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Abstract: Wet deposition is the main source of mercury (Hg) from the atmosphere to the Earth’s
surface. However, the processes that govern the dispersion of deposited Hg in seawater are currently
not well understood. To address this issue, total mercury (THg) concentrations in surface seawaters
and precipitation were determined on a monthly basis in the Bay of Kaštela (Central Adriatic Sea).
Following the assumption that deposited THg is diluted in the seawater bulk due to mixing processes,
an exponential decay-like model was developed and the wet deposition of THg was normalized
based on periods between precipitation events and seawater sampling. Normalized wet deposition
of THg showed significant correlation with the THg gradient in surface seawater after removal of an
outlier. To explain the observed outlier, further data normalization included wind data to account for
enhanced seawater mixing due to strong winds. Wind-normalized THg deposition of all datapoints
showed significant correlation with the THg gradient in surface seawater. The correlation showed
that the THg gradient in surface seawater of 0.378 pg L−1 m−1 corresponds to THg wet deposition of
1 ng m−2 after including the influence of wind speed on seawater mixing.

Keywords: mercury; wet deposition; concentration gradient; seawater mixing; Adriatic Sea

1. Introduction

Mercury (Hg) is a toxic global contaminant, with enhanced surface ocean concentra-
tions mainly due to anthropogenic Hg emissions [1]. Hg is emitted to the atmosphere and
released into water as a result of natural sources/processes and anthropogenic activities.
Hg in the atmosphere can be carried around the globe in its elemental form and later
deposited onto water surface and soils [2]. From there, Hg can be re-emitted into the
air or taken up into the food web. The reduction of oxidized Hg species can result in
its (re)emissions to the atmosphere [1,3,4], while methylation creates the most toxic Hg
species—monomethylmercury and dimethylmercury [5–7]. In general, all Hg species are
considered to be chemicals of concern as they can cause adverse health effects in humans
and animals through the consumption of contaminated food [8,9].

There are two pathways for Hg deposition into terrestrial and aquatic environments:
dry and wet deposition. While wet deposition processes deposit mostly oxidized and
particulate-bound Hg species [10], all atmospheric Hg species (oxidized, particulate-bound,
and elemental) can be deposited via dry deposition [11]. Hg dry deposition is usually
estimated via micrometeorological approaches, dynamic gas flux chambers, surrogate
surface approaches, and litterfall/throughfall-based approaches [12]. On the contrary, Hg
wet deposition is most commonly estimated by collecting and analyzing precipitation [13].
The ratio of dry vs. wet deposition is still under debate and is thought to be dependent
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on local conditions and relative abundances of different atmospheric Hg species [14].
Dry deposition (especially of elemental Hg) is thought to contribute significantly to the
global Hg cycle, but its magnitude is difficult to assess due to slow deposition rates and
reemission [15]. Several studies on wet deposition examined its spatial or temporal distri-
butions [16–18], the differences between urban and rural regions [16,19], meteorological
influences [16,20,21], and influences of atmospheric layers (mid- and upper-atmospheric
Hg scavenging) [16,21,22].

After deposition into aquatic systems, Hg is transformed into different aqueous Hg
species. The depth distribution of these species has been thoroughly investigated and varies
between different oceans and seas [23,24]. Nevertheless, the distribution of Hg species
is mostly variable in the upper layer of the water column (<200 m depth) and near the
bottom of the water column. Deep layers (>200 m depth) generally exhibit the least depth
dependence of all Hg species concentrations [23].

Even though there is an abundance of Hg wet deposition studies and studies on
water-column distribution of aquatic Hg species, to the best of our knowledge there are
no experimental studies available that directly connect the Hg wet deposition with the Hg
dispersion in the aquatic environments.

The purpose of this paper was to estimate how wet deposition of THg is dispersed
in surface seawater. We wanted to test whether THg deposited on surface seawater via
precipitation can be traced using measured THg concentration gradients in surface seawater.
To find appropriate relation between these two parameters, we applied a simple exponential
decay-like model that accounts for seawater mixing. Due to differences in precipitation
collection periods and corresponding seawater sampling, we wanted to test whether THg
wet deposition could be normalized by applying a common THg half-life to a surface layer
or by adjusting THg half-life to account for varying wind speeds that drive seawater mixing.

2. Materials and Methods
2.1. Study Area

The Adriatic Sea is a semi-enclosed basin located in the northernmost part of the
Mediterranean Sea. It is an example of an oligotrophic, phosphorus-limited sea [25]. The
principal Hg sources in the Adriatic Sea include effluents from chlor-alkali plants and the
discharge of the Hg-rich Isonzo/Soča River. These contributions are responsible for the
observed elevated Hg concentrations in seawaters and sediments, especially in the northern
part [26].

The Bay of Kaštela is a shallow bay (maximum depth 56 m) located along the eastern
coast of the Central Adriatic Sea. It is connected to the adjacent Split channel through
a 1.8 km-wide opening [27]. The Bay of Kaštela was contaminated by industrial and
urban waste waters between 1950 and 1990. The industrial contamination source was
the former chlor-alkali plant that caused elevated Hg concentrations in sediments and
seawaters [26–28].

The Jadro River is the most important freshwater source in the Bay of Kaštela, carry-
ing nutrients and contaminants from surrounding fields. Water circulation in the bay is
wind-induced, with an average water-renewal time of about one month. Renewal time is
usually longer during warm summer months, when freshwater inputs and wind-induced
circulation are rather low. However, during strong winds, the average water renewal time
can last for a duration of five days [29]. Strong continental influences can be observed in
the eastern part of the bay which shows a considerably lower water exchange compared to
the western part [29].

2.2. Sampling

Seawater samples were obtained at station ST101 in the Bay of Kaštela, precipitation
samples for THg determinations were collected at the Institute of Oceanography and
Fisheries, while the official data on the amount of precipitation and wind speed and
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direction were determined at Split-Marjan station and were obtained from the Croatian
Meteorological and Hydrological Service (Figure 1).

Seawater and precipitation samples for Hg analysis were collected mostly on a monthly
basis between October 2014 and December 2015. Seawater was sampled from near-surface
to near-bottom water layer. The sea surface microlayer was not included in the sampling,
even though the top 1000 µm of the sea surface is important for the distribution of Hg and
other trace metals in aqueous environments and governs exchange processes between the
atmosphere and the sea [30,31]. Seawater samples were not collected in July and September
2015 (cruise not carried out), while THg in precipitation was not determined in March,
April, and November 2015 (low sample volume). Two precipitation samples were collected
in February 2015 to demonstrate the effect of a strong precipitation event.
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Figure 1. (a) Locations of the sampling stations in the Central Adriatic Sea marked with a red square;
(b) the enlarged part of a map marked with a red square on the left panel. ‘Seawater’ label indicates
the sampling location ST101 where seawater was sampled. ‘Precipitation’ label indicates the location
of the Institute of Oceanography and Fisheries where precipitation samples for Hg analysis were
collected. ‘CMHS’ label represents the location of the Croatian Meteorological and Hydrological
Service station where official data on the amount of precipitation and wind speed and direction were
determined. Marine borders of the Bay of Kaštela are indicated with red dotted lines. Maps were
created using Ocean Data View [32].

Seawater samples were collected on board the R/V Bios Dva during monthly oceano-
graphic cruises in the Central Adriatic Sea. Data used in this paper were extracted from
a larger dataset that was previously published [33]. In short, cable-mounted Niskin bot-
tles (5 L) were used for seawater sampling. All samples were stored in 1 L acid-cleaned
borosilicate glass bottles at 5 ◦C until analysis. Samples for THg determinations were
acidified with suprapur® HCl (Merck, Darmstadt, Germany) to a final content of 0.1% (v/v).
THg in seawater samples was determined within three weeks at the Jožef Stefan Institute
(Ljubljana, Slovenia) [33].

Precipitation samples for THg analysis were collected using N-CON 125 GS sampler
(N-CON Systems, Arnoldsville, GA, USA) designed for the collection of wet-only mercury
deposition samples. All parts of the precipitation collector that were in contact with the
sample, sample bottles, and labware were cleaned prior to use. All sampling bottles (1 L)
were kept in double plastic bags during transport and storage. Sampling bottles were
pre-acidified with 20 mL of 2% HCl (v/v). The complete sample was sent to the laboratory
in the sampling bottle. Samples were refrigerated at 5 ◦C and kept in dark.
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Croatian Meteorological and Hydrological Service provided official data on the amount
of precipitation and wind speed and direction, as determined at the Split-Marjan station.
Precipitation data were reported as daily precipitation (L m−2), while the wind data were re-
ported as a mean hourly wind speed (m s−1) and prevailing wind direction (on a 0–32 scale)
at 12 m height.

2.3. THg Determination in Seawater and Precipitation

THg in seawater and precipitation was determined using cold vapor atomic fluo-
rescence spectrometry (CVAFS; double amalgamation system; Tekran 2600, Tekran Inc.,
Toronto, ON, Canada) after bromine monochloride digestion, UV irradiation, pre-reduction
with hydroxylammonium chloride, and reduction with tin chloride [34]. Details about the
analytical performance are published elsewhere [33].

2.4. THg Gradient in Seawater

THg gradient (Γ0–5) in surface seawater was defined as the difference between the THg
concentrations at 0 m and 5 m depth, divided by the absolute vertical distance between
these two sampling points, i.e., Γ0–5 = (THg@0m − THg@5m)/5 m. This gradient was chosen
because the sedimentary input was minimal or absent at the two uppermost points of the
vertical profile. Positive values of THg gradient indicate surface-water enrichment in THg
as a consequence of atmospheric deposition.

2.5. Normalization of Wet Deposition

Wet deposition of THg (DTHg; ng m−2) is defined as the product of the amount
of precipitation P (L m−2) and the corresponding THg concentration (ng L−1) in the
precipitation. Due to the different sampling periods for each precipitation sample, we
defined nominal wet deposition of THg (D0

THg) as the sum of nominal daily wet deposition
(D0

THg, i). Each D0
THg, i was calculated as a product of the daily amount of precipitation (Pi,

obtained from the Croatian Meteorological and Hydrological Service) and the average THg
concentration in the precipitation sample from a given collection period (approximately
one month):

D0
THg = ∑

i
D0

THg, i = ∑
i

P i × THg . (1)

As seawater sampling was performed at the end of each precipitation collection
period, it is unrealistic to expect that the precipitation deposited long before seawater
sampling would still be present in the surface layer at the time of seawater sampling.
Therefore, it was necessary to account for seawater mixing and corresponding dilution of
the deposited THg in precipitation. We defined normalized wet deposition of THg (Dnorm

THg )
as the sum of normalized daily wet deposition (Dnorm

THg, i). We assumed that each Dnorm
THg, i

follows an equivalent of the exponential decay law, i.e., that the amount of deposited THg
still present at the time of seawater sampling was only a fraction of the nominal deposited
THg at individual precipitation day (D0

THg, i). The proportionality factor was in the form
of exponential law, with a constant λ and the time (ti) between the precipitation collection
date and the ith day prior:

Dnorm
THg = ∑

i
Dnorm

THg, i = ∑
i

D0
THg,i × e−λt = ∑

i
D0

THg,i × 2−ti /t1/2 . (2)

Exponential law is more comprehensive when considering half-life (t1/2), i.e., the
time required for THg deposition to drop to one half of the initial value of D0

THg, i due to
seawater mixing. The value of t1/2 was brute-forced to obtain the best agreement with the
observations; the initial value was set to five days (i.e., the lowest average water renewal
time for the Bay of Kaštela).
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It should be noted that the model does not include basic oceanographic parameters
(such as salinity and temperature) on purpose due to the model limitations to only several
factors.

2.6. Wind Data and Normalization of Wet Deposition

The abovementioned normalization assumes that t1/2 is constant during the whole
precipitation collection period. However, due to the existence of an outlier obtained using
this approach, we modified the t1/2 value and assessed it based on the wind speed data. We
defined wind-normalized wet deposition of THg (Dw−norm

THg ) as the sum of wind-normalized
daily wet deposition (Dw−norm

THg, i ). We assumed that, as in the case of Dnorm
THg, i, each Dw−norm

THg, i
follows an equivalent of the exponential decay law, but contains the average t1/2 value (t1/2 )
calculated from individual t1/2 values for each day of the precipitation collection:

Dw−norm
THg = ∑

i
Dw−norm

THg, i = ∑
i

D0
THg,i × 2−ti /t1/2 . (3)

Drag at the surface causes wind speed reduction; wind speed at the surface exhibits
a nearly logarithmic profile approximated by von Kármán–Prandtl law [35]. As the cir-
culation in the Bay of Kaštela is wind induced, we correspondingly assumed the relation
between t1/2 and the average daily wind speed (ui) using an exponential function:

t1/2 =
1
n
∗

n

∑
i
η× e−κ × ui , (4)

where n is the number of days in the individual precipitation collection period, while η

and κ are brute-forced constants used to obtain the best agreement with the observations.
Using exponential function, the strongest winds would cause the shortest t1/2 values and
very rapid renewal time of the water column.

3. Results and Discussion
3.1. THg Concentrations in Precipitation

The daily amount of precipitation ranged from 0–103 L m−2 during the course of this
study (October 2014–December 2015) (Figure 2). During this period, the concentrations of
THg in precipitation ranged from 2.92–38.1 ng L−1 with a geometric mean of 7.74 ng L−1.
The largest observed value was an apparent contamination as seen from the presence of
biological material (two wasps and several pine needles) in the sample. Therefore, this
sample was excluded from further analysis. Excluding this sample, the concentration of
THg in precipitation ranged from 2.92–16.5 ng L−1 with a geometric mean of 6.70 ng L−1.
This range and mean are similar to those observed in precipitation from an urban and a
woodland-protected area in Poland [36]. The geometric mean of THg in precipitation was
also similar to the multi-year mean THg in precipitation at Iskrba station (Slovenia) and
other GMOS (Global Mercury Observation System) sites in Europe [16]. The geometric
mean of THg wet deposition (444 ng m−2) was also similar to the mean deposition of THg
at European GMOS sites. The seasonal pattern followed the same pattern observed in most
of the European GMOS stations; the highest THg values were determined during spring
and summer seasons [16]. Contrary to these stations, the patterns of THg concentrations
and the amounts of precipitation showed that the seasonal THg wet deposition maximum
corresponds to the minimum in the collected amounts of precipitation (Figure 2).
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Figure 2. Daily amounts of precipitation collected at the Split-Marjan station and the average THg
concentration in precipitation collected at the Institute of Oceanography and Fisheries from October
2014 to December 2015. Length of red horizontal bars indicates the precipitation collection period;
the absence of the red horizontal bar indicates that THg was not determined in precipitation due to
low sample volume. An asterisk indicates period without corresponding seawater sampling.

Precipitation was always in the form of rain during the study period. We assume that
the increased amount of rain washed out oxidized Hg from the atmosphere, thus leaving
mostly elemental Hg, which is sparingly soluble in water, present in the atmosphere.
Therefore, heavy rain probably removes most of the reactive Hg from the atmosphere at the
beginning, while subsequent precipitation acquires smaller Hg amounts. This decrease in
THg concentration during a single rainfall event was previously demonstrated in sequential
precipitation samples from Guiyang, China [37]. This might explain why the THg wet
deposition minimum in the Bay of Kaštela corresponds to the maximum in the collected
amount of precipitation.

3.2. THg Concentrations in Seawater

THg concentrations at station ST101 (Figure 3) were previously published as a part of
a larger study [33] in which the trends and distribution of Hg fractions were discussed in
detail. For the purpose of this paper, we focused only on THg concentrations in the surface
layers (0 m and 5 m) and the corresponding THg gradient (Γ0–5). This gradient was chosen
because the sedimentary input was minimal or absent at these depths.
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The sedimentary input to the water column was limited to the lowermost water
layer (35 m depth), except in November 2014 when the water column was mostly mixed.
However, in most cases there was at least one more sampling depth below 5 m which
had a lower THg concentration than the two uppermost sampling depths, indicating that
sediment input is indeed restricted to the bottom water layer.

The effect of water mixing between precipitation and salty seawater can be observed
through the vertical salinity gradients at station ST101 (Figure 4), as surface layers have
lower salinity compared to underlaying water layers. Additionally, the well-mixed water
column in November 2014 can be easily observed through the very small vertical salinity
gradient (from 36.9 to 37.4) (Figure 4).
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Γ0-5 in surface seawater ranges from −30.0 to 138 pg L−1 m−1. As seen from Figure 3,
the largest Γ0–5 value was associated with the increased THg concentration at the surface
during the May 2015 sampling. The increase in surface THg concentrations was also evident
during some of the other monthly samplings and probably originated from atmospheric
Hg deposition. In addition, a recent study in the Adriatic Sea also showed that THg at the
surface can be higher than in the closest subsurface sample [38]. Due to the presence of indi-
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cations for atmospheric Hg deposition to surface seawater, we wanted to test whether this
surface enrichment and THg gradient could be linked to THg concentration in precipitation.

3.3. Relations between THg in Precipitation and Seawater

There was no significant correlation between nominal THg wet deposition and THg
gradient in surface seawater in the Bay of Kaštela (Figure 5a). This was expected as
precipitation collection periods lasted, in general, about one month, and corresponding
seawater samplings were conducted at the end of these periods. In order to relate D0

THg and
Γ0–5, we assumed that THg deposited prior to seawater sampling was diluted by natural
mixing processes following exponential law, as described in 2.5. Using this approach, we
obtained almost linear correlation between Dnorm

THg and Γ0–5 with only one outlier present
(Figure 5b).
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Figure 5. Correlations between THg gradient Γ0–5 in seawater with (a) THg wet deposition; (b) nor-
malized THg wet deposition; and (c) normalized THg wet deposition after removal of an outlier
(red point).

After the removal of this outlier, we obtained linear correlation between Dnorm
THg and

Γ0–5 (Figure 5c) with R2 value of 0.908 and slope of 0.325 m−2. This result shows that there
might be a simple procedure (though certainly not proven yet) for the determination of
mixing half-life of deposited THg in surface waters. Based on Equation (2), we determined
the t1/2 value of 4.3 d and the corresponding λ of 0.161 d−1. The t1/2 value was slightly less
than the shortest average renewal time in the whole Bay of Kaštela. This was expected, as
our analysis was restricted only to surface waters at the sampling point close to the exit of
the bay and considers only the time required for the removal of one half of the deposited
contaminant from the surface layer.

3.4. Relation between Wind-Normalized Deposition and THg Concentration Gradient

Although there was an apparent outlier present in Figure 5b, we were aware of the
reasons for such behavior. The corresponding precipitation sample was collected for only
six days (Figure 2) to demonstrate the effect of a strong precipitation event. During this
collection period, a relatively large amount of precipitation (73.6 L m−2) containing elevated
THg concentration (16.5 ng L−1) was collected. However, strong winds were blowing dur-
ing this period (hourly means up to 19.2 m s−1; Figure 6a) that caused severe perturbation
of the water column, leading to very rapid water renewal time. The corresponding t1/2

was therefore probably much smaller than the previously determined value of 4.3 d. To
account for the effect of different wind speeds on t1/2, we determined the t1/2 value (based
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on individual t1/2 values for each day of the precipitation collection) and corresponding η

and κ values (Equation (4)) that fit best with the experimental data:

t1/2 =
1
n
∗

n

∑
i

10.71 × e−0.421× ui . (5)
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Figure 6. (a) Wind-rose diagram of mean hourly wind speeds (m s−1) at the Split-Marjan station dur-
ing the study period; (b) correlations between THg gradient Γ0–5 in seawater with wind-normalized
THg wet deposition.

The t1/2 value was used to define wind-normalized wet deposition of THg, according
to Equation (3). The obtained Dw−norm

THg showed linear correlation with Γ0–5 for all samples

(including the previously mentioned outlier) with an R2 value of 0.886 (Figure 6b). We also
tried to improve the relation between Dw−norm

THg and Γ0–5 by incorporating wind direction
into Equation (5), but the attempt was unsuccessful (data not shown). The value of the
correlation line slope in Figure 6b was 0.378 m−2 and was slightly greater than the corre-
sponding one obtained for correlation between Dnorm

THg and Γ0–5. The physical representation
of this value is that the THg gradient is surface seawater of 0.378 pg L−1 m−1 might be due
to THg wet deposition of 1 ng m−2 after including the influence of wind speed on water
mixing. This value might represent a characteristic of this station in the Bay of Kaštela and
might describe the removal efficiency of any contaminant from the surface layer due to
seawater mixing processes. However, this has to be verified by additional sampling and
analysis.

3.5. Known Study Limitations

There are several limitations in this study that we were not able to address in our
analysis, but we were aware of their presence. First, we were unable to include the dry
deposition of THg to the surface seawater (no data). Hg dry deposition is usually estimated
using models due to the lack of direct and accurate measurement methodologies [16,39].
In general, THg wet deposition rates are much bigger than the corresponding THg dry
deposition rates in coastal non-urban sites, as previously determined in North America [40].
The absence of significant differences between THg deposition rates obtained using wet-
only and bulk samplers in Sweden and Slovenia also corroborates this observation [41].
Therefore, we probably did not make a large error in our data analysis when determining
the correlation between Dw−norm

THg and Γ0–5.
We also showed that sedimentary influence should be minimal at the seawater surface,

but we cannot be certain of this. The other problem arises from the fact that, due to lack of
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data, we did not address horizontal transport from coastal inputs. Station ST101 is close
to open sea and relatively far away from neighboring cities and the Jadro River; therefore,
these inputs are probably well mixed before they reach this station. One of the biggest
problems arises from the fact that the daily distribution of THg in precipitation is not
known, i.e., when exactly the highest amount of THg was deposited within the whole
precipitation-collection period. Therefore, we could only perform data analysis using the
average THg values in precipitation. A presumption that precipitation from previous
months do not influence current seawater sampling was also made. This approach might
be acceptable, as the longest water-renewal time in the Bay of Kaštela of about one month
is similar to the average period between seawater samplings.

The influence of biota abundance, suspended particulate matter, and the deposi-
tion/sedimentation rates was also not taken into consideration (lack of data). However,
future work should include these parameters as they can be important for seawater Hg
exchange and transformations.

We were also not able to address THg losses from the seawater surface layer due
to production of dissolved gaseous mercury, as we did not measure the concentration of
elemental Hg in the air above the seawater sampling station. We performed similar analysis
using data for methylated mercury (MeHg) in surface seawater and precipitation, but
corresponding relations between Dw−norm

MeHg with Γ0–5 were not obtained (data not shown),
probably due to Hg methylation in seawater [42].

Diurnal variations of dissolved gaseous mercury concentrations and evasion fluxes
have been previously observed in both lakes [43,44] and seawater [45]. The Hg exchange
fluxes generally exhibits diurnal patterns with the largest values found around midday
and the smallest values during evening/night thus following the general pattern of diurnal
solar radiation variations [44,45]. The average evasion fluxes of dissolved gaseous mercury
in the Adriatic Sea were previously estimated to 5.40 ng m−2 h−1 during fall [45]. However,
in the current study, evasion fluxes were not considered.

Further on, the value for half-life was brute forced as there was no definite way to
calculate average water renewal time in the Bay of Kaštela based on our data (data that do
not include basic oceanographic parameters such as salinity and temperature). In addition,
the average half-life based on wind speed was also brute forced by assuming exponential
relation between individual t1/2 for each day of the precipitation collection period and wind
speed which might not be valid under all circumstances.

4. Conclusions

This study presents a simple contribution towards more accurate and detailed mod-
eling of Hg distribution in seawater and atmosphere–water exchange. The potential of
this model is promising due to its simple tracking of Hg wet deposition in the surface
seawater using only THg concentrations and wind-speed data. We demonstrated that
wind-normalized wet deposition of THg correlates with THg gradient in surface seawaters.
The obtained regression slope might represent a characteristic of this station in the Bay
of Kaštela and might describe the removal efficiency of other contaminants. The main
limitation of this study is the fact that the described model and dynamic processes were
overly simplified as they did not take several parameters into consideration (due to lack of
data). The main limitations include lack of Hg dry deposition data and daily distribution of
THg in precipitation, the unknown influences of sedimentary input, biota abundance, sus-
pended particulate matter, deposition/sedimentation rates, evasion of produced dissolved
gaseous mercury, and brute forcing of certain parameters. Nevertheless, this study provides
a small contribution to future elucidation of processes that govern the atmosphere–seawater
exchange of mercury.
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