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Abstract: This study examines the chemistry of mine waters of the “Grot” Pb—
—Zn mine and identifies the hydrogeochemical factors that influence the form-
ation of mine waters chemical composition. Eleven mine water samples were
collected at six locations across the area of Kriva Feja in order to determine
their chemical composition. Data analysis revealed that the waters belong to
the HCO;—SO,42—Ca?* and SO,*—Ca?" water types, with neutral pH values.
The concentrations of metals in these waters (zinc, lead, barium, copper, chro-
mium) are generally low, and most of the samples meet drinking water quality
criteria (USEPA standards). Modelling using the PHREEQC software indicates
that the dominant processes in the formation of the chemical composition of
these waters are the dissolution of carbonate minerals and the oxidation of sul-
phide minerals. Carbonate minerals have a scarcer occurrence compared to sul-
phide minerals, such as galena, sphalerite and pyrite, which are dominantly
distributed. The low intensity of sulphide mineral oxidation is interpreted to
result from a rapid water exchange and reduced contact time between the water
and the rock. The occurrence of this process is localized only in the ore body
zone. This study highlights the importance of kinetics (in terms of the chemical
reaction rate) as the main factor influencing the oxidation of sulphide minerals

and, subsequently the quality of mine waters.

Keywords: groundwater; acid mine drainage; hydrogeochemical factors; metals;

PHREEQC modelling; saturation index.

INTRODUCTION

Negative environmental effects occur when surface water or groundwater
comes into contact with primary and secondary minerals from the ore deposit
under oxidizing conditions.! The deposits containing sulphide minerals tend to
generate acid mine drainage (AMD) during the oxidation process of these min-
erals (e.g., pyrite, marcasite, and pyrrhotite).2~4 The acid mine drainage refers to
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430 KRETIC, STRBACKI and ATANACKOVIC

water with low pH values (between 3.5 and 5), high sulphate concentrations, and
elevated metal concentrations.*-> The oxidation of sulphide minerals, primarily
pyrite, depends on physicochemical conditions, the type of oxidant (O, or Fe3™),
its concentration, activity, and the presence of microorganisms.®-8 According to
Lottermoser, several types of pyrite oxidation can be distinguished, including:
abiotic oxidation by oxygen, biotic oxidation by oxygen, abiotic oxidation by
oxygen and iron and biotic oxidation by oxygen and iron.3 The formation of acid
mine drainage is strongly influenced by the reaction rate (kinetics) and its dur-
ation.” The rate of biotic oxidation is always higher than abiotic, and pyrite oxid-
ation in the presence of Fe3* can be 2-3 times faster than in the presence of O as
the oxidant.> Depending on the geological environment in which groundwater
circulates (i.e., the type of ore and host rocks), acid mine drainage may not
always form. Unlike pyrite, the oxidation of other sulphide minerals such as gal-
ena, sphalerite or arsenopyrite in the presence of oxygen does not directly pro-
duce acid mine drainage.!0-12 This is due to their lower reactivity, resulting from
greater crystal structure stability, low concentrations of released iron and the
formation of poorly soluble minerals.!3 The absence of sulphide mineral oxid-
ation, in addition to kinetics, can also result from the presence of minerals that
neutralize the acidity of mine drainage (carbonates, silicates, and hydroxides).2-3
The neutralization process occurs under the same conditions as the sulphide min-
eral oxidation process and is independent of the oxygen concentration in the
water.3 Neutral mine drainage (NMD) will form in some sulphide deposits due to
the previously mentioned processes. Neutral mine drainage refers to waters with
a neutral pH value (between 6.5 and 7) and high metal concentrations (most com-
monly lead, zinc, copper and cadmium).3 In these waters, sulphates and bicarb-
onates are the main anions, and calcium, magnesium and sodium content is ele-
vated compared to acid mine drainage.3 The occurrence of neutral pH and lower
metal concentrations in some mine waters can be attributed to kinetic factors, i.e.,
the slow dissolution and oxidation of sulphide minerals compared to rapid water
exchange in mine waters.2 Additionally, the surfaces of sulphide minerals can be
covered with insoluble oxides or carbonates, which limits the oxidation.? Instan-
ces of neutral mine drainage have been found in Pb—Zn deposits throughout the
United Kingdom and Italy.!4-17 These examples are characterized by neutral pH
and increased concentrations of trace components such as lead, zinc, copper, ars-
enic and cadmium (depending on the specific locality where the mine waters are
formed). The studies considering these occurrences as the most common reason
for the formation of neutral mine drainage cite the neutralization process in the
presence of carbonate minerals.14-17

The objectives of this study are to identify factors that could influence the
formation of neutral mine drainage, determine the mineral phases being dis-
solved, and identify the dominant hydrogeochemical processes that affect the rel-
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ease of trace elements into water. Such an approach could contribute to the adapt-
ation of the mineral resource exploitation methods to reduce the negative impact
on the environment and water resources.

EXPERIMENTAL
Study area
Details related to study area are given in Supplementary material to this paper.
Sampling and chemical analysis

Mine water samples were collected at eleven locations during the year's low flow period
(September—November). During that period, 16 mine water samples were collected, while 11
samples were further considered in the study. The considered samples were taken at various
locations across the exploitation field at discharge points from the adits before the sediment-
ation ponds, while the samples taken at locations after the ponds were omitted due to the pos-
sibility of the removal of certain components from the water. Mine water sampling was per-
formed according to ISO 5667-1:2006, ISO 5667-3:2012 and ISO 5667-10:1992 standards at
the adits discharge points.!8-20 Sampling and chemical analyses were carried out by the Insti-
tute of Public Health Vranje.

The determination of the pH was performed potentiometrically according to the ISO
10523:2008 standard.2! The water mineralization was determined by the analytical procedure
as the dry residue at 103—105 °C using the US EPA 160.3 method.?2 Main cation composition
(Na*, K*, Mg2*, Ca?") together with metals (zinc, lead, manganese, barium, copper, chrom-
ium) were determined by the induced coupled plasma with the atomic emission spectrometry
ICP-AES (according to ISO 11885:2007 standard).23 The content of arsenic in mine waters
was determined by the atomic absorption spectrophotometry using the hydride technique (ISO
11969:1996).24 The content of ammonium, nitrate, and nitrite ions was determined by spectro-
photometric methods (ISO 7150-1:1984, ISO 7890-3:1988, ISO 6777:1984).25-27 The content
of sulphate ions was determined by the turbidimetric method (SRPS H.G8.115:1984), while
the chloride content was determined volumetrically according to the ISO 9297:1989 stan-
dard.2%2% Bicarbonate ions in water were determined by titration, in accordance with ISO
9963-1:1994.30 The content of dissolved oxygen was determined by the volumetric method
(ISO 5813:1983), while hydrogen sulfide was determined spectrophotometrically (SZZZ,
1990).31:32

Analysis and calculations

The degree of saturation of groundwater in relation to a certain mineral can be deter-
mined by comparing the product of ionic activity (I4P) of a real water sample and the solu-
bility product of that mineral (Ksp), according to:33

ST = loglA—P (1
Ksp
where S7 is the saturation index.

The obtained S7 value can indicate oversaturation or undersaturation of the water sample
with respect to a given mineral, with the possibility of precipitation (S7 > 0) or dissolution
(SI < 0) of the specific mineral.3?

Saturation indices for specific mineral phases and the dissolved forms of inorganic sub-
stances in water were calculated using PHREEQC software (interactive version 3.7.3-15968).34
This software is widely used in geochemical and mine water research for these types of cal-
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432 KRETIC, STRBACKI and ATANACKOVIC

culations.!®33-37 When calculating S/ for carbonate minerals, the MINTEQ database was used,
as it covers a wide range of inorganic parameters (metals) and organic compounds.’® The
LLNL database was used for the calculation of S/ for sulphur-bearing minerals because it has
the most extensive dataset, making it more suitable for such calculations.333* For example, it
includes the reaction of pyrite with water.34

Excel workbook was used to determine statistical parameters (minimum, maximum,
median) to determine the variations of certain parameters in mine waters. Also, this program
was used for the graphical presentation of chemical parameters in the form of Box-Plot dia-
grams.

RESULTS AND DISCUSSION

Hydrochemistry of neutral mine drainage of the ,, Grot* Pb—Zn mine

According to their physical properties, the examined mine waters are colour-
less and odourless. These waters belong to the category of cold waters. The water
temperature ranges from 7.1 to 14.5 °C, depending on the air temperature. The
mineralization (7DS) ranges from 163 to 719 mg L-! (Tables I and S-1 of the
Supplementary material). These waters can be classified as low-mineralized,
except for one sample with 7DS > 500 mg L1

TABLE 1. Physical-chemical parameters and concentrations of macrocomponents in mine
water samples from the exploration area

Parameter Unit Min Median Max N Criteria!®
t °C 7.1 9.5 14.5 11 -
DS mg Ll 163 353 719 11 -
EC uS cm’! 180 431 632 11 <3000
pH — 7.04 7.5 7.6 11 6-9
Dissolved O, mg L 5.4 9.3 10.9 11 >0.4
Dissolved H,S 0.006 0.048 0.351 11 <1.0
Ca?* 25.6 40.4 56.8 6 -
Mgt 1.2 3.65 42 6 -
Na® 3.5 4.64 6.6 6 -
K* 1 1 1.1 6 -
HCO5 61 88.45 91.5 6 -
S04 37.4 93.2 177.7 11 <300
Cl- 4 6 18 11 <250
NO5~ 0.83 1.7 12.09 11 <15
NO, 0.005 0.041 0.333 11 -
NH,* 0.033 0.54 1.5 11 <1.5

The pH value of analysed waters ranges from 7.04 to 7.6, classifying them as

neutral. According to the USEPA standards (2018), the pH of drinking water
should be within the range of 6.5 to 8.5, which is met in all samples.3°

The most dominant cation is Ca2", with 25.6 to 56.8 mg L-! concentrations.
Concentrations of Mg2* range from 1.2 to 4.2 mg L~1. The second most abun-
dant cation in these waters is Na*, with concentrations ranging from 3.5 to 6.6
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mg L-1. K* concentrations do not vary significantly in analysed samples (1 to 1.1
mg L-1), having the lowest abundance among all cations in these waters.

The dominant anions in mine waters are bicarbonates and sulphates. HCO3~
in mine waters occur in the range of 61 to 91.5 mg L~!. SO42~ concentrations in
these waters vary from 37.4 to 177.7 mg L-L. Chlorides in these waters occur at
low concentrations (4 to 18 mg L-1). The content of NH4", NO,~ and NO3~ in
the water is also low.

Concentrations of dissolved oxygen (O) range from 5.4 to 10.9 mg L1,
while the concentrations of dissolved hydrogen sulphide (H»S) are relatively low
(from 0.006 to 0.351 mg L-1).

Based on the dominant anions and cations, the analysed mine waters can be
classified into two hydrochemical groups: HCO3—S042—Ca2" and SO42—CaZ"
waters (Fig. 1). The first group consists of mine waters that are not in direct con-
tact with the rocks from the ore body (water that is pumped out before it reaches
the active mining zone) and waters from sites where mining is currently not
taking place. The second group consists of mine waters that are in direct contact
with the rocks from the deposit, specifically the waters from the VI, VIII and IX
horizons.

A HCO,-S0,-Ca™ type
@ S0,7-Ca’ type

100
CATIONS ANIONS

Fig. 1. Piper diagram of mine waters collected from six different locations within the

exploration area.
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Based on the results obtained from laboratory analysis, all water samples
have met the prescribed criteria for wastewater (Table S-1).40 A part of the mine
water is used for the water supply of the Kriva Feja settlement and the mining
complex,*! indicating that some of the water samples also meet the criteria for
drinking water.

Microelements in mine waters

According to the laboratory testing results, the concentrations of metals
(zinc, barium, chromium, copper) in the mine waters are generally low (Table S-I
and Fig. 2).#* These results are not specific to sulphide deposit mine waters,
which typically have low pH values and high metal concentrations, defined as the
acid mine drainage (AMD).

i

: : : : Fig. 2. Metal content in mine waters of the
Fe(tot)  Zn(tot)  Pb(tot) Mn(tot) ,,Grot* Pb—Zn mine in mg L.

=

0.

=

LOG Concentration (mgL%?)

0.01

The iron concentrations in the tested waters range from 0.11 to 2.37 mg L1
The elevated concentrations of iron can be the indicator of the presence of oxid-
ation of sulphide minerals.2 Zinc concentrations in these waters are low (ranging
from 0.05 to 0.7 mg L-1), while lead concentrations vary from 0.02 to 0.47 mg
L-1. The concentrations of barium in the waters from this area are below 0.05 mg
L-1. Chromium and copper are present in trace amounts in these waters, with
concentrations below 0.02 mg L-! for chromium and below 0.03 mg L-! for
copper.

Manganese concentrations in mine waters range from 0.05 to 0.6 mg L1,
while arsenic concentrations are below 0.05 mg L1,

Speciation modelling and saturation indices

The most of trace elements and many major elements in surface water and in
groundwater exist in the form of complexes rather than free ions.4? The presence
of certain metals in water can indicate the reactions such as dissolution and pre-
cipitation of mineral phases.>

According to the modelling results in PHREEQC software, a list of the most
prevalent ionic species in mine waters is provided (Table II). Me?* and MeSOy4
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represent the two dominant ionic species for calcium and magnesium, while tri-
valent iron is most commonly present as Fe(OH),™ and Fe(OH)3. Metals such as
lead and copper are predominantly present as free ions and MeCOj3 ionic pair,
while manganese is most commonly found as free ions or MnSOy4 ionic pair.
Both types of mine waters have a similar distribution of ionic species. Only
minor differences in the distribution of ionic species of zinc are observed. In both
types of water, zinc predominantly occurs as free ions. Additionally, the presence
of the MeCO3 ionic pair is noticeable in the HCO3—S042—Ca?™ water type,
while the MeSQy ionic pair is more dominant in the SO42—CaZ" water type.

TABLE II. The distribution of ionic species in mine waters (presented in terms of median
molalities and the median percentage distribution of ionic species relative to the total molality
of metals)

Species HCO5;-S0,2-Ca?*  S0,2-Ca?" HCO;-S0,7—Ca?*  SO,+—Ca2"
Molality, mol/kg %
Calcium
Ca?* 6.10x10 1.16x1073 94.85 87.94
CaSOq, 2.94x1073 1.52x10* 4.60 11.38
Iron
Fe(OH)," 3.19x10° 2.06x10© 68.46 76.85
Fe(OH); 1.11x10° 4.97x107 23.48 18.60
Magnesium
Mg?* 5.87x107 1.53x10* 95.12 88.83
MgSO, 2.51x10° 1.75x107 4.06 10.15
Sodium
Na*t 2.03x10* 2.00x10* 99.83 99.51
Lead
PbCO;, 8.30x108 8.07x108 85.95 83.61
PbZ* 7.89x107° 1.07x108 6.64 7.00
PbHCO;* 3.34x107° 9.38x107 3.30 3.71
Zinc
Zn?* 8.49x1077 9.85x10°7 77.28 67.26
ZnCO; 1.01x1077 1.37x107 11.57 9.94
ZnHCO;" 5.47x108 8.39x108 5.10 5.86
ZnSOy, 4.78x10°8 2.08x1077 4.46 14.15
Manganese
Mn?2* 8.71x107 1.38x10 95.11 89.09
MnSO, 3.52x108 1.40x1077 3.87 9.61
Copper
Cu(OH), 2.84%107 2.99x1077 60.16 63.25
CuCO; 9.01x108 1.02x1077 19.09 21.56
Cu(HS)5" 6.66x108 3.96x108 14.10 8.38
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Based on the calculated S/ values, the analysed waters are undersaturated
(SI < 0) with the respect to minerals such as calcite, aragonite, cerussite, smith-
sonite, thodochrosite, siderite and pyrolusite (Table III). The origin of Ca2* and
HCOs3™ in these waters could be linked to the dissolution of calcite and aragonite.
The median S/ values for calcite and aragonite are —0.80 and —0.95, respectively.
Both minerals have similar saturation index values, implying that they can be dis-
solved relatively equally in the investigated area.

TABLE III. Saturation Index (S7) values for selected minerals; N = 6

Mineral ST min SI median ST max
Aragonite -1.20 -0.95 —0.66
Calcite -1.05 —0.80 -0.51

Cerussite -1.10 -1.00 -0.64
Smithsonite -2.90 -2.41 -1.54
Rhodochrosite -1.97 -1.79 -1.10
Siderite -3.91 -3.6 -2.81

Barite 0.16 0.44 0.68

Galena -4.37 -3.84 -2.82
Sphalerite —6.81 —6.06 -5.17
Pyrite -19.55 -19.24 -18.63

The SI values for minerals such as cerussite, smithsonite and rhodochrosite
range from —1 to —2.9. The presence of Pb2" in these waters can be attributed to
the dissolution of cerussite. Since cerussite has a lower solubility product, this
process occurs with lower intensity compared to the dissolution of calcium carb-
onates, resulting in lower concentrations of Pb2* in the water.

The origin of Zn?" and Mn2" in mine waters may be associated with the dis-
solution of smithsonite and rhodochrosite. The occurrence of iron ions in these
waters can be linked to the dissolution of siderite.

On the other hand, the saturation index values for mineral phases galena,
sphalerite, pyrite, covellite and chalcopyrite are very low, indicating that the
waters from this research area are undersaturated concerning the given minerals.
The median S/ value for the mineral phase pyrite is —19.24, while for galena it is
around —3.84, and for sphalerite it is around —6.06. Although sulphides minerals
dominate over carbonate minerals in the investigated area, it can be assumed that
the oxidation process of sulphides minerals occurs to a low extent.

The origin of SO42~ may be from the oxidation processes of pyrite, galena
and sphalerite. This process is specific to the ore deposit zone. Therefore, the ori-
gin of lead, zinc, manganese and iron can be twofold, as these metals can origin-
ate from sulphide minerals (such as galena, sphalerite, pyrite, efc.) and carbonate
minerals. Most probably, the dissolution of carbonate minerals also takes place
during the oxidation process of sulphide minerals. Additionally, the origin of bar-
ium may be from galena and sphalerite, where this metal is concentrated.*3 The
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saturation index values for barite in these waters are slightly positive (median S/
0.44), indicating the precipitation of secondary barium sulphate, due to the pre-
sence of an abundance of sulphate ions.

All the minerals under consideration have been detected in the ore deposit,
which is deposited in specific horizons within the schists.43

The origin of the mine waters is mainly atmospheric, with significant
amounts of rainfall occurring in this area throughout the year. The low intensity
of sulphide mineral oxidation may be attributed to the rapid exchange of these
waters. Since the process of pyrite oxidation is low, this process is probably not
dominant in shaping the chemical composition of these waters. The low concen-
trations of metals in the water are another indication of the low intensity of this
process. Additionally, the sulphide minerals’ solubility products are much lower
than those of carbonate minerals. Therefore, the dissolution of carbonate minerals
occurs before the dissolution of the sulphide minerals.

CONCLUSIONS

According to the results of chemical analysis, the mine waters of the “Grot”
Pb—Zn underground mine have a neutral pH value and low concentrations of the
trace elements except for manganese and iron. The analysed mine waters are
classified into two groups based on their chemical composition. These differ-
ences can be attributed to the fact that the first group of waters of the HCO3~—
SO42—Ca?* type drains before contacting the ore body zone. On the other hand,
the second group of waters of the SO42~—Ca2" type is in the direct contact with
the ore body. However, it does not exhibit characteristics of acid mine drainage,
probably due to the short water retention in the system. Modelling in PHREEQC
software and the analysis of the obtained saturation index values revealed the two
dominant processes in shaping the chemical composition of these waters: the dis-
solution of carbonate minerals and the oxidation of sulphide minerals. The inten-
sity of sulphide mineral oxidation is low and localized to the ore zone. The lack
of the intense sulphide mineral oxidation, despite their high occurrence in the
study area, is due to the kinetics of this process. The longer rock-water contact is
required to initiate this process, while the mine waters in this area are rapidly
exchanged and have a short contact with the rock. Therefore, it can be concluded
that the kinetic factor plays a crucial role in forming neutral, good-quality mine
waters. At the same time, the neutralization in the presence of carbonate minerals
is not a significant factor.

Since the acid mine drainage is a global issue, adapting some similar
methods of the mineral resource exploitation and mine dewatering, where applic-
able, could further slow down this process. Finally, this study suggests that the
mine drainage systems for mineral resource deposits should minimize the water
retention in the system, ensuring a short contact time between water and rock.

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



438 KRETIC, STRBACKI and ATANACKOVIC

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12540, or from the corres-
ponding author on request.
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H3BOJ
TEOXEMUJA HEYTPAJTHUX PYJHUUKUX BOJA CYJIOMHUX JIEXXUIITA HA
[TPUMEPY Pb—Zn JIEXXUIITA “I'POT”

CHEXAHA C. KPETHR, JAHA C. IITPBAYKHU u HEBOJIIA . ATAHAIIKOBHWR

Yuueepsuitiei y Beoipagy, Pygapcko—ieonowxu paxynwed, Jedapmuman 3a xugpoieonoiujy, bywuna 7,
11000 Beoipag

Y oBOM pafy Ipoy4yaBaH je XeMHUjCKH cacTaB BOJA M3 PyOHUKA M U3MIBOjEHU Cy XUAPO-
Te0XEMH]CKU (PaKTOPH KOjU yTUUY Ha BeroBo opmupame. CakyrbeHo je 11 y3opaxa Boge ca
6 noxanuja Ha noapyy4jy Kpuse ®eje, kako Ou ce yTBpANO BUXOB XEMHUjCKHU CacTaB. AHAIM30M
nogaraka yTBpheHo je ma cy Boie ca OBOT Mofpyd4ja BUcokor kBanutera, HCOs-S042-Ca?t u
S04*-Ca?* tuma, ca HeyrpanmHoMm pH Bpemuowhy. KoHueHTpauuje meTana y OBMM Bogama
(umHKa, ooBa, HapujymMa, bakpa U XpoMa) TeHepasiHO Cy HHUCKe U BehHHa y30paka Bojja UCITy-
maBa Kputepujyme Boge 3a nuhe (US EPA cranpappe). Mopgenupame nomohy PHREEQC
coTBepa ykasyje Ha TO fa Cy JOMHMHAHTHHU NpolecH y GOpMHUpamby XEMH]CKOT cacTaBa OBUX
BOJla pacTBapame KapdoOHaTHUX MUHepaia U OKCcHianuja cynduaHux MuHepana. KapboHaTHu
MMHEpaId UMajy Mamy 3aCTYI/beHOCT y OFHOCY Ha CynduAHe MHHepase (IONyT rajeHura,
caneprTa U NMUpPUTA), KOjU Cy JOMHUHAHTHH Ha MOAPYYjy HUCTpakupamwa. Crnad HHTEH3UTeT
oKkcupauuje cylpUAHNX MHUHepana nociesuua je Op3e 3aMeHe BOAE M CMAamEeHOI KOHTaKTa
BoZe ca creHoM. [Ipouec oxcupauuje cylI(pUIHIX MUHEDaa je JIOKaJHOT KapaKkTepa U Besyje
ce camo 3a 30Hy nexuwmrTa. OBa CTygHuja ykasyje Ha 3Hayaj KMHETHKeE (Tj. Op3suHe Xxemujcke
peaxuuje), kao jeqHor of IM1aBHUX (aKkTopa y Mpolecy okcuaauuje cylpUuIHuX MUHepana.

(ITpumsbeHo 11. aBrycra, pesuaupato 21. okrodpa 2023, mpuxsaheno 19. pedpyap 2024)
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