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dissociation, oxidation/reduction, and secondary mineral 
precipitation (Appelo and Postma 2005). Chemical and iso-
topic indicators have been used to trace flow systems, deter-
mine origins of groundwater salinity, observe migration of 
the fresh–salt water interface, and understand mixing of 
saline and fresh water (Allen and Lepitre 2004; Cartwright 
et  al. 2006; Dixon and Chiwell 1992;  Faye et  al. 2005; 
Gammons 2006; Gammons et  al. 2006; Ghiglieri et  al. 
2012; Giménez and Morell 1997;  Han et al. 2011; Jahan-
shahi and Zare 2016; Magaritz and Luzier 1985;  Moham-
madi et  al. 2012; Möller et  al. 2007; Mondal et  al. 2011; 
Singh et al. 2011; Morell et al. 1996; Tijani 2004; Yidana 
and Yidana 2010; Zhang et al. 2007). Salinity can be used 
to determine the origin of groundwater because evaporated 
sea water, connate waters, and waters affected by evapo-
rite dissolution are high in total dissolved solids (TDS), 
chloride, and salinity, and relatively low in bicarbonates 
(Amajor and Gbadebo 1992). However, one cannot differ-
entiate water with the same salinity and different origins 
in this way, so ion ratios Na/Cl, Cl/Br, Ca/SO4, Ca/HCO3, 
Ca + Mg/ SO4 + HCO3 have been used to distinguish pos-
sible groundwater origins (Faye et al. 2005; Ghiglieri et al. 
2012; Mohammadi et al. 2012; Möller et al. 2007; Mondal 
et al. 2011; Tijani 2004; Yidana and Yidana 2010).

Sources of dissolved Cl− in groundwater include salt 
water intrusion, mineral dissolution (principally halite), 
chloride buried during sediment deposition, marine aero-
sols, oil and gas-field brines, agriculture, and industrial 
effluents (Park et  al. 2005). The Na/Cl ratio can be used 
to distinguish brine produced by halite dissolution from 
oil field brine. Generally, oil field brines have Na/Cl molar 
ratios much less than 1 (Richter and Kreitler 1993).

The Cl/Br ratio is also useful (Alcalá and Custodio 2008; 
Cartwright et  al. 2006; Freeman 2007; Iribar andÁ balos 
2011; Leybourne and Goodfellow 2007). When seawater 
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composition. Water quality changes due to processes such 
as: evaporation, mixing of waters, cation exchange, mineral 
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initially evaporates, Cl− and Br− concentrations increase 
in the residual hypersaline waters, but the Cl/Br ratio does 
not change; however, when halite begins to precipitate, a 
small fraction of the bromide is absorbed in the halite lat-
tice, while the Cl− precipitates as a halite component. Since 
Br− is more soluble than Cl−, this ratio of the residual water 
decreases with progressive evaporation; therefore, halite 
dissolution produces waters with a high Cl/Br ratio (Car-
penter 1978; Kharaka et al. 1987).

The stable isotopes of 18O and 2H are also often used 
to identify groundwater sources (Currell Matthew et  al. 
2014; Faye et  al. 2005). When no significant evapora-
tion of rainwater occurs before and after infiltration, con-
centrations of these isotopes remain unchanged, and the 
groundwater follows the precipitation pattern of the area. 
Moreover, they can be used to differentiate between evap-
oration and mineral dissolution. Variations in the stable 
isotopic composition of groundwater can be caused by: 

(1) natural variations in the isotopic composition of pre-
cipitation, (2) mixing of different waters, and (3) evap-
oration (Faye et  al. 2005; Sprenger et  al. 2014). Bahim 
et al. (2015) used δ2H and δ18O and chemical analyses to 
differentiate alluvial and deep aquifers and demonstrate a 
local recharge source for the alluvial aquifer.

The Golgohar iron ore mine in southern Iran is a 
large open pit that uses dewatering (≈4000–5000  m3/
day) to prevent flooding. A vast, deep cone of depres-
sion has formed, and water from all around the area and 
a deep aquifer flows into the pit. New wells continue to 
be drilled inside and outside of the pit to prevent flood-
ing and/or reduce its magnitude. However, understanding 
the origin of the groundwater and differentiating differ-
ent water sources is necessary to improve dewatering. In 
addition, the salinity of the discharged water from the pit 
and the area’s groundwater is high. Hydrochemistry and 

Fig. 1   Geological map of the study area and sampling points
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stable isotope composition were used to investigate the 
effects of dewatering and the origins of the salinity.

Description of the Study Area

The Golgohar iron ore mine is located about 50  km 
southwest of the town of Sirjan, in Kerman province 
(55°15′–55°24′N and 29°03′–29°07′E), in an area of pla-
nar desert topography. The area is generally covered by 
Neogene conglomerates and Quaternary deposits; exposed 
rocks include biotite schist, amphibolite, granite, and mar-
bles. Metamorphism obliterated the original textures and 
converted the sediments into magnetite, skarn, amphibolite, 
gneiss, schist, and Ca–Mg carbonate marble. Other min-
erals include calcite, dolomite, quartz, feldspars, biotite, 
muscovite–sericite, talc, epidote, zoisite, chlorite, tremo-
lite–actinolite, hornblende, and spinel. Quaternary sedi-
ments of alluvial fans, talus, and river sediments dominate 
the area (Mücke and Younessi 1994).

The area is semiarid with an average annual rainfall 
of 172  mm (mainly in the winter); potential evaporation 
exceeds precipitation for much of the year. The highest 
temperature recorded was +40 °C, the lowest temperature 
was 16 °C, and the relative humidity averages about 33%.

The Golgohar area is surrounded by the Sirjan salt 
playa in the north and the Marg (death) salt salt playa in 
the south. Sediments of the salt plains are a mixture of 
clay, salt, and gypsum and the land in both plains becomes 
swampy during the rainy season.

The mine contains six ore bodies spread over an area of 
40 square km. Only ore deposit (pit 1) is currently being 
extracted; dewatering is also going on. Overburden extrac-
tion is proceeding at deposit number 3 (pit 3), with only 
limited pumping of seepage. A tailings dam is under con-
struction south of the mine for the mine wastes.

Hydrogeological study of the mine area indicates that 
two aquifers exist; the upper aquifer is an alluvial aquifer 
located above a hard (metamorphic) rock aquifer. Since 
there is no impermeable layer between the aquifers, the two 
are hydraulically connected. Quality of groundwater in the 
area is very low (the average electrical conductivity (EC) 
nearly is 15,000 µmhos/cm) and is not suitable for drinking 
water. In parts of the region, groundwater is used to irrigate 
pistachio farms (a saline resistant crop).

Materials and Methods

Sample Collection and Analysis

Altogether, the 38 duplicate water samples that were col-
lected (at July 2011) for hydrochemical analysis were 

sorted into four sets: set I, groundwater from piezome-
ters and pumping wells around pits 1 and 3 and pit floor 
seepage, which are referred to here as the “pit area sam-
ples”; set II, groundwater from piezometers at the site 
of the proposed tailings dam, which are referred to as 
the “dam site samples”; set III, samples from irrigation 
wells around the Sirjan salt playa (three wells) north 
and northeast of the mine, an irrigation well south of 
the mining area near Marg salt playa (one well), and a 
drinking water well east of the mine area, which are all 
referred to as irrigation well samples; and set IV, a water 
sample from the Sirjan salt marsh. Figure  1 shows the 
location of the sampling points. Samples were stored in 
acid-washed, polyethylene bottles that were thoroughly 
rinsed with representative water samples, transferred 
to the laboratory in a short time, and stored in a refrig-
erator. Temperature, EC, and pH were measured in  situ 
using pre-calibrated portable digital EC (WTW LF191) 
and pH (Jenway) meters. In the laboratory, samples were 
filtered to remove suspended sediment, then divided in 
two aliquots: one was used for analysis of major anions, 
while the second were treated with 1 mL of concentrated 
HNO3 used for major cation analysis. Major ions were 
analyzed employing standard methodologies (APHA 
1989): Cl− by standard AgNO3 titration; HCO3

− by titra-
tion with HCl, SO4

2− was determined by spectrophoto-
metric turbidimetry (HACH model of Ratio/XR, 43900); 
Mg2+ and Ca2+ by titration using standard EDTA; Na+ 
and potassium K+ by flame photometry (Perkin-Elmer 
model of Coleman, S1-A); Br− content via ion chro-
matography; and TDS was determined gravimetrically 
at 105–110 °C in the hydrochemistry laboratory of the 
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Dept. of Earth Sciences, Shiraz University. The quality 
of the analyses was evaluated using the electrical bal-
ance equation; samples with more than a 5% difference 
were re-analyzed (Appelo and Postma 2005).

Groundwater samples from the locations mentioned 
above and precipitation samples from three different 
topographic elevations were collected in dark bottles 
and stored in a refrigerator before being sent to the Freie 
University laboratory in Berlin, Germany for analysis of 
δ2H‰ and δ18O‰, relative to the VSMOW standard.

Results and Discussion

Hydrochemistry

The physicochemical properties of the samples are given 
in Table 1. The pH of the water samples ranged from 6.3 
to 8.11. The EC ranged from 1306 to 457,000 µmhos/
cm (TDS ranged between 1476 and 333,900 mg/L). The 
relative weight of Cl−, the dominant anion in most water 
samples, ranged from 10 to 62% of the total weight of 
anions. The predominant anion at the proposed tailings 
dam site was sulphate. The dominant cation of most of 
the samples was Na+, with relative weight ranges from 8 
to 36%.
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Water Types

All of the samples were plotted as Piper (Fig. 2) and Stiff 
(Fig. 3) diagrams to determine the dominant water facies 
in the aquifer. Samples were then categorized into four 
“water types”; i.e. Na–Cl (group G1), Ca–Cl (group G2), 
Na–SO4 (group G3), and Na–HCO3 (group G4). The pit 
area samples were mostly G1, with the exception of two 
samples (B5 and A14) from the northeastern part of the 
pit, which were G2. The weak domination of Ca2+ over 
Na+ in B5 and A14 could be due to cation exchange. 
Samples from the dam site (samples D6, D7, and D8) 
grouped in G1, with Na+ > Cl−; samples D2, D4, D5, and 
D9, located close to exposed metamorphic rocks, near a 
drainage channel that transports surface runoff from the 
area, were G3; and sample D10 was G4. The irrigation 

wells (IW1-IW5), which were far from the pits and the 
Sirjan salt playa water (Fig. 1), were type G1 (Fig. 3).

Iso‑concentration Map of the Ions

To investigate the spatial distribution and factors affecting 
the chemical composition of the waters, iso-concentration 
maps of EC, Cl−, Na+, Ca2+ and SO4

2− (Figs.  4, 5) were 
compared with the iso-potential and groundwater flow. 
The flow pattern and groundwater potential head of the pit 
area differ from the dam site (Fig. 6). Due to dewatering, 
a vast cone of depression has developed, causing ground-
water to move from the Sirjan salt playa towards the pit. 
Flow of groundwater at the dam site is from north to south 
and it seems that the dewatering has not affected the dam 
site groundwater yet. On the other hand, Figs. 4 and 5a, b 
indicate that EC, Cl−, and Na+ in the groundwater of the pit 
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area generally increase toward the pit; their iso-concentra-
tion patterns are relatively similar to the groundwater flow 
pattern. Since, Cl−and Na+ are the dominant ions, their 
concentration contour lines almost mirror the EC contours. 
These iso-values were generally less at the dam site than in 
the pit area.

The Ca2+ and SO4
2− concentrations in the mine area 

groundwater (Figs.  5c, 7d) differ from the groundwater 
potential head pattern. This implies that other factors, like 
dissolution of calcite, dolomite, and gypsum, pyrite oxida-
tion, and ion exchange have affected Ca2+ and SO4

2− con-
centrations. Figure  5c also shows that concentrations of 
Ca2+ in the groundwater of the dam site increase from the 

east to the west of the site; this is probably due to the pres-
ence of calcite and dolomite in west and south of the site. 
The SO4

2− map (Fig. 5d) shows a different pattern, increas-
ing from the southeast towards the northwest, for no known 
reason.

Ion Ratios

To deliberate deeper into the different concentration pat-
terns and investigate the sources of the various ions, molar 
ratios were calculated (supplemental Table 1). The ratio of 
Na/Cl versus Cl− (Fig. 7a) indicates that this ratio was less 
than one for all samples from the pit area and the irrigation 
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wells (except for IW5, which had a relatively low EC and 
is used as drinking water) and is above one for samples 
from the dam site. One would expect a ratio of one if these 
ions were solely due to halite dissolution. Dissolution of 
other minerals and cation exchange would have changed 
this ratio. Since Cl− is a relatively conservative ion, the 
decreased ratio could be due to ‘reverse’ cation exchange, 
favoring the right side of the equation shown below 
(Appelo and Postma 2005):

Dissolution of sodium-bearing minerals and/or ‘direct’ 
cation exchange (the left-hand side of the above equation), 
will increase the ratio. Considering samples from the pit 
and irrigation wells (IW1-4) close to the Sirjan salt marsh, 
with Na/Cl < 1, we can deduce that water from the salt playa 
(SM sample, with a Na/Cl ration of 0.94) moves towards 
the pit and irrigation wells and that the ratio changes due 
to reverse cation exchange. However, for samples from the 
dam site and IW5, the excess Na+ could be due to weather-
ing and dissolution of sodium silicate (Möller et al. 2007) 
or direct cation exchange.

The less saline dam site samples had higher ratios of 
K/Cl and Mg/Cl (supplemental Table 1, Fig. 7b, c) versus 

Na++1⟋2 Ca − X2 ↔ Na − X +
1⟋2 Ca

2+

Cl− than the more saline pit area waters. This could be due 
to weathering of the more resistant silicate minerals in the 
dam area, while groundwater from the pit area is influenced 
by the sedimentary material in the pit area and groundwater 
from the salt marshes. The molar ratio of Ca/Cl (Fig. 7d) 
was similar for most of the groundwater samples, which 
could indicate that Ca minerals dissolve similarly in all 
areas.

The mass ratio of Cl/Br had a relatively wide range and 
generally increased with salinity, from about 200 to about 
10,000 in the more saline groundwater (supplemental 
Table 1). The higher ratios were detected in groundwater of 
the pit area and irrigation wells; lower ratios were seen in 
the dam site samples. Plotting this ratio versus Cl− (Fig. 7e) 
showed two different trends. For samples from the dam site 
and irrigation wells, the trend had a positive slope, while 
the pit area samples had a slightly negative slope. The first 
trend indicates that Cl− does not necessarily correlate with 
Br−, while the pit area samples show that Cl− increased in 
virtual harmony with Br−. Based on this observation, there 
are two different waters: (1) shallow water far from the pit 
area (dam site and irrigation wells area) and (2) deeper 
ground water in the pit area (the pit is currently about 
120  m deep). Dewatering has caused a reverse hydraulic 

Fig. 6   Groundwater iso-poten-
tial map and flow direction in 
the pit and dam site area
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gradient and consequently the intrusion of deep saline 
water from the Sirjan salt playa into the pit area. The plot 
of Cl/Br ratios versus sampling depth shows how the ratio 
increases with depth (Fig. 7f).

The plot of molar concentration of HCO3
− versus Ca2+ 

and HCO3
− versus Ca2+ + Mg2+ are presented in Fig. 8a, 

b. If these ions were present due to dissolution of calcite or 
dolomite, the plotted points should follow a 2:1 line. How-
ever, this was not the case; instead, there was a negative 
trend, indicating that other sources of Ca2+ and/or Mg2+ 
exist in the area. Dissolution of gypsum or other minerals 
such as tremolite-actinolite, hornblende, chlorite, epidote, 
and biotite, and cation exchange can all introduce Ca2+ and 
Mg2+ into groundwater.

The relationship between SO4
2− and Ca2+ is shown in 

Fig.  8c. Gypsum dissolution would present a line of 1:1, 
but this was not the case for most of the samples, and inter-
estingly, the dam site samples plotted to the left of the line, 
indicating that either that SO4

2− had increased or that Ca2+ 

had decreased. The increase of SO4
2− could be due to dis-

solution of other SO4
2−-bearing minerals or pyrite oxida-

tion. However, pyrite does not exist in the dam site area 
and the pH of all samples was near or above 7 (Table 1). 
The Ca2+ decrease could be due to direct cation exchange 
or dolomitization and/or precipitation of calcite. Since the 
Na/Cl ratio was greater than 1 for the dam site samples, it 
appears that Na+ has been released by silicate weathering; 
the Ca2+ decrease was most probably the result of cation 
exchange with Na+. Also, most of the samples from the pit 
area and the irrigation wells plotted to the right of the 1:1 
line (Fig. 8c), further differentiating them from the dam site 
samples; hence, either SO4

2− concentrations have decreased 
or Ca2+ concentrations have increased, due to dissolution of 
other Ca2+-bearing minerals beside gypsum, and/or reverse 
cation exchange.

To clarify whether dissolution of calcite and dolomite 
produced the additional Ca2+ and Mg2+, molar concentra-
tions of SO4

2− + HCO3
− were plotted versus Ca2+ + Mg2+ 
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(Fig.  8d). If dissolution of gypsum, calcite, and dolomite 
were responsible, the samples would have a slope of 7:4, 
assuming chemical equilibrium.

However, most of the samples from the pit area and irri-
gation wells plot to the right of the 7:4 line. Comparing 
Fig. 8d, c indicates that the Mg2+ increase in the pit area 
samples was greater than the HCO3

− increase. This could 
be due to dissolution of Mg2+-bearing minerals other than 
dolomite.

Table  1 shows that most samples were supersaturated 
with respect to calcite and dolomite, indicating the poten-
tial precipitation of these minerals in the groundwater. Most 
samples from the dam site and irrigation wells were under 
saturated with respect to gypsum and halite, but some sam-
ples from closer to the pit are supersaturated with respect to 
gypsum, and deposition of this mineral is expected.

Stable Isotope Study

Supplemental Table  2 presents the δ18O and δ2H values 
of the area’s groundwater and precipitation (Fig. 9a). The 

3CO2 + 3H2O + CaCO3 + CaMg(CO3)2 + CaSO4 ↔ 3Ca2+

+Mg2+ + 6HCO−

3
+ SO

2−
4

local (Sirjan) meteoric water line (LMWL), δ2H = 7.12 
and δ18O = 15.92, were compared with the global meteoric 
water line (GMWL; Craig 1961). The δ18O and δ2H values 
ranged from − 5.6 to − 1.5‰ and − 35.1 to − 21‰, for the 
groundwater samples; and − 15.2 to − 1.8‰ and − 107.2 to 
− 2.8‰ for the precipitation samples, respectively. All of 
the groundwater samples plotted below the LMWL. Fig-
ure 9b shows three groups of samples:

i.	 GR1: isotopic compositions close to the LMWL, from 
the dam site and irrigation wells, far from the pits.

ii.	 GR2: more enriched samples, including samples from 
piezometers and pumping wells near the pits.

iii.	 GR3: samples with the most enriched isotopic compo-
sition, including seepage and drainage waters from the 
hard rock in the bottom of the pits.

Figure 9b and the above proposed grouping could imply 
a trend in the evolution of the chemical and isotopic com-
position of the waters, which mixing and/or evaporation 
play the major roles. Since the water table of the area is 
more than 60 m below the ground surface, enrichment of 
groundwater by evaporation is low. However, potential 
evaporation of runoff prior to recharge into the ground 
is high due to the area’s climate. To clarify the effect of 
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evaporation on isotopic enrichment of the groundwater, the 
following approaches were applied:

i)	 If evaporation from groundwater was a factor, the water 
would become more saline and δ2H and Cl− should be 
highly correlated (Clark and Fritz 1997). Figure  10 
shows a weak correlation (R2 = 0.093), indicating that 
Cl− concentration was not related to δ2H enrichment. 
Therefore, the effect of evaporation on enrichment 
of the stable isotope compositions was low and the 

increased Cl− concentration could be due to halite dis-
solution.

ii)	 If groundwater evaporates in an environment with a 
relative humidity of 50%, the slope of the enrichment 
trend line of isotopic composition should be about 
4.5; for a relative humidity of 0%, it would be about 
3.9 (Clark and Fritz 1997). The δ2H and δ18O of the 
groundwater samples of the study area were plotted 
beside lines with slopes of 4.5 and 3.9 (Fig. 11). The 
regression line of the samples has a slope of about 2.3. 
Since the relative humidity of the study area is about 
33%, it was expected that the regression line should 
plot between these two lines; however, the regression 
line is below both lines and has a lesser slope. Hence, 
the enrichment trend has developed by other mecha-
nisms, such as mixing of enriched water with a lower 
isotopic composition. However, some enrichment 
could have taken place prior to infiltration, either in the 
salt playas or during runoff.

Applying the above arguments to the waters of the stud-
ied area may clarify that: the waters of group GR1 (Fig. 9b) 
were similar to the area’s precipitation and could be con-
sidered as a first end member. Group GR3 samples could 
represent a second end member, associated with evapora-
tion prior to recharge into groundwater. Group GR2 would 
result from mixing of these two groups (Fig. 11).

Origin of Groundwater and Conceptual Flow 
Model

As previously discussed, hydrochemical study of the 
groundwater implies that four water types exist in the area. 
From this, one may infer that the groundwater has four 
different sources. However, dissolution, cation exchange, 
chemical reactions, and mineral deposition can all change 
water types. Since the irrigation wells waters near the 
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Sirjan salt playa and the sample from the salt playa itself 
were similar to the groundwater of the pit area, and the 
groundwater flow direction is from the salt playa area 
towards the pit (Fig. 6), it was concluded that the water of 
the pit area are largely supplied by the Sirjan salt playa and 
the areas in between.

The samples from the dam site were of three water types, 
all different from those of the pit area (Fig.  3). The flow 
direction in the dam site is from the northeast towards the 
southwest (Fig.  6). These clues indicate that groundwater 
of the dam site has its own origin, and that the lithology of 
the surrounding geological formations affects their chemi-
cal properties and water type. The flow direction in the dam 
site continues towards the southeast of the area where irri-
gation well IW4 is located. The similarity of the IW4 water 
type to that of D6, D7, and D8 supports this indication too. 
However, the Cl− content of IW4 increases during the flow 
path.

Considering the above points of view, a conceptual 
model for circulation of meteoric water from the Sirjan 
salt playa into the aquifers of the area through the geologi-
cal formations, faults, fissures, and porous media of the 
top alluvium is presented (Fig. 12). This figure shows that 
the water table gradient and groundwater flow direction 
in pre-mining operations and dewatering conditions, were 
from the pit area towards the Sirjan salt marsh, which has 
the lowest topographic elevation. But due to the mining 
operations and dewatering process, a cone of depression 
has gradually developed in the pit area; gradient and flow 
direction were reversed and intrusion of salt water from the 
salt playa into the aquifer of the pit area has occurred. Con-
tinuation of pumping and drawdown in the upper brackish 
water of the aquifer also has caused ‘upconing’. As a result, 
saline water from below the mine is being pumped into the 
bottom of the pits and mixing of brackish shallow ground-
water and saline water from the salt playa, transferred via 
the faults, fractures, and joints of the deeper hard rock aqui-
fer, is occurred.

The 18O and 2H composition of the groundwater samples 
confirm the proposed conceptual model and the mixing 
trend. Considering the relation between18O and 2H, water 
group GR1 (Fig. 9) represents shallow groundwater, which 
is unaffected by mining and possibly resembles groundwa-
ter prior to mining and dewatering. Water enriched in iso-
topes due to evaporation (prior to infiltration from runoff 
and surface water flows or during residence in the Sirjan 
salt playa) has entered the lower aquifer, in a way that the 
intruded saline water enriched in isotopes (represented by 
the GR3 group) exists below the brackish water. Alterna-
tive pumping and the consequence fluctuations of the water 
table, in addition to diffusion, have caused mixing of the 
upper fresh-brackish groundwater (GR1) and the more 
saline groundwater (GR3) of the pit area, producing group 
GR2.

Conclusions

Additional study of the origins of the groundwater and its 
various sources was necessary to improve the dewatering of 
the Golgohar iron ore mine. In addition, the salinity of the 
water being discharged from the pit and groundwater was 
high, which affects the environment downstream. Hence, 
hydrochemistry and chemical processes were used to inves-
tigate the effects that dewatering has had on the area’s 
groundwater.

The hydrochemical studies showed a heterogeneous dis-
tribution of salinity in the area’s groundwater. Generally, 
water with high TDS were found in the mining area’s deep 
aquifer, while fresh and brackish waters were present in the 
shallower aquifer in the pit area and samples far from the 
pit (i.e. the proposed tailings dam site or irrigation wells). 
Furthermore, the relationships between salinity and depth 
revealed that a deep saline water reservoir has developed as 
a result of salt water intrusion from the Sirjan salt marsh, 
located to the north of the mine. The intruded salt water 
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has also mixed with fresher, shallower groundwater. Migra-
tion of saline water into the pit is a result of the dewater-
ing processes and upconing. However, the groundwater at 
the proposed tailings dam site has not been affected by the 
dewatering and salt water intrusion; the groundwater qual-
ity there is best explained by long-term mineral dissolution 
in that vicinity.

Finally, it was determined that the origin of the ground-
water in the Golgohar mine pit area is generally the mete-
oritic water that infiltrates into the shallow groundwater 
and mixes with more saline water at depth. Most of the dis-
charged groundwater from the mine comes from the Sirjan 
salt marsh, flowing through the faults, fractures, and joints 
in the deep hard rock aquifer. So, to prepare a sound plan 
for additional dewatering, it will be essential to pay atten-
tion to fault zones in the hard rock aquifer.
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