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Early and deep diagenetic
imprint in surficial pore fluids
from the Olimpi mud volcano
field (Eastern Mediterranean)

Eleni Rousselaki*, Panagiotis Michalopoulos,
Alexandra Pavlidou, loannis Hatzianestis, Helen Kaberi,
Stelios Iliakis and Grigoris Rousakis

Hellenic Centre for Marine Research, Institute of Oceanography, Anavyssos, Greece

This study provides high-resolution pore-fluid profiles of surficial sediments
(down to 40 cm) from four submarine mud volcanoes (MVs) of the Olimpi Mud
Volcano Field (OMVF) in the Eastern Mediterranean, including the Gelendzhik,
Heraklion, Moscow and Milano MVs. Here, we present major ions (Na*, K*, Mg®*,
SO427, Cl), sulfide, methane, dissolved inorganic carbon (DIC), §3Cpc,
ammonium, phosphate and silicate concentrations. These results were
evaluated in relation to both early and deep diagenetic processes shaping
pore-fluid chemistry. The four MVs can be classified into two geochemical
groups: Gelendzhik and Heraklion, dominated by deep-sourced hypersaline
fluids from Messinian salt dissolution and Moscow and Milano MVs,
characterized by pore fluids largely reflecting seawater-derived compositions.
In the hypersaline group, signatures of deep processes persist such as smectite—
illite conversion at Heraklion and ammonium and methane upward migration,
demonstrating that near-surface pore fluids retain the imprint of deep
diagenesis. Organic matter oxidation via sulfate reduction (OSR) and anaerobic
oxidation of methane coupled to sulfate reduction (AOM-SR) were also active,
even within the hypersaline environments of the Gelendzhik and Heraklion MVs,
as evidenced from stoichiometric ratios of ADIC and ASO42™ and 8**Cp,c isotopic
data. In the hypersaline Gelendzhik MV, the diagenetically added DIC,
representing the isotopic signature of mineralized organic matter, is estimated
at —53.1%., further indicating active AOM-SR under extreme salinity.

Overall, our findings demonstrate that deep-sourced fluids shape near-surface
pore-fluid chemistry, generating pronounced heterogeneity among MVs and
provide rare geochemical evidence of microbial resilience in hypersaline
submarine environments.
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1 Introduction

Mud volcanoes (MVs) serve as pathways for deep-seated fluids
and gases to reach the seafloor (Milkov, 2000; Dimitrov, 2002;
Mazzini and Etiope, 2017) and are clustered in areas of active plate
boundaries (Kopf, 2002). There are more than 100 MVs in the
Meditterean Sea (Dimitrov, 2002; Kopf, 2002), influencing fluid
migration, sediment degassing and biochemical cycling (Dimitrov,
2002; Tjiri et al., 2023).

Pore fluids composition in MVs reflects interacting deep and
shallow processes, including sediment consolidation, mineral
alteration (e.g., dehydration) and methane and carbon dioxide
generation from organic matter decomposition (Moore and
Vrolijk, 1992; Martin et al, 1996). All these processes modify
fluids during ascent and near the sediment-water interface
(Hensen et al., 2007). MV fluids expelled from depths of
hundreds to thousands of meters below the seafloor (mbsf)
undergo significant chemical and isotopic changes during
diagenesis (Kastner et al., 1991; Martin et al,, 1996). In addition,
rapid shifts in response to tectonic processes such as arc rifting
(Zhang, 2020), can result in fluid compositions that differ from
seawater (Aloisi et al., 2004). Fluid flow varies spatially and
temporally (Aloisi et al., 2004; Haese et al., 2006), with intense
advection processes producing the largest deviations from seawater
composition (Hensen et al., 2007). The deposition of a massive mud
flow represents a major perturbation of surface sediments and
associated pore waters, with fluid advection followed by
molecular diffusion, which progressively shapes pore-fluid
concentrations (Haese et al., 2006).

Despite extensive studies on pore-water geochemistry in MVs,
most previous work has focused on deeper sediment layers (e.g.
Déhlmann and de Lange, 2003; Aloisi et al., 2004; Hensen et al.,
2007; Vanneste et al.,, 2011; Zhang, 2020; Behrendt et al., 2023),
while near-surface sediments have received relatively little attention
(e.g. Aloisi et al., 2004; Haese et al., 2006). As a result, the influence
of deep-sourced fluids on pore-water chemistry in the shallowest
sediments, those directly interacting with the seafloor environment,
remains poorly constrained.

The Olimpi Mud Volcano Field (OMVEF) is located south of
Crete and covers an area exceeding 6000 km?, representing the
largest known mud volcano field along the Mediterranean Ridge
(Huguen et al., 2005), which is associated to the collision between
the African and Eurasian tectonic plates (Kopf et al., 2000). The
seafloor structures of the OMVF are mainly related to backthrust
faults (Behrendt et al., 2023). Previous pore-water studies at the
OMVF have reported fluids enriched in ions such as Na* and CI
and sulfate due to halite and gypsum dissolution, derived from
Messinian salts (Bottcher et al., 1998; Didhlmann and de Lange,
2003). The chemistry of seeping fluids in eastern Mediterranean
cold seeps reflects spatial hydrological heterogeneity, suggesting
that multiple fluid sources and discrete transport pathways may
feed a single mud-volcano seep (Haese et al., 2006).

In this study, we employ a multidisciplinary approach to
identify the dominant processes controlling fluid composition and
to explain the spatial heterogeneity among four MVs within the
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OMVE. To this end, we present high resolution profiles of pore
fluids from surficial eruptive sediments from the Olimpi mud
volcano field (OMVF), including concentrations of major ions
(e.g., Na™, SO42’, CI'), ammonium, phosphate, silicate, dissolved
inorganic carbon (DIC), 813CDIC, sulfide, and methane. Our aim is
to evaluate how deep-sourced fluids affect major ions
concentrations through the dissolution of Messinian evaporites
and the diagenesis of silicate minerals, spatial heterogeneity of
ammonium due to inputs from deeper sediment layers, early
diagenetic processes, potential for OSR and AOM under
hypersaline conditions, as well as the imprint of deep sourced
fluids on the DIC pool.

We investigate two contrasting geochemical groups within the
OMVFEF, Gelendzhik and Heraklion, dominated by deep-sourced
hypersaline fluids, and Moscow and Milano, characterized by pore
water compositions largely reflecting seawater-derived signatures.
By explicitly contrasting these two groups, this study provides a
conceptual framework to understand solute and methane dynamics,
and the interplay of deep and shallow diagenetic processes, in
submarine mud volcano systems.

2 Study area and methods
2.1 Site background

The OMVFEF has been the focus of several investigations
concerning mud volcanism, fluid seepage, and gas hydrates
occurrence (e.g. Camerlenghi et al., 1992; Cita et al., 1996;
Limonov et al, 1996). The geomorphology of the OMVF is
characterized by important sub-circular features and high
backscatter patches (Huguen et al., 2004). The MVs within the
field display diverse geological morphologies: for example, the
Milano MV is a well-defined circular dome, measuring up to 2
km in diameter (Huguen et al., 2004). The Moscow and Gelendzhik
mud plateaus are asymmetric in cross section (Dimitrov, 2002;
Huguen et al., 2004). Among the studied structures, the Gelendzhik
MYV is the largest and comprises a cluster of closely spaced MVs
whose mud flows overlap (Limonov et al., 1996). The Heraklion
MYV, located ~ 15 km northwest of the main crater of the
Gelendzhik plateau, has a ~3 km diameter sub-circular base
(Panagiotopoulos et al., 2020).

The sampling sites (Table 1) were located on the crests of the
Gelendzhik, Heraklion, Moscow, and Milano MVs (Figure 1).
Gelendzhik, Moscow, and Milano MVs were selected because
they are among the largest MVs in the OMVF, together with the
newly discovered Heraklion MV during the LEVECO cruise.

2.2 Materials and methods
Sediment cores were collected in April 2016, during the
LEVECO cruise, with the R/V Aegaeo. At each sampling site, a

core was retrieved for pore-water extraction with the use of a multi
corer (up to ~40 cm), where a high-resolution profile was obtained.
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TABLE 1 Location, water column depth, sampling method, and core length of the sites sampled during the LEVECO cruise in April 2016.

Latitude (°N) Longitude (°E) Depth (m) Sampling method Core length (cm)
Gelendzhik 33°54°1682 24°16'1408 1700 Multi corer 28
Heraklion 33°56'2670 24°06’8457 1722 Multi corer 34
Moscow 34°40’6178 24°31’5417 1833 Multi corer 30
Milano 34°43’9852 24°46’6365 1950 Multi corer 28

During sampling at the Gelendzhik MV, gas bubbles were observed
emanating from the sediment. Notably, the core collected there was
compressed from 28 to 18 cm due to degassing, whereas no
significant compaction was recorded at the other sampling sites.
The sediment cores were immediately placed in a nitrogen-filled
glove bag, prior to the removal of the remaining overlying water.
The cores were sectioned at a resolution of 0.5 cm for the uppermost
2 cm, 1 cm from 2 to 10 cm depth, and 2 cm intervals below 10 cm.

Wet sediment samples were transferred into 50 mL plastic
centrifuge tubes, which were then sealed, removed from the glove
bag, and centrifuged at 4000 rpm for 20 minutes. Following
centrifugation, the tubes were returned to the glove bag, and the
supernatant was extracted using a 10 mL plastic syringe and passed
through a 0.45 um cellulose acetate filter for pore-water collection.

Subsamples were collected for dissolved nutrients (ammonium,
phosphate, silicate), sulfide, DIC, 813CDIC and major ions analyses
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FIGURE 1
Map of the study area, reproduced and modified after Panagiotopoulos et al. (2020).
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under a nitrogen atmosphere. Samples for nutrient analysis were
stored at —20°C until analysis. Ammonium was analyzed using a
Perkin Elmer Lambda 25 spectrophotometer following appropriate
dilution, according to the method of Koroleff (1970). Phosphate and
silicate concentrations were determined with a SEAL AutoAnalyzer
AA3, following the protocols of Murphy and Riley (1962) and
Mullin and Riley (1955), respectively. Sulfide was analyzed
spectrophotometrically on board immediately after sampling,
using the method of Cline (1969). The measurement represents
the sum of H,S, HS, and S~ concentrations, hereinafter referred to
as sulfide. Samples for DIC analysis were preserved with saturated
mercuric chloride solution and analyzed by flow injection analysis
(Hall and Aller, 1992). Samples for 3"Cpic analysis were stored
frozen in vials sealed with septa and aluminum caps (Bryant et al.,
2013). Data are reported in standard §-notation as %o relative to the
VPDB standard. Pore-water samples for major anion analysis were
stored at 4°C. Major ions were analyzed by Metrohm ion
chromatography following appropriate dilution. Concentrations
of sulfate, calcium, and magnesium were corrected based on
reference values obtained from a certified seawater standard.
Methane samples were collected from pre-drilled tubes of the
same multi-corer cast using 2 mL plastic cut-off syringes. The
sample material was injected into 20 mL headspace vials, which
were sealed with septa and aluminum caps, then baked at 60 °C for
20 minutes (Niewohner et al., 1998). Onboard methane analysis was
performed by injecting 250 uL of the vial headspace into a gas
chromatograph equipped with an FID (Shimadzu 2010). Sediment
samples were analyzed for organic carbon content and carbon
isotopic composition at the ISO-Analytical laboratory. Data are
reported in standard §-notation as %o relative to the
VPDB standard.

3 Results

3.1 MVs with hypersaline dominated fluids
(Gelendzhik and Heraklion)

The profiles of major ions (Cl', Na*, K, SO, Ca**, Mg*")
revealed elevated concentrations at Gelendzhik and Heraklion
(Figure 2). Maximum Na* and CI values reached 2116 and 1989
mM at Gelendzhik, and 3189 and 2392 mM at Heraklion, well
above seawater (~513 mM Na' and ~598 mM CI). K*
concentrations increased downcore at Gelendzhik, closely
following Na* and Cl trends, while a slight downcore decrease
was observed at Heraklion. Sulfate also increased with depth,
reaching ~166 mM at Gelendzhik and 51 mM at Heraklion. Ca**
and Mg®" displayed downcore increases at Gelendzhik, whereas at
Heraklion decreased downcore. Na*/Cl ratios were elevated (up to
1.06 at Gelendzhik and 1.33 at Heraklion), and the sulfate-to-
chloride ratio was notably high at Gelendzhik (0.083) and 0.021
at Heraklion. Most of the solute profiles at the Gelendzhik (Na*, CI’,
K, Mg®" and sulfate) and Heraklion (Na*, CI', K¥, Mg®", Ca*" and
sulfate) sites show that, following fluid deposition, diffusion
dominates and the profiles do not appear to have reached steady
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state. The deeper part of Ca®" profile, at Gelendzhik, appears to be
alteration-dominated.

Sulfide concentrations were high near the sediment-water
interface at Gelendzhik, reaching 1235 uM at 8-12 cmbsf, while
at Heraklion, maximum sulfide occurred deeper, at 22-24 cmbsf,
reaching 1519 uM (Figure 3). Methane concentrations increased
downcore at both sites, with a strikingly high value of 24, 834 uM at
26 cmbsf at Gelendzhik, and 2707 UM at the bottom of Heraklion
cores. DIC concentrations increased with depth, and 8"Cp;c
profiles showed progressive downcore depletion at Heraklion,
while Gelendzhik exhibited a more complex pattern with initial
depletion near the sediment surface (-~10.2%o) followed by a further
downcore decrease (—22.4%o at ~14 cmbsf), and then a subsequent
enrichment (—16.1%o at ~18 cmbsf).

Ammonium concentrations increased with depth, peaking at
7235 UM at Gelendzhik and 1273 pM at Heraklion. Phosphate
concentrations were higher at Gelendzhik (up to 17.1 uM) and
relatively low at Heraklion (up to 4.7 pM), with discrete subsurface
maxima at 10 cmbsf. Silicate reached maximum values at
Gelendzhik (~229 uM). Ammonium-to-phosphate ratios were up
to 1182 at Gelendzhik and 424 at Heraklion, while ammonium-to-
DIC ratios were up to 1.05 and 0.33, respectively (Figure 4).

3.2 MVs with near-seawater dominated
fluids (Moscow and Milano MVs)

At the Moscow and Milano MVs, Na™ and Cl” concentrations
were closer to seawater values, with slight downcore decreases (536 &
584 mM, respectively), and K*, Ca®*, and Mg"" generally decreased
with depth (Figure 2), suggesting removal processes affecting these
cations such as carbonate or other mineral precipitation (Martin
et al,, 1996), or may also reflect mixing with deeper fluids depleted in
these cations (Hensen et al., 2007). Na*/Cl ratios were near that of
seawater 0.86 (0.87-0.88), and sulfate-to-chloride ratios remained
below that of seawater 0.051 (~0.021-0.037) (Figure 5). The solute
profiles at the Milano and Moscow sites are not concave, indicating
diffusion-dominated behavior, particularly in the upper sections of
the studied cores (up to 10 cmbsf).

Sulfide concentrations fluctuated less at these sites and were
absent in the uppermost 4 cmbsf at Moscow and 8 cmbsf at Milano.
Methane increased downcore, reaching 255 UM at Moscow and
2026 UM at Milano. DIC generally increased with depth, with the
highest value of 15.5 mM at Milano. 8"*Cpjc profiles showed
surface values near 0%o, becoming progressively more negative
downcore, reaching -17.3%0 at Moscow and -29.6%o at
Milano (Figure 3).

Ammonium increased with depth, but maximum values were
lower than at high-salinity MVs (84 uM at Moscow, 130 uM
Milano). Phosphate concentrations remained relatively low (up to
4.7 uM), with minor subsurface maxima at 18 cmbsf at Moscow
MYV and 20 cmbsf at Milano. Silicate concentrations were generally
lower than at Gelendzhik (128 and 144 uM at Moscow and Milano
MVs). Ammonium-to-phosphate and ammonium-to-DIC ratios
were also markedly lower (Figure 4).
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Pore water profiles of Cl', Na*, K, S0,%, Ca’t & Mg” at the Gelendzhik, Heraklion, Moscow & Milano MVs. Vertical arrows indicate seawater
values. High-salinity sites (Gelendzhik and Heraklion) are shown in red/green, while low-salinity sites (Moscow and Milano) are shown in black/blue.
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3.3 Sediment organic carbon and §*C,q

Figure 6 presents the vertical profiles of organic carbon content
(Corg) and 813C0rg in sediment samples from the Gelendzhik,
Moscow and Heraklion MVs. At Moscow MV, C,,, content
remained relatively stable, while 813C0rg values ranged from

Frontiers in Marine Science

-26.1%0 to -23.8%o. At the Heraklion MVs, the highest organic
carbon content values are found within the upper ~0-10 cmbsf
interval, with the maximum value of 2.17% measured at 1.5 cmbsf.
This zone also coincides with more negative 8'°Coy, values
(Figure 6). The most depleted 613C0rg values measured were
—26.8%o at Gelendzhik and —28.6%o at Heraklion (Figure 6). This
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could suggest the presence of methane related biomass (Haese et al.,
2003). At the sulfate depletion zone, AOM-specific biomarkers are
enriched, which is associated with pronounced **C depletion in bulk
organic carbon (Haese et al., 2003).

4 Discussion

The Moscow and Milano MVs form a group with ion
concentrations near those of seawater. In contrast, the Gelendzhik
and Heraklion MVs are enriched in chloride, sodium, and sulfate,
with concentrations well above seawater values, forming a
hypersaline environment near the sediment-water interface. We
examine the factors contributing to the spatial heterogeneity of the
surficial pore fluids among the studied MVs in the OMVF, with a
particular effort to distinguish the deep-sourced diagenetic imprint
on pore-fluid composition.
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4.1 Deep-sourced fluid signatures
controlled by Messinian evaporite
dissolution and diagenetic reactions

4.1.1 Halite and gypsum derived imprint in Na*,
Cl’, SO4*" at the Gelendzhik and Heraklion MV

Chloride behaves conservatively during most diagenetic
processes, making it a useful tracer for identifying the mixing of
fluids from different sources (Martin et al., 1996). In contrast, many
others solutes are directly altered by diagenetic reactions, thereby
changing solute-to-chloride ratios (Martin et al., 1996).
Consequently, chlorinity anomalies and solute-versus-Cl profiles
are commonly used to distinguish between fluid sources and
diagenetic alterations (Martin et al., 1996).

The Na* and CI profiles at the Gelendzhik and Heraklion MVs
are curved upwards (Figure 2), indicative of upward fluid advection
(Bohrmann et al., 2003; Aloisi et al., 2004). Either way, their
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Pore water profiles of ammonium, phosphate, silicate and NH4*/PO,% and NH,*/DIC ratios at the Gelendzhik, Heraklion, Moscow & Milano MVs.
High-salinity sites (Gelendzhik and Heraklion) are shown in red/green, while low-salinity sites (Moscow and Milano) are shown in black/blue.
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chemical imprint indicates upward migration of evaporite-derived
fluids. Chlorinity in deeper fluids is approximately 3-4 times higher
than that of seawater (Figure 2), consistent with values previously
reported at the OMVF (e.g. Haese et al., 2006; Behrendt et al., 2023).

At the Gelendzhik MV, the Na*/Cl ratios range between 0.85 and
1.06 (Figure 5) and Cl" and Na" show a strong correlation (0.995),
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suggesting addition of both ions through halite dissolution (Aloisi et al.,
2004) within the Messinian salts (Dahlmann and de Lange, 2003).
Simirarly, at the Heraklion MV, Na* and CI are strongly correlated
(0.993, see Supplementary material_Table S2) indicating a similar source.

Sulfate concentrations at both sites exceed the seawater value
and correlate significantly with Na* and Cl” (both r>0.98, p<0.01)
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FIGURE 5
Profiles of Na*/Cl™ K*/Cl, SO4%7/Cl ratios at the Gelendzhik,
Heraklion, Moscow & Milano MVs. High-salinity sites (Gelendzhik
and Heraklion) are shown in red/green, while low-salinity sites
(Moscow and Milano) are shown in black/blue.

supporting an evaporitic origin. Sulfate enrichment in the OMVF
has been attributed to gypsum dissolution (Béttcher et al., 1998;
Omoregie et al., 2009), with 8%'S and §'%0 signatures further
pointing to a Messinian evaporitic source (Bottcher et al., 1998).
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4.1.2 Contrasting K*, Ca?*and Mg?* behavior at
the Gelendzhik and Heraklion MV

Although Messinian salts dissolution is evident at both
Gelendzhik and Heraklion MV, K" and Mg** concentrations
indicate different diagenetic processes. At the Gelendzhik MV,
high Ca®" and Mg®" concentrations likely reflect carbonate or
gypsum dissolution, whereas strong enrichment of K™ (up to
eight times seawater value, Figure 2) suggests involment of a
different mineral reaction. One possibility is that fluids originated
from salt differing from those at other MVs, K and Mg enrichment
has been attributed to mixing with fluids sourced from evaporites
other than Mg-rich salts (e.g. bischofite) (Behrendt et al., 2023).
Alternatively, subsurface silicate weathering could account for the
release of bicarbonate along with Ca®", Mg**, Na*, and K" into the
pore fluids (Wallmann et al., 2008; Scholz et al., 2013). This
interpretation is supported by the strong positive correlation
between K' and silicate (r = 0.937), and the higher silicate
concentrations at this site. While silicate weathering should
increase DIC, no pronounced DIC enrichment is observed
(Figure 3). However, DIC production during silicate weathering
may be counterbalanced by consumption during methanogenesis,
potentially masking the weathering signal, as silicate weathering can
buffer a substantial fraction of CO, produced by methanogenesis
(Torres et al., 2020).

In contrast, fluids at the Heraklion MV display Na/Cl ratios
between 0.85 and 1.26 (Figure 5), with values exceeding unity in
deeper samples, indicating excess Na*. Such high Na/Cl ratios have
also been reported in other mud volcanos fields (Li et al., 2014).
Elevated Na/Cl ratios, together with downcore K* depletion (K/Cl<
0.01 below 10 cmbsf) and significant negative correlations between
K" and Na™, CI, SO,*, and silicate (see Suppementary
material_Table S2), point to smectite-illite transformation prior
to fluid ascent (Martin et al.,, 1996; Hensen et al., 2007). This
reaction involves uptake of K" and release of Na™, leading to relative
Na enrichment and K depletion compared to seawater.

Fluid compositions at both MVs indicate mobilization from a
deep source layer beneath the Messinian salts, producing
hypersaline ascending fluids. At Gelendzhik, Mg-K enrichments
indicate a deep evaporite-derived fluid modified during ascent
either through mixing with K-rich salts or through water-rock
interaction with silicate minerals. At Heraklion illitization has led to
K" depletion and Na* enrichment. This interpretation aligns with
previous studies suggesting that the highly saline fluids point to the
same endmember across the OMVF (Behrendt et al., 2023) which
undergoes various alteration processes during ascension,
influencing their final fluid signatures.

4.1.3 Depth of fluid origin at Heraklion MV
Heraklion is the only site where smectite-to-illite
transformation is evident, even in shallow pore fluids. This
reaction begins at approximately 60 °C and is nearly complete by
around 160 °C (Kastner et al., 1991). Assuming a geothermal
gradient of 30-35 °C/km for the Olimpi field (Camerlenghi et al.,
1995), these temperatures correspond to fluid mobilization depths
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Sedimentary organic carbon content and 613COrg at the Gelendzhik, Heraklion & Moscow MVs.

of ~2 to 5 km, supporting a deep-seated fluid source. It is also worth
noting that, the mud flows indentified during the LEVECO cruise,
were inferred to originate from sediments no deeper than
approximately 2 kmbsf (Panagiotopoulos et al., 2020). This points
to a decoupling between sediment and fluid mobilization depth, in
agreement with previous studies in the OMVF (Deyhle and Kopf,
2001) and other mud volcano systems (Li et al., 2014; Doll
et al., 2023).

4.1.4 Moscow and Milano: the low salinity sites

At the Moscow and Milano MVs, Na/Cl and K/Cl ratios remain
close to seawater values (Figure 5). However, both Cl" and Na*
concentrations decrease with depth, indicating mild pore-water
freshening. ClI" concentrations decrease to 536 mM and 584 mM
at Moscow and Milano, respectively, compared to near-surface
values 619 mM and 627 mM. Similarly, Na* concentrations
decrease from 530 mM and 533 mM at the surface to 470 mM
and 508 mM at depth.

Clay minerals dehydration, particurarly smectite-to-illite
transformation is considered the most significant dehydration
process in marine forearc environments (Saffer and Tobin, 2011)
and has been identified as a key control on pore water isotopic
composition (Dahlmann and de Lange, 2003)., The observed
chlorinity decrease may therefore reflect smectite-to-illite
transformation occurring at depth, prior to fluid ascent near the
surface. However, the absence of K™ depletion and Na* enrichment
relative to Cl prevents a conclusive attribution of the freshening to
this process.

Our results highlight pronounced spatial variability in pore
fluid concentrations across the studied MVs. Previous work has
shown that substantial heterogeneity can also occur within
individual MVs, such as the Carlos Ribeiro MV (Vanneste et al.,
2011) and the Milano MV (Haese et al., 2006). At Milano, both
saline-enriched and freshened fluids were reported within a
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distance of only ~500 m, suggesting that single mud volcanoes
may be fed by multiple fluid sources (Haese et al., 2006).

4.2 Ammonium enrichment in the
hypersaline fluids at Gelendzhik and
Heraklion MVs

Pore fluid ammonium concentrations show a clear contrast
between the two geochemical groups in this study. The pore fluid
chemistry at Gelendzhik and Heraklion MV is characterized by
elevated ammonium concentrations, reaching up to 7235 uM and
1273 uM. In contrast the highest ammonium concentrations at the
Moscow and Milano MVs were much lower, 80 uM and 130 uM
(Figure 4). This spatial variability indicates distinct sources.

The high ammonium concentrations observed at Gelendzhik
and Heraklion are unlikely to have been produced within the
surficial sediments, given their relatively low organic carbon
sediment content (Figure 6), which reaches only 0.40% at
Gelenzhik and 0.36% at Heraklion in the deepest samples.
Notably, similarly low sedimentary organic carbon contents are
observed at Moscow MV (0.43%), yet ammonium concentrations
remain much lower, excluding in situ organic matter degradation as
the dominant ammonium source.

At Gelendzhik and Heraklion, ammonium displays strong
positive correlations (p< 0.01) with chloride and sulfate (r =
0.993-0.959 and 0.993-0.908, respectively), indicating a common
source and co-mobilization during upward fluid transport. Such
correlations point to ammonium release from deeper zones,
consistent with previous observations of ammonium-rich fluids
(>1000 umol/L) derived from the deeper strata (Masuzawa et al.,
1992; Bohrmann et al., 2003; Aloisi et al., 2004).

To further investigate ammonium sources, we examined its
relationship with phosphate and DIC. NH,":PO,” ratios at the
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Gelendzhik and Heraklion MVs exceed the Redfield ratio of 16:1,
reaching values up to 424 and 1181, respectively (Figure 4). These
elevated ratios suggest efficient phosphate removal along the fluid
flow path, potentially through precipitation of phosphate-bearing
minerals such as vivianite or carbonate fluorapatite below the
sulfate-methane transition zone (Dijkstra et al., 2014; Egger et al.,
2015), as previously reported in other mud volcanoes systems
(Lopez-Rodriguez et al., 2019).

NH,":DIC ratios further distinguish the two sites within the
hypersaline setting. At Heraklion, ratios (0.15-0.19; Figure 4) are
consistent with ammonium release during organic matter
degradation following Redfield stoichiometry. In contrast, much
higher NH,":DIC ratios at Gelendzhik (0.95-1.05) indicate excess
nitrogen relative to carbon. This excess may result from a
combination of carbonate precipitation along the fluid flow path
and DIC depletion associated with methane generation via pyrolysis
of organic matter, which often leads to low carbon dioxide
concentrations (Snyder et al., 2007). During methanogenesis, the
ammonium-to-DIC release is approximately 0.30 (Wallmann et al.,
2008), yet the NH,":DIC ratios at Gelendzhik are even higher,
suggesting additional carbon removal. These findings are consistent
with the observed variability in methane concentrations, which are
higher at Gelendzhik MV (Figure 3).

The elevated ammonium concentrations at Gelendzhik and
Heraklion MVs are not derived from in situ organic matter
decomposition, but from a deeper source, associated with upward
fluid advection. In contrast the lack of ammonium enrichment at
Moscow and Milano highlights the importance of the geological
settings in controlling pore fluid chemistry across the studied MVs.

4.3 Sulfate reduction and anaerobic
oxidation of methane

Sulfate reduction (SR) is a key terminal step in the mineralization
of organic matter under anoxic conditions in marine sediments
(Jorgensen et al., 2019b), accounting for approximately 25-50% of
total organic carbon mineralization in ocean margin sediments
(Jorgensen and Kasten, 2006). In methane-rich sediments, the
anaerobic oxidation of methane (AOM) occurs by microbial
consortia of archaea and sulfate-reducing bacteria (Hinrichs et al,
1999; Boetius et al., 2000), limiting methane emissions from marine
sediments (Egger et al,, 2016). In the absence of advective flow or gas
bubble transport, AOM effectively limits upward methane diffusion
before it reaches the overlying water (Jorgensen et al., 2019a).

In this section, we use stoichiometric ratios and isotopic data to
assess whether sulfate consumption at the studied MVs is
dominated by organic matter oxidation linked to sulfate reduction
(OSR) or anaerobic oxidation of methane coupled with sulfate
reduction (AOM-SR).

4.3.1 Stoichiometric ratios for sulfate consuming
processes

At Moscow and Milano MVs, the SO,:Cl ratios are consistently
lower than those of Eastern Mediterranean seawater (~0.051)
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(Thompson et al., 1931), except at the Gelendzhik MV (Figure 5).
OSR and AOM-SR both consume sulfate and produce DIC, but
with distinct stoichiometric relationships (Masuzawa et al., 1992;
Kastner et al., 2008).

Organic matter oxidation linked to sulfate (OSR) can be
described by Equation 1 (Masuzawa et al., 1992):

2CH,0 + SO~ — 2HCO; + H,S (1)

If CH, is present in sufficient concentrations, AOM-SR may
become the dominant process for SO,> depletion in the pore water
(Hensen et al., 2003), with higher activity under increased methane
fluxes (Lee et al., 2021). AOM-SR can be described by Equation 2
(Boetius et al., 2000):

CH, + SO} — HCO; + HS + H,0 )

To distinguish between these pathways, we calculated the
A[DIC + Ca®* + Mg®'] and ASO,, where A represents the
concentration difference between the overlying water and the
pore water at a given depth (Masuzawa et al., 1992; Kastner et al.,
2008). Correction for Ca** and Mg>" accounts for carbonate
precipitation effects (Masuzawa et al., 1992; Kastner et al., 2008).
A 1:1 slope in this plot indicates that AOM-SR is the dominant
sulfate-consuming process. A slope between 1 and 2 suggests that
both SR pathways are occurring simultaneously, while a slope 1:2
indicates OSR (Masuzawa et al., 1992; Kastner et al., 2008).

At the Gelendzhik MV, nearly all data points fall below the 1:1
slope, with an estimated slope of approximately 0.63 (Figure 7).
Although lower than the theoretical AOM-SR ratio, this likely
reflects DIC-depleted fluids and/or DIC loss due to methane
degassing during core recovery (Haese et al., 2003), consistent
with AOM-SR dominance. At the Heraklion MV, most data
points fall between the 1:1 and 2:1 slope, implying that both OSR
and AOM-SR co-occur (Figure 7). At the Milano MV, OSR appears
to be the dominant process for sulfate consumption, as data points
fall at the 2:1 slope (Figure 7). At the Moscow MV, OSR also
appears to dominate. However, several data points lie well above the
2:1 slope, indicating excess DIC. This excess is likely attributed to
diffusion of DIC from deeper zones (Kim et al., 2011), consistent
with evidence of fluid flow at Moscow MV based on radio-tracing
methods (Tsabaris et al., 2020).

4.3.2 Isotopic evidence for sulfate-consuming
processes

Stable carbon isotopes of DIC (8"°Cpjc) provide additional
insights on sulfate-consuming processes and carbon cycling.
8"3Cpc represents mixing between multiple carbon sources,
including bottom water DIC, DIC carried by ascending fluids, DIC
produced through methane oxidation, and DIC produced via organic
matter oxidation (Lichtschlag et al., 2010). Consequently, 3"Cpic
values depend on the relative abundance of these sources (Aloisi et al.,
2000). If OSR is the sole process involved, 8" Cpyc values are expected
to range between that of bottom water (~0%o) and that of
sedimentary organic carbon. In this study, 8'°C,,, values ranged
between -23.4%o to -28.6%o (Figure 6), indicating a mixture of pelagic
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reduction due to organic matter degradation (OSR).

organic matter (~ -21%o in Eastern Mediterranean pelagic sediments
(Fontugne and Calvert, 1992) and a more *C-depleted fraction.

At the Milano MV, §"*Cp;c values showed a clear downcore
decrease, reaching -29.6%o (Figure 3). 8"°Cpyc values lower than
those of typical organic matter (~ -21%o) indicate a significant
contribution from anaerobic oxidation of methane (Chen et al,,
2022). AOM-SR is typically associated with 8"3Cprc decrease
toward the SMTZ (Kim et al., 2011), as methane-derived carbon
is markedly in 13C—depleted (Borowski et al., 1996; Whiticar, 1999).
At the Heraklion MV, §">Cp;c values also decrease downcore to ~
-25.2 %o (Figure 3), suggesting OSR dominance with a secondary
contribution from AOM-SR, consistent with moderate methane
concentrations and the stoichiometric ratios. In contrast, pore fluids
at the Moscow MV exhibit less negative 8"°Cpyc values, with a
minimum of 17%o at 26-28 cmbsf (Figure 3). Such values are
consistent with a mixed DIC pool of OSR-derived DIC and
upwardly diffusing DIC from deeper zones, where microbial
reduction of CO, to CH, preferentially removes the lighter *C,
leaving behind the residual DIC pool relatively enriched in '*C
(Whiticar, 1999; Chen et al.,, 2010; Kim et al., 2011). This
interprentation is supported by the cation-adjusted ADIC to
ASO42' ratios, which indicate a contribution from deeper zones.

At the Gelendzhik MV, the 8"Cpyc profile exhibits a complex
pattern, ranging from -11.4%o near the sediment - water interface to
more depleted values of -22.4%o at 13.5 cmbsf, followed by a shift
toward less depleted values at depth (16.1%o; Figure 5). The
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pronounced 8" Cpyc. depletion at 13.5 cmbsf likely corresponds to an
active AOM zone, as such zones typically exhibit strong “Cpc
depletion (Whiticar, 1999). The reversal toward less depleted values
at depth indicates influence of DIC contribution from deeper sources,
consistent with stoichiometric evidence for dominant AOM-SR and
high methane concentrations. These observations point to a significant
contribution of **C-depleted DIC from both AOM activity and upward
diffusion from deeper sedimentary layers.

The depth of maximal 8"*Cpc depletion likely corresponds to
an active AOM zone (Haese et al., 2003; Chen et al., 2010). To test
this interprentation, an end-member mixing model based on
chlorinity and 8"Cpc values was applied. Using chlorinity end
members of 631 mM (overlying seawater), 1512 mM (proposed
active AOM-SR zone), and 1989 mM (deepest core sample at
Gelendzhik), the pore fluid at 13.5 cmbsf is estimated to consist
of ~ 35% overlying seawater and ~ 65% deep fluid. Using this
mixing ratio, the expected 8"°Cpyc value would be -14.5%o, whereas
the measured value is -22.4%o. This additional -7.9%o depletion is
therefore attributed to in situ AOM activity, providing evidence for
an active AOM zone at this depth.

4.3.3 OSR and AOM-SR at hypersaline
environments

At the Gelendzhik and Heraklion MVs, OSR and AOM-SR
occur under hypersaline conditions. Similar findings have been
reported from other Mediterranean MVs, such as Chefren and
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Napoli MVs, where AOM and OSR were observed at salinities up to
153 and 268%o, respectively (Omoregie et al., 2009). In the Tyro and
Bannock brines (salinity ~260%o), sulfate-reducing bacteria were
likewise active, indicating that extreme salinity does not necessarily
inhibit organic matter degradation via sulfate reduction (Henneke
et al,, 1997). At the Mercator MV, AOM-related microorganisms
thrived at salinities approaching halite saturation (Maignien et al.,
2013). Beyond the Mediterranean, molecular evidence of AOM has
been reported in hypersaline Gulf of Mexico sediments (Lloyd et al.,
2006) and in continental hypersaline environments, such as the
Salitral Negro lake, where diverse halophilic microbial communities
are capable of anaerobic metabolism using various electron
acceptors, including sulfate (Solchaga et al., 2022).

4.4 Deep-sourced imprint in the DIC pool

4.4.1 Isotopic composition of diagenetically
added DIC

To distinguish in situ produced DIC from deep-sourced DIC,
we estimated the isotopic composition of diagenetically added DIC
to the pore-water pool using a 8"°Cpic x DIC versus DIC plot

10.3389/fmars.2025.1728781

following Miller and Tans (2003). The slope represents the isotopic
signature of the carbon source undergoing mineralization (Martin
et al., 2000; Hu et al., 2010; Coffin et al., 2013; Wu et al., 2016). At
the Gelendzhik MV, 8"C,qgea value was estimated at -53.1%o
(Table 2), indicating a strong contribution from AOM-SR (Coffin
et al, 2013). At Milano MV, the 8C,aq.q was also depleted
(-34.1%o), suggesting AOM-SR influence. In contrast, Heraklion
and Moscow M Vs had less negative values (-28.45%o, and -22.87%o,
respectively), consistent with a dominant OSR signal (Figure 8).
These results highlight spatial variability in diagenetically carbon
sources: AOM-SR dominates at Gelendzhik, OSR at Heraklion and
Moscow, while Milano reflects a mixed contribution.

4.4.2 Isotopic composition of diagenetically
added organic carbon

To assess carbon sources, we examined the sedimentary organic
carbon pool. Using the S Corg X Corg versus Cyrg plot (Figure 8), we
estimated the isotopic signature that organic carbon within the
sediments, would exhibit upon remineralization. Unfortunately, data
for Milano MV are available. The estimated slopes were -28.8%o,
-30.4%o0, and -28.0 %o at the Gelendzhik, Heraklion, and Moscow MV,
respectively (Table 2), more depleted than typical Eastern

TABLE 2 Slope and R? values for §'3C versus C plots at Gelendzhik, Heraklion, Moscow and Milano MVs.

Site 813Cqrg X Corg VS Corg slope  813Cqrg X Corg VS Corg R? $13CpcxDICvs DIC slope 813Cpc x DIC vs DIC R?
Gelendzhik | -28.8 0.982 -53.1 0.821
Heraklion -30.4 0.993 -28.4 0.988
Moscow -28.0 0.960 -22.8 0.996
Milano -34.1 0.997
8"Corg X Corg Vs Corg corresponds to organic carbon plots, while 3**Cpyc x DIC vs DIC corresponds to DIC plots.
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Mediterranean pelagic sediments, suggesting contributions from
methane-derived biomass (Aloisi et al., 2000; Haese et al., 2003).
These values do not demonstrate strong spatial variability among the
studied MVs.

4.4.3 Does DIC originate from in situ organic
matter mineralization?

By comparing the 8"°C signature of diagenetically added DIC
and sedimentary organic carbon, we assess whether DIC originates
from in situ organic matter mineralization or from deeper sources.
At Heraklion, the DIC added (-28.4%o) is close to Corg,dded
(-30.4%0), suggesting that DIC is mainly produced via local OSR.
At Moscow, the DIC added (-22.8%o) is enriched relative to
sedimentary organic carbon pool (-28.0%0), suggesting a
significant component of deep-sourced, **C-enriched DICfrom
upward diffusion from methanogenic zones. At Gelendzhik, the
large offset between DIC added (-53.1%o) and sedimentary organic
carbon (-28.8%o) indicates a dominant AOM signal and in situ
methane cycling.

These §"°C isotopic offsets at Gelendzhik and Moscow MVs
highlight distinct carbon sources for pore fluids and sedimentary
organic matter, indicating fluid migration and degassing from
deeper methanogenic strata. Porewater geochemistry at these sites
is influenced both by ongoing shallow diagenetic processes and
upward transport of deep-sourced fluids and gases.

5 Conclusions

This study demonstrates that pore water geochemistry in the
OMVF can be classified into two distinct geochemical groups with
characteristic chemical depth profiles. The first group, represented
by Gelendzhik and Heraklion MVs, is dominated by hypersaline
fluids enriched in sodium, chloride, sulfate, and ammonium,
reflecting deep, highly saline fluids derived below Messinian
evaporites. The second group, comprising Moscow and Milano
mud volcanoes, shows near-seawater salinity and limited influence
from deep brines. These geochemical groups reflect underlying
differences in fluid sources and migration pathways, providing a
framework to understand solute and methane dynamics across
the OMVE.

High-resolution pore water data from the upper sediment layers
reveal pronounced spatial heterogeneity in major ions, ammonium,
methane, and §"°Cp;c concentrations across the studied MVs. In
the hypersaline group, deep-sourced fluids are further modified by
diagenetic processes, including silicate interaction or dissolution of
K-rich minerals at Gelendzhik and smectite-illite transformation at
Heraklion. Spatial variability in ammonium concentrations and in
ammonium to DIC ratios between Gelendzhik and Heraklion also
suggests variations in fluid pathways and diagenetic overprints. In
contrast, the surficial pore fluids at Moscow and Milano MVs show
no clear evidence of deep-brine influx and reflect predominantly
seawater-derived concentrations.

Sulfate-consuming processes and carbon cycling also vary
among the studied MVs. Methane concentrations and 3"Cprc
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values indicates degassing of deep sediments. At Gelendzhik MV,
AOM-SR dominates within a DIC-depleted system. At Moscow
MYV, in situ OSR occurs alongside deep-sourced DIC input from
methanogenic zones. These results provide geochemical evidence
for OSR and AOM occur under extreme hypersaline environments
at the Gelendzhik and Heraklion MVs. The 8"C signatures of
diagenetically added DIC and sedimentary organic carbon
demonstrate that DIC originates not only from in situ organic
matter mineralization but also from deeper sources. Overall, the
data highlight the highly heterogeneous and dynamic nature of the
OMVF mud volcanoes, which act not only as conduits for complex
fluid and gas migration but also as active sites where deep and early
diagenesis intersect.

Despite shallow sampling depths across all sites, the spatial
geochemical heterogeneity observed reflects the combined imprint
of deep-sourced fluid and gas influx through multiple diagenetic
processes that occurred prior to fluid ascent well below the seafloor.
These findings highlight the complexity of fluid pathways in
tectonically active mud-volcano provinces, underscore the
importance of multi-parameter, high-resolution studies, and
demonstrate how multiple processes can generate substantial
geochemical heterogeneity at very small spatial scales.
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