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Abstract
The Erdenet mine (Erdenet, Mongolia) is a copper–molybdenum open pit mine with a huge tailing pond and is located 
next to a residential area. As the sources of drinking water in this area rely on groundwater and can be categorized 
into public or private wells, we aimed to assess the groundwater quality of the different types of drinking water wells. 
To accomplish our goal, we analyzed 18 trace metals (As, Ba, Bi, Cd, Co, Cr, Cs, Cu, Ga, Mo, Ni, Pb, Se, Sr, Th, U, V, Zn) and 
8 major metals (Al, Ca, Fe, K, Mg, Mn, Na, Si) samples using ICP-MS and ICP-OES, and the heavy metal pollution index, 
heavy metal evaluation index, and degree of contamination were calculated. The most concerning point is that the Mo 
concentration of waste water in the Erdenet mine tailing pond and at a natural spring located 300 m from the tailing 
pond was 1100 μg/L, which greatly exceeds the WHO permissible concentration for Mo of 70 μg/L. Furthermore, high 
Ca and Mg concentrations at all private wells indicated that consumers of these wells are more vulnerable to any type 
of water pollution, as these wells are not built with any disinfection or treatment system. A modified categorization of 
the water quality indices showed that the public and private wells have low–medium contamination and that the tailing 
pond seepage water, along with its nearest spring, have a high degree of contamination. Because many private wells 
are located along the tailing pond and used directly without any treatment, we suggest a continuous evaluation and 
monitoring of the groundwater quality in this area.

Keywords Groundwater · Drinking water · Heavy metal · Mining · Water quality · Pollution index · Erdenet · Mongolia

1 Introduction

Groundwater pollution can be categorized by origin into four main types: industrial, domestic, agricultural, and envi-
ronmental pollution [1]. Within these various sources of groundwater pollution, anthropogenic activities have various 
impacts and heavy metal pollution has become a concerning problem because of its harmful effects on organisms and 
its long-term adverse impacts [2]. Numerous research reports have shown that groundwater near industrial and mining 
areas is typically affected heavy metal pollution [3–5]. Groundwater in mining areas often has particularly high concen-
trations of certain heavy metals, which present a potential risk to human health [6–9]. Mongolia experiences problems 
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with groundwater pollution similar to those in other countries in the world. Expanding mining and industrial opera-
tions, urbanization, and intensified land use for agriculture pose growing threats to Mongolia’s limited water resources 
[10, 11]. Aside from being the main source of drinking water, groundwater is consumed in every sector [12]. Apartment 
households are supplied with groundwater from the central water supply, whereas the drinking water in the suburbs 
and ‘ger’ areas (a type of residential district in Mongolian settlements) is supplied from portable water or private wells 
[10]. As most people in ger areas are not connected to a central water supply, there is no sewer system, and ger district 
households usually have a pit toilet [13]. The quality and sanitation of the portable water supplies and private wells are 
highly questionable. The main feature of Erdenet, an industrial and mining town and the second largest city in Mongolia 
in terms of population, is the Erdenet copper–molybdenum mine located near the city. The mine has been operating since 
1978 and has sufficient estimated reserves to continue operations for another 30 years [14]. In recent years, researchers 
have become very interested in the impact of the Erdenet mine on the environment. The source of drinking water for the 
population of the city of Erdenet is groundwater, and farmers and herdsmen distant from the city use surface water for 
livestock and irrigation. Over the years, a significant volume of waste has been generated by the mining operation, accu-
mulating in the tailings pond close to river and caused negative impacts [15]. In 2013, a study of the groundwater, surface 
water, river sediment, and soil of Erdenet revealed high concentrations of Ca, Mg, Mo, and As. The study concluded that 
the mine tailings pond was directly affecting surface water and indirectly affecting groundwater, and it recommended 
that the impact of the mine on the environment be studied in greater detail and that the risks to human health and the 
environment be assessed to prevent potential adverse impacts [16]. Another study conducted research on surface water 
in Erdenet and concluded that the Mo concentration is notably higher than the world average concentration in surface 
water [17]. To investigate its behavior, these researchers continued their work with monthly observations of Mo in river 
water. As a result, groundwater used for cooling of the Erdenet power plant and mine tailing ponds were found to be the 
main sources of the Mo in river water [18]. Based on these research results and conclusions, it is apparent that the Erdenet 
mining activity has some adverse impacts on the environment, which need to be validated and clarified in greater detail.

Infiltration of leachate from solid waste disposal on land, liquid sewage, and sewage sludge can directly contaminate 
groundwater with metals. Other pathways include leachate from mine tailings and other mining wastes, liquid waste 
disposal in deep wells, seepage from industrial waste lagoons, and other spills or leaks associated with industrial metal 
processing facilities [19]. Humans may be exposed to heavy metals by either ingestion (drinking or eating) or inhalation 
(breathing), and living and working in or near industrial areas where heavy metals are used or where waste containing 
heavy metals is inappropriately discarded increases the risk. Moreover, heavy metals may synergistically increase the 
overall heavy metal toxicity [20–22]. Because heavy metals are harmful to the human body, it is essential to determine 
and evaluate their levels. This study aimed to assess the water quality and suitability for drinking and household use of 
different types of groundwater sources and highlight differences between these sources. There are two main sources of 
drinking water for the citizens of that city: the Selenge River basin and the area around Erdenet city, and it is interesting 
to note that there are differences between them: public and private wells. Due to a lack of studies that examined the 
differences in water quality between the different drinking sources in the study area, this study was conducted.

2  Materials and methods

2.1  Study area

The study area was the city of Erdenet (49°00′–49°10′ N, 104°00′–104°15′ E), Mongolia, which is the residential area 
of the Erdenet copper–molybdenum mine (Fig. 1). The city is within a valley between the Selenge and Orkhon catch-
ment areas, about 380 km northwest of Ulaanbaatar, the capital of Mongolia. The annual average air temperature is 
− 17.6 °C in January and 15.5 °C in July, and the annual average precipitation is approximately 314 mm. Most of the 
precipitation (60–70%) occurs during summer [23]. The population of the city of Erdenet was 108,713 in 2021 [24]. 
Approximately 35% of the total population lives in an apartment, and the remaining 65% live in the ger area. The 
Erdenet mining area is on the outskirts of the city of Erdenet, and three rivers flow through the city: the Erdenet, 
Govil, and Khangal. The Erdenet deposit is lies in the Orkhon-Selenge depression, which contains Permian volcanic 
rock intruded by the Selenge Intrusive Complex from the Permian and Early Triassic. Late Triassic and Early Jurassic 
volcanic rock overlay the depression [25]. The bed rocks consist of three distinct associations: gabbroids, granitoids, 
and subalkaline granites with sienogranites [26]. The deposit is categorized as porphyry molybdenum-copper type 
and contains productive levels of Re, Ag, and Se. Additionally, the ore holds notable amounts of metals including Pb, 
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Zn, As, Sr, Bi, Co, Ni, Ge, Ta, Ga, In, and Cd [23]. Between 1971 and 1973, a groundwater study assessing the hydrogeo-
logical conditions and industrial water supply of the Erdenet copper–molybdenum ore deposit was conducted in 
cooperation with the Russian Federation (formerly the USSR). The study concluded that the groundwater resources in 
the valleys of small rivers around Erdenet are insufficient to provide a constant water resource for the Erdenet deposit. 
Therefore, water from the groundwater aquifer in the Selenge River Valley, 64 km from the deposit, was transferred 
by pipeline to meet the water needs of the city of Erdenet and the adjacent and mine [27]. This Selenge River Valley 
groundwater is used by the mine, industries and factories, and apartment residents in Erdenet. The Erdenet mine 
extracts 26 million tons of ore annually through open-pit mining, and it yields about 530,000 tons of copper concen-
trate as well as 4500 tons of molybdenum concentrates each year. The open-pit measures 2800 m in length and has 
a width of 1600 m with benches at intervals of 15 m [28]. The primary production facility is the mineral processing 
plant which involves multiple technological processes such as ore crushing and grinding (generating substantial 
dust), acidic flotation, filtration, drying, and transport of copper and molybdenum concentrates. Close to the Erdenet 
processing plant exists a smaller facility, set up in 1994, which extracts copper from discarded rock utilizing sulfuric 
acid [23]. Waste from the mineral processing plant near the open-pit mine is transferred by pipeline to a mine tailing 
pond located in the northeastern part of the city. The solids in the waste water settle to the bottom as sludge, and 
the remaining water flows through dams and eventually discharges into the Khangal River. The bottom of the tailings 
pond does not have any protective layer to prevent seepage [16].

2.2  Drinking water availability

Ger area residents use locally sourced public or private wells and carry their water from well to home. Public well users 
carry their drinking water 1–2 km away. In ger area, residents face increased water supply charges despite receiving a 
lower level of service compared to apartment residents [10]. Water resources for the ger area can be divided into three 
types: public well (centralized source), public well (self-source), and private well (Fig. 2). Water authority of Erdenet city 
monitors drinking water microbial, physical and some chemical components in public wells. For private wells, water qual-
ity test is conducted immediately after the well is constructed. However, it is at the discretion of the owner to determine 
when to assess water quality in further. Centralized-source public wells withdraw and transfer water from Burenbust 
groundwater wells which locates 64 km away from Erdenet area. Self-source public wells and private wells withdraw 
water directly from their own source. The difference between these two types of wells is that self-source public wells serve 
the public, whereas private wells are used only by the owner household. Public wells provide water to approximately 
300–700 people, and private wells provide water for a family. Centralized-source public wells have chlorine disinfection, 
but self-source public wells and private wells do not have any disinfection [29]. Thus, their use of drinking water that is 
not sterilized or disinfected makes residents of the ger area vulnerable to water pollution.

Fig. 1  Wastewater transfer at 
the Erdenet mine
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2.3  Water sampling

After selecting a total of 40 sampling points from public and private wells, springs, and tailing pond seepages of the 
Erdenet mine, sampling was conducted in September 2021 and February 2022. In September 2021, we collected water 
samples from each sampling point (total of 40 samples). In February 2022, 29 samples were collected. The sampling 
points are illustrated in Fig. 2. The 40 sampling points include 9 centralized-source public wells, 9 self-source public 
wells, 17 private wells, 4 springs, and 1 tailing pond seepage point. We chose September and February as sampling 
periods because groundwater dilution is typically lowest at these times. September is the end of summer, when 
the amount of rain decreases, and February is the end of winter, the time just before the weather warms and snow 
begins to melt. We measured water temperature, pH, electrical conductivity (EC), dissolved oxygen (DO), and oxida-
tion–reduction potential (ORP) on site. pH was measured using a pH meter calibrated with standard pH solutions 
(WM-32EP, TOA-DKK Corp., Tokyo, Japan), EC and ORP were measured with an EC/ORP meter (WM-32EP, TOA-DKK 
Corp.), and DO was measured with a DO meter (DO-31P, TOA-DKK Corp.). Water samples were filtered through a 
0.45 μm mixed cellulose membrane filter and divided into three 50 mL plastic bottles. The plastic bottles were steri-
lized in 3%  HNO3 for 24 h and washed with ion exchanged water. One 50 mL sample was stabilized with 60%  HNO3 
for measurement of cations and metals. A second 50 mL sample was used for measurement of anions, and a third 
was titrated with 0.1 N  H2SO4 for measurement of alkalinity. Alkalinity was calculated by the Gran function method 
using the Web-based Alkalinity Calculator version 2.22 (https:// or. water. usgs. gov/ alk/). All water samples were trans-
ported to the laboratory and stored in a refrigerator at 4 °C until analysis. pH meter was calibrated by solutions with 
pH = 4.01, pH = 6.86 and pH = 9.18 everyday during the fieldwork.

Fig. 2  Research area

https://or.water.usgs.gov/alk/
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2.4  Heavy metal analysis

Eighteen trace metal (As, Ba, Bi, Cd, Co, Cr, Cs, Cu, Ga, Mo, Ni, Pb, Se, Sr, Th, U, V, Zn) concentrations were determined 
using an inductively coupled plasma mass spectrometer (ICP-MS) (iCAP RQ, Thermo Fisher Scientific Corp., Waltham, 
MA, USA). The sample solutions for trace element measurements were diluted at least 10 times using ultrapure-grade 
0.6%  HNO3 solution. The concentrations of eight major metals (Al, Ca, Fe, K, Mg, Mn, Na, Si) were also determined by 
inductively coupled plasma optical emission spectroscopy (ICP-OES) (ES-710, Varian, Inc., Palo Alto, CA, USA). Both 
ICP-MS and ICP-OES were calibrated by calibration solution of each element before the measurement.

2.5  Pollution evaluation indices

After measuring the concentrations of heavy metals, water quality pollution indices were calculated. The heavy metal 
pollution index (HPI), heavy metal evaluation index (HEI), and degree of contamination  (Cd) were employed to evaluate 
groundwater quality and examine its suitability for drinking.

2.6  Heavy metal pollution index (HPI)

Based on the weighted arithmetic quality mean method, the HPI represents water quality as it relates to heavy metals. 
When the HPI is less than 100, the heavy metal is at a low level and does not pose a threat to human health. When the 
HPI value is equal to 100, threshold risk is present, along with adverse health effects. If the HPI value exceeds 100, the 
water is not suitable for drinking and must not be consumed. The HPI is expressed by Eqs. (1), (2), and (3) [6, 30–34]:

where Wi is the unit weight of i-th parameter, Qi is the sub-index of the parameter, n is the number of parameters consid-
ered, Mi is the monitored value of the heavy metal, and Ii and Si are the ideal and standard values of the i-th parameter, 
respectively (Table 1).

2.7  Heavy metal evaluation index (HEI)

The HEI, another water quality indexing method, is calculated using Eq. (4) [6, 30–34]:

(1)HPI =

∑n

i=1
WiQi

∑n

i=1
Wi

(2)Qi =

n
∑

i=1

{Mi(−)Ii}

(Si − Ii)
× 100

(3)Wi =
1

Si

Table 1  Parameters and 
constants used for calculation 
of the HPI and HEI [35]

Metal Wi Ii Si-Ii Hmac

As 0.1 2 8 10
Ba 0.0007 100 1200 1300
Cd 0.3334 1 2 3
Cr 0.02 2 48 50
Cu 0.0005 1000 1000 2000
Mo 0.0142 10 60 70
Ni 0.0142 20 50 70
Pb 0.1 5 5 10
U 0.0334 1 29 30
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Fig. 3  Spatial distribution 
of Ca

Fig. 4  Boxplot of Ca and Mg concentrations. * Red line is the WHO drinking water guideline value
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where Hc is the monitored value and Hmac is the maximum admissible concentration (MAC) of the i-th parameter. Hmac 
is taken to be the same as the Si of the HPI (Table 1). The threshold value for the HEI is 1 (HEI > 1), and a higher HEI value 
indicates that the water is unsuitable for domestic use [34].

2.8  Degree of contamination (Cd)

The  Cd value is calculated separately for each sample of water analyzed based on the sum of the contamination factors 
for each constituent exceeding the upper permissible value for that component. Thus,  Cd is a measure that summarizes 
the combined effects of a number of quality parameters considered relevant to household water supplies. It is calculated 
by Eqs. (5) and (6) [6, 30–34]:

where Cfi is the contamination factor of the i-th parameter, CAi is the analytical value of the i-th parameter, and CNi is 
the upper permissible concentration of the i-th component (N denotes the “normative value”). CNi is taken to be the 
same as the Hmac of the HEI. When analytical values are below the upper permissible concentration value, they are not 
considered in the calculation. As long as heavy metal concentrations are below the upper permissible concentration, 
the groundwater quality is not adversely affected. The Cd value is categorized into low (Cd < 1), medium (1 <  Cd < 3), and 
high (Cd > 3) values.

(4)HEI =

n
∑

i=1

Hc

Hmac

(5)Cd =

n
∑

i=1

Cfi

(6)Cfi =
CAi

CNi
− 1

Fig. 5  Locations of sampling 
points with high Mo concen-
tration
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3  Results and discussion

3.1  Physicochemical parameters

In general, the sample pH ranged within the optimal pH values (6.5–8.5) established by WHO [35], with the exception 
of a few unusually low (6.21) and high (9.54) points among the private wells and springs. The water pH was higher 
in February, which is the cold and dry season in Mongolia. The pH values of private wells, natural springs, and tailing 
pond seepage water were lower than those of public wells. The calculated alkalinity values in September 2021 of the 
centralized-source public well, self-source public well, private well, and natural spring samples were 2.47–3.9 meq/l, 
3.65–6.53 meq/l, 2.81–5.82 meq/l, and 1.44–4.6 meq/l, respectively,. In February 2022, these values were 2.6–4.83 meq/l, 
3.54–7.27 meq/l, 2.94–5.47 meq/l, and 4.17 meq/l, respectively. DO values in September 2021 and February 2022 for 
centralized-source public well, self-sourced public well, private well, and natural spring samples were 2.77–4.57 mg/l, 
2.26–4.6 mg/l, 2.45–4.91 mg/l, and 3.28–4.54 mg/l, respectively. The DO value was generally stable between the sam-
pling periods. The EC values during the sampling periods of the centralized-source public well, self-sourced public well, 
private well, and natural spring samples were 29.6–78.70 mS/m, 45.7–74.2 mS/m, 34.5–114 mS/m, and 16.6–182 mS/m, 
respectively. The ideal EC level by WHO is 150 mS/m [35], so the EC of groundwater in the Erdenet area is within this level, 
with the exception of some private well and tailing pond seepage points. According to the groundwater EC classification 
of fresh water (< 150 mS/m), brackish water (150–300 mS/m), and saline water (> 300 mS/m) [36], sampling points B12 
(spring) and B9 (tailing pond seepage) fell into the brackish water category, with values of 182 mS/m and 195.2 mS/m, 
respectively. The other sampling points were in the freshwater category. The EC of water depends on the salinity and 
the amount of dissolved minerals in the water [37, 38]. These two points had the highest heavy metal values, which is 
the reason for the higher EC. ORP values of the centralized-source public well, self-sourced public well, private well, and 

Table 4  Normality test 
of alkalinity, EC, pH and 
measured heavy metal 
concentrations

* This is a lower bound of the true significance
a Lilliefors Significance Correction

Tests of Normality, Sep.2021 Tests of Normality, Feb.2022

Kolmogorov-Smirnova Shapiro–Wilk Kolmogorov-Smirnova Shapiro–Wilk

Statistic df Sig Statistic df Sig Statistic df Sig Statistic df Sig

Akalinity 0.158 40 0.013 0.969 40 0.335 0.137 29 0.171 0.952 29 0.203
EC 0.173 40 0.004 0.900 40 0.002 0.185 29 0.013 0.910 29 0.017
pH 0.090 40 0.200* 0.943 40 0.045 0.112 29 0.200* 0.967 29 0.488
Ca 0.136 40 0.059 0.905 40 0.003 0.207 29 0.003 0.883 29 0.004
Mg 0.168 40 0.006 0.876 40  < 0.001 0.136 29 0.180 0.948 29 0.165
As 0.486 40  < 0.001 0.393 40  < 0.001 0.348 29  < 0.001 0.433 29  < 0.001
Ba 0.154 40 0.018 0.890 40 0.001 0.208 29 0.002 0.865 29 0.002
Cd 0.386 40  < 0.001 0.345 40  < 0.001 0.425 29  < 0.001 0.291 29  < 0.001
Co 0.463 40  < 0.001 0.194 40  < 0.001 0.262 29  < 0.001 0.683 29  < 0.001
Cr 0.392 40  < 0.001 0.332 40  < 0.001 0.357 29  < 0.001 0.405 29  < 0.001
Cu 0.292 40  < 0.001 0.423 40  < 0.001 0.234 29  < 0.001 0.657 29  < 0.001
Mo 0.442 40  < 0.001 0.299 40  < 0.001 0.447 29  < 0.001 0.242 29  < 0.001
Ni 0.317 40  < 0.001 0.472 40  < 0.001 0.190 29 0.009 0.848 29 0.001
Pb 0.395 40  < 0.001 0.398 40  < 0.001 0.403 29  < 0.001 0.347 29  < 0.001
Sr 0.197 40  < 0.001 0.841 40  < 0.001 0.121 29 .200* 0.927 29 0.045
U 0.185 40 0.001 0.769 40  < 0.001 0.177 29 0.021 0.863 29 0.001
Zn 0.516 40  < 0.001 0.158 40  < 0.001 0.425 29  < 0.001 0.256 29  < 0.001
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natural spring samples were 121–208, 11–149, 69–159, and 53–164 mV, respectively. The lowest ORP value was observed 
in a self-sourced public well in September 2021.

3.2  Metal concentrations

As mentioned previously, we measured 8 major metals and 18 trace metals. Among these, Al, Fe, Mn, Ga, Bi, Th 
(< 0.00001 µg/l), and Se (< 0.0005 µg/l) concentrations were below the detection limit of the measuring equipment 
for all samples. The WHO Guidelines for Drinking Water Quality were used as the standard permissible levels of the 
metals. To reveal any cases exceeding the standard, the ratios between the measured concentrations and standard 
levels of the heavy metals are listed in Table 2. The concentration exceeding a value of 1 indicates that it is above 
the WHO standards for safe drinking water. The ratio of the measured value of water samples in Erdenet to the WHO 
guideline shows that centralized public wells (groundwater source 64 km away from Erdenet) have significant dif-
ferences from groundwater sources in the Erdenet area, especially in concentrations of Ca and Mg. Water with high 
calcium and magnesium concentrations is considered hard water. While continuous use of hard water is not directly 
harmful to human health, it should be treated and softened as part of the water supply process. A non-centralized 
source of drinking water, which does not have a treatment system, increases the risk for the users.

The results of the comparison showed that Ca and Mg concentrations exceeded the permissible levels at the 
majority of sampling points and that Co, Mo, Sr, and Zn were in exceedance at a few sampling points. Other measured 
metal concentrations were below the permissible levels for all samples. The highest Ca concentrations of 277 and 
261 mg/l occurred at sampling points B12 (natural spring) and B9 (tailing pond seepage), respectively, in September 
2021. These two sampling points were located approximately 300 m apart. Overall, the Ca concentration exceeded 

Table 5  Pearson’s correlation coefficient matrix of measured heavy metal concentrations

Sep.2021 Alkalinity EC pH Ca Mg As Ba Cd Co Cr Cu Mo Ni Pb Sr U Zn
Alkalinity 1.000

EC 0.122 1.000
pH 0.205 -0.096 1.000
Ca -0.057 0.654 -0.134 1.000
Mg 0.126 0.816 -0.077 0.871 1.000
As 0.264 -0.148 0.313 -0.423 -0.183 1.000
Ba 0.117 -0.051 -0.279 0.081 0.026 -0.134 1.000
Cd -0.355 0.473 -0.130 0.683 0.695 -0.102 -0.098 1.000
Co -0.300 -0.108 -0.284 -0.031 -0.143 -0.075 0.328 -0.029 1.000
Cr 0.451 -0.082 0.125 -0.282 -0.033 0.801 0.077 -0.070 -0.060 1.000
Cu -0.068 0.268 0.196 0.191 0.213 -0.008 -0.011 0.124 -0.044 0.026 1.000
Mo -0.344 0.466 -0.131 0.676 0.696 -0.083 -0.090 0.987 -0.022 -0.057 0.137 1.000
Ni -0.058 -0.035 -0.188 0.207 0.124 -0.165 0.374 0.177 0.661 -0.007 0.077 0.178 1.000
Pb -0.319 -0.328 -0.140 -0.257 -0.407 -0.069 0.033 -0.063 -0.072 -0.071 -0.069 -0.092 -0.126 1.000
Sr 0.080 0.646 -0.163 0.674 0.842 -0.198 0.066 0.640 -0.157 -0.079 0.062 0.640 0.055 -0.286 1.000
U 0.156 0.478 0.157 0.336 0.640 0.255 -0.076 0.636 -0.168 0.387 0.145 0.652 0.174 -0.208 0.620 1.000
Zn -0.232 -0.207 -0.106 -0.171 -0.263 -0.058 -0.001 -0.042 -0.036 -0.050 -0.071 -0.049 -0.078 0.869 -0.208 -0.136 1.000

Feb.2022 Alkalinity EC pH Ca Mg As Ba Cd Co Cr Cu Mo Ni Pb Sr U Zn
Alkalinity 1.000

EC -0.210 1.000
pH 0.250 -0.300 1.000
Ca -0.167 0.789 -0.410 1.000
Mg 0.072 0.816 -0.224 0.893 1.000
As 0.517 -0.175 0.359 -0.348 -0.028 1.000
Ba 0.479 0.130 -0.166 0.325 0.312 0.027 1.000
Cd -0.339 0.640 -0.287 0.636 0.527 -0.105 0.003 1.000
Co -0.150 -0.016 -0.079 -0.046 -0.139 -0.153 -0.271 0.014 1.000
Cr 0.600 -0.080 0.119 -0.294 0.005 0.875 0.142 -0.090 -0.153 1.000
Cu -0.230 0.245 -0.145 0.171 0.176 0.003 -0.041 0.098 0.354 0.013 1.000
Mo -0.370 0.644 -0.283 0.617 0.515 -0.084 -0.032 0.947 -0.039 -0.065 0.145 1.000
Ni -0.252 0.407 -0.233 0.476 0.351 -0.286 -0.089 0.346 0.835 -0.291 0.473 0.299 1.000
Pb -0.173 -0.142 -0.154 -0.094 -0.242 -0.127 0.023 -0.037 -0.013 -0.041 -0.050 -0.017 -0.067 1.000
Sr -0.024 0.814 -0.212 0.847 0.886 -0.116 0.389 0.642 -0.244 -0.084 0.076 0.657 0.251 -0.189 1.000
U 0.391 0.268 0.078 0.012 0.256 0.475 0.114 0.256 -0.237 0.646 0.102 0.339 -0.185 0.101 0.364 1.000
Zn -0.322 -0.272 -0.108 -0.237 -0.417 -0.095 -0.049 -0.067 0.033 -0.089 -0.096 -0.063 -0.064 0.686 -0.343 -0.211 1.000
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the guideline value (75 mg/l) in 77.5% of all samples in September 2021 and 79% of all samples in February 2022. As 
a group, in September 2021, high Ca concentrations were observed in 56% of centralized-source public well, 56% of 
self-sourced public well, 100% of private well and 75% of natural spring sample February 2022, high Ca concentrations 
were observed in 45% of centralized-source public well, 50% of self-sourced public well, and 100% of private well 
samples. The tailing pond seepage point had a high Ca concentration in both sampling periods. It is noteworthy that 
the private wells, which were located mostly near the mine tailing pond, had high Ca concentrations (Fig. 3). Mg con-
centrations showed a trend similar to the trend of Ca. Mg concentrations exceeded the permissible level established 
by WHO in all samples of private wells in both sampling periods. Usage of lime (CaO) to neutralize acidic wastewater 
from the mining area could be a major source of Ca [16]. Because of its solubility in water, the Ca may have infiltrated 
into the groundwater. High lime concentration deposits known as “white dust” are another issue associated with the 
mining activity in Erdenet [16]. The high concentrations of Ca and Mg in this study are in agreement with the results 
of the study by [16]). They concluded that the tailing pond is the likely source of groundwater contamination, but 
other sources also provide a continuous supply of metals. Sampling point B174, which is a centralized-source public 
well, is located between the mining open pit and the tailing pond and is surrounded by private wells with high Ca 
and Mg concentrations. Even so, point B174 contained noticeably lower concentrations of heavy metals because 
its water source is the “Buren Bust” central source. The difference implies a common source of Ca and Mg in private 
wells, which is probably related to tailing pond seepage and the bedrock geological formation.

According to the geological map of Erdenet [25], the western and northern parts of the tailing pond and the 
surrounding of open pit, where the private wells are located, have Permian Selenge Complex granodiorite–granite 
suite bedrock, whereas the residential area of Erdenet, where the centralized-source public well are located, lies in 
Quaternary cover. The mean, minimum, and maximum values of Ca and Mg concentration in the private wells all 
exceed the WHO drinking water guideline (Fig. 4). The private wells do not have any treatment system, which makes 
the private-well water vulnerable to any pollution and risky for consumption. Mo concentration was high at four 
sampling points in September 2021 (Fig. 5). Sampling point B9 (tailing pond seepage water) had a level of 1100 µg/l 
in September 2021, which is 2 times higher than Mongolian National Standard for Industrial Waste Water, and 650 µg/l 
in February 2022. Furthermore, sampling point B12 (natural spring), which was close to the tailing pond, had a similar 
concentration of 1056 µg/l in September 2021, which is 15 times higher than the permissible level.

The WHO guideline mentions that high Mo concentrations of more than 200 µg/l may in some cases occur in 
mining areas [35]. Several other studies have reported high Mo concentrations, likely originated from the earth’s 
crust, around mining areas [39]. Sampling point B10 (self-source public well) also showed a high Mo concentration of 
122 µg/l in September 2021, but the value was lower (55.0 µg/l) in February 2022. Sampling point B150, a private well 
located near the open pit of the Erdenet mine, had a Mo concentration of 118 µg/l in September 2021. The highest 
Sr concentrations observed in September 2021 were 3540 µg/l at B150 (private well), 3170 µg/l at B12 (spring), and 
2640 µg/l at B9 (tailing pond seepage). We used the health reference level of Sr from the WHO guideline (1500 µg/l) 
as the standard value. However, if we consider the minimum reporting level, which is 0.3 µg/l, all samples exceed this 
limit. [40] considered 0.3 µg/l as a threshold value, and all of their samples (n = 60) in northwest China exceeded it. 
However, their health risk assessment indicated a low level of potential carcinogenic risk from Sr, and they concluded 
that the Sr concentration in the drinking water in the study area would have no adverse effects on human health [40].

However, the origin of Sr in sourced groundwater can be aquifer bedrock, pipeline, or water container, and proper 
health risk assessment is crucial for public health [41]. Sampling point B9, an output of tailing pond point, and point 
B12, located 300 m distant, showed very similar trends of heavy metal concentrations, which suggests that the tailing 
pond seepage directly affects the proximal groundwater. In Table 3, we compared our results with those of other coun-
tries’ mining areas. As compared with the elements measured in our study, measurements of As, Ba, Mo, Sr, and U were 
not performed in most of the other countries that we compared, with the exception of Iran. In Bangladesh and Iran, all 
measured element concentrations were higher than the results of our study. These researchers stated that the high heavy 
metal concentrations were related to anthropogenic and geogenic sources and that consumers of the groundwater 
were under health risk [6, 33]. An old silver mine site in Greece, where mining operations had been stopped a long time 
prior, had the lowest concentrations. A coal mine site in China showed results similar to the results of our study, and 
the authors concluded that the carcinogenic risk in this area, especially the carcinogenic risk from Cr, is higher than the 
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acceptable limits established by various organizations [40]. The elevated concentrations of Ca and Mg in the groundwa-
ter samples are likely a result of mining activities in Erdenet, specifically from the tailing pond and other sources such 
as the bedrock geological formation. The study’s findings suggest that the tailing pond and other sources, including 
the bedrock geological formation, are contributing to the contamination of groundwater in Erdenet with heavy metals 
such as Ca, Mg, and Mo. Private wells located near the tailing pond and surrounded by bedrock geological formations 
showed higher concentrations of heavy metals such as Ca, Mg, and Mo in their groundwater samples. These findings 
highlight the potential risks associated with consuming groundwater from private wells in areas affected by mining 
activities and emphasize the need for proper water treatment systems to ensure safe drinking water for the residents. The 
study revealed that the presence of the tailing pond and the bedrock geological formation in Erdenet are contributing 
factors to the contamination of groundwater with heavy metals such as Ca, Mg, and Mo. This poses a significant risk to 
the residents relying on private wells for their drinking water, as these sources are highly susceptible to pollution from 
mining activities.

Table 4 shows the results of Kolmogorov–Smirnov and Shapiro–Wilk tests of normality (tests statistic, degrees of 
freedom, p-value). Since we have less than 50 observations (September 2021 N = 40, February 2022 N = 29), we will 
interpret the Shapiro–Wilk test results. In September 2021, p-value of EC p = 0.335, other measures are less than 0.05. In 
February 2022, p-value of alkalinity, pH and Mg are greater than 0.05, other measures are less than 0.05. The strongest 
correlations were between Mo and Cd (r = 0.987 in Sep., r = 0.947 in Feb.), Mg and Ca (r = 0.871 in Sep., r = 0.893 in Feb.), 
Zn and Pb (r = 0.869 in Sep., r = 0.686 in Feb.), Sr and Mg (r = 0.842 in Sep., r = 0.886 in Feb.), and Mg and EC (r = 0.816 in 
both Sep. and Feb.) (Table 5). Heavy metal concentrations had correlations moderately positive to moderately negative 
with alkalinity, weakly positive to moderately negative with pH, and moderately negative to strongly positive with EC.

The study utilized the weighted-pair group method for statistical analysis to demonstrate the similarity in nature 
and origin of various elements within the research area. This approach is commonly employed in interpreting data on 
heavy metal pollution in environmental studies. Classification in the same cluster shows that the elements have similar 
sources and behavior in the groundwater system, indicating potential common pollution sources or geological processes 
influencing their distribution[43]. Figure 6 shows 2 main clusters A and B. Cluster B is including points with the highest 
Mo, Sr concentration among all sampling points which are tailing pond discharge point, a spring close to tailing pond 

Fig. 6  Cluster analysis among sampling points with heavy metal concentration
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discharge and a private well next to open pit. Among cluster B, centralized sourced public wells are tend to be together 
and mixed with private wells. Measured heavy metals distribution behavior similarity is shown in Fig. 7. A dendrogram 
exhibits distinct divisions into clusters A and B. Elements like As, Cr, Co, Cd and Pb serve as indicators for anthropogenic 
activities [44, 45]. The fact that these elements are grouped together in the same clusters implies that the metals in cluster 
A originate from human activities, particularly mining operations in our research area. Meanwhile, in cluster B, Strontium 
levels linked to natural geological processes. The findings align with research on the Erdenet region, which indicates that 
the soil in this area is significantly impacted by the extensive presence of volcanic rocks enriched with Sr [46].

3.3  Pollution evaluation indices

Water quality indices facilitate comparability and understandability of results. The HPI, HEI, and  Cd indices are com-
monly used for water quality analyses of heavy metals. The HPI threshold value is 100. If a calculated value exceeds this 
value, the water is defined as unsuitable for drinking and other households purpose [32]. A similar definition is used 
for HEI, but the threshold value is 1. The Cd indicates the degree of pollution, with categories of low (Cd < 1), medium 
(1 < Cd < 3), and high (Cd > 3). The water chemical pollutants of As, Ba, Cd, Cr, Cu, Mo, Ni, Pb, and U concentrations and 
the ideal and maximum admissible levels of each metal established by WHO were used for calculation of water quality 
indices (Table 6). The most concerning points are B9 (tailing pond seepage) and B12 (spring). The water at B9 flows 
directly to the river. According to an interview with local residents, people take water from point B12 because it is a 
natural spring. However, the number of people who use water from this point, the usage purposes, and the profile 
remain uncertain. Using the water without consideration of these water characteristics or any treatment increases the 
vulnerability to heavy metal pollution. In September 2021, the HPI values of the centralized-source public well, self-
source public well, private well, and spring samples were 43.9–50.8, 41.5–54.8, 46.9–51.4, and 47.8–74.5, respectively. 
The HEI values were 0.2–0.9, 0.1–2.8, 0.07–2.3, and 0.15–16.9, respectively, and the Cd values were 0, 0–0.75, 0–0.7, and 
0–14.7, respectively. The water quality indices were slightly lower in February 2022. The HPI values were 46.9–49.6, 
47.7–56.8, 40.5–49.9, and 50.4, respectively. The HEI values were 0.14–0.7, 0.11–1.5, 0.2–0.8, and 0.8, respectively, 
and Cd was 0 at all groundwater wells. For better understanding and more accurate classification, we used the mean 
value method to obtain a modified classification (Table 7) [31]. Degree of pollution is classified as ‘low’—mean value 
of a group sample, ‘medium’—between mean and 2 times of mean value a group sample, ‘high’—excess value than 
2 times of mean value of a group sample. According to the modified classification of water quality indices, “high” 

Fig. 7  Cluster analysis among measured heavy metals behavior
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degree of pollution is not observed among centralized sourced public well. Whereas, self-sourced public wells, private 
wells and spring water show “high” degree of pollution with 9–25% of samples. As centralized sourced public wells 
water source is not in Erdenet area, which is 64 km away, showing significant water quality difference compared to 
water source in Erdenet area. Nevertheless, the contents of Ca, Mg, Mo, and Sr exceed the maximum permissible 
values for drinking water established by the WHO Guidelines. In particular, high Ca and Mg contents occur in private 

Table 6  Modified classification based on mean value of indices

Sep.2021 Feb.2022

Category Degree of pollution No. of 
sam-
ples

% Category Degree of pollution No. of 
sam-
ples

%

Public (centralized sourced) well HPI  < 48 Low 5 56  < 49 Low 3 66
48–96 Medium 4 44 49–98 Medium 6 34
 > 96 High 0 0  > 98 High 0 0

HEI  < 0.7 Low 2 22  < 0.4 Low 5 56
0.7–1.4 Medium 7 78 0.4–0.8 Medium 4 44
 > 1.4 High 0 0  > 0.8 High 0 0

Cd All below 0 Low 9 100 All below 0 Low 9 100
Public (self-sourced) well HPI  < 50 Low 6 66  < 50 Low 5 63

50–100 Medium 3 34 50–100 Medium 3 37
 > 100 High 0 0  > 100 High 0 0

HEI  < 0.7 Low 6 66  < 0.5 Low 5 63
0.7–1.4 Medium 2 23 0.5–1.0 Medium 1 13
 > 1.4 High 1 11  > 1.0 High 2 24

Cd  < 0.08 Low 8 89 All below 0 Low 8 100
0.08–0.16 Medium 0 0
 > 0.16 High 1 11

Private well HPI  < 49 Low 6 35  < 48 Low 3 30
49–98 Medium 11 65 48–96 Medium 7 70
 > 98 High 0 0  > 96 High 0 0

HEI  < 0.5 Low 14 82  < 0.3 Low 9 90
0.5–1.0 Medium 2 12 0.3–0.6 Medium 0 0
 > 1.0 High 1 6  > 0.6 High 1 10

Cd  < 0.04 Low 16 94 All below 0 Low 10 100
0.04–0.08 Medium 0 0
 > 0.08 High 1 6

Spring HPI  < 55 Low 3 75  < 50 Low 1 100
55–110 Medium 1 25 50–100 Medium 0 0
 > 110 High 0 0  > 100 High 0 0

HEI  < 5 Low 3 75  < 0.8 Low 0 0
5–10 Medium 0 0 0.8–1.6 Medium 0 0
 > 10 High 1 25  > 1.6 High 1 100

Cd  < 4 Low 3 75 All below 0 Low 1 100
4–8 Medium 0 0
 > 8 High 1 25
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Table 7  Water quality indices Sampling points HPI HEI Cd

Sep
2021

Feb
2022

Sep
2021

Feb
2022

Sep
2021

Feb
2022

Public (centralized sourced) well B1 46.77 49.12 0.70 0.41 ND ND
B5 50.45 48.96 0.89 0.63 ND ND
B28 46.56 49.46 0.87 0.36 ND ND
B136 50.69 49.40 0.89 0.62 ND ND
B137 50.78 49.56 0.89 0.61 ND ND
B138 50.49 49.46 0.82 0.66 ND ND
B174 43.89 46.88 0.28 0.19 ND ND
B243 47.81 49.45 0.71 0.36 ND ND
P2 47.03 48.84 0.20 0.15 ND ND

Min 43.89 46.88 0.20 0.15 ND ND
Max 50.78 49.56 0.89 0.66 ND ND
Mean 48.10 48.87 0.67 0.44 ND ND
Public (self-sourced) well B10 53.10 49.50 2.78 1.49 0.75 ND

B49 41.45 47.69 0.31 0.25 ND ND
B94 50.45 50.26 0.78 0.56 ND ND
B95 49.78 49.55 0.37 0.32 ND ND
B165 49.00 48.45 0.20 0.18 ND ND
B228 49.19 48.99 0.14 0.12 ND ND
B261 54.82 56.80 1.26 1.11 ND ND
B264 49.00 50.03 0.38 0.33 ND ND
P1 49.13 – 0.31 – ND –

Min 41.45 47.69 0.14 0.12 ND ND
Max 54.82 56.80 2.78 1.49 0.75 ND
Mean 49.55 50.16 0.73 0.54 0.08 ND
Private well B3 50.09 49.91 0.97 0.78 ND ND

B4 47.76 47.70 0.62 0.43 ND ND
B8 46.90 – 0.20 – ND –
B142 49.33 49.00 0.30 0.24 ND ND
B150 51.40 – 2.28 – 0.69 –
B160 48.81 40.46 0.30 0.25 ND ND
B162 49.05 47.43 0.32 0.24 ND ND
B168 48.84 49.11 0.29 0.21 ND ND
B169 47.92 – 0.25 – ND –
B186 49.08 49.32 0.39 0.32 ND ND
B198 49.36 – 0.37 – ND –
B200 49.43 49.41 0.30 0.24 ND ND
B204 49.33 – 0.28 – ND –
B207 49.45 49.50 0.32 0.28 ND ND
B218 49.08 – 0.25 – ND –
B227 48.71 – 0.08 – ND –
B229 49.71 49.19 0.38 0.21 ND ND

Min 46.90 40.46 0.08 0.21 ND ND
Max 51.40 49.91 2.28 0.78 0.69 ND
Mean 49.07 48.10 0.46 0.32 0.04 ND
Spring B6 48.45 – 0.18 – ND –

B7 47.82 – 0.15 – ND –
B11 50.86 50.37 1.18 0.77 ND ND
B12 74.47 – 16.87 – 14.72 –

Min 47.82 50.37 0.15 0.77 ND ND
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wells, for the following reasons. First, the private wells are located near the mine tailing pond, which is likely to be a 
source of contamination due to seepage of waste water from the mine through soil pores [47].

Second, the depth of private wells ranges from 8 to 80 m, whereas the depth of self-source public wells ranges from 
70 to 90 m. Moreover, previous research indicated that the tailing pond does not have a protection layer at its bottom 
[16]. An additional reason is dissolution of the mineral contents in the bedrock of the area. A previous study of the surface 
water in the Erdenet area by [17] concluded that surface water in this area is  CaSO4-rich type water. Due to rivers in this 
area are sourced from springs, the Ca and Mg concentrations may occur naturally. However, more detailed research will 
be required to establish the sources of the mineral contents in the groundwater of Erdenet. The Mo content is high at a 
few points, and those close to the mine tailings ponds and mine sites are the most concerning. The HPI, HEI, and Cd had 
not been used previously for groundwater quality assessment in this study area. Therefore, the results of this study are 
particularly useful for further studies on the water quality. Different water quality indices show slightly different results 
due to how each index is calculated. As shown on Fig. 8, we assume that HEI is showing more “high” category. Sampling 
points with high Mo concentration are categorized with “high” degree of heavy metal pollution and these wells are not 
suitable for drinking water supply.

4  Conclusion

This study revealed some points of concern. Samples from private wells showed high concentrations of Ca and Mg. These 
private wells are located along the western side of the tailing pond and the northern side of the open pit of the Erdenet 
mine. Because the wells are located near the tailing pond, they are at risk for contamination, and seepage water from 
the tailing pond through soil pores is a very likely source of contamination. As a result of cluster analysis, all measured 
heavy metal concentration (except Sr) is related to anthropogenic activity.

Consumers of water from private wells should consider their drinking water quality more carefully because treatment 
or disinfection methods are not utilized at these wells. The locations of these wells also make consumers more vulnerable 
to risk than consumers of water from the centralized-source public wells.

An additional concern is that wastewater with very high concentrations of Mo is seeping into the environment. Proof 
of this fact is provided by a natural spring located 300 m from the tailing pond that shows a result similar to that of the 
tailing pond seepage water. The presence of Mo is a well-known environmental concern in mining areas [48]. Future 
potential risk from Mo and Sr must be clarified in this area due to waste water from the tailing pond.

A modified categorization of the water quality indices for the groundwater wells in the study area revealed that the 
wells generally have “low–medium” level, and at few points “high” level of heavy metals. However, because some elements 
such as Mo and Sr are high at the tailing pond and in wells near the tailing pond, additional detailed analyses and human 
health risk assessments are essential for complete assessment of water quality and public health risk.

It is highly important to consider the water source and characteristics of wells in detail in the future when conduct-
ing groundwater research in mining areas. Specifically, consumers in our study area obtain their drinking water from a 
variety of sources and wells, and their daily behavior may affect their risk level.

Table 7  (continued) Sampling points HPI HEI Cd

Sep
2021

Feb
2022

Sep
2021

Feb
2022

Sep
2021

Feb
2022

Max 74.47 50.37 16.87 0.77 14.72 ND
Mean 55.40 50.37 4.59 0.77 3.68 ND
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Fig. 8  Spatial distribution of water quality indices
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