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One of the main essential aspects of mining operations is the drainage of interfering waters to
enable the underground mining process. To achieve this, it is necessary to first identify the source
of water entering the mine pit and the hydrogeological regime of the region where the mine is
located. Identifying hydrogeochemical processes and the origin of salinity for groundwater
management in mines can significantly help in understanding the hydrogeological regime of the
area and determining appropriate drainage mechanisms for mine pit. The aim of this study is to
investigate the hydrogeochemistry of major ions and determine the origin of salinity in the Golgohar
mines of Sirjan using Self-Organizing Maps (SOM), Hierarchical Clustering Analysis (HCA), and
Heat Maps. Twenty water samples within the Golgohar mine area, located in southern Iran, were
evaluated. Based on the analysis of combined hydrochemical diagrams, the predominant process in
the Golgohar mine pit area No. 2 and the Kheirabad salt pan is halite dissolution. Additionally, studies
have shown that reverse cation exchange and gypsum dissolution have also occurred. According
to hydrogeochemical analysis, the main type and facies of all groundwater samples in the region
are chloride-sodic. The alignment of hierarchical cluster analysis results with self-organizing maps
classified the origin of the study area’s waters into four groups: alluvial aquifer (Group A), Mixed
(Group B), Deep brine water or hard rock aquifer (Group C), and Kheirabad salt pan brine (Group
D). It was also determined that there is a hydraulic and hydrogeochemical connection between the
Kheirabad salt pan and the groundwater of mine pit 2. However, the primary source of groundwater
salinity in the hard rock aquifer does not have a connection with the Kheirabad salt pan, and even
if this connection is accepted, its primary role is in determining its hydrogeochemical regime with
intense mixing with other waters in the area. The results of this study demonstrate the advantage
of the self-organizing mapping method for explicit understanding of hydrochemical processes in

mining areas and brine waters.
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1. Introduction
Groundwater is crucial in arid and semi-arid regions as well as in
mining areas. Therefore, understanding the evolution of groundwater
components concerning mining is vital for effective management of
groundwater resources (Richter et al., 1991). The most widespread
and common contamination of groundwater is salinity. Mining
activities may impact the quality of groundwater due to the mixing
of groundwater from various aquifers (Liu et al., 2017).
Multivariate statistical methods are commonly used to assess
temporal and spatial changes in groundwater quality, such as
cluster analysis, factor analysis, and Principal Component Analysis
(PCA) (Orak et al., 2020; Rahman et al., 2022). However, since
these methods are largely based on linear mathematical principles,
solely relying on them sometimes isn’t sufficient for meaningful
classification of complex hydrochemical datasets (Nguyen et al.,
2015). Recently, with the rapid development of artificial intelligence
and neural networks, Self-Organizing Map (SOM) models with
their self-adaptive and nonlinear features have increasingly been
employed for grouping in hydrogeology (Nakagawa et al., 2020;
Wang et al., 2023). Therefore, the SOM method can be considered
a significant advantage for studies related to water quality
classification in complex watershed environments (Koudenoukpo
etal., 2021).

Understanding the hydrogeological and hydrogeochemical
characteristics around the Golgohar 2 mine in Sirjan with the aim
of providing an implementation solution for dewatering the mine
is one of the main aspects of managing groundwater resources
around the Golgohar 2 mine. Understanding the primary source of
groundwater recharge, the origin of salinity around the Golgohar 2
mine, and the hydrogeology of the system using hydrogeochemical
methods can significantly help solve problems arising from
groundwater leakage into the mine. This study was conducted to
determine the source of salinity in the groundwater of the Golgohar
2 mine in Sirjan using self-organizing mapping, cluster analysis,
and hydrochemistry methods to enhance the role of hydrogeology

in mine drainage.

2. Research methodology

The Golgohar mine is one of the largest known iron ore deposits in
the Middle East, located in the southeastern part of the Sanandaj-
Sirjan zone, approximately 60 kilometers southwest of Sirjan city.
Around the Golgohar area, there are several playas, including the
Kheirabad salt pan, which serve as a local base level (Fig. 1). The
geological formations of the Golgohar mining area primarily consist
of a metamorphic complex including phyllite, schist, amphibolite,
gneiss, marl, and other metamorphic rocks, accompanied by granite
associated with regional tectonics (Sabzehei et al., 1997). The

surface geology in this area is mainly composed of young alluvial

deposits including consolidated sediments and conglomerates,
along with clay and silt layers of Quaternary age.

In order to investigate the source of water in Golgohar Mine 2 pit
in Sirjan, sampling was conducted from 20 water sources in Esfand
1400 (March 2021). The sampling points included 11 groundwater
entries to Golgohar Mine 2 pit, three observation wells, and four
points at the Kheirabad salt pan. The data were categorized into
Group A, Group B, Group C, and Group D, with previous studies
classified as Group E (Maknooni, 2018) and Group F (Assari,
2019) (Fig. 1).

Field measurements included monitoring parameters such as
electrical conductivity (EC), pH, and temperature onsite using
a portable HACH eq device from the United States (Table 2).
Groundwater samples were collected daily from predetermined
locations and gathered in 500 ml polyethylene bottles, which were
then labeled. The collected samples were quickly sent to the water
and oil laboratory of the Golgohar Mining and Industrial Company
for the analysis of major cations and anions.

To understand the groundwater system and identify the
predominant hydrogeochemical processes in the Golgohar mine
and Kheirabad salt pan aquifers, hydrogeochemical methods
(Piper diagram and ionic ratio diagram) were used. Additionally, to
examine and determine the origin of the groundwater in Golgohar
Mine 2 in Sirjan, the results from the sample measurements were
analyzed using hierarchical cluster analysis (HCA) and artificial
neural network modeling (self-organizing map, SOM). In this
study, the hydrogeochemical data of 20 groundwater samples were
analyzed using SOM, considering 9 hydrogeochemical indices )
Na’, K*, Ca**, Mg*, CI, SO,*, HCO,, pH, and EC).

3. Results

Electrical conductivity (EC) as an indicator of salinity ranged from
8.1 to 526 m mho/cm. The highest EC value was observed in sample
D4 from the salt pan. Approximately 95.3% of the samples had an
EC greater than 10 m mho/cm. The EC of samples from the salt pan
was higher than those from the pit and boreholes, indicating greater
salinity in the groundwater of the salt pan area. The cation sequence
is Na™> Ca’> Mg”> K", while the anion sequence is CI> SO,*>
HCO; across all four groups A to D. The hydrogeochemical facies
in the mining area and Kheirabad pan (in all six classified groups)

is Na-Cl.

3.1. Determining the Origin of Salinity in the Groundwater of
Golgohar Sirjan mine

3.1.1. Hierarchical Cluster Analysis

The dendrograms differentiate the waters from the initial benches

of mine 2 Pit and the surrounding boreholes from those located
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in the final benches of mine 2 Pit of Golgohar and the Kheirabad
salt pan areas. Based on the similarities, sampling points have
been classified into four groups. According to dendrogram Fig. 6,
which illustrates the relationships between samples, magnesium
and calcium show the highest similarity to chloride and sodium,
indicating that the groundwater is associated with reverse cation
exchange processes. The grouping of sodium and chlorine in a
subgroup also suggests the occurrence of halite dissolution in the

area.

3.1.2. Self-Organizing Map (SOM)

In the SOM model, the output layer’s neurons number in the neural
network were selected to be 25, based on the heuristic method
proposed by Vesanto and Alhoniemi (2000), then, Self-organizing
maps were generated. The color gradient of the variables in the
SOM matrix shows the relationships between them. The ions
Na*, K*, Ca*, Mg*, CI, and EC exhibit similar color gradients,

indicating that these six parameters are positively correlated.

4. Discussions

This study, utilizing previous data as well as performing
hydrogeochemical analyses and interpretations from hierarchical
cluster analysis and self-organizing map, aims to identify the
source of salinity in the groundwater at Golgohar Mine 2 in Sirjan
and Kheirabad salt pan. According to Fig. 4, halite dissolution is
likely the main source of salinity in both the alluvial and hard rock
aquifers as well as the Kheirabad salt pan. Additionally, reverse
cation exchange also occurred in the mixed group and the hard
rock aquifer, altering the water chemistry. Overall, with the results
obtained from the HCA dendrogram and SOM, the origin of the
water in Golgohar Mine (Mine 2) and Kheirabad salt pan was
successfully classified into four groups:

Group A: This group relates to waters from the alluvial aquifer
and samples with the minimum concentration. This group includes
samples P1, P2, P3, P4, P5, P6, P7, P8, W1, W3, W4, which are
from leakage levels located in the initial benches of Mine 2 and the

boreholes around Pit 2.

Group B: This group relates to waters with a mixed origin (P11,
P12, P13, D1, D2). Samples P11, P12, and P13 result from the
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mixture of alluvial aquifer with hard rock aquifer (due to their
locations in the lower benches of Pit 2). Salty waters from hard
rocks reach the alluvial aquifer through fractures and faults, and
mixing occurs. Samples D1 and D2 are obtained from the mixture

of alluvial aquifer water with Kheirabad salt water.

Group C: This group relates to water from hard rock aquifer.
Samples P9, P10, and D5 are included in this group.

Group D: Originates from the brine of the Kheirabad salt pan. Only
sample D4, which was taken from the lake of the Kheirabad salt
pan, is belong to this group. Salinity in this group is due to halite

dissolution, intense evaporation, and reverse cation exchange.

5. Conclusion

This paper focuses on the chemistry of major ions at Golgohar Mine
2 in Sirjan and the Kheirabad salt pan to determine the sources of
salinity and hydrochemical processes using self-organizing maps
and hierarchical cluster analysis with the aid of heat map. SOM, in
conjunction with HCA clustering, provided better results than other
methods (such as Piper diagrams and ion ratios), for grouping and
determining the origin of water in the study area.

Halite dissolution is likely the main source of salinity in both the
alluvial and hard rock aquifers as well as the Kheirabad salt pan.
Additionally, reverse cation exchange has occurred in the mixing
group and the hard rock aquifer due to the long residence time of
sodium-rich groundwater, possibly altering the water chemistry,
with minor direct cation exchange and gypsum dissolution in a
few samples from the alluvial aquifer. The results indicate that the
chemical composition of the water from the Kheirabad salt pan
does not correlate with that of the hard rock formation. Therefore,
it can be concluded that the main source of salty water in the
hard rock aquifer is not the Kheirabad salt pan, and if there is a
connection, it mixes very intensely with other waters. However,
there is a connection between the alluvial aquifer of Mine 2 and the

Kheirabad salt pan.
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Figurel. Geographical location, geology and sampling points of group A (alluvial aquifer), group

B (mixed), group C (Hard rock aquifer), group D (Kheirabad salt pan brine), group E (Maknooni,

2018) and group F (Assari, 2019) in Sirjan Golgohar mine and Kheirabad salt pan.
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Table 1. Sampling point features located in the Golgohar Sirjan mine and Kheirabad salt pan.

Sampling . . Water
Group . Type Categorical Cordinate
point type
P1 Seepage face Pit area 40R 336421 3220901 Na-Cl
P2 Seepage face Pit area 40R 336750 3220744 Na-Cl
P3 Seepage face Pit area 40R 336537 3220330 Na-Cl
P4 Seepage face Pit area 40R 336879 3220677 Na-Cl
P5 Seepage face Pit area 40R 336850 3220199 Na-Cl
Group A P6 Seepage face Pit area 40R 337230 3220182 Na-Cl
P7 Seepage face Pit area 40R 336398 3220539 Na-Cl
P8 Seepage face Pit area 40R 337149 3220185 Na-Cl
W1 Well Surrounding well 40R 337773 3219663 Na-Cl
w3 Well Surrounding well 40R 339214 3220458 Na-Cl
W4 Well Surrounding well 40R 336392 3221662 Na-Cl
P12 Sump Pit area 40R 336617 3220566 Na-Cl
Group B P13 Seepage face Pit area 40R 336750 3220744 Na-Cl
D1 Drain Salt pan 40R 342756 3226645 Na-Cl
D2 Drain Salt pan 40R 343634 3227570 Na-Cl
P9 Seepage face Pit area 40R 336569 3220683 Na-Cl
Group C P10 Artesian well Pit area 40R 336672 3220623 Na-ClI
D5 Drainage outlet Salt pan 40R 339292 3225965 Na-ClI
Group D D4 Kheirabad Salt pan Salt pan 40R 342297 3230474 Na-Cl
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Table 2. Physicochemical parameters measured in situ and laboratory.

CBE EC pH Crl SO HCO, Ca® Na* K* Mg*
Group
% (m moh/cm) (meq/L)
Mean -1.305 16.3 7.18 149.84 49.20 1.67 67.90 105.09 0.31 20.94
Max 3.81 25.8 770 295.33 83.30 3.28 121.92 171.04 0.51 42.29
Group A
Min -4.6 8.17 6 59.20 7.76 0.70 19.85 51.39 0.20 12.05
SD 2.87 5.53 0.62 72.2 18.3 0.6 28.3 36.6 0.1 124
Mean -1.13 62.6 7.34  807.52 72.29 1.16 213.99  553.88 1.39 91.10
Group B Max 2.86 76.1 7.60 1041.16  127.84 1.49 312.79  739.01 1.98 134.23
Min -4.71 43.5 7.2 532.2 35.26 0.75 122.55  278.84 0.53 66.51
SD 2.74 12.19 0.1 196.55 39 0.6 71 163.9 0.5 23
Mean -0.116 127.3 6.67  1968.04 14.18 0.71 38.34 1089.98 3.73 145.42
Group C Max 1.83 140.3 720 225196  25.04 0.94 884.33  1244.71 5.73 217.39
Min -1.65 128 6.30  1646.6 7.98 0.5 638.9 858.9 221 86.12
SD 1.45 10.91 0.38 248.5 7.7 0.18 105.4 166. 1 1.41 54.3
Group D - -2.94 526 5.8 8311.6 28 1.57 23282 4862.2 24.7 647.53
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Figure 2. Variational map of electrical conductivity of groundwater in the Sirjan Golgohar

mine and Kheirabad salt pan.
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Figure 3. Piper diagram of the Golgohar Sirjan mine and Kheirabad salt

pan groundwater and surface water samples. group A (alluvial aquifer),

group B (mixed), group C (Hard rock aquifer), group D (Kheirabad salt

pan brine), group E (Maknooni, 2018) and group F (Assari, 2019).
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Figure 5. Scatter plots of Ca*+Mg*-SO,*-HCO, vs. Na'-CI

indicates the reverse ion exchange process.
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Figure 6. Two-way dendrogram with the heat map. The color gradient from

yellow to dark blue represents the range from the lowest similarity (yellow)

to the highest (dark blue) of each hydrochemical variable. Group A (alluvial

aquifer), group B (mixed), group C (Hard rock aquifer), group D (Kheirabad

salt pan brine).
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Figure 7. The component planes of self organizing map for 9 major hydrochemical parameters

of Sirjan Golgohar mine and Kheirabad salt pan.
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red: Kheirabad salt pan brine source).
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Table 3. The excitability of neurons compared to the hydrochemical input data of water

samples from Golgohar Sirjan mine and Kheirabad salt pan for each SOM group (divided

into 4 groups - group A alluvial aquifer source, group B: mixed source, group C: Hard rock

aquifer source, group D: Kheirabad salt pan brine source. (EC in terms of: m mho/ cm and

other parameters in terms of: meq/ L) (Colors in order from the lowest to the highest value:

dark green, green pale, orange, red))
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