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A B S T R A C T

Anthropogenic activities have been releasing mercury for centuries, and despite global efforts to control
emissions, concentrations in environmental media remain high. Coastal sediments can be a long-term repository
for mercury, but also a secondary source, and competing processes in marine ecosystems can lead to the
conversion of mercury into the toxic and bioaccumulative species methylmercury, which threatens ecosystem
and human health. We investigate the fate and transport of three mercury species in a coastal lagoon affected by
historical pollution using a novel high-resolution finite element model that integrates mercury biogeochemistry,
sediment dynamics and hydrodynamics. The model resolves mercury dynamics in the seawater and the
seabed taking into account partitioning, transport driven by water and sediment, and photochemical and
microbial transformations. We simulated three years (early 2000s, 2019, and 2020) to assess the spatio-
temporal distribution of mercury species concentrations and performed a sensitivity analysis to account for
uncertainties. The modeled mercury species concentrations show high temporal and spatial variability, with
water concentrations in some areas of the lagoon exceeding those of the open Mediterranean Sea by two orders
of magnitude, consistent with available observations from the early 2000s. The results support conclusions
about the importance of different processes in shaping the environmental gradients of mercury species. Due to
the past accumulation of mercury in the lagoon sediments, inorganic mercury in the water is closely related
to the resuspension of contaminated sediments, which is significantly reduced by the presence of benthic
vegetation. The gradients of methylmercury depend on the combination of several factors, of which sediment
resuspension and mercury methylation are the most relevant. The results add insights into mercury dynamics at
coastal sites characterized by a combination of past pollution (i.e. sediment enrichment) and erosive processes,
and suggest possible nature-based mitigation strategies such as the preservation of the integrity of benthic

vegetation and morphology.
1. Introduction

Mercury (Hg) is a persistent pollutant detrimental to ecosystems
and human health (Chen et al., 2016), due to the bioaccumulation of
its organic species methylmercury (MeHg) (Philibert et al., 2022), a
neurotoxic compound microbially produced in seawater and sediments
from inorganic oxidized mercury (Hg𝐼𝐼 ) (see Bowman et al. (2020)
and Cossa et al. (2022) and references therein). Coastal sediments are
often enriched in Hg of anthropogenic origin (Acquavita et al., 2012;
Conaway et al., 2003; Schartup et al., 2013; Sprovieri et al., 2011;
Zonta et al., 2018), and often act as a secondary source of legacy
Hg and MeHg to the water column over the long-term (Bloom et al.,
2004; Canu and Rosati, 2017; Rosati et al., 2020; Seelen et al., 2021),
even after remedial dredging (Matsuyama et al., 2021; Soetan et al.,

∗ Corresponding author.
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2022). Management of sites historically contaminated by industrial
sources is challenging, but critical to protect local communities from
Hg exposure (Hsu-Kim et al., 2018; Bravo et al., 2010; Gibičar et al.,
2009).

Environmental Hg and MeHg concentrations are controlled by sev-
eral physical and biogeochemical factors that can be highly heteroge-
neous in time and space, and fate and transport models contribute to
the assessment of Hg dynamics by simulating key processes and the
interactions that influence their complex evolution. Indeed, previous
studies have shown that MeHg in sediment is not simply correlated
with total Hg concentration (Hg𝑇 ) (Acquavita et al., 2012; Hollweg
et al., 2009; Sunderland et al., 2006; Schartup et al., 2013; Zhang
et al., 2014), and that sediment concentrations of Hg or MeHg are
vailable online 22 June 2024
043-1354/© 2024 The Authors. Published by Elsevier Ltd. This is an open access ar

https://doi.org/10.1016/j.watres.2024.121965
Received 26 June 2023; Received in revised form 17 June 2024; Accepted 18 June
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

2024

https://www.elsevier.com/locate/watres
https://www.elsevier.com/locate/watres
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
http://dx.doi.org/10.5281/zenodo.11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
https://zenodo.org/records/11933313
mailto:grosati@ogs.it
https://doi.org/10.1016/j.watres.2024.121965
https://doi.org/10.1016/j.watres.2024.121965
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2024.121965&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Water Research 261 (2024) 121965G. Rosati et al.

t
e
f
m
b
b
c
t
h

poor predictors of concentrations in water (Balcom et al., 2015; Seelen
et al., 2021; Conaway et al., 2003) and biota (Chen et al., 2014; Mason
et al., 2023). The correlation between Hg concentrations in sediments
and water becomes significant only at anthropogenically impacted
sites where internal recycling dominates over external inputs (Seelen
et al., 2021), and tight benthic-pelagic coupling is also favored by
shallow waters, high sediment resuspension, and abundance of organic
carbon (Bloom et al., 2004; Melaku Canu et al., 2015; Conaway et al.,
2003; Rosati et al., 2020; Seelen et al., 2018). The importance of the
benthic-pelagic coupling decreases seaward so that sediment resuspen-
sion is generally neglected in oceanic models for Hg (e.g. Rosati et al.
(2022), Zhang et al. (2015, 2020) and Soerensen et al. (2016)), and
specific tools need to be developed to inform the management of coastal
ecosystems. Other peculiarities of contaminated coastal sites include
differences in the relative importance of river input, bioavailability of
Hg species, and local adaptations of the microbial communities. Rivers
affect coastal dynamics of Hg through direct input of Hg species (Liu
et al., 2021) and by supplying organic matter that can fuel the microbial
community enhancing Hg methylation (Liu et al., 2023) but at the same
time can reduce Hg bioavailability limiting bacteria and phytoplankton
uptake and bioaccumulation (Schartup et al., 2015; Seelen et al., 2023).
However, terrestrial organic matter affects also the bioavailability of
MeHg, possibly reducing its degradation and causing high MeHg con-
centrations at sites where the methylation rates are low (Bravo et al.,
2017). The bioavailability of Hg species is also modulated by lithogenic
material and hydroxides of iron and manganese that act as scavengers
of dissolved Hg species (Lamborg et al., 2016). Desorption of Hg
from lithogenic material is negligible (Lamborg et al., 2016), while
hydroxides can undergo dissolution and release the associated Hg in
suboxic conditions (Emili et al., 2014).

High contamination exerts a selective pressure on microbial com-
munities that favors coping strategies such as resistance to heavy
metals (Banchi et al., 2023). Microbial resistance to Hg depends on
a set of genes, clustered in the ‘‘mer operon’’, which mediate the
elimination of inorganic Hg from the cell and also of MeHg in broad-
spectrum resistance by converting it to gaseous Hg0 (Barkay et al.,
2003). Demethylation associated with the production of Hg0 rather
han Hg𝐼𝐼 has been detected in sediments (Hines et al., 2012; Baldi
t al., 2012; Marvin-DiPasquale et al., 2000) and surface water (Schae-
er et al., 2004) from contaminated ecosystems, and in the latter study,
er genes were found in a wetland contaminated by a chloralkali site

ut not at other sites. The authors highlighted a negative correlation
etween the proportion of Hg𝑇 as MeHg and Hg𝑇 concentration, which
ould explain some of the variability observed in larger data sets. In
he sediments of the Venice Lagoon, Hg resistance genes were found in
igher abundance (0.009 ± 0.001%) near industrial pollution sources

than in less impacted sampling stations (0.004 ± 0.002%) (Banchi et al.,
2021). Mer genes and transcripts have also been detected in the oceanic
water column, despite the relatively low Hg concentrations (Sanz-Sáez
et al., 2022).

Historical Hg inputs from a chlor-alkali plant, active from 1950 to
the early 2000s, have led to widespread contamination of the sediment
of the Venice Lagoon (Mediterranean Sea), especially near industrial
sources (MAV-CVN, 1999; Critto et al., 2005; Guédron et al., 2012; Han
et al., 2007; Zonta et al., 2018). The available water data, which are
more limited in time and space, also show high concentrations (up to
1 pM of MeHg and > 100 pM of Hg𝑇 ) (Guédron et al., 2012; Bloom
et al., 2004). Hg concentrations in bivalves and low trophic level fish
are 2–4 times higher than in the Mediterranean Sea (Dominik et al.,
2014). The lagoon is a valuable ecosystem and UNESCO World Heritage
Site. Artisanal and small-scale fisheries and aquaculture are important
cultural and economic resources for the local community, and over
the past decades, there has been continuous research to manage the
multiple natural (Solidoro et al., 2004; Sfriso et al., 2001; Sfriso and
Marcomini, 1996; Solidoro et al., 2010; Bandelj et al., 2008, 2009) and
2

anthropogenic (Solidoro et al., 2010; Marcomini et al., 2000; Zonta
et al., 2018; Cossarini et al., 2008) pressures challenging its fragile
ecological and socio-economic equilibrium (Canu et al., 2011; Sfriso
et al., 2020; Rapaglia et al., 2015; Solidoro et al., 2010). Ecological risk
assessments indicate the need for strengthening Hg monitoring (Picone
et al., 2023; Critto et al., 2005; Micheletti et al., 2004).

We coupled a module for Hg biogeochemistry, a novel module for
sediment dynamics, and a hydrodynamic finite element model to esti-
mate the spatial and temporal variability of Hg species concentration
in the Venice Lagoon. The resulting integrated model is designed for
contaminated coastal sites because it combines: (1) a hydrodynamic
model (Umgiesser et al., 2004) that uses an unstructured finite element
mesh that can approximate bathymetry and coastal geometry at very
high resolution, (2) a Hg module that describes the fate of Hg𝐼𝐼 , MeHg,
and Hg0 (Melaku Canu et al., 2015; Rosati et al., 2018, 2020; Wool
et al., 2001), and is here extended to include a novel parametriza-
tion for microbial Hg resistance, and (3) a model for benthic-pelagic
coupling of sediment and Hg species that also accounts for the shel-
tering effect of benthic vegetation on sediment resuspension (Marani
et al., 2013; Carniello et al., 2014; Neto et al., 2022) and tracks
the morphodynamic evolution of the seabed. All of these features
are extremely relevant for modeling Hg in contaminated coastal sites.
Indeed, coastal environments and lagoons often present rather complex
bathymetries and morphological features that can hardly be captured
by finite difference parametrization. The benthic-pelagic coupling, if
taken into account, is usually represented through prescribed rates and
not explicitly related to the bottom shear stress (Melaku Canu et al.,
2015; Rosati et al., 2020; Bieser et al., 2023). Microbial Hg resistance
has never been tested in a model, and a contaminated site such as the
Venice Lagoon is ideal for testing its potential to affect environmental
concentrations. The model was used to characterize Hg dynamics in
three years (early 2000s, 2019 and 2020) with different oceanographic
and meteorological conditions. The relative importance of different
processes in shaping the magnitude and gradients of Hg concentration
in sediments and water of the lagoon and similar environments is
estimated through sensitivity analysis.

2. Methods

A dynamic model (Fig. 1a) simulating: (i) Hg biogeochemistry
(Melaku Canu et al., 2015; Rosati et al., 2020; Wool et al., 2001)
(Section 2.1), (ii) sediment dynamics (Section 2.2), and (iii) hydrody-
namic properties and transport (Section 2.3) was developed, calibrated,
validated and used to investigate the fate and transport of three Hg
species Hg𝑖 (oxidized Hg - Hg𝐼𝐼 , methylmercury - MeHg, and elemental
Hg - Hg0) in waters and sediments of the Venice Lagoon for three years
(Section 2.4), also assessing model sensitivity (Section 2.4.2).

The integrated SHYFEM-Hg model (Supplementary Figure 1) is
spatially discretized over an unstructured mesh (Fig. 1b) with variable
element resolution, ranging from about 10 m in the more morpho-
logically complex areas and the channel systems to 1 km over some
homogeneous tidal flats. In each element, the model simulates the
evolution of physical and biogeochemical state variables based on
meteorological and hydrodynamic input data (Supplementary Figures
2 and 3) and prescribed boundary concentrations, running with a time
step of 300 s. The sediment module simulates the dynamics of three
different kinds of particles 𝑃𝑖 (fine inorganic particles — silt, refractory
organic matter, and labile organic matter) and accounts for sediment
erosion and deposition and particle-mediated transport of Hg species.
The hydrodynamical model handles the hydrodynamic transport of
suspended sediment particles and Hg species and modulates the bottom
shear stress triggering erosion and deposition. The partition, trans-
formations, and degassing of Hg species are tracked by the mercury
module. A detailed description of the model equations and usage is
provided in Supplementary Material 1 (user manual). The code of the
model is open source and available in the Zenodo repository with DOI

10.5281/zenodo.11933313.
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Fig. 1. (a) Overview of the Hg cycle processes simulated in the SHYFEM-Hg model and (b) grid of the finite element model for the Venice Lagoon showing the location of the
inlets (bidirectional blue arrows), river discharge (light blue triangles), and the industrial area. The conceptual model (a) represents the fate of the three Hg species: inorganic
oxidized Hg (Hg𝐼𝐼 , blue squares), gaseous elemental Hg (Hg0, cyan square), and methylmercury (MeHg, purple squares). All Hg species undergo photochemical (photoreduction,
photooxidation, and photodemethylation) and biological (methylation and demethylation) transformations (dashed arrows) at rates k𝑥. Hg0 is exchanged with the atmosphere as
a function of wind speed and temperature (k𝑣𝑜𝑙). Hg𝐼𝐼 and MeHg distribute among dissolved and particulate phases based on partition coefficients 𝐾𝐷Hg𝑖 −𝑃𝑖

and are subjected to
particle-mediated deposition to and resuspension from the seabed. Other transport processes include atmospheric deposition, input from rivers, and hydrodynamic exchanges. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
2.1. The mercury model

Following previous work (Melaku Canu et al., 2015; Wool et al.,
2001), the mercury model (Supplementary material 1.2) simulates the
main processes affecting the fate of three state variables Hg𝑖 (μg m−3)
(Fig. 1a) according to Eqs. (1) (water) and (2) (sediment). In each water
or sediment point (𝑗) of the model, the three Hg species are linked
by biogeochemical transformations (𝑏𝑔𝑐) modeled as linear kinetics
(Supplementary Table 5) and other Hg fluxes related to resuspension
(𝐽 𝑟𝑒𝑠

𝐻𝑔𝑖𝑠
) and deposition (𝐽 𝑑𝑒𝑝

𝐻𝑔𝑖𝑤
) of particles, and to pore-water diffusion

(𝐽 𝑝𝑤𝑑
𝐻𝑔𝑖𝑠−𝑤

) (Supplementary Table 6). The Hg state variables in water

are subject to advection, diffusion, and boundary exchange. Monthly-
variable river loadings (𝐿𝑟𝑖𝑣

𝐻𝑔𝑖𝑤
) enter the basin in correspondence with

river mouths. Atmospheric deposition (𝐿𝑎𝑡𝑚
𝐻𝑔𝑖𝑤

) is imposed as spatially
homogeneous loads of Hg𝐼𝐼 and MeHg. Based on partition coefficients
(𝐾𝐷𝐻𝑔𝑖−𝑃𝑖

), Hg𝐼𝐼 and MeHg are partitioned between dissolved phases

(Hg𝐼𝐼𝑑𝑖𝑠𝑠 = Hg𝐼𝐼𝐷𝑂𝐶+HgCl𝑛, MeHg𝑑 = MeHg𝐷𝑂𝐶+MeHgCl) and particulate
phases associated to silt and particulate organic matter (Hg𝐼𝐼𝑝𝑎𝑟𝑡 =
Hg𝐼𝐼𝑃𝑂𝑀 + Hg𝐼𝐼𝑠𝑖𝑙𝑡, and MeHg𝑝 = MeHg𝑃𝑂𝑀 + MeHg𝑠𝑖𝑙𝑡) (Supplementary
Table 4). Hg0, instead, is generally found as a dissolved gas in seawater
and is neither associated (𝐾𝐷Hg0−𝑃𝑖

= 0) nor transported by particles
(𝐽 𝑑𝑒𝑝

Hg0𝑤
= 0, 𝐽 𝑟𝑒𝑠

Hg0𝑤
= 0). Hg0 is the only species that is exchanged with

gaseous atmospheric mercury (𝐽 𝑒𝑣𝑠
Hg0𝑤

≠ 0).

𝜕Hg𝑖,𝑤(𝑥,𝑦)

𝜕𝑡
= −𝑢

𝜕Hg𝑖,𝑤
𝜕𝑥

− 𝑣
𝜕Hg𝑖,𝑤
𝜕𝑦

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Advection

+𝐾ℎ(
𝜕2Hg𝑖,𝑤
𝜕𝑥2

+
𝜕2Hg𝑖,𝑤
𝜕𝑦2

)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Turbulent Diffusion

+ 𝐽 𝑏𝑔𝑐
Hg𝑖,𝑤

⏟⏟⏟
Transformations

−𝐽 𝑑𝑒𝑝
Hg𝑖,𝑤

+ 𝐽 𝑟𝑒𝑠
Hg𝑖,𝑠

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
−𝐽 𝑝𝑤𝑑

Hg𝑖,𝑠−𝑤
⏟⏞⏞⏟⏞⏞⏟

−𝐽 𝑒𝑣𝑠
Hg𝑖,𝑤

⏟⏟⏟
+𝐿𝑟𝑖𝑣

Hg𝑖,𝑤
+ 𝐿𝑎𝑡𝑚

Hg𝑖,𝑤
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

(1)
3

Particle-mediated transport Porewater Diffusion Evasion Loads
𝜕Hg𝑖,𝑠(𝑥,𝑦)
𝜕𝑡

= 𝐽 𝑏𝑔𝑐
Hg𝑖,𝑠

⏟⏟⏟
Transformations

+ 𝐽 𝑑𝑒𝑝
Hg𝑖,𝑤

− 𝐽 𝑟𝑒𝑠
Hg𝑖,𝑠

⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟
Particle-mediated transport

+𝐽 𝑝𝑤𝑑
Hg𝑖,𝑠−𝑤

⏟⏞⏞⏟⏞⏞⏟
Porewater Diffusion

(2)

Transformations of Hg species (Supplementary Equation 47–57)
are described as first-order kinetics corrected for temperature (biotic
reactions) or light availability (photochemical reactions), in turn de-
pending on irradiance, extinction coefficient, and water depth. Micro-
bial resistance to Hg is introduced by adding mer-mediated reductive
demethylation and Hg𝐼𝐼 reduction in water and porewater with an
activation threshold at 50 pM (10 ng l−1) (Rasmussen and Turner,
1997).

Hg species in the seabed are initialized (Supplementary Table 8,
Eqs. 78–80) from concentrations in μg g−1, as usually available from
field studies, and converted to volumetric concentrations (μg m−3)
of particulate (Hg𝐼𝐼𝑝𝑎𝑟𝑡 and MeHg𝑝𝑎𝑟𝑡) and pore-water dissolved (Hg𝐼𝐼𝑑(𝑠)
and MeHg𝑑(𝑠)) concentrations, taking into account concentrations of
sediment particles (P𝑖) and porosity (𝜙) (Thomann and Di Toro, 1983)
provided by the sediment module. All model state variables can be
initialized with spatially variable concentrations (e.g., Fig. 2a–b).

2.2. The sediment model

The sediment model (Supplementary Text 1.3) simulates three state
variables P𝑖 (g m−3) in water (Eq. (3)) and sediment (Eq. (4)). The labile
particulate organic matter (POM𝑙𝑎𝑏) represents the plankton compo-
nent, it is degraded at a fast pace (Stolpovsky et al., 2018) and produced
in the water as a function of temperature, while POM𝑟𝑒𝑓 , represents
refractory organic matter, has a longer turnover time (𝐽 𝑑𝑒𝑔

𝑃𝑂𝑀𝑟𝑒𝑓
≪

𝐽 𝑑𝑒𝑔
𝑃𝑂𝑀𝑙𝑎𝑏

) and enters the water through river input and sediment resus-
pension. River and resuspension/deposition dynamics also control the
silt state variable, which represents the fine inorganic particles and thus
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Fig. 2. Spatially variable initial condition for sediment concentrations of (a) Hg𝐼𝐼 (μg g−1) (Zonta et al., 2018; Bellucci et al., 2002) and (b) MeHg (ng g−1) (Rosati et al., 2020) in
the Venice Lagoon. Panel (c) shows the mask of salt marshes and seagrasses used to modulate sediment resuspension (see Sections 2.2 and 2.4).
has null rates of degradation and production (𝐽 𝑑𝑒𝑔
𝑠𝑖𝑙𝑡 = 0 and 𝐽𝑃𝑃

𝑠𝑖𝑙𝑡 = 0).

𝜕𝑃𝑖,𝑤(𝑥,𝑦)

𝜕𝑡
=−𝑢

𝜕𝑃𝑖,𝑤

𝜕𝑥
− 𝑣

𝜕𝑃𝑖,𝑤

𝜕𝑦
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Advection

+𝐾ℎ(
𝜕2𝑃𝑖,𝑤

𝜕𝑥2
+

𝜕2𝑃𝑖,𝑤

𝜕𝑦2
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Turbulent Diffusion

+

−𝐽 𝑑𝑒𝑝
𝑃𝑖,𝑤

+ 𝐽 𝑟𝑒𝑠
𝑃𝑖,𝑠

⏟⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏟
Deposition/resuspension

− 𝐽 𝑑𝑒𝑔
𝑃𝑖,𝑤

⏟⏟⏟
Degradation

+ 𝐽𝑃𝑃
𝑃𝑖,𝑤

⏟⏟⏟
Production

+𝐿𝑟𝑖𝑣
𝑃𝑖,𝑤

⏟⏟⏟
Loads

(3)

𝜕𝑃𝑖,𝑠(𝑥,𝑦)

𝜕𝑡
= 𝐽 𝑑𝑒𝑝

𝑃𝑖,𝑤
− 𝐽 𝑟𝑒𝑠

𝑃𝑖,𝑠
⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟

Deposition/Resuspension

− 𝐽 𝑑𝑒𝑔
𝑃𝑖,𝑠

⏟⏟⏟
Degradation

(4)

Silt and POMs are dynamically exchanged between the water col-
umn and the seabed (𝐽 𝑑𝑒𝑝

𝑃𝑖,𝑤
, 𝐽 𝑟𝑒𝑠

𝑃𝑖,𝑠
), depending on the sediment properties

(Supplementary Table 9) and the bottom shear stress (𝜏𝑏, Pa) com-
puted by the hydrodynamic module. Sediment erosion and deposition
are parameterized following Supplementary Equations 83–92. Sedi-
ment properties (i.e., bulk and dry densities) are calculated using the
equations for flooded sediments (Supplementary Equations 100–103)
described in Avnimelech et al. (2001).

The model tracks the morphodynamic evolution of the seabed
by updating the thickness of the sediment surface layer in response
to the net fluxes of deposition/erosion. Below this active surface
layer is a buffer subsurface layer with constant sediment concentra-
tions (Carniello et al., 2012). As described by Exner’s equation (Sup-
plementary Table 9, Eq. 106), in case of net deposition the thickness
of the active layer increases. When resuspension exceeds deposition,
the surface layer is eroded until a critical sediment thickness (Z0 =
2 cm). Below this threshold, the thickness erosion is compensated by
incorporating sediment from the buffer layer.

The sheltering effect of landforms and benthic vegetation (Marani
et al., 2013; Carniello et al., 2014; Neto et al., 2022) can be simulated
by employing a mask (e.g., Fig. 2c) that reduces the bottom shear
stress values to zero in the areas of concern, thus suppressing sediment
resuspension and maximizing sediment settling (Supplementary Text
1.3 and 1.4).

2.3. The SHYFEM model

SHYFEM is an open-source hydrodynamic model that has already
been used to study hydrodynamics (Umgiesser et al., 2004) and bio-
geochemical dynamics of the Venice Lagoon (Umgiesser et al., 2003;
Melaku Canu et al., 2003) and other lagoons or coastal areas (Aveytua-
Alcazar et al., 2020; Ferrarin et al., 2010; Melaku Canu et al., 2016;
Umgiesser et al., 2014). The SHYFEM model solves the shallow water
equations on a finite element grid, in their formulation with transports.
4

The integration in time is performed using a semi-implicit algorithm
that combines the advantages of the explicit and the implicit scheme.
Modeled state variables include water temperature and salinity, water
levels, and current speed and direction. In Eqs. (5)–(7), 𝑈 and 𝑉 are the
vertical integrals in 𝑥 and 𝑦 directions of the horizontal velocities 𝑢 and
𝑣 (total or barotropic transport) (Eqs. (8)–(9)), 𝐻 = ℎ+𝜁 is the total wa-
ter depth, and 𝜁 the water level. R is the friction coefficient determined
through the Strickler formula, 𝑓 is the Coriolis parameter, 𝑔 is the grav-
itational acceleration, and t is time. The terms X and Y contain all other
terms that can be treated explicitly by the semi-implicit algorithm,
such as the wind stress and the horizontal eddy viscosity, which is
parameterized through the Smagorinsky scheme (Smagorinsky, 1963).
The boundary conditions for stress terms (wind stress and bottom drag)
follow a quadratic parametrization. Heat fluxes are computed at the
water surface, and air–sea water fluxes depend on the balance between
precipitation and evaporation.
𝜕𝑈
𝜕𝑡

− 𝑓𝑉 + 𝑔𝐻
𝜕𝜁
𝜕𝑥

+ 𝑅𝑈 +𝑋 = 0 (5)

𝜕𝑉
𝜕𝑡

+ 𝑓𝑈 + 𝑔𝐻
𝜕𝜁
𝜕𝑦

+ 𝑅𝑉 + 𝑌 = 0 (6)

𝜕𝜁
𝜕𝑡

+
∑ 𝜕𝑈

𝜕𝑥
+ 𝜕𝑉

𝜕𝑦
= 0 (7)

𝑈 = ∫

𝜁

−ℎ
𝑢 𝑑𝑧 (8)

𝑉 = ∫

𝜁

−ℎ
𝑣 𝑑𝑧 (9)

2.4. Setup for the Venice Lagoon

We simulated the Hg dynamics in the Venice Lagoon for the early
2000s to calibrate the model against the observed concentrations of
suspended particulate matter (SPM) and particulate organic matter
(POM) in the lagoon and validate it against available observations of
Hg species (Bloom et al., 2004). We then used the calibrated model
to simulate present-day dynamics (2019 and 2020) and assess model
sensitivity (Section 2.4.2).

The simulations rely on realistic meteorological forcings (irradiance,
wind speed, air temperature, and humidity) and hydrodynamic data
(water levels, temperature, and salinity at the inlets, river discharge,
and temperature) for each year (MAV-CVN, 2005; ISPRA Ambiente,
2023) (Supplementary Figures 2 and 3), with hydrodynamic fluxes
including the contribution from eleven tributaries and bidirectional
exchanges at the lagoon inlets (Fig. 1b). The initial conditions (i.e., con-
centrations of Hg and particles in the seabed) and boundary conditions
(i.e., Hg concentrations in the river, seawater, and atmosphere) are
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instead fixed in the three simulations and the impacts of their vari-
ations are explored through sensitivity analysis. Such an approach
makes it possible to distinguish between the effects of inter-annual
meteorological variability and changes in Hg concentrations.

The Hg loadings from the rivers and the sea are calculated by the
model based on time-variable realistic hydrodynamic fluxes and fixed
boundary concentrations of the three Hg species (Supplementary Table
13) (Bloom et al., 2004; Rossini et al., 2005; Kotnik et al., 2015).

Initial conditions for Hg𝐼𝐼 in sediment (Fig. 2a) are obtained from
ield data of Hg𝑇 collected in 2008 (Zonta et al., 2018) integrated with

observations from 1996 for the industrial canals (Bellucci et al., 2002),
subtracting the MeHg concentration estimated from the results of the
box-model (Rosati et al., 2020) (Fig. 2b). The seabed is initialized by
setting 2% of organic carbon (Zonta et al., 2018) (see Supplementary
Material 1.3). Water concentrations have a fast response time and are
initialized with spatially homogeneous values.

A mask is applied to the model domain for suppressing bottom
shear stress, and thus sediment resuspension, in areas with marshes
and seagrass beds. The mask (Fig. 2c) is obtained by integrating data
from 2002 for marshes and from 2004 for seagrasses from the public
database (Atlante della Laguna, 2011). To evaluate the importance of
this model feature, we performed numerical experiments by running
the three simulations after removing the mask to quantify the effect on
the concentrations of Hg species.

2.4.1. Selection of model parameters
The rate constant for Hg methylation in sediment (𝑘𝑚𝑒𝑡𝑠 ) was set

based on site-specific data (Han et al., 2007), while the rate con-
stant for demethylation (𝐾𝐷𝑒𝑚𝑠

) was taken from the Marano-Grado
Lagoon (Hines et al., 2012). The rate constants for Hg methylation and
demethylation in water were set to values that are in the lower range of
observations for other Mediterranean lagoons and estuaries (Monperrus
et al., 2007; Sharif et al., 2014). The values for these and other
parameters are given in Supplementary Table 11. The published rates
of reductive demethylation from field studies in water and sediment
of different ecosystems are close to each other (𝑘𝑜𝑝𝑚𝑤

= 0.19 d−1 in
Meadowlands in Schaefer et al. (2004), and 𝑘𝑜𝑝𝑚𝑠

= 0.25 d−1 in the
Marano Grado Lagoon in Hines et al. (2012)). Both studies assessed
only demethylation, and we applied the same rate constant for Hg𝐼𝐼
reduction. The rate constants for biological reduction (Lamborg et al.,
2021; Monperrus et al., 2007; Lee and Fisher, 2019) and biological
oxidation (Poulain et al., 2007) are non site-specific, and those for pho-
tochemical transformations are in agreement with previous modeling
work on this topic (Soerensen et al., 2010). The values for the partition
coefficients of Hg and MeHg to silt (𝐾𝐷𝐻𝑔𝑖−𝑠𝑖𝑙𝑡

) were calculated from 𝑘𝐷
estimates for the bulk sediment of the Venice Lagoon (Han et al., 2007;
Bloom et al., 2004), and it was assumed that the partition coefficients
to POM and DOM are higher than the 𝐾𝐷𝐻𝑔𝑖−𝑠𝑖𝑙𝑡

, considering the higher
affinity of Hg for organic material than for lithogenic material (Lam-
borg et al., 2016), which is reflected locally in the higher 𝐾𝐷 values
estimated for the seston compared to the seafloor sediment (Bloom
et al., 2004).

2.4.2. Model corroboration
Modeled concentrations of Hg𝑇 and MeHg in lagoon water were

compared against available literature data (Bloom et al., 2004). These
data were collected following ultra-clean sampling procedures, ana-
lyzed using cold vapor atomic fluorescence spectrometric detection
(Bloom and Fitzgerald, 1988), and statistically described by providing
average concentrations and standard deviations of Hg and MeHg con-
centrations in different seasons and lagoon areas (Bloom et al., 2004).
Model results were also compared to observations from a similar neigh-
bor ecosystem (the Marano-Grado Lagoon) for variables and processes
never assessed in the Venice Lagoon, namely the concentration and
volatilization flux of Hg0.
5

The data on Hg concentrations in the lagoon sediment (Zonta et al.,
2018) used to initialize the model are available at a very high spatial
resolution from the 2008 sampling, while the data on Hg species in
the lagoon water and at the boundaries cover the period 2001 to
2003 (Bloom et al., 2004). Therefore, we created a non-synoptic setup
for model calibration and validation that is representative of the early
2000s. We calibrated the model using water concentrations of SPM and
POM measured at 20 lagoon stations in 2005 (Fig. 4), approximately
every 15 days (MAV-CVN, 2005), applying meteorological forcings for
2005 which is considered representative of the early 2000s as it relates
to the behavior of wind fields in the lagoon (Alpaos et al., 2013).
After calibration, the model was validated against concentrations of Hg
species in the lagoon water.

To perform calibration, we run a set of simulations (Supplemen-
tary Table 14) varying the critical threshold for erosion parameter
(𝜏𝑐𝑒), which regulates sediment resuspension, in a range spanning from
0.45 to 0.7 (Amos et al., 2010). We selected the simulation with the
best performances (Supplementary Table 15) based on the statistics
reported in Supplementary Equations 107–111 and ran two additional
simulations in which the parameter 𝜏𝑐𝑒 was perturbed by ±10% to
account for uncertainty. Current Hg dynamics in the Venice lagoon
were explored by simulating 2019 and 2020. The two years were
simulated separately maintaining the same boundary conditions to
assess interannual variability, while continuous biannual simulations
were run to perform sensitivity analysis. This was done by varying all
the parameters related to Hg dynamics, as well as the concentrations
of Hg species at the model boundaries (rivers, sea, and atmosphere) by
±50%, as the observational ranges and uncertainty are large enough to
justify such variations. Indeed, a general decrease in Hg concentrations
in the atmosphere (Zhang et al., 2016), in river (Stoichev et al., 2022;
Amos et al., 2014), and in the water of the Mediterranean Sea (Cossa
et al., 2020) has been observed in Europe from the 1990s to the early
2010s as a result of emission control measures.

3. Results and discussion

3.1. Data model comparison

The seasonal fluctuations of Hg and MeHg concentrations in the
water of the northern lagoon, which were determined in 2001–2003
by Bloom et al. (2004) (Section 2.4.2), were compared with the model
results of the early 2000s simulation (Fig. 3). In winter, the modeled
Hg𝑇 concentrations are very close to the observations, with a relative
error 𝜂 = 18%. In spring and summer, and to a lesser extent in fall, the
field data show an increase in Hg𝑇 concentration that is not captured
by the model (𝜂 is 48% in summer and about 30% in spring and
fall). This dynamic could be attributed to the seasonal increase in
anthropogenic activities such as shipping, which intensifies the resus-
pension of particles from the seabed and the associated mercury (Bloom
et al., 2004). Since anthropogenic sediment resuspension is not consid-
ered in the model, water concentrations of SPM (Fig. 4) and mercury
(Fig. 3a) are underestimated in summer, while the deviation is much
smaller in the other seasons. The model performance in reproducing the
observed concentrations of SPM (Supplementary Table 15) are com-
parable to those obtained with other sediment models for the Venice
Lagoon (Carniello et al., 2012) and other tidal environments (Winter,
2007). Most of the mismatch with the observations is due to the
underestimation of SPM concentrations in summer in the shallow areas
of the northern lagoon and in November at a few stations (B7, B9, B17,
and C06) in relative proximity to river mouths (Supplementary Figures
4 and 5). The latter is likely due to a sharp increase in river flooding,
and consequently, in the concentrations and loadings of SPM, following
heavy rainfalls that occurred in October and November 2005, which
is not represented in the model boundary conditions. Modeled and
observed SPM concentrations are poorly correlated when considering
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Fig. 3. Comparison between modeled and observed seasonal concentrations (averages and S.D.) of Hg𝑇 and MeHg. Field data (Bloom et al., 2004) were sampled in 2001–2003
at eight stations of the northern lagoon (Supplementary Figure 4), whilst model outputs were extracted at eight nodes corresponding to the sampling stations from the simulation
representative of early 2000s.
each point at each station, but the correlation improves (r = 0.44–
0.58, p < 0.05) when the annual average of each station is considered,
indicating the ability of the model to capture spatial variability.

Modeled MeHg concentrations in water are close to observations in
winter and spring (with 𝜂 33% and 20%, respectively) but underesti-
mate summer values by 62% (the absolute error is 0.77 pM) (Fig. 3b).
On the other hand, fall concentrations tend to be overestimated by
120% (with an absolute error of 0.19 pM). We tested different values
for the Hg methylation Q-factor (i.e., the coefficient used to parame-
terize the temperature sensitivity of the reaction — see Supplementary
Tables 5 and 11) in a range of 1.5–10 (not shown), and since none
of the tests resulted in an improved agreement between modeled and
observed MeHg concentrations, we concluded that tuning the Q-factor
was not sufficient to reproduce the large variability of MeHg concen-
trations observed in the field. Conversely, coupling Hg processes with
biogeochemical models that resolve plankton, carbon, and nutrient dy-
namics appears to be a promising way to improve understanding of the
interconnected processes that lead to MeHg production (Zhang et al.,
2020; Rosati et al., 2022; Bieser et al., 2023; Soerensen et al., 2016).
Nonetheless, the lack of mechanistic understanding of Hg methyla-
tion/demethylation processes limits the ability of the models to repro-
duce the observed maxima of MeHg concentrations. Further efforts are
needed to ameliorate our ability to predict MeHg concentrations in
marine and coastal areas, including better characterization of spatial
and temporal variability of fluxes and concentrations in the field.

The spatial distributions of Hg species concentrations in lagoon wa-
ter (Fig. 5) reflect the sediment contamination gradient with the highest
concentrations near the historical Hg sources and the lowest in the
southern lagoon. This figure agrees well with field observations (Bloom
et al., 2004) indicating much higher concentrations in the northern
water (74 ± 3.3 pM of Hg𝑇 and 0.35 ± 0.01 pM of MeHg, up to 145
and 1 pM in wetlands) than in the southern waters (15.7 ± 0.85 pM of
Hg𝑇 and 0.13 ± 0.01 pM of MeHg).

However, the spatial–temporal distributions of inorganic Hg𝐼𝐼 in
water are only weakly correlated to water MeHg (r = 0.35) and Hg0
(r = 0.29) due to the different dynamics governing their fate and
transport. Model results provide a first estimate of Hg0 concentrations
(Fig. 5), which have never been assessed in the field. Predicted levels
are comparable to those measured in the contaminated Marano-Grado
lagoon (Northern Adriatic Sea, Mediterranean Sea) (Emili et al., 2012;
O’Driscoll et al., 2019). The modeled volatilization flux of Hg0 is also
comparable to available estimates for the Marano-Grado lagoon (51–
80 ng m−2 h−1, (Floreani et al., 2019) and the Augusta Bay (36–72
6

ng m−2 h−1, (Bagnato et al., 2013) which is another contaminated
Mediterranean bay located in the Ionian Sea. The modeled flux is on
average 51 ± 29 ng m−2 h−1 (about 254 ± 144 pmol m−2 h−1) for the
early 2000s simulation, and lower in 2019 (49 ± 28 ng m−2 h−1) and
2020 (35 ± 20 ng m−2 h−1), when Hg0 concentrations are also lower.

3.2. Spatial and temporal variability of Hg species concentrations

The importance of interannual variability was explored by simu-
lating three years (Fig. 5 and Supplementary Figures 6 and 7) with
different meteo-climatic and oceanographic conditions (Supplementary
Figures 2 and 3). Different drivers control the evolution of the Hg
state variables, resulting in contrasting dynamics for the three mercury
species. The concentrations of the inorganic Hg species were highest
and the MeHg concentrations lowest in the early 2000s simulation.
This simulation is characterized by an intermediate river inflow and
the highest wind speed, which trigger sediment resuspension that also
causes the highest water concentrations of silt and POM. By contrast,
modeled MeHg concentrations were highest in 2020, a year with min-
imal river inflow but higher temperatures than in the early 2000s
and an intermediate wind speed. In 2019, wind speed and sediment
resuspension were lower than in the other years, but river inflow was
abundant, so concentrations of inorganic Hg species remained higher
than in 2020.

The MeHg concentrations modeled for 2019 were slightly lower
than in 2020, but higher than in the early 2000s, as the warm temper-
atures partially offset the lower input from sediment resuspension. The
high river inflow of 2019 also contributes to maintain the MeHg pool in
the water, but the sensitivity analysis showed a weaker effect on MeHg
than on inorganic Hg species (Section 3.3), while the correlation with
water temperature is stronger for MeHg (0.37, p < 0.05) than for other
Hg species (0.32 for Hg0 and 0.29 for Hg𝐼𝐼 , p < 0.05). On the other
hand, the distributions of inorganic Hg species correlate more strongly
with SPM (r = 0.21 for Hg𝐼𝐼 and 0.18 for Hg0, p < 0.05) than MeHg (r
= 0.16, p < 0.05).

The different fate of Hg𝐼𝐼 and MeHg in the lagoon water becomes
even clearer by analyzing the spatial distribution of the modeled con-
centrations on days with different hydrodynamic conditions. On a day
with high turbulence (Fig. 6a), the water concentrations of Hg𝐼𝐼 , silt
and POM𝑟𝑒𝑓 are noticeably higher than on days with medium (Fig. 6b)
and low (Fig. 6c) turbulence. This response occurs mainly in the
northern lagoon, as in the southern lagoon more areas of marshes and
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Fig. 4. Yearly evolution of modeled concentrations of SPM (upper panel, as the sum of silt𝑤, POM𝑅(𝑤), and POM𝐿(𝑤)) and POM (lower panel) at selected stations of the Venice
Lagoon gray lines and shaded areas are the average, minimum, and maximum of the three simulations ensamble compared with observations (MAV-CVN, 2005). The location of
the sampling stations is indicated in Supplementary Figure 4.
Fig. 5. Maps showing the average spatial distributions of the modeled state variables (Hg𝐼𝐼 , MeHg and Hg0, silt and POM) in the lagoon water for the simulation of the early
2000s (upper panels) and the concentration variations obtained by applying meteorological forcings for 2019 (intermediate panels) and 2020 (lower panels).
seagrass (Fig. 2c) limit the amount of sediment and Hg that is resus-
pended. MeHg concentrations are less variable and remain relatively
high in low turbulence, so they are decoupled from the distribution
of Hg𝐼𝐼 and suspended sediment (Fig. 6a–c). MeHg is less effectively
scavenged than Hg𝐼𝐼 and tends to remain in the water longer due
to its lower affinity for inorganic particles, whereas Hg𝐼𝐼 , which is
7

more closely associated with SPM, tends to settle faster under calm
conditions.

The MeHg and Hg0 concentrations in water show a consistent
seasonality over the three simulated years (Supplementary Figure 7),
with maximum values in summer and spring respectively. Hg𝐼𝐼 con-
centrations do not show a clear pattern and tend to be higher either in
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Fig. 6. Modeled spatial distributions of concentrations of Hg𝐼𝐼 , MeHg, silt, and POM𝑟𝑒𝑓 during days with contrasting meteorological and hydrodynamic conditions. (a) 23 March
2020, average wind speed = 8 m s−1, (b) 18 May 2020, average wind speed = 5 m s−1, (c) 31 October 2020, average wind speed = 2 m s−1.
winter or spring, depending on wind speeds in combination with river
inflows.

3.3. Model sensitivity

The sheltering effect of marshes and seagrasses on the seafloor
had a marked effect on the modeled dynamics of Hg species. The
numerical experiments carried out by removing the mask (Fig. 2c)
that hinders sediment resuspension in correspondence of these benthic
features resulted in an increase of water concentrations of all Hg species
(on average, 190% for Hg𝐼𝐼 , 22% for MeHg, and 17% for Hg0).

The sensitivity analysis (Supplementary Table 16) confirmed that
processes associated with sediment resuspension have a major influence
on the concentrations of Hg species. Increasing the parameter 𝜏𝑐𝑒 by
50% and thus reducing sediment resuspension led to a decrease in
water concentrations of Hg𝐼𝐼 , Hg0 and MeHg by 76%, 68%, and 12%
respectively and to a moderate increase in sediment concentrations of
the three species (0.3%–3%). When a negative variation is applied to
𝜏𝑐𝑒, the water concentrations of Hg𝐼𝐼 increase by 59%, but the strong
erosion leads to a noticeable decrease in the MeHg pool in the sediment
(41%), which also causes a reduction in water concentrations (39%)
after an initial increase. This unexpected behavior was caused by an
imbalance in the system, as this simulation reproduced an extreme
dynamic, unlikely to happen in the field, where resuspension never
ceased and out-competed deposition leading to a severe increase in
SPM concentrations (76 mg l−1 on average) compared to the baseline
simulation (7 mg l−1 on average). In the first months of simulation, a
remarkable remobilization of all Hg species from the sediment occurred
causing a spike in water concentrations and consequently increasing
the export at the lagoon boundaries (i.e., removing mass of Hg). After
about four months of continuous erosion, the sediment pool of Hg and
MeHg was significantly reduced compared to the initial state, so that
the resuspension in the following months acted on ‘‘cleaner’’ sediment
and could only mobilize a limited amount of Hg species. In addition, the
high SPM concentrations reduced the fraction of bioavailable dissolved
Hg species in the water, which hindered the transformation processes
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in the water column and caused a reduction in Hg0 concentrations
(55%) that was even greater than that of MeHg. In terms of bound-
ary conditions, the largest change in modeled concentrations results
from the increase in seawater concentrations of Hg species, which
causes a concentration increase of about 10% for Hg𝐼𝐼 and Hg0 and
about 4% for MeHg. However, assuming a 50% decrease in seawater
concentrations, the modeled water concentrations only decrease by
2%–5%. A decrease in river concentrations of Hg𝐼𝐼 leads to variations
of less than 2% for all Hg species, while a decrease in river MeHg
concentrations causes a 0.6% decrease in MeHg concentrations. The Hg
concentration in the atmospheric boundary has comparable effects to
the river boundary. For most processes, the results of the sensitivity
analysis are fairly symmetrical between increases and decreases, so
hereon only the positive variations are discussed. Variations in the
partition coefficients of Hg𝐼𝐼 have remarkable effects on the modeled
concentrations because they regulate the tendency of Hg to bind with
inorganic solids, which affects both its transport and its availability for
transformations. Increasing the parameter 𝐾𝐷−Hg−𝑠𝑖𝑙𝑡 by 50% causes a
decrease in the water concentrations of Hg𝐼𝐼 , Hg0 and MeHg by 11%
21% and 6% respectively. In this simulation, more Hg𝐼𝐼 is retained in
the sediment (+1%), but its lower bioavailability leads to a decrease
in the concentrations of MeHg in the sediment (−6%) and Hg0 in the
pore water (−38%). On the other hand, the parameter 𝐾𝐷−Hg−𝐷𝑂𝐶 con-
tributes to keeping Hg𝐼𝐼 in the dissolved pool, which favors an increase
in water concentrations of all Hg species. Perturbing the same param-
eters for MeHg (i.e. 𝐾𝐷MeHg−𝑠𝑖𝑙𝑡

and 𝐾𝐷MeHg−𝐷𝑂𝐶
) leads to fluctuations in

MeHg concentrations of about ±10% in water and ±2% in sediment
and negligible effects on the other Hg species. For the transformation
of Hg species, the strongest effects on the modeled concentrations are
given by photochemical reduction and oxidation, which lead to an
increase of 32% and a decrease of 25% of the Hg0 concentrations in
water, respectively. An increase in the rate constant for methylation
of Hg in water leads to an increase of 10% in MeHg concentrations
in water and a modest increase (about 1.5%) in concentrations in
sediment, while an increase in the rate constant for demethylation in
water leads to an increase of 2.5% in MeHg in water, which is due to a
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Fig. 7. Variations over one year of simulation of sediment concentrations of (a) Hg𝐼𝐼 (μg g−1 y−1) and (b) MeHg (ng g−1 y−1). Panel (c) shows the morphological evolution of
the seabed (cm y−1).
small increase (0.01%) in the concentrations of inorganic Hg available
for methylation. Perturbation of the rate constant for Hg methylation
in sediment has a greater effect on MeHg concentrations in sediment
(+1.4%) than perturbation of the demethylation rate constant (−0.6%).
The microbial mercury resistance mediated by the mer operon has a
strong effect on the Hg0 content in pore water (30%) and a negligible
effect on the concentrations of inorganic Hg, while the impact on MeHg
in water (0.4%) is in the order of magnitude of that of riverine and
atmospheric inputs.

3.4. Seabed dynamics

The modeled morphological evolution of the seabed over the course
of a year (Fig. 7c) shows that resuspension exceeds deposition in large
areas of the northern lagoon leading to seabed erosion. This agrees
reasonably well with the erosion rates estimated with a retrospective
analysis of the bathymetric changes of the lagoon, which roughly cor-
respond to a net sediment loss towards the sea of 0.8 Mm3 y−1 (Sarretta
et al., 2010).

Net erosion of the seabed in the lagoon areas with the highest
initial concentrations (Fig. 2a) led to an overall decrease in Hg𝐼𝐼
concentrations in the sediments over a year (Fig. 7a) of up to −0.3 μg
g−1, which can be attributed to the resuspension and export of con-
taminated sediment particles. However, Hg is also redistributed within
the lagoon, and sediment Hg𝐼𝐼 concentrations increased slightly in
some areas of the southern lagoon with low initial concentrations.
In contrast, sediment MeHg concentrations are predicted to increase
slightly independently of sediment erosion (up to 0.5 ng g−1) as long as
sufficient Hg𝐼𝐼 remains available for methylation. The general decrease
in inorganic Hg concentrations is conceptually consistent with strong
erosion processes in some lagoon areas and sediment losses towards
the sea (Sarretta et al., 2010) in conjunction with the post-industrial
decrease in Hg loading from the catchment due to the closure of
industrial plants (Rosati et al., 2022). Observations from sediment cores
also confirm the loss of fine particles from the upper sediment layers
and a progressive homogenization of Hg𝑇 concentrations in the surface
sediment of the lagoon (Zonta et al., 2018).

4. Conclusions

We developed a new tool for the fate and transport of Hg species
in coastal environments by coupling Hg biogeochemistry with hydro-
dynamics and sediment dynamics. The model was used to simulate
Hg dynamics in the Venice lagoon with high spatial resolution under
different meteo-climatic conditions. High water concentrations of Hg𝐼𝐼
(up to 80 pM) and MeHg (up to 1.0 pM) were simulated, which is
consistent with observations from previous studies in this lagoon and
other contaminated sites. However, the study area is characterized by
a strong spatio-temporal variability of Hg species, especially inorganic
9

oxidized Hg, which is the most affected by the benthic-pelagic coupling
and the impulsive nature of the sediment resuspension.

The assumption of improved water quality of the river and marine
boundaries in recent years, simulated by a 50% reduction in Hg species
concentrations, results in a small variation of Hg species concentrations
within the lagoon (<5% for each boundary). The sensitivity analysis
also showed that in addition to sediment dynamics, Hg partitioning, Hg
concentrations at the marine boundaries, and Hg methylation dynamics
should be better constrained by observations to reduce the uncertainty
of the model results. Microbial resistance has a minor impact on
oxidized Hg, but contributes to lowering environmental concentrations
of MeHg.

The local dynamics of seabed erosion likely lead to the mobilization
of inorganic Hg from the sediment, especially from the most con-
taminated areas, and to its export and redistribution throughout the
lagoon. Such dynamics can be expected at polluted sites characterized
by erosion or strong sediment resuspension.

The results highlight the importance of considering sediment trans-
port dynamics in biogeochemical models of Hg cycling in shallow
contaminated environments and suggest a crucial role of benthic vege-
tation in lowering water levels of Hg species in the Venice Lagoon and
similar ecosystems. Maintaining the integrity of benthic morphology
and vegetation can significantly improve water quality by limiting
the resuspension of sediments, with limited effects on sediment Hg
concentrations.
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