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Abstract  (in english)

Since the devastating earthquakes of Izmit and Duzce, in 1999, east of Istanbul, the submerged 

section of the North Anatolian Fault (NAF), in the Sea of Marmara (SoM) has been the subject of 

an intense monitoring (mainly using land stations) and the target of numerous marine surveys. Still, 

the micro-seismicity remains poorly understood, mainly due to the difficulties of studying low-

magnitude earthquakes in such submarine environments. In addition, although the connection of the

SoM with the hydrocarbon gas system from the Thrace Basin is now well established, along with 

the presence of widespread gas within the sedimentary layers, the role of gas on seismicity is still 

not recognized. Here, we have used Ocean Bottom Seismometer (OBS) data from two submarine 

networks, from April 15th to July 31st, 2011 and from September 19th to November 15th, 2014.  

Based on a high-resolution, 3D-velocity model, and on non-linear locations methods (NonLinLoc

and NonDifLoc), our results show that:

1. We confirm the existence of strike-slip, micro-seismicity at  great depths, particularly in the

area where « repeaters » have been identified (at a depth of ~ 15 km), but we observe that

not all micro-earthquakes are produced at  crustal depths along the  Main Marmara Fault.
   

2. In contrast, a large part of the micro-seismicity is produced in the basins, e.g. at shallow

depths (< 6 à 8 km) : i) along secondary faults, oblique or parallel to the MMF and inherited

from the  complex,  tectonic  history of  the  North-Anatolian  shear  zone.  Composite  focal

mechanisms, when available, indicate normal faulting in général but also reverse faulting at

some places ; or ii) within the uppermost (< 1 km) sediment layers, containing gas pockets.

Part  of  this  ultra-shallow  seismicity  could  well  be  triggered  by  the  deep,  strike-slip

earthquakes of intermediate magnitude (Ml > 4.5) that frequently occur along the w estern

segments of the MMF.  
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In addition, at least two families of short duration events (SDEs) were detected. Namely: 

1. the family (1) of “background SDEs” occurring on permanent, but irregular basis, at a rate

of  a  few tens SDEs per  day,  resulting from many possible,  local  causes  (i.  e.  near  any

individual  OBS),  e.  g.:  natural  degassing  from the  seafloor,  biological  activity  near  the

seabed, bioturbation (known to be very active at the Mamrara seafloor).

2. the family (2) of “swarmed SDEs”, occuring by sequences of a few hours, recorded  more or

less at the same time (e. g. within one hour) at distant OBSs. Each sequence is characterized

by “swarms” of SDEs, lasting during ~ 20 to 30 minutes, separated by phases of relative

quietness of ~ 10 minutes. This family includes two sub-families: (i) the first includes events

recorded only by the geophone and (ii)  the second includes SDEs recorded by both the

geophone and the hydrophone, and characterized by a periodicity of ~ 1.6 to 2 seconds.

Several causes could generate these kind of periodic signals like: anthropogenic causes (e. g.

submarines),  marine  mammals,  gas  emissions,  etc,  but  also tremors  from the  fault.  The

hypothesis that these signals could be causatively related to earthquakes (local or remote)

cannot be precluded.

 

These results strongly advocate for the implementation of dense arrays of seafloor observatories in

the SoM and raise the need for further research in terms of numerical modeling.

Keywords: micro-seismicity, earthquake location, ocean bottom seismometers, gas-related seismicity 
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Résumé

Depuis les séismes dévastateurs de 1999 d’Izmit et de Duzce, à l’est d’Istanbul, la partie immergée

de la Faille Nord Anatolienne (FNA) en Mer de Marmara a fait l’objet d’une surveillance intense et

de nombreuses campagnes océanographiques.  Malgré cela, la micro-sismicité demeure mal connue.

Par ailleurs, alors  que la connexion avec le système pétrolier du Bassin de Thrace est désormais

établie, le rôle du gaz sur la sismicité n’a toujours pas été  véritablement identifié. Dans ce travail,

nous avons analysé des données d’OBS acquises lors de 2 déploiements dans la partie ouest de la

Mer  de  Marmara  (d’avril  à  juillet  2011  et  de  septembre  à  novembre  2014).  Nos  résultats  de

localisation établis à partir d’un modèle 3D de vitesses et les méthodes non-linéaires (NonLinLoc,

NonDiffLoc) de Lomax montrent que : 

1. Si nous confirmons l’existence de microséismes en décrochement, se produisant à grande

profondeur, notamment dans la zone (à ~ 15 km) où des « répéteurs » ont été identifiés, nous

observons que les séismes ne se produisent pas tous à des profondeurs crustales, le long de

la faille de Marmara (ou Main Marmara Fault - MMF).   
2. A contrario,  une grande partie de la micro-sismicité se produit dans les bassins à faible

profondeur (< 6 à 8 km) : i) le long de failles secondaires, obliques ou parallèles à la MMF,

héritées  de  l’histoire  tectonique  complexe  de  la  FNA.  Les  mécanismes  au  foyer

« composites », quand ils ont pu être calculés, sont généralement en faille normale, parfois

en chevauchement ; ou ii) dans des couches de sédiments superficiels (à des profondeurs

inférieures à quelques centaines de mètres), caractérisées par la présence de poches de gaz

libre.  Une partie de cette sismicité pourrait être déclenchée par  les séismes profonds, de

magnitude intermédiaire (Ml > 4.5) qui se produisent régulièrement le long de la MMF. 

Par ailleurs, nous distinguons 2 familles de signaux transitoires de courte durée (<1s):

i. La  famille  (1)  des  SDE  se  produisant  de  manière  permanente  mais  discontinue

(« background SDE activity »), à raison de quelques dizaines de SDE par jour. Les causes de
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ces  SDE  sont  vraisemblablement  locales  (i.e.  proches  de  l’OBS).  Entre  autres  :  la

bioturbation (abondante en Mer de Marmara) ; l’activité biologique  (i. e. poissons heurtant

les  capteurs) ;   le  micro-bullage  de  fond  de  mer  ;  le  transfert  de  fluides  à  l’interface

eau/sediment ; les micro-mouvements de sédiments ; etc.

ii. La famille (2) des SDE se produisant par séquences s’étalant sur quelques heures ; chaque

séquence étant constituée de « paquets » ou « d’essaims » (« swarmed SDEs ») d’environ 20

à 30 minutes, suivis d’une période de calme relatif d’environ une dizaine de minutes. On

distingue  deux  sous-familles :  la  famille  2a  des  SDE enregistrés  uniquement  sur  les  3

composantes du sismomètre ; et la famille 2b des SDE enregistrés sur les 4 composantes,

dont  l’hydrophone.  A  l’échelle  individuelle,  les  SDE  de  cette  dernière  famille  (2b)

apparaissent de manière périodique (toutes les 1.6 s à 2 s environ).   Les « paquets » étant

plus ou moins corrélés d’un OBS à l’autre,  les causes ne sont pas locales, au niveau d’un

OBS particulier.  On citera,  entre  autres  :  la  présence  de mammifères  marins ;  l’activité

anthropogénique  (sous-marins) ;  l’effondrement  de  cavités  riches  en  gaz ;  mais  aussi

l’existence de « trémors » le long de la faille ;  etc. Enfin,  l’hypothèse d’une relation de

causalité avec la sismicité (locale ou lointaine) ne peut pas être exclue.

Ces travaux en appellent à l’implantation d’observatoires de fond mer et ouvrent la voie à des

perspectives prometteuses de modélisation numérique.

Mots-clés: micro-seismicité, localisation, sismomètres de fond de mer, sismicité induite par le gaz. 
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Résumé étendu – Extended summary (in French)

R.1 Contexte général et objectifs 

La Mer de Marmara est située à l’extrémité Ouest de la Faille Nord Anatolienne (FNA), le long de

laquelle la plaque Anatolienne coulisse relativement à la plaque Eurasienne à raison de 22mm/an

environ, sur une longueur de 1200 km. La FNA est régulièrement affectée par des séismes destruc-

teurs. Peuplée de 12 millions d’habitants, la région d’Istanbul est située le long du  secteur submer-

gé de la FNA, en Mer de Marmara, qui n’a pas été affecté par un séisme important depuis au moins

1766. De ce fait, la ville d’Istanbul est considérée comme étant exposée à un fort aléa sismique. 

Depuis les séismes dévastateurs de 1999, qui ont fait 20000 victimes dans la région d’Izmit et de

Duzce, à l’est d’Istanbul, la Mer de Marmara a fait l’objet de nombreuses campagnes océanogra-

phiques. Une littérature abondante existe désormais sur l’évolution tectonique de la FNA et sur les

principales caractéristiques géologiques de la Mer de Marmara. Le lecteur est invité à s’y reporter,

en consultant par exemple les synthèses de [Sengör et al, 2005] et [Sengör et al, 2011], ainsi que

les références citées.  Ici, nous rappellerons brièvement les principales caractéristiques à garder en

tête pour comprendre le présent travail de thèse:

    - Avant d’entrer en Mer de Marmara, la FNA se sépare en trois branches. Située sur la   

branche nord, la Mer de Marmara est composée de 3 bassins profonds, le bassin de Tekirdag,

le bassin Central et le bassin de Çinarcik, séparés par 2 hauts bathymétriques, les hauts 
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Ouest et Central. Les bassins, avec des profondeurs d’eau entre 1100 et 1300 m, sont des 

fosses allongées plus ou moins dans la direction Est-Ouest remplis d’une épaisseur de 4 à 6 

km de sédiments d’âge Plio-Quaternaire. On doit donc s’attendre à de fortes variations de vi

tesses sismiques dans les bassins.

  - En Mer de Marmara, la FNA traverse des séries Eocène, situées dans le prolongement du 

Bassin de Thrace, contenant des hydrocarbures, notamment des gaz, qui remontent jusqu’à 

la surface le long des failles. D’après [Dupré et al, 2015], les sites d’émissions de gaz sont 

réparties le long de la faille de Marmara, mais également sur le bord des bassins ou au som

met des anticlinaux. D’après les données de sismique réflexion « Haute Résolution » 3D ac

quises au sommet du « Haut Ouest », les couches sédimentaires superficielles sont parfois 

riches en gaz en libre. 

Malgré toute l’importance des réseaux terrestres permanents de surveillance sismique et malgré les

nombreuses campagnes réalisées à partir de sismomètres temporaires de fond de mer, la micro-

sismicité le long des segments immergés de la FNA, en Mer de Marmara, demeure encore mal

connue. Par ailleurs, le rôle du gaz sur la micro-sismicité reste à étudier.

Le  premier objectif  de la présente thèse est donc de préciser la micro-sismicité dans le domaine

marin, suivant une approche « haute résolution », basée sur le modèle de vitesse 3D, établi par

Ifremer  à  partir  de  toutes  les  connaissances  géologiques  et  géophysiques  acquises  en  Mer  de

Marmara au cours des 15 dernières années.

Le deuxième objectif est d’étudier les relations entre la présence de gaz et la sismicité. 

13



Au cours de notre analyse, nous avons pu mettre à jour de nombreux signaux transitoires, de courte

durée (< 1 s),  associés à des processus physiques vraisemblablement variés, pouvant siéger soit

dans la colonne d’eau, en fond de mer ou en profondeur. Le  troisième objectif est d’étudier ces

signaux, afin d’en déterminer l’origine. 

R2.  Structure du manuscrit

Cette thèse est construite à partir d’articles soumis dans des revues internationales. Par ailleurs,

avons fait le choix de la langue anglaise. Le manuscrit est composé de 5 parties :

 La première partie est une introduction,  présentant le contexte général et les objectifs. 

 La deuxième partie est une synthèse des deux études de  micro-sismicité les plus récentes

utilisant  des  données  OBS,  que  ce  soit  en  combinaison  avec  des  données  terrestres

[Schmittbuhl et al, 2015] ou avec des données de fond de mer uniquement [Yamamoto et al,

2017] et [Géli et al, 2018] (en cours d’expertise à Nature Scientific Reports). Compte tenu

du temps que j’ai passé à ce dernier papier, la version en cours d’expertise est  intégralement

incluse dans le présent manuscrit.

 La troisième partie constitue le cœur de ma thèse. Il s’agit d’une étude « haute résolution »

de la sismicité de la partie Ouest de la Mer de Marmara, fondée sur l’analyse de deux jeux

de données OBS couvrant les périodes respectives du 15 avril au 31 juillet 2011 et du 19

septembre au 14 novembre 2014. Cette partie fait l’objet d'une publication. L’une, en cours

d’expertise  au  Bulletin  of  Seismological  Society  of  America,  décrit  les  résultats  des

localisations. 

 La quatrième partie est une étude des signaux de courte durée (<1 s) que l’on enregistre de

manière systématique sur les OBS déployés en Mer de Marmara. Les travaux font l’objet
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d’une publication soumise à Deep Sea Research II.

 La cinquième partie, enfin, fait état des conclusions et perspectives.

R3. Analyse de la micro-sismicité

L’étude de [Géli et al, 2018]. Le 25 juillet 2011, un séisme de magnitude 5.1, suivi d’une quantité

inhabituelle  de répliques,  s’est  produit  en Mer de Marmara,  sous le  « Haut  Ouest » (« Western

High »), pratiquement à l’aplomb d’un système hydro-géologique connu pour contenir des indices

d’hydrocarbures :  émissions  de  gaz en fond de  mer ([Géli  et  al,  2008],  [Dupré et  al,  2015]) ;

présence  d’hydrates  de  gaz  [Bourry et  al,  2009],  de volcans  de  boue et  de  gaz  libre  dans  les

sédiments superficiels [Thomas et al, 2012] ; etc. 

Par chance, ce séisme  a pu être enregistré, non seulement par le réseau permanent d’OBS câblés du

KOERI, mais aussi par le réseau temporaire d’OBS qui avait été déployé par l’Ifremer du 15 avril

au 31 juillet 2011. Ce séisme et sa séquence de répliques ont donc pu être étudiés en détail [Géli et

al,  2018].  Pour  ce faire,  un modèle de vitesses 3D a été  spécifiquement  développé,  pour tenir

compte  des  particularités  géologiques  de  la  Mer  de  Marmara  et  les  logiciels  NonLinLoc et

NonDiffLoc de localisation d’Anthony Lomax ont été mis en oeuvre (voir [Lomax et al, 2009] et les

références ad hoc sur le site http://alomax.free.fr/alss/) . 

Les résultats montrent que les répliques se produisent pour l’essentiel dans les sédiments, à des

profondeurs inférieures à 6 km :

-    entre  2  et  5  km,  ce  qui,  d’après  les  données  de  géochimie  et  de  flux  de  chaleur,

correspond à la fenêtre à gaz ;

-    à des profondeurs inférieures à 2 km, à l’intérieur des couches sédimentaires réputées

riches en gaz.

Ces résultats,  très différents de ceux des travaux les  plus récents ([Karabulut  et  Aktar,  2013] ;

15
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[Schmittbuhl et al, 2015)], méritaient d’être vérifiés, d’autant plus que la station centrale du réseau

temporaire, qui se trouvait pratiquement à l’aplomb de l’épicentre, avait cessé de fonctionner (les

stations les plus proches étaient situées à une dizaine de kilomètres de l’épicentre). Pour lever les

ambiguités, un deuxième déploiement d’OBS a donc été réalisé par Ifremer, du 19 septembre au 14

novembre 2014, lors de la campagne MARSITE-Cruise. L’analyse de ces données de 2014 et la ré-

analyse des données OBS de 2011, exposées ci-après,  constitue le cœur de mon travail de thèse. 

Étude de la micro-sismicité à partir des données de 2011 et 2014.  J’ai suivi la même démarche

que celle proposée par [Géli et al, 2018], à partir du même modèle-3D de vitesses et en utilisant les

mêmes méthodes d’Anthony Lomax, tant pour la détection et association des phases, que pour la

localisation  d’évènements.  Seuls  les  évènements  répondant  aux  critères  de  qualité  fixés  par  la

méthode de localisation  ont  été  conservés  pour  l’analyse,  ce  qui  représente  seulement  20% du

nombre total d’évènements détectés. 

Les résultats, soumis au Bulletin of Seismological Society of America montrent que : 

- Tous les séismes ne se produisent pas nécessairement à des profondeurs crustales,  

           suivant  des mécanismes focaux de décrochement, le long de la « faille principale de 

Marmara » (ou Main Marmara Fault - MMF). 

- Des microséismes, caractérisés par des mécanismes en décrochement, se produisent 

de manière répétée vers environ 15 km de profondeur, sous forme de « répéteurs », 

à l’instar de ce qui a déjà été observé par [Schmittbuhl et al, 2016] et [Bonhoff et al, 

2017]. Nous proposons, sans pouvoir la démontrer, l’hypothèse qu’il pourrait y avoir

une corrélation entre ces répéteurs et l’occurrence de séismes le long de la faille de 

Ganos. Cette hypothèse reste à vérifier au moyen de méthodes statistiques adaptées.

- A contrario, une grande partie de la micro-sismicité se produit à faible profondeur
 (< 6 à 8 km) :
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 le long de failles secondaires, obliques ou parallèles à la MMF, héritées de

l’histoire tectonique complexe de la zone de faille Nord-Anatolienne. Les

mécanismes au foyer « composites »,  quand ils ont pu être calculés,  sont

généralement  en  faille  normale.  Des  mécanismes  en  chevauchement,

associés à des structures « inverses » en fleur, ont également été calculés.

 dans les sédiments superficiels, à des profondeurs < 1 à 2 km, en général

dans des zones caractérisées par de fortes émissions de gaz détectées en

fond de mer. Ces séismes pourraient bien être, pour partie, déclenchés par la

zone de faille.

La  question  des  séismes  « ultra-superficiels ».  Il  est  généralement  admis  que  les  sédiments

meubles proches de la surface sont trop mous pour accumuler l’énergie élastique nécessaire pour

fabriquer  des  ruptures  cassantes,  susceptibles  d’engendrer  des  séismes :  « leur  rhéologie  ne  le

permet pas ». C’est pourquoi nous avons consacré une partie (trop courte, hélas) de notre travail à

étudier  en  détail  la  sismicité  « ultra-superficielle ».  Pour  ce  faire,  nous  avons  positionné  en

profondeur les répliques du séisme de magnitude 5.1 du 25 juillet 2011 se trouvant à l’intérieur de

la boite de sismique 3D « haute-résolution » acquise en 2009 sur le haut ouest [Thomas et al, 2012].

Aux erreurs de localisation près, ces séismes apparaissent systématiquement être associés à des

failles normales décalant des couches de sédiments riches en gaz. Sachant que ces séismes « ultra-

superficiels »  se sont  produits  suite  au choc principal  de magnitude 5.1,  nous proposons qu’ils

résultent de la combinaison de deux effets :  i) le transfert de contrainte liée à la secousse principale,

qui  crée  de  la  micro-fracturation  le  long des  chemins  de migration  de  gaz,  favorisant  ainsi  sa

remontée ; ii) le gaz remontant des profondeurs jusqu’aux couches de surface, représente une source

de  surpression  qui  contribue  à  déclencher  les  séismes,  non seulement  le  long  des  conduits  de
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migration du gaz, mais également dans les couches « ultra-superficielles », elles-mêmes riches en

gaz. 

R4. Analyse de signaux de courte durée

Les OBS sont des instruments extrêmement sensibles, constitués de 4 composantes (2 horizontales,

1  verticale  et  1  hydrophone),  initialement  conçus  pour  enregistrer  les  séismes.  Du fait  de  leur

sensibilité, les OBS enregistrent tous types de signaux. La moindre perturbation du sédiment en

fond  de  mer  peut  engendrer  un  signal  susceptible  d’être  enregistré  par  l’OBS.  L’existence  de

signaux de courte durée (< 1 s) a été rapportée pour la première fois en 1981 par  [Burkisk et al,

1981].  A  partir  d’enregistrements  OBS  déployés  à  différentes  profondeurs,  dans  différents

environnements dans le Pacifique, ces auteurs avaient proposé que ces signaux pouvaient avoir une

origine biologique (poissons ou autres).

Pris  individuellement,  ces  signaux  (ici  appelés  SDE  pour  Short  Duration  Event)  ne  sont  pas

enregistrés d’un OBS à l’autre. Les SDE ne présentant a priori aucun intérêt pour la détection des

séismes, ils n’ont jamais l’objet d’attention particulière de la part des sismologues. Il a fallu attendre

le début des années 2000 pour qu’on s’y intéresse de nouveau, lorsqu’on s’est rendu compte que ces

signaux apparaissaient de manière systématique. En effet, la bioturbation, l’activité biologique dans

la colonne d’eau (y compris celle des mammifères marins), la circulation de fluides à l’interface

eau/sédiment, les émissions de gaz, tout cela peut créer des perturbations à l’interface eau/sédiment

qui  pourraient  à  l’origine  des  signaux  observés  de  courte  durée.  Près  des  suintements  froids,

notamment,  dans  des  environnements  sédimentaires  riches  en  gaz  (hydrocarbures,  méthane

biogénique, hydrates de gaz, etc), les SDE apparaissent systématiquement et en grand nombre, ce

qui laisse penser qu’ils pourraient être la signature de phénomènes de dégazage de fond de mer.  
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En Mer de Marmara, ces signaux ont été étudiés pour la première fois par Jean-Baptiste Tary, au

cours de sa thèse [Tary, 2012 ; Tary et al, 2012] puis par [Embriaco et al, 2013] ;  [Bayrakci et al,

2013] ;  [Casellato,  2014].  Du  fait  de  la  présence  systématique  de  gaz  dans  les  sédiments

superficiels, il a été proposé que les SDE pouvaient résulter de l’effondrement des parois de micro-

cavités remplies de gaz, proches de l’interface eau/sédiment. 

L’analyse  présentée  ici  des  données  enregistrées  par  les  OBS et  hydrophones  de  fond de  mer

déployés en 2011 et 2014 permet de distinguer  2 familles de SDE:

1) Les SDE se produisant de manière permanente mais discontinue, à raison de quelques cen-

taines de SDE par jour. Ces SDE sont généralement de faible magnitude et enregistrés uni-

quement sur les 3 composantes du sismomètre (et généralement pas sur l’hydrophone, sauf

si celui-ci est placé très près du sol). Ils sont censés représenter une activité dite « de fond »

(« background SDE activity »), qui peut avoir plusieurs causes possibles: la bioturbation,

l’activité benthique, les perturbations liées aux courants de fond ou aux entrées de fluide,

l’effondrement de micro-cavités engendré par l’expulsion de gaz, etc.

2) Les SDE se produisant par « paquets » ou « essaims » (swarmed SDEs), que l'on peut sub-

diviser en 2 sous_familles :

 Sous-famille 2a: Les SDE enregistrés uniquement sur les 3 composantes du sismo-

mètre (et généralement pas sur l’hydrophone, sauf si celui-ci est placé très près du

sol) se produisant par « paquets ». D’après notre analyse, fondée sur des critères de

corrélation visuelle, il semble que ces SDEs apparaissent en réponse à des sollicita-

tions sismiques (séismes locaux ou éloignés), mais cela reste à prouver.
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 Sous-famille 2b: Enfin,  les SDE enregistrés sur les 4 composantes, dont l’hydro-

phone, se produisant de manière périodique, toutes les 2 secondes environ. Les si-

gnaux apparaissent par séquences s’étalant sur quelques heures ; chaque séquence

étant constituée de « paquets » d’environ 20 à 30 minutes, suivis d’une période de

calme relatif d’environ une dizaine de minutes. Les SDE de cette famille ont une fré-

quence plus élevée (i.e. entre 30 et 50 Hz) que les SDE des familles 1 et 2a. Plusieurs

causes sont invoquées pour les expliquer : anthropogéniques (par exemple, des sous-

marins)  ;  biologiques  (par  exemple  mammifères  marins) ;  ou  sismologiques.  La

coïncidence (d’après notre analyse visuelle) entre l’apparition de ces SDE et l’occur-

rence de séismes n’exclut pas l’hypothèse d’une relation de causalité avec la sismici-

té (locale ou lointaine).

Cette nouvelle analyse de SDEs s’avère être extrêmement prometteuse, tant pour la connaissance

des processus de fond de mer, que pour l’étude de la réponse sismique des sédiments superficiels.

Mais  cette  analyse,  qui  a  permis  de  faire  des  observations  inédites,  mais  inexpliquées  est

essentiellement fondée sur des critères de corrélation visuelle.  Pour progresser,  il  est  désormais

nécessaire d’automatiser les procédures et de passer à la modélisation.

R5. Conclusions et perspectives

Conclusions

1. La complexité des problèmes de localisation en Mer de Marmara exige le déploiement d’un

grand nombre de stations de fond de mer,  réparties de manière équilibrée de part et d’autre

de la faille principale (MMF).

2. Nos travaux ont  permis  de  revéler  l’existence  d’une  importante  micro-sismicité  dans  la

partie ouest de la Mer de Marmara, localisée dans les bassins, à des profondeurs focales
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inférieures à 6 km, le long de failles secondaires.

3. En outre, il existe une sismicité ultra-superficielle (à des profondeurs z < quelques centaines

de mètres), qui apparait être déclenchée par les séismes de magnitude intermédiaire (M l >

4.5) dans les couches de sediments riches en gaz.

4. Les OBS enregistrent des signaux transitoires de courte durée (<1 s), appelés SDE (pour

short duration events) dont l’origine demeure toujours inconnue à ce jour. Nos travaux ont

permis de distinguer plusieurs familles de signaux. Les processus  à l’origine de ces signaux

n’ont pas pu être identifiés de façon certaine, mais plusieurs candidats sont possibles. A

l’échelle  locale  (i.  e.  au  voisinage  immédiat  de  l’OBS),  on  citera  –entre  autres  :  la

bioturbation ( qu’on sait être abondante en Mer de Marmara) ; les perturbations générés par

l’activité biologique  (par exemple : poisons heurtant les capteurs)   les phénomènes de

micro-bullage de fond de mer ; le transfert de fluides à l’interface eau/sediment ; les micro-

mouvements des sédiments engendrés par  les courants de fond  ;  etc. A l’échelle de la Mer

de Marmara, diverses causes, naturelles ou anthropogéniques, peuvent être invoquées : la

sismicité  -lointaine  ou  locale- ;  l’existence  de  trémors  non  documentés à  ce  jour  ;  la

présence de mammifères marins ou de sous-marins ; etc.

Perspectives

Notre  travail  a  permis  de  faire  une  grand  nombre  d'observations  inédites.  Notre  approche,

essentiellement qualitative, ouvre la voie à la modélisation numérique :

1. Modéliser les phénomènes de déclenchement. Notre étude fait apparaitre l’hypothèse d’une

corrélation possible entre la sismicité en Mer de Marmara et la sismicité lointaine (le long

de la faille de Ganos, en particulier). La correlation doit être vérifiée et l’hypothèse de

causalité, testée par un travail de modélisation approfondi.

2.  Modéliser numériquement le rôle du gaz sur la sismicité.

3.  Modéliser  la  sismicité  “ultra-superficielle”,  en  utilisant,  notamment,  les  données  du
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piézomètre et des OBS. En particulier, tester les hypothèses suivant lesquelles i) les SDEs

pourraient être associés à des tremors sismiques; ii) il y aurait une relation de causalité

entre les SDE et la sismicité (locale ou lointaine).

4.  Modéliser les évènements de courte durée (SDE). 
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I. Introduction  

I.1 General background

I.1.1 Geological context

The North Anatolian Fault (NAF) is a right-lateral strike-slip fault that accommodates a relative

motion  of  20-27  mm/yr  between  the  Eurasian  and  the  Anatolian  plates,  generating  numerous

destructive earthquakes along its 1200 km length, from its junction to the East Anatolian Fault to

the Gulf of Ganos (Figures  I.1.1.1 and I.1.1.2) (e.g. see the review of  [Sengör et al, 2005]  and

references herein). 

Figure I.1.1.1:  General tectonic map of Turkey showing the: North Anatolian Fault (NAF), East   Anatolian Fault,
Hellenic and Florence trenches. The Sea of Marmara (SoM) is indicated with a black arrow, between the Black Sea and

the Aegean Sea.  The main structural features of the area are shown with red and black lines. Blue arrows show relative
motion between the plates. (Source USGS). 
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Figure I.1.1.2: From [Sengör et al, 2014]. The North Anatolian Shear Zone (NASZ: delimited by discontinuous lines)

and the courses of the major rivers traversing it. Key to abbreviations, from east to west (black letters): E, Elmalı/Peri

(tributary  of  the  Murat  before  the  construction  of  the  Keban Dam);  Ka,  Karasu  (Elmalı/Peri  +  Karasu  =  Fırat

(Euphrates) without Murat (outside this map)); Y, Yes.ilırmak; K, Kızılırmak; D, Delice; F, Filyos (/Yenice/Ara./Sog˘

anlı (formerly Ulu.ay)/Gerede Suyu); S, Sakarya; Su, Susurluk. Grey letters in outline show locations of some cities and

tectonic features: A, Ankara; B, Bursa; b, Bolu; E, Erzincan; I , Istanbul; I, Iznik (lake); K, Karlıova; OF, Ovacık

Fault; SF, Sungurlu Fault. Notice that significant abrupt deflections of river courses are confined to the area of the

NASZ. Following [Sengör et al. 2005], the faults shown to be parts of the NASZ in the southern part of the Tokat Lobe

are here left out of the NASZ because of their as yet uncertain relationship to the NASZ and to the geometry of the

major river courses (slightly modified from [Sengör et al. 2005], fig. 6.

During  the  20th century,  a  series  of  destructive  earthquakes  occurred  along  the  NAF  with  an

apparent propagation more or less from east to west, until 1999, year of the last catastrophic events

in Izmit and Düzce. The SoM is situated between the 1912 (e.g. Ganos, M7.4 event) and the 1999

ruptures along the only part of the fault that has not ruptured since 1766 (see Figure I.1.1.3). The

Marmara region is thus considered to be within a seismic gap where the probability of occurrence of

an earthquake of magnitude greater than 7, is high (e.g. [Aochi & Ulrich, 2015]). 

Since  the  devastating  earthquakes  of  1999,  a  large  amount  of  geological,  geophysical  and

geochemical data were collected, which allowed the scientific community to have a detailed view of

the submarine domain.  It is not the scope of this study to review all the abundant literature that
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exists on the evolution of the NAF, particularly in the Marmara Region. We will just invite the

reader to refer to the reviews of [Sengör et al, 2005] and [Sengör et al, 2015] and restrict ourselves

to  briefly recall  the points,  which  we think,  are  of  direct  relevance to  our  work.  These  points

concern the evolution of the Marmara shear zone, the relation with the gas-bearing Thrace Basin

and the formation of the deep, submerged basins.

Figure I.1.1.3: From [Sengör et al, 2005]. Earthquakes and related fault displacement along the North Anatolian Fault

(NAF) since December 26/27, 1339 Erzincan earthquake. Note the remarkable east-to-west migration of the major

shocks, first emphasized by [Egeran and Lahn 1944]. The figure has been compiled from  [Şaroğlu et al, 1987, 1992],

[Eyidoğan et al, 1991], [Barka, 1996], [Barka et al, 2000a] and [Akyüz et al 2000].

The present-day NAF more or less follows the late Cretaceaous Intra-Pontide suture zone, which

formed after the closure and subduction of the Tethyan Ocean  (e.g. [Sengör and Yilmaz, 1981;

Okay et al, 1996; Okay and Tuysuz, 1999]). In this context, the Thrace Basin developed during the

Late Cretaceous – Early Eocene as a fore-arc basin by closure of the Neotethys Ocean. The North

Anatolian Shear Zone  (NASZ) developed during the Middle-Late Miocene (~ 11-13 Ma) formed a
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keirogen (e.g. a broad shear zone concentrating a large variety of tectonic structures linked to the

shear deformation), delimited today by the Northern Strand and the Southern Strand respectively

(e.g.  [Sengör et al, 2005], [Sengör et al, 2015]). As the NASZ keirogen propagated and widened

westwards,  the West-Northwest-striking Thrace system connected to the Marmara area.  Since the

middle-late  Miocene,  the  North  Anatolian  shear  zone  evolved  from a  pull-apart  system,  to  a

transpressional regime, and finally to a recent (< than ~ 450 ka, after  [Grall et al, 2012]) strain

localization along a single through-going strike-slip fault, named the Main Marmara Fault  or MMF

(e. g.  [Aksu et al, 2000]; [Le Pichon et al, 2001]; [Le Pichon et al, 2003]; [Imren et al, 2001];

[Meade et al, 2002] ; [Rangin et al, 2004]).

The present-day SoM  thus results from the interplay between a ~N120 E fault zone, likely related

to the gas-bearing Thrace Basin, and the East-West NASZ ([e.g. Yaltirak, 2002]). The specific,

geologic inheritance described above explains that under the SoM, the NAF splits into a complex

fault network with numerous fault strands of varying dip and strike, forming three prominent ~1250

m-deep basins, separated by NE trending transpressional highs, respectively from east to west : the

Çinarcik Basin ; the Central High ; the Kumburgaz Basin ; the Central Basin ; the Western High; the

Tekirdag basins. Due to the high sedimentation rate and to the High deformation rate (e.g. [Çagatay

et  al,  2000];  [Çagatay  et  al,  2009]),  these  deep  basins  developed  as  troughs,  filled  by  Plio-

quaternary sediments characterized by slow seismic velocities: about 4 km of sediment thickness in

the Tekirdag basin;  and ~ 6 km in the Çinarcik and Central basins  (e.g. [Bécel, 2006; Carton et al,

2007; Bécel et al, 2010]). 

I.1.2 Gas emissions from the Marmara seafloor

A number of studies since 1999 have revealed the existence of widely-spread gas emissions from

the Marmara seafloor (e.g.  [Alpar, 1999]; [Halbach et al, 2004]; [Kusçu et al, 2005] ; [Géli et al,
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2008]; [Zitter et al, 2008]). Based on the detailed analysis of multibeam echo sounder data, with

water column records, [Dupré et al, 2015], (Figure I.1.2.1), showed that “acoustically detected gas

emissions are spatially controlled by a combination of factors, including fault and fracture networks

in connection to the MMF system and inherited faults, the nature and thickness of sediments (e.g.,

occurrence of impermeable or gas-bearing sediments and landslides), and the connectivity between

the seafloor and gas sources, particularly in relation to the Eocene Thrace Basin”.

Although the relationship between seepage and fault activity is not one to one (e.g. active faults do

not necessarily conduct gas, and scarps corresponding to deactivated fault strands may continue to

channel fluids), Dupré et al [2015] pointed out that occurrence of gas emissions appears to be corre-

lated with the distribution of microseismicity. These authors particularly underlined that “the rela-

tive absence of earthquake-induced ground shaking along parts of the Istanbul-Silivri and Princes

Islands segments is likely the primary factor responsible for the comparative lack of gas emissions

along these fault segments”.

Figure I.1.2.1: From [Dupré et al 2015]. Bathymetric map of the SoM. Fault networks from [Sengör et al. 2014] with 
the offshore extent of the Eocene Thrace Basin from [Le Pichon et al, 2014]. Red dots indicate acoustically detected 

gas emissions sites after  [Dupré et al 2015].
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I.2 Objectives of the present work 

I.2.1 Investigating the relations gas/micro-seismicity within the western SoM

The primary objective of this work is to study the relations between seismicity and gas occur-

rence within the sediment layers below the  Sea of Marmara.

The connexion with hydrocarbon gas sytems (such as the Thrace basin) and the wide-spread occur-

rence of gas within the sediment layers are unique caracteristics of the SoM, compared to other

large, active, continental transform faults, such as the San Andreas Fault system in California, the

NAF system in northern Turkey, the Alpine Fault in New Zealand, and the Altyn Tagh Fault in the

northern Tibetan Plateau. Still, these characteristics and the influence of gas occurrence on the seis-

micity pattern have  received little attention so far. 

A preliminary 25-day test conducted with four Ifremer OBS in 2007 revealed the existence of  a

cluster of 13 small-magnitude earthquakes that occurred in less than 30 hr at shallow crustal depth

below the western slope of the Tekirdag basin, where intensive gas emissions escaping from the

seafloor have also been found [Tary et al, 2011]. Based on this study, [Tary et al, 2011] suggested

that tectonic strain below the western slope of the Tekirdag basin likely « contributes to maintain a

high permeability in fault zones and that the fault network provides conduits for deep-seated fluids

to rise up to the seafloor ».

A new  deployment was performed by Ifremer in the western SoM from April, 15th to July, 31st,

2011, to complement the permanent, cabled OBS network  operated by KOERI. The results were
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first published as early as 2013 in an internal report by [Cros and Géli, 2013]. These results confir-

med the relation between gas and seismicity through the detailed analysis  of the aftershock se-

quence that followed the M 5.1 earthquake of July, 25th, 2011, below the Western High, where nu-

merous gas emissions along with gas hydrates were documented. As early as in 2013, Cros and Géli

[2013] found (and published in an internal report) that most aftershocks occured at shallow depth

(<6 km), within gas prone sediment layers. 

Because the results were at odds with previous views that considered that the micro-seismicity was

essentially crustal, a new OBS deployment was performed by Ifremer in 2014, from September, 19h

to November 14th, 2014. 

During my PhD thesis, I contributed to the paper of [Géli et al, 2018] which is eventually in press

in Nature Scientific Reports. The core of my work, however, was the analysis of the OBS data that

was remaining unpublished in  [Géli et al, 2018].  Namely: the full OBS dataset of 2014 and the

OBS dataset of 2011 for the period preceding the M 5.1 earthquake of July, 25, 2011. 

I.2.2 Analysis of deep sea processes using OBS recordings 

The secondary objective of this work is to perform a systematic analysis of the strange, short

duration (< 1 s) signals that are commonly recorded with the OBSs deployed in the SoM 

Another aspect of the OBS recordings from the SoM that has been not so often discussed so far, is

the systematic existence of puzzling, short duration events, hereafter called Short Duration Events
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(SDE), which were also found to occur in different geological environments around the world such

as the Mediterranean Sea, the Gulf of Guinean, off coast Taiwan, the Sea of China, etc. In the SoM,

SDEs were described by the following characteristics (e.g.  [Tary et al, 2012]; [Embriaco et al,

2013]; [Bayrakci et al, 2013], see also Figure I.2.2.1): (i) Signal duration less than 0.8 sec, (ii)

frequencies ranging between 4 to 30 Hz, (iii) one single-wave train, with no identified P or S-wave

arrivals, (iv) recorded locally by only one OBS station and (v) not recorded by the hydrophone. The

presence  of  gas  in  superficial  sediments,  along  with  analogies  with  laboratory  experiments,

conducted  [Tary et  al,  2012] to  suggest  that  these events could be produced by gas migration

followed by the collapse of fluid-filled cavities or conduits (Figure I.2.2.2). In this manuscript, we

present a systematic study that provides a revised interpretation of SDEs, based on the analysis of

different data sets, including OBS data from the deployment in 2011. 

Figure 1.2.2.1: Example of spectogram (upper panel) and seismogram  (bottom panel) of a SDE recorded on the 20 th of

October 2014 on the vertical component of OBS03. 
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Figure 1.2.2.2: From [Tary et al 2012]. Mechanism proposed for generating SDE in three steps: gas migration; escape

through a sub-vertical conduit; and collapse of the cavity. 

I.3 Structure of the manuscript

The  present  PhD thesis  is  focused  on  the  characterization  of  the  micro-seismicity  and  on  the

analysis of the short-duration events recorded with the OBSs deployed in the western part of the

SoM. The present manuscript is therefore divided into five parts. 

 Part I is this short introduction, including the geological background and scope of this work. 

 Part II summarizes the most recent, systematic studies carried out by other authors on the

micro-seismicity below the SoM, e.g. [Schmittbuhl et al, 2015] and [Yamamoto et al, 2017].

Part II also includes the full paper of  [Géli et al, 2018],  on which I spent a considerable

amount of time analysing the OBS data (characterization and correlation of seismograms,

quality control of picking, writing appendixes, etc.).

 Parts III and IV are associated with the main results of the PhD thesis.

 Part III presents the results of the high-resolution study that we have conducted on micro-

seismicity below the western SoM, based on two OBS deployments, from April 15 th to July

31st, 2011 and from September 19th to November 14th, 2014, respectively. This part includes
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the manuscript by Batsi et al, 2017 (in review in the  Bulletin of the Seismological Society of

America, BSSA) describes the results of the micro-seismicity study. This paper is the core of

the PhD work.

 Part IV represents a systematic study of the short duration events that are systematically

recorded by OBSs within the Sea of Marmara. This part includes the revised version of Batsi

et al, 2017, Deep Sea Research II, DSRII, (in review).

 Part V discusses the conclusions of the work along with the perspectives for future research.

II. Discussing the 3 most recent micro-seismicity surveys based on 

OBS data from the Western SoM

Several, systematic OBS studies have been carried out to improve hypocenter locations below the

SoM, by using  data  from submarine stations  only (e.g.  [Sato et  al,  2004],  [Tary et  al,  2011],

[Yamamoto et al, 2017], [Géli et al, 2018]) or from a combination of OBSs and land stations (e.g.

[Bulut et al, 2009] and  [Schmittbuhl et al, 2015]). The results obtained by the three most recent,

systematic studies studies are summarized hereafter, e.g.: [Schmittbuhl et al, 2015]); [Yamamoto et

al, 2017]; [Géli et al, 2018]. It is important to note that complementary, specific studies were also

carried out, in search of seismic repeaters below the Western Sea of Marmara. The reader is warmly

invited to refer to these studies, published by  [Schmittbuhl et al, 2016] and by  [Bohnhoff et al,

2017].
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II.1 Study by [Schmittbuhl et al, 2015]

[Schmittbuhl et al, 2015], analyzed the seismicity along the Main Marmara Fault (MMF) below the

SoM during the period of 2007-2012, by using all the available land stations around the SoM (e.g.

132 seismic stations, in total) and by including also the data from two permanent (e.g. KOERI and

MAM) and two ocean temporary seismic networks (e.g. CINNET on land and Ifremer OBSs at sea).

For their analysis they assumed a 1D velocity structure. They used the 1D model of [Karabulut et

al, 2011] as initial velocity model for the inversion to obtain a new velocity model and station resi-

duals using a catalog of more than 500 events and 80 stations in the western Marmara region. The

catalog includes data from the temporary deployment of Ifremer's OBSs in 2011 and permanent

OBS of KOERI.  Absolute and relative locations were derived by SEISAN HYPOCENTER (e.g.

[Lienert and Havskov, 1995]; [Havskov and Ottemoller, 1999]) and HYPODD (e.g.  [Waldhauser

and Ellsworth, 2000]) softwares respectively. 

The location results indicate (among many other things) that the earthquakes of magnitude M>4.5

are followed by swarms of aftershocks which appear to be vertically distributed from the base of the

crust up to the sediment surface. Particularly, by considering the geographical and depth distribution

of the seismicity during this period, they have concluded that the seismicity along the four basins

from west to east (e.g. Tekirdag, Central, Kumburgaz and Cinarcik, see Figure II.1.1, for more de-

tails) is characterized as followed: 

i. To  the  west,  in  the  Tekirdag  and  Central  basin,  significant  seismicity  is  found  to  be

occurring and to be distributed over a wide depth range (from 17 km depth to the surface);

ii. In the central SoM, the Kumburgaz basin is characterized by sparse seismicity;

iii. To the east, the Princes islands segment in the Cinarcik basin is characterized by a segment

of intensive seismicity located at  a depth of ~ 10 km, bounded by 2 vertical patches of

seismicity, distributed from ~ 10 km up to the surface.
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Figure II.1.1:  From [Schmittbuhl et al, 2015]. Map (upper panel) and cross-section (bottom panel) of the seismicity

recorded  along the  Main Marmara Fault  (MMF) from 2007 to 2012.  The different  domains are  represented with

different colors namely: Tekirdag basin (TB) in yellow, the Central Basin (CeB) in green, the Kumburgaz basin (KB) in

orange and the Cinarcik basin (CB) in red. White color corresponds to regional seismicity away from MMF. Bathymetry

is from [Le Pichon et al, 2001]. Dotted lines in cross-section show the geodetically estimated locking depth of each

domain. Abbreviations for:  GaF: Ganos fault, IF: Izmit fault, GeF: Gemlik fault.

II.2 Study by [Yamamoto et al, 2017]

 

As stated by [Yamamoto et al, 2017], seismic catalogues along the SoM, which were derived by

mostly using land stations  and some OBS data for a  small  period of time and within a sparse

interval  [e.g.  Schmittbuhl et al, 2015], most probably contain hypocenters that were inaccurately

determined in the absence of OBS stations since ambiguities in the onshore structure could increase
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the location error. Consequently, a different approach was suggested by  [Yamamoto et al, 2017],

who strictly used only OBS data for studying the seismicity over a recording period of 10 months,

from September 2014 up to June 2015.

In their study, a 1D velocity model by [Yamamoto et al, 2015]  was used for deriving the initial

locations and then double-difference (DD) relocation and 3D seismic tomography inversion were

applied on the data for accounting in this way the local-scale heterogeneity of the velocity structure.

Their hypocenter results have an accuracy of around 0.2 km and indicate that (see Figure II.2.1):

iii. beneath the Western High there is no micro-earthquake activity from the seafloor to 8 km

depth.

iv. under the eastern Central Basin the upper limit of the seismicity is only at about 5 km depth,

several seismically inactive regions were identified within the upper crust along the MMF

that are probably accumulating  strain towards the next large earthquake.
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Figure II.2.1: From [Yamamoto et al, 2017]. (a) Relocation map of the on-fault hypocenters. Gray circles are for the

off-fault earthquakes. Circles are proportional to magnitude, calculated within  [Yamamoto et al, 2017] study. (b) E-W

vertical profile of thehypocenter distributions along latitude 40.8218°N (dashed line in Figure 8a). The background

colors show the P wave velocity profile extracted along latitude 40.8218°N (e.g. Figure 13 of [Bayrakci et al 2013])

from the tomographic model of [Yamamoto et al, 2017] study. Blue line indicates the depth to sedimentary basement

[Bayrakci et al, 2013]; the upper and lower black dashed lines indicat intra-crustal and Moho discontinuities [Bécel et

al,  2009],  respectively.  Red  dashed  rectangles  A to  E  indicate  the  on-fault  areas  of  low seismicity.  Red  inverted

triangles indicate the seafloor extensometer observation points (eastern point [Sacik et al, 2016] and western point

[Yamamoto et al, 2016]). (c) N-S vertical profiles of hypocenters for intervals 27.6 to 27.84°E, 27.84 to 28.05°E, and

28.18 to  28.50°E.  Shaded purple  indicates  another  fault-like  structure  from the hypocenter  distribution under  the

western Central Basin.
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II.3 Study by [Géli et al, 2018] 

[Géli et al, 2018] studied the aftershock sequence that followed the M5.1 deep (~ 12 km) strike-slip

earthquake on the 25th of July 2011, in the Western part of the SoM. The sequence was successfully

recorded by the temporary seismic network of 9 OBS stations, deployed by Ifremer in 2011, with

the exception of the central station that stopped working just one month before the occurrence of the

mainshock. Then a high resolution study was achieved, by: (i) using strictly only OBS stations, (ii)

using a 3D velocity model, specifically tailored for the western part of the SoM, that accounted for

the velocity contrast at the seafloor interface and the sharp geometry of the basins (e.g. for more

information, the reader could refer to Appendix 1 of [Géli et al, 2018]) and (iii) considering only

well constrained relocated events, based on common seismological criteria (e.g. 110 events out of

550 were obtained in total, by using the non-linear software NLDiffLoc, e.g. [Lomax et al, 2014];

[De Landro et al, 2015]).

Based on the above and on a combination of geophysical (heat flow) and geochemical arguments,

[Géli et al, 2018], demonstrated that a great number of the aftershocks occurred at depths within the

gas window (~ 2 to 4 km below sea floor (bsf), in addition to ultra-shallow aftershocks (at depth < 1

km).

My contribution as co-author to the article by [Géli et al, 2018], was the re-analysis of the OBS

datasets, by re-examining all location results and by providing computation errors. A considerable

re-interpretation of the data allowed and confirmed the reliability of the shallow seismicity results. 

ARTICLE WITH SUPPLEMENTARY MATERIAL

Gas related seismicity within the Istanbul seismic gap, by [Géli et al, 2017]

Scientific Reports
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III. An alternative view of the micro-seismicity along Main Marmara, 

Fault

III.1 High resolution study along the Main Marmara Fault (MMF)

III.1.1 Foreword

The  study  of  low-magnitude  micro-seismicity  is  quite  challenging,  especially  in  submarine

environments. In the SoM, the specific, 3D-velocity structure and the presence of gas within the

upper sediment layers are essential parameters to be taken into account when studying the micro-

seismicity associated to the MMF. 

The work described in this section is a continuation of the study by [Géli et al, 2018], which was

focused on the analysis of the aftershock sequence that followed the Ml 5.1 earthquake of July, 25 th,

2011 (see §II.3).  During the 2011 deployment,  however,  the central  station stopped one month

before the occurrence of the mainshock. A new deployment was therefore carried out for 2 months

(September 19th to November 14th) in 2014 with a denser network of OBSs, located closer to the

fault,  for complementing and improving in this  way the analysis  of the micro-seismicity in the

western part of the SoM.

The first version of the manuscript (entitled “An alternative view of the micro-seismicity along the

Western  Main  Marmara  Fault”),  was  submitted  in  February  2017  to  the  Bulletin  of  the

Seismological Society of America (BSSA). The last, revised version presented below was eventually

sent for review on December 14th, 2017. Our approach differs from the one of previous authors, as

indicated below:
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(a) we consider  a focused network geometry, specifically designed for studying the micro-

seismicity below the western High, using OBS data only,

(b)  we use the 3D, high-resolution velocity model, of [Géli et al, 2018], which was built up 

by using all the available geological and geophysical information from the SoM,

(c) we restrict our analysis to a limited number of earthquakes, e.g. only to those events that 

comply  with  the  seismological  criteria  that  were  set  up  (e.g.  outliers  and  not  well-  

constrained events were removed from the catalogue, hence ~ 80% of the earthquakes were 

eliminated),

(d) we use non-linear methods, as developed by Anthony Lomax (http://alomax.free.fr/alss/)

we use all the available information (multichannel seismics, heat flow, fluid geochemistry, 

sedimentology) to interpret our location results.

III.1.2 Publication in review in BSSA 

ARTICLE 

An alternative view of the micro-seismicity along the Western Marmara Fault, 

by [Batsi et al, 2017]

BSSA (in review)
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III.1.3 Implications not discussed in the BSSA Paper

III.1.3.1 On the use of b-values 

Using b-values as indicator of creeping is subject to debate. For instance, [Schorlemmer and Wie-

mer, 2005] consider that the low b-values obtained for the different segments of the San Andreas

Fault, provide indications on the presence of highly stressed patches. In contrast,  Schmittbuhl et al,

[2015] interpreted the low b-values that characterize the western segments of the MMF as indicators

of creeping.

Besides this debate, we believe that the  b-values computed by Schmittbuhl et al, [2015]) are ques-

tionnable per se, for at least two reasons:

- our results show that a great number of low-magnitude earthquakes are shallow and not

crustal ; as a result, these events do not reflect crustal creeping.

- Also, a great number of events are located on secondary, normal faults, off the axis of the

MMF; these events do not reflect strike slip motion stricto sensu along the MMF.

III.1.3.2 On possible triggering effects

Two puzzling observations need to be noted:

 On September 23rd of 2014 at 01:37 GMT, an earthquake of magnitude Ml 3.5, occurred on

the offshore sector of the Limnos island, along the Ganos fault, which prolongates the NAF

to the west of the Sea of Marmara. After 1 hour and 17 minutes, a small crisis of 17, low

magnitude (1.64<Ml<2.2) earthquakes occurred below the Western High, within a distance

of ~ 234km (see Figure III.1.3.2.1). The crisis lasted about 3 hours (from 02:54 until 05:39

GMT). After relocation, the “well-correlated” events (cc > 0.8) were found to occur ~ 6 km

below sealevel, ~4 km to the north of the MMF, along E-W trending, normal faults. One
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possible hypothesis (yet to be tested) is that the September 23 rd crisis may have been remote-

ly triggered by the Ml  3.5 earthquake which ruptured the Ganos Fault on the same day. This

crisis originated in the same area as the cluster which occurred on October 25 th  2014, howe-

ver no triggering candidate event is found to explain the events of October 25th, 2014 (see §

III.1.2).

 On April 22nd 2011 at 07:50 GMT, an earthquake of magnitude Ml  4.3, occurred along the

Ganos Fault, about 37 km to the NNW of Limnos island. Some days afterwards, from April

26th until May 18th, a series of 10, low-magnitude (Ml < 2) earthquakes with a strike-slip focal

mechanism occurred within the crust below the Central Basin, ~ 13 km below sea level. It is

interesting to note that these events are located within 6 km distance from the 9 long-lasting,

strike-slip seismic repeaters that were documented by [Schmittbuhl et al, 2016] for the per-

iod between 2008 and 2015 (see Figure III.1.3.2.1). 

Figure III.1.3.2.1: General view of the SoM between the Black Sea and the Aegean Sea. Black lines indicate the main 

structural features of the Marmara Fault system ([Sengör et al, 2014]). Note the continuation of the Ganos Fault. 
Orange and magenta circles for local and remote (along the Ganos Fault) seismicity in 2011 and 2014 respectively. 
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Previous studies have shown that an earthquake may be followed by nearby or even distant events,

that have been presumably triggered by stress changes of less than 1 bar (e.g.  [King et al,1994],

[Helmstetter et al, 2002]). Earthquakes occurring along the Ganos fault may well remotely trigger

micro-earthquakes along the Ganos-MMF system, but further modelling work is needed to confirm

our hypothesis, by using stress transfer theory (dynamic versus static).  

III.2 Deciphering the origin of the ultra-shallow (< 1 km) micro-seismicity

III.2.1 General considerations

Progress in high-resolution seismics and acoustic imagery in the water column have revealed that

gas -may it be as free gas or gas hydrates- is of common occurrence in sub-seafloor, marine sedi-

ments. The role of gas hydrates on geohazards has been widely studied, and the destabilization of

gas hydrates is now recognized to be a major cause of gravity slope instabilities, as well as a poten-

tial hazard for the earth climate. In contrast, the relations between shallow seismicity and gas occur-

rence in near-surface sediments has been hardly documented. The major reason for this is that, due

to the difficulties of observation in submarine environments, the existence of “ultra-shallow” seis-

micity has been hardly recognized (in general, when referring to “shallow earthquake”s in seismol-

ogy, one mostly refers to events at depths < 10 km; here we will use the term “ultra-shallow” to re-

fer to earthquakes at depths < 1 km). 

In continental environments, cases of shallow earthquakes are documented for mines and gas fields,

in depleted layers at depths of a few hundred meters. Other cases of shallow seismicity have been

reported, like for instance (i) in Tricastin, lower Rhone Valley, France, (e.g. Thouvenot et al, 2009)
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where a cluster of events was found to occur within 200 m from the surface, probably due to flood-

ing (e.g. seasonal groundwater recharge and rainfall), (ii) at Vulcano Island in Italy, where they have

recorded ultra micro-earthquakes of M<2 at depths < 1.5 km, probably associated with both fractur-

ing and degassing mechanisms (Gambino, et al, 2009), (iii) in California, at the Geysers Geothermal

field, where micro-earthquakes were found to occur near the surface mainly above the reservoir at

depths ranging from 220 to 1000 m (e.g. Rutledge, et al, 2002), (iv) in SE Brazil where a very shal -

low cluster of small events was found to occur within 1 km from the surface, induced by water per-

colation (e.g.  [Agurto-Detzel, et al, 2017]), etc. In most cases, the seismicity seems to have been

triggered or induced by fluid-related process, which have been shown to control, under certain cir-

cumstances,  the nucleation, arrest and recurrence of earthquake rupture (e.g.  [Rice and Cleary,

1976]). 

For submarine environments, in contrast, no documented example of ultra-shallow seismicity has

come to our knowledge. In addition to the monitoring difficulties that hamper the depth determina-

tion of shallow events, the common belief is that soft, marine clays, which normally exhibit ductile

behaviors, cannot sustain the differential stress required for producing earthquakes. Therefore, we

hereafter consider in further detail the sequence of ultra-shallow cluster of aftershocks that occurred

in the upper-most sediment layers (at depths < 600 m), following the Mw5.1 strike-slip earthquake

of July 25th, 2011 (see Figures III.2.1.1 and III.2.1.2).
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Figure III.2.1.1: Bathymetric map showing the ultra shallow earthquakes used for this study (e.g. different colors corre-

spond to depth range and circles are proportional to magnitude). The red star indicates the mainshock, whereas the

green dots show gas emission sitrs that were acoustically dtected using the shipboard multibeam echosounder system of

R/V Le Suroit during the Marmesonet cruise in 2009, e.g. 2 years before the M5.1 earthqukae that ruptured the Main

Marmara Fault on July 25th, 2011 (from [Dupré et al., 2015]). Add inset showing the map location within the SoM.
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Figure III.2.1.2: Examples of ultra-shallow earthquakes, shown with blue dots localised on 3D seismics (upper and

bottom figures). Blue vertical lines indicate the horizontal and vertical uncertainties of the earthquake location of each

aftershock. Red lines indicate faults.
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III.2.2 Gas-related “ultra-shallow” seismicity

Very shallow sediment is not expected to be able to host earthquakes as they have been observed to

be  aseismic  in  nature.  Laboratory  experiments  on  clays  have  shown  them to  exhibit  velocity

strengthening behaviour at low slip rates making earthquake nucleation difficult in such material

[Saffer  et  al,  2012].  However  experiments  at  high slip-rates  (i.e.   >  2 m/s)  have  shown clays

switching to velocity weakening behaviour [Faulkner et al., 2011; Aretusini et al, 2017]. With the

very low strength of clays, clay material can react seismically to rupture that propagates into it, one

such example being the 2011 Tohoku earthquake where 30m of slip is estimated to have occurred in

clay like material [Romano et al., 2014]. However, the location of ultra-shallow earthquakes implies

that a fault-value mechanism is occurring [Sibson and Xie, 1998]. That is, the normal faults fail

when the effective normal stress in the layer reaches the failure criterion of the fault. 

Computations  [Jean-Baptiste Tary, personnal communication] indicate that all the “ultra-shallow

aftershocks” occur within zones of increase of dynamic and static Coulomb stress criterion.  Even

though both stress perturbations could contribute to the triggering, dynamic stresses show variations

2-3 times larger (~ ±50 kPa depending on the rise time considered) than maximum static stress

variations (2-8 kPa), based on reasonable hypotheses. However, the dynamic effects lasted only for

about 1-2 minutes. It is therefore rather unlikely that the Coulomb stress transfer alone triggered the

observed sequence of “ultra-shallow earthquakes”, which lasted over more than 4 days.  In addition,

gas, relative to a fluid is highly compressible [Jaeger et al.,  2007] meaning that the Skempton

coefficient approaches zero as the amount of gas relative to fluid increases. Therefore, the main

shock would have a minimal effect on pore pressure changes in gas filled layers. 

Consequently, it is proposed that the mainshock caused the fault diffusivity to increase, triggering
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pressurized gas to migrate from the different, multiple gas sources into the faults located above. As

a result, the fluid pressure pf within a given fault F material progressively increased with time t after

the mainshock. The Coulomb failure criterion CF(t) fault F also evolved with t as written below:

where  µ is the friction coefficient;  τ0,  σn0,  p0 are the initial shear stress, normal stress and pore

pressure on a given fault plane, respectively ; Δτc, Δσnc, Δpc are the respective changes in shear and

normal stresses induced by Coulomb stress transfer, and  Δpf (t) is the increase in pore pressure

induced by the migration of pressurized gas into the representative elementary volume. Failure

occurs when CF(t)=0, e.g. when the increase in pore pressure (Δpf (t)) reaches a critical value Δpf,crit

equal to the sum of the initial Coulomb stress and the transferred Coulomb stress divided by m : 

Because  the  Coulomb stress  transfer  is  less  than  a  few tens  of  kPa,  the  triggering  essentially

depends on how close the fault was initially from rupture and on the quantity of pressurized gas

injected in the fault. Gaz migrating from depth z1 into the fault at depth z2 pressurizes the fault by:

This process may yield enormous overpressure, able to trigger rupture on the superficial faults. Gaz

migration over a height of 10 m, from the gas source in to the fault located immediately above

would result in an overpressure of 100 kPa. The excess pressure is released co-seismically as the

“ultra-shallow aftershock” occurs, along with the excess gas. The released gas may or may not
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reach the sediment surface, depending on the permeability of the conduit network. The presence of

gas emissions at the seafloor highlights the location of the active faults systems that are being used

by over pressurized layers to decompress (see Figure III.2.2.1).  

Figure III.2.2.1:  Proposed scenario explaining the mechanism that  triggered the aftershocks within the upper-most

shallow sediments. 
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More generally, it is observed [Géli et al, 2018] that the events of intermediate magnitude (greater

than ~ 4.2) that regularly occur in the Western SoM generate large sequences of aftershocks with

numerous “ultra-shallow” events below sites of gas emission, while our analysis of the OBS dataset

of 2014 suggests that “ultra-shallow” earthquakes are not so common in absence of intermediate

(Mw>4) earthquakes. We hence infer that the combined effect of the mainshock and of the resulting

gas pressurizationlikely  induces the observed “ultra-shallow” seismicity. Continuous deep seafloor

exploration over the last decades has shown that gas is commonly found in shallow sediment layers.

Hence, it is reasonable to expect that such ultra-shallow, low-magnitude earthquakes may also occur

in other tectonically active settings (e.g. at subduction zones, for instance), wherever gas in present

in shallow layers.

IV.  Analysis of non-conventional signals 

IV.1 Foreword

Tary et al [2012] reported the existence of Short Duration Events (SDE) recorded by OBSs de-

ployed in the western SoM.  According to these authors, SDEs are characterized by durations of less

than 0.8 s, by frequencies ranging between 4 and 30 Hz, and by highly variable amplitudes. They

also mentionned, that SDE were recorded by the geophones, but generally not by the hydrophones,

except when the hydrophone is located less than a few tens of centimetres above the seafloor.   The

presence of gas within the upper sediments layers in the Tekirdag Basin, along with analogies with

laboratory experiments, lead the authors to propose that gas migration followed by the collapse of

fluid-filled cavities or conduits could be the source of the observed microevents.  However, there is

no bullet proof to confirm this hypothesis. 
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It is now realized that SDEs are systematically recorded by OBSs deployed on the seafloor, not only

the Sea of Marmara, but also in a large variety of environments: in the Gulf of Guinea [Sultan et al,

2011];  off  Svalbard  [Franek  et  al,  2014];  off  Antarctica  [e.g.  Bowman and Wilcock,  2014],  in

Marsili, Tyrrhenian Sea [e.g. D'Alessandro, et al, 2009], etc. SDEs may result from many different

causes: bioturbation; cavity collapse in response to fluid (including gas) emission from the seafloor;

activity of marine mammals; etc.

Therefore, studying SDEs may be an important issue to better understand deep seafloor processes. A

systematic study was thus conducted using the OBS data recorded in 2011. The results of this study

are presented in the following paragraph. 

IV.2 New outcomes from the study of Short Duration Events (SDE) in the 

western SoM

The revised version of the paper  presented here below was resubmitted after major revision in

Deep-Sea Research Part II: Topical Studies in Oceanography (DSRII) on November 23rd 2017, by

[Batsi et al, 2017],  in October, under the title “Non-conventional signals detected in the western

part of the Sea of Marmara: hypotheses based on the analysis of Ocean Bottom Seismometer data”.

The analysis of the OBS data collected from April 15th to July 31st, 2011,  reveals the existence of at

least two different families of SDEs in the western part of the SoM:

i. Background SDEs: occurring in a permanent basis, at a rate of a few hundred times per day

and are most probably related to  local  deep seafloor  processes,  like for example micro-

degassing phenomena at the seafloor, biological activity near the seabed, etc.

ii. Two  sub-families  of  Swarmed  SDEs:  where  the  1st sub-family  is  recorded  only  by the

geophone, while the 2nd is recorded by both the geophone and hydrophone with a periodicity
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of  ~  1.6  to  2  seconds.  Periodic  SDEs,  could  be  due  to  several  external  uses  such  as

anthropogenic causes, marine mammals, gas emissions, etc. 

ARTICLE
“Non-conventional signals detected in the western part of the Sea of Marmara: hypotheses

based on the analysis of Ocean Bottom Seismometer data”, by Batsi et al, [2017]

DSRII (in review)
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V. Conclusion and perspectives

V.1 Conclusions

V.1.1 On the importance to improve earthquake location (particularly for shallow seismicity)

The most important outcome of our study is certainly to reveal the importance of shallow seismicity

along the western Sea of Marmara, as well as the importance of off-axis seismicity, along secondary

faults  oblique  to  the  MMF. This  has  been possible  only by using a  focused network of  OBSs

centered on the Western High and a high-resolution velocity model.

To improve earthquake location (particularly shallow seismicity), it  is recommended to prefer a

network of networks with simple but numerous sensors rather than sophisticated sensors but in

limited number, in order to ensure maximum coverage near the MMF.

V.1.2 On the existence of ultra-shallow seismicity within gas prone sediment layers

Our study has revealed the existence of ultra-shallow seismicity occurring in gas-prone sediment

layers, in response to a mainshock (of magnitude 5.1 in the present case). Continuous deep seafloor

exploration over the last decades has shown that gas is commonly found in shallow sediment layers.

Hence, it is reasonable to expect that such ultra-shallow, low-magnitude earthquakes may also occur

in other tectonically active settings (e.g. at subduction zones, for instance), wherever gas is present

in shallow layers.

V.1.3 On the mechanical behaviour of the western segments of the SoM

A number of critical questions remains regarding the mechanical behavior of the different segments
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of the 140 km long, submerged section of the fault. Namely: which segment is currently locked?

which one is creeping?  In contrast to offshore domains in other geological settings (e.g. the San

Andreas Fault), the presence of water cover above the fault trace within the SoM limits the use of

standard geodetic measurements within a 10 to 20 km wide stripe along the fault (e.g. [Klein et al,

2017])  and  hence  complicates  the  characterization  of  the  fault’s  behavior  since  the  strain

accumulation and slip deficit cannot be directly estimated. 

For  addressing  this  question,  numerous  studies  have  been  carried  out  the  last  years  by  using

different approaches. Based on local seismicity recordings and on the use of land-based geodetic

measurements, [Bohnhoff et al, 2013] and [Ergitav et al, 2014], respectively, interpreted the eastern

portion of the MMF, that corresponds to the Princess island segment offshore Istanbul, as a locked

patch over a creeping base. In addition, an innovative effort was the study by  [Sakic et al, 2016],

which was based on a seafloor acoustic ranging experiment, by using ten transponders, installed at a

depth of 800 m, in  the central  part  of the SoM (e.g.  along the submarine Istanbul-Silivri  fault

segment) for monitoring distance variations along 15 baselines, from november 2014 to December

2017 (e.g. 3 years in total). Their preliminary results (e.g. 6 months of data) derived from forward

modeling, showed that the data better fit a locked state or a very moderate surface creep, indicating

that the Istanbul-Siliviri fault segment is currently accumulating stress.

The question (locked versus creeping) fault has also been addressed by studying repeating micro-

and local earthquakes, since highly correlated repeating events constantly activate the same patch of

an  active  fault  portion  and  could  therefore  be  considered  as  an  indicator  for  identifying  and

evaluating  the  amount  of  fault  creep  (e.g.  [Bohnhoff,  M.,  et  al,  2017]).  In  regard  to  this,

[Schmittbuhl et al,  2016] and  [Bohnhoff et al, 2017] have proposed that the western Marmara

section is creeping based on the observation of small-magnitude repeating earthquakes at the central

Basin.  This  view is  consistent  with  the  one  proposed  by  [Schmittbuhl  et  al,  2015],  who also

proposed that the western segments were creeping, while the eastern segments could be locked. 
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Our results do not contradict (but do not demonstrate) this view. 

V.1.4 On the strange, short duration events recorded by the OBSs

Our study has demonstrated the existence of  “background SDEs”, occuring on a regular basis (e.g.

a  few tens to  hundreds times a  day).  OBSs are very sensible  to  any perturbation affecting the

seafloor  sediments,  hence  background SDEs resulting  from different  causes,  e.g.:  bioturbation;

relative motion of seafloor sediment grains in response to bottom currents or to biological activity;

cavity collapse with the near surface sediments; etc. “Background SDE activity” may be enhanced

in response to external causes, such as earthquakes, which may also produce natural degassing from

the seafloor. 

Our study has also revealed that, in contrast to what was reported by [Tary et al, 2012], SDEs may

also be recorded by the hydrophones.  Most  particularly,  we have documented a  class  of  SDEs

characterized by signals that occur repeatedly at a period of one event every ~ 2 seconds. To date,

however, we are unable to explain the origin of such SDEs, as many different scenarios may be

proposed (e.g. anthropogenic sources, biological sources –among which marine mammals-, tremors,

etc.) . The correlation between “periodic SDEs” and earthquakes is not precluded, but still to be

proven.

V.2 Perspectives for future research

The present  study has  revealed  new insights  on the micro-seismicity and on the  deep seafloor

processes  at  work  in  the  western  part  of  the  SoM. It  has  also  revealed  a  number  of  puzzling

observations that pave the road for future research. The most important points to address are listed

below:
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V.2.1 Investigating the role of triggering effects on micro-seismicity

Puzzling observations reported in § III.1.3.2 suggest that earthquakes of moderate magnitude (~ M l

4) along the Ganos Fault could trigger swarms of low magnitude (~ 1 < M l < 2) events in the wes-

tern part of the SoM ; similarly, the  Mw 5.8 Kütahya earthquake, which struck the Simav area at an

estimated depth of 9 km on 2011, May, 19th, was followed by a crisis of shallow seismicity and

SDEs within the Central Basin. Such coïncidences remain unexplained. Further research, based on

statistics, and also on modelling, is needed to determine if the coïncidence is purely  fortuitous, or if

it results from a causative correlation. 

V.2.2 Investigating ultra-shallow seismicity by joint modelling of OBS/piezometer data

A unique  data  set,  including  piezometer  data  and OBS data,  was  acquired  within  the  Marsite

Programme, from October 2013 to November 2014. During this PhD study, we did not have time

for modelling the unique, combined dataset (including piezometer data and OBS data) that was

acquired  by Ifremer  and INGV from October  2013 to  November  2014.  Such modelling  could

certainly contribute to investigate the response of shallow sediments to remote earthquakes.  

V.2.3 Further analysis and modelling of  SDEs  

  

Our  visual  analysis  of  the  OBS  data  has  revealed  many  puzzling  observations  regarding  the

occurrence of SDEs that still remain unexplained. Our analysis was carried out at the end of the

PhD work and based on visual correlations. Due to the lack of time, we could not develop the

appropriate methodology to definitely prove that a systematic correlation exists between “swarmed

SDEs”, “periodic SDEs” and earthquake (remote or local).  We did not either have the time for

numerical modelling.
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Therefore, the perspectives for future work are many, to develop the appropriate methods:

- For  the  automatic  detection  and  characterization  of  SDEs,  including  the  discrimination

between the different types of SDEs: “background”, “swarmed” and “periodic”.

- For locating the source of “swarmed SDEs” and “periodic SDEs”, using noise correlation

analysis method.

- For  the  modelling  (numerical  and  analogical)  of  SDEs,  in  order  to  test  the  different

hypotheses on their origin and  physical mechanism: 

 “swarmed SDEs” have been hypothesized to occur in response to earthquakes

 “periodic SDEs” are supposed to be related  to many possible causes: anthropogenic

sources; marine animals (e.g. mammals, fishes); but also tremors from the MMFs;

fluid emissions; etc. All the hypotheses need to be tested. 

291



References

Agurto-Detzel, H., M. Bianchi, G. A. Prieto, and M. Assumpção (2017), Earthquake source proper-

ties of a shallow induced seismic sequence in SE Brazil, J. Geophys. Res. Solid Earth, 122, 

doi:10.1002/2016JB013623.

Akyüz, H.S., et al, (2000). Filed observations and slip distribution of the November 12, 1999 Duzce

earthqauke (M=7.1) Bolu Turkey. The 1999 Izmit and Duzcr Earthquake : preliminary 

results (Ed. Barka, A., Kocaci, O., Akyuz, S.).

Aksu, A.E., et al, (2000). Anatomy of the North Anatolian fault zone in the Marmara Sea, Western 

Turkey: Extensional basins above a continental transform, GSA Today, 10, 6, 1-2.

Alpar, B., (1999). Underwater signatures of the Kocaeli Earthquake (August 17th 1999), Turkish, J. 

Mar. Sci., 5, 111-130.

Aochi, H., and Ulrich, T. (2015). A Probable Earthquake Scenario near Istanbul Determined  from  

Dynamic Simulations, Bull. Seism. Soc. Am. 105,1468-1475, doi:10.1785/0120140283. 

Aretusini, S., S. Mittempergher, O. Pl mper, E. Spagnuolo, A. F. Gualtieri, and G. Di Toro (2017),

Production of nanoparticles during experimental deformation of smectite and implications for

seismic slip, Earth and Planetary Science Letters, 463, 

221–231, doi:10.1016/j.epsl.2017.01.048.

Barka, A., (1996). Slip distribtuion along the North Anatolian Fault associated with the large 

earthquakes of the period 1939 to 1967, Bull. Seism. Soc. Am., 86, 1238-1254.

Barka et al, (2000a). The August 17, 1999  Izmit earthquake, M = 7.4, Eastern Marmara region, 

Turkey: study of surface rupture and slip distribution. See Barka et al. 2000b, pp. 15–30.

Bayrakci, G., et al,  (2014). Acoustic monitoring of gas emissions from the seafloor. Part II: a case 

292



study from the Sea of Marmara, Mar. Geophys. Res., 35, 211-229, 

doi: 10.1007/s11001-014-9227-7.

Bécel, A., (2006). Structure Sismique de la Faille Nord Anatolienne en Mer de Marmara,

Phd Thesis, Institut de Physique du Globe de Paris.

Bécel, A., et al, (2010). North Marmara Trough architecture of basin infill, basement and faults,  

from PDSM reflection and OBS refractions seismics, Tectonophysics, 490: 1-14.

Blouin,  A.  (2015).  Compte-rendu:  contexte  géologique  et  déplacements  de  fluides  autour  des  

piézomètres Ifremer (Western High, Mer de Marmara).  Stage en entreprise  de dexième  

année, ENSG.

Bohnhoff, M., et al, (2013). An earthquake gap south of Istanbul. Nature Communications, 4, doi:

10.1038/ncomms2999.

Bonhoff,  M.,  et  al,  (2017),  Repeating  Marmara  Sea  Earthquakes:  Indications  for  fault  creep,  

Geophysical Journal International, 210, 332-339, doi.org/10.1093/gji/ggx169  .

Bourry, C., et al, (2009). Free gas and gas hydrates from the Sea of Marmara, Turkey: Chemical and

structural characterization. Chem. Geol., doi:10.1016/j.chemgeo.2009.03.007.

Bowman D.C. and Wilcock S.D., (2013), Unusual signals recorded by ocean bottom seismometers in 

the  flooded  caldera  of  Deception  Island  volcano :  volcanin  gases  or  bilogical  activity?  

Antartic Science 23(3), 267-275, doi:10.1017/S0954102013000758

Buskirk  R.E.,  et  al  (1981),  Evidence  that  bilogical  activity affects  Ocean Bottom Seismograph  

Recordings, Marine Geophysical Researches 5, 189-205.

Çagatay, M.N., (2000). Glacial–Holocene palaeoceanography of the Sea of Marmara: timing of  

connections with the Mediterranean and the Black Sea. Mar. Geol. 167,191–206

Çagatay, M.N., et al, (2009). Late Pleisto-cene–Holocene evolution of the northern shelf of the Sea 

of Marmara: Marine Geology, v. 265, p. 87–100, doi:10.1016/j.margeo.2009.06.011.

293

https://doi.org/10.1093/gji/ggx169


Carton, H. et al, (2007). Seismic imaging of the three-dimensional architecture of the Çınarcık  

Basin along the North Anatolian Fault:  Journal of Geophysical Research, Solid Earth, v.  

112, B06101, doi:10.1029/2006JB004548.

Caselatto, A., (2014). Relations between gas emissions and seismicity within the Sea of Marmara,  

Rapport  de fin d’études  d’ingénieur,  ENSTA-Bretagne /  Mémoire de Stage de Master-2,  

Université de Bretagne Occidentale.

Cros, E., and Géli, L. (2013). Caracterization of microseimicity in the Western Sea of Marmara:  

implications in terms of seismic monitoring, Project Report, Institut Carnot Ifremer-Edrome, 

Abondement 2011, N°06/11/2013, 29 pages.

De  Landro,  G.,  et  al,  (2015).  High  precision  Differential  Earthquake  Location  in  3D  models:  

Evidence for a rheological barrier controlling the microseismicity at the Irpinia fault zone in   

southern Apennines, Geophys. J. Int., 203 (3): 1821-1831, doi: 10.1093/gji/ggv397.

D'Alessando A., et al, (2009), The INGV's new OBS/H: Analysis of

           the signals recorded at the Marsili submarine volcano, J. Volcanol. Geotherm. Res,  

         doi:10.1016/j.jvolgeores.2009.02.008

Dupré S., et al, (2015). Tectonic and sedimentary controls for widespread gas emissions in the Sea

of Marmara, Results from systematic, ship-borne multibeam echosounder water column

imageries, J. Geophys. Res., Solid Earth, 120, doi:10.1002/2014JB011617.

Egeran N., and Lahn E., (1944). Note sur la carte sismique de la Turquie, Bull. Min. Res. Explor. Inst.

Turkey 9,65-63.

Embriaco, D., et al, (2013) Monitoring of gas and seismic energy release by multiparametric benthic 

observatory along the North Anatolian Fault in the Sea of Marmara (NW Turkey), Geophys. 

J. Int., doi: 10.1093/gji/ggt436.

Ergitav, S., et al, (2014). Istanbul’s earthquake hot spots: Geodetic constraints on strain

294



accumulation along faults in the Marmara seismic gap, Geophys. Res. Let., 41, 5783–5788,

doi:10.1002/2014GL060985.

Eyidogan,  H.,  et  al,  (1991).  Türkiye  büyük  depremleri  makro-sismik  rehberi  (1900–1988)  (in  

Turkish), Istanbul Technical University, Faculty of Mining, Department of Geological

Engineering. Kurtis Matbaasi, Istanbul, 198 pp.

Faulkner, D. R., T. M. Mitchell, J. Behnsen, T. Hirose, and T. Shimamoto (2011), Stuck in the mud?

Earthquake nucleation and propagation through accretionary forearcs,  Geophys. Res. Lett,  

38(18), doi:10.1029/2011GL048552.

Fischer, T., C. Matyska, and J. Heinicke (2017), Earthquake-enhanced permeability – evidence from

carbon  dioxide  release  following  the  ML 3.5  earthquake  in  West  Bohemia,  Earth  and  

Planetary Science Letters, 460, 60–67, doi:10.1016/j.epsl.2016.12.001.

Franek P., et  al,  (2014).  Caracter of seismic motion at  a location of a gas hydrate-bearing mud  

volcano on the SW Barents Sea margin. Jour. of Geoph. Res.: Solid Earth,

doi:10.1002/2014JB010990  

Gambino,  S.,  Cammarata  L. and Rapisarda,  S.,  (2009),  High precision locations of long-period

events at La Fossa Crater (Vulcano Island, Italy), Annals of Geophysics, 2, 137-147.

Garagash,  D.  I.,  and  L.  N.  Germanovich  (2012),  Nucleation  and  arrest  of  dynamic  slip  on  a

pressurized fault, J Geophys Res, 117(B10), 4221–27, doi:10.1029/2012JB009209.

Geist, E. L., and S. L. Bilek (2001), Effect of depth‐dependent shear modulus on tsunami generation

along subduction zones, Geophys. Res. Lett, 28(7), 1315–1318, doi:10.1029/2000GL012385.

Géli, L., et al, (2008). Gas emissions and active tectonics within the submerged section of the North

Anatolian Fault zone in the Sea of Marmara. Earth Planet. Sci. Lett., 274 (1-2): 34-39.

Géli, L., et al, (2018). Gas related seismicity within the Istanbul seismic gap, submitted to Nature 

295



Scientific Reports (in press).

Grall, C., et al, (2012). Heat flow in the Sea of Marmara Central Basin, possible implications for the

tectonic evolution of the North Anatolian Fault, Geology, 40:3-6, 

doi:10.1130/G32192.32191.

 Halbach, P.E., et al, (2004). Migration of the sulphate–methane reaction zone in marine sediments

of the Sea of Marmara-can this mechanism be tectonically induced?,  Chem. Geol.,  205 (1-

2), 73-82.

Havskov, J., and Ottemoller, L., (1999). Seisan earthquake analysis software, Seismol. Res. Lett., 70 

(5), 532-534.

Helmstetter, A., et al, (2002). Is Earthquake Triggering Driven by Small Earthquakes? Phys. Rev.  

Lett., DOI: 10.1103/PhysRevLett.91.058501.

Imren,  C.X.,  et  al,  (2001).  The  North  Anatolian  Fault  within  the  Sea  of  Marmara:  A new  

interpretation  based  on  multi-channel  seismic  and  multi-beam  bathymetry  data,  Earth  

Planet. Sci. Lett.,186, (2), 143-158.

Jaeger, J. C., N. Cook, and R. Zimmerman (2007), Fundamentals of rock mechanics.

Karabulut, H., et al, (2011). Evolution of the seismicity in the eastern Marmara Sea a decade before 

and after the 17 August 1999 Izmit earthquake, Tectonophysics, 510, 17–27.

Karabulut,  H.,  and   Aktar,  M.,  (2013).  Strategies  and  tools  for  Real  Time  Earthquake  Risk  

Reduction  (REAKT),  Eu-Funded  Project,  FP7/2007-2013,  Theme:  ENV.2011.1.3.1-1,  

Deliverable D2.2, 22/03/2013.

King, G.C.P., et al, (1994). Static stress changes and the triggering of earthquakes, Bull. Seism.  

Soc. Am. 84, 3, 935-953.

Klein, E., et al, (2017). Aseismic slip and seismogenic coupling in the Marmara Sea: What can we 

learn from onland geodesy? Geoph. Res. Lett., doi:10.1002/2017GL072777.

296

https://doi.org/10.1103/PhysRevLett.91.058501


Kusçu, I., et al, (2005). Seafloor gas seeps and sediment failures triggered by the August 17, 1999

earthquake in the Eastern part of the Gulf of Izmit, Sea of Marmara, NW Turkey. Mar. Geol. 

215, 193–214.

Le Pichon, X., et al, (2001). The active Main Marmara Fault, Earth Planet. Sci. Lett., 192, 595–616.

Le  Pichon,  X.,  et  al,  (2003).  The  North  Anatolian  fault  in  the  Sea  of  Marmara, Journal  of  

Geophysical Research-Solid Earth, 108 (B4), p.2179.

Lienert,  B.R., and Havskov, J., (1995). , A computer program for locating earthquakes both locally 

and globally, Seismol. Res. Lett., 66(5), 26–36.

Lomax, A., et al, (2009). Earthquake Location, Direct, Global-Search Methods, in Complexity In 

Encyclopedia of Complexity and System Science, Part 5, Springer, New York, pp. 2449-

2473, doi:10.1007/978-0-387-30440-3.

Lomax, A., (2014). Mise en oeuvre et support pour logiciels de traitement automatisé de données 

sismologiques acquises dans le cadre du projet  Européen FP7 Marsite,  Contract  report,  

Reference CNRS, MA201301A.

Meade, B.J., et al, (2002). Estimates of seismic potential in  the Marmara Sea region from block 

models of secular deformation constrained by Global Positioning System measurements,  

Bull. Seismol. Soc. Am., 92 (1), 208–215.

Okada, Y. (1992), Internal deformation due to shear and tensile faults in a half-space, Bulletin of the

Seismological Society of America, 82(2), 1018–1040.

Okay,  A.I.,  et  al,  (1996). Paleo- and Neo-Tethyan events in northwest Turkey:  Geological and  

geochronological constraints. In A. Yin & M. Harrison (Eds.) Tectonics of Asia, 420-441, 

Cambridge: Cambridge University Press.

Okay, A.I., and Tuysuz, O., (1999). Tethyan sutures of northern Turkey. In “The Mediterranean  

Basins: Tertiary extension within the Alpine orogen” (eds. B. Durand, L. Jolivet, F. Horvath 

297



and M. Séranne), Geological Society, London, Special Publication 156, 475-515 

Parsons, I. D., J. F. Hall, and G. A. Lyzenga (1988), Relationships between the average offset and

the stress drop for two- and three-dimensional faults,  Bulletin of the Seismological Society of

America, 78(2), 931–945.

Rangin et al, (2004). Strain localization in the Sea of Marmara: Propagation of the North Anatolian 

Fault in a now inactive pull-apart: Tectonics, v. 23, TC2014, doi:10.1029/2002TC001437.

Remitti, F., S. A. F. Smith, S. Mittempergher, A. F. Gualtieri, and G. Di Toro (2015), Frictional

properties of fault zone gouges from the J-FAST drilling project ( M w9.0 2011 Tohoku-Oki

earthquake), Geophys. Res. Lett, 42(8), 2691–2699, doi:10.1002/2015GL063507.

Rice,  J.R.,  Cleary,  M.P.,  1976.  Some basic  stress  diffusion  solutions  for  fluid-saturated  elastic

porous media with compressible constituents, Reviews of Geophysics and Space Physics, 14(2),

227-241. doi:10.1029/RG014i002p00227.

Romano,  F.,  E.  Trasatti,  S.  Lorito,  C.  Piromallo,  A.  Piatanesi,  Y.  Ito,  D.  Zhao,  K.  Hirata,  P.

Lanucara, and M. Cocco (2014), Structural control on the Tohoku earthquake rupture process

investigated by 3D FEM, tsunami and geodetic data, Sci. Rep., 4, doi:10.1038/srep05631.

Saffer, D. M., D. A. Lockner, and A. McKiernan (2012), Effects of smectite to illite transformation

on the frictional strength and sliding stability of intact marine mudstones, Geophys. Res. Lett,

39(11), L11304, doi:10.1029/2012GL051761.

Sakic, P., et al, (2016). No significant steady state surface creep along the North Anatolian Fault

offshore Istanbul: Results of 6 months of seafloor acoustic ranging, Geophys. Res. Lett., 43,

6817–6825, doi:10.1002/2016GL069600.

Şaroğlu et al, (1987). Turkiye’nin diri faylari ve depremsellikleri, Min. Res. Expl. Inst. Turkey 

298



Rept. No. 8174.

Şaroğlu et al, (1992). The East Anatolian fault zone of Turkey, Ann. Tectonicae, VI, 99–125.

Sato, T., et al, (2004), A study of microearthquake seismicity and focal mechanisms within the Sea 

of  Marmara  (NW Turkey)  using  ocean  bottom  seismometers  (OBSs),  Tectonophysics,  

391:303, 314. doi:10.1016/j.tecto.2004.07.018.

Sengör, A.M.C. and Yilmaz, Y., (1981). Tethyan evolution of Turkey : A plate tectonic approach. 
Tectonophysics, 75, 181-241

Şengör, A. M. C., et al, (2005), The North Anatolian Fault: A new look, Annu. Rev. Earth Planet. 

Sci., 33, 37–112, doi:10.1146/annurev.earth.32.101802.120415.

Şengör, A.M.C., et al, (2011). Broad shear zones and narrow strike-slip faults in orogens and their 

role in forming the orogenic architecture: The North Anatolian Fault as an active example, 

Joint Meeting GeoMunich, Fragile Earth. Geological Processes from Global to Local Scales,

associated Hazards and Resources, 14-2, A18, Munich, Germany, September 4–7. 

Şengör, A. M. C., et al, (2014). The geometry of the North Anatolian transform fault in the Sea of

Marmara and its temporal evolution: Implications for the development of intracontinental

transform faults, Can. J. Earth Sci., 51(3), 222–242, doi:10.1139/cjes-2013-0160

Schmittbuhl, J., et al, (2015).  Seismicity distribution and locking depth along the Main Marmara 

Fault, Turkey, , Geochemistry, Geophysics, Geosystems, DOI:10.1002/2015GC006120

Schmittbuhl,  J.,  et  al,  (2016). Long-lasting seismic repeaters in the Central  Basin of the Main  

Marmara Fault, Geophys. Res. Lett., 43, 9527–9534, doi:10.1002/2016GL070505.

Schorlemmer, D., and Wiemer, S., (2005). Microseismicity data forecast rupture area, Nature, 434, 

doi:10.1038/nature03581.

Sibson,  R.,  and G.  Xie  (1998),  Dip  range for  intracontinental  reverse  fault  ruptures:  truth  not

stranger than friction, Bulletin of the Seismological Society of America, 88(4), 1014–1022.

299



Sultan, N., et al, (2011). Dynamics of fault-fluid-hydrate system around a shale-cored anticline in 

deepwater Nigeria, J. Geoph. Reas., 116, B1210, doi:10.1029/2011JB008218.

Tary, J.-B.,  et al,  (2011). Sea-Bottom Observations from the Western Escarpment of the Sea of  

Marmara, Bull. Seism. Soc. Am., 101 (2), 101, 775-791, doi:10.1785/0120100014.

Tary, J.-B., et al,  (2012). Micro-events produced by gas migration and expulsion at the seabed: a 

study based on sea bottom recordings from the Sea of Marmara,  Geophys. J.  Int.,  doi:  

10.1111/j.1365-246X.2012.05533.x

Thomas, Y.,  et al,  (2012). Contribution of high-resolution 3D seismic near-seafloor imaging to  

reservoir scale studies: application to the active north Anatolian Fault, Sea of Marmara,  

Near Surface Geophysics, 10, 291-301, doi:10.3997/1873-0604.2012019.

Ujiie, K., and G. Kimura (2014), Earthquake faulting in subduction zones: insights from fault rocks

in accretionary prisms, Prog Earth Planet Sci, 1(1), 7–30, doi:10.1186/2197-4284-1-7.

Zitter, T.A.C., et al,  (2008). Cold seeps along the main Marmara Fault in the Sea of Marmara  

(Turkey). Deep Sea Research Part I: Oceanographic Research Papers 55, 552–570.

Viesca, R. C., and J. R. Rice (2012), Nucleation of slip-weakening rupture instability in landslides

by localized increase of pore pressure, J Geophys Res,

 117(B3), 255–21, doi:10.1029/2011JB008866.

Vreme, A., B. Pouligny, F. Nadal, and G. Liger-Belair (2015), Does shaking increase the pressure

inside  a  bottle  of  champagne?  Journal  of  Colloid  and  Interface  Science,  439,  42–53,

doi:10.1016/j.jcis.2014.10.008.

Waldhauser, F., and Ellsworth, W.L., (2000). A double-difference earthquake location algorithm:  

Method and application to the northern Hayward fault, California, Bull. Seismol. Soc. Am., 

90 (6), 1353-1368.

300



Yamamoto, Y., et al, (2017). Geometry and segmentation of the North Anatolian Fault beneath the 

Marmara Sea, Turkey, deduced from long-term ocean bottom seismgraphic observations,  

JGR, doi:10.1002/2016JB013608.

Yilmaz, I., and M. Üstünkaya (2004), Unconsolidated clays from the inner shore of the Gemlik Gulf

in the Marmara Sea (Bursa-Turkey),  Bull Eng Geol Environ,  63(2), doi:10.1007/s10064-004-

0229-6.

301



302



303



Titre de la thèse: Micro-seismicité et processus de fond de mer dans la partie ouest de la Mer de Marmara: nouveaux
résultats fondés sur l'analyse des données de sismographes et hydrophones sous-marins  

RÉSUMÉ 

Depuis les séismes dévastateurs de 1999 d’Izmit et de Duzce, la partie immergée de la Faille Nord Anatolienne (FNA)
en Mer de Marmara fait l’objet d’une intense surveillance.  Malgré cela, la micro-sismicité demeure mal connue. Par
ailleurs, alors  que la connexion avec le système pétrolier du Bassin de Thrace est  établie, le rôle du gaz sur la sismicité
n’a pas été identifié. 

Dans ce travail, nous avons analysé des données d’OBS (Ocean Bottom Seismometers) acquises dans la partie ouest de
la Mer de Marmara (en avril-juillet 2011 et septembre-novembre 2014), à partir de méthodes non-linéaires -NonLinLoc-
et  d’un modèle 3D de vitesses.  Une grande partie de la sismicité se produit à des profondeurs inférieures à 6 km
environ : le long de failles secondaires, héritées de l’histoire complexe de la FNA ; ou dans des couches de sédiments
superficiels (< 1 km) riches en gaz.  Cette sismicité superficielle semble être associée à des processus liés au gaz,
déclenchés par les séismes profonds de magnitude Ml > 4.5 qui se produisent régulièrement le long de la MMF. 

Par ailleurs, 2 familles de signaux de courte durée (<1s), dits « SDE » (pour Short Duration Event) apparaissent sur les
enregistrements : 1) les SDE se produisant à raison de quelques dizaines de SDE/jour, en réponse à des causes locales
(i.e. bioturbation, activité biologique, micro-bullage de fond de mer, mouvements à l’interface eau/sédiment), etc ; 2) les
SDE se produisant par «paquets», dont certains sont enregistrés sur les 4 composantes (y compris l’hydrophone) et
apparaissent de manière périodique, toutes les 1.8 s environ, en réponse à diverses causes qui restent à déterminer
(parmi lesquelles : les mammifères marins ; l’activité humaine ; la sismicité ; le dégazage ; les «trémors» sismiques ;
etc).  

Mots-clés: micro-seismicité, localisation, sismomètres de fond de mer, sismicité induite par le gaz. 

***********************************************************************************

Dissertation's Title: Micro-seismicity and deep seafloor processes in the Western Sea of Marmara: insights from the
analysis of Ocean Bottom Seismometer and Hydrophone data

ABSTRACT

Since the devastating earthquakes of 1999, east of Istanbul, the submerged section of the North Anatolian Fault (NAF),
in the Sea of Marmara (SoM) has been intensively monitored, mainly using land stations. Still, the micro-seismicity
remains poorly understood. In addition, although the connection of the SoM with the hydrocarbon gas system from the
Thrace Basin is now well established, along with the presence of widespread gas within the sedimentary layers, the role
of gas on seismicity is still not recognized. 

Here,  we  have  analyzed  Ocean  Bottom  Seismometer  (OBS)  data  from  two  deployments  (April-July  2011  and
September-November 2014) in the western SoM.   Based on a high-resolution, 3D-velocity model, and on non-linear
methods (NonLinLoc), our location results show that a large part of the micro-seismicity occurs at shallow depths (< 6 à
8 km): along secondary faults, inherited from the complex history of the North-Anatolian shear zone; or within the
uppermost (< 1 km), gas-rich, sediment layers. Part of this ultra-shallow seismicity is likely triggered by the deep
earthquakes of intermediate magnitude (Ml > 4.5) that frequently occur along the western segments of the MMF.  

In addition, OBSs also record at least two families of short duration (<1 sec) events (SDEs): 1) “background SDEs”
occurring on a permanent,  at  a  rate  of a few tens of  SDEs/day,  resulting from many possible,  local  causes,  e.  g.:
degassing from the seafloor, biological activity near the seabed, bioturbation, etc; 2) “swarmed SDEs”, among which
some are recorded also on the hydrophone, and characterized by a periodicity of ~ 1.8 seconds. The causes of these
SDEs still remain to be determined (among which: anthropogenic causes, marine mammals, gas emissions, regional
seismicity, tremors from the MMF, etc).  
 

Keywords: micro-seismicity, earthquake location, ocean bottom seismometers, gas-related seismicity
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