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Key Points

e Eveninconspicuous hydrocarbon seepage modifies redox zonation and stimulates
carbonate and sulfide mineral formation in marine sediments.

e Subtle seepage causes distinct spatial heterogeneity in pore water chemistry and
mineral formation patterns.

e Authigenic minerals and pore water gradients serve as complementary indicators of

past and ongoing seepage.
Abstract

In marine environments, small hydrocarbon (HC) fluxes through organic-poor sediments are
often fully degraded by microorganisms before reaching the seabed. Yet, these fluxes
influence sediment geochemistry by stimulating microbial activity. We analyzed 50 gravity
cores from the southwestern Barents Sea, covering zones affected by inconspicuous HC

seepage and unaffected reference zones. Using various organic and inorganic geochemical
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analyses of the sediment along with pore water geochemistry, we assess the effects of low-

intensity seepage and identify potential geochemical signatures.

While analysis of the organic geochemical analyses provided limited insights, inorganic
geochemical analyses revealed formation of minerals such as carbonates and sulfides, linked
to microbial reductive processes. Element concentrations suggested that HC degradation
leaves distinct signatures, particularly in redox-sensitive minerals. Pore water profiles in HC-
affected zones showed significant variation, indicating carbonate precipitation. In contrast,
sediments not affected by HC seepage displayed more uniform pore water profiles.
Estimated fluxes of sulfate, calcium, and alkalinity varied notably between cores, particularly
in HC-affected zones, suggesting local and potentially transient differences in seepage

intensity.

While microbial HC degradation likely occurs deeper than our sampling interval, high-
resolution geochemical analysis of both sediment fractions and pore water revealed a clear
imprint of HC seepage. This imprint, reflected in authigenic minerals and pore water
gradients, allows identification of past and present seepage activity, with authigenic
minerals providing evidence for past seepage, and pore water profiles informing about

ongoing seepage.
Plain language summary

Hydrocarbons like methane or oil can naturally seep from underground reservoirs into
marine sediments. Often, this seepage is so small that hydrocarbons are fully degraded by
microorganisms before they reach the upper sediment layers near the seafloor.

In this study, we analyzed sediment from the southwestern Barents Sea, a region with very
low natural organic content, to investigate whether such subtle hydrocarbon seepage leaves
detectable traces, even when hydrocarbons are already consumed below the depth we
sampled.

Our results show that despite the complete degradation of hydrocarbons deeper in the
sediment, distinct changes in pore water chemistry and mineral composition persist in the
upper layers. We observed variations in sulfate, calcium, and alkalinity profiles, along with

the formation of minerals like carbonates and sulfides.
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Imprint of minute hydrocarbon seepage on sedimentary fractions
These findings reveal that even low-intensity hydrocarbon seepage can leave a long-lasting
imprint in sediments, not only through direct hydrocarbon presence, but also through their
impact on geochemical processes. This insight helps improving the detection of past or
ongoing seepage in marine environments and supports a better understanding of

biogeochemical cycles below the seafloor.

1. Introduction

Marine subseafloor biogeochemical cycles are primarily governed by microorganisms (Joye
et al., 2022), their metabolic activity is strongly controlled by availability and reactivity of
sedimentary organic substrates. Due to lesser primary productivity of surface waters as
compared to coastal areas (Chavez et al., 2011), in offshore sediments bioavailable organic
matter (OM) is typically limited and becomes more recalcitrant with burial depth
(Middelburg, 2018) due to lower sedimentation rates (Rgy et al., 2012). However, as all
hydrocarbon reservoirs leak to some degree (Hunt, 1995; Heggland, 1998; Yergin, 2009),
underlying hydrocarbon reservoirs will lead to buoyant hydrocarbon-rich fluids migrating
upwards through the sediment column (Ciotoli et al., 2020). These HCs, even in trace
amounts, represent an additional electron donor that can significantly fuel microbial activity
(Zhang et al., 2022). Such influx of labile OM (i.e. seepage) leads to changes in microbial
communities in terms of diversity and activity, which affect in turn specific physicochemical
properties of the sediment, such as porosity, density, pore water geochemistry and mineral
composition, (Abrams, 2005; Hvoslef et al., 1996; Joye, 2020). HC seepage through marine
sediments fuels a variety of microbial processes, including sulfate reduction, fermentation,
and methanogenesis (Joye, 2020; Schnabel et al., 2025). Although these microbial processes
are central to in situ biogeochemical transformations of OM on the continental shelf
(Bradley et al., 2020), they are less pronounced in pelagic sediments wherein sulfate
reduction becomes limited due to energy limitation (Vuillemin et al., 2020).Thus, at sites
with low seepage rates HCs may be fully mineralized before reaching the sediment surface.
Nevertheless, subtle but continuous HC fluxes influence sediment geochemistry and
microbiology, not only in the direct vicinity of the HC source but also extending to the

sediment surface (Rasheed et al., 2013; Joye et al., 2004).
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Imprint of minute hydrocarbon seepage on sedimentary fractions
Dissimilatory sulfate reduction (DSR), which is the predominant terminal electron-accepting
pathway in oxygen-depleted, sulfate-containing shallow marine sediments (Kasten and
Jgrgensen, 2000; Bowles et al., 2014; Jgrgensen et al., 2019), can be expected to be
influenced by HC seepage and potentially be key in defining HC-related reductive diagenesis
(Joye et al., 2004). Organoclastic sulfate reduction (OSR) relies on low molecular weight
substrates derived from fermented particulate or dissolved OM (Jgrgensen, 1982), whereas
methanotrophic sulfate reduction is performed in conjunction with methane-oxidizing
archaea (ANME) during anaerobic oxidation of methane (AOM) (Orphan et al., 2001). Thus,
the influence of HC seepage on sulfate-reducing bacteria (Widdel et al., 2010) highly
depends on whether light (i.e. gaseous, soluble) or heavy (i.e. long chain alkanes, aromatic
rings) HCs are supplied. The types of seeping HCs and their subsequent microbial alteration
can be resolved using mass spectrometry of sediment organic extracts, e.g. a shift from
polar to less polar unsaturated HCs is observed during maturation (Hu et al., 2023), whereas
the loss of hydrogen atoms in alkanes (via dehydrogenation) or oxygen incorporation in
aromatic rings (cleavage via hydroxylation) reveal subsequent microbial alteration (Sert et
al., 2020). Further geochemical effects inherent to sulfate reduction (SR) include an increase
in pore water alkalinity, primarily as dissolved inorganic carbon (DIC) in the form of
bicarbonate (HCOs"), and production of hydrogen sulfide (H,S). Together these metabolic
solutes create favorable sedimentary conditions for the precipitation of carbonate and
sulfide minerals (Berner, 1981; Hinrichs et al., 1999; Lin et al., 2016), namely calcite (CaCOs),
mackinawite (FeS) and pyrite (FeS;). Carbonates can record redox conditions at the time of
formation (Vuillemin et al., 2023a and 2023b) while their trace element compositions can
indicate progressive alteration or diagenesis (Smrzka et al., 2019), in particular redox-
sensitive trace metals (Smrzka et al., 2020; Tribovillard et al., 2013). Similarly, iron sulfides
scavenge specific trace elements from the pore water (Huerta-Diaz and Morse, 1992),

including chalcophilic and redox-sensitive bioessential metals (e.g., Mn, Mo, Cu, Zn).

Local redox conditions mediated by microbial processes also affect HC mobility as they
promote the formation (e.g. carbonates) or dissolution (e.g. clays) of mineral barriers that
adsorb HCs or impede their diffusion (Zhao et al., 2024; Eichhubl et al., 2009). For instance,
the transition of smectite to illite decreases the mineral swelling capacity and reduces

permeability (Kim et al., 2004; Dong et al., 2009). Such interplay of physical, geochemical
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flow patterns at active seep systems (De Groot et al., 2024). Thus, seep systems are

characterized by pronounced spatial and temporal variations, permeability, fluid flow

dynamics, and pressure conditions governing the rate at which HCs migrate upward (Foster

et al.,, 2015; Leifer et al., 2004; De Groot et al., 2024), reasons for which characteristic HC

seeps can be classified according to flux and surface manifestations (Table 1). Note that

some seep-features like e.g. carbonate crusts or pockmarks remain even after active

seepage stopped (Nickel et al. 2012, Nickel et al. 2013).

Table 1. Classification of hydrocarbon seeps based on methane flux and associated surface manifestations. The

table is compiled after (Judd and Hovland (2009); Etiope (2015). The flux range between inconspicuous- and

moderate-flux seeps (1 mmol x m? x d™'to 100 mmol x m? x d™") represents a conceptual transition zone,

where current data are insufficient to establish a clear distinction.

pronounced pockmarks

Seep type Inconspicuous seeps | Moderate seeps High flux seeps
Flux range <1mmol xm?xd* 0.1-1 mol x m? x d* 1-10 mol x m? x d*?
Pockmarks No pockmarks Small, less deeply Larger, deeper and more

numerous pockmarks, clearer

Methane and

Few, smaller bubbles,

Frequent and larger bubbles,

bacteria

No bubbles . .
gas bubbles mostly sporadic continuous gas flow
. - . . Significant enrichment of
Chemical No or minimal chemical Low concentration of & )
. carbonates and sulfides,
changes changes on the surface carbonates and sulfides . . .
possible mineral deposits
o Intensive biological activity,
. . Local colonization of & . Y
Biogenic . . L larger hotspots with more
No biological hotspots methane-oxidizing .
hotspots diverse methane-fed fauna

(e.g. mussels)

Gas hydrates

No gas hydrates

Little or no gas hydrates

Possible presence of gas
hydrates, especially at low
temperatures and high
methane flow
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According to our definition inconspicuous HC seeps are seeps where the seeping HCs lack
visible surface manifestations. Instead, the HCs spread diffusely and are used up by
biogeochemical processes so that the HCs do not reach the SWI. Although they likely imprint
sediment geochemistry, they often remain undetected. Yet, any additional energy flux from
weak seepage tends to promote complex interactions among local microbial communities
adapted to substrate limitation or not, and influence the sediment geochemical dynamics,

leading to fundamental metabolic and diagenetic processes (Abrams, 2020).

Here, we investigate how subtle, inconspicuous HC seepage influences the geochemical
composition of both pore water and sediment. We analyzed 50 gravity cores collected from
the southwestern Barents Sea, including 40 cores from zones affected by low-intensity
seepage and 10 from unaffected reference zones. Given the challenges of deeper coring and
the goal of minimizing environmental impact, we focused on the upper 3 meters of
sediment to determine whether direct or indirect effects of seepage could be detected. The
large number of cores allows us to identify small-scale geochemical patterns and evaluate
any spatial heterogeneity of discrete infiltrations. By combining organic and inorganic
analyses of the sediment with pore water geochemistry, we decipher (I) the extent to which
inconspicous HC seeps affect the distribution of key geochemical species (e.g. sulfide,
methane, calcium, alkalinity) in pore water and sediment, and (ll) how these parameters

vary spatially across and between seepage and reference zones.

2. Material and Methods

2.1. Geological setting and sampling

The Barents Sea is an epicontinental shelf sea bordered by the Norwegian Sea to the
southwest, the Arctic Ocean to the north, and the Russian archipelago of Novaya Zemlya to
the east. It rests on a Caledonian basement formed during Paleozoic orogenies, but its
present structural configuration mainly reflects Mesozoic and Cenozoic tectonic phases,
including episodes of uplift, subsidence, tilting, and erosion. This has resulted in a varied
structural landscape with elevated highs (e.g., the Loppa High) and intervening sedimentary
basins (Doré, 1995; Gabrielsen et al., 1990; Johansen et al., 1993; Larssen et al., 2002;

Faleide et al., 1984). During the Mesozoic, organic-rich marine shales were deposited under
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greenhouse climate conditions with high marine productivity and fluctuating sea levels.
These shales—particularly the Upper Jurassic Hekkingen Formation, act as the principal
source rocks for hydrocarbons in the southwestern Barents Sea (Marin et al., 2020; Langrock
et al., 2003). Burial over millions of years led to thermal maturation, hydrocarbon
generation, and subsequent migration into structural traps, such as those found in the
Johan Castberg and Snghvit fields. In the Quaternary, the region was repeatedly covered by
ice sheets. During the last glaciation, the Barents Sea was overridden by grounded ice,
leading to significant glacial erosion. Consequently, the modern sediment cover on
structural highs is often very thin and sediments primarily consist of glacial and glaciomarine
silty clays, dropstones, and fine sands derived from the erosion of local and distal bedrock
during glacial advance and retreat. These surficial sediments are typically organic-poor,
reflecting both their glacial origin and limited biological productivity during deposition
(Knies and Martinez, 2009; Nickel et al., 2013; Saettem et al. (1991); Elverhgi and Solheim
(1983).
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enlarged here as an example. The missing samples in the middle are due to the increased occurrence of
dropstones in this area, preventing the deployment of a gravity corer. (c) Schematic overview of the sampling

strategy. This figure was modified after (Schnabel et al., 2025)

During an expedition to the SW Barents Sea in Oct/Nov 2021, we collected a total of fifty
gravity cores, ranging from 0.5 to 3 meters in length, within three zones with known
underlying HC reservoirs (201, Z10, Z12), as well as two zones (Ref5, Ref6) with no HC
reservoirs, labelled hereafter as HC zones and reference zones (Fig. 1a). The coring sites lie
at a water depth of approximately 350 meters (Fig. 1b). Immediately after retrieval of a
core (Fig. 1c), the lowermost 20 cm of the core were cut off, the sediment was pushed out
of the liner and the outer 1-2 cm were scraped off with a sterile spatula to remove possible
contamination. Using 5 mL cut-off syringes, 3 cm? of sediment were transferred into a 10 mL
glass crimp vial containing saturated NaCl solution. The vials were immediately sealed with
thick butyl rubber stoppers, crimped, and stored upside down without headspace until gas
analyses in the home lab. An additional 2 cm3 of sediment was transferred into a 15 mL
centrifuge tube containing 8 mL of NaCl-formalin fixative solution (25 g x L'X NaCl, 20 g x L!
formalin) and thoroughly homogenized for cell counting. The remaining sediment was
aliquoted for solid phase geochemistry. The rest of the core was cut into 1 m sections,

capped and stored on deck, as air, water and sediment temperature were all around 5 °C.

Pore water was extracted on board, with extractions initiated within two hours of core
retrieval. Rhizon pore water samplers (Rhizosphere Research Products B.V., Netherlands;
(Seeberg-Elverfeldt et al., 2005)) were inserted into the intact sediment core through small
holes drilled in ca. 10 cm intervals. Pore water collection took between 12 and 24 hours. The
collected pore water samples were 0.22 um- filtered (Merck Millex™-GS Sterile Syringe Filter
Unit, MCE) and aliquoted for different downstream analyses. For anion, cation, and trace
element measurements, 1.5 mL each was collected in plastic screw-cap vials without any
further treatment. These samples were kept anoxic until analysis. For alkalinity
measurements, 2 mL of pore water were filled into a glass vial pre-filled with 50 uL of
saturated HgCl, solution to prevent bacterial activity (Edenborn et al., 1985) and closed
without any headspace. For quantification of dissolved hydrogen sulfide, we transferred 1.5
mL of pore water into a 2 mL plastic screw-cap vial and added 200 pL ZnCl; (20 % weight x

vol?). All samples were stored at +4 °C until analysis in the home lab.
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2.2. Methane and carbon dioxide concentrations

Prior to measurement, we introduced 3 mL of ultrapure helium gas as headspace while
withdrawing the same amount of NaCl solution from the crimped vial. To equilibrate
dissolved gases with the headspace, the content of the vials was mixed at 220 rpm on an
orbital shaker for 18 h, and further vortexed to break up the remaining small clayey
aggregates. A 250 pL sample of the headspace gas was then extracted and introduced into a
7890A Gas Chromatography System, which was equipped with both a flame ionization
detector (FID) and a thermal conductivity detector (TCD), along with an HP PLOT Q column
(all from Agilent). The oven temperature was set to 50 °C, the flow rate was maintained at
17.2 mL min!, and the pressure was held at 13 psi. Both detectors operated at 200 °C with
flow rates of 40 mL min* (FID) and 15 mL min* (TCD). Calibration of the system was
performed by injecting pure analytical standards with CO; concentrations of 310 ppm and
5270 ppm, as well as CHa concentrations of 10 ppm and 5170 ppm. The initial CHs and CO;

concentrations were converted from ppm to molar concentrations using the ideal gas law.

2.3. Cell counting

Total cell counts were conducted following a protocol based on Kallmeyer et al. (2008).
Sediment samples were initially diluted at a ratio of 1:100 using a 25 g L' NaCl solution. 25
uL of the resulting slurry were uniformly distributed onto black 0.2 um polycarbonate
Cyclopore membrane filters (Whatman International Ltd, Maidstone, UK) via vacuum
filtration. For cell visualization, filters were stained with a mixture consisting of SYBR Green |
(10 pL; Molecular Probes, Eugene, USA), phenylenediamine (100 pL), glycerol (300 pL), Milli-
Q water (300 pL), and 300 uL of VECTASHIELD® Antifade Mounting Medium (H-1000-10,
Vector Laboratories, Burlingame, USA). A volume of 15 L of this staining solution was
applied to each filter. The counting was performed using an epifluorescence microscope
(Leica DM2000, Wetzlar, Germany) by counting cells in 200 fields of view. Cell abundances
were calculated as logio cells per cm?3 of sediment, based on triplicate measurements, with

standard deviations consistently remaining below 15%.

2.4. Pore water geochemistry
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Dissolved sulfate was quantified via suppressed lon Chromatography (column: SykroGel A x
300 AB-A01; eluent: 7.3 mg LX NaSCN and 636 mg L'* NaCOs; pump rate 1 mL min%;
injection volume 50 uL). The detection limit was 5 uM. Samples were measured in triplicate,

with average relative standard deviations consistently below 3%.

Cation and trace elemental concentrations in the pore water were determined using high-
resolution inductively coupled plasma mass spectrometry (HR-ICP-MS, ELEMENT 2XR,
Thermo Scientific, Waltham, USA) at the EIMiE-labs at GFZ after acidifying the samples with
ultrapure HNOs. Until analysis, the samples were kept anoxic to prevent precipitation and
potential alteration of the metal concentrations. 100 plL of pore water was doped with 10 pL
of an indium (In) standard solution at a concentration of 100 pg L™ and the samples where
diluted with 2 vol% ultrapure HNOs. Trace elements were quantified by external calibration
using single-element standards, carefully matched to the sample matrix. The acid blank was
subtracted from each measurement. The detection limits for the applied ICP-MS routine
typically ranged between 0.5 and 1 ng g%, for the analytes. Measurement uncertainty,

referring to the repeatability of the measurements, was about 2-5 % for all analyses.

Iron concentrations were analyzed separately using spectrophotometry, following the
protocol described by Viollier et al. (2000). The detection limit of this method is 0.25 pM
and the measurement uncertainty was approximately 5 % for all analyses. Sulfide was
determined photometrically according to Cline (1969). The detection limit is 0.1 uM. All
samples were measured in triplicates and the results were averaged with a standard
deviation < 3.5 %. Alkalinity was determined via titration using the Visocolor HE alkalinity AL
7 kit (Macherey-Nagel GmbH) adapted to the sample volume of 500 puL. The detection limit

is 0.15 mM and triplicate measurements differed by less than 3 %.

2.5. Sediment inorganic fraction

For XRF analysis, approximately 30 g of sediment material was freeze-dried, ground in agate
mortars using a Fritsch Pulverisette 5 planetary mill at 300 rpm for 5 minutes, sieved
through a 63 pum stainless steel mesh, and then melted with two Fluxana reference
materials to form glass discs. These discs were analyzed using an AXIOS X-ray fluorescence

(XRF) advanced spectrometer (Malvern Panalytical, United Kingdom), equipped with an End-

10
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window RH X-ray tube SST-mAX at a 4 kW output. Elemental proportions were determined
for major elements as oxides in weight % [wt %] (i.e. SiO2, Al,03, Fe203, MnO, MgO, Ca0,
Nax0, Kx0, P05, TiO3, SOs3, loss on ignition (LOI)), and trace elements [ppm] (i.e. Ba, Cr, Zn,
Ga, Nb, Ni, Rb, Sr, V, Y, Zr). Quantification limits for major elements were 0.02 wt % and
approximately 10 ppm for trace elements. LOIl was determined based on the mass
difference before and after fusion. Reproducibility was evaluated using reference materials

and better than 2% for all major elements.

2.6. Statistical and geostatistical analyses

Min-max normalization was applied to the XRF dataset, scaling all variables to a range
between 0 and 1. PCA was then performed using the prcomp() function in R with centering
and scaling enabled to identify patterns and relationships among chemical species in the
solid sediment phase, reducing the data's dimensionality and highlighting key variability
across samples. This analysis provided further insight into the underlying structure of the
data, complementing the subsequent visualizations. For ternary visualization, selected
standardized parameters were then proportionally scaled to sum to 100 %. In some cases,
the resulting values of multiple compounds (e.g., those associated with specific mineral
groups like carbonates) were summed. Thus, the ternary diagrams reflect only relative

patterns and should not be interpreted in terms of absolute abundances.

We applied Mann—Whitney U tests (Mann and Whitney, 1947) using the function
wilcox.test() to XRF and pore water data to assess whether the median values of individual
chemical species differed significantly between groups. This non-parametric test was used
to evaluate differences in concentration gradients in the pore water and absolute
concentrations in the solid sediment phase between HC-affected zones (201, 210, Z12) and
reference sites (Ref5, Ref6), as well as among and within individual zones and sediment
cores. To assess differences in variability (i.e. variance), we also used the Brown-Forsythe
test (Brown and Forsythe, 1974) applying the leveneTest() function . This test allowed us to
assess whether the variance in chemical species concentrations - reflecting chemical
heterogeneity - varied significantly between zones. Finally, Pearson correlation analyses
(Pearson, 1895; Sedgwick, 2012) were conducted on the pore water data to explore linear

relationships among chemical species. Two analytical levels were considered: (1)

11
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correlations within individual sediment cores, and (2) correlations across all cores from the
same sampling zone (e.g., all cores from Z01). All statistical and geostatistical analyses were

performed using R version 4.2.0 (R Core Team, 2022).

Diffusive fluxes of sulfate, alkalinity, and calcium across the sediment—water interface were
calculated based on Fick's first law of diffusion using the linear concentration gradients.
Molecular diffusion coefficients were taken from Schulz (2006) and subsequently adjusted
for sediment conditions following Iversen and Jgrgensen (1993). To visualize spatial patterns
in fluxes of sulfate, alkalinity, and calcium, we applied ordinary kriging using the gstat
package in R (Pebesma, 2004). First, empirical variograms were calculated from spatially
referenced flux measurements. Several theoretical variogram models (spherical,
exponential, Gaussian, and Matérn) were fitted and compared. The best-fitting model was
selected based on convergence criteria and plausibility of the sill and range parameters. This
model was then used to interpolate flux values across a regular spatial grid covering the
study area. The resulting kriging maps (Matheron, 1963) provided continuous spatial
representations of flux gradients and enabled the identification of heterogeneities between
hydrocarbon seep zones and reference sites. Visualizations were created using the ggplot2

package (Wickham, 2016).

2.7. Sediment organic fraction

Molecular-level insights into the organic geochemistry of sediments were obtained for
solvent-extractable OM using Fourier Transform lon Cyclotron Resonance Mass
Spectrometry (FT-ICR-MS). Based on geochemical pore water profiles, a subset of 11
representative samples consisting of three samples from each of the three HC zones (Z01,
710, Z12) and one sample from each of the two reference zones (Ref5, Ref6) was selected
from the total of 50 sediment cores. For each sample, approximately 10 g of sediment were
freeze-dried, milled, and the organic content was extracted using a Soxhlet extractor
following a procedure described by Poetz et al. (2014). The extraction was performed with a
solvent mixture composed of dichloromethane and methanol (v/v = 99:1) at 40 °C for 24
hours. The extracts were then analyzed at ultra-high mass resolution using a Bruker Daltonik
Solarix 12T FT-ICR-MS. lonization was carried out using an Apollo Il ESI source and an APPI-II

source (all from Bruker Daltonik GmbH, Bremen, Germany).

12
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For electrospray ionization (ESI-), nitrogen was used as the nebulizing gas at a flow rate of
4 L min! at 220 °C and a pressure of 1.4 bar. The capillary voltage was set to 3000 V, and the
collision-induced dissociation (CID) voltage was 60 V. The samples were infused at a flow
rate of 2.5 uL min~ using a Hamilton syringe pump. The spectra were recorded in
broadband mode using 8-megaword data sets. The ion accumulation time was 0.05 s, and a
total of 200 scans were collected into the mass spectrum, covering a mass-to-charge ratio
(m/z) range of 150—1000. For atmospheric pressure photoionization (APPI+), nitrogen was
used as the nebulizing gas at a flow rate of 3 L min* at 210 °C and a pressure of 12.3 bar.
The capillary voltage was set to - 1000 V, and the CID voltage was 30 V. The samples were
infused at a flow rate of 20 uL min™" using a Hamilton syringe pump. The spectra were
recorded in broadband mode using 8-megaword data sets. The ion accumulation time was
0.05 s, and a total of 300 scans were collected into the mass spectrum, covering an m/z

range of 147-1500.

The resulting spectra were internally recalibrated (quadratic) with a standard deviation
error of < 0.02 ppm, and only m/z values with a signal-to-noise ratio > 9 were exported for
formula assignment. Formula assignment was performed using a combination of Bruker
Analysis and Microsoft Excel, considering the isotopes >C and *C and the elemental ranges

CxHyNo-200-10S0-2Nao-1. The mass tolerance was set to 5 ppm.

3. Results

3.1. Methane and carbon dioxide concentrations and cell abundances

All samples contain measurable methane concentrations, ranging from 0.08 to 19.79 uM.
While samples from reference sites contain less than 5 uM of methane, higher
concentrations are restricted to few samples from HC-affected sites, all located deeper than
100 cm below seafloor (cmbsf). CO; was detectable in all samples, with concentrations
ranging from 29 uM to 512 uM, without any site-specific trend (Supplementary Fig. S1). This
is likely due to carbonate buffering, with dissolved CO, equilibrating with bicarbonate and
carbonate in pore water at both HC-affected and reference sites. In both cases, low gas

concentrations prevented measurement of their stable isotopic signatures.

13
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352  Total cell counts are approximately 107 cells x cm? across all sediment cores, with no
353  significant variation with depth (Supplementary Fig. S2). The mean deviation of cell counts

354  within samples is around 12%.
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Figure 2: Pore-water profiles for some representative parameters. The profiles for sulfate concentrations (a),



357
358
359
360

361

362
363
364
365
366
367
368
369

370
371
372
373
374
375
376
377
378

379
380
381
382
383
384
385

Imprint of minute hydrocarbon seepage on sedimentary fractions
alkalinity (b), and calcium (c) show both data points and regression lines (R2 > 0.8). The regression lines for HC-
affected zones (Zone 1, Zone 10, Zone 12) show steeper gradients compared to those from reference zones
(Ref 5, Ref 6). The profiles for magnesium (d), strontium (e), potassium (f), magnesium (g), and iron (h) are

shown as data points due to the insufficient R? value of their respective regression lines.

3.1. Pore water profiles

Both sulfate and alkalinity concentrations exhibit strong linear decreasing and increasing
trends (R? > 0.85) with depth (Figs. 2a and 2b), respectively. The gradients are steeper in the
HC-affected zones compared to reference zones. Based on linear extrapolation, sulfate
depletion would be reached at ca. 3 and 12 mbsf in HC and reference zones, respectively.
Sulfide concentrations are below the detection limit (1 uM) in all cores from reference zones
and in most of the cores from Z12 (only 2 out of 17 cores have detectable sulfide;
Supplementary Fig. S3). In contrast, in most cores from Z01 (12 out of 15) and Z10 (4 out of

7), sulfide concentrations increase with depth.

In the reference zones concentrations of pore water Ca?* increase with depth (Fig. 2c,
Supplementary Fig. S3), but decrease in the HC-affected zones. For Mn?* concentrations also
increase with depth in the reference zones (Fig. 2d, Supplementary Fig. S4). In most of the
cores from HC-affected zones, Mn?* pore water profiles show a decreasing trend with
depth, but with distinct patterns, of which each one is predominant in a different sampling
zone: (1) in Z01 many profiles show concentrations decreasing from ca. 15 uM at the SWI to
near zero at ca. 75 cmbsf; (2) in Z12 concentrations decrease from ca. 15 uM at the SWI but
then stabilize around 5 uM at 1 mbsf; (3) in Z10 and Z12 some concentrations profiles

remain constant around 7 mM throughout depth.

Pore water concentrations for Cu?*, Si**, Zn?*, Mg?* and K* remain almost unchanged in with
depth in both HC-affected and reference zones (Figs. 2e-2g, Supplementary Figs. S4-S5),
whereas Sr?* concentrations increase in cores from both HC-affected zones and reference
zones, but more pronounced for the latter (Fig. 2e). Dissolved Fe?* is rarely detectable in
cores from the HC-affected zones and falls below detection limit within the upper 1 mbsf
(Fig. 2h). In most cores from reference zones, pore water Fe?* is detectable and

concentrations increase with depth. Ba2* was measurable only in few cores from Z01, with
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386  concentrations increasing with depth (Supplementary Fig S4). With few exceptions, Ni** and

387  As?* remain below the detection limit in all samples at all depths.
388  3.2. Statistical analyses of inter- and intrazonal variations

389  3.2.1. Comparative analysis of pore water geochemistry
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391 Figure 3. Spatial variability and flux patterns of sulfate, alkalinity, and calcium across different zones. (a) Bar
392 plots show the mean areal fluxes (mmol m=2 d™") of sulfate (left), alkalinity (middle), and calcium (right) at the
393 five zones (Ref5, Ref6, Z01, 710, Z12). Kriging-interpolated maps illustrate the spatial distribution of these

394 fluxes across the study area. Color gradients indicate the direction and magnitude of fluxes. (b) Detailed kriging
395 maps of sulfate (top row), alkalinity (middle row), and calcium (bottom row) fluxes at each zone. Each column
396 corresponds to one zone, showing localized spatial variability in solute fluxes. Black dots indicate the sampling

397 sites.
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Imprint of minute hydrocarbon seepage on sedimentary fractions
The Mann-Whitney U tests (Mann and Whitney, 1947) confirmed statistical significance for
steeper sulfate and alkalinity gradients (Fig. 2, Supplementary Table S2) in HC-affected
zones (psos = 3.86E-10, pai = 2.74E-05); opposite trends in Ca®* profiles (pca = 1.40E-04); and
different pore water gradients in Mn?* concentrations (pmn = 5.38E-06), assuming linear
profiles which in some cases did not provide the best fit (Fig. 2, Supplementary Fig. S4 and
porewater profile descriptions in Section 3.1). The results for manganese should therefore

be considered as approximations.

The Brown-Forsythe tests (Brown and Forsythe, 1974) further confirmed that the variance
for pore water SO4?, alkalinity, Ca?*, and Mn?* gradients is smaller within reference zones
(all p-values < 0.05, Supplementary Table S3) than within HC-affected zones (Fig. 2). In
addition, a comparison of the variances across individual HC zones and reference zones

indicates significant differences in most instances.

Kriging plots for sulfate, alkalinity and calcium fluxes (which are proportional to their
gradients) enabled the visualization of spatial variations over the entire study area and
within the sampling zones (Fig. 3). The resulting patterns of variability align with previous
statistical tests and highlight the different spatial heterogeneity between reference and HC-

affected areas, with notably a stronger variability among those exposed to seepage.
3.2.2. Pore water species within and across cores

We also performed intra- and intervariation analyses, i.e. we investigated the correlation of
chemical species within each core using Pearson Correlation (Pearson, 1895; Sedgwick,
2012). We found a strong correlation (average |r| > 0.86) between sulfate, alkalinity and
calcium and, to a lesser extent (average |r| > 0.66) with manganese in almost every
individual core from HC zones. In contrast, within reference zones, we only found
correlations between alkalinity and sulfate (average r > -0.76) as well as alkalinity and

manganese (average r > 0.86) (Supplementary Table S4).

To determine whether concomitant biogeochemical processes may occur in different cores,
we assessed the correlation between pore water gradients for each of the 5 sampling zones
separately, resulting in 10 combinations of alkalinity, sulfate, manganese, calcium, and

sulfide. For cores from reference zones, a negative correlation between sulfate and
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Imprint of minute hydrocarbon seepage on sedimentary fractions
alkalinity was observed (r = -0.80 and -0.85 for Ref5 and Ref6). In addition, for Ref5,
additional correlations were found between sulfate and manganese (r = -0.99), alkalinity
and calcium (r = -0.86) and alkalinity and manganese (r = 0.78). For cores from the three HC
HC zones, no significant correlations (r < 0.7) were found between geochemical species,
except at Z10 between sulfate and alkalinity (r = - 0.89), alkalinity and sulfide (r = 0.77)

(Supplementary Table S4).

3.2.3. XRF elemental concentrations of the sediment inorganic fraction

Ca0 and SOs3 concentrations are significantly higher (Mann-Whitney U test, p < 0.05) in
sediments from HC-affected than reference zones. Despite similar behavior as alkaline-earth
elements, Ba (p = 0.11) and Sr (p = 0.17) were only slightly more abundant in sediments
exposed to seepage. Conversely, the relative abundance of Fe;03, P,0s, Ti, Cr, and Zn is
higher (p < 0.05) in cores from reference zones, while Al (p = 0.06), Ni (p = 0.05), Mn (p =
0.12), and V (p = 0.05) show a tendency towards higher relative abundances. The loss on

ignition (LOI) is significantly higher (p < 0.05) in cores from reference zones.
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Figure 4. Ternary diagrams showing the relative proportions of selected major and trace elements in solid
phase sediments from hydrocarbon HC zones and reference zones. (a) Major elements: Fe,03—S0s;—Ca0, (b)
major elements grouped by associated mineral fractions: CaO and LOI (carbonate), Fe,03 and MnO and SOs
(sulfide), and SiO, and Al,Os (clay), and (c) trace elements grouped by geochemical behavior: Cr, Ni, Zn and V
(redox-sensitive), Sr and Ba (calcite-, barite-associated), and Zr, Rb and Y (conservative). Each symbol
represents an individual sample. HC zones (blue colors) and reference zones (red colors) largely overlap, the

scatter in the HC zones is noticeably larger, indicating a greater variance.
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Imprint of minute hydrocarbon seepage on sedimentary fractions
Significant differences (p < 0.05) revealed by the Brown-Forsythe variance homogeneity test
included Ba and SOs concentrations at seepage and reference zones, highlighting higher
variance among cores from HC-affected zones. Variance in CaO concentrations appeared
non-significant (p = 0.09). Major and trace element in ternary diagrams (Fig. 4) confirm this,
as the variance (scatter) is noticeably greater in the HC zones compared to the reference
zones. Despite considerable overlap, this observation is consistent with the results of the
Brown-Forsythe test, illustrating the lower variance across samples from reference zones
compared to HC zones. This pattern is further supported by PCA of major and trace
elements (Supplementary Figs. S6—S7), where samples from HC zones show greater
dispersion along the first principal component (60.7% and 59.8% variance explained,

respectively), indicating higher variability in both major and trace element composition.

3.3. Organic compound classes across sampling zones

The number of mass spectrometry signals and their distribution across different compound
classes (e.g., pure HCs, HCs with O, N, and S atoms), measured in both ionization modes
(APPI+ and ESI-) and analyzed in various data representations, appear very similar for both
seepage and reference sites. Atomic H/C and O/C ratios derived from assigned molecular
formulas showed no significant differences between seep and reference sites. Additionally,
the degree of unsaturation (i.e. double bond equivalent, DBE) relative to the number of
carbon atoms does not show significant variations in the relative abundance of different
compound classes or noticeable differences across sampling sites (Fig. 5, Supplementary Fig.

8).

Specific molecular signatures indicative of microbial biomass (e.g. hopanoids) and degraded
OM (e.g. humic acids) are also comparable across sampling zones (Fig. 5). Similar to total cell
counts, molecular clusters assigned to hopanoid-derived compounds (typically around 6—8
DBE and ~30 carbons) occur in similar abundance at all sites, suggesting comparable
microbial population sizes. Likewise, signals corresponding to fatty acids (low DBE, low
number of carbons), which can be interpreted as cell remnants or necromass, are evenly
distributed. Finally, aromatic compounds which are typically associated with humic
substances from highly degraded and refractory OM, are equally present in sediments from

all sampling zones. Signatures of seepage-related hydrocarbons, including saturated alkanes
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and polyaromatic hydrocarbons typically associated with migrated oil and gas, were not

detected.
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Figure 5. Diagrams for molecular polar compounds identified by FT-ICR-MS in APPI+ mode in sediment
extracts from the three hydrocarbon HC zones and one reference zone. (From left to right) Double bond
equivalents (DBE) plotted against carbon number for compounds containing hydrogen and oxygen, and
simplified interpretative framework of some molecular classes (e.g. aromatic acids, hopane acids,
alkylphenols) and the expected shifts related to biogenic (e.g. microbial degradation) vs. thermogenic (e.g.

cracking, aromatization) processes.

4. Discussion

In the SW Barents Sea, sediments are particularly organic-lean, with TOC values below 0.5 %
(Knies and Martinez, 2009). This low organic content enables the detection of discrete HC
seeps, as even a slight supply of electron donors can result in a direct increase in the
metabolic activity of HC-degrading microbial populations (Joye, 2020). This increase in
metabolic activity, along with the resulting geochemical redox changes, can be distinguished
from the background signal corresponding to pristine conditions at the seabed. In

comparison, any microbial or geochemical signal arising from inconspicuous HC seepage in
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Imprint of minute hydrocarbon seepage on sedimentary fractions
organic-rich environments would be obscured by ongoing OM breakdown, hampering
discrimination of specific microbial populations or metabolic pathways involved in the

degradation of discrete HCs.

4.1. Organic signatures of potentially active seepage remain elusive

At seepage sites, we expected a greater diversity and higher concentrations of oxygen-
containing compounds in the FT-ICR-MS mass spectra due to the formation of aromatic-ring
radicals and by-products (e.g. alcohols, organic acids) during microbial HC degradation
(Radovic and Silva, 2025). In sediments not exposed to seepage, these compounds should
be less abundant, with overall a lower proportion of oxygenated components. However,
because seepage and reference sites showed similar compound class distributions (Fig. 5;
Supplementary Fig. S8), our data suggest that HCs had already been degraded at sediment
depths below the reach of our cores, or converted into compounds with chain lengths that
are too short for FT-ICR-MS detection. Instead, the FT-ICR-MS analysis only captured the
background signal of the subseafloor sediments (i.e. biomass, necromass, organic residues),
the corresponding compound class concentrations being consistent with similar microbial
cell counts across seepage and reference sites (Supplementary Fig. 2). Thus, the suitability of
this classical oil (and gas) analytical tool (Marshall and Rodgers, 2004) appears to be limited
in the context of inconspicuous seepage, indirectly supporting our basic assumption of
inconspicuous HC seepage in the HC-affected zones, without any indication for increased

microbial biomass at seep sites.

4.2. Hydrocarbon seepage shapes redox zonation with precipitation of carbonate and

sulfide minerals

Marine sediments exhibit a clear redox zonation, ranging from the aerobic respiration zone
near the surface, transiting through the nitrate, Mn** and Fe3* reduction zones to the sulfate
reduction zone and methanogenesis (Froelich et al., 1979; Jgrgensen and Kasten, 2006). In
the sulfate reduction zone, sulfate acts as the electron acceptor leading to the production of
hydrogen sulfide, bicarbonate, and water. The increase of these compounds in the pore
water promotes precipitation of carbonates (e.g. calcite) and sulfide minerals (e.g., pyrite)

(Smrzka et al., 2020; Smrzka et al., 2024; Lin et al., 2016; Peckmann et al., 2001).
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Imprint of minute hydrocarbon seepage on sedimentary fractions
Consequently, the incorporation of calcium, magnesium, strontium, iron, manganese, and
trace elements (e.g., Cu, Ni, Zn) into these minerals leads to their depletion in pore water
and enrichment in the sediment’s inorganic fraction (Smrzka et al., 2019; Schippers and

Jgrgensen, 2001).

Both sediment geochemistry (Fig. 4, Supplementary Figs. S6-S7) and pore water analyses
(Fig. 2, Supplementary Figs. S3-S5) confirmed the presence of diagenetic carbonates in
sediments from HC zones. On the one hand, CaO, Mg0O, and Sr abundances increased in the
solid phase. On the other hand, pore water Ca?* concentrations decreased while alkalinity
simultaneously increased with depth (Fig. 2). In contrast, Mg?* and Sr?* concentrations in
pore water remained largely unchanged. Notably, incorporation of Mg?* and Sr?* into
carbonate minerals is kinetically restricted compared to Ca?* (Knight et al., 2023; Alkhatib et
al., 2022) and, as carbonate precipitation could occur over relatively short time periods (i.e.
during active seepage), substitution by pore water Mg?* and Sr?* appeared incomplete, thus
their concentrations remained almost unchanged. Although methane-derived carbonates
are typically high-Mg calcites or aragonite, we infer that the diagenetic carbonates in our
study are likely low-Mg calcites. Alternatively, the recrystallization of metastable carbonate
phases (e.g. aragonite) would release Sr?* into the pore water (Hoareau et al., 2010). In
contrast to the HC zones, pore water alkalinity, Ca?* and Sr?* concentrations increase with
depth at the reference sites, while CaO and Sr contents remain low in the solid phase (Fig. 2,
Supplementary Fig. S3). These trends indicate that precipitation and dissolution of
carbonate minerals occurred (Schneider et al., 2006; Bach, 2024; Hoareau et al., 2010;

Smrzka et al., 2019) under seepage and non-seepage conditions, respectively.

Although barium (Ba?*) can theoretically substitute for Ca®* in carbonate minerals, its larger
ionic radius and strong affinity for sulfate typically limit its incorporation. Instead, Ba**
precipitates as barite (BaSO4), which tends to dissolve under sulfate-reducing conditions
(Carter et al., 2020; Von Breymann et al., 1992). Indeed, Ba%* was detectable in pore water
in only a few cores from HC-affected Zone 1 (Supplementary Fig. S4), where concentrations
increased with depth. This pattern suggests localized barite dissolution, likely triggered by
reducing conditions and upward fluid flow. Consistently, solid-phase data show elevated

Ba?* concentrations in HC-affected zones relative to reference sites (Fig. 4, Supplementary
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Imprint of minute hydrocarbon seepage on sedimentary fractions
Tables S2), indicating barite accumulation through biogeochemical processes linked to HC
seepage. These observations highlight the dynamic interplay between sulfate availability,
redox zonation, and mineral precipitation at seepage sites, promoting barite formation but

also sulfide mineralization.

At seepage sites, linear profiles in pore water sulfide revealed upward diffusion
(Supplementary Fig. S3) and, given the low sulfate reduction rates previously measured in
the corresponding interval (Schnabel et al., 2025), this sulfide likely originates from deeper
sediment layers. When reactive metals, such as Fe?*, Mn?*, and other trace metals dissolved
in pore water, meet with ascending sulfide, precipitation of metal sulfides occurs,
contributing to an accumulation of redox sensitive metals and sulfur in the solid phase. This
is in line with observations from e.g. seeps sites in Guaymas basin (Kars et al., 2025). At
reference sites, dissolved sulfide is absent while Fe2* and Mn?2* concentrations increase in
the pore water (Fig. 6, Supplementary Fig. S3, Supplementary Fig. S4) , suggesting that
anaerobic respiration of solid-phase Fe(lll) and Mn(IV) oxides prevails over sulfate reduction
and that precipitation of metal sulfides does not take place, at least not on a quantitatively
significant level. Because higher pore water sulfide concentrations in our samples generally
correlate with elevated sulfur (i.e. SOs) (Fig. 6) concentrations in the solid phase, sulfide
precipitation and sulfur accumulation allow to distinguish seepage sites from reference
sites, where they remain systematically low. This further demonstrates that local differences
in sulfide production or flux rates, as well as metal availability, may result from seepage in

the sediment.
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Figure 6. Porewater profiles of sulfate, sulfide, and dissolved iron across five sites, including site
averages. In seep-affected cores, iron concentrations decrease where sulfide increases, indicating
removal of reactive iron through sulfide precipitation. Sulfate generally decreases with depth across
all sites. Error bars represent site-specific averages where applicable.

Besides major element dynamics, HC seepage also alters biogeochemical cycling of trace
metals through its influence on redox zonation and authigenic mineral formation, thereby
exerting control on their mobility or retention in the sediment column. Trace element
incorporation into sulfide minerals vary between oil- and methane-dominated seep
environments, with higher concentrations of elements like Mn, Mo, Cu, and Zn often
observed in oil seep pyrites (Smrzka et al., 2024). At both seepage and reference zones,
redox-sensitive trace metals (e.g. Zn, Ni, and V; Cr to a lesser extent) can be transported in
solution upward from deeper sediment layers and precipitate locally depending on sulfate
reduction and other redox-dependent activities. At seepage sites, methanotrophic sulfate
reduction and AOM-driven processes enhance neoformation of sulfides and carbonates
which act as sinks for trace metals at seep sites, in particular pyrite (Smrzka et al. (2019);
Smrzka et al. (2024); Miao et al. (2022). In contrast, lower SR activity and lesser mineral
precipitation at reference sites allow trace elements to continuously diffuse upward and be
captured under suboxic conditions via adsorption or precipitation as iron (oxyhydr)oxides.

Altogether, despite similar concentrations in the pore fluid across sampling sites
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Imprint of minute hydrocarbon seepage on sedimentary fractions
(Supplementary Table S2), the degree and depth of occurrence of sulfate reduction govern
whether dissolved metal ions are sequestered in specific geochemical zones or bypass the
redox gradient. Nevertheless, trace metal concentrations may also vary with redox
gradients, precipitation kinetics, and phase-specific affinities (Smrzka et al. (2019),
hampering the use of pore water or solid phase concentration as a proxy for HC seepage.
Hence, a combined assessment of pore water geochemistry, redox zonation, and authigenic
minerals offers a more suitable approach for seepage characterization. Although our bulk
sediment geochemical data do not specifically target sulfide mineral phases, these findings

highlight the potential of geochemical signatures to record different seepage types.

4.3. Pore water fluxes and diagenetic minerals reflect the dynamics of transient seepage

Linear profiles for pore water alkalinity, SO4%, and Ca?* suggest no net turnover within the
sampled sediment interval (Schulz, 2006). This stands in contradiction with our observations
of the solid-phase geochemistry, which is indicative of carbonate and sulfide mineral
formation in HC-affected zones. We suggest that the sulfate-methane transition zone
(SMT2Z), where most sulfide and carbonate precipitation occur, may have undergone
temporal and spatial depth fluctuations, driven by variations in HC flux over time. Such
fluctuations are well-documented and influenced by multiple factors, including
sedimentation rate, temperature, OM availability (Dale et al., 2008) and hydrostatic
pressure, which in the Barents Sea is particularly shaped by glacial-interglacial dynamics

(Argentino et al., 2021; Nickel, 2013).

In the Barents Sea, low sedimentation rates combined with extensive glacial history are
inferred to have shaped SMTZ dynamics. During the Last Glacial Maximum (~20 ka),
grounded ice sheets prevented seawater sulfate diffusion into the sediment in the Barents
Sea (Andreassen et al., 2008; Siegert et al., 2001), shifting the SMTZ upward. Following
deglaciation (~14 ka) (Elverhgi et al., 1993), seawater reoccupied the seafloor, restoring
sulfate supply and initiating a progressive downward migration of the SMTZ. Processes such
as gas hydrate dissociation and associated methane release during ice retreat (Nickel et al.,
2013) further enhanced these dynamics. Comparable patterns have been observed
elsewhere in the Barents Sea, where post-glacial rebound and HC flux variations have

caused significant SMTZ fluctuations (Argentino et al., 2021).
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The occurrence of diagenetic carbonates and sulfides resulting most probably from past
AOM processes at the (paleo)SMTZ are therefore best understood as products of these
historical boundary conditions. Their accumulation in the sediment, in combination with
present-day linear pore water profiles, suggests that the system currently reflects a stage of
subdued seepage activity, and consequently deeper SMTZ. Thus, the present-day mineral
assemblage provides a cumulative archive of past seepage episodes rather than a snapshot
of ongoing processes, highlighting a key limitation of interpreting solid-phase geochemistry
alone. Although an increased presence of carbonates and sulfides may be indicative of past
redox conditions and fluid flow, these minerals cannot reliably distinguish active from relict
seepage. Integration with pore water profiles and other dynamic indicators remains

essential to reconstruct seepage history and assess present-day activity.

Overall, our findings align with typical mineralogical signatures of weak HC seeps, commonly
with carbonate (CaO) contents of 1-3 wt% (Rovere et al., 2020; Karaca et al., 2010) and
sulfur (SOs) concentrations below 1 wt % (Fischer et al., 2012), thereby matching our
seepage site values (i.e. 2.1 wt% CaO, 0.8 wt% SO3s). The reference sites or our study exhibit
values (i.e.1.5 wt% Ca0, 0.2 wt% SOs3) that are consistent with background diagenesis
typically observed in non-seep environments (1-2 wt% Ca0O, <0.2 wt% SOs3) (Fischer et al.,
2012; Karaca et al., 2010). Thus, we observe that carbonate and sulfide enrichments
documented in Barents Sea sediments represent the imprint of past seepage episodes,
whereas present-day pore water profiles reflect a current state of low, or absent, HC flux

within the sampled interval.

4.4. Fine-scale heterogeneity characterizes weak hydrocarbon seepage

The HC zones are affected by inconspicuous, diffuse seepage with very low sulfate flux rates
below 1 mmol x m? x d* (Fig. 3). Typical fluxes at seeps range from 1-10 mol x m2 x d for
high flux seeps, e.g. Coal Qil Point Seep Field, Santa Barbara, California (Padilla et al., 2019),
and 0.1-1 mol x m2 x d"! for moderate flux seeps, e.g. North-western Black Sea (Hu et al.,
2012). Since seepage-induced biogeochemical processes, like AOM and concomitant
carbonate precipitation, predominantly occur below our sampling depth range (Schnabel et
al., 2025), their effects can be detected only indirectly. For instance, the steeper sulfate

gradients observed in the HC zones compared to the reference zones (Fig. 3, Supplementary
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Fig. S3) suggest increased sulfate reduction rates due to HC supply from below. Geochemical
fluxes at the seepage sites show considerable variability across individual cores (Fig. 3),
which is considered a typical feature of seep environments inherent to localized differences
in fluid flow, microbial activity, or redox conditions (Pop Ristova et al., 2015; Foster et al.,
2015; Schnabel et al., 2025). In contrast, reference sites present rather uniform conditions,
as they primarily reflect sedimentation, OM input and diffusion at the sediment-water

interface rather than seepage.

In addition to variable fluxes reported for cores from seepage sites, the pattern of
interconnected geochemical parameters also differs on a spatial scale (Supplementary Table
S4). While a single pore water species may correlate in all 50 individual cores (e.g. sulfate
concentrations and alkalinity), ratios between parameters appear to be different for each
core across different HC-affected sites, and even within each individual seepage site
sampled. This suggests that, even though similar microbial processes (e.g. denitrificationiron
reduction, sulfate reduction), can be expected to take place throughout the sampled area,
their degree of intensity and interactions vary on a small spatial scale, leading to
considerable local differences both within and between HC zones. In contrast, such
correlations are much better both within and across cores from reference sites (Fig. 5),

indicating more homogeneous and predictable diagenetic conditions.

5. Conclusions

This study elucidates the geochemical and mineralogical imprints of inconspicuous HC
seepage on near-seafloor sediments in the southwestern Barents Sea. Extremely low
element fluxes with often complete degradation of HCs in sediment layers below the
sampling depth of this study posed significant challenges in the detection of active seepage.
This explains why the FT-ICR-MS-based approach was unsuccessful in identifying diagnostic
organic compounds, as volatile and short-chained organic compounds cannot be resolved.
In contrast, inorganic geochemical signatures provided indirect evidence of seepage-related
reductive diagenetic processes. Elevated pore water alkalinity alongside decreasing Ca?*
concentrations with depth, substantiated by elemental enrichments in the solid phase were

clear indications of carbonate precipitation. In addition, pore water depletion of sulfate and
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manganese concomitant with increased solid phase sulfide concentrations point towards
formation of sulfide minerals. In summary, many geochemical processes along strong seeps
can also be directly or indirectly detected for minor HC seeps where the HCs are

metabolized below the sampling interval.

Pronounced spatial variability in geochemical gradients across seepage-affected sites was
observed, revealing local heterogeneity in fluid flow and redox conditions as a result of
variable seepage intensity. Otherwise, correlated geochemical parameters within single
cores pointed to consistent coupling with past and present biogeochemical processes.
Altogether, these spatial patterns underline the relevance of a targeted sampling strategy to
resolve geochemical heterogeneities in the shallow subseafloor, which proves essential for
capturing the transient nature of seepage. Fine-scale geochemical variations are easily
overlooked but are nonetheless crucial for understanding seep dynamics and differentiating
between active and past seepage processes, requiring adequate spatial and temporal

coverage and geostatistical techniques.
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