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Abstract

Excess nutrient supply by the rivers and the atmosphere are considered as the major causes for the persistently poor ecological
status of the Baltic Sea. More than 97% of the Baltic Sea still suffers from eutrophication due to past and present inputs of
nitrogen and phosphorus. One of the poorly quantified nutrient sources in the Baltic Sea is submarine groundwater discharge
(SGD). Through seepage meter deployments and a radium mass balance model, a widespread occurrence of SGD along
the coastline of Eckernforde Bay was detected. Mean SGD was 21.6 cm d™! with a calculated freshwater fraction of 17%.
Where SGD was detected, pore water sampled by a piezometer revealed a wide range of dissolved inorganic nitrogen (DIN:
0.05-1.722 umol L") and phosphate (PO43_: 0.03-70.5 umol L") concentrations. Mean DIN and PO43_ concentrations in
non-saline (salinity < 1) pore waters were 59 +68 pumol L™! and 1.2+ 1.9 umol L™}, respectively; whereas pore water with
salinities > 1 revealed higher values, 113 +207 pmol L~ and 6 + 12 umol L ™! for DIN and PO43_, respectively. The nutrient
concentrations along the salinity gradient do not suggest that land-derived groundwater is the definitive source of nutrients
in the Baltic Sea. Still, SGD may contribute to a major autochthonous nutrient source, resulting from remineralization or
dissolution processes of organic matter in the sediments. The DIN and PO,>~ fluxes derived from SGD rates through seep-
age meters are 7.9+9.2 mmol m~> d~! and 0.5+ 0.4 mmol m~2 d~!, lower by a factor of ~2 and ~5 when compared to the
fluxes derived with the radium mass balance model (mean DIN: 19 +28 mmol m~2d~!; mean PO43‘: 1.5+2.7 mmol m~2
d™!). Assuming that these mean radium-based nutrient fluxes are representative for the coastline of Eckernférde Bay, we
arrive at SGD-borne nutrient fluxes of about 1 t km™' y~! of nitrogen and 0.2 t km™' y~! of phosphorous. These fluxes are
lower for DIN and in the same range for phosphorus as compared to the riverine nutrient supply (DIN: 6.3 t km~! y~!, P:
0.2 km™" y™!) to the German Baltic Sea identifying SGD-borne nutrients as a secondary nutrient source to the Baltic Sea.
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Introduction

Submarine groundwater discharge (SGD) is the subsur-
face flow of water to the coastal ocean and impacts coastal
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2015; Rocha et al. 2015; Peng et al. 2022). A recent review
found that over 60% out of 200 studies reported SGD-borne
nutrient fluxes exceeding nutrient riverine inputs with det-
rimental effects on coastal ecosystems (Santos et al. 2021).
Increasing SGD-derived nitrogen availability can contrib-
ute to eutrophication, resulting in adverse impacts (Santos
et al. 2009; Kotwicki et al. 2014; Seitzinger et al. 2005).
SGD may drive coastal bio-productivity towards phospho-
rus limitation because SGD nitrogen-to-phosphorus (N/P)
ratios are typically above the Redfield ratio of 16:1 (Slomp
and Van Cappellen 2004; Rocha et al. 2015; Santos et al.
2021). SGD is associated with the outbreaks of harmful
algal blooms (Hu et al. 2006; LaRoche et al. 1997; Lee
et al. 2010) as well as coastal pollution through pesticides
and heavy metals such as monomethyl mercury (Duque
et al. 2020; Rahman et al. 2013; Black et al. 2009; Vaupotic
et al. 2008).

Despite the poor environmental conditions with respect
to the eutrophication status of marine waters of the Baltic
Sea, the effects of SGD have been largely ignored. The
Baltic Environment Protection Commission (HELCOM)
only monitors the main nutrient transport routes (rivers
and the atmosphere) and these sources are believed to
have caused a tenfold extension of hypoxic areas during
the past 115 years (Carstensen et al. 2014). Some mod-
eling studies indicated that a substantial amount of water
and dissolved nutrients flow unmonitored into the Baltic
Sea and contribute to its eutrophication status. (Hannerz
and Destouni 2006; Destouni et al. 2008). Studies in the
Bay of Puck (Poland) proposed that SGD can be a major
phosphorous source for the Baltic Sea (Szymczycha et al.
2012). Further studies reported SGD occurring along
the coastline of the Baltic Sea, for example, input from
Laholm Bay (Sweden), the Gulf of Finland, and Meck-
lenburg Bay (Germany) (Vanek and Lee 1991; Piekarek-
Jankowska 1996; Bussmann and Suess 1998; Kaleris et al.
2002; Pempkowiak et al. 2010; Schafmeister and Darsow
2011; Virtasalo et al. 2019; Klostowska et al. 2020; Idczak
et al. 2020; von Ahn et al. 2021), but without details on
possible SGD-borne nutrient loads. A well-investigated
SGD location was conducted at Mittelgrund in Eckern-
forde Bay (Germany), where a moraine remnant intersects
a confined aquifer and methane-enriched SGD emanates
from the seafloor at a water depth of ~25 m, forming
a pockmark morphology (Whiticar and Werner 1981;
Schliiter et al. 2004; Hoffmann et al. 2020). However, no
information on nutrient fluxes associated with SGD at this
site has been published.

In order to investigate the SGD-borne nutrient supply
to the coastal waters, we primarily studied the occurrence

and magnitude of SGD along the coastline of Eckernforde
Bay. This area is surrounded by agriculture associated with
fertilizer usage, and therefore, is susceptible to elevated
human derived nutrient fluxes toward the sea. In Kiel Bay,
eutrophication-induced nitrogen limitation (N:P < 10) has
been detected with a shift in phytoplankton species com-
position and a doubling of phytoplankton biomass within
the last 100 years (Wasmund et al. 2008). Based on our
surveys of the distribution of low saline pore waters and
nutrient concentrations in coastal sediments, we selected
four locations (Hemmelmark, Kiekut, Krusendorf, Lang-
holz) for detailed studies, including sampling and analysis
of coastal pore water, seepage meters and radium isotope
mass balance models.

The Subterranean Estuary

SGD will occur whenever the hydraulic head on land is
above mean sea-level and permeable pathways through
lithological units connect continental aquifers to the sea-
floor (Johannes 1980). SGD consists of a continent-derived
freshwater component (Fygp) driven by the hydraulic gra-
dient of the aquifer and a recirculated seawater component
(Sggp) driven by tidal pumping and wave setup, which cause
seawater circulation through sediments (Santos et al. 2012;
Taniguchi 2002; Burnett et al. 2006). Both components mix
in the subterranean estuary (STE, Moore 1999). The classi-
cal model of a STE describes the flow of Fggp towards the
sea above a seawater wedge forming a fresh groundwater/
seawater interface (Ghyben 1889). Density gradients along
this interface cause a convective circulation. Wave-setup
and tidal oscillations lead to recirculation of seawater form-
ing an “upper saline plume” (USP) in the intertidal zone
of the beach (Robinson et al. 2007a, b). Between the USP
and the seawater wedge, a freshwater tube (FSP) discharges
freshwater near the waterline. The occurrence and dimen-
sions of USP and FSP depend on tidal amplitudes, ground
water flux, beach slope and wave oscillations (Evans and
Wilson 2016; Robinson et al. 2007a, 2007b). Geochemical
reactions in the STE caused by mixing process of Fygp, and
S¢gp determine the chemical composition of SGD discharg-
ing to coastal waters (Charette et al. 2005; Couturier et al.
2017; McAllister et al. 2015; Robinson et al. 2018; Moore
and Joye 2021). Specifically, whether STEs are a source of
nitrogen to the coastal environment may be related to both
nitrogen consumption in the STE and SGD rates (Santos
et al. 2008). Thus, the knowledge of the salinity-nutrient
relationship in an STE is important for understanding SGD-
borne nutrient fluxes.
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Fig. 1 Overview map of the
northern part of Kiel Bay with
Eckernforde Bay located in
the South-Western Baltic Sea.
Four stations were studied in
detail with Hemmelmark and
Langholz at the northern and
Kiekutt and Krusendorf along
the southern coastline of Eck-
ernforde Bay
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The funnel shaped Eckernforde Bay is situated in the south-
western Baltic Sea, Germany (Fig. 1). The morphology of
the southwestern Baltic Sea was formed during the late
Weichsel ice advances leaving a coastline of end-moraines,
cliff coasts exposing till and glacial outwash sand beaches
(Jensen et al. 2002). The water depth in the south-western
Baltic Sea is <30 m with slopes gently rising towards the
coastline. The sea level is predominantly wind controlled
with little range (<20 cm). The western Baltic Sea is char-
acterized by a humid climate with year-around precipitation
(~800-1000 mm per year). The coastline of Eckernforde
Bay is around 40 km long and subsurface tertiary deposits
as well as glacial and postglacial sediments determine the
morphology of the inlet (Seibold et al. 1971). The area of
the watershed around Eckernforde Bay, which is estimated
to be around 150 km? (Marczinek and Piotrowski 2002), is
defined by 50-80% agricultural land cover and is drained by
a few irregularly monitored creeks (LLUR 2020).

Methods
Coastal Pore Water Sampling

In 2012, sediment pore water (~20-30 cm sediment depth)
was collected at locations along Eckernforde Bay coastline
by using a push-point piezometer (AMS™—Gas Vapor Probe
System, USA, Charette and Allen 2006). Based on this survey,
accessibility of the beach, and applicability of the methods
used (e.g., possibility to deploy seepage meters and push-
points), four locations (Hemmelmark, Langholz, Kiekut,
Krusendorf) were selected for more detailed studies of the
STEs and SGD (Table 1). No major streams enter these loca-
tions but heterogeneously distributed sediments with a higher
amount of boulders at Kiekut and Langholz were noticed. All
sampling methods were limited to the magnitudes of coastal
processes like wind, waves, and currents and thus, sampling
campaigns were conducted at rather calm westerly wind con-
ditions. With the exception of Hemmelmark (see the “Results”
section) negligible water level fluctuations were recorded.

Table 1 Overview of field surveys in Eckernférde Bay with dates and applied methods

Location

Latitude °N  Longitude °E  Date

Methods

Shoreline survey—Eckernforde Bay

Hemmelmark 54.4758 9.8763
Hemmelmark 54.4758 9.8763
Langholz 54.5113 9.9778
Krusendorf 54.4756 10.0291
Kiekut 54.4478 9.8653
Littorina cruise Eckernférde Bay
Hemmelmark, Langholz, Kiekut 54.4759 9.8763
Hemmelmark 54.4758 9.8763
Hemmelmark, Langholz 54.4758 9.8763
54.5113 9.9778

2012-6-18, 2012-8-15
2013-8-1
2014-4-8-2014-4-16

2014-6-30-2014-7-4
2015-6-15-2015-6-20
2015-9-3-2015-9-5
2016-6-7-2016-6-11
2016-9-26-2016-9-27
2018-23-8-2018-24-8

2014-7-1

Push-point piezometer
Push-point piezometer, seepage meter

Push-point piezometer, seepage meters, CTD-
Diver, Rhizone deployments

Push-point piezometer, seepage meters,

Push-point piezometer, seepage meters

Push-point piezometer, seepage meters

Radium water column sampling

Radium push-point sampling

Radium push-point sampling, seepage meter
(radium),

Helium/Tritium sampling
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At Hemmelmark and Langholz, collection of sediment
pore water by a push-point piezometer was performed
along ~ 10 m and ~ 12.5 m cross-shore transects, covering the
area from the waterline to a water depth of about 1.5 m. The
horizontal and vertical sampling resolution along these tran-
sects was 1 m and 25-50 cm (+ 10 cm; Charette and Allen
20006), respectively. Depending on the sediment character-
istics, we were able to collect pore water from up to~3 m
sediment depth. At Kiekut and Krusendorf, only a few pore
water samples could be obtained due to very coarse sand
and gravel sediments.

Pore water (~200 ml) was pumped via a push-point
piezometer into a beaker using a hand-held vacuum pump
(Mityvac Vacuum Pump™, USA) and subsequently fil-
tered through 0.2 pm filters (Acrodisc® Membrane Filters,
32 mm, USA). For nutrient analyses, pore water was filtered
into polystyrene test tubes (volume 11 ml) and deep-frozen
until further analyses. For analyses of chloride, aliquots were
filled in 2 ml Eppendorf cups. Salinity, conductivity and
temperature were determined in the remaining aliquot using
a hand-held salinometer (WTW 3310, Germany).

Rhizon samplers (Seeberg-Elverfeldt et al. 2005) were
further deployed in the STE at Hemmelmark for increased
sample resolution through the salinity gradient. About 7-9
Rhizons were horizontally attached to a plastic grid, which
was vertically pushed up to~30 cm into the sediments. Pore
water sampling started 3 days after the deployment to allow
for the recovery of stable geochemical conditions. All pore
water samples are categorized as STE samples, and an over-
view of the field surveys and methods used are summarized
in Table 1.

Temporal Salinity Variations of Sediment Pore Water

In order to monitor temporal salinity variations in the sedi-
ment pore water in relation to fluctuating sea levels, a mini
CTD-diver (Eijkelkamp Soil and Water, Netherlands) was
deployed within sediment at depth of 20-30 cm at Hem-
melmark. The CTD-Diver recorded salinity, temperature
and pressure every 10 min. In addition, sea level data were
collected from a nearby weather monitoring station at Eck-
ernforde harbor (provided by Wasserstraen- und Schiff-
fahrtsverwaltung, www.pegelonline.wsv.de).

Helium-Tritium Sampling and Groundwater Age Dating

Samples for *H analyses were collected in 1 L plastic bottles.
Samples for He isotopes and Ne analyses were collected by
connecting the push-point piezometer to 40 ml copper tubes.
Pumping of water was performed using a hand-held vacuum
pump (Mityvac Vacuum Pump™). Note that this setup may
be susceptible to degassing, which would lead to erroneous
results. However, the structure of the groundwater system,
did not allow another method for groundwater sampling. The
copper tubes were flushed several times with groundwater
before they were sealed with pinch-off clamps. Analyses
of *H, He isotopes and Ne were conducted at the noble gas
laboratory of the Institute of Environmental Physics, Univer-
sity of Bremen, Germany. A detailed description of the ana-
lytic procedure can be found in Siiltenfuf et al. (2009). For
groundwater samples, the precision of the He and Ne con-
centrations is better than 1% (Table 2). All *He components
not produced by *H decay are identified via means of “He
and Ne measurements. As we did not detect any terrigenic
He components, we could separate the tritiogenic *He by
means of He-*He ratio only, therefore, recharge conditions
of the water samples need not to be accounted for. Ground-
water age dating was applied using both *H and its decay
product *He,;, (Tolstikhin and Kamenskij 1969). Using the
relationship between * and *He,;, gives a time parameter,
the apparent *H-He age (Eq. 1). This apparent age reflects
the residence time of groundwater in the saturated zone as
the elapsed time between recharge (last contact with atmos-
phere) and sampling. (Cook and Solomon 1997; Schlosser
et al. 1988; Siiltenfuf et al. 2011).

T:%.1n< )

with 7 = *H-*He age [yrs], A=decay constant=0.05626 yr~!,
3H = concentration of *H [TU], *He,,; = concentration of
3He,;, [TU] produced by the radioactive decay of *H.

1 3I-Ietrit
T TH M

SGD Detection via Seepage Meter Measurements

Lee-type seepage meters were used to determine the SGD
rates. The devices capture SGD passing through the chem-
ical reactor of the STE and thus enable a detailed chemical

Table2 Ages of sediment

Location Salinity Sediment Water depth  Tritium [TU] He/T ages (years)

pore waters from the STE at d
epth (cm) (cm)

Hemmelmark and Langholz
determined by the Helium/ Hemmelmark 0.3 60 50 5.5+0.1 11+2
Tritium method. Tritium Hemmelmark 0.3 240 50 51+0.1 1942
concentrations and ages are
scaled to 1st of July 2014 Langholz 0.3 100 15 44+0.1 no data

Langholz 0.3 200 15 +0.1 39+2
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characterization of SGD, determination of discharging
rates as well as variations over tidal cycles (Lee 1977;
Taniguchi 2002). Seepage meters may suffer from sam-
pling artefacts in case of low seepage rates (<12 cm d™!)
and strong waves (Russoniello and Michael 2015; Shaw
and Prepas 1989). Seepage meters inherently cover only
a small area of the seafloor (typically 0.25 m?), therefore,
many measurements (spots) are necessary to derive spa-
tially and temporally representative seepage rates. Our 4
seepage meters were deployed 50 m apart of each other
along the beaches. After ~2 days all seepage meters were
moved 2 m offshore from the same station. A total of 361
seepage meter measurements were conducted with n=174
at Hemmelmark, n =82 at Langholz, n =86 at Krusendorf
and n=19 at Kiekut. Due to microtidal conditions, the
tidal cycle was not considered.

In order to collect SGD waters, we attached a plastic
bag (10 L) to the outlet on top of the seepage meter. The
deployment time of the bags was between 15 and 60 min.
Thereafter, the water volume in the bag was measured
through a volumetric flask, and salinity and temperature
were determined through a hand-held WTW-Salinometer.
Deployments of seepage meters were limited to water
depths of 30-130 cm in areas characterized by sandy sedi-
ments, and were conducted along cross-shore transects at
Hemmelmark, Langholz, Kiekut, and Krusendorf. Filtered
nutrient samples were obtained after seepage meters were
completely flushed with SGD, which was indicated by a
constant salinity over several consecutive deployments.
The SGD rates (F) were calculated as follows (Burnett
et al. 2001) and expressed as a flow velocity:

1440

F[cmd‘l] =¥* I

@)
with V =water volume in the bag [cm®]; T =time the bag
was attached to the seepage meter [min]; A =the surface
area of the seepage meter (2560 cm?). Freshwater SGD flux
(Fsgp) was determined after seepage meters were completely
flushed and calculated as follows:
SalSW — SalSP

F dl| ="« F

soolem ] SalSW )

Salgyy is the ambient seawater salinity, Salgp is the salin-

ity of the water in the seepage meter and F (cm d~!) is the
total seepage meter water flux.

Radium Isotope Measurements

A spatial and temporal integration of SGD is possible through
the application of radium isotope mass balances (Moore
2003, 2006). Radium (Ra in the following) isotopes, such
as **Ra (t,,=3.7d) and 223Ra (t,,=11.5d), are produced by

@ Springer

radioactive decay of thorium, which is ubiquitous in sedi-
ments and rocks. Whereas Ra is not mobile in freshwater, it is
released from sediments in the STE at salinities of ~3—4, and
subsequently cause SGD to be enriched in Ra relative to sea-
water. Through mass balance models of Ra, which consider
all sources and sinks of Ra in the coastal ocean, a spatially
and temporally integrating measure of SGD can be obtained
(Moore 2000, 2003; Garcia-Orellana et al. 2021).

We collected about~ 100 L of seawater per sample during
a R/V Littorina research cruise (L16/09, 7-11 June 2016)
in Eckernférde Bay. Upon collection, water samples were
passed at a flow rate of about 1 L min~! through a column
filled with 20 g of manganese-coated acrylic fiber (MnO,
fiber) to adsorb Ra onto the MnO, fibers. The Ra-loaded
MnO, fibers were then rinsed with Ra-free water to remove
sea salt and partially dried. A push-point piezometer was used
to sample sediment pore water for Ra endmembers within the
STE’s of Hemmelmark, Kiekut and Langholz. About 2.5—4
L of pore water was extracted and poured over MnO, fibers.
In addition, water samples for salinity and nutrient analyses
(selected) were obtained from both surface and pore waters.
Furthermore, a 5L water sample for Ra determination was
obtained by seepage meter at Hemmelmark.

Partially dried MnO, fibers were placed in a Radium
Delayed Coincidence Counter (RaDeCC) system (Moore
and Arnold 1996) following the measurement procedure
outlined in Moore et al. (2008). The **Th activity was
measured 3 weeks after the first measurement of 2**Ra,
when the initial 2**Ra has decayed and the supported ***Ra
has equilibrated with its parent >?Th adsorbed onto MnO,
fiber. Excess 2**Ra (***Ra,,) was calculated by subtracting
the 22Th activity from the 2**Ra activity. The RaDeCC effi-
ciency for **Ra measurements was determined by using an
TAEA reference source (Scholten et al. 2010); whereas the
223Ra efficiency was calculated following the method of
Moore and Cai (2013). Uncertainties of measurements were
propagated according to Garcia-Solsona et al. (2008). The
analytical precision of Ra analysis by RaDeCC was 7-10%
in our measurements.

Radium Mass Balance Model for SGD Estimations

We used a 2**Ra,, mass balance model for SGD estimations,
which assumes steady state between all sources and sinks
of 2*Ra,, (Beck et al. 2007; Krall et al. 2017; Moore 2000;
Garcia-Orellana et al. 2021).

JSea + JDecay = JDiff + JSGD + JRiv (4)

where Jg., is the ***Ra,, flux exported from the areas
investigated to the bay, Jp,.,, is the loss of ***Ra due to
radioactive decay, Jp; is the 2%“l{aex flux resulting from Ra
diffusion from sediments, Jg;p is 2Ra,, supplied via SGD



Estuaries and Coasts (2023) 46:1190-1207

1195

and J, is the river ***Ra,, flux. As there are no rivers drain-
ing into Eckernforde Bay Ji;, was omitted.

Js., Was determined through the **Ra,, excess inventory
(I, i.e,. total >>*Ra,, inventory in the investigated areas in
excess of the *>*Ra, supplied by open bay waters) divided by
the residence time (t) of waters in the investigated areas. This
residence time was calculated as following Moore (2006):

AR, 1
T=In (5)
AR 5 ) Axoy — Axs

with AR; and AR are the average measured and the initial
(endmember) **Ra, /***Ra activity ratios, Ay, and A,,; are
the decay constants of 224Raex and ?*°Ra, respectively. The
loss of 2**Ra,, derived by radioactive decay (J Decay) Was cal-
culated by multiplying the 224RaeX activities measured along
each cross-shore transects with the respective water depths
and averaging the results. This average inventory (I) was
multiplied by the surface area (A [m?]) of the specific area
investigated and by the >**Ra decay constant ()).
Thus:

Iex
JSGD=JDiﬁ‘*A+7_I*}‘ (6)

The volume of SGD flux (cm d~') was determined by
dividing Jsp, (dpm d~') by the endmember ***Ra,, activities
(dpm m~>) and by the surface area of the investigated location.

Nutrient Analysis

Water samples for nutrient analysis were deep-frozen
at—20 °C until analysis. Nutrient concentrations were ana-
lyzed by a QuAAtro39 Auto Analyzer of Seal Analytics at
the Alfred- Wegener Institute, Bremerhaven. The device is
an automated Continuous Segment Flow Analyzer (CFSA)
and allows quantitative determinations of ammonia, nitrate
and nitrite, and phosphate. In total, 171 samples were ana-
lyzed (Hemmelmark: n=53; Langholz: n=37; Krusendorf:
n=40; Kiekut n=41). According to the European Protec-
tion Agency (EPA), method detection limit (MDL) for DIN
(NH,* +NO,” +NO;7) is 0.01 pmol L™ (Kérouel and
Aminot 1997) with a standard deviation (SD) of 0.027 pmol
L~!. The determination of PO,>~ is based on the colorimetric
Method No. Q-064-05 Rev. 4 (Royal Netherlands Institute for
Sea Research, NIOZ). MDL and SD for PO43_ are 0.01 pmol
L~!and 0.061 pmol L' (acc. EPA), respectively (NIOZ).

Results
Pore Water Salinities in the Coastal Sediments

A survey along the coastline of Eckernforde Bay in 2013
revealed a widespread occurrence of low-salinity pore

waters. Low salinity ratios of <0.75 (pore water to surface
seawater) were detected at 19 out of 23 stations investi-
gated (Fig. 2). The lowest salinity ratios of <0.08 charac-
terized by pore water salinities of <0.3 were observed at
seven locations irregularly distributed around the coastline
of Eckernforde Bay.

The pore-water transects at Langholz (Fig. 3A) and
Hemmelmark (Fig. 3B) revealed a clear extension of a low-
salinity aquifer into the submarine sediments. For both loca-
tions, surface water salinities ranged between 15.7 and 19.8.
Along the transect in Langholz, pore water salinities of < 1
were predominantly found at sediment depths of >80 cm
near the shoreline; while at the end of the transect, lower
salinities were observed only at a greater sediment depth
of > 1.60 m (Fig. 3A). In between these sampling points,
variable salinities on horizontal as well as vertical scales
occurred reflecting a complex mixing between low saline
groundwater and surface seawater. At Hemmelmark, a steep
salinity gradient in the submarine surface sediments was
observed with salinities < 0.3 prevailing below ~ 50 cm sedi-
ment depth. This gradient was detected across the complete
cross-shore transect.

Pore water derived from Rhizones at Hemmelmark
revealed a strong decrease in salinities within sediment depths
between 6 cm (salinity 17) and 10 cm (salinity < 0.3) (Fig. 4).
In contrast, two profiles of 2014/04/14 and 2014/04/15
showed increasing DIN concentration below sediment depth
of 6 cm. For profile of 2014/04/15, salinity indicated a smaller
gradient across the sediment column (salinity of ~ 10 below
10 cm sediment depth), but this gradient got relatively steep
in the following day.

Relation of Pore Water Salinities and Sea Level

In order to investigate the fluctuations of salinity in pore
waters, a MiniCTD diver was deployed for 9 days at Hem-
melmark next to the Rhizon pore water samplers (Fig. 5,
see Fig. 3 for the location of deployment). During this
deployment period, seawater salinities varied between 16.3
and 19.6, and sea level fluctuations of up to 70 cm were
recorded. A significant correlation between seawater level
and salinities (r2 =0.68, p<0.001, n=2054) was found.
Some of these variations are caused by micro tides (e.g.,
period 2014/4/11-2014/4/13, Fig. 5), as indicated by a 6 h
sea level cycle. During days of stronger west and south-
westerly winds (e.g., period 2014/4/13-2014/4/15), low
sea level is accompanied by nearly constant and low sedi-
ment pore water salinities. A decrease in the wind strength
(e.g., on 2014/4/15) causes higher sea level (2014/4/10,
2014/4/15-2014/4/16) with increasing pore water salinities
(> 15). However, a time lag between sea level fluctuation
and pore water salinity can be observed.
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Fig.2 Eckernforde Bay with
locations of a coastal SGD
surveys. The insert in A) shows
the location of Eckernforde

Bay in the southwestern Baltic
Sea. A Salinity ratios of surface
sediment pore water and ambi-
ent seawater; B phosphate
(PO43_) concentrations in

pore water; C pore water dis-
solved total inorganic nitrogen
(DIN=NH,* +NO,~ +NO;")
concentrations. Langholz, Hem-
melmark, Kiekut, and Krusen-
dorf are the location where depth
profile studies were conducted
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Helium/Tritium Ages of Pore Water in Coastal Sediments

At the reference points of all the cross-shore transects at
Langholz and Hemmelmark (see Fig. 3A, B), pore water
samples were obtained (Table 2) for Helium/tritium age
analysis. At Hemmelmark, the apparent ages of pore water
collected at two different sediment depths were 11+2 and
19 +2 years. However, the highest age of 39 +2 years was
observed in 200 cm sediment depth at Langholz. A shallow
pore water sample from the same site was contaminated with
atmospheric air, and thus could not be used to derive tritio-
genic *He, hence an age could not be calculated.

SGD Rates
Seepage Meters

A total of 361 seepage meter measurements were conducted
throughout the sampling campaign with an overall mean
SGD rate of 21.6+25 cm d~! (range 0.6-173 cm d7').
Most of the measured SGD rates (n=258) were <20 cm
d~!. Only two measurements revealed SGD rates > 150 cm
d~! (Fig. 6A). The mean SGD rates at Hemmelmark,
Langholz, Krusendorf, and Kiekut were 18.8 £ 16 cm
d! (range 0.5-80 cm d~!, n=174), 33.3+42.7 cm d~!
(range 1.6-173 cm d™!, n=82), 11.6+5.3 cm d™! (range:
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2.6-29.3 cm d~!, n=86) and 21.6+22.3 cm d~' (range:
0.8-128 cmd~!, n= 19), respectively. For Hemmelmark,
Langholz and Krusendorf, the fraction of Fggp (Eq. 3)
was 14.6%, 14.5%, and 21.4%, respectively (Fig. 6B), but
seepage meter measurements at Kiekut did not reveal any
detectable Fygp, fraction (Fig. 6B). SGD rates > 100 cm d~!
were observed at locations with water depths of < 60 cm and
the highest SGD rates (> 150 cm d™') at locations where
water depth is <45 cm. At the locations with water depth
of > 100 cm, SGD rates decreased below 11 cm d~!. SGD
rates in the range of the mean values prevailed at the loca-
tions with water depths of < 80 cm (Fig. 6C).

Radium Mass Balance Model

In surface waters at the locations investigated, we observed
decreasing ***Ra,, with increasing distance to the shore
(Fig. 7). The average ***Ra, /**’Ra ratios (AR;,) along
these transects were 13.1+4.78, 13.0+4.35, and 13.1+3.4
at Hemmelmark, Langholz and Kiekut, respectively. Based
on the endmembers collected in the areas investigated and
characterized by salinities > 3 (Table 3), we calculated aver-
age residences times (Eq. 5) of 5.0 + 1.8 days for Langholz,
5.5+2.3 days for Hemmelmark, and 4.5 + 1.5 days for Kie-
kut. For calculating the **Ra,, flux resulted from diffusion
from the sediments (Jp;), we used a benthic **Ra, flux
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Fig.5 The upper graph shows
sea level data [cm] retrieved
from the gage station located

in the harbor of Eckernforde
(see Fig. 1). The sea level data
is provided by Wasserstraen-/
Schifffahrtsverwaltung (www.
pegelonline.wsv.de) and refers
to standard elevation zero
(NHN), being —5.003 m at this
location. Mean sea level for

the time period of Nov 2005 to
Oct 2015 is 504 cm, indicating
various events with elevated sea
level situations. The graph in
the middle represents pressure 11251
[mbar] that was recorded by the
buried conductivity-, tempera-
ture-, depth sensor (Schlum-
berger Mini CTD-Diver) and
reveals a representation of the
water fluctuation at the site with
salinity (lower graph) over time.
The CTD-Diver was buried at
sediment depth of ~25 cm in the
submerged sediments close to
the waterline (see Fig. 3B) from
the 2014/04/09 until 2014/04/17 1025 2014 /04 11
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Nutrients
Nutrient Distribution in STEs

Dissolved inorganic nitrogen concentrations (DIN=NH,* +
NO,” +NO;7) in pore waters along the coastline of Eck-
ernforde Bay revealed a strong heterogeneity during the
2012 survey (Fig. 2) with mean DIN concentrations of
92.6 + 135 umol L' (range: 1.6-496 umol L~!; n=23)
and mean PO,*~ concentrations of 3.3 +4.4 umol L~!
(range: 0.36-18.9 umol L™'; n=21). Highest DIN con-
centrations (496 umol L") and PO43_ (18.9 umol L")
were found at Hemmelmark. In general, pore waters from
the northern shoreline exhibited fivefold higher mean
DIN (183 +185 umol L~!, n=9) and twofold higher
PO43_ (5.50+6.60, n=38) concentrations as compared to
those concentrations along the southern shoreline (mean
DIN: 34.4 +27.7 umol L™!; mean PO,*>~: 2.0+ 1.2 umol
L~ n=14).

Nutrient-Salinity Relations in STEs

Along the salinity gradients within the investigated STEs,
we observed a large range in nutrient concentrations
(DIN, mean: 105+ 195 pumol L™, range: 0.05-1.722 umol
L' n=173, NH,", mean: 86.6+ 191 umol L, range:
0.13-1.707 umol L™!, n=169, NO,~, mean: 0.72 + 1.88 umol
L range: 0.05-12.1 pmol L', n=146, NO;™, mean:
21.5+61.8 umol L™, range: 0.08-493 umol L~!, PO,*",
mean: 5.32+11.2 umol L™, range: 0.03-70.5 umol L7,
n=169; (Fig. 8, refer to supplementary information Tab.
S2 as well). Nutrient concentrations tended to decrease with
increasing salinities except at Kiekut (nutrients here remain
relatively constant). In low saline pore waters (salinity < 1),
mean DIN and PO43_ were 59.1 +68.3 umol L™! (range:
7.0-289 umol L', n=24) and 1.23 +1.89 umol L' (range:
0.03-9.15, n=23), respectively. In saline pore waters (salin-
ity > 1), we observed a higher mean DIN of 113 +207 umol
L~! (range: 0.05-1.722 umol L™, n=149) and a higher

Table 3 Results of ?°Ra, >**Ra

Totrs 23 e Sediment depth 223Ra 224Ra Activity ratio
and “““Ra/**"Ra activities in L. ) I 224 223
pore water samples collected at Sample ID (cm) Salinity (dpm 100L™") (dpm 100L~") Ra/**’Ra
ie;ngz}(r:frk, Langholz Hemmelmark
H0916-1 70 0.3 4.55+0.91 92.8+4.89 20.4+4.21
H0916-3 40 0.1 0.34+0.09 10.8+0.51 31.6+8.03
HEM 7.18-3 19 4.1 9.31+1.59 219+11.3 23.5+4.19
HEM 7.18-5 8 8.7 17.3+1.50 364+16.4 21.0+2.05
Seepage meter - 10.6 5.35+£0.57 142 +6.09 26.6£3.05
Endmember (salinity >3) - - 10.7+0.75 242+113 22.7+1.73
Langholz
L0916-1 40 0.5 2.31+0.6 47.3+1.92 20.5+5.39
L0916-3 20 4.7 20.0+2.0 454+23.2 22.7+2.75
Endmember (salinity >3) - - 20.0+2.0 454+23.2 22.7+2.75
Kiekut
K0916-1 30 16.3 11.5+1.63 281+9.68 24.5+3.58
K0916-3 65 13.4 21.2+2.02 433+16.2 20.5+2.10
Endmember (salinity > 3) 16.3+1.14 357+108 21.9+3.03
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mean PO~ (5.97+11.9 umol L™, range: 0.03-70.5 umol
L~!, n=146). On average, the low salinity (< 1) pore water
DIN and PO,*~ concentrations accounts for about 60% and
30%, respectively, as in high salinity (> 1) pore waters.

Nutrient Fluxes Derived From Seepage Meters and Radium
Mass Balance Model

The nutrient fluxes based on SGD rates derived from seep-
age meter measurements for the four investigated locations
are summarized in Table 4. Highest DIN and PO,*~ fluxes
were observed at Langholz; whereas at the other locations,
nutrient fluxes were in a similar range and comparable. The
mean DIN flux for all locations were 7.94 +9.3 mmol m~>
d~! (range: 0.5-18.9 mmol m~2 d~!) and 0.4 + 0.4 mmol m~>
d! (range: 0.04—1.1 mmol m~2d™") for PO43_.

For calculations of SGD nutrient fluxes, the Ra-based SGD
flux must be multiplied by an endmember nutrient concentra-
tion. Here, we used two types of endmembers. First, we have
chosen the range of nutrient concentrations in pore waters
corresponding to the salinity range observed in the seepage
meters at the locations investigated (Tab. S2). This approach
assumes that salinity of SGD is a tracer for defining nutri-
ent endmember concentrations. Second, we used the range of
nutrient concentrations observed in pore waters with salin-
ity <1. Both approaches show wide ranges of mean nutrient

fluxes (Table 4) with higher mean DIN (18.74+27.4 mmol m2
d~') and PO,* (1.48 +2.7 mmol m~2 d) fluxes for the salin-
ity range 8.4-16.3 as compared to salinity range < 1 (DIN:
9.5+ 11.2 mmol m~2 d; PO,*™: 0.12+0.07 mmol m~2 d~!;
Table 4). In general, nutrients fluxes based on seepage meter

measurements and radium mass balances agree within a factor
of ~2 (DIN) and 10 (PO,*").

Discussion

We observed a frequent occurrence of low saline (< 1) pore
waters in surface sediments along Eckernforde Bay coastline
associated with DIN concentrations of up to~500 umol L™!
(Fig. 2). The relatively young He/T ages of these waters,
ranging between 11 +2 years and 39 + 2 years (Table 2), sug-
gested their relatively recent formation, most likely related
to groundwater associated with an upper unconfined aqui-
fer present in the catchment area of Eckernforde Bay. Here,
groundwater found within 1 m to 4 m below ground surface
is transported along topographic gradients towards the coast
(Marczinek and Piotrowski 2002). The close connection of
the aquifer to the ground surface characterized by high agri-
cultural activities causes nitrate concentrations in groundwa-
ter of up to 1290 umol L~! (Jensen et al. 2002; Marczinek
and Piotrowski 2002). Groundwater recharge rates of the
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1,000.01 T = T = S
100.0 1 PO 1 o o POC I .4 o ‘ *»°* .~ 9
10.0 pzd
1.01 *
0.11
1,000.0 S -
o o
100.0 4 a ’ z
~~ 100+ |5
+
L 1.0 . %
° 0.1
£ .
S 1000 .
= s % >
- 100 = z
£ 0104 = 3 [N
© N R
= 0.011 .
)
2 10004°% ¥ . . . d
8 ’ . o L P . . o .. * . =z
10.0--0\.._"2_:‘ * .""h Ty 4 - 5 B o ' g 9
1_0-: ‘., v .,‘. :.' ..: o = e 9 ." f
0.11 .
100.0 - - - -
10.0 i e AV @ oo e . I - R
L oo R S - F t 4 o
1.0 e o, T, ey = - O
° oo . oo .
014 b b $. . o ® S . ® % i
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
Salinity

Fig.8 Pore water concentrations (logarithmic scale) of DIN, NH,*,
NO,™, NO,~ and PO~ versus salinity for samples collected at Hem-
melmark, Kiekut, Krusendorf and Langholz. The solid blue lines
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(regression lines) and gray shadows (standard deviation) show an
overall negative slope but no robust linear relationship between nutri-
ent concentrations and salinity
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Table 4 Nutrient fluxes (in mmol m~2 d™! for DIN and PO43‘ for the locations Hemmelmark, Krusendorf, Langholz and Kiekut based on seep-

age meter measurements (A) and a radium mass balance (B)

Hemmelmark Krusendorf Langholz Kiekut Mean?
A) DIN PO  DIN PO~ DIN PO~ DIN PO/~ DIN PO
Seepage meter flux 8.9-16.3 9.0-14.8 11.7-14.6 16.0-16.3 8.9-16.3
mean 5.1 0.89 2.93 0.16 63.1 1.61 4.4 0.09 7.94 0.48
+c 1.99 0.60 3.26 0.18 87.94 2.22 7.6 0.10 9.32 0.44
N 9 9 14 14 2 2 4 4 29 29
min 1.34 0.09 0.24 0.02 0.11 0.04 0.1 0.01 0.52 0.04
max 7.83 1.92 11.68 0.54 125.28 3.18 15.8 0.20 18.9 1.10
B) Radium
S range® 8.9-16.3 11.7-14.6 16.0-16.3 8.4-16.3
mean 13.0 1.22 30.4 1.77 1.87 0.19 18.7 1.48
+c 28.2 2.55 27.8 3.16 1.98 0.22 27.4 2.68
N°¢ 27 27 11 11 3 3 41 41
min 0.10 0.01 0.35 0.01 0.15 0.02 0.17 0.02
max 99.9 8.01 929 10.7 4.04 0.44 91.0 8.18
B) Radium
S range <1 <1 <1 <1
mean 13.5 0.05 11.2 0.16 0.59 0.03 9.50 0.12
tc 14.7 0.06 15.1 0.19 0.79 0.02 11.2 0.07
N° 9 9 5 5 5 5 19 19
min 0.33 0.00 2.17 0.04 0.11 0.02 0.76 0.05
max 67.5 0.15 38.0 0.49 2.00 0.63 39.6 0.36

dweighted average
bSalinity range from which nutrient concentrations were chosen

“Number of nutrient measurements in the salinity range

watershed are estimated at 150-250 mm/a (Renger and
Wessolek 1990) and shallow aquifers have typically higher
rates of recharge (1-30 cm yr™!) and groundwater flow
velocities (1-100 m yr~!) than deep aquifers (intermedi-
ate or regional flow system) with lower rates of recharge
(0.01-1 cm yr~') and lower groundwater flow velocities
(0.1-1 m yr~") (Slomp and Van Cappellen 2004). Coastal
aquifers reach horizontal seaward flow velocities of 2-300 m
d~! predominantly outcropping at seepage faces such as per-
meable coastal sediments (Santos et al. 2011). While the
measured groundwater ages agree well with the theoreti-
cal flow rates, a robust correlation with SGD rates was not
found due to likely more complex driver interactions. SGD
is mainly driven by complex hydrological characteristics
of coastal aquifers and surface water conditions, like the
groundwater recharge rates, permeability of the aquifer and
the hydraulic gradients resulting in its specific groundwater
discharge rates (Anderson Jr and Emanuel 2010; Gonneea
et al. 2013; Luijendijk et al. 2020).

As the water table of this aquifer and the flow of
groundwater are relatively constant during all the seasons,

oscillation of seawater through the sediment bed in the
coastal area forced by sea level fluctuations and waves is
assumed to be the main driver for changes of the hydraulic
gradients and thus for the groundwater flow to Eckernforde
Bay. This is reflected in our time series measurements of
sediment pore water salinities (Fig. 5) with low salinities
during times of low sea level, translating to a higher hydrau-
lic gradient, and therefore higher influence of fresh ground-
water, and vice versa (see Temporal Salinity Variations of
Sediment Pore Water). In addition, the seepage meter meas-
urements detected opposing trends between SGD flux rates
and variable water depths likely driven by variable hydraulic
gradients (Fig. 6). The relatively high Fqgp fraction of up
to~21% (SGD Detection via Seepage Meter Measurements)
indicated the general importance of fresh groundwater for
SGD along Eckernforde Bay.

In the following section, we will first discuss fresh
groundwater—seawater mixing in the STEs of Hemmelmark
and Langholz. Second, we will discuss the nutrient distribu-
tions along the salinity gradients in STEs and the results of
SGD nutrient fluxes to Eckernférde Bay.
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The STEs at Hemmelmark and Langholz

Compared to the established concepts of STEs, there are three
apparent differences in the structure of the STEs observed at
Hemmelmark and Langholz. First, we do not find the typical
saltwater wedge in the STE, which normally extends from
below the groundwater to the open sea (Fig. 3). One likely
explanation is that our vertical and lateral sampling scheme
does not cover the full dimensions of the studied STEs.

Second, we do not observe a distinct USP, a seawater
circulation cell in the intertidal zone mainly driven by
the tidal range and wave set-up (Robinson et al. 2007a, b;
2018). The Baltic Sea has a microtidal environment (tidal
range <20 cm) and the locations investigated were not
exposed to waves higher 30 cm (Langholz ~ 30 cm; Hem-
melmark ~ 10 cm) during the sampling campaigns. There-
fore, the necessary requirements for a development of an
USP seems to be lacking. Instead, we observe a strong
vertical density gradient (Figs. 3 and 4) with heavier saline
seawater overlaying fresh groundwater. The steep density
gradient indicates a relatively strong upward advection of
fresh groundwater, which limits density driven downward
mixing of seawater, like the development of salt fingers that
circulate into the groundwater (Breier et al. 2005; Rapaglia
and Bolunewicz 2009; Greskowiak 2014; Roper et al. 2015).
Compared to Hemmelmark, we observed some undulations
of the freshwater/seawater gradient in the STE of Langholz
(Fig. 3), Langholz is characterized by a gentler beach slope
and is more exposed to the open bay so that wave activity
may have some influence on seawater/groundwater mixing
here. Third, we do not observe a direct discharge of Fygp
normally characterizing a freshwater tube (FDT) of STE’s.
In our study, a fresh groundwater layer is horizontally orien-
tated and does not outcrop at the seafloor. One reason may
be that the occurrence of a FDT is closely linked to the USP
(Evans and Wilson 2016; Robinson et al. 2007a). The lack
of a USP might also be the reason why the composition of
our SGD is characterized by a relatively high Fqgp, fraction
(mean Fggp~17%). In other SGD systems studied world-
wide, tidal-pumping and wave set-up are the most important
drivers for SGD and the recirculation of seawater through
the STE results in Fygp fractions in the range of around
5-10% (Burnett et al. 2006; Taniguchi et al. 2019; Li et al.
1999).

Along the transects, SGD rates decrease with increasing
water depths (Fig. 6C), which is caused by the interplay
between the hydraulic gradient and seawater pressure. The
increasing water pressure reduces the groundwater upward
flow and limits the offshore extent of the seepage face. No
data from the more seaward extension of the groundwater
tube in the STEs is available. We expect convective seawa-
ter/groundwater mixing to be more important further off-
shore causing a higher Sqgp fraction.
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Nutrient Distribution Along the Salinity Gradients
and Fluxes

The varying strengths of nutrient sources and the micro-
bial transformation of nutrients within the studied STE’s
are believed to be the main reasons for the variable nutri-
ent concentrations along the salinity gradients of investi-
gated STEs (Fig. 3). It is beyond the scope of this study
to discuss these nutrient sources and biogeochemical
transformation processes in detail. In general, we can state
that apart from a land-derived, fresh groundwater (salin-
ity < 1) nutrient source, a considerable part of nutrients
is of autochthon marine origin. This is reflected in the
DIN concentrations above the conservative mixing line
between DIN in fresh groundwater and seawater (Fig. 7),
and in comparably higher mean DIN (113 +207 umol L)
and PO43_ (1.23+0.23 pumol L™!) concentrations in STE
pore waters with salinities of 1-12 as compared to those in
fresh groundwater (salinity < 1; DIN: 59.1 +68.3 umol L™},
PO,*™: 5.97+11.9 umol L™"). The organic carbon content
within sediments in the studied area was reported to be in
the range between 0.5 and 2.5% (Balzer 1984) and mainly
related to the presence of seagrass meadows (Bostrom et al.
2014) that are known to effectively store organic matter in
sediments (Ricart et al. 2020). Ammonification and deni-
trification of organic matter, being the sequential reduction
of NO;~ to NH,* (Voss et al. 2005; Korth et al. 2013) are
the most likely processes causing the observed increase of
ammonia in brackish groundwater of the STEs. Degrada-
tion of organic matter will also release PO,*~ (Ahlgren et al.
2006) to the STE and PO43_ removal processes will spa-
tially and temporarily vary as depended on redox-conditions,
which control PO,*~ adsorption (Slomp and Van Cappellen
2004; van Helmond et al. 2020).

Other sources of organic matter may be organic-rich lay-
ers that formed during preglacial sedimentation and are now
subject to leaching processes due to high freshwater and salt-
water dynamics in the STE (Kreuzburg et al. 2018, 2020).

Our nutrient fluxes based on seepage meter measure-
ments and radium mass balances agree within a factor of ~2
(DIN) and within a factor of ~5 for PO43_ (Table 3). Despite
these relatively consistent fluxes, such estimates are asso-
ciated with considerable uncertainties. For instance, col-
lected waters in seepage meters may be subject to chemical
modifications during the collection period, e.g., reduction
of NO;™ to NH,* (Duque et al. 2020). Note that due to these
possible chemical modifications we do not discuss N-species
but only DIN fluxes. As recently pointed out by Garcia-
Orellana et al. (2021), Ra-based SGD quantifications involve
several, often unproven assumptions (e.g., steady-state,
well-defined Ra source and sinks, diffusion-controlled Ra
transport), that lead to unknown and not quantifiable uncer-
tainties in SGD estimates. Most critical is the appropriate
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choice of endmembers especially when calculating SGD-
borne nutrient fluxes (Santos et al. 2008). In many stud-
ies, nutrient and Ra endmember concentrations are derived
from fresh groundwater assuming that nutrients, like Ra,
would behave conservatively while transported through
the STE. Such an approach may be appropriate in systems
characterized by rapid flushing through coarse-grained sedi-
ments and/or karstic environments (Santos et al. 2021). In
most STE’s, however, either nutrient attenuation via bio-
geochemical reactions or nutrient addition via circulating
seawater and/or degradation of sedimentary organic mat-
ter occurs (Erler et al. 2014; Kroeger and Charette 2008;
Oehler et al. 2021; Santos et al. 2009; Tait et al. 2014). In
such cases, fresh groundwater nutrient endmembers are not
an accurate expression of nutrient concentrations of dis-
charging waters. As an alternative approach, we used the
salinity range observed in seepage meters and assume that
these ranges bracket the range of nutrient endmember con-
centrations. The calculated nutrient fluxes are about 2 (DIN)
and ~ 10 times higher than the fluxes estimated from fresh
groundwater endmembers (Table 4). These differences in the
nutrient fluxes provide some guide on the potential amount
of autochthonous nutrients. If fresh groundwater nutrients
would pass though the STE biochemical reactor without
modifications, about half of DIN and about one-tenth of
PO,*~ could be the maximal land-derived nutrient supply
to Eckernférde Bay. Thus, the marine recycled nutrient
source is likely to be more important. It should be noted that
nutrients are also released from sediments via pore water
diffusion (Carstensen et al. 2020). In Eckernférde Bay, dif-
fusive pore-water DIN and PO,*~ fluxes were estimated to
be 1.4+0.2 mmol m™>d~" and 0.7 +0.2 (Dale et al. 2011),
respectively, which are lower (DIN) and in the same range
(PO43_) as our Ra based SGD estimates.

In the Bay of Puck (Baltic Sea), SGD-borne nutrient input
of nitrogen and phosphorus (Szymczycha et al. 2012) was
observed impacting meiofaunal communities (Kotwicki
et al. 2014; Szymczycha et al. 2012). These authors reported
SGD-derived DIN and PO,*~ fluxes of 49.9+ 18 t yr~' and
1.72+0.17 t yr™ !, respectively, which is in the range of our
estimates (DIN: 38.4+56.7 tyr !, PO,>: 6.6 + 12.0 t yr ).

The Baltic Sea is heavily impacted by external nutrient
sources. Due to joint efforts of nations bordering the Bal-
tic Sea, waterborne nitrogen and phosphorous inputs were
reduced by 17% and 20%, respectively, between 1994 and
2010 (HELCOM 2015). In 2016, the riverine nitrogen
and phosphorous input to the German Baltic Sea was esti-
mated to be around 14,120 t y~! and 500 t y~!, respectively
(HELCOM 2018). Scaling to the length of the German Baltic
Sea coastline (2247 km), these inputs were 6.3 tkm™! y_1 of
nitrogen and 0.2 t km~' y~! of phosphorous. If we assume

that our measured Ra- DIN and phosphorus fluxes are rep-
resentative for the coastline (40 km) of Eckernforde Bay, the
mean SGD-borne DIN fluxes are lower (mean DIN flux: 1 t
km~!' y~!, range: 0.1-4.7 t km~! y~!) and in the same range
(PO~ flux: 0.2 t km™" y~!, range: 0.1-0.9 t km~! y~!) as
compared to the estimated total riverine inputs. This indicates
that SGD derived DIN is not a major source exceeding the
German riverine inputs. However, the freshwater supply by
rivers in the Bay of Kiel is estimated at only 12%, whereas
for other areas such as the Mecklenburg Bay, rivers such as
the Warnow and Trave account for more than 50% of the
freshwater supply (BLANO 2014). This makes statistically
robust nutrient-runoff correlations for Kiel Bay Region less
likely and may enhance the significance of SGD-derived
nutrient inputs.

Our regional upscaling of fluxes to the entire Eckern-
forde Bay is associated with unknown uncertainties and
probably still overestimates the “real” SGD-borne nutrient
flux. For instance, cliffs consisting of tills with low perme-
ability border part of the Eckernforde Bay coastline, and
along such coastlines SGD is less likely. However, it should
be noted that nutrient concentrations of the pore water of
the STEs exceeded the defined target values (Kiel Bay:
DIN <22.2 pmol L~! and P <0.96 pmol L™!) defined by
HELCOM (2013c) for surface water of this region by a fac-
tor of 100 and may thus act as an additional source of nutri-
ents due to the pronounced pore water dynamics. As already
discussed above a considerable fraction of the SGD-borne
nutrients might be of sedimentary or autochthon recycled
marine origin. Therefore, the fraction of land-derived new
nutrients contributing to the overall nutrient budget via SGD
for the environmental status of the investigated area is dif-
ficult to distinguish and would require further studies for
source determination.

Our nutrient fluxes determined for Eckernforde Bay fall
in the range of a recent compilation of world-wide SGD
rates (6.0 mmol m~2 d™! for DIN and 0.1 mmol m~2d~! for
PO,~%; Santos et al. 2021). These authors concluded that in
up to 60% of their studied cases nutrient fluxes exceed river
inputs. However, such an assessment is only meaningful if
both sources (rivers and SGD) as well as the allochthonous
land-derived nutrient fraction are considered. As shown in
our study, a considerable part of SGD derived nutrients is
of marine, recycled origin, indicating the presence of addi-
tional nutrient sources in our study area. As pointed out by
Santos et al. (2021), most SGD studies failed to report these
various nutrient fractions. In order to avoid overestimation
of the SGD-derived and other individual nutrient inputs in
the future, it is important to include and account for the
additional nutrient sources on a regional basis to counteract
the overall eutrophication of the Baltic Sea.
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Conclusions

Our study identified a widespread occurrence of SGD along
the coastline of Eckernforde Bay. We observed a STE struc-
ture different from most other previously studied STEs. Here
we find a fresh groundwater tube which horizontally extends
offshore and is overlaid by a seawater layer. Steep salinity
gradients between fresh and saline waters are caused by the
advection of fresh groundwater reducing density driven pore
water circulation. This unique structure is most likely related
to the microtidal environment and small waves in Eckernforde
Bay causing a reduction of oceanic forces, which normally
drive a considerable part of SGD in other ocean settings. In
our study the main SGD driving force is the hydraulic gradient
between land and sea, which is regulated by the wind-derived
sea level changes. This setting favors elevated Fqgp fractions
(up to 21%), which is remarkably high compared to other
SGD studies. Thus, oceanic microtidal environments may be
unique in the land—ocean water transport and resulting SGD.
Due to this high Fqgp fraction we would expect to see a
much higher influence of allochthonous nutrients on the SGD
composition. This is because Fygp, is mainly derived from the
groundwater aquifers in the catchment area of Eckernforde
Bay, which have high nutrient loadings. Instead, our study indi-
cates that the land—ocean nitrogen transport does not exceed
autochthon nutrient fluxes derived from organic matter recy-
cling in sediments. The overall SGD-derived nitrogen inputs
have only minor effect on the nutrient balance challenging
the role of SGD as an important driver for eutrophication in
the Baltic Sea. Thus, a high anthropogenic pressure in coastal
zones may not necessarily imply a high impact of the solute
transport associated with SGD. Future studies should more
carefully investigate the various SGD nutrient sources (autoch-
thonous versus allochthonous) in order to derive a more precise
assessment on the role of SGD in oceanic nutrient budgets.
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