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Abstract

Purpose Concentrations and transformations of mercury were
measured in river, estuarine, and marine sediments to deter-
mine factors affecting the fate of mercury entering the north-
ern Adriatic Sea.

Materials and methods Radiotracer methodology was used to
compare rates of mercury methylation (***Hg), MeHg de-
methylation (**C), and sulfate reduction (*S) in sediment
depth profiles to concentrations of total and dissolved mercury
species in the lower freshwater region of the Isonzo River, the
coastal lagoons, and in the Gulf of Trieste, northern Adriatic
Sea.

Results and discussion Mercury was readily methylated and
demethylated in all sediments, but the relative activity of these
processes varied greatly with location. Methylation activity
increased greatly from freshwater to the marine regions; how-
ever, demethylation was extremely high in the estuarine and
lagoon sites. Ratios of methylation to demethylation were low
in these coastal sites but increased further offshore in the gulf,
which agreed with increased ratios of MeHg to total Hg
(%MeHg) in gulf sediments. Comparisons of microbial
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activities indicated that sulfate reduction strongly controlled
both methylation and demethylation. However, Hg methyla-
tion in coastal lagoon sediments was controlled by rapid de-
methylation and the bioavailability of Hg that was affected by
Hg adsorption and precipitation. Methylation in offshore ma-
rine sites correlated with sulfate reduction but not the
partitioning of Hg between pore water and solid phases. The
decrease in sulfide production offshore exacerbated Hg
methylation.

Conclusions The freshwater to marine gradient in the Idrija/
Soca/lsonzo/Adriatic region is dynamic, exhibiting horizon-
tally variable rates of microbial activities and Hg transforma-
tions that create “hot spots” of MeHg accumulation that are
controlled differently in each region.

Keywords Idrija mercury mine - Mercury methylation/
demethylation - Northern Adriatic Sea - Sediments - Sulfate
reduction

1 Introduction

Methylmercury (MeHg), a potent neurotoxin, has become a
global pollutant that enters the environment from a variety of
dispersed sources such as the atmosphere or from point
sources (Clarkson 2002). Much of the consumption of
MeHg by humans is via fish, which bioaccumulate MeHg
from the food web (Fitzgerald and Clarkson 1991; Bloom
1992). Even though the global use of mercury (Hg) has de-
creased recently, it is still released significantly from energy
generation, incineration, and mobilization from mining activ-
ities (Fitzgerald 1993). Mercury can also be transported hun-
dreds of kilometers from point sources, such as Hg mines, and
this Hg can become bioavailable and methylated to MeHg,
thus posing a threat to wildlife and humans (Hines et al. 2000).
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MeHg is produced anaerobically by sulfate-reducing bac-
teria (Compeau and Bartha 1985; Gilmour et al. 1992; Choi
et al. 1994; Lin et al. 2011), iron-reducing bacteria (Fleming
et al. 2006; Kerin et al. 2006; Lu et al. 2016), methanogenic
bacteria (Yu et al. 2013), and fermenting bacteria (Gilmour
et al. 2013), and it has been shown that sulfur cycling is im-
portant in controlling the bioavailability and transformation of
Hg species (Benoit et al. 1999; Hammerschmidt and
Fitzgerald 2004; Schartup et al. 2014). Hg and MeHg are
particle reactive, and the partitioning between solid and dis-
solved phases and binding to organic matter have been shown
to be strongly related to the rate of Hg methylation and the
fraction of total Hg present as MeHg (Mason and Lawrence
1999; Varekamp et al. 2000; Hammerschmidt and Fitzgerald
2004; Han et al. 2007).

The demethylation of MeHg is also microbially mediated,
and it can cause a decrease in the quantity of MeHg available
for bioaccumulation (Marvin-DiPasquale et al. 2000; Barkay
and Wagner-Dobler 2005). Bacterially mediated MeHg de-
methylation occurs via either a reductive process that pro-
duces Hg” and CH, or by an oxidative process that produces
Hg”* and CO, (Barkay et al. 2003).

The Idrija Hg mine in west-central Slovenia, which is the
second largest mine in the world, opened in the late fifteenth
century, and was mined continually until recently. Of the five
million metric tons of Hg ore mined, over 25% of the Hg is
thought to have dissipated into the environment and the min-
ing operation severely enhanced the mobilization of Hg
through smelting activities and the deposition of mine tailings
in Idrija (Palinkas et al. 1995). Even though the mine was
recently closed, the system still delivers about 1.5 t of Hg to
the sea annually, which is about 60 km away from Idrija, and
the MeHg is elevated in the marine environment (Sirca and
Rajar 1997; Horvat et al. 1999; Faganeli et al. 2003).

Hines et al. (2000) reported data on the concentrations of
total Hg and MeHg in unfiltered water samples collected
throughout the Idrija system from relatively pristine sites up-
stream of the Hg mine into the Gulf of Trieste over 60 km
away. It was shown that although total Hg and MeHg concen-
trations decreased greatly in samples collected in the Idrija
River moving downstream from the mine, both of these pa-
rameters increased again several fold in the So¢a River despite
the fact that the Soca system diluted the Hg greatly. This
mobilization of Hg species was believed to be due to process-
es occurring in fine sediments deposited behind dams, and it
has been shown that organic matter accumulation within res-
ervoir sediments enhances Hg methylation therein (Meng
et al. 2016). In addition, both species were further mobilized,
i.e., they increased in concentration even more as the river
system mixed with seawater in the estuarine portion of the
Soca/lsonzo River in Italy, presumably as a result of the mo-
bilization of Hg from fine cinnabar particles as dissolved sul-
fide increased in the sediments (Paquette and Helz 1995). The
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ratio of MeHg to total Hg in these unfiltered water samples
increased greatly in the impoundment freshwater region and
again in the coastal marine sites indicating that the
remobilized Hg was available for methylating bacteria to pro-
duce MeHg at great distances from the Hg source at the up-
stream mine. Hence, changing biogeochemical conditions
throughout the system appears to control a very dynamic Hg
cycle that could pose a threat to biota several tens of kilome-
ters from a point source of Hg.

The study presented here is a compilation of data from
other studies that focused on specific regions of the system
such as the freshwater impoundments, the brackish region in
the upper estuarine area of the Idrija River, the mouth of the
Idrija River, the coastal lagoons, and a gradient of sites from
the coast into the center of the Gulf of Trieste in the northern
Adriatic Sea (Hines et al. 2000, 2006, and 2012). Here, we
compare processes affecting Hg biogeochemistry at these lo-
cations and demonstrate how differently these areas may
transform Hg as it moves into the marine environment, and
how much of these differences are due to horizontal changes
in sulfate reduction.

2 Materials and methods
2.1 Site description

The river Idrij¢a (Idrija River) flows through the mercury-
mining town of Idrija in western Slovenia and merges with
the Soca River about 24 km downstream from Idrija (Fig. 1).
The river Soca has three dams associated with hydroelectric
power plants. The bed load is nearly eliminated in the im-
poundments behind these dams, while transport of suspended
sediment remains high, especially during high water dis-
charge. After crossing the Slovene—Italian border, the river
changes its name from the Soca to the Isonzo and flows over
low plains to the Gulf of Trieste at a mean discharge of
~170 m* s™' (Mosetti 1983).

The Gulf of Trieste is a 500-km?, shallow (2025 m) basin
in the northernmost part of the Adriatic Sea. The gulf is
bounded by Slovenia to the southeast and Italy to the north
and west. The salinity of gulf waters ranges between 33 and
38.5%o, and bottom water temperatures from 8 (February) to
22 °C (September). Vertical temperature and salinity gradients
in late summer result in bottom water oxygen depletion and
occasionally hypoxia and anoxia. Sediments in the northern
part of the gulf primarily originate from the Isonzo River and
are mostly composed of carbonates. Sedimentation rates
(*'°Pb) are ~1 mm year ' in the central part of the gulf to
~3-5 mm year ' near the shore (Faganeli 1989; Ogorelec
et al. 1991). Surface sediments are bioturbated primarily by
polychaetes and bivalves down to the depth of 10-15 cm
(Avcin and Vriser 1983; Hines et al. 1997).
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Fig. 1 Map of study sites in the Soc¢a River (Impoundment), upper
estuarine region (Estuary), Isonzo River mouth (/6), the Gulf of Trieste
(D6, AA, CZ), and in the Marano and Grado Lagoons (MB, MA, MC, GD)

The Grado and Marano lagoon system (45° 40'—45° 45' N,
13° 05'-13° 35" E) (160 km?) is composed of two lagoons,
with an average width of 5 km extending for about 35 km,
along the northern Adriatic coast (Fig. 1). The primary source
of suspended sediments arrives from the sea as the contribu-
tion of river deltas and from erosion of the barrier islands
(Brambati 1970). The Grado Lagoon (76 km?) is located in
the eastern sector of the system, is very shallow (<1 m, on
average), and consists of tidal flats and salt marshes. The
Marano Lagoon (84 km?) to the west is slightly deeper than
the Grado Lagoon and also contains a larger surface area that
is covered with salt marshes. Sediment supply in the lagoons
has been historically provided by the Isonzo River located east
of the lagoon system (Covelli et al. 2001). Mercury concen-
trations show a progressive westward decrease from about
10 ug g ' (Grado Lagoon) to 1 pg g' (Marano Lagoon)
(Brambati 2001).

2.2 Sample handling

Six-centimeter diameter sediment cores were collected by
hand at each site. After transport to the laboratory and removal
of the overlying water by siphon, cores were placed into an
N,-filled glove bag and six individual horizontal sections from
the upper 10—12 cm from each core were removed, placed into
jars, and homogenized. Sample aliquots were added to N,-

flushed serum vials for Hg transformation measurements
and 5-cc syringes for SO4* -reduction measurements.

Separate cores were used for Hg analysis, which were also
extruded, sectioned, centrifuged, and filtered under N,. Pore
waters were collected in pre-acid-cleaned containers and
stored frozen until analysis. Solid phase samples for Hg anal-
yses were freeze-dried, homogenized with a mortar and pestle,
and sieved through a 420-pum screen to remove coarse shell
debris.

2.3 Hg transformation analyses

Sample aliquots (3 mL sediment) for Hg methylation and
MeHg demethylation assays were placed in duplicate into
13-mL serum vials, which were injected with 3.0 mL of an-
oxic seawater to prepare slurries. All reaction vessels were
sealed with butyl rubber septa and crimped with aluminum
seals. Septa for methylation assays were lined with Teflon.
Vials for Hg methylation were injected with 2.0 uL of a solu-
tion containing 0.5 uCi of **HgCl,, which amounted to
~170 ng Hg(Il) per vial, and which was less than the ambient
Hg concentrations by ~5-90-fold. Vials for MeHg demethyl-
ation were injected with 2.0 uL of a solution containing
0.1 uCi of '"*CH;HgCI, which amounted to ~334 ng
Hg mL ™" sediment, and which exceeded ambient MeHg con-
centrations by ~60-370-fold. The '*CH;HgCl was purified
before use by extraction into methylene chloride (CH,Cl,)
followed by back extraction into distilled water. The latter
extraction included the removal of CH,Cl, by bubbling with
N,. Purified '*C-MeHg was assayed and determined to be
100% MeHg. Vials were incubated for ~18 h at in situ tem-
perature in the dark. After incubation, vials for methylation
assays received multiple injections of small volumes of 6 N
HCI to stop the reaction, to dissolve carbonate material, and to
store samples at low pH; 4-6 mL of 6 N HCI was required to
dissolve carbonates. Alkali (1.0 mL NaOH, 3 N) was added
following incubation to stop the demethylation reaction and to
sequester '*CO, in the liquid phase. Killed controls for both
methylation and demethylation consisted of identical subsam-
ples treated with acid or alkali, respectively, prior to adding
radioisotopes.

For methylation assays, MeHg was extracted twice into
toluene following treatment with CuSO,4 and KCl in H,SOy,.
Pooled toluene extracts were dehydrated using anhydrous
NaSO, and radioactivity determined by scintillation counting.
Methylation activity, determined from conversion of **HgCl,
to methyl-**Hg, yielded a first-order rate constant that is a
measure of the fraction of inorganic ***Hg converted to
methyl-*“Hg per time. Demethylation was determined by
measuring '*C in CO, and CH,4 using a gas-stripping and
trapping system similar to that described by Gray and Hines
(2009). Briefly, CH4 was flushed from the vial with air
(30 mL/min for 15 min) and combusted to CO, in a CuO-
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packed quartz column at 850 °C. The resulting CO, was
trapped in phenethylamine, methanol, and a toluene-based
scintillation fluid. One milliliter of CH4 was injected into each
vial to facilitate removal of CH,. Following '*CH, measure-
ments, samples were transferred to 120-mL vials and were
slowly acidified with 6.0 N HCI to convert '*C to '*CO, that
was stripped via a stream of N, for and trapped as described
previously. Radioactivity was determined by scintillation
counting. Demethylation activity, determined from the con-
version of '*C—MeHg to '*CO, and/or '*CH,, also yielded a
first-order rate constant.

2.4 Sulfate reduction activity

Sulfate reduction rates were determined using >°S and the
chromium reduction assay as described previously (Hines
etal. 1997, 2008). Briefly, sample aliquots from each vertical
subsection of sediment were placed anaerobically into 5.0-cc
syringes (distal end removed) and sealed with rubber stoppers.
3380, was injected into syringes that were then incubated
overnight at in situ temperature in an N,-filled jar. The reac-
tion was stopped by freezing, and reduced S species were
stripped by an N, gas stream while refluxing in a mixture of
HCI, reduced Cr, and ethanol (Hines et al. 2008). The resulting
H,S was trapped as ZnS in a Zn acetate solution, and radio-
activity of half of the material was determined by scintillation
counting.

2.5 Mercury speciation

Mercury speciation was determined as described by Horvat
et al. (2002). Total Hg in sediment samples was determined
using cold vapor atomic absorption (CVAAS) after acid diges-
tion (Horvat 1991). Accuracy was determined using certified
reference material (PACS-2 marine sediment, NRCC) and the
relative standard deviation of at least three determinations was
<5%. Samples for total dissolved (pore water) Hg were acid-
ified and oxidized by exposure to ultraviolet light in the pres-
ence of BrCl. After a pre-reduction using NH,OH- HCI, Hg
was determined by CVAAS after reduction by SnCl, and gold
trapping (Horvat et al. 1987; Horvat 1991). The reproducibil-
ity was 4% and BCR 579 was used as a certified reference
material.

Total MeHg in sediment samples and dissolved MeHg in
pore water were determined using solvent extraction, aqueous
phase ethylation, gas chromatographic separation, pyrolysis,
and cold vapor atomic fluorescence (CVAFS) detection
(Horvat et al. 1993). Accuracy for total MeHg analyses was
determined using two certified reference materials (BCR 580
estuarine sediment and IAEA-433 marine sediment).
Recovery of MeHg was estimated by spiking samples with a
known quantity of MeHg prior to analysis. The limit of
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detection was 50 pg MeHg L™! for water samples and 50 pg
MeHg g ' for sediments.

3 Results

The majority of the data used for the present analysis were
reported previously in publications that focused on specific
regions of the Idrija, Soca, and Isonzo Rivers, the coastal
lagoons of northwest Italy, and the Gulf of Trieste in the north-
ern Adriatic Sea (Hines et al. 2000, 2006, 2012). The goal here
is to combine aspects of those data to obtain a more cohesive
understanding of how Hg behavior changes along the fresh-
water to marine gradient.

3.1 Site 16

Site 16, which is located at the mouth of the Isonzo River
(Fig. 1), is the only site along the freshwater—marine gradient
for which sedimentary data have not been published previous-
ly. Figure 2 depicts depth profiles of sedimentary Hg transfor-
mation activities (rate constants) and the concentrations of
dissolved Hg and MeHg over the upper 10 cm for summer
(top) and winter (bottom). These profiles are similar and have
vertical structure to many of the profiles for the other sites
throughout the system. Both methylation and demethylation
were quite active near the surface and decreased over fourfold
with depth. The subsurface maximum at ~7 cm in sulfate
reduction rate and concentration of dissolved Hg species is
typical of coastal and offshore sites in this region during sum-
mer and is due to bioturbation activities by burrowing infauna
(Hines et al. 1997, 2006). In both seasons, the correspondence
between sulfate reduction and Hg transformation rates sup-
ports the premise that S cycling is important for controlling
Hg cycling.

Demethylation was primarily oxidative, i.e., the methyl
group of MeHg was converted mostly to CO,.
Demethylation rate constants were ~15 times higher than
those for methylation. Dissolved Hg,,; concentrations were
over 100 ng L' while MeHg was nearly 3 ng L.
Concentrations of both species decreased with depth.

3.2 Changes in Hg transformations and Hg speciation
along the freshwater—marine gradient

Summer depth profile data from the five sites within the Soca
and Isonzo Rivers and the Gulf of Trieste were averaged and
plotted as a downstream gradient (Fig. 3). Sulfate reduction
rates were not determined in sediments from the impound-
ment and the brackish site, but data for marine sites from the
mouth of the Isonzo River and into the center of the Gulf of
Trieste show a rather steep decrease in sulfate reduction activ-
ity moving offshore into the gulf, with a high of over
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Fig. 2 Depth profiles at site 16 of
sulfate reduction rates,
methylation potential (K,),
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lower rates of sulfate reduction since they are often freshwater
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transformation rates (b), and concentrations of dissolved (c¢) and total
(d) Hg species from the freshwater site in the Soca River into the center
of the Gulf of Trieste. Data represent averages of six vertical sections
within the upper 10-12 cm of sediment from each site in summer.
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sediments (Fig. 3 (b1)). There was a 10-fold increase in activ-
ity between the impoundment and site 16 at the Isonzo mouth.
The degradation of MeHg (Kg4ee) by demethylating bacteria
increased from ~3 to ~17% per day between the impoundment
and site 6, but decreased greatly again in the center of the gulf
to ~4% per day (Fig. 3 (b2)). These data are averages over the
upper 10 cm of sediment, and rates of MeHg demethylation
up to 60% per day were noted in the upper 1.0 cm of lagoon
sediments located west of the Isonzo mouth (Hines et al.
2012), so it appears that shallow water coastal sites in general
actively demethylate MeHg. When depth average ratios of
methylation to demethylation rate constants (Kmem/Kgeg) Were
compared, this ratio increased greatly from the mouth of the
Isonzo River (site 16) into the Gulf of Trieste sediments with
the highest ratio occurring at site CZ (Fig. 3 (b3)). This ratio
can be considered as a relative measure of the potential for the
occurrence of net methylation, i.e., a high ratio indicates high
likelihood that MeHg will be formed since the ability of
demethylating bacteria to degrade MeHg is lower, and vice
versa. However, since these data are potential rates based on
the ability of the sample to degrade a tracer that may not be in
the same chemical state as the ambient Hg species, these rates
and ratios should be interpreted relative to each other and not
as a direct measure of activity. Therefore, a ratio of 1.0 does
not necessarily indicate that MeHg is being created and de-
graded at the same rate. However, if a site that exhibits a high
ratio compared to another site, it is more likely to accumulate
MeHg. It was interesting that despite the very high rates of
demethylation encountered at site D6, the rate of methylation
was so high that the net methylation potential was high com-
pared to the more coastal sites. The concentration of the radio-
MeHg utilized was quite high relative to ambient MeHg, and
it was likely that MeHg degradation was stimulated in incu-
bations. Therefore, here we are emphasizing the comparison
between sites rather than absolute rates, and the differences
between sites were often large.

Figure 3 also displays gradients in depth-averaged concen-
trations of dissolved and total (solid) Hg,, and MeHg and the
%MeHg in both phases in summer (Fig. 3 (c and d)). There
was a trend in which %MeHg was relatively high in the fresh-
water impoundment sediments, decreased in the estuarine re-
gion, and then increased again in the gulf. Dissolved %MeHg
increased over 20-fold from site 16 to CZ (Fig. 3 (c3)). We did
not measure solid phase Hg species at site 16, but the solid
%MeHg increased 3-fold from site D6 to CZ.

Multiple cores were combined and sectioned for all rate
measurements, and incubations of depth sections were con-
ducted in triplicate. The standard deviations of rate measure-
ments of these triplicates were usually less than 15% of the
mean, and differences in average rates among sites were often
quite large, over 10 to even 100-fold in some cases (Fig. 3).
Two major patterns emerged: (1) several-fold differences be-
tween freshwater and brackish sites (impoundment, estuary,
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and 16) compared to marine sites (D6, AA, and CZ) and (2)
rather large gradients within each of these two combined cat-
egories. These differences were much larger than the variabil-
ities within sites, indicating that the major horizontal changes
highlighted in Fig. 3 were truly different.

3.3 Comparison of coastal lagoons and Gulf of Trieste
sediments

To investigate the effects of bacterial sulfate reduction on Hg
methylation in the Gulf of Trieste and the coastal estuarine and
lagoon environments, we plotted all depth profile methylation
rate constant (K,eq) data (upper 10—12 ¢cm of sediment) as a
function of rates of sulfate reduction for the three Gulf of
Trieste sites (D6, AA, CZ) (Hines et al. 2000, 2006) and four
sites in the nearby Marano and Grado Lagoons (Hines et al.
2012) for three seasons (Fig. 4a). We also included data from
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Fig. 4 Regression analysis of (a) potential methylation (Ky,e) and (b)
demethylation (Kge) as a function of rates of sulfate reduction in Marano
and Grado Lagoons (coastal lagoons) (squares) and the Gulf of Trieste
(circles). Data for site 16 (Fig. 3) are added (¢riangles) but are not included
in statistical analysis. The inset in a is an expansion of the lower value
data. Lagoon data are from Hines et al. (2012), and Gulf of Trieste data
are from Hines et al. (2000, 2006)
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site 16 for warm (October) and cold (March) seasons
(triangles, Fig. 4a, b). The Gulf of Trieste data exhibited a
regression line that is 35 times steeper than for the lagoon
sites. Data from site 16 was similar to the lagoon data with a
much lower slope than the gulf data. Although site I6 is in the
heart of the Isonzo River, it is only slightly deeper than the
lagoon sites and supports similar rates of microbial activities
including relatively high rates of MeHg demethylation (Fig. 2;
Hines et al. 2012). A comparison of MeHg demethylation
activities (Kgeg) as a function of sulfate reduction (Fig. 4b)
revealed that unlike methylation data, regression lines were
similar for both the lagoon and Gulf of Trieste data.

Sediment—water partition coefficients (Kp; L kgfl) were
calculated as

_ [Hg]s
Kp —m (1)

where [Hg]s is the solid phase concentration of the Hg species
in nanograms per kilogram, and [Hg]pw is the pore water
concentration of the Hg species in nanograms per liter.
Increases in Kp occur when dissolved Hg species decrease
in concentration relative to solid phase concentrations, and
vice versa. Table 1 shows the significance of relationships
between K, values and Log Kp, dissolved Hgy, %dis-
solved MeHg, and sulfate reduction rates at the lagoon and
Gulf of Trieste sites. All parameters were significantly corre-
lated with K.y, at the lagoon sites, but only sulfate reduction
correlated (p < 0.05) at the gulf sites.

4 Discussion
4.1 Bacterial activity and chemical gradients

Hines et al. (2000) reported large changes in the concentra-
tions of Hg,,; and MeHg in unfiltered water samples in the
Idrija/Soca/Isonzo river system from upstream of the Hg mine

Table 1  Probability (p values) data showing the statistical relationship
between Hg methylation potential (K ,.,) and other parameters in
sediment of Marano and Grado Lagoons and the Gulf of Trieste

p value

Kineth VS. Lagoons Gulf of Trieste
Log Kp 0.005 0.34
Dissolved Hg 0.014 0.037

%MeHg 0.00035 0.88

S04 reduction 0.0002 0.000005

Values in italics are statistically significant (p < 0.05). Lagoon data are
from Hines et al. (2012), and Gulf of Trieste data are from Hines et al.
(2000, 2006)

in the town of Idrija to the Gulf of Trieste several tens of
kilometers away. Of primary importance were the findings
shown in Figs. 2 and 3 of Hines et al. (2000). Hg, and
MeHg in unfiltered water increased over 100-fold from just
above to just downstream of the mining region and remained
relatively high throughout the 24 km of the Idrija River. After
the confluence of the Idrija and the Soca Rivers, both Hg
species decreased greatly due to the dilution by the much
larger Soca River. However, Hg,, and especially MeHg, in-
creased several fold as waters flowed downstream in the Soca
River and this was interpreted as a consequence of anaerobic
conditions created in sediments trapped behind hydropower
dams. This mobilization and methylation of Hg resulted in a
marked increase in the %MeHg in the water column from
~0.4% at the end of the Idrija River to ~4.5% in the Soca
(Fig. 3 in Hines et al. 2000). The concentrations of Hg species
increased markedly in the estuarine and near-shore marine
waters as well, but the %MeHg decreased relative to values
in the freshwater Soca River. Therefore, those data revealed
the dissolution of inorganic Hg in the Soc¢a River impound-
ments and especially in near-shore marine sediments with a
concomitant enhancement of Hg methylation. Impoundments
and riverbanks can be hot spots for Hg methylation (Meng
et al. 2016; Singer et al. 2016).

The sedimentary data from the present study demonstrated
the role of sedimentary biogeochemical and chemical process-
es in controlling the movement and transformation of Hg spe-
cies into the overlying water and the fact that the importance
of specific processes changed along the gradient from the
freshwater to the marine environment. In general, this gradient
can be separated into three primary geographic regions that
experience differences in the relative importance of microbial
activities and the role of the sulfur cycle in affecting Hg mo-
bility and methylation: (1) the Soca River region that contains
dams and is represented here as the “impoundment” site; (2)
the transition from freshwater to marine represented here as
the “estuary” site that is considered a brackish site and the
higher salinity 16 site at the mouth of the Isonzo River. The
sites in Grado and Marano Lagoons can also be considered in
this grouping; and (3) the Gulf of Trieste sites D6, AA, and
CZ.

Comparing data from these groupings lead to the following
overarching conclusions:

1. The ability to methylate Hg increases greatly from fresh-
water to marine sites (Fig. 3 (b1)). However, since the
main source of Hg is from upstream in the river system
and the concentration of total Hg generally decreases into
the gulf (Hines et al. 2000; Horvat et al. 2002), the amount
of actual Hg and MeHg that accumulates is greater in the
freshwater region. D6 is exceptional since it is a sink for
Hg-laden particles leaving the mouth of the Isonzo River
(Covelli et al. 2001).
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2. Demethylation of MeHg is high in shallow water sedi-
ments near the coast such as site 16 (Figs. 2 and 3 (b2))
and in the nearby Grado and Marano Lagoons (Hines
et al. 2012). This demethylation activity may be an im-
portant sink for MeHg leading to the relatively low dis-
solved and solid phase %MeHg levels in the estuarine and
near-shore sites (estuary, 16, and D6). The decrease in
demethylation activity from the coast into the gulf result-
ed in a significant increase in the methylation—demethyl-
ation ratio in the gulf (Fig. 3 (b3)), which may also have
contributed to the increase in the %MeHg of both the
dissolved and solid phase Hg in the gulf.

3. Hg dissolution increased in the estuarine regions as sedi-
mentary sulfide production increased during sulfate re-
duction (Fig. 3 (cl)). It has been shown that dissolved
sulfide can lead to the dissolution of cinnabar (Paquette
and Helz 1995), which is the primary mineral mined in
Idrija and transported to the gulf. This mobilization of
inorganic Hg in the sediments in the estuarine region
was responsible for the decrease in the %MeHg of the
dissolved phases in the pore waters, and these pore waters
were the likely source of Hg species in the overly waters
that also exhibited a decrease in %MeHg (Hines et al.
2000). This remobilized Hg appeared to be bioavailable
since MeHg concentrations also increased (Fig. 3 (c2)),
but the dissolution of Hg exceeded the methylation in-
crease, which led to a decrease in the %MeHg at the
estuarine sites (Fig. 3 (c3)). It has also been shown that
solid phase cinnabar may serve as a substrate for Hg
methylation in the presence of organic matter (Graham
et al. 2012; Zhang et al. 2012), so it is likely that the
transported cinnabar was a source of dissolved inorganic
Hg and MeHg. Other studies have shown a correlation
between K., and %MeHg in sediments
(Hammerschmidt and Fitzgerald 2004, 2006; Drott et al.
2008), but this did not occur in the gradient data presented
here. We found a significant statistical relationship be-
tween K. and %MeHg when lagoon data alone were
analyzed (Hines et al. 2000), which shows that methyla-
tion potential can be an important controlling factor when
regions of our gradient are isolated. However, the lack of
any such relationship for the gradient data is probably due
to the widely varying biogeochemical conditions encoun-
tered along the gradient in which inorganic Hg is mobi-
lized in some regions, like the estuary, and immobilized in
others, like the near-shore site D6. Hence in our case,
changes in %MeHg are more a function of relative chang-
es in Hg dissolution and the decreasing concentration of
Hg, from freshwater to offshore, than to changes in Hg
methylation activities.

4. The ability of sediments to produce and accumulate
MeHg increases moving offshore in the gulf. Even though
the total Hg is diluted moving offshore, the sediments
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tend to accumulate an increasing fraction of the Hg as
MeHg and this is seen in both the dissolved and solid
phases (Fig. 3 (d1 and d2)). These data are for summer,
and the pore water concentrations of Hg species vary
seasonally (Hines et al. 2000, 2006). However, the solid
phase concentrations vary little throughout the year, so
these data are a good indication that the offshore increase
in %MeHg is robust. Of course, the relative distribution of
Hg and MeHg is also affected strongly by organic content
(Lindberg and Harriss 1974; Hammerschmidt and
Fitzgerald 2004, 2006) and grain size with MeHg in the
gulfbeing associated more with fine-grained, organic-rich
sediments than is the inorganic Hg (Covelli et al. 2001).

5. Sulfate reduction has a strong effect on Hg transforma-
tions and this influence varies along the freshwater—ma-
rine gradient. Sulfate-reducing bacteria are important
methylators of Hg (Compeau and Bartha 1985; Gilmour
et al. 1992; Choi et al. 1994) and the sulfide they produce
plays a significant role in the solubility and bioavailability
of Hg (Benoit et al. 1999; Hammerschmidt and Fitzgerald
2004). At low concentrations, zero-valent Hg-S com-
plexes are thought to serve as a primary vector for move-
ment of Hg into cells capable of methylating Hg to MeHg
(Benoit et al. 1999, 2003). However, at higher concentra-
tions, dissolved sulfide leads to the precipitation of Hg as
HgS minerals that are not available for bacterially-
mediated methylation and the ability of bacteria to meth-
ylate can be highly curtailed (Merritt and Amirbahman
2009).

Sulfate reduction rates decreased exponentially from the
mouth of the Isonzo River into the center of the Gulf of
Trieste (Fig. 3 (a)), but methylation potential and %MeHg
increased (Fig. 3 (bl and c3)). When sulfate reduction rates
are high, such as what occurred at 16, ambient Hg and Hg
injected as a tracer should be immobilized as HgS minerals
that are not readily methylated (Gilmour and Riedel 1995). As
sulfide production decreased offshore, conditions became
more conducive to methylation, which resulted in higher
methylation/demethylation ratios (Fig. 3 (b3)) and increased
%MeHg values (Fig. 3 (c3)). Therefore, even though the Gulf
of Trieste sediments contain less total Hg than their near-shore
counterparts, biogeochemical conditions in gulf sediments fa-
vor the production of MeHg and pose a threat to marine biota.
The offshore sites also exhibited much less active demethyla-
tion potential compared to methylation, which exacerbated the
potential for MeHg accumulation in gulf sediments, and as
will be discussed in more detail in the following section,
sulfate-reducing bacteria are important demethylators in the
marine sediments studied. However, unlike methylation, de-
methylation was probably not as significantly affected by the
speciation of the sulfide product, so a simple decrease in sul-
fate reduction (or by proxy, bacterial activity in general) was
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sufficient to quantitatively decrease demethylation. Therefore,
the decrease in bacterial activity (i.e., sulfate reduction) in the
gulf, and the concomitant decrease in sulfide production, led
to an enhancement in net Hg methylation.

The freshwater portion of the system also exhibited rela-
tively high concentrations of Hg species and %MeHg values
(Fig. 3 (d1, d2, and d3)). The only site that was truly freshwa-
ter all-year was the impoundment site, which had the highest
total MeHg concentrations of all sites investigated. Sediments
at this site were fine grained, organic rich, and low in sulfide
(Hines et al. 2006), which are conditions conductive to MeHg
formation. K, o, rates are indictors of the fraction of Hg that is
methylated. The low K¢, rates at the impoundment site are in
part a function of the high total Hg present at that site, which
tended to dilute the radio-Hg amendment. These low rates are
not a direct indication that methylation is slow. Unlike the
marine sites where we have sulfate reduction data, we cannot
assess the role of the sulfur cycle in affecting the Hg cycle in
the impoundment site. However, the freshwater nature of the
impoundment probably supported active methanogenesis, and
methanogens have been shown to methylate Hg (Yu et al.
2013).

4.2 Sulfate reduction and Hg transformations in lagoons
and the Gulf of Trieste

Methylation rate constants correlated significantly with rates
of sulfate reduction in sediments from both the lagoon sites
and in the sites in the Gulf of Trieste (Fig. 4a). However, the
slope of the regression line was much steeper in the gulf sed-
iments, indicating that even low rates of sulfate reduction
could lead to significant methylation activity. In fact, even at
quite low rates of sulfate reduction, K., values were sub-
stantially higher in the gulf sediments than in the lagoons. This
difference underscores the possible importance of sulfide as a
controller of Hg methylation. In the lagoons and site I6 where
sulfate reduction was much more rapid, it was likely that the
higher sulfide production rates and associated higher concen-
trations of solid phase-reduced sulfur compounds led to Hg
adsorption and precipitation that lowered the availability of
Hg for methylation (Hollweg et al. 2009; Liu et al. 2009).
The role of adsorption of Hg to solid phases could be seen
by the significant correlation between Log Kp and Kie
(Table 1) that shows that methylation in the lagoons is affected
strongly by the ability of Hg to bind to particles and that the
solubility of Hg is an important factor in controlling Hg bio-
availability. Other studies have noted a relationship between
Log Kp and Ko, in marine sediments (Hammerschmidt and
Fitzgerald 2004, 2006; Han et al. 2007). In the gulf, adsorption
of Hg to particles is less important and the direct role of sulfate
reduction activity increases in importance. In fact, the corre-
lation coefficients () displayed in Fig. 4a show that half of
the variability of Hg methylation in the gulf could be

explained by rates of sulfate reduction, while only 24% could
in the lagoons.

Demethylation rate constants also correlated with rates of
sulfate reduction in the lagoons and in the Gulf of Trieste
(Fig. 4b). However, unlike the methylation data, the slopes
of the regression lines were nearly identical between the two
regions, indicating that the effect of sulfate reduction on de-
methylation was similar in both regions. Demethylation de-
creased offshore similarly to sulfate reduction, while methyl-
ation increased offshore leading to a large increase in the
Kinein/Kaeg ratio in gulf sediments (Fig. 3 (b3)). Therefore,
the rapid demethylation activity in the lagoons was probably
also partly responsible for the fact the methylation activity
increased little as rates of sulfate reduction in lagoons in-
creased. Sulfate-reducing bacteria in lagoon sediments were
much more active as MeHg demethylators, which degraded
MeHg more readily, leading to low %MeHg values and lower
Kmem activities. Hence, it is likely that both demethylation and
Hg precipitation and adsorption prevented MeHg accumula-
tion in the lagoons and that the lack of significant importance
of these processes in the gulf allowed MeHg production to
proliferate.

These results underscore the complexity of Hg transforma-
tions and potential Hg transport within a system subject to
large Hg concentration gradients (mining source) and a fresh-
water—marine gradient. The movement of riverine Hg down-
stream, its diversion into either coastal lagoons or deeper off-
shore environments, and variations in organic composition
and rates of degradation of these organics (and concomitant
S cycling) have created a highly active and dynamic system in
which controls on methylation and demethylation vary
greatly.
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