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A B S T R A C T

Mercury is a toxic pollutant that poses risks for the human population, mainly by eating contaminated fish.
Mercury is released into the atmosphere from a variety of anthropogenic activities, with levels of emissions and
under policy controls that largely vary across the world, leading thus to different relative contributions to the
environmental matrices. Establishing the exact sources of this contaminant in the environment is crucial to
optimising the policies aimed at mitigating the exposure risks for specific populations or ecosystems. In this
study, we modelled, for the first time, the fingerprint of mercury anthropogenic emissions, jointly released by
source-sectors (11) and source-regions (13), on the deposition over (19) FAO fishery zones, and on the FAO
official fishery productions worldwide over the 2012–2021 decade. Using mercury anthropogenic emissions for
2012 from EDGAR, East Asia and ”Artisanal and Small scale Gold Mining” result the source-region and the
source-sector, respectively, that contribute the most to the mercury deposition over all the FAO fishery zones.
The only exception applies for the FAO fishery zone 37, the Mediterranean Sea, where the ”Industrial Com-
bustion” from the closest Europe is the pair region-sector whose joint contribution is the greatest. When nor-
malised to the overall fishery production worldwide, representing the global fish consumption, the
anthropogenic mercury fingerprint showed a similar general pattern, however with notable differences, ampli-
fying the relative contributions of all source-sectors from East Asia and attenuating the relative contributions of
the regions in the Southern Hemisphere. This fingerprint further changes when the fish consumption in countries,
classified by the World Bank as having different incomes, is considered. These results demonstrate that the same
anthropogenic mercury deposited on any fishery zone actually affects in a different way the different population
segments worldwide. This study aims to urge the science community as well as the policy makers to use a
measure that better represents the mercury hazard for human health. Further, we hope that this study, using
nomenclatures that are largely used on final shelf-product, could increase the people’s awareness regarding the
products they consume.

1. Introduction

Mercury (Hg) is a global pollutant that poses health risks to fish-
eating wildlife (Scheuhammer et al., 2007) and human populations
(Sheehan et al., 2014). In its organic form, as methylmercury (MeHg), it
is a potent neurotoxin (Mergler et al., 2007) that can have severe effects
on cardiovascular system (Hu et al., 2021). Moreover, it can cross the
placenta and affect the neurocognitive development within the womb
(Axelrad et al., 2007). Most human exposure to MeHg is through fish
consumption (about 60%), followed by freshwater food and rice (Zhang

et al., 2010; Zhang et al., 2021). Hg ends up in ocean waters mainly via
deposition processes of atmospheric Hg. Atmospheric Hg is emitted by a
wide spectrum of emissions sources: natural and anthropogenic, either
legacy and primary (Pirrone et al., 2010). In particular, Hg emissions
from anthropogenic activities (Hganthr) are released into the atmosphere
from several sectors, as estimated by a number of studies (Muntean
et al., 2018; Muntean et al., 2014; Streets et al., 2019; Steenhuisen and
Wilson, 2022; Munthe et al., 2019; AMAP/UNEP, 2013), each sector
being characterised by a specific different mix of species and height-
distribution, which have important implications for the their final fate
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(De Simone et al., 2016).
Hganthr emissions are covered by the Minamata Convention (MC) on

Mercury (www.mercuryconvention.org), a legally-binding international
treaty, entered into force in 2017, aiming at world-wide reductions in
human and ecosystem exposure to mercury contamination.

A recent study demonstrates mathematically that only an interna-
tionally coordinated set of abatement policies can have a significant
impact on reducing Hganthr deposition worldwide (De Simone et al.,
2022). However, a more detailed knowledge about the relative contri-
bution of the different sectors of Hganthr, as emitted in different countries
or regions, is critical to define and implement the most-effective
abatement policies, in terms of both implementing-costs and health-
benefits, especially in a transition phase, for example to mitigate the
effect of Hg on a particular population segment and/or ecosystem
(Bellanger et al., 2013). The link between Hganthr emissions and MeHg
exposure is influenced by a complex combination of physical and
chemical processes in different environmental media, regarding atmo-
spheric emissions, transport, transformation, deposition, methylation,
food chain transfer, fisheries and food consumption, all which are more
or less sensitive to anthropogenic forcing and climatic variation (Zhang
et al., 2021; Schartup et al., 2019; Zhang et al., 2016; Bieser et al., 2023).

A number of modelling studies have attempted to bridge the gap
between Hg emission and ecosystem/health impact. The most compre-
hensive approach is the one of Zhang et al. (2021) where the authors
evaluate the human MeHg exposure linked to Hganthr changes for a pool
of future scenarios, using different coupled models (for atmosphere, soil,
and ocean) and statistics from Food and Agriculture Organization (FAO,
www.fao.org) and other literature sources. Other modelling studies
applied simplifications, considering only some of the full set of processes
highlighted above (Giang and Selin, 2016), or making use of box models
(Amos et al., 2013; Angot et al., 2018). However, in all these studies, Hg,
and in particular Hganthr, was considered globally, without identifying
its regional or sector source.

Another class of studies employed only atmospheric models,
considering the deposition as a direct measure of MeHg concentration in
fishes (Giang and Selin, 2016). Some of these studies have been carried
in a source-receptor framework, to tag the source of the Hganthr, either
for present or future scenarios (De Simone et al., 2017; Travnikov et al.,
2015; Corbitt et al., 2011). These studies have focused on individual
regional or sector sources, rather than considering sources jointly in
terms sectors and regions. They also generally used receptors that were
not specific to the problem of Hg contaminated fish, using instead,
conventional political borders or standard definitions of ocean basins.

Lavoie et al. (2018) used data of Hg concentration in fish available in
a public database along with fishery statistics from FAO to estimate the
Hg human exposure from global marine fisheries, however no link was
established with emissions.

In this study we filled some of the gaps identified above in the
literature by modelling for the first time the joint contributions of 11
source-sectors and 13 source-regions on the Hganthr deposition (i.e. the
”Hganthr deposition fingerprint”) on a set of 19 receptor-regions. These
receptor-regions were chosen to coincide with the main FAO fishery
zones (www.fao.org/fishery/en/home), for which a number of different
fishery statistics are regularly released by FAO. We further used these
statistics to demonstrate the power of a such source-receptor framework
to obtain a preliminary Hganthr fingerprint, in terms of source-sectors
and source-regions, on the fishery production in the last decade.

2. Methods

The fate of Hg was modelled using the global Hg Chemical Transport
Model ECHMERIT, based on the fifth generation General Circulation
Model ECHAM5 (Roeckner et al., 2003), with T42 horizontal resolution
(roughly 2.8◦ × 2.8◦at the equator) and 19 vertical levels up to 10 hPa.
See Jung et al. (2009) and De Simone et al. (2014) for the technical
details of the model.

2.1. Reference Hganthr emission inventory

The Emission Database for Global Atmospheric Research, at the
updated version tox2 (EDGARv4.tox2, here simply referred as EDG-
ARv4.2) (Muntean et al., 2018), was chosen as the reference inventory
for the inclusion of the Hganthr emissions in the model due to its detailed
features regarding the emission sectors. Indeed, the core analysis of this
study is possible only by the inclusion in the model of a very detailed
Hganthr emission inventory, that only the Emission Database for Global
Atmospheric Research provides. This inventory provides gridded Hg
global emissions from 1970 to 2012. EDGARv4.2 includes total and
speciated Hganthr emissions from all key Hg source sectors:

• artisanal and small-scale gold mining (ASGM)
• industrial gold production (Gold)
• chlor-alkali production (Chlor)
• power generation combustion in industry (Comb ind)
• residential combustion (Comb res)
• cement production (Cement)
• glass production (Glass)
• non-ferrous industries (Nfe)
• iron and steel industries (Iron)
• waste incineration (Waste)
• road transport Road

The details of the Hganthr emissions for the 2012, including the
speciation and geographical distribution for each sector, are reported in
the Table A.2. All other technical details of this inventory can be found
in Muntean et al. (2018).

This inventory, directly available in NetCDF, was interpolated to the
model resolution using the second order mass conservative algorithm of
the Climate Data Operators (CDO) (https://code.zmaw.de/projects/
cdo). The EDGARv4.2 inventory has no information regarding the height
of the Hganthr emissions. Therefore emissions were mapped to the model
vertical levels by the sector characteristics, following the procedure
previously described in De Simone et al. (2016).

2.2. Simulations performed

For this study three groups of simulations were performed,
Full Src,OnlyAnthr SrcRg − Rcp and OnlyAnthr SrcRg×Sx − Rcp.

1) Full Src simulations This first set of simulations, was performed
including Hg emissions from all sources. In addition to Hganthr emissions
prepared and included as described above, Hg exchange at the atmos-
phere–ocean interface was calculated in-line in the model, as described
in De Simone et al. (2014). Monthly biomass burning Hg emissions were
included off-line from GFED4s Van Der Werf et al. (2017) as described in
De Simone et al. (2017). In these simulations, the prompt re-emission of
freshly deposited Hg was also considered Selin et al. (2008).In this set of
simulations no sources, natural, legacy or anthropogenic, were tagged.
These simulations have control purposes, by the comparison against
measurements. Further they provide an overall and quick idea of the
ratio of primary Hganthr emissions to all other sources. See De Simone
et al. (2014) for a quantitative impact of the different emissions sources
on the modelled global atmospheric cycle of Hg, and De Simone et al.
(2015) for the details regarding Hg emissions from Biomass Burning.

2) OnlyAnthr SrcRg − Rcp simulations This second set of simulations,
was executed in a SourceRegion − Receptor framework, including only
Hganthr emissions. The emission inventory was masked, at its native
resolution to 13 source regions following the definition of the HTAPv2
(www.htap.org) initiative (see Fig. 1(a)) using the large area fraction
algorithm included in CDO. The tagged Hganthr emissions, were then
followed in the model until their deposition in one of 19 receptor re-
gions, consisting of the ocean FAO fishery zones, illustrated in Fig. 1(b).
Since we are interested in the primary impact of the Hganthr emissions,

F. De Simone et al.
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for this set OnlyAnthr SrcRg − Rcp, the prompt re-emission of freshly
deposited Hganthr was de-activated.

3) OnlyAnthr SrcRg×Sx − Rcp simulations The third set of simulations
represents the core analysis of this study. In this set, the model was run
in a SourceRegion×Sector − Receptor framework, following the Hganthr emis-
sions from source sectors in each region to the FAO fishery zones. The
direct implementation within the model of this framework would have
required tagging 13 × 11(×3) different Hg species (Hg0,HgII and Hgp,
for each of the 11 source sectors from 13 source regions), which would
have required an inordinate amount of CPU time. Therefore the
OnlyAnthr SrcRg×Sx − Rcp simulation set actually consists of 11 different
model runs in the SourceRegion − Receptor framework, one for each
different sector of EDGARv4.2.

All the simulations were performed with a four year spin-up period to
allow the atmosphere to reach steady state, then, the results from the
fifth year, 2012 (or 2015 or 1998, see Section 2.3 below) were used for
the purposes of the study, regardless of the reference year of the in-
ventory employed.

2.3. Modelling the uncertainty

As there remains some uncertainty in a number of the aspects of the
Hg atmospheric cycle (see, for example Ariya et al. (2015); Hynes et al.
(2009); Kwon and Selin (2016); Zhou et al. (2021); Gustin et al. (2015);
Horowitz et al. (2017); Bai et al. (2023)), a series of different runs was
performed for the Full Src and OnlyAnthr SrcRg − Rcp sets of simulations
to produce an ensemble taking into account a range of the variables
which have a major influence, especially in connection with the Hganthr
emissions and the resulting deposition (De Simone et al., 2017; De
Simone et al., 2016; Travnikov et al., 2017). As analysed in details in De
Simone et al. (2016), the uncertainty sources that impact the most on the
resulting deposition patterns are, in order, the speciation of Hganthr
emissions, the oxidation mechanism included in the model, the Hganthr
emission inventory used and the height distribution of Hganthr emissions.

A first group of simulations within the ensemble were done face the
uncertainty associated to the Hganthr emissions, covered by including
other available inventories. Apart from the EDGARv4.2 inventory
already mentioned above, and used for the core analysis of this study,

Fig. 1. Source (a) and receptor (b) regions used in this study. Legend: (a) NAM (US and Canada), EUR (Europe and Turkey), SAS (South Asia), EAS (East Asia), SEA
(South East Asia), PAN (Australia and New Zealand), NAF (Northern Africa), SAF (Sub Saharan Africa), MDE (Middle East), MCA (Middle and Central America), SAM
(South America), CIS (Russia and Central Asia), ARC (Arctic Circle above 66 N), and ANT (Antarctic below 60 S); (b) 18 (Arctic Sea), 21 (Atlantic, Northwest), 27
(Atlantic, Northeast), 31 (Atlantic, Western Central), 34 (Atlantic, Eastern Central), 37 (Mediterranean and Black Sea), 41 (Atlantic, Southwest), 47 (Atlantic,
Southeast), 48 (Atlantic, Antarctic), 51 (Indian Ocean, Western), 57 (Indian Ocean, Eastern), 58 (Indian Ocean, Antarctic), 61 (Pacific, Northwest), 67 (Pacific,
Northeast), 71 (Pacific, Western Central), 77 (Pacific, Eastern Central), 81 (Pacific, Southwest), 87 (Pacific, Southeast), 88 (Pacific, Antarctic).
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three other inventories has been included in the model in order to give a
precise context in which it is possible to better analyse the results:
EDGARv4.1 (estimating 1287Mgy− 1 for the year 2008, the last available
(Muntean et al., 2014)), AMAP/UNEP-2010 (estimating 1960Mgy− 1 for
year 2010 (AMAP/UNEP, 2013)) and AMAP/UNEP-2015 (estimating
2220Mgy− 1 for year 2015 (Steenhuisen and Wilson, 2022; Munthe et al.,
2019)) using their standard speciation and height distribution. As
evident, EDGARv4.1 Hganthr emission inventory estimates are quite
lower than other inventories used. However, since the high uncertainties
in the estimates, evaluated using a variety of methods, these emissions
are well above the lower limit as assessed by AMAP/UNEP-2015 (see, for
example the details of the methods (i) and (ii) in the Section ”3.2.3
Uncertainties” of Munthe et al. (2019)), and therefore a good ensemble
member to represent the Hganthr emissions at the lower range of the
available estimates.

Regarding the height distribution, AMAP/UNEP-2010 and AMAP/
UNEP-2015 were included in the model following their native distri-
bution on three levels. Instead EDGARv4.1 inventory was processed as
described for EDGARv4.2.

Four further runs were performed to specifically cover the uncer-
tainty associated with Hganthr emission speciation and height distribu-
tion, all using the EDGARv4.2 inventory.

The remaining runs cover uncertainty associated with the atmo-
spheric Hg0 oxidation mechanism, the processes that can shorten life-
time of Hg0, and the meteorological year. In particular, two chemical
mechanisms were used, one based on O3/OH oxidation scheme and one
driven by Bromine, as described in De Simone et al. (2016). The mete-
orological years were chosen based on the nominal years of the two most
recent inventories (2012 and 2015) and on the differences regarding the
general circulation patters (1998), as determined by the values assumed
by the major climatic indexes, like Southern Oscillation Index (SOI)
(https://www.ncei.noaa.gov/access/monitoring/enso/soi) and North
Atlantic Oscillation (NAO) (https://www.ncei.noaa.gov/access/moni-
toring/nao/), and confirmed by previous model runs (De Simone et al.,
2017).

These ensembles of simulations for the Full Src and
OnlyAnthr SrcRg − Rcp sets were used as input to a statistical model based
on bootstrapping (Mudelsee, 2014; Mudelsee, 2019), to obtain robust
statistics (i.e. the mean of the ensemble) and the relative confidence
intervals (CI, at the 95% level), similarly to our previous work (De
Simone et al., 2017; De Simone et al., 2020; De Simone et al., 2021).

As mentioned earlier the OnlyAnthr SrcRg×Sx − Rcp simulation set
includes only the BASE runs due to computational time constraints as
13 × 11 simulations would have been needed to evaluate the uncer-
tainty. Further, the AMAP emissions inventories provide less detailed
information on emission sectors. Therefore for this set of model runs no
explicit quantitative assessment of the uncertainty was made, although

some qualitative considerations can be inferred from the results of the
OnlyAnthr SrcRg − Rcp set.

The complete list of model runs performed for this study, is sum-
marised in Table 1.

The results from the Full Src model simulation ensemble, processed
by bootstraping, were used to calculate the means (and the relative CI at
95% level of confidence) of the total deposition of the Hg emitted from
all sources over all the FAO fishery zones, whereasOnlyAnthr SrcRg − Rcp
was used to calculate the same quantities due to Hganthr emissions only.
The latter was then used to establish the source-apportionment, in terms
of source-regions, of the Hganthr deposition over each of the FAO fishery
zones.

2.4. Fishery statistics

To evaluate the impact of Hganthr deposition and its fingerprint on
fishery production worldwide, we used the official statistics from FAO,
using the software FishStatJ v4.03.00 (FAO, 2023). We used the soft-
ware with the workspace ”FAO global fishery and aquaculture produc-
tion statistics version 2023.1.2”. This dataset includes annual series of
total fishery and aquaculture production from 1950, distinguishing be-
tween different species of fish, crustaceans, molluscs, aquatic mammals,
and other aquatic animals, residues and plants. Data include quantities
farmed (aquaculture), caught and landed for both food and feed scopes
in the different FAO fishery zones. Discards are excluded. Production is
expressed in Mg live weight. The production source (nationality) is
assigned according to the flag of the fishing vessel, unless operational
contracts indicate otherwise. Since in this study we want to simply
compare with the primary Hganthr deposited to the different aquaculture
or fishery zones, we included all farmed and caught species, we overlook
the effects of the Hg biomagnification within the food web (trophic
levels), for the reasons discussed below in Section 3.5. To take in account
any inter-annual variation of the production, due to anthropogenic,
climatic or other causes, we used the annual average for the decade
2012–2021 in our analysis (see Table D.5). Fishery production over all
FAO fishery zones represents the overall consumption of fishes, and
therefore is a direct measure of the exposure to Hganthr pollution of
human population worldwide.

FAO statistics are made available for single countries, or set of
countries, for example grouped by income levels, according to the World
Bank classification (2023 revision, datahelpdesk.worldbank.org/
knowledgebase/articles/906519-world-bank-country-and-lending-
groups). In this case when FAO fishery production is considered for a
group of countries (see Table D.6), it doesn’t necessary correspond to the
fish consumption in that group, being only one component of an equa-
tion that include also import/export quota.

For the import/export quota, we used the FAO dataset ”Global
aquatic trade - By partner country. 2019–2021, Updated 2023”. This

Table 1
Model simulations performed in this study.

Description Full Src OnlyAnthr SrcRg − Rcp OnlyAnthr SrcRg×Sx − Rcp

BASE y y y (11)*
Uncertainty source Alternative

Inventory EDGARv4.1 y y n
AMAP-2010 y y n
AMAP-2015 y y n

Height uniform PBL y y n
1st level y y n

Speciation Hg0 y y n
Hg2 y y n

Meteo 1998 y y n
2015 y y n

Chemistry Br y y n
Hg0-Short-LT y y n

* This simulation actually consists of 11 different sub-runs in the SR − R framework, one for each of the 11 different industrial sectors in EDGARv2 inventory.

F. De Simone et al.
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dataset collects the detailed statistics on world annual international
trade of fishery and aquaculture products among partner countries, for
the period 2019 − 2021. Since the data for years 2012–2018 is not
available, we used the average over the years 2019–2021 as a proxy for
the whole period 2012–2021. The summary of the trade data among
countries belonging to the different income levels is reported in
Table D.8.

Contrarily to the Production dataset, the trade data has not in-
dications regarding the FAO zone origin of the fish product traded.
Therefore, in an first attempt to have an estimate of the Hganthr finger-
print on the fish consumption, otherwise impossible to make, for each
set of countries we assumed that the distribution, in terms of FAO zone
origin, of the exported fishes follows the distribution of the production,
using therefore the latter as a proxy for the export distribution, as re-
ported in the Table D.7.

2.4.1. Hganthr Fingerprints on deposition, fishery production and fish
consumption

The results from theOnlyAnthr SrcRg×Sx − Rcp set of runs were used to
calculate the Hganthr fingerprint on the deposition, i.e. the relative
contributions of the different source-sectors and source-regions on the
resulting total Hganthr deposition over each and all FAO fishery zones.

If HganthrDEPfr,s is the Hganthr deposition due to a source-sector s and a
source-region r over a FAO fishery zone f, the Hganthr fingerprint on the
deposition over the single FAO fishery zone f can be calculated as:

HganthrDEP Fin
f
r,s =

HganthrDEP
f
r,s

∑

r,s
HganthrDEP

f
r,s

(1)

where
∑

r,sHganthrDEP
f
r,s represents the total Hganthr deposition due to all

source-sectors s and source-regions r over the FAO fishery zone f.
Similarly, the Hganthr fingerprint on the deposition over all FAO

fishery zones can be written as

HganthrDEP Finr,s =

∑

f
HganthrDEP

f
r,s

∑

r,s

[
∑

f
HganthrDEP

f
r,s

] (2)

where
∑

fHganthrDEP
f
r,s is the Hganthr deposition due to a source-sector s

and a source-region r over all FAO fishery zones, and
∑

r,s

[∑
fHganthrDEP

f
r,s

]
now represents the total Hganthr deposition due to

all source-sectors s and source-regions r over all FAO fishery zones.
In this study the Hganthr fingerprint is further evaluated on different

statistics that can be determined from FAO database, like fishery pro-
duction. In this case the Hganthr deposition due to a source-sector s and a
source-region r over a FAO fishery zone f is simply multiplied for a
weight Wf that depends on the specific FAO fishery zone f, and calcu-
lated as

Wf =
PRODf

∑

f
PRODf

(3)

where PRODf represents the FAO fishery production associated with the
FAO fishery zone f being investigated.

Therefore, the Hganthr fingerprint on the FAO fishery production,
calculated over all FAO fishery zones, can be simply written as

HganthrPROD Finr,s =

∑

f
HganthrDEP

f
r,s ∗Wf

∑

r,s

[
∑

f
HganthrDEP

f
r,s ∗Wf

] (4)

Since the FAO statistics are also available for different countries, or set of

countries, as grouped by income levels, it is further possible to evaluate
the Hganthr fingerprint on the production associated with that group of
countries, multiplying the Hganthr deposition due to a source-sector s and
a source-region r over a FAO fishery zone f for a weightWf

i that depends
on the specific FAO fishery zone f, for that specific group i

Wf
i =

PRODfi
∑

f
PRODfi

(5)

where PRODfi represents the FAO fishery production of the group of
countries i associated with the FAO fishery zone f.

In this specific instance, the Hganthr fingerprint on the fishery pro-
duction of a specific set of countries i, calculated over all FAO fishery
zones, can be simply written as

HganthrPROD Finir,s =

∑

f
HganthrDEP

f
r,s ∗W

f
i

∑

r,s

[
∑

f
HganthrDEP

f
r,s ∗W

f
i

] (6)

where i ∈ Income = {Low,Lower − middle,Upper − middle,High}.
Another key FAO statistic, on which the Hganthr fingerprint can be

calculated, is the consumption in a group of countries i of fishes coming
from the FAO fishery zone f, defined as:

CONSfi = PRODfi − EXPORT
f
i +

∑

j∕=i
IMPORTfj (7)

where EXPORTfi represents the export quota from country group i of
fishes coming from FAO fishery zone f, and IMPORTfj is the import quota
from the country group j into the country group i, with i, j ∈ Income and
j ∕= i, of the fishes coming from FAO fishery zone f.

In this instance, defining the weights Wf
i as

Wf
i =

CONSfi
∑

f
CONSfi

(8)

the Hganthr fingerprint on the fish consumption in a specific set of
countries i, calculated over all FAO fishery zones, can be simply written
as

HganthrCONS Fin
i
r,s =

∑

f
HganthrDEP

f
r,s ∗W

f
i

∑

r,s

[
∑

f
HganthrDEP

f
r,s ∗W

f
i

] (9)

where i ∈ Income = {Low,Lower − middle,Upper − middle,High}.
The detailed calculations of the fish consumption by FAO zone ori-

gins for the the High-, Upper-middle-, Lower-middle- and Low-income
countries are reported in the Table D.9 to D.12, respectively.

2.5. Model validation

The model has been extensively tested and validated against mea-
surements from different networks and other models over the last ten
years (Travnikov et al., 2017; Angot et al., 2016; De Simone et al., 2014;
De Simone et al., 2015; De Simone et al., 2016; De Simone et al., 2017),
using data from different networks, including the Global Mercury
Observation System (GMOS (Sprovieri et al., 2016; Sprovieri et al.,
2017)) and Global Observation System for Mercury GOS4M ((Pirrone
et al., 2022) www.gos4m.org/). Results from the comparison are pre-
sented in the Fig. C.10, and are in line with the previous studies and
other models (Travnikov et al., 2017).

Given the scope of the study, we have further tested the suggested
hypothesis of the proportionality between Hg concentrations in fish and

F. De Simone et al.
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the Hg atmospheric deposition (Mason et al., 2012; SSunderland and
Masonunderland and Mason, 2007; Chen et al., 2012), using available
data from the literature. To this end, we have compared the Hg con-
centrations in sharks, an apex predator with a mean trophic level of 4, as
sampled in the different FAO fishery zones, against the Hg deposition
over the same FAO zones as calculated in this study (Full set). Data of Hg
concentrations in sharks were obtained from the review of Amezcua
et al. (2022), as presented in ”Table 3: Estimated hazard quotients for Hg
(HQHg) in muscle of all shark species according to FAO region”. The
hazard quotients, reported in the table have been converted into the
corresponding concentrations using the information provided in section
”Human Health Risk Assessment”. Shark data from the Mediterranean
sea (FAO 37) were not used because of the particular conditions in the
Mediterranean that enhance biomagnification, resulting in the so called
”Mediterranean Hg anomaly” (Cossa and Coquery, 2005; Tesán-Onrubia
et al., 2023). Shark data from the South-East Pacific (FAO 87) were also
excluded due to the very few samples (3) available. The results from our
comparison are reported in C.

3. Results and Discussion

The complete results from Full Src and OnlyAnthr SrcRg − Rcp en-
sembles of simulations are summarised in the Tables B.3 and B.4 within
the B. The contributions to Hg deposition of all sources (natu-
ral + antropogenic) and of Hganthr emissions from each source region are
reported. All the contributions represent the means of the relevant
ensemble and include the relative confidence intervals (at 95% CI).

The details of the results in the Tables B.3 and B.4 are described
below.

3.1. How Hganthr primary emissions contribute to deposition

The ratio between the deposition due to Hganthr primary emissions
and the Hg deposition from all sources over the different FAO fishery
zones has been calculated, and is presented, as a percentage in Fig. 2.

It appears evident that the relative contribution of Hganthr emissions
on the deposition is a minority, and that the natural and legacy Hg
emissions source contribute the most. However, this study will focus on
primary Hganthr emissions for general public awareness and policy
purposes. Indeed, only primary Hganthr emissions are directly and
readily affected by any abatement policy.

The relative contribution of Hganthr from all source-regions ranges
from a minimum of ≈ 10%, for the most remote FAO fishery zones of the
southern hemisphere (FAO 48, 58 and 88), to just over 20%, for FAO 18,
the Arctic Sea. However, due to the large uncertainty, the contributions
of Hganthr emissions on the Hg deposition over the different FAO Fishery
zones are statistically indistinguishable (at 95% level of confidence),
although differences arise when considering the impacts of the indi-
vidual source-regions.

In this regard, Fig. 3 indicates the origins, in terms of major source-
regions, of the primary Hganthr deposited over the different FAO fishery
zones.

East Asia (EAS) is the major contributor to all the FAO fishery zones.
For this reason, the Fig. 3 reports the other region(s) which also
contribute significantly (at 95% level of confidence) to Hganthr deposi-
tion for each FAO fishery zone. The only exception is FAO 37 (Medi-
terranean Sea), where the EAS contribution is statistically
indistinguishable from that of EUR, and the predominantly southern
hemisphere fishery zones (87, 81, 88, 57, 48, 41, 47, 58, and 51) where
the EAS contribution is statistically indistinguishable from those of SAF
and/or SAM.

Regarding the particular situation of FAO 37, among other driving

Fig. 2. Ratio of Hganthr to Hg (from all source) deposition over the different FAO fishery zones. Bars represents the ratio between the means from the
OnlyAnthr SrcRg − Rcp and Full Src ensembles. CIs at 95% level of confidence are also reported.
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factors, it is likely to depend on the general circulation pathways that
converge over the Mediterranean area, as well known in the literature
(Lelieveld et al., 2002; Gencarelli et al., 2014). Indeed, apart from the
two major indistinguishable contributors (EAS and EUR), there are 8
source-regions which contributions are indistinguishable at the third
place: NAM, MCA, SAM, NAF, SAF, CIS, SAS and SEA (see Fig. E.31), a
situation quite similar to previous findings reported in De Simone et al.
(2017). Due to the different sets of receptors used in other similar pre-
vious source-receptor studies, a detailed comparison for other FAO

zones is quite difficult.
However, generally, the source-regions that contribute the most to

the Hganthr deposition in the different FAO fishery zones follow the
distribution of the Hganthr emissions combined with atmospheric general
circulation patterns. Apart from EAS, the major emitter which contrib-
utes significantly everywhere, EUR and NAM, whose Hganthr emissions
consist of a mix of Hg0, Hg2 and Hgp, mostly contribute to FAO zones at
near and/or medium range in the North Hemisphere. Contrarily, Hganthr
emissions from SAF, consisting essentially of Hg0 from ASGM, reaches

Fig. 3. Upper Panel: Contribution, in %, of the SR to the primary Hganthr deposited over the different FAO fishery zones. Label (*) indicate EAS, that is the major, and
the remaining region(s) contributing the most to the Hganthr deposition (at 95% level of confidence). Lower Panel: Geographical distribution of the major
contributors.
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the global pool and therefore contributes significantly to a large number
of FAO zones even at high northerly latitudes. The SAM contribution is
more limited to the FAO zones in the Southern Hemisphere.

3.2. Hganthr fingerprint on the deposition

Results from the OnlyAnthr SrcRg×Sx − Rcp simulation, illustrating the
Hganthr fingerprint on deposition over the FAO fishery zones, are pre-
sented by means of heatmaps depicting the relative joint contributions
(in ‰) of source-sectors (rows), and source-regions (columns), Fig. 4.

In order to make the heatmaps more legible, we choose to compare
the contributions of the different source-sectors and source-regions
relative to a threshold of 1% (i.e. 10 ‰).

A pattern is clearly evident in the figure, that partially resembles the
observations done independently for source-regions apportionment, but
enables a more detailed description of the fate of Hganthr emissions,
confirming the hypotheses made during the analysis of the previous
section.

The rows of ASGM,Comb indu,Cement and Waste, 470, 227, 88 and
63‰respectively, markedly dominate over all other sectors. However, if
the Hganthr from ASGM originates essentially from regions of the
southern hemisphere (SAM, SAF), tropics, (MCA, NAF), and Asia (EAS
and SEA), the Hganthr emitted by Comb indu originates in the most

industrialised countries (NAM, EUR, CIS, EAS and SAS). The contribu-
tion from Cement is largely from EAS, whereas for Waste, the Hganthr
from this sector mainly comes from SAM and SEA. The contribution of
Chlor,Glass,Road and Gold, is everywhere below the threshold of 1%.

EAS is the major contributor (315‰) to Hganthr deposition over FAO
fishery zones, with contributions from a number of individual source
sectors well above the 1%. SAF follows as the second most important
(162 ‰) with Hganthr emissions essentially all from ASGM.

Regarding the Hganthr source sector fingerprints on the deposition
over each FAO fishery zone (Figs. E.12 to E.30 in E), ASGM is most
important contributor, accounting for more than 50% in FAO 87, 81, 88,
48, 41, 47 and 58. The Mediterranean (FAO 37) is the only exception,
where Comb indu contributes 3.7Mg(34%) annually, versus the
3.4Mg(31%) from ASGM.

3.3. Hganthr fingerprint on fishery production

As explained in the introduction, the redefinition of the receptor
areas to match the FAO fishery zones allowed us to conduct specific
analysis integrating the official statistics available from FAO regarding
the fishery production. This is particularly useful for the evaluation of
the impact of the Hg pollution, since human exposure mainly occurs by
consumption of contaminated fish, and the fishery production over all of

Fig. 4. Heatmap illustrating the relative joint contributions (in‰) of source-sectors, on rows, and source-regions, on columns, on the resulting deposition of Hganthr,
over all the FAO fishery zones. The last row summarises the total contributions of the source-regions, whereas the last column summarises the total contributions of
the source-sectors. Red overlying areas highlight the combinations of source-sectors and source-regions whose contribution is above the chosen threshold of 1%. The
side box reports, in Mg/y the total deposition due to Hganthr primary emissions respect to the Hg deposition from all sources, with the relative C.I. (at 95% level of
confidence). The bottom score illustrates the rank of the regions regarding their contribution to Hganthr deposition. Shared ranks indicate regions whose contributions
are statistically indistinguishable (at 95% level of confidence).
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Fig. 5. In the upper panel, the heatmap illustrating the relative joint contributions (in‰) of source-sectors, on rows, and source-regions, on columns, on the resulting
deposition of Hganthr, over all the FAO fishery zones, and normalised by the fishery production in the pertinent FAO fishery zones averaged over the 2012–2021
period. The last row summarises the total contributions of the source-regions, whereas the last column summarises the total contributions of the source-sectors. In the
lower panel the heatmap of the difference, in %, between the Hganthr fingerprint on the fishery production and Hganthr fingerprint on the deposition, as in Fig. 4. The
last row here reports the total differences for the source-regions, whereas the last column reports the total differences for the. source-sectors.
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Fig. 6. Heatmap illustrating the relative joint contributions (in‰) of source-sectors, on rows, and source-regions, on columns, on the resulting deposition of Hganthr,
over all the FAO fishery zones, and normalised by the fishery production in the pertinent FAO fishery zones of countries classified by World Bank as having High,
Upper-middle, Lower-middle and Low Income, respectively. Production data are averaged over the 2012–2021 period. In each heatmap, the last row here reports the
total contributions for the source-regions, whereas the last column reports the total contributions for the source-sectors.
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Fig. 7. Heatmap illustrating the relative joint contributions (in‰) of source-sectors, on rows, and source-regions, on columns, on the resulting deposition of Hganthr,
over all the FAO fishery zones, and normalised by the consumption of fish from the pertinent FAO fishery zones into countries classified by World Bank as having
High, Upper-middle, Lower-middle and Low Income, respectively. Consumption data are averaged over the 2012–2021 period. In each heatmap, the last row here
reports the total contributions for the source-regions, whereas the last column reports the total contributions for the source-sectors.
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Fig. 8. Heatmaps illustrating the difference, in %, between the Hganthr fingerprint on the deposition and the Hganthr fingerprint on the fish consumption in the
countries classified by World Bank as having High, Upper-middle, Lower-middle and Low Income, respectively. In each heatmap, the last row here reports the total
differences for the source-regions, whereas the last column reports the total differences for the source-sectors.
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the FAO fishery zones represents a direct measure of this exposure for
human population worldwide.

The Hganthr fingerprint on deposition over all FAO fishery zones has
been recalculated, normalising it to the fishery production in each zone,
as described in Section 2.4.1. The output of this analysis is presented in
the Fig. 5.

The Hganthr fingerprint on the fishery production has a pattern that is
very similar to that of Hganthr deposition, with the same characteristic
hot spots already mentioned for Fig. 4. However, a close look reveals
some important differences. As is evident in the lower panel of the
percentage differences between the two Hganthr fingerprints, the con-
tributions of all sectors from EAS are further amplified by ≈ 12% to 27%,
total 16%, when normalised by the fishery production. In particular, the
Waste sector from EAS now exceeds our threshold of 1%. This is likely
due to the fact that EAS is the region that contributes the most on the
deposition over all FAO fishery zones, including those of intensive
aquaculture that are particularly productive. The other source-region
whose contributions are systematically amplified is CIS, with a global
positive differences just below 10%. On the contrary, the regions whose
contributions decreased much, SAM (-18%), SAF (≈ − 15%) and PAN are
entirely or mostly in the Southern Hemisphere, where FAO fishery zones
are less intensively harvested. PAN in particular declines by almost a
quarter (≈ − 24%). The remaining regions appears to be quite neutral
regarding their contributions with or without the normalisation to fish
productions. This is the case in particular for EUR, SAS, SEA and ARC.
Regarding source-sectors, Comb res is the one whose contribution
changes the most (11%)

3.4. Hganthr fingerprint on the fish consumption in countries having
different incomes

The FAO statistics about the fishery harvest are provided by na-
tionality. This information allows for further analysis, in particular to
investigate the fingerprint of Hganthr emissions on the fishery production
and fish consumption in countries belonging to different classifications
according to the World Bank. This is crucial to have a preliminary idea
on the effects the Hganthr pollution may have on the population
belonging to countries having different income levels, especially the
most vulnerable ones.

The first results from this analysis are reported in the four panels of
the following Fig. 6, depicting the Hganthr fingerprint on the fishery
production of the countries classified by the World Bank as having High,
Upper-middle, Lower-middle and Low Income, respectively.

The general patterns of the Hganthr fingerprints on the fishery pro-
duction of the countries belonging to different income levels is rather
similar to the Hganthr fingerprint on the global fishery production re-
ported in Fig. 5. However, important differences arise when looking at
the single contributions. For example, if total contributions from SEA on
the production of High and Low Income countries are very close to that
of global production (approximately 370 ‰), the contributions of SEA
on the production of other countries diverge, at approximately 410‰for
Upper-middle and approximately 310 ‰for Lower-Middle Income
countries. This is due to the different FAO fishery zones used by these
two sets of countries, as illustrated in Table D.7 and in the Fig. D.11.
Production for Upper-middle Income countries comes mostly from the
FAO 61 (74%), that is the most impacted by Hganthr of the near EAS,
whereas for Lower-middle Income countries the production from this
zone is negligible. A number of other similar examples exists: the con-
tributions of NAM and EUR to production of High Income countries rise
from 50‰to 60‰and from 72‰to 85‰, respectively, due to the

intensive use of the impacted FAO zones 27 (31%) and 67 (10%). Instead
for Lower-middle Income countries the contribution of SAF rises from
140‰to 165‰due to the intensive use of FAO zones 71 (64%) 57 (16%)
and 51 and 34 (both 10%) that are impacted by SAF.

Differently from the production calculated over all FAO fishery zones
and depicted in Fig. 5, the production of a country, or in this case a set of
countries, doesn’t necessary represent the fish consumption in that
country, or set of countries. Therefore, to have an indication of the
exposure to Hg pollution of the people living therein, the production has
to be corrected for the relevant import/export quota, in order to give the
consumption.

Therefore, the Hganthr fingerprint on deposition over all FAO fishery
zones has been recalculated for each set of countries, normalising it to
the consumption of fish coming from each FAO fishery zone, as
described in Section 2.4.1.

This analysis is summarised in Fig. 7, in which the four panels show
the Hganthr fingerprint on the consumption in the countries classified by
the World Bank as having High, Upper-middle, Lower-middle and Low
Income, respectively.

As evident by the comparison with the Fig. 6, the Hganthr fingerprint
on fish consumption substantially does not change from that on pro-
duction, for all of the sets of countries analysed. This depends on a
number of factors. For countries belonging to Upper-Middle and Lower-
Middle income set, the quota of import and export is marginal and the
distribution by FAO fishery zones of production and consumption is
quite unaltered, see Table D.13. For Low and High income countries the
situation is quite different because the import/export quota reaches
about one half of the production. However, the changes in the distri-
bution of fish consumption by FAO fishery zones are such that the
impact Hganthr emissions in terms of sources remains quite unaltered.
For example, for Low income countries, the weight of FAO 71 rises to
7%, whereas the weights of FAO 51 and 34 decrease roughly of the same
amount (Table D.13). However, noticeably all these FAO zones are
impacted the most by the same SAF and EAS (Fig. 3) regions, attenuating
thus the differences.

In a similar way we done for the fishery production worldwide in the
Fig. 5, we calculate the percentage differences between the Hganthr
fingerprint on fish consumption in each of the different sets of countries
and the Hganthr fingerprint on the raw deposition. This comparison
provides an answer to the policy relevant question: ”How much does the
exposure to Hganthr of populations living in countries having different
income levels differs when comparing calculated consumption to simple
Hganthr deposition patterns?” The results of this comparison are pre-
sented in the four panels of the following Fig. 8.

When normalised to fish consumption in high income countries, the
impact on the Hganthr fingerprint of most of the regions near the Arctic
circle is particularly amplified, due to the fact that the FAO 27 is the
most used fishery zone by these countries. The contribution of both EUR
and CIS is increased by 13% over all sectors and roughly the 20% for
Waste, whereas for ART, the contribution rise is roughly the 11%. The
contribution of NAM remains quite unaltered. However, EAS is the re-
gion for which this positive amplification reaches the maximum (16%),
ranging from 12% for ASGM to 27% for Waste. On the contrary, the
regions for which the differences are negative, are PAN (approx. − 28%),
SAM (-20%) and SAF (-17%), and MCA, NAF and SEA (≈ − 7 to − 10% for
all sectors). The contributions of the remaining regions, MDE and SAS,
remain more or less unaltered. It is interesting to note that Waste is the
sector whose contributions for single regions changed the most in the
Hganthr fingerprints, in both directions, although the overall difference
for this sector is roughly neutral. The sectors whose contributions

F. De Simone et al.



Environment International 190 (2024) 108891

14

changed the most are Comb resi (+13%) Glass and Iron (+11%) and
Comb indu and Cement (roughly + 10%).

For Upper-middle income countries the tendency is similar to that of
High income countries. The EUR contribution is still positive but is
below the 10% over all sectors, except forWaste. The differences of ARC
on the Hganthr fingerprint remains positive at about 10% for all sectors.
The differences for other regions are more accentuated. EAS region sees
its overall contribution difference rise by 20%, and above 45% forWaste.
Also the contribution difference of CIS increases by 25% for Waste. On
the other hand, the overall contribution differences of MCA, SAF, SAM,
and PAM are in the negative range: ≈ − 15%, − 25%, − 29% and − 39%,
respectively. The overall contribution difference from ASGM decreases
from ≈ − 8% for high income countries to ≈ − 11% for upper-middle
income countries. For these countries, the sectors that exhibit the
greater differences are Comb resi (≈ +20%) and iron (above + 15%).

The situation changes noticeably for the Hganthr fingerprints on the
fish consumption in Lower-Middle and Low income countries. For the
first in particular the context is almost neutral. It is the only group for
which EUR and ARC contribution differences decrease to ≈ − 10% and
− 7%, respectively. The NAM contribution difference also decreases at
− 17% (down to − 25% forWaste). The SEA contribution difference is the
only one that increases (18%), whereas the contributions of all other
regions, including EAS, remain roughly similar.

For low income countries the Hganthr fingerprint differences lie in the
positive fields for the MDE, CIS, SAS and EAS regions, whereas the
contribution differences for PAN, SAM SAF and MCA became strongly
negative. Comb res is the only sectors whose contribution differences
change in an appreciable way, i.e. above + 10%.

3.5. Limitations of this work and further developments

In this study, in the normalisation by fish production, we have
implicitly considered the total deposition of Hganthr over FAO fishery
zones as a direct measure of the Hg marine biota, namely fish, concen-
trations following other similar studies and conclusions (Giang and
Selin, 2016). This may seem a rather improper assumption for a number
of reasons. The first is related to the complex physical and chemical
processes that link the inorganic Hg deposited over an area which can be
transformed to MeHg and enter the food chain (and biomagnify) or be
re-emitted to the atmosphere (Bieser et al., 2023; Zhang et al., 2020).
However, many of the processes driving the biomagnification of Hg in
fish are external forces, often anthropogenic in nature, such as over-
fishing of particular species, or changes in local water temperatures
that can lead the fish of the higher trophic levels to modify their
preferred foraging territories and/or depths (Cheung et al., 2009;
Schartup et al., 2019). Nevertheless, as suggested by a number of studies
(Mason et al., 2012; SSunderland and Masonunderland and Mason,
2007; Chen et al., 2012), it seems that fish concentrations respond
proportionally to atmospheric deposition over years to decades,
although with local differences (Knightes et al., 2009; Selin et al., 2010;
Drenner et al., 2013).

This proportionality between Hg fish concentrations in the different
FAO fishery zones and the Hg atmospheric deposition over the same
regions has been further tested and confirmed in this study using
existing literature data for sharks, as reviewed in Amezcua et al. (2022),
see Section C.

Since the lack of information regarding the FAO fishery zone origins
of fishes traded in the trading sheets from the FAO database, in order to
estimate the fish consumption in a given set of countries we made some
assumptions. We assumed that the distribution in terms of FAO fishery
zones of the exported fishes for a set of countries follows the distribution
of the production for that set of countries. This is an unavoidable
simplification. However, more detailed information about the traded
species of fishes, if any, have to be cross-checked among different
commodity-trade-specific databases (see https://wits.worldbank.org/
for an example) not readily available, and which surely require complex
data manipulation (or other different simplifications) to map the fish
species to the commodity codes generally used in these database.
Moreover, trading sheets from FAO database report data only for the
period 2019–2021, and therefore we were somewhat obliged to use the
average over this time window as proxy for the entire 2012–2021 period
analysed for the production. The acquisition of more detailed informa-
tion and data to have a more accurate estimate of the fish consumption
in the different countries deserves separate and thorough future studies.

We used EDGARv4.2 as the reference Hganthr emissions inventory for
the core analysis of this study, although it is released for the nominal
year 2012. It is known in the literature that the Hganthr emissions could
have changed over the last decade (Wu et al., 2020; Sun et al., 2024),
however the more recent inventories available, in particular Streets
et al. (2019); Steenhuisen and Wilson (2022); Munthe et al. (2019), are
not available with the details of EDGARv4.2, and therefore also a
comparison is rather difficult. In the future, when the new version of this
database becomes available, or when other inventories will be released
at such level of source-sector details, we intend to release an updated
analysis, integrating more detailed trade information to follow the link
from Hganthr emissions to deposition to fishery to consumer in the single
world countries.

4. Conclusion

Identifying the Hganthr pollution sources in detail, i.e. in terms of
both sectors and regions, using the best source apportionment technique
(s) available, is a critical factor in identifying the most effective emis-
sions reduction strategies tailored for ecosystems, specific regions/
fisheries or populations at risk.

In this study, we have shown, for the first time, the detailed Hganthr
fingerprint on the deposition over the FAO fishery zones. Moreover, we
highlighted how this critical and very useful information, especially
from a policy point of view, can be best interpreted when cross-
referenced with data coming from other databases. The Hganthr finger-
print on the actual FAO fishery production, corresponding the con-
sumption of fishes worldwide, although having a general pattern similar
to that of the Hganthr deposition fingerprint, shows notable differences,
strongly amplifying the relative contributions of some source sectors
and/or regions and attenuating the relative contributions of others,
particularly those in the Southern Hemisphere. These marked differ-
ences can be re-interpreted when the fish consumption by countries,
classified by World Bank as having different incomes, is considered.

This work is a important starting point for reflection about a couple
of facts.

Firstly, an appropriate measure should be considered in developing a
policy, and in order to evaluate or monitor the effects of the same. In
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particular a suitable and direct exposure indicator should be considered
for environmental problems having an impact on public health. Policy,
academia and the markets should question the wisdom of sustain the
current air concentrations monitoring programs with more robust
measurements of Hg concentration in fishes, possibly extending the
regulatory standards with the inclusion of more sophisticated experi-
mental equipment, in order to have more insight into the depth and
breadth of Hg pollution.

Secondly, but not less important from a scientific point of view is the
demand for the effective development of research infrastructures that
can provide researchers with tools that allow for queries to different
integrated and federated databases from different certified sources. This
would facilitate the efforts required to carry out similar studies that link
chemical exposure and population health, as is the scope of the Envi-
ronmental Exposure Assessment Research Infrastructure (EIRENE)
(www.eirene-ri.eu/), for example, potentially shortening the required
time from months to few clicks.
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Appendix A. Details of EDGARv4.2 Hganthr Emission inventory

Table A.2: Detailed emissions of EDGARv4.2

Sector Emissions Geographical distribution (%)

Name Hg0 Hg2 HgP NAM MCA SAM EUR NAF SAF MDE CIS SAS EAS SEA PAN ARC
artisanal and small-

scale gold mining
(ASGM)

811.355 0.00 15.03 14.23 1.05 8.81 29.58 0.00 1.42 0.08 24.77 4.91 0.01 0.11

cement production
(Cement)

136.275 25.552 8.517 4.00 1.84 2.26 10.95 3.08 1.25 5.11 3.01 8.63 54.79 4.78 0.26 0.04

chlor-alkali
production (Chlor)

5.363 2.298 3.73 3.36 20.41 34.06 0.99 0.00 21.95 5.51 4.96 1.60 3.43 0.00 0.00

power generation
combustion in
industry
(Comb ind)

231.409 185.127 46.224 15.75 0.68 0.63 15.19 0.44 2.84 0.41 5.75 17.03 37.10 2.03 2.02 0.13

residential
combustion
(Comb res)

32.388 19.880 5.124 5.45 0.70 1.74 15.91 0.46 2.70 0.92 7.27 6.69 56.45 1.26 0.41 0.05

glass production
(Glass)

0.171 0.032 0.011 12.00 0.00 0.00 45.50 0.00 0.50 0.00 15.50 2.00 23.00 0.50 1.00 0.00

iron and steel
industries (Iron)

62.375 11.695 3.898 9.50 1.34 2.43 18.04 0.30 0.47 1.42 7.58 3.59 54.07 0.89 0.37 0.00

industrial gold
production (Gold)

56.563 10.774 2.693 12.95 8.38 12.74 2.42 2.98 17.07 0.24 12.80 1.33 15.21 3.71 8.86 1.31

non-ferrous
industries (Nfe)

52.954 9.945 3.294 7.06 2.56 5.01 17.71 0.28 0.07 0.04 5.05 5.99 50.59 0.89 3.96 0.78

road transport Road 6.047 4.837 1.209 35.08 4.82 4.77 15.97 2.22 2.53 6.07 4.44 4.44 13.95 4.08 1.46 0.16
waste incineration

(Waste)
25.563 76.689 25.563 2.63 3.36 20.77 6.62 0.91 6.32 0.33 2.50 14.90 13.36 26.41 1.90 0.00

Appendix B. Detailed results of Full Src and OnlyAnthr SrcRg − Rcp model simulations

Table B.3: Detailed results of Full Src and OnlyAnthr SrcRg − Rcp model simulations/Part 1
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Region 67 77 87 81 88 48 41 34 47

NAM 2.24 (1.87–2.67) 11.68 (9.56–14.08) 3.43 (2.57–4.23) 1.71 (1.23–2.11) 0.15 (0.10–0.19) 0.48 (0.34–0.62) 2.02 (1.52–2.48) 4.31 (3.77–5.12) 1.64 (1.21–2.01)
MCA 2.15 (1.68–2.65) 21.20 (18.83–22.84) 9.05 (8.02–9.83) 4.55 (3.46–5.47) 0.40 (0.27–0.54) 1.30 (0.91–1.71) 4.58 (3.66–5.22) 4.63 (3.91–5.18) 4.25 (3.26–4.95)
SAM 1.83 (1.32–2.27) 19.92 (16.00–23.02) 12.42 (10.56–13.64) 7.78 (6.21–9.07) 0.73 (0.52–0.96) 2.34 (1.78–2.95) 7.52 (6.60–8.18) 4.52 (3.50–5.32) 7.30 (6.11–8.16)
EUR 2.96 (2.62–3.46) 15.59 (12.67–18.04) 4.79 (3.56–5.76) 2.49 (1.85–2.99) 0.22 (0.15–0.28) 0.70 (0.49–0.89) 2.96 (2.24–3.52) 4.85 (4.25–5.37) 2.40 (1.78–2.86)
NAF 1.32 (0.91–1.73) 10.69 (7.54–13.20) 4.39 (3.00–5.67) 2.46 (1.59–3.25) 0.22 (0.13–0.32) 0.71 (0.43–1.00) 3.03 (2.23–3.64) 3.38 (2.57–3.97) 2.45 (1.63–3.13)
SAF 3.48 (2.43–4.40) 33.34 (24.50–40.33) 17.22 (13.00–20.35) 11.05 (8.41–13.18) 1.00 (0.69–1.34) 3.22 (2.32–4.18) 11.54 (9.21–13.22) 9.87 (7.58–12.09) 10.98 (8.77–12.51)
MDE 0.28 (0.22–0.34) 1.76 (1.42–2.07) 0.58 (0.44–0.70) 0.32 (0.23–0.39) 0.03 (0.02–0.04) 0.09 (0.06–0.12) 0.38 (0.30–0.46) 0.51 (0.41–0.61) 0.31 (0.23–0.38)
CIS 1.58 (1.36–1.89) 8.16 (6.43–9.51) 2.41 (1.78–2.86) 1.26 (0.92–1.51) 0.11 (0.07–0.14) 0.35 (0.25–0.45) 1.47 (1.09–1.74) 2.34 (1.83–2.72) 1.21 (0.89–1.43)
SAS 1.97 (1.44–2.42) 13.52 (10.00–16.29) 4.36 (3.01–5.57) 2.41 (1.60–3.08) 0.21 (0.13–0.29) 0.68 (0.44–0.92) 2.81 (1.93–3.55) 3.70 (2.68–4.54) 2.38 (1.59–3.02)
EAS 13.15 (11.89–15.15) 75.81 (64.96–83.41) 22.60 (17.20–26.14) 11.99 (8.96–14.09) 1.04 (0.72–1.37) 3.37 (2.40–4.29) 13.77 (10.65–15.83) 20.90 (17.17–23.45) 11.51 (8.71–13.29)
SEA 1.40 (1.08–1.73) 11.24 (8.91–12.95) 4.86 (3.71–5.68) 3.07 (2.34–3.69) 0.27 (0.18–0.37) 0.87 (0.61–1.15) 3.00 (2.28–3.50) 2.89 (2.26–3.35) 2.84 (2.14–3.35)
PAN 0.18 (0.12–0.23) 2.09 (1.56–2.52) 1.54 (1.25–1.74) 1.60 (1.31–1.91) 0.12 (0.09–0.15) 0.37 (0.29–0.46) 0.90 (0.73–1.03) 0.46 (0.33–0.56) 0.98 (0.80–1.13)
ARC 0.07 (0.05–0.09) 0.37 (0.26–0.45) 0.11 (0.08–0.13) 0.06 (0.04–0.07) 0.01 (0.00–0.01) 0.02 (0.01–0.02) 0.07 (0.05–0.08) 0.11 (0.08–0.13) 0.05 (0.04–0.07)
Anthr 32.63 (27.00–39.04) 225.37 (182.62–258.69) 87.75 (68.18–102.30) 50.75 (38.16–60.80) 4.49 (3.09–5.99) 14.50 (10.32–18.76) 54.03 (42.48–62.46) 62.45 (50.33–72.40) 48.31 (37.15–56.30)
Full 226.21

(183.80–273.98)
1334.16

(1215.33–1459.50)
566.95

(529.97–608.35)
382.24

(349.12–414.81)
41.87

(31.20–54.96)
137.06

(108.49–169.94)
356.93

(334.00–383.01)
349.90

(321.63–380.63)
348.38

(329.64–365.63)
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Table B.4: Detailed results of Full Src and OnlyAnthr SrcRg − Rcp model simulations/Part 2

58 51 57 71 61 31 21 27 18 37

NAM 0.49 (0.34–0.62) 3.83 (2.89–4.68) 3.53 (2.64–4.36) 7.45 (5.59–9.27) 6.29 (5.25–7.56) 5.54 (4.49–6.86) 5.22 (4.03–6.54) 2.83 (2.44–3.41) 1.07 (0.92–1.26) 0.67 (0.58–0.79)
MCA 1.29 (0.90–1.71) 8.19 (6.49–9.38) 7.95 (6.16–9.13) 15.79 (13.34–17.82) 7.04 (5.69–8.42) 3.80 (3.13–4.71) 1.94 (1.62–2.22) 1.91 (1.57–2.18) 0.86 (0.68–1.02) 0.54 (0.45–0.63)
SAM 2.29 (1.77–2.91) 11.55 (9.42–13.21) 11.29 (8.97–12.95) 16.84 (13.19–19.79) 6.13 (4.56–7.45) 3.08 (2.36–3.69) 1.54 (1.14–1.86) 1.55 (1.14–1.86) 0.70 (0.51–0.85) 0.45 (0.33–0.54)
EUR 0.71 (0.50–0.90) 5.57 (4.28–6.62) 5.15 (3.84–6.20) 10.65 (8.17–12.84) 9.10 (8.23–10.44) 3.67 (3.02–4.20) 2.54 (2.29–2.81) 5.04 (4.07–6.40) 1.49 (1.39–1.59) 3.57 (2.65–4.80)
NAF 0.70 (0.43–1.00) 4.86 (3.52–5.98) 4.54 (3.11–5.85) 8.18 (5.75–10.27) 4.31 (3.04–5.55) 2.21 (1.65–2.64) 1.13 (0.80–1.44) 1.15 (0.83–1.42) 0.53 (0.36–0.67) 0.49 (0.33–0.74)
SAF 3.29 (2.48–4.21) 20.07

(16.17–22.93)
17.58

(13.74–20.63)
27.57 (20.36–33.44) 11.58 (8.22–14.37) 6.12 (4.63–7.49) 2.97 (2.12–3.67) 2.97 (2.09–3.64) 1.34 (0.96–1.67) 0.86 (0.63–1.06)

MDE 0.09 (0.06–0.12) 0.87 (0.72–1.02) 0.68 (0.55–0.82) 1.27 (0.99–1.54) 0.90 (0.74–1.07) 0.39 (0.31–0.47) 0.23 (0.19–0.27) 0.24 (0.20–0.28) 0.11 (0.09–0.13) 0.09 (0.07–0.12)
CIS 0.36 (0.25–0.46) 2.85 (2.16–3.36) 2.66 (1.98–3.17) 5.58 (4.21–6.71) 5.01 (4.46–5.77) 1.92 (1.50–2.24) 1.30 (1.10–1.49) 1.50 (1.35–1.66) 0.81 (0.74–0.89) 0.49 (0.44–0.54)
SAS 0.69 (0.43–0.92) 8.96 (6.58–10.86) 7.25 (5.39–8.55) 10.34 (7.52–12.59) 6.97 (5.11–8.38) 2.89 (2.08–3.54) 1.61 (1.17–1.96) 1.61 (1.16–1.94) 0.74 (0.53–0.91) 0.46 (0.33–0.56)
EAS 3.42 (2.45–4.36) 27.02

(21.21–31.03)
25.81

(20.34–29.44)
54.46 (44.75–61.82) 50.80

(43.93–59.93)
17.32

(14.56–19.20)
10.64 (9.22–12.06) 10.78 (9.20–12.12) 5.27 (4.54–5.94) 3.01 (2.52–3.47)

SEA 0.87 (0.61–1.16) 6.14 (5.04–6.87) 6.84 (5.42–8.57) 11.34 (8.24–16.15) 5.03 (4.12–5.70) 2.13 (1.65–2.48) 1.16 (0.89–1.39) 1.17 (0.89–1.39) 0.55 (0.41–0.67) 0.33 (0.25–0.40)
PAN 0.34 (0.27–0.43) 1.44 (1.13–1.70) 2.13 (1.66–2.65) 2.11 (1.74–2.39) 0.60 (0.42–0.77) 0.30 (0.21–0.37) 0.15 (0.10–0.19) 0.15 (0.10–0.19) 0.07 (0.05–0.09) 0.04 (0.03–0.06)
ARC 0.02 (0.01–0.02) 0.13 (0.09–0.16) 0.12 (0.08–0.15) 0.25 (0.17–0.31) 0.21 (0.16–0.26) 0.09 (0.06–0.11) 0.06 (0.05–0.07) 0.09 (0.07–0.11) 0.06 (0.04–0.09) 0.02 (0.01–0.02)
Anthr 14.54

(10.50–18.82)
101.46

(79.71–117.79)
95.53

(73.89–112.46)
171.83

(134.01–204.93)
113.97

(93.91–135.66)
49.46

(39.65–58.00)
30.49

(24.71–35.98)
30.98

(25.09–36.60)
13.60

(11.22–15.78)
11.03

(8.63–13.73)
Full 135.66

(107.39–167.97)
631.57

(579.86–687.63)
602.52

(557.53–652.20)
985.28

(843.78–1125.06)
764.54

(650.09–889.18)
264.36

(247.81–282.65)
181.95

(160.85–204.76)
172.17

(153.88–191.98)
67.37

(59.95–75.32)
63.09

(56.09–70.92)
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Appendix C. Model comparison with observation and Hg concentrations in sharks

Fig. C.9: Comparison of Hg surface concentration and wet-deposition measurements from different measurement network with ensemble modelled
values.

Fig. C.10: Comparison of Hg concentrations in sharks, as sampled in the different FAO fishery zones, against the Hg deposition over the same FAO
zones as calculated in this study (Full set). The data of Hg concentrations in sharks were obtained from the review of Amezcua et al. (2022), in
particular from ”Table B.3: Estimated hazard quotients for Hg (HQHg) in muscle of all shark species according to FAO region”. The hazard quotients
have been converted into the corresponding concentrations using the info reported in the section ”Human Health Risk Assessment”. Shark data from
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Mediterranean sea (FAO 37) were discarded for the particular conditions that can enhance the biomagnification, resulting in the so called ”Medi-
terranean Hg anomaly” (Cossa and Coquery, 2005; Tesán-Onrubia et al., 2023). Shark data from Pacific southeast (FAO 87) were also excluded due the
very low number of samples (3) available. For visualisation purposes, in the plot are reported both Y errors bars, representing the SE for the Hg
concentrations, and X error bars, representing the amplitude of the CI at 95% level of confidence of the Hg deposition. Fitting outcomes demonstrate a
good Pearson correlation and that at the 95% level of confidence the slope of is statistically different from zero. These results confirm a good pro-
portionality between total Hg deposition and Hg concentrations in fishes, at least for this published set, and therefore the rationale for considering the
total Hg deposition as a measure of the Hg marine ecosystem. concentrations.

Appendix D. FAO statistics

Table D.5: FAO, 2023, Fishery and Aquaculture Statistics, Global production by zone of production source for years 2012–2021, inMg - live weight

FAO
ZONE

2012 2013 2014 2015 2016 2017] 2018 2019 2020 2021 Average
Mg − LW

18 1 7 4 15 52 418 248 708 420 4236 611
21 2127101 1967358 1923989 1945933 1892439 1891186 1873687 1862622 1666848 1758583 1890975
27 10433234 10739189 11071275 11583714 10730216 11788153 11798472 10922267 10948845 10833260 11084863
31 1557334 1374017 1330695 1547698 1715659 1575724 1601393 1499412 1395365 1426707 1502400
34 4244233 4318802 4581167 4453201 4897564 5414274 5505738 5400604 4979094 5299386 4909406
37 1732445 1721492 1625581 1840758 1839476 2011442 1987236 2136967 1980704 2005225 1888133
41 1969527 2045807 2489060 2505442 1626736 1882968 1826761 1740509 1795951 2053171 1993593
47 1669435 1393802 1597086 1714615 1736023 1717974 1612690 1382230 1387622 1467188 1567867
48 153302 233532 285372 238874 259756 256048 314317 373928 462916 358991 293704
51 4743578 4742998 5030514 4971229 5290469 5726480 5794237 5857780 5419953 5727037 5330428
57 7037475 7112499 7302922 7443502 7495537 8390190 8011417 8086423 7947715 7704510 7653219
58 10878 11255 11999 11465 12457 12173 12120 11564 10767 10517 11520
61 52262419 53813533 55246663 56443907 58374691 59866426 61114463 62178793 63195296 64400548 58689674
67 3036703 3339712 3255490 3294436 3236945 3499941 3215355 3302901 2980384 3030588 3219246
71 23450652 26686861 28217679 29394088 29647168 28864746 29362852 29301675 29416706 29207233 28354966
77 2163485 2202949 2113069 1911411 1887554 2041990 2006043 2158232 2013271 2021515 2051952
81 707665 688042 688891 646142 587981 593287 563736 588488 547317 511191 612274
87 10048491 10438481 8893353 9562419 8176007 9365719 12531529 10421570 11244510 12882291 10356437
88 3615 4351 2536 4677 5131 2327 4402 3607 3171 2327 3614

Total 127351573 132834686 135667345 139513525 139411861 144901467 149136698 147230281 147396855 150704503 141414879

Table D.6: FAO, 2023, Fishery and Aquaculture Statistics, Global production by zone of production for years 2012–2021, in Mg - live weight.
Countries are grouped by World Bank Classification.

FAO ZONE 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 Average Mg − LW

High income countries
21 2108998 1950026 1909702 1928322 1877274 1876203 1857977 1844677 1649079 1744883 1874714
27 9465800 9712712 10041829 10520727 9665722 10656713 10709674 9851546 9864321 9683394 10017244
31 961841 801372 727605 862231 959165 807033 890352 854548 745232 700418 830980
34 478685 493525 618834 450479 556146 458869 310854 356584 289249 265579 427881
37 703980 715906 719393 736738 774415 792116 804942 752790 684840 700557 738568
41 399933 404416 642964 613826 213092 336353 281483 278887 291235 356740 381893
47 89598 67323 105929 146373 105082 103565 92455 56953 61805 47865 87695
48 148715 193901 225011 190838 187150 209104 258243 297155 327344 289741 232720
51 698121 744860 775090 832517 941775 1034004 1311570 1310705 1458877 1640099 1074762
57 191209 185278 181258 191441 215473 203758 207425 190708 210637 226162 200335
58 10616 11052 11693 11126 12194 11568 11530 11280 10477 10133 11167
61 7847139 7792853 7884973 7710059 7451547 7890089 8042666 7833173 7807330 7762752 7802258
67 3026111 3329561 3249101 3287507 3225915 3487953 3207627 3295993 2975278 3025476 3211052
71 971823 940664 1007803 899390 850569 770368 876392 905696 818454 807832 884899
77 535308 532263 531412 404771 382277 400510 375944 488298 392129 330161 437307
81 625093 613105 614552 589147 581870 586259 558386 577683 543999 508093 579819
87 4107227 3399395 3847069 3309514 2981390 3788764 3749587 3884265 3741362 3970338 3677891
88 3185 3757 2119 3497 3867 1646 3505 2716 2533 1882 2871

Total 32373381 31891970 33096337 32688501 30984924 33414875 33550613 32793657 31874182 32072106 32474054

Middle upper income countries

(continued on next page)
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(continued )

FAO ZONE 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 Average Mg − LW

18 1 7 4 15 52 418 248 708 420 4236 611
21 14360 14290 11683 14025 12135 11689 12425 14614 15076 11212 13151
27 957455 1015035 1021010 1052143 1049500 1120496 1074278 1053648 1064079 1126280 1053392
31 545571 518996 546093 626574 698789 710523 650128 586498 598761 662332 614427
34 419279 342645 380817 393318 401370 425684 574591 583357 437690 467501 442625
37 593073 557361 504816 703328 634286 741955 713786 911202 830256 828163 701823
41 1480692 1575183 1761371 1824717 1354363 1475990 1449838 1374425 1437979 1581184 1531574
47 1220919 938923 1061291 1099405 1151627 1091978 1074115 920434 936734 904588 1040001
48 4587 34979 51433 35471 65125 38931 40617 54620 114208 47605 48758
51 143634 151238 159601 161606 167699 196256 222601 259061 241810 220183 192369
57 1386972 1345442 1278552 1244255 1301645 1218825 1264160 1304879 1412548 1297805 1305508
58 263 203 306 339 263 605 590 284 291 384 353
61 43701261 45308491 46576625 47949982 50098463 51152755 52195270 53476359 54522472 55766380 50074806
67 10592 10151 6389 6929 11030 11988 7728 6908 5106 5112 8193
71 3127335 2978724 2795231 2664502 2612867 2540540 2555468 2606181 2469686 2413841 2676438
77 1498575 1548099 1442468 1396261 1408968 1516632 1504619 1541031 1494602 1556489 1490774
81 3518 5044 5481 6748 6108 7025 5347 10802 3315 3095 5648
87 5920386 7013512 5018383 6225517 5169796 5567696 8773427 6531507 7493341 8900791 6661436
88 430 482 301 919 797 435 351 407 91 0 421

Total 61028902 63358805 62621855 65406054 66144883 67830420 72119588 71236927 73078466 75797181 67862308

Middle lower income countries
21 0 0 0 85 0 44 0 0 0 0 13
27 9978 11441 8436 9113 10994 9360 13199 14269 18217 23584 12859
31 42605 46195 49227 50035 49287 50503 53918 51030 44398 57282 49448
34 2898511 2975466 3098859 3103033 3461338 3845993 3955717 3750272 3576940 3884237 3455036
37 433087 446222 399873 399269 429096 475805 466934 471395 464063 474725 446047
41 2079 5157 12973 13344 237 3013 2880 1611 1660 5940 4889
47 358239 386981 428768 462688 471856 518145 440512 400907 383913 514221 436623
48 0 4651 8929 12566 7481 8014 15457 22153 21363 21645 12226
51 3348121 3313946 3577667 3449197 3645854 3943009 3716562 3717360 3136071 3300243 3514803
57 5453713 5575333 5836815 6002796 5977779 6967607 6539833 6590837 6324531 6180542 6144978
61 0 1509 1915 6616 7331 4437 8231 3465 2700 2700 3890
71 19351285 22767195 24414390 25829886 26183550 25553622 25930732 25789494 26128302 25985297 24793375
77 122997 119834 136618 107993 93760 120565 120909 122935 123773 129268 119865
81 79051 69890 68855 50244 0 0 0 0 0 0 26804
87 20878 25573 27878 27387 24821 9259 8515 5799 9807 11162 17108
88 0 112 116 260 468 246 546 484 546 445 322

Total 32120544 35749507 38071316 39524514 40363852 41509622 41273944 40942010 40236284 40591292 39038288

Low income countries
34 447302 492548 482657 464622 467146 628581 594476 665413 630851 645541 551914
37 2300 2000 1499 1422 1679 1565 1574 1580 1545 1780 1694
41 340 0 0 0 0 0 0 0 0 0 34
51 506963 493966 505517 516557 524822 549427 539459 566779 579096 562187 534477
61 714020 710680 783150 777250 817350 819145 868295 865795 862795 868715 808720

Total 1670925 1699194 1772823 1759851 1810997 1998718 2003804 2099567 2074287 2078223 1896839

Table D.7: FAO, 2023, Fishery and Aquaculture Statistics, Summary of 2012–2021 average global production (inMg - live weight) and distribution
(in fraction) by zone of production. Countries are grouped by World Bank Classification.

2012–2021 Average Production. Mg -LW 2012–2021 Average Distribution. fraction

Income Countries Income Countries

FAO ZONE Low Lower-Middle Upper-Middle High Low Lower-Middle Upper-Middle High

18 0 0 611 0 n n 9.00E-06 n
21 0 13 13151 1874714 n 3.30E-07 1.94E-04 5.77E-02
27 0 12859 1053392 10017244 n 3.29E-04 1.55E-02 3.08E-01
31 0 49448 614427 830980 n 1.27E-03 9.05E-03 2.56E-02
34 551914 3455036 442625 427881 2.91E-01 8.85E-02 6.52E-03 1.32E-02
37 1694 446047 701823 738568 8.93E-04 1.14E-02 1.03E-02 2.27E-02
41 34 4889 1531574 381893 1.79E-05 1.25E-04 2.26E-02 1.18E-02
47 0 436623 1040001 87695 n 1.12E-02 1.53E-02 2.70E-03
48 0 12226 48758 232720 n 3.13E-04 7.18E-04 7.17E-03
51 534477 3514803 192369 1074762 2.82E-01 9.00E-02 2.83E-03 3.31E-02
57 0 6144978 1305508 200335 n 1.57E-01 1.92E-02 6.17E-03
58 0 0 353 11167 n n 5.20E-06 3.44E-04
61 808720 3890 50074806 7802258 4.26E-01 9.97E-05 7.38E-01 2.40E-01
67 0 0 8193 3211052 n n 1.21E-04 9.89E-02
71 0 24793375 2676438 884899 n 6.35E-01 3.94E-02 2.72E-02
77 0 119865 1490774 437307 n 3.07E-03 2.20E-02 1.35E-02
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(continued )

2012–2021 Average Production. Mg -LW 2012–2021 Average Distribution. fraction

81 0 26804 5648 579819 n 6.87E-04 8.32E-05 1.79E-02
87 0 17108 6661436 3677891 n 4.38E-04 9.82E-02 1.13E-01
88 0 322 421 2871 n 8.26E-06 6.21E-06 8.84E-05

TOTAL 1896839 39038288 67862308 32474054 1 1 1 1

Table D.8: FAO, 2023, Fishery and Aquaculture Statistics, Import–Export averaged over 2019–2021 (in Mg - live weight) by production countries.
Countries are grouped by World Bank Classification. As claimed by FAO: ”Differences between figures given for total exports and total imports of any one
commodity may be due to several factors, e.g. the time lapse between the dispatch of goods from the exporting country and their arrival in the importing country;
the use of a different classification of the same product by different countries; or the fact that some countries supply trade data on general trade, while others give
data on special trade.”

IMPORT, Mg -LW Country partner 2

Country partner 1 High income Upper-Middle income Lower-Middle income Low income
High income 6222458 3526945 119890

Upper-Middle income 3259224 3169130 37862
Lower-Middle income 2284893 1211395 81386

Low income 66182 338743 275383

EXPORT, Mg -LW Country partner 2
Country partner 1 High income Upper-Middle income Lower-Middle income Low income

High income 3400940 2216244 69425
Upper-Middle income 5686019 1196780 329734
Lower-Middle income 3492709 2967581 220970

Low income 86650 36026 60315
Averaged over 2019–2021

Table D.9: FAO, 2023, Fishery and Aquaculture Statistics. Details of fish consumption calculation (in Mg - live weight) by FAO zones in countries
classified by World Bank as having high income.

Mg-year Production Export Import from consumption

FAO ZONE High High Low Lower-Middle Upper-Middle Total High
18 0 0 0 0 56 56 56
21 1874714 − 328286 0 1 1206 1207 1547635
27 10017244 − 1754143 0 1162 96588 97750 8360850
31 830980 − 145515 0 4467 56338 60806 746271
34 427881 − 74927 34884 312148 40585 387617 740571
37 738568 − 129332 107 40298 64352 104757 713993
41 381893 − 66874 2 442 140434 140878 455896
47 87695 − 15356 0 39447 95360 134807 207146
48 232720 − 40752 0 1105 4471 5575 197543
51 1074762 − 188204 33782 317548 17639 368968 1255526
57 200335 − 35081 0 555173 119705 674878 840132
58 11167 − 1955 0 0 32 32 9244
61 7802258 − 1366272 51115 351 4591479 4642946 11078932
67 3211052 − 562295 0 0 751 751 2649509
71 884899 − 154957 0 2239977 245409 2485386 3215329
77 437307 − 76578 0 10829 136693 147522 508251
81 579819 − 101533 0 2422 518 2940 481225
87 3677891 − 644044 0 1546 610803 612349 3646195
88 2871 − 503 0 29 39 68 2436

Total 32474054 − 5686609 119890 3526945 6222458 9869293 36656739
% 100 − 18 ≤ 1 11 19 30

Table D.10: FAO, 2023, Fishery and Aquaculture Statistics. Details of fish consumption calculation (inMg - live weight) by FAO zones in countries
classified by World Bank as having Upper-middle income.

Mg-year Production Export Import consumption

FAO ZONE Upper-Middle Upper-Middle Low Lower-Middle High Total Upper-Middle
18 611 − 65 0 0 0 0 546
21 13151 − 1398 0 1 188154 188155 199908
27 1053392 − 111957 0 1044 1005370 1006414 1947850
31 614427 − 65302 0 4014 83400 87415 636539

(continued on next page)
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(continued )

Mg-year Production Export Import consumption

34 442625 − 47043 11016 280480 42944 334440 730022
37 701823 − 74591 34 36210 74126 110369 737601
41 1531574 − 162779 1 397 38328 38726 1407522
47 1040001 − 110533 0 35445 8801 44246 973714
48 48758 − 5182 0 992 23357 24349 67925
51 192369 − 20445 10668 285332 107867 403868 575791
57 1305508 − 138752 0 498850 20106 518956 1685712
58 353 − 37 0 0 1121 1121 1436
61 50074806 − 5322044 16142 316 783065 799524 45552285
67 8193 − 871 0 0 322274 322274 329596
71 2676438 − 284457 0 2012728 88812 2101539 4493520
77 1490774 − 158442 0 9731 43890 53621 1385953
81 5648 − 600 0 2176 58193 60369 65417
87 6661436 − 707990 0 1389 369128 370516 6323962
88 421 − 45 0 26 288 314 691

Total 67862308 − 7212534 37862 3169130 3259224 6466216 67115990
% 100 − 11 ≤ 1 5 5 10

Table D.11: FAO, 2023, Fishery and Aquaculture Statistics. Details of fish consumption calculation (inMg - live weight) by FAO zones in countries
classified by World Bank as having Lower-middle income.

Mg-year Production Export Import consumption

FAO ZONE Lower Middle Lower Middle Low Upper-Middle High Total Lower Middle
18 0 0 0 11 0 11 11
21 13 − 2 0 235 131906 132141 132151
27 12859 − 2201 0 18804 704819 723623 734281
31 49448 − 8463 0 10968 58468 69436 110421
34 3455036 − 591317 23680 7901 30106 61687 2925407
37 446047 − 76339 73 12528 51966 64567 434274
41 4889 − 837 1 27340 26870 54211 58264
47 436623 − 74726 0 18565 6170 24735 386632
48 12226 − 2092 0 870 16374 17245 27378
51 3514803 − 601546 22932 3434 75621 101987 3015244
57 6144978 − 1051690 0 23304 14096 37400 5130688
58 0 0 0 6 786 792 792
61 3890 − 666 34699 893874 548971 1477545 1480769
67 0 0 0 146 225931 226078 226078
71 24793375 − 4243295 0 47777 62262 110039 20660119
77 119865 − 20515 0 26611 30769 57381 156732
81 26804 − 4587 0 101 40796 40897 63114
87 17108 − 2928 0 118912 258779 377690 391870
88 322 − 55 0 8 202 210 477

Total 39038288 − 6681259 81386 1211395 2284893 3577674 35934703
% 100 − 17 ≤ 1 3 6 9

Table D.12: FAO, 2023, Fishery and Aquaculture Statistics. Details of fish consumption calculation (inMg - live weight) by FAO zones in countries
classified by World Bank as having Low income.

Mg-year Production Export Import consumption

FAO ZONE Low Low Lower Middle Upper-Middle High Total Low
18 0 0 0 3 0 3 3
21 0 0 0 66 3821 3886 3886
27 0 0 91 5258 20415 25764 25764
31 0 0 349 3067 1694 5109 5109
34 551914 − 53244 24372 2209 872 27454 526124
37 1694 − 163 3146 3503 1505 8155 9686
41 34 − 3 34 7645 778 8458 8489
47 0 0 3080 5191 179 8450 8450
48 0 0 86 243 474 804 804
51 534477 − 51562 24794 960 2190 27945 510860
57 0 0 43348 6517 408 50273 50273
58 0 0 0 2 23 25 25
61 808720 − 78019 27 249954 15901 265883 996584
67 0 0 0 41 6544 6585 6585
71 0 0 174897 13360 1803 190060 190060
77 0 0 846 7441 891 9178 9178
81 0 0 189 28 1182 1399 1399

(continued on next page)
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(continued )

Mg-year Production Export Import consumption

87 0 0 121 33251 7496 40868 40868
88 0 0 2 2 6 10 10

Total 1896839 − 182991 275383 338743 66182 680308 2394156

% 100 − 10 15 18 3 36

Table D.13: Differences between production and consumption distribution by FAO fishery zones for countries classified by World Bank as having
High, Upper-middle, Lower-middle and Low income.

Distribution by FAO Fishery Zone (%)

Low Lower-Middle Upper-Middle High
FAO ZONE Consumption Production Consumption Production Consumption Production Consumption Production

18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
21 0.16 0.00 0.37 0.00 0.30 0.02 4.22 5.77
27 1.08 0.00 2.04 0.03 2.90 1.55 22.81 30.85
31 0.21 0.00 0.31 0.13 0.95 0.91 2.04 2.56
34 21.98 29.10 8.14 8.85 1.09 0.65 2.02 1.32
37 0.40 0.09 1.21 1.14 1.10 1.03 1.95 2.27
41 0.35 0.00 0.16 0.01 2.10 2.26 1.24 1.18
47 0.35 0.00 1.08 1.12 1.45 1.53 0.57 0.27
48 0.03 0.00 0.08 0.03 0.10 0.07 0.54 0.72
51 21.34 28.18 8.39 9.00 0.86 0.28 3.43 3.31
57 2.10 0.00 14.28 15.74 2.51 1.92 2.29 0.62
58 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03
61 41.63 42.64 4.12 0.01 67.87 73.79 30.22 24.03
67 0.28 0.00 0.63 0.00 0.49 0.01 7.23 9.89
71 7.94 0.00 57.49 63.51 6.70 3.94 8.77 2.72
77 0.38 0.00 0.44 0.31 2.07 2.20 1.39 1.35
81 0.06 0.00 0.18 0.07 0.10 0.01 1.31 1.79
87 1.71 0.00 1.09 0.04 9.42 9.82 9.95 11.33
88 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01

Total (%) 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Fig. D.11: Geographical distribution of the production distribution, in percentage, by FAO fishery zone for the countries classified by World Bank as
having High, Upper-middle, Lower-middle and Low Income, respectively. Each panel also reports the countries belonging to the relevant
classification.
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Appendix E. OnlyAnthr SrcRg×Sx − Rcp results: Hganthr fingerprints over each FAO Fishery zone

Fig. E.12: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 18. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.13: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 21. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.
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Fig. E.14: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 27. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.15: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 31. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
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from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.16: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 34. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.17: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 37. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.
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Fig. E.18: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 41. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.19: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 47. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.
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Fig. E.20: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 48. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.21: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 51. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.
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Fig. E.22: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 57. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.23: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 58. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.
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Fig. E.24: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 61. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.25: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 67. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.
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Fig. E.26: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 71. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.27: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 77. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.
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Fig. E.28: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 81. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.29: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 87. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.
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Fig. E.30: Heatmap illustrating the fingerprint (‰) of Hganthr emissions in term of source sectors, on rows, and source regions, on columns, on the
Hganthr deposition, over FAO fishery zone 88. The side text-box reports in Mg/y the ratio of Hganthr deposition to Hg deposition, calculated as means
from Full and SR − R ensembles, respectively. In bracket, the CI at 95% level of confidence.

Fig. E.31: Heatmap illustrating the relative joint contributions (in‰) of source-sectors, on rows, and source-regions, on columns, on the resulting
deposition of Hganthr, over the FAO 37 fishery zone (Mediterranean Sea). The bottom marble box reports, in Mg/y the total deposition due to Hganthr
primary emissions respect to the Hg deposition from all sources, with the relative C.I. (at 95% level of confidence). The top arrows of the same colours
indicate the regions whose contributions are statistically indistinguishable (at 95% level of confidence).
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