*

THÈSE DE DOCTORAT DE

L'UNIVERSITE
DE BRETAGNE OCCIDENTALE
ECOLE DOCTORALE N° 598
Sciences de la Mer et du littoral
Spécialité : Géosciences Marines

Par

Florent COLIN
Caractérisation des systèmes gaz/hydrates de gaz de la Mer
Noire par imagerie sismique haute résolution remorquée en
fond de mer (SYSIF)
Thèse présentée et soutenue à Brest, le 1er décembre 2020.
Unité de recherche : Ifremer, Unité Géosciences Marines, Laboratoire Aléas géologiques et
Dynamique sédimentaire.

Rapporteurs avant soutenance :

Composition du Jury :

Michel DIETRICH

Marc-André GUTSCHER

Directeur de recherche,
Observatoire des Sciences
de l’Univers de Grenoble

Directeur de recherche – Institut Universitaire Européen de la
Mer / Président du jury

Michel DIETRICH
Umberta TINIVELLA

Professeur,
Istituto Nazionale di
Oceanografia e di
Geofisica Sperimentale

Directeur de recherche – Observatoire des Sciences de
l’Univers de Grenoble / Rapporteur

Umberta TINIVELLA
Professeur – Istituto Nazionale di Oceanografia e di Geofisica
Sperimentale / Rapporteuse

Andreia PLAZA FAVEROLA
Chercheuse – Centre for Arctic Gas Hydrate, Environment and
Climate / Examinatrice

Mark NOBLE
Chercheur – MINES ParisTech / Examinateur

Pascal TARITS
Professeur – Institut Universitaire Européen de la Mer /
Directeur de thèse

Bruno MARSSET
Chercheur – Ifremer / Encadrant scientifique

Stéphan KER
Chercheur – Ifremer / Encadrant scientifique

Titre : Caractérisation des systèmes gaz/hydrates de gaz de la Mer Noire par imagerie sismique haute résolution
remorquée en fond de mer (SYSIF)
Mots clés : Traitement sismique, très haute résolution, sismique grand fond, hydrates de gaz, gaz libre, Mer Noire
Résumé : L'étude des hydrates de gaz marins à grandes
profondeurs d'eau à l'aide de données sismiques est
limitée par la résolution des systèmes d'acquisition actuels.
L'acquisition de données sismiques remorquées en fond de
mer multitraces très haute résolution vise à briser cette
limitation. Un système sismique remorqué en profondeur
peut fournir des données sismiques avec une résolution
verticale métrique lorsque la séquence de traitement
appropriée est utilisée. Cependant, le traitement des
données multitraces remorquées en fond de mer est
complexe car la source et les récepteurs se déplacent
constamment l'un par rapport à l'autre. Dans la première
partie de ce projet de thèse, nous avons développé des
méthodes de traitement adaptées au système d'acquisition
SYstème SIsmique de Fond (SYSIF), développé par l'Ifremer.
La séquence de traitement permet d’obtenir des
résolutions verticales et latérales jusqu'à 0,65 m et 1,7 m,
respectivement. Nous avons également introduit un
nouveau workflow, basé sur le datuming par équation

d’onde, qui permet l'application d'algorithmes de
traitement conventionnels à de larges ensembles de
données sismiques remorquées en fond de mer. La
deuxième partie de ces travaux vise à mieux définir la
dynamique en jeu dans le système hydrates de gaz de la
mer Noire occidentale à l'aide de données sismiques
remorquées en fond de mer acquises lors du projet GHASS
(Hydrates de gaz, activités fluides et déformations
sédimentaires dans la Mer Noire occidentale). La région a
récemment subi un changement environnemental majeur
et la question de savoir si le système hydrate a atteint un
état stable depuis le dernier maximum glaciaire reste
débattue. Nous montrons ici que le rééquilibre du système
hydrates de gaz est un processus lent et ne se produit pas
de manière homogène. L'exemple de la mer Noire met en
évidence que la dissociation des hydrates de méthane et le
dégagement de méthane dans la colonne d'eau sont peu
susceptibles de se produire sous forme de dissociation
catastrophique.

Title: Characterisation of free gas/gas hydrate systems in the Black Sea based on deep-towed high-resolution
multichannel seismic imaging (SYSIF)
Keywords: Seismic processing, very high resolution, deep-tow, gas hydrates, free gas, Black Sea
Abstract: The study of marine gas hydrates in great water
depths using seismic data is limited by the resolution of
current acquisition systems. The acquisition of very highresolution multichannel deep-towed seismic data aims to
break this limitation. Deep-towed seismic system can
provide seismic data with metric vertical resolution when
the proper processing sequence is employed. However, the
processing of deep-towed multichannel data is challenging
as the source and receivers are constantly moving with
respect to each other. In the first part of this PhD project,
we developed processing methods tailored to the
acquisition system SYstème SIsmique de Fond (SYSIF),
developed by Ifremer. The processing sequence allows
vertical and lateral resolutions up to 0.65 m and 1.7 m,
respectively. We have also introduced a new workflow,
based on wave-equation datuming, that allows the
application of conventional processing algorithms to large

deep-towed seismic data sets. The second part of this work
aims at better defining the dynamic in play in the gas
hydrate system of the western Black Sea using deep-towed
seismic data acquired during the GHASS project (Gas
Hydrates, fluid Activities and Sediment deformations in the
western Black Sea). The area recently underwent a major
environmental change and it remains a matter of debate as
to whether the large gas hydrate system has reached a
steady-state since the last glacial maximum. We show that
the reequilibrium of the gas hydrate system is a slow
process and is not occurring homogeneously. The Black Sea
example highlights that dissociation of methane hydrates
and the associated methane release in the water column
are unlikely to occur as a run-away dissociation.
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Introduction (English)
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Gas hydrates are ice-like substances formed when water and free gas are found together in sediments,
under suitable temperature and pressure conditions. These conditions are usually met in permafrost
sediments or marine sediments below a few hundred meters water depth, the area where gas hydrates
form is called the “gas hydrate stability zone”. In coarse-grained sediments, gas hydrates often form
as disseminated grains and pore fillings, whereas in finer silt/clay deposits they commonly appear as
nodules and veins (Waite et al., 2009). In marine settings, gas hydrates are also observed as surface
crusts on the seafloor (Dillon & Max, 2003). In the landward part of a marine hydrate system, the gas
hydrate stability zone thins to vanishing due to decreasing water depth and thus hydrostatic pressure.
In this particular area, gas hydrates are present as a thin layer below the seafloor. These shallow
hydrates are the most prone to destabilisation as they are the most sensitive to changes in
environmental conditions, such as ocean warming and sea level lowstands.
The motivations behind the study of gas hydrates study hinge behind three major aspects: i) energy
resources, ii) climate change, and iii) slope stability. First, as gas hydrates could host twice as much
carbon as all other fossil fuels combined (Chong et al., 2016; Ruppel & Kessler, 2017), their potential
as fossil fuel resources represent a primary interest (Boswell & Collett, 2011; Chong et al., 2016;
Johnson, 2011; Milkov, 2004; Yamamoto et al., 2014; Zander et al., 2018). The second and third
motivations lie in the context of gas hydrate destabilisation. Methane hydrates are the most common
type of hydrates and methane is a very potent greenhouse-gas (Howarth et al., 2011; Shindell et al.,
2009). If hydrates were to dissociate, the resulting free gas could have a major impact on climate
change. The free gas discharged in the sediment may reach the water column, contributing to ocean
acidification (Valentine et al., 2001) and possibly, although still subject of debate (McGinnis et al., 2006;
Ruppel & Kessler, 2017), also the atmosphere, where it would contribute to global warming.
Eventually, gas hydrates are a conditioning factor of landslides as their dissociation weakens the
sediment properties thus facilitating slope failure (Mienert et al., 1998, 2005; Xu & Germanovich,
2006). Several massive submarine landslides have been associated to the dissociation of gas hydrates,
such as the Storegga slide (Bouriak et al., 2000; Bünz & Mienert, 2004; Vanneste, 2000) or the mass
transport deposits buried in the Amazon fan (Maslin et al., 1998).
The gas hydrate system located in the Romanian sector of the Black Sea is of first interest as it could
presently be in disequilibrium (transient regime, Ker et al., 2019) consecutive to a water level rise
(Lericolais et al., 2009) as well as water temperature and salinity increase (Soulet et al., 2010, 2011)
around 9000 years ago. The area has been extensively studied recently through several seismic,
geotechnical, geochemical and electromagnetic surveys (Bialas et al., 2020; Hillman, Burwicz, et al.,
2018; Hillman, Klaucke, et al., 2018; Ker et al., 2019; Pape et al., 2020; Popescu et al., 2001, 2004, 2006,
2007; Riboulot et al., 2017, 2018; Riedel et al., 2020; Schwalenberg et al., 2020; Zander et al., 2017).
Nonetheless, the dynamic of the system has yet to be perfectly understood and the current state of
the system is still being discussed. In the area, the landward termination of the gas hydrates stability
zone, where gas hydrates are the most prone to dissociation, is located at around 700 m depth. At that
depth, conventional high-resolution surface-towed seismic acquisition systems do not provide the
vertical and horizontal resolutions needed to study the free gas-gas hydrate boundary, where changes
occur at a very small scale.
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To acquire seismic data with a resolution in adequation with the study of the dynamic of a gas hydrate
system, seismic systems providing very high vertical and lateral resolutions are needed. Deep-towed
seismic systems, where the very high-frequency acoustic source (220-1050 Hz) and the receivers are
brought close the seafloor, provide sub-metric vertical resolution and metric lateral resolution
(Breitzke & Bialas, 2003; Hutapea et al., 2020; Ker et al., 2008; Rowe & Gettrust, 1993). The deeptowed seismic system SYstème SIsmique de Fond (SYSIF) was deployed in the Black Sea to study
shallow hydrates. SYSIF was previously used in gas hydrates or submarine landslide studies (Ker et al.,
2010; Riboulot et al., 2018; Sultan et al., 2010, 2011) but the last technological developments recently
brought characterization capabilities to the system. Specifically, a multichannel seismic streamer was
developed to be towed at great water depth by the tow-fish (B. Marsset et al., 2014).
The thesis aims at improving the characterisation of the free gas/gas hydrate system of the western
Black Sea together with its dynamic using very high-resolution seismic images. However, the specific
acquisition geometry of the system requires dedicated processing algorithms to take full advantage of
the sub-metric vertical resolution of SYSIF (Ker et al., 2010; B. Marsset et al., 2018). The specific
algorithms are required mostly because of the specific acquisition geometry of the system, as SYSIF is
towed at a constant altitude above the seafloor, hence variable depth. The depth variations of the towfish propagate along the streamer, deforming it and causing a complex acquisition geometry where
the depths of the receivers are constantly changing. Therefore, the dedicated processing of the
acquisition geometry is necessary to achieve very high-resolution imaging in deep waters
environments (Dosso & Riedel, 2001; Goutorbe & Combier, 2010).
The first part of this thesis (Chapter 1and Chapter 2) introduces the different fields of study explored
in this manuscript. We first introduce gas hydrates, and we present the consequences of their
destabilisation. Specifically, we present the gas hydrate system of the western Black Sea, studied by
the GHASS project (Gas Hydrates, fluid Activities and Sediment deformations in the western Black Sea).
During the GHASS acquisition campaign, 2D high-resolution surface-towed seismic data were acquired
together with very high-resolution deep-towed multichannel seismic data. The deep-towed seismic
acquisition system SYSIF is presented in the second chapter along with the state-of-the-art of the
processing techniques developed for deep-towed seismic data.
The second part of this work (Chapter 3, Chapter 4, Chapter 5, and Chapter 6) revolves around
improving the processing of SYSIF data. The very small wavelength of SYSIF seismic data (down to 1.4
m) requires accurate knowledge of the source-receiver offsets that the existing processing sequence
fails to deliver. We propose a new processing sequence based on the inversion of the streamer’s
geometry. The inversion procedure relies on seismic waves travel times to recover the receivers’
vertical and horizontal offsets with the required accuracy. The depth of the receivers along a seismic
profile is not suitable for the processing of seismic data using conventional algorithms developed for
surface-towed seismic systems, where all receivers are located at the same depth. Thus, we adapted
to SYSIF data a wave-equation datuming algorithm originally proposed by Berryhill (1979). This
algorithm aims at moving the receivers and sources to a common depth while preserving the original
waveform of the seismic signal. This processing step allows applying any of the conventional processing
algorithm developed for surface-towed seismic acquisitions. For example, the datuming of the seismic
data allows the application of NMO-based velocity analysis and eventually to produce depth images of
the subsurface. Depth images are essential to properly study the dynamic of a gas hydrate system.
The third and last part (Chapter 7) takes advantage of the very high-resolution multichannel deeptowed seismic data to study the dynamics of the free gas and gas hydrate system. In Chapter 7, the
interpretation of the seismic data allows studying the dynamics of the hydrate system. The deep-towed
seismic data acquired during the GHASS provide seismic images of the bottom of the gas hydrate
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stability zone at a resolution never seen before in the study of marine gas hydrates. The very highresolution imaging allows observing small-scale changes to the free gas-gas hydrate boundary and is
essential in characterising the dynamics of the gas hydrate system. Specifically, the presented seismic
sections expose the peculiar shape of the free gas-gas hydrate boundary in the area. We discuss the
possible causes for such irregularity and we propose a simple conceptual model explaining our
observation.
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Les hydrates de gaz sont des composés semblables à de la glace qui se forment lorsque de l'eau et du
gaz libre se trouvent ensemble dans les sédiments, dans des conditions de température et de pression
appropriées. Ces conditions sont généralement réunies dans les sédiments de pergélisol ou les
sédiments marins sous une profondeur d’eau de quelques centaines de mètres, la zone où les hydrates
de gaz se forment est nommée «zone de stabilité des hydrates de gaz». Dans les sédiments grossiers,
les hydrates de gaz se forment souvent sous forme de grains disséminés et par remplissage des pores,
tandis que dans les dépôts plus fins (limon/argile), ils apparaissent généralement sous forme de
nodules et de veines (Waite et al., 2009). En milieu marin, les hydrates de gaz sont également observés
sous forme de croûtes sur le fond marin (Dillon & Max, 2003). Dans la partie la moins profonde d'un
système d'hydrates marins, la zone de stabilité d'hydrate de gaz s'amincit jusqu'à disparaître en raison
de la diminution de la profondeur de l'eau et donc de la pression hydrostatique. Dans cette zone
particulière, les hydrates de gaz sont présents sous la forme d'une couche mince sous le fond marin.
Ces hydrates peu profonds sont le plus sujet à la déstabilisation car ils sont les plus sensibles aux
changements des conditions environnementales, tels que le réchauffement des océans et les bas
niveaux marins.
Les motivations de l'étude des hydrates de gaz s'articulent autour de trois aspects majeurs: i) les
ressources énergétiques, ii) le changement climatique et iii) la stabilité des pentes. Premièrement, les
hydrates de gaz pourraient contenir deux fois plus de carbone que tous les autres combustibles fossiles
combinés (Chong et al., 2016; Ruppel & Kessler, 2017), ainsi leur potentiel en tant que ressources en
combustibles fossiles est d’un intérêt majeur (Boswell & Collett, 2011; Chong et al., 2016; Johnson,
2011; Milkov, 2004; Yamamoto et al., 2014; Zander et al., 2018). Les deuxième et troisième motivations
se justifient dans le contexte de la déstabilisation des hydrates de gaz. Les hydrates de méthane sont
le type d'hydrates le plus courant et le méthane est un gaz à effet de serre très puissant (Howarth et
al., 2011; Shindell et al., 2009). Si les hydrates venaient à se dissocier, le gaz libre produit pourrait avoir
un impact majeur sur le changement climatique. En effet, le gaz libre rejeté dans les sédiments peut
atteindre la colonne d'eau, contribuant à l'acidification des océans (Valentine et al., 2001) et peut-être,
bien que toujours sujet à débat (McGinnis et al., 2006; Ruppel & Kessler, 2017), l’atmosphère, où il
contribuerait au réchauffement climatique. Finalement, les hydrates de gaz sont un facteur de préconditionnement des glissements de terrain car leur dissociation affaiblit les propriétés méchaniques
des sédiments, facilitant ainsi la rupture de pente (Mienert et al., 1998, 2005; Xu & Germanovich,
2006). Plusieurs glissements de terrain sous-marins massifs ont été associés à la dissociation des
hydrates de gaz, comme le glissement de Storegga (Bouriak et al., 2000; Bünz & Mienert, 2004;
Vanneste, 2000) ou les glissements enfouis dans le cône alluvial amazonien (Maslin et al., 1998).
Le système d'hydrates de gaz situé dans le secteur roumain de la mer Noire est de première importance
car il pourrait être actuellement en déséquilibre (transient regime, Ker et al., 2019) suite à une
élévation du niveau d'eau (Lericolais et al., 2009) et à l'augmentation de la température et de la salinité
de l'eau (Soulet et al., 2010, 2011) il y a environ 9000 ans. La zone a été étudiée de manière
approfondie récemment grâce à plusieurs levés sismiques, géotechniques, géochimiques et
électromagnétiques (Bialas et al., 2020; Hillman, Burwicz, et al., 2018; Hillman, Klaucke, et al., 2018;
Ker et al., 2019; Pape et al., 2020; Popescu et al., 2001, 2004, 2006, 2007; Riboulot et al., 2017, 2018;
Riedel et al., 2020; Schwalenberg et al., 2020; Zander et al., 2017). Néanmoins, la dynamique du
système n'a pas encore été parfaitement comprise et l'état actuel du système est toujours en
discussion. Dans la zone, la partie la moins profonde de la zone de stabilité des hydrates de gaz, où les
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hydrates de gaz sont les plus sujettes à la dissociation, est située à environ 700 m de profondeur. À
cette profondeur, les systèmes d'acquisition sismique conventionnels à haute résolution, remorqués
en surface, ne fournissent pas les résolutions verticales et horizontales nécessaires pour étudier la
frontière entre le gaz libre et les hydrates de gaz, où les altérations se produisent à très petite échelle.
Afin d’acquérir des données sismiques avec une résolution en adéquation avec l'étude de la
dynamique d'un système d'hydrates de gaz, des systèmes sismiques offrant des résolutions verticales
et latérales très élevées sont nécessaires. Les systèmes sismiques remorqués en fond de mer, où la
source acoustique à très haute fréquence (220-1050 Hz) et les récepteurs sont remorqués proche du
fond marin, fournissent une résolution verticale pluridécimétrique et une résolution latérale métrique
(Breitzke & Bialas, 2003; Hutapea et al., 2020; Ker et al., 2008; Rowe & Gettrust, 1993). Le système
sismique remorqué en profondeur SYstème SIsmique de Fond (SYSIF) a été déployé en mer Noire afin
d’étudier les hydrates peu profonds. Le SYSIF a été utilisé par le passé dans des études traitant des
hydrates de gaz ou des glissements de terrain sous-marins (Ker et al., 2010; Riboulot et al., 2018; Sultan
et al., 2010, 2011) mais les derniers développements technologiques ont récemment apporté au
système des capacités de caractérisation sismique. Plus précisément, un streamer sismique multitrace
a été développé afin de pouvoir être remorqué à grande profondeur d'eau par le lest instrumenté (B.
Marsset et al., 2014).
Cette thèse vise à améliorer la caractérisation du système gaz / hydrate de gaz de la mer Noire
occidentale ainsi que sa dynamique à l'aide d'images sismiques à très haute résolution. Cependant, la
géométrie d'acquisition spécifique du système demande des algorithmes de traitement dédiés pour
tirer pleinement parti de la résolution verticale pluridécimétrique de SYSIF (Ker et al., 2010; B. Marsset
et al., 2018). Ces algorithmes spécifiques sont nécessaires principalement en raison de la géométrie
d'acquisition spécifique du système, en effet SYSIF est remorqué à une altitude constante au-dessus
du fond marin, et donc à une profondeur variable. Les variations de profondeur du lest instrumenté se
propagent le long de la flûte sismique, la déformant et provoquant une géométrie d'acquisition
complexe où la profondeur des récepteurs changent constamment. Par conséquent, le traitement
dédié de la géométrie d'acquisition est nécessaire pour obtenir une imagerie à très haute résolution
en eaux profondes (Dosso & Riedel, 2001; Goutorbe & Combier, 2010).
La première partie de cette thèse (Chapitres 1 et 2) présente les différents domaines d'étude explorés
dans ce manuscrit. Nous introduisons dans un premier temps les hydrates de gaz, et nous présentons
les conséquences de leur déstabilisation. Plus précisément, nous présentons le système d'hydrates de
gaz de la mer Noire occidentale, étudié lors du projet GHASS (Hydrates de gaz, activités fluides et
déformations des sédiments de la mer Noire occidentale). Au cours de la campagne d'acquisition
GHASS, des données sismiques 2D haute résolution remorquées en surface ont été acquises ainsi que
des données sismiques multitrace à très haute résolution remorquées en fond de mer. Le système
d'acquisition sismique remorqué en fond de mer SYSIF est présenté au cours du deuxième chapitre
ainsi que l'état de l'art des outils de traitement développées pour les données sismiques remorquées
en fond de mer.
La deuxième partie de ce travail (Chapitres 3 à 6) s'articule autour de l'amélioration du traitement des
données SYSIF. La très petite longueur d'onde des données sismiques SYSIF (jusqu'à 1,4 m) nécessite
une connaissance précise des distances source-récepteur que la séquence de traitement existante ne
parvient pas à fournir. Nous proposons une nouvelle séquence de traitement basée sur l'inversion de
la géométrie de la flûte sismique. La procédure d'inversion repose sur les temps de parcours des ondes
sismiques pour récupérer les distances verticales et horizontales des récepteurs avec la précision
requise. La profondeur des récepteurs le long d'un profil sismique n'est pas adaptée au traitement des
données sismiques à l'aide d'algorithmes conventionnels développés pour les systèmes sismiques

26

Introduction (français)
remorqués en surface, où tous les récepteurs sont situés à la même profondeur. Ainsi, nous avons
adapté aux données SYSIF un algorithme de datuming par équation d'onde proposé à l'origine par
Berryhill (1979). Cet algorithme vise à déplacer les récepteurs et les sources à une profondeur
commune tout en préservant la forme d'onde originale du signal sismique. Cette étape de traitement
permet d'appliquer les algorithmes de traitement conventionnels développés pour les acquisitions
sismiques remorquées en surface. Par exemple, le datuming des données sismiques permet
l'application d'une analyse de vitesse basée sur le NMO et de produire des images en profondeur du
sous-sol. Ces images en profondeur sont essentielles pour étudier correctement la dynamique d'un
système d'hydrates de gaz.
La troisième et dernière partie (Chapitre 7) tire parti des données sismiques remorquées en fond de
mer multicanaux à très haute résolution pour étudier la dynamique du système de gaz libres et
d'hydrates de gaz. Au Chapitre 7, l'interprétation des données sismiques permet d'étudier la
dynamique du système hydrate. Les données sismiques remorquée en fond de mer acquises pendant
la campagne GHASS fournissent des images sismiques de la partie inférieure de la zone de stabilité des
hydrates à une résolution jamais vue auparavant dans l'étude des hydrates de gaz marins. L'imagerie
à très haute résolution permet d'observer les changements à petite échelle de la limite gaz-hydrate de
gaz et est essentielle pour caractériser la dynamique du système hydrate. Plus précisément, les
sections sismiques présentées exposent la forme particulière de la frontière entre gaz libre et hydrate
de gaz. Nous discutons des causes possibles d'une telle irrégularité et nous proposons un modèle
conceptuel simple permettant d’expliquer notre observation.
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Chapter 1.
Gas hydrate system of the western Black
Sea
Abstract
Gas hydrates are crystalline solids formed of water and gas which are stable in permafrost and marine
sediments under the proper pressure, temperature and salinity conditions. When these environmental
conditions are not satisfied anymore, hydrates dissociate and turn into water and free gas, mostly
methane. The overpressure generated by this dissociation may be responsible for the weakening of
the surrounding host sedimentary layers and acts as a preconditioning mechanism to ground failure.
In addition, the methane released may reach the seafloor, the water column and potentially the
atmosphere, acidifying oceans and increasing the greenhouse effect. The multidisciplinary GHASS
project aims to investigate the dynamics of the gas hydrate system of the western Black Sea in
response to major changes in stability conditions that occurred 9000 years ago after the connexion to
the Mediterranean sea. The characterisation of the whole GH system was undertaken by acquiring
high-resolution seismic data with a conventional surface towed system and very high-resolution
seismic data by the Ifremer deep-towed seismic system SYSIF. The ability of deep-towed seismic data
to provide seismic images with a vertical resolution below 1 m enables a precise investigation of the
gas hydrate stability zone, and especially its landward limit. Such resolution, never reached so far in
the study of GHs, would enable to better define the current state of the gas hydrate system of the
western Black Sea.

Résumé
Les hydrates de gaz sont des solides cristallins formés d'eau et de gaz qui sont stables dans le pergélisol
et les sédiments marins quand les conditions de pression, de température et de salinité sont réunies.
Lorsque ces conditions environnementales ne sont plus satisfaites, les hydrates se dissocient et se
transforment en eau et en gaz libre, principalement du méthane. La surpression générée par cette
dissociation peut être responsable de l'affaiblissement des couches sédimentaires environnantes de
l'hôte et agit comme un mécanisme de préconditionnement à la rupture de pente. De plus, le méthane
liberé peut atteindre le fond marin, la colonne d'eau et potentiellement l'atmosphère, acidifiant les
océans et augmentant l'effet de serre. Le projet multidisciplinaire GHASS vise à étudier la dynamique
du système hydrates de la mer Noire occidentale en réponse aux changements majeurs survenus il y a
9000 ans après la connexion à la mer Méditerranée. La caractérisation de l'ensemble du système
hydrate a été entreprise par l'acquisition de données sismiques haute résolution avec un système
conventionnel remorqué en surface et de données sismiques très haute résolution par le système
sismique remorqué en fond de mer SYSIF de l'Ifremer. La capacité des données sismiques remorquées
en profondeur à fournir des images sismiques avec une résolution verticale inférieure à 1 m permet
une étude précise de la zone de stabilité de l'hydrate de gaz, et en particulier de sa limite peu profonde.
Une telle résolution, jamais atteinte jusqu'à présent dans l'étude des hydrates, permettrait de mieux
définir l'état actuel du système hydrates de la mer Noire occidentale.
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1.1. What are gas hydrates?
1.1.1. Generalities on gas hydrates
Gas hydrates (GH) or clathrates are ice-like crystalline solids in which gas molecules occupy cages
formed by water molecules (Sloan & Koh, 2008). Davy discovered GHs in 1810 (Davy, 1811), yet it took
more than 120 years for scientists to recover GHs outside a laboratory. In 1934, natural gas was
transported under high pressure in pipelines and hydrate plugs are presumed to have clogged pipes
(Hammerschmidt, 1934). It was proved in the 1960s that GHs could naturally form in permafrost
regions (Makogon, 1965) and in the 1980s that they could also form in offshore sediments where the
appropriate thermodynamic conditions are met. If GHs can form from different low-molecular-weight
gases (ethane, propane, carbon dioxide, hydrogen sulphide…), in marine sediments they are mainly
composed of methane, thus forming methane hydrates (MH, Ruppel & Kessler, 2017). Because of the
cage-like structure of GH molecules, 1 m3 of hydrates can sequester up to 164 m3 of methane as free
gas, when measured at standard temperature and pressure (STP).
MH are a massive methane sink and the global amount of carbon stored in MH has been the subject
of several studies (Dickens, 2011; Hovland et al., 1997; Johnson, 2011; Klauda & Sandler, 2005;
Kvenvolden, 1993; Piñero et al., 2013). The world estimates of carbon stored as GHs vary from 550
Gigatons of carbon (Gt C, Piñero et al., 2013) to 12700 Gt C (Dickens, 2011). The review by Ruppel et
Kessler (2017) leans rather for an estimate of 1800 Gt C as a value consistent between several studies
(Boswell & Collett, 2011; Johnson, 2011; Milkov, 2004; Piñero et al., 2013) (Figure 1-1c). Up to 99 % of
the global GHs are located in marine sediments, and the remaining in permafrost (Figure 1-1d). About
3.5 % of GHs are located at the feather edge of the gas hydrate stability zone (GHSZ), as coined by
Ruppel (2011), i.e., where the base of the GHSZ (BGHSZ) is the shallowest. These hydrates, equivalent
to 63 Gt C, are the most sensitive to climate changes, as they will be first impacted by ocean warming.
The feather edge of the GHSZ is usually located between 300 and 800 meters below sea level (mbsl).
Additionally, in a steady-state GH system, the presence of GHs in the sediment pores decreases
sediment permeability (X. Liu & Flemings, 2007; Nimblett & Ruppel, 2003; Waite et al., 2009; Xu &
Ruppel, 1999). The reduction in permeability usually prevents the upward flow of free gas through the
GHSZ. As a result, free gas accumulates under the BGHSZ.
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Figure 1-1 – (a) Massive gas hydrates and (b) GHs scattered in veins. (c) Distribution of organic carbon on Earth in Gt (Ruppel
& Kessler, 2017). (d) Worldwide locations of inferred or recovered GHs (USGS).

1.1.2. Gas hydrates stability conditions
GH form in the presence of water and free gas in environments under high pressure and low
temperature. Yet, many other factors affect the formation of GHs, such as pore water salinity (Dickens
& Quinby‐Hunt, 1994), seawater activity (Tishchenko et al., 2005), gas composition and gas saturation
(Sloan & Koh, 2008). The physical properties of the host medium (grain size, porosity and permeability)
also affect the dynamic of GHs and induce different morphologies of hydrates: load-bearing, grain
cementing, pore filling, grain coating… (Clennell et al., 1999; Daigle & Dugan, 2011, 2014; X. Liu &
Flemings, 2009; Waite et al., 2009).
Initial modelling of the BGHSZ assumes a constant gas mixture and saturation as well as homogeneous
sediment properties. As a result, GH formation is controlled by pressure, temperature and salinity
(PTS). The temperature of subsurface sediments depends on seawater temperature and the local
geothermal gradient. Therefore, temperature increases according to the depth below seafloor.
Because of the high porosity of shallow sub-seafloor sediments, the pressure is usually approximated
to the hydrostatic pressure for the calculation of GH stability (i.e., the first couple hundred of meters
below seafloor, Ruppel & Kessler, 2017). Therefore, the BGHSZ dips under the seafloor with the water
depth in a steady-state system. The phase diagram of MH presents the thermobaric stability conditions
(Figure 1-2a). The phase boundary marks the minimum pressure and maximum temperature required
to form MH. In methane provinces, where the conditions accommodate the formation of MH, two
main intervals can be distinguished in the sediments (Ruppel & Kessler, 2017):
•
•

At depth, the temperature of marine sediments is too high to form GHs (Figure 1-2b, light blue
area). The methane is present as free gas.
In surficial marine sediments close to the seafloor (the first few hundred meters of sediments,
depending on water depth), the right combination of low temperature and important
hydrostatic pressure allow the MH to be stable (Figure 1-2b, orange area).
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Methane is generally not present in the water column above the gas hydrates occurrence zone (GHOZ).
However, if gaseous methane migrates in the water column, through faults for example, it is observed
in two different phases:
•

•

In an interval above the seafloor, the hydrostatic pressure is important and the seawater
temperature is usually low, GHs remain stable. If methane reaches the seafloor, it rises as
bubbles. A GH shell can form at the edge of the gas bubbles, where free gas and water are in
contact (Sauter et al., 2006).
In the shallow part of the water column, the pressure is too low and the temperature usually
too high to form hydrates and the methane is either dissolved or present as gas bubbles.

Figure 1-2 – Example of GH stability phase diagram for a deep-water marine setting. A geothermal gradient of 24.5 °K/km
and a constant salinity of 22 psu were used for the modelling.

1.1.3. Destabilisation of gas hydrate systems
Variations in environmental conditions can be the result of local, regional or global changes. On a
regional to global scale, we can cite sea-level variations, seawater temperature increase, or salinity
changes. More locally, sediment temperature can vary in the presence of warm fluids.
In the sub-seafloor, the porosity is high and the pores are well connected, as such water level
fluctuations are supposed to immediately translate into variations of pore pressure. One example of
mechanism affecting water level is the change in volume of oceanic basins, caused by tectonic and
isostatic processes (Vanneste, 2000). Such processes may move hydrate-bearing sediments out of the
GHSZ, but these mechanisms are slow when compared to GH dynamics. Faster events affecting water
levels are Quaternary climate changes. During ice ages, water is stored in the ice caps and the sea level
decreases whereas during interglacial ages the ice caps melt and the water level rises. The increased
hydrostatic pressure resulting from a high-stand allows for a thicker GHSZ. The end of a glacial period
also marks an increase in water temperature. In these conditions, the feather edge of the GHSZ is
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located deeper and the GHSZ is overall thinner when compared to cold water conditions. However,
these effects of temperature are delayed by heat diffusion in the sediment and may take several
centuries to millennia before sediments within the GHSZ reach thermal equilibrium following water
temperature variations (Phrampus et al., 2014). Porewater salinity is another factor controlling the
thermodynamic stability of GHs in marine sediments. Specifically, high salinities reduce the pressuretemperature stability range of gas hydrates (Dickens & Quinby‐Hunt, 1994; Hanor & Mercer, 2010;
Riboulot et al., 2018; Sloan & Koh, 2008). Variations in pore water salinity can affect GH systems on a
basin-scale; but the influence of changes in salinity is delayed by diffusion through the sedimentary
column to the BGHSZ (Riboulot et al., 2018).
On a local scale, heat-flux anomalies are a common cause for GH dissociation (Crutchley et al., 2014;
De Batist et al., 2002; Pecher et al., 2010; Suess et al., 1999; Tréhu et al., 2004). A possible cause for
such anomalies is the advection of warm fluids (water, free gas) from deep sources through the GHSZ.
When dissociating, GHs generate liquid water, free gas and dissolved gas. The excess pore pressure
generated can recrystallise GHs and delay further dissociation (Sultan, 2007). As a result, the
destabilisation of GH systems and their return to equilibrium usually takes centuries to millennia
depending on the importance of the disequilibrium (Ker et al., 2019; Kretschmer et al., 2015; Ruppel,
2011; Ruppel & Kessler, 2017).

1.1.4. Example of unstable gas hydrate systems
As a response to changes in environmental conditions, the BGHSZ can migrate upward. Deeper
hydrates are not in stable conditions anymore and start dissociating. Consequently, the presence of
free gas in the steady-state GHSZ is one sign of an ongoing destabilisation of a GH system (Holbrook et
al., 2002; Van Rensbergen & De Batist, 2002). Several GH systems were proved to be in disequilibrium,
we provide some examples below.
Joshi et al. (2014) used geochemical methods to measure carbon isotope ratios in foraminifera in the
Krishna-Godavari Basin (India). They attributed the anomalies recorded in isotope ratios to the release
of methane from MH dissociation, which occurred tens of thousands of years ago. An important sealevel drop or the flow of warm fluids through conduits are proposed to explain the GH destabilisation.
Recent studies have reported on increasing bottom water temperatures in the U.S. Beaufort margin
(Hornbach et al., 2020; Phrampus et al., 2014). These studies showed an increase of around 0.5 °C of
bottom water temperature, causing destabilisation of methane hydrates on the upper slope and
migration of the BGHSZ to shallower depths. As much as 2.2 Gt of methane could thus be released into
the ocean from this destabilisation. Westbrook et al. (2009) studied the destabilisation of the GH
system of the West Spitsbergen continental margin, caused by higher bottom water temperature (+1
°C in 30 years). Their study showed that in a GH system undergoing destabilisation (transient state),
the release of methane through gas seeps is greater at the upper limit of the GHSZ. This study therefore
directly linked the transient state of a GH system with the increased observation of gas seeps in the
water column.
The destabilisation of hydrate systems from fluid migrations is usually observed from vertical conduits
penetrating the BGHSZ or from shoaling of the bottom-simulating reflector (BSR). Examples of fluid
chimneys are numerous and may occur in the presence of high (Crutchley et al., 2015; Suess et al.,
1999; Zühlsdorff & Spieß, 2004) or low (Gorman et al., 2002) fluid flows. As the gas flow provides a
large amount of methane, three phases can be simultaneously observed at the top of the conduits:
hydrates, water and excess free gas (Tréhu et al., 2004). Crutchley et al. (2014) reported an uplift of
the base of the GHOZ related to hydrofracturing offshore Costa Rica caused by a high flux of warm
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water through the GHSZ. Regarding a shoaling of the BSR, De Batist et al. (2002) observed strong
undulations of the BSR below the Baikal Lake as well as methane seeps at the seafloor in an area where
no strong bathymetric variations are observed (Figure 1-3). This irregular BSR is interpreted as the
evidence of strong anomalies in the local heat flux.

Figure 1-3 – Seismic profile from Lake Baikal, Siberia. The theoretical steady-state BGHSZ is parallel to the seafloor (dashed
blue line). The observed BSR is strongly undulating and deviates up to 75 m from the modelled BGHSZ. The undulations are
thought to originate from local heat-flux anomalies (from De Batist et al., 2002).

1.1.5. Consequences of GH destabilisation
The destabilisation of the GH systems has been a major research subject for the past three decades.
Yet, due to the large amount of greenhouse gases they contain (especially methane) and their
sensitivity to global changes, the study of gas hydrates dynamics is becoming more and more crucial
(Collett et al., 2009).
In a steady-state GH system, methane is stored as hydrates and free gas is trapped under the BGHSZ.
However, where GH systems are in disequilibrium, these two retention mechanisms no longer prevent
the upward migration of free gas and GH dissociation could release large amounts of methane in
marine sediments (Ruppel & Kessler, 2017).
Submarine slope failures represent one of the most important offshore geohazard (Vanneste et al.,
2014). Such landslides can take place at slopes as gentle as 1° where potential weak layers exist in the
subsurface (Urlaub et al., 2015, 2018). These weak layers consist of sediments that have lower
strengths than the adjacent layers and could more easily become a rupture surface (Badhani, Cattaneo,
Dennielou, et al., 2020). Several factors can impact the stability of a slope related to the geological
characteristics of the sediments (Badhani, Cattaneo, Dennielou, et al., 2020) or from external events
(Masson et al., 2006; Vanneste et al., 2006). Amongst these triggers are GH. Pore-filling hydrates
naturally turn into load-bearing hydrates when their pore space saturation reaches 25-40 % (Yun et
al., 2005, 2007). Nixon et Grozic (2007) studied the link between slope stability and GH dissociation.
Their research underlines that for a submarine slope containing dissociating GH, slope stability
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decreases as the original GH saturation within the sediment increases. This research shows that gas
hydrates dissociation presents a risk in term of slope stability (Crutchley, Mountjoy, et al., 2016; Kwon
& Cho, 2012; Sultan, 2007). Crutchley, Mountjoy, et al. (2016) reviewed several landslides offshore
New-Zealand linked to the presence of gas hydrates. Pecher et al. (2005) describe GH destabilisation
driven by a ridge uplift and the fluctuation of water temperature. The fluctuation causes successive
dissociation and formation of GH, altering the sediment properties, weakening the sub-seafloor and
leading to erosion. Mountjoy et al. (2014) suggested that the deformation of gas hydrate-bearing sands
controls the kinematics of a slow-moving submarine landslide. Linked to seismic loading from active
plate boundary, Crutchley et al. (2007) proposed that the excess pore pressure in sediments located
beneath the BSR could have contributed to slope failure but that seismic loading is most likely the main
trigger. These numerous studies show that the presence of GHs undergoing dissociation weaken the
sediments and play a role in slop instability, at least as a preconditioning mechanism.
Massive submarine landslides can generate tsunami waves endangering populations and
infrastructures when they hit the shore. The Storegga slide is known as one of the world’s biggest
underwater slide with a headwall of 290 km length, a run-out distance of approximately 800 km and
up to 450 m thick deposits (Vanneste, 2000). The slide was supposedly responsible for generating a
tsunami wave which height was estimated between 10 m (Mienert et al., 2005) and 23 m (Berndt et
al., 2009) that hit the coastlines of the North Sea (Bondevik et al., 1997). The occurrence of GHs and
their implication in the initiation of the slide has been the object of multiple studies (Bouriak et al.,
2000; Bünz & Mienert, 2004; Mienert et al., 2005; Nouzé et al., 2004; Zillmer et al., 2005). In the
Amazon fan, several massive mass transport deposits were identified, each consisting of approximately
50000 Gt of sediment (Maslin et al., 1998). These landslides are thought to have been climatically
driven and caused by gas-hydrate release (during glacial periods) and sediment overburdening (during
deglacial periods).
Methane as a free gas is more likely to reach the seafloor where dissociating GHs are located in the
sub-seafloor and migration paths already exist (faults, chimneys). Gas flares have been observed along
the border of the shallow limit of GHOZs (Klaucke et al., 2006; Naudts et al., 2006; Nikolovska et al.,
2008; Westbrook et al., 2009). Once the gas reaches the seafloor, the ocean acts as a strong sink for
methane (McGinnis et al., 2006). In seawater, the dissolved methane oxidises to carbon dioxide, which
leads to ocean acidification (Biastoch et al., 2011; Valentine et al., 2001). The free gas may also reach
the atmosphere contributing to global warming, although this atmospheric transfer is still controversial
(McGinnis et al., 2006; Ruppel & Kessler, 2017). Improving the comprehension of GH systems response
to environmental changes is therefore of utmost interest to quantify the release of free gas from
hydrate destabilisation.

1.2. Gas hydrates seismic detection
1.2.1. Seismic detection: BSR
Seismic acquisitions are the most commonly used geophysical acquisitions when studying marine
sediments deeper than a few tens of meters. The seismic technique enables producing a subsurface
image by identifying contrasts in the acoustic impedance properties of the sediments (product of the
medium density with the compressional velocity). The presence of hydrates in the sediments increases
the compressional velocity (typical value for pure GH: 3500 m.s-1, Rogers, 2015) when compared to
sediments whose pores are filled with water (typical value for water: 1500 m.s-1). However, the
accumulation of free gas under the BGHSZ creates a low-velocity area (Tóth et al., 2014). The BGHSZ
marks the boundary between a GH related high-velocity zone and a free gas-related low-velocity area
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creating a large acoustic impedance drop. In seismic datasets, this sharp decrease in acoustic
impedance appears as a negative polarity BSR, thus marking the BGHSZ. In a steady-state GH system,
the BSR mirrors the seafloor at greater depth. The BSR was first defined by Shipley et al. (1979) and is
observed either as a continuous reflector or as the alignment of strong amplitude terminations of
reflectors that cross the stratigraphy (Boswell et al., 2012; Bünz & Mienert, 2004; Hillman et al., 2017;
Vanneste et al., 2001). This second type of BSR is described by Shedd et al. (2012) as a “discontinuous”
BSR. Hillman et al. (2017) argued that the BSR is always discontinuous as it expresses the transition
from GHs to free gas in discrete sedimentary layers. However, the authors discuss that the expression
of the BSR on seismic data depends on the vertical and lateral resolutions of the seismic acquisition
system. As a BSR marks the BGHSZ, its observation on seismic images allows inferring the presence of
hydrates in the sub-seafloor (Figure 1-1d). In some areas, it is possible to observe multiple stacked
BSRs (Figure 1-4). These paleo-BSRs often express a past BGHSZ and are still visible because free gas
has not yet completely migrated above the former boundary (Auguy et al., 2017; Zander et al., 2017),
but the description of these multiple BSRs as paleo-BSRs is still an open question.

Figure 1-4 – Different expressions of the BSR. The high-resolution seismic profile HR41 from the GHASS cruise shows two
expressions of the BSR: a continuous BSR, a discontinuous BSR. Three paleo BSRs are also indicated (Thomas, 2015).

1.2.2. Quantification of gas hydrate saturation
The quantification of GHs in marine sediments is an important step to assess accurately the
environmental and economic implications of GH. The presence of GHs in the sediment increases the
average compressional velocity of the medium and the GHOZ can be identified as a high-velocity zone
in a seismic velocity model (Crutchley, Maslen, et al., 2016; Ecker et al., 2000; Ker et al., 2019; Lee et
al., 1996; Pecher et al., 1996; Turco et al., 2020). The local estimation of GH saturation is usually
performed by combining a contact model and Gassmann theory to model the elastic response of
hydrate-bearing sediments (Andreassen et al., 1995; Carcione & Tinivella, 2000; Goswami et al., 2015;
Helgerud et al., 1999; Jakobsen et al., 2000; Tinivella, 1999). These effective medium theories are used
to derive bulk elastic properties of the medium from the attenuation and velocity of seismic waves
(Helgerud et al., 1999). Such models require knowledge of the sediment properties (mineralogy,
porosity, bulk and shear moduli, density) as well as a velocity law from a reference area (absence of
free gas and GH). The GH saturation is also affected by hypotheses such as the load-bearing and porefilling characteristics of hydrates. The GH saturation allows estimating the total amount of GHs in the
sediment and the amount of methane trapped as MH.
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1.3. GHASS project
1.3.1. Scientific motivations
The GHASS (Gas Hydrates, fluid Activities and Sediment deformations in the western Black Sea) project
focuses on the free gas/GH system of the western Black Sea and the potential relationship with slope
stability (Ker et al., 2015). Through a multidisciplinary study combining geophysical, geotechnical,
geochemical and geological methods the project aims at bringing answers regarding the following
questions:
•
•
•
•
•
•

Where are the gas hydrates and free gas accumulations?
How much gas is stored as free gas and gas hydrates?
What are the sources and nature of the gas hydrates and free gases?
What are the dynamics of the free gas/gas hydrate system?
What is the sediment architecture of the Romanian margin?
What is the link between observed sediment deformation and submarine landslide and the
free gas/hydrates dynamics?

As the main objectives of GHASS project are the study of the dynamic between free gas and gas
hydrates and their relation to slope failures, data were mainly acquired along the shelf break, where
the BGHSZ is shallower.

1.3.2. Geological context
The Black Sea is a large basin of 432000 km2 only connected to the world’s oceans through the
Bosporus. The sea is supplied in freshwater mainly from the Danube, the Dnieper and the Dniester.
Therefore, the Black Sea’s catchment basin extends from Switzerland (Danube) almost to Moscow
(Dnieper, Martinez-Lamas et al., 2020). In the western Black Sea, the shelf is particularly wide at around
140 km (Popescu et al., 2004). The shelf break, located at water depths of 120 to 170 m, is incised by
numerous canyons (Riboulot et al., 2017). Among these, the Danube Canyon is the deepest, dissecting
the shelf for 26 km landward and up to 110 m water depth. The Danube Canyon acts as a transport
system for sediment transfer to the flat abyssal plain, at 2200 m water depth (Popescu et al., 2007).
Currently, sediments from the Danube River are trapped by southward currents along the coast and
the sedimentary supply to the canyon is interrupted.
The different rivers supply the Black Sea with high amounts of organic material. The Black Sea is
composed of an anoxic bottom water layer and as the biomass sinks to the water bottom, it is
metabolised by anaerobic bacterial decomposition to methane (Reeburgh et al., 1991). As a result, the
Black Sea is the largest surface water reservoir of methane with an estimated 173 · 109 m3 dissolved in
the water column (Reeburgh et al., 1991). The bottom water temperature is homogeneous in the basin
at 8.9 °C with a variation of only ± 0.15 °C (Poort et al., 2005). For this temperature and the Black Sea
salinity (22 practical salinity units, psu, roughly equivalent to parts per thousand), GHs are stable at
approximately 660 m water depth and deeper. The wide abyssal plain entails that GHs are stable in
about 68.5 % of the total Black Sea (Merey & Sinayuc, 2016; Vassilev & Dimitrov, 2002). The estimation
of the quantity of methane stored as gas hydrates in the sediment of the Black Sea yields a wide range
of values from 71.8 · 109 m3 (Merey & Sinayuc, 2016) to 10.1 · 1012 m3 (Vassilev & Dimitrov, 2002).
The study area of the GHASS project is located in the Romanian sector of the western Black Sea, near
the Danube sedimentary fan. The area covers the continental shelf edge at around 200 m depth, the
shelf break and the slope down to more than 1600 m depth (Figure 1-5). The main canyons of the area
are the Danube Canyon to the south, Canyon 1 and Canyon 2 to the north (Riboulot et al., 2017). Figure
1-6 shows only the northern part of the GHASS study area, north of the Danube Canyon, as it is the
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main area of interest. In this area, the seafloor is riddled with dozens of small mounds, clearly visible
on the bathymetric map (Figure 1-6). The mounds, up to 30 m high, are inherited morphologies from
the compressional bulges of a regional mass transport deposit (MTD) located around 50-100 m below
seafloor (mbsf) (Riboulot et al., 2017). Samples from gas seeps and sediment cores show that the
composition of the gas is more than 99.6 % methane (Popescu et al., 2006; Riboulot et al., 2018; Zander
et al., 2017). The methane is omnipresent and can be found as free gas under just a few tens of meters
of sediments in the shelf part (Hillman, Klaucke, et al., 2018). We observe several failure scars on the
seafloor of the area. The scars are mainly located on the edges of canyons. Hillman et al. (2018)
theorised that gas migrations through shallow sediments may have played a role in the initiation of
these slope failures, but that there are probably other root causes.

Figure 1-5 – Locations of hydrate evidence in the Black Sea. Modified after Riboulot et al. (2018).
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Figure 1-6 – Map of the northern part of the GHASS study area.

1.3.3. Data and materials
The scientific goals of the project required the use of instruments of various scopes. From regional
surveys, to in situ data sampling or long-term measurement. During the first leg of the cruise, a wide
range of geophysical methods was deployed. The geophysical data were acquired onboard the R/V
Pourquoi Pas ?, operated by Genavir.
Multibeam echosounders
The R/V Pourquoi pas ? is fitted with two multibeam echosounders under the hull: the Reson Seabat
7111 and the Reson Seabat 7150. The Reson Seabat 7111 operates at 100 kHz and was used to survey
the upper shelf. The Reson Seabat 7150 has two operational frequencies: 12 or 24 kHz and was used
to survey the whole area. Both echosounders have sub metric vertical resolutions. The data were
processed using dedicated software to produce a digital terrain model (DTM) gridded at 15 m (Gaillot,
2015).
High-resolution seismic acquisition
Two-dimensional (2D) high-resolution (HR) seismic data were acquired during the GHASS using a small
airgun as a source and multichannel streamer. The seismic source used was a 24 in3/24 in3 Mini-GI gun
towed at 1.5 m depth (central frequency 110 Hz). The seismic streamer is composed of 96 receivers,
with a spacing of 6.25 m (maximum source-receiver offset of 644 m). The streamer was towed 2 m
below the sea surface (Ker et al., 2019).
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Figure 1-7 – Bathymetric map of the HR profiles acquired during the GHASS cruise (Gaillot, 2015; Thomas, 2015).

Deep-towed multichannel seismic acquisition
The deep-towed seismic acquisition system SYstème SIsmique de Fond (SYSIF) (B. Marsset et al., 2014)
was deployed to acquire very high-resolution (VHR) seismic data. More than 300 km of seismic profiles
were recorded over 120 hours of acquisition. The system and data acquisition are detailed in Chapter
2 of this manuscript.
Water column profiling
Several expendable conductivity/temperature/depth (xCTD) profiling systems were deployed during
the cruise to obtain the salinity and the temperature distributions in the water column. Expendable
bathythermograph (xBT) profiling systems were also used. The velocity profiles obtained from the
xCTD measurements show a good coherence whereas the velocity profile obtained from the xBT
measurements shows lower values. The difference is caused by the constant salinity considered when
calculating the velocity profile using the xBT data, whereas salinity increases from approximately 18
psu at the surface to approximately 22 psu at 400 mbsl.
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Figure 1-8 – a) Map of the measurements made with the xCTD and xBT profiling systems. b) Water velocity calculated from
the measurements of the profiling systems. The xCTD measurements show a good coherency (C4_XXXXXX) whereas the xBT
measurement (T7_XXXXX) shows lower velocities.

1.4. Geophysical characterisation of the Black Sea gas hydrate system: the need for
higher resolution
Following the reconnection of the Black Sea with the Mediterranean Sea 9000 years ago (Soulet et al.,
2011), the environmental conditions changed drastically. The Black Sea evolved from a freshwater lake
to a salty sea with a salinity of 22 psu connected to the world ocean. The sea level increased by around
94 m (Lericolais et al., 2009) and the bottom water temperature raised from 4°C to 8.9°C (Soulet et al.,
2010). Because of the new conditions, the BGHSZ shoaled and the GH system located in the Romanian
sector of the Black Sea has been in a transient regime for a long period. The current state of the GH
system is still discussed today. The modelling from Hillman et al. (2018) shows that the hydrate system
equilibrated in less than 7.5 kyrs and may be in, or is approaching, equilibrium. However, through a
study carried out on a wider area, Ker et al. (2019) systematically estimated a shallower steady state
lower limit of the GHSZ compared with the observed BSR, thus exposing a system in a transient state.
HR seismic data were acquired in the GHASS project study area during the earlier BLASON cruise in
1998 (Lericolais, 1998). The resulting HR seismic images from both datasets have similar vertical
resolutions in the order of 3.5 m and lateral resolutions in the order of 15 m (Ker et al., 2019). However,
the limitations from utilising only HR data in investigating the dynamic of gas hydrate systems are clear
in analysing the data set (Riboulot et al., 2017). For example, it is difficult to identify the exact depth
of the BSR in Figure 1-9 at the location to the left of the interrogation point. The manifestation of the
shoaling of the BGHSZ is only apparent at a small scale, inaccessible to the lateral resolution of
conventional surface-towed seismic systems (Hillman et al., 2017). Besides, the quantitative study of
the system is also constrained by the resolution of quantitative analysis (e.g., velocity analysis). The
lateral resolution prestack velocity analysis performed by Ker et al., (2019) on HR seismic data from
the GHASS cruise was 32 m. Such resolution only allows determining that seismic velocities are lower
under anticlines outside of the GHSZ, thus indicating the presence of free gas accumulation (Figure
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1-10b). However, the resolution of this velocity field is insufficient for precise quantification of the
accumulation of gas in the subsurface.
The feather edge of the GHSZ, located in shallow subsurface requires VHR seismic capabilities to
properly image small-scale features, at the boundary between free gas and gas hydrates for example.
At shallow water depths, conventional, VHR (around 1 kHz) seismic acquisition systems provide
detailed images of the subsurface. Those systems usually have a sub-metric vertical resolution and
lateral resolution well under 10 m, depending on the target depth. Yet, at great water depths, the
acoustic signal penetration under the seafloor is very limited due to geometric spreading and lateral
echoes can degrade the seismic image quality. A solution to these issues is to bring the acquisition
system closer to the seafloor. Because deep-towed seismic acquisition systems (deep-towed systems
in short) operate close to the seafloor (50 m to 300 m), a high-frequency source can be deployed
without compromising on the acoustic energy that reaches the target. However, the acoustic source
and the equipment of a deep-towed system need to be tailored to withstand the high hydrostatic
pressure of deep-sea environments. Additionally, deep-towed systems present new challenges in term
of data processing, as they require a processing sequence adapted to the specificities of the
acquisitions geometry.
The main goal of this thesis is to study the dynamics of the free gas-gas hydrate system of the western
Black Sea. To properly image small structures at the free gas-gas hydrate boundary, we will use very
high-resolution deep-towed seismic data. Seismic data with such resolution have never been used in
the study of marine GHs and should provide invaluable information on the system. In the first part of
the thesis, we will present the dedicated algorithms developed to process deep-towed seismic data
with the uppermost rigour to preserve the high-frequency content and, thus, the high resolution of
the deep-towed seismic data. In the second part of the manuscript, we will examine the seismic data
to evaluate the dynamics of the gas hydrate system.
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Figure 1-9 – Profile Bla1-7 from the BLASON cruise. The seismic image is migrated at constant seawater velocity. The HR data
allow identifying the BSR (dashed blue line). However, analysis of the dynamics of the GH system is impossible because of the
limited lateral resolution of the acquisition system. This seismic profile has been described in Riboulot et al. (2017).

Figure 1-10 – Seismic profile HR31a from the GHASS cruise. a) The regional MTD is indicated in light blue, approximately 70
mbsf. The BSR is visible on the second half of the profile. b) Result of the velocity analysis performed by Ker et al. (2019) on
the seismic profile. Outside of the predicted GHSZ, we observe low-velocity zones above the regional MTD. These areas
correspond to anticlines filled with free gas (modified after Ker et al., 2019).
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Chapter 2.
Very high resolution in deep-sea: the
deep-towed seismic acquisition
Abstract
The need for a very high-resolution deep-towed seismic system emerged from the ambition to image
the fine-scale subsurface structures in deep water environments for research purposes, commercial
necessities and risk assessments. Deep-towed systems allow for a high-frequency source and receivers
to be placed close to the seafloor at great water depths, thus increasing the final spatial resolution
compared to surface-towed seismic systems. However, the development and implementation of deeptowed systems come with their own complications, such as the high-hydrostatic pressure of deep-sea
environments and the precise acoustic under-water positioning. The technological issues were solved
with the manufacturing of dedicated hardware. The chapter presents two existing deep-towed
multichannel systems: the Deep Towed Acoustics and Geophysics System (DTAGS) from the U.S.
National Research Laboratory (NRL) and SYSIF from Ifremer. SYSIF was deployed during the GHASS
cruise in 2015 to acquire more than 300 km of very- high-resolution seismic profiles.

Résumé
Le besoin d'un système sismique remorqué en fond de mer à très haute résolution est né de l'ambition
d'imager les structures souterraines à petite échelle dans des environnements en eau profonde à des
fins de recherche, de besoins commerciaux et d'évaluation des risques. Les systèmes remorqués en
fond de mer permettent de placer une source très haute fréquence et des récepteurs à proximité du
fond marin par grandes profondeurs d'eau, augmentant ainsi la résolution spatiale par rapport aux
systèmes sismiques conventionnels remorqués à la surface de la mer. Cependant, le développement
et la mise en œuvre de systèmes remorqués au fond de l’eau s'accompagnent de leurs problèmes
propres, tels que la pression hydrostatique élevée des environnements de haute mer et le
positionnement acoustique précis sous l'eau. Les problèmes technologiques ont été résolus avec la
fabrication de matériel dédié. Le chapitre présente deux systèmes multitraces remorqués en fond de
mer: le Deep Towed Acoustics and Geophysics System (DTAGS) du US National Research Laboratory
(NRL) et SYSIF de l'Ifremer. SYSIF a été déployé lors de la campagne GHASS en 2015 pour acquérir plus
de 300 km de profils sismiques à très haute résolution.
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2.1. Objectives of deep-towed seismic
At great water depths, surface-towed seismic acquisition systems are affected by acoustic energy loss
in the water column and 3D artefacts from out-of-plane reflections. Deep-towed seismic acquisitions
aim at answering both issues.
In the water column, the acoustic energy density is inversely proportional to the square of the distance
to the target because of geometric spreading. Seismic amplitudes are also affected by attenuation in
the water column from variations in the seawater velocity (Lee & Collett, 2009). Conventional highresolution (HR) seismic sources emit very energetic acoustic signals (260 dB ref. 1 µPa at 1 m for a
typical airgun array), and despite geometric spreading and attenuation in the water column, enough
energy reaches the seafloor to penetrate deeply in the sediments. However, they operate at lower
frequencies (50-200 Hz) and therefore produce images with lower resolutions (few meters of vertical
resolution). Additionally, the limited vertical and lateral resolutions of HR surface-towed acquisitions
render multi-scale analyses based on HR seismic data and in situ measurements impossible. Acoustic
sources that would produce a signal with sufficiently high-frequency content coherent with very high
vertical resolution usually have source levels much lower in the range 190-220 dB ref. 1µPa at 1 m (Ker
et al., 2010). The energy loss associated with geometric spreading and attenuation is limited in shallow
waters. However, at 1000 m water depth, spherical divergence lessens the source level by 66 dB (for
the two way travel). It thus greatly diminishes the useful acoustic energy and renders practically
ineffective conventional VHR seismic system at great water depth.
The lateral resolution of a system defines how close two features can be horizontally while still being
possible to discern them. The lateral resolution of a seismic system before the migration of the seismic
data is defined as the radius of the first Fresnel zone. For a zero source-receiver offset configuration
and sufficiently far from the system (Lindsey, 1989), the radius of the first Fresnel zone is given by:
ℎ𝜆𝜆
𝑟𝑟 ≅ �
2

Equation 2-1

where h is the altitude of the system above the seafloor and λ is the wavelength (Figure 2-1). This
definition is valid for 2D and 3D acquisition systems in the inline and crossline directions. However, in
a 2D acquisition, migration of seismic data collapses the first Fresnel zone in the inline direction only
(Figure 2-2). In the crossline direction, the lateral resolution remains equal to the first Fresnel zone
after migration of the seismic data. For a VHR deep-towed seismic system, at the central frequency of
635 Hz, seawater velocity of 1500 m.s-1 and an altitude of 100 m above the seafloor (typical values for
SYSIF), the radius of the first Fresnel zone is 10.8 m. For a conventional 2D surface-towed seismic
system, at a frequency of 120 Hz and in water depths of 600 m, the radius of the first Fresnel zone is
61.2 m. The deep-towed seismic data are therefore less affected by lateral echoes and 3D artefacts at
great water depths than conventional 2D surface-towed seismic systems.
In summary, placing the seismic source and the receivers close to the seafloor permit using sources
that grant higher vertical and lateral resolutions while providing a better signal penetration than if the
same source was towed near the sea surface.
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Figure 2-1 – Definition of the first Fresnel zone for an offseted receiver at the same altitude as the source (Nouzé et al., 1997).
Note the the first Fresnel zone is not circular in this configuration because of the horizontal offset between the source and the
receiver. It has an oval shape elongated in the inline direction.

Figure 2-2 – First Fresnel zone for a zero-offset acquisition geometry. Migration of seismic data collapses the Fresnel zone to
an ellipse in 2D seismic. In 3D seismic, the zone is collapsed in both directions to a circle (Lindsey, 1989).

2.2. Background on deep-towed seismic
2.2.1. Technological evolutions
Hybrid seismic systems first developed in the U.S. in the late 1970s were an intermediate step in the
transition between surface-towed systems and deep-towed systems (Bryan, 1979; Lewis et al., 1979;
Purdy et al., 1980; Purdy & Gove, 1982). Hybrid systems consist of a surface-towed source and a deeptowed seismic array. This option partially solves the problem of geometric spreading and lateral echoes
by placing the receivers close to the target. However, the high-frequency signal required to produce
VHR seismic images demands a great precision in the relative positioning between the source and the
receivers despite the great distance between the two (up to several kilometres). Such precise
positioning (under a meter) is extremely complicated to achieve underwater at towing distance, thus
affecting the quality of the processing.
At great water depths, a fully deep-towed system allows acquiring VHR seismic data of metric vertical
resolution and decametric lateral resolution (before migration). Yet placing seismic acquisition in a
deepwater environment is not trivial because of the high hydrostatic pressure. Electronics has to be
placed in a cylindrical titanium container and the acoustic source needs to be an open cavity. The first
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multichannel deep-towed system was developed by the U.S. NRL in the 1980s: the DTAGS (Fagot et al.,
1982; Fagot & Spychalski, 1984).
Ifremer first developed a hybrid system in the 1990s, the Passager Sismique du Système Acoustique
Remorqué (PASISAR) (Nouzé et al., 1997; Savoye et al., 1995). Ifremer’s deep-towed acquisition
system, SYSIF, was developed in the early 2000s with a monochannel streamer (Ker et al., 2008, 2010;
Léon et al., 2009; T. Marsset et al., 2010). In the early 2010s, a dedicated multichannel system was
designed to operate at depth (B. Marsset et al., 2014).

2.2.2. DTAGS
The DTAGS was developed by the U.S. NRL in the middle of the 1980s (Fagot, 1986). The system is
composed of an active depressor and a streamer. The depressor is equipped with a Helmholtz
resonator and a class S switching amplifier. The transducer, named G62, emits a 250 ms pulse with a
frequency bandwidth of 250-650 Hz and an acoustic level of 205 dB ref. 1 μPa at 1 m (Young et al.,
1982). The streamer is composed of two groups of hydrophones with different receiver spacing:
•
•

The “acoustic sub-array” composed of 24 channels with a receiver spacing of 2.1 m (offsets:
70 m - 118 m).
The “geophysical sub-array” composed of 24 channels, whose offsets range from 139 m to
622 m (21 m spacing, Figure 2-3).

The system is towed at an altitude of 350 to 500 m above the seafloor (masf) to prevent interference
between the direct wave and the seafloor reflected wave. The source is towed at 1 m.s-1 and fires every
20-30 s (Fagot & Spychalski, 1984). The shot spacing limits the lateral resolution of the system and is
inappropriate for VHR imaging, as it does not provide a sufficiently tight spatial sampling.
The use of an acoustic frequency modulated (FM) sweep enables the emission of the energy over a
longer timeframe, which in turn results in more total emitted energy granting a good penetration in
the sediments. The seismic data are cross-correlated with the acoustic source signature to obtain an
impulsive response (Ward et al., 2004). The signature is acquired by a reference hydrophone, close to
the source, or by measuring the direct wave arrival on the nearest hydrophone (Chapman et al., 2002;
Rowe & Gettrust, 1993). The complete workflow of DTAGS data processing can be found in Kong et al.
(2012).
The long seismic array, the proximity to the seafloor and the deep penetration of the seismic signal
allow velocity analysis to be performed on seismic data recorded by the DTAGS. However, the depth
variations of the source and the receivers prevent the direct application of conventional algorithms
requiring the source depth to be constant. Such algorithms include NMO-based (Normal Move Out)
velocity analysis. As discussed by Chapman et al. (2002) and He et al. (2009), another drawback of the
DTAGS is the lack of knowledge of an accurate streamer geometry. Only four sensors measure the
depth along the 400 m long streamer. These two limitations were overcome with the development of
specific relocation and datuming algorithms. The shape of the streamer is retrieved through a
combination of depth measurements and travel times using a genetic algorithm (He et al., 2009). The
seismic data are then propagated to a constant datum by applying static corrections via a sliding
window accounting for the change of ray paths with increasing depth. This process hence allows the
application of conventional processing algorithms based on NMO corrections for velocity analysis (He
et al., 2009; Walia & Hannay, 1999). However, the use of static corrections can affect the coherency of
acoustic data, especially in a VHR context and thus deteriorate acoustic velocity estimations.
Additionally, the poor ratio between horizontal and vertical sampling does not allow performing
proper seismic imaging through migration of the seismic data (Asakawa et al., 2009; He et al., 2009).
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Figure 2-3 – DTAGS configuration. The ray paths to the sea-surface, seafloor and subseafloor are shown, from Chapman et al.
(2002).

2.2.3. Scientific applications
Deep-towed seismic data are used to provide context to local data or to support a more detailed
analysis of a geological target. In situ measurements such as geotechnical investigations or coring
provide measurements on a millimetre to centimetre scale. Thanks to their metric to sub-metric
vertical resolution, VHR deep-towed acquisitions provide a lateral extension to local in situ
measurements (T. Marsset et al., 2010; Sultan et al., 2010). As deep-towed acquisitions are focused on
the first few hundred meters below seafloor due to their high-resolution frequency content, another
application is the study of subsurface geohazards such as submarine landslides. (Badhani, Cattaneo,
Collico, et al., 2020; Gettrust et al., 2003; Ker et al., 2010; T. Marsset et al., 2010). In such contexts, the
very high vertical and lateral seismic resolutions allow imaging the geometry of sedimentary layers
with more precision. These observations provide information to assess the stability of a system
(Gettrust et al., 2003) or to reconstruct past failures (Badhani, Cattaneo, Collico, et al., 2020). The GHSZ
has been the object of numerous studies based on deep-towed seismic data (Asakawa et al., 2003; He
et al., 2009; Kong et al., 2012; Rowe & Gettrust, 1993; Sultan et al., 2010, 2011; Ward et al., 2004).
When free gas is present in the shallow subsurface, deep-towed seismic data are used to assess the
final-scale nature and properties of gas-charged layers (Ker et al., 2014). Deep-towed seismic systems
are also used to locate mineral resources such as seafloor massive sulphide (SMS) deposits (Asakawa
et al., 2017).
These results show the benefits of deep-towed seismic systems in studying small shallow targets at
great water depths. Yet, the processing of multichannel deep-towed data remains a difficult task that
is not completely solved today. Specifically, the accurate positioning of the receivers is challenging at
great water depths. The specific acquisition geometry of deep-towed seismic systems where the
depths of the source and receivers are continuously varying is also a problem that requires an adapted
solution.
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2.3. Ifremer’s development: SYSIF
The main components of SYSIF are the tow-fish and the multichannel streamer (Figure 2-4). The
electronics and the source are housed in the tow-fish whereas the multichannel streamer is freely
towed behind the tow-fish.

Figure 2-4 – Schematic representation of a SYSIF acquisition. The acoustic source is housed on the front of the tow-fish. The
multichannel is towed behind the tow-fish. The system is towed at a constant altitude above the seafloor.

2.3.1. Instrumented tow-fish
The tow-fish is composed of a 2.4 t fully equipped depressor, which houses the power management
systems necessary to operate the acoustic source (Figure 2-5). The Janus-Helmholtz piezoelectric
source is mounted on the front of the frame. The tow-fish is 1.7x1.2x3.2 m (h.w.L). The fish is equipped
with all the sensors needed to record its position (Léon, 2013):
•

•

•
•

The Posidonia ultra-short baseline (USBL, 14-16 kHz) acoustic positioning system by iXblue
allows for a long-range positioning of the fish. The emitter is located on the tow-fish, whereas
the receiving antenna is located on the ship’s hull.
A Kongsberg 1007D altimeter delivers the altitude of SYSIF relative to the seafloor. The
frequency of the signal is 120 kHz and the measurements are acquired at a rate of 2 Hz. The
native resolution of the sensor is 0.15 m and the altimeter is calibrated for a water velocity of
1475 m.s-1, that has to be corrected for during processing. The beamwidth of the altimeter is
10° implying that 3D artefact can degrade the accuracy of the measurements.
The depth of the tow-fish is measured via a Digiquartz 8CB700-I pressure sensor at a rate of 5
Hz. The accuracy is 0.01 % full scale or 0.7 m.
The attitude unit measures the pitch, roll and yaw angles of the fish, as well as the sway.

The ship tows the fish using a load-bearing cable. The electro-optical cable also serves for power and
data transmission. The multichannel streamer is towed behind the fish. An Ethernet connection
between the streamer, the fish and the vessel allows for real-time transmission of the seismic data to
the ship.
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Figure 2-5 –SYSIF’s tow-fish and its electronics.

2.3.2. The seismic source
The development of the Janus-Helmholtz Acoustic Transducer (JHAT) was started back in the 1990s by
DCN Ingénierie Sud in the framework of ocean acoustic tomography (Le Gall, 1994a, 1994b, 1994c).
The piezoelectric Janus driver is composed of a ceramic pillar inserted between two head-masses. This
structure is mounted inside a rigid cylindrical cavity vented in the middle section. The combination of
the Janus driver and the Helmholtz resonance cavities allows for a wide frequency bandwidth (Le Gall,
1994c; Le Gall & Marsset, 2007). The initial transducers were designed for oceanic tomography to
reach ranges greater than 500 km in open water and with large bandwidth. However, they were limited
in immersion to 600 m due to the presence of glass-resin composite tubes filled with air. Technological
developments made by Ifremer and DCN Ingénierie Sud allowed increasing the operational depth of
such transducers and to solve the limited immersion issue (Le Gall, 1994c, 1999). The success of these
developments led in turn to the design of an acoustic source was designed for deep-water geological
investigations. The acoustic source presented in this manuscript is named “HR”, for “High-Resolution”.
The source emits the acoustic signal over a large frequency bandwidth (220-1050 Hz). It has a height
of 112 cm for a diameter of 72 cm, a weight of 450 kg in the air and 300 kg in water (Figure 2-6).
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Figure 2-6 – Picture of the HR Janus-Helmholtz acoustic transducer.

The acoustic source was developed together with a 6.5 kVA power amplifier (D class) which allows
reaching an acoustic level of 196 dB ref. 1 µPa at 1 m (Ker, 2012). The power amplifier generates an
electric pilot signal, which controls the acoustic source (Le Gall & Marsset, 2007). The electric pilot
signal is 100 ms long and designed with a linear FM. The electrical signal is also amplitude modulated
(AM) to take into account the Transmitted Voltage Response (TVR) of the transducer and to obtain an
almost flat frequency acoustic spectrum (B. Marsset et al., 2018).
The JHAT has a cylindrical shape and is mounted vertically. As a result, the acoustic source directivity
has a rotational symmetry along its vertical axis as well as a planar symmetry along the horizontal
plane. Thus, the acoustic signature is dependent on the angle of emission and the frequency of the
signal (Le Gall, 1999), as shown by modelling (Figure 2-8). The emission angle of the source is measured
from 0° (vertically) to 90° (horizontally). The useful emission range for geological studies is comprised
between 0° and 30° (B. Marsset et al., 2014). The “vertical” (0°) far-field signature of the HR source
(signal emitted at 0°) was recorded during dedicated sea trials in May 2009 (Ker, 2012). The trials also
allowed verifying the good repeatability of the signal (Figure 2-7, bottom). The “horizontal” far-field
signature of the HR source (signal emitted at 90°) was recorded from the direct signal (the straight
path between the source and the hydrophone) on the far hydrophone (in open water) during the
GHASS cruise (B. Marsset et al., 2018).
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Figure 2-7 – Top: HR JHAT acoustic signature measured at the vertical of the acoustic source. Bottom: frequency spectrum of
multiple recordings of the source’s signature, showing the good repeatability of the acoustic signal (Ker, 2012).
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Figure 2-8 – Directivity diagram of the HR JHAT. The vertical axis is marked as 0° (B. Marsset et al., 2018).

2.3.3. Multichannel streamer
The development of the multichannel streamer began in 2011 with the digital hydrophone. The
hydrophones are designed to withstand high hydrostatic pressure while maintaining a stable acoustic
sensitivity at any depth over the frequency bandwidth of the seismic source. Each hydrophone includes
an electronic board enclosed in a stack of piezoelectric ceramic cylinders (Figure 2-9). The electronic
board is composed of a microcontroller for local digital data processing and a microelectromechanical
sensor (MEMS). The sensors are HTI90 (sensitivity without pre-amplifier: -186 dB ref 1V∕μPa) from
HighTech Inc. (B. Marsset et al., 2014). The microcontroller performs the digital conversion of the
seismic data (10 kHz) after analogue band-pass filtering [150-3000 Hz] and pre-amplifying with a gain
of 26 dB. The MEMS embedded in the hydrophones measure its orientation (pitch, roll and yaw
angles). In addition to the seismic data, the instantaneous orientation of each receiver measured by
the MEMS is recorded and embedded in the seismic dataset. The data are transmitted to the ship at
the end of each recording window through an optical cable via Ethernet protocol.

54

Chapter 2 - Very high resolution in deep-sea: the deep-towed seismic acquisition

Figure 2-9 – The digital hydrophone inside its ceramic stack and rubber protection (B. Marsset et al., 2014) (scale is 10 cm
between two arrows).

The multichannel streamer is composed of 52 digital hydrophones, with a constant spacing of 2 m. The
horizontal offset of the receivers relative to the source varies between 10 and 112 m. To limit the
number of electrical wires, the streamer is composed of four electronically independent sections, each
including 13 receivers and two Ethernet switches. The streamer is designed to be overall buoyant.
However, the number of electrical wires is much higher toward the front of the streamer. Therefore,
the front to middle part is denser and tends to dip whereas the tail rises (B. Marsset et al., 2014) (Figure
2-15).
The system, equipped with the multichannel streamer was used during three cruises: ESSSYPEN (2013)
in the Bay of Biscay, PRISME2 (2013) in the Gulf of Lions and GHASS (2015) in the western Black Sea.

2.3.4. GHASS dataset
The GHASS cruise took place in 2015 (Ker & Riboulot, 2015). More than 300 km of SYSIF deep-towed
seismic profiles were acquired during the 15 days of acquisition. SYSIF recorded 30 profiles throughout
three dives for a total of 120 hours of acquisition (Figure 2-10, Figure 2-11 and Figure 2-12). Of the 52
hydrophones, only 48 were operational during the cruise (receivers 15, 18, 27 and 45 were nonfunctional). The depth, altitude, and position of the tow-fish were recorded continuously and
transmitted to the ship for real-time monitoring and operation. The system was towed at 1 m.s-1 and
the source was fired at a constant rate between 2.2 s and 3.2 s, depending on the bathymetry and the
depth of the fish for each profile. The time interval between two shots was precisely selected before
acquisition to ensure that no multiple reflections from the previous recording window were present in
the active one (B. Marsset et al., 2014).
The profile naming convention is as follows “PL<dive number>PR<profile number within the dive>”,
e.g., PL01PR01.
The angle content of the seismic data is defined by the maximum emergence angle recorded for a
given depth. A deeper acquisition allows for a wider-angle content of the seismic data, which in turn
improves the accuracy for later velocity analysis. A constant altitude of 100 masf was preferred during
acquisition as a trade-off between safety of the system (i.e., safe altitude over large variations in the
bathymetry) and imaging aperture (i.e., proximity with the target). However, the first two profiles were
acquired higher than 130 masf. To increase the angle content of the seismic data, two profiles were
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acquired closer to the seafloor, at 50 masf: PL01PL02B and PL03PR06 (Table 2-1). The two lines were
also acquired at 100 m altitude (respectively PL01PR02 and PL01PR11), to assess the altitude effects
on the accuracy of velocity analysis.
The absolute position of SYSIF was recorded using the USBL system. The USBL antenna specification
states that the angle of emission should not be greater than 45°. During the GHASS cruise, the
maximum angle between the ship and the tow-fish was reached during PL02PR03, when the tow-fish
was towed at a depth of 1032 m and a distance of 1263 m, resulting in a 35° angle between the ship
and the tow-fish, hence respecting the USBL criteria. Nevertheless, during the analysis of the
positioning data, it appeared that the positions of the tow-fish were not accurate. It was estimated
that the position of the system was systematically shifted by about 10 % of the fish depth on starboard.
The shift is attributed to a wrong calibration of the antenna located on the ship’s hull. This erroneous
positioning was corrected by comparing each profile’s bathymetry acquired by the SYSIF with the
bathymetric map acquired by the ship (Annexe A).

Figure 2-10 – Positions of the profiles of the first SYSIF dive during the GHASS cruise.
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Figure 2-11 – Positions of the profiles of the second SYSIF dive during the GHASS cruise.

Figure 2-12 – Positions of the profiles of the third and last SYSIF dive during the GHASS cruise.
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Dive n°
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
Total

Profile n°
1
2
02B
3
4
5
6
7
8
9
10
11
12
13
14
1
2
3
4
1
2
3
4
5
6
7
8
9
10
11

N° shots
3970
3469
1660
3901
3884
2480
4010
3996
3566
3713
2486
2924
4527
4736
2743
4829
2035
4192
7744
4410
2676
5461
2333
4448
1863
5154
5249
5513
2384
1896
112252

Shot
Spacing
(m)
2.2
2.4
2.2
2.5
3.0
2.4
2.7
2.7
2.5
2.6
2.5
2.5
2.8
2.8
2.5
3.0
2.9
3.2
2.9
2.7
2.7
2.7
2.6
2.7
2.7
3.0
3.4
2.6
3.0
3.3

Length
(m)
8872
8227
3718
9943
11721
6003
10780
10612
9052
9476
6168
7406
12746
13265
6741
14274
5957
13598
22554
12103
7102
14848
6088
12198
5026
15495
17952
14134
7119
6350
309528

Mean
altitude
(masf)
141
131
49
106
102
100
106
102
102
105
105
105
103
102
103
104
101
104
105
103
104
106
102
103
54
103
101
104
104
105

Min. depth

Max. depth

HR equivalent

(mbsl)
434
326
565
382
317
307
468
661
616
515
477
502
599
555
402
426
949
791
448
510
439
443
464
495
592
525
380
371
735
570
307

(mbsl)
635
611
673
872
806
429
719
859
725
690
719
722
922
871
563
952
1038
1033
934
845
629
829
773
631
707
931
956
846
895
851
1038

(GHASS or BLASON)
GHASS 039
GHASS 072
GHASS 072
GHASS 033c
GHASS 041

GHASS 034a
GHASS 034b

BLASON b007d
GHASS 031a
BLASON b008a
GHASS 070a & 070b
GHASS 070a
GHASS 071b & 071c

Table 2-1 – Main parameters of the 30 SYSIF profiles of the GHASS cruise. For the profiles that were previously acquired with
an HR system (from the GHASS or BLASON cruises), the corresponding profile is indicated.

2.4. State of the art: SYSIF data processing
The processing of SYSIF data primarily involves tackling two difficulties: the processing of the 100 ms
acoustic sweep and the processing of the complex acquisition geometry.
To handle the acoustic sweep, a combination of two methods is used. The conventional processing of
acoustic seismic data involving a linear FM acoustic sweep is to cross-correlate the data with either the
electric pilot of the acoustic source or with the direct wave recorded at the nearest hydrophone.
However, the transfer function of the seismic source (power-amplifier, acoustic transducer) is not
negligible and the acoustic signal is not identical to the electric pilot. The difference between the two
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signals results in a noisy cross-correlation. The direct signal cannot be used either because of the
directivity of the JHAT. Instead, the seismic data are deconvolved by the vertical signature of the
acoustic source (Figure 2-7, top) to produce a narrow zero-phase wavelet with few side lobes (Figure
2-13). The advantages of the deconvolution over a standard correlation are discussed in Ker et al.
(2010). Thus, the seismic data are deconvolved using the vertical signature of the JHAT. Nevertheless,
because of the directivity of the acoustic source, the deconvolution of the direct wave, i.e., sourcereceiver, by the vertical signature of the JHAT does not create a noiseless zero-phase wavelet but
instead generates multiple side lobes. Because of the proximity of the system to the seafloor, this noise
can overlap with the sediments reflected seismic signals. Thus, a specific processing step based on a
short term Fourier transform is applied to isolate the direct arrival from the useful signal and to mute
the direct wave (B. Marsset et al., 2018).

Figure 2-13 – Comparison between the correlation processing of SYSIF acoustic sweep and the deconvolution processing (a)
and b) modified after Ker et al., 2010). a) Correlation processing, and band-pass filtering (350 – 1100 Hz). b) Deconvolution
processing, and band-pass filtering (200 – 1100 Hz). c) Comparison between the deconvolution of the horizontally propagating
direct wave by the signature of the JHAT recorded vertically under the source (red) and the autodeconvolution of the vertical
signature (black, modified after B. Marsset et al., 2018).

Figure 2-14 – Signal processing sequence without (a)/ with (b) time-frequency filtering of the direct wave followed by
deconvolution (B. Marsset et al., 2018).
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During the acquisition of SYSIF data, the depth of the tow-fish is continually adjusted according to the
bathymetry to maintain a constant altitude. As a result, the source depth varies and the receiver offsets
fluctuate along the seismic line. Because of the high-frequency content of the seismic signal, the
position of the receivers has to be precisely determined. A dedicated processing sequence was
developed to process the pitch data recorded by the hydrophones’ MEMS (B. Marsset et al., 2014).
First, the pitch raw data are corrected from sensor biases. Next, a low-pass filter of the pitch data is
applied on a common shot gather (CSG) basis to remove unreliable high wave number. Finally, knowing
the pitch angle and the receiver spacing of 2 m, the geometry of the streamer is reconstructed.

Figure 2-15 – Streamer geometry as a result of positioning processing (green, B. Marsset et al., 2014).

Most migration algorithms require the data to be acquired from a flat datum and do not accommodate
irregular acquisition geometries. One exception is the Kirchhoff migration (Yilmaz, 2001). Therefore,
the complex acquisition geometry of SYSIF and the objective of performing velocity analysis motivated
the choice of a Kirchhoff migration algorithm (B. Marsset et al., 2014).
A migration velocity analysis (MVA) using a Kirchhoff migration technique was implemented to build a
velocity model using SYSIF data (B. Marsset et al., 2018). The MVA technique is based on layer stripping
and thus requires a large amount of time and computational effort to process a single profile. The
algorithm requires computing travel time maps using an eikonal solver (Podvin & Lecomte, 1991) to
update the velocity model for each source/receiver positions and each investigated velocity value.
Finally, prestack depth migrations are performed to form Common Image Gathers (CIGs).
Given the high frequency (low wavelength) content of the seismic data, the processing of VHR seismic
data requires a very precise relative positioning of the source and receivers. Such positioning is
essential to stack constructively the seismic data and to allow velocity analysis or seismic imaging.
Previous works did not allow reaching such precision and static corrections were used to adjust the
measured travel times of the seafloor reflected wave to the calculated ones (B. Marsset et al., 2018).
In the next two chapters, we study the impact of an erroneous positioning of the receivers relative to
the source and we develop a method to retrieve accurate acquisition geometry based on seismic waves
travel times.
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Chapter 3.
SYSIF imaging performance: full potential
and requirements
Abstract
The vertical and lateral resolutions are two criteria, which allow for a quantification of the imaging
capabilities of a seismic system. A common way to measure the vertical resolution of a system is
applying the Rayleigh criterion to the acoustic wavelet. Several definitions exist in the literature to
characterise the lateral resolution of an acquisition system after the seismic data migration. The highfrequency bandwidth of SYSIF’s acoustic transducer (220-1050 Hz) together with its multichannel
streamer allows acquisition of seismic data with very high vertical and lateral resolutions. The chapter
defines and quantifies the theoretical vertical and horizontal resolutions of SYSIF, yielding respectively
0.56 m and 1.5 m for a single-shot acquisition. We also discuss the variation of the lateral resolution
with depth. The reconstruction of the streamer’s geometry is a source of imprecision on the location
of the receivers as positioning inaccuracies will cause destructive summation of the seismic data and
dramatically reduce the resolution of the seismic images. Here, we quantify the expected losses of
vertical and lateral resolutions associated with the errors in locating receivers.

Résumé
Les résolutions verticale et latérale sont deux critères qui permettent de quantifier les capacités
d'imagerie d'un système sismique. La résolution verticale est exprimée comme le quart de la longueur
d'onde dominante du signal émis. Cependant, plusieurs définitions existent dans la littérature pour
caractériser la résolution latérale d'un système d'acquisition après la migration des données sismiques.
La bande passante haute fréquence du transducteur acoustique SYSIF (220-1050 Hz) ainsi que sa flûte
multitrace permettent l'acquisition de données sismiques avec des résolutions verticales et latérales
très élevées. Le chapitre définit et quantifie les résolutions verticales et horizontales théoriques de
SYSIF (respectivement 0,56 m et 1,5 m). Nous discutons également de la variation de la résolution
latérale avec la profondeur. La reconstruction de la géométrie de la flûte sismique est une source
d’imprécision sur la localisation des récepteurs car des inexactitudes entraîneront une sommation
destructrice des données sismiques et réduiront considérablement la résolution des images sismiques.
Ainsi, nous quantifions les pertes attendues de résolutions verticales et latérales associées aux erreurs
de positionnement des récepteurs.

61

3.1. Imaging resolutions
The resolution of a seismic image is inherently limited by the bandwidth of the seismic source, the
aperture of the source-receiver layout, the accuracy of the velocity model and the different effects of
solid earth on seismic waves (attenuation, anisotropy…; von Seggern, 1991). In the case of seismic data
acquisition outside parameters, such as the accuracy of the source and receivers relative positioning
and noise in the seismic data, also affect the recorded data and the processing of the seismic image.
The study of seismic resolutions is a complicated problem affected by many factors. Levin (1998), for
example, focused his study on dipping beds and Tygel et al. (1994) analysed how the migration
algorithm distorts the wavelet. Kallweit et Wood (1982) studied the theoretical vertical resolution of a
system through the seismic response of a wedge, i.e., a thin bed of decreasing thickness. The use of a
wedge allows analysing the seismic response for different thicknesses and determining the vertical
resolution. However, computing the image of point scatterers instead of a wedge allows studying more
easily vertical and lateral resolutions separately (Gibson & Tzimeas, 2002). In this context, the
resolution defines how close the two-point scatterers can be while still individually detectable (Yilmaz,
1987).

3.1.1. Vertical resolution
The vertical resolution of a system is generally defined by using the Rayleigh criterion (Rayleigh, 1879).
The Rayleigh criterion states that the minimum distance needed to resolve two events represented by
sinc functions is the pick-to-trough interval or half the trough-to-trough interval of the signal (Figure
3-1) (Kallweit & Wood, 1982).

Figure 3-1 – Representation of the Rayleigh criterion (Kallweit & Wood, 1982).

3.1.2. Lateral resolution
Multiple definitions of the lateral resolution of a seismic system after migration of the seismic data
have been suggested by several authors (Beylkin et al., 1985; Chen & Schuster, 1999; Clearbout, 1996;
Kallweit & Wood, 1982; Safar, 1985; Vermeer, 1999). Chen and Schuster (1999) give the following
relation to computing the lateral resolution of prestack migrated data using a Kirchhoff-like migration
algorithm:
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2𝜋𝜋 · 𝑧𝑧𝑝𝑝
Equation 3-1
𝑘𝑘 · 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚
where 𝑧𝑧𝑝𝑝 is the depth of the diffraction point, k is the wavenumber and 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum distance
between the geophone and the source (112 m for SYSIF). The formulation is only valid where the depth
of the scatterer is greater than 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 . Yet, Chen and Schuster report a good correlation between
theoretical calculations and measurements even when the point scatterer depth is smaller than the
aperture 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 . Beylkin et al. (1985) show the connection between the maximum wavenumber in the
data and the spatial resolution of the migrated image. Consequently, the maximum frequency of the
acoustic source is to be used for the calculation of lateral resolution.
𝛥𝛥𝑥𝑥𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

3.2. Quantification of SYSIF seismic resolutions based on a modelling study
We propose to estimate the vertical and lateral resolutions of SYSIF images based on synthetic data.
The use of synthetic seismic datasets represents a best-case scenario without noise, and most of the
effects affecting the resolutions are ignored (noise, positioning accuracy, …). As such, we only define
the theoretical resolutions as orders of magnitude.

3.2.1. Parameters of the study
We analyse the vertical and lateral imaging resolutions of SYSIF by creating synthetic seismic datasets
where scatterers are placed in a homogeneous medium.
The seismic velocity in the medium is set at 1500 m.s-1. The datasets simulate a single shot gather of
an acquisition performed with an acquisition system analogous to SYSIF. We use a model of a flat
horizontal streamer at the same depth as the source, receiver spacing is 2 m and the source-receiver
offsets range from 10 m to 112 m (52 receivers). The reference wavelet is the result of the
autodeconvolution of the acoustic signature of the JHAT. The wavelet is zero-phase (Ker, 2012). The
synthetic dataset is generated by performing a convolution of the reference wavelet with the Green’s
function of the medium. The seismic dataset acoustic sampling is 10 kHz. The processing of seismic
data includes a Kirchhoff pre-stack depth migration. The aperture of the migration is set to 90°. The
grid used for the migration has a cell size of 0.05 m vertically and 0.1 m horizontally. In this
configuration, the shallowest position below the system with full coverage (52 seismic traces) is
located at X =-56 m and Z = -100 m relative to the source (Figure 3-2). Figure 3-3 presents the synthetic
dataset corresponding to this acquisition geometry and for a scatterer located at the shallower
position of full coverage. We observe a dissymmetry of the migration focus caused by the dissymmetry
of the acquisition system. This dissymmetry is not observed when the synthetic data are generated
using multiple shots of the source (e.g., 60 shots spaced by 2 m and the same receiver array “towed”
behind the source). The synthetic configuration using several source shots is closer from an actual
acquisition but requires more computation time (i.e., 60 times more).
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Figure 3-2 – Acquisition geometry for the synthetic dataset. The dashed red and green triangles respectively represent the
migration's aperture for the source and the last receiver. The scatterer point represents the shallowest position to benefit from
full coverage.

Figure 3-3 – a) Synthetic shot gather. b) Migrated seismic data c) Migrated trace, taken at the position of the vertical red
dashed line in b). d) Migrated, constant depth trace, taken at the depth indicated by the horizontal red dashed line.

3.2.2. Vertical resolution
The SYSIF source emits a Linear FM signal, which after deconvolution results in a Klauder wavelet
(Figure 2-13c), consistent with the conditions of application of the Rayleigh criterion. To measure the
vertical resolution, a single scatterer is located at the shallowest position covered by a full coverage,
as indicated above. The vertical resolution is measured on the vertical signal, i.e., a vertical trace of the
migrated image passing through the maximum of amplitude (Figure 3-3c). Due to the asymmetry of
the synthetic acquisition system, the migrated wavelet is also asymmetric. Based on the Rayleigh
criterion, we measure the pick to trough distance on the migrated wavelet. The pick to trough distance
is 0.56 m (or breadth of 1.12 m, Figure 3-4).
This method is equivalent to the traditional way to assess the resolution of a system, which consists of
computing a quarter of the dominant wavelength: λ/4. For the central frequency of the acoustic signal,
635 Hz, and a velocity of 1500 m.s-1 this formula provides a vertical resolution limit of 0.59 m, which is
consistent with the value previously measured. Subsequently, we consider the value measured on the
wavelet as the theoretical vertical resolution (0.56 m).
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Figure 3-4 – Vertical migrated trace, taken at the position indicated by the vertical red dashed line in Figure 3-3b).

3.2.3. Lateral resolution
We first compute the lateral resolution of SYSIF using the equation formulated by Chen and Schuster
(1999). We calculate the lateral resolution for the maximum frequency of the source (1050 Hz) and at
a depth of 100 m under the source. From Equation 3-1, we obtain a lateral resolution of 1.36 m.
Additionally, Equation 3-1 allows estimating the evolution of the lateral resolution with depth (Figure
3-7).
To measure the horizontal resolution directly on the migrated signal we define the horizontal
resolution based on characteristics of the horizontal migrated signal. We observe that the horizontal
migrated signal is well approximated by a Gaussian-type signal (Figure 3-5). Among other scientific
disciplines (chromatography, spectroscopy), the definition of the resolution capabilities of a system is
also discussed, in particular for a Gaussian-type signal, whose width is inherently infinite. Several
definitions exist for resolution calculations involving Gaussian signals. For example, Robertson (2013)
defines two events as resolved when the local minimum between peaks is 81.1% of the peak height.
This threshold is arbitrary, and other authors use a different value to define the resolution; for
example, Sheppard (1984) uses 73.5%.
We chose to define the resolution of the system as the full width at half-maximum (FWHM) (de Souza,
2014). The resolution is then characterised as the width of the Gaussian curve measured at the half of
the maximum of amplitude. We measured the FWHM on the horizontal migrated signal (Figure 3-5).
This definition yields a horizontal resolution of 1.5 m (Figure 3-5). This value is higher by about 10 %
than the one calculated using the equation proposed by Chen and Schuster (1999). Given the shallow
depth used to estimate the resolution relative to the aperture of the system, we do expect a
discrepancy between the two values.
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Sparrow (1916) defines the resolution as the minimal distance so that two peaks are still visible in the
sum-curve. We test the definition of the lateral resolution using the FWHM against the definition given
by Sparrow. Two scatterers are placed in the homogeneous medium at the same depth and brought
closer together. The horizontal migrated signal of each scatterer is approximated using the Gaussian
signal presented in Figure 3-5. The sum of the two Gaussian curves is the sum-curve (indicated in red)
and the two scatterers are separated respectively by 1.4, 1.5 and 1.6 m. For a separation lower than
the FWHM (1.4 m, Figure 3-6a), the two peaks are barely distinguishable and the sum-curve’s
maximum is closer to a flat spot. Figure 3-6b and Figure 3-6c show that for a separation equal or
superior to the FWHM of the curves (1.5 m and 1.6 m), the two peaks are clearly visible. This
observation meets the definition given by Sparrow (1916) and shows consistency between the
definition of the lateral resolution by Sparrow and the numerical value of 1.36 m from Chen and
Schuster (1999).
We also measure the variation of lateral resolution with depth. The resolution is measured on the
migrated focus of a scatterer located at X = -56 m relative to the source. The depth of the scatterer
varies between 100 m and 300 m under the source. To compare the measured resolutions with those
calculated using Equation 3-1, the migration’s grid cell size is set at 0.01 m in both directions. Figure
3-7 presents the results of the synthetic experiment. We observe a gradual deterioration of the
measured lateral resolution from 1.5 m at 100 m under the source to 4.1 m at 300 m under the source.
The comparison with the theoretical resolution calculated with the formula from Chen and Schuster
(1999) shows a good fit with the measurement. Like the authors, we note that the deeper the point
scatterer depth, the better the fit.

Figure 3-5 – Gaussian approximation of the migrated horizontal signal. a) The constant depth signal from the synthetic
migrated data is shown (black), overlayed with its Gaussian approximation (red).
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Figure 3-6 – Gaussian approximation of the horizontal migrated signal for two scatterers separated by 1.4 m, 1.5 m and 1.6
m. The sum of the two signal is represented (red curve). For a lower separation, the central maximum of the sum-curve is close
to flat spot (a). The increased distance between the two scatterers allows distinguishing a local minimum (b and c).

Figure 3-7 – Variation of the theoretical and measured lateral resolutions with depth. The depth is relative to the source.

3.3. Impact of positioning accuracy on seismic resolutions
The processing workflow of data recorded during SYSIF acquisition includes the processing of
acquisition geometry. The geometry is obtained by calculating the position of the receivers from the
MEMS tangential data for each shot point (B. Marsset et al., 2014). However, noise in the tangential
data and the limited spatial sampling lead to errors in the receiver’s offsets. We estimate the loss of
resolution related to receivers’ positioning inaccuracies by comparing the migration’s focus obtained
using the exact acquisition geometry and erroneous geometry. A single point scatterer in a
homogeneous medium is simulated here at the position presented in Section 3.1.1. The erroneous
geometry is constructed by adding noise from a Gaussian distribution, of standard deviation σnoise, to
the vertical and horizontal offsets of each receiver.
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An example of migration of the scatterer using the correct unbiased position is presented in Figure
3-8a. Figure 3-8b and Figure 3-8c present the same scatterer migrated using “noisy” geometries: the
noise added to the position of the receivers has a standard deviation of σnoise = 0.3 m and σnoise = 0.6 m
respectively. For each image migrated utilising “noisy” receiver positions, we measure the vertical and
horizontal resolution as well as the shift in the position of the maximum amplitude of the migrated
image. The standard deviations of the Gaussian distributions σnoise are selected between 0 m and 0.8 m,
with a step of 0.05 m.

Figure 3-8 – Synthetic migrated image of a point scatterer with three different geometries. a) Original geometry. b) Noise
added to the position of the receivers with σnoise = 0.3 m. c) Noise added to the position of the receivers with σnoise = 0.6 m. The
top-left truncation is caused by the migration aperture of 30°. The gradual loss of coherence in the migrated image is evident.

Figure 3-9 and Figure 3-10 present the result of the study. On both figures, each line of graphics
corresponds to the results of a given σnoise. The results for σnoise of 0.2, 0.3, 0.4 and 0.5 m only are
presented in details. For each σnoise, the waveform of the horizontal (Figure 3-9) and vertical signals
(Figure 3-10) are shown as well as the positions of amplitude maxima and the corresponding
resolutions. For each case, the standard deviation σ is indicated as well as the average deviation from
the theoretical value Δμ. We clearly observe the deterioration of the stack quality for both vertical and
horizontal signals as σnoise increases (Figure 3-9 a-d-j-g & Figure 3-10 a-d-j-g). The main shape of the
horizontal migrated signal is retained for σnoise values of 0.2 and 0.3 m, whereas the shape is degraded
for σnoise greater than 0.3 m. This degradation in the focus of the migration translates to a decrease in
the resolution of the migration, which can be observed in the shift of the resolutions’ mean value and
the increase of the standard deviation of the distributions. The theoretical vertical resolution of the
system is 0.56 m (shown in red in Figure 3-10 c-f-i-l), and we observe a Δμ = 0.69 cm loss in the vertical
resolution when adding noise with σnoise = 0.2 m (Figure 3-10 c) and a Δμ = 4.46 cm loss for σnoise = 0.5
m (Figure 3-10 l), which represents a 8 % loss of vertical resolution. The horizontal resolution of the
system at the position of the point scatterer is 1.5 m (shown in red in Figure 3-9 c-f-i-l). When adding
noise σnoise = 0.2 m to the position of the receivers, a Δμ = 0.03 m loss of horizontal resolution is
observed (Figure 3-9c), at σnoise = 0.5 m, the loss is Δμ = 0.17 m (Figure 3-9 l) or a 11 % loss of horizontal
resolution. As the positioning error is a Gaussian distribution centred on zero, the distribution of the
position of the maxima of amplitude is also centred on zero for both the horizontal and vertical
positions, as observed in Figure 3-9 b-e-h-k for the horizontal position and Figure 3-10 b-e-h-k for the
vertical position. We observe a progressive loss of both vertical and horizontal resolutions with the
increasing σnoise: there is no clear cut-off.
The gradual loss of horizontal and vertical resolutions as a function of σnoise is shown in Figure 3-11.
This chart is used to evaluate the impact of the uncertainty of the position of the receivers on the
quality of imaging. Uncertainties of the location of the receivers as low as 0.8 m result in a loss of
vertical and lateral resolutions of almost 30%. Accuracies in the positioning of the receivers better than
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σnoise = 0.4 m allow reaching an imaging performance of 90 %. Reaching this accuracy is a challenging
but crucial step in the processing of VHR deep-towed seismic data that requires the development of a
dedicated procedure detailed in the next chapter.

Figure 3-9 – Results of the study on the receivers’ position for the horizontal signal. Each line of plots corresponds to a standard
deviation value (σnoise from 0.2 to 0.5 m). Each column of plots displays different information: signal waveform, amplitude
maximum position and resolution. In total, there are 1000 runs per σnoise value. The red bars indicate the reference values
corresponding to the exact solution. For each case, the standard deviation σ is indicated as well as the average deviation from
the theoretical value Δμ.
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Figure 3-10 – Results of the study on the receivers’ position for the vertical signal. Each line of plots corresponds to a standard
deviation value (σnoise from 0.2 to 0.5 m). Each column of plots displays different information: signal waveform, amplitude
maximum position and vertical resolution. In total, there are 1000 runs per σnoise value. The red bars indicate the reference
values corresponding to the exact solution. For each case, the standard deviation σ is indicated as well as the average deviation
from the theoretical value Δμ.
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Figure 3-11 – Loss of horizontal and vertical resolutions as a function of σnoise.
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Chapter 4.
Improving seismic imaging performance:
addressing the variable acquisition
geometry
Abstract
During a deep-towed acquisition, the source is towed at a constant altitude above the seafloor causing
variations in the depth of the system. Vertical motion of the source propagates along the neutrally
buoyant streamer as mechanical waves causing variations in the source-receiver vertical and horizontal
offsets. While variations in tangential angles (pitch, roll and heave) of each receiver are measured
during the acquisition, these measurements are not accurate enough to prevent the introduction of
errors in the reconstruction of the shape of the streamer. More accurate receiver locations are
required to reach the full potential of the very high-resolution seismic acquisition system. This chapter
presents an innovative processing step to retrieve more accurate receiver offsets by inverting seismic
waves’ travel times to correct the pitch angles along the receiver array. The inversion is based on a
local optimisation method and uses the travel times of the direct wave and seafloor reflected waves.
These inverted pitch values provide a more accurate reconstruction of the offsets of the receivers,
which in turn improves seismic profiles acquired from deep-towed systems. Finally, we estimate the
seismic resolution to 0.65 m vertically and 1.7 m horizontally when the uncertainty in the receivers’
position is taken into account.

Résumé
Lors d'une acquisition remorquée en fond de mer, la source est remorquée à une altitude constante
au-dessus du fond marin provoquant des variations de profondeur du système. Le mouvement vertical
de la source se propage le long de la flûte, dont la flottabilité est neutre, sous forme d'ondes
mécaniques provoquant des variations des distances source-récepteur verticales et horizontales. Alors
que les variations d'angles tangentiels (tangage, roulis et houle) de chaque récepteur sont mesurées
lors de l'acquisition, ces mesures ne sont pas suffisamment précises pour empêcher l'introduction
d'erreurs dans la reconstruction de la forme du streamer. Une connaissance plus précise de la position
des récepteurs est nécessaire pour atteindre le potentiel complet du système d'acquisition sismique à
très haute résolution. Ce chapitre présente une étape de traitement innovante pour calculer plus
précisement la position de récepteurs en inversant les temps de parcours des ondes sismiques afin de
corriger les angles de tangage le long de la flûte sismique. L'inversion est basée sur une méthode
d'optimisation locale et utilise les temps de trajet des ondes directes et des ondes réfléchies sur le
fond marin. Ces valeurs de tangage inversées fournissent une reconstruction plus précise des
décalages des récepteurs, ce qui améliore à son tour les profils sismiques acquis à partir de systèmes
remorqués en fond de mer. Enfin, nous estimons la résolution sismique à 0,65 m verticalement et 1,7
m horizontalement en prenant en compte l’incertitude sur la position des récepteurs.
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4.1. Inaccuracies in the array shape reconstruction from measured tangential data
During a deep-tow acquisition the depth of the tow-fish varies along the profile to maintain a constant
altitude above the seafloor. As a result, the shape of the streamer, towed behind the tow-fish, varies
when an active acquisition is occurring. During processing, the shape of the streamer is reconstructed
from the tangential angles measured by the MEMS. The MEMS are mounted on the digital hydrophone
circuit board and measure the pitch, roll and yaw angles every 2 m along the streamer. The work
realised here focuses on the positioning of the receivers relative to the source on a CSG basis. The
absolute positioning of the system is not addressed in this chapter but discussed in Annexe A.

4.1.1. Array shape reconstruction
4.1.1.1. Deformation of the array during the acquisition
The SYSIF multichannel streamer was built to be buoyant as a whole and float behind the tow-fish (B.
Marsset et al., 2014). As the 120 m streamer is only attached to the tow-fish at its towing point, the
body of the streamer is free to deform during acquisition. If the vertical movement of the source is
large enough, a mechanical wave of low wavenumber and high amplitude can propagate through the
streamer. Thus the receivers' lateral and vertical offsets can vary individually and continuously during
an acquisition. The three tangential angles measured by the MEMS are theoretically needed to
reconstruct the 3D shape of the streamer. However, as the receivers are omnidirectional, the roll
angles are not used for the reconstruction. In the western Black Sea, deep-sea currents are expected
to reach on average 0.05 m.s-1 and no more than 0.20 m.s-1 (Korotaev et al., 2006; Markova et al.,
2016). Given that acquisition is conducted much faster, at 1 m.s-1 on average, no significant feathering
is expected to affect the streamer, consequently, the yaw angles are not used to reconstruct the shape
of the streamer. Therefore the shape of the streamer is reconstructed only in two dimensions: in the
direction of the seismic profile and depth.
4.1.1.2. Reconstruction from pitch angles
To reconstruct accurately the shape of the streamer, the pitch angles measured by the MEMS must be
corrected using calibration values. These calibration values were measured during the ESSYPEN cruise
in March 2013 using the following procedure: the streamer was deployed, with the assumption that it
was flat along the surface of the ocean and the pitch angle observed at each MEMS were recorded and
averaged to obtain the calibration values unique to each sensor. However, these values suffer several
biases:
- The streamer is buoyant as a whole, but the front part is denser than the tail (B. Marsset et al.,
2014). Therefore, it is possible that the streamer was not perfectly flat at the surface and that
the calibration values are themselves biased.
- The calibration measurement was conducted during the ESSYPEN cruise in 2013, the GHASS
cruise occurred in September 2015, an instrumental drift may have occurred during the 30
months separating the calibration procedure and the acquisition of seismic data during the
GHASS cruise.
Despite the inaccuracies in the bias measurement, the pitch values are still corrected from the
calibration values measured during the ESSSYPEN cruise, bringing them closer to their actual values
(Figure 4-1). The pitch values from the four defective hydrophones (n° 15, 18, 27 & 45) are interpolated
from neighbouring values.
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Figure 4-1 – Raw and calibration corrected pitch values (average over 250 shots). The four defective hydrophones are marked
by red dots (nil values before correction, interpolated after correction). Negative pitch angles indicate that the streamer is
dipping down toward the farthest end from the source.

Figure 4-2a presents the depth variations of the source for a section of a seismic profile. We observe
that the source starts to rise at shot number 150 (red arrow). Accordingly, the pitch angle at the head
of the streamer (receivers 1 to 10) decreases, corresponding to the streamer being pulled upward by
the tow-fish (Figure 4-2b, left of the red oval). The full length of the streamer is gradually pulled upward
and the deformation reaches the last receiver around shot number 200 (approximately 110 seconds
later, right of the red oval). To remove instrument noise from the data (visible on Figure 4-2b), a
smoothing filter is applied to the pitch angles data for each receiver. However, the specific features of
the streamer’s geometry must be preserved by the filter during the processing of the pitch data. To
that purpose, a directional filter is applied. The directional filter is designed to fit the propagation of
the mechanical wave through time (shot number) and space (hydrophone number) in the pitch data
matrix. By coincidence, the mechanical wave propagates at the same rate in the shot number and
hydrophone number directions of the pitch data matrix, resulting in a 45° angle propagation through
said matrix. The filter is designed to match this propagation direction, consequently, its kernel consists
of a diagonal matrix. The kernel of the filter is then convolved with the pitch data matrix. We observe
in Figure 4-2c that the pitch angle variation caused by the vertical movement of the source has been
preserved by the directional filter.
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Figure 4-2 – a) Depth of the source over 250 shots (approximately 9 minutes of acquisition and 600 m). b) & c) Calibration
corrected and filtered pitch values. The change in the source’s depth (red arrow) triggers a mechanical wave in the streamer,
affecting the pitch values over time (red ovals).

Finally, the corrected and filtered pitch values are integrated along the streamer to obtain the vertical
and horizontal offsets 𝑥𝑥𝑟𝑟𝑖𝑖 and 𝑧𝑧𝑟𝑟𝑖𝑖 for each receiver ("the MEMS geometry"):
𝑟𝑟 𝑖𝑖

⎧𝑥𝑥 𝑖𝑖 = 𝑥𝑥 + � cos [𝛼𝛼(𝑟𝑟)]𝑑𝑑𝑑𝑑
0
⎪ 𝑟𝑟
𝑟𝑟 𝑖𝑖

0

,

Equation 4-1

⎨
⎪ 𝑧𝑧𝑟𝑟𝑖𝑖 = � sin [𝛼𝛼(𝑟𝑟)]𝑑𝑑𝑑𝑑
⎩
0
where 𝑟𝑟 𝑖𝑖 is the curvilinear abscissa of the i-th receiver from the head of the streamer and α(𝑟𝑟) the
pitch angle at position 𝑟𝑟 down the streamer. The curvilinear distance between two receivers is 2 m.
The curvilinear distances between the head of the streamer and the 1st and 52nd receivers are
respectively 8 and 110 m. The additional 𝑥𝑥0 = 2.1 m in horizontal offset corresponds to the distance
between the acoustic barycenter of the transducer and the towing point of the streamer.

4.1.2. Travel times discrepancies

The accuracy of the array’s reconstruction is evaluated by comparing the observed direct and seafloor
𝑖𝑖
𝑖𝑖
reflected travel times 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜
with the computed values 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(𝛼𝛼) expressed as:
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Equation 4-2
Equation 4-3
Equation 4-4
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where 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
and 𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑
are the direct distance and travel time from the source to the i-th receiver, 𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑖𝑖
𝑖𝑖
the distance and travel time of the seafloor reflected wave to the i-th receiver. 𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
is the
and 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
horizontal distance between the i-th receiver and the reflection point on the seafloor for the reflected
𝑖𝑖
wave reaching the i-th receiver, 𝑧𝑧𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
is the vertical distance between the i-th receiver and the
𝑖𝑖
𝑖𝑖
vary with bathymetry as well as the vertical and
seafloor at the reflection point. 𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 and 𝑧𝑧𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
horizontal offsets of the receiver (Figure 4-3). The precision of the altimeter is 0.15 m and the precision
of the depth calculated from the pressure sensor is 0.7 m. The altitude and depth values are combined
to produce a bathymetric profile of the acquisition.
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Figure 4-3 – Description of an average acquisition configuration for the deep-towed multichannel seismic acquisition SYSIF.
𝑖𝑖
𝑖𝑖
𝑖𝑖
The tow-fish is not to scale with the streamer. The distances 𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
, 𝑧𝑧𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
and 𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
depend on the depth of the source and
receiver as well as the slope of the seafloor.

The travel times of the direct and seafloor-reflected waves are picked on the seismic data after
separate deconvolution. For the direct wave, the raw seismic data are deconvolved using the 90°
signature of the acoustic source (“horizontal” signature) to produce an impulse, noiseless, signal. For
the seafloor reflected wave, the travel time is picked on the processed seismic data (the seismic data
are thus deconvolved using the 0° signature of the acoustic source, the “vertical” signature). A bandpass filter [220-1050] Hz is applied in both cases.
We compare the travel times for the direct wave as well as the seafloor reflected wave for a single
CSG, the results are shown in Figure 4-4. We observe that for the direct travel times (Figure 4-4a) the
misfit between 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 increases with the receiver’s offset. The misfit between both travel times
increases up to a 1.3 ms misfit for the direct signal and up to a 1.2 ms misfit for the seafloor reflected
one (Figure 4-4b). The direct wave traveltime misfit increases almost linearly along the streamer, which
indicates a gradual divergence between the MEMS geometry and the actual streamer’s shape. The 1.3
ms and 1.2 ms travel time misfits correspond to approximately 1.92 m and 1.78 m when converted at
seawater velocity (1482 m.s-1). The positioning error in the receiver array results in a resolution loss
greater than 30 % (Figure 3-11). Figure 4-4b also reveals the presence of high-frequency variations in
the misfits of the seafloor reflected wave travel times. Such variations are, for example, visible
between receivers n°20 and n°30 with a gradual decrease of the misfit toward receiver n°25. These
variations are indications that the actual geometry of the streamer is more complicated than the one
modelled thus far.
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Figure 4-4 – Direct wave (a) and seafloor-reflected wave (b) travel times picked on the seismic data and computed using the
MEMS streamer’s geometry for shot 766 of profile PR03PL06. Misfits in travel times between the picked values and the one
computed using the MEMS geometry (the red diamonds).

4.2. Reconstruction of the acoustic array by inversion of the seismic arrival times
We propose a new approach to reconstruct accurately the streamer’s shape and to recover the smallscale variations in the streamer’s deformation. The relocation procedure consists in improving the
accuracy of the pitch angles from the inversion of the direct and seafloor reflection travel times. This
procedure aims at finding, for each CSG, 53 pitch angles 𝛼𝛼(𝑟𝑟) values (i.e., one value per receiver and
an additional angle at the connection between the tow-fish and the lead-in cable) from 104 travel time
observations (direct and seafloor reflected travel times). The travel times from the four defective
hydrophones (n° 15, 18, 27 and 45) are interpolated from neighbouring receivers. After inversion of
the pitch angles, the offsets of the receivers are retrieved by operating a curvilinear integral (Equation
4-1).
The pitch angle inversion grants flexibility in the resulting shape of the streamer; therefore, it allows
for small-scale variations of the receivers’ offsets. The inverse problem focuses on the inline geometry
of the seismic streamer and considers the cross-line offset as null (no feathering). The relocation
inverse problem entails minimising the misfits, calculated using a least-square method, between the
picked travel times and the computed travel times. Therefore the objective function, 𝑆𝑆, is given as:
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𝑖𝑖
𝑖𝑖
𝑆𝑆 = min �{𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
}2
�𝛼𝛼�𝑟𝑟 𝑖𝑖 �� − 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜
𝛼𝛼(𝑟𝑟)

Equation 4-5

𝑖𝑖

which that we wish to minimise.
To solve this inverse problem, we chose a local optimisation approach as we use the processed MEMS
pitch angles as initial values to start the search for the minimum value of our objective function S. That
is, it is assumed, that these measured pitch angles are close to the actual values. We employ a gradientbased, local, optimisation method: the trust-region approach (Byrd et al., 1988; Powell, 1970). The
trust-region method is chosen for its strong convergence properties and its ability to handle non-linear
problems. Specifically, the Matlab algorithm is based on the interior-reflective Newton method
(Coleman & Li, 1994, 1996) which improves the convergence. When trying to minimise the objective
function S(𝛼𝛼), the trust region method works by approximating 𝑆𝑆 in a close neighbourhood 𝑁𝑁 around
the vector of pitch angles 𝛼𝛼. This neighbourhood 𝑁𝑁 is called the trust-region as this is where we trust
the approximation function to be a faithful representation of the objective function 𝑆𝑆 (Conn et al.,
2000). The value minimising the approximation function in the trust-region 𝑁𝑁 is selected as the centre
of the trust-region for the next iteration of the inversion. The objective function is usually
approximated by the first two terms of the Taylor approximation (Zhang et al., 2015).
Once the misfit has reached a local minimum value, the accepted pitch angles 𝛼𝛼(𝑟𝑟) are regularised.
The regularisation of the inverted values is used to decrease the roughness of the solution in order to
avoid large consecutive variations in the pitch values. Such sharp variations would result in an
unrealistic shape of the streamer. The data are filtered using a Savitzky-Golay finite impulse response
(FIR) which acts as a smoothing filter. The filter is applied by fitting polynomials over sub-sets of data
(Savitzky & Golay, 1964; Schafer, 2011); it has two parameters, a polynomial order, which was set to
19 and a filtering window length that was chosen to be 35. After regularisation of the pitch angles, the
receivers’ offsets are calculated. Finally, misfits are calculated from the direct wave and seafloor
reflected wave travel times for each receiver. The parameters of the regularisation filter are chosen to
prevent pitch angle variations of more than 10° from one receiver to another and to limit the increase
in misfit caused by the regularisation. The 10° angle is chosen based on the rigidity of the streamer. It
has to be noted that a more elegant way to perform the regularisation could be implemented during
the inversion procedure but it requires an accurate model of the streamer shape, which has not been
developed yet.
Results from the regularisation of the inverted pitch angles are shown for a single CSG in Figure 4-5.
The regularisation decreases the maximum difference between two consecutive pitch angles to below
10° (Figure 4-5a) with a maximum consecutive difference of 9.9°. We then compute the travel times
using the MEMS geometry, the inverted geometry and the geometry calculated using the regularised
inverted pitch angles. The regularisation increases the misfit in the direct wave travel times from 0.06
ms to 0.30 ms while the rms misfit of the seafloor reflected travel times increases from 0.18 ms to 0.26
ms.
For the remainder of the chapter, the values generated from the inversion procedure (i.e., inversion
followed by a regularisation of the pitch angles) will be referred to as “inverted values” (e.g., “the
inverted geometry” is the estimated geometry based on the inversion of the pitch angles).
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Figure 4-5 – a) Regularisation of the pitch angles (red) compared the processed pitch angles measured by the MEMS (green)
and the inverted pitch angles (blue). Comparison between the travel times computed with the offsets using the regularised
pitch angles (red), the pitch angles measured by the MEMS (green) and the inverted pitch angles (green) for the direct wave
(b) and the seafloor reflected travel times (c). The diamonds indicate the misfit with the observed times.

4.3. Inverted geometry analysis
4.3.1. Inverted geometry
When comparing the inverted geometry to the MEMS geometry, we observe the same general trend
(Figure 4-6a). The streamer dives for the first three-quarters of its length and rises slightly. However,
the new array reconstruction retrieves a sine-like behaviour in the streamer shape with a series of
peaks and troughs (Figure 4-6b). The variations have a maximum amplitude of approximately 1 m, at
the tail of the streamer. The troughs correspond to the positions of the Ethernet switches, which are
embedded in titanium containers and have a mass of 1.3 kg. The streamer is neutrally buoyant as a
whole, but these denser components (the black dots in Figure 4-6b) cause the streamer to be locally
denser than seawater, which causes local deformations of the streamer.
We extract a small portion of profile PL03PR06 (named PL03PR06α, 251 shots, approximately 600 m).
The direct wave and the seafloor reflected wave arrivals are picked for all receivers. The tobs travel
times are compared with the tcalc computed using the MEMS geometry and the inverted geometry.
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For the direct wave, the rms of the misfit between tobs and tcalc is 0.44 ms over the whole streamer
using the MEMS geometry and 0.23 ms using the inverted geometry (Figure 4-7a). For the seafloor
reflected wave, the rms is 0.81 ms before the inversion and 0.22 ms after (Figure 4-7b).
These results translate to positioning uncertainty of 0.34 m when using seawater velocity. These
uncertainties correspond to a maximum loss of resolution of about 8 % (Figure 3-11). This loss in
resolution decreases the theoretical resolutions to a maximum vertical resolution of 0.65 m and a
maximum horizontal resolution of 1.7 m (1.62 m, rounded up), for a homogeneous medium and a
perfect knowledge of the velocity model.
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Figure 4-6 – Comparison between the MEMS geometry (red) and the inverted geometry (green). The black dots indicate the
position of the Ethernet switches along the streamer. b) is a zoom of the tail of the streamer highlighting the “wavy” geometry
of the streamer. The location of the zoom (bottom left corner) is indicated by the red rectangle.

Figure 4-7 – Root mean square of the misfit between 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 computed using the MEMS geometry (red curve) or the inverted
geometry (green curve) and 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 for profile PL03PR06𝛼𝛼, (a) direct wave and (b) seafloor reflected wave. The vertical lines
represent the standard deviation.

4.3.2. Hydro-mechanical model of the streamer
The “wavy” geometry of the streamer (alternating peaks and troughs) was an unexpected result of the
inversion of the streamer’s geometry. To know more about the origin of this behaviour, a hydromechanical study of the streamer system was performed; the study was conducted by Gilbert Damy
(Ifremer). The static study aims at estimating the general static shape of the streamer under the local
physical conditions of the seawater and its weight. The weight of each element constituting the
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streamer (hydrophone, electric cables, Ethernet switches, casing...) was estimated from known data.
Indeed, the heterogeneities in the streamer cause static deformations. For example, the Ethernet
switch containers weight around 1.3 kg, much denser than the average density of the streamer, thus
affecting its local buoyancy. To simplify the static modelling of the streamer, its estimated weight
distribution has been averaged for each section with only the weight of the Ethernet switches kept
identical (Figure 4-8, orange curve).

Figure 4-8 – Mass of the streamer per unit of length. The blue curve corresponds to the estimated values, the orange curve
represents the values used for the modelling of the pitch angles.

To model the static behaviour of the streamer, a modified expression of the Morison equation has
been used. The Morison equation is a semi-empirical equation that expresses the inline force on a
body in oscillatory flow (Morison et al., 1950) that was written to describe the force exerted by surface
waves on piles of marine structures:
𝐹𝐹 =

1
2

· 𝜌𝜌 · 𝐶𝐶𝑑𝑑 · 𝑑𝑑𝑖𝑖 · |𝑉𝑉𝑛𝑛 | · 𝑉𝑉𝑛𝑛 ,

Equation 4-6

where F is the normal drag force per length unit, 𝜌𝜌 the density of the seawater (1029 kg/m3), 𝐶𝐶𝑑𝑑 the
normal drag coefficient (1.4, Grant, 2017; Milburn & Fagot, 1979), 𝑑𝑑𝑖𝑖 the streamer diameter (0.064 m)
and 𝑉𝑉𝑛𝑛 the normal component of the streamer/water velocity (1 m.s-1). This formulation of the
equation is mainly valid for a configuration where the axis of the structure (an anchor line for example)
have an important angle relative to the wave’s direction. In the situation of the streamer, that angle is
small (between 0° and 10°) so a modified formulation has been tested (Damy, 2018):
1
Equation 4-7
· 𝜌𝜌 · 𝐶𝐶𝑑𝑑 · 𝑑𝑑𝑖𝑖 · |𝑉𝑉| · 𝑉𝑉𝑛𝑛 ,
2
where V is the relative velocity between the water and the steamer. With this new formulation, the force
varies as a function of the pitch as in the lift of the fuselage of an aircraft.
𝐹𝐹 =

The model was simulated using the DeepLines software by Principia, the results of the modelling are
compared with the inverted pitch values in Figure 4-9. The general trend is coherent between both
datasets. The pitch angles are negative for the first two-thirds of the streamer (up to the curvilinear
abscissa of 100 m), indicating that the streamer is denser than the seawater. The pitch angles are then
positive, indicating that the tail of the streamer is lighter and rises slightly. The modelling also
reproduces the local variations of depth caused by the Ethernet switches. The positions of the peaks
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and troughs are coherent between the modelling and the inverted pitch angles. The ability to preserve
these small-scale vertical offsets of the receivers during the processing of the acquisition geometry is
crucial when working with very high-resolution seismic data.

Figure 4-9 – In blue, the pitch angles modelled over the length of the streamer (Damy, 2018). In orange, the inverted pitch
values. No pitch measurements are made on the first 5 m and the last 10 m of the streamer, hence the lack of raw data.

4.3.3. Seismic imaging improvements
The validity of the relocation procedure is verified by producing a seismic image using the inverted
geometry. The seismic data are migrated with the relocated receivers’ positions using a Kirchhoff prestack depth migration (PSDM) using a constant velocity model of 1482 m.s-1 and a migration aperture
of 30°. The annotated Figure 4-10 shows a comparison of the migrated seismic image produced using
the MEMS geometry in a) and using the inverted geometry in b). We can see a clear gain in the lateral
continuity of the reflectors at all depths (red arrows). The image produced using the inverted geometry
reveals small faults less than 20 m long in the first few meters of sediments (green arrows). We can
also observe a polarity inversion of a bright reflector, possibly caused by the presence of gas (yellow
arrow). The bright reflector just above (orange arrow) does not present a polarity inversion, thus
showing the absence of gas trapped under that horizon. These details are not clearly visible on the
image produced using the MEMS geometry (Figure 4-10a).
Figure 4-11 shows another example of the imaging improvement provided by the inverted geometry.
The pop-up blocks and thrust blocks are much more resolved and bring information on the kinetics of
the landslide (red ovals). Small pockmarks (<2 m wide and <1 m deep) can are visible just under the
seafloor (blue ovals). If these pockmarks are visible on both seismic sections, they can be confidently
identified in the improved seismic image. Finally, diffractions are better resolved within the MTD
(green ovals), indicating the presence of blocks within the reworked material.
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Figure 4-10 – PL03PR06 (shot 1800 to 2050): profiles are depth migrated using a constant seawater velocity model. (a) Data
processed using the MEMS geometry. (b) Data processed using the inverted geometry (vertical exaggeration: 7.3). The red
arrows show the gain in lateral continuity of the reflectors.
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Figure 4-11 – Profile PL01PR04 depth migrated (constant seawater velocity) using the MEMS geometry (a) and the inverted
geometry (b).

4.3.4. Calibration measurements
The inverted pitch values show a sine-like behaviour, increasing in amplitude toward the end of the
streamer. This sine-like behaviour can also be observed in the raw pitch data. The fit between the two
sets of values is particularly obvious after the 20th receiver (Figure 4-12). This comparison points
toward biased calibration data caused by the measurement environment. The calibration values were
measured by having the streamer lay “flat” on the surface of the sea. We now know that the Ethernet
switches have a strong effect on the buoyancy of the streamer. During the operation, the streamer
was, therefore, sinking locally under its weight and the MEMS were not recording horizontally as
expected. The calibration values measured during this operation were therefore heavily biases. It
would be recommended to start this operation again on flat land.
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Figure 4-12 – Measured (no calibration applied) and inverted pitch values.

4.3.5. Conclusions
In this chapter, we have presented an inversion workflow that allows recovering the position of the
receivers relative to the source with an uncertainty of less than 35 cm. We showed that the specific
features of the streamer match the weight distribution of the individual elements composing the array.
This behaviour was confirmed by hydro-mechanical modelling of the streamer. The peaks and troughs
alter the depth of the receiver by a maximum of 1 m, yet a precise knowledge of these variations is
crucial in VHR seismic acquisition to fully exploit the seismic data. The accuracy of the positioning
enables seismic imaging to be within 10 % of the full potential of seismic data imaging and allows
applying with confidence algorithms to further exploit the deep-towed seismic data. We showed
through several examples that the inversion workflow accurately retrieves the position of the receivers
and improves the quality of the seismic images. As we saw through several examples, the geometry of
the receiver array varies during the acquisition. This particular acquisition geometry can be an obstacle
to the application of conventional algorithms developed for surface-towed seismic acquisitions, where
the receivers are located on the same datum.
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Chapter 5.
Processing of large SYSIF datasets: waveequation datuming
Abstract
The constantly changing acquisition geometry of the deep-towed system SYSIF prevents the use of
conventional processing algorithm as these algorithms usually assume receivers located on a constant
datum. Whereas static corrections can be used to remedy account for small variations in the positions
of the receivers, these corrections are not accurate enough in the context of very high-resolution deeptowed acquisition. This chapter introduces a wave-equation datuming (WED) algorithm to forward
propagate the seismic data to a common datum located shallower than the depth of acquisition. Waveequation datuming was proposed for seismic data acquired in a split-spread geometry. However, SYSIF
data are acquired in an end-on spread fashion and an adaptation of the wave-equation datuming is
needed to apply the algorithm to SYSIF data. The validity of the wave-equation algorithm is verified on
a synthetic dataset and applied to SYSIF data acquired during the GHASS cruise.

Résumé
La géométrie d'acquisition du système remorqué profond SYSIF change constemment, ce qui empêche
l'utilisation d'algorithmes de traitement conventionnels car ces algorithmes supposent généralement
des récepteurs situés à une profondeur constante. Alors que des corrections statiques peuvent être
utilisées pour remédier à de petites variations dans les positions des récepteurs, ces corrections ne
sont pas suffisamment précises dans le cadre d'une acquisition remorquée en fond de mer à très haute
résolution. Ce chapitre présente un algorithme de datuming par équation d’onde qui permet de
propager les données sismiques à une profondeur commune, située moins profondement que la
profondeur d'acquisition. Le datuming par équation d’onde a été proposé pour les données sismiques
acquises avec des récepteurs situés de part et d’autre de la source. Cependant, les données SYSIF sont
acquises avec les récepteurs situés du même côté de la source et une adaptation du datuming par
équation d’onde est nécessaire pour appliquer l'algorithme aux données SYSIF. La validité de
l’agorithme de datuming est vérifiée sur un jeu de données synthétiques et appliquée aux données
SYSIF acquises lors de la campagne GHASS.
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5.1. Theoretical background
5.1.1. The need for wave-equation datuming in conventional seismic
Acoustic signals recorded at a single receiver can emerge from different directions. Therefore, the
amount of time propagation of the seismic traces from the receiver position to a different datum is
not constant for different recorded rays (Figure 5-1). Wave-equation datuming was introduced to
precisely continue the seismic data to a different datum and to preserve the wavefield character of
the seismic data (Berryhill, 1979).

Figure 5-1 – Ray-paths continuations to a reference datum for land seismic acquisition. The seismic data are forward
propagated to the D datum (receiver only). On the receiver’s side, the prolongation (A’ and B’) of the ray-paths A and B from
the acquisition position to the datum D do not have the same length because of different reflection angles.

Wave-equation datuming was first proposed as a velocity replacement method to account for complex
ray paths (Figure 5-2a). Indeed, converting the velocity of a geological layer from its original value to
the velocity of the adjacent medium may numerically suppress refractions at the interface (Berryhill,
1979). A velocity replacement example is given in Yilmaz and Lucas (1986). The synthetic geological
model consists of an irregular seafloor overlying a high-velocity layer (2000 m.s-1). The large velocity
contrast, as well as the complex interface geometry, induce strong refractions at the seafloor (Figure
5-2a). The velocity replacement method applies WED to downward continue the seismic data to the
velocity interface using the velocity of the upper medium. A second WED is applied to upward continue
the seismic data back to the first datum, using the velocity of the bottom medium (Yilmaz & Lucas,
1986). On Figure 5-2, the first step would be to downward continue the seismic data to the irregular
seafloor with the seawater velocity. The second step would be an upward continuation of the seismic
data back to the sea-surface using a 2000 m.s-1 velocity. At the end of the procedure, the velocity in
the upper-medium is the same as in the bottom medium, thus no refraction occurs at the interface
(Figure 5-2b) (Cox, 1999; Yilmaz & Lucas, 1986). As WED incorporates accurately the wavefronts and is
consistent with wave propagation theory, the seismic data are suitable for further processing, such as
NMO based velocity analysis. Berryhill introduced the WED procedure with three contributions:
•
•
•
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a theoretical description of the procedure to zero-offset seismic data (Berryhill, 1979),
a description of the practical application of the method to non-zero-offset seismic data
(Berryhill, 1984),
an actual application of the algorithm (Berryhill, 1986).
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Figure 5-2 – Wave-equation datuming applied to a model with irregular water bottom. a) Large refractions between the two
media due to the velocity contrast and the irregular seafloor. b) The velocity of the top medium has been replaced by the
velocity of the lower one, cancelling the effects of the velocity interface on the ray-paths (after Yilmaz and Lucas, 1986).

Wave-equation datuming can also be used to analyse complex structures with large velocity changes,
such as:
•

•

•

Sub-salt imaging, where complex ray-paths through the salt bodies and multi-path arrivals
must be handled properly by migration algorithms and time-consuming ray paths calculations.
The datuming of the seismic data to the base of the salt bodies delivers a simplified wavefield
and less time-consuming Kirchhoff imaging algorithms may be applied to perform sub-salt
velocity model building (Wang et al., 2006).
Basalt lithology sequences, which usually have rough boundaries, which scatter the wavefield.
In this case, wave-equation datuming propagate the seismic data to a new reference datum,
below the interface, thus eliminating the effects of the rough interface (Martini & Bean, 2002).
Land seismic acquisition where a "weathered zone" is often present and is defined as the
"near-surface, the possibly unconsolidated layer of low seismic velocity" (Schlumberger
Oilfield Glossary). This low-velocity layer is usually the cause of many unwanted refractions
and its acoustic velocity can be difficult to estimate. WED is used in land seismic acquisition to
by-pass the weathering layer by mean of velocity replacement. It is also an indicator of the
validity of the velocity used for the correction of that layer (Schneider et al., 1995).

WED can be formulated by different methods:
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•
•
•

using the Kirchhoff integral formulation approach of the problem (Barison et al., 2011;
Berryhill, 1986; Bevc, 1996),
based upon a finite-difference solution of the acoustic wave-equation to properly handle
strong lateral velocity variations (Faye & Jeannot, 1987; Yang et al., 2009),
by posing the datuming of the seismic data as an inverse problem (Mulder, 2005; Planès et al.,
2018).

In this chapter, we present the Kirchhoff integral formulation, we then adapt the approach to deeptowed seismic data. Next, we apply the algorithm to synthetic data and finally to real data acquired
during the GHASS cruise.

5.1.2. Theory of wave-equation datuming
The initial algorithm was proposed with a Kirchhoff integral approach (Berryhill, 1979). Since the
Kirchhoff migration is performed on one trace at a time, it does not requires regular gridding of the
sources or receivers positions. It also requires less computational time compared to a finite-difference
method and was therefore adopted for this study. The following notations are used in the description
of the algorithm:
•
•
•

"input" traces: the original seismic traces. The acoustic signals are emitted at the acquisition
source positions and recorded at the acquisition receiver positions,
"intermediate" traces: the seismic traces after the first stage of processing. The signals are
emitted at the acquisition source positions and recorded at the datumed receiver positions,
"datumed" trace: the seismic traces at the output of the algorithm. The signals are emitted at
the datumed source positions and recorded at the datumed receiver positions.

The first stage of the algorithm consists in moving the receivers from their acquisition positions to the
selected datum by summing the input traces P to intermediate traces p as follows:
𝑀𝑀

𝜕𝜕1/2
𝑃𝑃 (𝑡𝑡 − 𝜏𝜏𝑖𝑖𝑖𝑖 ),
𝜕𝜕𝑡𝑡1/2 𝑖𝑖

𝑝𝑝𝑗𝑗 = � 𝐴𝐴𝑖𝑖𝑖𝑖
𝑖𝑖=−𝑀𝑀

Equation 5-1

where τij is the travel time between the acquisition receiver’s location i and the datumed receiver
location j. M defines the limit of the contributing receivers located on either side of the datumed
receiver. M is to be determined from considerations of the maximum geological dip present and the
maximum elevation change between the acquisition geometry and the final datum. Aij is an amplitude
term incorporating spherical divergence and obliquity:
𝛥𝛥𝛥𝛥

𝐴𝐴𝑖𝑖𝑖𝑖 = 2𝜋𝜋𝑟𝑟

𝑖𝑖𝑖𝑖 𝑣𝑣

cos (𝜗𝜗𝑖𝑖𝑖𝑖 ),

Equation 5-2

where v is the datuming velocity, Δx represents the spatial sampling interval, θij is the angle between
the normal to the input surface and the travel time path rij connecting the acquisition receiver i location
and the datumed receiver j location (Bevc, 1995).
In the second stage of the algorithm, the sources are moved from their acquisition positions to the
datum by summing the intermediate traces p to the final datumed traces P′:
𝑃𝑃𝑘𝑘′
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Equation 5-3
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where Ajk is defined according to Equation 5-2, N defines the limits of the summation on either side of
the datumed source location. The rjk factor defines the distance between the acquisition and datumed
source locations, and θjk is the corresponding angle.

Figure 5-3 – Seismic traces summation from the input datum to the reference datum (adapted from, Bevc, 1996).

5.1.3. The need for wave-equation datuming in deep-towed seismic
The adaptation of the WED algorithm to deep-tow seismic data aims at correcting two elements in the
acquisition geometry:
•
•

the vertical variations of the source’s positions;
the vertical and horizontal variations of the receivers’ positions relative to the source. These
variations are caused by the deformations of the streamer following the motion of the source.

However, an important aspect raised by Berryhill is the need for a split-spread configuration (with
receivers on both sides of the source, Figure 5-4a) to treat equally layers dipping in either direction.
Split-spread geometries are the standard in land acquisitions but not in marine surveys which use off
end shooting (end-on spread, Figure 5-4b). Berryhill advises making use of the reciprocity between
sources and receivers to circumvent this issue. Reciprocity states that, for a given seismic trace,
interchanging the positions of the source and the receiver will result in an identical signal, assuming
that both source and receiver have no directivity (Clearbout, 1976). Berryhill (1984) assumed that the
streamer and the source share a common datum, thus reciprocity can be used to design an artificial
split-spread geometry (Figure 5-4c Figure 5-4d and Figure 5-4e).
In the case of SYSIF acquisitions, the depth of the tow-fish is constantly adjusted according to the
bathymetry (to maintain a constant altitude). Moreover, sources and receivers do not share a common
datum and reciprocity cannot be used to create a split spread configuration. The initial WED procedure
thus had to be adapted to handle deep-towed acquisition geometries.
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Figure 5-4 – Split-spread and end-on spread acquisition. a) Split-spread geometry. b) End-on spread geometry (Kearey et al.,
2013). Creation of synthetic slip-spread from marine surface acquisition geometry: (c) For a given source position, the receivers
of the next shots at (or close to) the same position are selected. (d) Reciprocity is used to invert the sources and receivers. (e)
The synthetic split-spread geometry is obtained from the operation.

5.2. Adaptation to deep-towed seismic data
Our implementation of the datuming follows the same main steps as Berryhill’s:
1. definition of the reference datum and the datumed system geometry,
2. moving the receivers to the reference datum: Equation 5-1 is applied to the input data sorted
in the Common Shot Gather (CSG) domain,
3. moving the shot positions to the reference datum: Equation 5-3 is applied to the intermediate
data sorted in the Common Receiver Gather (CRG) domain,
4. time-variant muting, to avoid angle extrapolations caused by the datuming: Equation 5-5 is
applied to the data sorted in the CMP domain.

5.2.1. Defining the datumed geometry
The reference datum is chosen higher (upward continuation) than the shallowest receiver or source
position of the profile to avoid the datum crossing any velocity interface (i.e., the seafloor). We
subtract 5.0 m from the shallowest position to ensure that there is no null, or close to zero,
denominator in the amplitude correction factor (Equation 5-2). As the acquisition positions and the
common datum are located above the seafloor, seawater velocity is used to convert the distances to
times.
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The angle content of seismic data is defined by the maximum emergence angle for a given depth. The
angle content drives the accuracy for later velocity analysis and therefore needs to be preserved during
the datuming procedure. The depth and dip of the reflector, the length of the streamer and the velocity
field, define the maximum emergence angle of a ray path. The largest angle recorded by the system
for a shot is marked as 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 in Figure 5-5, it corresponds to the reflection on the seafloor measured
at the last receiver.

The WED moves the acquisition system to a higher reference datum, hence further away from the
target. To compensate for this higher altitude and to preserve the angle content of the data, the length
of the datumed streamer length is increased. We calculate for each shot, the vertical shift 𝛥𝛥𝛥𝛥52
between the last 52nd receiver's acquisition position and the datum. The prolongation of the ray
defined by 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 to the reference datum indicates the position of the last datumed receiver. This
position can be calculated:
′
𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚
= 𝑥𝑥52 + 𝛥𝛥𝑧𝑧52 tan(𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 ),

Equation 5-4

′
where 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚
is the offset of the last datumed receiver and 𝑥𝑥52 is the horizontal offset of the last
receiver.

We selected a datumed receiver spacing of 1 m, half that of the acquisition spacing, as it interpolates
the data in the angle domain. The longitudinal offset between the source and the first receiver causes
a blind spot in the data in the angle domain. This blind spot is reproduced in the datumed data by
offsetting the position of the first virtual receiver (Figure 5-5a). With the first and last receiver offsets
known and the receiver spacing defined, the number of virtual receivers 𝑛𝑛𝑟𝑟′ is calculated.

5.2.2. Moving the receivers

The second step of the procedure consists of relocating the receivers from their acquisition positions
to the reference datum. The data are sorted in the CSG domain and each CSG is processed individually.
The summation described by Equation 5-1 is carried out for each virtual receiver on the reference
datum. The contributing input traces are selected depending on the position of the receivers. Initially,
the traces are summed between two boundaries -M and M (Equation 5-1), yet we cannot use these
same boundaries in a deep-tow configuration because of the end-on spread geometry. Instead, we
integrate the input traces between a trace 0 and a trace limit M. The trace 0 is associated with the
input receiver located directly below the datumed receiver j (𝜗𝜗𝑖𝑖𝑖𝑖 = 0° in Equation 5-2), marked as
"Receiver 0" in Figure 5-5b). The upper bound of summation M corresponds to the trace associated
with the input receiver that defines a maximum angle of 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 (Figure 5-5b) between the input receiver
location and the datumed receiver location, counted positive toward the source (marked as "Receiver
M" in Figure 5-5b). Hence, for a virtual receiver on the reference datum, the contributing input traces
are selected if the corresponding receivers lay in a cone defined by a vertical axis and the angle 𝜗𝜗𝑚𝑚𝑚𝑚𝑥𝑥 .
The traces are time corrected by the traveltimes τij between the acquisition and datumed receiver
positions (Figure 5-5b and Equation 5-1). The input traces are corrected in amplitude by the factor Aij
described by Bevc (1995) in Equation 5-2. Finally, the selected traces are summed to form the
intermediate trace pj.
The number of datumed receivers is increased from the native 52 to a number dependent on the
vertical shift. The sources remain located at their acquisition positions.
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Figure 5-5 – Second step of the WED algorithm, the seismic data are in the CSG domain. a) The largest offset of the datumed
receivers is defined by the vertical shift of the last receiver and by the maximum reflection angle θmax on the seafloor. b) Trace
selection process between the angles 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 and 0. c) Seismic traces selected (black) from the CSG (grey). d) Same selected
traces, time-shifted by 𝜏𝜏𝑖𝑖𝑖𝑖 . e) Stack of the corrected traces.
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5.2.3. Moving the source
In this third step, we move the sources from their acquisition locations to the reference datum. To that
purpose, we need to reorganise the intermediate traces from the CSG domain into the CRG domain.
To sort the data as CRGs, we divide the seismic profile in bins; each CRG is composed of the traces
where the receiver's location falls into a given bin. The bins are 1 m wide to ensure the CRGs contain
a large enough number of traces.
By taking advantage of reciprocity to virtually invert the positions of the sources and receivers, we can
observe that the geometry of the CRG is similar to that of an acquisition shot point as shown in Figure
5-6a. To preserve the angle content of the data, the length of the streamer (actually composed of shot
′
points) is increased according to the CRG's maximum angle of reflection 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚
, in a similar way as in
Step 2.

The correction of the sources' locations for each CRG is equivalent to the one applied to the receivers.
For each datumed source, the contributing traces are selected from the CRG if the acquisition sources'
positions lie in the area delimited by the vertical axis (i.e., 0 as lower bound of summation in Equation
′
5-3) and 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚
(Figure 5-6b). The first contributing source is marked as "Source 0" in Figure 5-6b and
the last contributing source is marked as "Source N". The selected traces are then time corrected by a
factor of 𝜏𝜏𝑗𝑗𝑗𝑗 which corresponds to the distance between the acquisition sources' locations and the
datumed source's position (Figure 5-6b). The amplitudes of the traces are corrected by the factor 𝐴𝐴𝑗𝑗𝑗𝑗
(Equation 5-2). The corrected traces are finally summed to form the datumed trace P’.
At the end of this third step, the sources and receivers are now located at their final positions on the
reference datum. The data set now consists of single-track data with a wide variety of offsets.
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Figure 5-6 – Third step of the WED algorithm. The seismic data are sorted in the CRG domain. a) The maximum offset is
increased to compensate for the increased altitude. b) Trace selection process, between the angles 0 and 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 . c) Seismic
traces selected (black) from the CRG (grey). d) Same selected traces, time-shifted by 𝜏𝜏𝑗𝑗𝑗𝑗 . e) Stack of the corrected traces (black)
compared with the exact solution (red). We observe additional noise after the main arrivals. The observed noise is likely
exacerbated by the utilisation of synthetic data without background noise.
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5.2.4. Time-variant muting
An important aspect of the wave-equation datuming is to preserve the angle range, which means that
reflection angles associated with the datumed geometry cannot be higher than the ones acquired by
the deep-towed system. As the maximum offset of the new datum geometry is defined by considering
the maximum reflected angle at the seafloor, for deeper reflectors, the datuming procedure may
extrapolate data and generate higher reflection angles than the ones actually acquired.
To prevent any data extrapolation, a time-variant mute has to be applied to remove any samples of
the seismic traces for which the associated datumed reflection angles exceed the maximum acquired
reflection angles 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 (𝑡𝑡). Before applying the time-variant mute, the data are first sorted into the
CMP domain. For a given CMP, T defines the time beyond which a trace k is being muted:
𝑤𝑤ℎ𝑒𝑒𝑒𝑒 𝑡𝑡 >

𝑇𝑇, 𝑃𝑃𝑘𝑘′ (𝑡𝑡)

= 0,

𝑥𝑥𝑟𝑟′𝑘𝑘
𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑇𝑇 =
.
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉[𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 (𝑡𝑡)]

Equation 5-5

Note that 𝑃𝑃𝑘𝑘′ is the datumed trace k, and 𝑥𝑥𝑟𝑟′ 𝑘𝑘 is the datumed trace k receiver offset. 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 (𝑡𝑡) is
evaluated from the acquisition source and receiver positions considering a homogeneous medium with
a constant velocity V and a lithology parallel to the seafloor.
The constant velocity V is set equal to the seawater velocity c as the depth velocity profile is unknown
at this stage of the data processing. Although the different lithological layers constituting the
subsurface may refract the wavefield depending on their respective velocities and geometries, we
consider our computation of 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 (𝑡𝑡) accurate enough to perform the time-variant mute. The
reflection angles are calculated by marching a 1 m window repeatedly from the seafloor down to the
maximum imaged depth. A muted CMP is depicted in Figure 5-7.
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Figure 5-7 – Datumed, muted traces sorted in the CMP domain. The traces are muted when the associated datumed reflection
angles are greater than the acquired 𝜗𝜗𝑚𝑚𝑚𝑚𝑚𝑚 (𝑡𝑡), delimited by the red line. The muting time T is calculated according to the
offset 𝑥𝑥′𝑟𝑟𝑘𝑘 (Equation 5-5).

5.3. Application to synthetic data

We apply the WED procedure to synthetic seismic data to ensure the accuracy of the former processing
sequence.
The synthetic dataset replicates a SYSIF seismic acquisition. As such, the receiver array is composed of
52 receivers at ~2 m longitudinal spacing, the array geometry is kept constant but irregular (Figure
5-8a). The profile consists of 100 shots with a spacing of 2.3 m. Small random variations (< 0.3 m) were
added to the source’s positions to emulate small fluctuations in its position during an actual acquisition
(vertically and horizontally). The source and the towed streamer altitudes above the seafloor vary
between 60 and 70 m. The subsurface model is composed of three horizontal layers of respective
velocities (from seawater to deeper layers): 1500, 1420, 1500 and 1600 m.s-1 and of respective
thicknesses 30, 30 and 10 m (Figure 5-8a). Note that the bottom of the model is also a reflector. The
data are generated at a frequency sampling of 10 kHz. White noise is added to the seismic data to
stabilise the semblance computation during the subsequent velocity analysis (Figure 5-8b & c).
The synthetic seismic data are datumed to a reference datum located 75 m above the seafloor, i.e. 5
m above the shallowest source position (Figure 5-8a). For a proper analysis, two seismic datasets are
actually generated. The first dataset is generated at the acquisition positions and datumed to the
reference datum (Figure 5-8c). The second dataset, the reference dataset, is generated directly at the
reference datum by using the datumed sources and receivers’ positions (Figure 5-8b).
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Figure 5-8b & c present synthetic data from both datasets for the CMP gather X = 0 m. The arrival times
from the reference dataset have been reproduced on the datumed dataset as a green dashed line. We
can observe a very good match between the seismic arrival times from the reference datasets and the
datumed one. The time-variant muting is visible on the last few traces of the datumed dataset (Figure
5-8c).

Figure 5-8 – Acquisition geometry of the synthetic data and CMP gather. a) Geometry of the acquisition system (dark blue)
and the datumed positions (light blue), as well as the geological model. b) CMP gather (X = 0 m) from the reference dataset.
c) CMP gather (X = 0 m) from the datumed dataset. The arrival times are represented (green dashed lines). The time-variant
muting is visible on the last few traces of the datumed dataset.

5.4. Application to field data
We apply the WED algorithm to profile PL3PR06α presented in Chapter 4. The source was towed
around 50 masf during the acquisition resulting in a source depth varying between 606 and 618 mbsl.
The original profile is composed of 12048 traces (251 shots and 48 actives channels). The seismic data
are propagated to a constant datum set at 601 mbsl. The datuming of the seismic data results in an
increased spatial sampling of the seismic traces and an eight-fold increase of the number of traces to
98039. Figure 5-9 displays two common offset sections before and after application of the WED
algorithm. Figure 5-9a and Figure 5-9b compare the seismic data before and after application of the
datuming for an average source-receiver offset of 13.7 m (average offset before datuming, a constant
offset of 14 m after). Figure 5-9c and Figure 5-9d compare the seismic data before and after application
of the datuming for an average source-receiver offset of 110.5 m (constant offset of 111 m after
datuming). We note that the morphology of the subsurface reflection appears different before and
after the application of the algorithm. This visual difference is caused by the variable acquisition datum
at an average altitude of 50 m above seafloor for the sections presented in Figure 5-9a and Figure 5-9c,
whereas the sections presented in Figure 5-9b and Figure 5-9d are datumed to a constant depth,
therefore showing the morphology of the subsurface the same way it would for a surface-towed
seismic acquisition. On the seismic image acquired at short offset (Figure 5-9a), we observe a
discontinuous seafloor before datuming. The variations originate from high-frequency variations of
the source’s depth (heave). These variations are corrected after datuming. It is noteworthy that these
variations are not existent for the last receiver as the high-frequency depth variations are damped over
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the length of the streamer. Contrary to the original datasets (Figure 5-9a and c), no seismic traces are
missing in the datumed dataset (Figure 5-9b and d) as the missing seismic traces are interpolated from
neighbouring traces.
The frequency spectra are computed before and after datuming for the short offset sections, at the
location indicated by the red rectangle in Figure 5-9a and Figure 5-9b (Figure 5-10). The comparison
shows good preservation of the frequency content over the bandwidth of the emitted acoustic signal
(220-1050 Hz). We only observe a loss of content between 1000 Hz and 1050 Hz. A trace-by-trace
comparison allows verifying that the notable arrivals are coherent between the original data and the
datumed data Figure 5-11. The amplitude of the datumed data is lower than that of the original data
as the longer distance travelled increases the geometric spreading. The trace-by-trace comparison
shows that the adaptation of the WED is not perfectly amplitude preserving (Figure 5-11b).
The ability to perform the WED on the seismic data also confirms the accuracy of the receivers
positioning and thus validate the processing workflow. This workflow tailored for the processing of
SYSIF data unlocks the ability to perform fine-scale quantifications using all the tools available to
surface-towed seismic acquisitions. One such tool in the P-wave determination by NMO-based velocity
analysis.
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Figure 5-9 – Comparison between original data and datumed data. (a and c) Common receiver sections before datuming, the
average offsets of the receivers are 13.7 m (third receiver) and 110.5 m (last receiver), respectively. (b and d) Common offset
sections after datuming, the offsets are 13 m and 111 m, respectively. The difference in apparent morphology of the seafloor
comes from the variable acquisition datum (variable source and receiver’s depth) before datuming. The red rectangles in a)
and b) indicate the area where the frequency spectra are computed for Figure 5-10.
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Figure 5-10 – Comparison of the frequency spectra of the autodeconvolution of the seismic signature, of the non-datumed
seismic data and the datumed seismic data for PL03PR06α. The spectra are computed on the short offset common offset
sections of Figure 5-9, over the areas marked by the red rectangles.

Figure 5-11 – Comparison between original data and datumed data for three seismic traces of PL03PR06α. The traces
correspond to a source-receiver distance of 13 m (as shown in Figure 5-9) and for distances of 1950 m (a), 2050 m (b) and
2075 m (c). The data have been aligned on the first arrival for easier comparison. Amplitudes are normalised.
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Chapter 6.
Velocity analysis and depth imaging
Abstract
Prestack depth imaging transforms seismic data into accurate structural representations of the
subsurface, yet these results heavily depend on the accuracy of the velocity model. The velocity models
can be derived using a migration velocity analysis algorithm but this method remains computationally
heavy both in term of computing time and manpower. The regular gridding of the SYSIF seismic data
after wave-equation datuming allows computing a velocity model using a simple NMO-based velocity
analysis. For extended deep-towed surveys over gently dipping geologic structures, this method
provides a first look at small-scale velocity variations at great water depths. This chapter presents the
complete depth imaging workflow developed for SYSIF data as well as imaging results from the GHASS
cruise. We propose future improvements to the processing sequence and equipment. We also consider
new perspectives regarding the processing of deep-towed seismic data and subsurface
characterisation, which are made possible through the datuming of seismic data.

Résumé
L'imagerie de profondeur avant sommation transforme les données sismiques en représentations
structurelles précises du sous-sol, mais ces résultats dépendent fortement de la précision du modèle
de vitesse. Les modèles de vitesse peuvent être estimés à l'aide d'un algorithme d'analyse de vitesse
par migration, mais cette méthode reste lourde à la fois en termes de temps de calcul et de maind'œuvre. Le maillage régulier des données sismiques SYSIF après le datuming par équation d’onde
permet de calculer un modèle de vitesse en utilisant une simple analyse de vitesse basée sur le NMO.
Pour les grands levés sismiques remorquée en fon de mer, sur des structures géologiques à inclinaison
douce, cette méthode fournit un premier aperçu des variations de vitesse à petite échelle, par grandes
profondeurs d'eau. Ce chapitre présente le workflow complet d'imagerie en profondeur développé
pour les données SYSIF ainsi que les résultats d'imagerie de la campagne GHASS. Nous proposons des
améliorations futures de la séquence de traitement et de l'équipement. Nous envisageons également
de nouvelles perspectives concernant le traitement des données sismiques remorquées en fond de
mer et la caractérisation du sous-sol, qui sont rendues possibles grâce au datuming des données
sismiques.
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6.1.1. Velocity analysis workflow
A conversion of seismic data from time domain to depth domain is crucial to recover the geometry of
sedimentary structures accurately and for the comparison between VHR seismic data and in situ data,
e.g. sedimentological or geotechnical data. This processing step, often named the imaging step,
requires an accurate P-wave velocity model for the time to depth conversion. The accuracy in the final
velocity distribution is related to the angle range of the seismic data. The limited length of the SYSIF
streamer is compensated for by the low altitude of the system relative to the seafloor and allows
performing velocity analysis down to a hundred meters under the seafloor, depending on the
acquisition parameters.

High-resolution velocity analysis has already been performed on SYSIF seismic data (B. Marsset et al.,
2018) and among the different algorithms available to perform velocity analysis, MVA has been singled
out as it does not require any assumption regarding the structural geometry of the medium nor the
acquisition geometry fo the system. The velocity analysis presented by Marsset et al. (2018)
successfully determined a decrease of P-wave velocities associated with free gas assessed by the
presence of acoustic flares in the water column. However, MVA, based on layer stripping, is timeconsuming and requires great computational effort to process a single profile. The algorithm requires
computing travel time maps using an eikonal solver (Podvin & Lecomte, 1991) to update the velocity
model for each source/receiver position and each investigated velocity value, which in turn is
computationally expensive. For an initial inspection of numerous profiles for the presence of gas
hydrates (P-wave velocity increase) or free gas (P-wave velocity decrease) in the sediment, this
advanced algorithm does not appear appropriate. Consequently, the NMO-based velocity analysis
seems to be more appropriate to study the GHASS deep-towed seismic dataset.
The theory of NMO velocity analysis is presented hereafter together with the related uncertainties.
First, the seismic data are sorted into CMP gathers. The seismic traces are then corrected to zero-offset
according to the source-receiver distance and for a range of velocities VNMO:
𝑡𝑡 2 (0) = 𝑡𝑡 2 �𝑥𝑥𝑟𝑟′𝑘𝑘 � +

(𝑥𝑥𝑟𝑟′𝑘𝑘 )2
2
𝑉𝑉𝑁𝑁𝑁𝑁𝑁𝑁

Equation 6-1

where 𝑥𝑥𝑟𝑟′𝑘𝑘 is the receiver offset of the datumed trace k, t(0) is the time for a zero-offset trace. Next,
the semblance spectrum 𝑆𝑆𝑇𝑇 of the NMO-corrected CMP gathers is calculated (Al-Chalabi, 1979; Taner
& Koehler, 1969):

𝑃𝑃𝑖𝑖′

𝑆𝑆𝑇𝑇 =

𝑡𝑡0 +𝛥𝛥𝛥𝛥

𝑁𝑁

� (� 𝑃𝑃𝑖𝑖′ )2
𝑡𝑡=𝑡𝑡0 𝑖𝑖=1

𝑡𝑡0 +𝛥𝛥𝛥𝛥 𝑁𝑁

/ 𝑁𝑁 � � �(𝑃𝑃𝑖𝑖′ )2 �
𝑡𝑡= 𝑡𝑡0 𝑖𝑖=1

Equation 6-2

where
is the datumed trace i and 𝛥𝛥𝛥𝛥 is the temporal step. In the context of VHR seismic data,
computations are performed with a temporal step of 0.5 ms, and a velocity step of 1 m.s-1. The NMO
velocity profile associated with a CMP gather is determined by picking the maximum semblance values.
To ensure the lateral continuity of the picking from consecutive semblance panels, the semblance
maxima are picked following notable reflectors where possible. The NMO velocity VNMO is then
assimilated to the root mean square (rms) velocity (Vrms) and the interval velocity Vint is computed by
inverting the Dix formula (Dix, 1955). The interval velocity uncertainties are estimated using the
method developed by Hajnal and Sereda (1981) where the uncertainty is a function of Vrms and Trms:
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Equation 6-5

where 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟,𝑛𝑛 is the zero offset travel time for the n-th reflector, 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟,𝑛𝑛 is the rms velocity of the n-th
reflector, and 𝑉𝑉𝐼𝐼,𝑛𝑛 is the interval velocity between the nth and (n-1)th reflectors. The interval velocity
uncertainty is inversely proportional to the time thickness for that interval. As such, two consecutives
pick must be separated by a sufficient time interval.
The uncertainty on Vrms is defined by taking the velocity interval corresponding to 98% of the picked
semblance maximum (Dewangan & Ramprasad, 2007). The time uncertainty on the picking is set
constant at 0.45 ms, which corresponds to the temporal resolution of the system obtained after array
shape reconstruction (Chapter 4).

6.1.2. Application to synthetic data
As an example, an NMO-based velocity analysis is performed on the synthetic dataset introduced in
Chapter 5. The reference synthetic dataset is generated on a flat datum whereas the datumed
synthetic dataset is generated using a SYSIF-like acquisition geometry and datumed to a constant
depth. Velocity analysis is applied to both datasets to evaluate the effect of the datuming on the
seismic data (Figure 6-1). The velocity analysis performed on the reference dataset is illustrated in
Figure 6-1a, Figure 6-1b, and Figure 6-1c; the velocity analysis performed on the datumed dataset is
presented in Figure 6-1d, Figure 6-1e, and Figure 6-1f. The resulting interval velocity Vint profiles are
compared with the real velocity model (Figure 6-1c and f, red and blue lines, actual velocity model in
black). The interval velocity uncertainties (shaded areas, Figure 6-1c and f) increase with time, related
to the decrease in angle range.
The interval velocity profiles are then compared with the actual velocity model (Figure 6-1g). Both
velocity profiles display the same error of less than 5 m.s-1 down to the second reflector (~ 140 ms twt).
Deeper, the error increases for the velocity profiles measured on the datumed dataset, but remains
within 20 m.s-1 of the actual velocity model (< 2 %). The interval velocity uncertainties are of the same
magnitude for both datasets at around 100 m.s-1 for the deepest reflector, around 150 m below the
reference datum. The last layer being thinner than the previous ones causes a much larger Vint
uncertainty of the deepest reflector (Tóth et al., 2014). The two velocity analyses are consistent in
terms of interval velocities and their related uncertainties. The analysis of synthetic data shows the
validity of the wave-equation datuming in forward propagating an acoustic wavefield when adapted
to very-high-resolution deep-towed acquisitions.
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Figure 6-1 – Velocity analysis comparison between seismic data generated on the reference datum (a, b and c) and seismic
data generated at the acquisition positions and datumed to the reference datum (d, e and f). a) & d) are the seismic data
NMO-corrected from the velocities picked at the CMP X = 0 m. b) & e) Semblance panels computed from the seismic data. The
picked Vrms are noted in grey and the dashed line corresponds to an error margin of 2%. c) & f) Interval velocities Vint computed
from Vrms, the shaded areas correspond to the uncertainty on Vint. g) Difference between the actual velocity model and the
picked Vint.

6.1.3. Application to field data
We perform a velocity analysis on the GHASS profile PL03PR06α introduced in Chapter 4. After
datuming of seismic data (presented in Chapter 5), we perform a velocity analysis every 10 m by
forming 5 m wide super-gathers to improve SNR. The velocity analysis performed on the datumed
seismic data together with its associated semblance spectrum computed at CMP X = 2023 m are
presented in Figure 6-2a. The corresponding interval velocity profile is converted to depth by
calculating the zero-offset depth related to the picked times (Figure 6-2c). The interval velocity
uncertainties increase with depth, which is related to the decrease in angle range. The velocity
estimation on the seafloor is in agreement with the seawater velocity measured using the xCTD probes,
which again validates the consistency of the velocity analysis based on our adaptation of the waveequation datuming to deep-towed seismic data (Figure 6-3). The interval velocity distribution (Figure
6-2b) reveals an anticline structure characterised by a drop in P-wave velocity from 1450 m.s-1 to about
1000 m.s-1, likely associated with layers containing an increased concentration of gas.
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Figure 6-2 – PL03PR06𝛼𝛼: (a) Semblance panel and picked 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 velocities at the CMP X = 2023 m. The gray lines represent a
±2% velocity uncertainty on the semblance picks. (b) Interval velocity distribution where dots indicate the position of the picked
velocities. (c) Interval velocity profile and uncertainties at the CMP X = 2023 m (represented by the green dashed line in subplot
(b).

6.2. Impact of the altitude
Most profiles obtained during the GHASS cruise were acquired by setting the altitude of the SYSIF towfish to 100 m above the seafloor to ensure the safety of the equipment. To assess quantitatively the
impact of the altitude on interval velocity estimations, one line was acquired twice with two different
altitudes: profiles PL03PR06 (previously presented) and PL01PR11 obtained at altitudes of 50 m and
100 m, respectively.
We apply the complete workflow, previously detailed (Figure 6-3), to profile PL01PR11. As acquiring
data with a deep-towed system remains a challenging positioning task, the profiles do not share the
exact same location with a maximum estimated difference in lateral positioning of 48 m (Figure 6-4).
Comparisons are presented in Figure 6-5. The limited range of reflection angles at higher altitude
causes the semblance to be less resolved, with larger maxima (Figure 6-5a). Yet, an rms velocity
decrease is still observed in relation to the presence of free gas. Interval velocities are similar to those
obtained with an altitude of 50 m, but the uncertainty doubled. Even with greater uncertainties in
velocity estimates, deep-towed seismic data acquired at 100 m can be used to assess velocity variation
trends in the first 70 m of sediment. In particular, the decrease in velocity related to the presence of
free gas within the anticline is unambiguously revealed in both profiles.
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The uncertainties in velocity estimate are specifically addressed in Figure 6-6. The figure presents the
uncertainty in interval velocity for all the velocities picked on profiles PL03PR06α and PL01PR11 at all
the CMPs (355 values for PL03PR06α and 304 values for PL01PR11). The average value and standard
deviations are calculated for clusters of 10 ms. Interval velocity uncertainties cannot be calculated
at the seafloor as Equation 6-3 does not allow for constant Vrms layers (null denominator term from
Equation 6-5). However, Vint uncertainties at the seafloor are expected to be low due to the small Vrms
uncertainties. For both profiles, we observe an increase in the average velocity uncertainty down to
approximately 85 ms twt below seafloor from 50 m.s-1 to 350 m.s-1 for PL03PR06α and from 150 m.s-1
to 500 m.s-1 for PL01PR11. In that interval, the velocity uncertainty is approximately 150 m.s-1 higher
for PL01PR11. The velocity uncertainty decreases for both profiles deeper than 85 ms below seafloor.
However, this last trend could be caused by selection bias as at depths velocities are picked more
cautiously, i.e., where the semblance focuses properly.
The length of the seismic streamer limits the construction of the velocity model in depth to between
50 and 100 mbsf depending on the altitude of the seismic acquisition system. However, depending on
sediment properties, seismic penetration can be as deep as 600 ms twt (around 300 mbsf). Therefore,
at depth, the velocity model is built based on the velocity analysis of neighbouring surface-towed HR
profiles.
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Figure 6-3 – Imaging workflow of SYSIF seismic data.

Figure 6-4 – Position of the two sub-profiles from PL03PR06α and PL01PR11.
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Figure 6-5 – PL01PR11: (a) Semblance panel and picked 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 velocities at the CMP X = 4508 m. The grey lines represent a ±2
% amplitude uncertainty on the semblance picks. (b) Interval velocity distribution where dots indicate the position of the picked
velocities. (c) Interval velocity profile and uncertainties at the CMP X = 4508 m (represented by the green dashed line in subplot
(b).
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Figure 6-6 – Comparison of Vint uncertainty between PL03PR06α and PL01PR11. Each dot represents the interval velocity
uncertainty. The broken lines show the average values and the horizontal lines the standard deviations every 10 ms.

6.3. Depth imaging
The depth imaging processing of the seismic images is carried out following a Kirchhoff prestack depth
migration sequence (Audebert et al., 1997; Schneider, 1978). The aperture of the migration is set to
an incidence angle of 30° according to the directivity of the acoustic source (B. Marsset et al., 2014).
The migration grid size is set to 1 m horizontally and 10 cm vertically according to the lateral and
vertical resolutions of the deep-towed system. The velocity model obtained from the NMO-based
velocity analysis using the datumed data is used to perform the depth migration. Since the Kirchhoff
migration can handle sources and receivers not located on the same datum, we use the seismic data
recorded at the acquisition positions, rather than the datumed seismic data (Figure 6-3). Skipping the
datuming of the seismic data avoid introducing processing artefacts generated during this processing
step. The travel times between each point of the migration grid and the source and receivers are
computed using a finite-difference algorithm solving the Eikonal equation (Podvin & Lecomte, 1991).
The sum of the source travel-time grid and the receiver travel-time grid gives the source to receiver
travel-time grid. Each cell of the migration grid within the source and receiver apertures is matched
with the seismic data according to the calculated two-way travel time. Finally, the depth migrated CRGs
are stacked to produce the final depth migrated seismic section.

6.3.1. Depth imaging in the free-gas region
In the GHASS study area, the presence of numerous sea mounts (average diameter 80 m, average
height 15 m), interpreted as an inherited morphology resulting from the compressive bulge of a
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massive landslide has been reported (Riboulot et al., 2017). Outside of the GHSZ, these mounts act as
a free gas reservoir and prevent free-gas migration to the seafloor. Figure 6-7 proposes a qualitative
comparison between the depth migrated profile processed with a constant velocity (Figure 6-7a) and
the section processed with the interval velocity distribution (Figure 6-7c). CIGs located at the centre of
the anticline structure are also presented in Figure 6-7b and Figure 6-7d. The accuracy of the interval
velocity estimates is demonstrated by the flatness of seismic reflections in the CIG (Figure 6-7d)
compared to the constant velocity case (Figure 6-7b). The resolution of the push-down associated with
the presence of free gas illustrates the validity of the velocity model (the push-down is an artefact
caused by a local low-velocity zone, Dyment & Bano, 1993). The maximum vertical shift is 1.6 m, which
corrects the positions of the reflectors in depth. This accuracy in the velocity model is due to the
improved description of the streamer shape, followed by wave-equation datuming. Consequently, the
proposed workflow proves to be a powerful processing tool allowing the application of conventional
algorithms to unconventional seismic data. The processing sequence, including NMO and pre-stack
depth migration, can be routinely applied to large data sets as illustrated in Figure 6-8. The velocity
analysis performed on a larger section of PL03PR06 displays three low acoustic velocity areas allowing
the identification of three anticline structures filled with gas (Figure 6-8c-Figure 6-8e).

Figure 6-7 – (a) Sub-profile PL03PR06α, PSDM migrated using a constant seawater velocity model. (c) Same profile migrated
using the velocity model presented in Figure 6-2b (vertical exaggeration: 10.0). (b) and (d) Same CMP located at the centre of
the anticline structure, marked by the green line, migrated at a constant velocity and with the velocity model (respectively).
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Figure 6-8 – Profile PL03PR06β. (a) The interval velocity structures. (b) The seismic profile migrated using the velocity model
presented in panel (a) (vertical exaggeration: 6.25). (c, d, and e) Low-acoustic-velocity areas corresponding to three anticline
structures.

6.3.2. Depth imaging in the GHSZ
In the GHASS study area, the GHSZ starts at around 700 mbsl (Riboulot et al., 2018). At deeper depths,
a BSR is visible in the seismic sections, marking the BGHSZ under which free gas accumulates (Figure
6-9). Depth migration of seismic images in the GHSZ allows picking the depth of the BSR for comparison
to modelling of the GHSZ. This comparison helps to determine the current state of the GH system and
its dynamics. The depth imaging of profile PL03PR09 is presented in Figure 6-9. The seismic section
starts outside of the GHSZ (northwest side of the profile) and extends into the GHSZ (southeast). The
BSR is visible in the seismic profile below water depths of 690 mbsl and approximately 70 mbsf (dark
blue horizon, Figure 6-9).

115

Figure 6-9 – Seismic section PL03PR09 and interpretation. The seismic profile is depth migrated using a velocity model created
from an NMO-based velocity analysis. Free gas is present in the subsurface and causes acoustic blanking. The BSR is visible as
enhanced reflections caused by the presence of free gas underneath (indicated by the black arrows).

6.4. Improvements and perspectives in deep-towed seismic
The improved processing sequence of the SYSIF VHR deep-towed multichannel seismic data shows
good results by providing exceptional images. Yet, room for improvement exists in several aspects and
it is worth proposing new developments to improve the capacities of the system for further
applications. These developments are two-sided. We propose technological developments for a
potential second generation of the system and we also propose processing improvements that could
be applied to the seismic data available today.

6.4.1. Technological evolutions
6.4.1.1. High-frequency delays in the seismic data
The presence of delays in the seismic data is presented in Annexe B. These delays are specific to each
hydrophone and are more or less variable. These delays, up to 0.5 ms, affect the inversion of the
tangential data, based on the observed seismic wave travel times, and the migration and stack of the
seismic data. As presented in Annexe B, the delays are today measured from the seismic data for
receivers n°12 to n°52. Yet, this correction is not possible for the first eleven receivers. An analysis of
the acquisition chain is required to identify the origin, possibly electronic, of the delays and to correct
this issue.
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6.4.1.2. Directivity of the acoustic source
The signatures of the acoustic source have already been measured for signals emitted vertically (0°,
straight down from the source, Figure 6-11a) and horizontally (90°, to the side of the source, i.e., direct
signal, Figure 6-11c). The modelling of the directivity of the acoustic source (Figure 2-8), has shown
that between 0° and 30° the acoustic signature varies sufficiently little enough for the “vertical”
signature to be used to deconvolve the seismic data (B. Marsset et al., 2018). During seismic
acquisition, the altitude of the system is usually set either at 50 m or 100 m above the seafloor. An
altitude of 50 m corresponds to a maximum reflection angle of 50° on the seafloor, whereas an altitude
of 100 m corresponds to a maximum reflection angle of 31°. Therefore, in the case of a 50 m
acquisition, by discarding the seismic data which reflection angle is greater than 30°, we eliminate
useful seismic data for the first 50 mbsf.
The measurement of additional far-field signatures (e.g., a signature corresponding to an emission at
30°) would allow extending the useful aperture of the system up to 50°. Additionally, intermediate
signatures, every 10° between 0° and 50° emission angles, for example, could be recorded. Such
recordings would improve seismic data processing by making it possible to deconvolve the seismic data
using each source signature. During the processing of the seismic data, the calculation of the source
emission angle would allow selection of the data deconvolved using the closest source signature. The
prestack migration is applied for each range of source take-off angles (Roberts, 1989; Roberts & Goulty,
1990).
Processing of the data acquired during the 2015 GHASS cruise has enabled us to extract the far-field
signature of the acoustic signal emitted with an emission angle of 45° from the last hydrophone (Figure
6-11b). This signature could be used to deconvolve seismic data with an emission angle greater than
30° to 35° but it does not assist for intermediate reflection angles.
Eventually, the design of a new omnidirectional acoustic source would solve the limitations of the
current cylindrical JHAT.

Figure 6-10 – Directivity diagram of the HR JHAT. The vertical axis is marked as 0° (B. Marsset et al., 2018).
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Figure 6-11 – Acoustic signatures of the JHAT. a) Signature of the signal emitted at 0° (vertical signature). b) Signature of the
signal emitted at 45°. c) Signature of the signal emitted at 90° (horizontal signature).

6.4.1.3. SYSIF Mk2
The first version of SYSIF was built as a prototype of the deep-towed system. The analyses performed
on SYSIF data over the years point toward possible improvements in the event of a second version. An
increase in the number of hydrophones, either to achieve a shorter receiver spacing or to equip a
longer streamer, is conceivable. However, the limitations that restricted the number of receivers to 52
in 2014 are possibly still valid. The main limitation was the Ethernet cabling necessary to transmit the
seismic data (and MEMS measurements) from the hydrophones to the tow-fish. To limit the number
of cables, Ethernet switches were positioned along the streamer to act as relays, the switches were
limited to seven inputs cables. New technologies (more input Ethernet cables in a smaller footprint) or
different data transmission technology (optic fibre) would permit increasing the number of receivers.
As already mentioned, the directivity of the source is a major hurdle in the processing of VHR deeptowed seismic data. One solution would be to place the cylindrical JHAT horizontally and perpendicular
to the seismic profile. In such configuration, there is no directivity of the source in the direction of the
profile. However, the energy of the acoustic wave is most likely lessened toward the geological target.
Another solution to the issue of the acoustic source could be in the development of a spherical acoustic
transducer. The incorporation of 6-axis MEMS to the digital hydrophones would provide a higher
precision of the measurement of the tangential angles (pitch, roll and heave). With accurate calibration
before each acquisition, such sensors could eliminate the inversion process presented in Chapter 4.
Incorporating a few depth sensors along the streamer in addition to the one located in the tow-fish
would add redundancy in the reconstruction of the streamer’s geometry by including reference depth
measurements.

6.4.2. Processing improvements and perspectives
6.4.2.1. Wave-equation datuming: further applications
The application of wave-equation datuming to deep-towed seismic data made it possible to apply in
different migration techniques, which require regular gridding of seismic data such as phase-shift
based migrations (Gray, 2013). Among these phase-shift based techniques, we can mention the “phase
shift plus interpolation” (PSPI) migration algorithm that presents the advantage of handling large
vertical velocity variations and operates on the CSG basis (Gazdag & Sguazzero, 1984). In this method,
the wavefield is extrapolated downward by an additional depth step at multiple velocities and a single
wavefield is obtained by interpolating between the constant-velocity extrapolation and the velocity at
each (x,y) location (Gray et al., 2001). PSPI has been applied to the datumed seismic data of profile
PL03PR06α. Figure 6-12a presents the processing of profile PL03PR06α by a processing sequence
including:
-
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the inversion of the tangential angles to reconstruct an accurate streamer geometry,
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-

the wave-equation datuming of the seismic data to a constant datum,
the migration of the seismic data using the PSPI algorithm using the velocity model presented
in Figure 6-2b.

Figure 6-12b is a CMP of that same profile (the location is shown in Figure 6-12a) composed of 70
datumed seismic traces.
Figure 6-12c presents profile PL03PR06α processed using:
-

the inversion of the tangential angles to reconstruct an accurate streamer geometry,
a Kirchhoff PSDM algorithm using the same velocity model (reproduced from Figure 6-7c for
ease of comparison).

The corresponding CMP presented in Figure 6-12d is composed of 48 traces (plus four nil traces).
The processing of the seismic profile by both processing sequences is provided here for comparison.
However, the aim of this comparison is solely to underline that datuming of seismic data allows
processing seismic profiles of equivalent quality, thus showcasing the possibilities opened by waveequation datuming.

Figure 6-12 – Comparison between PSPI migrated seismic data (a and b) and Kirchhoff PSDM migrated (c and d), both using
the same velocity model.

6.4.2.2. Wave-equation datuming: amplitude preservation
Wave-equation datuming was adapted from the algorithm proposed by Berryhill (1979). Berryhill
discusses the impact of different factors on the amplitude of the datumed data. Specifically, he
mentions the impact of the integration boundary to sum the traces (noted as M and N in Chapter 5 of
this manuscript). The WED was adapted to deep-towed seismic data with the first objective of
performing velocity analysis. Uncertainties in seismic amplitudes affect the semblance calculations
during velocity analysis but a minimal impact is expected as long as travel times are preserved.
The comparison of the amplitude of the field seismic data and the datumed seismic data shows a good
match for the mid- to long-offsets (Figure 6-14b and c). However, for a datumed short offset common
receiver section (offset of 14 m), we observe high-frequency amplitude variations (Figure 6-14a). The
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variations are likely caused by the different receiver spacing of the field seismic data and the datumed
seismic data as for the short offset receiver the spacing of field data is 2 m with very little variations,
whereas the receiver spacing of the datumed data is 1 m. The different spacing implies that every other
datumed trace is the sum of one less trace during the second step of the datuming process (Section
5.2.2– Moving the receivers). The lower amount of contributors has a greater impact for the short and
long offsets of the datumed receivers, where there are already few traces available for stacking.
We observe a lateral shift between the field-recorded seismic data and the datumed seismic data for
the last receiver (Figure 6-14c) at a distance of 1875 m. The approximate 7 m deviation is caused by a
strong variation in the depth of the last receiver during acquisition. The 52nd receiver plunged by more
than 15 m over the course of 40 m, which caused a slight variation in its horizontal offset (lower than
2 m) but impacted the position of the “common mid-points” in the subsurface (not located at middistance in this case). Therefore, the shift of the reflection point is a direct consequence of the variable
acquisition geometry of deep-towed seismic acquisition.
The current adaptation of the WED to deep-towed data is not completely amplitude preserving. During
the datuming of the seismic traces, it is likely that an additional weighting variable is necessary to
compensate for the number of seismic traces stacked. The preservation of seismic amplitude by the
wave-equation datuming algorithm would allow performing additional characterisations using deeptowed seismic data. For example, the inversion of sediment properties requires seismic data acquired
on a flat datum and accurate seismic amplitude (Vardy, 2015; Vardy et al., 2015).
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Figure 6-13 – Common receiver section of the field recorded seismic data (a) and datumed seismic data (b) for the receiver of
average offset 59.1 m (26th receiver) and 59 m, respectively. The amplitude of this specific reflector marked in red is
represented in Figure 6-14b.
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Figure 6-14 – Amplitudes picked on common receiver sections along the reflector indicated in Figure 6-13 for the recorded
seismic data and the datumed data for three offsets: 14 m (a), 59 m (b) and 111 m (c).

6.5. Deep-towed seismic processing: Conclusions
The different processing steps presented in this thesis not only improve the quality of seismic imaging
but also open the door to future developments adapted to the uniqueness of the VHR deep-towed
seismic systems. In substance, accurate processing of data recorded during a seismic acquisition is
essential: not only the seismic data but also the absolute positioning of the system and the relative
source-receiver positioning. In this regard, we developed a relocation procedure to reconstruct
carefully the variable streamer shape and to precisely define the source-receiver offsets down to an
accuracy lower than 30 cm. Although this precision is essential to process accurately VHR seismic data,
it has never been achieved before in the context of deep-towed seismic acquisition. The precise
knowledge of the acquisition geometry makes it possible to reach the full imaging potential of the
system with a vertical resolution of 0.65 m and a horizontal resolution of 1.7 m. Furthermore, the
adaptation of wave-equation datuming to the deep-towed seismic data enables the application of a
wider variety of algorithms to further process the data. We have shown that this processing step
accurately forward propagates the seismic data with little artefacts. The datuming of the deep-towed
seismic data allows the application of any processing algorithm originally developed for the gridded
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data of surface-towed marine acquisitions. Here, we mainly employ the datuming as a mean to
perform velocity analysis to detect the presence of free gas in the subsurface and to generate depth
seismic images of the area. The seismic images resulting from the accurately processed data acquired
during the GHASS cruise are on-par with the promises of VHR deep-towed seismic. The seismic images
provide observation of intricate sedimentary structures at a scale not usually achievable at several
hundred of meters below the sea surface. Such developments enable advanced characterisation of
slope instabilities, free gas or gas hydrates quantification and allow for finer interpretation of dynamic
systems. The velocity anomalies detected under the anticline of profile PL03PR06α indicate the
presence of gas-rich sediments. The anomalies can be converted to free gas saturation and lay the
basis for sediment quantitative characterisation using very high-resolution deep-towed seismic data.
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Chapter 7.
Irregular BSR: evidence of the on-going
reequilibrium of the GH system
Abstract
The last connection of the Black Sea with the Mediterranean Sea occurred 9000 years ago, thus
drastically changing the environmental conditions from a freshwater lake to an open sea. As a
consequence, the gas hydrate distribution in the Black Sea changed. Today, it remains a matter of
debate as to whether this change is still occurring or if the gas hydrates system of the Black Sea has
reached a steady-state since the reconnection. This chapter presents seismic images showing an
irregular free gas distribution in specific sediment layers marking an irregular bottom simulating
reflector. The very high-resolution deep-towed seismic data allow interpreting this anomalous free gas
distribution as evidence of an on-going migration of the base of the gas hydrate stability zone. It
appears that the reequilibrium is not occurring homogeneously as overpressure from hydrate
dissociation slows their decomposition in specific sedimentary layers. The overpressure is generated
either by a heterogeneous distribution of gas hydrates or by a heterogeneous permeability of the
sedimentary layers.
Résumé
La dernière connexion de la mer Noire avec la mer Méditerranée a eu lieu il y a 9000 ans, modifiant
ainsi radicalement les conditions environnementales en la faisant passer d'un lac d'eau douce à une
mer ouverte. En conséquence, la distribution des hydrates de gaz dans la mer Noire a évolué.
Aujourd'hui, la question reste ouverte de savoir si cette évolution est toujours en cours ou si le système
d’hydrates de la mer Noire a atteint un état stationnaire depuis la reconnexion. Ce chapitre présente
des coupes sismiques montrant une distribution irrégulière de gaz libre dans des couches
sédimentaires spécifiques marquant un BSR irrégulier. Les données sismiques remorquées en fond de
mer à très haute résolution permettent d'interpréter cette distribution anormale de gaz libre comme
la preuve d'une migration en cours de la base de la zone de stabilité des hydrates de gaz. Il apparaît
que le rééquilibrage ne se produit pas de manière homogène car la surpression due à la dissociation
des hydrates ralentit leur décomposition dans des couches sédimentaires spécifiques. Cette
surpression est générée soit par une distribution hétérogène d'hydrates de gaz, soit par une
perméabilité hétérogène des couches sédimentaires.
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7.1. The open problem of the Black Sea gas hydrate system current stability
Following the last reconnection of the Black Sea with the Mediterranean Sea, 9000 years ago, the
environmental factors (salinity, temperature, water height) of the seawater underwent significant
changes. Over time, these changes affected the salinity, temperature and pressure conditions in the
sediment, thus leading to a destabilisation of the gas hydrate system. The question to know whether
the gas hydrate system of the western Black Sea has reached equilibrium or not is still debated today.

7.1.1. History of environmental changes
The last glacial maximum (LGM) corresponds to the greatest extent of the ice sheets, defined by Clark
et al. (2009) to be as recent as 19 ka. As a result, the global sea level was lower than current by around
130 m below sea level (mbsl) (Clark et al., 2009; Lambeck & Chappell, 2001; Yokoyama et al., 2000).
During that period, the Black Sea was disconnected from the world’s oceans and was a freshwater lake
(Winguth et al., 2000). The salinity of the lake is estimated at 1 psu (Soulet et al., 2011) and the water
level is estimated to be 94 m below the present one (Lericolais et al., 2009). An increase in northern
summer insolation ended the LGM and triggered a rise in sea level for approximately the next 10 kyrs
(Clark et al., 2009). The Bosporus remained a barrier to the inflow of seawater from the Marmara Sea
into the Black Sea “Lake” up until 9000 calibrated year before present (cal. yr. B.P.) (Soulet et al., 2011).
At that time the Black Sea “Lake” water level had already risen to 94 m below the present one
(Lericolais et al., 2009). The seawater influx caused a rapid water level rise over the next century (Bahr
et al., 2008) to approximately its current level and a more gradual salinity increase over the next
millennium (Soulet et al., 2011). The temperature of the bottom water of the Black Sea gradually
increased to reach 8.9 °C and the salinity increased to 22 psu.
In the context of the study of the Black Sea GH system, the last steady-state of the system is assumed
to have lasted until the reconnection with the world’s oceans at 9000 cal. yr. B.P. In the following, we
imprecisely refer to the LGM as the period before the reconnection of the Black Sea with the Marmara
Sea. As such, the environmental conditions in the Black Sea at that time are referred to as the “LGM
conditions”.
In the Black Sea, the past existence of GHs at depth below the present base of the GHOZ (BGHOZ) has
been shown through the observation of paleo-BSRs deeper than the current BSR (Zander et al., 2017).
With time, the BGHOZ shoaled gradually through dissociation of the deeper GHs. The shoaling of the
GHOZ takes place until all GHs are located above the present steady-state BGHSZ. In the Black Sea, it
remains debated whether the gas hydrate system has reached an equilibrium since the LGM. In the
next two sections, we present evidence for a GH system in steady-state and in transient-state

7.1.2. Theory a steady-state gas hydrate system in the Black Sea
Riboulot et al. (2017) showed that the predicted depth of the BGHSZ is coherent with the observed
BSR in the area. However, we can note that the measurements of the depth of the BSR were made on
a seismic section for which no velocity law is available (HR seismic profile Bla1-7 from the BLASON
cruise, the seismic profile was migrated at constant seawater velocity). The true depth of the BSR was
therefore not known and could not be properly compared with the modelling. Hillman et al. (2018)
showed that the local apparent disequilibrium of this GH system could be generated by a disruption of
the geothermal gradient related to local conjunction of marine sediments variable thermal properties
and topographic focusing of the Canyon 1. Their modelling shows that the hydrate system equilibrated
in less than 7.5 kyrs and may be in, or is approaching equilibrium.

7.1.3. Theory of a transient-state gas hydrate system in the Black Sea
In the Romanian sector of the western Black Sea, another study has recently shown that the GH system
is in disequilibrium. Ker et al. (2019) studied the depth of the GHOZ over the larger GHASS study area.
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The authors performed velocity analysis on several HR seismic profiles and evidenced a high-velocity
layer located above the BSR (Figure 7-3b). This high-velocity zone is interpreted as the GHOZ. Ker et al.
show that in the area the BSR is shallower than the steady-state modelling of the GHSZ at the LGM and
deeper than the present-day modelling. The authors studied different hypotheses explaining the lag
between the BSR and the BGHSZ, such as heterogeneous gas or water composition, inaccurate
geothermal gradient values or the non-equilibrium of the thermal regime of the GH system. After
rejecting these hypotheses, the authors conclude from the observation of the BSR at an intermediate
depth that the western Black Sea GH system is in a transient state likely caused by excess pore pressure
generated by hydrate dissociation.

7.1.4. Scientific question
Here we propose to evaluate the current state of the gas hydrate system of the Romanian margin and
to examine the rate at which the GH system re-equilibrates following new environmental conditions.
For this reason, we study the dynamic processes occurring at the free gas-gas hydrate boundary using
the deep-towed seismic data acquired during the GHASS cruise. The VHR seismic images are the first
ones to image the BSR down to more than 300 mbsf with such resolutions (vertical resolution lower
than one meter, lateral resolution lower than four meters), thus allowing the observation of smallscale structures. We will try to explain the observations from the VHR seismic images both in a steadystate and in a transient state GH system and we will provide conceptual models of the most likely
mechanisms.

7.2. Seismic observations
The study area is situated at 700 to 1000 m water depth (Figure 7-1) between Canyon 1 (to the west)
and Canyon 2 (to the east) (Riboulot et al., 2017), and far from any large topographic effects. However,
the seafloor is riddled with dozens of mounds, visible on the bathymetric and seismic data (Figure
7-1B). The mounds, up to 30 m high, are inherited morphologies from the compressional bulges of a
regional MTD located around 50 mbsf (Riboulot et al., 2017).
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Figure 7-1 – Map of the study area. A) Location of the study area on the continental slope of the Black Sea. B) Bathymetric
map of the area with the location of the seismic profiles, the extent of the BSR (blue line) and acoustic gas flares (blue dots)
identified during the GHASS cruise (Riboulot et al., 2017). C) Interpolated depth map of the BSR under the seafloor, the blue
lines represent observations of the BSR on the seismic profiles. The purple crosses show the presence of free gas above the
regional trend of the BSR and the red dashed line delimits the inferred location of the roof of a more concentrated hydrate
thick bed.

7.2.1. Stratigraphy of the study area
The sedimentary column is composed of a relatively well-preserved sedimentary stratification
dominated by three vertically stacked seismic facies (Figure 7-2 and Figure 7-4). The HR seismic profile
Bla1-7 provides a representative overview of the stratigraphy (Figure 7-2).
1 – The first 50 to 75 m thick sedimentary layer below the seafloor is characterised by a seismic facies
dominated by high-amplitude parallel seismic reflections. It is a hemipelagic draping covering the
whole study area. The layer is mainly composed of two units partially separated by a small MTD
(hatched green patch directly below the seafloor in Figure 7-2B).
2 - Under the draping, an acoustically transparent seismic facies shows the presence of a 50 m thick
MTD. Under the small mounds, the MTD is thicker and consists of a chaotic seismic facies with remnant
stratigraphy, consistent with compressional bulges (Frey-Martínez et al., 2006) (deeper hatched green
patch in Figure 7-2B and Figure 7-4B).
3 - The regional MTD rests on well-stratified sediments. The seismic facies is composed of subparallel
and sub-horizontal reflectors. The alternating low- and high-amplitude reflections may reflect a
difference in porosity or permeability. The observed normal faults cross through the regional BSR
without offsetting it (Figure 7-2 and Figure 7-4).
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Figure 7-2 – The typical sedimentary architecture of the study area. A) HR seismic reflection profile Bla1-7 (BLASON cruise,
location in Figure 7-1, converted to depth domain at constant seawater velocity) showing the location of the close-up views
C, D, E and F. B) The interpreted profile shows the sedimentary column and the plumbing system marked by the presence of a
“discontinuous” BSR delimiting the free gas occurrence zone and the GH. C, D, E) Close-up views showing the signature of the
seafloor, the BSR and the high-amplitude reflection inside the GHOZ. F) Close-up view matching the VHR profile presented in
Figure 7-4.
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Figure 7-3 – Profile HR 31a from the GHASS cruise (location in Figure 7-1). The profile presents the main geological features
of the area. The velocity analysis performed to convert this profile to depth was presented in Ker et al. (2019). Their study also
reveals the extent of the GHOZ (orange shaded area). We observe the occurrence of enhanced reflections above the regional
trend of the BSR (purple reflectors). We can note the presence of a small enhanced reflection on the left side of the black
square (orange reflector). We assume that this reflection is part of the roof of a more concentrated GH layer (mapped in Figure
7-1d).

7.2.2. BSR and gas-charged layer
On profile Bla1-7 (Figure 7-2), the BSR is observed either as a continuous reflector crossing the
stratigraphy or the alignment of strong amplitude terminations of reflectors. This type of BSR,
described by Vanneste et al. (2001) and Shedd et al. (2012) as a “discontinuous” BSR, is the most
common. The BSR deepens seaward from 200 mbsf to 330 mbsf as water depth increases from 750 m
to 1000 m. Below the BSR typical gas-charged layers are identified through reflections characterised
by high amplitude and negative polarity relative to the seafloor reflection (Figure 7-2C and Figure
7-2D). Seismic attenuation associated with the presence of free gas does not allow identifying the base
of the sediment layers below the regional MTD nor the base of the free gas zone.
If, at first glance, the BSR appears to dip smoothly on HR profile Bla1-7, some segments seem irregular
(Figure 7-2B). The sub-metric resolution VHR image enables to identify a complex geometry of the BSR
(Figure 7-4, Figure 7-5, Figure 7-6, and Figure 7-7). In some locations, gas-charged layers marked by
isolated enhanced reflections (ERs) with greater amplitudes seem to be present above the regional
trend of the BSR (purple reflectors in Figure 7-4B). Some of these gas-charged reflectors present a
dashed aspect with diffraction patterns (Figure 7-4B, Figure 7-4E and Figure 7-4F). The presence of
diffractions highlights heterogeneities smaller than the lateral resolution of the VHR seismic data (<3
m). These heterogeneities are likely to be free-gas patches as indicated by the phase reversal (Figure
7-4D). This complex free-gas distribution (purple reflectors in Figure 7-4B) makes the precise
identification of the BSR location difficult. SYSIF profiles PL01PR12 (Figure 7-4) and PL03PR07 (Figure
7-6) image the same structures from two slightly different locations (Figure 7-1B). The images of the
structures from two different positions allow ruling out the possibility that the observed features are
imaging artefacts.
Figure 7-1C shows the locations of anomalous gas-charged reflectors present above the regional trend
of the BSR (purple crosses). The penetration of high-frequency acoustic signals (220-1050 Hz) is
sensitive to the presence of free gas (Colin et al., 2020; Ker et al., 2014), specifically where the gas
bubble diameter is larger than 20 mm according to Tóth et al. (2015). Therefore, seismic wave
penetration of more than 100 m under the gas front may indicate a low free gas content (Figure 7-4A).
The paleo-BSR observed at around 340 mbsf (Figure 7-2B, shows a reverse polarity compared with the
seafloor. The paleo-BSR is not ubiquitous in the area and expresses a past boundary between GHs and
free gas (Zander et al., 2017).
As we already observed on profile PL03PR09 (Figure 6-9), the BSR does not form a “pinch out” with
the seafloor as it has been described in the Hikurangi Margin (New Zealand) for example (Faure et al.,
2006; Pecher et al., 2005). The depth map of the BSR (Figure 7-1C) indicates that the BSR is not visible
shallower than 70 mbsf and free gas is clearly identifiable in the subsurface instead. This shallow limit
oftentimes coincides with the base of the regional MTD (Figure 7-3b).
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Figure 7-4 – The irregular BSR. a) VHR seismic reflection profile PL01PR12 (GHASS cruise, location in Figure 7-1 and Figure 7-2).
B) The interpreted profile shows the free gas-GH boundary. Several free gas-related ERs are present above the regional trend
of the BSR (numbered 1 to 6). C) High-amplitude isolated reflector within the assumed GHOZ. D) Acoustic signature of a gascharged layer. E, F) Closeup views showing the free gas-related ERs composed of many diffractions (E) and presenting a patchy
aspect (F).

Figure 7-5 – VHR profile PL01PR013 from the GHASS cruise (location in Figure 7-1 and Figure 7-3). This profile offers a higher
resolution version of Figure 7-3 (black rectangle). The presence of free gas above the regional trend of the BSR is more
apparent than in the HR seismic profile (purple reflectors). The GH related enhanced reflection (orange reflector) is more easily
discernable.
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Figure 7-6 – VHR profile PL03PR07 from the GHASS cruise (location in Figure 7-1). This profile is sub-parallel to and crosses
profile PL01PR12 presented in Figure 7-4. As such, the same geological features are imaged. The redundancy of the seismic
data supports the idea that the observed features are unlikely to be imaging artefacts.

Figure 7-7 – VHR profile PL03PR11 from the GHASS cruise (location in Figure 7-1). In this profile, we observe a single gas patch
above the BSR (purple reflectors). We also observe the widest imaged extent of the reflector marking the roof of a more
concentrated GH layer (orange reflector). We observe a contact between a gas-charged layer above the BSR and the reflector
marking the roof of a more concentrated GH layer.

7.2.3. Gas hydrate-bearing layer
The extent of the GHOZ (orange zone in Figure 7-2B) is assumed from positive P-wave velocity
anomalies identified on the neighbouring profile HR31a (Ker et al., 2019). Velocity analysis could not
be performed on profile Bla1-7 because of the limited offset of the streamer. The GHOZ on profile
HR31a is situated between the MTD and the BSR (Ker et al., 2019). However, for profile Bla1-7 the
upper limit cannot be precisely defined (Figure 7-2). We identify an isolated high-amplitude reflection
within the assumed GHOZ in Figure 7-2B and Figure 7-4B (orange reflector). The polarity of the
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reflection (Figure 7-2D) is identical to that of the seafloor reflection (Figure 7-2B). The VHR signature
of the recorded wavelet (Figure 7-4C) corresponds to the convolution of the source wavelet with a
Dirac function, indicating a punctual increase in the acoustic impedance. Accordingly, we interpret this
reflector as a thin bed with higher impedance. Because this reflector is in the same stratigraphic layer
as where free gas can be identified (Figure 7-4A) and within the presumed GHOZ, we interpret this
reflector as a bed of more concentrated hydrate deposit.

7.3. Assumption of a steady-state system
The coexistence of free gas and GHs in the GHSZ has been reported in several steady-state GH systems
around the world (Crutchley et al., 2015; Gorman et al., 2002; Gullapalli et al., 2019; Haacke et al.,
2009; Netzeband et al., 2005; Riedel et al., 2006; Sultan et al., 2011, 2014; Tréhu et al., 2004; Vanneste
et al., 2001). Two groups of mechanisms have been proposed to explain the coexistence of GHs and
free gas within the GHSZ: free gas transport (Meyer et al., 2020; Riedel et al., 2006; Sultan et al., 2014)
or hydrate formation limitation (Haeckel et al., 2004; J. Liu et al., 2019; X. Liu & Flemings, 2007; You &
Flemings, 2018).
With respect to the first group of mechanisms, free gas invasion into the GHSZ can be observed in the
presence of vertical/sub-vertical features such as chimneys, along faults, under a high or low flux of
free gas (Crutchley et al., 2014; Gorman et al., 2002; Gullapalli et al., 2019; Haacke et al., 2009; Ker et
al., 2019). In the present case, we observe on the VHR seismic images, free gas along sub-horizontal
strata but not along vertical discontinuities. These free gas accumulation could result from percolation
through permeable sedimentary layers. However, percolation requires high differential pressure
(Meyer et al., 2018), yet the low seismic attenuation indicates minimal amounts of free gas
accumulation. Consequently, free gas transport seems an unlikely mechanism explaining the observed
complex free gas distribution.
Regarding the second kind of mechanism, sediment layers with variable thermal diffusivities would
lead to a nonlinear geothermal gradient, which could bring the sediment layers alternatively in and out
of the GHSZ. We observe six BSR irregularities within a 140 m depth interval (Figure 7-4A). Therefore,
such a mechanism would require sediments with heterogeneous thermal diffusivity so that the
sediment’s temperature profile crosses the GH stability law six times in 140 m. Such thermal diffusivity
profile is highly unlikely. Free gas composition is also excluded as a driving factor as the gas is composed
of more than 99.6% biogenic methane in the area, while the remaining gas is dinitrogen (Riboulot et
al., 2018). Therefore, it is difficult to hold hydrate formation limitation responsible for the irregular BSR
in a steady-state system.

7.4. Assumption of a transient state system
Modelling of the GHSZ indicates that the BSR currently lies between the LGM BGHSZ and present
steady-state BGHSZ, thus indicating a system in transient state. The GH system could be in a transient
state because of salinity anomalies in the sediment that have yet to equilibrate. In a transient state, a
heterogeneous GH dissociation is another possible mechanism explaining the irregular BSR. This
heterogeneity could result from either different sediment permeability or variable GH concentrations,
or a combination of both mechanisms.

7.4.1. Modelling of the GHSZ
We compute the BGHSZ in steady-state conditions using the 2D GH stability model developed by Sultan
et al. (Sultan et al., 2010). As in Ker et al. (2019), we consider a pure s‐I methane hydrate. The
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parameters listed in Table 7-1 control the methane hydrate stability. The pore pressure is given by the
hydrostatic condition with a gradient of 9.97 kPa.m-1. The temperature at the seafloor is 282 °K and
increases with depth with a measured geothermal gradient of 24.5 °K.km-1 (Riboulot et al., 2018). The
porosity is set constant at 0.42, according to the average value at a depth greater than 20 m from the
MeBo drilling (Riedel et al., 2020). In accordance, thermal diffusivity is set constant at 3.35 · 10-7 m2.s1
. The salinity derived from the measured chloride profile down to 25 mbsf that decreases from 22 psu
at the seafloor to 2 psu at 25 mbsf (Riboulot et al., 2018). We also compute the predicted BGHSZ for
past conditions during the LGM period. At this period, the Black Sea was a lake (Constantinescu et al.,
2015) with a water temperature at the seafloor estimated to be 277 °K by Soulet et al. (2011). The sea
level was 94 m lower than current (Lericolais et al., 2009). The salinity profile is considered constant at
1 psu to compute the limit of stability.
We model the steady-state BGHSZ for seismic profile Bla1-7 for the LGM and at present time (Figure
7-8). Modelling shows that the current, observed, BSR is located between the modelled depth of the
BGHSZ at the LGM and the present one. This observation suggests that the BSR is currently
transitioning from its previous steady-state depth (LGM) to the present-day one.
The modelling of the GHSZ comes with its uncertainties. The geothermal gradient of 24.5 °K.km-1 has
been measured on a single 12 m long core obtained during the GHASS cruise (Riboulot et al., 2018,
supplementary materials) and uncertainty of a few degrees per kilometre on the estimated geothermal
gradient could change the interpretation of the current stability of the GH system. Additionally, the
value of the geothermal gradient at the LGM is based on the assumption of a constant gradient through
time. The seismic section used to perform the comparison between the depth of the modelled BGHSZ
and the BSR is migrated at constant, seawater, velocity and thus uncertainty on the depth of BSR has
to be considered as well (Figure 7-8). Yet, the modelling of the GHSZ provides indications regarding the
current state of the GH system. In the following sections, we present different models explaining the
irregular shape of the BSR in the hypothesis that the GH system is indeed in a transient state.

Environmental conditions
Parameters
Bottom water temperature (°C)
Sediment salinity (psu)
Water level (m below present)
Geothermal gradient (°K.km-1)

LGM
4
1
94
24.5

Present
8,9
22 to 2
0
24.5

Source
Soulet et al. (2010)
Riboulot et al. (2018)
Lericolais et al. (2009)
Riboulot et al. (2018)

Table 7-1 – Environmental conditions used to model the BGHSZ at the LGM and present time.
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Figure 7-8 – Results of the modelling of the BGHSZ at the LGM (dashed black line) and present time (black line) for profile Bla17.

7.4.2. Salinity
A local change in pore water salinity can modify the stability conditions and prevents GH formation in
specific high-salinity layer (Riboulot et al., 2018). The model presented in Figure 7-9, based on
numerical simulations, explores the possibility that salinity anomalies could cause gas hydrates
dissociation in particular layers at the base of the GHSZ in a steady-state system. The geothermal
gradient is set at 18.5 °K.km-1 so that, at equilibrium, the free gas-GH boundary fits the observed depth
in our study area (~1020 meters below sea level (mbsl) in 800 m water depth). The salinity profile is
typical of the study area: from 22 psu to one psu in the first 25 mbsf and constant at one psu below
that. However, a strong salinity anomaly of 22 psu (same as seawater) is added at 150 mbsf (Figure
7-9, right figure). The left diagram of Figure 7-9 (left figure) presents the phase boundary as a function
of temperature and depth. GHs are stable when the temperature profile is below the phase boundary
(i.e., between 800 m below sea level (mbsl) and 945 mbsl and between 955 mbsl and 1000 mbsl). The
high salinity anomaly causes the required temperature for stable GHs to drop by 0.8 °K. If the layer
with the salinity anomaly is located close to the BGHSZ, as is the case in this model, the required
temperature for GHs can drop below the sediment temperature, thus leading to the incapacity to form
GH. Therefore, we show that a strong salinity anomaly can theoretically prevent the formation of GH.
However, in the studied case, we observe six free gas charged layers above the regional trend of the
BSR within a 140 m interval (Figure 7-4). Therefore, six distinct strong salinity anomalies are necessary
to explain the different gas-charged reflectors. In its history, the Black Sea experienced sequences of
connection and disconnection from the Mediterranean Sea (Constantinescu et al., 2015) and sediment
layers with high- and low-salinity content were identified on borehole data: Deep-sea drilling project
(DSDP) hole 379A (Manheim & Schug, 1978) and more recently from drillings reported by Riedel et al.
(2020). However, the six BSR irregularities we observe within a 140 m depth interval (Figure 7-4b)
require a highly variable vertical salinity distribution. The prerequisite of such variability is a rapid
alternation between marine and lacustrine sequences, which has never been documented. Such a
rapid alternation are also not observed on the MeBo data (Riedel et al., 2020). In addition, salt diffusion
would decrease the amplitude of the salinity anomalies well below the seawater level during the burial
of sediment.
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Figure 7-9 – A sediment layer where high salinity is present at 150 mbsf. The increased salinity at this depth brings the sediment
outside the GHSZ. In this figure, we use a geothermal gradient of 18.5 °K.km-1 to reproduce a free gas-GH boundary at a depth
comparable to the observed BSR on SYSIF profile PL01PR12.

7.4.3. Heterogeneous sediment permeability
In case of varying sediment permeability, the dissipation of the excess pore pressure generated by GH
dissociation is facilitated in layers with higher permeability. However, in lower sediment permeability,
the generated overpressure accumulates and delays further dissociation by recrystallising part of the
GHs (Sultan, 2007). As a result, the BGHSZ moves more slowly in sediment with lower permeability. In
three MeBo drilling sites, Riedel et al. (2020) describe “sand layers several millimetres in thickness” as
“typical” in the deeper units, between 45 mbsf and 140 mbsf. The analysis of long-piston cores also
shows the presence of sandy layers of thickness increasing with depth (Martinez-Lamas et al., 2020).
These observations indicate the presence of higher permeability layers within the overall fine-grained
sediments of the area.

7.4.4. Heterogeneous GH distribution
In the case of sedimentary layers with higher GH concentration, the dissociation produces more free
gas and higher pore overpressure. In these layers, the overpressure can delay hydrate dissociation.
However, in sedimentary layers with lower GH concentration the generated pore overpressure is lower
and does not slow GH dissociation as much. Therefore, the BSR will shoal faster than in layers with
higher GH concentration.

7.5. Conceptual model
Our observations of an irregular BSR support the hypothesis that the upward migration of the BGHOZ
is a long-lasting process and that the western Black Sea GH system is still in a transient state. The
hypothesis of a transient state is supported by previous publications (Poort et al., 2005). In a
neighbouring area, Zander et al. (2017) suggest that the Danube area is still adapting to increased
water temperature and is not thermally stable. West of Canyon 1, the geothermal gradient was
measured at 24.5 °K.km-1 by Riboulot et al. (2018). Ker et al. (2019) showed that the predicted BGHSZ
computed with a gradient of 24.5 °K.km-1 is not in agreement with the observed BSR depth in the study
area. We confirm this result for profile Bla1-7 as modelling of the steady-state BGHSZ (Sultan et al.,
2010) shows that the observed BSR is currently shallower than the LGM modelling yet deeper than the
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present-day modelling (Figure 7-8). The intermediate depth of the BSR supports the hypothesis of a
transient state of the hydrate system.
In the following paragraphs, we propose two simplified kinematic models representing the upward
migration of the BGHOZ caused by environmental changes (Figure 7-10). The models represent two
end-members explaining the heterogeneous GH dissociation: a case in which only permeability comes
into play (Model 1) and a case in which only the GH concentration varies (Model 2). Both models are
illustrated with reference to the same three stages spanning several millennia and backed by modelling
and VHR seismic interpretations. For both models, at the first stage (Figure 7-10A1 and Figure 7-10A2)
the GH system is at equilibrium under LGM PTS conditions. The BGHSZ1 matches with the BSR and
delimits free gas accumulation underneath the GHOZ.
For the second stage of Model 1 (Figure 7-10B1), the PTS conditions are still adjusting since the LGM,
and we observe a shallower BGHSZ2. Below the BGHSZ2, GHs start dissociating and generate
overpressure in the sedimentary layers. At the last stage (Figure 7-10C1), the PTS conditions have
stabilised and the BGHSZ3 corresponds to the steady-state BGHSZ. In lower permeability layers, the
excess pore pressure accumulates and prevents further GH dissociation thus delaying the migration of
the BGHOZ. However, the higher permeability of particular layers prevents the build-up of excess pore
pressure. This process is effective regardless of the hydrate concentration in the layer as the excess
pressure can be evacuated on the free gas occurrence side. Therefore, GH destabilisation occurs more
rapidly in higher permeability layers and free gas is present at shallower depths. The free gas
occurrence zone moves upward, but much slower in low-permeability layers.
For the second stage of Model 2 (Figure 7-10B2), the PTS conditions are also adjusting. Between
BGHSZ1 and BGHSZ2, GHs start dissociating and release free gas. In layers containing more GHs,
additional excess pressure is generated and overpressure accumulates. However, in layers containing
less GHs, the excess pressure generated is lower. At the third stage (Figure 7-10C2), GH dissociation is
slowed down in relation to accumulated overpressure. Therefore, the shoaling of the BSR is delayed
by significant overpressure in layers with higher GH concentration. Whereas in layers with smaller
amounts of GHs, the generated overpressure does not impede dissociation as much and the BSR
migrates quicker.
In both cases, in layers of higher permeability or lower GH concentration, it is likely that the free gas
release is not homogeneous and occurs within patches. Variations in permeability and GH
concentrations describe the non-uniform seaward migration of the BGHOZ.
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Figure 7-10 – Conceptual model (simplified scenario) of the evolution of the GHOZ in response to environmental changes
explaining the processes at the origin of the “irregular BSR”. The two cases are composed of three phases (A, B, C) detailed in
the discussion.

7.6. Implications of the study
The irregular BSR reflects a transient state of the hydrate system in the Romanian sector of the Black
Sea. The irregular BSR is proposed to be the consequence of two complementary processes occurring
as the BGHSZ moves upwards with time: an increased excess pore pressure generated by higher
concentrations of GHs in certain strata and an overpressure accumulation in lower permeability
sediments. The combination of the two processes accumulates high pore pressure, which caused
recrystallisation of GHs, thus delaying the BGHSZ migration. The heterogeneous sediment properties
and hydrate concentrations explain the disparity between the observed BSR and the current steadystate modelling of the BGHSZ. Consequently, the depth of a BSR cannot be used to determine
accurately the geothermal gradient or heat flux when the GH system is not in a steady-state. The
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possibility of a runaway dissociation of GHs leading to rapid global warming events, known as the
“clathrate gun hypothesis”, has been debated for some time (Hill et al., 2006; Kennett et al., 2000).
The long transient state of the western Black Sea for 9 kyrs and the delaying process we present
confirm the low likelihood of a catastrophic destabilisation of a GH system. The BGHSZ is often
considered as a weak zone in terms of pore pressure and slope stability. The coexistence between pore
overpressure and recrystallisation of hydrates prevents the formation in high excess pore pressure at
the BGHSZ. The key point of our findings is that the simple observation of an irregular morphology of
a BSR is sufficient to reveal the transient state of the GH system. The depth of a BSR cannot can
therefore not be used to determine accurately the geothermal gradient or heat fluxes when the GH
system is not in a steady-state.
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Conclusion & perspectives (English)
This research project focused on studying the free gas-gas hydrate system of the western Black Sea
using multichannel deep-towed very high-resolution seismic data. The accurate characterization of the
first few dozens of meters under the seafloor, where shallow marine gas hydrates are located, is
crucial to properly apprehend geohazard and associated societal risks of gas hydrates. Yet, marine gas
hydrates are found several hundreds of meters under the sea surface, where they have always been
out of reach of very high-resolution seismic imaging and characterization. By setting the acquisition
system close to the seafloor, multichannel deep-towed seismic acquisitions bring very high-resolution
seismic imaging and characterization to virtually any water depth, thus allowing imaging in very fine
details the subsurface. Ifremer developed its own very high-resolution deep-towed seismic system,
SYSIF, and equipped it with a 52 receivers, 120 m long, multichannel streamer. Yet, the acquisition of
seismic data under depths of several hundreds to thousands of meters poses serious challenges in
term of absolute and relative positioning and data processing.
The work done during this thesis sought to develop the tools essential to the meticulous processing of
deep-towed multichannel seismic data. SYSIF’s acoustic source emits a very high-frequency signal
(220-1050 Hz) and the processing of such high-frequency signals requires a very accurate relative
positioning of the source and receivers. The inversion of the pitch angles based on the travel times
allows computing the source-receivers vertical and horizontal offsets with a precision better than 30
cm. The careful processing of the acquisition geometry enables taking full potential of the system with
an effective vertical resolution of 0.65 m and a lateral resolution of 1.7 m. Such seismic resolutions are
unparalleled for subseafloor studies in deep-water settings. The exploitation of deep-towed seismic
data has always been hindered by the complex acquisition geometry, as the depth of the source and
receivers continually change during an acquisition. The adaptation of the wave-equation datuming to
deep-towed seismic data enables using any conventional algorithm developed for surface-towed
seismic acquisition. Wave-equation datuming of seismic data allows performing rapid, fine-scale, Pwave velocity determinations through NMO-based velocity analysis. With this technique, it becomes
possible to produce a large number of seismic images in the depth domain. Very high-resolution deeptowed seismic data could improve our understanding of shallow geological processes such as the
mechanisms triggering submarine landslides in the context of geohazards.
The Black Sea is a massive methane reservoir that underwent large changes in its recent history, the
connection with the Mediterranean Sea drastically changed the environmental parameters. The new
conditions (warmer and saltier seawater, higher sea level) destabilized the deeper gas hydrates
present in the sediments. The current stability state of the gas hydrate system has long been debated.
The acquisition and processing of deep-towed very high-resolution seismic data in the western Black
Sea allow imaging small-scale features. Thus, the interpretation of very high-resolution seismic images
of the bottom-simulating reflector allowed characterizing gas hydrate dynamics in the western Black
Sea. The irregular reflector is an indicator that dynamic processes are currently occurring at the
boundary between free gas and gas hydrates, thus showing that this gas hydrate system is still in a
transient state. This result shows that the adaptation of a gas hydrate system to new environmental
conditions is a long process, spanning several millennia. Such conclusion contradicts the possibility of
initiation of a positive feedback loop between gas hydrate dissociation and global warming, known as
the clathrate gun hypothesis.
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Climate change is amongst one of the main research axes for today’s science. One of the driving factors
is the release of greenhouse gas, such as methane, either from entropic or natural sources. Being one
of the most important reservoirs of methane, and despite the rebuttal of the clathrate gun hypothesis,
gas hydrates remain a key element in understanding the medium to long term evolution of Earth’s
climate.

Perspectives
The equipment used to acquire the deep-towed multichannel seismic data presented in this
manuscript was developed as a prototype. In Chapter 6, we explored different prospects to further
improve several key points of the acoustic source and the hydrophone array for the second version of
SYSIF. The development of a new omnidirectional acoustic source would eliminate the constraint of
the directivity of the current Janus-Helmotz acoustic transducer. An alternative solution is also
proposed in the acquisition of the acoustical signature for several emission angles along with the
development of an adapted processing sequence. The analysis of the integrated receiver array is also
necessary to identify, quantify, and, when possible, remove the source of time delays in the trigger of
the seismic data recording. The integration of 6-axis MEMS to the numerical hydrophone, and proper
calibration, would improve receivers positioning.
The development of the wave-equation datuming to deep-towed very high-resolution seismic data
enables further processing of the seismic data, such as full waveform inversion. Yet, further
improvements to the datuming algorithm presented in this manuscript are required to utilize the
datumed seismic data to derive sediment properties (density, mean grain size, porosity); in the end
the simple datumed geometry will enable faster modelling which is crucial for full waveform inversion.
The velocity analysis performed on the SYSIF seismic data of the study area revealed no meaningful Pwave velocity increase, suggesting the absence of significant amounts of gas hydrates in the close
subsurface. However, free gas can be found trapped in the regional MTD, less than 50 mbsf. In this
context, effective medium theories allow modelling sediment properties in the presence of free gas.
The effective medium theory allows estimating the free gas concentration and the characteristic size
of the gas patch heterogeneity based on the P-wave velocities and the quality factor Q. The estimation
of the free gas saturation would allow calculating the excess pore pressure exerted by the free gas on
the overburden sediments. A strong enough overpressure would allow hydrofracturing the sediment,
creating new pathways for the gas to escape to the seafloor and increasing the methane flux to the
water column. The study of free gas accumulation in the subsurface and migration pathways come
with the scope of the GHASS2 project (data acquisition campaign programmed for 2021). The GHASS2
project aims at studying the methane life cycle in the western Black Sea from the main deep reservoir,
to the shallow subsurface reservoirs and the water column. As such, understanding this last migration
step to the water column is crucial for a proper assessment of the global methane migration.
Several SYSIF profiles presented in Chapter 7 (Figure 7-4, Figure 7-5, Figure 7-6, and Figure 7-7)
revealed the presence of a gas hydrate layer with a higher concentration than the surrounding layers.
This layer raises interest due to its localized aspect (only identified on a few SYSIF profiles and their
corresponding HR profiles) and to the fact that the higher concentration of gas hydrates (identifiable
by higher amplitudes) is not located close the BSR, where it is usually expected but in the shallower
part of the layer. The study of this gas hydrate-rich layer could help better understanding the formation
of gas hydrates in this area.
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The connection between gas hydrate dissociation and submarine landslide has been made through
numerous studies. Two main mechanisms are identified: the increased pore pressure generated by
hydrate dissociation and the loss of load-bearing gas hydrates. The two mechanisms can weaken
specific layers, which can lead to slope failure. The presence of multiple scars on the bathymetric map
of the GHASS study area and the present transient state of the gas hydrate system of the Black Sea
indicates that the migration of the base of the gas hydrate stability zone should be closely monitored.
Additionally, the differential migration of the BSR in sedimentary layers with different properties
(permeability and/or gas hydrate saturation) could provide detailed information on the dynamics of
the hydrate dissociation.
Finally, this work mainly focused on the eastern side of the GHASS study area, many SYSIF seismic
profiles were also acquired on the western side, including one profile at an altitude of 50 m. These
profiles provide a unique understanding of the area located around Canyon 1 and the “crest line area”.
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Conclusion & perspectives (français)
Ce projet de recherche s'est concentré sur l'étude du système hydrates de gaz et gaz libre de la mer
Noire occidentale à l'aide de données sismiques multitraces très haute résolution remorquées en
profondeur. La caractérisation précise des premières dizaines de mètres sous le fond marin, où se
trouvent des hydrates de gaz marins peu profonds, est cruciale pour appréhender correctement les
aléas gravitaires et climatiques et les risques sociétaux associés aux hydrates de gaz. Néanmoins, les
hydrates de gaz marins se trouvent à plusieurs centaines de mètres sous la surface de la mer, où ils
sont hors de portée de l'imagerie et de la caractérisation sismiques à très haute résolution
conventionnelle. En plaçant le système d'acquisition près du fond marin, les acquisitions sismiques
remorquées profondes multitraces permettent de faire de l’imagerie et de la caractérisation sismiques
à très haute résolution à toutes profondeurs d'eau, permettant ainsi d'imager très finement le soussol. L'Ifremer a développé son propre système sismique remorqué à très haute résolution, SYSIF, et l'a
équipé d'un streamer multitrace de 52 récepteurs et 120 m de long. Pourtant, l'acquisition de données
sismiques sous des profondeurs de plusieurs centaines à milliers de mètres pose de sérieux défis en
termes de positionnement absolu et relatif et de traitement des données.
Les travaux réalisés au cours de cette thèse ont cherché à développer les outils indispensables au
traitement minutieux des données sismiques multitraces remorquées en profondeur. La source
acoustique de SYSIF émet un signal très haute fréquence (220-1050 Hz) et le traitement de ces signaux
très haute fréquence nécessite un positionnement relatif de la source et des récepteurs très précis.
L'inversion des angles de tangage en fonction des temps de parcours permet de calculer les distances
source-récepteurs verticales et horizontales avec une précision meilleure que 35 cm. Le traitement
minutieux de la géométrie d'acquisition permet d'exploiter pleinement le potentiel du système avec
une résolution verticale effective de 0,65 m et une résolution latérale de 1,7 m. De telles résolutions
sismiques sont inégalées pour les études sismiques en eaux profondes. L'exploitation des données
sismiques remorquées en fond de mer a toujours été limitée par la géométrie complexe d'acquisition,
car la profondeur de la source et des récepteurs change continuellement au cours d'une acquisition.
L'adaptation du datuming par équation d’onde aux données sismiques remorquées profondes permet
d'utiliser tout algorithme conventionnel développé pour l'acquisition sismique remorquée en surface.
La datuming par équation d'onde des données sismiques permet d'effectuer des déterminations
rapides et précise de la vitesse de l'onde P grâce à une analyse de vitesse basée sur la NMO. Avec cette
technique, il devient possible de produire rapidement un grand nombre d'images sismiques dans le
domaine profondeur. Les données sismiques très haute résolution remorquées en fond de mer
pourraient améliorer notre compréhension des processus géologiques en proche surface tels que les
mécanismes déclenchant des glissements de terrain sous-marins dans le contexte des aléas sismiques.
La mer Noire est un réservoir important de méthane qui a subi de grands changements dans son
histoire récente : la connexion avec la mer Méditerranée a radicalement changé les paramètres
environnementaux. Les nouvelles conditions (eau de mer plus chaude et plus salée, niveau de la mer
plus élevé) ont déstabilisé les hydrates de gaz présents le plus profondément dans les sédiments. L'état
de stabilité actuel du système d'hydrates de gaz a longtemps été débattu. L'acquisition et le traitement
de données sismiques à très haute résolution remorquées en fond de mer en mer Noire occidentale
permettent d'imager des structures de petite taille. Ainsi, l'interprétation d'images sismiques à très
haute résolution du BSR a permis de caractériser la dynamique des hydrates de gaz de la mer Noire
occidentale. L’irrégularité du réflecteur est un indicateur que des processus dynamiques se produisent
actuellement à la frontière entre le gaz libre et les hydrates de gaz, montrant ainsi que ce système
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d'hydrates de gaz est toujours dans un état transitoire. Ce résultat montre que l'adaptation d'un
système d'hydrates de gaz aux nouvelles conditions environnementales est un long processus s'étalant
sur plusieurs millénaires. Une telle conclusion contredit la possibilité d'initier un cercle vicieux entre la
dissociation des hydrates de gaz et le réchauffement climatique, connue sous le nom d'hypothèse du
fusil à clathrates.
Le changement climatique fait partie des principaux axes de recherche de la science d’aujourd’hui.
L'un des facteurs déterminants est la libération de gaz à effet de serre, comme le méthane, provenant
de sources entropiques ou naturelles. Étant l’un des réservoirs de méthane les plus importants, et
malgré la réfutation de l’hypothèse du fusil à clathrates, les hydrates de gaz demeurent un élément
clé pour comprendre l’évolution à moyen et long terme du climat de la Terre.

Perspectives
L'équipement utilisé pour acquérir les données sismiques multitraces remorquées en fond de mer
présentées dans ce manuscrit est un prototype du système. Dans le Chapitre 6, nous avons exploré
différentes perspectives pour améliorer plusieurs points clés de la source acoustique et de l’antenne
sismique pour une deuxième version de SYSIF. Le développement d'une nouvelle source acoustique
omnidirectionnelle éliminerait la contrainte actuelle de directivité du transducteur acoustique JanusHelmotz. Une solution alternative est également proposée dans l’enregistrement de la signature
acoustique pour plusieurs angles d'émission et du développement d'une séquence de traitement
adaptée. L'analyse du système d’acquisition est également nécessaire pour identifier, quantifier et, si
possible, supprimer la source des retards dans le déclenchement de l'enregistrement des données
sismiques. L'intégration de MEMS 6 axes à l'hydrophone numérique et un étalonnage approprié
amélioreraient également le positionnement des récepteurs.
Le développement du datuming par équation d'onde des données sismiques à très haute résolution
remorquées en fond de mer permet un traitement ultérieur des données sismiques, comme l'inversion
complète de la forme d'onde. Néanmoins, d'autres améliorations de l'algorithme de datuming
présenté dans ce manuscrit sont nécessaires pour utiliser les données sismiques datumés pour estimer
les propriétés des sédiments (densité, taille moyenne des grains, porosité). Au final, la simplicité de la
géométrie datumée permet une modélisation plus rapide, ce qui est crucial pour l'inversion complète
de la forme d'onde.
L'analyse de vitesse réalisée sur les données sismiques SYSIF de la zone d'étude n'a révélé aucune
augmentation significative de la vitesse de l'onde P, suggérant l'absence de quantités significatives
d'hydrates de gaz dans la proche subsurface. Cependant, du gaz libre peut être trouvé piégé dans le
glissement régional, à moins de 50 m sous le fond de l’eau. Dans ce contexte, les théories des milieux
effectifs permettent de modéliser les propriétés des sédiments en présence de gaz libre. La théorie
des milieux effectifs permet d'estimer la concentration de gaz libre et la taille caractéristique de
l'hétérogénéité du patch de gaz en fonction des vitesses de l'onde P et du facteur de qualité Q.
L'estimation de la saturation du gaz libre permettrait de calculer la surpression interstitielle exercée
par le gaz sur les sédiments superficiels. Une surpression suffisamment forte permettrait
d'hydrofracturer les sédiments, créant de nouvelles voies et permettant au gaz de s'échapper vers le
fond marin et augmentant le flux de méthane vers la colonne d'eau. L'étude de l'accumulation de gaz
libre dans le sous-sol et les voies de migration s'inscrit dans le cadre du projet GHASS2 (campagne
d'acquisition de données programmée pour 2021). Le projet GHASS2 vise à étudier le cycle de vie du
méthane en mer Noire occidentale, du principal réservoir profond aux réservoirs souterrains peu
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profonds et à la colonne d'eau. En tant que tel, la compréhension de cette dernière étape de migration
vers la colonne d'eau est cruciale pour une évaluation correcte de la migration globale du méthane.
Plusieurs profils SYSIF présentés au Chapitre 7 (Figures 7-4, 7-5, 7-6 et 7-7) ont révélé la présence d'une
couche d'hydrate de gaz avec une concentration plus élevée que dans les couches environnantes. Cette
couche est intéressante du fait de son aspect localisé (identifié uniquement sur quelques profils SYSIF
et de les profils HR correspondants) et du fait que la concentration plus élevée d'hydrates de gaz
(identifiable par des amplitudes plus élevées) ne se situe pas à proximité du BSR, où il se trouve
habituellement mais dans la partie la moins profonde de la couche. L'étude de cette couche riche en
hydrates de gaz pourrait aider à mieux comprendre la formation d'hydrates de gaz dans cette zone.
Le lien entre la dissociation des hydrates de gaz et les glissements de terrain sous-marins a été établi
grâce à de nombreuses études. Deux mécanismes principaux sont identifiés: l'augmentation de la
pression interstitielle générée par la dissociation des hydrates et la perte d'hydrates de gaz structurant
la matrice sédimentaire. Les deux mécanismes peuvent affaiblir des couches spécifiques, ce qui peut
entraîner une rupture de pente. La présence de multiples cicatrices sur la carte bathymétrique de la
zone d'étude GHASS et l'état transitoire actuel du système d'hydrates de gaz de la mer Noire indiquent
que la migration de la base de la zone de stabilité des hydrates de gaz doit être étroitement surveillée.
De plus, la migration différentielle du BSR dans des couches sédimentaires aux propriétés différentes
(perméabilité et / ou saturation en hydrates de gaz) pourrait fournir des informations détaillées sur la
dynamique de la dissociation des hydrates.
Enfin, ces travaux se sont principalement concentrés sur le côté est de la zone d'étude GHASS, de
nombreux profils sismiques SYSIF ont également été acquis du côté ouest, dont un profil à une altitude
de 50 m. Ces profils fournissent une compréhension unique de la zone située autour du Canyon 1 et
de la «zone de la ligne de crête».
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A. Absolute positioning of the system
The precision on the system's absolute position is essential to replace the seismic images and results
on their proper geographical context and as such is analysed.
The deep-towed system absolute position is acquired through a USBL system. During the GHASS cruise,
the maximum towing depth of the system was 1032 m, for a horizontal distance between the towedfish and the ship of 1263 m, which corresponds to an emission angle of 35° (profile PL02PR03). The
SYSIF operations manual dictates a maximum emission angle of 45° (Léon, 2008), the absolute
positioning measurement of the system was therefore operated well inside the requirement of the
USBL. Nonetheless, the precision of the absolute system position is verified by comparing the
bathymetry acquired by the tow-fish (“SYSIF bathymetry”) with the bathymetry acquired by the ship
during the cruise (“ship bathymetry”). The ship bathymetry is extracted from the ship 2D bathymetric
map at the position of each seismic profile. The SYSIF bathymetry is the sum of the tow-fish depth and
the measured altitude above the seafloor. A correct position of the seismic line would result in both
bathymetric profiles being identical.
To find the correct position of the seismic profile, a search grid is defined around its original position.
The seismic profile is translated within the search grid and the bathymetry is extracted from the ship
bathymetry at each position of the translated profiles. The bathymetry at the translated position is
cross-correlated with the SYSIF bathymetry. The translated profile with the highest cross-correlation
value is defined as the correct position of the seismic line.
The relocation of the seismic profile PL03PR04 is shown in Figure A-1. The relocation procedure gives
the highest cross-correlation value for a shift of the seismic profile by 53 m east and 7 m north, which
corresponds to a 54 m shift at a 94° bearing angle (counted positive toward starboard), relative to the
ship heading. After relocation, the SYSIF bathymetry and the ship bathymetry still show an almost
constant difference of 10 m (Figure A-1b). A similar constant variation can be observed on all the
seismic profiles. The difference most likely comes from a calibration error of the depth sensor of the
SYSIF or from a calibration error of the ship's multibeam echosounder.
A summary of the study for the three dives of the GHASS cruise is presented in Figure A-2. Profile
PL02PR03 is left out of the study because of gaps in the ship bathymetric map crossed by the profile.
We note that the shift is applied at a ~90° bearing angle on the starboard side of the SYSIF for 23 out
of 26 profiles (Figure A-2a). The amount of shift applied to the seismic profile's position is on average
10 % the immersion of the source, with little variation. This shows a direct impact of the system depth
on the absolute position error. The constant direction of the error and the linear relation between
immersion and positioning error point toward a calibration error of the USBL positioning system and
the positions of the seismic profile are modified to the relocated positions.
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Figure A-1 – Profile relocation procedure for PL03PR04. a) SYSIF bathymetry of the seismic profile (black), the ship bathymetry
extracted at the original profile's position of the seismic profile (red) and the relocated position (green). b) Difference between
the SYSIF bathymetry and the ship bathymetry before and after the relocation. c) Map of the bathymetry with the ship track
(black), and the SYSIF seismic profile location before (red) and after (green) relocation.

Figure A-2 – a) Direction of the shift applied to the profile position. 90° corresponds to starboard. b) Length of the applied shift
(blue) and the ratio between the depth of the source during the acquisition and the length of the shift. The average ratio
during the cruise is 10 (red dashed line). Profile PL02PR03 is left out of the study because of gaps in the recorded bathymetry.
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B. High-frequency delays in the seismic
data
For the direct wave and the seafloor reflected wave, the differences between the observed travel times
𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 and the calculated travel times 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 provide information positioning error of the receivers. Both
values have to be as accurate as possible to ensure a precise relocation of the receivers. During the
seismic data acquisition, a square electric signal (“trigger”) is sent to the hydrophones as the source
emits the acoustic signal. The rising edge of the square signal triggers the start of the acoustic
recording. The trigger is relayed from one section of the streamer to the next using Ethernet switches
(a section of the streamer starts with an Ethernet switch and is composed of 6 or 7 hydrophones). The
multiple relays of the signal cause a loss of sharpness of its rising edge, which slightly delays the
beginning of the acoustic data recording on each hydrophone. This delays are different on each
hydrophone and are not constant from one source shot to another.
To visualise these delays, we pick the arrival of the direct wave on a sample dataset of 250 shots. For
each source shot, we then remove the linear trend (“detrending”) of the picked times (Figure B-3a) to
make small-scale variations more apparent (Figure B-3b). When examining the detrended travel times
over several shots during an acquisition (Figure B-4), we notice clear patterns. For example, receivers
n° 20 and 22 both have a high, almost constant delay, while receiver n° 31 have a delay with a higher
variation (highlighted by the orange arrows on Figure B-4).
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Figure B-1 – a. Travel times of the direct wave to each receiver. b. Travel times corrected from the linear trend to highlight the
low amplitude variations.

Figure B-2 – Travel times (corrected from the linear trend) over 251 shots. The general trends and random noise can be
observed for each receiver.

The trigger signal is a square signal and the hydrophone recording starts at the detection of the rising
edge of the square signal. Probably due to poor electronic shielding of a component on the electronic
board, the falling edge of the square signal is recorded by the hydrophone and can be observed on the
acoustic recordings. It can be observed in Figure B-5, that the trigger signal is recorded at an almost
constant time for all the receivers, with only small variations. We can notice on Figure B-5b that
receivers n°20 and 22 (orange arrows) have recorded the falling edge approximately 4 time samples
(0.4 ms) later than the average time of the other hydrophones.
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The small delays in the recording of the falling edge of the trigger signal correspond to the small
amplitude, high-frequency delays that were highlighted in the travel times of the direct wave.
Therefore, by picking the falling edge of the trigger on the acoustic recording, we correct these small
delays (Figure B-6b). However, for the first eleven receivers, the recording of the direct wave overlaps
the recording of the falling edge (Figure B-6b), thus making the picking of the signal and the correction
of the delays impossible. For these receivers, an average delay was measured on the direct signal's
travel time over a great number of seismic shots and a static correction is calculated based on the
average value. The correction of the falling edge delays allows for better overall precision on all the
travel times; that gain can be observed by comparing both the average values and the standard
deviations of the direct wave's travel times before and after correction (Figure B-7a and b).
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Figure B-3 – Falling edge of the trigger signal in a shot-gather dataset. a) shows a raw shot gather. b) is a zoomed, amplified
version of the area marked by the red rectangle. The acoustic signal of the direct wave is easily identifiable (green triangle).
The falling edge of the trigger signal is recorded at an almost constant time by all receivers (blue rectangle). The recording of
the falling edge on hydrophones n°20 and n°22 are marked by the orange arrows.

Figure B-4 – a) Detrended direct wave travel time before correction for a sample of 251 shots. The delays are very noticeable.
b) Detrended direct wave travel time after correction. The correction via the picking of the falling edge reduces the noise in
travel times of the direct wave. Note the lack of dynamic correction for receivers 1 to 11. The correction seems to be less
effective for receivers 14 to 19 due to noisy seismic data. For both figures, data are lacking for hydrophones n°15, 18, 27 and
45, which are defective.
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Figure B-5 – a) Standard deviation of the direct wave's travel times before and after correction. The improvement is clear on
some receivers (receivers n°16 and 19), but not for all receivers (receiver n°29). b) Detrended mean values of the direct wave's
travel times before and after correction.
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C. Gas hydrate stability zone modelling
Modelling of the gas hydrate stability zone entails calculating the phase of the free gas in presence of
water depending on local pressure, temperature, pore water salinity and gas composition. The
modelling presented in this manuscript were performed using the two-dimensional numerical model
developed by Sultan et al. (2004, 2010). The model is based on Van der Waals’s thermodynamic theory
(Van Der Waals & Platteeuw, 1959). The dissociation of natural gas hydrates is an endothermic process
(Handa, 1986) which slows hydrate dissociation. Conversely, when GHs form, heat is released. The two
phenomena are fully taken into account by the model. Gas is transported in a dissolved phase and is
taken into account following Fick’s law. The evolution of the pore pressure with time is determined
using Darcy’s law equation. As salt ions are not included in the MH crystalline structure, the formation
of hydrates locally increases the salinity of the pore water (Almenningen et al., 2018; Wright &
Dallimore, 2004). The local increase in pore water salinity impedes further hydrate formation.
However, this effect remains negligible over several millennia when compared to the large increase in
seawater salinity since the LGM. The molecular diffusion of the salt ions is calculated within the pore
water of sediment using Fick’s second law. The calculation at performed at each calculation step and
each node by using the finite difference method.
The model allows calculating the dynamic evolution of the GHSZ as the variations in sea level, salinity
and temperature affect GHs stability. Modelling of the GHSZ starts at 9000 years before present (BP)
with the environmental conditions described as “LGM conditions”. The seawater salinity slowly rises
from 1 psu to 22 psu over 2000 years. The temporal calculation step is set at 1 year and the subsurface
is divided into 10 different layers. Seawater salinity is set at 2 psu at the beginning of modelling (9000
years BP) and slowly risen to 22 psu at 2000 years BP, salinity is constant after that point (Soulet et al.,
2010). A seafloor temperature is initially set at 4 °C at the beginning of the modelling and is modified
to 8.9 °C after the first time step. The geothermal gradient is set constant at the base of the calculation
domain at 24.5 °K.km-1. The water level is set at 94 m at 9000 years BP below the current level. The
level rises to 2 m below the current level for the first 2000 years and finally increase to the current
level over the following 7000 years (Lericolais et al., 2009). The thermal diffusivity of marine sediment
is set constant at 3.35 · 10-7 m2.s-1. The chloride diffusion was calculated using a mean diffusion
coefficient for chloride ions including tortuosity equal to 6×10-10 m2.s-1. No ion exchange is occurring
at the vertical boundaries of the model.
We model the evolution of the BGHSZ for SYSIF profile PL01PR012 (Figure C-8). The modelled LGM
steady-state BGHSZ is located deeper than the seismic section and is not represented (Figure 7-8).
Computations every 1000 years from 5000 years BP to current are represented. We observe that the
observed regional trend of the BSR corresponds to modelling at around 3500 years BP, indicating that
a mechanism is not taken into account by the model and/or that some parameters are not accurate.
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Figure C-1 - Modelling of the GHSZ for the past 5000 years for SYSIF profile PL01PR12. The present-day steady-state BGHSZ is
indicated in black.
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Case History
Fine-scale velocity distribution revealed by datuming of very-highresolution deep-towed seismic data: Example of a shallow-gas
system from the western Black Sea

Florent Colin1, Stéphan Ker1, and Bruno Marsset1

workflow that allows the application of conventional processing
algorithms to extended deep-towed seismic data sets. First, a
relocation of the source and receivers is necessary to obtain a sufficiently accurate acquisition geometry. Variations along the profile in the depth of the deep-towed system result in a complex
geometry in which the source and receiver depth vary separately
and do not share the same acquisition datum. We have designed a
dedicated datuming algorithm to shift the source and receivers to
the same datum. Thus, the procedure allows the application of
conventional processing algorithms to perform velocity analysis
and depth imaging and therefore allows access to the full potential
of the seismic system. We have successfully applied this methodology to deep-towed multichannel data from the western Black
Sea. In particular, the derived velocity model highlights shallow
gas charged anticline structures with unrivaled resolution.

ABSTRACT
Very-high-resolution (VHR) marine seismic reflection helps
to identify and characterize potential geohazards occurring in
the upper part (300 m) of the subseafloor. Although the lateral
and vertical resolutions achieved in shallow water depths
(< 200 m) using conventional surface-towed technology are adequate, these resolutions quickly deteriorate at greater water
depths. The SYstème SIsmique de Fond (SYSIF), a multichannel
deep-towed seismic system, has been designed to acquire VHR
data (frequency bandwidth [220–1050 Hz] and vertical resolution
of 0.6 m) at great water depths. However, the processing of deeptowed multichannel data is challenging because the source and
the receivers are constantly moving with respect to each other
according to the towing configuration. We have introduced a new

seismic systems have been developed since the 1990s allowing
seismic acquisitions close to the seafloor in water depths up to a
few kilometers (Ward et al., 2004; Badhani et al., 2020b). The first
multichannel deep-towed seismic system, the Deep-Towed Acoustics/Geophysics System (DTAGS) developed by the U.S. Naval Research Laboratory (Gettrust et al., 1988), successfully investigated
gas-hydrate systems (Rowe and Gettrust, 1993; Wood et al., 2002).
More recently, a second multichannel deep-towed seismic system,
called SYstème SIsmique de Fond (SYSIF), was developed by
Ifremer (Marsset et al., 2014) enabling the acquisition of seismic
data with submetric vertical resolution. The efficiency of joint
analysis of SYSIF data with in situ measurements (i.e., from core

INTRODUCTION
Quantitative characterization of shallow marine sediments combining in situ geotechnical measurements and very high resolution
(VHR, frequencies > 200 Hz) seismic data is of first interest for
assessing marine geohazards such as slope stability, shallow gas,
or gas hydrates (Kvalstad, 2007; Vanneste et al., 2014; Clare et al.,
2017; Badhani et al., 2020a). In deep-water environments, 2D VHR
seismic acquisitions performed at the sea surface suffer from major
limitations such as the recording of out-of-plane reflections due to a
large first Fresnel zone and a lack of penetration (Chapman et al.,
2002; Ker et al., 2010). To overcome these limitations, deep-towed
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analysis and penetrometer tests) has been demonstrated for thin
layer quantification (Ker et al., 2011), slope failures (Ker et al.,
2010), pockmarks characterization (Sultan et al., 2010; de Prunelé
et al., 2017), and hydrate-systems assessment (Sultan et al., 2011).
An effective approach to the quantitative characterization of gascharged layers or hydrate bearing sediments lies in detecting compressional-wave (P-wave) velocity anomalies (Tóth et al., 2014).
However, processing deep-towed seismic data to perform velocity
analysis is challenging due to the particular acquisition geometry
(Walia and Hannay, 1999; Marsset et al., 2014). Towing a seismic
system at a given altitude over the sea bottom requires constant
depth adjustments. Such acquisition at variable depths results in a
strong variability in the multichannel streamer’s shape, unlike VHR
surface acquisitions performed on a constant datum (i.e., 1–2 m
below the sea surface).
Alternative processing approaches have been developed for
DTAGS and SYSIF to build a fine-scale velocity model of the subsurface. For DTAGS, the shape of the streamer is retrieved through a
combination of depth measurements and traveltimes using a genetic
algorithm (He et al., 2009). Then, the seismic data are propagated to
a flat datum by applying static corrections via a sliding window accounting for the change of raypaths with increasing depth. The process thus allows the application of conventional processing algorithms
based on normal moveout (NMO) corrections for velocity analysis
(Walia and Hannay, 1999; He et al., 2009). However, the use of static
corrections can affect the coherency of acoustic data, especially in
a VHR context and, thus, acoustic velocity estimations. For SYSIF,
a different strategy based on local pitch measurements along the
streamer was developed to reconstruct its shape and access the positions of the receivers (Marsset et al., 2014). Then, a migration velocity
analysis (MVA) using a Kirchhoff-migration technique was implemented to build a velocity model (Marsset et al., 2018). The MVA
technique is based on layer stripping and thus requires a large amount
of time and computational effort to process a single profile. The algorithm requires computing traveltime maps using an eikonal solver
(Podvin and Lecomte, 1990) to update the velocity model for
each source/receivers position and each investigated velocity value.
Finally, prestack depth migrations (PSDMs) are performed to form
common image gathers (CIGs). Consequently, the NMO technique
appears more suited, as a first step, to perform an initial comprehensive velocity characterization of an extended survey. Such large data
set is acquired by SYSIF in the western Black Sea in 650 m water
depth during the Gas Hydrates, fluid Activities and Sediment deformations in the western Black Sea (GHASS) cruise (Ker and Riboulot,
2015) with 30 deep-towed seismic profiles.
To enable the use of an NMO analysis, the seismic data have to be
corrected to simulate an acquisition at a constant datum. For this purpose and to avoid the approximations involved in the use of static
corrections, we propose a new procedure that applies a wave-equation datuming (Berryhill, 1979) to deep-towed seismic data. This
technique provides an improvement in deep-towed seismic data
processing because it does not require any assumption regarding
the sediment velocity and also preserves the wavefield characteristics.
The main difficulties in adapting standard seismic techniques for
deep-towed seismic imaging lie in reconstructing very accurately
the streamer’s shape, which varies along the profile, and dealing with
the asymmetry of the acquisition geometry where source and receivers do not share the same datum. The first part of this paper addresses
the positioning processing and datuming of the data. Once the source

and receivers’ depth variations have been corrected to a common datum, the seismic data can then be sorted in common-midpoint
(CMPs) gathers, enabling an NMO-based velocity analysis. In the
second part, we present the fine-scale velocity distribution obtained
by applying a semblance analysis on a seismic line of the data set. We
assess the velocity uncertainty, and we quantify the impact of the
altitude on the analysis. These results enable us to delineate and characterize gas-charged layers and free gas migration paths in the shallow subseafloor (<50 m) with a resolution impossible to obtain from
surface-towed seismic systems.

SYSIF ACQUISITION
System description
SYSIF is a deep-towed multichannel VHR seismic acquisition
system specifically developed by Ifremer to operate down to water
depths of 6000 m. The embedded JH220-6000 source is an opencavity Janus-Helmholtz transducer producing a 100 ms linear frequency-modulated signal [220–1050 Hz] with an output level of
196 dB reference 1 μPa at 1 m (Le Gall and Marsset, 2007; Ker
et al., 2010). The tow fish is equipped with a pressure sensor for
depth measurement and an altimeter for altitude measurement;
its location relative to the ship is provided by an acoustic ultrashort
baseline (USBL) (Marsset et al., 2014).
A 110 m multichannel streamer developed for deepwater acquisitions is towed behind the source. It is composed of 52 digital hydrophones with a 2 m spacing (first offset 10.1 m). Each receiver is
coupled to a microelectromechanical system (MEMS) to measure
its orientation (pitch, roll, and yaw angles) during the acquisition.
In addition to orientation measurements, the electronic boards embedded in the hydrophones perform the digital conversion of the
seismic data (10 kHz) after band-pass filtering [150–3000 Hz]. The
data are transmitted to the ship through an optical cable using the
Ethernet protocol. For design consideration, the streamer is composed of four independent sections including 13 receivers and
two Ethernet switches each.
During seismic acquisition, the source is towed at a constant altitude above the seafloor between 50 and 130 m. The altitude choice
is a trade-off between the safety of the system (i.e., a safe altitude
above large variations in the bathymetry) and the imaging aperture
(i.e., proximity to the target). The source is towed at 1 m∕s and fired
every 2–3 s. The time interval between two shots is chosen carefully
before the acquisition to ensure that no multiple reflection from the
previous recording window is present in the active one (Marsset
et al., 2014).

Absolute source location
The altitude of the tow fish is measured by a Kongsberg 1007
altimeter, with a resolution of 0.15 m. A Digiquartz 8CB7000 depth
sensor provides the immersion of the tow fish; its accuracy is 0.01%
full scale, or 0.7 m. The altitude and immersion values are combined
to produce a bathymetric profile of the acquisition.
The water velocity is obtained from several expendable conductivity-temperature-depth (xCTD) vertical profiles down to the maximum depth of the study area (approximately 1000 m) with a
maximum uncertainty of 0.15 m∕s. No lateral variation of the
seawater velocity has been observed from the three xCTD profiles
acquired in the area. The absolute location of the system is validated
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by comparing the tow-fish bathymetry and the one acquired by the
ship multibeam echosounder extracted at the USBL positions.

Signal processing
Due to the proximity of the system to the seafloor, the 100 ms
length of the sweep causes overlapping of the direct and reflected
wave signals. A specific processing step based on a short-term Fourier transform is applied to isolate the two signals and to mute the
direct wave (Marsset et al., 2018).
The acoustic sweep source signal requires further processing
such as deconvolving to produce a narrow wavelet, consistent with
the VHR approach of the system. The far-field source signature was
recorded during a previous cruise, which allows the deconvolution
of the data to obtain a narrow, zero-phase wavelet (Ker et al., 2010).

Acquisition parameters of the GHASS survey
Data acquired during the GHASS cruise in the Romanian sector of
the Black Sea in 2015 are used as a case study to demonstrate these
new techniques. SYSIF was deployed during the cruise to record
more than 300 km of deep-towed VHR seismic lines. Profile
PL03PR06 was selected to illustrate the proposed processing workflow. The profile is composed of 1863 shots for a total length of approximatively 5000 m; the shot spacing is 2.7 m on average. The
water depth averages 660 m, and the source was towed 50 m above
the seafloor. Two subprofiles are presented: PL03PR06α (shotpoints
667 to 917) and PL03PR06β (shotpoints 667 to 1863). The average
water velocity is c ¼ 1482 m∕s at the depth of the subprofiles and
shows no evidence of lateral variation.

VARIABLE ARRAY SHAPE
Excellent knowledge of the acquisition geometry is essential for
the processing of VHR data because inaccuracies will cause destructive summation and dramatically reduce the resolution. This
loss in resolution is first evaluated; a relocation procedure is then
presented to retrieve the variable array geometry.

Impact of the geometry on imaging performance
We first quantify the resolution capacity of the VHR deep-towed
system. This quantification is achieved by assessing the size of
the focusing pattern related to the migration of a diffraction point.
Vertical and lateral resolutions are obtained by measuring the
trough-to-trough vertical width (Kallweit and Wood, 1982) and
the horizontal full width at half-maximum (de Souza, 2014) of
the migration pattern. It should be noted that the horizontal resolution value represents the maximum resolution as the horizontal
resolution decreases with depth.
We simulate the acquisition of a diffraction point embedded in a
homogeneous medium using the far-field signature of the JanusHelmholtz transducer (220–1050 Hz). We model the acquisition
of a single shot gather in which the diffraction point is located
50 m below the source and at a lateral position of 56 m behind
the source. The streamer’s shape is defined as being horizontal.
Kirchhoff migration is applied to the shot gather using the exact
velocity and a 10 cm bin size. Using the exact geometry, this results
in a horizontal resolution of 1.5 m and a vertical resolution of 0.6 m.
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To define the resolution loss associated to the receivers’ position
errors, constant Gaussian noise is added to the receivers’ position
with a standard deviation σ noise , multiple values are used from 0.05
to 0.8 m. We perform the forward modeling and the migration of the
shot gather for 2000 simulations of the Gaussian process to evaluate
the degradation of both resolutions for each σ noise . The progressive
loss of resolution with increasing σ noise is presented in Figure 1.
These results allowed us to estimate the expected loss of resolution
after determining the accuracy of the relocation algorithm.

Navigation data processing
The depth variations of the tow fish propagate along the streamer
similar to an elastic wave. This fluctuating geometry causes changes
in the source-receiver’s offsets. MEMS sensors located inside each
hydrophone record the pitch and heading angles to determine the
streamer’s shape and thus the receiver’s location (Marsset et al.,
2014, 2018). In the acquisition area, deep sea currents are expected
to reach on average 0.05 m∕s and no more than 0.20 m∕s (Korotaev
et al., 2006; Markova, 2016). Given that the acquisition is conducted much faster, at 1 m∕s on average, no significant feathering
is expected to affect the streamer. Therefore, the shape of the
streamer is reconstructed only by using pitch measurements.
The raw pitch values are corrected from sensor bias, filtered and
integrated along the streamer to obtain the vertical and horizontal offsets xir and zir of each receiver (“the MEMS geometry”) as follows:

(

R i
xir ¼ x0 þ 0r cos½αðrÞdr
R
i
zir ¼ 0r sin½αðrÞdr;

(1)

where ri is the curvilinear abscissa of the ith receiver from the head of
the streamer and α is the pitch angle at position r down the streamer.
The curvilinear distance between two receivers is 2 m. The curvilinear distances between the head of the streamer and the 1st and 52nd
receivers are 8 and 110 m, respectively. The additional x0 ¼ 2.1 m in
horizontal offset corresponds to the distance between the acoustic
barycenter of the transducer and the towing point of the streamer
(Figure 2).
The accuracy of this reconstruction is evaluated by comparing
traveltimes of the direct wave arrivals and the acoustic wave reflected at the seafloor picked on seismic data tiobs with the computed
values ticalc ðαÞ expressed as

Figure 1. Loss of horizontal and vertical resolutions as a function of
σ noise . In total, there are 2000 runs per σ noise value.
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ticalc ðαÞ ¼

tidir ¼ didir · c−1
i
tfloor ¼ difloor · c−1 ;

(2)

To retrieve the streamer shape, the traveltime misfits between the
observed and computed values using equation 2 are computed using
the least-squares method. The cost function for the relocation inverse problem is defined as

with

didir

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ ðxir Þ2 þ ðzir Þ2 ;

(3)

and

difloor ¼

Array shape reconstruction

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxifloor Þ2 þðzifloor Þ2 þ ðxir −xifloor Þ2 þðzir þzifloor Þ2 ;
(4)

where didir and tidir are the direct distance and traveltime from the
source to the ith receiver, difloor and tifloor are the distance and traveltime of the seafloor reflected wave to the ith receiver, xifloor is the
horizontal distance between the ith receiver and the reflection point
on the seafloor for the reflected wave reaching the ith receiver, and
zifloor is the vertical distance between the ith receiver and the seafloor
at the reflection point. Note that xifloor and zifloor vary with the known
bathymetry of the area, the vertical and horizontal offsets of the
receiver, and the altitude of the source. Figure 2 presents the different parameters of equations 2–4.
Values of picked and computed traveltimes and their differences
are presented in Figure 3 for a given shot record. The average error
of approximately 0.8 ms corresponds to an error of 1.2 m in the position of the receivers (for a constant water velocity of 1482 m∕s,
measured by xCTD probes). Marsset et al. (2018) apply a static shift
to reduce this discrepancy and obtain time misfits ranging from 0.1
to 0.7 ms. If this correction improves the quality of the data summation, it also introduces errors in retrieving the P-wave velocity values.
We propose a new approach to avoid the former issue and reduce
the positioning uncertainties. The method aims to retrieve an accurate
acquisition geometry based on the inversion of the seismic arrival
times to refine pitch angle values used in the streamer shape
reconstruction.

Figure 2. Description of an average acquisition configuration for the
deep-towed multichannel seismic acquisition SYSIF. The tow fish is
not to scale with the streamer. The distances difloor , zifloor , and xifloor
depend on the depth of the source and receiver as well as the slope
of the seafloor.

S ¼ min
αðrÞ

X

fticalc ½αðri Þ − tiobs g2 :

(5)

i

The relocation inverse problem consists in finding 53 pitch angles values (i.e., one value per receiver and an additional one at the
connection between the tow fish and the lead-in cable) from 104
traveltime observations. The curvilinear spacing of 2 m between
two consecutive receivers and the smooth shape variation of the
streamer also constrain the inversion. We use a local optimization
method (the trust region approach; Byrd et al., 1988) to solve this
inverse problem, and we use the MEMS pitch angles as initial values to start the search for the minimum value of S.
While preserving the general trend of the pitch values measured
by the MEMS (Figure 4a), the inversion retrieves a sine-like event
in the streamer shape with a series of peaks and troughs (Figure 4b).
The troughs correspond to the positions of the Ethernet switches,
which are embedded in titanium containers and have a mass of
1.3 kg. The streamer is neutrally buoyant as a whole, but these
denser components (the black dots in Figure 4b) cause the streamer
to be locally denser than seawater, which causes local deformations
of the streamer.
The mean time misfit for the direct wave and the seafloor reflected wave are approximately 0.18 and 0.10 ms, respectively
(the green curves in Figure 5). An increased time misfit toward
the tail of the streamer can be observed on both traveltimes in Figure 5a and 5b. The average time misfit for the seafloor reflected
wave increases to 0.25 ms for the last 10 receivers in comparison
to less than 0.1 ms for the first 30. This increasing misfit can be
related to several factors such as a larger uncertainty in picked
arrival times, a less constrained streamer tail or an unaccountedfor streamer feathering.
These results translate to positioning uncertainties of 0.27 and
0.15 m, respectively, which correspond to a maximum loss of
resolution of approximately 8% (Figure 1). This loss in resolution
decreases the theoretical vertical resolution to 0.65 m and the
maximum horizontal resolution to 1.62 m for a homogeneous
medium and an exact velocity model.

Figure 3. Seafloor-reflected wave traveltimes picked on the seismic
data and computed using the MEMS streamer’s geometry for shot
823. Differences in traveltimes between the picked values and the
one computed using the MEMS geometry (the red diamonds).
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The results of the relocation procedure are evaluated with the
comparison of the profile PL03PR06α, from the GHASS cruise,
processed using the initial MEMS geometry and the one obtained
after correction. Figure 6 displays both images obtained after a
Kirchhoff PSDM using a constant velocity model of 1482 m∕s.

•

•
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“Intermediate” traces — the traces after the first stage of
processing. The signals are emitted at the acquisition source
positions and recorded at the datumed receiver positions.
“Datumed” traces — the traces at the output of the algorithm. The signals are emitted at the datumed source positions and recorded at the datumed receiver positions.

WAVE-EQUATION DATUMING
Complex acquisition geometries can be found
in UHR shallow-towed seismic acquisitions
where the swell can affect the positions of the
sources and receivers. However, swell-related motions are limited to a couple of meters and can be
corrected with the application of statics corrections (Duarte et al., 2017; Reiche et al., 2020).
In the case of deep-towed multichannel acquisitions, the vertical offsets can vary up to several
tens of meters and the horizontal offset up to several meters. These large variations prove to be an
issue for the processing of deep-towed data because conventional marine seismic imaging algorithms are usually tailored for data presenting only
small depth variations of the sources and receivers, usually neglected or corrected accurately
enough with statics corrections. An analogy for
such a geometry can be found in land seismic
acquisition, where the altitude of the sources
and receivers can differ greatly. Therefore, the
processing of land seismic data commonly includes a datuming phase; that is, the sources
Figure 4. (a) Measured and inverted pitch values for shot 823. The inverted pitch value
at the 0 abscissa corresponds to the lead-in cable. (b) Corresponding MEMS and inand receivers are moved to a constant altitude.
verted geometries (vertical exaggeration: 3.0).
One elementary way to perform datuming is to
apply small static corrections to traveltimes in the
simplest cases to correct for altitude deviations, for example, small
deviations from the reference altitude and low raypath emergence
angles (Barison et al., 2011). However, for significant topographic
variations, an exact wavefield propagation is necessary to accurately
upward or downward continue the data to a reference datum. This
action of correcting the acquisition datum by wavefield continuation is called wave-equation datuming (WED) and was first introduced by Berryhill (1979).
The acoustic signal recorded at a single receiver can emerge
from various angles. Therefore, if we were to propagate the wave
to a distinct datum, different time corrections would be needed
depending on the emergence angles. Based on this observation,
Berryhill proposes a Kirchhoff integral formulation for his
WED to propagate the seismic data to a reference datum while
preserving the wavefield character of the data (Berryhill, 1979,
1984, 1986).

Theory of WED
For nonzero offset data, the Kirchhoff integral is applied in two
successive stages (Bevc, 1996). The following notation is used in
the description of the algorithm:
•

“Input” traces — the original traces. The acoustic signals
are emitted at the acquisition source positions and recorded
at the acquisition receiver positions ðxr ; zr Þ.

Figure 5. Average differences between tcalc computed using the
MEMS geometry (the red curve) or the inverted geometry (the green
curve) and tobs for profile PL03PR06α, (a) direct wave and (b) seafloor-reflected wave. The vertical lines represent the standard
deviation.
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The first stage consists of moving the receivers from their acquisition positions to the selected datum by summing the input traces P
to intermediate traces p as follows:

pj ¼

M
X

Aij

i¼−M

∂1∕2
Pi ðt − τij Þ;
∂t1∕2

(6)

where τij is the traveltime between the acquisition receiver location
i and the datumed receiver location j and M defines the limit of the
contributing receivers located on either side of the datumed receiver.
Note that M is to be determined based on the maximum geologic
dip present and the maximum elevation change between the acquisition geometry and the final datum. In equation 6, Aij is an amplitude correction term based on spherical divergence and obliquity:

Aij ¼

Δx
cosðθij Þ;
2πrij v

(7)
Adaptation of WED to deep-towed data

where v is the datuming velocity, Δx represents the spatial sampling
interval, and θij is the angle between the normal to the input surface
and the raypath path rij connecting the acquisition receiver i location and the datumed receiver j location (Bevc, 1995).
In the second stage of the algorithm, the sources are moved from
their acquisition positions to the datum by summing the intermediate traces p to the final datumed traces P 0 :

Pk0 ¼

N
X
j¼−N

Ajk

∂1∕2
pj ðt − τjk Þ;
∂t1∕2

direction. Split-spread geometries are the standard in land acquisitions
but not in marine surveys. Berryhill advises making use of the
reciprocity between sources and receivers to circumvent this issue.
Reciprocity states that, for a given seismic trace, interchanging the
positions of the source and the receiver will result in an identical
signal, assuming that the source and receiver have no directivity
(Clærbout, 1976). Berryhill (1984) assumes that the streamer and
the source share a common datum; thus, reciprocity can be used
to design an artificial split-spread geometry.
In the case of a SYSIF acquisition, the depth of the tow fish is
constantly adjusted according to the bathymetry to maintain a constant altitude. As a result, the source depth varies and the receiver
offset fluctuates along the seismic line. They do not share a common
datum; thus, reciprocity cannot be used to create a split-spread configuration. Therefore, the WED procedure has to be altered for
deep-towed acquisition geometry.

(8)

where N defines the limits of the contributing traces, based on the
positions of the sources located on either side of the datumed
source, Ajk is defined according to equation 7 and the rjk factor
defines the distance between the acquisition and datumed source
locations, and θjk is the corresponding angle.
An important aspect raised by Berryhill (1979, 1984, 1986) is the
need of a split-spread acquisition geometry (with receivers on
both sides of the source) to equally treat the layers dipping in either

The adaptation of the WED algorithm to deep-towed data aims at
correcting the vertical variations of the source’s positions and the
vertical and horizontal variations of the receivers’ positions relative
to the source. These variations are caused by the deformations of
the streamer following the motion of the tow fish. The inability to
use reciprocity to form a split-spread configuration prevents the
straightforward application of the WED procedure to SYSIF data.
Nonetheless, our implementation of the datuming follows the same
main steps:
1) Definition of the reference datum and of the datumed system
geometry.
2) Moving the receivers to the reference datum — equation 6 is
applied to the input data sorted in the common-shot-gather
(CSG) domain.
3) Moving the shot positions to the reference datum — equation 8
is applied to the intermediate data sorted in the common
receiver gather (CRG) domain.
4) Time-variant muting, to avoid angle extrapolations caused by
the datuming, is applied on the data sorted in the CMP domain.
We now review these four steps.

Step 1: Defining the datumed geometry

Figure 6. PL03PR06α: profiles processed with a PSDM using a constant velocity
model. (a) Data processed using the MEMS geometry. (b) Data processed using the
inverted geometry (vertical exaggeration: 7.3).

The reference datum is chosen higher (upward
continuation) than the shallowest receiver or
source position of the profile to avoid the datum
crossing any velocity interface (i.e., the seafloor).
We subtract 5.0 m from the shallowest position to
ensure that there is no null, or close to zero, denominator in the amplitude correction factor
(equation 7). Because the acquisition positions
and the common datum are located above the
seafloor, the seawater velocity is used to convert
the distances to times.
The angle content of seismic data is defined by
the maximum emergence angle for a given depth.
The angle content drives the accuracy for later
velocity analysis and therefore needs to be preserved during the datuming procedure. The depth
and dip of the reflector, the length of the streamer
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and the velocity field, define the maximum emergence angle of a
raypath. The largest angle recorded by the system for a shot is
marked as θmax in Figure 7a, which corresponds to the reflection
on the seafloor measured at the last receiver.
The WED algorithm moves the acquisition system to a reference
datum that is higher, hence, further away from the target. To compensate for this higher altitude and to preserve the angle content of the
data, the length of the datumed streamer is increased (Figure 7a). We
calculate, for each shot, the vertical shift Δz52 between the last (52nd)
receiver’s acquisition position and the datum. The prolongation of the
ray defined by θmax to the reference datum indicates the position of the
last datumed receiver. This position can be calculated as
0
xmax
¼ x52 þ Δz52 tanðθmax Þ;

(9)

0
where xmax
is the offset of the last datumed receiver and x52 is the
horizontal offset of the last receiver.
We selected a datumed receiver spacing of 1 m, half that of the
acquisition spacing because it interpolates the data in the angle domain. The longitudinal offset between the source and the first
receiver causes a blind spot in the data in the angle domain. This
blind spot is reproduced in the datumed data by offsetting the position of the first virtual receiver (Figure 7a). With the first and last
receiver offsets known and the receiver spacing defined, the number
of virtual receivers nr0 is calculated.

Step 2: Moving the receivers
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The number of datumed receivers is increased from the native 52
to a number dependent on the vertical shift. The sources remain
located at their acquisition positions.

Step 3: Moving the sources
In this third step, we move the sources from their acquisition
locations to the reference datum. To that purpose, we need to reorganize the intermediate traces from the CSG domain into the CRG
domain. To sort the data as CRGs, we divide the seismic profile in
bins; each CRG is composed of the traces where the receiver’s
location falls into a given bin. The bins are 1 m wide to ensure that
the CRGs contain a large enough number of traces.
By taking advantage of reciprocity to virtually invert the positions of the sources and receivers, we can observe that the geometry
of the CRG is similar to that of an acquisition shotpoint as shown in
Figure 7c. To preserve the angle content of the data, the length of the
streamer (actually composed of shotpoints) is increased according
0 , in a similar way as
to the CRG’s maximum angle of reflection θmax
in step 2.
The correction of the sources’ locations for each CRG is equivalent to the one applied to the receivers. For each datumed source,
the contributing traces are selected from the CRG if the acquisition
sources’ positions lie in the area delimited by the vertical axis (i.e., 0
0
as lower bound of summation in equation 8) and θmax
(Figure 7d).
The first contributing source is marked as “source 0” in Figure 7d,
and the last contributing source is marked as “source N.” The selected traces are then time corrected by a factor of τjk , which corresponds to the distance between the acquisition sources’ locations
and the datumed source’s position (Figure 7d). The amplitudes of
the traces are corrected by the factor Ajk (equation 7). Finally, the
corrected traces are summed to form the datumed trace P 0 .

The second step of the procedure consists of relocating the
receivers from their acquisition positions to the reference datum.
The data are sorted in the CSG domain, and each CSG is processed
individually. The summation described by equation 6 is carried out
for each virtual receiver on the reference datum. The contributing
input traces are selected depending on the position of the receivers. Initially, the traces are
summed between two boundaries −M and M
(equation 6), yet we cannot use these same boundaries in a deep-towed configuration because of
the end-on spread geometry. Instead, we integrate the input traces between a trace 0 and a
trace limit M. The trace 0 is associated to the input receiver located directly below the datumed
receiver j (θij ¼ 0° in equation 7, marked as
“receiver 0” in Figure 7b). The upper bound
of summation M corresponds to the trace associated to the input receiver that defines a maximum angle of θmax (Figure 7a) between the input
receiver location and the datumed receiver location, counted positive toward the source (marked
as “receiver M” in Figure 7b). Hence, for a virtual
receiver on the reference datum, the contributing
input traces are selected if the corresponding
receivers lay in a cone defined by a vertical axis
Figure 7. Representation of the first steps of the WED. (a) Definition of the geometry
and the angle θmax . The traces are time corrected
associated with the displacement of the receivers. The largest offset of the datumed
by the traveltimes τij between the acquisition and
receivers is defined by the vertical shift of the last receiver and by the maximum reflection angle θmax on the seafloor. (b) Selection of the traces stacked to move the receivers
datumed receiver positions (Figure 7b and equato the datum. (c) Definition of the geometry associated with the displacement of the
tion 6). The input traces are corrected in amplisources. The largest offset is defined by the offset of the last source and by the maximum
tude by the factor Aij described by Bevc (1995)
reflection angle θmax on the seafloor. In this example, the traces are gathered as CRGs at
in equation 7. Finally, the selected traces are
the bin X = 74 m (bin width 1 m). (d) Selection of the traces stacked to move the sources
to the datum.
summed to form the intermediate trace pj .
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At the end of this third step, the sources and receivers are now
located at their final positions on the reference datum. The data set
now consists of single-track data with a wide variety of offsets.

Step 4: Time-variant muting
An important aspect of WED procedure is to preserve the angle
range, which means that reflection angles associated to the datumed
geometry cannot be higher than the ones acquired by the deeptowed system. Because the maximum offset of the new datum
geometry is defined by considering the maximum reflected angle
at the seafloor, for deeper reflectors, the datuming procedure
may extrapolate data and generate higher reflection angles than
the ones actually acquired. To prevent any data extrapolation, a
time-variant mute has to be applied to remove any samples of
the seismic traces for which the associated datumed reflection angles exceed the maximum acquired reflection angles θmax ðtÞ. Before
applying the time-variant mute, the data are first sorted into the
CMP domain. For a given CMP, T defines the time beyond which
a trace k is being muted:

for t > T; Pk0 ðtÞ ¼ 0;
where T ¼

xr0k
:
V sin½θmax ðtÞ

(10)

Note that Pk0 is the datumed trace k and xr0k is the datumed trace k
receiver offset. The term θmax ðtÞ is evaluated from the acquisition
source and receiver positions considering a homogeneous medium
with a constant velocity V and a lithology parallel to the seafloor.
The constant velocity V is set equal to the seawater velocity c

Figure 8. Datumed, muted traces sorted in the CMP domain. The
traces are muted when the associated datumed reflection angles are
greater than the acquired θmax ðtÞ, delimited by the red line. The
muting time T is calculated according to the offset xr0k (equation 10).

because the depth-velocity profile is unknown at this stage of data
processing. Although the different lithologic layers constituting the
subsurface may refract the wavefield depending on their respective
velocities and geometries, we consider our computation of θmax ðtÞ
accurate enough to perform the time-variant mute. The reflection angles are calculated by marching a 1 m window repeatedly from the
seafloor down to the maximum imaged depth. A muted CMP is depicted in Figure 8. A comparison between two common-offset sections, before and after datuming, is presented in the Supplementary
Material (supplementary information can be accessed through the following link: S1).

VHR VELOCITY ANALYSIS
The datuming of the deep-towed seismic data allows the sorting of
traces into CMP gathers and performing of the velocity analysis using
a standard NMO method. We first illustrate some results obtained
from the deep-towed data acquired at the altitude of 50 m during
the GHASS cruise. Nevertheless, during the cruise most acquisitions
were performed at an altitude of 100 m above the seafloor for safety
considerations. In that configuration, the angular content of the data is
narrower, thus limiting the precision of the velocity analysis. Therefore, we investigate the impact of the altitude of the system on velocity determination. Finally, we use the velocity field to perform a
PSDM revealing very fine details of the shallow gas system.

Semblance analysis
We perform the velocity analysis every 10 m by forming 5 m wide
supergathers. The velocity analysis is performed by computing the
semblance spectrum (Al-Chalabi, 1979). Computations are performed with a temporal step of 1 ms, and a velocity step of 1 m∕s.
The NMO velocity profile associed to a supergather is determined
by picking the maximum semblance values. To ensure the lateral continuity of the picking from consecutive semblance panels, the semblance maxima are picked following notable reflectors where
possible. Then, the NMO velocity is assimilated to the root-meansquare (rms) velocity (V rms ) and the interval velocity is computed
using the Dix formula (Dix, 1955). The interval velocity uncertainties
are estimated using the method developed by Hajnal and Sereda
(1981), where the uncertainty is a function of V rms and T rms . The
uncertainty on V rms is given by taking the velocity interval corresponding to 98% of the picked semblance maximum (Dewangan
and Ramprasad, 2007). The time uncertainty on the picking is set
constant at 0.45 ms, which corresponds to the temporal resolution
of the system obtained after array shape reconstruction.
The velocity analysis performed on the deep-towed data after datuming is illustrated on Figure 9a, where a semblance spectrum computed from CMP X ¼ 2023 m is presented. The corresponding
interval velocity profile converted in depth by calculating the zero-offset depth related to the picked times (Figure 9c). The interval velocity
uncertainties increase with depth, which is related to the decrease of
the angle range. The velocity estimation on the seafloor is in agreement with the seawater velocity measured using the xCTD probes,
which validates the consistency of the applied workflow. The interval
velocity distribution (Figure 9b) displays an anticline structure characterized by a drop in the P-wave velocity from 1450 m∕s to approximately 1000 m∕s associated with gas-charged layers.
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Impact of the acquisition altitude
Most profiles acquired during the GHASS
cruise were obtained by setting the altitude of
SYSIF’s tow fish to 100 m to ensure the safety
of the equipment. To assess the impact of the
altitude on interval velocity estimations, a line
was acquired twice with two different altitudes:
profiles PL03PR06 (previously presented) and
PL01PR11 obtained at altitudes of 50 and 100 m,
respectively.
We apply the complete workflow that has been
previously detailed for profile PL03PR06 (i.e.,
datuming and semblance analysis) to profile
PL01PR11. Because acquiring data with a deeptowed system remains a challenging positioning
task, both profiles do not share the exact same
location with a maximum difference in lateral positioning of 48 m between the two profiles. The
results are presented in Figure 10. If the semblance is less resolved with larger maxima (Figure 10a) due to the limited range of reflection
angles, an rms velocity decrease is observed in
relation to the presence of free gas. Interval
velocities are similar to those obtained with an
altitude of 50 m, but the uncertainty has doubled.
Even with larger uncertainty in velocity estimates, deep-towed seismic data acquired at
100 m can be used to assess velocity variation
trends in the first 70 m of sediments. In particular,
the decrease in velocity related to the presence of
free gas within the anticline is unambiguously revealed in both profiles.

Figure 9. PL03PR06α: (a) semblance panel and picked V rms velocities at the CMP
X ¼ 2023 m. The gray lines represent a 2% velocity uncertainty on the semblance
picks. (b) Interval velocity distribution where the dots indicate the position of the picked
velocities. (c) Interval velocity profile and uncertainties at the CMP X ¼ 2023 m
(represented by the green dashed line in panel b).

Depth imaging of the shallow gas
system in great water depth
The western Black Sea has been a long-term
site for investigating the role of fluids in submarine landslides. The presence of numerous
mounts (average diameter 80 m, average height
15 m), interpreted as inherited morphology resulting from the compressive bulge of a massive
landslide has been reported (Riboulot et al.,
2017). These mounts were surveyed using highresolution surface-towed seismic during the
GHASS cruise (Ker et al., 2019), but conventional seismic failed to determine their internal
structure due to the water depth (650–1000 m)
in the area. The deep-towed seismic data presented in this contribution are the result of a targeted seismic survey over these mounts during
the GHASS cruise. The interval velocity distribution obtained after the processing of the profile
PL03PR06α (Figure 9b) was used to perform
a PSDM based on a Kirchhoff method detailed
in Marsset et al. (2014, 2018). Figure 11 enables
a qualitative comparison between the depth
migrated profile processed with a constant
velocity (Figure 11a) and one processed with

Figure 10. PL01PR11: (a) semblance panel and picked V rms velocities at the CMP
X ¼ 4508 m. The gray lines represent a 2% amplitude uncertainty on the semblance
picks. (b) Interval velocity distribution where the dots indicate the position of the picked
velocities. (c) Interval velocity profile and uncertainties at the CMP X ¼ 4508 m
(represented by the green dashed line in panel b).
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Figure 11. (a) Subprofile PL03PR06α, PSDM results. Using a constant seawater velocity model.
(c) The same profile migrated using the variable
velocity model presented in Figure 9b (vertical exaggeration: 10.0). (b and d) The same CMP located
at the center of the anticline structure, marked by
the green line, migrated at constant velocity and
with the velocity model (respectively).

Figure 12. Profile PL03PR06β. (a) The interval velocity structures. (b) The seismic profile migrated using the velocity model presented in
panel (a) (vertical exaggeration: 6.25). (c, d, and e) Low-acoustic-velocity areas corresponding to three anticline structures filled with free gas.
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the interval velocity distribution (Figure 11c). The CIG located at
the center of the anticline structure is also presented in Figure 11b
and 11d. The accuracy of the interval velocity estimates is demonstrated by the flatness of seismic reflections in CIG (Figure 11d)
compared to the constant velocity case (Figure 11b). The resolution of the push-down associated with the presence of free gas
illustrates the validity of the velocity model (the push-down is
an artifact caused by a local low-velocity zone). The maximum
vertical shift is 1.6 m, which corrects the positions of the reflectors
in depth. This accuracy in the velocity model is due to the
improved description of the streamer shape, followed by WED.
Consequently, this workflow proves to be a powerful processing
tool allowing the application of conventional algorithms to unconventional seismic data. The processing sequence, including
NMO and PSDM, can be routinely applied to large data sets as
illustrated in Figure 12. The velocity analysis performed on profile
PL03PR06β shows three low-acoustic-velocity areas allowing
the identification of three anticline structures filled with gas
(Figure 12c–12e).

CONCLUSION
We have demonstrated the performance of the deep-towed
multichannel seismic system SYSIF in terms of imaging capability
and velocity characterization. The presented workflow allows the
investigation of small-scale structures at great water depths. The
processing of deep-towed data requires careful reconstruction of
the variable streamer shape to make up for the deformations of
the deep-towed streamer along the seismic profile. The inversion
of the local pitch angles of the streamer based on traveltimes (direct
and seafloor-reflected) improves the effective resolutions to 1.62
(horizontal) and 0.65 m (vertical), or 92% of that of the theoretical
resolutions (1.5 m horizontal and 0.6 m vertical). Precise knowledge
of the receiver locations enables datuming the data set to take
advantage of conventional seismic processing algorithms. For extended deep-towed surveys over gently dipping geologic structures,
NMO analysis after datuming provides small-scale velocity models
at great water depths. We performed a velocity analysis and depth
imaging of the profile PL03PR06β. Three anticline structures, corresponding to the mounts from the western Black Sea, were well
identified; all were associated with low velocity (850–1100 m∕s)
and high amplitude reflectors. The velocity analysis allowed us
to identify velocity changes within structures less than 10 m thick
and less than 50 m wide. The joint interpretation of the velocity
distribution and depth image highlighted that free gas has migrated
from a deeper source and has been trapped in anticline structures
preventing it from reaching the seafloor. Fine-scale push-down
effects (< 2 m) within these anticline structures were successfully
resolved when performing velocity analysis and depth imaging
at 650 m of water depth. The accuracy in the final velocity distribution is, by definition, related to the angle content of the seismic
data. Therefore, the quality of the acquired seismic data is a tradeoff between safety considerations and the optimal acquisition altitude. The presented algorithms applied to the GHASS deep-towed
data proved a mean of taking full advantage of the deep-towed
multichannel seismic technology that brings a unique insight to
the characterization of geohazards taking place at great water
depths.
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Abstract Gas hydrate (GH) systems constitute methane sinks sensitive to environmental changes such
as pressure, temperature, and salinity. It remains a matter of debate as to whether the large GH system
of the Black Sea has reached a steady state since the last glacial maximum (LGM). We report on an irregular
free gas distribution in speciﬁc sediment layers marking an irregular bottom‐simulating reﬂector (BSR).
This anomalous free gas distribution revealed by very high resolution seismic images, acquired by a
deep‐towed multichannel seismic system, might be evidence of an ongoing migration of the base of the GH
stability zone (GHSZ). We show that the reequilibrium is not occurring homogeneously as overpressure
from hydrate dissociation slows their decomposition in speciﬁc sedimentary layers. The Black Sea example
highlights that dissociation and the associated methane release in the water column or even in the
atmosphere could be largely delayed by overpressure accumulation.
Plain Language Summary

Methane hydrate is an ice‐like compound composed of a cage of
water molecules enclosing a methane molecule. Hydrates can form where water and methane are
present under high pressure and low temperatures, for example, in deep‐sea sediments. As a result of climate
change (e.g., seawater temperature increase), hydrates can melt and release free gas and water. Yet we
observe that hydrates are present where they should have melted according to modeling. We explain this
irregular melting by differing properties of the host sediments and different quantities of hydrate in the
sediments. Methane in the Earth's atmosphere is a strong greenhouse gas. The release of methane from
hydrate melting has been proposed as a runaway process where the methane released increases global
warming, which further increases hydrate melting and methane release, repeating the cycle. Our results
show that the destabilization of a hydrate system is actually a slow process, spanning several millennia.
As such, a catastrophic destabilization of a gas hydrate system is unlikely.

1. Introduction
Gas hydrates (GHs) are ice‐like solids composed of water cages that trap a host molecule, most commonly
methane. Speciﬁc conditions are needed for GHs to become stable: low temperature and high pressure
(Sloan & Koh, 2008), but salinity has also been demonstrated to be a factor (Dickens & Quinby‐Hunt, 1994).
GHs constitute an important methane sink (Ruppel & Kessler, 2017) prone to destabilization when environmental conditions are modiﬁed, for example, hydrostatic pressure variations caused by sea level change
(Maslin et al., 2004), temperature increase by ocean warming (Crémière et al., 2016; Phrampus &
Hornbach, 2012) or salinity variations (Riboulot et al., 2018). The free gas released in the sediment may reach
the water column, contributing to ocean acidiﬁcation (Valentine et al., 2001) and possibly, although still subject of debate (McGinnis et al., 2006; Ruppel & Kessler, 2017), also the atmosphere, where it would contribute to
global warming.
Improving our understanding of the GH system response to environmental change is therefore essential to
enhance our capacity to quantify the free gas released from hydrate destabilization. Geochemical methods
(isotope analysis) can be used to assess past destabilizations such as in the Krishna‐Godavari Basin consecutive to a sea level drop (Joshi et al., 2014). Other examples of ongoing GH destabilization include Lake Baikal
(De Batist et al., 2002) and the U.S. Beaufort margin (Hornbach et al., 2020).
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The bottom‐simulating reﬂector (BSR) detected in seismic reﬂection data is indirect evidence of the presence
of GHs in marine sediments. It represents the base of the GH occurrence zone (GHOZ) but can be inconsistent with the predicted one. Many processes can explain the disparity between model and observation, such
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as localized heat ﬂow anomalies (De Batist et al., 2002; Suess et al., 1999) or bottom water temperature variations (Phrampus et al., 2014).
The GH system located in the Romanian sector of the Black Sea was recently shown to be in disequilibrium (transient regime) in response to a rise in water level (Constantinescu et al., 2015; Lericolais
et al., 2009) and increase in water temperature (Poort et al., 2005) and salinity (Soulet et al., 2010,
2011) since the last glacial maximum (LGM). Hillman et al. (2018) show that in some areas with topographic relief the apparent disequilibrium of this GH system could be generated by a disruption of the
geothermal gradient related to a combination of variable thermal properties of the marine sediments
and topographic focusing of a submarine canyon. Through a study in a larger area including regions without distinct topographic relief, Ker et al. (2019) systematically estimated a shallower steady‐state lower
limit of the GHSZ compared with the observed BSR, thus exposing a system in a transient state. In this
same area (Figure 1), our interpretation of a new geophysical data set enables us to greatly improve
our understanding of this GH system. This paper is based on our observation of the shape of the BSR
on very high resolution (VHR) seismic images (vertical resolution <1 m), compared to the predicted depth
of the base of the GHSZ (BGHSZ). In addition, our discussion details the impact of our ﬁndings on the
assessment of GH dynamics.

2. Methods: HR and VHR Seismic Data
We used legacy high‐resolution (HR) seismic data acquired in 1998 during the BLASON cruise
(Lericolais, 1998). The HR seismic proﬁle Bla1‐7 (Figure 2a) was obtained using a small airgun source (central frequency: 150 Hz) and a short 24‐channel streamer with a maximum offset of 335 m (Popescu et al., 2006).
The seismic proﬁle was converted from time to depth using a constant velocity (seawater velocity, 1,482 m/s).
We also used HR data that were acquired in 2015 during the GHASS cruise (Ker & Riboulot, 2015) using a
small airgun source (central frequency: 110 Hz) and a 96‐channel streamer with a maximum offset of
650 m (locations in Figure S1 in the supporting information). Proﬁle HR31a (Figure S2) was processed using
a prestack depth imaging sequence (Ker et al., 2019). Seismic resolution of proﬁles Bla1‐7 and HR31a is in the
order of 3 m vertically and 15 m horizontally.
To investigate the GHSZ in detail, we used VHR deep‐towed multichannel seismic data acquired during the
GHASS cruise with Ifremer seismic equipment (SYstème SIsmique de Fond, SYSIF). SYSIF is composed of a
Janus‐Helmholtz acoustic source (220–1050 Hz) and a 52‐channel streamer with a maximum offset of 110 m,
tailored for working under high‐hydrostatic pressure environments (Ker et al., 2010; Marsset et al., 2014).
Recent developments based on wave‐equation datuming allowed for ﬁne‐scale velocity analysis on SYSIF
seismic data sets down to 50–100 m below seaﬂoor (mbsf) (Colin et al., 2020). Because of the limited length
of the streamer, velocity analysis cannot be accomplished any deeper and the velocity ﬁeld at depth is deﬁned
with neighboring HR data analysis. Seismic resolution of the SYSIF proﬁle PL01PR12 presented in Figure 3a
(and Figures S3–S5) is less than 1 m vertically and 3 m horizontally.

3. Results
The study area is situated at 700 to 1,000 m water depth between Canyon 1 and Canyon 2 (Riboulot
et al., 2017, Figure 1a) and far from any large topographic effects. However, the seaﬂoor is riddled with dozens of mounds, visible on the bathymetric and seismic data (Figure 1b). The mounds, up to 30 m high, are
inherited morphologies from the compressional bulges of a regional mass transport deposit (MTD) located
around 50 mbsf (Riboulot et al., 2017).
3.1. Stratigraphy
The sedimentary column is dominated by three vertically stacked seismic facies (Figures 2 and 3). The HR
seismic proﬁle Bla1‐7 provides a representative overview of the stratigraphy (Figure 2).
1. In the ﬁrst 50 to 75 mbsf, a thick sedimentary layer is characterized by a stack of two seismic facies, one
dominated by parallel seismic reﬂections and the second by chaotic reﬂections (shallow hatched green
patch in Figure 2b).
2. Under the draping, an acoustically transparent seismic facies shows the presence of a 50 m thick MTD.
Under the small mounds, the MTD is thicker and consists of a chaotic seismic facies with remnant
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Figure 1. Map of the study area. (a) Location of the study area on the continental slope of the Black Sea. The blue shaded area marks where the BSR is present,
blue line: outcrop of the BSR, red line: upper limit of the predicted BGHSZ, blue‐green dots: acoustic gas ﬂares identiﬁed during the GHASS cruise
(Riboulot et al., 2017). (b) Bathymetric map of the area with the location of the seismic proﬁles, blue‐green dots: acoustic gas ﬂares. (c) Interpolated depth map
of the BSR under the seaﬂoor, the blue lines represent observations of the BSR on seismic proﬁles. The purple crosses show the presence of free gas above the
regional trend of the BSR, and the red dashed polygon delimits the inferred location of a more concentrated hydrate thick bed.

stratigraphy, consistent with compressional bulges (Frey‐Martínez et al., 2006) (deeper hatched green
patch in Figures 2b and 3b).
3. The regional MTD rests on well‐stratiﬁed sediments. The seismic facies is composed of subparallel and
subhorizontal reﬂectors. The alternating low‐ and high‐amplitude reﬂections may reﬂect a difference
in porosity or permeability. The observed normal faults cross through the regional BSR without offsetting
it (Figures 2 and 3).
3.2. BSR and Gas‐Charged Layers
On proﬁle Bla1‐7 (Figure 2), the BSR is observed either as a continuous reﬂector crossing the stratigraphy or
the alignment of strong amplitude terminations of reﬂectors. This “discontinuous” BSR (Shedd et al., 2012;
Vanneste et al., 2001) is the most common type in the area. The BSR deepens seaward from 200 to 330 mbsf
as water depth increases from 750 to 1,000 m. Below the BSR typical gas‐charged layers are identiﬁed
through reﬂections characterized by high amplitude and negative polarity relative to seaﬂoor reﬂections
(Figures 2c and 2d). Seismic attenuation associated with the presence of free gas does not allow identifying
the base of the sediment layers below the regional MTD nor the base of the free gas zone.
If, at ﬁrst glance, the BSR appears to dip smoothly on proﬁle Bla1‐7, some segments seem irregular (Figure 2b).
The submetric resolution VHR image enables to identify a complex geometry of the BSR (Figures 3 and
S3–S5). In some locations, gas‐charged layers marked by isolated enhanced reﬂections (ERs) with greater
amplitudes seem to be present above the regional trend of the BSR (purple reﬂectors in Figure 3b). Some of
these gas‐charged reﬂectors have a dashed appearance with diffraction hyperbolae (Figures 3b, 3e, and 3f).
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Figure 2. Typical sedimentary architecture of the study area. (a) HR seismic reﬂection proﬁle Bla1‐7 (location in Figure 1b) showing the location of the closeup
views c, d, e, and f. (b) The interpreted proﬁle shows the sedimentary column marked by the presence of a “discontinuous” BSR delimiting the free gas
occurrence zone and the GH. c, d, and e: Closeup views showing the signature of the seaﬂoor, the BSR, and the high‐amplitude reﬂector inside the GHOZ.
f: Closeup view matching the VHR proﬁle presented in Figure 3.

These diffractions highlight the presence of heterogeneities smaller than the lateral resolution of the VHR
seismic data (<3 m). These heterogeneities are likely free gas patches as indicated by the phase reversal
(Figure 3d). This complex free gas distribution makes the precise identiﬁcation of the BSR location difﬁcult.
Figure 1c shows the distribution of the BSR depth in this area and highlights the locations of anomalous
gas‐charged reﬂectors present above the regional trend of the BSR (purple crosses). The penetration of
high‐frequency acoustic signals (220–1050 Hz, Colin et al., 2020; Ker et al., 2014) is sensitive to the
presence of free gas, speciﬁcally where the bubble diameter is larger than 20 mm (Tóth et al., 2015).
Therefore, seismic wave penetration of more than 100 m under the gas front may indicate a low free gas
content (Figure 3a). The paleo‐BSR observed at around 340 mbsf (Figure 2b) is not ubiquitous in the area
and expresses a past boundary between GH and free gas (Zander et al., 2017).
3.3. Gas Hydrate‐Bearing Layer
The extent of the GHOZ (orange zone in Figure 2b) is assumed from positive P‐wave velocity anomalies
identiﬁed on the neighboring proﬁle HR31a (Ker et al., 2019). Velocity analysis could not be performed
on proﬁle Bla1‐7 because of the limited offset of the streamer. The GHOZ on proﬁle HR31a is situated
between the MTD and the BSR (Ker et al., 2019). However, for proﬁle Bla1‐7 the upper limit cannot be
precisely deﬁned (Figure 2). We identify an isolated high‐amplitude reﬂection within the assumed GHOZ
on Figures 2b and 3b (orange reﬂector). The polarity of the reﬂection (Figure 2d) is identical to that of the
seaﬂoor reﬂection (Figure 2b). The VHR signature of the recorded wavelet (Figure 3c) corresponds to the
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Figure 3. The irregular BSR. (a) VHR seismic reﬂection proﬁle PL01PR12 (location in Figures 1 and 2). (b) The interpreted proﬁle shows the free gas‐GH
boundary. Several free gas‐related ERs are present above the regional trend of the BSR (numbered 1 to 6). (c) High‐amplitude isolated reﬂector within
the assumed GHOZ. (d) Acoustic signature of a gas charged layer. (e, f) Closeup views showing the free gas‐related ERs composed of many diffractions
(e) and presenting a patchy aspect (f).

convolution of the source wavelet with a Heaviside function, indicating a step‐like discontinuity in the
acoustic impedance. Accordingly, we interpret this reﬂector as the top of a thick bed with higher
impedance. Because this reﬂector is in the same stratigraphic layer as where free gas can be identiﬁed
(Figure 3d) and within the presumed GHOZ, we interpret this reﬂector as the top of a more concentrated
hydrate deposit.

4. Discussion
4.1. Implications of the Irregular BSR
The complex gas front observed on the VHR seismic data indicates the presence of free gas further up the
stratigraphy in speciﬁc layers. When addressing the mechanism responsible for the irregular shape of the
BSR, we consider two possible states of the western Black Sea GH system: a steady state or a transient state.
4.1.1. In a Steady‐State System
The coexistence of free gas and GHs in the GHSZ has been reported in several steady‐state GH systems
around the world (Crutchley et al., 2015; Gorman et al., 2002; Gullapalli et al., 2019; Haacke et al., 2009;
Netzeband et al., 2005; Riedel et al., 2006; Sultan et al., 2011, 2014; Tréhu et al., 2004; Vanneste
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et al., 2001). Two groups of mechanisms have been proposed to explain the coexistence of GHs and free gas
within the GHSZ: free gas transport (Meyer et al., 2020; Riedel et al., 2006; Sultan et al., 2014) or hydrate formation limitation (Haeckel et al., 2004; J. Liu et al., 2019; X. Liu & Flemings, 2007; You & Flemings, 2018).
With respect to the ﬁrst group of mechanisms, free gas invasion into the GHSZ can be observed in the presence of vertical/subvertical features such as chimneys, along faults, under high or low ﬂux of free gas
(Crutchley et al., 2014; Gorman et al., 2002; Gullapalli et al., 2019; Haacke et al., 2009; Ker et al., 2019). In
the present case, we observe on the VHR seismic images free gas along subhorizontal strata but not along
vertical discontinuities. These free gas accumulations could result from percolation through permeable sedimentary layers. However, this requires high differential pressure (Meyer et al., 2018), yet the low seismic
attenuation indicates minimal amounts of free gas accumulation. Consequently, free gas transport seems
an unlikely mechanism explaining the observed complex free gas distribution.
Regarding the second kind of mechanism, sediment layers with variable thermal diffusivities would lead to a
nonlinear geothermal gradient, which could bring the sediment layers alternatively in and out of the GHSZ.
We observe six BSR irregularities within a 140 m depth interval (Figure 3a). Therefore, such a mechanism
would require sediments with heterogeneous thermal diffusivity so that the sediment's temperature proﬁle
crosses the GH stability law six times in 140 m. Such thermal diffusivity proﬁle is highly unlikely. Free gas
composition is also excluded as a driving factor as the gas is composed of more than 99.6% biogenic methane
in the area (Riboulot et al., 2018). Therefore, it is difﬁcult to hold hydrate formation limitation responsible
for the irregular BSR in this steady‐state system.
4.1.2. In a Transient State System
A GH system could be in transient state because of salinity anomalies in the sediment that have yet to
equilibrate (Riboulot et al., 2018). A local change in pore water salinity modiﬁes the stability conditions
and prevents GH formation in high‐salinity layers (Figure S6). The six BSR irregularities we observe
(Figure 3a) require sharp positive salinity anomalies. The prerequisite of such variability is a rapid alternation between marine and lacustrine sequences. Such a rapid alternation has never been documented and has
not been reported from borehole data (Calvert & Batchelor, 1978; Riedel et al., 2020). In addition, the sharp
boundaries required seem unrealistic, as salt diffusion would have occurred since sedimentation, even in the
least permeable layers.
In a transient state, a heterogeneous GH dissociation is a possible mechanism explaining the irregular BSR.
This heterogeneity could result from (i) different sediment permeability, (ii) variable GH concentrations, or
(iii) a combination of both.
In the ﬁrst case of different sediment permeability, the dissipation of the excess pore pressure generated by
GH dissociation is facilitated in layers with higher permeability. However, in lower sediment permeability,
the generated overpressure accumulates and delays further dissociation by recrystallizing part of the GHs
(Sultan, 2007). As a result, the BGHSZ moves more slowly in sediments with lower permeability. In three
MeBo drilling sites, Riedel et al. (2020) describe “sand layers several millimeters in thickness” as “typical”
in the deeper units, between 45 and 140 mbsf. The analysis of long‐piston cores also shows the presence
of sandy layers of thickness increasing with depth (Martinez‐Lamas et al., 2020). These observations indicate
the presence of higher permeability layers within the overall ﬁne grained sediments of the area.
In the second case of sedimentary layers with higher GH concentration, the dissociation produces more free
gas and higher pore overpressure. In these layers, the overpressure can delay hydrate dissociation. However,
in sedimentary layers with lower GH concentration the generated pore overpressure is lower and does
not slow GH dissociation as much. Therefore, the BSR will shoal faster than in layers with higher GH
concentration.
4.2. Most Likely Mechanism Explaining the Irregular BSR
Our observations of an irregular BSR support the hypothesis that the upward migration of the base of the
GHOZ (BGHOZ) is a long‐lasting process and that the western Black Sea GH system is still in a transient
state (Poort et al., 2005). In a neighboring area, Zander et al. (2017) suggest that the Danube area is still
adapting to increased water temperature and is not thermally stable. West of Canyon 1, the geothermal gradient was measured at 24.5°K/km by Riboulot et al. (2018). Ker et al. (2019) showed that the predicted
BGHSZ computed with a gradient of 24.5°K/km is not in agreement with the observed BSR depth in the
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Figure 4. Conceptual model of the evolution of the GHOZ in response to environmental changes explaining the processes at the origin of the “irregular BSR”.
Each case is composed of three phases (a, b, and c) detailed in the discussion.

study area. We conﬁrm this result for proﬁle Bla1‐7 as modeling of the steady‐state BGHSZ (Sultan
et al., 2010) shows that the observed BSR is currently shallower than the LGM modeling yet deeper than
the present‐day modeling (Figure S7). The intermediate depth of the BSR supports the hypothesis of a
transient state of the hydrate system.
In the following paragraphs, we propose two simpliﬁed kinematic models representing the upward migration
of the BGHOZ caused by environmental changes (Figure 4). The models represent two end‐members explaining the heterogeneous GH dissociation: a case in which only permeability comes into play (Model 1) and a
case in which only the GH concentration varies (Model 2). Both models are illustrated with reference to
the same three stages spanning several millennia and backed by modeling and VHR seismic interpretations.
For both models, at the ﬁrst stage (Figures 4a1 and 4a2) the GH system is at equilibrium under LGM pressure/
temperature/salinity (PTS) conditions. The BGHSZ1 matches with the BSR and delimits free gas accumulation underneath the GHOZ.
For the second stage of Model 1 (Figure 4b1), the PTS conditions are still adjusting since the LGM, and we
observe a shallower BGHSZ2. Below the BGHSZ2, GHs start dissociating and generate overpressure in the
sedimentary layers. At the last stage (Figure 4c1), the PTS conditions have stabilized and the BGHSZ3 corresponds to the steady‐state BGHSZ. In lower permeability layers, the excess pore pressure accumulates and
prevents further GH dissociation thus delaying the migration of the BGHOZ. However, the higher permeability of particular layers prevents the buildup of excess pore pressure. This process is effective regardless of the
hydrate concentration in the layer as the excess pressure can be evacuated on the free gas occurrence side.
Therefore, GH destabilization occurs more rapidly in higher permeability layers and free gas is present at
shallower depths. The free gas occurrence zone moves upward but much slower in low‐permeability layers.
For the second stage of Model 2 (Figure 4b2), the PTS conditions are also adjusting. Between BGHSZ1 and
BGHSZ2, GHs start dissociating and release free gas. In layers containing more GHs, additional excess pressure is generated and overpressure accumulates. However, in layers containing less GHs, the excess pressure
generated is lower. At the third stage (Figure 4c2), GH dissociation is slowed down in relation to accumulated overpressure. Therefore, the shoaling of the BSR is delayed by signiﬁcant overpressure in layers with
higher GH concentration. Whereas in layers with smaller amounts of GHs, the generated overpressure does
not impede dissociation as much and the BSR migrates quicker.
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In both cases, in layers of higher permeability or lower GH concentration, it is likely that the free gas release
is not homogeneous and occurs within patches. Variations in permeability and GH concentrations describe
the nonuniform seaward migration of the BGHOZ.
4.3. Signiﬁcance of our Findings
The scenario presented could explain the irregular geometry of the BSR and would conﬁrm a transient state
of the GH system in the western Black Sea. Consequently, the depth of a BSR cannot be used to determine
accurately the geothermal gradient or heat ﬂux when the GH system is not in a steady state.
The BGHSZ is often considered as a weak zone in terms of pore pressure and slope stability. The coexistence
between pore overpressure and recrystallization of hydrates prevents the formation in high excess pore pressure at the BGHSZ. The maximum excess pore pressure generated by GH dissociation is limited by the GH
stability law and in our case is not sufﬁcient to achieve hydrofracturing (Figure S8).
The possibility of a runaway dissociation of GH leading to rapid global warming events, known as the “clathrate gun hypothesis”, has been debated for some time (Hill et al., 2006; Kennett et al., 2000). The long transient state of the western Black Sea for 9 Kyr and the delaying process we present conﬁrm the low likelihood
of a catastrophic destabilization of a GH system.

5. Conclusion
We report on the abnormal migration of the BGHOZ through the observation of an irregular BSR. The irregular BSR reﬂects a transient state of the hydrate system in the Romanian sector of the Black Sea. The detection of the irregular morphology of the BSR was made possible through seismic data acquired by SYSIF, a
unique VHR multichannel deep‐towed seismic acquisition system. The irregular BSR is proposed to be
the consequence of two complementary processes occurring as the BGHSZ moves upward with time: an
increased excess pore pressure generated by higher concentrations of GHs in certain strata and an overpressure accumulation in lower permeability sediments. The combination of the two processes accumulates high
pore pressure, which causes recrystallization of GHs, thus delaying the BGHSZ migration. The heterogeneous sediment properties and hydrate concentrations explain the disparity between the observed BSR
and the current steady‐state modeling of the BGHSZ. These processes delay the dissociation of GHs and
make a runaway dissociation of a GH system an unlikely hypothesis. The key point of our ﬁndings is that
the simple observation of an irregular morphology of a BSR is sufﬁcient to reveal the transient state of the
GH system. The depth of a BSR can therefore not be used to determine accurately the geothermal gradient
or heat ﬂuxes when the GH system is not in a steady state.

Data Availability Statement
Data are accessible online (https://doi.org/10.17882/74866).
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Titre : Caractérisation des systèmes gaz/hydrates de gaz de la Mer Noire par imagerie sismique haute résolution
remorquée en fond de mer (SYSIF)
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Résumé : L'étude des hydrates de gaz marins à grandes
profondeurs d'eau à l'aide de données sismiques est
limitée par la résolution des systèmes d'acquisition actuels.
L'acquisition de données sismiques remorquées en fond de
mer multitraces très haute résolution vise à briser cette
limitation. Un système sismique remorqué en profondeur
peut fournir des données sismiques avec une résolution
verticale métrique lorsque la séquence de traitement
appropriée est utilisée. Cependant, le traitement des
données multitraces remorquées en fond de mer est
complexe car la source et les récepteurs se déplacent
constamment l'un par rapport à l'autre. Dans la première
partie de ce projet de thèse, nous avons développé des
méthodes de traitement adaptées au système d'acquisition
SYstème SIsmique de Fond (SYSIF), développé par l'Ifremer.
La séquence de traitement permet d’obtenir des
résolutions verticales et latérales jusqu'à 0,65 m et 1,7 m,
respectivement. Nous avons également introduit un
nouveau workflow, basé sur le datuming par équation

d’onde, qui permet l'application d'algorithmes de
traitement conventionnels à de larges ensembles de
données sismiques remorquées en fond de mer. La
deuxième partie de ces travaux vise à mieux définir la
dynamique en jeu dans le système hydrates de gaz de la
mer Noire occidentale à l'aide de données sismiques
remorquées en fond de mer acquises lors du projet GHASS
(Hydrates de gaz, activités fluides et déformations
sédimentaires dans la Mer Noire occidentale). La région a
récemment subi un changement environnemental majeur
et la question de savoir si le système hydrate a atteint un
état stable depuis le dernier maximum glaciaire reste
débattue. Nous montrons ici que le rééquilibre du système
hydrates de gaz est un processus lent et ne se produit pas
de manière homogène. L'exemple de la mer Noire met en
évidence que la dissociation des hydrates de méthane et le
dégagement de méthane dans la colonne d'eau sont peu
susceptibles de se produire sous forme de dissociation
catastrophique.

Title: Characterisation of free gas/gas hydrate systems in the Black Sea based on deep-towed high-resolution
multichannel seismic imaging (SYSIF)
Keywords: Seismic processing, very high resolution, deep-tow, gas hydrates, free gas, Black Sea
Abstract: The study of marine gas hydrates in great water
depths using seismic data is limited by the resolution of
current acquisition systems. The acquisition of very highresolution multichannel deep-towed seismic data aims to
break this limitation. Deep-towed seismic system can
provide seismic data with metric vertical resolution when
the proper processing sequence is employed. However, the
processing of deep-towed multichannel data is challenging
as the source and receivers are constantly moving with
respect to each other. In the first part of this PhD project,
we developed processing methods tailored to the
acquisition system SYstème SIsmique de Fond (SYSIF),
developed by Ifremer. The processing sequence allows
vertical and lateral resolutions up to 0.65 m and 1.7 m,
respectively. We have also introduced a new workflow,
based on wave-equation datuming, that allows the
application of conventional processing algorithms to large

deep-towed seismic data sets. The second part of this work
aims at better defining the dynamic in play in the gas
hydrate system of the western Black Sea using deep-towed
seismic data acquired during the GHASS project (Gas
Hydrates, fluid Activities and Sediment deformations in the
western Black Sea). The area recently underwent a major
environmental change and it remains a matter of debate as
to whether the large gas hydrate system has reached a
steady-state since the last glacial maximum. We show that
the reequilibrium of the gas hydrate system is a slow
process and is not occurring homogeneously. The Black Sea
example highlights that dissociation of methane hydrates
and the associated methane release in the water column
are unlikely to occur as a run-away dissociation.

