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distribution patterns, thus impeding their use for SGD 
investigation. In such cases, the radon approach needs 
necessarily to allow for the impact of wind speed and 
wind direction not only during but also prior to the 
field campaign.
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Introduction

Submarine groundwater discharge (SGD) occurs if the 
terrestrial hydraulic level is above the hydraulically 
connected sea level and a permeable coastal aquifer 
allows subsurface groundwater flow (fresh or brackish) 
to the sea. The global volume of SGD feeding into 
coastal oceans is estimated to be a factor 2–3 higher 

Abstract Mapping radon (222Rn) distribution pat-
terns in the coastal sea is a widely applied method for 
localizing and quantifying submarine groundwater 
discharge (SGD). While the literature reports a wide 
range of successful case studies, methodical problems 
that might occur in shallow wind-exposed coastal 
settings are generally neglected. This paper evalu-
ates causes and effects that resulted in a failure of the 
radon approach at a distinct shallow wind-exposed 
location in the Baltic Sea. Based on a simple radon 
mass balance model, we discuss the effect of both 
wind speed and wind direction as causal for this fail-
ure. We show that at coastal settings, which are domi-
nated by gentle submarine slopes and shallow waters, 
both parameters have severe impact on coastal radon 
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than the global river discharge to the sea (Kwon et al., 
2014). Yet, even more important than the mere SGD  
volume is the solute transport associated with it.  
Several studies have shown that SGD-borne nutrient  
fluxes to the sea are in the same order as riverine 
nutrient input or even exceeding it (Knee & Paytan, 
2011; Luo & Jiao, 2016; Rodellas et al., 2015; Santos  
et al., 2021; Seitzinger & Harrison, 2008). Hence, SGD 
can locally be the major driver for coastal primary 
bio-productivity (Rocha et  al., 2015, 2016) and may 
even trigger the outbreak of harmful algal blooms 
(Hu et al., 2006; Lee et al., 2010; Luo & Jiao, 2016). 
A wide range of other pollutant fluxes (e.g., heavy 
metals, micronutrients, pesticides) can furthermore 
be associated with SGD (Black et  al., 2009; Rahman  
et  al., 2013; Trezzi et  al., 2016). Consequently,  
localizing and quantifying SGD is of key relevance 
for the understanding of coastal environments and  
associated ecosystems.

The naturally occurring radionuclide radon 
(222Rn,  t½ = 3.8  days) is widely used as tracer for 
SGD investigations (e.g. Burnett et  al., 2006; IAEA-
TECDOC-1595, 2008; Burnett et  al., 2008; Stieglitz 
et  al., 2010; Schubert et  al., 2014; Petermann et  al., 
2018). Radon is continuously produced in any mineral 
matrix (thus, in any aquifer) by the decay of radium 
(226Ra). Since there is virtually no radon production in 
surface waters, radon concentrations in groundwater are 
generally about three orders of magnitude higher than in 
surface waters (including the coastal sea). That allows 
using elevated radon concentrations in the coastal sea for 
the localization of SGD spots and for the quantification 
of the local SGD rate.

While localizing SGD spots is based on only a 
qualitative assessment of the mapped radon distribu-
tion pattern, quantifying SGD rates requires setting 
up a radon mass balance for the coastal water volume 
located adjacent to the coastal section of interest. This 
mass balance (Eq. 1) must allow for all relevant radon 
sources and sinks (Burnett & Dulaiova, 2003). The 
related sources include the SGD-borne radon flux, 
i.e. the parameter of interest  (FSGD; [Bq/m2/d]), diffu-
sive radon flux from the sediments  (FDiff; [Bq/m2/d]) 
and radon flux bound to river discharge  (FRiv; [Bq/d]. 
The radon sinks include radon loss by radioactive 
decay  (Fdec; [Bq/d]), radon loss by atmospheric eva-
sion  (Fatm; [Bq/m2/day]) and radon loss due to lateral 
and vertical mixing with sea water (in the following 
referred to as “offshore mixing”;  Fmix; [Bq/day]).

Fdec is the best defined one among the six param-
eters. It can be derived from the radon inventory of 
the investigated water column and the radon decay 
constant. FDiff can also be determined quite precisely 
based on batch experiments (Chanyotha et al., 2016) 
or on the radon concentration of bottom sediment 
pore water, i.e. the seawater/pore water concentration 
gradient (Cook et al., 2018). FRiv is also quantifiable 
in a straightforward way as river water samples can 
in general be taken and river discharge rates can be 
measured easily.

In contrast to these three directly detectable 
parameters, Fatm and Fmix have to be derived indi-
rectly based on proxy parameters. Consequently, they 
are the most uncertain parameters in the mass balance 
and uncertainties associated with the determination 
of the related radon fluxes results in potential errors 
(Rodellas et  al., 2021). The study presented in this 
paper focussed on methodological challenges related 
to the parametrization of both atmospheric evasion 
and offshore mixing.

Generally, atmospheric evasion of radon from the 
coastal sea is driven by two factors, namely the air/
seawater concentration gradient and the gas-specific 
radon transfer coefficient. The latter is (besides tem-
perature and salinity; Schubert et al., 2012) a func-
tion of the extent of the air/water interface (i.e. the 
roughness of the water surface) and hence depend-
ing on the wind speed. Various model approaches 
exist that allow quantifying radon evasion from sea-
water (Bender et al., 2011; MacIntyre et al., 1995). 
However, comparison of the respective results 
shows that the estimated atmospheric losses vary by 
up to 58% depending on the model concept applied 
(Gilfedder et  al., 2015). A common error source is 
that most conventional approaches do not account 
for storm events that occur prior to the actual radon 
mapping survey even though their aftermath may 
have significant impact on the mapped radon inven-
tory (Petermann et  al., 2018; Schubert et  al., 2012, 
2019). Thus, Fatm may introduce a substantial error  
in the radon mass balance, which then propagates  
to the finally calculated SGD (and matter) flux.

Quantifying radon loss by offshore mixing is 
error-prone, too. In coastal lagoons or estuaries, 
Fmix can be calculated based on the tidal prism, i.e. 
on the difference in the water volumes of lagoon or 

(1)FSGD + FDiff + FRiv = Fdec + Fatm + Fmix
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estuary between mean high tide and mean low tide 
(e.g. Schubert et  al., 2015). However, this “tidal 
prism approach” is not applicable for open shore-
lines. In such settings, Fmix can be calculated from the 
minimum radon concentration at a fixed location in 
the coastal sea recorded during high tide. Still, this 
approach relies on the (potentially incorrect) assump-
tion of maximum SGD during low tide and zero SGD 
during high tide (Burnett & Dulaiova, 2003).

Alternatively to the radon approach based on 
Eq.  1, SGD quantification is possible by physi-
cally capturing the discharging groundwater at 
the sea bottom by means of seepage meters (Lee, 
1977; Taniguchi et  al., 2003). However, in con-
trast to the radon approach, which results in data 
that allow integrating over time and space, seepage 
meter data result in SGD information restricted to 
point locations only (Cable et  al., 2004; Povinec 
et al., 2012).

The activities discussed in this paper were carried 
out as a sub-study within the frame of a multidiscipli-
nary long-term project that comprised numerous sam-
pling campaigns executed by several groups between 
2012 and 2018. This overall project aimed at local-
izing and quantifying SGD in the western Baltic Sea 
(Kreuzburg et al., submitted).

In our sub-study, we executed radon mapping 
surveys along three stretches of coastline within the 
larger project target area (April/May 2012 and April/
May 2013) and recorded radon time series at a fixed 
coastal location (June 2015) (cf. Figure  1). Besides 
generating site-specific data, the main aim of our 
study was to evaluate the general applicability of the 
radon approach (cf. Equation  1) for SGD investiga-
tions in shallow wind-exposed coastal settings such as 
the western Baltic Sea. Focus of our field activities 
was on the Eckernförde Bay, an elongated basin in the 
western Baltic Sea.

Fig. 1  Location of the surveyed stretches of coastline (cruise tracks are marked by bold black lines) and the fixed sampling location 
at Krusendorf within the overall western Baltic setting
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Methods

Study area

The Baltic Sea is a humid marginal sea with an 
average depth of only about 50  m. Restricted water 
exchange to the North Sea and high terrestrial fresh-
water supply results in both an estuarine circulation 
and brackish seawater salinities. The sea is heavily 
impacted by human pressure as its overall catchment 
area is inhabited by more than 84 million people.

The larger study area, i.e. the western Baltic Sea, 
is characterized by year-around precipitation. Its 
morphology was formed during the late Weichsel ice 
advances leaving shallow coastlines dominated by 
end-moraines (Jensen et al., 2002). The water depths 
are below 25  m with the coastal slopes rising very 
gently towards the shoreline. Apart from a few major 
settlements (Warnemünde, Wismar, Kiel, Eckern-
förde), agriculture dominates the flat hinterland.

The tidal range in the western Baltic Sea is neg-
ligible (< 20  cm). Temporal sea level variations are 
predominantly controlled by wind intensity and direc-
tion. The wind has also major influence on coastal 
seawater flow paths and offshore mixing intensities. 
Shallow coastal settings are generally prone to coastal 
upwelling and downwelling caused by moderately 
to strongly blowing winds (Myrberg & Andrejev, 
2003). Hence, wind-induced upwelling and down-
welling are very common in the western Baltic Sea 
(Karstensen et al., 2014; Myrberg & Andrejev, 2003; 
Saderne et al., 2013). Specifically for the Eckernförde 
Bay, it was found that along-shore blowing winds 
cause downwelling cross-shore flow on one side of 
the bay and upwelling on the other side (Lehmann 
& Myrberg, 2008). Namely, in the north-western 
bay (Boknis Eck time-series station), upwelling was 
observed for wind directions between 190° and 260° 
at wind speeds between 4–6  m/s (Karstensen et  al., 
2014).

Although the main known transport routes of 
pollutants (input by rivers and the atmosphere) 
are well-monitored in the Baltic Sea (HELCOM, 
2018), several studies indicate a considerable part 
of unmonitored water flows to the Baltic Sea, con-
tributing to its eutrophication (Destouni et al., 2008; 
Hannerz & Destouni, 2006). One of these, to date, 
only poorly monitored water flows is SGD. A few 
SGD locations have been reported in the Baltic Sea, 

namely Laholm Bay (Sweden), the Gulf of Finland 
(Finland), Bay of Puck (Poland), Wismar Bay (Ger-
many) and Eckernförde Bay (Germany) (Bussmann 
& Suess, 1998; Krall et al., 2017; Pempkowiak et al., 
2010; von Ahn et  al., 2021; Piekarek-Jankowska, 
1996; Schlüter et  al., 2004; Vanek & Lee, 1991; 
Kreuzburg et  al., submitted). Specifically for the 
Eckernförde Bay, it was found that SGD originates 
from terrestrial freshwater aquifers extending off-
shore (Kreuzburg et al., submitted).

Radon in seawater measurements

Mapping of radon distribution patterns in the coastal 
sea was done by (i) radon extraction from a continu-
ous water pump stream applying a membrane extrac-
tor (MiniModule®, Membrana GmbH) (Schmidt 
et al., 2008) and (ii) radon measurement by means of a 
mobile radon-in-air monitor (RAD-7, Durridge). The 
setup had been proven suitable for the purpose dur-
ing numerous field campaigns (e.g. Petermann et al., 
2018). The radon-in-air concentrations detected on-
site were converted into the associated radon-in-water 
concentrations by applying the temperature and salin-
ity dependent radon partition correction (Schubert 
et al., 2012). In order to reduce uncertainties of radon 
results, two detection setups were run in parallel. Both 
monitors were set to a 15-min counting cycle.

Three stretches of coastline were investigated 
during the field activities. The coastline between 
Warnemünde and Mecklenburg Bay as well as the 
coastline of Kiel Bay were covered during a cam-
paign lasting from April 25th to May 3rd 2012. The 
coastline of the Eckernförde Bay was covered during 
a campaign lasting from April 24th to May 1st 2013 
(Fig. 1). In addition to these mapping surveys, radon 
time series were recorded at a fixed location in the 
Eckernförde Bay (Krusendorf) during three consecu-
tive days (June 15th–17th 2015).

For coastal radon mapping, a boat was cruis-
ing close to the shoreline (distance < 100  m) with 
a speed of about 2 knots keeping the water depth 
between 1 and 3 m to avoid running aground. Seawa-
ter was continuously pumped from about 1 m water 
depth with a pumping rate of about 4 L/min. Besides 
continuous radon measurement, water salinity and 
water depth were constantly monitored using a CTD 
probe. The water temperature was recorded within 
the radon extraction module with temperature sensor 
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(required for calculation of the water/air partitioning 
coefficient of radon).

For recording radon time series off Krusendorf, 
two RAD-7  s/MiniModule setups were placed in a 
rubber dinghy that was moored in 2 m distance from 
the mean beach water line (water depth about 1 m). 
Seawater was pumped continuously from 0.5 m water 
depth. Water salinity, water temperature, as well as 
wind speed were recorded simultaneously. Sea level 
data were obtained from the nearby Eckernförde 
gauge station (www. pegel online. wsv. de).

Radon in groundwater measurements

For the determination of the radon-in-groundwater 
endmember (required for  FSGD calculation in the 
radon mass balance; cf. Equation  1), eight ground-
water samples were taken from beaches in the Eck-
ernförde Bay. The water was sampled from a depth of 
about 50 cm using push point piezometers. All sam-
ples were analysed for radon by means of liquid scin-
tillation counting following the procedure described 
in Purkl and Eisenhauer (2004).

Complementary data collection

Direct measurements of SGD rates and measure-
ments of submarine pore water compositions were 
carried out in the Eckernförde Bay within the frame 
of the long-term project that our sub-project was part 
of. Both the methodical approaches and the related 
results are discussed in detail in Kreuzburg et  al. 
(submitted). For the sake of completeness, only a few 
related facts shall be recapped here.

For the physical determination of SGD fluxes, 
Kreuzburg et al. (submitted) deployed seepage meters 
at four locations in the Eckernförde Bay, namely at 
Hemmelmark, Langholz, Kiekut and Krusendorf (cf. 
Figure  3). At Krusendorf, the seepage meters were 
deployed around the location of the rubber dinghy 
installed for our radon time series recording (cf. Sec-
tion  2.2). Furthermore, Kreuzburg et  al. (submitted) 
took 23 pore water samples from the marine bottom 
sediments (sediment depth 20–30 cm) in the Eckern-
förde Bay close to the beachline. Salinity, conductiv-
ity and temperature of the samples were determined 
directly on site by means of a hand-salinomter (WTW 
COND 3310).

Results

Radon in seawater

Covering three stretches of coastline (cf. Figure  1), 
the radon mapping surveys revealed seawater radon 
concentrations ranging from the natural offshore 
background (i.e. radon that is only supported by decay 
of 226Ra dissolved in the seawater) of about 5  Bq/
m3 to peak concentrations around 65 Bq/m3 with an 
overall mean of 9.1 ± 6.4 Bq/m3. Based on a coastal 
radon background value defined as the detected over-
all mean plus one standard deviation (i.e. 15.5  Bq/
m3), elevated radon concentration were located off 
Warnemünde, off Wismar, at the western shoreline of 
the Bay of Kiel near Schilksee and in the southwest-
ern Eckernförde Bay near Kiekut (Figs. 2 and 3). (At 
Schilksee, this indication is in accordance with visi-
ble groundwater discharge on the beach: During peri-
ods of low sea level, groundwater can be seen seeping 
out of the beach face.)

The values of the radon time series recorded at the 
fixed location off Krusendorf were found to be in the 
same range as the mapping results, however, with a 
higher mean of 42.5 ± 17 Bq/m3 (Fig. 4).

During recording of the Krusendorf time 
series, the local wind speed varied between about 
4 and 7 m/s. Plotting the datasets radon concentra-
tion vs. wind speed reveals a negative but rather 
poor correlation of the two parameters  (R2 = 0.35; 
Fig. 5A).

As the tidal range is almost negligible in the west-
ern Baltic Sea, cyclic tidal pumping was not expected 
to be influential for the SGD rate. Evaluating radon 
concentration vs. sea level revealed consequently an 
only poor (negative) correlation as well  (R2 = 0.21; 
Fig.  5B). This is in contrast to most other coastal 
radon time series studies, which report the radon con-
centration to vary inversely with the tides due to tidal 
pumping (Burnett & Dulaiova, 2003; Dulaiova et al., 
2008; Rocha et al., 2015).

Radon in groundwater

Analysis of the eight groundwater samples taken along 
Eckernförde Bay beaches revealed radon endmember 
concentrations with a considerable variance. The fol-
lowing concentrations were found: at Hemmelmark 

http://www.pegelonline.wsv.de
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11.2 ± 2.0 kBq/m3 (n = 2), at Langholz 13.1 ± 2.1 kBq/
m3 (n = 4) and at Krusendorf 0.9 ± 0.28  kBq/m3 
(n = 2). A study that had been executed previously in 
Eckernförde Bay (Purkel & Eisenhauer, 2004) had 
revealed comparable radon in groundwater concentra-
tions, however in a smaller range (5.9–6.9 kBq/m3).

Complementary data

For the sake of clarity and completeness, we briefly 
recap here the seepage meter results and the salinity 
of submarine pore water data, which are discussed 
in detail elsewhere (Kreuzburg et al., submitted).

Fig. 2  Radon distribution 
pattern in coastal sur-
face water mapped in the 
Mecklenburg Bay. Elevated 
radon concentrations were 
observed off Wismar and 
Warnemünde

Fig. 3  Radon distribution 
patterns in coastal surface 
water mapped in the Bay of 
Kiel and the Eckernförde 
Bay. Elevated radon con-
centrations were observed 
off Schilksee (Bay of Kiel) 
and Kiekut (Eckernförde 
Bay)
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The seepage meter measurements that were carried 
out between 2013 and 2018 at four sites in the Eck-
ernförde Bay resulted in SGD fluxes covering a wide 
range, namely at Hemmelmark 18.8 ± 16 cm/day (range 
0.5–80 cm/day), at Langholz 33.3 ± 42.7 cm/day (range 
1.6–173  cm/day), at Kiekut 21.6 ± 22  cm/day (range 
0.8–128  cm/day) and at Krusendorf 11.6 ± 5.3  cm/
day (range 2.6–29.3 cm/day). The seepage meter data 
recorded at Krusendorf specifically during our radon 
time series measurement (June 15th–17th 2015) ranged 
between 8.2 and 17.2 cm/day with a seemingly cyclic 
behaviour (Fig. 6A). Plotting the seepage meter dataset 
vs. our recorded radon time series data revealed a posi-
tive correlation  (R2 = 0.66; Fig. 6B).

The submarine pore water quality measurements 
revealed that at 19 out of the investigated 23 locations  
the pore water showed significantly lower salini-
ties than the seawater sitting on top of the sediments 
(Fig.  7). This confirms a significant share of fresh 
groundwater in the sediment pore water suggesting 
the occurrence of SGD.

Discussion

Coastal radon distribution patterns

As mentioned above, our study aimed mainly at 
evaluating the general applicability of the radon 
approach for SGD investigation in shallow wind-
exposed coastal settings such as the western Baltic 

Sea. Thus, our discussion focuses on the area from 
which the most related data were available, i.e. the 
Eckernförde Bay.

Based on the conceptual model assumptions of 
the radon approach, we expected to find positive 
radon anomalies at locations were low-saline sedi-
ment pore water and elevated seepage meter fluxes 
had been found by Kreuzburg et  al. (submitted). 
This expectation was not met by the data, though.

Generally, the radon concentrations mapped 
along the coastline of the Eckernförde Bay (in 
particular at its north-western coast) were at back-
ground level, thus, indicating the absence of SGD 
(cf. Figure  3). At the same time, the notably low 
pore water salinities found there do indicate fresh-
water discharge (cf. Figure  7). Isolated elevated 
222Rn concentrations were recorded near Kiekut. 
However, they are only based on single data points. 
While indicating qualitatively the presence SGD, 
the data would not allow an unequivocal quantita-
tive assessment of SGD rates. At the same time, 
seepage meter measurements near Kiekut had 
revealed a SGD rate of 11.3 ± 5.3 cm/day. An addi-
tional radon survey, carried out under low-wind 
conditions, might confirm these seepage meter data. 
The contradiction between the results of radon map-
ping and seepage meter measurements is even more 
noticeably near Langholz, where, on the one hand, 
the seepage meter results revealed high discharge 
rates of 33.3 ± 42.7 cm/day but where, on the other 
hand, no positive radon anomaly was detected.

Fig. 4  Radon concentra-
tions in coastal surface 
water, wind speed and sea 
level at the fixed location 
off Krusendorf (note that 
for the sake of scaling wind 
speed was multiplied by 10)
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Commonly, the lack of positive radon anomalies 
close to spots of (physically) confirmed SGD occur-
rence is explained with the inter-annual variability of 
SGD flux rates. Reduced SGD can result from peri-
ods of extensive freshwater abstraction or drought, i.e. 
from conditions that moderate the hydraulic gradient 
between terrestrial groundwater and seawater (Rocha 
et al., 2015; Santos et al., 2009). However, freshwater 

in the area of the Eckernförde Bay is normally 
abstracted from deep confined Tertiary aquifers that 
have limited connection to surficial aquifer domains 
(Jensen et al., 2002). Furthermore, in the years of our 
field studies, no drought occurred and annual pre-
cipitation varied in a relatively narrow range (historic 
data for Kiel, ca. 20 km NE of the Eckernförde Bay 
show for 2012 716 L/m2, for 2013 664 L/m2, for 2014 

Fig. 5  Relations between 
radon in seawater and A 
wind speed and B sea level, 
respectively, at the fixed 
location off Krusendorf
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782  L/m2, for 2015 866  L/m2, for 2016 716  L/m2 
and for 2017 888 L/m2; http:// www. wette rkont or. de). 
This rather steady situation is confirmed by the seep-
age meter measurements executed at Hemmelmark in 
2013, 2014, 2016 and 2018, which revealed similar 
SGD fluxes (Kreuzburg et  al., submitted), thus sug-
gesting a rather constant SGD flux on an inter-annual 
time scale. Hence, others processes, which are dis-
cussed in the following, must be responsible for the 
fact that the mapped radon distribution pattern failed 
to indicate locations with proven occurrence of SGD 
within the Eckernförde Bay.

Applying the conceptual mass balance model, 
given in Eq. 1, we can in our particular case assume 
 FRiv and  FDiff to be negligible. There are no major 
rivers discharging to the Eckernförde Bay and the 
coastal sediments consist of glacial tills and sands 
generally low in 226Ra and with little compositional 
variations. Thus, Eq. 1 simplifies in the given case to 
Eq. 2.

Equation 2 suggests that low radon concentrations 
in spite of proven groundwater seepage are a result of 
radon losses from the coastal seawater that were not 
accounted for in the radon mass balance. With radon 

(2)FSGD = Fatm + Fdec + Fmix

Fig. 6  A SGD seepage meter fluxes and B relation between 
SGD seepage meter fluxes and radon time series data off 
Krusendorf

Fig. 7  Ratio of sediment 
pore water salinity and 
ambient seawater salinity 
(modified after Kreuzburg 
et al., submitted)

http://www.wetterkontor.de
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decay (Fdec) being quantitatively defined, the two 
remaining radon sinks atmospheric evasion (Fatm) and 
offshore mixing (Fmix; defined as the inverse of the 
water residence time) were looked at more closely.

Radon loss by atmospheric evasion

Radon loss by atmospheric evasion is mainly con-
trolled by the wind speed with higher loss rates dur-
ing times of strong winds and vice versa (MacIntyre 
et  al., 1995). Even though a range of approaches to 
estimate atmospheric evasion exist, the uncertain-
ties associated with the resultant radon fluxes lead 
to potential errors (Rodellas et al., 2021). Evaluating 
the wind speed data for the Eckernförde Bay reveals 
wind speeds ranging between 1 m/s and 11 m/s (i.e. 
peak values of Beaufort force 6, “strong breeze”) both 
during our radon survey (which ended May 1st 2013) 

and in the week before it (Fig. 8A). This implies that 
strong winds caused substantial radon evasion with 
sustaining impact on the seawater radon concentra-
tion already prior to our survey.

We want to exemplify this “memory effect” 
by looking closely at the distinct data point, May 
1st at 04:00  p.m. (222Rn = 17  Bq/m3; 222Rn inven-
tory = 34 Bq/m2; Fig. 8B). By including not only the 
wind speed recorded at this specific point in time, but 
by also considering the wind speed data recorded in 
the previous days, we were able to calculate an effec-
tive radon-degassing rate considering all degassing 
that had happened prior to sampling. In fact, we con-
sidered the impact of degassing related to all wind 
events that had occurred during the 10 days prior to 
our sampling campaign. The impact of each indi-
vidual event was weighted by a factor. The weight-
ing factor was parameterized as described in detail by 

Fig. 8  A Wind speed in the Eckernförde Bay between April 
20th and May 1st 2013. B Radon degassing (red line) derived 
from the wind speed data. The factor for weighting the impact 
of previous degassing (black line) shows an exponential 

decrease with increasing temporal distance to the moment of 
sampling (May 1st at 04:00 p.m.) at which the weighting factor 
approaches 1. The weighted degassing (blue dashed line) rep-
resents the product of degassing and weighting factor
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Petermann et al. (2018) and Schubert et al. (2014). As 
shown in Fig. 8B, the wind events becomes less rel-
evant for a measured radon concentration the longer 
ago they occurred before sampling. In our example, 
the intense degassing, which occurred between April 
29th and April 30th, reduced the radon concentration 
in the seawater measured on May 1st at 04:00  p.m. 
significantly, even though the wind speed (and hence 
the degassing rate) at the actual moment of sampling 
was rather low.

Consequently, it has to be assumed that the radon 
concentrations detected during the survey in the 
north-western part of the Eckernförde Bay (i.e. at 
Langholz) were strongly affected by wind-induced 
degassing that had occurred prior to the actual sam-
pling. Hence, if radon data evaluation is ignoring this 
prior degassing, the mapped seawater radon pattern 
does not indicate the verifiably present SGD location.

Radon loss by offshore mixing

In “Study area” section, we discussed wind-induced 
offshore mixing as it is typical for shallow coastal set-
tings. Such offshore mixing has to be considered a 
highly influential process along the three stretches of 
coastline investigated in our study, in particular in the 
Eckernförde Bay. A recent study (Dietze & Löptien, 
2021), which investigated offshore mixing in the Eck-
ernförde Bay between 2000 and 2018 in high-resolution, 
showed highly variable water residence times (i.e. the 
time since the water entered the bay) and water ages 
(i.e. the time since the water was last in contact with the 
atmosphere). The authors identified the wind direction 
as key driver for the intensity of variation. For instance, 
the abovementioned strong (north-easterly) winds that 
occurred in the week preceding our radon survey in the 
bay caused the water residence time in the inner bay to 
drop to under 10 days (Dietzen & Löptien, 2020). Wind-
induced offshore mixing caused the discharged ground-
water (enriched in radon) to be rapidly mixed with bay 
waters low in radon, resulting in less pronounced (or 
completely levelled-out) radon concentration anomalies 
close to the (physically identified) coastal SGD spots.

In our given case, a quantitative relation between 
wind-induced offshore mixing and coastal radon 
concentrations is difficult to estimate based on the 
available data. Nevertheless, as an approximation, 
we calculated the mixing effect on the coastal radon 

concentrations for three conceptual water mixing 
rates. For convenience, the radon inventory of the 
coastal water volume (RnI) was calculated assuming a 
negligible radon degassing rate (Fatm = 0 Bq/m2d) and 
a constant SGD flux (FSGD = const.). Based on Eq. 3, 
we estimated the SGD-induced radon flux into the 
coastal water volume. The radon mixing loss (Fmix) 
was then calculated for three different coastal water 
residence times � (1, 5 and 100  days). The offshore 
mixing rate was defined as the inverse of the coastal 
water residence time. We solved Eq. 3 inversely going 
back in time with steps of t = 1  day (Eq.  3). This 
approach takes account of the dependency of RnIt on 
radon decay (Fdec), radon degassing (Fatm) and off-
shore mixing (Fmix). The radon inventory is defined as 
the value towards which RnI converges as it reaches 
a steady state, i.e. for t → -∞. Finally, the resulting 
radon inventories were converted to radon concentra-
tions by dividing them by the water depth.

For all the three residence time scenarios, the 
corrected radon concentrations are significantly 
higher than the observed ones (Fig.  9). The cor-
rected concentrations increase on average by a fac-
tor of 1.8 for � = 1day , 2.6 for � = 5 days and 4.1 
for � = 100 days . Longer residence times are equiv-
alent to lower mixing losses and do hence support 
SGD-induced positive anomalies in the  coastal 
radon concentration distribution. At the same time, 
they result in higher decay losses.

The relative variability of the corrected radon 
concentrations with respect to linear regression (as 
displayed in Fig.  9) is a result of varying effective 
degassing rates. Samples that were predominantly 
exposed to higher wind speeds during the previous 
10 days are attributed with higher degassing correc-
tions (thus plotting above the regression line) than 
samples that were mainly exposed to lower wind 
speeds (thus plotting below the regression line).

The three conceptually calculated scenarios show 
that the radon approach (cf. Equation 1) is very sen-
sitive to the mixing time scales of the coastal water. 
Quantification of the water mixing is difficult as 
changes in the mixing regime can occur fast. This is 
demonstrated in the following based on the time-series 
data recorded at a fixed location off Krusendorf.

(3)RnIt−1 = Fdect
+ Fatmt

+ Fmixt
+ FSGD
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At the time-series station, seawater radon concen-
trations varied by a factor of about 5.5. Due to the lack 
of tidal influence, no tide-related cyclical change in 
radon concentration was observed (cf. Figures 4 and 
5B). Furthermore, the data reveal only a minor (nega-
tive) correlation between radon and wind speed (cf. 
Figure 5A). As the wind speed was relatively constant 
during the 3 days of recording (mean = 6 ± 1.1 m/s), 
the radon atmospheric evasion at this fixed location 
was presumably relatively constant. However, on June 
17th 2015, the wind speed remained nearly constant 
at 6.8 m/s but the radon concentration changed by a 
factor of about 4.5 (ranging between 14 and 61 Bq/
m3) (cf. Figure  4). On the other hand, on June 16th 
2015, again a day with rather constant wind speed (ca. 
6.8 m/s), the radon concentration varied only slightly 
around 55 Bq/m3. Thus, the observed changes in sea-
water radon concentration are most probably neither 
related to seawater level changes nor to changes in 
wind speed.

As illustrated in Fig.  6B, the Krusendorf time-
series revealed a positive f(t) correlation between 
detected seawater radon concentration and physi-
cal SGD flux as determined by seepage meters 
 (R2 = 0.67). Such relation is reasonable, as a higher 
SGD rate causes more SGD-borne radon to be sup-
plied to the coastal water. At the same time, the 
plot displayed in Fig.  6B implies some questionable 

inferences: Extrapolating the best-fit regression line 
of the SGD/radon relation would predict negli-
gible radon concentrations at a SGD flux rate of 
about 7  cm/day, which is implausible. We would 
rather expect the best-fit line to intersect (at a SGD 
flux = 0 cm/d) with the x-axis at a value 222Rn > 0 Bq/
m3 due to the presence of radon that is not attribut-
able to SGD but to diffusive radon input, i.e. the 
intercept with the y-axis should be negative. Further-
more, Fig.  6B reveals quite some variability in the 
SGD/radon correlation: We observe a wide range of 
radon concentrations for about the same SGD flux 
rate. For instance, for a SGD flux of about 10 cm/day, 
we detected radon concentrations between about 15 
and 60 Bq/m3; a SGD flux of about 12  cm/day was 
associated to radon concentrations between 35 and 
55 Bq/m.

The recorded huge spread of radon concentrations 
(at an assumed steady SGD flux), on the one hand, 
and the implausibility of radon variance due to wind 
speed and sea level changes, on the other hand, sug-
gest offshore mixing as most likely process governing 
the seawater radon concentration at Krusendorf. On 
June 16th 2015, when radon concentrations remained 
relatively constant at around 55 Bq/m3, the wind was 
blowing with a rather constant speed from a north-
westerly direction, i.e. approximately perpendicular 
to the coastline. In the early morning of June 17th 

Fig. 9  Observed (black 
line) and corrected radon 
in seawater concentra-
tions allowing for loss 
by offshore mixing and 
radon decay (assuming 
Fatm = 0 Bq/m2 day and a 
constant SGD flux rate). 
Three different water 
residence time scenarios 
(1, 5 and 100 days) were 
considered
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2015, the wind picked up a bit but, more importantly, 
changed direction temporarily to south-west, i.e. par-
allel to the shoreline. This shore-parallel wind prob-
ably caused temporal downwelling of surface waters 
resulting in rapid removal of freshly discharged 
groundwater (rich in radon) by offshore seawater 
(low in radon). Thus, the coastal radon concentration 
dropped significantly in the early hours of the day and 
the radon time series started (at 09:00 a.m.) with val-
ues of only around 15 Bq/m3.

Conclusions

It was found that in shallow wind-exposed coastal set-
tings, radon might not be applicable as SGD tracer, 
since wind speed and wind direction have a non-
quantifiable impact on both atmospheric evasion and 
offshore mixing. In our study, the radon approach 
failed to identify several locations of known SGD 
occurrence in the Eckernförde Bay, Baltic Sea. We 
show that strong wind events occurring several days 
prior to a radon survey may have a strong sustaining 
impact on the radon distribution pattern mapped dur-
ing the survey. Therefore, it can generally be stated 
that radon surveys, which are conducted a few days 
after storm events, may fail to identify SGD locations 
due to the still noticeable radon loss by degassing. 
This highlights the need to account for any potential 
radon degassing prior to a radon survey.

We also observed that wind-induced offshore mix-
ing of coastal waters may significantly hamper the 
build-up of SGD-borne radon concentration anoma-
lies in coastal seawater. In particular in shallow 
coastal settings, wind-induced water circulation (such 
as upwelling or downwelling) prompts offshore mix-
ing so that radon-enriched coastal waters get mixed 
with offshore waters low in radon, thus complicating 
the identification of SGD locations based on posi-
tive radon anomalies. Besides the wind speed (during 
and prior to the survey), the wind direction has to be 
taken into consideration here.

Based on our detailed results from the Eckern-
förde Bay, we assume that our preliminary radon 
surveys in Kiel Bay and Mecklenburg Bay failed to 
detect SGD locations for the same reasons. Since the 
radon approach does not seem to be fully applicable 
in shallow and wind-exposed coastal settings, other 
techniques (such as geo-electrical tomography) are 

required to obtain a more complete picture on the 
extent of SGD occurrences in settings such as the 
south-western Baltic Sea.

Our study focused on limitations of the radon 
approach in shallow wind-exposed coastal settings 
due to offshore mixing and atmospheric evasion. In 
the case of radon surveys executed in lakes and slow 
flowing rivers, the situation is different. Offshore 
mixing is not an issue in such settings. Atmospheric 
evasion legacy resulting from wind events occurring 
several days prior to the actual survey is not likely in 
rivers either, because rivers are too dynamic systems 
in general. The legacy of storm events might be an 
issue in lakes, though. Hence, it is suggested to take 
consideration of the wind situation observed prior to 
radon survey activities in case of lake survey.
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