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Abstract

:

The derelict Remance gold mine is a possible source of pollution with potentially toxic elements (PTEs). In the study area, diverse mine waste has been left behind and exposed to weather conditions, and poses risks for soil, plants and water bodies, and also for the health of local inhabitants. This study sought to perform an ecological and health risk assessment of derelict gold mining areas with incomplete remediation, including: (i) characterizing the geochemical distribution of PTEs; (ii) assessing ecological risk by estimating the pollution load index (PLI) and potential ecological risk index (RI); (iii) assessing soil health by dehydrogenase activity; and iv) establishing non-carcinogenic (HI) and carcinogenic risks (CR) for local inhabitants. Soil health seems to depend on not only PTE concentrations, but also on organic matter (OM). Both indexes (PLI and RI) ranged from high to extreme near mining and waste accumulation sites. As indicated by both the HI and CR results, the mining area poses a health risk for local inhabitants and particularly for children. For this reason, it will be necessary to set up environmental management programs in the areas that are most affected (tailings and surrounding areas) and accordingly establish the best remediation strategies to minimize risks for the local population.
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1. Introduction


Mining activities can potentially pollute the environment, especially when tailing materials are left exposed to weather conditions, which favor the release and dispersion of pollutants to the surrounding soil, plants, water bodies and humans [1,2,3,4]. The dispersion of potentially toxic elements (PTEs) can be primarily assessed by edaphological characterization and geochemical quantification of pollutants. However, assessing the possible impact on biota requires that certain indices be determined, such as the pollution load index (PLI) to evaluate the degree of contamination; the potential ecological risk index (RI) to evaluate the ecological risk that mine materials can pose [5]. Soil health is the capacity of the soil to function as a vital living ecosystem to sustain plants, animals, and humans [6]. Indicators of soil health provide information about how the soil is functioning with respect to a particular management goal or ecological role [7]. A specific soil function may involve several processes, and each process may be associated with a combination of soil chemical, physical, and biological properties [7]. In this sense, dehydrogenase activity (DHA) is a biological indicator that, added to the rest of the physical and chemical properties measured in this study, allows us to evaluate the health of the soil. Dehydrogenase activity (DHA), as an indicator of “soil health” [8], acts as a monitor of microbiological redox systems and is considered an adequate measure of microbial oxidative activities in soil [9]. DHA also plays a significant role in the biological oxidation of organic matter (OM) by transferring hydrogen from organic substrates to inorganic acceptors [10] and is affected by several factors such as soil moisture, oxidation reduction potential (ORP), reactivity (pH), OM, soil profile depth and concentrations of PTEs [4,9,11]. Thus, it is important to measure these factors and to analyze their relation to DHA.



PTEs in mining areas can be of natural origin because they are components of rocks and ore minerals, whether the area has been exploited or not [12]. Mining activity can promote the distribution of these PTEs (Cu, Zn, As, Sb, Ba, Hg) on the surface and increase their concentrations as a result of mineral weathering, which would increase their potential toxicity [13]. It is necessary to recognize that some PTEs released through mining activity (e.g., Cu, Zn) are also essential elements for life, but are toxic in excess, while even low concentrations of other non-essential (e.g., Hg, Pb) elements are toxic for the environment [14,15]. Some of the pollutants found at high concentrations in the Remance area (As, Hg, Zn, Cu, Ba, Sb and cyanide) are on the priority list of the Agency for Toxic Substances and Disease Registry because these substances can potentially affect human health depending on their toxicity, frequency and exposure at polluted sites [16]. All of these pollutants can cause various health problems: arsenic (As) can cause skin, liver and lung cancers; mercury (Hg) produces neurological damage; zinc (Zn) can weaken the immune system; copper (Cu) can cause abnormalities to the nervous system; barium (Ba) can favor muscle paralysis; antimony can harm the respiratory system [17]; and cyanide can cause headaches and enlarge the thyroid gland, even at low concentrations [18]. Other possible effects of PTEs include carcinogenic and non-carcinogenic ones [1,19].



The objective of this study was to characterize the geochemical distribution of these pollutants in soil and fluvial sediment (including active channel stream sediments and terrace sediments). An ecological and health risk assessment was performed by estimating the PLI and RI indices. Besides DHA, an edaphological characterization was used to provide soil health information. The ultimate objective was to gain complete insights to assess the local risks for human health in this area.




2. Materials and Methods


2.1. Study Area


The Remance gold mine is located in the province of Veraguas in central Panama. The weather in this area is AMI type according to the Köppen-Geiger classification: a humid tropical climate, with the influence of monsoons and annual rainfall >2250 mm, concentrated (60%) in the four wettest months (August–November). Dry months (January–March) have rainfall rates below 60 mm, and the average temperature of the coolest month is >18 °C [20,21]. The topography in the area is quite irregular, with an altitudinal range between 150 and 266 m.a.s.l. that corresponds to the Veneno stream mouth and the maximum height of hills Principal and Tullido, respectively. The stream is called the Veneno (Poison) because the waters from the first tailings facility used by the Minera Remance company are discharged into it along with the water that flows from the pithead. Plant cover corresponds mostly to bushes, with areas delimited for small-scale agriculture, with rotary burning for crop cultivation and cattle farming [22].



The exploited mineralization corresponds to epithermal gold hosted in pyroclastic rocks, which include several veins distributed in an area covering approximately 10 km2 [23] (Figure 1). Mining exploitation has occurred there intermittently since 1800, but we were unable to find details on its extraction processes. The Veraguas Mining Company produced 15,500 tons with 10.5 g of gold extracted per ton from the Remance mine during the 1800s; the Panama Corporation produced another 70,000 tons with 12 g of gold extracted per ton between the years 1923 and 1932 [23]. The last company to operate the site using the cyanidation process [22] was Minera Remance S.A., between 1989 and 1999 [23]; for this period, it reported cumulative production of 53,480 ounces of gold [24]. During this period, many complaints were filed regarding pollution of local water bodies and the Santa María River [22,24]. Presently (June 2021), there is a plan to reinitiate mining activity, which has led to local discord [25].



A drainage network runs through the area, and includes the Veneno stream, the Chitreca stream and the La Máquina stream on the slopes of Hill Tullido, excavated to exploit a quartz stockwork [23]. Possible sources of pollution in the area include mine excavations, which correspond mostly to surface trenches following mineralized veins. Au occurs as small inclusions within pyrite and marcasite, as well as free gold, disseminated within quartz, together with other accessory minerals in small quantities such as chalcopyrite, sphalerite, galena and arsenopyrite. Ag and As are found with Au, along with anomalous amounts of Sb and locally Hg [23]. Other polluting sources are represented by a mine gallery with its continuous water flow, a number of scattered dumps as a result of excavating trenches that evidently contain some proportions of exploited ore minerals and three tailing dams used to concentrate gold ore by means of cyanidation and containing high concentrations of PTEs (Cu, Zn, As, Sb, Ba, Hg, T-CN) according to studies carried out by González-Valoys et al. (2021) [26]. They are all currently exposed to local tropical climate conditions, such as rain (more than 2200 mm/year) and high temperatures, which favor chemical changes in ore and gangue minerals [4], and wind, which favors the aerial dispersion of pollutants [27]. The area is inhabited by peasants, who engage in subsistence activities such as agriculture and livestock farming [22,28]. Hence, the Remance area can be considered a rural, agricultural and recreational site (Tailing 2 is used as a soccer field by inhabitants, and people visit the area to see the old mine; in rural areas, streams are often used for recreational purposes and for water intake for livestock).




2.2. Sampling


Samples were collected between May–June 2019 (wet season) and January 2020 (dry season), and included the following the types:



	-

	
43 soil samples, including 19 samples collected in the mining area around the tailings and excavations of the mine’s veins and tunnels, and 24 samples collected within the perimeter of the mine and its surroundings;




	-

	
39 sediment samples, including 19 fluvial active channel stream sediments and 20 fluvial terrace sediment samples taken from the banks of water bodies;




	-

	
7 rock samples collected from outcrops to acquire data about the general lithology in the area.







In order to make a comparison to the regional base level, a background sample for each material type (soil, terrace sediment and stream sediment) was taken approximately 4 km from the mining area, near the town of El Naranjal. Figure 1 shows the locations of samples, mine structures and waste accumulation areas [26]. Table S1 displays the sample codes and typology, along with geographic coordinates.



Soil samples were taken using a PVC tube at a depth of 0–30 cm from the potentially most affected zone. Sediment samples were collected with plastic shovels from the top 5–10 cm. All of the samples weighed about 3 kg each and were stored in plastic bags at room temperature prior to sample preparation.




2.3. Sample Preparation and Analysis


All of the samples were dried at room temperature in the laboratory, disaggregated and passed through a 2 mm sieve. Afterward, some representative aliquots were extracted according to different analytical determinations. The subsamples taken to determine DHA were transported in hermetically sealed bags and were cold-stored. An aliquot of the samples taken at <2 mm (50 g) was crushed in an agate mortar to a <100 µm grain size to determine the concentrations of PTEs (Cu, Zn, As, Sb, Ba, Hg) and for mineralogy identification purposes. Another aliquot was used to determine certain edaphic parameters: pH, electrical conductivity (EC), ORP. The methodology to perform these analyses included a 1:5 suspension (w/v) (ASTM D 4972) [29], and determination was performed using a multi-parameter benchtop Orion Versa Star Pro device. Other established edaphological parameters included OM, quantified by weight loss at 455 °C (ASTM D 2974) [29], and cationic exchange capacity (CEC), established by the potentiometer method [30]. Color when wet was measured by Munsell soil charts. The soil texture classification was determined by the Bouyoucos method described by Porta [31].



The concentrations of Cu, Zn, As, Sb and Ba were analyzed by energy dispersive X-ray fluorescence spectroscopy (ED-XRF) with Epsilon1 equipment (Panalytical brand) [4]. Total Hg (THg) was determined by Zeeman atomic absorption spectroscopy with high-frequency modulation of light polarization (ZAAS-HFM) using commercial equipment Lumex RA-915 M with a pyrolytic attachment (PYRO-915+) [32]. Certified reference material was employed to check both precision and accuracy: NIST 2710A (Montana soil), with recovery percentages between 95–105%. The analysis of total cyanide, cyanide complexes and easily leachable cyanide was performed by the ALS Global laboratory using the cyanide (CN) complexes according to Standard UNE-EN ISO 14403-2 [33].



DHA was determined by the triphenyltetrazolium chloride (TTC) method [34,35,36] on samples selected after considering variabilities in As and Cu to assess the influence of the concentrations of these PTEs on this enzymatic activity. Dehydrogenase converts 2,3,5-TTC into triphenyl formazan (TPF) [36]. The homogenized soil samples (1.5 g) were placed inside test tubes (15 × 120 mm) and were mixed with 1.5 mL of deionized water, 0.015 g of CaCO3 and 0.250 mL of TTC (3% v/w) to be vortexed (2 min) and incubated (Memmert In 30) at 37 °C for 24 h. Next, samples were vortexed (4 min) with methanol used as the extractor agent (5 mL). Tubes were centrifuged (Ortoalresa, Unicen 21) at 4000 rpm for 10 min, and the supernatant was obtained and analyzed in a UV visible spectrophotometer (Biochrom, Libra S60) at 485 nm. The results were expressed as µg TPF d−1 g−1.



Mineralogy was analyzed by X-ray powder diffraction (XRD) using a PAN analytical X-Pert PRO X-ray diffractometer fitted with a Cu anode. The operating conditions were 40 mA, 45 kV, 0.5° divergence slit and 0.5 mm reception slits. Samples were scanned with a step size of 0.0167° (2θ) and 150 ms per step. Characterization of samples was performed by the powder method between 5 and 55° (2θ). The Match v.3 and Fullprof software for the Rietveld analysis were used for the quantification [37,38,39]. The Crystallography Open Database (COD) reference patterns were utilized to identify mineral phases.




2.4. Methods


2.4.1. Pollution Index and Pollution Load Index


Soil quality can be estimated by various indices [40]. A site polluted by a certain element can be assessed by the pollution index (PI) (Equation (1)), and the same, but with more than one element, can be determined by the pollution load index (PLI) [5,41] using Equation (2).


PI = C soil/C background



(1)






PLI = (PI1 × PI2 × … × PIn)1/n



(2)




where Csoil and Cbackground are the concentrations of the particular PTE in the soil and background samples, respectively (mg kg−1). The PLI is the pollution load index of several elements, and the PI is the single pollution index for a certain element. Table 1 presents the evaluation criteria for the PLI [5].




2.4.2. Toxicity Response Coefficient and the Potential Ecological Risk Index


Hakanson [42] defined RI as an index that combines environmental effects and element toxicity with the aim of considering the general ecological migration and transformation trends of these elements in soils and sediments. Pan et al. (2019) [5] defined the toxicity response coefficient (Er) as the single potential ecological risk for a certain element (Equation (3)), which is used to obtain RI (Equation (4)):


Eri = PI × Tri



(3)






RI = Er1 + Er2 + … + Ern



(4)




where Eri is the single RI, PI is the single pollution index for a certain element and Tri is the toxicity response coefficient of element i. The Er calculation is based on Hakanson’s element toxicity response coefficient standards [42], which can be given as follows: Hg = 40, As = 10, Cu = 5, Zn = 1 and Sb = 7 [43]. Table 1 summarizes the evaluation thresholds for these indices based on the respective proposers.




2.4.3. Human Health Risk Assessment


Some PTEs released from mining waste and incorporated into different environmental compartments can have an immediate effect on human health. The assessment was performed by using the average daily doses (ADD) through three pathways: accidental soil ingestion (ADD soil ingestion); skin contact (ADD dermal contact) [19,44,45,46]; and soil dust inhalation (ADD inhalation) [1,47]. Additionally, both the HI and CR risks were assessed in different scenarios: residential, agricultural and recreational [19,48].



ADDs were calculated as mg kg−1 day−1 as follows (Equations (5)–(7)):


ADD soil ingestion = (Csoil × CF × IRing × FI × EF × ED × RBA)/(BW × AT)



(5)






ADD dermal contact = (Csoil × CF × AF × ABSd × EF × ED × EV × SA)/(BW × AT)



(6)






ADD inhalation = (Csoil × IRair × EF × ED)/(BW × AT × PEF)



(7)




where Csoil is the concentration of PTEs in soil in mg kg−1; CF is the conversion factor (1 × 10−6 kg mg−1); BW is body weight (70 kg in an adult, 15 kg in a child); IRing is the ingestion rate in soil; FI is fraction ingested; EF is exposure frequency; ED is exposure duration; RBA is the relative bioavailability factor (unitless); AT is the averaging time; AF is the adherence factor; ABSd is the dermal absorption factor (unitless); EV is event frequency; SA is the skin surface area; IRair is the inhalation rate; and PEF is the soil-to-air particulate emission factor (m3 kg−1). All of these parameters are presented in Table 2 for the three exposure pathways in three scenarios. The constants for the PTEs used in the study appear in Table 3.



Non-Carcinogenic Risk


The HI risk was calculated with the hazard quotient (HQ) as follows (Equation (8)):


HQ = ADD/RfD



(8)




where ADD is the average daily dose for soil ingestion, dermal contact or inhalation as mg kg−1 day−1, and RfD is the reference dose for oral, dermal or inhalation as mg kg−1 day−1. Table 3 presents the RfD values for the three exposure pathways: RfDo (oral reference doses), RfDd (dermal reference doses) and RfDinh (inhalation reference doses). RfDd was calculated according to Wcislo et al. (2016) [49] and Gruszecka-Kosowska et al. (2020) [19].



The total HI risk of PTEs was determined by the hazard index (HIt) [48], as Equation (9) shows:


HIt = HQ1 + HQ2 + … + HQn



(9)




where HQs are the hazard quotient values for the 1–n PTEs herein investigated.




Carcinogenic Risk


CR risks were calculated as follows (Equation (10)):


CR = ADD × SF



(10)




where ADD is the average daily dose for soil ingestion, dermal contact or inhalation as mg kg−1 day−1 and SF is the slope factor for oral, dermal or inhalation over a lifetime for a particular PTE that plays a key role in daily toxin intake and results in an increased risk of an individual developing cancer [1,5]. Table 3 presents the SF values for the three exposure pathways. SFd was calculated according to Wcislo et al. (2016) [49] and Gruszecka-Kosowska et al. (2020) [19].



The total CR risks of PTEs were determined according to the CRt values [48] as follows (Equation (11)):


CRt = CR1 + CR2 + … + CRn



(11)




where CRt are the CR risk values for the 1–n PTEs investigated in this study.



The total risk for both the HI and CR risks was calculated by the sum of the risks for the different exposure pathways: (Equation (12)):


Risk (total) = Risk (ingestion) + Risk (dermal) + Risk (inhalation)



(12)









2.4.4. Statistical Analyses


Microsoft Excel spreadsheets were used to manage the results. Minitab 15 was employed to analyze the statistical parameters of the analytical results. A multivariate analysis was performed by applying Ward’s linkage to obtain significant dendrograms. A factor analysis and a principal component analysis (PCA) were applied to search for the influence of factors, or group of factors, using “Varimax” orthogonal rotation.



The distribution maps of PTEs, PLI, RI, HI and CR were generated with the Surfer 9 software, licensed by the UCLM, using the option “inverse distance to a power (2)” to generate the corresponding distribution maps.






3. Results


3.1. Total Contents


The average concentrations of the PTEs from the different material types in the sampled Remance gold mine areas are presented in Table 4, while all of the obtained results appear in Table S2. pH ranged between 3.9 and 5.9. The most acidic value was found in pithead sediments and the most neutral one in the mining work areas. EC ranged between 0.03 to 0.52 dS m−1, with the lowest value in the mining area and the highest value in pithead sediments. OM varied between 0.8% and 12.9%, with the smallest amount in tailings and the largest amount in pithead sediments.



The concentrations of Cu varied between 10.9 and 403.0 mg kg−1, and those of As from 41.0 to 5030.0 mg kg−1, with the lowest concentration in cyanidation ponds and the highest in pithead sediments. Cyanidation ponds are the final part of the process, and then join the streams [22]; these have been exposed to rain currents for more than 20 years. Pithead sediments are sediments that come out of the galleries of the mine, located in the “principal” vein, where underground water flows; this water current is then incorporated into a “Veneno” stream. Zn concentrations varied between 27.0 and 153.0 mg kg−1, with the lowest in mine tailings and the highest in pithead sediments. Sb concentrations ranged from 1.4 to 23.2 mg kg−1, and those of Ba between 55.4 and 398.7 mg kg−1, with the lowest in cyanidation ponds and the highest in stream sediments for both elements. Hg concentrations ranged from 0.06 to 1.37 mg kg−1, with the lowest in soils from the surrounding areas and the highest in mine tailings. The last tailings were from mining operations in 1999. Mercury is one of the elements present in mineralization in small amounts [23], which is why it can be present in tailings after mining.



The order of the average concentration of PTEs was: Ba > As > Cu > Zn > Sb > Hg in stream sediments and terrace sediments, Ba > Cu > As > Zn > Sb > Hg in the soils from the mining area and Ba > Cu > Zn > As > Sb > Hg in the soils from the surrounding area.



The average PTE concentrations for rocks from outcrops, as determined by ED-XRF (ST2), were: Cu (40.3 mg kg−1), Zn (22.8 mg kg−1), As (122.7 mg kg−1), Sb (25.7 mg kg−1), Ba (239.7 mg kg−1) and T(Hg) (0.17 mg kg−1).




3.2. Spatial Variability


Isoconcentration maps were generated to analyze the geographical distribution of the analytical results. One set of maps indicates the concentration thresholds (minimum value, average − 1σ, average, average + 1σ, average + 2σ), while another set displays the results according to the guideline values indicated in Table 5 for agricultural, residential and industrial uses (Zn, As, Ba and Hg according to the Panama Standard; Cu and Sb according to the Costa Rica Standard). The PTE concentrations were high over almost the entire perimeter of the study area, and surpassed the Cu and As guideline values, even for industrial-use levels, while Zn, Sb and Ba exceeded the values set out in the standard for residential use. The exception was Hg, which exceeded the value for agricultural use only in tailings (Figure 2A,B).




3.3. Mineralogical Analysis


Table 6 presents the estimated percent abundance of the identified minerals for the selected samples from soils, terrace sediments and stream sediments. The diffractograms of studied samples are compiled in Figure S1. The main mineral phases identified in soils were quartz (89%), kaolinite (10%) and illite (1%), while terrace sediments were composed of quartz (84%), kaolinite (11%), feldspar (3%), illite (1%) and chlorite (1%). Stream sediments comprised quartz (84%), kaolinite (11%), and chlorite (5%). The found mineral phases were similar in soils and sediments (terrace sediments and stream sediments) and the main phases were quartz and kaolinite. The presence of PTEs could be associated with clay fractions, such as kaolinite and illite [53], due to no characteristic minerals of these PTEs being detected in the XRD analysis. Consequently, the most plausible explanation is the absorption/adsorption of the PTEs by clays, as they were the minerals with the highest representation.




3.4. DHA and Correlations with Edaphic Parameters and PTEs


The DHA values were higher in soils than in terrace sediments and were lower in stream sediments (63.27 > 37.47 > 24.79 µg TPF g−1 d−1), contrary to what was reported in soils and sediments in Morro do Ouro, the largest industrial gold mine in Brazil [54]. The DHA values of the present work were lower than those measured in other contaminated soils in the Ventanas Cu smelter, situated in the Puchuncaví Valley of Central Chile (110 mg TPF g−1 d−1) [55], in Almadenejos located in the mining district of Almadén, Spain (484 mg TPF g−1 d−1) [36], and in restored soils from mine sites (140–580 mg TPF g−1 d−1) reported by Mukhopadhyay and Maiti (2010) [56]. To seek correlations between pollution of the area and its biological activity, a statistical analysis was performed. Table 7 presents the average values of the DHA results, the physicochemical parameters, and the concentrations of PTEs, total cyanide (T-CN), complex cyanide (C-CN) and easily releasable cyanide (E-CN) for soils, terrace sediments and stream sediments. The same trend was found in the OM (5.3 > 4.2 > 3.4%) and CEC (10.61 > 9.74 > 9.08 cmol kg–1) data, while As showed higher concentrations in stream sediments and terrace sediments and lower concentrations in soils (188.9 > 146.5 > 55.7 mg kg−1). Some elements (Cu and Zn) presented higher concentrations in soils than in sediments, while total cyanide presented a more complex fractionation.




3.5. Multi-Elemental Analysis


According to the mineralogical analysis, the samples were very similar (soils, terraces sediments and stream sediments), which is why we grouped them all together to perform the dendrogram and PCA. In the dendrogram obtained from the cluster analysis (Figure 3), Cu appears to be associated with Zn in one group, while As, Hg, Sb and Ba appear in another group. To determine the strength of the relationships between DHA and edaphic parameters, multivariate principal component analysis (PCA) was used (Figure 4, Table 8). Although the relationships were not so strong, the most significant in the first main component (PC1) and positively related to DHA (0.384) were T-CN (0.464), OM (0.379), C-CN (0.369), E-CN (0.333) and CEC (0.202), and negatively related to ORP (−0.334) and Ba (−0.160); while in the second principal component (PC2), As (−0.489), Sb (−0.424) and Hg (−0.423) were negatively related.




3.6. Pollution Index (PI) and Pollution Load Index (PLI)


Table 9 presents the PI and PLI values, and Figure 5 provides the PLI map. According to the evaluation criteria for PI and PLI presented in Table 1, the PI indicated serious pollution (PI > 3) in the different studied areas. Within these, the tailings and the pithead that showed the highest PI values due to the materials of both areas were the main sources of PTEs in the nearby environment.



The PLI followed this order: pithead sediments > tailings > terrace sediments > stream sediments = cyanidation ponds > soils from the mining area and soils (from the mining and surrounding areas). The PLI map shows an area with moderate to considerable damage corresponding to and around the tailings and pithead area, followed by slight damage to the surrounding area and south of the mining concession.




3.7. Toxicity Response Coefficient (Er) and Potential Ecological Risk Index (RI)


The values calculated for Er and RI of Cu, Zn, As, Sb and Hg are shown in Table 10, while Figure 6 presents the geographical distribution for RI. According to the evaluation criteria presented in Table 1 for Er and the toxicity according to each element, the Er values suggests that tailings have a damaging role in the area, as well as the pithead; thus the terrace sediments and stream sediments have been significantly impacted and represent important sources of risk due to their content of As, Hg and Sb; in the case of soils from the mining area, Hg is the only major concern.



The average RI values and their distribution indicate a gradation in risk as follows: pithead sediments (extreme risk); tailings and terrace sediments (serious risk); stream sediments (high risk); cyanidation ponds, soils from the mining area and soils from the surrounding areas (mild risk). One remarkable finding indicated that the areas at higher risk coincided with those with higher PLI values for As, Sb, Ba and Hg (Figure 5), with an extensive area representing a serious to extreme RI that also corresponded to the area near tailings and pithead sediments.




3.8. Human Health Risk Assessment


3.8.1. Non-carcinogenic Risk (HI)


The limit for HI and HQ risks is 1; those that exceed this value are considered high risk [48]. The average estimated total HI (soil ingestion, dermal contact and inhalation) risks assumed for children and adults in the different scenarios (residential, recreational, agricultural) are presented in Supplementary Table S3. Figure 7B represents the distribution of the HI risks for children in the residential and recreational scenarios. In the residential scenario for children, the value was exceeded in all areas and in this order: pithead sediments > tailings > terrace sediments > stream sediments > soils from the mining area > soils from the surrounding areas> cyanidation ponds (150.31 > 19.03 > 5.29 > 5.12 > 2.18 > 1.67 > 1.30, respectively). In the recreational scenario, the HI limit was exceeded in the following areas: pithead sediments > tailings > terrace sediments > stream sediments (39.53 > 5.00 > 1.39 > 1.35, respectively) (Table S3).



The HI map for adults in the residential, agricultural and recreational scenarios is shown in Figure 7A, and the average values are summarized in Supplementary Table S3. The HI risks for adults were surpassed in pithead sediments in both the residential and agricultural scenarios (17.44 and 11.94, respectively), and also in tailings in the same two scenarios (2.20 and 1.51, respectively). This threshold in the recreational scenario was surpassed only in pithead sediments (4.59).



The HI risks were much higher for children than for adults, and the ingestion route contributed the most. In it, As showed the highest values (exceeding HQ). The HQ value through which HI risks were represented by PTEs was evaluated and exceeded by As through the ingestion route for children (residential) and adults (residential and agricultural), and through dermal contact for children in the residential scenario.




3.8.2. Carcinogenic Risk (CR)


The acceptable CR risk level was set to equal 1 × 10−6 for an individual PTE and to equal 1 × 10−4 for the sum of carcinogenic PTEs [19,48]. Values exceeding these are considered CR. The average values of total CR (soil ingestion, dermal contact and inhalation) represented by the materials studied for children and adults in the different scenarios (residential, recreational, agricultural) are presented in Supplementary Table S4. Figure 7B also presents the CR maps for children in the residential and recreational scenarios. For the children in the residential scenario, the following areas were above the acceptable limit: pithead sediments > tailings > stream sediments = terrace sediments > soils from the surrounding areas > soils from the mining area (6.6 × 10−3 > 8.6 × 10−4 > 3.1 × 10−4 = 3.1 × 10−4 > 2.3 × 10−4 > 1.9 × 10−4, respectively). In the recreational scenario, pithead sediments (1.7 × 10−3) and tailings (2.3 × 10−4) were above the acceptable value.



Figure 7A depicts the CR maps for adults in the residential, agricultural and recreational scenarios; values are presented in Supplementary Table S4. The acceptable value for the residential scenario was exceeded in the following areas: pithead sediments > tailings > stream sediments > terrace sediments > soils from the surrounding areas > soils from the mining area (3.8 × 10−3 > 4.9 × 10−4 > 1.8 × 10−4 > 1.7 × 10−4 > 1.3 × 10−4 > 1.0 × 10−4, respectively). That for the agricultural scenario was exceeded in this order: pithead sediments > tailings > stream sediments = terrace sediments> soils from the surrounding areas (3.5 × 10−3 > 4.5 × 10−4 > 1.6 × 10−4 = 1.6 × 10−4 > 1.1 × 10−4, respectively). In the recreational scenario, this value was exceeded in pithead sediments (1.0 × 10−3) and tailings (1.3 × 10−4). CR risks were much higher for children than adults, and the highest risk route was soil ingestion, followed by dermal contact. The acceptable value for a single PTE (1 × 10−6) was exceeded for Cu and As in the residential and agricultural scenarios.






4. Discussion


Observing the dispersion maps of Remance PTEs (Figure 2) with respect to local legislation, the total concentrations of As and Cu are those that represent a potential impact on the area, taking into consideration that a study of mobile concentrations (bioavailability) is required to ensure that these elements are indeed present in concerning concentrations. The PCA showed that DHA was favored by the presence of OM and cyanide species in soils, terraces and stream sediments. Furthermore, As and Hg were positive factors (PC1) if DHA was present, as Campos et al. (2018) [36] described in a mining and metallurgical complex of Hg. In the Remance mine scenario, only the higher Cu concentrations seemed to affect soil health in terms of DHA levels. This is surprising evidence for a gold mine with cyanidation during the metallurgical process, but it evidences the need to merge some risk indices for an appropriate initial risk assessment. It is worth mentioning that a complete risk assessment involves acquiring a big dataset that includes data on the pollutants in all environmental compartments and local food supplies, as well as a complete study of the local population’s life habits, such as the origin of the food they eat, the time they spend in local polluted areas, among many more [57,58,59].



A first risk assessment stage should involve the precise delimitation of affected areas. For this purpose, it is necessary to apply indices capable of comparing the levels of PTEs in polluted areas with background areas. Although some indices properly describe the release of certain elements to the environment, a complex scenario such as the Remance mine requires combining a group of elements with similar dispersion patterns. As shown in Figure 5, the PLI shows the impact mainly of the tailing area, pithead sediments, and its surroundings, showing how the contamination has spread from the tailings and pithead sediments; the other zone with a lower degree of impact is to the south of the mine, where excavation work took place. The information provided by the PLI data seems more meaningful than the application of single enrichment factors or applying similar indices to single elements [60].



A second stage should provide information about the degree of effects to biota. It is necessary to state that establishing the bioavailability and transfer rates of PTEs can be challenging, but some indices can provide an initial view of these effects to biota based on a generic dataset. Tailings and pithead are the source of contamination by PTEs affecting the surrounding soils and downstream sediments, as evidenced by the Er and RI. Distribution maps delimit two small areas with considerable damage, including mining materials and some sediments downstream. With this simple approach, it is possible to better delimit the areas indicated by PLI that probably affect biota. The final stage must evaluate the effects of these restricted areas on the local population’s health. As some elements of the Remance mine are carcinogenic, a combination of HI and CR indices is needed to better delimit risk areas. As expected, risk areas are small dimensions for children’s recreational use (both HI and CR), but delimit an area with larger CR dimensions for agricultural use. Obviously, HI and CR for children in residential areas appear with larger values, except HI for adults. The main factors related to the distribution of risk areas were the presence of As, Sb and Hg, which is consistent with many other case studies of mining and industrial pollution in China [61]. Another remarkable finding was that the CR risks for adults and for agricultural uses were wider than expected, as the RI only revealed mild damage for soil samples. Looking at the pollutants that exceeded the accepted levels of risk to human health, the main one was As because it can cause skin, liver and lung cancer, while excess Cu can cause abnormalities of the nervous system [17].



The ecological and health risk assessments of the Remance area revealed that these mining areas are complex scenarios in which many (synergistic and antagonistic) factors must be considered. Although soil health did not seem to be affected by the presence of PTEs, or was even positively affected by them, these PTEs can pose a high risk in some areas, especially areas with recreational uses for children and agricultural uses.




5. Conclusions


The abandoned Remance mine poses a risk for the health of the environment and its inhabitants, as different indicators revealed. In particular, the RI best expressed the environmental risk, which coincided with the results of CR and HI to human health.



The areas with the highest risk were pithead sediments, tailings, terrace sediments and stream sediments, which were the areas that still had a strong impact due to mining activity and, to a lesser degree, impacted the mining work area, cyanidation ponds and soils. These results were corroborated by soil health as assessed through DHA, which showed that soil health was better than that of terrace sediments and stream sediments.



According to Er and PI, the elements that posed a risk for the environment were As > Hg > Sb > Cu. The main HI was constituted by As through ingestion and dermal contact, and As and Cu for the CR through ingestion and dermal contact. In all cases, the worst scenario was for children, and for adults in residential, recreational and agricultural scenarios. This is a major concern because peasants live in the study area with their families, and they perform agricultural work and live there on a generally permanent basis.



From a human health point of view, the most relevant pollutant was As because it can cause skin, liver and lung cancer and represented HI and CR through ingestion and dermal contact pathways. More details on the bioavailability of elements are needed in order to realistically assess the risks related to the presence of this element in the area.



Given all of the above considerations for both environmental and human health, it is necessary to set up environmental management programs in these areas to establish the best remediation strategies [62,63,64] and help preserve the right to health and to live in a clean environment.
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Figure 1. Location map of the samples taken at the Remance gold mine site and use of the area. 
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Figure 2. (A) Distribution maps for Cu, Zn, and As. Left: according to the statistical figures; right: according to the soil guideline values listed in Table 5 (yellow: agricultural limit; orange: residential limit; red: industrial limit). Distribution maps of PTEs generated using the concentration values for soils (surrounding areas), soils (mining areas), stream sediments, terrace sediments, tailings, cyanidation ponds and pithead sediments. (B) Distribution maps for Sb, Ba and Hg. Left: according to the statistical figures; right: according to the soil guideline values listed in Table 5 (yellow: agricultural limit; orange: residential limit; red: industrial limit). Distribution maps of PTEs generated using the concentration values for soils (surrounding areas), soils (mining areas), stream sediments, terrace sediments, tailings, cyanidation ponds and pithead sediments. 
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Figure 3. Dendrogram of the relations between the concentrations of PTEs in the study. Dendrogram generated with the data from soils, terrace sediments and stream sediments. 
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Figure 4. DHA and relationship with edaphic parameters, PTEs and cyanide. Generated with the data from soils, terrace sediments and stream sediments. 
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Figure 5. Distribution map of PLI for Cu, Zn, As, Sb, Ba and Hg. Distribution maps of PLI generated using the concentration values for soils (surrounding areas), soils (mining areas), stream sediments, terrace sediments, tailings, cyanidation ponds and pithead sediments. 
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Figure 6. Geographical distribution of RI for Cu, Zn, As, Sb and Hg. Distribution maps of RI generated using the concentration values for soils (surrounding areas), soils (mining areas), stream sediments, terrace sediments, tailings, cyanidation ponds and pithead sediments. 
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Figure 7. (A) Non-carcinogenic risk and carcinogenic risk maps for adults in the residential, recreational and agricultural scenarios. Risk calculated by the concentration values for soils from surrounding areas, soils from mining areas, stream sediments, terrace sediments, tailings, cyanidation ponds and pithead sediments. (B) Non-carcinogenic risk and carcinogenic risk maps for children in the residential and recreational scenarios. Risk calculated by the concentration values for soils from surrounding areas, soils from mining areas, stream sediments, terrace sediments, tailings, cyanidation ponds and pithead sediments. 
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[image: Ijerph 18 09369 g007a][image: Ijerph 18 09369 g007b]







[image: Table] 





Table 1. Evaluation criteria for the pollution index (PI), the pollution load index (PLI), the toxicity response coefficient (Er) and the potential ecological risk index (RI).
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	Index
	No

Polluted
	Slightly

Polluted
	Moderately

Polluted
	Considerably

Polluted
	Seriously

Polluted
	Extremely

Polluted





	PLI/PI
	<1
	1 < PLI < 2
	2 < PLI < 3
	PLI > 3
	-
	-



	Er
	<10
	<40
	40 < Er < 80
	80 < Er < 160
	160 < Er < 320
	Er > 320



	RI
	<50
	<150
	150 < RI < 300
	300 < RI < 600
	600 < RI < 1200
	RI > 1200
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Table 2. The exposure parameters used for the study calculations.
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Parameter

	
Unit

	
Residential

	
Recreational

	
Agricultural




	
Adult

	
Child

	
Adult

	
Child

	
Adult






	
Exposure frequency (EF)

	
day year−1

	
365

	
365

	
96

	
96

	
250




	
Exposure duration (ED)

	
year

	
30 a

	
6

	
30 a

	
6

	
40




	
Averaging time (AT)

	
year day

	

	

	

	

	




	
Non carcinogenic

	
ED × EF

	
ED × EF

	
ED × EF

	
ED × EF

	
ED × EF




	
Carcinogenic

	
70 × EF

	
70 × EF

	
70 × EF

	
70 × EF

	
70 × EF




	
Ingestion

	

	

	

	

	

	




	
Ingestion rate in soil (IRing)

	
mg kg−1

	
100

	
200

	
100

	
200

	
100




	
Fraction ingested (FI)

	
unitless

	
1

	
1

	
1

	
1

	
1




	
Dermal contact

	

	

	

	

	

	




	
Adherence factor (AF)

	
mg (cm2 event)−1

	
0.07

	
0.2

	
0.07

	
0.2

	
0.07




	
Event frequency (EV)

	
events day−1

	
1

	
1

	
1

	
1

	
1




	
Skin surface area contact (SA)

	
cm2

	
6032

	
2373

	
6032

	
2373

	
6032 b




	
Inhalation

	

	

	

	

	

	




	
Inhalation rate (IRair)a

	
m3 day−1

	
20

	
10

	
20

	
10

	
20




	
Particulate emission factor (PEF)

	
m3 kg−1

	
1.36 × 109

	
1.36 × 109

	
1.36 × 109

	
1.36 × 109

	
1.36 × 109








a Values taken from Department of Environmental Affairs [47]. b Value equaling exposure of an adult who engages in agricultural work in the same rural environment. The other values were taken from Gruszecka-Kosowska et al. (2020) [19].
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Table 3. The toxicological parameters used for the calculations in this study. Abbreviations: RBA, relative bioavailability factor; ABSd, dermal absorption factor; GIABS, fraction of contaminant absorbed in the gastrointestinal tract; RfDo, oral reference doses; RfDd, dermal reference doses; RfDinh, inhalation reference doses; SFo, slope factor for oral; SFd, slope factor for dermal; SFinh, slope factor for inhalation. RBA, ABS and GIABS are unitless, Reference doses (RfD) in mg kg−1 day−1 and slope factors (SF) in (mg kg−1 day−1)−1.
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Element

	
(Unitless)

	
RfD (mg kg−1 day−1)

	
SF (mg kg−1 day−1)−1




	
RBA a

	
ABSd a

	
GIABS b

	
RfDo b

	
RfDd c

	
RfDinh d

	
Sfo e

	
SFd c

	
Sfinh d






	
Cu

	
1

	
0.01

	
1

	
4.0 × 10−2

	
4.0 × 10−2

	
-

	
1.7

	
1.7

	
-




	
Zn

	
1

	
0.01

	
1

	
3.0 × 10−1

	
3.0 × 10−1

	
-

	
-

	
-

	
-




	
As

	
0.6

	
0.03

	
1

	
3.0 × 10−4

	
3.0 × 10−4

	
3.0 × 10−4

	
1.5

	
1.5

	
15




	
Sb

	
1

	
0.01

	
0.15

	
4.0 × 10−4

	
2.7 × 10−3

	
-

	
-

	
-

	
-




	
Ba

	
1

	
0.01

	
0.07

	
2.0 × 10−1

	
2.9 × 100

	
-

	
-

	
-

	
-




	
Hg

	
1

	
0.01

	
0.07

	
3.0 × 10−4

	
4.3 × 10−3

	
8.6 × 10−5

	
-

	
-

	
-








a Values taken from Gruszecka-Kosowska et al. (2020) [17]. b Values taken from USEPA [50]. c Values calculated according to Wcislo et al. (2016) [49] and Gruszecka-Kosowska et al. (2020) [19]. d Values taken from Kamunda et al. (2016) [1]. e Values taken from Pan et al. (2019) [5].
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Table 4. Average values and standard deviation of the physicochemical parameters and PTEs (mg kg−1) in the different material types in the sampled areas.






Table 4. Average values and standard deviation of the physicochemical parameters and PTEs (mg kg−1) in the different material types in the sampled areas.





	
Sample Type

	
N

	
pH

	
EC

	
OM (%)

	
Cu

	
Zn

	
As

	
Sb

	
Ba

	
Hg




	
(dS m−1)






	
Soils (mining area) a

	
19

	
5.9 ± 0.5

	
0.03 ± 0.03

	
8.2 ± 3.8

	
61.3 ± 51.8

	
46.9 ± 23.9

	
56.4 ± 54.4

	
13.7 ± 2.6

	
200.6 ± 123.5

	
0.11 ± 0.16




	
Soils (surrounding areas) a

	
24

	
5.2 ± 0.4

	
0.05 ± 0.04

	
5.1 ± 2.0

	
93.5 ± 85.6

	
62.8 ± 35.9

	
35.5 ± 44.2

	
16.4 ± 5.4

	
349.7 ± 198.0

	
0.06 ± 0.06




	
Terrace sediments a

	
20

	
5.3 ± 1.0

	
0.14 ± 0.22

	
4.3 ± 2.2

	
65.2 ± 32.7

	
55.3 ± 18.8

	
152.7 ± 210.3

	
19.8 ± 8.9

	
355.7 ± 115.0

	
0.62 ± 1.48




	
Stream sediments a

	
19

	
5.8 ± 0.5

	
0.07 ± 0.08

	
3.4 ± 2.7

	
74.5 ± 40.0

	
66.3 ± 34.1

	
143.4 ± 131.7

	
23.2 ± 12.5

	
398.7 ± 125.5

	
0.21 ± 0.25




	
Tailings b

	
5

	
4.1 ± 0.8

	
0.29 ± 0.57

	
0.8 ± 0.2

	
77.7 ± 107.4

	
27.0 ± 15.2

	
614.1 ± 222.7

	
17.8 ± 5.6

	
376.2 ± 164.6

	
1.37 ± 1.12




	
Cyanidation ponds b

	
4

	
4.9 ± 0.2

	
0.09 ± 0.02

	
5.3 ± 1.7

	
10.9 ± 7.0

	
37.1 ± 22.9

	
41.0 ± 19.7

	
1.4 ± 0.7

	
253.9 ± 64.8

	
0.17 ± 0.07




	
Pithead sediments b

	
1

	
3.9

	
0.52

	
12.9

	
403.0

	
153.0

	
5030.0

	
2.2

	
55.4

	
0.62








a This work. b Values according to González-Valoys et al. (2021) [26].
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Table 5. Soil guidelines for the PTEs for Panama and Costa Rica (all values are expressed as mg kg−1).
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Soil Guidelines

	
Uses

	
Cu

	
Zn

	
As

	
Sb

	
Ba

	
Hg

	
Reference






	
Panama

Maximum permissible limits of soil contaminants for human health

	
Others

	

	
3

	
4

	

	
10

	
1.4

	
[51]




	
Residential

	

	
30

	
20

	

	
100

	
14




	
Industrial

	

	
300

	
30

	

	
1000

	
140




	
Costa Rica

	
Prevention Value

	
20

	
300

	
5

	
2

	
150

	
0.5

	
[52]




	
Intervention value

(Concentration above which there are potential direct or indirect risks to human health)

	
Agricultural

	
20

	
450

	
35

	
5

	
300

	
12




	
Residential

	
50

	
1000

	
55

	
10

	
500

	
36




	
Industrial

	
100

	
2000

	
150

	
25

	
750

	
70
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Table 6. The estimated percent abundance of the mineral phases identified for the selected samples.
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	Sample
	Sample Type
	Kaolinite (%)
	Illite (%)
	Chlorite (%)
	Quartz (%)
	Feldspar (%)





	TR EU 3
	Terrace sediments
	traces
	n.d.
	n.d.
	100
	n.d.



	TR J1
	Terrace sediments
	10
	n.d.
	traces
	85
	5



	TR J2
	Terrace sediments
	5
	n.d.
	n.d.
	90
	5



	TR J3
	Terrace sediments
	15
	5
	n.d.
	75
	5



	TR R2
	Terrace sediments
	15
	n.d.
	n.d.
	85
	n.d.



	TR R9
	Terrace sediments
	15
	n.d.
	n.d.
	85
	n.d.



	TRB
	Terrace sediments
	15
	n.d.
	5
	80
	n.d.



	TERR 17
	Terrace sediments
	10
	n.d.
	5
	75
	10



	SDEU2
	Stream sediments
	10
	n.d.
	25
	65
	n.d.



	SDJ2
	Stream sediments
	10
	n.d.
	n.d.
	90
	n.d.



	SDJ3
	Stream sediments
	10
	n.d.
	5
	85
	n.d.



	SDR2
	Stream sediments
	15
	n.d.
	n.d.
	85
	n.d.



	SDR9
	Stream sediments
	15
	n.d.
	n.d.
	85
	n.d.



	SED17
	Stream sediments
	5
	n.d.
	traces
	95
	n.d.



	SA6S
	Soils (surrounding areas)
	10
	n.d.
	n.d.
	90
	n.d.



	SR5S
	Soils (surrounding areas)
	10
	n.d.
	n.d.
	90
	n.d.



	SR6S
	Soils (surrounding areas)
	10
	n.d.
	n.d.
	90
	n.d.



	S2LS
	Soils (surrounding areas)
	10
	5
	n.d.
	85
	n.d.







n.d.: not detected; traces: signal appears but is below the detection limit (<100 ppm).
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Table 7. Summary of the average values and standard deviation of edaphic parameters, DHA (in µg TPF g−1 d−1) and concentrations of PTEs and cyanide expressed in mg kg−1. Abbreviations: EC, electrical conductivity; ORP, oxidation reduction potential; OM, organic matter; CEC, cationic exchange capacity; T-CN, total cyanide; C-CN, complex cyanide; and E-CN, easily released cyanide.
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	Sample Type
	pH
	EC

dS m−1
	ORP

mV
	OM

%
	CEC

cmol kg−1
	Cu
	Zn
	As
	Sb
	Ba
	Hg
	DHA
	T-CN
	C-CN
	E-CN





	Terrace sediments
	5.3 ± 1.0
	0.14 ± 0.22
	489.2 ± 132.6
	4.2 ± 2.2
	9.7 ± 2.4
	66.0 ± 32.0
	56.5 ± 19.1
	146.5 ± 206.6
	18.8 ± 9.7
	365.2 ± 119.8
	0.59 ± 1.44
	37.47 ± 43.31
	<1.0
	<1.0
	<1.0



	Stream sediments
	5.7 ± 0.6
	0.07 ± 0.05
	441.3 ± 117.3
	3.4 ± 2.4
	9.1 ± 2.0
	74.0 ± 59.0
	77.7 ± 44.3
	188.9 ± 145.3
	25.5 ± 13.0
	429.5 ± 137.8
	0.30 ± 0.31
	24.79 ± 34.13
	1.3 ± 1.5
	1.2 ± 1.1
	<1.0



	Soils (surrounding areas)
	5.3 ± 0.4
	0.07 ± 0.05
	507.0 ± 86.0
	5.3 ± 2.2
	10.6 ± 4.5
	111.7 ± 127.4
	80.4 ± 45.6
	55.7 ± 50.7
	19.0 ± 6.0
	430.8 ± 127.1
	0.08 ± 0.08
	63.27 ± 43.39
	1.0 ± 0.8
	<1.0
	<1.0
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Table 8. Principal component analysis matrix for the relationship between DHA and edaphic parameters. Numbers in bold correspond to PC1 or PC2 more significative.
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	Variable
	PC1
	PC2





	pH
	−0.131
	0.319



	EC
	0.034
	−0.141



	ORP
	−0.334
	−0.204



	OM
	0.379
	0.247



	CEC
	0.202
	0.177



	Cu
	−0.018
	−0.019



	Zn
	0.074
	0.048



	As
	0.141
	−0.489



	Sb
	0.044
	−0.424



	Ba
	−0.160
	−0.161



	Hg
	0.154
	−0.423



	DHA
	0.384
	0.190



	T-CN
	0.464
	−0.125



	C-CN
	0.369
	−0.227



	E-CN
	0.333
	0.122
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Table 9. The PI and PLI average values and standard deviation calculated for the different sample types in the Remance mine area.
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	Type
	PI Cu
	PI Zn
	PI As
	PI Sb
	PI Ba
	PI Hg
	PLI





	Soils (mining area) a
	1.3 ± 1.1
	0.6 ± 0.3
	1.4 ± 1.4
	0.9 ± 0.2
	0.4 ± 0.2
	1.6 ± 2.4
	0.7 ± 0.3



	Soils (surrounding areas) a
	1.9 ± 1.8
	0.8 ± 0.5
	0.9 ± 1.1
	1.1 ± 0.4
	0.7 ± 0.4
	1.0 ± 0.9
	0.7 ± 0.4



	Terrace sediments a
	0.8 ± 0.4
	0.7 ± 0.2
	5.4 ± 7.4
	6.6 ± 3.0
	0.7 ± 0.2
	15.9 ± 37.9
	1.9 ± 1.2



	Stream sediments a
	1.1 ± 0.6
	0.9 ± 0.5
	5.8 ± 5.3
	1.3 ± 0.7
	0.8 ± 0.2
	6.1 ± 7.5
	1.6 ± 0.8



	Tailings b
	11.1 ± 15.3
	1.0 ± 0.5
	33.0 ± 12.0
	59.3 ± 18.7
	1.6 ± 0.7
	9.1 ± 7.5
	7.3± 3.0



	Cyanidation ponds b
	1.6 ± 1.0
	1.3 ± 0.8
	2.2 ± 1.1
	4.7 ± 2.4
	1.1 ± 0.3
	1.1 ± 0.5
	1.6 ± 0.3



	Pithead sediments b
	57.6
	5.5
	270.4
	7.3
	0.2
	4.1
	9.2







a This work. b Values calculated with the data obtained from González-Valoys et al., 2021 [26].
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Table 10. Average values and standard deviation of Er and RI for the different sample types.
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	Type
	Er Cu
	Er Zn
	Er As
	Er Sb
	Er Hg
	RI





	Soils (surrounding area)
	9.5 ± 8.8
	0.8 ± 0.5
	8.9 ± 10.8
	7.8 ± 2.5
	38.1 ± 35.4
	65 ± 44



	Soils (mining area)
	6.4 ± 5.4
	0.6 ± 0.3
	14.1 ± 13.6
	6.5 ± 1.2
	65.5 ± 97.4
	93 ± 108



	Terrace sediments
	4.1 ± 2.0
	0.7 ± 0.2
	51.6 ± 72.7
	44.2 ± 22.1
	605.6 ± 1481.2
	706 ± 1554



	Stream sediments
	5.5 ± 2.9
	0.9 ± 0.5
	55.3 ± 52.8
	9.0 ± 4.8
	233.1 ± 295.0
	304 ± 337



	Tailings a
	55.5 ± 76.7
	1.0 ± 0.5
	330.2 ± 119.7
	415.1 ± 131.1
	365.9 ± 299.0
	1168 ± 509



	Cyanidation ponds a
	7.8 ± 5.0
	1.3 ± 0.8
	22.0 ± 10.6
	32.7 ± 16.9
	44.7 ± 19.6
	109 ± 32



	Pithead sediments a
	287.9
	5.5
	2704.3
	51.3
	165.3
	3214







a Values calculated with the data obtained from González-Valoys et al., 2021 [26].
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