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Abstract

Seepage with AMD characteristics is observed in the Dareh-Zar copper mine in central Iran and more water inrush events
are expected since the pit extends below the local groundwater levels. In order to properly design a dewatering system, it
was necessary to determine the source of this groundwater and to establish a groundwater flow model. Thirty-nine water
samples were collected from springs, qanats, observation wells, seepages, and permanent river water and analyzed for major
ions, silica, Fe, Cu, and stable isotopes (0 and ?H). The electrical conductivity and pH of the water samples ranged from
403 to 4810 puS/cm and 3.3 to 8.6, respectively. The PCA and biplot diagrams confirmed the role of mineral weathering,
redox reactions (Fe?* release), and gypsum dissolution on groundwater chemistry outside of the pit and the effects of pyrite
oxidation on weathering and dissolution reactions inside the pit. Based on hydraulic features inferred from the iso-potential
map of the aquifer and cluster analysis of the chemical data, two distinct groundwater sources from the northwest and east
of the mine, with fresh (Ca-HCO;) and brackish (Na-SO,) signatures, respectively, were identified as the possible sources
of the Ca-SO, groundwater in the mine pit. The dramatic difference in Na concentrations in most of the samples does not
support groundwater evolution to Ca-SO, types in the pit simply by mixing. Instead, the Ca-HCO; groundwaters from the
north and northwest areas likely evolve to the Ca-SO, water-type in the pit due to pyrite oxidation. The stable isotopes indi-
cated groundwater recharge zones at elevations ranging from 2479 to 2877 m above mean sea level, which is, on average,
207 m above the pit area and suggests that the north and northwest recharge zones are the primary source of the groundwater
inrushes. These results are being used to help design a dewatering scheme for this mining area.
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Introduction pressure, which can be disastrous (Gu et al. 2018). Hence,

mine water disaster management and prevention are very

Ores, minerals, and aggregates are often extracted via open
pits. In some cases, the pits extend below the local ground-
water levels, which can make the pit vulnerable to ground-
water inrushes that can cause operational and technical
problems such as pit wall instability, inefficient excavation
and haulage, reduced production efficiency, and increased
maintenance costs (Heidari-Nejad et al. 2017), as well as
environmental concerns (Jahanshahi and Zare 2015). Some-
times, large volumes of water flow into the mine under high
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important (Xu et al. 2018). Prediction and prevention of
water inrush have been extensively studied (e.g. Guo et al.
2018; Hu et al. 2014; Hu et al. 2019a, b; Lee et al. 2013; Li
and Wu 2019; Li et al. 2018; Wu et al. 2016, 2017; Zhang
and Yao 2020; Zhao et al. 2013; Zhou et al. 2018a, b).
Dewatering systems are usually designed to drain the
mining front by diverting groundwater flow from the pit area
(Struzina et al. 2011). The success of a drainage scheme
mainly depends on identifying the source of the groundwa-
ter seeping into the pit (Qian et al. 2018). Many methods
have been developed to determine the groundwater origin,
among which hydrochemical and isotopic techniques are
widely used (e.g. Heidari-Nejad et al. 2017; Jahanshahi
and Zare 2017; Qian et al. 2018; Xu et al. 2018; Yang et al.
2020). Hydrogeological methods, such as pumping tests and
injections, can be costly and inefficient, so hydrochemical
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approaches can be used to understand the evolution of
groundwater (Gu et al. 2018; Li et al. 2016). Water quality
and isotopic data can be used to distinguish water inflow
sources with approaches such as multivariate statistics (Wu
et al. 2014). The groundwater’s chemical variations can
help discriminate groundwater inrush sources (Huang et al.
2018). In combination with other data, isotopes, hydrology,
and geology can be useful in understanding the character-
istics of groundwater recharge and discharge areas (Gomo
and Vermeulen 2014; Huang et al. 2018). However, min-
ing activities can influence the geochemistry of ground-
water and hydraulic connections, which may considerably
reduce the accurate discrimination of inrush sources (Zhang
et al. 2020). Stable isotopes can be used to help recognize
the sources of water inrush, while mixing models can be
used to infer the mixing ratios of the various groundwater
types (Guan et al. 2019; Huang et al. 2019; Jin et al. 2018;
Rambabu et al. 2018; Tomonaga et al. 2016; Zhang et al.
2020).

To sum up, analysis of the groundwater salinity in com-
bination with ionic ratios and conventional hydrochemistry
graphs (e.g. Stiff and Piper diagrams) are useful tools to
classify water samples and differentiate groundwater ori-
gins (Amajor and Gbadebo 1992; Askari Malekabad et al.
2020; Faye et al. 2005; Ghiglieri et al. 2012; Jahanshahi and
Zare 2017; Mondal et al. 2011; Yidana and Yidana 2010).
In this regard, multivariate statistical analyses (e.g. princi-
pal components and cluster analysis) are commonly used to
identify the influential factors in chemical compositions and
to determine groundwater origins in mine pit areas (Ahmadi
et al. 2018; Askari Malekabad et al. 2020; Ma et al. 2014,
Shrestha and Kazama 2007; Wu et al. 2014; Wunderlin et al.
2001; Zhao et al. 2011).

Stable isotopes of water (*H and '®0) provide robust
insight in groundwater source identification studies, as they
change due to natural variations in precipitation, evapora-
tion, and mixing of different waters (Sprenger et al. 2014).
They are mostly applied to differentiate local and regional
meteoric sources of the groundwater (Bahadori et al. 2019;
Heidari-Nejad et al. 2017; Jurado et al. 2013). Without sig-
nificant evaporation and mineral dissolution, the isotopic
compositions of the groundwater are the same as the pre-
cipitation, lying on the local meteoric water line (LMWL;
Clark and Fritz 1997). Stable isotopes have been used in
many studies to assess groundwater origin (e.g. Ahmadi
et al. 2018; Alegbe et al. 2019; Askari Malekabad et al.
2020; Bahadori et al. 2019; Cao et al. 2019; Christensen
et al. 2018; Gamboa et al. 2019; Gomo 2018; Hao et al.
2019; Jahanshahi and Zare 2017; Jamal 1991; Karolyté et al.
2017; Larkins et al. 2018; Lenter et al. 2002; Naderi et al.
2020; Pyrbot et al. 2019; Sahraei Parizi and Samani 2013;
Sahraei Parizi and Samani 2014; Shojaei Baghini et al. 2020;
Skousen et al. 2019; Tomiyama et al. 2019; Yolcubal et al.
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2017; Zhou et al. 2018a, b), especially in source identifica-
tion of groundwater in mining areas threatened by ground-
water invasion (e.g. Ahmadi et al. 2018; Heidari-Nejad et al.
2017; Jahanshahi and Zare 2017; Ma et al. 2016; Qian et al.
2018; Sahraei Parizi and Samani 2014; Xu et al. 2018; Yang
et al. 2021).

After recognition of various water sources (end mem-
bers) in the mining pit area on a hydrochemical and iso-
topic basis, mixing models based on water and mass salt
balance (Scheiber et al. 2018) can help to assess mixing
ratios and quantify relations between different groundwater
sources (Pitkinen et al. 1999). There are always uncertain-
ties involved in the assessment of end-member contents and
evaluation of mixing ratios, so Carrera et al. (2004) devel-
oped a method of multivariate statistical analysis to per-
form calculations of mixing ratios while acknowledging the
uncertainties of end-member compositions.

The Dareh-Zar copper mine is in the initial stages of
operation and excavations have created a mining pit with an
average surface area of about 1.5 km? and a depth of 120 m.
The base of the pit is now 2526 m a.m.s.l. (m above mean
sea level), below the mean groundwater level of the local
aquifer (2650 m a.m.s.1.) Many seepage faces with acid mine
drainage (AMD) characteristics are currently observed in the
pit, and more groundwater incursions are expected as the pit
grows deeper. Since the dewatering system of the mine pit
is still being designed, more information on the groundwa-
ter system was needed, especially regarding the probable
sources of groundwater in the pit area. Hence, this study was
undertaken, to identify groundwater sources in the Dareh-
Zar mining area using chemical and isotopic techniques and
to model groundwater inrush into the pit. The factors that
control the chemo-isotopic signatures of the groundwater
were determined and a hydrogeological model explaining
the chemistry and the origin of the groundwater seeps in
the pit was developed. The results will be used to design the
dewatering scheme in this area.

Materials and Methods
Site Description

The Dareh-Zar porphyry copper deposit is in Kerman prov-
ince in central Iran, about 10 km south of the better known
Sarcheshmeh copper mine, at geographic coordinates of
55°53” N and 29°52’ E; both mines are located on NW-SE
trending mineralization zone of Band-e-Mamezar (Fig. 1).
The geology of the study area is complex due to multi-phase
magmatic intrusions, as well as the effects of alteration and
tectonic structures. Andesitic-basalt lava flows of the Eocene
age with fine-granular porphyry texture are the major rock
units hosting the porphyry copper deposits. From a tectonic
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Fig. 1 Geological map of the Dareh-Zar and Sharcheshmeh copper mines, adopted with minor corrections from 1:100,000 geological map of

Pariz (Dimitrijevic et al. 1956)

viewpoint, the area is affected by two major N-S and E-W
fault systems accompanied by some secondary fracturing
structures. In the upper parts of the copper deposit, the
downwash process has expanded and caused secondary
enrichment in the lower parts. In most areas of the downwash
area, primary sulphides have been replaced by iron oxides
and hydroxides; the copper grade is in the range of tens to
several hundred grams per ton. In the deposit area, phyllic,
propylitic, and argillic alteration zones are observed, and the
potash alteration has a limited outcrop. Phyllite alteration
is widespread in the study area and includes quartz, seric-
ite, and pyrite. Propylitic alteration occurs in the marginal
parts of the deposit and in the volcanic units and dikes. The
copper ore of the mine has a porphyry texture and includes
plagioclase, amphibole, quartz, and biotite macro-crystals.
In these rocks, most amorphous and large plagioclase and
amphibole crystals are in a matrix of alkaline feldspar and
fine quartz crystals. The ferromagnesian minerals in this ore
mass are amphibole and biotite. In some rock samples, sec-
ondary minerals of epidote and chlorite are also observed.

In the study area, secondary porosity and permeability
due to weathering and fracturing has created a hard-rock
double-porosity aquifer. Therefore, the hydraulic prop-
erties of the aquifer are mainly controlled by fractures.
The hard rock aquifer generally represents heterogeneous
and anisotropic media (Mali et al. 2021). Groundwater
is being discharged at a few springs, qanats, and seeps.
A qanat (or kariz) is a system that transports water from
an aquifer to the surface through an underground aque-
duct. A ganat is constructed as a series of well-like verti-
cal shafts connected by a gently sloping tunnel and taps
underground water and delivers it to the surface by grav-
ity, without pumping. Fifteen observation wells, named
as DW (vertical wells) and GDZ (diagonal wells) were
installed in the mine area (Fig. 2A) to monitor the ground-
water levels. Based on the iso-potential map of the aqui-
fer (Fig. 2A), groundwater is generally flowing from the
northwest to the southeast. Curvature in equipotential lines
is observed due to the pit excavations and related dewater-
ing processes. Furthermore, concentrated discharge of the
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Map of the
Groundwater Flow
Direction at 2018

Fig.2 Iso-potential map and groundwater flow direction in the Dareh-Zar mine (A) and formation of seepages with acid mine drainage (AMD)
characteristics in the pit (B)
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groundwater through the pit area causes a cone of depres-
sion to develop, enhancing groundwater inrush into the
mine and related problems such as flooding, instability of
the pit walls, and AMD production (Fig. 2B). In a similar
trend to the groundwater flow direction, a permanent river
is flowing in the study area that finally drains the aquifer
toward the south. Changes in the water table in this area
are mainly affected by fluctuations in precipitation and
river discharge. The most water table fluctuations were
observed in well DW1 (Fig. 2A; Mali et al. 2021).

Sampling and Analysis

Water resources were sampled both in the wet and dry
seasons. Since wet season samplings were more complete
and better distributed, only the data for the wet season
were examined in this research. In total, 39 water samples
(Fig. 3A) were collected from observation wells, seepages,
spring, qanats, and the river in June 2018 and analysed.
Temperature, electrical conductivity (EC), pH, and Eh
of the water samples were measured in-situ using a portable
Hanna multi-range EC meter-HI8733 and AZ pH meter-
8601, respectively. To separate the suspended particles,
water samples were filtered in-situ by a 0.45 um syringe
filter and then moved to clean polyethylene bottles. The bot-
tles for major cation analysis were treated with HNO; (65%)
to guarantee their dissolution. The concentrations of major
cations (Ca, Mg, Na, K), Cu, Fe, and Si (converted to SiO,
by mass balance approach) were measured using an ICP-MS
device (HP Agilent 4500), CI, and HCO; were measured
using the titration method, and SO, was measured by spec-
trophotometry (turbidimetry method) in the Iranian Zarazma
Laboratory. The ion balance (IB) error was calculated:

| > Anions(epm) — 3, Cations(epm)|
Y Anions(epm) + Y., Cations(epm)

IB = (1)

The analytical results are presented in Table 1. Except
for the low pH water sample, all analyses had an IB <5%.

The 60 mL grab samples were collected in dark bottles
to be analyzed for %0 and *H in the Stable Isotope Labora-
tory of the Atomic Energy Agency of Iran. The results are
reported in %o relative to the Vienna standard mean ocean
water (VSMOW) standard with a precision of £0.6 %o (20)
and +0.1%o (20) for 8*H and 8'80, respectively (Table 1).
The limits of instrumental detection, accuracy, and preci-
sion of the data analysis (QC/QA measures) are provided
in Table 2.

Saturation indices (SI) with respect to calcite, dolomite,
gypsum, halite, Cu-and Fe-bearing minerals such as chal-
copyrite, azurite, ferrohydrite, langite, malachite, nantok-
ite, tenorite, Cu-metal, hematite, and pyrite were calculated
using the PHREEQC software (Parkhurst and Appelo 1999).

Hierarchical cluster analysis (HCA) and principal com-
ponents analysis (PCA) were used to determine the rela-
tionship between physicochemical parameters in the water
samples. PCA is used to reduce complex and numerous
datasets into a smaller number of components while main-
taining the information content (Qian et al. 2016; Zhang
et al. 2020). HCA can be used to classify water samples
by their hydrochemical indicators (Liu et al. 2019; Zhang
et al. 2020). Statistical analyses were performed using
XLSTAT software, which allows users to analyse results
with Microsoft Excel.

The probable origin of the groundwater in the Dareh-
Zar pit area was investigated using a mixing model at the
local scale, considering the composition of end-members
and their percentage in the pit waters. The calculations
were performed using MIX PROGRAM v1.0 (Carrera et al.
2004), which evaluates mixing ratios in the case of uncertain
endmembers. The code is constructed based on the method
of maximum likelihood to obtain the mixing ratios (Scheiber
et al. 2018).

Results and Discussion
Hydrochemistry of the Mine Waters

The electrical conductivity (EC) of the groundwater in the
study area ranged from 403 to 4810 pS/cm (Table 1). The
lowest EC was recorded in well DW1 in the northwest por-
tion of the mine and the highest was observed in artesian
piezometer DW7 in the east. In a similar trend to the EC,
the groundwater salinity increases to the east and centre of
the mine. The pH of the water samples ranged from 3.26
to 8.62, showing neutral-alkaline and acidic features out-
side and inside the pit, respectively. The Eh of the ground-
water ranged from -108 to 229 mv. The spatiality of the
data confirmed a generally reduced state outside of the pit
(negative to 0 Eh), and oxidizing conditions inside the pit
(positive Eh). Spatial distribution of SO, and CI show that
SO, increases to the centre of the mine while no trends were
observed in Cl content. Regarding the lithology, which
mainly consists of igneous rocks, groundwater alkalinity
increases due to dissolution of carbonate minerals. This
explains the dominant groundwater type (Ca-HCOj3) in most
samples as observed in the Stiff diagrams (Fig. 3A). Toward
the mining pit, the type of water changes to Ca-SO, due
to oxidation of S-bearing minerals in the mine area. The
water type in the brackish water sample of DW7 is Na-SO,,
probably due to alteration of Na-plagioclase and oxidation
of S-bearing minerals. The geological map (Fig. 1) and
research by Sahraei Parizi and Samani (2013, 2014) and
Khorasanipour and Eslami (2014) show that the agglom-
erates, andesite, and tuffs generally contain large amounts
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Fig.3 The location map of the water samples and spatial distribution of water types based on Stiff diagrams in the study area (A) and clustering
the water samples into three groups on a dendrogram (B)

of sodium plagioclase and andesine (Williams et al. 1982),  process is the probable source of Na in this sample. Evapo-
which is widely spread in the study area. On the other hand,  rite sediments containing halite (NaCl), gypsum (CaSO,),
well logging at DW7 location shows a highly weathered and ~ and mirabilite (Na,SO,) that outcrop in the region (Fig. 1)
crushed 12 m thick layer of andesite. This weathered layer  are the other possible source of Na-SO, water in the study
is also detected at levels above the water table elevation in  area.

other wells. Therefore, release of Na from the weathering
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Table 1 Physicochemical properties of the water resources in the study area: EC (pS/cm), Eh (mv), temperature (°C), major ions, minor ele-
ments and SiO, (mg/L) and stable isotope of 5'30 and §°H (%0 VSMOW)

Place Name EC pH Eh T Na K Ca Mg Cl SO, HCO, Cu Fe  Si0, 8%0 &H
Spring SP 474 832 —108 27 121 051 80 89 58 62 2379 3220 0.6 7.80 —6.36 —29.07
Seepage in the pit P1 2497 326 229 19.1 58 5 328 787 27 1740 0 7031 17.64 3390 —524 -31.28
P2 1945 335 223 202 42 65 927 644 16 1250 0 89,200 16.00 1043 —4.29 —22.38
P3 2524 647 39 263 110 85 531 595 27 1900 0 0.51 0.12 16.65 —3.34 —22.31
P4 1438 430 166 189 46 6 300 428 14 1111 0 23.15 235 1648 —3.34 —2393
P5 1618 4.61 148 18 50 5 328 49 19 1000 91 2598.30 0.03 11.74 —326 —23.8
P6 1664 4.63 147 189 459 6 328 48 13 1111 0 23.73 144 1691 —-3.32 —23.1
P7 2310 740 —18 213 70 7 503 28 23 1300 205 0.01 0.04 19.08 —6.37 —37.39
P8 2049 6.69 24 20 140 19 373 115 13 1500 162  4.57 0.03 24.94 -519 —32
Piezometer DWI1 403 8.62 —-87 162 9 1 6636 224 2 10 320 023 0.00 523 —-572 —30.74
DW2 522 783 —-40 156 47 2 626 269 2 8 448 2.00 0.03 639 -67 —3827
DW3 509 731 143 25 68 2.5 457 311 9 33 420 0.02 0.05 834 —626 —37.99
DW4 528 7.63 -32 161 15 2 965 284 12 156 261  0.90 0.02 527 -6.61 —3833
DW5 638 794 —49 175 15 3 964 298 17 48 392 10320 0.0 9.11 —595 —34.01
DW6 544 7.67 —-33 197 27 2 888 365 15 65 462  4.00 0.08 6.19 —6.72 —32.86
DW7 4810 7.67 —34 22.6 1284 25 140 104 248 2950 191  0.02 7.82 450 -6.86 —36.13
DW8 2061 7.59 —-28 21.6 116 7 471 288 15 1328 189  0.03 0.16 18.68 —6.14 —35.78
DWI0 1020 7.58 —-28 18.1 36 3 1935 36.1 102 372 220 0.03 050 932 -6.69 —36.54
DWI1 1951 725 -8 20 59 518 236 11 1300 198  0.01 7.66 19.00 —6.92 —37.71
DWI13 650 7.50 —-24 19.7 32 742 222 14 78 327 5930  0.80 11.00 —6.01 —35.1
DWI14 1205 7.71 —-35 20.6 249 12 889 514 71 300 691 0.0 0.06 11.64 —6.01 - 3567
GDI2 988 7.12 0 185 60 4 1305 346 9 507 8 62141  1.30 1327 —7.63 —35.64
GDI5 2540 4.87 133 199 113 10 439 130 34 1976 0 16539 4991 18.09 —8.07 —38.49
GD17 524 763 -29 194 46 2 584 87 9 100 217 0.04 0.05 874 —6.04 —33.63
Qanat K1 594 761 101 25 29 2 878 30.8 21 148 273 0.0l 0.05 13.04 —4.83 —27.36
K2 719 795 -50 158 22 1.5 1133 222 32 184 237 0.2 0.02 701 —546 —34.83
K3 414 814 —-62 145 9 1 699 109 11 61 194 0.02 0.10 11.98 —4.63 —28.94
K4 668 789 —45 14 16 1.5 1045 192 15 186 207 0.01 0.02 11.14 —4.64 —26.58
K5 806 8.17 -63 186 73 3 703 158 49 143 221 0.1 0.01 16.19 —5.16 —26.72
K6 548 790 —-48 191 31 3 657 125 17 109 180 0.020  0.01 1148 —337 -22.32
K7 590 802 —54 19 36 4 671 146 17 120 202 001 0.03 1699 —4.55 —24.82
River R1 445 811 —57 202 10 1 92 112 12 90 232 001 0.04 839 —459 —27.32
R2 527 790 —48 15 7 1 812 113 12 120 169 0.01 0.04 7.83 —529 -30.07
R3 643 792 —-48 155 16 1.5 120 14 13 206 211 0.0l 0.03 958 -5  —2854
R4 1239 772 —34 223 39 5 221 324 14 609 149 184240 0.02 12.56 —5.55 —22.6
RS 1504 7.15 =3 182 42 6 290 396 12 935 0 3.1 0.03 14.60 —5.08 —30.22
R6 164 807 —55 226 44 7 317 50 13 1000 58  0.34 0.03 1559 —4.05 —25.45
R7 1634 747 —19 172 30 4 269 58 18 914 2 0.02 0.07 1521 —4.04 —248
R8 505 786 —-43 168 10 1 755 115 14 96 171  0.01 0.04 9.63 —4.65 —27.53

Hierarchical Cluster and Principal Component

Analysis

Group 2: Samples collected from inside the pit and nearby
areas with dominant Ca-SO, feature.

Based on a dendrogram (Fig. 3B) derived from cluster anal-
ysis (HCA), the water samples were classified into three
groups:

Group 1: Samples located outside the pit with Ca-HCO,
water-type.

Group 3: Brackish water sampled from piezometer DW7
with Na-SO, characteristic.

According to Khorasanipour and Eslami (2014), the
Na-SO, water type is observed in surface waters from the
tailings ponds of the Sarcheshmeh mine north of Dareh-
Zar. In fact, Na,S and/or NaHS compounds are used in the
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Table2 Limits of detection, accuracy error and precision of water
samples analysis

Elements Unit Detection Accuracy  Precision*
Limit error (% RPD)
(%)

HCO3 mg L.7! 0.1 1 4.4

Cl mg L.7! 0.1 2 6.5

S04 mg L.7! 0.1 1 3.2

Ca mg L.7! 0.1 3 8.5

K mg L.7! 0.1 1 1.7

Mg mg L.7! 0.1 3 9.2

Na mg L.7! 0.1 1 7.5

Si mg L.7! 0.1 2 6.3

Cu pg L.t 0.1 2.7 3.4

Fe pg L.7! 10 3.1 12.3
5180 %VSMOW  0.01 0.1 0.1

82H %VSMOW  0.01 0.1 0.06

*The precision was calculated as %RPD (relative percent dif-
ference) by the following formula: %RPD=[abs (SV-DV) /
0.5%(SV+DV)]x 100, where SV was the value of the original sam-
ple and DV was the value of the duplicate sample
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treatment of copper ores, which means that sodium and
sulphate can be released into the groundwater when the
tailing storage facility is not lined or if there are leaks from
the plant. This suggests that the groundwater chemistry of
sample point DW7 could be due to the nearby Sarchesh-
meh tailings ponds. However, this idea is not supported
by the hydrogeological setting based on the following
reasons:

1- The average height of the water table in the area of
Sarcheshmeh mine is lower than the groundwater levels
in the Dareh-Zar mining area (Fig. 4A). In addition, high
drawdowns in the groundwater table are observed in the
Sarcheshmeh pit area (Sahraei Parizi and Samani 2013),
which would limit groundwater movement to the south,
i.e. Dareh-Zar mine (Fig. 4B). In other word, groundwa-
ter movement from Sarcheshmeh to Dareh-Zar mine is not
hydraulically possible.

2- The Sarcheshmeh tailing dams are about 30 km far
from the Dareh-Zar mine, and the Sarcheshmeh pit is located
midway, 19 km from Dareh-Zar (Khorasanipour and Eslami
2014). The groundwater flow direction in the Sarcheshmeh
area is from the tailing dams toward the pit (Sahraei Parizi
and Samani 2013), and therefore, the Na-SO, water type
would first be observed in the Sarcheshmeh pit if leakage
has occurred, and no Na-SO, water has been reported from
the area (Sahraei Parizi and Samani 2014). This may be due

=% Groundwater flow direction
¢ Observation borehole

— Ground water level contour (m)
3 Pit

Fig.4 Comparison of water table elevation in Sarcheshmeh and Dareh-Zar mines (A), groundwater iso-potential map in the Sarcheshmeh copper
mine area (Sahraei Parizi and Samani 2013) (B), and the surface watersheds (basins) of the Sarcheshmeh and Dareh-Zar mining areas (C)
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to the very low permeability of the 75 m thick bed of fine-
grained sediments at the bottom of the tailings reservoirs
(Khorasanipour and Eslami 2014), which limits wastewater
infiltration into the underlying aquifer.

3- Surface topography and streams directions confirm that
Sarcheshmeh and Dareh-Zar mines are located in separate
hydrological basins (Fig. 4C).

Based on the cluster analysis, water resources were
divided into two groups “outside the pit” (group 1) and
“inside the pit” (group 2). Principal component analysis
(PCA) was performed separately for the samples collected
from “outside the pit”, considering pH, Eh, EC, major ions,

Table 3 Component loadings on each variables using principal com-
ponent analysis for water samples from inside and outside the pit.
Bold values correspond to highest loadings

Outside the pit (group 1) Inside the pit
(group 2)

Variable F1 F2 F3 F1 F2
pH -0.587 -0.320 0.259 —0.830 0.360
Eh 0.358 0.097 - 0468 0.832 -0.363
Na 0.806 -0.161 -0.272 0.212 0.880
K 0.834 -0.184 -0.189 0.126 0.718
Ca 0.396 -0.097 0.779 0.015 0.789
Mg 0.817 -0315 -0.235 0.654 0.433
Cl 0.772 -0.125 0.536 0.711 0.382
SO, 0.684 -0.075 0.650 0.721 0.611
HCO;, 0.649 -0249 -0.591 -0.535 0437
Sio, -0.012 -0.076 0.193 0.539 0.206
Fe 0.101 0.931 —-0.015 0.865 0.116
Cu 0.027 0.224 -0.251 0.714 —0.421
Eigenvalue 4.362 3.646 2.520 6.559 3.429
Variability (%) 27.262 22790  15.750  40.992  21.430
Cumulative %  27.262  50.053  65.804 40.992  62.422

(A) Biplot (axes F1 and F2: 50.05 %)
8 GDI7
7
6
5
;\? 4
,Q‘ 3
Q 2
21
0
-1
-2
-3
6 -5 -4 -3 -2-1 01 2 3 4 5 6 7 8
F1(27.26 %)

Si0,, Fe, and Cu parameters. Based on the results, three
major factors were identified for the samples from inside
and outside the pit that totally explain 62.4 and 65.8% of the
overall variance, respectively (Table 3).

For water samples from outside the pit (group 1), the
first principal component (F1) explains 27.26% of the over-
all data variance with high loadings on Na, K, Mg and a
moderate loading on HCOj;. It exhibits the role of minerals
weathering on chemistry of the groundwaters. The second
principal component (F2) demonstrates 22.79% of the over-
all variance with high loadings on Fe. It highlights the role
of redox processes on release of Fe>* into the groundwa-
ter under the reduced conditions prevalent outside the pit.
Finally, the third principal component (F3), which explains
15.75% of the overall variance corresponds to Ca, Cl, and
SO,, probably due to the dissolution of gypsum mineral and
other fracture fillings of the hard-rock aquifer.

For water samples from inside the pit (group 2), F1
explains 41% of the overall data variance with negative
loadings on pH and HCO; and moderate to high positive
loadings on Eh, CI, SO,, Mg, SiO, and heavy metals (Fe
and Cu). This component is certainly related to the release
of elements due to the enhanced effect of AMD on weath-
ering reactions. The second factor (F2) with high loadings
on Na, K, Ca and SO, is probably related to dissolution of
sedimentary minerals.

Biplot diagrams for the samples from outside the pit
(Fig. 5A) show the main effect of the first component (F1) in
water samples K1, DW3, DW4, DW6 DW 14, DW10, DW13,
and GD17, and the major impact of the second component
(F2) on DW10, DW13, and GD17 samples. For inside the
pit, biplot diagram (Fig. 5B) indicates that first factor (F1)
has a positive relationship with water samples of P1, P2, P3,
P4, P5, P6, and GD15, while the second component being
samples P3, P7, P8, DW§, DW11, and GD15 samples.

(B)

Biplot (axes F1 and F2: 62.42 %)

S = N W s N

F2 (21.43 %)

S5 4 3 2 -1 0 1 2 3 4 5 6 71
F1 (40.99 %)

Fig.5 Biplot diagrams for the samples from outside (A) and inside the pit (B)
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Fig.6 Composite diagrams showing HCO; vs. Ca (A), SO, vs. Ca (B) and molar ratio of Na/Cl vs. CI (C)

Composite diagram of Ca vs. HCO; (Fig. 6A) clearly
shows a decrease in HCO; concentration and an increase
of the Ca towards the pit. Brackish water in the well DW7
is lying on the line 1:2, suggesting calcite dissolution as the
main source of Ca and HCO; in this water sample. The rela-
tionship between Ca and SO, (Fig. 6B) shows excess SO,
and then deviation of the pit samples from the line 1:1 of the
gypsum dissolution probably due to pyrite oxidation or pos-
sibly mixing with eastern brackish waters (DW7). The molar
ratio of the Na/Cl vs. Cl diagram (Fig. 6C) indicates values
more than one in most samples, suggesting that in addi-
tion to halite dissolution as the main source, sodium is also
derived from weathering of the Na-plagioclase (andesine).

The probable role of groundwater mixing on hydrochemi-
cal evolution of the waters inside the pit area was examined
with a mixing model. The end-member-mixing-analysis
(EMMA) methodology (Scheiber et al. 2018) was first used
to define the number of end-members required. All of the
physicochemical parameters in the water samples from
inside the pit and nearby areas including EC, pH, Eh, tem-
perature, Na, K, Ca, Mg, Cl, SO,, HCO;, Cu, Fe, Si0,, 5'%0,
and 8%H were considered for the EMMA analysis. Based on
the results, two end-members and eight components (EC,
Na, K, Mg, Cl, SO,, 8'%0, and 62H) are required to explain
80% of the variabilities in the chemical composition of the
samples. Based on the possible hydraulic connection and
chemical characteristics of the groundwater resources in
Dareh-Zar mining area, two distinct fresh (Ca-HCO;) and
brackish (Na-SO,) groundwater flows toward the pit were
identified. Therefore, a mixing model considering the two
end-members of fresh (sample DW5) and brackish (sample

@ Springer

DW?7) groundwaters was developed to investigate the effect
of brackish water on the chemistry of the pit groundwater
at a local scale, which suggested a low contribution of the
brackish groundwater (on average, about 30%) to the pit
water. To verify this, a plot comparing the measured and
modelled value from the mixing calculations was prepared
(Fig. 7). Species EC, SO,, Mg, K, §°H, and §'%0 lie on
the line 1:1, indicating that their concentrations were very
dependent on mixing. For Na and Cl, however, the observed
values were above the calculated values. The extremely high
concentration of Na in DW7 (1284 mg/L) is 11 times greater
than the Na concentration in the second most concentrated
sample (DW8 =116 mg/L). The model indicates that the
mixing consists of 70%, on average, of the Ca-HCO; water,
with presumably 30% of the Na-SO, water found at DW7.
This seems implausible because it would take a ratio of at
least 11:1 to dilute the Na concentration to that found in
all the other samples. The failure of the mixing model to
explain the dramatic difference in Na concentrations in most
of the samples is also displayed clearly on Fig. 7, which plots
estimated against observed concentrations. Only the three
samples with the lowest Na concentrations (in the lower,
left-hand corner of the graph), lie near the line passing
through sample DW7 in the upper, right-hand corner. The
same is true for the graph of estimated vs. observed Cl con-
centrations. The failure of the probable mixing of the fresh
(Ca-HCO;) and brackish (Na-SO,) end-members to explain
the dramatic difference of Na concentrations in most sam-
ples does not support mixing as being behind the ground-
water evolution to Ca-SO, type water in the Dareh-Zar pit.
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Therefore, it seems that the brackish waters do not affect
groundwater chemistry in the pit area.

To study the chemical evolution of the mine waters in
the study area, the samples were plotted on a Piper diagram
(Fig. 8). Based on the results, the Ca-HCO; groundwater
from the north and northwest areas evolve to Ca-SO, water-
type in the pit due to pyrite oxidation. This evolutionary
sequence explains the chemical composition of the ground-
water samples in the Dareh-Zar mining pit.

The chemical evolution of the mine groundwater was
confirmed by calculating the saturation indices (SI) of dif-
ferent minerals (Fig. 9). All of the samples were undersatu-
rated with respect to halite, gypsum, pyrite and chalcopyrite
(negative SI), representing their dissolution potential in mine
waters. Equilibrium-to-super-saturation states (SI> 0) with
respect to carbonate minerals are observed in the ground-
waters outside of the pit, changing to undersaturation inside
the pit area due to pyrite oxidation (Fig. 9). The process that
releases sulphate into the groundwaters enhances SI values

Observed 62H (%0 VSMOW)

with respect to gypsum in these water samples. The ground-
water samples are undersaturated with respect to copper-
bearing minerals, except in the mine pit seeps where high
concentrations of Cu cause the groundwater to be super-
saturated and Cu minerals such as azurite and malachite to
precipitate. This causes the blue-greenish colour of the seep-
ages in the pit (Fig. 2B).

Pyrite is the dominant sulphide mineral in almost all geo-
logical environments, especially metal ore and coal deposits.
It is stable under reducing conditions and oxidizes when
exposed to oxygen (Rimstidt and Vaughan 2003). The acid
generated by pyrite oxidation in turn speeds up the leaching
of trace elements, which explains the negative relationship
of pH with major ions (except for HCO;) and trace elements
(Table 4). The significant positive correlation of Fe-SO,
(R=0.98) and negative correlation of pH-Fe (R=—- 0.91)
and pH-SO, (R=— 0.87) confirm the importance of pyrite
oxidation in the Dareh-Zar pit and explains why Cu is super-
saturated in seepage waters inside the pit.
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Fig. 8 Hydrochemical evolution of the groundwaters in Dareh-Zar mining area
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cite, dolomite, gypsum, halite, Cu-bearing minerals and pyrite
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The Stable Isotopes (30 and 2H) of the Mine Water

The 8'80 and 8°H values in the groundwater samples
(Table 1) ranged from — 8.07 to — 3.26%0 and — 38.49 to
— 22.31%o, respectively, with average values of — 5.38 and
— 30.39%0. Compared with the isotopic content of the local
precipitation (Fig. 10A), mine waters from the Dareh-Zare
area plotted on the right side of the local meteoric water line
(LMWL), 8’H=7.22 and 8'80 + 15.22 (Sahraei Parizi and
Samani 2014), lying mostly on the evaporation line of the
region (8°H=4.22 and 5'®0-14.85). The isotopic contents
are the same as the groundwater from the Sarcheshmeh cop-
per mine (Sahraei Parizi and Samani 2014), suggesting a
similar origin for the groundwater. Higher enrichment of
the isotopes due to evaporation was observed in the Darh-
Zare mining area. Greater enrichments were observed in the
seeps and mine waters sampled from the pit, suggesting that
evaporation affected the isotopic and chemical composition
of the groundwater. The isotopes in the Dareh-Zare mine
groundwater were also similar to the isotopic content of the
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Table 4 Pearson’s correlation coefficients between pH and SO, with other chemical parameters in water samples from inside the pit of Dareh-

Zar mine. Values in bold letters show significant correlations

Na K Ca Mg cl SO, HCO, Sio, Fe Cu
pH -0.36 0.01 0.46 - 0.94 - 0.67 -0.87 045 -0.54 - 091 -0.99
SO, 0.70 -032 0.02 0.92 0.82 1 —0.46 0.85 0.98 0.87

—LMWL
---Evaporation line
- © Outside the pit
2 20 +| # Outside the pit (Qanat)
=] ® Inside the pit
= A Brackish water (DW7)
z o River
8 -30 [ - sarcheshmeh water
=
o
40 |
-50 + + i i i
-10 8 6 4 2 0
8130 (%0 VSMOW)
3100
Elev. = - 24.62 §2H + 1929.3 (Sahraei ( B)
2900 - e Parizi and Samani, 2014)
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Fig. 10 The composition of stable isotopes (5'%0 and 6°H) in ground-
water resources of Dareh-Zar mine as compared with local meteoric
water line (LMWL), the evaporation line of the region (Sahraei Parizi
and Samani 2014) and water samples from Sarcheshmeh mine (A)
and the approximate elevation of the recharge zone of the Dareh-Zar
(B) based on the elevation-8H relationship in local precipitation

surface waters (river samples) and ganats, all showing major
evaporative effects.

The approximate elevation of the recharge zone of the
Dareh-Zare mine was calculated based on the relationship
between elevation and isotopic contents of the local precipi-
tation (elevation=— 24.628°H + 1929.3; Sahraei Parizi and
Samani 2014; Fig. 10B). Considering no isotopic enrich-
ments of recharge in the vadose zone and groundwater aqui-
fer, the minimum and maximum elevations of the recharge
zone of Dareh-Zare mine were calculated to be at 2479 and
2877 m a.m.s.1, respectively.

The final groundwater model of Dareh-Zar copper
mine was determined (Fig. 11) based on hydraulic fea-
tures inferred from the iso-potential map of the aquifer and
analysis of the chemo-isotopic data, and the major role of
fresh (Ca-HCOj;) groundwaters on chemistry of the mine pit
groundwaters was recognised. It confirmed the main origin
of the pit water from the north and northwestern parts of the
mining area through permeable zones and faults, as shown
in the proposed conceptual model (Fig. 11). Based on the
drilling logs of the exploration wells, a weathered-fractured

permeable zone at altitude of 2500 to 2600 m a.m.s.l. exists
in the study area (Mali et al. 2021), which exactly coincides
with the mean altitude of the seepage faces inside the mine
pit. This agrees with the elevation of the recharge zone cal-
culated by the isotopes (2479 and 2877 m a.m.s.l.), proving
the role of this permeable zone in transferring groundwater
into the Dareh-Zar mining pit. The Ca-HCO; groundwa-
ters form the north and northwest areas evolve along the
groundwater flow paths and change to Ca-SO, water-type
in the mining pit due to pyrite oxidation. This suggests that
the groundwater originates from these northern and north-
western recharge zones.

Conclusion

In the Dareh-Zar copper mine study area, the groundwater
generally flows from the northwest to the southeast. This
groundwater is being discharged by seepage faces in the
Dareh-Zar mine pit, springs, and qanats. Because of excava-
tion and related dewatering process, groundwater incursions
have occurred in the mine pit, leading to the formation of
many seepage faces with AMD features. Hence, problems
such as flooding, pit wall instability, and AMD are expected
in the future. The chemistry and isotopic characteristics of
the groundwaters from outside and inside the pit were inves-
tigated to determine the origin of the seepage water in the
pit. PCA and biplot diagrams showed that the major factors
controlling the groundwater chemistry outside the pit were
mineral weathering, redox reactions (causing the release of
Fe), and gypsum dissolution, while the formation of AMD
and dissolution of sedimentary minerals were the key reac-
tions inside the pit. Composite diagrams displayed disso-
lution of calcite, gypsum, and halite minerals as the main
reactions changing the chemistry of the groundwater. AMD
production due to pyrite oxidation changes the equilibrium
states of carbonate minerals and dissolution of copper-bear-
ing minerals, except in areas in the mine pit where high con-
centrations of Cu cause the groundwater to be supersaturated
and Cu minerals such as azurite and malachite to precipitate.

Ca-HCOj; (fresh) and Na-SO, (brackish) groundwaters
were identified northwest and east of the mine, respectively,
changing to Ca-SO, inside the mining pit. Examination of a
probable mixing model considering the fresh and brackish
end-members showed that the brackish water has no effect
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Fig. 11 The hydrogeological conceptual and groundwater flow model of the Dareh-Zar copper mine, which explains the source and chemical

evolution of groundwater resources

on pit groundwater and that pyrite oxidation is responsible
for the final composition of the pit groundwater being the
Ca-SO, water type. In other words, the Ca-HCO; groundwa-
ter from north and northwest of the mine evolves to Ca-SO,
water-type in the pit due to pyrite oxidation. Pearson’s corre-
lation coefficients between pH and SO, with other chemical
parameters confirmed the importance of pyrite oxidation in
the release of metals into the groundwater as it speeds up
the leaching of trace elements and explains why copper is
supersaturated in the pit’s seeps.
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According to the stable isotopes §'%0 and 8%H, the
mine waters from the Dareh-Zar area mostly plotted on
the evaporation line of the region, right of the LMWL
indicating enrichment of the isotopes due to evaporation.
The relationship between elevation and 8?H showed more
depletion in isotopic contents at higher elevations. The
stable isotopes confirmed the origin of the pit groundwa-
ter from local precipitation, and that it is being recharged
from surrounding topographic highs at elevations of 2479
to 2877 m a.m.s.l. Thus, groundwater inrushes to the
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Dareh-Zar pit area is probably from the north and north-
west recharge zones. These areas need special attention as
a mine drainage system is designed to control groundwater
inrush into the mine area and prevent subsequent related
operational, technical, and environmental disasters.
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