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Mercury pollution is a cause of high concern for European freshwaters. In this study, we use modelled atmospheric deposition and novel high-resolution water cover and impervious urban areas data to quantify the input of Mercury to European rivers and lakes. This information, combined with estimates of releases from industrial installations and urban wastewater and from soils, yields an overall European budget of water Mercury. Compared to previous estimates, the calculation highlights that direct deposition to permanent and temporary inland water surfaces is a dominant source of pollution. We also show that an important source is the washout of impervious urban surfaces, while releases from soil and industrial and urban wastewater play a lesser, albeit sizable role. The contribution of wastewater to Mercury releases is expected to decrease over time because of more stringent regulations on Mercury use. The analysis confirms that reducing atmospheric deposition (hence air releases) of Mercury remains the single key action to control pollution. However, we show that control of urban runoff discharges to water bodies may be the most effective water management measure in order to reduce Mercury input to coastal and in-land water bodies.
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SYNOPSIS
On-water deposition is the main source of Hg freshwater pollution in the EU. Control of urban runoff is the most effective water management measure to reduce pollution.
INTRODUCTION
By ratifying the Minamata Convention on Mercury (https://www.mercuryconvention.org/), the European Union (EU) has committed to reduce Mercury (Hg) pollution and therefore its release to the global environment (UNEP, 2013). Article 9 of the Convention requires controlling and, where feasible, reducing releases of Hg and its compounds to land and water, while Article 19 encourages the implementation of measures to improve our understanding of the Hg cycle. Hg and its compounds are furthermore identified as Priority Hazardous Substances (PHS) in Annex X to the Water Framework Directive (WFD, 2000/60/EC), and pose a concern in particular due to the potential of MethylMercury (MeHg) to bio-accumulate and bio-magnify in organisms. In line with Hg’s status as a PHS, discharges and losses of Hg to the aquatic environment should be phased out over a time frame of 20 years (WFD Art 16). This target has not been achieved, though, and monitoring of EU freshwaters still highlights widespread exceedance of the environmental quality standards (EQS) for Hg set in Directive 2008/105/EC (as amended by Directive 2013/39/EU), particularly of the EQS for biota (EEA, 2018a), reinforcing the urgency to undertake actions to reduce Hg pollution (Lassen et al., 2017).
Hg enters the aquatic environment through atmospheric deposition and direct discharges (AMAP/UNEP, 2019), including industrial and domestic wastewaters. In the latter, an important source of Hg is dental amalgam. According to a comprehensive study at European scale (BIO Intelligence Service, 2012), at least 15 t year−1 of Hg entering urban wastewater treatment plants were associated to this source, resulting in a contribution to surface water pollution of 2 t annually. A more recent study (Deloitte, Ineris and Wood, 2020) reduced the estimate to less than 6 t year−1 and concluded that dental amalgam is responsible for 67% of releases from municipal waste water treatment plants. Although the pathways of Hg to water are understood in broad terms (Hsu-Kim et al., 2018), our knowledge on this topic is relatively less advanced than the fate and transport of Mercury in air, both regionally and globally. Indeed, it was only in 2019 that the Global Mercury Assessment (GMA: AMAP/UNEP, 2019) first included an estimation of Mercury releases to water bodies. Still, the assessment is based on an assumed, fixed relationship between water and air emissions for specific sectors (UN Environment, 2017a; UN Environment, 2017b). This does not enable a specific assessment of the sources of Hg nor an appraisal of measures for their control. While surveys of Mercury loads and fluxes from wastewater exist for some European countries such as Switzerland (Suess et al., 2020) or city regions such as Frankfurt (Fricke et al., 2015), a similar evaluation is still lacking for larger regions such as the EU as a whole.
In this contribution, we develop a screening level assessment of the sources of Hg pollution discharging in the EU’s freshwaters, as a precondition to identify possible strategies for its control. Starting from Hg deposition estimated by EMEP’s well-established predictive model (Travnikov and Ilyin, 2005), we build a simple GIS-based model of Hg mass balance in European surface waters. To this end we employ a global dataset of surface water cover (the Global Surface Water Explorer: Pekel et al., 2016) at unprecedented resolution both in time and space, and a relatively high-resolution impervious urban area map (Lavalle et al., 2015). In the remainder of this paper, after explaining the modelling approach and data sources, we present our estimates of the Hg balance for European freshwaters. Based on the results of this calculation, we discuss the possible strategies to reduce Hg pollution in water.
MATERIALS AND METHODS
In order to quantify the mass flows of Hg reaching EU waters, we refer to a simple, steady state mass balance model that we further justify below. The releases of Hg to surface waters R [M T−1] from a given region are computed as:
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with S = releases to soils [M T−1] equal to:
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In the above equations:
- [image: image] is the direct industrial release to water [M T−1];
- [image: image] is the industrial release to soil [M T−1];
- [image: image] is the release with wastewater [M T−1] per person;
- [image: image] is the population living in the area [-];
- [image: image] is the bulk atmospheric deposition (dry + wet) [M L−2 T−1];
- [image: image] is the total inland area of the region [L2];
- [image: image] is the fraction of A that is impervious [-];
- [image: image] is the fraction of A that is water-covered [-];
- [image: image] is the fraction of deposition on urban areas that is washed off [-];
- [image: image] is the fraction of releases to soils that leach to water [-];
- [image: image] is the fraction of wastewater that is spilled through Combined Sewer Overflows (CSO) [-];
- [image: image] is the efficiency of Mercury retention in wastewater sludge [-];
- [image: image] is the fraction of sludge applied to soils [-];
- [image: image] is the input of Hg to soils through fertilizers [M T−1].
For industrial releases (Iw and Is) we assume those to water and soil reported under the European Pollutant Release and Transfer Register (E-PRTR) (https://prtr.eea.europa.eu). While E-PRTR is the best available source of information, it is likely not representing a complete account of industrial Hg releases: besides those from various large industrial installations, it also reports the releases of Hg to water and soil from many wastewater treatment plants above a capacity of 100,000 Population Equivalents (PE). Quite possibly, data gaps exist, as many plants do not report monitored Hg emissions systematically. At the same time, E-PRTR does not include industrial activities below a certain threshold (depending on the industrial sector). Given the uncertainty involved in the calculations, we assume that non-reported industrial releases compensate releases reported from large wastewater treatment plants, and we consider the total releases to water from E-PRTR as a proxy for the industrial contribution tout court. The most recently reported releases by country are shown in Table 1. Permitted releases to soil and accidental releases to soil and water reported in E-PRTR amount to a few kg per year, so that they can be neglected (Is∼0). Our assumption on industrial emissions is prone to the risk of some double-counting, hence overestimation of Hg coming with wastewater; however, there is a broad agreement on the fact that bulk (wet and dry) atmospheric deposition to land and water surfaces entails much larger mass flows (AMAP/UNEP, 2019), limiting the impact of any overestimation of wastewater loads. Atmospheric deposition on soils contributes indirectly to water pollution, and requires an estimation of the releases through leaching, runoff or erosion that eventually reach the water bodies. In this contribution, we do not quantify these releases through an explicit description of Hg fate and transport processes in soil, but we assign it as a simple model parameter. When deposited on soil, Hg undergoes physical and chemical processes associated with the hydrological cycle. Hg releases from soils, through runoff, leaching and erosion processes, may represent a significant contribution to the overall loadings of Hg discharged to waterbodies in the absence of other local sources (Jeong et al., 2020). In the presence of direct releases, though, they could be much less relevant.
TABLE 1 | Fertilizers and sludge applied in EU Countries adopted to calculate industrial release to water (n.a. = not available).
[image: Table 1]Atmospheric deposition on water surfaces is on a par with direct discharges. Although we usually consider water surfaces as those permanently covered by water, in reality we should also include atmospheric deposition on temporary water-covered surfaces, arguably a direct discharge during periods of flooding.
Deposition on impervious surfaces, such as urban areas, undergoes both volatilization and washout. The interplay of the two determines the corresponding release to water. In this contribution, we simply estimate the loss of Hg from impervious surfaces as a constant fraction of the incoming deposition, considered as a model parameter.
Deposition (D) as a total of dry and wet deposition was taken from the EMEP MSCE-HM model (Travnikov and Ilyin, 2005), providing values computed at nodes of a regular grid of approximately 50 × 50 km spatial resolution. In this exercise, we refer to the estimate available for the most recent year (2017).
The fraction of inland area that is impervious (fU) and fraction of inland area that is water-covered (fw) were estimated from the Urban Atlas (Lavalle et al., 2015) at 100 m resolution and the JRC Global Surface Water Explorer (GSWE: https://global-surface-water.appspot.com/; Pekel et al., 2016) at 30 m resolution (see Figure 1). At the European scale, we first downscaled the EMEP model deposition estimates (D) to a spatial resolution of 1 km using a natural neighbor interpolation algorithm (Sibson, 1981) applied to the EMEP grid nodal values. Subsequently, we upscaled the original resolution of 30 m to 1-km2 grid cells by averaging the percentage of water cover. Finally, we multiplied the average water cover per km2 by the corresponding EMEP model deposition flux. In this way, we count an area as water for the duration of its submersion as captured by the GSWE. For instance, an area covered by water for 10% of the time counts as if it were 10% water and 90% soil other than water. The results of this processing are shown in Figure 2. In a similar way we calculated the deposition falling on impervious areas.
[image: Figure 1]FIGURE 1 | Example of water occurrence and impervious surface mapping. Pixels covered with water are in tones of blue with increasing intensity as water is more permanent (e.g., rivers) and paler tones corresponding to occasionally flooded land. Pixels containing impervious areas are in tones of brown (e.g., cities, infrastructure). Data source: JRC.
[image: Figure 2]FIGURE 2 | Total (dry and wet) atmospheric deposition of Hg on water surfaces in 2017 (source: JRC Global Surface Water Explorer, EMEP MSCE-HM model results). Zooms on frames (A–C) are shown in the insets to the right of the map.
We represent emissions through urban wastewater based on the population (Pop) data retrieved from EUROSTAT (https://ec.europa.eu/eurostat/databrowser/view/tps00001/default/table?lang=en).
Fertilizers applied to agricultural soil represent another source of Hg, along with sewage sludge applied to farmland (Carbonell et al., 2011). The amount of Hg released to soils through organic and mineral fertilizers (F) was estimated from the total fertilizer consumption given in EUROSTAT (https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Agri-environmental_indicator_-_mineral_fertiliser_consumption) assuming an average Hg content in fertilizers of 0.090 mg per kg of nitrogen (Gambuś and Wieczorek, 2012). This concentration value seems representative of average conditions in Europe, although much higher Hg content is reported for certain fertilizers elsewhere (e.g. Zhao and Wang, 2010). Because the dataset on fertilizers reports both nitrogen and phosphorus, for the calculation we considered only the former as often distributed as multicomponent with the latter (Table 1). The fraction of sludge applied in agriculture (Y) that we assume for the calculation (from Pistocchi et al., 2019a) corresponds to data reported by the EU Member States to the European Commission, as per Table 1.
Fertilizers contribute a smaller input compared to sewage sludge, which is consistent with the observations of Sánchez-Báscones et al., 2017 on Hg content in soils subject to fertilizer and sludge application.
In some cases, leakage from landfills can be a potential Hg source (Gray, 2004). However, in this assessment we neglect this due to lack of data. Hg in soil may be also a legacy of old mining activities (Tóth et al., 2016a), but this source will not be considered further in this study.
Based on the above considerations, we can solve the above mass balance equations once we define the 5 parameters representing releases with wastewater (W), fraction of deposition on urban areas that is washed off (α), fraction of deposition on soils that is leached to water (β), fraction of wastewater that is discharged through CSO (γ), and efficiency of Mercury retention in wastewater sludge (η). For this assessment, we select the values shown in Table 2, where we also provide a rationale for the choice. While these coefficients could be in principle calibrated on the basis of robust observations of Hg loads, compiling an adequate calibration dataset is very demanding and beyond the scope of this screening level exercise. In the discussion of our results, we illustrate the sensitivity of Hg mass balances to variations in the elicited coefficients as shown in Table 3.
TABLE 2 | Model parameters used in the estimation.
[image: Table 2]TABLE 3 | Summary of the quantified Hg releases and their plausible range of uncertainty.
[image: Table 3]RESULTS
Deposition largely dominates the total input of Hg to topsoils (S), representing more than 1,000 t year−1 across the EU (Figure 3). Mercury applied to soils with sewage sludge is estimated to be 3.68 t year−1 or just above 0.3% of deposition. Mercury applied to soils with sludge depends in the first place on the possibility to use sludge in agriculture, which varies by country. Countries with highest absolute releases via this path are France, Spain and, at a distance, Italy, followed by Czech Republic, Poland, Portugal, Hungary and Sweden (Figure 3). In any case, releases via sludge do not exceed 1% of deposition. Fertilizers contribute less than one-third of this amount. Neither of these inputs represent a significant contribution to soil contamination (Figure 3). Total releases to water are estimated to be 45.59 t year−1 across the EU (Figure 4A). Of these, 24.49 t year−1 (53.7%) are represented by direct deposition. The second largest contribution (10.45 t year−1 or 22.9%) is urban runoff while leaching from soil is the third contribution with 5.21 t year−1 (11.4%), followed by treated effluents (6.1%, 2.79 t year−1), industrial releases (4.8%, 2.17 t year−1) and combined sewer overflows (CSO: 1.1%, 0.49 t year−1). Although closely reflecting the aggregated EU scale figures, releases vary by country depending on regional features. In countries with a relatively high urban land cover fraction (such as Germany or Italy) the contribution of urban runoff is more significant. In countries with a large cover of water (such as Finland or Sweden), on the contrary, direct deposition to water tends to dominate. Industrial releases are particularly high in Italy and, at a distance, in Spain and Poland, and provide a very high share of total releases in Slovakia (Figure 4B).
[image: Figure 3]FIGURE 3 | Mercury application to soil via sludge and fertilizers, and comparison with atmospheric deposition to land, by country.
[image: Figure 4]FIGURE 4 | Estimated breakdown of Hg releases to water at EU scale, in tonnes per year (above) and total yearly Mercury loads to European surface waters by country, in tonnes per year (below).
Our estimation of 45.59 t year−1 across the EU is consistent with the results of Liu et al., 2021. These authors, based on an extrapolation of observations from across the world’s rivers, estimate for Europe a riverine export to coastal oceans from the whole Europe of 39.24 t year−1 (range 31.25–53.66 t year−1, depending on the model combinations considered by the authors). While the EU covers a subset of the European territory considered by Liu et al., 2021, our estimates represent inputs to the river network and neglect all attenuation of Hg, e.g. due to retention in sediments.
DISCUSSION AND CONCLUSIONS
Model-based estimates of the total amount of Mercury released to the environment by humans always suffer from several sources of uncertainty (Kocman et al., 2017; Gworek et al., 2020). The screening level calculation presented above is based on the quantification of atmospheric deposition rates provided by the EMEP MSCE-HM model. Uncertainties associated to deposition fluxes affect all calculations and may vary with region and characteristics of the modeling system used (Kwon and Selin, 2016). In the case of MSCE-HM, the overall uncertainty on total deposition rates is in the range of 20–70% (with an average of 46%) (Travnikov and Ilyin, 2005), consistent with the review by Zhang et al., 2019, who highlight dry deposition as the main source of uncertainty. While this uncertainty is quite high in absolute terms, it does not influence the order of magnitude of the deposition flux of Hg (term D in our model equations), hence its importance relative to the other terms of the mass balance.
Atmospheric deposition to water surfaces
This study is, to our knowledge, the first to use a very high-resolution analysis of water surfaces exposed to deposition, including an account of intermittently covered surfaces. Consideration of larger water surfaces obviously yields significantly higher estimates of direct deposition to water than previous studies. For instance, the estimated atmospheric Hg deposition to water surfaces is quantified in E-PRTR using a land cover map at 100 m spatial resolution, notoriously unable to capture smaller and intermittent water surfaces (Roovaart et al., 2013). Roovaart et al. (2013) estimated Hg deposition to water surfaces for the year 2010 is 2.55 t, which is about 10% of our estimate. The latter is arguably closer to reality because of the accuracy achieved in the representation of water surfaces.
Our estimate of Hg releases due to the washout of urban surfaces is relatively high and is based on the assumption that 50% of the atmospheric deposition on these surfaces is washed out by runoff during rainfall events. The actual fraction of the total deposition conveyed by runoff depends on the percentage of rainfall on urban surfaces that is directly discharged to water bodies (the “runoff coefficient”), and on the interplay between washout during rainfall/runoff events and volatilization occurring during dry periods in between. However, we may assume that volatilization is already accounted for as we consider net deposition. Eckley and Branfireun, 2008, in a specific case, estimate an average yield of total Hg from urban washout at around 65% Hg coming with deposition, which would be fairly in line with our assumptions. We expect Hg discharges to vary significantly with the local conditions and hydrological event characteristics, hence 50% is arguably a better educated guess for a regional analysis.
A part of urban runoff is dispersed to soil, and a part is collected in combined sewers and finally reaches UWWTPs, so it could be already implicitly accounted for with the wastewater releases discussed below. In Europe, roughly 70% of the sewers are combined (Milieu, 2016). At the same time, not all the runoff collected in combined sewers reaches the UWWTP because of overflows. For the sake of a European scale screening level quantification, our 50% loss assumption may correspond to all runoff collected with separate sewers (roughly 30% of precipitation falling on urban surfaces) plus an additional 20% of precipitation on urban surfaces that, while collected in combined sewers, is discharged with overflows. A more refined assessment would entail more sophisticated hydrological modelling of urban runoff quality, which is beyond the scope of this study. However, any refinement would arguably not change the order of magnitude of the contribution of urban runoff to Hg releases.
Our estimate of the releases from soils to water is sizable but relatively small. Bravo et al., 2018, based on an observed correlation between dissolved organic matter of terrestrial origin in rivers and Hg concentration at 21 sites in Europe, argue that mobilization of Hg bound to soil organic matter may be an important source of Hg in rivers. Based on their dataset, they come to an order of magnitude of releases of 103 kg year−1 of total Hg for the whole of Europe, which is reasonably in line with our calculations. In our calculation we assume that 0.5% of the Hg deposition to soil is removed yearly (corresponding to a residence time of Hg in soil of 200 years). In our assessment, re-volatilization is already accounted for, in principle, as we consider a net deposition flux as input. Hence, the removal rate of Hg from soils depends on the rate of Hg mobilization with runoff, leaching and erosion. The fate of Hg in soil is complex (e.g. Obrist et al., 2018; Ballabio et al., 2021) and its accurate description requires more detailed models (e.g. Leterme et al., 2014; Leterme and Jacques, 2015), mostly entailing site-specific characterization of soil properties and calibration of the parameters. The residence time of Hg in soil can be estimated as the ratio of mass in soil to net deposition assuming steady state. Let us assume a soil density of 1.2 kg L−1 and a topsoil thickness of 30 cm. For a representative Hg content of 40 ug kg−1 in the topsoil (Toth et al., 2016b, in line with Ballabio et al., 2021), considering deposition fluxes between 10 and 40 g year−1 km−2 as estimated in 2017, the residence time is in the order of 400–1,600 years. This may indicate that our removal rate of deposition on soils (with a residence time of 2–8 times lower) is rather conservative. It should be stressed, however, that atmospheric deposition rates of Hg have fallen by a significant amount (see Streets et al., 2017; Obrist et al., 2018) over the recent past, so the currently observed soil concentration could be representative of much higher past deposition. A 5-fold higher deposition rate would bring residence times in the range of 80–320 years, which is consistent with our assumptions.
Releases with urban and industrial wastewater
Roovaart et al., 2013 consider a release of Hg through wastewater effluents between 0.01 and 0.02 g per population equivalent (PE) per year. This release rate is between a half and the full value that we assume for the influents, to which we apply a 70% removal efficiency, making our estimate between approximately 15% and 30% of theirs.
A removal efficiency of about 70% is assumed also by Roovaart et al., 2013, with very small variability between primary and secondary treatment levels, suggesting that the discrepancy owes primarily to the release per PE that we assume for the wastewater treatment plant influents. However, our assumption is already in the upper end of the values found in more recent literature. For the case of Frankfurt am Main, Germany, Fricke et al., 2015, measured concentrations in wastewater effluents in the range of 0.58–3.63 ng L−1 and estimated the total Hg concentration in wastewater (taking into account the fraction eventually retained in the sludge) of 243 ng L−1 Suess et al., 2020, measured concentrations in inflows of 28 Swiss WWTPs in a range of 9–750 ng L−1, with a median concentration of 57 ng L−1 and an average of 110 ng L−1. They estimate an average contribution of 15.7 mg year−1per capita in raw wastewater. Our assumption of 300 ng L−1 and contribution of 21.9 mg year−1per capita seems therefore quite representative.
In our calculation, we have assumed that industrial releases reported in the E-PRTR database are representative of all industrial releases of Hg in the EU. In fact, releases from large UWWTPs included in the database, amount to 929 kg year−1 or slightly below 50% of total industrial releases. In our assessment, this amount is assumed to be representative of all industrial releases that are not accounted for in E-PRTR. A more specific analysis would be required in order to quantify these additional industrial releases, in which case we could derive the releases from large UWWTPs from our estimate of releases with wastewater (2.17 t year−1). However, this analysis would be complex and is expected to reduce the uncertainty of our estimates only by little, due to the rather small shares of Hg budget involved.
A relatively small, but sizable contribution is represented in our analysis by releases with CSO. We assume that 5% of wastewater is released through CSO virtually untreated in the EU. This estimate may be rather conservative (Pistocchi et al., 2019a): in some parts of Europe, wastewater released with CSO could be even 5 to 10 times less than this.
Relative importance of the different releases and overall uncertainty of the assessment
We have proposed a first quantification of the different routes of Hg pollution to water in Europe. Our analysis shows that direct deposition onto water surfaces is the main contributor. The next two largest contributors are losses from urban surfaces and losses from soil. We estimate that direct deposition is more than twice as large as losses from urban surfaces, in turn about twice as large as losses from soil. Direct deposition on water is also the least uncertain among our estimates. Still, it should be stressed that the fate of Hg deposition on intermittent water surfaces, accounted for in this exercise through a simple linear assumption, was not considered in previous assessments and needs to be better understood. In order to appreciate the impact of the novel assumption made here, intermittently water-covered land is about one-third of the total water-covered land in Europe. In our calculation, the contribution of deposition on intermittent water surfaces is weighted by the duration of flooding, making it significantly smaller than one-third of the total. However, we conservatively consider the uncertainty on direct deposition to water to be about 30%.
The uncertainty on urban losses and soil losses is substantially higher. While impervious urban areas are just a few percent of land area, they are assumed to contribute 100 times more than unsealed soil (50% of the net deposition vs 0.5%), making the two types of losses comparable in magnitude. We may expect these losses to change within the same order of magnitude. Therefore, they may be regarded as having about the same importance.
The releases of Hg through wastewater flows are affected by uncertainty due to 1) the accuracy of the reporting of industrial releases and 2) the variability of Hg concentrations in wastewater. The practical assumptions made in this exercise on industrial releases do not have an empirical ground and should be refined as soon as new evidence is available. In any case, any refinement is not expected to change the overall balance substantially, due to the relatively small contribution from these sources.
Urban wastewater was evaluated to be a larger contributor of Hg releases to water in a previous analysis (Roovaart et al., 2013). However, the loads with the effluents assumed in their study correspond to the loads that we assume for the influents, with a concentration of 300 ng L−1 and a discharge per population equivalent of 200 L day−1. On the other hand, a more recent review of available European data indicates for effluents a concentration below 100 ng L−1 and typically about 20 ng L−1 (Gardner et al., 2013). For a 70% removal of Hg with sewage sludge (as in Roovaart et al., 2013), the influent concentration would be typically about 60 ng L−1 and usually less than 300 ng L−1, confirming that our assumed concentration is at the upper end of the expected range. The uncertainties discussed above largely dominate the uncertainty introduced by the poor quantification available for the contribution of CSO.
In Table 3, we provide an indicative plausible range for each of the estimated components of the total Hg release to freshwater in Europe, drawing on the arguments discussed above. It should be stressed that the range does not stem from a formal uncertainty analysis, but reflects the expert judgment just outlined. When looking at the overall input of Hg to European freshwaters, our estimate of 45.6 t year−1 can be regarded as uncertain within no more than ±50% (see Table 3). It should be stressed, though, that this range of uncertainty is very conservative, and the likely “real” uncertainty could be considerably smaller. Table 3 provides additional comments in this regard. In the above considerations, we do not include the uncertainty in the modelled atmospheric deposition that we assume as input. However, that affects all the main releases to water (direct deposition, urban runoff, and losses from soils) to the same extent and therefore does not substantially change the overall mass balance.
Our estimation of the total release of Hg is reasonably in line with the total load discharged with freshwaters to the European seas as estimated by Pistocchi et al., 2019b, on the basis of a back-calculation of releases from observed concentrations in rivers. The discrepancy with a much lower previous quantification presented in the E-PRTR (Roovaart et al., 2013) can be explained by the more accurate assessment of direct deposition as well as losses from urban surfaces and soils, that were not included before.
Our quantification of Hg emissions to water from industrial sources is much lower than the 33.9 tonnes per year of Hg estimated by Global Mercury Assessment of 2018 (AMAP/UNEP, 2019). The latter, however, ignores any water pollution abatement process at industrial installations, admittedly leading to an overestimation that is not realistic for European conditions (see AMAP/UNEP, 2019, ch. 6, p. 8). In particular, more than a half of the emissions estimated in AMAP/UNEP, 2019 is attributed to non-ferrous metal production processes, which is an order of magnitude (or more) above the reports of the E-PRTR.
Options for the control of Hg pollution in European freshwaters
Our calculation is deliberately simple and aimed at capturing the order of magnitude of Hg releases to freshwater in Europe. However, we come to an estimate that appears affected by limited uncertainty, and as such suitable for decision support. We clarify that industrial and domestic wastewater represent together no more than 10% of the current releases, and additional control of these sources can only yield limited benefits. Compared to the latter, the cost of additional dedicated treatment may be high (Mazyck et al., 2009). Most importantly, once Hg is removed from the wastewater it may return to the environment through volatilization, leaching and erosion (e.g. from sludge undergoing incineration or land application) unless immobilized through crystallization. Measures to control Hg emissions to water at the source, such as the restriction of Hg use in dental amalgam (European Commission, 2020), may have the combined effect of reducing industrial releases (including atmospheric releases) and concentration of Hg in wastewater. As such, these measures seem a preferable option in comparison to down-the-drain solutions, still obviously needed for known local sources of pollution such as contaminated sites.
Avoiding direct discharge of urban runoff to water bodies, e.g. by promoting infiltration in soils, helps reduce releases to the aquatic environment by a sizable extent: if only 0.5% of deposition on soils reaches water bodies compared to about 50% of deposition on urban surfaces, as we assume here, replacing direct discharge to water with discharge on soil corresponds to a 99% removal efficiency. At the same time, the extent of European urban surfaces is only a few percent of the extent of unsealed soils (Lavalle et al., 2015), hence the additional pollution potentially impinging on soils as a consequence of reducing runoff discharges would not be significant compared to atmospheric deposition. A clear advantage of runoff control measures, such as urban greening, is in their multiple benefits (e.g. in terms of adaptation to climate change and flood risk mitigation) which often make these a no-regret management option for Hg as well as other forms of pollution (Pistocchi, 2017). Moreover, runoff control contributes to reducing releases with CSO, although these are already marginal.
On the other hand, atmospheric deposition is the key driver of freshwater pollution by Hg in Europe (in this confirming EEA, 2018b), with direct deposition representing more than a half of European releases to freshwaters. Reducing Hg pollution will hence require control of atmospheric releases. In Europe, about 50% of the total deposition originates from releases within the EU (particularly from thermal power stations and cement production), the rest coming from long range transport (De Simone et al., 2017; AMAP/UNEP, 2019). Considering this large share of atmospheric deposition in Europe originating from other regions of the world, the international management of long-range atmospheric Hg pollution remains key also for Hg pollution reduction in European freshwaters.
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Austria AT 101 38 413
Belgium BE 138 49 363
Bulgaria BG 316 4 269
Cyprus cy 07 100 74
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Luxembourg LU 12 64 980
Netherlands NL 207 0 133
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Slovakia SK 110 92 2818
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a = fraction of deposition on urban areas that is washed off
B = fraction of deposition on soils that is leached to water
y = fraction of wastewater that is spilled through CSO

f = efficiency of Mercury retention in wastewater sludge

W = Releases with wastewater (g person™' year™")

Elicited value

05

0.005

0.05

07
00219

Rationale

Tentative. It could be any number between 0 and 1 depending on the interplay
between washout and volatilization

Corresponding to a Hg residence time in soil of
200 years

Conservative upper value (we assume wastewater discharged with CSO
is equal to 5% of total generated wastewater)

Assumed Hg removal rate with sludge

Assume 300 ng Hg L™ in influents, and wastewater production of
200 L person”" day™*
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Source Quantification Plausible Comments
(t year™) range
(t year™)

Net deposition to surface  24.49 16-25 Land intermittently covered by water represents about one-third of al land that is covered

waters by water at some time. Its weight in our assessment is much lower, as this intermittent
‘water cover is accounted in proportion to its duration. The lower bound is two-thirds of the
upper bound, and is therefore likely a gross underestimation of the actual release through
deposition on water

Losses from soils 521 2-10 Hg residence time is expected to be in the range 100-400 years, for the quantification we
assume 200 years

Losses from urban surfaces 1045 5-20 Hg deposition that is washed out is expected to be in the range 25-100%, for quantification
we assume 50%

Discharges with treated 279 02-3 Range of concentrations in influent is reported to be 20-300 ng/L. Quantification at upper

wastewater bound

Combined sewer overflows ~ 0.49 005-05 Wastewater discharged with CSO is expected to be in the range 0.5-5%. Quantification at
upper bound

Industrial discharges 217 13 Discharges from smaller industrial facilities are expected to be from 0 to 2 times the releases
from wastewater treatment plants reported in E-PRTR; for the quantification they are
assumed to be equal

Total 45.59 2425-615 Sum of all lower bounds - upper bounds of ranges
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