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a b s t r a c t
During the industrial period, signiﬁcant amounts of mercury (Hg) were discharged into the Venice Lagoon. Here,
a spatially explicit model was implemented to reconstruct the temporal evolution of the total mercury (HgT) and
methylmercury (MeHgT) concentrations in lagoon water and sediments over two centuries (1900–2100), from
preindustrial to postindustrial phases. The model simulates the transport and transformations of particulate
and dissolved Hg species. It is forced with time-variable Hg inputs and environmental conditions, including scenarios of future atmospheric deposition, reconstructed according to local and global socioeconomic scenarios.
Since 1900, ~36 Mg of HgT and ~380 kg of MeHgT were delivered to the lagoon, and stored in the sediments.
The deposition of Hg from the water to the seaﬂoor increased during a period of eutrophication (1980s); however, the reverse ﬂuxes increased during a period of high sediment resuspension caused by the unregulated ﬁshing of Manila clams (1990s). In the current postindustrial phase, the lagoon sediments have acted as a secondary
source to the lagoon waters, delivering Hg (~38 kg y−1) and MeHg (~0.07 kg y−1). The MeHg inputs from the watershed (~0.28 kg y−1) appear to be higher than the secondary ﬂuxes from the sediments. The estimated HgT export to the Adriatic Sea is ~56 kg y−1. Since HgT and MeHgT outputs slightly exceed inputs, the concentrations are
slowly decreasing. While the decreasing trend is maintained in all scenarios, the future level of atmospheric deposition will affect Hg concentrations and sediment recovery times. Though limited by inherent simpliﬁcations,
this work results show that the reconstruction of historical dynamics using a holistic approach, supported by
data, can improve our understanding of the pollutants distribution and the quantiﬁcation of local emissions.
Downscaling from trends predicted at the global scale taking into account for regional differences seems useful
to investigate the pollutants fate.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
In most Western countries, society is in a postindustrial phase, and
coastal sites are currently exposed to pollutant loads that are much
lower than those of the past (Amos et al., 2015; Turner et al., 2018); in
fact, values may be similar to preindustrial levels. However, because
some of these sites have been exposed to higher direct contamination
for decades, it is useful and interesting, though challenging, to reconstruct the long-term dynamics of persistent pollutants to better assess
and understand the present situation and to frame it in a larger perspective. This manuscript focuses on the biogeochemical cycle of a persistent
pollutant of global concern (mercury, Hg) in a very well-studied site
(the Venice Lagoon, Italy) that has gone through an important industrial
phase.
Hg in water and sediment undergoes biological and photochemical
reactions (Black et al., 2012; Fitzgerald, 2006; Heyes et al., 2006; Hines
et al., 2012; Hollweg et al., 2009; Lehnherr et al., 2011; Monperrus
et al., 2007a, 2007b; Qureshi et al., 2010; Sharif et al., 2014) that result
in the net production, bioaccumulation and biomagniﬁcation of neurotoxic monomethylmercury (MMHg) in marine food webs at a global
scale (Cossa et al., 2012; Schartup et al., 2019; Storelli and Barone,
2013). The direct input of Hg to the environment is currently banned
in most countries, and the amount of Hg that is released from anthropogenic land-based activities and enters marine ecosystems is relatively
small; these inputs are from uncontrolled wastewater discharge,
water run-off, and atmospheric deposition. Land-originated inputs of
methylated Hg species (MeHg, as the sum of MMHg and
dimethylmercury, DMHg) are a small fraction of the total mercury
(HgT) and are usually low compared to in situ production (Bloom
et al., 2004; Mason et al., 2012). Nonetheless, a large variability exists,
and only local assessments can reveal the relative importance of external versus in situ MeHg sources across ecosystems (Balcom et al., 2015;
Cossa et al., 2017; Melaku Canu et al., 2015; Rosati et al., 2018; Schartup
et al., 2015a).
A number of ecosystems that received substantial Hg inputs from
primary emissions during the past industrial period are now enriched
in Hg, acting as secondary Hg sources and possibly serving as secondary
sources for long periods (Canu and Rosati, 2017; Kocman et al., 2013;
Rudd et al., 2018; Salvagio Manta et al., 2016). Re-emission of formerly
deposited Hg from coastal sites occur through the reduction of HgII and
MeHg to Hg0, which then evades to the atmosphere, or through mobilization and transport to the open sea of particulate and dissolved Hg species. Globally, the re-emission of anthropogenic Hg from waters and
soils has been estimated to contribute to ~60% of the current atmospheric deposition, but this percentage will increase in the near future
in the absence of conspicuous emissions reductions (Amos et al.,
2013; Sunderland and Selin, 2013). Hg that previously accumulated in
an ecosystem, often buried in sediments (Emili et al., 2012; Han et al.,
2007; Matteucci et al., 2005; Muresan et al., 2007; Salvagio Manta
et al., 2016), can be mobilized and/or lead to substantial MeHg production and bioaccumulation depending on water and sediment transport
(Melaku Canu et al., 2015; Rajar et al., 2000; Rudd et al., 2018; Žagar
et al., 2006) and biogeochemical conditions (Bravo et al., 2017;
Gilmour et al., 2018; Han et al., 2007; Kim et al., 2011; Schartup et al.,
2015b; Soerensen et al., 2017; Sunderland et al., 2006). Quantifying secondary ﬂuxes of anthropogenic Hg is extremely important for
policymakers; however, ﬂuxes from contaminated terrestrial sites to
the hydrosphere and ﬂuxes from coastal areas to the open sea are poorly
characterized (Kocman et al., 2013; Selin et al., 2018). As stated by the
Minamata Convention (Selin et al., 2018), it is important to develop
methods to integrate data into an evaluation framework and improve
Hg modeling tools and methods to anticipate local and global effects
of Hg emissions reduction efforts (Amos et al., 2013; Canu and Rosati,
2017; Chen et al., 2018; Kocman et al., 2013; Sunderland and Selin,
2013) as well as alterations to the Hg cycle related to climate change
(Alava et al., 2017; Canu and Rosati, 2017; Schartup et al., 2019).

In this paper, a numerical biogeochemical model for three Hg species
(inorganic mercury, HgII, elemental mercury, Hg0, and methylmercury,
MeHg) (Section 2.4) is used in a spatially explicit conﬁguration to explore the time course (1900–2100) of Hg and MeHg concentrations
and dynamics in a Mediterranean lagoon (the Venice Lagoon) under
changing environmental conditions (Section 2.5) and Hg inputs that
are representative of the preindustrial, industrial and postindustrial
phases (Section 2.3). In fact, the Venice Lagoon (Section 2.1) received
inputs from a chlor-alkali plant and other industrial activities from the
1930s to the early 2000s (Bernardello et al., 2006) and faced other environmental challenges due to high anthropic pressures, such as eutrophication and sediment loss (Sarretta et al., 2010; Sfriso et al., 2005; Melaku
Canu et al., 2011; Solidoro et al., 2010). The model was used to verify
whether or not the role of the Venice Lagoon sediment as a sink or
source for anthropogenic Hg has changed over time as a result of the interactions among these processes, and if yes to what extent. The model
has already been applied to Hg cycling in other marine ecosystems
(Melaku Canu et al., 2015; Canu and Rosati, 2017; Rosati et al., 2018),
and here, it is forced with time-variable Hg inputs estimated in this
work (Sections 2.3 and 3.1) according to the evolution of socioeconomic
activities and technologies, including future scenarios (Section 2.5) of
atmospheric deposition (Chen et al., 2018). The model results are
constrained with ﬁeld data (Section 3.2) on Hg species in sediment,
water and pore water available from previous assessments that have
been carried out since 1977 during different research projects
(Section 2.2). The budget for HgT and MeHgT in the present state
(2019) (Section 3.4) and the recovery time for sediment to reach Hg
concentrations that are in compliance with Italian law (0.3 μg g−1) are
estimated (Section 3.5), and the modeled impacts of past environmental changes on Hg species dynamics are discussed (Section 3.3).
2. Methods
The site and its present and historical Hg contamination levels are
presented in Section 2.1; the dataset used to compare the model results
is presented in Section 2.2. The methods used to quantify the HgT and
MeHgT inputs from natural and anthropogenic sources are presented
in Section 2.3. The model structure and the model implementation for
the Venice Lagoon are presented in Sections 2.4 and 2.5, respectively.
2.1. Study site: historical setting and present conditions
The Venice Lagoon (northern Adriatic Sea, Italy) is a shallow coastal
lagoon (Fig. 1) with a surface area of approximately 550 km2. The lagoon receives freshwater inﬂows (~1.1⋅109 m3 y−1) from 12 main tributaries (Zuliani et al., 2005) and is connected to the Adriatic Sea through
three inlets (Lido, Malamocco and Chioggia inlets). The city of Venice is
located in the northern-central sector of the lagoon, and the urbanization of Venice dates back to the XIII century when the ‘Serenissima Republic of Venice’ was an important player in international trades.
Legislation to protect human health and the environment was adopted
as early as the XV century, when some industries were moved to neighboring islands (Ravera, 2000). In the 1920s, metallurgical industries
were settled on the mainland in ‘Porto Marghera’, and the site was
later expanded with the addition of chemical and petrochemical factories, including a chlor-alkali plant that became active in 1951
(Solidoro et al., 2010). Industries and infrastructures account for 21%
of the watershed surface area (~1880 km2), cultivated areas account
for 66%, other green areas account for 6%, and urban and residential
areas account for 7% (Bendoricchio et al., 1993). The 1980s were characterized by massive eutrophication phenomena (Solidoro et al., 1997a,
1997b), while the 1990s were characterized by disruptive sediment
perturbation related to uncontrolled clam ﬁshing (Solidoro et al.,
2000; Pastres et al., 2011). Currently, Venice is a popular tourist destination with a sharply decreasing population (from 184,000 inhabitants in
1950 to 70,000 inhabitants in the 2000s), and there has been a decline in
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Fig. 1. Map of the Venice Lagoon with contours and numbers of the 10 sub-basins used for model partitioning into boxes. The sub-basins are identiﬁed based on hydrodynamic properties
(Solidoro et al., 2004); sub-basins 1, 2 and 4 are in the northern lagoon, sub-basins 3, 5, 6, and 7 are in the central lagoon and sub-basins 8, 9 and 10 are in the southern lagoon. The location
of the city of Venice and the industrial area of Porto Marghera are shown.

industrial activities in the area as well as general technological improvement in terms of emissions control in Western countries (Streets et al.,
2017, 2011).
Since the late 1970s, several studies and monitoring projects have
been carried out to assess the Hg concentrations in the lagoon sediment,
water, and food webs. Fig. S1 summarizes the anthropogenic activities
that most impacted the Hg cycle in the Venice Lagoon during different
periods, along with studies and environmental monitoring programs
that have addressed the presence of mercury in the area (Bellucci
et al., 2002; Bettiol et al., 2005; Bloom et al., 2004; Critto et al., 2005;
Critto and Marcomini, 2001; Dominik et al., 2014; Donazzolo et al.,
1984; Guédron et al., 2012; Guerzoni and Tagliapietra, 2006; Han
et al., 2007; Kim et al., 2011; MAV-CORILA, 2011; MAV-CVN, 2005,
2004, 1999; Molinaroli et al., 2013; Pavoni et al., 1987; Rossini et al.,
2005; Zonta et al., 2018).
Currently, it appears that the HgT concentrations in the surface sediment (0.03–2.3 μg g−1, Table S1) of the Venice Lagoon have the potential to have adverse biological effects, exceeding both the
ecotoxicological thresholds the “Effect Range-Low” (ERL =
0.15 μg g−1) in 86% of the lagoon area and the “Effect Range-Median”
(ERM = 0.71 μg g−1) in 20% of the lagoon area (Critto et al., 2005;
Zonta et al., 2018) and the limit of 0.3 μg g−1 set by Italian legislation
(Ministerial Decree n. 260 28/11/2010) under the EU Water Framework
Directive (WFD, 2000/60/EC). A basin-wide assessment carried out in
2002 (Bloom et al., 2004) found unﬁltered water concentrations ranging from 2–100 ng l−1 for HgT to 36–327 pg l−1 for MeHgT (Table S1);
additionally, dissolved Hg and MeHg (HgD and MeHgD) concentrations
in ﬁltered water ranging from 2.6–4.7 ng l−1 and 104–293 pg l−1,

respectively, were measured in the central lagoon during 2009–2010
(MAV-CORILA, 2011, Table S1). The HgT concentrations measured in edible ﬁsh species (Dominik et al., 2014) are below the threshold for Hg in
seafood (0.5 μg g−1 wet weight) set by the EU.

2.2. Mercury species data and ancillary data
A database of measured Hg and MeHg concentrations in sediment,
pore water and water (Table S1), spanning the 1970–2010, was constructed to evaluate and corroborate model results by merging all the
available information (Bloom et al., 2004; Donazzolo et al., 1984;
Guédron et al., 2012; Guerzoni and Tagliapietra, 2006; Han et al.,
2007; Kim et al., 2011; MAV-CORILA, 2011; MAV-CVN, 2005, 2004,
1999; Zonta et al., 2018) from published papers and reports produced
by local institutions, such as the “Magistrato alle Acque di Venezia
(MAV)”, the “Consortium for coordination of research activities
concerning the Venice Lagoon system (CORILA)”, and the “Regional
Agency for Environmental Protection and Prevention of the Veneto”
(ARPAV).
Other ancillary data were gathered to force the model environmental dynamics (Section 2.4), namely, water temperature (2001–2005)
(MAV-CVN, 2004; 2005), sunlight irradiance (2010–2019) (ARPAV,
http://www.arpa.veneto.it), water ﬂuxes (Solidoro et al., 2004; Zuliani
et al., 2005) and river sediment load (~33,400 t y−1) (Collavini et al.,
2005). Monthly concentrations of suspended particulate matter (SPM)
and particulate organic matter (POM) for 2001–2005 (MAV-CVN,
2004; 2005) were used to compare the modeled and observed
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concentrations and calibrate the sediment resuspension processes in
the corresponding period (Section 2.5).
2.3. Estimates of historical evolution and future scenarios of mercury emissions and inputs to the lagoon
The time evolution of HgT and MeHgT inputs to the lagoon from each
source (rivers, atmosphere, industries, and urban wastes) was estimated to force the evolution of the HgT and MeHgT concentrations in
the model. To do so, existing data and estimates for the area were considered (Bloom et al., 2004; EEA, European Pollutant Release and Transfer Register, n.d.; Rossini et al., 2005), as was the evolution of local and
global anthropogenic drivers affecting Hg emissions and loadings.
Downscaling from global modeling was performed to reconstruct the
historical course of river input (Amos et al., 2014), atmospheric deposition of Hg (Amos et al., 2015), and industrial load (Streets et al., 2017,
2011), as well as the possible scenarios of the future atmospheric deposition rates (Chen et al., 2018).
In the Venice industrial area of Porto Marghera, two industrial facilities have been particularly relevant concerning Hg emissions: a zinc
smelting plant and a chlor-alkali plant that have been active since
1936 and 1951, respectively. The industrial emissions related to these
sources were estimated by combining the time-variable production
rates for each facility (ARPAV, 2007; Marchì et al., 2013; Ministero
dell'Ambiente e della Tutela del Territorio e del Mare, 2007; Perugini,
2014; Porchia, 2012) and the Hg emission factors to air and water
(Berdowski et al., 2017; Brinkmann et al., 2014; Joint Research Center
of the European Comission, 2001; Streets et al., 2017, 2011; Turner
et al., 2018) for each process considered, as explained in more detail
in Text S1, Table S2 and Fig. S2. Since very high Hg concentrations (up
to 20 μg g−1) were measured in the sediments of the industrial channels
(Bellucci et al., 2002), it was assumed that 30% of the estimated Hg
emissions to the water were deposited in those channels (Text S1)
and that the remaining emissions were delivered to the lagoon toward
box 6. This assumption is based on the global estimates of Hg stored at
contaminated sites (~40% in Streets et al., 2017) and was further adjusted to ﬁt the estimated amount of Hg released to the lagoon water
with the release data reported from industrial facilities for 1998–2006
(EEA, European Pollutant Release and Transfer Register) (Text S1 and
Fig. S2E).
For the period before industrialization in the Venice area
(1900–1930), the river Hg load to the lagoon (6.8 kg y−1) was estimated
based on the background Hg concentrations in the soils of the watershed (Molinaroli et al., 2013) and sediment load (Collavini et al.,
2005). The time evolution of the river Hg load was estimated by scaling
the load in 2002 (13.2 kg y−1) (Bloom et al., 2004) according to the enrichment factors for Hg in European rivers (Fig. S3a), as calculated by
Amos et al. (2014). The MeHg inputs were set throughout the simulation to be 1.7% of HgT for rivers and 1% of HgT for industrial inputs,
which agrees with previous observations for the study area (Bloom
et al., 2004).
Both river and industrial loads were assumed to decrease linearly
(−1.5% y−1) since 2002 and 2010, respectively, due to progressive regulatory improvements in Europe concerning environmental regulations, wastewater treatment and Hg use in commercial products
(Amos et al., 2014; Horowitz et al., 2014; Marnane et al., 2018; Streets
et al., 2019). For the industrial load, the trend was projected to the
end of the simulations (2100), assuming a decreasing amount of Hg
would be continuously transferred from the industrial channels to the
lagoon water through navigation and tidal ﬂushing for many years
after the closure of the chlor-alkali plant. For the river load, the decline
ends when the preindustial levels are reached that occurs in 2050.
The time evolution of Hg atmospheric deposition was estimated by
scaling the observed value for 1999 (~12 kg y−1) (Rossini et al., 2005)
according to the enrichment factors estimated for global Hg atmospheric deposition (Amos et al., 2015), maintaining the Hg atmospheric

deposition rate within the range predicted for marine areas (Fig. S3b)
from an ensemble of global models (AMAP/UNEP, 2013). The observed
decreasing trend of Hg atmospheric deposition in Europe (−1.5% y−1
from 1990 to 2012) (Colette et al., 2016) was used to scale the Hg atmospheric inputs from 1999 to 2015. After 2015, ﬁve scenarios were considered: the value of atmospheric deposition was maintained as
constant in the Reference simulation, and four alternative possibilities
were explored for the period of 2015–2100 (Fig. S3b) based on global
model projections for 2015–2050 (Chen et al., 2018), which are extended here until 2100. The “Zero Emissions (ZE)” scenario simulates
a rapid decline in the atmospheric deposition rate from 2015 to 2020
and a slower decrease after 2020. The “Emission Control (EC)” scenario
assumes a 50% decline in Hg emissions and simulates a less marked decrease in atmospheric deposition than that in the “ZE” scenario. The
“Constant Emissions (B1)” scenario assumes constant primary Hg emissions and increasing atmospheric deposition, while the “Business-asUsual (A1B)” scenario simulates rapid economic growth and continuous
emissions growth, resulting in the highest increase in atmospheric
deposition.
A further source of Hg to the lagoon is the network of navigable
channels in Venice city (Bloom et al., 2004); these sources are likely
caused by ship-induced resuspension of sediments that have accumulated Hg over time and recent inputs from urban sources. This input
was assumed to be 3 kg y−1 at the beginning of the simulation, and
the value increased to 12 kg y−1 in 2001 that is in agreement with the
measurements carried out by Bloom et al. (2004); after 2005, the
input decreased based on the progressive decline in Hg use in commercial products in developed countries (Horowitz et al., 2014) and the declining urban population in Venice (Ravera, 2000). MeHgT ﬂuxes to the
lagoon from the atmosphere and the city channels were considered to
be 0.42% and 0.25% of the HgT ﬂuxes, respectively, throughout the simulation, and these values were based on the measurements by Bloom
et al. (2004).
2.4. The Hg model
The WASP Hg model/MERC7 (Wool et al., 2001) is a deterministic
model designed to simulate the cycle of Hg species in aquatic environments (Fig. S4). The model has already been implemented in a 2D
framework to simulate the Hg dynamics in the Marano-Grado Lagoon,
a shallow lagoon in the northern Adriatic Sea (Canu and Rosati, 2017;
Melaku Canu et al., 2015), and in a 1D framework for the Black Sea
(Rosati et al., 2018).
The model describes the dynamic evolution of three mercury species
(HgII, Hg0, MeHg) in their particulate and dissolved phases (Tables S3
and S4, Fig. S4) in water and sediment boxes, as well as the evolution
of silt and particulate organic matter (POM). The modeled sediment dynamics (Table S5) are driven by loadings from the watershed, resuspension and deposition velocities, and production and degradation of POM
(Tables S5 and S6).
Atmospheric deposition, rivers, and anthropogenic activities add
HgT and MeHgT to the system (Table S4, Fig. S4), and they are
transported between adjoining water boxes and outside of the system
marine boundaries at the lagoon inlets based on prescribed ﬂuxes of
water advection and dispersion coefﬁcients. Hg0(g) volatilizes to the atmosphere due to forcings of current velocity and temperature
(Table S4). The partitioning of Hg and MeHg in dissolved and particulate
phases in both water and sediment is described through partition coefﬁcients (Table S3, Eqs. (1)–(4)). Exchanges between water and sediment (Table S4, Fig. S3) involve the settling and resuspension of
particulate Hg and MeHg (HgP and MeHgP) driven by the sediment dynamics (Table S5), as well as the diffusive ﬂuxes of dissolved Hg and
MeHg (HgD and MeHgD) modeled through diffusion coefﬁcients. The
net deposition of HgP and MeHgP to the seabed results in their burial
into deep sediment layers. Modeled transformations (Table S4,
Fig. S4), which here are assumed to involve only the dissolved Hg
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species, include biological Hg methylation and MeHg demethylation in
water and sediment pore water and photochemical reactions (photoreduction, photo-oxidation and photodemethylation) in the water column. Biological Hg methylation is parameterized to increase with
temperature, and photochemical transformations are adjusted to light
intensity.
In summary, the model considers the processes of transformation
among different Hg species, as well as the ﬂuxes related to particulate
sedimentation and resuspension and the partitioning of Hg compounds
among dissolved, particulate, and bound DOC species in water and sediments. Assuming that partitioning of HgII and MeHg in water and sediment boxes is much faster than other processes, it can be considered to
occur at thermodynamic equilibrium and is parameterized by means of
fractions of a given species with respect to its total (fHg-POM, fHg-silt, fHg-DOC,
fHgCl, fMeHg-POM, fMeHg-silt, fMeHg-DOC, fMegCl,) which can be computed from
the chemical repartition constants as shown in Eqs. (1)–(4) for HgII:
f HgPOM ¼ Hg POM =HgIItot ¼ POM K D Hg−POM =Vϕ þ DOC K D Hg−DOC
þ POM K D Hg−POM þ SILT K D Hg−SILT t

ð1Þ

f Hgsilt ¼ Hgsilt =HgIItot ¼ SILT K D Hg−silt =Vϕ þ DOC K D Hg−DOC
þ POM K D Hg−POM þ SILT K D Hg−SILT t

ð2Þ

f HgDOC ¼ Hg DOC =Hg IItot ¼ DOC K D Hg−DOC =Vϕ þ DOC K D Hg−DOC
þ POM K D Hg−POM þ SILT K D Hg−SILT t

ð3Þ

f HgCln ¼ HgCln =Hg IItot


¼ ϕ= ϕ þ DOC KD Hg−DOC þ POM KD Hg−POM þ SILT KD Hg−SILT ð4Þ
Consequently, the model equations for Hg species in water
(Eqs. (5)–(7)) and sediment (Eqs. (8)–(9)) boxes are as follows:
n
o
n
o
d
w
w
w
w
HgII ¼ −kmet Q 10 HgIIw f HgDOC þ f HgCln þ kdemet MeHgw f MeHgDOC þ f MeHgCl
dt w
n
o
n
o
w
w
þkphoxy LN Hg0w −kphred LN HgIIw f HgDOC þ f HgCln
n
o
n
o
−HgIIw vs−POM f HgPOM þ vs−silt f Hgsilt þ HgIIsed vr−POM f HgPOM þ vr−silt f Hgsilt
n
o
n
o 9
8
w
w
sed
sed
II
HgIIsed f HgDOC þ f HgCln =
Dm ϕsed < Hgw f HgDOC þ f HgCln
−
−
ð5Þ
;
zsed =ϕsed :
ϕw
ϕsed
n
o
n
o
d
w
w
w
w
w
w
MeHgw ¼ kmet Q 10 HgIItot f HgDOC þ f HgCln −kdemet MeHgw f MeHgDOC þ f MeHgCl ð6Þ
dt
n
o
w
w
−kphdem LN MeHgw f MeHgDOC þ f MeHgCl
n
o
w
w
−MeHgw vs−POM f MeHgPOM þ vs−silt f MeHgsilt
n
o D ϕ
m sed
sed
sed
þMeHgsed vr−POM f MeHgPOM þ vr−silt f MeHgsilt −
z =ϕ
n
o
n sed sed
o 9
8
w
sed
sed
< MeHgw f w
MeHgsed f MeHgDOC þ f MeHgCl =
MeHg DOC þ f MeHgCl
−
:
;
ϕw
ϕsed

n
o
n
o
d
w
w
Hg0tot ¼ −kphoxy L Hg0w þ kphred LN Hg IIw f HgDOC þ f HgCln
dt


n
o
T
w
w
Hg0atm ð7Þ
þ kphdem LN MeHgw f MeHgDOC þ f MeHgCl −kvol Hg 0w −
K Henry

n
o
n
o
d
HgII ¼ HgIIw vs−POM f HgPOM þ vs−silt f Hgsilt −Hg IIsed vr−POM f HgPOM þ vr−silt f Hgsilt
dt sed
n
o
sed
sed
sed
þ−kmet Q 10 HgIIsed f HgDOC þ f HgCln
n
o
sed
sed
þkdemet Q 10 MeHgsed
f MeHgDOC þ f MeHgCl
tot
n
o
n
o 9
8
w
w
sed
sed
II
HgIIsed f HgDOC þ f HgCln =
Dm ϕsed < Hgw f HgDOC þ f HgCln
þ
−
ð8Þ
;
ϕw
ϕsed
zsed =ϕsed :

5

n
o
d
w
w
MeHgsed ¼ MeHgw vs−POM f MeHgPOM þ vs−silt f MeHgsilt −MeHgsed
dt
n
o
sed
sed
sed
vr−POM f MeHgPOM þ vr−silt f MeHgsilt þ kmet Q 10 HgIIsed
n
o
n
o
sed
sed
sed
sed
f HgDOC þ f HgCln −kdemet Q 10 MeHgsed
f MeHgDOC þ f MeHgCl
tot
n
o
n
o 9
8
w
w
sed
sed
MeHgsed f MeHgDOC þ f MeHgCl =
Dm ϕsed < MeHgw f MeHgDOC þ f MeHgCl
−
þ
;
zsed =ϕsed :
ϕw
ϕsed

ð9Þ
where KD is the equilibrium constant for the partitioning process
(Table S3), Φ is the porosity, POM, SILT and DOC indicate the concentrations of POM, silt and DOC, respectively, vs is the sinking velocity
(Table S5), vr is the resuspension velocity (Table S6), kx is the kinetic
constant a given process (e.g kmet is for methylation) (Table S4), Q10 is
the temperature correction factor for Hg methylation, and LN is the adjusted light intensity for photochemical transformations (Table S4).
The concentrations of dissolved and particulate Hg species are computed at each model time step from the fractions of Eqs. (1)–(4) and
the total concentrations of HgII, MeHg and Hg0 evolving according to
Eqs. (5)–(9). The modeled dissolved Hg species includes both complexes of HgII and MeHg to DOC (HgDOC and MeHgDOC) and the ionic
phases (HgCln and MeHgCl), as well as Hg0(g). The modeled particulate
Hg species of HgII and MeHg are associated with particulate organic
matter (HgPOM and MeHgPOM) and silt (Hgsilt and MeHgsilt). Throughout
the manuscript, in order to compare model results and experimental
observations, dissolved Hg (HgD) is used to indicate the sum of all dissolved species (Hg0, HgDOC, MeHgDOC, HgCln, and MeHgCl), and MeHgD
to indicate the sum of MeHgDOC and MeHgCl. Particulate Hg (HgP) and
MeHg (MeHgP) indicate the sum of HgPOM and Hgsilt and the sum of
MeHgPOM and MeHgsilt, respectively. The sum of all Hg species, including methylated species in dissolved and particulate phases, is hereinafter referred to as the total Hg (HgT), while the sum of all methylated Hg
species (MeHgDOC, MeHgCl, MeHgPOM, MeHgsilt) is referred to as the total MeHg (MeHgT).
2.5. Model implementation
The model was implemented by discretizing the Venice Lagoon into
10 sub-basins (Fig. 1) following the partitioning deﬁned through hydrodynamic modeling by Solidoro et al. (2004), which was also used in
Sommerfreund et al. (2010). Each sub-basin also included 4 sediment
layers that were discretized as in Zonta et al. (2018): layer A (0–5 cm
depth), layer B (5–10 cm depth), layer C (10–20 cm depth), and layer
D (20–30 cm depth). Initial conditions (Table S7) for Hg and sediment
(silt, POM and sand) were set in agreement with the concentrations
measured in sediments that were older than 100 years and thus representative of preindustrial levels for the area (see Zonta et al., 2018).
Residual ﬂuxes (Solidoro et al., 2004) were used to force hydrodynamic exchanges among the 10 water boxes in the model and through
the marine boundaries. Marine boundary concentrations for HgII, MeHg,
and Hg0 (Table S4) were set according to the literature (Bloom et al.,
2004; Kotnik et al., 2015). Industrial dumping of Hg to the centralnorthern lagoon (Section 2.3 and Text S1) was set in the model as a direct input to box 6 that started in 1936. The atmospheric deposition load
(Section 2.3) was modeled as homogenous over the lagoon area, while
river inputs (Section 2.3) were distributed among model sub-basins 2,
5, 6, 8, and 9 in ways that were proportional to the river runoff
(Zuliani et al., 2005). Inputs from the city of Venice were equally divided
among sub-basins 3, 5, and 6.
The initial conditions for MeHgP in sediment (Table S7) were set by
applying the MeHg% observed in the lagoon sediments (Guédron et al.,
2012; Han et al., 2007), which spanned from 0.02% in the southern area
to 0.45% in the northern area. The observed MeHg% in sediments
(Fig. S5) was also used as a constraint to calibrate MeHg demethylation
in sediment, while the Hg methylation rates (Table S7) were set based
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on site-speciﬁc proﬁles measured at four stations (Han et al., 2007). The
Hg methylation and MeHg demethylation rates in water were calibrated
within the ranges of other Mediterranean lagoons and estuaries (Hines
et al., 2012; Monperrus et al., 2007a; Sharif et al., 2014), and the Hg
methylation rates were assumed to increase with temperature
(Table S5). The partition coefﬁcients (Table S3) for Hg and MeHg (KDHg and KD-MeHg) were selected from previous investigations in the Venice Lagoon (Guédron et al., 2012; Han et al., 2007). The other model parameters were set in agreement with the literature (Arndt et al., 2013;
Hollweg et al., 2010; Soerensen et al., 2016; Solidoro et al., 2005).
Among the environmental factors that likely affected the Hg cycle in
the Venice Lagoon, eutrophication occurred during the 1980s (Sfriso
and Sfriso, 2017), and sediment resuspension was particularly intense
during the 1990s due to the uncontrolled harvesting of
R. philippinarum (Molinaroli et al., 2013; Sarretta et al., 2010; Sfriso
et al., 2005). Clam harvesting was regulated in 2002; however, sediment
loss is still a threat to the lagoon ecosystem (Sarretta et al., 2010). Eutrophication was simulated by increasing the primary production rates in
the whole lagoon in the period 1980–1990 (Table S6). Homogeneous
settling velocities for silt and POM (Table S5) were set for all the
model boxes, while the sediment resuspension was assumed to differ
spatially among sub-basins (Table S6) that were identiﬁed as depositional and erosional by previous studies (Sarretta et al., 2010). In all
the sub-basins, the resuspension rate varied during the simulation
based on the environmental conditions of the period (Table S6); it
was set low at the beginning of the simulation, sharply increased in
the 1991–2002 period, and decreased in 2002, when clam harvesting
regulations were enacted. Sediment resuspension rates were calibrated
to achieve net sediment erosion in the erosional sub-basins during the
1991–2002 period (Fig. S6), while for the more recent period, they
were calibrated to match the available observations of SPM and POM
concentrations (Figs. S7 and S8) as well as the observed distribution of
organic carbon (OC%) (Fig. S9) in surface sediments (Zonta et al., 2018).
3. Results and discussion
The results of the estimates of HgT and MeHgT emitted from natural
and industrial sources (Section 2.3) are provided in Section 3.1, and the

resulting model concentrations are compared with data (Section 3.2) on
the HgT, MeHgT, HgD and MeHgD concentrations in water and sediments
collected over the years (Section 2.2). The impacts of loadings
(Section 2.3), eutrophication and high sediment resuspension
(Section 2.5) on the dynamic evolution of HgT and MeHgT in the lagoon
are discussed in Section 3.3, and the budget for HgT and MeHgT in the
present state is given in Section 3.4. The impacts of future scenarios of
atmospheric deposition (Section 2.3) are presented in Section 3.5.
3.1. Historical Hg emissions and inputs in the Venice area
The cumulative amount of HgT emitted from the industrial site during the 1936–2010 period was estimated to be ~66 Mg, where ~64%
(~42 Mg) was emitted to the water and 36% (~23 Mg) was emitted to
the atmosphere (Fig. S2). Compared to global estimates (Streets et al.,
2017) of cumulative releases (1850–2010) from zinc smelting and
soda-chlorine production, the contribution of the Venice area represents ~0.13% of atmospheric emissions and ~0.05% of land/water
emissions.
The estimated HgT and MeHgT inputs to the Venice Lagoon (Fig. S10)
from all natural and anthropogenic sources (i.e., industrial, rivers, atmosphere, and city) since 1900 are ~36 Mg and ~380 kg, respectively. The
highest load (~1.5 Mg y−1 of HgT and ~16 kg y−1 of MeHgT) was in
1970, when industrial inputs accounted for more than 80% of the total
inputs (Fig. S10). In the present and future states, there is an increasing
importance of atmospheric sources (~40% of HgT inputs and ~20% of
MeHgT inputs), which are more inﬂuenced by global dynamics, and riverine sources (~30% of HgT inputs and ~60% of MeHgT inputs), which are
more inﬂuenced by local management, respectively.
3.2. Mercury and methylmercury in lagoon sediment and water
The model outputs simulate the dynamic evolution of the system for
1900–2100, reproducing the concentrations of particulate and dissolved
mercury species in water and sediment, which were tested against the
data collected in the Venice Lagoon in different periods (Table S1 and
Fig. S1), assessing HgP (Figs. 2 and S11) and MeHgP (Fig. 3) in sediment,

Fig. 2. Time evolution (1900–2100) of modeled concentrations of HgP in sediment (μg g−1) layers A (dotted line, 0–5 cm depth), B (solid line, 5–10 cm depth) and C (dashed line, 10–20 cm
depth) in each sub-basin. The black line is the mean of the modeled concentrations for the upper 10 cm (layers A and B). Boxplots show the observed concentrations from sediment cores
taken in 1977 in the upper 10 cm (Donazzolo et al., 1984), sediment cores taken in 1997 in the upper 15 cm (MAV-CVN, 1999), and sediment cores taken in 2008 at the 0–5 cm and
5–10 cm depths (Zonta et al., 2018). Boxplots indicate the median, the 1st and 4th quartiles and the extremes of the observations. The horizontal dashed gray line indicates the
sediment legislative limit of 0.3 μg g−1.

G. Rosati et al. / Science of the Total Environment 743 (2020) 140586

7

Fig. 3. Modeled concentrations of MeHgP in sediment (ng g−1) of boxes 1, 2, 3, 6, and 7 compared with the observations (boxplots) from sediment cores taken in 2005 (Han et al., 2007)
and 2006 (Kim et al., 2011) in the top 20 cm depth and in 2008–2009 (Guédron et al., 2012) in the 10 cm depth. Boxplots indicate the median, the 1st and 4th quartiles and the extremes of
the observations; a) upper panels show the comparison with the modeled time evolution (1900–2100) in layers A (dotted line, 0–5 cm depth) and B (solid line, 5–10 cm depth). The black
line is the mean of the modeled concentrations at the 10 cm depth (layers A and B); b) lower panels show the comparison with the modeled vertical proﬁles (reverse triangles).

HgD and MeHgD in porewater (Fig. S12) and HgT, MeHgT, HgD and
MeHgD in water (Fig. 4).
The time evolutions of the modeled HgP concentrations in sediment layers A-C of each sub-basin are shown in Fig. 2, and the values
were compared with the observations from three basin-scale assessments carried out in 1977 (Donazzolo et al., 1984), 2005 (MAV,
1995) and 2008 (Zonta et al., 2018). Despite the very good temporal
and spatial resolution of these datasets, the comparison is not
straightforward because these studies analyzed sediment cores of
different thicknesses (0–10 cm depth, 0–15 cm depth, and 0–40 cm
depth sliced at 5- and 10-cm intervals); however, it can be seen
from Fig. 2 that the modeled sediment HgP concentrations overall
adequately reproduced the time evolution and spatial distribution
of the observed concentrations. Furthermore, a comparison was
made between the simulated HgP concentration vertical proﬁles in
the sediments (Fig. S11) and the 2008 observations (Zonta et al.,
2018) for layers A (0–5 cm depth), B (5–10 cm depth), C
(10–20 cm depth) and D (20–30 cm depth). The model agrees with
the observed spatial distribution of HgP concentrations in the sediments, with a high correlation in layers A (Pearson's correlation,
r = 0.96, p b 0.01) and B (r = 0.75, p b 0.01), and a weaker correlation
with the deep sediment observations (layer C, r = 0.50, n.s.; and
layer D, r = 0.23, n.s.). The simulated sediment HgP concentrations
tended to slightly overestimate the median concentrations observed
in surface layer A (root-mean-square error, RMSE = 0.77 μg g−1) and
underestimate the median concentrations in layers B (RMSE =
0.51 μg g−1), C and D (RMSE = 0.41 μg g−1 and 0.33 μg g−1), suggesting that sediment burial and/or remixing is somewhat
underestimated, especially in the northern area. This result can be
attributed to the absence of natural and anthropogenic processes in
the model that cause sediment reworking, such as bioturbation and
sediment dredging, which have a strong impact on the proﬁles of
pollutants (Zonta et al., 2018). An underestimation in our reconstruction of past Hg inputs to the lagoon may also explain the
model-observation mismatch in the deep sediment layers. Considering each box vertical proﬁle (Fig. S11), the RMSE was highest in box 6

(RMSE = 0.57 μg g−1), which is the most enriched in Hg, and lowest
in box 10 (RMSE = 0.11 μg g−1), which is located the farthest from
Hg sources.
The modeled vertical proﬁles of the HgD and MeHgD concentrations
in pore water (Fig. S12) tended to be lower than those of the observations (Guédron et al., 2012; Han et al., 2007). The underestimation is
likely due to the lack of diagenetic processes in the sediment model,
the importance of which is highlighted by the ﬁeld data of pore water
that display subsurface maxima, either in layer B or layer C, at most of
the stations.
The modeled MeHgP concentrations in sediment layers A–C are
shown in Fig. 3, and they are compared with the limited number of
available observations (Table S1) for the northern (Guédron et al.,
2012; Han et al., 2007) and central lagoon (Han et al., 2007; Kim et al.,
2011). The modeled sediment MeHgP concentrations (Fig. 3a) were in
the range of observations for 2005 (Han et al., 2007), 2006 (Kim et al.,
2011), 2008 and 2009 (Guédron et al., 2012); the exception was subbasin 3, where the model slightly overestimated the observations. The
modeled vertical proﬁles of the MeHgP concentrations (Fig. 3b) for
2005–2009 in sediment layers A–C were in satisfactory agreement
(r = 0.79, n.s., RMSE = 0.57 ng g−1) with the average observation
values for the corresponding years and sediment layers (Guédron
et al., 2012; Han et al., 2007; Kim et al., 2011). The modeled MeHgP concentrations in the surface sediment were highly correlated with the HgP
concentrations (r = 0.9, p b 0.01), which was in agreement with the
ﬁndings of Han et al. (2007) for the Venice Lagoon (r = 0.96, p b 0.05).
The modeled water concentrations of HgT, HgD, MeHgT, and MeHgD
were compared to the observations (Fig. 4) from 2001 to 2003 in the
northern, central and southern parts of the lagoon (Bloom et al., 2004)
and compared to the HgD and MeHgD concentrations measured in
2009–2010 in the central lagoon (MAV-CORILA, 2011). The modeled
water concentrations showed recoveries of HgT, HgD, and, to a lesser extent, MeHgT and MeHgD at the end of 2002, when sediment resuspension decreased due to clam harvesting regulations.
The modeled Hg T and MeHg T concentrations in water (Fig. 4)
were comparable with the 2002 observations (Bloom et al., 2004).
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Fig. 4. Modeled (colored lines = mean and areas = variability) and observed (dots and segments) HgT, MeHgT, HgD and MeHgD concentrations in the water of the northern (upper panels),
central (central panels) and southern (lower panels) parts of the lagoon. Gray dots and bars indicate the concentrations measured in the lagoon water close to the Marghera industrial site.
Black dots represent data sampled in 2001–2003 (Bloom et al., 2004), and dark blue segments represent data sampled in 2009 (MAV-CORILA, 2011). The northern lagoon includes boxes 1,
2 and 4, the central lagoon includes boxes 3, 5, 6, and 7, and the southern lagoon includes boxes 8, 9 and 10. Note that the plots of HgD and MeHgD in the central lagoon have a different
timescale. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

The modeled HgD concentrations (Fig. 4) tended to overestimate the
2002 observations (Bloom et al., 2004) and were in good agreement
with the 2009–2010 observations in the central lagoon (MAVCORILA, 2011); however, the modeled MeHgD concentrations
tended to overestimate the 2002 observations (Bloom et al., 2004)
and underestimate the 2009–2010 observations (MAV-CORILA,
2011). Higher error in the dissolved phase might be due to the fact
that the values for partition coefﬁcients (K D , Table S3) are maintained constant throughout the simulation and used for both water
and sediment boxes. Experimental studies show that KD values differ
among compartments and can vary during the year (Schartup et al.,
2015a, 2015b; Hines et al., 2012). This model feature limits the capability to describe the different physicochemical conditions of water
and sediment affecting mercury partitioning, but it also prevents
the over-tuning of model parameters, and a tradeoff must be found
to obtain acceptable agreement for both water and sediment dynamics. The modeled MeHgT and MeHgD concentrations in the lagoon
water followed a seasonal cycle with summer maxima (31–60%
higher than that in winter) driven by the higher methylation activity; the modeled HgT and HgD concentrations also slightly increased
during summer (1–3%) due to the highest MeHg and Hg0 concentrations. The modeled summer increase in MeHg concentrations agreed
with the observation by Bloom et al. (2004), who, in contrast with
our results, found a strong increase in HgT during summer in relation

to a higher SPM. The model presented here simulated an average resuspension throughout the year, which did not account for seasonal
variations and extreme events. To reproduce the actual pattern of
sediment dynamics, a fully coupled hydrodynamic-sedimentbiogeochemical model with a ﬁner spatial resolution would be
needed. Indeed, in shallow basins such as the Venice Lagoon,
benthic-pelagic coupling is of great importance and is highly variable
during the year. However, the implementation of a model at a higher
spatial resolution, such as ﬁnite difference or ﬁnite element models,
which have already been applied to the Lagoon of Venice in hydrodynamic and biogeochemical studies (Solidoro et al., 2005; Umgiesser
et al., 2004, 2003), would require too much computation time to explore the long-term dynamics at the investigated time scale.
3.3. Hg cycling in the changing environment of the Venice Lagoon
In the Venice Lagoon, the time evolutions of the HgT and MeHgT reservoirs, ﬂuxes (Fig. 5) and concentrations (Fig. 6) result from the combined effects of both variations in Hg emissions and inputs over time
(Section 2.3) and strong changes in environmental conditions triggered
by human activities. According to the modeled dynamics, on the one
hand, eutrophication (Sfriso and Sfriso, 2017; Solidoro et al., 2010)
drove an increase in HgP deposition ﬂux toward the seaﬂoor; on the
other hand, during the following period of high sediment resuspension
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Fig. 5. Time evolution of modeled dynamics from the preindustrial (1900–1935) to the postindustrial phases (2005–2100): HgT inputs from industrial, riverine, atmospheric, and urban
sources to the Venice Lagoon and outputs due to tidal outﬂow and volatilization (kg y−1); b) HgT water reservoirs (kg); c) HgT sediment reservoirs (kg); d) MeHgT inputs to the Venice
Lagoon from industrial riverine, atmospheric, and urban sources and outputs due to tidal outﬂow at the inlets (kg y−1); e) MeHgT water reservoirs (kg); and f) MeHgT sediment reservoirs
(kg). Green rectangles indicate the eutrophication period (1980–1990), and gray rectangles indicate the period of increased resuspension (1990–2002). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 6. Time evolution in each sub-basin of modeled concentrations of HgP (black lines) and MeHgP (pink lines) in sediment layer A (0–5 cm), zoomed for the period 1950–2020. The black
arrows indicate the year of maximum Hg inputs. Green rectangles indicate the eutrophication period (1980–1990), and gray rectangles indicate the period of increased resuspension
(1980–2002). Right axes are for MeHg, and left axes are for Hg. It should be noted that each plot has a different scale. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

due to the unregulated harvesting of Manila clams (Sfriso et al., 2005;
Solidoro et al., 2000), the sediment of the lagoon became a secondary
HgP source for the lagoon water through the remobilization of previously accumulated HgP.

The maximum of the modeled surface sediment HgP reservoir
(~22 Mg) was reached in 1982 (Fig. 5c), approximately ten years after
the maximum HgT inputs (1970) occurred; this result is because the eutrophication during the 1980s triggered an enhancement in POM
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deposition (Fig. S9), consequently increasing the vertical transport of
HgPOM from the water to the seaﬂoor. Later, in the 1980s, as eutrophication continued to affect the system, sediment deposition was still high,
and the Hg inputs from the watershed and atmosphere continued to decrease (Fig. 5a), leading to a slight decrease in the surface sediment HgP
reservoir (~21 Mg, Fig. 5c) and an increase in the HgP reservoir in the
deepest sediment depths (~20 Mg in sediment layers B–D, Fig. 5d)
due to the burial of the most polluted sediments below the new sediments with lower HgP concentrations. In 1991, the HgP accumulated
in sediment at all depths and reached its maximum value of ~41 Mg.
This increase in burial has also been observed in the Baltic Sea under eutrophic conditions (Soerensen et al., 2016).
At the beginning of the 1990s, despite the continued declining trend
of HgT inputs from the watershed, the modeled HgT water reservoir
(Fig. 5b) sharply increased (up to ~48 kg), and the HgP surface sediment
reservoir decreased (Fig. 5c) due to the abrupt increase in sediment resuspension (Table S6) that remobilized the HgP from the sediments to
the water column. The increased water HgT concentrations (Fig. 5b)
drove an increase in the export of HgT from the lagoon (Fig. 5a) through
transport at the lagoon inlets and evasion of Hg0; however, it also
caused a redistribution of Hg from the most contaminated central area
to the less contaminated northern and southern areas (Figs. 2 and 6),
as has been observed by other authors (Bernardello et al., 2006;
Masiol et al., 2014; Molinaroli et al., 2013; Zonta et al., 2018).
The spatial variability in the HgP sediment concentrations among
sub-basins (Fig. 6) depends on the balance among different processes:
Hg loadings, net sediment deposition or resuspension, and sediment
transport. At the end of the 1970s, the surface sediment HgP concentrations in central sub-basin 6, which received the industrial load, were

~10 times higher than the concentrations in the southern sub-basins.
The southern sub-basins (8–10) presented the lowest sediment HgP
concentrations due to the combination of negligible industrial, urban
and river inputs and the richer sediment texture in sand, which has a
lower afﬁnity for Hg species (Acquavita et al., 2012; Guédron et al.,
2012; Lamborg et al., 2016; Zonta et al., 2018). The northern subbasins 1, 2 and 4 were inﬂuenced the most by river Hg loading, as 46%
of river runoff ﬂows into sub-basin 2. The Hg loading to the other
central-northern sub-basins (3 and 5) came from urban discharge and
hydrological exchange with neighboring sub-basins. During the 1990s,
the recovery from eutrophication and intensiﬁcation of sediment resuspension caused severe erosion in sub-basins 6 and 10 and moderate
erosion in sub-basins 3, 5, 7 and 8 (Fig. S6). In sub-basins 6 and 10,
the HgP surface sediment concentrations sharply decreased (Fig. 6),
and HgP was transported elsewhere: HgP concentrations sharply increased in the northern sub-basins (1 and 2) and moderately increased
in the southern sub-basins (7, 8, 9). Sub-basins 3 and 5 were initially affected by highly polluted sediment transported from sub-basin 6, and
the HgP concentrations of these sub-basins increased to the maximum
value in 1995, followed by a decrease due to continued erosion (Fig. 6).
The modeled time evolution of MeHgT reservoirs (Fig. 5e–h) was
similar to that of HgP, although it was less inﬂuenced by sediment resuspension and transport. The peak in the water reservoir during the 1990s
(0.14 kg) was less pronounced (Fig. 5f) because of a weaker afﬁnity of
MeHg to sediments (lower KD, Tables S3) and possibly because of demethylation that occurred in the water column. In contrast to HgT, the
modeled water MeHgT reservoir was maximum (0.39 kg) when inputs
were highest (Fig. 5f) during the 1970s, and the modeled sediment
MeHgP concentrations (Fig. 6) peaked during the eutrophication

Fig. 7. Budget for Hg species in the Venice Lagoon in its present state (2019). Fluxes of Hg species (kg y−1) among compartments are indicated by arrows and numbers, as described in
Fig. S4. Modeled reservoirs (kg) of HgII (blue) and MeHgT (pink) species in the water and sediment layers are given in the rectangles on the left side. Hg0 (dark cyan) is produced upon net
photoreduction in the water column and mostly evades to the atmosphere. Net sediment resuspension and burial of HgP and MeHgP are indicated by the brown arrows. The ﬂuffy arrows
represent diffusion of HgD and MeHgD from sediment. Dashed arrows indicate microbial Hg methylation, MeHg demethylation and photochemical transformations (photoreduction,
photooxidation, photodemethylation). Thick arrows show exports to the Adriatic Sea and to the atmosphere. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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phase (1980–1989) in all the sub-basins and did not exhibit secondary
peaks in the late 1990s.
3.4. Postindustrial phase and current budget for HgT and MeHgT
In the current postindustrial phase, the estimated budget for Hg species in the Venice Lagoon for 2019 (Fig. 7) showed that the estimated
HgT outputs (approximately 70 kg y−1) slightly exceeded the estimated
inputs to the water column from the watershed and sediments, causing
a slow decrease in HgT concentrations over time (Fig. 2). The main ﬂux
to the lagoon water was from the sediment acting as a secondary source
through the net resuspension of HgP (~38 kg y−1), while the HgD diffusion from pore water was much smaller (~1.5 kg y−1). The largest inputs from the watershed were rivers (~10 kg y−1) and atmospheric
deposition (~9.3 kg y−1); in addition, ~6 kg y−1 was dumped from the
industrial area, and ~5 kg y−1 was exported from the Venice city channels to the lagoon. Approximately 56 kg y−1 of HgT is exported to the
Adriatic Sea (Mediterranean Sea) through tidal outﬂow. A further
~13.5 kg y−1 of Hg0 is lost from the system through evasion. The
modeled export to the Adriatic Sea accounted for ~4.3% of the inputs
to the Mediterranean Sea from point sources (1.3 Mg y−1) estimated
for 2020 (Rajar et al., 2007) and for 0.01–0.04% of the estimated Hg releases from coastal areas to the open ocean, which is 50–10 Mg y−1
globally (Kocman et al., 2013). However, considering that this budget
was calculated based on residual ﬂuxes computed under climatological
conditions, i.e., it did not consider extreme events, this value is likely a
lower bound. The HgT export estimated based on the 2001–2003 assessment (Bloom et al., 2004) that set the water outﬂow to 1.4⋅1011 m3 y−1
in agreement with the estimate from Critto and Marcomini (2001) is
much higher (~1110 kg y−1) than the estimate used in this work
made with the validated Shyfem model (Solidoro et al., 2004), which
computed a net outﬂow value of ~1.5⋅109 m3 y−1. The HgT exported to
the Adriatic Sea modeled for 2019 is ~3 times lower than the export
modeled for 1970 (maximum inputs) and ~7 times lower than the export modeled during the 1990s (due to high sediment resuspension).
According to the modeled dynamics, sediment will continue to act as a
secondary source in the long run, with the continuous mobilization of
HgP to the lagoon water leading to decreasing concentrations and ﬂuxes
in the whole system, as Hg is transferred to the water column and
transported to the Adriatic Sea through water outﬂow.
In the modeled 2019 budget (Fig. 7), the inputs of MeHgT to the
water column (~1.0 kg y−1) were almost balanced with the outputs
(~1.1 kg y−1), and the MeHg concentrations slowly decreased over
time. Biological demethylation exceeded biological HgD methylation
by ~0.26 kg y−1 in the water, where ~0.08 kg y−1 of MeHgD was further
degraded by photodemethylation; however, net HgD methylation
prevailed in the sediment (~0.07 kg y−1). The main source of MeHgT
in the lagoon water is inputs from the watershed (~0.28 kg y−1), but
net sediment resuspension is also relevant (~0.07 kg y−1 of MeHgP),
while MeHgD inputs from pore water diffusion (~3∙10−2 kg y−1) are
small. Fluxes from pore water may be higher due to the occurrence of
processes that are not included in this model, as well as in most Hg
models that are state of the art: according to Guédron et al. (2012), in
the shallower lagoon areas, the wave shear stress acting on the surface
sediment during tidal ﬂooding causes advective ﬂows and oscillations in
redox conditions, which lead to the release of dissolved Hg species and
to the increase in water concentrations.
Further studies are needed to address the relative importance of in
situ versus land-based MeHg sources, which have been shown to have
different bioavailabilities (Bravo et al., 2017; Schartup et al., 2015b).
This study suggests that the watershed is an important source of
MeHgT, implying that a signiﬁcant portion of MeHg in the lagoon may
not be bioavailable for bioaccumulation. Nonetheless, the Hg and
MeHg concentrations in seston (20–200 μm) in the Venice Lagoon
(Dominik et al., 2014) are much higher than concentrations measured
in seston of comparable size in unpolluted areas such as the Gulf of
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Lion (Cossa et al., 2012) or the Gulf of Maine (Harding et al., 2018).
The relatively low in situ Hg methylation in the Venice Lagoon appears
to result in low sediment MeHgP concentrations (0.01–2.5 ng g−1),
which are comparable to concentrations observed at sites with lower
HgT levels, such as the Thau Lagoon and Chesapeake Bay (Hollweg
et al., 2009; Muresan et al., 2007). However, it should be borne in
mind that only a limited number of data describing MeHg in the Venice
Lagoon is available, and it is possible that higher MeHg concentrations
occur in some overlooked areas. For instance, salt marshes have high
methylation potential, but limited observations are available for these
ecosystems (Gilmour et al., 2018).

3.5. Future trends and scenario analysis
Under the Reference scenario (Section 2.3), the modeled concentrations of Hg species decreased over the long term in all sub-basins. By
2100, the decrease in HgT concentrations relative to 2019 was, on average, 53% in water (ranging from 37%–65%) and 53% in surface sediment
(layer A) (ranging from 24%–70%). The decrease in MeHgT concentrations was slower, 39% (26%–49%) in water and 46% (18%–62%) in surface sediment.
The target concentrations for sediment quality (b0.3 μg g−1 of HgP)
were reached before 2100 only in the southern boxes (boxes 8–10)
and box 3 (Table S9). In the northern boxes (1, 2 and 4), the HgP concentrations at the end of the simulation (2100) ranged from
0.39–0.49 μg g−1, and it took 23–45 years longer to reach the target concentration of 0.3 μg g−1, assuming a constant recovery rate after the end
of the simulation. In boxes 5–7, the HgP concentrations at the end of the
century spanned from 0.33 to 0.35 μg g−1, and the sediment target concentrations were reached between 2113 and 2125 (Table S9). The estimated recovery times, calculated as the time to reach the target
concentrations from 2019, averaged 80 years considering all lagoon
boxes (Table S9); they were comparable to the recovery times estimated for the Penobscot estuary (Santschi et al., 2017) and lower than
those estimated for the Marano-Grado Lagoon (Canu and Rosati,
2017), which has higher Hg concentrations in sediment.
The impacts of scenarios of future atmospheric deposition
(Section 2.3 and Fig. 8) on the evolution of the HgP and MeHgP concentrations and on the estimated sediment HgP recovery times are
shown in Fig. S8 and Table S9, respectively. While an overall decreasing trend was maintained in all scenarios, the two scenarios with increasing atmospheric deposition (“Constant Emissions - B1” +0.42%
per year, and “Business-as-Usual - A1B1” +1.79% per year) resulted
in slower recovery from Hg pollution and thus higher Hg T and
MeHgT concentrations in 2100 than in the Reference scenario,
while the two scenarios with decreasing atmospheric deposition
(“Emissions Control – EC” −0.42% per year, and “Zero Emissions –
ZE” −0.84% per year) resulted in faster recovery rates. The average
recovery time of 80 years estimated for the sediment of the lagoon
boxes varied under the two extreme scenarios, with an increase to
87 years for the A1B1 scenario and a decrease to 77 years under the
ZE scenario (Table S9). Under the EC scenario, the water concentrations of HgT and MeHgT at the end of the century were, on average,
2.1% and 2.3% lower, respectively, than the concentrations in the Reference simulation (Fig. S8), and the sediment concentrations were
reduced by 1.4% and 1.6%, respectively. In the ZE scenario, the
modeled water concentrations were 5.3% lower in HgT and 5.2%
lower in MeHgT, while the sediment concentrations were reduced
by 3.9% for HgP and by 4.0% for MeHg P . In the B1 scenario, the
modeled HgT and MeHgT water concentrations increased, on average, by 2.1% and 2.3%, respectively, and the sediment concentrations
were 1.3% and 1.5% higher for HgP and MeHgP, respectively; under
the A1B1 scenario, the modeled water concentrations increased by
8.2% for HgT and by 9.4% for MeHgT, while the sediment concentrations were 5.2% higher in HgP and 6.1% higher in MeHgP.
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Fig. 8. a) Scenarios of atmospheric deposition for 2015–2100 implemented according to Chen et al. (2018), b) variations induced by the scenarios in the modeled Hg and MeHg
concentrations in water and sediment in 2100.

4. Conclusions
The integration of ﬁeld data from various sources sampled in the last
40 years (Section 2.2) into a dynamic biogeochemical model
(Section 2.4) enabled us to explore the evolution of the Hg cycle in the
Venice Lagoon from the preindustrial period to the end of the century
(1900–2100). Changing emissions and HgT and MeHgT inputs to the lagoon were estimated (Section 2.3) for the period investigated, providing the ﬁrst long-term estimate for the area (Section 3.1), and the
impacts of these loads and well-documented past alterations of the lagoon ecosystem (Section 2.5) on the Hg dynamics were explored
(Section 3.3). The model was used to test hypothesis that the role of
the Venice Lagoon sediment as a sink or source for anthropogenic Hg
has changed over time as a result of several concurring processes, in
particular: the lagoon trophic conditions, the lagoon uses and to the
global atmospheric deposition. Conﬁrming the hypothesis, the model
suggests that the assessment of HgT and MeHgT dynamics, and of the
resulting ecosystem exposure, cannot rely only on scattered observations but should be supported by an overall analysis of the other
interacting processes. Though limited by inherent modeling simpliﬁcations and assumptions, the results of this work showed that the reconstruction of past dynamics based on an ecosystem approach could
serve as a basis for understanding of the present distribution of pollutants, highlighting the importance of using sediment dynamics to characterize the role of sediments as pollutant sinks or sources.
In the Venice Lagoon, inputs were highest in the 1970s, when industrial inputs to the lagoon accounted for more than 80% of the total HgT
inputs, while in the current postindustrial phase (2019) (Section 3.4),
the sediments act as a secondary source, being the main source of HgT
for the lagoon waters. The most relevant external HgT sources are rivers
and atmospheric deposition, while MeHgT seems to be delivered mostly
from the watershed, although it is also produced in sediments and resuspended. According to the modeled budgets, the lagoon received

approximately 36 Mg of HgT, including ~380 kg of MeHgT in the last century, which has been partially stored in the sediments and is now slowly
being released to the lagoon waters and to the Adriatic Sea (~56 kg y−1,
including ~0.13 kg y−1 of MeHg), leading to a slow decrease in Hg
concentrations.
The modeled spatial and temporal distributions of Hg species
(Section 3.2) in lagoon sediment and water are consistent with the
available observations from different periods. However, while the evolution of the HgP concentrations in lagoon sediments has been tracked
since the 1970s by various studies carried out at the basin scale, there
is limited experimental knowledge on the spatial and temporal distribution of MeHg in the lagoon. The analysis of Hg and MeHg reservoirs and
ﬂuxes reveals the importance of changes in environmental conditions
that have driven variations in Hg ﬂuxes (Section 3.3). On the one
hand, eutrophication has enhanced sediment deposition to the seaﬂoor,
causing the highest accumulation of Hg in sediment when Hg inputs
were already declining; on the other hand, uncontrolled Manila clam
harvesting during the 1990s enhanced sediment resuspension, leading
to mobilization of Hg from the sediments that became a secondary
source to the lagoon water and consequently to the Adriatic Sea (Mediterranean Sea), also leading to the redistribution of Hg from the central
lagoon to the northern and southern areas.
Although the Hg dynamics in the Venice Lagoon are currently driven
by HgP accumulation and remobilization from sediment, the scenario
analysis shows that future levels of atmospheric deposition will affect
the ambient concentrations of HgT and MeHgT and the recovery time
for HgP in sediments, suggesting that global policies on Hg emissions reduction are relevant even in polluted ecosystems.
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