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Summary This work reports the hydrogeochemistry of submarine groundwater discharge
(SGD) in the Bay of Puck, southern Baltic Sea. To understand the seasonal and spatial vari-
ability of SGD, groundwater and seawater-based SGD samples were collected in several sites in
November 2017, March 2018, May 2018 and July 2018. Additionally, a vertical, one-dimensional,
advection-diffusion model was used to estimate SGD in each site. The obtained results ranged
fromto 1.8 x107Lecm2s~"t02.8 x 107 Lcm~2 s~ ' and depended on both: short-timescale
factors (wind direction and monthly precipitation) and long-timescale factors (total precipita-
tion and large-scale sea level variations). The calculated rates were further extrapolated to
the entire Bay of Puck and ranged from 16.0 m3 s~ ' to 127.7 m? s~'. The estimated SGD fluxes
were significantly higher than results including only the freshwater component of SGD. In the
Baltic Sea the importance of SGD, as a source of water and accompanying chemical substances,
is still neglected, however, the present findings indicate that locally SGD can be higher than
rivers runoff.

© 2019 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier Sp. z o.0. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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discharge derived from terrestrial recharge and recirculated
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seawater (Burnett et al., 2006). In ocean research, any sub-
surface water is considered to be groundwater, but tradi-
tional hydrogeologists reserve the term groundwater for the
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water that originates from a terrestrial aquifer, which ex-
cludes recirculated seawater (Jiao and Post, 2019). This
difference in terminology has caused the misunderstanding
when SGD is estimated by different methods. It is worth
mentioning, that the total SGD (including fresh and recir-
culated water) tends to be much higher than fresh SGD and
can be comparable to river flux (Moore, 2010). In this study,
the term SGD is used for both fresh SGD and recirculated
SGD.

For many decades SGD was neglected in the global hy-
drological cycles. The reason for that is the difficulty to
identify and measure SGD. Generally, rivers have been rec-
ognized to be a key pathway for terrestrial water to the
ocean. Since Moore (1996) showed that chemical mass flux
via SGD can exhibit 40% of this coming from the river water
the subject has been receiving increased attention. SGD can
be an important source of chemical substances as aquifers
in many areas become enriched with chemicals (organic and
inorganic substances) from land sources. Consequently, SGD
should be considered in analyzing the chemical substances’
budgets of coastal ecosystems.

Recently, several geochemical processes occurring in
the groundwater-seawater mixing zone, such as precipi-
tation/dissolution of ion, speciation of trace metals, the
removal of nutrients, and the production of dissolved in-
organic carbon (DIC) have been identified as modifying
the chemical substances’ fluxes via SGD (Cai et al., 2003;
Charette and Sholkovitz, 2002, 2006; Kroeger et al., 2007).
Relatively less attention has been attributed to the macro
ions’ (Cl—, SO42—, Nat, K*, MgZt, Ca?*, and HCO;~) cycling,
even though major ion distributions due to groundwater dis-
charge can exert a much control over the chemical function-
ing of the coastal area (Liu et al., 2017; Santos et al., 2008).

In the Bay of Puck, southern Baltic Sea preliminary stud-
ies indicated that locally SGD is an important component of
chemical budgets (e.g., Bolatek, 1992; Pempkowiak et al.,
2010; Piekarek-Jankowska, 1994; Szymczycha et al., 2012,
2014, 2016). However, little is known about the SGD hydro-
geochemistry, its magnitude, and variability. In this study,
we investigated the hydrogeochemical characteristics and
related hydrogeochemical processes. We sampled both the
shallow groundwater wells (piezometers) and offshore SGD
(pore water) in order to understand the dynamic charac-
ter in the transition zone (subterranean estuary). Moreover,
a vertical, one-dimensional, advection-diffusion model was
used to estimate SGD. The obtained results were extrap-
olated to the entire bay assuming similar SGD rates in
the area of comparable pore water salinity and knowing
the literature SGD coverage in the Bay of Puck (Piekarek-
Jankowska, 1996, 1996; Kozerski (Ed.), 2007; Kryza and
Kryza, 2006). Additionally, SGD was correlated to both the
short-timescale factors (wind direction and precipitation)
and the long-timescale factors (large-scale sea level varia-
tions).

2. Material and methods
2.1. Study area

The Bay of Puck is an inner part of the Bay of Gdansk
and is an example of an active groundwater discharge

area (Bolatek, 1992; Pempkowiak et al., 2010; Piekarek-
Jankowska, 1994; Szymczycha et al., 2012, 2014, 2016).
It is divided into two parts, the outer part with an aver-
age depth of 21 m and the inner, shallower part reaching a
depth of about 3m (Urbanski et al., 2007). Hence, the in-
ner part of the bay has limited access to the open Baltic
Sea waters due to a natural barrier called Rybitwia Mielizna
(Urbanski et al., 2007), while the whole bay is separated by
a narrow spit, called Hel Peninsula, from the open Baltic Sea
(Nowacki, 1993).

The bay’s hydrological regime is controlled by the ex-
change of mass, energy, and outflow from its catchment
area, while the outer part of the bay is further influenced
by contact with the Gulf of Gdansk and the Vistula River
(Cyberski, 1993). Both bays, namely the Bay of Puck and
the Gulf of Gdansk, have complex, hydrological systems
consisting of Cretaceous, Tertiary, and Quaternary aquifers
(Kozerski (Ed.), 2007). The detailed hydrogeological charac-
teristics and drainage zones of the fresh groundwater in the
Bay of Puck were presented by Piekarek-Jankowska (1996).
In the Supplementary Material Figure 1S, the cross-section
presenting the hydrogeological conditions of the sediments
of the Bay of Puck is presented while in the Supplementary
Material Figure 2S the SGD discharge zones modified after
Piekarek-Jankowska (1994) and Kryza et al. (2005) are indi-
cated.

The lithological characteristic of the Bay of Puck is
closely related to the lagoon bay type. Generally, the
grain size increases with the distance from the shoreline,
which correlates with the depth and morphology of the bay
(Piekarek-Jankowska, 1994). In the inner part of the bay,
a small diversity of bottom sediments is observed. They
are mainly dominated by fine-grained sands; however the
coastal zone, until the 1 m isobath, is formed by medium-
grained sands. In the outer part of the bay, the proportion of
mud and clay increases according to the lithological diver-
sity of the sediments (Piekarek-Jankowska and teczynski,
1993; Uscinowicz and Kramarska, 2011). The coarse-grained
sands dominate to a depth of about 20m, while the fine-
aurantite sands are the majority in the deepest parts. The
bay also contains a variety of shore types (e.g., sandy
beaches, gravel beds, stony outcrops, clay cliffs, and veg-
etated river mouths).

2.2. Sampling and analytical procedures

SGD, shallow groundwater and seawater samples were col-
lected in November 2017, March 2018, May 2018 and July
2018. The coastal SGD sites were located off Hel Penin-
sula (Hel, Jastarnia, and Chatupy) and off the mainland
(Swarzewo, Ostonino, and Puck). Two of them — Hel and
Jastarnia — were located in the outer part of the bay, while
the other sites were located in the inner part of the bay
(Fig. 1).

SGD samples for macro ions composition were collected
at 10 cm depths by means of push points (e.g., Szymczycha
et al., 2012) every 1 m along a 5-m-long transect perpendic-
ular to the shoreline at each study site. Additionally, pore
water from several depths up to 30cm was collected 3m
offshore for chloride analyses. In July 2018, at every coastal
SGD site, salinity surveys were recorded along 10-m-long,
parallel transects that extended 5m seaward (Fig. 2). Pore
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Figure 1  Map of the study sites located in the Bay of Puck, southern Baltic Sea. The submarine groundwater discharge (SGD)
sites situated off Hel Peninsula (Hel, Jurata, Chatupy) and off the mainland (Puck, Swarzewo, and Ostonino) are marked as gray
rectangles, while piezometers and groundwater wells are marked as triangles and circles, respectively.
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Figure 2 Porewater salinity distribution at 10cm depth at six study sites located off Hel Peninsula — (a) Hel, (b) Jurata, (c)
Chatupy — and off the mainland — (d) Swarzewo, (e) Ostonino, and (f) Puck — within the Bay of Puck, southern Baltic Sea.
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water samples were collected every 1m from 10cm depth
by means of push points. Data interpolation was performed
in Surfer15 (Golden Software Partner).

Seawater samples were collected directly from the sea
within the survey.

Shallow groundwater samples were collected from 14
piezometers situated at Hel Peninsula (Fig. 1). Water sam-
ples from the piezometers were collected using a peristaltic
pump and a Teflon tube. The depths of the piezometers’
mirrors were determined in situ using a hydrogeological
whistle and meter, and they ranged from 1m to 8.2 m.

Field parameters, such as oxygen concentration (O;),
pH, oxidation—reduction potential (ORP), and salinity, were
measured in situ by means of a multimeter (Hach-Lange).

In all collected water samples, major ions (Ca?t, Mg*,
Na*, Kt, Cl-, SO,2-, and HCOs;~) were analyzed. 10ml
of each water sample were collected for major metals
(Nat, Mg?t, Ca?t, and K*) analyses. Samples were filtrated
through cellulose acetate filters (¢ =0.45um) into pre-
prepared PE vials, preserved with 100 pL 3 M nitric acid (V)
(HNO3), and stored in the dark at 4C until analysis. The ion
measurements were conducted by means of atomic absorp-
tion spectroscopy (SHIMADZU 6800). Background correction
was applied with a deuterium lamp using a flame technique
(flame: air — acetylene). Quality control was performed us-
ing certified reference material “ERM-CA-11b”. The recov-
ery was equal for MgZt to 96%, Ca’* to 96%, K* to 103%
and Na* to 105%, while the precision, described as the Rel-
ative Standard Deviation (RSD) of triplicate analyses, was
not worse than 3%.

Water sample for Cl~ analysis was collected (with a vol-
ume of 40 ml) into polythene (PE) containers and stored in
the dark at 4°C until analysis. The analyses were carried out
via the potentiometric titration method, using the syringe
microtitrator Cerko Lab System with an ion-selective chlo-
ride electrode (Schott Ag 6280). A standard solution of sil-
ver nitrate (0.1 M and 0.01 M) was used as a titrant, and por-
tions V=0.041 ml were dosed automatically. Quality control
was performed using the standard curves. The precision, de-
scribed as (RSD) of triplicate analyses, was not larger than
3%. The obtained concentrations of the procedural blank
samples never exceeded 4% of concentrations measured in
the actual samples.

Water samples (40 ml) for the analysis of HCO;~ were col-
lected into vials made of borosilicate glass, conserved with
150 wl of saturated HgCl; solution, and stored in the dark at
4°C until analysis. The analyses were carried out using the
potentiometric method, by means of a pH electrode (Cerko
Lab System potentiometric microtitrator). As the titrant,
a standard solution of hydrochloric acid (HCl) (0.1M and
0.01M) was used, and portions V=0.041 cm® were dosed
automatically. Quality control was performed using the
standard curves. The precision, described as the RSD of trip-
licate analyses, was not worse than 3%. The obtained con-
centrations of the procedural blank samples never exceeded
4% of the concentrations measured in the actual samples.

Around 40 ml of sample was collected for SO4~ analy-
sis into PE containers and stored in the dark at 4°C until
analysis. The analyses were carried out with a conducto-
metric precipitation titration method, using a conductiv-
ity cell probe (Schott LF413T-id) with a multi-parameter
ProLab2000 meter (Schott Instruments). As the titrant, a

standard barium acetate Ba(CH;COO); solution (0.005M)
was used. The titrant was added to the test sample in por-
tions of 0.1 cm?® in continuous measurement of conductiv-
ity, as well as pH and temperature control. For each sam-
ple, curves were plotted in a «’=f(VBa(CH3CO0),). Quality
control for sulfate analysis was performed using standard
curves. The precision, described as the RSD of triplicate
analyses, was not worse than 3%. The obtained concentra-
tions of the procedural blank never exceeded 5% of concen-
trations measured in the actual samples.

2.3. lonic deltas

The ionic delta is an important indicator determining the
nature of the geochemical reactions between the solid
phase and the liquid phase in the coastal zone. The ionic
delta is used mainly in studies of both SGD and seawater in-
trusion (Bolatek, 1992; Liu et al., 2017). It describes the dif-
ference between the measured concentration (M; sample) Of
ion (i) and its theoretical concentration (m; mix) when fresh-
water and seawater mix conservatively (Appelo and Postma,
2005; Liu et al., 2017) and can be described as:

Ami = mi.sample - mi,mix- (1)

The theoretical concentration (m;mix) can be expressed
as:

M mix = fsea — M sea + (1 - fsea)mi.fresm (2)
where m; s, and m; sesh are the concentrations of the seawa-
ter endmember and freshwater endmember, respectively,
and fy, is the fraction of seawater, which is usually calcu-
lated from Cl~ concentration in the water sample because
of the conservative properties of the chloride ion. The frac-
tion, based on Cl—, is described as:

mCl*.sample — Mc(- fresh

()

fsea =
M- sea — Mcl- fresh

where m¢~ sample i the concentration of Cl~ in the sample;
Mc fresh 1S the concentration of Cl™ in the freshwater end-
member; and Mg~ sea is the Cl= concentration in the seawa-
ter endmember.

2.4. Piper diagram

The Piper diagram is widely used in hydrochemical studies
concerning the composition of groundwater — specifically
its graphical classification and selection of the source of
origin (Hounslow, 1995; Piper, 1994). In the Piper diagram,
major ions are plotted as cation and anion percentages of
milliequivalents in two base triangles. The total cations in
meq dm~3, and the total anions in meq dm~3 are set equal
to 100%. The data points in the two triangles are then pro-
jected onto the diamond grid. The projection reveals cer-
tain useful properties of the total ion relationships. Every
sample is represented by three data points — one in each tri-
angle and one in the projection diamond grid. In this study,
the Piper diagram was performed in the RockWare Software:
AqQA.

2.5. Calculation of SGD rates

Chloride is used as an SGD tracer in marine environments, as
it does not undergo either adsorption or chemical reactions.
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Figure 3
collected in July 2018.

Therefore, pore water profiles of Cl= solely reflect trans-
port processes, such as advection and diffusion (Schliter
et al., 2004). The Cl~ pore water distribution can be de-
scribed by a vertical, one-dimensional, advection-diffusion
model (Schluter et al., 2004), as shown in Eq. (4):
2
va(CDC) _Da (®C)
ax ox2

where C is the concentration of Cl—, & is the porosity; D is
the molecular diffusion coefficient of Cl™ in the sediment, x
is depth, and v is the velocity. The Cl™ diffusion coefficient
for sediment (D) was based on Boudreau (1997). The calcu-
lation included the measure of the average bottom-water
temperature of each season: summer (17°C), autumn (7°C),
spring (5.1°C), and winter (0.1°C). The obtained molecular
diffusion coefficient was corrected for the effect of tortu-
osity (9) according to Boudreau (1997), as shown in Eq. (5):

=0, 4)

0> =1 — In(®?). (5)

The porosity was determined according to Bolatek
(1992).

For Cl= interpolation, the least-squares method was
used, and the best function was obtained (Eq. (4)). The SGD
velocity was then calculated as Eq. (6):

pEECS)
V= @ . (6)
X

The SGD rate was calculated based on measures in every
site and included: seasonal sampling in Swarzewo (4 pore
water chloride profiles) and Chatupy (4 pore water chloride
profiles); and single measure (1 pore water profile collected
in July 2018) for each study site located in Hel, Jurata, Os-
tonino, and Puck.

The shallow sediments of the Bay of Puck are rapidly be-
coming hypoxic or anoxic with increasing sediment depth.
Usually, there is no oxygen at approximately 2cm below
water-sediment interface (Szymczycha et al., 2012). There-
fore in model assumptions, we neglected the bioturbation
effect.

Salinity at the depth of 10 cm below water-sediment in-
terface was measured in every sampling site (Fig. 2) while
at the selected station within each site the pore water chlo-
ride profiles were taken (Fig. 3). These profiles enable to
determine the SGD flux using the vertical, one-dimensional,
advection-diffusion model. The calculated water flow was

Seasonal pore water chloride (Cl™) depth profiles for (a) Swarzewo, (b) Chatupy and (c) Hel, Jurata, Puck, and Ostonino

further extrapolated to the area where similar salinity was
observed. To assign the area with similar salinity, the salin-
ity surveys (Fig. 3) and CorelDRAW software were used. The
portion of the area ranged from 5% to 25% (chapter 3.1).
The literature denotes that approximately half of the Bay
of Puck is under direct SGD influence (Kozerski (Ed.), 2007;
Kryza and Kryza, 2006). Therefore, we assumed that SGD
enters to the half of the Bay of Puck however the SGD fluxes
obtained in this study are characteristic only of the assigned
in this study area (from 5% to 25%). We simply extrapolated
the obtained minimum and maximum flux to the area rang-
ing from 9.1 km? to 45.5 km?. Moreover, we did similar cal-
culation and extrapolated the obtained results to the inner
Bay of Puck.

2.6. Monitoring data

The wind speed and wind direction data were obtained from
the Maritime Office in Gdynia, from automatic stations. The
daily atmospheric precipitation data and mean sea level
were obtained from the Institute of Meteorology and Water
Management (IMGW) database (https://dane.imgw.pl/data)
from land-based stations (IMGW, 2019). The data are pre-
sented in the supplementary material (Supplementary Ma-
terial Tab. 1S and 2S). Data characterizing deep groundwa-
ter wells located at Hel, Jurata, and Puck (Fig. 1) and the
Reda River were obtained from the Regional Inspectorate
for Environmental Protection, 2019.

3. Results
3.1. Salinity and chloride distribution

Generally, average seawater salinity in the Bay of Puck os-
cillates around 7, and, usually, significantly lower surface
water salinities indicate freshwater influence, such as that
of rivers and/or precipitation. In terms of the pore wa-
ter vertical distribution of salinity, the profiles are gener-
ally constant or increase slightly with depth (Carman and
Rahm, 1997). The consistent presence of low salinity pore
water designates SGD (Kotwicki et al., 2014; Pempkowiak
et al., 2010; Schliter et al., 2004; Szymczycha et al., 2012).
Figure 2 presents the pore water salinity distributions at
10cm depth in six sites within the Bay of Puck. Three of
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Table 1

The macro ion concentrations in submarine groundwater discharge (SGD), shallow groundwater (piezometers), deep

groundwater (groundwater wells), river (Reda River) and seawater.

Sample type Average (mmol dm—3)
Range: min-max
Cl- HCO;~ S04% Na* K+ CaZt Mgt
SGD Nov 2017 39.8 0.88 0.12 31.5 1.54 2.3 5.9
1.1-126.1 0.01—-1.96 0.12—1.60 0.2—-123.3 0.10—2.70 0.3-3.5 0.3—13.1
Mar 2018 22.3 4.22 0.51 19.5 0.62 1.6 2.1
1.1-116.8 2.17-9.11 0.10—1.60 0.2-81.6 0.10—2.40 0.3-2.6 0.3-9.9
May 2018 25.4 0.47 0.13 30.1 1.19 2.0 4.1
2.3-123.0 0.20—1.12 0.03—-0.18 3.1—141.2 0.10—4.20 1.0-3.3 0.6—13.0
Jul 2018 30.7 0.58 0.14 30.0 0.53 1.9 1.8
1.4-109.0 0.04-1.33 0.03-0.35 1.9—-127.0 0.20—-1.20 1.0-3.7 0.4-6.2
Shallow groundwater 13.3 1.56 0.24 33.3 0.35 1.8 1.0
1.1-58.4 0.04-9.11 0.03—1.24 0.2-99.3 0.10—0.80 0.3-3.3 0.3-3.9
Deep groundwater 1.0 2.60 0.30 1.2 0.10 0.8 0.25
0.3—1.4 2.40-3.20 0.20—0.50 0.4-1.7 0.08—0.13 0.6—1.4 0.2-0.3
Seawater 143.2 1.12 0.14 128.6 2.50 2.7 7.9
123.2— 0.34-2.34 0.10-0.18 82.5— 2.40-2.60 1.9-3.5 0.7-13.0
159.6 151.0
River 0.6 2.90 0.50 0.5 0.07 2.0 0.35
0.4-0.9 2.50-3.30 0.40—0.60 0.4-0.6 0.06—0.08 1.9-2.1 0.3-0.4

the sites are located offHel Peninsula (a) Hel, (b) Jurata,
(c) Chatupy, and the other three sites are situated offthe
mainland (d) Swarzewo, (e) Puck, and (f) Ostonino (Fig. 1).
All surveys indicate the high spatial variability of salinity
distribution within each site, indicating that, in each case,
a certain portion of sediment is influenced by direct SGD
(salinity below 1 at 10cm depth) at the time of sampling.
The portion of the area with direct SGD impact ranged from
5% to 25%. However, in each case, only small portions of
pore water (less than 10%) had salinities characteristic of
seawater. The spatial variability of the pore water salin-
ity distribution can be attributed to the movement of the
groundwater-seawater mixing zone and, therefore, to vari-
ations in groundwater discharge rates and/or increase of
freshwater salinity (Kaleris, 2018). The increase of fresh-
water salinity can be also caused by chloride aerosols de-
rived from sea spray that enter the shallow groundwater
with recharge (Pietrucien, 1983).

Figure 3 presents the seasonal pore water chloride pro-
files in (a) Swarzewo and (b) Chatupy. Additionally, the chlo-
ride vertical distribution obtained in July 2018 is presented
for (c) all remaining sites. Chloride concentration decreased
with increasing depth at every season and site. This pat-
tern is typical of the Baltic Sea coast, which is influenced
by fresh groundwater (Schluter et al., 2004; Szymczycha
et al., 2012). The presence of a seawater-dominated zone
in the upper first 5cm of the sediment was evidenced
by high chloride concentrations, comparable to those of
bottom-water (~143.2 mmol dm~3). Below that layer, an oc-
currence of freshwater is indicated by chloride concentra-
tions significantly decreasing, reaching 1.0mmol dm=3. A
small spatial variability among chloride vertical distribution
is visible. Interestingly, there was higher variability among
seasons.

3.2. Macro ion composition

The macro ion compositions of SGD, shallow and deep
groundwater, river water, and seawater in samples collected
in 2017 and 2018 are listed in Table 1. Additionally, SGD sam-
ples are divided according to the time of sampling, while the
other types of water represent the average, minimum, and
maximum values obtained over the course of the study. The
macro ion concentrations in SGD differ across seasons. Sim-
ilar to SGD, high ranges of minimum and maximum concen-
trations of macro ions were also observed in seawater and
shallow groundwater. The compositions of the Reda River
and deep groundwater are stable, and no seasonal changes
were observed.

The Piper diagram depicts the relative proportions of ma-
jor ions on a charge-equivalent basis for comparison and
classification of water samples independent of total analyte
concentrations, and it is a graphical illustration of water
chemistry. It is widely used in studies concerning the com-
position and origin of groundwater (Hounslow, 1995; Piper,
1994). Based on the major ion data, the chemical composi-
tion of collected water samples can be classified into sev-
eral groups (Fig. 4). Seawater is a sodium-chloride (Na-Cl)
type of water. River water is a calcium-bicarbonate type
(Ca-HCO3), and deep groundwater reflects a similar com-
position. Shallow groundwater (samples from piezometers),
depending on the season, is a Ca-HCO; type of water (in
the summer (July 2018) and winter (March 2018)) or a Na-Cl
type of water (in autumn (November 2017) and spring (May
2018)). SGD samples are generally Na-Cl types, showing the
great influence of seawater intrusion.

Transformations in water chemistry can be reflected by
flow paths presented as a series of points along trend lines
in Fig. 4. Samples near the straight line (F-S) represent
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Piper diagram showing the ionic composition (% meq dm—3) of seawater (seawater endmember), river water (Reda

River, monitoring data), deep (monitoring data) and shallow groundwater, and submarine groundwater discharge (SGD). Samples of
shallow groundwater and SGD were collected seasonally. The conservative (straight broken line) and nonconservative (concave and
convex broken line) mixing between freshwater (F) and seawater (S) end-members are shown.

a mixture between the seawater (S) and freshwater (F)
end-members. The upper path shows the direction along
which the freshwater is replaced by seawater while the up-
ward paths present the opposite process. In our data sets,
no clear trends were observed. Samples from groundwater
wells and the river were located generally closer to the up-
ward evolution path denoting the aquifer freshening while
SGD samples depending on the season showed both trends.
It seems that in March and November the composition of
most of the SGD samples was under higher seawater influ-
ence while in May and July the composition moved towards
freshwater.

Groundwater often contains dissolved calcium, or mag-
nesium, which originate from the weathering of surface
rocks as well as dissolved organic compounds such as detri-
tus, animal waste, or human contaminants. Since this wa-
ter percolates through an aquifer, it may be modified and
changed. Groundwater and accompanied dissolved calcium
or magnesium moves towards the sea. Eventually, these
ions may be exchanged for sodium in groundwater-seawater
mixing zone and might form salts (Liu et al., 2017; Salem
et al., 2016). The relationship between AMg**, ACa’*, and
(ANa™ + AK™) is presented in Fig. 5. The collected wa-
ter samples characterizing the coastal area can be divided
into several zones according to the ionic deltas of cations
(Liu et al., 2017). Each zone is represented as a quadrant
from | to IV. At the direction from dissolution (l) to precip-
itation (Ill), the external sources or sinks play a key role
in controlling the concentration of ions in the water. The

other direction represents the cation exchange (Il and IV).
In quadrant I, MgZ* or Ca?* is exchanged with Na* and K+,
and, in quadrant IV, the process is the opposite (Liu et al.,
2017). The ionic deltas (AMg?*, ACa%*, and (ANa* + AK™))
of collected samples mainly indicate the dissolution and
cation exchange processes. The possible precipitation of
magnesium and calcium was observed in only few samples
collected in Mar and May 2018. Both positive AMg** and
ACa%* concentrations and positive (ANat + AK*) and the
Mg?t/Ca?* ratio lower than 0.5, show a possible dissolution
of calcite mainly in Nov 2017 and Jul 2018. The possible
cation exchange process was most pronounced in May 2017.
Both processes namely the dissolution and cation exchange
imply the dynamic processes that occur in the groundwater
seawater mixing zone.

4, Discussion
4.1. SGD flux to study sites

The obtained chloride pore water profiles can deliver infor-
mation about fluid transport in sediments (Schliter et al.,
2004). Hence, diffusion is indicated by a linear decrease
in the Cl= concentration, while the freshwater flow is in-
dicated by a concave-shaped curve (Oehler et al., 2017;
Schluter et al., 2004). In this study, the pore water chlo-
ride profiles had the concave shape indicative of freshwa-
ter flow. Therefore, to estimate the SGD rate, we used a
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one-dimensional, advection-diffusion model based on the
vertical chloride distribution (12 chloride pore water pro-
files presented at Fig. 3). The functions used for calcula-
tions are listed in the Supplementary Material Tab. 1S while
the obtained fluxes are shown in Table 2. Surprisingly there
was no significant spatial variability among sites in calcu-
lated SGD rates. The pronounced seasonal changes are vis-
ible, with the highest flux observed in July 2018 and the
lowest in November 2017 and May 2018. The seasonal SGD
flux variability was also observed in previous studies located
off Hel (Szymczycha et al., 2012). The SGD flux to the Bay
of Puck obtained in this study was comparable with seep-
age rates (Szymczycha et al., 2012) but was significantly
lower (several orders of magnitude) than groundwater flux
estimated by means of gradient meter method (Bublijewska
et al., 2017). In the Eckernforde Bay, Western Baltic Sea SGD
flux was estimated using similar to this study approach and
the calculated flux was two orders of magnitude lower than

Table 2 The SGD flux measured in Chatupy, Swarzewo,
Jurata, Hel, Swarzewo, Puck, and Ostonino.

Date SGD in each study area (x 107 Lcm=2s~")

Chatupy Jurata Hel Swarzewo Puck Ostonino

Nov 2017 1.8 nd nd 1.8 nd nd
Mar 2018 2.3 nd nd 2.2 nd nd
May 2018 1.8 nd nd 1.8 nd nd
Jul 2018 2.7 2.6 2.7 2.8 2.0 2.8
nd — no data.

submarine groundwater discharge to the Bay of Puck. One
reason for that can be difference in hydrogeological charac-
teristics of both bays.

SGD is influenced by the components of the short-
timescale (minutes, hours, days) which are due to wave ac-
tions, tides, and precipitation as well as the components of
the long-timescale — which result from the seasonal move-
ment of the mixing zone and large-scale, sea level variations
(Kaleris, 2018). SGD was correlated with average speed, the
direction of the wind, and the total precipitation within 72 h
prior sampling (Supplementary Material Tab. 2S) and with
the total monthly precipitation and sea level change (Sup-
plementary Material Tab. 3S). The 72 h (h) time interval was
based on Kozerski (Ed.) (2007), who estimated the shallow
groundwater residence time to be 72 h in the Bay of Gdansk
region. In this study, the wind speed ranged from 2.9m s~
to 4.6m s~ ' and did not correlate with increased or de-
creased SGD fluxes (Tab. 2S). Reversely, a correlation of in-
creased SGD flux and increased total precipitation within
72 h prior sampling was observed (Supplementary Material
Tab. 2S). Generally, in November 2017 the total precipi-
tation (Supplementary Material Tab. 3S) was highly similar
to the sea level. In March 2018, the sea level significantly
decreased, while the precipitation rate was at an average
magnitude. In May 2018, the wind changed direction to the
northeast (Supplementary Material Tab. 3S), and the sea
level started to increase while the average monthly precip-
itation and total precipitation stayed at an average rate. In
July 2018, the south wind direction was observed, total pre-
cipitation slightly increased while no significant increase in
sea level was observed. It seems that increased precipita-
tion increases SGD rate if there is no rise in sea level. In ad-
dition, south wind can move the seawater from the southern
coast further seaward and can enable groundwater to dis-
charge more even if the precipitation is at an average rate.
The wind direction at the time before and during sampling,
average monthly precipitation, and sea level conditions sig-
nificantly influenced the SGD rate, while wind speed several
hours prior to sampling was less important. It seems that
all three drivers (wind direction at the time before and dur-
ing sampling, precipitation, and sea level conditions) can be
used as parameters enabling the estimation of the SGD rate
change.

4.2. SGD flux to the Bay of Puck

Several studies have concentrated on SGD along the coastal
areas of the Baltic Sea (e.g., Kozerski (Ed.), 2007; Kryza
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Table 3 Extrapolated SGD fluxes.

Date Extrapolated SGD to the Bay of Puck based on salinity  Extrapolated SGD to the inner Bay of Puck based on
distribution and assuming that half of the bay is salinity distribution and assuming half of the bay is
under SGD influence under SGD influence
min—max (m3s— ") min—max (m3 s~ ")

Nov 2017 16.4—82.1 9.2—-47.3

Mar 2018 20.2—101.1 11.7-58.7

May 2018 16.3—80.1 9.4—46.1

Jul 2018 24.8—127.7 14.3-73.5

Annually 16.3—127.7 9.2-73.5

and Kryza, 2006; Peltonen 2002; Piekarek-Jankowska 1994;
Viventsowa and Voronow, 2003) mostly addressing the fresh
component of SGD. The magnitude of SGD was negligible
in comparison to river runoff. Consequently, the scientific
community has recognized SGD (both fresh SGD and recircu-
lated SGD) as an insignificant factor affecting the ecosystem
of the Baltic Sea. It is worth noticing that in the global liter-
ature, we can find results indicating that seawater circula-
tion caused by tide and wave set-up may contribute 96% of
the total SGD compared to 4% of fresh SGD (Li et al., 1999).
Interestingly, Krall et al. (2017) indicated that SGD rates at
Forsmark, Gulf of Bothnia, Baltic Sea are significantly higher
than results obtained from local hydrological models, which
consider only the fresh component of SGD.

Given the absence of SGD flux to the Bay of Puck in-
cluding the fresh and recirculated SGD we extrapolated the
results obtained in each study site to the entire bay. The
details related to the extrapolation methodology are given
in the materials and methods chapter. The obtained SGD
flux to the entire Bay of Puck ranged from 16.0 m* s~ ' to
127.7 m?® s~ ' while to the inner Bay of Puck ranged from
9.2m3s~'to73.5m?s~ ' (Table 3). The wide range of ob-
tained flux can be due to the seasonal variability of SGD.
The obtained result is significantly higher than the fresh
SGD flux calculated by Piekarek-Jankowska (1994). More-
over, it is from 2.5 to 25 times more than the annual dis-
charge of the biggest river entering the Bay of Puck — the
Reda River (5 m3s~"). Matciak et al. (2015) seem to confirm
our results. They observed salinity anomalies in the bottom-
water of the Bay of Puck and suggested that less saline wa-
ter appeared and changed the seawater salinity. The vol-
ume of freshwater must have been significant to reduce the
bottom-water salinity. In comparison to other sites located
in the Baltic Sea, the SGD fluxes to the Bay of Puck are no-
tably higher (Schluter et al., 2004). Recently, Krall et al.
(2017) indicated, on the basis of a 22Ra mass balance, that
SGD rate at Forsmark, Gulf of Bothnia, Baltic Sea ranges
from (5.5+3.0) x 103 m3 d " to (950 £ 520) x 10°m3d~".
These rates are up to three orders of magnitude lower than
those obtained during this study. The significant differences
in estimated SGD rates can be related to both (1) different
hydrogeological characteristics of both sites and (2) differ-
ent method used to calculated SGD flux.

We are aware that the extrapolated SGD involves errors
and uncertainties. However, we wanted to show the or-
der of magnitude rather than the actual numbers. SGD is

a source of chemical substances globally (Cai et al., 2003;
Charette and Sholkovitz, 2002, 2006; Kroeger et al., 2007),
and, certainly, it supplies the Bay of Puck with nutrients or
dissolved carbon (Szymczycha et al., 2012, 2014). There-
fore, it should be considered as a driver for ecosystem
change, such as algae blooms and eutrophication. We would
like to encourage the scientific community to acknowledge
SGD as a significant source of water and, most probably, an
important source of chemical substances. The future SGD
studies in the Baltic Sea region should include the simi-
lar approach to estimate SGD, and, additionally, include
several different methods such as analytical or numerical
modeling; direct measurements; and environmental tracer
techniques.

5. Conclusions

SGD in the Bay of Puck ranged from 16.0 m3 s~ ' to 127.7
m? s~ ', which is significantly higher than previously ob-
tained results by Piekarek-Jankowska (1994) that excluded
the recirculated seawater component of SGD. The flux ob-
tained in this study correlates well with the observations
of the bottom water salinity anomalies in the Bay of Puck
(Matciak et al., 2015). The SGD rate and its’ composition
correlated with both short-time scale factors (wind direc-
tion and precipitation) and long-timescale factors (seasonal
movement of the mixing zone and large-scale sea level vari-
ations).

This study demonstrates a need to include SGD as a
source of water and, most probably, chemical substances in
studies characterizing the functioning of the coastal areas
of the Baltic Sea. In order to better understand the genera-
tion and fate of SGD in the Bay of Puck and other Baltic Sea
coastal areas, further studies are needed.
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