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Abstract: The number of studies on submarine groundwater discharge (SGD) and the

evidence of its significance in biogeochemical cycling and potential impacts on the chemical

and ecological status of coastal waters is increasing globally. Here, we briefly present SGD

studies from the Baltic Sea identified along the coastlines of Denmark, Finland, Germany,

Poland, Sweden and Russia in the southwestern, southern and north–northeastern parts of

the Baltic Sea. We introduce a digital SGD map viewer and information platform enabling

easy overview and access to information on identified SGD sites in the coastal areas of

the Baltic Sea. SGDs potentially transport critical pollutants from urban and agricultural

areas on land to the marine environment. The pollutants include nutrients, dissolved

organic and inorganic carbon, metals, pharmaceuticals, and other emerging contaminants,

potentially harming marine ecosystems and biodiversity and possibly contributing to the

poor chemical or ecological status of coastal waters, affecting human and environmental

health. We focus on case studies from Finland, Germany, Poland and Denmark that

include the results and interpretations from the applied geochemical, geophysical and

geological methods, as well as bionic autonomous underwater vehicles (AUVs) for locating,

investigating, modelling and visualizing SGD sites in 2D and 3D. The potential Pan-

European or even global SGD information platform established within the European

Geological Data Infrastructure (EGDI) enables the easy combination and comparison of

map layers such as seabed sediment types and coastal habitats. The EGDI map viewer

provides easy access to information from SGD studies and may serve as an entry point to

relevant information on SGDs, including contents of pollutants, for the scientific community

and policy-makers. The information potentially includes the results of model simulations,

data from near real-time sensors at permanently installed monitoring stations and surveys

in time and space conducted by AUVs. The presented digital SGD information platform

is particularly pertinent to the UN Sustainable Development Goal (SDG) No. 14, which

focuses on the conservation and sustainable use of oceans and marine resources.
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1. Introduction

Submarine groundwater discharge (SGD) has been recognized and studied for over

fifty years [1–4]. Despite challenges in identifying and investigating these discharges,

new methods introduced in the last two decades have enhanced our understanding of

their environmental impacts and global significance [5–18]. The growing body of research

underscores the need for the continuous improvement and development of practical tools

to locate and assess the environmental impacts of SGDs [6,10,18–29], evaluate seasonal

variations, the vulnerability of SGDs to hydroclimatic extremes [30], and finally display and

integrate biogeoscience and pollution data within the land–sea continuum for the efficient

implementation of environmental policies and efficacy assessments [31,32].

Studies reveal that nutrient loading via SGD can be significant locally, particularly in

areas with intensive agriculture [8,18,33–38] and can contribute to coastal acidification [39].

Total SGD nutrient loads, including fresh and saline sources, may be comparable to or

exceed those from large rivers [13,40,41]. Despite improved tools for identifying SGD, data

gaps persist in shallow coastal zones, the so-called “white ribbon zone”, where vessel-based

data acquisition is challenging. Remote sensing technologies like autonomous underwater

vehicles (AUVs), lidar, satellite observations and transient electromagnetic surveys offer

promising advancements [42–48].

Here, we briefly review SGD studies in the Baltic Sea as one of the world’s most

polluted and extensively studied marine ecosystems. Global change impacts observed in

the Baltic Sea may serve as early warning for many similar coastal oceans or semi-enclosed

seas [49]. The Baltic Sea is a semi-enclosed brackish sea surrounded by nine countries.

These are Sweden, Finland, Russia, Estonia, Latvia, Lithuania, Poland, Germany and

Denmark from north to west. It has limited exchange with the open sea and salinities

ranging from nearly ocean water in the northwestern part to nearly fresh water in the

easternmost part. The restricted exchange with the open sea makes its ecosystems highly

susceptible to physical and chemical changes such as increasing temperatures, nutrient

loadings and pollution in general. The Baltic Sea is significantly affected by eutrophication

from surrounding countries [50–54]. It hosts the most extensive known dead zone glob-

ally [55]. Environmental challenges such as acidification, eutrophication, deoxygenation,

and warming make the Baltic Sea a model for conditions other coastal regions may face in

the future [49]. Hazardous substances and eutrophication impact the entire region [56].

Ensuring findable, accessible, interoperable and reusable (FAIR) data and data sustain-

ability across technological and human generations is crucial for the sustainable manage-

ment of resources and the environment [57–59]. Similarly, improved access to SGD data is

crucial for advancing characterizing, classifying, and assessing integrated coastal zone man-

agement and protection [60]. Coastal SGD sites serve as conduits for freshwater discharge

to the sea, supporting adapted ecosystems and water supply options [30,61]. They may,

however, also be conduits for seawater intrusion into aquifers, reducing freshwater avail-

ability in coastal regions depending on hydroclimatic factors [62]. Real-time monitoring at

key sites can track and forecast changes in groundwater quantity and quality [62]. In this

study, we initiated the development of a digital information platform for SGD integrated

into the European Geological Data Infrastructure [59,63,64] as an essential outcome of the

BONUS SEAMOUNT project “New surveillance tools for remote sea monitoring and their

application on submarine groundwater discharge and seabed surveys” [44].

Based on FAIR and sustainable data principles [57,58], the platform will provide ac-

cessible subsurface data for assessing SGD’s impact on coastal water quality under EU

legislation [65–67]. Such data can guide the establishment of nutrient or contaminant

thresholds in groundwater to protect groundwater-associated ecosystems as outlined, e.g.,

in the EU Groundwater Directive [65] and related guidelines [31,32] and the UN SDG
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No. 14. Collaboration across disciplines, including hydrogeology, geophysics, and ecology,

is essential for enhancing data collection and application with innovative tools like AUVs

and real-time monitoring systems [44]. Integrating these data into open knowledge sys-

tems will ultimately address broader environmental challenges like climate change and

biodiversity loss [49,68–72].

This paper presents examples from Baltic Sea coastal waters, focusing on Eckernförde

Bay, Germany [29,36,73]; Hanko Peninsula, Finland [19,20,74,75]; Puck Bay, Poland [21–28];

and Horsens Fjord, Denmark [31,42]. Most study sites are within a few kilometers of the

shoreline and in relatively shallow waters. However, SGD has also been found in large

offshore pockmarks, up to 50 m in diameter and over 100 m deep, about 20 km from land in

the Gulf of Gdańsk [76,77]. Objectives and findings from these studies are summarized in

Table S1 in the Supplementary Materials. Further details are accessible via the map viewer

of the European Geological Data Infrastructure [78].

2. Materials and Methods

2.1. Type and Location of the Investigated SGD Sites

Figure 1 shows a conceptual model of submarine groundwater discharge (SGD) from

a deep confined and a shallow phreatic aquifer typically discharging in relatively deep and

shallow coastal waters, respectively. Both types occur in the Baltic Sea, although near-shore

shallow SGDs dominate among the published studies (Table S1).

–

–

Gdańsk

 

–

Figure 1. Conceptual model of an SGD site with white arrows showing groundwater flow and

possible dissolved contaminant pathways in the subsurface (modified from [8]). Bluish and brownish

colours indicate aquifers and aquitards, respectively. Agricultural pollution potentially includes

nutrients, pesticides, and veterinary antibiotics, and urban pollution potentially includes caffeine,

human antibiotics, pharmaceuticals and other organic microcontaminants. Novel entities such as per-

and polyfluoroalkyl substances (PFAS) that breach planetary boundaries [70] are potentially found in

agricultural and urban polluted waters.

SGDs from confined and unconfined aquifers may occur in all four pilot areas in-

vestigated in this study, i.e., Eckernförde, Germany [29,36,73], Hanko Peninsula, Fin-



J. Mar. Sci. Eng. 2025, 13, 614 4 of 18

land [19,20,74,75]. Horsens Fjord, Denmark [31,42] and Puck Bay, Poland [21–28], although

the geological settings and, e.g., the seabed substrate vary (Figure 2). The Hanko SGD

site is associated with a shallow, unconfined aquifer hosted in the sandy distal part of a

significant Late Pleistocene ice-marginal ridge formation. At Mittelgrund in the Eckern-

förde Bay, SGD is associated with a large, confined aquifer, a significant drinking water

reservoir. The SGD at the bottom of Horsens Fjord originates from a confined sand aquifer

potentially hydraulically connected to a Quaternary buried valley in the subsurface formed

by glaciers during the last ice age. The Puck Bay catchment discharges to the bay through

Cretaceous, Paleogene, Neogene and Quaternary aquifers mainly as seepage through

Holocene sediments.

 

Figure 2. Map showing the locations of the four SGD sites in Germany, Finland, Denmark and Poland

(EF, HP, HF and PB) briefly described in Section 3, and other SGD research sites in the Baltic Sea in

Sweden, Germany and Russia. The Supplementary Materials include Table S1 summarizing all of

them. The legend for rock types and sediments on land is provided in the Supplementary Materials,

Figure S1. The onshore and offshore geological maps are at a scale of 1:1,000,000.

Other relevant maps can be turned on and off interactively in the EGDI map

viewer [78]. The selected seabed substrate map is developed within the European Marine

Observation and Data Network (Section 2.4). The geological map for rock and sediment

types on land is harvested by EGDI from national INSPIRE (Infrastructure for Spatial

Information in Europe) conformant WFS services for geological units complying with

INSPIRE [79].

2.2. Methods for SGD Detection and Monitoring

In most cases, SGD is difficult to observe by the naked eye as it occurs at relatively low

discharge rates at the seabed. In recent years, a combination of a wide range of methods

including geophysical methods (primarily hydroacoustics and seismics), hydrological

modeling, geochemical profiling in water and sediments and seepage meters have shown

to be reliable and widely used tools for SGD detection and quantification globally. For

instance, the locations of SGD are often associated with the occurrence of pockmarks,

shallow depressions in soft surface sediments formed by the emanation of SGD and gas [3].
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These pockmarks can be identified using seismic and acoustic systems like multibeam

echosounders and side-scan sonar. More direct methods for SGD detection are based on the

measurements of geochemical traces like salinity and the natural radionuclides of radon

and radium as they can help to distinguish between groundwater and seawater [7,8]. As

radon and radium are highly enriched in groundwater and nearly absent in seawater, radon

and radium concentration anomalies in seawater indicate SGD. Furthermore, mass balances

of these radionuclides can be used to estimate the SGD flux which, when combined with

the contents of solutes in SGD, allow for the quantitative assessment of, e.g., environmental

impacts of SGD [8].

2.3. Monitoring SGDs in Time and Space

Two bionic AUVs, the “Poggy” AUV by Evologics (Figure 3 [80]) and the “Squid” or

Sea Sentinel AUV by NOA Marine [81], were developed with special sensors to facilitate

the mobile spatial exploration of SGDs and other seabed and underwater features.

the “Poggy” AUV by Evologics (Figure 3 [ and the “Squid” or 

 

 

“ ”

–

ated in European projects on geology and related topics according to the “FAIR” data 

Figure 3. AUVs for SGD and seabed surveys [44]: (left) The SEAMOUNT-AUV “Poggy” [80]; (right)

The NOA MARINE high-payload Sea Sentinel AUV [81]. For more information see Supplementary

Materials, videos S1 and S2.

The NOA squid AUV has been developed to carry a significant amount of scientific

payload (up to 100 kg) for long-term operation [81]. Besides its quiet work, it provides

high thrust power and maneuverability with minimum water disturbance, which is of

importance for SGD identification by scientific measurements of, e.g., radon (222Rn) activity

measurements in marine waters; the AUVs are also able to make programmed maneuvers

as well as lurk in a single place for a desired amount of time and move itself to a new

position as requested.

In addition to using maneuverable AUVs to locate and explore SGDs, permanently

installed monitoring stations enabling real-time observations and data transfer are increas-

ingly relevant to monitoring and assessing, e.g., climate change impacts on the evolution of

physical, chemical, and ecological key parameters (e.g., temperature, nutrients, and salinity)

of marine and coastal waters [62,82–84]. The EGDI information platform described in the

following is developed to allow real-time visualization of online sensor systems deployed

in onshore- and offshore monitoring stations [84].

2.4. Developing Open Access Information Platform (EGDI) Including 3D Model Viewer

The European Geological Data Infrastructure, EGDI [85], was established in 2016 by

national members of the European Geological Surveys [63]. The primary purpose was

to establish a platform to ensure data sustainability [57] and long-term access to data

generated in European projects on geology and related topics according to the “FAIR” data

principles [58], supporting science and policy addressing societal challenges [59,64,86].

EDGI currently gives access to results from projects covering basic geology (on- and

offshore), mineral resources, earth observation and geohazards, geoenergy, geochemistry,
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groundwater, geophysics, boreholes and geography via a map viewer. EGDI, which

receives data on marine geology from the European Marine Observation and Data Network,

EMODnet [87], is the backbone of the Information Platform further developed under the

ERA-NET on Applied Geosciences “GeoERA” [88] and currently continued within [89].

Furthermore, EGDI delivers services to the European Plate Observing System, EPOS [90].

During the GeoERA project, the EGDI platform was developed further, and new

functionalities were added. These include a much-improved user interface for delivering

data to the platform, improved web GIS, support for online censor data, and 3D models

viewer [91]. Examples of these functionalities are used for locating and visualizing the

submarine groundwater discharge sites investigated in this study (Section 3.3).

The EGDI platform now supports standard GIS data such as points, lines, and polygons

delivered as Shapefiles and GeoPackages. Gridded data can be delivered as GeoTIFF files

and multidimensional scientific and multi-value gridded data may be delivered in NetCDF

(Network Common Data Form). Such data include, e.g., the monitoring of water quality

parameters like electrical conductivity/salinity, temperature and nitrate concentrations, etc.

and other tabular data related to GIS data with multiple tables of parameters related to

points in time and space. Documents (reports and papers, diagrams, etc.), CSV (comma-

separated) files, and pictures may be stored in the EGDI’s document repository. Three-

dimensional models may be uploaded and stored in EGDI’s 3D database, [91]). This

includes polygons defining the project areas and sampling points (Figure 2). For further

support about data uploads, etc., please visit the EGDI website and map viewer [85].

The location of the SGD sites in the Baltic Sea and links to the research articles and

reports were uploaded to EGDI using the GeoPackage file format (gkpg files) produced by

the open-source GIS program “QGIS”. A copy of the uploaded gpkg file can be downloaded

from the EGDI SGD map viewer [78]. The downloaded gpkg file can also be found in

Supplementary Materials (gpkg S1). Before uploading research data to EGDI, a metadata

record with information on the data, responsible institutions, funding agencies, etc., has to

be completed [92,93]. Further information on providing data, metadata and documents for

the EGDI repository can be found on the EGDI website [85].

The EGDI map viewer currently includes the following main maps and data entries:

1. Base layers (e.g., the ESRI world topography map); 2. Basic geology (various lithology

maps and 3D models, Figure 2); 3. Marine geology (Figure 2); 4. Mineral resources; 5. Earth

observation—geohazards; 6. Geoenergy; 7. Geochemistry; 8. Groundwater; 9. Geophysics;

10. Boreholes; and 11. Geographical topics. Currently, EGDI exhibits nearly 500 data

layers provided by more than 25 projects. Topic 8 “Groundwater”, the most relevant

for this paper, has the following sub-topics and data entries: 1. Quantity; 2. Quality; 3.

Drinking water and health; 4. Transboundary aquifers; 5. Climate change; 6. Competing

uses; 7. Ecosystems and biodiversity; and 8. Hydrogeology and geological features.

Information on all the SGD sites described in the paper (Table S1) is found within sub-topic

number 7 “Ecosystems and biodiversity” as “Submarine Groundwater Discharge”. Future

potential developments of the SGD part could include, e.g., the type of SGD (e.g., karstic

SGDs, nutrient or novel entities discharging SGDs, direct freshwater SGDs or recirculated

mixed SGDs).

The EGDI map viewer showing the SGD sites can easily be extended to all of Europe,

for example, to include karstic SGD sites around the Mediterranean Sea. Further develop-

ment to a global SGD viewer would be nearly as simple, although it would require adding

other map projections as the existing one is optimized for a European view. However, some

work would be required to compile on- and offshore digital geological maps, groundwater

chemistry, and other relevant data to assess environmental impacts and SGD type (e.g.,

Karstic SGDs) for regions outside Europe.
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3. Selected Results and Examples from Investigated SGD Sites

3.1. Eckernförde, Germany

Since the discovery of the pockmarks and associated groundwater discharge and

methane seeping in the 80s, Mittelgrund (Eckenförde Bay, Figure 4) has been the fo-

cus of many SGD studies investigating the biogeochemical effects of groundwater

discharge [3,29,36,73,94,95].

−1 −1 correspond to 0.3% to 4.1% of the bay’s 

−6 −1 −

−1

–

exposed settings, as “wind speed and wind direction have a non
pact on both atmospheric evasion and offshore mixing” [

Figure 4. Detailed bathymetric map of a pockmark at Mittelgrund, Eckernförde Bay. The colored area

highlights the pockmark area. Small depressions within the pockmark, i.e., intrapockmarks are areas

where SGD and methane seepage occurs (adopted from [73]).

More than 22% of the seafloor in the Eckernförde Bay is affected by SGD [36]. The

estimated SGD rates of 0.127 m3 s−1 to 1.81 m3 s−1 correspond to 0.3% to 4.1% of the bay’s

water volume being replaced yearly. There is no significant discharge of surface water

into the bay. No elevated nutrient concentrations have been detected here, which is most

probably due to denitrification in the relatively old aquifer of Miocene age in the catchment

to the bay. In contrast to these deep SGD locations, shallow water SGD (~<5 m water depth)

occurs frequently along the shoreline of the Eckernförde Bay (here, shallow unconfined

aquifers mix with seawater and discharge at a rate of about 2.3 × 10−6 ms−1 (m3 m−2 s−1).

Although these aquifers are enriched in nutrients, no evident influence of SGD on the

nitrogen balance of the investigated bay in the western Baltic Sea could be detected [29].

Radon (222Rn) has been used in many studies for more than three decades to identify

groundwater discharge to surface water [96], including locating and identifying SGD sites

in coastal waters such as the Eckernförde Bay and the three other SGD sites in Poland,

Finland, and Denmark described in the following. The concentrations of 222Rn, a decay

product of radium (226Ra), are typically 2–4 orders of magnitude higher in groundwater

than in seawater. Therefore, radon measurements in coastal waters have demonstrated

their value as an essential tool to locate and identify SGD sites in coastal waters. A recent

study of the Eckernförde Bay and nearby bays in the German part of the Western Baltic

Sea has, however, demonstrated that using 222Rn to locate SGD sites has limitations in

shallow wind-exposed coastal settings [95]. Hence, while 222Rn anomalies strongly indicate

possible SGDs, the absence of 222Rn anomalies does not rule out SGDs in shallow wind-

exposed settings, as “wind speed and wind direction have a non-quantifiable impact on

both atmospheric evasion and offshore mixing” [95].

3.2. Hanko Peninsula, Finland

Interest in the Hanko site arose when multiple pockmarks up to 25 m wide and

2 m deep were identified close to each other in multibeam and side-scan sonar images of

seafloor. The pockmarks were found at ca. 200 m from the Lappohja beach, on a sandy slope

at water depths between 4 and 17 m [19]. Water column profiles of salinity, temperature,
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dissolved oxygen and turbidity were measured at the locations of the largest pockmarks,

but did not show conclusive evidence for groundwater influence. Fresh groundwater

discharge with rates up to 1.39 × 10−7 ms−1 from two of three pockmarks studied was

confirmed by in situ 222Rn activity concentration measurements of the pockmark near-

bottom water [19]. Short sediment cores collected from pockmarks showed that the two

pockmarks with active groundwater discharge had fine sand floors, whereas the inactive

pockmark floor was covered by a ca. 7 cm layer of soft organic-rich mud. Transient state

groundwater flow modeling later simulated groundwater flow paths to the pockmark area

and produced comparable discharge rate estimates of up to 1.6 cm d−1 for fine sand [20].

Studies by [74,75] documented SGD impacts on Sr, S and Li isotopes, biogeochemical

processes and microbial communities (Table S1).

The influence of SGD on the sea surface water at the Hanko site was investigated in

May 2018 by a 222Rn survey from a motorboat. Seawater 222Rn activity concentration was

measured using two identical flow-through systems with Durridge RAD7 radon detectors

and pumps fixed at 50 cm water depth on the side of the motorboat [19] (the measured

mean 222Rn concentration in surface water was 16.9 Bq/m3, with locally slightly elevated

concentrations up to 49.9 Bq/m3 near the shoreline (Figure 5). These elevated concentra-

tions may result from localized groundwater seepage through the beach sand and/or from

the local upwelling of radon-bearing bottom water. At the time of measurements, the water

mass was separated to the surface and bottom water layers by a thermocline at the depth

of 5–8 m. Notably, the sites of active SGD, pockmarks B and D with near-bottom 222Rn

concentrations of 156.9 and 134.7 Bq/m3, respectively, do not show consistently elevated

radon concentrations in the surface water, whereas the surface water radon concentration

is high close to the inactive pockmark E. Groundwater discharged from the seafloor is

advected laterally and mixed before reaching the sea surface. The bottom water flow was

directed west at the time of measurements. Radon data are available on the EGDI platform.

 

−1

Figure 5. 222Rn activity in the sea surface water (0.5 m water depth) at the Hanko SGD site on

23 May 2018. Locations of pockmarks B, D and E that have been studied in detail are indicated.

Color change in the background image is due to the combination of two aerial photographs taken at

different times. Modified from [19]. Aerial photograph: National Land Survey of Finland Topographic

Database April 2017.
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3.3. Horsens Fjord, Denmark

A previous study modeling the nutrient loadings from the catchments of Horsens

fjord to the estuary indicated possible submarine groundwater discharge directly to the

bottom of the fjord of about 13% of the total net precipitation to the catchment of Horsens

Fjord [31]. From the previous estimations of the total freshwater discharge to the Fjord [97],

this would result in a potential total SGD of approximately 0.4 m3 s−1 to Horsens Fjord,

the same order of magnitude as the annual SGD to the Eckernförde bay described above,

which is located about 150 km to the south of Horsens Fjord. To identify potential SGD sites

in the Horsens fjord estuary, the following investigations were carried out: (1) geophysical

surveys (parametric sub-bottom profiler, sidescan sonar and multibeam echosounder) for

pockmark locations; (2) 222Rn surveys in the estuary and in groundwater collected from

different well types both North and South of the fjord to indicate the possible recharge

of fresh or reduced salinity waters at these; (3) Geochemical and macrofossil analyses on

marine sediment cores collected from located pockmarks to identify freshwaters in the

sediment and the history of the evolution of the sediments in the estuary; and (4) Geological

and hydrogeological modeling based on onshore—and offshore borehole information

and geophysics to delineate freshwater/saltwater boundaries and possible sites for the

submarine groundwater discharge of dissolved pollutants [42,98].

The geophysical surveys conducted by GEUS on research cruises in the estuary from

the GEUS research vessel “Maritina” in 2018 and 2019 identified three significant pockmarks

at the bottom of the fjord, potentially developed by submarine groundwater discharge.
222Rn surveys conducted in collaboration between the University of Kiel and GEUS around

the three pockmarks confirmed slightly elevated 222Rn activities at two of these sites. Water

extracted at different levels of the 1–1.5 m long marine sediment cores from the bottom at

one of these clearly showed the influence of discharging freshwater based on the results

from primarily chloride and stable isotope (δ18O, δ2H) analyses [42,98].

The results from the marine geophysical measurements conducted in the BONUS

SEAMOUNT project by GEUS (as described above and in [42,43]), were compiled in a

3D geological modeling software GeoScene3D [99] together with existing geological and

geophysical data from the databases at GEUS [42]. Together with the marine sediment

cores from the pockmarks and the radon surveys, the geological model demonstrates that

submarine groundwater discharges at P1 (Figure 6).

the GEUS research vessel “Maritina” in 2018 and 2019 identified three significant pock-

–

on the results from primarily chloride and stable isotope (δ O, δ

 

–

–
−1 –

Figure 6. Three-dimensional geological model of the Horsens fjord estuary and its catchment with

the location of the identified SGD site (P1). Submarine groundwater discharge from the pink and red

quaternary sand aquifers below the seabed occurs at P1. The yellow arrow indicates the upwelling of

groundwater at the yellow/blue cross. The 3D model developed in GeoScene3D [99] covers an area

of 14 km × 22 km to a total depth of 700 m (vertical exaggeration: 10). The illustrated example is a

modified version of the model stored in the 3D model repository on EGDI [91].
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The groundwater flows through late Pleistocene meltwater sands towards the Horsens

Fjord. The 3D model indicates that the estuary is a groundwater-associated aquatic ecosys-

tem receiving groundwater and potential pollution via rivers and submarine groundwater

discharge directly at the bottom of the fjord. The model can be viewed on the 3D model

viewer on EGDI [91] where it can also be turned and explored in space. The illustrated

model was built into the existing integrated groundwater–surface water model of the

Horsens fjord catchment used to estimate the nutrient loadings to the fjord/estuary [31,42].

Simulations with the updated model identified new areas where SGDs probably occur [42].

GEUS tested the permanent monitoring stations for cost-efficient near real-time monitoring

of water quality parameters [100] at two out of three new potential SGD sites. However,

the results were inconclusive and further real-time monitoring to document and illustrate

the impacts of fresh SGDs is needed.

3.4. Puck Bay, Poland

More than half of Puck Bay is under fresh groundwater seepage influence (200 km2),

which extends up to 1–5 km seaward in the inner bay and up to 12 km in the upper bay,

and the total submarine groundwater discharge equals 2.2 m3 s−1 [21–28,101,102]. Recently,

SGD sites (Figure 7) were identified based on the marine sediment cores and pore water

composition. Chloride concentrations (Cl-) were described by a vertical, one-dimensional,

advection–diffusion model [36] and SGD ranges from 16.0 m3 s−1 to 127.7 m3 s−1 in the

entire bay, which is about 50 times more than the results obtained in previous studies [26].

SGD samples (identified by means of pore water salinity [26]) were collected from the

coastal area of the Puck Bay (<5 m water depth). Most of the measured parameters such as

dissolved inorganic and organic carbon (DIC and DOC, respectively), nutrients, trace met-

als, and pharmaceutical residues (Figure 8) varied seasonally, while PO4
3− concentrations

varied significantly among the study sites and seasons [21,23–25,28].

– −1 −1

−

–

Figure 7. SGD range in the Puck Bay identified by salinity pore water measures at offshore SGD sites.

Modified after [102].
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The SGD was recognized as a source of identified pharmaceutical residues (four

out of 16 pharmaceutical compounds and their selected metabolites) and caffeine [25].

In addition, SGD turned out to be a significant source of nutrients, metals, and

dissolved carbon (Figure 8, Table S2) that affects the sustainability of the coastal

environment [21,22,28]. Dissolved trace metal concentrations (Figure 8) were generally one

or two orders of magnitude higher in groundwater than in seawater. However, the redox

conditions primarily control the trace metal distribution at the SGD sites [23].

–

not constitute a significant contaminant source for the world’s oceans in general, but that 

–

—
— —

Figure 8. Concentrations of contaminants in SGD within the Puck Bay [23–25,28]. Note! The Cd

concentrations in the trace metals diagram in the lower left corner are so low that the red columns to

the right of the blue Al columns are not visible, see Table S2 for more information.

4. Discussion and Perspectives

The case studies described above indicate potential significant impacts of submarine

groundwater discharge on the chemical and ecological status of coastal waters, at least

locally, and that the SGD loadings of nutrients, pharmaceuticals and other contaminants

may be higher than loadings by other sources [24,25]. A recent study shows that SGD

does not constitute a significant contaminant source for the world’s oceans in general, but

that the relative SGD input varies significantly in coastal waters and locally contributes to

the contamination of, e.g., estuaries, salt marshes and coral reefs and increases the risk of

pollution, eutrophication and loss of biodiversity in these important ecosystems [35].

Hence, there is a strong need for information systems that provide easy access to

maps of and information about groundwater chemistry on- and offshore in coastal areas,

including the chemical composition and contents of pollutants and environmental tracers

in SGDs. Such information can, e.g., in combination with maps of the ecological status of

coastal waters and the geological characteristics of the land–sea continuum, be an important

tool for the sustainable management and planning of appropriate mitigation measures,

e.g., for reducing the loadings of nutrients and pharmaceuticals, including human and

veterinary antibiotics to transitional and coastal waters. This information is required for

the derivation of groundwater threshold values or maximum acceptable concentrations or

loadings of SGDs for the protection of the biodiversity in groundwater-associated aquatic

ecosystems in the coastal waters of the Baltic Sea, as requested by the European Water

Framework Directive [31,32,66,103] and coastal waters, globally.
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Digital information systems can ensure easy and FAIR access [58] to knowledge

and data compiled by EU research programs such as the BONUS Program on the Baltic

Sea [104], the BANOS—Baltic and North Sea Coordination and Support Action [105] and

the Geological Service for Europe—GSEU—Coordination and Support Action [89]. Such

digital information systems improve access to data and knowledge for meeting the UN

Sustainable Development Goals [59].

The geoscientific information available in the coastal zone, particularly in the “white

ribbon” area, is generally limited. There is a significant need for better tools to investigate

this region globally. For example, autonomous underwater vehicles (AUVs) could be

utilized to monitor the biogeochemical, geophysical, geological and ecological features of

shallow coastal waters [45–48,80–82]. Additionally, advanced airborne and marine transient

electromagnetic methods [42,43] show promising potential for exploring the subsurface in

the shallow marine and brackish waters along coastlines globally [106,107].

It is hoped that the digital SGD information platform [78] developed in [44] in col-

laboration with the ERA-NET on Applied Geoscience, GeoERA [88] will serve as a future

platform for all of Europe. The EuroGeoSurveys will continue collaborating with relevant

partners to develop the SGD map viewer and related geoscience data, e.g., within the new

project “SentinelSpringS” of the Water4All partnership [108]. Improving availability and

access to data from shallow coastal areas (the “white ribbon”) and the land–sea continuum

in general is essential for the sustainable management of European coastal waters to ensure

that societal challenges and environmental goals such as UN SGD No. 14 are met in a

changing climate [59,86].

It is recommended that transdisciplinary research projects and programs are estab-

lished for the studies on SGD impacts on the chemical and ecological status of transitional

and coastal waters and efficient mitigation and remediation measures that consider fu-

ture climate change challenges such as changes in groundwater recharge, sea level rise

and changing land use, globally. Transdisciplinary research programs should address the

impacts of sea level rise, the resulting risk for sea water intrusion to coastal aquifers and

ecosystems, and the flooding of agricultural and urban areas in coastal areas [107,109,110].

Furthermore, it should support the development of new effective and energy efficient mon-

itoring techniques using AUVs and near-real-time monitoring sensors and measurement

techniques either for the AUVs monitoring in time and space, or for permanent monitoring

stations at SGD sites, e.g., for tracer measurements to improve the available biogeoscience

data in the “the white ribbon”.

All compiled data and documents should be sustained [57] and freely accessible

through digital information platforms like the European Geological Data Infrastructure.

This access should follow the FAIR data management principles [58]. Additionally, maps

showing the SGD locations and protected resources and ecosystems should be provided to

facilitate the efficient management and protection of coastal areas.

5. Conclusions

Ten areas with known occurrences of SGD in the Baltic Sea were introduced, and

four of these were described in further detail, focusing on potential pollution from vari-

ous pollutants originating from urban and agricultural sources. Coastal ecosystems may

be negatively affected by the SGD contaminant discharges and occasionally experience

the eutrophication and loss of biodiversity due to excessive loadings of nutrients and

other pollutants.

The SGD studies conducted in Denmark, Finland and Germany focused on locating

and linking the geological and hydrological settings with the SGD sites and their possible

environmental impacts, while the Polish case study focused on the SGD discharge of
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nutrients, metals, DIC and pharmaceuticals, and how they may affect ecosystems in the

Bay of Puck.

Especially the results from the studies in Puck Bay demonstrate potential environmen-

tal impacts and the need for further investigation of the constituents in SGDs including

contaminants such as nutrients, heavy metals, pesticides, pharmaceuticals and other emerg-

ing contaminants, as well as geogenic elements potentially affecting ecosystems and food

webs in coastal waters globally. The studies from the Bay of Puck SGD sites indicate

that caffeine may act as an environmental tracer and an indicator of human impact and,

e.g., potential contamination with pharmaceuticals. The application of other tracers for the

estimation of groundwater travel times and potential contamination such as tritium–helium

(3H/3He) and the PFAS trifluoroacetate (TFA) [15,111] should be considered to improve

the understanding of the history and fate of the contaminants discharging to the coastal

waters. Generally, transdisciplinary studies are warranted to assess the environmental

impacts of SDGs to coastal ecosystems globally. The brief review of the SGD sites in the

Baltic Sea and the introduction of a new European SGD information platform and map

viewer, which provides easy access to SGD data and knowledge, offers a novel approach

to compiling geoscience data relevant for assessing the environmental impacts of SGD in

coastal waters. The review of SGD studies and map viewer hold significant potential for

applied SGD research and policy implementation to protect coastal ecosystems. The work

presented is particularly pertinent to the UN Sustainable Development Goal (SDG) No. 14,

which focuses on the conservation and sustainable use of oceans and marine resources and

is also related and relevant to UN SDGs No. 3, 6, 11, 12, 15 and 17.

Supplementary Materials: The following supporting information can be downloaded or accessed at

https://www.mdpi.com/article/10.3390/jmse13030614/s1: Table S1: The main objectives, methods,

contaminants and environmental issues applied and investigated at the SGD sites in the Baltic Sea
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and Poland shown in italics are described in more detail in the text. Figure S1: Lithological legend

of onshore geology shown in Figure 2. GIS file S1: Example of the gkpg file with SGD informa-

tion provided for the SGD map viewer. Table S2: Concentrations of nutrients, dissolved organic

(DOC) and inorganic (DIC) carbon, pharmaceuticals and trace metals in fresh SGD in the Puck Bay.
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Groundwater Discharge (MET1-BH, Central Gulf of Gdańsk, Southern Baltic Sea). Sci. Total Environ. 2020, 742, 140306. [CrossRef]

77. Krek, A.; Danchenkov, A.; Mikhnevich, G. Morphological and Chemical Features of Submarine Groundwater Discharge Zones in

the South-Eastern Part of the Baltic Sea. Russ. J. Earth Sci. 2022, 22, ES4003. [CrossRef]

78. EGDI. Interactive Map Showing the Location of SGD Sites Investigated in Coastal Waters of the Baltic Sea. Available on-

line: https://maps.europe-geology.eu/#baslay=baseMapGEUS&e-tent=192526.50754193496,1981300.3554729372,8882255.5125

91414,5534832.147915851&layers=onegeoeuro_surface_lithology,emodnet_substrate_1m,sgd_locations_epsg3034_2024 (accessed

on 28 January 2025).

79. INSPIRE. Infrastructure for Spatial Information in Europe. 2025. Available online: https://knowledge-base.inspire.ec.europa.eu/

index_en (accessed on 6 March 2025).

80. Evologics. Introducing-Seamount-Poggy-a-Novel-Bionic-Auv-from-Evologics; Evologics: Berlin, Germany, 2020. Available

online: https://www.evologics.com/blog/news-2/introducing-seamount-poggy-a-novel-bionic-auv-from-evologics-57

(accessed on 6 March 2025).

81. NOA-MARINE. Sea Sentinel AUV Capability Demo; NOA MARINE: Kraków, Poland, 2020. Available online: https:

//www.dropbox.com/scl/fo/nb7jscf6b9pr0wpzjlaz6/AGnyyK7-ADhzyVcKNL78IhQ?rlkey=iblbgmr9xv8a1bfd75jelf4uk&st=

0f86y7fu&dl=0 (accessed on 6 March 2025).

82. Bannasch, R.; Latacz, M.; Schröder, J.F.; Prien, R.; Virtasalo, J.; Hac, B.; Hinsby, K. Designing and Testing Autonomous Underwater

Vehicles for Locating and Monitoring Submarine Groundwater Discharge. In Proceedings of the Baltic Sea Science Congress 2019,

Stockholm, Sweden, 19–23 August 2019; Stockholm University: Stockholm, Sweden, 2019; p. 81.

83. Skålvik, A.M.; Bjørk, R.N.; Martínez, E.; Frøysa, K.-E.; Saetre, C. Multivariate, Automatic Diagnostics Based on Insights into

Sensor Technology. J. Mar. Sci. Eng. 2024, 12, 2367. [CrossRef]

84. EGDI. Real-Time Measurements of Nitrate at St. Blaakilde/the “Big Blue Spring” Denmark. Available online: https://data.geus.

dk/sensornet/egditimeseries/index.html?country=denmark&chart=nitrate&locale=en-GB&id-list=StoreBl%E5kilde_1 (accessed

on 30 January 2025).

85. EGDI. European Geological Data Infrastructure. Available online: https://www.europe-geology.eu/ (accessed on 30 January 2025).
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