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Abstract

Multimedia environmental modelling is an useful tool to integrate the informa-
tion necessary for the understanding of the mechanisms that drive the functioning
of a complex system and to simulate its response to both natural and anthropogenic
changes. The fundamental concept is that any chemical introduced into the envi-
ronment is distributed between the components of the ecosystem according to its
chemical-physical properties and those of each compartment. Fugacity (for the or-
ganics) and aquivalence (for non volatile chemicals) are used as equilibrium criteria.
In this paper examples of multimedia modelling in two aquatic environments are
shown. In the first case a pre-assembled level III fugacity model was used to screen
the fate of PCB-118 in Lake Maggiore, using literature data. In the second example,
the model was adapted to the Venice Lagoon accounting for spatial differences and
water circulation. Modelled chemicals were octachlorodibenzodioxin/furan (OCDD
and OCDF), PCB-180, Pb and Cu. The results described fairly well the fate of these
chemicals in term of dominant processes, source apportionment and losses from the
system. However, the available dataset for the Venice Lagoon is still not enough for
a complete validation of the model. Consequently, the collection of field data on the
key processes that drive contaminant variability is fundamental in order to extend its
use as a decision supporting tool.

1 Introduction ties require and use enormous amounts of
energy and materials, metabolizing them
and generating large quantities of waste
products and pollutants, thus resulting in

Persistent organic pollutants and metals in
aquatic environments are chemicals of con-

cern due to their potential to negatively im-
pact aquatic organisms and then humans.
Over the past century industrial activities
have contaminated many valuable coastal
ecosystems. Moreover, due to the growth
of the population, cities are becoming big-
ger and bigger, progressively incorporating
the surrounding rural areas. These megaci-

unsustainable conditions that adversely af-
fect ecological integrity and diversity, hu-
man health and well-being.

In order to manage contaminants in the
environment, it is important to identify
and quantify their sources, transport mech-
anisms and fate. This can be achieved
through the integration of measurements
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and the use of models. The advantage of
models is that they assemble a wide ar-
ray of information into a common frame-
work. Furthermore, models allow deter-
mining process rates that are difficult to
measure and permit the simulation of fu-
ture scenarios for the assessment of the en-
vironmental response to natural or anthro-
pogenic influences, such as new or reduced
contaminant inputs, and climate changes.
In this way, models will assist decision-
makers in system management. They will
also be useful tools for the orientation of
further research and the results will be fun-
damental for the design of monitoring pro-
grammes that can provide the highest num-
ber of essential information with the mini-
mum cost.

At present, Multimedia Models represent
the most used instruments, thanks to their
applicability to every type of environment
and the capability to integrate and quanti-
tatively describe different processes within
and between compartments. The funda-
mental concept of multimedia modelling is
that any chemical introduced into the en-
vironment is distributed between the vari-
ous components of the ecosystem (e.g., air,
water, soil, sediments, biota, etc.) accord-
ing to its chemical-physical properties and
those of each compartment.

Mackay et al. [1] introduced a family
of multimedia, mass balance models that
use fugacity as an equilibrium criterion.
Fugacity, which accounts for the escaping
tendency, has units of pressure (Pa) and
can be viewed as the partial pressure that
a chemical exerts as it attempts to escape
from one phase to another. When equilib-
rium is achieved, the chemical will have
the same fugacity in all phases. At envi-
ronmental (low) concentrations, fugacity is
linearly related to chemical concentration
through the “fugacity capacity” Z, which
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expresses the capacity of a phase, or en-
vironmental medium, to hold a chemical.
The largest is Z, the largest is the quantity
of chemical that can be stored in a phase.
The fugacity approach is suitable for not
highly reactive organic compounds with a
measurable vapour pressure.
The integrated models developed so far are
unique for their applicability to many con-
taminants and their linkage of chemical
loadings to potential health effects to hu-
man and ecosystem receptors. The current
state of model development is summarized
below.

1. Fate Model. The fate model compo-
nent is based on the QWASI (Quanti-
tative Water Air Sediment Interaction)
model [1]. Over the years the models
were extensively adapted, as described
below:

i. to take into consideration both
volatile (hydrophobic organics)
and non-volatile (metals) chemi-
cals, [2] introduced the ‘“aquiva-
lence” formulation. Aquivalence
(i.e. equivalent aqueous concen-
tration, set as 1.00 for water) is
analogous to fugacity as an equi-
librium criterion, and Z values can
be derived;

ii. to model metals that exist as mul-
tiple, interconverting species, [3,
4] expanded the aquivalence for-
mulation to assess the fraction of
chemical species in each phase.

iii. the multispecies model has been
loosely coupled with a specia-
tion/complexation model to cre-
ate a connected TRANSsport-
SPECiation model [5]. This
model (TRANSPEC) allows es-
timation of metal speciation in the
aqueous phase (including binding
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to DOC in the colloidal phase) and
complexation to solids that is gov-
erned by binding with Fe oxyhy-
droxides. In this way, [5] coupled
MINEQL+ [6] with the multi-
species aquivalence fate model
to estimate the fate of Zn in a
contaminated lake. The coupled
model has also been applied to es-
timate the fate of Hg in a reservoir

[7].

2. Food Web Model. The models of [8, 9]
use the fugacity approach to estimate
the uptake and transfer of hydrophobic
organic contaminants in aquatic food
webs. The food web model was ap-
plied in Lake Ontario [10], Lake Win-
nipeg [11] and Lake Ellasjoen (Bear Is-
land, Norway, [12]).

3. Risk Assessment. A general risk assess-
ment framework, applicable to ecosys-
tem and human receptors, was devel-
oped [13, 14]. The approach is suitable
for chronic exposure to low contami-
nant levels over the life-time. For eco-
logical risk assessment, the method con-
siders a first tier assessment that com-
pares modelled contaminant concentra-
tions in water and/or sediment with tox-
icological benchmarks for these media
(e.g., [15, 16]. The second tier con-
siders specific organisms and their in-
take rates of contaminants. The total
daily intake (TDI), set for people, is
then compared to suitable toxicologi-
cal benchmark doses to obtain a hazard
quotient.

4. Multimedia Urban Model (MUM). It
was implemented by [17, 18] to de-
scribe the transport and fate of chem-
icals in urban areas. In addition to
air, water, sediment, soil and vegeta-
tion compartments, the MUM takes into

consideration the organic film that cov-
ers impervious surfaces (building walls,
windows, streets, etc.) and enhance the
mobility of chemicals through the wash
off processes.
Despite its many advantages, an extensive
modelling may be expensive because it re-
quires a suitable amount of input data and
a high degree of expertise, especially in
the calibration and validation steps. Else,
the uncertainty associated to complex mod-
els may be particularly high, and in most
cases the simplest approach (identification
of source-to-sink pathways) is commonly
used. In this paper examples of appli-
cation of fugacity multimedia models are
presented for two aquatic environments
that have both experienced strong anthro-
pogenic pressures in the last decades. In
the first case the level III QWASI model
of [1] was applied as screening tool for
the fate of PCB-118 in Lake Maggiore,
whereas in the second one a more extended
approach was adapted to the Venice La-
goon to assess the fate of various chemi-
cals.

2 Methodological
proach

ap-

The Level III Quantitative Water Air Sed-
iment Interaction or QWASI model of [1],
as modified by [19], which represents an
aquatic environment with three well-mixed
homogeneous bulk compartments (water,
upper sediment layer and lower sediment
layer, Figure 1), was used. Dissolved
and particulate phases (e.g. suspended
sediment and sediment pore water) are in
equilibrium within each bulk compartment.
The atmosphere is considered as an infinite
source to the system with a constant con-
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Figure 1: Diagram showing compartment and processes considered in the QWASI model.
Input to the system are shown in green, whereas outputs are reported in red.

centration. Figure 1 summarizes all the in-
ter media transport processes (both diffu-
sive and advective) taken into account for
the model formulation.

The model consists of a set of equations
(Table 1) that define the Z values for each
compartment of Figure 1, including both
dissolved and particulate phases.

All transport processes are expressed in
common mathematical terms as D values
(mol Pa—'h~1), defined as:

D =GZ =kAZ

where G (m3h~!) is the flow rate of a
medium (e.g., air, water, suspended parti-
cles), k(m h™') is a mass transfer coeffi-
cient, and A(m2) is the area across which

968

the chemical mass transfer is occurring.
The rate of inter-media transport (molh™1)
is thus:
N =Df=GC

A mass balance equation is written for each
compartment to represent the change in
chemical mass with time. All input and re-
moval pathways are assumed to occur si-
multaneously and instantaneously once a
contaminant enters the system. The general
mass balance equation for compartment b
and chemical j is:

dfiy;

VbzbE = Ep; + Z(Dabjfaj) — f; ZDbj,

()
where V;, (m?) is the volume of compart-
ment b, f,; is the fugacity (Pa) of chem-
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ical j in compartment a, Z is the fugac-
ity capacity for organics (molm~3Pa~!),
Ep; (molm™3) is the direct emission, Dabj
(molPa—!'-m~3) is the transport rate mov-
ing chemical j from compartment a to b,
and Dbj is the transport rate removing
chemical j from compartment b. For met-
als, fugacity is replaced with aquivalence
[2] in Equation 1.

In order to account for metal chem-
istry in each phase, the speciation-
complexation model TRANSPEC [5] cal-
culates two system- and species-specific
values of distribution coefficients Kys:
Kaop (colloidal-to-dissolved phases) and
Kaipp (particulate-to-dissolved phases) for
both total metal and its species, based on
ambient aqueous phase chemistry. Kgs
are used to calculate constituent species’ Z
values required for the weighted averaged
bulk Z used in the fate and transport model
[3].

3 Model Application to
Lake Maggiore

The original QWASI model [1, 20] was
applied under steady-state conditions as
a simple exercise to describe the fate
of 2,3’,4,4’,5-Pentachlorobiphenyl (PCB-
118 according to TUPAC nomenclature),
a “dioxin like” congener included also in
the seven PCB indicator set (EFSA, 2005).
The model software is freely available at
the Canadian Environmental Modelling
Centre website (CEMC, 2007).

The lake was considered as a whole and its
environmental characteristics were taken
from [21] and references therein. They
were: lake proprieties (lake dimension,
concentration and density of solids in the
environmental compartments, organic car-

bon fractions of solids), water and sedi-
ment flows, atmospheric deposition param-
eters and mass transfer coefficients for dif-
fusive transports. The physical-chemical
proprieties of PCB-118 (water solubility,
vapour pressure, melting point, log K,.,)
were determined through the EPISUITE
tool developed by the US Environmental
Protection Agency’s office for Pollution
Prevention and Toxic and Syracuse Re-
search Corporation (USEPA 2009). An
emission of 2 kg-y ! is assumed to be sup-
plied to the lake, whereas the concentration
in inflow water was considered as low as
4 pg L1, A bulk atmospheric PCB-118
concentration of 6.83 x 10~2ngm—3, de-
termined by Castro Jimenez et al. [22]
as averaged sum of measured gaseous and
aerosol bound concentrations in the Ispra
area of Lake Maggiore, was considered as
model input. Any removal through degra-
dation was assumed negligible.

Model output includes: chemical inputs
to the system, Z and D values, fugacities,
concentrations and amounts of chemical in
each compartment, mass balances and res-
idence times and details of process rates in
a summary diagram. In particular, Figure 2
summarizes the transport processes and the
resulting environmental fate of PCB-118 in
the compartments of the lake.

The modelled surficial sediment concen-
tration (3.44 ngg—!) is close to the average
PCB-118 surficial value in the Ispra Bay,
determined by [22].

The residence time of PCB -118 in the sys-
tem resulted 2.66 years.

This example shows the ability of a sim-
ple multimedia fate model to represent the
fate and main processes of a chemical in
an aquatic system, when its proprieties are
well known and processes are properly pa-
rameterized. This allows to estimate the
ranges of concentration in media (i.e. water
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Figure 2: Diagram showing concentration

of PCB-118 in air, water and sediment com-

partments in Lake Maggiore and resulting transport processes: water inflow, wet and dry
deposition, rain dissolution, adsorption, volatilization, sediment deposition, resupension,
diffusion, burial, emission to water, water outflow. Reaction rates in water and sediment

are assumed as negligible.

and sediment) varying the direct emission
and the water inflow, and thus to formulate
previsions on the response of the system in
terms of changing loadings.

4 Model Application to

the Venice Lagoon
After a first attempt by [23] a multi me-
dia model of the Venice Lagoon has been

implemented, while the parametric uncer-
tainty was assessed through a Monte Carlo
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analysis. Here a summary of model for-
mulation and achieved results is reported,
whereas further details are available in
[24, 25].

The model was applied to octachlorodiben-
zodioxin/furan (OCDD and OCDF),
2,2°,3,4,4°,5,5 -Heptachlorobiphenyl
(PCB-180 according to IUPAC nomencla-
ture), Pb and Cu to evaluate their behaviour
and fate.

The lagoon was segmented into 10 areas
(Figure ??) according to the analysis of
[26] who used a 2-dimensional finite el-
ement hydrodynamic model based on the
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Figure 3: Output of the model showing the ten basins of the Venice lagoon, the direction
of the net water movement and the magnitude of OCDD transport rates. The relative
importance of OCDD loadings to surficial sediment is also shown.

spatial distribution of physical properties
(salinity and water residence time) and
other water quality parameters. The circu-
lation patterns and net flow estimates from
the reference scenario of “no wind”, which
reflects steady-state hydrologic conditions
in the system, were first chosen, assuming
mean annual tributary flows and an ide-
alized sinusoidal M2 tide levels at inlets
that force water circulation. To account
for sediment loss in the central basin of
the Lagoon, two additional transport path-
ways were included in the QWASI model
(Figure 1): i) a sediment introduction term
defined as the addition of sediment from
the lowest sediment compartment into the
subsurficial layer and ii) an upward transfer
term that moves sediment from the lower
to the upper sediment layer.

Compartment specific versions of Equa-

tion 1 are solved assuming steady-state or
pseudo-steady state. The first approxima-
tion is used to represent average long term
conditions. The pseudo-steady-state ap-
proach, in which the fugacity/aquivalence
of the lower sediment layer was specified,
is used for in-place pollution where sedi-
ment concentrations are not at steady state
with respect to current loadings [27].

Our model considers inputs to the lagoon
from tributaries, discharges from the indus-
trial area of Porto Marghera, contributions
from historically contaminated sediments
and atmospheric deposition. Tributary in-
puts of dissolved and particulate phases of
Pb, Cu and PCB-180 were obtained from
[28]. Industrial loadings were calculated
as the difference between contents in water
entering and exiting a facility annually. As
far as the contribution of in-place pollution
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is concerned, fugacity/aquivalence of the
lower sediment (3-20 cm) was calculated
from the geometric mean of the measured
concentrations from three sediment cores
[29, 30]. Bulk atmospheric deposition of
PCBs and PCDD/Fs were modelled using
direct gas-phase measurements [31]. Metal
deposition was calculated from measured
PMI10 concentration. Atmospheric stack
emissions were not explicitly taken into
account in the model. The model was writ-
ten in Visual Basic and runs on a PC in a
Windows© environment.

4.1 Model evaluation

We evaluated the model by comparing
measured and modelled concentrations for
soluble (dissolved and colloidal phases) Pb
and Cu in the water column and Pb, Cu,
OCDD/F and PCB-180 concentrations in
the upper sediment.

Measured and modelled concentrations of
all contaminants in water and sediment
were within an order-of-magnitude of each
other. Among all contributions, industrial
loadings of PCB-180 and other contami-
nants are probably most uncertain. To eval-
uate the reliability of PCB-180 inputs, sev-
eral industrial loading scenarios were an-
alyzed. The fraction of industrial emis-
sions retained by the sediment of the indus-
trial canals was estimated by running the
model with export fractions varying from 0
to 1, while keeping all other loadings con-
stant. The best fit with measured values
corresponded to 10-20% industrial emis-
sions suggesting that the transfer of PCB-
180 as well as other contaminants from
the canals to the lagoon might be overes-
timated in the model.
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4.2 Source apportionment and
contaminant fate

The source apportionment analysis re-
flected the location of loading sources and
the dominant hydrologic circulation pat-
tern of the Lagoon. 50% to 94% of to-
tal OCDD/F, PCB-180, Cu and Pb load-
ings enter the Lagoon in the central basin
from industry and in-place pollution, fol-
lowed by a significant contribution from
tributaries. These loads circulate to the
northern lagoon, with limited transport to
the far southern lagoon. For example, 60
% of total OCDD loadings to basin 1 in the
northern lagoon were from in-place pollu-
tion and present industrial sources originat-
ing from segment 6, whereas nearly 100 %
of loadings in basin 9 in the southern la-
goon were from tributaries (Figure 3).
Despite ~75 % of Pb and Cu being in
the soluble form (dissolved + colloidal
phases), their fate, similar to that of
OCDD/F and PCB-180, was mediated by
particle dynamics (i.e., sediment deposi-
tion and resuspension). Moreover, contam-
inants were lost through lower sediment
burial in non-erosive segments.

Water circulation is the dominant contam-
inant removal pathway from the northern
and central basins (22-79% for OCDD/F
and PCB-180 56-98% for Cu and Pb).
In contrast, removal from the southern
basin was dominated by burial (12-70% for
all contaminants) further limiting transfer
from the central to the far southern lagoon
and to the Adriatic Sea (Figure 3). De-
spite the dominance of export as a sedi-
ment removal pathway within the northern
and central lagoon, total export of contam-
inants to the Adriatic Sea through the Lido,
Malamocco and Chioggia inlets was min-
imal under the “no wind” scenario. Less
than 19% of total Pb and Cu loadings
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and less than 2% of total PCB-180 and
OCDDV/F loadings were exported from the
Venice Lagoon to the Adriatic Sea (Figure
3).

Our estimates of annual export rates to
the Adriatic Sea, however, likely under-
estimated actual losses because episodic
flooding events in the lagoon were not in-
cluded in our model parameterization. Ul-
timately, we found that although substan-
tial sediment-water exchange occurs, net
contaminant loss from the Venice Lagoon
was through burial, resulting in a high per-
sistence of contaminants in the system.

As a further exercise, the model has been
improved considering the two recurring
winds in the area: 1) scirocco, a warm wind
from SE, blowing year-round, responsible
of flooding (“acqua alta”) events in Venice
(esp. in fall-winter); 2) bora, a strong (up
to 30 m s~1), cold NE wind blowing up to
40 day y~! (esp. in winter). The model has
been parameterized in the same way as the
“no wind” scenario but changing the water
circulation according to [26, 32].
Preliminary results shows that, under
scirocco wind, deposition/resuspension
processes are the main responsible of the
spreading of the lagoon contaminants from
the industrial area and burial is an impor-
tant removal mechanism. Bora, in turn,
may act as a “cleaning mechanism” for the
lagoon by increasing export to the Adriatic
sea. In fact the residence time of all the
modelled contaminants resulted to be the
lowest in this scenario.

4.3 Uncertainty examination

The more complex they are, models are
indeed simplifications of reality and as
such are inherently uncertain. Model un-
certainty derives from both structural and
parametric uncertainty. The former not

only reflects the inability to capture all
the essential components of the real sys-
tem, but also the difficulty to express them
in an unequivocal manner. On the other
hand, parametric uncertainty stems from
the analytical errors, the imprecision of
measurements as well as spatio-temporal
parameter variability. This latter source
of uncertainty is of particular importance
in fate and transport modelling in which
the relative effects of individual parame-
ters on model predictions are not well un-
derstood and can be contaminant-specific.
In this regard, scientific knowledge, ex-
pert judgment, and observational data were
used to formulate probability distributions
and characterize the uncertainty of environ-
mental parameters used in the model ap-
plied to the Venice Lagoon. Details of the
procedure of uncertainty analysis are pre-
sented by [25].

Our analysis demonstrates that the range of
model output distributions can vary up to
an order of magnitude exhibiting both con-
taminant and site-specific variability. Gen-
erally, we found that the uncertainty of the
contaminant concentrations in the Venice
Lagoon is characterized by two modes of
spatial variability (i.e., the northern and
central parts of the Lagoon, and the more
isolated southern basin) mainly driven by
the local hydrodynamics.

Moreover we also found that the interplay
among the in-place pollution in the central
Lagoon and sediment burial rates drove the
spatial heterogeneity of bulk water and up-
per sediment concentrations as well as total
suspended solids (TSS) concentration.

5 Conclusions

In conclusion these models, developed in a
user-friendly environment, are simple and

973



Coastal and Marine Spatial Planning

useful tools for environmental studies of
complex systems, where direct measure-
ments of process velocity and concentra-
tions in specific compartments are difficult
or too expensive. Moreover, they can also
be used in decision-making processes, like
risk assessment and regulation. In these
latter cases model validation becomes im-
portant. However, environmental models
can not be validated in the same sense as
models of highly reproducible closed sys-
tems. Credibility can be improved by using
examples in which observed and predicted
concentrations are compared, as single val-
ues or ranges with identification of domi-
nant sources, fate processes, or partitioning
characteristics. Consequently, the numeri-
cal output of these models is dependent on
the amount of available data.

In case of the Venice Lagoon, despite the
large number of studies, the dataset is still
not enough for a complete validation of the
model, thus the model output, in term of
“numbers” should be used with care.

In particular, the uncertainty analysis dis-
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tinguished between parametric and struc-
tural uncertainty. While the former is asso-
ciated primarily to model parameters that
drive the spatial variability of the lagoon,
the latter resulted in systematic predictive
bias.

Thus, the collection of field data about the
key processes that drive contaminant vari-
ability in the system and the formulation of
well-defined prior distributions for the cor-
responding parameters is a goal that will
assist the calibration and validation of this
model. This may be particular important
for a proper management of the mobile
gates (MOSE) in order to predict the en-
vironmental effects after repeated closures.
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Compartment| Zvalue |Equation
Air Z Air 1/(R*Temp)
Aerosol Z Aerosol [Kga*Z Air
Interface Z_Interface [Kia*Z Air
Water Z Wat |I/HLC
Suspended 7 SusSed 7Z Wat*Den_SusSed*Koc*OC_SusSe
Sediment - d/Den_Wat
% * k
Upper Sediment 7 USed 7 Wat*Den Sed*Koc*OC_USed/Den
| Wat
% k *
L ower Sediment 7 1Sed 7 Wat*Den Sed*Koc*OC LSed/Den
| Wat
Bulk Air Z Bulk Air |Z Air+ (Z_Aeroaol*Vol _Fr_Aerosol)
7 Wat* (1 - Vol_Fr SS Wat) +
Bulk Water Z Bulk Wat 7 SusSed*Vol Fr SS_Wat
Bulk Upper 7 Wat* (1 - Vol_Fr Used_Solid) +
Sediment Z_Bulk_USedl;™1550d4#Vol Fr Used Solid
Bulk Lower 7 Wat* (1 - Vol_Fr Lsed_Solid) +
Sediment Z Bulk_LSed |75 4#vol Fr Lsed Solid

R = ideal gas constant = 8.314472 m’ Pa K ' mol '
Temp = Absolute temperature (K)

K is a partition coefficient
HLC = Henry's Law Constant (Pa m® mol™)

Den is density, Wat is water, SS stand for suspended solid

Vol Fr stands for volume fraction

Table 1: Definitions of Z values for organics (for metals Z is derived by aquivalence) for
each environmental compartments.
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