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Abstract The present study aims to understand the impact of submarine groundwater dis- 
charge (SGD) on a coastal area with different lithology and degrees of SGD. Sampling cam- 
paigns took place in Puck Bay and the Gulf of Gdańsk, southern Baltic Sea encompassing years 
between 2009 and 2021. The methodological approach combined geophysical characterization 
of the surface sediments with detailed spatial and temporal (isotope) biogeochemical inves- 
tigations of pore and surface waters, and was supported by nearshore groundwater and river 
surveys. Acoustic investigations identified areas of disturbance that may indicate zones of pref- 
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erential SGD release. The composition of porewater and the differences in the bay’s surface 
waters disclosed SGD as common phenomenon in the study area. Regional SGD was estimated 
through a radium mass balance. Local estimation of SGD, based on porewater profiles, revealed 
highest SGD fluxes at the sandy shoreline, but relatively low elemental fluxes. Though SGD was 
low at the muddy sites corresponding elemental fluxes of nutrients and dissolved carbon ex- 
ceeded those determined at the sandy sites due to intense diagenesis in the top sediments. 
SGD appears to be sourced from different freshwater endmembers; however, diagenesis in sur- 
face sediments substantially modified the composition of the mixed solutions that are finally 
discharged to coastal waters. Overall, this study provides a better understanding of the SGD dy- 
namics in the region by a multi-approach and emphasizes the need to understand the processes 
occurring at the sediment-water interface when estimating SGD. 
© 2024 Institute of Oceanology of the Polish Academy of Sciences. Production and 
hosting by Elsevier B.V. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 
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. Introduction 

oastal regions are ecosystems subject to intense and 
ynamic water and elemental fluxes. In addition to sur- 
ace water discharge, the role of submarine groundwater 
ischarge (SGD) acting as a potential source and carrier 
f dissolved substances in the coastal ocean has attracted 
ncreasing interest from the scientific community over the 
ast decades ( Böttcher et al., 2024 ; Mayfield et al., 2021 ; 
oore, 1996 , 2010 ; Santos et al., 2021 ; Taniguchi et al., 
002 ; Zektzer et al., 1973 ). The term SGD covers a wide 
ange of processes, compositions and origins, including not 
nly the direct discharge of fresh groundwater but also a 
ixture with recirculated saline porewater through perme- 
ble surface sediments ( Burnett et al., 2003 ; Church, 1996 ; 
aniguchi et al., 2002 ), the quantitative contribution to the 
ater flux across the land-sea interface belonging to the 
till open questions in hydrology ( Blöschl et al., 2019 ). 
The mixing between fresh groundwater and saline water 

romotes physicochemical and biogeochemical processes, 
hich depend on the lithological and sedimentological 
oundary conditions. In addition, the composition of the 
olution may be further superimposed by diagenetic pro- 
esses, thereby modifying associated benthic-pelagic ele- 
ent fluxes. 
While surface estuaries provide essentially oxygenated 

aters to the ocean, SGD may also add anoxic waters to the 
oastal environment ( Church, 1996 ; Moosdorf et al., 2021 ; 
aytan et al., 2006 ; Santos et al., 2021 ; Slomp and Van Cap-
elen, 2004 ). 
Most studies on water and elemental fluxes associated 

ith SGD are derived from the characterization of endmem- 
ers (e.g., groundwater, rivers, and surface seawater), with 
ess attention paid to the processes in the mixing zone. How- 
ver, processes within the subterranean estuary, and partic- 
larly in the sediments overlying the aquifers can be im- 
acted by biotic and abiotic transformations, resulting in 
ources and/or sinks of reactive elements ( Böttcher et al., 
024 ; Charette et al., 2005 ; Froelich et al., 1979 ; 
oyetche et al., 2022 ; Huettel et al., 1998 ; Moore, 1999 ; 
oosdorf et al., 2021 ; Szymczycha et al., 2023 ) modifying 
he composition of the SGD. Ion sorption, mineral dissolu- 
ion, precipitation, and remineralization of organic matter 
re among the processes occurring in the aquifers and along 
112 
he flow path of SGD ( Moore, 1999 ; Moosdorf et al., 2021 ).
n addition, substrate availability, aquifer rock composition, 
nd groundwater residence time are also of great impor- 
ance. Therefore, the controls on non-conservative behav- 
or must be understood and taken into account when esti- 
ating SGD element fluxes to coastal waters ( Beck et al., 
007b ; Cerdà-Domènech et al., 2017 ; Donis et al., 2017 ; 
on Ahn et al., 2021 ). 
The fresh and saline components of SGD are usually 

ell mixed, making the quantification and its impact on 
oastal waters complex (e.g. Sadat-Noori et al., 2016 ). De- 
ection and estimation of SGD have been carried out through 
arious approaches ( Böttcher et al., 2024 ; Burnett et al., 
006 ; Taniguchi et al., 2019 ). For example, geophysical 
echniques identified fluid/gas fluxes across surface sedi- 
ents (e.g., Hoffmann et al., 2020 ; Idczak et al., 2020 ); 
irect measurements based on piezometers and seepage 
eters assessed porewater gradients, and quantified SGD 

nd the associated chemical fluxes (e.g., Donis et al., 2017 ; 
berdorfer et al., 2008 ; Tamborski et al., 2018 ). 
Among the geochemical tracers, radium, methane, and 

table isotopes have been applied in the majority of SGD 

tudies, and the results are promising for detecting, eval- 
ating, and quantifying SGD. For example, water isotopes 
llowed quantification of mixing processes, as groundwa- 
er is depleted in heavier isotopes compared to seawater 
 Gat, 1996 ; Povinec et al., 2008 ). The concentrations and 
table carbon isotope composition of DIC, DOC, and CH4 are 
owerful tracers to access the biogeochemical processes 
ithin the subterranean estuary ( Böttcher et al., 2014 ; 
onis et al., 2017 ; Sadat-Nouri et al., 2016 ; Winde et al.,
014 ). Radium is generally more abundant in groundwa- 
er than surface water and, therefore, can provide quan- 
itative and qualitative information on the regional oc- 
urrence of SGD ( Beck et al., 2007a ; Moore, 1996 , 2006 ;
oore et al., 2011 ; Rodellas et al., 2017 ; Taniguchi et al.,
019 ; Top et al., 2001 ; von Ahn et al., 2021 ). 
Studies on SGD have been carried out in the Baltic Sea 

e.g., Krall et al., 2017 ; Peltonen 2002 ; Purkamo et al., 
022 ; Purkl and Eisenhauer, 2004 ; Schlüter et al., 2004 ; 
irtasalo et al., 2019 ; Viventsowa and Voronow, 2003 ; 
on Ahn et al., 2021 ), particularly in the Gulf of Gdańsk and
he Puck Bay, already since the 90s (e.g., Falkowska and 
iekarek-Jankowska, 1999 ; Piekarek-Jankowska, 1996 ). Dif- 
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erent sites of SGD occurrence have been identified through- 
ut the Gulf of Gdańsk and Puck Bay. They act as hot spots 
or SGD to the surface waters impacting to different de- 
rees the coastal water balance and the biogeochemical cy- 
les within the coastal waters. For example, based on seep- 
ge meters, measurement fluxes of SGD and their associ- 
ted chemical fluxes were estimated for different areas in 
uck Bay ( Donis et al., 2017 ; Szymczycha et al., 2012 , 2016 ,
023 ). Furthermore, the impact of SGD on the meiofau- 
al community was investigated by Kotwicki et al. (2014) . 
onis et al. (2017) evaluated the impact of SGD on the sandy 
ediments of Hel Bight, Puck Bay. The impact of pharma- 
euticals and caffeine via SGD on the Puck Bay surface wa- 
ers was also evaluated ( Szymczycha et al., 2020 ). A pock- 
ark associated with SGD in the Gulf of Gdańsk was assessed 
y Idczak et al. (2020) . Moreover, a lowered bottom water 
alinity was observed almost across Puck Bay, indicating an 
xtended impact by SGD ( Matciak et al., 2015 ). 
Due to the high number of identified SGD sites along the 

olish coast, this area represents a key SGD site in the Baltic 
ea. Taking this opportunity, our study in the Gulf of Gdańsk 
nd the Puck Bay evaluated the dynamics of SGD in dif- 
erent lithologies and the importance of the subterranean 
stuary on the element fluxes associated with SGD. There- 
ore, the objectives of the present study are 1) to evalu- 
te the impact of SGD on the chemical gradients in surface 
ediments taking into account the lithology, 2) to estimate 
he (isotopic) hydrochemical composition of the fresh wa- 
er component of SGD entering the Puck Bay compared to 
he possible endmembers (e.g. groundwater and river wa- 
ers) around Puck Bay, and 3) to estimate the contribution 
f SGD to the Puck Bay based on local porewater gradients, 
eepage meters, and for the first time, regionally, using a 
a isotope balance. 
The potential physical pathways and indicators of SGD 

n the central Puck Bay were characterized using acoustic 
ethods. The investigation was further supplemented by a 
edimentological and geochemical characterization of sedi- 
ents under different degrees of SGD impact. Water column 
nd porewater samples were analyzed for major and trace 
lements, nutrients, sulfide, total alkalinity, dissolved inor- 
anic carbon (DIC), δ13 CDIC , methane (CH4 ), δ13 CCH4 , δ2 HCH4 , 
2 HH2O , δ18 OH2O, radium isotopes (223 Ra and 224 Raex ), tritium 

3 H) and helium (He) isotopes. This multi-method approach 
ighlights the role of SGD in the local and regional water 
nd elemental budgets of the coastal waters of the Baltic 
ea. Finally, it provides a basis for future assessments of 
he hydrological and ecosystem consequences of coastal ar- 
as affected by climate change. 

. Methods 

.1. Study area 

he Gulf of Gdańsk is located in the southern Baltic Sea 
 Figure 1 ). The maximum water depth is about 118 m, and 
he surface and bottom layer salinity are about 8 and 12, 
espectively. As the tidal influence is minimal in the south- 
rn Baltic Sea, small hydrodynamic of the bay is mainly 
ue to wind and the river plume front of the Vistula River 
 Dippner et al., 2019 ). The shallower sediments of the cen- 
113 
ral gulf are covered by clays that, in some places, contain 
ne-grained sand and silt, whereas the deepest part is dom- 
nated by clayey silt ( Idczak et al., 2020 ; Majewski, 1990 ,
igure 1 ). 
In the eastern part of the Gulf of Gdańsk, the Hel Penin- 

ula forms a semi-enclosed basin called Puck Bay. The bay 
as a total area of 359.2 km2 and is divided into two parts: 
he outer bay, with an average depth of 20.5 m, and the in-
er bay, a markedly shallower part, called the Puck Lagoon, 
ith an average depth of 3.1 m ( Matciak et al., 2011 ), cov-
ring an area of 104 km2 ( Kramarska et al., 1995 ). 
The outer Puck Bay comprises diverse sediments with 

oarse-grained sands dominating to a depth of about 
0 m. Fine sands, silts, silt-clay, and sand-silt-clay are 
he composition in the deepest parts, and in addi- 
ion, some sandy beaches, gravel beds, stony outcrops, 
lay cliffs, and vegetated river mouths are found (see 
łostowska et al. (2019) and references therein, Figure 1 ). 
ediments in the inner part of Puck Bay have a relatively 
onstant grain distribution dominated by fine and medium 

ands ( Figure 1 ). 
Puck Bay is the main drainage area of Cretaceous, Ter- 

iary, and Quaternary aquifers. It affects the direction of 
he groundwater flow, thereby modeling the groundwater 
egime of the piezometric groundwater surface. Ground- 
ater flows into the bay occur mainly via seepage through 
he seabed. The Hel Peninsula also receives groundwater 
rom Holocene aquifers, but these flow directly into the 
altic Sea (see Piekarek-Jankowska (1996) and references 
herein). 
Different areas along the Puck Bay coastline show im- 

act by SGD (e.g., Donis et al., 2017 ; Kotwicki et al., 2014 ;
łostowska et al., 2019 ; Szymczycha et al., 2012 , 2020 , 
023 ), and the present study is both, an initiation and con- 
inuation of these studies by applying new approaches. The 
nvestigated SGD sites are Hel, Chałupy, Swarzewo, and Os- 
onino ( Figure 1 ). 

.2. Material and methods 

.2.1. Sampling and sample preparation 

he sampling campaigns were carried out in 2009—2011, 
019, and 2021. Fresh groundwater from wells and piezome- 
ers, river water, porewater, sediments, and surface water 
rom the Puck Bay, the Gulf of Gdańsk, and the coastal Baltic 
ea were sampled ( Figure 1 ). Additional information on the 
ampling sites is given in Supplementary Table 1. 
The outer Puck Bay water column was sampled at 16 

ites in June 2009 onboard r/v Professor Albrecht Penck 
07PE0919) using a conventional CTD and a pump CTD sys- 
em ( Strady et al., 2008 ) both equipped with a free-flow
ottle rosette. In October 2019 surface waters were sam- 
led onboard the r/v Oceania at 40 sites (0.5 m), including 
he central Gulf of Gdańsk and the coastal Baltic Sea, using 
 pump attached to the vessel. In addition, bottom water 
as sampled at four sites using Niskin bottles. 
Surface water sampling in the inner Puck Bay was done 

n October 2019 using a rubber boat and in June 2021 us- 
ng a sailing boat. Water samples were taken via PE syringes 
nd filtered with 0.45 μm cellulose acetate disposable fil- 
ers (Carl Roth, Karlsruhe, Germany). For Ra isotopes, 100—
50 liters of surface water were pumped through a 1 μm 
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Figure 1 (A) Map showing the location of the study area (red dot) and some of the SGD investigated sites along the Baltic 
Sea (green dots — Jurasinski et al., 2018 ; Krall et al., 2017 ; Purkamo et al., 2022 ; Racasa et al., 2021 ; Schlüter et al., 2004 ; 
Virtasalo et al., 2019 ; Viventsova and Voronov, 2003 ; von Ahn et al., 2021 ). (B) Map of the study area in the Gulf of Gdańsk/Puck 
Bay showing the different sampling sites (surface waters, porewater, groundwaters, and rivers). Source of the shapefiles: European 
Environmental Agency ( EEA, 2024 ) and HELCOM ( HELCOM, 2024 ) database , Atlas of Polish marine area bottom habitats (2009) , 
Environmental valorization of marine habitats (2009) Institute of Oceanology PAS. (The sediment distribution map (modified) was 
added as a background for a rough overview of the sediment composition of the study area. The map is not georeferenced to the 
sampled sites.) 
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lter into barrels. By using a submersible pump, the filtered 
ater from the barrels was pumped through manganese- 
oated acrylic fibers (Mn-fiber) at a flow rate of around 1 
 min−1 to quantitatively extract the Ra isotopes. The fibers 
ere washed to remove salt and partially dried for measure- 
ents ( Garcia-Solsona et al., 2008 ). 
During the cruise in June 2009, sediment cores were 

etrieved from five sites by a multi-corer device (sites: 
71370, 371290, 371330, 37160, 371270), and in October 
019, four sediment cores were retrieved using a GEMAX 
orer (sites M2, 12M, 15M, 13M) in the outer Puck Bay 
 Figure 1 ). In addition, one sediment core was taken in the 
114 
entral Gulf of Gdańsk in 2019 (Site M1). These sites are 
eferred to as offshore sites in this study. 
Sediment cores were sliced and frozen for further geo- 

hemical analysis. Porewater was extracted from a parallel 
ore via 0.1—0.2 μm rhizons (Rhizosphere Research — Wa- 
eningen, The Netherlands; Seeberg-Elverfeldt et al., 2005 ) 
nd stored in cold or frozen for geochemical analyses. Salin- 
ty and pH were measured in situ using a refractometer and 
andheld pH meter. 
Sampling campaigns along the coastline at Hel took place 

n September and November 2009, March, May, and Octo- 
er 2010, and June 2021. Chałupy, Swarzewo, and Osłonino 
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ere only sampled in June 2021. These sites are referred to 
s shoreline sites in this study. 
Along the shoreline of Puck Bay, porewater was extracted 

uring the campaigns between 2009 and 2011 via pre- 
stablished porewater samplers ( Donis et al., 2017 ). During 
he 2019 and 2021 campaigns, porewater was extracted via 
ush point lances (MHE products) using PE syringes and fil- 
ered with 0.45 μm cellulose acetate disposable filters (Carl 
oth, Karlsruhe, Germany). For Ra isotopes, 5—10 liters of 
orewater were transferred into canisters without filtration 
y a peristaltic pump. From the canister, the sample was fil- 
ered through a Mn-fiber as described for the surface water 
amples from the Puck Bay cruises. Additionally, sediment 
ores were taken and sliced for further analysis. 
Seepage meters were used to measure seepage water 

uxes and collect samples for further chemical analysis 
rom sites at Hel, Chałupy, and Swarzewo during the cam- 
aign in 2021. The seepage meter consists of a PE cham- 
er with a surface area of 0.7 m2 connected to a PE bag 
t the end. The seepage flux rate was calculated from 

he change in water volume in the bag as a function of 
ime. 
Groundwater was sampled in April 2009 and June 2021 

rom 17 wells and two piezometers at depths varying be- 
ween 2 and 180 m. Six groundwater wells and two piezome- 
ers were located on the peninsula and 11 groundwater 
ells were located on the mainland. River water samples 
ere collected in April 2011 and June 2021 from the Reda 
0.6 km inland from the mouth) the Zagórska Struga (0.1 km 

nland from the mouth), the Płutnica (0.2 km inland from 

he mouth), and Gizdepka (0.2 km inland from the mouth). 
amples were taken via PE syringe and filtered using 0.45 
m SFCA disposable filters (Carl Roth, Karlsruhe, Germany). 
or Ra isotopes, 60 L of river water was pumped through a 
 μm filter into barrels, and 20 L of groundwater was trans- 
erred without filtration into canisters. The sampled water 
as filtered from the barrels/canisters through a Mn-fiber 
s described above. 
For the determination of total carbon (TC), total nitro- 

en (TN), total sulfur (TS), total inorganic carbon (TIC), and 
otal mercury (Hg), sediment aliquots were stored in cen- 
rifuge tubes (Sarstedt) and kept frozen until freeze-drying 
nd homogenization using an agate ball mill. 
Filtrated water samples for major and trace element 

nalysis were filled into acid-cleaned PE bottles and acid- 
fied to 2 vol.% with concentrated HNO3 . Nutrient water 
amples were filled into pre-cleaned PE bottles. Dissolved 
ulfide (H2 S) water samples were filled into PE bottles pre- 
lled with ZnAc 5%. Porewater samples for total alkalinity 
TA) were collected in PE vials prefilled with 0.1M HCl. Wa- 
er samples for dissolved inorganic carbon (DIC) and δ13 CDIC 

ere filled without headspace into Exetainer® tubes pre- 
lled with saturated HgCl2 solution. Samples for δ13 CCH4 

nd δ2 HCH4 were kept closed in glass containers sealed with 
 butyl septum (black) and preserved with NaOH solution 
 Jørgensen et al., 2004 ). Samples for δ18 OH2O and δ2 HH2O 

nalyses were collected in 1.5 mL glass vials (Zinser) sealed 
ith PTFE-coated septum caps. Samples for 3 H were stored 
n PE bottles. For helium isotopes, samples were allowed to 
ow through and finally stored in head-space-free copper 
ubes. All samples were stored in the dark cool, or frozen 
ntil further analyses. 
115 
The diffuse Ra flux from the bottom sediments of Puck 
ay was quantified following the approach outlined by 
odellas et al. (2012) , using sediments from the Site Os- 
onino ( Figure 1 ). The sediments were mainly composed of 
and. The sediments were placed in a 3L beaker, and the 
verlying water was extracted and replaced with Ra-free 
urface water from Puck Bay (2 L). A closed loop system 

as assembled, and the water was continuously circulated 
hrough the tubing and the Mn-fiber. The Mn-fibers were re- 
laced after 12, 24, 36 and 48 h. The overlying water was 
onstantly aerated to prevent changes in redox conditions. 
he diffusion rate was calculated from the slope of the ac- 
umulated 224 Raex activity (in Bq) per incubation time (h) 
Supplementary Figure 2). 

.2.2. Geophysical investigations 
igh-resolution sub-bottom profiling using an INNOMAR 
ES96 Standard parametric sediment echo sounder was per- 
ormed during a cruise with r/v Professor Albrecht Penck 
n 2009. A motion reference unit was used to steer/keep 
he acoustic beam in the vertical direction to correct the 
hip’s vertical movements. The track plots of the acoustic 
rofiles are shown in Supplementary Figure 1. Detailed de- 
criptions of the SES96 echo sounder system are available 
t www.innomar.com . During the acoustic survey, the para- 
etric echo sounder transmitted acoustic pulses in a very 
arrow sound beam with virtually no side lobes and a nar- 
ow opening angle of 4 degrees. This resulted in a sonified 
eafloor area of about 4 m ² at a water depth of 30 m. The
coustic pulses were built up by a primary frequency com- 
onent of 100 kHz and a selectable secondary frequency 
omponent ranging from 5—15 kHz. Only the secondary 
ow-frequency components penetrated the sub-bottom be- 
ause the seafloor sediments strongly attenuated the pri- 
ary high-frequency parts of the acoustic pulses. Depending 
n the selected secondary frequency, a vertical resolution of 
ediment layers in the range of 0.2—0.5 m was obtained. 

.2.3. Geochemical analyses 
reeze-dried and homogenized sediments were analyzed for 
heir TC, TN, and TS contents with a CHNS Elemental Ana- 
yzer (Eurovector 3000). Combustion was catalyzed by V2 O5 , 
nd the resulting gaseous products were chromatographi- 
ally separated and quantified via infrared spectrophotome- 
ry. Total inorganic carbon (TIC) was determined with an El- 
mental Analyzer multi-EA (Analytik Jena) after treatment 
ith 40% phosphoric acid followed by infrared spectropho- 
ometric quantification of CO2 . The precision of both meth- 
ds for the samples from 2019—2021 was about 13, 6, 14, 
nd 6%, and the accuracy was about 2, 12, 8, and 1% for TC,
N, TS, and TIC, respectively, using MBSS- (CNS) and OBSS 
TIC) in-house reference materials. The content of TOC was 
alculated from the difference between TC and TIC. Total 
ercury (Hg) was analyzed using a DMA-80 (Milestone Mi- 
rowave Laboratory Systems) analyzer by external calibra- 
ion with 142R and MBSS reference materials. The detection 
imit was 0.15 μg kg−1 ( Leipe et al., 2013 ) and the precision
nd accuracy of the measurement for 2019-21 was better 
han ± 4.5 and ±0.6%, respectively. 
In the water samples, the major ions (Na, Mg, Ca, K, S) 

nd trace elements (Ba, Fe, Mn) were analyzed by induc- 
ively coupled plasma optical emission spectrometry (ICP- 

http://www.innomar.com
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ES; iCAP 6400 Duo (before 2016), iCAP 7400 Duo, Thermo 
ischer Scientific) using matrix-matched external calibra- 
ion and Sc as internal standard. Precision and accuracy 
ere checked with spiked CASS-4 and SLEW-3 (NRCC) and 
ere better than 4 and 5% for CASS-4, and 7 and 7% for 
LEW-3, respectively. In all water samples, the measured 
otal dissolved S is considered to consist mainly of SO4 . 
Concentrations of H2 S were determined by the methy- 

ene blue method ( Cline, 1969 ) using a Spekord 40 
pectrophotometer (Analytik Jena). Nutrients were ana- 
yzed using QuAAtro autoanalyzer system (Seal Analytical, 
outhampton, UK) following Grasshoff et al. (2009) . 
Total alkalinity (TA) was measured by potentiometric 

itration ( Van den Berg and Rogers, 1987 ). Dissolved inor- 
anic carbon (DIC) and δ13 CDIC values were determined by 
eans of continuous-flow isotope-ratio mass spectrometry 
CF-IRMS) using a Thermo Finnigan MAT253 gas mass spec- 
rometer attached to a Thermo Electron Gas Bench II via 
 Thermo Electron Conflo IV split interface, as described 
y Winde et al. (2014) . Solutions were allowed to react 
or at least 18 h at room temperature before introduction 
nto the mass spectrometer. The international NBS19 stan- 
ard, a carbonate from Solnhofer Platternkalk, and in-house 
aHCO3 were used to calibrate measured isotope ratios to- 
ards the V-PDB scale. Concentrations of DIC from 2009—
011 were determined based on pH and TA values. 
Values of δ18 OH2O and δ2 HH2O were analyzed by a 

aser cavity-ring-down-spectroscopy (LCRDS) system Picarro 
1102-I (2009—2011 data) and Picarro L2140-I (2019—2021 
ata) ( Böttcher and Schmiedinger, 2021 ; Gupta et al., 
009 ). Six replicate injections were performed for each 
ample, and arithmetic averages and standard deviations (1 
igma) were calculated. The reproducibility of the replicate 
easurements was generally better than 0.7 ‰ and 0.6 ‰ 

2009—2011 data) and better than 0.06 ‰ and 0.3 ‰ (2019—
021 data) for oxygen and hydrogen, respectively. The ref- 
rence materials SLAP and VSMOW were used to calibrate 
easured isotope ratios towards the V-SMOW scale. The 
table isotope composition of dissolved methane in pore- 
ater was carried out at the Centre of Environmental Re- 
earch (UFZ) ( Tamisier et al., 2022 ). The given ‘ ‰ ’ values
re equivalent to mUr (Milli Urey; Brand and Coplen, 2012 ). 

3 H and He isotopes (3 He and 4 He) were measured as de- 
cribed by Sültenfuß et al. (2009) . Short-lived Ra isotopes 
223 Ra, t1/2 = 11.4 d, and 224 Ra t1/2 = 3.7 d) were measured 
ithin 3 and 7 days after sampling with a radium-delayed 
oincidence counter (RaDeCC) ( Moore and Arnold, 1996 ). Af- 
er about a month, a further measurement was conducted 
o determine 224 Ra supported by 228 Th (t1/2 = 1.9 years). 
his measurement is then subtracted from the initial 224 Ra 
o obtain the excess of 224 Ra activities (224 Raex ). The activ- 
ties of 223 Ra, 224 Ra, and 224 Raex have been calculated and 
he expected error of the measurement is 12 and 7% for 
23 Ra and 224 Ra, respectively ( Garcia-Solsona et al., 2008 ). 
he detectors are calibrated once a month using 232 Th with 
ertificate activities. 

.2.4. Flux calculations 
xchange fluxes between sediment and the overlying water 
ere estimated based on measured porewater profiles. To 
onstrain the upward porewater velocity, the salinity gradi- 
nt formed by mixing fresh groundwater with seawater near 
116 
he sediment-water interface was fitted. The partial differ- 
ntial equation 

 = d 

dx 

[(
Dm 

τ 2 
+ De 

)
dC 

dx 
− uC 

]
(1) 

escribes the concentration profile of sodium, where u is 
he upward flow velocity, C is the concentration, Dm 

is the 
onic diffusion coefficient, which was corrected for temper- 
ture and salinity, τ 2 = 1 − 2 l ogϕ is the tortuosity, and ϕ is
he porosity ( Boudreau, 1997 ). The equation does not ac- 
ount for the gradient in porosity, as this would require ad- 
itional fitting of the porosity while it had almost no im- 
act on the fitted advective velocities. Here, we used De 

o account for additional mixing near the sediment-water 
nterface, which may result from currents and groundwa- 
er recirculation ( Donis et al., 2017 ; Qian et al., 2009 ). This
ixing coefficient was the highest value at the sediment- 
ater interface and could be constant in a surficial layer 
arying between 0 and 7 cm thickness before decaying ex- 
onentially over depth. 
Our approach was to set De to zero when mixing in the 

op was not apparent and generally used low values, lead- 
ng to conservative estimates of the upward porewater ve- 
ocities and submarine groundwater discharge. The bottom- 
ater sodium concentration was used as the upper bound- 
ry condition. A zero concentration was imposed as a lower 
oundary condition. Except in cases where there was no 
lear gradient at depth signaling the occurrence of SGD, 
 non-zero concentration was imposed. The equation was 
olved both numerically with the ReacTran package in R 
 R Core Team, 2022 ; Soetaert and Meysman, 2012 ) and an-
lytically. For the latter, the concentration was assumed to 
e constant in the upper mixing zone if present, and De was 
et to 0 below. The analytical solution was used to check 
f the domain depth was sufficiently long so that it did not 
ffect the outcome. The numerical and analytical solutions 
nly differed significantly in cases with weak mixing in the 
op layer, and then the numerical solution was preferred. 
The fluxes of chemicals were estimated by 

 = −ϕ
Dm 

τ 2 

dC 

dx 
− ϕDe 

dC 

dx 
+ ϕuC (2) 

here the first, second, and third terms on the right-hand 
ide represent the diffusive, additional mixing, and advec- 
ive fluxes. Linear regression was used to fit the concentra- 
ion gradient dC 

dx either through points near the sediment- 
ater interface or, in cases with strong mixing at the top, 
he depth from where a clear gradient was visible. For the 
orosity, measurements were directly used. The porosity 
as assumed to be 0.4 for sandy sites, where the porosity 
ad not been measured. 

. Results 

n overview of the (isotopic) hydrochemical composition 
f the surface waters from the open Baltic Sea, surface 
nd porewaters of the Gulf of Gdańsk and Puck Bay, fresh 
roundwater, and rivers is provided in Table 1 . 
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Table 1 Chemical average, minimum, maximum and, number of samples of the Baltic Sea, Gulf of Gdańsk, outer Puck Bay, inner Puck Bay, rivers, groundwater from wells, 
groundwater from piezometers, offshore porewaters, shoreline porewaters, the estimated fresh component of SGD, and the seepage meter sample. River results also contain 
data from Ehlert von Ahn et al. (2023) 

Variables Baltic 
Sea 

Gdańsk 
Bay 

PB outer PB inner Rivers GW_Well 
Deep 

GW 

piazometer 
shallow 

Offshore 
SGD 
impacted 
PW 

Offshore 
reference 
PW 

Shoreline 
SGD 
impacted 
PW 

Shoreline 
reference 
PW 

Fresh SGD 
component 

Seepage 
meters 

Years 2019 2019 2009 and 
2019 

2019 and 
2021 

2011 and 
2021 

2009 and 
2021 

2009 to 2021 2009 and 
2019 

2009 and 
2019 

2009 to 2021 2009 to 2021 2009 to 2021 2021 

Salinity 6.8 6.9 6.8 0.2 0.1 0.3 8 8 3.3 6.4 6.5 
(1) 6.1/7.6 

(26) 
5.8/7.3 (68) 0.2/0.3 (4) 0.1/0.3 (17) 0.0/0.8 (6) 6/10 (26) 6/9 (83) 0.4/7.2 

(103) 
5.1-7.3 (27) 5.8/6.9 

(4) 
pH 8.0 7.8 7.9 8.1 7.7 7.5 7.1 7.3 7.4 7.2 7.3 6.9 7.9 

(1) 7.8 (4) 7.7/8.2 
(31) 

6.6/8.8 (66) 7.3/8.4 (8) 7.2/8.4 (25) 6.3/7.5 (5) 7.0/7.5 (13) 6.9/7.7 (51) 6.2/8.3 (80) 6.4-8.0 (27) 5.8/8.2 (6) 7.2/8.9 
(4) 

TA [mM] 1.7 4.9 3.8 2.2 5.1 
(2) 0.4-15.0 

(54) 
0.8/7.2 (80) 0.4/7.8 (27) 2.5/7.1 (6) 

DIC [mM] 1.6 1.7 1.6 1.8 4.0 4.6 11 4.7 3.6 2.5 5.7 1.9 
(1) 1.6/1.8 

(4) 
0.7/1.7 
(41) 

1.6/2.3 (49) 3.6/4.4 (2) 3.1/9.6 (19) 2.9/6.2 (3) 1.3/24.1 
(20) 

1.4/13.1 
(38) 

0.5/8.4 (31) 0.5-7.6 (21) 3.2/8.8 (4) 1.5/2.6 
(4) 

ẟ13 CDIC 

[ ‰ VPDB] 
0 -0.8 -0.5 -0.8 -12.3 -11.8 -20.1 -3.6 -10.4 -9.7 -8.0 -13.6 -8.4 

(1) -2.5/0.0 
(4) 

-1.7/-0.1 
(32) 

-7/0.8 (59) -13/-11 (2) -19/-8 (20) -24/-13 (3) -14/14 (26) -18/-1.6 
(55) 

-26/2.9 (47) -12/-3.5 (9) -32.8/-0.6 
(5) 

-15.5/- 
5.1 
(4) 

ẟ13 CCH4 

[ ‰ VPDB] 
-60 

-63-(-48) (7) 
ẟ2 HCH4 

[ ‰ VSMOW] 
-222 

-248-(-132) 
(6) 

ẟ18 OH2O 

[ ‰ VSMOW] 
-6.4 -6.5 -6.4 -6.3 -9.7 -10.6 -9.6 -6.1 -6.4 -8.7 -6.2 -9.7 -6.7 

(1) -6.5/-6.4 
(4) 

-6.7/-6.2 
(42) 

-7/-5 (53) -10.2/-9.2 
(6) 

-13.7/-9.8 
(20) 

-11.0/-9.1 
(6) 

-6.6/-5.7 
(11) 

-6.6/-6.0 
(28) 

-10.4-(-6.1) 
(32) 

-7.0-5.4 (9) -10.9/-7.8 
(5) 

-7.3/-5.8 
(4) 

ẟ2 HH2O 

[ ‰ VSMOW] 
-48.8 -48.7 -48.3 -48.0 -67.2 -74.1 -67.8 -45.8 -48.3 -64.0 -48.3 -69.4 -51.2 

(1) -49.2/- 
48.5 
(4) 

-47.1/- 
52.6 
(42) 

-56/-42 (41) -69.8/-65.3 
(6) 

-102.2/- 
66.9 
(20) 

-80.0/-62.0) 
(6) 

-49.5/-43.1 
(11) 

-49.2/-47.6 
(28) 

-76.2-(- 
47.5) 
(32) 

-51.7-44.0 
(9) 

-78.4/-56.7 
(5) 

-54.7/- 
46.1 
(4) 

Na [mM] 101 92 0.6 2.3 3.2 107 103 47.2 87.1 3.2 84.4 
84/126 
(9) 

76/104 (39) 0.2/1.2 (6) 0.2/7.2 (25) 2.8/3.6 (4) 89/135 (26) 87/112 (93) 4-102 (93) 70/103 (24) 0/14 (6) 74/90 (4) 

Mg [mM] 11.6 10.7 0.3 0.4 0.3 12.3 11.4 5.2 9.9 0.5 9.9 

( continued on next page ) 
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Table 1 ( continued ) 

Variables Baltic 
Sea 

Gdańsk 
Bay 

PB outer PB inner Rivers GW_Well 
Deep 

GW 

piazometer 
shallow 

Offshore 
SGD 
impacted 
PW 

Offshore 
reference 
PW 

Shoreline 
SGD 
impacted 
PW 

Shoreline 
reference 
PW 

Fresh SGD 
component 

Seepage 
meters 

10.1/13.6 
(9) 

8.3/11.8 
(39) 

0.3/0.4 (6) 0.0/0.7 (25) 0.2/0.4 (4) 9.6/16.0 
(26) 

9.6/13.7 
(93) 

0.5-11.5 
(93) 

8.1/11.7 
(24) 

0/0.9 (6) 8.7/10.3 
(4) 

Ca [mM] 2.8 2.7 2.0 1.8 2.3 3.1 2.8 2.6 2.9 1.9 2.8 
2.7/3.2 
(9) 

2.3/3.0 (39) 1.8/2.4 (6) 1.1/3.4 (25) 2.0/2.6 (4) 2.5-3.7 (26) 2.4-3.1 (93) 1.0-8.4 (93) 2.3/4.1(24) 0.7/3.0 (6) 2.7/2.9 
(4) 

K [mM] 2.1 2.1 0.1 0.1 0.5 2.6 2.4 1.1 1.9 0.4 2.0 
1.8/2.6 
(9) 

1.6/2.8 (39) 0.0/0.1 (6) 0.0/0.5 (25) 0.4/0.5 (4) 2.1/3.3 (26) 2.0/2.7 (93) 0.2-2.2 (93) 1.3/2.2 (24) 0.1/1.4 (6) 1.8/2.0 
(4) 

SO4 [mM] 6.0 0.4 0.7 0.3 3.6 4.2 2.7 4.9 0.1 5.4 
5.1/6.6 (39) 0.3/0.6 (6) 0.0/2.4 (25) 0.2/0.4 (4) 0.2/6.3 (26) 0.3/7.1 (92) 0.0-6.0 (86) 2.6-6.1 (24) 0/0.6 (6) 4.6/5.8 

(4) 
H2 S [ μM] 345 327 87 185 0.5 

0/2041 (26) 0/1683 0-1585 (87) 0-1248 (24) 0/1.0 (4) 
Si [mM] 0 0.1 1.1 0.4 0.4 0.5 0.5 0.2 0.1 3.1 0 

(7) 0-0.7 (39) 0.1/1.9 (6) 0.2/0.6 (14) 0.3/0.4 (2) 0.0-0.9 (26) 0.0-0.8 (82) 0/0.6 (44) 0/0.3 (12) 0.2/6.3 (6) 0/0.1 (4) 
P [ μM] 0.4 1.4 1.6 2.2 43.5 266 112 40 18.0 49.2 3.9 

0.2/1.3 
(9) 

0.3/9.9 (39) 0.4/3,5 (6) 0.1/5.9 (20) 41.0/46.2 
(4) 

1.0-668.2 
(26) 

1.4-310 (93) 0.5/113 (93) 0.6/54.4 
(24) 

1.8/64.6 (6) 1.5/10.1 
(4) 

Ba [ μM] 0.1 0.1 0.6 0.1 0.2 0.7 0.3 0.1 0.2 0.4 0.2 
0.1/0.2 
(9) 

0.1-0.2 (39) 0.1/1.3 (6) 0.1/0.7 (25) 0.0/0.5 (4) 0.1-1.7 (26) 0.1-0.5 (93) 0/1.4 (91) 0.1/0.3 (24) 0/2.3 (6) 0.1/0.2 
(4) 

Fe [ μM] 0 0.2 2.2 15 1.5 69 24 48 116 54.8 2.4 
(9) 0/1.3 (39) 1.0/3.9 (6) 0.2/52 (25) 0.1/2.5(4) 0.1-317 (26) 0.0-193 (93) 0/1032(92) 0/795 (24) 0.7/324 (6) 0.4/5.8 

(4) 
Mn [ μM] 0 0.1 1.4 1.8 0.7 8.2 2.6 1.9 1.3 4.2 0.8 

0/0.1 (9) 0.0/0.1 (39) 0.3/3.2 (6) 0.0/4.1 (25) 0.2/1.1 (4) 0.5-21.1 
(26) 

0-13.5 (93) 0/9.9 (91) 0/6.6 (24) 0.2/15.3 (6) 0.1/2.1 
(4) 

NH4 [ μM] 0.0 3.7 35 25 1134 200 244 131 7.1 
0.0/0.7 (18) 1.5/5.5 (4) 1.1/170 (15) 15.0/43 (4) 0-4103.0 

(25) 
53/635 (17) 0/1068 (91) 0.8/974 (27) 1.3/16.2 

(4) 
224 Ra 
[Bq m−3 ] 

0.3 0.6 0.5 2 0.8 5 21 50 36 

(1) 0.2/1.3 
(8) 

0.1/0.9 
(32) 

0.9/10 (28) 0.6/1.2 (4) 0.4/13 (14) 6/49 (3) 10/86 (4) 12/64 (3) 

223 Ra 
[Bq m−3 ] 

0 0 0 0 0.1 0.1 1 1.2 1 

(1) (8) (30) 0.0/1 (28) 0/0.2 (4) 0/0.4 (13) 0/1 32) 0.5-2.4 (3) 0/2 (2) 
224 Raex 
[Bq m−3 ] 

0.3 0.5 0.4 2 1 5 20 45 30 

(1) 0.1/1.2 
(8) 

0.1/0.8 
(32) 

0.8/10 (24) 0.5/1.0 (4) 0.4/13 (14) 6/48 (3) 10/79 (4) 6/54 (3) 
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Figure 2 Variation of (A) dissolved inorganic carbon (DIC), (B) ẟ13 C-DIC, (C) ẟ2 H-H2 O, (D) 224 Radium-excess. Data of the outer 
Puck Bay corresponds to the campaign in 2019. Data of the inner Puck Bay correspond to the campaigns in 2019 and 2021. The 
concentration maps were plotted using Ocean Data View ( Schlitzer, 2001 ). The results from shoreline sites are not presented in the 
figures. 
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.1. Surface water composition 

he Puck Bay water isotopic composition varied from —7 
o —5 ‰ and —56 to —42 ‰ for ẟ18 O and ẟ2 H, respectively 
 Table 1 ), with the inner part of the Puck Bay showing heav-
er values ( Figure 2 ). The samples from the Gulf of Gdańsk 
nd the Baltic Sea revealed a composition in the same range 
 Table 1 ). 
The DIC concentrations in the Puck Bay surface waters 

anged between 0.7 and 2.3 mM, with slightly higher con- 
entrations in the inner part of the bay ( Figure 2 ). The Gulf
f Gdańsk and the Baltic Sea showed similar DIC concentra- 
ions of about 1.7 mM. The δ13 CDIC signatures ranged from —
.7 to 0.8 ‰ . At sites near the shoreline where SGD has been
bserved, the signatures reached —6 ‰ . The Gulf of Gdańsk 
howed δ13 CDIC values between —2.4 and 0.1 ‰ , with the 
sotopically lightest value being close to the coastline and 
robably affected by the Vistula River discharge ( Figure 2 ). 
he Baltic Sea Site had a carbon isotopic signature of DIC of 
bout 0 ‰ during sampling. 
The 224 Raex activities in the surface waters varied be- 

ween 0.1 and 3 Bq m−3 ( Table 1 , Figure 2 ). The aver-
ge activities in the Baltic Sea, Gulf of Gdańsk, and outer 
uck Bay were 0.2, 0.5, and 0.4 Bq m−3 , respectively, 
hile the inner part showed a much higher level up to 
 Bq m−3 . Activities of 223 Ra showed similar behavior to 
119 
24 Raex, with values ranging between near 0 and 0.2 Bq m−3 

 Table 1 ). 
Bottom water 224 Raex activities measured at three sites in 

he outer Puck Bay showed slightly higher values of 0.3, 0.3, 
nd 0.6 Bq m−3 than the surface water activities of 0.2, 0.2, 
nd 0.4 Bq m−3, respectively. In contrast, a more distinct 
ifference appeared in the Gulf of Gdańsk, where bottom 

nd surface water 224 Raex activities were 4 and 0.1 Bq m−3, 

espectively. 
The investigated shoreline sites Hel, Chałupy, Swarzewo, 

nd Osłonino ( Figures 1 and 2 ) revealed particularly high Ra 
ctivities in surface waters with activities of 224 Raex of 2, 9, 
, and 3 Bq m−3 , and 223 Ra activities were 0.1, 0.3, 0.5, and 
 Bq m−3 , respectively. 

.2. Geophysical characterization of sediments of 
he outer Puck Bay 

coustic sub-bottom images from the muddy central part 
f the outer Puck Bay are displayed in Figure 3 . In both im-
ges, the sea bottom echo is weak, indicating a low contrast 
n acoustic impedance between the water and bottom sedi- 
ents, a typical feature for soft mud sediments. The thick- 
ess of this nearly acoustic transparent mud layer is about 
 m in the central part of the bay and thins out towards the
E slope of the basin. Moreover, it is possible to observe that
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Figure 3 Acoustic transects AT1 and AT2 modified from Böttcher et al. (2024) from the Outer Puck Bay from the campaign in 
2009. 
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he deposits below are well-stratified and reflect the differ- 
nt stages of the Holocene’s marine, brackish, and limnic 
eriods. Some of the deepest reflections may originate from 

ate Pleistocene deposits. 
The well-stratified sub-bottom images of both transects 

re suddenly interrupted in the center of the bay at a depth 
f about 2.5 m below the seafloor. This is caused by tiny 
as bubbles present in the pore space of the sediments. De- 
ending on the frequency-gas bubble size ratio, these bub- 
120 
ly layers can act as an acoustic shield, thereby, absorb- 
ng, scattering acoustic energy, and hiding deeper struc- 
ures. Gas bubbles (mainly CH4 ) may originate from the de- 
omposition of organic matter in the underlying sediments. 
he absence of gas bubbles in the uppermost sediments 
s likely caused by anaerobic CH4 oxidation ( Iversen and 
ørgensen, 1985 ; Whiticar and Faber, 1986 ). 
Towards the NW end of the transect ( Figure 3 B), the 

coustic image of the uppermost mud layer changes to a 
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Figure 4 Vertical profiles of bulk geochemical parameters in the sediments from muddy sites (A—F), data from 2009—2019, 
and sandy sites (G—J) from 2021. Sediment profiles of TOC/TN at the muddy sites (A). Dashed line marks in panel F mean the 
relationship suggested for Holocene siliciclastic sediments ( Berner, 1982 ). Note: The original definition of (B), (F), and (H) are 
based on the reducible sulfur (TRIS) content. 
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ore diffuse appearance. This might indicate additional dif- 
usive fluid flow from deeper sources toward the sea bot- 
om, transporting small amounts of gas bubbles. These gas 
ubbles act as acoustic scatters, masking the sedimentary 
tructure. Moreover, related diagenetic changes of the solid 
hase, e.g., by precipitation, may produce dispersive dis- 
ributed acoustic scatters. 
Although pockmarks were found, there were no indica- 

ions of gas bubbles in the sediment or in the water col- 
mn. Fluid flow along permeable, fractured zones in the 
ub-bottom may cause these pockmark structures. 

.3. Sediment geochemistry 

he site in the Gulf of Gdańsk (Site M1) had the highest TOC 

ontent reaching 9% dwt in the top sediments. The content 
f TOC at the sites of the outer Puck Bay ranged from 2 to
% dwt, with values decreasing with depth ( Figure 4 A). In 
ontrast, the surface sediments from the sandy sites at the 
horeline were characterized by distinctly lower TOC con- 
ents ( < 1% dwt., Figure 4 G), except for one site located in
he inner part of the bay (Osłonino), which showed a maxi- 
um of 2% dwt. at 7 cmbsf. 
Along with the TOC content, the molar TOC/TN ratio 

anged between 8 and 10 at Site M1 ( Figure 4 E), indicating 
121 
 dominant proportion of marine organic matter. The sites 
t the outer Puck Bay showed values between 8 and 13. 
Contents of TS at the site in the Gulf of Gdańsk and the

uter bay sites varied between near zero and 2% dwt. with- 
ut apparent differences between the sites ( Figure 4 B). The 
ccumulation of sedimentary TS indicates the activity of 
issimilatory sulfate reduction and deposition of authigenic 
ulfides. TS further displayed a positive correlation with the 
OC content, typical of brackish marine sediments that are 
imited by the availability of organic matter ( Berner and 
aiswell, 1983 ) ( Figure 4 F). Most of the surface sediments 
ontained calcium carbonate, likely biogenic shell remains, 
s indicated by the vertical TIC profiles ( Figure 4 C) that
ould interact with pore fluids to build up alkalinity. 
Vertical profiles of Hg content ( Figure 4 D) partially indi- 

ate the zone of surface sediments deposited during times 
f high anthropogenic impact ( Leipe et al., 2013 ). However, 
ome profiles are superimposed by physical disturbance such 
s sediment resuspension, ripple movement, and bioturba- 
ion (e.g., Huettel et al., 1998 ). Pronounced differences in 
he shape of Hg gradients and absolute contents at several 
ites suggest different exposures and sediment reworking. 
hile Site M1 showed constant Hg values at depth and some 
ites even intense mixing down to the observation depth, 
hree sites in the more protected outer Puck Bay displayed 
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g maxima in the top 10 to 20 cmbsf, other sites showed in- 
ense mixing down to the observation depth. Different from 

he offshore sites, the shoreline sandy sites did not exceed 
g contents of 15 μg kg−1 due to the low abundance of sub- 
trate for Hg fixation (organic matter and metal sulfides) 
nd strong dilution by quartz. 

.4. Porewater geochemistry 

he porewater profile from Site M1, in the Gulf of Gdańsk, 
howed a decrease in salinity from 10 at the top to 8 at 
he bottom. The region where Site M1 is situated is already 
nown for gas, and freshwater upflow ( Idczak et al., 2020 ). 
he porewater salinity of the majority of the sites in the 
uter Puck Bay displayed values between 6 and 9 and an 
ncrease with depth ( Figure 5 A). In contrast, the salinity at 
ite 371330 also located in the outer Puck Bay decreased 
rom 7.3 to 6.4. 
At the sandy shoreline sites, all sampled porewater pro- 

les showed some freshening at depth, indicating a substan- 
ial influence of fresh groundwater at the shoreline of Puck 
ay ( Figure 6 A). Therefore, porewater profiles with at least 
 70% decrease in salinity at depth are considered, in this 
tudy, as SGD-impacted sites, whereas all others are used as 
eference sites. The salinity in the reference profiles ranged 
rom 7.3 to 5.1, and at the SGD-impacted sites, salinity even 
ropped to 0 at depth. Conservative ions such as Na, K, and 
g followed the salinity trends in all profiles. 
The δ18 OH2O and δ2 HH2O isotope compositions at the outer 

uck Bay sites ranged from —6.6 to —6.0 ‰ and —49.2 to 
47.6 ‰ respectively. At Site M1 values decreased from —
.7 ‰ at the sediment-water interface to —6.6 ‰ at depth 
nd from —43.1 to —49.5 ‰ , respectively. At the reference 
ites from the shoreline, δ18 OH2O and δ2 HH2O signatures var- 
ed from —7.0 to —5.4 and —51.7 to —44.0 ‰ respectively, 
hereas at the SGD-impacted sites, the values showed a 
ubstantial difference throughout the profile. There, the 
ignatures ranged between —10.4 and —6.1 ‰ and —76.2 
nd —47.5 ‰ for δ18 OH2O and δ2 HH2O, respectively. In addi- 
ion, analyses of 3 H showed higher values in the porewaters 
f the SGD-impacted sites compared to the bottom waters 
f Puck Bay (Supplementary Table 2). 
Values of pH increased with depth at the offshore sites. 

onversely, the pH values at the sandy sites showed a typical 
ecrease with depth from 8.3 to 6.2 ( Figure 6 E). Concentra- 
ions of DIC at the Puck Bay sites, including Site 371330, 
anged between 2.0 and 13 mM, whereas Site M1 showed 
igher concentrations of up to 25 mM in the deeper sed- 
ments ( Figure 5 E). The δ13 CDIC signatures decreased with 
epth at most sites. However, there were two sites where 
he δ13 CDIC signatures became heavier with depth, especially 
t Site M1 showing values up to + 13 ‰ ( Figure 5 F). Concen-
rations of DIC at the shoreline sites ranged between 0.5 and 
.4 mM, with the SGD-impacted sites showing higher con- 
entrations ( Figure 6 F). Signatures of δ13 CDIC were between 
11.9 and —3.5 ‰ at the reference sites on the shoreline. 
he SGD-impacted sites displayed considerable variability 
ith values ranging between —25.9 and + 2.9 ‰ . 
At the sandy site on the Hel Peninsula, SGD was associ- 

ted with CH4 contributed from the fresh water component 
 Donis et al., 2017 ). The stable C and H isotopic compo- 
ition of CH4 was measured in 2010 and was found to be 
122 
sotopically light with stable isotope values varying from 

63 to —60 ‰ and —248 to 240 ‰ for δ13 CCH4 and δ2 HCH4 

espectively ( Table 1 ). However, a sample close to the 
ediment-water interface showed a heavier isotopic com- 
osition of —48 ‰ for δ13 CCH4 and —132 ‰ for δ2 HCH4 than 
hose taken from deeper sediment sections (Supplementary 
igure 4). 
Concentrations of SO4 at the offshore sites ranged be- 

ween 0.1 and 6.4 mM, decreasing with depth. Some of the 
ites already had values close to 0 at 20 cmbsf. At Site 
71330, a less pronounced decrease in the SO4 concentra- 
ions was found, dropping from 6.1 to 2.6 mM at depth. Site 
1 showed lower SO4 values already at the sediment-water 
nterface compared to the bottom waters, and SO4 was con- 
umed at a depth of about 15 cmbsf. Most sites showed 
he typical decrease in SO4 and an increase in H2 S with 
epth, with concentrations of the latter ranging between 
 and 1683 μM. In contrast, Site 371330 showed no accu- 
ulation of H2 S along the entire profile. Site M1 showed 
 decrease in H2 S concentrations with depth, with values 
igher than 2000 μM in the top sediments. At all sandy sites, 
apid depletion of SO4 from bottom water concentrations of 
round 6 mM down to values below the detection limit was 
bserved. Mixing with fresh groundwater seems to be the 
ominant factor for very low SO4 concentrations already at 
0 cmbsf at the SGD-impacted sites. In contrast, the SO4 

anged from 6.1 to 2.6 mM at the reference sites. The sandy 
horeline sites did not show any accumulation of H2 S, ex- 
ept for Site Chałupy, which showed values up to 1500 μM 

t depth. 
Without showing clear vertical gradients, concentrations 

f dissolved Ba ranged between 0.1 and 0.5 μM at all sites in
uck Bay. Site M1 reached values up to 1.7 μM ( Figure 5 J).
he sandy sites displayed spatial variation with higher con- 
entrations found in Osłonino and Swarzewo, where values 
eached up to 1.4 μM. In contrast, all values were below 0.5 
M at the Hel site. In agreement with an assumption that 
he solubility of BaSO4 may lead to a reversed concentra- 
ion behavior, the trends in dissolved trace Ba tend to show 

he opposite trend and increase with depth. A comparison 
etween Site M1 and the other ones from the central Puck 
ay make clear that also the processes or reservoir sizes for 
etal sources in the fluids differ. 
With maximum values in the top sediment, dissolved Fe 

oncentrations varied between near zero levels and 192 μM 

or most offshore sites. Site 371330 showed the same trend, 
ut the values in the top sediments reached up to 317 μM 

 Figure 5 J). Site M1 showed concentrations close to the de- 
ection limit over the entire core depth. Similar to Fe, con- 
entrations of Mn were higher in the top sediments reaching 
 maximum of 14 μM, with the Site 371330 showing the high- 
st values ( Figure 5 L). Dissolved Fe revealed very heteroge- 
eous profiles among the shoreline sites, ranging between 
ear zero and 1032 μM. There was no difference between 
GD-impacted and reference sites; however, the concentra- 
ions showed a high temporal variability at the Hel site. For 
xample, samples collected in 2009 showed maximum Fe 
oncentrations of only 27 μM, whereas the values exceeded 
000 μM in 2010. At the sandy sites, the concentrations of 
n showed a pronounced variability, as observed for Fe. 
here, the Mn concentrations ranged between near zero and 
0 μM. The highest Mn levels were observed at Swarzewo 
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Figure 5 Porewater gradients of geochemical parameters in sediment cores from the muddy sites in Puck Bay and one in the 
Gdańsk Bay (Gdańsk SGD). Samples from 2009 are represented by circles and from 2019 by squares. Filled symbols refer to SGD- 
impacted sites. 

123 
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Figure 6 Porewater profiles from the selected sandy site from Hel, Chałupy, Swarzewo, and Osłonino in Puck Bay. Filled symbols 
represent SGD-impacted sites. All porewater profiles collected from 2009 to 2021 are presented in Supplementary Figure 3. 
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nd Osłonino, and the Hel site again showed higher concen- 
rations in 2010. 
Regarding the nutrients, Si concentrations were between 

ear zero and 0.8 mM, with only minor differences be- 
ween the offshore muddy sites. In contrast, the shoreline 
ites revealed a difference between the reference and SGD- 
mpacted sites ( Figure 6 J). While Si increased up to 0.3 
124 
M at the reference sites, twice as high a concentration 
f 0.6 mM was reached at the SGD sites. Concentrations of 
 ranged between 0.1 and 240 μM and increased with depth 
t all offshore sites. Site M1 showed the highest concentra- 
ion up to 668 μM at depth. Concentrations of P also in- 
reased with depth at the sandy sites. The SGD-impacted 
ites showed a maximum value of 113 μM, whereas the con- 
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entrations at the reference site remained below 60 μM. 
oncentrations of NH4 ranged between 1.4 and 724 μM at 
he offshore sites in Puck Bay, with Site M1 again show- 
ng the highest value (4103 μM) with depth. At the shore- 
ine sites, concentrations of NH4 were higher at the SGD- 
mpacted sites showing values increasing from near zero at 
he sediment-water interface to 1068 μM at depth. The ref- 
rence sites reached a maximum value of 146 μM at a depth 
f 30 cmbsf. 
Activities of 224 Raex were measured in the porewaters 

t the shoreline sites at a depth of around 50 cmbsf, and 
he values were 37, 54, 79 and 10 Bq m−3 for Hel, Chałupy, 
warzewo, and Osłonino, respectively. 

.5. Direct measurement of seepage rate 

eepage meters were applied in Hel, Chałupy, and Swarzewo 
 Figure 1 ) to measure the volumetric seepage rates dur- 
ng the campaign in 2021. These measurements determined 
he total water flux, but not necessarily the freshwater dis- 
harge. However, lowered salinity and water isotopic val- 
es demonstrate at least the presence of a freshwater com- 
ound. 
At the Hel site, the water volume change in the seep- 

ge meter bags over time intervals of 85 and 120 minutes 
qualed a seepage rate of 45 and 30 L m−2 d−1 respec- 
ively. The amount of water collected at the Chałupy Site 
ver 143 minutes yielded a seepage rate of 3 L m−2 d−1 . At 
he Swarzewo Site, a flux of 1.6 L m−2 d−1 was obtained over 
70 minutes. 
The salinity of the samples collected at Hel was 5.7 and 

.6, and the corresponding surface water salinity was 6.9. 
he isotopic composition of the water was lighter than the 
urface water of Puck Bay ( Table 1 , Figure 6 ), reaching val-
es for δ18 OH2O of —7.1 and —6.6 ‰ and δ2 HH2O of —53.4 and 
0.8 ‰ . At Chałupy Site, the salinity of the seepage water 
6.9) was only marginally lower than that of surface wa- 
er (7.2). The water isotopic signature revealed δ18 OH2O val- 
es of —7.3 ‰ and δ2 HH2O of —54.7 ‰ . At Site Swarzewo, 
he salinity was 6.6 in the seepage water and 6.9 in the 
urface water. The water isotopic signature was relatively 
ight in the seepage water compared to the surface water 
 Table 1 ), with values of —5.8 and —46.1 ‰ for δ18 OH2O and 
2 HH2O respectively. 
The fresh groundwater fraction for each site was calcu- 

ated by assuming that the sample collected in the seepage 
ag is a mixture of groundwater and recirculated seawater 
nd by applying an end-member model as: 

s × SS = Vgw × Sgw + Vsw × Ssw (3) 

here S and V are salinity and volume, the subscripts S, G , 
nd SW represent the sample, groundwater, and seawater 
ractions, respectively. 
The fresh groundwater fractions at the Site Hel were 4 

nd 17%, corresponding to fresh groundwater fluxes of 0.05 
nd 0.5 L m−2 d−1 . For site Chałupy, a fraction of 4% fresh- 
ater was estimated, which corresponds to a flux of 0.01 L 
−2 d−1 . At Site Swarzeno, the fresh fraction was 3%, and a 
resh groundwater flux of 0.004 L m−2 d−1 was obtained. 
125 
.6. Coastal groundwater and surface water 
ntering the Puck Bay 

.6.1. Groundwaters 
he groundwater comprises the water sampled from wells 
deep groundwater) and piezometers (shallow groundwater) 
round the coastal zone of Puck Bay. A summary of the mea- 
ured parameters is presented in Table 1 . 
The groundwater isotopic composition of the deep 

roundwaters varied from —13.7 to —9.8 ‰ and —102.2 
o —66.9 ‰ , whereas the groundwater at the piezome- 
ers ranged from —11.0 to —9.1 ‰ and —80.0 to —62.0 ‰ 

or δ18 OH2O and δ2 HH2O, respectively ( Table 1 , Figure 7 ). 
he measured isotopic signatures from the groundwa- 
er wells represent groundwater coming from the Creta- 
eous, Tertiary, and Quaternary deposit based on Piekarek—
ankowska (1996) . In contrast, the heavier signatures of the 
hallow groundwaters were influenced by meteoric water. 

3 H values were highest in the shallow groundwater flow- 
ng within the Quaternary strata. Very low activity was 
ound in the groundwaters from the Tertiary and Cretaceous 
quifers (Supplementary Table 2). A combined evaluation of 
 H and He isotope analyses indicates ages of about 30, 50—
00, 28, > 60, and >>> 60 years for wells Wladyslawowo 
, Reda IV (low 3 H, but no 4 He), Reda 12c, Rumia (low 3 H, 
ut low 4 He), and the deep production well on Hel Island 
low 3 H, but high 4 He), respectively (Supplementary Table 
). 3 H free older water appears to be further mixed into the 
ladyslawowo 2 groundwater. 
The hydrogeochemical groundwater composition for 

ost deep and shallow groundwaters is classified as Ca- 
g-HCO3 type ( Figure 7 B). Some groundwaters contain 
igher Na contents, indicating a mixed type. According to 
öffler et al. (2010) , this water can be further classified as 
old groundwater”. Groundwater coming from Cretaceous 
quifers was classified as HCO3 -Na according to Piekarek- 
ankowska (1996) . 
Concentrations of DIC were between 3.1 and 6.2 mM, 

xcept in Chałupy, where the piezometer sample revealed 
 value of 2.9 and 9.0 mM in the groundwater well. The 
13 CDIC signatures were spatially heterogeneous. The shal- 
ow groundwater showed δ13 CDIC values ranging between - 
3.8 and —12.1 ‰ , with lighter signatures at Hel Site. Sig- 
atures in the deeper groundwaters ranged between —12.5 
nd —8.1 ‰ . Heavier values in deeper groundwaters might 
e associated with the interaction with carbonates, and 
ess contact with organic matter is expected in confined 
quifers. Calcium concentrations were higher in the shal- 
ow groundwater, with an average concentration of 2.3 mM, 
hereas the deep groundwater had an average concentra- 
ion of 1.8 mM. 
Activities of 224 Raex in the deep groundwater ranged 

etween 0.3 and 13 Bq m−3 , and the 223 Ra activities ranged 
etween 0 and 0.4 Bq m−3 . The 224 Raex activities in the 
roundwater from the piezometers at the Hel site were 7 
nd 4 Bq m−3 for the campaigns in 2019 and 2021, respec- 
ively. The piezometer in Chałupy showed higher 224 Raex 
ctivities of 48 Bq m−3 in 2019. Activities of 223 Ra were 
.2 and 1 Bq m−3 for Hel and Chałupy during the campaign 
n 2019. 
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Figure 7 (A) The covariation of δ18 OH2O and δ2 HH2O of sandy sites impacted and non-impacted by SGD, muddy sites impacted and 
non-impacted by SGD, groundwaters, rivers, and Puck Bay surface water. The global meteoric water line (GMWL), and the Baltic Sea 
line (Böttcher et al., unpublished data.) are given for comparison. (B) Piper diagram of the major ions of the rivers (green square), 
deep groundwater (brown triangle), shallow groundwater (dark green triangle), extrapolated porewater from the SGD impacted 
sites (pink and orange diamond), and porewater. (Graph created from Stosch, 2022 ). 
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.6.2. Rivers 
he sampled rivers draining into Puck Bay were Reda, Płut- 
ica, Zagórska Struga, and Gizdepka. A summary of the re- 
ults is presented in Table 1 . 
The rivers showed water isotope signatures ranging from 

10.2 to —9.7 ‰ and —69.8 to —67.0 ‰ for δ18 OH2O and 
2 HH2O respectively. The hydrogeochemical composition of 
he rivers is classified as Ca-Mg-HCO3, similar to most 
roundwaters ( Figure 7 B). 
Average DIC and δ13 CDIC values were 4.0 mM and —12.3 ‰ , 

espectively. Concentrations of Ca ranged between 1.8 and 
.4 mM. 
The Ra activities in the river samples exhibited a small 

ariability with average 224 Raex and 223 Ra activities of 1.1 Bq 
−3 and 0.1 Bq m−3 , respectively. 

. Discussion 

.1. Submarine groundwater discharge in the Gulf 
f Gdańsk and Puck Bay 

he bottom waters of Site M1 located in the Gulf of Gdańsk 
ere characterized by high 224 Raex activities compared to 
he surface waters, indicating the occurrence of SGD, as 
a is mainly derived from groundwater ( Beck et al., 2007b ; 
oore, 2000a ; Rodellas et al., 2012 ). Furthermore, at this 
ite, the sediment porewater showed a decrease in salin- 
ty and water isotope signatures at depth ( Figure 5 A), which 
ould be caused by an upward flux of fresh groundwater. 
his finding is in line with previous investigations conducted 
n the region of Site M1, where upward flows of freshwater 
nd gas coming from a pockmark structure were reported 
 Brodecka-Goluch et al., 2022 ; Idczak et al., 2020 ). 
The outer part of Puck Bay revealed also higher 224 Raex 

ctivities in the bottom water when compared to the sur- 
ace water at some sites. In addition, acoustic images re- 
ealed sediment layers with a pronounced diffuse appear- 
nce ( Figure 3 ) than what would be expected only from CH4 

ubble formations, indicating an additional flow. In these 
mages, pockmark structures are also visible. Pockmarks are 
raters on the seabed that are considered to result from 

uid flow ( Hovland et al., 1987 ), including groundwater dis- 
harge. It is worth mentioning that pockmarks associated 
ith SGD have been found in many places around the Baltic 
ea, for example, in Eckernförde Bay (Germany), Hanko Bay 
Finland) and the Gulf of Gdańsk ( Hoffman et al., 2020 ; 
dczak et al., 2020 ; Purkamo et al., 2022 ; Virtasalo et al., 
019 ; Whiticar and Werner, 1981 ). Therefore, it can be in- 
erred that SGD is not just limited to specific spots, but can 
lso occur in multiple areas throughout the bay. 
In the outer Puck Bay, the Site 371330 showed a decrease 

n the porewater salinity with depth, thus considered to be 
n SGD spot in the central outer Puck Bay. 
When comparing the two parts of Puck Bay, submarine 

roundwater discharge was more evident in the surface wa- 
er of the inner part of the bay than in the outer part, par-
icularly when pointing out the Ra activities, which showed 
 more than 4-fold enrichment compared to the activities 
etermined in the more open coastal Baltic Sea. This is 
artly due to the lower water depths, which allow a stronger 
127 
ignal from mixing with freshwaters and less volume for di- 
ution. In addition to Ra activities, the stable isotope trac- 
rs revealed a contribution from different water masses to 
his area. For example, ẟ2 HH2O and ẟ13 CDIC showed high spa- 
ial variability, with some areas presenting lighter isotopic 
ignatures ( Figure 2 ) potentially contributed by porewater 
nd/or groundwaters. Concentrations of DIC were slightly 
igher in the inner bay ( Figure 2 ), indicating impact by pore-
ater fluxes. 
Besides the offshore SGD sites (sites M1 and 371330), 

he shoreline of Puck Bay is also known for several SGD 

pots (e.g., Donis et al., 2017 ; Kotwicki et al., 2014 ; Kłos-
owska et al., 2018 , 2019 ; Szymczycha et al., 2012 , 2020 ).
t four shoreline sites sampled in this study ( Figure 1 ), 
igher Ra activities were found in combination with lighter 
2 HH2O and ẟ13 CDIC signatures. At these locations, the sedi- 
ent porewater salinity of several sites generally showed a 
oncave shape indicating an upward advective groundwater 
ow of fresh groundwater ( Figure 6 ). 

.2. Early diagenesis and the impact of submarine 

roundwater discharge on the surface sediments of 
he Gulf of Gdańsk and Puck Bay 

.2.1. Offshore sites 
ite M1 in the Gulf of Gdańsk displayed a decrease in both 
orewater salinity and the water isotope signatures at depth 
 Figure 5 A), which suggests an upward flow of fresh ground- 
ater. This site is located in an area dominated by clayish 
ilt ( Figure 1 ) with sediments that are characterized by high 
OC contents and low C:N ratios ( Figure 3 A,E) mainly due 
o the influence of the Vistula River ( Szymczak- Żyła and 
ubecki 2022 ). The Hg values in the sediments were con- 
tant with depth, possibly due to the high sediment mix- 
ng caused by gas flow, as observed at a nearby site by 
rodecka-Goluch et al. (2022) and Idczak et al. (2020) , and 
he groundwater discharge. 
Also, at this site, intensive organic matter mineralization 

as observed. Sediment porewater DIC and NH4 reached 
oncentrations four times higher than the porewaters at 
he outer Puck Bay sites. Concentrations of SO4 were al- 
eady lower in the top sediments due to intense organic 
atter mineralization combined with the impact of ground- 
ater low in SO4 . Following or overlapping the zone of 
ulfate reduction, methanogenesis became a pathway for 
rganic matter mineralization already in the surface sed- 
ments, confirmed by the heavier values of δ13 CDIC (+14 ‰ ). 
his is commonly observed in coastal settings with high rates 
f organic matter deposition ( Thang et al., 2013 ). As a re-
ult of the low availability of SO4 and the absence of Fe 
t the sediment-water interface for possible CH4 oxidation, 
H4 may easily migrate and impact the bottom waters, as 
bserved by Idczak et al. (2020) at a nearby pockmark. Con- 
entrations of Ba are enriched in the porewaters as has been 
escribed by Aloisi et al. (2004) for cold seep sites. 
Most of the outer Puck Bay sites, except Site 371330, re- 

ealed porewater gradients with constant salinity and uni- 
orm concentrations of conservative elements with depth. 
he surface sediments at these sites are composed of silty 
lay, clayey silt, and sandy silt ( Figure 1 ). Sediment com- 
osition was different between the sites, but the TOC/TS 
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ontents remained below the predicted Holocene satura- 
ion line ( Figure 5 F), indicating sulfate mineralization pro- 
esses ( Berner, 1982 ; Jørgensen and Kasten, 2006 ). Most 
ites showed Hg profiles with enhanced contents at 10 and 
0 cmbsf, and thus a relatively continuous sedimentation 
ith little disturbance. In contrast, Site M2 showed constant 
g values with depth, indicating some disturbance probably 
elated to gas outflow. Site M2 is located over an extensive 
egular shallow gas accumulation ( Brodecka-Goluch et al., 
022 and references therein). 
The porewater profiles from the outer Puck Bay are 

haped by organic matter mineralization and a continuous 
ncrease in metabolite concentrations by using, in particu- 
ar, SO4 ( Figure 5 H,I). The δ13 CDIC composition was typical 
f marine sediments where high rates of mineralization of 
rganic matter are found ( Meister et al., 2019 ). Lighter iso- 
opic signatures in the uppermost sediments at most sites 
ay be indicative of CH4 oxidation. In addition, no distur- 
ance from bubbles was observed in the acoustic images of 
he top sediment layer. Porewater displayed high concentra- 
ions of the main metabolites originating from organic mat- 
er mineralization. Site M2 was impacted by methanogene- 
is already in the top sediments, as indicated by SO4 rapidly 
ecreasing to 0, and corresponding δ13 CDIC values that be- 
ame heavier. Similar to Site M1, this site could also act as 
 source of CH4 to the bottom waters. 
The low Fe concentrations are probably due to the pre- 

ipitation of Fe sulfides in the anoxic zone ( Balzer, 1982 ; 
e Beer et al., 2005 ). However, in some sites dissolved Fe 
nd Mn were mobilized in the top sediment due to the de- 
elopment of a suboxic zone. 
Porewater salinity at Site 371330 displayed a slight de- 

rease in porewater salinity together with the other conser- 
ative elements ( Figure 5 A), suggesting an impact of fresh 
roundwater in the deeper sediments. This site is located in 
n area composed mainly of silty clay ( Figure 1 ). The con- 
ent of TS was lower compared to the other sites in the 
ay, especially in the top sediments, due to some reoxida- 
ion of sedimentary sulfur species such as Fe monosulfides. 
o substantial bacterial sulfate reduction is observed and 
herefore H2 S did not accumulate. The lack of H2 S in the 
orewater may allow higher concentrations of dissolved Fe 
s no precipitation of Fe phases occurred. Dissolved Fe and 
n were mobilized in the top sediments ( Figure 5 K,L). 
Although Site 371330 showed some freshening with 

epth, the chemical gradients were similar to the other 
ites in the outer Puck Bay originating from a strong dia- 
enetic processes. 

.2.2. Shoreline sites 
he sediments along the shoreline sites are mainly com- 
rised of medium sandy sediments ( Figure 1 ) and are char- 
cterized by low TOC and TS contents ( Figure 4 G,H) due 
o their continuous physical reworking, causing clay losses 
 Morse and Berner, 1995 ) and intense mineralization of 
tanding stock of organic matter ( de Beer et al., 2005 ). In 
greement with these sedimentological features, the pore- 
ater gradients ( Figure 6 ) suggest that diffusion is strongly 
uperimposed by porewater advection. Driving forces for 
his process taking place in the top sediments are bottom 

urrents ( Cook et al., 2007 ; de Beer et al., 2005 ), and,
t SGD-impacted sites, also the upward fluid movements 
128 
 Billerbeck et al., 2006 ). These physical processes may be 
easonally superimposed to a certain degree by in situ bio- 
eochemical transformations of variable spatial and tempo- 
al intensity ( Cook et al., 2007 ). 
Porewater salinity displayed a large variability between 

he study sites. While only some sites showed no or only a 
light vertical decrease in salinity ( Figure 6 , Supplementary 
igure 3), most of the sites showed a downward decrease 
n salinity and reaching freshwater conditions with depth. 
hese sites were chosen to represent the impact of SGD. 
The sites with slightly decreasing salinity showed pore- 

ater isotopic compositions ( ẟ2 H and ẟ18 O) close to the 
altic Sea signature and were, therefore, not significantly 
mpacted by fresh groundwater. A decrease in pH between 
 and 30 cmbsf accompanied by a slight increase in DIC, 
ndicates active organic matter mineralization probably by 
ulfate reduction. In addition, some sites were impacted by 
ethanogenesis as the δ13 CDIC reached positive values. Dis- 
olved P, NH4 , and Mn concentrations increased with depth, 
ost likely due to organic matter mineralization. However, 
he concentration of the metabolites was very low at these 
ites as the upward advective flow limited the accumulation 
f these elements in the surface sediments. 
Sites with a steeply downward decrease of salinity and 

orewater isotopic composition indicated clear mixing be- 
ween the Baltic Sea and the groundwater ( Figure 6 A—C), 
ndicating the impact of fresh groundwater. 

The concentrations of SO4 dropped down in the top 10 
mbsf due to the influence of fresh groundwater depleted 
n SO4 . The application of a binary mixing shows a slight 
O4 deficit found in most SGD-impacted porewaters (Sup- 
lementary Figure 5), which indicates minor net bacterial 
ulfate reduction rates (e.g. Donis et al., 2017 ). Previous 
nvestigations further demonstrated the importance of aer- 
bic processes in surface sediments ( Cook et al., 2007 ; 
onis et al., 2017 ). 
The concentrations of DIC and the δ13 CDIC signatures in- 

icated different biogeochemical processes ( Figure 6 F,G). 
ixing between fresh groundwater characterized by higher 
IC concentrations and lighter and variable δ13 CDIC, and 
rackish water characterized by lower DIC concentrations 
nd heavier δ13 CDIC composition ( Table 1 ). The mixing is fur- 
her superimposed by the mineralization of organic mat- 
er resulting in lighter δ13 CDIC values (Supplementary Fig- 
re 6). In addition, methanogenesis was observed at depth 
or the Hel Site ( Donis et al., 2017 ; Kotwicki et al., 2014 ),
nd possible re-oxidation effects led to shifts towards iso- 
opically lighter stable isotope signatures. In the top sedi- 
ents, signatures were lighter than those found in the non- 
GD-impacted sites, likely indicating possible oxidation of 
H4 . 
The stable H and C isotope composition of dissolved 

H4 in porewater at the SGD-impacted profiles showed 
 biogenic origin. They fall within the intermediate re- 
ion predicted for methanogenesis following the methyl- 
ype fermentation and carbonate reduction pathways 
 Table 1 ; Supplementary Figure 4) (e.g., Egger et al., 
017 ; Whiticar, 1999 ). Following the classification of 
hiticar (1999) , the isotope signatures of porewater CH4 

re dominated by the impact of hydrogenotrophic carbonate 
eduction. A sample close to the sediment-water interface 
as heavier in both δ13 CCH4 and δ2 HCH4 than other samples. 
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his difference is most likely due to the aerobic oxidation 
f methane in the surface sediment, which has been shown 
o yield a similar relative isotopic enrichment ( Drake et al., 
015 ). 
Concentrations of dissolved nutrients (P, NH4, and Si) 

ere higher in the SGD-impacted sites compared to the non- 
mpacted sites ( Figure 6 J,M,N, Supplementary Figure 6), 
emonstrating that the fresh SGD component acts as a nu- 
rient source, which is further enhanced by organic matter 
ineralization. It should also be noted that most elements 
re expected to flow toward the bottom waters due to the 
trong upward flow of groundwater, which suppresses the 
eaction of the elements within the sediments. The higher 
oncentrations of nutrients at SGD sites agree with previous 
bservations ( Donis et al., 2017 ; Szymczycha et al., 2012 ). 
Fe and Mn exceed the concentrations expected based on 

inary mixing between the bottom and groundwater (Sup- 
lementary Figure 5) due to reductive release within the 
ixing zone of the surface sediments ( Balzer, 1982 ; de Beer 
t al., 2005 ). Higher dissolved Fe concentrations were found 
t two sites impacted by SGD in the inner Puck Bay (Chałupy 
nd Swarzewo, Figure 1 ), indicating different processes or 
edimentary Fe sources for the different sites. 
The profiles captured during different seasons of the 

ears 2009 and 2010 did not show a clear seasonal vari- 
tion between them (Supplementary Figure 3) except for 
13 CDIC , which showed some variability associated with dif- 
erent mineralization rates. 

.2.3. Element fluxes 
issolved constituents in porewater from the 15 selected 
ites with and without impact by SGD were modeled to es- 
imate the water and element fluxes across the sediment- 
ater interface to learn about the relative importance of 
iagenesis versus SGD-induced advection ( Figure 8 , Supple- 
entary Table 3). 
Concentrations of Na of the porewaters were used to 

stimate the groundwater discharge across the sediment- 
ater interface. Using the model approach ( section 2.2.3 ), 
t was found that the fluxes at the offshore sites (M1, 
71330, 371370, M2) are mainly driven by molecular diffu- 
ion. The calculated flux of fresh groundwater at Site M1 
as 0.005 cm d−1 and 0.003 cm d−1 for Site 371330. The 
roundwater flow of the sites where SGD had not been no- 
iced was smaller, about 0.001 cm d−1 . 
At the sandy shoreline sites, where advective processes 

haped the profiles, high groundwater flow was estimated 
ompared to the offshore sites ( Figure 8 ). The modeled 
roundwater flow at the SGD-impacted sites varied between 
.01 and 0.03 cm d−1 . Advection at the non-SGD-impacted 
ites was found to be much lower and varied in a range of 0
nd 0.002 cm d−1 . 
The associated elemental fluxes were found to vary be- 

ween the sites as well as they are presented in Supple- 
entary Table 3. The offshore sites were characterized by 
igher fluxes of DIC, TA, NH4, and P ( Figure 8 ) out of the sed-
ment, particularly at Site M1, resulting from pronounced 
rganic matter mineralization. These results further high- 
ight the importance of microbial-catalyzed biogeochemical 
rocesses for the development of the chemical gradients in 

he surface sediments. (

129 
The elemental fluxes at the sandy shoreline sites were 
omparatively low despite high advection rates. The cal- 
ulated fluxes are based on net fluxes, and the advective 
uxes might inhibit the accumulation of elements and re- 
ult in lower element fluxes. However, enhanced fluxes of 
lements were observed in the profiles impacted by SGD 

theoretically, the sites with higher advective flux), suggest- 
ng that the groundwater can be a source of these elements 
nd therefore contribute to the addition of elements to sur- 
ace waters. Moreover, the physical pressure of the upward 
roundwater flow may facilitate the benthic fluxes at the 
ediment-water interface. 
Despite the lower fluxes obtained, the sandy permeable 

ediments must be considered when addressing the global 
ycles of matter as they also represent a source of new 

r recycled elements to the surface waters ( Santos et al., 
012 ). 

.3. The composition of the submarine 

roundwater discharge freshwater component: 
horeline sites 

he porewater isotopic signatures at the shoreline sites im- 
acted by SGD ( Figure 1 ) were lying on a mixing line be-
ween the surface waters of Puck Bay and the groundwaters 
 Figure 7 ). The lighter signatures were found at the bot-
om profile and plotted close to the groundwater signatures 
 Figure 7 ). 
The SGD-impacted porewater profiles indicate spatial 

nd temporal variability (Supplementary Figure 3). The 
roundwater-seawater mixing zone moves according to ex- 
ernal factors such as wind direction, precipitation, and sea 
evel ( Kłostowska et al., 2019 ; Massel et al., 2004 ). How-
ver, from the salinity gradients, it is possible to roughly 
stimate that the freshwater composition could be found 
etween 20 and 100 cmbsf at the sandy shoreline sites. 
The fresh component of SGD was characterized by ex- 

rapolating the profiles to freshwater conditions (the calcu- 
ation was based on the Mg concentrations in groundwater 
f 0.4 mM, Table 1 ). Porewater profiles from Hel, Chałupy, 
warzewo, and Osłonino ( Figure 1 ) were evaluated and com- 
ared with values from the groundwater and river water 
round Puck Bay. 
The hydrogeochemical composition of the fresh compo- 

ent of SGD at Hel and Chałupy was Ca-Mg-HCO3 type, simi- 
ar to the groundwater and the rivers in this region, and the 
ite in Swarzewo showed some impact by saline water. The 
resh component of the SGD on Hel showed a mixed-type 
omposition ( Figure 7 B). 
The Hel site further showed the lightest water isotopic 

ignatures reaching —10.9 and —78.4 ‰ for δ18 OH2O and 
2 HH2O, respectively, which is probably influenced by ground- 
ater from deep aquifers related to the Cretaceous de- 
osits ( Piekarek—Jankowska, 1996 ). The 3 H activities found 
n the porewaters of Hel (Supplementary Table 2) indicate 
he presence of low/free 3 H groundwater. In addition to 
el, a land-based site (Osłonino) appears to be influenced 
y groundwater from Cretaceous aquifers as implied by the 
ighter water isotope values ( Figure 7 ). 

Although the δ13 CDIC signatures vary over a wide range 
 Figure 6 G, Supplementary Figure 3, L, Supplementary Fig- 
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Figure 8 Total fluxes (diffuse + mixing + advective) of water and chemical elements for the offshore muddy SGD and reference 
sites and selected shoreline sandy SGD and reference sites. The fluxes are presented in Supplementary Table 3. 

u
t
ł
n

p
w
w

re 6, D), the freshwater composition could be calculated 
o be —19, —16, and —16 ‰ for Chałupy, Swarzewo and Os- 
onino, respectively. These values were similar to the sig- 
atures found in the deep groundwaters ( Table 1 ), and are 
130 
robably the result of the mixing of soil CO2 and C3 Plants, 
hich contribute to the lighter isotopes, and Ca dissolution 
ith the heavier isotopes (e.g. Deines et al., 1974 ). 
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.4. Local and regional estimates of submarine 

roundwater discharge contribution for the Puck 

ay 

.4.1. Local scale of fresh SGD 

he modeled groundwater discharge, estimated from the Na 
radient, of Site 371330 in the central part of the outer Puck 
ay was 0.03 L m−2 d−1 . Higher groundwater flow estimates 
ere obtained for the shoreline site in Hel, varying between 
.1 and 0.3 L m−2 d−1 . These estimates refer to the fresh 
pward groundwater flow. 
The SGD fluxes obtained by the seepage meter also in- 

lude the recirculated component. The fluxes at the Hel 
horeline site were between 30 and 45 L m−2 d−1 . The fluxes 
btained for the sites located in the inner part of the Puck 
ay, Chałupy, and Swarzewo, were 1.6 and 3.0 L m−2 d−1 , 
espectively. 
In this study, the seepage fluxes measured with seep- 

ge meters are characteristic of the active SGD sites at 
he shoreline. Estimates from the present study agree with 
hose previously estimated by applying seepage meters 
anging from 3 to 187 L m−2 d−1 (e.g., Donis et al., 2017 ; 
otwicki et al., 2014 ; Szymczycha et al., 2012 ). The fluxes 
re very heterogeneous because the outflow from the seep- 
ge meters is controlled by the geological properties of the 
elected seafloor ( Burnett et al., 2006 ). 

.4.2. Regional scale SGD 

ubmarine groundwater discharge is generally a potential 
ource of Ra ( Beck et al., 2007b ; Charette et al., 2001 ;
odellas et al., 2012 ). In the present study, a Ra isotope 
ass balance was applied to estimate the total SGD in Puck 
ay, following Rodellas et al. (2017) . Separate balances for 
he outer and the inner part of Puck Bay were calculated. 
As sources, SGD, rivers, and diffusion from sediments are 

onsidered. The sinks are radioactive decay and net export 
rom the study area. Assuming a steady state, the mass bal- 
nce can be expressed as: 

SGD ∗ RaSGD + R + FD − D − O = 0 (4) 

here QSGD is the volumetric SGD (m3 d−1 ), RaSGD is the 
24 Raex activity of porewater samples in the study area (Bq 

−3 ). The porewater activities were used as an endmember, 
ince they represent the final solution delivered to the bay. 
 is the input from rivers (Bq d−1 ), FD is the contribution 
rom diffuse fluxes from the sediment (Bq d−1 ), D is the ra- 
ioactive decay (Bq d−1 ) and O is the outflow from the inner 
nd outer Puck Bay (Bq d−1 ). 
The river input is estimated as the product of the dis- 

harge and the corresponding 224 Raex activities. The Reda 
iver contributes about 76% of the volume of all rivers 
ischarging into the inner bay ( Szymczak and Piekarek- 
ankowska, 2007 ). Therefore, it is considered that the dis- 
harge of Zagórska Struga, Gizdepka, and Płutnica together 
epresents 24% of the Reda River discharge. 
The diffusive flux determined from the Ra diffusion ex- 

eriment was multiplied by the area of the bay to obtain 
D . 
The radioactive decay is the product of the measured 

24 Raex activity of the bay, the volume of the considered part 
f the bay, and the decay constant. 
131 
The outflow was calculated as: 

 :

( 224 Raex ( inner or outer bay ) 
− 224 Raex ( outer bay or Baltic Sea ) ) 
∗ V ( inner or outer bay ) 

WA 

(5) 

here the WA is the apparent water age, which was esti- 
ated by using the short-lived Ra isotopes as described by 
oore (2000b) : 

A :
ln 

( 224Ra 
223Ra 

)
inner or outer PB − ln 

( 224Ra 
223Ra 

)
RaSGD 

λ223 − λ224 
(6) 

The Ra-derived estimate of the water age is 4 ± 2 and 
5 ± 8 days for the outer and inner parts of Puck Bay, re-
pectively. It should be noted that the water age represents 
he time elapsed since the water sample became enriched 
n Ra and was isolated from the source ( Moore, 2000b ). This
pplication is more appropriate for ages in the range of the 
alf-life of the isotope used. 
Considering all the inputs and outputs of the Ra mass bal- 

nce in the outer Puck Bay, the QSGD was estimated to be 
7 ± 35 106 m3 d−1 (301 L m−2 d−1 ) ( Table 2 ). In order to 
btain a discharge in the range of the values already esti- 
ated for Puck Bay, we estimated that SGD is taking place 

n the whole bay (255 km2 ). This assumption could be real- 
stic to some extent as acoustic imagery showed anomalies 
n the surface sediments ( Figure 3 ) and salinity in the water
olumn decreased with depth at some sites ( Matciak et al., 
015 ). However, the SGD fluxes estimated here are the sum 

f the fresh and saline components of SGD, and a balance 
sing long-lived Ra isotopes is required to differentiate be- 
ween porewater exchange and SGD ( Rodellas et al., 2017 ). 
Considering the 224 Raex sources to the outer bay, the SGD 

epresents 94%, whereas the outflow from the inner Puck 
ay represents and the diffusion each account for only 3%. In 
his balance, the Vistula River is not considered as a source 
f Ra to Puck Bay, which could have an impact depend- 
ng on the wind direction. Moreover, the contribution from 

he sediments could also be higher if the diffusion experi- 
ent was done for the different sediments found across the 
ay. 
Regarding the inner Puck Bay, QSGD was estimated to be 

 ±6 106 m3 d−1 (55 L m−2 d−1 ) ( Table 2 ). As assumed in 
he outer Puck Bay, we assume that SGD occurs in the entire
nner bay (104 km2 ) as well. Here, SGD dominates again with 
1%, rivers 0.5%, and diffusion represents 9%. 
It is worth noting that the present balances have high 

evels of uncertainties. Among the factors, the Ra activities 
ound in the end members were very heterogeneous showing 
 wide range of activities between them. Salinity has been 
ecognized as the main factor controlling the activities in 
he endmembers since Ra desorption increases with salin- 
ty (e.g. Cho and Kim, 2016 ). In addition, high variability 
as observed in the 224 Raex activities of the groundwaters 
round Puck Bay, which ranged between 0 and 14 Bq m−3 

 Table 1 ), which suggests that the groundwater discharging 
nto Puck Bay may be formed and flow through a different 
ithology. 

The SGD in the inner part of Puck Bay was found to be
bout 24 times higher than the discharge of the Reda River 
n the day of sampling (3 m3 s−1 , IMGW, 2022 ). 
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Table 2 Summary of the terms and values used in the Ra mass balance. 

Term Definition Outer Puck Bay Inner Puck Bay Source 

A Area of the bay [m2 ] 255200000 104000000 Kramarska et al. (1995) 
V Volume of the bay [m3 ] 5231600000 322400000 Szymczak and 

Szmytkiewicz (2014) 
h average depht of the bay [m] 20.5 3 Matciak et al. (2011) 
Qrivers Total discharge of Gizdepka, 

Plutnica and Zagorska Struga 
rivers [m3 d−1 ] 

73667.37 24% of Reda discharge 
Szymczak and Piekarek- 
Jankowska (2007) , 
IMGW (2022) 

QReda Discharge of Reda River [m3 

d−1 ] 
233280 IMGW (2022) 

λ224 

224 Raex decay constant [d−1 ] 0.19 0.19 
λ223 

223 Raex decay constant [d−1 ] 0.06 0.06 
WA Water age [d] 4 15 Eq. (6) 
RaReda 

224 Raex concentration in Reda 
River [Bq m−3 ] 

2.2 this study 

Rarivers 
224 Raex activties in the 
Gizdepka River [Bq m−3 ] 

0.5 this study 

Rarivers 
224 Raex concentration in the 
Płutnica River [Bq m−3 ] 

0.9 this study 

Rarivers 
224 Raex concentration in the 
Zagórska Struga River [Bq m−3 ] 

1 this study 

RaBaltic Sea 
224 Raex concentration in the 
Baltic Sea site [Bq m−3 ] 

0.3 this study 

Raouter PB Average 224 Raex concentration 
in the Outer Puck Bay [Bq m−3 ] 

0.5 0.5 this study 

Rainner PB Average of 224 Raex in the inner 
Puck Bay [Bq m−3 ] 

1.6 1.6 this study 

Fdif Ra flux out from bottom 

sediments [Bq m−2 d−1 ] 
0.1 0 this study 

RaSGD 
224 Raex of porewater Sopot 
(SGD) [Bq m−3 ] 

13.6 this study 

RaSGD 
224 Raex of porewater Hel (SGD) 
[Bq m−3 ] 

7 this study 

RaSGD 
224 Raex of porewater Chalupy 
(SGD) [Bq m−3 ] 

31 this study 

RaSGD 
224 Raex of porewater Swarzeno 
(SGD) [Bq m−3 ] 

9 this study 

RaSGD 
224 Raex of porewater Oslonino 
(SGD) [Bq m−3 ] 

79 this study 

Term Calculations Outer Puck Bay Inner Puck Bay Source 

O Ra output fluxes [Bq d−1 ] 261580000 23642667 Eq. (5) 
D Radioactive decay [Bq d−1 ] 497002000 98009600 224 Raex PB∗V∗λ224, 

Rodellas et al. (2017) 
R contribution from the inner 

Puck Bay [Bq d−1 ] 
23642667 Eq. (5) 

R contribution from rivers [Bq 
d−1 ] 

572150 (Qrivers 
∗ average of 

Rarivers ) + ( QReda ∗RaReda ) 
FD contribution from diffuse 

fluxes out of bottom sediments 
[Bq d−1 ] 

25520000 10400000 Fdif 
∗ A 

QSGD 
∗RaSGD contribution from SGD [Bq d−1 ] 640362213 106424437 ( D + O ) — ( R + FD ) 

QSGD Flux of SGD [106 m3 d−1 ] 77 6 Balance/RaSGD 
QSGD Flux of SGD per area [L m−2 

d−1 ] 
301 55 QSGD / A 

132 
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Table 3 Information of SGD fluxes estimated in different studies for Puck Bay, and, for some sites along the Baltic Sea. 

Location Year sampling Approach Discharge [L 
m−2 d−1 ] 

Reference 

Puck Bay 1994 only Fresh SGD 0.4 Piekarek—Jankowska 
(1994, 1996 ) 

Hel — outer Puck Bay 2009—2010 Seepage meter 3—22 
Szymczycha et al. (2012) 

Hel — outer Puck Bay 2009/2010 Benthic seepage 
meters 

10 —150 Kotwicki et al. (2014) 

Hel — outer Puck Bay 2009 Benthic chamber 86 ±16 Donis et al. (2017) 
outer Puck Bay (Hel, Jurata, 
Swarzewo, and Puck) 

2017/2018 Chloride tracer 156—242 Kłostowska et al. (2019) 

inner Puck Bay (Chałupy and 
Osłonino) 

2017/2018 Chloride tracer 156—242 Kłostowska et al. (2019) 

Hel — outer Puck Bay 2021 Seepage meter 30—45 This study 
Chalupy — inner Puck Bay 2021 Seepage meter 2 This study 
Swarzewo — inner Puck Bay 2021 Seepage meter 3 This study 
Site 371330 — outer Puck 
Bay 

2009 Na profile - only fresh 
SGD 

0.003 This study 

Hel — outer Puck Bay 2009—2021 Na profile 0.01—0.03 This study 
outer Puck Bay 2019 Ra isotopes 301 This study 
inner Puck Bay 2021 Ra isotopes 55 This study 
Gulf of Finland geological and 

hydrogeological 
methods 

0.1 Viventsova and 
Voronov (2003) 

Eckernforde Bay, Germany 1998/2001 Chloride tracer < 9 Schlüter et al. (2004) 
Forsmark, Gulf of Bothnia 2013 Ra isotopes 0.3—59 Krall et al. (2017) 
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The estimates from the Ra mass balance are over- 
ll in agreement with those measured by seepage me- 
ers or porewater profiles (this study, Donis et al., 
017 ; Kłostowska et al., 2019 ; Kotwicki et al., 2014 ; 
zymczycha et al., 2012 , Supplementary Table 2). This re- 
ional approach based on Ra isotopes further provides for 
he first time an integrated estimate of the SGD over the 
hole Puck Bay area. 
The different methods used in this study proved that SGD 

s taking place with high spatial heterogeneity and a wider 
ange in the volumetric and elemental fluxes. The variabil- 
ty is due to the fact that SGD is a local phenomenon, and 
he calculations are subject to assumptions and uncertain- 
ies depending on the number of active SGD sites, which is 
till unknown. In addition, our values exceed those reported 
or other regions of the Baltic Sea due to the favorable geo- 
ogical, sedimentological and/or hydrological conditions for 
GD in the Puck Bay ( Table 3 ). 

. Conclusions 

uck Bay can be considered a hotspot for submarine ground- 
ater discharge compared to other coastal areas of the 
altic Sea. The current multi-method approach applied to 
he water column, porewater, and sediment samples iden- 
ified SGD mainly along the sandy shoreline, but also in the 
eeper central part of Puck Bay. 
Local and regional SGD fluxes derived from seepage me- 

ers measurements and a Ra isotope mass balance yielded 
133 
alues between 3 and 300 L m−2 d−1 . Fluxes of SGD at sandy 
ites clearly exceed the values determined at muddy sites. 
lemental fluxes across the sediment-water interface of 
rganic-rich muds (impacted and non-impacted sites) were 
ound to be driven by early diagenesis and were higher at 
he muddy sites. The SGD-impacted sandy sites showed in- 
ense mixing between upward-moving freshwater and sea- 
ater, and early diagenetic processes were less pronounced 
n shaping the porewater gradients. SGD leads to the re- 
ease of DIC and TA into the bottom waters. The carbon 
sotopic composition of DIC shows temporal changes, likely 
riven by changes in the availability and re-oxidation of 
iogenic CH4 . This indicates that CH4 is probably not de- 
ived from the original aquifer, but rather from a zone be- 
ween the deeper aquifer and the overlying sands. Our ap- 
roach enabled the detection of different freshwater end- 
embers originating from different aquifers. It also indi- 
ates that the SGD-derived chemical fluxes strongly depend 
n the composition and processes occurring in the surface 
ediments. 
Therefore, future studies need to take into account 

he non-conservative behavior of constituents in subter- 
anean estuaries in order to better resolve the poten- 
ially important quantitative role of SGD in coastal areas. 
oreover, climate and land-use changes should be consid- 
red, for instance sea level rise, land uplift, wind pat- 
ern and the amount of precipitation which can modify the 
ydraulic gradient between the land and the ocean, and 
hus the direction, velocity and composition of the SGD 
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house, M., Ivarsson, M., Siljeström, S., Sjövall, 2015. Extreme 
13C depletion of carbonates formed during oxidation of bio- 
genic methane in fractured granite. Nat. Commun. 6, 7020. 
https://doi.org/10.1038/ncomms8020 

onis, D., Janssen, F., Liu, B., Wenzhöfer, F., Dellwig, O., Escher, P., 
Spitzy, A., Böttcher, M.E., 2017. Biogeochemical impact of sub- 
marine groundwater discharge on coastal surface sands of the 
southern Baltic Sea. Estuar. Coast. Shelf Sci. 189, 131—142. 
https://doi.org/10.1016/j.ecss.2017.03.003 

gger, M., Hagens, M., Sapart, C.J., Dijkstra, N., van Hel- 
mond, N.A.G.M., Mogollón, J., Risgaard-Petersen, N., van der 
Veen, C., Kasten, S., Riedinger, N., Böttcher, M.E., Röck- 
mann, T., Jørgensen, B.B., Slomp, C.P., 2017. Iron oxide re- 
duction in methane-rich deep Baltic Sea sediments. Geochim. 
135 
Cosmochim. Ac. 207, 256—276. https://doi.org/10.1016/j.gca. 
2017.03.019 

hlert von Ahn, C.M., Böttcher, M.E., Malik, C., Westphal, J., 
Rach, B., Nantke, C.K., Jenner, A., Saban, R., Winde, V., 
Schmiedinger, I., 2023. Spatial and temporal variations in the 
isotope hydrobiogeochemistry of a managed river draining to- 
wards the southern Baltic Sea. Geochemistry 83 (3), 125979. 
https://doi.org/10.1016/j.chemer.2023.125979 

EA. European Environment Agency. Data and Maps. EEA coastline. 
available at: http://www.eea.europa.eu/data- and- maps/data/ 
eea- coastline- for- analysis- 2/gis- data/eea- coastline- polygon/ 
@@rdf (accessed at 22.10.2022). 

alkowska, L., Piekarek-Jankowska, H., 1999. Submarine seepage 
of fresh groundwater: disturbance in hydrological and chemi- 
cal structure of the water column in the Gdańsk Basin. ICES J 
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