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Abstract:

Seawater samples were collected by submersible above methane seeps in the Gulf of Guinea (Regab
and Baboon pockmarks) in order to investigate the behaviour of iron (Fe), manganese (Mn) and rare
earth elements (REE) during fluid seepage. Our aim was to determine whether cold seeps may
represent potential sources of dissolved chemical species to the ocean. Dissolved (<0.45 um filtered
samples) and total dissolvable (unfiltered samples) concentrations were determined over ~50 m long
vertical transects above the seafloor and at various discrete locations within the pockmarks.

We show that substantial amounts of Fe and Mn are released into seawater during seepage of
methane-rich fluids. Mn is exported almost quantitatively in the dissolved form (more than 90% of total
Mn; mean Mnp;ss~12+11 nmol/kg~12+11 nmol/kg). Although a significant fraction of Fe is bound to
particulate phases, the dissolved iron pool still accounts on average for approximately 20 percent of
total iron flux at vent sites (mean Fepiss~22+11 nmol/kg~22+11 nmol/kg). This dissolved Fe fraction
also appears to remain stable in the water column. In contrast, there was no evidence for any
significant benthic fluxes of pore water REE associated with fluid seepage at the studied sites.

Overall, our results point towards distinct trace element behaviour during fluid seepage, with potential
implications for the marine geochemical budget. The absence of any dissolved REE enrichments in
bottom waters clearly indicates effective removal in sub-surface sediments. Most likely, precipitation of
authigenic mineral phases at cold seeps (i.e. carbonates) represents a net sink for these elements.
While Mn appears to behave near-conservatively during fluid seepage, the observed relative stability
of dissolved Fe in the water column above seepage sites could be explained by complexation with
strong organic ligands and/or the presence of Fe-bearing sulfide nanoparticles, as reported previously
for submarine hydrothermal systems. Considering the ubiquitous occurrence of methane vents at
ocean margins, cold seeps could represent a previously unsuspected source of dissolved Fe to the
deep ocean.
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Highlights

» Large amounts of dissolved Fe and Mn are released into seawater at methane seeps. » Possible
role of organic complexation or sulfide nanoparticles in stabilizing Fe. » Cold seeps could represent
an important source of dissolved Fe to the deep ocean. » Precipitation of authigenic minerals leads to
removal of REE in sediments.
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1 - Introduction

At ocean margins, the progressive accumulation of organic-rich sediments on the seafloor
leads, with time and microbial degradation, to diagenetic remineralization of organic
compounds and to methanogenesis (e.g. Martens and Berner, 1974). The migration of
methane-rich fluids in sediment and subsequent release into bottom waters typically result in
the formation of venting structures, such as pockmarks or mud volcanoes (e.g. Suess, 2010).
These so-called ‘cold’ seeps are particularly common at margins, and hence could play an
important role in the exchange processes between seawater and sediment, and in the

distribution of trace elements in the water column.

Fluid venting at cold seeps sustains the development of abundant seafloor ecosystems, which
rely on the chemosynthetic use of reduced chemical compounds (e.g. Sibuet et al., 1998). The
main biogeochemical process in fluid venting areas is the anaerobic oxidation of methane
(AOM). The AOM is generally coupled with sulfate reduction in anoxic sediments, which are
both driven by microbial assemblages of archaea and bacteria, respectively (e.g. Boetius et al.,
2000). This results in the release of bicarbonate ions and hydrogen sulfide into pore waters,
which, in turn, often leads to precipitation of authigenic minerals, such as carbonates and

sulfides (e.g. Aloisi et al., 2002).

Both microbial activity and carbonate precipitation represent a net sink for methane at cold
seeps (e.g. Luff and Wallmann, 2003; Boetius and Wenzhofer, 2013). However, in highly
active environments, excess methane can be expelled into bottom waters. Methane plumes
can rise up to several kilometers through the water column, as inferred from direct CHy
measurements and acoustic investigations of gas flares at margins worldwide (Charlou et al.,
2003; Charlou et al., 2004; Sauter et al., 2006; Greinert et al., 2006; Mastalerz et al., 2007;
Solomon et al., 2009; Westbrook et al., 2009; Brothers et al., 2013; Kannberg et al., 2013).
The emission of methane-rich fluids at the seafloor is also typically associated with high
particulate contents, which can be detected using nephelometers and/or measurements of high
concentrations of Fe and Mn in seawater (e.g. Charlou et al., 2004; Sauter et al., 2006; Bayon
et al., 2011a). By analogy with submarine hydrothermal systems, it is generally assumed that
the mixing of anoxic fluids with oxygen-rich bottom waters leads to the precipitation of Fe
and Mn oxyhydroxides in methane plumes (Charlou et al., 2004; Bayon et al., 2011a).
However, with the exception of barium (Kasten and Jorgensen, 2000; Dickens, 2001; Torres

et al., 2002; Aloisi et al., 2004; Riedinger et al., 2006; McQuay et al., 2008; Kasten et al.,
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2012; Griffith and Paytan, 2012), the behaviour of iron, manganese and other trace elements
during fluid seepage remains largely unexplored. In particular, it is unknown whether cold

seeps may represent, or not, a source of dissolved iron to seawater.

Most dissolved iron in seawater is complexed with natural organic ligands (e.g. Rue and
Bruland, 1995; Laglera and van den Berg, 2009; Gledhill and Buck, 2012; Misumi et al.,
2013). Iron-organic complexes are characterized by high stability constants in the marine
environment, which prevents (or delays) precipitation and enhances dissolved Fe
concentrations in seawater (e.g. Sander and Koschinsky, 2011; Gledhill and Buck, 2012).
Over recent years, several studies have demonstrated the presence of Fe-binding organic
complexes in hydrothermal fluids and plumes, with global implications for the global Fe
budget (Sander et al., 2007 & 2011, Bennett et al., 2008; Toner et al., 2009; Tagliabue et al.,
2010; Wang et al., 2012; Hawkes et al., 2013; Saito et al., 2013). The hypothesis that reduced
iron species could leak from hydrothermal vents was also suggested by speciation studies of
plume particles, revealing the presence of non-sulfide iron(Il) phases associated with carbon-
rich material (Statham et al., 2005; Toner et al., 2009; Toner et al., 2012). In addition, Fe-
bearing sulfide nanoparticles are also typically present within hydrothermal plumes (Yiicel et
al., 2011; Gartman et al., 2014). Because nanoparticulate sulfides are not retained onto filters
with a 0.45um or 0.22um pore size filters, they have been shown to account for a significant
fraction (as high as 25 wt%) of the so-called ‘dissolved’ iron at hydrothermal vents (Yiicel et
al., 2011; Gartman et al., 2014). At present, the fate of these very fine sulfide particles within
methane plumes is unknown, but they could possibly be transported over long distances in the

deep ocean (Carazzo et al., 2013).

The main objective of this study was to investigate the behaviour of iron and manganese at
cold seeps, and to assess the potential significance of fluid seepage to the global oceanic
budget. The work presented here focused on methane seeps from the Gulf of Guinea,
including the Regab pockmark, a well-studied highly active seepage site on the Congo margin
(Ondréas et al., 2005). In addition to Fe and Mn, we also used the rare earth elements (REE),
because their behaviour at cold seeps is presumably related to Fe and Mn cycling (Bayon et
al., 2011). The REE also represent potentially interesting tracers of fluid seepage at margins,
because they are generally highly enriched in pore waters relative to overlying bottom waters
(Haley et al., 2004). A study conducted above methane seeps at the Niger delta margin

suggested however that REE could be quantitatively scavenged during fluid emission,
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presumably due to scavenging onto Fe-Mn oxyhydroxide phases in sub-surface sediments

(Bayon et al., 2011a).

2 — Study area

In the Gulf of Guinea, the Congo margin is the location of several active sites of venting fluid
(Ondreéas et al., 2005; Sahling et al., 2008; Pierre et al., 2012). The most studied site in this
area is Regab, a giant pockmark of about 800m wide, located at 3160m depth near the Congo
submarine canyon (Fig. 1). This canyon has been directly connected to the mouth of the
Congo River, at least since the Quaternary period, thereby acting as a direct source-to-sink
route for sediments from the continent to the deep sea basin (Babonneau et al., 2002). It
delivers substantial amounts of organic-rich sediments to the entire Congo submarine system
(Baudin et al., 2010). Regab was first explored during the Zaiango project (1998-2000), and
was further investigated during subsequent cruises (e.g., Ondreas et al., 2005; Pop-Ristova et
al., 2012). The source of methane-rich fluids at Regab is thought to derive from a buried
palaeo-channel of the Congo River (Ondréas et al., 2005). Regab is characterized by intense
methane seepage and the occurrence of gas hydrates, massive carbonate deposits, and
abundant chemosynthetic communities at the seafloor (Ondréas et al., 2005; Charlou et al.,
2004; Gay et al., 2006; Pierre and Fouquet, 2007; Olu-LeRoy et al., 2007; Olu et al., 2009;
Marcon et al., 2014a; Duperron et al., 2014). Over recent years, several other active venting
sites, known as the Kouilou pockmarks, have also been discovered on the northern Congo
margin, about 100 km north of Regab (Sahling et al., 2008; Pierre et al., 2012). This includes
the Baboon pockmark (~ 3000 m depth), characterized like Regab by the occurrence of gas

hydrate deposits, seafloor carbonate pavements, and intense methane seepage.

3 — Materials and methods

3.1. Microbathymetric map, seafloor observations and sampling

The seafloor photographs and microbathymetric data presented in this study were acquired via
the Victor 6000 ROV (Remote Operated Vehicle) during the WACS expedition (2011) aboard
R/V Pourquoi Pas? (chief scientist: K. Olu-Le Roy). The new microbathymetric data provide

details of seafloor morphology at Regab with an unprecedented high-resolution (Marcon et
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al., 2014b). Seafloor submersible observations are superimposed onto the new
microbathymetric map in Fig. 2. The central part of the pockmark is composed of several
large clustered depressions (about 50 m wide), where the most active seepage sites are
concentrated (Ondréas et al., 2005; Marcon et al., 2014b). This area is characterized by
seafloor occurrence of gas hydrates and carbonate crusts, active gas plumes, and dense mussel
(Mytilidae) and clam (Vesicomyidae) beds (Fig. 3a,b,c,d). The northern part of Regab also
displays a rough topography with irregular outcrops of carbonate crusts serving as hard
substrates for dense bushes of vestimentiferan (Escarpia southwardae) tubeworms (Fig. 3e¢).
In contrast, the western and southern parts of the pockmark are mainly composed of
bioturbated sediment riddled with small meter-wide holes. In this area, a few larger
depressions (about 10 m wide) are often found in association with patches of clams

(Vesicomyidae) and microbial mats related to reduced sediments (Fig. 3f).

Seawater samples were collected using the automated PEPS system, which allowed sampling
of twelve individual acid-cleaned 2L plastic bags during each ROV dive (Table 1). At Regab,
the seawater samples were taken along vertical profiles up to about +60 m above the seafloor
at three different stations: 1) a highly active site of gas venting in the center of the pockmark
(hereafter referred to as the ‘Bubble’ site); 2) another active area in the eastern part of the
pockmark (i.e. East Pockmark site), at about 300 m from the Bubble Site; and 3) a reference
station (i.e. Reference site), also located eastwards at about 1 km away from the center of the
pockmark (Fig. 2). These sampling sites were selected based on results from a previous ROV
survey, during which bottom water samples were collected and further analysed for methane
concentrations (Charlou et al., 2004; Fig. 2). The methane contents measured at these three
sites were ~ 130 pl/l, 17 ul/l and 0.05 ul/l, respectively (Charlou et al., 2004; Table S1).
While the bottom water sample at the reference site was characterized by much lower CHy4
contents, this value was still significantly higher than typical deep water methane background
levels in the Atlantic Ocean (6-8 nl/l; Lamontagne et al., 1973), suggesting that this location
was also under the influence of methane plumes from Regab. During the WACS expedition,
seawater was also collected at just a few centimeters above the seafloor within the pockmark,
next to patches of vesicomyid clams, mussels (two sites) and microbial mats. At Baboon,
samples were collected at 3 m above the seafloor during a ROV dive across the pockmark.
All samples were filtered on board onto <0.45 pum cellulose filters within a few hours after

collection. Both filtered and unfiltered samples were directly transferred into acid-cleaned
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HDPE Nalgene® bottles, and further acidified on board with twice sub-boiled nitric acid to
pH ~ 2.

3.2. Chemical and analytical procedures

The bottom water samples collected at Baboon and above the seafloor chemosynthetic
habitats investigated at Regab were analysed for methane concentrations. On board, 5-ml
seawater aliquots were conditioned into 10-ml serum vials, poisoned with 20ul HgCl,, and
stored at 4°C. Methane concentrations were then determined onshore by static headspace gas
chromatography (Perichrom® Pr2100). The chemical preparations prior to trace element
measurements were conducted back to the clean laboratory (ISO-6) at Brest. All experiments
were made in polypropylene tubes cleaned with the following sequence: 5% nitric acid, milli-
Q 18.2MQ water, 2% nitric acid twice sub-boiled and milli-Q 18.2MQ water. Pipette tips
used for the experiments underwent the same cleaning procedure. All measurements were

made using mass spectrometry techniques at the Pole Spectrométrie Océan (PSO, Brest).

Rare earth elements, Y, Fe, and Mn concentrations were determined by sector field [CPMS
(Element2) after addition of mixed >'Fe-thulium (Tm) spike and double magnesium
(Mg(OH),) co-precipitation (Wu, 2007; Freslon et al., 2011). The iron concentration of the
spike was calibrated by inverse isotopic dilution using several certified reference geological
materials (MGL-AND, BIR-1, BCR-1, HTB-1). The Mg(OH), co-precipitation was
performed on carefully weighed seawater samples (about 25 ml) by adding ultra-pure
ammonia (Optima, Fisher Scientist, VWR BDH Prolabo, 25%). After two successive co-
precipitations, the final Mg(OH), precipitate was cleaned and further dissolved in 2% Ultrex®
IT HNOs prior to ICPMS analysis. Measured REE concentrations were corrected for oxide
and hydroxide interferences (Barrat et al., 1996). Iron and Mn counts were measured in the
medium resolution mode of the Element2 SF-ICPMS. Iron concentrations were determined
by isotopic dilution, while the abundances for other elements (Mn, REE, Y) were calculated

using the Tm addition method (Bayon et al., 2011b; Freslon et al., 2011).

Procedural blanks for all studied elements were determined using the same methods as for
water samples, applied to a seawater sample depleted in trace elements by five successive
magnesium co-precipitations. Total blank contributions for Fe (1.4 £ 0.5 ng; N=12; 1SD)

were always below 20% in our samples. Average blank contributions for all other elements
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were generally negligible. The accuracy and precision of our analyses were assessed using
two certified reference materials (NASS-6 and CASS-5), and one in-house seawater standard
(Concarneau Bay, Brittany, France). Replicate analyses of the two certified seawater
standards gave accuracies better than 7% for Fe and Mn compared to certified values (Table
S1). The corresponding relative standard deviations (RSD%) were lower than 33% for Mn
and Fe (Table S2). For REE and Y, both accuracies (for CASS-5; Rousseau et al., 2013) and
precisions were generally better than 8%, with the exception of Yttrium (Y, RSD <13%),
Lanthanum (La, RSD <13%), and Cerium (Ce, <25%). As will be discussed below, all studied
samples were characterized by REE shape patterns typical of seawater and/or Fe-Mn
oxyhydroxide phases. One unfiltered sample however (Bubble site +5 m; Table 2) displayed
anomalously high La and Ce concentrations, perhaps due to contamination, and hence was

discarded in the following discussion.

4 — Results

The bottom waters sampled above the seafloor habitat patches at Regab (+ 0.1m) and at
Baboon (+ 3m) exhibit high CH4 concentrations, ranging between ~ 32-132 ul/l and 10-70
ul/l, respectively (Table S2). Vertical profiles for dissolved (filtered samples) and total
dissolvable (unfiltered samples) element concentrations at the three studied Regab stations are
shown in Fig. 4. The corresponding data are listed in Table 2 and Table 3. The Bubble station
1s characterized by marked enrichments of iron and manganese in unfiltered seawater samples
(up to ~400 and ~20 nmol/kg, respectively), which are clearly related to emission of methane-
rich fluids in the central part of Regab (Fig. 2). An important feature is that bottom waters
also retain elevated concentrations of both dissolved Fe and Mn, at least as high as +40 m
above the seafloor (about ~30-40 and ~12-20 nmol/kg, respectively). Seafloor samples
collected above chemosynthetic habitats at Regab and across the Baboon pockmark display
similar concentration levels (Fepiss ~7-34 nmol/kg and Mnpss ~3-47 nmol/kg). In
comparison, the bottom water column at the Reference site exhibits lower values, with Fepjss
~5-10 nmol/kg and Mnpss ~5-8 nmol/kg (when excluding the sample nearest to the seafloor,
Mnpss ~19 nmol/kg). Although this latter station is located at about 1 km away from the
Regab center, it has to be noted however that these ‘reference’ Fepiss and Mnpsg values are
still much higher than typical open-ocean deep water values in the South Atlantic (i.e. < 0.7

nmol/kg; Noble et al., 2012).
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Rare earth element concentrations in unfiltered samples are generally higher near the seafloor
(up to TDNd ~ 80 pmol/kg). Measured dissolved REE concentrations range from e.g. Ndpyss
~ 20 to 42 pmol/kg. The lowest Ndpjss concentrations were determined in the water column
overlying the Bubble site (mean value of ~ 21.6 = 1.6 pmol/kg). In comparison, dissolved
REE concentrations in the bottom water column at the Reference station are higher (mean
Ndpiss ~ 26 = 1 pmol/kg). With one exception, all seawater samples from the reference site
exhibit very similar seawater-like REE patterns (e.g. Elderfield and Greaves, 1982), showing
a pronounced negative Ce-anomaly and a progressive enrichment from the light- (LREE) to
the heavy-REE (HREE) (Fig. 5). In contrast, a few unfiltered samples from the Bubble Site
(+1 m), the Reference Site (+1m), and seafloor habitat patches display much higher REE
concentrations and a distinctive shale-normalized REE pattern, with a less negative (or

positive) Ce-anomaly and mid-REE (MREE) enrichment over HREE (Fig. 5).

5 — Discussion

5.1. Evidence for a decoupling between REE and Fe

The distribution patterns of rare earth elements provide useful information on both fluid
sources and the origin of particulate phases at submarine hydrothermal vents and cold seeps
(e.g. German et al., 1990; Sherrell et al., 1999; German et al., 2002; Edmonds and German,
2004; Bayon et al., 2011a). At the Reference site, the REE pattern shape of the unfiltered
sample collected at +1 m over the seafloor is characteristic of the Fe-Mn oxyhydroxide
fraction that can be extracted from marine sediments by sequential leaching, including those
from the Gulf of Guinea (Bayon et al., 2004; Bayon et al., 2011a). Considering that high
TDFe and TDMn concentrations were also found in the same sample, this indicates that high
particulate load is probably present in seawater at this location. By analogy, a similar
conclusion can also be drawn from the REE pattern shapes determined for other unfiltered
seawater samples at Baboon and over seafloor habitat patches and the Bubble vent site (+ 1m)
at Regab (Fig. 5). Such TDREE, Mn, Fe enrichments in bottom waters overlying active
seepage sites are clearly diagnostic of sediment resuspension due to emission of gas-rich
fluids at submarine vents, similar to what has been previously proposed (Charlou et al., 2004;
Bayon et al., 2011a). On the Niger Delta margin, this is nicely illustrated by the positive
correlation displayed by TDFe and TDNd in seawater samples collected above active

pockmarks and mud volcanoes (Fig. 6).
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Interestingly, however, Fe and REE appear to behave slightly differently in the water column
at the Regab and Baboon pockmarks (Fig. 6). While bottom waters at the Bubble site and
Baboon display a large range of TDFe values (between ~70 to 600 nmol/kg), generally much
higher than those for the Reference and East Pockmark stations (between ~30 to 60 nmol/kg),
TDNd yields similar levels of concentrations in most samples. This is clearly shown on the
TDNd versus TDFe plot (Fig. 6), suggesting that Fe and REE are decoupled during fluid
venting at Regab.

One possible explanation accounting for the observed decoupling between Fe and REE would
be that TDFe is not solely controlled by Fe-oxyhydroxide phases in methane plumes. At
hydrothermal vents, the iron budget in plume particles is dominated by Fe-
oxyhydroxide/oxide phases, but also by Fe-sulfide minerals (e.g. Toner et al., 2009; Breier et
al., 2012). Iron speciation measurements have shown that oxidized iron(IIl) and sulfides could
account for about 10 mol% and ~ 60-70 mol% of total iron in hydrothermal plume particles,
respectively (Toner et al., 2009; Toner et al., 2012). Iron sulfides precipitate within the
buoyant plumes, immediately after hydrothermal discharge into the water column. Then, the
increase of pH and dissolved O, contents in the non-buoyant plume usually leads to
precipitation of the remaining (or most of it) dissolved iron as Fe-oxyhydroxides. Like
hydrothermal systems, cold seeps are also generally characterized by high sulfide
concentrations (up to ~ 10 mM in pore waters at Regab; Pop-Ristova et al., 2012). It seems
unlikely that acidification to pH ~ 2 would achieve complete dissolution of Fe-sulfide phases
in our unfiltered samples. However, because REE are strongly depleted in sulfide minerals
(e.g. Tachikawa et al., 2013), only partial dissolution of particulate Fe-sulfide phases in
bottom waters at the Bubble site could perhaps explain the observed decoupling between Fe
and REE. The distinct TDFe vs. TDNd trends that can be inferred from the Regab and
Baboon data in Fig. 6 could hence be possibly explained by a combination of both sulfide and
oxyhydroxide precipitation. At the Niger seeps, seawater samples were collected by a
CTD/Rosette system operated from the deck, suggesting that they may not be representative
of the methane plumes expelled immediately above venting sites. This is also suggested by
the fact that the Niger samples are characterized by relatively low methane contents (i.e. about
one order of magnitude lower) compared to those collected by ROV above the Congo seeps.
The absence of any sulfide enrichment in the Niger samples could hence suggest that these

particles are not efficiently transported over long distances in deep waters.

10
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In addition, removal of substantial amounts of dissolved REE from pore waters before
seafloor venting of methane-rich fluids could also potentially contribute to the observed
decoupling between Fe and REE at Regab. At cold seeps, precipitation of authigenic
carbonate minerals (e.g. aragonite, high-Mg calcite) commonly takes place in anoxic sub-
surface sediments or bottom waters, in relation to anaerobic oxidation of methane (e.g. Aloisi
et al., 2002; Bayon et al., 2013). The high REE contents determined in methane-derived
carbonates suggest that carbonate precipitation probably represents an important sink for REE
in marine sediments (Himmler et al., 2010; Rongemaille et al., 2011; Feng et al., 2013). This
has been recently confirmed in a study reporting pore water REE data at Hydrate Ridge (NE
Pacific Ocean), which showed that REE were almost quantitatively depleted at the sulfate-
methane interface (Himmler et al., 2013). In areas characterized by high methane fluxes, such
as the central part of Regab (Pop-Ristova et al., 2012), both AOM and carbonate precipitation
takes place at only a few centimeters below the seafloor. As a consequence, intense carbonate
precipitation could possibly influence, at least locally, REE distribution in bottom waters,
thereby perhaps explaining the slightly lower dissolved REE concentrations at the Bubble site
(mean Ndpiss ~ 21.6 £ 1.6 pmol/kg) compared to the Reference station (mean ~ 26 + 1

pmol/kg).

Overall, our data for unfiltered seawater samples hence suggest that REE and Fe are
decoupled during fluid venting at cold seeps, due to the combined precipitation of both REE-
rich Fe-oxyhydroxide and REE-poor Fe-sulfide phases in the methane plumes, but also

possibly in sub-surface sediments, during precipitation of authigenic carbonate deposits.

5.2. The distribution of dissolved Fe and Mn in the water column

The observed positive correlations between CHy, and Fepiss and Mnp;ss concentrations in the
studied seawater samples clearly show that fluid seepage at Regab and Baboon is
accompanied with substantial release of dissolved iron and manganese species (Fig. 7). Over
the last decades, a large amount of work has been conducted on submarine hydrothermal
plumes, which provides useful background information for predicting trace element behaviour
at cold seeps. Dissolved Mn is known to oxidize very slowly in hydrothermal plumes,
exhibiting near-conservative behaviour on time scales of days to weeks (e.g. Cowen et al.,
1990). At the Congo seeps, both unfiltered and filtered seawater samples generally display

very similar Mn concentrations (within 20% in most cases), including above the active
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Bubble vent site. This indicates that Mn is mainly present in soluble form, remaining stable at
least over the time scale of the age of the plumes sampled at Regab. At the Bubble site, the
highest dissolved Mn concentrations (Mnpjss ~21 nmol/kg) were determined at about +40 m
above the seafloor (Fig. 4), possibly indicating the presence of another discrete plume in the
water column. This result would be in agreement with evidence from the CHy distribution
map above the seafloor at Regab (Charlou et al., 2004; Fig. 5), which clearly suggests that
distinct methane plumes may co-exist in the water column, especially in the central part of the

pockmark.

In contrast to Mn, iron oxidation rates reported at hydrothermal sites are much higher (Millero
et al., 1987; Millero et al., 1998; Field and Sherrell, 2000; Statham et al., 2005). Dissolved
iron generally oxidizes within minutes or hours in seawater and non-buoyant plumes,
depending on bottom water chemistry (pH, O, and H,O, contents; Gonzalez-Davila et al.,
2006; Sarthou et al.,, 2011). The same process probably explains the large differences
observed between measured TDFe (higher) and Fepiss (lower) concentrations at Regab (Fig.
4; Table 2), implying that a substantial amount of released iron is associated with particulate
oxyhydroxide and/or sulfide phases (i.e. see section 5.2). At the active Bubble site, however,
the dissolved Fe pool accounts for a non-negligible 22 + 7 % of total iron in the water column.
Interestingly, while TDFe values markedly decrease from seafloor to +20 m height (from ~
400 to 100 nmol/kg; Table 2), dissolved Fe concentrations remain at relatively similar levels
(Fepiss ~ 33 = 5 nmol/kg). Moreover, considering that the plume sampled at +40 m is older
than near-seafloor fluids collected just above the vent, another striking feature of our data is
evidence that seawater samples collected at both +1 m and +40 m exhibit very similar

dissolved Mn/Fe ratio (~ 0.4-0.6).

At Regab, the theoretical dissolved Fe(Il) oxidation rate predicted using the approach
developed by Millero et al. (1987) gives an oxidation half-life for iron of about 40 min. This
calculation is made using well-constrained temperature (T = 2.4°C), pH (7.8), and O, (240
mM) bottom water conditions (Charlou et al., 2004; Olu et al., 2007). In agreement with the
relatively high methane concentration measured at the Reference site (46 nl/l; Charlou et al.,
2004), the high Fepiss concentrations determined in the bottom water column at the same
location suggest that this site is still under the influence of Regab methane plumes. The
residual deep currents in the Regab area, averaged over a one-year period, are oriented
eastward with a mean speed of 4.1 cm/s (Vangrieshiem et al., 2009), and hence would be

likely to transport methane-rich fluids from Regab to the Reference site. As opposed to

12
Lemaitre et al., resubmitted to EPSL — 1/08/2014



349
350
351
352
353
354
355
356
357
358
359
360

361

362
363

364
365
366
367
368
369

370
371
372
373
374
375
376
377
378
379
380

hydrothermal vents, fluid escape at cold seeps is not restricted to localized discharge sites
only, so that it is difficult to infer the source of Fe and Mn at the Reference station. However,
considering the distance between the Regab center and the Reference station (about 1 km), a
minimum advection time of about 7 hours can be calculated, which is long compared to the
theoretical Fe oxidation half-life (~ 40 min). Using this theoretical value, the measured
dissolved Fe concentrations at the Reference site would correspond to an advection time of 45
min, which would hence require an unlikely bottom current speed of ~ 37 cm/s. Therefore,
and although a substantial amount of iron emitted at the Congo seeps appears to be linked to
particulate phases, all the above consideration suggests that Fe(II) oxidation rates in bottom
waters are longer than theoretical rates. This implies that a dissolved iron fraction probably
remains relatively stable above the pockmark after emission into the water column, which is

then likely to be further transported away with bottom currents.

5.3. The stabilization of dissolved iron at cold seeps — possible implication for the global

iron budget in the ocean

As discussed above, a substantial fraction of the dissolved iron released at the Baboon and
Regab pockmarks is probably stabilized in bottom waters. By analogy with submarine
hydrothermal vents, the high concentrations and apparent stability of dissolved iron at the
Congo seeps could be explained by complexation onto organic ligands (e.g. Bennett et al.,
2008; Toner et al., 2009; Sander and Koschinsky, 2011) and/or the presence of sulfide
nanoparticles (Yiicel et al., 2011; Gartman et al., 2014).

On margins, methane seepage and associated biogeochemical processes are intimately linked
to organic matter recycling. In sub-surface sediments, early diagenetic processes typically
release hydrolysable compounds into pore waters, such as amino acids and fatty acids (e.g.
Chester and Jickells, 2012). Under anoxic conditions, further degradation of organic
compounds can also cause substantial enrichments in dissolved humic substances (Wallmann
et al., 2008). Because high rates of organic matter deposition occur typically on ocean
margins, cold seeps could clearly represent a plentiful supply of metal-binding organic
ligands. At submarine hydrothermal systems, the amount of stabilized Fe(Il) and Fe(Ill) is
expected to be controlled to some extent by the availability of dissolved organic ligands in
methane plumes (e.g. Bennett et al., 2008). Considering the eventuality that methane-rich

fluids at cold seeps may be more enriched in organic ligands than their analogs from mid-
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ocean ridges, this would also imply that they may have the capacity to sustain higher amounts

of organically-bound dissolved Fe.

Continental margins had already been identified as important sources of dissolved iron to
seawater, especially at oxygen minimum zones (Bruland et al., 2005; Noble et al., 2012).
Elrod et al. (2004) even argued that the input of dissolved Fe from continental shelves could
be as significant as the global iron input from aerosols. The present study suggests for the
first time that methane venting at margins worldwide could also represent a source of
dissolved Fe to seawater. To the best of our knowledge, there are unfortunately no other
published data for dissolved iron and ligand concentrations in seawater at cold seeps that
would enable us to quantify the contribution of cold seep iron to the global ocean budget.
Based on our results, a first tentative estimate may be derived using the correlation observed
between CHy4 and dissolved Fe concentrations at the Congo seeps. The latest global estimate
of methane efflux from submarine seeps to the overlying ocean is about 0.02 Gt of carbon
annually (Boetius and Wenzhofer, 2013), which corresponds to the export of ~ 2.2 x 10"
moles of CHy per year. This estimate is based on the presumption that a few tens of thousands
of colds eeps are active at ocean margins worldwide (Boetius and Wenzhofer, 2013).
Assuming that a simple linear regression ([Fepiss] = 0.0038 x [CH4]; Fig. 7) characterized the
global relationship between CH4 and Fepiss emitted at seeps, we can calculate an annual
dissolved iron flux of ~ 8.4 x 10° moles. Of course, a substantial fraction of this estimated
dissolved iron flux probably includes inorganic colloids and nano-sulfide particles that are not
retained onto 0.45 um or 0.2 um filters, but would remain in the so-called dissolved phase for
presumably a limited time only. At hydrothermal vents, about 30% of the total dissolved iron
in plumes is bound to ligand phases and is truly available as a labile form to the deep ocean
(Hawkes et al., 2013). Assuming that a similar percentage also applies to cold seep settings,
we can estimate a dissolved iron flux of about 2.5 x 10° moles per year. While this first-
estimate value should be taken with great caution, as it is probably associated with large
uncertainty, it would be roughly similar to the dissolved iron inputs calculated for
hydrothermal vents (from ~ 3 x 10 t0 1.5 x 10° mol/yr; Bennett et al., 2008; Tagliabue et al.,
2010; Carazzo et al., 2013). This would imply that cold seeps, like submarine hydrothermal

systems, potentially represent a substantial source of dissolved iron to the deep ocean.
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6- Conclusion

The data presented in this study confirm that precipitation of authigenic minerals probably
represents a net sink for rare earth elements at seeps from the Congo margin. The formation
of carbonate crusts/concretions in sub-surface sediments most likely prevents emission of
dissolved REE and Ba into the overlying water column. In contrast, we show for the first time
that substantial amounts of dissolved iron and manganese can be released into bottom waters
at methane seeps. A significant fraction of Fe within methane plumes is present in the
particulate fraction, probably in association with both Fe-Mn oxyhydroxides and sulfide
mineral phases. Importantly, the dissolved Fe fraction released at vent sites appears to remain
relatively stable in the water column, due possibly to iron complexation with strong organic
which prevents Fe co-precipitation into mineral phases. To some extent, the presence of Fe-
bearing sulfide nanoparticulates in methane plumes could also account for the high
concentrations and apparent stability of dissolved iron in bottom waters. These results suggest
that seepage of methane-rich fluids at margins could be accompanied by substantial export of
dissolved Fe to seawater, with possible implications for the global dissolved iron budget in
the deep-ocean. To test these hypotheses, future studies should aim at characterizing iron
speciation in methane plumes on ocean margins, and further quantify dissolved Fe fluxes at

cold seeps.
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Figure captions

Figure 1: Location of the Regab and Baboon pockmarks in the Gulf of Guinea. Regab is

situated in close proximity to the Congo submarine canyon.

Figure 2: Microbathymetric map of the Regab pockmark showing the location of studied
sites and the distribution of seafloor habitats and carbonate-paved areas, as inferred from
ROV observations during the WACS cruise (2011). The distribution of methane
concentrations in bottom waters (+1-2 m above the seafloor) determined during the ZAI-ROV

project (2000) is also shown for comparison (Charlou et al., 2004).

Figure 3: Seafloor bottom photographs of typical seafloor habitats at Regab. A) Mussel
(Mytilidae) beds associated with massive carbonate pavements and seafloor gas hydrate
deposits in the central part of Regab. B) Details of a mussel field. C) Vesicomyidae field
(Clams). D) Methane venting at the Bubble site in the central part of Regab. E) Bushes of
vestimentiferan tubeworms (Escarpia southwardae) associated with hard carbonate
substrates. F) Seawater sampling (PEPS system) over microbial mats in the southeastern part

of the pockmark.

Figure 4: Depth profiles for total dissolvable (TD) and dissolved (DISS) concentrations of

Fe, Mn and Nd in unfiltered and filtered seawater samples, respectively.

Figure 5: Shale-normalized (PAAS) REE patterns for unfiltered and filtered seawater
samples at the Reference site, and at the Regab (Bubble site and seafloor habitat patches) and
Baboon pockmarks. Symbols: unfiltered samples (red circles); filtered samples (white
circles). The thick blue line represents the mean shale-normalized REE pattern for the water

column at the Reference site (except sample + 1m).

Figure 6: Total dissolvable (TD) Nd versus TDFe concentrations at the Congo seeps.
Symbols: Reference and East Pockmark sites (large white diamonds); Bubble site (red
squares); seafloor habitat patches (small orange diamonds); Baboon (green triangles). Values
for unfiltered seawater samples collected at methane seeps from the Niger Delta margin are
shown for comparison (black circles; Bayon et al., 2011a). The trends inferred from our data
would be controlled by the presence of Fe-Mn oxyhydroxide phases and easily leachable

sulfide minerals in the plume particles.
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724  Figure 7: Relationships between methane and dissolved iron (Fepiss) and manganese
725  (Mnpss) concentrations in near-seafloor seawater samples at the Congo seeps. The legend for

726  symbols is given in the Fig. 6 caption.
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Table 1

Locations of studied sampling sites at Regab and Baboon pockmarks

Sampling site ROV Dive Latitude Longitude Water depth
REGAB
Reference Site #429 S 5°47,837 E 9°43,195 3145m
Bubble Site #424 S 5°47,862 E 9°42,688 3156 m
East Pockmark Site #429 S 5°47,808 E 9°42,852 3150 m
Seafloor chemosynthetic habitats
West pockmark #429
Mytilidae field (Mussels)
Mussel 1 #424 S 5°47,854 E 9°42,676 3152 m
Mussel 2 #425 S 5°47,853 E 9°42,675 3150 m
Vesicomyidae field (Clams) #425 S 5°47,857 E 9°42,675 3154 m
Microbial mats #427 S 5°47,919 E 9°42,553 3153 m
BABOON
#1 #432 S 4°56,601 E 9°57,338 3047 m
#2 #432 S 4°56,432 E 9°57,088 3040 m
#3 #432 S 4°56,296 E 9°56,984 3035 m
#4 #432 S 4°56,238 E 9°56,988 3042 m
#5 #432 S 4°56,195 E 9°56,975 3046 m
#6 #432 S 4°56,203 E 9°56,961 3047 m
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Table 2
Trace element concentrations of non-filtered seawater samples at Regab and Baboon pockmarks.

Mn Fe Y La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Yb Lu
(nmol kg™ (pmol kg™®) (pmol kg™ (pmolkg™) (pmolkg™) (pmolkg™) (pmolkg™ (pmol kg™

REGAB
Reference Site
50m 5.7 29 180 41 28 7.2 31 60 145 70 105 7.8 197 68 6.5 1.09
20m 3.0 41 151 36 26 7.0 31 57 137 6.8 106 75 200 6.1 6.7 1.07
10m 4.1 53 157 38 26 7.4 31 6.1 161 6.7 107 7.7 200 65 6.6 1.14
5m 5.4 35 162 36 20 7.2 31 59 157 70 106 7.6 199 64 6.3 114
1m 125 2610 662 595 1632 164 633 124 27 104 146 75 14.1 37 31 45

Bubble Site
40 m 21 272 187 a7 40 8.6 31 76 181 6.2 103 72 176 64 56 0.95
20 m 13 104 197 44 31 7.4 30 53 166 6.7 102 72 189 63 6.0 1.04
10 m 17 137 192 43 38 7.1 28 54 192 66 105 7.1 178 6.0 54 0.93
5m 19 192 204 135 182 21 64 6.1 183 79 113 7.7 189 6.0 58 0.97
im 20 386 221 84 150 17 66 11.8 3.00 128 1.79 10.8 242 75 6.9 1.16

East Pockmark Site
62 m 4.8 56 213 66 95 12.8 49 9.0 216 9.8 1.48 95 233 7.4 6.8 1.13
15m 6.1 35 232 48 27 8.9 39 7.4 1.98 9.1 1.35 9.5 2.60 8.0 83 131
im 6.3 41 169 41 30 7.6 32 59 158 72 108 73 189 59 59 1.01

Seafloor chemosynthetic habitats
West Pockmark
Im 6.7 592 228 110 173 26.1 104 199 422 195 283 148 360 94 9.1 145

Mytilidae field (Mussels)
#1 (0.1 m) 49 35 186 37 26 64 26 51 143 61 099 7.1 18 63 6.4 108
#2(0.1m) 86 171 221 57 70 114 46 87 208 94 144 100 238 78 73 121

Vesicomyidae field (Clams)
0.1m 10.7 273 230 89 158 21 82 16 353 140 214 137 3.08 93 86 144

BABOON
#1(3m) 67 219 196 46 48 86 34 65 160 7.7 111 78 206 65 6.6 1.06
#((3m) 53 68 195 45 47 85 34 63 149 7.3 110 7.6 197 62 6.1 1.07
#3(3m) 48 83 204 65 89 117 43 67 157 7.6 117 80 209 68 67 1.10
#4(3m) 43 128 203 52 62 97 38 70 170 7.8 121 81 205 67 66 1.11
#5(3m) 4.0 163 215 67 103 134 51 93 224 98 145 96 232 79 7.1 1.23
#6(3m) 6.8 287 - - - - - - - - - - - - - -
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Table 3

Trace element concentrations of filtered seawater samples at Regab and Baboon pockmarks.

Altitude  Mn Fe Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu
(m) (nmol kg™ (pmol kg™ (pmol kg™) (pmolkg™) (pmolkg™) (pmolkg™) (pmolkg™ (pmolkg™)
Reference Site
50m 53 80 175 37 15 6.3 27 52 128 6.0 094 73 192 64 65 111
20m 56 10.0 153 31 12 58 25 50 139 6.2 105 71 18 65 64 1.03
10m 7.7 92 166 37 16 66 28 53 127 70 102 72 193 64 6.3 116
5m 70 95 164 32 10 5.6 25 48 137 65 092 71 196 63 6.1 1.07
im 19 51 196 45 42 8.7 39 7.7 197 101 158 106 267 83 7.7 1.30
Bubble Site
40m 21 36 176 39 20 6.7 24 64 142 54 084 6.2 163 55 52 0.88
20m 12 33 184 37 14 56 23 40 127 55 085 63 169 57 54 094
10 m 15 30 180 34 14 49 20 34 110 49 072 58 153 51 52 0.88
5m 17 29 182 37 17 52 21 36 117 52 077 58 157 52 50 0.86
im 18 41 173 37 24 5.1 20 34 121 48 077 56 148 49 48 0.83
East Pockmark Site
62m 42 85 209 55 65 104 42 77 187 86 125 87 218 6.8 6.6 110
20m 55 8.7 200 39 18 64 26 48 125 65 097 74 186 57 6.0 099
15m 5.0 10.1 207 39 12 74 29 54 146 75 124 84 214 70 75 1.25
1m 5.8 122 167 38 20 6.8 28 55 120 7.1 098 68 171 59 57 0.9
Seafloor chemosynthetic habitats
West Pockmark
im 44 7.0 165 34 15 6.3 26 48 125 6.3 104 68 180 6.2 58 1.04
Mytilidae field (Mussels)
#1 (0.1 m) 47 34 180 36 26 6.3 27 49 138 59 098 71 18 6.1 6.1 0.99
#2 (0.1 m) 6.9 21 180 35 19 6.3 27 50 128 64 099 70 18 64 6.1 1.04
Vesicomyidae field (Clams)
0.1lm 11.0 21 201 47 37 83 34 66 175 78 122 85 218 71 71 1.15
Microbial mats
0.1m 7.1 17 188 43 28 7.7 3 58 153 72 114 79 212 6.8 6.7 1.13
BABOON
#1(3m) 55 70 195 36 15 61 26 48 124 61 093 7.0 18 63 59 1.07
#2((3m) 50 12.8 182 34 16 5.8 24 46 119 6.0 091 68 189 57 6.1 1.02
#3(3m) 43 189 196 35 14 63 26 46 123 65 099 7.0 191 6.0 6.2 1.05
#4(3m) 3.7 116 194 35 12 6.0 25 46 116 6.3 098 69 187 64 6.1 1.08
#53m) 3.2 88 194 40 17 63 27 48 124 63 094 7.1 189 6.2 6.2 1.02
#6(3m) 52 159 196 42 30 69 29 50 142 63 101 72 187 6.2 64 107
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Table S1
Trace element concentrations of certified reference materials used in this study.
Mn Fe Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu
(g kg™  (ngkg!)  (ngkg™)  (ngkg®)  (ngkg?)  (ngkg!)  (hgkg?)  (ngkg?)
NASS-6 (n=11)
mean 050 0.48 231 987 3.64 150 6.40 1.13 024 151 022 1.61 042 1.35 1.30 0.22
s 009 007 27 089 054 010 026 005 001 008 001 007 0.02 0.03 0.06 0.01
certified 0.52 0.48
deviation (%) -3.4 0.2
RSD (%) 18.9 156 11.7 9.1 147 64 41 41 36 54 34 41 44 24 43 56
CASS-5 (n=12)
mean 2.41 144 201 7.94 3.44 117 502 124 020 129 018 131 0.34 112 1.09 0.8
s 041 002 26 085 055 009 023 005 001 006 001 007 001 0.03 0.02 0.01
certified 256 1.4 7.95 336 116 5.02 1.22 0.2 1.21 017 1.23 0.32 1.07 1.08 0.19
deviation (%) -6.4 3.1 01 23 10 00 23 -13 64 30 63 86 51 06 -23
RSD (%) 169 14 129 106 160 73 47 38 46 50 40 53 30 30 20 35
In-house seawater standard - Concarneau Bay (n=4)
mean 0.04 0.15 17.1 1.98 154 0.63 3.10 0.74 0.21 1.24 020 1.39 0.35 113 1.08 0.17
s 001 005 1.9 025 038 004 012 004 001 010 001 007 0.02 0.03 0.01 0.00
certified
deviation (%)
RSD (%) 29.6 335 11.1 125 244 58 39 55 43 83 51 51 60 27 02 07
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Table S2

Methane, Fepss and Mnp,ss concentrations at the Congo seeps

sampling site Altitude CH, CH, Mnpss Fepiss
(m) (/M (nmol/l) (nmol/kg) (nmol/kg)
REGAB
Reference Site +1m 0.046° 2 19.4 5.1
Bubble Site +1m 128.9 5755 18.5 40.8
East Pockmark Site +1m 16.72 745 5.8 12.2
Seafloor chemosynthetic habitats
West pockmark +1m 1.8° 80 4.3 7.0
Mytilidae field (Mussel 2) +0.1m 72.2° 3223 6.9 20.6
Vesicomyidae field (Clams) +0.1m 137.4° 6134 11.0 21.3
Microbial mats +0.1m 32.4° 1446 7.1 16.7
BABOON
#1 +3m 145" 647 5.5 7.0
#2 +3m 14.6° 652 5.0 12.8
#3 +3m 39.9° 1781 43 18.9
#4 +3m 17.4° 777 3.7 11.6
#5 +3m 10.2° 455 3.2 8.8
#6 +3m 69.7° 3112 5.2 15.9

2 Charlou et al. (2004); ® This study
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