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Abstract: The changes in water quality owing to recirculation of water in mineral processing plants
can compromise the plant performance as well as maintenance needs. Therefore, mining process
water quality assessment is becoming critical. Nevertheless, very few studies have investigated
the suitability of the current analysis methodology practiced in certified laboratories for evaluating
mining process water quality. This article presents two case studies to highlight the major issues
encountered when performing sampling for physicochemical and chemical parameters in process
water at two European mine sites using procedures from two certified laboratories. In addition,
microorganisms were shown to be abundant in process waters and likely affect the mining water
chemistries. However, the protocols used for microbial studies are not optimal for mining process
samples, and need to be improved. The results showed difficulties in providing satisfactory results
when analyzing control samples. Additionally, the analysis results presented a strong imbalance
in TDS and sulfur compounds. Several potential causes associated with the poor quality of the
analysis results have been outlined with a specific focus on the preservation methods. A literature
review on the degradation of thiosalts suggested that the current preservation procedures are not
suitable for preserving sulfur compounds. Moreover, the results indicated that the water matrix
strongly influenced the validity of the chosen analysis method. In conclusion, the analysis methods
should be customized for the different mining water matrix types in order to ensure the accuracy and
reproducibility of the results.

Keywords: water management in mining; mining water analysis; thiosalts analysis; water sampling;
water preservation; bacterial analysis for mining water

1. Introduction

The existing water quality monitoring systems in the mining industry are mainly focused on
fulfilling the environmental regulations set on the environmental and operational permits of the mines.
Most of the effort of water quality monitoring is focused on investigating the effect of mining water on
the surrounding environment [1]. As a consequence, the analysis and sampling methodology is mostly
developed for answering the needs of monitoring the discharge effluents during the mine’s lifetime
and after its closure [2]. The list of physicochemical parameters, chemical elements, and compounds
that need to be monitored are provided by government regulations [3,4]. The procedure for sampling is
also well documented [5–7]. Nevertheless, due to the potential effects of water quality on the flotation
process performance and plant maintenance needs, the trend is now changing. The monitoring of
water quality for controlling the plant’s performance and maintenance purposes is becoming one
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of the biggest challenges in terms of water management in mining [8]. Ore type and water quality
are proven as major parameters that can affect the concentrator performance, particularly the froth
flotation [9–11]. The literature indicates that the variation of organic and inorganic compounds and
physicochemical parameters of water, as well as microorganisms, can have detrimental effects on the
recovery of valuable minerals during the flotation [12–14]. Therefore, the methodology for water
quality assessment needs to be developed and optimized not simply for fulfilling the environmental
regulations but also for process performance optimization and control purposes. Such conditions
mean that the sampling methodology should be revised in such a way that the water quality data and
other parameters such as mineralogy, operating conditions, and plant performance could be linked
and used together for controlling and adjusting the process. In addition to the discharged effluents,
both the process water and the water inside the mine must be monitored [8]. The data must be high
frequency, preferably online, or in situ analysis/measurements, and cover a number of water quality
parameters that have potential impacts on the plant performance [15]. However, this approach raises
several challenges.

The first challenge is from a technical point of view. Plant water composition is largely different from
discharged effluents, even though they are all classified as mining water. In most cases, the discharged
waters are treated before disposal [16]. Therefore, their water matrices are characterized by low
total dissolved solids (TDS) and high stability due to the low concentration of reactive compounds.
However, the waters/slurries inside the process are characterized by high TDS, high suspended solids,
and particularly high reactivities [17]. As a result of the matrix effects, the sampling and analytic
procedures that are validated for mining effluent waters might not be suitable for analyzing mining
process waters.

The second challenge is that only a few water quality parameters can be monitored in real time.
The majority of the parameters of interest that characterize the water quality are still determined by
laboratory analysis [8]. Moreover, due to the reactivity of the slurry, the process water characteristically
contain a high level of unstable compounds such as reduced sulfur compounds, thiosalts, and reagent
decomposition products. In addition, potentially present active microorganisms may affect the chemical
parameters in relatively short time periods if not taken into account. This implies that the nature
of the mining process water is likely to change during transportation and storage before the actual
laboratory analysis commences. Thus, preservation and stabilization of the samples are necessary
steps before sending water for analysis. Several chemical and physical methods for stabilizing
water samples are found in the literature such as the addition of stabilization chemical compounds,
filtration, nitrogen purging, cooling, and freezing [5]. However, the preservation/stabilization
of the water is usually not fully considered as an important step before the laboratory analysis
procedure. The lack of a suitable preservation/stabilization procedure included in the sampling
protocol results in a major problem, where samples are sent to the analysis laboratory without any
suitable stabilization/preservation.

Additionally, the indigenous microorganisms in mining processes may also affect the water
quality and plant performance [18]. Microorganisms have numerous ways to interact with minerals
and surfaces [19]. To study the microorganisms in these environments, and prevent, e.g., fouling,
the microorganisms and/or their nucleic acids need to be detached from the mineral particles,
which would otherwise hamper downstream analyses.

Finally, unlike discharged waters, no clear guidelines define the number and the type of parameters
that must be monitored for process waters. The different parameters of interest are mine and
process specific. Generally, to understand the full effect of water quality on plant performance,
a long-term, regular sampling campaign with an extensive number of parameters and compounds
is required. Additionally, samples from critical locations of the process such as incoming process
water, mill discharge, feed to flotation, feed to the cleaning stages, tailings, etc., must be taken and
analyzed to establish the relation between water quality and the flotation performance at different
stages [13,20,21]. Thus, the challenges of water evaluation stem from (1) the high number of samples
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that should be prepared, (2) the high volume of samples needed for the full analysis, and (3) the high
cost of the analysis.

Before this study, the authors investigated several analysis standards used for analyzing mining
waters. The results showed that none of these standards were developed specifically to analyze
mining process waters. Therefore, the main objective of our study was to investigate the suitability
and accuracy of the current sampling and analysis methodology for mining water with samples from
two European mine sites (denoted in this paper as Mine 1 and Mine 2). Mine 1 is located in southern
Europe and Mine 2 in a Nordic country. The sample preparation and preservation were performed
according to the procedures of laboratories suggested by the mine sites and contracted by the project.

This paper highlights the low quality of part of the analysis results as well as the inappropriate
methodology for preserving and analyzing the complex and unstable water matrix of the mining
process waters. Additionally, this paper discusses the possible remedies to these low-quality results
and suggests several modifications that can be considered to improve the methods and results of
the analysis.

2. Materials and Methods

2.1. Particularities of the Mine Sites

The characteristics of Mine 1 and Mine 2 in terms of ore type, processing method, tailing deposition
method, water circuit, and water matrix are detailed in Table 1. The nature of the processed ore
types, climate, and type of water circuit have significant effects on the water matrix properties of each
mine site. Due to the seasonal variation of the water quality of Mine 2, two sampling campaigns
were performed for this mine. One sampling campaign was conducted during wintertime (February),
whilst the other was conducted during summertime (August).

Table 1. Characteristics of Mine 1 and Mine 2.

Parameter Mine 1 Mine 2

Location • South of Europe • Nordic countries

Climate • Mediterranean • Subarctic

Ore type

• VMS
• High pyrite content
• Strong variation of mineralogy as a

function of the ore bodies

• Low sulfide grade deposit
• Silicate minerals as the major phase

Bulk mineralogy

• Plant 1: Py: 86%, Ccp: 5%, Gn: 0.1%, Sp:
1%, Apy: 1.4%, silicates and other: 6.5%

• Plant 2: Py: 86%, Ccp: 0.9%, Gn: 0.1%, Sp:
8%, Apy: 1.5%, silicates and other: 3.5%

• Ccp: 0.6%, Pn: 0.49%, Cub: 0.34%,
Po:1%, Py: 0.7%, silicates and other: 96%

Processing method • Two separate flotation plants • Sequential circuit

Tailing deposit method • Paste deposition • Conventional wet tailings pond

Water circuit
• Short water cycle
• Short resident time in the TSF

• Long water cycle
• Long residence time in the TSF

Water matrix
characterization

• High TDS (up to 10 000 mg/L)
• High concentration of thiosalts
• Gypsum saturated

• Cyclic variations in
dissolved/suspended solid content due
to the formation of an ice cap in the
tailing pond during winter

VMS: volcanic massive sulfide, TSF: tailings storage facilities, TDS: total dissolved solids, Py: pyrite, Ccp:
chalcopyrite, Gn: galena, Sp: sphalerite, Apy: asenopyrite, Pn: penlandite, Cub: cubanite, Po: pyrrhotite.
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2.2. Sampling Surveys

The water sampling was designed to evaluate three major aspects of the water, namely the
physicochemical, chemical, and biological properties.

In terms of the physicochemical properties, the following parameters were measured in situ:
specific conductance (SPC), pH, oxidation–reduction potential (ORP), dissolved oxygen (DO), turbidity,
and temperature. ORP measurements used Ag/AgCl as the reference electrode. ORP and pH were also
measured in the laboratory to characterize the degradation of the sample during transportation and
storage. To complete a pulp physicochemical property characterization, slurry samples (around 10 L each)
were taken from the streams of interest and placed into buckets. The pulp sample was immediately
measured after the sampling with the YSI ProDSS multiparameter probe (YSI, Xylem Inc., Yellow Springs,
OH, USA) whilst the pulp was gently stirred. The probe recorded the readings for 10 min to make
sure that equilibrium was obtained. All the probes were checked and calibrated if needed before
use. Other physicochemical measurements such as total suspended solids (TSS), total organic carbon
(TOC), dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), total inorganic carbon (TIC),
total carbon (TC), chemical oxygen demand (COD), and biological oxygen demand (BOD) were analyzed
by the contracted commercial analytical laboratory. A two-liter slurry sample was drawn from the same
container and preserved at 4 ◦C for the mentioned physicochemical analyses.

An extra two-liter sample was drawn from the 10 L slurry sample bucket and prepared for chemical
analysis. The preparation procedure followed the laboratory recommendation and is presented in
Table 2. What stands out in the table is that the practices for sample preservation of the two laboratories
concerning this study differ greatly. These differences can be explained in part by the analysis methods
used by each laboratory. Methods and standards used, as recommended by the certified laboratories,
for analysis are shown in Appendix A, Table A1. In general, the laboratory used by Mine 2 only required
filtration and cold storage as preservation methods while the laboratory used by Mine 1 required some
further stabilization with reagents. Due to the high content of solids in the slurry, a direct filtration at
1.6 µm and 0.45 µm was impossible. The filtration was therefore performed in several stages. The first
stage was a pre-filtration at 12–15 µm (qualitative filter paper, 415, VWR International, Helsinki,
Finland), the second stage was a filtration at 1.6 µm (VWR, International, Helsinki, Finland), and the
last stage was the filtration at 0.45 µm with syringe filters (VWR, International, Helsinki, Finland).

Table 2. Preservation methods for preserving different compounds/elements according to two
chosen laboratories.

Parameter Laboratory of Mine 1 Laboratory of Mine 2

pH, 25 ◦C

No filtration, cool preservation
In situ measurements

Conductivity, 25 ◦C

TDS Filtering 1.6 µm

TSS Decant Decant

Tot. Alkalinity, CO3
2− and HCO3

− Cool Not applicable (N.A)

TOC, TIC, TC, DOC Filtering 1.6 µm +
1 < Ph < 2 with H2SO4

Filtering 1.6 µm + cool

BOD N.A Slurry

Thiosalts, polythionates

Filtering 1.6 µm + Cool

N.A

Thiosulfate

Filtering 1.6 µm + coolSulfate

Chloride
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Table 2. Cont.

Parameter Laboratory of Mine 1 Laboratory of Mine 2

Sulfite Filtering 1.6 µm +
1 mL of EDTA at 1%+ cool N.A

Sulfide Filtering 1.6 µm + 2mL of Zinc
Acetate 8.5 < pH < 9.0 with NaOH N.A

COD Filtering 1.6 µm +
1 < pH < 2 with H2SO4

Filtering 1.6 µm + cool

Cations Filtration 0.45 µm +
1 < pH < 2 with HNO3

Filtering 0.45 µm to a
bottle rinsed with HNO3

NO2
−, NO3

−, NH4-N Cool Filtering 1.6 µm

TSS: total suspended solids, CO3
2−: carbonate, HCO3

2−: bicarbonate, TOC: total organic carbon, TIC: total inorganic
carbon, TC: total carbon, DOC: dissolved organic carbon, COD: chemical oxygen demand, NO2

−: nitrite,
NO3

−: nitrate, NH4-N: ammonium nitrogen.

For microbiological studies, 3 × 500 mL process water from Mine 1 location Z4 was collected
by filtration on SterivexTM filter units (Merck, Burlington, MA, USA) and frozen on-site at −20 ◦C.
Additionally, samples were collected as such in 250 mL sterile plastic bottles (Nunc, Thermo Fisher)
and frozen on-site at −20 ◦C. The samples were transported on dry ice to the laboratory at VTT in
southern Finland. Samples from location 15 of Mine 2 were collected directly into 1000 mL sterile
plastic bottles (Nunc, Thermo Fisher Scientific, Waltham, MA, USA) and frozen on-site at −20 ◦C and
transported and kept frozen before analysis at VTT.

2.3. Investigation of the Effect of Water Matrix on the Analysis Results

A 1.5 L sample of process water from Mine 2 and synthetic water (denoted as PW and SW,
respectively) were collected/prepared on-site. The initial composition of the process water and
synthetic control sample (i.e., the baseline samples) is shown in Table 3. The bulk sample was divided
into three portions of 500 mL each, and the 500 mL samples were labeled as Fraction 1, Fraction 2,
and Fraction 3. Fraction 1 represented the baseline sample. Fraction 2 was spiked with 150 mg of
Na2S2O3 and 72 mg of Na2S2O4. Fraction 3 was spiked with the same amount of thiocompounds
as Fraction 2 and an additional 20 µL volume of a solution consisting of 10 mg/L CuSO4, 100 mg/L
Ni(NO3)2, and 100 mg/L FeSO4 resulting in final concentrations of 0.4 µg/L, 4 µg/L and 4 µg/L,
respectively. All the samples were preserved in the same way, by vacuum filtration using 0.45 µm pore
size, glass microfiber filters, and fast freezing the sample bottle in a mixture of acetone and dry ice
before sending to the laboratory contracted by Mine 2 for analysis.

Table 3. Composition of the process water and the synthetic water that was used as the control sample.

Water type
K+ Ca2+ Mg2+ Na+ Tot S P Si Ni2+ Cl− SO42− S2O32−

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

PW 65 170 94 200 260 0 7 0 480 670 32

SW 31 168 28 94 119 - - - 329 250 63

K+: potassium, Ca2+: calcium, Mg2+: magnesium, Na+: sodium, Tot S: total sulfur, P: phosphorus, Si: silicon,
Ni2+: nickel, Cl−: chloride, SO4

2−: sulfate, S2O3
2−: thiosulfate.

2.4. Preparation of Control Samples

In order to evaluate the accuracy of the chemical analysis, control samples were prepared for each
mine site during the sampling campaigns. The dry compounds were weighed on an analytical balance
beforehand and dissolved in distilled water on-site. Control samples were preserved in the same way
as the plant water samples. The theoretical values of the control samples are reported in Table 4.
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Table 4. Composition of the control samples for Mine 1 and Mine 2.

Mine Unity (mg/L) TDS Ca2+ Cl− SO42− K+ Mg2+ Na+ S2O32− SO32− S4O62− Total S

Mine 1 6319 661 535 2570 31 50 1106 351 275 616 1553

Mine 2

S1 711 59 248 217 37 38 104 7 0 0 76

S2 730 61 255 221 38 39 107 8 0 0 74

S3 966 61 254 220 37 39 168 8 54 69 157

One control sample prepared for Mine 1 was sent for analysis during the sampling campaign.
Three control samples were prepared for Mine 2. The first sample (S1) was sent together with samples
from the plant (28 samples), during the winter sampling campaign. The second (S2) and third (S3)
control samples were prepared and sent for analysis a month later. S1 and S2 have similar compositions,
while S3 contained 16 times more reduced sulfur compounds added as tetrathionate (S4O6

2−) and
sulfite (SO3

2−) compared to S1 and S2, as presented in Table 4.

2.5. Kinetics of Degradation of Water during the Sample Preparation Procedure

Since the samples were kept in the laboratory after the collection for some time before being
prepared and stabilized due to the limited number of personnel, a degradation test was set up to
evaluate the kinetics of degradation. The flotation feed slurry of plant 1 from Mine 1 was used for this
study. A 10 L slurry sample was taken in a bucket. Right after the collection, sulfate was analyzed with
the sulfate cuvette test kit LCK353 (Hach Lange, Düsseldorf, Germany) with a Hach spectrophotometer
(Hach Lange, Düsseldorf, Germany) and the concentration of DO was measured with a YSI ProDSS
multiparameter probe (YSI, Xylem Inc., Yellow Springs, OH, USA). The sulfate analysis was performed
with 0.45 µm filtrated, diluted samples in triplicate. The DO measurements were performed directly
in the bucket whilst the pulp was gently stirred. Every 2 h the DO and sulfate concentration were
checked/analyzed. The bucket was closed with a lid between the analysis. The degradation test
lasted for 10 h. During this period, the temperature of the slurry was maintained constant and close
to the initial temperature by storage in an air conditioned storage room (around 20 ◦C). Therefore,
the variation (if there was any) of the DO and sulfate were assumed to be due to the various ongoing
reactions in the slurry.

2.6. Extraction of Microbial Cells and DNA from Samples Z4 (Mine 1) and 15 (Mine 2)

The content of microbial cells in the two samples, Z4 (Mine 1) and 15 (Mine 2), was examined
by microscopy. The samples were analyzed as such by staining with 4’6-diamidino-2-phenylindole
(DAPI) (Sigma-Ardrich D9542, Merck, Burlington, MA) and visualized under UV light using a Zeiss
Axio Imager M2 epifluorescence microscope (Carl Zeiss Microscopy, Göttingen, Germany) with 100
× magnification (Appendix A, Table A5; Direct microscopy). In addition, several procedures were
tested for microbial cell detachment and enumeration (Appendix A, Table A5). The extraction of
microbial DNA from the samples was tested using four commercial kits designed for demanding
soil samples (Appendix A, Table A6). The efficiency of the commercial kits was examined by adding
an amount of bacteria (liquid culture of Desulfovibrio desulfuricans) to the samples, allowing for the
bacterial cells to attach to the mineral solids of the samples, and then performing DNA extraction
according to the manufacturer’s instructions. As reference, DNA was extracted from duplicate 10 mL
samples of D. sulfuricans culture, triplicate SterivexTM (Merck, Burlington, MA, USA) (of 500 mL sample
water filtered) filters of Mine 1 sample Z4 and triplicate 5 mL samples of Mine 2 sample 15 using the
Macherey-Nagel Soil DNA extraction kit (Macherey-Nagel GmbH & Co, KG, Düren, Germany) with
lysis buffer 1 and SX solution (Appendix A, Table A6). The amount of isolated DNA was measured
using the Qbit fluorometer (Fisher Scientific, Loughborough, UK).
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3. Results

3.1. Physicochemical Property Measurement

Physicochemical measurement was one of the major challenges encountered during the evaluation,
even though the measurements followed the recommendations from the published literature [7,18,20].
These studies indicated that the measurements should be done in the laboratory while stirring the slurry
slowly and the reading should be done only when the probe indicates a stabilized value (generally over
two minutes), which signifies an equilibrium between the probe and the media. However, in reality,
this practice might not be applicable due to the high reactivity of the slurry that changes the reading over
a very short period of time. This observation is presented in Figure 1, which shows the measurements
of ORP, DO, pH, and SPC taken in three locations of Mine 1. It should be noted that the measurements
were performed in all locations from which samples were sent for chemical analysis. However, due
to the large amount of data, only three measurements at three critical locations (output of grinding,
feed to flotation and tailings) of Mine 1, plant 1 are presented in order to clarify these observations.
The measurements were recorded for 10 min. They showed that pH tended to slightly decrease over
time. However, the level of attenuation was not significant. The value of SPC was mostly constant
during the measurement, and only small variations were observed. In contrast, the variations of
DO and ORP were strong. The DO level decreased significantly during the two first minutes and
reached a value of zero after 4 min. As the variation of DO and ORP followed the same trend, the same
decreasing tendency was observed for ORP. The ORP value dropped from a near-zero value to a very
negative value after 3 min of reading (location 3) and the DO dropped to a value close to zero after
2 min of measurement.
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3.2. Chemical Composition Assessment

3.2.1. The Reproducibility of the Analysis

The analysis was done in triplicate for several locations in the processing plant water circuit to
investigate the reproducibility of the analysis for both mines. The relative standard errors calculated
from the triplicate samples of Mine 1 are presented in Figure 2. Overall, the results showed good
reproducibility for TDS, pH, magnesium, calcium, potassium, sodium, total sulfur, sulfate, tetrathionate,
and thiosulfate. The relative standard errors for these compounds/elements were less than 20%.
However, the high relative standard errors (i.e., unsatisfactory reproducibility of the analysis) was
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observed for chloride, zinc, and sulfite, particularly for the samples from Mine 1. The relative standard
error of chloride, zinc, and sulfite at plant 1 location 2 were 50%, 53%, and 88%, respectively. Meanwhile,
the relative standard error of other elements of the same sample remained lower than 10%. Such a
phenomenon was not observed for Mine 2 where the triplicate samples’ relative standard errors were
less than 15% for all variables, which means a satisfactory reproducibility of the analysis.Minerals 2020, 10, x FOR PEER REVIEW 8 of 25 
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3.2.2. Analysis Quality of the Control Samples

The difference between the theoretical value and the analysis results from the laboratory were
reported in percentages and are shown in Table 5. The percentage difference in the results was
calculated by dividing the absolute difference between the theoretical value and the laboratory value
by the theoretical value.

Table 5. Theoretical values and analysis results of the control samples (the analysis where the difference
is significant is highlighted in red).

Parameters

Mine 1 Mine 2

S1 S1 S2 S3

TV LV Diff. TV LV Diff. TV LV Diff. TV LV Diff.

Unity mg/L mg/L % mg/L mg/L % mg/L mg/L % mg/L mg/L %
TDS 6319 5517 13 711 1900 167 730 790 8 966 1000 3
Ca2+ 661 655 1 59 46 23 61 52 15 61 52 15
Cl− 535 1452 172 248 230 7 255 230 10 254 240 5

SO4
2− 2570 2827 10 217 250 15 221 210 5 220 280 27

K+ 31 34 10 37 32 13 38 35 7 37 35 6
Mg2+ 50 54 9 38 33 14 39 32 18 39 33 15
Na+ 1106 1184 7 104 97 7 107 97 9 168 160 5

S2O3
2− 351 681 94 7 14 89 8 7 15 8 44 452

SO3
2− 275 1 100 0 n.a 0 n.a 54 n.a

S4O6
2− 616 767 24 0 n.a 0 n.a 69 n.a

Total S 1553 1435 8 76 89 16 74 70 5 157 160 2

TV: theoretical value, LV: laboratory value, Background color: Value is higher than 20%.

For Mine 1, the overall results showed a low error of analysis for all compounds/elements,
except chloride, thiosulfate, and sulfite. The difference between the theoretical value and the laboratory
value for chloride, thiosulfate, sulfite, and tetrathionate was 172%, 94%, 100%, and 24%, respectively.

For Mine 2, the first control sample revealed a high error in terms of TDS, calcium, and thiosulfate,
while the second control sample, which had a similar composition, showed a low error of analysis for
all compounds/elements. All errors were lower than 20% for the second control sample. This result
suggested that the laboratory likely had difficulties in handling the large number of samples
simultaneously during the sampling campaign. Another explanation could be that there was sample
contamination. The third sample showed a higher error in the sulfate and thiosulfate analysis in
comparison to the values observed in the second control. The only difference between the second
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and third control sample was that the third sample contained a spiked amount of tetrathionate and
sulfite in its water matrix. This result suggested that the presence of a high amount of reduced sulfur
compounds influenced the analysis of sulfate and thiosulfate. It is also important to notice that the
laboratory chosen to analyze the samples from Mine 2 was not able to analyze other thiosalt species.
Therefore, data concerning the uncertainty of these speciation compounds are unavailable.

3.2.3. Balance of TDS and Sulfur

In order to evaluate the quality of the analysis, we calculated the balance of TDS measured vs. the
sum of major compounds and total S measured vs. S calculated from S compounds. The difference
between two values in percentage is defined as the quotient between the difference and the mean value.
Theoretically, the balance should be close to zero.

The comparison between the TDS measured and the sum of major compounds for Mine 1 and
Mine 2 is illustrated in Figure 3. The results show that for both mines, the sum of major elements is
generally higher than the TDS measured. The t-test results for comparing TDS and the sum of major
compounds are provided in Appendix A, Table A2. The low value of p (<0.01) for the one-tailed test
indicates that the null hypothesis can be rejected, and the quantities differ in a particular direction.
For Mine 1, the imbalance was generally around 30%. However, it could be more than 50% in several
locations. For Mine 2, different behavior of the imbalance in summer and winter was observed.
In winter, the difference between TDS measured and the sum of major compounds was quite constant,
with an average value of around 15%. Meanwhile, during summertime, that imbalance fluctuated
more. The difference between TDS measured and the sum of major compounds was particularly large
for samples coming from the processing plants (location 10 to location 18), the output of the high sulfur
tailings dam (location 6), and the Ni circuit tailings (location 23). Other locations, which were mostly
from the mine outside the water circuit, exhibited low imbalance.
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summer survey (C).

Figure 4 shows the sulfur balance of Mine 1 and Mine 2. The t-test results for comparing total S
and S calculated from S compounds are provided in the Appendix A, Table A3. The low value of p
(<0.01) for the one-tailed test indicates that the null hypothesis can be rejected. The results indicate
a high imbalance especially for several samples from Mine 1 (location C13 to C18). The differences
between total sulfur measured and total sulfur calculated from compounds for those locations were
higher than 30% and could reach more than 70%. The imbalance of sulfur was more significant for
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Mine 2 than Mine 1. Moreover, the imbalance of sulfur in summertime was more significant than in
the wintertime.
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The imbalance of total sulfur compounds and TDS suggested an analytic problem. A positive
imbalance toward the sum of major compounds suggested an overestimation of at least one of the
major elements. For Mine 1, the control samples suggested that chloride and tetrathionate were
overestimated. For Mine 2, due to the similar curve shape between the imbalance of TDS and total
sulfur compounds in summertime, the overestimation of one of those sulfur compounds could be the
reason for the imbalance in TDS. This explanation corroborated with the results observed in the control
sample. The high temperature in Mine 1 during summertime increased the amount of reduced sulfur
compounds such as tetrathionate and sulfite in the process water. Therefore, the concentrations of
sulfate and thiosulfate could be overestimated due to the matrix effects.

3.2.4. Effect of the Water Matrix on the Analysis Results

As presented in Section 3.2.2, the addition of thiosalt compounds seemed to affect the analysis
quality of the control sample. Therefore, this section is dedicated to a study of the potential effect of
the water matrix on the analysis results. The differences between the analyses of spiked waters and the
theoretical values are shown in Figure 5. An interesting observation presented in the table is related
to the strong influence the initial water matrix had on the chemical analysis results. The addition
of thiocompounds to the SW matrix altered the analysis of potassium, magnesium, total sulfur,
and chloride, whilst the addition of the same compounds in the process water did not have any
notable effect. The interference of thiocompounds in the SW matrix created an overestimation of these
compounds. However, the addition of metals seemed to attenuate the interference of thiosalt in the SW
matrix. The difference was generally reduced by half.

Inversely, the addition of metals reinforced the interference of thiosalt in the PW matrix.
The difference then increased up to 40%. These values were higher than the standard errors of
the analysis reported from the samples from the sampling campaigns and were generally from 10–15%.
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3.2.5. Sample Degradation

In addition to the in situ analysis, pH was also measured in the laboratory to investigate the
degradation state of the water. Any major changes in pH indicated a modification of the water
matrix. Figure 6 shows that the pH measured in the laboratory was consistantly lower than the in situ
measurements, with a difference around four or five units. The t-test results for comparing means of the
pH of each pair of observations (laboratory vs. in situ) are provided in Appendix A, Table A4. The low
value of p (<0.01) for the one-tailed test indicates that the null hypothesis can be rejected, and the
quantities differ in a particular direction. In some locations, the differences were higher than 60%.
On average, the difference was 45%. Additionally, it is worth noting that since the pH scale is the base
10 logarithm of free acidity, the magnitude of difference in terms of free acidity was from 104 to 105.

Minerals 2020, 10, x FOR PEER REVIEW 11 of 25 

 

Figure 6 shows that the pH measured in the laboratory was consistantly lower than the in situ 
measurements, with a difference around four or five units. The t-test results for comparing means of 
the pH of each pair of observations (laboratory vs. in situ) are provided in Appendix A, Table A4. 
The low value of p (<0.01) for the one-tailed test indicates that the null hypothesis can be rejected, and 
the quantities differ in a particular direction. In some locations, the differences were higher than 60%. 
On average, the difference was 45%. Additionally, it is worth noting that since the pH scale is the 
base 10 logarithm of free acidity, the magnitude of difference in terms of free acidity was from 104 to 
105. 

 
Figure 6. The pH measured in the laboratory vs. pH measured in situ. 

3.3. Microorganisms 

The number of microbial cells in the Mine 1 Z4 and Mine 2 15 samples exceeded 1.6 × 108 
microbial cells per mL sample when examined by microscopy, but an exact number was impossible 
to determine, due to the amount of solid particles in the sample that hid part of the cells (Figure 7, 
Appendix A, Table A5). To be able to count or further characterize the microorganisms they need to 
be detached from the particles they are bound to. By using 4 mL 0.9% NaCl solution or Milli-Q water 
for a 1 mL sample, the proportion of detached cells was only approximately 0.1% of the cell amount 
estimated by microscopy. The same result was achieved by ultrasonication using 4 mL 0.9% NaCl or 
Milli-Q water with or without detergent as detachment solution. Tween 20 (0.4% v/v) in 4 mL 0.9% 
NaCl solution or Milli-Q water detached approximately 1% of the microbial cells, whereas 0.04% 
(w/v) Zwittergent 3-12 in Milli-Q water detached only 0.1% of the cells. An increase in the volume of 
extraction solution somewhat affected the number of detached cells, with both Tween 20 (0.4%) and 
Zwittergent 3-12 (0.04%) in 29 mL Milli-Q water extracting approximately 2–20 times more cells than 
the smaller volumes did. Serial extraction with a first round of 349 mL Milli-Q water followed by a 
second round with 150 mL Milli-Q water extracted 4.6% and 3.3% of the cells in the Mine 1 and Mine 
2 samples, respectively. The same procedure repeated with Milli-Q water containing 0.4% Tween 20 
was able to extract approximately 3.3% of the estimated number of cells detected in the Mine 1 
sample, and up to 11.3% of the cells in the Mine 2 sample. 

 

Figure 6. The pH measured in the laboratory vs. pH measured in situ.

3.3. Microorganisms

The number of microbial cells in the Mine 1 Z4 and Mine 2 15 samples exceeded 1.6 × 108

microbial cells per mL sample when examined by microscopy, but an exact number was impossible
to determine, due to the amount of solid particles in the sample that hid part of the cells (Figure 7,
Appendix A, Table A5). To be able to count or further characterize the microorganisms they need
to be detached from the particles they are bound to. By using 4 mL 0.9% NaCl solution or Milli-Q
water for a 1 mL sample, the proportion of detached cells was only approximately 0.1% of the cell
amount estimated by microscopy. The same result was achieved by ultrasonication using 4 mL 0.9%
NaCl or Milli-Q water with or without detergent as detachment solution. Tween 20 (0.4% v/v) in 4 mL
0.9% NaCl solution or Milli-Q water detached approximately 1% of the microbial cells, whereas 0.04%
(w/v) Zwittergent 3-12 in Milli-Q water detached only 0.1% of the cells. An increase in the volume of
extraction solution somewhat affected the number of detached cells, with both Tween 20 (0.4%) and
Zwittergent 3-12 (0.04%) in 29 mL Milli-Q water extracting approximately 2–20 times more cells than
the smaller volumes did. Serial extraction with a first round of 349 mL Milli-Q water followed by a
second round with 150 mL Milli-Q water extracted 4.6% and 3.3% of the cells in the Mine 1 and Mine 2
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samples, respectively. The same procedure repeated with Milli-Q water containing 0.4% Tween 20 was
able to extract approximately 3.3% of the estimated number of cells detected in the Mine 1 sample,
and up to 11.3% of the cells in the Mine 2 sample.
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Figure 7. Epifluorescence microscopy images of (A) Mine 1 sample Z4 and (B) Mine 2 sample 15.
The microbial cells have been dyed with DAPI and show as bright blue under UV light. The dark
areas of the images are particles from the sample. The scale bar in the lower left corner of each image
represents 10 µm.

The amount of microbial DNA obtained from the original samples was below the limit of detection
of the assay, the limit being 0.025 ng of DNA/5 mL sample (Appendix A, Table A6). The amount of
DNA extracted from two 10 mL samples of D. desulfuricans culture was approximately 180 ng/mL
from each sample. Using the Macherey-Nagel Soil DNA extraction kit, lysis buffer 1 and enhancer
solution SX, approximately 0.6–7% of the added D. desulfuricans DNA could be retrieved from Mine 1
sample Z4, while the DNA amount retrieved from Mine 2 sample 15 was below the detection limit.
No DNA was detected when using the same DNA extraction kit but lysis buffer 2. The PowerMax
Soil DNA extraction kit (MoBio Laboratories, Inc, Carlsbad, CA, USA) extracted less than 0.01% of
the added DNA from each sample, whereas the ZR SoilMicrobe DNA Midiprep (Zymo Research
Corp. n.d., Irvine, CA, USA) kit extracted 0.1% of the added DNA. The NucleoBond® RNA soil
(Macherey-Nagel GmbH & Co, KG, Düren, Germany) + DNA Kit (Macherey-Nagel GmbH & Co, KG,
Düren, Germany)did not extract any DNA from Mine 1 sample Z4, but extracted approximately 0.2%
of the added D. desulfuricans culture DNA from the Mine 2 sample 15.

4. Discussion

4.1. Potential Causes for the Poor Results of the Water Analysis

In terms of physicochemical assessment, the dropping of DO and ORP during the measurements
raised an important question: What value should be considered as the value of the DO and ORP?
Should we wait until an equilibrium is obtained? The likely answer to the posed question is: No.
There is no sense to wait until an equilibrium is attained but reading right after the introduction of the
sensor into the slurry is equally not a good decision. Theoretically, the variation of physicochemical
parameters during the measurement was attributed to two main reasons: The ongoing reaction in the
slurry or the stabilization of the electrode. In this case, the strong decrease in DO suggested that a
reaction which consumed oxygen was ongoing, as the oxygen was one of the most important oxidizers
in the slurry, and the ORP decreased over time, which has also been observed in earlier studies [20].
Due to the nature of the water matrix and the ore mineralogy, the major causes of oxygen consumption
might be the oxidation reactions of reduced sulfur compounds to sulfate, interactions between liquid
and solid phases, and bacterial activities.
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Consequently, we now face difficulties in deciding the correct values for ORP and DO readings
due to the oxido-reduction reactions in the slurry. To collate more reliable readings, several options
could have been considered. These options include: (1) Reading the value after the same length of
insertion of the probe into the slurry (e.g., one minute of insertion of the probe into the slurry) or
(2) installing the probe directly in the stream. It should be noted that the sampling method employed
in this study was spot (bottle) sampling, which entailed collecting a single sample at a given time and
location in the process. The information obtained from this technique was unique to the sampling place
and time selected. Hence, it seemed obvious that such an approach could not give a representative
picture of the water variation quality over time. In practice, due to the distinct spatial or temporal
correlation along the main direction of the flow, the most appropriate method for sampling such water
streams is composite or aggregate sampling [15,21].

In terms of chemical analysis, several potential causes for the unreliable results could be pointed
out. Firstly, minimal emphasis was placed on the preservation method. It should be borne in mind that
the initial sample must be preserved in a way that maintains constant water properties until the time
of analysis. Failure to correctly preserve the water renders the readings/analysis results meaningless.
The change in pH, which is a major physicochemical property of the sample, indicated that the
preservation of the sample at 4 ◦C, as suggested by the certified laboratory, is not sufficient or adequate
to prevent the degradation of the water. The literature has indicated that the oxidation of thiosalts into
a higher state of oxidation acidifies the media [22,23]. The significant drop in pH, in this case, agreed
with the literature. Moreover, different studies have focused on thiosalt compounds and concluded
that pH plays a crucial role in the stability and speciation of thiosalt compounds [24]. Thiosulfate is
unstable under pH 4, while tetrathionate is unstable at a pH higher than 9. Studies by the same
authors also showed that the decomposition of thiosalts continued even at low temperatures. However,
the literature on the preservation of mining effluent water placed less emphasis on the preservation of
sulfur compounds. The report titled, “Guidance Document for the Sampling and Analysis of Metal
Mining Effluent: Final Report” [7] even suggested that samples meant for sulfate analysis can be
preserved for up to 28 days without any specific condition of preservation. Such a suggestion might
not be applicable for mining process waters which contain thiosalts and many studies have pointed out
that the oxidation of thiosalt compounds can have sulfate as the final product [22,24,25]. The literature
also indicated that minimal effort was assigned to thiosalt preservation and analysis because of its low
toxicity to animals. Thiosalts are not expected to be dangerous compounds that must be monitored
in mining effluents [2]. However, thiosalts can have a great impact on flotation performance [26,27].
These adverse impacts on flotation confirm the suggestion that the monitoring program for mining
effluent waters is not suitable for monitoring process water.

Secondly, if the unsatisfactory reproducibility of the analysis was derived from variation of water
quality, the high relative standard error should be observed in all elements/compounds and not only
in specific elements/compounds, as in our case. This observation may support the hypothesis that it
was more likely a problem of delivering consistent analysis results from the analysis laboratory than a
problem of high variations in water quality. Therefore, it is appropriate to suggest that the analysis
laboratories revise their sample handling procedures.

Thirdly, the waiting time between sampling and sample preparation can be a factor that impacts
the analysis results. In practice, all samples were generally collected together in the morning and then
transferred to the laboratory for preparation. Due to the high number of samples and the limited
number of personnel, the samples were kept in the laboratory for some time before being prepared
and stabilized. Figure 8 shows the variation of DO (in %) and sulfate as a function of the waiting time.
The level of DO gradually decreased over time, from 75% to 35% after 10 h. The concentration of sulfate
ions decreased significantly after two hours of waiting, increasing again after six hours. The mechanism
of this phenomenon remained unclear but, owing to the variations of a major physicochemical
parameter such as DO, the sulfur species clearly changed. Nevertheless, microbial oxidation of sulfur
species may also occur.
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Finally, the errors could also stem from the laboratory analysis procedure. The exceptionally
high concentration of chloride ions observed in Mine 1 is an example. The laboratory attributed the
overestimation of chlorides to interference of analysis by the thiosalts present in solution. The laboratory
suggested a change in technique, opting to employ ionic chromatography for other samples that were
sent later. However, the problem still persisted. Similarly, the laboratory’s inability to analyze all
the required thiosalt speciations could also stem from the inappropriately chosen analysis method,
in addition to other possibilities, such as (1) the analysis method was not suitable to analyze such
complicated water matrices or (2) the water sample degraded before the actual analysis.

4.2. Importance of Microorganisms

Microorganisms live naturally in mining environments and attach strongly to mineral surfaces.
The extent of microbial colonization of the process water samples studied here was surprisingly
high (Figure 7, Appendix A, Table A5), which may affect the quality of the water as well as have
effects on sample preservation. Our tests showed that microorganisms may be extremely difficult
to measure, but they are highly abundant. In addition, the methods used for extracting microbial
cells and nucleic acids from mining and process water samples greatly affect the outcome of the study.
The microorganisms (or their DNA) that are retained on the surfaces of the solids will most likely
be neglected.

Appropriate preservation of the samples and the waiting time before analyses are the two most
significant factors that can also affect the samples from the microbiological point of view. It has been
shown that microbial activity in some sulfide flotation circuits may be very high and induce major
changes in pH and ORP in rather short periods of time [13]. Other process types have also been shown to
be affected by the microorganisms, i.e., apatite flotation process selectivity suffered due to the presence
of microorganisms [28]. Information on the importance and effects of the naturally inhabiting and
prevailing microorganisms in mineral processing is limited in the scientific literature [18]. However, it is
clear that microorganisms are present in mineral processing waters [29]. The microorganisms impact
the process water quality, but also affect the stability of the water samples stored before physicochemical
analyses, which needs to be considered. Active microorganisms use compounds in the water as an
energy source for their growth and multiplication, i.e., biomass production. These processes especially
affect the amounts of organic and inorganic carbon, phosphate, nitrogen, and sulfur compounds in
mining waters.

A practical approach to manage the microbial activity in sampling is either by decreasing
the storage temperature to below 4 ◦C if the analysis takes place within one to two days, or to
freeze the samples immediately after collection until the analysis can be performed. The addition
of chemical compounds can lower the microbial activity but may interfere with the chemical
composition of the sample. Chemicals such as peracetic acid, cupric ascorbate, formaldehyde,
hydrogen peroxide, guanidium thiocyanate, glutaraldehyde, and sodium hypochlorite are used
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for inactivating microorganisms or lowering their activity [30]. The efficiency of disinfectants
depends on the water components, such as particles and organic matter that are considered to protect
microorganisms from different disinfectants. If disinfectants are to be used, their efficiency needs to be
tested for each water type before use, both due to the sufficient microbial inactivation and the effects
on water chemistry. A third possibility is to remove microorganisms (and thus also solids) from the
water samples, but that is labor intensive, as microorganisms are small and filters down to 0.2 µm or
0.1 µm pore size should be used to ensure their removal.

Similarly, as the physicochemical parameters should be followed in mining waters more carefully
to better manage the processes, the amounts of microorganisms and their activities should be analyzed.
Nevertheless, this is a demanding task and requires fundamental methodology development for these
specific environments, which was also demonstrated in this study.

4.3. Recommendations

The examples presented in this study clearly demonstrate that the analytical laboratories (even if
certified) are not necessarily aware that the complex water matrices and numerous unstable compounds
present in mining and minerals processing waters can cause special challenges in terms of sample
preservation and analysis. The results showed that sulfur compounds are one of the most challenging
in terms of preservation. Several suggestions to overcome the challenge could be found in the literature.
However, even despite using these methods, speciation might change while the sample is transported
from the site to the laboratory. Therefore, due to their instability, thiosalt analysis should ideally be done
on-site [22]. The most commonly determined method for the total concentration of thiosalt compounds
that can be conducted on-site is titration [31]. However, if the on-site analysis is not available, samples
should be preserved via filtration and fast freezing in liquid nitrogen or in a mixture of acetone–alcohol
and be analyzed within 7 days [22]. After fast freezing, samples must be stored frozen and in dark
conditions. The thawing process must be done just before the analysis, in a controlled thermostated
bath. Additionally, it is worth notifying the laboratory about the required pH adjustment. Thiosalt
analysis standards call for analysis that requires the use of some eluent that might modify the solution
pH [32]. However, it is shown in the literature that the thiosalt speciation changes with pH. It is
therefore extremely important that those additions are carefully considered and, if necessary, only to
be done right before the analysis [22,24,25]. In general, thiosalts are stable at pH values between 4 to 7,
and extremely unstable under very basic or acidic pH, even though the stability of thiosalt compounds
is temperature dependent [22].

Due to the problem of the matrix interference, analysis methods that are usually applied for
environmental and drinking water samples will quite likely not be applicable for the analysis of mine
process waters. Additionally, mining waters are also mine specific. Therefore, there is probably no
standard analysis procedure that fits all the mining waters. This means that the sample preservation
and analysis procedure needs to be customized on a case by case basis. Obtaining reliable analysis
results is also critical for implementing water treatment and process control measures. The presence of
different thiosalt species can negatively affect the froth stability and flotation performance in sulfide
ore processing [26,27,33].

It is therefore recommended that before installing regular sampling programs or conducting
large one-time sampling surveys, a pre-study and in depth discussions are done in collaboration with
the analytical laboratory to identify the presence of compounds/microorganisms that might cause
deterioration of the samples between sampling and analysis. After identification, suitable preservation
and analysis methods need to be identified and implemented that ensure the accuracy and
reproducibility of the obtained data. This approach ensures that the significant amount of financial
resources that need to be invested in such campaigns bring reliable results. It is therefore critical that
metallurgists, operators, and sampling personnel involved in these campaigns possess a comprehensive
understanding of the preservation methods, while the laboratory personnel is aware of the specific
analysis requirements for these specific sample types.
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5. Conclusions

The present research aimed to investigate the suitability and accuracy of the current sampling and
analysis methodology for mining waters. Based on previous studies, this study focused on evaluating
water quality for process performance purposes and not only for fulfilling environmental regulations.
The water samples considered in this study were effluents discharged from the mine and also plant
waters characterized by a high instability.

The results of the study showed that the methodology for the evaluation of mining effluents
for environmental purposes is not suitable for evaluating process waters recirculated in the mineral
processing plants. The preservation and analysis methods suggested and routinely used by the
contracted commercial analytical laboratories were not appropriate for preserving and analyzing the
process water and plant slurry samples. The laboratories were not able to assess the correct elemental
concentration values for the control samples. The quality of the analysis was unreliable as the balances
of sulfur and TDS were not comparable in many samples.

Two major factors that contributed to the low quality of the analysis results have been outlined,
i.e., the preservation methodology and the analysis procedure. The preservation suggestion by one
of the laboratories failed to preserve unstable compounds, such as thiosalts. The failure to preserve
thiosalts was expressed by the drop in pH measured in the laboratory compared to the in situ
measurements. Additionally, the analysis methods practiced in the laboratories were applied to mine
discharge water and are not suitable for mineral processing plant water with a complex matrix. As the
matrix effect was significant, the analysis procedures must be customized for each mine as the water
matrix is mine specific.

This study is significant as it alerts both the mines and the laboratories of the need to review their
water analysis procedures regarding inorganic and organic water constituents, as well as to consider
the importance of microorganisms. The future of the mining industry, like other industries, will be
data driven. For a data-driven mineral processing plant, the operating conditions of the processing
plant will be partially or fully decided by an advanced computer analysis program. In such a situation,
a good dataset regarding water quality is an essential prerequisite to build the control model and to
have meaningful results from the model for process control and optimization.
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Appendix A

Table A1. Methods and standards used by the contracted laboratories for water analysis.

Parameter
Method/Standard

Mine 1 Mine 2

pH, 25 ◦C Potentiometry/EPA method 150.1, SM 4500 H+ B In situ measurement

Conductivity, 25 ◦C Potentiometry/Internal procedure In situ measurement

TDS Calculated/SM 2540 G SFS 3008
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Table A1. Cont.

Parameter
Method/Standard

Mine 1 Mine 2

Tot. Alkalinity

Titration/Norma UNE-EN ISO 9963-1. Not applicable (N.A)Alkal. Carbonates

Alkal. Bicarbonates

Thiosulfate

Titration/Internal procedure

SFS-EN ISO 10304-3

Thiosalts
N.A

Polythionates

Sulfate Gravimetry/Norma UNE-77048. SM 4500 D. Int. Method, IC, based on e.g.,
SFS-EN ISO 10304-1:2009, IC-EC

Sulfite Titration/UNE-EN 77050. SM 4500 B.

Sulfide Colorimetry/SM 4500 D.

DOC
IR Spectrophotometry/SM 5310., UNE-EN 1484.

SFS-EN 1484
TOC

TIC
N.A

TC

PO4
3− Colorimetry (Discrete analyser)/UNE-EN

ISO 6878:2004, Standard Methods 4500-PE SFS 3025

Cl− Colorimetry (Segmented Flow
Analyzer)/Standard Methods 4500-Cl E

Int. Method, IC, based on e.g.,
SFS-EN ISO 10304-1:2009, IC-EC

NH4+ Colorimetry (Discrete analyzer)/Standard
Methods 4500-NH3, UNE-EN ISO11732:1997 SFS 3032, SFS 5505

NO3− Colorimetry (Discrete
analyzer)/Standard Methods 4500-NO3 SFS-EN ISO 13395

Nitrite N.A SFS-EN ISO 13395

Nitrate-nitrogen N.A
Internal Method EF2085, based on

e.g., SFS-EN ISO 11905-1:1998,
Spectrophotometry (CFA)

Total Nitrogen N.A SFS-EN ISO 11905-2, ISO 15923-1,
Epa Method 353.1

Al, Ca, Pb, Cu, Fe,
Mg, K, Na, Zn, tot S ICP-OES/Internal procedure SFS-EN ISO 17294-2

P total ICP

BOD N.A SFS-EN 1899-1 or -2

Suspended solids Calculated/SM 2540 G SFS-EN 872

Total solids Calculated/SM 2540 G N.A

Table A2. The t-test results for comparing the sum of major compounds and TDS.

t-Test: Paired Two Sample for Means

Mine 1 Mine 2

Statistics Sum of Major
Compounds TDS Statistics Sum Major

Compounds TDS

Mean 7847.8 6274.5 Mean 2071.4 1765.8
Variance 1,387,930.9 795,672.7 Variance 384,609.8 253,158.4

Observations 43 43 Observations 25 25
Pearson Correlation 0.2 Pearson Correlation 1.0
Hypothesized Mean

Difference 0 Hypothesized Mean
Difference 0

df 42 df 24
t Stat 8.0 t Stat 8.9

P(T ≤ t) one-tailed 2.74 × 10−10 P(T ≤ t) one-tailed 2.36 × 10−9

t Critical one-tailed 1.7 t Critical one-tailed 1.7
P(T ≤ t) two-tailed 5.49 × 10−10 P(T ≤ t) two-tailed 4.73 × 10−9

t Critical two-tailed 2.0 t Critical two-tailed 2.1
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Table A3. The t-test results for comparing S calculated from S compounds and total S.

t-Test: Paired Two Sample for Means

Mine 1 Mine 2

Statistics S calculated Total S Statistics S calculated Total S

Mean 2161.8 1786.1 Mean 324.2 234.3
Variance 231,272.9 88,791.68 Variance 10,729.3 4643.6

Observations 43 43 Observations 25 25
Pearson Correlation 0.6 Pearson Correlation 0.9
Hypothesized Mean

Difference 0 Hypothesized Mean
Difference 0

df 42 df 24
t Stat 6.1 t Stat 9.6

P(T ≤ t) one-tailed 1.21 × 10−7 P(T ≤ t) one-tailed 5.33 × 10−10

t Critical one-tailed 1.7 t Critical one-tailed 1.7
P(T ≤ t) two-tailed 2.42 × 10−7 P(T ≤ t) two-tailed 1.07 × 10−9

t Critical two-tailed 2.0 t Critical two-tailed 2.1

Table A4. The t-test results for comparing pH measured in laboratory (pH lab) and the pH measured
in situ.

t-Test: Paired Two Sample for Means

Statistics pH Lab pH in Situ

Mean 5.0 8.3
Variance 2.8 1.7

Observations 34 34
Pearson Correlation 0.7

Hypothesized Mean Difference 0
df 33

t Stat −15.6
P(T ≤ t) one-tailed 4.02 × 10−17

t Critical one-tailed 1.7
P(T ≤ t) two-tailed 8.05 × 10−17

t Critical two-tailed 2.0
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Table A5. The estimated number of microbial cells in the tested samples from Mine 1 (location Z4) and Mine 2 (location 15) and the efficiency of different methods for
cell detachment from the solid particles of samples from the same locations.

Method Protocol
Estimated Total Number of Cells Detached from the Sample

per mL Original Sample (Number of Microscopy Fields)

Mine 1 Location Z4 Mine 2 Location 15

1. Direct microscopy

1. A 0.01 mL sample was mixed with 0.99 mL 0.9% sterile NaCl and
stained with 5 µg 4´6-diamidino-2-phenylindole (DAPI) (SIGMA D9542).
The staining proceeded for 20 min at ambient temperature,
protected from light.

2. The stained sample was collected on 25 mm hydrophobic black 0.2 µm
pore size polycarbonate filters (Millipore GTBP02500) by filtration and
excess stain was rinsed from the filters by filtration of 2 × 1 mL sterile
0.9% NaCl solution.

3. The filters were mounted on microscopy slides and covered with cover
glasses and examined under UV light using a Zeizz Axio Imager M2
epifluorescence microscope (Carl Zeiss Microscopy) with 100 ×
magnification. Images were obtained with an AxioCam MRm digital
camera (Carl Zeiss) mounted on the microscope.

* 1.6 × 108 (30) * 1.6 × 108 (30)

2. Direct cell extraction

1. A 1 mL sample mixed with 4 mL sterile 0.9% NaCl solution.
2. The sample was mixed by vortexing and allowed to settle for 5 min

before the supernatant was collected for DAPI staining and
epifluorescence microscopy.

3. The whole volume of the supernatant was collected on a 25 mm
hydrophobic black 0.2 µm pore size polycarbonate filter (Millipore
GTBP02500) by filtration, where after 1 mL 0.9% NaCl solution
containing 5 µg DAPI stain was added on top of the filters. The samples
were allowed to stain for 15–20 min, before the stain solution was
removed by filtration, and excess stain was rinsed from the filters by
filtration of 2 × 1 mL sterile 0.9% NaCl solution.

4. The filters were examined by epifluorescence microscopy as described
above in Method 1.

7.1 × 105 (7)
5.2 × 105 (5)
4.7 × 105 (8)

1.3 × 105 (7)
4.7 × 104 (2)
3.3 × 105 (4)

3. Ultrasonication

1. A 1 mL sample mixed with 4 mL sterile 0.9% NaCl solution.
2. The samples were submitted to ultrasonication twice for 2.5 min, 25 kHz,

50% (Branson 2510 ultrasonic cleaner, Marshall scientific) and was mixed
by vortexing in between.

3. The sample was allowed to settle for a few minutes before the
supernatant was collected for epifluorescence microscopy as described
above in Method 1 and 2.

4.3 × 105 (6) 2.4 × 105 (7)
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Table A5. Cont.

Method Protocol
Estimated Total Number of Cells Detached from the Sample

per mL Original Sample (Number of Microscopy Fields)

Mine 1 Location Z4 Mine 2 Location 15

4. Detergent + ultrasonication

1. A 1 mL sample mixed with 4 mL sterile 0.9% NaCl + 0.4% (v/v) Tween
20 solution.

2. The sample was mixed by vortexing.
3. The samples were submitted to ultrasonication twice and mixed by

vortexing in between.
4. The solids were pelleted by centrifugation at 3184× g for 10 min (Mine 1)

or 2 min (Mine 2) with an Eppendorf 5810R benchtop centrifuge.
5. The supernatant was collected for microscopy as described above in

Method 1 and 2.

2.8 × 105 (5) 8.9 × 105 (5)

5. Detergent + ultrasonication

1. A 1 mL sample mixed with 4 mL sterile Milli-Q water + 0.4% (v/v) Tween
20 solution.

2. The sample was mixed by vortexing.
3. The samples were submitted to ultrasonication twice and mixed by

vortexing in between.
4. The solids were pelleted by centrifugation at 3184× g for 10 min (Mine 1)

or 2 min (Mine 2).
5. The supernatant was collected for microscopy as described above in

Method 1 and 2.

1.5 × 106 (6) 1.1× 106 (8)

6. Detergent + ultrasonication

1. A 1 mL sample mixed with 4 mL sterile Milli-Q + 0.04% (w/v)
Zwittergent 3–12 solution.

2. The sample was mixed by vortexing.
3. Ultrasonication for 2 min.
4. The solids were pelleted by centrifugation at 3184× g for 10 min (Mine 1)

or 2 min (Mine 2).
5. The supernatant was collected for microscopy as described above in

Method 1 and 2.

1.4 × 105 (4) 1.9 × 105 (4)

7. Detergent - small volume

1. A 1 mL sample mixed with 4 mL sterile 0.9% NaCl + 0.4% (v/v) Tween
20 solution.

2. The sample was mixed by vortexing.
3. The solids were pelleted by centrifugation at Eppendorf 5810R benchtop

centrifuge at 3184× g for 10 min (Mine 1) or 2 min (Mine 12).
4. The supernatant was collected for microscopy as described above in

Method 1 and 2.

2.0 × 106 (5)
9.9 × 105 (8)

1.5 × 106 (5)
9.4 × 105 (9)
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Table A5. Cont.

Method Protocol
Estimated Total Number of Cells Detached from the Sample

per mL Original Sample (Number of Microscopy Fields)

Mine 1 Location Z4 Mine 2 Location 15

8. Detergent - small volume

1. A 1 mL sample mixed with 4 mL sterile Milli-Q water + 0.4% (v/v) Tween
20 solution.

2. The sample was mixed by vortexing.
3. The solids were pelleted by centrifugation at 3184× g for 10 min (Mine 1)

or 2 min (Mine 12).
4. The supernatant was collected for microscopy as described above in

Method 1 and 2.

1.1 × 106 (6) 1.1 × 106 (8)

9. Detergent - small volume

1. A 1 mL sample mixed with 4 mL sterile Milli-Q water + 0.04% (w/v)
Zwittergent 3-12 solution.

2. The sample was mixed by vortexing.
3. The solids were pelleted by centrifugation at 3184× g for 10 min (Mine 1)

or 2 min (Mine 2).
4. The supernatant was collected for microscopy as described above in

Method 1 and 2.

1.9 × 105 (2) 2.4 × 105 (3)

10. Detergent - medium volume

1. A 1 mL sample mixed with 29 mL sterile milli-Q water + 0.4% (v/v)
Tween20 solution.

2. The sample was mixed by vortexing.
3. The solids were pelleted by centrifugation at 3184× g for 10 min (Mine 1)

or 2 min (Mine 2).
4. The supernatant was collected for microscopy as described above in

Method 1 and 2.

2.6 × 106 (8) 1.31 × 106 (8)

11. Detergent - medium volume

1. A 1 mL sample mixed with 29 mL sterile Milli-Q water + 0.04% (w/v)
Zwittergent 3–12 solution.

2. The sample was mixed by vortexing.
3. The solids were pelleted by centrifugation at 3184× g for 10 min (Mine 1)

or 2 min (Mine 2).
4. The supernatant was collected for microscopy as described above in

Method 1 and 2.

2.6 × 106 (8) 1.8 × 106 (8)
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Table A5. Cont.

Method Protocol
Estimated Total Number of Cells Detached from the Sample

per mL Original Sample (Number of Microscopy Fields)

Mine 1 Location Z4 Mine 2 Location 15

12. Serial extraction with Milli-Q water

1. A 1 mL sample was mixed with 349 mL Milli-Q water.
2. The sample was mixed by manual shaking for 2 min and allowed to

settle for 30 min.
3. The decanted supernatant was centrifuged at 3184× g for 10 min

(Mine 1) or 2 min (Mine 2).
4. The supernatant was collected for cell enumeration by microscopy

(sample A).
5. A second extraction was performed on the solid sample (step 2) by

mixing with 150 mL Milli-Q water.
6. The sample was manually mixed for 2 min and allowed to settle for

30 min.
7. The supernatant was decanted and centrifuged at 3184× g for 10 min

(Mine 1) or 2 min (Mine 2).
8. The second supernatant was collected for cells (sample B).
9. The supernatants A and B were treated separately and prepared for

microscopy as described above in Method 1 and 2.

A: 3.2 × 106 (9)
B: 4.3 × 106 (7)

Total number of extracted
cells (A+B): 7.4 × 106 (16)

A: 2.2 × 106 (7)
B: 3.1 × 106 (5)

Total number of extracted
cells (A+B): 5.3 × 106 (12)

13. Serial extraction with detergent

1. A 1 mL sample was mixed with 349 Milli-Q water + 0.4% (v/v) Tween 20.
2. The sample was mixed by manual shaking for 2 min and allowed to

settle for 30 min.
3. The decanted supernatant was centrifuged at 3184× g for 10 min

(Mine 1) or 2 min (Mine 2).
4. The supernatant was collected for cell enumeration by microscopy

(sample A).
5. A second extraction was performed on the solid sample (step 2) by

mixing with 150 mL Milli-Q water + 0.4% (v/v) Tween 20.
6. The sample was manually mixed for 2 min and allowed to settle for

30 min.
7. The decanted supernatant was centrifuged at 3184× g for 10 min

(Mine 1) or 2 min (Mine 2).
8. The second supernatant was collected for cells (sample B).
9. The supernatants A and B were treated separately and prepared for

microscopy as described above in Method 1 and 2.

A: 8.0 × 106 (10)
B: 7.37 × 107 (8)

Total number of extracted
cells (A+B): 4.3 × 106 (18)

A: 1.1 × 107 (8)
B: 6.5 × 106 (8)

Total number of extracted
cells (A+B): 1.8 × 107 (16)

* Due to the high concentration of solids in the sample, the number of fluorescent cells remained uncertain. Based on the visible cells the numbers were estimated to be at least 1.6 × 108

cells mL−1 sample.
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Table A6. Extraction of microbial DNA from samples from Mine 1 (location 24) and Mine 2 (location 15) using commercial DNA extraction kits. In order to test the
efficiency of extracting DNA from the solid particles of the samples, the samples were spiked with a culture solution of Desulfovibrio desulfuricans E-95573T cells,
a sulfate reducing bacterium (SRB). The amount of DNA in the SRB solution was tested by extracting the DNA from 10 mL of culture by first collecting the SRB
cells by centrifugation for 10 min, 3184× g, on an Eppendorf 5810R benchtop centrifuge, and extracting the DNA from the cell pellet using the Macherey-Nagel Soil
DNA extraction kit with lysis buffer 1 and SX solution, as recommended by the manufacturer. The DNA extraction was done in duplicate. The amount of DNA was
measured using the Qbit fluorometer (Thermo Fisher Scientific). The amount of DNA obtained from 10 mL of SRB culture solution was approximately 180 ng mL−1

culture. The limit of detection of DNA with the Qubit fluorometer was 0.025 ng/5 mL sample (i.e., bd = below detection).

Method Protocol Sample Volume
(mL)

SRB
Solution

(mL)

Incubation Time
with SRB

Mine 1
Location Z4,

ng DNA
from Total

Sample

Mine 2
Location 15,

ng DNA
from Total

Sample

1. Macherey-Nagel
Soil DNA extraction
kit, lysis buffer 1

1. Triplicate 500 mL Mine 1 sample was collected on
triple Sterivex filter units and frozen at −20 ◦C on-site.
The filter units were aseptically broken in the
laboratory and the filter membrane was retrieved and
used for DNA extraction. The beads from two bead
tubes and double volumes SL1 and SX solution +
other solutions were used, until DNA was fastened
on filter.

2. Triplicate 5 mL sample from Mine 2 was centrifuged
for 10 min, 3184× g, in an Eppendorf 5810R benchtop
centrifuge—supernatant removed.

3. Lysis using the beads from two NucleoBond® Bead
Tubes and 5 × SL1 and SX solution + other solutions,
until DNA fastened on filter.

4. The DNA was washed according to the kit
manufacturer’s instructions and eluted in 100 µL
SE buffer.

5. DNA measured from 5 µL DNA extract using
the Qbit.

500 mL/5 mL bd bd
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Table A6. Cont.

Method Protocol Sample Volume
(mL)

SRB
Solution

(mL)

Incubation Time
with SRB

Mine 1
Location Z4,

ng DNA
from Total

Sample

Mine 2
Location 15,

ng DNA
from Total

Sample

2. Macherey-Nagel
Soil DNA extraction
kit, lysis buffer 1

1. Sample centrifuged for 10 min, 3184× g, in an
Eppendorf 5810R benchtop
centrifuge—supernatant removed.

2. Lysis using the beads from two NucleoBond® Bead
Tubes and 5 × SL1 and SX solution + other solutions,
until DNA fastened on filter.

3. The DNA was washed according to the kit
manufacturer’s instructions and eluted in 50 µL
SE buffer.

4. DNA measured from 10 µL DNA extract using
the Qbit.

5 2.5 3h, 25 ◦C, 100 rpm 303.2 bd
bd

3. Macherey-Nagel
Soil DNA extraction
kit, lysis buffer 2

1. Sample centrifuged for 10 min, 3184× g, in an
Eppendorf 5810R benchtop
centrifuge—supernatant removed.

2. Lysis using the beads from two bead tubes and 5 ×
SL1 and SX solution + other solutions, until DNA
fastened on filter.

3. The DNA was washed according to the kit
manufacturer’s instructions and eluted in 50 µL
SE buffer.

4. DNA measured from 10 µL DNA extract using
the Qbit.

5 2.5 18 h, 25 ◦C,
100 rpm

bd
bd

bd
bd

4. PowerMax Soil (Mo
Bio laboratories Inc
n.d.)

1. Sample centrifuged for 10 min, 3184× g, in an
Eppendorf 5810R benchtop
centrifuge—supernatant removed.

2. DNA was extracted according to the manufacturer’s
instructions, and the final elution volume was 100 µL
ultra-pure water.

3. DNA measured from 20 µL DNA extract using
the Qbit.

10 5 18h, 25 ◦C,
100 rpm 0.083 0.065
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Table A6. Cont.

Method Protocol Sample Volume
(mL)

SRB
Solution

(mL)

Incubation Time
with SRB

Mine 1
Location Z4,

ng DNA
from Total

Sample

Mine 2
Location 15,

ng DNA
from Total

Sample

5. ZR SoilMicrobe
DNA Midiprep
(Zymo Research
Corp. n.d.)

1. Sample centrifuged for 10 min, 3184× g, in an
Eppendorf 5810R benchtop
centrifuge—supernatant removed.

2. The pellet was suspended in 2 × 3 mL lysis buffer
and transferred to a ZR SOilMicrobe DNA Midiprep
Bashing Bead Tube.

3. The DNA extraction continued according to the
manufacturer’s protocol, and the DNA was eluted in
100 µL elution buffer.

4. The DNA concentration was measured from 20 µL
DNA extract using the Qbit.

5 2.5 18h, 25 ◦C,
100 rpm 0.57 0.55

6. NucleoBond® RNA
soil + DNA Kit
(Macherey-Nagel)

1. Sample centrifuged for 10 min, 3184× g, in an
Eppendorf 5810R benchtop
centrifuge—supernatant removed

2. The beads of four NucleoBond® Bead Tubes were
added to each extraction

3. A 3.2 mL sample of E1 buffer, 400 µL of OPT buffer
and 400 µL of phenol:chloroform:isoamyl alcohol was
added to each sample, followed by a 2 min vortexing.

4. The extraction proceeded as recommended by
the manufacturer.

5. The DNA was eluted in 100 µL elution buffer.
6. The DNA concentration was measured from 20 µL

DNA extract using the Qbit.

2.5 2.5 18h, 25 ◦C,
100 rpm bd 1.25
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