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Abstract 
 

Large earthquakes pose a serious threat to humanity, especially since potentially active faults are 
hidden under the surface and have left no obvious traces of rupture, and because  fault interaction 
and multiple rupture mechanisms are poorly understood. To study said big events, and to 
improve the forecasting capabilities of current statistical models, we need to study past 
seismicity. In recent years there has been a large effort towards making seismic data available to 
the geosciences research communities. Open-access initiatives like the European Integrated Data 
Archive and the datasets built by the Global Earthquake Model combine and provide earthquake 
information for regions beyond geopolitical borders, for extended periods of time and magnitude 
ranges. Users can compare and combine information to create custom earthquake catalogues. The 
result is a compendium of several sources, or a preliminary meta-analysis on singular events. As 
a consequence, single events may be reported more than once: in historical times with different 
sources reporting effects of ground shaking; in instrumental catalogues multiple reporting may 
also happen when earthquakes are detected by more than one seismic network. Because each 
catalogue source has different procedures to calculate locations and magnitudes, the resulting 
parameters may be different and it is not straightforward to extract useful information or to 
quantify their error. 

There has also been much progress in models that use seismic catalogues, and their 
statistical byproducts, for seismic hazard and forecasting. These include the 2020 European 
Seismic Hazard Model and all recent developments on epidemic type aftershock sequence (ETAS) 
simulations. The problem is that hazard and forecasting experts use seismic catalogues without 
knowing the details about their limitations. Possible artifacts in depth, epicentral location and 
magnitude undetected by the user can negatively impact forecasting and hazard.  

Earthquake catalogues represent an opportunity for observational seismologists, 
especially if they cover large areas or long time periods. There is great potential in historical 
earthquake records in seismically active regions that have been populated for thousands of years, 
and also in regions that have today a seismic station coverage that records all moderate to large 
earthquakes. Both historical and instrumental catalogues when combined have the potential to 
reveal pivotal information for hazard analysis if they are carefully built and analysed.  

The initial goal of this thesis was to tackle the problem of fault segments interaction 
allowing an extreme release of seismic moment either within a single event, or within a more 
erratic sequence. For this ambitious goal, we accomplished the first step: generating high-quality 
seismic catalogues of earthquake location and magnitude. I focused on two strike-slip fault 
systems where earthquakes were documented by different sources, using pre-instrumental 
records in the Dead Sea Transform Fault Zone (DSTFZ), and a decade of instrumental records in 
Turkey. We did it following a consistent and repeatable procedure in the parameter assessment 
(historical) and calculation (instrumental), providing uncertainties for the location and 
magnitude, a known completeness level, and ensuring the catalogue is free of repeated or fake 
events. 

Quality of historical earthquake catalogues needs to be revised, in particular in regions 
with a vast written registry of earthquakes. While instrumental seismicity has only recorded one 
earthquake of moment magnitude equal or larger than 7 in the DSTFZ, tectonic forces in the 
region have caused centuries of documented incidence of large earthquakes, and remote sensing 
supports the idea that the area is still in motion and could host large events in the near future. In 
chapter 2, we build a high-quality historical catalogue for the region between 27-36N and 31-39 
���ä�� ���‹�•�–�‘�”�‹�…�ƒ�Ž�� �”�‡�…�‘�”�†�•�� �‹�•�� �–�Š�‡�� �������	���� �…�‘�•�‡�� �ˆ�”�‘�•�� �ƒ�� �•�—�Ž�–�‹�–�—�†�‡�� �‘�ˆ�� �•�‘�—�”�…�‡�•�� �–�Š�ƒ�–�� �†�‘�•�ï�–�� �•�Š�ƒ�”�‡�� �–�Š�‡��
spatiotemporal location, the magnitude, and sometimes neither the certitude of occurrence of all 
events. We obtain parametric earthquake data from previous studies, validate the historical 
records with field investigations (geological and archaeological studies) and analyse several 
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events in depth with regards to their macroseismic intensities. We further identify how does the 
magnitude and location correlate with the nearby identified faults, and assess their relation to 
soft-sedimentary deformation structures in the Dead Sea. We convert all magnitudes to Mw and 
class the magnitude and location uncertainty among three categories. The result is a new 
historical parametric catalogue from between 31 BCE and 1900 that contains 93 earthquakes of 
magnitude equal or larger than 5 in moment magnitude scale, complete down to Mw=7. 

To the North of the DSTFZ, Turkey is routinely surveyed by two agencies: The Kandilli 
Observatory (BOUN KOERI Regional Earthquake-Tsunami Monitoring Center) and the Turkish 
National Network (Disaster and Emergency Management Authority Earthquake Department; 
AFAD). Both have installed new broadband stations in recent years and nowadays cover the 
country with an average station spacing of about 60 km. We create a consistent M4+ high-quality 
catalogue for Turkey within 34° ��43°N and 25°��46°E for the time period 2007��2016, with 
relocated hypocentres that combines observations from KOERI and AFAD using a repeatable 
procedure, providing quantitative location uncertainties and a magnitude estimate (the average 
of the magnitudes reported by each network). We simultaneously invert for a new 1D velocity 
model using a set free from outlier observations. The resulting seismic catalogue has 1645 
earthquakes of magnitude equal or larger than 4, with an epicentral precision (for the well-
locatable events) of 3 km and a depth precision of 4 km. 

Both AFAD and KOERI report routine magnitudes in several types, requiring to propose a 
new local magnitude (Ml) formula for Turkey using vertical amplitudes. This led to a set of 
consistent magnitudes for all earthquakes in the 10-year instrumental catalogue we relocated 
before. To calculate the magnitudes, we iteratively inverted for two parameters related to the 
distance between the source and the station, for individual station effects and for magnitudes 
themselves, after converting each seismogram to its Wood-Anderson equivalent. The final value 
of Ml is then scaled to fit with the moment magnitude. Our resulting catalogue with recalculated 
magnitudes is now complete down to magnitude 4.2 with a b-value of 0.97. 
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Résumé 
 

Les forts séismes constituent une grave menace pour l'humanité, d'autant plus que des failles 
potentiellement actives demeurent cachées sous la surface de la Terre et n'ont pas laissé de traces 
évidentes de rupture, et parce que l'interaction entre failles et les mécanismes de rupture 
multiple sont peu compris. Pour étudier ces grands tremblements de terre et pour améliorer les 
capacités de prévision des modèles statistiques actuels, nous devons étudier la sismicité passée. 
Ces dernières années, de gros efforts ont été déployés pour rendre les données sismiques plus 
accessibles pour les communautés de recherche en géosciences. Des initiatives en libre accès 
telles que les archives de données européennes intégrées (acronyme EIDA, en anglais) et les 
ensembles de données construits par le Global Earthquake Model réunissent des informations 
sur les tremblements de terre pour des régions au-delà des frontières géopolitiques, pour des 
périodes et des plages de magnitude étendues. Les utilisateurs peuvent comparer et combiner 
des données pour créer des catalogues de séismes. Le résultat est un recueil de plusieurs sources, 
ou une méta-analyse préliminaire sur des événements singuliers. En conséquence, des 
événements uniques peuvent être signalés plus d'une fois : à des époques historiques avec 
différentes sources signalant les effets des secousses du sol ; dans les catalogues instrumentaux, 
des duplicatas peuvent également se produire lorsque des tremblements de terre sont détectés 
par plus d'un réseau sismique. Étant donné que chaque source de catalogue a des procédures 
différentes pour calculer les localisations et les magnitudes, les paramètres résultants peuvent 
être différents et il n'est pas simple d'extraire des informations utiles ou de quantifier leur erreur. 

Il y a également eu de grands progrès dans les modèles qui utilisent les catalogues 
sismiques, et leurs sous-produits statistiques, pour l'aléa et la prévision sismique. Ceux-ci 
incluent le Modèle Européen d'Aléa Sismique 2020 et tous les développements récents sur les 
modèles de type Epidemic Type Aftershock Sequence (ETAS). Le problème est que les experts en 
aléas et en prévision utilisent des catalogues sismiques sans connaître les détails de leurs limites. 
D'éventuels artefacts de profondeur, de localisation épicentrale et de magnitude non détectés par 
l'utilisateur peuvent avoir un impact négatif sur les prévisions et les risques. 

Les catalogues de séismes représentent une opportunité pour les sismologues 
d'observation, surtout s'ils couvrent de vastes zones ou de longues périodes. Il existe un grand 
potentiel dans les enregistrements historiques des séismes dans les régions sismiquement 
actives qui ont été peuplées pendant des milliers d'années, ainsi que dans les régions qui ont 
aujourd'hui une couverture de stations sismiques qui enregistrent tous les séismes modérés à 
importants. Les catalogues historiques et instrumentaux, lorsqu'ils sont combinés, ont le 
potentiel de révéler des informations essentielles pour l'analyse des risques s'ils sont 
soigneusement construits et analysés. 

L'objectif initial de cette thèse était d'aborder le problème de l'interaction des segments de faille 
permettant un relâchement extrême du moment sismique soit au sein d'un même événement, soit 
au sein d'une séquence plus erratique. Pour cet objectif ambitieux, nous avons accompli la 
première étape : générer des catalogues sismiques de haute qualité de la localisation et de la 
magnitude des tremblements de terre. Je me suis concentrée sur deux systèmes de failles 
décrochantes où les séismes ont été documentés par différentes sources, en utilisant des 
enregistrements pré-instrumentaux dans la zone de faille transformante de la mer Morte (DSTFZ) 
et une décennie d'enregistrements instrumentaux en Turquie. Nous l'avons fait en suivant une 
procédure cohérente et reproductible dans l'évaluation des paramètres (historique) et le calcul 
(instrumental), fournissant des incertitudes pour la localisation et la magnitude, un seuil de 
complétude connu et garantissant que le catalogue est exempt d'événements répétés ou faux. 

La qualité des catalogues historiques doit être révisée, en particulier dans des régions disposant 
d'un grand registre écrit des séismes. Alors que la sismicité instrumentale n'a relevé qu'un seul 
tremblement de terre d'une magnitude de moment égale ou supérieure à 7 dans la DSTFZ, les 
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forces tectoniques dans la région sont responsables de siècles d'occurrence documentée de 
grands tremblements de terre, et la télédétection soutient l'idée que la zone est toujours en 
mouvement et pourrait accueillir de grands événements dans un proche avenir. Dans le Chapitre 
2, on construit un catalogue historique de haute qualité pour la région entre 27-36°N et 31-39°E. 
Les enregistrements historiques dans la DSTFZ viennent d'une multitude de sources qui ne 
partagent pas la même localisation spatio-temporelle, ni la magnitude et parfois même pas la 
certitude de l'occurrence. Nous avons obtenu des données paramétriques sur les séismes à partir 
d'études précédentes, validé les enregistrements historiques avec des enquêtes sur le terrain 
(études géologiques et archéologiques) et analysé plusieurs événements en profondeur en ce qui 
concerne leurs intensités macrosismiques. Nous avons identifié en outre comment la magnitude 
et la localisation sont corrélées avec les failles identifiées à proximité, et évalué leur relation avec 
les structures de déformation sédimentaire molle dans la mer Morte. Nous avons converti toutes 
les magnitudes en Mw et classé la magnitude et l'incertitude de localisation parmi trois 
catégories. Le résultat est un nouveau catalogue paramétrique historique entre 31 AEC et 1900 
qui contient 93 tremblements de terre de magnitude de moment égale ou supérieure à 5, complet 
à partir de Mw=7. 

Au nord de la DSTFZ, la Turquie est régulièrement surveillée par deux agences : l'Observatoire de 
Kandilli (Centre Régional de Surveillance des Tremblements de Terre et des Tsunamis BOUN 
KOERI) et le Réseau National Turc (Département des Tremblements de Terre de l'Autorité de 
Gestion des Catastrophes et des Urgences ; AFAD). Toutes les deux ont installé de nouvelles 
stations à large bande ces dernières années et couvrent aujourd'hui le pays avec un espacement 
moyen des stations d'environ 60 km. Nous avons créé un catalogue cohérent de haute qualité 
pour la Turquie entre 34°-43°N et 25°-46°E�á���†�‡���•�ƒ�‰�•�‹�–�—�†�‡���·�v�á au cours de la période 2007-2016, 
avec des hypocentres relocalisés qui combinent les observations de KOERI et AFAD en utilisant 
une procédure reproductible, fournissant la localisation, des �•�‡�•�—�”�‡�•���•�—�•�±�”�‹�“�—�‡�•���†�ïincertitudes 
et une estimation de magnitude (la moyenne des magnitudes rapportées par chaque réseau). On 
a également inversé un nouveau modèle de vitesse 1D en utilisant un ensemble de tremblements 
de terre localisés de manière cohérente et exempts de données aberrantes. Le catalogue sismique 
résultant est composé de 1645 tremblements de terre de magnitude égale ou supérieure à 4, avec 
une précision épicentrale (pour les événements bien localisables) de 3 km et une précision sur la 
profondeur de 4 km. 

AFAD et KOERI rapportent divers types de magnitudes de routine. Nous avons créé une nouvelle 
formule procurant la magnitude locale (Ml) pour la Turquie en utilisant les amplitudes verticales 
observées aux stations. Cela a conduit à un ensemble de magnitudes cohérentes pour tous les 
tremblements de terre dans le catalogue instrumental que nous avions relocalisé auparavant. 
Pour calculer les magnitudes, nous avons inversé itérativement deux paramètres liés à la distance  
source-station, les corrections de station individuelles, ainsi que les magnitudes elles-mêmes 
après avoir converti chaque sismogramme en son équivalent Wood-Anderson. La valeur finale de 
Ml est ensuite mise à l'échelle afin de coincider avec la magnitude Mw. Notre catalogue résultant 
avec des magnitudes recalculées est maintenant complet à partir de la magnitude 4.2 avec une 
valeur b de 0.97 pour la loi de Gutenberg-Richter. 
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1. Introduction 
 

�îEres del lugar donde recoges la basura. 

Donde dos rayos caen en el mismo sitio. 

Porque viste el primero, esperas el segundo. 

Y aquí sigues. 

Donde la tierra se abre y la gente se junta.�ï 

 

�îYou are from the place where you pick up the 
garbage. 

Where two bolts of lightning fall in the same place. 

Because you saw the first, you wait for the second. 

���•�†���›�‘�—�ï�”�‡���•�–�‹�Ž�Ž���Š�‡�”�‡�ä 

Where the earth opens and people come together.�ï

���š�–�”�ƒ�…�–���ˆ�”�‘�•���î���Ž���’�—�Ó�‘���‡�•���ƒ�Ž�–�‘�ï��(Villoro, 2017) 

 

Humanity lives among earthquakes regardless how deadly close they are to their front door. 
People will continue to co-exist with this dangerous phenomenon, affected and fascinated by 
them at the same time. In Villoro�ïs poem, he talks about the 19 September 1985 (the first) Mw  8.0 
Michoacán earthquake that caused more than 10,000 deaths in Mexico City, and about the 19 
September 2017 Mw 7.1 earthquake (the second) that was responsible of more than 220 deaths 
in the same city (Singh et al., 2018). These two earthquakes are examples on how seismicity has 
affected society while it has not left a large obvious footprint on the present geological landscape.  
Also, earthquakes are known to strongly cluster in space and time, causing fatal earthquake 
sequences and activating fault segments previously thought to rupture independently. The 1985 
earthquake (the first) is an example of a multiple rupture where two sources broke 26 seconds 
apart (Murillo, 1995). Including the second, there were 26,413 earthquakes of a magnitude larger 
than 3 in the nation of Mexico during 2017. The main characteristics of these events can be found 
in the seismic catalogue of the Mexican Seismological Service (México. Universidad Nacional 
Autónoma de México, I. d. G., Servicio Sismológico Nacional., 2021). 

Such parametric catalogues contain information about the earthquakes spatial location, 
their occurrence time and their magnitude (i.e., an objective measure of their  size (Bormann et 
al., 2013)), at least. Seismic catalogues impact our daily lives through seismic hazard estimates 
used when designing building codes and other public policies, and as an input for risk calculations 
(Wang, 2011) and forecasting models (Kagan & Jackson, 1994; Nandan et al., 2021). Determining 
the location and size of an earthquake with high precision in areas where data coverage and 
quantitity are high enough to characterize active faulting properties is the first step on 
understanding fault segments interaction allowing an extreme release of seismic moment either 
within a single event, or within a more erratic sequence.  

Seismic catalogues can be divided based on the earthquake information acquisition 
method: historical and instrumental catalogues. Historical catalogues contain evidence of some 
large earthquakes with a low frequency of occurrence and with large magnitude and location 
uncertainties (Meletti et al., 2010). The input information comes mostly from written records, as 
far back as written history goes (Albini et al., 2014). Before seismometers, observers 
independently documented the severity of ground-motion shaking during an earthquake in their 
surroundings. Scientists assemble these available records, convert them to a number in an 
intensity scale (Grünthal, 2011) and then estimate the earthquake spatiotemporal location and 
magnitude (Cecic et al., 1996). There are several pitfalls in building such catalogues. The first one 
is the lack of objectivity: events were often times exaggerated, linked to supernatural causes or 
dated erroneously. Another source of error is the variety of intensity scales to which events were 
reported (Cecic et al., 1996), and the various magnitude types to which they are associated. The 
third one is the continuous reappraising of historical reports and physical information (trenches, 
archaeology, sedimentary deposits) when new information becomes available.  
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In the other hand, instrumental catalogues rely on seismometers and the quantitative 
ground motion they measure. For routine catalogues, an algorithm continuously analyses the 
mechanical waveforms recorded at all seismic stations of the network for changes in the 
amplitude and/or frequency that may correspond to an arrival of a seismic wave. When a 
predefined minimal number of such potential wave arrivals at different stations are detected, 
further processing of the seismic signals is triggered to locate the earthquake using a predefined 
velocity model, and to quantify its magnitude. In an region covered by two (or more) independent 
seismological networks, the same event may be reported by both of them at nearly the same time, 
but located hundreds of kilometres apart, or the magnitude estimates differ for each network by 
more than 0.6 magnitude units (Rezaeifar & Kissling, 2018; Werner & Sornette, 2008). Part of the 
problem is the use of different velocity models across networks, and the changes in used velocity 
models over time (Hutton et al., 2010). Sometimes, networks locate hypocentres to default 
depths, provide inconsistent picking error estimates over time (Kamer et al., 2017a), misplace 
events due to poorly located stations or associate a set of observations within a single event while 
actually belonging to two different earthquakes. Methodologically, the fact that each event is 
reported independently omits the information gathered from the passage of the seismic waves 
through a crust with the same velocity properties at a local scale (Kissling, 1988). 

 Since the location and magnitude estimation procedures used to build an instrumental 
seismic catalogue have a large impact on its statistical properties (Kamer & Hiemer, 2015), on 
fault reconstruction techniques (Kamer et al., 2020) and in regional seismotectonic studies 
(Wollin et al., 2018)), Earth Scientists expect high quality catalogues as an input. They should be 
complete down to a well-constrained size, and magnitudes must be well defined and consistently 
determined, i.e., unique and homogeneous (Yadav et al., 2009).  They have to feature precise and 
consistent spatiotemporal locations, together with quantitative uncertainty estimates. They also 
must not contain duplicates or fake events (Albini et al., 2014).  

Unfortunately, most of routinely available catalogues do not meet these quality 
expectations and it has been shown that this affects hazard and forecasting models. For example, 
statistical properties of seismicity, and hazard estimates as a consequence, can be biased if the b-
value (Gutenberg & Richter, 1944) shows variations  that could be explained by more consistent 
magnitude estimations or more consistent data treatment (Herrmann & Marzocchi, 2021; Kamer 
& Hiemer, 2015). Likewise, incorrect estimation of the magnitude of completeness (Mc) could 
result from inconsistent magnitude estimations and can lead to biased rate forecasts when using 
ETAS-based models (Seif et al., 2017). As access to data and metadata at a large scale becomes 
more common, it is inevitable that information comes from different networks. Each institution 
plans its network deployment in an autonomous way, with growing broadband coverage installed 
in a patch-like ma�•�•�‡�”���–�‘���•�—�‹�–���‡�ƒ�…�Š���ƒ�‰�‡�•�…�›�ï�•���‹�•�–�‡�”�‡�•�–��(van Eck et al., 2004). The strength of the 
resulting catalog combining several networks is an increase of earthquake observations, while its 
consistency is beyond the scope of routine event location. The difference between the expected 
and the available seismic catalogues is what motivates this thesis: how do we create high quality 
seismic catalogues from different sources suitable for hazard and forecasting?  

The thesis focuses on two systems of many strike-slip faults where large instrumental and 
historical events are known. It includes Turkey and continues southwards towards the Red Sea. 
Turkey lies on the Anatolia microplate that is surrounded by the African, Arabian, Eurasian and 
Aegean plates. Its seismicity is mostly due to the Eastern Hellenic Arc and Trench and the East 
and North Anatolian Fault Zones (EAFZ and NAFZ respectively). The rollback subduction of the 
Eastern Mediterranean oceanic lithosphere to the North forms the Hellenic Arc and Trench and 
creates extension in the Aegean and Anatolian plates while there is also compressional motion 
between Europe and Africa (Comninakis & Papazachos, 1972; Makropoulos & Burton, 1984). GPS 
measurements show that the slip rate in the Hellenic Arc is roughly  30.5 mm/yr (Reilinger et al., 
2006), and is mostly responsible for the earthquakes in the Aegean Sea. Because of the 
contemporary movement of the Arabian Plate to the NNW with respect to Eurasia, the local 
dynamics result in the westward motion of a crustal block bounded by the NAFZ and the EAFZ. 
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These faults have average slip rates constrained by GPS data of 24 ± 2 mm/year and 10 ± 2 mm 
mm/year, respectively (Reilinger et al., 2006). Then, the DSTFZ extends from the southwestern 
end of the EAFZ to the spreading ridge in the Red Sea. It is a series of active plate tectonic 
structures that also show significant displacement by GPS data: 4.2 to 5.8 mm/year (Lu et al., 
2020b; Masson et al., 2015; Sadeh et al., 2012). 

The first topic of the thesis regards the analysis of historical seismicity (Chapter 2). In the case of 
the DSTFZ, there is a long anthropologic history in the area that results in historical records of 
over 2000 years (Karcz, 2004). In the article published in the Journal of Seismology (Grigoratos 
et al., 2020), we review reports of 244 earthquakes between 31 BCE and 1900 CE in this region 
(27-36N and 31-39 E) and build a homogenized parametric catalogue complete down �–�‘�����™�·�y�ä 
The chapter contains a repeatable procedure where different reports of an event and parametric 
estimates of a single event are compared consistently, and contrasted with recent field 
investigations (when available). While we did not recalculate spatiotemporal location and 
earthquake size from primary sources, we review event occurrence, compare its position in space 
and time and intensity measures across reports. Three classes for uncertainty are defined, so 
events have a location and magnitude uncertainty.  In Chapter 3, we establish an instrumental 
catalogue for Turkey (34°-43°N and longitude 25°-46° E), that combines the routine catalogues 
from the Kandilli Observatory (BOUN KOERI Regional Earthquake-Tsunami Monitoring Center) 
and the Turkish National Network (Disaster and Emergency Management Authority Earthquake 
Department; AFAD). We use the first P arrival times to build a high quality joint instrumental 
catalogue  for events with magnitude equal to or larger than 4, over the decade 2007-2016. We 
find the origin of numerous inconsistencies (routine event depth, station location, observations 
that do not belong to the same event) and correct them, and remove remaining outliers. We 
discern between earthquakes located by both networks or by a single agency. Plus, we calculate 
a new minimum 1D velocity model suitable for AFAD and KOERI observations through a joint 
velocity-hypocentre inversion using VELEST (Kissling, 1988). We relocate all earthquakes using 
the same weight for all obsevrations and provide spatiotemporal location precision. In Chapter 4, 
we calculate a new local magnitude formula consistently scaled to Mw, using the vertical 
component of the seismic waveforms associated to the events in the previously relocated 
catalogue. This leads to a final instrumental seismic catalogue that is consistent in location and 
magnitude estimates (Rojo Limon et al., under review). In Chapter 5 we discuss the main results 
of the thesis and possible applications, plus future perspectives. 
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2. An updated parametric catalog of historical earthquakes around the Dead Sea 
Transform Fault Zone1 
 

 

While instrumental seismicity has only recorded one earthquakes of moment  magnitude 
equal or larger than 7 (Grünthal & Wahlström, 2012) in the Dead Sea  Fault region, the 
relative motion between the small Sinai subplate and the Arabian plate has ca used centuries 
of documented incidence of large events. For example, in 1170 a very large earthquake was 
felt in 30 cities across an area of close to 1000km x600 km (Grigoratos, Poggi, Danciu, & Rojo, 
2020) . Observed via GPS, the region shows a relative motion of 4.9 ± 1.4 mm/year in the 
southern end of the Dead Sea Transform Fault Zone (Beon et al., 2008), which  supports the 
idea that the area is still in motion and could host large events in the near future.  

Historical records near the Dead Sea Fault come from a multitude of different sources 
that do not follow the same procedure. Since the last study that included historical 
earthquakes specific to the Dead Sea Fault Zone (Khair et al., 2000), there have been three 
larger projects that built their own historical earthquake catalog ues for the Middle East 
(Zare et al., 2014), Europe and the Mediterranean (Grünthal & Wahlström, 20 12) and a large 
archive that contains historical earthquakes at a global scale (Albini et al., 2014). From 
these, only the latter provides a consistent and repeatable procedure but lacks lo cation 
uncertainties for more than 75% of the events they report. These four sour ces are rich in 
information but do not report the same number of events, nor the sam e magnitude type. As 
a consequence, an historical earthquake catalog in the region did not meet th e quality 
standards required for seismic hazard estimation. 

In the publication that is reproduced in Chapter 2, we build a high-qua lity historical 
catalog for the region between 27-36N and 31-39 E. The catalog was compiled using a 
repeatable procedure, has homogeneous moment magnitudes and contains lo cation and 
magnitude uncertainties. We also evaluated repeating and fake events.  

The method we used consists of the collecting and reviewing available descriptive 
information from book and peer-reviewed articles. We classified information f or each event 
following a repeatable framework (Fig 2.2). We did not perform any new m acro-seismic 
analyses and we relied on existing parametric data, i.e., dates, epicentral c oordinates, and 
magnitude estimates, derived from previous studies. We then validated the his torical 
records with field investigations (geological and archeological studies). Lat er, we compare 
historical reports with macroseismic intensities, identify cases where more than one 
segment of the DSTFZ might have been broken during a single earthquake, identify how does 
the magnitude and location correlate with the nearby identified faults, and assess if any 
seismically triggered soft-sedimentary deformation structures in the Dead Sea are linked to  
particular events.   We then converted all magnitudes to Mw using pre-established formulas 
and classified the magnitude and location uncertainty in three categories, based  on the 
consistency of the earthquake reports and assuming a Gaussian distribution of location and 
�•�ƒ�‰�•�‹�–�—�†�‡�ä�����‡���–�Š�‡�•���‡�˜�ƒ�Ž�—�ƒ�–�‡���–�Š�‡���…�ƒ�–�ƒ�Ž�‘�‰�ï�•���•�ƒ�‰�•�‹�–�—�†�‡���‘�ˆ���…�‘�•�’�Ž�‡�–�‡�•�‡�•�•�ã���‹�–���‹�•���…�‘�•�’�Ž�‡�–�‡���†�‘�™�•��

                                                             
 

1 REFERENCE: Grigoratos, I., Poggi, V., Danciu, L., Rojo, G. An updated parametric catalog of 
historical earthquakes around the Dead Sea Transform Fault Zone. J Seismol 24, 803��832 (2020). 
https://doi.org/10.1007/s10950- 020-09904-9 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, 
Journal of Seismology, Ref. number: 122903101206188092  

https://doi.org/10.1007/s10950-020-09904-9
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to Mw=7 for the whole region, with a lower magnitude of completeness fo r the center and the 
NW areas. 

My particular role in this study was to create the fault database. I gathered all available 
information about the active fault segments pertinent to the region (Fig. 2 .1) to analyse their 
activity. I documented each fault's maximum magnitude, slip rate, length and earthquake 
productivity. This information was useful when assessing events location bas ed on historical 
reports (for example, the event of 1170 CE in Fig 2.3), on deciding which fault might have 
been broken during a single  earthquake and how consistent were the reported epicentre 
location and magnitude from different studies to the rupture length and width, and on how 
does the reported earthquake correlate to field investigations linked to particular faults.  

 

2.1 Abstract 
In this study, we present the work done to review the existing historical earthquake information 
of the Dead Sea Transform Fault Zone (DSTFZ). Several studies from various sources have been 
collected and reassessed, with the ultimate goal of creating of new homogenized parametric 
earthquake catalog for the region. We analyze 244 earthquakes between 31 BC and 1900, which 
are associated with the geographical buffer extending from 27 N to 36 N and from 31 E to 39 E. 
Of these, 93 were considered real seismic events with moment magnitude (Mw) greater than 5 
that indeed occurred within this zone. While we relied on past parametric data and did not assign 
new macroseismic intensities, magnitude values, or epicenters for several controversial events, 
we did however resort to the primary sources to obtain a more critical perspective for the various 
assigned macroseismic intensities. In order to validate the derived parametric information, we 
tried to associate the events present in the historical records, with any evidence coming from past 
field investigations, i.e., geological or archaeological studies. Acknowledging the uneven quality 
and quantity of data reporting each event, we provided each entry with an uncertainty range 
estimate. Our catalog lists 33 �‡�˜�‡�•�–�•���‘�ˆ�����™���·���x���ƒ�„�•�‡�•�–���ˆ�”�‘�•���–�Š�‡���Ž�ƒ�–�‡�•�–���’�—�„�Ž�‹�•�Š�‡�†���…�‘�•�’�‹�Ž�ƒ�–�‹�‘�•���™�‹�–�Š��
compatible time span and areal coverage. The whole catalog is considered complete down to Mw 
7 and in certain areas down to Mw 6 after the year 1000, with majority of the larger earthquakes 
located in the part of DSTFZ, which extends from the southeast part of Dead Sea lake till Antioch. 

 

2.2 Article highlights 
�x We reviewed 244 earthquakes mentioned in historical records, geological investigations, 

and archaeological studies. 
�x We list parametric information for 93 earthquakes with magnitude greater than 5 that 

occurred between 31 BC and 1900. 
�x Our catalog lists several earthquakes with magnitude greater than 6 that are absent from 

previous compilations. 

 

2.3 Introduction 
 

Seismic hazard assessment is often performed in a probabilistic way, based on the observed 
recurrence rates of earthquakes (e.g., Woessner et al., 2015). The latter can be measured or 
inferred in many ways (Field et al., 2014), but the most common approach is the analysis of 
observed seismological data, e.g., from instrumental recordings. Unfortunately, direct 
observations are available for a relatively short time span when compared with the average 
return period of large magnitude earthquakes. The latter are indeed rare, since they are the 
product of a slow geological process of strain accumulation, and thus require a long observation 
period to be properly characterized in a statistical sense. Integration with non-direct evidence of 
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past historical seismicity is therefore essential to properly constrain low probabilities of 
occurrence in seismic hazard assessment. 

 

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

 

The demand for seismic hazard estimates is particularly high in the region around the DSTFZ, 
where several seismic risk mitigation efforts are taking place (Grigoratos et al., 2016; Grigoratos, 
Monteiro, et al., 2018; Kottmeier et al., 2016). Although the DSTFZ has produced several 
destructive events in the past, many places around it are characterized by a large percentage of 
non-seismically designed buildings, hence being particularly vulnerable to earthquakes. In some 
countries, the population is not fully aware of the seismic risk, due to the (temporary) quiescence 
�‘�ˆ�� �–�Š�‡�� �ˆ�ƒ�—�Ž�–�� �œ�‘�•�‡�� �‹�•�� �”�‡�…�‡�•�–�� �›�‡�ƒ�”�•�ä�� ���•�� �ƒ�� �•�ƒ�–�–�‡�”�� �‘�ˆ�� �ˆ�ƒ�…�–�á�� �‘�•�Ž�›�� �–�™�‘�� �‡�ƒ�”�–�Š�“�—�ƒ�•�‡�•�� �™�‹�–�Š�� ���™�� �·���x�� �Š�ƒ�˜�‡��
occurred along the DSTFZ in the last century ( Ambraseys, 2006). Long-term observations over 
the past 2100 years along the DSTFZ however are very different. There have been many 
earthquakes that destroyed entire cities, caused great loss of life, and affected the economic 
growth of certain centers (e.g., in 31 BC, 115, 551, 1033, 1170, 1202, 1759) (Ambraseys, 2009). 

 

Although many descriptive historical catalogs do exist for the region (§2.6.1), only two of the 
available parametric ones span a wide enough geographical coverage and time period. The first 
catalog, EMEC (Grünthal & Wahlström, 2012), was used in the SHARE project (Woessner et al., 
2015), while the second one, by Zare et al.(2014), was compiled for the EMME project (Danciu et 
al., 2017). Within our region of interest (27 N��36 N and 31 E��39 E), EMEC does not consider 
events before the year 300, while the catalog by Zare et al. (2014) does not list around 30 
damaging events listed in multiple descriptive sources. Both parametric catalogs are mainly 
based on historical sources, with limited cross-examination of the available field data (§2.6.2). 
Additionally, some of their conclusions are challenged by newly published studies. For these 
reasons, we decided to reappraise the reported historical earthquakes and their correlated field 
evidence and compile an updated parametric historical earthquake catalog for the DSTFZ. 
Combined with the updated instrumental catalog for the region (Grigoratos, Poggi, Danciu, & 
Monteiro, 2020), our study offers nearly 2050 years of homogenized historical earthquake data, 
tailored for use in seismic hazard assessment studies (e.g., Grigoratos et al., 2018). 

2.4 Seismotectonic setting 
The Dead Sea Transform Fault Zone (DSTFZ) consists of a sequence of left-lateral transform faults 
connecting the spreading ridge of the Red Sea in the south with the compressional deformation 
zones of the Arabia-Eurasia collision zone in the north (Garfunkel, 1981). It includes several pull-
apart basins (Fig. 2.1), lakes, and push-up zones. The DSTFZ is mostly confined to a relatively 
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narrow zone, less than 100 km wide, but spreads out close to the Lebanon restraining bend and 
the Palmyrides in the North (Ambraseys, 2009). The fault system is highly segmented; hence, 
ruptures are likely limited in length due to structural discontinuities or bends. Seismicity is rather 
diffuse along the system, with epicenters localized both within and nearby the main lineaments. 
Although the large majority of earthquakes are localized at depths between 10 and 20 km, the 
total seismogenic thickness beneath the Dead Sea lake is about 28 km (Aldersons & Ben-Avraham, 
2014). 

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

 

Figure 2.1.  Map of the Middle East showing the most relevant toponyms to the present study. AB, Amik Basin; AG, AlGhab 
Basin; DS, Dead Sea; GA, Gulf of Aqaba; JG, Jordan Gorge; JV, Jordan Valley; RA, Rachaya; SG, Sea of Galilee (aka Lake 
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Kinneret or Tiberias); SE, Serghaya; WA, Wadi Araba; WB, West Bank; YM, Yammouneh. The orange color indicates 
important basins, while the dashed gray lines represent the major faults of the DSTFZ 

 

2.5 Methodology 
 

For the creation of a homogenized historical parametric earthquake catalog for the DSTFZ, we 
first collected and reviewed available descriptive information from peer-reviewed articles and 
books, to create a preliminary list of significant earthquakes. Then, we compared this list with 
existing parametric historical catalogs (§2.6.1). We relied on past parametric data and did not 
assign new macroseismic intensities, magnitude values, or epicenters. For several controversial 
events, we did however resort to the translated original sources (herein also called contemporary 
or primary sources) in order to obtain a more critical perspective for the various assigned 
macroseismic intensities. In order to validate the derived parametric information, we tried to 
associate the events present in the historical records, with any evidence coming from past field 
investigations, i.e., geological or archaeological studies (§2.6.2). 

The case study region has been the subject of several past studies (§2.6.1) due to its historical 
importance and tectonic domain. As a result, for most large historical events, several estimates of 
origin time, magnitude, and location are available in the literature. To address this issue, we had 
to evaluate and prioritize the parametric sources accounting also for their agreement with the 
field investigations (§2.6.2). Although a general hierarchy was defined based on qualitative 
considerations, in the end, each event was evaluated separately (Fig. 2.2). We paid special 
attention to properly annotating all the original sources (Appendix A.4) in order to render the 
procedure as transparent and reproducible as possible. 

The resulting catalog was homogenized in moment magnitude (Mw) (Table 2.4), flagged for 
fore/aftershocks, and assessed in terms of uncertainty (§2.7.3) and completeness (§2.8.2). 

�����Ž�‹�–�‡�”�ƒ�–�—�”�‡���”�‡�˜�‹�‡�™���‘�•���ò�’�‹�‡�…�‡�™�‹�•�‡�ó���•�‡�–�Š�‘�†�‘�Ž�‘�‰�‹�‡�•���•�‹�•�‹�Ž�ƒ�”���–�‘���–�Š�‡���ˆ�Ž�‘�™�…�Š�ƒ�”�–���’�”�‡�•�‡�•�–�‡�†���‹�•���	�‹�‰�ä��2.2 
yielded limited results. To the best of our knowledge, only four past studies have relied solely on 
older sources of parametric information to compile a fully parameterized historical catalog of 
earthquakes. These four compilations are Khair et al. (2000), Gruenthal and Wahlstroem (2012; 
EMEC), Albini et al. (2014; GEM), and Zare et al. (2014); EMME). Khair et al. ( 2000) relied heavily 
on the solutions of Ben-Menahem and prioritized the parametric values that are closer to the 
mean of the observed range, without a critical evaluation of the damage distribution. The articles 
by Gruenthal and Wahlstroem (2012)  and Zare et al. (2014) focus mainly on the instrumental 
part of the catalogs and do not clarify the rationale behind the parameterization of the historical 
events. Albini et al. ( 2014) followed a methodology that is similar to our approach; they treated 
�•�‘�•�–���‡�˜�‡�•�–�•���‘�•���ò�ƒ�•���‡�ƒ�”�–�Š�“�—�ƒ�•�‡-by-�‡�ƒ�”�–�Š�“�—�ƒ�•�‡���„�ƒ�•�‹�•�ó���ƒ�•�†���•�‡�Ž�‡�…�–�‡�†���ƒ�•���’�”�‹�•�ƒ�”�›���•�‘�—�”�…�‡���–�Š�‡���•�–�—�†�›���‹�•��
which the epicenters are most consistent with the available historical information. Regarding the 
magnitude, they prioritized values that were available in Mw or Ms. Contrary to our approach, 
they did not assign their own uncertainty classes, and rather listed uncertainty estimates only 
when such values were part of the original regression. Even though the selection of location and 
magnitude solutions is often subjective, a rigorous assessment on whether an event is reliably 
reported was proposed by Zohar et al. (2016, 2017). They came up with a four-step scheme that 
checks the number of primary and secondary sources to assign each event to five confidence 
levels, one of which considers the event spurious. 
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Figure 2.2. Descriptive representation of the framework proposed to reappraise historical earthquakes and field 
investigation studies. All lines are directed from the right edge of each rectangle to the left edge of the next. Mw, moment 
magnitude; M.I., macroseismic intensities 
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2.6 Review of sources 

2.6.1 Historical data 

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

 

Nevertheless, the region is one of the few areas worldwide where historical accounts of 
earthquakes can date back many years BC. A careful and critical interpretation of these raw 
historical data is mandatory in order to build or evaluate descriptive catalogs of events, which are 
subsequently the basis of any parametric catalog for seismic hazard assessment. This process has 
been tackled by several past studies, whose quality and reliability however varies. The key 
descriptive and parametric earthquake catalogs for the region that we examined are listed below 
in chronological order. A list of past bibliographic studies on specific historical events can be 
found in Appendix A.3.1. 

 

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

�x ���‹�‡�„�‡�”�‰�ï�•���ƒ�•�•�‘�–�ƒ�–�‡�†���™�‘�”�Ž�†���…�ƒ�–�ƒ�Ž�‘�‰���‘�ˆ���‡�ƒ�”�–�Š�“�—�ƒ�•�‡�•��( 1932) (Sieb32) includes isoseismal 
maps for the largest historical earthquakes worldwide up to 1930. His work, as he 
himself admits, is subjective. His catalog contains known errors and duplications in 
entries and gives little indication of his sources of information (Albini et al., 2019; 
Ambraseys, 2009). His valuable work should be treated with caution. 

�x Amiran (Amiran, 1950, 1952) �’�”�‡�•�‡�•�–�‡�†���‹�•���s�{�w�r���ƒ�•�†���s�{�w�t���ƒ���”�‡�˜�‹�•�‡�†���…�ƒ�–�ƒ�Ž�‘�‰���‘�ˆ�����‹�Ž�Ž�‹�•�ï��
work. In total, it contains around 180 events and sometimes provides Mercalli-Cancani-
Sieberg (MCS) intensities. He updated the catalog 44 years later (Amiran et al., 1994) 
(Ami94) using Universal Time (UT) and the Modified Mercalli Intensity (MMI) scale 
(Wood & Neumann, 1931), namely, the English translation of MCS. 

�x The catalogs of earthquakes in the Middle East by Ben-Menahem (1979, 1991) (BM79 
and BM91) contain information extracted from earlier catalogs of varying quality 
���•�ƒ�‹�•�Ž�›�����‹�‡�„�‡�”�‰�ï�•�����ƒ�•�†���ˆ�”�‘�•���•�‡�…�‘�•�†�ƒ�”�›���™�‘�”�•�•�ä�����Š�‡�•�‡���Žists, which include a parametric 
catalog going back to 2050 BC, should be used with great caution. They are one of the 
earliest sources of magnitude values (local magnitude scale ML), which are sometimes 
accompanied by MMI estimates. The source of the events and the rationale behind the 
estimated magnitude are often not given. 

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

�x The descriptive book by Ambraseys et al. (1994) (Am94) presents a thorough re-
evaluation of seismicity in Egypt, Saudi Arabia, and the Red Sea. It is based on primary 
Persian, Arabic, and occidental sources, which are cited. It includes a parametric catalog 
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with many approximate epicentral coordinates and Medvedev-Sponheuer-Karnik 
(MSK) intensities for events between 184 BC and 1899. It also contains few magnitude 
estimates and maps. 

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

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

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

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

�x The European-Mediterranean Earthquake Catalog (EMEC) (Grünthal & Wahlström, 
2012) �…�‘�•�–�ƒ�‹�•�•�� �‡�˜�‡�•�–�•�� �™�‹�–�Š�� ���™�� �·���x�� �•�‹�•�…�‡�� �›�‡�ƒ�”�� �u�r�r�� �ƒ�•�†�� ���™�� �·���v�� �•�‹�•�…�‡�� �›�‡�ƒ�”�� �s�r�r�r�� �‹�•��
Europe and the Mediterranean area. The parametric information has been derived 
from previous studies, e.g., INGV94, INGV05, Sb05, and Feldman and Amrat (2007). 
�����������‘�ˆ�–�‡�•���…�‘�•�˜�‡�”�–�•�����Š�ƒ�‹�”���‡�–���ƒ�Ž�ä�ï�•��(2000) Ms values to moment magnitude. These Ms 
values however are already converted from original ML estimates of Ben-Menahem. 
This sequential conversion may have led to increased uncertainty in the final 
homogenized values. 

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

�x Within the framework of the large-�•�…�ƒ�Ž�‡���ò���ƒ�”�–�Š�“�—�ƒ�•�‡�����‘�†�‡�Ž���‘�ˆ���–�Š�‡�����‹�†�†�Ž�‡�����ƒ�•�–�����‡�‰�‹�‘�•�ó��
(EMME) project (Danciu et al., 2016, 2017), Zare et al. (2014) compiled a parametric 
historical catalog since 31 BC for the Middle East. It contains 44 events within our 
investigated zone and provides epicentral coordinates and moment magnitude values, 
derived mostly from previous studies. For a few events, the source of the parametric 
values remains unclear. 

 

2.6.2 Utilization of field investigations in parametric earthquake catalogs 

Field investigations around the Dead Sea 

The DSTFZ not only has long historical records but also stands out in the richness of 
archaeological and geological earthquake-related evidence, including tsunami reports (Salamon 
et al., 2007). That enables cross-evaluation of these three individual datasets. The mutual 
independency of these sources is not always warranted, and circular reasoning should be avoided 
carefully (Ambraseys, 2005; Karcz, 2004; Rucker & Niemi, 2010). We should clarify that even 
though the evidence from geology and archaeology often originate from historical times, the term 
�ò�’�ƒ�Ž�‡�‘�•�‡�‹�•�•�‹�…�� �•�–�—�†�‹�‡�•�ó�� �‹�•�� �…�‘�•�•�‘�•�Ž�›�� �—�•�‡�†�� �‹�•�� �–�Š�‡�� �Ž�‹�–�‡�”�ƒ�–�—�”�‡�ä�� ���‡�� �Š�‡�”�‡�„�›�� �’�”�‡�ˆ�‡�”�� �–�‘�� �—�•�‡�� �–�Š�‡�� �•�‘�”�‡��
�‰�‡�•�‡�”�ƒ�Ž���–�‡�”�•�•���ò�ˆ�‹�‡�Ž�†���‹�•�˜�‡�•�–�‹�‰�ƒ�–�‹�‘�•�•�ó���‘�”���ò�‹�•-�•�‹�–�—���…�‘�Ž�Ž�‡�…�–�‡�†���†�ƒ�–�ƒ�ó���ƒ�•���ƒ�•���‡�“�—�‹�˜�ƒ�Ž�‡�•�–���…�‘�•�…�‡�’�–�ä 

Information from field investigations can be used to identify earthquake effects on ancient 
constructions and/or the environment. However, pairing this information to a specific 
earthquake, known from historical records, is not a straightforward process. For instance, unless 
there is charcoal in the mortar of repairs (or coins, broken pottery) which one can radiocarbon-
date, dating archaeological evidence is very difficult. Even more difficult is to prove that the cause 
was indeed a seismic event (and not other natural phenomena or a siege or fatigue) and that the 
observed damage is not cumulative but was the result of a single event. Regarding geological 
evidence, as Marco and Klinger ( 2014) �‡�š�’�Ž�ƒ�‹�•���ò�ƒ���•�ƒ�Œ�‘�”���—�•�…�‡�”�–�ƒ�‹�•�–�›���‹�•���”�‡�Ž�ƒ�–�‡�†���–�‘���†�ƒ�–�‹�•�‰���„�‡�…�ƒ�—�•�‡��
the commonly used methods in paleoseismic research, namely radiocarbon and luminescence, 
have large error margins and these need to be correlated with the often-uncertain dates of 
reported earthquakes. Commonly, the geologists who find evidence for past earthquakes look for 
records of historical earthquakes listed in catalogs whose dates fall within the geological dating 
�”�ƒ�•�‰�‡�•�ä�ó�����Š�‡�•���–�Š�‡���”�ƒ�†�‹�‘�…�ƒ�”�„�‘�•���†�ƒ�–�ƒ���ƒ�•�†���–�Š�‡���•�–�”�ƒ�–�‹�‰�”�ƒ�’�Š�›���ƒ�”�‡���ƒ�•�ƒ�Ž�›�œ�‡�†���™ith Bayesian statistics, 
the correlations can be expressed in terms of probability density functions (Ramsey, 2009). As 
demonstrated in the last column of Table 2.1, the correlation is often loose and the reported 
matches mainly reflect the historical records, which before the first millennium might be 
incomplete even for events associated with surface rupture (GEM). 
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Table 2.1 Summary of past field investigations around the Dead Sea Transform Fault Zone that confirmed historical 
�‡�˜�‡�•�–�•�ä�����—�”�Ž�›���„�”�ƒ�…�‡�•���‹�•�†�‹�…�ƒ�–�‡���…�‘�•�ˆ�‹�†�‡�•�…�‡���‹�•�–�‡�”�˜�ƒ�Ž�•�â���ò�P�ó���‹�•���–�Š�‡���•�–�ƒ�•�†�ƒ�”�†���†�‡�˜�‹�ƒ�–�‹�‘�•�����•�‘�”�•�ƒ�Ž���†�‹�•�–�”�‹�„�—�–�‹�‘�•���ä�����Š�‡���…�‘�”�”�‡�Ž�ƒ�–�‹�‘�•��
of the events in parenthesis is less certain. In the second to last column, italics font style indicates events that occurred 
outside our investigated zone (27 N��36 N, 31 E��39 E), while square brackets indicate that the event is considered 
spurious. The parameters of the events with assigned IDs (in bold) can be found in Table 2.4; the rest are listed in 
Appendices A.2 and A.4. For the missing abbreviations, see Appendix A.1. All dates are AD, except where specified 

Study Location Observations 
Event ID or year of 
correlated event 

Dating constraint 

Reches & Hoexter 
1981 

Jericho fault 

(S Jordan Valley) 
Trenches 

H31BC, 

H747 

200BC-200 

700-900 

Russell 1985 
Palestine and NW 

Arabia 
Archaeology 

H112, 130, H363a or 
H363b, H418, H551, 

H659a or H659b 
unspecified 

Marco et al. 1997, 

Ellenblum et al. 
1998 

Tell Ateret 

(N Sea of Galilee) 
Archaeology 

H1202 , (H1759a), 
(H1837 ) 

>1178 

Klinger et al. 2000 
Araba valley 

(Jordan) 
Archaeology, 

outcrops 
(H1212), H1458  > 1174 

Gomez et al. 2003 
Serghaya fault 

(Lebanon, Syria) 

Trenches, 
outcrops 

H1705  or H1759a  or 
H1759b  

>1700 

Meghraoui et al. 
2003 

Missyaf segment 

(NW Syria) 

Trenches, 
archaeology 

(H115) 

1 

H1170  

100-�y�w�r�����t�P�� 

700-�s�r�u�r�����t�P�� 

990-�s�t�s�r�����t�P�� 

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

Daeron et al. 2005 
(Dae05) 

Yammouneh fault2 Trenches H1202  864-1400 

Zilberman et al. 
2005 

Elat fault 

(S Araba Valley) 
Trenches H1068a unspecified 

Marco et al. 2005 
Jordan Gorge fault 

(N Sea of Galilee) 
Trenches 

H1202  

H1759a  

1020-�s�t�y�w�����t�P�� 

> 1415 

Akyuz et al. 2006 

(Aky06) 

N Yammouneh fault 

(S Turkey) 
Trenches 

H860 

H1408  

1872 

<1018 

1284-1478 

>1650 

Nemer & Meghraoui 
2006 (NeMeg06) 

Roum fault 
Trenches, 
outcrops 

H1837 > 84 

Haynes et al. 2006 
(Hay06) 

N Wadi Araba fault 
Trenches, 

archaeology 

H634 

H659a or H659b  

8733 

H1068a  

H1546  

<687 

641-700 

641-1115 

900-1155 

1515-1918 
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1Possible match with H847 in West Syria or the event of the same year in Antioch. 

2Dae05 assigned H1759a (foreshock) to the Rachaiya fault and H1759b to the longer Serghaya fault. 

3Am94 argues that the event of 873 occurred in Saudi Arabia. Hay06 note that perhaps the event occurred in Wadi 
Arabia but it was not reported there because of lack of population. The latter scenario matches better with the 
distribution of active faults in the area. 

4Dae07 note that the deformation might have formed due to the previous event. If that is not the case then possible 
matches could be H455, H551, H847 and H860, with the latter being the most probable since Aky06 have correlated it 
with the North Yammouneh fault. 

5The dates are drawn from a figure and thus may not be highly accurate. 

Daeron et al. 2007 

(Dae07) 
Yammouneh fault Trenches 

(H347) 

4 

H1202  

30BC-�v�x�{�����t�P�� 

405-�{�v�w�����t�P�� 

926-�s�u�z�s�����t�P�� 

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

Thomas et al. 2007 
Aila 

(Aqaba, Jordan) 
Archaeology H363a or H363b  360-400 

Nemer et al. 2008 
Rachaya-Serghaya 

fault 
Trenches, 
outcrops 

H1759a, H1759b  1482-17405 

Altunel et al. 2009 
Amik Basin 

(S Turkey) 

Trenches, 
archaeology 

H1408  

1872 

1391-1442 

1801-1888 

Ferry et al. 2011 Jordan Valley fault Trenches 
H747 

H1033  

560-1640 

560-1640 

Wechsler et al. 2014 
(Wech14) 

Jordan Gorge (JG) 
fault 

(N Sea of Galilee) 

Trenches 

[92BC] or H31BC6 or [33] 

1307 

8 

H3039 

H34710 

H363a or H363b 11 

[500] or H502 or H551 

H634 or H659a or H65912 

392BC-�{�s�����t�P�� 

137-�t�r�x�����t�P�� 

165-�t�u�x�����t�P�� 

250-�u�s�r�����t�P�� 

269-�u�t�{�����t�P�� 

294-�u�x�{�����t�P�� 

505-�w�{�u�����t�P�� 

619-�x�z�v�����t�P�� 

Klinger et al. 2015 

(Kli15)  
S Wadi Araba fault Trenches 

H363a11 or H363b  

H74713 

13 

(H1033 ) 

H1068a  

H1212  

H1458  

9BC-492 

671-845 (cracks) 

671-845 

806-1044 
(cracks) 

1003-1138 

1155-1269 

1434-1459 

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

spring 
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6The events of 92BC and 33 are spurious according to Am09. Therefore, Wech14 probably identified H31BC. 

7The year 130 is out of the range of the sample of Wech14. Am09 argues that in fact the event of 130 occurred in North 
Turkey. The finding of Wech14 probably relates to an event absent from the catalogs. 

8This event appears to be absent from the catalogs. 

9According to historical sources the epicenter of H303 was along the Lebanese coast in north of Sydon. Wech14 
identified the event in North Sea Galilee (250-�u�s�r�â�� �t�P���ä�� �	�‘�”�� �„�‘�–�Š�� �Š�‹�•�–�‘�”�‹�…�ƒ�Ž�� �ƒ�•�†�� �‰�‡�‘�Ž�‘�‰�‹�…�ƒ�Ž�� �‡�˜�‹�†�‡�•�…�‡�� �–�‘�� �„�‡�� �˜�ƒ�Ž�‹�†�á�� �–�Š�‡��
earthquake must have ruptured a fault between Sea of Galilee and Beirut, passing east of Mountain Hermon. That 
description matches with the trace of the Roum fault. It is unclear whether the Roum fault reaches Beirut and connects 
with the Lebanon thrust fault (NeMeg06). 

10See §2.7.3 

11Kag11 argues that H363a occurred in North Palestine and H363b further south. Therefore, Wech14 probably 
identified H363a and Kli15 H363b. 

12None of the three candidate events appears to have occurred close to the Sea of Galilee (Lake TIberias). The event 
that Wech14 identified might be absent from the catalogs. 

13Kli15 found geological evidence in the South Wadi Araba fault that can be correlated with two events between 746 
and 757; one that happened further North (hence only small cracks found) and one that ruptured Wadi Araba fault. 
While the former might be H747, the second event is probably absent from the catalogs. There is supporting evidence 
of multiple events between 746 and 757 that damaged Palestine, since the dates of the primary sources are very 
inconsistent (§2.7.3)  Alternatively, this event happened in the first half of the 9th century, forming a seismite in the 
Dead Sea lake (Table 2.2) 

 

Despite the aforementioned difficulties and limitations, evidence from field investigations can be 
of great value, if treated carefully. We have thus built upon the work of Marco and Klinger (2014) 
and Kagan et al. (2011) (Kag11), who reviewed such studies along the DSTFZ, in an attempt to 
validate the inevitably incomplete historical data (Tables 2.1 and 2.2). The next two sessions 
summarize the findings of such previous field investigations. The analyzed data were later used 
to constrain the plethora of quantitative estimations available in the existing parametric catalogs. 
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Table 2.2 Multisite comparison of Holocene seismites from four �Ž�ƒ�…�—�•�–�”�‹�•�‡�� �•�‡�†�‹�•�‡�•�–�� �•�ƒ�•�’�Ž�‡�•�� �ƒ�Ž�‘�•�‰�� �–�Š�‡�� ���‡�ƒ�†�� ���‡�ƒ�� �Ž�ƒ�•�‡�� �����������ä�� ���—�”�Ž�›�� �„�”�ƒ�…�‡�•�� �‹�•�†�‹�…�ƒ�–�‡�� �…�‘�•�ˆ�‹�†�‡�•�…�‡�� �‹�•�–�‡�”�˜�ƒ�Ž�•�â�� �ò�P�ó�� �‹�•�� �–�Š�‡��
�•�–�ƒ�•�†�ƒ�”�†���†�‡�˜�‹�ƒ�–�‹�‘�•�����•�‘�”�•�ƒ�Ž���†�‹�•�–�”�‹�„�—�–�‹�‘�•�����ƒ�•�†���„�‘�Ž�†���†�‡�ˆ�‘�”�•�ƒ�–�‹�‘�•���˜�ƒ�Ž�—�‡�•���‹�•�†�‹�…�ƒ�–�‡���…�‘�”�”�‡�Ž�ƒ�–�‹�‘�•���™�‹�–�Š�‹�•���–�Š�‡���s�P���”�ƒ�•�‰�‡�ä�����•���–�Š�‡���…�‘�Ž�—�•�•��on the left, italics font style indicates events that occurred 
outside our investigated zone (27 N��36 N, 31 E��39 E), while square brackets indicate that the event is considered spurious. MSKDSL is the expected MSK intensity at DSL, given 
magnitude and distance from the epicenter RDSL. The study sites are shown in Fig. 2.1. The parameters of the events with assigned IDs (in bold) can be found in Table 2.4. For more 
information about the events and the missing abbreviations, see Appendices A.1, A.2, and A.4. All dates are AD, except where specified. A more detailed version of this table is available 
in Appendix A.3.3 

Event ID or 
year of 

correlated 
event 

Event 
parameters 

Study / Site Remarks 
Ken01 
���‡�ï�‡�Ž�‹�• 

Mig04 
Ein 
Gedi 

Kag11 
���‡�ï�‡�Ž�‹�• 

Kag11 
Ein Feshkha (EF) 

-    140BC-66BC 
���s�P�� 

146BC-96BC 
���s�P�� 

This event is either absent from catalogs or is [139BC] 

[92BC]   �6  126BC-76BC 
���s�P�� 

Am09 & Kar04: spurious event 

-     101BC-�v�t�������s�P�� H31BC already correlated in EF, so this event is absent from 
catalogs 

69BC RDSL=500km 200-60BC {1�P����1 �62  96BC-�v�s���������s�P�� 1Agn06: relates to [139BC]; 2Masked by subsequent deformation 
H31BC MSKDSL=VI 40BC-130AD 

���s�P�� 
�6 40BC- �u�w���������s�P�� 57BC-�y���������s�P��  

[33]  64BC-311 3,4 �6 12-�{�s�����s�P�� 25-�s�r�r�����s�P�� Am09: spurious event; 3Alternative match: H112;  
4dated based on sedimentary rate 

H76 MSKDSL=III  �6   Very low MSKDSL 

[90]   �6   No historical record 
H112 MSKDSL=VI 3 �6 5  Am09: only archaeological evidence 
H115 MSKDSL=III  �6 55-�t�s�r�����s�P����5  5Alternative match: H112 ���s�P�� 
[175]   �6   No historical record 
H347 RDSL=250km    372-�v�z�y�����s�P����6 6 Alternative match: H363a or H363b {�ý�s�P�� 

H363a or 
H363b 

MSKDSL>VI 358-580 7,8   408-�w�s�w�����s�P����6,9 Am09: seiche in DSL; 7Agn06: relates to H418; 
9 Alternative match: H418 ���s�P���â��8dated based on sedimentary rates 

-     439-542 {1�P����10 10Alternative match: H502 ���s�P�� 
H418 RDSL=50km 7 �6 386-�w�s�{�����s�P�� 448-�w�w�s�����s�P����9,11 11Alternative match: H551 ���s�P�� 
[500]   masked   Am09: Amalgamation of 4 events 
H502 MSKDSL=VI  �6 12 10  
H551 MSKDSL=V  �6 467-�x�r�x�����s�P����12 543-�x�u�z�����s�P����

11,13 

12Alternative match: H502; 13Alternative match: H634 ���s�P�� 

H634 MSKDSL=VII-
VIII 

   603-�x�{�t�����s�P����
13,14 

14Alternative match: H659a or H659b ���s�P�� 
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H659a or 
H659b 

MSKDSL=V-VI  �6  666-�y�v�y�����s�P����
14,15 

Event outside the dating range; 
15Preffered match: H747 ���s�P�� 

H747 MSKDSL=VI  �6 699-�z�v�z�����s�P����17 795-�z�w�x�����s�P����
15,16 

Michael: Tsunami in Med., seiche in DSL; 16Correlated rupture in 
Wadi Araba (Table 2.1); 17Kag11: H747 or 756. More likely the 

former. 
756     801-�z�x�s�����s�P����18 756 perhaps in NE Syria (INGV94); 18Alternative match: H854 ���s�P�� 

H847 MSKDSL=III    849-�{�r�w�����s�P�� Very low MSKDSL; Perhaps event absent from catalogs or H854 
H860 MSKDSL=III  �6  859-�{�s�w�����s�P�� Very low MSKDSL; Perhaps event absent from catalogs 
873 RDSL=600km    885-�{�u�{�����s�P�� Very large RDSL; Perhaps event absent from catalogs 

H956 MSKDSL=I    963-�s�r�r�w�����s�P����19 19Alternative match: H991 ���s�P�� 

H991 MSKDSL=IV  �6  991-1026 
���s�P��19,20 

20Alternative match: H1033  {�ý�s�P�� 

1033 Mar 6   masked   Am09: Istanbul 
H1033 MSKDSL=VII  �6  1013-1051 20,21 Tsunami in Acre (Am09); 21Alternative match: H1047  ���s�P�� 
H1042 RDSL=400km  �6    
H1063 MSKDSL=IV  masked  1028-�s�r�x�y�����s�P��  
H1068a MSKDSL=IV-V  �6  1044-�s�r�z�v�����s�P����

22 
Tsunami in Mediterranean (Am09); 22Alternative match: H1068b  

���s�P�� 
1114 Nov 29 MSKDSL=II  �6   Very low MSKDSL 

1138 MSKDSL<I    1118-�s�s�w�w�����s�P����
23 

23Alternative match: H1113  {�ý�s�P�� 

H1170 MSKDSL=IV-V    1150-�s�s�{�r�����s�P��  
H1202 MSKDSL=V 24 masked

25 
 1199-�s�t�v�r�����s�P����

26 
Tsunami in Mediterranean (Am09); 

Agn06: 24masked, 25apparent not masked; 26Kag11: H1202 or 
H1212  

H1212 MSKDSL=V-VI 1244-�s�u�z�w���s�P����
27 

�6  1199-�s�t�v�r�����s�P����
26 

27H1212 outside modelled age range; 
Perhaps event absent from catalogs 

H1293 MSKDSL=VII 1280-�s�u�{�r�����s�P�� �6  1260-�s�t�{�u���s�P��  
H1313 MSKDSL<I    1300-�s�u�v�u�����s�P�� Very low MSKDSL; Perhaps event absent from catalogs 

H1408 MSKDSL=III  masked    
H1458 MSKDSL=VIII  �6 1400-165028  28���š�–�”�ƒ�’�‘�Ž�ƒ�–�‹�‘�•���ˆ�”�‘�•���ƒ�‰�‡�æ�†�‡�’�–�Š���†�‡�’�‘�•�‹�–�‹�‘�•���•�‘�†�‡�Ž 
H1546 MSKDSL=VI  3cm   Tsunami in Gaza? (Am09) 
H1588a MSKDSL=VI  �6    

1656 RDSL=2000km  4   Event too far away 
[1712]   �6   Ami94: Epicenter in Jerusalem 

H1759a or 
H1759b 

MSKDSL=V-VI  �6    

1822 MSKDSL=II  �6   Very low MSKDSL 
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H1834 MSKDSL=VIII 1670-�s�{�w�r�����s�P�� masked    
H1837 MSKDSL=V  �6   Seiche in Sea of Galilee? (Am09) 
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Fault trenches and archaeology 

 

Parametric catalogs are usually affected by large uncertainty in location and magnitude solutions. 
Excavating trenches across active faults and analyzing the observed displacements can associate an event 
�™�‹�–�Š���ƒ���•�’�‡�…�‹�ˆ�‹�…���ˆ�ƒ�—�Ž�–���•�‡�‰�•�‡�•�–�á���–�Š�—�•���…�‘�•�•�–�”�ƒ�‹�•�‹�•�‰���–�Š�‡���‡�ƒ�”�–�Š�“�—�ƒ�•�‡�ï�•���Ž�‘�…�ƒ�–�‹�‘�•�ä�����•�•�—�•�‹�•�‰���–hat the rupture did 
�•�‘�–���’�”�‘�’�ƒ�‰�ƒ�–�‡���–�‘���‘�–�Š�‡�”���•�‡�‰�•�‡�•�–�•�á���‘�•�‡���…�ƒ�•���ƒ�Ž�•�‘���‹�•�ˆ�‡�”���–�Š�‡���‡�ƒ�”�–�Š�“�—�ƒ�•�‡�ï�•���•�ƒ�‰�•�‹�–�—�†�‡���ˆ�”�‘�•���‡�•�’�‹�”�‹�…�ƒ�Ž���•�…�ƒ�Ž�‹�•�‰��
�”�‡�Ž�ƒ�–�‹�‘�•�•���–�Š�ƒ�–���—�•�‡���–�Š�‡���ˆ�ƒ�—�Ž�–�ï�•���‰�‡�‘�•�‡�–�”�›�����‡�ä�‰�ä�á���ƒ�”�‡�ƒ�á���Ž�‡�•�‰�–�Š���ä�����‘�•�‡���”�‡�Ž�ƒ�–�‹�‘�•�•�����‡�ä�‰�ä�á��Anderson et al., 1996) use 
�ƒ�Ž�•�‘���–�Š�‡���ˆ�ƒ�—�Ž�–�ï�•���†�‹�•�’�Ž�ƒ�…�‡�•�‡�•�–���†�—�”�‹�•�‰���–�Š�‡���‡�˜�‡�•�–�á���™�Š�‹�…�Š���•�ƒ�›���„�‡���‹�•�ˆ�‡rred from geological or archaeological 
investigations. Moreover, in few cases, lack of in situ evidence can endorse suspicions that a reported 
event is in fact spurious or simply prove that its rupture did not reach the segment in question. 

 

Table 2.1 presents a list of past field investigations around the DSTFZ that, according to their authors, 
confirmed historical events. The table illustrates the rather loose dating constraint behind the 
correlations, in particular regarding archaeological data. We re-evaluated these correlations, based on 
the current state-of-knowledge. New historical or geological evidence have emerged since some of these 
studies were published, shedding light to alternative interpretations of the results. 

 

Seismically triggered soft-sediment deformation structures 

 

Seismically triggered soft-sediment deformation structures (SSDS), i.e., seismites, are formed when 
layered deposits at the lakebed/seabed are deformed by ground shaking; the sediments get fluidized, 
brecciated, re-suspended, and then re-settled in their new deformed structure (Agnon et al., 2006; Marco 
et al., 1996). The same procedure can be also triggered by the presence of long water waves (i.e., seiche 
or tsunami), which mix the stratified lakebed/seabed (Agnon et al., 2006). The age of a seismite is usually 
interpolated from the radiocarbon age-depth data of organic remains (e.g., wood) using stratigraphic 
constraints and annual laminae counting. The resulting modeled calendar age of a seismite is in the order 
�‘�ˆ���†�‡�…�ƒ�†�‡�•�����x�z�¨���…�‘�•�ˆ�‹�†�‡�•�…�‡���‹�•�–�‡�”�˜�ƒ�Ž�á���s���•�–�ƒ�•�†�ƒ�”�†���†�‡�˜�‹�ƒ�–�‹�‘�•���P�����–�‘���ˆ�‡�™���…�‡�•�–�—�”�‹�‡�•�����{�w�¨���…�‘�•�ˆ�‹�†�‡�•�…�‡���‹�•�–�‡�”�˜�ƒ�Ž�á��
�t�P���ä�����Š�‡���†�ƒ�–�‹�•�‰���”�ƒ�•�‰�‡���…�ƒ�•���„�‡���ˆ�—�”�–�Š�‡�”���•�ƒ�”�”�‘�™�‡�†���„�›���–�Š�‡���•�—�’�‡�”�’�‘�•�‹�–�‹�‘�•���’�”�‹�•�…�‹�’�Ž�‡���ƒ�•�†���”�ƒ�–�‡���‘�ˆ���•�‡�†�‹�•�‡�•�–�ƒ�–�‹�‘�•��
(Ken-Tor, Stein, et al., 2001). The latter also allows the age determination of layers that lack organic 
debris and thus cannot be dated with radiocarbon. It is important to note that a uniform deposition rate 
may be an oversimplification for the arid climate of the Dead Sea, which often features irregular flash 
floods (Agnon et al., 2006; López-Merino et al., 2016). 

 

Ken-Tor et al. (2001a) (Ken01) and Kag11 analyzed samples from the Dead Sea lake (DSL), directly 
comparing modeled radiocarbon ages of the soft-sediment deformation structures that they identified 
with the historical records to check for possible correlations. We used their findings in our analysis. For 
reasons explained in the Appendix A.3.2, we did not use the results from a similar study that Migowski et 
al. (2004) (Mig04) performed, even though we listed them in Table 2.2. 

 

As far as the DSL is concerned, SSDS that are well classified as seismically triggered could indicate 
whether a historical event did occur in the region or not and perhaps provide a rough indication about 
its size given its distance. The logic behind the latter is that the energy that reached the sampled site has 
to be enough to cause either direct disturbance in the stratification of the lakebed or a seiche. Several 
source and propagation effects play a role in that. Kag11 note that the formation of seismites depends on 
water depth at the site (mass of water above sediment), lithology, sediment compaction, sedimentation 
�”�ƒ�–�‡�á�� �ƒ�•�†�� �–�Š�‡�� �–�‘�’�‘�‰�”�ƒ�’�Š�›�� ���ò�„�ƒ�•�‹�•�� �‡�ˆ�ˆ�‡�…�–�ó���ä�� ���Š�ƒ�–�� �‹�•�� �’�”�‘�„�ƒ�„�Ž�›�� �™�Š�›�� ���‡�•�r�s�� �ˆ�‘�—�•�†�� �•�‘�� �”�‡�Ž�ƒ�–�‹�‘�•�•�Š�‹�’�� �„�‡�–�™�‡�‡�•��
seismite thickness and historical earthquake intensity. Nevertheless, some empirical considerations can 
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be made. In the absence of a seiche, the formation of seismites involves fluidization, which requires 
stronger ground shaking than liquefaction (Lowe, 1975). Atkinson ( 1984) set the magnitude threshold 
for the latter at M 5, based on ground motion duration considerations. Similarly, one could reasonably 
�ƒ�•�•�—�•�‡���–�Š�ƒ�–�����������‹�•�–�‡�•�•�‹�–�›���ƒ�”�‘�—�•�†���������������ò���å�����Ž�ƒ�”�‰�‡���…�”�ƒ�…�•�•���ƒ�•�†���ˆ�‹�•�•�—�”�‡�•���‘�’�‡�•�‹�•�‰���—�’�á���”�‘�…�•�ˆ�ƒ�Ž�Ž�•�����å���ó�����•�Š�‘�—�Ž�†��
have been reached in the DSL by a candidate event for the correlation to be valid. Using the DSTFZ-specific 
attenuation relation of Am06 and assuming reasonable values for the errors in magnitude and/or 
location (§2.8.3), a lower bound of MSK intensity V could be used. If the preferred magnitude and location 
of the candidate event result in MSK intensity below this threshold, then the correlation is unlikely. 

 

Table 2.2 summarizes the findings of Ken01, Kag11, and Mig04, who examined samples for seismites in 
four locations collected from around the DSL. The corresponding earthquakes are listed as assigned by 
�–�Š�‡���ƒ�—�–�Š�‘�”�•�ä�����†�†�‹�–�‹�‘�•�ƒ�Ž���•�‡�–�ƒ�†�ƒ�–�ƒ���•�—�…�Š���ƒ�•���–�Š�‡���’�”�‡�ˆ�‡�”�”�‡�†���•�ƒ�‰�•�‹�–�—�†�‡���ƒ�•�†���Ž�‘�…�ƒ�–�‹�‘�•���‘�ˆ���–�Š�‡���‡�˜�‡�•�–�á���–�Š�‡���•�‡�‹�•�•�‹�–�‡�ï�•��
�–�Š�‹�…�•�•�‡�•�•�á���ƒ�•�†���–�Š�‡���t�P���†�ƒ�–�‹�•�‰���”�ƒ�•�‰�‡���ƒ�”�‡���ƒ�˜�ƒ�‹�Ž�ƒ�„�Ž�‡���‹�•���ƒ���•�‘�”�‡���†�‡�–�ƒ�‹�Ž�‡�†���˜�‡�”�•�‹�‘�•���‘�ˆ���–�Š�‹�•���–�ƒ�„�Ž�‡���–�Š�ƒ�–���…�ƒ�•���„�‡���ˆ�‘�—�•�†��
in Appendix A.3.3. We re-assessed all the correlations proposed by these three studies given the current 
state-of-knowledge regarding the events in question and the specific dating constraints. In light of new 
studies, many of the proposed correlations in the literature correspond to seismic events that are either 
spurious or occurred too far away from the DSL to cause enough ground shaking for a seismite to be 
formed (e.g., 1822 or 1656). Furthermore, several SSDS (e.g., H634 or H956) can be assigned to multiple 
events with similar statistical significance, given the uncertainty of the age-depth deposition models 
(Ken01; Fig. 2.3 in Kag11). The great number of field evidence regarding a number of possible 
earthquakes before 31 BC does not agree with the limited historical information we have about strong 
ground shaking in that time period. This indicates that the historical records before 31 BC might be 
mostly incomplete. 

 

It is notable that only two historical events have been identified in all the samples (i.e., H31BC and 33 
AD). The last one is in fact considered spurious by some modern sources (e.g., Am09). The absence of a 
seismite in the samples can often be explained even if an earthquake powerful enough to form a SSDS 
occurred nearby. Ken01 argue that the lack of well-known historic earth�“�—�ƒ�•�‡�•���‹�•���–�Š�‡�����‡�ï�‡�Ž�‹�•���ƒ�”�…�Š�‹�˜�‡��
coincides with site-�•�’�‡�…�‹�ˆ�‹�…�� �’�‡�”�‹�‘�†�•�� �‘�ˆ�� �†�‡�’�‘�•�‹�–�‹�‘�•�ƒ�Ž�� �Š�‹�ƒ�–�—�•�‡�•�ä�� ���Š�‡�� �Ž�‘�…�ƒ�–�‹�‘�•�� �‘�ˆ�� �–�Š�‡�� ���‡�ï�‡�Ž�‹�•�� �–�‡�”�”�ƒ�…�‡�� �‹�•��
sensitive to lake level fluctuations that induced hiatuses during low lake stands (Ken01, their Fig. 2.3b). 
We should point out however that the samples of Kag11 from the same area did include events between 
400 and 800. Thus, as a general note, the results of seismite-related studies must be treated with caution. 
The existence or absence of correlated seismites is a good indication that the event is properly reported 
or not only when multiple sites provide the same conclusion; the correlation has a unique solution and 
�ˆ�ƒ�Ž�Ž�•���™�‹�–�Š�‹�•���–�Š�‡���s�P���”�ƒ�•�‰�‡�ä 

 

2.7 Data analysis 

2.7.1 Magnitude homogenization 

Modern earthquake catalogs use the moment magnitude scale (Mw) (Hanks & Kanamori, 1979), which 
does not suffer from saturation effects and can also be related to the fault parameters. Unfortunately, 
most of the existing parametric catalogs for our zone use a variety of magnitude scales (Grigoratos, Poggi, 
Danciu, & Monteiro, 2020), such as Ms (publications by Ambraseys; Sb05), local magnitude ML (Ben-
Menahem, 1979), or equivalent magnitude (Me, INGV94 and INGV05). As a result, the need of 
harmonization to a common magnitude scale was evident. Hence, Ms values have been converted to Mw 
�—�•�‹�•�‰���
�����ï�•���…�‘�•�˜�‡�”�•�‹�‘�•���‡�“�—�ƒ�–�‹�‘�•�������“�ä���s�á��Di Giacomo et al., 2015). GEM used a global dataset with more 
than 16,000 data points, orthogonal distance regression and the validity range goes up to magnitude 8.1. 
Concerning ML, it is not possible to define a unique global relation connecting ML to Mw, due to the 
agency-specific site and distance calibration factors. We considered best to use the conversion equation 
of EMME (Eq. 2), since it is fitted against data from the region in question (2271 data points up to 
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magnitude 8.3). Regarding the equivalent magnitude, Guidoboni et al. (2004) consider it equivalent to 
Mw (Di Giacomo et al., 2015). 

�/�S 
L �A�Ô�>�Õ�®�Æ�æ
E �?�á���������u�ä�r 
Q�/�O
Q �z�ä�t��   (Di Giacomo et al., 2015)  (2.1) 

where �= 
L 
F�r�ä�t�t�t 
G �r�ä�r�v�u�á �> 
L �r�ä�t�u�u
G �r�ä�r�r�v�á �? 
L �t�ä�z�x�u
G �r�ä�r�w 

�/�S 
L �s�ä�r�s�u�x�� �®�/�. 
F �r�ä�r�w�r�t���á�������v�ä�r 
Q�/�. 
Q �z�ä�u  (EMME)     (2.2) 

 

2.7.2 Source selection and ranking 

In this study, we only consider unique tectonic events between 31 BC and 1900. We decided not to go 
earlier than the first century BC based on the conclusion of Ambraseys and White (Ambraseys & White, 
1997) that the historical data in BC times are very incomplete. The missing seismites between 200 and 
31 BC support that claim (Table 2.3). Since the location of historical earthquakes is very uncertain and 
the primary sources were usually based in the main administrative centers of the historical times, we 
decided to investigate an extended zone that is wide enough to include events that might have been 
originally reported in Cyprus or East Syria and important historical cities (e.g., Alexandria, Palmyra), 
which hosted prolific writers (Fig. 2.1). Our list covers the geographical area defined by the boundaries 
27 N��36 N and 31 E��39 E (Fig. 2.4). 

Table 2.3 Indicative numerical representation of the uncertainty estimates within our catalog 
 V (very large) L (large) M (medium) 

Magnitude <1.00 <0.75 <0.50 

Epicentral location no constraint <100km <75km 

 

Similarly to what EMEC, EMME, GEM, and the National Oceanic and Atmospheric Administration (NOAA; 
Dunbar, 2009) have done, we relied on existing parametric data, i.e., dates, epicentral coordinates, and 
magnitude estimates, derived from previous studies. We did not perform any new macro-seismic 
analyses. That said, our study made an in-depth cross-examination of past historical records against field 
investigations, which is summarized in Fig. 2.�t�ä�����‡���ˆ�‹�”�•�–���ƒ�•�ƒ�Ž�›�œ�‡�†���–�Š�‡���”�‡�ˆ�‡�”�‡�•�…�‡�•���Ž�‹�•�–�‡�†���‹�•���–�Š�‡���ò���‹�•�–�‘�”�‹�…�ƒ�Ž��
�†�ƒ�–�ƒ�ó���•�‡�…�–�‹�‘�•���ƒ�•�†���…�”�‡�ƒ�–ed a preliminary earthquake catalog based primarily on historical records. From 
the list, we removed those events which are either not associated with any damage or associated with 
damage not explicitly linked to a particular earthquake. The latter check is important because sometimes, 
the observed effects were not earthquake-induced, but were rather caused by conflicts, rainfall-triggered 
landslides, storms, or structural fatigue. Almost all screened events were reported by multiple secondary 
sources. Therefore, the next step was to use the data from the regional field investigations to: 

�x check how well the historical reports from primary sources correlate with damaged localities 
identified by archaeological evidence (Table 2.1, e.g., H31BC, H747). 

�x check how well the historical reports from primary sources correlate with the reported 
macroseismic intensities in parametric catalogs. Identify possible exaggerations (e.g., event of 
92 BC, H1063), amalgamation of events (e.g., event of 500, H747, H847) or attempts of 
contemporary writers to draw theological and political morals from a natural disaster (e.g., 69 
BC, 33, H1546). 

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

�x identify how the reported epicenter (e.g., H115, H860, H1170) and magnitude (e.g., H1293, 
H1546) correlates with the assigned rupture length using the scaling relations by Wells and 
Coppersmith (1994) (global) and Ambraseys and Jackson (1998) (region-specific). Next, use 
these results to narrow the range of available estimates. For a total number of 22 events, our 
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selection of source for parametric values (epicentral coordinates and/or magnitude) was 
influenced by fault-related information (geometry, length). 

�x use the data from the seismite-related studies (Table 2.2) to check whether the event in 
question indeed happened at a reasonable distance from the DS lake. For example, the events 
of year 17 and of March 6, 1033 did not form any seismite. That is supporting evidence that 
they did not occur in Palestine but in West Turkey, as noted by several authors (e.g., Am09). 

 

In case of lack of constraining field evidence, we had to critically evaluate the historical data in order to 
select the most suitable location or magnitude. For several events, there were at least 4 different 
proposed solutions for the epicentral coordinates or the magnitude. There is a clearly larger availability 
of data for large magnitude events; for example, for H1170, there were 9 different location solutions and 
10 different magnitude estimates proposed by different authors (Fig. 2.3). For most events, we referred 
not only to the modern descriptive catalogs but also to the primary (translated) sources as quoted in the 
books of Ambraseys and of INGV (i.e., INGV94 and INGV05). That enabled us to have our own critical view 
of parameters that were presented differently between catalogs. After reviewing all available 
information, we selected the solutions that were derived using the macroseismic intensity points that 
best reflect the most up-to-date analysis of the primary records. In few cases, the reported duration of 
the shock itself and the extent of the period of aftershocks provided an additional qualitative indication 
for its size (Salamon, 2010). 

 

Figure 2.3 The June 29, 1170 earthquake (H1170). The maps contain MCS macroseismic intensities (squares) (Guid04b; 
INGV05), MSK isoseismals (Am09), major fault traces, and original location and magnitude solutions in parametric catalogs. A1: 
Ambraseys and Barazangi ( 1989); A2: Am94; A3: Ambraseys and Jackson (1998); A4: Am06; B1: BM79; B2: BM91; E: EMME; G: 
Guid04b; H: Hough and Avni (2009); M: Meghraoui et al. (2003); N: NOAA; S: Sb05; Z: Zuhair et al. (2015) 
 

We should point out that there were several events that were reported inside our investigated zone by 
some authors and outside by others. We reviewed all these events, but included in our catalog only those 
with preferred epicenter inside the investigated zone; that led several large events that occurred North 
of Antioch and had latitude larger than 36 N to be discarded. 
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Even though each event was analyzed separately, some common rules were applied to the parametric 
input data of the catalog. In descending order, the general hierarchy was (i) documents (co-)authored by 
Ambraseys; (ii) GEM; (iii) INGV; (iv) SB05; (v) EMEC; (vi) EMME; and (vii) Ben-Menahem. Exceptions to 
that rule were the epicentral locations provided by Am94 that were not derived from an isoseismal map 
and solutions listed in INGVweb that were computed using less than 3 data points. The magnitude type 
was not considered as a criterion in our selection process since the uncertainty from conversion to 
moment magnitude is usually much lower than the uncertainty of the original estimates. The reasoning 
behind the aforementioned order was somewhat subjective, although driven by certain reasonable 
considerations. Ambraseys and INGV are specialized in this research field and their reports are based on 
primary sources, which they cite and quote. The latest book of Ambraseys (Am09) was written after both 
INGV books and thus the former often reviews and comments on the conclusions of the latter. As a result, 
Am09 was the selected source for the dating of almost all the events. At the global s�…�ƒ�Ž�‡�á���
�����ï�•���’�”�‘�…�‡�†�—�”�‡��
was very transparent, even though it was a compilation of previous estimates. In the regional domain, 
the epicentral coordinates and surface wave magnitudes computed by SB05 have been derived mainly 
from original isoseismal maps utilizing the nomograph of Shebalin (1970). On the contrary, EMEC and 
EMME were large-scale projects that relied on previous studies. 

 

We should mention that our confidence in the magnitude estimations of Ben-Menahem varied depending 
on the input data he used for his calculations. The first reason is because he relied heavily on the catalog 
of Sieberg (1932), who often amalgamates different events, especially in North Syria. That is particularly 
crucial because Ben-���‡�•�ƒ�Š�‡�•�� �‘�ˆ�–�‡�•�� �†�‡�”�‹�˜�‡�†�� �•�ƒ�‰�•�‹�–�—�†�‡�� �‡�•�–�‹�•�ƒ�–�‡�•�� �—�•�‹�•�‰�� �‘�•�Ž�›�� �–�Š�‡�� �ò�”�ƒ�†�‹�—�•�� �‘�ˆ�� �‡�š�–�”�‡�•�ƒ�Ž��
�Š�—�•�ƒ�•���’�‡�”�…�‡�’�–�‹�„�‹�Ž�‹�–�›�ó�������ˆ���á���†�‡�ˆ�‹�•�‡�†���ƒ�•���–�Š�‡���ò�‡�’�‹�…�‡�•�–�”�ƒ�Ž���†�‹�•�–�ƒ�•�…�‡���ƒ�–���™�Š�‹�…�Š�����������±���u�ä�w�á�ó���™�‹�–�Š�‘�—�–���ƒ�•�›���‡�˜�‹�†�‡�•�–��
intensity data constraint (e.g., H115, H528, H1033, H1068, H1042, H1287c). In other instances, it is not 
�–�”�ƒ�•�•�’�ƒ�”�‡�•�–���Š�‘�™���–�Š�‡���•�ƒ�‰�•�‹�–�—�†�‡���™�ƒ�•���‡�•�–�‹�•�ƒ�–�‡�†���•�‹�•�…�‡���–�Š�‡�”�‡���ƒ�”�‡���•�‘���”�‡�’�‘�”�–�‡�†�����������˜�ƒ�Ž�—�‡�•���•�‘�”���ƒ�•�›�����ˆ���˜�ƒ�Ž�—�‡�•��
(e.g., H31BC, H713, H1063, H1160). In other cases, he used only the maximum observed intensity 
(assumed equal to epicentral) as input (e.g., H1157c, H1546, H1759b). The few estimates of Ben-
���‡�•�ƒ�Š�‡�•���–�Š�ƒ�–���™�‡�”�‡���…�ƒ�Ž�‹�„�”�ƒ�–�‡�†���‘�•���„�‘�–�Š���•�ƒ�š�‹�•�—�•���‘�„�•�‡�”�˜�‡�†���‹�•�–�‡�•�•�‹�–�›���ƒ�•�†���‘�•�����ˆ���™�‡�”�‡���”�ƒ�•�•�‡�†���Š�‹�‰�Š�‡�”�����‡�ä�‰�ä�á��
H76, H860, H991). The type of input behind each estimate by Ben-Menahem is available in Appendix A.4. 
The methodology of Ben-Menahem (1979, 1981, 1991) in general leads to rather large magnitude 
estimates. 

 

���•�� �–�Š�‡�� �ò���‹�•�–�‘�”�‹�…�ƒ�Ž�� �†�ƒ�–�ƒ�ó�� �•�‡�…�–�‹�‘�•�� ����2.6.1), we mention that both INGV catalogs (1994; 2005) have been 
merged into an online geo-referenced archive (Guidoboni et al., 2019) (INGVweb). The latter provides 
magnitude estimations and epicentral coordinates for all the events in INGV94 (absent from the 
hardcopy) and in INGV05 (absent from the hardcopy for events with very few intensity data). It should 
be noted that the coordinates in the book (INGV05) are given in degrees and minutes, while the online 
archive uses decimal degrees. Regarding the dating of the events and the affected localities, both books 
were very reliable. That said, our confidence on the results of INGV05 varied depending on the amount 
�‘�ˆ�� �•�‹�–�‡�•�� �™�‹�–�Š�� �”�‡�’�‘�”�–�‡�†�� �‹�•�–�‡�•�•�‹�–�‹�‡�•�â�� �–�Š�‡�� �ò���‘�š�‡�”�ó�� �•�‡�–�Š�‘�†��(Gasperini et al., 1999; Gasperini, 2004) that 
INGV05 employed seemed to work much better with plentiful data (e.g., more than 8 mapped intensities). 
That should be more or less expected since the method has been validated against the much richer Italian 
�†�ƒ�–�ƒ�•�‡�–�ä�� ���Š�‡�� �t�r�r�v�� �˜�‡�”�•�‹�‘�•�� �‘�ˆ�� �–�Š�‡�� �ò���‘�š�‡�”�ó�� �•�‡�–�Š�‘�†�� �›�‹�‡�Ž�†�‡�†�� �”�ƒ�–�Š�‡�”�� �Ž�‘�™�� �•�ƒ�‰�•�‹�–�—�†�‡�� �‡�•�–�‹mates when the 
maximum MCS intensity was IX or higher, yet the number of mapped intensities was less than 6 (e.g., 
H1212, H1458). This scenario is common in the Dead Sea region where vast pieces of land used to be 
uninhabited or lack cultural centers. For the 1212 earthquake in particular, the estimated magnitude was 
�‘�•�Ž�›�� ���‡�� �w�ä�z�á�� �‡�˜�‡�•�� �–�Š�‘�—�‰�Š�� ���‹�Ž�ƒ�–�� ���‡�’�‹�…�‡�•�–�‡�”���á�� ���ƒ�‹�”�‘�� ���µ���u�w�r�� �•�•�� �ƒ�™�ƒ�›���á�� �ƒ�•�†�� ���Ž-Karak (150 km away) had 
assigned MCS intensities IX��X, VIII, and VIII respectively. The latest implementation of the method has 
been designed to deal exactly with that situation (Gasperini et al., 2010). 
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Lastly, we should note that the magnitude values in online archive of Guidoboni et al. (2019) (INGVweb) 
do not always match the values listed in the book (INGV05), with the documentation for these changes to 
be lacking. We found 11 events in the online archive with modified Me compared with the book, with 
differences ranging from 0.2 to 1.5 magnitude units. For example, the reported Me for H1033 is 6.0 in the 
book and 7.3 in the archive, while for H1068a, it is 8.1 in the book and 7.2 in the archive. While small 
changes could be explained by a different calibration of the Boxer method (Rovida et al., 2016), some of 
the large magnitude differences are well outside the typical uncertainty ranges. We opted to report the 
latest magnitude solutions of Guidoboni et al. (2019) in Table 2.4 and in Appendix A.4, since they were 
usually more consistent with the values estimated by other authors. 

 

2.7.3 Uncertainty estimation 

Uncertainty estimations are a prerequisite for any input of a probabilistic analysis (Bommer & 
Scherbaum, 2019). Errors in the magnitude or location of historical events have a large impact on the 
occurrence rates of a forecasting model (Panzera et al., 2011, 2016), on the maximum magnitude and on 
the segmentation of the fault model (Mignan et al., 2015). Errors in location can affect the forecasted 
ground motion shaking in case of scenario-specific hazard assessment. The problem is equally significant 
when probabilistic approaches such as the smoothed seismicity models are selected (Hiemer et al., 2014). 
Errors in dating are not that important for large magnitude events with long return periods, unless the 
analysis is time-dependent (Field et al., 2015). Conversely, large dating errors could affect the results of 
the declustering procedure (Gardner & Knopoff, 1974). 

 

The uncertainty surrounding the epicenter and magnitude determination from historical macroseismic 
data in particular is a well-known issue (Cecic et al., 1996). We thus attempted to estimate the level of 
uncertainty carried by the parametric results of the previous studies that we compiled (Table 2.3). 
Although the analysis is somewhat subjective, we consistently adopted the following workflow in order 
to do the classification; the criteria are sorted below progressively from broad to stricter. 

 

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

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

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

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

    e.    The value of the estimated magnitude itself. The smaller the magnitude, the smaller the maximum 
distance between the event and a site with reported damages. For example, according to the global 
empirical formula of Ambraseys (1992) for Ms 6, the MSK intensity gets below V (slight damage to a few 
�’�‘�‘�”�Ž�›���…�‘�•�•�–�”�—�…�–�‡�†���„�—�‹�Ž�†�‹�•�‰�•�����ƒ�–���†�‹�•�–�ƒ�•�…�‡�•���µ���y�w���•�•�ä�����Š�‡���˜�ƒ�Ž�—�‡�•���—�•�‹�•�‰���–�Š�‡���������	��-specific formula of Am06 
are similar. As a result, it is highly unlikely that an event with magnitude around 6 or less will have an 
error in its epicenter of more than about 75 km. We should note, however, that the large magnitude 
uncertainty in many events rendered this criterion inapplicable. 
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The considerations made for selecting the indicative thresholds in Table 2.3 follow, starting with the 
magnitude. Sb05 and Ben-Menahem d�‘�� �•�‘�–�� �’�”�‘�˜�‹�†�‡�� �ƒ�•�›�� �—�•�…�‡�”�–�ƒ�‹�•�–�›�� �‡�•�–�‹�•�ƒ�–�‡�•�ä�� ���•�„�”�ƒ�•�‡�›�•�ï�� �‡�•�’�‹�”�‹�…�ƒ�Ž��
relations have been assigned with an uncertainty of 0.3 in terms of magnitude (Am06). Guidoboni et al. 
(2004) �Š�ƒ�˜�‡���—�•�‡�†���–�Š�‡���ò���‘�š�‡�”�ó���•�‡�–�Š�‘�†���ˆ�‘�”�����s�s�y�r���™�‹�–�Š���‹�•�–�‡�•�•�‹�–�›���†�ƒ�–�ƒ���ˆ�”�‘�•���t�{���Ž�‘�…�ƒ�–�‹�‘�•�•�����	�‹�‰�ä��2.3); they 
reported a mean magnitude of 7.7 with a 0.22 uncertainty. The global relation of Ms to Mw that GEM 
derived using more than 16,000 events yields an uncertainty of 0.36 for a magnitude 8 event (Di Giacomo 
et al., 2015). Given that Ms is a better proxy to Mw than any macroseismic intensity, the 0.22 value of 
Guidoboni et al. (2004) �•�‡�‡�•�•���—�•�†�‡�”�‡�•�–�‹�•�ƒ�–�‡�†�ä�����˜�‡�•���–�Š�‘�—�‰�Š�������
���r�w���Š�ƒ�•���ƒ�Ž�•�‘���—�•�‡�†���–�Š�‡���ò���‘�š�‡�”�ó���•�‡�–�Š�‘�†��
to compute all estimated magnitudes, unfortunately, no uncertainty values are reported in order to have 
a better idea of the overall uncertainty bounds and sensitivity. The uncertainty behind magnitude 
estimates derived from macroseismic intensities is expected to be rather large since the empirical 
relations do not take into account site effects (Sun et al., 1998) and the seismic vulnerability of the 
building population (Molin, 1995). Although the relations have been derived using macroseismic data 
after the year 1900, they are applied to a time period of 2000 years, in which the construction practice 
has evolved dramatically. Another major and often understated assumption that complicates the 
estimation of the true uncertainty is that the intensity data are complete. If new mapped intensities are 
to be identified in historical documents or archaeological sites, then the resulting parametric estimates 
will obviously change. New refined procedures have been proposed in order to address this issue 
(Gasperini et al., 2010; Pasolini et al., 2008). With all the above in mind, we do not expect the magnitude 
uncertainty to be lower than 0.5. The next two thresholds were set arbitrarily as 150% and 200% of the 
first one respectively (Table 2.3). 

 

Regarding the uncertainty in epicentral coordinates, Guidoboni et al. (2004) reported 100 km maximum 
uncertainty in the determination of the epicenter of H1170 (Fig. 2.3). The value of 100 km may seem at 
first glance large for such well-reported event. However, epicentral locations provided by modern local 
seismic networks often happen to be more than 50 km apart (Bratt & Bache, 1988). We therefore chose 
the value of 100 km as the threshold for well-reported large events (Table 2.4). We were confident that 
the uncertaint�›�� �™�ƒ�•�� �Ž�‘�™�‡�”�� ���‹�ä�‡�ä�á�� �´���y�w�� �•�•���� �‘�•�Ž�›�� �‹�ˆ�� �–�Š�‡�� �•�ƒ�‰�•�‹�–�—�†�‡�� �™�ƒ�•�� �•�•�ƒ�Ž�Ž�‡�”�� �–�Š�ƒ�•�� �x�� �‘�”�� �–�Š�‡�� �ƒ�•�•�‹�‰�•�‡�†��
epicenter was validated by the location of the associated fault. Even for a Mw 7.7 event (maximum in our 
catalog), the scaling relations ( Ambraseys & Jackson, 1998; Wells & Coppersmith, 1994) give a rupture 
length of about 150 km, meaning that the epicenter cannot be more than about 75 km away, assuming 
strike-slip focal mechanism. Indeed, almost all the faults in the region are strike-slip and therefore the 
assumption that the epicenter is not far from the fault trace is valid. 

 

2.7.4 Discussion on specific events 

In this section, we analyze few controversial events that could potentially affect significantly the seismic 
hazard along DSTFZ. We first summarize the most up-to-date information and, when available, present 
new interpretations that our analysis revealed. All abbreviations and a more comprehensive list of our 
considerations regarding the rest of the events in our catalog can be found in Appendices A.1 and A.2. 
Figure 2.1 shows the location of several key toponyms. 

 

H347: According to historical sources, the epicenter of H347 was in Beirut. Dae07 and Wech14 identified 
the event east of Beirut, in the Yammouneh and Jordan Jorge segments respectively (Table 2.1). The 
�…�‘�”�”�‡�Ž�ƒ�–�‹�‘�•���„�›�����‡�…�Š�s�v���‹�•���”�ƒ�–�Š�‡�”���’�‘�‘�”���•�‹�•�…�‡���–�Š�‡���†�ƒ�–�‡���‘�ˆ���–�Š�‡���‡�˜�‡�•�–���‹�•���‘�—�–�•�‹�†�‡���–�Š�‡���t�P���”�ƒ�•�‰�‡�ä�����Š�‡���‡�˜�‹�†�‡�•�…�‡��
has been found in two investigated fault sites about 130 km away, indicating a very long rupture, 
compatible with a magnitude (M) of 7.4��7.6 event (Ambraseys & Jackson, 1998; Wells & Coppersmith, 
1994). However, the historical data does not necessarily support such a large size. The only primary 
source for this event is Theophanes (eighth century), who mentions that most of Beirut was destroyed; 
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he does not reference any other affected localities. BM79 has assigned ML 7 to this event based only on 
the maximum observed intensity (assumed equal to epicentral intensity); he cites Willis (1928), Sieb32, 
and Plassard and Kogoj (1981). Sieb32 is the only one who mentions a tsunami further north in Tablus, 
but he does not cite his source. INGVweb has assigned Me 5.8, based probably only on the maximum 
observed intensity (Sibol et al., 1987). It is very hard to estimate the magnitude of the event because even 
though the maximum observed intensity is large, only one affected city is mentioned. We preferred to use 
the more conservative estimate, i.e., ML 7, which we then converted to Mw. This event requires further 
research. 

 

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

 

Kag11, in agreement with Kli15, argue that H363a occurred in North Palestine and H363b further south. 
The rest of the field evidence are rather inconclusive. Wech14 assigned a sample from the Jordan Gorge 
fault (North Palestine) to the year �u�x�u�â���Š�‘�™�‡�˜�‡�”�á���–�Š�‡���•�ƒ�–�…�Š���‹�•���‘�—�–�•�‹�†�‡���–�Š�‡���s�P���”�ƒ�•�‰�‡�ä�����‡�•�r�s���Š�ƒ�˜�‡���…�‘�”�”�‡�Ž�ƒ�–�‡�†��
a seismite in DSL with H363a or H363b or H418, while Agn06 argue that in fact it matches best with H418 
(Table 2.2). A seismite that Kag11 have assigned to H347 correlates with greater statistical significance 
with either H363a or H363b (Table A.3.1). We should expect to find seismites associated with the shocks 
of year 363, since a seiche is reported in DSL (Am09). 

 

H551: Eli07 attributed the July 9, 551, shock to the Lebanon thrust (offshore), thus explaining the origin 
�‘�ˆ���–�Š�‡���†�‡�•�–�”�—�…�–�‹�˜�‡���•�‡�ƒ���™�ƒ�˜�‡���–�Š�ƒ�–���‹�•���”�‡�’�‘�”�–�‡�†���‹�•���–�Š�‡���’�”�‹�•�ƒ�”�›���•�‘�—�”�…�‡�•�ä�����–���‹�•���˜�‡�”�›���Š�ƒ�”�†���–�‘���…�‘�•�•�‡�•�–���‘�•�����Ž�‹�r�y�ï�•��
dating scheme, since it was based on radiocarbon dating on vermetid samples, which were indicating that 
a shoreline-fringing bench suddenly emerged by about 80 cm (see their Data Repository). We should 
however mention an alternative scenario. Darawcheh et al. (2000), after analyzing the historical data 
�ƒ�–�–�”�‹�„�—�–�‡�†���–�Š�‡���‡�˜�‡�•�–���–�‘���–�Š�‡�����‘�—�•���ˆ�ƒ�—�Ž�–�ä�����‡�…�Š�s�v�ï�•���‡�˜�‹�†�‡�•�…e of rupture in the Jordan Gorge fault (dating 
range 505���w�{�u���� �•�—�’�’�‘�”�–�•�� ���ƒ�”�ƒ�™�…�Š�‡�Š���‡�–�� �ƒ�Ž�ä�ï�•���…�‘�•�…�Ž�—�•�‹�‘�•�ä�� ���Š�‡�� �’�‡�ƒ�•�� �’�”�‘�„�ƒ�„�‹�Ž�‹�–�›�� �‘�ˆ�� ���‡�…�Š�s�v�ï�•�� �”�ƒ�•�‰�‡���‹�•�� �‹�•��
year 551, which seems like a remarkable coincidence. The sea wave in that case can be explained by the 
slumping of part of the Libanus mountain called Lithoprosopon (Lebanon) in the sea, as Malalas reports. 
Am09 notes that the latter better explains the damage distribution along the coast, namely great damage 
near-field and rapid attenuation of the macroseismic intensities with distance. Goodman-Tchernov et al. 
(2009) found geological evidence of a strong tsunami in Caesarea (N Israel) that could be dated around 
the year 551. 

 

Malalas (sixth century) and John of Ephesus (sixth century), both contemporary sources, date the event 
differently, September 550��August 551 and October 558��September 559 respectively (INGV94; Am09). 
The ranges are a result of the different dating schemes used in historical times. Am09 notes that although 
�•�‘�–���‹�•�’�‘�•�•�‹�„�Ž�‡�á���ò�‹�–���™�‘�—�Ž�†���„�‡���‘�†�†���ˆ�‘�”���
�‘�Š�•���–�‘���Š�ƒ�˜�‡���•�—�Ž�–�‹�’�Ž�‹�‡�†���ƒ���™�‡�Ž�Ž-�•�•�‘�™�•���‡�ƒ�”�–�Š�“�—�ƒ�•�‡���‹�•���Š�‹�•���‘�™�•���Ž�‹�ˆ�‡�–�‹�•�‡�ä�ó��
However, they both describe very similar effects (i.e., coastal destruction, sea wave, aid from Emperor). 
Nevertheless, only Malalas mentions the slumping (rocksliding) of Lithoprosopon. We would like to 
highlight an important detail that previous catalogs have missed or neglected: John in fact mentions a 
second destructive shock that flattened Beirut probably several minutes or hours after the first one. He 
�‹�•�–�‡�”�’�”�‡�–�•���–�Š�‡���Ž�ƒ�–�–�‡�”���Š�‘�™�‡�˜�‡�”���ƒ�•���
�‘�†�ï�•���’�—�•�‹�•�Š�•�‡�•�–���ƒ�‰�ƒ�‹�•�•�–���–�Š�‘�•�‡���™�Š�‘���•�–�‘�Ž�‡���†�‡�ƒ�†���•�‡�•�ï�•���–�”�‡�ƒ�•�—�”�‡�•�â���–�Š�—�•�á��
we cannot be sure if it was indeed a severe aftershock. 
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Combining the current historical and in situ data leads to the following, plausible but far from definite, 
conclusion: a large earthquake ruptured the Lebanon thrust in 551 causing Lithoprosopon to fall into the 
sea, while a severe aftershock occurred on the Jordan Gorge f�ƒ�—�Ž�–�ä�����Š�‡���Ž�ƒ�–�–�‡�”���™�‘�—�Ž�†���‡�š�’�Ž�ƒ�‹�•�����‡�…�Š�s�v�ï�•���ˆ�‹�‡�Ž�†��
�‡�˜�‹�†�‡�•�…�‡���ƒ�•�†�����—�•�z�w�ï�•���…�Ž�ƒ�‹�•���–�Š�ƒ�–�����‡�Ž�Ž�ƒ�������ƒ�„�“�‡�–���	�ƒ�Š�‡�Ž�á���w�r���•�•���•�‘�—�–�Š���‘�ˆ���
�‘�”�†�ƒ�•���
�‘�”�‰�‡�����™�ƒ�•���ƒ�Ž�•�‘���†�ƒ�•�ƒ�‰�‡�†���‹�•��
the same year. 

 

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

 

We present below the key primary references in chronological order. Theophanes mentions an 
earthquake that affected Palestine, Jordan, and Syria on January 18, 746 (or 747). He mentions 
widespread damage just east of DSL. Later, Arab chronicles mention an earthquake in May 4, 747��June 
2, 748 in Jerusalem that was felt in Damascus. Other later chronicles indicate damage in Tiberias and 
Mount Tabor around that period. Dionysius of Tel Mahre (ninth century) mentions that the temple of 
Mabug (Manbij) collapsed in September 747��August 748. Archeological evidence indicates damage south 
of Sea of Galilee (Bet Shean) after a date ranging between August 748 and August 749. Later, Arab 
chronicles note an event between August 31, 748 and August 19, 749 which damaged the Al Aqsa Mosque 
in Jerusalem. Theophanes adds another event in early 749 (or 750) in Syria and Mesopotamia, where he 
mentions evidence of surface faulting. Dionysius of Tel Mahre notes that three villages collapsed in 
Khabura on March 3, 756, while Theophanes mentions a shock on March 9, 756 (or 757) in Syria and 
���ƒ�Ž�‡�•�–�‹�•�‡�â���Š�‡���…�Š�ƒ�”�ƒ�…�–�‡�”�‹�œ�‡�•���‹�–���ò�•�‘�–���•�•�ƒ�Ž�Ž�ó�����ƒ�•�†���•�‘�–���ò�’�‘�™�‡�”�ˆ�—�Ž�ó���ƒ�•�������
���{�v�ï�•���–�”�ƒ�•�•�Ž�ƒ�–�‹�‘�•���ˆ�”�‘�•���
�”�‡�‡�•���•�–�ƒ�–�‡�•���ä��
Lastly, later, Arab chronicles report damage at the Al Aqsa Mosque in Jerusalem which was under repair 
at some point after 757. 

 

Even though the evidence is rather inconclusive, we could identify at least three possible events: (i) in 
January 18, 747 in the Jordan Valley (H747), (ii) in 750 close to modern Manbij, and (iii) in March 757 
near modern Al-Hasakah. The last two earthquakes fall outside our investigated zone and are thus not 
included in Table 2.4. 

 

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

 

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

 

H1170: The June 29, 1170 earthquake is probably the largest event within our zone (Fig. 2.3). Thirty 
towns and fortified sites, from Tyre (Sur) till Antioch, have reported damages. Tripoli was apparently 
destroyed with very few survivors, while Aleppo (more than 150 km to the North) also suffered severe 
damages and great loss of life. Even though INGV05 and Am09 agree on the affected localities, the 
assigned intensities by the former are, in general, significantly higher (Fig. 2.3). Palestine did not suffer 
any notable damage and the reports by Ben-Menahem regarding the effects of the event in Caesarea and 
Egypt are not confirmed by INGV05 and Am09. The aftershocks lasted up to 4 months (William of Tyre 
twelfth century), without causing further destruction. Guidoboni et al. (2004) examined the hypothesis 
that there were in fact two different events, one close to Tripoli and one in the Ghab basin, and concluded 
that all but one primary sources hint to a single event. 

 

As far as the field evidence is concerned, Meg03 found geological evidence that correlates H1170 with 
�–�Š�‡�����‹�•�•�›�ƒ�ˆ���•�‡�‰�•�‡�•�–�����t�P���”�ƒ�•�‰�‡�����ƒ�•�†�����ƒ�‰�s�s���Š�ƒ�˜�‡���…�‘�”�”�‡�Ž�ƒ�–�‡�†���–�Š�‹�•���†�‹�•�–�ƒ�•�–���‡�˜�‡�•�–���™�‹�–�Š���ƒ���•�‡�‹�•�•�‹�–�‡���‹�•�������������s�P��
range). The latter, given the distance, hints towards a very large event. Indeed, all but one magnitude 
estimate are in the range of M 7.0��7.9; the M 6.6 value by Hough and Avni (2009) seems less probable. 

 

2.8 Results 

2.8.1 Homogenized parametric catalog 

We analyzed and cross-examined the available historical, geological, and archaeological data, following 
the aforementioned methodology (§2.5; §2.7.2; Fig. 2.2) and compiled a parametric earthquake catalog 
�™�‹�–�Š�� ���™�� �·���w�� �„�‡�–�™�‡�‡�•�� �u�s�� ������ �ƒ�•�†�� �s�{�r�r�� �…�‘�˜�‡�”�‹�•�‰�� �–�Š�‡�� ���‡�ƒ�†�� ���‡�ƒ�� ���”�ƒ�•�•�ˆ�‘�”�•�� �	�ƒ�—�Ž�–�� ���‘�•�‡�� �ƒ�•�†�� ���ƒ�•�–��
Mediterranean (Table 2.4). We homogenized all size estimates in the moment magnitude scale (Mw) 
(Hanks & Kanamori, 1979), to render the catalog applicable for seismic hazard assessment. 

 

Table 2.4 Homogenized parametric earthquake catalog �Z�L�W�K���0�Z�•�ß���� �E�H�W�Z�H�H�Q�������� �%�&���D�Q�G�������������L�Q���(�D�V�W���0�H�G�L�W�H�U�U�D�Q�H�D�Q���D�Q�G���'�H�D�G���6�H�D��
Transform Fault Zone (27 N�±36 N, 31 E�±39 E). Universal time is reported. Asterisks in the ID column indicate foreshock or aftershock. 
Loc, location; Unc, uncertainty (Table 2.3). For more information about the events and the missing abbreviations, see Appendices A.1, 
A.2, and the extended electronic version of the catalog (Appendix A.4). Appendix A.4 includes also parametric values for minutes and 
seconds (when available) 

ID Date 
Source 

Year  Month Day Hour Lat. Lon. 
Loc 
Unc 

Loc Source Mw 
MW 
Unc 

M Source 

H31BC  Am09  -31        32.0  35.5  M  BM79  6.3  L  Kar04 
H17BC  Am09  -17        34.7  32.6  L  INGVweb  6.8  V  BM79 

H76  Am09  76        35  33  V  INGVweb  7.0  V  BM79 
H112  Am09  112        31  35  L  Am94  6.3  V  Am94 
H115  Am09  115  12  13    35.8  36.3  M  AmJa98  7.4  M  Meg03 
H303  Am09  303  4  2    33.6  35.4  M  INGVweb  6.6  L  INGVweb 
H332  INGV94  332        35.2  33.9  L  INGVweb  6.6  V  INGVweb 
H342  Am09  342        35.2  33.9  L  INGVweb  6.6  L  INGVweb 
H347  Am09  347        33.9  35.8  M  1  7.0  V  BM79 
H363a  Am09  363  5  19  1  31.5  35.5  M  Am06  6.5  M  Kag11 
H363b*  Am09  363  5  19  7  31.5  35.5  M  Am06  6.5  M  Kag11 
H375  Am09  375        34.7  32.6  V  INGVweb  6.4  L  INGVweb 
H418  Am09  418        31.8  35.2  L  INGVweb  6.6  M  INGVweb 
H455  Am09  455  9      34.4  35.9  L  INGVweb  6.2  L  INGVweb 
H476  Am09  476        35.4  35.9  L  INGVweb  6.2  L  INGVweb 
H502  Am09  502  22  8    33.0  34.8  L  Sb05  7.2  L  Sb05 
H528  Am09  528  11  29    35.5  35.8  L  INGVweb  6.0  L  INGVweb 
H551  Am09  551  7  9  8  34.0  35.5  M  Eli07  7.5  M  Eli07 
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H634  Am09  634        31.8  35.2  V  INGVweb  6.8  L  EMEC 
H659a  Am09  659  6  7    32.2  35.1  L  INGVweb  6.2  V  INGVweb 
H659b*  Am09  659  9      31.9  35.5  M  INGVweb  6.0  V  INGVweb 
H747  Sb05  747  1  18    32.8  35.8  M  Am06  7.0  M  Am06 
H847  Am09  847  11  24    34.4  36.3  L  Sb05  6.2  V  BM79 
H854  Am09  854        32.8  35.5  L  INGVweb  6.5  V  EMEC 
H857  Am09  857  4      28  31  V  Am94        
H860  Am09  860  1      35.5  35.8  L  INGVweb  7.0  M  Am06 
H885  Am09  885  11      30.0  31.2  L  PoTa80  5.8  L  INGVweb 
H950  Am09  950  7  25    30.0  31.2  L  PoTa80  6.5  L  EMEC 
H956  Am09  956  1  5    34  32  V  Am94  6.2  L  INGVweb 
H991  Am09  991  4  5    33.7  36.4  L  Sb05  6.7  L  BM91 

H1033  Am09  1033  12  5    32.5  35.5  M  AmJa98  7.3  L  INGVweb 
H1042  Am09  1042        34.6  38.3  M  INGVweb  5.6  V  INGVweb 
H1047  Am09  1047        31.0  35.5  V  EMEC  6.5  L  EMEC 
H1063  Am09  1063  8      34.4  35.6  L  INGVweb  6.9  V  Sb05 
H1068a  Am09  1068  3  18    29.8  35.0  L  Zilb05  7.2  L  INGVweb 
H1068b  Am09  1068  5  29    32.6  35.3  L  INGVweb  6.0  M  INGVweb 
H1111  Am09  1111  8  31    30.0  31.2  M  INGVweb  5.4  L  INGVweb 
H1113  Am09  1113  7  18    31.8  35.2  V  2  6.3  V  BM81 
H1117  Am09  1117  6  26    33.2  35.2  V  INGVweb  5.8  L  INGVweb 
H1151  Am09  1151  9  27    32.5  36.5  L  INGVweb  5.1  L  INGVweb 
H1156*  Am09  1156  10  13    35.4  36.4  L  INGVweb  5.5  M  EMEC 
H1157a*  Guid04a  1157  4  2    35.4  36.6  M  INGVweb  5.4  M  INGVweb 
H1157b*  Am09  1157  7  13    35.2  36.6  M  Sb05  6.6  M  Sb05 
H1157c  Am09  1157  8  12    35.3  36.4  M  Am06  7.2  M  Am09 
H1160  Am09  1160        34.8  32.3  V  INGVweb  6.0  L  INGVweb 
H1170  Am09  1170  6  29  3  34.9  36.3  L  Guid04b  7.7  L  Guid04b 
H1202  Am09  1202  5  20    34.1  36.1  M  AmBa89  7.7  M  INGVweb 
H1212  Am09  1212  5  1    30  35  M  Am06  7.0  M  Am06 
H1222  Am09  1222  5  11  6  34.7  32.7  M  INGVweb  6.0  L  INGVweb 
H1259  INGV05  1259  3  22    33.5  36.3  V  INGVweb  6.5  V  EMEC 
H1284  Am09  1284        33.3  36.2  M  PoTa80  5.6  V  INGVweb 
H1287a  Am09  1287  2  16    33.9  36.1  L  INGVweb  5.8  L  EMEC 
H1287b*  Am09  1287  3  8    34.7  36.7  M  INGVweb  5.1  L  INGVweb 
H1287c  Am09  1287  3  22    35.5  35.8  M  INGVweb  6.0  V  EMEC 
H1293  Am94  1293  1      31.5  35.1  M  INGVweb  6.6  M  Am94 
H1313  Am09  1313  2  27    30.0  31.2  L  Am94  5.8  V  BM79 
H1339  Am09  1339  1      34.4  35.8  L  INGVweb  6.2  L  EMME 
H1350  Am09  1350  7      34.8  32.4  L  INGVweb  6.4  L  INGVweb 
H1354  Am09  1354        35.1  36.4  V  NOAA        
H1392  Am09  1392  4  13    35  33  L  INGVweb  6.0  L  INGVweb 
H1404  Am09  1404  2  20    35.9  36.3  L  AmBa89  5.6  V  INGVweb 
H1408  Am09  1408  12  29    35.8  36.1  M  Sb05  7.4  L  Sb05 
H1458  Am09  1458  11  16    31.0  35.3  M  Am06  7.1  L  Am06 
H1481  INGV05  1481  3  18  13  35.1  33.2  M  INGVweb  5.6  M  INGVweb 
H1491  INGV05  1491  4  24  17  34.9  33.4  M  INGVweb  6.6  M  INGVweb 
H1546  Am09  1546  1  14    32.0  35.1  M  Am94  6.1  M  AmKa92 
H1567  Am09  1567  4  25    34.5  33.0  L  EMEC  5.3  L  EMEC 
H1568a  Am09  1568  10  7    34.7  33.1  L  EMME  5.4  L  EMME 
H1568b  Am09  1568  10  10    35.5  35.5  M  Sb05  6.1  M  Sb05 
H1577  Am09  1577  1  28    34.5  33.0  L  BM79  6.0  L  BM79 
H1588a  Am09  1588  1  4    29  36  V  Am94  7.2  M  Am06 
H1705  Am09  1705  11  23    33.7  36.6  M  Sb05  6.9  M  Sb05 
H1710  Am94  1710  8  27    29  33  M  Am94  5.7  M  Am94 
H1718  Am09  1718  12  10    35.3  33.3  L  EMEC  6.0  L  BM79 
H1735  Am09  1735  4  11    35  34  L  EMEC  6.3  L  EMEC 
H1746  Am09  1746  7  5    33  36  M  EMEC  5.2  L  EMEC 
H1753  Am09  1753  12  18    33  36  M  EMEC  6.0  V  EMEC 
H1754  Am09  1754  10      29.6  32.2  M  Am94  6.6  M  Am94 
H1756  Am09  1756  1  17    35.1  33.4  L  EMME  5.0  M  EMME 

H1759a*  Am09  1759  10  30  1  33.1  35.6  M  AmBa89  6.6  M  AmBa89 
H1759b  Am09  1759  11  25  17  33.7  35.9  M  AmBa89  7.5  M  Am06 
H1764  Am09  1764  2  14    34.4  35.8  M  EMME  6.2  L  EMME 
H1796  Am09  1796  4  26    35.3  36.2  M  Sb05  6.8  M  Sb05 
H1814  Am09  1814  6  27    29  33  L  Am94  5.7  M  Am94 
H1834  Am09  1834  5  26  11  31.3  35.6  V  BM79  6.3  L  BM79 
H1837  Am09  1837  1  1  14  33.3  35.5  M  Am06  7.0  M  Am97 
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H1845  Am09  1845  2  21  3  35.2  33.4  L  EMME  5.0  L  EMME 
H1850  Am09  1850  2  12  20  33.9  35.5  M  EMME  5.6  L  EMME 
H1868  Am09  1868  2  20  1  32  33  M  Am94  5.7  M  Am94 
H1879  Am09  1879  7  11    29  33  M  Am94  6.0  M  Am94 
H1894  Am09  1894  1  13  0  35.6  34.7  L  AmAd93  5.7  L  AmAd93 
H1896a  Am09  1896  6  29  20  34.3  33.0  L  AmAd93  6.5  L  AmAd93 
H1896b*  Am09  1896  7  3  6  34.3  33.0  M  AmAd93  5.6  L  AmAd93 

    1�:�H���L�Q�F�U�H�D�V�H�G���.�K�����¶�V���O�R�Q�J�L�W�X�G�H���F�R�R�U�G�L�Q�D�W�H�V���E�\�����������W�R���E�H�W�W�H�U���P�D�W�F�K���'�D�H�����¶�V���I�L�Q�G�L�Q�J���W�K�D�W���W�K�H���H�Y�H�Q�W���U�X�S�W�X�U�H�G���W�K�H���<�D�P�Pouneh fault 

    2�:�H���G�H�F�U�H�D�V�H�G���=�X�K�����¶�V���O�D�W�L�W�X�G�H���F�R�R�U�G�L�Q�D�W�H�V���E�\�����������W�R���E�H�W�W�H�U���P�D�W�F�K���$�P�����¶�V���Q�R�W�H���W�K�D�W���W�K�H���H�Y�H�Q�W���Z�D�V���D���O�R�F�D�O���V�K�R�F�N���F�O�R�V�H���W�R���-�H�U�X�V�Dlem 

 

The majority of the events are located in the part of DSTFZ which extends from the southeast part of Dead 
Sea lake till Antioch (Fig. 2.�v���ä���	�”�‘�•���–�Š�‘�•�‡�á���{���™�‹�–�Š�����™���·���y�ä�r���Š�ƒ�˜�‡���„�‡�‡�•���ƒ�•�•�‘�…�‹�ƒ�–�‡�†���™�‹�–�Š���–�Š�‡���������	�����„�”�ƒ�•�…�Š�‡�•��
that extend north of the Sea of Galilee, with the largest ones reported in 1170 (Mw 7.7, Fig. 2.3) and 1202 
(Mw 7.7). The area below Antioch in particular appears to have been very active in historical times with 
�•�‡�˜�‡�”�ƒ�Ž���‡�˜�‡�•�–�•���™�‹�–�Š�����™���·���x�ä�z�á�����‡�ä�‰�ä�á�����s�s�w�á�����s�s�w�y�…�á�����s�v�r�z�á�����s�y�{�x���ä�����‡�‰�ƒ�”�†�‹�•�‰���–�Š�‡���������	�����•�‡�‰�•�‡�•�–�ƒ�–�‹�‘�•�á��
several events that rupture the DSL segment seem to not propagate south to Wadi Araba (e.g., H1033, 
H1293, H1546) (Kli15). According to Masson et al. (2015), part of the relative displacement is 
accommodated along faults located west of Wadi Araba, in the Sinai Desert. On the other hand, the Jordan 
Gorge segment appears to be better connected with the DSTFZ branches in the North (e.g., H303, H1202) 
(Marc05, Dae07, Wech14). 

 

 

Figure 2.4 Map with �D�O�O���W�K�H���H�D�U�W�K�T�X�D�N�H�V���Z�L�W�K���0�Z���•�ß�����E�H�W�Z�H�H�Q���������%�&���D�Q�G�������������L�Q�V�L�G�H���R�X�U���L�Q�Y�H�V�W�L�J�D�W�H�G���]�R�Q�H�����7�K�H���V�\�P�E�R�O�V���D�U�H���F�R�O�R�U-
coded for LocUnc (Table 2.3), red for V, orange for L, and dark green for M. The black lines represent the major faults of the DSTFZ 

We examined 244 events reported in previous catalogs, from which 115 have been identified as real 
events within our investigated zone and have been assigned with an event ID (Appendix A.4). From these 
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115 events, 9 have been flagged as either foreshocks or aftershocks (following Gardner & Knopoff, 1974), 
�{�u���Š�ƒ�˜�‡�����™���·���w�������ƒ�„�Ž�‡��2.�v���á���ƒ�•�†���x�y���Š�ƒ�˜�‡�����™���·���x���ƒ�•�†���s�v�����™ �·���y�ä�����˜�‡�•���–�Š�‘�—�‰�Š�������������ƒ�•�†�������
���™�‡�„���’�”�‘�˜�‹�†�‡��
magnitude estimates down to magnitude 4.2 and 3.7, respectively, we decided not to present values 
below Mw 5 in Table 2.4, since such magnitudes are not well constrained by historical data and will in 
any case not pass the completeness analysis (§2.8.2). These low magnitude events are included in the 
more detailed electronic version of the catalog, which can be found in Appendix A.4. 

 

When compared with EMME (Zare et al., 2014), given the same area and magnitude range, our catalog 
�…�‘�•�–�ƒ�‹�•�•���•�‘�”�‡���–�Š�ƒ�•���†�‘�—�„�Ž�‡���–�Š�‡���•�—�•�„�‡�”���‘�ˆ���‡�˜�‡�•�–�•�á���™�‹�–�Š���u�u���‡�˜�‡�•�–�•���‘�ˆ�����™���·���x���’�”�‡�•�‡�•�–���‹�•���‘�—�”���…�ƒ�–�ƒ�Ž�‘�‰���„�‡�‹�•�‰��
absent from EMMEs. As a result, the catalog update might have a significant impact in the seismic hazard 
estimates for large return periods. In comparison with EMEC, even though our catalog has only 4 events 
more (Table 2.5), it actually shares only 84 common events. From the 27 events which are different, 1 
caused no damages, 12 were considered spurious, and the remaining 14 events from EMEC were re-
assigned with epicenters which fall outside our investigated zone. The latter case was common, since 
several events occurred north of Antioch and at least 17 events have most probably occurred in the 
Mediterranean (Medit.), Turkey or East Syria (Table 2.6). The reasons were amalgamation with previous 
disastrous distant events, mistranslation of town names, or a tsunami originating from the Hellenic Arc 
(Am09). Finally, given the respective timeframes of EMEC and GEM, our catalog contains 15 events of Mw 
�·���x���ƒ�•�†���y���‡�˜�‡�•�–�•���‘�ˆ�����™���·���x�ä�w���ƒ�„�•�‡�•�–���ˆ�”�‘�•���–�Š�‡�•�‡���…�ƒ�–�ƒ�Ž�‘�‰�•���”�‡�•�’�‡�…�–�‹�˜�‡�Ž�›�ä 

Table 2.5 Comparison with other parametric catalogs. Only fully parameterized events (date, epicenter, and magnitude given) within 
our investigation zone are taken into account 

Parametric 
catalog  

INGVweb  INGV05  EMME  EMEC  GEM  NOAA  This 
study 

Events 
within 

invest. zone 
72 16 43 111 16 16 115 

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

3.7��7.7 

Time span 
31 BC��
1500 

1000��
1500 

33 BC��
1900 

300��
1900 

1000��
1900 

33 BC��
1900 

31 BC��
1900 

Common 
events with 
this study 

71 16 40 84 16 13 - 

Coverage Medit. Medit. 
Middle 

East 

Medit. 
and 

DSTFZ 
Global Global 

E Medit. 
and 

DSTFZ 
 

 

 

 

 

 

 

 



34 
 

Table 2.6 Historical events after 31 BC that are erroneously associated with the Dead Sea Transform Fault Zone. All new assigned 
locations are based on Am09. For more information, refer to Appendix A.2 

Year 
(AD)  

Month  Day  Alleged location  Most probable 
location 

17      Sidon  Asia Minor 

130      Palestine  N Turkey 
494      N Lebanon  E Turkey 
717      S Turkey  E Syria 

749/750      Palestine  Manbij (N 
Syria) 

757  3    Palestine/W Syria  NE Syria 
881      Acre  Hellenic Arc 
963  5  12  Antioch  Hellenic Arc 
1033  3  6  Lebanon  Istanbul 
1114  8  10  Jerusalem  E Anatolia 
1149      N Antioch  Iran 
1303  8  8  E Mediterranean  Crete 
1344  1  3  SW Syria  S Turkey 

1537  1  8  Antioch  Egypt 

1656      Tripoli (Lebanon)  Tripoli (Libya) 

1752  7  21  NE Syria  Italy 

1802      Lebanon  N Aleppo 

 

2.8.2 Completeness 

The magnitude of completeness in an earthquake catalog is the minimum magnitude above which all 
earthquakes within a certain region are consistently reported. The most reliable historical records 
usually originate from contemporary chronicles, which inevitably can report limited time periods (e.g., 
Malalas, Theophanes). The rise or death of a prolific writer can affect the completeness of the historical 
data, similarly to how the installation or termination of a seismic network affects instrumental data. Same 
stands for the period range covered by historical catalogs. For example, the very detailed book of INGV05 
covers the period 1000��1500. As a result, our catalog contains 19 events with �”�‡�’�‘�”�–�‡�†�� ���™�� �´���w�� �„�›��
INGVweb, all from that period and most of them from Egypt (Fig. 2.5). 
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Figure 2.5 Distribution of historical earthquakes in terms of time and size within our investigated zone. The lines (dashed blue for zone 
1, magenta for zone 2) indicate the magnitude of completeness through time, while the color of the circles represents the uncertainty in 
Mw, as defined in Table 3 

The identification of historical earthquakes depends greatly on the density of populated localities in the 
region in question. That is why the assigned epicentral coordinates often correspond to the location of a 
cultural center, e.g., Jerusalem, Damascus, Antioch (Fig. 2.4), since most of the intensity information are 
documented there. Thus, much fewer earthquakes are reported in Wadi Araba, Egypt, or west of DSTFZ 
���œ�‘�•�‡���s���á���™�Š�‡�”�‡���–�Š�‡���’�‘�’�—�Ž�ƒ�–�‹�‘�•���™�ƒ�•���•�’�ƒ�”�•�‡�”�ä�����Š�‡�”�‡�á���–�Š�‡���Ž�‹�–�–�Ž�‡���†�ƒ�–�ƒ���ƒ�”�‡���ƒ�•�•�—�•�‡�†���…�‘�•�’�Ž�‡�–�‡���‘�•�Ž�›���ˆ�‘�”�����™���·���y��
(GEM; Kli00). Based mainly on historical considerations, we determined more detailed completeness 
periods (Fig. 2.5) for the part of DSTFZ, which extends from the southeast part of DS lake till Antioch, plus 
Cyprus (zone 2). The improved completeness after year 1000 is endorsed by trenches along the DSTFZ, 
which have not identified any missing events within zone 2 in the second millennium (Table 2.1), and by 
the seismite-related evidence (Table A.3.1). The arrival of the Crusaders around 1100 improved the 
quality and coverage of the reports significantly, as shown by the smaller magnitudes present in Fig. 2.5. 

2.9 Concluding remarks 
The present study aimed at presenting an updated historical earthquake catalog (31 BC���s�{�r�r�â�����™���·���w�â��
Table 2.4) for the Dead Sea Transform Fault Zone (DSTFZ). Together with the updated instrumental 
catalog for the region (Grigoratos, Poggi, Danciu, & Monteiro, 2020), these two publications offer nearly 
2050 years of homogenized historical earthquake data, tailored for use in seismic hazard assessment 
studies (e.g., Grigoratos et al., 2018). 

 

The identification of historical events is a rather multi-disciplinary procedure that combines historical 
and cultural knowledge, engineering judgement, seismological background, and interpretation of 
geological evidence. The present study tries to address this complex task systematically (Fig. 2.2, §2.7.2), 
by cross-examining the historical, archaeological, and geological data (i.e., trenches, seismites). 
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While examining the reported correlations between historical records (§2.6.1) and geological evidence 
of past ruptures (§2.6.2), we observed the often rather poor dating constraint provided by trenches in 
coarse-grained sediments outside the Dead Sea, i.e., with an uncertainty of more than two centuries. 
Correlation of archaeological evidence with past reported events is even more uncertain (up to thousands 
of years), if not specified at all (Table 2.4). We also reappraised all previous correlations between 
seismically triggered soft-sedimentary deformation structures (seismites) in the Dead Sea lake and 
historical records (Table 2.2, Appendix A.3.2), given the current state-of-knowledge behind each 
reported event and the specific dating constraints accompanying each seismite (E. Kagan et al., 2011; 
Ken-Tor, Stein, et al., 2001). The analysis indicated that seismite-related findings must be treated with 
caution and have greater value as supporting evidence rather than stand-alone proof. 

 

We should note that trenches along the DSTFZ and seismites in the Dead Sea lake hint to about 14 
different and potentially significant events between the second century BC and fourteenth century AD 
that are missing from the historical records. The trenches (Table 2.1) in particular indicate that three 
missing events have occurred along the Jordan Gorge fault and one (perhaps in the first half of the ninth 
century, Table 2.2) in Wadi Araba. The remaining 10 possible events, inferred by uncorrelated SSDS 
(Table 2.2), are harder to interpret. 

 

���—�”�� �…�ƒ�–�ƒ�Ž�‘�‰�� �…�‘�•�–�ƒ�‹�•�•�� �u�u�� �ƒ�•�†�� �s�w�� �‡�˜�‡�•�–�•�� �‘�ˆ�� ���™�� �·���x�� �–�Š�ƒ�–�� �ƒ�”�‡�� �•�‘�–�� �Ž�‹�•�–�‡�†�� �‹�•�� ���ƒ�”�‡�� �‡�–�� �ƒ�Ž�ä��(2014) and EMEC 
�”�‡�•�’�‡�…�–�‹�˜�‡�Ž�›�ä�� ���‘�•�’�ƒ�”�‡�†�� �™�‹�–�Š�� �
�����ï�•�� �Š�‹�•�–�‘�”�‹�…�ƒ�Ž�� �…�ƒ�–�ƒ�Ž�‘�‰��(Albini et al., 2014), our compilation has 7 
�ƒ�†�†�‹�–�‹�‘�•�ƒ�Ž���‡�˜�‡�•�–�•���‘�ˆ�����™���·���x�ä�w�ä�����Š�‡���‹�•�’�ƒ�…�–���‘�ˆ���–�Š�‡�•�‡���†�‹�ˆ�ˆ�‡�”�‡�•�…�‡�•���‹�•���–�Š�‡ seismic hazard estimates for long 
return periods might be significant. The majority of the earthquakes in our list are located in the part of 
DSTFZ, which extends from the southeast part of Dead Sea lake till Antioch, and in Cyprus. There, the 
catalog was found complete down to Mw 6 since about the year 1000. The whole catalog is considered 
�…�‘�•�’�Ž�‡�–�‡�� �†�‘�™�•�� �–�‘�� ���™�� �y�� �•�‹�•�…�‡�� �u�s�� �����ä�� ���•�� �ƒ�� �•�ƒ�–�–�‡�”�� �‘�ˆ�� �ˆ�ƒ�…�–�á�� �{�� �‡�ƒ�”�–�Š�“�—�ƒ�•�‡�•�� �™�‹�–�Š�� ���™�� �·���y�ä�r�� �Š�ƒ�˜�‡�� �„�‡�‡�•��
associated with the DSTFZ branches that extend north of the Sea of Galilee (Fig. 2.4), with the largest ones 
reported in June 1170 (Mw 7.7, Fig. 2.3) and May 1202. We should note that 17 events reported in 
previous catalogs as having occurred around DSTFZ, most probably occurred in the Hellenic Arc, Turkey 
or east of Syria (Table 2.6). 

 

���•���–�Š�‡���ò���•�…�‡�”�–�ƒ�‹�•�–�›���‡�•�–�‹�•�ƒ�–�‹�‘�•�ó���•�‡�…�–�‹�‘�•�á���™�‡���‡�•�–�‹�•�ƒ�–�‡�†���–�Š�‡���—�•�…�‡�”�–�ƒ�‹�•�–�›���…�ƒ�”�”�‹�‡�†���„�›���–�Š�‡���’�ƒ�”�ƒ�•�‡�–�”�‹�…���”�‡�•�—�Ž�–�•��
of the previous studies that we compiled (Table 2.4). Even though this procedure is somewhat subjective, 
we introduced a basic classification system to facilitate the process. We argue that the uncertainty will 
probably be around 0.5��1.0 for Mw and 75 km��100 km for the epicentral location, decreasing with 
richness of data and increasing with magnitude size. 

 

As far as the analysis of specific controversial events potentially impacting the regional seismic hazard is 
concerned (§2.7.4), combining the primary historical transcripts and up-to-date in situ data indicates that 
probably a large earthquake ruptured the Lebanon thrust (offshore) in 551 causing mountain 
Lithoprosopon to fall into the sea, with a severe aftershock possibly occurring few hours later on the 
Jordan Gorge fault. Regarding the 746��757 sequence, even though the evidence is rather inconclusive, 
we could identify at least three possible events, from which only one is within our investigated zone. 

 

The analysis of the translated original sources revealed that some events cannot be resolved unless new 
historical evidences come to light. For example, it is still unclear whether a large earthquake struck Syria 
and Judea in 1182 (Appendix A.2), as reported in modern parametric catalogs. Moreover, additional data 
are necessary in order to re-evaluate the size of H347, H1042, and H1063 or assign magnitude values to 
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H857 and H1354, which at the moment lack this parameter. Unresolved are also locations of H1354 and 
of H1588a, due to missing information and sparsely populated epicentral region respectively (Appendix 
A.2). It is also still unclear whether a large earthquake struck Jerusalem in the year 33, as some religious 
sources and geologic evidence suggest (Williams et al. 2012; Table 2.2). In general, the re-assignment of 
macroseismic intensities (in a unified scale) and the computation of new magnitude estimates would 
benefit almost all events in the region. Although critical, this task was outside the scope of the present 
study. Another future perspective could be to try to assign depth values to the events, taking into account 
the attenuation of intensities with distance and the total seismogenic depth. Even though there are some 
algorithms for that (e.g., Gasperini et al., 2010), the resulting values are usually underestimated. Further 
research is required also on defining a ground motion threshold below which the formation of seismites 
should not be expected. As a first-order approximation, we introduced the MSK intensity level VIII, which 
considering the uncertainty in magnitude and location could go down to MSK V. 
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3. A consistent and high-quality M4+ earthquake catalogue for Turkey 2007�±2016 from 
two independent catalogues2 
 

 

Turkey contains, within its geopolitical limits, the convergence of the Anatolia microplate with the 
Eurasian, the Arabian and the African Plates, and this tectonic setting makes  it a very active seismic 
region. Earthquakes of a magnitude larger than 7.5 have happened in Turkey in  the recent past, like 
the 1939 Erzincan earthquake (Ms=7.8)  (Gürsoy et al., 2013) and the 1999 Izmit earthquake 
(Mw=7.4) (Barka et al., 2002).  To surveil seismic activity, t he country installed its first seismic 
station over 120 years ago (Cambaz et al., 2019) and has continued to expand its monitoring 
capacity up to this day. There are two independent seismic networks reporting ea rthquakes over 
the whole country and the same period of time: the Turkish National Seismic  Network (AFAD) and 
the Bogazici University Kandilli Observatory And Earthquake Research Institute (KOERI). Ea ch of 
these agencies listed over 300 stations before 2017. KOERI reported 1272 events of magnitude equal 
or larger than 4 between 2007-2016, and AFAD reported 1219. While AFAD and KOERI stations 
overlap in space and time, the parametric information they provide about earth quakes 
(spatiotemporal location and magnitude) is not consistent. We can see it  in their unequal event root-
mean-square location error distribution (Fig. 3.5). Also, the large num ber of inconsistencies found 
within the KOERI and the AFAD routine catalogs (Table 3.1) show they �ƒ�”�‡�•�ï�–��internally consistent 
either. Both AFAD and KOERI report multiple magnitudes types, and give no information on 
observation uncertainties, which makes standard location uncertainties useless (Wiemer, 2001 and 
references therein). 

Then, the goal of the publication that conforms Chapter 3 is to crea te a consistent high-quality 
catalogue for Turkey for magnitudes equal or larger than 4 using two seismic  networks. This 
catalogue, that covers the area within 34° ��43°N and 25°��46°E in the time period 2007 ��2016, 
contains locations that combine observations from KOERI and AFAD using a repeatable procedure, 
location uncertainties and a magnitude estimate (the average of the magnitudes  reported by each 
network) During this pursuit we also produced a new 1D velocity model of the region, complete with 
delays for all KOERI and AFAD stations.  

To obtain a subset of events consistent enough to later invert for a 1D velocity m odel, we first 
identified the outliers in our data. These outliers are observations and events that are statisticall y 
different from all the rest and that are beyond reasonable physical limits. We identify and remove 
outliers using VELEST (Kissling, 1988), a relocation software that performs  a joint inversion 
including all hypocenters in a region and a 1D velocity model plus corresponding sta tion delays. 
With the subset of events and observations free from outliers, we selected the well- locatable events 
(at least 6 observations and an azimuthal gap smaller than 180°) and ca lculated a new minimum 
1D model with station delays for AFAD and one for KOERI. We relocated AFAD earthquakes and 
KOERI earthquakes with the new respective velocity model, and then use the new consistent 
locations to pair the earthquakes of the two catalogs. First,  we pair all candidate events that are 
within 150 km and 25 s apart, and then test all earthquakes via a jo int hypocenter determination. If 
the root-mean square error of the earthquake from the joint solution is more than 20% worse than 
the respective �•�‹�•�‰�Ž�‡�� �‡�˜�‡�•�–�� �•�‘�Ž�—�–�‹�‘�•�� �ˆ�‘�”�� �‡�ƒ�…�Š�� �•�‡�–�™�‘�”�•�á�� �–�Š�‡�•�� �–�Š�‡�� �”�‡�’�‘�”�–�•�� �•�—�•�–�•�ï�–�� �„�‡�� �…�‘�•�•�‹�†�‡�”�‡�†�� ��to 
belong to �ƒ�� �•�‹�•�‰�Ž�‡�� �‡�ƒ�”�–�Š�“�—�ƒ�•�‡�ä�� ���–�� �–�Š�‡�� �Œ�‘�‹�•�–�� �•�‘�Ž�—�–�‹�‘�•�ï�•�� �‡�”�”�‘�”�� �ˆ�‘�”�� �ƒ�•�� �‡�˜�‡�•�–�� �‹�•�� �„�‡�Ž�‘�™�� �•�ƒ�‹�†�� �Ž�‡�˜�‡�Ž�á�� �–�Š�‡��

                                                             
 

2 REFERENCE: Rojo Limón, G., Kissling, E., Ouillon, G., & Sornette, D. (2021). A consistent and high-quality 
M4+ earthquake catalogue for Turkey 2007��2016 from two independent catalogues. Geophysical Journal 
International, 225(1), 711��728. https://doi.org/10.1093/gji/ggaa616 
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observations from KOERI and AFAD are combined into a single earthquake. We finally create a 
combined catalogue with the earthquakes reported simultaneously by KOERI and AFAD, and add the 
earthquakes reported only by AFAD and only by KOERI. We calculate a new 1D model and station 
delays for this joint dataset and recalculate event locations. As a n additional step, we compare the 
magnitude estimates from AFAD and from KOERI for the paired events, and calculate the new 
magnitude as an average of the KOERI and AFAD magnitudes.  

 

3.1 Summary 
We describe the process of pairing M4+ earthquakes reported in the routine catalogues of two seismic 
networks in Turkey and present the resulting products: (i) hypocentre locations and magnitudes; (ii) 
minimum 1D velocity model with station delays for the combined station network. The two networks are 
the Kandilli Observatory (KOERI) and the National Earthquake Department (AFAD) and the data covers 
the decade 2007-2016. The seismic stations of these two networks spatially overlap within Turkey, and 
�™�‹�–�Š�� �–�Š�‡�‹�”�� �ƒ�˜�‡�”�ƒ�‰�‡�� �•�–�ƒ�–�‹�‘�•�� �•�’�ƒ�…�‹�•�‰�� �‘�ˆ�� �ƒ�„�‘�—�–�� �x�r�� �•�•�á�� �–�Š�‡�›�� �’�‘�–�‡�•�–�‹�ƒ�Ž�Ž�›�� �†�‡�–�‡�…�–�� �ƒ�Ž�Ž�� �‡�˜�‡�•�–�•�� �‘�ˆ�� �•�ƒ�‰�•�‹�–�—�†�‡�� �·�v��
independently. We first obtain separate AFAD and KOERI catalogues using a series of joint hypocentre 
inversions that allow us to detect outliers and problematic events. We establish separate minimum 1D 
velocity models and station delays for each catalogue and reduce the average inversion residuals by 75% 
compared to our first joint hypocentre inversion using the original catalogue event locations. We then 
pair M4+ events from AFAD (1219) and KOERI (1271) catalogues using a spatiotemporal window, and 
test if the combined observations indeed belong to the same event. In these tests we compare the 
hypocentre location residuals of the combined observations to those of the two individual events, apply 
epicentral distance limits between the individual and the paired events and assess qualitatively a simple 
probabilistic solution of the events. As a result, we get 1145 paired events. We finally obtain a minimum 
1D velocity model with delays for all seismic stations of AFAD and KOERI combined and relocate the 
entire set of events. These include all paired events plus M4+ earthquakes reported by AFAD or KOERI 
that could not be paired (500). The velocity model has a well-defined Moho at a depth of 32 km. The 
station delays for both networks regionally correspond very well and exhibit some correlation with the 
regional subsurface temperature field. The well-locatable hypocentres of the new M4+ catalogue have an 
epicentre uncertainty of 3km and a depth uncertainty of 4km. We ascribe to each paired earthquake a 
magnitude equal to the average of the reported magnitudes by AFAD and KOERI. The new magnitude 
frequency distribution is similar to those of AFAD and KOERI for M4+ events. Except for events of 
magnitude larger than 5.5, there is no systematic bias in the magnitudes reported by AFAD and by KOERI, 
and the standard deviation is 0.3. 

3.2 Introduction 
Turkey lies on the Anatolia micro plate that is surrounded by the African, Eurasian and Arabian Plates 
(Figure 3.1a). The movement of the latter to the NNW with respect to Eurasia eventually results in a 
western motion towards Crete of the Anatolian block mainly accommodated by the East and North 
Anatolian Faults (EAF and NAF, respectively) (Bozkurt, 2001). The seismicity in Turkey is dominated by 
the long ongoing gravitational spread of the Aegean lithosphere (Le Pichon & Angelier, 1979), and more 
recent tectonic processes along the Hellenic Arc and along the Cyprus arc, the plate boundaries around 
the Anatolian micro plate, and the strain transmitted from the plate boundaries to the interior of Anatolia. 
The NAF and EAF zones are of significant importance for the seismic hazard (Figure 3.1b) and the NAF, 
in particular, has a reported history of at least 2000 years of large earthquakes (Ambraseys & Jackson, 
1998). The differential shear between the three plate boundaries surrounding the Anatolian micro plate 
produces internal faults within this crustal block (Tchalenko, 1970) and generates moderately strong 
crustal earthquakes. (Erdik et al. 1999, Bozkurt 2001, Çubuk et al. �t�r�s�v�á�����Ç�Ž�Ç�­��et al. 2017, Sesetyan et al. 
2018). On the plate boundaries, and inside the Anatolian plate, the country hosts, on average, more than 
50 earthquakes above magnitude 4 per year, which translates into a large estimated seismic hazard in 
places like Istanbul (Murru et al., 2016).  
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Figure 3.1 . 3.1a: Major tectonic units around Turkey, from Çubuk et al. (2014). Abbreviations: NAF: North Anatolian Fault, NEAF: 
North East Anatolian Fault, EAF: East Anatolian Fault, DSF: Dead Sea Transform Fault, BuF: Burdur Fault, DF: Deliler Fault, EFZ: 
�(�V�N�L�ú�H�K�L�U���)�D�X�O�W���=�R�Q�H�����(�F�)�����(�F�H�P�L�ú���)�D�X�O�W�����(�3�)�����(�]�L�Q�H���3�D�]�D�U�Õ���)�D�X�O�W�����(�U�)�����(�U�F�L�\�H�V���)�D�X�O�W�����*�����*�|�N�R�Y�D�����*�H�����*�H�G�L�]���*�U�D�E�H�Q�����.�)�=�����.�D�U�D�W�D�ú�±
�2�V�P�D�Q�L�\�H���)�D�X�O�W���=�R�Q�H�����0�)�����0�D�O�D�W�\�D���)�D�X�O�W�����2�)�����2�Y�D�F�Õ�N���)�D�X�O�W�����6�L�����6�L�P�D�Y���*�U�D�E�H�Q�����6�X�)�����6�X�O�W�D�Q�G�D�÷�Õ���)�D�X�O�W�����7�*�)�����7�X�]���*�|�O�•���)�D�X�O�W�����/�D�U�J�H 
black arrows exhibit relative plate motions with respect to Eurasia (McClusky et al., 2000; Reilinger et al., 2010).Bathymetric contours 
are shown at 1000 m, 1500 m and 2000 m, and were already present in the original publication (see references therein). Plate tectonic 
limits from Rojay and Koçyi�÷�L�W��(2011) and tectonic rates from Bozkurt (2001). Below: Section of the Seismic Hazard Model of the Middle 
East. The map displays the ground shaking (i.e.  Peak  Horizontal  Ground Acceleration, PGA) to be reached or exceeded with a 10% 
probability in 50 years (Giardini et al., 2018). 
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Identifying the set of potential seismic sources is the first step for all probabilistic hazard studies (Figure 
3.1b, Giardini et al. 2018). Hazard modellers, compiling individual historical or instrumental earthquakes 
or maps of faults, calculate the recurrence of earthquakes based on the assumptions that the seismic 
sources they use are complete above a known magnitude threshold. They also require input data to be 
free of systematic defects (e.g. due to some mislocated stations), and to have the same precision and 
accuracy for all events. Unfortunately, many of the routine seismic catalogues around the World are less 
reliable than what the user may expect. This is important because the outcome of the models, like hazard 
and risk, are key for preventive planning in such a vulnerable region like Turkey. For example, the 1999 
Kocaeli and Duzce earthquakes together had a fatality count over 18,000 (Erdik 2001), and occurred in a 
region where scientists knew there was moderate to large seismic hazard (Erdik et al., 1999). 

As it is derived from a set of wave arrival observations at some stations, an earthquake catalogue is 
indeed a model with an ensemble of earthquake information for a specific period of time, region in space 
and magnitude range. It contains at least the spatial and temporal location of an earthquake and its 
magnitude, but may also contain other characteristic data (focal mechanism, magnitude type, azimuthal 
gap and number of observations considered, for example). Catalogues have a long history in Turkey, a 
country that installed its first seismic station in 1894 (Cambaz et al., 2019). To register an earthquake in 
a catalogue, we need to define when and where it happened and how strong it was. Just as an earthquake 
occurs, the seismic waves travel from the hypocentre to the seismic stations. An algorithm continuously 
analyses the wave forms measured at all seismic stations of the network for changes in the amplitude 
and/or frequency that may correspond to an arrival of a seismic wave. When a predefined minimal 
number of such potential wave arrivals at different stations are detected, further processing of the 
seismic signals is triggered to identify, locate an earthquake and finally quantify its magnitude. Seismic 
networks achieve such hypocentre location using an a priori velocity model and the non-linear inversion 
of wave arrival time observations at a significant number of stations (e.g., Diehl et al. 2013, 2018). Part 
of this process is automated, and part of it is done by employees of the network. Theoretical uncertainties 
for hypocentre location and magnitude are also calculated. In most seismic observatories, for every 
�ò�•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�–�ó�� �‡�ƒ�”�–�Š�“�—�ƒ�•�‡�� ���‘�ˆ�� �ƒ�� �•�ƒ�‰�•�‹�–�—�†�‡�� �Ž�ƒ�”�‰�‡�”�� �–�Š�ƒ�•�� �ƒ�� �•�’�‡�…�‹�ˆ�‹�…�ƒ�Ž�Ž�›�� �†�‡�ˆ�‹�•�‡�†��threshold), the automatic 
hypocentre solution and the individual observations at the stations are cross checked by an experienced 
�•�‡�‹�•�•�‘�Ž�‘�‰�‹�•�–���„�‡�ˆ�‘�”�‡���–�Š�‡���ˆ�‹�•�ƒ�Ž���ò�”�‘�—�–�‹�•�‡�ó���•�‘�Ž�—�–�‹�‘�•���‹�•���•�–�‘�”�‡�†���ƒ�•�†���Ž�ƒ�–�‡�”���”�‡�’�‘�”�–�‡�†���‹�•���–�Š�‡���•�‡�‹�•�•�‹�…���…�ƒ�–�ƒ�Ž�‘�‰�—�‡�ä�����Š�‡��
selection by humans or by semi-automated routine processes of the seismic phases, their arrival times 
and pick uncertainties are prone to bias and large variability.  

Some countries are surveyed by more than one agency, which share the responsibility to observe and 
report on seismic activity. In the case of Turkey, one is AFAD, the Turkish acronym for The Earthquake 
���‡�’�ƒ�”�–�•�‡�•�–�� �‘�ˆ�� ���‡�’�—�„�Ž�‹�…���‘�ˆ�� ���—�”�•�‡�›�� ���”�‹�•�‡�� ���‹�•�‹�•�–�”�›�ï�•�� ���‹�•�ƒ�•�–�‡�”�� �ƒ�•�†�� ���•�‡�”�‰�‡�•�…�›�� ���ƒ�•�ƒ�‰�‡�•�‡�•�–�� ���”�‡�•�‹�†�‡�•�…�›�á��
and the other one is KOERI, the Kandilli Observatory And Earthquake Research Institute. The two 
permanent broadband station networks of these agencies have operated for more than a decade now, 
covering the whole country with strong overlap. The agencies register the same seismicity but do not 
have common stations, and thus, no common observations. Moreover, neither the AFAD nor the KOERI 
catalogues recorded events located with the same velocity model. Several studies have examined 
independently the KOERI and AFAD catalogues and have used their data in the latest years for regional 
studies (Kalafat et al. 2011, Karabulut et al. 2011, Bayrak et al. 2013, Çubuk et al. 2014, Zare et al. 2017, 
Wollin et al. 2018, Acarel et al. 2019) as well as for studies that span the whole country (Kalafat et al. 
2011, Zare et al. 20�s�v�á�����Ç�Ž�Ç�­��et al. 2017, Giardini et al. �t�r�s�z�á�����ƒ�†�‹�”�‹�‘�º�Ž�—��et al. 2018). All these publications 
use the routine locations and either elaborate on the earthquake magnitudes, tectonics or rupture 
mechanisms. Only one study (Wollin et al., 2018) does a joint hypocentre relocation with data from AFAD, 
KOERI and other local networks and checks for coherence within the picks. 

While at first sight the epicentre maps (Figure 3.2) of the routine catalogues from AFAD and KOERI for 
the ten-year period 2007-2016 with nation-wide good broadband station coverage are similar, a detailed 
comparison reveals significant differences and inconsistencies in hypocentre locations, magnitudes, and 
locations uncertainties (Table 3.1). In this study, we establish a unified seismic catalogue of the significant 
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earthquakes from the two different sources of input. This new catalogue is intrinsically consistent and 
complete down to magnitude 4. Using such an approach, we expect to enhance the (tectonic) signal to 
(human) noise ratio. 

 

Figure 3.2 Epicentral map of KOERI (a) and AFAD (b) where events are plotted from shallowest to deepest; behind a deep event, a 
shallower event may be hidden.  (c) Depth distribution of said catalogues. We can see differences in routine location models 

 

Table 3.1 Inconsistencies we found in the routine catalogues 

Inconsistency  How is it identified  Possible origin  Action  

Station 
mislocation 

Polarized errors in 
the station's 
residuals 

Station's coordinates are 
not accurate 

Identified stations 
muted for current 
inversions 

Large event RMS E�˜�‡�•�–�ï�•�� �ƒ�˜�‡�”�ƒ�‰�‡�� ��������
is larger than 3s 

Erroneous pick or event 
mismatch 

Event kept in a separate 
list we are not using for 
inversions related to 
min. 1D calculation 

Default depth 
values for 
hypocentre 
location 

Event position 
changes, and the 
amount of change 
does not decrease 
with each iteration 

The network gave default 
depth values if the event 
was not well-locatable 

Move them out of this 
position and run the 
inversion again 
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We first present and briefly discuss the two original routine seismic catalogues and available pick 
datasets published by the two agencies AFAD and KOERI (Section 3.3). We then explain the principles 
and logic behind joint hypocentre determination and solving the coupled hypocentre-velocity problem 
to create consistent seismic catalogues, including what we refer to as cleaning (Section 3.4.1). We then 
use a part of the events to obtain a minimum velocity model for AFAD and KOERI independently (Section 
3.4.2). Further below, we describe how we spot events that were recorded by both agencies and how we 
merge their observations together (Section 3.4.3). Finally, we present the final velocity model (section 
3.5.1), the final catalogue and discuss on the hypocentre positions (Section 3.5.2) and magnitudes 
(Section 3.5.3). Then, we summarize our main findings and envision some further implications of our 
work (Section 3.6). 

 

3.3 Data 
In our study, we are working with routine earthquake catalogues for Turkey from the two independent 
seismic observatories AFAD and KOERI. The Turkish government created AFAD in response to the 1999 
Marmara earthquake (Republic Of Turkey Ministry Of Interior Disaster And Emergency Management 
Presidency, 2020). Its station network has grown progressively, and features 354 stations at the time of 
this study: 50 short period and 304 broadband stations (Figures 3.3, 3.4).  The observations they report 
come from their two official networks: the Turkish National Strong Motion Network (TK) and the Turkish 
National Seismic Network (TU) (Figures 3.3, 3.4). We downloaded the AFAD earthquake catalogue data 
from their official website (T.C. Disaster and Emergency Management Presidency, 2017). We collected 
data from all reported events within the region latitude 34��43°N and longitude 25��46°E in the time 
period 2007-2016, and magnitude range above zero. The catalogue reports the magnitude calculated by 
one or several of these four methods: local magnitude, duration magnitude, moment magnitude or P-
wave-only moment magnitude. We do not know the relative importance of observations within the same 
event because we have no information that would link a quality class to observation uncertainty and 
respective observation weight attributed in the hypocentre location inversion, like in the case of Italy and 
the greater Alpine region (Di Stefano et al., 2006; Diehl et al., 2009). We thus obtained an AFAD dataset 
of 2,043,004 individual observations from 138,776 events in the magnitude range 0-6.7 (Figure 3.2). 
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Figure 3.3 Network distribution of stations. The AFAD network is composed of the Turkish National Strong Motion Network and the 
Turkish National Seismic Network. The local KOERI stations belong to the Kandilli Observatory Strong Motion Network and the 
Bogazici University Kandilli Observatory and Earthquake Research Institute Network. The external stations belong to 14 external 
�Q�H�W�Z�R�U�N�V�����µ�$�8�¶�����%�X�O�J�D�U�L�D�Q���6�H�L�V�P�L�F���1�H�W�Z�R�U�N�����%�6�������µ�'�'�¶�����*�(�2�)�2�1���3�U�R�J�U�D�P�����*�)�=-Potsdam, Germany) (GE), National Seismic Network 
of Georgia (GO), Seismological Network of Crete (HC), National Observatory of Athens Seismic Network (HL), Aristotle University of 
Thessaloniki Seismological Network (HT), Global Seismograph Network - IRIS/IDA (II), Israel National Seismic Network (IS), Global 
Seismograph Network - IRIS/USGS (IU), Mediterranean Very Broadband Seismographic Network (INGV) (MN), Romanian Seismic 
�1�H�W�Z�R�U�N�����5�2�������µ�6�'�¶�����$�)�$�'���V�W�D�W�L�R�Q���µ�%�8�<�¶���R�E�V�H�U�Y�D�W�L�R�Q�V���D�U�H���D�O�V�R���X�V�H�G���E�\���.�2�(�5�, 

 

 

Figure 3.4 Number of active stations and number of earthquakes in time, binned in 3-month intervals. The peak in late 2011 corresponds 
to the seismicity linked to the Van earthquake in October 23rd. Note there is no systematic large difference between the number of AFAD 
and KOERI earthquakes, except in 2011, nor is there a direct correlation with the number of active stations 
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The KOERI observatory had its first seismic sensor installed as a consequence of the 1894 Marmara 
earthquake (Cambaz et al., 2019). The KOERI seismic network developed very rapidly, especially after 
the 1999 earthquakes, reaching 86 short period and 253 broadband stations for the time period we study. 
KOERI has used data recorded by the Kandilli Observatory Strong Motion Network and the Bogazici 
University Kandilli Observatory and Earthquake Research Institute Network, plus  15 other networks: 
�î�����ï�á�����—�Ž�‰�ƒ�”�‹�ƒ�•�����‡�‹�•�•�‹�…�����‡�–�™�‘�”�•�����������á���î�����ï�á���
�����	������ ���”�‘�‰�”�ƒ�•�����
�	��-Potsdam, Germany) (GE), National 
Seismic Network of Georgia (GO), Seismological Network of Crete (HC), National Observatory of Athens 
Seismic Network (HL), Aristotle University of Thessaloniki Seismological Network (HT), Global 
Seismograph Network - IRIS/IDA (II), Israel National Seismic Network (IS), Global Seismograph Network 
- IRIS/USGS (IU), Mediterranean Very Broadband Seismographic Network (INGV) (MN) and the 
���‘�•�ƒ�•�‹�ƒ�•�����‡�‹�•�•�‹�…�����‡�–�™�‘�”�•�� ���������á�� �î�����ï���ƒ�•�†�� �–�Š�‡�����—�”�•�‹�•�Š�����ƒ�–�‹�‘�•�ƒ�Ž�� ���–�”�‘�•�‰�����‘�–�‹�‘�•�� ���‡�–�™�‘�”�•�� �������á���‘�•�Ž�›�� �‘�•�‡��
station) (Figures 3.3 and 3.4). We obtained the seismic data in two formats: a dataset with individual 
observations (arrival times at stations), and a list with only the event spatiotemporal location and 
magnitude. The catalogue with the arrival time observations (M. Yilmazer, personal communication, 
2018) comprises from January 1st, 2005 until May 31st, 2016 and also contains many events in the vicinity 
of Turkey. The extrema of the spatial locations of this catalogue are 19.6-47.8°N, 29.7-45.8°E. After an 
initial analysis, we noticed that several events above magnitude 4.0 were reported by AFAD but do not 
have any magnitude report in the KOERI data. Also, we needed to obtain the events for the second half of 
2016. To obtain all reported events from KOERI between 2007 and 2016, we decided to complement this 
observation catalogue with an online query for events of all magnitudes above zero within 34°��43°N and 
25°��46°E in the time period 2007-�t�r�s�x�á�� �•�•�‘�™�‹�•�‰�� �–�Š�ƒ�–�� �™�‹�–�Š�� �•�—�…�Š�� �ƒ�•�� �‘�•�Ž�‹�•�‡�� �”�‡�“�—�‡�•�–�� �™�‡�� �†�‘�•�ï�–�� �‘�„�–�ƒ�‹�•��
individual seismic phases (Bogazici University Kandilli Observatory and Earthquake Research Institute, 
Regional Earthquake-Tsunami Monitoring Center, 2019). This secondary catalogue features only event 
summary cards containing hypocentre space and time location reports, used only for pairing but 
obviously useless for merging. We also lack information about individual observation quality class or 
arrival time uncertainty and weight used in inversion for hypocentre location for this agency. In total, we 
have a KOERI dataset of 1,939,096 individual observations from 146,033 events in the magnitude range 
0-6.7 (Figure 3.2). 

For both routine catalogues, many events lie on the East Anatolian Fault, and we see fewer events on the 
North Anatolian Fault, which does not reflect their respective long term seismicity rates. Finally, we have 
another group of events that belong to the subduction zone in the South West, in the Cyprus Arc. The 
largest event in this catalogue is the Van earthquake of October 23, 2011 (Bayrak et al. 2013, Kalafat et 
al. 2014), M=6.7 as reported by AFAD and by KOERI. While in general the epicentre maps of the two 
catalogues seem very similar (Figure 3.2), there are also notable differences. The vast majority of events 
(30%) reported by AFAD are located at 7 km depth, while KOERI reports most events as distributed over 
the top 10 km with two notable peaks at 0 km and at 5 km depth (Fig. 3.2). Also, KOERI contains more 
events below 25 km than AFAD: 5216 compared to 3866. There are also notable differences in the 
occurrence of larger magnitude events (magnitude over 4) and this is variable over the time period of the 
catalogue, and does not directly correlate with the number of active stations (Figure 3.4). The largest 
count of events is due to the Van earthquake of 2011 and its aftershocks. A systematic magnitude shift, 
the picking accuracy, consistency and temporal variability, the location of the events, its closeness to the 
boundaries of the studied region, the station distribution and the velocity model are all possible factors 
playing a role in all discrepancies between AFAD and KOERI. We will address all those topics while 
working on building the complete and consistent catalogue. 

 

3.4 Revising the two independent routine catalogues  
The earthquake hypocentre location process consists in estimating the solution to the so-called coupled 
hypocentre-velocity problem. In a routine hypocentre location algorithm, a velocity model is assumed to 
be a priori known (in most cases a 1D velocity model is used, possibly derived from refraction seismic 
studies (Husen & Hardebeck, 2010), or a 3D model derived from tomographic studies) thus reducing the 
location problem to a relatively simple inversion for the four hypocentre parameters (3 spatial 
coordinates and origin time) describing each earthquake separately (e.g. Lee & Stewart, 1981). 
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Consequently, not only the hypocentre locations but also their uncertainty estimates are closely related 
to our prior knowledge of the three-dimensional velocity structure of the Earth. Considering the fully 
coupled hypocentre-velocity problem, however, the earthquake data are used to determine the velocity 
field as well as the location of the hypocentres (Aki & Lee, 1976). Several methods (Douglas, 1967; 
Crosson, 1976; Kissling, 1988) have been proposed to perform the joint inversion, usually preferring 
linearized solutions given the large number of unknowns.  

Kissling (1988) introduced VELEST, a computational program, where the arrival time observations of a 
large number of well-locatable local earthquakes are simultaneously inverted to solve the coupled 
hypocentre-velocity problem: this includes hypocentre parameters, a 1D layered velocity model and 
corresponding station delays accounting at least partially for shallow crustal lateral velocity variations. 
We chose to use this code for the joint inversion because we have a large set of principally well-locatable 
events (defined by an azimuthal gap smaller than 180° and at least 5 observations) (Hardebeck & Husen, 
2010). Also, VELEST solves the problem using an iterative linear least squares regression, which is more 
compact and accurate than other joint hypocentre determination methods (Pujol, 2000). The coupled 
hypocentre-velocity problem is nonlinear, and usually many VELEST inversions are required to converge 
to the final solution. Note that the azimuthal gap used for original event selection is a result of the routine 
location of the event, and that we are indeed relocating and subsequently re-selecting the events 
according to that criterion.  

Later, it was shown that the so-called minimum 1D velocity model and corresponding station delays 
resulting from a series of such linear inversions using VELEST constitutes a prime initial reference model 
for subsequent 3D seismic tomography, and it may also serve as a prior velocity model in routine 
earthquake processing yielding precise and consistent hypocentre locations (Kissling et al., 1994).  
Furthermore, the joint inversion of arrival time data from a large number of well-locatable events allows 
us to identify efficiently outlier observations and problematic events relative to all other events and their 
observations, as well as problematic stations relative to all other stations and their observations. This is 
possible because each individual observation is compared with all other observations recorded at the 
same station, rather than looking at residuals for each individual event separately.  

Hence, in this study, we applied the VELEST procedure (Kissling et al., 1995) with its JHD (joint 
hypocentre determination) process to the routine observations from AFAD and KOERI, in order to detect 
and remove large outlier observations, to identify events with data problems, and to obtain 1D velocity 
models with corresponding station delays for high-precision and consistent hypocentre locations and 
location uncertainty estimates.  

 

3.4.1 Identifying outlier data in earthquake catalogues using VELEST 

We first use VELEST in order to detect individual observations and events that are statistically different 
from all the rest and beyond reasonable physical limits, which we refer to as outliers. We work only with 
the first P-wave arrivals to avoid the wave type ambiguity, and to limit phase type confusion; we are able 
to use Pg, PmP or Pn waves depending on the distance of the station to the event. In both datasets, there 
are observations that are at odds with the ensemble of observations from all events. We had to make sure 
that our catalogue at hand does not feature any of the issues presented below before we attempt a final 
relocation and, if it does, that we are able to account for them. This condition has to be fulfilled to use the 
resulting catalogues and velocity models for pairing and merging (see Section 3.4.3). 

There are several well-identified reasons for the presence of outliers in wave arrival picks datasets: the 
two most obvious ones are that the seismic phase reported is not the first P-arrival or that the latter does 
not belong to the events it is attributed to. In either case, the picked arrival time of the phase could yield 
travel time errors of up to several seconds, i.e. much more than a realistic timing uncertainty. The 
earthquake location uncertainty estimates generally assume Gaussian distributed timing errors, which 
tend to be overly optimistic. Furthermore, in many cases, such scheme ignores that the first arrival may 
be impossible to pick due to low signal-to-noise ratio. If the first arrival cannot be picked, a later phase is 



47 
 

mistaken for the first one, which adds another type of error to the picking uncertainty. This makes 
standard uncertainty estimates for hypocentre locations useless (Wiemer, 2001 and references therein) 
because the Gaussian assumption does not hold anymore. Outliers also appear when two (possibly 
distant) events occur almost at the same time; because an alarm is triggered simultaneously in several 
unrelated stations, all recorded observations get associated to a single but spurious event. Another issue 
concerns misplaced stations: in that case, all events observed at a specific sensor produce a large bi-
modal lateral travel time residual, depending on the ray azimuth (corresponding to the station 
mislocation vector). In summary, if there is an unreasonably large observation residual for a given event 
in relation to all of the other corresponding observations in the JHD data set, it points to phase-picking 
errors. If there is a systematic large residual for a given station, for all events recorded in a specific 
direction, this points to a misplaced station. Many residuals that are large for single events signal either 
miss-associated picks or another problem with the event that we have not yet categorized. 

In practice, we run VELEST with a first-guess initial 1D velocity model (Appendix Figure B.1.1) inspired 
by Mueller (1977) and previous Turkish 1D velocity models (Kalafat et al. 1987, Kalafat et al. 1992) with 
zero station corrections. We divide all available KOERI and AFAD events into sets of 2,700 events, the 
maximum number of events supported by VELEST (version 4.5), and  invert for AFAD and KOERI 
separately (see key VELEST command file parameters in Figure B.2.1 in the Appendix). After each 
VELEST run, we detect the largest outliers looking at all residuals at all stations of a specific event or at 
all events residuals at a single station, and assess their origins. If they are systematic (i.e., the residuals 
are consistent for a significant number of independent observations), we act accordingly by either 
assessing the misplaced station or checking for systematic wrong phase identifications or phase 
associations. If they are not systematic and if they belong to an event with an RMS larger than 2 times the 
�ƒ�˜�‡�”�ƒ�‰�‡�����������‘�ˆ���–�Š�‡���™�Š�‘�Ž�‡���†�ƒ�–�ƒ���•�‡�–���ƒ�ˆ�–�‡�”���–�Š�‡���‹�•�˜�‡�”�•�‹�‘�•�á���™�‡���‹�†�‡�•�–�‹�ˆ�›���–�Š�‡���‡�˜�‡�•�–�ï�•���‘�„�•�‡�”�˜�ƒ�–�‹�‘�•���†�ƒ�–�ƒ���•�—�„�•�‡�–���ƒ�•��
unreliable and set the whole event aside. We do it because we want to obtain a subset of events that are 
constrained with coherent observations to later invert for the velocity model and station delays. If the 
events have an azimuthal gap above 180 degrees, we also set them aside, because their location is poorly 
constrained, with a trade-off between hypocentre depth, epicentral position and velocity. We then solve 
again the joint hypocentre problem with the modified input (i.e., using the data set reduced for those 
events set aside). The procedure of removing outliers requires several successive VELEST inversions 
because smaller value outliers only become visible when the larger outliers have been dealt with.   

The first rounds of inversion with VELEST yield large average RMS residuals (in the order of 2.84s for 
AFAD, and 1.75s for KOERI), with some very large event RMS residuals of 20s and more and individual 
observation residuals of up to 40s. The joint hypocentre determination allowed us to find the 
inconsistencies listed in Table 3.1: one misplaced station within each network (Appendix section B.3 with 
Figure B.3.1, and Tables B.3.1 and B.3.2), residuals that are impossible from a geophysics point of view 
(3s or beyond, Appendix Figure B.4.1). We also have a depth distribution free from peaks at 5 km for 
KOERI and at 7 km for AFAD, which used to be the default depths of the catalogues.  

After these inversions, we obtain a new set of RMS residuals for the cleaned output data set of both AFAD 
and KOERI events (Figure 3.5). The average RMS for the clean data is 0.68s for AFAD and 0.3 s for KOERI, 
while the largest event RMS of each clean catalogue does not exceed 3s. The errors reveal different 
distributions: KOERI data lead to smaller central values while AFAD shows larger event RMS that spread 
beyond 2 seconds. These features are important as they provide some estimates of the internal noise 
within each catalogue. We also see, further along in the paper, that these values correlate with the 
epicentral distances between the paired event and the routine AFAD and KOERI locations (see section 
3.5.2, last paragraph). 
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Figure 3.5 Event RMS of catalogues after cleaning for outlier observations and inconsistent events. KOERI has a smaller and better 
defined mode (circa 0.3 s) than AFAD (circa 0.5 s). Also, AFAD contains events with larger RMS values even after our revision. 

 

 

3.4.2 Calculation of minimum 1D models for AFAD and KOERI with station delays for high-precision and 
consistent earthquake locations and their uncertainty estimates  

Depending on the availability of arrival time observations, some events are, in principle, poorly locatable 
because their location problem is ill determined even if the velocity model and station delays are assumed 
correctly known. This means the ensemble of stations detecting them provide an incomplete angular 
coverage, and/or there are too few stations reporting them. Those events are characterized by unstable 
locations and certainly no additional information can be gained from such data for the velocity model. To 
locate an earthquake in space and time, i.e. solve for the four hypocentral parameters, we need at least 
five P wave observations to account for observation uncertainties, assuming the observation uncertainty 
is Gaussian and well known. We request at least six P arrival observations (after cleaning for outliers) 
and a maximum azimuthal gap of 180° for events to be qualified as well-locatable, in order to ensure 
sufficient azimuthal coverage for relocation of at least the epicentre. This minimum required number of 
observations is the lowermost limit of the common practice for coupled hypocentre-velocity inversions, 
which is between 6 and 12 (Diehl et al., 2009;  Kissling & Lahr, 1991; Solarino et al., 1997). To 
subsequently find a minimum 1D velocity model to relocate the two catalogues after cleaning (Kissling, 
1988), we extracted the well-locatable events for each agency and inverted them separately. 

We find a velocity model by a trial and error process, with each trial involving completion of the iterative 
linearized inversion procedure for the coupled hypocentre-velocity problem with VELEST (see key 
VELEST command file parameters in Figure B.2.2), which accounts for nonlinearity. We claim an iterative 
process to be stable when the difference between the initial and final hypocentre, layer velocity and 
station delay parameters becomes smaller with each iteration. It is worth noting that the inversion 
program can only adjust the velocity but not the thickness of each 1D layer, so we test various initial 
models with different initial layering and different initial velocities (Figure 3.6). A progressive and 
monotonic decrease in the epicentral adjustments, a depth distribution where events do not cluster at 
single layers and the inversion RMS are all factors considered when deciding if the model is better or not. 
We also try to avoid a local minimum solution by changing this 1D model progressively. This extensive 
search in the model space led us to the optimal layering. The number of rays that pass through each layer 
is an indicator of their resolution. The extensive sampling of the crustal layers (100,000 rays or more) by 
both models is an indicator of their vertical resolution.  To be certain of our chosen velocity models, we 
do a stability test. In this test, we shifted the hypocentre location of events with at least 10 observations 
and a gap <180° by ±5 km either towards North, South, East, West, upward or downward for 1/6 of the 
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events in each direction. The direction of the shift is chosen as uniformly random, and we avoid migrating 
hypocentres above the Earth surface. With these individually shifted initial hypocentre locations, we 
perform a coupled hypocentre-velocity model inversion with VELEST (performing 3 iterations, see other 
key VELEST command file parameters in Appendix Figure B.2.3) using the minimum 1D model with 
station delays (for each network independently) as initial values. We expect to recover the original 
hypocentre locations and while the velocity model and the station delays are allowed to float, they should 
not change their parameters significantly. The outcome indeed shows a variation of less than 1% of each 
of the layers velocities, and of less than 2% for 95% of the station delays. Along latitude, all recovered 
events are within [-1.58, 0.91] km from their original location. Along longitude, [-2.54, 2.09] km. The 
range in longitude is larger possibly because the longitude span is large, and more prone to discrepancies 
between the flat Earth VELEST approximat�‹�‘�•���ƒ�•�†���–�Š�‡�����ƒ�”�–�Š�ï�•���…�—�”�˜�ƒ�–�—�”�‡�ä���{�w�¨���‘�ˆ���–�Š�‡���‡�ƒ�”�–�Š�“�—�ƒ�•�‡�•���†�‡�’�–�Š��
is recovered within [-3.32, 3.70] km. The events are thus recovered within 3 km in epicentre and 4 km in 
depth, and the model is stable because events return to their original locations. We do this independently 
for AFAD and KOERI, and obtain a velocity model for each agency in parallel.  Note that the velocity 
models for each separate agency are slightly different, partly because the earthquake sets selected for the 
inversions are not the same, though of course we kept the same layering (Figure 3.6) since they regard 
the same region. Both models agree well with the continental crustal model from Mueller (1977) and 
their crustal thickness and average crustal velocities agree well with routine velocity models published 
by Kalafat et al. 1987 and Cambaz et al. 2019 (Figure 3.7). The Moho discontinuity is more pronounced 
in the KOERI velocity model (Figure 3.6), likely because the KOERI data set samples better the lowermost 
crust and uppermost mantle due to a larger number of critically refracted rays emerging from deeper 
hypocentres in the crust. AFAD shows a less pronounced Moho step in velocity because the regional 
differences in Moho depth in combination with coarser ray sampling call for a wider (multi step) 
transition zone in the 1D model results.  

 

Figure 3.6 (a) Minimum 1D model for KOERI (red) and AFAD (blue). Grey lines are the initial velocity models we tested in the search 
of the minimum (minima). (b) Depth distribution for AFAD and KOERI events used for the coupled hypocentre-velocity inversions. (c) 
Number of hits (number of rays that pass through a given layer). Layers > 50 km are well sampled by KOERI, and AFAD has a good 
coverage of the crust. Note that the VELEST numerical display of the number of hits is limited to 100,000 rays per layer. 
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Figure 3.7 (a) Minimum 1D velocity model for the paired (and composite) catalogue. The model has a top layer of 5.62 km/s, three 
layers between 6.1 and 6.26 km/s above the Moho [at 32 km], and four layers with a velocity starting at 7.69 km/s. The Moho represents 
a strong discontinuity and is well sampled by rays from AFAD and KOERI, because many observations are refracted P waves from 
distant stations to the events. KOERI and AFAD min. 1D velocity models are included for comparison, also the reference Kalafat et al. 
(1987, 1992) velocity models. (b)Depth distribution of the well locatable (1,152) events of our composite catalogue. Well-locatable 
events have at least 6 observations and a gap smaller than 180 degrees. 94% of the earthquakes are above the Moho. The peak at 0 km 
(out of scale, 355 events) is a consequence of the ill-defined depth of those earthquakes. (c) Number of hits (number of rays that pass in 
a given layer). Crustal layers are the most sampled. Note that the VELEST numerical display of the number of hits is limited to 100,000 
rays per layer. 

Table 3.2 KOERI only (3.2a), AFAD only (3.2b) and paired catalogue (3.2c) velocity models. The depth is from the top interface of the 
layer, note it is not the same for any of the models 

a  b  c  
KOERI  AFAD  Paired cat.   
Vp (km/s) Depth (km) Vp (km/s) Depth (km) Vp (km/s) Depth (km) 
5.95 0 6.03 0 5.62 0 
6.01 5 6.1 5 6.1 5 
6.17 15 6.11 20 6.2 10 
6.27 20 7.03 26 6.26 25 
6.64 26 7.39 32 7.69 32 
7.78 32 7.98 50 7.96 50 
7.96 50 8.1 80 8.11 80 
8.1 80 8.2 120 8.2 120 
8.2 120 6.11 20   
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3.4.3 Event pairing and merging two independent catalogues 

In this study, we have the nearly unique situation where two routine catalogues report the seismicity 
from the same region and over the same period of time. This is a rare case but happens in other regions 
of the World, like Costa Rica (Quintero & Kissling 2001) and Iran (Rezaeifar & Kissling 2018; Kianimehr 
et al. 2018). After relocating all events in the two original catalogues from both agencies by using their 
respective minimum 1D model with station delays, we have two separate catalogues that are consistent 
internally, regarding to hypocentre locations (Kissling, 1988). We shall now try to pair events from the 
two catalogues in order to establish a single seismic catalogue that is complete and combines 
observations from both station networks. If we combine the observations from both networks, we will 
have more picks per event and a better radial and azimuthal coverage, increasing the consistency and 
precision of the whole catalogue. In the following, we shall merge the AFAD and KOERI catalogues into a 
single one, consistent and complete down to magnitude 4.  

We may expect that all earthquakes of magnitude equal to or larger than 4 are reported in both catalogues 
because the station distribution of the two networks is very similar inside the country (Figure 3.3). In 
Turkey, with the new broadband seismic station networks, for any event of magnitude 4 or larger, we 
expect all stations within a radius of at least 100 km to show clear first P arrivals that can be picked nearly 
independently of the radiation pattern. Hence, with an average station spacing of 59 km for AFAD and 74 
km for KOERI, numerous observations from the nearest stations should be available for all such events.  

We use a two-steps strategy to merge the independent catalogues: we pair all candidate couples and then 
test their performance in a JHD inversion to decide if the paired event observations really belong to a 
single event. The first step is to pair events, for which we create a simple window approach in space and 
time. We used an average crustal velocity of 6 km/s, so we consequently set the maximum epicentral 
distance in km to be six times the origin time difference in seconds. We first use KOERI events above 
magnitude 4.0 as the reference catalogue and AFAD (all magnitudes) as the extension. We chose this 
because KOERI has more events above magnitude 4 than AFAD (1,272 for KOERI, 1,219 for AFAD). We 
associate to each KOERI reference event all AFAD events that fall within the chosen spatiotemporal 
window around it, testing radial distances between 50 and 200 km (the latter being an a priori estimated 
upper limit of the epicentral distance between two event locations, given the station spacing of AFAD and 
KOERI). We chose the optimal window size as the one where the number of unique [one-to-one] pairs 
reaches a stability plateau, at 150 km and 25 s (Appendix Figure B.5.1). For distances shorter than 100 
km, the number of unique couples increases monotonically, which means that below 100km, the pairing 
distance is suboptimal. Between 100 and 150 km, this value stops growing, and above 150 km there are 
virtually no more unique couples. We choose to continue with 150 km to remain in the upper limit, i.e., 
potentially catching all pairs. There are only 10 instances where the match between events is not unique. 
In this case, we looked by hand at all possibilities and, depending on location quality, chose the pairs that 
are both the closest in origin time and in magnitude. With our selected window size, we repeat the 
procedure, now taking AFAD events with magnitude equal or larger than 4 as a reference, and try to find 
matches in the KOERI routine catalogue (all magnitudes). Finally, we take the lists thus generated by 
using both references, combine them and remove the repeating couples. In total we find 1,223 matching 
event pairs with at least one agency reporting a magnitude equal or larger than 4.. Note that the window 
approach poses no conditions on the number of observations an event has. 

The second step is to test the validity of the pairing performing  a joint hypocentre velocity inversion with 
VELEST, with a new event list that includes the combined P wave arrival observations of the found pairs. 
This step requires individual events to have at least four observations, which is a necessary condition for 
relocation. The input velocity model is the KOERI minimum 1D model (this study), while the station list 
contains all KOERI and AFAD stations with zero corrections. The input event file starts with the first 
KOERI paired event, its routine location and observations. Then, it continues with the corresponding 
AFAD paired event with its routine location and observations, and then the KOERI location with both 
AFAD and KOERI observations combined. Idem for the second pair, and all remaining 1,221 pairs that 
follow. The file therefore contains three times the number of pairs (1223 x 3). We design such a setting 
to have a joint hypocentre inversion dominated by the events we already know to be very well located 
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and constrained by a reasonably good initial velocity model (see other key VELEST command file 
parameters in Appendix Figure B.2.4). The entries with the location and observations of a single agency 
partly constrain the station delays of the corresponding observatory, while the events with the combined 
observations will bind the topmost layer velocity and the AFAD and KOERI station delays together. If all 
combined observations for a paired event indeed belong to the same earthquake and if the observation 
errors are truly Gaussian, the location error (expressed by the RMS) should decrease because it is 
inversely dependent on the number of observations. But if the observations are actually from two 
separate events, the RMS value is larger. This happens because the error is forced upon the observations 
as the station delays and velocity model are much over-determined. Another reason for the RMS value to 
increase is when observations are slightly but systematically different between AFAD and KOERI, maybe 
because of the picking style of each agency. This happens, for instance, if one agency systematically picks 
a bit later than the other or if the observation class uncertainties significantly differ. In this case, the 
location misfit of a paired event expressed by the RMS may be slightly larger than the single event 
�Ž�‘�…�ƒ�–�‹�‘�•�ï�•�����������˜�ƒ�Ž�—�‡�•�ä�����‡���‡�•�–�ƒ�„�Ž�‹�•�Š�‡�†���ƒ���–�Š�”�‡�•�Š�‘�Ž�†���‘�ˆ���t�r�¨���–�‘�Ž�‡�”�ƒ�•�…�‡���‘�ˆ�����������‹�•�…�”�‡�ƒ�•�‡���–�‘���ƒ�…�…�‘�—�•�–���ˆ�‘�”���–�Š�‹�•��
possibility in our testing. If the location solution for the combined observations yielded an RMS smaller 
than 1.2 times the larger RMS of the two individually relocated KOERI and AFAD events, the paired event 
�‹�•���ƒ�…�…�‡�’�–�‡�†���ƒ�•���ƒ���–�”�—�‡���•�‹�•�‰�Ž�‡���‡�˜�‡�•�–�ä�����Ž�•�‡�á���‡�˜�‡�•�–�•���ƒ�”�‡���•�‘�˜�‡�†���‹�•�–�‘���ƒ���–�‡�•�’�‘�”�ƒ�”�›���î�Ž�‹�•�‡�Ž�›���’�ƒ�‹�”�‡�†���‡�˜�‡�•�–���Ž�‹�•�–�ï���™�Š�‡�•��
the combined observations event solution is relocated to a distance of less than 80 km to both its other 
original locations (individual AFAD and KOERI events) and has an event RMS smaller than 3 times (but 
larger than 1.2 times) the largest RMS of the two individually relocated events. With the 80 km distance, 
we would have at most a 160 km distance between events (if the radial uncertainty of the events is 40 
km, see Appendix Figure B.5.2), which is similar to the initial maximum pairing distance of 150 km. An 
80 km distance means that a combined event is on average 40 km away from the KOERI and AFAD 
locations. Finally, events are considered not a true pair if a combined observations event yields a location 
RMS equal to or larger than 3 times the larger RMS of the two individual relocated KOERI and AFAD 
events. Based on these criteria, we obtained 1,113 truely paired events, 85 likely paired events, and 17 
false pairs (Appendix Table B.5.5). For the latter cases, the reported 17 AFAD and 17 KOERI events were 
listed separately in our catalogue. It is worth mentioning that the observation errors influence the 
location uncertainty unequally, depending on the distribution of stations around the hypocentre, its 
depth and the radiation pattern effect on the quality of the phases picked. But since we do not have any 
formal uncertainty estimates on the observations, the precision value of the events comes from the 
assumption that the picking errors are Gaussian and all observations have the same weight in our 
inversion. Even so, we use the event RMS as a qualitative estimator of the merging consistency.  

���‘���˜�‡�”�‹�ˆ�›���™�Š�‹�…�Š���‘�ˆ���–�Š�‡���‡�˜�‡�•�–�•���Ž�‹�•�–�‡�†���ƒ�•���î�Ž�‹�•�‡�Ž�›���’�ƒ�‹�”�‡�†�ï���ƒ�”�‡���‹�•�†�‡�‡�†���–�”�—�‡���’�ƒ�‹�”�•���‘�”���–�Š�‡���‘�„�•�‡�”�˜�ƒ�–�‹�‘�•�•���•�‡�‡�†���–�‘���„�‡��
kept separate as they belong to two separate events, we evaluated manually their NonLinLoc (Lomax et 
al., 2001) solutions. We prefer NonLinLoc over VELEST for these cases of lower quality observation sets 
as it provides good visualization of the PDF for the hypocentre locations. This test relies on the concept 
that the sample clouds of the two individual AFAD and KOERI events and of the combined observations 
event should have some overlap if the observations really belong to the same earthquake despite their 
overall large errors. We apply this test in a more qualitative sense checking each case separately because, 
�ƒ�•�� �™�‡�� �†�‘�•�ï�–�� �Š�ƒ�˜�‡�� �‹�•�†�‹�˜�‹�†�—�ƒ�Ž�� �‘�„�•�‡�”�˜�ƒ�–�‹�‘�•�� �—�•�…�‡�”�–�ƒ�‹�•�–�‹�‡�•�á�� �™�‡�� �…�‘�•�•�‹�†�‡�”�� �ƒ�� �—�•�‹�ˆ�‘�”�•�� �‡�”�”�‘�”�� �‘�ˆ�� �¬�r�ä�v�� �•�� �ˆ�‘�”�� �ƒ�Ž�Ž��
observations (Appendix Figure B.6.1 and F2). All 85 cases were evident: either overlapping or largely 
disconnected. If we were to be presented with an ambiguous case, it would have been looked at 
individually using also the routine location and VELEST solutions.  ���‡���–�Š�—�•���…�‘�•�…�Ž�—�†�‡���–�Š�ƒ�–���–�Š�‡���Ž�‹�•�–���‘�ˆ���î�Ž�‹�•�‡�Ž�›��
�’�ƒ�‹�”�‡�†�ï���‡�˜�‡�•�–�•���‹�•�†�‡�‡�†���…�‘�•�–�ƒ�‹�•�•���u�t���•�‘�”�‡���–�”�—�‡���’�ƒ�‹�”�•���ƒ�•�†���w�u���ƒ�”�‡���”�‡�’�‘�”�–�‡�†���ƒ�•���•�‡�’�ƒ�”�ƒ�–�‡���‡�˜�‡�•�–�•�ä�����Š�‹�•���Ž�‡�ƒ�†�•���–�‘��
the final number of 1,145 (1025+88+32) event pairs in our catalogue. A summarized explanation of the 
pairing procedure, and relevant numbers, can be found in the appendix (Table B.5.1).  

 

3.5 Combined catalogue 
In total we were able to match 1,145 events between the two catalogues. In comparison, there are 1,272 
events with magnitude larger or equal to 4 in the routine KOERI catalogue, and 1,219 in the routine AFAD 
catalogue. Assuming that every event reported by each network actually occurred despite being 
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unmatched by an event in the other network, together with the goal of establishing a complete catalogue, 
we include in a composite catalogue all the remaining unpaired events of magnitude equal to or larger 
than 4 reported by AFAD or KOERI for the period 2007-2016.  This composite catalogue has 1,645 events 
in total. We will now proceed to consistently relocate all these events as precisely as possible. For this 
purpose, we establish first a minimum 1D model for Turkey encompassing all stations of both AFAD and 
KOERI networks. 

 

3.5.1 Minimum 1D velocity model for Turkey with AFAD and KOERI stations combined 

To calculate a minimum 1D velocity model (Kissling et al., 1994) for Turkey, we select the 1,152 well-
locatable (observed by at least 6 stations and with an azimuthal gap of at most 180 degrees) events from 
the composite catalogue. Based on the knowledge gained from previous coupled hypocentre-velocity 
model inversions about crustal layer velocities and layer thicknesses, we design an initial model in 
accordance with the individual models for AFAD and KOERI (see Figure 3.6) and invert for a unique 
(common to AFAD and KOERI observations) minimum 1D velocity model with station delays for all 
stations of both networks combined. 

In such coupled hypocentre-1D velocity inversions, thanks to intensive ray crossings, the layer velocities 
are generally well resolved in the depth range sampled by hypocentres (Kissling, 1988). In the topmost 
two layers of the minimum 1D velocity model though, the rays are all sub-vertical and converging to 
individual stations and, hence, these layer velocities are directly linked to the station delays. Conversely, 
the layers near the bottom of the model where no or only few deep hypocentres occur are predominantly 
sampled by horizontal (critically refracted) rays and, therefore, are poorly resolved. In our model, this 
regards the velocities below 50km depth (Figure 3.7) since the hypocentres below that depth are located 
in the eastern Mediterranean subduction zone that is not representative for the lithosphere structure of 
the Anatolia micro plate. Events in the crust and in the first layer below the Moho are sufficiently sampled. 
 
 
Calculated with the well-locatable events of the composite catalogue, the final 1D-velocity model (Figure 
3.7) is representative for mainland Turkey and has a well-defined Moho that reconciles information from 
the whole country, and agrees with previous Moho depth calculations (Kalafat et al., 1987; Vanacore et 
al., 2013) from receiver functions. This solution also testifies that, besides the Aegean, the variation in 
the Moho depth throughout the country is relatively minor. The results document an average crustal 
thickness of about 32km with crustal velocities ranging from 5.62 up to 6.26 km/s with a strong gradient 
near the surface reaching 6 km/s at 5km depth (Figure 3.7). With 7.69 km/s, the P wave velocity directly 
below the Moho is slightly slower than the values normally assumed for the uppermost mantle (7.9 to 8.1 
km/s) suggesting that the crust is locally thicker. The minimum 1D model (Figure 3.7) is similar in 
layering and in velocities to the models by Kalafat et al. (1987), which have become the routine models 
of the KOERI catalogue (Cambaz et al., 2019). Above 5 km (i.e in the layers strongly linked to station 
delays) and below 80 km (i.e. the poorly-sampled depth range), the differences in velocity are the largest. 
Even if models are alike, those differences have a significant impact on the hypocentre locations and 
overall final solution (Kissling et al., 1994) and, as a  consequence, on the precision of our earthquake 
locations. With respect to the velocity models derived from individual agencies, crustal velocities 
between 5 and 25 km are in-�„�‡�–�™�‡�‡�•���„�‘�–�Š���ƒ�‰�‡�•�…�›�ï�•���•�‘�†�‡�Ž�•�ä���	�”�‘�•���t�w���–�‘���u�t���•�•�á���–�Š�‡���˜�‡�Ž�‘�…�‹�–�›���‹�•���•�Ž�‘�™�‡�”���–�Š�ƒ�•��
the ones of the independent KOERI and AFAD minimum 1D velocity models, while velocities below the 
Moho are faster. This logically results in a much sharper Moho discontinuity in this final velocity model. 
The velocity structure in the eastern Mediterranean subduction zone region (Bocchini et al., 2018; Duman 
et al., 2018) remains poorly resolved, because it is very poorly sampled by the AFAD data since the 
epicentres of most events lie outside the station array. KOERI complements their data set with some 
observations from stations in neighbouring countries but the available data set from well-locatable 
events in the Benioff-Wadati zone remains sparse (Figure 3.7b). A specific minimum 1D model (with 
specific station delays) of the eastern Mediterranean subduction zone region would be required to obtain 
reliable hypocentre locations there.  
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Station delays are an important part of the resulting velocity model as they document and in good parts 
compensate for the strong lateral velocity variations, particularly in the shallow crust. While stations in 
the central part of a network sample the velocity field from all directions, stations located in the 
peripheral region of the network only sample a narrower azimuth range and are more sensitive to deeper 
crustal lateral velocity variations (e.g. Husen et al. 2011). As a consequence, stations along the periphery 
of the study region normally show larger delays than those in the centre of the network.  This effect is 
visible in the station delays obtained with our minimum 1D model for all AFAD and KOERI stations 
combined (Figure 3.8, details in Appendix Table B.7.1). The most significant characteristic of this map, 
however, is the regional consistency of station delays derived for the two networks, thus underlining the 
successful combination of the observations from two different networks by the event pairing. The south-
eastern corner and the region in north-western Turkey along the Black Sea are characterized by negative 
station delays corresponding to higher velocities in the shallow subsurface, while the south-central 
region of Turkey exhibits positive station delays corresponding to significantly slower velocities. Central 
Anatolia shows generally smaller amplitudes station delays relative to the reference station at 35E and 
40N, about 200km East of Ankara. 

 

Figure 3.8 Station delays of our velocity model, calculated with the well-locatable events (at least 6 observations and an azimuthal gap 
smaller than 180�¹). The reference station is marked by a diamond. In the background, stations with less than 10 observations are simply 
outlined. The regional coherence or the station delays testifies for the tridimensional velocity field. 

The station delays account for the near-surface local velocity variations in the vicinity of the station as a 
result mainly of the lithology (including local sedimentary basins), local tectonics and the subsurface 
temperature field. The Anatolia micro plate is characterized by neotectonic processes, predominantly by 
transform fault dissection of the crust, that lead to and combine with volcanic and geothermal activities 
and these processes result locally in higher than normal temperature in the uppermost crust. The Curie-
point depth (Aydin et al. 2005) and surface heat flow �����•�Ç�•�� �‡�–�� �ƒ�Ž�ä�á�� �t�r�s�v�� are indicators of the local 
temperature of the upper crust. In the Curie-point depth map for Turkey by Aydin et al. (2005, figure 4), 
we note a region in central western Turkey where the Curie temperature is reached at a depth as shallow 
as 6 km, while in Eastern Anatolia this temperature is only reached at around 20 km depth. The 
comparison of the regional heat flow map by Akin et al. (2014, figure 5) with a higher resolution heat 
flow map for western Anatolia by Erkan (2015, figure 4), however, shows that there are strong lateral 
temperature variations in the shallow crust at the local scale. For individual station delays, these strong 
local variations are likely more relevant than the regionally interpolated temperature field. Considering 
both the local and the regional components in the subsurface temperature field, and noting that the 
station delays from AFAD and from KOERI networks locally correlate very well, we may conclude that 
the station delays show some correlation with the temperature in the upper crust.  In summary, the 
station delays are a reliable first-order qualitative representation of the lateral P wave velocity variations 
in the upper crust in Turkey complementing the minimum 1D velocity model. 
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3.5.2 Hypocentre distribution of the combined catalogue 

We now construct a consistent and precisely located complete composite catalogue. For this, we need to 
relocate all 1,645 events (well locatable or not) using the above described minimum 1D model and station 
delays. To improve location consistency and precision, we removed individual observations that have a 
residual larger than 1.5 s, as such travel time differences are beyond the limits of realistic 3D velocity 
variations relative to the minimum 1D model and station delays for a 100 km long travel path, a 
representative average estimate for our data set and for our stations distribution. As described above, 
the procedure of removing outlier observations requires several VELEST inversions because smaller 
outlying values only become apparent when the larger outliers have been dealt with. This process of 
cleaning outliers resulted in 1,152 well locatable and 493 poorly locatable events (gap larger than 180 
degrees or less than 6 P-wave observations) (Figure 3.9). Furthermore, 38 AFAD-only and 22 KOERI-only 
reported events, with magnitude equal or larger than 4, could not be relocated because they did not end 
with a minimum set of 4 observations. These events, while not listed in the final composite catalogue, are 
mentioned for the purpose of completeness (Appendix Table B.5.1).  
 
After relocation, we need to estimate the final location uncertainties for the composite catalogue. As we 
�†�‘���•�‘�–���’�‘�•�•�‡�•�•���ƒ�•�›���‘�„�•�‡�”�˜�ƒ�–�‹�‘�•�•���ˆ�”�‘�•���ƒ�…�–�‹�˜�‡���•�‡�‹�•�•�‹�…���‡�š�’�Ž�‘�•�‹�‘�•�•���‘�”���“�—�ƒ�”�”�›���„�Ž�ƒ�•�–�•���–�‘���•�‡�”�˜�‡���ƒ�•���î�‰�”�‘�—�•�†���–�”�—�–�Š�ï��
data (Kissling, 1988), we cannot measure the location accuracy of our catalogue. Standard hypocentre 
location uncertainty estimates require consistent individual quality assessment for all observations, and 
intrinsic consistency of this observation quality weighting scheme is especially important when we 
combine observations from two different catalogues. Unfortunately, at this moment, we lack this 
information and, therefore, in our location calculations and in all other inversions, each observation was 
given the same weight, unless it was identified as an outlier and thus ignored. We then estimate the 
precision of the hypocentre locations obtained with our minimum 1D model and station delays for well-
locatable ev�‡�•�–�•���„�›���ƒ���ò�•�Š�‹�ˆ�–-�–�‡�•�–�ó�����‡�ä�‰�ä�����—�•�‡�•���‡�–���ƒ�Ž�ä���t�r�s�s���ä�����‡���‘�•�Ž�›���‡�•�–�‹�•�ƒ�–�‡���‹�–���ˆ�‘�”���™�‡�Ž�Ž���Ž�‘�…�ƒ�–�ƒ�„�Ž�‡���‡�˜�‡�•�–�•��
because the poorly locatable ones have an ambiguous location, as explained in section 3.4.  The shift test 
setup is analogue to the stability test described in section 3.4.2, but we moved the hypocentre locations 
by ±10 km in each direction, and we allowed for 4 iterations for the events to obtain stable solutions (see 
other key VELEST commend file parameters in Appendix Figure B.2.3). The outcome indeed shows a 
variation of less than 1% of each of the layers velocities, and of less than 3% for 95% of the station delays. 
The test (Appendix Figure B.8.1) shows that 95% of the events are recovered within ± 3 km from their 
original epicentral location. 95% of the earthquakes depths are recovered within ± 4 km. As expected, the 
epicentral precision is better than for depth. For poorly locatable events, much larger uncertainties must 
be assumed, resulting from the ill-posed problem of these events hypocentre location inversion. Note 
that, in the 1,145 paired events set in this catalogue, 242 are poorly locatable. 
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Figure 3.9 (a) Catalogue of relocated events. Green events are paired earthquakes (1141, 4 instances absent due to lack of magnitude), 
red events are detected only by KOERI (330, events with at least 4 obs.) and blue events are detected only by AFAD (170, events with 
at least 4 obs.). Events are plotted in ascending magnitude order. (b) Composite catalogue [of paired, KOERI only and AFAD only 
events] as shown above, coloured by magnitude. The largest events occurred in the West of Turkey and in the centre East. We include 
events detected by single agencies because we want to make the catalogue as complete as possible.  (c) depth distribution of the composite 
catalogue. 

 

The epicentral distribution of the resulting catalogue is displayed in Figure 3.9. The paired events (green, 
1,145) are those that were reported both by AFAD and KOERI, and whose observations were all combined 
together into a single event in the relocation inversion, the magnitude of the combined events being at 
least 4 in one of the detecting agencies. We also show all events of magnitude equal to or larger than 4 
during 2007-2016 regardless of whether they were paired or not, for completeness too. Most events are 
shallow (above circa 20 km), i.e. potentially hazardous. The 339 events occurring in the first km are likely 
poorly constrained in depth (as the ratio of the distance to the closest station o�˜�‡�”���–�Š�‡���‡�˜�‡�•�–�ï�•���†�‡�’�–�Š���‹�•��
larger than 1.5 (Chatelain et al., 1980; Husen et al., 2011)). We also observe seismicity within the lower 
crust, as well as deeper events occurring in the subduction zone (down to 100 km depth). The epicenter 
map (Figure 3.9) shows high seismicity in the usual seismic regions of the country, especially along the 
main fault zones and the eastern part of Turkey after the 2011 Van earthquake. Of course, the limited 
similarities with the seismic hazard map shown in Figure 3.1b stem from the short time interval covered 
by this composite catalogue.  

Another important question is how different is our catalogue from the routine AFAD and KOERI 
catalogues in terms of locations. We look at the epicentral and time differences (Figure 3.10) of the 903 
well-locatable events of the paired catalogue. The epicentral difference between routine and paired 
events, for 95% of the earthquakes, is below 20 km for AFAD and below 8 km for KOERI. The time 
difference is between [-1.92, 2.99] s for AFAD and between [-1.94, 0.95] s for KOERI. The time difference 
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of KOERI is more than twice as large towards negative values, which means paired events tend to be 
earlier than later to those reported by KOERI. Also, the time difference of the paired and the AFAD report 
is 50% larger towards positive values, which means in this case paired events tend to be later than earlier 
to those reported by AFAD. In general, events close to the limits of the study area tend to have larger 
epicentral offset distances (Appendix Figure B.6.2). Overall, the spatial shift during the relocation is larger 
than the average precision of our locations. This suggests that the new catalogue is significantly different 
from the two initial routine ones. These location differences would also certainly impact the magnitude 
of the events, if recalculated (see below). 

 

Figure 3.10 Epicentral distance and time difference of the paired catalogue with the routine catalogues, as a function of time. Note the 
difference in vertical scale. The events considered in all comparisons are paired and well-locatable. Black horizontal lines delimit 95% 
of the data. 95% of the pairs are less than 20 km from the AFAD reports, and less than 8 km from their KOERI report. 95% of the 
earthquakes happened [-1.92, 2.98] s from their AFAD routine report, and [-1.94, 0.95] s from the KOERI routine event time 

 

3.5.3 Magnitude comparison 

Magnitudes are crucial characteristics of earthquakes. From 2007 until 2013, AFAD used a local tailored 
magnitude scale, adapted from the Hypoellipse program (Lahr, 1999). In 2013, a reassessment of the Ml 
formula was introduced �����Ç�Ž�Ç�­���‡�–���ƒ�Ž�ä�á���t�r�s�y�ƒ��. As for KOERI, from 2007 to 2012, the recorded magnitude 
was Md. From 2012, the local magnitude (Ml) became the default magnitude type (Kalafat et al. 2011, 
Cambaz et al. 2019). Because of the changes of types and formulae over time, and because magnitudes 
depend on the distance between stations and events, thus on the hypocentre location, we did not include 
magnitude comparison in the merging criteria. However, we can use it as a posterior check of the 
properties of the merging operation. For each event of the paired catalogue, we calculated its magnitude 
as the average of its initial AFAD and KOERI routine magnitudes. We did not consider homogenizing the 
magnitudes since its effect would be minor compared to the variability in hypocentral parameters, for 
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AFAD and KOERI independently (Figure 3.5). This is the case because the variability in hypocentral 
location is directly related to magnitude calculations and uncertainties. 

The magnitude frequency plots of Figure 3.11a correspond to the earthquakes in the KOERI catalogue 
above magnitude 4, to the earthquakes of the AFAD catalogue above magnitude 4, and to the paired 
catalogue, all of them behaving according to the Gutenberg-Richter law (above M=4). We investigated if 
the three samples belong to the same underlying probability distribution using the Anderson-Darling k-
sample test, which compares the samples using rank scores (Scholz & Stephens, 1987; Scholz & Zhu, 
2019) adapted to MATLAB (Trujillo-Ortiz et al., 2007). With a significance level of 0.05 and a probability 
associated to the rank statistic of 0.85, the AFAD, KOERI and paired magnitudes can be considered as 
sampled from the same distribution, when considering magnitudes above 4.  

 

Figure 3.11 (a) Magnitude frequency distribution. Data follows an exponential distribution from magnitude 4 onwards. The coupled 
catalogue has all 1,141 paired events with reported magnitudes. (b) Empirical cumulative distribution function of the data above 
magnitude 4, where the similarity is more obvious. The Anderson-Darling k-sample test shows the three catalogues can be considered 
as samples from the same population. Bin size is 0.1 in both plots. 

Using the 1,145 paired events, the distribution of the difference of the magnitudes (KOERI routine 
magnitude minus AFAD routine magnitude) (Figure 3.12) seems to behave exponentially, as has been 
previously observed in data from Northern California (Werner & Sornette, 2008). We did not include four 



59 
 

pairs (see Appendix Table B.9.1), leaving us with 1,141 events, because KOERI labelled them with 
magnitude zero. After revising the yearly bulletins published by said agency (Bogazici University Kandilli 
Observatory and Earthquake Research Institute, Regional Earthquake-Tsunami Monitoring Center, 
2020), we confirmed that no conclusive magnitude is available for them. Figure 3.12a hints that, from 
magnitude 5.5 above, the KOERI magnitude is quasi-systematically larger than the AFAD magnitude for 
the same event. This may be a statistical effect because of the small number (18) of events in this 
magnitude range: only one AFAD event has a larger magnitude, 8 have the same magnitude, and 9 KOERI 
events have a larger magnitude. Also, the remaining difference values beyond ±1 (see Figure 3.12b) may 
all be due to the different magnitude scales. We fit a Laplace distribution (double-sided exponential) to 
the data using a nonlinear least squares method (MATLAB built-in). The Laplace distribution is defined 
as  

�L�:�T�; 
L
�5

�6�Õ
�A�?

���ã�7
���
�Í                                                                          (3. 1) 

�™�Š�‡�”�‡���„���‹�•���–�Š�‡���•�…�ƒ�Ž�‹�•�‰���’�ƒ�”�ƒ�•�‡�–�‡�”�����‹�ä�‡�ä���–�Š�‡���•�–�”�‡�•�‰�–�Š���‘�ˆ���–�Š�‡���•�‘�‹�•�‡�����ƒ�•�†���J���‹�•���–�Š�‡���•�‡�ƒ�•�ä�����‡���‘�„�–�ƒ�‹�•�á���™�‹�–�Š���{�w�¨��
confidence bounds, b=0.22 (0.167, 0.278�����ƒ�•�†���J�±-0.03 (-0.072, 0.018), meaning that our data is almost 
centred in zero. The mean modulus of magnitude difference is thus 0.22, and the standard deviation is 
0.3. 

 

Figure 3.12 (a) Magnitude comparison of the combined events magnitude. Each point represents the pair of magnitudes (KOERI and 
AFAD), and the colour represents how many events with this particular values are in our combined catalogue. The magnitude difference 
is centered in zero, fairly symmetric.  (b) Histogram of the difference between the KOERI and the AFAD magnitudes for the 1,141 paired 
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events with magnitude. In green, the combined catalogue differences. In purple, we matched the same events randomly, with a uniform 
sampling function. Each dataset was fit with a Laplace distribution. For the paired catalogue, the fit has a scale parameter b=0.22 and 
�P�H�D�Q����� -�������������)�R�U���W�K�H���U�D�Q�G�R�P���S�D�L�U�V�����W�K�H���I�L�W���K�D�V���D���V�F�D�O�H���S�D�U�D�P�H�W�H�U���E� �����������D�Q�G���P�H�D�Q����� -0.05. 

We checked if the above magnitudes are consistent among the routine catalogues by computing the 
magnitude difference between events randomly paired within the KOERI and AFAD catalogues, using 
only the catalogue events with nonzero magnitudes included in the above analysis. In that case, the 
Laplacian fit �’�”�‘�˜�‹�†�‡�•���„�±�r�ä�v�{���ƒ�•�†���J�±-0.05.  Thus, despite magnitudes (hence, wave amplitudes) have not 
been used in the pairing procedure, our confidence in the latter is even more strengthened, as the typical 
magnitude difference for our set of paired events is more than twice smaller than it would have been if 
we had paired events by chance. Conversely, it also shows that our procedure of magnitude averaging for 
the composite catalogue yields reasonable first-order estimates for the size of events. 
  
3.6 Discussion and conclusions 
We have proposed a catalogue combining the KOERI and AFAD seismic catalogues for Turkey in the 
period 2007-2016, above magnitude 4. By cleaning the data and doing a joint hypocentre inversion, we 
reduced the average RMS of the catalogues, a process we did separately for each agency. The average 
RMS was reduced by around 75%:  from 2.8 to 0.7 s for AFAD, and from 1.8s to 0.3 s for KOERI. After we 
calculated representative 1D velocity models for each agency separately, we merged observations from 
what we identified as the same events above magnitude 4 (1,145 earthquakes). The average number of 
observations in the paired catalogue almost doubled: for KOERI there are on average 36 observations per 
event above magnitude 4, and 33 for AFAD, while the paired catalogue contains on average 62 
observations per event. This paired catalogue features 1,145 events, less than the corresponding 
independent KOERI (1,271) and AFAD (1,219) routine catalogues. 

The final 1D-velocity model we obtained is representative for mainland Turkey and has a well-defined 
Moho at 32 km, much sharper than in previously used velocity models. The station delays, which account 
at least partially for lateral velocity variations in the uppermost crust, show some dependence on the 
temperature field in addition to the normal effects of lithology (including local sedimentary basins) and 
local tectonics. Stability tests show that both velocities and station delays are determined up to a few 
percent precision, so that they could be used with confidence for further refinements of the locations and 
location uncertainties, that we plan to investigate more systematically in the near future with NonLinLoc 
(Lomax et al., 2001). 

Of the 1,145 paired events in this catalogue, 903 are principally well-locatable (gap <180 degrees and at 
least 6 P observations) and 242 are poorly locatable. There are also events above magnitude 4 that were 
not paired in the KOERI (330) and AFAD (170) catalogues. These, plus the paired catalogue, are all 
included in the composite catalogue (1,645 events). The 1,152 well-locatable events of the composite 
catalogue have location uncertainties of less than 3km in epicentre and less than 4 km in depth.  

When comparing the routine and the paired catalogue locations, we see that 95% of the latter are less than 
20 km and 3 s away from the AFAD routine locations, and less than 8 km and 1.91 s away from the KOERI 
routine locations. This could potentially have a significant effect on the locally expected hazard related to 
such moderate size events.  

A magnitude has been attributed to each paired event that we simply defined as the average of the 
magnitudes provided by the two routine catalogues. Surprisingly, statistical tests suggest that there is no 
systematic difference between the magnitudes provided by the AFAD and KOERI agencies, despite they 
used different magnitude scales (Md, Ml) or different amplitude-distance-magnitude relationships. A 
systematic bias might anyway be present for magnitudes larger than 5, i.e. less than 10% of the catalogue. 
The standard deviation of the magnitude difference is 0.3, significantly below the 0.48 value predicted 
from random pairing. This suggests that the pairing itself is certainly consistent, but that there is room to 
improve magnitudes determinations for the composite catalogue. The composite catalogue is available 
online, see Appendix section B.10. 
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���‘���…�‘�•�•�‡�•�–���‘�•���–�Š�‡���•�–�ƒ�–�‹�•�–�‹�…�ƒ�Ž���’�”�‘�’�‡�”�–�‹�‡�•���‘�ˆ���–�Š�‡���’�ƒ�‹�”�‡�†���…�ƒ�–�ƒ�Ž�‘�‰�—�‡�ï�•���•�ƒ�‰�•�‹�–�—�†�‡�á���ƒ�•�†���–�‘���…�‘�•�’�ƒ�”�‡���‹�–���™�‹�–�Š���–�Š�‡��
routine catalogue, we estimated the magnitude of completeness and the b-value for the paired catalogue 
with two methods (Table 3.3): the mode of the distribution (Mignan 2012) and the Goodness-of-Fit (GFT) 
technique (Wiemer & Wyss, 2000) using the software r-seismnet (Mignan 2019). The results are similar 
on the three catalogues, which we expected since the Anderson-Darling test showed the three sets can be 
considered as samples from the same distribution.  

Table 3.3 Magnitude of completeness (Mc) and b-value estimation using the Goodness-of-Fit method (Wiemer & Wyss, 2000) and the 
mode (Mignan 2012) techniques. 

Dataset    Mc  b-value  
    Goodness-of-Fit Mode Goodness-of-Fit Mode 
Pairs    4.2 4 1 1.03 
KOERI routine 
�…�ƒ�–�ƒ�Ž�‘�‰�—�‡�á�����·�v 

   4 4 1.04 1.04 

AFAD routine 
�…�ƒ�–�ƒ�Ž�‘�‰�—�‡�á�����·�v 

   4 4 1.11 1.11 

 

Given that those magnitudes should also be revised as the locations have been updated, we plan a 
subsequent study to deduce magnitudes from the waveforms recorded both by AFAD and KOERI 
agencies. As the determination of focal mechanisms requires an azimuthal coverage even tighter than for 
inverting locations, we also plan to take advantage of the fact that our pairing scheme nearly doubled the 
average number of seismic wave observations (i.e. of potential polarities) per event.  
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4. Local magnitude determination for Turkey from two independent seismic networks and 
a consistent M4+ catalogue3 
 

 

In the previous chapter we discussed how we built a seismic catalogue for the decade 2006-2017 for 
Turkey, for events of magnitude equal or larger than 4. While event location,  and its uncertainty, 
gained in consistency, our magnitude estimates required more work. Obtaining the earthquake 
magnitude from the average of the routine estimates (the earthquakes recorded  by routine agencies 
AFAD and KOERI provide at least one magnitude estimate per event) lacks a connection to the 
objective instrumental measure of earthquake size. The magnitudes in which KO ERI and AFAD 
routinely report their events do not only include a mix of magnitude types, but also within the sa me 
magnitude type, they have different formulas to calculate the parameter: AFAD reports 5 different 
magnitude estimation formulas, and KOERI reports two different ones (Fig. 4.2). In the case o f local 
magnitudes (Ml), the current formulas rely on results from the original loca l magnitude formula 
implemented in HYPOELLIPSE, a computer program for determining local earthquake parameters 
(Lahr, J.C., 1999), which was originally designed for California. Then, the magnitude estimates of our 
high-quality relocations did not have a corresponding high-quality magnitude estimate yet.  

The goal of this study was to produce a new local magnitude formula fo r Turkey that scaled 
to the moment magnitude, that accounted for the attenuation differen ces with the original Ml 
formula (Richter, 1935a) , and for the differences between maximum horizontal and vertical 
amplitudes. The consequent goal was to use this new magnitude scale to estimate consistently the 
magnitude of all earthquakes in our previously published work (Rojo Limó n et al., 2021, in Chapter 
3), and to calculate reliable  magnitude uncertainty estimates for each event, as  well as for the 
complete catalogue.  

We first created an automatic procedure to simulate Wood-Anderson s eismograms and 
measure the half peak-to-peak S amplitude of each vertical seismic trace within a specific time 
window. We then chose a group of earthquakes and seismic stations to calculate the attenuation 
function: First, we computed a preliminary Ml formula through an iterative procedure t hat fits the 
logarithm of the amplitude as a function of the hypocentral distance, t he local magnitude and the 
station corrections. We then scaled the preliminary function issue of co mbining AFAD and KOERI 
observations to the moment magnitude values of an independent study, to obtain  our final local 
magnitude estimation formula (Eq. 4.10). Finally, we recompute the local magnitude of each 
earthquake using our new formula, discuss magnitude uncertainty and compare our results with 
the AFAD and KOERI routine magnitudes. 

 

 

 

 

 

                                                             
 

3 AUTHORS: G. Rojo Limón, G. Ouillon, E. Kissling and D. Sornette. Article submitted to Geophysical Journal 
International, as of December 2021 
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4.1 Summary 
Turkish seismicity is routinely recorded by two broadband seismic networks: the Turkish National 
���‡�‹�•�•�‹�…�����‡�–�™�‘�”�•�������	�������î�����ï���•�‡�–�™�‘�”�•�����ƒ�•�†���–�Š�‡�����‘�‰�ƒ�œ�‹�…�‹�����•�‹�˜�‡�”�•�‹�–�›�����ƒ�•�†�‹�Ž�Ž�‹�����„�•�‡�”�˜�ƒ�–�‘�”�›�����•d Earthquake 
���‡�•�‡�ƒ�”�…�Š�����•�•�–�‹�–�—�–�‡�����������������î�����ï���•�‡�–�™�‘�”�•���ä�����ƒ�…�Š���‘�ˆ���–�Š�‡�•���Š�ƒ�•���‘�˜�‡�”���t�r�r���•�‡�‹�•�•�‹�…���•�–�ƒ�–�‹�‘�•�•���†�‹�•�–�”�‹�„�—�–�‡�†���ƒ�…�”�‘�•�•��
the country. We obtain a new uniform and consistent local magnitude (Ml) scale for Turkey using data 
from both networks, as well as the M4+ catalogue with Ml values that results from applying said scale to 
the events that occurred between 2007 and 2016 within the country. We measure the half peak-to-peak 
amplitude of the vertical component seismograms and estimate the attenuation parameters through an 
iterative procedure that fits the logarithm of the amplitude as a function of the hypocentral distance, the 
local magnitude, the station corrections and a constant accounting for possible systematic differences 
between amplitudes measured on horizontal seismographs and those measured on vertical 
seismographs. We additionally scale Ml to the moment magnitude measured by an independent source, 
obtaining a magnitude relationship accounting for attenuation adjustments, as well as differences 
between maximum horizontal and vertical amplitudes. The estimated Ml formula shows that station 
corrections from both networks regionally agree, and that non-zero corrections are centred on zero, 
within -0.48 and 0.46 magnitude units (corresponding to the 2.5 and the 97.5 quantiles). The new M4+ 
catalogue with consistent Ml values for AFAD and KOERI shows magnitude residuals that cannot be 
explained by a Gaussian distribution. We also show a very good agreement between our new Ml value 
and the original Ml values of AFAD and KOERI, with median differences below 0.1 magnitude units. 

4.2 Introduction 
Turkey is a very active seismic region, where paleoseismic earthquakes can be traced as far as 8000 years 
BC (Pavlides et al., 2006), historical documentation of single earthquakes to the first century AC 
(Ambraseys, 2002), and instrumental recordings back to 1894 (Cambaz et al., 2019). Its geopolitical 
position bridging Asia with Europe has made Turkey important for millennia, and characterizing the size 
of hazardous earthquakes to its inhabitants, and their infrastructure, an important task.  

The country is nowadays surveyed by two seismic networks that have an overlapping coverage and 
monitor the nation with more than 200 stations each: the Kandilli Observatory and Earthquake Research 
Institute (KOERI) Seismic Network (http://www.koeri.boun.edu.tr/new/en) and the Earthquake 
���‡�’�ƒ�”�–�•�‡�•�–�� �‘�ˆ�� ���‡�’�—�„�Ž�‹�…�� �‘�ˆ�� ���—�”�•�‡�›�� ���”�‹�•�‡�� ���‹�•�‹�•�–�”�›�ï�•�� ���‹�•�ƒ�•�–�‡�”�� �ƒ�•�†�� ���•�‡�”�‰�‡�•�…�›�� ���ƒ�•�ƒ�‰�‡�•�‡�•�–�� ���”�‡�•�‹�†�‡�•�…�›��
(AFAD) (https://deprem.afad.gov.tr/?lang=en). In our previous work, we have used the first P-wave 
arrival information from M4+ events of both catalogs between 2007 and 2016 to pair and relocate 
earthquakes (Rojo Limón et al., 2021b). Now that we have new locations, we want to give said events an 
improved and consistent magnitude estimate. For that, we will invert for a new local magnitude scale for 
Turkey using a procedure that calculates local magnitudes by non-linear simultaneous inversion of a 
large event data set of high quality waveform amplitudes. 

An earthquake magnitude is a quantitative instrumental measure of the size of an earthquake and is 
crucial to classify seismic activity in a region (Bormann et al. 2013). Magnitude scales rely on several 
principles: (1) For a fixed source-station distance, larger events will produce larger seismic wave 
amplitudes (magnitude measurements use the logarithm of the amplitude because of the large variability 
of this measure). (2) Amplitudes decay with the distance between the source and the station (due to 
geometrical spreading, and anelastic attenuation and scattering). (3) The local site effects may be 
accounted for by a station correction. We can summarize these three principles in a basic formula 
(Bormann & Dewey, 2014):  

 

�/�H
L �����Ž�‘�‰�5�4�:�� �; 
E ���ê�:�� �;�� 
E ����                         (4.1) 

 

where Ml is the local magnitude (New Manual of Seismological Observatory Practice (NMSOP) generic 
nomenclature (Bormann & Dewey, 2014)���á�������‹�•���–�Š�‡���ƒ�•�’�Ž�‹�–�—�†�‡���‘�ˆ���–�Š�‡���™�ƒ�˜�‡���ƒ�–���–�Š�‡���•�–�ƒ�–�‹�‘�•�á���P���‹�•���ƒ�•���‹�•�…�”�‡�ƒ�•�‹�•�‰��
function of the distance R between the earthquake and the station and S is the station correction. This 
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�•�‹�•�’�Ž�‹�ˆ�‹�‡�†�� �ˆ�‘�”�•�—�Ž�ƒ�–�‹�‘�•�� �†�‘�‡�•�•�ï�–�� �ƒ�…�…�‘�—�•�–�� �ˆ�‘�”�� �–�Š�‡�� �ƒ�•�’�Ž�‹�–�—�†�‡�� �˜�ƒ�”iation due to the radiation pattern at the 
source.  

There are two other premises that are equally important and addressed by other magnitude types: (4) 
The seismic energy is proportional to the velocity of the seismic wave (A/T, the maximum amplitude over 
period), considered when calculating body-wave magnitudes. (5) The radiation pattern can be used to 
calculate the moment tensor (Dziewonski et al., 1981) and the moment magnitude as a secondary 
outcome (Bormann et al. 2013). Furthermore, there are other physical phenomena that play a role in 
magnitude determination: source directivity, focusing-defocusing conditions, anisotropy of the Earth, 
frequency dependence of the amplitude decay, constructive and destructive scattering along the wave 
travel path, and hypocentre location errors leading to source-station distance errors.  

In recent years, moment magnitude Mw (Hanks & Kanamori 1979, nomenclature according to Bormann 
& Dewey 2014) has become an increasingly popular magnitude type, especially for seismic hazard. This 
is because it is based on the scalar seismic moment of an earthquake (calculated from the displacement 
spectrum in the limit where the frequency tends to zero), thus does not saturate with growing fault size 
(Bormann, 2014), and can relate to geologic observations of strong historical earthquakes (W. H. K. Lee 
& Engdahl, 2015). But Mw has shortcomings too: it assumes a constant shear modulus and a constant 
stress drop, and is a zero-�ˆ�”�‡�“�—�‡�•�…�›�� ���‹�ä�‡�ä�� �•�–�ƒ�–�‹�…���� �•�‡�ƒ�•�—�”�‡�•�‡�•�–�� �‘�ˆ�� �–�Š�‡�� �‡�˜�‡�•�–�ï�•�� �‡�•�‡�”�‰�›�� �”�‡�Ž�‡�ƒ�•�‡�ä�� ���Ž�•�‘�á�� �‹�•�� �ƒ��
practical sense, it has only been available for 42 years and it is not complete to smaller magnitudes 
(Bormann et al. 2013). This lower completeness happens when calculating Mw using moment tensor 
solutions because the method relies on the availability of low frequency data (much lower than the corner 
frequency) above the background noise, which is difficult to obtain for magnitudes smaller than 3 
(Munafò et al., 2016).  Ml can offer benefits missing from Mw like a lower magnitude of completeness, the 
possibility to compare to older Ml estimates (in particular in very active seismic regions and with a long 
history of instrumental seismicity, and having more than one simultaneous network like Turkey), and  a 
further understanding of the earthquake dynamics and energy release (Bormann et al. 2013), especially 
in the frequency range relevant to hazard calculations. In this study, we will limit ourselves to local 
magnitudes. 

 

The original Ml scale was standardised as a function of the amplitude a certain event would produce at a 
distance of 100 km (Richter, 1935a)�ä�����–�–�‡�•�—�ƒ�–�‹�‘�•���…�‘�”�”�‡�…�–�‹�‘�•�•�����P���‹�•�����“�ä��4.1) were introduced later, for a 
better determination of Ml for events with different distances between hypocenters and seismographs 
(Bormann et al. 2013). Nowadays, there are two standard Ml formulas defined by the International 
���•�•�‘�…�‹�ƒ�–�‹�‘�•���‘�ˆ�����‡�‹�•�•�‘�Ž�‘�‰�›���ƒ�•�†�����Š�›�•�‹�…�•���‘�ˆ���–�Š�‡�����ƒ�”�–�Š�ï�•�����•�–�‡�”�‹�‘�”�������������������ã���‘�•�‡���ˆ�‘�”���”�‡�‰�‹�‘�•s with attenuative 
properties similar to Southern California and horizontal waveform measures, and another one for crustal 
earthquakes in regions with attenuation different from coastal California, and for measuring magnitudes 
with vertical-component seismographs. The latter is reproduced below: 

 

�/�H
L �����Ž�‘�‰�5�4�:�� �Ð�º �; 
E ���%�:�� �;�� 
E ����                        (4.2) 

 

where AWA is the maximum trace amplitude in nanometer (nm) of a synthetic Wood-Anderson standard 
seismograph with a static magnification of 1, R is the hypocentral distance in km, and  C(R) and D are 
calibrated to adjust for the different regional attenuation and for any systematic differences between 
amplitudes measured on horizontal seismographs and those measured on vertical seismographs  
(Bormann & Dewey, 2014).  

Loosely following these recommendations, several different formulas have been applied to Turkey in the 
last years. Starting from the standard formula for Southern California (L. K. Hutton & Boore, 1987), where 
the amplitude decay term contains two different functions of R (one for geometric spreading and one for 
attenuation), it follows: 
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�%�:�4�; 
L ���=���Ž�‘�‰�5�4�:�� �; 
E ���> �® ����                (4.3) 

 

���—�–�–�‘�•���ƒ�•�†�����‘�‘�”�‡���…�ƒ�Ž�…�—�Ž�ƒ�–�‡�†���=���±���s�ä�s�s���ƒ�•�†���>�±�r�ä�r�r�s�z�{���‹�•�����‘�—�–�Š�‡�”�•�����ƒ�Ž�‹�ˆ�‘�”�•�‹�ƒ�ä�����‹�Ž�‹�­���‡�–���ƒ�Ž�ä��(2017a) included 
different Ml scales that have been used in the region by the Turkish National Network and by the Kandilli 
Observatory, the two networks we consider in this study. The scale used by the Turkish National Network 
before 2013 and the formula by the Kandilli Observatory both follow the functional form in Eq. 4.1, but R 
�‹�•���–�Š�‡���‡�’�‹�…�‡�•�–�”�ƒ�Ž���†�‹�•�–�ƒ�•�…�‡�á���ƒ�•�†���‡�ƒ�…�Š���•�‡�–�™�‘�”�•���Š�ƒ�•���ƒ���†�‹�ˆ�ˆ�‡�”�‡�•�–���™�ƒ�›���‘�ˆ���…�ƒ�Ž�…�—�Ž�ƒ�–�‹�•�‰�������ƒ�•�†���†�‡�ˆ�‹�•�‹�•�‰���P�������ä�����‹�Ž�‹�­��
et al. (2017a) also proposed a new formula  that follows the functional form in Eq. 4.2, plus station 
corrections. Recently, a large study using seismic data from the European Integrated Data Archive (EIDA, 
http://www.orfeus-eu.org/data/eida/) for six regions proposed a new Ml formula for the Greece-Turkey 
region (Bindi et al. 2019).  

The goal of the present work is to calculate a consistent Ml measure for our new relocated catalogue 
(Rojo Limón et al., 2021b) including attenuation parameters and station corrections. To do so, we need 
to invert for a new Ml scale for each network, and for both networks together. We found these Ml scales 
�—�•�‹�•�‰���ƒ�•���‘�’�–�‹�•�‹�œ�ƒ�–�‹�‘�•���•�‡�–�Š�‘�†���„�ƒ�•�‡�†���‘�•���ƒ�•���‹�–�‡�”�ƒ�–�‹�˜�‡���Œ�‘�‹�•�–���’�”�‘�…�‡�•�•�á���‹�–�‡�”�ƒ�–�‹�˜�‡�Ž�›���‹�•�’�”�‘�˜�‹�•�‰���–�Š�‡���’�ƒ�”�ƒ�•�‡�–�‡�”�•�ï��
values using median statistics.  

We first present the three types of data we use (waveforms, a relocated earthquake catalogue and station 
metadata) (Section 4.3). We then elaborate the method we applied to automatically measure the 
maximum amplitudes of the seismic traces (Section 4.4.1), select the events and stations for the inversion 
(Section 4.4.2), calculate the parameters for the new Ml formulas, or attenuation curves, (Section 4.4.3) 
and to verify our code (Section 4.4.4). Then, we present our new attenuation curves (Section 4.5) and the 
final M4+ catalogue with new magnitudes (Section 4.6). Finally, we summarize our findings and discuss 
their implications and limitations (Section 4.7). 

 

4.3 Data 
We use three different types of information for this study: a set of consistently located earthquakes, a set 
of vertical seismograms and a set of station response files. 

The earthquake locations come from our previously published catalogue (Rojo Limón et al., 2021b), 
where we relocated earthquakes in Turkey spanning the period 2007-2016 inclusive, covering original 
latitudes between 34��43°N and longitudes between 25��46°E. Events in the catalogue were originally 
reported by either the Kandilli Observatory And Earthquake Research Institute (KOERI) (Bogazici 
University Kandilli Observatory and Earthquake Research Institute, Regional Earthquake-Tsunami 
Monitoring Center, 2019) or The Earthquake Department of Republi�…���‘�ˆ�����—�”�•�‡�›�����”�‹�•�‡�����‹�•�‹�•�–�”�›�ï�•�����‹�•�ƒ�•�–�‡�”��
and Emergency Management Presidency (AFAD) (T.C. Disaster and Emergency Management Presidency, 
2017) with a magnitude �Ë 4. It includes the spatiotemporal location of 1,645 events (Fig. 4.1), and the 
first P arrival times of 84,372 waveforms (but no waveforms included). 
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Figure 4.1 Spatial distribution of the events and stations from our relocated earthquake catalogue (Rojo Limón et al., 2021b) for which 
we have waveforms. a Stations that registered the seismic traces: reported by KOERI (298 red triangles) and by AFAD (328 blue 
triangles). No�W�H���W�K�D�W���Q�R�W���D�O�O���R�E�V�H�U�Y�D�W�L�R�Q�V���Z�H�U�H���P�D�G�H���E�\���Q�H�W�Z�R�U�N�V���µ�.�2�¶���D�Q�G���µ�7�8�¶�����V�H�H���P�D�L�Q���W�H�[�W���I�R�U���W�K�H���D�F�U�R�Q�\�P���G�H�I�L�Q�L�W�L�R�Q���D�Q�G���I�L�J���������L�Q��
Rojo Limón et al. 2021 to see all networks considered in the last publication). b. Red circles are events with only KOERI observations 
(38), blue circles are events with only AFAD observations (173) and green circles are events with observations from both networks 
(1434). c. Depth distribution of all events. Note that there are 357 events at a depth between 0 and 1 km (events that are not sufficiently 
constrained by seismic stations). d. Hypocentral distance to seismic stations. The median distance between the hypocentres and the 
stations is 252 km. 

 

AFAD and for KOERI report a variety of magnitude types for these 1,645 events (Fig. 4.2). AFAD reports 
local magnitude as the default magnitude type, which before 2013 came from a tailored scale adapted 
from the Hypoellipse program (Lahr, J.C., 1999). This is the magnitude type for most of the AFAD events. 
After 2013, the network uses the Ml scale developed by K�Çl�Ç�­ et al., (2017). We also have events measured 
in duration magnitude (Md), moment magnitude and integrated p-wave magnitude (Mwp, only one case). 
K�Çl�Ç�­ et al., (2017) �•�’�‡�…�‹�ˆ�›���–�Š�ƒ�–�����™���‹�•���…�‘�•�’�—�–�‡�†���ˆ�‘�”���ò�Ž�ƒ�”�‰�‡�”���‡�˜�‡�•�–�•�ó�á���•�‘�–���‹�•�†�‹�…�ƒ�–�‹�•�‰���”�‡�Ž�ƒ�–�‹�˜�‡���–�‘���™�Š�‹�…�Š���˜�ƒ�Ž�—�‡�á��
using different programs that are not routinely incorporated in the processing. They also specify that, 
before 2007, Md was the preferred magnitude type for AFAD. 

 As for KOERI, Md was the reference magnitude type prior to 2012, when Ml (LMAG in Fig. 4.2) became 
the default magnitude scale of the observatory (Cambaz et al., 2019; Kalafat et al., 2011). The catalogue 
we use (M. Yilmazer, personal communication) has either been converted to local magnitudes for 2007-
2011, or had newly calculated Ml values. 17 events have no Ml available, only CMAG. KOERI earthquakes 
downloaded through their website (Bogazici University Kandilli Observatory and Earthquake Research 
Institute, Regional Earthquake-Tsunami Monitoring Center, 2019) contain Ml, and report Md, Mb, Ms and 
Mw for the important and widely felt events (Kalafat et al., 2011), so CMAG may be any of the four 
alternatives to Ml. From the 1,645 earthquakes, 1,145 were reported by both agencies, 330 only by KOERI 
and 170 only by AFAD.  
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Figure 4.2 Magnitude types reported for the 1645 events for which we have waveforms, as a function of time. Next to the magnitude type 
we added in parentheses the number of earthquakes a. AFAD magnitudes reported. Md: duration magnitude, Ml: local magnitude (pre-
2013), Ml: local magnitude (post-2013), Mw: moment magnitude, Mwp: integrated p-wave magnitude. Most of the events were reported 
using the pre-2013 Ml scale, and the AFAD catalogue includes only one magnitude type per event. b. KOERI magnitudes. KOERI reports 
either one or two of the magnitude types. When an event has only LMAG (local magnitude) or both LMAG and CMAG (see main text), 
it is included in the LMAG group because it is the preferred magnitude type for KOERI since 2012 (Cambaz et al., 2019). Events belong 
to the CMAG column only if they do not report LMAG 

 

We used the routine KOERI waveform recordings from the networ�•�ï�•�� �‘�ˆ�ˆ�‹�…�‹�ƒ�Ž�� �™�‡�„�•�‹�–�‡��(BOUN KOERI 
Regional Earthquake-Tsunami Monitoring Center, 2020a), which were available for 95% of all of their 
events (they were not for 89 earthquakes, see supplement C.2, that were not available either via the 
European Integrated Data Archive).  AFAD waveforms were available through their official website (T.C. 
Disaster and Emergency Management Presidency, 2017). We could not obtain the data for 350 events 
from this agency, leaving us with waveforms for only 73% of the earthquakes (supplement C.3), also 
because AFAD does not contribute to the EIDA archive. No more data could be obtained via  the obspy 
FDSN Routing Web services (The ObsPy Development Team, 2020). 

In order to create synthetic Wood-Anderson traces, we need to remove the station response from the 
ground motion time series. For AFAD, we use the .xml (Extensible Markup Language) schema designed 
for sharing station metadata. We obtained these files through a personal communication (Disaster and 
Emergency Management Authority (AFAD) Earthquake Department, 2020), containing 243 of the 354 
stations we  used in our previous publication. 

For KOERI, .xml data came from ObsPy FDSN web services (The ObsPy Development Team, 2020) and a 
poles-and-zeros (PAZ) table was obtained through the official KOERI website (BOUN KOERI Regional 
Earthquake-Tsunami Monitoring Center, 2020b). The KOERI inventory had only 66 station metadata 
files, and the PAZ table contained another set of 149 stations, for a total of 215 stations. 
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Table 4.1 Amplitudes, events and stations information that are either available or missing in this study relative to the relocated 
earthquake catalogue (Rojo Limón et al., 2021b) 

 

 

Comparing our published catalogue with the number of waveforms and stations metadata we have gives 
an initial estimate on how representative is our dataset to said catalogue. Table 4.1 and Fig. C.1.1 of the 
supplement show the difference between the available and unavailable/not used information. The 
unused stations (and corresponding waveforms) are either from another network originally (see 
Rojo Limón et al., 2021 figure 3) or strong motion sensors. In our last publication, we considered all first 
P phase picks reported by any of the agencies while here we consider only stations from the Bogazici 
University Kandilli Observatory And Earthquake Research Institute (FDSN Cod�‡���î�����ï�á���‘�’�‡�”�ƒ�–�‡�†���„�›����������������
�ƒ�•�†�� �–�Š�‡�� ���—�”�•�‹�•�Š�� ���ƒ�–�‹�‘�•�ƒ�Ž�� ���‡�‹�•�•�‹�…�� ���‡�–�™�‘�”�•�� ���	�������� �…�‘�†�‡�� �î�����ï�á�� �‘�’�‡�”�ƒ�–�‡�†�� �„�›�� ���	�������á�� �–�Š�‡�� �–�™�‘�� �„�”�‘�ƒ�†�„�ƒ�•�†��
networks controlled by the agencies of our interest. Even considering these reduced numbers, the spatial 
coverage of the available earthquakes within the country (Fig. 4.1) is comparable to the coverage of the 
full original catalogue (Rojo Limón et al., 2021, fig. 9). The time coverage (Fig. 4.3) shows AFAD traces 
starting on 01.01.2009, while KOERI waveforms are available up to 20.11.2011 11:20. This means we 
have an overlapping time window of AFAD and KOERI waveforms of over 2.5 years, where there are 6328 
AFAD waveforms from 331 events and 163 stations, and 3321 KOERI waveforms from 236 events and 
66 stations. In particular, there are 172 events common to KOERI and AFAD that have 3572 AFAD traces 
and 1639 KOERI traces, detected by 149 AFAD stations and 65 KOERI stations for which we have .xml 
files. 
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Figure 4.3. Binned time coverage of AFAD (blue) and KOERI (red) amplitudes. The catalogue picks with associated amplitude 
(continuous lines) have both a waveform and an associated station metadata file. Catalogue picks without amplitudes (dotted lines) have 
either no waveforms or no station metadata. Note there is an overlap of solid lines only between January 1st, 2009 and November 20th 
,2011 

4.4 Method 

4.4.1 Waveforms 

We start by processing our waveform dataset to ensure the same filtering and the same amplitude 
measuring procedure to make amplitudes comparable to one another, especially since we are working 
with two networks. The large quantity of traces and the need of a scalable alternative call for an automatic 
procedure. We use the ObsPy framework (The ObsPy Development Team, 2020) to create the synthetic 
Wood-Anderson seismograms and to  measure the half peak-to-peak amplitude of each waveform.  

The algorithm works as follows: 

1. For each event/stream of traces (miniSEED or SAC format) 

a. Read all waveforms 

b. Discard non-vertical components 

c. For each trace 

i. Create a time window where we expect the maximum P amplitude, and a time 
window for the maximum S amplitude (Table 4.2) 

ii. If a single event origin time is within the given trace start and end, and the P and 
S amplitude windows are also available within  
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1. Add information from the catalogue to the trace: station and event 
coordinates, event depth, hypocentral distance to station, origin time and 
first P onset time 

2. If the instrument response is available  

a. Remove the instrument response 

b. Filter the waveform 

c. Simulate the Wood-Anderson seismogram 

d. Obtain half the maximum peak-to-peak amplitude for S waves 

2. Save the maximum S amplitude, respective amplitude time and hypocentral distances from the 
event to the sensor 

 

The most suitable time windows (P and S) needs to be identified to obtain the maximum S wave 
amplitude, which should come after the maximum P amplitude has passed. There is no exact definition 
about which phase to use for an Ml calibration formula (Bormann, 2012), but we want to remove the 
differences due to geometrical spreading  and reduce differences due to different phase arrival times. For 
this, we define brackets that are appropriate to the local velocity model, starting 2 s before the pick time 
to ensure we capture the P amplitude if the catalogue pick is late. We use distance-dependent values for 
the time windows because phases that show the largest P amplitude change at various epicentral 
distances (Table 4.2). Assuming a crustal thickness of 32 km (Rojo Limón et al., 2021b) and an average P 
wave velocity of 6 km/s, the PmP arrival (which should be the largest P wave amplitude except for very 
short distance high-amplitude Pg arrivals) will arrive within 10 seconds after the first arrival, for 
distances up to about 120 km (Diehl et al., 2011). Beyond the triplication region, and beyond an epicentral 
distance of 200 km, the first arrival then should always be the Pn travelling at about 8 km/s while the 
PmP (with the largest amplitude) shows an apparent velocity of 6 km/s. This velocity difference makes 
the time difference between the Pn and the PmP increase rapidly with distance. For S waves, the time 
window starts after the P phases, because S waves (Sg, Sn, Sb) come after the P wave, with some delay 
because we assume the average velocity Vs in the region to be 3.3 km/s. Thus, after about 300 km, we 
expect to see the Sn arriving before the Sb. Additionally, at a distance of 5 degrees or larger, we also have 
the Lg wave group arrival (Kulhanek & Persson, 2011). These oscillations are caused by the superposition  
of  multiple  S wave  reverberations  and  SV  to  P  and/or  P  to  SV  conversions between the surface and 
the Moho, traveling at a group velocity of about 3.5 km/s (Bormann, Storchak, et al., 2013), which may 
have the largest amplitudes in the trace (Kulhanek & Persson, 2011). Taking this into consideration, the 
S wave time window ends at the origin time of the event plus the average S wave travel time (epicentral 
distance/ average Vs) + 15s. This time window also contains the faster Lg phases at larger distances.  
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Table 4.2 Time window start and end as a function of epicentral distance, wave type and origin time. 

 

 

We add a bandpass filter where the upper corner frequency is the smallest sample frequency [of all 
traces] divided by 4 (in our case, 5 Hz). The upper corner frequency removes the long-period noise often 
present in broadband recordings (Diehl et al., 2012).  This frequency coincides with what Uhrhammer et 
al. (2011) suggest for their California Ml scale. The lower corner frequency of the filter is 1 Hz, as 
suggested by Diehl et al. (2012) for traces with low frequency noise. Also, the transfer function of the 
Wood-Anderson seismogram high-passes all frequencies below 1 Hz ( Uhrhammer & Collins 1990). We 
implement this values on a second-order Butterworth filter. The filter is applied twice (once forwards 
and once backwards), resulting in twice the filter order but zero phase shift. We then simulate the Wood-
Anderson response using the poles and zeros reported by Bormann and Dewey (Bormann & Dewey, 
2014), with a frequency response originally from Uhrhammer and Collins (1990), for a Wood-Anderson 
seismogram, and a station amplification (gain) of 2080 (Uhrhammer & Collins, 1990) (Figure C.1.2 in 
supplement). 

We calculate the maximum half peak-to-peak S amplitudes adapting the algorithm by Green et al. (2020). 
The amplitude is calculated by scanning the respective S time window trace to find the maximum 
absolute amplitude (A1).  Then, we isolate a small window after A1 between the first and the second zero 
crossings. In this small window, we measure the maximum absolute amplitude Aafter (i.e. the amplitude is 
associated with a single zero-crossing (IASPEI, 2013)). Likewise, we measure the maximum absolute 
amplitude between the first and second zero crossings before A1 (Abefore). The largest absolute amplitude 
between Abefore and Aafter is the A2 value used to calculate the half peak-to-peak amplitude A in equation 
4. This procedure is illustrated in supplement Figure C.1.3. 

A = (|A1| + |A2|)/2          (4.4) 

We store the half peak-to-peak S amplitudes and the hypocentral distance between the events and the 
stations, to use them for the Ml inversion. 

We noticed a large difference between the maximum half peak-to-peak S wave amplitude using the 
station metadata, and the one using the poles-and-zeros (PAZ) table (See supplement Figure C.1.4). For 
the same station, the amplitudes obtained using the PAZ table are systematically about 100.5 times larger 
than when using xml files. This is because very important pieces of information, such as gains relative to 
each processing step, are stored in station metadata files. It seems that these gains are not considered in 
the PAZ case. We thus chose to remove all amplitudes obtained with PAZ table entries. Nevertheless, 
KOERI stations metadata are currently updated online, allowing to use more stations in future studies. 
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4.4.2 Selected events and seismic stations 

We will calculate an attenuation function that includes the amplitude decay from Eq. 4.3 into Eq. 4.2. We 
use the same functional form as in previous studies �����ä�����ä�����—�–�–�‘�•���¬�����‘�‘�”�‡�á���s�{�z�y�â�����Ç�Ž�Ç�­���‡�–���ƒ�Ž�ä�á���t�r�s�y�„��, while 
parameters and data within are defined complying with the IASPEI standards (Bormann & Dewey, 2014). 
We chose to differ from the standard in the amplitude units (we use millimeters while IASPEI advises 
nanometers) to make comparison with previous Ml scales more direct (Hutton & Boore 1987, K�Çl�Ç�­ et al. 
2017 (previous AFAD Ml scale and current KOERI scale), Bindi et al. 2019).  

 

Mli = log10(Aij) + �=*log10(Rij/100) + �>*(Rij-100) + 3 + Sj + D    (4.5) 

 

Here, Aij is the half peak-to-peak amplitude in mm measured on the vertical component of a trace of event 
i measured at station j. While we are aware of the frequency dependence of the attenuation parameters 
above 1 Hz (Bormann et al., 2013 and references within), we simplify the problem assuming both are 
frequency-independent.  A positive station correction (Sj) means that the station has a smaller amplitude 
than expected, and negative correction means the amplitude is larger than expected. The station 
correction Sj is the median of all station corrections of events i measured at station j (Sij), and the 
magnitude Mli is the the median of all magnitudes of event i measured at stations j (Mlij ) (Kiliç et al. (2017) 
and Hutton and Boore (1987) use the mean for Mli and Sj). Compared to the mean, the median minimizes 
the influence of outliers. Even if the Southern California standard measures the horizontal components, 
the adjustment constant D allows us to compare our vertical values with all Ml formulas (Bormann & 
Dewey, 2014). Also, it eliminates the problem of rotating the seismograms in the direction of the rays, 
required for maximum horizontal amplitudes (Bormann, et al. 2013). The constant 3 (in magnitude units) 
and the 100 km value in the attenuation factors scale the amplitudes to the original Richter formula at 
100 km (Richter, 1935b).  

In our inversion scheme, all magnitudes are translated by the same constant value D, independent of the 
hypocentral distance, because we assume station corrections only explain the residual amplitude 
fluctuations coherent among all �‘�„�•�‡�”�˜�ƒ�–�‹�‘�•�•���ˆ�”�‘�•���ƒ���•�–�ƒ�–�‹�‘�•���™�‹�–�Š���‰�‹�˜�‡�•�������Ž�á���=���ƒ�•�†���>�����•�‡�‡���•�‡�…�–�‹�‘�•��4.4.3). 
After having found a consistent attenuation curve, we determine the constant D mapping our Ml values 
to moment magnitudes, since we expect a one-to-one relation between Ml and Mw for magnitudes larger 
than 4 (Deichmann, 2017). This means that �=�á�� �>�á�� ��j and Mlshifted are first estimated using the amplitude 
measures (Eq. 4.6), and then we estimate D.  

 

Mlshifted = Mli -D = log10(Aij) + �=*log10(Rij/100) + �>*(Rij-100) + 3 + Sj           (4.6) 

D = Mwi-Mlshifted        (4.7) 

 

The attenuation function (Eq. 4.6) should be with no systematic errors coming from particular 
earthquakes or stations. In order to ensure this, a p�”�‡�Ž�‹�•�‹�•�ƒ�”�›���‡�•�–�‹�•�ƒ�–�‡���‘�ˆ���=���ƒ�•�†���>���‹�•���’�‡�”�ˆ�‘�”�•�‡�†���™�‹�–�Š���ƒ�Ž�Ž��
observations, allowing us to determine which events, and which stations, have consistent magnitude and 
station residuals.  

In this preliminary inversion, we only include events with at least 6 observations, to ensure the 
�Š�›�’�‘�…�‡�•�–�”�ƒ�Ž���†�‹�•�–�ƒ�•�…�‡���‹�•���™�‡�Ž�Ž���…�‘�•�•�–�”�ƒ�‹�•�‡�†���•�‹�•�…�‡���™�‡���†�‘�•�ï�–���‹�•�…�Ž�—�†�‡���‡�”�”�‘�”�•���‘�•���–�Š�‡���‡�˜�‡�•�–�ï�•���Ž�‘�…�ƒ�–�‹�‘�•���ƒ�•�†���ƒ�•���ƒ��
consequence, neither on the hypocentral distance. We have no azimuthal conditions because Ml accounts 
neither for directional variation, nor for additional conditions on the seismic stations. We consider 
observations of at most 500 km because amplitude observations at larger distances are more prone to 
error, and because only 2% of our data is beyond 500 km. As an outcome of the preliminary inversion, 
the magnitude residuals (Mlij-Mli) show no dependence on the number of observations per event (Figure 
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C.1.5 in the supplement), so we keep the same condition (at least 6 obs.) for the attenuation function 
inversion ahead.  

Station corrections are added only where residuals are explained consistently for all observations of each 
station. To do so, we partition significant and non-significant corrections in two blocks. The first block 
contains station corrections statistically different from zero, and the second block contains the rest. We 
apply the Wilcoxon signed-rank test (Wilcoxon, 1945), a non-parametric statistical hypothesis test, to 
check if our corrections are located at zero. We perform the test on sets Sij for each j separately and 
attribute the median correction to the significant corrections (significantly not located at zero), and zero 
to the non-significant. We also tested for an angular dependence on the station corrections. For each 
station j separately, we partition Sij in quadrants according to the azimuth of the recorded event, dividing 
the total azimuth circumference into four quarters of 90 degrees each (quadrant 1,2,3 and 4). We did the 
���‹�Ž�…�‘�š�‘�•���–�‡�•�–���‘�•���‡�ƒ�…�Š���“�—�ƒ�†�”�ƒ�•�–�ï�•��observations separately and looked for systematic differences between 
quadrants. We checked the 10 stations with most observations for each network and see in some cases 
there might be an azimuthal dependence on the corrections due to geology and scattering (Figure C.1.6 
of the supplement). Since this does not happen in all stations, we choose to include only one correction 
per station.   

In this preliminary inversion, we also detected two seismic stations that have amplitudes (for all 
observations) more th�ƒ�•�� �s�r�� �–�‹�•�‡�•�� �Ž�ƒ�”�‰�‡�”�� �–�Š�ƒ�•�� �‡�š�’�‡�…�–�‡�†�ã�� ���	������ �•�–�ƒ�–�‹�‘�•�•�� �î���������ï�� ���v�r�ä�r�u�¹���á�� �v�r�ä�{�z�¹���á��
�‡�Ž�‡�˜�ƒ�–�‹�‘�•�±�t�r�x�x���•�����ƒ�•�†���î���������ï�����u�{�ä�s�s�¹���á���t�{�ä�r�t�¹���á���‡�Ž�‡�˜�ƒ�–�‹�‘�•�±�z�v�x���•�������•�‡�‡���•�—�’�’�Ž�‡�•�‡�•�–��C.4). This amplitude 
difference may be a metadata problem. We decided to remove these outlier stations from our inversion. 

 

4.4.3 Attenuation function 

To obtain a new local magnitude scale for Turkey, we invert from our set of distances and amplitudes. 
We solve the problem iteratively like Hutton and Boore (1987) where, in each iteration, we adjust the 
stati�‘�•���…�‘�”�”�‡�…�–�‹�‘�•�•�á���–�Š�‡�•���–�Š�‡���ƒ�–�–�‡�•�—�ƒ�–�‹�‘�•���’�ƒ�”�ƒ�•�‡�–�‡�”�•�����=�á�>�����ƒ�•�†���–�Š�‡�•���–�Š�‡���Ž�‘�…�ƒ�Ž���•�ƒ�‰�•�‹�–�—�†�‡�•�ä�� 

���‡�ˆ�‘�”�‡�� �•�–�ƒ�”�–�‹�•�‰�� �–�Š�‡�� �‹�–�‡�”�ƒ�–�‹�˜�‡�� �’�”�‘�…�‡�•�•�á�� �™�‡�� �ˆ�‹�•�†�� �‹�•�‹�–�‹�ƒ�Ž�� �‡�•�–�‹�•�ƒ�–�‡�•�� �ˆ�‘�”�� �=�á�� �>�� �ƒ�•�†�� ���Ž�� �™�‹�–�Š�� �ƒ�� �Ž�‡�ƒ�•�–-squares 
regression per event where we assume zero station corrections. We us�‡���–�Š�‡���•�‡�†�‹�ƒ�•���=���ƒ�•�†���>���ˆ�”�‘�•���ƒ�Ž�Ž���–�Š�‡��
events as the initial estimate. (Hutton and Boore (1987) take zero station correction�•�á���=�±�r�á���>�±�r���ƒ�•�†���–�Š�‡��
Ml from the Caltech catalog). Our work presents an improvement because its only initial assumption are 
�œ�‡�”�‘���•�–�ƒ�–�‹�‘�•���…�‘�”�”�‡�…�–�‹�‘�•�•�ä���	�”�‘�•���–�Š�‡�•�‡���‹�•�‹�–�‹�ƒ�Ž���˜�ƒ�Ž�—�‡�•�á���™�‡���ƒ�•�•�‹�‰�•���–�‘���‡�ƒ�…�Š���‘�„�•�‡�”�˜�ƒ�–�‹�‘�•���–�Š�‡���…�‘�”�”�‡�•�’�‘�•�†�‹�•�‰���=�á���>�á��
Mlij and Sij. On each iteration, we calculate station corrections, �Ù, �Ú and local magnitudes in the following 
order 
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F�H�K�C�5�4
k�#�Ü�Ý
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For each station j,  ���Ý
L �I�A�@�E�=�J�:���Ü�Ý�;       (4.10) 

�= 
L �I�A�@�E�=�J�:
k
F�H�K�C�5�4
k�#�Ü�Ý
o
F ���Ú �Û �:���Ü�Ý
F�s�r�r
o
F ���� ���Ü�Ý
E���Ž�Ü�Ý
�æ�Û�Ü�Ù�ç�Ø�×
F �u�;���H�K�C�5�4�@

�V�Ô�Õ

�5�4�4
�A�;      (4.11) 
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F�H�K�C�5�4
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For each earthquake I, �/�H�Ü
�æ�Û�Ü�Ù�ç�Ø�×
L �I�A�@�E�=�J�:�/�H�Ü�Ý

�æ�Û�Ü�Ù�ç�Ø�×�;     (4.14) 

 

After these adjustments, we compare the remaining residual (Eq. 4.�s�x���� �–�‘�� �’�ƒ�•�–�� �‹�–�‡�”�ƒ�–�‹�‘�•�ï�•�� �˜�ƒ�Ž�—�‡�á�� �ƒ�•�†��
repeat the procedure until we reach convergence.  
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�����������������������������������������������������N�Ü�Ý
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L �H�K�C�5�4
k�#�Ü�Ý
o
E ���Ù�H�K�C�5�4
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�H�K�C�. 
L �� 
F
�5

�6
�Ã�:�N�Ü�Ý�;�6       (4.16) 

 

Updating parameters in a sequence on each iteration distributes the error among them and thus 
maximizing the likelihood is a consequence, not a constraint, of the inversion. Having an iterative 
procedure demands a convergence criterion. We choose to maximise the log-likelihood of the solution as 
follows:  

This likelihood, which assumes a normal distribution of residuals, measures the accuracy of our model 
rather than the precision of Ml or of other parameters (Ottemöller & Sargeant, 2013). 

The disadvantages of the method are in assuming that final iteration residuals are normally distributed, 
which may not be the case, and in considering a single fixed earthquake location per event. It also assumes 
that errors are not event- nor station-dependent. 

The small time window overlap of available data (Figure 4.3) and the data processing differences 
(filtering the waveforms, picking the first arrival) from each agency may have an impact on the results, 
so we compute three parallel attenuation functions: using AFAD observations only, KOERI observations 
only, and AFAD+KOERI observations together.  

We go a step further in assuring the quality of our fit by removing any outlier observation that may result 
from an amplitude too small (say, product of a spurious wavelet that makes Abefore or Aafter too small, thus 
the result of Eq. 4.4 is too small), or too large (could be due to constructive scattering or extreme site 
�…�‘�•�†�‹�–�‹�‘�•�•���ä�����‡�”�›���•�•�ƒ�Ž�Ž���ƒ�•�’�Ž�‹�–�—�†�‡�•���•�ƒ�›���„�‡���‡�š�’�Ž�ƒ�‹�•�‡�†���„�›���–�Š�‡���‡�ƒ�”�–�Š�“�—�ƒ�•�‡�ï�•���ˆ�‘�…�ƒ�Ž���•�‡�…�Š�ƒ�•�‹�•�•�á���™�Š�‹�…�Š���‹�•���•�‘�–��
�…�‘�•�•�‹�†�‡�”�‡�†���‹�•���‘�—�”���Ž�‘�…�ƒ�Ž���•�ƒ�‰�•�‹�–�—�†�‡���ˆ�‘�”�•�—�Ž�ƒ�ä�����Ž�ƒ�•�•�‹�ˆ�›�‹�•�‰���–�Š�‡���ƒ�•�’�Ž�‹�–�—�†�‡�•���„�›���†�ƒ�–�ƒ���—�•�…�‡�”�–�ƒ�‹�•�–�›�����‡�ä�‰�ä���P���±���������s����
- |A2|)/2)  does not work in our case because all the frequencies present in the seismogram often prevent 
Abefore and Aafter from having the same period T as A1, and thus these superpositions of periods create a 
vast array of possible amplitude differences that are larger than  (|A1| - |A2|) = 0.25 mm (assuming the 
highest possible frequency: �H�K�C�5�4�:�:�����s��
F �������t ���;�Û �w�����œ�;)<0.1 magnitude units, see Bormann et al. (2013) 
fig. 3.21 for a graphic example). This is because, whenever one calculates Ml, there is a large amplitude 
variability that may come from the variety of periods at which it is measured. To solve this problem, 
researchers have tried to restrict its estimation to specific phases (Wahlström & Strauch, 1984). We did 
�•�‘�–�� �†�‘�� �–�Š�ƒ�–�� �„�‡�…�ƒ�—�•�‡�� �™�‡�� �†�‹�†�� �•�‘�–�� �•�‡�Ž�‡�…�–�� �ƒ�•�†�� �…�Ž�ƒ�•�•�‹�ˆ�›�� �–�Š�‡�� �ƒ�•�’�Ž�‹�–�—�†�‡�ï�•�� �’�Š�ƒ�•�‡�� �„�›�� �Š�ƒ�•�†�á�� �ƒ�•�†�� �ƒ�•�� �ƒ�—�–�‘�•�ƒ�–�‡�†��
phase-specific picker does not yet exist to our knowledge. 

Instead, we propose a limited amplitude band, around the results from the preliminary inversion, where 
data is accepted. This prevents a bias on the attenuation function due to extreme amplitude values or 
station corrections.  Inside this amplitude band, we allow station corrections up to �s 0.5 (Bindi et al., 
(2019) find values between ±1 (parametric inversion), K�Çl�Ç�­ et al. (2017) find values between �s 0.5 for 
���—�”�•�‡�›�����ƒ�•�†���•�‘�‹�•�‡���™�‹�–�Š�‹�•���{�r�¨���‘�ˆ���–�Š�‡���ƒ�•�’�Ž�‹�–�—�†�‡���˜�ƒ�Ž�—�‡�•���—�•�‹�•�‰���–�Š�‡���ƒ�–�–�‡�•�—�ƒ�–�‹�‘�•���’�ƒ�”�ƒ�•�‡�–�‡�”�•�����=�á�>�����’�”�‡dicted 
in the preliminary runs. The accepted values are marked by upper and lower limits, and all observations 
beyond them are considered outliers (see example in supplement C.1.7).  
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To see if the initial station corrections range of ±0.5 limits the attenuation function computed, we tested 
the case using an upper and lower outlier limit of ±0.6. The results show an increase of at most 0.01 in 
the station corrections interquantile variability (quantiles 2.5 and 97.5), and no effect in the attenuation 
parameters. The final attenuation function inversion considers all events with more than 5 observations, 
all stations with consistent scaling (see supplement C.4), and ignores outlier observations as defined in 
Eq. 4.9. 

We then compare our local magnitude estimates �/�H�Ü�Ý
�æ�Û�Ü�Ù�ç�Ø�× with Mw and, through a linear fit, find the 

constant D (Eq. 4.7). There are many, and widely different, reported fit relationships between Ml and Mw 
(Utsu 2002, Bormann et al. 2013 and references within). There are indications that   the slope between 
Mw and Ml should be one for earthquakes of magnitude larger than 4 (Deichmann, 2017; Goertz-Allmann 
et al., 2011). If our fit supports this hypothesis, we will use the intercept as our translation factor D.  

 

4.4.4 Verification 

To verify that our algorithm calculates the expected values, we created a synthetic group of observations 
and a set of tests of increasing complexity.  The synthetic dataset consists of a subset from AFAD: 11886 
observations, from a set of 438 events (at least 6 obs. per event, and with an azimuthal gap smaller than 
180 degrees to further increase their location precision) measured by the 240 stations of the network 
(Figure C.1.8 in supplement). We generate synthetic amplitudes using the attenuation function by Hutton 
and Boore (1987), the original network magnitudes and our recalculated location (Rojo Limón et al., 
2021b) scaled to A=1mm at 100 km corresponding to Ml=3, in six instances with different station 
corrections and random noise (Table 4.3, Fig. 4.3): no station corrections (test 1), uniformly random 
station corrections up to �s 0.25 (test 2) and �s 0.5 (tests 3,4,5), and an escalating uniformly random 
amplitude noise level scaled to the amplitude value complete the different test conditions.  
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Table 4.3 S�\�Q�W�K�H�W�L�F���W�H�V�W�V���I�R�U���Y�H�U�L�I�L�F�D�W�L�R�Q�����$�O�O���W�H�V�W�V���X�V�H���+�X�W�W�R�Q���D�Q�G���%�R�R�U�H�¶�V���D�W�W�H�Q�X�D�W�L�R�Q���I�X�Q�F�W�L�R�Q��(L. K. Hutton & Boore, 1987) and AFAD 
routine Ml values to calculate synthetic amplitudes, while station corrections and amplitude noise vary. We calculate the bias as the 
difference between the true value and the median result of 1000 realizations. The Ml width is set to the (Mlij - Ml i) quantile 0.975 minus 
quantile 0.025  

 

We repeat each test 1000 times with different random noise realizations. The amount on which all 
observations change for each of the iterations is selected uniformly at random, but always within the 
same [min, max] boundaries; be it [-0.1, 0.1], [-0.5, 0.5] or [-0.9, 0.9] with respect to each amplitude value. 
Our method has no bias with no station corrections and no noise, and a bias up to 17% for �=, 23% for �> 
and 1.5% for Ml. Results for 50% and 90% noise have a smaller bias, likely due to the bias-variance trade-
off, if we consider the interquartile width as a measure of variance. The large bias of ��  and ��  contrasts 
with the small Ml bias, which is a characteristic of sloppy parameters (Brown & Sethna, 2003), in the 
sense that their poor determination does not impact the quality of the fits and the precision of other 
parameters. The Kendall rank correlation coefficient, a statistical measure of ordinal association, shows 
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there is a negative relationship between �= and �> that increases with dispersion for the last three tests. 
This may be because during the iterative process, when the algorithm tries to fit the noise it may 
�‘�˜�‡�”�‡�•�–�‹�•�ƒ�–�‡�á�� �‘�”�� �—�•�†�‡�”�‡�•�–�‹�•�ƒ�–�‡�� �=�ä�� �� ���ˆ�� �–�Š�‡�� �˜�ƒ�Ž�—�‡�� �‘�ˆ�� �=�� �‹�•�� �‘�˜�‡�”�‡�•�–�‹�•�ƒ�–�‡�†�á�� �–�Š�‡�•�� �>�� �™�‹�Ž�Ž�� �„�‡�� �•�‡�…�Š�ƒ�•ically 
underestimated to compensate the residuals, and vice-versa. 

 

 

Figure 4.4 Normalised histograms of all six tests in Table 4.�����I�R�U���.�����D���������������E�����������0�O�L���± Mltrue) (c.) and (Mli �± Mltrue ) interquantile width 
(d.). Vertical black dashed lines show the true value of each parameter, and each colour corresponds to a particular test. Subplots a. 
�D�Q�G���E�����K�D�Y�H�������������V�D�P�S�O�H�V���S�H�U���K�L�V�W�R�J�U�D�P�����Q�R�W�H���.���D�Q�G�������F�R�Q�Y�H�U�J�H���W�R���W�K�H���V�D�P�H���Y�D�O�X�H���H�Y�H�U�\���W�L�P�H���R�Q���W�K�H���I�L�U�V�W���W�Z�R���W�H�V�W�V�������6�X�E�S�O�R�W�V��c. and d.  
have 438 000 (438 events × 1000) samples per histogram. 

 

4.5 New attenuation curves 
We modelled the attenuation curves following Eq. 4.6 for AFAD and KOERI separately, and for AFAD and 
KOERI observations together (AFAD+KOERI) (Table 4.4, and Figure C.1.9 in supplement). The differences 
�ƒ�…�”�‘�•�•���–�Š�‡���–�Š�”�‡�‡���‰�”�‘�—�’�•���ˆ�‘�”���=���ƒ�•�†���>���ƒ�”�‡���˜�‡�”�›���•�•�ƒ�Ž�Ž�á���…�‘�•�’�ƒ�”�ƒ�„�Ž�‡���–�‘���–�Š�‡���„�‹�ƒ�•���‡�š�’�‡�…�–�‡�†���ˆ�‘�”���–�Š�‡���Ž�‘�™�����s�r�¨����
�ƒ�•�’�Ž�‹�–�—�†�‡�� �•�‘�‹�•�‡�� �‹�•�� �‘�—�”�� �˜�‡�”�‹�ˆ�‹�…�ƒ�–�‹�‘�•�ä�� ���Š�‡�� �Š�‹�•�–�‘�‰�”�ƒ�•�� �‘�ˆ�� �=�� �˜�ƒ�Ž�—�‡�•�� �ˆ�”�‘�•�� �ƒ�Ž�Ž�� �‘�„�•�‡�”�˜�ƒ�–�‹�‘�•�•�� �•�Š�‘�™�•�� �ƒ�� �Ž�ƒ�”�‰�‡�”��
�†�‹�•�’�‡�”�•�‹�‘�•�� �–�Š�ƒ�•�� �>�� ���•�—�’�’�Ž�‡�•ent Figure C.1.10). This wider spread may result from a change in the 
geometrical spreading with distance, and to the mixed seismic phases where the amplitude is measured, 
as we mentioned in section 4.4.4. 
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Table 4.4. Key variables from inverting the new attenuation curves. The Kendall rank correlation coefficient is adjusted for ties 

 

 

We report data variability in quantiles because we want to avoid assumptions on the shape of the sample 
distribution. Station corrections have an interquantile range (2.5%,97.5%) smaller than 1, and from all 
said corrections, at least 71% of the values are significantly non-zero according to the Wilcoxon test, 
which echoes the importance of station corrections when computing Ml. The Kendall rank correlation 
coefficient between  �/�H�Ü�Ý

�æ�Û�Ü�Ù�ç�Ø�× and (Sij-Sj) divided by the median absolute deviation of the station 

corrections (MAD(Sj)) shows they are highly correlated, which means there is a part of the �/�H�Ü�Ý
�æ�Û�Ü�Ù�ç�Ø�× 

residual corrected by Sij, likely to help compensate for amplitudes that are too large or too small (L. K. 
Hutton & Boore, 1987). 

We compare our estimates of Ml-D with the moment magnitude (Mw) from the Global Centroid Moment 
Tensor Catalog (Ekström et al., 2012). We find 137 matching events (with our new magnitudes) with a 
25s and 150 km spatiotemporal window (see Rojo Limón et al., 2021, for more information on the 
window size) plus two special cases: one matched pair that is 200 km apart, and one GCMT matched to 
two events in our catalog (not considered)(see supplement C.5). The GCMT does not provide routine 
magnitude uncertainties but reported an uncertainty of 0.1 magnitude units (Storchak et al., 2013). We 
then fit the matching events magnitudes with an ordinary least-squares and an orthogonal (or total) least 
squares regression (Fig. 4.5) While the total regression considers errors in both magnitude estimates, a 
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larger variance in the local magnitude estimates makes the slope artificially rotate towards the y axis 
(Castellaro & Bormann, 2007). The residual of both linear fits (supplement Fig. C.1.11) shows that both 
regression techniques have poor predictive accuracy, especially the total least squares regression for 
large magnitudes. If we consider only errors in Ml (ordinary least squares), an offset of D=0.51 adjusts 
for the different (large scale) regional attenuation and for the systematic differences between our 
amplitudes measured on vertical seismographs, compared to horizontal measurements (Bormann & 
Dewey 2014) and confirms the theoretical one-to-one correspondence of Ml and Mw for large 
magnitudes (Deichmann, 2017).   

 

Figure 4.5 Comparison between (Ml-D) and Mw estimates. Black circles are the earthquakes that were registered by our study and by 
the Global Centroid Moment Tensor catalogue (Ekström et al., 2012).. The dotted line is a 1:1 correspondence between Ml and Mw 
with D=0. The results of an ordinary least-squares regression (continuous) and an orthogonal least-squares regression (dot-dash) are 
also plotted. 

 

The magnitude variability indicates how precise our magnitude measurement is. Several authors have 
found dependence of this value on the hypocentral distance (Bindi, Zaccarelli, Strollo, & Di Giacomo, 
2019; L. K. Hutton & Boore, 1987; ���‹�”�ƒ�–�œ�‹���¬�����ƒ�’�ƒ�œ�ƒ�…�Š�‘�•�á���s�{�z�v�â�����Ç�Ž�Ç�­���‡�–���ƒ�Ž�ä�á���t�r�s�y�„��, even leading to the  use 
of a piecewise function on R to calculate Ml. Our magnitude residual as a function of distance (supplement 
Fig. C.1.12) shows that bins closer than 100 km have a median further away from zero, likely because we 
chose a reference distance of 100 km for Ml=3 as advised by IASPEI (Bormann & Dewey, 2014), while 
Hutton and Boore (1987) recommends 17 km for regions where the attenuation function is very different 
from Southern California. We see the Ml variability is fairly constant over our 500 km, and smaller 
between 100 and 400 km. Larger variability  for distances larger than 400 km may be due to the arrival 
of Sn prior to Sb and Sg (at larger distances), combined to Lg arrivals (usually dominant beyond 5° from 
the source) (Kulhanek & Persson, 2011).  Besides these two considerations, our Ml residual median is 
within 0.1 (all but for KOERI events within 20 km from the station, median residual = 0.27 (Fig. C.1.12)), 
comparable to the fit for Southern California (Hutton & Boore, 1987) and Greece (Kiratzi & Papazachos, 
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1984). It also shows a notable variability reduction with respect to the Ml scale proposed for AFAD by 
Kiliç et al. (K�Çl�Ç�­ et al., 2017b, fig. 6). 

We look at the normalized error distribution to see how different can we expect our predicted amplitudes 
to be with respect to the observed values (Fig. 4.6). The median is zero in all cases and distributions are 
practically indistinguishable for the three groups. The larger tails to the left show we have some observed 
log10(A) smaller than the predicted log10(A). These are certainly due to remnant outliers where the 
measured amplitudes are too small. 

 

 

Figure 4.6 Distribution of error values per observation, for the three attenuation curve inversions. Note all sets have a zero median 
error and the largest outliers correspond to amplitudes that are much smaller than what the inversion predicts. 

 

If we compare our attenuation curves to previous parametric results (Fig. 4.7), we find our curves have 
a close fit with routine magnitude scales for AFAD and KOERI, and with the scale by Hutton and Boore 
(1987). Our estimates show a larger decay of the amplitudes with distance from 150 km onwards. This 
increasing difference between our estimates and the formula by Hutton and Boore reaches 0.5 magnitude 
units at 500 km from the source. The same behavior has been documented (Bindi et al., 2019, fig. 10) for 
the Eastern Mediterranean, for a different set combining data from KOERI and several Greek 
seismological networks. 

 

 

 



81 
 

 

Figure 4.7. Comparison of the attenuation curves (-log10(A0����� ���.�
�O�R�J10 ���5�������������������
���5��-100) +3) from Hutton and Boore ( 1987), from 
AFAD Ml (pre-2013) and KOERI local magnitude as reported by Kiliç et al. ( 2017), and from this study: AFAD only, KOERI only, and 
AFAD+KOERI. 

Our station corrections correlate spatially, in a loose sense, with the large geological features, 
heterogeneous velocity structure, and temperature at the scale of the country  (Fig. 4.8 for AFAD+KOERI 
and supplement Figure C.1.13 for AFAD, and for KOERI; see Rojo Limón et al., (2021) for a more complete 
discussion). This spatial correlation has also been noted by previous studies (references in Bormann et 
al., (2013)). We highlight here, as we discussed in (Rojo Limón et al., 2021b),  that local variations in the 
velocity structure and attenuation at smaller scales are more relevant to the variations of the station 
corrections (Erkan, 2015; Koulakov et al., 2010). We can only say with confidence that our AFAD+KOERI 
magnitude scale shows a good correlation across stations from both networks. All station correction 
values are centred on zero (Fig. 4.9) relative to a magnitude scale that considers a constant scaling factor 
D, with positive and negative corrections across both networks. We found significantly non-zero station 
corrections, for almost 2/3 of the total number of stations, with corrections between -0.65 and 0.45.   
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Figure 4.8. Station corrections for the AFAD+KOERI attenuation function (see supplement Figure C.1.13 for the AFAD and KOERI 
only station corrections). Only stations that have a correction statistically different from zero according to the Wilcoxon signed-rank 
test (Wilcoxon, 1945) are displayed with a station correction different from zero. Regional trends correlate loosely with geological 
features. 
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Figure 4.9. Histogram of the station corrections for AFAD (a.), KOERI (b.) and AFAD+KOERI (c.). Vertical 
lines show the median station correction of each set.  Slightly more than 1/3 of the stations in each inversion 
have corrections that are not significantly different from zero according to the Wilcoxon signed-rank test 
(Wilcoxon, 1945). 
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4.6 Results and recomputed magnitudes 
 

Using the attenuation function (Eq. 4.5) for AFAD+KOERI data with the following parameter values 
(�==0.89, �>=0.0036, D=0.5), we make explicit expression (5) as 

 

 Mli = log10(Aij) + 0.89*log10(Rij/100) + 0.0036*(Rij-100) + 3.5 + Sj ,  (4.18) 

 

The results show a smaller �= and a larger �> than the standard for Southern California (L. K. Hutton & 
Boore, 1987), and previous the AFAD estimates by Kiliç et al. �����Ç�Ž�Ç�­���‡�–���ƒ�Ž�ä�á���t�r�s�y�„��. The constant (3.5) is of 
course different than both scales because of the scaling to Mw, and because we use vertical waveforms. 
We now give each event a new local magnitude value. In total, we have 29052 observations from 1200 
events and 305 stations (supplement Figure C.1.14).  

 

4.6.1 Error and magnitude precision 

We look at two aspects of our results: the error distribution and the magnitude residuals (Mlij-Mli). The 
error distribution (Figure 4.10) is not Gaussian and shows large negative tails due to amplitudes that are 
much smaller than what the model predicts, which are likely a consequence of our automatic procedure, 
combined to the multiple seismic phases discussed in section 4.4.3. Ignoring the outliers, the distribution 
is centred on zero but is not symmetric: we have more events on the right-hand side of the distribution, 
which means that, in some cases, the calculated model underestimates slightly the amplitudes.  
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Figure 4.10. distribution of error values per observation, for the inversion �F�R�Q�F�H�U�Q�L�Q�J���R�Q�O�\���0�O�����I�L�[�H�G���.���������D�Q�G���6�M�������7�K�H���P�R�G�H���L�V���]�H�U�R���D�Q�G��
the errors are not symmetric. The most significant outliers correspond to amplitudes that are much smaller than what the inversion 
predicts. 

 

The magnitude residual as a function of distance (Fig. 4.11) shows how precision changes with 
hypocentral distance. The  residual median is within 0.1 for Rij<550 km, comparable to the results by 
Hutton and Boore (1987) and Kiratzi and Papazachos (1984) while our 95 percentile is larger than their 
values, probably based on the differences in outlier definition. The median residuals do not have the 
convex shape that past application of attenuation functions to the region showed �����Ç�Ž�Ç�­���‡�–���ƒ�Ž�ä�á���t�r�s�yb) after 
60 km, while at distances below 60 km, our median residuals are all positive. The two breakpoint 
distances in the attenuation law (Muggeo, 2003) at 10 km and 60 km used by  Bindi et al. ( 2019) may be 
a good solution to this problem, while following our comments in section 4.4 regarding the phase arrival 
times, one could consider adding a breakpoint at about 400 km. 

 

 

Figure 4.11 Magnitude residual as a function of hypocentral distance. Dark circles are all 29052 observations considered. Green circles 
are the median residual in a 20 km bin (a.) and in logarithmic bins where log10(bini+1))-log10(bini )=0.062 (b.). The vertical lines 
correspond to the Mli interquantile range of each bin. Note central values are within 0.2 magnitude units at distances closer than 600 
km, and that logarithmic bins below 40 km distance are poorly sampled, so we cannot interpret median values and interquantile widths 
below said distance. 

The magnitude residual is our precision measurement, which can be used as the magnitude uncertainty. 
For this inversion, we obtain a global Ml interquantile [0.025, 0.975] range of 1.03, between -0.47, and 
0.56.  We fit the normalized number of the observations for magnitude residuals within ±1.2 (Fig. 4.12) 
with a Gaussian model. One can see they do not follow said distribution, which is at odds with the 
standard assumptions in hazard studies. While the Gaussian model fits well the negative residuals, the 
positive residuals are underestimated. It may be that the distribution of Fig. 4.12 is a mixture of Gaussians 
that depend on different variables like the phase where we measure the maximum amplitude, the 
�†�‹�•�–�ƒ�•�…�‡���„�‡�–�™�‡�‡�•���–�Š�‡���Š�›�’�‘�…�‡�•�–�”�‡���ƒ�•�†���–�Š�‡���•�–�ƒ�–�‹�‘�•�á���ƒ�•�†���–�Š�‡���‡�˜�‡�•�–�ï�•���Ž�‘�…�ƒ�–�‹�‘�•���—�•�…�‡�”�–�ƒ�‹�•�–�›�ä�����•���ƒ�•���‡�š�ƒ�•�’�Ž�‡�á���‹�•��
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supplement Fig. C.1.15 we separate the data between observations with a hypocentral distance between 
0 and 550 km and distances larger than 550 km, since the average residual for the first group is smaller 
than 0.1 in all magnitude bins (Fig. 4.11). The distribution of these two groups is significantly different, 
and so are the Gaussian fits.  We encourage the catalog user to consider the magnitude uncertainty as 
dependent on the variables mentioned above rather than as a unique value. We also encourage future 
magnitude estimations to show their residual distribution so that the catalogue user can adequately 
consider magnitude uncertainties, which may have very important consequences (Werner and Sornette, 
2008).  The negative residuals (smaller than -2 magnitude units) are remnant outliers where measured 
amplitudes are more than 100 times smaller than what the model predicts, and obviously cannot be 
considered as reliable Mlij estimates  

 

Figure 4.12 Distribution of the magnitude residuals. Our catalogue magnitudes (continuous line) and a Gaussian fit (dot-dash). 

 

4.6.2 Comparing routine magnitudes to our new Ml  

To compare our new results to the pre-existing magnitude scales (Fig. 4.13), we compare the routine 
magnitude values to our new Ml scale, and to the Mw magnitude from the Global Centroid Moment Tensor 
(GCMT, Ekström et al. 2012) that we paired in section 4.4.2. We tried to fit the three distributions with a 
Gaussian, and with a Laplace model (Table 4.5).  The Laplace distribution is defined as  

�L�:�T�; 
L
�5

�6��
�A�?

���ã�7
���

�                                                            (4.19) 

�™�Š�‡�”�‡���S���‹�•���–�Š�‡���•�…�ƒ�Ž�‹�•�‰���’�ƒ�”�ƒ�•�‡�–�‡�”�����‹�ä�‡�ä���–�Š�‡���•�–�”�‡�•�‰�–�Š���‘�ˆ���–�Š�‡���•�‘�‹�•�‡�����ƒ�•�†���J���‹�•���–�Š�‡���•�‡�ƒ�•�ä�����‘�”�‡�‘�˜�‡�”�á���–�Š�‡���•�–�ƒ�•�†�ƒ�”�†��
deviation of the Laplace distribution is �í�¾�t. To assess if these distributions were a good fit to our data, 
we applied the Anderson-Darling test to each of the three sets (Table 4.5) with the null hypothesis of a 
Gaussian and a Laplace distribution using the percentage points by Stephens (1986) and Puig and 
Stephens (2000) respectively. We obtain very low probabilities associated with the tests, which means 
the data cannot be explained by a Gaussian nor by a Laplace distribution. While the hypothesis the data 
being a sample of said distributions is rejected, test statistics are better for the Laplace than the Gaussian 
fit for (Ml AFAD routine - MlAFAD+KOERI)  and for (Mw GCMT - MlAFAD+KOERI ), just as observed for California by 
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Werner and Sornette (2008) for the difference between the Mw GCMT and Mw USGS MT (Sipkin, 1994). For 
(MlKOERI routine - MlAFAD+KOERI), a Gaussian distribution explains the data better. 

 

Figure 4.13 Probability distribution of the difference between magnitude values. In blue circles, AFAD routine Ml magnitude (pre-2013) 
minus our Ml value (625 earthquakes). In red circles, KOERI routine Ml magnitude minus our Ml value (877 earthquakes) In black 
circles, the moment magnitude (Mw) from the Global Centroid Moment Tensor catalogue (Ekström et al., 2012) and 137 of our events. 
Dotted lines show a Laplace fit. 

 

Table 4.5 Results from two different probability distribution estimates for the difference between magnitude values. The probability 
associated to the Anderson-Darling test shows none of the proposed distributions explain the data.   
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4.6.3 Magnitude Frequency Distribution 

 

Figure 4.14. Magnitude frequency distribution of our new magnitudes (green) and the routine M4+ AFAD and KOERI values (blue and 
red, respectively).The legend contains the number of earthquakes, the magnitude of completeness and the b value of each set, using the 
Lilliefors method (Herrmann & Marzocchi, 2021). The magnitude of completeness of our new Ml scale is larger, the b-value is smaller, 
than the independent catalogue results and the simple mean magnitude value we considered in our last publication. 

The local magnitude scale measures the earthquake size in a frequency band that is useful to earthquake 
hazard and earthquake engineering, because it coincides with the natural frequency of high-rise 
buildings. For that scope, the  magnitude distribution of a catalogue can define  important elements for 
hazard assessment like the b-value and the maximum earthquake in a specific seismic region (Chen et al., 
1998). If we compare our newly calculated magnitudes to the routine AFAD and KOERI magnitude 
distribution, our Ml values appear systematically smaller (see section 4.6.2). To test if the routine 
catalogues and our new Ml (above M=4) could all be sampled from the same underlying probability 
distribution, we use the Anderson��Darling k-sample test. This is a non-parametric measure that 
compares the samples using rank scores (Scholz and Zhu, 2019; Scholz and Stephens, 1987 and MATLAB 
version by Trujillo-Ortiz et al., 2007). Given the test results (Table 4.6), we can say that the distribution 
from our new Ml magnitude seems to come from a different population than the routine AFAD and KOERI 
magnitudes. According to estimates using a recently published technique that assesses until which point 
is the magnitude exponentially distributed using the canonical goodness-of-fit test of Lilliefors 
(Herrmann & Marzocchi, 2021), the magnitude of completeness of our new Ml scale is 4.2±0.16, and the 
b-value is 0.97±0.04. This means the magnitude of completeness and b-value are comparable to our 
�’�”�‡�˜�‹�‘�—�•�� �’�—�„�Ž�‹�…�ƒ�–�‹�‘�•�ï�•�� �•�ƒ�‰�•�‹�–�—�†�‡�� �‡�•�–�‹�•�ƒ�–�‡�•��(Rojo Limón et al. 2021 fig. 11 and table 3: Mc=4.1 and 
b=1.015 (average)) �ä�����ˆ���™�‡���…�‘�•�•�‹�†�‡�”���–�Š�‡���•�‡�ƒ�•���˜�ƒ�Ž�—�‡���‘�ˆ�����…���ƒ�•�†���„�á���–�Š�‡���’�”�‘�„�ƒ�„�‹�Ž�‹�–�›���‘�ˆ���ƒ�•���‡�ƒ�”�–�Š�“�—�ƒ�•�‡���‘�ˆ�����·�y�ä�w��
(10-b(M-Mc)) was 3.5×10-4 and the estimate with the new Ml is 6.3×10-4.  
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Table 4.6. Results from a 2-sample Anderson-Darling test (F. W. Scholz & Stephens, 1987) given three possible combinations. Results 
apply for magnitudes equal or larger than 4. While the routine catalogues could be considered as coming from the same distribution, 
our new Ml estimate cannot. 

 

 

4.7 Discussion and conclusions 
We have inverted a new attenuation function for Turkey (Eq. 4.10), using observations from the AFAD 
and KOERI networks, and used it to obtain a local magnitude scale. This work builds on our relocated 
M4+ catalogue with consistent locations (Rojo Limón et al., 2021b) adding consistent local magnitudes, 
calculated with a high quality set of waveform amplitudes. With our new method, we were able to 
determine a new local magnitude scale that is consistent with local attenuation variability, with 
observations by the two permanent networks that overlap in Turkey,  and with expected results 
according to moment magnitude estimates (Ekström et al., 2012). This new attenuation curve includes 
corrections for 305 stations (Fig. 4.8 and 4.9) centred on zero, within ±0.65 magnitude units and that are 
consistent across both networks. We obtained Ml estimates for our relocated catalogue (Rojo Limón et 
al., 2021b). The magnitude residual is not fully explained by a Gaussian distribution (Fig. 4.12), where 
positive residuals are underestimated.  

We found that the difference between our Ml values and the Ml values estimated by AFAD and KOERI 
cannot be modelled by Gaussian nor Laplace distributions (Fig. 4.13), and have median differences 
smaller than 0.1 magnitude units. We also agree with the differences that Bindi et al. (2019) found for 
their Ml scale (Greece and Turkey) relative to Southern California (L. K. Hutton & Boore, 1987) as a 
function of hypocentral distance. Also, our new Ml catalogue is complete down to 4.2±0.16, and we obtain 
a b-value of 0.97±0.04. These values come with a warning sign, given that we chose initial events with 
�”�‘�—�–�‹�•�‡�����Ž���˜�ƒ�Ž�—�‡�•���·���v�á���ƒ�•�†���„�‡�…�ƒ�—�•�‡���‘�ˆ���–�Š�‡���Ž�ƒ�”�‰�‡���•�’�ƒ�–�‹�ƒ�Ž���…�‘�˜�‡�”�ƒ�‰�‡���‘�ˆ���–�Š�‡���…�ƒ�–�ƒ�Ž�‘�‰�—�‡�á���™�Š�‹�…�Š���…�‡�”�–�ƒ�‹�•�Ž�›���Š�‹�†�‡�•��
possible spatial variations of the Gutenberg-Richter law.  

We found that the form of our Ml scaling function (Eq. 4.5) is insufficient to explain geometrical spreading 
and attenuation, because of a very large negative correlation between �= and �>�ä�� ���•�� �ƒ�� �”�‡�‰�‹�‘�•�� �™�Š�‡�”�‡��
geometrical spreading varies over the distance range, and because different seismic phases are 
considered together to measure the maximum amplitudes, it may be best to use a distance-dependent 
parametric formula (Baumbach et al. 2003, Bindi et al. 2019). To try to better explain the magnitude 
precision, it would be interesting to do a detailed analysis where we try to explain magnitude residuals 
as a function of variables that are not considered in Eq. 4.18 (like the phase or the location uncertainty). 
This would benefit the catalog user when considering magnitude errors in their applications. 

Our Ml estimates scale linearly with the moment magnitude from the Global Centroid Moment Tensor 
Catalog (Ekström et al., 2012), so we do not model the differences between magnitude types for which 
the corner frequency of the events is below 5 Hz (for larger events). This may be why we have a large 
difference for events with Mw>6.5 in Fig. 4.5. This is important for seismic hazard, and illustrates that 
moment-based and amplitude-�„�ƒ�•�‡�†�� �•�ƒ�‰�•�‹�–�—�†�‡�� �•�…�ƒ�Ž�‡�•�� �†�‡�•�…�”�‹�„�‡�� �†�‹�ˆ�ˆ�‡�”�‡�•�–�� �ƒ�•�’�‡�…�–�•�� �‘�•�� �î�Š�‘�™�� �„�‹�‰�� �ƒ�•��
�‡�ƒ�”�–�Š�“�—�ƒ�•�‡���‹�•�ï�ä�����–���‹�•���‹�•�’�‘�”�–�ƒ�•�–���–�‘���…�‘�•�–�‹�•�—�‡���”�‡�’�‘�”�–�‹�•�‰���•�‘�”�‡���–�Š�ƒ�•���‘�•�‡���•�ƒ�‰�•�‹�–�—�†�‡���•�…�ƒ�Ž�‡���™�Š�‡�•���’�‘�•�•�‹�„�Ž�‡�ä�� 
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Now that KOERI is updating its EIDA database (Strollo et al., 2021), it will be possible to include more 
stations and more waveforms from this agency, hopefully improving the time overlap of KOERI and 
AFAD. This will certainly improve the quality of the attenuation curve of both networks together. Also, 
having a nationwide attenuation model for the frequency band specific to Ml (1-5 Hz) would help 
separate the scalar D into an attenuation term, and a term related to using vertical (instead of horizontal) 
waveforms.   
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5.  Conclusions and future perspectives 
 

5.1 Conclusions 
This thesis deals with producing high quality seismic catalogues in terms of precision, consistency and 
completeness: improving the consistency and repeatability of the methods, providing uncertainty 
estimates for spatiotemporal locations and magnitudes, a known completeness level, a high precision (in 
the case of the instrumental catalogue) and no fake or repeating events ensures the quality of said model.  

Chapter 2 presents an updated historical earthquake catalogue for the Dead Sea Fault Zone of 
over 1900 years of pre-instrumental records. The increasing evidence of relative plate motion across the 
fault system recorded by remote sensing tools (Reilinger et al., 2006), alongside the increasing field 
evidence of seismicity (Lu et al., 2020a), nourished by the quantity of models discussing earthquake 
rupture across more than one fault segment (Mignan et al., 2015) lead to consider this region and its rich 
historical records for a new historical earthquake catalog suitable for seismic hazard assessment. We 
followed a framework to appraise the events based on the ground shaking intensity, consistency of 
several reports [of the same event] in terms of magnitude, intensity and location, and the presumed 
supernatural cause of original sources. We validated macroseismic intensity reports with field evidence 
(archaeological studies and trenching) within its dating constraints. While soft sediment deformation 
structures can add information on reported events, they were not used for validation due to their very 
large dating uncertainties. We did not re-assign earthquake macroseismic intensities, but all intensities 
and available magnitudes were transformed into moment magnitude, allowing to define a magnitude of 
completeness of Mw=7 for the whole region. This catalogue classifies the events into three uncertainty 
classes (medium, large or very large) based on the variability of the historical reports, the method, the 
consistency with field investigations and the magnitude value itself.  

In Chapter 3 I present a consistent catalogue of instrumental M4+ earthquakes in Turkey for the 
time period 2007-2016. The catalogue combines observations from two routine agencies (AFAD and 
KOERI) that share spatial and time coverage over the country, into a single catalogue. We did so with a 
joint inversion that solves for the absolute hypocentral location and for a minimum 1D model (and station 
corrections) at the same time. The new velocity model we obtained shows a well-defined Moho at 32 km 
and the station delays correlate well with the subsurface temperature field. Considering the picking 
errors reported by the observatories, we identified and corrected systematic errors and flagged 
individual observations as an outlier when it surpasses the limits of the geophysical setup. The critical 
approach that allowed us to separate the systematic event and station problems from the outliers, and to 
have a new velocity model, was the joint inversion of observations from the two networks. The final 
catalogue contains 1145 earthquakes reported by both AFAD and KOERI, 330 reported only by KOERI 
and 170 reported by only AFAD, compared to 1219 and 1271 earthquakes in the routine catalogues by 
AFAD and KOERI respectively. The events were relocated to a precision (for the well-locatable events) of 
3 km in epicentre and 4 km in depth. 

The difference between routine AFAD and KOERI magnitude estimates for the same event can be 
explained by a Laplace distribution centred in zero with a standard deviation of 0.3, showing the potential 
�ˆ�‘�”���ƒ���„�‡�–�–�‡�”���•�ƒ�‰�•�‹�–�—�†�‡���‡�•�–�‹�•�ƒ�–�‹�‘�•�ä�����•�‹�•�‰���–�Š�‡���•�‡�”�‰�‡�†���…�ƒ�–�ƒ�Ž�‘�‰�—�‡�ï�•��recalculated locations and waveforms 
from both AFAD and KOERI broadband networks, we calculate a unique and consistent magnitude 
formula for the merged catalogue (Chapter 4), and estimate a new local magnitude formula for Turkey 
using observations from both networks together for the first time in the region. The Ml attenuation curve 
scales 1:1 to the moment magnitudes reported by the Global Centroid Moment Tensor (Ekström et al., 
2012) and accounts for the amplitude differences between the maximum vertical and horizontal 
amplitudes of the shear waves. Scaling Ml to Mw and having a single magnitude estimate for all events 
shows the differences between estimates from AFAD, KOERI and the GCMT, and allows us to work on the 
distribution and to consider possible causes of the magnitude errors: hypocentral distance variations, 
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location errors and different seismic phases where we observe the largest amplitude. We obtain new 
magnitude estimates for each of the 1645 events and show that the magnitude errors may be explained 
by a mix of Gaussian kernels. Considering only stations within 550 km from the source, a Gaussian 
distribution centred in zero with a standard deviation of 0.23 could explain the data sufficiently well. 

Seismic catalogues, being themselves parametric models of seismicity, are limited by the quality 
of their components. For historical seismicity, this means by the availability of the original sources, and 
by the archaeological and geological data and processing uncertainties. Reassigning the intensity of all 
reports and then recalculating the intensity attenuation model (a formula relating macroseismic intensity 
with magnitude and distance to the source) for the Dead Sea Fault Zone would have a strong impact on 
the precision of the location and the magnitude (Musson et al., 2010) and on the consistency of the 
catalogue. 

 For instrumental records, we are limited first by the accuracy of the picked seismic phases and 
by the precision related to maximum amplitudes and the phase on which the amplitude is measured. The 
problem of mixing picking precision and selecting the correct seismic phase under a single uncertainty 
measure, especially for automated pickers, is well known (Diehl et al., 2009; Rezaeifar & Kissling, 2018) 
but has yet to be further explored for local magnitude determination. Another limiting aspect is data 
inclusion: we do a joint inversion where the medium through where the waves travel (the Earth) is 
assumed to be the same at a local scale. Slight variations inform us of vertical variations in the velocity 
model and horizontal changes that make up the station corrections. For local magnitudes, we also assume 
amplitude variations that change with the distance between the source and the station at a rate unique 
to each region. Variations beyond physical limits are considered outliers for our study but may be 
�‡�š�’�Ž�ƒ�‹�•�‡�†���„�›���–�Š�‡�����ƒ�”�–�Š�ï�•���Š�‡�–�‡�”�‘�‰�‡�•�‡�‘�—�•���‹�•�–�‡�”�‹�‘�”���ƒ�•�†���‹�–�•���‹�•�’�ƒ�…�–���‘�•���™�ƒ�˜�‡���’�”�‘�’�ƒ�‰�ƒ�–�‹�‘�•��(Margerin, 2011). 
There is one reason why the method we use produces good location and magnitude estimates: we 
consider the central value of the observations at every iteration. This means that the precision is of 
secondary importance:  when an earthquake location can be represented by a Gaussian distribution 
consistency is connected to the first moment of the probability distribution while precision is connected 
to the second moment (Diehl et al., 2021). It is easier to recognize why event-wise analysis of 
instrumental events does not help: there is no way of detecting outliers using only the precision.  

To decrease the number of outliers, we could repick all the first arrivals. We could also increase the 
accuracy of the hypocentral locations by doing sub-regional 1D velocity models, which would also 
improve the interpretation of the tectonic setting. In particular, there is evidence for a varying Moho 
depth with a thinner continental crust in the West due to North-South extension within the overriding 
Aegean plate due to slab roll-back in the Hellenic subduction zone, an intermediate crustal thickness in 
central Anatolia, and a thicker crust in the East due to compression (Vanacore et al., 2013). If we intend 
to improve hypocentral location (especially in the East and the West), 1D velocity sub-regional models 
dividing Turkey across longitude are sufficient, since 1D models perform equally well (or better) than 3D 
alternatives for hypocentral location (Kissling & Lahr, 1991).  We could also describe events as 
probability distributions using the software NonLinLoc (Lomax et al., 2001), a more realistic description 
of an earthquake compared to the single point hypocentre location.   

 

5.2 Future perspectives 
During this thesis I have developed parametric earthquake catalogues, focusing on consistency, 
repeatable procedures, uncertainty estimation, ensuring there are no earthquakes reported twice, and 
no fake events. I would extend the presented work on several directions. 

�x Historical catalogue of Turkey: The active seismotectonic setting of Turkey and an 
everchanging sedentary population is a source of more than 2000 years of historical 
earthquake records. Historical earthquake information of Turkey has been compiled and 
revised in past large scale projects (Albini et al., 2014; Ambraseys, 2009; Grünthal & 
Wahlström, 2012; Zare et al., 2014) with different magnitude estimation techniques. We 
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could build a historical earthquake catalogue for the country that included validation using 
field evidence. In 2018, the General Directorate of Mineral Research and Exploration (MTA) 
published a scientific article on the effort they conducted for almost one decade in mapping 
all the active fault maps of Turkey (Emre et al., 2018) that we could compare to the intensity 
measures of historical reports.  

�x Magnitude estimates: Seismic magnitudes estimates are a crucial parameter in earthquake 
statistics. Magnitudes are involved in the Gutenberg-Richter law (Gutenberg and Richter, 
1944), one of the most established empirical functions in seismology. From this formula, the 
b-value (Gutenberg and Richter, 1944) is used to calculate seismic hazard and forecasting 
estimates, and its spatiotemporal variability has been allegedly linked with changes in 
underground stress conditions, dilation and fluid diffusion (Marzocchi et al., 2020). The 
dependence of the b-value on the magnitude of completeness, the maximum magnitude, the 
gridding technique, the number of events [per grid point] and magnitude error are all 
legitimate concern points that have been brought forward questioning the validity of the 
results (Kamer and Hiemer, 2015; Marzocchi et al., 2020). We could study the impact of the 
magnitude estimation method and magnitude error in b-value estimates and their variation 
in space and time. We could study the impact of improving magnitude precision and accuracy 
on the b-value. For the precision, Marzocchi and his colleagues have proposed magnitude 
errors as Gaussian (2020) and uniform (Herrmann & Marzocchi, 2021) distributions, while 
we showed in Ch. 4 that this needs further investigation. 

�x Imaging geological features: The seismic catalogue we have could be used to reconstruct fault 
networks. Based on previous efforts that segregated fault segments to accommodate 
seismicity (Ouillon et al., 2008; Wang et al., 2013), Kamer (2020) proposed a model using 
agglomerative clustering. This would be particularly interesting in the Van aftershock 
sequence of 2011 or in the East Anatolian Fault, which was more productive than the North 
Anatolian Fault between 2007 and 2016.  

�x Focal mechanisms: We could use our compiled set of seismic waveforms and calculate the 
focal mechanism of the earthquakes with a procedure that measures the polarity of the 
earthquake just after the first arrival, and compares the agreement (and disagreement) of the 
measured polarity to an initial focal mechanism estimate. From the current waveform 
availability (Ch. 4) and the large number of outliers we saw when relocating the data, I think 
that the catalogue would need repicking first.  

�x Improving the accuracy of the Turkish instrumental catalogue and obtaining a 3D velocity 
model: If we were to improve the accuracy of the instrumental catalogue (to link the 
earthquakes to the active faults mentioned above, for example), we need to refine the velocity 
model and relocate the earthquakes. To obtain such a complex description of the velocity 
field, the repicking mentioned in the previous bullet point should be done first.   

�x Increasing location and magnitude accuracy: A more realistic description of the earthquake 
location can be achieved using NonLinLoc (Lomax et al., 2001) and storing the results as a 
mix of Gaussian kernels (Kamer et al., 2017b). We could use these Gaussian models to 
subsequently model local magnitudes as distributions rather than single points, using all 
waveforms (amplitudes and distances) to invert for one magnitude per event, one station 
correction per station, a single attenuation parameter and one scaling parameters for all 
events. This would require a more detailed study of our verification test (Ch. 4) to define the 
magnitudes, station corrections, scaling parameters and alpha distribution functions.   
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Appendix 
 

6. Appendix 
 

A. Supporting information for chapter 2 

A.1.1 List of abbreviations and additional references cited in the Appendices 

 

Table A.1.1 List of abbreviations 

Abbreviation Reference 
Agn06 Agnon et al. 2006 
Agn14 Agnon 2014 
Aky06  Akyuz et al. 2006 
Alt09  Altunel et al. 2009 
Am94  Ambraseys et al. 1994 
Am97  Ambraseys 1997 
Am05a  Ambraseys 2005a 
Am05b  Ambraseys 2005b 
Am06  Ambraseys 2006 

Am09  Ambraseys 2009 

AmAd93  Ambraseys & Adams 1993 

AmBa89 Ambraseys & Barazangi 1989 

AmJa98 Ambraseys & Jackson 1998 
AmKa92  Ambraseys & Karcz 1992 
Ami50  Amiran 1950 

Ami94  Amiran et al. 1994 
BM79 Ben-Menahem 1979 

BM81 Ben-Menahem 1981 
BM91 Ben-Menahem 1991 

Dae05 Daeron et al. 2005 

Dae07 Daeron et al. 2007 
DS Dead Sea 
DSL Dead Sea lake 
DSTFZ Dead Sea Transform Fault Zone  
Eli07  Elias et al. 2007 
Fer11  Ferry et al. 2011 
GEM Albini et al. 2014  

https://emidius.eu/GEH/map.php  
GII Amrat & Feldman 2007 
Gom03 Gomez et al. 2003 

GR19 This study 
Guid04a  Guidoboni et al. 2004a 
Guid04b  Guidoboni et al. 2004b 

GuidCo97 Guidoboni & Comastri 1997 
Hay06  Haynes et al. 2006 
INGV94 Guidoboni, Comastri & Traina 1994 
INGV05 Guidoboni & Comastri 2005 
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INGVweb Guidoboni et al. 2019 
http://storing.ingv.it/cfti/cfti5/#  

CFTI4 Guidoboni et al. 2007 

EMEC Gruenthal & Wahlstroem 2012 

EMME Zare et al. 2014 

Kag11 Kagan et al. 2011 
Kar04  Karcz 2004 
Ken01  Ken-Tor et al. 2001a 
Kh00  Khair et al. 2000 
Kli00  Klinger et al. 2000 
Kli15  Klinger et al. 2015 
M Magnitude 

Marc97  Marco et al. 1997 

Marc03  Marco et al. 2003 
Marc05  Marco et al. 2005 
MCS Mercalli Cancani Sieberg scale 
Mig04  Migowski et al. 2004 
Me Equivalent (macroseismic) magnitude 

Meg03 Meghraoui et al. 2003 

ML Local magnitude 
MMI  Modified Mercalli Intensity scale 
Ms Surface-wave magnitude 
MSK Medvedev��Sponheuer��Karnik scale 

MSKDSL Expected MSK intensity at DSL 
Mw Moment magnitude 
Nem08 Nemer et al. 2008 
NeMeg06 Nemer & Meghraoui 2006 
NOAA Ganse & Nelson 1982 
PlKo81  Plassard & Kogoj 1981 
PoTa80 Poirier & Taher 1980 
RDSL Distance between epicentre and DSL 
ReHo81 Reches & Hoexter 1981 
Rus80 Russell 1980 
Rus85 Russell 1985 
Sal07 Salamon et al. 2007 
Sal10 Salamon 2010 
Sb05 Sbeinati et al. 2005 
Sieb32 Sieberg 1932a; Sieberg 1932b 

Soysal81 Soysal  et al. 1981 
Wech14 Wechsler et al. 2014 
Wil28  Willis 1928; Willis 1933 
Zilb05  Zilberman et al. 2005 
Zoh16  Zohar et al. 2016 
Zuh15  Zuhair et al. 2015 
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A.2 Commentary on historical events between 150BC and 1900AD, associated with the geographical 
boundaries 27N-36N and 31E-39E. 

 

Table A.2.1 Commentary on historical events between 150BC and 1900AD, associated with the geographical boundaries 27N-36N and 
31E-39E. Italics font-style indicates events, which in fact occurred outside our investigated area, while brackets indicate that the event 
�L�V���F�R�Q�V�L�G�H�U�H�G���V�S�X�U�L�R�X�V�����7�K�H���O�H�W�W�H�U���³�+�´���E�H�I�R�U�H���W�K�H���G�D�W�H���L�Q�G�L�F�D�W�H�V���W�K�D�W���W�K�H���H�Y�H�Q�W���K�D�V���E�H�H�Q���D�V�V�L�J�Q�H�G���Z�L�W�K���D�Q���,�'�����$�S�S�Hndix A.4). All dates 
�D�U�H���$�'�����H�[�F�H�S�W���Z�K�H�U�H���V�S�H�F�L�I�L�H�G�����&�X�U�O�\���E�U�D�F�H�V���L�Q�G�L�F�D�W�H���F�R�Q�I�L�G�H�Q�F�H���L�Q�W�H�U�Y�D�O�V�����³�1�´���L�V���W�K�H���V�W�D�Q�G�D�U�G���G�H�Y�L�D�W�L�R�Q�����7�K�H���D�E�E�U�H�Y�L�D�W�L�R�Q�V��are listed 
in Appendix A. Additional metadata about the events can be found in Appendix A.4. 

[139BC] [S Lebanon]  
The event is sometimes reported in year 140BC. Am09 argues that there was no seismic event, only a 
�•�‡�ƒ���™�ƒ�˜�‡���–�Š�ƒ�–���•�‹�Ž�Ž�‡�†���•�‡�˜�‡�”�ƒ�Ž���•�‘�Ž�†�‹�‡�”�•�ä�����‡���•�‘�–�‡�•���–�Š�ƒ�–���ò�ƒ�•�•�—�•�‹�•�‰���–�Š�ƒ�–���•�—�…�Š���ƒ���Ž�ƒ�”�‰�‡���‡�˜�‡�•�–���‹�•���ˆ�ƒ�…�–���‘�…�…�—�”�”�‡�†�á��
it should have caused havoc in the coastal area of southern Lebanon and Palestine, for which there is 
�•�‘�–���ƒ���Š�‹�•�–���‹�•���–�Š�‡���•�‘�—�”�…�‡�•�ä�ó�ä�������’�”�‹�•�ƒ�”�›���•�‘�—�”�…�‡���•�‡�•�–�‹�‘�•�•���ò�™�Š�‡�•���•�—�†�†�‡�•�Ž�›���ƒ���™�ƒ�˜�‡���ˆ�”�‘�•���–�Š�‡���‘�…�‡�ƒ�•���Ž�‹�ˆ�–�‡�†��
itself to an extraordinary height and dashed upon the shore, engulfing all the men and drowning them 
be�•�‡�ƒ�–�Š���–�Š�‡���™�ƒ�–�‡�”�•�ó�ä�����Ž�–�Š�‘�—�‰�Š���‹�–���‹�•���—�•�…�Ž�‡�ƒ�”���Š�‘�™���•�—�…�Š���Ž�ƒ�”�‰�‡���™�ƒ�˜�‡���…�ƒ�•���„�‡���…�”�‡�ƒ�–�‡�†���™�‹�–�Š�‘�—�–���ƒ�•���‡�ƒ�”�–�Š�“�—�ƒ�•�‡�á��
�‹�•�†�‡�‡�†�� �–�Š�‡�� �’�”�‹�•�ƒ�”�›�� �•�‘�—�”�…�‡�•�� �†�‘�� �•�‘�–�� �•�‡�•�–�‹�‘�•�� �ƒ�•�›�� �‡�ˆ�ˆ�‡�…�–�•�� �‘�ˆ�� �ƒ�•�� �‡�ƒ�”�–�Š�“�—�ƒ�•�‡�ä�� ���Š�‡�� �™�‘�”�†�� �ò�•�—�†�†�‡�•�Ž�›�ó�� �‹�•��
perhaps key. 
Agn06 has correlated this event with a seismite that Ken01 found in the Dead Sea lake (DSL). Kag11 
has also found two seismites in different sites of DSL, which correlate well with this event (within the 
1�P range). 
Even though this event requires further research, it is outside our investigated time period. 
[94BC] [Egypt] 
The date of the event is uncertain; around 97BC till 94BC. Am09 argues that the analysis of Am94 is 
false and that in fact there was no earthquake.  
[92BC February 28] [E Mediterranean] 
Oberhummer (1904) notes that von Hoff (1840) created a spurious event. Am09 also does not consider 
it to be a real event. Kar04 analyzed the chronicle Megillat Taanit (the Scroll of Fasting) (Noam 2006) 
�ƒ�•�†���…�‘�•�…�Ž�—�†�‡�†���–�Š�‡���•�ƒ�•�‡�ä�����‡���•�‘�–�‡�•���–�Š�ƒ�–���ò�‹�–���•�‘�•�–���—�•�Ž�‹�•�‡�Ž�›���–�Š�ƒ�–���ƒ���†�ƒ�›���‘�•���™�Š�‹�…�Š���ƒ���•�‡�˜�‡�”�‡���‡�ƒ�”�–�Š�“�—�ƒ�•�‡���Š�‹�–��
�–�Š�‡�����‘�Ž�›�����ƒ�•�†���™�‘�—�Ž�†���„�‡���‘�„�•�‡�”�˜�‡�†���ƒ�•���ƒ���Œ�‘�›�‘�—�•���†�ƒ�›���‘�•���™�Š�‹�…�Š���ˆ�ƒ�•�–�‹�•�‰���ƒ�•�†���•�‘�—�”�•�‹�•�‰���ƒ�”�‡���’�”�‘�Š�‹�„�‹�–�‡�†�ä�����å����
the scholion should not be used to document any damaging earthquake intensities and tsunami 
�†�ƒ�•�ƒ�‰�‡�� �‹�•�� ���•�”�ƒ�‡�Ž�á�� �™�Š�‡�–�Š�‡�”�� �‹�•�� �…�‹�”�…�ƒ�� �{�r������ �‘�”�� �…�‹�”�…�ƒ�� �s�v�r�����ä�� �	�‡�•�–�‹�˜�‡�� �…�‘�•�•�‡�•�‘�”�ƒ�–�‹�‘�•�� ���å���� �™�‘�—�Ž�†�� �•�ƒ�•�‡��
sense, if the earthquake affected a more distant region in Syria, without harming the dilapidated and 
oppressed Jewish communitie�•���–�Š�‡�”�‡�ä�ó 
Nevertheless, Kag11 correlated this event with a seismite in DSL; range is 126BC - �y�x������ ���s�P���ä��
Moreover, Wech14 found geological evidence in the Jordan Gorge fault that can be correlated with 
92BC but the constraint is poor, i.e. 392BC - �{�s���������t�P���ä 
Given the significant error margin in the dating of seismites, we believe that the analysis of Kar04 is 
still valid.  
69BC Antioch 
The date of the event is uncertain; around 69BC - 64BC. Kar04 argues that there was no damage in 
Jerusalem. He notes that Arvanitakis (1904) wrongly assumed that the Temple and city walls were 
damaged. He adds that classical texts record the war between the last Hasmoneans at that time without 
mentioning the earthquake. Therefore, a magnitude above 7 seems unlikely. Ken01 and Kag11 
co�”�”�‡�Ž�ƒ�–�‡�†�� �–�Š�‹�•�� �‡�˜�‡�•�–�� �™�‹�–�Š�� �•�‡�‹�•�•�‹�–�‡�•�� �‹�•�� �������� ���„�‘�–�Š�� �™�‹�–�Š�‹�•�� �–�Š�‡�� �s�P�� �”�ƒ�•�‰�‡���ä�� ���‰�•�r�x�� �Š�‘�™�‡�˜�‡�”�� �ƒ�”�‰�—�‡�� �–�Š�ƒ�–��
���‡�•�r�s�ï�•���•�‡�‹�•�•�‹�–�‡���‹�•���‹�•���ˆ�ƒ�…�–���ˆ�”�‘�•���–�Š�‡���‡�˜�‡�•�–���‹�•���s�u�{�����á���‘�–�Š�‡�”�™�‹�•�‡���–�Š�‡���†�‡�’�‘�•�‹�–�‹�‘�•���”�ƒ�–�‡���™�‘�—�Ž�†���„�‡���‡�š�…�‡�•�•�‹�˜�‡��
���‹�ä�‡�ä���t�v�•�•�®�›�”-1). In any case the 69BC event most probably occurred north of our zone. 
H31BC Jordan Valley 
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���ƒ�”�r�v���ƒ�•�ƒ�Ž�›�œ�‡�†���–�Š�‡���‘�”�‹�‰�‹�•�ƒ�Ž���”�‡�’�‘�”�–�•���ƒ�•�†���…�‘�•�…�Ž�—�†�‡�†���–�Š�ƒ�–���ò�–�Š�‡���‡�ƒ�”�–�Š�“�—�ƒ�•�‡���•�ƒ�‰�•�‹�–�—�†�‡���‹�•���‘�˜�‡�”�‡�•�–�‹�•�ƒ�–�‡�†��
�ƒ�•�†�� �–�Š�ƒ�–�� �ƒ�–�� �Ž�‡�ƒ�•�–�� �•�‘�•�‡�� �‘�ˆ�� �–�Š�‡�� �‹�•�–�‡�”�†�‹�•�…�‹�’�Ž�‹�•�ƒ�”�›�� �…�‘�”�”�‡�Ž�ƒ�–�‹�‘�•�•�� �ƒ�”�‡�� �‹�•�…�‡�•�–�—�‘�—�•�ó�ä�� ���‡�� �†�‹�•�’�—�–�‡�†�� �•�‡�˜�‡�”�ƒ�Ž��
archaeological findings of extended damage and assigned M 6.0-6.5.  
Ken01 and Kag11 (twice) have correlated this event with seismites in DSL. All correlations are within 
the 1�P��range. 
26BC Offshore Cyprus 
Am09  notes that there were probably two smaller events, since there is no evidence for a single very 
large one. 
H17BC Cyprus 

This event occurred between 15BC - 17BC. Am09 notes that it was a destructive event. There is only 
one available magnitude estimate by Ben-Menahem. 

17 Asia Minor 
Am09 notes it occurred in Asia Minor and not close to Sidon as BM91 mentions. 
[30] [Jerusalem] 

Ami94 lists an earthquake in Jerusalem, which is probably a duplicate of the potential earthquake in 
year 33, again in Jerusalem. Am09 does not mention the event. Two seismites in DSL could be 
correlated with this event, within the 1�P range. 
[33] [Jerusalem] 

The events of 33 are reported by a single source (Saint Matthew), who, more likely than not, created 
�–�Š�‡�•���ˆ�‘�”���”�‡�Ž�‹�‰�‹�‘�—�•���’�—�”�’�‘�•�‡�•�ä���ò���Š�‡���ˆ�‹�”�•�–�á���™�Š�‹�…�Š���‘�…�…�—�”�”�‡�†���ƒ�–���–�Š�‡���–�‹�•�‡���‘�ˆ���–�Š�‡�����”�—�…�‹�ˆ�‹�š�‹�‘�•�á���…�ƒ�—�•�‡�†���–�Š�‡���”�‘�…�•��
tombs to break open, re�˜�‡�ƒ�Ž�‹�•�‰���–�Š�‡���„�‘�†�‹�‡�•���‘�ˆ���–�Š�‡���
�—�•�–�á���™�Š�‘���–�Š�‡�•���”�‘�•�‡���ƒ�ˆ�–�‡�”�����Š�”�‹�•�–�ï�•���”�‡�•�—�”�”�‡�…�–�‹�‘�•�ä�����Š�‡��
second earthquake occurred after the Resurrection and thus permitted the women to enter into the 
�–�‘�•�„�� �ƒ�•�†�� �˜�‡�”�‹�ˆ�›�� �–�Š�‡�� �ƒ�„�•�‡�•�…�‡�� �‘�ˆ�� ���Š�”�‹�•�–�ï�•�� �„�‘�†�›�ó�� �����•�r�{���ä�� ���•�r�{�� �ƒ�”�‰�—�‡�•�� �–�Š�ƒ�–�� �ò�Š�ƒ�†�� �–�Š�‡�”e been an 
earthquake with coseismic faulting of the Golgotha Hill, the causative earthquake should have been 
�•�–�”�‘�•�‰�� �‡�•�‘�—�‰�Š�� �–�‘�� �†�‡�•�–�”�‘�›�� �
�‡�”�—�•�ƒ�Ž�‡�•�á�� �ˆ�‘�”�� �™�Š�‹�…�Š�� �–�Š�‡�”�‡�� �‹�•�� �•�‘�� �‡�˜�‹�†�‡�•�…�‡�ä�� ���å���� ���Š�‡�� �u�u�� �‡�ƒ�”�–�Š�“�—�ƒ�•�‡�� �‹�•��
Jerusalem could have been borrowed from a surrogate destructive earthquake that took place about 
�–�Š�‡���•�ƒ�•�‡���–�‹�•�‡���‡�Ž�•�‡�™�Š�‡�”�‡�á���•�‘�•�–���’�”�‘�„�ƒ�„�Ž�›���‹�•�����‹�–�Š�›�•�‹�ƒ�ó�����������‘�ˆ�����•�‹�ƒ�����‹�•�‘�”���ä 
Wech14 found geological evidence in the Jordan Gorge fault that can also be correlated with 92BC but 
the constraint is very loose, 392BC - 91���������t�P���ä�����‘�”�‡�‘�˜�‡�”�á�����ƒ�‰�s�s���Š�ƒ�˜�‡���…�‘�”�”�‡�Ž�ƒ�–�‡�†���–�Š�‡�•�‡���‡�˜�‡�•�–�•���™�‹�–�Š��
seismites in DSL {1�P}. Given the possibility that the events of 33 are indeed spurious, it is odd that a 
matching seismite was found in at least two sites within the 1�P range. The historical and geological 
evidence do not match. One possible explanation is that the SSDS were misinterpreted as seismites, 
while in fact their origin was non-seismic. The alternatives in the historical records are a slight shock 
in Jerusalem in year 30 (Ami94), a slight shock in year 48 close to the Dead Sea lake (Arvanitakis 1904) 
or H112.  
Williams et al. (2012) have analyzed the event without reaching a definite conclusion. This issue 
requires further research; we cannot be sure whether it is spurious or not. 
37 April 9 Antioch 
47 Antioch 
Am09 reports that one event occurred in Antioch between 41 and 54. It is probably duplicated in year 
53. 
[48] [S of Dead Sea] 
The event is reported by Wil28, who cites Arvanitakis (1904), Ami94 and BM81. Wil28 and Ami94 
mention that it was a slight event. This event is probably confused with another one that happened 
outside our investigated zone. 
H76 Cyprus 
Am09 reports that this large event occurred in Cyprus, destroyed three cities, created a tsunami and it 
was felt in Antioch. INGV94 places it in year 77. 
[94] [N Syria] 
BM81 reports that an event occurred in the N Levant rift in 94; no sources are cited. Zuh15 mentions 
an event between 82-94. No parametric catalogue mentions this event. 
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H112 Jordan 
Am09 notes that there were either multiple events or a single large one between 110 and 114. The only 
source is archaeological evidence by Rus85. Two seismites in DSL could be assigned to this event. 
H115 NW Syria 
Meg03 have found geological evidence indicating that this large event ruptured the Missyaf segment; 
the correlation is weak (100-750). Kag11 have correlated this event with seismites in DSL, which 
seems unlikely since MSKDSL=III. Meg03 has assigned a Mw 7.3-7.5 to that event. Similar values have 
been reported by BM81 and AmJa98. The Me 6.6 value of INGVweb is based only on maximum observed 
intensity and seems less probable. Goodman-Tchernov et al. (2009) found geological evidence of a 
tsunami that hit the harbor of Caesarea (N Israel) that could be dated around the year 115. 
 
130 N Turkey 
Am09 argues that the event occurred in Pontus (N Turkey) and not in Palestine. 
Wech14 have correlated this event with the Jordan Gorge Fault. However, the year of the event falls 
outside the modeled calibrated age of their sample (137��206). 
[175]  

Mig04 have correlated a seismite in DSL with an event in circa 175AD. No historical sources are 
available for this event. The model of Mig04 is questionable. 
[220] [Antioch] 
The main modern reference of this event is Sieb32, who does not cite any primary sources. The exact 
location is unknown. Am09 does not mention the event. 
[233] [Damascus] 
Am09 argues that the event is perhaps spurious. Its exact location is unknown.  
Wech14 have found a sample from the Jordan Gorge Fault with modeled calibrated age 165-�t�u�x�����t�P���ä 
[245] [N Syria] 
Am09 does not mention the event. The main modern reference is Sieb32, who does not cite his source. 
In any case, the epicenter is most probably outside our zone. 
[272] [N Syria] 
Am09 does not mention the event. The main modern reference is Sieb32, who does not cite his source. 
H303 S Lebanon 

Am09 argues that Syria and Gush Halav (Jish) were in fact not affected, therefore several magnitude 
estimates are probably overestimated. The lack of correlated seismites in DSL endorses that idea. 
According to historical sources the epicenter of H303 was along the Lebanese coast in N of Sydon. 
Wech14 identified the event in N Sea Galilee (250-�u�s�r���� ���t�P���ä�� �	�‘�”�� �„�‘�–�Š�� �Š�‹�•�–�‘�”�‹�…�ƒ�Ž�� �ƒ�•�†�� �‰�‡�‘�Ž�‘�‰�‹�…�ƒ�Ž��
evidence to be valid, the earthquake must have ruptured a fault between Sea of Galilee and Beirut, 
passing east of Mountain Hermon. That description matches with the trace of the Roum fault. It is 
unclear whether the Roum fault reaches Beirut and connects with the Lebanon thrust fault (NeMeg06). 
[315] [Palestine] 
The event is only reported by NOAA, who do not cite their sources. The lack of correlated seismites in 
DSL endorses the idea that the event is indeed spurious. 
[320] [Offshore Egypt] 
Am09 argues that it is perhaps a spurious event. 
H332 Cyprus 
Am09 argues that Theophanes re-dated the event to link it with religious purposes, hence the exact 
date is uncertain. 
[334] [N Levant rift] 
Am09 does not mention the event. The main reference for this event is BM79. The epicenter is 
unknown. 
H342 Offshore E Cyprus 
Am09 argues that INGV94 duplicated the event in year 293, based on a dating error of Malalas. He also 
argues that the event occurred close to Cyprus and not in Antioch, where it was just felt. 
H347 Lebanon 
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According to historical sources the epicenter of H347 was in Beirut. Dae07 and Wech14 identified the 
event East of Beirut, in the Yammouneh and Jordan Jorge segments respectively. The correlation by 
���‡�…�Š�s�v���‹�•���”�ƒ�–�Š�‡�”���’�‘�‘�”���•�‹�•�…�‡���–�Š�‡���†�ƒ�–�‡���‘�ˆ���–�Š�‡���‡�˜�‡�•�–���‹�•���‘�—�–�•�‹�†�‡���–�Š�‡���t�P���”�ƒnge. The two investigated fault 
sites are about 130km away, indicating a very long rupture, compatible with a M 7.4-7.6 event (Wells 
& Coppersmith 1994; AmJa98). The historical data do not support such large size however. The main 
source for this event is Theophanes who mentions that most of Beirut was destroyed, but does not 
reference any other affected localities. BM79 has assigned ML 7 to this event based only on the 
maximum observed intensity (assumed equal to the epicentral intensity); he cites Wil28, Sieb32 and 
PlKo81. Sieb32 is the only one who reportedly mentions a tsunami further north in Tablus, but he does 
not cite his source. INGVweb has assigned Me 5.8, based only on the maximum observed intensity. 
�
�‹�˜�‡�•�����‡�…�Š�s�v�ï�•���…�ƒ�Ž�‹�„�”�ƒ�–�‡�†���ƒ�‰�‡���”�ƒ�•�‰�‡���ƒ�•�†���–�Š�‡���Ž�ƒ�…k of supporting evidence for a M 7.4-7.6 event, we find 
the correlation with H347 unlikely. 
Kag11 have correlated H347 with a seismite in DSL, but the dating constraint is poor (296-548) {2�P}. 
It is very hard to estimate the magnitude of the event because even though the maximum observed 
intensity is large, only one affected city is mentioned. This event requires further research. 
H363a & H363b Dead Sea 
Am09 concludes that two events happened the same day with a difference of 6 hours, contrary to Am06 
who assigned a single Ms 7.4 event. Sb05 and INGV94 also assumed only one event. The two 
earthquakes caused the destruction of 22 towns in Palestine and W Syria.  It is very hard to separate 
the effects of the two shocks and the issue of damage accumulation has to be noted. Furthermore, 
several sources amalgamate the effects of these events with those of a large earthquake in the Hellenic 
arc in 365. 
Kag11, in agreement with Kli15, argue that H363a occurred in Northern Palestine and H363b more 
south. Wech14 assigned a sample from the Jordan Gorge fault (N Palestine) to the year 363, however 
�–�Š�‡���•�ƒ�–�…�Š���‹�•���‘�—�–�•�‹�†�‡���–�Š�‡���s�P���”�ƒ�•�‰�‡�ä�����‡�•�r�s���Š�ƒ�˜�‡���…�‘�”�”�‡�Ž�ƒ�–�‡�†���ƒ���•�‡�‹�•�•�‹�–�‡���‹�•�����������™�‹�–�Š�����u�x�u�ƒ���‘�”�����u�x�u�„���‘�”��
H418 (358-�w�z�r���ä�����‰�•�r�x���ƒ�”�‰�—�‡���–�Š�ƒ�–�����‡�•�r�s�ï�•���•�‡�‹�•�•�‹�–�‡���‹�•���ˆ�ƒ�…�–���•�ƒ�–�…�Š�‡�•���„�‡�•�–���™�‹�–�Š H418. A seismite that 
Kag11 have assigned to H347, correlates with greater statistical significance with either H363a or 
H363b. We should expect to find seismites associated with the shocks of year 363, since a seiche is 
reported in DSL (Am09). 
H375 Cyprus 
The exact date of this event is unresolved. It probably occurred between 370 and 375. 
396 Antioch 
The event is often duplicated in year 394. 
H418 Jerusalem 
Kag11 found two seismites in different sites around DSL, which correlate well with H418, having 1�P 
dating constraint 386-519 and 408-515. Ken01 have correlated a seismite in DSL with H363a or H363b 
or H418 (358-�w�z�r���ä�� ���‰�•�r�x�� �ƒ�”�‰�—�‡�� �–�Š�ƒ�–�� ���‡�•�r�s�ï�•�� �•�‡�‹�•�•�‹�–�‡�� �‹�•�� �ˆ�ƒ�…�–�� �•�ƒ�–�…�Š�‡�•�� �„�‡�•�–�� �™�‹�–�Š�� ���v�s�z�ä�� ���‹�•�…�‡�� �–�Š�‡��
magnitude of the event is not very large, the findings in the sediments of Dead Sea, imply a local event. 
EMEC have mistaken the year to 448. 
[425] [Palestine] 
Kh00 cites NEIC (Masse & Needham 1989) as their source, which seems unlikely. NOAA also list the 
event, without citing any source. Am09 does not mention the event. 
[447] [Palestine]  
Kh00 cites NEIC (Masse & Needham 1989) as their source, which seems unlikely. Am09 does not 
mention the event. 
H455 Tripoli (Lebanon) 
458 September 14 Antioch 
H476 NW Syria 

494 Denizli, Turkey 
Am09 notes that Grumel (1958) confused Tripoli (Phrygia) with Tripoli (Lebanon) and that the event 
in fact was near Denizli (Turkey). 
[500]  
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Wil28 mentions that the earthquake affected N Greece, Turkey, Syria, Palestine. These obviously 
amalgamated reports might belong to the September 499 in N Turkey, the October 499 event in Urfa 
(SE Turkey), the circa 500 event in SW Turkey and finally the August 502 event in Palestine (Am09). 
H502 Sea of Galilee? 
Wech14 found geological evidence in the Jordan Gorge fault that can be correlated with the 500 or 
H502 or H551 events. The latter fits best the probability density function. The location is unclear. Am09 
suggests an offshore epicenter, near Acre. 
Kag11 found two seismites with modeled age within the 1�P range, i.e. 467-606 and 439-�w�v�t�á���‹�•�����‡�ï�‡�Ž�‹�•��
and EF site respectively; H502 seems like a good match for both. 
520 October 14 Egypt 
���•�r�{���†�‡�•�…�”�‹�„�‡�•���–�Š�‡���‡�˜�‡�•�–���ƒ�•���ò�ƒ���†�ƒ�•�ƒ�‰�‹�•�‰���Ž�‘�…�ƒ�Ž���‡�˜�‡�•�–�ó�á���™�Š�‘�•�‡���‡�š�ƒ�…�–���›�‡�ƒ�”���‹�•���—�•�…�‡�”�–�ƒ�‹�•�ä�����‡���ƒ�Ž�•�‘���•�‘�–�‡�•��
that later sources have erroneously associated this event with the formation of Lake Tinnis. The exact 
location and size of the event are unknown. 
[522] [Antioch] 
This event is perhaps a duplicate of the earthquake of 526. NOAA and Zuh15 are the only modern 
sources that mention this event. They do not cite their sources. 
[525] [Lebanon] 
Am09 argues that it is a duplicate of other major events. 
526 May 29 N Antioch 
H528 Antioch 
Am09 notes that event was smaller than the 526 earthquake and that often reports amalgamate the 
effects of these two events. 
532 Antioch 
Malalas reports no damage. In any case, the event most probably occurred outside our zone. 
H551 Offshore Lebanon 
Eli07 attributed H551 to the Lebanon thrust, thus explaining the origin of the destructive sea wave 
(Sal07). It is very hard to comment on his dating scheme, since it was based on radiocarbon dating on 
vermetid samples indicating that a shoreline-fringing bench suddenly emerged by about 80cm (see 
their Data Repository). 
We should however mention an alternative scenario. Darawcheh et al. (2000), after analyzing the 
historical data attributed the event to the strike-�•�Ž�‹�’�����‘�—�•���ˆ�ƒ�—�Ž�–�ä�����‡�…�Š�s�v�ï�•���‡�˜�‹�†�‡�•�…�‡���‘�ˆ���”�—�’�–�—�”�‡���‹�•���–�Š�‡��
Jordan Gorge fault (dating range 505-�w�{�u���� �•�—�’�’�‘�”�–�•�� ���ƒ�”�ƒ�™�…�Š�‡�Š�� �‡�–�� �ƒ�Ž�ä�ï�•�� �…�‘�•�…�Ž�—�•�‹�‘�•�ä�� ���Š�‡�� �’�‡�ƒ�•��
�’�”�‘�„�ƒ�„�‹�Ž�‹�–�›���‘�ˆ�����‡�…�Š�s�v�ï�•���”�ƒ�•�‰e is in year 551, which seems like a remarkable coincidence. The sea wave 
in that case can be explained by the slumping of part of the Libanus mountain called Lithoprosopon in 
the sea as Malalas reports. Am09 notes that the latter explains better the damage distribution along 
the coast, namely great damage near field and rapid attenuation with distance.  
We should also note that Malalas and John of Ephesus, both contemporary sources, date the event 
differently, September 550 �� August 551 and October 558 �� September 559 respectively (INGV94, 
���•�r�{���ä�����•�r�{���•�‘�–�‡�•���–�Š�ƒ�–���ƒ�Ž�–�Š�‘�—�‰�Š���•�‘�–���‹�•�’�‘�•�•�‹�„�Ž�‡�á���ò�‹�–���™�‘�—�Ž�†���„�‡���‘�†�†���ˆ�‘�”���
�‘�Š�•���–�‘���Š�ƒ�˜�‡���•�—�Ž�–�‹�’�Ž�‹�‡�†���ƒ���™�‡�Ž�Ž-
�•�•�‘�™�•�� �‡�ƒ�”�–�Š�“�—�ƒ�•�‡�� �‹�•�� �Š�‹�•�� �‘�™�•�� �Ž�‹�ˆ�‡�–�‹�•�‡�ó�ä�� ���‘�™�‡�˜�‡�”�á�� �–�Š�‡�›�� �„�‘�–�Š�� �†�‡�•�…�”�‹�„�‡�� �˜�‡�”�›�� �•�‹�•�‹�Ž�ƒ�”�� �‡�ˆ�ˆ�‡�…�–�•�� ���…�‘�ƒ�•�–�ƒ�Ž��
destruction, sea wave, aid from Emperor). Nevertheless, only Malalas mentions the slumping of 
Lithoprosopon. We should highlight that John in fact mentions a second destructive shock that 
flattened Beirut probably several minutes or hours after the first one. He interprets the latter however 
�ƒ�•���
�‘�†�ï�•���’�—�•�‹�•�Š�•�‡�•�–���ƒ�‰�ƒ�‹�•�•�–���–�Š�‘�•�‡���™�Š�‘���•�–�‘�Ž�‡���†�‡�ƒ�†���•�‡�•�ï�•���–�”�‡�ƒ�•�—�”�‡�•�á���–�Š�—�•���™�‡���…�ƒ�•�•�‘�–���„�‡���•�—�”�‡���‹�ˆ���‹�–���™�ƒ�•��
indeed a severe aftershock. 
Goodman-Tchernov et al. (2009) found geological evidence of a strong tsunami that hit the harbor of 
Caesarea (N Israel) that could be dated around the year 551. 
Combining the current historical and paleoseismic data leads to the following, plausible but far from 
definite, conclusion: a large earthquake ruptured the Lebanon thrust in 551 causing Lithoprosopon to 
fall into the sea, while a severe aftershock occurred on the Jordan Gorge fault. The latter would explain 
���—�•�z�w�ï�•���…�Ž�ƒ�‹�•���–�Š�ƒ�–�����‡�Ž�Ž�ƒ�������ƒ�„�“�‡�–���	�ƒ�Š�‡�Ž�á���w�r�•�•�������‘�ˆ���
�‘�”�†�ƒ�•���
�‘�”�‰�‡�����™�ƒ�•���ƒ�Ž�•�‘���†�ƒ�•�ƒ�‰�‡�†���‹�•���–�Š�‡���•�ƒ�•�‡���›�‡�ƒ�”�ä 
�����•�‡�‹�•�•�‹�–�‡���‹�•�����������…�‘�”�”�‡�Ž�ƒ�–�‡�•���™�‡�Ž�Ž�����s�P�����™�‹�–�Š���–�Š�‡���›�‡�ƒ�”���w�w�s������ag11). 
[553] [Antioch] 
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Am09 does not mention the event. Main modern reference is Sieb32, who does not cite his primary 
sources. 
[557] [Antioch]  
Am09 mentions that no details are known. Main modern reference is Sieb32, who does not cite his 
primary sources. 
565 Antioch 
���•�r�{���•�‘�–�‡�•���–�Š�ƒ�–�������
���{�v���•�‡�”�‰�‡�†���–�™�‘���†�‹�ˆ�ˆ�‡�”�‡�•�–���‡�˜�‡�•�–�•���‹�•�–�‘���‘�•�‡�ä�����•���ƒ�•�›���…�ƒ�•�‡�á���–�Š�‡���ò�‡�˜�‡�•�–�ó���•�‘�•�–���’�”�‘�„�ƒ�„�Ž�›��
occurred outside our zone. 
577 Antioch 

588 October 31 Antioch 
Am09 mentions that most of Antioch was levelled to the ground. This event most probably occurred 
outside our zone. 
<597  Dead Sea 
Am09 notes that an earthquake occurred before the year 597 close to Rabbat-Moab (Jordan) damaging 
only one building. 
H634 Palestine 
Hay06 found field evidence in N Wadi Araba that could be correlated with H634, but the dating 
constraint is rather poor (<687).  
Wech14 identified an event in Jordan Gorge fault between 619-�x�z�v�� ���t�P���á�� �Š�‘�™�‡�˜�‡�”�� �–�Š�‡�� �ƒ�’�’�ƒ�”�‡�•�–��
epicenter of H634 is quite far from that site. 
Russell (1985) argues that there is archaeological evidence related to H634 in Scythopolis, which 
Am09 disputes, Pella and Jerash. The last two cases are probably related to the 659 events, since the 
spatial distribution of the historical records fits better. 
A seismite in DSL correlates well {1�P} with the year 634 (Kag11). 
Sb05 has amalgamated this event with the circa 639 earthquake in Aleppo. 
639 Aleppo 
[658] [Palestine] 
Am09 argues that it is a duplicate of the event(s) of 659. 

H659a & H659b West Bank 
Russell (1985) claims that there was only one event in 659, which caused damages in Pella and Jerash. 
Am09 and INGV94 however conclude that there were more than one events in 659.  
Hay06 (N Wadi Araba fault) found geological evidence (641-700) that could be correlated with year 
659.  
Wech14 identified an event in Jordan Gorge fault between 619-�x�z�v�����t�P���á���Š�‘�™�‡�˜�‡�”���–�Š�‡���‡�˜�‡�•�–�•���‘�ˆ���x�w�{��
are quite far from that site.  
A seismite in DSL correlates well {1�P} with the year 659 (Kag11). 
713 February 28  Aleppo 
717 December 24 E Syria 
Am09 argues event was in Syria, but there was no damage in Edessa or Batna Sarug. 
H747 Jordan Valley 
The exact year of this large event is a subject of debate. It is often reported in the year 746, 747, 748 or 
749. More clear information is known about the month and the day (January 18). H747 is different 
from the 749/750 event that hit NE Syria.  
Theophanes the Confessor, who was born a few years later, mentions an earthquake that affected 
Palestine, Jordan and Syria on January 18 746/747. He mentions widespread damage just east of DSL. 
For the debate over the exact dating of Theophanes, see Am05a. Later Arab chronicles mention an 
earthquake in May 4 747 �� June 2 748 in Jerusalem that was felt in Damascus. Other later chronicles 
indicate damage in Tiberias and Mount Tabor around that period. 
ReHo81 and Fer11 assigned H746 to the Jordan Valley fault system, Marc03 assigned to a fault below 
the  Sea of Galilee. Am09 concluded that the event ruptured a fault that passes through Jerusalem, 
Tiberias and Baalbek. Sal07 reports a tsunami in an unknown location. 
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Two seismites in different sites of DSL can be correlated with this event; 699-�z�v�z�� ���s�P���� �ƒ�•�†�� �x�x�x-
�y�v�y���s�P���ä 
750 N Syria 
This event is often amalgamated with H746 and/or the shock of 756. The exact year of the event is 
uncertain; probably 749 or 750.  
Theophanes mentions an event in early 749/750 in Syria and Mesopotamia; he notes evidence of 
surface faulting. 
Dionysius of Tel Mahre (9th century) mentions that the temple of Mabug (Manbij) collapsed in 
September 747 - August 748. 
757 March Al-Hasakah? 
This event is often amalgamated with H746 and/or the event of 749/750. Little is known about the 
exact location of the event and the names of the affected localities. The reference of Am09 in al-Suyuti 
is confusing since the year does not match. ING94 and Am05a provide more relevant information. 
���Š�‡�‘�’�Š�ƒ�•�‡�•�� �‹�•�� �–�Š�‡�� �…�‘�•�–�‡�•�’�‘�”�ƒ�”�›�� �•�‘�—�”�…�‡�� �‘�ˆ�� �–�Š�‡�� �‡�˜�‡�•�–�� �ƒ�•�†�� �…�Š�ƒ�”�ƒ�…�–�‡�”�‹�œ�‡�•�� �‹�–�� �ò�•�‘�–�� �•�•�ƒ�Ž�Ž�ó�� ���ƒ�•�†�� �•�‘�–��
�ò�’�‘�™�‡�”�ˆ�—�Ž�ó���ƒ�•�������
���{�v�ï�•���–�”�ƒ�•�•�Ž�ƒ�–�‹�‘�•���•�‡�•�–�‹�‘�•�•���ä�����Š�‡�‘�’�Š�ƒ�•�‡�•���•�‡�•�–�‹�‘�•�•���–�Š�ƒ�–���‹�–���•�–�”�—�…�•�����ƒ�Ž�‡�•�–�‹�•�‡���ƒ�•�†�����›�”�‹�ƒ��
on March 9 756/757, while Dionysius of Tel Mahre mentions that three villages collapsed in Khabura 
on March 3 756. The latter interprets the destruction as punishment for their sins. Am05a place 
Khabura in the modern city of Al-Hasakah, well beyond our investigated area. 
[775] [Antioch] 

Am09 does not mention the event. Main modern reference is Sieb32, who does not cite his primary 
sources. 
796 April Greece 
Am94 argues that the event occurred in Greece and that it is duplicated in year 1375. 
[835] [Antioch] 
Am09 argues that the event is spurious. 
[844 September 18] [Damascus] 

Am09 and Sb05 do not mention the event. 

847 N Antioch 
Am09 mentions "extensive damage and considerable loss of life over a large area in Antioch". 
Damascus might have been also affected. This event most probably occurred outside our investigated 
area. The dating of the event is uncertain (August 847 - August 848). 
H847 W Syria 
Am09 notes that INGV94, Sb05 and other catalogues have syncretized this earthquake (November 847) 
with the Mesopotamian (not listed here) and N Antioch earthquakes of the same year. 
Kag11 have correlated a seismite in DSL with this moderate and distant event (MSKDSL=III). This match 
seems unlikely, unless the magnitude of the event is underestimated. 
H854 Sea of Galilee 
The contemporary source of this event is unknown. The dating is also vague, i.e. 850-854 (Am09). 
A seismite in DSL correlates well {1�P} with the event (Kag11). 
H857 Egypt 
Am09 reports that the event was damaging. The magnitude is unknown. 
H860 NW Syria 
Am09 reports a relatively large event, even though several sources have amalgamated damage reports. 
Aky06 have assigned the event to the N Yammouneh fault; the correlation is not well constrained. 
Kag11 have correlated a seismite in DSL with this large but very distant event (MSKDSL=III). This match 
seems unlikely, unless the magnitude of the event is underestimated. 
873 Saudi Arabia 

Am94 argues that the event occurred in Saudi Arabia. Agn14 agrees that the event probably did not 
occur in DSL.  
Hay06 found geological evidence in the N Wadi Araba fault that can be correlated with the year 873, 
even though the dating constraint is poor, i.e. 641-1115. They note that perhaps the event occurred in 
Wadi Arabia but it was not reported there because of lack of populated cities. 
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Kag11 have correlated this very distant event with a seismite in DSL. Instead, the seismite could be 
correlated with H854 (both fit within the one standard deviation range).  
881 Hellenic Arc 
H885 Egypt 
Am09 mentions that the event was local. 
[935 October 4] [Egypt] 
Am09 notes that the event is perhaps a duplicate of an event in 899, which could have been spurious. 
H950 Cairo 
Am09 notes that it was a local event that ruined most houses in old Cairo. 
951 September 15 Alexandria 
952 Maras (SE Anatolia) 
Am09 argues that the event occurred in SE Anatolia. 
H956 SW Cyprus  
H956 was a moderate event in SW Cyprus. The seismite that Kag11 assigned to it, in our opinion, could 
be correlated with H991 instead, even though the MSK intensity in DSL must have been <5. Agn14 
points out that H956 is often confused with the event of 952. 
963 May 12 Hellenic Arc 
Am09 notes that this doubtful event perhaps occurred in the Hellenic Arc. It was felt in Egypt. 
973 N Syria 

This rather large event affected Antioch and another city which is perhaps Azaz. It is not clear whether 
�–�Š�‡���–�”�‡�•�‘�”���ˆ�‡�Ž�–���‹�•�����ƒ�•�ƒ�•�…�—�•���–�Š�‡���•�ƒ�•�‡���›�‡�ƒ�”���™�ƒ�•���ˆ�”�‘�•���–�Š�‹�•���‡�˜�‡�•�–�ä�����•�r�{���•�‘�–�‡�•���–�Š�ƒ�–���ò�•�‘�†�‡�”�•���ƒ�—�–�Š�‘�”�•�����‡�ä�‰�ä��
INGV94, Sb05) extend the effects of this earthquake from Antioch �–�‘�����ƒ�•�ƒ�•�…�—�•���ƒ�•�†���‘�•�‹�–�����œ�ƒ�œ�ó�ä 
[974] [Damascus] 
If we accept that the reports from Damascus are related to 973, then the 974 event is a duplicate. 
H991 SW Syria 
Am09 reports that 1000 houses collapsed in Damascus and the damage extended over an area with a 
radius of about 40km; aftershocks lasted for a month. Only Sieb32 mentions a tsunami. Am09 and 
INGV94 do not confirm that the event was felt as far as Egypt. Given that, apparently there was no 
tsunami and the event was not felt in Egypt (as Sb05 adopts)�á���ƒ���•�ƒ�‰�•�‹�–�—�†�‡���·�y���•�‡�‡�•�•���—�•�Ž�‹�•�‡�Ž�›�ä 
A seismite in DSL can be assigned to this event, even though the MSK intensity in DSL must have been 
<V. 
1003 N Syria 
Am09 notes that INGV05 duplicated the event in Edessa (Urfa). 
[1016 August 27] [Jerusalem] 
Am09 notes that perhaps this was not an earthquake. The lack of correlated seismites in DSL endorses 
that idea. 
[1029] [Damascus] 

Neither INGV94 nor Am09 mention this event. Its exact location is unknown. 
1033 March 6 Istanbul 
Am09 argues that the event occurred in Istanbul and not close to Cyprus. 
H1033  Jordan Valley 
AmJa98 have assigned Ms 7.0-7.8 to this event (December 5 1033), acknowledging that the observed 
damage might have been accumulative from previous shocks. Based on similar data, INGV05 originally 
assigned Me 6.0, even though the points with reported intensities were several. This value was later 
revised to Me 7.3 in the online compilation of the book (Guidoboni et al. 2019), for undocumented 
�”�‡�ƒ�•�‘�•�•�ä�����•�r�{���•�‡�•�–�‹�‘�•�•���–�Š�ƒ�–���ò�–�Š�‡���†�ƒ�•�ƒ�‰�‡���‹�•���
�‡�”�—�•�ƒ�Ž�‡�•���™�ƒ�•��widespread but there is no evidence that 
�–�Š�‡���…�‹�–�›���™�ƒ�•���†�‡�•�–�”�‘�›�‡�†���ƒ�•���•�‘�•�‡���ƒ�—�–�Š�‘�”�•���ƒ�Ž�Ž�‡�‰�‡�ó�ä�����‡���ƒ�Ž�•�‘���•�‡�•�–�‹�‘�•�•���–�Š�ƒ�–���ò�–�Š�‡���‡�ƒ�”�–�Š�“�—�ƒ�•�‡���™�ƒ�•���ˆ�‡�Ž�–���ƒ�Ž�Ž���ƒ�Ž�‘�•�‰��
the fortified towns on the Mediterranean coast, from Gaza to Acre, and probably in the Negev and Egypt 
in the �•�‘�—�–�Š�ó�ä�����Š�‡�”�‡���ƒ�”�‡���ƒ�Ž�•�‘���”�‡�’�‘�”�–�•���ƒ�„�‘�—�–���–�•�—�•�ƒ�•�‹���‘�•���–�Š�‡�����‡�†�‹�–�‡�”�”�ƒ�•�‡�ƒ�•���…�‘�ƒ�•�–�������ƒ�Ž�r�y���ä 
Fer11 assigned the event to the Jordan Valley fault, the correlation is very loose (560-1640). 
A seismite in DSL can be assigned to this event, the dating constraint is within 1�P. 
H1042  Palmyra 
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Al-Suyuti (writing in the 16 th �…�‡�•�–�—�”�›�����•�‡�•�–�‹�‘�•�•���ò�ƒ�•���‡�ƒ�”�–�Š�“�—�ƒ�•�‡���‘�…�…�—�”�”�‡�†���ƒ�–�����ƒ�†�•�—�”���ƒ�•�†���ƒ�–�����ƒ�ƒ�Ž�„�‡�•�ã��
�•�‘�•�–���‘�ˆ���–�Š�‡���’�‘�’�—�Ž�ƒ�–�‹�‘�•���‘�ˆ�����ƒ�†�•�—�”���†�‹�‡�†���—�•�†�‡�”���–�Š�‡���”�—�‹�•�•�ó�������ƒ�†�•�—�”���‹�•���ƒ�•�‘�–�Š�‡�”���•�ƒ�•�‡���ˆ�‘�”�����ƒ�Ž�•�›�”�ƒ���ä�����•�r�{��
states that probably the earthquake did not cause any damage in Baalbek. Guidoboni et al. (2007) 
assigned Me 6 based on Al-Suyuti. This value was later revised to Me 5.6 in Guidoboni et al. (2019). 
BM91 have assigned ML of 7.2, but on the false report of Sieb32 who states that the event was felt also 
in Lebanon, Tabriz (N Iran?) and Egypt. The size of the H1402, in our opinion, remains an unresolved 
issue. 
H1047  Ramla 
A seismite in DSL can be assigned to this event, the dating constraint is within 1�P is 1013-1051. 
[1060] [Jerusalem] 
���•�r�{���•�‡�•�–�‹�‘�•�•���ò�ƒ���†�‡�•�…�”�‹�’�–�‹�‘�•���‘�ˆ���
�‡�”�—�•�ƒ�Ž�‡�•���•�‡�•�–�‹�‘�•�•���–�Š�‡���ˆ�ƒ�Ž�Ž���‘�ˆ���ƒ���‰�”�‡�ƒ�–���Ž�ƒ�•�–�‡�”�•���ˆ�”�‘�•���–�Š�‡���”�‘�‘�ˆ���‘�ˆ���–�Š�‡��
Dome of the Rock, in 1060. Le Strange (1890) notes that no earthquake is mentioned for this. Either 
the lantern fell th�”�‘�—�‰�Š���•�‘�•�‡���‘�–�Š�‡�”���…�ƒ�—�•�‡���‘�”���–�Š�‡���•�‘�—�”�…�‡���•�ƒ�•�‡�•���ƒ���†�ƒ�–�‹�•�‰���‡�”�”�‘�”�ó�ä 
H1063  Offshore Lebanon 
Am09 argues that Matthew of Edessa exaggerated in his reports for personal reasons. He also 
concludes that Antioch suffered no noteworthy damage and points out that aftershocks lasted only few 
days. Maximum intensity was reported in Tripoli (Lebanon), while Acre, Tyre and Latakia suffered 
damages. INGV05 and Am09, contrary to Sieb32 and Sb05, do not mention Damascus. Sb05 assigned 
Ms 6.9 and INGV05 (with only 4 reported intensities) Me 5.6. We believe that these values present the 
upper and lower bounds of the possible size of this event. The widespread damage indicates a large 
event, while the relatively low maximum reported intensity and the very short duration of aftershocks 
indicate moderate size. The magnitude of the event, in our opinion, remains an unresolved issue. 
Kag11 have correlated this large event with seismites in DSL within the 1�P range, even though the MSK 
intensity in DSL must have been <V. 
H1068a   S Wadi Araba 
Zilb05 and Kli15 correlated the event with geological evidence in S Wadi Araba. The magnitude 
estimation of Am94 (Ms 7) is consistent with the findings of Zilb05 (M 6.6-7.0) and Kli15 (M>6.5). 
INGV05 originally assigned an unprecedented magnitude (Me 8.1) to the event, but this value was later 
revised to Me 7.2 in the online compilation of the book (Guidoboni et al. 2019), for undocumented 
reasons. 
H1068b  Palestine  
Am09 mentions that the event is often duplicated as having occurred in April 20 1067 or November 11 
1067 or February 2 1070. Several tsunami reports are available (Sal07). 
A seismite in DSL can be assigned to this event; the dating constraint is within 1�P. 
[1076] [N Syria] 
Only NOAA report this event, without citing their source. Am09  mentions that it is perhaps a duplicate 
of the 1086��87 shock in E Anatolia. 
[1089] [Palmyra] 
Am09 does not mention the event. Main modern reference is Sieb32, who does not cite any primary 
sources. 
1091 September 26 Antioch 
1094  W Syria 
EMEC has assigned Mw 7 without citing their source of magnitude. Am09 concludes that there was in 
fact no damage, even though aftershocks followed for weeks. 
1097 December 30 Antioch 
H1105  Jerusalem 
Am09 notes that there was no damage. The lack of correlated seismites in DSL endorses the idea of an 
event of M<5.5. 
H1111  Lower Egypt 
H1113  Jerusalem 
Am09 notes that it was a local shock in Jerusalem. The only available epicentral location comes from 
Zuh15, who for some reason place the event in N West Bank. 
A seismite in DSL assigned to another event, might actually be related to H1113 (within the 1�P range). 
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1114 August 10 E Anatolia 

Am09 argues that the event occurred on the E Anatolian Fault and not in Jerusalem. The lack of 
correlated seismites in DSL supports that argument. 

1114 November 19 N Antioch 

This large event probably occurred outside our zone. 
H1117  Jerusalem 
Am09 mentions an earthquake struck the region of Jerusalem and it may have caused structural 
damage. The epicenters assigned by INGV05 and EMEC are quite far from that area. 
1138 October 11 N Syria 

[1140/1141] [W Syria] 
Only modern source is Sb05, who cites Al-Dawadari. 
1149 Iran 
[1150] [West Bank] 
Am09 notes that the reports that INGV05 mention, correspond to damage from previous earthquake. 
The lack of correlated seismites in DSL endorses that idea. 
H1151  W Syria 
H1152  W Syria 
[1155] [Syria] 
Only modern references are BM81 and NOAA who do not cite their sources. 
H1156  N Syria 
Aleppo and Hama (N of Homs) were heavily damaged. A tower in Afamia (N of Missyaf) collapsed. It is 
likely that many more towns in the area were damaged and there is evidence that many aftershocks 
occurred. The earthquake was strongly felt in Damascus. 
1156 December 8 N Syria 

Am09 reports several shocks. Many houses in Aleppo were damaged, killing many inhabitants, 
however the nearby town of Shaizar suffered no destruction. The earthquakes was strongly felt in 
Damascus. 
H1157a  N Syria 
The shock had considerable effects in N Syria, the exact nature of which is unknown; it was probably 
damaging. The earthquake was strongly felt in Damascus. 
1157 July 5 W Syria 
Little is known about this earthquake. Am09 reports some damages in Damascus. 
H1157b  W Syria 
Homs, Hama, Shaizar and Kafr-tab were badly damaged. It seems that damage in Apamea was less 
serious. The earthquake did some slight damage in Aleppo and it was felt in Damascus and Tayma. 
Am09 (July 13) and Guid04a (July 5) are in disagreement regarding the date of the event. 
H1157c  NW Syria 
The September 1156 �� May 1159 seismic sequence in NW Syria, N Lebanon and the region of Antioch 
(modern Antakya, in S Turkey) has been studied in detail by Guid04a (and INGV05). They concluded 
that the cumulative effects of the events between August 9 and September 7 1157 cannot be separated 
and thus provide no location or magnitude solutions for that period. They do state however that 
Damascus must have not suffered any serious damages as a result of the sequence. On the other hand, 
Am09 analyzed the August 12 event (H1157c) separately in great detail and produced an isoseismal 
map for it. The most severe damages were concentrated in NW Syria, N of Missyaf in a zone about 
120km long. The earthquake caused the total destruction of towns, great loss of life, heavy damages to 
castles and city walls, few landslides and liquefaction (in Latakia). The shocks was felt as far as Acre 
and Iraq (Rahba). For undocumented reasons, Guidoboni et al. (2019) changed the estimated Me from 
6.4 (Guidoboni et al. 2007) to 7.2. The new value is in agreement with the estimate of Am09. 
[1157 September 15] [W Syria] 
Only modern source for this event is PoTa80 who reports MMI VIII at Damascus. 
H1160  Cyprus 
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EMEC has duplicated the event following the different dating of INGV05 and Kh00.    
1162 August N Antioch 
H1170  NW Syria 

This is probably the largest earthquake within our zone. Thirty towns and fortified sites, from Tyre 
(also called Sur) till Antioch, have reported damages. Tripoli was apparently destroyed with very few 
survivors, while Aleppo (more than 150km to the North) also suffered severe damages with great loss 
of life. Even though INGV05 and Am09 agree on the affected localities, the assigned intensities by the 
former are, in general, significantly higher. Palestine did not suffer any notable damage and the reports 
by Ben-Menahem regarding the effects of the event in Caesarea and Egypt are not confirmed by INGV05 
and Am09. The aftershocks lasted up to 4 months (William of Tyre), without causing further 
destruction. Guidoboni et al. (2004b) examined the hypothesis that there were in fact two different 
events, one close to Tripoli and one in the Ghab basin, and concluded that all but one primary sources 
hint to a single event. 
As far as the field evidence are concerned, Meg03 found geological evidence that correlate H1170 with 
�–�Š�‡�����‹�•�•�›�ƒ�ˆ���•�‡�‰�•�‡�•�–�����t�P�����ƒ�•�†�����ƒ�‰�s�s���Š�ƒ�˜�‡���…�‘�”�”�‡�Ž�ƒ�–�‡�†���–�Š�‹�•���†�‹�•�–�ƒ�•�–���‡�˜�‡�•�–���™�‹�–�Š���ƒ���•�‡�‹�•�•�‹�–�‡���‹�•�������������s�P���ä�����Š�‡��
latter rules indeed in favor of a very large event. Indeed, almost all magnitude estimates are in the 
range of M 7.0-7.9.  The M 6.6 value of Hough and Avni (2009) seems less probable. Lastly, for 
undocumented reasons, Guidoboni et al. (2019) changed the estimated Me from 7.7 (Guidoboni et al. 
2004b) to 7.4. 
[1182] [West Bank] 
EMEC and EMME report an event in year 1182, based on parametric values, provided by BM79. The 
latter assigned epicenter (32.6N, 36.7E) and magnitude (ML 6.7), citing Willis (1928), Sieberg (1932a) 
and Amiran (�s�{�w�r���ä�����‹�Ž�Ž�‹�•�á���‘�•���–�Š�‡���ƒ�—�–�Š�‘�”�‹�–�›���‘�ˆ�����‡�”�”�‡�›�����s�z�w�r���á���•�‡�•�–�‹�‘�•�•���ò���›�”�‹�ƒ���ƒ�•�†���
�—�†�‡�ƒ�â���•�‡�˜�‡�”�ƒ�Ž���–�‘�™�•�•��
�–�Š�”�‘�™�•���†�‘�™�•�ó�á���™�Š�‹�Ž�‡�����•�‹�”�ƒ�•���•�‘�–�‡�•���ò�
�—�†�ƒ�‡�ƒ���ƒ�•�†���
�ƒ�Ž�‹�Ž�‡�‡- �•�‘�†�‡�”�ƒ�–�‡���–�‘���•�‡�˜�‡�”�‡�ä�����ƒ�„�Ž�—�•�ó���…�‹�–�‹�•�‰�����Ž-Suyuti, 
���‡�”�”�‡�›�á�����‹�Ž�•�‡�����s�{�s�s�����ƒ�•�†�����‹�Ž�Ž�‹�•�ä�����‹�Ž�•�‡���•�‡�•�–�‹�‘�•�•���ò���•�‹�ƒ�����‹�•�‘�”�á�����›�”�‹�ƒ�á���
�—�†�ƒ�‡�ƒ�ó���…�‹�–�‹�•�‰�����ƒ�Ž�Ž�‡�–���ƒ�•�†�����ƒ�Ž�Ž�‡�–��
���s�z�w�z���ä�� ���Š�‡�� �Ž�ƒ�–�–�‡�”�� �•�‡�•�–�‹�‘�•�� �–�Š�ƒ�–�� �ò�˜�‡�”�›�� �•�ƒ�•�›�� �„�—�‹�Ž�†�‹�•�‰�•�� �¬�…�ä�� �‘�˜�‡�”�–�Š�”�‘�™�•�ó�� �‹�•�� �ò���›�”�‹�ƒ�� �ƒ�•�†�� �
�—�†�‡�ƒ�ó�� �‘�•�� �–�Š�‡��
authority of von Hoff (1840). 
Our two most reliable sources for that period, i.e. Am09 and INGV05, do not mention this event. Even 
if the earthquake is not spurious, the available information is not enough to assign magnitude and 
location. This event requires further research. 
[1183] [Cyprus] 
Am09 and INGV05 do not mention the event. Main modern reference is Galanopoulos and Delibasis 
(1965). 
H1202  Lebanon 

A large amount of historical data is available for this very large event. 
Daeron et al. (2005; 2007) and Marc05 have found geological evidence that correlate H1202 with the 
S Yammouneh and Jordan Gorge fault respectively, indicating a long rupture. A significant tsunami is 
reported in the Levant coast (Sal07). The Me 7.6 estimate by INGV05 was updated in Guidoboni et al. 
(2019) to Me 7.7, making this event the largest within our investigated zone, together with H1170.   
A �•�‡�‹�•�•�‹�–�‡���‹�•�����������…�ƒ�•���„�‡���ƒ�•�•�‹�‰�•�‡�†���–�‘���"�s�t�r�t���‘�”���"�s�t�s�t�â���–�Š�‡���†�ƒ�–�‹�•�‰���…�‘�•�•�–�”�ƒ�‹�•�–���‹�•���‹�•���„�‘�–�Š���…�ƒ�•�‡�•���™�‹�–�Š�‹�•���s�P 
(Kag11). 
H1212  S Wadi Araba 
This large event reportedly caused damage even at locations hundreds of km away from the epicenter. 
INGV05 seem to underestimate the size of the event due to the few points with reported intensities 
that are available. 
Kli00 have found archaeological evidence that correlate H1212 with S Wadi Araba Valley. 
�����•�‡�‹�•�•�‹�–�‡���‹�•�����������…�ƒ�•���„�‡���ƒ�•�•�‹�‰�•�‡�†���–�‘���"�s�t�r�t���‘�”���"�s�t�s�t�â���–�Š�‡���†�ƒ�–�‹�•�‰���…�‘�•�•�–�”�ƒ�‹�•�–��is in both cases within 1�P 
(Kag11). 
H1222  Cyprus 
Am09 notes that the event has been duplicated in the year 1227. A tsunami is reported (Sal07). 

H1259  W Syria 
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INGV05 mention that Sieb32 probably misdated event in 1254. This event, which occurred in March 
22, is often amalgamated with another shock of the same year in Egypt. 

1259 June 6 Cairo 

Am09 notes that duplicates of this small event (only felt in Cairo) appear in May 28 1260 and February 
21 1263.  
[1261] [Offshore Acre] 
Am09 notes that 7 islets sank, but no earthquake is mentioned and details are not known. 
1261/1262  
�����
���r�w�� �•�‘�–�‡�� �–�Š�ƒ�–�� �ò�–�Š�‡�”�‡�� �™�ƒ�•�� �ƒ�•�� �‡�ƒ�”�–�Š�“�—�ƒ�•�‡�� �ƒ�•�‘�•�‰�� �–�Š�‡�� ���›�”�‹�ƒ�•�•�ó�� �„�‡�–�™�‡�‡�•�� ���…�–�‘�„�‡�”�� �s�� �s�t�x�s�� �ƒ�•�†��
September 30 1262. Am09 mentions that perhaps this report is connected with an earthquake in 
Lower Iraq. The details of this event are unknown. Thus we can assume that it was not a significant 
earthquake. 
[1262] [Egypt] 
The only modern source is PoTa80 who mention a very destructive event in Cairo and Alexandria. 
Exact location and size are unknown. INGV05 and Am09 do not mention this event. The authenticity of 
this report requires further research. 
1264 February 20 Egypt or Syria 
According to Am09 this very strong earthquake hit Egypt or Syria, destroying houses; further details 
are not known. The location and size of this event require further attention. 
H1284  Damascus 
H1287a  W Syria 

H1287b  NW Syria 
H1287c  NW Syria 
[1287 April 2] [Sea of Galilee] 

EMEC, on the account of GII, is the only parametric catalogue that lists this event (Mw 6.5). 
H1293  Dead Sea 
Hay06 and Kli15 did not find geological evidence of the rupture in the Wadi Araba fault and thus 
concluded that the rupture was limited to the Dead Sea basin and did not propagate to other segments 
further south. 
Ken01 and Kag11 have correlated this large event with two different seismites in DSL {1�P}. 
Am09 mentions that the event has been probably duplicated as a shock in Cairo later in the year. 
1299 January 8 Egypt 
Am09 mentions that this was a strong local event. No damages were reported. 
1303 August 8 Crete 
A very large earthquake occurred in Crete (GuidCo97; INGV05; Am09). El-Sayed et al. (2000) 
concluded that there must have been a second local (after)shock in Cairo. Tsunami waves reached as 
far as Acre (Sal07). The event is sometimes duplicated in the year 1341 (May). 
For undocumented reasons, Guidoboni et al. (2019) changed the estimated Me from 8.0 (INGV05) to an 
unprecedented value of 8.8. 
1307 August 10 Egypt 
H1313  Egypt 
Kag11 found a seismite in DSL that correlates with H1313, even though the event occurred in Egypt, 
more than 400km away. It is unclear how such distant event, to which Am94 assigned maximum MSK 
intensity of VI, could form a seismite in the sediments of Dead Sea. Perhaps the sediment deformation 
was caused by an unknown earthquake or a non-seismic event. 
H1322  Damascus 

H1339  Tripoli (Lebanon) 
1344 January 3 Gaziantep (Turkey) 
Am09 argues that the event actually occurred in Gaziantep (Turkey) and not in Damascus. 
H1347  Cairo 
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H1350  Cyprus 
Am09 notes that 2 shocks totally destroyed Paphos. 
H1352  Cairo 
Am09 notes that H1352 might be a duplicate of an earthquake in Crete in October 1353. 
H1354  W Syria 
Am09 considers the primary source of this event trustworthy and mentions that walls collapsed. It 
affected Hama and Homs (Syria) and Baalbek (Lebanon). Sb05 do not mention this event. The only 
parametric catalogue listing the event is NOAA, but they do not provide any magnitude. This event 
requires further research since it was strong enough to kill people in cities more than 100km away 
(Am09).   
H1366  Safed (Sea of Galilee) 
H1373  Lower Egypt 
H1385  Lower Egypt  
H1386  Lower Egypt  
H1392  Cyprus 
H1395  Egypt 
H1399  Damascus 
H1404  W of Aleppo 
Am09 mentions that the effects of H1404 are often confused with the ones from H1408 (e.g. Sb05). 
1404 November 7 W of Aleppo 
1407 April 9 NW Syria 
INGV05 note that the event affected only N Antioch (outside our zone) and was not felt in Cyprus as 
Ambraseys claims. INGV05 argue that the contemporary Cypriot marginal note refer to the event of 
1397 (Wirth 1966) and not of 1407. The confusion is due to handwriting issues. 
AmBa89 and BM91 have assigned M 7 to this event. AmBa89 claimed that the estimation is based on 
an isoseismal map which they do not show and note that the event was still under investigation. BM91 
provide no justification for their assigned magnitude. INGV05 estimated Me 5.8. It is impossible to 
choose which interpretation of the partly illegible note is correct. Including Cyprus in the affected areas 
however would shift the epicenter southwest, inside our zone. 
H1408  NW Syria 
Aky06 and Alt09 have found geological evidence that correlate H1408 with the N Yammouneh fault 
and Amik Basin (S Turkey) respectively. A small tsunami reached Latakia. 
H1422  Cairo 
H1425  Gulf of Suez 
H1434  Cairo 
1437 February Cairo 

A small local event of unknown exact magnitude is only reported by PoTa80.  
1437 November 7 Cairo 
A small local event of unknown exact magnitude is only reported by PoTa80.  
1438 E Hellenic Arc 
Am09 mentions that the event took place in E Hellenic Arc, and not in Egypt. 
H1455  Cairo 
H1458  Wadi Araba 
Kli15 have found geological evidence in Wadi Araba that correlate well with H1458 (1434-1459). 
Similarly to H1212, INGV05 seem to underestimate the size of the event due to limited amount of 
reported intensities. 
The modeled age of a seismite in DSL (1400-1650) fits the date of the event. 
H1467  Cairo 
H1476  Cairo 
1477 October 12 Cyprus 
H1479  Cyprus 
H1481  W of Cyprus 
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March 18 1481. 
1481 April 23 Cyprus 
1481 July Cairo 
A small local event of unknown exact magnitude is only reported by PoTa80.  
1481 Rhodes 
H1483  Cairo 
1484 April  Aleppo 
H1491  W of Cyprus 
1497  Cyprus 
H1498  Cairo 
1523 April 4 Cairo 
���•�r�{���†�‡�•�…�”�‹�„�‡�•���–�Š�‡���‡�˜�‡�•�–���ƒ�•���ƒ���ò�•�Ž�‹�‰�Š�–���Ž�‘�…�ƒ�Ž���•�Š�‘�…�•�ó�ä�����Š�‡���‡�š�ƒ�…�–���•�‹�œ�‡���‘�ˆ���–�Š�‡���‡�˜�‡�•�–���‹�•���—�•�•�•�‘�™�•�ä 
1529 November 12 Cairo 
���•�r�{���†�‡�•�…�”�‹�„�‡�•���–�Š�‡���‡�˜�‡�•�–���ƒ�•���ƒ���ò�•�Ž�‹�‰�Š�–���•�Š�‘�…�•�ó�ä�����Š�‡���‡�š�ƒ�…�–���•�‹�œ�‡���‘�ˆ���–�Š�‡���‡�˜�‡�•�–���‹�•���—�•�•�•�‘�™�•�ä 
1537 January 8 Cairo 
A slight shock was felt in Cairo. The primary source is al-Suyuti. The exact size of the event is unknown. 
1537 March 9 Damascus 
A slight shock was felt in Damascus. The primary source is al-Suyuti. The exact size of the event is 
unknown. The events of March 9 and January 8 1537 are often reported as one very small event with 
unreasonable area of perceptibility. The description in Am94 and Am09  is rather confusing. 
H1546  Dead Sea 

���•�r�w�„���…�‘�•�…�Ž�—�†�‡�•���–�Š�ƒ�–���–�Š�‹�•���•�‘�–���˜�‡�”�›���•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�–���‡�˜�‡�•�–���”�‡�ˆ�Ž�‡�…�–�•���–�Š�‡���ò�†�‡�•�‹�”�‡���‘�ˆ���…�‘�•�–�‡�•�’�‘�”�ƒ�”�›���™�”�‹�–�‡�”�•���–�‘��
draw theological and political morals from a natural disaster, particularly when the earthquake 
�Š�ƒ�’�’�‡�•�•���–�‘���„�‡���‹�•���–�Š�‡�����‘�Ž�›�����ƒ�•�†�ó�ä�����•�r�{���ƒ�•�†���•�‡�˜�‡�”�ƒ�Ž���•�‘�†�‡�”�•���•�‘�—�”�…�‡�•�����•�‡�‡�����ƒ�Ž�r�y�����•�‡�•�–�‹�‘�•���ƒ���–�•�—�•�ƒ�•�‹���‹�•��
the coast of Palestine. 
Kli15 did not find geological evidence in S Wadi Araba that correlate with H1546, while Hay06 found 
loose evidence in N Wadi Araba (1515-1918). The rupture most probably started from the Dead Sea 
and was discontinued in N Wadi Araba. 
H1567  Offshore Cyprus 
EMME, on the account of Soysal81, has probably duplicated this event in December 1567. 
H1568a  Cyprus 
H1568b  Offshore Syria  
[1573] [Hellenic Arc] 
���‘���ƒ�z�r���’�Ž�ƒ�…�‡�†���–�Š�‡���‡�˜�‡�•�–�����	�‡�„�”�—�ƒ�”�›���v�����‹�•�����ƒ�‹�”�‘�ä�����‘�™�‡�˜�‡�”�á�����•�r�{���†�‡�•�…�”�‹�„�‡�•���‹�–���ƒ�•���ƒ���ò�Ž�‹�‰�Š�–���•�Š�‘�…�•�ó�á���™�Š�‹�…�Š���‹�•��
perhaps a duplicate of an earthquake on March 6 1573 in the Aegean Sea. 
1576 April 4 Cairo 
���•�r�{���†�‡�•�…�”�‹�„�‡�•���–�Š�‡���‡�˜�‡�•�–���ƒ�•���ƒ���ò�•�–�”�‘�•�‰���•�Š�‘�…�•�ó�ä�����‘���•�’�‡�…�‹�ˆ�‹�…���†�ƒ�•�ƒ�‰�‡�•���ƒ�”�‡���”�‡�’�‘�”�–�‡�†�ä�����Š�‡���‡�š�ƒ�…�–���•�‹�œ�‡���‘�ˆ���–�Š�‡��
event is unknown. 
H1577  Cyprus 
H1588a  Gulf of Aqaba 
Kli15 did not find geological evidence in S Wadi Araba that correlate with H1588a. They thus concluded 
that the rupture was limited to the Gulf of Aqaba. The epicenter of this rather large earthquake is hard 
to be defined. The isoseismal map of Am06 indicates an epicenter which is far away from any major 
fault. EMME do not justify why they modified the coordinates assigned by Am06. The location of this 
large event is unresolved. 
H1588b  Cairo 
1626 January 21 NW Syria 
[1640] [N Levant rift] 
Am09 does not mention the event. Main modern reference is Sieb32, who does not cite his source. 
[1656]  [N Levant rift]  
���•�r�{���•�‘�–�‡�•���–�Š�ƒ�–�����‹�‡�„�u�t���•�‹�•�’�Ž�ƒ�…�‡�†���‡�˜�‡�•�–���‹�•���ò���”�‹�’�‘�Ž�‹�������ƒ�Ž�‡�•�–�‹�•�‡���ó�á���’�”�‘�„�ƒ�„�Ž�›���•�‡�ƒ�•�•���‹�•�����‡�„�ƒ�•�‘�•�á���™�Š�‹�Ž�‡��
the primary source mentions Tripoli (Libya). 
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1694 December 21 Egypt 
���•�r�{���†�‡�•�…�”�‹�„�‡�•���–�Š�‡���‡�˜�‡�•�–���ƒ�•���ƒ���ò�Ž�‘�…�ƒ�Ž���•�Š�‘�…�•���–�Š�ƒ�–���†�‡�•�–�”�‘�›�‡�†���•�‘�•�‡���Š�‘�—�•�‡�•�ó�ä The exact size of the event is 
unknown. 
H1698  E Mediterranean  
H1705  W Syria 
Gom03 found geological evidence in the Serghaya fault branch (Lebanon, Syria) that correlate with 
H1705 or H1759a or H1759b. H1759b seems like the most likely match (Dae05). 
H1710  N Red Sea 
[1712 June 16] [Jerusalem] 
���Š�‡�� �•�ƒ�‹�•�� �•�‘�†�‡�”�•�� �”�‡�ˆ�‡�”�‡�•�…�‡���‹�•�� ���•�‹�{�v�ä�� ���•�‹�”�ƒ�•�ï�•�� �‹�•�–�‡�•�•�‹�–�‹�‡�•�� �‹�•�†�‹�…�ƒ�–�‡�•�� �ƒ�� ���´�w�ä�w�� �‡�˜�‡�•�–�ä�� ���•�r�{�� �†�‘�‡�•�� �•�‘�–��
mention this event. 
H1718  Cyprus 
H1735  Cyprus 
Am09 mentions two severe shocks in the same day. Therefore, perhaps the reports refer to cumulative 
damages. 
1735 November 27 Damascus 
Am09 mentions that an earthquake was felt in Damascus. No damages are reported. The exact size of 
the event is unknown. 
H1746  Damascus 
1752 July 21 Italy 
Am09 argues that the event in fact occurred in Italy and not in NW Syria. 
[1752] [Egypt] 
Only reference is NOAA, who do not cite their source. 
H1753  SW Syria 
H1754  Gulf of Suez 
H1756  Cyprus 
H1759a  S Lebanon 
Marc05 found with geological evidence that correlate 1759a with the Jordan Gorge fault. Nem08 
assigned H1759a to either the Serghaya or the Rachaiya fault (both next to Jordan Gorge). The dating 
constraint of both findings is rather loose. Dae05 proposes that H1759a (foreshock) ruptured the 
shorter Rachaiya fault, while the larger H1759b event ruptured the Serghaya fault. Tsunami waves 
reached the coast from Israel through Lebanon (Sal07). 
H1759b  Lebanon 
Nem08 assigned H1759a to either the Serghaya or the Rachaiya fault (both next to Jordan Gorge). The 
dating constraint of both findings is rather loose. Gom03 found geological evidence in the Serghaya 
fault that correlate with an event after year 1700. Dae05 proposes that H1759a (foreshock) ruptured 
the shorter Rachaiya fault, while the larger H1759b event ruptured the Serghaya fault. Tsunami waves 
reached the Nile Delta and Acre (Sal07). 
H1764  N Lebanon 
1785  Latakia, Syria 
This event was listed in Zohar 2019. There is only one primary source. 
H1796  W Syria 
1801 October 10 Gulf of Suez 
There is no available estimate for the size of the event. Only minor damages are reported (Am09).  
1802 Aleppo 
Am09 argues that the event took place in Aleppo and was not felt in Palestine as some reports mention 
(confusion with event of 1822). The lack of correlated seismites in DSL supports that argument. 
H1814  Suez 
1822 August 13 SE Turkey 
1825 June 21 Cairo 
There is no available estimate for the size of the event. It was only felt in Cairo, without causing damage 
(Am09). 
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H1834  Palestine 
Kli15 did not find geological evidence that correlate H1834 with the S Wadi Araba fault. They argue 
that the epicenter of the event is not well constrained. 
A seismite in DSL correlates well {1�P} with H1834. 
H1837  S Lebanon 
NeMeg06 geological evidence that correlate H1837 with the Roum fault. The constraint is very poor, 
i.e. after year 84. 
H1845  Offshore Cyprus 
1846 June 15 Cairo 
There is no available estimate for the size of the event. It was only felt in Cairo, without causing damage 
(Am09). 
1847 Egypt 

H1850  Beirut  
1850 October 27 Egypt 
There is no available estimate for the size of the event. It was felt strongly in Cairo, without reported 
damage (Am09). 
H1868  Offshore Egypt 
Am09 notes that there was no damage. 
1870 June 24 Mediterranean 
Am09 describes a large deep earthquake in the Mediterranean Sea. He adds that Sieberg erroneously 
mentions that it was felt in Aden, leading BM to an unreasonable radius of perceptibility and estimated 
magnitude. Tsunami waves reached Alexandria causing damages (Sal07). 
1872 April 3 S Turkey 
A small tsunami reached Antioch (Sal07). 
1874 February 13 Palestine 
This event was listed in Zohar 2019. There is only one primary source, reporting that it was felt in 
Jerusalem.  
H1879  Gulf of Suez 
H1894  Cyprus 
H1895  Alexandria  
[1896 May 2] [Lebanon] 
Am09 does not mention this anyhow small event. 
H1896a  Cyprus 
H1896b  Cyprus 
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A.3.1 Past bibliographic studies on specific historical events 

Table A.3.1. Past bibliographic studies on specific historical events between 100BC and 1900 around the Dead Sea Transform Fault 
Zone. In the column on the right, italics font-style indicates events that occurred outside our investigated zone (27N-36N, 31E-39E), 
while brackets indicate that the event is considered spurious. The parameters of the events with assigned IDs (in bold) can be found in 
Appendix A.4the rest are listed in Appendices A.2 and A.4. All dates are AD, except where specified. 

Study 
Event ID  or date of 
investigated event 

Traina 1995; Karcz 2004 [92BC], [69BC] 
Karcz 2004; Williams et al. 2012 H31BC 

Ambraseys 2005b; Williams et al. 2012 [33]  
Russell 1980 H363a, H363b  
Yelin 1927 H502 

Darawcheh et al. 2000 H551 

Tsafrir & Foerster 1992; Karcz 2004; Ambraseys 2005a H747 

Karcz 2004; Ambraseys 2005a 750 

Ambraseys 2005a 757 

Guidoboni et al. 2004a 
1139, H1156 , 1156 Dec, 

H1157a, H1157b , H1157c  

Guidoboni et al. 2004b; Hough & Avni 2009 H1170 

Ambraseys & Melville 1988; Hough & Avni 2009 H1202 
Guidoboni and Comastri 1997; El-Sayed et al. 2000 1303 

Braslavski 1956; Ambraseys & Karcz 1992; Ambraseys 
2005b 

H1546 

Yaari 1951; Ambraseys & Barazangi 1989; Albini & Stucchi 
1992 

H1759a, H1759b  

Ambraseys 1997 H1837 

 

A.3.2 Dating soft-sediment deformation structures 

The radiocarbon dating process primarily involves dating a charcoal sample that was burned and had its 
initial C14/C12 fixed before the charcoal was deposited in a specific layer.  Hence, the layers in the section 
and the identified seismic events from the disturbed layers will mostly produce younger radiocarbon 
dates than when the layers were deposited and the earthquakes occurred, i.e there is a systemic bias 
towards younger dates that must be accounted for in developing a seismic chronology from any given 
section. Unfortunately, the time elapsed has not thus far been estimated with great accuracy; it may vary 
from years to even centuries depending on the local site conditions (Ken01). Ken01 and Kag11 argued 
that in their sites this time-span was negligible in comparison to the overall uncertainty of their dating 
process. On the other hand, Mig04 claim that, due to the particular soil conditions in their site, this time-
lag can be up to 350 years. This issue requires further research in our opinion. 

The relatively straightforward process of directly comparing modeled radiocarbon ages of seismites with 
the historical records to check possible correlations was followed by Ken01 and Kag11. Mig04, on the 
other hand, followed a different approach. They first focused on the part of their core sample with depth 
0.8-3.0m. Within these layers, they identified ~1550 deposition cycles and assumed that each cycle 
represents one year of sedimentation (varves, i.e. a rainy season followed by a dry season) and 22 SSDS. 
They combined the two and developed a chronological model. They also radiocarbon-dated 6 wood 
fragments within the first 3 meters of their core sample; the oldest of which was from around 300BC. 
Then, they matched their chronological model (for the 0.8-�u�ä�r�•���•�‡�…�–�‹�‘�•�����™�‹�–�Š�‹�•���–�Š�‡���t�P���”�ƒ�•�‰�‡�•���‘�ˆ���–�Š�‡���x��
radiocarbon dates. Next, the top of each disturbed sequence in the curve was matched to one of the 
historical earthquake dates (which they assumed accurate) by shifting the curve on the time-axis (Mig04, 
their fig. 4). This process was iterated looking for the best fit for the entire section, i.e. minimize the 
number of SSDS for which no historical earthquake is known. Finally, they found only one model that 
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matched 20 out of the 22 structures within the 0.8-3.0m section, with historical earthquakes between 
140BC and 1408 BC.  

We should note that their best-fit curve does not match the results of the 6 radiocarbon date ranges. The 
curve is shifted mostly by 50 �� 200 years, with one exception of 350 years (Mig04, their fig. 4). As we 
already mentioned before, they attribute this significant discrepancy to reworking of the washed-in 
organic matter before it settled in the bottom of the dense saline lake. It is evident that their approach is 
based mostly on historical records and much less on radiocarbon dating. As a result, the aforementioned 
problem of circular reasoning is evident. Their results rely heavily on the rather strong assumption that 
the available catalogs in 2004 were complete, did not include spurious events and had accurate dating. 
Nevertheless, they note that the chance for a random fit of a series of 20 intervals with a combined error 
of 20 years and a mean recurrence of 100 years is of the order 10-10. However, we argue that at least 12 
of these 20 correlations are questionable (Table 2.3), because the historical data they used are now 
outdated.  

Another pitfall of the fitted model of Mig04 is that it did not identify any event in year 363, even though 
two large events next to Ein Gedi site and a seiche in the Dead Sea lake are reported in that year. No 
sedimentary hiatuses that could explain this lack of seismites is found in Ein Gedi (Mig04, their fig. 2). 
Unfortunately, the complex iterative method of Mig04 does not provide modeled age ranges and thus 
further interpretation of their results in light of new evidence is not feasible. 
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A.3.3 Extended version of Table 2.2 

Multisite comparison of Holocene seismites from four lacustrine sediment samples along the Dead Sea lake (DSL). Curly braces indicate confidence intervals,�ò�P�ó is the 
standard deviation (normal distribution) and bold deformation values indicate correlation within the 1�P range. In the column on the left, italics font-style indicates events 
that occurred outside our investigated zone (27N-36N, 31E-39E), while square brackets indicate that the event is considered spurious. MSKDSL is the expected MSK 
intensity at DSL, given magnitude and distance from the epicenter RDSL. The study-sites are shown in Fig. 2.1. The parameters of the events with assigned IDs (in bold) 
can be found in Table 2.4. For more information about the events and the missing abbreviations, see Appendices A.1, A.2 and A.4. All dates are AD, except where specified. 

 

Event ID 
or year of 
correlated 

event 

Event 
parameters 

Study / Site 

Remarks 

References 

Ken01 
���‡�ï�‡�Ž�‹�• 

Mig04 
Ein 
Gedi 

Kag11 
���‡�ï�‡�Ž�‹�• 

Kag11 
Ein Feshkha (EF) 

Location Magnitude 

-    

8cm 1cm 

This event is either absent from catalogs or is 
[139BC] 

  
140BC-66BC 

���s�P�� 
178BC-28BC 

���t�P�� 

146BC-96BC 
���s�P�� 

177BC-61BC 
{2�P�� 

[92BC]   1cm  

1cm 

Am09 & Kar04: spurious event   
126BC-76BC 

{1�P} 
160BC-39BC{2�P} 

-     
1cm 

H31BC already correlated in EF, so this event is 
absent from catalogs 

  101BC-42BC{1�P} 
133BC-6BC {2�P} 

69BC RDSL=500km 
14.5cm1 

masked 

2 
 

<1cm 
1Agn06: relates to [139BC] 

2Masked by subsequent deformation 
Sb05  200-�x�r���������s�P�� 

200-�v�r���������t�P�� 
96BC-41BC {1�P} 
131BC-�t���������t�P�� 

H31BC 
RDSL=56km 
M=6.0-6.5 
MSKDSL=VI 

20.5cm 
9cm 

6cm 1cm 
 BM79 Kar04 40BC-130AD 

���s�P�� 
40BC- �u�w���������s�P�� 57BC-7AD {1�P} 

[33]  

4.5cm3 

0.2cm 

4cm 1cm Am09: spurious event 
3Alternative match: H112 

4dated based on sedimentary rate 
  

64BC-3114 
12-�{�s�����s�P�� 

20BC-�s�u�s�����t�P�� 
25-100 {1�P} 

20BC-142{2�P} 

H76 
RDSL=500km 

ML=7 
MSKDSL=III 

 0.4cm   Very low MSKDSL BM91 BM79 

[90]   0.5cm   No historical record   

H112 
RDSL=80km 

Ms=6.2 
3 0.5cm 5  Am09: only archaeological evidence Am94 Am94 
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MSKDSL=VI 

H115 
RDSL=450km 
Mw=7.3-7.5 
MSKDSL=III 

 0.2cm 
5cm5 

 5Alternative match: H112 {1�P�� AmJa98 Meg03 
55-210 {1�P�� 

[175]   0.66cm   No historical record   

H347 RDSL=250km    
1cm6 

6 Alternative match: H363a or H363b {�ý1�P} Kh00  372-�v�z�y�����s�P�� 
296-548 {2�P} 

H363a or 
H363b 

RDSL<50km 
M=6.5 

MSKDSL>VI 

3cm7 

  

6 2cm9 Am09: seiche in DSL 
7Agn06: relates to H418 

9 Alternative match: H418 {1�P} 
8dated based on sedimentary rates 

Am06 Kag11 
358-5808 

408-�w�s�w�����s�P�� 
334-570 {2�P} 

-     
1cm10 

10Alternative match: H502 {1�P}   439-�w�v�t�����s�P�� 
365-�w�{�w�����t�P�� 

H418 RDSL=50km 7 0.5cm 
5cm 9 2cm {2�P}11 

11Alternative match: H551 {1�P} INGVweb  
386-519 {1�P�� 

448-551 {1�P} 
376-605 {2�P} 

[500]   masked   Amalgamation of 4 events (Am09)   

H502 
RDSL=180km 

Ms=7.2 
MSKDSL=VI 

 0.7cm 12 10  Sb05 Sb05 

H551 
250km 

Mw=7.4-7.6 
MSKDSL=V 

 0.3cm 
17cm  12 11 1cm13 12Alternative match: H502 

13Alternative match: H634 {1�P} 
Eli07 Eli07 

467-606 {1�P} 543-638 {1�P} 

H634 

RDSL=50km 
Mw=6.8 

MSKDSL=VII-
VIII 

   

13 1cm 14 

14Alternative match: H659a or H659b {1�P} INGVweb EMEC 
603-692 {1�P} 

H659a or 
H659b 

RDSL=50-
100km 

Me=6.0-6.2 
MSKDSL=V-VI 

 0.5cm  

14 3cm15 
Event outside the dating range 
15Preffered match: H747 {1�P} 

INGVweb INGVweb 
666-747 {1�P} 

H747 
RDSL=150km 

Ms=7 
MSKDSL=VI 

 0.2cm 

172cm 

15 2.5cm 16 Michael: Tsunami in Med., seiche in DSL 
16Correlated rupture in Wadi Araba (Kli15, Table 

2.2) 
17Kag11: H747 or 757. More likely the former. 

Am06 Am06 795-856 {1�P} 
729-865 {2�P} 

757    
699-848 {1�P} 1cm18 

757 event perhaps in NE Syria (INGV94) 
18Alternative match: H854 {1�P} 

  801-861 {1�P} 
733-870 {2�P} 
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H847 
RDSL=300km 

ML=6.2 
MSKDSL=III 

   
3cm 

Very low MSKDSL 

Perhaps event absent from catalogs or H854 
Sb05 BM79 849-905 {1�P} 

788-915 {2�P} 

H860 
RDSL=450km 

Ms=7 
MSKDSL=III 

 0.8cm  
1.5cm 

Very low MSKDSL 

Perhaps event absent from catalogs 
INGVweb Am06 859-915 {1�P} 

801-926 {2�P} 

873 RDSL=600km    
6cm 

Very large RDSL  
Perhaps event absent from catalogs 

Am94  885-939 {1�P} 
833-954 {2�P} 

H956 
RDSL=450km 

Me=6.2 
MSKDSL=I 

   

4cm19 

19Alternative match: H991 {1�P} Am94 INGVweb 963-�s�r�r�w�����s�P�� 
929��1023 {2�P} 

H991 
RDSL=250km 

ML=6.7 
MSKDSL=IV 

 0.2cm  
19 1.5cm20 

20Alternative match: H1033  {�ý1�P} Sb05 BM91 
991-1026 {1�P} 

1033 Mar 
6 

Am09: 
Istanbul 

 masked      

H1033 
RDSL=100km 

Me=7.3 
MSKDSL=VII 

 7.4cm  
20 1.5cm21 Tsunami in Acre (Am09) 

21Alternative match: H1047  {1�P} 
AmJa98 INGVweb 

1013-1051 

H1042 RDSL=460km  0.8cm    INGV05  

H1063 
RDSL=320km 

Ms=6.9 
MSKDSL=III 

 masked  
1cm 

 INGV05 Sb05 
1028-1067 {1�P} 

H1068a 
RDSL=200km 

Me=7.2 
MSKDSL=V 

 0.4cm  
1cm22 

Tsunami in Mediterranean (Am09) 
22Alternative match: H1068b  {1�P} 

Zilb05 INGVweb 
1044-1084 {1�P} 

1114 
Nov 29 

RDSL=700km 
Ms=7.4 

MSKDSL=I 
 0.8cm    Very low MSKDSL Am09 Sb05 

1138 
RDSL=550km 

Me=7.5 
MSKDSL=II 

   
2cm23 

23Alternative match: H1113  {�ý1�P} INGV05 INGVweb 
1118-1155 {1�P} 

H1170 
RDSL=400km 

Me=7.7 
MSKDSL=IV-V 

   
6cm 

 Guid04b Guid04b 
1150-1190 {1�P} 

H1202 
RDSL=300km 

Me=7.7 
MSKDSL=V 

24 masked 
25  

262cm 

Tsunami in Mediterranean (Am09) 
Agn06: 24masked, 25apparent not masked 

Am06 INGVweb 
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H1212 
RDSL=150km 

Ms=7.0 
MSKDSL=V-VI 

10.5cm27 
4.2cm  

1199-�s�t�v�r�����s�P�� 26Kag11: H1202 or H1212  

27H1212 outside modelled age range.  
Perhaps event absent from catalogs 

Am06 Am06 1244-�s�u�z�w���s�P�� 
1220-�s�u�{�r�����t�P�� 

H1293 
RDSL=50km 

Ms=6.6 
MSKDSL=VII 

16cm 
1cm  

7cm 
 INGV05 Am94 

1280-�s�u�{�r�����s�P�� 1260-1293{1�P} 

H1313 
RDSL=500km 

ML=5.8 
MSKDSL<I 

   
10cm 

Very low MSKDSL 

Perhaps event absent from catalogs 
Am94 BM79 1300-1343 {1�P} 

1279���s�v�t�s�����t�P�� 

H1408 
RDSL=450km 

Ms=7.4 
MSKDSL=III 

 masked    Sb05 Sb05 

H1458 
RDSL=60km 

Ms=7.1 
MSKDSL=VIII 

 13cm 
10cm 

 28Extrapol�ƒ�–�‹�‘�•���ˆ�”�‘�•���ƒ�‰�‡�æ�†�‡�’�–�Š���†�‡�’�‘�•�‹�–�‹�‘�•���•�‘�†�‡�Ž Am06 Am06 

1400-165028 

H1546 
RDSL=70km 

Ms=6.0 
MSKDSL=VI 

 3cm   Tsunami in Gaza? (Am09) Am94 Am09 

H1588a 
RDSL=250km 

Ms=7.2 
MSKDSL=VI 

 1cm    Am06 Am06 

1656 RDSL=2000km  4.8cm   Event too far away Am09  

[1712]   12cm   Ami94: Epicenter in Jerusalem    

H1759a or 
H1759b 

RDSL=200-
250km 

Ms=6.6-7.4 
MSKDSL=V-VI 

 2cm    Sb05 Sb05 

1822 
RDSL=550km 

Ms=7.4 
MSKDSL=II 

 3cm   Very low MSKDSL Am06 Am06 

H1834 
RDSL=20km 

ML=6.3 
MSKDSL=VIII 

25cm 
masked    BM79 BM79 

1670-19�w�r�����s�P�� 

H1837 
RDSL=200km 

Ms=7.0 
MSKDSL=V 

 3cm   Seiche in Sea of Galilee? (Am09) Am06 Am97 
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A.4. Electronic version of the catalog 

 

The complete catalog is available at https://link.springer.com/article/10.1007%2Fs10950-020-
09904-9, in the section Electronic Supplementary Material �ƒ�•���î���������v�ï�á���‹�•�����ä�šslx format 

The catalogue contains an entry for each analysed events including fake events. Columns contain 
information on: event ID, evaluation status, Sesimites (Dead Sea Lake), Archeology [source], 
Trenches [source], secondary sources, year, month, day, hour, minute, second, latitude, longitude, 
location uncertainty class, location source, Homogenized Mw, original magnitude, original 
magnitude type, magnitude uncertainty class, magnitude source) 

https://link.springer.com/article/10.1007%2Fs10950-020-09904-9
https://link.springer.com/article/10.1007%2Fs10950-020-09904-9
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B. Supporting information for chapter 3 

B.1 Initial minimum 1D model 

 

 

Figure B.1.1. First-guess initial 1D velocity model inspired by Mueller (2013) and previous Turkish 1D velocity models 
(Bogazici University Kandilli Observatory and Earthquake Research Institute, Regional Earthquake-Tsunami Monitoring 
Center, 2019) that we use to identify outlier data. The depth is from the top interface of the layer. 

 

Table B.1.1. First-guess initial 1D velocity model, in table form. 

Vp (km/s) Depth 
(km) 

 5.83     0 
 5.93     5 

 6   15 
 7.16   26 
 7.8   36 
 8   50 

 8.2   90 
 8.3 120 

 

B.2 VELEST inputs 

Note that in all inversions, the number of earthquakes (neqs) varies according to the input cnv 
file. Note also that the iwt* and  iwf* parameters are irrelevant since we selected iqc=0 and iqf=0. 
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Figure B.2.1. Key VELEST parameters we used to revise KOERI and AFAD routine catalogues.  
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Figure B.2.2. Key VELEST parameters we used to obtain KOERI and AFAD separate min. 1D models. 
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Figure B.2.3. Key VELEST parameters we used to do the hypocentre shift test. 
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Figure B.2.4. Key VELEST parameters we used to test the merging of KOERI and AFAD events. 
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Figure B.2.5. Key VELEST parameters we used to relocate all events from the final catalogue.  

B.3 Systematic errors with stations 

After a VELEST inversion, residuals on a station can also be divided into quadrants based on the 
angular position of the event with respect to the station. First quadrant for observations between 
270 and 360 degrees, second quadrant from 180 to 270, third quadrant from 90 to 180 and fourth 
quadrant from 0 to 90 degrees (rotation couterclockwise). The residuals that fall in a quadrant 
are averaged and provide the corresponding residual. We would expect to get all positive or all 
negative average residuals if the station delays are isotropic. If we have positive average delays 
for some quadrant and some negative average delays for other quadrants, it is possible that 
residuals indicate that the distance of the event to the station is shorter or longer than what is 
�‡�š�’�‡�…�–�‡�†�ä�� ������������ �•�–�ƒ�–�‹�‘�•�� �î���������ï�� �’�”�‘�†�—�…�‡�†�� �ƒ�� �Ž�ƒ�”�‰�‡�� �†�‹�ˆ�ˆ�‡�”�‡�•�…�‡�� �‹�•�� �ƒ�˜�‡�”�ƒ�‰�‡�� �“�—�ƒ�†�”�ƒ�•�–�� �”�‡�•�‹�†�—�ƒ�Ž�•�� ���•�‡�‡��
figure B.3.1) that could be an indicator of a shifted position. According to the International 
���‡�‹�•�•�‘�Ž�‘�‰�‹�…�ƒ�Ž�� ���‡�•�–�‡�”�� ���t�r�s�y���á�� �–�Š�‡���•�–�ƒ�–�‹�‘�•�� �î���������ï�� �Š�ƒ�•�� �„�‡�‡�•�� �ƒ�…�–�‹�˜�‡�� �•�‹�•�…�‡���t�r�r�t���™�‹�–�Š���ƒ���•�Š�‘�”�–-period 
seismometer. The coordinate values (see Table B.3.1) in those years were obtained with hand-
held GPS instruments while in 2011 when the station was upgraded to broadband 
instrumentation it was possible to obtain coordinates information from satellites more precisely 
(D. Kalafat, personal communication 2020). It does not seem to report any observations after 
2011, whereas it shows to be active. In the Kandilli Observatory and Earthquake Research 
Institute (KOERI 2017) online station list, the location differs. Because of the location ambiguity, 
we decided to remove its related picks from our study. 

 

 



128 
 

 

 

Table B.3.1 Position and opening date KOERI 'KIZT' station according to ISC and KOERI. 

Agency Longitude (°E) Latitude (°N) Elevation (m) Opening Date 
ISC  31.88  38.88  1202  2002 
KOERI  31.7163  38.88   1222  24 Nov. 2011 

 

 

 

Figure B.3.1 Station residual of station KIZT on an inversion with 2,496 events. Above: quadrant numbers (1 to 4) and average 
residual on each quadrant. Below: graphic interpretation. 

 ���Š�‡�� �•�‡�…�‘�•�†�� �’�”�‘�„�Ž�‡�•�ƒ�–�‹�…�� �•�–�ƒ�–�‹�‘�•�� �„�‡�Ž�‘�•�‰�•�� �–�‘�� �–�Š�‡�� ���	������ �•�‡�–�™�‘�”�•�ä�� ���–�ƒ�–�‹�‘�•�� �î�w�s�r�t�ï�� �Š�ƒ�•�� �ƒ�•��
ambiguous location. The position of this station is not clear (Table B.3.2), neither if the station 
was replaced nor if there are actually two stations, only a few meters apart. The risk of mixing 
observations from two different sensors into a single station can artificially increase the error on 
the joint inversion. We therefore decided to remove its related picks from our study. 

Table B.3.2 Position and opening date AFAD '5102' station according to two different entries on the official AFAD station 
table. 

Longitude (°E) Latitude (°N) Elevation (m) Opening Date 
34.6730  37.9679  1229  1900 
34.6730  37.9678  1228  2008 

 

 

B.4 Geophysical limit of an event RMS  

Let us assume a really extreme case: an RMS of 3s. To have such value in our study, which has an 
average station spacing of 66.5 km, we assume an earthquake (real location shown in red) to have 
happened halfway between two stations (symbolized by blue triangles). To get an arrival time 
misfit between those two stations, the event would need to be at the intersection of two regions 
with different average 1D velocities. For instance, one region must have an average velocity of 3 
km/s (e.g. in a deep sedimentary trough), compared to the other region, with an average 
compressional waves velocity of 6.4 km/s (e.g. basement rock outcropping), while the assumed 
1D velocity for the whole area (considering the harmonic mean) is 4.1 km/s. Therefore, events 
with an RMS larger than the value of 3s have an issue that cannot be explained by geophysical 
constraints, as this situation is already quite unrealistic. 
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Figure B.4.  RMS geophysical limit: sketch of an extreme case.  

B.5 Pairing criteria 

 

Figure B.5.1. Number of single pairs (above) and multiplets (below) found when testing different pairing window sizes. Red 
dots correspond to KOERI, magnitude above 4, as a reference. Blue encodes AFAD as a reference. For distances shorter than 
100 km, the number of unique couples increases monotonically, which means below 100km, the pairing distance is suboptimal. 
Between 100 and 150 km, the value stops growing and above 150 km, there are virtually no more unique couples. This means 
the optimal value lies between 100 and 150 km. To be on the safe side (i.e. not to miss any event pair), we choose to continue 
with 150 km. 
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Figure B.5.2. Image that depicts the maximum distance between events that allows the combined event to be accepted as a 
pair. The distance between the upper limit and the lower limit of the circles is 160 km, analogue to the 150 km used for pairing. 
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Table B.5.1. Table that explains intermediate results of the pairing process.  Of the original 1,223, 1-to-1 spatiotemporal 
possible pairs, we have 1,145 true pairs, 70 (17+53) clearly unpaired, and 8 events that after cleaning had less than 4 
observations. 
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B.6 NonLinLoc examples 

 

Figure B.6.1. Example of NonLinLoc assessment of a possible pair. This triplet  (events 3967, 3968 and 3969 of the triplet 
catalogue) shows a pair that should not be merged because the combined event ���J�U�H�H�Q�����G�R�H�V�Q�¶�W���F�R�Q�Q�H�F�W���E�R�W�K���.�2�(�5�,�����U�H�G�����D�Q�G��
AFAD (blue) event samples.  
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Figure B.6.2. Example of NonLinLoc assessment of a possible pair. The triplet (events 3949, 3950 and 3951) shows a pair 
that should be combined because the combined event (green) connects (i.e. there is spatial sample overlap) with  KOERI (red) 
and AFAD (blue) event samples. 
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B.7 Station delays 

Table B.7.1. Station delays of the final 1D model 

VELEST station 
name 

Latitude (°N) Longitude (°E) Elevation (m) Station delay (s) 

S001 39.655 27.862 158 2.12 
S002 40.3319 27.9966 63 -1.76 
S003 40.114 27.6424 37 0 
S004 37.0362 35.3184 76 2.6 
S005 38.8971 40.5032 1261 -0.46 
S006 39.2935 41.0089 1829 0 
S007 37.722 30.294 957 0 
S008 40.4299 29.7194 130 0 
S009 40.351 28.928 34 0 
S010 40.2318 27.2629 30 0 
S011 40.4247 26.6677 73 0 
S012 40.8154 32.8835 1127 0 
S013 37.8125 29.1111 354 2.64 
S014 37.8092 28.8599 689 1.84 
S015 41.6705 26.5859 67 0 
S016 39.6018 39.0345 1056 0 
S017 37.5743 43.7388 1885 0 
S018 38.776 30.534 1000 0 
S019 36.6162 36.2066 33 0 
S020 36.5572 36.1745 193 0 
S021 36.6641 36.2182 5 0 
S022 37.7829 30.5687 997 0 
S023 36.3823 33.9366 10 0 
S024 41.0733 28.2555 30 1.15 
S025 40.8145 29.2754 5 0 
S026 38.3039 26.3726 17 0.89 
S027 40.3313 42.5899 2098 0 
S028 38.6896 35.4998 1096 0 
S029 41.7377 27.2151 0 0 
S030 38.6126 27.3814 74 1 
S031 37.4171 41.3574 944 0 
S032 38.7356 41.7742 1300 0 
S033 38.6604 34.7332 1140 0 
S036 40.975 37.9173 3 0 
S037 39.7438 37.0016 1282 0 
S038 40.3944 37.3291 485 0 
S039 37.2342 39.7509 550 0 
S040 38.6713 29.404 919 0 
S041 39.0196 43.338 1681 0 
S042 38.6573 43.9766 1994 0 
S043 41.4495 31.7783 125 0 
S044 36.2347 32.3157 394 0.61 
S045 37.0007 30.3503 1304 1.99 
S046 41.1769 41.8385 193 0 
S047 35.3877 32.9501 0 0.7 
S048 35.3404 33.3223 0 0 
S049 35.1646 33.905 0 0 
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S050 38.808 42.7246 1774 -0.41 
S051 38.7871 30.2988 1080 1.07 
S052 36.2326 29.6052 1165 1.21 
S053 37.7942 37.6882 1068 0 
S054 38.2956 37.9224 1376 0.57 
S055 40.1034 41.3636 0 0.36 
S056 38.8788 27.8138 370 0.22 
S057 38.497 38.985 1650 0 
S058 37.4615 35.446 450 1.96 
S059 39.5039 33.9967 1066 0 
S060 38.6497 33.7607 973 0.68 
S061 36.3227 30.343 70 1.7 
S062 38.2985 32.8785 1073 0.38 
S063 41.088 28.74 18 0.36 
S064 40.3442 38.7698 1574 0.82 
S065 40.6371 35.8347 951 1.15 
S066 37.58 36.3453 1142 1.54 
S067 39.5094 29.899 1122 0.12 
S068 41.8639 27.4289 406 -0.25 
S069 41.1849 41.9283 2034 -0.03 
S070 36.2917 35.7847 9 0 
S071 39.9046 41.2448 1860 0 
S072 37.4696 38.2949 551 0.81 
S073 40.083 27.5633 617 -0.08 
S074 39.9107 30.0325 853 0.16 
S075 39.2872 30.5308 1088 1.18 
S076 39.3955 30.0213 1085 0.99 
S077 39.8679 31.4832 1416 1.27 
S078 39.4396 31.5397 1111 0 
S079 40.2933 29.1646 439 -0.12 
S080 38.8065 34.8474 1221 0.68 
S081 38.7784 34.8523 1541 -0.19 
S082 37.6608 27.8792 716 0.97 
S083 37.4144 36.8067 580 1.16 
S084 39.3077 26.69 100 0.69 
S085 38.6554 26.8519 89 0.67 
S086 37.9905 30.7886 958 0.96 
S087 39.5561 33.1198 1301 0 
S088 39.5561 33.1198 1301 0 
S089 41.5341 33.3858 1746 -0.31 
S090 39.7403 27.6195 645 0.04 
S091 38.0474 44.0104 2412 -1.58 
S092 40.2586 40.2576 2015 0.96 
S093 39.7413 26.5469 349 0.16 
S094 39.5427 33.123 1312 0.68 
S095 37.8019 28.8528 888 1.3 
S096 40.8158 32.0656 1207 -0.38 
S097 37.065 27.4435 350 0.28 
S098 37.7001 37.855 1010 1 
S099 37.8911 41.27 959 0.17 
S100 38.9881 40.6711 1166 0.41 
S101 40.1615 29.875 999 0 
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S102 39.1961 33.2629 998 0 
S103 38.4146 42.1152 1608 -0.74 
S104 38.6349 27.8219 348 0.27 
S105 38.9521 41.1499 1968 -0.13 
S106 38.7183 30.9502 1303 0.95 
S107 39.8801 30.4534 960 -0.04 
S108 41.533 34.6806 443 0.81 
S109 41.4206 34.9036 1170 1.05 
S110 40.534 28.782 119 0.4 
S111 39.8417 26.0528 202 0.25 
S112 37.6963 30.0613 935 1.34 
S113 37.9505 34.1083 1318 2.37 
S114 40.5706 30.9999 732 0.2 
S115 41.6361 32.2504 233 -1.11 
S116 37.8911 41.2699 962 0.04 
S117 39.7617 28.0311 407 0 
S118 37.3277 30.5593 812 1.54 
S119 39.5011 27.0769 258 0.14 
S120 40.8526 29.1175 180 -0.16 
S121 37.1229 29.3199 1386 1.78 
S122 40.2548 34.986 1154 0 
S123 38.7484 27.3125 279 0.41 
S124 40.6917 26.1677 97 0.63 
S125 40.6871 26.1685 67 1.12 
S126 37.1721 35.3182 116 1.98 
S127 39.6236 34.3719 1136 0.39 
S128 39.4517 33.5885 1029 0 
S129 37.747 37.296 1114 1.23 
S130 41.8821 32.9471 27 -0.48 
S131 37.0625 35.367 135 0 
S132 40.0732 35.4998 991 0.22 
S133 38.0156 38.2066 1304 0.28 
S134 40.4942 32.475 1305 -0.68 
S135 40.0115 27.9703 205 -0.01 
S136 38.2145 39.2995 1023 0.37 
S137 40.2548 34.986 1154 -0.03 
S138 36.5197 36.2556 1710 1.11 
S139 40.6478 34.7914 1775 0.06 
S140 40.6231 34.7896 1650 0.77 
S141 39.2734 36.7526 1471 1.36 
S142 39.2655 36.7463 1509 0.89 
S143 38.7237 37.2719 1401 1.71 
S144 39.3163 37.4667 1523 0.78 
S145 39.4185 36.2444 1458 0.47 
S146 39.8882 37.7705 1425 1.32 
S147 37.7522 28.1066 386 0.87 
S148 39.9081 32.7534 864 1.07 
S149 38.004 27.7508 654 0.64 
S150 41.0778 41.9142 1188 0.62 
S151 41.0183 41.6947 1139 0.53 
S152 41.3452 41.6667 578 1.04 
S153 40.8925 41.7537 1425 0.39 



137 
 

S154 37.4571 27.2414 93 1.44 
S155 36.9614 34.7993 479 1.27 
S156 39.9979 33.9204 1169 -0.23 
S157 39.0428 28.7162 920 0.22 
S158 41.1417 31.9724 388 -0.17 
S159 38.0521 26.8826 22 0.45 
S160 40.4147 43.3742 2278 0.41 
S161 37.9234 40.1208 838 0.13 
S162 37.6897 29.0464 1716 1.11 
S163 38.1058 31.6682 1452 1.16 
S164 41.1732 41.8723 440 0 
S165 39.3417 32.7422 1134 0 
S166 36.8386 36.2496 187 0 
S167 39.6011 28.4742 960 0 
S168 38.22 27.4491 246 0.52 
S169 39.5436 43.6889 2010 0.13 
S170 40.736 43.6073 1605 0.98 
S171 39.8622 42.4916 2770 -0.34 
S172 39.6062 40.9742 1910 -0.33 
S173 40.0445 26.1742 23 0.43 
S174 39.8337 41.3035 3151 -0.21 
S175 39.2559 42.064 2129 -0.03 
S176 41.1469 28.4307 331 0.07 
S177 38.3243 37.1327 1260 1.06 
S178 40.4893 33.4266 1584 0.14 
S179 38.497 38.9849 1640 -0.05 
S180 40.0302 40.9762 2066 1.01 
S181 41.5035 42.7279 1499 0.91 
S182 40.6814 36.7547 655 0.99 
S183 40.0453 28.8913 657 0.21 
S184 36.6414 32.9113 1855 1.61 
S185 39.9053 41.3658 2380 0 
S186 40.6276 28.9751 198 0 
S187 39.7073 39.6975 1250 1.14 
S188 38.684 39.1976 1100 1.38 
S189 36.2347 32.3157 394 0.51 
S190 40.7866 29.4501 270 0.23 
S191 37.7139 27.2418 38 0.81 
S192 39.0874 29.4815 1324 0.19 
S193 38.0315 39.0352 815 0.2 
S194 38.3122 43.0586 1672 -1.05 
S195 40.4842 30.2958 223 0.23 
S196 40.1907 25.9077 70 0.6 
S197 37.2365 29.5591 1090 1.48 
S198 40.9244 38.2681 536 0.98 
S199 37.2837 34.7765 1625 1.49 
S200 36.1836 33.5435 150 0.85 
S201 38.9025 35.625 1235 1.76 
S202 37.3553 37.5615 1021 1.34 
S203 36.487 36.154 883 1.01 
S204 39.7029 35.7308 1158 0.42 
S205 37.5579 43.7071 2153 -1.31 



138 
 

S206 38.4147 40.3994 923 -0.13 
S207 38.3411 28.7992 901 0.52 
S208 36.7719 36.465 850 1.23 
S209 41.0743 35.718 575 0.86 
S210 37.3438 36.908 516 1.07 
S211 38.879 37.9591 1859 1.18 
S212 40.8231 30.8992 583 0.15 
S213 37.7495 29.2696 797 0.94 
S214 40.0451 41.9048 2166 -0.23 
S215 40.2641 29.2015 165 -0.4 
S216 39.8681 44.078 860 0.57 
S217 41.0521 33.7165 2069 -0.16 
S218 37.2923 35.6438 128 3.63 
S219 40.4873 41.008 1200 1.46 
S220 41.1384 34.4782 448 0.47 
S221 37.8053 38.6101 766 1.04 
S222 37.5167 36.987 587 1 
S223 37.1861 36.6677 0 0.75 
S224 41.0943 30.1922 75 -0.51 
S225 41.4904 33.9286 677 -0.33 
S226 40.9654 30.3405 130 -0.97 
S227 41.2366 32.627 548 -0.4 
S228 38.4028 27.2667 997 0.14 
S229 38.5209 32.1143 1118 0.02 
S230 40.1486 39.2556 1912 1.39 
S231 39.2688 38.4932 1026 0.53 
S232 36.9015 31.604 615 1.54 
S233 37.4146 34.1253 1365 1.16 
S234 40.8259 26.68 366 0.25 
S235 38.3704 29.4914 1130 0.53 
S236 37.5234 36.9909 614 1.65 
S237 40.4197 31.8524 1199 -0.02 
S238 41.7817 27.0972 258 -0.29 
S239 39.1329 33.9168 981 0.26 
S240 36.4803 34.1437 165 1.34 
S241 37.2196 32.9404 1118 1.67 
S242 39.1713 32.9173 1178 0.93 
S243 41.1269 27.3448 150 0.53 
S244 40.633 29.398 138 0.5 
S245 37.7685 32.368 1231 1.66 
S246 40.418 27.069 40 0.22 
S247 40.2707 27.5261 178 0.12 
S249 40.0179 40.4972 2489 1.07 
S250 37.0007 30.3503 1304 1.66 
S251 39.8022 43.2058 1822 0.07 
S252 38.7057 39.8126 1101 0.15 
S253 38.1342 28.4235 823 0.8 
S254 40.2625 28.3352 443 0.08 
S255 40.3374 40.9271 2025 1 
S256 40.3993 29.2558 221 0 
S257 37.2595 36.2232 636 0 
S258 38.6883 28.093 493 0.46 



139 
 

S259 39.1713 32.9173 1178 0 
S260 40.5905 29.2092 122 0 
S261 36.7735 37.075 701 1.38 
S262 40.6041 26.8877 0 0.44 
S263 38.2575 30.1412 1202 0.99 
S264 40.9432 39.7686 611 1.52 
S265 38.4908 28.5579 945 0.49 
S266 40.967 27.9617 41 0.29 
S267 37.3132 40.7776 1290 -0.71 
S268 38.3253 38.4253 1067 0 
S269 38.3931 39.6821 1138 0.32 
S270 36.587 34.145 855 0 
S271 37.4063 41.3983 972 -0.01 
S272 38.3257 38.4253 1050 0.29 
S273 37.2561 28.3208 973 1.07 
S274 38.724 41.5118 1357 -1.17 
S275 37.3919 37.1574 650 1.65 
S276 39.954 27.263 329 0.02 
S277 37.9999 34.7768 1420 1.34 
S278 37.1712 36.7569 570 0.71 
S279 37.0432 37.6747 925 0 
S280 39.8681 32.7935 1077 0.75 
S281 39.6851 32.8304 1130 0 
S282 40.546 41.9734 1350 0.37 
S283 40.991 37.8571 526 2.06 
S284 38.6614 43.9928 2058 0.06 
S285 38.6986 39.9176 1032 0.65 
S286 38.6943 39.9293 100 0 
S287 38.348 29.4877 979 0.58 
S288 41.3005 33.3177 1057 -0.37 
S289 37.9461 42.5417 1377 -0.42 
S290 38.6769 36.4027 2288 1.66 
S291 38.26 38.6088 1784 0.27 
S292 39.906 38.7651 1594 0.72 
S293 36.2597 36.5988 250 0 
S294 36.2594 36.6022 260 0 
S295 40.8525 30.8536 481 -0.52 
S296 37.9766 36.0823 1028 1 
S297 41.361 36.1872 192 1.99 
S298 37.1712 38.9892 505 0.33 
S299 40.6876 27.1777 680 0.24 
S300 39.8613 37.1286 1428 0.82 
S301 37.4765 30.9996 0 1.79 
S302 37.4511 31.7549 1255 1.73 
S303 39.5236 30.8538 1172 -0.12 
S304 39.5293 30.8387 958 -0.14 
S305 40.5733 32.0561 1890 0.26 
S306 39.1086 29.0244 846 0.2 
S307 42.0184 35.2019 203 0.67 
S308 39.3363 35.1481 1241 0.56 
S309 37.4962 42.413 968 -0.47 
S310 38.9572 41.0239 1373 -0.16 



140 
 

S311 41.0731 28.1403 30 1 
S312 39.3403 29.2628 1008 0.68 
S313 39.1086 29.0244 846 0 
S314 39.1999 29.2757 924 0 
S315 38.9966 29.1297 0 0 
S316 38.9221 29.2467 831 0 
S317 39.2884 33.0964 975 0 
S318 37.9911 41.9223 1145 -0.22 
S319 40.1444 29.2383 726 -0.55 
S320 39.3767 27.7183 519 0.3 
S321 38.0536 28.7676 1194 0.87 
S322 36.8793 38.6128 632 0.22 
S323 40.2086 38.2025 1586 1.28 
S324 38.58 42.2672 1831 -0.63 
S325 37.4657 28.9132 1016 1.01 
S326 38.04 30.32 1788 1.34 
S327 39.1146 39.5422 1192 0.95 
S328 40.3232 36.4783 679 0.53 
S329 40.11 26.418 95 0 
S330 36.7753 28.2444 28 0.46 
S331 39.4019 42.8137 2154 -0.99 
S332 38.5235 43.4044 1970 -0.12 
S333 40.1416 29.1357 1720 -0.24 
S334 40.1158 28.7221 515 0 
S335 38.3602 26.5956 495 0.28 
S336 38.7143 29.0181 723 0.51 
S337 38.0313 29.1746 1203 1.28 
S338 41.5785 27.84 345 -0.83 
S339 38.9894 43.5716 1717 0.3 
S340 38.0947 35.363 1230 1.4 
S341 38.515 27.3235 484 0.44 
S342 39.1704 32.927 1154 0 
S344 38.4058 27.9487 928 0 
S345 40.9631 31.4485 353 -0.43 
S346 37.8139 28.5726 248 1.47 
S347 40.8258 27.3967 380 0.24 
S348 37.5871 44.2896 1946 -1.18 
S349 36.8259 35.6324 491 1.53 
S350 38.2709 31.2395 1185 0.86 
S351 40.3036 28.8168 726 -0.25 
S352 38.9665 27.0771 179 0.31 
S353 38.2389 26.5033 76 0.35 
S354 38.239 26.5032 75 0.27 
U001 40.4332 29.7383 193 -0.29 
U002 39.4468 33.0707 1055 0.01 
U003 39.0212 22.336 622 0.77 
U004 39.5755 42.992 1820 -0.77 
U006 36.2327 29.6052 1279 0.76 
U007 38.3285 42.98 1662 -1.13 
U008 35.2977 32.9677 85 0.8 
U009 41.4097 43.4928 1708 -0.22 
U010 35.0157 33.4662 225 0.45 



141 
 

U011 36.1435 33.5403 7 0.92 
U012 36.1372 33.5485 4 0.91 
U013 36.1588 33.5508 141 0.89 
U014 38.8785 27.8129 385 0.18 
U015 36.557 32.0327 215 0.66 
U016 40.8957 26.0497 110 0.65 
U017 39.0552 30.1103 1060 0.01 
U018 36.8998 30.6538 20 1.17 
U019 39.868 32.7937 883 0 
U020 39.1654 23.8639 230 0.31 
U021 37.0727 25.523 608 -0.19 
U022 37.4718 29.3018 930 0.91 
U023 36.216 28.126 170 0.24 
U024 40.5683 28.866 320 -0.34 
U025 39.0929 38.3356 1522 0.08 
U026 40.9958 28.7225 90 -0.08 
U027 37.9467 27.8908 1246 0.35 
U028 39.6507 27.8642 266 0.12 
U029 37.9194 30.035 897 0.69 
U030 41.604 41.6936 268 -0.4 
U031 40.3937 40.141 1680 -0.69 
U032 36.6796 28.0587 194 0.39 
U033 41.445 41.6223 500 -0.57 
U034 37.4602 30.5885 858 0.81 
U035 36.3476 33.2228 1383 0.83 
U036 41.181 28.773 80 -0.36 
U038 38.3853 27.042 150 0.28 
U039 38.9913 40.6792 1180 -0.65 
U040 38.8522 35.8472 1380 0.27 
U041 37.0622 27.3103 379 0.11 
U042 40.9902 27.981 30 0.16 
U043 39.8417 26.0528 202 0.28 
U044 39.9107 30.0325 850 -0.27 
U045 36.1069 32.9763 9 0.7 
U046 40.8846 29.065 67 0 
U047 40.8525 29.1175 200 -0.53 
U048 40.8694 29.1278 40 0 
U049 41.96 34.0035 158 -0.34 
U050 45.6167 21.6167 260 0 
U051 36.9435 29.3023 1391 0.96 
U052 40.0167 27.0625 229 0 
U053 38.9542 26.8031 157 0.42 
U055 40.6062 33.6197 815 -0.25 
U056 40.2018 29.8377 670 -0.27 
U057 38.3306 26.2997 95 0.28 
U058 37.0107 35.7478 100 1.05 
U059 41.0918 40.7253 60 -0.02 
U060 38.5823 32.8902 1086 0.34 
U061 41.097 40.7612 422 -0.62 
U062 38.3869 26.0506 854 0.28 
U063 42.84 42.718 390 0.01 
U064 39.3012 31.0626 892 0.37 



142 
 

U065 39.144 43.9172 2094 -0.67 
U066 37.6623 34.9902 1234 0.77 
U068 40.1785 34.6302 1292 -0.25 
U069 41.129 27.736 230 0.21 
U070 34.9622 33.3307 396 0.47 
U071 41.2373 28.5072 47 -0.36 
U073 41.476 28.2897 77 -0.35 
U074 37.2473 43.6077 1298 -1.23 
U075 39.336 26.6663 10 0 
U076 36.7692 28.6372 100 0.07 
U077 36.8162 28.6532 100 0.66 
U078 38.5712 37.4832 1080 0.22 
U079 36.7308 27.5767 1100 0.1 
U080 36.7584 27.6602 94 0.31 
U081 36.2365 29.9056 168 0.95 
U082 37.7539 29.0331 621 0.56 
U084 37.3767 27.2398 75 0.75 
U085 41.6497 35.2578 261 -0.39 
U086 39.0713 26.9053 35 0.39 
U087 36.826 36.1968 27 0 
U088 46.7917 22.7112 921 0 
U089 39.6041 28.6267 693 -0.05 
U090 37.9532 40.1393 657 -0.09 
U091 40.3465 27.8618 257 -0.06 
U092 41.847 26.7437 209 0.24 
U093 29.6699 34.9512 210 0 
U094 36.7483 29.9085 1230 0.91 
U095 40.7362 26.153 100 0.69 
U096 40.607 26.1406 11 0 
U097 39.0198 43.3381 1679 -0.53 
U098 35.5292 34.1742 88 0.94 
U099 40.6708 26.5132 38 0.42 
U100 39.5867 39.722 1317 -0.74 
U101 39.5212 30.8492 1295 -0.06 
U102 40.9167 38.7273 430 -0.65 
U103 39.8255 26.3247 48 0.28 
U104 36.6903 29.0968 24 0 
U105 36.6353 29.0835 200 0.61 
U106 40.7818 21.3935 750 1.61 
U107 38.7131 26.7309 34 0.38 
U108 40.1908 25.8987 59 0.48 
U109 37.1722 37.2097 992 0.69 
U110 36.2347 32.3157 394 0.74 
U111 37.7002 27.2335 38 0.55 
U112 39.0445 29.4105 883 0.32 
U113 40.398 26.4742 126 0.3 
U114 40.435 29.189 220 -0.22 
U115 37.156 29.4983 1100 0.72 
U116 38.0764 26.8747 10 0.36 
U117 40.148 44.741 1509 -0.02 
U118 40.1998 25.9183 123 0.7 
U119 38.7077 27.9175 110 0.49 
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U120 40.0466 27.686 143 0.17 
U121 40.285 30.3167 570 -0.32 
U122 39.4552 26.1329 55 0.42 
U123 40.7995 32.2116 0 0 
U124 40.9558 22.4028 600 1.95 
U125 38.3444 34.236 1126 0.58 
U126 40.914 35.879 1050 0 
U127 40.432 30.5156 942 -0.31 
U128 40.4675 39.478 1326 -0.41 
U129 38.5509 42.0322 1388 -0.97 
U130 34.8392 24.0873 180 -0.96 
U131 34.8389 24.0585 348 -0.88 
U132 36.964 32.486 1946 0.75 
U133 40.892 35.9884 0 0 
U134 41.3867 41.4458 100 0 
U135 40.5978 23.0995 925 1.3 
U136 30.04 35.03 467 0 
U137 35.3115 25.1015 81 -0.95 
U138 40.801 29.673 573 -0.51 
U139 40.9908 28.6678 22 1 
U141 47.1933 27.5617 160 0 
U142 35.288 24.89 750 -1.18 
U143 39.5315 20.33 270 0 
U144 36.2367 33.6845 126 0.97 
U145 39.4518 38.5675 1295 -0.13 
U146 35.4607 23.9812 230 -0.63 
U147 41.0615 29.0592 130 -0.44 
U148 37.8227 30.5222 1000 0.58 
U149 37.1787 21.9252 423 0.71 
U150 40.3368 29.4728 910 -0.24 
U151 42.4667 26.5833 216 1.23 
U152 39.3692 33.7124 1120 -0.03 
U153 37.2607 35.0547 366 0.94 
U154 36.203 33.7087 275 1.06 
U155 35.4018 23.9174 420 0 
U156 39.3089 41.0493 1820 -0.64 
U157 35.5471 27.161 524 -0.5 
U158 40.6152 43.0937 1747 -0.34 
U159 41.0638 29.06 138 -0.55 
U160 41.0638 29.06 138 -0.55 
U161 40.9468 35.7491 1050 0 
U162 40.2627 28.3353 445 -0.07 
U163 41.6303 25.3397 340 1.43 
U164 41.3132 31.443 410 -0.59 
U165 36.447 33.713 776 0.99 
U167 36.6037 30.5559 0 1.05 
U168 38.3232 29.5286 1003 0.56 
U169 37.3916 37.1574 640 0.97 
U170 43.9553 42.6863 0 2.2 
U171 41.4844 28.2998 23 -0.09 
U172 36.4803 34.1437 165 0.99 
U173 40.9005 35.9335 1050 0 
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U175 41.253 29.042 30 -0.51 
U176 41.3738 33.7838 936 0 
U177 37.5053 36.9 590 0.69 
U178 35.2348 23.6248 14 -0.44 
U179 41.162 22.898 380 1.77 
U180 37.9453 32.3605 1100 0.63 
U181 39.9917 41.8535 1675 -0.54 
U182 37.0007 30.3503 1304 0.94 
U183 36.7516 26.9785 10 0.35 
U184 39.2101 34.868 1134 0.5 
U185 37.4805 35.8268 381 0.99 
U186 40.3932 27.2977 79 0.02 
U187 38.5936 26.5537 135 0.53 
U188 37.174 33.2636 1068 1.02 
U189 36.5934 35.4157 47 1.49 
U190 36.5732 35.375 53 1.21 
U192 36.2566 23.0621 360 -0.04 
U194 40.987 39.7667 171 -0.63 
U195 38.5145 28.6607 915 0.2 
U196 39.0343 33.0023 1120 0.34 
U197 40.8766 36.0489 1050 0.23 
U198 41.8456 32.743 143 -0.82 
U199 37.86 27.2815 323 0.58 
U200 39.3955 30.0213 1300 -0.05 
U201 41.0807 36.0463 649 -0.42 
U202 30.906 34.398 247 -0.67 
U203 38.2 32.3648 1168 0.36 
U204 40.7598 29.3554 38 0 
U205 40.3703 26.7593 230 0.21 
U206 35.162 25.478 870 0 
U207 35.1118 32.8433 152 0.4 
U208 35.2832 33.5337 690 0.79 
U209 39.8893 32.764 902 -0.38 
U210 45.446 23.7698 1240 0 
U211 38.3134 38.4273 1112 0.07 
U212 40.7172 27.3123 0 0.36 
U213 40.7432 27.2945 243 0.07 
U214 40.7041 27.2653 334 0.33 
U215 41.7596 32.4658 325 0 
U216 37.4593 40.4465 1204 -0.6 
U217 40.371 28.8847 116 -0.17 
U218 40.4712 31.1977 1109 -0.4 
U219 36.8678 34.522 750 0.97 
U220 40.7867 27.2812 924 0 
U221 39.868 31.4832 850 -0.08 
U222 39.141 42.5496 1581 -0.62 
U223 45.4912 25.9457 1360 0 
U224 37.2953 27.7767 500 0.51 
U225 32.438 35.422 511 -0.19 
U226 36.7935 31.4161 24 0.77 
U227 40.609 27.5832 213 -0.04 
U228 36.7161 28.1969 402 0.43 



145 
 

U229 38.108 34.6142 2270 0.46 
U230 36.6023 27.1782 378 0.29 
U232 42.5903 43.4525 810 0.33 
U233 36.2078 33.4587 61 0.87 
U234 40.0452 28.8914 650 -0.17 
U238 40.3325 23.9791 117 1.03 
U240 41.6308 27.5238 263 0.03 
U241 42.1049 24.7031 176 1.9 
U242 41.1044 37.7753 100 0 
U243 43.6375 28.1359 180 0 
U244 38.8923 39.3923 1835 -0.62 
U245 41.178 40.8988 80 -0.23 
U246 41.145 25.5355 116 1.22 
U259 40.6875 27.1777 687 0.05 
U260 35.5604 23.7577 308 -0.55 
U261 40.3972 37.3273 550 -0.32 
U262 41.2398 32.6872 406 -0.48 
U263 36.371 25.459 540 -0.23 
U264 38.4072 36.4182 1673 0.42 
U266 40.7402 30.3272 170 -0.55 
U268 40.8783 28.5133 810 -0.08 
U269 40.885 27.9783 1204 0.08 
U270 40.8283 27.535 1144 0.04 
U271 40.6311 28.8804 368 -0.28 
U272 37.3473 44.5208 1910 0 
U273 40.5615 42.3507 1939 -0.64 
U274 38.9463 33.564 1216 0.3 
U275 37.4057 31.838 1160 0.96 
U276 39.0231 29.222 1050 0.18 
U277 38.553 30.551 1215 0.39 
U278 39.2114 25.8553 92 0.37 
U279 36.3672 33.9239 126 1.04 
U280 41.153 29.643 100 -0.46 
U281 39.0833 28.9825 984 0.03 
U282 40.9998 28.5392 59 0 
U284 37.501 42.4392 1038 -0.78 
U285 35.0178 24.812 95 0 
U286 39.4398 31.5395 1061 -0.16 
U287 36.3926 33.9465 54 1.04 
U288 41.23 28.21 180 -0.09 
U289 39.1005 28.9805 804 0.28 
U290 42.0195 35.2068 180 -0.38 
U291 40.686 30.3083 190 -0.32 
U292 40.0417 30.6259 331 -0.19 
U293 38.1988 33.5157 982 0.57 
U294 37.4765 30.9997 10 0.98 
U295 38.1512 41.1985 650 -0.45 
U296 38.3775 39.306 1680 -0.45 
U297 39.447 31.523 1000 -0.04 
U298 39.9175 36.9925 1630 -0.32 
U299 36.3755 36.1855 278 1.07 
U300 39.9839 44.2384 849 0.45 
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U301 41.731 44.738 580 0.37 
U302 36.1426 33.1142 173 0.79 
U303 36.2197 33.5615 579 0.83 
U304 36.2241 33.545 574 0.97 
U305 36.4357 33.4432 848 0.98 
U306 36.3712 25.4597 522 0 
U307 36.4172 25.3478 180 -0.7 
U308 36.4351 25.4218 24 0.02 
U309 44.4582 28.4128 77 0 
U310 36.162 33.6788 94 0.97 
U311 40.9902 27.5357 140 0.18 
U312 40.3173 36.5445 726 -0.24 
U313 41.0362 34.0225 1046 -0.52 
U314 36.7753 28.2444 28 0.46 
U315 40.8128 29.2657 12 -0.33 
U316 39.4497 29.4615 1090 -0.33 
U317 41.1288 26.6323 70 0.78 
U318 37.441 38.8213 938 0.15 
U319 38.3602 26.5956 495 0.21 
U320 38.509 43.4058 1227 -1.15 
U321 45.8657 26.7277 472 0 
U322 39.1603 41.4558 1498 -0.59 
U323 40.9231 35.8266 1050 -0.07 
U324 36.0343 36.107 1225 0.67 
U325 38.9387 33.8115 1142 0.22 
U326 39.4377 40.5443 1557 -0.77 
U327 37.1362 28.2858 729 0.6 
U328 36.1955 33.6424 24 0.9 
U329 37.7825 33.7432 1206 0.81 
U330 37.1246 27.2801 115 0.38 
U331 40.9908 28.6678 139 0.02 
U332 40.5658 29.3708 879 -0.38 
U333 40.6953 29.3703 0 -0.34 
U334 36.1542 33.4057 423 0.91 
U335 39.6376 35.3152 1422 0 
U337 36.8258 35.6323 491 1.42 
U338 40.391 31.6872 1163 -0.11 
U339 35.1147 26.217 270 -0.95 
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B.8 Paired events  

 

Figure B.8.1. Shift test on the well-locatable events. All events are initially placed at the zero-shift line. They are shifted in 
either six possible directions by 5km (grey circles). Then the inverted position (purple) is recovered. Between the two red lines 
of each subplot lie 95% of the data. On latitude, all recovered events are within [-1.58, 0.91] km from their original location. 
In longitude, [-2.54, 2.09] km. The range in longitude is larger possibly because the longitude span is large, and more prone 
�W�R���G�L�V�F�U�H�S�D�Q�F�L�H�V���E�H�W�Z�H�H�Q���W�K�H���I�O�D�W���(�D�U�W�K���9�(�/�(�6�7���D�S�S�U�R�[�L�P�D�W�L�R�Q���D�Q�G���W�K�H���(�D�U�W�K�¶�V���F�X�U�Y�D�W�X�U�H�������������R�I���W�K�H���H�D�U�W�K�T�X�D�N�H�V���G�H�S�W�K���L�V��
recovered within [-3.32, 3.70] km. 

 

 

Figure B.8.2. Epicentral distance of the paired catalogue with the routine catalogues, as a function of longitude (above) and 
latitude (below). Note the difference in vertical scale. The events considered in all comparisons are paired and well-locatable. 
Events closer to the latitude and longitude limits of the studied area tend to display larger epicentral distances. 



148 
 

B.9 True pairs with missing magnitude 

Table B.9.1. Events reported in the KOERI bulletin that have inconclusive magnitude, with the magnitude reported by the 
paired AFAD event. Note the second event was located outside our interest region by KOERI. 

Date 
(yyyy/mm/dd)  

Time 
(HH:MM:SS) 

Latitude (°N)  Longitude 
(°E) 

Depth (km)  AFAD 
magnitude of 
corresponding 
pair  

2010/06/07  09:26:51 42.6497 41.5772 5.3 4.6 
2010/08/06 02:37:46 33.9430 24.7990 27.2 5 
2011/10/26      23:42:27 38.6925    43.2967 5.5 4.3 
2011/11/29  14:07:19 35.9278 28.4807 21.6 4.4 

 

 

B.10 Composite catalogue 

The catalogue, residuals and station network are available in the ETH Research Collection, at 
https://dx.doi.org/10.3929/ethz-b-000431979  

The composite catalogue of 1,645 events consists of two files: one in the *.cnv format of VELEST. 
A separate *.csv file contains the residuals of each observation (event ID, VLST_STNAME, residual 
(s)). Event IDs are given to events in chronological order. 

Finally, a *.csv file with information on the 657 stations we used is also provided (Station, Latitude 
, Longitude, Elevation, Network, VLST_STNAME, station de�Ž�ƒ�›���ä�����Š�‡���î���–�ƒ�–�‹�‘�•�ï���˜�ƒ�”�‹�ƒ�„�Ž�‡���‹�•���–�Š�‡���‘�ˆ�ˆ�‹�…�‹�ƒ�Ž��
�•�–�ƒ�–�‹�‘�•���•�ƒ�•�‡�á���ƒ�•�†���™�‡���—�•�‡�†���‹�•�–�‡�”�•�ƒ�Ž���•�–�ƒ�–�‹�‘�•���•�ƒ�•�‡�•���î���������4�������������ï���„�‡�…�ƒ�—�•�‡���‘�ˆ���”�‡�’�‡�ƒ�–�‹�•�‰���•�ƒ�•�‡�•��
�„�‡�–�™�‡�‡�•�����	�������ƒ�•�†�������������ä�������������4���������������‡�•�–�”�‹�‡�•���‘�ˆ���•�–�ƒ�–�‹�‘�•�•���—�•�‡�†���„�›�����	�������•�–�ƒ�”�–���™�‹�–�Š���ƒ�•���î���ï�á���ƒ�•�†��
stations used by KOERI start �™�‹�–�Š���ƒ���î���ï�ä��  

https://dx.doi.org/10.3929/ethz-b-000431979
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C. Supporting information for chapter 3 

C. 1 Figures and tables 

 

 

Figure C.1.1. a. Red circles are available KOERI earthquakes, orange ones are events from the earthquake catalogue but that 
we have no amplitudes for (either no station response or no waveform). Dark blue circles are available AFAD earthquakes, 
light blue circles are events from the earthquake catalogue but that we have no amplitudes for (either no station response or 
no waveform). Note the spatial coverage of earthquakes with�L�Q�� �W�K�H�� �F�R�X�Q�W�U�\�� �L�V�� �F�R�P�S�D�U�D�E�O�H�� �W�R�� �W�K�H�� �F�D�W�D�O�R�J�X�H�¶�V�� �F�R�Y�H�U�D�J�H����b. 
spatial coverage of stations for which we have at least one amplitude. Red triangles are available KOERI stations (from 
�Q�H�W�Z�R�U�N���µ�.�2�¶�������R�U�D�Q�J�H���W�U�L�D�Q�J�O�H�V���D�U�H���V�H�L�V�P�L�F���V�W�D�W�L�R�Q�V���F�R�Q�V�L�G�H�U�H�G���I�R�U���W�K�H���.�2�(RI obs, of the earthquake catalogue but that we 
have no amplitudes for (either no station response or no waveform). Dark blue triangles are available AFAD stations (from 
�Q�H�W�Z�R�U�N���µ�7�8�¶�������O�L�J�K�W���E�O�X�H���W�U�L�D�Q�J�O�H�V���D�U�H���V�H�L�V�P�L�F���V�W�D�W�L�R�Q�V���F�R�Q�V�L�G�H�U�H�G���I�R�U���W�K�H���$�)�$�'���R�E�V����for the earthquake catalogue but that 
we have no amplitudes for (either no station response or no waveform). Note most orange stations are outside Turkey and 
�F�R�U�U�H�V�S�R�Q�G���W�R���Q�H�W�Z�R�U�N�V���R�W�K�H�U���W�K�D�Q���µ�.�2�¶�� 
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Figure C.1.2. Waveform processing example of a local earthquake (03.01.2007, 23:16) observed at a 67.4 km epicentral 
�G�L�V�W�D�Q�F�H���I�U�R�P���V�W�D�W�L�R�Q���8�5�)�$�����I�U�R�P���W�K�H���µ�.�2�¶���Q�H�W�Z�R�U�N������a. The original trace. b. Removed response waveform. c. Bandpass- 
filtered waveform (1-5 Hz). d.  Wood-Anderson simulated trace (Bormann & Dewey, 2014; Uhrhammer & Collins, 1990) 
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Figure C.1.3. Example waveform of a local earthquake (03.01.2007, 23:16) observed at a 263 km epicentral distance from 
�V�W�D�W�L�R�Q���.�2�=�7�����I�U�R�P���W�K�H���µ�.�2�¶���Q�H�W�Z�R�U�N�������7�K�H���U�H�G���Y�H�U�W�L�F�D�O���O�L�Q�H���P�D�U�N�V���W�K�H���R�Q�V�H�W���W�L�P�H���D�V���U�H�Jistered in the catalogue (too early 
compared to the true onset in this case). We found the half peak-to-peak maximum S amplitude in the S time windows marked 
by the yellow horizontal line below the trace. We compute the maximum S amplitude following Eq. 4.4 on the main text. In this 
example, |Aafter| is larger than |Abefore|, so A2= Aafter.  

 

 

Figure C.1.4. log10(Amplitude) on a synthetic Wood-Anderson seismogram as a function of hypocentral distance (km) for an 
event that occurred on 16.08.2010 in 40.8N, 31.6E. Each different marker represents observations from AFAD processed with 
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xml files (blue), from KOERI processed with poles and zeros (red, filled), and KOERI processed with xml files. Note the PAZ 
observations have the largest amplitudes at similar distances, while amplitudes between KOERI and AFAD obs. involving xml 
files are comparable. 

 

 

Figure C.1.5. Magnitude residual as a function of number of observations per event. Dark dots are all observations considered 
in the preliminary AFAD inversion. White circles are the mean residual per number of observations. The vertical lines 
correspond to the Mli interquantile range [0.025, 0.977] of each bin. Note interquantile width and the mean show no clear 
dependence on the number of observations per event, and that the 2.5 and 97.5 percentiles of the magnitude residuals are 
within ±0.6.  
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Figure C.1.6. Sij histograms for two seismic stations. The continuous lines show Sij from all observations (red), and quadrants 
from 1 to 4 starting clockwise from the North (orange, green, blue and black respectively). Vertical lines mark the median 
value of each group of corrections (matching colour). a. Station KULA (38.51°N, 28.66°�(���� �µ�.�2�¶�� �Q�H�W�Z�R�U�N������ �7�K�H�� �V�W�D�W�L�R�Q��
correction considering all observations, and considering each quadrant, is significantly different from zero.  All median values 
are less than 0.1 apart.  In this case, a single value is enough to explain the station corrections. b. Station BCK (37.46°N, 
30.59°�(�����µ�.�2�¶���Q�H�W�Z�R�U�N�������7�K�H���F�R�U�U�H�F�W�L�R�Q���F�R�Q�V�L�G�H�U�L�Q�J���D�O�O���R�E�V�H�U�Yations, and also quadrants 1,2 and 4, is significantly different 
from zero. The median station corrections vary from 0 (180°-270°) to 0.37 (270°-360°). In this case, both northern quadrants 
have a larger correction than southern quadrants, which could be an indicator of azimuthal dependence of the station 
corrections.  
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Figure C.1.7. Binned colormap of -log10(A0)-S (-log10(A0)= -log10(Aij) + Ml ij - Sij ) as a function of hypocentral distance (R) 
considering the 25911 observations from AFAD and KOERI together used in the AFAD+KOERI preliminary inversion and 
its resulting Ml and station corrections. The attenuation function (green line G(Rij)=�.*log10(Rij/100) + ��*(Rij-100) + 3) 
includes �. and �� from the preliminary inversion (�.� ��������������� �������������������7�K�H���G�D�V�K�H�G���O�Lnes show the upper and lower limit for 
outliers as defined in Eq. 4.9 
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Figure C.1.8. Spatial distribution of the events and stations we used for verification a Stations that registered the seismic 
traces (240 blue triangles) and events (438 cyan circles). b. Hypocentral distance to seismic stations. The median distance 
between the hypocenters and the stations is 188 km. c. Depth distribution of all events. Note there are 153 events at a depth 
between 0 and 1 km (events that are not sufficiently constrained by seismic stations).  
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Figure C.1.9. Stations and earthquakes considered for the attenuation curves a. AFAD: 813 events (circles) and 240 stations 
(triangles). b. KOERI: 321 events (circles) and 65 stations (triangles). c. AFAD+KOERI: 1045 events (dark circles), 65 
KOERI stations (red triangles) and 240 AFAD stations (blue triangles). d. Red circles are events with only KOERI 
observations (225), blue circles are events with only AFAD observations (716) and green circles are events with observations 
from both networks (104). Dark triangles are the seismic stations from subplot c. e. Hypocentral distance to seismic stations. 
The median distance between the hypocenters and the stations (vertical line of matching color) is 221 km for AFAD, 276 km 
for KOERI and 229 km for AFAD+KOERI. 
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Figure C.1.10. Distribution of �.��and ����values from the attenuation curve inversions. a. �. histogram for AFAD (blue), KOERI 
(red) and AFAD+KOERI (green) observations b. �� histogram for the same three sets of observations.  Note the y axis is in 
log10 scale, thus most values are very close to the median (see table 4.4) 
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Figure C.1.11. Residuals (observed-predicted values) as a function of the fitted Ml values from the Ordinary least-squares 
(OLS) (a.) and the Total Least Squares (TLS) (b.) fits to the regressions in Figure 4.5. Note none of the fits has systematic 
problems, while both fits show a very large scatter.  
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Figure C.1.12. Magnitude residual (Mlij-Ml i) as a function of hypocentral distance for AFAD (a.), KOERI (b.) and 
AFAD+KOERI (c.) sets of observations. Circles mark the median residual, and lines correspond to the Mli interquantile range 
(0.025, 0.975) of each bin. Dark background circles are the non-binned residuals. Note all median residuals are within ±0.1. 
The only exception is the first KOERI bin (median = 0.27) 
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Figure C.1.13. Station corrections for AFAD-only (a.) and KOERI-only (b.) attenuation function inversions 
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Figure C.1.14.  a. Map of the earthquakes that have a new Ml estimate.  241 events with only KOERI observations (red), 787 
events with only AFAD observations (blue) and 172 with observations from both networks (green). Dark triangles are the 
seismic stations that we used.  b. Hypocentral distance to seismic stations. The median distance between the hypocenters and 
the stations (vertical line) is 248 km. Note the catalog includes many earthquakes outside Turkey. 
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Figure C.1.15 Distribution of magnitude residuals from our catalogue magnitudes (continuous line) for observations closer 
than 550 km from the source (black) and for observations further than 550 km from the source (green). Dash-dot lines are 
corresponding gaussian fits.  
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C.2 KOERI missing events 

See file supplement_C2.txt 

 

C.3 AFAD missing events 

See file supplement_C3.txt 

 

C.4 Stations that do not have a consistent scaling 

If a seismic station has scaling problems, it may not provide reliable amplitude measurements. 
One can detect problematic stations when looking at their azimuthal dependence by quadrant. To 
do so, we grouped each sta�W�L�R�Q�¶�V�� �F�R�U�U�H�F�W�L�R�Q�� ���6ij) dividing the total azimuth circumference into four 
quarters of 90 degrees each (quadrant 1,2,3 and 4)�ä�����•���–�Š�‹�•���‡�š�ƒ�•�’�Ž�‡�á���•�–�ƒ�–�‹�‘�•���î���������ï���…�‘�•�–�ƒ�‹�•�•���‡�˜�‡�•�–�•��
coming only from the south. Observations in quadrants 2 and 3 have a median station correction 
smaller than -1, while the 0.025 quantile of all other stations is smaller than ±0.5 

  

 

Figure C.4.1 -log10(A0) (-log10(A0) =-log10(A)+ Mlnetwork) as a function of hypocentral distance. Blue dots are all 
AFAD+KOERI observations, black circle�V���D�U�H���R�E�V�H�U�Y�D�W�L�R�Q�V���E�\���$�)�$�'���V�W�D�W�L�R�Q���µ�(�0�5�(�¶�����P�D�J�H�Q�W�D���F�L�U�F�O�H�V���D�U�H���V�W�D�W�L�R�Q���µ�6�,�0�9�¶��
�D�Q�G���F�\�D�Q���F�L�U�F�O�H�V���D�U�H���V�W�D�W�L�R�Q���µ�.�/�&�¶�����:�K�L�O�H���W�K�H���W�K�U�H�H���V�W�D�W�L�R�Q�V���V�K�R�Z�Q���K�H�U�H���K�D�Y�H���O�D�U�J�H���D�P�S�O�L�W�X�G�H���G�L�I�I�H�U�H�Q�F�H�V�����R�Q�O�\���µ�(�0�5�(�¶���D�Q�G��
�µ�6�,�0�9�¶���K�D�Y�H���F�R�Q�V�L�V�W�H�Q�W�O�\���O�D�U�J�H�U���D�P�S�O�L�W�X�G�H�V�����Q�R�W���W�K�H���F�D�V�H �I�R�U���V�W�D�W�L�R�Q���µ�.�/�&�¶���� 
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Figure C.4.2. Histogram of individual station corrections by quadrant. The continuous lines show Sij from all observations 
(red), and quadrants 2 and 3 (green and blue); there are no observations coming from the North. Vertical lines mark the 
median value of each group of corrections (matching colour). The resulting Sj value (red line) is consistent with all 15 
observations recorded at the station. 

 

C.5 Special cases when pairing GCMT with our catalogue 

Table C.5.1 Earthquakes in the GCMT catalogue that we consider as special cases 

Earthquake Date (dd.mm.yyyy HH:MM) Location 
a 11.02.2010 21:56 35.2N 27E 
b 16.07.2010 08:11 36.7N 27E 

 

Event a was 200 km and 19s from the entry in our catalogue, and since it is possible to have larger 
epicentral distances (especially in the Aegean, where the station coverage from KOERI and AFAD 
is not good), we decided to keep this pair. Event b matched with two events in our catalogue, so 
we decided not to include it in the Mw-ML comparison.   

 

C.6 Catalogue  and station corrections 

The catalogue and station corrections are available in the ETH Research Collection, at 
https://dx.doi.org/10.3929/ethz-b-000431979  , version 2 [upon acceptance] 

 

���Š�‡���ˆ�‹�Ž�‡���î�
���4�����4�
���4�����4�˜���…�–�t�s�ä�…�•�˜�ï���‹�•���–�Š�‡���…�ƒ�–�ƒ�Ž�‘�‰�—�‡���‘�ˆ���t�r�r�r��events with variables:  

�x EVTID: Event IDS in chronological order. They correspond to the EVTID in v.1 of the 
repository 

�x Date_yyyymmdd_HHMMSSFFF: Date of the event (yyyymmdd_HHMMSSFFF) 
�x Latitude_deg: Latitude, in degrees 
�x Longitude_deg: Longitude, in degrees 
�x Depth_km: Depth, in km 
�x nObservation: Number of observations per event 
�x M_magnitudeUnits: magnitude value, in magnitude units 

https://dx.doi.org/10.3929/ethz-b-000431979
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�x ���–�›�’�‡�ã�����ƒ�‰�•�‹�–�—�†�‡���–�›�’�‡�����î���Ž�ï�� 
�x M_MAD : Magnitude median absolute deviation, in magnitude units 
�x M_025Q_magnitudeUnits: Contains the quantile 2.5 of the difference between the Ml 

value of event i at station j and the median Ml value for all observations of event i 
�x M_975Q_magnitudeUnits: Contains the quantile 97.5 of the difference between the Ml 

value of event i at station j and the median Ml value for all observations of event i 
 

���Š�‡���ˆ�‹�Ž�‡���î�•�–�ƒ�–�‹�‘�•���‘�”�”�‡�…�–�‹�‘�•�•�ä�…�•�˜�ï�á���™�‹�–�Š���‹�•�ˆ�‘�”�•�ƒ�–�‹�‘�•���ƒ�„�‘�—�–���x�r�w���•�–�ƒ�–�‹�‘�•�•�á���Š�ƒ�•���˜�ƒ�”�‹�ƒ�„�Ž�‡�•�ã���� 

�x ���‡�–�™�‘�”�•�ã�����‡�–�™�‘�”�•�����î�����ï���‘�”���î�����ï�� 
�x Station: Station name 
�x VLST_STNAME: The name we used in version 1 VELEST file to code the station names 
�x Latitude_deg: Latitude, in degrees 
�x Longitude_deg: Longitude, in degrees 
�x Elevation_m: Elevation, in meters 
�x stationCorrection_magnitudeUnits: Station correction, in magnitude units 
�x S_MAD : Station correction median absolute deviation, in magnitude units 
�x S_025Q_magnitudeUnits: Contains the quantile 2.5 of the difference between the station 

correction of event i at station j and the median station correction for all observations at 
station j 

�x S_975Q_magnitudeUnits: Contains the quantile 97.5 of the difference between the 
station correction of event i at station j and the median station correction for all 
observations at station j 
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