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Abstract

:

Safe disposal of tailings as high-density thickened tailings or paste tailings can reduce the environmental risks of conventional tailings deposits, reduce water use, minimize tailings storage facility footprints, reduce the potential for acid mine drainage (AMD), and minimize risks of failure, among other advantages. In the dewatering process, the addition of flocculants is key to improving the sedimentation of the tailings and the formation of a compact paste. Despite the environmental and operational advantages of using paste tailings, it is not clear how the chemical nature of coagulants and flocculants could influence the discharge of toxic elements (salts and metals) from tailings after storage. In this study, we show the results of the real-time evaluation of the release of polluting runoffs from a paste tailings deposit. To do this, we analyzed paste tailing samples for AMD potential through static and kinetic tests and monitored the electrical conductivity and real-time pH, evaluating the correlation with the sulfate in the thickener and downstream from the tailings deposit. Tailing samples have low sulfur content (<2%) and low acid-generating potential. Moreover, there is no evidence of a significant positive correlation (Pearson’s coefficient r < 0.8) between the sulfate concentrations with the pH or EC. Thus, the chemical nature of the paste tailings prior to discharge has no direct impact on the release of sulfate-rich runoffs from the tailings after its storage. This indicates that the tailings paste at the evaluated site is chemically stable in the short term.
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1. Introduction


In northern and central Chile, several mining operations are widely extended [1]. These activities generate large amounts of tailings that must be disposed of properly, in order to limit the effects on surrounding environments [1,2]. Mineral waste is typically deposited in waste repositories referred to as tailing storage or tailings dams. Tailings are characterized by low pH, high salinity, and varying amounts of metals and metalloids [3]. One of the main problems derived from tailings deposits is the generation of acid mine drainage (AMD). AMD is produced by the oxidation of sulfur minerals and is characterized by the generation of runoff with low pH and high concentrations of heavy metals and metalloids [4,5,6]. Various studies have focused efforts on establishing tailings stabilization processes with several techniques [7,8,9]. Likewise, different technological alternatives have been addressed to treat AMD, including active and passive methods [10,11,12,13,14]. Due to the nature and magnitude of the environmental impacts derived from the release of AMD, the mining industry has concentrated its efforts on containing the tailings, in order to avoid the release of AMD. For this reason, for different mining operations, the stability of tailings at storage sites is critical, since chemically reactive mineral components can release toxic pollutants into the environment.



In recent years, several studies have been conducted to find eco-friendly, cost-effective alternative methods to dispose of tailings [15,16]. Thus, the need for safe environmental disposal has led to the adoption of new processes for tailings storage that limit the release of pollutants, reduce seepage, and reduce water use. In particular, the current scarcity of water has prompted the application of the dry and semi-dry tailings generation process before disposal [17,18]. This type of high viscosity tailing referred to as paste tailing is based on a non-Newtonian fluid that promotes the self-consolidation process and favors the transfer of the tailings to the storage site [19,20]. Paste tailing is made up of a mixture of water and solids that forms a compact and self-contained mass, but with sufficient viscosity to be transported through pipes [21,22]. The use of paste for the disposal of tailings can reduce environmental risks of conventional tailings deposits, reduce water use, and limit the generation of AMD.



Reducing the amount of water in the tailings is an important step in the paste formation process. Flucculant addition is key to the dewatering efficiency [23]. Thus, in the market, there is a variety of different flocculants. The efficiency of the flocculant is influenced by several factors and conditions, such as pH, solids concentration, feed particle size distribution, water chemistry, and flocculant type [24,25,26]. Polymeric flocculants induce flucculation by neutralization processes on the surface of the particles, forming bridges between them and allowing the formation of more easily sedimentable aggregates. Moreover, various reagents can be added to the neutralization process in order to improve settling. The chemical nature of the flocculants that are added will depend on the chemistry of the treated water and the mineral matrix. Coagulants such as inorganic salts of iron (e.g., ferric sulfate) and aluminum (e.g., alum) or polymeric flocculants (e.g., polyacrylamides, polyelectrolyte) can be used [27]. For example, in mining, polymeric flocculants based on polyacrylamides (PAMs) are widely used due to their wide range of molecular weight and the potential functional groups that can be attached to them [28]. This improves the sedimentation and compaction efficiency of the tailings [26,29,30].



Paste tailings have the advantage of lower moisture content (10%–30% w/w), higher homogeneity, and no segregation of the particles [31]. For paste tailings, a key rheological property is yield stress, which is defined as the minimum shear stress that must be applied to the material to initiate [32,33]. Cooke [34] estimated that a yield stress > 100 Pa is suitable for paste tailings; however, to achieve mixtures with yield stresses greater than 100 Pa, it is necessary to add a certain dosage of flocculants. The addition of flocculants can produce significant changes in the chemistry of the paste, improving the efficiency of the dewatering process and the formation of the paste. However, in the formed paste, certain elements can remain as soluble toxic elements, which could be released after disposal in tailings storage facilities (TSF). Indeed, there are some studies that suggest that the stabilization of the flocculants used can change over time, which can cause changes in the chemical stability of the tailings. However, the existing literature is scarce.



The release of pollution from the paste tailings will be critical in the long-term storage operation. This paper presents an initial approach to a real-time assessment and monitoring of the water quality of runoffs released from a gold/silver paste tailings deposit. Therefore, the aim of this study is to investigate whether the chemical characteristics of the paste tailings, during its preparation, influence the release of sulfate-rich runoff after storage. Real-time pH and electrical conductivity (EC) were monitored before and after the disposal of paste tailings and correlations were established with the sulfate concentrations released downstream of the tailings deposit. This information will help to properly determine environmentally-friendly optimization processes for paste tailings formation.




2. Materials and Methods


2.1. Site Description


The paste deposit located at the Florida mine (Yamana Gold Inc.) was selected to evaluate the acid mine drainage generation potential and to evaluate the correlation between paste tailing quality and sulfate release (Figure 1). The Florida mine is located in the south-southwest of Santiago in the locality of Alhue, in central Chile (34°02′01′′ S, 71°01′36′′ W). This is an underground mine that produces gold, silver, and zinc, where the extraction procedure includes three stages of crushing, a grinding stage, and flotation followed by leaching of the flotation concentrates. Specifically, the mine is located in mountain ranges of moderate topography with narrow valleys and high hills. Volcanic and intrusive rocks of the upper cretaceous make up the Florida Mine area. The predominant volcanic rocks are porphyritic andesite, brecciated andesite, lithic and crystal tuff, and brecciated tuff. In addition, a sequence of hydrothermal alteration affects the bulk of these rocks. On the other hand, granodiorites and monzodiorites comprise the main intrusive rocks (Florida mine information).



The main deposits of the Florida mine are based on tockwork and vein gold deposits. Native gold and electrum associated with sulfide minerals, such as pyrite (FeS2), chalcopyrite (CuFeS2), sphalerite ((Zn, Fe)S), galena (PbS), hematite (Fe2O3) and magnetite (Fe3O4) are the main mineralizations associated with gold deposits (Florida mine information). Moreover, some metallic veins are located in certain zones, with a zinc-rich silver-rich zone in the upper part of the vein, a gold-rich zone in the central part, and a zinc-rich zone in the lower part of the vein. In total, at least nineteen mineralized veins have been discovered in the Florida mine area, with reserves of approximately 2.7 Mt at 4.8 g/t Au, 37 g/t Ag and 1.16% Zn (Florida mine information).




2.2. Paste Characterization


The quality of the Florida mine tailings paste was characterized through tailing solids content (Cp), Yield stress measurements, and slump values. Solid measurements were made at the inlet of the thickener and at the outlet of it, after thickening. Measurements were made with a hydrometer (6055, BOECO, Hamburg, Gerrmany) and a Marcy balance. Slump tests were carried out following the procedure described by Clayton et al. [35]. Yield stress measurements were obtained by plant operators from slump tests.




2.3. Tailings Analysis


Florida mine operates with thickened (paste) tailings from the processing facility that are deposited in Tailings Storage Facilities (TSF). To evaluate the Acid Generation Potential (AGP), tailing samples were selected. Tailings samples were collected between December 2017 and January 2018. For the analysis, different surface tailings samples (30 cm deep) at different points of the TSF were sampled according to their greater contact with water and their greater oxygenation, which affects its potential for AMD generation. The sampling was carried out in a zone of 1 m2 for each point, specifically in a straight line with three equidistant sampling points (T1, T2 and T3), crossed by a perpendicular line with three other sampling points (T4, T5, T6) (Figure 1) [36]. For the selection of sampling points, a visual analysis of the surface of the tailings was carried out, determining different zones on the surface of the deposit.



One kg of tailing samples was collected from the first 30 cm of tailing deposits. The samples were collected in 1 L High Density Polyethylene (HDPE) bottles and then stored and kept in the dark at 4 °C until they were processed and analyzed in the laboratory. At the sampling points, on-site water analyses were performed to determine the local chemical characteristics of the samples. For this, the temperature (PHC301, HACH), EC (CDC401, HACH) and pH (PHC301, HACH) were measured (Hq40d Multi, HACH, Loveland, CO, USA).



The bulk chemical composition of paste tailing samples was analyzed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP–OES) (PerkinElmer Optima 7300 DV ICP–OES, Shelton, CT, USA) and spectrometry (Spectrophotometer DR/2010, Hach, Loveland, CO, USA). The analyses were carried out on previously digested tailings samples according to the EPA 3050B digestion method [37]. The procedure was performed as described in Leiva et al. [36].



Mineralogical analysis of the tailings was performed by XRD. XRD analyses were carried out using the Bruker D8 Advance powder diffractometer (40 kV, 30 mA Cu Kα radiation, λ = 1.5404 Å). In the same way, microanalyses of the surface of the tailings samples and morphological analyses were performed in a scanning electron microscope (JSM-IT300LV; JEOL Ltd., Tokyo, Japan) equipped with an Oxford EDX AZtec detector (Oxford Instruments, High Wycombe, UK). EDS analysis was performed at different analysis points of each sample to achieve representativeness in the analysis.




2.4. Acid Potential Tests


To evaluate the acid generation potential, Net Acid Generation (NAG) Tests, Acid Base Accounting (ABA) tests, paste pH, and kinetic tests were used.



2.4.1. Net Acid Generation (NAG) Tests


Once the collection phase was concluded, each tailing sample was subject to a single additional NAG test to evaluate the AMD potential of the site. This was done to relate the potential of AMD generation with the potential of the tailing deposit to release polluting runoffs from the mineral matrix present in the tailings. Prior to the analysis of the samples, they were decanted and mixed to ensure homogeneity. After this, NAG tests were carried out. NAG tests use hydrogen peroxide (H2O2, a strong oxidizing agent) to rapidly oxidize sulfide minerals. In the process, hydrogen peroxide greatly accelerates the oxidation of the sulfide, assuming that the neutralization potential remains proportional. The objective of this test was to evaluate if a sample can generate acid drainage or if the sample can neutralize the acid produced by forced oxidation.



The NAG capacity was determined by adding 250 mL of 15% H2O2 to 2.5 g of dry paste tailings samples in a 500 mL Erlenmeyer flask. The flask was covered with a watch glass and placed in a fume hood. The reaction proceeded until boiling, cessation of effervescence, or for a minimum of two hours. Then, the sample was cooled to room temperature and the pH of the mixture was recorded (NAG pH). Finally, each solution was made up to a final volume of 250 mL with deionized water. Samples with a NAG pH greater than 4.5 have no NAG potential, while samples that have a NAG pH less than 4.5 have NAG potential. Samples with a pH lower than 4.5 must be titrated with 0.1 M NaOH up to an end point of pH 4.5. The NAG capacity is expressed as kg of H2SO4 per ton of sample (ton H2SO4 1000−1·ton−1). The criteria for the prediction and characterization of the NAG capacity are based on Miller [38]. The pH was measured in the solutions with an Intellical pH Electrode PHC301 (PHC301, HACH) (Hq40d Multi, HACH, Loveland, CO, USA).




2.4.2. Acid Base Accounting (ABA)


The acid potential (AP) was determined using, as a reference, the original Sobek et al. [39] static test and following the procedure described by Elghali et al. [40] and Bouzahzah et al. [41] This is calculated with the total sulfur content of the samples and is expressed in kg CaCO3/ton. The procedure considers that the total sulfur content of a sample occurs as pyrite and is completely oxidized to generate acidity. The AP was calculated using Equation (1).


  AP = 31.25 ° ×    %       S  s u l f i d e    



(1)







The neutralization potential (NP) was calculated following the static test described by Sobek et al. [39] Similarly to AP, the NP is expressed in kg CaCO3/ton. The AP and NP are useful for accessing the net neutralization potential (NNP), which is used to determine if a sample has an effective neutralization potential [39,42]. The NNP is obtained by subtracting the AP from the NP (NNP = NP − AP). NNP values less than −20 kg CaCO3/t indicate that the sample is potentially acid-generating, while values greater than +20 kg CaCO3/ton indicate that the sample is potentially acid-neutralizing [43]. When the NNP is between −20 kg CaCO3/ton and 20 kg CaCO3/t, it is difficult to determine, and the sample is classified as uncertain behavior [43].




2.4.3. Paste pH


In each sample of paste tailings, the paste pH was measured. For the measurement procedure, the original paste tailings sample with a liquid/solid ratio (L/S) between 1.80 and 1.86 was used (adapted protocol from ISO 10390:1994 (E)). Paste pH was measured using a pH electrode (PHC301, Hach, Loveland, CO, USA) (Hq40d Multi, Hach, Loveland, CO, USA).




2.4.4. Kinetic Test: Humidity Cells


One kg of fine paste tailing sample (dried at 40 °C, sieved <2 mm) was subjected to kinetic tests to predict the longer-term acid drainage behavior. Humidity cells involve repetitive cycles with the supply of dry air and humid air on a sample, which simulates the oxidation processes of a real sample and thus estimates the release of metals, pH, and sulfate from the weathering of sufides. The kinetic tests were carried out according to protocol first developed by Sobek et al. [39] However, the final procedure used was the same as that described by Leiva et al. [36], which includes adaptations to the protocol of Sobek et al. [39].





2.5. Real-Time Monitoring of Chemical Parameters


To evaluate the impact of the chemical characteristics of the tailings paste, sensors for real-time monitoring, to measure pH and EC, were installed in the thickener and in a control well downstream of the tailings deposit (Figure 1). The installed sensors recorded pH and EC data at a frequency of 1 h, transferring them to the IoT platform (Libelium Smart Water). The Smart Water sensor allows remote measurement of pH and EC in different scenarios, both in natural systems and in industrial processes. For data transfer, Waspmote hardware architecture was used, which is designed to work with extremely low consumption and can be turned on and off from any of the sensor interfaces as well as the radio modules. The EC sensor (Libelium) is a two-pole cell whose resistance varies in function of the conductivity of the liquid it is immersed in. This is a two electrodes platinum sensor with a conductivity cell constant of 1 ± 0.2 cm−1. The pH sensor (Libelium) integrated into the Smart Water sensor board is a combination electrode that provides a voltage proportional to the pH of the solution. Both sensors were subjected to a periodic calibration to ensure accurate measurements.



The conductivity and pH analysis were complemented with punctual and periodic sulfate measurements both in the thickener and in the control well. These analyses were performed to establish a relationship between the EC and pH of the paste tailings with the release of sulfate downstream from the tailings deposit. The pH, EC, and sulfate data were completed using linear interpolation to fit a similar number of data (n) between the variables. Sulfate was analyzed by spectrophotometry (HACH, Loveland, CO, USA) in the water samples.




2.6. Time Series Analysis of Real-Time Monitoring of Chemical Parameters


The time series for the evolution of pH and EC were analyzed in the thickener and in the control well. At each analysis point (thickener and control well), sulfate concentrations were measured to evaluate their correlation with the behavior over time of pH and EC at each monitoring point. For the correlation analysis, the time series of pH and EC were smoothed. Data smoothing is a quantitative procedure that serves to minimize random fluctuations and predict short-term behavior. The procedure transforms a series of raw data into a series of less variable data. Specifically, in this study, the Moving Average method was used for smoothing the recorded data. This method creates a series of averages of selected subsets from the full data set. pH and EC were smoothed using a 168-point moving average corresponding to a 7-day period and associated with a 1-h measurement frequency for the raw data series. The simple moving average (MA) was calculated using Equation (2):


  z  ( t )  =    x     ( t )   n  +    x     (  t − 1  )   n  +    x     (  t − 2  )   n  + … +    x     (  t − n + 1  )   n     



(2)




where t is the period; z(t) is the moving average of this period; x(t) is the measurement (pH or EC) performed in the current period; n is the number of periods of the moving average, x(t) is the measurement (pH or EC) performed in the current period, x (t − 1), x (t − 2) and x (t − n + 1) are the measured values in the previous periods.




2.7. Quality Assurance/Quality Control (QA/QC)


Quality assurance/quality control (QA/QC) procedures were performed for all chemical analyses and experimental tests performed in this study, in order to obtain reliable and accurate results. The instruments used both in the field and in the laboratory were properly calibrated before using certified reference standards or analytical grade synthetic standards and following instrument guidelines. The EC sensor (Real-time monitoring, Libelium) was calibrated with a two-point calibration procedure using standards of known conductivity according to the measurement range and the K factor associated with the salinity of the water that was measured. Thus, the kits used were: K = 0.1 (220–3000 µS) and K = 1 (10,500–40,000 µS). The pH sensor (Real-time monitoring, Libelium) was calibrated with three pH buffer solutions, one of 7.0 pH and two of higher and lower values (10.0 pH and 4.0 pH). The sensors were calibrated periodically to ensure the accuracy and reproducibility of the recorded data. On the other hand, all the chemicals used in this work were analytical-grade, and all the solutions used in this study were prepared with Milli-Q water. In addition, all laboratory and field materials used in this study were neatly cleaned and rinsed with Milli-Q water.



Analytical measurements in the field and laboratory were verified by performing replicate analyses (reading duplicate). Furthermore, sample blanks were used to ensure the validity of the measured values. Moreover, the validity of the sulfate measurements with spectrophotometry was checked and compared against synthetic standard samples of known concentration and blank samples prepared with Milli-Q water.




2.8. Statistical Analysis


All data were analyzed by using tools associated with GraphPad Prism 8.0.1 (GraphPad Software, La Jolla, CA, USA). The relationship between pH and EC time-series and sulfate was analyzed with the Pearson correlation analyses between two time-series (pH vs. Sulfate and EC vs. sulfate) in the thickener and in the control well.





3. Results and Discussion


3.1. Paste Tailings Characterization


High density thickened tailings or paste tailings are a mixture of solids and water where the water that runs off is practically negligible. When deposited, they maintain their structure with less deformation, reducing the need for a retaining wall [21,23]. Among the environmental advantages of tailings paste is their ability to reclaim water, process reagents and energy, minimize tailings storage facility footprints, reduce the potential for acid drainage, and maximize the density of tailings and minimize risks of failure, among others [44,45]. High density thickened tailings are obtained with a consistency of about 70%–80% by weight. Flocculants are added to obtain the expected consistency with rheological and resistance specific properties [46,47]. Figure 2 shows how the thickening and dewatering process of the tailings pulp that enters the thickener produces an increase in the tailings solids content (Cp) from values of 28.6 ± 3.8 (% w/p) to 70.1 ± 1.6 (% w/w), achieving the desirable paste consistency for its disposal.



The rheological parameters influence the consistency of high-density thickened tailings. Among the properties that are key to paste tailing formation and affect paste viscosity are particle size, solids concentration, zeta potential, and temperature [46,48,49]. One of these properties is the Yield stress, which is a physical and rheological property for liquid and solid materials that is typically defined as the minimum shear stress that must be applied to the material to initiate flow and is a parameter related to the strength of the coherent network structure [32,33,50]. For the tailings paste, it is critical to achieve an adequate value of yield stress that allows the mobilization and pumping of this towards the tailings deposit. The yield stress values determined from the slump tests during the Florida mine operation are shown in Figure 3a. Specifically, the yield stress values after adding the flocculant dosage reached 56.9 ± 10.2 Pa. It can be seen that the yield stress values were adequate for the disposal and pumping of the paste tailings, despite the fact that other studies have shown that paste tailings are considered to be mixtures with yield stresses greater than 100 Pa [34]. An explanation for these values can be given by the mineral nature of the Florida mine tailings and the characteristics of temperature, percentage of solids, and type of flocculant, among other factors. Similarly, the slump reached values of 26.6 ± 2.2 mm after flocculant dosage (Figure 3b).




3.2. Chemical Analysis of Tailings Samples


The chemical analyses of the tailing samples are presented in Table 1 (complemented from Leiva et al., [36]). It is observed that the sulfur content is less than 2 wt% in all the samples except for the sample T4 0–10 cm (2.25 wt%). Interestingly, samples T5 10–20 and T5 20–30 have values less than 1%. The content of Fe, Al, and Mn in the samples ranges between 2.81–4.69, 1.11–1.63, and 1.81–3.32, respectively. Similarly, the content of Zn, Pb and Cu reaches values between 3225–9385, 448–5841, and 355–628 ppm, respectively. In other metals such as Cr, Ni, Sn, Cd, and Ag, these are below 100 ppm. Even in the case of Ni, its presence was not detected in the paste tailings samples. The low sulfur content (<2 wt%) in the tailing samples suggests that the AMD generation processes could be low in the surface samples of the tailings. However, it is necessary to evaluate the potential acid-generating samples and the contaminant release kinetics in order to provide more information about the reaction rates related to acid-generating and acid-neutralizing processes.



In the tailing samples, it was difficult to find crystalline mineral phases since the X-ray diffraction spectrum (XRD) revealed a strong band of unidentified amorphous minerals. However, after a more specific analysis it was possible to identify crystalline phases of Quartz (SiO2), Albite (Na(Si3Al)O8), Augite (Ca(Fe,Mg)Si2O6), Magnesium Calcite ((Mg0.03Ca0.97)(CO3)), Calcite (Ca(CO3)), Sphalerite (ZnS), Microcline (KAlSi3O8), among others (Figure A1). In addition, the base minerals (gangue and ore) of the deposit correspond to Blenda (ZnS), Galena (PbS), Pyrite (FeS2), Sphalerite ((Zn, Fe)S), Chalcopyrite (CuFeS2), Hematite (Fe2O3), Magnetite (Fe3O4), Calcite (CaCO3) and Dolomite (CaMg(CO3)2) (Florida mine information). The presence of calcite and magnesium calcite in paste tailings samples (XRD analysis) can determine that the neutralizing processes will be relevant for the generation of AMD; however, it is necessary to evaluate this through static and kinetic tests.



To complement the mineralogical and compositional information of the tailing samples, the elemental composition of the surface of tailing samples was determined by using Scanning Electron Microscopy (SEM-EDS). EDS microanalysis showed dominant atomic percentages of Si (27.5%), Fe (5.6%), and Alumnium (5%) (Figure A2, [36]). Similar to those observed for the chemical analysis of the tailing samples, the atomic percentages of Zn and S were low and less than 1% (Figure A2).




3.3. Assessment of Acid Mine Drainage Potential


To evaluate the AMD generation potential of the Florida mine tailing samples, tailing samples (T1-T6; at depths of 0–10 cm, 10–20 cm, and 20–30 cm) were subjected to NAG tests. The analysis of the results of the NAG tests shows that all the surface tailing samples after the reaction with the strong oxidant (H2O2) showed NAG pH values between 6.4 and 10.7 and therefore can be grouped as non-acid generating (Figure 4). However, by this method, it is not possible to separate the acid generation processes from the neutralization processes. Despite this, in the case of the paste tailing samples (T1–T6) in all depths, as they have a pH greater than 4.5, it is established that they have a null NAG potential.



The main sulfide minerals present in the Florida mine deposit correspond to Blenda (ZnS), Galena (PbS) Pyrite (FeS2) sphalerite ((Zn, Fe) S), Chalcopyrite (CuFeS2) (Florida mine information). Although these minerals may influence AMD production, the important presence of calcite (CaCO3), magnesium calcite ((Mg0.03Ca0.97) (CO3)), and dolomite (CaMg(CO3)2) phases may support the idea that neutralization processes are relevant in surface samples from tailings, supporting the static test results. In turn, the surface tailing samples showed low sulfur concentrations (<2 wt%). Thus, the low sulfur content added to the presence of carbonate phases such as calcite and dolomite suggests the potential relevance of the neutralization processes on the acid production process derived from the oxidation of sulfur, which does not make the sample present a net acid production.



In order to determine the acid potential (AP), neutralization potential (NP) and net neutralization potential (NNP) of the paste tailing samples Acid Base Accounting (ABA), tests were performed. The results of the ABA analysis are presented in Figure 5. It is observed that the samples have low AP (<75 kg CaCO3/ton), which is consistent with their low sulfur content (Table 1). However, with the NNP calculation, some samples were classified as potentially acid-generating (T4 and T6 at all depths and T3 at 0–10 cm), although the NNP values determined were greater than −45 kg CaCO3/ton, which indicates that the acid-generating potential is slight. Interestingly, the remaining samples show an uncertain behavior which suggests that neutralization processes could still be important in these samples, although it is not as significant to classify the samples as potentially acid-neutralizing (values greater than +20 kg CaCO3/ton).



The paste pH values of the tailing samples range between 7.3 and 9.2 (T1: 7.7 ± 0.2; T2: 8.5 ± 0.3; T3: 7.8 ± 0.3; T4: 7.5 ± 0.3; T5: 7.6 ± 0.2 and T6: 8.6 ± 0.6), showing predominance of alkaline values. For the analysis, the samples were averaged in the different sections (0–10, 10–20, 20–30 cm). This behavior is contrary to that observed for tailings based on pyrite or with metal sulfides in high quantities, where acid generation processes predominate. These results are consistent with the low percentages of sulfur observed in the tailing samples (<2 wt%) and with the low AP values recorded. Altogether, the static tests indicate that the tailing samples have low or uncertain acid-generation capacity. Hence, in order to confirm and clarify the acid behavior of the paste tailing samples, a kinetic test is still required.



AMD requires the oxidation of sulfide minerals in the presence of oxygen and water [51]. The degree of desaturation of the paste tailings can directly influence the extent of sulfide oxidation of the tailings [52]. Thus, the surface layers of the tailing deposits are more susceptible to oxidation processes of sulfur minerals present in tailings [52]. In addition, AMD generation is also affected by additives [52]. Chafy et al. [53] reported NAG pH values greater than 4.5 (6.8) in low-S thickened graphite tailings samples, while the NAG pH value was 3 for high-S tailings solids samples. Furthermore, Deschamps et al. [54] showed that the addition of a binder such as Portland cement significantly reduced the oxidation rates of surface deposited paste tailings at the La Ronde Cu-Zn-Au-Ag mine in Canada. Furthermore, they also found a marked increase in the neutralization potential of sulfidic tailings.



Another aspect that can influence changes in acid generation can be recharging with layers of the fresh tailing’s paste since this would have a greater amount of water as it has not been subjected to intense evaporation like older tailings. Unoxidized (fresh) tailings can decrease the pH and generate the release of acid at certain points in the tailing’s deposit. From this, it seems desirable to promote the evaporation of these fresh layers of tailings. Indeed, Simms et al. [55] reported that the evaporation of these fresh layers of paste tailings will favor densification and gain resistance. However, excess evaporation will desaturate the tailings and can promote oxygen ingress and increase the risk of acid generation. Yanful [56] showed that the diffusion coefficients of oxygen decreased with an increase in water saturation, which is a consequence of the low diffusivity of gaseous oxygen in the water and the low solubility of oxygen in the water. Thus, the risk of acid-generation may increase as the paste tailings desaturate significantly. This phenomenon will be more evident in climates with higher rainfall, which favor the oxidation of sulfide minerals. This is not evident in the Florida mine where evaporation processes are predominant. Even so, the risk of acid drainage generation will be a balance between the recharge of fresh paste tailing layers with the dehydration processes of the tailings and can influence acid generation peaks at a certain moment due to the presence of an important content of sulfide unoxidized minerals.



The formation of the paste tailings and the mineralogy and the management of the tailings deposit can have a direct impact on the oxidation rates of paste tailings and consequently on the generation of AMD. These factors must necessarily be considered in the evaluation of the release of pollutant runoffs from the paste tailing deposits. Even so, our results show that paste tailing samples are not potentially acid-producing, or the presence of neutralizing minerals is sufficient to limit the generation of acid runoffs released by the oxidation of minerals from the surface samples of tailing deposits.



To clarify the acid-generating potential of the paste tailing samples, the samples that showed a higher acid potential (T4 and T6 (0–30 cm)) according to the ABA tests were subjected to kinetic tests using humidity cells [36]. The results show that the pH values of the leachates remained in neutral-alkaline ranges during the operation (6.86–9.54 T4; 6.55–9.21 T6) while the electrical conductivity showed high values during the first cycles, reaching a maximum of 7042 mS/cm for T4 and 5485 mS/cm to later stabilize at values between 70 and 400 mS/cm for both cells and from the third cycle onwards. The high ionic load during the first leaching cycles suggests the release of ions associated with the thickening process of the paste or by the dissolution of highly soluble mineral phases (secondary minerals formed by high evaporation rates). The tailing’s sulfide oxidation process was not as evident during the operation (182 days) since no marked peaks of increases in the concentration of dissolved metals in the leachates or the presence of significant concentrations of sulfate (after the third cycle) were observed. As observed for the EC, sulfate concentrations increase markedly during the first operating cycles, supporting the idea of the relevance of the initial tailing solubilization processes. After the third cycle (21 days), the increase in the cumulative load of sulfate was gradual without a peak of marked increases. This absence of peaks suggests that the oxidation processes are not as evident in the paste tailing samples, which is consistent with the NAG (Figure 4) and ABA tests (Figure 5) and with the low sulfur content reported in the tailings (Table 1). Although the lower sulfur content in the tailings may influence the lower sulfate release in the humidity cells, the gradual increase in cumulative sulfate may also be influenced by the presence of a high sulfate load during the preparation of the paste. In turn, the presence of water-soluble secondary sulfate minerals on the surface of the tailings may also explain the gradual increase in cumulative sulfate. Dold and Fondbote [57] indicate that with increasing evaporation and decreasing grain size, the surface of the tailings under oxidizing conditions can be enriched in water-soluble secondary sals, a process that occurs by the transfer and migration of oxidation elements to the top of tailings by capilarity forces. Hence, the dissolution of secondary sulfate salts could contribute, in part, to the gradual increase in cumulative sulfate observed in the humidity cells. Even so, the presence of these phases was not observed (XRD analysis), which may be a consequence of the presence of the band of unidentified amorphous minerals or due to the higher proportion of other crystalline phases.



On the other hand, the cumulative iron (Figure 6b) in the leachates was not significant. The cumulative load was less than 0.5 mg/L for T4 and less than 0.2 mg/L for T6. Thus, this again supports the idea that oxidation processes of sulfide minerals are not significant, which is also supported by the low levels of sulfate and the neutral-alkaline pH reported for leachates. Metals found to a lesser extent in the tailings such as Al, Cu, Zn, Pb, Cr, Sn, Ag, were not detected in significant concentrations in the leachates either.



The release of Ca, Mg, and Mn from the tailings (T4 and T6 cells) was not so significant as to confirm the relevance of neutralizing processes. The release of Ca, Mg, and Mn from the tailings (T4 and T6 cells) was not so significant as to confirm the relevance of neutralizing processes. Even so, the Mn content in the tailing samples ranged between 1.81 and 3.33 wt%, while the Ca content was between 2.39 and 4.02 wt%, which suggests that the presence of neutralizing minerals such as calcite and dolimite may partially control the acidity generated (which cannot be detected). In brief, the kinetic tests support what was found in the static tests for the evaluation of the acid-generating potential.




3.4. Electrical Conductivity and pH Time-Series


The time series shows that the EC in the thickener is high, reaching values over 15 mS/cm (Figure 7). The average value of EC was 7.16 mS/cm with a maximum of 15.7 mS/cm and a minimum of 149 uS/cm. The values show variations between 1 and 15 mS/cm, with marked reductions probably produced by changes in the operating conditions of the thickener. In the control well, the EC is below 520 uS/cm (data not shown), suggesting that the deposit is stable and does not generate high salinity runoffs. In the control well, the average EC was 281 uS/cm with a maximum of 518.4 uS/cm and a minimum value of 183.2 uS/cm. Changes in the EC of the thickener are not directly reflected in the EC of the control well, but more marked variations could be reflected in the sum of more than one parameter. On the other hand, the results of the real-time pH monitoring show that the average pH of the thickener is quite alkaline with a value of 9.7, a maximum of 12.7 and a minimum of 6.1 (Figure 7). Interestingly, in the control well downstream from the tailings deposit, the pH values were initially close to neutral values and then fall to acid values. The average pH was 6.1, with a maximum of 7.7 and a minimum value of 4.7 (Data not shown). The increase in acidity reflects the acidification of the runoffs. This could be influenced by changes in the operating conditions of the tailing’s deposit. However, the main consequence may be the consumption of neutralizing mineral phases such as calcite (CaCO3) and dolomite (CaMg(CO3)2), which would be those that control the first stages of acid drainage generation. Sulfide minerals present in the Florida mine deposit such as Galena (PbS), Pyrite (FeS2), Sphalerite ((Zn, Fe)S) and Chalcopyrite (CuFeS2) can lead to the formation of acid and sulfate and, therefore, to the release of these pollutants in acidic runoffs. However, the pH values reported in the real-time monitoring of the control well (pH > 4.7) are consistent with the static test results for the surface tailing samples and show that the potential for acid generation was low. In turn, this is also consistent with the pH values observed in the thickener. Furthermore, the evolution of pH over time also shows the low oxidation potential of sulphide minerals on the surface of the tailings, which is supported by the low percentage of sulfur (<2%).



The observed yield stress values (56.9 ± 10.2 Pa) are consistent with the thickening process and the increase in the solids content (% w/w). However, a clear relationship between yield stress and EC or pH in the thickener was not observed. Ruan et al. [58] have shown that yield stress can be influenced by the flocculant dosage and the acidity (pH) during the flocculation process. They performed yield stress tests of flocculated and thickened copper mineral tailings slurries and reported that pH affects the total interactions (microscopic) between polymer-coated tailing particles. In turn, Fourie [59] showed that the percentage of solids and the yield stress in paste tailings are influenced by the pH. There is an optimal pH value where the percentage of solids and yield stress (Pa) are maximum. Higher or lower values than this optimum pH produce a decrease in thickening yields. In this way, the behavior of yield stress (Figure 3a) could be directly related to changes in pH over time (thickener). However, this is not so evident from the pH time series analysis, since there are other variables that may be relevant such as ion concentration, surface area, and flocculant dosage. The same observation can be deduced from the evolution of the EC over time. Conversely, the high ion concentrations in the aqueous phase of the thickener (over 15 mS/cm, Figure 7a) can affect the correct adsorption of the flocculant and, therefore, the interaction between the flocculant and the fine tailings particles.



When comparing the sulfate concentrations of the thickener with the sulfate concentrations measured in the control well, it is observed that there is no similar behavior, suggesting that the sulfate concentrations of the thickener do not significantly influence the sulfate concentrations released downstream of the tailings deposit (Figure 7). It was observed that the sulfate concentrations in the thickener during the months of September and October were higher than the preceding and subsequent months, but this phenomenon was not reflected in evident changes in the sulfate concentrations of the control well, which remained more stable. Furthermore, between February and March, the sulfate concentrations of the thickener tend to rise, while the sulfate concentrations of the control well have a stable behavior. Similarly, different magnitudes of sulfate concentrations are observed between the thickener and the control well. In the thickener, the sulfate concentrations ranged between 2000 and 6900 mg/L, while the sulfate concentrations in the control well are ranged between 2 and 31 mg/L. This marked difference suggests that the sulfate concentrations in the tailing deposits are relatively stable or show slow-release kinetics. Indeed, sulfate concentrations released are associated with a low percentage of sulfur (<2 wt%) present in the surface tailing samples, which indicates that the higher sulfate concentrations observed in the thickener are associated with the thickening process and are removed in the discard aqueous phase. This indicates that sulfate concentrations in the thickener are not directly related to the sulfate concentrations in the control well and, therefore, other processes can impact downstream water quality. In addition, the low sulfur content of the paste tailings samples (<2 wt%) and the absence of surface tailings samples with potential for acid generation (stratic tests and kinetic tests) support the low release of sulfate in the control well. Even so, it is not possible to rule out that deeper layers of the tailings have a higher potential for acid generation or a higher sulfur content that could influence the generation of polluting runoff. Likewise, the oxidation potential of the deep layers could be lower, due to less diffusion of oxygen into the tailings. However, the high sulfate load in the thickener may partially support the gradual increase in cumulative sulfate observed in leachates of humidity cells (Figure 6a).



It has been shown that the quality of leachates derived from paste tailings can be improved by the addition of bactericide, lime, and cement [60]. However, when these neutralizing elements are consumed, the quality of the runoffs deteriorates [51]. On the other hand, Ran et al. [61] carried out continuous monitoring of water percolation from tailing dams that support paste tailings from fertilizers produced in Israel. They used a novel Vadose Zone Monitoring System (VMS) and found that the levels of water percolation and pollution potential from these ponds were low. This supports the idea that paste tailing disposals can be an environmentally safe alternative that reduces the release of leachate or polluting runoff. In contrast, in northern Tanzania, the Bulyanhulu mine, an underground gold mine, has implemented a total system of tailing disposal as a paste (25% used underground as blended and 75% being disposed on the surface) [62,63]. This system is dominated by pyrite as the most abundant sulfide mineral with lower amounts of chalcopyrite, pyrrhotite, and arsenopyrite [64]. Here, it was observed that mining activities derived from the operation of the mine have caused the progressive deterioration of the water quality of the Bulyanhulu River [65]. Specifically, it was determined that the water quality of the river is polluted with Ni, Fe, and slightly by Zn [65]. Indeed, high concentrations can be a consequence of the weathering of sulphide ore bodies, chemicals used in the process plant, decomposition and leaching of discarded batteries, and old metal scraps in mine areas [65]. This shows that the operation of paste tailings is essential to limit the release of polluting runoff from the tailing deposits. In our case, the results support the idea that although the preparation of the paste can be a critical and a potentially polluting factor, the current operation of the Florida mine deposit is environmentally safe and with little release of sulfate-rich runoff, at least in the monitoring point downstream of the deposit (control well).



The EC of the thickener does not show an evident association or similar geochemical behavior with the values of the sulfate concentrations of the thickener and the control well. On the one hand, it is observed that the EC of the thickener follows a different behavior and a different trend than the sulfate concentrations of the thickener and the control well (Figure 7). This is evident during the months of September and October where sulfate concentrations increase markedly, and EC does not have an evident increase. On the other hand, negative conductivity spikes are not reflected in the sulfate concentrations of both the thickener and the control well. This again supports the independence of the chemical nature of paste tailings and its formation process with the release of pollutant runoffs post-disposal, at least in the current monitoring scenario. However, to determine and rule out whether changes in conductivity may reflect changes in sulfate concentrations or vice versa, the association between these two time series will be analyzed.




3.5. Correlation Analysis


For correlation analysis, the time series data were smoothed with the moving average method (Figure 8). Correlation analysis shows that there is no correlation between the sulfate concentrations of the control well and the EC of the thickener (Figure 8), confirming what was mentioned in Section 3.3. The Pearson correlation coefficient (r) was 0.051. In turn, a similar analysis for thickener sulfate concentrations with thickener EC revealed that the correlation is weak (Pearson’s coefficient r = −0.21). Figure 8b shows the comparison of the smoothed pH data of the thickener with the sulfate concentrations (thickener and control well). The correlation analysis shows a weak correlation of the pH time series data with the thickener sulfate concentrations (Pearson’s coefficient r = 0.27) and with the control well sulfate concentrations (Pearson’s coefficient r = −0.35).



For comparison, other studies have shown strong correlations between EC and sulfate. For example, Khoeurn et al. [66] found a strong correlation (correlation coefficient > 0.8) between EC and sulfate using the Principal Component Analysis (PCA). They analyzed leachate released from tailing samples from an abandoned mine in Shimokawa, Hokkaido, Japan, and found that pyrite and sphalerite were the main minerals that released Fe and Zn. Conversely, they found a negative correlation (i.e., correlation coefficient <−0.6) between sulfate and pH. Similarly, Valente et al. [67] also found strong correlations between EC and sulfate (0.90) from the AMD stream located in the Iberian Pyrite Belt (Chorrito stream, which flows into the Cobica River, SW Spain) and observed negative correlations between pH and EC (−0.7333). Olias et al. [68] found strong correlations between EC and Sulfate in the water of the Odiel River (between October 1980 and October 2002) located in the south of Spain that drains into the Iberian Pyrite Belt (IPB), an important sulphide-mining region. Interestingly, there are no studies that examine the relationship between chemical parameters associated with paste tailing formation and their correlation with the potential release of polluting runoff from the paste tailing deposits. This is the first work that studies and delves into these topics. Thereby, our results confirm that the EC of the thickener is not a variable that can fully explain changes in the sulfate concentrations of the control well and in the same thickener. Despite this, the relevance of EC as a control parameter cannot be ruled out; however, it is necessary to consider other ions in addition to sulfate for monitoring and control. In addition, our analysis shows that the pH of the thickener is not a variable that can explain the variation in sulfate concentrations of the thickener and control well. Indeed, the geochemical behavior of the variables over time follows different trends and relationships that are not explained by a significant association between them.



The correlation analysis between the EC of the thickener and the pH of the thickener showed that there is a moderate correlation between both variables (Pearson’s coefficient r = 0.579), suggesting that in the thickener both variables may be influenced by similar factors. Valente et al. [67] also found correlations lower than 0.8 between EC and pH. The correlation between pH and EC also indicates that the chemicals used for thickening the tailings affect both variables significantly.





4. Conclusions


The potential of AMD generation of paste tailings was evaluated by using NAG, ABA, paste pH, and Kinetic tests. According to the NAG results, all paste tailing samples are considered potentially non-net acid generating. However, ABA tests suggest that part of the samples are slightly potentially acid generating (T4 and T6 at all depths and T3 at 0–10 cm) and the rest show uncertain behavior. Even so, the kinetic test confirmed that the samples did not generate acid runoff release and that the minerals present in the tailings are not potentially oxidizable, indicating that the deposit would be chemically stable. The consumption of neutralizing phases such as calcite and dolomite can control the first stages of drainage generation. Moreover, the low sulfur content of the paste tailing samples (<2%) supports the results of the static and kinetic tests and the idea of the low acid potential observed in the tailings samples. Conversely, the addition of unoxidized (fresh) tailing layers to the surface of the tailing deposits can also affect acid drainage generation by changing chemical conditions. The analysis of the time-series data showed no significant correlations between the pH and EC of the thickener with the sulfate concentrations of the thickener and the control well downstream of the tailing deposits. Pearson’s r was 0.051 for EC in the thickener and sulfate in the control well and −0.21 for EC in the thickener and sulfate in the thickener, which indicates that EC is not a variable that explains the changes in sulfate concentrations. In addition, a moderate correlation was observed between the pH of the thickener and its EC, suggesting a related geochemical behavior. The results also show that the sulfate concentrations released downstream from the tailings deposit, showed values below 40 mg/L while in the thickener they reach values higher than 2000 mg/L. This indicates that there are processes in the tailings that can control sulfate discharge without a direct relationship with the concentrations observed in the thickener, which are mainly removed in the discarded waters of the thickener. Despite this, it is not possible to rule out other ions associated with EC that may be relevant to explain this variable (EC). Even so, continuous real-time pH and EC monitoring complemented by point analysis for sulfate concentrations and other ions could help assess and visualize changes in the geochemical conditions of the tailing deposits. This can favor the development of preventive measures and avoid environmental catastrophes associated with events of chemical instability of the paste tailing deposits. In addition, this will make it possible to make decisions on the operation and disposal of the paste tailings and at the same time propose control measures in the event of failure.
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Figure A1. Representative X-ray diffraction (XRD) pattern of paste tailing samples (T4). The presence of crystalline phases is observed, although dominance of amorphous minerals is also evidenced. 
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Figure A2. SEM-EDS analysis of paste tailings. Representative 3-D SEM image of T2 sample is shown [36]. 
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Figure 1. Location of Florida gold-silver Mine, south of Santiago, central Chile. Chemical real-time monitoring was performed in the thickener and in a control well (red marks) located in the mining area. For the analysis of the tailing deposit, tailing samples (T1–T6) were sampled in the points indicated in the figure (white marks). 
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Figure 2. Tailing solids content of the Florida mine tailings at the inlet and outlet of the thickener (with the addition of flocculant dosage). The flocculant used for thickening was ORIFLOC AP 2020, a polyacrylamide powder, with a low anionic charge and high molecular weight. The added dosage was 28.3 ± 6.9 g/ton. 
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Figure 3. Yield stress measurements (a) and slump values (b) of the paste tailings after flocculant dosage. The slump tests were used to obtain the yield stress from thickened tailings. The added flocculant (ORIFLOC AP 2020) dosage was 28.3 ± 6.9 g/ton. 
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Figure 4. Evaluation of the net acid generation potential with the NAG test. NAG pH values are shown on a linear scale and NAG values on a logarithmic scale. On the abscissa axis, the tailings samples are represented referentially in a NAG value of 0.015 (detection limit of the method). 
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Figure 5. Results of the ABA test. AP and NNP are expressed in kg CaCO3/ton. For interpretation, vertical lines in NNP at −20 and +20 kg CaCO3/ton are shown. 
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Figure 6. Evolution of cumulative concentrations of sulfate (a) and iron (b) collected throughout the humidity cells [36]. 
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Figure 7. Analysis of the time series of real-time electrical conductivity (a) and pH (b) of the thickener and the relationship with the sulfate concentrations of the thickener and the control well. The time-series data were measured hourly. 
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Figure 8. Time-series of smoothed electrical conductivity data (a) and pH data (b) of the thickener and relationship to the smoothed sulfate concentrations of the thickener and the control well. The pH and EC time series were smoothed using a 168-point moving average corresponding to a 7-day period. 
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Table 1. Chemical composition of paste tailings samples.






Table 1. Chemical composition of paste tailings samples.





	Element
	T1

0–10 cm
	T1

10–20 cm
	T1

20–30 cm
	T2

0–10 cm
	T2

10–20 cm
	T2

20–30 cm
	T3

0–10 cm
	T3

10–20 cm
	T3

20–30 cm



	S (wt%)
	1.49
	1.36
	123
	1.43
	1.55
	1.31
	1.41
	1.67
	1.52



	Fe (wt%)
	2.81
	2.84
	2.87
	2.84
	2.91
	2.87
	2.82
	2.84
	2.88



	Si (wt%)
	16.61
	16.72
	16.51
	15.67
	15.81
	15.94
	17.25
	17.37
	17.49



	Al (wt%)
	124
	1.34
	1.43
	1.31
	1.21
	1.11
	123
	1.33
	1.41



	Mn (wt%)
	1.81
	1.83
	1.87
	1.93
	1.90
	1.86
	1.90
	1.93
	1.86



	Ca (wt%)
	2.48
	2.42
	2.39
	2.40
	2.44
	2.47
	2.38
	2.44
	246



	Zn (ppm)
	6379
	6443
	6508
	6291
	6228
	6164
	6499
	6441
	6379



	Pb (ppm)
	3273
	3307
	3343
	3162
	3196
	3233
	3164
	3130
	3098



	Cu (ppm)
	399
	412
	385
	483
	471
	461
	392
	380
	364



	Cr (ppm)
	50
	54
	45
	ND
	41
	32
	56
	41
	25



	Ni (ppm)
	ND *
	ND
	ND
	ND
	ND
	ND
	ND
	ND
	ND



	Sn (ppm)
	8
	12
	20
	25
	31
	10
	S
	ND
	ND



	Cd (ppm)
	7
	ND
	ND
	ND
	ND
	ND
	40
	26
	14



	Ag (ppm)
	ND
	ND
	24
	31
	ND
	ND
	ND
	18
	14



	Element
	T4

0–10 cm
	T4

10–20 cm
	T4

20–30 cm
	T5

0–10 cm
	T5

10–20 cm
	T5

20–30 cm
	T6

0–10 cm
	T6

10–20 cm
	T6

20–30 cm



	S (wt%)
	2.25
	1.86
	1.57
	1.33
	0.94
	0.94
	1.54
	1.77
	1.73



	Fe (wt%)
	3.83
	3.65
	297
	4.68
	3.82
	3.58
	3.69
	3.67
	3.60



	Si (wt%)
	19.9
	16.8
	18.4
	20.8
	17.8
	19.3
	18.0
	17.0
	17.0



	Al (wt%)
	1.61
	1.36
	1.52
	1.46
	1.38
	1.44
	1.60
	1.47
	1.41



	Mn (wt%)
	2.98
	3.32
	278
	2.97
	2.90
	2.78
	1.88
	2.23
	225



	Ca (wt%)
	3.27
	2.96
	2.84
	4.02
	3.70
	3.77
	2.52
	3.13
	3.07



	Zn (ppm)
	7302
	9385
	4767
	5378
	3441
	3225
	5761
	8218
	8253



	Pb (ppm)
	4343
	5841
	2964
	1768
	2172
	2444
	3933
	4610
	4480



	Cu (ppm)
	526
	532
	355
	419
	372
	361
	540
	545
	628



	Cr (ppm)
	51
	53
	43
	66
	100
	79
	53
	45
	46



	Ni (ppm)
	ND
	ND
	ND
	ND
	ND
	ND
	ND
	ND
	ND



	Sn (ppm)
	8
	31
	ND
	ND
	14
	23
	ND
	ND
	5



	Cd (ppm)
	46
	85
	10
	19
	7
	12
	40
	44
	25



	Ag (ppm)
	29
	41
	31
	41
	ND
	ND
	34
	15
	ND







* ND: not detectable.
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