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1 SHYFEM-Hg user manual

The coupling between the Hg modules for mercury and particles and the SHYFEM model is meant to provide a tool for
investigating the biogeochemical dynamics of Hg species in water and sediment, including dynamic exchanges between
the two compartments.

SHYFEM (System of HydrodYnamic Finite Element Modules) is a software designed to resolve the hydrodynamic
equations in lagoons, coastal seas, estuaries, and lakes. It is provided under the GPL license and can be downloaded
with the complete user manual from the official site (https://sites.google.com/site/SHYFEM/). Here, a description of
the formulation and usage of the routines for mercury and particles is provided.

1.1 General Description

The mercury model was derived from the WASP Hg module released by the U.S. Environmental Protection Agency
(EPA) [1] and modified following [2, 3, 4, 5, 6]. The model (Fig. 1) simulates the evolution of three Hg state variables
(Table 1) and includes a module that deals with three types of sediment particles state variables (Table 2) in the water
column and in the seabed. The model is composed of 5 subroutines as synthesized in Table 3. The mercury state
variables (Hg;) represent the pool of three main species, namely, oxidized inorganic mercury (Hg!?), elemental mercury
(Hg"), and methylmercury (MeHg). The sediment state variables (P;) include different types of inorganic and organic
particles: silt, refractory particulate organic matter (POM,.f), and labile organic matter (POM;qp).

The partitioning of Hg species among particulate and dissolved phases in water and sediment depends on the partition
coefficients K p wg,—P;» as described by the equations of Table 4. The three Hg species are interconnected through

biogeochemical transformations occurring in water (J(b I?]Cgi)w) and sediment (J(b I?ICgi)s) nodes of the model (Table 5). The

transport of particulate Hg'! and MeHg (Table 6) is mediated by the deposition and resuspension of the sediment state
variables (Silt, POMp, and POM] ), which in turn are regulated by the bottom shear stress. Dissolved Hg species are
instead exchanged through diffusion between pore-water and water (Table 6). Hg° is a dissolved gas that is exchanged
with the atmosphere (Table 7). All the Hg species are transported with advective fluxes.

To use the mercury and sediment modules, the following flags need to be set in the subroutine mercury. f:
breact = .true.
what = "mercury’



General Reactor Equations

Q(HgO%),, = J}bfgco - Jgjgfgf + Ji0 1 Elemental mercury Hg" in water [ng Hg/L]

Q(Hg', = JIZggCH — Jﬁjgﬁ + S — Jze;)” 2 Oxidized mercury Hg'! in water [ng Hg/L]

Q(MeHg),, = JJ?/?ZH% - Jl(\ijg{g + Jhfirg. — sz\i/;é)ng 3 Methylmercury MeHg in water [ng Hg/L]

Q(H"), = J;?gco + Ji,igof 4  Elemental mercury Hg° in sediment [ng Hg/L)

Q(Hg'h), = J?fgcy + J;l{igﬂ; —JHgn + Jgegpg 5 Oxidized mercury Hg'! in sediment [ng Hg/L)
(

Q(MeHg)s = szvﬁHgs - Jf\l}é};g = Jifemg. + J]‘\i/[engw 6 Methylmercury MeHg in sediment [ng Hg/L)|

Table 1: Mass balances for Hg species in water and sediment

Q(silt) = Jrgs — Jir 7
QPOMR)w = JESat,, = Tobrin, — Toonn, 8
QPOML)w = J5Su, — Jidu, .+ TEE, — T, 9
Qsilt)e = —Jugs + I 10
QPOMR)s = —Jp5n,, + J}%echRw - JIC—'l’eOgMRS 1
Q(POMyp)s = JICJZ%DMLw —Jpom,, — JZ%IMLS 12

General Reactor Equations

Silt in water [mg silt/L]

Refractory POM in water [mg OM/L]
Labile POM in water [mg OM /L]

Silt in sediment [mg silt/L]

Refractory POM in sediment [mg OM/L)]
Labile POM in sediment [mg OM/L]

Table 2: Mass balances for silt, refractory POM, and labile POM in water and sediment

Subroutine name

merc_water.f

merc_sed. f

merc_waterdsed. f

merc_sed4sed. f

mercury.f

Subroutine operations

Partitioning, transformations, and sinking of Hg species in water. Gaseous exchange of Hg®.

Partitioning, transformations, resuspension, and diffusion of Hg species in the seabed.

Sinking of organic and inorganic particles from the water column. Production of POM; and
degradation of POMy, and POMEp in the water.

resuspension of organic and inorganic particles from the seabed. degradation of POMy and POMpg
in the seabed. Evolution of the sediment active layer depending on net erosion/deposition.

Initial conditions for Hg and sediment state variables. Integration among the merc_ subroutines
and with the hydrodynamic model. Mask handling.

Table 3: Subroutines of the Hg model



what?2 "sdmercury’

In the the subroutine mercury. f, it is also possible to enable restart files with the logical operator merc_has_restart=.True.
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Figure 1: Coupling scheme for the hydrodynamic model with the Hg and sediment model. The left figure synthesizes the
main Hg dynamics simulated in the model. Oxidized Hg (Hg’!) and methylmercury (MeHg) distribute among dissolved
and particulate phases based on partition coefficients Kp,, —p,. Transformations (dashed arrows) include photochemical
(photoreduction, photooxidation, and photodemethylation) and biological (methylation, demethylation, reduction, and
oxidation) processes. Gaseous elemental Hg (Hg") is exchanged with the atmosphere depending on turbulence and
concentration gradient. Other transport processes include atmospheric deposition, river input, and exchanges driven by
hydrodynamics, sediment deposition, and resuspension.

1.2 The mercury module

The evolution of Hg® concentrations in water (Reaction 1) is described as the sum of gaseous exchange with the atmo-
sphere ( ), diffusion exchange with the sediment (Jg;gof ), and the transformations involving Hg® as a sink or source

). The evolution of Hg!! concentrations in water (Reaction 2) is driven by the sum of the transformations

b o di d
i) diffusion (J,;;‘,f, e Tgh) of
the particulate species. Similar processes control the evolution of MeHg concentrations (Reaction 3). Hg" in sediment

(Reaction 4) can be produced through microbial transformations (J?IQ;O) and diffuses across the sediment-water inter-
face. The evolution of Hg!! and MeHg in sediment (Reactions 5 and 6) also depend on transformations and diffusion
processes, as well as on the resuspension and deposition of their particulate fractions.

evs
Hgo®
Jbgc
Hgp,

involving Hg!! (

species (

) of the dissolved species, and resuspension ( ) and deposition (

The fraction of each particulate or dissolved Hg species (Table 4) is estimated from the concentrations of the various
phases (silt, POM,.r, POM;,;,, DOC, kg 171) and the partitioning coefficients Kpy, —p, (1 kg~!) corrected for the
porosity of the medium (¢s or ¢,,) assuming the thermodynamic equilibrium [1, 2].

The exchange of gaseous elemental mercury (Hg®) between surface waters and the atmosphere (Table 7) depends
on the concentration gradient between the two media (Hg% — Hg%,,,) corrected for the dimensionless Henry’s constant



HgT = HgTdiss + Hngart
HgTdiss = Hgé,fss + MeHgdiss + Hgo
Hgrpart =H gﬁﬁ + MeH gpart

Hglle = Hgpoc + HgCly,

MeHgqiss = MeHgpoc + MeHgCl

Hgpire = Hggy + Hgbon,,, + Hoboum,,
MeHgpart = MeHgsur + MeHgpowm,,, + MeHgpom,,,
chzn(j) = [HQH]J' 'faql(j)

Hypocyy — =HI"]; - faary)
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MeHgpoc(jy = [MeHgl; - faoca(j)
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Hg species partitioning

Total Hg

Total dissolved Hg species

Total particulate Hg species
Dissolved oxidized Hg

Dissolved methylated Hg
Particulate oxidized Hg
Particulate methylated Hg

Hg!! complexed to chlorides

Hg!! complexed to DOC

MeHg complexed to chlorides
MeHg complexed to DOC

Hg!! adsorbed to silt

Hg!! adsorbed to refractory POM
Hg!! adsorbed to labile POM
MeHg adsorbed to silt

MeHg adsorbed to refractory POM
MeHg adsorbed to labile POM

Fraction of Hg!! complexed to chlorides
in the element j (water or sediment)

Fraction of MeHg complexed to chlorides
in the element j (water or sediment)

Fraction of Hg!! complexed to Dissolved
Organic Carbon in the element j
(water or sediment)

Fraction of MeHg complexed to Dissolved
Organic Carbon in the element j
(water or sediment)

Fraction of Hg!! adsobed to silt
in the element j (water or sediment)

Table 4: Partitioning of Hg species.
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36
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39

40

Fraction of MeHg adsobed to silt
in the element j
(water or sediment)

Fraction of Hg!! adsobed to refractory POM
in the element j (water or sediment)

Fraction of MeHg adsobed to refractory POM
the element j
(water or sediment)

Fraction of Hg!! adsobed to labile POM
in the element j (water or sediment)

Fraction of MeHg adsobed to labile POM
the element j
(water or sediment)

Partition coefficient for the Hg species ¢ to
the phase P; corrected to the porosity of the
medium ¢,

Concentrations of silt, POMpg, POMp, and
DOC in the element j (water or sediment)

Table 4: (continued) Partitioning of Hg species.
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50

o1
52

53
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55

56

o7

Transformations for Hg® in water

Transformations for Hg'! in water

Transformations for MeHg

Transformations for Hg® in sediment
Transformations for Hg!! in sediment

Transformations for MeHg in sediment

Methylation of Hg!! in sediment

Oxidative demethylation of MeHg in sediment

Methylation of Hg!! in water

Oxidative demethylation of MeHg in water

Photochemical oxidation of Hg® in water
Photochemical reduction of Hg!! in water

Photochemical demethylation of MeHg in water

Reduction of Hg!! mediated by the mer-
operon in water and sediment

MeHg demethylation mediated by the mer-
operon in water and sediment

Biological reduction of Hg!! in water

Dark oxidation of Hg® in water

Table 5: Functional Expression for Transformations of Hg Species.



Jzig(f = % {[Hg lw — [Hg"],} 58 Pore water Diffusion of Hg”

. D s U
JZZ;I"C, = 7(?1_2) iy {[Hgll,], — [Haik.].} 59 Pore water Diffusion of Hg!!

J]'{}];};g = W . {[MeHgdiss}w — [MeHgdiss]s/@} 60 Pore water Diffusion of MeHg

J II};E . =v[H gll)ért] sed 61 Resuspension of particulate Hg!! from sediment
J ﬁejH g, = Ur’ [M eH gptm} sod 62 Resuspension of particulate MeHg from sediment
J 5;2 . =va-[Hglh], 63 Deposition of particulate Hg!! from water
Jﬁi’}{ g = Var [M e gpart] w 64 Deposition of particulate MeHg from water
& = m 65 Sediment tortuosity
Os (Table 9) 66 Sediment porosity
vy (Table 9) 67 Resuspension velocity
Vg (Table 9) 68 Deposition velocity
Table 6: Functional Expression for Sediment-Water exchanges of Hg species.

Evs(pgoy = kuw - {[Hg")w — [Hg atm /Ky } 69 Gaseous exchange of Hg®

kw = 0.1+ 2.26 - uy1o - (%)70'5 70  Volatilization rate constant

ky = ear:p(#zg'3 +6.92) - 0.016 71 Dimensionless Henry’s law constant

Scco,) =011 (T?) = 6.16 - T + 644.7 72 Schmidt number for CO;

Sc(rgoy =v/Dpgo 73  Schmidt number for Hg"

v= % 103 74 Kinematic viscosity of water

T e s 75  Diffusivity for Hg?

(Hg)

fw = (1.791 — T - (0.06144 — T - (0.001451 — T - 0.000016826)) —
0.0001529-1.013253+0.000000083885-1.0132532+0.0024727- Sal+
(0.0000060574 - 1.013253 — 0.000000002676 - 1.0132532) - T + ((T -
0.000048429 — T'- (0.0000047172 — T - 0.000000075986)) - Sal)) /103

76 Dynamic Water viscosity

pu = 999.842594 +0.06793952 - T — 0.00909529 - (T2) 4 1.00168d —

4.T3. —1.120083d — 6 - T*. + 6.536332d — 9 - T° + (0.824493 —

0.0040899 - T + 0.000076438 - (T2) — 8.2467d — 7- T3 + 5.3875d — 77 Water density
9-T4)- Sal + (—0.00572466 + 0.00010227 - T — 1.6546d — 6 - (T2)) -

Sall> + 0.00048314 - (Sal?)

Table 7: Functional Expression for gaseous exchange of Hg°.



for Hg" (k;) and the transfer velocity of the gas (k,,), which is estimated through empirical formulations taking into
account wind speed (uy10) and the Schmidt numbers for Hg® and CO, (Scgo and Scco,). Scco, and ky in turn
depend on water temperature, and Scggo is calculated from water viscosity and diffusivity of Hg® [7]. Atmospheric Hg
(HgY,,,) is set at a fixed concentration, and wind speed is a model forcing. The model employs for k,, (Reaction 68) the
formulation for microtidal estuaries estimated by [8].

The transformations driving the inter-conversion among Hg species (sz(’gc”) are described by first-order kinetics
(Table 5). They include photochemical transformations (photo-reduction, photo-oxidation, photo-demethylation) and
biological transformations (Hg methylation and demethylation, biological reduction and oxidation, mer-operon mediated
transformations).

Hg methylation and oxidative demethylation of MeHg (i.e., yielding Hg!/) are assumed to occur both in water [9, 10]
and seabed [11, 12]. In the seabed, these two processes are assumed to involve only the dissolved Hg species (Reactions
47 and 48). In the water, methylation and demethylation in sinking particles have been observed [13, 14], thus they are
assumed to involve both dissolved and POM-adsorbed Hg species (Reactions 49 and 50). To take into account the effect
of temperature increase on bacterial activity, the rate constant for Hg methylation is corrected for the term @ g, while
for demethylation a bacterial activation energy parameter (E,) is used [2, 4].

Photo-oxidation (Reaction 51), photo-reduction (Reaction 52), and photo-demethylation (Reaction 53) of dissolved
Hg species in water depend on light availability (Ip) attenuated for the extinction coefficient (k.) and water depth (z,).

In polluted environments, the microbial community usually displays genes for resistance to Hg, clustered in the
mer operon. Depending on the configuration of the mer operon, these genes can promote either solely Hg'! reduction
(narrow-spectrum resistance), or both Hg'! reduction and reductive demethylation of MeHg (broad-spectrum resistance)
[15]. In the model, broad-spectrum resistance is parameterized both in water and sediment (Reactions 54 and 55), with
an activation threshold at Hgr,,. .= 50 pM (10 ng 17!) [16].

Biological reduction of Hg!! can also be mediated by phytoplankton through a plethora of different pathways [17] as
well as by bacteria at ambient levels [18, 19]. Here the process (Reaction 56) is assumed to be temperature dependent
[9, 18, 19] and to involve both dissolved Hg!! and Hg!! complexed to labile POM. Biological oxidation of Hg? (Reaction
57), promoted by algal biogenic material [20] is also assumed to be temperature dependent.

Diffusion fluxes (Jﬁ;jﬂ) of dissolved Hg species (Hgll., MeHggss, and Hg?) at the sediment-water interface are
modeled following Fick’s Law (Reactions 58-60). They depend on the concentration gradient and the diffusion coefficient
(Dyg,) for Hg and MeHg, corrected for sediment thickness (Z;), porosity (¢s), and tortuosity (&) [21].

17

Fluxes of particulate Hg species (Hgp,,.,

and MeHg,q,¢) between sediment and water are driven by resuspension

(J}“f;i , Reactions 61-62) and deposition (Jgfg?i . » Reactions 63-64) according to the deposition and resuspension velocities
computed in the sediment module.

The initial conditions for Hg/! and MeHg in sediment must be set in units of ug ¢!, as usually available from field

studies. The concentrations are internally converted to volumetric concentrations (g m=3) of particulate and dissolved
fractions taking into account the mass of sediments in the seabed, the sediment porosity, and the average partition
coefficient (K p), as shown in Table 8 [22]. At the first iteration, the value of [Hg;]s,) (Reaction 78) is re-partitioned
based on the Equations of Table 4 and updated based on the reactions of Table 1. In the following iterations [H g;]st,)
is not used anymore, and the evolution of concentrations is driven only by model processes. For Hg? it is recommended
to initialize sediment values at 0, and let the concentrations build up in pore-water due to diffusion and transformation
processes.



. . _3 . . .
Hai ooy = [Hgi. s - (silt + POM 7g  Volumetric concentration (ugm™>) of particulate Hg species for
H Giporilsta) = [Hipapls - ( ®) seabed initialization

Volumetric concentration (ugm™3) of Hg species dissolved in

Hai, larny = [Hgi o b5/ K 79
(HGisieolstto) = [HGingu)s &5/ K pore-water for seabed initialization
Volumetric concentration (ugm=2) of Hg species (dissolved and

H ils = Hz rtlS b§ ) idiss])S . TR .
H3ilst0) = (Hipardstto) + [HiuieuJsteo) 80 particulate) for seabed initialization
FD = (KDHQ., e silt + KDHg-—POMR . . . X

i ettt i 81 A tit fh t for the H Hg;
POMg)/(silt + POMp) verage partition coefficient for the Hg species Hg

[Hi,.gyls 82 Mass of Hg species per unit mass of dry solids (ugg~!) (input)

Table 8: Equations for the initialization of Hg// and MeHg in sediment

1.3 The sediment module

The sediment module simulates three state variables representative of different kinds of sediment: fine inorganic particles
(silt), refractory organic matter (POM,.s), and labile organic matter (POM;q;). POM;q; represents the plankton
component in a simplified fashion and POM,..s represents the organic matter of terrestrial origin. POM4; is produced
in the water as a function of temperature and is degraded at a fast pace, while POM,..y enters the water through river
input and sediment resuspension, and has a long turnover time (Table 12) [23].

Silt and POMs are dynamically exchanged between the water column and the seabed (Table 9) depending on sediment
properties and the bottom shear stress (73), which is computed by the hydrodynamic model [24]. Particles resuspension
from the seabed occurs when 7 is higher than the critical threshold for sediment erosion (7). Sinking from the water
column to the seabed occurs when 7 is lower than the critical threshold for sediment deposition (7.4) [25].

The deposition flux of each sediment state variable (Jg,f’;u) is described by Reaction 83 [26], where [P;],, is the
water concentration of a given state variable (silt, POM;,p, or POM,..f) and vy is the deposition velocity. The deposition
velocity depends on the probability of deposition P4 and the settling velocity, which is calculated from particles diameters
(dp,, m), particle density (pp), water density (p.,), and water viscosity (i, ) following Stoke’s law.

The erosion flux of surface sediment is described by Reaction 84 [27]. Sediment erodability is parameterized through
an erosion rate coefficient €p; (Reaction 91, in mg cm~2 h~!) that depends on the wet bulk density of the seabed (pp)
[27]. The erosion flux is calculated for the surface layer in its entirety and distributed among the three sediment state
variables depending on their relative abundances (Reactions 93 - 95).

Sediment wet bulk density (Reaction 100) is obtained from porosity (¢s) and sediment dry density (pg), which are
calculated from the seabed organic carbon content following the equations for flooded sediment described in [28]. In
particular, sediment dry density (pg) is calculated from the content of organic carbon in sediment in mg g=! (Reaction
101), and the average density of sediment particles (ps, Reaction 102) is corrected to account for to the POM%. Sediment
porosity is estimated by combining these two properties (Reaction 103).

This simplified representation of the seabed offers the advantage to require as input only the sediment content of
organic carbon (OC%), which is routinely monitored in environmental studies, and a limited number of other parameters
(Table 12). The limitation given by the absence of non-cohesive sandy sediments in the model is overcome by setting
spatial variable values for the critical threshold for sediment erosion (7..) differentiating this parameter for the inlets, the
internal channels, and the shallow areas. The values of 7.. can be modified in the subroutine mercury. f. Moreover, the
sheltering effect of landforms and benthic vegetation [29] can be reproduced by masking the values of the bottom shear
stress in the areas of concern, reducing them to zero (see Section 1.4). In this way, sediment resuspension is suppressed,
while deposition is maximum.

Initial conditions for sediment are given as OC% (Reaction 105), and the model internally calculates the concentrations
of silt and POMSs assuming that at the first iteration all the POM in the sediment is refractory. The composition and the
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84

85

86
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38

89

90

91

92

97

100

101

102

103
104

105

106

Sediment deposition flux for the state variable
P, in water

Sediment erosion flux or the state variable P;
in sediment

Production of POM,,; in the water
Degradation of POM,..f in sediment and water

Degradation of POM;,;, in sediment and water

Deposition velocity for the sediment state
variable P;

Settling velocity for the sediment state vari-
ables P;

Probability of deposition

Base erosion rate per unit surface area

Resuspension velocity

Percentage of POM in sediment

Bulk density of the seabed
Dry density of the seabed

Average density of sediment particles in the
seabed

Sediment porosity

Organic carbon in the seabed

Percentage of organic carbon in
sediment

Variation of the sediment thickness

Table 9: Functional Expression Description for Dynamics of Sediment State Variables P; (silt, POM,. s, and POM;q).

T (@)

Iy (W m*2)

z (m)

Uw10 (m sec™1)

Th (Pa)

Sal (-

Vol (m3)

T, =T+27315 (K)
PAR=1y-0432 (Em2d)

Water temperature in Celsius
Incident light intensity at the surface

Depth

Wind speed
Bottom shear stress

Salinity
Volume

Water temperature in Kelvin
Photosynthetic active radiation

Table 10: Imported and Derived Variables.
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thickness (Zs) of the surface sediment layer vary during the simulation (Reaction 106) in response to deposition, erosion,
and degradation of particles [30]. If net deposition occurs, the surface layer increases in thickness, while in the case
of net erosion, the thickness is reduced up to a threshold value (Zg), at which the initial thickness (ZS( I N)) is restored
incorporating the sediment from the subsurface layer, which is maintained constant throughout the simulation [31].

The model is initialized with a default spatially homogeneous value of OC%=2, which can be modified either from
the flag esolsinit in the subroutine mercury. f or by providing an external file in fem format (see Section 1.4) with
spatially variable values of OC% followed by two dummy variables.

1.4 Parameters for the str file

Below the parameters to set in the input file str:
imerc =1 simulates mercury dynamics in water and seabed
issedi =1 simulates particles dynamics in water and seabed

To set boundary conditions add to the section $bound:
mercn = file name that contains boundary conditions for Hg state variables.
s4mern = file name that contains boundary conditions for particles state variables.
The format is the same as for the file boundn, which is required, along with the file tempn, to run the Hg model. The
first column is for the date and the following columns (3 data columns for Hg, and 3 data columns for sediment) must
have the same unit as the corresponding variable.

The model allows to use spatially variable initial conditions for the concentrations of Hg species and for the sediment
variables in water and sediment. The initialization files must be in the .fem format containing the field values on a
georeferenced grid. The name of the different initialization files must be indicated in the $name section of the .str file
using the following flags:
merc_emp: initialization file defining the concentration values of Hg!!/, MeHg, and Hg? in the water.
merc_ems: initialization file defining the concentration values of Hg!/ and MeHg in the sediment.
merc_solw: initialization file defining the concentration values of silt, POM,.r, and POMq .
merc_sols: initialization file defining the percentage of organic carbon in the sediment (OC%).

When an external file is not provided, the spatially homogeneous default values encoded in the mercury. f subroutine
are used for the concerned variables.

The mask to be applied to the bottom shear stress to account for the sheltering effect of landforms and benthic
vegetation can be provided through another file . fem containing a field of integers defined on a georeferenced grid. The
field must contain the values of the mask, equal to zero in the regions where the sheltering effect must be applied, and
equal to one anywhere else. The name of the mask file can be indicated in the $name section of the . str file using the
flag merc_mask.
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Kpyy—ows  =2.5-10°
Kby pomn = 10°
KDy yomy = 10°
Kpyy poe =106
KDyrortywue = 2.4-10%

_ 6
KD]WeHg—pnmR =10

— 6
KDMeHgfponLL - 10

— 4
KD]\/IeHngOC =10

ke =18

Op =25
Qp2 =2

E, =10

R, = 1.987
kbog,, = 2.4
Koreq, = 0.12
kphos, = 0.55

kphred, = 0.15
kphdem,, = 0.0025

kemet, = 0.001

kdemw =0.01

lemer, = 0.017

kgem. =0.15

kopmw -

N _ 025 if Hgpgsss >10 ngl™!
R ) if Hgpgiss <10 ngl™?

~ ) 0.19  if Hgraiss >10 ngl™!
0 if Hgraiss <10 Hgl_l

(Ikg™')
(kg™
(Ikg™')
(Ikg™')
(kg™
(kg™

(kg™

(kcal mol~1)

(cal  mol™!
K—l

Partition coefficient of Hg!! to silt

Partition coefficient of Hg!! to refractory POM
Partition coefficient of Hg!! to labile POM
Partition coefficient of Hg!! to DOC

Partition coefficient of MeHg to silt

Partition coeflicient of MeHg to refractory POM

Partition coefficient of MeHg to labile POM

Partition coefficient of MeHg to DOC
Extinction coefficient

Temperature coefficient for bacterial methylation

Temperature coefficient for biological reduction and
oxidation

Activation energy for oxidative demethylation
Activation energy for oxidative demethylation

Rate constant for biological oxidation in water
Rate constant for biological reduction in water
Rate constant for photochemical oxidation in water
Rate constant for photochemical reduction in water

Rate constant for photochemical demethylation in
water

Rate constant for microbial Hg methylation in water
Rate constant for oxidative demethylation in water

Rate constant for microbial Hg methylation in sedi-
ment

Rate constant for oxidative demethylation in sedi-

ment

Rate constant for mer-operon mediated Hg® produc-
tion in water

Rate constant for mer-operon mediated Hg® produc-
tion in water

35, 16]

11, 16]

Table 11: Parameters for the mercury module with values for the Venice Lagoon.
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Hgb,, =0.0016

Sy = 2.26
M, =18
Mol, =12.74

(ng m~?)
)

(g mol™)

(cm3

mol~

),

Concentration of elemental Hg in the atmosphere

Solvent association factor to define the effective
molecular weight of the solvent with respect to dif-
fusion

Molecular weight of water

Molal volume of mercury at its normal boiling tem-
perature

Table 11: (continued) Parameters for the mercury module with values for the Venice Lagoon.

g =9.18

dsir ~ =1-107°
dponm,.; =2-107°
dpon,,, =2-107°
psitt = 2.65

pPOMref = 125

PPOMqr — 1.016

kdeQ(POM7,Ef)j = 0.00005
kdeg(PO]\/Ilab)j =0.05
k =0.33

PP(POM ) w

Ted = 0.8

0.7 for inlets and canals
T, =
e 0.6 for tidal flats

Zo = 0.02

ZS(IN) == 005

Gravitational constant
Silt particle diameter
POM,.s particle diameter
POM,,;, particle diameter
Silt particle density
POM,..¢ particle density
POM,,;, particle density

Rate constant for POM,..; degradation in wa-
ter and sediment

Rate constant for POM,,;, degradation in wa-
ter and sediment

Rate constant for POM;,; production in water

Critical threshold of shear stress for sediment
deposition

Critical threshold of shear stress for sediment
erosion

Critical threshold for seabed thickness at
which the initial thickness Z,;y) is restored

Initial thickness of the seabed

Table 12: Parameters for the sediment module with default values.
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2 Supplementary Tables

[Hg''] [MeHg]
Boundary pM pM
Sea 8.72 0.13
River 54.04 + 3.9 0.90 +0.06
Atmosphere - -
Initial Condition 7.48 0.02

sl [POM,./]
Boundary mg 17! mg 17!
Sea 9.25 £ 5.31 0.08 + 0.06
River 2.00 0.20
Initial Condition 3.00 1.00

[Hg"] Lpgir Laseny
pM mol y~™!  mol y~
0.39 - -

0.55 £ 0.04 64.22 1.05
7.9 pmol m—3 54.04 0.27
0.09
[POM, ] L Lrony
mg 17 Mgy ' Mgy
0.76 + 0.57 NA NA

0.001 2330 233

0.00

1

Lygo
mol y~!
0.65

0

Lproum,

Mg y
NA

variability

fixed values
monthly values
fixed values

monthly values
fixed values

Ref.
[33, 37]

[33]
33, 38]

[39]

Table 13: Boundary and initial conditions used to model Hg dynamics in the Venice lagoon.

Tee for shallow areas (<1 m depth)
0.6

testl
test2
test3
test4
testd
test6
test7

0.
0.

55
65

0.5
0.5

0.

55

0.6

Tee for tidal flats

0.6
0.55
0.65

0.5

0.7
0.75

0.5

Tee for channels and inlets

0.6
0.55
0.65

0.5

0.6
0.65
0.65

Table 14: Setup of the simulation for model calibration. Values of 7. (critical threshold for erosion) are given for different
areas of the model domain used in each simulation.

simulation

testl
test2
test3
test4
testd
test6
test7

ME MAE
-16.88  20.07
-13.63  20.39
-19.05  20.43
-8.65 22.02
-8.75 22.04
-8.65 22.02
-16.02 19.83

RMAE RMSE SI r
0.84 28.54 0.25 ns.
0.86 29.98 0.26 0.1
0.86 28.65 0.26 ns.
0.92 35.16 0.29 0.12
0.93 35.12 0.29 0.12
0.92 35.16 .029  0.12
0.83 28.55 0.25 n.s.

r by station
0.50
0.53
0.43
0.55
0.55
0.55
0.54

Table 15: Statistics calculated to evaluate model performances in simulating suspended organic matter (SPM) (see

Section 2.3.1 of the main text and Supplementary equations).
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Sensitivity simulation Hg!! MeHg,, Hg? Hg!/ MeHg, Hg),
Sea boundary +50% +9.7 +3.7 +0.65 +3.71  +0.42%
-50% -4.9% -1.9% 54%  -0.33%  -1.86%  -0.19%
River Hg!! boundary +50% = +1.2% +0.03% +1.6%  +0.06%  +0.03%  +0.04%
-50%  -1.2% -0.03% -1.6%  -0.05%  -0.03%  -0.04%
. -50% ~ 0% 061% ~0% ~0%  -061%  ~0%
River MeHg boundary 150%  ~ 0% 10.61%  ~0% ~0%  40.61%  ~0%
Atmospheric Hg boundary +50% +1.7% +0.27% +2.4%  +0.07%  +0.7%  +0.05%
50%  -0.86% 0.14%  -1.18%  -0.04%  -0.14%  -0.02%
. +50% 6.2% -68.5% +3.6% -0.32%  +0.5%
Tee (resuspension) B 58.9% -55.1%
ks (water methylation) +50% 0.04% ~0% | +1.44% ~ 0%
w -50%  +0.04% 0.04%  ~0% 1.45% ~ 0%
Funer. (sediment methylation) +50%  -0.01% +4.1% -0.01%  -0.02% +11.0%  ~ 0%
s 50%  +0.01%  -3.69%  +0.01% +0.01% -9.97% = ~ 0%
ko (water demethylation) +50%  +0.01% = 4+2.7% = +0.02% ~0% = +0.29% ~ 0%
w 50%  -0.01% -2.4% 0.01%  ~0% 0.26%  ~0%
. . +50%  ~ 0% -0.24% ~ 0% ~ 0% 058%  ~0%
Kiem, (sediment demethylation) 50%  ~ 0% +0.24%  ~ 0% ~0%  40.59%  ~ 0%
k (mer operon reduction water) +50% ~ 0% -0.42% ~ 0% ~ 0% -0.06% ~ 0%
0Py -50% ~ 0% +0.44% ~ 0% ~ 0% +0.07% ~ 0%
k. (mer operon reduction sediment) +50%  -0.06%  -0.04% 0.06%  -0.06%  -0.07% 13%
. 50%  4+0.21% 0.14%  40.20% +0.19%  +0.24%
L (biotic reduction water) +50%  -0.60% = -0.37% +1.6%  -0.04%  -0.04%  -0.02%
bredu -50%  +0.62%  4+0.41% 1.7%  40.04%  +0.04%  +0.02%
Fuos.. (biotic oxidation) +50%  +1.35%  +0.52% -3.6%  +0.08% +0.07% +0.05%
w 50% - -1.64% 0.78%  4+4.35%  -01%  -0.09%  -0.06%
ke (photo-reduction water) +50% -2.23% 0.69%  -0.36%  -0.50%
phred, -50% +2.74% +0.90%  +0.44%  +0.59%
. +50% +7.7% 1.5% +0.46% +0.23%  +0.3%
Fphrea, (Photo-oxidation water) -50% 2.7% 0.79%  -043%  -0.57%
kphred,, (photo-(.iemeth.yl.ation water) igggz +0.02% _(_)gj%) +0.02% :1(')?(070 -?6969‘% ~ 0%
Kpyy_ s (Hg-silt partition) _50% 6.7% 2.1%
" +50%  +0.46% 0.43% -3.2% +0.1%  -1.0%
Kby, pon (Hg-POM partition) 50%  -052%  -0.57%  +35%  -01%  +1.1%
. . +50%  ~ 0% -7.9% 0.01% ~0% = +1.36%
KDsesy-ne (MeHg-silt partition) -50%  +0.01 199%  +0.01% ~ 0% 17% -~ 0%
KDseny-ron (MeHg-POM partition) J-rsg)oo‘;; +00.%11?% 1305 +Od%11(Z%> ~ gg; g:?&% ~ SZS
Ko e (MRG0 prtition) 0 001K TEl E

Table 16: Heatmap of variations in water and sediment concentrations of Hg species for each sensitivity simulation
performed by varying boundary conditions (Table S13) and model parameters (Table S16) by + 50%. A change in
model output x is considered negligible (~ 0%) for 0.01 > z > —0.01. Other thresholds are set for positive and negative
variations in the range 0.01-1%, 1-5%, 5-10%, 10-25%, 25-50%, and >50%.
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3 Supplementary Equations

N
1
ME = N ; mod; — obs;
1 N
MAE = — :
¥ nz::l |mod; — obs;]
N
RMAE — N 2n=1 |Z“’di — obsi|
% Zn:l Obsi
1 N
RMSE Z(mod obs;)?
n=1
MSE
s1= - R NS
¥ D on1 0bS;
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Figure 2: Meteorological model forcings for the three years simulated with the SHYFEM-Hg model. From left to right,
the subplots show: the daily evolution of each forcing as provided as input to the model, barplots of the monthly means
for the three years, boxplots of the annual distributions, and the probability distribution of the time-series.
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Figure 3: Hydrological data used to force the model for the three years simulated with the SHYFEM-Hg model. From
left to right, the subplots show: the daily/hourly evolution of each forcing as provided as input to the model, barplots of
the monthly means for the three years, boxplots of the annual distributions, and the statistical distribution of the data.
River discharge and fluxes at inlets are calculated as the sum of all the contributions indicated in Supplementary Figure
4 and Figure 1b of the main text. Temperatures are for the Lido Inlet and the Dese River.
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Venice Lagoon bathymetry with sampling stations from previous studies
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Figure 4: Bathymetry of the study area with the location of river mouths (triangles), lagoon inlets, and sampling stations
for a) the Hg and MeHg data collected in 2001-2003 [33], and b) suspended particulate matter and particulate organic
carbon in the water collected in 2005 [39].
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Figure 5: Model errors computed against observations of suspended particulate matter concentrations (see also Figure 4
in the main text) measured at the sampling stations shown in Figure S4b.
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Figure 6: Model output of Hg species in water for the three years simulated. From left to right, the subplots show:
the daily evolution of each state variable, barplots of the monthly means for the three years, boxplots of the annual
distributions, and the probability distribution of the time-series
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Figure 7: Boxplot showing the seasonal distribution of modeled Hg species in water for the three years simulated .
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