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Abstract :

A joint research expedition between the French IFREMER and the German MARUM was conducted in
2011 using the R/V Pourquoi pas? to study gas hydrate distributions in a pockmark field (1141 — 1199
meters below sea surface) at the continental margin of Nigeria. The sea floor drill rig MeBo of MARUM
was used to recover sediments as deep as 56.74 meters below seafloor. The presence of gas hydrates
in specific core sections was deduced from temperature anomalies recorded during continuous records
of infrared thermal scanning and anomalies in pore water chloride concentrations. In situ sediment
temperature measurements showed elevated geothermal gradients of up to 258 °C/km in the center of
the so-called pockmark A which is up to 4.6 times higher than that in the background sediment
(72 °C/km). The gas hydrate distribution and thermal regime in the pockmark are largely controlled by
the intensity, periodicity and direction of fluid flow. The joint interaction between fluid flow, gas hydrate
formation and dissolution, and the thermal regime governs pockmark formation and evolution on the
Nigerian continental margin.
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1. Introduction

Podmarks are circular to elongated seafloor depressitmshvare often associated with
fluid flow from the subsurface (Judd and Hovland, 20&)bmarine pockmarks with
various sizes, shapes and state of activity have beeatywidcovered at different water
depths (e.g. Binz et al.,, 2003; Chen et al.,, 2010; Daoncetr al., 2011; Pilcher and
Argent, 2007; Pinet et al., 2010; Sahling et al., 2008; & al., 2011; Ussler et al., 2003).
In addition, buried paleo-pockmarks found during seismestigations were proposed

to be associated with periodic fluid flow activity in thast (Andresen et al., 2008).

Depending on the local geological conditions, several am@sims have been suggested
to explain the process of pockmark formation. Researd¢badsto agree that pockmarks
are directly or indirectly caused by upward fluid flowrfr the deep subsurface, through
moderate to violent processes (Chand et al., 2012; Galy, @006a; Gay et al., 2006b;
Hartwig et al., 2012; Moss et al., 2012; Paull et &0& Riboulot et al., 2013; Rise et al.,
1999). In particular on continental margins, methanesaterated in upward migrating
fluids reacts under high pressure and low temperatureaitoss sediment to form solid
gas hydrate (Matsumoto et al., 2011; Sloan and Koh, 20W0i#) structural properties of
gas hydrate, like its fabric, and the hydrate saturationthe sediment, are largely
controlled by the intensity and distribution of fluid flaand by the sediment properties,
including permeability and strength (Abegg et al., 200Mdreover, fluid migration
patterns are changed by pore space blocking caused lhyd@te formation (Bangs et
al., 2011; Riedel et al., 2006). The interaction betwked flow, gas hydrates and host

sediment increases the complexity of the pockmark sysiediis of significant
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importance when studying the formation and evolution of deep-water pockmark located

in the gas hydrate stability zone (GHSZ).

Sultan et al. (2010) proposed an initial model for threnfdion of individual pockmarks
on the Nigerian continental margin. Based on gas hydrade§s in shallow sediments
and numerical modeling of the dynamic response of tlsehgdrate to changes in gas
concentrations underneath the gas hydrate occurrence (&H©Z), gas hydrate
formation and dissolution was suggested to be the majoratdor the evolution of these
pockmarks. In order to gain further insight, a joint egsk expedition (Guineco-MeBo0)
between the French IFREMER and the German MARUM with thé Fourquoi pas?
and the portable sea floor drill-rig MeBo was conducte@d11. The major objective of
the expedition was to reveal gas hydrate distributionsven deeper sediments, which

eluded sampling with common sampling techniques (e.q,pton cores) before.

In this study, gas hydrate distributions in sedimentsselected pockmarks were
determined using infrared (IR) thermal scanning of dorers and pore water chloride
analysis. Furthermore, the impact of fluid flow and ggdrate formation/dissolution on

controlling the geothermal regime and evolution of thekpaarks is discussed.

2. Geological settings

Our gudy area is a pockmark field located within the GafliGuinea on the continental
margin offshore Nigeria (Fig. 1). This continental maiginndergoing slow deformation
by gravity tectonism that initiated in response to bodipjd seaward progradation and

loading huge amount of sediment (Damuth, 1994). Damu®4{ldistinguished this area



83 into three subareas based on the structural styles: 1) an upper extensional zone, 2) an
84 intermediate translational zone, and 3) a lower compraasipone. The pockmark field
85 studied in this paper is located in the translational zameh is characterized by diapirs
86 underneath. Examples of seismic recordings of shale sliapthis area can be found in

87 Damuth (1994) and Cohen and McClay (1996).

88 The Nigerian continental margin is an active fluid flinreaaas indicated from various
89 seafloor features, such as pockmarks, mud volcanoeshyhstes and carbonate
90 concretions (Bayon et al., 2007; Brooks et al., 2000; &ra000; Hovland et al., 1997).
91 Formation of such authigenic carbonates is typically aifieidh to the anaerobic methane
92 oxidation (AOM; Ritger 1987). Pronounced bottom simulatirgflectors (BSR),

93 demonstrating the boundary between the base of the Ghtb#feee gas underneath, were
94  reported (Cunningham and Lindholm, 2000). Such BSRs itelitee presence of gas
95 hydrates related to high methane flux towards shallownmssds caused by fluid

96 migration (Hovland et al., 1997). In addition, gas chiggn®und in the subsurface were
97 proposed to serve as pathways for fast hydrocarbon migrhagioveen reservoirs and the

98 seafloor (Heggland, 2003).

99 The pockmark field, comprising the pockmarks A and C stutierein, lies at water
100 depths between 1141 and 1199 m. Pockmark A (Fig. 1C}ligtetly NE-SW elongated
101 seafloor feature with a hummocky topography in the cerfbe hummocky area
102 corresponds to high multibeam backscatter (George andiu@a2007) which may
103 indicate the occurrence of shallow gas hydrates, freeagd&r authigenic carbonates

104 (Carson et al., 1994). Pockmark C (Fig. 1D) is a pockmhréter composed of at least
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three pockmarks (C1 — C3). Shallow gas hydrates were found widely in this pockmark
field which might contribute to the formation of the poekks (Sultan et al., 2010).
Authigenic carbonates were also recovered from differepths in these pockmarks

(Sultan et al., 2010).

3. Material and methods

3.1 MeBodrilling

The mobile drilling system MeBo (Freudenthal and Wefé12) was deployed from the
R/V ‘Pourquoi pas?'to dill 12 cores of up to 56.74 m in length in the pockmark field
between 1141 and 1199 m water depth (Fig. 1; Table ¥gnSdrill sites were located in
and around pockmark A (Fig. 1C), with five sites in thetad part (GMMBO06, 07, 08,
10 and 11) and two in the periphery (GMMBO03 and 12). Twilh sites (GMMBO01 and
02) were located outside (NW) pockmark A. Further threk sites (Fig. 1D) were
located in pockmark C1 (GMMBO04), pockmark C2 (GMMBO05)J &E of pockmark C2

(GMMBO09), respectively.

3.2 Infrared thermal imaging of MeBo cores

Infrared (IR) temperature profiles of the 2.52 m-long Mef®re liners were obtained for
10 drill sites in order to document the gas hydrate digtabun the MeBo cores. Images
for GMMB10 were not interpreted due to their low qualitizeTcore liners were removed
from the core barrels immediately after recovery on défler a quick cleaning of the

liner surfaces, pictures were taken with an IR cameraraCam SC 640 camera, FLIR
Systems) for documenting temperature variations. Thedatyre measurements of the

6
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IR system ranged from —40 °C to + 120 °C and the precision of the camera was 0.1 °C at
30 °C with the accuracy of +2 °C. Each thermal scan axvapproximately 60 cm depth
range of the core. Five to six pictures including a spatiarlap of about 10 cm were

taken from each liner in less than one minute.

For an individual drilling station, all IR images werarbined in one figure to display
the temperature distribution for the entire core surfabe.raw data were converted and
exported as bitmap format using the ThermaCAM™ Reseakrttdessional software.
The bitmap files were processed using commercially avaigalghical software. All IR
images were merged consecutively, considering distincbhabld spots as reference
points. Temperatures along the central axis of the ceere extracted from the IR
images to obtain temperature logs (Fig. 2). Surface tetyes of core liners containing
sediment devoid of gas hydrates were considered as backbtemperature. At each
drilling station, background temperatures varied sligftfy 1-2 °C) between individual
liners due to differenin situ sediment temperatures and/or slightly different times
required for individual liner handling (equilibration witmbient temperature ef30 °C

on ship’s deck). Thus, the specific background temperatias assigned to each core

liner individually.

The difference between liner surface temperature andgbmaokd temperatureAT) was
calculated to interpret the content of the cores. Inrai@ebtain a better visualization
and to minimize the artifacts for further analysis, omhomalies with AT >+1°C were
considered as voids in the liner and <-2 °C were considered to represent hydrate-

bearing sediment, as hydrate dissociation is an endothprotess.
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3.3 Porewater chloride and sulfate analysis

Porewater was extracted using Rhizon samplers (Seelegygt&ldt et al., 2005), which

consists of a thin tube made up with hydrophilic poroolgrper with pore diameters of
approximate 0.2 um. The Rhizon samplers were pushedhatsediment through holes
drilled through the plastic liners. 10 or 20 ml plasticireyes were connected to the
sampler to create a vacuum and collect the pore waténadied pore water was split,
prepared for various analyses, and stored in the redtiyeor reefer. Sulfate and chloride
concentrations were measured on-board by using ion ctwgraphy (861 Advanced

Compact IC, 837 IC Eluent Degasser, and Advanced Sanmgutesor by Metrohm).

For several MeBo stations, seawater-derived sulfate irctdéle concentrations was not
only found in near-surface sediments but also in deeperslaThis was unexpected
because sulfate is typically depleted below the sulfatitane interface (SMI) due to
AOM. Moreover, since measured sulfate concentrationswbdltee SMI scattered
considerably, we assumed that the presence of sulfatese tore sections were artifacts
caused during the core drilling/handling procedure. Tthegeconcentrations of chloride
were re-calculated assuming the absence of sulfate bedo8Mh This procedure caused
changes in absolute chloride concentrations of <20% Wattafl trends in chloride

profiles insignificantly.

3.4 In situ temper atur e measurements

In-situ temperature measurements were conducted in pokk&aising autonomous

miniaturized temperature loggers (MTLs) from ANTARES Datstem GmbH
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(Germany), which have already been used successfully during previousstudies (Romer et
al., 2012; Feseker et al., 2009; Pape et al., 2011).tEimperature sensors were mounted
on outriggers attached to the cutting barrel of a 6 m-lgrayity corer according to
Feseker et al. (2009). Distances between the loggersid@@rem and the logging time
interval was set to 5 sec. For each deployment, thetgresrer was held 50 meters
above the seafloor for three to four minutes to meadwewater temperature for
calibration purposes of each MTL. Based on these measuterthe standard deviation
of the five loggers was calculated to be smaller tha@8)°C (Table 2). At each station,
the loggers were left in the sediment for about 15 min{iigs 5) after penetration of the
gravity corer to adjust to the sediment temperature.ablselute penetration depths could
be estimated from mud smear on the gravity corers or ercdble. By using linear
regression individual temperatures recorded with the Mahd assumed penetration

depths were used to calculate the site-specific geothgraients.

4, Results

MeBowas deployed 12 times in total during the entireseruDepending on the lithology

as well as on gas and gas hydrate contents, the recafvigy drill cores ranged between
60% and 94% with a mean of 81%. The cores comprised hemoag hemipelagic dark

greyish clay with sporadic authigenic carbonate concretiBistinct depth-changes or
lateral variations of sediment grain sizes were not obderSediments with elevated
water content, which was attributed to ex situ gas hgditessociation, were observed at
different depths without regularity. No relation betwegas hydrate distributions and

sediment grain sizes became obvious.
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4.1 Infrared thermal imaging

Infrared (IR) temperature profiles of core liners weralglsshed for most of the drill sites.
The only exceptions were station GMMB01 and GMMBO02 outsidgockmark A since
indications for the presence of gas hydrates in sedinvath@ the penetration depth
(53.3 meters below seafloor (mbsf)) at these drill sitee vnissing in seismic profiles
(Sultan et al., 2010). The assumption of the gas hydasgence in these sediments was

confirmed by the subsequent pore water chloride profibeg Chapter 4.2).

Comparison of IR images with lithological core descripgi@nd high-resolution core
photographs showed that thermal regimes of the MeBo eares mainly determined by
the core contents. This is exemplary shown for core GM&I@0g. 2). Since the situ
temperature of sediment (~4.5 °C) was significantly lothan that of the upper water
column (up to ~28 °C) and the atmosphere (~30 °C), tressamere continuously warmed
up during the core recovery and handling on deck. Lifiked with sediment exhibited
intermediate temperatures of 23-25 °C (Fig. 2A), depenaiaigly on the duration they
were exposed to the water column and air before beingeidhd& hese temperatures were

considered as background.

Cores containing dissociating gas hydrates yielded pramineld anomalies since
hydrate dissociation happening during core recovery amllimg is an endothermic
process. The temperature decrease is mainly influencatiebyolume of gas hydrate
pieces and the decomposition speed. The extent of colgetatare zones reflects in
many ways the fabric of gas hydrates in the liners. Diss#ed gas hydrates are prone

to dissociation in a relatively short time. After a vehort time of dissociation-induced
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cooling which occurs relatively homogenously throughout a respective core section
tempeature re-increases. Because of the relatively smauat of water released during
decomposition of disseminated hydrates, residual sediréets show a moussy fabric
(Weinberger et al., 2005) and exhibit moderate negafivef -3 °C to —4 °C (Fig. 2B).

In contrast, nodular gas hydrates, massive hydrate slayehydrate-filled fractures
usually occurring in distinct intervals reveal strongegativeAT of up to —10 °C (Fig.

2C). Decomposition of such hydrate fabrics principallyetakiuch longer time than that

of disseminated hydrates because of both, their compasatdller surface area and the
resulting higher efficiency of the self-preservation effgSloan and Koh, 2007). During
decomposition of nodular/massive hydrates the residuameatl might become very

soupy because of the high volume of hydrate water released

Voids or gaps defined as empty intervals in the lineesodiren due to gas expansion.
They are typically represented by positix& of +2 °C to +4 °C (Fig. 2A and 2C)
because the effective heat capacity of the gas/air filked strongly differs from that of
sediments and the temperature gets into equilibrium wittathigent air rapidly. Voids
within gas hydrate-bearing sediments (Fig. 2C) are gwtkday gas expansion likely
caused by gas release from hydrate dissociation. In sgnt@ids within non-hydrate
sediment (Fig. 2A), are likely caused by methane relzagethe dissolved phase due to
the pressure drop during core recovery. High-temperapathes with absolute

temperatures of more than 30 °C as shown in Fig. 2A@eeh@andling artifacts.

Since the IR thermal patterns of the cores are mainlyrated by their contents, they

were classified into four groups (Fig. 3).
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| R-temperature pattern 1: Sediment without gas hydrates

Homaogenous hemipelagic sediment was represented by mederaperatures of 23—
25 °C (Fig. 2A). It was present in the top few meterslbfcores (from 1.2 mbsf in
GMMB11 to 38.5 mbsfin GMMBO09). It also occurred at thétdwm of some cores below
the gas hydrate occurrence zone (GHOZ), including GMMEBEMB05, GMMBO08

and GMMB12 (Fig. 3).

I R-temperature pattern 2: Sediment with gas hydrate

Gas hydrate-bearing sediments showed relatively low teatyes (less than ~22 °C) of
the liner surface (Fig. 2B and 2C). Associated voidsesprted by positivAT were also
observed. Since the voids are mainly caused by gas eapahsing hydrate dissociation,

which pushes the sediments apart, void intervals werediedlin pattern 2 as well.

I R-temperature pattern 3: High gas concentration

This temperature pattern was defined for core sectidfisralative moderate temperature
between 23 and 25 °C, separated by distinct voids repessdoy slightly warmer

temperatures of ~27 °C. In some gas hydrate-free sedimenvals, cm-scaled voids
appeared in a dense pattern and revealed poafiven the IR images (e.g. 30.0-38.5
mbsf in core GMMBO09; Fig. 3). Formation of voids is atttdémli to the expansion of

methane gas excluded from the dissolved phase due &sdapeation.

IR-temperature pattern 4: Intervals of unidentified liner content

12
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Large unfilled sections adjacent to gas hydrate-bearing sediment were occasionally
obseved, for example in GMMB0O7 and GMMB11 (Fig. 3). Howee, it remained
unclear whether gas hydrates were present in these sqmtion® IR imaging. Thus, we

defined these core sections as intervals of unidentified content.

4.2 Pore water chloride concentrations

Chloride concentrations in pore waters of 12 MeBo coresewneasured to study vertical
gas hydrate distributions and to compare the results thitbe obtained by IR thermal
scanning (Fig. 3). Chloride concentrations in bottom vgatezre around 550 mM and
were also measured in near-surface sediments. With smegedepth, Clconcentrations
showed a slightly decreasing trend in some cores su@ividB08 and GMMBO03. By
considering Cl = 550 mM as background, discrete positive and negative
concentrationanomalies were identified in the cores. tdeganomalies, with minimum
concentrations of 213.1 mM at 38.83 mbsf in core GMMB@@ye found widely
distributed in gas hydrate-bearing sediments. These earged by the dilution of pore
water by CHree water which is released by hydrate dissociation during core recovery
(Torres et al., 2004a; Tréhu et al., 2004). Discrete igesitl anomalies, of up to 1059.7
mM, in contrast are proposed to be associated with fadtatey formation. During
formation of gas hydrates ions are excluded from thedtgdattice, which results in an
increases in pore water chloride concentrations (Totrak,&011; Torres et al., 2004b).

In previous studies it was observed that for chloridek bdifusion to background
concentrations takes a comparably long time (Haeckdl,e2G04). Therefore, positive

anomalies existingn situ can still be detected by conventional pore water analysis in case
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quick sampling prevents pore water dilution by fresh water from dissociating hydrates.
Sincethe pore water samples were taken immediately bdfer massive hydrates were
totally decomposed, the elevated chloride concentratioma proxy for relatively recent

hydrate formation in sediments of the pockmarks.

4.3 Regional and depth variationsin gas hydrate distributions

Both proxies, IR imaging and pore water chloride concéotraprofiling, revealed
similar gas hydrate down core distributions and onlystone small intervals results from
both methods did not correlate (Table 1). Hydrates irkipack A were present in the
central part at much shallower depth compared to the heaip(Fig. 3, Table 1).
Temperature anomalies captured by the IR images indidaaedhe top of the GHOZ in
the central part (GMMB06, GMMB07, GMMB08 and GMMB11) rasgrom 2.3 mbsf
(GMMBO08) to 6.5 mbsf (GMMB11), whereas chloride anomaliesealed hydrate
presence from 1.2 mbsf (GMMB11l) to 4.4 mbsf (GMMB210).ripteeral cores
(GMMBO03 and GMMB12) showed down core gas hydrate preskoge6.9 to 7.6 mbsf
by using IR imaging and 6.1 to 6.7 mbsf based on chlenenalies (Fig. 3). These data
sets substantiate a very shallow top of the GHOZ in tlo&rpark center which deepens
towards its rim as already suggested by Sultan (201®orie@ GMMBO0S8, taken in the
NW central part of pockmark A, the down core gas hydrestilolition was indicated by
IR imaging down to 26.4 mbsf and by the chloride proxwmdo 24.1 mbsf. In cores
GMMBO03 and GMMB12 taken at the periphery of pockmark &s ydrate occurrences

were present from about 7 mbsf down to about 17 mbstf.
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In pockmarks C1 and C2, the top of the GHOZ was determined to be positioned between
5.9 mbsf and 10.3 mbsf using IR imaging proxy, and 5.3frdnd 8.5 mbsf using
chloride anomalies (Fig. 3). Outside pockmark C2, coreMB@9 showed the deepest
gas hydrate occurrence of all MeBo cores from about B®& down to its maximum

penetration depth of 43.6 mbsf (Fig. 3).

4.4 In situ sediment temperatures

In dsitu temperature measurements conducted at ten statigguckmark A using MTLs
showed slight variations in water temperatures rangihgesn 4.45 and 4.53 °C (Fig. 4,
Table 2). For then situ sediment temperature measurements most geothermal gradients
showed linear or sub-linear slopes. The thermal graditattleshed at station GMGCT22,
which was performed outside pockmark A and is considasedeference station, was
about 72 °C/km. Similar thermal gradients ranging betw&erand 79 °C/km were
determined for four other stations (GMGCT23, 24, 41 48) At a cluster of five
stations performed in the hummocky area elevated geothgradients were observed.
Slightly elevated gradients of 112 and 119 °C/km weresorea at stations GMGCT46
and -47, respectively. At stations GMGCT44, -45 and td48,gradients were 198 and
330 °C/km, which is 2.8 and 4.6 times higher than thdign at the background station,
respectively. At station GMGCT40 a considerably elevatetpézature deviating from
the general trend established by the other MTLs was meghsuith TL-2 at a sediment

depth of about 2 mbsf (Fig. 4).
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5. Discussion

5.1 Thermal regime of pockmark A

The geothermal gradient in the central part of pockmanwas significantly higher than
the local background gradient (Fig. 4). Elevated tentpe¥s in marine sediments caused
by fluid flow have been widely reported from active mudcanoes (e.g. Feseker et al.,
2008; 2009a;b; Foucher et al., 2010) and other marinetgpes (Romer et al., 2012). At
pockmark A studied herein indications for mud flow activisesh as mud breccia (Kopf,
2002) have not been found. However, free gas ebullitiserwied above the central part
of pockmark A during the expedition (for location seet&ulet al., 2014) proves fluid
upward migration at this structure. Thus, the temperatesation in shallow sediment is

likely caused by fluid advection.

It is worth noting that none of our measured geothernafilgs is strictly linear. We
assume that besides the influence from heat convectidnced by fluid flow,
precipitation of gas hydrates in pore space contributesgalbpa to this phenomenon.
Several physical bulk sediment properties (i.e. thernmaidactivity, heat capacity,
density) are altered by gas hydrate precipitation inpitve space. In particular, gas
hydrate formation is an exothermic reaction and heataased when hydrate crystallizes
(Sloan and Koh, 2007; Waite et al., 2007). Waite eR8I0T) pointed out that the thermal
diffusivity of sediment with 60% porosity and 40% gas Hayel saturation increases by
20% compared to that of non-hydrate-bearing sedimentg@bdydrate saturation in the
studied pockmarks is not quantified yet. Neverthelesscoviservatively estimate that

gas hydrate saturations in specific sediment depthstdexneed 40% and that deviations

16



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

of absolute temperatures caused by hydrates are <20% with respect to a hypothetical

linear thermal gradient throughout the sediment.

At station GMGCT40 (Fig. 4) an exceptionally high tempsewas measured with TL-
2 if compared to the other temperature loggers mountéowband above. This
phenomenon was also observed at a high-flux seep atka Black Sea (Rémer et al.,
2012). Fig. 5 shows the continuous temperature change twith recorded with the
loggers during stations GMGCT40 and 41 when the corenbibeen lifted out of the
water. It becomes obvious that at station GMGCT40 thelatestemperature measured
with TL-2 was generally highest and that the temperatlope reversed after a while.
Temperatures determined with TL-1, -3, and -4 were |laver reached equilibrium in
contrast to that of TL-2. During station GMGCT41 absoltémperatures changed
according to the expected order which corresponded tarthegement of loggers at the

gravity corer.

The temperature difference between TL-1 and TL-2 is@O T2 which is two orders of
magnitude higher than the logger accuracy (see Tabl&éhejs, we conclude that the
temperature measured with TL-2 was neither noise noredabg wrong operation.
However, if we ignore the temperature measured with Tte@peratures determined
with the other three loggers show a linear regression avithope similar to those of

GMGCT44 (198°C/km) and GMGCT45 (258°C/km) (see Fig. 4).

The exceptionally high temperature recorded at about <t atbstation GMGCT40 can
not be explained by vertical fluid advection and/or seditrthermal properties changed

by hydrate formation. It is obvious that additional heats generated at the depth

17



361 between TL-1 and TL-3. In a 3D complex pockmark, spatially restricted temperature
362 elevdions might be caused by lateral heat advection filaid flow along fractures or
363 fast gas hydrate formation. Gas hydrate formation anddé&sn are exothermic and
364 endothermic processes, respectively, which subsequerghgehthe thermal regime of
365 pockmarks (Chen and Cathles, 2005). During the cruesehgdrate with bubble fabric,
366 which is an indication of fast gas hydrate crystallizatipom methane bubbles
367 (Bohrmann et al., 1998), was sampled with gravity cof#sce gas hydrate occurs
368 widely in the center of pockmark A, its crystallizatiooutd release significant amounts
369 of heat (Chen and Cathles, 2005). Although we did nobduarinvestigate the amount of
370 freshly formed hydrate required to induce the relativeptmature increase observed, we
371 speculate that TL-2 might have intersected with a fradtunehich either gas hydrate

372 precipitated rapidly and/or fluid flowed happened facilitgtisteral heat convection.

373 Because gas hydrates are sensitive to temperature vasiétiq. Feseker et al., 2009b;
374 Pape et al.,, 2011; Rémer et al., 2012; Berndt et al4)2thermal variations in the
375 sediment impact gas hydrate distributions. At active setgmperature elevation in
376 shallow sediments due to fluid advection lift the basthefGHSZ (e.g. Ginsburg et al.,
377 1999; Romer et al., 2012). Considering the maximum (25&mM) and minimum

378 (72 °C/km) geothermal gradients determined in this siIdble 2), the base of the
379 GHSZ under pockmark A should be situated between 35 amos130 mbsf, respectively
380 (Fig. 6). Since high thermal gradients were detected iondy restricted area NW of the
381 geometrical center of the pockmark, we assume that didtmcperature elevations

382 caused by fluid advection influence the GHSZ only on allsscale. In the water column,
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the top of the GHSZ is estimated to be at 587 mbsl which is consistent with the maximum

height of gas flares observed above pockmark A duringihise (Sultan et al., 2014).

5.2 Gas hydrate and fluid flow

Resultsfrom IR scanning and pore water chloride con@tioin analysis of the MeBo
cores as well as recoveries substantiate gas hydraenpeas shallow (meters to tens of
meters depth) sediments of the three studied pockmankssl shown that shallow gas
hydrates at active marine seeps primarily form from @& (Haeckel et al., 2004; Rémer
et al., 2012; Sahling et al., 2008; Torres et al., 200dddjmann et al., 2006). Gas flares
observed above pockmark A during the survey in 2011 iseetcevidence of gas flow
through the sediment (Sultan et al., 2014). Thereforeassame that gas hydrates in the
studied pockmarks are mainly formed from the free gasehBree gas captured in
pockets within the GHOZ might contribute to the high amgétueflectors observed in
seismic records from that area (Figs .7). In particaastation GMMBO04 in pockmark
C1 showed vigorous gas expulsion during drilling at ~I&fimnwhich corresponds to

distinct high amplitude reflectors (Fig. 7B) (Sultan et 2014).

Free gas can migrate along fractures and gas hydrag@eeipitate along fracture walls
(Torres et al., 2004b; Flemings et al., 2003) where fluessure and crystallization
forces are less than the effective overburden stressade free methane-rich gas
migrates upward into shallow sediment, where fluid pressuind crystallization force
exceed the effective overburden stress, it spreads dbeipore space and reacts with
water, forming gas hydrate (Torres et al., 2004b). Tesumption is supported by our

observation of gas hydrates present within the uppem~&dgs. 2, 3, 7). Because the
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maximum depth of the GHSZ at pockmark A is situated at around 130 mbsf (geothermal
gradent: 72 °C/km; Table 2; Fig. 6), we might assume tjeg hydrate also forms at

greater depth.

However, gas flow in a seep system is not under steatdy(8angs et al., 2011; Chand
et al., 2012; Gay et al., 2006b; Greinert et al., 208%) pressure drop in deep gas
reservoirs (Bangs et al., 2011) and/or sealing of pathvimy gas hydrate formation
(Riedel et al., 2006) might result in a decrease, or egase of gas flow. Thus, although
no gas flares were recognized at pockmark C1 and C2 dthisgexpedition, gas

hydrates in these two pockmarks likely formed from aaj@e flow in the recent past.

Upward gas migration stimulates the anaerobic methanatmad(AOM) mediated by
methanotrophic archaea and sulfate reducing bacteriaamsneface sediments (Hoehler
et al., 1994; Boetius et al., 2000), and the resultingpeaducts, such as hydrogen sulfide,
nourish a chemosynthesis-based ecosystem (Sahling 20@8). During our expedition
living vesicomyid clams, which rely on sulfide oxidatiowere recovered from the
seafloor in the studied area, indicating a living chemthstic ecosystem. However, as
mentioned above, gas flow at a seep system is a tramsmedss. Bangs et al. (2011)
pointed out that methane gas flow for a vent at SoutHgdrate Ridge has undergone
significant reduction or complete interruption within justfew years, whereas the
associated ecosystem has persisted for thousands of Ya&sobservation raises the
qguestion, how the chemosynthesis-based species surviveg gieriods of reduced gas
flow. In a gas hydrate setting methane diffuses continydresn the shallow gas hydrate

reservoir towards the methane-depleted sea water andhsu&@M. This is consistent
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with the assumption of Sultan et al. (2010) that many gas hydrate reservoirs in the study
areaare currently undergoing dissolution due to insuffitimethane supply from greater
depth. Similar conclusions of chemosynthetic-based nmaonaf presumably relying on
continuous methane supply from decomposing hydrates akeyady proposed for seep
systems in other regions (e.g., Paull et al., 1995; Paak, 2014). Thus, we propose that

gas hydrate reservoirs in shallow sediments serve gsagita (see e.g. Dickens, 2003),

as they form rapidly during a high gas-flow phase, argfasu the seep ecosystem by

slow methane diffusion when the gas flow from below isiced.

5.3 Pockmark formation

It was initially proposed by Sultan et al. (2010) that dgsirate dissolution caused by
insufficient gas supply is the controlling factor for powark formation and evolution in
the study area. New field data suggested that pockmeriafmn is not only controlled
by slow gas hydrate dissolution but also by rapid hydmateation (Sultan et al., 2014).
Based on the data obtained from the MeBo cores in thiy,stidimproved but simple
model comprising five stages is suggested for the evolofithe pockmarks (Fig. 8) in

the studied area

Stage A: Gas migrates from a deep source. Within the GH®#&n the hydrate
crystallization force overcomes the burden of the oveglwediment, gas hydrate starts
precipitating in the shallow sediment. Gas hydrate grosbreases the pore space
availability and sediment permeability and clogs the \waits of fluid flow, which

subsequently decreases or even ceases the fluid flovp@rapst sediments. During this
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stage, there is neither a distinct morphological change on the seafloor nor gas emission

into the water column.

Stage B: In case of reduced gas flow to shallow sedimentfate can penetrate to
greater depths, which leads to a downward shift of thé Skt e.g. Borowski et al.,
1996). Methane in the shallow sediment is likely deplétezito diffusion and AOM. As

a result, gas hydrates dissolve from the top of the GH&22 Sultan et al., 2010).
Subsequently, the overlying sediment is deformed due todhene loss below and a
seafloor depression is created. This stage might explair?tine depression observed for

pockmark C2 (Figs. 1 and 7).

Stage C: Once the fluid flow is re-intensified, methané shallow hydrate repeat the
same procedure as described in Stage A. When pore measspasses a threshold value,
fractures are generated in the overlying sediment gidblemark center (e.g. observed in
pockmark A, Fig. 7) which might serve as pathways fag ffas to migrate to the seafloor.
Since these fractures form within the GHSZ, gas hydmaight accumulate along the
fracture walls which efficiently prevents the contact betwpore water and gases. Fast
gas hydrate formation will significantly increase the s@liof the surrounding pore
water due to ion exclusion and the resulting brine migbally prevent gas hydrate
formation (Ussler & Paull, 1995; Torres et al., 2011)sblee gas hydrate accumulating
in the shallow sediment expands the mass volume ancsreatvex-shaped elevations
as well as a rough seafloor, like observed close to thtercef pockmark A (Fig. 1). This
can explain the cones and hummocky structure at the saritpockmarks A and C1 (Fig.

7).
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470 Stage D: In case the methane flux is redirected towards shallow sediments in the vicinity

471 of the initial pockmark, a new pockmark might be created might repeat stages A-C.

472 Stage E: The complexity and size of a pockmark might aseresignificantly in case
473 more and more new pockmarks morphologically combine (Maat al., 2014). It might
474 be assumed that pockmark C1, which exhibits a roughhSMEseafloor expression and
475 complex seafloor morphology, is composed of several spwkmarks at different

476 stages.

477 6. Conclusion

478 Gas lydrate distributions in the sediment of three podlk®i@n the Nigerian continental
479 margin were investigated by applying infrared (IR) thdrim@aging and pore water
480 chloride and sulfate concentration measurements on cecesered with the portable
481 MeBo drill rig. In addition, tenin situ sediment temperature measurements were
482 performed to study the geothermal regime of the indivigpggkmark A. Based on the

483 temperature and chloride anomalies, the following conmhssare drawn:

484 1. Negative temperature anomalies detected by IR theaahgg as well as positive
485 and negative chloride anomalies in pore waters indicategréssence of gas hydrate in
486 shallow pockmark sediments. Distributions of gas hydoateing sediments as inferred

487 from both methods match each other.

488 2. Geothermal gradients up to 5 times higher in the cesftggockmark A than the
489 background were interpreted to result from enhancedduvaiction caused in the course

490 of fluid flow and potentially also to fast growth of daglrates.
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491 3. Recent hydrate formation is inferred from positive chloride anomalies.

492 4. Gas hydrate precipitation and dissolution caused bwénetion of fluid flow exert
493 significant impact on the formation and evolution of puoekks on the Nigerian

494  continental margin.

495

24



496

497

498

499

500

501

502

503

504

505

506

507

508

509

Acknowledgement

We thank the captain and crew BfV Pouquoi pas?for support during the Guineco-
MeBo cruise in 2011. We thank also the MeBo team fromRUMM and the staff of

IFREMER for the excellent help during the cruise. Wethemkful for the constructive
comments from C. Berndt and an anonymous reviewer whetett to improve the

manuscript significantly.

This work was partly funded through the DFG-Research @&xtellence Cluster “The
Ocean in the Earth System” MARUM — Center for Marine Emunental Sciences. A

major financial contribution came from BMBF-project 03G98.

Data used in the present paper are covered by a confidgraagreement between Total,
IFREMER and MARUM that restrict access; interested nsadan contact the authors

for more information. J. Wei was sponsored by the ChimaI&cship Council (CSC).

25



510

511
512

513
514
515

516
517
518

519
520
521

522
523
524
525

526
527
528

529
530

531
532

Referencelist

Abeq, F., Bohrmann, G., Freitag, J., and Kuhs, W., 2007, Fabric of gas hydrate in sediments from Hydrate

Ridge—results from ODP Leg 204 samples: Geo-Marine Letters, v. 27, no. 2-4, p. 269-277.

Andresen, K. J., Huuse, M., and Clausen, O. R., 2008, Morphology and distribution of Oligocene and
Miocene pockmarks in the Danish North Sea - implications for bottom current: Basin Research, v.

20, no. 3, p. 445-466.

Bangs, N. L. B., Hornbach, M. J., and Berndt, C., 2011, The mechanics of intermittent methane venting at
South Hydrate Ridge inferred from 4D seismic surveying: Earth and Planetary Science Letters, v.

310, no. 1-2, p. 105-112.

Bayon, G., Pierre, C., Etoubleau, J., Voisset, M., Cauquil, E., Marsset, T., Sultan, N., Le Drezen, E., and
Fouquet, Y., 2007, Sr/Ca and Mg/Ca ratios in Niger Delta sediments: Implications for authigenic

carbonate genesis in cold seep environments: Marine Geology, v. 241, no. 1-4, p. 93-109.

Berndt, C., Feseker, T., Treude, T., Krastel, S., Liebetrau, V., Niemann, H., Bertics, V. J., Dumke, I.,
Dunnbier, K., Ferré, B., Graves, C., Gross, F., Hissmann, K., Hithnerbach, V., Krause, S., Lieser,
K., Schauer, J., and Steinle, L., 2014, Temporal Constraints on Hydrate-Controlled Methane

Seepage off Svalbard: Science, v. 343, no. 6168, p. 284-287.

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A., Amann, R., Jorgensen,
B. B., Witte, U., and Pfannkuche, O., 2000, A marine microbial consortium apparently mediating

anaerobic oxidation of methane: Nature, v. 407, no. 6804, p. 623-626.

Bohrmann, G., Greinert, J., Suess, E., and Torres, M., 1998, Authigenic carbonates from the Cascadia

subduction zone and their relation to gas hydrate stability: Geology, v. 26, no. 7, p. 647-650.

Borowski, W.S., Paull, C.K., Ussler Ill, W., (1996) Marine pore-water sulfate profiles indicate in situ

methane flux from underlying gas hydrate. Geology, 24(7), 655-658.

26



533
534
535

536
537
538

539
540
541

542
543
544
545

546
547

548
549
550

551
552

553
554
555
556

Brooks, J. M., Bryant, W. R., Bernard, B. B., and Cameron, N. R., 2000, The Nature of Gas Hydrates on
the Nigerian Continental Slope: Annals of the New York Academy of Sciences, v. 912, no. 1, p.

76-93.

Blnz, S., Mienert, J., and Berndt, C., 2003, Geological controls on the Storegga gas-hydrate system of the
mid-Norwegian continental margin: Earth and Planetary Science Letters, v. 209, no. 34, p. 291-

307.

Carson, B., Seke, E., Paskevich, V., Holmes, M.L., (1994) Fluid expulsion sites on the Cascadia
accretionary prism: Mapping diagenetic deposits with processed GLORIA imagery. J. Geophys.

Res., 99(B6), 11959-11969.

Chand, S., Thorsnes, T., Rise, L., Brunstad, H., Stoddart, D., Bge, R., Lagstad, P., and Svolsbru, T., 2012,
Multiple episodes of fluid flow in the SW Barents Sea (Loppa High) evidenced by gas flares,
pockmarks and gas hydrate accumulation: Earth and Planetary Science Letters, v. 331-332, no. 0,

p. 305-314.

Chen, D. F., and Cathles, L. M., 2005, On the thermal impact of gas venting and hydrate crystallization:

Journal of Geophysical Research: Solid Earth, v. 110, no. B11, p. B11204.

Chen, S.-C., Hsu, S.-K., Tsai, C.-H., Ku, C.-Y., Yeh, Y.-C., and Wang, Y., 2010, Gas seepage, pockmarks
and mud volcanoes in the near shore of SW Taiwan: Marine Geophysical Researches, v. 31, no. 1-

2, p. 133-147.

Cohen, H. A., and McClay, K., 1996, Sedimentation and shale tectonics of the northwestern Niger Delta

front: Marine and Petroleum Geology, v. 13, no. 3, p. 313-328.

Cunningham, R., and Lindholm, R. M., 2000, AAPG Memoir 73, Chapter 8: Seismic Evidence for
Widespread Gas Hydrate Formation, Offshore West Africa.Damuth, J. E., 1994, Neogene gravity
tectonics and depositional processes on the deep Niger Delta continental margin: Marine and

Petroleum Geology, v. 11, no. 3, p. 320-346.

27



557
558

559
560
561

562
563
564

565
566
567

568
569
570

571
572

573
574
575
576

577
578

Dickens, G.R., (2003) Rethinking the global carbon cycle with a large, dynamic and microbially mediated

gas hydrate capacitor. Earth and Planetary Science Letters, 213(3-4), 169-183.

Dondurur, D., Cif¢i, G., Drahor, M. G., and on, S., 2011, Acoustic evidence of shallow gas
accumulations and active pockmarks in the Izmir Gulf, Aegean sea: Marine and Petroleum

Geology, v. 28, no. 8, p. 1505-1516.

Feseker, T., Dahimann, A., Foucher, J. P., and Harmegnies, F., 2009a, In-situ sediment temperature
measurements and geochemical porewater data suggest highly dynamic fluid flow at Isis mud

volcano, eastern Mediterranean Sea: Marine Geology, v. 261, no. 1-4, p. 128-137.

Feseker, T., Foucher, J. P., and Harmegnies, F., 2008, Fluid flow or mud eruptions? Sediment temperature
distributions on Hakon Mosby mud volcano, SW Barents Sea slope: Marine Geology, v. 247, no.

3-4, p. 194-207.

Feseker, T., Pape, T., Wallmann, K., Klapp, S.A., Schmidt-Schierhorn, F., Bohrmann, G., (2009b) The
thermal structure of the Dvurechenskii mud volcano and its implications for gas hydrate stability

and eruption dynamics. Marine and Petroleum Geology, 26(9), 1812-1823.

Flemings, P. B., Liu, X., and Winters, W. J., 2003, Critical pressure and multiphase flow in Blake Ridge

gas hydrates: Geology, v. 31, no. 12, p. 1057-1060.

Foucher, J.-P., Dupré, S., Scalabrin, C., Feseker, T., Harmegnies, F., and Nouzé, H., 2010, Changes in
seabed morphology, mud temperature and free gas venting at the Hakon Mosby mud volcano,
offshore northern Norway, over the time period 2003-2006: Geo-Marine Letters, v. 30, no. 3-4, p.

157-167.

Freudenthal, T., and Wefer, G., 2013, Drilling cores on the sea floor with the remote-controlled sea-floor

drilling rig MeBo: Geosci. Instrum. Method. Data Syst. Discuss., v. 3, no. 2, p. 347-369.

28



579
580
581
582

583
584
585

586
587
588

589
590
5901

592
593

594
595
596

597
598

599
600
601

Gay, A., Lopez, M., Cochonat, P., Levaché, D., Sermondadaz, G., and Seranne, M., 2006a, Evidences of
early to late fluid migration from an upper Miocene turbiditic channel revealed by 3D seismic
coupled to geochemical sampling within seafloor pockmarks, Lower Congo Basin: Marine and

Petroleum Geology, v. 23, no. 3, p. 387-399.

Gay, A., Lopez, M., Ondreas, H., Charlou, J. L., Sermondadaz, G., and Cochonat, P., 2006b, Seafloor
facies related to upward methane flux within a Giant Pockmark of the Lower Congo Basin: Marine

Geology, v. 226, no. 1-2, p. 81-95.

George, R. A., and Cauquil, E., AUV Ultrahigh-Resolution 3D Seismic Technique for Detailed Subsurface
Investigations,in Proceedings Offshore Technology Conference2007, Offshore Technology

Conference.

Ginsburg, G. D., Milkov, A. V., Soloviev, V. A., Egorov, A. V., Cherkashev, G. A., Vogt, P. R., Crane, K.,
Lorenson, T. D., and Khutorskoy, M. D., 1999, Gas hydrate accumulation at the Hakon Mosby

Mud Volcano: Geo-Marine Letters, v. 19, no. 1-2, p. 57-67.

Graue, K., 2000, Mud volcanoes in deepwater Nigeria: Marine and Petroleum Geology, v. 17, no. 8, p. 959-

974.

Greinert, J., Artemov, Y., Egorov, V., De Batist, M., and McGinnis, D., 2006, 1300-m-high rising bubbles
from mud volcanoes at 2080m in the Black Sea: Hydroacoustic characteristics and temporal

variability: Earth and Planetary Science Letters, v. 244, no. 1-2, p. 1-15.

Haeckel, M., Suess, E., Wallmann, K., and Rickert, D., 2004, Rising methane gas bubbles form massive

hydrate layers at the seafloor: Geochimica et Cosmochimica Acta, v. 68, no. 21, p. 4335-4345.

Hartwig, A., Anka, Z., and di Primio, R., 2012, Evidence of a widespread paleo-pockmarked field in the
Orange Basin: An indication of an early Eocene massive fluid escape event offshore South Africa:

Marine Geology, v. 332-334, p. 222-234.

29



602
603

604
605
606

607
608
609

610
611

612

613
614

615
616
617

618
619
620

621
622

Heggland, R., Vertical hydrocarbon migration at the Nigerian continental slope: applications of seismic

mapping technique# Praceedings AAPG Annual Meeting, Salt Lake City, May2003, p. 11-14.

Hoehler, T.M., Alperin, M.J., Albert, D.B., Martens, C.S., (1994) Field and laboratory studies of methane
oxidation in an anoxic marine sediment: Evidence for a methanogen-sulfate reducer consortium.

Global Biogeochemical Cycles, 8(4), 451-463.

Hovland, M., Gallagher, J. W., Clennell, M. B., and Lekvam, K., 1997, Gas hydrate and free gas volumes
in marine sediments: Example from the Niger Delta front: Marine and Petroleum Geology, v. 14,

no. 3, p. 245-255.

Judd, A. A. G., and Hovland, M., 2007, Seabed fluid flow: the impact of geology, biology and the marine

environment, Cambridge University Press.

Kopf, A. J., 2002, Significance of mud volcanism: Reviews of Geophysics, v. 40, no. 2, p. 1005.

Marcon, Y., Ondréas, H., Sahling, H., Bohrmann, G., and Olu, K., 2014, Fluid flow regimes and growth of

a giant pockmark: Geology, v. 42, no. 1, p. 63-66.

Masoudi, R., Tohidi, B., (2005) Estimating the hydrate stability zone in the presence of salts and/or organic
inhibitors using water partial pressure. Journal of Petroleum Science and Engineering, 46(1-2), 23-

36.

Matsumoto, R., Ryu, B.-J., Lee, S.-R., Lin, S., Wu, S., Sain, K., Pecher, I., and Riedel, M., 2011,
Occurrence and exploration of gas hydrate in the marginal seas and continental margin of the Asia

and Oceania region: Marine and Petroleum Geology, v. 28, no. 10, p. 1751-1767.

Moss, J. L., Cartwright, J., and Moore, R., 2012, Evidence for fluid migration following pockmark

formation: Examples from the Nile Deep Sea Fan: Marine Geology, v. 303-306, p. 1-13.

30



623
624
625

626
627
628

629
630

631
632
633

634
635

636
637

638
639
640
641

642
643
644

Pape, T., Feseker, T., Kasten, S., Fischer, D., Bohrmann, G., (2011) Distribution and abundance of gas
hydrates in near-surface deposits of the Hakon Mosby Mud Volcano, SW Barents Sea.

Geochemistry, Geophysics, Geosystems, 12(9), Q09009.

Pape, T., Geprags, P., Hammerschmidt, S., Wintersteller, P., Wei, J., Fleischmann, T., Bohrmann, G., Kopf,
A.J., (2014) Hydrocarbon seepage and its sources at mud volcanoes of the Kumano forearc basin,

Nankai Trough subduction zone. Geochemistry, Geophysics, Geosystems, 15(6), 2180-2194.

Paull, C.K., Ussler Ill, W., Borowski, W.S., Spiess, F.N., (1995) Methane-rich plumes on the Carolina

continental rise: Associations with gas hydrates. Geology, 23(1), 89-92.

Paull, C. K., Ussler, W., Holbrook, W. S., Hill, T. M., Keaten, R., Mienert, J., Haflidason, H., Johnson, J.
E., Winters, W. J., and Lorenson, T. D., 2008, Origin of pockmarks and chimney structures on the

flanks of the Storegga Slide, offshore Norway: Geo-Marine Letters, v. 28, no. 1, p. 43-51.

Pilcher, R., and Argent, J., 2007, Mega-pockmarks and linear pockmark trains on the West African

continental margin: Marine Geology, v. 244, no. 1-4, p. 15-32.

Pinet, N., Duchesne, M., and Lavoie, D., 2010, Linking a linear pockmark train with a buried Palaeozoic

structure: a case study from the St. Lawrence Estuary: Geo-Marine Letters, v. 30, no. 5, p. 517-522.

Riboulot, V., Cattaneo, A., Sultan, N., Garziglia, S., Ker, S., Imbert, P., and Voisset, M., 2013, Sea-level
change and free gas occurrence influencing a submarine landslide and pockmark formation and
distribution in deepwater Nigeria: Earth and Planetary Science Letters, v. In Press, Corrected

Proof.

Riedel, M., Novosel, I., Spence, G. D., Hyndman, R. D., Chapman, R. N., Solem, R. C., and Lewis, T.,
2006, Geophysical and geochemical signatures associated with gas hydrate—related venting in the

northern Cascadia margin: Geological Society of America Bulletin, v. 118, no. 1-2, p. 23-38.

31



645
646
647

648
649
650

651
652
653

654
655
656

657
658
659

660

661
662
663
664

665
666
667

Rise, L., Seettem, J., Fanavoll, S., Thorsnes, T., Ottesen, D., and Bge, R., 1999, Sea-bed pockmarks related
to fluid migration from Mesozoic bedrock strata in the Skagerrak offshore Norway: Marine and

Petroleum Geology, v. 16, no. 7, p. 619-631.

Ritger, S., Carson, B., Suess, E., (1987) Methane-derived authigenic carbonates formed by subduction-
induced pore-water expulsion along the Oregon/Washington margin. Geological Society of

America Bulletin, 98, 147-156.

Romer, M., Sahling, H., Pape, T., Bahr, A., Feseker, T., Wintersteller, P., and Bohrmann, G., 2012,
Geological control and magnitude of methane ebullition from a high-flux seep area in the Black

Sea—the Kerch seep area: Marine Geology, v. 319-322, no. 0, p. 57-74.

Sahling, H., Bohrmann, G., Spiess, V., Bialas, J., Breitzke, M., Ilvanov, M., Kasten, S., Krastel, S., and
Schneider, R., 2008, Pockmarks in the Northern Congo Fan area, SW Africa: Complex seafloor

features shaped by fluid flow: Marine Geology, v. 249, no. 3-4, p. 206-225.

Seeberg-Elverfeldt, J., Schliter, M., Feseker, T., Kélling, M., (2005) Rhizon sampling of porewaters near
the sediment-water interface of aquatic systems. Limnology and Oceanography: Methods, 3, 361-

371.

Sloan, E. D., and Koh, C., 2007, Clathrate hydrates of natural gases, CRC press.

Sultan, N., Bohrmann, G., Ruffine, L., Pape, T., Riboulot, V., Colliat, J. L., De Prunelé, A., Dennielou, B.,
Garziglia, S., Himmler, T., Marsset, T., Peters, C. A., Rabiu, A., and Wei, J., 2014, Pockmark
formation and evolution in deep water Nigeria: Rapid hydrate growth versus slow hydrate

dissolution: Journal of Geophysical Research: Solid Earth, v. 119, no. 4, p. 2013JB010546.

Sultan, N., Marsset, B., Ker, S., Marsset, T., Voisset, M., Vernant, A.-M., Bayon, G., Cauquil, E., Adamy,
J., and Colliat, J., 2010, Hydrate dissolution as a potential mechanism for pockmark formation in

the Niger delta: Journal of geophysical research, v. 115, no. B8, p. B08101.

32



668
669
670

671
672
673

674
675
676

677
678
679
680

681
682
683
684
685
686

687
688

689
690

Sun, Q.

, Wu, S., Hovland, M., Luo, P., Lu, Y., and Qu, T., 2011, The morphologies and genesis of mega-

pockmarks near the Xisha Uplift, South China Sea: Marine and Petroleum Geology, v. 28, no. 6, p.

1146-1156.

Torres, M. E., Kim, J.-H., Choi, J.-Y., Ryu, B.-J., Bahk, J.-J., Riedel, M., Collett, T. S., Hong, W.-L., and

Torres,

Kastner, M., Occurrence of high salinity fluids associated with massive near-seafloor gas hydrate

depositsjn Proceedings 7th International Conference on Gas Hydrates (ICGH 2011)2011.

M. E., Teichert, B. M. A., Tréhu, A. M., Borowski, W., and Tomaru, H., 2004a, Relationship of
pore water freshening to accretionary processes in the Cascadia margin: Fluid sources and gas

hydrate abundance: Geophysical Research Letters, v. 31, no. 22, p. L22305.

Torres, M. E., Wallmann, K., Tréhu, A. M., Bohrmann, G., Borowski, W. S., and Tomaru, H., 2004b, Gas

hydrate growth, methane transport, and chloride enrichment at the southern summit of Hydrate
Ridge, Cascadia margin off Oregon: Earth and Planetary Science Letters, v. 226, no. 1-2, p. 225-

241.

Tréhu, A. M., Long, P. E., Torres, M. E., Bohrmann, G., Rack, F. R., Collett, T. S., Goldberg, D. S.,

Milkov, A. V., Riedel, M., Schultheiss, P., Bangs, N. L., Barr, S. R., Borowski, W. S., Claypool, G.
E., Delwiche, M. E., Dickens, G. R., Gracia, E., Guerin, G., Holland, M., Johnson, J. E., Lee, Y. J.,
Liu, C. S., Su, X., Teichert, B., Tomaru, H., Vanneste, M., Watanabe, M., and Weinberger, J. L.,
2004, Three-dimensional distribution of gas hydrate beneath southern Hydrate Ridge: constraints

from ODP Leg 204: Earth and Planetary Science Letters, v. 222, no. 3-4, p. 845-862.

Ussler lll, W., Paull, C.K., (1995) Effects of ion exclusion and isotopic fractionation on pore water

geochemistry during gas hydrate formation and decomposition. Geo-Marine Letters, 15(1), 37-44.

Ussler, W., IlIl, Paull, C. K., Boucher, J., Friederich, G. E., and Thomas, D. J., 2003, Submarine pockmarks:

a case study from Belfast Bay, Maine: Marine Geology, v. 202, no. 3-4, p. 175-192.

33



691
692
693

694
695
696

697

698

699

700

Waite, W. F., Stern, L. A., Kirby, S. H., Winters, W. J., and Mason, D. H., 2007, Simultaneous
determination of thermal conductivity, thermal diffusivity and specific heat in sl methane hydrate:

Geophysical Journal International, v. 169, no. 2, p. 767-774.

Wallmann, K., Aloisi, G., Haeckel, M., Obzhirov, A., Pavlova, G., and Tishchenko, P., 2006, Kinetics of
organic matter degradation, microbial methane generation, and gas hydrate formation in anoxic

marine sediments: Geochimica et Cosmochimica Acta, v. 70, no. 15, p. 3905-3927.

Weinberger, J. L., Brown, K. M., and Long, P. E., 2005, Painting a picture of gas hydrate distribution with

thermal images: Geophysical Research Letters, v. 32, no. 4, p. L04609.

34



701

702 Figurecaptions.

703  Figure 1: (A): Location of the pockmark field at the Nigerian continental margin. (B): Overview
704  of the studied pockmark field. (C) and (D): MeBo drill sites (GMMB) in pockmarks A and C (C1
705 and C2), respectively. Numbers refer to individual MeBo station codes (i.e. No. 01 = station
706 GMMBO1, for example) Track lines of SYSIF seismic profiles SY0O3-THR-PrO1 and SY01-HR-

707  Pr02 as well as the shot points are shown. For exact positions refer to Sultan et al. (2014).

708  Figure 2: Combined illustration of core photographs (left) and IR images (right) of the 6.6 m-long
709 MeBo drill core GMMBO06. Representative intervals of the core (A, B and C) are shown in detail
710 (right part of the figure). (A): normal hemi-pelagic sediment (upper part) and voids (lower part),
711 which in the IR images correspond to the background temperature (orange) and high temperature
712  (yellow), respectively. The bright spot (white) is an artifact generated during the core handling.
713 (B): Moussy sediment with cracks, which in the IR image shows three cold temperature zones
714  (light purple) caused by the dissociation of disseminated gas hydrates. (C): Soupy and fluidized
715 sediments. The cold temperature interval below 5.70 mbsf contained gas hydrates including a
716 nodular gas hydrate between 5.80 and 5.85 mbsf represented by an extremely cold spot (dark

717 purple to black). GH = gas hydrate

718 Figure 3: IR temperatures and pore water chloride concentration profiles of MeBo cores. Four
719 data sets are shown for most drill sites: IR image colors, IR temperature profiles, interpreted gas
720 hydrate distributions, and chloride profiles. The color bar of the IR images is consistent with Fig.
721 2 and white intervals indicate gaps. Temperature profiles show the differences between the
722 measured temperature and background temperatures of core liners, expraSsedositiveAT

723 values correlate with voids in the cores and negatiVevalues represent decomposing gas

724  hydrates. The approximate down-core gas hydrate presence interpreted from IR images is
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indicated by colored bars and indications for depth below seafloor (mbsf). Depths of gas hydrate-
bearing intervals as inferred from chloride anomalies are highlighted in blue shading. Note that
the chloride data of the upper 12.7 mbsf at station GMMBO09 were derived from a piston core

(GMCS10) taken at the same position.

Figure 4: A: Position of sites chosen for temperature measurements in pockmarknAsitB:
sediment temperature measurements. Temperature gradients were classified into two clusters: (1)
background gradients (around 72 °C/km) highlighted by the dark grey background, and (2) high

gradients caused by fluid advection without background color.

Figure 5: Temperature change with time at stations GMGCT40 and GMGCT41. TL-1 to TL-5
represents the temperature sensors attached to the corer from base to top. Remarkably, the
temperature measured with TL-2 at station GMGCT40 increased continuously after penetration
and was higher than that of TL-1, which penetrated deeper into the sediment. Note that TL-5 had

no contact with sediment and, therefore, measured bottom water temperature.

Figure 6: Phase diagram calculated for structure | gas hydrates with the HWHYD software
(Masoudi and Tohidi, 2005) and using salinities and pure methane because methane concentration
of hydrate-bounded gas is higher than 99.9% (unpublished data). A CTD record was used to show
the water column temperature profile. 72 °C/km (GMGCT22) was used as the local background
geothermal gradient outside the pockmarks, while 258 °C/km (GMGCT45) was measured close
to a site at pockmark center which showed seafloor gas emission (see Sultan et al., 2014). The

subsurface part (dash blue rectangle) of the diagram is enlarged in the right part of the figure.

Figure 7. SYSIF seismic profiles SY03-THR-Pr01 crossing pockmark A and SY01-THR-Pr02
covering pockmark cluster C. Locations and orientations are shown in Fig. 1. Interpretations from
MeBo cores are projected on the seismic lines. High-amplitude reflectors are widespread in the

seismic profile.
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749  Figure 8: Schematic representations of the pockmark formation controlled by fluid flow and gas

750 hydrate precipitation during different evolutionary stages (A-E).

751
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Table 1: Basic information of the MeBo cores taken during the Guienco-MeBo cruise as well as
upper and lower boundaries of the gas hydrate occurrence zone (GHOZ) estimated using IR
thermal scanning and pore water chloride concentration anomalies, respectively. mbsl: meters
below sealevel. mbsf: meters below seafloor. nd: not detected. nc: not calcul ated.

Sample code Location Water Core Top and base of gas hydrate occurrence in cores
depths  length (mbsf)
(mbsl) (m) Deduced from IR thermal scanning Deduced from chloride profiling
Top Base Top Base
GMMB01&02 NW of pockmark A 1141 53.30 nd. nd. nd. nd.
GMMBO03 Pockmark A 1148 45.18 6.9 17.6 6.15-6.95 18.09-22.00
GMMBO06 Pockmark A 1148 6.67 3.1 6.6 2.05-3.40 6.67
GMMBO7 Pockmark A 1148 10.19 5.0 10.2 1.40-2.85 10.19
GMMBO08 Pockmark A 1142 56.74 2.3 26.2 1.44-5.35 22.69-24.14
GMMB10 Pockmark A 1145 23.95 nc. nc. 4.45-5.15 23.95
GMMB11 Pockmark A 1146 12.58 6.5 12.5 1.20-6.65 12.58
GMMB12 Pockmark A 1144 24.57 7.6 17.1 6.76-7.26 17.94-18.44
GMMBO04 Pockmark C1 1189 18.61 5.9 18.5 5.28-6.08 18.61
GMMBO05 Pockmark C2 1199 52.36 10.3 13.0 8.50-10.65 19.05-19.64
GMMBO09 SE of Pockmark C2 1196 43.64 38.5 43.6 38.46-38.83 43.64
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Table 2: Stations of in situ sediment temperature measurements in pockmark A with temperatures
probes (GMGCT) during the Guineco-MeBo cruise. For calculation of STD, water temperatures
measured 50 m above seafloor with the MTLs at individual stations were used. *Note: because of
the non-linear slope of the profile this gradient was not considered further

n: number of probes from which geothermal gradients were calculated.

Water depth  Water temperature STD Thermal gradients

(m) (*c) (°c) ("C/km)
GMGCT22 1144 4.53 0.006 72 5
GMGCT23 1142 4.52 0.005 79 5
GMGCT24 1143 4.52 0.005 70 5
GMGCT40 1144 4.46 0.005 330* 4
GMGCT41 1143 4.46 0.005 73 4
GMGCT44 1140 4.46 0.005 198 4
GMGCT45 1141 4.45 0.004 258 4
GMGCT46 1140 4.46 0.008 112 4
GMGCT47 1141 4.46 0.006 119 2
GMGCT49 1142 4.45 0.007 51 4
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Highlights:
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Pockmarks on the Nigerian continental margin were investigated for gas hydrates
Long sediment cores were recovered with the portable MeBo drill rig

Infrared and pore water chloride measurements revealed gas hydrate distributions
Geothermal gradients in the pockmark center up to five fold higher than at the rim
Fluid flow and gas hydrate dynamics influence the evolution of pockmarks





