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Abstract:  
 
We present ecological and isotopic (δ18O and δ13C) data on benthic foraminifera sampled from 4 deep-
sea stations in a pockmark field from the deep-water Niger delta (Gulf of Guinea, Equatorial Atlantic 
Ocean). In addition, a series of sedimentological and (bio)geochemical data are shown to back up 
foraminiferal observations. All stations are located within 1.2 km of each other, so prevailing 
oceanographic conditions can be assumed to be similar at each site. Two of the sites (GMMC-01 and 
GMMC-02) are located in a pockmark (named “pockmark A”) where current methane seepages were 
recorded by ROV observations. A third station (GMMC-03) is located in the topographic depression 
interpreted as a collapsed pockmark (named “pockmark B”). The fourth site (GMMC-04) is a reference 
station, without evidence of past or present seepages. Our observations show that degraded organic 
matter with low bio-availability is present at all stations with a preferential burial of organic compounds 
in topographic depressions (GMMC-03 station). Authigenic aragonite is abundant in surface sediments 
at stations GMMC-01 and -02. Its precipitation is likely related to high rates of methane oxidation 
during past seep events in episodically active pockmark A. In contrast, the absence of anaerobic 
methanotrophic Archaea (ANME) during the sampling period (November 2011) suggests that only 
moderate sulphide and methane oxidation take place close to the sediment-water interface. Compared 
to the reference site GMMC-04, living foraminifera at the collapsed and episodically active pockmarks 
show minor changes in terms of diversity, standing stocks and faunal composition. However, the δ13C 

http://dx.doi.org/10.1016/j.dsr.2014.08.011
http://archimer.ifremer.fr/
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signal of living and dead (but well-preserved) foraminiferal species (Ceratobulimina contraria, Melonis 
barleeanus, Uvigerina peregrina) is depleted in the episodically active pockmark A compared to the 
other stations. Overgrowth of authigenic carbonate on altered foraminifera generates an important shift 
to lower δ13C values. Dead faunas carry a complex time-averaged message, integrating taphonomic 
gains and losses related to the temporal variability of gas emission. They reveal major faunal 
differences that may be useful to detect gas hydrate seepages in different pockmark stages. 
 
 
Highlights 

► We work on living and dead benthic foraminifera sampled in a pockmark field. ► Fossilizing 
meiobenthos are compared between seep and non-seep sites. ► The δ13C signatures of living faunas 
are depleted in episodically active pockmark. ► In dead faunas, dominant opportunistic species 
indicate episodic seepage events. 

 

Keywords : Niger Delta ; Hydrate pockmark ; Foraminifera ; Stable Isotopes ; Bacteria 

 

 

1. Introduction 

 
Hydrocarbon seeps on continental margins provide interesting settings for investigating the 
biogeochemical functioning and biodiversity of extreme deep-sea benthic environments and also for 
industrial exploitation of hydrocarbon resources. In these areas, methane and hydrogen sulphide 
trickle out of sediments through the seabed into the overlaying water. In sediments below the seafloor, 
these fluid seepages sustain a succession of biogeochemical redox reactions (e.g., Campbell, 2006). 
At the sediment-water interface, hydrogen sulphide and methane that have escaped oxidation in 
deeper sediments can sustain chemosynthetic communities, including endemic benthic metazoans 
(e.g., vesicomyid and mytilid bivalves or siboglinid tubeworms) that thrive with mutual endosymbiotic 
prokaryotes (mainly sulphuroxidizing bacteria) (e.g., Sibuet and Olu, 1998; Sahling et al., 2002; Levin 
and Mendoza, 2007). Differences in sulphide and methane fluxes in the uppermost sediment lead to 
the development of a specialized biozonation of chemoautotrophic prokaryotes and a patchy 
distribution of benthic eukaryotes (e.g., Sibuet and Olu, 1998; Sahling et al., 2002; Foucher et al., 
2009). 
 
Living benthic foraminifera (Eukaryota, Rhizaria) from modern cold seeps have been investigated in 
number of studies (e.g. Akimoto et al, 1994; Sen Gupta and Aharon, 1994; Kitazato, 1996; Sen Gupta 
et al., 1997, 2007; Rathburn et al., 2000, 2003; Bernhard et al., 
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2001; Torres et al., 2003; Martin et al., 2004; Heinz et al., 2005; Panieri, 2006; Mackensen et 

al., 2006; Lobegeier and Sen Gupta, 2008; Bernhard et al., 2010; Martin et al., 2010). The 

previous work suggests that foraminiferal species observed in cold seep areas are not 

endemic/exotic and may be recruited from adjacent non-seep zones (e.g., Sen Gupta and 

Aharon, 1994; Kitazato, 1996; Sen Gupta et al., 1997; Rathburn et al., 2000, 2003; Lobegeier 

and Sen Gupta, 2008; Martin et al., 2010). Metabolic adaptations (facultative anaerobic 

metabolism, mutualism with prokaryotes), habitat and food preference (elevated epibiotic 

habitat, bacteriovore) might explain foraminiferal occurrence in methane- and sulphide-

enriched sediments (e.g., Bernhard et al., 2001; Panieri, 2006; Mackensen et al., 2006; Sen 

Gupta et al., 2007; Lobegeier and Sen Gupta, 2008; Bernhard et al. 2010). Additionally, stable 

isotopes (�13C, �18O) in foraminiferal tests have been studied in present and past cold seep 

environments (e.g., Sen Gupta and Aharon, 1994; Rathburn et al, 2000, 2003; Torres et al., 

2003, 2010; Martin et al., 2004; Hill et al., 2004; Mackensen et al., 2006; Wiedicke and 

Weiss, 2006; Martin et al., 2010; Bernhard et al., 2010; Hayward et al., 2011; Panieri et al., 

2012). The geochemistry of pore water may be strongly influenced by methane-rich fluid 

seepage (e.g., Teichert et al., 2005; Rongemaille et al., 2011). The �13C signatures of 

thermogenic and biogenic methane are generally lower than -35‰ and isotopically-light 

methane oxidation in the Sulphate-Methane Transition Zone (SMTZ) results in pore water 

that is enriched in light dissolved inorganic carbon (e.g., Rathburn et al., 2003; Martin et al., 

2007). Therefore, the �13CDIC���13 of dissolved inorganic carbon)�of pore water may shift 

relatively rapidly from very depleted �13C to heavier bottom-water signatures according to (1) 

either diffusive or advective flows of methane-rich fluid toward the sediment-water interface, 

(2) efficiency of methane oxidation in a potential SMTZ, and (3) all biogeochemical 

processes influencing the budget of stable carbon isotopes in upper sediments (e.g., organic 

matter mineralisation) (e.g., Rathburn et al., 2003; Martin et al., 2010). The �13C values in 
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(living) foraminiferal tests show the influence of methane-enriched fluid, with a clear shift to 

lower values compared to adjacent non-seep areas (Sen Gupta and Aharon, 1994; Rathburn et 

al., 2000, 2003; Torres et al., 2003; Mackensen et al., 2006, Martin et al., 2010). However, in 

some studies strong disequilibrium has not been noted between the �13C of living 

foraminiferal tests from cold seep zones and the expected very low �13CDIC of hydrate-gas 

fluid (e.g., Sen Gupta et al., 1994; Torres et al., 2003; Bernard et al., 2010). Therefore, it has 

been suggested that foraminifera may calcify during periods low methane discharge or during 

intermittent episodes of seawater flow into sediments (Torres et al., 2003). In addition, 

foraminiferal �13C signatures may also reflect the 13C-depleted food source (e.g. 

methanotroph bacterial biomass) and/or prokaryotic symbionts (Sen Gupta and Aharon, 1994; 

Rathburn et al., 2003; Panieri, 2006; Mackensen et al., 2006; Bernhard et al., 2010). 

Accordingly, Panieri (2006) documented lighter protoplasmic �13C for foraminifera living in 

hydrocarbon seeps compared to an adjacent non-seep area, suggesting that Beggiatoa 

(prokaryotes) may be a food source for the foraminifera. In contrast to living data, strong �13C 

depletion is recorded in fossil foraminifera. This may be related to diagenetic effects 

including post-mortem authigenic carbonate overgrowth and/or recrystallization in high-

alkalinity pore water around the SMTZ (e.g., Torres et al., 2003; 2010; Barbieri and Panieri, 

2004; Wiedicke and Weiss, 2006, Panieri et al., 2009). Thus, previous work implies that the 

�13C of dead foraminifera might be unreliable for building an accurate chronology of seep 

activity throughout centuries and millennia. 

Along the prominent deep-water Niger delta (Gulf of Guinea, Equatorial Atlantic Ocean), 

various studies have documented different sea-floor sedimentary features such as pockmarks, 

mud volcanoes, gas hydrates and carbonate build-ups associated with cold seeps (e.g., 

Damuth, 1994; Brooks et al., 2000; Sultan et al., 2007, 2010, 2014; Bayon et al., 2007, 2011; 

Ruffine et al., 2013). Despite those numerous geochemical and sedimentological 
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observations, fossilising benthic foraminifera have never been studied in this area. In this 

paper, an ecological and isotopic dataset of benthic foraminifera (living and dead) is presented 

and their potential proxy value of cold seep activity is assessed. In more detail, the aims of the 

study are: (1) to examine and compare living foraminiferal communities at stations 

experiencing current methane seepage and no seepage, (2) to compare dead benthic 

foraminiferal assemblages to the living ones and (3) to define whether seepage activity is 

recorded in the foraminiferal tests by an analysis of stable isotopes (�13C, �18O) in living and 

dead foraminifera.  

2. Study area 

 

The Gulf of Guinea (Equatorial Atlantic Ocean) is characterised by spatial gradients of 

surface productivity due to coastal and offshore seasonal upwelling, and river plumes 

(Soltwedel, 1997). In front of the Niger River mouth, nutrient concentrations in the river 

plume are high due to direct fluvial influence, especially silicate, and due to river-induced 

upwelling, mainly nitrate and phosphate (Van Bennekom et al. 1978). Nevertheless, primary 

production is reduced because of the high input of suspended matter clouding the waters 

(Eisma et al. 1978). Conversely, along adjacent coasts, seasonal upwelling results in very high 

primary production and enhanced exported productivity to the seafloor (Soltwedel, 1997). 

Terrestrial organic matter supplied by the Niger River focuses at depths between 400 and 

1500 meter depth along the so-called deep-water Niger delta (Altenbach et al., 2003). This 

deep-water delta constitutes a major physiographic unit of the Gulf of Guinea margin 

(Corredor et al., 2005) where high deltaic sedimentation rates and deformation by gravity 

driven tectonics result in a flattening of the continental slope down to water depths of more 

than 3000 m (e.g., Damuth, 1994; Riboulot et al., 2012). Sedimentary environments have 
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been intensively studied along the slope because of abundant hydrocarbon resources (e.g., gas 

hydrate) (Bayon et al., 2007, 2011; Sultan et al., 2007, 2010, 2011, 2014; Rongemaille et al., 

2011; Riboulot et al., 2012; Ruffine et al., 2013).  

Four stations investigated in this paper are located at a depth of ~1200 m along the deep-

water Niger delta (Fig. 1, Table 1). These stations are bathed by oxygenated waters related to 

the mixing boundary between Antarctic Intermediate Water (AAIW) and North Atlantic Deep 

Water (NADW) (Bayon et al., 2011). All stations are close to each other (less than 1.2 km 

distance) (Fig. 1). Sites GMMC-01 and GMMC-02 are located within pockmark A at a 

distance of about 100 m from each other (Sultan et al., 2010). This 500-m-diameter pockmark 

consists in a circular ring-shape feature (Sultan et al., 2007, 2010, 2011, 2014), where ROV 

dives have revealed gas hydrate seepage from the sea-floor and patches of Bathymodiolus spp. 

attached to prominent carbonate concretions. Authigenic carbonates, defined as mudclast 

breccias rich in aragonite, were recorded in this pockmark (Bayon et al., 2007). The station 

GMMC-03 is located further south and slightly deeper along the margin in a topographic 

depression considered to be an inactive pockmark, designated “pockmark B”. This feature 

formed following a collapse after a massive dissolution of gas hydrate (Sultan et al., 2007, 

2010, 2011). Within pockmark B, sediments impregnated with natural oil have been observed 

in long cores (unpublished data, GUINECO-MeBo Cruise Report). The fourth site (GMMC-

04) is a reference station with no evidence of past or present seepage. It is located very close 

to pockmark A (within 100 m from the border of pockmark A). 

3. Material and Methods 

3.1 Sediment coring 
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During the GUINECO-MeBo Cruise aboard the RV “Pourquoi Pas?” (November 2011), 

sediment samples were collected with a Barnett-type multiple corer equipped with Plexiglas 

tubes (96 mm internal diameter) (Barnett et al., 1984). The multi-corer sampled the upper 

decimetres of the sediment column, the overlying bottom waters, and a comparatively 

undisturbed sediment-water interface (SWI). It was deployed once at each station. For this 

study, 2 cores were collected from each site.  

The first core was sliced in three 1-cm-thick intervals from the SWI to 3-cm depth. Each 

sediment slice was immediately frozen (-80°C) on board. Back at the laboratory, each slice 

was divided into 5 parts. Three of them were freeze-dried and assessed for sedimentary 

organic matter (TOC, C/N atomic ratio, amino acids) and mineralogy (see paragraphs 3.2 and 

3.3). The two other subsamples were stored at -80°C prior to analysis of phytopigments (see 

paragraph 3.3) and prokaryotic community composition (see paragraph 3.4) could be 

determined.  

The second core was sliced horizontally every 0.5 cm from the sediment-water interface 

to 2-cm depth, every 1-cm between 2 and 5-cm depth. This entire core was dedicated to the 

investigation of living (stained) foraminifera. Dead foraminifera were analysed in both 2-3 cm 

and 4-5 cm intervals (see paragraph 3.5 for details). 

3.2 Sedimentological analyses 

X-ray powder diffraction (XRD) is a technique for qualitative and semi-quantitative 

analysis of crystalline compounds (Table 2). The information obtained includes types and 

nature of crystalline phases present, structural make-up of phases, degree of crystallinity, 

amount of amorphous content, microstrain and size and orientation of crystallites. A typical 

diffraction spectrum consists of a plot of reflected intensities versus the detector angle 2-Theta 
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or Theta depending on the goniometer configuration. The 2-Theta values for the peak depend 

on the wavelength of the anode material of the X-ray tube. Here, the bulk mineralogy was 

determined by XRD using a Siemens D500 X-ray diffractometer with CuK� radiation (1.5405 

Å wave length). Scans were done from 5° to 80° 2� at 0.02°/s, using 40 kV accelerating 

voltage and 30 mA current. Peak identification and relative abundance estimates of minerals 

were determined using the EVA® interpretation software and the Diffract® software 

packages.

3.3 Biogeochemical analyses 

 

All organic descriptors in the study were analysed in triplicate. Total Carbon (TC) and 

nitrogen (TN) contents in sediments were measured on freeze-dried material by combustion 

using an automatic Thermo Finnigan EA 1112 Series Flash Elemental analyzer. Total Organic 

Carbon (TOC) content was similarly measured on freez-dried material after removal of 

carbonates with 2M HCl from 50 mg of powdered sample (Pastor et al., 2011). The 

reproducibility of these measurements was better than 5%. C/N ratios (i.e. TOC/TN) were 

expressed as atomic ratios. Total hydrolysable amino acids (THAA) and enzymatically 

hydrolysable amino acids (EHAA) were assessed in freeze-dried sediment subsamples. Bulk 

sediment was first crushed and passed through a 200-μm mesh. THAA and EHAA were 

assayed according to Mayer et al. (1995). Approximately 15 mg DW (Dry Weight) of 

sediment were mixed with 500 μL of 6M HCl (100°C) for 24 h under vacuum. Hydrolysed 

subsamples (100 μL) were neutralised with 100 μL of 6M NaOH, and buffered with 2 mL of 

H3BO3 (0.4 M, pH = 10). Fluorescent derivatives were obtained by adding 200 μL of an 

orthophtaldialdehyde (OPA) solution (100 mg OPA/1 mL methanol, 100 mL buffer pH = 9.8 

and 0.05 mL mercaptoethanol) and 2 mL of phosphate buffer (pH = 8) to 200 μL of those 



10 
 

samples. Total hydrolysable amino acids were quanti�ed 2 min 30 s after OPA addition 

through �uorescence measurements (excitation wavelength 340 nm and emission wavelength 

453 nm; Perkin Elmer LS55 fluorescence spectrometer). Enzymatically hydrolysable amino 

acids (EHAA) were extracted following a biomimetic approach (Mayer et al., 1995). 

Approximately 100 mg of DW sediment were poisoned with a 1-mL solution containing 

sodium arsenate (0.1 M) and pentachlorophenol (0.1 mM) within a sodium phosphate buffer 

(pH = 8), and were incubated for 1 h at room temperature to prevent the bacterial utilization 

of amino acids released after the addition of 100 μL of proteinase K solution (1 mg/mL). 

Sediment was then incubated for 6 h at 37°C. After centrifugation, 75 μL of pure 

trichloroacetic acid were added to 750 μL of supernatant to precipitate macromolecules, 

which are considered to be unsuitable for absorption. After another centrifugation, 750 μL of 

the supernatant were hydrolyzed and processed as described for THAA. A blank accounting 

for possible degradation of the enzyme was carried out. Enzymatically hydrolysable amino 

acids were then quanti�ed using the procedure described above for THAA. The 

EHAA/THAA ratios (expressed in %) were computed for each station (Grémare et al., 2005; 

Pastor et al., 2011). This ratio is indicative of the lability of amino acids. For 

chlorophyll a and pheophytin a, frozen (-80°C) sediment subsamples (between 0.5 and 3.7 g) 

were extracted (overnight, 4°C) with 90% acetone (final concentration taking into account 

sediment water content). They were then centrifuged and their supernatant was used to assess 

chlorophyll a and pheophytin a according to Neveux and Lantoine (1993). The 

[Chl a/(Chl a + Pheo a)] ratios (expressed in %) were computed for each station. This ratio is 

indicative of the freshness of phytopigment material.

3.4 Prokaryotic community composition 
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A 0.5 g sample of frozen sediment was extracted using the Power Soil DNA extraction kit 

(Mobio, USA) following the manufacturer’s instructions. Bacteria and Archaea diversity was 

determined by 454 pyrosequencing using specific primers, 27F-519R for Bacteria and 349F-

806R for Archaea in MRDNA facilities (MR DNA, Shallowater, TX). PCR amplification was 

performed using HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA) as follows: 94°C 

for 3 minutes, 28 cycles of 94°C for 30 seconds; 53°C for 40 seconds and 72°C for 1 minute. 

Finally an elongation step at 72°C for 5 minutes was performed. The different PCR products 

were mixed in equal concentrations and purified using Agencourt Ampure beads (Agencourt 

Bioscience Corporation, MA, USA). Sequencing was performed with a Roche 454 FLX 

titanium instrument following the manufacturer’s guidelines. The sequencing data were 

processed using a proprietary analysis pipeline (www.mrdnalab.com, MR DNA, Shallowater, 

TX). After depletion of barcodes and primers in sequences, those showing a low quality score, 

i.e., sequences < 200bp, with ambiguous base calls or with homopolymer runs exceeding 6bp, 

were removed. Sequences are then denoised and chimeras removed. Operational taxonomic 

units were defined after removal of singleton sequences, clustering at 3% divergence (97% 

similarity) (Dowd et al., 2008a, 2008b, 2011; Edgar, 2010; Capone et al., 2011; Eren et al., 

2011; Swanson et al., 2011). OTUs were then taxonomically classified using BLASTn against 

a curated GreenGenes database (DeSantis et al., 2006). A cut-off similarity of 97% was 

applied for species, 95% for genera and 90% for families’ assignation. In order to minimise 

the variability of libraries size and the pyrosequencing errors, sequences representing less than 

0.1% were not considered. 

 

3.5 Foraminiferal faunal analysis 

 

Onboard, sediment samples (2nd core) dedicated to foraminiferal analysis were stored in 
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250 cm3 bottles, which were filled with 95% ethanol. All samples were gently shaken for 

several minutes in order to obtain a homogeneous mixture. In the laboratory, 2g/l of Rose 

Bengal stain was added in the bottles and shaken once again. Rose Bengal staining is 

commonly used to identify benthic organisms that were alive at the time of the collection 

(Walton, 1952; Murray and Bowser, 2000). After 2 weeks, samples were sieved through 63 

and 125 �m mesh screens, and the sieve residues were stored in a mixture of 95% ethanol and 

Milli-Q water (50/50). Stained foraminifera belonging to the >125 �m size fraction were 

sorted in water, and stored in Plummer slides. It is known that Rose Bengal may stain the 

protoplasm of dead foraminifera, especially under the low-oxygen conditions (Corliss and 

Emerson, 1990; Bernhard, 2000). As a consequence, a strict application of the staining criteria 

was applied in this study. Foraminifera were considered “live” if all chambers except the last 

one were stained bright pink. Doubtful individuals were compared against perfectly stained 

individuals of the same species. Non-transparent agglutinated tests were broken on many 

occasions in order to inspect the interior. Most living foraminifera were identified to species 

level (see Appendices A and B for census data). Because samples were preserved and sorted 

in ethanol, many soft-shelled monothalamous foraminifera may have shrunk and may have 

become unrecognisable during picking. Thus, our counts will likely underestimate the soft-

walled foraminiferal group. Using a scanning electron microscope at Ifremer (FEI QUANTA 

200 equipped with an Oxford Instrument Energy Dispersive Spectroscopy), we obtained 

digital photographs of picked foraminiferal individuals belonging to dominant species (Fig. 

2). At each station, we calculated different diversity indices. First of all, we calculated the 

simple diversity S representing the number of taxa. The simple diversity S does not take into 

account the abundance of species and is highly sensitive to sample size so we also determined 

a rarefaction curve for each station and determined the related E(S100) value. The E(S100) 

value represents the number of species that would be identified after picking 100 specimens. 
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We also calculated the Shannon index H’ (log base e), completed by the Evenness index E 

(Hayek and Buzas, 1997) as described in Murray (2006). We calculated the Berger-Parker 

Index, which corresponds to the percentage value of the most abundant species at each station 

(Table 3). Following the picking of living (stained) foraminifera, sediment samples were dried 

in an oven at 50°C. Dead foraminifera belonging to the >125 μm fraction were analysed in 

both 2-3 cm and 4-5 cm intervals. We divided samples in aliquots using an Otto micro-splitter 

in order to get at least 200 individuals per sediment interval (Table 4). Once again, we used 

scanning electron microscopy (SEM) to examine the dead specimens in order to evaluate the 

effect of diagenesis on foraminiferal tests (e.g., dissolution, authigenic carbonate either inside 

or outside chambers) (Fig. 2). 

3.6 Isotopic measurements on foraminiferal tests 

The carbon and oxygen isotope data were generated on hand-picked foraminifera from the 

>125 �m fraction and analysed with an automated carbonate reaction device (Kiel III) 

coupled to a Thermo-Finnigan MAT253. Calibration to the international carbonate standard 

NBS-19 and in-house standard NAXOS revealed a standard deviation of 0.04 ��and 0.03 � 

for replicate �13C and �18O measurements. Four abundant species, Bolivina albatrossi, 

Ceratobulimina contraria, Melonis barleeanus and Uvigerina peregrina, were measured 

(Table 5). Both Rose-Bengal stained (living) and dead specimens were included in the 

analyses. Dead foraminifera were selected based on criteria of test preservation (i.e., color, 

transparency and brightness determined by stereomicroscopy). In addition, some authigenic 

carbonate mudclasts and dead (and altered) foraminifera affected by authigenic carbonate 

(species C. contraria only – observed by SEM) were selected from station GMMC-02 (Fig. 

2). Most of the measurements were performed on individual specimens (generally when their 
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weight exceeded 20 �g). In some cases smaller individuals were grouped to generate enough 

mass for analyses. Due to its very small size, B. albatrossi was always grouped for analyses. 

If specimens were grouped, this was always done with specimens of similar size. 

Furthermore, the sample weight was always recorded to allow the comparison of isotope data 

with foraminiferal size or weight. All foraminifera were cleaned prior to the analyses. 

Specimens were rinsed twice in individual Eppendorf tubes with ultrapure water (100�l), 

followed by two rinses in methanol (100 �l) and finally with two rinses in ultra pure water 

(100 �l). During the methanol rinses, the Eppendorf tubes were placed in an ultrasonic bath 

for 5 seconds. 

 

For comparison, the �18O of calcite in equilibrium with bottom water for a given temperature 

T (°K) (= �18Oe.c.) was calculated with the following equation (McCorkle et al., 1997): 

 

� � � �3 2 318 ((2.78 10 / ) (2.89/10 ) 18
. . (  1 000) 1000T

e cO SMOW exp Ow� �� �	 � 
 � , 

 

where �18Ow is the oxygen isotopic composition of bottom water relative to SMOW (+ 0.1‰ 

in Rongemaille et al., 2011). This equation is derived from the expression for the calcite-water 

fractionation factor determined by O’Neil et al. (1969), incorporating a revised estimate of the 

CO2-water fractionation factor (1.0412 rather than 1.0407) as discussed by Friedman and 

O’Neil (1977). The SMOW-PDB conversion is calculated according the equation (Friedman 

and O’Neil, 1977): 

 

 � � � �18 18
. . . .0.97006 ( ) 29.94e c e cO PDB O SMOW� �	 � �  
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The �18O of biogenic aragonite for a given temperature T’ (°C) (= �18Oaragonite) can be 

calculated with the following equation (Grossman and Ku, 1986): 

 � �18 18( )   20.6 ' / 4.34aragoniteO PDB Ow T� �	 
 �  
 

It gives a value of + 2.8 ‰ for the �18Oe.c. related to bottom water and a value of + 3.7 ‰ for 

�18Oaragonite. 

 

4. Results 

4.1 Mineralogy 

X-ray powder diffraction revealed a contribution of terrigeneous minerals such as quartz, 

kaolinite and muscovite at all stations (Table 2). Calcite was also detected, likely related to 

benthic and planktonic foraminiferal shells and bioclasts that are abundant at all sites. Stations 

GMMC-01 and GMMC-02, which are located in pockmark A, are characterised by aragonite 

and high-magnesium calcite (Table 2). Noticeably, aragonite consists of acicular crystals (> 

10 μm) and botryoidal-like concretions, which cement both terrigeneous clay-rich and 

biogenic material (Fig. 3). They form macroscopic porous mudclasts in which dead 

foraminifera are occasionally embedded (Fig. 4).  

4.2 Particulate organic matter 

TOC content in surface sediments (0-3 cm) ranges between 1.2 ± 0.2 % DW at station 

GMMC-01 (pockmark A) and 1.9 ± 0.1 % DW at station GMMC-03 (Fig. 5). The C/N ratio 

shows only small changes between stations with values ranging between 11.1 ± 0.4 at station 

GMMC-03 and 11.8 ± 0.9 at station GMMC-01. The amounts of total hydrolysable amino 
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acids (THAA) range between 3.56 ± 0.15 mg/g DW at station GMMC-02 and 5.54 ± 0.34 

mg/g DW at GMMC-03. EHAA values vary between 0.56 and 0.78 mg/g DW, with the 

minimum recorded at station GMMC-02 and the maximum at station GMMC-03. 

EHAA/THAA ratio is quite low at all sites with values ranging between 14.1 and 17.6 %. Chl 

a content is minimal at the reference station GMMC-04 (0.92 ± 0.26 μg/g) and maximal at 

station GMMC-01 (3.60 ± 2.54 μg/g). [Chl a/(Chl a + Pheo a)] ratio ranges between  45 and 

50% at stations GMMC-01, GMMC-02 and GMMC-03 but falls to 14% at station GMMC-04 

(Fig. 5). 

4.3 Prokaryotic community composition 

 

Stations GMMC-01 and GMMC-02 (pockmark A) exhibit a different bacterial 

community composition compared to stations GMMC-03 (pockmark B) and GMMC-04 

(reference). All stations yielded between 60 and 76 different families. Most of the sequences 

affiliate to Proteobacteria, with sequences associated with Gammaproteobacteria being the 

more abundant (around 50%) followed by Deltaproteobacteria sequences. The relative 

abundance of the sulphate-reducing bacteria (SRB) affiliated to the Deltaproteobacteria, 

increases with sediment depth (Fig. 6A-B). Additionally, sequences related to genera 

Acidithiobacillus, Cycloclasticus, Defluciicoccus, Granulosicoccus, Leptospirullum, 

Leucothrix, Nitrosococcus, Nitrospina, Rhodobacter and Thiobacillus are observed in all 

samples with a relative abundance above 1%. 

Among genera involved in the sulphur cycle, the sulphur-oxidising bacteria (SOB) are 

dominant at stations GMMC-01 and GMMC-02 (pockmark A) with relative abundance above 

20% (Fig. 6B). Acidithiobacillus related sequences are dominant at those stations, 

representing up to 18% in some sediment intervals, but less than 8% in samples from stations 
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GMMC-03 and GMMC-04. Other abundant SOB at stations GMMC-01 and GMMC-02 are 

Thiobacillus, Thiothrix and Leucothrix. The sulphate-reducing community is represented by 

bacteria affiliated to Desulfobulbaceae, and in the deeper samples to Desulfobacteraceae and 

Syntrophobacteraceae (Fig. 6B). The methanotroph community is composed of two families, 

Crenotrichaceae and Methylococcaceae, with two dominating methanotroph members, 

Crenothrix and Methylomonas, representing up to 8% at station GMMC-01 but less than 1% 

at stations GMMC-03 and GMMC-04. The relative abundance of these three metabolic 

groups (ie., sulphur-oxidising, sulphate-reducing and methanotroph) reaches up to 42% at 

pockmark A but less than 15% at both pockmark B and the reference site (Fig. 6B). In these 

latter stations, beside Acidothiobacillus, the dominant bacteria are affiliated to the nitrifying 

Nitrosococcus and to unaffiliated genera within the families Sinobacteriaceae and non-

sulphur Rhodospirillaceae. At all stations, the diversity of Archaea is highly dominated (76 to 

88%) by a Nitrosopumilus-related archaeon.  

4.4 Live (stained) Foraminiferal Faunas 

 

Foraminiferal standing stocks range between 169 Ind./100 cm² at station GMMC-04 and 

365 Ind./100 cm² at station GMMC-03 (Table 3). Simple diversity (S) varies between 40 

(GMMC-04) and 59 (GMMC-01). Shannon Index H’ is minimal at station GMMC-04 (3.23) 

and maximal at station GMMC-01 (3.54). Both Evenness and Berger-Parker indices show 

only minor variability between stations.  

Perforate calcareous species dominate foraminiferal faunas at all stations (> 65%). Their 

contribution is highest at station GMMC-03, where they account for 83% of the living 

community. The agglutinated species represent between 14 and 33% of foraminiferal 

assemblages (Appendix A). Of the perforate species, Bolivina albatrossi (calcite),
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Ceratobulimina contraria (aragonite) and Melonis barleeanus (calcite) are dominant at all 

sites (Fig. 7). Ceratobulimina contraria is the most abundant species (> 20%) at stations 

GMMC-01, GMMC-02 and GMMC-04. At station GMMC-03, it constitutes 8% of the living 

fauna. Melonis barleeanus ranges between 6% at station GMMC-02 and 25% at station 

GMMC-01. The relative abundance of Bolivina albatrossi varies from 6% at station GMMC-

01 to 13% at station GMMC-03. In addition, Uvigerina peregrina is present at all sites with 

contributions lower than 7%. Uvigerina hispida and Globobulimina spp. are relatively 

abundant (9% and 7% respectively) at station GMMC-03 (Fig. 7). They are also present at 

station GMMC-02. Pullenia bulloides (~7%) and Cibicidoides robertsonianus (6%) and the 

agglutinated species Hormosina globulifera (6%) are relatively more abundant at the 

reference station GMMC-04 compared to the 3 other sites. Agglutinated species in the genus 

Lagenammina account for ~5% of living communities at all sites. In general, the foraminiferal 

assemblages are very similar between all stations. The only significant difference in terms of 

faunal composition (based on absolute abundances, p < 0.05, Kruskall-wallis test) is between 

station GMMC-04 and station GMMC-01.  

 

4.5 Dead Foraminiferal faunas 

 

The Shannon index (H’) varies between 2.66 at station GMMC-03 (pockmark B) and 

3.28 at the reference station GMMC-04 (Table 4); stations GMMC-01 and GMMC-02 from 

active pockmark A show intermediate values. The Evenness index E is lowest at GMMC-03 

(0.39-0.45) and the Berger-Parker value is the highest at this site (0.29-0.26) reflecting the 

dominance of Bolivina albatrossi. At other stations, the Berger-Parker index ranges between 

0.10 and 015. E(S100) is the highest at the reference station (34-32) (Table 4).  
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Bolivina albatrossi is the dominant species among dead faunas at station GMMC-03 

(~27%) and at station GMMC-04 (~14%) (Fig. 8). It constitutes 10% of assemblages at 

stations GMMC-01 and GMMC-02, from the active pockmark A. Bulimina marginata 

(~10%) Osangularia culter (~8%), and Cibicidoides kullenbergi (~8%) are also typical at 

both these stations. Bulimina buchiana is quite abundant at station GMMC-03 (~7%) 

compared to other sites. Uvigerina peregrina contributes ~10% of the fauna at all stations 

(Fig. 8). In all studied depth intervals, calcareous species represent more than 90% of dead 

assemblages (Appendix B). The 2 first axes of the Principal Component Analysis (Q-mode) 

(PCA1 and PCA2) explain more than 86% of the overall variability of samples (Fig. 9). The 

PCA1 axis is loaded by Bolivina albatrossi (+0.72) and Bulimina buchiana (+0.24) on the 

positive side, and Bulimina marginata (-0.45), Cibicidoides kullenbergi (-0.29) and 

Osangularia culter (-0.23) on the negative side. The PCA2 axis is defined by Bulimina inflata 

(+0.55), Bulimina marginata (+0.43) and Bolivina albatrossi (+0.30) on its positive side, and 

by Melonis barleeanus (-0.31) and Globobulimina spp. (-0.25) on its negative section. Both 

intervals from each station plot in a fairly well-delimited area of the PCA plot (Fig. 9). The 4 

intervals from both stations GMMC-01 and GMMC-02 are grouped together.  

4.6 Stable isotopes in living and dead foraminiferal faunas 

 

In total, 154 isotope measurements were performed. Of these, 12 analyses were carried 

out with Bolivina albatrossi, 44 with Ceratobulimina contraria, 52 with Melonis barleeanus, 

38 with Uvigerina peregrina, 4 with C. contraria covered with authigenic carbonate, and 4 

with authigenic carbonate mudclasts. The isotope data for living (stained) and dead 

foraminifera showed that each species has its own range of isotope signatures (Fig. 10). 

Generally heavier �13C values (> 0.5 ‰) were recorded in aragonitic C. contraria and lighter, 
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or more negative �13C values were observed in the calcitic taxa. The most negative �13C 

values were recorded in the intermediate infaunal M. barleeanus from seep station GMMC-02 

(-1.95 ± 0.25 ‰, the average including living and dead specimens). Less variation was 

observed in the �18O values among the taxa, the average �18O of all measurements being 3.29 

± 0.63 ‰. Furthermore, no clear correlations were observed between specimen size (or 

weight) and isotopic composition, including both �13C and �18O composition. 

Sites GMMC-01 and GMMC-02 from the pockmark A both showed generally more 

negative �13C values than the pockmark B (GMMC-03) and the reference (GMMC-04) station 

(Fig. 10). This pattern was especially clear for C. contraria, M. barleeanus and U. peregrina 

where significantly lower �13C values were recorded from the seep sites than from reference 

or depression sites (Kruskall Wallis test, p < 0.05, dataset included both living and fossil 

fauna). If only the living specimens were considered, �13C values of C. contraria, M.

barleeanus and U. peregrina were also significantly lower at the seep sites than at the 

reference and non-active site (Kruskall Wallis test, p < 0.05). Only the �13C values of B.

albatrossi did not follow this pattern. Nevertheless, the �13C values from the seep 

foraminifera (-1.20 ± 1.73 ‰, average of all taxa) were still much heavier than values 

recorded in altered C. contraria (affected by authigenic carbonate) (-17.21 ± 3.55 ‰) and 

authigenic carbonate mudclasts (-26.22 ± 0.65 ‰) (Fig. 11). The foraminiferal �18O 

composition did not statistically vary between different stations.  

In general, the �13C signatures of dead foraminifera from the seep sites were somewhat 

lighter than the living foraminiferal �13C signatures recorded from the same stations. For 

example, significantly lighter �13C values were recorded for fossil M. barleeanus (GMMC-01 

-1.87 ± 0.33‰, GMMC-02 -2.24 ± 0.22‰) than for living M. barleeanus (GMMC-01 -1.59 ± 

0.14‰, GMMC-02 -1.87 ± 0.23‰) from the seep sites (Mann Whitney test, p < 0.05). In 
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addition, fossil tests of B. albatrossi and C. contraria appeared visually lighter than living 

specimens from station GMMC-02, although these relationships were not statistically 

significant. In contrast, �13C signature of living and fossil U. peregrina was relatively similar 

at each site, including the seep stations.  

The foraminiferal �18O composition within one station was relatively homogenous and 

did not vary much among living and dead specimens (Fig. 10). A clear difference was only 

observed for U. peregrina from stations GMMC-01 and GMMC-02 where the average �18O 

composition of dead foraminifera was 0.57‰ and 0.82‰ higher than for living foraminifera, 

respectively. In addition, at station GMMC-02, the �18O composition of dead C. contraria 

was 0.83‰ heavier than that recorded for living specimens. 

 

5. Discussion 

5.1 Sedimentary and biogeochemical features 

 

Pockmark A (stations GMMC-01, 02) is characterised by hemipelagic sediments, 

including foraminiferal bioclasts (Fig. 5, Table 2). The organic compounds originate from 

marine sources (low bioavailability of amino acids, C/N ratio ~12) and are associated with 

minerals inherited from adjacent continental areas (e.g., kaolinite, quartz, micas). Here, the 

surficial sediments are dominated by prokaryotic groups (e.g., Acidithiobacillaceae, 

Thiotrichaceae, Crenotrichaceae, Desulfobulbaceae) relying on aerobic methanotrophy, 

sulphate reduction and sulphur oxidation. Their occurrence is likely to be related to upward 

diffusion of methane and hydrogen sulphide produced in deep sediment layers. However, the 

absence of anaerobic methanotrophic Archaea (ANME) suggests that gas seepage was 

relatively moderate during the sampling period (November 2011) (Haas et al., 2010). The 
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presence of authigenic aragonite in surface samples suggests that ANME-mediated oxidation 

of high methane flux has occurred close to the sediment-water interface in the recent past, 

probably during enhanced seep events (e.g., Burton, 1993; Aloisi et al., 2000, Luff and 

Wallman, 2003; Bayon et al., 2007; Haas et al., 2010; Nöthen and Kasten, 2011; Berndt et al., 

2014; Sultan et al., 2014) (Figs. 3 and 4). Furthermore, the presence of both authigenic high 

Mg-calcite and aragonite in surface sediments points to an alternation of weak seepage with 

stronger seepage events (Nöthen and Kasten, 2011). In addition, the extremely depleted �13C 

signatures of carbonate mudclasts and dead foraminifera covered by aragonite (-26.2‰ and -

17.2‰ respectively) confirm the role of anaerobic methane oxidation (AOM) in the formation 

of authigenic carbonates close to the sea floor in the recent past (Nöthen and Kasten, 2011) 

(Fig. 11). Our isotope results are consistent with previous measurements performed on bulk 

sediments rich in authigenic aragonite-rich carbonate gathered from interface and Kullenberg 

cores in pockmark A (�13C between -23.3 and -23.9‰, �18O between 3.8 and 4.3‰) 

(Rongemaille et al., 2011).  

At station GMMC-03, located in pockmark B, sediments have a higher organic matter 

content compared to other sites (1.9 ± 0.1 % DW). However, the bioavailability and potential 

source areas appear similar even if a slight decrease is noted in the nutritional value of organic 

matter (i.e., EHAA/THAA) between stations GMMC-01, GMMC-02 and GMMC-03 (Fig. 5). 

This suggests that pockmark B behaves like a preferential burial area for degraded marine 

organic matter. Methanotrophic bacteria are absent in this setting and both sulphur-oxidising 

and sulphate-reducing functional groups are much less abundant compared to the active 

pockmark A (Fig. 6B). As suggested in Sultan et al. (2010), pockmark B represents a senile 

stage of a previously active pockmark (compared to the apparently younger form pockmark 

A), where the seafloor has collapsed during massive dissociation of gas hydrates. Following 
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the event, the related depression has been gradually filled by hemipelagic and organically-

enriched sediments.  

Station GMMC-04 appears similar to GMMC-03 in terms of recent sedimentary facies. 

The only major difference is the relatively low organic-matter content and the relatively low 

quality of phytodetritus (Fig. 5). In this study, station GMMC-04 is thus considered to 

represent non-seep conditions. 

5.2 Living (stained) Foraminifera: An ecological snapshot of a quiet seepage episode. 

 

The ecological interpretation of foraminiferal data is quite complex in pockmarks where 

small-scale (decimetric to metric) biozonation is directly related to both the spatial 

heterogeneity and temporal variability of biogeochemical processes (e.g. Sen Gupta and 

Aharon, 1994; Rathburn et al., 2003; Heinz et al., 2005). To encompass the spatial variability 

of faunas, it is recommended to analyse three replicates from each sampling site (Schönfeld et 

al., 2012). In this study, only two cores were available, one dedicated to environmental 

parameters, and the other to foraminiferal faunas. Therefore, readers should keep in mind that 

our interpretations of living faunas may be slightly biased by spatial variability. 

In accordance with previous studies dealing with living (stained) foraminifera from cold 

seep areas (e.g., Sen Gupta and Aharon, 1994; Kitazato, 1996; Sen Gupta et al., 1997; 

Rathburn et al., 2000; 2003; Lobegeier and Sen Gupta, 2008; Martin et al., 2010), no major 

faunal differences were noted between seep and non-seep environmental settings. The only 

statistically significant difference was found between the reference site (GMMC-04) and one 

of the two pockmark-A stations (GMMC-01) (based on absolute abundances, p < 0.05,

Kruskall-Wallis test). However, this difference is not related to an obvious change in “key 

species” as all the stations are characterised by a relatively even distribution of major species 
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(Ceratobulimina contraria, Melonis barleeanus, Bolivina albatrossi) (E > 0.52) and high-

diversity faunas (Simple diversity > 40, H’ > 3.23).  

To our knowledge, Ceratobulimina contraria (Reuss), which is the most abundant 

aragonitic species in our study area, has not previously been documented in seep areas. 

However, it has been described from the continental margin of Gulf of Guinea either as 

Ceratobulimina pacifica Cushman and Harris (Altenbach et al. 2003) or as Robertinoides 

chapmani (Heron-Allen and Earland) (Licari et al., 2003; Licari and Mackensen, 2005). It has 

been shown to live between ~1250 m and ~2200 m depth in the Gulf of Guinea and the 

northern Angola Basin (Licari et al., 2003; Licari and Mackensen, 2005). In all cases, it seems 

that this species thrives in well-ventilated benthic environments (>180 μmol/L) characterised 

by a moderate to high sedimentary organic content (1.2-3.0% DW) and relatively deep 

oxygen penetration depth (between 2 and 8 cm within sediments) (Licari et al., 2003; Licari 

and Mackensen, 2005). It is also worth noting that Altenbach et al. (2003), who studied living 

and dead foraminifera from more than 120 stations from the Gulf of Guinea (11 transects 

between 30 and 5000 m depth), did not identify C. contraria as an abundant taxon, 

presumably due to its limited geographical and bathymetrical distribution.  

Melonis barleeanus (Williamson) is a major calcitic species living in the study area. It 

occupies a deep infaunal microhabitat at all stations (Appendix A). Panieri (2005) reported M. 

barleeanus from a hydrocarbon seep in the Rockall Trough and suggested that this species 

populates cold seeps because bacteria are particularly abundant there. On the other hand, 

Altenbach et al. (2003) failed to find M. barleeanus in the Gulf of Guinea, possibly because 

their study focussed only on shallow infaunal and epifaunal taxa. In other (non-seep) studies 

this taxon is commonly described from relatively organic-matter enriched sediments from 

upper slope and canyon settings (e.g., Fontanier et al., 2002; 2003; 2005; 2008a; Licari et al., 

2003; Licari and Mackensen, 2005; Eberwein and Mackensen, 2006; Koho et al., 2007; 2008; 
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Duros et al., 2011; 2013). Licari et al. (2003) and Licari and Mackensen (2005) described this 

infaunal species at ~1300 m depth in the Gulf of Guinea and the northern Angola Basin. Its 

preference for degraded organic matter (and related bacterial pool) and its ability to thrive in 

dysoxic conditions within sediments may explain its occurrence and infaunal distribution in 

our study area (Caralp, 1989, Licari et al., 2003; Panieri, 2005; Fontanier et al., 2003; 2005).  

Bolivina albatrossi Cushman has previously been reported along the upper- and mid slope 

of the Gulf of Guinea in sediments with high organic content and reduced oxygen 

concentrations (Schiebel, 1992; Timm, 1992; Altenbach et al., 2003). Moreover, Sen Gupta 

and Aharon (1994) have found B. albatrossi associated with bacterial mats and hydrate 

mounds in cold seeps from the Gulf of Mexico, an area characterised by an intermittent 

venting rate. This species has also been recorded in H2S-rich anoxic sediments, some 

millimetres under Beggiatoa mats sustained by slow seepage (Sen Gupta et al., 1997). 

Therefore, B. albatrossi is considered a “small, infaunal, H2S tolerant, opportunistic species” 

(Sen Gupta et al., 1997), which may bloom at times (e.g. seep events) that are hostile for other 

species. At the time of this study, the relatively moderate contribution of B. albatrossi to total 

standing stocks suggests that the gas seepage and environmental stress conditions were 

relatively low. This is also consistent with our geochemical analyses and the absence of 

methanotrophic Archaea in surface sediments.  

Uvigerina hispida and Globobulimina spp. are present at station GMMC-03 (pockmark B) 

where organic content is higher. Uvigerina hispida Schwager was described as Uvigerina 

auberiana d’Orbigny in Licari et al. (2003) and Licari and Mackensen (2005). Both of these 

taxa are commonly found in organic-rich/low-oxygen environments (e.g. Sen Gupta and 

Machain-Castillo, 1993; Schmiedl et al., 1997; Licari et al., 2003; Licari and Mackensen 

2005). Their relative abundance (~15%) at pockmark B may be related to a preferential burial 

of altered organic matter at this site. Uvigerina peregrina is a subsidiary species in our study 
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area, accounting for less than 7.5% of the assemblage (maximum value recorded in the 

reference site). In active cold seeps in the Pacific Ocean, this species made a major 

contribution to the living faunas (Rathburn et al., 2000; 2003; Bernhard et al., 2002; Heinz et 

al., 2005).  

5.3 Dead Foraminifera: An integrative and reliable proxy for episodic seepages 

 

The comparison between living foraminiferal faunas (i.e., biocoenoses) and dead 

assemblages (i.e., thanatocoenoses) in modern sediments is essential in order to obtain a 

reliable calibration of proxies based on microfossils. It can provide insights into taphonomic 

changes during burial processes and the reliability of the paleoecological signal preserved in 

ancient sediments (de Stigter et al., 1999). Recent papers dealing with deep-sea foraminifera 

have assessed the importance of taphonomic mechanisms in canyon settings (e.g., Fontanier et 

al., 2008b; 2012; Duros et al., 2012; 2014). They underline the fact that population dynamics 

can explain differences observed between living and dead faunas. Living assemblages 

represent a snapshot of the fauna at a particular time point, whereas dead faunas are a 

complex integration of foraminifera accumulating at the sampling site for many years, 

decades, and sometimes, centuries. Opportunistic species that were absent when a living 

community was sampled, because conditions at that time were unfavourable, may be a 

significant contributor to thanatocoenoses, particularly if the sampling site is subject to 

environmental instability (e.g., enhanced seepages) over time. That being said, the difference 

between living and dead faunas may be related to other mechanisms such as differential 

dissolution and/or fragmentation of fragile foraminiferal tests and the transport of 

allochtonous material at the sampling site (e.g., De Stigter et al., 1999; Fontanier et al., 2008b; 

2012; Duros et al., 2011; Duros et al., 2014).  
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Bulimina marginata, which is rare (<2.5%) in living communities from our study area, is 

a dominant taxon in the dead assemblages (>10%) at both pockmark A stations. This species 

has been recorded in many atypical sedimentary environments characterised by instability. 

For instance, it was recorded as a pioneer species able to colonize freshly deposited turbidite 

sediments in the Cape Breton Canyon (NE Atlantic) (Hess et al., 2005; Hess and Jorissen, 

2009). It was also documented as a dominant taxon in low-diversity opportunistic faunas 

living in bauxite-derived industrial red mud dumped into the deep-sea Cassidaigne Canyon 

(Western Mediterranean Sea) (Fontanier et al., 2012). Furthermore, it was described in 

organic-rich sediments from outer-shelf environments, where it behaved like an opportunistic, 

phytophagous taxon (e.g., Duchemin et al., 2007). Moreover, it is one of the most 

opportunistic species capable of colonizing drill-cuttings muds enriched in organic 

compounds deposited in large quantities around oilrigs located in deep-sea settings 

(unpublished data, Fontanier C.). That said, B. marginata has never been documented as an 

abundant species (either living or dead) at cold seeps. So the important contribution of B. 

marginata in the dead faunas from pockmark A, and its scarcity at other sites (GMMC-03 and 

-04), are really intriguing. Differential dissolution of tiny and/or sensitive foraminiferal taxa 

(e.g., Bolivina, Globobulimina, Ceratobulimina, Gavelinopsis) may explain such faunal 

differences between stations where spatial and temporal variability of alkalinity within the 

sediment is likely to be a key factor controlling fossilisation. Assuming that the composition 

of dead foraminiferal assemblages is mainly constrained by population dynamics, we propose 

that B. marginata responds opportunistically to recurrent and sudden seep events occurring in 

pockmark A. Advective flows of methane through the sea-floor, sulphide enrichment in the 

uppermost sediment, and the proliferation of prokaryotes involved in anaerobic methane 

oxidation and sulphur cycles, could trigger its opportunistic proliferation in living 

communities and its relatively high contribution in the dead assemblages. Remarkably, 
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Bolivina albatrossi is dominant (> 25%) in the dead faunas from pockmark B (station 

GMMC-03), which represents a collapsed, senile stage of a previously active pockmark. Due 

to the opportunistic nature of B. albatrossi, the abundance of this small, infaunal, H2S 

tolerant, opportunistic species (Sen Gupta and Aharon, 1994; Sen Gupta et al., 1997) in the 

dead faunas may be the consequence of the ephemeral bacterial mats sustained by episodic 

but limited seepages prevailing in pockmark B (Sen Gupta et al., 1997).  

5.4 Stable Isotopes: A way to detect discrete hydrate-gas fluids 

 

The �13C values in living and dead foraminifera at both pockmark-A stations show some 

influence of methane-enriched fluid. Compared to both reference and pockmark-B stations, a 

shift of 1‰ to lower �13C values is observed for Ceratobulimina contraria, Uvigerina 

peregrina and Melonis barleeanus. Similar moderate depletion in living and dead 

foraminifera was documented in other cold-seep areas (Sen Gupta and Aharon, 1994; Sen 

Gupta et al., 1997; Rathburn et al., 2000; Rathburn et al., 2003; Mackensen et al., 2006). This 

intraspecific -1‰ depletion cannot be related to a putative enhanced mineralization of organic 

matter in pockmark A as organic compounds focus preferentially at pockmark B station and 

bioavailability of amino acids is quite similar between all stations (Fontanier et al., 2006). 

Alternatively, 13C-depleted food sources (e.g., methane-oxidizing bacteria) and/or prokaryotic 

symbionts have been suggested to contribute to the depletion of �13C signatures of 

foraminiferal shells (Sen Gupta and Aharon, 1994; Rathburn et al., 2003; Hill et al., 2004; 

Panieri, 2006; Mackensen et al., 2006). However, we believe that the slight depletion in �13C 

signatures may be related to currently low rates of methane discharge or to intermittent 

episodes of seawater flow into the sediments (Torres et al., 2003).  
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In contrast, a strong negative �13C anomaly was recorded in altered Ceratobulimina 

contraria and carbonate mud clasts. This pattern can be attributed to diagenetic processes, 

such as post-mortem authigenic carbonate overgrowth in high-alkalinity pore water when the 

SMTZ was close to sediment-water interface (Torres et al., 2003; Martin et al., 2004; Barbieri 

and Panieri, 2004; Wiedicke and Weiss, 2006) (Fig. 2). Our �13C data for dead, poorly 

preserved foraminifera imply that outmost care should be taken when building a chronology 

of seep activity for centuries and millennia in long archives (Martin et al., 2004), as diagenetic 

processes are likely to leave their imprint on foraminifera. However, a SEM–based selection 

of well-preserved fossil specimens (i.e., with no signs of overgrowths on the test surfaces or 

of changes in texture) provides a reliable approach for investigating and interpretating of 

contemporaneous pockmark activity and related flows of methane-rich fluid.   

6. Conclusions 

The main objective of this study was to explore whether fossilising benthic foraminifera 

are reliable and relevant proxies to detect gas hydrate emission in a pockmark field from the 

deep-water Niger delta (Gulf of Guinea, Equatorial Atlantic Ocean). Our observations lead to 

the following conclusions. 

 

1. Living foraminiferal faunas at all sites are characterised by relatively high diversity 

and evenness, with species adapted to thrive in sediments enriched in degraded 

organic matter. At the time of sampling (November 2011), methane seepage in 

pockmark A apparently was not sufficiently strong to influence the composition of the 

living fauna. 
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2. The �13C signal of living and dead (but well-preserved) foraminiferal species 

(Ceratobulimina contraria, Melonis barleeanus, Uvigerina peregrina) was moderately 

depleted in pockmark A compared to reference and pockmark B stations. This 

depletion is likely related to (1) present-day imprints of aerobic methane oxidation in 

upper sediments and (2) a potential effect of the prokaryotic 13C-depleted biomass as a 

potential food source for benthic foraminifera. Overgrowth of authigenic carbonate on 

altered foraminifera, when the sulphate-methane transition zone was close to the 

sediment-water interface, generates an important shift to lower �13C values.  

3. Dead faunas from upper sediment layers carry a time-averaged signal, which 

integrates (1) population dynamics constrained by the temporal variability of methane 

emission and (2) taphonomic biases during ongoing fossilisation. They reveal major 

faunal differences between stations, suggesting that the dead assemblage can be used 

to detect differences in gas hydrate seepage integrated over longer time scales. In 

particular, opportunistic species adapted to oxygen-poor environments, such as

Bulimina marginata and Bolivina albatrossi, could indicate alternation between 

periods of enhanced seep activity and quiescent episodes in different pockmark 

settings. 
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Figure captions 

Fig. 1 Study area with the location of the 4 investigated sites and their position in the 

pockmark field (Deep-Water Niger delta, Gulf of Guinea) (map modified from Sultan et al., 

2010).  

Fig. 2 SEM photographs of dominant foraminiferal species. A-B. Living (stained) Bolivina

albatrossi (GMMC-01, 0-0.5 cm interval). C. Living (stained) Ceratobulimina contraria 

(GMMC-03, 4-5 cm interval). D. Living (stained) Uvigerina peregrina (GMMC-03, 2-3 cm 

interval). E-F. Living (stained) Melonis barleeanus (GMMC-03, 2-3 and 3-4 cm intervals). G-

H. Altered (unstained) Ceratobulimina contraria (GMMC-01, 4-5 cm interval) and detail of 

aragonitic overgrowth covering the foraminiferal test. I. Severely altered (unstained) 

Ceratobulimina contraria (GMMC-02, 4-5 cm interval). J-K. Altered (unstained and broken) 

Ceratobulimina contraria (GMMC-01, 4-5 cm interval) and detail of foraminiferal test.  

Fig. 3 Photographs of two carbonate mudclasts. A. Botryoidal-like concretion from the 2-3 

cm interval at station GMMC-01 (x 7.5); B. Detail of this aggregate (x 20). Note the 

planktonic foraminifera embedded in the sediments; C. Aggregate from the 2-3 cm interval at 

station GMMC-01 (x 12.5); D. Detail of the concretion (x 32). Note all planktonic 

foraminifera embedded in sediments.

Fig. 4 SEM photographs of a mudclast from the 2-3 cm interval at station GMMC-02. A. 

General view with bar scale (3mm). B-D. Detail of the surface with bar scales representing 

100 μm. Note the acicular aragonite, the porous texture and the biogenic material 

(foraminiferal tests) cemented by authigenic carbonate.  
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Fig. 5 Organic descriptors analyzed at the 4 stations in the surface sediments (0-3 cm). 

Organic content (TOC in % DW), C/N atomic ratio, amino acids (EHAA and THAA), and 

bio-availability are presented in the upper pannels. Content in chlorophyllic pigment (i.e. Chl 

a) and [Chl a/(Chl a + Pheo a)] ratios (i.e., Freshness index) are shown in the lower panels. 

Vertical bars are standard deviations. 

Fig. 6 Bacterial community composition. A. Relative abundance of sequences affiliated to 

dominant genera (relative abundance > 5%) at stations GMMC 01 and GMMC 02 (pockmark 

A), GMMC 03 (pockmark B) and GMMC 04 (reference station). Data for all sediment 

intervals (0-1 cm, 1-2 cm, 2-3 cm) are illustrated ; B. Relative abundance of sequences 

affiliated to sulphur-oxidizing bacteria (SOB), sulphate reducing bacteria (SOB) and 

methanotrophs (MT) representing more than 1% of the relative abundance in the samples. 

Others include all the sequences not affiliated to the three functional groups indicated or 

representing less than 1% of the relative abundance. 

Fig. 7 Foraminiferal composition of living (stained) faunas at the 4 stations. Only species with 

a relative abundance of >5% at one site are shown.  

 

Fig. 8 Composition of dead foraminiferal faunas at the 4 stations. Only species with a relative 

abundance of >5% at one site are shown. Each pie chart is based on the mean values of both 

2-3 cm and 4-5 cm sediment intervals.  

 

Fig. 9 Q-mode Principal Component Analysis on the 8 sediment intervals (both sediment 

intervals 2-3 cm and 4-5 cm per station), based on species contribution 2.5 % or more of the 
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assemblage in at least one sediment interval (including 17 species) at the 4 stations. Dashed 

and dotted lines regroup samples from the same station. 

Fig. 10 The average isotopic composition of benthic foraminifera (Bolivina albatrossi, 

Ceratobulimina contraria, Melonis barleeanus and Uvigerina peregrina) at stations GMMC-

01 (black circles) GMMC-02 (grey squares) GMMC-03 (white triangles) and GMMC-04 

(black diamonds). Dashed lines correspond with �18Oe.c. (for B. albatrossi, M. barleeanus and 

U. peregrina) and �18O of biogenic aragonite (for C. contraria). Left: data on living (Rose-

Bengal) stained specimens. Right: data on dead (non-stained) specimens. Note both �13C and 

�18O scale bars vary between species. Error bars represent standard deviation of averages. 

Fig. 11 The averaged isotopic composition of Ceratobulimina contraria (altered specimens) 

and authigenic carbonate mudclasts from station GMMC-02 only. Dashed lines correspond 

with �18Oe.c. and �18O of biogenic aragonite. Isotope data for living (stained) and dead (well-

preserved) C. contraria are included for comparison. 

Table captions 

Table 1 Coordinates and depth of the 4 stations sampled during the GUINECO-MeBo cruise 

(November 2011). Bottom water salinity (BWS), temperature (BWT) and oxygenation 

(BWO) are approximate values from eWOCE database (Schlitzer, 2013) and Bayon et al. 

(2011). “Environmental setting” is described according to nomenclature of Sultan et al. 

(2010).  
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Table 2 Mineralogical composition of surface sediments determined at the 4 stations by X-ray 

powder diffraction (3 sediment intervals at each site) 

Table 3 Diversity Indices (Standing stocks, S, H’, E, Berger-Parker, E(S100)) calculated for the 

living (stained) foraminiferal faunas at the 4 stations. Standing stocks are expressed as the 

number of individuals per 100 cm². S and E(S100) are expressed as the number of species.  

 

Table 4 Diversity Indices (Counted foraminifera, S, H’, E, Berger-Parker, E(S100)) calculated 

for the dead foraminiferal faunas from both sediment intervals (2-3 cm and 4-5 cm) at the 4 

stations. S and E(S100) are expressed as the number of species. 

 

Table 5 Stable isotope values (�13C and �18O) of living (Rose Bengal stained) and dead 

foraminifera from the 4 stations. The number of specimens and their related weights are 

indicated. In some cases, foraminifera were broken due to large sample size. In these cases, 

the weight of the measured sample is given separately in brackets. 
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Table 1 

Station�
Name� Date�

Latitude�
(N)�

Longitude�
(E)

Depth�
(m)

BWT�
(°C) BWS

BWO�
(μmol/L)

Environmental�
setting

�� �� �� � � � � � ��

GMMC�01�
25/11/20

11� 3°15.046� 6°41.927 1143 ~5
~34.
8 ~180 "Pockmark�A"

GMMC�02�
25/11/20

11� 3°14.997� 6°41.925 1144 ~5
~34.
8 ~180 "Pockmark�A"

GMMC�03�
25/11/20

11� 3°14.475� 6°41.805 1220 ~5
~34.
8 ~180 "Pockmark�B"

GMMC�04�
25/11/20

11� 3°15.099� 6°41.802 1141 ~5
~34.
8 ~180

Non�seep�
Reference

 

 

Table 2 

�� GMMC�01� GMMC�02 GMMC�03 GMMC�04

��
0�1�
cm�

1�2�
cm�

2�3�
cm� 0�1�cm

1�2�
cm

2�3�
cm

0�1�
cm

1�2�
cm 2�3�cm�0�1�cm�

1�2�
cm�

2�3�
cm

Kaolinite� **� **� **� ** ** ** ** *** *** ***� **� ***

Montmorillonite� **� *� �� � * ** � � � �� �� �
Muscovite�
(Mica)� �� *� **� ** ** * *** *** *** **� ***� ***

Halloysite� �� �� �� � � � � � � *� �� *

Microcline� �� �� �� � � � � * * **� ��� ��

Calcite� ***� ***� ***� *** *** *** *** *** *** ***� ***� ***

Mg�Calcite� *� *� *� ** ** *** � � � �� �� �

Aragonite� ***� ***� ***� ** * ** � � � �� �� �

Quartz� *� *� *� * ** * *** *** *** ***� **� ***

�� �� �� �� � � � � � � �� �� �

�� �� Rare� *�
Presen

t ** Abundant ***
Very�

Abundant� �� �

 

Table 3 

Living�Foraminiferal�Faunas� GMMC�01 GMMC�02 GMMC�03 GMMC�04�
Simple�diversity�S� 59 55 52 40�

Standing�stocks�(Ind./100�cm²)� 362 296 365 169�
Shannon�Index�H'� 3.54 3.45 3.30 3.23�
Evenness�Index�E� 0.58 0.57 0.52 0.63�

Berger�Parker�Index� 0.15 0.13 0.13 0.12�

Rarefaction�Index�E(S100)� 41 38 34 36�
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Table 4 

Dead�Foraminiferal�Faunas� GMMC�01 GMMC�02 GMMC�03 GMMC�04

Sediment�interval� 2�3�cm� 4�5�cm 2�3�cm 4�5�cm 2�3�cm 4�5�cm� 2�3�cm� 4�5�cm

Simple�diversity�S� 33� 33 44 43 32 41 53� 46

Counted�foraminifera� 216� 225 261 305 235 345� 283� 250
Shannon�Index�H'� 2.85� 3.02 3.10 3.08 2.66 2.76� 3.28� 3.24

Evenness�Index�E� 0.53� 0.62 0.51 0.51 0.45 0.39� 0.50� 0.55
Berger�Parker�Index� 0.15� 0.10 0.13 0.12 0.29 0.26� 0.15� 0.14

Rarefaction�Index�E(S100)� 24� 26 30 28 24 24 34� 32

 

Table 5 

Station Sed. Interval �13C ‰  �18O ‰ Species  No. of  Weight 

  cm PDB PDB Living specimens �g�

GMMC-01 0.0-0.5 -1.49 2.94 B. albatrossi 8 29 

GMMC-01 0.5-1.5 -1.00 2.97 B. albatrossi 6 21 

GMMC-02 0.0-1.5 -1.28 3.00 B. albatrossi 7 26 

GMMC-02 2.0-3.0 -1.40 3.04 B. albatrossi 6 27 

GMMC-03 0.0-1.0 -1.06 3.06 B. albatrossi 11 39 

GMMC-03 1.0-1.5 -0.95 3.07 B. albatrossi 9 37 

GMMC-03 1.5-2.0 -0.94 3.10 B. albatrossi 11 39 

GMMC-04 0.0-1.5 -1.54 1.39 B. albatrossi 8 31 

GMMC-01 0.0-0.5 0.71 3.71 C. contraria 1 65 

GMMC-01 0.5-1.0 0.59 3.86 C. contraria 1 51 

GMMC-01 0.0-0.5 0.53 3.72 C. contraria 4 46 

GMMC-01 0.5-1.0 0.91 3.88 C. contraria 1 36 

GMMC-01 0.0-4.0 0.98 3.77 C. contraria 5 54 

GMMC-01 0.0-0.5 0.87 3.65 C. contraria 1 31 

GMMC-02 2.0-3.0 0.46 3.84 C. contraria 1 70 

GMMC-02 3.0-5.0 0.47 3.82 C. contraria 1 61 

GMMC-02 0.0-0.5 0.15 3.93 C. contraria 1 53 

GMMC-02 0.0-1.0 0.53 3.75 C. contraria 3 42 

GMMC-02 1.0-1.5 0.57 3.69 C. contraria 1 24 

GMMC-02 0.5-1.0 0.64 3.64 C. contraria 1 60 

GMMC-02 2.0-3.0 0.24 3.65 C. contraria 1 47 

GMMC-02 0.5-1.5 0.64 3.69 C. contraria 2 31 

GMMC-02 0.5-3.0 0.64 3.65 C. contraria 8 31 

GMMC-02 0.0-0.5 0.50 3.69 C. contraria 1 31 

GMMC-03 1.0-4.0 2.05 5.54 C. contraria 4 45 



52 
 

GMMC-03 0.5-1.0 1.34 3.80 C. contraria 1 40 

GMMC-03 0.0-0.5 1.44 3.70 C. contraria 4 22 

GMMC-03 0.5-1.0 1.39 3.72 C. contraria 3 38 

GMMC-04 0.0-0.5 1.98 3.87 C. contraria 1 52 

GMMC-04 1.0-1.5 1.32 3.92 C. contraria 1 47 

GMMC-04 1.0-1.5 1.42 3.74 C. contraria 1 32 

GMMC-04 0.0-1.0 1.59 3.78 C. contraria 4 34 

GMMC-04 1.0-1.5 1.54 3.73 C. contraria 2 26 

GMMC-01 0.5-1.0 -1.67 2.54 M. barleeanus 3 61 

GMMC-01 0.0-0.5 -1.42 2.57 M. barleeanus 2 58 

GMMC-01 0.0-0.5 -1.71 2.51 M. barleeanus 2 51 

GMMC-01 0.0-0.5 -1.63 2.56 M. barleeanus 2 50 

GMMC-01 0.5-1.0 -1.61 2.56 M. barleeanus 1 42 

GMMC-01 0.5-1.0 -1.68 2.62 M. barleeanus 1 42 

GMMC-01 0.5-1.0 -1.36 2.80 M. barleeanus 1 42 

GMMC-01 0.5-1.0 -1.71 2.61 M. barleeanus 2 35 

GMMC-01 0.5-1.0 -1.78 2.56 M. barleeanus 6 35 

GMMC-01 0.5-1.0 -1.58 2.52 M. barleeanus 2 34 

GMMC-01 0.0-0.5 -1.63 2.58 M. barleeanus 1 32 

GMMC-01 0.5-1.0 -1.59 2.68 M. barleeanus 1 32 

GMMC-01 0.5-1.0 -1.47 2.62 M. barleeanus 1 32 

GMMC-01 1.5-2.0 -1.55 2.76 M. barleeanus 1 33 

GMMC-01 1.5-2.0 -1.35 2.67 M. barleeanus 1 31 

GMMC-01 1.0-2.0 -1.76 2.58 M. barleeanus 2 28 

GMMC-01 0.0-0.5 -1.46 3.18 M. barleeanus 1 21 

GMMC-01 2.0-4.0 -1.39 2.66 M. barleeanus 3 21 

GMMC-01 0.5-2.0 -1.64 2.64 M. barleeanus 3 30 

GMMC-01 0.5-1.0 -1.73 2.75 M. barleeanus 1 32 

GMMC-02 2.0-3.0 -1.65 2.46 M. barleeanus 2 68 

GMMC-02 2.0-3.0 -1.99 2.56 M. barleeanus 1 48 

GMMC-02 3.0-5.0 -2.26 2.71 M. barleeanus 1 45 

GMMC-02 1.5-2.0 -1.76 2.70 M. barleeanus 1 39 

GMMC-02 1.5-2.0 -1.82 2.64 M. barleeanus 1 35 

GMMC-02 2.0-3.0 -1.60 2.67 M. barleeanus 2 33 

GMMC-02 2.0-5.0 -1.97 2.53 M. barleeanus 2 35 

GMMC-03 2.0-3.0 -1.19 2.58 M. barleeanus 4 62 

GMMC-03 0.5-1.0 -0.93 2.66 M. barleeanus 1 37 

GMMC-03 1.0-1.5 -1.14 2.60 M. barleeanus 3 51 

GMMC-03 1.0-1.5 -1.21 2.57 M. barleeanus 2 26 

GMMC-03 1.5-2.0 -1.12 2.65 M. barleeanus 2 24 

GMMC-03 2.0-3.0 -1.23 2.67 M. barleeanus 6 42 

GMMC-03 3.0-4.0 -1.25 2.55 M. barleeanus 1 25 

GMMC-03 3.0-4.0 -1.35 2.58 M. barleeanus 3 25 

GMMC-04 2.0-3.0 -1.22 2.61 M. barleeanus 3 40 
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GMMC-04 2.0-4.0 -1.17 2.54 M. barleeanus 6 34 

GMMC-01 0.5-1.0 -1.16 3.11 U. peregrina 1 56 

GMMC-01 1.0-2.0 -1.08 3.10 U. peregrina 1 77 (48) 

GMMC-01 1.0-2.0 -1.68 3.11 U. peregrina 1 41 

GMMC-01 0.0-0.5 -1.54 2.92 U. peregrina 1 23 

GMMC-01 0.0-0.5 -0.61 3.00 U. peregrina 1 24 

GMMC-02 1.0-1.5 -1.36 3.13 U. peregrina 1 120 (55) 

GMMC-02 1.0-2.0 -1.50 2.98 U. peregrina 2 40 

GMMC-02 1.0-1.5 -1.46 3.10 U. peregrina 1 120 (51) 

GMMC-03 0.0-1.0 -0.54 3.03 U. peregrina 3 40 

GMMC-03 0.5-1.0 -0.35 3.25 U. peregrina 1 49 

GMMC-03 1.0-1.5 0.12 3.83 U. peregrina 1 48 

GMMC-03 1.0-1.5 -0.77 3.30 U. peregrina 1 49 

GMMC-03 0.5-1.0 -0.76 3.19 U. peregrina 1 35 

GMMC-04 0.0-1.0 -0.14 3.06 U. peregrina 1 41 

GMMC-04 1.5-2.0 -0.29 3.05 U. peregrina 1 90 (40) 

GMMC-04 0.0-1.0 -0.55 2.88 U. peregrina 2 22 
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Station Sed. Interval �13C ‰  �18O ‰ Species  No. of  Weight 

  cm PDB PDB Living specimens �g�

GMMC-01 0.0-0.5 -1.49 2.94 B. albatrossi 8 29 

GMMC-01 0.5-1.5 -1.00 2.97 B. albatrossi 6 21 

GMMC-02 0.0-1.5 -1.28 3.00 B. albatrossi 7 26 

GMMC-02 2.0-3.0 -1.40 3.04 B. albatrossi 6 27 

GMMC-03 0.0-1.0 -1.06 3.06 B. albatrossi 11 39 

GMMC-03 1.0-1.5 -0.95 3.07 B. albatrossi 9 37 

GMMC-03 1.5-2.0 -0.94 3.10 B. albatrossi 11 39 

GMMC-04 0.0-1.5 -1.54 1.39 B. albatrossi 8 31 

GMMC-01 0.0-0.5 0.71 3.71 C. contraria 1 65 

GMMC-01 0.5-1.0 0.59 3.86 C. contraria 1 51 

GMMC-01 0.0-0.5 0.53 3.72 C. contraria 4 46 

GMMC-01 0.5-1.0 0.91 3.88 C. contraria 1 36 

GMMC-01 0.0-4.0 0.98 3.77 C. contraria 5 54 

GMMC-01 0.0-0.5 0.87 3.65 C. contraria 1 31 

GMMC-02 2.0-3.0 0.46 3.84 C. contraria 1 70 

GMMC-02 3.0-5.0 0.47 3.82 C. contraria 1 61 

GMMC-02 0.0-0.5 0.15 3.93 C. contraria 1 53 

GMMC-02 0.0-1.0 0.53 3.75 C. contraria 3 42 

GMMC-02 1.0-1.5 0.57 3.69 C. contraria 1 24 

GMMC-02 0.5-1.0 0.64 3.64 C. contraria 1 60 

GMMC-02 2.0-3.0 0.24 3.65 C. contraria 1 47 

GMMC-02 0.5-1.5 0.64 3.69 C. contraria 2 31 

GMMC-02 0.5-3.0 0.64 3.65 C. contraria 8 31 

GMMC-02 0.0-0.5 0.50 3.69 C. contraria 1 31 

GMMC-03 1.0-4.0 2.05 5.54 C. contraria 4 45 

GMMC-03 0.5-1.0 1.34 3.80 C. contraria 1 40 

GMMC-03 0.0-0.5 1.44 3.70 C. contraria 4 22 

GMMC-03 0.5-1.0 1.39 3.72 C. contraria 3 38 

GMMC-04 0.0-0.5 1.98 3.87 C. contraria 1 52 

GMMC-04 1.0-1.5 1.32 3.92 C. contraria 1 47 

GMMC-04 1.0-1.5 1.42 3.74 C. contraria 1 32 

GMMC-04 0.0-1.0 1.59 3.78 C. contraria 4 34 

GMMC-04 1.0-1.5 1.54 3.73 C. contraria 2 26 

GMMC-01 0.5-1.0 -1.67 2.54 M. barleeanus 3 61 

GMMC-01 0.0-0.5 -1.42 2.57 M. barleeanus 2 58 

GMMC-01 0.0-0.5 -1.71 2.51 M. barleeanus 2 51 

GMMC-01 0.0-0.5 -1.63 2.56 M. barleeanus 2 50 

GMMC-01 0.5-1.0 -1.61 2.56 M. barleeanus 1 42 

GMMC-01 0.5-1.0 -1.68 2.62 M. barleeanus 1 42 

GMMC-01 0.5-1.0 -1.36 2.80 M. barleeanus 1 42 

GMMC-01 0.5-1.0 -1.71 2.61 M. barleeanus 2 35 

GMMC-01 0.5-1.0 -1.78 2.56 M. barleeanus 6 35 
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GMMC-01 0.5-1.0 -1.58 2.52 M. barleeanus 2 34 

GMMC-01 0.0-0.5 -1.63 2.58 M. barleeanus 1 32 

GMMC-01 0.5-1.0 -1.59 2.68 M. barleeanus 1 32 

GMMC-01 0.5-1.0 -1.47 2.62 M. barleeanus 1 32 

GMMC-01 1.5-2.0 -1.55 2.76 M. barleeanus 1 33 

GMMC-01 1.5-2.0 -1.35 2.67 M. barleeanus 1 31 

GMMC-01 1.0-2.0 -1.76 2.58 M. barleeanus 2 28 

GMMC-01 0.0-0.5 -1.46 3.18 M. barleeanus 1 21 

GMMC-01 2.0-4.0 -1.39 2.66 M. barleeanus 3 21 

GMMC-01 0.5-2.0 -1.64 2.64 M. barleeanus 3 30 

GMMC-01 0.5-1.0 -1.73 2.75 M. barleeanus 1 32 

GMMC-02 2.0-3.0 -1.65 2.46 M. barleeanus 2 68 

GMMC-02 2.0-3.0 -1.99 2.56 M. barleeanus 1 48 

GMMC-02 3.0-5.0 -2.26 2.71 M. barleeanus 1 45 

GMMC-02 1.5-2.0 -1.76 2.70 M. barleeanus 1 39 

GMMC-02 1.5-2.0 -1.82 2.64 M. barleeanus 1 35 

GMMC-02 2.0-3.0 -1.60 2.67 M. barleeanus 2 33 

GMMC-02 2.0-5.0 -1.97 2.53 M. barleeanus 2 35 

GMMC-03 2.0-3.0 -1.19 2.58 M. barleeanus 4 62 

GMMC-03 0.5-1.0 -0.93 2.66 M. barleeanus 1 37 

GMMC-03 1.0-1.5 -1.14 2.60 M. barleeanus 3 51 

GMMC-03 1.0-1.5 -1.21 2.57 M. barleeanus 2 26 

GMMC-03 1.5-2.0 -1.12 2.65 M. barleeanus 2 24 

GMMC-03 2.0-3.0 -1.23 2.67 M. barleeanus 6 42 

GMMC-03 3.0-4.0 -1.25 2.55 M. barleeanus 1 25 

GMMC-03 3.0-4.0 -1.35 2.58 M. barleeanus 3 25 

GMMC-04 2.0-3.0 -1.22 2.61 M. barleeanus 3 40 

GMMC-04 2.0-4.0 -1.17 2.54 M. barleeanus 6 34 

GMMC-01 0.5-1.0 -1.16 3.11 U. peregrina 1 56 

GMMC-01 1.0-2.0 -1.08 3.10 U. peregrina 1 77 (48) 

GMMC-01 1.0-2.0 -1.68 3.11 U. peregrina 1 41 

GMMC-01 0.0-0.5 -1.54 2.92 U. peregrina 1 23 

GMMC-01 0.0-0.5 -0.61 3.00 U. peregrina 1 24 

GMMC-02 1.0-1.5 -1.36 3.13 U. peregrina 1 120 (55) 

GMMC-02 1.0-2.0 -1.50 2.98 U. peregrina 2 40 

GMMC-02 1.0-1.5 -1.46 3.10 U. peregrina 1 120 (51) 

GMMC-03 0.0-1.0 -0.54 3.03 U. peregrina 3 40 

GMMC-03 0.5-1.0 -0.35 3.25 U. peregrina 1 49 

GMMC-03 1.0-1.5 0.12 3.83 U. peregrina 1 48 

GMMC-03 1.0-1.5 -0.77 3.30 U. peregrina 1 49 

GMMC-03 0.5-1.0 -0.76 3.19 U. peregrina 1 35 

GMMC-04 0.0-1.0 -0.14 3.06 U. peregrina 1 41 

GMMC-04 1.5-2.0 -0.29 3.05 U. peregrina 1 90 (40) 

GMMC-04 0.0-1.0 -0.55 2.88 U. peregrina 2 22 
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Highlights 

� We work on living and dead benthic foraminifera sampled in a pockmark field. 
� Fossilizing meiobenthos are compared between seep and non-seep sites.  
� The �13C signatures of living faunas are depleted in episodically active pockmark. 
� In dead faunas, dominant opportunistic species indicate episodic seepage events.   
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