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Abstract
Seabed pockmarks are circular or elongated depressions usually formed by the outflow of methane and groundwater.
The accumulation of organic matter and disruption of sediments by the seepage result in specific biogeochemical
conditions affecting both porewater and sediment composition. In this study, we have shown how freshwater intrusions
and the presence of methane affect the biogeochemistry and mineralogy of the pockmark environment within continental
shelf sea sediments. Porewater and sediment samples collected during an active freshwater seepage were compared
with samples taken from the same location between seeps and from a nearby reference station. Porewater chemistry
and the mineralogy of the sediments were combined with thermodynamic modeling. The bacterial and archaeal taxa
were also identified via metagenomic analysis. It was found that freshwater seepage modifies the composition of pore
water and affects both the degree of supersaturation of solutions relative to sediment minerals and the composition of
the microbial system. A conceptual model has been proposed indicating that changes in sediment mineral composition
due to freshwater discharge reflect the response of the microbial community to changes in pore water composition.
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Abbreviations1

• AOM – anaerobic oxidation of methane.2

• CMC – Ca-Mg carbonate.3

• DIC – dissolved inorganic carbon.4

• DOC – dissolved organic carbon.5

• dSi – dissolved silica.6

• FAAS – flame atomic absorption spectrophotometry.7

• FeCARB – Fe in carbonates.8

• FeOX1 – Fe in ‘labile’ oxyhydroxides.9

• FeOX2 – Fe in ‘crystalline’ oxyhydroxides.10

©2026 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

• FeMAG – Fe in magnetite. 11

• FeS + PRS – Fe in sulfides and poorly-reactive silicates. 12

• FeTOT – total Fe. 13

• FWHM – full width at half maximum. 14

• GC – gas chromatography. 15

• ICP-OES – inductively coupled plasma optical emis- 16

sion spectroscopy. 17

• IS – isomer shift. 18

• MS – Mössbauer spectroscopy. 19

• OM – organic matter. 20

• PCA – principal component analysis. 21
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• PCoA – principal coordinate analysis.22

• PW – porewater.23

• QS – quadrupole splitting.24

• RT – room temperature.25

• SEM-EDS – scanning electron microscopy.26

• SW – seawater.27

• TDC – total dissolved carbon.28

• XRD – X-ray diffractometry.29

1. Introduction30

Seabed pockmarks are found in oceans worldwide, mainly31

in estuaries andon the continental shelf (Hovland and Judd,32

1988). They were first discovered in the second half of the33

20th century during surveys on the continental shelf in the34

Atlantic Ocean off Canada (King andMacLean, 1970). Pock-35

marks are formed by the outflow of gas (usually biogenic36

methane) and groundwater from fine-grained unconsoli-37

dated sediments. The structures take the form of circular38

or elongated depressions at the bottom (Hovland and Judd,39

1988; Hoffmann et al., 2020; Idczak et al., 2020). They vary40

greatly in size, with diameters ranging from a few centime-41

ters to as much as 1 km and with depths up to 20–30 m42

(Scanlon and Knebel, 1985; Cole et al., 2000; Loncke and43

Mascle, 2004).44

The presence of pockmarks and the associated gas or45

groundwater outflows affect the seabed morphology. De-46

pressions in the bottom provide a natural sedimentation47

trap in which organic debris accumulates (Judd and Hov-48

land, 2007; Idczak et al., 2020). The accumulation of or-49

ganic matter (OM), combined with physical disruption of50

sediment by gas and groundwater seepage, results in spe-51

cific biogeochemical conditions in pockmarks. Processes52

such as methanogenesis, anaerobic oxidation of methane53

(AOM), and dilution of pore waters by seeping ground-54

water make the chemical composition of pore waters in55

pockmarks significantly different from that of typical ma-56

rine sediments (Pimenov et al., 2010; Hung et al., 2016;57

Idczak et al., 2020; Kurowski et al., 2024). This, in turn,58

may be reflected in the mineral composition of the sedi-59

ment (Peckmann et al., 2001; Judd and Hovland, 2007), as60

the degree of saturation with specific mineral phases af-61

fects the possibility of precipitation (see, e.g.,Walton, 1965;62

Suess, 1979; Burton, 1993). Among the minerals most63

actively precipitated in methane-bearing sediments are64

Mg-calcite and aragonite (CaCO3), dolomite (CaMg(CO3)2),65

magnesite (MgCO3), and Fe- and Mn-carbonates (Peck-66

mann et al., 2001; Greinert et al., 2001; Teichert et al., 2005;67

Mavromatis et al., 2012; Łukawska-Matuszewska et al.,68

2022).69

Microbiological studies show that pockmarks are hot- 70

spots of microbial biodiversity (Ruff et al., 2015). Prokary- 71

ote communities in sediments are shaped by freshwater 72

seepage and bubbling methane, providing specialized en- 73

vironmental niches (Wegener et al., 2008; Haverkamp et 74

al., 2014; Giovanelli et al., 2016). Specifically, increased 75

prokaryotic abundance and biomass in the sediment (Gio- 76

vanelli et al., 2016), a higher proportion of Archaea (Orcutt 77

et al., 2005), and a higher abundance of methanotrophs 78

and sulfide-oxidizing bacteria (Knittel et al., 2003; Ruff et 79

al., 2015) are observed. Pockmark activity may also in- 80

crease nutrient concentrations in the water column above 81

pockmarks, further supporting biological productivity 82

(Hovland and Judd, 1988; Zeppilli et al., 2012; O’Reilly 83

et al., 2021). In the vicinity of the pockmarks, there is a 84

greater quantity and diversity of benthic fauna and an in- 85

creased concentration of seston, including phytoplankton 86

(Webb et al., 2009). 87

Given the complexity of pockmarks and the variety of 88

physical, chemical, geological, and biological processes, 89

a multidisciplinary approach is required to study these 90

structures. Chemical analysis of water or sediment alone 91

is not sufficient to explain the mechanisms that lead to 92

the specific mineral composition of the sediment or spe- 93

cificmicrobial diversity in pockmarks. Therefore, chemical 94

studies of gas-bearing sediments and porewaters aremore 95

often combined with studies of the sediment mineralogy 96

(Peckmann et al., 2001; Mavromatis et al., 2012; Kurowski 97

et al., 2024) and microbiology (Idczak et al., 2020; O’Reilly 98

et al., 2021; Iasakov et al., 2021; Brodecka-Goluch et al., 99

2022; Purkamo et al., 2022). However, this type of inter- 100

disciplinary research, covering mineralogical, geochem- 101

ical, and microbiological aspects, is challenging and still 102

rare, even though it allows for better understanding and 103

detailed characterization of diagenetic processes in the 104

sediment. 105

The present studywas carried out in the Gulf of Gdańsk, 106

located in the southern Baltic Sea. The occurrence of 107

methane in the sediments of this area is documented by hy- 108

droacoustic investigations dating back to the 1990s (sum- 109

marized by Jaśniewicz et al., 2019), showing various mor- 110

phological structures related to the gas presence, i.e., pock- 111

marks, gas-saturated sediments, and gas pockets. The 112

Gulf of Gdańsk was also previously recognized as a re- 113

gion of freshwater seepage (Piekarek-Jankowska, 1994; 114

Falkowska and Piekarek-Jankowska, 1999; Brodecka- 115

Goluch et al., 2020; Szymczycha et al., 2023; Ehlert vonAhn 116

et al., 2024). As the object of the present study, the MET1- 117

BH pockmark was selected, which is unique compared 118

to other structures found not only in the Gulf of Gdańsk 119

(Matciak et al., 2024) but in the Baltic Sea in general (e.g. 120

Whiticar and Werner, 1981; Söderberg and Flodén, 1997; 121

Jakobsson et al., 2016; Virtasalo et al., 2019; Hoffmann 122

et al., 2020). The MET1-BH pockmark represents a deep- 123

water, below permanent halocline, site of groundwater 124
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discharge, while most discharges in the Gulf of Gdańsk are125

located in shallower regions, mainly in the western part of126

the Gulf i.e. in Puck Bay (Szymczycha et al., 2023; Matciak127

et al., 2024). The freshwater flowing out of this pockmark128

has a distinct origin and chemical composition. In the out-129

flows recorded in shallower areas, coastal drainage of shal-130

lowHolocene groundwater (Piekarek-Jankowska, 1994) or131

groundwater seepsmainly originating fromMiocene–Pleis-132

tocene aquifers are observed (Dowgiałło and Kozerski,133

1975; Matciak et al., 2024). In contrast, high concentra-134

tions of fluoride in the porewater of the MET1-BH pock-135

mark (the so-called fluoride anomaly also observed in136

other parts of the region) indirectly indicate that ground-137

water originates from the Upper Cretaceous aquifer be-138

neath the seafloor (Kozerski et al., 1987; Uścinowicz et al.,139

2011). This groundwater is of the HCO3-Ca or HCO3-Na140

type and exhibits a relatively high pH, up to 8.3 (Kozerski141

et al., 1987). The pockmark is relatively small (diameter142

of ∼50 m) but much deeper (∼9 m) compared to the ex-143

tensive but shallow structures nearby at the same depth144

(∼80 m). For example, the MET1-MP pockmark, less than145

2 km away, is only about 2 m deep, but 1500 m long and146

500 m wide (Idczak et al., 2020; Brodecka-Goluch et al.,147

2022). In contrast to these extensive structures charac-148

terized by scattered and rather small gas outflows from149

the seafloor (Majewski and Klusek, 2014), at the MET1-BH150

a constant methane release can be observed in the form of151

massive gas flares, even up to 70–80 m in height (Idczak et152

al., 2020). The freshwater outflow from the pockmark at153

the time of the research campaign was strong enough to 154

reduce the salinity near the bottom to about 2, while the 155

typical salinity in the deepwater part of the Gulf of Gdańsk, 156

below the permanent halocline, is ca. 10–12 (Majewski, 157

1990). It can be expected that such a strong fluid outflow 158

is crucial in shaping the biogeochemical conditions and 159

mineral composition of sediment in the pockmark. 160

This work aimed to present the response of the pock- 161

mark bottom sediments to the perturbation caused by 162

freshwater outflows. Changes were identified by compar- 163

ing samples taken during freshwater discharge with those 164

taken from the same location between freshwater outflows 165

(1.5 years after the sampled seepage) and with samples 166

taken at a reference station where freshwater outflows 167

are not observed. Based on direct geochemical and micro- 168

biological analyses and mineralogical characterization of 169

sediments taken from layers several centimeters below the 170

bottom, a complex environmental response to freshwater 171

outflow was found. A conceptual model of these processes 172

has been proposed, indicating that freshwater discharge 173

causes changes in mineral composition of the sediment 174

that reflect the response of the microbial community to 175

geochemical changes in pore water composition. 176

2. Material and methods 177

2.1 Sample collection 178

The samples were collected in the Gulf of Gdańsk (south- 179

ern Baltic Sea) from stations MET1-BH and MET1-REF 180

(Figure 1), during consecutive cruises onboard the r/v 181

Figure 1. Map of the study area. The MET1-BH site was sampled during freshwater discharge (sample MET1-FRESH)

and between discharges (sample MET1-SAL). The nearby MET1-REF location was sampled for reference.
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Oceanograf (owned by the University of Gdańsk). The182

MET1-BH pockmark station was visited twice: in March183

2019 during freshwater seepage (sample MET1-FRESH)184

and in February 2021 when no freshwater seepage was185

observed and a saline mass of water resided in the pock-186

mark depression (sample MET1-SAL). Samples were also187

collected from the MET1-REF reference station, several188

hundred meters away. Sampling was always preceded189

by hydroacoustic measurements using EK80 split-beam190

echosounders (Simrad) and a sub-bottom profiler (Edge191

Tech SB-216S) to reproduce the exact sampling position192

(Figure S3). Theprecision of ship positioning and sediment193

sampling was achieved through the DP1 system. During194

sampling, r/v Oceanograf operated at sea in accordance195

with IHO S-44 measurement/survey standards (IHO S-44,196

2020), where ship positioning and maintaining the posi-197

tion are strictly defined. Sediment samples were collected198

using Niemistö or Rumohr Lot gravity corers. Four sedi-199

ment cores, 7.5 cm in diameter and approximately 100 cm200

long, were obtained at each station: one for mineralogical201

analyses and Fe speciation, two for pore waters and one202

for methane. The samples for microbiological analyses203

were collected only from MET1-REF and MET1-SAL (in204

the absence of freshwater) at depths of 10 cm, 50 cm, and205

70–100 cm, depending on the core length.206

The core for mineralogical analyses and Fe speciation207

was cut into 5-cm layers, using a PVC ring and a Teflon208

spatula. The layers were stored in polyethylene bags and209

frozen at−21°C until analysis. Fe forms were determined210

in every second layer. Mineralogical analyses were carried211

out in sediment layers taken from a depth of 5–10 cm bsf212

(below sea floor) in the MET1-FRESH core, 10–15 cm bsf213

in MET1-SAL, and 10–15 cm in MET1-REF. The pore water214

was retrieved from two cores at 5- or 10-cm intervals using215

Rhizon® samplers. The first sampler was placed 2–5 cm216

above the sediment-water interface (SWI) to collect near-217

bottom water. The obtained pore- and near-bottom water218

samples were analyzed for Na+, K+, Mg2+, Ca2+, Cl−, Br−,219

F−, SO2−4 ,∑PO3−4 (sum of PO3−4 , HPO2−4 and H2PO
−
4 ),∑NH

+
4220

(sum of NH+
4 and NH3), ∑H2S (sum of H2S, HS

− and S2−),221

dissolved Si (dSi), Fe (Fe2+) andMn (Mn2+) as well as total222

dissolved carbon (TDC), dissolved organic (DOC) and dis-223

solved inorganic (DIC) carbon. The samples for methane224

analysis were taken directly from the Plexiglas core liners225

through 12-mm holes, using 3-ml syringes with the luer226

tip removed. The 2-ml samples were immediately trans-227

ferred into 20-ml glass vials containing 2.5%NaOH, sealed228

with a butyl rubber stopper and an aluminum crimp cap229

(Jørgensen et al., 2001), shaken, and stored upside down230

at 4°C for GC analysis. Samples for microbial analysis were231

taken from MET1-SAL and MET1-REF cores using a sterile232

spatula and vials.233

2.2 Geochemical analyses of sediments and pore wa- 234

ters 235

In pore- and near-bottomwaters, the concentrations of Na, 236

K, Mg, Ca, Fe, andMnwere analyzed using ICP-OES (Perkin- 237

Elmer model OPTIMA 8300), while the concentrations of 238

Cl−, Br−, F− and SO2−4 were determined using ion chro- 239

matography (DIONEX ICS1100/RFIC1600/20). Concen- 240

trations of ∑NH+
4 , ∑PO

3−
4 , dSi, and ∑H2S were measured 241

with spectrophotometric methods: ∑NH+4 by the indophe- 242

nol blue method, ∑PO3−4 by the molybdenum blue method 243

and ∑H2S using the methylene blue method (Grasshoff et 244

al., 1999). The precision of the measurements (RSD) was 245

2.2%, 2.5%, and 2.0% for ammonia, phosphate and hydro- 246

gen sulfide, respectively. Concentrations of TDC, DIC, and 247

DOC were measured in duplicates using high-temperature 248

catalytic combustion and NDIR detection on the Vario TOC 249

Cube (Elementar GmbH). DIC was separated from TDC by 250

acidification of the sample with 1% H3PO4 inside the ap- 251

paratus. TDC was determined by direct sample injection 252

into the furnace while DIC was purged in the sparger and 253

measured by the NDIR detector. DOC was determined as 254

the difference between TDC and DIC. The accuracy (per- 255

centage of recovery) of DIC and DOC determination was 256

98% and 102%, respectively. Methane was analyzed using 257

standard headspace techniques on a gas chromatograph 258

(Perkin Elmer) equipped with a flame ionization detector 259

FID and anHP-5 column (30m, 0.32mm, 0.25 𝜇m). Helium 260

was used as a carrier gas. The limit of detection was 0.2 261

𝜇mol/dm3. The results of methane determination were 262

corrected for sediment porosity. Water content, loss on 263

ignition, and porosity of the sediments are presented in 264

the Supplementary Material (Figure S1, Table S1). Near- 265

bottom and pore-water pH values were measured using 266

a portable multimeter (WTW) and glass electrodes. 267

2.3 DNA isolation, sequencing, and data analyzing 268

Genomic DNA from the sediment samples was isolated 269

using the EURx kit for complex matrix (Soil DNA Purifi- 270

cation Kit, no E3570, EURX Ltd. Poland). The protocol 271

requires mechanical homogenization of the samples to re- 272

lease cells from the sediment matrix. Isolated genomic 273

DNA was subjected to metagenomic analysis (metabar- 274

coding). Sequencing of the hypervariable V3-V4 region 275

of the 16S rRNA gene was commissioned to GENOMED 276

S.A. (Warsaw, Poland). Specific primer sequences (de- 277

veloped by Zymo Research, CA, USA) were used to am- 278

plify the selected region and prepare libraries (341F: CC- 279

TACGGGDGGCWGCAG, CCTAYGGGGYGCWGCAG, 806R: GAC- 280

TACNVGGGTMTCTAATCC). PCR was performed using Q5 281

Hot Start High-Fidelity 2X Master Mix, with reaction condi- 282

tions according to the manufacturer’s recommendations. 283

Sequencing was performed on a MiSeq sequencer, using 284

the paired-end (PE) technology, 2x300nt, using Illumina’s 285

v3 kit. Fastq files were processed with fastp (0.23.2) (Chen 286

et al., 2018) to improve the quality of raw sequences (cut- 287
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ting adapters, filtering out bad quality reads, trimming,288

etc.). The sequences were further analyzed using Kraken2289

(Wood et al., 2019) according to the protocol of the authors290

(Lu et al., 2022). The Silva database (v. 138) was used for291

taxonomic analysis (Quast et al., 2013). Then Bracken,292

set at the Genus level with a threshold set at 5, was ap-293

plied to Kraken2 reports (Lu et al., 2017). The resulting294

data were transformed prior to analysis. To solve the prob-295

lem of zero values, the results were imputed using the R296

package Compositions (v. 1.4.0.1) (Palarea-Albaladejo and297

Martı́n-Fernández, 2015). Then, the centered log-ratio298

transformation was applied to the data using the Compo-299

sitions (v. 2.0-5) package for R (Aitchison, 1982; Quinn300

et al., 2019; Boogaart et al., 2023). Principal Coordinate301

Analysis (PCoA) was performed using the R package stats302

(v. 3.6.2) (R Core Team, 2022) and visualized using ggplot2303

(v. 3.4.2) (Wickham, 2009). Principal Component Analysis304

(PCA) was conducted using PCA from package FactoMineR,305

visualized with factoextra package. Pairwise plots of cor-306

relation matrices were performed using free Heatmapper307

software (Babicki et al., 2016). FAPROTAX (Functional An-308

notation of Prokaryotic Taxa) was used to establish func-309

tional community profiles and metabolic functions based310

on the bacterial and archaeal taxa identified in the samples311

(Louca et al., 2016).312

2.4 Geochemical and mineralogical analysis of the313

sediment314

The sediment for the determination of total Fe (FeTOT)315

and its fractionation was freeze-dried and homogenized to316

a fine powder in a ball mill with a porcelain vessel directly317

before analysis. FeTOT was determined after microwave di-318

gestion (approximately 0.25-0.30 g)with amixture of trace319

metal grade concentrated HNO3, HF, and HCl (v/v/v 1:2:1).320

The digested samples were diluted with 0.1 M HNO3 (v/v321

1:100) and FeTOT was measured by flame atomic absorp-322

tion spectrophotometry (FAAS) using a Perkin Elmer AAn-323

alyst 300. The analysis was carried out in triplicates. The324

precision of the determinationwas≤5%. At the same time,325

FeTOT analysis in a certified referencematerial (BCR-320R)326

from the Institute for Reference Materials and Measure-327

ments was performed according to the same procedure.328

The recovery of FeTOT analysis from the certified material329

was 98%.330

For Fe fractionation, the sequential extraction scheme331

by Poulton and Canfield (2005) was applied. An aliquot332

of approximately 0.1 g of sediment was placed in a plastic333

tube and a sequential four-stage extractionwas performed:334

1 M Na-acetate (pH=4.5) for Fe carbonates (FeCARB); 1335

M hydroxylamine-HCl (pH<2) for labile Fe oxyhydrox-336

ides, i.e. ferrihydrite and lepidocrocite (FeOX1); 0.3 M Na-337

dithionite (pH = 4.8) for crystalline Fe (oxyhydr)oxides338

such as goethite, hematite, and akaganéite (FeOX2); and339

0.2M ammonium oxalate (pH= 3.2) for magnetite (FeMAG).340

The extracts were diluted (v/v 1:10) with 0.1 M HNO3341

and analyzed by FAAS. The difference between total iron 342

(FeTOT) and the four extracted forms of Fe is the sum of 343

iron bound to poorly reactive sheet silicates and iron in 344

sulfides (FeS + PRS). 345

The mineral composition of the sediments was evalu- 346

ated using powder X-ray diffractometry (XRD), scanning 347

electron microscopy (SEM-EDS), and Mössbauer spectro- 348

scopy (MS). XRD patterns were collected using a Rigaku 349

SmartLab instrument equipped with a graphite monochro- 350

mator and rotation Cu anode, 45 kV and 200mA generator 351

settings, a 2–75° 2Θ recording range, a 0.05° step size, and 352

a counting time of 1 second per step. Before analysis, the 353

samples were gently ground using agate mortar covered 354

with96%ethanol. The samples, in the formof apaste, were 355

then placed on a quartz plate and covered with plastic foil 356

to prevent oxidation. The XRD patterns were evaluated 357

using the diffraction pattern database of the International 358

Centre for Diffraction Data. SEM analyses were conducted 359

in low-vacuummode using a FEI 200 Quanta FEG micro- 360

scope equipped with an EDS/EDAX spectrometer. Accel- 361

eration voltage and pressure were 15–20 kV and 60 Pa, 362

respectively. The samples were not coated with a conduc- 363

tive layer. 57Fe Mössbauer spectroscopy measurements 364

were performed in transmission geometry applying the 365

RENONMsAa-4 (Błachowski et al., 2008) spectrometer op- 366

erated in the round-corner triangular mode and equipped 367

with the LND Kr-filled proportional detector. The He-Ne 368

laser-based interferometer was used to calibrate a velocity 369

scale. A single-line commercial 57Co(Rh) source was kept 370

at room temperature. An integral transmission approx- 371

imation was applied to fit Mössbauer spectra using the 372

MOSGRAF data processing software suite. Spectral isomer 373

shifts (IS) are reported relative to the isomer (center) shift 374

of room-temperature 𝛼-Fe. The absorbers for Mössbauer 375

measurements were prepared using 45 mg/cm2 of the in- 376

vestigated materials. The measurements were performed 377

at room temperature and at 80 K to determine the possi- 378

ble presence of superparamagnetic nanoparticles of iron 379

(oxyhydr)oxides. The SVT-400 cryostat by Janis Research 380

Inc. was used to maintain the absorber temperature. 381

The thermodynamic equilibrium state of the studied 382

waters and the mineral-water interaction was modeled 383

using the PHREEQCI program (version 3.6) accompanied 384

by the validated thermodynamic database (Parkhust and 385

Appelo, 2013). Speciation of the solutions and saturation 386

indices of selected minerals were compared for the water 387

overlying the bottom and for pore waters both in the pock- 388

mark (when the freshwater seepage was not observed and 389

during the seepage) as well as at the reference station. 390

3. Results 391

3.1 Geochemistry of pore water 392

Pore water chemistry is presented in Figures 2 and 3. Anal- 393

ysis revealed freshwater input at MET1-FRESH, where the 394

salinity above the sediment was around 2, indicating a low- 395
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Figure 2. Concentrations of chloride (Cl−) (a), sulfate (SO2−4 ) (b), hydrogen sulfide (∑H2S) (c), methane (CH4) (d),

dissolved inorganic carbon (DIC) (e), dissolved organic carbon (DOC)(f), dissolved iron (Fe2+) (g), and manganese

(Mn2+) (h) in bottom and pore water at three research stations. SWI stands for sediment-water interface. Sediments for

mineralogical analyses were collected at the depth denoted by gray bars.
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Figure 3. Concentrations of major cations (Na+ – sodium, K+ – potassium, Ca2+ – calcium, Mg2+ – magnesium) (a–d),

fluoride (F−) (e), ammonia (∑NH4+) (f), phosphate (∑PO3−4 ) (g) and silicate (dSi) (h) in bottom and pore water at three

research stations. SWI stands for sediment-water interface. Sediments for mineralogical analyses were collected at the

depth denoted by grey bars.
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salinity environment. As a result of freshwater seepage,396

Cl− concentrations at MET1-FRESH were reduced below397

19 mmol/dm3 (Figure 2a) and were one order of magni-398

tude lower compared to the values associated with typical399

salinity in the water column in the area (e.g., 150–200400

mmol/dm3; Łukawska-Matuszewska, 2016). On the con-401

trary, the Cl− content of the pore water at MET1-SAL was402

several times higher than that at MET1-FRESH, and com-403

parable to the MET1-REF reference station (Figure 2a).404

While Cl− concentrations near the sediment surface were405

similar to those in bottomwater, a minor decline deeper in406

the profile suggested some fresh groundwater influence,407

although these values remained significantly higher than408

at MET1-FRESH. The salinity at MET1-SAL was about 9.6,409

comparable to the reference site (approximately 10.0), in-410

dicating that any potential freshwater intrusion was much411

less significant than during the MET1-FRESH scenario.412

The concentrations of major cations (Na+, K+, Mg2+)413

measured at MET1-FRESH were also significantly lower414

compared to the values recorded in the other two samples415

(Figure 3a,b,d). The opposite occurred for F− (Figure 3e),416

the concentrations of which during freshwater seepage417

were several times higher (average 82.7 µmol/dm3) com-418

pared to those at the reference station (average419

19.4 µmol/dm3).420

Freshwater seeping fromdeeper layers also contributed421

to low pore water sulfate concentrations at MET1-FRESH,422

which did not exceed 0.49 mmol/dm3 (Figure 2b). In com-423

parison, themaximum concentration of SO2−4 atMET1-REF424

andMET1-SALwas 3.53mmol/dm3 and 10.43mmol/dm3,425

respectively. As a result of lower sulfate availability and lim-426

ited microbial sulfate reduction, hydrogen sulfide concen-427

trations inMET1-FRESHporewaters (maximum∑H2S= 66428

µmol/dm3) were up to two orders of magnitude lower429

than inMET1-SAL orMET1-REF (663 µmol/dm3 and 1850430

µmol/dm3, respectively) (Figure 2c).431

TheMET1-FRESHpockmark sediments containedmore432

methane (Figure 2d). The concentration of methane reach-433

ed 13.9 mmol/dm3 at MET1-FRESH, while at MET1-SAL434

and MET1-REF, it did not exceed 5.1 and 3.1 mmol/dm3,435

respectively. For MET1-FRESH, the concentration of CH4436

increased abruptly in the surface sediment layer, where437

it was nearly four times higher than in the layers below.438

At MET1-REF station, there was a gradual increase in CH4439

concentration, reaching a maximum value at 75 cm below440

the sediment surface.441

During freshwater seepage, the concentration of DIC442

and DOC was at a near-constant level throughout the sedi-443

ment profile (Figure 2e,f). In the other twoprofiles, the con-444

centration of both forms increased with sediment depth.445

The concentration of DIC in the upper 10 cm of the pock-446

mark sediment was significantly higher than at the refer-447

ence station, regardless of freshwater outflow (Figure 2e).448

Concentrationsof Fe andMnatMET1-FRESHandMET1-449

SALwere higher than at the reference station (Figure 2g,h).450

During the discharge, concentrations of these ions in- 451

creased significantly up to 68 µmol Fe/dm3 and 133 µmol 452

Mn/dm3, indicating more intensive participation of Fe(III) 453

and Mn(IV) in oxidation processes. 454

In general, the pockmark sediments revealed higher 455

concentrations of phosphate, ammonia, and silicate com- 456

pared to those at the reference station (Figure 3f,g,h). At 457

the reference station, the concentration of ∑PO3−4 did not 458

exceed327µmol/dm3, whereas in the pockmark it reached 459

803 µmol/dm3 (Figure 3g). Also, the concentration of NH+4 460

at the reference station (708–2570 µmol/dm3) was lower 461

than at the pockmark, where, except for the surface sedi- 462

ment layer at MET-SAL, it was higher than 3000 µmol/dm3
463

(Figure 3f). 464

3.2 Microbiology of the system 465

3.2.1 Microbial communities 466

The composition of the bacterial communities differed 467

depending on the location and the sediment depth (Fig- 468

ure4a). Themost important bacterial classes in all samples 469

were Gammaproteobacteria, Desulfobacteria, Cyanobac- 470

teriia, Clostridia, Bacteroidiia and Bacilli as well as Anaero- 471

lineae and Alphaproteobacteria. Virtually all classes were 472

present in all samples, but the relative ratios between 473

the classes were different (Figure 4a). For example, sam- 474

ples MET1-SAL (at all depths) and MET1-REF (at 10 cm) 475

were similar in terms of relative abundance of Bacilli, Bac- 476

teroidiia or Gammaproteobacteria. However, samples 477

MET1-REF at 50 cm and 1.0 m were different. The same 478

was true in the case of the archaeal community compo- 479

sition (Figure 4b). However, the differences were more 480

visible here. In particular, the 10 cm MET1-REF sample 481

appeared to be noticeably different from other samples, 482

e.g., due to the high relative abundance of class Nanoar- 483

chaeia, where members of ordo Woesearchaeales were 484

noted. The MET1-REF samples from 50 cm and 1.0 m 485

were characterized by the highest relative content of the 486

Nitrososphaeria class. Differences found in the composi- 487

tion of the microbial community should be reflected in the 488

grouping of the samples and indicate their distinctiveness 489

from each other. This, in turn, should indicate that the 490

studied sites are significantly different for some reason. 491

Indeed, Principal Coordinate Analysis (PCoA) showed that 492

all MET1-SAL samples are located close to each other in 493

the Euclidean space, while the two deep MET1-REF sam- 494

ples form a separate group. The surfaceMET1-REF sample 495

(10 cm) is also located separately (Figure 4c). The differ- 496

ences were consistent with those shown in the bar charts. 497

There is another way to check whether the samples tested 498

are different. If the samples come frommicrobiologically 499

similar niches, then their microbial compositions should 500

correlate to some extent. That is, the relative proportions 501

of different groups of microorganisms should be similar. 502

A correlation matrix between samples (Figure 4d) showed 503

that the MET1-REF samples from 50 cm and 1.0 m depth 504
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Figure 4. Metabarcoding 16S rDNA analysis. Bar plot of bacterial community composition (a) and archaeal community

compositions (b) at class level. Principal Coordinate Analysis of microbial community at class level for samples (c)

(based on the structure of bacterial and archaeal communities). Pairwise correlation matrix for samples (d). Functional

community profiles and metabolic functions based on the microbial taxa (bacterial and archaeal) identified in the

samples (e). Contribution of variables (functional groups) to dimension 1 and dimension 2 of Principal Component

Analysis showing the most important groups differentiating the samples (f). A reference dashed line is shown. Column

with a contribution above the reference line can be considered as important in contributing to the dimension (a function

included in the FactoMineR package).
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Figure 5. Concentration of iron in labile oxyhydroxides (FeOX1) (a), iron in crystalline oxyhydroxides (FeOX2) (b), iron

in magnetite (FeMAG) (c), iron in carbonates (FeCARB) (d), iron in sulfides and poorly reactive silicate sheets (FeS + PRS)

(e), and total iron (FeTOT) (f) in sediments of the pockmark MET1-SAL and reference station MET1-REF. Sediments for

mineralogical analyses were collected at the depth denoted by gray bars.

did not correlate with the other samples. In contrast, the505

MET1-REF 10 cm sample showed a weaker correlation506

with the MET1-SAL samples. All samples fromMET1-BH507

are significantly correlated with each other in terms of508

microbial community composition. These results indicate509

that the conditions are quite similar throughout the pock-510

mark profile. In contrast, the conditions and hence mi-511

crobial composition vary with depth in the reference site512

(MET1-REF).513

3.2.2 Functional community profiles514

Based on the identified bacterial and archaeal taxa, poten-515

tial functional profiles could be established (Figure 4e). It516

should be noted here that this approach was not based on517

analyses of the presence of enzyme genes of specific pro-518

cesses. Only the potential physiological characteristics of519

the groups of microorganisms found in the samples were520

analyzed. Therefore, the functional profiles obtained were521

only an approximation of the metabolic potential of the522

microbial communities present in the samples. The analy-523

sis showed that the MET1-REF samples from 50 cm and 524

1.0 m were functionally different from the other samples. 525

This was particularly evident for sulfur metabolism (sul- 526

fide oxidation, sulfur and sulfite respiration, and sulfate 527

respiration). Similar differences were found for nitrogen 528

metabolism (aerobic nitrite oxidation, nitrate respiration, 529

nitrogen respiration, and nitrate reduction) and iron. In 530

terms of methane metabolism, all the pockmark samples 531

showed potential for methanogenesis, while the surface 532

sample fromMET1-REF (10 cm) showed no such feature. 533

Only the deeper samples fromMET1-REF, where sulfate in- 534

flux is presumably reduced, showedahighermethanogenic 535

potential. On the other hand, the overall functional poten- 536

tial toward chemoheterotrophy was similar in all samples 537

regardless of the site. However, there were differences in 538

the metabolism of aliphatic and aromatic hydrocarbons. 539

PCA analysis allowed for the separation of those groups 540

that have the greatest contribution to the variability of the 541

samples (Figure 4f). It turns out that the groups respon- 542
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Figure 6. Mineral composition of the sediments determined by XRD. Q – quartz, Op – opal, M – 10 Å mica-type mineral(s),

Ch – chlorite, K – kaolinite, H – halite, P – pyrite, D – CMC carbonate, C – calcite, F – feldspar, Di – (060) peak of dioctahedral

phyllosilicates. Halite precipitated from pore water upon drying. The elevated background around 20° 2Θ indicates the

presence of amorphous substances.

sible for the metabolism of sulfur, and iron, and groups543

conducting hydrocarbon degradation processes can dif-544

ferentiate the samples the most. The activity of microor-545

ganisms conducting the above-mentioned processes can546

lead to local differentiation of the environmental chem-547

istry and, consequently, affect the precipitation of mineral548

phases.549

3.3 Mineralogy and geochemistry of sediments550

3.3.1 Iron fractionation551

The contents of FeTOT and Fe forms are shown in Figure 5.552

FeTOT ranged from25.5 to 48.4mg/g dw (dryweight), with553

similar average values atMET1-SAL andMET1-REF station554

(36.4 mg/g dw and 38.2 mg/g, respectively) and irregular555

variation with depth (Figure 5f). While the concentrations556

of FeTOT and FeS + PRS (Fe in sulfides and poorly reactive sil-557

icates) of both stations were similar, the stations differed 558

in other forms of Fe. This was particularly evident for Fe 559

bound in carbonates (FeCARB). The sediment in the pock- 560

mark was enriched in FeCARB compared to the reference 561

station (Figure 5d). The average FeCARB concentration in 562

the pockmark was 2.6 mg/g dw, while at the reference sta- 563

tion, it was 1.4 mg/g dw. At the pockmark, variations in 564

FeCARB with depth were irregular, while there was a grad- 565

ual decrease of this Fe form at the reference station. 566

MET1-SAL and MET1-REF were similar in terms of the 567

content of Fe (oxyhydr)oxides (FeOX1, FeOX2, and FeMAG 568

forms) in the sediment. At MET1-SAL, the average content 569

of FeOX1 was 3.8± 0.6 mg/g dw, FeOX2 was 1.5± 0.2 mg/g 570

dw, and FeMAG was 2.1±0.2 mg/g dw. The concentration 571

of the same Fe forms in the sediment at the MET1-REF sta- 572

tion was 3.6± 1.0 mg/g dw, 1.7± 0.3 mg/g dw, and FeMAG 573
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Figure 7. SEM images of the sediments. Various forms of pyrite accumulations in MET1-REF (a), disseminated pyrite

crystals in MET1-SAL (b), euhedral CMC and small framboidal pyrite in MET1-FRESH (c), euhedral CMC in MET1-REF

(d).

was 2.3±0.8 mg/g dw, respectively. The content of all574

these three forms of Fe was more uniform in the sediment575

profile of the pockmark (Figure 5a,b,c). At the MET1-REF576

station, the surface layer of sediment contained more Fe577

(oxyhydr)oxides compared to the deeper sediment layers,578

which was particularly evident in the upper 15 cm of the579

sediment.580

3.3.2 Mineralogical analyses581

All sediments were fine-grained and dominated by (alu-582

mino)silicates. They were chiefly phyllosilicates, repre-583

sented – according to the XRD patterns – by mica/illite,584

chlorite, and probably kaolinite. A (060) reflection posi-585

tioned at ca. 1.50 Å (Figure 6) suggests that the phyllosili-586

cates arepredominately dioctahedral (Moore andReynolds,587

1997). Silica polymorphs were also abundant, including588

detrital quartz andauthigenic opal-type silicawith variable589

degrees of structural order. Feldspars were frequently en- 590

countered and involved mainly potassium feldspars while 591

sodium-rich plagioclases were less common. All the sil- 592

icate components mentioned above were present in the 593

studied sediments in similar amounts and proportions. 594

The differences between the sediments were apparent 595

when the presence and amount of authigenic accessory 596

minerals, mainly sulfides and carbonates, were compared. 597

Ferric disulfide – pyrite was present in all the samples. 598

It was, however, more abundant in the reference station 599

(MET1-REF) where raspberry-like framboidal accumula- 600

tions with a diameter of up to some 20 𝜇mwere encoun- 601

tered (Figure 7a). Small isometric, usually cubic pyrite 602

crystals were also dispersed within the sediment here 603

(Figure 7b). On the contrary, in the pockmark sediments 604

(MET1-SAL and MET1-FRESH), pyrite was less abundant 605

and occurred more often in a dispersed form, whereas 606
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Table 1. 57Fe Mössbauer spectroscopy parameters. A – relative area of respective spectral component corresponding

(with some approximation) to relative contribution of Fe atoms into respective iron phase, IS – isomer (center) shift

relative to 𝛼-Fe at RT, QS – quadrupole splitting, Γ – spectral line-width (full width at half maximum FWHM). Errors are

of the order of unity for the last digit shown.

Sample Iron valence state A IS QS Γ

[%] [mm/s] [mm/s] [mm/s]

MET1-FRESH Fe2+ (pyrite) 63 0.32 0.61 0.46

5–10 cm Fe2+ (silicate-1) 22 1.13 2.61 0.35

RT Fe2+ (silicate-2) 9 1.18 1.97 0.50

Fe3+ 6 0.33 1.23 0.36

MET1-FRESH Fe2+ (pyrite) 59 0.44 0.59 0.43

5–10 cm Fe2+ (silicate-1) 16 1.26 2.95 0.28

80 K Fe2+ (silicate-2) 13 1.27 2.59 0.34

Fe3+ 12 0.44 1.15 0.38

MET1-SAL Fe2+ (pyrite) 62 0.43 0.59 0.42

10–15 cm Fe2+ (silicate-1) 17 1.26 2.95 0.29

80 K Fe2+ (silicate-2) 12 1.27 2.59 0.38

Fe3+ 9 0.44 1.17 0.39

MET1-REF Fe2+ (pyrite) 64 0.31 0.62 0.37

RT Fe2+ (silicate-1) 17 1.14 2.67 0.28

Fe2+ (silicate-2) 14 1.22 2.18 0.49

Fe3+ 5 0.34 1.24 0.33

MET1-REF Fe2+ (pyrite) 64 0.42 0.59 0.41

80 K Fe2+ (silicate-1) 14 1.24 2.92 0.29

Fe2+ (silicate-2) 17 1.24 2.64 0.36

Fe3+ 5 0.42 1.18 0.32

framboidswere encountered sporadically (Figure 7c). This607

was also reflected in the X-ray diffraction patterns, where608

the peaks attributable to pyrite were more intense in the609

case of MET1-REF (Figure 6).610

All the studied sediment samples contained accessory611

carbonates, mainly a Ca-Mg carbonate (CMC: high-Mg cal-612

cite and/or dolomite – CaMg(CO3)2). It was much more613

common in the sediment from thepockmark (MET1-FRESH614

andMET1-SAL)where euhedral crystals up to 15–20 𝜇m in615

size were relatively often observed (Figure 7c,d). This was616

consistent with the peak around 2.88 Å in XRD patterns,617

usually attributed to dolomite (Figure 6). There was much618

less CMC at MET1-REF as only sporadic euhedral crystals619

were found (Figure 7). The content of CMC in the sediment620

is so low that limitations of X-ray diffractionmake an unam-621

biguous interpretation impossible. The reflections from622

planes with Miller indices (101), (015), and (021), which623

are indicative of Ca-Mg ordering and the R 3 space group624

of dolomite (Gregg et al., 2015), are not apparent. On the625

other hand,micro-areaEDS analysis of euhedral crystals re-626

vealed approximately equal Ca and Mg molar proportions.627

The carbonate always contained a small Fe admixture and628

traces of Mn, but probably too small to affect the position629

of the (104) peak. Also, Mössbauer spectroscopy indicates630

the lack of significant Fe substitution in CMC. Although631

according to these observations the presence of authigenic632

dolomite cannot be excluded, a further confirmation of Ca-633

Mg ordering in the carbonate is required. The appearance634

of a peak of 3.03 Åin the XRD patterns of both samples635

from the pockmark (Figure 6) indicated the presence of636

trace amounts of calcite (CaCO3). This peak was absent in 637

the sediment from the reference station. 638

57Fe Mössbauer spectra are shown in Figure 8 and the 639

spectral parameters are summarized in Table 1. All the 640

spectra were similar (Figure 8). The main component of 641

the spectra was a doublet with quadrupole splitting QS 642

∼0.6 mm/s and isomer shift IS ∼0.3 mm/s (at RT) charac- 643

teristic of low-spin Fe2+ in pyrite (Dyar et al., 2006; Byrne 644

andKappler, 2019). The area of this subspectrum indicates 645

that about 60% or more of the iron atoms were located 646

in this sulfide. Although the contents of pyrite are simi- 647

lar, the area of the pyrite subspectrum is slightly higher in 648

MET1-REF compared to MET1-FRESH and MET1-BH (Ta- 649

ble 1), which is in good agreement with XRD analysis and 650

SEM imaging. Another spectral component with a contri- 651

bution of about 30% was two doublets with the hyperfine 652

parameters characteristic of high-spin Fe2+ probably in 653

(alumino)silicates like chlorite or illite (Dyar et al., 2006). 654

A minor spectral component with an area of about 5–12% 655

was a doublet typical for high-spin Fe3+. The small area 656

of this subspectrum made it difficult to reliably assign it 657

to a specific iron phase. The results of 57Fe Mössbauer 658

spectroscopy indicate that about 90% of Fe atoms in the 659

studied sediments were divalent which results from the 660

strong reducing and anoxic conditions prevailing in this 661

environment. The spectra did not contain sextets charac- 662

teristic of magnetic iron (oxyhydr)oxides. 663
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Figure 8. 57Fe Mössbauer spectra of samples measured at 80 K and at room temperature (insets labeled RT). The relative

area of respective spectral components is shown. Fe2+(Si) stands for divalent iron atoms in silicates.

3.3.3 Hydrochemical modeling using PHREEQC664

To determine the saturation state of the solutions with re-665

spect to minerals detected in the samples as well as those666

which were previously evidenced to control the chemi-667

cal composition of pore waters in the Baltic (e.g. Kulik et668

al., 2000), geochemical modeling was carried out using669

the PHREEQC software. These involve carbonates (calcite,670

dolomite, and rhodochrosite), sulfides (pyrite, mackinaw-671

ite, and greigite), and iron (oxyhydr)oxides (amorphous672

Fe(OH)3 and goethite). Analytical data were used as the673

input. Modeling was run for seawater (SW) sampled a few674

cm above the sediment and for pore waters (PW) occur- 675

ring within 11–15 cm in the upper part of the sediments 676

(Figure 9). The overlying seawaterwas in equilibriumwith 677

dolomite both at theMET1-REF andMET1-SAL. In contrast, 678

during freshwater seepage, the seawater was supersatu- 679

rated with respect to dolomite, and its precipitation was 680

thermodynamically allowed. Pore waters showed super- 681

saturation with respect to dolomite for all the samples 682

regardless of whether freshwater seepage was observed 683

or not. Similar were indicated for calcite but the solutions 684

appeared to be less supersaturated (Figure 9). On the con- 685
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Figure 9. Saturation indices calculated by hydrochemical modeling using PHREEQC. SW and PW denote overlying

seawater and pore water, respectively.

trary, rhodochrosite supersaturation was achieved only in686

MET1-FRESH. For all pore waters and overlying waters687

analyzed, the modeling indicated high supersaturation688

with respect to pyrite. On the other hand, supersatura-689

tion with respect to metastable sulfides was only reached690

in pore waters with the highest values in MET1-FRESH.691

Amorphous ferric hydroxide was undersaturated in all the692

waters. Goethite was also undersaturated except for over-693

lying water in the pockmark during freshwater seepage.694

4. Discussion695

The impact of periodic freshwater outflows on mineral-696

water interactions in the pockmark was studied by com-697

paring the samples taken during freshwater discharge, be- 698

tween the episodes, and samples from the reference site. In 699

the porewaters affected by freshwater, we observed a clear 700

fluoride anomaly (Figure 3e) resulting from the leaching 701

of fluoride minerals found within the limestone-marble 702

and sandy Cretaceous facies underlying the seafloor (Koz- 703

erski et al., 1987). This phenomenon has been previously 704

reported and indirectly indicates that the freshwater that 705

feeds the pockmarks is derived from these groundwaters 706

(Idczak et al., 2020; Kurowski et al., 2024). 707

Freshwater discharge primarily causes the dilution of 708

pore water and seawater near the bottom, as evidenced 709

by the reduction in chloride concentrations (Figure 2a). 710
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Changes in the chemical conditions of the environment711

affect in turn the taxonomic composition (Figure 4a) and712

functional profiles (Figure 4b) of microbial communities.713

Depending on the chemical conditions, the activity of in-714

dividual groups of microorganisms can shape the course715

of biogeochemical processes and authigenesis in the sedi-716

ment. Bacterial metabolic products released into the pore717

water cause the porewater to become supersaturatedwith718

respect to certain mineral phases. These are manifested719

by the increased presence of authigenic carbonates and720

the reduced presence of authigenic Fe sulfides.721

4.1 Microbiology722

Typically, pockmarks appear to have a different micro-723

bial composition than their surroundings. This is true for724

both active pockmarks, where hydrocarbon seeps may be725

present (Idczak et al., 2020; Whiticar, 2002), and inac-726

tive pockmarks (Haverkamp et al., 2014). The freshwa-727

ter outflow episode could certainly modify the microbial728

composition, especially of those microorganisms whose729

metabolism strongly depends on the presence of seawater730

components. One could expect changes primarily in the731

Archaea group and sulfate-reducing bacteria. However,732

Desulfobacteria may have a greater share in the compo-733

sition of microbial communities in the surface layers of734

MET1-REF than in the case of MET1-SAL, even though735

MET1-SAL concerns the episode of saltwater intrusion736

rich in sulfate. Idczak et al. (2020) showed the results of737

microbiological studies of the MET1-BH during the fresh-738

water outflow episode in March 2019 (and therefore cor-739

responding exactly to MET1-FRESH). The relative ratios740

of individual groups of microorganisms are similar (de-741

spite the differences resulting from bioinformatic methods742

and databases). In both MET1-SAL and MET1-BH (the743

latter from Idczak et al., 2020), the relative contents of744

Gammaproteobacteria and the ratios are similar. In turn,745

Alphaproteobacteria are a minority among Proteobacte-746

ria, although the differences are slightly more pronounced747

here. The differences may relate to the increased abun-748

dance of microorganisms in the case of a freshwater out-749

flow episode. For example, Methanomicrobia very strongly750

dominated the archaeal microbial community, which can-751

not be said about MET1-SAL. On the other hand, the en-752

tire profile in MET1-SAL was dominated by Nanoarchaeia.753

Therefore, the outflow of freshwater in the pockmark cer-754

tainly affects microbial communities, although it does not755

cause a ‘reshuffling’ but can enhance the presence of cer-756

tain groups of microorganisms. From a microbiological757

point of view, it seems that the pockmark is a site that dif-758

fers from the surroundings in both the saltwater intrusion759

and the freshwater outflow episode. Freshwater discharge760

can affect the composition of the microbial community761

by flushing and transporting microorganisms within sed-762

iments. Dispersal by advection can cause random varia-763

tion in community structure, but ultimately the distribu-764

tion and dynamics of a population depend on selective 765

environmental pressures and interactions between organ- 766

isms (Justice et al., 2017; Zhai et al., 2022). It seems that 767

changes in porewater salinity modify the activities of the 768

microorganisms present there. Therefore, depending on 769

the conditions at a given time, certainmicroorganisms that 770

prefer these conditions become dominant in the microbial 771

community. 772

The influx of water usually significantly modifies the 773

chemical composition of the water and affects microbial 774

composition (Pizzetti et al., 2016; Neubauer et al., 2019). 775

In the case of freshwater intrusion into submarine sedi- 776

ments, depletion of available sulfate is usually observed 777

(Whiticar, 2002). Sulfate in sediments is reducedby sulfate- 778

reducing bacteria (SRB) and archaea (Jørgensen et al., 779

2001; Rozan et al., 2002). Depletion in sulfate results in 780

an increase in methanogenesis. Indeed, a microbial com- 781

munity with high methanogenic potential was recorded 782

throughout the sediment column at the pockmark. Such 783

potential was lower in the reference profile, which can be 784

explained by differences in sulfate availability and fresh- 785

water input. Similarly, differences can be observed in the 786

transformation of sulfur compounds resulting from differ- 787

ences in the composition of microorganisms. However, it 788

is not always possible to distinguish the sulfate reduction 789

zone from the effect of freshwater intrusion (Breuker et 790

al., 2013). 791

4.2 Geochemistry and mineralogy 792

Reduction–oxidation reactions mediated by microorgan- 793

isms have significant impact on the ambient sediment geo- 794

chemistry (e.g. Morse et al., 1992; Morse and Berner, 1995; 795

Jørgensen et al., 2019; Wang et al., 2020). This is directly 796

reflected in the mineral speciation of Fe and S in the sed- 797

iment, since these elements (and co-occurring Mn) are 798

strongly redox-sensitive. Reduced sulfate availability due 799

to the infiltration of fresh groundwater meant that bio- 800

logically induced sulfate reduction, and consequently hy- 801

drogen sulfide production, was less intense (Figure 2c), 802

limiting reductive Fe and Mn dissolution. However, Fe and 803

Mn (oxyhydr)oxides could still serve as oxidants in AOM 804

as well as organoclastic reduction (Froelich et al., 1979; 805

Jørgensen, 1982; Sundby et al., 1986; Rozan et al., 2002; 806

Jørgensen and Parkes, 2010; Raiswell and Canfield, 2012) 807

as evidenced by the porewater profiles of Fe2+ and Mn2+ 808

(Figure 2g.h). The concentrations of Fe2+ and Mn2+ in 809

the pockmark were higher than at the reference station, 810

where they did not exceed 1.1 µmol/dm3 for Fe2+ and 811

0.6 µmol/dm3 for Mn2+. Even without freshwater seep- 812

age, Fe2+ and Mn2+ concentrations in pore water at the 813

pockmark were higher (maximum concentrations were 48 814

µmol/dm3 and 23 µmol/dm3, respectively). Due to the lim- 815

ited availability of sulfate during freshwater outflow, the 816

use of Fe3+ and Mn4+ as oxidants increased even further. 817

As a result, the concentrations of soluble Fe2+ and Mn2+ 818
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went up and reached 68 µmol/dm3 and 133 µmol/dm3,819

respectively, during freshwater influx (Figure 2g,h).820

As a consequence of freshwater intrusion and pore821

water dilution in pockmarks, the AOM coupled to sulfate822

reduction (SO2−4 -AOM) may be constrained by low sulfate823

concentration,whichwaspreviously observedbyBrodecka-824

Goluch et al. (2022) for the nearby pockmark MET1-MP.825

In active pockmarks, a high demand for electron accep-826

tors causes oxidants other than sulfate to participate in827

AOM (Thang et al., 2013; Egger et al., 2015). In the ma-828

rine environments with depleted sulfate and where iron829

(oxyhydr)oxides are common in surface sediments (e.g. in830

most regions of the Gulf of Gdańsk) they may become addi-831

tional significant oxidants for the AOM (Sivan et al., 2011;832

Riedinger et al., 2014; Kurowski et al., 2024). Their involve-833

ment in this process may generate substantial changes to834

the iron cycle in marine sediments (Beal et al., 2009; Yang835

et al., 2021) and subsequently produce different minerals836

in sediments (Teichert et al., 2005; Akam et al., 2020).837

The response of the sediment to freshwater outflows is838

much more difficult to observe because, unlike the concen-839

trations of pore water constituents, the content of mineral840

phases cannot be quantified with comparable precision.841

In addition, differences between freshwater-impacted sed-842

iments and the reference station in the amount and for-843

mation of authigenic rather than detrital minerals, which844

are less common, should be sought. Indeed, the type and845

content of detrital (alumino)silicates were similar in sed-846

iments from all stations. On the other hand, differences847

in the amount of authigenic carbonates and sulfides be-848

came apparent. These differences were consistent with849

the differences in the chemical composition of sediments850

and pore waters described above. However, when analyz-851

ing the results of thermodynamic modeling, it should be852

kept in mind that the value of the obtained saturation in-853

dices for a given mineral phase could have been affected854

by the method of pore water extraction. Extraction of pore855

water by vacuum filtration may lead to degassing of CO2856

from the fluids. This, in turn, may cause a shift in pH, and857

consequently affect ionic equilibrium in the solution and858

ion speciation (Schrum et al., 2012). To consider the ef-859

fect of CO2 degassing on pH and ion speciation, additional860

PHREEQC simulations of the SI response to pH variation861

were carried out to evaluate the effect of pH change result-862

ing from partial or complete degassing of CO2 (Supplemen-863

tary Material, Figure S2). The results demonstrate that the864

observed relationships between the samples and the SI865

sign remain unchanged.866

In the case of detrital (alumino)silicates, the only man-867

ifestation of the sedimentary response to disequilibrium868

is the increase in dSi in pore solutions observed during869

freshwater discharge (Figure 3h). Mineralization of the870

large amount of organic matter deposited in the pockmark871

leads to an increase in CO2 concentration. This can in-872

tensify the weathering of some detrital aluminosilicates,873

including feldspars (Mackenzie and Lerman, 2006). Thus, 874

aluminosilicate weathering may be another factor, in ad- 875

dition to biogenic silica degradation, causing an increase 876

in dSi concentrations in pore waters. Consequently, the 877

concentration of dSi in the pockmark was higher than at 878

the reference station (Figure 3h) both during freshwater 879

outflow and later when the pockmark depression was re- 880

filledwith saltwater. A noticeably higher dSi concentration 881

was recorded during freshwater outflow (Figure 3h). This 882

may be related to a shift in the CH4 production pathway as 883

a result of freshwater conditions. Under such conditions, 884

acetate fermentation dominates (Whiticar et al., 1986), 885

producing CO2 in addition to CH4, which in turn can cause 886

weathering of aluminosilicates and promote high dSi con- 887

centration. 888

Mössbauer spectroscopy indicates that almost all the 889

ironpresent in the sediments is in the reduced formof Fe2+, 890

mainly in pyrite. Pyrite formation is confirmed by the pres- 891

ence of strongly reducing conditions in this environment. 892

The presence of pyrite framboids is often explained by for- 893

mation with microbial involvement (Maclean et al., 2008; 894

Wacey et al., 2015, Picard et al., 2016). There are alsomore 895

recent works indicating that framboids can be formed by 896

inorganic processes (Wilkin and Barnes, 1997; Frankel 897

and Bazylinski, 2003; Runge et al., 2024), especially via 898

metastable amorphous FeS, greigite, and mackinawite in- 899

termediates (Wang and Morse, 1996). In the pockmark, 900

pyrite is less abundant and more often forms dispersed 901

grains rather than framboids, despite virtually the same 902

pyrite saturation indices as at the reference station and dis- 903

tinctly higher supersaturation with respect to metastable 904

sulfides (greigite and mackinawite) than at the reference 905

station (Figure 9). This is the result of reduced availability 906

of H2S due to less intense sulfate reduction resulting from 907

freshwater intrusions. On the other hand, lower saturation 908

with respect to precursor metastable sulfides with simul- 909

taneous supersaturation with respect to pyrite (observed 910

at MET1-SAL and MET1-REF) might suggest hindering of 911

direct nucleation from porewater. Pyrite formation was 912

affected by microorganisms as demonstrated by Thiel et 913

al. (2019) who showed that microbially catalyzed redox 914

processes where hydrogen sulfide reacts with FeS lead to 915

formation of pyrite and hydrogen. On the one hand this 916

process is driven by sulfate-reducers producingH2S, on the 917

other hand, the process is controlled by hydrogenotrophic 918

methanogens which can utilize H2. Both sulfate reduc- 919

tion and hydrogenotrophic methanogenesis are typical for 920

marine and brackish environments. Therefore, coupling 921

these two microbial factors controlling the pyrite forma- 922

tion process may be particularly effective when freshwater 923

seepages do not occur. As a result, more framboids that 924

may indicate microbial mediation should be expected in 925

MET1-REF than in MET1-FRESH. 926

Variations in carbonate concentrations are inversely 927

correlated with changes in sulfate concentrations in pore 928
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waters. Increased precipitation of calcium andmagnesium929

carbonates is observed in the sediment affected by fresh-930

water input. Hydrochemical modeling (Figure 9) indicates931

that pore waters are slightly supersaturated relative to cal-932

cite and dolomite and seawater becomes supersaturated933

during freshwater outflow. Supersaturation with respect934

to rhodochrosite is also achieved only at MET1-FRESH.935

This may be related to an increase in the concentration of936

DIC in the upper part of the profile (Figure 2e), which is937

probably associated with intensive organic matter degra-938

dation processes and increased CO2 production resulting939

frommicrobially induced AOM, pronounced during fresh-940

water seepage (Figure 2d). These processes may cause941

supersaturation of pore waters with carbonate phases and942

increase the content of particulate inorganic carbon in CH4-943

bearing sediments compared to CH4-free sediments, which944

has been previously noted in the Gdańsk Basin (Brodecka-945

Goluch and Łukawska-Matuszewska, 2018). These obser-946

vations are consistent with the mineral composition of947

the sediments: the presence of authigenic carbonates was948

higher at MET1-FRESH than at the reference station.949

Significant is not only the increase in the amount of car-950

bonate minerals in the sediments affected by freshwater951

discharge but also the fact that carbonates precipitate in952

these sediments in the form of CMC. The authigenic nature953

is evidenced by SEM observations showing euhedral, auto-954

morphic, rather than detrital morphology. Jakobsen and955

Postma (1989) reported dolomite crystals in the center956

of rhodochrosite aggregates in the Baltic, suggesting that957

rhodochrosite had nucleated upon preexisting dolomite,958

the detrital nature of which was inferred based on its frac-959

tured appearance. This is, however, probably not our case960

since the CMC crystals found in the pockmark were per-961

fectly euhedral and did not reveal any fractures or any962

transport-related features (Figur 7c,d). If the observed963

CMC crystals were dolomite, this would have important964

geochemical implications. Dolomite, although a very com-965

mon mineral on Earth, is very difficult to research and still966

holds many secrets. Direct precipitation of dolomite from967

aqueous solutions is usually limited by kinetic barriers and968

is not observed even from supersaturated solutions (Land,969

1998). The limited ability of dolomite to crystallize under970

ambient conditions has been the subject of scientific de-971

bate formany years (see, for example, McKenzie, 1991; Bal-972

dermann et al., 2015; Gregg et al., 2015; Garcı́a-Ruiz, 2023).973

So far, experimental attempts to precipitate dolomite crys-974

tals from aqueous solutions have been considered unsuc-975

cessful, rather forming variations of magnesium calcite976

(see e.g., Gregg et al., 2015). It seems that dolomite precip-977

itation catalyzed by microbial activity is possible (Vascon-978

celos et al., 2005). There is also evidence that microbes979

(e.g., sulfate-reducing bacteria and methanogens) can pro-980

mote the precipitation of primary dolomite under seafloor981

conditions (Xu et al., 2019). Furthermore, it is observed982

that such primary dolomite produced by microorganisms983

is often enriched in Fe2+. These findings match our ob- 984

servations. Baker and Kastner (1981) also concluded that 985

the decrease of dissolved SO2−4 (by calcium sulfate precip- 986

itation and bacterial SO2−4 reduction or through mixing 987

of seawater with freshwater) stimulates dolomite forma- 988

tion, even though their conclusions were based on experi- 989

ments at 200°C. Dissolved sulfate is an efficient inhibitor of 990

dolomite precipitation because it forms a MgSO04 complex 991

even at low SO2−4 levels (Baker and Kastner, 1981; Kastner, 992

1984, Magalhães et al., 2012). There are also reports that 993

sulfate is not an effective inhibitor, at least during bacterial- 994

mediated precipitation (Sánchez-Román et al., 2009). In 995

sediments rich in organic matter, the demand for O2 for 996

OM decomposition exceeds its availability. Consequently, 997

other electron acceptors, including sulfate, are involved 998

in the process, further lowering sulfate concentration al- 999

ready reduced due to freshwater seepage (Figure 2b). Sul- 1000

fate is also consumed during AOM. Both processes, dis- 1001

similatory sulfate reduction and AOM with sulfate, cause a 1002

strong increase in the concentration of DIC in pore waters 1003

(Figure 2e). In turn, higher bicarbonate supersaturation 1004

and lower sulfate concentrations observedwithin the pock- 1005

mark have an impact on Mg ionic speciation and might 1006

increase the available magnesium for dolomite precipita- 1007

tion. Our geochemical modeling revealed a reduction in 1008

the share of MgSO04 speciation among all magnesium forms 1009

during freshwater outflows (data not presented). It seems 1010

that other specific physicochemical and sedimentological 1011

features of the pockmark environment also favor the possi- 1012

bility of dolomite formation. These include: (i) sediments 1013

rich in OM, (ii) methanogenesis and subsequent AOMwith 1014

iron and sulfate as important DIC sources, (iii) higher Ca2+ 1015

concentrations (Figure 3c), and (iv) the exchange of NH+
4 1016

(produced during anaerobic OM oxidation) for Mg2+ from 1017

clay minerals (Baker and Kastner, 1981). Kelts and McKen- 1018

zie (1982) reported dolomite formation in deep-sea sed- 1019

iments with similar features, i.e. low sulfate concentra- 1020

tion, rich in DIC and NH+
4 , commonly in conjunction with 1021

zones of methanogenesis. They concluded that Ca2+ and 1022

Mg2+ are derived from interstitialwaters, and a rise inNH+4 1023

adds magnesium to pore water by exchange with smectite 1024

mixed-layer clay. Moreover, the recent work of Kim et al. 1025

(2023) demonstrates that cycling between undersatura- 1026

tion and supersaturation (which in our case is induced by 1027

fluctuating freshwater seepage) favors dolomite growth, 1028

accelerating it by a few orders of magnitude. Therefore, 1029

many features of the pockmark environment appear to 1030

favor dolomite precipitation. 1031

5. Conclusions 1032

The differences between pockmark depressions and their 1033

surroundings arise mostly from gas and freshwater out- 1034

flows. Freshwater modifies chemical composition of pore 1035

water in the sediment and affects both the degree of super- 1036

saturation of solutions relative to sediment minerals and 1037
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Figure 10. Possible microbial processes controlled by two main factors in the system studied. Usually, sulfidogenesis

predominates in the shallow sea sediment. Methanogenesis may occur in deeper sediments and the generated methane

may undergo AOM closer to the surface. Freshwater intrusion strongly disturbs this process, enabling methanogenesis

even within the entire sediment column. Then, methanotrophic processes may also be intensified.

the composition and functioning of the microbial system.1038

In such cases, both microbial processes and the associ-1039

ated formation of mineral phases in the sediment can be1040

controlled by two main factors: (1) downward sulfate in-1041

flux from seawater overlying the sediment and (2) upward1042

freshwater intrusion. With the other parameters held con-1043

stant, these two factors play a key role in the system.1044

A conceptual model of the processes is proposed in1045

Figure 10. In pockmark sediments undisturbed by fresh-1046

water, the co-occurrence of sulfate reduction and anaero-1047

bic oxidation of methane (AOM) generates carbonate and1048

sulfide ions, causing the precipitation of sulfide and car-1049

bonate minerals. Freshwater seepages can cause sulfate1050

depletion of pore waters, affecting both sulfate reduction1051

(by lowering the concentrations of available sulfate) and1052

methanogenesis (because the activity of sulfate-reducing1053

bacteria has an inhibitory effect on methanogenic activ-1054

ity). Therefore, an increased methanogenesis can occur1055

in sediments disturbed by freshwater intrusions. This is1056

followed by AOMwhich increases the supply of carbonate 1057

contributing to the crystallization of carbonate minerals. 1058

As intrusion of freshwater reduces the availability of sul- 1059

fate, which is usually the most important oxidant used 1060

by methane-oxidizing microorganisms, the importance of 1061

Fe (oxyhydr)oxides as an alternative oxidant in AOM in- 1062

creases. Excess of Fe2+ in pore waters can precipitate in 1063

the form of authigenic carbonates, facilitated by low con- 1064

centrations of hydrogen sulfide, the production of which is 1065

limited under a low supply of sulfate. In addition, insuffi- 1066

cient availability of hydrogen sulfide inhibits the formation 1067

of authigenic sulfides. Therefore, the mineral composi- 1068

tion of sediments in pockmarks with freshwater intrusion 1069

may differ from sediments with no freshwater intrusion in 1070

terms of increased carbonate and decreased sulfide min- 1071

erals presence. This model has been derived based on the 1072

analysis of a single layer of the sediment. The model will 1073

be further verified through comprehensive studies in the 1074

entire sediment profile of the pockmarks. 1075
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An unusual peculiarity of the studied environment is1076

the possibility of precipitation of carbonateminerals in the1077

form of euhedral crystals of authigenic dolomite. This is1078

a rare phenomenon so further studies are needed for unam-1079

biguous identification of these Ca-Mg carbonates. A com-1080

parison of SEM imageswith literature data shows that such1081

well-developed, relatively large microcrystals of dolomite1082

as those found in the sediments of the studied pockmarks1083

are exceptional. They may be comparable to dolomites1084

found in cores from theDeep-SeaDrillingProject. Although1085

that study showed that euhedral dolomite is quite common1086

in deep-sea sediments (up to 1%), it was thought to be a1087

product of chemical precipitation during early sediment1088

diagenesis rather than primary formation during sediment1089

deposition on the sea floor (Lumsden, 1988). Therefore,1090

the authigenic CMC found in pockmarks should be con-1091

sidered unique and will be the subject of further studies1092

using micro-Raman spectroscopy and electron diffraction1093

by transmission electron microscopy.1094
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Magalhães, V.H., Pinheiro, L.M., Ivanov, M.K., Kozlova, E., Bli-1405

nova, V., Kolganova, J., Vasconcelos, C., McKenzie, J.A.,1406

Bernasconi, S.M., Kopf, A.J., Dı́az-del-Rı́o, V., González,1407
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