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Abstract

The impact of submarine groundwater discharge (SGD) on coastal sea biogeochemistry has been demonstrated in many
recent studies. However, only a few studies have integrated biogeochemical and microbiological analyses, especially at sites
with pockmarks of different degrees of groundwater influence. This study investigated biogeochemical processes and microbial
community structure in sediment cores from three pockmarks in Hanko, Finland, in the northern Baltic Sea. Pockmark data
were supplemented by groundwater and seawater measurements. Two active pockmarks showed SGD rates of 0.02 cm d�1

and 0.31 cm d�1, respectively, based on porewater Cl� profiles, while a third pockmark had no SGD influence. Reactive trans-
port modelling (RTM) established that the porewater systems of these active pockmarks are dominated by advection, result-
ing in the focusing of biogeochemical reactions and the microbial community into a thin zone at the sediment surface. The
advection further reduces the accumulation of organic matter in the surface sediments, resulting in the absence of a sulfate-
methane transition zone (SMTZ) at these pockmarks. Furthermore, the RTM estimated low rates of consumption of SO4

2�,
and low rates of production of CH4, NH4

+, DIC at the active pockmarks. Archaeal communities in the active pockmarks were
dominated by ammonia-oxidizing archaea of predominantly groundwater origin. In contrast, at the inactive pockmark, the
lack of SGD has permitted rapid deposition of organic-rich mud. The porewater system in the inactive pockmark is domi-
nated by diffusion, leading to orders of magnitude higher metabolite concentrations at depth compared to the active pock-
marks. The biogeochemical environment in the inactive pockmark resembles typical organic-rich mud seafloor in the area,
with sulphate reduction and methanogenesis dominating organic matter remineralization. Accordingly, methanogens domi-
nate the archaeal community, whereas sulfate reducers dominate the bacterial community. RTM results suggest that sulfate-
mediated anaerobic oxidation of methane (S-AOM) also occurs at this site. Although depth-integrated fluxes of SO4

2�, CH4,
NH4, DIC at the inactive pockmark are orders of magnitude higher compared to the active pockmarks, processes at the inac-
tive pockmark represent internal recycling in the coastal sea. Fluxes observed at the active pockmarks, although compara-
tively small in magnitude, are partly influenced by external inputs to the sea through SGD. Hence, effluxes across the
sediment–water interface at these sites partly represent direct external fluxes to the marine environment, in addition to
https://doi.org/10.1016/j.gca.2022.06.040
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diagenetic recycling at the benthic interface. The study highlights that SGD can result in significant spatial heterogeneity of
biogeochemical processes and microbial community structure in the coastal zone, and that the overall effects of SGD and
associated solute fluxes at an SGD site are a function of the number of pockmarks, the rate of SGD, and the ratio of active
to inactive pockmarks.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Keywords: Submarine groundwater discharge; Microbial community; Reactive transport modelling; Coastal sediment; Baltic Sea
1. INTRODUCTION

Coastal aquifers are groundwater systems connecting
the exchange of water and substances between land and
sea, and represent specific hydrogeological characteristics
that lead to submarine groundwater discharge (SGD) into
marine ecosystems. SGD is commonly defined as the flow
of groundwater from coastal aquifers to the sea often with
a fraction of admixed recirculated seawater, and it is
increasingly recognized by the scientific community as an
important pathway for material transport across the land-
sea interface (e.g., Church, 1996; Moore, 2010; Knee and
Paytan, 2011; Moosdorf et al., 2021). The global flux of
fresh SGD to the Ocean has been estimated to an equiva-
lent of about 1% of riverine discharge (Luijendijk et al.,
2020; Zhou et al., 2019) and the fluxes of N and P through
fresh SGD alone to the global ocean are estimated to reach
up to 10% of those derived from river discharge (Cho et al.,
2018). The N and P fluxes through total SGD (fresh + recir
culated seawater), however, may exceed riverine inputs on
the global scale (Cho et al., 2018), and can substantially
impact coastal ecosystems and water quality on regional
and local scales (Johannes, 1980; Bernard et al., 2014;
Oehler et al., 2021; Santos et al., 2021; Böttcher et al.,
2020). SGD may have implications on the production of
dissolved and gaseous metabolites, such as NH4

+, DIC,
CH4, and H2S (e.g., Schlüter et al., 2004; Idczak et al.,
2020; O’Reilly et al., 2021). One of the challenging ongoing
questions is the representativity of groundwater observa-
tion wells for the freshwater component reaching the mix-
ing zone with sea water (e.g., Beck et al., 2007; von Ahn
et al., 2021), and another one, the role of diagenetic pro-
cesses in marine sediments covering the aquifers for the
modulation of the fluid composition finally being released
to the coastal waters (e.g., Donis et al., 2017).

SGD can occur at sites close to the shoreline or further
offshore, and the internal structure and uneven permeability
distribution in aquifers can result in focusing of the ground-
water discharge, leading to the development of local depres-
sions (pockmarks) on the seafloor as observed by Jensen
et al. (2002), Virtasalo et al. (2019) and Hoffmann et al.
(2020). Physical and chemical gradients in pockmarks
induced by SGD add to the heterogeneity of the seafloor
because they provide distinct biogeochemical environments
with specific active biological communities and microbial
metabolisms compared with the surrounding seafloor
(Kotwicki et al., 2014; Lecher and Mackey, 2018 and refer-
ences within). For example, changes in salinity have been
shown to affect the composition of seafloor microbial com-
munity structure and biogeochemical activity (Santoro
et al., 2008; Lee et al., 2017; Klier et al., 2018; Donis
et al., 2017; Adyasari et al. 2019). SGD can also affect the
benthic community through a significant reduction in the
meiofaunal density (Kotwicki et al. 2014).

In the Baltic Sea, the presence of pockmarks associated
with SGD has been described in a several areas mostly
restricted in the southern part: Eckernförde Bay in Ger-
many (e.g., Whiticar and Werner, 1981; Schlüter et al.,
2004; Hoffmann et al., 2020), the Laholm Bay in Sweden
(Vanek and Lee, 1991), and Gulf of Gdansk in Poland
(Idczak et al., 2020). A recent study in the northern Baltic
Sea, in Hanko (Finland), documented a distinct SGD
release for up to 20 pockmarks on the sandy shore platform
slope at water depth between 4 and 17 m (Virtasalo et al.,
2019). The geological structure of the silicate rock aquifer,
and groundwater flow pathways to the pockmark area,
were successfully modelled by Luoma et al. (2021). How-
ever, studies relating SGD and the microbial community
composition remain scarce in the Baltic Sea (Idczak et al.
2020), as well as in coastal sea areas in general
(Haverkamp et al. 2014; Adyasari et al. 2019, 2020).

The present study investigates the biogeochemical pro-
cesses and microbial community structure in seafloor pock-
marks at the Hanko SGD site in the northern Baltic Sea
(Virtasalo et al., 2019; Fig. 1). The major aims were to
quantify SGD and associated material fluxes from individ-
ual pockmarks to gain understanding about the impacts of
salinity, SGD rate and organic matter availability on the
microbial ecology and production of organic metabolites
of ecosystem importance.

2. STUDY AREA

The Hanko SGD site is located in Lappohja, on the
southeastern side of the Hanko cape on the south coast
of Finland. The location is characterized by an arc-
shaped sandy beach, a sandy shore platform that extends
100–250 m seaward sloping gently to ca. 4 m water depth,
and a steep slope to ca. 17 m water depth within ca. 50 m
distance (Fig. 1). The SGD takes place predominantly
through pockmarks, which are up to 25 m wide and 2 m
deep depressions on the edge and slope of the shore plat-
form. Approximately twenty pockmarks have been identi-
fied at the site, but only three larger ones have been
studied in detail: B, D and E (Fig. 1). Elevated 222Rn activ-
ities 1 m above pockmarks B and D in May 2018 indicate
fresh groundwater discharge rates of 0.40 – 1.22 cm d�1

(Virtasalo et al., 2019). Pockmark E was found to be cov-
ered by a soft mud layer, and did not show 222Rn activity
above background values, which indicates that it is cur-
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Fig. 1. Multibeam bathymetric image over the study area. The locations of pockmarks B, D and E, offshore seawater reference station J, and
the obsolete water intake well (IW) are indicated. Groundwater observation well HP101 is located ca. 400 m west from the upper left side of
the image. Red dot in the inset indicates the Hanko SGD site studied here. Red triangles indicate other documented SGD sites in the Baltic
Sea region (Vanek and Lee, 1991; Schlüter et al., 2004; Szymczycha et al., 2012; Idczak et al., 2020). Aerial photograph: National Land Survey
of Finland Topographic Database 04/2017. Baltic Sea bathymetric map: EMODnet Bathymetry DTM 2020. Modified from Virtasalo et al.
(2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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rently inactive. Comparable fresh groundwater discharge
rates between 1.2 and 1.6 cm d�1 were estimated by a tran-
sient groundwater flow model for the same date (Luoma
et al., 2021).

The shore platform and pockmarks are located in the
distal part of ice-contact fan deposits that belong to the
First Salpausselkä ice-marginal formation (Virtasalo
et al., 2019), which is an extensive and narrow ridge that
is composed of sand and gravel, with till beds particularly
on its northwestern (ice-proximal) side (Fyfe, 1990;
Kujansuu et al., 1993). The ridge was deposited in front
of the Fennoscandian continental ice-sheet, in an ice-
contact lake that was >100 m deep in Hanko (Fyfe,
1990), by 12,100 varve years before the year 2000, when
the retreat of the ice margin came to a halt for ca. 217 years
during the Younger Dryas climatic cooling (Sauramo, 1923;
Saarnisto and Saarinen, 2001). The sediments rest on the
Paleoproterozoic crystalline bedrock that mainly consists
of quartz diorite and granodiorite (Kielosto et al., 1996).
As a result of initially rapid glacio-isostatic land uplift (to-
day 4 mm yr�1; Kakkuri, 2012), the First Salpausselkä
ridge has emerged above sea level. The top of the ice-
marginal formation was exposed to waves and eventually
to wind as it gradually rose from the sea, and the original
ridge morphology became truncated and flattened from
the top (Fyfe, 1990).

The Hanko area belongs to the humid continental cli-
mate type with cold, wet winters, and to the mixed-
coniferous forest zone. The mean annual air temperature
is 6.0 �C, with the mean minimum air temperature of
3.3 �C and the mean maximum air temperature of 8.8 �C.
The mean annual precipitation is 634 mm during the period
1981–2010 (Pirinen et al., 2012). The annual mean sea sur-
face salinity ranges between 4.5 and 6.5 and the annual
mean sea surface temperature ranged between 4 and 9 �C
during the period 1927–2011 (Merkouriadi and
Leppäranta, 2014). The low salinity results from the high
riverine runoff from the large Baltic Sea catchment area,
and from the long distance to the narrow connection to
the North Sea through the Danish straits. The sea is annu-
ally covered by ice on average 69 days (1891–2012), and the
ice season usually ends in April (Merkouriadi and
Leppäranta, 2014). The sea is essentially non-tidal, but
irregular water level fluctuations of as much as 2.1 m take
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place as a result of variations in wind and atmospheric pres-
sure (Wolski et al., 2014).

3. MATERIALS & METHODS

3.1. Sample collection

Seawater, sediment and porewater samples were col-
lected on 26–27th of September 2019 (Table 1) at pock-
marks B, D and E onboard the R.V. Geomari of the
Geological Survey of Finland (GTK).

Seawater samples were collected using a Limnos water
sampler at three depths: surface water 2 m below sea sur-
face, mid-water 6 m below sea surface, and bottom water
1 m above the pockmark bottom. In addition, a surface
water sample was collected from the offshore reference sta-
tion J. Samples for methane analyses were poured into trip-
licate 20 mL glass vials that were sealed with rubber caps
avoiding air bubbles and preserved by adding 50 mL of
HgCl2(aq) (0.7 g HgCl2 dissolved in 10 mL water) through
the caps using a needle. Samples for dissolved ammonium
(NH4

+) were filtered through 0.45 mm cellulose acetate dis-
posable membrane filters (Carl Roth, Karlsruhe, Germany)
in pre-rinsed 20 mL PE vials and kept frozen until analysis.
For microbiological analyses, bottom water samples above
pockmarks and a control seawater sample from offshore
station (two replicate samples from each, marked a and
b) were poured into 500 mL acid-cleaned and autoclaved
glass bottles (Schott), closed and stored in cool and dark
until analysis.

Sediment cores from the pockmarks B and D with the
penetration of 5 and 11 cm, respectively, were collected
using a box corer (18 � 18 � 25 cm), because the stiff fine
sand composition of the pockmark bottom prevented suffi-
cient penetration by a Gemax corer. The box corer had an
internal removable plastic liner, which captured the near-
bottom water and sediment with an undisturbed surface.
The water was carefully removed prior to the removal of
the plastic liner in order to preserve the sediment core
intact. Porewater salinity was measured using a hand
refractometer (ATAGO) with a precision of 1 ‰. Samples
for methane, multielement, Cl�, NH4

+, DIC and d13CDIC

analyses were extracted by pushing separate sets of rhizons
(Rhizosphere Research Products, Wageningen, The Nether-
lands) to the side of the core at 1 cm intervals in a zig-zag
pattern for the entire core length. For multielement and
Cl� analyses, 10 mL of porewater was transferred from
the Rhizon syringes to 15 mL polyethylene tubes at each
Table 1
Sampling sites, and the types and dates of samples collected.

Latitude N
(WGS84)

Longitude E
(WGS84)

Pockmark B, active 59�53.7710 23�14.4780
Pockmark D, active 59�53.7000 23�14.1290
Pockmark E, inactive 59�53.5010 23�13.7320
Offshore station J, seawater reference 59�53.1640 23�14.3670
Groundwater, observation well HP101 59�53.6160 23�12.6740
Groundwater, obsolete water intake well 59�53.6600 23�13.6880
depth. No preservatives were added to the samples because
the multielement and Cl� analyses commenced within a few
days. For methane analysis, 2 mL of porewater was col-
lected in the rhizon syringe under vacuum. 8 mL of nitrogen
gas (N2, purity 5.0) was injected into the syringe via a 3-way
tap, and the water–gas mixture was allowed to reach ambi-
ent temperature (25 �C), before being equilibrated by shak-
ing for 5 mins. 5 mL of headspace gas was then extracted
via a 3-way tap into a dry syringe and subsequently into
a pre-evacuated 3 mL Exetainer� vial with double-
wadded septum for storage (Labco ltd., Lampeter, Ceredi-
gion, United Kingdom). Samples for DIC and d13CDIC

were filled without headspace into 3 mL Exetainer� tubes
(Labco ltd., Lampeter, Ceredigion, United Kingdom), pre-
viously cleaned with 2% HNO3 and pre-filled with 25 mL
HgCl2. All porewater samples were sealed and stored in
cool and dark until analysis. For NH4

+, 2 mL of porewater
were transferred into pre-rinsed Eppendorf plastic vials and
kept frozen until analysis. A sediment core from the pock-
mark E was collected using a Gemax twin-barrel short
gravity corer (internal diameter 9 cm), which penetrated
54 cm into the soft mud, preserving the sediment surface
intact. Porewater samples were collected by separate sets
of Rhizons, pushed into the sediment and overlying water
at 2 cm intervals through pre-drilled holes on the side of
the core liner. Further processing of these samples was iden-
tical to those from the box cores described above.

After porewater extraction, the box-cores were sliced
using a knife at 1 cm vertical intervals for multielement
composition analysis and at 1.5–2.5 cm and 3.5–4.5 cm
depths for microbial community analyses. Sedimentologic
structure of the cores was inspected during the slicing.
The Gemax core of pockmark E was cut in 1 cm sample
slices using a rotary device. The twin of the pockmark E
Gemax-core was split lengthwise for sedimentological
inspection. Sediment samples were sealed and stored in cool
and dark prior to analysis. Sediment subsamples (two repli-
cates from each, marked a and b) for molecular microbiol-
ogy community analysis were frozen in dry ice in the field
and kept at �20 �C until further analysis.

Groundwater samples of the observation well HP101
and an obsolete water intake well near the shoreline were
collected on 28th of September 2019 (Table 1). Prior to
sampling, the waters were measured for temperature, elec-
trical conductivity, pH, dissolved oxygen and redox poten-
tial using a WTW Multiline P4 meter (WTW GmbH,
Weilheim, Germany). Observation well HP101 was sampled
using a suction pump and allowing the pumped water to
Water samples Porewater samples Sediment samples

26 September 2019 26 September 2019 26 September 2019
26 September 2019 26 September 2019 26 September 2019
27 September 2019 27 September 2019 27 September 2019
27 September 2019
28 September 2019
28 September 2019
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run for several minutes until the measured parameters
reached stable values in order to obtain fresh samples.
Groundwater level was measured at 4.36 m, and the base
of the pump filter was lowered to ca. 8.5 m below the top
of the well steel surface casing. The obsolete water intake
well was sampled by collecting water that was gently leak-
ing from its wall. Samples for multielement and Cl� analy-
ses were collected in 100 mL polyethylene bottles with no
preservatives added. Groundwater and water column sam-
ples for methane analyses were collected into triplicate
20 mL glass vials that were sealed with rubber caps avoid-
ing air bubbles and preserved by adding 50 mL of HgCl2(aq)
solution through the caps using a needle. Samples for DIC
and d13CDIC were filled without headspace into 3 mL Exe-
tainer� tubes (LABCO ltd., Lampeter, Ceredigion, United
Kingdom), previously cleaned with HNO3, washed, dried
and filled with 25 mL saturated HgCl2 solution. Samples
for microbiological analyses were collected into duplicate
1000 mL acid-washed and autoclaved Schott bottles. All
water samples were sealed and stored in cool and dark until
analysis. For NH4

+ analysis, 15 mL of porewater were trans-
ferred into pre-rinsed 20 mL polyethylene bottles and kept
frozen until analysis.

3.2. Analytical methods

3.2.1. Analysis of water samples

Groundwater, seawater and porewater samples were
analyzed at the accredited laboratory Eurofins Labtium
Ltd in Espoo, Finland. Alkalinity (as HCO3

�), electrical
conductivity, pH and KMnO4 consumption of the unfil-
tered and unpreserved groundwater samples were measured
immediately upon arrival at the laboratory. Multielement
composition of seawater, groundwater and porewater sam-
ples were analyzed using inductively coupled plasma optical
emission and mass spectrometry (ICP-OES and ICP-MS).
Ca, Fe, K, Li, Mg, Mn, Na, and S were analyzed by ICP-
OES (method SFS-EN ISO 11885) using a Thermo Scien-
tific iCAP 7600 Duo Spectrometer, whereas Ag, Al, As,
B, Ba, Be, Bi, Cd, Co, Cr, Cu, I, Li, Mn, Mo, Ni, P, Pb,
Rb, Sb, Se, Sr, Th, Tl, U, V, and Zn were analyzed by
ICP-MS (SFS-EN ISO 17294-2) using a ThermoScientific
iCAP Q spectrometer (Thermo Fisher Scientific Inc., Wal-
tham, Massachusetts, USA). In all water samples, the mea-
sured S is considered to consist essentially of SO4

2�.
Chloride was analyzed with ion chromatography (SFS-
EN ISO10304-1) using a Dionex ICS-2000 system (Dionex
Co., Sunnyvale, California, USA). To check the quality of
the analysis, blind duplicate samples were included in the
analysis batch.

For methane analysis of porewaters, helium (He) was
injected into the Exetainer� vials to achieve a pressure of
2.0 bar prior to autoinjection into the gas chromatograph
(Agilent technologies 7890B custom, equipped with flame
ionization detector (FID), electron capture detector
(ECD) and thermal conductivity detector (TCD), and He
used as carrier gas). Methane (CH4) mole fractions were
determined by FID. Simultaneous measurement of N2

and O2 + Ar (TCD) allowed a 100% sum to be calculated
for estimation of normalized CH4 mole fractions in the
unpressurized headspace sample. Temporal drifts of CH4

signals due to detector sensitivity were accounted for by
analyzing standard gas samples at 12-sample intervals
(Penttilä et al., 2013). Headspace CH4 mole fractions were
converted to total dissolved CH4 concentrations in the orig-
inal porewater sample (Ctot in equation (1)) using Henry’s
Law (Myllykangas et al., 2017). The first term on the right
side represents the contribution to Ctot of dissolved gas
released into the headspace during equilibration, while the
second term represents the contribution from gas remaining
in the dissolved phase:

Ctot ¼ ðXHS � Patm � VHSÞ=ðR � T � VaqÞ þ F �XHS � Patm ð1Þ
where XHS is the mole fraction of the CH4 in the headspace
in ppm, Patm is the pressure in the headspace in atm (set to
1 atm), VHS and Vaq are the headspace and water volume in
mL respectively, R is the gas constant (0.08206 L atm/K
mol�1), T the temperature in Kelvin during equilibration
(293 K), and F is the temperature/salinity-dependent equi-
librium solubility coefficient of CH4 in mol/L atm�1, as
detailed in Wiesenburg and Guinasso (1979).

Groundwater and seawater column samples were ana-
lyzed for methane at GEOMAR Helmholtz Centre for
Ocean Research Kiel, Germany, within a few weeks after
sampling. For the determination of CH4 concentrations,
the static-headspace equilibration method was applied, fol-
lowed by gas chromatographic separation and detection
with a FID as described in Bange et al. (2010). Calibration
of the FID was performed with standard gas mixtures of
1806.10 – 3003.79 ppb CH4 in synthetic air, which have
been calibrated against NOAA-certified primary gas stan-
dards in the laboratory of the Max Planck Institute for Bio-
geochemistry in Jena, Germany. Final dissolved CH4

concentrations (Ctot) were calculated according to equation
(1).

d13CDIC values were determined as described by Winde
et al. (2014) by means of isotope-ratio-monitoring mass
spectrometry (irmMS) using a Thermo Finnigan MAT253
gas mass spectrometer attached to a Thermo Electron
Gas Bench II via a Thermo Electron Conflo IV split inter-
face. Solutions were allowed to react for at least 18 h at
room temperature before introduction into the mass spec-
trometer. International and in-house standards were used
for calibration of measured isotope ratios towards the V-
PDB scale. Throughout the paper, isotope ratios are
expressed in mUr that equals the traditional ‰ in the o-
notation (Brand and Coplen, 2012).

The concentrations of NH4
+ were analyzed spectropho-

tometrically based on Berthelot reaction following
Grasshoff et al. (2009) on a QuAAtro autoanalyzer system
(Seal Analytical, Southampton, UK).

3.2.2. Analysis of sediment samples

Sediment samples were analyzed for 137Cs activity con-
tent to constrain sedimentation rate in each core. The
137Cs activity of untreated samples was measured for
60 min, using a BrightSpec bMCA-USB pulse height anal-
yser coupled to a well-type NaI(Tl) detector at the GTK
(Ojala et al., 2017). No corrections were applied for the
results because the aim was only to detect relative 137Cs
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activity peaks. Due to the possible post-depositional down-
ward transport of 137Cs through bioturbation and diffusion
(Holby and Evans, 1996; Klaminder et al., 2012), the depth
of peak 137Cs activity (rather than the initial increase) was
assumed to represent the fallout from the 1986 Chernobyl
nuclear disaster.

After the non-destructive 137Cs analysis, sediment sam-
ples were freeze-dried, homogenized and halved, with one
half analyzed for multielement composition and the other
for grain size distribution at the laboratory (Eurofins Lab-
tium ltd, Kuopio, Finland). The material for multielement
analysis was sieved through a 63 mm mesh, and 0.2 g of
the passed-through fraction was digested in a four-acid
mixture of hydrofluoric acid, perchloric acid, hydrochloric
acid and nitric acid (USGS Methods T01 and T20). After
evaporation of the acids at 160 �C, the resulting gel was dis-
solved in 1 M HNO3, and analyzed for element concentra-
tions. Al, Ba, Be, Ca, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na,
Ni, P, Pb, S, Sc, Sr, Ti, V, Y, Zn, and Zr were analyzed by
ICP-OES using Ta Thermo Scientific iCAP 6500 Duo spec-
trometer, whereas Ag, As, Bi, Cd, Ce, Co, Dy, Er, Eu, Gd,
Hf, Ho, La, Lu, Nb, Nd, Pr, Rb, Sb, Sm, Sn, Ta, Tb, Th,
Tl, Tm, U, and Yb were analyzed by ICP-MS using a
Thermo Scientific iCAP Qc spectrometer (Thermo Fisher
Scientific, Inc., Waltham, Massachusetts, USA). Because
HF dissolves silicate minerals, the digestion is considered
as ‘‘near-total digestion” (Hall et al., 1996). The commercial
sediment reference materials QCGBMS304-6, QCMESS-4,
QCNIST8704, CO153B and in-house standards were used
for assessing measurement accuracy. Element concentra-
tions for all reference materials measured with each sample
batch fell well within ± 10% of the certified values. Mercury
was measured separately for 0.2 g samples through thermal
decomposition, amalgamation and atomic absorption spec-
trometry (US EPA Method 7473) using an Altec AMA254
Hg-analyzer (Altec, Prague, Czech Republic). Solid-phase
contents of carbon and nitrogen in the samples were ana-
lyzed by thermal combustion elemental analysis (TCEA)
using an Elementar vario MAX Cube elemental analyzer
(Elementar Analysensysteme GmbH, Langensebold, Ger-
many). Total inorganic carbon (TIC) was analyzed using
a Thermo Finnigan MAT 253 gas mass spectrometer cou-
pled with a Thermo Electron Gas Bench II via a Thermo
Electron Conflo IV split interface (Schaller et al., 2022).
Solid CaCo3, Li2CO3, and liquid NaHCO3 standards were
used to scale the mass 44 measurements to TIC contents
(Supplementary Material, Table S1).

The sediment grain size distribution was measured on
freeze-dried samples by wet-sieving through 20 mm,
6.3 mm, 2 mm, 0.63 mm, 0.2 mm and 0.063 mm ISO
3110/1 test sieves. The samples were pretreated with excess
H2O2 to remove organic matter prior to the analysis.
The < 63 lm size fraction was further analyzed down to
0.6 lm using a Micromeritics Sedigraph III 5120 X-ray
absorption sedimentation analyzer (Micromeritics Co.,
Norcross, Georgia, USA). The granulometric results were
merged with sedimentation data in Sedigraph software.
Median grain size was calculated according to the geomet-
ric Folk and Ward (1957) graphical measures, as imple-
mented in the Rysgran 2.1.0 package in the R 4.0.2
software environment. The clay fraction is defined here as
grain sizes smaller than 2 lm, whereas mud is composed
of the clay and silt (<63 lm) fractions, and sand is defined
by grain sizes between 63 lm to 2 mm (Blott and Pye,
2012).

3.2.3. Biomass collection and DNA extraction

Biomass was collected from water samples by filtering in
a laminar flow hood. Filters were frozen to �20 �C prior to
DNA extraction. Groundwater samples (1500 mL) were fil-
tered through 0.1 lm PES filters (Corning Inc., Corning,
NY, USA), and seawater samples (500 mL) were filtered
first through 0.2 lm CA filters (Corning Inc., Corning,
NY, USA) and flow through from parallel samples was
pooled and further filtered through 0.1 lm PES filter. Filter
paper was cut out of the funnel and placed into a sterile
50 mL plastic tube and frozen prior to further processing.
DNA was extracted with DNeasy PowerWater kit (Qiagen,
Hilden, Germany) according to the manufacturer’s proto-
col, starting from step 5. DNA was eluted with 100 lL of
EB buffer provided by the kit.

DNA extraction for sediment samples was done directly
using DNEasy Powersoil Pro Kit (Qiagen, Hilden, Ger-
many). Sediment samples were thawed, and 250 mg of each
sample was weighed to bead tubes provided by the extrac-
tion kit. DNA was extracted according to the kit manufac-
turer’s instructions and elution was done with 100 lL of the
kit’s C6 solution.

DNA concentrations of the samples were measured with
Qubit 2.0 Fluorometer (Invitrogen by Life Technologies,
Carlsbad, CA, USA) using Qubit dsDNA HS reagent and
Buffer solutions according to the manufacturer’s protocol.

3.2.4. Sequencing and data analysis

Sequencing of the 16S rRNA gene region V3-V4 of bac-
teria was done using f357F- 50-TACGGGAGGCAGCAG-
30 and 800R- 50-CCAGGGTATCTAATCC-30 primers
(Turner et al., 1999; Kisand et al., 2002, respectively) and
archaeal 16S rRNA gene region V3-V6 was sequenced with
340F- 50-CCCTAYGGGGYGCASCAG-30 and 1000R50-
GAGARGWRGTGCATGGCC-30 primers (Gantner
et al., 2011) in Eurofins Genomics (Konstanz, Germany).
Sequencing was performed with Illumina MiSeq 300x300
paired-end read protocol. Sequences were processed
according to MOTHUR’s (v. 1.43.0) MiSeq SOP with a
phylotype-based approach, omitting the mock community
analysis and using default settings if not otherwise stated
(Kozich et al., 2013). Bacterial sequences were quality
checked and screened with make.contigs command follow-
ing screen.seqs using the following parameters: maxam-
big = 0, maxlength = 475, and archaeal sequences
maxambig = 4, maxlength = 468. Escherichia coli

J01859.1 (for bacteria) or Methanobacterium paludis

NC_015574.1 (for archaea) 16S rRNA gene sequence was
used to reveal the exact start and end position of the
sequences in the alignment. Using those as parameters for
the region of interest, pcr.seqs command was used to shrink
the reference alignment. One difference per 100 bases was
allowed in preclustering, thus diffs = 4 for both bacteria
and archaea (with average sequence length of 415 and
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432, respectively) were chosen. Chimeric sequences were
identified and removed, and sequences classified using Sil-
va_nr v.138 taxonomy. Sequences classified as Chloroplas-
ts, Mitochondria, unknown and Archaea or Bacteria (from
bacterial or archaeal sequencing data, respectively) were
removed from the dataset using remove.lineage command.
Sequences were assigned to OTUs using phylotype method
as described in MOTHUR’s MiSeq SOP. Data was stan-
dardized according to the lowest number of sequences in
the samples (bacteria: 44310, archaea: 2631). Rarefaction,
and different diversity, coverage and richness estimates were
calculated using parameters calc = nseqs-coverage-sobs-sh
annon-npshannon-invsimpson-chao-ace in MOTHUR. A
biom.file for both archaeal and bacterial communities was
constructed and used in RStudio v. 3.6.3 for visualization
of the data using e.g., biomformat, ggplot2, ggpubr and
ggsci packages. Statistical analyses for microbial communi-
ties and selected environmental variables were done in
PAST 3.04 (Hammer et al., 2001). Principal coordinates
analysis from Hellinger-transformed relative abundance
data of archaeal and bacterial communities was done using
Bray-Curtis and Jaccard similarity indices.

3.2.5. Quantification of ribosomal RNA gene copy numbers

of bacteria and archaea and microbes potentially involved in

N and C cycling and sulfate reduction

The enumeration of the 16S rRNA gene copies was done
with quantitative PCR and results were used as a proxy for
the total number of bacteria or archaea in samples. Quan-
tification of nitrate reduction potential of the microbes
was made using narG and ammonia oxidation with amoA
marker genes. The methanotrophic community was quanti-
fied using qPCR assay based on pmoA gene and the poten-
tially methanogenic community was quantified using mcrA
gene. Putative sulfate reducers were quantified using dsrB

marker gene. BioLine SensiFAST SYBR� No-ROX 5X
mastermix (Meridian Life Science, Inc., Memphis, TN,
USA) was used for mastermix preparation with 1 ul of tem-
plate DNA in a single reaction. All samples were analyzed
in triplicate reactions. Analyses were performed in LightCy-
cler� 480 Instrument (Roche Diagnostics Corp., Indi-
anapolis, IN, USA). A melting curve analysis was done
after the amplification protocol to reveal any unspecific
amplification. Melting curve analysis consisted of 95 �C
for 10 s, 65 �C for 1 min, ramping to 95 �C with 0,11 �C/
s and 5 acquisitions per �C. The program ended with cool-
ing the reactions to 40 �C. Details for each qPCR assay are
shown in Supplementary Material (Table S2).

3.3. Reactive transport modeling

The measurements performed at different pockmarks are
quantitatively interpreted by means of multicomponent
reactive transport modeling and by adopting a transient
diagenetic model described in earlier studies (e.g., Reed
et al., 2011a,b; Rooze et al., 2016; Egger et al., 2016a). This
allows obtaining a better understanding of the diagenetic
and burial processes from a mechanistic perspective as well
as investigating the impact of individual mechanisms on the
overall behavior within a coupled system. The model
includes the cycling of a wide range of dissolved solutes
and particulate sediment species by explicitly taking into
account the advective transport both in the aqueous and
solid phases, molecular diffusion in the pore water, biotur-
bation in the solid phase, and a suite of inter- and intra-
phase biogeochemical reactions (e.g., Wang and Van
Cappellen, 1996; Boudreau 1997). In all pockmarks, the
modeling is performed along a 1-D sediment column, which
is representative of the upper sediment layer below the
seafloor.

3.3.1. Equations for multicomponent transport in sediment

and porewater

The governing mass balance equations describing multi-
component reactive transport of solutes and solids in sedi-
ments can be described as,

/
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¼ �/u
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where Cw,i [ML�3] and Cs,j [ML�3] represent the concentra-
tions of i-th aqueous and j-th solid species, respectively, /
[-] is the porosity, Di [L

2T�1] denotes the diffusion/disper-
sion coefficient of the dissolved species, i in porewater, Db

[L2T�1] is the bioturbation coefficient (also known as biod-
iffusion coefficient) representing random small-scale dis-
placements of solute and solid species by benthic fauna
(e.g., Boudreau, 1987), x [L] is the distance from the sedi-
ment–water interface, and t [T] is the time. u [LT�1] and v

[LT�1] represent the advective velocities of the aqueous
and solid phase constituents, respectively, whereas the last
quantities in the above equations denote the net reactive
source/sink term with tir[-],tjr[-] being the stoichiometric
coefficient for species i and j, respectively, for the r-th reac-
tion and Rr [ML�3T�1] being the reaction rate for r-th
reaction.

In the simulations presented in this study, the porosity
was considered to be depth-dependent to take into account
the effects of sediment compaction (e.g., Meysman et al.,
2005). In fact, the spatially-variable pattern of porosity
was clearly evident in the observed profiles for all three
pockmarks. We adopt the following function, which also
has been utilized in numerous earlier studies focusing on
submarine systems (e.g., Reed et al., 2011a,b; Egger et al.,
2016a; Rooze et al., 2016):

/ xð Þ ¼ /1 þ /0 � /1ð Þexp � x
f

� �
ð4Þ

where /0[-] is the porosity at the sediment–water interface
(SWI), /1[-] is the asymptotic porosity value at deeper
depths in the sediment, and f [L] denotes the porosity atten-
uation factor or the so-called e-folding distance. The value
of f was obtained by fitting Eq. (4) against the porosity pro-
files measured at different pockmarks as illustrated in the
Supplementary Material (Fig. S5).

Due to a spatially variable description of porosity, both
the advective velocity and the effective diffusion coefficient



L. Purkamo et al. /Geochimica et Cosmochimica Acta 334 (2022) 14–44 21
also become depth-dependent quantities in the reactive
transport model. In the simulations presented in the follow-
ing sections, the diffusion coefficients for the dissolved and
particulate chemical species were parameterized according
the following relationships:

Di ¼ Daq;i

s
¼ Daq;i

1� 2 lnð/Þ ð5Þ

DbðxÞ ¼ Db0 exp � x
n

� �
ð6Þ

where Eq. (5) represents a correction of the aqueous diffu-
sion coefficient Daq,i [L

2T�1] for the tortuosity (s [-]) in por-
ous media (Boudreau, 1996), and Eq. (6) describes the
variation of the bioturbation coefficient (also termed as
biodiffusion coefficient), Db along the sediment depth with
Db0 [L2T�1] and n [L] being the biodiffusion coefficient at
the sediment–water interface and the mixed layer depth,
respectively. The latter implies that the intensity of biogenic
mixing follows an exponential decrease with depth due to
the decline in faunal density with increasing depth into
the sediment (e.g., Rooze et al., 2016). For simplicity, the
diffusive fluxes of the dissolved/solid species are modeled
with a simple Fickian formulation although the charge-
induced Coulombic interactions can also exert additional
controls on the transport of dissolved charged solutes
(e.g., Boudreau et al., 2004; Giambalvo et al., 2002; Rolle
et al., 2013; Muniruzzaman et al., 2014; Muniruzzaman
and Rolle, 2015, 2017).

Furthermore, the advective velocity in the aqueous
phase was estimated by optimizing the chloride concentra-
tion profiles against the analytical solution of the advec-
tion–dispersion equation under the steady-state condition.
The optimization was performed as a non-linear least
square method and the detailed implementation scheme is
reported in the Supplementary Material. The advective
velocity obtained for the different pockmarks was directly
fed into the reactive transport simulations as parameter u

[LT�1] in Eq. (3). In contrast, the advection of the solid
phase components were determined by constraining the
reactive transport numerical model against the measured
sediment profiles. The 137Cs activity measurements provide
an initial basis for the sedimentation rate for pockmark E,
but further adjustment was needed in the reactive transport
model to explain the observed profiles. The detailed list of
the input parameters describing the flow and transport pro-
cesses are reported in the Supplementary Material
(Table S4, S5, S6).

3.3.2. Chemical reaction network

The transported species in the water and solid phases are
tightly coupled via a wide range of biogeochemical reac-
tions. The reaction network considered in the reactive
transport simulations includes a total of 32 chemical reac-
tions, which can be categorized into two main groups: a)
primary redox reactions, and b) other biogeochemical reac-
tions. Table 2 lists the complete set of chemical reactions
incorporated in the model, and their stoichiometry as well
as rate expressions were compiled from Reed et al.
(2011a,b), Rooze et al. (2016) and Egger et al. (2016a).
The primary redox reactions mainly include the degrada-
tion of organic matter (OM) through a variety of respira-
tory reactions involving O2, NO3

�, MnO2, Fe(OH)3 and
SO4

2� as terminal electron acceptors. The successive con-
sumption of these oxidants during organic matter decom-
position is typically described by Monod kinetics, which
ensures the preferential use of the oxidant with the highest
free energy yield followed by a sequential use of the oxidant
with the next highest energy yield (Froelich et al., 1979;
Berg et al., 2003; Wang and van Cappellen, 1996;
Boudreau, 1996). Once these electron acceptors are
exhausted, organic matter decomposition occurs via
methanogenesis, where OM acts as both the electron accep-
tor and donor. For sulfate reduction and methanogenesis
reactions, an attenuation factor, (Table S7, Supplementary
Material), is considered to reproduce the slower progress of
organic matter degradation during these mechanisms com-
pared to the reactions driven by other oxidants (e.g.
Moodley et al., 2005; Reed et al., 2011a, b).

The effects of distinct crystallinity and reactivity of
organic matter, Mn oxides and Fe oxides were considered
by assuming three different pools, representing highly reac-
tive (⍺), less reactive (b) and nonreactive (c) phases (e.g.,
Jørgensen, 1978; Westrich and Berner, 1984; Middelburg,
1989). In all simulations, a C:N:P ratio of 106:16:1 was used
for all three organic matter pools for simplicity and it was
sufficient to consistently explain the measured profiles.
For Fe and Mn oxides, only the a phase was assumed to
participate in OM degradation, whereas the b phase is
mainly involved in the oxidation of Fe2+, sulfides and
methane (Table 2). In fact, this conceptualization of differ-
ent reactivity for these solid species was particularly needed
in order to allow the persistence of iron oxy(hydroxi)des
and MnO2 phases at deeper sediment depths (i.e., coexis-
tence of these electron acceptors with OM) as observed in
the pockmark sediment profiles.

The secondary biogeochemical reactions as listed in
Table 2 describe various mineral precipitation/dissolution
reactions, reoxidation of reduced metabolites, and a suite
of homogeneous and heterogeneous chemical reactions.
In particular, the oxidation of CH4 is an important
mechanism in this system and will be discussed in the
following sections. All these secondary chemical reac-
tions (R8 - R32) were simulated by considering a
bimolecular rate law with the exception of a few cases
where the reaction was assumed to follow a first order
law (R21, R25-R28). The rate expressions for all these
reactions along with the kinetic parameters used in the
model are summarized in the Supplementary Material
(Table S7, S8).

3.3.3. Numerical Implementation

The resulting system of equations describing the cou-
pling between multicomponent transport of aqueous/solid
species and chemical reactions was numerically solved with
a finite element method (FEM) utilizing the finite element
solver COMSOL Multiphysics (e.g., Rolle et al. 2018).
Based on the chemical reaction network described in
Table 2, we considered a total of 27 chemical species
(Table S5, Supplementary Material) that are sufficient to
illustrate the complete biogeochemistry of our system. In



Table 2
Chemical reaction pathways and stoichiometries implemented in the diagenetic model.

Primary redox reactions

OMa,b + a O2 ? NH4
+ + c H3PO4 + a H2O R1

OMa,b + 4a
5 NO3

� + 4a
5 H+ ? a CO2 + b NH4

+ + c H3PO4 +
2a
5 N2 +

7a
5 H2O R2

OMa,b + 2 a MnO2
a + 4 a H+ ? a CO2 + b NH4

+ + c H3PO4 + 2 a Mn2+ + 3 a H2O R3
OMa,b + 4 a Fe(OH)3

a + 4 ava FeoxP + 12 a H+ ? a CO2 + b NH4
+ (c + 4 a va) H3PO4 + 4 a Fe2+ + 13 a H2O R4

OMa,b + a
2 SO4

2� + a H+ ? a CO2 + b NH4
++ c H3PO4 +

a
2 H2S + a H2O R5

OMa,b ?a
2 CO2 + b NH4

++ c H3PO4 +
a
2 CH4 R6

CO2 + 4 H2 ? CH4 + 2 H2O R7
Secondary redox and other reactions

2 O2 + NH4
+ + 2 HCO3

� ? NO3
�+ 2 CO2 + 3 H2O R8

O2 + 2 Mn2+ + 4 HCO3
� ? 2 MnO2

a + 4 CO2 + 2 H2O R9
O2 + 4 Fe2++ 8 HCO3

� + 2 H2O + 4 vaH2PO4
� ? 4 Fe(OH)3

a + 4 vaFeoxP + 8 CO2 R10
2 O2 + FeS ? SO4

2� + Fe2+ R11
7 O2 + 2 FeS2 + 2 H2O ? 4 SO4

2� + 2 Fe2++ H+ R12
2 O2 + H2S + 2 HCO3

� ? SO4
2� + 2 CO2 + 2 H2O R13

2 O2 + CH4 ? CO2 + 2 H2O R14
MnO2

a,b + 2 Fe2+ + 2 va H2PO4
� + 2 H2O + 2 HCO3

� ? 2 Fe(OH)3
a + 2 va FeoxP + Mn2+ + 2 CO2 R15

MnO2
a,b + H2S + 2CO2 ? Mn2+ + S0 + 2 HCO3

– R16
2 Fe(OH)3a + 2 vaFeoxP + H2S + 4 CO2 ? 2 Fe2+ + 2 vaH2PO4

� + S0 + 4 HCO3
� + 2 H2O R17

2 Fe(OH)3b + 2 vb FeoxP + H2S + 4 CO2 ? 2 Fe2+ + 2 vb H2PO4
� + S0 + 4 HCO3

� + 2 H2O R18
Fe2+ + 2 H2S ? FeS + 2H+ R19
FeS + H2S ? FeS2 + H2 R20
4 S0 + 4 H2O ? 3 H2S + SO4

2� + 2H+ R21
FeS + S0 ? FeS2 R22
SO4

2� + CH4 + CO2 ? 2 HCO3
� + H2S R23

CH4 + 8 Fe(OH)3
a,b + 8 va,b FeoxP + 15H+ ? HCO3

� + 8 Fe2+ + 8 va,b H2PO4
� + 21 H2O R24

Fe(OH)3
a + (va –vb)FeoxP ? Fe(OH)3

b + (va –vb)H2PO4
� R25

Fe(OH)3b + (vb –vc)FeoxP ? Fe(OH)3
c + (vb –vc)H2PO4

� R26
MnO2

a ? MnO2
b R27

MnO2
b ? MnO2

c R28
3 Fe2++2 HPO4

2� ? Fe3(PO4)2 + 2 H+ R29
Fe2++ CO3

2� ? FeCO3 R30
FeCO3 + H2S ? FeS + HCO3

� + H+ R31
Fe3(PO4)2 + 3 H2S ? 3 FeS + 2 HPO4

2� + 4 H+ R32
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all pockmarks, the simulation was performed for a period
of 50 years. The pockmarks were modeled as 1-D reactive
transport systems and any possible multidimensional effect
was ignored for the sake of brevity. For the dissolved spe-
cies, a fixed concentration boundary with the bottom water
composition was applied at the sediment–water interface,
whereas a flux boundary was employed for the solid com-
ponents. In contrast, a zero gradient and a free flux bound-
ary conditions were applied for the dissolved and
particulate chemical species, respectively, at the bottom of
the domain. In this step, the model depth was set long
enough to avoid any potential interference of the lower
boundary condition with the model results in the upper
sediments. The simulations were performed as a forward
modeling fashion without attempting any inverse modeling
scheme. Pockmark B and D were simulated by considering
a sediment groundwater discharge rate in the upward
direction, whereas pockmark E was considered to be fully
diffusion controlled. Such an assumption is justified because
pockmark E shows rather constant Cl� concentration pro-
files, resembling a negligible impact of groundwater dis-
charge. A summary of the input parameters used in the
simulation of different pockmarks are provided in the Sup-
plementary Material (Table S4, S6, S8).
3.4. Research data

Geochemical and grain-size data of the sediment sam-
ples, and geochemical data of all the water samples are
available in the PANGAEA repository (Virtasalo, 2022;
Virtasalo et al., 2022). DNA sequences and related meta-
data are available at European Nucleotide Archive under
study PRJEB44075, where archaeal sequence IDs are
ERS6176640-ERS6176659 and bacterial sequence IDs
ERS6177874-ERS6177845.

4. RESULTS

4.1. Pockmark sediment composition

The box core sediment samples collected from pock-
marks B and D are composed of structureless, poorly
sorted fine sand with very low carbon content (range
0.17–0.69 mmol g�1 TOC; Fig. 2). The sediment surface
in both cores is covered by a thin layer of brownish
organic-rich fluffy material (Supplementary Material,
Fig. S1). In contrast, the gravity core from pockmark E is
composed of very poorly sorted dark-grey clay that is rich
in carbon (range 2.0–5.5 mmol g�1 TOC; Fig. 2). The clay



Fig. 2. Vertical distributions of TOC, median grain size, the TOC/S, and the TOC/TN ratio in sediment cores from pockmarks B, D and E.
Red vertical dashed line indicates the mean TOC/S ratio of 63 of the Baltic Sea phytoplankton (Kumblad and Bradshaw, 2008). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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is structureless with abundant plant fragments and a few
thin interbeds of silt (Supplementary Material, Fig. S1).
The sediment surface was dark grey at the time of coring,
indicative of reducing conditions at the sediment–water
interface.

The 137Cs activity peak of 69.2 Bq kg�1 at the depth of
47–48 cm in the core from pockmark E is assigned the year
1986 (Supplementary Material, Fig. S2). Linear sedimenta-
tion rate in that core above this age-depth control point is
calculated at 1.44 cm yr�1. The interpreted depth of the
year 1986 is supported by sediment Hg content, which
shows a strong downward increase in the lower part of
the core (Supplementary Material, Fig. S2). According to
previous studies, Hg contents in the western Gulf of Fin-
land are highest in sediment layers deposited in the early
1970 s and decline upwards (Vallius, 2014). Therefore, the
pockmark E core must be younger than 1970 because the
downward Hg increase likely continues below the core base.
The 137Cs contents in the cores from pockmarks B and D
are at the background levels (<10 Bq kg�1) except for the
topmost 2–3 cm layers. The 137Cs activity peak of 1986
seems not to be recorded in these cores.

The molar TOC/TN ratios are low in the cores from
pockmarks B and D and range between 4.9 and 10.5,
whereas the TOC/TN ratios are higher in the pockmark
E core (range 9.0–13.6; Fig. 2). The TOC/S ratios are
high in the pockmark B and D cores and range between
39 and 95, which is close to and above the mean ratio of
63 of the Baltic Sea phytoplankton (Kumblad and
Bradshaw, 2008). The TOC/S ratios are lower in the
pockmark E core (range 5.9–22) and show a downward
decreasing trend.

4.2. Pockmark porewater, seawater and groundwater

composition

Porewater Cl� concentrations in the core from pock-
mark E are close to 100 mmol/L (Fig. 3), which is a typical
value for the Baltic Sea water (Table 3). In contrast, pore-
water Cl� concentrations are very low in pockmark D
(range 0.21–7.62 mmol/L; measured salinity 0), indicating
a strong fresh groundwater influence up to the sediment
surface (groundwater Cl� concentration 0.07–1.34 mmol/
L). Pockmark B has intermediate porewater Cl� concentra-
tions that approach seawater values at the sediment surface
(range 45.1–84.6 mmol/L; salinity range 2–6). Porewater
SO4

2� concentrations are low in pockmark D (range 0.08–
0.41 mmol/L) and in the lower part of the core from pock-
mark E (Fig. 3). Porewater SO4

2� concentrations increase
strongly toward the core top in pockmark E, and in pock-
mark B, exceeding 3.5 mmol/L. Overall, SO4

2� concentra-
tion profiles are similar to Cl� concentration profiles in



Fig. 3. Vertical distributions of Cl�, SO4
2, DIC and d13CDIC in sediment core porewater from pockmarks B, D and E. Dashed horizontal line

indicates the sediment–water interface in the pockmark E core.

Table 3
Concentrations in the water column at the pockmark locations, the offshore station and in the groundwater.

Sampling sites Sampling depth
(m)

Cl�

(mmol/L)
S
(mmol/L)

CH4*
(lmol/L)

NH4
+

(mmol/L)

Pockmark B, active 2
6
10

83.2

101.5

3.80

4.61

0.047 +/� 0.006
0.021 +/� 0.001
0.021 +/� 0.0002

0.7
0.6
0.6

Pockmark D, active 2
6
10

97.3

100.1

4.24

4.58

0.035 +/� 0.003
0.020 +/� 0.002
0.006 +/� 0.0009

0.0
0.6
0.2

Pockmark E, inactive 2
6
10

88.9

100.1

3.98

4.60

0.027 +/� 0.002
0.020 +/� 0.002
0.021 +/� 0.0006

0.4
0.4
0.0

Offshore station J 2 0.035 +/� 0.004 0.5
Groundwater, observation well HP101 0.07 0.10 0.044 +/� 0.0008 0.7
Groundwater, obsolete water intake well 1.34 0.18 0.006 +/� 0.002 0.4

* Given as a mean +/� estimated standard deviation (see Bange et al., 2010) based on the CH4 measurements of the triplicate water column
and groundwater samples (see Section 3.1 Sample collection).
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pockmarks B and D, whereas this is not the case for pock-
mark E.

Porewater DIC concentrations are low in pockmark D
(range 0.31–0.38 mmol/L), whereas they are somewhat
higher in pockmark B (range 1.2–1.5 mmol/L) and signifi-
cantly higher in pockmark E (range 2.0–16.5 mmol/L;
Fig. 3). Porewater DIC concentrations decrease strongly
toward the core top in pockmark E. Porewater d13CDIC val-
ues are strongly negative in pockmark D (from �19.4 to
�16.0 mUr), and slightly negative in pockmark B (from
�6.8 to �3.0 mUr; Fig. 3). Porewater d13CDIC values are
ca. + 9.5 mUr below the 25 cm depth in pockmark E and



L. Purkamo et al. /Geochimica et Cosmochimica Acta 334 (2022) 14–44 25
decrease upward towards a pronounced minimum of
�7.1 mUr at 6 cm depth, before increasing to �2.7 mUr
at the sediment surface.

Porewater CH4 concentrations are low in pockmark D
(range 0.038–0.066 lmol/L), whereas they are higher in
pockmark B (range 0.127–0.372 lmol/L) and orders of
magnitude higher in pockmark E (949–1841 lmol/L below
5 cm depth; Fig. 4). We note that the values below 5 cm
depth may be subject to outgassing of CH4 from the sedi-
ment core on deck prior to porewater sampling (e.g.,
Egger et al., 2016a,b; Egger et al., 2017) and thus underes-
timate the true value. Porewater CH4 concentrations
decrease strongly toward the core top in pockmark E and
reach 24.2 lmol/L above the sediment–water interface
(Fig. 4). However, this value is still significantly elevated
with respect to porewaters in pockmarks B and D. Simi-
larly, porewater NH4

+ concentrations are low in pockmark
D (range 3.2–12.4 mmol/L) and higher in pockmark B
(range 24.0–42.5 mmol/L; Fig. 4). Porewater NH4

+ concen-
trations are much higher in pockmark E and show a strong
upward-decreasing trend (range 166–1974 mmol/L).

CH4 concentrations in the seawater column above the
pockmarks, at the offshore station J and in the groundwater
Fig. 4. Vertical distributions of CH4, and NH4
+ in sediment core porewa

seawater column and porewater for pockmarks B, D and E(b). Dashed ho
E core. Vertical lines indicate solubility concentration for CH4 at the in-sit
et al., (2013). Note the x-axis break in the pockmark E water column pa
wells were in the range from 0.006 mmol/L to 0.047 mmol/L
(Fig. 4; Table 3). Surface seawater samples from the depth
of 2 m at the pockmark locations and at the offshore station
J showed CH4 concentrations between 0.03 and 0.05 mmol/
L. Lower CH4 concentrations of ca. 0.02 mmol/L were mea-
sured in the bottom (10 m) and intermediate-depth (6 m)
samples from the pockmark locations, with a very low
CH4 concentration of 0.006 mmol/L in the bottom water
at pockmark D. The groundwater observation well
HP101 showed a CH4 concentration of 0.04 mmol/L that
is within the range of the sea surface water samples. The
water intake well had a very low CH4 concentration of
0.006 mmol/L.

4.3. Groundwater discharge rate estimates

The pore water Cl� concentration profiles in pockmarks
B and D exhibit typical concave shapes (Fig. 5) with a clear
indication of steep concentration gradients from the top of
the sediment layer located at the interface between the sea-
water and freshwater. In contrast, pockmark E shows min-
imal concentration gradient as suggested by the uniform
profile along the depth. This transition in Cl� concentra-
ter from pockmarks B, D and E (a) and CH4 concentrations in the
rizontal line indicates the sediment–water interface in the pockmark
u temperature of 10 �C and at 20 �C, calculated following Mogollón
nel.



Fig. 5. Measured (markers) and simulated (lines) porewater chloride profiles along the depth in pockmarks B (a), D (b) and E (c).
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tions along the sediment depth and the specific shape of the
concentration profiles are ultimately controlled by the
dynamic balance between the advective and diffusive/dis-
persive transport. Since chloride is chemically inert for most
of the geochemical reactions occurring in these pockmarks,
the observed Cl� profiles were used to estimate the ground-
water discharge rates across the seafloor. This was per-
formed by fitting the chloride spatial profiles in different
pockmarks against the analytical solution of the advec-
tion–dispersion equation as outlined in Section S2.

The results of the optimization performed with the least-
squares curve fitting are summarized in Fig. 5 and Table S4
(Supplementary Material). The modelled porewater profiles
indicate a clear trend of upward flow of freshwater in both
pockmark B and D locations, while in pockmark E, no sim-
ilar trend in the whole profile of 50 cm could be seen. It is
also apparent that a relatively higher porewater specific dis-
charge was obtained in pockmark D (qw = 0.31 cm d�1)
compared to that of pockmark B (qw = 0.02 cm d�1,
Table S4, Supplementary Material). Such behavior is con-
sistent with the observed trends in their concentration pro-
files because freshwater front clearly migrates at a higher
rate in pockmark D leading to the steepest concentration
profile. In contrast, pockmark E shows a flat profile indicat-
ing the signature of inactive pockmarks, where transport
processes are mainly driven by the diffusion mechanism
from the sediment–water interface. Furthermore, pock-
mark B represents an intermediate system, where the behav-
ior is collectively dominated by both the advective and
diffusive fluxes. The groundwater discharge rates obtained
from these fitting procedures were directly used in the reac-
tive transport simulations presented in the next sections.

4.4. Total number of all microbes and functional groups

The total number of bacteria (using the 16S rRNA gene
copy number as a proxy) varied between the sample types.
Pockmark sediments contained the most microbes of any
sample type. Bacterial 16S rRNA gene copy numbers ran-
ged from 9.9 � 109-9.8 � 1010 (Table 4), of which pockmark
E had the highest copy numbers. Total copy numbers of
archaea ranged from 7.7 � 107 to 1.3 � 109, and as with
bacteria, pockmark E contained the highest copy numbers.
Compared between the different sampling depths, archaeal
copy numbers were higher in the deeper sample in pock-
mark E, on a similar level in both depths in pockmark D,
and higher in the shallower sample in pockmark B. Total
copy numbers of bacteria in seawater samples above pock-
marks was around 106 and archaea 104. In the offshore con-
trol site, archaeal copy numbers were 1.3 � 103, i.e., one
order of magnitude lower than those above pockmarks.
Groundwater samples contained the lowest number of
microbes. Observation well 101 had 4.2 � 105 bacterial gene
copies, while the obsolete water intake well had one order
of magnitude less, 4.8 � 104 copies. Similarly, archaeal copy
numbers were low, ranging from 614 in the observation well
and 157 in the water intake well.

Potential metabolic functionality of microbes in sedi-
ments, groundwater and seawater were determined with
quantitative PCR. Denitrifying consortium was measured
using narG gene as a proxy. The highest number of narG
genes was observed in the shallower sample of pockmark
B (5.46 � 108) (Fig. 6, Supplementary Material,
Table S3). The deeper sample from the same pockmark
had 9.77 � 106 copies of narG. A similar depth-related
decreasing trend was observed in pockmark D, which had
the overall lowest number of narG copies in sediment sam-
ples. Second highest numbers were observed in pockmark E
sediments, 3.24 � 107 in shallower and 8.94 � 107 in the
deeper section. A decreasing trend in relation to sampling
depth was also observed in amoA gene copies, proxy for
ammonia oxidation, in pockmarks B and D. The copy
numbers ranged from 108 to 106. In contrast, in pockmark
E sediment amoA copy number was higher in deeper sedi-
ment, reaching 1.20 � 108, while the shallower sample
had around one tenth of the copy number of amoA gene,
3.67 � 107 copies. NarG and amoA gene copy numbers in
all seawater samples were around 103, except amoA copies



Table 4
Number of 16S rRNA gene copies, sequencing statistics and ecological diversity, richness, evenness, dominance and abundance-based coverage estimates.

Sampling site Total number of 16S
rRNA gene copies

Total number
of sequences

Observed
OTUs

Coverage Diversity Richness

Shannon
H’

Nonparametric
Shannon

Inverse
Simpson

Chao1 ACE

Bac Arc Bac Arc Bac Arc Bac Arc Bac Arc Bac Arc Bac Arc Bac Arc Bac Arc

Seawater B, 1 m above pockmark
1.70E+06 1.82E+04 104,705 60,959 423 6 0.998 0.999 4.24 0.03 4.25 0.04 25.39 1.01 516.6 8.2 512.1 11.0

Seawater D, 1 m above pockmark
1.47E+06 2.54E+04 90,371 103,678 408 5 0.998 0.999 4.22 0.03 4.23 0.03 29.11 1.01 506.9 6.9 515.8 12.9

Seawater E, 1 m above pockmark
2.98E+06 3.20E+04 104,201 67,584 410 7 0.998 0.999 4.14 0.05 4.15 0.05 24.91 1.01 507.2 1.0 490.1 10.9

Seawater, offshore station J
2.51E+06 1.32E+03 108,308 2631 390 7 0.998 1.000 4.18 0.33 4.19 0.33 25.74 1.14 480.9 7.0 476.2 8.9

Pockmark B, active sediment, 1.5–2.5 cm depth
7.29E+10 1.37E+08 62,726 21,823 771 26 0.996 0.997 4.98 2.08 5.00 2.09 75.48 6.02 939.3 36.2 926.9 48.8

Pockmark B, active sediment, 3.5–4.5 cm depth
1.72E+10 7.73E+07 73,730 23,791 704 28 0.996 0.997 4.88 2.00 4.90 2.02 69.84 4.99 895.6 36.5 871.2 46.2

Pockmark D, active sediment, 1.5–2.5 cm depth
1.37E+10 4.80E+08 85,009 64,909 542 14 0.997 0.999 4.56 1.65 4.57 1.66 48.49 4.43 701.5 16.6 699.5 20.5

Pockmark D, active sediment , 3.5–4.5 cm depth
9.88E+09 4.43E+08 85,902 63,482 448 14 0.997 0.999 4.25 1.64 4.26 1.65 34.55 4.52 599.2 16.4 610.6 20.4

Pockmark E, inactive sediment, 1.5–2.5 cm depth
6.32E+10 5.35E+08 68,256 40,512 798 34 0.996 0.997 5.12 2.39 5.14 2.40 83.62 8.06 976.0 41.4 946.3 45.5

Pockmark E, inactive sediment, 3.5–4.5 cm depth
9.84E+10 1.34E+09 82,152 39,728 779 35 0.996 0.997 4.97 2.40 4.99 45.93 71.72 8.32 965.5 42.2 943.9 45.9

Groundwater, observation well HP101
4.21E+05 6.14E+02 88,174 8018 311 20 0.998 0.999 2.69 1.84 2.70 1.84 4.76 4.03 415.3 20.3 445.3 21.8

Groundwater, obsolete water station
4.84E+04 1.57E+02 98,431 n/a 323 n/a 0.998 n/a 3.01 n/a 3.02 n/a 8.82 n/a 392.0 n/a 389.0 n/a
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Fig. 6. Functional gene copy numbers of microbial populations in pockmark sediments, and concentrations of CH4 and SO4
2� in sediment

porewaters. TS is interpreted to be mostly SO4
2�.
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were slightly lower in control seawater, 6.24 � 102 (Supple-
mentary Material, Table S3). Groundwater samples had
even lower copy numbers of narG, 613 in HP101 and 55
copies in the water intake well near shoreline. Also, amoA
copies in both groundwater samples were <100.

Methane cycling microbial consortia were identified
with pmoA and mcrA. PmoA is characteristic for the aero-
bic methane oxidation process, while the mcrA gene is func-
tioning in both methanogens and anaerobic methane
oxidizers. Pockmark E sediments had the highest numbers
of pmoA genes (1.23 � 107 and 1.97 � 107 for the shallow
and deep samples, respectively). Lowest numbers were
detected from the deeper samples from pockmark B and
D, 1.24 � 106 and 7.29 � 105, respectively. The highest
number of mcrA copies were detected both in the deeper
sample of pockmark E (5.25 � 107 gene copies) and from
shallower sample from pockmark B (9.4 � 106 gene copies),
although pockmark E had >1000 � higher methane con-
centrations. Pockmark D had lowest methane concentra-
tions and lowest number of mcrA copies (on average
7.48 � 105). In seawater samples, pmoA copy number was
130 or less, and pmoA copies in groundwater samples were
below detection limit (16 copies). McrA marker gene copies
were on average 5.53 � 102 in seawater, and near the detec-
tion limit (49 copies or less) in groundwater.

The number of sulfate reducers, measured with dsrB
marker gene, was overall highest of all functional groups
determined in this study, and the highest number of sulfate
reducers was detected in the deeper sample of pockmark E
(7.88 � 109). However, the shallower sample from pock-
mark E and both samples from pockmark B were also at
the 109 level. Pockmark D had clearly lower numbers of
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dsrB copies, 7.48 � 107 (1.5–2.5 cm) and 4.53 � 106 (3.5–
4.5 cm). Seawater from offshore station J had the highest
amount of dsrB copies of all seawater samples,
4.26 � 104, and seawater samples above pockmarks ranged
from 9.48 � 103 in pockmark E to 3.20 � 103 in pockmark
D. Groundwater samples contained < 101 dsrB copies.

4.5. Microbial community diversity and composition

The dataset after quality control was composed of 2 299
000 (70 %) bacterial and 986 085 (30 %) archaeal sequences.
Seawater samples had the highest number of bacterial
sequences, ranging from 90 371 (above pockmark D) to
108 308 (seawater control sample from offshore station J)
(Table 4). Conversely, the highest number of archaeal
sequences (sample average of 103 678) was detected from
seawater above pockmark D, while control seawater had
the overall lowest number of archaeal sequences (2631).
In sediments, the number of bacterial sequences ranged
from 62 736 (pockmark B) to 85 902 (pockmark D) and
archaeal numbers were 21 823 (pockmark B) to 64 909
(pockmark D). The number of bacterial sequences in
groundwater samples were higher than in pockmark sedi-
ments but lower than in seawater, while archaeal sequence
number in groundwater sample from observation well
HP101 was lower than in sediments and seawater samples
above pockmarks. Archaeal sequences were not retrieved
from the obsolete water intake well.

Sediments had higher numbers of observed bacterial
OTUs compared to groundwater and seawater samples
(Table 4). Between the different sediment depths, the num-
ber of sequences retrieved from deeper sediment in pock-
marks B and E was higher than in shallow samples. In
pockmark D, there was no significant difference between
the two sampling depths. Observed archaeal OTUs were
much less than bacterial OTUs, and most OTUs were
observed from sediments.

Rarefaction analysis showed that the archaeal commu-
nity was extensively sequenced in most of the samples as
rarefaction curves reached a plateau (Supplementary Mate-
rial, Fig. S3). However, pockmark E and B rarefaction
curves remained exponential, so these were not exhaustive
sequenced. Similarly, rarefaction curves of bacterial com-
munities (Supplementary Material, Fig. S4) in pockmark
E and B, as well as the upper section of sediment in pock-
mark D remained exponential.. Rarefaction curves for
sequences of bacterial communities from other samples
showed that most of the diversity of the bacterial commu-
nity in these had been captured by sequencing. Sequencing
coverage for both archaeal and bacterial communities was
high, ranging from 0.996 in bacteria in pockmark B and
E to 1.000 in offshore station J seawater archaea (Table 4).

The most diverse environment studied was the pock-
mark sediment, according to all diversity indices (Shan-
non’s H’ diversity index, nonparametric Shannon and
inverse Simpson index) (Table 4). Both archaeal and bacte-
rial diversity was highest in pockmark E sediments, second
highest in pockmark B and third highest in pockmark D.
Seawater bacterial communities were nearly as diverse as
those in pockmark D, but archaeal diversity was signifi-
cantly lower in seawater samples than in other samples.
Groundwater communities exhibited the lowest bacterial
diversity. Species richness according to Chao1 richness
index was highest in pockmark E, then pockmark B and
D sediments. Seawater samples had equivalent bacterial
species richness, lower than in sediments but higher than
in groundwater. Archaeal species richness was, on the con-
trary, higher in groundwater than in seawater, and also in
pockmark D sediment. Abundance-based coverage esti-
mates (ACE) followed similar trends as Chao1 richness
estimates.

Archaeal community structure varied between the differ-
ent locations and samples. In class level comparison, the
most abundant archaeal class was Nitrososphaeria that
was detected in all samples but was most dominant in sea-
water samples taken above pockmarks, and least abundant
in pockmark E sediment (Fig. 7). The most common OTU
belonging to Nitrososphaeria class in seawater, pockmark B
and E sediments was affiliating with Candidatus Nitrosop-
umilus, while in pockmark D sediment, another OTU affil-
iated with Nitrosopumilaceae was the most common OTU
in this class (Supplementary Material, Krona charts
‘‘Arch_sed”, ‘‘Arch_SW”, ‘‘Arch_GW”). In addition, Can-
didatus Nitrosotalea -affiliating OTU was also abundant in
pockmark D sediment and in groundwater from the obser-
vation well. The most abundant OTU in groundwater,
belonging to Nitrososphaeria class, affiliated with Nitrosoar-

chaeum. Nanoarchaeia was the second-most dominant class,
especially abundant in pockmark sediments, and of all sam-
ples, most abundant in pockmark E. Abundant OTUs in
this class affiliated with Woesearcheales. Bathyarchaea were
the most abundant in the lower section of pockmark B sed-
iment, but also detected from pockmark E and groundwa-
ter samples. Methanogenic archaeal classes,
Methanomicrobia and Methanosarcinia were mainly
detected in pockmark E. Methanomicrobial OTUs were
related to Methanogenium, Methanospirillum, Methanocor-

pusculum, Methanolinea, Methanoregula and Methanocul-

leus. OTUs affiliating with Methanosarcina, Methanolobus,
Methanosaeta and ANME-2a-2b represented the Methano-

sarcinia class. Thermoplasmata -affiliating OTUs were
abundant in pockmark E and in the lower sample of pock-
mark B. The groundwater sample community was com-
posed of OTUs belonging to unclassified Crenarchaota
and many low abundance OTUs in addition to the above-
mentioned Candidatus Nitrosotalea and Nitrosoarchaeum.

Gammaproteobacterial OTUs were the most abundant
group in all pockmark sediments (Fig. 8). A detailed taxo-
nomic inspection showed that many of these were affiliated
with Comamonadaceae and Nitrosomonadaceae (Supple-
mentary Material, Krona chart ‘‘Bac_sed”). In comparison
to other sediments, abundant bacteria in sediment D com-
munities were affiliating with Nitrospira, the actinobacterial
MB-A2-108 group and unclassified bacterial OTUs. In
addition, Gemmatimonadales -affiliating OTUs were more
common in pockmark D than in other pockmark sedi-
ments. Alphaproteobacteria represented higher relative
abundance in pockmark D, with Rhizobiales a major group.
In pockmarks B and E, alphaproteobacterial Rhodobacter-
aceae were abundant in addition to Rhizobiales. Similarly to



Fig. 7. Class level archaeal diversity in sediments (sed), seawater (SW) and groundwater (GW). Pockmarks (Pm) are labeled D, B and E, and
1.5 or 3.5 correspond to the depth in cm from which they were retrieved. Lowercase a and b mark the duplicate samples. Note that the relative
abundance scale in � axis is different between panels, compare samples inside class, not between classes.
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Alphaproteobacteria, pockmark D sediment hosted a rela-
tively higher abundance of Burkholderiales compared to
pockmarks B and E. Polyangia and Thermoleophilia had
similar abundances in pockmark D and B, while typical sul-
fate reducer classes Desulfobacteria (Desulfosarcina and
Desulfosarcinaceae OTUs) and Desulfobulbia (Desulfocap-

saceae, Desulfobulbaceae and Desulforhopalus OTUs) were
abundant in pockmarks B and E. Bacteroidia were equally
abundant in seawater samples and in the upper layer of sed-
iment E, however these were not represented by the same
OTUs. Rare OTUs (representing <1% of the total commu-
nity) were common in all sediment samples, but less abun-
dant in seawater and groundwater samples. Seawater
communities were composed mainly of Gammaproteobac-
teria (Pseudohongiella, Methylophilaceae), Bacteroidia (Flu-
viicola, Sphingobacterales and Flavobacterales -affiliating
OTUs), Alphaproteobacteria (Pseudorhodobacter), Acti-
nobacteria (Sporichthyaceae -affiliating OTU) and Acidimi-
crobia (Ilumatobacteraceae OTU) (Supplementary
Material, Krona chart ‘‘Bac_SW”). Gammaproteobacteria
(Pseudomonas, Rhodoferax, Undibacterium OTUs) were
the main component of groundwater from HP101, while
Alphaproteobacteria (Brevundimonas and Caulobacter -
affiliating OTUs) and gammaproteobacterial Hydrogeno-

phaga dominated the obsolete water intake well groundwa-
ter community (Supplementary Material, Krona chart
‘‘Bac_GW).

Diversity between the samples was visualized with PCoA
plots. Using Bray-Curtis dissimilarity index based on
abundance estimates and Jaccard index based on
presence/absence of species, different sample types divide
clearly into separate groups (Fig. 9). Looking into archaeal
(Fig. 9a,c) and bacterial (Fig. 9b,d) communities in different
samples, pockmarks E and B group together, but are
separate from pockmark D, seawater sample, and ground-
water samples. The main observations are reproduced in
both the Bray-Curtis and Jaccard index approaches to the
PCoA.

5. DISCUSSION

This study investigates biogeochemistry and microbial
community structure in three pockmarks formed by SGD.
Pockmarks B and D were formed in fine sand on the slope
of a shore platform at the water depth of 11 m and ca.
200 m from shoreline. Pockmark E was also formed in fine
sand but has later been passively covered by organic-rich
mud. Previous 222Rn measurements of near-bottom water
showed that pockmarks B and D are sites of active ground-
water discharge, whereas pockmark E is currently inactive
(Virtasalo et al., 2019). Below we discuss the contrasting
biogeochemical settings and microbial communities of the
different sites, before considering the broader implications
of our findings.

5.1. Biogeochemical setting

The sediment and porewater geochemical characteristics
indicate a contrasting set of early diagenetic processes
between the active pockmarks (B, D) and the inactive



Fig. 8. Class level bacterial diversity in sediments (sed), seawater (SW) and groundwater (GW). Pockmarks (Pm) are labeled D, B and E, and
1.5 or 3.5 correspond to the depth in cm from which they were retrieved. Lowercase a and b mark the duplicate samples. Note that the relative
abundance scale in � axis is different between panels, compare samples inside class, not between classes. In the legend, each panel of 3 classes
corresponds to the above three facets.
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pockmark (E). At pockmark E, insignificant groundwater
contribution was calculated from the Cl� profile (Fig. 5).
The porewater diagenetic zonation at this site is strongly
reminiscent of typical organic matter-rich muddy seafloor
in this area, as described in several recent studies (Jilbert
et al., 2018; Myllykangas et al., 2020a; Jokinen et al.,
2020) and consistent with early diagenesis in a brackish set-
ting with a limited amount of dissolved sulfate in the bot-
tom waters (Froelich et al., 1979; Jørgensen and Kasten,
2006). The setting is characterized by compressed zones of
oxic and suboxic remineralization close to the sediment–
water interface, and a shallow sulfate-methane transition
zone (SMTZ), reflecting the high demand for electron
acceptors for anaerobic remineralization of organic matter.
Accordingly, pockmark E sediments were enriched in TOC,
at >4% throughout most of the profile (Fig. 2), and porewa-
ters displayed high concentrations of NH4

+ and DIC (up to
>1500 mM and >15000 mM, respectively), the principal
metabolites from organic matter remineralization. Sedi-
ment TOC/S ratio was also low at pockmark E (Fig. 2)
indicating pyrite formation (Berner, 1970) as well as sulfu-
rization of organic matter (Brüchert, 1998; Passier et al.,
1999, Werne et al., 2008) during early diagenesis. In con-
trast, significant groundwater contribution was calculated
from the Cl� profiles of pockmarks B and D (Fig. 5). Lower
TOC contents and negligible accumulation of metabolites
(DIC, NH4

+) in the porewaters suggest that early diagenetic
processes exert a less important control on porewater chem-
istry at pockmarks B and D (Figs. 3, 4), supporting the
interpretation of an advection-dominated system. There is
thus no indication of the development of a SMTZ as
observed at pockmark E, and much less indication of
enrichment of sediments with sulfur (TOC/S weight ratios
40–60 and 60–90 at B and D, respectively; Fig. 2). In gen-
eral, the contrast between low rates of diagenetic processes
in active pockmarks and high rates in the surrounding sed-
iment environments resembles the result of Whiticar (2002)
for similar investigation in Eckernförde Bay.

The reactive transport simulations capture the essential
features of the porewater (Fig. 10) and solid-phase profiles
(Fig. 11) and confirm the overall contrast between the
active and passive pockmarks. The model was able to
simultaneously reproduce the spatial concentration profiles
of most chemical species observed in each pockmark. We
note that the poor fit of the CH4 data from pockmark E
below 10 cm depth (Fig. 10n) may reflect the impact of
degassing from the sediment core during sampling, leading
to underestimated concentrations in the deeper part of the
core (e.g., Egger et al., 2016a,b; Egger et al., 2017). The
effects of the diagenetic processes and biogeochemical



Fig. 9. Bray-Curtis -based PCoA of archaeal (A) and bacterial (B) OTUs. Jaccard -based PCoA of archaeal (C) and bacterial (D) OTUs.
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reactions are clearly evident in the solute concentration pro-
files because SO4

2� (which is a reactant in primary redox
reactions) concentrations show a clear trend for consump-
tion (second column panels, Fig. 10) with sediment depth,
compared to the conservative chloride species. This effect
is most pronounced in pockmark E (first column panels,
Fig. 10). A similar trend is also observed in the modeled
profiles of other electron acceptor species (results not
shown). In contrast, NH4

+, CH4, and DIC profiles indicate
a signature for gradual production of these species with
depth due to OM degradation reactions, leading to an out-
going solute flux across the sediment–water interface (third
to fifth column panels, Fig. 10).

The model output shows that the contrasting profiles of
metabolites such as NH4

+, CH4 and DIC between the pock-
marks can be explained by the variable influence of SGD.
Discharge rates can affect the accumulation of organic mat-
ter and other sediment phases (being much higher at pock-
mark E), but also the availability of porewater oxidants
such as O2 and SO4
2� for primary redox reactions due to

upwards advective flow. Furthermore, the upward advec-
tive flow in pockmarks B and D drives the transport of
the reaction products to the upper active oxidation zone
(top ca. 2 cm), where these species are further consumed
by the secondary reactions and the available oxidants in
the shallow depths (Fig. 10c-e, h-j). In contrast, this vertical
recirculation does not occur in pockmark E, leading to
orders of magnitude higher concentration levels for these
species in deeper layers (Fig. 10m-o). The model also con-
firms that a direct correlation exists between these species’
concentrations and the magnitude of the upward water flux,
with the lowest concentration magnitude observed in pock-
mark D, which represents the highest SGD rate. The situa-
tion is opposite in pockmark E, where groundwater
discharge was nonexistent, and the behavior of pockmark
B lies in between these two cases.

Fig. 11 shows a comparison between the observed and
simulated TOC and TN profiles in the solid phase for differ-



Fig. 10. Observed (symbols) and modeled (lines) porewater profiles for Cl� (a,f,k), SO4
2� (b,g,l), NH4

+ (c,h,m), CH4 (d,I,n), and DIC (e,j,o)
from pockmarks B (top row panels, a-e), D (middle row panels, f-j) and E (bottom row panels, k-o). The measured porewater CH4

concentrations are expected to be lower than the in-situ values due to degassing from the sediment core during sampling (e.g., Egger et al.,
2016a,b; Egger et al., 2017).

Fig. 11. Observed (symbols) and modeled (lines) solid-phase carbon (a,c,e) and nitrogen (b,d,f) profiles from pockmarks B (a-b), D (c-d) and
E (e-f).
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ent pockmarks. The model could reproduce the sediment
concentration profiles for all the cases except for a minor
disagreement for TN in pockmark E (Fig. 11f). This can
be explained by the uncertainty related to the conceptual-
ization of the initial definition of C:N:P ratio of the organic
matter in the model. The effects of sedimentation rate are
apparent in these profiles as an incoming front is clearly
observed from the top boundary of the domain for both ele-
ments, implying constant sedimentation. Deposition of
organic matter and other sediment components is expected
at the inactive pockmark due to lower energy setting, but
the addition of organic matter in the surface layer at the
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active pockmarks is noteworthy. Mixing of organic-rich
fluffy material by wave action to the sediment surface layer
of pockmarks B and D may provide a mechanism for con-
stant incorporation of low amounts of organic matter in the
top 1–2 cm at these sites (Huettel et al., 1996). Indeed,
images of the sediment surface in box cores at these pock-
marks document the presence of fluffy organic material
on the sediment surface (Supplementary Material,
Fig. S1). It was necessary to consider sedimentation to
occur at all pockmarks in order to model the observed pro-
files, with a temporally constant sedimentation rate suffi-
cient to match the measured solid phase profiles. The
model also confirms a much higher sedimentation rate in
pockmark E (0.43 cm yr�1) compared to that of pockmark
B and D (3 � 10�7, Supplementary Material, Table S4), as
also validated with the 137Cs activity measurements (Sec-
tion 4.1). Such contrasting sedimentation rates are also evi-
dent in the solid phase concentration profiles, because both
the TOC and TN fronts propagated up to a depth of �40 to
50 cm in pockmark E (Fig. 11e-f), whereas these fronts
moved only until �2–3 cm depth in the two active pock-
marks (Fig. 11a-d).

The model also allows a deeper inspection of the reactive
transport mechanisms by facilitating the quantification of
solute fluxes and biogeochemical process rates in the depth
domain at each pockmark (Fig. 12). For brevity, we visual-
ize the flux and reaction rate profiles only for SO4

2� and
CH4, which are key reactants and products, respectively,
with respect to the geochemical system studied. The model
output confirms that diffusive fluxes dominate solute trans-
port at the inactive pockmark E, while advective fluxes con-
tribute to upwards transport of both SO4

2� and CH4 at the
active pockmarks B and D (Fig. 12, left two column pan-
els). The highest advective fluxes (green dash-dotted lines)
of SO4

2� are observed close to the sediment–water interface
at pockmark D (>1 � 10�7 mol m�2s�1), where the strong
upwards flow of groundwater (Fig. 5) is much stronger than
the downwards diffusion (red dashed lines) of SO4

2� from
the bottom water. However, the situation is different for
the reaction products (e.g., CH4) as the produced solute
quantities generally imply an upward diffusive flux from
the active reaction zone to the upper boundary. Conse-
quently, the advective and diffusive flux components act
in an additive fashion leading to a higher total flux (blue
solid lines) in most locations of the simulation domain (sec-
ond column panels, Fig. 12).

With respect to biogeochemical process rates, strong
contrasts are also observed between the pockmarks. The
observation of a shallow SMTZ at pockmark E suggests
important roles for both sulfate reduction and methanogen-
esis in organic matter remineralization at this site. The
modeling results confirm that rates of both processes are
orders of magnitude higher at pockmark E than pockmarks
B and D (maximum rates up to 5 � 10�8 mol/m�3 s�1).
Furthermore, the zones of sulfate reduction and methano-
genesis overlap in the depth domain (Fig. 12, right column
panels), as commonly observed in diffusion-dominated
coastal sites with high rates of organic matter deposition
(e.g., Thang et al., 2013; Sawicka and Brüchert, 2017). In
contrast, high groundwater discharge rates at the active
pockmarks shift the reaction fronts upwards into rather
compressed zones close to the sediment–water interface
and enhance the sediment–water fluxes. This is most pro-
nounced at pockmark D, where sulfate reduction and
methanogenesis are limited to the uppermost 4 cm of the
sediment column (Fig. 12).

In sedimentary settings where upwards diffusing
methane meets downwards-diffusing sulfate at the SMTZ,
sulfate-mediated anaerobic oxidation of methane (S-
AOM) is expected to occur, thus dividing the consumption
of sulfate between OM remineralization and methane oxi-
dation (e.g., Jørgensen et al., 2019). The model output
shows that S-AOM occurs at pockmark E in a similar depth
range to organoclastic sulfate reduction (Fig. 12, right).
Estimated rates of S-AOM in the model account for
approximately 10% of total sulfate consumption at this
depth. Furthermore, the effects of iron-mediated anaerobic
oxidation of methane (Fe-AOM) are also visible in the
active pockmarks (Fig. 12d, h). According to the model,
Fe-AOM rates become increasingly important at greater
depths in pockmark B and D, whereas the
consumption of CH4 due to Fe-AOM is almost negligible
compared to the other mechanisms in pockmark E. Table 5
summarizes the simulated fluxes and reaction rates for
selected species.

Further evidence for the presence of S-AOM at pock-
mark E is given by a combined analysis of porewater
SO4

2�, DIC and d13C-DIC data, following the modified
Rayleigh-evaluation approach of Miller et al. (2017). The
first part of the analysis employs the principle that the bal-
ance between dissimilatory sulfate reduction and S-AOM is
reflected in the ratio of change in sulfate (DSO4

2�) to change
in dissolved inorganic carbon (DDIC), where change refers
to the offset from the bottom water value at a given depth in
the porewaters (Kastner et al., 2008; Hu et al., 2015; Wu
et al., 2018). SMTZ environments dominated by S-AOM
yield theoretical ratios close to 1, while those dominated
by dissimilatory sulfate reduction yield theoretical ratios
close to 2, due to the differing stoichiometries of sulfate
consumption and DIC production between the two reac-
tions. Miller et al. (2017) added the parameter DIC*d13C-
DIC, a concentration-normalized expression of the stable
carbon isotopic ratio of DIC, to a second part of the anal-
ysis, with the logic that deviations to negative d13C-DIC
coincident with low DDIC/DSO4

2� provide supporting evi-
dence for S-AOM due to the transfer of isotopically light
C from CH4 to DIC.

The results of the analysis show evidence for a contribu-
tion of S-AOM to total sulfate reduction in the depth inter-
val corresponding to the SMTZ (0–10 cm) at pockmark E.
This interval shows DDIC/DSO4

2� values of consistently < 2
(Fig. 13a). The same samples are characterized by negative
DIC*d13C-DIC (Fig. 13b, seen also as a negative d13C-DIC
excursion in Fig. 3). This evidence supports the interpreta-
tion of S-AOM in this interval. We note, however, that the
absolute value of the negative d13C-DIC excursion is less
extreme than often observed in fully marine SMTZ settings
(e.g., Whiticar, 1999), due to dilution of the signal by con-
current methanogenesis (Jilbert et al., 2021). In contrast to
pockmark E, the active pockmarks B and D show negative



Fig. 12. Modeled flux components (left two column panels) and reaction rates (right two column panels) of SO4
2� (first and third column

panels) and CH4 (second and fourth column panels) at sites B (a-d), D (e-h) and E (i-l): modeled rates of SO4
2� consumption, CH4 production

and CH4 consumption by different processes in the reaction network. OM = coupled to remineralization of organic matter; S-AOM= sulfate-
mediated anaerobic oxidation of methane; Fe-AOM = Fe-oxide mediated anaerobic oxidation of methane.
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values for DDIC, reflecting the lower values of DIC in pore-
waters compared to bottom waters and confirming the lack
of evidence for significant rates of diagenetic processes.
Porewater CH4 concentrations in all three pockmarks
were significantly higher than the dissolved CH4 concentra-
tions measured in the seawater column above pockmarks



Table 5
Summary of fluxes and reaction rates for different pockmarks.

Quantity Species Integrated over depth#

[mol m�1 s�1] / [mol m�2 s�1]*
Value at sediment–water interface
[mol m�2 s�1] / [mol m�3 s�1]*

Pockmark Pockmark

B D E B D E

Flux SO4
2� 9.71 � 10�13 2.10 � 10�13 1.44 � 10�9 2.37 � 10�11 1.92 � 10�11 1.01 � 10�8

CH4 9.96 � 10�13 2.03 � 10�13 2.34 � 10�9 1.14 � 10�13 4.80 � 10�14 8.00 � 10�13

NH4
+ 1.55 � 10�11 1.92 � 10�11 1.15 � 10�9 �1.85 � 10�10 �2.03 � 10�10 �6.06 � 10�9

DIC 3.13 � 10�10 1.25 � 10�9 5.11 � 10�9 �3.36 � 10�9 �1.26 � 10�8 �1.30 � 10�7

NO3
� 1.12 � 10�12 3.57 � 10�13 7.99 � 10�12 1.80 � 10�10 9.41 � 10�11 2.80 � 10�10

Reaction

rate

SO4
2� 1.87 � 10�11 1.75 � 10�13 1.02 � 10�8 �1.16 � 10�11 �3.02 � 10�11 �9.38 � 10�10

CH4 1.91 � 10�11 7.21 � 10�12 1.96 � 10�8 �4.09 � 10�10 �1.96 � 10�10 3.76 � 10�10

NH4
+ 3.30 � 10�11 1.21 � 10�11 7.37 � 10�9 5.00 � 10�9 �1.84 � 10�9 2.92 � 10�7

DIC 2.56 � 10�10 1.60 � 10�10 5.35 � 10�8 3.35 � 10�8 3.34 � 10�8 1.94 � 10�6

NO3
� 1.81 � 10�10 1.02 � 10�10 2.15 � 10�9 �2.36 � 10�8 �1.68 � 10�8 �1.14 � 10�7

# The depth-integrated quantities were calculated using the absolute values of fluxes and reaction rates without explicitly considering their
sign/direction: i.e., using

R L
0 J ij jdx for fluxes and

R L
0 Rij jdx for reaction rates.

* The first one refers to the unit of fluxes, whereas the second one indicates the unit of reaction rates.

Fig. 13. A. Relationship between change in sulfate (DSO4
2�) and change in dissolved inorganic carbon (DDIC), estimated for each porewater

sample (for pockmark E, only the uppermost 26 cm are reported) relative to non-groundwater influenced near-bottom water data. Positive
values of DDIC indicate an enrichment relative to near-bottom water, while positive values of DSO4

2� indicate a depletion. B. Relationship
between the ratio DDIC/DSO4

2� and the parameter DIC*d13C-DIC, a concentration-normalized expression of the stable isotopic ratio of DIC,
for the same samples. In both A and B, depth (cm) of each sample at pockmark E is indicated in red, while 1:1 and 2:1 ratios of DDIC/DSO4

2�

are indicated with dashed lines. Samples falling within the sulfate-methane transition zone (SMTZ) are indicated by the gray fields. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 4 and Table 3). This implies that the active pockmarks
B and D as well as the inactive pockmark E acted as sources
of CH4 to the seawater column. This is in agreement with
the results of previous studies of CH4 fluxes from pock-
marks in the Baltic Sea (e.g., Bussmann and Suess, 1998;
Idczak et al., 2020; Pimenov et al., 2010). However, in con-
trast to the studies by Bussmann and Suess (1998) in the
Eckernförde Bay, and Pimenov et al. (2010) in the Gdansk
Basin, (Fig. 1), CH4 concentrations in the sea surface water
(2 m) were elevated compared to the deeper water samples
at all the pockmark site studied here (Fig. 4). This may
result from the fact that the water columns above the pock-
marks were stratified as indicated by the lower Cl� concen-
trations measured at 2 m water depth compared to the Cl�

concentrations in 10 m water depth (Table 3). Obviously, a
CH4-enriched surface water layer, probably originating
from river discharge, was encountered during the study in
September 2019. The fact that CH4 concentrations in the
surface layer above the pockmarks were comparable to
the CH4 concentration at 2 m water depth at the offshore
station J (Table 3) is line with the idea of a surface layer
mainly affected by river discharge. The CH4 bottom water
concentrations measured during the seasonal study at the
active pockmark site in Eckernförde Bay (Bussmann and
Suess,1998) ranged from 0.011 (February 1999) to
0.441 mmol/L (December 1994) and were, thus, higher than
the CH4 concentrations at 10 m water depth (0.006 –
0.021 mmol/L) at the active pockmarks B and D but much
lower than the CH4 concentration in the bottom water
(24.2 mmol/L) at the inactive pockmark E measured in
September 2019. This indicates that CH4 concentration gra-
dients across the sediment–water interface at pockmark
sites are highly variable in space and time. Therefore, any
estimate of the overall input of CH4 to the overlying water
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column is associated with high uncertainty when neglecting
the spatial–temporal variability of the CH4 fluxes from
pockmarks.

5.2. Microbial communities

Sediment in pockmark E can be considered ‘‘typical” for
muddy sediments in the coastal Baltic Sea according to its
microbial community structure, and the microbiological
data largely concur with the sediment and porewater geo-
chemistry. The high numbers of functional genes for sulfate
reduction and methanogenesis agree with the high modelled
reaction rates at pockmark E, compared to lower numbers
of functional marker gene copies and reaction rates in
pockmarks B and D. Furthermore, the archaeal and bacte-
rial community in pockmark E resembles that of sediments
from the nearby Pojo bay described in Myllykangas et al.
(2020b). Archaeal taxa belonging to Methanomicrobia and
Thermoplasmata as well as to Woesearchaeota were the
most dominant groups in sediments of pockmark E as well
as in Pojo Bay (Myllykangas et al., 2020b). Detection of the
methanogenic community and higher numbers of methano-
genesis marker gene mcrA correspond to high CH4 concen-
trations in porewaters of the pockmark E, compared to the
active pockmarks. The methanogenic community contains
both hydrogenotrophs and aceticlastic methanogens. Woe-
searchaeota, a recently proposed archaeal phylum (Castelle
et al., 2015) are defined as heterotrophs with metabolic defi-
ciencies. Therefore, these organisms likely demand a part-
nering organism(s) or complementary existence of other
microbes. A potential syntrophic relationship between
methanogens and Woesearchaota has been suggested, as
these organisms co-occur most often with Methanobacteria

and Methanomicrobia, which were also found from pock-
mark E sediment (Liu et al., 2018). In addition to Woe-
searchaeota, Thermoplasmata complement the archaeal
heterotrophic community in pockmark E.

Dominant bacteria in pockmark E were gammapro-
teobacteria, deltaproteobacterial sulfate reducers and Bac-

teroidia that in addition to corresponding to Baltic sea
coastal sediments, also resemble surficial sediments of inac-
tive pockmarks from Oslofjord, Norway (Haverkamp et al.,
2014). Sulfate reducers (for example Desulfubulbaceaea)
that were abundant in the sampled shallow sediments of
pockmark E, have been detected elsewhere in Hanko cape
sediment, where these have been shown to be resistant to
hypoxic conditions (Sinkko et al., 2019). Sulfate reduction
marker genes were present in order(s) of magnitude higher
numbers in pockmark E compared to the other two pock-
marks, again agreeing with the modelled high flux and sul-
fate reduction rates in the first � 20 cm of pockmark E
sediment. The detection of high numbers of both mcrA
gene copies could indicate the presence of anaerobic
methane oxidizing organisms (Hallam et al., 2003) in addi-
tion to methanogenesis, although only a small fraction of
the archaeal community was representing those typical
ANMEs (anaerobic methane-oxidizing archaea).

While the microbial community in pockmark E resem-
bles other typical sediment communities in the pelagic Bal-
tic Sea, the effect of SGD is clear in the pockmark B and
especially in pockmark D sediment communities. Likely
the groundwater advection obstructs the formation of
SMTZ and thus limits the number of microbes involved
in these processes. This could be due to a combination of
low OM accumulation rates, low nutrient content of the
groundwater or more oxygenated fluid seepage through
the seafloor (Idczak et al., 2020). However, numerous nitro-
gen cycling organisms were detected in the active pock-
marks. For example, OTUs affiliating with Candidatus

Nitrosotalea were abundant in both pockmark D sediment
and in groundwater from the observation well. The mem-
bers of this candidate taxon have been described to be che-
molithotrophic ammonia oxidizers (Lehtovirta-Morley
et al., 2011, 2016; Prosser and Nicol, 2016). Interestingly,
the two cultivated organisms of this lineage are obligate aci-
dophiles (Prosser and Nicol, 2016). OTUs affiliating with
another archaeal ammonia oxidizer Nitrosoarchaeum were
detected in groundwater and both active pockmarks.
Nitrosoarchaeum organisms are typical in aquatic environ-
ments with low salinity (Tolar et al., 2019), thus their abun-
dance in groundwater and active pockmarks in our study is
not surprising. Similarly, thaumarchaeal ammonia oxidiz-
ing archaea, which were dominating the seawater archaeal
communities but also found in relatively high abundance
in active pockmark sediments here, are major ammonia oxi-
dizers in the oceans. Nitrosopumilaceae is especially domi-
nant in oxygen minimum zones and the bathypelagic
realm (Stahl and De La Torre, 2012; Muck et al., 2019).

Bacterial communities in pockmark D sediment differed
from B and E with relatively high abundance of Nitrospira.
These nitrifying bacteria are highly abundant, diverse and
ubiquitous in natural ecosystems (Lücker et al., 2010).
Nitrospira perform a critical second step of oxidation of
nitrite to nitrate in nitrification, and some members of
Nitrospira can perform complete nitrification from ammo-
nia to nitrate (comammox)(Lücker et al., 2010; Koch
et al., 2015; Koch et al., 2019). In the active pockmarks B
and D therefore, a rather developed nitrogen cycle may
exist that includes AOA converting ammonia to nitrite
and secondly Nitrospira-like organisms oxidizing nitrite to
nitrate. Efficient nitrogen cycling is especially important
to ecosystems with limited amounts of substrates such as
the active pockmarks in our case. The copy numbers of
nitrogen cycling genes did not clearly reflect the concentra-
tions of ammonium, with similar copy numbers for amoA
at sites D and E (Fig. 6), but this might be due to the primer
mismatches and unspecificity of the assay (Könneke et al.,
2005). In addition, gene abundances are not to be used
solely as a proxy for biogeochemical processes (Rocca
et al., 2015).

The active pockmarks D and B appear to have the
higher overall microbial density as well as higher functional
gene copy numbers in the near-surface sediment, while in
the inactive pockmark E has much higher copy numbers
of all measured genes deeper in the sediment. As microbial
activity and diversity hotspots are usually formed in the
interfaces or mixing zones (McClain et al., 2003; Stegen
et al., 2016), this can explain the higher copy numbers in
the near-surface in active pockmarks. Namely, the physical
forces, such as wave action, perturb the surface of the active
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pockmarks mixing the fluffy organic substances on the sed-
iment surface (see Supplementary Material, Fig. S1) into
the first few centimeters of the sediment column (Huettel
et al., 1996), thus providing more substrate for the micro-
bial community compared to the deeper layers. These
observations are confirmed by the reactive transport mod-
eling results, which show that most of the reactions occur
in the first few centimeters in the active pockmark sedi-
ments (Fig. 12).

Previous studies have shown that the freshwater and sal-
ine water mixing zone can be a diversity hotspot and induce
the growth of rare taxa (Rocca et al., 2020; Ruiz-González
et al., 2021 and references therein). However, the most
diverse communities in our study were detected from the
inactive pockmark E, where higher and more varied
organic matter content likely plays a role in diversifying
microbial communities (Delgado-Baquerizo et al., 2016).
Specifically, the microbial community requires diverse abil-
ities to degrade the versatile and likely more recalcitrant
organic material ending up into the inactive pockmark
sediment.

Based on our results on the microbial community com-
position in active and inactive pockmarks and the literature
of the prevalent microbial communities hosted by the sea-
floor in the coastal Baltic sea, we can conclude that focused
SGD at pockmark localities change the local seafloor
microbial community composition. This can mean activa-
tion of rare biosphere but also inactivation of other mem-
bers of the community, thus impacting the ecosystem
processes (Allison and Martiny 2008, Ruiz-González
et al., 2021 and references therein). However, a part of
the community appears to be resistant to the environmental
change, and when groundwater flow seizes and the pock-
mark turns into an inactive one, the microbial community
will alter again towards the typical seafloor community.
Therefore, although the microbial community structure
changes, it appears to be able to perform as the original
one, thus staying functionally redundant (Allison and
Martiny, 2008).

5.3. Impact of SGD on biogeochemical processes and

microbial community in the coastal zone

Discharge rates calculated for pockmarks B and D
based on porewater Cl� profiles are 0.02 cm d�1 and
0.31 cm d�1, respectively (Fig. 5). These values are in gen-
eral agreement with the simulated average discharge rates
from the groundwater flow model of 0.22 cm d�1 (range
0.0–1.21 cm d�1) and 0.28 cm d�1 (range 0.0–1.60 cm
d�1) for fine sand in the pockmark area for autumn 2017
and spring 2020, respectively (Luoma et al., 2021). The dis-
charge rates (range 0.4–1.2 cm d�1) estimated by 222Rn
measurements in May 2018 are higher but those rates were
measured 1 m above pockmark bottom and integrate SGD
over a larger area in each pockmark, with potential influ-
ence from the neighbouring pockmarks (Virtasalo et al.,
2019). Unpublished underwater videos show patchy water
discharge from the pockmark sediment surface. SGD rates
similar to those estimated for pockmarks B and D have
been calculated for pockmarks in Eckernförde Bay apply-
ing the same methodology (mean 0.05 cm d�1, maximum
0.9 cm d�1, Schlüter et al., 2004).

Our results demonstrate a strong impact of SGD on
both biogeochemical reaction rates and the microbial com-
munity composition responsible for the reactions. Pock-
mark D shows the impacts most clearly, with high rates
of vertical advection compressing the reactants available
for biogeochemical reactions into a narrow zone at the sed-
iment surface, leading to a focusing of the microbial com-
munity into the uppermost centimeters of the sediment
column. Coupled with the physical effect of SGD reducing
the accumulation of OM, this also results in the absence of
a SMTZ at this site. This differs from other pockmark sites
in the Baltic Sea (Schlüter et al., 2004; Idczak et al., 2020),
suggesting that the groundwater impact on biogeochemistry
is more pronounced at our study location.

With only a few published studies on microbiology at
the groundwater–seawater mixing zones in coastal aquifers
and especially in pockmarks associated with SGD, com-
monalities in microbial community structure in these sys-
tems are still the topic of active research (Ruiz-González
et al., 2021). However, the microbial community structure
in the active pockmarks B and D appears comparable to
other SGD sites (Idczak et al., 2020; Adyasari et al.,
2019, 2020). Gamma- and Alphaproteobacteria have been
reported as the typical phyla in bacterial communities, sim-
ilarly to our study. Salinity is identified as the most impor-
tant factor in shaping the microbial community in oxic
Baltic Sea sediments (Klier et al., 2018), hence the influence
of groundwater on the communities at sites B, D, and E is
partly expressed through contrasting salinity in the porewa-
ters. Adyasari et al. (2019) reported Burkholderia-affiliating
OTUs specifically representing fresh groundwater species.
Similarly, in groundwater and the groundwater-
dominated pockmark D, the proportions of Burkholderiales
were relatively high. Salinity also has an effect on ammonia
oxidizing microbial communities. According to Santoro
et al. (2008), the bacterial dominance of the ammonia-
oxidizing community declines with decreasing salinity. Sim-
ilarly, in our study the abundance of ammonia oxidizing
bacteria was lower in pockmark D with 0 salinity compared
to pockmarks E and B where salinity was up to 6.

The inactive pockmark E displays a sedimentation rate
several times higher than those documented for nearby
organic-rich mud seafloor areas (0.3–0.5 cm yr�1; Jokinen
et al., 2020). In contrast, active pockmarks B and D have
not had substantial deposition in the recent past due to
strong SGD. This pronounced change in sedimentation rate
upon deactivation of the pockmark E is important for
understanding solute fluxes at the sediment–water interface
at different stages of the life cycle of these systems. Since
sediment deposition is the key control of OM delivery to
the seafloor, and locally elevated deposition rates are
expected to impact biogeochemical processes and microbial
community composition in pockmark sediments (Idczak
et al., 2020; O’Reilly et al., 2021) pockmark E expectedly
displays far higher concentrations and fluxes of metabolites
and CH4 at the sediment–water interface than the active
pockmarks. Moreover, the exceptionally high sedimenta-
tion rates in pockmark E suggest that inactive pockmarks
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may act as a localized sediment trap due to their bathymet-
ric configuration. This raises the possibility that inactive
pockmarks in this system act as a hotspot for diffusive
nutrient and gas fluxes to bottom waters, in contrast to
the active pockmarks where solute fluxes are comparatively
low despite high rates of advection (Table 5). These results
highlight the importance of redox-dependent processes tak-
ing place in subterranean estuaries on the development of
the chemical gradients at the fresh-salt water interface
(Beck et al., 2007; Moosdorf et al., 2021). However, two
further pertinent observations follow from this. Firstly,
the diffusive fluxes of nutrients and CH4 observed at inac-
tive pockmarks result from OM cycling that may be consid-
ered ‘‘internal” to the marine system, because the primary
source of the decaying OM in the sediment column is set-
tling plankton detritus, while nutrient fluxes from SGD,
even if small, must be considered as external inputs. Sec-
ond, persistently inactive pockmarks are expected to fill in
over time (Pau and Hammer, 2013), especially in coastal
areas where sediment deposition predominantly takes place
from lateral near-bottom sediment transport (Virtasalo
et al., 2014; Jokinen et al., 2015). Thus, it is likely that
the eventual fate of an inactive pockmark is a setting with
a similar sedimentation regime to the surrounding seafloor
areas. The overall effect of the SGD-related pockmarks on
solute fluxes at any point in time is expected to be a func-
tion of the number of individual pockmarks, the rate of
SGD, and the ratio of active to inactive pockmarks in the
system as a whole.

6. CONCLUSIONS

This present study investigates how SGD impacts on
biogeochemical processes and microbial community struc-
ture in a coastal sea area. The impacted active sites were
compared to the diagenesis-dominated reference site.

SGD rates calculated from porewater Cl� profiles show
strong groundwater influence for pockmarks B and D.
Their porewater systems are dominated by groundwater
advection, which pushes the reactants available for biogeo-
chemical reactions into a narrow zone at the sediment sur-
face and leads to a focusing of the microbial activity into
the top part of the sediment column. The advection further
reduces the accumulation of OM in the surface sediments,
resulting in the absence of SMTZ in these pockmarks.
Reactive transport modelling consequently estimates low
depth-integrated fluxes of SO4

2�, CH4, NH4
+, DIC at pock-

marks B and D, and further suggests Fe-AOM to con-
tribute to methane oxidation in these pockmarks.
Groundwater influence is visible in the microbial commu-
nity structure of the active pockmarks, in which notable
populations of ammonia-oxidizing archaea and nitrifying
bacteria are of predominantly groundwater origin.

The lack of SGD permits rapid deposition of organic-
rich mud in the currently inactive pockmark E. The pore-
water system at this site is dominated by diffusion, leading
to orders of magnitude higher concentrations of CH4,
NH4

+, DIC at depth compared to pockmarks B and D.
The biogeochemical environment in pockmark E resembles
typical organic-rich mud seafloor in the area, with sulfate
reduction and methanogenesis as the dominant organic
matter remineralization pathways. Reactive transport mod-
elling shows that S-AOM occurs in the pockmark at a sim-
ilar depth range to organoclastic sulfate reduction, and
accounts for approximately 10% of total sulfate consump-
tion at this depth. The presence of S-AOM is supported
by porewater DIC, SO4

2� and d13C-DIC signatures. Metha-
nogens are relatively more abundant in the archaeal com-
munity in pockmark E compared to active pockmarks,
whereas sulfate reducers dominate the bacterial commu-
nity. Although the depth-integrated fluxes of SO4

2�, CH4,
NH4, DIC at pockmark E are orders of magnitude higher
compared to pockmarks B and D, processes at this site
are driven by recent OM accumulation and thus represent
internal recycling in the coastal sea. In contrast,
processes at the active pockmarks B and D are partially
mediated by SGD inputs and therefore effluxes of
dissolved substances across the sediment–water interface
must be considered to be influenced by external inputs to
the sea.
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P., Spitzy A. and Böttcher M. E. (2017) Biogeochemical Impact
of Submarine Groundwater Discharge on Coastal Surface
Sands of the Southern Baltic Sea. Est., Coast. Shelf Sci. 189,
131–142.

Egger M., Lenstra W., Jong D., Meysman F. J., Saoart C. J., Van
der Veen C., Rockmann T., Gonzales S. and Slomp C. P.
(2016b) Rapid sediment accumulation results in high methane
effluxes from coastal sediments. PLos One 11.

Egger M., Kraal P., Jilbert T., Sulu-Gambari F., Sapart C. J.,
Rockmann T. and Slomp C. P. (2016a) Anaerobic oxidation of
methane alters sediment records of sulfur, iron and phosphorus
in the Black Sea. Biogeosciences 13, 5333–5355.

Egger M., Hagens M., Sapart C. J., Dijkstra N., van Helmond N.
A. G. M., Mogollón J. M., Risgaard-Petersen N., van der Veen
C., Kasten S., Riedinger N., Böttcher M. E., Röckmann T.,
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(2011) Novel primers for 16S rRNA-based archaeal community
analyses in environmental samples. J. Microbiol. Methods 84,
12–18.

Giambalvo E. R., Steefel C. I., Fisher A. T., Rosenberg N. D. and
Wheat C. G. (2002) Effect of fluid-sediment reaction on
hydrothermal fluxes of major elements, eastern flank of the
Juan de Fuca Ridge. Geochim. Cosmochim. Acta 66, 1739–1757.

Grasshoff K., Kremling K. and Ehrhardt M. (2009) Methods of

Seawater Analysis. John Wiley & Sons, Weinheim.
Hall G. E. M., Vaive J. E., Beer R. and Hoashi M. (1996) Selective

leaches revisited, with emphasis on the amorphous Fe oxyhy-
droxide phase extraction. J. Geochem. Explor. 56, 59–78.

Hallam S. J., Girguis P. R., Preston C. M., Richardson P. M. and
DeLong E. F. (2003) Identification of methyl coenzyme M
reductase A (mcrA) genes associated with methane-oxidizing
archaea. Appl. Environ. Microbiol. 69, 5483–5491.

Hammer Ø., Harper D. A. T. and Ryan P. D. (2001) Past:
Paleontological Statistics Software Package for education and
data analysis. Paleontologı́a Electrónica 4, 1–9 http://palaeo-
electronica.org/2001_1/past/issue1_01.html.

Haverkamp T. H. A., Hammer Ø. and Jakobsen K. S. (2014)
Linking Geology and Microbiology: Inactive Pockmarks Affect
Sediment Microbial Community Structure. PLoS ONE 9,
e85990.

Hoffmann J. J. L., Schneider von Deimling J., Schröder J. F.,
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nitrification: insights into the ecophysiology of comammox
Nitrospira. Appl. Microbiol. Biotechnol. 103, 177–189.

Könneke M., Bernhard A. E., de la Torre J. R., Walker C. B.,
Waterbury J. B. and Stahl D. (2005) Isolation of an autotrophic
ammonia-oxidizing marine archaeon. Nature 437, 543–546.

Kotwicki L., Grzelak K., Czub M., Dellwig O., Gentz T.,
Szymczycha B. and Böttcher M. E. (2014) Submarine ground-
water discharge to the Baltic coastal zone: Impacts on the
meiofaunal community. J. Mar. Syst. 129, 118–126.

Kozich J. J., Westcott S. L., Baxter N. T., Highlander S. K. and
Schloss P. D. (2013) Development of a dual-index sequencing
strategy and curation pipeline for analyzing amplicon sequence
data on the Miseq Illumina sequencing platform. Appl. Environ.
Microbiol. 79, 5112–5120.

Kujansuu R., Uusinoka R., Herola E. and Sten C.-G. (1993)
Tammisaaren kartta-alueen maaperä. Summary Quaternary
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P. (2013) A method for the calculation of anaerobic oxidation
of methane rates across regional scales: an example from the
Belt Seas and The Sound (North Sea-Baltic Sea transition).
Geo-Mar. Lett. 33, 299–310.

Moodley L., Middelburg J. J., Herman P. M. J., Soetaert K. and de
Lange G. J. (2005) Oxygenation and organic-matter preserva-
tion in marine sediments: Direct experimental evidence from
ancient organic carbon–rich deposits. Geology 33, 889–892.

Moore W. S. (2010) The effect of submarine groundwater discharge
on the ocean. Annu. Rev. Mar. Sci. 2, 59–88.
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Penttilä A., Slade E. M., Simojoki A., Riutta T., Minkkinen K. and
Roslin T. (2013) Quantifying beetle-mediated effects on gas
fluxes from dung pats. PLoS One 8.

Pimenov N. V., Ulyanova M. O., Kanapatsky T. A., Veslopolova
E. F., Sigalevich P. A. and Sivkov V. V. (2010) Microbially
mediated methane and sulfur cycling in pockmark sediments of
the Gdansk Basin, Baltic Sea. Geo-Marine Letters 30, 439–448.

Pirinen P., Simola H., Aalto J., Kaukoranta J.-P., Karlsson P. and
Ruuhela R. (2012) Climatological Statistics of Finland 1981–

2010. Finnish Meteorological Institute, Helsinki.
Prosser J. I. and Nicol G. W. (2016) Candidatus Nitrosotalea. In

Bergey’s Manual of Systematics of Archaea and Bacteria (ed. W.
B. Whitman). Wiley, Hoboken, New Jersey, pp. 1–7.

Reed D. C., Slomp C. P. and Gustafsson B. G. (2011a) Sedimen-
tary phosphorus dynamics and the evolution of bottom-water
hypoxia: A coupled benthic-pelagic model of a coastal system.
Limnol. Oceanogr. 56, 1075–1092.

Reed D. C., Slomp C. P. and de Lange G. J. (2011b) A quantitative
reconstruction of organic matter and nutrient diagenesis in
Mediterranean Sea sediments over the Holocene. Geochim.

Cosmochim. Acta. 75, 5540–5558.
Rocca J. D., Simonin M., Bernhardt E. S., Washburne A. D. and

Wright J. P. (2020) Rare microbial taxa emerge when commu-
nities collide: freshwater and marine microbiome responses to
experimental mixing. Ecology 101, [Accessed November 4,
2021].

https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0488-2
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0488-2
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-018-0488-2
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0375
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0375
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0375
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0375
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0375
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0380
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0380
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0380
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0385
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0385
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0385
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0385
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0390
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0390
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0390
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0390
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0390
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0395
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0395
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0395
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0400
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0400
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0400
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0400
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0405
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0405
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0405
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0410
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0410
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0410
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0410
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0410
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0415
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0415
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0415
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0415
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0415
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0420
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0420
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0420
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0420
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0425
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0425
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0430
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0430
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0430
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0430
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0430
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0430
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0430
https://www.frontiersin.org/article/10.3389/fmicb.2019.02141/full
https://www.frontiersin.org/article/10.3389/fmicb.2019.02141/full
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0440
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0440
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0440
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0445
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0445
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0445
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0445
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0450
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0450
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0450
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0450
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0450
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0455
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0455
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0455
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0455
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0460
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0460
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0460
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0465
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0465
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0465
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0465
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0470
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0470
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0470
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0470
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0470
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0470
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0475
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0475
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0475
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0475
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0480
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0480
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0480
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0480
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0480
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0485
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0485
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0485
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0485
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0490
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0490
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0490
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0495
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0495
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0495
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0500
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0500
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0500
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0500
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0505
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0505
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0505
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0510
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0510
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0510
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0515
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0515
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0515
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0515
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0520
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0520
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0520
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0520
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0525
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0525
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0525
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0525
http://refhub.elsevier.com/S0016-7037(22)00328-3/h0525


L. Purkamo et al. /Geochimica et Cosmochimica Acta 334 (2022) 14–44 43
Rocca J. D., Hall E. K., Lennon J. T., Evans S. E., Waldrop M. P.,
Cotner J. B., Nemergut D. R., Graham E. B. and Wallenstein
M. D. (2015) Relationships between protein-encoding gene
abundance and corresponding process are commonly assumed
yet rarely observed. ISME J. 9, 1693–1699.

Rolle M., Muniruzzaman M., Haberer C. M. and Grathwohl P.
(2013) Coulombic effects in advection-dominated transport of
electrolytes in porous media: Multicomponent ionic dispersion.
Geochim. Cosmochim. Acta 120, 195–205.

Rolle M., Sprocati R., Masi M., Jin B. and Muniruzzaman M.
(2018) Nernst-Planck-based description of transport, Coulom-
bic interactions, and geochemical reactions in porous media:
Modeling approach and benchmark experiments. Water Resour

Res. 54, 3176–3195.
Rooze J., Egger M., Tsandev I. and Slomp C. P. (2016) Iron-

dependent anaerobic oxidation of methane in coastal surface
sediments: Potential controls and impact. Limnol. Oceanogr. 61,
S267–S282.
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