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Abstract

:

Former industrially contaminated sites are a burden from the past that still pose environmental risks. During the second half of the 20th century, the Pavlodar region in North Kazakhstan had been a part of Soviet Union’s industrial system that operated a chlor-alkali plant (CAP). The former CAP discharged approximately 135 t Hg into nearby Lake Balkyldak with total losses to water, soil, and air estimated around 1000 t. Pollution by potentially toxic elements (PTEs) due to former and currently active industrial enterprises is an under-investigated concern in the Pavlodar region. The present study aims to provide a much-needed update on the situation around the CAP area by evaluating the contamination by Hg and other selected PTEs (As, Ba, Cd, Co, Cr, Cu, Mn, Ni, Pb, Sb, Se, Zn) on the surrounding environment of the CAP and in the nearby urban zone. Soil, sediment, surface water, and groundwater samples have been collected in several sampling campaigns carried out in 2018 and 2019. Several samples had Hg concentrations exceeding maximum permissible concentrations (MPC), for soils and sediments (in mg/kg; range: 0.0006 to 24, average: 0.56) and for surface water and groundwater (in µg/L; range: 0.004 to 1340, average: 93). Critically high concentrations were mostly measured in the vicinity of Lake Balkyldak, where the majority of Hg had been discharged by the former CAP, indicating persisting Hg pollution in the studied zone. A comparison of the PTEs concentrations in soil and sediments showed less severe pollution but still some elevated values for As, Ba, Co, Cu, Mn, Ni, and Se. The inter-elemental relationship between Hg and assessed PTEs was weak, indicating the presence of sources independent from Hg emitting sources. Further research on Hg contamination on the exact territory of the former CAP is needed, and a detailed human health risk characterization to identify potential unacceptable risks is strongly recommended.
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1. Introduction


Mercury (Hg) is a naturally occurring, volatile, highly toxic element originating below the Earth’s surface [1] and exists in elemental, inorganic, and organic forms (Table 1). Annually, around 5207 Mg of Hg is released from both natural (volcano eruptions, soils, rocks) sources and anthropogenic industrial processes (e.g., thermal energy generation, chemical industries, waste disposal operations) [2,3], with anthropogenic discharge significantly exceeding geogenic sources [4]. The European Commission classified Hg as a priority hazardous substance with no known safe level of exposure [5]. The USEPA has set the minimum risk level for chronic exposure to elemental Hg (via inhalation exposure: at 3 × 10−4 mg/m3) and for mercuric chloride (HgCl2) (via oral exposure: at 3 × 10−4 mg/kg/d) [6]. Exposure to Hg and other PTEs occurs via three pathways: oral, dermal, and inhalation [7] and might cause neurological diseases (Table 1) [8], where the organic form methylmercury (MeHg) is particularly problematic. MeHg is classified as a possible human carcinogen (Class C, weight of evidence characterization), also having a reference dose of 1 × 10−4 mg/kg/d and minimum risk level for chronic ingestion of 0.0003 mg/kg/d [6]. Elemental Hg can stay in the atmosphere for up to a year, where it can be transported or photo-oxidized to an inorganic form and then withdrawn through wet or dry deposition [2]. Sulfate- and iron-reducing bacteria under anoxic/sub-anoxic conditions may methylate the released inorganic Hg into organic Hg (ex., MeHg), which then can be bioaccumulated and biomagnified through the aquatic food chain thus posing health risks [9,10]. Hg cycles through the Earth’s natural processes between environmental media while posing a threat to human health and the environment [1]. Surface soils, water bodies, and bottom sediments act as sinks for directly released elemental Hg from the industrial processes [1], greatly affecting local regions [8,11]. Potentially toxic elements (PTEs) are a group of inorganic contaminants of various environmental significance, i.e., some of the elements might be toxic only at excessive concentrations, while others are posing high health risks even in trace amounts [12]. Although Hg is the primary contaminant of concern in the present study, the other PTEs are also of interest because of the rapid growth of various industries over the last centuries (chemical byproducts, herbicides, pesticides, pharmaceuticals, mining, metallurgy, nanoparticles, etc. [13,14]).



Certain chlor-alkali plants (CAPs) utilize liquid elemental Hg as catalyst during the electrolysis of saturated brine water, which could be then discharged to the environment through wastewater, solid waste, and atmospheric release [10]. Even though chlorine and caustic production industries are shifting to Hg-free membrane technologies, in 2015, the European chlor-alkali industry still accounted for 2.8 million tons of production using the Hg-cell technology [15]. The European Union’s Industrial Emissions Directive mandated the industries to phase out the utilization of Hg-cells by 2017; however, practically, an immediate cease for such plants is not possible at short notice [15]. Even after plant operations cease, Hg release might continue for extended periods. According to the World Chlorine Council (WCC), in 2016, 4378 kg Hg/year was released worldwide into the environment by 34 CAPs using Hg-cell technology [16].



In Kazakhstan, “PO Khimprom” CAP (a former USSR military-industrial establishment) operated from 1975 to 1993 in Pavlodar (North Kazakhstan) (Figure 1). The region of Pavlodar is a part of the “Pavlodar-Aksu-Ekibastuz” industrial system, a strategic complex for the industrial development of Kazakhstan comprising about 40 enterprises. Over the last 60 years, the region’s industrial facilities have significantly aggravated the environmental situation due to regular emissions including PTEs [17]. Around 1300 tons of Hg were estimated having been used during the operational period of the former CAP [18], with Hg loss estimated at 1000 t and large amounts of which still unaccounted for [19,20]. Lake Balkyldak, which is located to the north of the CAP, is considered as one of the primary pollution receivers used as a settling lagoon, where sludge and other industrial waste as well as a major part of Hg was discharged to [20,21] (Figure 1). Computer models showed the contaminant possibly migrating from the groundwater under the site to Irtysh River [22]. Furthermore, consumption of fish from Lake Balkyldak and Irtysh River was suggested to pose high risks to local population, along with studies indicating elevated concentrations of Hg in biota and in other environmental compartments (e.g., [19,22,23]). After the CAP was closed, a suggested remediation plan could not be fully executed and was limited to dismantling Hg electrolysis buildings and stabilizing its area, the removal of contaminated surface soils, covering pollution hotspots with clay, and the construction of a cut-off wall and a storage facility [20].



For the Pavlodar urban zone as well as the CAP-affected zone, studies on the current situation of Hg contamination as well as the PTE contamination are needed [20]. Studies examining Hg contamination in soil, sediments, water, and biota in the Pavlodar region have been published, but a review of these studies revealed that the literature is outdated (latest sampling campaigns before 2011) and fragmented, emphasizing a need for an up-to-date integrated site assessment. A systematic reporting of environmental assessment data contributes to the global knowledge of contaminated site assessment management and would help better understanding the persistence and fate of Hg and other selected PTEs. For the current case, such updates are critical as previously planned site remediation activities could not be completed due to lack of funding.



It is currently not known whether this site (impacted by the former activities of the CAP (Hg) as well as under current influence of Pavlodar industrial complex (other PTEs)) is potentially hazardous to environment. A systematic investigation of selected PTEs in different environmental media is needed to clarify its situation. The current study aims to (1) evaluate Hg contamination in the soil, sediment, and waters; and to (2) evaluate contamination by selected PTEs (As, Ba, Cd, Co, Cr, Cu, Mn, Ni, Pb, Sb, Se, Zn) in soils and sediments around the CAP-affected region and in the nearby urban zone, based on the analysis of samples collected during several sampling campaigns carried out in 2018 and 2019. The structure of the paper is laid out so that results for Hg content in soils, sediments, and aqueous samples (Section 3.2 and Section 3.3) are reported before other PTEs concentrations in solid samples (Section 3.4), which are followed by a comparison of the current contamination case with other CAPs from the world (Section 3.5). Finally, the study provides an analysis of the effect of distance from the point source on Hg concentrations as well as the comparison of industrial and urban zones in terms of the pollution level.




2. Materials and Methods


2.1. Site Description, Sampling


A total of 129 solid (soil, sediment) and 98 aqueous (surface water, groundwater) samples have been collected during field trips in 2018 (May, September, October) and 2019 (July) in the Pavlodar region, on a territory of around 500 km2 which was previously reported as highly contaminated with Hg and then characterized (Figure 2, Figure 3, Figure 4 and Figure 5). The water system of the affected zone, including Lake Balkyldak and Sarymsak pond, is linked to Irtysh River, which is a large water body flowing through Pavlodar city (52°18′56″ N, 76°57′23″ E); connecting Kazakhstan, China, and Siberian Russia [19]. The city has a population around 750,000 people [26] and uses the river water for domestic, agricultural, and industrial purposes [19]. The climate of the Pavlodar region is characterized as an extreme continental with sharp seasonal changes, low annual precipitation, and high potential evaporation, indicating semi-arid climate characteristics [19]. According to Köppen-Geiger climate classification, this region’s climate can be classified as Dfb—warm-summer continental climate [27]. The type and composition of soil around the Pavlodar region is classified as Kastanozems [28] which may be expected to retard the rate of redistribution of contaminants. The region’s cold climate (average temperature of −15 °C in January) and heavy snow cover in winter would inhibit the seasonal atmospheric re-emission of Hg. In contrast, the dry and warm climate (average temperature of +20 °C in July) with strong winds during the summer period may be expected to facilitate Hg volatilization that provides a long transport opportunity on a global scale [21]. Hence, the sampling collection season might significantly affect the fate and distribution of contaminants within the media [29]. Due to a continuous discharge of the pollutants by the industrial companies concentrated in this region for extended periods, high concentrations of PTEs were reported by various studies [17,22,30].



During the collection of solid (soil and sediment) samples, plants, larger rocks, and debris were first removed from the surface; then, the soil in a homogeneous area of 15 cm × 15 cm (if heterogeneous, at corners and center of 1 m × 1 m area) at a depth of 0–10 cm was mixed using a stainless-steel soil shovel and collected into Whirl-Pak sampling bags. In order to avoid cross-contamination, the sampling shovel has been cleaned each time after the sampling. Sediment samples were collected 10 m from the shoreline at a depth of 0–5 cm via a standard surface grab collection with a scoop attached to a pole. Aqueous samples were collected from the surface waters of Lake Balkyldak, Sarymsak pond, Irtysh River, small ponds in the area, and groundwater monitoring wells. Water temperature and conductivity were measured in situ, and each sample was added to 15 mL and 50 mL Corning plastic tubes. Trace element grade HNO3 (70% v/v, Sigma Aldrich, St. Louis, MO, USA) was added to samples in 50 mL tubes for preservation purposes. All field samples were transported to the lab and stored in a freezer at −4 °C.




2.2. Sample Handling and Characterization


Approximately 15 g of each solid sample were unfrozen and then air-dried at room temperature for 24 h under a fume hood. The samples were crushed and then sieved to remove coarse aggregate and vegetation (2 mm sieves). Solid samples were characterized for pH, among which eight soil samples were characterized for their total carbon (TC), total organic carbon (TOC), and total nitrogen (TN). A fraction of each dry sample (5 ± 0.05 g) was mixed to form a slurry by adding 10 mL of deionized water (Millipore Milli-Q ultrapure, Burlington, MA, USA) and was shaken (5 min) in an ultrasonic water bath (FisherBrand FB 15055, Hampton, NH, USA), then pH was measured using pH meter (Mettler Toledo SevenCompact S210) in accordance with the established protocols [31]. For TOC and TC, approximately 10 g of sample was weighed and dried for 24 h by using an oven (Carbolite Gero 30–3000, Sheffield, UK). Soil TC was determined via a C/N dry combustion elemental analyzer (Multi analyzer HT 1300; Analytik Jena, Jena, Germany). For total inorganic carbon (TIC), the samples were pretreated by adding 8.1 mL of HCl (37% w/w) to prepare 100 mL 1 N solution to dissolve carbonates, after which they were dried in the ultrasonic bath overnight at 70 °C. TOC was determined by subtracting TIC from TC. TN was determined according to Dumas method (Dumas analyzer DuMaster D-480 Buchi, Flawil, Switzerland) based on quantitative combustion in excess oxygen.



The pH and conductivity measurements were carried out for 57 and 23 selected aqueous samples, respectively. Samples were collected from Lake Balkyldak, Sarymsak Pond, and Irtysh River in duplicates. Acid was added to one for preservation, and the other was used to conduct pH assessment. Measurement of pH of aqueous solutions was carried out [32] using a pH/conductivity-meter (Mettler Toledo, Columbus, OH, USA; SevenCompact™ S210) along with the conductivity.




2.3. Determination of Hg


Laboratory analyses of total Hg concentrations (THg) in solid and aqueous samples were carried out using RA-915M mercury analyzer coupled with RP-92 and PYRO-915+ attachments (Lumex: Carol Stream, IL, USA). The operation principle is based on differential Zeeman atomic absorption spectrometry using high-frequency modulation of light polarization (Zeeman AAS-HFM, Carol Stream, IL, USA) [33]. The equipment sensitivity allows the detection of volatile Hg compounds (i.e., 0.5 ng/L for aqueous samples and 0.5 µg/kg for solid samples) (ibid.). THg in soil and sediment samples were measured using the PYRO-915+ attachment operated at 520–580 °C (Mode 2, for concentration range between 0.005 and 2.000 mg/kg). 200 ± 15 mg sample was placed in a cuvette and burned in a chamber. Solid samples were analyzed twice (thrice if the difference between measured Hg levels exceeded 15%), and the average was reported (refer to Tables S1 and S2 (Supplementary Materials) for individual results for sediments and soils).



To measure THg in aqueous samples, the method based on bromide-bromate mineralization for the lower concentration range procedure was used. The digestion solution contained potassium bromate (KBrO3, 0.033 mol/L) and potassium bromide (KBr, 0.2 mol/L) solutions. The dilution solution for aqueous samples was prepared using potassium dichromate (K2Cr2O7) and concentrated nitric acid (HNO3). THg levels in the aqueous sample were measured using cold vapor method and involved using either the multi-path (for <1 µg/L) and single-path (for 0.5–5000 g/L) analytical cells of the RA-915 analyzer coupled with RP-92 attachment [33] (refer to Table S3 for individual results for groundwater samples, Table S4 for water samples).




2.4. Determination of Other Selected Potentially Toxic Elements (PTEs)


Soil samples collected during field trip in 2019 were first digested using a microwave acid digester (ETHOS UP Milestone) by using 3 mL HNO3 (70% w/w, Sigma Aldrich) and 9 mL HCl (37% w/w, Sigma Aldrich) at 140 °C. Subsequently, cooled samples were filtered using syringe filters (0.45 μm) and then diluted to 50 mL using deionized water (Millipore Milli-Q ultrapure). The total concentrations of selected PTEs were determined (Table S5) using inductively coupled plasma mass spectrometry (ICP-MS) (ThermoFisher iCAP RQ, Waltham, MA, USA). Before the analysis, the dilution method was chosen in proportion 1:1500, based on the sensitivity of the ICP-MS equipment to aqueous samples. Limits of detection were calculated based on the standard deviation of the analyzed blanks (3 × standard deviation) (Table S6).




2.5. QA/QC, Statistical Analyses


Quality assurance and quality control measures encompassed analysis of blanks and blind duplicates, the use of certified reference materials (CRMs) (Hg concentration: 1000 mg/kg, CRM provided by the manufacturer of RA-915M Hg analyzer; IV-ICPMS-71A for As, Ba, Cd, Co, Cu, Mn, Ni, Pb, Se, Zn, and ICP-MS-68A-B for Sb and Sn) with CRM test results presented in Table S7, and acid washing of glassware used in laboratories to avoid cross-contamination by trace elements. In order to obtain accurate results from the Hg analyzer, the calibration solutions (concentration range from 2 mg/kg to 100 mg/kg) were also prepared as well as a blank sample and have been analyzed after every ten consecutive measurements. Moreover, if the results exceeded the detection limit of the chosen operation mode for Hg analyzer, the samples were analyzed under different modes that allowed detecting a higher concentration range. To ensure the accuracy of the results obtained via ICP-MS analyses, the samples were spiked with the internal standard (Rh) prior to the procedure, which was regularly verified during the analyses.





3. Results and Discussion


3.1. Sample Physicochemical Properties


In order to predict the migration potential of PTEs associated with soils, it is important to take into consideration the soil solution chemistry, as metals associated with the soil solution are able to migrate to groundwaters through the vadose zone [34]. Soil pH affects its capacity to adsorb trace metals and the solubility of cationic PTEs within the media increases at lower pH [34]. In the present study, pH of soil and sediment samples ranged from 7.11 to 9.25. The majority (38 out of 59) of the analyzed samples were categorized as slightly alkaline (i.e., pH > 8), the rest had neutral pH (i.e., between 6 and 8). As the samples were alkaline or neutral, the mobility of trace metals is expected to be at the lower end, particularly for Hg that precipitates with carbonate and hydroxide in alkaline soils to form a stable solid phase (ibid.).



Other factors that affect the mobility and bioavailability of various elements are TOC and TC of soils as their elevated concentrations indicates the ability of elements to be bound into more complex structures and limits their mobility within the medium [20]. Due to the complexity of the Hg-soil system, Hg has a high affinity for organic matter in surface soils [35]. The amounts of TC and TOC in the selected samples (n = 8) were low to average (2.21–12.8 g/kg and 2.14–10.8 g/kg, respectively), showing the limited presence of organic matter in the soil around Lake Balkyldak. These soils could be classified as mineral soils. TN in selected solid samples ranged from 0.033% to 0.17%. Correspondingly, the obtained carbon-to-total nitrogen ratio was 8.96, in accordance with other Kastanozems e.g., 8.47 reported for Kastanozems soils in China [36] and could be considered in the range (<30) when humification and mineralization take place, indicating low accumulation [37].



The chemical form of Hg as well as some other PTEs in aquatic systems could be strongly related to pH as the pH of aqueous samples is generally inversely related to the mobility of the contaminants and their ability to dissolve in water, i.e., the lower the pH, the higher the solubility of the contaminant [38,39]. The average pH of the selected aqueous samples (n = 57) was 8.27 (Tables S3 and S4), slightly higher than the neutral pH range (between 6 and 8). Out of 57 tested samples, 41 were alkaline (pH > 8), with only two samples being acidic (pH < 6). Finally, the characterization of the aquatic system in the Pavlodar region included measuring the conductivity of 23 selected samples (Tables S3 and S4). Conductivity is related to the presence of dissolved substances in water and is also often used as an indicator of salinity (i.e., higher conductivity indicates greater dissolved salt levels) [40]. The average value of conductivity was 9.57 ± 9.13 mS/cm (ranged 1.32–43.4 mS/cm), which could be considered higher than the typical conductivity for freshwater surface streams (<1500 µS/cm) [41].




3.2. Hg in Soils and Sediments


In order to control the level of pollution by PTEs in various environmental compartments and to minimize human exposure to PTEs, maximum permissible concentrations (MPCs) have been established worldwide by various governments (e.g., Canada and Kazakhstan) and health agencies (e.g., World Health Organization (WHO)). In comparison to the limits for Hg proposed by WHO (2007, 1 µg/L in water) and Canada (MDDELCC, 2019; up to 10 mg/kg in soil), the national standards proposed by Kazakhstan (MEPRK 2004) are more stringent (0.5 µg/L in water, 2.1 mg/kg in soil) and aim to reduce Hg concentrations in the environment but not its emissions [20]. In the present study, the concentrations of Hg were first compared with the local national standards (Table 2) to identify the level of contamination in soils, sediments, and water in the Pavlodar region.



Hg concentrations in the soils sampled in CAP-affected and urban areas of the region ranged from 0.00063 mg/kg to 7.0 mg/kg, with an average of 0.32 mg/kg that is below the national MPC (2.1 mg/kg) (Table 3 and Table S2). Overall, four out of 111 soil samples contained concentrations of Hg exceeding the national MPC. As shown in Figure 5, the sampling points with the highest Hg concentrations in soil were located around Lake Balkyldak. Hg concentrations in the sediments ranged from 0.004 mg/kg to 24 mg/kg, with an average of 2.1 mg/kg, similar to the national MPC (2.1 mg/kg) (Table 3 and Table S1). In three out of 18 sediment samples, Hg levels exceeded the MPC (Figure 4). The pollution of sediments is more severe as sediments have higher concentrations than soils. Subsequently, the lake still seems to remain a Hg sink and may act as a pollution source long after it has been used to dispose of Hg-containing effluents during the operation period of the former CAP [20]. Slightly alkaline pH observed in most soil and sediment samples would be expected to reduce Hg mobility [34]. That being said, TOC measured in selected soils and sediments (Table S3) were not high (max: 10.6 g/kg for soils, 10.8 g/kg for sediments, n = 8), indicating a possibly limited potential of Hg retardation by organic matter.



In order to investigate the distribution of the data, Shapiro-Wilk’s normality test was employed to the dataset of Hg concentrations in the solid samples. Results (Table 4) showed that the null hypothesis has been rejected, indicating non-normal distribution (p = 0.007) which is typical of environmental samples. The Shapiro-Wilk test results, Q-Q plots, and histograms were used to reveal outliers that might indicate potential hotspots with high Hg concentrations in several soils and sediments samples. One such hotspot, a sediment sample (0910-P-Sed-04) with an extreme Hg concentration of 24 mg/kg was found west of Lake Balkyldak. The Pearson correlation analysis was applied to sample THg, pH, TOC, TC, and TN data (Table 5), and correlation between these parameters was evaluated. An inverse (but not significant) correlation between soil pH and THg (r = −0.454) within the medium. A significant positive correlation was found between the soil TOC (r = 0.731**), TN (r = 0.894**), and THg levels, indicating the retention of Hg by organic matter in the soil. Hg retention via sorption by organic matter reduces its mobility and thus may lead to lower ecotoxicity; however, changing environmental conditions may later remobilize Hg e.g., via decreasing pH leading to desorption and/or development of reducing conditions leading to transformation to elemental Hg [34], affirming the importance of long-term environmental monitoring for Hg-contaminated sites.




3.3. Hg in Surface Water and Groundwater


Groundwater is commonly extracted for agricultural, domestic, and drinking purposes; thus, it is essential to monitor its quality [44]. The Hg concentrations in the groundwater samples (n = 54) (Table 3 and Table S3) were acceptable in general: the majority of the groundwater samples did not exceed the national MPC for Hg in drinking water of 0.5 µg/L. However, Hg levels ranged from 0.004 µg/L to 1340 µg/L with an average concentration of 93 µg/L, which is 186 higher than the MPC. These were mostly 15 samples collected in the vicinity of Lake Balkyldak and Sarymsak Pond (Figure 2). These results indicated severe Hg pollution of the groundwater within the area of the former CAP, especially at locations previously directly impacted by the chlor-alkali production activities. Overall, this supports the idea the CAP-impacted zone acting as a pollution source long after the operations of CAP seized.



The total Hg concentrations in 44 surface water samples (Lake Balkyldak, Sarymsak Pond, and Irtysh River as well as three samples collected from the wells for water quality monitoring next to the river; Table 3 and Table S4) ranged from 0.004 µg/L to 720 µg/L with an average value of 26 µg/L. Similar to groundwater samples, a comparison of tested samples with the established MPC for drinking water showed that the majority of samples complied except for seven samples collected from Lake Balkyldak in the vicinity of the former CAP (Figure 2 and Figure 3). Although THg in most samples did not exceed the MPC, the average concentration of Hg (26 µg/L) in surface water samples was around 50 times greater than the regulatory value because of several extremely high values. The Hg contamination in surface water samples were less than that of in groundwater samples but nevertheless severe. The presence of Hg in high concentrations in surface water may pose a significant hazard to the population of the Pavlodar area and the local ecosystem system due to known severe toxicity of Hg species, particularly due to the potential formation of extremely toxic MeHg under anoxic conditions and its subsequent bioaccumulation.




3.4. PTEs in Soils and Sediments


In order to evaluate the level of contamination in the study area by other selected PTEs, total concentrations of PTEs were compared to MPCs from Canada (Table 2, [42]). The comparison of levels of selected PTEs with MPCs from Canada defined for residential zones showed PTE concentrations exceeding MPCs in some cases: specifically for As (5 of 70 samples), Ba (2 of 70 samples), Co (1 of 70 samples), Cu (5 of 70 samples), Mn (20 of 70 samples), Ni (2 of 70 samples), and Se (1 of 70 samples). In contrast, concentrations for Cd, Cr, Pb, Sb, and Zn were systematically lower than the MPCs of Canadian regulations for urban areas. The comparison of the results for the samples collected in the CAP impacted zone with MPCs from Canada for industrial areas showed PTE concentrations exceeding MPCs for: Cu (3 samples), Mn (1 sample), and Se (1 sample). Average PTEs concentrations in soil samples (mg/kg, Table 3), were also below the Canadian MPCs for urban and industrial areas for all PTEs. These results further support that there is no overall significant impact of past or ongoing anthropogenic activities on the level of selected PTEs in sampled soils. It should be noted that although MPCs from Kazakhstan soil regulations (Table 2 [43]) were presented, they were not used for comparison purposes as the stated limits are exceptionally low (e.g., 2 mg/kg for As, which is considerably lower than residential (30 mg/kg) and industrial (50 mg/kg) MPCs from Canada) and their supporting scientific basis could not be found.



An inter-elemental relationship between selected PTEs was investigated via Pearson correlation analysis (Table 6). The concentrations of 11 of 13 selected PTEs correlated with other (exceptions: Hg and Se). Taking into consideration the findings above, this correlation is possibly due to the common effect of certain soil properties (e.g., pH, OM, oxydo-reduction potential) on the retention and mobility of metals of geogenic origin as cations in soil. Hg and Se may be exceptions as Hg come from an anthropogenic source and Se species are anionic.



Shapiro-Wilk’s normality test along with Q-Q plots and histograms were used to reveal outliers to identify possible hotspots with excess concentrations of PTEs (Table 4). The data were not normally distributed and heavy-tailed relative to a normal distribution for all examined PTEs, as also supported by skewness and kurtosis (Table 3). This analysis identified several potential hotspots (1 for Hg as previously discussed, 2 for Cd, 3 for Cu, 1 for Mn, 1 for Ni, 3 for Pb, 1 for Se). These sampling locations are highly concerning in terms of their high PTE concentrations and thus should be later investigated for the potential presence of localized contamination.




3.5. Comparison of Hg Contamination with Literature


The comparison of the results presented in the current study with the literature on the area indicated that Hg contamination in the Pavlodar region is still a pressing issue. A thorough evaluation of the literature on Hg contamination in the Pavlodar region has been provided in our previous study [20] and is also summarized in Table 7. The range for soil Hg concentrations in the current study is close to the values reported by Ullrich et al. [19] (Hg concentrations in soil samples around Lake Balkyldak ranged from 0.22 to 5.7 mg/kg). However, the Hg content in sediments in the present study is lower than in the previous study, where sampling was conducted in August 2001, and Hg concentrations were up to 617 mg/kg in Lake Balkyldak sediments [19]. It is important to emphasize that for the present study, it was not possible to collect samples directly on the territory of the former CAP due to access limitations. Consequently, the results presented by the current study could be in average lower than those published by the others [23,38,45]. Regarding aqueous samples, the level of contamination in surface water and groundwater samples is higher in the current study (Table 7), possibly due to the effect of extremely high concentrations of Hg in some samples collected in October 2018 on average values.



Several studies worldwide have investigated the impact of CAPs with Hg-cell technology on the environmental compartments (e.g., on soil, sediments, water). Table 8 summarizes findings from selected relevant global Hg contamination cases caused by CAPs, including the current case. The discharge from the CAPs in the listed cases was lower than the case of Pavlodar (estimated total around 1000 t of Hg). Overall, the level of contamination in the current study seems more severe as indicated by generally higher Hg concentrations in the environmental compartments reviewed above. One interesting point was that operation of CAPs in Italy in 1958–2003 and Spain in 1949–2017 caused the main episodes of Hg pollution of the riverbed material. The THg in the sedimentary cores in Augusta Bay, Italy, reported by Falciglia et al. [46] and Romano et al. [47] were generally much higher than values obtained in the current study. Similarly, high concentration values of Hg were reported by Esbri et al. [48] and Palanques et al. [49] for soils (up to 640 mg/kg) and sediments in the vicinity of the former CAP located in Flix, Spain, exceeding the concentrations reported in the current study. Given the fact that resuspension of sediments (e.g., in spring) in rivers may lead to sediment transport and a subsequent decline in Hg concentrations over time, such high concentrations of Hg may be surprising. That being said, the aforementioned cases in Italy and Spain are newer contamination cases (i.e., CAPs seized their operation much more recently), which may explain larger concentrations. Furthermore, we didn’t employ core sediment sampling in the present study and only sampled from the surface, therefore sample types are different. Finally, the reviewed studies show that Hg from CAPs can accumulate in different species from biota (e.g., from lichens [48] and pine trees [50] to oysters [51] and fish [52]), which was not investigated in the present study but has been demonstrated by previous work on Pavlodar CAP area (see the review of Guney et al. [20]).



Regarding soils and sediments, in contrary to the cases mentioned above, the Hg concentrations (0.1–10.4 mg/kg in soils, 0.1–14.4 mg/kg in sediments) of the Botafogo River, Brazil reported by Araujo et al. [52,66] were generally lower than those in the present study. The operation of the CAP in the case of Brazil from 1963 to 1987 caused severe Hg contamination as a result of the uncontrolled discharge into the Botafogo River. Other reviewed Hg pollution episodes occurred in New Brunswick, Canada, and Rm Valcea, Romania. The Hg concentration values reported by Bravo et al. [8,62], Walker [63], and Garron et al. [64] in surface waters and sediments in the vicinity of the reservoir (Rm Valcea, Romania), and the former CAP (Canada) were generally lower than those reported in the current study, highlighting the severity of Hg contamination in the current case.




3.6. Contamination in CAP-Affected Area vs. Nearby Urban Zone


3.6.1. Effect of Distance from Source on Hg Contamination Level


For soils and sediments, it is reasonable to expect that higher Hg levels would be measured in samples collected closer to the source of Hg contamination. Figure 6 displays the relationship between Hg levels in different media and the distance of sampled locations from the sludge disposal ponds (at N 52.406157, E 76.926458). A negative correlation between Hg concentrations and distances from the source was found for both soils and sediments with power fit (R2 = 0.525) and exponential fit (R2 = 0.557) equations, respectively. The power fit equation for soil Hg levels yields a distance of 1.49 km when solved for the national MPC (2.1 mg/kg for soil), and the measured Hg concentration values fall below the MPC limit at around 4 km mark. National guidelines for Hg concentrations in sediments are not available, thus Hg levels were compared to Canada interim sediment quality guidelines for freshwater sediments: 0.17 mg/kg [67]. Solving the exponential equation for sediments for the Canadian limit yields a 7.29 km distance, whereas the measured Hg levels dip below the limit close to the 4 km mark. Finally, Hg levels in groundwater shows no significant relationship to distance (the best fit curve—exponential with R2 = 0.054).




3.6.2. Contamination by Hg and Other PTEs in Affected Area vs. Urban Zone


The closest settlement possibly affected by Hg emissions from the former CAP is Pavlodar city since the CAP site is located on the northern border of the city and is around 10 km away from the city center. To assess if Hg levels in the urban area are within the regulation limits, average Hg concentrations in soils, groundwater, and surface waters in locations south of the sludge disposal ponds were calculated. Moreover, the area within the 4 km buffer zone around the sludge ponds was excluded from urban Hg levels calculation. The average Hg concentrations in urban soils (n = 43, 18 μg/kg), groundwater (n = 1, 0.007 μg/L), and water samples from the city section of the Irtysh River (n = 7, 0.004 μg/L) were below the national standards. In contrast, the average Hg concentrations in soils, groundwater, and surface waters within the buffer zone of sludge ponds were as follows: 510 μg/kg in soils (n = 68), 97 μg/L in groundwater (n = 52), and 370 μg/L in river water (n = 2), which significantly exceeds the Hg levels in the samples collected in urban locations



Previously reported Hg levels in urban soils ranged 0.08–0.57 mg/kg, with Hg concentrations averaging 3.51 mg/kg and rising to 18.96 mg/kg in the northern industrial part of the region [45]. Moreover, Ullrich et al. [19] reported an average of 2.65 mg of Hg/kg (0.22–5.72 mg/kg) in the topsoil around Lake Balkyldak and 0.127–0.321 mg of Hg/kg in the topsoil of the river section located north of the city area. Although soil Hg concentrations in the city are below the national limit and significantly lower than those in the CAP-affected in both literature and this study, the previously reported average Hg levels substantially exceed the levels measured in this study. In contrast, Hg concentrations in groundwater (<5 ng/L) sampled in a village in the region and the Irtysh River water (<2 ng/L) [19] have been lower than the levels reported for CAP-affected area in the present study.



In order to evaluate the relationship between the distance from the former CAP and the level of contamination by selected PTEs, two-sample t-test with unequal variance has been used (Table 9). The two categories of samples according to the proximity to the area of the nearest settlement (Pavlodar region) were CAP impacted zone (n = 169) and urban (n = 57). The two-sample t-test revealed a significant difference between Hg concentrations in nearby urban area and the CAP impacted zone. The test revealed no significant difference between the concentrations of other PTEs in both areas except for Cd. This, in combination with the findings from Section 3.5, indicates that former and ongoing industrial activities seem not to exhibit an overall significant impact on the other selected PTE levels in the soils of the urban area, with the exception of Cd.






4. Conclusions and Recommendations


The present study investigated soil, sediment, surface water, and groundwater contamination by 13 selected PTEs including mercury (Hg) in Pavlodar region (North Kazakhstan) around a former Hg-cell chlor-alkali plant (CAP) operated in the second half of the 20th century. A comparison of the results with the maximum permissible concentration (MPC) for Hg indicated acceptable concentrations in the majority of samples along with very high concentrations in several soils and sediments from CAP impacted zone. Surface water and groundwater samples also had similar characteristics where the majority of samples complied with the national MPC for drinking water with the exception of numerous highly contaminated samples from the impacted zone. Groundwater was pollution was more problematic than the pollution in surface waters. These results indicated the ongoing presence of Hg long after the CAP seized its activities and remediation actions implemented on the territory of the former CAP, accompanied by potential ecological and human health risks. A comparison of other selected PTE concentrations in soils to MPCs indicated elevated concentrations of As, Ba, Co, Cu, Mn, Ni, and Se in some samples, although a large majority of samples complied with the regulatory values for both urban and industrial areas. These results indicated no overall significant impact of anthropogenic activities on the area, although some hotspots were identified which may need further investigation. Regarding the nearby urban zone, average Hg levels complied with the national MPCs and were lower than those in the CAP-impacted area. Similarly, other selected PTEs were mostly within acceptable limits in the urban zone. A comparison of the results of the present study with the literature on the region indicated that contamination being slightly lower than it was in the past. However, due to inaccessibility to the actual territory of the former CAP in the present study, the dynamics of PTEs contamination in the environment at the source of the pollution for the present is still incomplete. The findings presented in this study is an important record for contaminated sites history of the Central Asian region. The study limitations include the following: It was not possible to collect environmental samples directly from the former CAP territory, which has been previously reported to contain extreme Hg contamination hotspots and might be expected to still contain excess concentrations of Hg particularly in soil. Furthermore, the accumulation of Hg in biota was not investigated, which is expected to be another major concern. Further investigations in the region are highly recommended as there is still lack of relevant up-to-date follow-up studies in the CAP territory. Moreover, given the current contamination levels, a detailed human health risk assessment based on the comprehensive site characterization is highly recommended to properly identify potential human health risks.
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Figure 1. Study area. 






Figure 1. Study area.



[image: Sustainability 13 13829 g001]







[image: Sustainability 13 13829 g002 550] 





Figure 2. Hg in aqueous samples (2018 sampling campaign). 
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Figure 3. Hg in aqueous samples (2019 sampling campaign). 
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Figure 4. Hg in sediment samples (2018 sampling campaign). 
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Figure 5. Hg in soil samples (2018 and 2019 sampling campaigns). 
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Figure 6. Hg concentrations (sediments, groundwater, soils) vs. distance from sludge ponds. 
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Table 1. Sources, toxicity, and adverse health effects of different forms of Hg [20,24,25].
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	Hg Form
	Notes
	Major Sources
	Toxicity
	Adverse

Health Effects





	Elemental, Hg0
	Liquid or vapor at room T

(> 25 ℃)
	Burning fossil fuels, chlor-alkali production, mining and smelting, incinerators, volcanoes
	Has little toxicity, when ingested (<0.1% is absorbed from the GI tract).

Dermal absorption—minimal exposure.

Absorbed by inhalation
	Respiratory diseases.

Toxic to central and peripheral nervous system.

Toxic to nervous, digestive, and immune system.



	Inorganic or Ionic
	Salts

Hg+, Hg2+
	Mercurous chloride (calomel), mercuric oxide
	Extremely caustic; 10% absorbed
	Absorption is fatal.

Corrosive to skin, eyes, and GI system.



	Organic
	MeHg+, MeHg2+, EtHg+, phenylHg
	Industrial compounds

Biological processes
	Lipid soluble, 90–100% absorbed by GI tract
	Highly toxic to fetus.

Neurodevelopmental problems
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Table 2. Ranges (present study) along with permissible concentrations of selected potentially toxic elements (PTEs) in soils (mg/kg) according to regulations of Canada [42] and of Kazakhstan [43].






Table 2. Ranges (present study) along with permissible concentrations of selected potentially toxic elements (PTEs) in soils (mg/kg) according to regulations of Canada [42] and of Kazakhstan [43].





	
PTE

	
Range in the Present Study

	
Residential Limits (Quebec, Canada)

	
Non-Residential Limits (Quebec, Canada)

	
National Standards (Kazakhstan)






	
Hg

	
0.00063–24

	
2

	
10

	
2.1




	
0.000004–1.4 *

	
-

	
-

	
0.0005 *




	
As

	
0.22–37

	
30

	
50

	
2




	
Ba

	
77–540

	
500

	
2000

	
-




	
Cd

	
0.0012–2.5

	
5

	
20

	
0.5




	
Co

	
7.2–57

	
50

	
300

	
5




	
Cr

	
0.61–150

	
250

	
800

	
6




	
Cu

	
13–1390

	
100

	
500

	
33




	
Mn

	
93–8170

	
1000

	
2200

	
1500




	
Ni

	
0.096–120

	
100

	
500

	
4




	
Pb

	
11–280

	
500

	
1000

	
32




	
Sb

	
1.1–1.1

	
31

	
-

	
4.5




	
Se

	
0.60–21

	
3

	
10

	
-




	
Zn

	
1.5–290

	
500

	
1500

	
23








* Permissible concentrations of Hg in water and groundwater (mg/L).
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Table 3. Summary of concentrations of Hg (soils, sediments, and water) and other PTEs (soils and sediments) with selected descriptive statistics (mg/kg).






Table 3. Summary of concentrations of Hg (soils, sediments, and water) and other PTEs (soils and sediments) with selected descriptive statistics (mg/kg).





	PTE
	Medium
	Average
	Standard Deviation
	Min
	25th Percentile
	50th Percentile
	75th Percentile
	90th Percentile
	Max
	Skewness
	Kurtosis





	Hg
	soils, sediments
	0.56
	2.3
	0.00063
	0.0092
	0.021
	0.14
	1.2
	24
	8.3
	81



	Hg
	surface water, groundwater
	0.093
	0.26
	4.00 × 10−6
	7.00 × 10−6
	1.70 × 10−5
	0.0003
	0.17
	1.3
	3.4
	15



	As
	soils, sediments
	12
	13
	0.22
	0.22
	0.22
	24
	30
	37
	0.36
	−1.6



	Ba
	soils, sediments
	270
	110
	77
	180
	250
	360
	420
	540
	0.25
	−0.69



	Cd
	soils, sediments
	0.3
	0.32
	0.0012
	0.14
	0.24
	0.41
	0.56
	2.5
	4.8
	32



	Co
	soils, sediments
	21
	7.9
	7.2
	16
	20
	24
	29
	57
	1.8
	5.8



	Cr
	soils, sediments
	69
	47
	0.61
	0.64
	81
	100
	120
	150
	−0.31
	1.9



	Cu
	soils, sediments
	94
	240
	13
	28
	36
	45
	77
	1390
	4.5
	20



	Mn
	soils, sediments
	870
	980
	93
	430
	690
	1070
	1470
	8170
	6.3
	47



	Ni
	soils, sediments
	50
	22
	0.096
	39
	49
	61
	74
	120
	0.39
	1.5



	Pb
	soils, sediments
	36
	47
	11
	19
	24
	31
	55
	280
	4.1
	17



	Sb
	soils, sediments
	1.1
	0.02
	1.1
	1.1
	1.1
	1.1
	1.1
	1.1
	0.76
	−0.085



	Se
	soils, sediments
	0.6
	0.01
	0.6
	0.6
	0.6
	0.6
	0.6
	0.6
	0.21
	0.04



	Zn
	soils, sediments
	77
	91
	1.5
	1.4
	1.5
	130
	220
	290
	0.77
	−0.69
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Table 4. Results for Shapiro-Wilk test and outlier points with PTE concentrations in soils and Hg concentrations in sediments.






Table 4. Results for Shapiro-Wilk test and outlier points with PTE concentrations in soils and Hg concentrations in sediments.





	PTE
	p-Value
	W
	Distribution
	Outlier Points (Concentration in mg/kg)





	Hg
	0.007
	0.235
	Non-normal
	P-Sed-04 (24.1)



	As
	0.000
	0.779
	Non-normal
	-



	Ba
	0.164
	0.975
	Non-normal
	-



	Cd
	0.000
	0.598
	Non-normal
	52(1) (2.50)



	Co
	0.000
	0.885
	Non-normal
	-



	Cr
	0.000
	0.897
	Non-normal
	-



	Cu
	0.000
	0.298
	Non-normal
	17 (1100), 16 (1110), 18 (1390)



	Mn
	0.000
	0.452
	Non-normal
	8 (1) (8170)



	Ni
	0.054
	0.966
	Non-normal
	42 (120)



	Pb
	0.000
	0.442
	Non-normal
	17 (188), 16 (252), 18 (280)



	Sb
	0.000
	0.931
	Non-normal
	-



	Se
	0.000
	0.101
	Non-normal
	39(10) (21.3)



	Zn
	0.000
	0.782
	Non-normal
	-
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Table 5. Pearson correlations matrix between total Hg (THg) and sample physicochemical characteristics (pH, total carbon (TC), total organic carbon (TOC), and total nitrogen (TN)).
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	THg
	pH
	TC
	TOC
	TN





	THg
	1.000
	−0.454
	0.720 *
	0.731 *
	0.894 **



	pH
	
	1.000
	−0.488
	−0.341
	−0.345



	TC
	
	
	1.000
	0.932 **
	0.837 **



	TOC
	
	
	
	1.000
	0.920 **



	TN
	
	
	
	
	1.000







** Correlation significant at 0.01 level (2-tailed). * Correlation significant at 0.05 level (2-tailed).
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Table 6. Pearson correlation matrix between Hg and other selected PTEs.
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	Hg
	As
	Ba
	Cd
	Co
	Cr
	Cu
	Mn
	Ni
	Pb
	Sb
	Se
	Zn





	Hg
	1.000
	0.264 *
	−0.130
	−0.099
	−0.175
	0.036
	−0.067
	−0.098
	−0.134
	−0.078
	−0.264 *
	−0.054
	−0.058



	As
	
	1.000
	0.371 **
	−0.059
	0.145
	0.425 **
	−0.170
	0.313 **
	0.373 **
	−0.119
	0.439 **
	−0.003
	−0.167



	Ba
	
	
	1.000
	0.305 *
	0.618 **
	0.759 **
	0.198
	0.412 **
	0.596 **
	0.330 **
	0.155
	−0.077
	0.214



	Cd
	
	
	
	1.000
	0.333 **
	0.190
	0.065
	0.270 *
	0.336 **
	0.171
	0.044
	−0.073
	0.368 **



	Co
	
	
	
	
	1.000
	0.580 **
	0.405 **
	0.335 **
	0.471 **
	0.500 **
	−0.026
	−0.123
	0.258 *



	Cr
	
	
	
	
	
	1.000
	0.223
	0.288 *
	0.447 **
	0.310 **
	0.232
	−0.043
	0.094



	Cu
	
	
	
	
	
	
	1.000
	−0.147
	−0.451 **
	0.953 **
	0.167
	−0.027
	−0.128



	Mn
	
	
	
	
	
	
	
	1.000
	0.461 **
	−0.066
	0.132
	−0.062
	0.015



	Ni
	
	
	
	
	
	
	
	
	1.000
	−0.325 **
	−0.191
	−0.032
	0.432 **



	Pb
	
	
	
	
	
	
	
	
	
	1.000
	0.182
	−0.037
	−0.036



	Sb
	
	
	
	
	
	
	
	
	
	
	1.000
	−0.068
	−0.302 *



	Se
	
	
	
	
	
	
	
	
	
	
	
	1.000
	0.004



	Zn
	
	
	
	
	
	
	
	
	
	
	
	
	1.000







** Correlation significant at 0.01 level (2-tailed). * Correlation significant at 0.05 level (2-tailed).
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Table 7. Summary of conducted studies in Pavlodar region on Hg contamination due to impact of CAP.






Table 7. Summary of conducted studies in Pavlodar region on Hg contamination due to impact of CAP.





	Study
	Title
	Analysis Method
	Hg





	[53]
	Mercury (Hg) contamination of fish fauna of Balkyldak technical pond
	Acid, bromide-bromate digestion + CV-AFS (PSA 10.025 Millenium-Merlin)
	Biota (Lake Balkyldak): 0.16–2.20 mg/kg



	[23]
	Analysis of risk from mercury contamination at the Khimprom Plant in Kazakhstan
	(1) UK Contaminated Land Exposure Assessment (CLEA) model; (2) the Netherlands, Van Hall Institute Risk-Human Model Version 3.0
	On-site: 835.9 mg/kg (mean, surface soils), 18 mg/L (mean, groundwater); Urban zone: 1.5 mg/kg (mean, surface soils), 0.005 mg/L (mean, groundwater)



	[54]
	Activities for prevention of the threat of river Irtysh mercury pollution in Pavlodar, Kazakhstan
	-
	Max. value in groundwater: 150 µg/L; surface water: 3–30 µg/L; biota: 0.075–0.16 mg/kg



	[45]
	Ecological and geochemical characteristics of soils in Pavlodar, Republic of Kazakhstan
	Acid digestion + AAS (Perkin Elmer 403 + HGA-74)
	Soils (n = 609): 0.08–18.96 mg/kg



	[19]
	Mercury contamination in the vicinity of a derelict chlor-alkali plant. Part I: Sediment and water contamination of Lake Balkyldak and the River Irtysh
	Acid digestion + CV-AAS, CV-AFS
	Sediments–lake Balkyldak (n = 55): 0.11–617 mg/kg; sediments–Irtysh river (n = 38): 0.001–0.046 mg/kg; sediments from oxbow lakes (n = 18): 0.010–0.360 mg/kg; surface water from Balkyldak (n = 38): 0.11–1.39 µg/L; surface water from Irtysh river: < 2 ng/L; surface water from oxbow lakes: < 2–8.5 ng/L; soil around Balkyldak: 0.22–5.72 mg/kg; soil around Irtysh river: 0.106–4.300 mg/kg



	[55]
	Mercury contamination in the vicinity of a derelict chlor-alkali plant. Part II: Contamination of the aquatic and terrestrial food chain and potential risks to the local population
	Acid digestion + CV-AFS
	Fish from Lake Balkyldak (n = 55): 0.16–2.20 mg/kg; fish from Irtysh river (n = 30): 0.075–0.159 mg/kg; soil (n = 24): 0.10–3.30 mg/kg; groundwater from drinking wells (n = 30): <5 ng/L; kidney: 10.96 µg/kg, liver: 5.74 µg/kg; bovine milk: <2 µg/kg



	[56]
	Heavy Metals Accumulation in Children Hair
	Instrumental neutron activation analysis (INAA)
	Children’s hair (n = 100): 0.20–0.70 mg/kg



	[22]
	Final technical report
	AAS (Lumex RA 915+), AFS (PS Analytical Millenium Merlin System)
	soil (n = 610): 2.1–95.1 mg/kg; gramma grass (mean value, n = 4): <0.2 mg/kg; bottom sediments in Lake Balkyldak (n = 334): 135336 kg of Hg; biota (n = 132): 1.0–1.5 mg/kg



	[57]
	Evaluation of mercury contamination in the vicinity of enterprises of the petrochemical complex in the winter period (based on the example of Pavlodar, Republic of Kazakhstan)
	AAS (Lumex RA 915+ and PYRO 915)
	Snow samples (n = 17): >0.15 mg/kg (background level) by 1.5–7 times; daily mean Hg deposited on snow cover: 4.9–221 mg/(km2 × day)



	The present study
	Assessment of distribution of potentially toxic elements in different environmental media impacted by a former chlor-alkali plant
	AAS (Lumex RA 915+ and PYRO 915)
	soil: 0.006–7.0 mg/kg; sediments: 0.004–24 mg/kg; groundwater: 0.004–1340 µg/L; surface water: 0.003–720 µg/L
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Table 8. Comparison of selected international cases with CAP impact with present study.
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	Location
	Operation Period
	Estimated Discharge
	Soils
	Sediments
	Water
	Other Pollutants
	Main Remarks





	Botafogo River, Brazil
	1963–1987
	22–35 t of THg [51]
	0.1–14.4 mg/kg [50]
	1.2–2.5 t in Santa Cruz Channel [51];

0.13–10.44 mg/kg [51]
	Not reported in reviewed references
	Not reported in reviewed references
	THg in human hair samples: 0.1–12.5 ng/mg < MPC [58];

THg in biota samples: 4.5–167.0 ng/mg < MPC [58];

Preferential accumulation of elemental Hg in soils and sediments was confirmed [51];

Hg in oysters: 0.804–1.644 mg/kg, implying with Brazil’s food security agency standards [51];

Hg in plants: 0.019–0.081 mg/kg [51];

Direct correlation between the Hg concentration values and proximity to the former CAP has been reported [50]



	Augusta Bay, Italy
	1958–2003
	500 t of Hg [47]
	Not reported in reviewed references
	0.3 × 3 mg/kg [59];

max = 680.10 mg/kg [47];

0.42–43.2 mg/kg [46]
	Not reported in reviewed references
	Ba: max = 7199 mg/kg (sediments) [47];

PAHs, PCBs, As, Cd, Co, Cr, Cu, Ni, Pb, V, Zn [59];

PCBs: ~0.0–0.386 mg/kg [47];

HCBs: ~0.0–0.0007 mg/kg [47]
	Hg benthic fluxes: 1.3 kmol/yr, outflowing bottom fluxes: 0.54 kmol/yr [60];

Southernmost area considered highly contaminated area, acting as a secondary source of contamination due to reworking, resuspension, and transport [47]



	Flix, Spain
	1949–2017
	Not reported in reviewed references
	44.0–12900 ng/g [48];

0.4–61.6 µg/g [61]
	98.0–495000 ng/g [48];

up to 640 mg/kg [49]
	Not reported in reviewed references
	Cd: max = 12.15 mg/kg, Cr: max = 749.05 mg/kg, Zn: max = 394.32 mg/kg, Ni: max = 159.31 mg/kg, Cu: max = 106.01 mg/kg, As = 37.87 mg/kg, Pb: max = 52.06 mg/kg, Se: max = 42.78 mg/kg, Mn: max = 1406.86 mg/kg, P: max = 31.3 g/kg, S: max = 13.98 g/kg, Ti: max = 2.92 g/kg, Al: max = 69.94 g/kg, Ca: max = 380.81g/kg, Fe: max = 34.22 g/kg (sediments) [49]
	Hg in biota: 4.49 ± 0.65, Cd in biota: 0.04 ± 0.02, As in biota: 17.53 ± 1.95, Se in biota: 1.4 ± 0.5, Zn in biota: 23.2 ± 5.6, Cu in biota: 2.0 ± 0.2, Cr in biota: 23.1 ± 6.2, Pb in biota: 0.06 ± 0.03 [Soto et al., 2011];

Hg in lichens: 387–3750 ng/g [48];

PTEs including Hg tend to accumulate in finer fractions rather than in medium and coarse soils [61]



	Rm Valcea, Romania
	1968–present
	36–53 t [62]
	Not reported in reviewed references
	0.01–0.08 mg/kg [62]
	9–88 ng/L [8]
	Cd in sediments: 0.5 ± 0.24, Cu in sediments: 46 ± 5, Pb in sediments: 23 ± 3, Zn in sediments: 127 ± 16 [62]
	Increased concentrations of MMHg (0.7 ng/L) in the reservoir [8]



	Dalhousie, NB Canada
	1963–2008

1970–1992
	141–163 t (discharge from 2 CAPs)
	Not reported in reviewed references
	0.04–0.28 µg/g [63];

0.02–1.96 mg/kg [64]
	0.84–4.32 µg/L [64]
	Not reported in reviewed references
	Hg in biota: 0.02–1.40 mg/kg (level decreases with distance), Hg concentrations in sediments decrease with distance from the former CAP [64]



	Neratovice, Czech Republic
	1941–2017
	77 kg/yr in 2007–2017 [50]
	O horizon: 479 µg/kg, mineral soil: 15 µg/kg [50]
	Not reported in reviewed references
	Not reported in reviewed references
	Al0 in O horizon: 1259 mg/kg, min. soil: 438 mg/kg;

Fe0 in O horizon: 1833 mg/kg, min. soil: 687 mg/kg [50]
	Hg in bark and needles (Pinus sylvestris): 158 and 30 µg/kg, respectively [50]



	Ya-Er Lake, Hubei Province China
	1962–1987 [65]
	Not reported in reviewed references
	Not reported in reviewed references
	THg: 44–2766 ng/g

MeHg: ND–2.6 ng/g [52]
	Surface water THg: 6.2–48.6 ng/;

MeHg: ND–0.41 ng/L;

PorewaterTHg: 2.3–317.7, MeHg: 0.22–3.62 ng/L [52]
	Se in fish: 388.6–1502.3 µg/kg
	THg and MeHg in fish: 0.05–0.44 and 0.01–0.29 mg/kg, respectively [52]



	Pavlodar, Kazakhstan
	1975–1993
	1000–1300 t of Hg
	0.006–7.0 mg/kg
	0.004–24 mg/kg
	0.003–1340 µg/L
	Selected PTEs in soils (mg/kg): As: 0.22–37, Ba: 77–540, Cd: 0.0012–2.5, Co: 7.2–57, Cr: 0.61–160, Cu: 13–1390, Mn: 92–8170, Ni: 0.10–120, Pb: 11–280, Sb: <1.1, Se: <0.60, Zn: 1.5–290
	Hg concentrations in CAP impacted zone significantly higher than in nearby urban area. Concentrations of other selected PTEs don’t differ except for Cd. Refer to Table 7 for more remarks on Hg levels.
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Table 9. Results for two-sample t-test between urban and chlor-alkali plant (CAP)-impacted sampling points.






Table 9. Results for two-sample t-test between urban and chlor-alkali plant (CAP)-impacted sampling points.





	Elements
	Average Concentration for Urban Area
	Average Concentration for CAP−Impacted Area
	p-Value
	t-Statistic
	Null Hypothesis at α = 0.050





	Hg (soils, sediments)
	0.019
	0.87
	0.00881
	2.68
	Rejected



	Hg (surface water, groundwater)
	5.4 × 10−5
	0.072
	0.00374
	2.98
	Rejected



	As (soils)
	4.8
	13
	0.076
	1.80
	Accepted



	Ba (soils)
	270
	270
	0.847
	−0.19
	Accepted



	Cd (soils)
	0.40
	0.24
	0.000
	−4.49
	Rejected



	Co (soils)
	23
	20
	0.371
	−0.90
	Accepted



	Cr (soils)
	47
	72
	0.142
	1.49
	Accepted



	Cu (soils)
	47
	100
	0.533
	0.63
	Accepted



	Mn (soils)
	1040
	840
	0.574
	−0.57
	Accepted



	Ni (soils)
	57
	49
	0.355
	−0.93
	Accepted



	Pb (soils)
	42
	36
	0.700
	−0.39
	Accepted



	Sb (soils)
	1.1
	1.1
	0.515
	−0.66
	Accepted
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