, which
under normal conditions remains locked due to shear resistance and friction. The earthquake
faulting is understood as a linear elastic system where the strain accumulation pattern was just
opposite that of the strain release. Therefore, the net slip result of one earthquake cycle was a
block offset of the fault with no net strain (Figure 3). Although the earth structure may be
more complicated in earthquake mechanism as a pure elastic model, we conclude following
Reid’s theory that the recurrence of large earthquakes is periodic, or at least, in the modern
phrase, time predictable. This concept of strain loading and relaxation oscillation known as

the seismic cycle has critical implications for the seismic hazard assessment (Figure 4).

21



e ‘
- T
th ‘2 2
u u u
o p
=
N
s o |~ S
o
3327
%)
(a) t (b) t (c) t
TIME

Figure 3: Simple earthquakes recurrence models: (a) Reid’s perfectly periodic model;

(b) time-predictable model; (c) size-predictable model (modified from Scholz, 1990).
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correspond to the occurrence times of major earthquakes. Dashed lines show level at which
failure occurs; the level varies with the effects of long-term inelastic deformation (modified

from Scholz, 1990).
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Figure 5: Surface displacements (parallel to the
fault strike) associated with several representative strike-
slip faults for comparison with the predictions of the
vertical strike-slip model. Broken lines show corrections
for the hypothetical strain accumulation during the period
between pre- and post-earthquake surveys (modified from

Kasahara, 1981).

The Seismic Cycle in the crustal deformation, the
loading cycle is often divided in four phases: preseismic,
coseismic, postseismic and interseismic. This fourfold
structure has been assembled from geodetic observations
and earthquake geology in many places; a typical seismic
deformation fields for strike slip fault is shown in (Figure
5).

U(m)

SanAndreas  * D=6 km, U m=5m

(1906) 2
%
1 l\
40 20 o .
o 1 20 40
b > X, (km)
. 2 5
47
o3
L
4
Gomura 2 D=15 km, U m=3m
(1927)
1 i)
tog—.

40 20 e
L -3--‘;._" 20 40
.' '1
Tanna D=8 km, U ,=4m

(1930) Lo
1 '. s o
-
40 20 o) .
0 20 40
-\; 1
\
‘Y
Imperial Valley 2\ D=8 km, U m=3m
(1940) e
-40 . 20 ‘ .,
le 20 40

Fairview Peak 2 D=15 km, U ;m=3m
(1954) 1 e

e > X (km)

Following Reid’s theory, this deformation is produced by the seismic strain release

upon dynamic faulting. Since in our case this seismic strain is concentrated on the Dead Sea

Fault, the simplified proposed physical model is to simulate a strike-slip fault and related

seismic parameters. The vertical fault corresponds to an infinite long strip intersecting the
surface of a semi-infinite elastic medium under uniform shear strain (Knopoff, 1958,

Kasahara 1981). Following Knopoff (1958), we may take the coordinate axes x; (i=1, 2, 3) to

be as shown in (Figure 6) and let u; denote the displacement in the x; direction. Lamé’s

constants and the vertical extension of the fault (or half-width of the strip) are denoted by 4, u

and D, respectively.
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Figure 6: Knopoff’s model applied to a vertical strike-slip fault intersecting the
surface Displacement and stress as a function of depth are shown (modified from Kasahara,

1981).

Obviously, the displacement in the shear field of the simple model is parallel to the x;
axis, hence u; = u3; = 0 and the operation is 7 x;. Therefore, the equations of the equilibrium
along a fault rupture (rectangle) are:

(A+u)(0/0x )A+uViu, =0 (i=1,2,3) (IL 1)
Take the extremely simple form
y[(@z 1ox2)+(0" /axf)}ul =0 (IL.2)
where
A=(0u,/0y, )+ (0u,/0x,)+(0us/0y,)
and
V2 =010y} )+(0°10y3)+ (07 1 0x3)
The initial field of uniform shear strain, t2;=S, distributed along the fault may become 12; = 0

at all points on the strip (for =0 and < D). The most useful information for the
p p X X3

interpretation of offsets that can be obtained from archeo/paleoseismological and geodetic

data are field displacements on the earth’s surface (i.e for y,=0), which is given by

u,(1,)=u, {[(;(2 /DY +1}”2 (1, /D)} (IL.3)

Where u,, is half the maximum amplitude of offset U, across the fault, which is related to the

seismic moment and stress drop in the following way:

U =2SD/u (IL4)
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1
AazSZE(Umu/D) (IL.5)
Where Ao denotes the stress drop associated with faulting.
The figure 7 illustrates the relation (IL.3); between surface displacement, u, and the

dimentionless distance y,/D , and Figure II-8; shows the displacement field about a strike-

slip fault.

displacement parallel to fault

P u4uy, ©

(u;) as a function of distance
from the fault; (x3) for the 290 i

vertical strike-slip fault model : | —3| %

shown in the (Figure 8). in this

figure, u; and x; are given in \\j 10

normalized units, taking u,, and D respectively as normalizations (modified from Kasahara,
1981).

(a) Strike-slip

Figure 8: Displacement fields associated with

vertical fault model for dip-slip (modified from
Kasahara, 1981).

Another model for rupture generation was given by Star (1928), he proposed a two-
dimensional elliptical crack in an infinite medium for dip-slip faults, the maximum occurred

offset at the center of the crack, D and if A= pis given by:

U =3/2(SD/ p) (IL6)

AG=S=§(UM/1/D) (I1.7)
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These models of strike-slip and dip slip faults are similar to one another in their function
forms, as can be seen from a comparison of (I1.4) and (I1.5) with (I1.6) and (I1.7).

The Earthquake Size: This is one of the most important factors in seismic-hazard
analysis and it can be estimated using specific fault parameters. The traditional measurement
of earthquake size is magnitude, which is a logarithmic scale based on the amplitude of
specific seismic wave measured at particular frequency from the seismograms; the signal
must be suitably corrected to distance and instrument response, therefore we have many types
of magnitude (m, mp, M;, etc.). However, the more physically meaningful measurement of an
earthquake size is given by the seismic moment

M,=uSD (IL.8)
Where M, measured in dyne.cm, u is the shear modulus, it estimated for the Earth’s crust 3.3
10" dyne/em’, S is the area of fault plane undergoing slip during the earthquake taken in cm’
and D is the average displacement over the slip surface taken in cm (Aki, 1966). Hanks and
Kanamori (1979) developed an empirical relation of moment magnitude (M,) based on
seismic moment, where:

M,,=2/3 log M,—10.7 (IL.9)
The moment magnitude is related directly with the physical properties of the rupture and does
not, by the definition, saturate.

The Gutenberg-Richter frequency relation and related recurrence relationship (Richter,
1958) has been defined for a large range of earthquake magnitude and completed earthquake
catalogue, for a number of earthquakes that occur systematically, and comply with the
relation:

LogN=a-bM (IL.10)

N is the number of events (with a given magnitude or above) per unit of area per unit
time, M is magnitude, and @ and b are constants representing respectively, the overall level of
seismicity and the ratio of small to large events for a region or for a fault segment.

The Fault Parameters: The earthquake magnitude can be correlated with coseismic
rupture parameters such as the fault length, displacement and fault depth (Tocher, 1958;
Chinnery, 1969); accordingly, paleoseismic and geologic studies of active faults focus on
developing estimates of these parameters as seismic source characteristics (Schwartz and
Coppersmith, 1984; Schwartz, 1988; Coppersmith, 1991). The empirical relationship between
parameters presented by Wells and Coppersmith (1994) are based on the results of earthquake

studies worldwide. Table 1 presents below only the regression formulas related to the strike-
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slip fault type (that are applicable to the Dead Sea Fault), and (Figure 9) illustrates the
promotional relation between the size of earthquake (Moment magnitude) with the dimensions

of the surface ruptures.

Equation Magnitude Length/Area range  Displacement
range (km/km?) range (m)
M=5.02+1.19 log (SLR) 5.8-8.1 3.8-432
M =428 +1.51 log (RLD) 4.8 1.5-350
M =3.92+1.03 log (RA) 4.8-7.9 3-5,184
M=6.78 +0.98 log (MD) 5.8-8.1 0.03-14.6
M =7.05 +0.87 log (AD) 5.8-8.1 0.10-8.0

Table 1: Equations of moment magnitude and rupture length, rupture area, and displacement
range (Wells & Coppersmith, 1993). SLR: surface rupture length (km), RLD: subsurface
rupture length (km), RA: rupture area (kmz), MD: maximum displacement (m), AD: average

displacement (m).

These empirical relations also point out the scaling factors between fault parameters

(U/L, W/L and U/W).

My — " _taom
. o 2 £ >300,000 sq k
Figure 9: Schematic diagram < 1000 km p : RSP
T 10m

9
showing the increase in size . T — :j'ééfJ;OOO o o
and extent of two types of 43 m P
< §0km — >
paleoseismic  evidence with 7 i #0.0007=4}. ke
increasing earthquake moment 6 e 4,000°5g. km
. ikn%‘ 0.3m =

magnitude (M,), based on e il 300 1. km
measurements Jollowing 2 Threshold for rock failures —
historic earthquakes. The left 4 | HEnshoid Porsc) slrides%,,; oo

. . No Geologic Evidence Threshold for falls
side of the diagram shows the

. . . 3- No Geologic Evidence
dimensions of surface faulting
(primary evidence) observed PRIMARY EVIDENCE SECONDARY EVIDENCE
in historic earthquakes of (Example= surface faulting) (Example= area affected by

landslide)
various magnitudes. Shaded

areas schematically represent the dimensions of surface deformation but are not to scale.
Values for lengths (beneath shaded areas) and maximum displacement (to right of the shaded
areas). The threshold zone, showing the lower magnitude limit of surface faulting

earthquakes. The right side of the diagram shows areas affected by coseismic landsliding
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(secondary evidence), areas are not to scale. The largest area (>300,000 km2) is for M,, 9.2
1964 Alaskan earthquake from (McCalpin, 1996).

Faults are here subdivided into segments based on a variety of static geometric or geologic

criteria. The fault segment is a portion of a fault defined by tectonic criteria (geometrical and

structural complexities), and the segment boundaries are limited by at least two contiguous

rupture zones (Wheeler, 1989). The following table presents the types of fault segments and

the characteristic used to define them (Table 2).

Type of segment

Characteristics used to define the
segment

Likelihood of being an

earthquake segment

1. Earthquake
2. Behavioral

3. Structural

4. Geologic

5. Geometric

Historic rupture limits

1) Prehistoric rupture limits defined by
multiple, well-dated paleoearthquakes.
2) Segment bounded by changes in slip-
rates, recurrence intervals, elapsed
times, sense of displacement, creeping
versus locked behavior, fault
complexity.

Segment bounded by fault branches, or
intersections with other faults, folds, or
cross-structures.

1) Bounded by Quaternary basins or
volcanic fields.

2) Restricted by a single basement or
rheologic terrain.

3) Bounded by geophysical anomalies.
4) Geomorphyic indicators such as
range-front morphology, crest
elevation.

Segments defined by changes in fault
orientation, stopovers, separations, or
gaps in faulting.

By definition, 100%
High

Mod. 26%

Mod.-High 31%

Variable 39%

Low-Mod. 18%

Table 2: Types of fault segments and the characteristics used to define them (from McCalpin,

1996).
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II - 2. Models of Fault Behaviour and Seismic Gaps:

Models of Fault Behaviour: they are characterized by the coseismic displacement at
single location on a fault that may vary with time (temporal), and along the trace of the fault
(spatial). Models of fault behaviour provide a useful conceptual framework that helps to
interpret historic and paleoseismic data.

The perfectly periodic model conceived by Reid (1910) (Fig. II-3a) refers to
earthquakes that occur when the stress reaches up to a given level (T1), the stress drop to a
lower level (T2) and where the magnitude of each earthquake is identical; an additional
assumption is the constant stress build up through the same period of time to obtain perfectly
periodic earthquake recurrence. Based on the elastic rebound of uplifted marine terraces along
the Japanese subduction zone, two other models are proposed by Nakata (1980) on this
periodic model. The first one is the time predictable (Figure 3b), where an earthquake
sequence occurs at a constant critical stress level (T1), but with a varying stress magnitude;
the second one is the slip predictable (Figure 3c), which depends on the constant rate of

displacement over time regardless of their size.

The observed coseismic slip variation along strike required the development of one-
dimensional models into a second dimension along the fault rupture strike and get two-
dimensional behaviour models. These observations were initially formulated based on strike-
slip distribution in historic earthquakes, and were later expanded to include slip patterns for
paleoearthquakes based on geomorphic offsets. Models of slip distribution can be classified
into two broad groups, the variable slip models and the uniform slip models. The variable slip
models predict that the slip rate along strike is constant, but the displacement per event at a
point is variable. The earthquake size is hence variable, and rupture during individual seismic
events is not limited to a fault segment. The uniform slip models have in common that
displacement per event at a point on the fault is constant, but differ in that that slip rate along
strike may be constant or variable. Three of the four uniform slip models (characteristic
earthquake, overlap, and coupled) implicitly assume that fault segment boundaries are
reasonably persistent. The following figures (Figure 10) and (Figure 11) draws the flowchart
of the different types of fault segment behaviours and the types of pattern along strike-slip for
different models of fault behaviour respectively. The characteristic earthquake model plays
an essential role in the interpretation of the paleo and historical earthquakes data; it assumes

that most strain is released in large earthquakes within a narrow, characteristic magnitude
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range (Schwartz and Coppersmith, 1984) and moderate earthquakes within a one magnitude
range below the characteristic earthquake may be rare, if not entirely absent. Finally, a slip
patch model (Sieh, 1996) takes into account the occurrence of moderate-sized earthquakes
(with 5<M<7) where the recurrent coseismic slip distribution accommodates the slip deficit

on fault sections left from previous characteristic earthquakes.

v Perfectly Periodic

.One-dimensional models > Time Predictable

* Slip Predictable
Models of Faults Behavior

Variable Slip
<
Two-dimensional models Uniform Slip Model

Coupled Model
* Uniform Slip:

“Characteristic Earthquake Model

¥ Overlap Mode Model

Figure 10: Flowchart illustrates the models of fault behaviour according to Nakata
and shimazaki (1981), Schwartz and Coppersmith (1984) an Sieh (1996).

Variable-slip model

- variable slip per event at a point
- constant slip-rate along strike
- variable earthquake size

Uniform-slip model

- constant slip per event at a point

- constant slip-rate along strike

- constant size of large earthquakes
- frequent moderate earthquakes

Characteristic earthquake model

- constant slip per event at a point

- variable slip-rate along strike

- constant size of large earthquakes
- infrequent moderate earthquakes

Patch model

- slip between stepovers is uniform

- slip tapers to zero

- each patch has a characteristic slip
function

Figure 11: Models of fault behaviour (Schwartz and Coppersmith, 1984, Sieh, 1996)

From the above description and characterization of different types of the fault

behaviour; we may conclude that the seismic cycle on a particular fault segment, or region,
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may cover a period of time that encompasses an episode of strain accumulation and its
subsequent seismic release, see (Figure 4).

Fault Slip Rate: is the rate of displacement on a fault (in mm) averaged over a time
period (years) that may involve several large earthquakes. The unit of measurement is
mm/year that is simply calculated from the cumulative displacement of dated landforms or
deposits; it can also be calculated from paleoseismic studies by dividing the measured
displacement per event by the long term recurrence interval. The slip rate variability can be
examined for certain types of faults, by the ergotic substitution, and apply those pattern to
individual faults within short periods (McCalpin, 1996).

Seismic Gap: it corresponds to an area of active fault where there has been a below
average level of seismic activity that is thought to be temporal. In other words, a seismic gap
is a fault section or segment that has no seismic activity during a long period of time in
comparison with the other sections of the same active fault (seismogenic zone). The gap and
related slip deficit can be identified from a missing large earthquake after a long sequence of
paleoearthquake. The positive evidence for the occurrence of a pre-historical (from
paleoseismology) or historical large earthquake can be checked out from the negative

evidence for fault creep.

II - 3. Paleoseismology

Paleoseismology is the study of prehistoric earthquakes [Solonenko, 1973; Wallace,
1981; in McCalpin], with the focus on their location, timing, size and recurrence interval of
large events. The study of past earthquakes depends on interpreting geologic evidences of
paleoearthquakes. Based on the instantaneous deformation of landforms and the young
sediments during earthquakes (Allen, 1986), the paleoseismology identifies coseismic features
and mostly uses 2D (dimensional) and 3D trench investigation across and parallel to active
fault segments and in the recent sedimentation deposits..

Paleoseismology supplements historical and instrumental records (catalogues) of
earthquakes by characterizing and dating large historic or prehistoric earthquakes (with
magnitudes M > 6). This extension in time of earthquake catalogues for certain regions and/or
fault segments plays an important role in estimating the long term behaviour, related slip rates
and slip deficit, which are the essential parameter for seismic hazards assessment (McCalpin,
1996).
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Paleoseismology has been applied on many active strike-slip faults worldwide since
the early 1970’s. The strike-slip faults that are typically associated with plate boundaries, such
as the San Andreas Fault (North America/Pacific plates); the Dead Sea Fault (African/Arabian
plates), the North Anatolian fault (Turkish/Eurasia plates), and the Eastern Anatolian fault
(Turkish/Arabian plates) present a relatively high slip rate and short period of return for large
earthquakes. The Dead Sea fault segments have been the site of paleoearthquake studies such
as the Wadi Araba fault (Klinger et al., 2000; Neimi et al., 2001), the Jordan Valley fault (Al
Isa et al, 1986; Marco et al., 1996; Ellenblum et al, 1998; Marco et al., 2005; Ferry et al.,
2007), the Serghaya-Rachaya, Roum and Yammuneh faults (Lebanese restraining bend;
Gomez et al., 2003 Daeron et al., 2007; Nemer and Meghraoui, 2006; Nemer et al., 2008), the
Missyaf fault (Meghraoui et al., 2003), and in the northern fault end segment (Akyuz et al.,
2006; Altunel et al., 2009).

The used techniques and the sequence of investigation in paleoseismology are mostly
basic methods of geologic and tectonic investigations as typically applied to unconsolidated
sediments by Quaternary geologists (McCalpin, 1996). The preferred sequence of
paleoseismic investigations would progress from the regional scale (thousands of square of
kilometres) using remote sensing, to local scale (few square of kilometres) using tectonic and
geomorphic mapping, aerial photo, digital elevation model maps, Quaternary geologic map,
to site scale (few hundreds to few square meters) using fault zone microtopography, fault
scarp profiling, geophysical techniques (shallow seismic, ground-penetration radar GPR)
trenching, and C14 dating (by accelerated mass spectrometry method AMS).

Trenching across faults is the major element of paleoseismic studies to optimize data
of paleoearthquake displacement and paleoearthquake recurrence (Sieh et al., 1981).
Trenching has many types and dimensions (California-style trenches and Japanese style
open-pit excavation, etc...). Logging trench is an essential step; it must have the scale,
identifying units of deposits and its contacts, soils, fault zones, and finally the location of
taken samples for C14 dating. Photography is used in documenting walls of trenches and
compiled with the log.

The interpretation of trench log that intervenes after dating the stratigraphic units helps
to reconstructing and restoring stratigraphic units to their pre-deformation positions, and thus
will identify the dates and number of paleo-earthquake events as well as the offsets in the

spanned time.
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II - 4. Archeoseismology

Archeoseismology is the study of the pre-instrumental seismicity period (prehistoric
and historic earthquakes), based on faulted sites with coseismic slip and their seismic effects
on man-made objects, buildings and monuments (Karcz and Kafri, 1978). The historic
exploration of ancient earthquake’s effects at archeological sites, archeoseismological
investigations depends on multidisplinary work that may involve seismologist, geologist,
historian, archaeologist, architect engineer and others. The collaboration of the
multidisplinary group gives: i - a discrimination of cause of the archeological site destruction
from other causes, ii - dating of different periods of civilization at the site, iii - types of
destruction of the monuments (unified orientation of fallen structure elements, opening
arches, waving and tilting of walls ... etc.), iv - evaluating the degree of damage and
estimation of seismic intensity of an ancient earthquake at a given site, v - the measurements
of fault offset on buildings, vi — the modelling of seismic shaking using deterministic local
acceleration with a comparison to the damage intensity.

The interpretation of archeoseismological data sometimes supports and very often
extends the historical earthquake catalogue by providing field evidences on intensity
distribution of historical earthquakes. Moreover, if the site is laying on an active fault
segment, it plays an essential role with paleoseismology in defining the earthquake size and
distribution of its damage area (Stiros, 1996; Marco, 1997)

In order to investigate further buried faulted buildings or vestiges and related damage,
the archeoseismological technique is very often combined with shallow geophysical
investigation methods such as Ground Penetrating Radar (GPR), micro gravity and magnetic
measurements. In other cases, space and aerial photos of different scales and resolutions, with
geological maps and dating techniques (C14 by AMS and others), and excavation and coring
techniques.. etc.

Distinguishing coseismic from non-coseismic damage in ancient building structures
need to be examined by cross evidences from different sources such as historical seismicity,
seismogenic zone, local history. In some cases, field evidence of damage leaves no place to
any debate about the seismic origin of damage.

Archeoseismic damage falls into five categories according to the dominant force type,

as seen in the work of Sbeinati (1994) in many archeological sites in Syria along the Dead Sea
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Fault, these aspects will be presented and discussed in Chapter V. First, ancient structures
may have been cracked or displaced and separated due to surface faulting, as seen in the Al-
Harif Roman aqueduct site of Missyaf Fault (Meghraoui, 2003). Second, waving walls and
opening arches as a trace of surface waves such as in Samaan (San Simon) citadel, result from
high signal amplitude with low frequency. Third, a unified orientation of fallen structure
elements dominated in a site (columns, towers, long walls) as seen in the famous ancient city
Apamea (Figure 12) resulted by effect of high horizontal ground acceleration. Fourth, opening
the structure pieces as battles of flower and spread out of destruction such as in Kherbet Maez
site, which can be resulted from site effect and the structure resonance phenomena. Fifth, the
X shape crack in the walls and windows, resulted from shaking of structure as seen in modern

structure.

Figure 12: General view of the Agora, at Apamea where the columns fallen down in a

unified East West direction.

II - 5. Historical and Instrumental Seismicity

The earthquake catalogue forms the essential database for the seismic hazards study; it
gives the geographical distribution of earthquake epicentres, location of possible active faults,
depth of active layer, level of seismic activity of faults, aftershocks distribution along the
fault, and the focal mechanism along the fault structures. The historical earthquake catalogue
integrates the instrumental catalogue to have a wider time span extended to many centuries,
and the earthquakes of high magnitudes which less frequent.

A comparison between the historical with the instrumental catalogues indicates several

disadvantages: the first one has high variability in epicentre and magnitude determination,
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lesser level of completeness, and not always macroseismic data that allow us to estimate the
epicentre parameters; the second one has shorten time coverage (100 year max.), limited
coverage of high magnitude level but sometimes accurate magnitude and epicentral and
hypocentral earthquake location, Figure 13; illustrates the comparison in steps between the
Macroseismic data and Instrumental data procedures. (see Chapter III for further details on

the seismicity of the study area).

Figure 13, illustrates the MACROSEISMIC DATA ~ INSTRUMENTAL DATA
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II - 6. The Seismic Hazard Analysis

The seismic hazard analysis consists of two parts: (1) characterizing the sources of
earthquakes including the size and spatial location of earthquakes, (2) characterizing the
effects (damage intensity) and ground motion of earthquake shaking from these sources at a
particular location. The two fundamental approaches are probabilistic and deterministic.
There are some very important differences between these two methods. In our work we

combine the two approaches and apply the probabilistic method using CRISIS99 software.
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6 - 1. The Deterministic Seismic Hazard Analysis

The deterministic analysis use discrete, single-valued events to arrive at scenario-like
descriptions of earthquake hazard. This analysis required the specification of three basic
elements; an earthquake source (fault Y), a controlling earthquake of specified size
(Magnitude), and a mean of determination of the hazard which is the peak ground acceleration
at the specific distance to the site.

The following basic steps in this process can be seen in (Figure 14) and briefly
describe in the following: Step I: Definition of the seismogenic sources within the tectonic
and geologic framework; it can be points, lines, area, or volume. After the source definition,
we take the nearest point from the various sources to the site which the hazard is to be
estimated. Step 2: Estimate the maximum potential earthquake M, for each source. Step 3:
Determine an earthquake attenuation law that help in estimating the ground motion for an
earthquake of a given magnitude at different distances by means of curve fitted to observed
data. Step 4: Define the seismic hazard at the site as the direct output of step 3; usually, it
corresponds to a specific peak ground acceleration, velocity and displacement or any other

measure that describe the earthquake effect.

6 - 2. The Probabilistic Hazard Analysis

The probabilistic seismic hazard analysis allows the use of multi-valued or continuous
events, models and scenarios. The used method was first defined by Cornell (1968) for most
probabilistic seismic hazard analysis. The basic steps can be seen in Figure 15. The statistical
analysis of the earthquake activity has been developed recently and evolved from a simple
time-independent (Poisson) analysis to a time-dependant treatment of long term seismic
activity. The basic probabilistic analysis initiates with the Gutenberg-Richter law (see also
chapter II) which calculates the frequency of earthquakes as a function of their magnitude.

In chapter VII we will further describe the details of the probabilistic hazard
calculation and apply CRISIS99 for the probabilistic seismic hazard analysis for Syria.
CRISIS99 is a freeware computer program, operating under Windows, to compute seismic hazard in
extended regions. It was developed at the Institute of Engineering, UNAM, Mexico. Basic input data
are: geometry of the sources, seismicity of the sources, and attenuation relations. The steps in applying
CRISIS99 for Syria are in the following:

Step 1, Defining source geometry: 1) area sources, using a polygon with at least three vertex;
longitude, latitude and depth must be given for each vertex, so this type of source can be used to
model, for instance, dipping plates or vertical strike-slip faults; 2) fault sources, using polylines; and 3)

point sources are included essentially for academic purposes.
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Step 2 Seismicity of the region: 1) Historical and instrumental catalogues; 3) Characteristic
earthquakes; 3) Focal mechanism of the seismic sources.

Step 3, Modelling the seismicity of the sources:1) either as time-independent Poisson magnitude-
frequency relations also smoothly truncated as Gutenberg-Richter curves, 2) for the characteristic
earthquake processes, the program assumes Gaussian distribution of the magnitudes.

Step 4, Hazard computations: it can be performed, simultaneously, for several intensity measures, for
instance, Amax, Vmax, and several spectral ordinates. Required attenuation laws are given in the form of
tables containing the median values of the intensity measures as a function of magnitude (the rows of
the table) and focal distance (the columns of the table). Several attenuation models can be used in the
same run, assigning one or several attenuation patterns to each source. Using a recursive
triangularization algorithm, spatial integrations are performed to optimize the number of calculations.
CRISIS99 will integrate more points for the nearest sources and less (or none) points for distant
sources. Hazard estimations are made for points in a grid that is not necessarily rectangular.

Step 4, Visualization of hazard maps and diagrams: CRISIS99 includes a post-processing module that
can be used to visualize the results, given in terms of maps of ground acceleration and intensity
measures for arbitrary return periods for ground motion exceedance and rate curves for a selected site.
Also, if several intensity measures are included in the computations, uniform-hazard spectra can be
produced. The main results of a run are also written to ASCII files, so the user can use its own post-

processing techniques.
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III Seismotectonic Setting of western Syria

III — 1. Tectonic Setting

Syria occupies the north-western corner of the Arabian Plate and the north-eastern section of
the Sinai plate. In this situation, Syria seats on a plate boundary, i.e., the Dead Sea Fault that
accommodates a remarkable portion of left-lateral strike slip movements (Figure 1). To the north,
the continent/continent collision strikes in a roughly northwest direction at an estimated 18 %2
mm/year between the Arabian and the Anatolian Plates (Reilinger et al., 2006). To the northwest of
the Arabian Plate, the dextral North Anatolian Fault and the sinistral East Anatolian Fault
accommodate tectonic movement of the Anatolian subplate that is escaping westward due to the
Arabian-Eurasian convergence (McClusky et al., 2000). The Cenozoic Dead Sea fault forms the
Arabian/African-Sinai plates boundary and it has a sinistral transform that runs between an
extensional tectonic system to the south and a contractional plate boundary to the north. Indeed, the
fault transforms southward the spreading oceanic lithosphere of the Red Sea into northward the
contracting continental lithosphere at the junction with the East Anatolian Fault Zone and the Bitlis
Suture Zone in Turkey. The active fault zone that accommodates the differential northward motion
of the Arabian and African plates (Sinai subplates) includes the prominent Lebanese restraining
bend (Figure 1) that extends further east as the Palmyrides contractional system. In fact, the NE
trending Palmyrides fold-thrust belt starts from Damascus to the Euphrates River region and forms
the main continental shortening in the northern part of the Arabian Plate (Chaimov, 1990).

The new tectonic map of Syria (Figure 2) and its description has been adopted from the
comprehensive publication of the work of (Brew et al., 2001), with some modifications. The map
shows the general tectonic structures and geological outcrop distribution on shaded relief imagery
(srtm30). The faults and folds shown in black lines were mapped by (Dubertret, 1955 and 1966),
(Ponikarov, 1966), (Searle, 1994), and from surface observations and limited remote-sensing
imagery interpretation (Brew, 2001). The subsurface structure, in red, is modified from the top
lower Cretaceous structure map. This level was chosen to represent the subsurface as most faulting
cuts this horizon, yet it is still relatively close to the surface. The sense of motion on these faults
may change according to the particular structural level that is considered. The authors have mapped
many of the reverse faults that limit the Palmyrides anticlines as being reactivated (inverted) normal
faults. The strike-slip activity is also difficult to map accurately in the subsurface and it is only
noted where known with some certainty. Assuredly, many more faults have strike-slip components

than are identified on this map. The map shows how most tectonic deformation in Syria is located
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within four major structural zones: the Palmyrides, the Abd el Aziz-Sinjar area (NE Syria), the
Euphrates Fault System and the Dead Sea Fault System. These major structures have
accommodated most of tectonic deformation in Syria throughout the Phanerozoic, whereas the
intervening stable areas remained structurally high and relatively undeformed. The style of
structural reactivation is dependent on the orientation of the tectonic zones to the prevailing stress

pattern.
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A brief description of the tectonic features shown in the map of Figure 2 is as following:

The Lebanon and Anti-Lebanon Mountains are mainly uplifted as part of ‘Syrian Arc’ in the

Paleogene. The southwestern volcanic fields consist on Neogene and Quaternary basalts erupted

from prominent volcanic centers aligned in a NNW direction. The Palmyrides are late Cretaceous

to present and with mainly Neogene SE-verging fault-propagation folding and very steep dipping

southeastern forelimbs. The late Cretaceous Baer-Bassit Ophiolite that obducted from the north.

The fault-bounded

Figure 2: (a)
The index map of
regional plates with
arrows showing the
directions of the plate’s
movement and  the
tectonic map covering
area. (b) The tectonic
map of Syria showing
the  main  tectonic
features: main blocks,

surface and subsurface
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Neogene depocenter of Nahr Al-Kebir Depression with up to 2-km-thick Neogene strata. The

northern Dead Sea Fault (in Lebanon and Syria) formed since the late Miocene with <25 km of

sinistral movement. The Coastal Ranges with ~2.5 km of post mid-Eocene uplift. AL-Daww

Depression: Intermountain basin with ~2km of Cenozoic continental clastics. Furtehr east, The

Ghab Basin shows up to 3.4 km of Pliocene/Quaternary alluvial deposits in a pull-apart basin along

the Dead Sea Fault. The fault limits to the east the Aleppo Plateau, a structurally high topography

47




and major crustal block in northern Syria, but with a crust thinner than in S. Syria. Other tectonic
structures (such as the Jhar Fault, Bishri Fault, Euphrates Graben, Derro High, Jebel Abd el-Aziz,
Mesopotamian foredeep, Sinjar Uplift, Rawda High, Anah Graben, Rutbah Uplifi, and Kurd Dagh
mountains) form mainly the tectonic framework of Syria not directly related to the Dead Sea fault

system.

III — 2. The Dead Sea Fault System

The Dead Sea Fault System is a major left-lateral transform plate boundary separating
Africa (Sinai subplate) from Arabia and accommodates their differential movement. The total offset
on the southern portion of the fault is well established to be around 105 km (Quennell, 1984). Some
authors have suggested two episodes of strike-slip motion on the Dead Sea Fault System in
agreement with a two phases Red Sea opening—Miocene slip of 60 to 65 km, and post-Miocene
slip of 40 to 45 km (Freund et al., 1970; Quennell, 1984). Other authors (e.g., Steckler and ten
Brink, 1986) have advocated a more constant Red Sea extension. Along the northern section of the
fault (in Lebanon and Syria) the age and rates of faulting were not determined due to a lack of
piercing points, although the total post-Miocene offset has been reported as less than 25 km
(Trifonov et al.,, 1991). These observations added with the work in the Palmyride have been
combined into a model in which the northern part of the Dead Sea Fault System has been active
only during the second (post-Miocene) phase of faulting. In this model, 20 to 25 km of post-
Miocene sinistral motion has been accommodated along the northern fault segment, and another 20
km in the shortening of the adjacent Palmyride fold and thrust belt (Chaimov et al., 1990), thus
accommodating the full 40 to 45 km of post-Miocene slip. The northern segment of the Dead Sea
Fault System strikes northward parallel to the coast through western Syria, and is clearly defined
both topographically and structurally (Figure 2). Along the fault in western Syria is the deep Ghab
Pliocene to Holocene pull-apart structure opened in response to a left-step, although sinistral motion
fails to be fully transferred across the basin, resulting in the ‘horse-tailing’ of the fault system
observed northward into Turkey. The Coastal Ranges have clearly been affected by the propagation
of the Dead Sea Fault System and formation of the Ghab Basin, resulting in the steep eastern limb

and the possible rotation of the block (Brew et al., 2001).
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III — 3. Segmentation of northern DSF

The Dead Sea Fault can be roughly divided into two sections separated by the Lebanese
restraining bend (Griffiths et al., 2000; Gomez et al., 2003). The southern section starts from the
Golf of Aqgaba in the south passing through Wadi Araba (Wadi Araba segment), forming the Dead
Sea as a large pull-apart basin, continuing along the Jordan Valley and ends in the Hula Basin
(Figure 1). Further north, the Lebanese restraining structure shows NNE trending fault branches,
i.e., the Serghaya, Rashaya, Hasbaya, and Yammuneh Faults and NW trending Al-Roum Fault. The
200-km-long Yamouneh Fault forms the main continuation on the Dead Sea Fault to the North and
ends at Al-Boukeyaa Basin where the N-S section starts in Syria. The northern section has three
main segments from south to north: The Missyaf segment as single linear fault structure, and the
Al-Ghab pull-apart region that separates into several fault branches with the main Jisser Al-
Shoughur segment west of the basinand the Afamia and Ifreen Faults to the east of the basin. The
northern DSFZ, in Syria and southern Turkey, is regarded as a series of transpressional stepovers,
along which the left-lateral slip is apparently slower than the relative plate motion, because this slip
is oblique to the relative plate motion (Gomez et al., 2007).

The late Quaternary tectonics and related slip rate along the Dead Sea Fault have been
investigated by many authors applying geomorphological, paleoseismological, and geodetic (GPS)
measurements methods. The main results summarized in Table 1 show that; 1) the slip rate
estimation along the Dead Sea from the tectonic investigations is varying from 1.5-3.5 mm/yr to 9-
15 mm/yr, while the GPS measurements give estimations of 4.5-4.8 mm/yr to 5.6-7.5 mm/yr. 2)
The geological methods have higher level of slip rates than the GPS measurements. 3) There are
some minor variations of slip rate between the northern and southern segments depending on each
applied method of measurements and block models. Table 1 shows the different estimated slip rates

along the Dead Sea Fault with the source and type of evidence.

III - 4. Historical Seismicity

The Earthquakes, as any natural catastrophic phenomena, have been described and recorded
for more than 3000 years ago in the Middle-East region. Previous works have described the
earthquake effects on nature and man-made structures, such as faulting rupture, coseismic
deformation, landslide, springs appearing and disappearing, lives casualties, houses destruction,
...etc. In our previous work, we have prepared the historical earthquake catalogue of Syria and
neighbouring regions (see Chapter IV) which shows a parametric estimation of the textual

descriptions of historical earthquake damage and effects (Sbeinati et al., 2005).
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Fault Evidence type Amount of Age of locking Slip rate Authors
segment offset datum depth mm/y
km
DSF
(general) Geol. 65 km ~4Ma ~8.7 Westaway et al., 2001
7-10 Ma 4-6 Freund et al., 1970
3.1-3.7 Ma 9-15 Steinitz et al., 1978
Pliocene-Pleistocene
(4-5Ma) 7-10 Garfunkel et al., 1981
Last 1,000-1,500 yr 1.5-3.5 Garfunkel et al., 1981
offset Miocene rocks ~ 40-45 km 7-12 Ma 3.5-6 Freund et al., 1968
GPS 45-48+1 Reilinger et al., 2006
GPS 56-75+1 McClusky et al., 2003
Amik basin Paleo 7.9 km Pre-Quaternary 4.944+0.13 Karabacak 2009
Paleo 42 m 6500 BC ? Altunel et al., 2009
Paleo 25 m 1500 BC ? Altunel et al., 2009
Missyaf +
Al-Ghab Paleo. Last 2000 years 6.9+0.1 Meghraoui et al, 2003
GPS 5-16 km  1.8-3.3 Alchalbi et al, 2009
GPS 15 km 4.2+0.3 Gomez et al, 2007
GPS 4.8+ 0.3 Reilinger et al, 2006
GPS 13 km 4.7+0.4 Mahmoud et al., 2005
Yammuneh Offset alluvial fans 25 ka 5.1+1.3b Daéron et al., 2004
offset Homs basalts 8 km Miocene- Pliocene 5-10
offset Litani river 5 km 1-2 Ma 5-10 Garfunkel et al., 1981
GPS 15 km 3.9+0.3 Gomez et al, 2007
GPS 3.5t 04 Reilinger et al, 2006
GPS 13 km 3.4+0.4 Mahmoud et al., 2005
Roum Paleo 0.86—1.05 Nemer et al., 2006
Serghaya offset channels 10 ka 1.4£0.2 Gomez et al., 2003
GPS 1.7-2.8 Wdowinski et al., 2004
33+£04-
South DSF GPS 3.7+0.4 Wdowinski et al, 2004
Hula Basin offset of walls 2.1m 817 years ~2.5 Marco et al., 1997
GPS 15 km 3.0+0.3 Gomez et al, 2007
Jordan
Valley Geol. offset gullies the last 47.5 kyr 4.7t0 5.1 Ferry et al, 2007
Paleo Last 5 kyr 3-4 Marco et al., 2005
offset channels 100-150 m  post-Lisan 10 Garfunkel et al., 1981
Paleo 60,000 yr 0.5 Hamiel et al., 2009
GPS 15 km 4.0£0.3 Gomez et al, 2007
GPS 44+03 Reilinger et al, 2006
GPS 12 km 3.7+0.4 Wdowinski et al, 2004
GPS 13 km 4.3+£0.3 Mahmoud et al., 2005
offset gullies and fan 54 m 16-11 ka 3.449
surfaces on ributaries 39 m 9-6.5 ka 4.3-6.0
Wadi Araba  to Wadi Dahal 22.5m 5.8 ka 3.9 Niemi et al., 2001
offset of late pleisto.
alluvial fan 500 m 77-140 ka 4 Klinger et al., 2000a
Offsets in drainage
basins and alluvial Late Pliocene or
fans 15 km early Pleistocene 3-7.5 Ginat et al., 1998
slumps in Lisan
deposits 6.4 El-Isa et al., 1986
offset alluvial fans 3 km 0.3-0.6 Ma 5-10 Garfunkel et al., 1981
offset alluvial fans 150 m 20-23 ka 7.5 Zak and Freund, 1966
GPS ~12 km 49+14 Le Beon et al, 2008
GPS 4.5+03 Reilinger et al, 2006
GPS 13 km 4.4+0.3 Mahmoud et al., 2005

Table 1. Geologic and GPS estimate of lateral slip rates along the Dead Sea transform fault

system.
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The catalogue is presented as a list of earthquakes with its parameters ordered by date, time
(whenever mentioned), epicentre, coordinates, estimated maximum intensity, calculated magnitude,
intensity at affected localities, and the natural coseismic features.

The historical earthquake catalogue; extends the knowledge about the seismic activity for
longer time span than the instrumental catalogue. In the Syrian case because of the rich civilization
and historical heritage present in archaeology and literatures, the historical catalogue extended up to
1365 B.C. (Sbeinati, 2005), whereas the instrumental catalogue covers a more recent time
beginning from 1900 A.D.. The completeness of the catalogue is for M = 6.5. In our case of long
returning periods of destructive earthquakes in Syria, the historical catalogue (supplied with the
archeoseismic and paleoseismic data) contains important information on the occurrence of large
seismic events. Despite of the low level of instrumental seismicity and the absence of strong
motion records, seismic parameters and fault activity along the active structures of the Dead Sea
Fault associated with the historical earthquake data play a key role in estimating the seismic hazard

for Syria.

The applied methodology in preparing the historical earthquake catalogue for Syria can be
summarized in the following steps: (details are in the Chapter IV and the paper of Sbeinati et al.,
2005), (see Figure 1I-12 in Chapter II): (1) Collecting all previous works about the historical
seismicity of Syria and the neighbouring regions, such as seismological compilation, parametric
catalogues, and individual events, (2) Systematic searching in all different types of historical
sources, for collecting description on historical earthquakes, (3) Quality classification of the
collected fragments of historical descriptions according to the restricted criteria: originality of the
document or second-hand or translated, the author if contemporary or posterior, eye witness,
transferred, position and socio-political conditions ,(4) Grouping the related description of each
historical earthquake and ordering groups chronologically, (5) Quantifying the discretional texts of
earthquake effects at each locality by means of applying the EMS-1992 intensity scale which is
adopted from the MSK-64 intensity scale, (6) Drawing maps of intensities with localities and the
isoseismal map for each earthquake, (7) Estimating the parameters of earthquake: date, epicentre
coordinates, and magnitude (Shebalin, 1970), finally (8) producing the catalogue of the historical
earthquakes, see Table 2: which shows the main destructive earthquakes with Ms > 5.9 along the
Dead Sea Fault, these earthquakes have enough earthquake data to construct a parametric catalogue

after (Sbeinati et al., 2005) and the map of earthquake epicentre distribution from 37 to 1900 A. D.)
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No Date Lat. Long. Major affected localities 10 H Ms
(ddmm.yyyy) CN)  (°E) (EMS-92)  (km)
01 37 AD. 36.00 36.30 Antioch, Dafneh VII-VIII 15 6.2
02 53 36.20 36.50 Antioch, Afamia, VIII 30 6.6
Manbej, Lattakia
03 303-304 33.80 34.30 Saida, Sur, Syria VIII-IX 20 7.1
04 494 35.80 36.30 Antioch, Tripoli, Lattakia VII-VIIL 25 6.5
05 22.08.502 33.00 34.80 Akka, Sur, Saida, Beirut, Safad VIII-IX 30 7.2
06 531-534 35.50 37.20 Area between Aleppo and Homs VIII 15 6.5
07 09.07.551 34.00 35.50 Cities of Lebanese coast, Arwad IX-X 28 7.2
08 565-571 36.00 36.20 Antioch, Seleucea, Kilikia, Anazrabo VII-VIII 30 6.0
09 18.01.747 32.50 35.60 Mt. Tabor, Baalbak, Bosra, Nawa, Balqa, Al-Quds, IX 25 7.2
Beit Qubayeh, Tabaryya, Damascus, Daraa
10 24.11.847 34.40 36.30 In and around Damascus, Antioch, Al-Mosel IX 35 7.5
11 30.12.859- 35.70 36.40 Antioch, Lattakia, Jableh, Homs, Palmyra, Tarsus, VIII-IX 33 7.4
29.01.860 Balis, Damascus, Adana, Ar-Raqqa
12 05.04.991 33.70 36.40 Baalbak, Damascus X 22 7.1
13 30.07- 34.40 36.20 Tripoli, Lattakia, Akka, Sur VIII 32 6.9
27.08.1063

14 11.1114 37.30 38.50 Maskaneh, Maraash, VIII-IX 40 7.4
15 11.1114 37.30 36.50 Samsat, Orfa, Harran X 40 7.7
16 27.09.1152 32.60 36.70 Bosra, Hauran, Syria VIII 12 5.8
17 02-04.04.1157 35.50 36.50 Shaizar, Hama, Kafer Tab, Aleppo VII 22 6.0
18 13.07.1157 35.20 36.60 Hama, Afamia, Kafer Tab, Homs, Tayma VIII 25 6.6
19 12.08.1157 35.40 36.60 Shaizar, Kafar Tab, Afamia, Hama, Arqa, Aleppo, IX-X 15 7.4

Homs, Lattakia, Tripoli, Antioch, Qalaat Al-Hosn,

Maarret Annooman
20 29.06.1170 34.80 36.40 Damascus, Homs, Hama, Lattakia, Baalbak, X 35 7.7
Shaizar, Barin, Aleppo
21 20.05.1202 34.10 36.10 Mount Lebanon, Baalbak, Sur, Beit Jin, Banyas, IX 30 7.6
Nablus, Al-Samyra, Damascus, Safita, Akka,
Tripoli, Hauran, Beirut, Homs, Tartus
22 02.01.1344 36.70 37.40 Al-Rawendan, Manbej, Aleppo VIII 30 6.8
23 20.02.1404 35.70 36.20 Blatnes, Bkas, West of Aleppo, Qalaat Al-Marqeb, VIII-IX 30 7.4
Tripoli, Lattakia, Jableh
24 29.12.1408 35.80 36.10 Shugr, Bkas, Blatnes, Lattakia, Jableh, Antioch, IX 25 7.4
Syrian coast
25 10.10.1568 35.50 35.50 Lattakia, Famagusta VIII 12 6.0
26 21.01.1626 36.50 37.10 Aleppo, Gaziantab, Hama X 20 7.3
27 22.09.1666 37.00 43.00 Al-Mousel, Sinjar, Shargat IX 35 6.9
28 24.11.1705 33.70 36.60 Yabroud, Al-Qastal, Damascus, Tripoli VIII 35 6.9
29 15.04.1726 36.30 36.60 Jum, Aleppo VIII 15 6.1
30 25.09.1738 36.70 36.50  Iskenderun, Bellen Bass, Antioch, Jabal Al-Amanus, VIII 10 6.2
Aleppo

31 30.10.1759 33.10 35.60 Al-Qunaytra, Safad, Akka, VIII-IX 20 6.6
32 25.11.1759 33.70 35.90 Baalbak, Zabadani, Ras Baalbak, Al-Qunaytra, IX 30 7.4

Damascus, Beirut, Saida, Safad, Sur, Tripoli, Homs,

Hama, An-Nasra, Lattakia, Al-Quds, Gaza, Antioch
33 26.04.1796 35.30 36.20 Qalaat Al-Margeb, Al-Qadmous, Nahr Al-Kabir, VIII-IX 20 6.8

Jableh, Bkas, Lattakia
34 13.08.1822 36.10 36.75 Jist Ash’Shoughour, Quseir, Aleppo, Darkoush, IX 18 7.0
Antioch, Iskenderun, Idleb, Kelless, Armanaz,
Sarmada, Lattakia, Homs, Hama, Maraash, Ram
Hamadan, Bennesh, Maarret Missrin Safad

35 01.01.1837 - - VIII >7.0
36 03.04.1872 36.20 36.50 Harem, Armanaz, Lake of Al-Amq, Antioch, VIII-IX 10 7.2

Aleppo, Suaidiya, Izaz, Idleb, Iskenderun

Table 2; Main destructive earthquakes with Ms > 5.9 along the Dead Sea Fault, these

earthquakes have enough data to construct a parametric catalogue.
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Figure 3: Map of historical seismicity from 37 A.D .to 1900 A.D.

III — 5. Instrumental Seismicity

The instrumental earthquake catalogue of Syria covers the period from 1900 to 2008 (Figure
4). The catalogue is a combination of two catalogues: the first one is the old version of catalogue
(Sbeinati, 1997) covering the period 1900 — 1995 and the second covering the period from 1995 to
2008 (data from National Earthquake Centre of Syria, http://www.nec.gov.sy/).

The applied methodology in the first catalogue has been described in (Sbeinati, 1997),
where the compiled of data were from different sources (mainly international data centres and
seismic networks of the neighbouring countries). A special concern has been devoted to the fixed
coordinates of epicentre location and unifying the magnitudes (the completeness of data includes
M>2.5 depending on the time-window and the region. The second catalogue has been compiled

after a download from the web page of the National Earthquake Centre (NEC-Syria)
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http://www.nec.gov.sy/, and from the International Seismological Centre (ISC)
http://www.isc.ac.uk/, and the European-Mediterrancan Seismological Centre (EMSC),

http://www.emsc-csem.org/.

Magnitude
. <4
>4

>5
>6

36° 38° 40° 42°
Fig. 4 Map of instrumental seismicity for 1900-2008

II - 6. Focal mechanism analysis

Analysis of focal mechanism solutions of the main recent events along the Dead Sea Fault,
indicate a clear NNW-SSE trending of P axes with strike slip movements along faults such as the
22/11/95 event (M 7.3) in the golf of Aqaba, and the two events on the Serghaya Fault in 26/03/97
(M ..., ...) as seen in Figures 1 and 5 (Figure 1 is the Figure 1 in this chapter, Figure 5 is the map of
focal mechanism and the GPS velocities). In Syria, the event mechanisms of 22/01/97 illustrate a
transtension associated with the left-lateral pattern and show a component of normal faulting

associated with the Ghab pull-apart basins. We present in Tables 4 and 5 all focal mechanisms
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calculated for Syria and neighboring regions (Reasenberg and Oppenheimer, 1985; Salamon, 2003;
and Harvard-CMT solution). Earthquake mechanisms on the Dead Sea Fault Zone present a nearly
N-S trending fault plane with left-lateral slip vector in accord with the P axe directions and inferred
stress distribution. Unfortunately there is not enough recent large earthquakes (M>5) along the
northern Dead Sea Fault that could document the stress distribution (Tables 4 and 5 represent the

focal mechanism parameters according to Salmon, 2003 and Harvard-CMT solution).
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Figure 5: Map of focal mechanism (Harvard CMT, Reasenberg & Oppenheimer 1985
Salamon et al., 2003,and Pondrelli et al., 2002) and GPS velocities (Reilinger et al., 2006, Alchalbi
et al., 2009).
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Parameters of fault plane

Event solutions
P T First plane Second plane

No | Symbol Origin time ML | Lat. Long. | Zone () o ) o [0) o L [0) o L

1 4/51 1951 | 04082138 | 5.7 | 36.5 35.7 CA 66 | 41 17 ] 263 | 30 | 105 | -60 64 251 -106
2 3/56a 1956 | 03161932 | 5.2 | 333 353 DST 10 | 144 | 10 | 235 | 90 | 280 | -15 75 10 -180
3 3/56b 1956 | 03161943 | 5.5 | 333 353 DST 18 | 155 | 34 51 50 | 288 12 80 190 140
4 3/68 1968 | 03261937 | 4.8 | 34.1 355 DST | 27 | 251 0 341 | 70 | 120 | -60 71 22 -21
5 10/70 1970 | 10051453 | 4.8 | 35.1 389 Plm 9 309 | 80 | 130 | 35| 130 90 55 310 90

6 4/71 1971 | 04162127 | 4.6 | 33.7 355 DST | 38| 113 | 14| 215 | 75| 250 | -40 51 352 -160
7 6/71 1971 | 06290908 | 5.0 | 37.1 36.8 | NMTJ | 11 | 312 | 62 65 40 | 160 130 60 292 61
8 7/71b 1971 | 07112012 | 5.1 | 37.2 36.8 | NMTJ | 30 | 134 | 60 | 314 | 75 | 135 90 15 315 90
9 8/71 1971 | 08170429 | 4.9 | 37.1 36.8 | NMTJ | 32| 132 | 55| 333 | 78 | 140 99 15 280 50
10 2/78 1978 | 02092110 | 4.5 | 37.07 | 36.84 | NMTJ | 17 11 66 | 233 | 30| 170 60 64 23 106
11 1/80 1980 | 01021252 | 4.7 | 36.6 364 | NMTJ | 30 1 55| 148 | 77 | 348 74 20 220 140
12 2/81 1981 | 02190241 | 4.7 | 36.35 | 36.42 DST 3 49 10 | 139 | 85 5 10 80 274 174
13 6/81 1981 | 06300759 | 4.7 | 36.18 | 35.89 DST | 21| 201 | 33 | 306 | 82 | 166 40 50 70 170
14 6/83a 1983 | 06030204 | 4.9 | 33.85 | 35.73 DST | 65| 77 5 179 | 55| 200 | -60 44 344 -125
15 11/83 1983 | 11240014 | 4.7 | 37.05 | 36.11 DST | 21| 184 | 6 91 70 | 316 | -10 | 80 50 -160
16 12/84 1984 | 12181359 | 4.7 | 3529 | 35.32 CA 1 337 | 51 69 58 | 305 42 55 190 140
17 6/87 1987 | 06160617 | 4.7 | 35.55 | 35.25 CA 55 53 30 | 266 | 77 | 253 _;0 20 125 -40

Table 4: Parameters of the fault plane solutions of first P-wave arrivals, (Salamon et al.,

2003). Abbreviations: Each event is noted by its symbol on the seismotectonic maps, origin time of

year, month, day, hour and minute; local magnitude; and epicentral coordinates. Zones are: CA,

Cypriot Arc; DST, Dead Sea Transform; NMTJ, Northeast Mediterranean Triple Junction; Plm,
Palmyride fold belt; are given by the Plunge (p) and the Trend (0) of the Pressure (P) and Tension
(T) axes, and Plunge (p), Trend (6) and Rake (L) of the two nodal planes.

No Origin time mb Long. Lat. Zone Strl Dip1 Slip1 Str2 Dip2 Slip2

18 | 1979 | 12280309 5.1 35.85 37.52 NMTIJ 141 90 180 231 90 0 1.47 e24
19 | 1989 | 06240309 4.9 3593 36.72 NMTIJ 203 28 -93 27 62 -88 5.04 e23
20 | 1991 | 04100108 52 36.14 3731 NMTIJ 160 27 -136 29 72 =70 12.91e23
21 | 1996 | 12242216 4.9 38.58 3429 Plm 240 75 9 147 81 165 2.03 e24
22 | 1997 | 01221757 53 35.94 36.18 NMTIJ 243 39 -15 345 81 -128 4.32 24
23 | 1998 | 06271355 6.6 3531 36.88 NMTIJ 321 75 171 53 81 15 2.96 €25
24 | 1998 | 07040215 5.4 3532 36.87 NMTIJ 72 55 8 338 84 145 15.87 €23
25 | 2001 | 06251328 5.6 35.82 36.91 NMTIJ 184 15 -88 2 75 -90 1.5¢e24

Table 5: Parameters of CMT solutions done by Harvard, origin time, location and zones,

are as in Table 2. Magnitude is mb according to NEIS. Mechanisms are given by Harvard

conventions: strike, dip and slip of the two planes. Scalar moment (Sm) is given by abscissa and

exponent.
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Date Lat. | Long. | Depth | MW T-axes N-axes P-axes Plane 1

o} 4] g o} 4] g o} 4] g o} 0 A
01/22/97| 36.27 | 35.95 | 16.5 | 5.1 5.45 7 98 1.10 40 3 -6.55| 49 196 | 224 52 -35
03/26/97| 33.10 | 35.49 | 10.0 | 5.1 5.60 30 67 1.00 34 179 | -6.59 | 42 306 104 35 | -167
03/26/97| 33.53 | 35.70 | 10.0 | 4.6 | 8.21 30 52 0.31 43 175 | -8.52| 32 301 87 43 | -179
06/28/98| 36.89 | 35.54 | 10.0 | 4.9 | 2.51 5 89 0.21 68 347 [-272| 22 181 223 71 -12
06/10/99| 37.22 | 36.14 | 12.0 | 44 | 6.39 37 306 [-1.02| 53 133 | -5.37 4 38 89 62 26
04/02/00| 37.63 | 37.28 | 10.0 | 4.3 | 3.43 20 270 | 0.89 61 42 [ -4.31| 19 172 | 311 61 179
05/12/00| 37.29 | 36.28 | 16.9 | 4.7 1.20 1 292 | 0.1 11 22 | -1.30( 79 197 10 45 | -106

Table 6: Focal mechanism parameters from Pondrelli et al. (2002)

We have 25 events from 1959 to 2001 with magnitude varying from 4.5 to 6.6; 12 events

come from the Northeast Mediterranean Triple Junction among which 7 events correspond to the

northern part of the Dead Sea Fault, 3 events are from the Cypriot Arc, and 2 from the Palmyride

fold belt.

38" H

35

34°

section 2

section 1

Figure 6: Sections of instrumental earthquakes from 1995 to 2008 (seismic data from ISC,
NEC Damascus and Sbeinati, 1993).
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IIT — 6. Crustal structures and active deformation

The Shebalin model of deriving historical earthquake parameters (Shebalin, 1974) shows
that the estimated depth of large earthquakes varies from 10 — 35 km. The instrumental earthquake
catalogue, (after assuming that all the epicenter analysis are well defined), gives a general trending
of depth less than 20 km. Sections 1, 2, and 3 (Figure 6) show variations of seismicity depth and
give an idea about the thickness variation of the crust across the northern Dead Sea Fault in Syria.
The three different sections show that the seismogenic layer depth in southern part (section 1 & 2) ~
10 km, is shallower than the northern part (section 3) of the fault estimated ~ 17 km. This
observation shows a thinning of the seismogenic crust near the Lebanese Restraining Bend whereas
the northern part shows a deeper seismogenic layer. On the other hand, the numerous seismic events
in the western part of the fault and in the Lebanese Restraining Bend indicate a clear increase of
activity. Although the depth determination is sometimes not very accurate (> 5 km), all three
sections indicate that hypocenters do not exceed 40 km. However, one may observe that
hypocenters in the Sinai-Africa plate have a higher depth (a large number between 20 and 40-km-
depth) than seismic events in the Arabia plate. This implies that the Aleppo Plateau and Syria

continental domain has a thin seismogenic layer .
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Abstract

The historical sources of large and moderate earthquakes, earthquake catalogues and monographs exist in many
depositories in Syria and European centers. They have been studied, and the detailed review and analysis re-
sulted in a catalogue with 181 historical earthquakes from 1365 B.C. to 1900 A.D. Numerous original documents
in Arabic, Latin, Byzantine and Assyrian allowed us to identify seismic events not mentioned in previous works.
In particular, detailed descriptions of damage in Arabic sources provided quantitative information necessary to
re-evaluate past seismic events. These large earthquakes (/o.-VIII) caused considerable damage in cities, towns
and villages located along the northern section of the Dead Sea fault system. Fewer large events also occurred
along the Palmyra, Ar-Rassafeh and the Euphrates faults in Eastern Syria. Descriptions in original sources doc-
ument foreshocks, aftershocks, fault ruptures, liquefaction, landslides, tsunamis, fires and other damages. We
present here an updated historical catalogue of 181 historical earthquakes distributed in 4 categories regarding
the originality and other considerations, we also present a table of the parametric catalogue of 36 historical earth-
quakes (table I) and a table of the complete list of all historical earthquakes (181 events) with the affected lo-
cality names and parameters of information quality and completeness (table II) using methods already applied
in other regions (Italy, England, Iran, Russia) with a completeness test using EMS-92. This test suggests that the
catalogue is relatively complete for magnitudes .6.5. This catalogue may contribute to a comprehensive and
unified parametric earthquake catalogue and to a realistic assessment of seismic hazards in Syria and surround-
ing regions.

Key words historical earthquakes — historical
sources — seismic hazards — Dead Sea fault system —
Eastern Mediterranean — Lebanon — Syria

1. Introduction

The Middle East is one of the few regions
worldwide where historical accounts of earth-

Mailing address: Dr. Mohamed Reda Sbeinati, Depart-
ment of Geology, Atomic Energy Commission of Syria, P.O.
Box 6091, Damascus, Syria; e-mail: sbeinati@scs-net.org
quakes can date back several hundred years

B.C. When available, historical earthquake
records are a critical database for characterizing
earthquake sources and assessing seismic haz-
ards. Previous compilations of historically doc-
umented earthquakes in Syria and adjacent re-
gions indicate noteworthy seismic activity with
large damage (e.g., Sieberg, 1932; Ben-Mena-
hem, 1979; Plassard and Kogoj, 1981; Guido-
boni et al., 1994; Ambraseys and Jackson,
1998). Despite these invaluable contributions to
the understanding of seismicity in the Middle
East, considerable information has remained
unexploited in numerous original sources that
provide important and quantitative input for de-
veloping a parametric catalogue.
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Since 1990 and within the framework of the
«Seismic Data for Siting and Site-Revalidation
of Nuclear Facility» research project, under the
patronage of the International Atomic Energy
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Fig. 1. Summary of major fault zones of the northern Arabian plate (redrawn from Garfunkel et al., 1981;
Barazangi et al., 1993).
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ia. Original sources were identified, located,
and exploited to extract the necessary informa-
tion for constructing a unified parametric cata-
logue. We studied 181 historical earthquakes,
and estimated the related intensities for each lo-
cality with a standardized methodology. A final
parametric catalogue for 36 major earthquakes
reports the epicenter locations, maximum inten-
sities and estimated magnitudes.

This paper documents historical earthquakes
of Syria and addresses the following points: 1)
the study of new historical seismic events; ii) the
re-appraisal of historical seismic events in the
light of original and new sources; iii) re-evalua-
tion of past events by means of a careful exami-
nation of all available references; iv) historical
earthquakes in previous works, and finally a dis-
cussion on the distribution of large earthquakes
along the main fault systems. In addition, all
events are listed in table II which represents
complete information about the historical earth-
quakes with estimated intensities at relevant lo-
calities and accompanying effects, with informa-
tion completeness (A — complete; B — accepted;
C — incomplete) and information quality factors
(1 — good source quality; 2 — moderate source
quality; 3 — poor source quality). 2.
Seismotectonic setting

The study area is located in the northern part
of the Arabian plate and encompasses Syria and
Lebanon and adjacent areas of neighboring coun-
tries. It is bounded from the west, by the northern
section of the Dead Sea Fault system (DSF), a
plate boundary consisting of the northeast trend-
ing Al-Yammouneh Fault (YAF) and the north
trending Al-Ghab Fault (GAF) (fig. 1). Northeast
of Antioch, the DSF intersects the Eastern Ana-
tolian Fault system (EAF) and the Bitlis Suture
zone (BS), both of which comprise the northern
border of the Arabian plate. Between Damascus
and the Euphrates River, the northeast trending
Palmyra fold-thrust belt is located within the
northern Arabian plate (fig. 1). This belt consists
of many asymmetrical elongated anticlines sepa-
rated by narrow depressions.

The seismicity of Syria can be qualified as
moderate during the last century (fig. 2). How-
ever, the historical seismicity indicates the oc-
currence of large earthquakes in the past. The
main instrumental seismicity with many mod-
erate earthquakes (5 -M,.6) is located along
the East Anatolian Fault and the Dead Sea fault
system (Sbeinati, 1993). An apparent lack of

Fig. 2. Map of Syria showing the seismicity during 1900-1993 (Sbeinati, 1993).
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seismicity can be observed along the Ghab fault
zone and motivates a careful analysis of seismic
documentation of the region.

Focal mechanisms of the main recent events
indicate a NNW-SSE trending of P axes with
strike slip movements along faults (see Harvard
CMT Catalogue). These mechanisms illustrate
the left-lateral pattern of active deformation with
minor component of normal faulting associated
with pull-apart basins along the Dead Sea Fault.
The rate of active deformation and relative Ara-
bia-Africa plate motion determined from GPS
studies varies from 5.6 to 7.5 mm/yr from south
to north, respectively (McCluskey et al., 2003).
Recent paleoseismic and archeoseismic investi-
gations along the Missyaf segment south of the
Ghab Basin show successive faulting with 13.6
m of left-lateral displacements during the last
2000 years yielding an average 6.9 mm/yr slip
rate (Meghraoui ef al., 2003). In contrast, the in-
traplate area of Syria is generally aseismic, with
infrequent earthquakes some of which can be of
significant size (Mw5.5) (fig. 2).

3. Previous works

Earthquake catalogues of the Middle-East are
from Hoff (1840), Mallet (1853) and Perrey
(1850) who compiled a list of earthquakes (see
the parametric catalogues and seismological
compilations in References Section). Tholozan
(1879) mentioned information about earthquakes
that hit the Middle-East between 7th and 17th
centuries; Willis compiled in 1928 and 1933
(Willis, 1928, 1933a,b) an earthquake list for
Palestine; catalogue of Sieberg (1932) is a global
work with an incomplete description; Amiran
prepared in 1950-1951 and 1952 a revised cata-
logue of Willis’ work; Ergin et al. (1967) pre-
sented a parametric earthquake catalogue for
Turkey and surrounding areas between 11 A.D.
and 1964 A.D.; Al-Sinawi and Ghalib (1975)
compiled a detailed and descriptive earthquake
catalogue of Iraq and partly some adjacent coun-
tries using modern references; the parametric cat-
alogue of Ben-Menahem (1979) is a real attempt
at parameterization of the historical earthquakes
specifically concerned with the Middle East;
Taher (1979) presented a full corpus of texts from

Arabic sources about the earthquakes that hit the
Arab World; the work by Plassard and Kogoj
(1981) is generally related to Lebanon and Syria;
Russell (1985) used the available ancient textual
and archaeological data in order to compile the
seismic events of Palestine, Lebanon and Syria
between the 2nd and the mid-8th century; Am-
braseys et al. (1994) offered a seismic catalogue
for Egypt, Arabia and the Red Sea; work of
Guidoboni et al. (1994) represents a critical com-
pilation and a historical review on the historical
earthquakes that hit the Mediterranean area; Am-
braseys and Finkel (1995) compiled a catalogue
for Turkey and adjacent areas for the period
1500-1800; finally the compiled catalogue on
Lebanon and parts of Syria presented by Abu
Karaki (1992) is not based on primary sources.

On the other hand, there are two detailed pa-
pers dealing with the 1202 A.D. earthquake in
the Eastern Mediterranean region (Ambraseys
and Melville, 1988) and 1759 A.D. earthquake in
Bekaa Valley (Ambraseys and Barazangi, 1989).

Although some of these catalogues consist of
many usual and unusual problems, they are, to a
large extent, valuable and helpful for preparing
our catalogue.

4. Sources of the catalogue

Syria has been home to some of the world’s
earliest civilizations. It is located on the eastern
shore of the Mediterranean Sea, at the crossroads
of three continents (Asia, Europe and Africa).

The main sources for the pre-Islamic period
are official letters, accounts of travelers who
visited the affected regions shortly after the
earthquakes, diaries, chronicles of historians
written in Syriac and Greek. Most of these
sources are not available in Syria. The rise of Is-
lam in the early 7th century in Mecca, followed
by many conquests for Syria and other regions
represented the first step for real systematic doc-
umentation in the region. The Muslims paid
considerable attention to the history of the Is-
lamic World. Earthquakes are among natural
phenomena that attract Muslim historians. Ara-
bic chronicles are one of the main primary
sources for the history of earthquakes for our
region, from the 9th century till the 19th centu-
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ry. Between the 7th century and 1000 A.D.,
there were universal chronicles covering various
events that happened in the Islamic Empire.
Then and due to many known reasons, history
was written to be more local. By the 17th centu-
ry, the European sources started to mention
events of our region in the form of travel litera-
ture and diplomatic correspondence reports.
These latter were preserved in archives in Eu-
rope and Turkey.

An extensive bibliographical research has
been performed as a base step and continued
throughout the research period in order to dy-
namically improve the result (see References
Section).

Scientific visits to the Turkish Atomic Ener-
gy Authority, Ankara, and ENEA, Rome, were
made in 1994 and 1995, in an attempt to collect
available sources and to better understand the
methodology of studying historical earthquakes
where many important historical sources on
Byzantine and Ottoman eras were found.

Our investigations were achieved in the fol-
lowing libraries: Al-Assad National Library in Da-
mascus, Syria (this cultural center represents one
of the largest depositories in our Arabian region,
containing a huge number of histories, mother
books); the Institut Frangais de Damas in Damas-
cus; Sileymaniye Library in Istanbul; the
National Library in Ankara; the Vatican Library in
Rome (by Dr. C. Margottini); Library of Pontificio
Istituto Orientale in Rome (by Dr. C. Margottini).

There are numerous sources used for prepa-
ration this catalogue, these are original docu-
ments such as manuscripts, diaries, ambassador
letters, existing catalogues and modern papers.
To retrieve data already available in seismolog-
ical literature, a supplement of research was de-
voted to a systematic reading of most sources.

Due to our belief that they are good inter-
pretations, parameters of 1202 and 1759 events
have been considered by this research as they
are.

5. Methodology

For the study of historical earthquakes in and
around Syria, all available relevant information
concerning the history in the region was collect-
ed from libraries in Syria, Turkey, Lebanon and

Italy. This information is translated, when need-
ed, to the English language. Then, this informa-
tion is assessed and evaluated. In addition, all
other catalogues, monographs and books were
also searched.

Both occidental and oriental sources con-
taining useful data about earthquakes during the
years under consideration have been identified,
particularly Arabic, Greek, Syriac and to a less-
er extent English, French and Ottoman.

Arabic chronicles are one of the main
sources of information for the present catalogue,
and they generally date earthquakes according to
the Muslim calendar of 12 lunar months. The
Muslim Era started in 622 A.D. (date of migra-
tion of the Prophet Muhammad from Mecca for
Medina). Therefore, it is called the Hijiri (mi-
gration) calendar, which is indicated here by the
suffix A.H. (i.e. After Hijira). In all cases, Gre-
gorian calendar comes in the heading, while the
Hijiri one is sometimes mentioned in the second
part. On the other hand and for the sake of con-
sistency, all needed conversions from Hijiri into
their corresponding dates in the Christian calen-
dar were made from the comparative tables in
Wolseley Haig (1932) which takes 16 July 622
A.D. as the start of the Muslim Era. The Arabic
documents are not without internal problems. As
becomes clear below, the exact date of a earth-
quake is only rarely given in Arabic documents.

In principle, the applied methodology in
this research is in accordance with the topology
presented by the IAEA (1987) and by Stucchi
(1994) as follows:

— Identifying the historical sources of infor-
mation: historical sources (contemporary and
near-contemporary), previous catalogues (para-
metric and compilations) and monographs have
been investigated and collected from many li-
braries in Syria, Lebanon, Turkey and Italy.

— Grouping all available information relat-
ing to one historical earthquake and arranging it
in chronicle order.

— Reading descriptions for each event in
order to build up the earthquake flow and its
date. Those descriptions which belong to the
same event have been interpreted in terms of in-
tensity for each affected locality using the Eu-
ropean Macroseismic Scale 1992.
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Fig. 3. Standard nomograph for determining local depht of shallow earthquakes from macroseismic data (area
of isoseismal Si, their average radius i, or distance to points of known intesity .i), for attenuation coefficient

3.5 (Shebalin, 1970).

— Assessing parameters of each historical
earthquake (date, epicentral location, epicentral
intensity, locality intensity, depth and macroseis-
mic magnitude), when the available descriptions
are adequate to permit accurate assessment.

Date — Date of the earthquake is the first pa-
rameter that should be assessed. Date of the
earthquake was assumed to be the most reliable
one according to the nearest historical sources
to the event in space and time.

Location — Latitude and longitude of the epi-
center of the earthquake is the second parameter
that should be also assessed. For the large earth-
quakes, this location was defined as a center of
the isoseismal lines. However, all sources uti-
lized in the catalogue give some idea of the lo-
cation, with the indication of the area worst af-
fected. In some cases, one locality was men-

tioned, so there is only a choice of locating the
earthquake near this center. In other cases, two
or more localities are reported, so there is a good
chance for locating the epicenter in between.
Intensity — Effects of any earthquake on the
environment should be evaluated using any de-
scriptive scale. In our case, epicentral intensity
(lo) and intensities for each affected locality for
the same earthquake have been assessed in accor-
dance with the EMS Scale 1992. It is worth men-
tioning that the assessment of the intensity for
each locality was defined on the basis of analyz-
ing all sources taking into account their quality.
Depth — Depth of the earthquake foci can be
evaluated when intensities of many localities are
available. However, this assessment was per-
formed according to the transparency of She-
balin (1970), with 3.5 where .is coefficient

70



The historical earthquakes of Syria: an analysis of large and moderate earthquakes from 1365 B.C. to 1900 A.D.

hAn = (VPR ) km
I..1.. (MSK-64)

h=1.5M-3.5logn=3.0
I.=1.5M-3.5logAn=3.0

- soo i
e I,- -
Fooo 17

Fig. 4. Standard nomograph of M, A, .and I. It is
averaged for shallow earthquakes (4 - 1.5, 3.5,
¢=3) (Shebalin, 1970).

of intensity attenuation (fig. 3). It is worth men-
tioning that the tectonic setting of western
boundary of the Arabian plate (transform system)
suggests that earthquakes originating in the study
area are shallow events within the crust (44 km).

Magnitude — Size of the earthquake is the
most important parameter that should be calcu-
lated. For large events in the catalogue, it is de-
rived using the nomograph proposed by She-
balin (1970) (fig. 4).

6. Catalogue of historical earthquakes

This catalogue contains all historical earth-
quakes affecting Syria and neighboring regions,
the 181 events distributed in four categories re-
garding the following parameters: 1) new sources
for past unknown 14 events; 2) re-appraisal of 42

historical seismic events in the light of original
and new sources; 3) re-evaluation of 116 seismic
events; and 4) contains 9 historical seismic events
without re-evaluation.

6.1. New sources for past unknown events

In this section, we present unknown historical
earthquakes and their associated original sources
which has never been referenced elsewhere.
These references correspond to Arabic sources
collected from different depositories.

004,331 B.C. Syria: VL.

Sources

— Al-Boustani (1887): In the year of 331, there
was a heavy earthquake causing many victims
and destruction in Syria.

0691046 July 8-1047 June 27 Diyar Bakr:
VII; Khlat: .VII.

Sources

— Al-Suyuti: In the year 438 A.H. (1046 July 8-
1047 June 27) many earthquakes occurred in
Khlat and Dyar Bakr destroying the citadels
and the fortresses, and killing people.

0731094 April 20-May 18 Damascus: V-VL.
Sources

— Ibn Al-Athir: In this month, 487 Rabi’ I A.H.
(1094 April 20-May 18), there was a sequence
of earthquakes in Bilad Al-Sham for a long time
without a significant damage.

— Al-Dawadari: In this year there were 12 shocks
for one day, causing destruction of the country
and killing a great scientist [at Damascus].

081,1140 August 17-1141 August 6 Qalaat
Sheizar: VI-VIIL.

Sources

— Al-Dawadari: In this year [535 A.H.] [1140
August 17-1141 August 6] there was an earth-
quake in Sheizar, causing damaging its citadel.

111,1537 March 08 Damascus: IV.
Sources

— Al-Ghazi: A slight shock was felt in Damas-
cus on 27 Ramadan 943 A.H. (08 March 1537)
(Badr Al-Ghazi).
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113, 1563 September 13 Damascus: VI.
Sources

— Al-Ghazi: A strong shock hit (Damascus), ac-
companied by a sound from the earth, on Sun-
day early morning, 24 Muharram 971 A.H. (13
September 1563), causing a few houses to col-
lapse and many fractures to appear on walls
(Badr Al-Ghazi).

117, 1604 March 13 Damascus: V; Bekaa: V.
Sources

— Al-Nablsi: A strong shock was felt in Damascus
and Bekaa on Friday night, 11 Shawwal 1012
A.H. 13 March 1604) (Al-Ghazi).

118, 1606 October 19 Baalbak: IV.

Sources

— Al-Nablsi: A shock was felt in Baalbak on
Monday night, 17 Jamada II, 1015 A.H. (19 Oc-
tober 1606) (Al-Ghazi).

121,1618 July 8 Damascus: IV.
Sources

— Al-Nablsi: A slight shock was felt [in Damas-
cus] on Wednesday 15 Rajab 1027 A.H. (08 Ju-
ly 1618) at sunset time (Al-Ghazi).

122,1618 July 23-August 21 Damascus: IV.
Sources

— Al-Nablsi: A slight shock was felt [in Damas-
cus] in Sha’ban 1027 A.H. (23 July-August 21,
1618) (Al-Ghazi).

123,1619 December 8-1620 November 25
Darkoush. Landslide.

Sources

— Al-Nablsi: A landslide, probably resulting from
an earthquake, happened in Darkoush in the year
of 1029 A.H. (1619 December 08-1620 Novem-
ber 25), destroying many houses and killing
about 70 persons (Al-Ghazi).

125,1627 November 24. Damascus: V.
Sources

— Al-Nablsi: A strong shock hit Damascus on
Wednesday night, 15 Rabi’l 1037 A.H.
(24 November 1627), but without any damage
(Al-Ghazi).

131, 1683 Safineh. Landslide.

Sources

— Al-Nablsi: An earthquake occurred in a night
of 1095 A.H. (1683), causing a village called
Safineh in Al-Shouf region (Lebanon) to shift
with its houses and trees from its location on
the top of the mountain to the bottom of the val-
ley, but without any damage.

135,1712 December 28 Damascus: IV.
Sources

— Al-Nablsi: He reported that a shock was felt
in Damascus on Wednesday night, 29 Zu-1-Qa’ -
da 1124 A.H. (28 December 1712).

6.2. Re-appraisal of historical seismic events
in the light of original and new sources

The seismic events of this section have al-
ready been mentioned in previous works, but
original documents and new sources of informa-
tion (most of them from the Arabic and Byzantine
period) provide new information on earthquake
size and related damage distribution. Therefore,
for some large events we provide a special sec-
tion on «Sources» added to the «Parametric cata-
logues and previous studies» and «Seismological
compilationsy.

001, ~1365 B.C. Ugharit: VIII-IX. Tsuna-
mi, fire.

Sources

— Schaeffer (1948): A violent earthquake hit
Ugharit in the Recent Bronze Era between 1370
and 1360 B.C. (probably in 1365 B.C.). The lay-
er of destruction that found in level I of Ugharit
represents archaeological evidence for the catas-
trophe. Preliminary investigation in Ugharit per-
mited that this layer caused by 1365 B .C. earth-
quake is corresponded with the text found in
Tell Al-Amarneh in Syria, which was reported
by Abimilki of Tyre to Amenophis IV as fol-
lows: «Ugharit, city of the king, was destroyed
by the fire; half of the city burnt, other half was
intact». Schaeffer estimated the intensity of this
earthquake at Ugharit to be VIII after Mercalli
scale or IX-X after the international scale. De-
tailed regional studies allow the establishment
of the layers of destruction that found in Beit
Mirsin, level CI, Recent Bronze II of Jerico and
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probably those of Megiddo VIII, Bissan VII,
Hésy V, Ascalan V ... were a result of the same
earthquake of Ugharit. Farther away, the site of
Troie in Asia Minor was subjected to serious
damage due to an earthquake in the middle of
XIV century (American excavations). In the
center of Asia Minor, Boghazkeuy-Hattousas,
the capital of Hittites was subjected to serious
destruction during the time of 1365 B.C. ecarth-
quake.

— Saadeh (1982): A possible earthquake was in
Ugharit. It was accompanied by a high sea-
wave covered the region of Minet Al-Biada,
and with a fire (indicated accidentally in a let-
ter from the King of Tyre «Abimilki» to Pharoa
of Egypt and archaeological excavation in
Ugharit according to Schaeffer, 1954).
Parametric catalogues

— Plassard and Kogoj (1981): 1365 B.C., IX,
destruction in Ugharit and Byblus (4 letter from
a King of Tyre to Akenton Pharoa).

— Ben-Menahem (1979): In 1356 B.C., destruc-
tion of Ugarit, with tsunami at the Syrian coasts.
Other works

—Klengel (1985): Between 2100 and 1200 B.C.,
there was a catastrophe in Ras-Shamra (Ugharit)
transferring the flourishing city into ruins and ash.

006,148-130 B.C. February 21, afternoon
Antioch: .VII.

Sources

— Al-Boustani (1887): 115 B.C,, it was a heavy
earthquake and many victims in Antioch.
Parametric catalogues

— Ben-Menahem (1979): 184, M.6.8, an earth-
quake was near Antioch (Willis).

Seismological compilations

— Sieberg (1932): 148 or 184, a destructive
earthquake in Antioch.

— Guidoboni ef al. (1994): Antioch IX L XI,
Antioch was suffered from the wrath of God. It
could be dated at the year 130 B .C. (Malalas)
regarding the confusion in Malalas dating or
there were two separate earthquakes.

— Sieberg (1932): 140 B.C., a destructive sea
wave was along the Syrian coast.

032,502 August 22, Friday Akka: VIII;
Tyre: VII-VIIIL; Sidon: VII-VIII; Beirut: VII;
Palestine: VI; Safad: VI?; Reina: VI?

Sources

— Joshua the Stylite: 502 August 22, Friday: Pto-
lemais destroyed to the extent that nothing stayed
standing. Half of Tyre and Sidon fell down. In
Beirut, only the synagogue fell down.
Parametric catalogues

— Plassard and Kogoj (1981): 502 August 21-
22, in Lebanon /- 1X, half of Tyre and Sidon
were destroyed, at Beirut (/- VII) some dam-
age in houses, remarkably in the synagogue
(Joshua the Stylite).

— Ben-Menahem (1979): 502 August 21 off
coast Acre, lo- X, M. 7.0, Acre destroyed. De-
struction at Sur, Sidon, Beirut and Byblos. La-
trun (Nicopolis) destroyed (Amiran; Plassard
and Kogoj).

Seismological compilations

— Guidoboni ef al. (1994): 502 August 22, Ak-
ka I'’X, an earthquake happened between 501
and 502, where Akka was overturned and de-
stroyed completely, half of Tyre and Sidon fell,
the synagogue in Beirut fell down (Pseudo-
Joshua’s Chronicle). Palaces in Palestine were
also affected (Russell).

— Russell (1985): 502 August 22, Akko was
overturned by an earthquake at night and nothing
left standing. Half of Tyre and Sidon fell. The
synagogue at Beirut fell down (Chronicle of
Joshua the Stylite). Safad and Reina in Galilee
could be affected.

034,526 May 20-29 Antioch: VIII; Dafneh:
VII; Seluecea: VII. Aftershocks. Liquefac-
tion at Antioch. Fire in Antioch.

Sources

— Malalas (1831): A large catastrophe occurred in
Antioch. Citizens were buried under the debris.
The houses, located only near the mountain, sur-
vived. The rest of the buildings were completely
destroyed. Fire following the earthquake de-
stroyed the Big Church (so was named the an-
cient church of Antioch) and the remaining hous-
es. There were 250000 casualties because of hol-
idays. Shocks lasted 18 months. Some buildings
in Selucea and Dafneh fell down.

— John of Ephesus: In Antioch, the disaster was
on the 7th hour, fire from the land and sky. City
wall, houses and churches were destroyed.
There was a fire following the earthquake. The
Big Church was burned after 7 days and de-
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stroyed completely. There were 255000 casual-
ties ... as Malalas.

— Procopius of Caesarea: A severe earthquake
occurred in Antioch where most of the build-
ings and the most beautiful ones fell down.
There were 300000 casualties.

— Evagrius Scholasticus: An earthquake, fol-
lowed by a fire, occurred in Antioch.

— Chronicon Edessenum (Urfa): A great earth-
quake ruined Antioch.

— Zachariah of Mitylene: A severe earthquake
in Antioch. Houses fell down over their inhabi-
tants.

— Giovanni Lido: The earthquake split Antioch
and Selucea, no damage to the desert place be-
tween the mountain and the city where runs the
river of Orontes.

— Marcellinus Comes: A severe earthquake de-
stroyed Antioch. The fire, following the earth-
quake, increased by the wind.

— John of Nikiu: An earthquake and a fire were in
Antioch. Houses were completely destroyed as
well as a house located on the nearby hill. Many
churches were destroyed or divided in two parts
from the bottom to the top. The Big Church was
destroyed. The casualties were 250000. Towns
of Dafneh and Selucea at 20 miles from Anti-
och were destroyed.

— Theophanes: A large part of Antioch was de-
stroyed by the earthquake. The survived citi-
zens were killed by the fire.

— Chronicle of 819: A severe earthquake. Antioch
was destroyed. The casualties were 255000.

— Georgius Monachus: An earthquake and a fire
were in Antioch. There were many casualties.
— Leo Grammaticus: Most of Antioch was de-
stroyed by the earthquake and fire.

— Georgius Cedrenus: There was an earthquake,
followed by 6 days fire. There were many thou-
sands of casualties.

— Michael Glykas: The earthquake produced a
big opening. The fire killed the survivors.

— Chronicle of 1234: An earthquake and a fire
occurred in Antioch, destroying all buildings
and churches.

— Girgis Bar Hebraeus: An earthquake occurred
in Antioch. The casualties were 255000. Shocks
continued for one year and six months.
Parametric catalogue

— Plassard and Kogoj (1981): 526 May 29, in

Lebanon IV, Antioch was destroyed for the
fifth time with a large number of victims
(Michael the Syrian).

— Poirier and Taher (1980): 526 May mid-day
20-29, Io.IX-X (MMS), very severe earth-
quake in Antioch.

Seismological compilations

— Guidoboni et al. (1994): 526 May mid-day 20-
29, Antioch X, a disastrous earthquake was at
Antioch, causing a great fire and thousands of
deaths. There were fire and liquefaction resulted
by the earthquake at Antioch, and everything had
been destroyed, 250000 people perished (Mala-
las). Much of Antioch collapsed and vast num-
bers of people were killed (The Chronicle of
Zacharia of Mitylene). Dafneh was struck by a
violent earthquake which reduced the whole city
to ruins and three hundred thousand Antioch per-
ished (Procopius of Caesarea).

— Sieberg (1932): In 526, a strong earthquake, fol-
lowed by a fire, destroyed Antioch with 250000
deaths (?). In Seleucea, there was damage.

035528 November 29 Antioch: VII-VIII;
Lattakia: VI-VII.

Sources

— Malalas (1831): in Antioch, duration one
hour, terrible rumbling, all buildings which
were rebuilt fell down, as well as the city wall
and some churches. Damage to other cities near
Antioch, with 5000 casualties. In the same year,
Laodicia had the first earthquake, where its half
was destroyed with 7500 casualties, the syna-
gogue fell down but the church did not.

— John of Ephesus: A terrible earthquake with
rumbling, ... as Malalas as well as the city gate
fell down. The Big Church fell down and all the
surviving houses and churches from the previ-
ous earthquake fell down except few numbers
of buildings, villages in the vicinity 10 miles
were destroyed. Seleucea and Dafneh did not
affect. Surviving citizens of Antioch ran away
to the open. In the 529 Laodicia was complete-
ly destroyed from the gate of Antioch to the
Ghetto, but the left zone east of the church of S.
Mother of God did not fall down, there were
7500 casualties without a fire.

— Evagrius Scholasticus: The earthquake split
Antioch.

— Theophanes: A strong earthquake lasted for one
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hour with terrible sound such as a bull’s sound,
all the constructions, the city wall and old con-
structions which survived from the previous
earthquake fell down, there were 4870 casualties.
— Georgius Monachus: One hour duration, sound,
the area 5 miles around Antioch fell down.

— Leo Grammaticus: An earthquake at Antioch.
— Georgius Cedrenus: A large earthquake lasted
for one-hour duration, there was a terrible
sound, all constructions were destroyed with
4870 buried casualties, emigration of survivors.
— Chronicle of 1234: There was a severe ecarth-
quake, followed by a sound from the sky like
thunder and a sound from the earth like a bull’s
sound. City walls, churches and the surviving
constructions from the previous earthquake
were destroyed as well as the vicinity villages,
there were 2740 casualties.

— Nicephorus Callistus: A severe earthquake at
Antioch.

— Saadeh (1984): 529 January 2, a violent earth-
quake occurred in Lattakia, causing destruction
of its large part and killing 7500 people.
Parametric catalogues

— Plassard and Kogoj (1981): 529 November
29, in Lebanon I IV, Antioch was destroyed for
the sixth time (Cedrenus; Michael the Syrian).
— Poirier and Taher (1980): 528 November 29,
1o X-XI (MMS), Antioch, a mountain fell into
the Euphrates at Quludhya, the Euphrates shift-
ed its bed.

— Ben-Menahem (1979): 528 November 29,
Mi6.9, destruction of Antioch. Damage in
Jerusalem and Damascus. Felt in Egypt, Turkey,
Armenia and Mesopotamia (Ergin et al.; Plas-
sard and Kogoj; Sieberg).

Seismological compilations

— Guidoboni ef al. (1994): 528 November 28, An-
tioch and Lattakia 71X, an earthquake struck
Antioch destroying both the new buildings put up
after the previous one (526), and those old build-
ings which had survived it, victims number was
few thousands. Antioch suffered from an earth-
quake collapsing the new buildings, walls and
some of churches, from one side and killing up to
5000 lives (Malalas). Laodicea suffered its first
earthquake disaster by destroying its half and
7500 deaths (Malalas). Antioch was subjected to
a violent earthquake causing all the buildings and
walls to collapse (Theophanes).

— Sieberg (1932): In 528 November, a destruc-
tive earthquake was in Antioch, Dafneh and
Betelma (?). There was damage in Seuleucea,
Loadicea and Pompejopolis (?). In the latter,
surface rupture appeared. There were 4870 vic-
tims.

036,531-534 Area between Aleppo and
Homs: VI-VII; Antioch: VI; Mesopotamia: IV.
Sources

— Malalas (1831): (earthquake between 531-
534) After a short time, a terrible earthquake
occurred at Antioch, but without damage.
Seismological compilations

— Sieberg (1932): 532, a destructive widespread
earthquake in Syria. It destroyed the area from
Aleppo to Homs. It was said that 130000 were
killed. It was felt in Mesopotamia.

— Guidoboni ef al. (1994): 532, An earthquake in
Antioch without damage (Malalas). It dated back
to between 531 and 534 (Downey, 1961).

037,551 July 9 Beirut: IX-X; Sur: IX-X;
Tripoli: IX-X; Byblus: IX-X; Al-Batron: IX-
X; Shaqa: IX-X; Sarfand: VII-VIII?; Sidon:
VII-VIIL; Arwad: III-IV. Tsunami along the
Lebanese coast. Landslide near Al-Batron.
Fire at Beirut (fig. 5).

New original sources

The following publication summarizes the
main information with new original sources on
the earthquake of Beirut.

— Darawcheh et al. (2000): 551 July 9, 34.00N-
35 .50E, M;s.7.2. This event destroyed several
cities in Lebanon (Beirut, Tripoli, Saida, Djbil,
Al-Batron, Tyre, Shakka and Sarfand) with great
loss of lives. The shock was felt throughout the
Eastern Mediterranean region. There were tsuna-
mi along the Lebenese coast, a local landslide
near Al-B atron and a large fire in Beirut.

Among the main original references we mention:
— Theophanes: A large and terrible earthquake
took place in the territories of Palestine, Arabia,
Mesopotamia, Syria and Pheonicia. Tyre, Sidon,
Beirut, Tripoli and Byblus suffered much damage
and many thousands of people were killed. A part
of the mountain named Lithoprosopus fell down
forming a harbor in Botro, the sea went back for
1000 feet and many ships sunk.

— Georgius Monachus: A large and widespread
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Fig. 5. Map of intensity distribution for July 9, 551 A.D. earthquake. F — felt; D — damage; LS — landslide, and
SW — Sea-Wave. Triangles represent possible damaged archaeological sites (Darawcheh ez al., 2000).

earthquake. Most of the Earth shocked. The sea
went back for two miles. This event caused de-
struction in Arabia, Palestine, Mesopotamia, An-
tioch and many others and near cities, killing
large numbers of people.

— Georgius Cedrenus: A big earthquake destroyed
houses, churches and the most part of the city
wall near the Golden Gate. The sea went back for
two miles. In Arabia, Palestine, Mesopotamia,
and Antioch, many villages were destroyed. The
earthquake destroyed most part of Nicomedia.
Shocks continued for 40 days.

Parametric catalogues

— Plassard and Kogoj (1981): 551 July 6, in
Lebanon I XI, an earthquake caused destruc-
tion of Beirut (Z XI), Tripoli (I X), Sidon and
Tyre (ZVIII or IX) and 101 sites, a landslide
occurred in the Lithoprosopon Mountain near
Ras Chekka, Wujj Al-Hajar, creating a harbour
near Al-Batron, there was a tsunami in Beirut and
Tripoli in particular, where the sea retreated for
two miles (Agathias; Fragment of Tusculum). —
Ben-Menahem (1979): 551 July 09, off coast
Beirut, lo.XI-XII, M:7.8, destruction of
Beirut, Sur, Sidon, Tripoli and Galilee. Felt in

Egypt, Arabia and Mesopotamia. Tsunami.
(Amiran; Al-Sinawi and Ghalib; Plassard and

Kogoj; Sieberg; Willis).

Seismological compilations

— Guidoboni et al. (1994): 551 July 9, the earth-
quake affected the following localities: Byblus,
Beirut and Tripoli X, Sidon, Botrus (Al-Ba-
tron), Tyre, Arabia, Mesopotamia, Palestine and
Syria, seismic sea wave and landslide, the prin-
cipal damage was between Antioch and Tyre
whereas there was apparently only minor dam-
age further north and south. A disastrous earth-
quake along the Lebanese coast reducing many
cities to ruins: Tripoli, Byblus, Beirut, Triaris,
and killing thirty thousand known people in
Beirut (Antoninus of Piacenza). A severe and
tremendous earthquake occurred throughout the
land of Palestine, in Arabia and in the land of
Mesopotamia, Antioch, Phoenice Maritima and
Phoenice Libanensis including Tyre, Sidon,
Beirut, Tripoli, Byblus and parts of other cities,
killing large numbers of people, cutting a large
part of Lithoprosopon mountain at Botrus and
accompanyied by a seismic sea wave (John of
Ephesus; Malalas; Theophanes). Beirut was
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completely ruined and many inhabitants were
crushed to death under the weight wreckage
(Agathias). It dated back to 557 (Michael the
Syrian).

— Ambraseys et al. (1994): 551 July 9, 32.0N-
36.0E, L.VI, tsunami.

— Russell (1985): 551 July 9, a disastrous earth-
quake occurred throughout the regions of Pales-
tine, Arabia, Mesopotamia, Syria and Phoenicia,
to such an extent that Tyre, Sidon, Beirut, Tripoli
and Byblus received great damage, and many
thousands of people perished. In Botryos, a large
part of the mountain called «Lithoprosopus» near
the sea was separated and displaced into the sea.
The water also withdrew for a mile out to a sea
(Theophanes). Same description was mentioned
by Cedrenus, but dated this event between Au-
gust 550 through July 551. Agathius described
the extensive damage to Beirut, without provid-
ing an exact date for this earthquake. He men-
tioned that this event was felt in Alexandria.
Sites in the eastern delta may have been damaged,
particularly Damieta.

— Sieberg (1932): 551 July 9, a vast earthquake oc-
curred in Syria, Palestine, Egypt, Arabia and Me-
sopotamia. Beirut was completely destroyed with
many deaths. It was said that 600 persons were
buried under the debris. There was damage in the
coastal cities between Tripoli and Tyre. Antioch,
Apamea, Bosra and Alexandria were among the
cities destroyed. The sea waves destroyed a large
number of ships, especially in Botrys.

040,565-571 Antioch: VI-VII; Seleucea:
VI-VII; Kiikia: VI; Anazrabo: VI; Orfa: IV.
Sources

— Procopius of Caesarea: Earthquakes de-
stroyed Antioch and near Selucea.

— Theophanes: A severe event took place in
Cilicia, Anazarbo, and Antioch.

— Georgius Cedrenus: A plague and earthquake
occurred in Cilicia, Anazarbo and Antioch.
Parametric catalogues

— Ben-Menahem (1979): 565, Mi=6.7, strong
in Baalbak and Damascus. It was felt in Pales-
tine and Mesopotamia (Sieberg; Willis).
Seismological compilations

— Guidoboni et al. (1994): 570, a violent earth-
quake affected Antioch IX .7.XI, Anazarbus,
Edessa, Samosata, Seleucea Pieria, Cilicia and

Syria. It is possible that there where two distinct
earthquakes, but it is more likely that the date 570
is the result of confusion on the part of James of
Edessa. A severe earthquake on 5 October with
sound (Elias of Nisibis). The earth was shaking at
Antioch, Seleucea and the two Cilicias collapsing
them (Chronicle of 724). It was in 571 (Maronite
Chronicle). It was in 560-561 at Cilicia, Anazar-
bus and Antioch (Theophanes). There were
tremors at Edessa and Samosata (Micheal the Syr-
ian). It was in 567 October (Chronicle of 1234).
— Seiberg (1932): 565, a destructive earthquake
in Syria. Aleppo, Baalbak, Damascus, Apamea
and Beirut were suffered. It was felt in Meso-
potamia.

— Lemmens (1898): An earthquake was in East-
ern Mediterranean.

041,580-581 Antioch: VI-VII; Dafneh: VI.
Sources

— Evagrius Scholasticus: 580-581, there was an
earthquake in Antioch and Dafneh. In Antioch,
public and private buildings were destroyed,
some of these were completely. Dafnch was de-
stroyed.

— Nicephorus Callistus: 580-581, as Evagrius
Scholasticus.

— Agapius of Menbij: 580-581, a severe earth-
quake at Antioch, destroying two towers of the
city wall.

Parametric catalogues

— Poirier and Taher (1980): 580-581, lo=VIII-
IX (MMS), Antioch, the suburb Dafneh was de-
stroyed.

Seismological compilations

— Guidoboni et al. (1994): 580-581, Antioch-
Dafneh I IX, a violent earthquake struck
Theopolis (Antioch) and the suburb of Dafneh
precisely at noon, causing total destruction of
Dafineh and destroyed many public and private
buildings in Antioch (Evagrius).

— Sieberg (1932): 579, Antioch and Dafneh
were destroyed.

042,588 Antioch: VI-VII. Aftershocks.
Sources

— Evagrius Scholasticus [this author was an
eyewitness because the earthquake took place
during his marriage]: There was an earthquake
with a big sound at Antioch. Many buildings
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fell down. A part of the holy church fell down.
The dome was inclined in north direction and
fell down by the following shocks. Same hap-
pened for most of the district of Ostracina and
Brisia. The buildings near the church of the
Deipara Virgin fell down, except the Central
Portico. The towers in the Kampos fell down
while other buildings survived. A large number
of persons were killed. No fire.

— John of Nikiu [no indication of the year can be
found, except the name of the Emperor Mau-
rice]: An earthquake destroyed Antioch. Many
streets at the west and on the island were de-
stroyed. Men were killed.

— Agapius of Menbij: An earthquake at Antioch.
The big churches were destroyed as well as
most of the city wall, trade square and houses.
— Nicephorus Callistus: Same as mentioned in
Evagrius Scholasticus.

Parametric catalogues

— Plassard and Kogoj (1981): 589 October 21 or
31, L1II, an earthquake caused destruction in
Antioch with many victims (Perrey).

— Poirier and Taher (1980): 588 October 31, lo
- IX (MMS), Antioch destroyed with 60000
victims.

Seismological compilations

— Guidoboni et al. (1994): 587-588, Antioch VI-
ILLIX. In the year of 588 a disaster earthquake
in Antioch causing thousands of deaths 60000),
razing most buildings to the ground, accompa-
nied by many aftershocks (Evagrius). Antioch
suffered a great earthquake, many roads in the
east were destroyed, as well as islands and count-
less victims (John of Nikiu). It was a violent
earthquake in 587-588 destroying most of Anti-
och and killing the inhabitants (Ibn Batriq). It was
in the winter of 587 (Michael the Syrian). It was
in 588-589 (Chronicle of 1234; Barhebraeus). —
Sieberg (1932): 587 September 30, a destructive
earthquake in Antioch. It was said that it
caused 60000 victims.

043,601-602 Kilikia; Syria. Surface faulting.
Sources

— Ibn Batriq: A severe earthquake in the Greek
territory. In Syria, many cities were destroyed
and many persons were killed.

— Michael the Syrian: Like Ibn Batriq but indi-
cate only «Greek territory».

— Chronicle of 1234: A great earthquake took
place in Syria and many cities were destroyed.
Seismological compilations

— Guidoboni et al. (1994): 601-602, Cilicia and
Syria IX .LXI, with surface faulting. Towards
the third hour of the day, there was a violent
earthquake in the territory of Rum [Cillicia] de-
stroying many cities in Syria and Cillicia, and
killing a large number of people (Ibn Batriq).
On 2 Nisan [April], in the year of 599, a de-
structive earthquake affected towns and villages
burying their inhabitants, for the earth boiled
and split open (Michael the Syrian). There was
a great earthquake in Syria in 599, on Monday
19 Canun II [January], and many cities were laid
waste (Chronicle of 1234).

044,634 Aleppo: VII-VIII; Palestine: IV-V.
Aftershocks.

Parametric catalogues

— Poirier and Taher (1980): 634, [o.-VIII (MMS),
Ramparts and fortress were destroyed in Aleppo.
Seismological compilations

— Guidoboni et al.(1994): 634, Aleppo
VIL.L.VIII, an earthquake destroyed the fortress
and walls of Aleppo (Ibn Shaddad).

— Ibn Shaddad: When Abu ‘Ubayda conquered
the city of Aleppo in the year 15 of the Hegira, the
walls and the citadel were restored, for an earth-
quake before the conquered had destroyed them.
— Theophanes: An earthquake in Palestine.

— Michael the Syrian: A severe earthquake.
Churches of Resurrection and Golgotha and
many places fell down.

— Agapius of Menbij: An earthquake in
Palestine. — Erpenius: A large earthquake was in
Palestine. Shocks lasted 30 days.

046,678 Batnan: VI-VII; Orfa: VI-VII; Me-
sopotamia: VI.

Sources

— Theophanes: A large earthquake took place in
Mesopotamia. Church of Edessa was partly de-
stroyed.

— Michael the Syrian: A violent earthquake.
Batnan of Sarugi fell down, the church of
Edessa was partly destroyed.

— Chronicle of 846: A violent earthquake de-
stroyed Batnan of Sarugi and the ancient church
of Edessa, a large number of people was killed.
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— Chronicle of 819: A violent earthquake de-
stroyed many places in Syria. Batnan of Sarugi
was demolished, some destruction in the church
of Edessa.

— Agapius of Menbij: An earthquake was at
Beisan and Qatnan (unknown sites), city of Saru-
gi was struck, and the city wall and its houses fell
down as Edessa and damage in many places.

— Chronicle of 1234: An earthquake destroyed
Sarugi and partly the ancient church of Edessa.
— Chronicon Pseudo-Dionysus of Tell-Mahre:
A big and violent shock. Batnan of Sarugi was
destroyed and the ancient church of Edessa.
There was a large number of casualties.
Seismological compilations

— Guidoboni et al. (1994): 679 April 3, an earth-
quake struck Batnan, the city of Edessa and
Mesopotamia. A great earthquake struck Bat-
nan of Sarug and the old church of Edessa col-
lapsed and many people died (Chronicle of
846). There was a violent earthquake in 677-
678, it struck Mesopotamia and the dome of the
church of Edessa collapsed (Theophanes).

— Sieberg (1932): 678, a strong earthquake de-
stroyed many cities in Syria. It was said that
170000 people were killed. Edessa and Batnae
in West Mesopotamia were damaged.

047,713 February 28 Antioch: VI-VII; Alep-
po: VI-VII; Kennesreen: VI-VII. Aftershocks.
Sources

— Theophanes: A strong earthquake in Syria.

— Agapius of Menbij: A violent earthquake de-
stroyed many buildings at Antioch.

— Chronicle of 819: A violent earthquake in all
places of Syria, causing many casualties.

— Chronicle of 846: An earthquake destroyed in
all Syria and many casualties.

— Chronicle of 1234: A violent earthquake,
where many places were destroyed in the zone
of Antioch, Aleppo and Qennesrin, all churches
and temple fell down.

— Elias of Nisibis: Earthquakes lasted 40 days.
Antioch fell down.

— Al-Isfahani: Earthquakes took place in some
part of the world for 40 days. In Antioch, build-
ings and houses fell down.

— Notitia annorum 7 12-716 (information of the
years 712-716): A shock and violent earthquake.
Houses, villages, churches and many large cities

fell down killing the inhabitants, some men were
burned and other survivors in Antioch and dis-
trict of Sidqa and Ksyut and coastal entire island,
it was remaining until 1027.

— Ibn Al-Athir: In this year (713 A.D., 94 A.H.)
there were earthquakes in Al-Sham which last-
ed for 40 days, causing destruction of the
towns, particularly at Antioch.

— Al-Suyuti: In this year (713 A.D., 94 A.H.)
March 20, earthquakes lasted for 40 days in the
world, causing destruction of buildings (tall
buildings). Most of Antioch fell down.
Parametric catalogues

— Plassard and Kogoj (1981): 713 February 28,
in Lebanon 7.1V, an earthquake caused de-
struction at Antioch, where there was a seismic
crisis between December 712 and 715 (Berloty;
Michael the Syrian; Perrey).

— Poirier and Taher (1980): 713 March 20, fo-IX
(MMS), Antioch was completely destroyed.

— Ben-Menahem (1979): 713 February 28,
M- 7.0, destruction of Antioch. Felt in Egypt.
(Ergin et al.; Plassard and Kogoj; Sieberg).
Seismological compilations

— Guidoboni et al. (1994): 713 February 28-
March 10, Antioch, Aleppo and Qennesrin VI-
IL.ZX and other earthquake in 717 December,
24 in Mesopotamia and Syria. A violent earth-
quake struck Syria in 713, 28 February (Theo-
phanes). On 28 February, 713 there was a tremor
and severe earthquake causing many villages
and towns to collapse on their inhabitants, some
houses, villages and cities were swallowed up in
the region of Antioch and district of Sidga and
Ksyut, and the whole coast and the islands, this
earthquake or tremor lasted from 28 February to
715-716 (Notitia annorum 712 -716). During the
year (7 October 712-25 September 713), earth-
quakes began in the world and lasted for 40 days,
causing the collapse of high buildings and hous-
es in Antioch (Al-Asfahani). There were earth-
quakes in Syria lasting for forty days, and the
whole country collapsed, the strongest shocks
took place at Antioch (Ibn Al-Athir). There
was a tremor in every region of Syria, killing
countless people (Syriac Chronicle of 846).
Aleppo and Qennesrin were damaged by a violent
earthquake on 28 February where many places
collapsed in the region of Antioch, Aleppo and
Qennesrin (Michael the Syrian).
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— Sieberg (1932): 713 February 28, a strong
earthquake occurred in Syria, destroying Anti-
och. The earthquake was felt in Egypt. After-
shocks continued for one month.

048717 December24 Antioch: VI-VII; Bat-
nan: VI-VII; Orfa: VI-VII. Aftershocks.
Sources

— Theophanes: A violent earthquake in Syria.

— Agapius of Menbij: A violent earthquake took
place, where many places were damaged.

— Chronicle of 846: A violent earthquake oc-
curred and sound like a big torus.

— Michael the Syrian: A big earthquake.

— Georgius Cedrenus: An earthquake in Syria.

— Elias of Nisibis: An earthquake was in Meso-
potamia, where many houses fell down. Shocks
continued for 3 months.

— Chronicon Pseudo-Dionysus of Tell-Mahre: A
big earthquake destroyed many places, temples,
churches and the ancient church of Edessa and
Batnan of Sarugi. Same happened for important
tall constructions which fell down over the citi-
zens [note: the author seems to be merging infor-
mation from different dates or earthquakes 678].
Parametric catalogues

— Plassard and Kogoj (1981): 717, L1II, an
earthquake occurred at Antioch and Syria (Al-
Suyuti; Anastase; Perrey).

Seismological compilations

— Guidoboni et al. (1994): In 717-718 a strong
earthquake in Syria (Theophanes). A great
earthquake on 24 December (Syriac Chronicle
of 846). In 717-718 a severe and terrible earth-
quake destroyed many places, including tem-
ples, churches and great buildings, in particular
Batan and the ancient church of Edessa were
destroyed (Pseudo-Dionysius). In the year (14
August 7 17-2 August 718) an earthquake was
in Mesopotamia, where many houses collapsed
and the shocks lasted for six months (Elias of
Nisibis).

— Sieberg (1932): 717 or 718, an earthquake in
Syria.

049,749 January 18 (It seems to be that there
are two earthquakes, the first is in Southern Syria
while the second is in the northern part and
Mesopotamia that Manbej could be affected).
Mount Tabor: VII-IX; Baalbak: VIII; Bosra:

VII; Nawa: VIII; Balqa: VIII; Al-Quds: VII;

Beit Qubayeh: VII-VIII; Tabaryya: VII; Al-
Ghouta and Manbej: VII; Darayya: VI; Dam-
ascus and Daraa: V-VI; Ariha. Surface fault-
ing and liquefaction in Mesopotamia. Land-
slide at Mount Tabor.

Sources

— Al-Suyuti: In the year of 130 A.H. (started
from 747 September 11) a shock occurred in
Damascus causing panic and the Hens Souk fell
down. In the year 131 A.H. (started from 748
August 31) a great shock occurred in Damas-
cus, fracturing the roof of the Mosque.

— Al-Mansouri: In the year 132 A.H. (started
from 749 August 20) there was an earthquake at
Al-Sham.

— Theophanes: 749 January 18, a violent earth-
quake occurred in Palestine, Jordan and in all of
Syria, many tens of thousands of casualties,
churches and monasteries fell down especially
near Jerusalem. Some cities were completely
destroyed and some partly. In Mesopotamia, the
land was opened for 2 miles where the eyewit-
ness saw an ancient statue. Landslide for one
city completely.

— Michael the Syrian: 749 January 18, an earth-
quake was in Damascus for some days; one
fortress was completely destroyed and 800 casu-
alties in the city. In Ghouta and Daraya, many ca-
sualties. Bosra, Nawa, Dar’a, Baalbak were com-
pletely swallowed up. In the region of Balqa
(Mu’ab), a fortress was taken and thrown 3 miles
away. City of Tiberias destroyed. Near the mount
of Thabor, a village was moved for 4 miles with-
out damage. A source of water near Ariha was
moved 6 miles. In Maboug, the earthquake was
during the prayer time.

— Chronicon Pseudo-Dionysus of Tell-Mahre:
749 January 18, in Manbej, and during the time
of prayer, the church fell down.

— Chronicle of 1234: 749 January 18, there was an
earthquake for some days in Damascus, a
fortress at Beit Cubaya was destroyed, 800
casualties, the same in Ghuotah and Daraya,
many casualties were heavily damaged, Bosra,
Nawa and Baalbak fell down partially, a
fortress in Mo’ab was thrown for 3 miles. The
city of Tabaria was destroyed and a village near
Thabor Mountain was shifted without damage.
Mabboug was destroyed. — Elias of Nisibis: 749
January 18, many earth-
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quakes occurred and many places fell down. A
village near Tabor Mountain was shifted for 4
miles. The church of Mabboug fell down over the
people.

— Agapius of Menbij: 749 January 18, a violent
earthquake hit the coast of Palestine, many vil-
lages were hit and many casualties in Tiberias
more than 100000 casualties

— Georgius Cedrenus: 749 January 18, a big
earthquake took place in Palestine, Jordan and
all of Syria. There were many thousands of ca-
sualties. Monasteries and temples fell down. —
Nicephorus of Costantinopolis: 749 January 18, a
violent earthquake hit Syria, the cities were swal-
lowed up and some buildings were shifted for 7
miles. In Mesopotamia, a deep hollow was formed.
— Georgius Monachus: 749 January 18, a big
earthquake destroyed the cities, some completely
and other partially, the tall buildings fell down or
shifted. In Mesopotamia, a deep hollow was
formed for three miles.

— Al-Dhahabi: A strong earthquake in Syria. It
was the strongest in Jerusalem, causing many
casualties.

— Ibn Tagri Birdi: A violent earthquake in Syria
destroyed Jerusalem.

Parametric catalogues

— Plassard and Kogoj (1981): They considered
that there were two events, the first was on 746
January 18 (ZV) in Palestine with destruction
(Anastase; Perrey; Sieberg) and the second was
in 748 (L VII) at Damascus with destruction (Al-
Suyuti).

— Ben-Menahem (1979): 746, January 18,
wednesday evening after 16 h, 32.0N, 35.5E,
fault extended northwards over 120 km, fo- XI,
M7 .3, felt in Egypt, Syria, Arabia and Meso-
potamia. Great damage in Tiberias (30 syna-
gogues destroyed), Jerusalem, led, Arad and to
monasteries north of the Dead Sea. About 600
settlements in Judea, Samaria and Galilee were
hit and many casualties reported. Destruction of
Hisham palace near Jerico and the city of
Gerasa. Tsunami in the Dead Sea and possible
flooding of Dead Sea southern basin (Al-Sinawi
and Ghalib; Amiran; Avi-Yonaha; Bahat et al;
Michel the Syrian; Neev and Emery; Plassard
and Kogoj; Sieberg; Willis).

Seismological compilations

— Guidoboni et al. (1994): 749 January 18, Baal-
bak, Beit Qubayeh, Bosrah, Damascus, Daraa,

Darayya, Al-Ghouta, Jerico, Jerusalem, Mabbug,
Nawa, Tiberias, Mt. Tabor, Palestine, Mesopo-
tamia and Syria (Jerusalem and Mabbug IX .
4X), in the mid 8th century, a powerful earth-
quake struck Palestine, inflicting serious damage
at Jerusalem and Tiberias, and causing a landslide
at a village near Mt. Tabor. There are two prob-
lems relating date of this event and either it was a
single earthquake or a series of tremors, however
it dated back to 18 January 749 (Tsaftir and Fo-
erster, 1992). A powerful earthquake dated back
to 18 January 747 occurred in Palestine, along the
Jordan River and throughout Syria, killing thou-
sands of people and collapsing churches and
monasteries, especially in the desert near Jerusa-
lem (Theophanes). There was a strong earth-
quake in Syria during the year (11 September
747-30 August 748), where the strongest shocks
occurred in Jerusalem, causing the death of many
conquering troops and others (Al-Dhahabi).
There was a strong earthquake in Syria which de-
stroyed Jerusalem, during the year (31 August
748-19 August 749) (Ibn Tagri Birdi). A severe
and powerful earthquake in the West, the temple
of Mambej collapsed totally in the year 747-748
(Pseudo-Dionysius). During the year (30 August
748-19 August 749) there were many earth-
quakes and many places were reduced to ruins, a
village near Mt. Tabor moved four miles from its
original position and in that year a church in
Mambej collapsed (Elias of Nisibis). A tremor at
Damascus lasted for days, a fortress in Beit
Qubayeh collapsed and many people were killed,
many myriads of people perished in Al-Ghouta
and Dareya, while Bosra, Nawa, Dar’a and Baal-
bak were completely swallowed up, changing the
color of water spring in the city, sea waves de-
stroyed most of the cities and villages along the
coast, the fortress of Balqa on the coast was up-
rooted, Tiberias collapsed, a village near Mt. Ta-
bor was moved four miles with its houses and
other buildings without any destruction, a water
spring near Jerico changed its original place for
six miles, destruction of churches and deaths in
Mambej, most the buildings in Constantinople,
Nicea and other cities collapsed (Michael the
Syrian). Regarding (Tsafrir and Foerster, 1992)
chronological analysis, they considered the
Babylonian dating instead of the Antiochene sys-
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tem, they dated this event back to 749 January,
18. An earthquake in Mesopotamia and Syria in
the year of 749-750, causing various levels of de-
struction in many cities and large-scale surface
faulting in Mesopotamia (Theophanes).

— Ambraseys et al. (1994): 747 January 18,
morning, 31.8N-35.7E, LVI. In 747 January
18, a large earthquake centering the Dead Sea re-
gion was felt in Egypt, some damage was caused
in Damietta, in Fustat the shock was strongly felt
and caused fear but no damage. There is a con-
siderable confusion over the dating of this event,
which the Arabic sources put in 130 A.H. began
11 September 747 (Al-Dhahabi; Al-’Ulami; Al-
Suyuti; Caetani; Sibt Ibn Al-Jawzi; Taher), and
January 748 has recently been proposed as the
correct date (Ben-Menahem; Gil; Russell; Sie-
berg), the effects of the earthquake are frequent-
ly confused with those of another event that af-
fected parts of Syria two years later (Al-
Khwarazmi; Tsafrir and Foerster).

— Russell (1985): 748 January In January 18,
747, a great earthquake occurred in Palestine,
around the Jordan, and in all of Syria, to such
an extent that many innumerable and countless
people perished in its power, and churches and
monasteries collapsed (Theophanes). On 18th
day of January at the 4th hour in the 6th year,
there was a great earthquake in Palestine, and
towards the Jordan, and throughout all of Syria.
Many thousands of people perished, and
churches and monasteries collapsed (Ce-
drenus). Russell evaluated the date to be from
June 746 through May 747. That night there
was a great earthquake in the land from the city
of Gaza to the furthest extremity of Persia,
many houses were ruined in all the cities, and
none was saved from them. On the sea, many
ships were sunk on that night. Six hundred
cities and villages were wrecked with a vast de-
struction of men and beasts, but Egypt was un-
injured, except Damietta. At Misr, there was
only great fear without damage (Severus Ibn
Al-Mugaff). There was an earthquake at Dam-
ascus which lasted for days, a fortress in Beit
Qubayeh collapsed and many people were
killed, many myriads of people perished in Al-
Ghouta and Darayya, while Bosra, Nawa,
Dar’a and Baalbak were completely swallowed
up, sea waves destroyed most of the cities and

villages along the coast, the fortress of Balga on
the coast was uprooted, Tiberias was destroyed
except for a house, a village near Mt. Tabor was
moved four miles with its houses and other
buildings without any destruction, a water
spring near Jericho changed its original place
for six miles, destruction of churches and
deaths in Mabbug (Michael the Syrian). Russell
suggested a date between September 747 and
August 748 for this event. There were many
earthquakes where many regions gave way. A
village near Mt. Tabor was displaced 4 miles
along with houses and their possessions, but
without damage. The church of the Jacobites in
Mabbug collapsed on Sunday and many people
perished in it (Elias of Nisibus). Russell also
suggested that this event occurred between Sep-
tember 747 and August 748.

Monographs

— Tsafrir and Foerster (1992): A major earth-
quake occurred in 749 January 18 (according to
Margaliot and archaeological evidences found
in Bet Sheam), in Palestine and throughout Syr-
ia, destroying Jerusalem, Gerasa, Jericho, Pella,
Capernaum, Sussita, Bet Sheam and many sites
along the Jordan Valley, killing many tens of
thousands of people (Cedrenus; Dionysus of
Tellmahr; Ibn Tagri Birdi; Ibn Al-Mugqaffa; Mar-
galiot; Michael the Syrian; Sibt Ibn Al-Jawzi;
Theophanes).

050,757 March 9 Habura: VII; Mesopota-
mia; Syria; Palestine.

Sources

— Theophanes: A strong earthquake in Syria and
Palestine.

— Chronicon Pseudo-Dionysus of Tell-Mahre: A
big and terrible shock in the region of Meso-
potamia. Near Harbura, three villages fell down.
Seismological compilations

— Guidoboni et al. (1994): 757 March 9, Habu-
ra, Palestine, Syria and Mesopotamia /. IX. A
powerful earthquake struck Syria and Palestine
on 9 March 757 (Theophanes). In the year 756
on Tuesday 3 March, there was a great, violent
and terrible earthquake in the land of Mesopo-
tamia where three villages near Habura col-
lapsed, many people there were crushed and
perished (Pseudo-Dionysius).

— Russell (1985): An earthquake by no means
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mild, affected Palestine and Syria on 9 March
757 (Theophanes).

054,835 January 5-December 25 Antioch:
VI-VII. Aftershocks.

Sources

— Al-Suyuti: In the year 220 A.H. (started from
835 January 5) the earth shook for 40 days and
Antioch destroyed.

Seismological compilations

— Guidoboni ef al. (1994): 835 January 5-De-
cember 25, Antioch IX .LXI, the earth shook
for forty days, and Antioch was destroyed (Al-

Suyuti).

055,846 August 28-847 August 16 Antioch:
.-VIII; Damascus: VII; Homs: VII; Antioch,
Al-Jazira: VI; Al-Mousel: VI. Aftershocks.
Sources

— Al-Suyuti: During the year 232 A.H. (started
from 846 August 28) many earthquakes occurred
in the world in particular, in Morocco and Al-
Sham. The walls of Damascus and Homs were
collapsed. It was worst at Antioch. It caused de-
struction in Al-Jazira and Al-Mousel and lasted
for many days.

Seismological compilations

— Sieberg (1932): 846, numerous places in
Lebanon exposed to many sequences of shocks,
to such an extent that landslides occurred.

056,847 November 24 Damascus: VII-VIII;
Al-Ghouta: VII-VIII; Al-Mazzeh: VII; Beit
Lahya: VII; Darayya: VII; Antioch: VI; Al-
Mousel: V.

Sources

— Al-Dhahabi: In 253 A.H. Rabi’ II, it was a
dreadful earthquake in Damascus which lasted
for three hours, causing walls to fall down and
people die under debris. It extended to Antioch
killing 20000 as it was said, then to Al-Mousel
where 50000 people were killed under debris as
it was said.

— Al-Suyuti: In 253 A.H. 11 (847 A.D. Novem-
ber 25) there was a dreadful earthquake in
Damascus where houses fell down and people
died under debris. This earthquake extended to
Antioch causing destruction, to Al-Jazira caus-
ing damage, and to Al-Mousel killing 50000
people as it was said. In his book 4/-Zalazel

(the earthquakes), Al-Hafez Ibn Asaker men-
tioned that there was an earthquake in Damas-
cus on Thursday 11 Rab’ 253, destroying a
quarter of the Ommyad Mosque the great, the
minaret fell down and bridges and houses col-
lapsed, this earthquake reached Al-Ghouta
where Darayya, Al-Mazzeh, Bait Lahya and
others were destroyed.

New original sources

— Ibn Al-Imad: an earthquake caused heavy
shaking in Damascus since morning for 3 h,
destroying houses and displacing huge stones
and breaking many windows of Souks and
killing many people under debris. Many ter-
races of Ommyad Mosque the Great fell down,
a quarter of its minaret fell down. A village in
Al-Ghoutah was overturned on its inhabitants
unless one person survived. It was strong at
Antioch and Al-Mousel where more than 2000
houses collapsed over their residents and
20000 victims.

Parametric catalogues

— Plassard and Kogoj (1981) 847 November
24, [V in Lebanon, this earthquake caused
destruction in Damascus and damage in
Homs (Al-Suyuti).

— Ben-Menahem (1979): 847, M. 6.2, destruc-
tion in Lebanon (Plassard and Kogoj; Sieberg;
Willis).

Seismological compilations

— Guidoboni et al. (1994): 847 November 24,
Antioch, Bayt Lahya, Damascus [X./.XI,
Darayya, Al-Ghoutah, Al-Mousel and Al-Maz-
zah. A dreadful earthquake occurred at Damas-
cus, causing the walls to collapse and people to
die in the ruins, the earthquake reached Antioch
and 20000 people died there and it reached
Mawsel where 50000 people died in the ruins
(Al-Dhahabi). The earthquake took place on 24
November 847, it was strong in Damascus, de-
stroying a part of the Ommiad Great Mosque,
the minaret fell down and bridges and houses
collapsed, it reached Al-Ghouta, Darayya, Al-
Mazzeh, Bayt Lahya and others were destroyed
(Al-Suyuti).

057,853 June 12-854 June 1 Tabariya: VIII-
IX. Landslide.

Sources
— Ibn Al-Imad: The earth shook Tiberias at
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night, then a huge part (80 .50 Zeraa) of its
mountain split open, and many people were
killed.

Parametric catalogues

— Plassard and Kogoj (1981): 853-854, I1II, a
strong earthquake occurred in Tiberias (Al-
Suyuti).

Seismological compilations

— Guidoboni et al. (1994): 853 June 12-854 June
1 ,Tiberias VIII.ZX, landslide, The earth shook
at Tiberias, a huge part of the mountain split
open, and so ... many people died (Ibn Al-Imad
Al-Hanbali).

058,859 December 30-860 January 29 (It
could be two earthquakes, the first one is between
Antioch and Lattakia while the second is on the
Euphrates). Antioch: VIII; Lattakia and Jab-
leh: VIII; Homs: VII; Palmyra: VII; Tarsus:
VI; Balis: VI; Damascus: VI; Adana: VI; Al-
Quds: V-VI; Ar-Raqqa: V; Ras Al-Ein: V; Har-
ran: V; Orfa: V; Egypt: IV (fig. 6). Landslide.
Sources

— Al-Mansouri: In the year 244 A.H. [858 April

19-859 April 7], a great earthquake occurred in
Al-Sham, damaging Antioch, Homs and
Palmyra.

— Al-Tabari: In Shawwal 245 A.H. (859 Decem-
ber 30-860 January 29), there was an earthquake
at Antioch, collapsing 1500 houses, killing
many people, half of the city wall and 90 towers
fell down and people ran out to desert. A part of
Jabal Al-Akraa was split and sank into the sea
generating high waves, disappearing river there.
It was said that inhabitants of Tnis (Egypt) heard
a high noise which led to the killing of a large
number of victims. In this year the earthquake
shook Balis, Raqqa, Harran, Ras Al-Ain, Homs,
Damascus, Al-Ruha, Tarsus, Adana and the Syr-
ian coasts. In Lattakia the shock caused destruc-
tion of all houses and some survivals there es-
caped. Same happened to Jableh.

— Al-Suyuti: [...] The earthquake passed the Eu-
phrates after destroying Balis and its around [...].
— Saadeh (1984): in the year 859-860, a violent
earthquake occurred at Lattakia, causing de-
struction of most buildings with a large number
of victims.

Fig. 6. Map of intensity distribution for the December 859-January 860 A.D. earthquake.
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Parametric catalogues

— Plassard and Kogoj (1981): 859 April 18, in
Lebanon 7 VI, this earthquake caused destruc-
tion in Antioch and damage in Damascus and
Homs (Al-Suyuti, Erpenius). Poirier and Taher
(1980): 859 December, lo - X-XI (MMS), in An-
tioch 1500 houses were destroyed, 90 towers fell
from the ramparts. Casios Montain (Jabal Al-
Agra’), 30 km SW of Antioch, fell into the sea. A
river disappeared into the ground. Cities of Urfa,
Adana, Tarsus, Misis, Homs and Damascus were
destroyed.

— Ben-Menahem (1979): 859 April 8, 36.2N,
36.1E, [0.X1II, M:8.0, near Samandag, an in-
habited mountain fell into the sea. Total de-
struction of Antioch. Felt in Mecca, Egypt,
Turkey, Armenia, Mesopotamia. Damage in
Jerusalem (Al-Sinawi and Ghalib; Amiran; Er-
gin et al.; Plassard and Kogoj; Sieberg).
Seismological compilations

— Guidoboni et al. (1994): [859 December 30-
860 January 29] Adhana, Antioch, Balis, Damas-
cus, Jableh, Harran, Homs, Laodicea IX.I.X,
Al-Massisa, Edessa, Raqga, Ra’s al-’Ayn, Tar-
sus, Mt. Casius and Syria, landslide, in the year
(30 December 859-29 January 860) there was an
earthquake at Antioch, killing a large number of
people and causing the collapse of 1500 houses
and about 90 towers in the walls of the city, Mt.
Casius (Jabal Al-Agra’a) split open and rocks fell
into the sea, which was stormy that day, people in
Tinnis in Egypt were killed, there was another
earthquake in the cities of Balis, Raqqga, Harran,
Ra’s Al-’Ayn, Hims, Damascus, Al-Ruha, Tarsus,
Al-Massisa, Adhanah and along the Syrian coast,
the earthquake reached Laodecea, where no home
remained standing and only a small number of
people escaped (Al-Tabari). Syria was struck by
earthquakes which destroyed Laodicea and
Jableh and many people were killed (Ya’qubi).
— Ambraseys et al. (1994): 860 January, 37.0N-
38.0E, LVI. In one day of January 860, a large
earthquake in Eastern Anatolia and North Syria,
particularly destructive in Antioch, Jableh and
Lattakia, was felt in Egypt (Al-Suyuti; Al-
Tabari; Ibn Al-Athir; Taher). This earthquake
could be dated in other catalogues on 859 and
often under 8 April (Al-Sinawi and Ghaleb;
Ben-Menahem; Kallner-Amiran; Poirier and
Taher; Sieberg).

— Sieberg (1932): 859 April, a strong earth-
quake in Northern Syria. It was felt in Asia Mi-
nor, Armenia, Mesopotamia, Palestine and
Egypt. It killed a large number of people. In
Antioch, 1500 houses and 90 towers of the city
rampart collapsed. Lattakia and Jableh lost
most of their inhabitants. A part of Casius
mountain fell into the sea. Damascus, Tarsus,
Edessa, Baghdad, Homs, Balis, Adana Harran,
Marsin and ...? affected. Minor damage in the
mosque of Al-Agsa in Al-Quds. Shocks lasted
for 3 months.

0661002 November 10-1003 October 29
Western Syria: . VIII.

Sources

— Al-Suyuti: In the year 393 A.H. (1002 No-
vember 10-1003 October 29) an earthquake oc-
curred in Al-Sham, cities and towns along the
frontiers, causing citadels and fortresses to fall
down, and people to die under the debris.
Parametric catalogues

— Poirier and Taher (1980): 1002, /o . VIII-IX
(MMS), Syria, border zone much destruction.

0671029 January 20- 1030 January 8 Dam-
ascus: VIL

Sources

— Al-Dawadari: in the year 420 A.H. (1029 Jan-
uary 20-1030 January 8) a heavy earthquake oc-
curred in Damascus, collapsing its half and
killing many people under the debris.
Parametric catalogues
— Plassard and Kogoj (1981): 1029 January 29,
LVII, this earthquake caused the destruction
of half of Damascus (Perrey; Sieberg).
Seismological compilations

— Sieberg (1932): 1029 January 20, a strong
earthquake in Syria destroying half of Damascus.

(0681042 August 21-1043 August 9 Palmyra:
-VII; Baalbak: V; Tabriz: 11I; Egypt: II1.
Sources

— Al-Suyuti: in the year 434 A.H. (1042 August
21-1043 August 8) an earthquake occurred in
Palmyra and Baalbak. Most people in Palmyra
were killed under the debris.
Parametric catalogues

— Ben-Menahem (1979): 1042 August 21,
35.1N, 38.9E, near Palmyra, M:7.2, destruc-
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Fig. 7. Map of intensity distribution for July-August, 1063 earthquake.

tion of Palmyra. It was strong in Baalbak. It
was felt in Tabriz and Egypt.

Seismological compilations

— Sieberg (1932): 1042 August 21, a strong
widespread earthquake occurred to such an ex-
tent that it was felt in Tabriz and Egypt. The
center of this earthquake seems to be at
Palmyra, where it killed most of its inhabitants.
It was felt strongly in Baalbak. Victims were
evaluated to be 50000.

070,1063 July 30-August 27 Tripoli: VII-
VIII; Lattakia: V-VI; Acre: V-VI; Sur: V-VI;
Antioch: V (fig. 7).

Sources

— Al-Suyuti: In 455 A.H. Sha’ban (1063 July 30-
August 27) there was a great earthquake at Waset,
Antioch, Lattakia, Tyr, Akka, Al-Rum and Al-
Sham, falling down a part of Tripoli wall.

— Abu Al-Fida: In this year (455 A.H.) (1063
January 4-1063 December 25), there was a

great earthquake in Al-Sham, causing destruc-

tion of many cities. The wall of Tripoli col-
lapsed.

— ITbn Kathir: In that year [455 A.H.] in Sha’ban
[1063 July 30-August 27], there was a great
earthquake in Al-Sham land, where it caused
destruction of many towns. Wall of Tripoli was
destroyed.

Parametric catalogues

— Plassard and Kogoj (1981): 1063 May, in
Lebanon 7 IX, this earthquake caused destruc-
tion in Tripoli and Akkar region (Al-Suyuti;
Perrey).

— Poirier and Taher (1980): 1063 July, fo-VIII
(MMS), Antioch, Lattakia, Tripoli and Acre.

— Ben-Menahem (1979): 1063 August, M:.7.1,
damage in Antioch, Tripoli, Lattakia, Sur and
Acre (Amiran; Ergin et al; Willis).
Seismological compilations

— Sieberg (1932): 1063 or 1083, a strong earth-
quake occurred in the Syrian coast. Walls of
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Tripoli collapsed. Antioch and Damascus suf-
fered.

0721091 September 26 or October 6 Anti-
och: VI-VIIL.
Parametric catalogues

— Plassard and Kogoj (1981): 1091, .III (in
Lebanon), an earthquake caused destruction at
Antioch where 80 towers collapsed (Abu Al-Fi-
da; Al-Suyuti; Berloty).

— Poirier and Taher (1980): 1091 September 17,
Io . IX (MMS), in Antioch, 70 towers fell from
the ramparts.

Seismological compilations

— Sieberg (1932): 1092, an earthquake was in
Syria from Antioch to Damascus. Many build-
ings were destroyed.

— Ibn Al-Athir: In that year [484 A.H.] in

Sha’ban 9 (1091 September 26) many earth-
quakes happened in Bilad Al-Sham and other
countries, where people left their houses. In An-
tioch, it caused destruction of many houses
with many victims under the debris, and 90
towers of its wall collapsed.

— Al-Dawadari: In 494 Sha’aban 19 (1091 Oc-
tober 6), an earthquake occurred in Antioch,
causing the collapse of 70 towers of its wall.

0751114 November (Two earthquakes could
have happened; one at Maraash and other at
Orfa). Maskaneh: VIII; Maraash: VII-VIII;
Samsat: VII-VIII; Orfa: VII-VIII; Harran:
VII, Aleppo: V; Antioch: IV (fig. 8). Landslide.
Sources

—Ibn Al-Jawzi: In the year 508 A.H., the night of
18 Jamada II Sunday (1114 November 19), an
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earthquake occurred, causing collapse of 13 tow-
ers of Al-Ruha Wall, a part of Harran Wall fell
down and many houses collapsed on their inhab-
itants, Samasat was swallowed up, 100 houses
and half of the citadel collapsed at Balis.

— Ibn Al-Athir: In this year (508 A.H.) in Jama-
da II (November 2-30), there was a strong
earthquake in Al-Jazira area, Al-Sham and oth-
ers, causing a wide destruction at Al-Ruha, Har-
ran, Samsat, Balis and others, and many people
killed under debris.

— Al-Dawadari: In this year (508 A.H.), there was
an earthquake at Aleppo. Samsat and Marash
were swallowed up and many people killed.

— Ibn Kathir: In this year (508 A.H.) (1114 Janu-
ary 7-1115 May 26), there was a great earthquake
in Al-Jazira, causing destruction of 13 towers and
many houses in Al-Ruha and some houses in
Khurasan (?) and many houses in many countries
where many of its inhabitants were killed about
100000 victims, and half of Harran castle was
collapsed, Samsat was swallowed up and many
people were killed under debris.

Parametric catalogues

— Plassard and Kogoj (1981): 1114 August 10 and
November 13, in Lebanon ZII, there were two
earthquakes, causing destruction in Cilicia with
tsunami and damage in Antioch (Al-Suyuti;
Sempad).

— Ben-Menahem (1979): 1114 August 10,
36.5N, 36.0E, M:7.0, destruction of Antioch. It
was accompanied by a tsunami. It was strongly
felt in Palestine. Jerusalem (MuIV) (Amiran;
Plassard and Kogoj; Sieberg).

— Ergin et al. (1967): Antioch was felt by the
first event. The epicenter of the second one was
between Urfa and Harran, the walls of Edessa
city were ruined. Samsat, Marash, Antioch and
Harran were felt.

— Ben-Menahem (1979): 1115 December 25,
37.0N, 38.9E, Urfa-Harran, Taurus mountains,
M17.5, Jerusalem (Mum-V). It was strong in
Syria. Walls of Edessa destroyed (Amiran; Er-
gin et al ; Sieberg; Willis).

Seismological compilations

— Sieberg (1932): In 1114 August 10, a vast de-
structive earthquake started from southwest of
Asia Minor through Cillicia and Cyprus to
Egypt. There was large destruction in Antioch
and minor damage in Aleppo. In 1114 Novem-

ber 13, repeating what happened in August in

the same regions with the same damage.

078 1137 October 19-November 16 Syria:
VII; Al-Jazira: VII; Al-Mousel: VII; Iraq: VIL
Sources

— Ibn Al-Athir: In this year [532 A.H.] in Safar
[1137 October 19-November 16], there was a
great earthquake in Al-Sham, Al-Jazira, Diyar
Bakr, Al-Mousel, Iraq and other countries,
causing a lot of destruction in these regions and
many people were killed under debris.

— Abu Al-Fida: In this year [532 A.H.] [1137
September 19-1138 September 08], there was a
great earthquake in Al-Sham, Iraq and other
countries, causing a lot of destruction and many
people killed under debris.

Parametric catalogues

— Ben-Menahem (1979): 1137 September 13,
NE Aleppo, Mi 7.2, felt in Mesopotamia and
Egypt (Al-Sinawi and Ghaleb; Sieberg; Willis).
Seismological compilations

— Sieberg (1932): 1137 September 13, a destruc-
tive earthquake in Syria caused a large number of
people to kill. It was felt in Mesopotamia and
Aleppo. Aftershocks lasted for the next year.

— Ambraseys et al. (1994): 1138 October 15, af-
ternoon, 36.5N-37 .OE, LVI. Earthquake. Shocks
were felt in Egypt, originating from the series of
earthquakes that devastated Northern Syria.

0791138 October 11-26 Al-Sham: VI-VII; Al-
Jazira: VI-VII; Aleppo: VI-VII. Aftershocks.
Sources

— Ibn Al-Athir: In this year [533 A.H.] in Safar
[1138 October 11-26] there were many great
earthquakes in Al-Sham, Al-Jazira and other
countries, where the strongest were in Al-Sham
lasting for many nights with many aftershocks,
causing destruction of many towns such as
Aleppo where people ran out leaving their
houses to the desert. The earthquakes extended
from Safar 4 to 19 in Al-Sham.

— Abu Al-Fida: Same description of Ibn Al-Athir.
Parametric catalogues

— Poirier and Taher (1980): 1139 November,
IoX-XI (MMS), Aleppo was destroyed and the
inhabitants evacuated.

Seismological compilations

— Plassard and Kogoj (1981): 1138 October, in
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Lebanon 71V, there was an earthquake causing
destruction in Aleppo (Al-Suyuti; Berloty; Ibn
Al-Athir).

— Sieberg (1932): 1138 September 8, repeating
of what happened in the same month of the last
year, but it was stronger causing a large number
of people to die in Aleppo and Ambar.

0821152 September 27 Bosra: VII; Hau-
ran: VII; Syria: VII.

Sources

— Abu Shama: It was said that on 546 A.H. Ja-
mada II 13 at night [1152 September 27], there
was an earthquake, producing 3 shocks in
Bosra and Horan regions, causing destruction
of many house walls in Bosra and others. On
Shawal 2 morning [1152 November 14] there
was an earthquake, shaking the earth for 3
times and moving houses and walls.
Parametric catalogues

— Plassard and Kogoj (1981): 1152 March 22,
L1V, it was an earthquake that caused a de-
struction in Afamea (Sieberg).

— Ben-Menahem (1979): 1151, 32.6N, 36.7E, Ja-
bal Al-Arab (Hauran), /oIX, M:6.2, destruc-
tive at Bousra and the Hauran. Felt in Palestine
(Amiran; Plassard and Kogoj; Sieberg; Willis).
Seismological compilations

— Sieberg (1932): 1151, a destructive earthquake
in the volcanic area in Al-Nugra and Horan [Syr-
ia], where only Bosra was widely damaged. It was
said that large areas of Syria were affected. In
1152 March 22, a destructive earthquake was in
Syria, especially in Apamea and Qalaat Al-Madigq.

083, 1156 September-1159 May Western
Syria including Damascus. Foreshocks,
aftershocks, surface faulting.

New original sources

Depending on quality of the available historical
sources, we consider that Ibn Al-Qalansi is the
best eye-witness of this seismic crisis in the re-
gion during that period, and we summarize his
text chronically with intensity evaluation of each
described locality.

— Ibn Al-Qalansi: 1156 September 28 (551
Sha’aban 9), 3-4 strong shocks hit Damascus:
III-IV. 1156 October 9 (551 Sha’aban 22), 6
shocks were felt in Damascus: II-III. 1156 Oc-
tober 12 (551 Sha’aban 25), 2 shocks hit Dam-

ascus: II-1V; Aleppo: V-VI; Hama: V-VI;

Afamia: VI. 1156 October 17 (551 Sha’aban
29), 2 shocks was felt in Damascus: III. 1156
October 22 (551 Ramadan 5), there were 3
shocks in Damascus: IV. 1156 October 23 (551
Ramadan 6), 5 shocks were in Damascus: IV-V.
1156 October 31(551 Ramadan 15), 2 shocks in
Damascus. 1156 November 1(551 Ramadan 16),
2 shocks in Damascus: III. 1156 November 4
(551 Ramadan 18), a strong shock was felt in
Damascus: III-IV. 1156 November 8 (551 Ra-
madan 23), there was a strong shock in Damas-
cus: III-IV. 1156 November 18 (551 Shawwal 2),
there was a strong shock in Damascus: IV. 1156
November 22 (551 Shawwal 6), at noon, a shock
was in Damascus: III. 1156 December 2 (551
Shawwal 16), there was a strong shock in Dam-
ascus: III. 1156 December 3 (551 Shawwal 17), 4
shocks in Damascus: IV. 1156 December 8 (551
Shawwal 23), many shocks in Damascus: IV-V.
Aleppo: V-VI, Shaizar: VII-VIIL; Kafar Tab: VI-
VII; Hama: VI-VIL. 1157 April 2 to 4 (552 Safar
19, 20 and 21), a shock was felt in Damascus: IV;
Shaizar: VI; Hama: VI; Aleppo: V; Kafar Tab: VL
1157 July 5(552 Jumada I 25), 4 strong shocks in
Damascus: II-IV. 1157 July 13 (552 Jumada 1T
4), a great earthquake followed by anther one less
stronger was in Damascus: IV-V. In Aleppo, it
was a frighten earthquake: IV-V. In Homs, it was
frighten earthquake with destruction: V-VI. In
Hama and Kafar Tab, there was destruction: V-
VIIL. Same was in Afamia: V-VIL In Tayma, there
was damage: V. 1157 August 12(552 Rajab 4), a
great earthquake was in Damascus, causing par-
tial destruction: V-VI; Hama: VIII-IX; Shaizar:
VIII-IX; Kafar Tab: VIII-IX.; Afamia: VIII-IX;
Arqa: VIII-IX; Aleppo: VII-VIII; Homs: VII-VI-
IT; Lattakia: VII-VIII; Tripoli: VII-VIII; Antioch:
VII-VIII; Shmemis: VII-VIII; Qalaat Al-Hosn:
VII-VIII; Maarret Annooman: VI-VII; Tel Har-
ran:? (fig. 9). 1157 August 16, 17 and 18(552 Ra-
jab 8, 552 Rajab 9, 552 Rajab 10), there were 4
main earthquakes and series of shocks in Damas-
cus: II-IV. 1157 September 6 (552 Rajab 29), a
frightening earthquake was in Damascus: IV-V.
1157 October 30 (552 Ramadan 24), many
shocks were in Damascus: IV-V. In Aleppo, there
was light damage to the houses: VI. In Hama,
there were a destruction with sound: VII-VIIL
1157 November 14 (552 Shawwal 10), a strong
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Fig. 9. Map of intensity distribution for August 12, 1157 earthquake.

earthquake caused a panic in Damascus: II-IV.
1157 December 13 and 14 (552 Dhul Qi’ada 10),
there were 2 shocks in Damascus: II-IV. 1157
December 26 (552 Dhul Qi’ada 23), there was a
shock in Damascus: IV. 1157 December 28 (552
Dhul Qi’ada 25), there were 6 shocks causing a
panic in Damascus: [V-V. 1158 January 1 (552
Dhul Qi’ada 30), there were many shocks in
Damascus: II-IV. 1158 April 16 (553 Rabi’a I
15), Aleppo was shaken: IV. 1158 April 25 (553
Rabi’a I 25), there was a shock in Damascus: IIL
1158 August 20 (553 Rajab 23), there was a
shock in Damascus: III. 1158 August 21 (553 Ra-
jab 24), there was a shock in Damascus: III. 1159
January 23 (554 Muharram 1), there were—3
shocks in Damascus: II1. 1159 April 12 (554 Ra-
bi’a I 22), there was a shock in Damascus: IV-V.
1159 May 30 (554 Jumada I 10), there was a
shock in Damascus: IV.

— Ibn Al-Athir: In this year [552 A.H.] in Rajab
[1157 August 9-September 7], there were many
strong earthquakes, causing destruction of many
towns and killing a countless number of people.
Hama, Shaizar, Kafar Tab, Maarret, Afamia,
Homs, Crac Des Chevaliers, Arqa, Lattakia, Tri-
poli and Antioch were totally destroyed. The re-
maing towns in Bilad Al-Sham were partially de-

stroyed. Ramparts of the towns and fortresses

collapsed.

— Abu Al-Fida: In this year (552 A.H.), Rajab,
there were strong earthquakes, causing destruc-
tion of Hama, Shaizar, Homs, Hosn Al-Akrad,
Tripoli, Antioch and other places, to the extent
that fortresses and walls fell down. Large num-
ber of people were killed under debris.

— Bar Hebraeus: And in this year, which is the
year 552 of the Arabs (1157 A.D.), severe earth-
quakes took place in Syria destroying many
towns. In Hamth [Hamal, its fortress and all its
large houses fell down. Old men, women, chil-
dren, and tens of thousands of its inhabitants per-
ished. The fortress of Shaizar fell down, every
part of it, and only women and eunuch escaped.
The people of Emessa went forth hastily and
were delivered, but their monasteries and fortress
perished. In the same manner, the people of Alep-
po fled from the city, and stayed outside for a few
days. Their houses in the city were thrown down
with perishing of five hundred souls. Similar was
in Kafar Tab and Afamia where no one escaped.
Cities of Franks, Hosn Al-Akrad and Arqa fell
completely. In Laodicea the great church only re-
mained, and all those who were inside were de-
livered. The ground inside the church was rent
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asunder, and a chasm which was full of clay ap-
peared, and in the middle of the clay a molten im-
age was standing upright. Similarly, most of An-
tioch and Tripoli were destroyed.

— Chronicle of 1234: And the year of 1462 ar-
rived. In that year, there was a large earthquake
and Sayzar [Shaizar] fell down. Forty thousand
persons were killed. The governor and his chil-
dren were among those who were killed. The
citadel that was built on a mountain fell down. A
great number of persons were killed in Hama,
Salamiya and in many nearby villages.

— Michael the Syrian: And in this year, there were
severe earthquakes in Syria and many places were
destroyed. In Hamath, the fortress, the town and
all large houses fell down upon the citizens. Old
men, women, children and a myriad of persons
were killed. The fortress of Saizar fell entirely, ex-
cept a woman and a eunuch. And the people of
Emessa were taken by the fear: they fled the town
and were delivered. Their houses and the fortress
were destroyed. And in same manner, the people
in Aleppo fled from the city, and sat down
outside it for a few days and were delivered, and
their houses were thrown down, and only five
hundred persons perished in it. Same was at
Kaphar Tab, and Afamia, no one escaped, and
many other places as far as Rahabot. Cities of
the Franks, Hosn Al-Akrad and Arga fell down
completely. In Laodicea, the great church only
remained, and all those who were in the church
were delivered. In

some cities, the earth was opened. In this city, the
earth was opened and lying to watch a chasm full
of mud, and in the center of the mud a statue,
staying upright, was fusing. Similarly, the greater
part of Antioch and Tripoli was destroyed.

— Saadeh (1984): In 1157, there was a very
large earthquake in Northern Syria, causing
heavy damages in Lattakia and other cities.
Parametric catalogues and previous studies

— Ambraseys and Barazangi (1989): 15 August
1157, 35.1N, 36.3E M,.7.0 Hama.

— Ben-Menahem (1979): 1157, July 15, M1 6.1,
destruction of Baalbak (Amiran; Plassard and
Kogoj; Sieberg).

— Plassard and Kogoj (1981): 1157 June 4, 14
and August 12, [ VIII, there were earthquakes
causing destruction in Tripoli, Krak, Homs,
Hama and Sheizar. Hama and Sheizar citadel
were the most affected sites. New earthquakes till
1158 (Al-Suyuti; Berloty; Ibn Al-Jawzi).

084,1170 June 29 Damascus: VII-VIII;
Homs: VII-VIII; Hama: VII-VIII; Al-Sham:
VII-VIII; Lattakia: VII-VIII; Baalbak: VII-
VIII; Shaizar: VII-VIII; Barin: VII; Aleppo:
VII-VIII; Iraq: V; Al-Jazira: V; Al-Mousel:
V (fig. 10). Aftershocks, tsunami.

Sources

— Abu Al-Fida: In this year [565 A.H.] [1169
September 25-1170 September 14], there was a
great earthquake, destroying Al-Sham.
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— Ibn Al-Athir: Also in this year [565 A.H.] 12
Shawwal [1170 June 29], there were successive
great terrible earthquakes which had never been
seen before. Al-Sham, Al-Jazira, Al-Mousel, Iraq
and other countries were affected. They were
strongest in Al-Sham, where most of Damascus,
Baalbak, Homs, Hama, Shaizar, Barin, Aleppo
and others were destroyed, with their ramparts
and fortresses, houses collapsed over their resi-
dents, killing countless numbers of people. Sultan
Nur ed-Din visited these later towns and ordered
to rebuild their ramparts and fortresses, while he
found Aleppo had not been destroyed as these
towns previously. Bilad Al-Firnj [in that time dur-
ing the Crusader wars the Syrian coastal area was
occupied by the Crusaders and called in Arabic
Bilad Al-Firanj] was affected.

— Saadeh (1984) during the year of 1170, there
was a very large earthquake that occurred in
Northern Syria, causing heavy damage in Lat-
takia and other cities.

Parametric catalogues

— Ambraseys and Barazangi (1989): 1170 June
29, 35.9N-36.4E, M,.7.0, tsunami.

— Plassard and Kogoj (1981): 1170 June 29, in
Lebanon I IX, there was an earthquake, caus-
ing destruction in Tripoli and Aleppo (Al-Suyu-
ti; Berloty; Guillaume de Tyre; Perrey).

— Poirier and Taher (1980): 1170 June 30, lo-
IX- X (MMS), Aleppo was totally destroyed
with 80000 victims. Damage in Orontes Valley.
In Antioch, St. Peters cathedral collapsed over the
patriarch.

— Ben-Menahem (1979): 1170 June 29, 34.6N,
36.2E, 1o XI-XII, M.7.9, damage and casual-
ties in Palestine. It was felt throughout Mesopo-
tamia, Cyprus and Upper Egypt. Tripoli ruined.
Destruction at Damascus, Sur, Sidon and Baalbak
(most columns fell down). Damage to the walls
of Sur. Jerusalem (Mw- V-VI). The obelisk at
Caesaria may have been thrown down (Amiran;
Humphrey; Plassard and Kogoj; Sieberg; Willis).
Seismological compilations

— Ambraseys ef al. (1994): 1170 June 29,
35 .ON-36.5E, LVI. A catastrophic earthquake
in northwest Syria, felt in Egypt (Abu Shama;
Ibn Al-Athir; Ibn Qadi Shuhba).

— Sieberg (1932): 1170 June 29, a destructive

earthquake in Syria, killing 2000 persons. Lat-

takia and half of Hosn Al-Akrad were ruined.

Antioch, Jableh, Tripoli and Jerusalem were al-

so felt. Cyprus, Egypt and Mousel were also
felt. Aftershocks lasted for three months.

0951287 March 22 Lattakia: VII-VIII;
Palestine: IV; Armenia: IV.

Sources

Saadeh (1984): In the year of 1287 March 22, a
violent earthquake occurred in Lattakia, caus-
ing damage in some districts of Lattakia and its
harbor, especially in the big tower.

Parametric catalogues

— Plassard and Kogoj (1981): 1287-1285, in
Lebanon I VI, it was an earthquake that
caused destruction in Lattakia (Abu Al-Faraj;
Al-Suyuti; Perrey).

— Ben-Menahem (1979): 1287, M:7.3, destruc-
tive in north Syria and Armenia. Lattakia ruined.
It was felt in Palestine (Al-Sinawi and Ghaleb;
Amiran; Plassard and Kogoj; Sieberg; Willis).
Seismological compilations

— Sieberg (1932): 1287, a strong earthquake in
Northern Syria killed a large number of people.
Lattakia was the most affected city to the extent
that it was completely destroyed. It was felt in
Palestine and Armenia.

0981322 January 20-February 19 Damas-
cus: V.

Sources

— Ibn Kathir: In this year (722 A.H.) of Muhar-
ram (1322 January 20-February 19), a great
earthquake was felt at Damascus.

Parametric catalogues

— Plassard and Kogoj (1981): 1322 January-
February, .1V, a strong earthquake occurred
in Damascus (Al-Suyuti).

100,1344 January 2 Al-Rawendan: VIII;
Manbej: VII-VIII; Aleppo: VI-VII; Damas-
cus: IV.

Sources

— Abu Al-Fida: In this year [744 A.H.] of 15
Shaaban [1344 January 2], a great earthquake
occurred, causing destruction of Aleppo and its
vicinity. In Manbej, destruction was large and
many people were killed under debris. Same
was in Al-Rawendan castle.

— Ibn Kathir: In this year [744 A.H.] 15 Sha’ban,
Saturday [1344 January 2], a slight shock was felt
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by a few people in Damascus. News came from
Aleppo mentioning that many houses were de-
stroyed, a few towers of Aleppo citadel, mosques,
monuments and walls fell down. Many citadels
around Aleppo were destroyed. It was mentioned
that most of Manbej had collapsed and most of its
inhabitants were killed under the debris.
Parametric catalogues

— Plassard and Kogoj (1981): 1344, LIV, there
was a strong earthquake in Egypt and in Syria
(Abu Al-Fida; Al-Suyuti; Perrey).

— Poirier and Taher (1980): 1343 January 1,
Io -IX, Manbej was destroyed with 5700 vic-
tims. Aleppo fortress was destroyed.
Seismological compilations

— Ambraseys et al. (1994): 1344 January, a
large earthquake in SE Anatolia was said to
have been felt as far as Egypt (Al-’Aini;
Anonymous; Ibn Al-Shihna; Ibn Habib; Poirier
and Taher; Sibt Ibn Al-’Ajami; Taher). There is
no effects in south of Damascus, where the
shock was only slight (Ibn Kathir).

— Sieberg (1932): 1344, an earthquake was in
Syria. It was felt in Egypt.

1101537 January 7 Antioch: VII; Damas-
cus: IV; Dimyat: IV-V; Egypt: IV.

New original sources

— Al-Ghazi: A slight shock was felt in Egypt
and Damascus on 25 Rajab 943 A.H. (07 Janu-
ary 1537) (Badr Al-Ghazi).

Seismological compilations

— Ambraseys ef al. (1994): 1537 January 8, Dami-
etta was shaken by earthquakes that continued for
four days, five times a day. These shocks may be
associated with an earthquake reported to have
shaken down many walls in Antioch the same
year (Al-‘Umari). Alternatively, there may be
some connection with the shocks reported in
Cairo and Damascus, noted above under 943-
1537. Such associations imply a large earthquake
in or offshore from Northern Syria, for which one
would expect further details to be preserved, and
it is more likely that the Antioch earthquake, at
least, is a separate event.

— Al-Ghouneim (no date): In 944 A.H. (started
from 1537 June 10), there was a great earthquake
in Antioch where many walls fell down. Later on,
Dimyat was shaken for 4 days, 5 times daily (Al-
Jalabi).

114,1565 July 26 Damascus: V.

New original sources

— Al-Ghazi: A shock occurred on Wednesday ear-
ly morning, 28 Zu-I-Hijja 972 A.H. (26 July 1565)
in Damascus. It was accompanied by a sound
from the earth (Badr Al-Ghazi).

Seismological compilations

— Sieberg (1932): 1566, a destructive earthquake
was felt till Cyprus.

119,1610 March 7 Aleppo: VL

New original sources

— Al-Nablsi: A great earthquake hit Aleppo at
sunset time on 11 Zu-l-Hijja 1018 A.H. (07
March 1610) (Al-Ghazi).

Seismological compilations

— Ambraseys and Finkel (1995): A contemporary
reports that Aleppo and its environs suffered a
great earthquake on the evening of Sunday, 11
Zilhicce (Zulhijeh) 1018 A.H. (7 March 1610)
(Al-Hafiz).

124, 1626 January 21 Aleppo: VIII-IX;
Gaziantab: VIII-IX; Hama: VI-VII; Damas-
cus: V (fig. 11).

Sources

— Al-Nablsi: A slight shock was felt in Damas-
cus on Wednesday 22 Rabi’ II 1035 A.H. (21
January 1626). In the meantime an earthquake
hit Hama, causing the Souk Al-Dahsheh to col-
lapse and killing many people under the debris
(Al-Ghazi).

Seismological compilations

— Ambraseys and Finkel (1995): there was a
great earthquake in the Middle East as result of
which many places in the region of Aleppo and
Gaziantep were ruined with great loss of life
(LBS, BDP). This is most probably the earth-
quake of Wednesday, 22 Rebi-II 1035 A.H. (21
January 1626).

134,1705 November 24 Yabroud: VIII; Al-
Qastal VIII; Damascus: VII; Tripoli: VII.
Aftershocks.

Sources

— Al-Nablsi: He mentioned, as an eyewitness,
that three main different sized shocks happened
on Tuesday night, 7 Sha’ban 1117 A.H. (24 No-
vember 1705) in Damascus. The first one caused
general panic while the second was the strong-
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Fig. 11. Map of intensity distribution for January 21, 1626 earthquake.

est, causing houses to fall, walls to be destroyed
in and around Damascus and top of the eastern
minaret of the Umayyad Mosque to split, upper
portion of the Murshidiyah minaret and Al-Afram
minaret to fall, to the extent that large number of
people in the villages were killed under the de-
bris. In Al-Qastal village, its fortress collapsed as
well as a monastery in Yabrud village. Light
shocks continued to be felt till Ramadan [after-
shocks were felt for one month].

Seismological compilations

— Ambraseys and Finkel (1993): A destructive
earthquake occurred on Tuesday night, 7 Sha’ban
1117 A.H. (24 November 1705) in the northern
part of the Bekaa Valley in Lebanon. It was pre-
ceded by a strong foreshock that caused panic in
the area of Damascus. In Damascus, many strong
aftershocks occurred, causing some houses to
fall, walls to be destroyed, people to be killed in
the debris, top of the eastern minaret of the
Umayyad Mosque to split, upper portion of the
Murshidiyah minaret and Al-Afram to fall.
Fortress of Al-Qastal and its villages were de-

stroyed. A monastery in Yabrud and many houses
in the villages were also destroyed (Al-Nablsi). In
Tripoli, roofs and walls of the city, some of the
walls of the towers of the coastal fort and some of
the quarters of the gar were destroyed.

1571822 August 13, 09:50 p.m. (local time,
Jisr Ash’Shoughour: IX; Quseir: IX; Aleppo:
VII-IX; Darkoush: VIII-IX; Antioch: VIII;
Iskenderun: VIII; Idleb: VIII; Sarmeen: VIII;
Kelless: VIII; Armanaz: VII-VIII; Sarmada:
VII-VIII; Lattakia: VII; Homs: VII; Hama:
VII; Maraash: VII; Ram Hamadan: VII; Ben-
nesh: VII; Maarret Missrin: VII; Damascus:
III; Gaza: III; Al-Quds: III; Black Sea: III;
Cyprus: III (figs. 12, 13 and 14). Faulting,
tsunami.

Parametric catalogues and previous studies

— Ambraseys (1989): 1822 August 13, 20:40
(LT), 36.7N-36.9E, M, 7.4, Io (MSK) -X.

— Plassard and Kogoj (1981): 1822 August 13,
in Lebanon =V, an earthquake, causing de-
struction in Antioch, Aleppo and Lattakia with
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tsunami. It was felt in Damascus and Cyprus
(Blanckenhorn; Sieberg; Willis).

— Poirier and Taher (1980): 1822 August 13,
Io - X-XI (MMS) , Aleppo destroyed at 60%, sea
wave at Iskenderun.

— Ben-Menahem (1979): 1822 August 14, 36.4N-
36.2E, Io-X-XI, M:i7.1, destruction of Anti-
och and Aleppo. Felt in Jerusalem and Cyprus.
Tsunami at Beirut (Amiran; Karnik; Ergin et al.;
Plassard and Kogoj; Sieberg).

— Ambraseys and Barazangi (1989): 36.7N-
36.9E, Ms.7.4.

Seismological compilations

— Ambraseys (1989): 1822 August 13, this earth-
quake was the largest in the Border Zone in the
last five centuries. It was felt from the coast of
the Black Sea to Gaza, and it was followed by an

aftershock sequence that lasted almost 2.5 years.
The shock almost destroyed the region between
Gaziantep and Antakia in Turkey and Aleppo
and Khan Sheikhun in NW Spyria, killing a very
large number of people. Slight shocks began on
August 5 and continued until August 12, report-
ed from Aleppo and Antioch. At 8 h 10 min p.m.
on August 13 a strong shock was felt in the re-
gion between Lattakia, Aleppo and Antioch,
causing considerable concern. The main shock
happened 30 min later. Gaziantep and its sur-
rounding villages were almost completely de-
stroyed with great loss of life. Damage was
equally heavy in the districts of Shikaghi and
particularly of Jum and in the settlements along
the Aafrine River. The ground opened up for
some distance. The Orontes River overflowed its
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Fig. 12. Map of intensity distribution for August 13, 1822 earthquake (Ambraseys, 1989).
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37

@ Killis VIII

Iskenderun VII1

Aleppo
L

@ Antakia VI ]
& Sarmada VII-VIIT VII-IX

Al-Quseir X
L] ® Armanaz VII-VIIT

M. Missrin VIL " o R Hamadan VII
36 e Darkoush VITLIX |
o Bennesh VI

& ldleb VI

-

Sarmeen VIII
0 km 20
| —

@ Jisr IX

36 37

36

Fig. 14. Detailed map of intensity distribution for August 13, 1822 earthquake, between Antakia and Aleppo.

96



The historical earthquakes of Syria: an analysis of large and moderate earthquakes from 1365 B.C. to 1900 A.D.

banks destroying bridges and embankments. Kil-
lis was destroyed with loss of life. Harem and
Armanaz were totally destroyed. Darkush was
ruined partly and a landslide blocked the Orontes
River. Jisr As-Shugr was entirely destroyed with
loss of life. Khan Sheikhun, Ariha, Idleb and par-
ticularly Maarat were almost completely ruined
but the loss of life was not great. Houses col-
lapsed in these places but large buildings, al-
though shattered, were left standing, except in
Maarat where they were brought down by after-
shocks which also crevassed the banks of the
Orontes. It is said that damage extended to Hama
and that it suffered as much as Aleppo. Aleppo
was ruined with 7000 deaths within the walls of
the city. The walls of the citadel were ruined.
Many houses, gates and Souks were ruined. It is
said that before the earthquake the temperature
of well water had increased. Antioch and its sur-
rounding villages were ruined. Many small set-
tlements in the upper and lower Quseir area were
razed to the ground and there was a liquefaction
of the ground near the town. Beilan was heavily
damaged without casualties. In Iskenderun,
number of houses were destroyed with liquefac-
tion. At Payas, some houses sunk into the ground
but without loss of life. One-third of Lattakia
was destroyed and one-third damaged. In Mari-
na, the fort, the mosque and the large khan col-
lapsed, and houses and stores were considerably
damaged. Jableh was more heavily damaged and
people were killed. Damage was also reported
from Markab and the castle of the Crusaders
partly collapsed. Villages in the regions of Adana
and Misis were ruined. Marash and Nizip also
seem to have been affected. Tarsus was strongly
affected by this event. At Homs it caused un-
specified damage. At Tripoli and its dependen-
cies, it was violent and caused damage. It was
strongly felt at Beirut, Sidon, Jerusalem, Gaza,
Trabzon, Tokat and Merzifon. It caused panic at
Damascus. It was felt in Cyprus and Meso-
potamia. It was felt at Urfa, Dyar Bakr and along
the Euphrates and caused some damage. De-
structive aftershocks occurred in 1822 August 15
and 23, September 5 and 29, October 18 and
1823 June 30, the sequence terminating in 1824
March. The total number of killed people varies
between 30000 and 60000 (Consular Archives;
Giizelbey and Yetkin; Press Reports).

— Sieberg (1932): 1822 August 13, a vast de-

structive earthquake in Northern Syria. It was
said that 20000 people were killed. Antioch
was a victim completely to that earthquake. In
Aleppo, 2/3 of houses became not suitable for
living and it was said that 1/3 inhabitants were
killed. In Iskanderun and Lattakia, there was
heavy damage to the houses. It was felt in
Adana, Dayr Bakir, Damascus, Jerusalem and
Cyprus. Aftershocks continued to the end of
June 1823 in Aleppo and Lattakia.

— Al-Tabakh Al-Halabi (1925): Al-Sheikh Bakri
Kateb [a religious leader in Aleppo] says that: «In
August, many great earthquakes occurred caus-
ing the collapsing of the Jewish quarter, the Souk
of Perfumery and Al-Aqaba [in Aleppo]. These
earthquakes lasted 40 days for every day, col-
lapsing schools and houses in the city [of Aleppo]
to the extent people went out of the town. Miner-
at of the great Mosque was cracked». Jawdat
Basha says that: «On the 3rd hour of the night of
6 Zu-L-Hijja 1237 A.H. [1822 August 23], a
strong earthquake occurred in Aleppo, Kelless,
Antioch and their vicinity, causing many build-
ings to collapse and large number of people to die
under the de