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Abstract Groundwater pollution in the Pingshuo 
mining area is strongly associated with mining activi-
ties, with heavy metals (HMs) representing predomi-
nant pollutants. To obtain accurate information about 
the pollution status and health risks of groundwater, 
189 groups of samples were collected from four types 
of groundwater, during three periods of the year, and 
analyzed for HMs. The results showed that the con-
centration of HMs in groundwater was higher near the 
open pit, waste slag pile, riverfront area, and human 
settlements. Except for Ordovician groundwater, 
excessive HMs were found in all investigated ground-
water of the mining area, as compared with the stand-
ard thresholds. Fe exceeded the threshold in 13–75% 
of the groundwater samples. Three sources of HMs 
were identified and quantified by Pearson’s correla-
tion analysis and the PMF model, including coal min-
ing activities (68.22%), industrial, agricultural, and 

residential chemicals residue and leakage (16.91%), 
and natural sources (14.87%). The Nemerow pollu-
tion index revealed that 7.58% and 100% of Quater-
nary groundwater and mine water samples were pol-
luted. The health risk index for HMs in groundwater 
showed that the non-carcinogenic health risk ranged 
from 0.18 to 0.42 for adults, indicating an accept-
able level. Additionally, high carcinogenic risks were 
identified in Quaternary groundwater (95.45%), coal 
series groundwater (91.67%), and Ordovician ground-
water (26.67%). Both carcinogenic and non-carci-
nogenic risks were greater for children than adults, 
highlighting their increased vulnerability to HMs in 
groundwater. This study provides a scientific founda-
tion for managing groundwater quality and ensuring 
drinking water safety in mining areas.

Keywords Heavy metals · Groundwater · Mine 
water · Risk assessment · Source apportionment · 
Coal mining

Introduction

Groundwater is a critical source of drinking water 
worldwide, which humans have extensively used 
throughout history, and this dependence continues 
to increase (Sun et  al., 2022c). Groundwater quality 
and availability are the major contributor to human 
health and sustainable development (Cui et al., 2021). 
In recent decades, heavy metals (HMs) pollution in 
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groundwater has become a serious problem, due to 
its persistence, non-degradable nature, high toxic-
ity, and enrichment in the human body (Sajjadi et al., 
2022; Santana et  al., 2020). Groundwater quality is 
highly susceptible to various anthropogenic activi-
ties, particularly, mining is responsible for releasing 
large amounts of HMs into the surrounding areas (Shi 
et al., 2022), which enters to the groundwater through 
eluviation, leaching, and osmosis (Sharma et  al., 
2022; Wang et al., 2019b).

Several studies have been conducted on environ-
mental geochemistry of HMs in groundwater in the 
coal mining areas in some parts of the world. For 
instance, Kim et  al. (2017) investigated geochemi-
cal behaviors of metals in groundwater in mine areas 
of South Korea. Wang et  al. (2019b) studied the 
environmental geochemistry of heavy metals in the 
groundwater of coal mining areas. Qin et  al. (2021) 
presented sources and migration of heavy metals in 
a karst water system under the threats of an aban-
doned Pb–Zn mine, in southwest China. Most of 
research work conducted to date on HMs of ground-
water in mining areas are restricted to a single mine 
or to a specific type of groundwater or mixed ground-
water. Therefore, there are still a limited number of 
comprehensive studies on distribution, sources, and 
health risk assessment of HMs in the various types 
of groundwater in coal mining areas. Furthermore, 
groundwater contaminated by HMs in coal mining 
areas could pose a serious long-term threat to the 
surrounding environment. Therefore, finding out the 
spatiotemporal distribution characteristics of HMs in 
groundwater in the coal mining area, analyzing the 
sources of HMs pollution, and then evaluating the 
risks to human body are of great practical signifi-
cance for ensuring the safety of drinking water and 
HMs pollution control.

It has been reported that the main sources of 
HMs in groundwater include natural and human fac-
tors (Jiang et  al., 2021a; Kaur et  al., 2020; Sheng 
et  al., 2022). Quantitative identification of potential 
sources of HMs in groundwater is essential to pol-
lution control and reduction (Sheng et  al., 2022). In 
recent years, the positive matrix factorization (PMF) 
model has been widely applied to identify and quan-
tify the origins of HMs in groundwater (Huang et al., 
2021), based on its obvious advantages of accurately 
modeling all data (Haghnazar et al., 2022), and mak-
ing sources more physically reliable (Sheng et  al., 

2022). The high concentration of HMs in groundwa-
ter not only affects the environment but also threatens 
human health. Previous studies found that HMs can 
cause significant long-term risks to human health via 
dermal absorption and ingestion (Jiang et al., 2021a; 
Wang et al., 2021). Cd, Cr, As, Pb, and Hg are highly 
toxic to the human body, even at low concentrations 
(Xiao et al., 2021). Fe, Mn, Ni, Zn, and Se are nec-
essary for the normal function of the human body, 
whereas their excessive intake can be detrimental 
to human health (Ali et  al., 2013; Singh & Kumar, 
2017). Heavy metal risk assessment is a considerable 
part of environmental risk assessment, including pol-
lution and health risk assessments. Among them, the 
Nemerow pollution index method has been generally 
adopted to comprehensively evaluate the pollution 
level of groundwater (Mukherjee et  al., 2020). This 
approach considers individual factors’ maximum and 
average values, emphasizing the effect of main pollut-
ants (Li et al., 2022). The typical health risk assess-
ment model is commonly utilized to assess health 
risks to human body, including the non-cancer and 
cancer risks, according to the actual concentration of 
HMs in groundwater (Gu et  al., 2020; Sajjadi et  al., 
2022; Wang et al., 2021). The composition and origin 
of HMs in different types of groundwater vary, and 
different HMs have different toxicities (Sheng et  al., 
2022). Furthermore, under the combined disturbance 
of open-pit and underground coal mining, more fre-
quent and complex changes in the concentration and 
distribution characteristics of HMs occur in ground-
water (Zhang et al., 2019). Thus, an integrated assess-
ment method, combining the PMF model, Nemerow 
pollution index, and health risk assessment, was 
applied in this research.

The Pingshuo mining area is one of the main coal 
mining bases in north China, and the groundwater 
is an important water source for drinking, industrial 
application, and agricultural production. Ground-
water pollution by HMs in the basin is becoming 
increasingly prominent (Yan et al., 2020). Groundwa-
ter pollution affects the health of children and adults 
in this area. Given the above, the HMs pollution char-
acteristics and comprehensive health risk assessment 
were conducted for four types of groundwater (Qua-
ternary groundwater, coal series groundwater, Ordo-
vician groundwater, and mine water) in this area. The 
main objectives of this work were: (1) to explore the 
spatiotemporal distribution characteristics of HMs in 
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different types of groundwater; (2) to investigate pos-
sible sources of HMs using PMF model; and (3) to 
assess the pollution and health risks of different types 
of groundwater and ascertain the dominant pollution 
elements of the groundwater. This study provides a 
scientific basis for groundwater quality risk manage-
ment, development and protection of water resources, 
and the safety of drinking water and the ecological 
environment in the Pingshuo mining area.

Materials and methods

Study area

The Pingshuo mining area (112°12′–112°31′ E, 
39°23′–39°35′ N) is located at the north end of 
Ningwu coalfield in the northwest of Shanxi prov-
ince, Northern China (Fig. 1), covering an area of 320 
 km2. The area is characterized by a typical north tem-
perate, semiarid, continental monsoon climate, char-
acterized by rare rainfall and strong evaporation. The 
average annual temperature, rainfall, and evapora-
tion are 7.3 °C, 420.1 mm, and 1853.3 mm (Φ20 cm 
pan), respectively. Data on average monthly precipi-
tation, evaporation, and temperature between 1957 
and 2020 in Shuozhou city are shown in Fig.  S1. 

According to the historical hydrological data of the 
study area, the year is subdivided into three periods, 
including the high, stable, and low-water periods. The 
high-water period is from June to September, while 
April, May, October, and November are considered 
as the stable-water period. The low-water period is 
from December to March. The northern, western, 
and eastern terrain of the study area is high, while 
the central part involves hills, which belong to the 
typical loess plateau landform type, with an eleva-
tion of 1107–2141 m above mean sea level (Fig. 1). 
The strata in the study area contain Ordovician, Car-
boniferous, and Permian as the geological base, and 
their lithology is mainly gray thick layered limestone, 
mudstone, and gray blue gray medium coarse–coarse 
sandstone, respectively. The Tertiary brown, red clay, 
and the Quaternary light-yellow sandy soil and loess 
are usually found on the surface. The mineral types 
in the study area are mainly coal resources. Coal-
bearing strata are the Permian Shanxi Formation 
and the Carboniferous Taiyuan Formation. The main 
potentially exploitable coal seams (No. 4 and 9) are 
present in the Taiyuan Formation of Carboniferous. 
This area has three open-pit coal mines and nineteen 
underground coal mines, producing 100 million tons 
of raw coal per year. According to the types of aqui-
fer media, occurrence conditions, and hydrodynamic 

Fig. 1  Maps of study and sampling sites
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characteristics, the groundwater in the study area 
includes Quaternary groundwater, coal series ground-
water, and Ordovician groundwater. The Quaternary 
groundwater mainly occurs in the Quaternary aquifer, 
with aquifer floor buried depth of < 100 m and thick-
ness of 3–50  m, reflecting better water abundance, 
with water level depth of 5–50  m. The underlying 
Tertiary aquifuge separates Quaternary groundwa-
ter from the coal series aquifer, and Tertiary strata 
have discontinuous distribution in this area. The coal 
series groundwater is mainly present in the Upper and 
Lower Shihezi Formation of Permian, Shanxi For-
mation, and Carboniferous Taiyuan Formation, with 
an aquifer floor depth of 100–380  m, thickness of 
50–70 m, with a lower water abundance, and a water 
level depth of > 50 m. The underlying Carboniferous 
Benxi Formation mudstone effectively separates coal 
series groundwater from the Ordovician limestone 
aquifer, and having a better barrier effect. The Ordo-
vician groundwater occurs in the Ordovician lime-
stone with better water abundance and a water level 
depth of 200 m, representing the main water supply 
source in the study area. The groundwater runoff con-
ditions in the study area are good, with runoff from 
northwest to southeast.

Sample collection and analysis

Groundwater samples were collected in July 2020, 
October 2020, and January 2021, representing the 
high-, stable-, and low-water periods, respectively. A 
total of 189 groups of groundwater samples were taken, 
including 66 groups of Quaternary groundwater, 36 
groups of coal series groundwater, 75 groups of Ordo-
vician groundwater, and 12 groups of mine water. Each 
group contained three parallel groundwater samples. 
The sampling locations are shown in Fig. 1. A specifi-
cally designed, self-made sampler was used to collect 
groundwater with a buried depth < 15 m. The sampler 
was sunk 2  m below the water surface, and held for 
1–2 min on the same position, to ensure representative 
water samples. The groundwater with a buried depth 
> 15  m was sampled by water pump. The water was 
pumped for 3 min, and then the water pH was moni-
tored every 15 s. The samples were collected after get-
ting stable pH (± 0.1 variation) for three continuous 
readings. The collected water samples were filtered 
through a 0.45-μm pore size membrane, and immedi-
ately transferred into pre-cleaned 200-mL high density 

polyethylene bottles. Few drops of high-grade pure 
nitric acid were added to keep the pH < 2, and capped 
with the sealing film produced by Parafilm Company 
of the USA to avoid air contact and evaporation. The 
samples were transported to the laboratory in the incu-
bator. In the laboratory, the water samples were stored 
in refrigerator at 4  °C until analysis. The pH of each 
groundwater sample was monitored in situ and recorded 
by the portable multi-parameter instrument (Aqua 
TROLL 400). Concentrations of nine typical HMs in 
groundwater samples including Cr, Mn, Fe, Ni, Cu, Zn, 
As, Cd, and Pb were determined by inductively coupled 
plasma–mass spectrometry method (ICP–MS, Thermo 
Fisher, USA). For quality assurance and quality control, 
before conducting the on-machine testing, the collected 
samples were filtered using a 0.22-μm membrane filter 
into the sample vial for subsequent analysis. The stand-
ard curves with concentration gradients of 1, 2, 5, 10, 
20, 50, and 100  μg/L were prepared using the multi-
element standard solution produced by China National 
Standard Research Center. Blank samples of deionized 
water, sample duplicates, and recovery rate tests were 
performed during sample analysis. The relative stand-
ard deviations of the duplicate samples were < 5% and 
the recovery rate ranged from 85 to 112% of each cali-
bration element.

Source apportionment model

The PMF model, recommended by USEPA, is a mul-
tivariate factor analysis tool (Haghnazar et  al., 2022), 
widely applied to identify and quantify the origins of 
HMs in groundwater by accurately modeling all data 
(Huang et  al., 2021). The core of the algorithms for 
the PMF model is to make the objective function (Q) 
values small and stable (Yoon et al., 2023). According 
to the PMF 5.0 user manual, the basic equations are as 
shown below:

(1)xij =

p
∑

k=1

gikfkj + eij

(2)Q =

n
∑

i=1

m
∑

j=1

(

eij

uij

)2
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where i, j, and k are the number of samples, elements, 
and different sources, respectively; xij is the concen-
tration of element j in sample I; p is the total number 
of sources; n is the total number of samples, m is the 
total number of elements; g is the contribution rate; f 
is the source curve; Q is the objective function; e is 
the residual; u is uncertainty; δ is the error rate, and 
δ is set at 15%; C is the measured value of element 
concentration; MDL is the method detection limit, 
which was calculated using the raw intensity data of 
the standard and the blank. The MDLs of Cr, Mn, Fe, 
Ni, Cu, Zn, As, Cd, and Pb are 0.020, 0.002, 4.500, 
0.006, 0.009, 0.069, 0.004, 0.003, and 0.002  μg/L, 
respectively.

The relative contributions of the factors for each 
sample were calculated using the following equation:

where Ci and Fi are the relative and absolute contribu-
tions of factor i, respectively, and n is the total num-
ber of factors.

Risk assessment approaches

Nemerow pollution index

The Nemerow pollution index is a comprehensive 
method for assessment of HMs pollution levels in 
groundwater, based on a simple and straightforward 
mathematical model (Mukherjee et  al., 2020). The 
equations used for the calculation are as follows (Bod-
rud-Doza et al., 2019; Egbueri & Unigwe, 2020):

where Pi is the single pollution index of HMi, Ci is 
the measured concentration of HMi, and Si represents 
the groundwater quality standard concentration of 

(3)uij =

�

5

6
×MDL, C ≤ MDL

√

(𝛿 × C)2 +MDL2, C > MDL

(4)
Ci =

Fi

n
∑

i=1

Fi

(5)Pi=
Ci

Si

(6)PIN =

√

P2
imax

+ P2
iave

2

HMi;  PIN is the Nemerow pollution index of the nth 
sample point, Pimax is the maximum value of the sin-
gle pollution index of all the HMs in the nth sample 
point, and Piave is the average value of the single pol-
lution index of all the HMs in the nth sample point. 
The interpretation of  PIN was as follows: no pollution 
 (PIN < 0.5), clean (0.5–0.7), warn (0.7–1.0), mild pol-
lution (1.0–2.0), moderate pollution (2.0–3.0), and 
heavy pollution  (PIN > 3) (Haque et al., 2020).

Health risk assessment

The nine HMs tested in this study were divided into 
carcinogenic (Cr, As, and Cd) and non-carcinogenic 
(Mn, Fe, Ni, Cu, Zn, and Pb) metal elements. As 
prescribed by the USEPA, the health risk assess-
ment model was applied to evaluate the health risks 
of adults and children through ingestion and dermal 
absorption (Giri & Singh, 2014; Wen et  al., 2019). 
The specific calculation steps were as follows:

(1) Chronic daily intake (CDI).
The USEPA computes CDI from the amount of a 

particular HM element in groundwater absorbed by 
the human body through direct ingestion and dermal 
absorption, using the following mathematical equa-
tions (Qu et al., 2018).

CDIingestion and  CDIdermal indicate the chronic daily 
intake from water ingestion and dermal absorption 
(μg/kg/day), respectively, and Ci is the average con-
centration of a certain HM in water (μg/L). IR is the 
ingestion rate (2.2  L/d for adults, and 1.14  L/d for 
children), EF is the exposure frequency (365  days/
year), and ED is the exposure duration (70 years for 
adults, and 9  years for children). BW is the body 
weight (64  kg for adults and 25  kg for children in 
Shanxi Province; Xie et al., 2021), AT is the average 
time (ED × 365 days/year, i.e., 25,550 days for adults 
and 3285 days for children), SA is the exposed skin 
area (17,000   cm2 for adults, and 8000   cm2 for chil-
dren), Kp  (cm/h) is the dermal permeability coef-
ficient of the metals in water (Table  S1), ET is the 
exposure time (0.58 h/day for adults, and 1 h/day for 

(7)CDIingestion =
Ci × IR × EF × ED

BW × AT

(8)CDIdermal =
Ci × SA × Kp × ET × EF × ED × CF

BW × AT
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children; Shil & Singh, 2019), and CF is the transfer 
factor (1 ×  10−3 mL/cm3) for water.

(2) Non-carcinogenic health hazards assessment.
In this study, the hazard quotient (HQ) and hazard 

index (HI) were used to estimate the non-carcino-
genic health risk of HMs in groundwater (Cui et al., 
2021). The equations used for calculation of HQ and 
HI are presented below:

where  HQingestion and  HQdermal are the hazards quo-
tient of ingestion and dermal, respectively. RfDingestion 
and RfDdermal are the chronic reference doses of 
ingestion and dermal (μg/kg/day), respectively. The 
USEPA reference values of RfDingestion and RfD-
dermal for an individual HMs are shown in Table S1. 
According to USEPA classification, HQ and HI < 1 
indicate an acceptable non-carcinogenic risk, where 
the risk of non-carcinogenic effects increases with an 
increase in HQ and HI values, while the values > 1 
indicate a higher probability of adverse health effects 
(Cui et al., 2021).

(3) Carcinogenic health risk assessment.
The carcinogenic health risk of HMs in groundwa-

ter was estimated using the incremental lifetime can-
cer risk (ILCR) model of USEPA.

where  ILCRingestion and  ILCRdermal indicate the ILCR 
of ingestion and dermal.  SFingestion and  SFdermal denote 
the cancer slope factor of ingestion and dermal (kg·d/
μg), respectively. The USEPA values of  SFingestion and 
 SFdermal for individual HMs are shown in Table  S1. 
According to USEPA, a ILCR value <  10−6 represents 
negligible levels, values  10−6 < ILCR <  10−4 indicate 
acceptable levels, while ILCR >  10−4 shows a high 
cancer risk to humans (Li et al., 2022). The values for 
other parameters (Giri & Singh, 2014; Miguel et al., 
2007; Wang et al., 2017) in the model are shown in 
Table S1.

(9)

HQingestion =
ADDingestion

RfDingestion

or HQdermal=
ADDdermal

RfDdermal

(10)HI =
∑

(

HQingestion + HQdermal

)

(11)

ILCRingestion = ADDingestion × SFingestion or ILCRdermal

= ADDdermal × SFdermal

(12)ILCR =
∑

(

ILCRingestion + ILCRdermal

)

Results and discussion

The concentrations and temporal distribution 
characteristics of HMs in groundwater

The HMs concentrations and pH values of ground-
water in the Pingshuo mining area are presented in 
Table  1. The pH value of the groundwater varied 
from 7.02 to 8.81, showing that the groundwater was 
weakly alkaline. In general, the average concentra-
tions of HMs in the Quaternary groundwater were in 
the following order Fe > Zn > Mn > Cr > Ni > Pb > C
u > As > Cd, whereas in coal series groundwater the 
order was Fe > Mn > Zn > Cr > Ni > Cu > Pb > As > 
Cd, in Ordovician groundwater Fe > Zn > Mn > Cr 
> Ni > Cu > Pb > Cd > As, and in mine water Fe > M
n > Zn > Ni > Cu > Pb > Cr > As > Cd. These results 
suggested the existence of some differences in the 
order of average values of these HMs in groundwa-
ter samples, which may be due to the close relation-
ship between the concentration of trace elements 
in groundwater and its hydrogeological conditions 
(Wang et al., 2016). Fe, Mn, and Zn were identified 
as the top three abundant elements in each type of 
groundwater, reflecting contamination from exploita-
tion of coal resources (Jiang et al., 2021a). The con-
centration of Cd was higher than As in Ordovician 
groundwater, while the opposite result was found in 
other types of groundwater, which suggested that the 
increase of As concentration was closely associated 
with the occurrence and exploitation of coal resources 
and anthropic production (Jiang et  al., 2021a). The 
concentration of Pb in the Quaternary groundwater 
was higher than that of Cu, while the opposite result 
was observed in other types of groundwater. As is 
generally known as the source of Pb in groundwater 
mainly caused by mineral dissolution or man-made 
pollution. In this study, the possibility that the Pb 
came from dissolved minerals was excluded accord-
ing to the geological composition. Therefore, the 
Pb enrichment in groundwater is mainly due to the 
equipment emissions and chemical residues origi-
nating from industrial, agricultural, and domestic 
activities. Pb enters the Quaternary groundwater 
through leaching and infiltration (Zheng & Bennett, 
2002). Notably, the average concentrations of Fe 
(702.61  μg/L), Mn (325.77  μg/L), Ni (18.64  μg/L), 
and Cu (7.09  μg/L) in mine water were 3.85–5.43, 
10.66–68.58, 9.14–13.51, and 4.25–5.41 times higher 
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than of other types of groundwater. The high concen-
tration of these HMs in mine water can be related to 
coal mining activities (Guo et al., 2022).

The coefficient of variation usually measures the 
dispersion of the test indicators in the samples. The 
higher coefficient of variation indicates a higher 
degree of dispersion and a more uneven spatial dis-
tribution (Wang et  al., 2020). The coefficient of 
variation > 0.5 indicates high variability (Liu et  al., 
2018). Based on the statistical analysis results, under 
the influence of human activities such as coal min-
ing, and industrial and agricultural production, the 
spatial and temporal distributions of HMs in each 
type of groundwater were substantially different and 
showed high spatial variability. The coefficients of 
variation were > 0.5 in seven elements (Mn, Cr, Fe, 
Ni, Pb, As, and Cu) of Quaternary groundwater, six 
elements (Cu, Pb, Fe, Zn, As, and Cr) of mine water, 
four elements (Pb, As, Cu, and Ni) of coal series 
groundwater and four elements (Pb, Cu, Fe, and Ni) 
of Ordovician groundwater. This may be due to the 
relatively high concentrations of HMs in some sam-
pling sites and point source pollution. The pollution 
sources and pollution pathways of different HMs 
were inconsistent. In addition, the coefficient of vari-
ation of Mn and Cr in Quaternary groundwater was 
> 1, indicating that the Quaternary groundwater was 
more seriously affected by anthropogenic activities. 
A relatively lower (0.26–0.41) coefficient of variation 
for Cd was found in different types of groundwater, 
indicating stable Cd distribution. This is because Cd 
is greatly affected by geochemical background values 
and less by human activities, which is consistent the 
findings of Xie et al. (2021). The high concentrations 
of Fe, Ni, and Zn in the Quaternary groundwater were 
recorded in the high-water period, while high concen-
trations of other elements were mostly recorded in 
the low-water period. In the coal series groundwater, 
the high concentration of Cr was recorded in the low-
water period, and the high value of other HMs was 
recorded in the high- and stable-water period. The 
high concentrations of Ni and Zn in the Ordovician 
groundwater were present in the stable-water period, 
and those of other elements were present in the low-
water period. These results suggest that the atmos-
pheric precipitation had a dilutive role in the Quater-
nary and Ordovician groundwater (Mahapatra et  al., 
2020), and the coal series groundwater was replen-
ished by water with a high concentration of HMs in Ta
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the high- and stable-water period, demonstrating 
that atmospheric precipitation enhanced the release 
of HMs from the occurrence strata to the ground-
water. The high concentrations of Cr, Ni, and As in 
mine water appeared in the stable-water period, and 
the high concentrations of other elements appeared 
in the low-water period. In this study, the sampling 
of the stable-water period and the low-water period 
was in autumn and winter. It is well known that the 
increase in coal production is due to the increase in 
coal demand in winter, which resulted in an increase 
in concentration of the HMs in mine water. Except Zn 
and As, the seasonal variation pattern of other HMs 
in mine water was parallel with that of Ordovician 
groundwater, which is probably because the Ordo-
vician groundwater was the primary origin of mine 
water (Sun et al., 2022a).

By comparing the thresholds of the HMs set in 
Class III of the GB/T 14848–2017 and the guidelines 
for drinking-water quality issued by the World Health 
Organization (WHO), it was found that the Chinese 
Groundwater Quality Standard (GB/T 14848–2017) 
gives more stringent thresholds for HMs. Therefore, 
in this study, groundwater quality was assessed by 
the criterion of GB/T 14848–2017. In the Quater-
nary groundwater, the concentration of Cr (1.52%) 
exceeded the corresponding Class III threshold, and 
its maximum concentration was 1.26 times of the 
threshold. The concentrations of Mn surpassed the 
threshold in 4.55% and 100% of the samples of Qua-
ternary groundwater and mine water, and the maxi-
mum recorded Mn concentrations for the two types 
of groundwater were 1.03 and 3.86 times higher than 
the threshold, respectively. The concentration of Fe 
in Quaternary groundwater, coal series groundwa-
ter, and mine water exceeded the threshold in 21.21, 
13.89, and 75% of the samples, respectively, and its 
maximum concentration in the waters mentioned 
above was 2.20, 1.29, and five times the threshold, 
respectively. For mine water, the concentrations of Ni 
and Pb surpassed the threshold in 58.33 and 8.33% of 
the samples, and their maximum concentrations were 
1.55 and 2.33 times the threshold, respectively. The 
concentrations of Cu, Zn, As, and Cd in the ground-
water were all under the corresponding thresholds.

The method of Caboi & Cidu (1999) was adopted, 
using the metal load and water pH values, to classify 
the findings of these water samples. The Caboi dia-
gram (Fig.  2) shows the degree of transfer of HMs, 

which is in proportion to any difference in pH (Khan 
et al., 2021). In the present study, the metal load was 
calculated from the sum of the nine measured HMs. 
The samples, excluding mine water, were categorized 
as “near-neutral and low-metal.” However, 41.67% 
of mine water samples showed a “near-neutral and 
high-metal” classification, whereas 58.33% were in 
the near-neutral and low-metal concentration zone, 
which could be explained by coal mining, increasing 
the concentration of HMs in mine water (Guo et al., 
2022).

Spatial distribution of HMs

Figure  3 shows spatial distribution of HMs concen-
trations in various types of groundwater. The high 
concentration of Cr in Quaternary groundwater was 
recorded near the east and south parts of the research 
area, and the high concentration of Cr in coal series 
groundwater occurred in the middle and south parts 
of the research area (ZD5 and ZD12), as shown in 
Figs.  1 and 3. These areas are places where human 
gathering. The concentration of Cr in almost all 
Ordovician groundwater samples was < 5  μg/L. 
These findings clearly show that the source of Cr in 
groundwater was strongly linked to human activities 
(Jiang et al., 2021a), and there was a hydraulic rela-
tionship between Quaternary groundwater and coal 
series groundwater. The high level of Mn in Qua-
ternary groundwater was present in riverside areas 
downstream or near open pits in the study area. The 
Mn concentrations of coal series groundwater were 
relatively high, ranging from 20 to 50 μg/L, and the 
spatial differences were not large. The concentration 
of Mn in Ordovician groundwater was < 10  μg/L. 
These findings suggested that the changes in Mn 
concentration were greatly affected by the exploita-
tion and occurrence of coal. The distribution char-
acteristics of Fe and Ni were similar to those of Mn 
but also showed increases in human settlements, 
which suggested that Fe and Ni concentrations are 
also affected by other human activities. Cu and Zn 
concentrations in groundwater in the research area 
were 0.45–3.03 μg/L and 12.75–46.39 μg/L, respec-
tively, which were much lower than the standard lim-
its (1000  μg/L), demonstrating their nonsignificant 
effect on human production. In Quaternary ground-
water and coal series groundwater, a higher concen-
tration of As was observed downstream compared to 



 Environ Geochem Health (2024) 46:141

1 3

141 Page 10 of 21

Vol:. (1234567890)

the upper stream of the study area, and markedly high 
values were recorded in a localized area (QD20 and 
ZD4), due to human pollution. In Ordovician ground-
water, the concentration of As was < 0.82 μg/L with 
no distinct spatial variation.

The spatial distribution of Cd in each aquifer 
slightly differed, mostly in 0.25 to 0.5  μg/L range, 
with only few points exceeding 0.5 μg/L, which may 
be related to the source of Cd in groundwater and 
the hydrogeochemistry of the environment in the 
study area. The high local concentration was due to 
anthropogenic activities such as coal mining. Wang 
et  al. (2021) found that industrial pollution led to 
point source pollution of Cd in groundwater. The high 
concentration of Pb in Quaternary groundwater was 
observed in areas (QD15 and QD22) with serious 
human pollution. The spatial variation of Pb in coal 
series groundwater was not large, and the recharge 
of upper Quaternary groundwater mainly caused 
the increase in a localized area. The higher value of 
Pb concentration was observed in the middle of the 
research area in Ordovician groundwater. Multiple 
coal mining operations in this area have damaged 
the middle rock strata, and the formation of water-
conducting fissures made the Ordovician groundwater 

to directly recharge from the upper groundwater (Sun 
et al., 2022a).

The concentrations of Cr, Ni, and As from the first 
sampling site of mine water (KJ1) were higher than 
other sites, whereas the concentration of Fe from the 
second sampling site of mine water (KJ2) was higher 
than other sites, and those of Mn, Cu, Zn, Cd, and Pb 
from the fourth sampling site of mine water (KJ4) 
were higher than other sites, which might be due to 
the scale of coal mining. The mining scale of KJ4 was 
10 million t/a, being much larger than that of KJ1 and 
KJ2, while KJ3 was in a state of shutdown. The high 
Fe concentration of KJ2 may be related to the strata 
occurred source water and the Fe-rich coal seam. 
Therefore, the spatial distribution of mine water was 
more complicated due to the complex sources and 
influence of human activities.

Source apportionment of HMs in groundwater

Correlation analysis

Different statistical analysis methods can be used to 
discriminate the relationship and source of HMs in 
water from a macroscopic point of view, to improve 

Fig. 2  Caboi diagram 
showing metal load (Cr + M
n + Fe + Ni + Cu + Zn + As 
+ Cd + Pb) versus pH plot
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Fig. 3  Spatial distribution of HMs concentrations in groundwater in the study area
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the credibility of results evaluation, and to make 
the conclusion more convincing (Kara et  al., 2021). 
For example, a strong correlation between HMs in 
groundwater indicates that these elements have the 
same source or similar migration and transforma-
tion processes (Chai et  al., 2021). Therefore, the 
Pearson correlation analysis between the concentra-
tion of HMs and pH in groundwater was conducted 
(Table 2) to explore the source and migration charac-
teristics of HMs in groundwater in the Pingshuo min-
ing area. The highly significant (P < 0.001) positive 
correlation between Fe, Ni, Cu, Zn, As, Pb, and Mn 
reveals that these HMs may have similar geochemical 

behaviors or the same origins (Jiang et  al., 2021b). 
The correlations between Mn and Fe or Ni, and the 
correlation between Zn and Pb or Cu were strongly 
significant (r > 0.5, P < 0.001), which reinforces the 
above conclusion. There was a significant (P < 0.05) 
negative relationship between Cr and Zn, and a sig-
nificant (P < 0.001) positive relationship between Cr 
and As, indicating that the source of Cr in groundwa-
ter was more complex, partly homologous to Zn and 
partly homologous to As. The common behavior of 
Cr and As, as oxyanion species, can also explained 
this phenomenon. Ni was positively (P < 0.001) cor-
related with Cu, Zn, As, and Pb, indicating that Ni 

Fig. 3  (continued)

Table 2  Pearson correlation matrix of pH and HMs in groundwater

*Correlation significant at the 0.01 level
**Correlation significant at the 0.005 level
***Correlation significant at the 0.001 level

Cr Mn Fe Ni Cu Zn As Cd Pb pH

Cr 1
Mn − 0.079 1
Fe 0.046 0.597*** 1
Ni − 0.007 0.837*** 0.783*** 1
Cu − 0.036 0.392*** 0.066 0.361*** 1
Zn − 0.147* 0.383*** 0.286*** 0.445*** 0.625*** 1
As 0.438*** 0.306*** 0.419*** 0.421*** 0.083 0.066 1
Cd 0.024 0.111 − 0.067 0.092 0.341*** 0.214** 0.013 1
Pb 0.067 0.444*** 0.282*** 0.495*** 0.763*** 0.522*** 0.441*** 0.355*** 1
pH 0.301*** − 0.043 0.082 − 0.037 − 0.084 0.049 0.233** 0.09 − 0.038 1
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in groundwater was partly originated from the same 
sources as Cu and Zn, and partly from the same 
sources as As and Pb. Zhou et al. (2019) showed that 
Zn, Cd, and Pb were chalcophile elements, having 
the same geochemical behavior. In the current study, 
Cu had significant positive correlation with Zn, Cd, 
and Pb, further explaining the homology of Cu with 
Zn, Cd, and Pb. In this study, the pH of groundwa-
ter was positively correlated with Cr (P < 0.001) and 
As (P < 0.01), which indicated that the acidity and 
alkalinity of groundwater affect the distribution of 
Cr and As concentrations, as well as the migration, 
transformation, and deposition enrichment of Cr and 
As in water. In agreement with our findings, Adeli 
et al. (2021) reported that with increase in pH value, 
the positive charge on rock and soil decreased, which 
decreased their As adsorption capacity, and increased 
the concentration of As in groundwater. Moreover, 
the relatively high pH can mobilize the adsorbed Cr 
into groundwater (Yan et al., 2022).

PMF model

Figure 4 shows the results of PMF model analysis on 
the origins of HMs in groundwater in Pingshuo min-
ing area. The relative contributions of the factors for 
each sample were calculated using Eq. 4 (Yoon et al., 
2023) and their averages in each type groundwater are 

presented in Table 3. Among the factors, HMs with a 
high loading were used as the representative HMs of 
a certain source (Sheng et al., 2022). The PMF identi-
fied that three major sources contributed to the origin 
of HMs in groundwater. Factor 1 was the major con-
tributor to the origin of HMs in groundwater, account-
ing for 68.22% of the total variance. The major con-
tributors to Factor 1 score were Mn (96.57%), Fe 
(78.87%), and Ni (70.10%). Factor 1 mainly contrib-
uted to the origin of HMs in mine water (75.04%) and 
coal series groundwater (31.60%). Shanxi coal seam 
contains a large amount of pyrite, and coal mining 
makes the occurrence of pyrite reduction environment 
into an oxidizing environment, and thus water–rock 
interaction allows large amounts of Fe to seep into 
groundwater (Sun et al., 2022b). Ni is associated with 
coal seams in the form of sulfide and iron-manganese 

Fig. 4  The results of the PMF Model. a Contributions of three factors derived from the PMF model to the HMs. b Contribution of 
each factor

Table 3  Relative contributions of factors for different types of 
groundwater based on PMF analysis results

Types Contribution (%)

Factor 1 Factor 2 Factor 3

Quaternary groundwater 17.96 46.31 35.73
Coal series groundwater 31.60 39.23 29.17
Ordovician groundwater 13.98 31.57 54.45
Mine water 75.04 15.32 9.64
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oxide, and the content of Ni in the leaching solution 
of coal and gangue is quite high (Chen et al., 2022). 
In coal resource exploitation, Ni, Fe, and Mn seep 
into groundwater (Bhuiyan et al., 2010; Wang et al., 
2020). Kara et  al. (2021) found that if groundwater 
contains Fe, it is very likely that Mn will also be pre-
sent it. The results above showed that Mn, Fe, and Ni 
in groundwater in the study area were strongly asso-
ciated with coal mining, as reflected by greater con-
centrations in coal series groundwater and mine water 
(Table 1). There was also a strong correlation of Ni, 
Fe, and Mn (Table 2). Therefore, Factor 1 was identi-
fied to be coal mining activities.

The contribution Factor 2 to the origin of HMs in 
groundwater in Pingshuo mining area was 16.91%. 
The prominently dominant HMs originating from 
Factor 2 were Pb (90.95%), As (81.01%), and Cr 
(63.38%), respectively. Sharma et  al. (2022) showed 
that high concentrations of Pb in groundwater origi-
nated from anthropogenic sources such as vehicle 
emissions and agricultural chemical wastes. High Pb 
levels are also present in plastic filmland phosphate 
fertilizers (Wang et al., 2020). In this study, the higher 
concentration of Pb in mine water is mainly due to 
emissions from the large mining machinery and petro-
leum leakage during maintenance. The As is mainly 
produced by human activities. Agricultural activities 
such as chemical fertilizers and pesticides deposit 
As into the soil, and from the soil it leaches out into 
groundwater (Wang et  al., 2019a). Human domestic 
sewage and poultry farms can cause an increase in Cr 
concentration in groundwater (Cai et al., 2019; Chen 
et  al., 2022). Combined with the spatial distribution 
of Pb, As, and Cr in groundwater, the high-value area 
is mainly the area with strong human activity (Fig. 3). 
Hence, Factor 2 was identified to be representing 
HMs originating from the industrial, agricultural, and 
residential chemicals residues and leakages.

Factor 3 accounted for 14.87% of the total contri-
bution to the origin of HMs in groundwater in Ping-
shuo mining area, which was distinguished by Cu 
(77.31%), Zn (65.68%), and Cd (56.28%). The Ordo-
vician groundwater was predominantly affected by 
Factor 3 (54.45%). The concentration of Cu and Zn 
in the lower stratum is greater than that in the upper 
stratum (Ma et al., 2007). Many artificial landforms, 
such as waste piles, gangue piles, and dumps, have 
appeared on the surface of coal mining. The strata 
are also artificially inverted, exposing the lower strata 

to the surface. A large amount of dust is produced 
during open-pit mining and transportation of coal 
mines, including pulverized coal particles, which set-
tle downstream of the basin with wind transportation. 
These surface pollutants are prone to oxidation and 
contribute to HMs load of the soil, and during atmos-
pheric precipitation, the HMs leach out into ground-
water (Kim et  al., 2023). In the spatial distribution, 
Cu and Ni had higher values in Quaternary ground-
water, and were mostly concentrated near the dump 
and waste pile, and the downstream of the basin had 
more concentration of these HMs than the upstream. 
According to the previous analysis, the coefficient of 
variation of Cd is low, and the lithological changes 
of the strata caused the spatial differences. Cd is less 
affected by human activities and mainly affected by 
the geochemical background values. In addition to 
local interference by human factors, Cr and Zn are 
highly abundant, with relatively stable and uniform, 
overall spatial distribution, mainly affected by the 
geological background. Factor 3 was identified to 
be representing HMs originating derived from the 
geological dissolution of surface deposits, pollutant 
deposits, and water-bearing strata under the inter-
action of water and rock, which was identified as a 
natural source. The contribution of three factors to 
the enrichment of HMs in groundwater is shown in 
Fig. 4b. Factor 1 (coal mining activities), contributed 
the most (68.22%), followed by Factor 2 (industrial, 
agricultural and residential chemicals residue and 
leakage) which contributed 16.91%, and Factor 3 
(natural source) contributed 14.87%. The PMF model 
factor scores clearly demonstrated that coal mining 
activities in the Pingshuo mining area were the most 
important contributor to the high level of heavy met-
als in groundwater.

Risk assessment of HMs in groundwater

HMs pollution assessment

The pollution index of the HMs in groundwater was 
assessed using the Nemerow pollution index  (PIN) 
(Sheng et  al., 2022). The  PIN of each water sample 
was computed by referring HMs concentration data 
in the groundwater to the standard value of Class III 
of GB/T 14848–2017, followed by grade evaluation 
and proportion analysis (Table  4 and Fig.  5). Based 
on the water quality classification criteria of  PIN, 
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approximately 15.15% and 7.58% of the samples 
for the Quaternary groundwater were classified as 
warn and mild HMs pollution, respectively, whereas 
77.27% of the samples had no pollution. There was 
no pollution in coal series groundwater, and only 
13.89% of samples caused the alert. Expectedly, there 
was no pollution in Ordovician groundwater. Con-
trary, the pollution of mine water was alarming, with 
66.67 and 25.00% of the total water samples being in 
moderate and heavy pollution levels, respectively. As 
shown in Fig. 5, the total average value of the Neme-
row pollution index in groundwater was greater for 
mine water, followed by Quaternary groundwater, 
coal series groundwater, and Ordovician groundwa-
ter in descending order. The same seasonal variation 
trend, low in stable and high in high-water periods, 
was also shown by Nemerow pollution index for the 
Quaternary groundwater and coal series groundwa-
ter. During the period of high–stable–low water, the 
Nemerow index was found to increase gradually in 
the Ordovician groundwater and mine water.

Health risk assessment

The health risks were assessed for adults and chil-
dren considering ingestion and dermal absorption 
of groundwater-containing HMs in the research 
area. The results of non-carcinogenic evaluation 
are presented in Table  5, 67. No health risk assess-
ment was performed for mine water, as there was 
no exposure to ingestion and dermal absorption. For 
adults and children, the HQ variation trend of HMs 
was consistent under the same exposure route to the 
same groundwater, while it was different in differ-
ent exposure routes to different groundwater. Under 
the ingestion pathway, the average HQ of HMs in the 
Quaternary groundwater, coal series groundwater, 
and Ordovician groundwater followed a decreasing 
order as As > Cr > Pb > Cd > Mn > Fe > Ni > Zn > C
u, As > Cr > Mn > Pb > Cd > Fe > Ni > Zn > Cu, and 
Cr > As > Cd > Pb > Mn > Fe > Zn > Ni > Cu, respec-
tively. The HQ of As in Quaternary groundwater 
and coal series groundwater was greater than that of 
Cr, while the opposite result was obtained in Ordo-
vician groundwater. For Cd, Pb, and Mn, the HQ of 

Table 4  Assessment results of Nemerow pollution index of HMs in groundwater of the study area (%)

Types No pollution Clean Warn Mild pollution Moderate pol-
lution

Heavy pollution

Quaternary groundwater 65.15 12.12 15.15 7.58 0 0
Coal series groundwater 69.44 16.67 13.89 0 0 0
Ordovician groundwater 86.67 13.33 0 0 0 0
Mine water 0 0 0 8.33 66.67 25.00

Fig. 5  Seasonal variation 
characteristics of the Neme-
row pollution index
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Pb, Mn, and Cd was higher than the other elements 
in Quaternary groundwater, coal series groundwater, 
and Ordovician groundwater, respectively. Fe, Ni, Zn, 
and Cu ranked the last four in each type of ground-
water. Under the dermal absorption pathway, the HQ 
of HMs for Quaternary groundwater and coal series 
groundwater in descending order was Cr > Mn > Cd 
> As > Fe > Ni > Pb > Zn > Cu, while for Ordovician 
groundwater: Cr > Cd > Mn > As > Fe > Ni > Zn > Pb 
> Cu. The HQ of Mn in Quaternary groundwater and 
coal series groundwater was 10 times greater than 
that in Ordovician groundwater, thus indicating that 

Mn has a serious impact on these two aquifers (Shi 
et  al., 2022). The non-carcinogenic total health risk 
quotient in children was significantly greater than in 
adults. Moreover, ingestion was greater than dermal 
absorption. The total health risk quotient of ingestion 
was about seven to nine times greater than that of der-
mal absorption in adults and four to six times greater 
than that of ingestion in children.

As shown in Table 7, the non-carcinogenic health 
risk index (HI) of HMs in groundwater ranged from 
0.18 to 0.42 for adults and 0.25 to 0.58 for chil-
dren, all were within acceptable (< 1) range. The HI 

Table 5  Values of HQ (for 
each HM) for adults and 
children in groundwater 
through ingestion

Items Quaternary groundwater Coal series groundwater Ordovician groundwater

adults children adults children adults children

Cr 9.90 ×  10−2 1.31 ×  10−1 9.23 ×  10−2 1.22 ×  10−1 4.70 ×  10−2 6.24 ×  10−2

Mn 2.41 ×  10−2 3.19 ×  10−2 4.38 ×  10−2 5.80 ×  10−2 6.80 ×  10−3 9.02 ×  10−3

Fe 8.42 ×  10−3 1.12 ×  10−2 8.96 ×  10−3 1.19 ×  10−2 5.92 ×  10−3 7.85 ×  10−3

Ni 3.32 ×  10−3 4.41 ×  10−3 3.51 ×  10−3 4.66 ×  10−3 2.37 ×  10−3 3.15 ×  10−3

Cu 1.43 ×  10−3 1.90 ×  10−3 1.40 ×  10−3 1.86 ×  10−3 1.12 ×  10−3 1.49 ×  10−3

Zn 2.57 ×  10−3 3.41 ×  10−3 2.87 ×  10−3 3.81 ×  10−3 2.78 ×  10−3 3.69 ×  10−3

As 1.63 ×  10−1 2.17 ×  10−1 1.28 ×  10−1 1.70 ×  10−1 4.11 ×  10−2 5.45 ×  10−2

Cd 2.81 ×  10−2 3.73 ×  10−2 2.96 ×  10−2 3.92 ×  10−2 2.94 ×  10−2 3.90 ×  10−2

Pb 4.46 ×  10−2 5.92 ×  10−2 3.75 ×  10−2 4.97 ×  10−2 1.87 ×  10−2 2.48 ×  10−2

HQingestion 3.75 ×  10−1 4.97 ×  10−1 3.48 ×  10−1 4.62 ×  10−1 1.55 ×  10−1 2.06 ×  10−1

Table 6  Values of HQ (for 
each HM) for adults and 
children in groundwater 
through dermal absorption

Items Quaternary groundwater Coal series groundwater Ordovician groundwater

adults children adults children adults children

Cr 3.55 ×  10−2 7.37 ×  10−2 3.31 ×  10−2 6.87 ×  10−2 1.69 ×  10−2 3.50 ×  10−2

Mn 2.70 ×  10−3 5.60 ×  10−3 4.90 ×  10−3 1.02 ×  10−2 7.62 ×  10−4 1.58 ×  10−3

Fe 1.89 ×  10−4 3.92 ×  10−4 2.01 ×  10−4 4.17 ×  10−4 1.33 ×  10−4 2.75 ×  10−4

Ni 7.45 ×  10−5 1.55 ×  10−4 7.87 ×  10−5 1.63 ×  10−4 5.32 ×  10−5 1.10 ×  10−4

Cu 3.21 ×  10−5 6.66 ×  10−5 3.14 ×  10−5 6.52 ×  10−5 2.51 ×  10−5 5.22 ×  10−5

Zn 3.45 ×  10−5 7.18 ×  10−5 3.86 ×  10−5 8.02 ×  10−5 3.74 ×  10−5 7.77 ×  10−5

As 7.71 ×  10−4 1.60 ×  10−3 6.05 ×  10−4 1.26 ×  10−3 1.94 ×  10−4 4.03 ×  10−4

Cd 2.52 ×  10−3 5.24 ×  10−3 2.65 ×  10−3 5.50 ×  10−3 2.64 ×  10−3 5.48 ×  10−3

Pb 6.66 ×  10−5 1.38 ×  10−4 5.60 ×  10−5 1.16 ×  10−4 2.79 ×  10−5 5.79 ×  10−5

HQdermal 4.19 ×  10−2 8.70 ×  10−2 4.17 ×  10−2 8.65 ×  10−2 2.07 ×  10−2 4.31 ×  10−2

Table 7  Values of HI 
for adults and children in 
groundwater

Items Quaternary groundwater Coal series groundwater Ordovician ground-
water

adults children adults children adults children

HI 0.42 0.58 0.39 0.55 0.18 0.25
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of HMs for groundwater in descending order was 
Quaternary groundwater > coal series groundwa-
ter > Ordovician groundwater. The HI of Ordovician 
groundwater was the lowest, 0.43 to 0.46 times that 
of other water bodies. The HI of children was 1.34 to 
1.41 times higher than that of adults, indicating that 
HMs pollution in groundwater in the Pingshuo min-
ing area posed a higher non-carcinogenic health risk 
to children (Wen et al., 2019).

Chronic consumption or exposure to water contam-
inated with HMs poses a health hazard to the human 
body and even causes cancer (Sajjadi et  al., 2022). 
In this study, all carcinogenic HMs (Cr, As, and Cd) 
in groundwater were modeled to estimate incremen-
tal lifetime cancer risk (ILCR) in the research area. 
The carcinogenic risk assessment results of HMs in 
groundwater through ingestion and dermal absorp-
tion are shown in Fig. 6. The carcinogenic risk value 
of HMs in groundwater > 1 ×  10–4 indicated high 
carcinogenic risk; 1 ×  10–6 to 1 ×  10–4 represented an 
admissible range, and < 1 ×  10–6 indicated negligible 
risk (Li et  al., 2022). For adults and children, 65.15 
and 81.82% of Quaternary groundwater, 80.56 and 
83.33% of coal series groundwater, 6.67 and 17.33% 
of Ordovician groundwater pose a high carcinogenic 
risk of Cr, and the rest were within the admissible 
limit of carcinogenic risk. For adults and children, 
28.79 and 37.88% of Quaternary groundwater, 19.44 

and 25.00% of coal series groundwater pose a high 
carcinogenic risk of As, whereas Ordovician ground-
water was within the acceptable range of carcinogenic 
risk. The carcinogenic risk of Cd in all groundwater 
was low. Cr and As had the greatest impact on the 
health carcinogenic risk of adults and children, fol-
lowed by Cd. The lower (about 1–2 orders of mag-
nitude) carcinogenic risk of HMs in groundwater 
occurred through dermal absorption compared to 
through ingestion. As shown in Fig. 6c, d, the carci-
nogenic risk of dermal absorption to Cr, As, and Cd 
in adults and children in all groundwater was accept-
able or negligible. Furthermore, the carcinogenic risk 
of HMs through ingestion and dermal absorption has 
been reported to be higher in children than in adults 
(Zhong et al., 2022).

The total carcinogenic risk value of groundwater 
in each type of groundwater was obtained by add-
ing the calculated carcinogenic risk values of HMs 
from ingestion and dermal absorption. According to 
the calculation results, for children, 100% of Qua-
ternary groundwater, 94.44% of coal series ground-
water, and 90.67% of Ordovician groundwater had 
high carcinogenic risks; for adults, 95.45% of Qua-
ternary groundwater, 91.67% of coal series ground-
water, and 26.67% of Ordovician groundwater had 
high carcinogenic risks. This revealed that children 
in the research area were more sensitive to the threat 

Fig. 6  Carcinogenic health risk value for adults and children in groundwater through ingestion and dermal absorption
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of HM carcinogenesis in groundwater. The Quater-
nary and coal series groundwater resulted unsuitable 
for drinking and use as domestic water. The Ordovi-
cian groundwater also posed a high carcinogenic risk 
due to the pollution of human activities such as coal 
mining. In the future, it should be well protected and 
should be taken certain purification measures as far as 
possible before use.

Conclusions

This study systematically evaluated the concentra-
tions, spatiotemporal distribution characteristics, 
and contamination sources, and pollution and health 
risks of HMs in groundwater in Pingshuo coal min-
ing area. The results showed that Fe, Mn, and Zn 
had the highest concentrations across various types 
of groundwater. The concentrations of HMs were 
higher in groundwater near the open pit, waste 
slag pile, riverfront area, and high anthropic zone. 
Except for Ordovician groundwater, excessive HMs 
were found in all investigated groundwater of the 
mining area, as compared with the standard thresh-
olds. Fe exceeded the threshold in 13% to 75% of 
the groundwater sampled. Most HMs concentrations 
of Quaternary groundwater, Ordovician ground-
water, and mine water in the low-water period are 
higher than those in stable and high period, while 
the higher HMs concentration of coal series ground-
water in the high-water period were observed. Three 
sources of HMs in groundwater were identified and 
quantified by PMF model, including coal mining 
activities (Factor 1, 68.22%), industrial, agricul-
tural, and residential chemicals residue and leakage 
(Factor 2, 16.91%), and natural sources (Factor 3, 
14.87%). The Quaternary groundwater, Ordovician 
groundwater, and mine water were mainly affected 
by Factor 2, Factor 3, and Factor 1, respectively. 
The coal series groundwater was affected by the 
combination of all three factors. The Nemerow pol-
lution index revealed that 7.58 and 100% of Qua-
ternary groundwater and mine water samples were 
polluted. The health risk index for HMs in ground-
water showed that the non-carcinogenic health risk 
ranged from 0.18 to 0.42 for adults, indicating an 
acceptable level. Additionally, high carcinogenic 
risks were identified in Quaternary groundwater 

(95.45%), coal series groundwater (91.67%), and 
Ordovician groundwater (26.67%). Both carcino-
genic and non-carcinogenic risks were greater for 
children than adults, highlighting their increased 
vulnerability to HMs in groundwater. Cr and As had 
the greatest impact on the health carcinogenic risk 
of adults and children, followed by Cd. Therefore, 
the groundwater in the study area should be well 
protected, and certain purification measures should 
be taken before use.
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