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Résumé
Cette étude doctorale est consacrée à description de la dynamique de deux sites constitués de
pockmarks à hydrates de gaz, nommés respectivement Preowei et Regab. Ils sont situés sur la
marge ouest africaine. Ces structures sont très différentes par de nombreux aspects :
1) Leur situation géographique : Le site Préowei est un ensemble de pockmarks situé
dans le delta du σiger, au large du σigéria. Il est caractérisé par la présence d’un
réseau de failles qui alimente les différents pockmarks en fluides. Le pockmark Regab
a été découvert au large de la République Démocratique du Congo (RDC), à 10 km au
nord du canyon sous-marin alimenté pour le fleuve Congo. Les données géophysiques
montrent la présence en son centre d’un conduit unique et imposant qui l’alimente en
fluides.
2) Leur caractéristique de surface : La surface du pockmark "Regab" est fortement
colonisée par une mégafaune constituée majoritairement de trois principales
communautés biologiques : les Mytilidae (des moules), les Syboglinidae polychètes et
les Vesicomyidae. τn retrouve également des tapis bactériens, en densité d’habitats
moins importante. La migration des fluides dans la colonne sédimentaire est très
intense : l’expression la plus évidente est la présence d’hydrates affleurants et de
nombreuses sorties de gaz donnant lieu à des panaches qui s’élèvent sur plusieurs
centaines de mètres dans la colonne d'eau. Le site Preowei est caractérisé par une
quasi-absence de communautés biologiques visibles. Seuls quelques Vesisicomydae
ont pu être récupérés dans les carottes échantillonnées. Des hydrates massifs, en forme
de nodules ou de lentilles, ont été échantillonnés dans les longues carottes « Calypso »
récupérées à l’intérieur des pockmarks, ainsi que dans un forage « Mebo » à des
profondeurs plus importantes.
3) La nature des gaz : Les analyses géochimiques ont montré que le gaz des échantillons
d’hydrates est d’origine thermogénique pour le site Préowei, et microbienne pour le
site Régab.
Ces différences géologique, biologique et géochimique ont conduit à utiliser deux approches
multidisciplinaires distinctes pour étudier ces structures. La géochimie analytique demeure
toutefois la composante principale des deux approches. Elle constitue le premier volet de ce
travail et a conduit à la construction d’une base de données combinant à la fois mesures
élémentaires, compositions moléculaires et mesures de rapports isotopiques. La mesure du
rapport des isotopes stables du méthane a été réalisée avec un nouvel instrument analytique,

l’analyseur spectrométrique G2201 i-CRDS. Cela a nécessité un développement
méthodologique en amont du travail analytique afin d’adapter un instrument, à l’origine conçu
pour la mesure d’échantillons d’air atmosphérique, à nos échantillons d’eaux interstitielles.
Le deuxième volet de la thèse combine les données géochimiques aux données de
géophysiques et biologiques afin de mieux comprendre la migration des fluides dans la
colonne sédimentaire des deux sites étudiés, et de voir son impact sur la morphologie des
pockmarks.
Les résultats obtenus pour le site Preowei montrent que la migration des hydrocarbures dans
le sédiment peu profond est focalisée à l’intérieur des pockmarks. τn distingue une migration
d’hydrocarbures gazeux, essentiellement du méthane, dans les pockmarks à hydrates, et une
migration de pétrole dans le pockmark dépourvu d’hydrate en surface, mais riche en
carbonates. Un schéma conceptuel décrivant les processus de formation et d’évolution
temporelle des pockmarks a été proposé pour synthétiser les conclusions obtenues. Cette
étude montre également que l‘ensemble des pockmarks du site Préowei sont actifs depuis
2700 ans, qu’ils sont en phase de formation d’hydrates pour certains, et formation de
carbonates pour d’autres.
L’approche retenue pour l’étude du pockmark Regab allie conjointement données
géochimiques, bathymétrie et images ROV des habitats biologiques afin de mieux
comprendre l’influence du méthane sur la distribution de la mégafaune sur sa surface. Trois
nouveaux habitats ont été étudiés. Les données obtenues, associées à celle de la littérature
ouverte, renforcent les conclusions des travaux antérieurs. Les Mytilidés ont besoin de très
fortes concentrations de méthane pour se développer. Elles colonisent les zones de sortie de
bulles et celle caractérisées par des hydrates affleurants. Les tapis bactériens sont associés à
des zones où l’oxydation anaérobique du méthane se déroule dans le sédiment superficiel,
avec une méthanogenèse dans la couche sous-jacente. Les Vesicomydae vivent dans des
zones pauvres en méthane et sont très sensibles à sa variation de concentration.

En raison des différences marquées qui existent entre ces deux sites, il est difficilement
possible de faire une comparaison. Toutefois, les résultats de cette étude permettent de mieux
comprendre l’importance de la migration des fluides, en particulier les hydrocarbures, sur la
morphologie des pockmarks.
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Pockmarks are geological structures that are commonly encountered on continental
margins, at cold seeps. They correspond to deformations on the seafloor which lead to
depressions with a large variety of depths and shapes.

Recently, there has been an upsurge increase in interest in pockmarks both in the academic
and industrial communities. This is essentially due to their link with fluid migration within the
sedimentary column, and the development of living communities which populate those
structures (Andersen et al., 2004, Ondreas et al., 2005, Olu-Le Roy et al., 2007, Sibuet and
Vangriesheim, 2009). Research on pockmarks initially builds up evidence on the implication
of fluid migration processes on their formation and evolution (Josenhans et al., 1978, Hovland
and Judd, 1988, Rise et al., 1999, Gay, 2002, Gay et al., 2006, Judd and Hovland, 2007,
Andresen et al., 2008, Cathles et al., 2010, Chen et al., 2010, Sultan et al., 2010, Ho et al.,
2012b, Moss et al., 2012, Sultan et al., 2014). The fluid is rich in methane, and, in order to
have a comprehensive view on global climate change, it becomes more and more important to
take into account the role of the methane emitted from the seafloor. Therefore, knowing the
widespread occurrence of pockmarks on continental margins, their methane contribution
should not be neglected in the overall budget. The methane molecule is oxidized via a
microbial-mediated reaction called the Anaerobic Oxidation of Methane (AOM) at a specific
sedimentary horizon (Reeburgh, 1976, Borowski et al., 1996, Niewohner et al., 1998,
Borowski et al., 1999, Boetius et al., 2000, Joye et al., 2004, Snyder et al., 2007, Kastner et
al., 2008, Yang et al., 2010, Regnier et al., 2011). This reaction, which mitigates methane
release to the seafloor, and thus prevents its arrival into the atmosphere, is coupled with the
sulfate reduction into sulfide, and the latter sustains the development of an important number
of micro- and biological communities which live in symbiosis. Thus, considerations have
been given to the occurrence of habitats of living communities on pockmarks, and
subsequently to the spatial evolution of those habitats over time with the view of drawing
possible links between fluid pathways and the distribution of living species (Olu-Le Roy et
al., 2007, Sahling et al., 2008, Ristova et al., 2012, Marcon et al., 2014a, Marcon et al.,
2014b). In addition, with the increasing world energy demand, especially from the emerging
countries, the exploitation of offshore hydrocarbon fields is growing drastically and it is
essential to carry out geohazard recognition related to pockmark formation related processes
(Hovland et al., 2002, Sultan et al., 2010).
The aforementioned considerations clearly explain why pockmark occurrence at the seafloor
has long been discussed by many scientists, using a large variety of approaches which has led
2
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to several conceptual models (Josenhans et al., 1978, Hovland and Judd, 1988, Gay, 2002,
Andresen et al., 2008, Sultan et al., 2010, Sultan et al., 2014). Nevertheless, several questions
have not been answered definitively and remain widely open for debate. In particular, an
obvious question on pockmarks is related to their genesis. The mechanism triggering their
genesis is often elusive as it is difficult to quantify the prevalence of one factor over the other.
More generally, what are the key processes/ factors which make pockmark formation instead
of other structure like mud volcanoes? How is initiated the colonization of pockmarks by
living communities? What is the timescale at which visible changes occur on a pockmark?
How does the stability of the pockmark seafloor evolve with time?

The present PhD research project proposes to study the dynamics of two gas hydrate bearing
pockmarks (Figure 1), based on two case studies from the West Africa margin, respectively
located off the Niger Delta (“Preowei Site”) and on the Congo (ex-Zaïre) deep sea fan (Regab
Site”).

Figure 1: Location of the studies areas
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These two study areas are geologically very different by many aspects, including: tectonic
history, sedimentary environment, fault geometry, etc.

In addition, hydrocarbons are of

thermogenic at “Preowei” site and biogenic at “Regab” site. “Regab” is a densely populated
pockmark with mussels, syboglinidae, vesicomyidae and other living species usually
encountered at cold seeps. It is characterized by gas hydrates outcropping at the seafloor, and
several intense gas plumes rising at height up to 400 m into the water column (Charlou et al.,
2004, Ondreas et al., 2005). In contrast, based on our available knowledge, “Preowei” site is
not an area with heavily populated with living communities. Very few clams have been
recovered from the tens of cores retrieved there. However, geophysical and geochemical
evidence of massive hydrate occurrence have been found within the shallow sedimentary
layers (Sultan et al., 2010, Sultan et al., 2014, Wei et al., 2015, de Prunelé et al., submitted).

Besides these differences, focus was given on these two specific pockmarks because both
sites are extremely well documented. Geophysical and geotechnical surveys generated an
unique dataset, including: 3D seismics provided by TOTAL, core and MeBo sampling and
direct, visual observations from the seafloor. In addition, geochemical data were collected at
both sites by Ifremer : during the ERIG-3D (2007) and GUINECO-MEBO (2012) cruises in
the σiger Delta area (“Preowei” site) ; and during the ZAIROV (2000) and WACS (2011)
cruises in the Congo Deep Sea Fan area (“Regab” site). Hence, although the geological
context is different at both sites, general learning were drawn, based on the two case studies.

This work begins with the general background of the fluid migration at cold seeps, and
pockmark occurrence. This includes a brief summary on the nature of the fluids encountered
at such area, and on the geochemical processes in which they are involved within the shallow
sedimentary column. Pockmark is introduced here in term of its formation and evolution in
relation with fluid migration.

Part III provides a description of the analytical instruments used for this work. The
scientific reflection exposes in this study relies deeply on the dataset gathered from the
geochemical analyses. Several analytical techniques were performed. One of them, the
measurement of stable carbon isotope for methane, using the G2201-i CRDS analyzer, has
required a complete analytical development.
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Parts IV and V, the geochemical dynamics of the two different pockmarks is discussed
in detail.

The last part draws general conclusions and perspectives for both the study of
pockmarks at cold seeps.

Last but not least, the supplementary chapter presents my contribution to other studies
related to the scientific and technical scopes of the thesis.
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De nombreuses études ont permis de mettre en évidence une importante migration des
fluides sur les marges continentales. L’une des expressions de cette forte migration sont les
zones communément appelées "suintements froids". Suivant l’intensité de cette migration, et
les caractéristiques géo-lithologiques de la zone, on observe la formation de différents types
de structures tels que les pockmarks et les volcans de boue.
Les Pockmarks sont des dépressions sédimentaires quasi-circulaires de profondeur, de
diamètre et de morphologie variés. τn observe un nombre croissant d’études sur ces
structures; avec pour objectif principal de comprendre leur genèse. Ces dépressions sont
souvent colonisées par un grand nombre de communautés (micro)-biologiques (Andersen et
al., 2004, Ondreas et al., 2005, Olu-Le Roy et al., 2007, Sibuet and Vangriesheim, 2009).
Les études réalisées sur les pockmarks ont montré l’influence de la migration des fluides sur
leurs formations et leurs évolutions (Josenhans et al., 1978, Hovland and Judd, 1988, Rise et
al., 1999, Gay, 2002, Gay et al., 2006, Judd and Hovland, 2007, Andresen et al., 2008,
Cathles et al., 2010, Chen et al., 2010, Sultan et al., 2010, Ho et al., 2012, Moss et al., 2012,
Sultan et al., 2014). Les fluides présents dans ces environnements sont généralement riches en
hydrocarbures, principalement du méthane, et sulfure d’hydrogène ; ce qui donne lieu à des
réactions biogéochimiques dont la principale est l’oxydation du méthane « Oxydation
Anaérobique du méthane (OAM) » par des consortiums d’archées et des bactéries (Reeburgh,
1976, Borowski et al., 1996, Niewohner et al., 1998, Borowski et al., 1999, Boetius et al.,
2000b, Joye et al., 2004, Snyder et al., 2007, Kastner et al., 2008, Yang et al., 2010, Regnier
et al., 2011). Le bilan net de cette réaction résulte de processus d’oxydo-réduction dans
lesquels les sulfates de l’eau de mer sont réduits en sulfure et le méthane est oxydé en ion
bicarbonates. Les produits de cette réaction jouent un rôle majeur dans le développement d’un
grand nombre de communautés biologiques et microbiologiques qui vivent en symbiose dans
ces écosystèmes car les utilisent pour leur énergie.
De nombreuses études ont montré que la présence des communautés biologiques sur les
pockmarks, leur distribution spatiale et leur dynamique au cours du temps, sont en lien avec la
migration des fluides (Olu-Le Roy et al., 2007, Sahling et al., 2008, Ristova et al., 2012,
Marcon et al., 2014a, Marcon et al., 2014b).
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La formation de ces structures sur le plancher océanique et leur lien avec la migration des
fluides riches en méthane amène donc à se poser des questions environnementales comme sur
les changements climatiques mondiaux. Le méthane est un composé ayant un effet de serre
supérieur au dioxyde de carbone. Il est donc important de prendre en compte leur contribution
dans le budget globale des émissions de gaz à effet de serre dans l’atmosphère.
Les nombreuses études réalisées sur les pockmaks ont conduits à la proposition de plusieurs
modèles conceptuels de formation et d’évolution (Josenhans et al., 1978, Hovland and Judd,
1988, Gay, 2002, Andresen et al., 2008, Sultan et al., 2010, Sultan et al., 2014). Ces modèles
explorent les différentes facteurs à l’origine de la formation des pockmarks, néanmoins des
interrogations subsistent car il est souvent difficile de démontrer la prévalence d'un facteur par
rapport à un l'autre.
x

Comment est initiée la colonisation de ces structures par les communautés

x

biologiques?

x

réalisent?

A quelle échelle de temps des changements visibles de l’évolution des pockmarks se
Quel est l’impact de cette formation sur la stabilité du fond marin? Comment cela
évolue avec le temps?

Ce sujet de thèse propose d'étudier la dynamique de deux pockmarks à hydrates de gaz
(Figure 1) situés dans deux zones d’étude de la marge Africaine, respectivement au large du
delta du σiger (site Preowei) et au large de l’éventail du Congo (site Regab). Ces deux sites
d'études sont géologiquement très différentes sur de nombreux aspects comme: l'histoire
tectonique, l'environnement sédimentaire, la géométrie des failles, etc. En outre, les
hydrocarbures sont d’origine thermogénique sur le site Preowei et biogénique sur le site
Regab. Regab est un pockmark où d’importants habitats de communautés biologiques,
communément rencontrées dans les zones de suintements froids sont observés, avec
notamment la présence de Mytilidaes, de syboglinidaes, de Vesicomyidaes et d'autres espèces
comme les Tapis bactériens (Bacterial mats). Ce pockmark est caractérisé par la présence
d’hydrates de gaz à l’affleurement du fond marin, et plusieurs panaches de gaz, montant
jusqu’à plus de 400 m dans la colonne d'eau (Charlou et al., 2004, Ondreas et al., 2005). A
l’inverse, le site Preowei semble très faiblement peuplé par des communautés biologiques.
Très peu de Vesicomydae ont été trouvées sur les dizaines de carottes sédimentaires
récupérées. Toutefois, les études géophysiques et géochimiques ont montré la présence
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d’hydrates massif dans le sédiment (Sultan et al., 2010, Sultan et al., 2014, Wei et al., 2015,
de Prunelé et al., submitted).

Figure 2: Localisation des zones d’études.

Des études géophysiques et géotechniques réalisées sur Preowei ont permis de générer une
base de données consistante, avec des profils sismiques 3D fournis par TOTAL, des
échantillonnages de carottes sédimentaires prélevées par les calypsos et le Mebo. Dans le cas
de Regab des échantillonnages de carottes sédimentaires prélevées par les calypsos et push
cores, des données bathymétriques et des observations visuelles directes du fond marin ont pu
être réalisé. La combinaisons de l’ensembles de ces données obtenue sur les deux sites lors de
campagnes océanographiques de l'Ifremer: les campagnes ERIG-3D (2007) et GUINECOMEBO (2012) dans le Delta du Niger (site "Preowei"); et les campagnes ZAIROV (2000) et
WACS (2011) dans l’éventail du Congo (site "Regab"), ont permis d’étudier d’une part
l’évolution temporelle du pockmark Préowei, et d’autre part l’influence de la chimie des
fluides sur la distribution des communautés biologiques sur le pockmark Regab.
8
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Ce travail commence par une introduction (Partie II) sur la migration des fluides dans
les zones de suintements froids, en particulier sur les pockmarks. Cela comprend un bref
résumé sur la nature des fluides rencontrés au niveau de cette structure et sur les processus
géochimiques dans lequel ils sont impliqués dans la colonne sédimentaire peu profonde.
La réflexion scientifique exposée dans ce projet de thèse s’appuie essentiellement sur
une base de données géochimique obtenue à partir des analyses d’eaux interstitielles.
Plusieurs techniques d'analyses ont été employées afin de couvrir une large gamme de
concentrations d’espèces chimiques. Par conséquent, la partie III fournit une description des
instruments utilisés. La mesure des isotopes stables du carbone pour le méthane avec
l'analyseur CRDS G2201-i a exigé un développement analytique poussé.

La dynamique géochimique des deux pockmarks est discutée en détail dans les parties
IV et V.

La sixième partie donne les conclusions générales et les perspectives pour l'étude des
pockmarks dans les zones de suintements froids.

Enfin, le chapitre supplémentaire résume mes différentes contributions à d'autres
études relatives aux champs scientifiques et techniques de la thèse.
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MHAZ if this latter formed an impermeable cap, or migrate upward and then is either released
into the water column or oxidized.
The main redox reaction involving hydrocarbon is the Anaerobic Oxidation of Methane
(AOM) (Borowski et al., 1996, Borowski et al., 1999, Boetius et al., 2000, Joye et al., 2004,
Yang et al., 2010)
CH4 + SO42– Î HCO3– + HS– + H2O

(1)

This reaction occurs at a sedimentary horizon commonly called the Sulfate-Methane
Transition Zone (SMTZ), where the methane appearance matches with the sulfate
disappearance (Reeburgh, 1976, Reeburgh, 1983, Borowski et al., 1996, Niewohner et al.,
1998, Kastner et al., 2008).
In the case of organic matter-rich sediment, the AOM may compete with the oxidation of
sedimentary organic matter (OSR) (Reeburgh, 1976, Reeburgh, 1983, Canfield, 1991, Rees,
2009, Yang et al., 2010) for the sulfate reduction. The latter can be expressed as follows:
SO42- + 2 [CH2O] Î 2 HCO3- + H2S

(2)

As can be seen from the equations (1) and (2), both redox reactions releases bicarbonate and
sulfide ions (or hydrogen sulfide which could in turn be dissolved) into the pore-water. This
increases the total alkalinity of the pore fluid and triggers several secondary geochemical
processes like:
x

x

The precipitation of carbonate such as:

Ca2+ + 2 HCO3- Î CaCO3 + H2CO3

(3)

The precipitation of pyrite:

FeS + H2S Î FeS2 + H2

(4)

If barite is present below the SMTZ, it will dissolve away to balance the sulfate depletion.
BaSO4 Î Ba2+ + SO42-

(5)

Fluid migration, depending of the geological context, can be either a fast or as slow process,
and this can strongly shape the seabed morphology (Levin, 2005, Andresen et al., 2008,
12
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1.2. Gas at cold seeps
1.2.1. Sources.

At cold seeps, the gas contains hydrocarbons and carbon dioxide in variable amounts,
depending of their source. The latter can be either microbial when the compounds are
generated at shallow depth by microbe-driven methanogenesis or thermogenic when comes
from deep-seated reservoirs or sources rocks underlying.
Microbial gas is dominated by methane, and it is formed during early diagenesis from the
degradation of organic matter. In marine sediment, this methanogenesis takes place below the
SMTZ, and it is mediated by methanogenic archaea (Whiticar, 1999) through the following
reaction:
CO2 + 4 H2 → CH4 + 2 H2O

(1)

Direct fermentation of acetate also produces microbial methane such as :
CH3CττH → CH4 + CO2

(2)

However, CO2 reduction is the dominant process in marine sediments whereas acetate
fermentation occurs primarily in freshwater sediments (Whiticar et al., 1986).The dominance
of CO2 reduction in marine sediments is explained by its energy balance and the wide
availability of CO2 supplied by sulfate reduction from the SMTZ. (Rice, 1992) study factors
affecting methanogenesis in marine sediments, and they found that the optimal conditions are
:
-

Anoxic environment,

-

Low concentration of sulfates,

-

Low temperature, with the optimum range being between 35 and 45 °C.

-

Content of organic matter greater than 0.5% of the Total Organic Carbon
(TOC)

-

Pore space dimension: the average size of methanogens is 1 µm. Therefore
they require enough space to develop and colonize the medium, particularly in
sediments with a fine particle size.

-

Sedimentation rate: Values between 20 and 100 cm. kyr-1 (Clayton, 1992).
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The term thermogenic gas refers to gas coming from deep-seated hydrocarbon reservoirs. It is
generated by thermal cracking of organic matter under high pressure and temperature
(Durand, 1980, Tissot and Welte, 1984). This process was named the “late diagenesis”.

1.2.2. Isotopic analyses and geochemical diagrams used to determine
gas origin

The notion of stable or radiogenic isotope comes from the fact that most elements are
characterized by several isotopes. Two isotopes are two atoms which have the same number
of protons and electrons, but differ from their number of neutrons in their nucleus. In some
cases, the excess of neutrons leads to instability of the nucleus. The atom becomes
radioactive, and such an element is commonly called an “radiogenic isotope” (Hoefs, 2008).
Stable isotopes of a given element have slightly different chemical and physical properties
due to their difference in atomic mass. For elements characterized with a low atomic mass, the
mass difference is significant enough for one isotope to be preferred over the other for a wide
range of physical (e.g. evaporation, condensation, mixture of two water masses) or
biogeochemical reactions (e.g. sulfate reduction, AOM) (Bickert, 2000, Hoefs, 2004). This
element discrimination is called the isotopic fractionation. Specific isotopic fractionation
occurs during formation of numerous natural molecules or when they are involved in
transformation reaction. This is the case for hydrocarbons and their oxidation, and the
measurement of the change in their isotopic ratio is a reliable proxy to determine their origin
and their fate during migration (Durand, 1980, Tissot and Welte, 1984).
In order to evaluate the level of fractionation, the isotopic ratio obtains is always compared
with a reference standard. The ratio is expressed by the equation:

δ13C-CH4 (‰) =

The Pee Dee Belemnite (PDB) is a standard reference for carbon and oxygen (Craig, 1957,
Friedman and O'Neil, 1977, Hoefs, 2004). It is the shell of the Belemnitella americana, fossil
Site Pee Dee River in South Carolina (USA) dating from the Cretaceous period without ice
cap. For the PDB standard, the proportions of carbon isotopes are 1.122% and 98.878% for
13

C and 12C, respectively. Its isotopic ratio is of 13C/12C PDB = 0.0112372.
15

II - General background

The most appropriate geochemical tools used to identify gas origin are the analyses of their
carbon and hydrogen isotopes (Durand, 1980, Tissot and Welte, 1984). On continental
margin, gases are of either microbial or thermogenic origin (Whiticar et al., 1986a, Floodgate
and Judd, 1992, Whiticar, 1999). The difference in isotopic signature between microbial and
thermogenic gases are related to several factors including:

1- The isotopic signature of the precursor

2- The kinetic isotope fractionation by methanogen (commonly called Kinetic Isotope
Effect, KIE). In most case, the molecules which have the heavier isotopic mass diffuse
and react less rapidly than the lighter species. This discrimination explains the strong
depletion in 13C for microbial CH4.
3- The hydrocarbon generation.

16
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Figure 5: Geochemical diagrams commonly used to determine gas origin; a) Diagram of methane carbon
stable isotope composition vs. ethane and propane molecular compositions for the study venting gases
(modified after (Bernard, 1978)); b) Diagram of carbon stable isotope composition of methane vs. ethane
for the study sites (modified after (Bernard, 1978) c) Diagram of methane hydrogen and carbon stable
isotope compositions for the study venting gases (modified after (Schoell, 1983, Whiticar, 1999)

Figure 5 summarizes the classical geochemical diagrams used to identify gas sources. They
rely on both molecular and isotopic composition of methane, ethane and propane.
As a rule of thumb, microbial methane has G13C-CH4 < -55‰ and GD < -150‰, whereas

thermogenic methane is characterized by G13C-CH4 > -50‰ and GD > -150‰ (Bernard, 1978,
Schoell, 1983, Clayton, 1992, Whiticar, 1999, Milkov, 2005).
In certain instances, the δ13C-CH4 has a ‘‘transitional’’ signature that lies between sources
(Figure 5). This can be the results of source mixing (Gurgey et al., 2005, Ruffine et al., 2013)
isotopic fractionation during the gas transport (Prinzhofer and Pernaton, 1997b, Choi et al.,
2013) or hydrocarbon oxidation, especially the AOM (Whiticar, 1999, Hachikubo et al.,
2010). In fact, during the AOM, the lighter methane is preferentially oxidized, and thus the
residual methane pool would become enriched in G13C (Hachikubo et al., 2010, Yoshinaga et
al., 2014) while the produced CO2 is depleted in G13C. However, a minimum is observed in

the G13C-CH4 at the SMTZ as shown in Figure 6. This is the result of isotopic reequilibration
during the AOM (Yoshinaga et al., 2014). The produced CO2 diffuses down into the
methanogenic zone located below the SMRZ and is reduced into

13

C depleted methane

(Borowski et al., 1997).
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Figure 6: S Sediment depth profile in methane concentration and carbon isotope ratio (modified from
(Borowski et al., 1999)

2. Gas hydrates
2.1. Generality on gas hydrates.

Gas hydrates are crystalline compounds resulting from the reaction of water and small
gas molecules at high pressure and low temperature. The water molecules form a lattice in
which molecule like carbon dioxide and gaseous hydrocarbons are trapped (Sloan, 1998,
Bohrmann and Torres, 2006, Sloan Jr and Koh, 2007).
The first discovery of gas hydrate was in 1810 by Sir Humphrey Davy (Davy, 1811). It
describes a solid compound stable above 0 °C at atmospheric pressure in mixing chlorine and
water. In nature, due to the low temperatures and high pressure conditions required, gas
hydrates were encountered in the permafrost region and on the continental margins (Judd and
Hovland, 2007, Makogon et al., 2007, Sloan and Koh, 2008).
Methane is the main guest molecule in natural gas hydrates due to its abundance. However,
CO2, H2S, N2 and other light hydrocarbons (e.g. ethane, propane and iso-butane) can also be
encountered. Therefore, the gas source determines both the chemical composition and the
crystallographic structure of the natural gas hydrates.
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Microbial gases, for which methane is overwhelmingly present, form structure I, whereas
thermogenic gases, characterized by the presence of higher hydrocarbons, would
preferentially precipitate in structure II and H (Matsumoto, 2000, Chazallon et al., 2007, Lu et
al., 2007, Bourry et al., 2009).

Figure 7 summarizes the most encountered hydrate structures:

Figure 7: Schematic representation of the gas hydrates structure at the left. At the right, cavity types
which form the different hydrates structure (Courtesy(Bohrmann and Torres, 2006))

-

Structure I: 6(51262). 2(512). 46H2O

Structure I has 6 tetrakaidecahedrons (512 62) and 2 pentagonal dodecahedrons (512). The
whole crystal contains 8 guest molecules and 46 water molecules.

-

Structure II: 8(51264).16(512).136H2O

Structure II has 16 pentagonal dodecahedrons (512) and 8 hexakaidecahedrons (51264). The
whole crystal contains 24 guest molecules and 136 water molecules.

-

Structure H: 1(51268). 3(512). 2(435663).34H2O

Structure H has 1 icosahedron (51268), 3 pentagonal dodecahedrons (512) and 2 irregular
dodecahedrons (435663). The crystal contains 6 guest molecules and 34 water molecules.

Natural gas accumulations are widespread on continental margins, and they bound the largest
methane reservoir on earth (Kvenvolden, 1988, Kvenvolden, 1993, Dickens et al., 1997,
Kvenvolden, 1999, Hesselbo et al., 2000, Milkov, 2000, Joye et al., 2004, Milkov, 2005). The
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amount of gas bound into 1 m3 of hydrate represents ~164 m3 of gas at standard pressure and
temperature (SPT: 0°C & 105 Pa) (Kvenvolden, 1999). However, in marine sediment, hydrate
accumulations are dynamic structures which can either grow by continuous hydrate
formation, or undergo destabilization processes. They are stable within sedimentary interval
for which the thickness is mainly controlled by the temperature and pressure conditions, the
gas and pore-water chemistry (Dickens and Quinbyhunt, 1994, Sloan, 1998, Kvenvolden,
1999, Sloan and Koh, 2008, Maslin et al., 2010).

Figure 8 illustrates the stability field of natural gas hydrates in marine sediments. This field is
commonly called Gas hydrate Stability Zone (GHSZ), and it is bordered by the
thermodynamic stability curve of the hydrate-bound gases and the geothermal gradient.

Figure 8: Phase diagram of the binary system (water and methane) illustrating the stability field of the
hydrate phase (modified from (Kvenvolden, 1999).

2.2. Gas hydrates formation and destabilization
Hydrate destabilization is by either dissociation or dissolution processes. These
destabilizations imply the breakdown of the water lattice and release of the gas. For
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dissociation the breakdown occurs outside the gas hydrate stability zone (GHSZ). This is the
opposite for the dissolution, the breakdown take place within the GHSZ.

2.2.1. Gas hydrate formation
Hydrate formation requires a source of gas to supply the GHSZ, and oversaturated the
pore water. The processes of hydrate formation and accumulation consume both gas and pore
water, and exclude ions. This results in an increase of the salinity of the residual pore water.
Besides, hydrate formation preferentially uptakes water molecules having the heavier oxygen
and hydrogen isotopes (Matsumoto and Borowski, 2000, Tomaru et al., 2004, Tomaru et al.,
2006, Kastner et al., 2008), which mechanically make lighter the residual pore water.
Therefore, the measurements of chloride and δ18O profiles from pore waters at hydrate
settings are often used as proxies for hydrate formation (Borowski et al., 1999, Hesselbo et
al., 2000, Tomaru et al., 2004, Bohrmann and Torres, 2006, Tomaru et al., 2006, Yang et al.,
2007).

2.2.2. Gas hydrates destabilization
After formation, the hydrates remain thermodynamically stable provided that gas is
continuously supplied and that the aforementioned factors affecting its stability (temperature,
pressure, water and gas chemistry) do not change. A change in one of these parameters may
lead to their destabilization. There are two processes responsible for hydrate destabilization:
their dissociation and dissolution.
.
2.2.2.1. Hydrate dissociation
Hydrate dissociation is a process in which the hydrate is brought outside its stability field
by either increasing the temperature or decreasing the pressure (Sloan and Koh, 2008,
Giavarini and Hester, 2011). When hydrate dissociates, liquid water and both free and
dissolved gas will be the products.

Hydrate

Liquid water + Free gas + Dissolved gas

Examples of gas hydrates dissociation processes presently on-going in nature are very scarce.
(Westbrook et al., 2009, Thatcher et al., 2013) reported on the occurrence of this process off
West Svalbard, where a large number of gas plumes has been mapped out from acoustic
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survey of the water column, and a numerical model has been applied to estimate the
dissociation rate.

2.2.2.2. Hydrate dissolution
Gas hydrate dissolution is not driven by changes in temperature and pressure
conditions, but rather by the chemical state of the fluid in contact with the hydrates. In fact,
such a process occurs when the pore water in contact with the hydrate is not saturated with the
hydrate bound gas. Therefore, the gas is transferred from the hydrates to the water in order to
re-establish the thermodynamic equilibrium between both phases. Accordingly, this results in
the formation of hydrate-bound gas-saturated water and can be expressed as follows:

Gas Hydrate + water undersaturated
with hydrate-bound gas

hydrate-bound
gas-saturated water

Dissolution of hydrates is the more common process responsible for their destabilization. It
takes place when the gas supply is stopped and the seawater infiltrating the sediments comes
into contact with the hydrates (Zhang and Xu, 2003, Bigalke et al., 2009). Occurrence of
hydrate dissolution has been reported by (Sultan et al., 2010, Sultan et al., 2014). They
demonstrate that this may trigger the formation of pockmarks on the seabed.

3. Pockmarks
3.1. Generality
Pockmarks are defined as surface depressions on the seafloor typically characterized
by circular or elongated crater shapes e.g. (King and MacLean, 1970). Their sizes vary from
less than one to several hundreds of meters width and from less than one to tens of meters
depth (Hovland and Judd, 1988a, Hovland et al., 2002). On continental margins, pockmarks
are often associated with shallow fluid migration.

3.2. Formation and evolution
Numerous investigations have been carried out in order to better understand the effects
of fluid migration on the dynamics of pockmarks, i.e their formation and evolution (Josenhans
et al., 1978, Hovland and Judd, 1988, Rise et al., 1999, Gay, 2002, Berndt, 2005, Gay et al.,
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2006, Judd and Hovland, 2007, Andresen et al., 2008, Cathles et al., 2009, Chen et al., 2010,
Sultan et al., 2010, Ho et al., 2012, Moss et al., 2012, Sultan et al., 2014). Thus, several
models have been proposed to explain the formation process of these depressions by fluid
migration:
a) Josenhans et al., 1978 suggested that the arrival of upward-migrating fluids at the
seafloor could cause the fluidization of the surficial sediment at this location,
triggering its re-suspension and dispersion into the water column, creating a circular
pockmark. The presence of a local current deflects the bubble plume inducing erosion
of the side of the pockmark. This leads to the formation of an elongated pockmark
(Hovland, 1983). This idea was taken up by (Hovland et al., 2002, Andresen et al.,
2008b, Sun et al., 2011). Then the fluid expulsion is stopped, the current is always
presents and continue to lead an erosion of the side of the pockmark.

b) (Hovland and Judd, 1988) added a potential explosive character for the fluid expulsion
step. They stipulated that fluid could accumulate within the sub-seafloor reservoir
beneath, leading to an increase in the reservoir pressure and inducing a bulge. When
the pressure reaches the breaking point, there was explosion, expulsion of fluid and
collapse of overlying sediments. This fluid expulsion expels overlying sediments in
the water column. This collapse creates a depression on the seabed of which the
diameter and the depth is proportional to the amount of fluid expelled. This phase of
eruption created by the excess pressure prevailing in the tank might be due to an
earthquake, or pressure disturbance of the seabed caused by a tidal wave, or
combination tidal waves, low atmospheric pressure and storm surge. Fine particles
may be carried by the current while the coarse particles fall within or near the
pockmark.

c) (Gay, 2002) proposed that pockmark formation and evolution is due to the redeposition of sediments previously suspended into the water column. This might be
prevented by continuous fluid expulsion. More precisely, the fluids migrate upward
through faults to the seafloor, and then enter into the water column to form a plume
that spreads spatially and prevents sediment deposition. Thus, the sediments are
pushed outwardly and generate a depression by differential sedimentation (Gay, 2002,
Chand et al., 2009, Moss et al., 2012, Ostanin et al., 2013). (Pape et al., 2011) shown
that fluid expulsion and flow in the water column may cause detachment and that
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rafting of hydrates may thus create small holes or craters, depending on the size of
hydrates.

d) (Sultan et al., 2010, Sultan et al., 2014) investigated a field of hydrate-bearing
pockmarks off Nigeria. They highlighted the link between the hydrate distribution
within the sedimentary column and morphology of these pockmarks. Thus, they
demonstrated that gas hydrate dissolution plays a key role in both the formation and
the evolution of those hydrate-bearing pockmarks. Figure 9 illustrates their conceptual
view of pockmark formation. Free gas accumulates within the sediments and increases
the pore pressure. When the latter exceeds a critical value, a fracture is created,
allowing the upward migration of gas and the formation of hydrates. The nearly
impermeable hydrate layer promote lateral gas migration, meanwhile generates again
an increase of the pore pressure due the gas accumulation beneath. New fractures are
created to allow the upward gas migration, followed by the creation of a new hydrate
front above the previous one. This leads to a succession of several hydrate fronts
within the sedimentary column, accompanied with surface sediment deformation and
generation of bulge when the fronts are close to the seabed. The dissolution of the
hydrate fronts further shapes the seabed by creation of moats. Finally the aggregation
of the moats and/ or bulge leads to the formation of pockmarks.

Figure 9: Conceptual model of pockmark formation and evolution (modified from (Sultan et al., 2014).
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4. Conclusion
Cold seeps are widespread on continental margins. They correspond to specific areas on the
seafloor where fluids rich in hydrogen sulphur and hydrocarbons, mainly methane, emanated
from the sediment column to the water column. The chemistry of the fluids strongly depends
on their origin as well as the geochemical processes they undergo during their transfer from
their source to the seafloor. One of the major geochemical processes encounter in such areas
is the anaerobic oxidation of Methane (AOM). This reaction promotes secondary geochemical
processes like the precipitation of carbonate. Upon favorable conditions of pressure,
temperature, methane concentration and pore-water salinity, gas hydrates can nucleate and
grow. Fluid migrations, depending of the geological context, can either a fast or as slow
process and the intensity of the migration can strongly shape the seabed morphology and
creates some structure like mud volcanoes and pockmarks.

Pockmark formation and evolution is frequently related to two different pathways. The first
one is the effect of strong bottom current near the seafloor. The second one is related to the
fluid migration within the sedimentary column. This creates bulges, craters or moats on the
seafloor. This fluid is generally composed with gases, which fuel geochemical processes like
the AOM.
The objective of this PhD is to describe the dynamics of two pockmark-prone areas off West
Africa. Pore-water and sediment samples were recovered during different cruises and were

analyzed using a large variety of analytical technics. The analysis of the G13C of methane has
required an analytical development in order to make the analyzer suitable for our geological
samples.
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2. HR-ICP-MS Element 2
2.1. Generality on ICP-MS
The mass spectrometry is an analytical technique used to measure both organic and
inorganic compounds. All mass spectrometers are based on the same principle: an energy
source for ionizing the molecules contained in samples, an extraction area / acceleration of the
ions formed, an analyzer that separate the ion fragments according to their mass to charge
ratio (m / z).
The Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is an analytical technique
(Date and Gray, 1981) based on the detection of elements after their atomization and
ionization at atmospheric pressure in an argon plasma at about 6000°C (Figure 13)

Figure 13: HR-ICP-MS ELEMENT 2 (courtesy PSO)

The interface between the atmosphere and the mass spectrometer is composed of two
cones that permit to generate a first stage vacuum (~2mbar). The first cone, the sampler, is
used to sample the plasma at atmospheric pressure. The gas is then extended in the vacuum to
the skimmer cone in order to extract ions, electrons and neutral elements to allow their
transfer into the analyzer. At the output of the skimmer cone, ions diverge significantly. A
series of electrostatic lenses with decreasing potential is placed after the skimmer cone in
order to extract, accelerate and focus (vertical, horizontal rotation) the positive ion beam.
Ions are then introduced into a mass analyzer that disperse ions according to their mass /
charge (m/z) ratio. The Element 2 is based on a reverse Nier-Johnson geometry consisting in a
double focusing design through the combination of a magnetic sector and electrostatic sector.
This technique allows rapid detection of multi-element at very low concentration levels down
to 10-12 g/g (ppq) for non-interfered ions. Finally ions are collected by a detector, a secondary
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electron multiplier (SEM) that converts ions into electrons. A multiplication of electrons is
then promoted by a several Cu dynodes that amplify the ion current (gain~ 109) (Figure 14).

Figure 14: Schematic diagram of the HR-ICP-MS (courtesy thermo)

All measures were performed in the “Pôle Spectrométrie τcéan” (PSτ). The analytical
accuracy was better than 2%.

2.2. Analytical procedure

The HR-ICP-MS was used for the analysis of minor elements (barium and strontium).
Sample preparation and chemistry were performed in a clean lab. The materials used for this
purpose were previously cleaned using a solution of hydrochloric acid (10 N).

Calibrations were carried out using five diluted solutions of standard seawater NASS-5 in
which a spike of mono-elemental solution was added. Pore-water samples are 25-fold diluted
in 2% ultra-pure nitric acid (ULTREX, J.T. Baker, Philipsburg, USA).

During the analysis, measurements of standards were performed every five samples to correct
the instrumental drift. Blank of the nitric acid used for the sample dilution were also analyzed
to estimate overall contamination. Figure 15 shows the analytical sequence applied for this
study. The analytical accuracy was better than 2%.
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3.2. Analytical procedure for strontium isotopic measurement.
3.2.1. Sample preparation

A sample volume of 125 Pl was evaporated. The remaining solid phase was dissolved
a second time with 1 mL of nitric acid (5N) in a SAVILLEX® Teflon beaker, and placed on a
hotplate at 373 K overnight. After this second evaporation step, the residual solid phase was
re-acidified with 0.5 mL of nitric acid (3N), and then loaded onto a column containing a
preconditioned crown-ether cation exchange resin Sr Spec (EICHROM, Bruz, France) for
elution with 2.5 mL of nitric acid 3 N. The collected strontium was acidified and mixed with
deionized water for a new evaporation step, followed by a final dissolution within 0.5 mL
nitric acid at 2% before analysis.

3.2.2. Sr isotope measurements
Samples and isotope standards (NIST-987) were diluted to a concentration of xxx ppb
to produce a signal of

88

Sr of ~ xx volts. The NIST-987 standard was analyzed every two

samples to monitor instrument accuracy. Sample and standards signals of
were corrected with blank signals (On Peak Zero correction method).

86

Sr,

87

Sr and

88

Sr

87

Rb interference was

corrected using signals at mass 85 (85Rb). Mass discrimination was then corrected using the
exponential law model and a reference value of 86Sr/88Sr=0.1194 for samples and the certified
value for the NIST987 (86Sr/88Sr =0.11935). Finally, and external normalization to the
certified

87

Sr/86Sr in NIST987 was applied to sample results. The analytical accuracy was

better than 0.00004.

4. Headspace Gas Chromatography
4.1. Instrument and measurement principle
The Gas Chromatography (GC) is a very common analytical technique that is widely
used to measure concentrations of liquid and gases (Figure 17). The injected sample is
vaporized if necessary, and sent into a column. Specific chemical functions are grafted onto
the inner surface of the column, allowing the separation of the sample molecules with respect
to their affinity with the activated surface. For the analysis of dissolved gases, an extraction
step is required. This is usually done by the headspace technique. This consists on heating up
the vial containing the sample, and then pressurizing it with the GC carrier gas (helium for
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Table 2: C1-C5 measurement characteristic

FID
Oven
Ramp 1
Ramp 2
Total time
measurement

Analysis C1 - C5
Temperature ramp Temperature (°C) Maintained
250°C
85
13 min
15°C / min
150
7 min
15°C / min
180
7 min
37 min

The calibration curves of each hydrocarbon were performed using a standard mixture
containing 1.45, 1.022, 1.039, 1.033 and 1.062 in mol-% for methane, ethane, propane, nbutane and pentane, respectively from “Air Liquide. The claimed accuracy is of 2 % in molar
fraction for all components.

5. Measurement of the stable carbon isotopic ratio of methane using the
Cavity Ring-Down Spectroscopy (CRDS) analyzer.
As mentioned earlier, methane and carbon dioxide are key compounds in the carbon cycle
at cold seeps. The AOM generates bicarbonate ions, which carbon isotopic analysis often
requires its transformation into carbon dioxide. It is also the same bicarbonate ions which are
involved in the methogenesis which takes place beneath the SMTZ. Accordingly, studying
methane and carbon dioxide fate into the sedimentary column is vital to understand microbial
methane genesis within the sediment and hydrocarbon activity at the seafloor.
Traditionally, the stable carbon isotope composition of methane (δ13C-CH4) is measured by
Isotope-Ratio Mass Spectrometry (IRMS). This involved a combustion step of CH4 into CO2
to prevent interference between methane molecules having the same mass but containing
different carbon and hydrogen isotopes¸ follows by the isotopic with the mass spectrometer
(MS). The analysis is complicated and need to be done in laboratory.

The CRDS analyzer is a new analyzer from PICARRO, designed and built to be an alternative
instrument for fast and easy measurements of both molecular and isotopic compositions of
specific compounds. Its principle is based on laser spectroscopy. The instrument used here is
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Thus, the module allows a slow injection of the gas sample at constant pressure into the
analyzer cavity. Concretely, an injection step is described as follows:


Evacuation and purge
a. Evacuation of the remaining gas sample from previous analysis
b. Pressurization with zero air up to 900 torr.
c. Second evacuation step



Sample injection. Here, two modes are being considered: with and without dilution.
a. Injection of the sample into the SSIM
b. Injection of zero air up to 900 torr. (when the dilution mode is activated)
c. Sample transfer into the CRDS for analysis either at the final injection pressure
within the SSIM if “without dilution”, or at 900 torr if “with dilution”.

Figure 22: Schematic diagram of the SSIM (courtesy Picarro)

Here, the sample to be analyzed is either gas or pore water. All optimization tests were
performed on the gas samples. Three different injection procedures were tested, using a
plastic bag, a glass vial and a gas syringe. Four standards of methane diluted in synthetic air
from Isotopic Instrument were used, with a claimed molecular concentration of 2500 ppm for
all standards, and δ13C-CH4 values of -23.9; -38.3; -54.5 and -66.5 ‰, respectively.
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The SSIM allows for injections with or without dilution by admixture of synthetic air. The
latter mode is also used to perform the “autozero”, which corresponds to the background
measurement. However, for reliable measurements, it is important to inject methane at a
molecular concentration ranging in between 4 and 1000 ppm.

In order to evaluate the reproducibility of the measurements, 5 replicates were performed for
each test. All tests were conducted on the four standards. Here, detailed description is
provided only for the heaviest methane standard as it shows the larger shift in δ13C-CH4 from
the claimed value.

5.2.1. Sample injection with a plastic bag
Such an injection mode would be applied for gas samples. Four different tests were carried
out at around the atmospheric pressure.



3 mL of standard was introduced into an under vacuum bag.
3 mL of standard and 17 mL of synthetic air were introduced. The volume of 17
mL was considered in order to achieve the cavity volume of the SSIM.

Each test was done twice, using alternatively the two modes “with” and “without” dilution.
Table 1 shows the results obtained for the standard with the δ13C-CH4 value of -23.9‰.
Table 3: Results obtained for the sample injection
with a plastic bag using the two dilutions modes. AAD is the Absolute Average Deviation

Mode
Without
Dilution

With
Dilution

VStd + Vair
(mL)

Claimed δ13CCH4 (‰)

Measured
δ13C-CH4 (‰)

AAD
(‰)

3+0

-23,9

-28,2 (±1,0)

4,3

3 + 17

-23,9

-25,7 (±0,6)

1,8

3+0

-23,9

-25,8 (±0,8)

1,9

3 + 17

-23,9

-25,2 (±0,6)

1,3

Table 3 shows that better results are obtained with the adding of synthetic air, irrespective of
the dilution mode.
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Again, better a result is obtained with the adding of synthetic air (Table 4).
Figure 24 represents a screen shot of the CRDS data-acquisition software. It displays the
unstable behavior of the analyzer when the sample injection is performing with vial under
vacuum. The red circle shows that pressure in the SSIM cavity is not sufficient and does not
reaches the control pressure (~ 900 torr) which provides a diffuse injection into the CRDS
analyzer.
Under vacuum

Figure 24: Screen shot of the CRDS data-acquisition software showing the measurement of carbon
isotopic of methane for an injection by glass vial under vacuum,
and without dilution. Red circle show the SSIM pressure.

5.2.2.2. Vial at atmospheric pressure.

It consists of injecting gas standard with a syringe into a glass vial at atmospheric
pressure, which latter is connected to the SSIM cavity. The background measurement has also
been performed with the vial prior the methane injection to determine the impact of the
ambient air on the isotopic measurement.
Table 5: Results obtained for the sample injection
with a glass vial at atmospheric pressure using the two dilutions modes.

Mode

VStd
(mL)

Claimed δ13CCH4 (‰)

Measured
δ13C-CH4 (‰)

AAD
(‰)

Without
dilution

3

-23,9

-26,5 (±1,4)

2,6

With
dilution

3

-23,9

-25,4 (±1,4)

1,5
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Here, better results are obtained than for previous tests for the mode without dilution (Table
5). The isotopic shift in the δ13C-CH4 measurement is less significant than for all previously
tested modes without dilution.
Figure 25 shows that using a vial at atmospheric pressure provide better results, with δ13CCH4 closer to the standard values.

Under vacuum

Atm pressure

Figure 25 : Screen shot of the CRDS data-acquisition software showing the measurement
of carbon isotopic of methane for an injection by glass vial at atmospheric pressure,
and without dilution. Red circle show the SSIM pressure.

5.2.2.3. Vial pressuring with gas.
Previous tests have demonstrated that using a pre-evacuated vial leads to larger
deviation between measured and claimed δ13C-CH4 values. In the case of vial injection, the
injection of a gas at least at the atmospheric pressure seems to be the best option. In addition
of the atmospheric air, three different gases were tested: Helium, nitrogen and synthetic air.

5.2.2.3.1. Helium and nitrogen gas
When using the mode “without dilution”, 3 mL of standard was injected into a preevacuated vial, and then helium was added gradually, from 0.5 to 11.2 mL, which latter
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corresponds to the volume of the injection vial. For nitrogen, only two different injected
volumes were considered. The results are presented in Tables 6 and 7.

Table 6: Results obtained for the sample injection with a glass vial under vacuum
with supplement of methane and helium using the two dilutions modes.

Mode

Without
dilution

With
dilution

VStd + VHe
(mL)

Claimed δ13C-CH4
(‰)

Measured
δ13C-CH4 (‰)

AAD (‰)

3 + 0.5

-23,9

-26,8 (±1,6)

2,9

3+3

-23,9

-29,2 (±1,6)

5,3

3+5

-23,9

-31,0 (±1,8)

7,1

3 + 11.2

-23,9

-37,5 (±1,7)

13,6

3+3

-23,9

-25,8 (±1,3)

1,9

3 + 11.2

-23,9

-25,5 (±1,2)

1,6

One can clearly see that helium induces an important shift in the δ13C-CH4 measured (Table
23). In fact, the deviation between measured and claimed δ13C-CH4 values increase when
increasing the amount of helium. It is important to notice from Table 6 that the use of the
dilution mode, i.e. the adding of synthetic air, seems to inhibit the helium effect as the
deviation from claimed value from the standard is smaller.
On the opposite, when replacing helium by nitrogen, the deviation decrease with the increase
of gas volume (Table 7).

Table 7: Results obtained for the sample injection with a glass vial under vacuum
with supplement of methane and nitrogen using the two dilutions modes.

Mode
Without
dilution

With
dilution

VStd + VN2
(mL)

Claimed δ13CCH4 (‰)

Measured
δ13C-CH4 (‰)

AAD (‰)

3+3

-23,9

-31,2 (±1,2)

7,3

3 + 11.2

-23,9

-26,3 (±1,1)

2,4

3+3

-23,9

-25,7 (±1,2)

1,8

3 + 11.2

-23,9

-25,4 (±1,0)

1,5
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5.2.2.3.2. Synthetic air gas
Table 8: Results obtained for the sample injection with a glass vial under vacuum
with supplement of methane and synthetic air using the two dilutions modes.

Mode
Without
dilution

With
dilution

VStd + Vair
(mL)

Claimed δ13CCH4 (‰)

Measured
δ13C-CH4 (‰)

AAD (‰)

3+3

-23,9

-25,8 (±1,1)

1,9

3 + 11.2

-23,9

-25,6 (±0,9)

1,7

3+3

-23,9

-25,6 (±1,1)

1,7

3 + 11.2

-23,9

-25,7 (±0,8)

1,8

Table 8 shows that the use of the synthetic air does not significantly affect the δ13C-CH4
measurement, for either dilution mode. A value of around -25.6‰ is found for all tests.

5.2.3. Syringe
A syringe with a volume of 5 mL was used. The sample was directly injected into the
inlet of the SSIM.

Table 9: Results obtained for the sample injection with syringe using the two dilutions modes.

Mode

VStd
(mL)

Claimed δ13C-CH4
(‰)

Measured
δ13C-CH4 (‰)

AAD (‰)

Without
dilution

3

-23,9

-26,7 (±1,3)

2,8

With
dilution

3

-23,9

-25,6 (±0,9)

1,7

Table 9 shows that the dilution mode provides a slightly better result.
5.2.4.

Conclusion in the method optimization

The results obtained from the different tests demonstrated that the CRDS analyzer is
able to reliably measure the δ13C-CH4 using either a plastic bag, a vial or a syringe; providing
that the dilution mode is activated. These tests clearly showed the importance of the synthetic
air, or nitrogen in a lesser extent, for the analysis. The reason of such behavior is presumably
due to the fact that the G2201-i analyzer has been design for methane δ13C-CH4 measurement
from the atmosphere. Thus, the pump system always introduced air into the cavity for
measurement.
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Therefore, one needs to carefully prepare the samples, especially the pore waters, when the
δ13C-CH4 measurement is required. For this work, the analyses were always performed with
the dilution mode activated. Pore-water samples were injected and stored into glass vial at
atmospheric pressure, whereas gas bubbles were put into pre-evacuated vials.

5.3. Natural gas analysis.

Because δ13C-CH4 can varies within a large range of values, depending of the methane
source and/ or the level of mixing between sources, it is necessary to calibrate the CRDS
analyzer with certified standards over the investigated range of values.
The four aforementioned standards, -23.5, -38.3, -54.5 and -66.5‰, were used to establish a
calibration curve. Five injections of 3-mL sample were done for each standard to assess the
reproducibility of the measurements (Table 10). Here, the syringe was used for injection
convenience.
Table 10: δ13C-CH4 measurement for the standard gases.

Claimed
δ13C-CH4
(‰)
-23,9
-23,9
-23,9
-23,9
-23,9
Mean
AAD (‰)

δ13C-CH4
(‰)

2σ CRDS
(‰)

-25,5
-25,3
-25,6
-25,7
-25,8
-25,6
1,7

1,1
0,9
1,1
0,8
1,1
2

-38,3
-38,3
-38,3
-38,3
-38,3
Mean
AAD (‰)

-38,2
-38,7
-38,7
-38,8
-39
-38,7
0,4

0,6
0,4
0,6
0,5
0,6
1

Claimed
δ13C-CH4
(‰)
-54,5
-54,5
-54,5
-54,5
-54,5
Mean
AAD (‰)

δ13C-CH4
(‰)

2σ CRDS
(‰)

-55,3
-55,2
-55,3
-55,4
-55,5
-55,3
0,8

0,7
0,7
0,6
0,6
0,6
1,2

-66,5
-66,5
-66,5
-66,5
-66,5
Mean
AAD (‰)

-67,1
-66,9
-66,9
-66,5
-66,8
-66,8
0,3

0,7
0,7
0,6
0,6
0,7
1,2

Where “2 CRDS” is the analyzer deviation and “AAD” is the absolute average deviation.
Figure 26 shows a comparison between standards values and CRDS values.
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Table 11: Comparison between δ13C-CH4 values measured
with the CRDS and the GCC-IRMS for 9 natural gas samples.

Marpegas1 /
Central High
δ13C-CH4 / ‰
CRDS
σ tot / ‰
Isotopic
measurement δ13C-CH4 / ‰
IRMS (Isolab)
AAD / ‰
CH4
C2H6
C3H8
i-C4H10
n-C4H10
neo-C5H12
Composition
/%
i-C5H12
n-C5H12
C6+
N2
CO2
C1/(C2+C3)

Marpegas4 / Marpegas5 / Marmara
Western
Cinarcik
Hydrates
High
Basin
WH

Vicking
Hydrate

-44,2

-44,6

-64,0

-43,3

-63,1

-1,2

-0,8

-0,6

-0,8

-0,6

-44,4

-44,4

-64,1

-44,1

-63,9

0,2
98,86
0,48
0,24
0,0039
0,001
0,003
0,0007
0,0003
0,007
0,26
0,36
137

0,2
90,9
1,23
2,5
0,93
0,15
0,0034
0,31
0,01
0,0017
0
3,9
24,4

0,1
99,63
0,048
0,0012
0,0003
0,0003
0
0,0002
0
0,0007
0,26
0,1
16600

0,8
66,1
1,23
18,8
9,5
0,19
0,041
0,048
0,0002
0,41
0
4
3,3

0,8
99,5
0,102
0,009
0,0002
0,0001
0
0
0,41
967

δ13C-CH4 / ‰
CRDS
Incert tot / ‰
Isotopic
measurement δ13C-CH4 / ‰
IRMS (Isolab)
AAD / ‰
CH4
C2H6
C3H8
i-C4H10
n-C4H10
neo-C5H12
Composition /
%
i-C5H12
n-C5H12
C6+
N2
CO2
C1/(C2+C3)

Vicking
Bulle

N2-KS-44

Hydrates
Polar P2

Hydrates
Polar P3

-62,3

-55,3

-58,0

-63,0

-0,6

-0,8

-1

-0,8

-63,5

-54,8

-

-

1,2
99,6
0,094
0,0072
0,0032
0,0007
0,0004
0,0001
0,3
984

0,5
98,04
0,01
-

-

-

Table 11 shows a very good agreement between both measurements. The absolute deviation
between all measurements is less than 1.2 ‰, and this is irrespective of quantity of the other
gases present in the samples. Therefore, one can clearly see that the CRDS analyzer provides
reliable measurements of δ13C-CH4.
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In order to fully explore the capability of the G2201-i analyzer, further investigations on the

influence of pressure of the carrier gas on its analytical response must be performed. We
know that the presence of other gases like nitrogen and helium play a significant role and
impact this response at varying degrees. Indeed, the molecules present in the cavity collide
between each other, triggering energy transitions, which give rise to line broadening: This
phenomenon is called collision broadening, and is dependent on the nature of the present
gases within the cavity. The analyzer was designed to be operated with a cavity mainly filled
synthetic air (~ 80% N2 and 20% O2). Therefore, replacement of synthetic air by another gas
changes the response on the analyzer.
Further methodological developments are needed to measure the molecular concentration of

both methane and carbon dioxide, together with the G13C-CO2, as claimed by the constructor.
Therefore, an exploratory work on the measurements of the molecular concentration of
methane has been done in the frame of this work. The results are presented in Appendix I.
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1. Abstract
The Niger Delta is one of the largest hydrocarbon basin offshore Africa and it is well
known for the presence of active depressions (also called pockmarks) on the seabed. During
the Guineco-MeBo cruise in 2011, long-gravity cores and MeBo drill cores were taken from a
pockmark cluster in order to investigate the state of its current activity. Gas hydrates, oil and
pore-water were sampled for geochemical studies.

The resulting dataset combined with the pattern of hydrate distribution inferred from Very
High Resolution seismic data have revealed that shallow hydrocarbon migration in the upper
sediment section was exclusively focused within the pockmarks constituting the cluster. The
hydrocarbons migrate from deep thermogenic sources to the shallow sedimentary column of
the pockmarks. There is a clear tendency for gas migration within the hydrate-bearing
pockmarks, and oil migration within the carbonate-rich one. This trend can be interpreted as a
consequence of hydrate dissolution, followed by carbonate precipitation in the course of the
evolution of these depressions. We also demonstrate that Anaerobic Oxidation of Methane
(AOM) is the main process responsible for the depletion of pore-water sulfate. Thus, the
depth concentration profiles of chloride, sulfate, methane and total alkalinity together with the
stable carbon isotope ratios of dissolved methane were used to define the depth of the SulfateMethane Transition Zone (SMTZ). This depth ranges between 1.8 and 33.4 m. A numerical
transport-reaction model was used to estimate the time elapsed from the release of gas within
the sedimentary column until the establishment of the present sulfate profiles. The results
show that these events have occurred between 21 and 2700 years before present, and indicate
that the three pockmarks C are still at the stage of hydrate formation.

Finally, we examine the influence of shallow hydrocarbon migration on the morphology of
the pockmarks forming the cluster. We argue that the shallow hydrocarbon migration is a key
factor influencing both their size and their surface morphology over time.

Keywords: Cluster of pockmarks; gas hydrates; hydrocarbon migration; carbonates
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2. Introduction
In geological settings where gas-hydrate occurs within the sedimentary column, Sultan
et al. (Sultan et al., 2010, Sultan et al., 2014) have claimed that both rapid formation and slow
dissolution processes of hydrates are key elements influencing pockmark formation and
evolution. Recently, Pape et al. (2011) (Pape et al., 2011) have shown that fluid expulsion in
the water column may also cause detachment and rafting of outcropping hydrate blocks,
creating small holes or craters which could be the inception of pockmark formation.

In the course of their evolution, the surface morphology of pockmarks changes and this might
also be influenced by the pattern of fluid migration. Changes in pockmark surface
morphology can be explained by considering a local pocket in which a succession of little
collapses is created due to overpressure, and then merge into a single one (Gay et al., 2006,
Cathles et al., 2009, Hovland et al., 2010). Likewise, in the pockmark-formation scheme
proposed by Gay (2002), the intense fluid seepage may not only prevent sediment redeposition, but also shape the surface morphology. In such a scheme, it is obvious that the
bottom current impacts the final re-deposition (Josenhans et al., 1978, Andresen et al., 2008,
Dandapath et al., 2010, Sun et al., 2011) as the seeping fluids may also be deflected, inducing
different erosional features over the pockmark surface.
These studies clearly show that fluid migration may be one of the mainstays of pockmark
dynamics. However, the links between fluid migration and pockmark evolution is still poorly
understood. Moreover, the fluids are often rich in hydrocarbons, in particular in methane as
this component is ubiquitous on continental margins (Fleischer et al., 2001, Judd, 2003,
Valentine, 2011). Their migration is usually accompanied with the occurrence of features
such as seeps and plumes into the water column, and gas hydrates and authigenic carbonate
deposits on the seabed and within sub-surface sediments (Bayon et al., 2007; Judd and
Hovland., 2007; Kasten et al., 2012; Noethen and Kasten., 2011; Rongemaille et al., 2011;
Ruffine et al., 2013; Sultan et al., 2010). In fact, the microbially-mediated Anaerobic
Oxidation of Methane (AOM) (Boetius et al., 2000; Borowski et al., 1996; Borowski et al.,
1999; Joye et al., 2004; Reeburgh., 1976) often represents the major sulfate depletion process
in methane-charged sediments, such as those encountered at hydrate-bearing settings. It
releases bicarbonate and sulfide ions into the pore water, which in turn increase the total
alkalinity of the medium and promote carbonate precipitation. This reaction takes place at a
specific horizon within the sedimentary column called the Sulfate Methane Transition Zone
(SMTZ). It is characterized by low concentration in both methane and sulfate, and a
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maximum in alkalinity and dissolved hydrogen sulfide (Reeburgh, 1976, Niewohner et al.,
1998, Wallmann et al., 2006a, Snyder et al., 2007, Kastner et al., 2008, Regnier et al., 2011).
In addition, the microorganisms involved in the AOM preferentially consume the methane
molecules containing the lightest carbon isotope (Alperin et al., 1988). Thus, the stable carbon
isotopic ratios of methane (δ13C-CH4) shifts towards higher values for the remaining pool. In
parallel, the

13

C-depleted dissolved CO2 newly generated by the reaction diffuses into the

methanogenic zone located beneath the SMTZ and is reduced into 13C-depleted methane via a
microbial-mediated CO2-reduction process (Borowski et al., 1997b, Chuang et al., 2013,
Hong et al., 2013). Overall, the combination of both processes leads to a net decrease of δ13CCH4 with a minimum immediately beneath the SMTZ (Borowski et al., 1997, Whiticar,
1999).
The present paper focuses on hydrocarbon-rich fluid migration in the shallow sediments of a
pockmark cluster on the Nigerian continental slope. It combines measurements of pore-water
dissolved elements together with seismic data, and aims to constrain the hydrocarbon
migration pattern. An attempt to explain the influence of the fluid migration on the pockmark
surface morphology and pockmark evolution is also made.

3. Study area
The study area is located in the Niger Delta deep-province on the west coast of Central
Africa, off Nigeria (Figure 27).

Figure 27: Location map of the study area.
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The submarine Niger Delta is composed of successive sedimentary deposits which form the
most extensive deltaic system in Africa (Cohen and McClay, 1996). These deposits lead to the
southward progradation of the margin into the Gulf of Guinea (Burke, 1972). The resulting
sedimentary prism has gradually expanded and now covers a seafloor area of about 140,000
km2 with a maximum thickness of 12 km (Damuth, 1994). This delta is also characterized by
gravity-driven tectonism due to rapid sediment loading (Damuth, 1994, Bilotti and Shaw,
2005, Corredor et al., 2005, Riboulot et al., 2012). The investigated area is located at water
depths ranging from 1100 to 1250 m, and covers an area of about 20 km2. It has been the
subject of several thorough investigations by both industry and academia with four main
French scientific cruises: NERIS (2003, 2004) and ERIG3D (2008) and more recently
Guineco-MeBo (2011). The latter has been undertaken onboard the French R/V Pourquoi
pas? in the frame of a scientific collaboration between IFREMER and MARUM, and was
devoted to the investigation of a pockmark-prone area using a multidisciplinary approach.

Here, emphasis will be given to a cluster composed of four pockmarks called pockmark B,
C1, C2 and C3 (Figure 28a).

Figure 28: Bathymetric map of the investigated area: a) Pockmark cluster; b)
Localization of the collected cores, VHR seismic profiles from the SYSIF and the 3D HR seismic lines.
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4. Sampling and analytical methods
4.1. Core strategy and pore water extraction
Cores were recovered using either the Calypso piston corer from IFREMER (core
code GMCS-XX), or a gravity corer (core code GMGC-XX) or the seafloor drill rig Mebo
from MARUM (Wei et al., 2015) (core code GMMB-XX). The gravity corer was used
whenever very shallow gas hydrates were suspected as it enables very quick recovery and
effective hydrate-sampling from less disturbed sediments. The locations of the collected cores
are shown in Figure 28b. In order to draw relationships between both pore-water chemistry,
fluid migration and the pockmark surface morphology, most of the cores have been collected
along predetermined seismic profiles (this will be detailed below), or as close as possible to
them; except for core GMCS-09 which has been taken on pockmark B and was characterized
by the occurrence of oil pockets all along. Thus, cores GMCS-03 and GMCS-12 were taken
on the profile SY02‐HR‐PR03, whereas cores GMCS-11, GMCS-10, GMCS-15, GMMB-09,
GMCS-14, GMGC-16, GMMB-05 and GMGC-37 were collected along the profile
SY01‐HR‐PR02. Moreover, core GMMB-09 was taken at the same coordinates than GMCS10 in order to get insight into the deeper part of the sedimentary column. Cores GMCS-11,
GMCS-10 and GMCS-15 were collected outside the depressions, at 585 m, 95 m and 35 m
away from the rim of pockmark C2, respectively. Cores GMCS-14, GMCS-16, GMMB-05
were taken within pockmark C2, and a distance of only 65 m separates GMCS-14 and
GMCS-15. Both GMCS-12 and GMGC-37 were retrieved from pockmark C1. Core GMGC27 is located at the centre of the cluster, whereas GMCS-07 and GMGC-39 were recovered on
pockmark C3 (Figure 28).

Immediately after recovery, both Calypso and gravity cores were cut into sections of 1m
length and transferred into the cold laboratory at 4 °C for pore-water extraction. This was
done using the Rhizon® soil moisture sampler. The sampler consists of a hydrophilic porous
polymer tube of 2.5 mm diameter and 50 mm length (Seeberg-Elverfeldt et al., 2005, Dickens
et al., 2007) which is introduced into the sediment and connected to an evacuated syringe of
10 mL. After extraction from the sediment of Calypso and gravity cores, pore water was split
into two subsamples. One sample was poisoned with sodium azide to prevent any subsequent
microbial activity and used for light hydrocarbons (C1-C5) analyses (Alberto et al., 2000). The
second subsample was stored within a pre-evacuated vial for measurement of dissolved
elements. All samples were kept at -5 °C for onshore analysis at IFREMER- Brest. In the case
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of Mebo cores, each liner of 2.52 m remained uncut for pore water extraction. All subsamples
were poisoned for onshore analyses at MARUM- Bremen.
4.2. Analytical methods
4.2.1. Seismic survey
Very High Resolution (VHR) seismic data were acquired during the ERIG-3D cruise
(Ker et al., 2010, Sultan et al., 2010) using a deep-towed SYSIF equipped with two Janus–
Helmholtz acoustic transducers (580- 2200 Hz and 220- 1050 Hz) from IFREMER (Ker et al.,
2010, Marsset et al., 2010). The resulting seismic lines SY01‐HR‐PR02 and SY02‐HR‐PR03
enable a precise description of the shallow sedimentary column, and thus they show the
shallow internal structure of the pockmarks Figure 29 and Figure 30).

Figure 29: a) Random line extracted from a 3D HR seismic block (courtesy of Total)
crossing pockmarks B, C1 and C2. b) VHR SYSIF seismic profile SY01‐HR‐PR02
showing fine details of the shallow sedimentary column of pockmark B, C1 and C2.
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The acquisition was performed with a vertical resolution of 30 cm, a horizontal resolution of 6
m, and a maximum total penetration of 100 ms (two way travel time, TWT).

Figure 30: a) Random line extracted from a 3D HR seismic block (courtesy of Total)
crossing pockmarks C1 and C3. b) VHR SYSIF seismic profile SY02‐HR‐PR03
showing fine details of the shallow sedimentary column of pockmark C1 and C3.

A line extracted from a 3D High Resolution (3D HR) seismic block, crossing lengthwise
pockmark C1 and C3 (Figure 31), was also made available by Total (George and Cauquil,
2007). In addition, 2D VHR near-bottom echo-sounder data acquired by using an
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Autonomous Underwater Vehicles (AUV) operated by C&C Technologies Survey also
provided a detailed map of the near seafloor and were used in this study for the bathymetry.

Figure 31: Random line extracted from a 3D HR seismic block (courtesy of Total)
showing the plumbing of the system: Red lines are the identified faults,
and green arrows are the inferred fluid migration pathways.

4.2.2. Pore-water analyses
Pore-water samples were analyzed either during the cruise or at the Ifremer laboratory.
Thus, directly after extraction, 1 ml of pore-water was used to measure total alkalinity with a
titrimeter 848 Titrino Plus (Metrohm) using a solution of 0.1N HCl. Sulfate (SO42-) and
chloride (Cl-) were analyzed on board using an ionic chromatograph (Metrohm 861,
Advanced Compact IC) calibrated with the standard seawater from the International
Association for Physical Sciences of Oceans (IAPSO). Due to the presence of widespread
carbonates in pockmark B, Magnesium (Mg2+), calcium (Ca2+) and strontium (Sr2+)
concentrations, together with strontium isotope-ratios (87Sr/86Sr) were measured for core
GMCS-09. Calcium and magnesium were analyzed using a Dionex® ICS-2000 instrument
equipped with an autosampler at the Laboratoire de Géochimie et Métallogénie, Unité des
Geosciences Marines, IFREMER. The concentration values were determined with an
estimated accuracy within ±3% by reference with the standard seawater IAPSO. Strontium
concentrations were measured by High Resolution Inductively Coupled Plasma Mass57
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Spectrometry (HR-ICP-MS) from Thermo Scientiﬁc at the Pôle Spectrométrie τcéan (PSτ)
(a joint analytical lab between Ifremer- UBO- CNRS). Pore waters were diluted at 1/25 with
2% Nitric Acid ULTREX II Ultrapure Reagent in a clean lab. The concentrations were
determined by the standard addition method using NASS-5, a seawater reference material for
trace metals, and mono-elemental solution from PlasmaCAL. The accuracy for the
measurements was within ±4%.

Measurement of strontium isotope-ratios was made using a Neptune Multi Collector
Inductively Coupled Plasma Mass-Spectrometer (MC-ICP-MS) from Thermo Scientific at the
PSO. A volume of 125 Pl of sample was evaporated to dryness. Then the residue was

redissolved with 1 mL of nitric acid 5 N in a SAVILLEX® beaker, and placed on a hotplate at
373 K overnight. The residual phase was reacidified with 0.5 mL of nitric acid 3 N, and then
loaded onto a column containing a preconditioned crown-ether cation exchange resin Sr Spec
from EICHROM for elution with 2.5 mL of nitric acid 3 N. The collected strontium was
acidified and mixed with deionized water for a new evaporation step, followed by a final
dissolution within 0.5 mL nitric acid at 2% before analysis. The raw results were normalized
using the NIST SRM-987 standard. The analytical accuracy was better than 0.00004.

Concentrations of light dissolved-hydrocarbons (C1-C5) were measured using a gas
chromatograph (Perichrom® PR 2100) equipped with a headspace injector (Dani HSS 86.50)
and a Flame Ionization Detector (FID). A temperature program ranging between 60 and 180
°C was applied. The instrument was calibrated using a certified gas-mixture (Air Liquide)
containing 1.45, 1.022, 1.039, 1.033, and 1.062 in mol-% for methane, ethane, propane, nbutane, and pentane, respectively. The claimed accuracy is of 2% in molar fraction for all
components. δ13C-CH4 measurements were performed with a G2201-i Cavity Ring-Down
Spectroscopy Analyzer (CRDS from Picarro®, California). The instrument was calibrated
against four gas standards (Isometric Instruments) having a δ13C-CH4 of -23.9, -38.3, -54.5,
and -66.5 per mil (‰), respectively. Only samples with a significant amount of dissolved

methane (>4 Pmol/L) were eligible for the measurement of stable carbon isotopic ratios.
Thus, δ13C-CH4 was not measured for the cores collected outside the pockmarks. It was not
measured for the Mebo cores.
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4.2.3. Gas-hydrate analyses
Pieces of hydrate were placed into a 10 mL glass vial. The latter was evacuated to
avoid air contamination, and then the hydrate was allowed to decompose at ambient
temperature. The hydrate-bound gases were collected into a 12 mL pre-evacuated glass vial
and sent to Isolab (Netherlands) for both isotopic and molecular composition analyses.
Molecular composition, δ13C and δD were measured using a GCC-IRMS, with an accuracy of
±2%, ±0.1- 0.3‰ and ±1- 3‰, respectively.
4.2.4. Oil analyses
Oil analyses were performed at Isolab (Netherlands). The oil sample was split in
subsamples. One was topped in order to perform SARA (Saturate, Aromatic, Resin and
Asphaltene) analysis. Thus, the sample was put into a vacuum oven for 72 hours at 60 °C and
50-100 mbar. The separation of the topped oil in Topped Saturate (TS), Topped Aromatic
(TA), Topped Resin (TR) and Topped Asphaltene (TAs) fractions was done by Medium
Pressure Liquid Chromatography (MPLC). Packed columns with different sizes of silica were
used as stationary phase and n-hexane as mobile phase. During the complete process, the total
weight loss was of 22.5%, and corresponds to the lighter fraction subject to evaporation. δ13C
of hydrocarbons was measured for the TS by GCC-IRMS. Gas chromatography analysis was
performed on the whole untopped subsample, while 2D (GCxGC) gas chromatography
analysis was done on both the untopped subsample and the TS fraction.
4.2.5. Numerical modeling of the AOM
A numerical transport-reaction model was developed in gPROMS software (Process
System Enterprise, PSE Ltd) to describe the AOM reaction and the evolution of the SMTZ
with time. The model is based on the diagenetic equations (Berner, 1980, Boudreau, 1997),
and takes into account the molecular diffusion of methane, sulfate and chloride, advection of
fluids, as well as the AOM reaction rate. It is expressed as follows:

[eq. 1]
Where t is time (yr), T is the sediment porosity, x is the depth within the sedimentary column

(m), - is the sediment tortuosity, Ci and Di are the concentration (mM) and diffusion
coefficient (m2 yr) of the dissolved species “i”, respectively, Q is the upward fluid velocity,

and RAOM is the reaction rate.
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5. Results
5.1. Seabed morphology of the pockmarks from AUV bathymetry survey.
The bathymetric map revealed a field of pockmarks with variable diameters, depths
and shapes as shown in Figure 28. The cluster of interest here is represented in Figure 28a and
in the black rectangle of Figure 28b. The northern one is called Pockmark B. With an
ellipsoidal shape, it has a N-S-oriented principal axis of ~735 m and E-W-oriented second
axis of ~500 m. It also corresponds to the deepest depression with a crater of around 60 m
depth. Gas hydrates have not been recovered from this pockmark although a core of >20 mlong has been retrieved. Instead, it is characterized by the presence of widespread carbonate
concretions and oil pockets.

The three remaining pockmarks C1, C2 and C3, collectively called pockmark C, have a
diameter ranging between 500 and 800 m (Figure 28). Gas hydrates have been both inferred
from seismic data and recovered from cores. The northernmost pockmark (C1) is ellipsoidal
with a NE-SW-oriented principal axis of ~800 m and NW-SE-oriented second axis of ~500
m. Pockmark C2 is located southeast from pockmark C1. It has also an ellipsoidal shape with
a NNE-SSW-oriented principal axis of ~540 m and NNW-SSE-oriented second axis of ~615
m. Pockmark C3 is located at the southern part of the cluster. It shows a nearly circular shape
and has a diameter of about 600 m. The three pockmarks show irregular seabed morphology
with rough and distorted circle-like shape, and a pronounced ring at their perimeter
highlighting their boundaries. Their peripheral zone is characterized by a high dip, with values
reaching up to 10°. The bathymetry map in Figure 28 shows moats and bulges in variable
number and distribution for the four pockmarks. The bulges of the pockmarks are attributed to
the presence of very shallow gas hydrates (Sultan et al., 2010). Pockmarks C2 and C3 are
characterized by sizeable circular craters, which correspond to their deepest parts (in black in
Figure 28a and in dark blue in Figure 28b). These craters are situated close to C1 and oriented
toward the center of the cluster C. No such a crater is observed for pockmark C1 which is
mainly characterized by bulges. It is worth noting that the deepest parts of pockmarks C2 and
C3 look very much like pockmark B. The southwestern part of pockmark C3 shows a bulge of
10 m high and ~50 m circumference from the top of which a small moat is observed.
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5.2. Seismic survey of the pockmark cluster.

Figure 29 A represents an extracted line from the 3D HR seismic block along the
seismic line SY01‐HR‐PR02 and crossing pockmarks B, C1 and C2. The shallow sedimentary
column in this area is characterized by two major continuous seismic reflectors located at
around 40 and 75 meters below seafloor (mbsf). The pockmarks affect a layer characterized
by low amplitude sub-parallel reflectors which tend to drape the underlying topography. One
can clearly see the difference in lithology between pockmark B on one hand, and pockmarks
C1 and C2 on the other hand. Some high amplitude seismic anomalies are observed for
pockmark C1 and C2. On the contrary, pockmark B is undisturbed, with two clear high
amplitude reflectors draping the topographic low beneath, and giving rise to a V-like shape
crater. This observation is strengthened by the VHR seismic profile SY01‐HR‐PR02 crossing
all three pockmarks (Figure 29 B). Here, both C1 and C2 are characterized by the presence of
high-amplitude chaotic facies interpreted as being gas hydrates by Sultan et al. (2010 and
2014), associated with acoustic shadows beneath. Such facies are widespread at the shallow
sedimentary interval of pockmarks C and not observed for pockmark B. They are easily
identifiable in C1, and less pronounced and much localized in C2 (Figure 29 B). The acoustic
shadows are interpreted as reflecting the presence of free gas, possibly associated with and/or
supplying the hydrate accumulations. Such features are not encountered in the sedimentary
column of pockmark B which is characterized by well-defined undisturbed facies. Outside the
pockmarks, such chaotic facies are found at depth from a25 mbsf, reachable only with the use
of Mebo cores (Figure 29 B).

Likewise, the extracted line from the 3D HR seismic block (Figure 30 A) and the VHR
seismic profile SY02‐HR‐PR03 crossing pockmarks C1 and C3 (Figure 30 B) show the
presence of the two aforementioned seismic reflectors intersected by chaotic facies beneath
pockmark C3 indicative of the presence of gas hydrates. The high-amplitude chaotic facies
observed for pockmark C1 from the profile SY01‐HR‐PR03 are not as clear as they were for
profile SY01‐HR‐PR02. It is worth noticing that conduits or chimneys are not identifiable
from these profiles. The 3D HR seismic line (Figure 31) has a better vertical penetration but a
lower resolution and thus provides a wider and deeper view of the area. Two kilometers
further north from the investigated area, one can observe a major normal fault which hits the
seabed in an area where carbonate pavements have been found (Bayon et al., 2007,
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Rongemaille et al., 2011). A second major fault is found at ~400 m (around 530 mstwt)
beneath pockmark C3 which does not reach the seafloor. Strong reflectors identified as being
hydrocarbon storage layers are located beneath C1 and C3 at a120 mbsf (Figure 31).

5.3. Molecular and isotopic compositions of the hydrate-bound gases
Table 13 summarizes the composition of the hydrate-bound gases.

Table 13: Composition of the hydrate-bound gases.
Components

Mole %

G C (‰ PDB)

GD (‰ SMOW)

Methane

99.62

-50.5

-182

Ethane
Carbon dioxide

0.02

-34.0
-3.0

-

0.36

3

Methane is overwhelmingly present and represents 99.62 %-mol of the gas mixture. Ethane
and carbon dioxide represent 0.02 and 0.36 %, respectively. The δ13C-CH4 values for
methane, ethane and carbon dioxide are of -50.5, -34 and -3‰, respectively. The δ13D-CH4
value for methane is of -182‰. The molecular composition of the hydrate-bound gases is
similar to that measured from a pockmark nearby (Ruffine et al., 2013). Therefore, and owing
to the high amount of methane, it is likely that such a composition is representative of the
hydrate-bound gas composition for the whole investigated cluster.

5.4. Concentration of dissolved elements and alkalinity.
For all cores within and away from the depressions, chloride exhibits similar vertical
profiles (Figures 30-34) with nearly constant seawater-like concentrations of 560 mM. The
only exceptions were for core GMCS-12, GMMB-09 and GMMB-05 for which the
concentration values were scattered at the hydrate sedimentary interval. They exhibit strong
negative concentration anomalies with values as low as 239 mM. Dissolved hydrocarbons
heavier than methane were not detected in any samples. The depth concentration profiles of
sulfate and methane, as well as total alkalinity, are shown in Figures 30-34.
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All gravity and Calypso cores from outside the cluster, together with the one recovered at its
center, display nearly vertical concentration profiles for sulfate and total alkalinity, while
methane concentrations do not reach the instrument detection limit (< 0.5 µmol/L). In
contrast, all cores collected within the pockmarks along with the Mebo core GMMB-09 from
outside show a large variety of concentration trends for these three measured parameters
(Figures 31-34). For all cores, the sulfate and alkalinity profiles mirror each other. They
exhibit kink-type profiles with two distinct segments corresponding to a salient change in the
sulfate concentration gradient, except for GMCS-09 from pockmark B which is characterized
by an almost linear sulfate profile. For the same cores, methane concentrations significantly
increase with depth from the sulfate-depleted horizon (Figures 31-34).

Calcium, magnesium and strontium concentrations decrease with depth for core GMCS-09.
Strontium isotope-ratios exhibit values ranging between 0.70914 and 0.70916, which are very
close to the modern seawater value (Murthy and Beiser, 1968). δ13C-CH4 values decrease
progressively with depth from – 57‰ to ≤ –86‰ for cores GMCS-14 and GMCS-07, whereas
core GMCS-12 exhibits a mean value of -57‰.

5.5. Chemical analysis of the oil sample

Figure 37 shows the chromatograms resulting from the whole oil GC analysis of the standard
oil NSG-NSO-1 (NIGOGA) and the oil samples from core GMCS-09.
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a

b

Figure 37: Whole oil GC-analysis: a) Chromatogram of the standard oil NSG-NSO-1. b) Our sample.
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The large peak at the beginning of the chromatogram corresponds to the dichloromethane
which is the solvent used for the analysis. When comparing the two chromatograms, one can
clearly see an important difference in their molecular composition. Hydrocarbons lighter than
C12 are not detected from our sample, while those compounds are usually ubiquitous in oil.
Table 14 represents the integration results on carbon number of the FID-GC-detector
response.
Table 14: Saturates – Aromatics- Resines- Asphaltenes (SARA)
analysis of the topped oil sample.

Component
<= nC7
<= nC8
<= nC9
<= nC10
<= nC11
<= nC12
<= nC13
<= nC14
<= nC15
<= nC16
<= nC17
<= nC18
<= nC19
<= nC20
<= nC21
<= nC22
<= nC23
<= nC24
<= nC25
<= nC26
<= nC27
<= nC28
<= nC29
<= nC30
<= nC31
<= nC32
<= nC33
<= nC34
> nC34
Sum

NSO-1
FID Area Area%
1228.74
5.16
1116.22
4.68
1052.65
4.42
1091.37
4.58
1016.65
4.27
1036.24
4.35
1096.44
4.60
1092.04
4.58
1185.25
4.97
1029.81
4.32
939.63
3.94
974.18
4.09
874.21
3.67
789.37
3.31
743.51
3.12
677.38
2.84
646.48
2.71
595.17
2.50
560.78
2.35
525.85
2.21
522.91
2.19
500.61
2.10
500.99
2.10
480.03
2.01
457.53
1.92
401.65
1.69
371.20
1.56
349.43
1.47
1977.33
8.30
23833.62
100.00

Pockmark oil
FID Area Area%

5.85
8.72
30.05
169.23
656.20
1493.10
1916.87
1729.88
1525.92
1607.56
1580.75
1583.74
1420.71
1249.10
1251.62
1157.94
1105.24
1069.14
1140.08
1115.18
1201.70
1159.82
1114.55
951.45
802.15
688.29
3224.14
30958.96

0.02
0.03
0.10
0.55
2.12
4.82
6.19
5.59
4.93
5.19
5.11
5.12
4.59
4.03
4.04
3.74
3.57
3.45
3.68
3.60
3.88
3.75
3.60
3.07
2.59
2.22
10.41
100.00

Peak area-% is representative of hydrocarbon mass-%. The oil sample contains mainly
hydrocarbons having a number of carbons ranging between 18 and 32.

Figure 38a, b and c show the GCxGC results of the standard oil, the untopped sample and the
TS fraction, respectively. A clustering into the various groups of components is also presented
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6. Discussion
6.1. Hydrocarbon origin and migration to the shallow sedimentary
column
The molecular and isotopic compositions of gas are the two fundamental gas
properties used to discuss their origin. Thermogenic gases are usually defined as a mixture for
which the C2+ fraction is in a significant amount, whereas biogenic gases are dry with a very
small contribution of compounds other than methane. Biogenic gases result from microbial
processes at shallow sedimentary depth and lead to

13

C-depleted methane (Whiticar et al.,

1986b). Conversely, thermogenic gases are generated at depth by thermal cracking of

kerogen, and the resulting methane is isotopically heavier (G13C > -50‰). By plotting G13CC2H6 as a function of G13C-CH4 (Bernard et al., 1978), the hydrate-bound gases fall into the
domain corresponding to the thermogenic source for both compounds (Figure 39a). However,
the diagram in Figure 39c, expressing the relationship between G13C-CH4 and GD-CH4

(Schoell, 1983, Whiticar, 1999), indicates that the gases is at the boundary between a purely
thermogenic source and a mixture of sources. This is further supported by both the Bernard

diagram (1978) in which the C1/C2+ ratio is plotted as a function of G13C-CH4 (Figure 39b),
and the large proportion of methane (Table 13).

74

IV - Hydrocarbon-migration in shallow sediments at a pockmark cluster in the Niger Delta.

Figure 39: Geochemistry of the hydrate-bound gases: a) Diagram of G13C-C2H6 vs. G13C-CH4, (modified
after Bernard, 1978). b) Diagram of C1/C2+ vs.G13C-CH4. c) Diagram of G13C-CH4 and GD-CH4 (modified
after Schoell, 1983 and Whiticar, 1999).

Moreover, the presence of oil in core GMCS-09 clearly reflects the upward migration of deep
thermogenic hydrocarbon fluids. Therefore, we believe that the hydrate-bound gases are
primarily of thermogenic origin. Its dryness may be the result of either the addition of a
biogenic source or its migration by diffusion from a deep-seated reservoir (Prinzhofer and
Pernaton, 1997). Alternatively, the oil and the hydrate-bound gases may probably come from
different source. This is supported by the large difference between their respective carbon
isotope values (Sonibare et al., 2008).

Thus, the gas supplying the Gas Hydrate Accumulation Zone (GHAZ) comes from a
thermogenic source. In Figure 31, two high amplitude reflector packages are interpreted as
being two hydrocarbon-charged bodies at around 180 and 600 mbsf (i.e. around 240 and 800
msTWT, respectively). The deepest one is connected to a normal fault which does not reach
the seafloor as it is the case for the normal fault located further north, but it is rather
connected to a horizontal channel. The shallowest one is overlaid by a sedimentary layer
which is interpreted as a regional hemipelagic layer, acting as an impermeable caprock for the
storage. The resolution of our seismic profile does not allow the identification of smaller
faults or conduits for the gas supplied directly to the pockmarks. However, we believe that
such structures exist, possibly at the thinner part of the hemipelagic layer, to facilitate the gas
migration to the pockmarks. Alternatively, lateral gas migration could be another option for
the supply in fluids to the shallow sedimentary column.
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6.2. Very focused hydrocarbon migration at shallow sedimentary depth
within the pockmarks
The SYSIF seismic surveys indicate that gas hydrates are possibly present in the
surficial sedimentary column only within the pockmarks C. In fact, one can clearly see in
Figures 26 and 27 that the hydrate-bearing sedimentary intervals within the pockmarks C are
shallower at the center and deeper when moving away to the rim. These results are in
coherence with the coring performed along the VHR seismic profiles SY01-HR-PR02 and
SY02-HR-PR03 (Figure 28b). The depths of the amplitude anomalies encountered along these
profiles coincide with the depths in the cores where gas hydrates were recovered. Both
scattering and negative anomalies observed for the chloride profile for cores GMCS-12,
GMMB-05 and GMMB-09 (Figure 33,Figure 34,Figure 35) are the result of pore-water
freshening due to hydrate dissociation (Hesse and Harrison, 1981, Torres et al., 2004b). Gas
hydrates have been recovered from 7 and 10 mbsf within the pockmarks C1 and C2,
respectively, and from 38.5 mbsf in MeBo core GMMB-09 taken outside (Wei et al., 2015).
Furthermore, gas hydrates have not been sampled in pockmark B, and this is supported by the
VHR seismic profile (Figure 31) which does not show any high amplitude anomalies
indicative of their occurrence. Thus, it seems clear that gas-hydrate accumulations are the
major shallow gas reservoirs in the area. They are widespread within pockmarks C and
located at variable depths: near the surface sediment at their center and at deeper depth at the
periphery. Conversely, core GMCS-09 from pockmark B was characterized by the presence
of authigenic carbonate concretions from 5.75 to 12.45 mbsf and oil all along, which both
indicate that the pockmark has been very active in the recent past. Taken together, this
suggests that shallow hydrocarbon-migration is restricted to within the pockmarks only. In
other words, the cluster is characterized by gas migration within the hydrate-bearing
pockmarks C, and oil migration within the carbonate-rich pockmark B. With a sedimentation
rate of 0.2 mm / year, it appears from the seismic profile that pockmark B was formed

a500,000 years before present day, since the last 100 meters of sediments lays on a buried
depression. We believe that the presence of authigenic carbonate concretions improves the
hydraulic conductivity within the sedimentary column and can facilitate oil migration within
pockmark B. These two results could explain why oil is encounter only in pockmark B.
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6.3. Sulfate reduction coupled with AOM above the hydrate intervals:
Constraining the historical release of gas within the pockmarks.

On continental margins, the two major processes responsible for sulfate depletion in
pore waters are the Organoclastic Sulfate Reduction (OSR) (Malinverno and Pohlman, 2011)
and the Anaerobic Oxidation of Methane (AOM) (Reeburgh, 1976, Boetius et al., 2000).
Methane concentrations of pore waters from the Calypso cores recovered outside the
pockmarks are below the detection limit, suggesting that CH4 is not present in the nearsurface sediment. This is also the case for the upper part of the MeBo core GMMB-09. Thus
AOM does not occur at the surficial sediment outside the pockmarks. In addition, the sulfate
profiles of the same cores display concentrations close to that of seawater. This indicates that
OSR is not occurring outside the pockmarks either, or alternatively any sulfate consumption is
cancelled out by a quick re-supply from the overlying seawater. Because the sulfate profiles
of the cores within the pockmark are also characterized by seawater-like concentration values
over their first meters depth and gas plumes have not been detected from the acoustic survey
of the water-column, it is likely that OSR is also not taking place within the depressions.
Therefore, AOM is the only process responsible for the sulfate depletion within the
pockmarks.

In fact, as shown in Figures 30-33, the combination of total alkalinity, sulfate and methane

concentrations, and G13C-CH4 for all cores collected within the hydrate-bearing pockmarks

consistently display the evidence of AOM. When approaching the SMTZ, G13C-CH4 values
reach –86‰ for cores GMCS-07 and GMCS-14, as usually found at this horizon (Whiticar,
1999). However, the G13C-CH4 depth profile of core GMCS-12 is very scattered, with all

values around to -57‰. This is likely due to mixing during the core recovery of the hydratebound methane having a G13C-CH4 value of -50.5‰ with much lighter methane generated at
the methanogenic zone beneath the SMTZ. By considering that the biogenic methane

generated beneath the SMTZ has a G13C-CH4 value of -86‰, and assuming that this gas and
the thermogenic one are end members, the biogenic gas contribution here would be of
23.33%. This high value indicates that methanogenesis is actively taking place within
pockmark C1.

Besides, without evidence of gas migration at pockmark B, it is likely that oxidation of
hydrocarbons other than methane is responsible for the sulfate depletion there. Such a process
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has already been reported (Leahy and Colwell, 1990, Head et al., 2003, Jones et al., 2007).
This is supported by the lack of n-alkanes in our oil sample (Figures 35- 36) and the low mass
of the total saturated fraction (Table 15). In fact, microbial-mediated oil degradation
consumes preferentially the n-alkanes (Dimitrakopoulos and Muehlenbachs, 1987, Head et
al., 2003, Jones et al., 2007). The almost linear sulfate profile of core GMCS-09 collected
from pockmark B is indicative of a system very close to steady state, and therefore which has
not experienced recent change in the methane flux. The decrease of Ca2+, Mg2+ and Sr2+
concentrations with depth is indicative of current authigenic-carbonate precipitation at the
SMTZ, most likely Mg-calcite. This is supported by pore water the Sr2+/Ca2+ and Mg2+/Ca2+
ratios which significantly increase when approaching the SMTZ (Figure 32) (Bayon et al.,
2007, Noethen and Kasten, 2011). Such evidence of carbonate precipitation was not observed
on the cores collected from the pockmarks C (see Appendix II) The 87Sr/86Sr values close to
that of seawater observed all along the core suggests there is no carbonate recrystallization
and that the pore water is in equilibrium with the carbonates.
Conversely, the kink-type sulfate profiles observed for all cores presenting evidence of AOM
is representative of systems at transient state (Hensen et al., 2003, Noethen and Kasten, 2011).
Table 16 shows that the SMTZ depth differs according to the core location, even within the
same pockmark.
Table 16: Depth of the SMTZ for the investigated cores.
Location in the cluster

Core name

SMTZ depth /
mbsf

Pockmark B

GMCS-09

12.7

Pockmark C1

GMCS-12

6.2

Pockmark C1

GMGC-37

4

Pockmark C2

GMCS-14

14

Pockmark C2

GMCS-16

6

Pockmark C2

GMMB-05

11.2

Pockmark C3

GMCS-07

3.7

Pockmark C3

GMGC-39

1.8

Pockmark C3

N2-KS-44

2.7

Outside, centre of the cluster

GMGC-27

-
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Outside

GMMB-09

33.4

Outside

GMCS-03

-

Outside

GMCS-10

-

Outside

GMCS-11

-

Outside

GMCS-15

-

As expected, the shallowest SMTZ depths are encountered above the shallowest hydratebearing intervals, and the deepest has been found for core GMCS-14 located at the rim of
pockmark C2, at 14 mbsf. It is worth noting the substantial change observed for the sulfate
profiles when moving from cores GMCS-14 with an identified SMTZ depth to GMCS-15
where this horizon was not reached, while the distance between them is of only 65 m. Again,
this strengthens the argument of a focused hydrocarbon-migration within the pockmarks.
In a recent paper, Sultan et al. (2014) demonstrated that gas hydrates in this area were
distributed as stratified fronts within the sedimentary column and resulted from episodic
release of gas followed by fast formation. The geometry of the GHAZ evolves over time as it
undergoes a dissolution process in order to thermodynamically balance methane between the
surrounding pore water and the hydrates. Such an evolution mechanism inevitably leads to
variable depths for the methane flux fueling the AOM, and accordingly to differences in the
evolution of the sulfate profiles with time. Here our dataset does not allow us to estimate the
time needed for the dissociation of the whole hydrate accumulation as the volume of the latter
is not known.
Based on the pockmark evolution scheme proposed by Sultan et al. (2014) we have attempted
to describe the history of methane release for the pockmark cluster by modeling the sulfate
profile evolution with time for selected cores.

The following assumptions were made:
x

Before the methane release, the sulfate profile is governed by diffusion as illustrated
by Figure 40a, with concentration values close to that of seawater.
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a

x

b
Figure 40: Model consideration for the sulfate profile: a) Kink-shape sulfate profile with a magnify view
of the diffusion-dominated segment. b) Sketch of the sudden methane release followed by hydrate
formation. Evolution of the sulfate profile with time.

x

The methane release is followed by rapid hydrate formation within the sedimentary
column, which latter hinders the upward migration of gas above the formed front
(Figure 40b).

x

The hydrate front becomes impermeable to allow overpressure of gas beneath.
Therefore, gas-hydrate dissolution is the only process which supplies in methane the
AOM.

The modeling results are presented in Figure 38, and summarized in Table 17.
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pockmark, where we have considered the top of the GHAZ at 38.5 mbsf from core GMMB09, methane was released 2,700 ±300 years ago and the system will reach the steady state

after a16,400 years if no changes occur in the methane flux. Within the depressions, the
calculated time elapsed since the gas release event is of 80, 240 and 21 years for GMCS-12
from pockmarks C1, GMCS-14 from C2 and GMCS-07 from C3, respectively. These results
show that pockmarks C are still undergoing sequential gas release followed by hydrate
formation. This is clearly confirmed by the chloride concentration values reaching 604 mM in
the hydrate interval (Figure 34, Figure 35); whereas the background value is of 550 mM. This
is further supported by results from core GMMB-04 collected at pockmark C2 where chloride
concentrations are as high as 682 mM (Wei et al., 2015b). Such positive chloride anomalies
are indicative of recent hydrate formation (Haeckel et al., 2004, Torres et al., 2004a), and
have already been observed in the area (Ruffine et al., 2013). In fact, exclusion of ions during
hydrate formation leads to an increase of their concentration in the surrounding pore water,
and the process of reequilibration requires time. Positive anomalies mean that the
reequilibration has not occurred. On the other hand, the chloride concentration depth profiles
exhibit also significant freshening due to dissociation of massive hydrates upon recovery, with
values as low as 265 mM.

Figure 42 presented the AOM rate calculated at each site. One can clearly see that the curves
illustrating the rate of methane oxidation as a function of depth exhibit a pronounced peak at
the SMTZ. This confirms that the AOM is the main process responsible for the sulfate
reduction (Wallmann et al., 2006b). AOM rate is higher at the shallower SMTZ depth, and
reaches 1816 mM-1yr-1 for core GMCS-07 recovered on pockmark C3 whereas only 14 mM1

yr-1 is found from the Mebo core GMMB-09 located outside the pockmarks. This is

indicative of a higher methane flux supplying the anaerobic oxidation of methane (Regnier et
al., 2011). Such a behavior may be explained by the fact that the hydrate dissolution process
is more intense at the upper sedimentary column due to a better infiltration of the methanefree seawater, which favors methane uptake from the hydrates.
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for cores GMCS-14 and GMCS-15, strongly highlight the links between methane migration,
gas hydrates and pockmark morphology at the investigated area. They definitely prove that
methane migration plays an important role in the establishment of the rim of the pockmark,
and also in shaping its surface by making bulges and moats. The former is due to hydrate
occurrence near the seabed, whereas the latter results from hydrate dissolution. Figure 41
illustrates the evolution of pockmark morphology according to hydrocarbon migration in our
investigated area.

Figure 46: Conceptual representation of the evolution of hydrate-bearing pockmarks off Nigeria.

Thus, neither massive hydrate formation at depth nor diffusion-dominated sulfate transport
has an impact on the surface sediment as observed outside the pockmark from MeBo core
GMMB-09 (Figure 46a and b). The newly formed hydrate front hinders the gas migration,
and therefore the gas accumulates beneath and leads to overpressure. This overpressure of the
sediment creates faults or fractures, releasing the gas which migrates upward to form an upper
hydrate front at shallowest depth. Providing that the front is close enough to the seabed, the
hydrate formation induces a deformation of the surface sediment by forming positive relief
like bulges (Figure 46b). The huge amount of hydrates acts as a reservoir which starts
shrinking at both their top and edges to supply the AOM reaction with methane (Figure 46c).
The latter, in turn, produces carbonate ions which react with pore-water calcium, magnesium
and strontium to produce carbonates (Figure 46d).
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The dissolution of the whole hydrates combined with the formation of a large amount of
authigenic carbonates improve the hydraulic conductivity within the sedimentary column, and
enable the migration of oil as discovered on pockmark B (Figure 46). Meanwhile, the sulfate
profile shifts gradually to a linear profile representative of a system at steady state.
This conceptual view is in agreement with the findings of previous studies which show that
fluid migration was focused within the pockmarks (Cathles et al., 2009, Chand et al., 2009,
Hovland et al., 2010, León et al., 2010, Sultan et al., 2010, Sun et al., 2011, Ostanin et al.,
2013).

7. Conclusion
A cluster of four pockmarks off Nigeria has been consistently sampled along predetermined seismic lines and at key location is order to assess their activity and then
understand their evolution with time. The combination of in situ sample-based geochemical
analyses with AUV bathymetry and seismic data reveals that the hydrocarbon source
supplying the cluster is of thermogenic origin. Its migration throughout the shallow
sedimentary column (< a35 mbsf) is focused only within the pockmarks. While gas migration

takes place within the hydrate-bearing pockmarks, the carbonate-rich pockmark is
characterized by oil migration.

Two types of sulfate profiles have been observed at this area: almost linear profile at the
carbonate-rich pockmark which is indicative of a system very close to the steady state, and
kink-shape profile at the hydrate-bearing pockmarks suggesting a transient state. The
distribution of the SMTZ depth as a function of the core location show that the deepest SMTZ
depths are found outside the pockmarks or close to their rim, whereas the shallowest ones are
on bulge in the hydrate-bearing pockmarks. The short distance between the SMTZ and the
GHAZ combined with the kink-shape of the sulfate profile support for a rapid formation of
hydrates within the sedimentary column from a sudden gas release. Based on this conceptual
view, a numerical transport-reaction model was developed to reconstruct the sequence of gas
release into the sedimentary column. The results showed that the oldest gas release occurred
outside the pockmark about 2700 years ago, while the latest one happened around 21 years
ago on pockmark C3. Thus, the modeling results demonstrate that the hydrate-bearing
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pockmark cluster has been active for at least 2700 years, and it is still in the hydrate formation
stage.
Finally, pockmark morphology has been explained by considering hydrocarbon migration.
For the hydrate-bearing pockmarks, there is a good correlation between shallow hydrateoccurrence and positive reliefs (bulge), on one hand, and deeper hydrate-occurrence and
negative reliefs (moats) on the other hand. The deepest pockmark is free of hydrates and rich
in authigenic carbonate concretions.
Overall, this study further supports the important role of hydrocarbon migration on the
pockmark dynamics, shaping their surface morphology and driving its evolution over time.
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Dans cette étude, un conglomérat de quatre pockmarks situés au large du Nigéria a été étudié.
Trois de ces structures sont caractérisés par la présence d’hydrates (C1, C2 et C3), le dernier
étant riche en carbonates (B). Ces dépressions diffèrent par leur morphologies de surface,
avec présence de bombements et de cratères plus ou moins prononcés d’une structure à
l’autre. Le but de cette étude a été d’évaluer dans un premier temps l’activité de ces
structures, puis dans un deuxième temps de comprendre leurs évolutions au cours du temps.
Pour réaliser ces travaux, des carottes sédimentaire ont été prélevées en suivant des lignes
sismiques traversant ces structures. Des analyses géochimiques d’échantillons d’eaux
interstitielles, récupérées sur les carottes sédimentaires, ont été réalisées. La combinaison de
ces données géochimiques avec des données bathymétriques AUV et des données sismiques a
permis de déterminer que la source des hydrocarbures est principalement d'origine
thermogénique. Ces résultats montrent également que leur migration dans la colonne
sédimentaire peu profonde (<~35 mbsf) se concentre exclusivement à l’intérieur des
pockmarks à hydrates. Le cas du pockmark riches en carbonates est caractérisé par la présence
de pétrole.
Les analyses géochimiques ont également a mis en évidence des profils de sulfate à l’état
transitoire: profil quasi-linéaire à l’intérieur du pockmark riches en carbonates indiquant un
système proche de l'état d'équilibre, et profil concave au niveau des pockmarks à hydrates
suggérant un état transitoire. On constate que la Zone de Transition Sulfate-Méthane (ZTSM)
est plus profonde à mesure que nous nous éloignons du centre du pockmark. Les ZTSM les
plus en surface sont observées sur les bombements sédimentaires des pockmaks à hydrates.
Enfin, la faible distance entre la ZTSM et la limite supérieure de la Zone des Hydrates de Gaz
(HZHG), combinée aux profils concaves du sulfate, suggère une formation rapide d'hydrates
dans la colonne sédimentaire résultant d’une libération soudaine de gaz. Partant de ces
postulats, nous avons développé un modèle numérique de transport-réaction afin de
reconstruire les séquences de libération du gaz dans la colonne sédimentaire au cours du
temps. Les résultats ont montré que ces libération de gaz a eu lieu il y a moins de 2700 ans, la
plus récente s’étant déroulée il y a environ 20 ans. Ainsi, les résultats de la modélisation
montrent que les pockmarks à hydrates sont actifs depuis au moins 2700 années.

Enfin, la morphologie des pockmarks a été expliquée en considérant la migration des
hydrocarbures. Pour les pockmarks à hydrates, il y a une bonne corrélation entre les hydrates
peu profonds et les reliefs positifs (bombements), d'une part, et les hydrates à plus forte
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profondeur et les reliefs négatifs (cratères) d'autres parts. Le pockmark présentant la plus forte
dépression sédimentaire est dépourvu d'hydrates, mais riche en concrétions carbonatées.
Dans l'ensemble, cette étude montre que la dynamique des pockmarks est très fortement reliée
à la migration des hydrocarbures, celle-ci jouant un rôle important sur la morphologie de
surface des pockmarks et sur leur évolution au cours du temps.
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1. Introduction
The pockmark Regab has been discovered and visually inspected for the first time
with the ROV- Victor 6000, during the Zairov cruise in 2000 (Sibuet and Vangriesheim,
2009). This pockmark is characterized by a rich chemosynthetic fauna composed with most of
the species encountered at cold seeps (Olu-Le Roy et al., 2001), and the occurrence of gas
plumes, large authigenic carbonate crust and outcropping gas hydrates (Charlou et al., 2004,
Ondreas et al., 2005). Most of these species live in symbiosis with bacteria which are capable
of performing specific redox transformations (Cavanaugh, 1983, Nadalig et al., 2002).
Amongst the chemosynthetic megafauna, three major groups dominate on the pockmark
surface: the Vesicomyid bivalves, Mytilidae and Siboglinid polychaetes (Andersen et al.,
2004, Duperron et al., 2005, Ondreas et al., 2005, Olu-Le Roy et al., 2007). Both the
Vesicomyid bivalves and the Siboglinid polychaetes host sulfur-oxidizing bacteria capable of
oxidizing the hydrogen sulfide present in pore water (Cavanaugh, 1983, Olu-Le Roy et al.,
2007, Decker et al., 2013), whereas the Mytilidae collected on the pockmark are characterized
by a dual symbiosis formed with sulfide- and methane-oxidizing bacteria (Duperron et al.,
2005). Bacterial mats have also been observed (Olu-Le Roy et al., 2001, Ondreas et al., 2005)
on the pockmark. However, they were much less abundant.
It is clear that, due to the symbiotic associations, the distribution of these living communities
on the pockmark surface is influenced by the availability of the reduced compounds used by
the bacteria. Thus, the chemistry of the pore fluids migrating through the pockmark sediment
is a key factor controlling their distribution (Ondreas et al., 2005, Ristova et al., 2012).
Conversely, the fauna distribution may be used as an indicator allowing an evaluation of the
chemical properties of pore fluids, and may help in the recognition of seep activity.
The present study describes the relationships between the distribution of chemosynthetic
communities and the fluid chemistry, especially the methane concentration level, on the
Regab pockmark. It begins with a brief review of the fauna distribution observed in relation
with the fluid chemistry from data and samples collected during the Zairov cruise. Then,
emphasis will be given to three specific habitats colonized by bacterial mats, Vesicomyid
bivalves and Mytilidae, respectively. These habitats were visited during the WACS cruise, in
2011, on board the R/V Pourquoi pas?. The cruise was devoted to the study of several West
African Cold Seeps using an approach based mainly on (micro)-biology, with the objectives
of gaining insights into the functioning and the diversity of the associated ecosystems. Such
objectives necessarily involve deepening our knowledge on the relationships between fluid
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3. Sampling and analytical methods
3.1. Coring and pore-water extraction.
Cores were recovered using either the Calypso piston corer (core code WACS-XX, XX
being the core number), or the push corer (core code dive number-CTX, X being the tube liner
number). A total of seven cores were collected (Figure 52). Four push cores, with a maximum
length of 30 cm, were collected: 425-CT1 and 427-CT1 in area 1 and the other two (428-CT5
and 429-CT5) in area 2. Calypso cores of a9 m length were collected at lesser active areas,

where living communities were suspected either absent or scarce. Core WACS-01 was taken
as the reference outside, at the eastern part of the pockmark. Core WACS-03 was retrieved at
the southwestern part of the pockmark, close to the investigated Vesicomydae habitat of area
1. Core WACS-02 was taken in the northeastern part of the pockmark, at the same location
than the hydrate-bearing core KZR-42 collected during the Zairov cruise. It was also
characterized by massive hydrate occurrence. Pore-water was not sampled for this latter core.
Eight bottom-seawater samples were collected using the Pepito water sampling system at the
investigated biological habitats. Three samples were taken in the Vesicomydae bivalves, two
in the Mytilidae and three in the bacterial mat (Figure 52).

All Calypso cores were cut into 1m length segments, and then transferred into the chemical
laboratory at 4 °C. Pore-water from both Calypso and push cores was done using the Rhizon®
soil moisture sampler, a hydrophilic porous polymer tube of 2.5 mm diameter and variable
length to fit the core liner diameter (Seeberg-Elverfeldt et al., 2005, Dickens et al., 2007). Its
two ends are connected to the sediment for the extraction and an evacuated syringe of 10 mL
for pore water recovery, respectively. After extraction, pore water samples were divided into
three subsamples. Two of them were stored in glass vials previously purged with nitrogen for
light hydrocarbons (C1-C5) and sulfide analyses, respectively, and the last one in a preevacuated vial for dissolved-element analysis. Samples were poisoned with zinc chloride and
mercury chloride to prevent sulfide oxidation and subsequent methane-related microbial
activity, respectively (Alberto et al., 2000). All samples were kept at 4 °C for onshore
analysis at IFREMER- Brest.
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3.2. Analytical methods
3.2.1. Acoustic survey of the water column
Acoustic survey of the water column was carried out in order to detect evidence of
fluid emissions, in particular gas plumes. The multibeam echosounder SeaBat 7150 from
Reson was used at a frequency of 12-24 kHz. The received echo-signals were processed using
Ifremer’s software “SonarScope”.

3.2.2. Side scan sonar and video from the ROV Victor 6000.
The detection of gas streams was performed using the Side scan sonar Seabat 7125,
commonly called “Module de Mesures en Routes, MMR”, mounted on ROV Victor 6000. It
consists of a multibeam echosounder capable of working at a frequency of 400 kHz. This
sonar works between from the seafloor up to 100 m height above. All detected gas streams
taken from (Marcon et al., 2014a) and are presented in Figure 51. Videos and photos were
captured using the high-sensitivity OTUS photo- Camera mounted on the ROV.

3.2.3. Pore-water analyses.
Directly after extraction, 1 ml of pore-water was used to measure total alkalinity with a
titrimeter 848 Titrino Plus (Metrohm), using a solution of 0.1N HCl.
Major anions (SO42-, Cl-) were analyzed onshore using an ionic chromatograph Dionex® ICS2000 instrument equipped with an autosampler. Standard seawater from the International
Asssociation for Physical Sciences of Oceans (IAPSO) was used for calibration.
Methane concentration measurement was performed using a gas chromatograph Perichrom ®
PR 2100 equipped with a headspace injector (Dani HSS 86.50) and a Flame Ionization
Detector (FID). The instrument was calibrated using a certified gas from L’Air Liquide
containing 10 mol-% methane, with a claimed accuracy of 2mol-%.
The measurement of δ13C-CH4 was carried out with a G2201-i CRDS analyzer from Picarro®
(California). Four gas standards from Isometric Instruments with δ13C-CH4 values of -23.9, 38.3, -54.5, and -66.5 per mil (‰), respectively, were needed for the establishment of the
calibration curve. δ13C-CH4 was measured only for the core collected in the bacterial mat as it
was the unique one displaying methane concentration above the detection limit. Total sulfide
(6H2S) concentration was determined by colorimetry (Fonselius et al., 2007). The procedure
applied here consists of adding into the sample two solutions of iron chloride at 100 mM and
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N-diméthyl-p-phénylènediamine dihydrochloride at 19 mM, respectively. These reagents
react with the sulfide to produce a blue precipitate after 1h of incubation. Analysis was carried
out at a wavelength of 670nm using an absorption spectrophotometer CARY 1C from
Agilent®. The detection limit of this instrument was within 10 µM.

4. Results and discussion
4.1. The pockmark Regab: hydrocarbon emission and morphology

The pockmark Regab has a nearly circular shape, with a diameter of a800 m (Ondreas
et al., 2005). It is connected to an imposing pipe which delivers fluids, in particular
hydrocarbons, from deeper sources (Ondreas et al., 2005, Gay et al., 2006). Previous study on
the gas hydrate samples has shown that methane accounts for more the 99 mol-% of the
bound-gases, and has a biogenic origin (Charlou et al., 2004).

Figure 48: Location of the Zaiango core and WACS-02 core with gas hydrate

A new hydrate-bearing core, WACS-02 (Figure 48), was collected at the same coordinates

than the previous one for additional analyses. Thus, new isotopic (G13C and GD)
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measurements, together with molecular composition, were performed. The results are
presented in Table 18, and illustrated in Figure 3.
Table 18: Molecular and isotopic composition of the WACS-02 gas hydrates
C1

C2

C3

CO2

Mole fraction (%)
13
δ C (‰)

99,493
-64,0

0,068
-40,4

0,0023
-28,4

0,437
-8

δD (‰)
C1/(C2+C3)

-223
1415

-218

The results are in agreement with previous study which has shown a methane-dominant
hydrocarbon gases, and a biogenic origin for the methane (Charlou et al., 2004). The latter is
generated by the microbial reduction of carbon dioxide as shown in Figure 49a. However, our
results cannot provide a clear answer regarding the origin of the other hydrocarbons. In fact,

the G13C values of methane and ethane, plotted on the Bernard diagram fall on the boundary
between thermogenic and biogenic methane (Figure 49c). Moreover, the comparison between
the molecular composition of the hydrate-bound gases for our two investigated pockmarks,
Preowei and Regab, shows very close values. The study of the Preowei pockmark clusters has
indicated that the hydrate-bound gases are dominantly thermogenic. In the case of Regab, the
presence of numerous gas streams passing through the gas hydrate stability zone is indicative

of a system mainly supplied by gas bubbles. Therefore, it is unlikely that the light G13C-CH4
value obtained for the hydrate-bound gases of Regab results from a gas transport dominated
by diffusion (Prinzhofer and Pernaton, 1997). Thus, we believe that the hydrate-bound gases
here are primarily of biogenic origin. One can observe little variations in both molecular and
isotopic compositions of the gas compounds between our study and this of Charlou et al.
2004. They are likely related to molecular fractionation during hydrate formation and/ or the
intensity of the biogeochemical reaction (e.g. the AOM and the methanogenesis) in which
they are involved (Whiticar, 1999).
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Figure 49: a) Diagram of G13C-CH4 vs. GD-CH4 for the hydrate-bound gases (modified after (Schoell, 1983,
Whiticar, 1999); b) Diagram of G13C-CH4 vs. C1/(C1+C2) for the hydrate-bound gases (modified after
(Bernard, 1978) c) Diagram of G13C-CH4 vs. G13C-C2H6 for the hydrate-bound gases (modified after
(Bernard, 1978).

Regab pockmark is characterized by the presence of moats of variable depth on its surface;
the deepest ones being situated in its center (Figure 48). One can clearly see from Figure 5
that the detected gas streams are encountered mainly in the central part of the pockmark
where the feeding-pipe has been identified. As mentioned above, there are found the deepest
moats, it seems reasonable to link the gas emission with the surface morphology of the
pockmark. It was postulated that its large size is due to the collapse and then the aggregation
of several small individual pockmarks (Olu-Le Roy et al., 2001).

4.2. State-of-art on the megafauna distribution on the Regab pockmark
The first study of the distribution of the living communities on the Regab pockmark
was introduced by Ondreas et al. 2005 and then detailed by Olu–Le Roy et al., 2007. They
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were based on the use of both the bathymetric data and ROV images. In addition, Charlou et
al., 2004 investigated on the geochemistry of seawater collected from CTD/ Rosette
deployments at 2-3m height from the seafloor, at selected locations above the pockmark.
Figure 50 summarizes both the biological and geochemical results.

Figure 50: Distribution of methane concentration in the water column and location of the hydrate-bearing
core (modified after (Lemaitre et al., 2014)

The first and perhaps one of the most important observations resulting from the ROV survey
is that all megafauna were located within the pockmark. The latter can be divided in two
prominent areas. Its central part, the most active one in term of methane concentration
measured in the water column and presence of carbonate concretions (Ondreas et al., 2005).
At this part, chemosynthetic fauna are densely distributed along a NE-SW axis crossing the
central part of the pockmark (Ondreas et al., 2005, Olu-Le Roy et al., 2007, Ristova et al.,
2012, Marcon et al., 2014b). The more abundant community was by far the Siboglinid
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polychaetes. Two sizeable colonies of Mytilidae were found in the middle of the Siboglinidae
polychaetes field, at the central part of the pockmark. They were associated with the
emanation of gas bubbles from the seafloor (Olu-Le Roy et al., 2007). Living Vesicomyid
bivalves were mostly located at both ends of the NE-SW axis. One can clearly see from
Figure 50 that the peripheral part of the pockmark is less active as shown by Marcon et al.
2014. Methane concentrations measured in the water column decrease when moving towards
the rim of the pockmark. The lowest values are found outside, and were less than 0.02
Pmol/L. Thus, the distribution of both the megafauna and methane concentration is similar.

This relationship between methane concentration and symbiont-hosting community
distribution was the main conclusion drawn by Olu-Le Roy et al. 2007.
Two other studies of the megafauna distribution as a function of fluid chemistry were carried
out later on Ristova et al. 2012, during the Guineco M76/3b cruise in 2008, aboard the R/V
Meteor. These authors investigated eleven sites at three distinctive locations on the pockmark
(Figure 51): one gas venting site characterized with the absence of megafauna, one mussel
(Mytilidae) spot, one bacterial mat, three vesicomydae bivalves, and six sites taken as
references due to their lack of visible live. Their motivation for such a multiple-site study was
driven by achieving a better understanding of the interplay between microbial diversity,
megafauna assemblages, and methane and sulfide concentration distribution. Accordingly,
they combined pore-water geochemistry, in situ benthic chamber measurements, ex situ AOM
rate determination, molecular microbiology for DNA and RNA structure determination, along
with video recording from the ROV Quest (MARUM). Overall, they clearly demonstrated
that highest bottom-seawater methane concentrations were found at the Mytilidae habitat
while highest pore-water sulfide concentrations were measured at both the Mytilidae and
bacterial mats. Vesicomydae bivalve habitats exhibit lower methane concentration values.
The methane consumption rate through the AOM follows the same trend. Their analysis
showed that methane efflux strongly influences the distribution of bacterial community
structure. Marcon et al. 2014 did a study of the megafauna distribution based on videomosaic
from both Zairov and WACS cruises with the aim to see temporal changes at the decade scale.
They came to the conclusion that there is no significant change in the megafauna distribution
at the scale of the pockmark. However, they observed little changes at the scale of the living
community habitats for the Vesicomydae bivalves. These changes were movements of those
communities on short distance over the pockmark. They explained this re-arrangement of the
distribution by the highest sensitivity of Vesicomydae bivalves to the variation of methane
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flux. The mapping of gas streams in the water column anomalies with the ROV-mounted
MMR revealed that numerous signals that are spatially close are mainly found on Mytilidae
habitats (Figure 51). Such streams were very scarce on the Vesicomydae bivalve habitat, and
not detected outside the megafauna colonies. The occurrence of outcropping hydrates was
also associated with Mytilidae habitats. All those observations strengthen previous
conclusions regarding the influence of methane on the distribution of symbiont-hosting
species at cold seeps.

Figure 51: Location of the core recovered during the M76/3b cruise, water column anomalies and gas
hydrates.

4.3. Study of three new habitats.
In order to move forward with the understanding of the relationships between porewater chemistry and the distribution of the megafauna on the surface of Regab pockmark,
push-cores were taken from three specific habitats colonized by a bacterial mat, Vesicomyid
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bivalves and Mytilidae, respectively (Figure 52). These habitats were chosen at the same
geographical regions than Ristova et al. 2012.

Figure 52: Location of the collected cores and samples during the WACS-02 cruise
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4.3.3. Vesicomydae bivalve cemetery at the southeastern part of the
pockmark
Due to the hardness of the substrate on which Vesicomydae bivalve develop, core 425CT1 was taken at the border of the habitat (Figure 56). Both chloride and sulfate exhibit
vertical profiles with concentration values close to that of seawater over their full 26-cm
length (Figure 57). Neither methane nor sulfide exhibit concentration values above the
detection limit. Dissolved methane concentrations measured in the bottom seawater are rather
low, and range between 0.3 and 1.8 PM.

Figure 56: Photo of the vesicomyidae bivalve cemetery sampled at the southwestern part of the Regab
pockmark
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Figure 62: Picture of the gas streams 1, 2 and 3. Plume 1 is associated with dead vesicomydae bivalves,
Plume 2 and 3 are associated with mytilidae and siboglinidae polychetes.

The results here clearly highlight the inherent link between megafauna and methane. At the
scale of the Mytilidae field, it has been shown that dead individuals are associated with
methane-free sediment and therefore low methane concentration in the bottom seawater,
although gas streams are present in the 100 m surrounding area. Thus, Mytilidae are very
sensitive to the methane concentration and need a high level to for their development.
Surprisingly, the Vesicomyidae bivalves are also associated with methane and sulfide-free
sediment here, although they host sulfide-oxidazing bacteria in their gills. The gas stream
detected in the Vesicomyidae bivalve cemetery (Figure 62a) suggests that this species does
not accept high methane concentration level.
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Unlike for other gas stream sites, here an intense gas plume reach 2080 m height into the
water column has been detected from the ship sonar (Figure 63). This plume is the cumulative
expression of the three streams.

Figure 63: Gas plume detected into the water column from the ship sonar.

5. General conclusion on the megafauna distribution on Regab pockmark
in relation with fluid chemistry.
In this study, we have highlighted the important role of methane on the distribution of
megafauna on the surface of Regab pockmark. Striking differences in this distribution can be
related to its level of concentration in both the bottom seawater and the pore water. Therefore,
we concluded the following:
x

Mytilidae are present only where outcropping hydrates and/ or gas stream are found,
and this indicates the need for high methane concentration to sustain their
development. This is further supported by the low methane concentration both in

x

seawater and pore water at the Mytilidae cemetery.
Baterial mat is associated with very shallow AOM, and low methane concentration in
the seawater. This species may help in the recognition of area where methane release
into the water column is buffered by biogeochemical processes within the shallow
sedimentary column.
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x

Vesicomyidae bivalve distribution with respect to methane concentration is more
difficult to decipher. They are associated with methane-free sediment. The cemetery
found at the gas stream suggests that they cannot stand high methane concentration
level. This may explain their movement over the pockmark as described by Marcon et
al. (2013). Further investigations are needed to determine accurately the range of
methane concentration suitable for their development.

To conclude, this study illustrates the influence of methane concentration on the distribution
of megafauna at cold seep. Unresolved questions remained, and in order to perform a
quantitative analysis of the role of methane in the development of megafauna, dissolvedmethane concentrations in both pore water and bottom seawater should be measured, together
with the flux of gases bubbling to the seafloor. Such measurements should be carried out on
each type of habitat, and for both living and dead individuals.
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Cette étude a permis de mettre en évidence le rôle du méthane sur la distribution de la
mégafaune à la surface du pockmark Regab. Trois communautés biologiques ont été étudiées:
les Mytilidae, les tapis bactériens et les Vesicomydae. Des prélèvements d’eau de mer et de
carottes sédimentaires de petite taille (< 1 m) ont été réalisés à l’aide du RτV au niveau de
ces communautés. Des analyses géochimiques ont été réalisées sur les eaux interstitielles et
les eaux de fond. Ces analyses ont montrées des différences significatives au niveau de la
concentration en méthane en fonction du type d’habitat. Ces résultats combinés aux données
géochimiques, biologiques et sismiques des études antérieures nous ont permis de déterminer
les différentes conditions de vie des communautés biologiques:
• Les Mytilidae sont présents seulement dans des zones caractérisées par la présence
d’hydrates affleurants et / ou dans des zones d’émanation de gaz. Ils ont besoin d'une
concentration élevée en méthane pour leur développement. Ceci est également soutenu par la
faible concentration en méthane à la fois dans l'eau de mer et l'eau interstitielle au niveau du
cimetière de Mytilidae.
• Les tapis bactériens sont associés à une OAM très peu profonde, induisant des
concentrations de méthane faibles dans l'eau de mer. Cette espèce peut aider à la
reconnaissance de la zone où la libération de méthane dans la colonne d'eau est limitée par les
processus biogéochimiques dans la colonne sédimentaire peu profonde.
• la distribution des vesicomyidae par rapport à la concentration en méthane est plus
difficile à appréhender. Ils sont généralement associés à des sédiments dépourvus de méthane.
Le cimetière trouvé dans une zone où un important panache de gaz a été observé suggère
qu'ils sont sensibles aux variations de la concentration en méthane. D'autres investigations
sont nécessaires pour déterminer avec précision la gamme de concentration de méthane
adaptée à leur développement.

Pour conclure, cette étude illustre l'influence de la concentration en méthane sur la
distribution de la mégafaune des zones de suintements froids. Des questions restent malgré
tout sans réponse et nécessite des études supplémentaires. Afin d'effectuer une analyse
quantitative du rôle du méthane dans le développement de la mégafaune, les concentrations en
méthane dissous, à la fois dans l'eau interstitielle et l'eau de mer, devront être mesurées. Ces
mesures devront être effectuées sur chaque type d'habitat, pour les deux individus vivants et
morts.
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Two hydrate-bearing pockmarks have been studied in the frame of this project. The
description of both sites shows that these structures shared common features, although they
are different from other aspects:
x

Both investigated areas are hydrate-bearing pockmarks characterized by focused fluid
migration restricted to their perimeter. However, Regab seems to have a unique pipe
feeding system located in its centre, whereas it is likely that several faults are involved
to the migration pathway on Preowei. Methane is the dominant gas component for
both sites. However, biogenic gases are found on Regab, whereas on Preowei site,
thermogenic hydrocarbons prevail, with occurrence of oil migration exclusively at the
carbonate-rich pockmark.

x

The fluid migration shapes their morphology in different ways: Regab is characterized
by the presence of carbonate pavements at the location where gas emission is low in
intensity. These pavements promote the colonization of siboglinidae. On the other
hand, Preowei is not characterized by the presence of such pavements. One structure is
a hydrate-free but carbonate-rich pockmark. However, the carbonates are not
outcropping. This may explain the absence of siboglinidae as such species need hard
substrate for their development. Nertherless, the question regarding the absence of
other megafauna on Preowei remains elusive. Is it linked to the absence of
siboglinidae? In this case, that would mean that megafauna colonization is initiated by
the development of siboglinidae habitat. This is a route which deserves further
investigations. In general, absence of megafauna at gas emission sites may be
explained by strong bottom current which make difficult the development of living
communities as they will be carried away. However, the Preowei area is not
characterized by strong bottom current.

Finally, it is evident that fluid migration processes and pathway deeply impact on pockmark
morphology. However, it seems that these factors are not the most influencing ones leading to
the development of megafauna on pockmark.
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Building-up knowledge on pockmark dynamics is a challenge of essential importance
in marine science as those structures are widespread on continental margins, characterized by
complex fluid-migration pattern and may host rich cold-seep fauna. The implications of such
challenge are many : i) methane, carbon dioxide and hydrogen sulfide emitted at the seafloor
are vital for the survival and the growth of cold-seep ecosystems ; ii) as fluids encountered at
pockmarks are usually rich in methane, and to a lesser extend in other hydrocarbons, such
knowledge would contribute to better understand the potential input of seafloor-sourced
methane to climate change ; iii) knowledge on the pockmark dynamics could also contribute
to the reduction of risks in offshore hydrocarbon exploitation by improving the detection of
geohazards on the seabed.

In this context, the first objective of the present work was to describe the dynamics of
two pockmark-prone areas off West Africa by applying two different approaches based on the
available samples and data. Both approaches use a multidisciplinary dataset. However,
experimental geochemistry remains the major part of this work, and this has required a
significant amount of analyses as well as a component of methodological development. The
major technical objective was to adapt a new analyzer for the measurements of stable-carbon
isotopic composition of methane to the analyses of gas bubbles and pore waters.

This manuscript is divided in five parts apart this one: the first one summarizes the main
characteristics of cold seeps, the origin of the encountered gases and the geochemical
processes associated. It also deals with the formation and destabilization of natural gas
hydrates as both study areas were characterized by gas hydrate occurrence. The second part
deals with the theories on pockmark formation and evolution. Two fundamentally different
processes predominate. According to the first one, pockmark formation and evolution is
driven by fluid migration within the sedimentary column. The latter can strongly impact on
the seafloor morphology and create bulges, craters or moats, triggering the inception of
pockmarks. The second process is the effect of strong bottom current near the seafloor. This
promotes the re-suspension of surficial sediments and can also initiate pockmark formation
and then shape it morphology.

The third part gives an overview of the experimental analyses undertaken within the present
work. A greater emphasis is placed on the methodological development carried out on the
G2201-i CRDS analyzer. The instrument offers an interesting perspective in term of stable
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carbon isotopic measurements. It is claimed to be able to measure both molecular and isotopic
composition of carbon dioxide and methane, and originally it has been designed for the
analysis of the atmospheric air. In this work, the instrument has been taken over to better

understand how it operates. A new procedure for the analysis of G13C-CH4 of natural gas
bubbles has been fully developed, and then has been applied for pore water. Now, the
instrument has been tested and validated for analyses both in the laboratory and on ship
during a scientific cruise (see Appendix III). This could constitute a major achievement in
term of optimizing sampling strategy during industrial and scientific sea expedition, and also
for the recognition of fluid activity at the seafloor. The molecular analysis of both dissolved
and free gases were carried by gas chromatography, and major dissolved-elemental analysis
was done by ionic chromatography. Other analyses were performed, in particular using two
different Inductively Coupled Plasma-Mass Spectrometers: one for minor dissolved-elemental
analysis (HR-ICP-MS) and a second one for strontium isotopic-ratio measurement (MC- ICPMS). The whole analytical results, together with oil data from analyses at Isolab, allow
building the geochemical dataset used for this study.

The fourth part was devoted to the study of a cluster of pockmarks, called Preowei, in the
Niger delta, off Nigeria. This cluster consists of four pockmarks, more or less circular, with
diameter of hundreds of meters. Three of them, called pockmarks C, are characterized by the
occurrence of gas hydrates distributed on horizontal fronts within the sedimentary column; the
fourth one, called pockmark B, is rich in sizeable carbonate concretions and shows evidence
of oil migration at shallow sedimentary depth. Remarkably, only a few ecosystems have been,
documented in the areas of investigation. The analysis of the hydrate-bound gas indicates a
thermogenic origin for the methane. This is in agreement with the presence of oil in the
neighboring pockmark B. The geochemical investigation carried out on the pore water was
mainly driving by finding evidence of the reactivity of methane and sulfate via the AOM
redox reaction. Thus, pore-water samples have been analyzed in order to identify the SMTZ,
and accordingly to define the shallow sedimentary intervals where hydrocarbons are present.
The results show that shallow methane gas migration occurs only within the hydrate-bearing
pockmarks. Shallow oil migration was confined within pockmark B. Outside these structures,
there is no evidence of migration of deep-sourced fluids. The oil collected in pockmark B was
severely degraded, with nearly no saturated n-alkanes present. Finally, a transport- reaction
model has been developed in the frame of this work to estimate the time elapsed since the
sudden release of methane followed by the formation of the current hydrate fronts. This time
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varies between 21 and 2700 years, from the shallowest front to the deepest one located
outside the pockmarks. Overall, this work has shown that the pockmark cluster is still active
with hydrate formation for three of them and carbonate formation for the last one. It has also
been proposed a conceptual scheme on the dynamic functioning of the cluster in which the
evolution of the morphology of the pockmarks is driven by fluid migration. Thus, the
formation of shallow hydrate fronts creates bulges on the seafloor, triggering the incipient
formation of pockmarks. As demonstrated by Sultan and co-workers, upon hydrate
dissolution, the bulge starts to collapse into moats. The latter grows over time. The released
methane is oxidized and generates bicarbonates, which precipitate in solid carbonates. This
increases the permeability of the surrounding sediment and enhances upward oil migration.
This work on the pockmark cluster Preowei is a step in the study of the dynamics of
pockmarks by considering both the spatial and temporal aspects. It deserves continuation,
especially to quantify the time needed for the formation of carbonates, with the view of
providing a complete picture on the chronological evolution of the cluster.

In the fifth part, the role of methane on the distribution of megafauna is discussed for the socalled “Regab” pockmark, located on the Zaïre Deep Sea Fan. This study highlights how
chemosynthetic megafauna are sensitive to the methane concentration level. It combines a
thorough literature review of previous similar work done on this pockmark with the
investigation of three new habitats. Two of them were cemeteries of Mytilidae and
Vesicomyidae bivalves, respectively. Studying both dead and living individuals affords the
opportunity to better constrain the level of methane concentration for the development of
those habitats. The third habitat was a bacterial mat. It has been clearly demonstrated that
Mytilidae growth within high methane-concentration environments where gas bubbling and/
or gas hydrates arise, bacterial mat are linked to shallow AOM and likely methanogenesis
beneath, and Vesicomyidae bivalves are very sensitive to methane concentration.
Overall, this PhD project has demonstrated the relevance of a multidisciplinary approach to
describe the dynamics of pockmarks. However, decades after their discovery, pockmarks on
continental margins and cold seeps keep fascinating scientists. Several points deserve deeper
considerations. At the end of this study, it is now possible to identify prospects for future
work.

(1) Much of our understanding on pockmark dynamics was achieved from the
interpretation of seismic data, combined with sediment cores of generally less than 20119
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m length and geotechnical in situ measurements. Now, with the use of drilling tools
like the Mebo drill rig, strong progresses are still expected as they offer the possibility
of investigating the deepest part of pockmarks. The study of the pockmark cluster
illustrated the usefulness of such a tool. Without the Mebo core, it was not possible to
reach the hydrate layer located at deep outside the pockmarks. This has modified our
view of the system. It would be interesting to investigate other geochemical processes
occurring at greater depth like clay dehydration from the analysis of minor elements
like lithium and boron.

(2) The modeling work presented here is incomplete giving the complex nature of the
system. The precipitation of carbonates needs to be implemented in order to further
constrain the temporal evolution of pockmarks. Besides, a 2-D model would be
considered in order to take into account lateral migration of fluids which is likely to
occur at greater depth, where significant changes in the lithology are observed from
seismic data or Mebo core.
(3) It is also important to put more efforts on the understanding of the links between fluid
chemistry and the distribution of the living communities on pockmark surface. A more
reliable database is required in order to better integrate field data and quantitative
analyses from collected samples, and then add to our current transport-reaction model
a term expressing the spatial dynamics of the living communities. Such a model
development needs input from laboratory experiments. A step in this direction would
be the measurements of the AOM rate as a function of the microbial population.
(4) The use of analytical instruments like the G2201-i analyzer on ship should be more
systematic. This instrument can help for a better characterization of the fluid systems,
and provides fast and reliable response regarding the methane origin, as well as its
implication in geochemical processes occurring within the sedimentary column. The
development of reliable procedures for molecular analyses and the measurements of
G13C-CO2 are deeply desired. Such measurements are valuable to unravel geochemical
processes like the oxidation of methane and methanogenesis, and will lead to a deeper
understanding of cold seeps.
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(5) Finally, the coupling of geochemical and geomechanical models would provide a
breakthrough in the prediction of the fate of pockmarks as it would describe the
evolution of the seafloor stability along with the fate of the chemical compounds (e.g.
methane) migrating within the sedimentary column.
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Ce projet de thèse, essentiellement basé sur une approche expérimentale, a permis
d’approfondir nos connaissances sur la dynamique des pockmarks présents sur les marges
continentales. Ces structures sont caractérisées par une migration des fluides complexes et par
la présence d’un grand nombre de communautés biologiques typiques des environnements de
suintements froids. Les fluides rencontrés au niveau des pockmarks sont généralement riches
en méthane et dans une moindre mesure en hydrocarbures plus lourds, Ces structures sont
parfois situées dans des zones pétrolifères. Le méthane, le dioxyde de carbone et l'hydrogène
sulfuré émis sur le fond marin sont également essentiels pour la survie et la croissance de la
faune que l’on retrouve dans les écosystèmes de suintements froids. Par conséquent, une
bonne compréhension du cycle du méthane des fonds marins permettrait de mieux évaluer
leur contribution sur les changements climatiques, ainsi que les risques liés à l’exploitation
des hydrocarbures offshore.

Dans ce contexte, le premier objectif de ce travail était de décrire la dynamique de deux
pockmarks à hydrate de gaz de la marge Africaine en utilisant deux approches différentes. Ces
deux approches utilisent un ensemble de données multidisciplinaires. Elle a nécessité un
grand nombre d'analyses mais également un développement méthodologique. L'objectif
technique majeur de ce développement était d'adapter un nouvel analyseur, initialement prévu
pour l’analyse de l’air ambiant, à la mesure isotopique du carbone du méthane contenu dans le
gaz naturel et les eaux interstitielles.
Ce manuscrit de thèse est divisé en cinq parties: la première est un état de l’art permettant de
résumer les principales caractéristiques des zones de suintements froids, l'origine des gaz
rencontrés et les processus géochimiques associés. Il traite également de la formation et de la
déstabilisation des hydrates de gaz naturel.
La deuxième partie est focalisée sur la formation et l'évolution des pockmarks. D’une manière
générale, deux processus fondamentalement différents prédominent : Le premier est la
migration des fluides dans la colonne sédimentaire et l'effet du courant de fond. Le premier
induit la formation de bombements, cratères et fossés à la surface du pockmark, la seconde
favorise la remise en suspension des sédiments de surface et façonne leur morphologie.

La troisième partie détaille les différentes techniques analytiques utilisées pour cette étude.
Un intérêt particulier a été mis sur le développement méthodologique effectué sur l’analyseur
G2201-i CRDS pour l’analyse isotopique du carbone du méthane. L'instrument offre une
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alternative intéressante à la technique traditionnelle (GCC-IRMS). Il peut mesurer
simultanément la composition isotopique et moléculaire du dioxyde de carbone et du
méthane. Dans ce travail, l'instrument a été adapté aux échantillons géologiques. Une
nouvelle procédure pour l'analyse des G13C-CH4 du gaz naturel a été entièrement développée,

puis a été appliquée pour l’analyse des eaux inertielles. L'instrument a ensuite été testé et
validé pour des analyses à la fois en laboratoire et lors d’une campagne océanographique (voir
l'annexe III). Cet outil s’est révélé être un outil très pertinent pour la détermination de
l’origine du méthane et permet d'optimiser la stratégie d'échantillonnage des cold seeps et des
sorties de gaz.
La Chromatographie ionique (CI) a été utilisée pour l’analyse des éléments majeurs, l’HRICP-MS (ELEMENT 2) pour l'analyse des éléments mineurs dissous, et le MC-ICP-MS
(Neptune) pour la mesure du rapport isotopique du strontium radiogénique. L'ensemble des
résultats, ainsi que ceux d'analyses organiques du pétrole et des données géophysiques, a servi
à l’interprétation.
La quatrième partie a été consacrée à l'étude d'un ensemble de pockmarks sur le site Preowei,
dans le delta du Niger. Il s’agit d’un conglomérat de quatre dépressions, plus ou moins
circulaires, ayant un diamètre de plusieurs centaines de mètres. Trois d'entre elles, appelées
pockmarks C, sont caractérisés par la présence d'hydrates de gaz à faible profondeur dans la
colonne sédimentaire; la quatrième, appelée pockmark B, est riche en concrétions carbonatées
et contient du pétrole. L'analyse des hydrates de gaz indique une origine thermogénique pour
le méthane. Ceci est en accord avec la présence de pétrole dans le pockmark B. Les analyses
du méthane et du sulfate nous ont permis de montrer que la réaction redox majeure rencontrée
dans cet environnement était l’AOM. Nous avons ainsi pu définir les intervalles sédimentaires
où des hydrocarbures sont présents. Les résultats montrent que la migration du méthane est
essentiellement focalisée à l’intérieur des pockmarks C. La migration du pétrole se fait
uniquement dans le pockmark B. A l’extérieur des pockmarks, dans la couche sédimentaire
superficielle (< 40 m), aucun signe de migration de fluides profonds n’a été observé.
L'analyse de l’huile recueillie dans le pockmark B montre que celle-ci était sévèrement
dégradée.
L’interprétation des données montre que ces dépressions se forment et évoluent suite à la
libération soudaine de gaz, suivi de la formation rapide d’hydrates. Un modèle de transportréaction a été développé afin de dater les séquences de libération soudaine de méthane les plus
récentes. De temps variant entre 21 et 2700 ans ont été obtenus.
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Dans l'ensemble, ce travail a montré que ce cluster de pockmarks est toujours actif avec la
formation d'hydrates de gaz pour trois d'entre eux et la formation de carbonate pour le dernier.
Un schéma conceptuel a pu être proposé dans lequel l'évolution de la morphologie des
pockmarks est conditionnée par la migration des fluides. Ainsi, la formation de fronts
d'hydrates crée des bombements sédimentaires sur le fond marin, ce qui induit la formation
des pockmarks. La dissolution des hydrates conduit à la libération de méthane, ce dernier est
alors oxydé, générant des ions bicarbonates qui favorisent la précipitation des carbonates. La
formation de concrétions carbonatées dans le sédiment argileux augmente sa perméabilité et
facilite la migration de pétrole, plus visqueux. Ce travail sur la zone Preowei est
complémentaire à l’approche géotechnique développé par Sultan et al. (2010, 2014). Elle
mérite d’être poursuivie, en particulier pour estimer le temps nécessaire à la formation des
carbonates.

Dans la cinquième partie, le rôle du méthane sur la distribution de la mégafaune est discuté
pour la pockmark Regab. Cette étude met en lumière la dépendance de la mégafaune
chimiosynthétique à la concentration en méthane dissous. Elle synthétise les travaux
antérieurs réalisés sur ce pockmark avec l'étude de trois nouveaux habitats. Deux d'entre eux
étaient des cimetières de Mytilidae et Vesicomyidae, respectivement. L’étude des zones
mortes et vivantes offre la possibilité de mieux contraindre le niveau de concentration de
méthane pour le développement de ces habitats. Le troisième habitat était un tapis bactérien.
Il a été clairement démontré que la croissance des Mytilidae se réalisait dans des
environnements à fortes concentrations en méthane avec la présence de sortie de bulles et / ou
d’hydrates de gaz. Les tapis bactériens sont reliés à des zones où l’AτM et la méthanogénèse
ont lieux à très faible profondeur. Enfin les Vesicomyidae sont très sensibles à la variation de
la concentration en méthane.

Dans l'ensemble, ce projet de thèse a démontré la pertinence d'une approche multidisciplinaire
pour décrire la dynamique des pockmarks. Cependant plusieurs points méritent une étude plus
poussée:
(1) Sans l’analyse des eaux interstitielles extraites du forage Mébo, il n’aurait pas été possible
de détecter des hydrates à 40 m de profondeur en dehors des pockmarks. Cela a modifié notre
vision du système. Une utilisation plus systématique du foreur Mebo nous permettrait
d’approfondir nos connaissances car ils offrent la possibilité d'étudier la partie la plus
profonde des pockmarks. Cela permettrait d'étudier d'autres processus géochimiques qui se
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produisent à grande profondeur comme la déshydratation des argiles par l'analyse des
éléments mineurs comme le lithium et le bore.

(2) Le travail de modélisation présenté est focalisé sur la réactivité du méthane. La
précipitation des carbonates pourrait être prise en compte afin de mieux appréhender
l’évolution temporelle des pockmarks.
(3) Il est également important d’approfondir notre compréhension des liens entre la chimie
des fluides et de la distribution des communautés vivant sur les pockmarks. Des analyses
quantitatives supplémentaires sur des échantillons d’eaux interstitielles permettraient
d’ajouter à notre modèle de transport-réaction actuelle un terme exprimant la dynamique
spatiale des communautés biologiques. Une telle évolution de modèle doit être réalisée à
partir d'expériences en laboratoire. L’une des pistes proposées serait la mesure du taux
d'AOM en fonction de la diversité microbienne, mais cela reste des expérimentations très
complexes.

(4) L'utilisation d'un instrument analytique comme l'analyseur G2201-i lors des campagnes
océanographiques devrait être plus systématique. Cet instrument permet de réaliser une
meilleure caractérisation des fluides, fourni une réponse rapide et fiable sur l'origine du
méthane ainsi que son implication dans les processus géochimiques qui se produisent dans la
colonne sédimentaire. Le développement d’une nouvelle procédure pour réaliser les analyses

moléculaires et isotopiques du G13C-CO2 nécessite une poursuite d’étude. En effet, ces
mesures sont utiles pour mieux appréhender les processus géochimiques comme l'oxydation
du méthane (les archaes oxydant le méthane en CO2) et la méthanogénèse (le CO2 étant l’un
des produits majeurs utilisé dans ces environnements pour produire du méthane).

(5) Enfin, il serait intéressant de coupler les modèles géochimique et géomécanique afin de
fournir une meilleur compréhension de la formation et de l’'évolution des pockmarks. Cela
permettrait également de mieux évaluer la stabilité du fond marin.
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I. Measuring the molecular concentration of methane using
the CRDS analyzer: An exploratory study
1. Optimization of the sample injection.
The G2201-i CRDS analyzer has also the capability of measuring the molecular
concentration of methane. Therefore, the same series of tests previously described in Part II
for the optimization of the δ13C-CH4 analysis was carried out here.
The first series of tests shows that the G2201-i CRDS analyzer provides fairly reproducible
measurements, with values of concentrations much less than the injected one (2500 ppm);
irrespective of the injection mode. The lower concentration values obtained is somehow
expected as the measurements have been done with the dilution mode. Accordingly, this
induces a dilution of the sample.

Synthetic air
addition

Under vacuum

Atm pressure

Figure 64: Screen shot of the CRDS data-acquisition software showing the measurement of
molecular methane concentration for an injection by glass vial under vacuum,
at atmospheric pressure, using a carrier gas and without dilution.
Red circle show the SSIM pressure and the dark circle the methane concentration measurement.

It is worth noticing that the dilution with helium or nitrogen does not influence of obtained
molecular concentration value as that was the case for the G13C-CH4 measurement.
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VStd
(mL)

Claimed CH4
concentration (ppm)

CH4
(ppm)

2σ CRDS (ppm)

0,5
0,5
0,5
0,5
0,5

2500
2500
2500
2500
2500

46,5
44,6
49,5
46,9
52,1

0,1
0,1
0,1
0,1
0,1

Mean

47,9

0,2

VStd
(mL)

Claimed CH4
concentration (ppm)

CH4
(ppm)

2σ CRDS (ppm)

0,1
0,1
0,1
0,1
0,1

2500
2500
2500
2500
2500

13,8
13,2
11,2
13,2
13,1

0,04
0,04
0,04
0,06
0,04

Mean

12,9

0,04

Figure 66 illustrates the linearity between the volume injected and the methane concentration
displays by the instrument. This suggests the existence of a dilution factor within the
instrument.
350

CH4 CRDS/ ppm

300

y = 101,85x
R² = 0,9988

250
200

3 mL
1 mL

150

0.5 mL
0.1 mL

100
50
0
0

0,5

1

1,5

2

2,5

3

3,5

V injection / mL
Figure 66: Molecular methane concentration plot to the sample volume injection.
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2. Estimation of dilution factor
To estimate the dilution factor, gas samples with different methane concentrations
(250, 2500 and 25000 ppm) were injected at a constant volume of 1 mL into the SSIM. Five
replicates were performed for each sample (Table 20)

Table 20: Molecular methane concentration measurement of standard gas
with different concentration with the same volume injection (1 mL).

VStd 250
(mL)

Claimed CH4
concentration (ppm)

CH4
(ppm)

2σ CRDS (ppm)

1
1
1
1
1

250
250
250
250
250

8,4
8,6
8,3
8,5
8,4

0,06
0,06
0,06
0,06
0,12

Mean

8,4

0,1

VStd 2500
(mL)

Claimed CH4
concentration (ppm)

CH4
(ppm)

2σ CRDS (ppm)

1
1
1
1
1

2500
2500
2500
2500
2500

104,4
99,5
99,9
97,4
99,8

0,8
1,2
0,9
1,8
0,9

Mean

100,2

1,1

VStd 25000
(mL)

Claimed CH4
concentration (ppm)

CH4
(ppm)

2σ CRDS (ppm)

1
1
1
1
1

25000
25000
25000
25000
25000

920,8
913,0
902,2
915,5
918,0

4,0
4,0
4,0
4,0
5,0

Mean

913,9

4,2
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Figure 44 illustrates this proportional correlation. A factor of 27.3 is obtained. This first series
of results shows promising perspectives in term of methane concentration measurements.
However, the procedure is still incomplete. A validation step is required, with natural gas
samples. The evolution of the dilution factor with injected volume has also need further
considerations.

100000

CCH4 Std / ppm

10000

1000

y = 27,344x
R² = 0,9998

100

10

1
1

10

100

1000

CCH4 CRDS / ppm
Figure 67: Molecular measurement of methane standard gas with different concentration
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III. Contribution to other studies related to the scientific scope
of the thesis: Abstract for methane conference 2015
Measuring the stable-carbon isotopic composition of methane (δ13C-CH4) at sea: A key
parameter for cold-seep sampling strategy?
C. Croguennec (1), J.C. Caprais (2), C. Brandily (2), J.P. Donval (1), Y. Germain (1), A. de
Prunélé (1), L. Legoix (1), D. Birot (1), L. Géli (3), L. Ruffine (1)
(1) IFREMER, Département REM, Unité des Géosciences Marines, Laboratoire de
Géochimie et Métallogénie, 29280 Plouzané, France
(2) IFREMER, Département REM, Unité des Environnements Profonds, Laboratoire des
Environnements Profonds, 29280 Plouzané, France
(3) IFREMER, Département REM, Unité des Géosciences Marines, 29280 Plouzané, France

Methane is ubiquitous on continental margins, at cold seep areas. It is encountered within the
shallow sediments under the three physical states: as free or pore-water dissolved gas and this
is irrespective of temperature and pressure conditions; or trapped in ice-like crystals called gas
hydrates under conditions of high pressure and low temperature.
This methane is mainly derived from the degradation of organic matter. Generated at shallow
depth by microorganisms during the process of methanogenesis, it is of microbial origin.
Methane produced at greater depth results from the thermocatalysis of deeply buried organicmatter and is linked to hydrocarbon reservoirs. It is then classified as thermogenic methane.
These two genesis pathways may be distinguished in the basis of the stable carbon isotopic
composition (δ13C-CH4). However, during its migration through the sedimentary column,
methane is involved in either biogeochemical and physical processes or source mixing which
can overprint its original δ13C-CH4. Identifying methane sources and deciphering the
processes in which it is involved are key to draw a fair picture of methane cycle within marine
sediments.
Thus, in the frame of sea expeditions at cold seep areas, fast and reliable δ13C-CH4
measurements can be valuable information to optimize gas-bubble sampling and coring
operations; with the aim of better understand methane cycle.
This can be performed by the cavity ring-down spectroscopy (CRDS). The latter is a nearinfrared absorption technique developed by Picarro. It has the advantage of measuring
accurately δ13C-CH4 within minutes for decision-making on methane sampling strategy.
Such a measurement has been implemented during the MarsiteCruise in the Sea of Marmara,
in November 2014. It has allowed the identification of several methane sources. This will be
detailed at the conference.
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IV. Contribution to other studies related to the scientific scope
of the thesis: Publications
1. Pockmark formation and evolution in deep water Nigeria: Rapid
hydrate growth versus slow hydrate dissolution.
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2. Trace element behavior at cold seeps and the potential export of
dissolved iron to the ocean
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3. Gas hydrate distributions in sediments of pockmarks from the Nigerian
margin - Results and interpretation from shallow drilling
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2. Isotopic analysis of methane by Cavity Ringdown Spectroscopy (CRDS):
Application to the Deep-sea Congolobe Fan.
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4. Measuring the stable-carbon isotopic composition of methane (δ 13CCH4) at sea: A key parameter for cold-seep sampling strategy?
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Résumé
Cette étude doctorale a consisté à décrire la dynamique géochimique de deux pockmarks à
hydrates de gaz de la marge africaine en considérant deux approches différentes.
La première zone d’étude, appelée Preowei, est située au large du σigéria. Elle est
caractérisée par un grand nombre de pockmarks de tailles différentes, plus ou moins proche
les uns des autres. Les analyses géochimiques des échantillons de fluides interstitiels,
combinées aux données géophysiques (séismiques) ont permis de mieux comprendre le
schéma de migration des hydrocarbures pour un ensemble composé de quatre pockmarks très
rapprochés. L’utilisation de ces données géochimiques dans un modèle de transport- réaction
a conduit à une datation de plusieurs séquences de libération de gaz au sein de ces structures.
Un schéma conceptuel décrivant les processus de formation et d’évolution temporelle des
pockmarks a été proposé pour synthétiser les conclusions obtenues. Finalement, cette étude a
montré que l’ensemble des pockmarks étudiés sont actifs depuis 2700 ans, qu’ils sont en
phase de formation d’hydrates pour certains, et de carbonates pour d’autres.
La deuxième structure étudiée est le pockmark Regab. Il est situé au large du Gabon, au nord
du canyon sous-marin alimenté par le fleuve Congo. Il est caractérisé par la présence
d’hydrates affleurant et une faune abondante et très variée sur toute sa surface. L’originalité
de ce travail a été d’étudier la distribution de la mégafaune présente sur ce pockmark en
fonction de la nature des fluides qui migrent dans le sédiment superficiel, et qui est libérés
dans la colonne d’eau. Une attention particulière a été portée au méthane car c’est un élément
central dans le cycle énergétique des microorganismes qui vivent en symbiose avec cette
mégafaune. Trois nouveaux habitats ont été étudiés. Les données obtenues, associées à celle
de la littérature ouverte, renforcent les conclusions des travaux antérieurs. Les Mytilidés ont
besoin de très fortes concentrations de méthane pour se développer. Elles colonisent les zones
de sortie de bulles et celle caractérisées par des hydrates affleurants. Les tapis bactériens sont
associés à des zones où l’oxydation anaérobique du méthane se déroule dans le sédiment
superficiel, avec une méthanogenèse dans la couche sous-jacente. Les Vésicomydé polychètes
vivent dans des zones pauvres en méthane et sont très sensibles à sa variation de
concentration.

Abstract
The present work describes the dynamics of two pockmark areas, off West Africa. The
intention is to propose two different approaches to study the relationships between fluid
migration and pockmarks.
The first investigated area corresponds to a pockmark cluster called Preowei, located off
Nigeria. Geochemical analyses and modeling were combined with seismic data to detail the
hydrocarbon migration pattern at this area, with implication on both the pockmark formation
and the evolution of their morphology. The proposed interpretation seeks to identify the
conceptual bases of pockmark evolution over time at this area. It is argued that the cluster has
been active for at least 2700 years, and it is still at the stage of hydrate formation for some
pockmarks and carbonate formation for other.
The second investigated pockmark, called Regab, is located off Gabon. It is a giant pockmark
of 800-m diameter, characterized by an ecosystem rich in fauna, with a large variety of living
species. The main core of the work done on this pockmark was focused on finding a link
between the fluid chemistry and the spatial distribution of the living communities which
populate it. This was achieved by combining new geochemical and bathymetric results with a
well-compiled dataset from the literature.

