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Abstract:

The factors controlling fluid emission dynamics at ocean margins are poorly understood. In particular,
there are significant uncertainties on how fluid seepage at cold seeps may have responded to abrupt
environmental changes in the geological past. This study reports on a detailed geochemical
investigation of seafloor carbonate crusts sampled at cold seeps along the submerged part of the
North Anatolian Fault system in the Sea of Marmara — an inland sea, which has experienced major
paleo-environmental changes over the last deglaciation period. We also analyzed a series of
authigenic carbonate concretions recovered from two sediment cores at the Western-High ridge, an
active fluid venting area.

The ages of seafloor carbonate crusts derived from isochron U-Th dating cover the last 7 kyr,
suggesting that fluid activity along the fault system remained continuous over that time interval. In the
sediment cores, carbonate concretions are concentrated at the lacustrine-to-marine transition, which
corresponds to the period when Mediterranean waters flowed into the Marmara Basin about 12—14 kyr
ago. U-Th isotopic data indicate that most of these concretions formed later during the Holocene,
around 9-10 kyr ago, a period coinciding with an important anoxic event that led to the deposition of a
sapropel layer in the Sea of Marmara.

Based upon these results, we suggest that the absence of carbonate concretions in the lacustrine
sediment unit indicates that dissolved sulfate concentrations in the Marmara lake pore waters during
glacial time were too low to promote significant anaerobic methane oxidation, thereby preventing
sedimentary carbonate authigenesis. In contrast, the progressive inflow of Mediterranean waters into
the glacial Marmara lake after 15 ka provided a source of dissolved sulfate that allowed anaerobic
oxidation of methane to proceed within the anoxic sediment. Importantly, the synchronism between the
main phase of authigenic carbonate precipitation at the studied sites (average 9.4+1.8 ka, n=16) and
the regional anoxic sapropel event support the idea that the drop in bottom water dissolved oxygen
content was probably a key factor to enhance microbial activity and associated carbonate precipitation
at that time. Overall, these results provide straightforward evidence that fluid emission dynamics and
hydrocarbon oxidation at cold seeps can be directly related to changing environmental conditions
through time.
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» Authigenic carbonate dating reveals fluids flow over the last 13 kyr in Marmara Sea » Carbonate
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turnover in lake sediments was brought to be low » Sulfate input by Mediterranean waters incursion
allowed AOM » Carbonate precipitation correlates with sapropelic event
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1. Introduction

Since their first discovery in the Gulf of Mexico (Paull et al., 1984), hydrocarbon-rich fluid discharges
on the seafloor have been widely reported at ocean margins, typically hosting chemosynthetic
communities and in association with authigenic carbonate deposits (for review see Campbell, 2006;
Judd and Hovland, 2007; Sibuet and Olu, 1998). Substantial amounts of methane and other
hydrocarbons transit in cold seeps zones representing a significant component in the global carbon
cycle. In these environments, the mineralization of methane-derived authigenic carbonates represents
an essential sink for carbon. Despite this significance, the global factors driving fluid seepage activity
at ocean margins through time remain poorly understood. In particular, there is a gap on definitive
knowledge on how cold seeps may respond to large-scale environmental changes, such as those that
have been induced in the recent geological past by the alternance between glacial and interglacial
periods. These considerations could have major implication on our understanding of the paleo-
biogeochemical fluxes at ocean margins, with possible significance in the context of the foregoing
climate change.

At cold seeps, authigenic carbonate precipitation is induced by anaerobic oxidation of methane (AOM)
coupled to sulfate reduction at the sulfate methane transitions zone (SMTZ)
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in marine sediments (Boetius et al., 2000; Hinrichs et al., 1999; Knittel et al., 2005; Orphan et
al., 2001; Reeburgh, 1976; Valentine, 2002; Valentine and Reeburgh, 2000). AOM is
mediated by a microbial consortium of methane-oxidizing archaea and sulfate-reducing
bacteria which oxidize methane with sulfate, following the chemical reaction:

CH,+S0,” -HCQ +HS +H,0

The production of bicarbonate and hydrogen sulfide increases carbonate alkalinity at
the SMTZ which induces precipitation of carbonate minerals and pyrite (e.g. Peckmann et al.,
2001; Ritger et al., 1987; Sassen et al., 2004)

Because authigenic carbonates remain stable in the geological record, they are reliable
archives of paleo-cold seep activity and related environmental parameters. For instance, the
carbon isotopic composition (8*3C) of carbonates represents a complex mixture of different
carbon pools that possibly feeds carbonate precipitation and indirectly identifies the source of
fluids from which they have precipitated. In addition, the oxygen isotopic composition (§'20)
can provide information on both the temperature and the isotopic composition of fluids in
equilibrium during carbonate formation (e.g. Aloisi et al., 2000; Feng et al., 2010a; Gontharet
etal., 2007; Greinert et al., 2001; Han et al., 2004; Magalhdes et al., 2012; Peckmann and
Thiel, 2004; Ritger et al., 1987; Stakes et al., 1999; Vanneste et al., 2012). In comparison, the
temporal evolution of fluid dynamic at cold seeps is generally poorly constrained, mainly
because authigenic carbonate minerals incorporate a substantial amount of dead carbon that
makes conventional radiocarbon dating unsuitable. Nowadays, uranium-thorium dating
methods represent the most suitable technique to constrain the temporal activity of cold seeps
(Aharon et al., 1997; Bayon et al., 2009; Feng et al., 2010b; Kutterolf et al., 2008; Lalou et al.,
1992; Liebetrau et al., 2010; Teichert et al., 2003; Watanabe et al., 2008).

This study reports absolute U-Th ages for a series of seep carbonates samples, together

with more conventional stable carbon and oxygen isotopic data. The authigenic carbonates
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studied here were collected on the seafloor at several locations along the fault system and in
sedimentary records from the Western-High ridge in the Sea of Marmara (northeastern
Anatolia area; Fig. 1). The Sea of Maramara has experienced large environmental changes
since the last glacial maximum (i.e. the last 20 kyr), which make it a well suited natural
laboratory for investigating the response of fluid seepage to various environmental parameters,

such as dissolved sulfate and oxygen concentrations in bottom waters.

2. Background

2.1 Geological setting

Located at the intersection of four tectonic plates, the Anatolian region is one of the
most seismically active zone in the world. In its northwestern part, the inland Sea of Marmara
pull-appart (Armijo et al., 1999) is crossed east-to-west by the western extension of the North
Anatolian Fault (Fig. 1). This strike-slip fault is the expression of the transform plate
boundary between the Eurasian plate and the Anatolian block, which accommodates motion
of 20-25 mm/yr (Armijo et al., 1999; Armijo et al., 2002; McClusky et al., 2000; Reilinger et
al., 1997). Along its submerged segment, the fault divides in a complex system of main and
secondary branches (Bécel et al., 2010; Carton et al., 2007; Hergert and Heidbach, 2010).
Extensive seafloor gas flares are associated with the fault network, as inferred from the

occurrence of acoustic anomalies in the water column (Géli et al., 2008).

2.2 Late Quaternary oceanographic evolution

A major environmental change occurred in the Sea of Marmara during the last glacial
maximum (LGM) when the global sea level was approximately 120 m lower than today
(Yokoyama et al., 2000) which resulted in the isolation of the Sea of Marmara from the
Mediterranean Sea via the Dardanelles sill. At that time, the Sea of Marmara became a large

brackish water lake (Aksu et al., 2002; Cagatay et al., 2000; McHugh et al., 2008; Stanley and
5
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Blanpied, 1980). From ~14.7 ka before present (BP), and for about 2 kyr, the marine
transgression accompanying the onset of the deglaciation led to the progressive reconnection
of the Sea of Marmara to the Mediterranean Sea (Vidal et al., 2010). During this transition
episode, a thin layer of authigenic calcite was deposited from 13 to 11.5 cal kyr BP,
interpreted as a result of the mixing between oxic and salty Mediterranean waters and the
brackish (mainly anoxic) lake waters (Reichel and Halbach, 2007). The Holocene period
recorded in Marmara Sea sediments is characterized by the onset of two anoxic events,
inferred from the presence of sapropel deposits. The first sapropel event occurred between
11.5 to 7 cal kyr BP, associated with a major reorganization of phytoplankton populations.
The second one, less prominent, took place between 4.7 and 3.5 cal kyr BP (Aksu et al., 2002;
Cagatay et al., 1999; Cagatay et al., 2000; Sperling et al., 2003; Tolun et al., 2002; Vidal et al.,
2010).

At present, the Marmara Sea is a two-layer stratified system with a strong permanent
pycnocline (Besiktepe et al., 1994). Inflow of surface waters from the Black Sea results in the
presence of brackish organic-rich upper water layer (20-40 m thick). Below, the sub-halocline
waters are characterised by low dissolved oxygen contents, but ventilation of this water mass

by denser saline Mediterranean waters prevents anoxia (Ergin et al., 1993).

2.3 Previous studies

In the Sea of Marmara, the distribution of seep sites is widespread, but mainly
concentrated along the fault system. Methane sources in the basin depot centers (Tekirdag,
Central and Cinarcik; Fig. 1) are mainly microbial (e.g. §"*C-CH, = -64%o VPDB in the
Cinarcik basin Bourry et al., 2009), deriving from the microbial degradation of sub-surface
organic-rich sediments. Seafloor observations reveal that the fluids emitted from carbonate
chimneys at the eastern edge of the Cinarcik and Central basins were derived from brackish

water (Zitter et al., 2008). The emission of brackish water at these sites was also inferred from
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sediment pore water freshening, which disclosed that the fluids were derived from late glacial
lacustrine sediment sequences (Tryon et al., 2010; Zitter et al., 2008).

These three deep basins are separated by two transpressional push-up structures, the
Western and Central highs that stand at about 600 m water depth (Fig. 1). At the Western-
High ridge, the active fault plumbing system provides migration pathways for deep-seated
fluids including thermogenic gas, oil and brines (Bourry et al., 2009; Tryon et al., 2010). The
main fluid seeps are localized north of the main fault along the anticlinal ridge, which
correspond to two ~10 m high mound-shaped structures interpreted as mud volcanoes (Géli et
al., 2008). These structures are associated with carbonate and barite deposits. The occurrence
of thermogenic gas hydrates has also been reported in sediments from the Western-High ridge
(Bourry et al., 2009; Tryon et al., 2010).

A few molecular investigations of seafloor carbonates and unconsolidated surficial
sediments from active seepage areas in the Marmara Sea confirmed that AOM associated with
sulphate reduction was a major biogeochemical process at these sites (Chevalier et al., 2011;
Chevalier et al., 2013). These studies pointed out that the AOM microbial assemblages were
dominated by a consortium of sulfate reducing bacteria and ANME-2 archaea, suggesting that
methane consumption was sustained by high fluid flow (Blumenberg et al., 2004; Stadnitskaia

et al., 2008).

3. Material and Methods

3.1 Authigenic carbonates and sediment cores

Seafloor authigenic carbonate samples were collected with the manned submersible
Nautile during the Marnaut expedition (R/V Atalante; May-June 2007). Dives were

conducted at 6 different sites along the fault system (Fig. 1).
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At the Western-High ridge, two sediment cores (MNT-KS14 and MNT-KS27, ~660 m water
depth) were recovered from each of the two mound structures mentioned above, using a 10 m
long Kullenberg piston corer (see location in Fig. 1). Details on the lithological description of
the cores can be found in Crémiere et al. (2012). Identification of key sedimentary units was
done by combining nano- and microfossil observations and radiocarbon dating, which

provided robust age constraints for the studied sedimentary records.

3.2 Microscopic observations

Scanning electron microscopy (SEM) coupled with an energy dispersive X-ray
spectrometer (EDS) was carried out on fragments of selected samples, allowing observation

of microfacies and qualitative elemental analysis at the mineral scale.

3.3 Carbonate content and stable isotopes analyses

The determination of the bulk sediment carbonate content (wt %) was performed in a
manual carbonate calcimeter. The stable carbon and oxygen isotope compositions were
measured on both micromilled carbonate cements and bulk sediment samples. Powdered
samples were digested with anhydrous orthphosphoric acid and the carbon dioxide produced
by this reaction was injected into a dual-inlet isotopic ratio mass spectrometer (details of the
method can be found in the supplementary materials). Isotopic compositions are reported in
conventional delta (8) units relative to the Vienna PeeDee Belemnite reference (VPDB)
(Craig, 1957). Analytical precision 26 is 0.01 %o and reproducibility is + 0.07 %o for §*C and

+0.12 %o for 820 values.
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3.4 U-Th measurements and age calculation

Samples for U-Th dating were selected according to their mineralogy (aragonite) and
based on microscopic observations. Aragonite is known indeed to incorporate less detrital
material (i.e. less 2*Th) than other rhombohedral high-Mg carbonate phases, and to display
higher U contents (Lachniet et al., 2012). Polished sections for selected carbonate samples
were carefully inspected to avoid areas containing detrital minerals, Fe-Mn oxides, organic
matter or shell debris. Despite careful sampling, U-Th dating of micromilled seep carbonate
samples still requires correction from the incorporation of inherited 2*Th into the carbonate
matrix. Therefore, three bulk sediment samples (about 100 mg each) from the studied cores
were also analysed in order to determine the composition of the end-member used for
correcting measured U-Th carbonate data from *“detrital’ contamination.

The clean lab procedure for U and Th separation is detailed in supplementary
materials. U and Th concentrations and isotopic ratios were determined with a Neptune MC-
ICP-MS. Internal precision obtained on measured **U/?8U and ?*Th/=°Th ratios were
generally better than 5%o and 75%o, respectively.

U-Th carbonate ages calculations were performed in 2D and 3D; corrected from
detrital contamination by the isochron method, using the ISOPLOT program (v. 3.71, Ludwig,
2009). Because the experimental end-member exhibited relatively high (**3U/**Th) activity
ratio (2.82 + 0.08), possibly indicating the presence of calcareous coccoliths in the sediment
(Fig. 4), isochron ages were also determined using a more conservative theoretical end-
member at the secular equilibrium (activity ratios = 1.0 + 0.5). Calculated ages using this
theoretical end-member, though associated with larger uncertainties, were generally very
similar to those determined with the experimental end-member (see supplementary materials),

thereby providing reassuring evidence for the validity of the ages calculated with this first
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approach. Therefore, we decided to use the isochron ages provided by our experimental end-

member.

4. Results

4.1 Mineralogy and stable isotope geochemistry

The seafloor carbonate deposits correspond to crusts or fractured slabs, sometimes
piled up (Fig. 2). The great majority of the crusts used in this study (n=10) are composed
predominantly of aragonite, occurring as acicular, isopachous and botryoidal crystals coated
with dark-brown Fe-Mn oxyhydroxide phases (Fig. 2 and 3). Framboidal aggregates of pyrite
and prismatic crystals of authigenic barite were observed in the carbonate matrix.

The bottom part of both cores retrieved from Western-High ridge corresponds to
glacial-lacustrine sediments characterized by low carbonate contents (<6 % wt) contrasting
with numerous cm-size carbonate concretions occurring near or within the transitional
sedimentary unit (estimated between ~14.5 to ~12 cal kyr BP). However, the concretions
mineralogy differs from each core; in core MNT-KS14 they are mainly composed of
aragonite while those found in core MNT-KS27 correspond primarily to high Mg-calcite
(Crémiere et al., 2012). At these two sites, the present-day SMTZ is encountered at around 50
cm below the seafloor (Tryon et al., 2010), well above the depths at which carbonate
concretions occur in these sediments.

The stable isotopic compositions of micro-drilled carbonate samples vary between -
45.2 to +1.5 %o VVPDB for §"3C and +0.6 to +3.6 %, VPDB for §*°0 (Fig. 5). These values
range over those previously published for bulk carbonate samples from the same area
(Crémiére et al., 2012). Samples from the basins exhibit the lowest §*3C values, whereas at

the Western-High ridge, carbonate crusts and concretions (from core MNT-KS14) present
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moderately **C-depleted (~-15 %o VVPDB) to slightly enriched (+1.5 %o VPDB) §*3C values.
Most of the oxygen isotopic compositions are near to the equilibrium with ambient present
day bottom water (5'°0 =+2.8 %o VPDB, (Crémiére et al., 2012). However, some few
carbonate crusts display markedly lower values (+0.6 %0 VPDB, at the Tekirdag Basin)
whereas buried concretions present higher values (up to +3.6 %0 VPDB at the Western-High

ridge).

4.2 U-Th data and carbonate ages

Carbonate 2*U and ?**Th concentrations range from ~0.5 to 12.5 ppm and 5 to 2800
ppb, respectively (see supplementary materials). Comparatively, average values for our
sediment end-member are similar for U (3.7 ppm), but much higher for Th (~4000 ppb). The
corrected initial values of 8°**U (3D-isochrons calculated with the experimental end-member)
for carbonate samples range from 150 to 213%o (average 166 + 13%o), higher than both
Mediterranean waters (149.4 £ 0.6%o, Delanghe et al., 2002) and the mean modern seawater
value (146.6 + 2.5%0 Robinson, 2004).

The seafloor carbonate crusts display U-Th ages that vary from about 0.4 to 6.6 ka,
although most samples appear to have precipitated during the last 5 kyr (average 2.9 + 2.1 ka,
n=13) (Fig. 6). U-Th ages determined for carbonate concretions from Western-High ridge
sediments cluster between ~9-10 kyr (average 9.4 £ 1.8 ka, n=16), within a global range

between 6.2 to 13.6 kyr.
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5. Discussion

3.1 Stable isotope and mineralogical constraints on the source of fluids

The large variations of *C-depleted values (-45.2 to -2.3 %. VPDB) measured in our
carbonate samples testify of differences in fluid sources (microbial methane versus
thermogenic hydrocarbons) and in biogeochemical processes (AOM, methanogenesis and
organoclastic sulfate reduction) that can supply DIC in pore waters with distinct stable
isotopic signatures. The *C-depleted values of seafloor carbonate crusts indicate that they
mainly derived from the anoxic microbial oxidation of methane-rich fluids. For instance, the
characteristic carbon isotopic composition of carbonate samples from the Western-High ridge
most likely reflects the presence of advecting **C-rich alkaline deep fluids possibly caused by
anaerobic biodegradation of hydrocarbons supporting secondary methanogenesis (Bourry et
al., 2009; Pallasser, 2000; Ruffine et al., 2012). Furthermore, the presence oil-soaked
carbonates at this site presumably indicate that the oxidation of hydrocarbons heavier than
methane is a source of carbon moderately depleted in **C (Crémiére et al., 2012; Formolo et
al., 2004; Mansour and Sassen, 2011).

The oxygen isotopic composition of authigenic carbonates generally displays values
close to the isotopic equilibrium calculated for the present-day bottom seawater (T=14.5°C
and §'%0=+1.4 % SMOW) suggesting that most of the studied carbonate samples have
precipitated in the near seafloor environment. An exception are the low carbonate 520 values
encountered in the eastern part of the Tekirdag Basin, which most probably indicate a
contribution from brackish waters incoming from glacial sediments (Zitter et al., 2008) and
expelled thought recent fractured fault zone (authigenic carbonates dated between 0.6 to 2.5
kyr). On the other hand, the oxygen isotopic disequilibrium observed at the Western-High

ridge may reflect the imprint of fluids carrying distinctive diagenetic §'®0 signatures, affected
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by deep diagenetic reactions such as clay dehydration and/or by the shallower influence of gas
hydrate formation/dissociation (Hesse and Harrison, 1981; Sheppard and Gilg, 1996; Tryon et
al., 2010).

One striking feature of our results is the marked difference in mineralogy between
carbonate concretions from core MNT-KS14 (aragonite) and MNT-KS27 (high Mg-calcite,
Crémiére et al., 2012). The very distinctive §'*C signatures of the authigenic carbonate
samples from these two sites point toward different fluid sources (Fig. 7). Found at the
lacustrine-marine transition, aragonite-rich phases (sometimes mixed with high Mg-calcite)
with depleted 8*C values around -18 %o VPDB, are most probably derived from the microbial
oxidation of methane and also possibly from heavier hydrocarbons mixed with minor amounts
of 8*3C-rich DIC from deep seated fluids. In contrast, high-Mg calcite rich phases are
enriched in 3C, which possibly reflects an important contribution from deep-sourced fluids.

The carbonate mineralogy depends on multiple factors such as temperature, saturation
state, dissolved sulfate concentration, Ca**/Mg?* pore water ratio, and microbial metabolism
are likely to influence their formation (Burton, 1993; Burton and Walter, 1987; Morse et al.,
1997; Savard et al., 1996). Aragonite precipitation is favored over calcite in cold seeps
environments at high rates of AOM sustained by vigorous methane fluxes, which results in
oversaturation with respect to HCOj™ at relatively high pore water SO4> concentrations near
the seafloor (Aloisi et al., 2002; Aloisi et al., 2000; Greinert et al., 2001; Luff and Wallmann,
2003; Nothen and Kasten, 2011; Peckmann et al., 2001; Savard et al., 1996). Based upon
these considerations, we propose that concretions containing aragonite and occurring close to
the lacustrine-marine transition have precipitated near the seafloor in relation with intense
fluid seepage activity, whereas **C-enriched high Mg-calcite concretions intercalated in the
upper marine deposits of core MNT-KS27 were formed most likely as a result of a diffusive

CHy, flux, thereby recording the composition of §'3C rich-DIC deep seated fluids. The fact
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that thermogenic gas hydrates were recovered at the bottom of core MNT-KS27 (Bourry et al.,
2009) whereas there is no evidence of their occurrences in core MNT-KS14 (Tryon et al.,
2010), probably also indicate that high Mg-calcite carbonates precipitation at this site could

be related to diffusive upward flux of hydrocarbons in response to gas hydrates dissociation
and dissolution, as proposed elsewhere for other hydrate-bearing settings (Bahr et al., 2010;
Bohrmann et al., 1998; Greinert et al., 2001; N6then and Kasten, 2011). Because these gas
hydrates also contain a significant amount of 4% CO, with a §*C-CO, at + 29%. VPDB
(Bourry et al., 2009), their dissociation might lead to higher pCO, in pore water which will

both reduce carbonate precipitation rate and also increasing §*C-DIC content in pore fluids.

5.2 Controls on carbonate authigenesis

5.2.1 Seafloor carbonate crusts related to fluid circulation along the fault system

Temporal variations of fluid discharge at cold seeps have been recorded in authigenic
carbonates covering 5 to 50 kyr periods of highly activity (Bayon et al., 2009; Kutterolf et al.,
2008; Liebetrau et al., 2010; Watanabe et al., 2008). Several studies have shown the potential
seismically activity control on fluid circulation along major fault systems (e.g. Field and
Jennings, 1987; Mau et al., 2007; Obzhirov et al., 2004), including the Marmara Sea (Alpar,
1999; Halbach et al., 2004; Kuscu et al., 2005). This implies that past emissions of
hydrocarbon-rich fluids (and associated carbonate precipitation) along the Marmara fault
system were also controlled, at least partly, by the occurrence of seismo-tectonically events.
In this context, evidence that our calculated U-Th ages for the studied seafloor carbonate
crusts cover the entire last 7 kyr period most probably indicates continuous fluid seepage and

seismic activities along the fault system during that time interval.
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Considering the high sedimentation rates in the depot centres of the Sea of Marmara
(1-3 m/kyr, Armijo et al., 2005), the presence of thousand years-old carbonate crusts
outcropping at the seafloor may seem unexpected. However, pelagic sediments can be easily
resuspended through the action of bottom currents by winnowing or, perhaps more likely in
the case of this study, during vigorous fluid emission observed throughout in-situ dives at the
seafloor. This would be in agreement with the presence of a thin layer of oxy-hydroxides
coating on most of the studied seafloor carbonate crusts, which may reflect the oxidation of
dissolved reduced Fe and Mn during fluid venting (Bayon et al., 2011; Crémiére et al., 2012).

Although little is known about carbonate precipitation rates at cold seeps, Bayon et al.
(2009) reported the first experimental stratigraphy for an authigenic carbonate crust in the
eastern Mediterranean sea, showing evidence for growth rates ranging from ~0.4 to 5 cm per
kyr. These experimental data were in agreement with modeling studies, suggesting that cm-
thick authigenic carbonate crusts could form within a few hundred years (Luff et al., 2004).
These results suggest that the ages calculated for our discrete milligram-size samples are
globally representative (at least within about a thousand years) of the mean precipitation age
of the studied bulk carbonate samples. This provides further support to our hypothesis of a

near continuous fluid seepage activity along the Marmara fault system during the last 7 kyr.

5.2.2 Carbonate concretions and the record of paleo-environmental changes

At the core sites, carbonate concretions occur within a well-defined horizon below the
the present-day SMTZ (Fig. 8). Interestingly, the U-Th carbonate ages of these concretions
(average 9.4 *+ 1.8 ka, n=16) differ from the corresponding stratigraphic ages for core MNT-
KS14 (about 11-14 ka). Based on the sedimentation rate, the sediment depth formation of
these concretions can be estimated between about a few down to 40 cm below the seafloor,
corresponding most probably at the depth of a paleo-SMTZ. The observed frequency of U-Th

15



363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

ages lends support to the hypothesis that they correspond to a major phase of carbonate
precipitation centered about 9-10 kyr ago. To some extent, the synchronicity of this carbonate
precipitation event is also expressed by the linear trend defined by all carbonate concretions
on the isochron plot in Fig. 6.

There after, several possible causes that could have accounted for this carbonate
precipitation event in the early Holocene period will be discussed. First of all, the influence of
the mixing between marine Mediterranean waters and the glacial Marmara lacustrine lake,
which led to the precipitation of a disseminated authigenic calcite layer about 12 cal kyr BP
ago (Reichel and Halbach, 2007), seem to be discarded because it almost completely occurred
before the main episode of authigenic carbonate precipitation (Fig. 9).

Fluid flow intensity at margins has been sensitive to past sea level changes over glacial
and inter-glacial cycles. For instance, low sea level stand periods has increased fluids seepage
activity by reducing hydraulic pressure exerted by the water column and by reducing gas
hydrate stability flied in marine sediments (Kennett et al., 2000; Teichert et al., 2003; Tryon
et al., 2002; Watanabe et al., 2008; Wood et al., 2002). Negative §"*C excursions in Late
Quaternary sedimentary records have been documented in both benthic and planktonic
foraminifers and interpreted as the consequence of methane hydrate dissociation events
triggered by bottom water warming or hydrostatic pressure drop (Garidel-Thoron et al., 2004;
Hill et al., 2004; Kennett et al., 2000; Millo et al., 2005). In the Marmara Basin, Ménot and
Bard (2010) have documented *C-depleted lipid biomarkers linked to the methanotrophic
activity, in a sediment core (MD012430; 580 m water depth) located about 5 km southwest
away from our studied sites. Sediment layers dated from 12.7 to 9.5 cal kyr BP exhibited high
concentrations of specific lipid biomarkers that are indicative of aerobic methane oxidation in
the water column. Based on these results, the authors postulated that methane hydrates stored

in Marmara Basin sediments (~1300 m water depth) had dissociated in response to bottom-
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water warming at the onset of the last deglaciation. Although gas hydrate dissociation in the
deeper Marmara Basin represents indeed a conceivable explanation for the release of
substantial amounts of methane into the water column at that time, it is unlikely to have
accounted for the inferred increase of the methane flux at our studied site given that is located
at much shallower depth on the Western-High ridge (~660 m) which is out of gas hydrates
(type 1) stability zone (Bourry et al., 2009; Menot and Bard, 2010).

Considering the global sea level curves from Lambeck et al., (2002) and the depth of
the Dardanelles sill level (~80 m), the period of carbonate formation at our site occurred
towards the end of sea level rise during the last deglaciation (Fig. 10) whereas most of the
carbonates were formed during glacial time (e.g. Teichert et al., 2003; Watanabe et al., 2008).
Probably, this suggests that our inferred enhanced flux of hydrocarbons at that time was not
directly caused by sea level fluctuation. Interestingly, a major anoxic event related to high
primary productivity and biogeochemical cycles reorganization is contemporaneous with our
carbonate precipitation period (Fig. 9 and 10). This paleo-redox change has been described
previously in many sediment cores all over the Marmara Sea (Abrajano et al., 2002; Aksu et
al., 2002; Aksu et al., 1999; Cagatay et al., 2000; Kirci-Elmas et al., 2008; Sperling et al.,
2003; Vidal et al., 2010). The range of U-Th carbonates ages calculated for core MNT-KS14
concretions coincides well with the duration of the sapropel event. Most likely, decreasing
oxygen contents in the Marmara Sea at that time preserved organic carbon export toward the
seafloor, thereby leading to increase in-situ rates of methanogenesis. Consequently, this
paleo-environmental change had possibly sustained microbial oxidation processes and
authigenic carbonate precipitation in sub-surface sediments, both by increasing methane flux
and by creating favorable conditions for methanotrophic archaea (sensitive to the oxygen

front). This assumption would be consistent with the**C-depleted values of the carbonate
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concretions found close to the lacustrine-marine transition in contrast with the concretions
found in the upper marine deposits (see discussion in 5.1 and Fig. 8).

Another important parameter that is required to promote AOM and associated
carbonate precipitation is the presence of dissolved sulfate in pore waters. Rates of anaerobic
methane oxidation coupled with sulfate or other terminal electron acceptors (e.g. nitrate, iron,
manganese...) are known to be particularly low in modern lake sediments (e.g. Deutzmann
and Schink, 2011; Eller et al., 2005; Knittel and Boetius, 2009). Similarly, previous studies
have shown that decreasing sulfate availability in pore waters at cold seeps can lead to much
reduced rates of methane turnover and consequently carbonate precipitation (Bayon et al.,
2009; de Beer et al., 2006). The absence of carbonate concretions in most of the glacial
lacustrine sedimentary unit (Fig. 8) suggests most likely that dissolved sulfate contents in the
glacial brackish Marmara lake were too low to promote substantial consumption of methane
in sediments by AOM.

Thus, during the late glacial period, it seems reasonable to argue that methane-rich
fluids were directly escaping the seafloor into the sulfate-free water column, being possibly
oxidized aerobically within the lake and/or migrating up to surface waters and perhaps up to
the atmosphere. In marked contrast, the invasion of marine Mediterranean waters into the
Marmara Sea from about 15-12 ka created suitable conditions for sustaining anaerobic
methane oxidation and associated authigenic carbonate precipitation in sub-surface sediments
over the last 13 ka.

Based on our results, we propose that paleo-carbon cycle within oceanic margins and
the carbon sink generated by authigenic carbonate precipitation that took place over
geological past was controlled by AOM activity which (1) was possibly limited by the sulfate

availability in marine sediments while (2) past anoxic events have increased carbon dynamic
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in marine sediments (Schrag et al., 2013) by providing carbon-rich substrates and thus

sustaining microbial activity.

Conclusion

Along the submerged North Anatolia fault in the Marmara Sea, seafloor authigenic
carbonate crusts and buried concretions exhibit U-Th ages covering the past 13 kyr,
suggesting near continuous fluid seepage activity associated with the fault system during that
time period. Aragonite-rich concretions collected within a sediment core at the Western-High
ridge document enhanced carbonate precipitation event between 9 to 10 kyr. This is
interpreted as the result of the sulfate-rich Mediterranean water inflow about ~13 ka ago and
the onset of a major anoxic sapropel event rather than a sea level control on methane emission.

Our findings provide important insights into paleo-environmental parameters that
influence carbon cycling at the sediment-water interface and microbially-mediated authigenic
carbonates precipitation in cold seep environments. Dissolved sulfate limitation and paleo-
redox changes in bottom waters are likely to represent primary factors allowing microbial
methane turnover in sub-surface sediments and possibly controlling fluid seepage activity
through geological time. In the neighbouring Black Sea, which is the largest modern anoxic
basin on Earth, intense microbial activity has been reported extended up to the water column,
leading to the edification of massive carbonate chimneys on the seafloor (Luth et al., 1999;
Peckmann et al., 2001). By analogy, anoxic events that occurred elsewhere during the
geological past had probably also a strong impact on the emission of methane fluxes and
microbial carbon cycling through time. Nevertheless, further investigations are now needed in
order to better understand and quantify how drastic environmental changes in the past, such as
sudden shift in dissolved oxygen or sulfate concentrations may have affected carbon cycling
and associated microbial oxidation processes in anoxic sediments.
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Figure captions

Figure 1: (A) Bathymetry of the Sea of Marmara with sampling locations (white hexagons:
seafloor carbonate crusts, green hexagons: carbonate chimneys expelling glacial brackish
water, red star: coring site). (B) Tectonic setting of the eastern Mediterranean region. Arrows

indicate relative plate motion and red box shows study area of the Sea of Marmara.

Figure 2: Seafloor images of seep carbonates constructions acquired during the Nautile dives
and cross-sections of authigenic carbonates. Yellow stars represent micro-drill sampling for
U-Th and stable isotopes analysis whereas black arrows indicate surface coating ferro-
manganeous oxy-hydroxide. (A) Mud-breccia, sample 1647-R1; Tekirdag Basin (B)
Carbonate covered by a black layer of oxy-hydroxides, sample 1653-R3; Cinarcik Basin (C)
Carbonate crust, sample 1667-R1; Tekirdag Basin (D) Carbonate concretions, sample MNT-

KS14, 1.08 mbsf; Western-High (E) sample MNT-KS14, 1.63 mbsf; Western-High.

Figure 3: SEM photomicrographs of authigenic carbonates. (A) Radial-fibrous authigenic
aragonite needles, sample 1653-R5; Cinarcik Basin (B) Single crystals of radial-fibrous
aragonite, sample 1653-R3; Cinarcik Basin (C) Epitaxial radial-fibrous aragonite with
different crystals size between the inner and outer part, sample MNT-KS14, 1.67 mbsf;

Western-High.

Figure 4: Isochron diagram of sediments end-members used for U-Th carbonate ages
calculations. The dashed line represents the equiline (slope = 1) indicating minerals that reach

the secular equilibrium of the 2°Th-?*®U system (age >350 kyr). Difference between the
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theoretical and the experimental end-members can be explained by the presence of small sized

biogenic carbonates unobserved under binocular inspection (e.g. coccoliths).

Figure 5: Stable carbon and oxygen isotopic compositions of micro-drill authigenic
carbonates, dashed line represents the theoretical §*®0 values for aragonite that precipitated in
equilibrium with modern bottom waters conditions (T=14.5°C and Blgowater: +1.4 %o

VSMOW).

Figure 6: Rosholt isochron and age frequencies of micro-drilled carbonates. Dashed lines
represent examples of age from some samples. Note that ages which are not well constrain
presents low (2*U/2*2Th) and (3°Th/%?Th) ratios. (A) Isochron diagram of seafloor authigenic
carbonates crusts and histogram of absolute U-Th crusts ages (round up unity) against age
frequency. (B) Isochron diagram of buried carbonate concretions and histogram of absolute

U-Th concretions ages (round up unity) against age frequency.

Figure 7: Absolute high Mg-calcite content (wt %) versus bulk carbon isotopic composition
of concretions from Western-High cores (data from Crémieére et al., 2012). Carbonate
concretions from core MNT-KS14 are mainly composed of aragonite whereas concretions

from core MNT-KS27 are mainly composed of high Mg-calcite.

Figure 8: Cores description, total carbonate content of bulk sediments, stable carbon and
oxygen isotopic compositions of bulk sediments and cemented authigenic carbonates (data in
supplementary materials and from Crémiére et al., (2012)). The sulfate-methane transition

zone (SMTZ) is deduced from pore water geochemistry (Tryon et al., 2010).
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Figure 9: Timeline of paleo-environemental events and U-Th ages of carbonates with error

bars (* Vidal et al., 2010, 2 Cagatay et al., 2000, * Menot et al., 2011, * Reichel et al., 2007).

Figure 10: (A) Relative timing of authigenic carbonate precipitation versus the global sea
level curve (modified from Lambeck et al., 2002). The depth of the Dardanelles sill (in grey)
represents the Mediterranean sulfate-rich waters inflow in the brackish Marmara Lake. (B)
Sedimentary total organic carbon in sediments revealing the sapropel event in grey (modified
from Vidal et al. 2010) at Western-High ridge compared to carbonates dating from core
MNT-KS14. (A) The inflow of Mediterranean seawater over the Dardanelles sill
(approximately 80m water depth) delivers sulfate for AOM and the precipitation of authigenic
carbonates. (B) Carbonate precipitation occurred at high TOC contents within a sapropelic

deposition.
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