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The northern Adriatic Sea is well known for mercury (Hg) contamination mainly due to historical Hg mining
which took place in Idrija (Slovenia). The formation of dissolved gaseous mercury (DGM) and its subsequent
volatilisation can reduce the amount of Hg available in the water column. In this work, the diurnal patterns of
both DGM production and gaseous elemental Hg (Hg?) fluxes at the water-air interface were seasonally evaluated
in two selected environments within this area, a highly Hg-impacted, confined fish farm (VN: Val Noghera, Italy)
and an open coastal zone less impacted by Hg inputs (PR: Bay of Piran, Slovenia). A floating flux chamber
coupled with a real-time Hg® analyser was used for flux estimation in parallel with DGM concentrations
determination through in-field incubations. Substantial DGM production was observed at VN (range =
126.0-711.3 pg L™1) driven by both strong photoreduction and possibly dark biotic reduction, resulting in higher
values in spring and summer and comparable concentrations throughout both day and night. Significantly lower
DGM was observed at PR (range = 21.8-183.4 pg L™1). Surprisingly, comparable Hg fluxes were found at the
two sites (range VN = 7.43-41.17 ng m 2 h™!, PR = 0-81.49 ng m 2 h™}), likely due to enhanced gaseous
exchanges at PR thanks to high water turbulence and to the strong limitation of evasion at VN by water stag-
nation and expected high DGM oxidation in saltwater. Slight differences between the temporal variation of DGM
and fluxes indicate that Hg evasion is more controlled by factors such as water temperature and mixing con-
ditions than DGM concentrations alone. The relative low Hg losses through volatilisation at VN (2.4-4.6% of
total Hg) further confirm that static conditions in saltwater environments negatively affect the ability of this
process in reducing the amount of Hg retained in the water column, therefore potentially leading to a greater
availability for methylation and trophic transfer.

1. Introduction

Mercury (Hg) is a toxic element which occurs naturally under
different inorganic and organic forms in every environmental
compartment, at least at relatively low concentrations (Beckers and
Rinklebe, 2017). A peculiarity of this metal is the high vapour pressure
and low solubility of its elemental form, often referred to as gaseous
elemental mercury (Hg® or GEM). This specie usually represents more
than 90% of the Hg occurring in the atmosphere and can persist for more
than 1 year in this compartment (Ariya et al., 2015; Ren et al., 2016;
Saiz-Lopez et al., 2018). This long residence time allows Hg® to be
subject to long-range atmospheric transport before being removed

* This paper has been recommended for acceptance by Dr Michael Bank.

through dry or wet depositions mostly after oxidation to the more sol-
uble ionic form (Hg2+) (Ariya et al., 2015; Custodio et al., 2020; Zhang
et al., 2012). Moreover, after deposition, Hg2+ can be reduced to HgO
and re-emitted into the atmosphere, further enhancing its dispersion
throughout the environment (Fitzgerald et al., 1998; Strode et al., 2007;
Zheng and Hintelmann, 2009). Historical emissions related to various
anthropogenic activities (e.g. mining, coal combustion, metal produc-
tion, ...(UN Environment, 2019)) have contributed to significantly in-
crease the amount of Hg involved in these exchanges compared to
pre-industrial levels (Enrico et al., 2017; Mason and Sheu, 2002). As a
result, Hg pollution has been recognised as a global concern by the
Minamata Convention in 2013 (Selin et al., 2018).
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Aquatic ecosystems are particularly sensitive to Hg pollution due to
the possible conversion of inorganic Hg to the organic form methyl-
mercury (MeHg), which can be easily bioaccumulated and biomagnified
in food webs and can have notable toxic effects on biota and humans
mainly on the nervous system (Diez, 2009; Morel et al., 1998). MeHg is
mainly produced in anoxic sediments and water layers by several mi-
croorganisms (Fitzgerald et al., 2007; Parks et al., 2013), although
several pathways for Hg methylation, even in oxic water layers, have
recently been identified (Wang et al., 2022). Moreover, coastal and
marginal sea environments are considered more vulnerable to Hg
pollution as they represent hot spots for Hg methylation due to both the
high Hg loadings related to both atmospheric depositions and direct
riverine inputs (Amos et al., 2014; Kotnik et al., 2015; Xue et al., 2019)
and the high nutrient concentrations along with rates of microbial ac-
tivity (Hammerschmidt and Fitzgerald, 2004). The formation of Hg® and
subsequent evasion at the water-air interface can represent a relevant
pathway for reducing the amount of Hg?* available for methylation into
the aquatic environment (Horvat et al., 2003). Considering that Hg® is
the largely predominant constituent of the volatile Hg fraction in water,
with volatile organic dimethylmercury (DMeHg) occurring only at
extremely low concentrations in deep water layers and rarely detected in
surface waters (Black et al., 2009; Cossa et al., 2009; Kotnik et al., 2017),
hereafter it will be referred to as DGM (Dissolved Gaseous Mercury),
commonly used to indicate the operationally defined gaseous Hg frac-
tion in water. In surface seawater, DGM is produced through abiotic
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(photochemical) and biotic reduction of Hg2+ (Amyot et al., 1997; Kuss
et al., 2015; Qureshi et al., 2010), with photoreduction considered the
dominant pathway due to its higher rates (Soerensen et al., 2010). An
important control on photoreduction rates is exerted by dissolved
organic matter (DOM), which, depending on its concentration and
structure, can: i) promote reaction rates acting as a photosensitiser,
particularly if it is rich in chromophores (Costa and Liss, 1999; Fantozzi
etal., 2007), ii) form strong complexes with Hg?" due to its high affinity
for reduced sulphur groups (e.g. thiols), rendering it non-photoreducible
(O’ Driscoll et al., 2018), iii) reduce light penetration through the water
column and the efficacy of photochemical reactions (Castelle et al.,
2009). Moreover, DGM can be produced even in the absence of light
through “dark reduction” reactions mediated by microbial activity
(Fantozzi et al., 2009) or by interaction with a particular fraction of
organic matter (OM) e.g. humic substances (Allard and Arsenie, 1991).
These processes are generally more important in deep water layers and
sediments (Amyot et al., 1997; Lepak et al., 2021). However, DGM in
water can be re-oxidised to non-volatile HgZ" mainly through photo-
chemical reactions occurring at the same time as photoreduction
(Whalin et al., 2007) and enhanced in saltwater environments by the
presence of halides (e.g. C1, Br™) (Ci et al., 2016). When the balance
between production through reduction and losses through oxidation
leads to a super-saturation of DGM in surface water, evasion into the
atmosphere can take place (Southworth et al., 2007) as a function of
both DGM availability and physical forcing such as temperature, water
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Fig. 1. Study area and sampling sites (satellite images from Bing).
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turbulence, mixing or currents (Lindberg and Zhang, 2000; Sharif et al.,
2013).

The northernmost part of the Adriatic Sea (Gulf of Trieste, Italy) is
one of the coastal marine areas most impacted by anthropogenic releases
of Hg in the world (Fitzgerald et al., 2007). The main source of Hg in this
area is the transport of Hg-enriched sedimentary material by the Isonzo
River as a consequence of the dispersion into the environment of large
amounts of this element (>35,000 t; Dizdarevic, 2001; Gosar et al.,
1997) due to historical cinnabar mining in Idrija (Slovenia) which lasted
for approximately 500 years (Covelli et al., 2001). As a result of the
erosion and leaching of contaminated surfaces, the Isonzo River still
carries notable amounts of Hg into the Gulf of Trieste, even 25 years
after the mine closure, mostly after intense rain events (Covelli et al.,
2007; Baptista-Salazar et al., 2017). At the mouth of the Isonzo River,
the contaminated material is diverted westward by the prevalent anti-
clockwise water circulation of the Gulf and enters the Marano and Grado
Lagoon, where Hg can accumulate in sediments mainly in the eastern
sector (Acquavita et al., 2012). A second anthropogenic source of Hg is
related to past uncontrolled discharges from the 1940s to the 1980s of
processing and seepage wastewaters from a chlor-alkali plant (Torvis-
cosa, Italy) into the Aussa River and consequently into the lagoon
(Covelli et al., 2009). Mercury contamination of this lagoon is of
particular concern considering that traditional aquaculture in the form
of fish farms cover approximately 14% of its area (Acquavita et al.,
2015). These fish farms are closed environments, isolated from the rest
of the lagoon by man-made embankments, having only limited water
exchanges with the external lagoon (Petranich et al., 2018a). As a
consequence of scarce water dynamics, notable OM inputs and occur-
rence of anoxic conditions (mostly during summer), remarkable Hg
methylation and bioaccumulation through the trophic web can be
observed in this kind of environments (Bettoso et al., 2023; Petranich
et al., 2018b).

Understanding the processes that control Hg speciation and gaseous
exchanges at the water-air interface in coastal areas subject to consid-
erable Hg supplies related to anthropogenic activities is of particular
interest in order to evaluate the ability of gaseous exchanges to reduce
the burden of Hg available to methylation and trophic transfer, mostly in
environments characterised by limited water exchanges. In-depth
knowledge of these processes may also be useful to better assess the
impact of Hg pollution on ecosystems and human health, also helping
define possible mitigation strategies (Bouchet et al., 2011; Clarke et al.,
2023; Hsu-Kim et al., 2018). At present, only limited information exists
regarding Hg® exchanges at the water-air interface in the highly Hg
impacted northernmost part of the Adriatic Sea (Floreani et al., 2019). In
the cited study, Hg® fluxes were measured in 4 sites within this area,
specifically two located inside a fish-farm of the Marano and Grado
Lagoon (Val Noghera fish farm), one in the open lagoon environment
and one in a quasi-pristine open coastal zone of the Gulf of Trieste (the
Bay of Piran, Slovenia) less subjected to riverine Hg inputs. Measure-
ments conducted inside the fish farm showed Hg® fluxes lower than
those obtained in the open lagoon environment and comparable to those
found in the less contaminated area of Piran. However, these results
were referred only to diurnal period. In this study, DGM concentrations
and Hg® fluxes over the entire daily cycle (24 h) were evaluated in
different seasons in two previously monitored sites (Floreani et al.,
2019). The first is located in the highly impacted area of Val Noghera
fish farm (VN, Lat 45°42'48.95"N, Long 13°17'17.03"E), characterised
by scarce water exchange, whereas the second site is located in the
quasi-pristine and more hydrodynamic coastal area of the Bay of Piran
(PR, Lat 45°31'06.00"N, Long 13°34'04.65"E). Site selection was aimed
at verifying possible differences in factors influencing DGM production
and volatilisation in two markedly different environmental contexts
commonly occurring within the contaminated area of the Northern
Adriatic Sea in terms of hydrodynamics and Hg contamination degree.
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The expected results will also be helpful to assess the effectiveness of
gaseous exchanges in limiting the burden of Hg available in the water
column.

2. Materials and methods
2.1. Environmental settings

The Val Noghera fish farm is located in the central part of the Marano
and Grado Lagoon (Northern Adriatic Sea, Italy), one of the best pre-
served wetland transitional environments in the entire Mediterranean
area, covering an area of approximately 160 km? between the Taglia-
mento and Isonzo River deltas (Fig. 1). The Val Noghera fish farm ex-
tends over a total area of 2.7 km?, most of which is occupied by shallow
waters and saltmarshes, having become a habitat for many bird species,
and is characterised by extremely limited water recycling and recircu-
lation. More details about the hydrogeology and management of these
environments have been reported in previous works (Petranich et al.,
2018a, 2018b). Our sampling site (VN) is located in a channel of the
older sector of the fish farm, characterised by a relatively shallow water
column (~2 m) and Hg concentrations in sediments ranging between
2.15 and 5.10 mg kg ! (Petranich et al., 2018b).

The Bay of Piran is a semi-enclosed area located in the southern part
of the Gulf of Trieste, close to the border between Slovenia and Croatia
(Fig. 1), and covers an area of approximately 19 km? It is a typical
marine area with a maximum depth of ~15 m, influenced by the
irregular supply of freshwater from the Dragonja River to its inner
sector, with an average discharge of 4 m® s! (Cozzi et al., 2012;
Ogorelec et al., 1991; Pavoni et al., 2020). Thanks to the limited Hg
supplies from the northern part of the Gulf, the concentrations of this
metal reported for sediments of the bay are relatively low (<0.5 mg
kgfl, Covelli et al., 2001; Faganeli et al., 1991). Measurements at this
site (PR) were performed in the northern part of the bay near the local
Marine Biology Station.

The climate of the area can be defined as oceanic mesotemperate
(Pesaresi et al., 2014) with relatively warm temperatures throughout the
entire year with occasional droughts in summer. Sea breezes blowing
from the north-east during the night and morning (2-3 m s~ 1) and from
the sea in the afternoon (3-4 m s~ 1) strongly affect the temperature
regime (ARPAFVG-OSMER, 2014) together with the irregular occur-
rence of a strong north-easterly Bora wind, mostly during winter (Bol-
drin et al., 2009). The highest water temperatures are observed in July,
reaching values above 30 °C inside the lagoon (Ferrarin et al., 2010).

2.2. Sampling strategy

Three distinct sampling campaigns to determine Hg® fluxes at the
water-air interface were performed for both sites during the period of
the year characterised by higher irradiation and temperature, which
may favour the gaseous exchanges of Hg between the aquatic and at-
mospheric compartment (Cizdziel et al., 2019; Ferrara et al., 2000;
Nerentorp Mastromonaco et al., 2017). More specifically, measurements
were performed during late spring (VN: May 2022; PR: June 2021),
summer (VN: August 2020; PR: August 2019), and autumn (VN:
November 2020, PR: November 2021), whereas no measurements were
carried out in winter due to logistical difficulties; however, previously
published data report that Hg® emission during the winter period in
these sites might be relatively low compared to those observed in other
seasons (Floreani et al., 2019). The variation of Hg0 fluxes during the
entire 24 h period was assessed by means of a floating flux chamber (FC),
taking 11 to 14 distinct sets of measurements at regular time intervals of
~2 h during each sampling campaign. It was, however, sometimes
necessary to lengthen this time interval at the Piran site due to the
relatively high wave motion observed in situ, a condition not optimal for
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the application of the adopted experimental approach (Bagnato et al.,
2013; Fantozzi et al., 2007).

Continuous measurements of incident UV radiation in the wave-
length band between 250 and 400 nm, recognised as the most effective
in promoting Hg photoreduction (Amyot et al., 1997; Lee et al., 2019;
Qureshi et al., 2010), were conducted using a specific sensor (SU-420,
Apogee Instruments, Logan, UT, USA) installed at a height of ~2 m near
sampling points in unshaded areas. The sensor has a resolution of 0.1 W
m 2 and recorded 1 data per minute as an average of the value of the
readings taken every 1 s. Average UV intensity, corresponding exactly to
the duration of every single flux measurement, was then calculated. Air
temperature and relative humidity were monitored in the field through a
portable thermohygrometer (HI9565, Hanna Instruments, Padova,
Italy).

The main physico-chemical parameters of the surface water layer
(temperature, pH, oxidation-reduction potential (ORP), conductivity,
salinity, and dissolved oxygen (DO3)) were monitored in parallel with
Hg® flux measurements by means of a portable multiprobe meter
(HI98194, Hanna Instruments, Padova, Italy).

After each flux measurement, surface water samples were collected
for the determination of DOC, total dissolved Hg (THgp), and DGM
concentrations. Aliquots for the determination of DOC (V = 5 mL) were
filtered through pre-combusted (450 °C) glass microfiber filters (What-
man GF/F, 0.8 pm pore size) and collected in glass containers.
Conversely, mixed cellulose ester membrane filters (Millipore Millex
HA, 0.45 pm pore size) were used to collect water samples for THgp
analysis (V = 100 mL) in borosilicate bottles previously conditioned
with HCl (2% v/v), rinsed with deionised water (MilliQ) and ignited
(60 °C).Samples for THgp analysis were then immediately oxidised
through the addition of 0.5 mL of bromine chloride (BrCl). All samples
were stored in the dark and transported to the laboratory, where the
aliquots for THgp were stored at 4 °C, whereas aliquots for DOC deter-
mination were frozen until analysed. For each sampling campaign at
both sites, three blank samples (MilliQ water) prepared and stored in the
same way of real samples were analysed, resulting in values lower than
the instrument LOD. Finally, DGM concentrations were determined
following incubation in the field of 1 L unfiltered water samples as re-
ported hereafter.

2.3. Analytical determinations

The determination of THgp was conducted by means of a specific
detector (Mercur, Analytik Jena, Jena, Germany) after a pre-reduction
of the sample with NHyOH-HCI (30%, 0.25 mL) followed by a reduc-
tion with SnCl, 2% in HCI 4% using the cold vapour atomic fluorescence
spectrometry technique (CV-AFS), in accordance with EPA Method
1631e (US EPA, 2002). Each sample was analysed in triplicate, obtain-
ing a good reproducibility of the results (RSD<5%). Instrument cali-
bration was performed by generating a calibration curve from NIST
3133 certified reference solution at different dilution levels. The limit of
detection (LOD) and the limit of quantification (LOQ) calculated on the
basis of the standard deviations of ten reagent blanks were 0.69 ng L™*
and 2.31 ng L™}, respectively.

The method employed for DGM determination has been extensively
described elsewhere (O’ Driscoll et al., 2019). Briefly, 1 L water aliquots
were gently transferred to a borosilicate bubbler and continuously
bubbled for 15 min in a closed loop circuit at a constant flow rate of 10 L
min~! under low light conditions, creating an equilibrium between
aqueous DGM and Hg® in the headspace. This allows for the rapid
extraction of DGM from the water (>90% of DGM with sparging time of
5 min; O’Driscoll et al., 2003). The bubbler was connected with a
real-time Hg0 analyser (Lumex RA915M, Lumex Instruments, St.
Petersburg, Russia) which was used to maintain the air flow through the
bubbler by means of its internal pump and to record Hg® concentrations
in the air in the headspace. The Lumex analyser is based on the atomic
absorption spectrophotometry technique with Zeeman correction for
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background absorption and high frequency modulated light polarisation
(ZAAS-HFM; Sholupov et al., 2004). The instrument allows for the
determination of Hg® in air in a wide range of concentrations (from 2 to
30,000 ng m~>) with an accuracy of 20%. The instrument is calibrated
annually by the parent company and calibration was controlled in the
field by a self-checking program measuring Hg in an internal accessory
cell containing a known quantity of Hg: the obtained relative deviations
were always less than +6%. A disposable PTFE syringe filter placed
before the air intake of the Lumex during analysis was used to prevent
the entry of moisture in the instrument. DGM concentrations were ob-
tained through the ratio between the air Hg® concentrations at equi-
librium and the dimensionless Henry’s law constant for Hg (H')
(O’Driscoll et al., 2019). Henry’s law constant was calculated in function
of the temperature of the water sample according to what reported by
Andersson et al. (2008). The system was checked through blanks per-
formed by bubbling MilliQ water, resulting in equilibrium Hg° con-
centrations in air lower than the LOD of the Lumex Instrument (2 ng
m’s).

Concentrations of DOC were determined by means of a Total Carbon
Analyzer TOC-L (Shimadzu, Japan) using a high-temperature catalytic
method (Sugimura and Suzuki, 1988). Instrument calibration was per-
formed using potassium phthalate whereas a quality control was
ensured by the analysis of a certified surface seawater reference material
(Consensus Reference Material, University of Miami, Florida). The
method is characterised by a precision of <3% expressed as %RSD.

2.4. Hg® fluxes at the water-air interface

For the assessment of Hg® fluxes at the water-air interface, a Plexiglas
floating FC coupled with the Lumex analyser was employed following
the approach described by Bagnato et al. (2013). Plexiglas was chosen
due to its robustness and permeability to all visible and much of UV
wavelengths (89% UV-A, 64% UV-B; Wang et al., 2006). Briefly, the
chamber is open at the bottom to allow the diffusion of Hg® from the
confined sea surface and has a square base of 50 x 50 cm and an overall
height of 80 cm. For the determination of Hg® fluxes, the FC was
mounted on a floating board of sintered expanded polystyrene incor-
porated into an aluminium structure. The FC was manually lowered onto
the surface of the water with the lower edges immersed 30 cm in the
water in order to avoid the entry of air from outside the chamber by
ensuring a tight seal with the surface of the sea (Bagnato et al., 2013).
During measurements, the headspace of the chamber was constantly
flushed through the Lumex internal pump at its specific constant rate of
approximately 10 L min . This rate is high enough to avoid an excessive
build-up of Hg® concentrations in the enclosed air which can suppress
the evasion from the water surface (Floreani et al., 2022), and HgO
concentrations inside the FC were continuously recorded (1 s interval).
After FC deployment, internal Hg® concentrations reached a steady-state
within approximately 10 min, and FC was removed from the surface of
the sea after each sampling. The relatively short sampling time allowed
for a reduction in the influence of FC on the microenvironment near the
sea surface, as long deployment times can modify ambient conditions
near the surface enclosed by the chamber leading to biases in flux esti-
mations (Bagnato et al., 2013; Zhu et al., 2016).

The achieved equilibrium concentrations (C,), corrected for the
initial Hg® amount in air entering the chamber (C;) measured for 5 min
with the same recording rate (1 Hz) before placing the chamber on the
sea surface, were used for the calculation of fluxes (F) according to Eq.
(1) (Bagnato et al., 2013; Kalinchuk et al., 2021):

(G, —-C)o

F=
A

(@)
where Q is the air flow rate through the chamber (0.6 m3 h_l) and A is
the basal area of the chamber (0.25 m?). Values of Hg0 concentration
below the Lumex LOD were set to 1 ng m~3 (1/2 LOD) according to the
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Table 1
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Summary of data collected during the sampling campaigns at the selected sites. Data are reported as mean + SD (min-max); n.a. = not available. Wind data provided as
hourly averages by Weather Forecast Regional Observatory of Friuli Venezia Giulia region (OSMER-ARPA FVG) and Slovenian Environmental Agency (ARSO) through

database OMNIA (http://www.meteo.fvg.it/). *Values below the instrumental LOQ.

Val Noghera (VN)

Bay of Piran (PR)

Summer (n = 13) Autumn (n = 14)

Spring (n = 13)

Summer (n = 11) Autumn (n = 13) Spring (n = 12)

Air temp. (°C) 25.2 + 4.2 13.8 + 5.7 21.4 + 4.3 21.0 + 3.7 11.5+ 3.6 22.1+3.6
(19.7-32.5) (8.3-21.9) (15.5-27.8) (16.0-25.2) (7.5-17.3) (17.6-28.5)
UV radiation (W m~2) 15.3 +18.0 6.4+ 8.2 20.7 + 20.5 15.7 + 16.6 3.8+5.0 16.6 + 19.8
(0.0-49.3) (0.0-19.8) (0.0-50.4) (0.0-47.7) (0.0-12.6) (0.0-48.8)
Wind speed (m s 1) 26+1.6 1.6 £+ 1.0 1.7 +£1.2 23+0.7 33+1.1 26+1.1
(0.4-5.9) (0.1-3.6) (0.2-4.0) (1.1-3.4) (1.5-5.2) (0.6-4.2)
Water temp. (°C) 25.31 + 0.78 13.16 + 0.78 23.68 + 1.44 24.45 + 0.62 15.38 + 0.44 22.42 + 0.47
(24.31-26.55) (11.97-14.42) (21.35-26.11) (23.50-25.80) (14.87-16.14) (21.93-23.28)
Salinity (PSU) 38.48 + 0.23 24,13 + 0.25 35.19 + 0.09 34.73 + 0.60 35.74 + 0.22 37.90 + 0.37
(37.85-38.74) (23.37-24.40) (34.98-35.32) (34.00-35.50) (35.26-36.03) (37.31-38.51)
Dissolved O, (mg L™) 5.88 + 1.37 7.97 + 0.44 6.55 + 1.35 5.45 + 0.80 8.52 + 0.35 6.28 + 0.36
(4.15-8.32) (6.93-8.41) (4.01-8.38) (5.08-5.90) (7.55-8.93) (5.72-6.92)
DOC (mg L™ 10.7 + 0.7 5.7 + 0.4 na. na. 1.4 402 1.8+0.3
(10.1-12.0) (5.1-6.5) (1.2-1.9) (1.5-2.5)
THgp (ng L™ Y) 21.07 + 4.38 7.26 + 2.39 12.27 + 2.99 1.36 + 0.43* 2.29 + 1.34* 2.00 + 1.50%
(15.38-30.95) (5.18-14.92) (7.69-19.08) (0.80%-2.10%) (<0.69- 4.31) (0.91%-6.45)
DGM (pg L") 253.4 + 45.7 179.1 + 27.7 430.2 + 134.0 42.0 +12.9 29.7 + 8.0 107.5 + 37.1
(176.9-367.3) (126.0-224.2) (243.5-711.3) (28.6-68.7) (21.8-52.6) (65.5-183.4)
DGM/TDHg (%) 1.14 + 0.22 2.61 + 0.63 3.57 + 0.93 2.90 + 1.18 1.91 + 1.46 6.70 + 3.19
(0.81-1.59) (1.12-3.42) (1.66-5.43) (0.53-4.89) (0.55-6.07) (2.35-12.08)
C; Hg? conc. (ng m~>) 4.38 +£2.71 <2 2.97 + 0.66 <2 2.60 + 0.72 2.15 4+ 0.35
(<2-13.59) (<2-6.58) (<2-14.35) (<2-5.83) (<2-6.72) (<2-6.62)
Hg® flux (ng m 2 h™1) 21.35 + 6.81 12.25 + 4.32 23.60 + 10.85 36.58 + 25.15 11.32 + 9.85 18.37 + 22.01
(9.42-34.38) (8.04-24.72) (7.43-41.17) (2.25-81.49) (0.27-38.42) (2.38-79.96)

medium bound approach (United States Environmental Protection
Agency Office of Environmental Information, 2000) previously adopted
also for other measurements of atmospheric Hg® in this area (e.g.
Acquavita et al., 2017; Barago et al., 2020).

The QA/QC protocol involved the use of blanks performed in the
field by placing the chamber on a clean white polycarbonate surface
which showed negligible values and internal Hg concentrations close to
the Lumex limit of detection (2 ng m~>). Before and after each sampling
campaign the chamber was cleaned with a diluted laboratory detergent
and carefully rinsed several times with MilliQ water.

2.5. Statistical analysis

For statistical analysis, R Software 4.1.3 (R Foundation for Statistical
Computing, Vienna, Austria) and the ggplot2 package (Wickham et al.,
2016) were used. The normal distribution of data was assessed using the
Shapiro-Wilk test. As sample data were found to be not normally
distributed, the non-parametric Kendall rank correlation coefficient was
used to evaluate the strength of the associations between variables.
Furthermore, the non-parametric Kruskal-Wallis test (K-W) was utilised
to assess the occurrence of statistically significant differences between
two or more groups of independent variables. If statistically significant
differences were found, Dunn’s post-hoc test was performed to identify
which groups of data differed.

3. Results and discussion

A summary of data collected during the different sampling cam-
paigns at both selected sites is depicted in Table 1. There were optimal
weather conditions throughout sampling days, with only an intermittent
light cloud cover during morning periods of summer sampling at VN,
which did not significantly affect the incident UV radiation recorded
during flux measurements, and a short rain event at 2:00 a.m. during
summer at PR.

3.1. Total dissolved mercury (THgp)

Total dissolved Hg concentrations in the surface water at VN were
significantly higher (p < 0.0001, K-W) than those observed at PR in all
seasons. Overall, THgp concentrations at VN ranged between 5.18 and
30.95 ng L™! (average = 13.38 + 6.64 ng L™}, n = 40): these values are
within the range previously reported for this area (3.39-71.46 ng L1
Floreani et al., 2019) and below the European Environmental Quality
Standard (EQS) for Hg in surface water (70 ng L™}, Directive,
2008/105/CE). The highest THgp concentrations were recorded in
summer and the lowest in autumn (Fig. Sla), likely as a result of
diffusive effluxes of Hg species from contaminated sediments into the
water column as a function of temperature or release from the degra-
dation of organic matter (Cossa et al., 2009; Covelli et al., 2008;
Schartup et al., 2015) as previously observed at this site (Petranich et al.,
2018Db). These effluxes may have influenced THgp concentration in the
entire water column due to shallow depth (~2 m), resulting in irregular
fluctuations of THgp during sampling periods. Conversely, THgp con-
centrations at PR were less variable and significantly lower than those
found at VN, being usually <5 ng L™ (average = 1.97 + 1.24ng L™}, n
= 35), with only one sample exceeding this amount (spring t0: THgp =
6.45 ng L1). At this site, no significant differences were observed be-
tween values found in the various seasons (Fig. S1b). Moreover, a THgp
concentration of 10.40 ng L~* was detected in summer at t8, which can
be considered an outlier (p < 0.05, Dixon Q test) and was not used for
further elaboration. These concentrations are higher than the average
THgp estimated for the surface water of the Mediterranean Sea (0.17 +
0.05 ng L*I) (Cossa et al., 2022) and are comparable to the values re-
ported for the Gulf of Trieste (0.12-4.90 ng L™H (Faganeli et al., 2003),
but are generally lower than those observable in the northern part of the
Gulf near the mouth of the Isonzo River (0.46-15.4 ng L™ (Covelli
et al., 2006), more affected by the riverine Hg inputs from the area
around Idrija (Faganeli et al., 2003).

3.2. Dissolved gaseous mercury (DGM)

The concentrations of DGM at the fish farm site varied between 126.0
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Fig. 2. Distribution of values recorded in the various seasons of (a) DGM
concentrations and (b) Hg® fluxes in the two selected sampling sites, Val Nog-
hera fish farm (VN) and the Bay of Piran (PR). Red asterisks indicate the sta-
tistically significant differences according to Kruskal-Wallis test (****p <
0.0001). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

and 711.3 pg L™} (average = 278.5 + 135.1 pg L™}, n = 40) and were
comparable to those previously reported for this site (200.3-321.5 pg
L7 O’ Driscoll et al., 2019) and for the open Marano and Grado Lagoon
(17.3-795.0 pg L_l; Emili et al., 2012). As expected, DGM concentra-
tions encountered at Piran were significantly lower than those obtained
at VN in every season (p < 0.0001, K-W) and ranged between 21.8 and
183.4pg Lt (average =59.4 + 41.4 pg L™}, n=36),in good agreement
with values previously recorded in another study conducted near our
sampling station (33.2-168.0 pg L 1; Kotnik et al., 2022) and within the
range reported in the literature for the Gulf of Trieste (40-860 pg L™}
Andersson et al., 2007; Bratkic et al., 2013; Covelli et al., 2006; Kotnik
et al., 2015). The higher DGM concentrations found at VN are un-
doubtedly related to the higher degree of Hg contamination at this site,
resulting in higher THgp concentrations and subsequent greater abun-
dance of Hg forms available for the conversion to DGM. The weak but
positive correlation observed between THgp and DGM concentrations at
VN (t = 0.30, p < 0.01, n = 40) may confirm a common source of these

Environmental Pollution 332 (2023) 121926

two species or that THgp is the substrate for DGM formation (Marumoto
and Imai, 2015), whereas no relationship between these two parameters
was detected at PR likely due to the relatively constant THgp concen-
trations recorded at this site. However, DGM accounted for only a
relatively small portion of THgp (0.81-5.43% at VN and 0.53-12.08% at
PR) in agreement with percentages reported in other studies (Cheng
et al., 2019; Conaway et al., 2003; Kotnik et al., 2015; Soerensen et al.,
2013; Wang et al., 2020a) and consequently even the relatively low
THgp concentrations recorded at PR did not likely represent a limiting
factor for DGM production (Castelle et al., 2009). DGM concentrations
found in this work are generally higher than those reported in the
literature for other coastal areas subject to lower Hg supplies than the
Gulf of Trieste, such as the Tagus Estuary (13.4-40.0 pg L™%; Cesario
et al., 2017a), Arcachon Bay (5-193 pg L_l; Bouchet et al., 2011), the
Gironde Estuary (2-150 pg L’l; Castelle et al., 2009), and the Thau
Lagoon (15.1-63.1 pg L™}; Sharif et al., 2013).

At both sites, significant (p < 0.05, K-W) differences were observed
between DGM concentrations determined during the various seasons
(Fig. S2), with maximum and minimum values recorded during spring
and autumn sampling, respectively (Fig. 2a). It must be emphasised that
spring measurements were performed late in the season and thus char-
acterised by relatively high values of both UV radiation and water
temperature, comparable to those recorded in summer (Table 1), which
likely promoted higher DGM production. This hypothesis may be sup-
ported by the overall weak positive relationships found between DGM
concentrations and incident UV radiation at both sites (VN: T = 0.24, p
< 0.05, n = 40; PR: T = 0.40, p < 0.001, n = 36 Fig. S3). Taking into
consideration data recorded during daylight hours, slightly better re-
lationships were observed (VN: T = 0.42, p < 0.01, n = 23; PR: 1 = 0.42,
p < 0.01, n = 20) further confirming the role of UV irradiation on DGM
production. Many studies observed the occurrence of highest seasonal
DGM concentration during period of high insolation and temperatures,
promoting both photochemical and biotic reduction (Baeyens and
Leermakers, 1998; Ci et al., 2011; Rolfhus and Fitzgerald, 2001; Wang
et al.,, 2016; Wang et al., 2020a). It is widely accepted that photore-
duction is a key process in the formation of DGM in surface waters (Ci
et al., 2016; Costa and Liss, 1999; Lanzillotta et al., 2002; Soerensen
et al., 2013). Various mechanisms have been proposed for the photo-
chemical reduction of Hg?", including direct photolysis and secondary
photochemical processes mediated by photo-produced reducing agents
(e.g. oxygen radical species) or by ligand-metal charge transfer in
Hg-DOM complexes (Luo et al., 2020).

The interaction between Hg and DOM plays a key role in the acti-
vation of photochemical Hg?" reduction, as a relevant fraction of the
photoreducible Hg?* present in the water column could be associated
with functional groups of DOM in weakly bound complexes (O’ Driscoll
et al., 2018; Zheng and Hintelmann, 2009): if it is rich in chromophoric
groups, DOM can absorb incident radiation and transfer its energy to
adsorbed Hg2+, favouring its reduction (Costa and Liss, 1999; Fantozzi
et al., 2013, 2007). As a result, an increase in DOM concentration can
promote the photo-induced formation of DGM, especially at low
THgp/DOC ratios (Wang et al., 2020b) such as those observed in this
study and confirmed by the positive relationships found between DOC
and DGM concentrations both at VN and PR (VN: 1 = 0.44, p < 0.01,n =
27,n=;PR:t=0.37,p < 0.05, n = 25, Fig. S3). However, modification
of DOM related to photobleaching might reduce this effect over time as a
result of a progressive increase in the relative abundance of thiol func-
tional groups and of the proportion of Hg?" strongly bound to these
sites, less available to photoreduction (Luo et al., 2020). This may help
explain the observed seasonal trend in DGM concentration progressively
decreasing from late spring to late autumn particularly at site VN,
characterised by higher DOC concentrations in the water (Table 1) likely
because of OM degradation, efflux from sediments and the excretion of
photosynthetases (Petranich et al., 2018a). This is in agreement with a
progressive decrease in Hg?* photoreduction rates due to a progressive
DOM photobleaching, as observed in other studies (Amyot et al., 2004;
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Costa and Liss, 1999; O’Driscoll et al., 2022). Moreover, the strong
mineralisation of organic matter occurring at this site (Petranich et al.,
2018a) may also have contributed to enhance the reducible pool of Hg?*
in water (Schartup et al., 2015; Zivkovi¢ et al., 2022). The occurrence of
strong OM mineralisation in the fish farm (VN) was confirmed by trends
of DO; concentrations (Fig. 3), characterised by a progressive decrease
during the afternoon and night until reaching oxygen depletion (DO3 <
5 mg L™1) in the early morning likely as a result of high oxygen con-
sumption coupled with the low hydrodynamics typical of this site (De
Vittor et al., 2012; Petranich et al., 2018a). This diurnal pattern was
more evident during summer and spring measurements, whereas in
autumn higher and less variable DO, concentrations were observed
coupled with relatively lower DOC and DGM concentrations.

Considering the PR site, a recent study (Bratkic et al., 2018) found a
peak in photochemical reduction during spring in the nearby waters of
the Gulf of Trieste, which may explain the high spring DGM concen-
trations recorded in our work. A second peak in Hg?>" reduction was
identified in autumn and related to phytoplankton (diatomaceous)
bloom and associated bacterial taxa which contain known Hg reducers
such as Rhodobacteraceaea and Gammaproteobacteria; this autumn Hg?*
reduction peak may potentially explain the relatively high DGM
observed in our study in November, only slightly lower than those found
in summer (Fig. S2b). The overall positive relationship found in this
study between DGM concentrations and water temperature (Fig. S3) can
further support a link between DGM production and biological activity,
whose rates are strongly related to temperature (Ahn et al., 2010; Chen
et al., 2020). Microorganisms can contribute to DGM formation through
both direct Hg?" reduction and the excretion of exudates able to reduce
Hg?*t, sometimes after light activation (Lanzillotta et al., 2004; Liang
et al., 2022; Mason et al., 1995; Wu and Wang, 2014). Even though the
relative importance of these two pathways is still poorly understood
(Grégoire and Poulain, 2014; Liang et al., 2022), recent findings indicate
that biotic mediated Hg?* reduction with or without light account for a
relevant fraction of DGM production in water (Kuss et al., 2015). Direct
biotic Hg?" reduction can occur even in the absence of light throughout
the whole day and water column, consequently representing an impor-
tant pathway for DGM production in bottom water layers and sediments
(Fantozzi et al., 2009; Lepak et al., 2021; Poulain et al., 2004). This
process is mainly catalysed by mercury reductase enzyme present in the
cytoplasm of Hg-resistant bacteria as a result of the expression of mer
operon (Barkay et al., 2003). Considering the high Hg concentrations
found at VN, the possible presence of Hg-resistant bacteria able to
reduce Hg?", previously documented for the nearby sediments of the
Marano and Grado Lagoon (Baldi et al., 2012), could potentially explain
the diurnal trend observed for DGM at this site, characterised in all
seasons by DGM values during the night which were comparable to
those observed during day (Fig. 3, S4a).

The positive relationship between DGM concentration and water
temperature found at this site (Fig. S3) may further confirm this hy-
pothesis since temperature represents the primary control on Hg2+ dark
reduction (Lamborg et al., 2021). However, it cannot be excluded that
these relatively high nocturnal DGM concentrations are related to other
processes, such as dark abiotic reduction mediated by organic matter (e.
g. humic substances) or demethylation. Humic substances can directly
reduce Hg?' in the absence of light thanks to the interaction with
reducing intermediates such as quinones (Allard and Arsenie, 1991;
O’Driscoll et al., 2004; Vudamala et al., 2017), and this effect may have
been favoured by the relative high DOC concentration observed at VN
(Table 1). Moreover, previous studies have indicated that both reductive
and possibly oxidative demethylation could occur in the sediments of
the studied area and of the whole Gulf of Trieste (Hines et al., 2017;
Petranich et al., 2018b) producing either Hg® or Hg?" available for
reduction. In environments characterised by high Hg levels, biotic
reductive demethylation is generally favoured due to the presence of
various Hg resistant bacteria with the mer system. The formation and
subsequent volatilisation of Hg® indeed represent an important
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detoxification pathway for these microorganisms (Barkay and Gu,
2022). Finally, effluxes from anoxic sediments due to the dissolution of
Hg adsorbent compounds such as iron or manganese hydroxides are also
possible (Bouffard and Amyot, 2009), considering the shallow depth
(~2 m) of the water column at this site. Sediment benthic fluxes may
have influenced also the amount of Hg?" in the water column available
for reduction as Hg can be released from sediments both in Hg?* or Hg®
form (Acquavita et al., 2021). However, it should be noted that during
the day DGM concentrations at VN roughly followed the pattern of UV
radiation with a slight delay, confirming the previous observations made
at this site (O'Driscoll et al., 2019) and indicating that under light
conditions, the formation of DGM in the water column may be largely
related to photo-induced processes. A better agreement between UV
radiation and DGM variation was observed at the Bay of Piran (PR), with
peak DGM concentrations observed in the central part of the day in all
seasons and lower and relatively constant concentrations during the
night (Fig. 4, S4b), with minimum values recorded between 4 and 6 am.

These results further confirm the relevance of photochemical pro-
cesses at this site.

3.3. Hg" fluxes at the water-air interface

The Hg® fluxes recorded at the Val Noghera (VN) fish farm during
this study varied between 7.43 and 41.17 ng m~2 h™!, with an overall
average of 18.90 + 9.05 ng m~2h! (n = 40), whereas at Piran (PR) Hgo
emission showed a greater variability, ranging between 0.27 and 81.49
ng m~2 h™! with an overall average of 21.39 +21.90 ngm 2h ™! (n =
36). Considering the significantly higher DGM concentrations observed
at VN than at PR, the comparable and in some cases slightly higher
fluxes calculated for this latter site were unexpected. This discrepancy
may be explained by the different hydrodynamism of the selected sites.
The PR site was located in an open coastal area subject to marked water
turbulence due to waves and tides which could have favoured the
release of Hg? at the water-air interface extending the surface boundary
layer (Ferrara et al., 2000; Zappa et al., 2003). This enhancement is
effective mostly when surface water is super-saturated in DGM with
respect to the atmosphere (Castelle et al., 2009) which is likely what
occurred in this study taking into consideration both the atmospheric
Hg® levels recorded in ambient air before the chamber deployment (Ci)
and the measured DGM concentrations. Overall, atmospheric Hg® con-
centrations (Table 1) were comparable to those previously reported for
the Northern Adriatic Sea coastal area (2.70 + 1.50 ng m™>, Barago
et al., 2020) and on average slightly higher than the estimated natural
background for the Northern Hemisphere (1.5-1.7 ng m S, Sprovieri
et al., 2010). This may be related to diffuse Hg® emissions from the
contaminated substrates of this highly impacted area (Floreani et al.,
2020). Therefore, DGM concentrations recorded in water were higher
than those expected with these atmospheric Hg® concentrations ac-
cording to Henry’s law (Andersson et al., 2008), indicating a constant
super-saturation in DGM of surface water. Under these circumstances,
gaseous exchanges can be more regulated by turbulent mixing condi-
tions rather than the concentration gradient between the water and air
(Lindberg and Meyers, 1995; Poissant et al., 2000). Moreover, spikes of
high Hg? emission at PR (81.49 ng m~2h™! at 6:30 p.m. in summer and
79.96 ng m 2 h~! at 7:00 p.m. in spring) were recorded in parallel with
increased wave motion observed in the field despite the low irradiation
with the subsequent lower photo-production of DGM and the alteration
of micro-environmental conditions caused by placing the FC, which
should diminish the influence of turbulence (Bagnato et al., 2013).
Conversely, VN site in the confined environment of the fish farm was
characterised by extremely scarce water movement and the occurrence
of stable surface layer conditions may have strongly limited Hg® emis-
sions (Osterwalder et al., 2021). The calculated fluxes are in good
agreement with the estimated Hg® emission rate for the Northern
Adriatic Sea (28.4 &+ 4.7 ng m 2 h’l; Andersson et al., 2007) and by far
exceed the estimated annual atmospheric depositions of Hg in this area
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Table 2
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Comparison of Hg® fluxes obtained in this study and over various other coastal and open sea environments. n.a. = not available, FC = flux chamber, MM = micro-

meteorological model.

Site Hg® flux (ng m~2 h™") Method Reference

av + std Min-Max
Coastal sites
Val Noghera 18.90 + 9.05 7.43-41.17 FC This study
Piran Bay 21.39 + 21.90 0-81.49 FC This study
Val Noghera 35.6 £ 12.6 16.4-64.0 FC Floreani et al. (2019)
Piran Bay 32.2 £ 16.6 6.0-68.0 FC Floreani et al. (2019)
Gulf of Trieste 5.13 £ n.a. n.a. MM Kotnik et al. (2022)
N Adriatic Sea 28.4 + 4.7 23.7-33.2 MM Andersson et al. (2007)
Augusta Bay 23.1 +£24 3.2-72.1 FC Bagnato et al. (2013)
Tyrrhenian Sea (near CAP) n.a. 8.2-44 FC Ferrara and Mazzolai (1998)
Sardinia coast 3.61 + 0.98 2.36-4.75 FC Gardfeldt et al. (2003)
Arcachon Bay 4.3 £ n.a. 0.4-14.5 MM Bouchet et al. (2011)
Minamata Bay 54 +6.3 0.1-33 MM Marumoto and Imai (2015)
Tokyo Bay 5.8 +£5.0 0.1-22.1 MM Narukawa et al. (2006)
Jiaozhou bay 0.67 + n.a. —-0.15-2.21 FC Xu et al. (2012)
Bohai Sea 0.8+ 1.5 —6.1-12.8 MM Wang et al. (2020a)
Swedish coastal area 0.61 + n.a. —0.61-8.8 FC Gardfeldt et al. (2001)
Long Island Sound 0.7 £ 0.5 0.1-10.3 MM Rolfhus and Fitzgerald (2001)
San Francisco Bay n.a. 2.5-46.0 MM Conaway et al. (2003)
Offshore marginal seas
Western Mediterranean Sea 45+5.1 —5.6-33.8 MM Nerentorp Mastromonaco et al. (2017)
Eastern Mediterranean Sea 22+1.5 0.2-4.9 MM Fantozzi et al. (2013)
Baltic Sea 1.3+1.6 —0.13-1.87 MM Kuss et al. (2018)
North Sea 6.2 +5.3 0.5-19.9 MM Baeyens and Leermakers (1998)
South China Sea 45 + 3.4 0.2-15.3 MM Fu et al. (2010)
East China Sea 41+3.2 0.2-14.8 MM Wang et al. (2016)
Yellow Sea 18.3 £ 11.8 3.2-44.0 MM Cietal. (2011)
Western Pacific marginal seas 1.7 £ 0.6 0.6-2.5 FC Kalinchuk (2023)
Eastern Arctic Seas 0.67 +£0.13 0.28-1.35 FC Kalinchuk et al. (2021)
Open ocean
Arctic Ocean 0.65 + 0.19 0.33-0.82 FC Kalinchuk et al. (2021)
Atlantic Ocean n.a. 2.1-6.8 MM Soerensen et al. (2013)
Eastern North Atlantic Ocean 0.6 + 0.7 n.a. MM Mason et al. (2017)
Western North Atlantic Ocean 1.2+1.6 n.a. MM Mason et al. (2017)
Pacific Ocean n.a. 0.7-8.7 MM Soerensen et al. (2014)
South Pacific Ocean 0.7 + 0.6 n.a. MM Mason et al. (2017)

(1.98-3.25ng m~2 h’l; Tomazic et al., 2018) or in nearby inland area of
Iskrba (SLO) (wet deposition = 0.34-1.14 ng m 2 h’l; Sprovieri et al.,
2017), confirming that these environments may represent a source of Hg
for nearby coastal environments under favourable wind conditions
(Barago et al., 2020; Wangberg et al., 2008). For example, Hg concen-
trations detected in lichens collected over the entire Marano and Grado
Lagoon (Floreani et al., 2020) roughly followed the same spatial pattern
of Hg contamination in sediments, further confirming that Hg0 evasion
from the substrate can heavily impact the atmospheric level of this metal
over our study area. Generally, Hg® fluxes recorded in our study were
comparable to those estimated for other coastal environments and
marginal seas surrounded by notable anthropogenic sources of Hg (e.g.
Augusta Bay, Italy; San Francisco Bay, USA; Minamata Bay, Japan;
Yellow Sea, China; Table 2), highlighting the importance of the dis-
charges of this metal from past human activities in promoting the
occurrence of high DGM concentrations in surface water and its subse-
quent release into the atmosphere. Moreover, fluxes calculated in this
study are higher than those commonly reported for offshore areas
(Table 2), where Hg amounts involved in exchanges between environ-
mental compartments are generally lower than coastal areas due to
lower supplies of this metal from river transport and/or direct anthro-
pogenic discharges (Amos et al., 2014; Fitzgerald et al., 2007; Marumoto
and Imai, 2015). However, it must be stressed that comparison among
Hg fluxes reported in different studies should be interpreted with great
caution as a standard protocol for measurements does not yet exist
(Sommar et al., 2020; Zhu et al., 2016). Hg0 fluxes at the water-air
interface can be directly evaluated through the use of FCs or
computed through several gas-exchange models. In the first case, dif-
ferences in size, shape, and turnover time of air inside the chamber could
significantly affect the calculated flux value (Eckley et al., 2010; Zhu

et al., 2015) whereas the choice of gas-exchange model could lead to
different Hg® flux estimations due to different parametrisation of Hg
transfer velocities from water (Nerentorp Mastromonaco et al., 2017;
Osterwalder et al., 2021; Sharif et al., 2013). The same experimental
approach used in the present study was previously adopted in a pre-
liminary investigation of Hg? fluxes at the water-air interface in different
coastal areas of the northern Adriatic Sea (Floreani et al., 2019). Two of
the sites investigated in the cited study correspond to those selected in
this work and generally showed higher emissions likely due to the fact
that measurements were performed only during the diurnal period when
a greater DGM formation is expected, as partially confirmed by our re-
sults. Even though DGM was not measured in the cited study, the higher
THgp concentrations recorded in particular at VN also suggest a greater
abundance of substrate available for the reduction of Hg?* to DGM and
its subsequent release to the atmosphere. Moreover, our results are
comparable to fluxes previously measured with the same experimental
approach in freshwater environments upstream from our study area, the
Solkan Reservoir along the Isonzo River (21.88 +11.55 ng m2hYand
the dockyard of the Torviscosa chlor-alkali plant (19.01 & 12.65 ng m 2
hfl) (Floreani et al., 2022), impacted by the same contamination
sources responsible for Hg inputs into the Gulf of Trieste and the Marano
and Grado Lagoon.

Considering the seasonal variation, at both sites the lowest Hg® fluxes
were found in autumn: values calculated in this season were signifi-
cantly (p < 0.05, K-W) lower than those observed in summer and spring
at the fish farm (VN), whereas at PR only Hgo fluxes recorded in summer
were significantly different from those of autumn (Fig. 2b, S5). At VN,
the seasonal pattern of Hg® fluxes characterised by highest values in
spring is in agreement with that of DGM concentrations (Fig. 2). The
positive relationship observed between DGM concentration and Hgo
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fluxes at this site (t = 0.43, p < 0.001, n = 40, Fig. 5) further confirms
the importance of the availability of the volatile Hg to support relevant
emissions into the atmosphere (Baeyens and Leermakers, 1998; Kalin-
chuk et al.,, 2021; Osterwalder et al., 2021). However, Hg0 fluxes
calculated for the spring were comparable to those observed in summer
(Fig. S5a) despite the significantly lower DGM concentrations found in
this last period (Fig. S2a). A potential explanation for this trend lies in
the lower water temperatures recorded during spring compared to
summer, which may have limited gaseous evasion due to lower diffu-
sivity and the higher solubility of DGM under these conditions (Ander-
sson et al., 2008; Kuss et al., 2009; Sanemasa, 1975). Indeed, an overall
positive relationship between fluxes and water temperature at VN (t =
0.39, p < 0.001, n = 40, Fig. S6) was observed, confirming that this
parameter plays a key role in controlling the magnitude of Hg® evasion
into the atmosphere, as observed in numerous studies (Bouchet et al.,
2011; Chen et al., 2020; Kalinchuk, 2023; Kalinchuk et al., 2021; Pois-
sant et al., 2000; Soerensen et al., 2013; Wang et al., 2020a). An overall
weak positive relationship between HgP fluxes and surface water tem-
peratures was also found at PR (t = 0.29, p < 0.01, n = 36). In this case,
as also seen at VN, higher water temperatures in summer could help
explain the different seasonal variation between DGM concentration and
Hg® fluxes. Indeed, the lowest average emission was observed in autumn
and the highest in summer despite DGM concentrations lower than those
observed in spring (Fig. 2), even though, as stated above, fluxes at this
site may have been deeply influenced by water turbulence.

At the fish farm, Hg® fluxes could also have been limited by the
competition of the evasion process with the re-oxidation of DGM to non-
volatile Hg?t, which can occur at the same time as the reduction under
sunlight, mainly due to photochemical reactions leading to the pro-
duction of oxidants such as single oxygen or hydroxyl or carbonate
radicals (Garcia et al., 2005; He et al., 2014; Luo et al., 2020). Moreover,
oxidation rates can be significantly enhanced with increasing salinity,
even in the absence of light (Ci et al., 2016; Lalonde et al., 2001) thanks
to the presence of halides (e.g. Cl~, Br™) which can react with hydroxyl
radical to form additional oxidants (Whalin et al., 2007) or stabilise Hg
oxidation products through the formation of non-photoreducible com-
plexes (Qureshi et al., 2010; Yamamoto, 1996). Previous studies have
indicated that losses of DGM through photo-oxidation in saltwater can
be dominant compared to volatilisation (Ci et al., 2016; Lalonde et al.,
2004). An increase in DGM oxidation rates and decrease in volatilisation
can increase the amount of Hg retained in the water column, mostly in
static water environments such as the fish farm (VN), whereas in more
dynamic conditions, such as those encountered at PR, most of the pro-
duced DGM can be readily lost to the atmosphere (Clarke et al., 2023;
Zhang et al., 2021). In addition, considering the high DOC concentra-
tions observed in this site, a potential contribution of direct adsorption
of DGM on functional groups of OM in reducing the amounts available
for volatilisation cannot be ruled out, as previous studies indicate that a
relevant fraction of elemental Hg can occur in this phase in natural
waters (Wang et al., 2015). Finally, during spring sampling at VN, a
notable macrophyte bloom was observed in the field, coupled with the
formation of a transparent biological film on the surface of the water,
which may have further limited the diffusion of Hg? into the atmosphere
(Osterwalder et al., 2021). All these aspects could lead to a longer
residence time of Hg in the water column. A rough estimation based on
daily averages of THgp and Hg® fluxes recorded in the different seasons
at the fish farm indicate that the Hg lost through volatilisation repre-
sents only a small percentage of the total amount of this metal occurring
in the dissolved phase in surface water. Particularly in summer, losses
through volatilisation accounted for only 2.4% of THgp, per day, whereas
slightly higher relative contributions were observed in autumn (4.0%)
and spring (4.6%). Conversely, at the more dynamic environment of
Piran, emissions of Hgo were more effective, then causing, on daily basis,
an estimated loss through volatilisation equal to 11.9% of THgp in
autumn, 22.0% in spring and 64.6% in summer.

As a result, the relatively low amounts of losses through
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volatilisation at the fish farm can potentially lead to a greater Hg
availability for methylation after oxidation to Hg?*, which can occur
even in microenvironments in oxic water layers such as periphyton,
roots of macrophytes, and settling particles, and in a favoured incor-
poration into the trophic web (Branfireun et al., 2020; Colombo et al.,
2013; Jung et al., 2022; Zhang et al., 2021). This aspect may be a great
concern in this environment due to the frequent occurrence of envi-
ronmental conditions favourable for Hg methylation such as reduced
DOy, levels related to strong OM mineralisation (Petranich et al., 2018b),
particularly in summer when the lowest relative loss of Hg through
volatilisation has been observed. Relatively high methylation rates,
comparable with those observed in anoxic sediments, can indeed occur
even in the water column, mostly at depths of maximum oxigen con-
sumption (Cossa et al., 2009; Eckley and Hintelmann, 2006; Millard
et al., 2023), but have also been observed in surface waters of a Medi-
terranean coastal lagoon (Monperrus et al., 2007). Furthermore, current
warming of the climate can further increase the amount of Hg entering
the trophic web by lengthening the growing period of phytoplankton
and thereby extending its exposure to MeHg (Betdowska and Kobos,
2016). Moreover, Hg® may also be directly subject to biotic or abiotic
methylation (Gonzalez-Raymat et al., 2017; Yin et al., 2014) mostly in
the presence of halogens and under conditions of strong solar irradiation
(Castro et al., 2011) like those which occurred in this study in summer
and spring, coupled with a relatively low volatilisation. However, it is
still unclear if these reactions occur under environmental conditions
(Gonzalez-Raymat et al., 2017). All these aspects may represent a
concern for the health of aquatic ecosystem and should be further
investigated in future e.g. coupling Hg® flux and MeHg concentration
measurements at the fish farm under different hydrodynamic condi-
tions, also taking into consideration potential demethylation processes
favoured by incident radiation (Klapstein and O’Driscoll, 2018). Pho-
todemethylation can indeed be a significant pathway for MeHg removal
in surface water layers where radiation can penetrate, but it is not yet
clear whether this degradation leads to the production of Hg® or Hg?*
and thus the influence of this process on gaseous exchanges of Hg is still
unclear (Barkay and Gu, 2022; Seller et al., 1996).

Considering the diurnal variability of Hg® fluxes (Figs. 3-4), positive
values were calculated for all measurements at both sites , with night-
time fluxes generally slightly lower than those observed during the
day (Fig. 6). This indicates a constant supply of DGM in the surface
waters supported by the efficient above-described DGM production or
transport processes even in the absence of light. This applies especially
to the fish farm site (VN), whereas at PR slightly higher differences
between day and night Hg® fluxes were generally observed likely con-
firming a greater importance of photochemical processes as already
observed for DGM. Interestingly, the peak Hg® fluxes at VN were always
recorded at sunset, corresponding to the inversion of the temperature
gradient between the air and water, which may have influenced the
transfer velocity of DGM between these two compartments (Poissant
etal., 2000; Vette et al., 2002). Generally, at both sites, fluxes gradually
decreased during the night, reaching the minimum before sunrise fol-
lowed by a relatively sharp increase in the morning, roughly following a
temporal pattern similar to that observed for DGM concentrations. This
confirm that factors influencing DGM formation also impact gaseous
evasion at the water-air interface (Cesario et al., 2017b). However, some
differences between temporal patterns of DGM and fluxes were
observed: fluxes at VN generally showed a decrease from late morning to
afternoon coupled with increasing DGM concentration, whereas at PR,
the progressive reduction of fluxes during the night was accompanied by
relatively constant DGM values. These findings suggest that evasion is
more regulated by physical parameters influencing air-sea gaseous ex-
changes rather than DGM concentrations alone (Lindberg and Zhang,
2000), as confirmed by the weak relationship between these two pa-
rameters at PR (Fig. 5).
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Fig. 3. Diurnal patterns of Hg® fluxes, UV radiation, water and air temperatures, initial atmospheric Hg® (Ci), THgp, DGM, and dissolved oxygen (DO) concen-

trations in the different seasons at Val Noghera fish farm (VN).

4. Conclusions

A significant production of DGM was observed in this study at the Val
Noghera (VN) fish farm as a result of the combination of photoreduction
of Hg?" during the day and abiotic and biotic reduction reactions during
night and day, which can occur both in shallow water and in contami-
nated sediments. The comparable DGM concentrations observed during
night and day may confirm the importance of processes leading to DGM
production in the absence of radiation at this site. Moreover, strong
mineralisation of abundant OM present at this site could have further
contributed to increase the amount of Hg?' available for reduction re-
actions. Lower THgp and DGM concentrations were observed at PR,
confirming the lower degree of Hg contamination of this part of the Gulf
of Trieste. The highest average DGM concentrations at both sites were
observed during spring and the lowest in autumn following the same
temporal pattern of UV radiation. This suggests that, despite the relevant
contribution of dark reduction processes (especially at VN), photore-
duction still represented the dominant DGM production pathway.

Relatively high Hg® fluxes were recorded at both sites, significantly
exceeding the estimated atmospheric Hg deposition rates for this
contaminated area, which can therefore be considered as a secondary
source of Hg into the atmosphere. Generally, higher Hg? fluxes were
observed in summer likely due to higher water temperatures which
decrease DGM solubility. Moreover, positive fluxes were observed in all
sampling periods, thus suggesting a continuous supply of DGM high
enough to replace DGM lost through volatilisation even during the night.
However, despite the significantly higher DGM concentrations observed

at the fish farm, Hg® fluxes were comparable to those calculated for the
Bay of Piran. This unexpected result may be explained by the different
hydrodynamism of the water column at the selected sites: the high water
turbulence observed at PR likely promoted a higher rate of Hg® emission,
whereas water stagnation at VN may have strongly limited gaseous ex-
changes at this site together with expected high Hg oxidation rates in
static lagoon environments, likely favouring the higher retention of Hg
in the water column. These results suggest that enhancing water tur-
bulence in confined coastal marine environments could represent a
simple mitigation action to increase the amount of Hg lost by the system
through volatilisation and to prevent the re-oxidation of DGM to Hg?"

thereby reducing the burden of this ionic form in the aquatic environ-
ment available for methylation and incorporation into food webs.
Therefore, Hg® fluxes should be accurately monitored in this kind of
environment which is particularly vulnerable to Hg contamination, as
understanding the entity and dynamics of this phenomenon under
various conditions could be helpful to assess the ability of these eco-
systems to recover from historical and/or contemporary supplies of this
metal related to anthropogenic activities.
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