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Abstract

This study is based on 63 sets of groundwater samples from the Qian’an Basin to calculate 
the environmental background values of groundwater, focusing on total dissolved solids (TDS), total 
hardness, and NO3

⁻. Mathematical statistical methods were employed to identify and remove outliers. 
Ion correlation analysis and ratio plots were also used to investigate the chemical composition, formation 
mechanisms, and background values of the groundwater while analyzing the spatial distribution 
characteristics of these background values.

The research results showed that the dominant cations in the groundwater were Ca²⁺, followed 
by Mg²⁺, while the main anions were HCO₃⁻ and SO₄²⁻. The hydrochemical types were classified 
as HCO₃-Ca·Mg and HCO₃SO₄-Ca·Mg, indicating that the dissolution of carbonate rocks played 
a dominant role in controlling the groundwater chemistry. The background value thresholds 
of total dissolved solids (TDS), total hardness, and NO3

⁻ were calculated to be 162-729.95 mg/L, 
122.05-508.55 mg/L, and 0.002-32.62 mg/L. The background values of TDS and total hardness showed 
no significant spatial variation overall. In contrast, the background values for NO3

⁻ were higher and 
exhibited clear spatial variability, indicating that human activities influenced the groundwater. 
The study identified the hydrochemical and environmental background characteristics of shallow 
groundwater in the Qian’an Basin, deepening the understanding of the groundwater quality formation 
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Introduction

Groundwater is an important freshwater resource, 
and the formation of groundwater chemistry can be 
affected by a combination of natural factors and human 
activities [1]. However, the deterioration of groundwater 
quality that may result from natural processes and 
human activities poses a potential threat to human 
health and the environment [2, 3]; therefore, accurately 
identifying groundwater background values and 
revealing hydrochemical characteristics are essential for 
groundwater pollution assessment and environmental 
protection. Groundwater environmental background 
values are the characteristic values of the original 
chemical composition of the groundwater environment 
itself in its natural state without the influence of 
human activities [4-6]. Meanwhile, due to the mobility 
of groundwater and uneven distribution of water-
bearing rock groups, different areas of groundwater 
recharge, runoff, and discharge, and differences in 
the intensity of water-rock interactions, the natural 
chemical components of groundwater have variations 
in certain spatial and temporal scales [7-9]. Hence, the 
groundwater environmental background value is a range 
value with spatial and temporal variability rather than  
a fixed value [10].

With the improvement of groundwater quality 
management requirements, scholars have gradually 
developed multi-dimensional and multi-scale technical 
paths in the research of background value calculation 
and recognition. Gianluigi Busico et al. [11] applied  
the well-known Gaussian Sequence Simulation 
Algorithm (SGS) to calculate and map the spatial 
distribution of background values such as NO3

⁻ in 
groundwater. SGS retains the spatial properties of 
the variables compared to the traditional kriging 
interpolation method, which enables better prediction 
of the unknown space; Chu et al. [12] applied a random 
forest model to effectively identify TDS anomalies. 
However, although the random forest model can 
accurately detect high and low anomalies compared to 
traditional hydrochemical approaches, the underlying 
causes of these anomalies still require further analysis 
using additional methods; Awawdeh et al. [13]  
utilized a biphasic approach with an artificial neural 
network to successfully reduce the GRACE data to 
4 km resolution, which combined the water level and 
its posterior data to achieve an accurate prediction 
of the groundwater level and provided an effective 
way to predict the accuracy of the background  
value identification and groundwater dynamics  
in the future.

Due to its topography, geographical location, and the 
influence of highly developed industrial and intensive 
agricultural activities, the water resources in Qian’an 
City are unevenly distributed in both time and space. 
The insufficient amount of groundwater resources [14] 
and the increasing contradiction between the supply 
and demand of water resources have led to the long-
term overexploitation of groundwater in the study area 
of this paper, which has induced prominent problems 
of groundwater pollution and other systemic risks. 
Existing studies mainly focus on the evaluation and 
regulation of groundwater resources in Qian’an City, 
iron ore genesis [15], and the analysis of the current 
status of pollution in mining areas [16, 17]. Yang et al 
[18] carried out numerical simulation and water resource 
evaluation, and proposed a rational utilization scheme 
for long-term groundwater exploitation in Qian’an City; 
Xu et al [19] further established a numerical model 
of the groundwater system in the Qian’an Basin by 
combining the regional hydrogeological conditions, 
analyzed the regulation mechanism of surface water 
and groundwater, and provided countermeasures to 
support the realization of the sustainable utilization of 
groundwater resources; Meng et al [20] evaluated the 
groundwater in the mining area on the west side of 
the middle and lower reaches of the Luanhe River and 
pointed out that non-metallic pollution indicators, such 
as NO3

⁻ and ammonia nitrogen, have a more significant 
impact on the quality of groundwater. However, there 
is still a lack of research on the natural chemical 
composition, formation mechanism, and distribution of 
groundwater in the Qian’an Basin.

To grasp the current status of the groundwater 
environment in Qian’an Basin, this paper, based on 63 
sets of shallow groundwater data obtained in Qian’an 
Basin, adopted the mathematical and statistical method 
to determine groundwater environmental background 
values, used the Piper diagram, Gibbs diagram, and ionic 
proportion coefficient method in combination with the 
hydrogeological conditions to explore the hydrochemical 
characteristics of the groundwater and the evolution and 
formation of the groundwater components, and analyzed 
the spatial distribution characteristics and causes of the 
indicators of total dissolved solids (TDS), total hardness 
(TH), and NO3

⁻ indicators in the basin. Different from 
previous studies that mainly focused on the evaluation 
of groundwater resources, mining regulation, or mining 
area pollution identification, this study is the first to 
carry out a comprehensive survey of background value 
identification, hydrochemical evolution characteristics, 
and spatial distribution in the Qian’an Basin to 
provide theoretical support for the sustainable use of 

and evolution mechanisms in the region compared to previous studies and providing important support 
for the sustainable development of regional groundwater.

Keywords: Qian’an basin, groundwater environmental background values, shallow groundwater, 
hydrochemical characteristics
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groundwater resources and environmental protection in 
the Qian’an Basin.

Geological Setting

The Qian’an Basin, located in Qian’an City, Hebei 
Province, China, is a mountain-intermontane alluvial–
pluvial basin whose formation and evolution are 
governed by the regional tectonic framework. The basin 
exhibits a north-high, south-low, and west-high, east-
low topography, transitioning from low mountain hills 
to alluvial plains. The basin boundaries are controlled 
by NW-SE trending faults and a southwestwardly 
inclined “C”-shaped arcuate fold belt. These tectonic 
structures not only define the basin’s morphology but 
also influence sediment distribution and groundwater 
flow direction.

The stratigraphy of the study area is primarily 
composed of Archean basement rocks, the 
Mesoproterozoic Jixian and Changcheng Systems, and 
Quaternary deposits of the Cenozoic. The lithological 
characteristics of these different strata have distinct 
impacts on the groundwater system. The Archean 
rocks are mainly exposed around the periphery of the 
study area. They are dominated by metamorphic rocks 
such as mafic granulites, gneisses, and biotite-bearing 
metamorphic rocks, forming the dense basement of 
the basin. The Jixian and Changcheng Systems of 
the Mesoproterozoic are primarily exposed in the 
southwestern part of the basin and consist mainly 
of sedimentary rocks such as banded chert-bearing 
dolomites, quartz sandstones, and dolomitic limestones. 
The dissolution of carbonate rocks like dolostone 
releases substantial amounts of HCO₃⁻, Ca²⁺, and Mg²⁺ 
ions during weathering, which are important sources of 
the groundwater’s chemical composition.

The groundwater in the study area is shallow, and the 
main aquifer is composed of Quaternary alluvial gravel. 
The aquifer thickness ranges from 8~20 m, and the 
aquifer lithology is dolomite. The region has the Luanhe 
River flowing in from the northwest and bending to 
flow out to the southeast, serving as the main recharge 
source for the Quaternary aquifer. The groundwater 
in the region is mainly composed of bedrock fracture 
water and Quaternary loose rock pore water, with 
bedrock fracture water distributed along the edges of 
the basin. Tectonic fractures control the water yield. 
The Quaternary unconsolidated pore water is primarily 
found in the floodplain of the Luanhe River and the 
first and second terraces. The mines controlled by the 
overturned anticline and faults are distributed along 
the outer edge of the basin. The natural weathering of 
the ore bodies and mining activities can increase the 
concentrations of ions such as Fe²⁺ and SO₄²⁻, which, 
through surface runoff and infiltration, enter the aquifer 
and have a cumulative effect on the hydrochemical 
composition of the groundwater. The study area and 
sampling points are shown in Fig. 1.

Materials and Methods

Sample Collection and Analysis

The sampling in this study focused on shallow 
groundwater, aiming to meet the precision requirements 
of hydrogeological investigations with a minimum 
sample size of 50 points at a scale of 1:100,000. A total 
of 63 groups of samples were collected and tested for 
44 indicators, primarily focusing on exploring three key 
parameters: TH, TDS, and NO3

⁻. 
The pH was measured using the glass electrode 

method. TDS was determined by the gravimetric method 
at 105°C. TH was analyzed using inductively coupled 
plasma atomic emission spectrometry (ICP-AES). 
Chemical oxygen demand (COD, represented as oxygen 
consumption) was measured using the acid potassium 
permanganate method. Major cations (Na⁺, K⁺, Ca²⁺, 
and Mg²⁺) and anions (Cl⁻, SO₄²⁻) were determined by 
ion chromatography (IC). Bicarbonate (HCO₃⁻) and 
carbonate (CO₃²⁻) concentrations were determined by 
acid-base titration.

Background Value Study Methodology

(1) Identification and removal of outliers
The study used mathematical statistics methods 

for outlier identification and rejection. The sample 
data needs to conform to a normal distribution 
after undergoing a normality test and normality 
transformation to identify outliers.

After completing the normality test, outliers were 
eliminated for macro components (K+, Ca2+, Na+, Mg2+, 
HCO3

⁻, CO3
2⁻, SO4

2⁻, and Cl-) and composite indicators 
(pH, TDS, TH, and oxygen consumption) using  
the Piper diagram for sample data that conformed to  
a normal distribution. The diamond-shaped area of the 
Piper diagram was converted into two-dimensional 
coordinates. Then, the Mahalanobis distance formula 
(1) was used to calculate Da2 for each sample’s data 
points. The mean ± 3SD (SD = standard deviation) 
of all the Da2s was used as the critical distance (Di2). 
By comparing the magnitude of Di2 with Da2, water 
chemistry anomalies were determined, and any samples 
with Da2 values exceeding Di2 were eliminated.  
The above steps were repeated until the Da2 of all 
remaining samples was less than the critical distance 
Di2. Outliers were subsequently identified and rejected 
using the Grubbs test.

Formula:

	
TXXSXXDa )()( 12 −−= −

 	 (1)

X – Coordinate values of the array; 
X̅  – Average of array coordinate values;
S-1 – Inverse covariance matrix; 
Da – Mahalanobis distance.

Depending on the number of remaining samples, 
the Grubbs test (sample size≤100) or the 3σ criterion 



Xue Xia, et al.4

(sample size > 100) was selected for outlier identification 
and removal. 

If the NO3
⁻ in the study area presents surface 

contamination, the conventional method cannot identify 
the abnormal value. After replacing the undetected NO3

⁻ 
data in the sample data with the 1/2 detection limit, 
the data with the NO3

⁻ concentration > 10mg/L can be 
directly regarded as abnormal data. 

(2) Determination of background values
The cumulative frequency of individual components 

was statistically analyzed using SPSS, and the 
concentration corresponding to a cumulative frequency 
of 95% was taken as the upper limit of the background 
value. The background values for the groundwater 
environment are shown in Table 1.

Analytical Method

The flowchart of this study is shown in Fig. 2. After 
completing the calculation of background values, the 
Piper trilinear diagram was drawn to characterize the 

hydrochemical type of groundwater in the study area, 
and the Gibbs diagram was used to determine the 
formation mechanism and evolutionary characteristics 
of the hydrochemical composition of groundwater. 
Ion correlation analysis was used to determine the 
consistency and similarity of ion sources in the 
groundwater of the study area, and the ion proportion 
coefficient method was applied to analyze the possible 
mineral sources of the chemical components of the 
groundwater.

Results and Discussion

Hydrochemical Characteristics

Table 2 presents the statistical results of the main 
components of groundwater in the study area. The pH 
values of groundwater ranged from 6.60 to 8.50, with  
a mean value of 7.51, and its coefficient of variation was 
5.16%. The mean value of regional TDS was 454.952 mg/L, 

Fig. 1. Location map of the study area and groundwater sampling sites in Qian’an Basin.

Table 1. Calculation results of background values of groundwater in the study area (mg/L).

Parameters Valid 
sample Mean MAD Std.Dev Variance Min Max

Background range
Coefficients 
of variationLower 

limit
Upper 
limit

TH 58 298.775862 307.0. 96.727696 9356.247 92 527 122.05 508.55 32.37%

TDS 58 401.327586 384.50 135.079105 18246.364 127 780 162 729.95 33.66%

NO3
- 57 11.439877 8.60 9.255963 85.673 0.002 38.7 0.002 32.62 80.91%
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with a relatively large variation and an average  
of 36.64 mg/L. The main cation in the groundwater of 
the study area was Ca2+, and the main anion was HCO3

⁻.
Relatively low TDS values suggest that the aquifer 

has good runoff conditions, where the rapid water 
circulation process accelerates the renewal of water 
quality. The coefficients of variation of NO3

⁻ and Cl- were 
greater than one, showing very strong spatial variability; 
the coefficients of variation of the remaining anions and 
cations were all greater than 30%, indicating significant 
variability and dispersion in the spatial distribution; TH 
and TDS had smaller coefficients of variation, and the 
overall degree of variability was not significant within 

and the coefficient of variation was 50.32%. The TH 
ranged from 92.00 to 851.00 mg/L, with a mean value of 
333.53 mg/L, which was hard water. The concentrations 
of Mg²⁺, Ca²⁺, and Na⁺ ranged from 4.28 to 75.80 mg/L, 
29.30 to 239 mg/L, and 8.03 to 78.40 mg/L, with average 
values of 24.872 mg/L, 91.841 mg/L, and 22.185 mg/L, 
respectively. The concentration of K⁺ in groundwater 
was relatively low, with a maximum value of 9.41 mg/L 
and an average of 1.967 mg/L. SO₄²⁻ showed the widest 
concentration range (9.21-645 mg/L), while HCO₃⁻ had 
the narrowest range (59-336 mg/L), with average 
values of 107.87 mg/L and 185.60 mg/L, respectively.  
The concentration of Cl⁻ ranged from 6.35 to 284 mg/L, 

Fig. 2. Flowchart of the study steps.

Table 2. Main components of groundwater in the study area (mg/L).

Parameters Total samples
Concentration

Std.Dev coefficients of 
variationMin Max Mean

Na+ 63 8.03 78.40 22.185 12.375549 55.78%

K+ 63 0.370 9.410 1.967 1.457548 74.09%

Ca2+ 63 29.30 239.0 91.841 38.596371 42.03%

Mg2+ 63 4.28 75.80 24.872 14.814068 59.56%

Cl- 63 6.35 284.00 36.642 41.230587 112.52%

SO4
2- 63 9.21 645.00 107.872 87.587692 81.20%

HCO3
− 63 59.00 336.00 185.603 61.052738 32.89%

NO3
− 63 0.002 116.00 17.333 21.810082 125.83%

TH 63 92.00 851.00 331.571 148.707845 44.85%

TDS 63 127.00 1339.00 454.952 228.915073 50.32%

pH 63 6.60 8.50 7.510 0.387345 5.16%



Xue Xia, et al.6

the study area. Most of the groundwater with a TDS 
value less than 1000.00 mg/L belongs to fresh water. 

Based on the calculated background values,  
a Piper trilinear diagram was constructed to graphically 
represent the major cations and anions in the water, 
directly illustrating the hydrochemical types. As shown 
in Fig. 3, the main hydrochemical types of groundwater 
in the study area are HCO₃-Ca·Mg and HCO₃·SO₄-
Ca·Mg. The distribution of water samples in the triangle 
of cations in the lower left corner was close to the Ca2+ 
and Mg2+ ends but away from the Na++K+ line. Ca2+ and 
Mg2+ were the dominant cations in the groundwater. 
Ca2+ was dominated by Ca2+, followed by Mg2+.  
The anion triangle in the lower right corner shows that 
the water sample was near the HCO3-CO3

- end of the 
sample and that the anions were predominantly HCO3

⁻, 
followed by SO4

2⁻. The TDS values were concentrated 
within the common range for shallow groundwater 
(100-1000 mg/L), indicating that the hydrochemical 
type of the groundwater was relatively stable and that 
ion concentrations were mainly controlled by carbonate 
dissolution.

Ca²⁺, Mg²⁺, and HCO₃⁻ were the major ions in the 
groundwater, primarily originating from the dissolution 
of dolomite and limestone. This suggested that the 
aquifer had favorable runoff conditions and a well-
developed environment for carbonate dissolution 
[21], further enhancing the dissolution process.  
The groundwater circulation rate in the study area is 
slow, with well-developed water-rock interactions, 
and the dissolution of carbonate rocks influences 
the hydrochemical characteristics. Additionally, the 
surrounding dolomite aquifers, which are well-fractured, 

allow groundwater to flow through the bedrock fractures 
and accumulate in the interior of the study area. This 
groundwater then interacts extensively with soluble CO₂, 
further enhancing the dissolution of carbonate rocks 
[22], leading to the gradual accumulation of HCO₃⁻  
at the center of the region.

In the water samples, SO₄²⁻ was the second most 
abundant anion after HCO₃⁻, and the hydrochemical 
type was identified as HCO₃·SO₄-Ca·Mg. This was 
likely related to the rich mineral resources in the study 
area [23]. The Qian’an Basin is part of the eastern Hebei 
iron ore belt, which is characterized by sedimentary-
metamorphic-type magnetite deposits, where pyrite 
commonly occurs alongside magnetite. Large-scale 
mining activities transformed the hydrogeochemical 
conditions from a relatively closed system to an open 
one. In this open environment, pyrite and other sulfur-
bearing compounds underwent a series of chemical 
reactions, leading to an increase in SO₄²⁻ concentrations 
[24].

Hydrogeochemical Processes

The Gibbs diagram is used to analyze and reveal 
the main controlling mechanisms responsible for 
the formation of chemical components in the water.  
The Gibbs diagram of groundwater in the study  
area is shown in Fig. 4. The ratio of Na+/(Na++Ca2+) 
in Fig. 4a) ranged from 0.111 to 0.387, and the ratio of 
Cl⁻/(Cl⁻+HCO3

⁻) in Fig. 4b) was in the range of 0.055 to 
0.352. The water samples were all located in the middle 
part of the rock weathering control end-member. They 
were relatively concentrated, indicating that water–rock 

Fig. 3. Piper diagram of groundwater in the study area.
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interaction was the dominant mechanism controlling 
groundwater hydrochemistry in the study area.

The chemical composition of groundwater was 
formed over a long geological history during the 
groundwater flow process [25]. Carbonate rocks were 
widely distributed in the study area, and the dissolution 
of rock salt contributed significant amounts of Ca²⁺ 
and HCO₃⁻. Meanwhile, the surrounding metamorphic 
rocks limited the input of Na⁺. Geological origin 
was the dominant factor affecting the components of 
groundwater in this area. The TDS values in all water 
samples fell within the range of 100-1000 mg/L, which 
was consistent with the hydrochemical characteristics 
of groundwater in rock weathering-dominated regions 
[26]. This indicated that the major source of ions in 
the groundwater was the weathering and hydrolysis of 
rock minerals and that water-rock interaction played 
a dominant role in the formation and hydrochemical 
characteristics of shallow groundwater.

Ion correlation analysis can reflect the similarity 
between groundwater components and judge whether 

the source of ions is consistent [27]. As shown  
in Table 3, the concentration of Ca²⁺ exhibited  
a significant positive correlation with HCO₃⁻, SO₄²⁻, and 
Cl⁻ (R>0.6, p<0.01), indicating that these ions shared  
a common source or formation process. HCO₃⁻ showed 
a significant positive correlation with Mg²⁺ and Ca²⁺  
(R = 0.74 and 0.601, p<0.01). In addition, Ca²⁺ and 
SO₄²⁻, as well as Na⁺ and K⁺, show a positive correlation.  
TH is significantly positively correlated with Ca²⁺ 
(0.923**) and Mg²⁺ (0.838**), and there is also a highly 
significant correlation between TDS and TH (0.963**). 
As shown in Table 3, TDS exhibited a significant positive 
correlation with major cations (Ca²⁺, Mg²⁺, Na⁺) and 
anions (HCO₃⁻, SO₄²⁻, Cl⁻), with correlation coefficients 
R>0.6 (p<0.01). The positive correlation between  
Cl⁻ and NO₃⁻ (R = 0.515), along with the variations in 
the concentrations of SO₄²⁻, Cl⁻, and NO₃⁻, can reflect 
the impact of human activity pollution [28].

The formation of HCO₃⁻, Mg²⁺, and Ca²⁺ in the 
groundwater of the study area is, to some extent, 
influenced by the dissolution of minerals such as 

Parameters TH TDS K+ Ca2+ Na+ Mg2+ HCO3
- SO4

2- Cl- NO3
-

TH 1

TDS 0.963** 1

K+ 0.396** 0.456** 1

Ca2+ 0.923** 0.932** 0.290* 1

Na+ 0.568** 0.694** 0.615** 0.565** 1

Mg2+ 0.838** 0.745** 0.373** 0.564** 0.475** 1

HCO3
- 0.748** 0.635** 0.212 0.601** 0.440** 0.740** 1

SO4
2- 0.691** 0.681** 0.377** 0.685** 0.607** 0.551** 0.587** 1

Cl- 0.700** 0.768** 0.402** 0.695** 0.536** 0.525** 0.329* 0.314* 1

NO3
- 0.117 0.304* 0.118 0.237 0.002 0.037 -0.317* -0.257 0.515* 1

*Correlation is significant at the 0.05 level (two-tailed)
**Correlation is significant at the 0.01 level (two-tailed)

Fig. 4. The Gibbs diagrams of the groundwater in the study area.

a) Na+/(Na++Ca2+) b) Cl-/(Cl-+HCO3
-)

Table 3. Conventional ion correlation analysis of shallow groundwater in the study area.
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dolomite and calcite, indicating that the dissolution 
process of carbonate rocks is the main factor affecting 
the hydrochemical characteristics of the groundwater. 
In particular, the significant positive correlation 
between Mg²⁺, Ca²⁺, TH, and TDS further supports 
this conclusion. The increase in TDS, along with the 
significant positive correlation with the aforementioned 
cations and anions, reflects the close relationship 
between the dissolved mineral content and TDS in the 
water. 

The rocks exposed in the study area’s strata contain 
trace to significant amounts of pyrite, and the positive 
correlation between Ca²⁺ and SO₄²⁻ suggests that 
frequent mining activities may have contributed large 
amounts of SO₄²⁻ and Ca²⁺ [29]. The positive correlation 

between Na⁺ and K⁺ is related to the weathering of 
feldspar minerals in the Archaean strata. The K⁺ 
released during feldspar weathering and dissolution is 
easily adsorbed by clay minerals, leading to a weaker 
correlation with other ions.

To reveal the correlations between ionic variables, 
ion-ratio diagrams were plotted to further analyze 
the potential mineral sources of hydrochemical 
components and to better understand the origins of 
groundwater hydrochemistry [30]. As shown in Fig. 5a), 
the relationship between Cl- and Na+ was mostly 
distributed near the 1:1 contour line, indicating that the 
main source of Na+ and Cl⁻ was the dissolution of salt 
rock minerals. When water samples were plotted above 
the N(Cl⁻/Na⁺) equiline, it indicated that, in addition to 

a) Cl- / Na+ b) (Ca2++Mg2+) / (HCO3
-+ SO4

2-) 

c) (Ca2++Mg2+) / HCO3
- d) Ca2+ / Mg2+

e) Ca2+ / SO4
2-

Fig. 5. Isovalue map of major ion ratios in groundwater. 
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the dissolution of halite, Na⁺ may also have been derived 
from cation exchange processes and the dissolution  
of sodium-bearing minerals such as feldspar [31]. This 
was particularly common in strata with active ion 
exchange capacity. In addition, a few data points were 
located below the equiline, with Cl⁻ concentrations 
slightly exceeding those of Na⁺, indicating that some 
areas may have been influenced by anthropogenic 
factors such as agricultural drainage or surface-water 
infiltration.

Fig. 5b), which plots N (Ca²⁺ + Mg²⁺) / N (HCO₃⁻ + 
SO₄²⁻), showed that most data points were distributed 
above the 1:1 equiline, indicating that Ca²⁺, Mg²⁺, HCO₃⁻, 
and SO₄²⁻ primarily originated from the weathering 
and dissolution of carbonate minerals. The proximity 
of the data points to the equiline further suggested that 
the ions were mainly derived from the dissolution of 
both carbonate and evaporite rocks [32]. In the study 
area, dolomite and chert were the dominant lithologies, 
and the concentrations of Ca²⁺ and Mg²⁺ were mainly 
attributed to the weathering and dissolution of these 
carbonate rocks. The ratio N(Ca²⁺ + Mg²⁺)/N(HCO₃⁻) 
was used to further analyze the mineral sources of 
Ca²⁺ and Mg²⁺. In the N (Ca²⁺ + Mg²⁺)/N (HCO₃⁻) plot 
(Fig. 5c)), all water samples were located above the 1:1 
equiline, indicating that Ca²⁺ and Mg²⁺ were in excess 
relative to HCO₃⁻. This suggested that, in addition 
to carbonate weathering, the dissolution of silicate 
minerals (e.g., albite) also contributed to the presence of 
Ca²⁺ and Mg²⁺ in groundwater. If the reaction occurred 
under open system conditions, CO₂ would be involved. 
In the study area, human activities may have led to the 
exposure of minerals and triggered oxidation reactions, 
during which CO₂ was preferentially consumed, thereby 
suppressing the formation of HCO₃⁻ [33]. In addition, 
wastewater irrigation in agricultural areas increased 
the concentrations of Ca²⁺ and Mg²⁺ in groundwater.  
A few water samples were located near the 1:1 equiline 
in the N (Ca²⁺ + Mg²⁺)/N (HCO₃⁻) plot, indicating that 
the dissolution of dolomite and limestone was the sole 
source of these ions. 

N(Ca²⁺)/N(Mg²⁺) served as an important indicator 
for identifying the sources of groundwater components. 
A ratio greater than 1 indicated that Ca²⁺ primarily 
originated from the dissolution of carbonate minerals, 
whereas a ratio less than 1 suggests that groundwater 
had greater contact with Mg-rich minerals such as 
dolomite, leading to elevated Mg²⁺ concentrations [34]. 
In the N(Ca²⁺)/N(Mg²⁺) plot (Fig. 5d)), the water sample 
points were relatively scattered, indicating a variety of 
mineral types and multiple ion sources in the study area. 
However, most of the samples clustered near the line 
y = 2x, suggesting that Ca²⁺ and Mg²⁺ in groundwater 
mainly originated from the dissolution of dolomite 
and limestone and that groundwater had undergone 
extensive interaction with carbonate minerals. A portion 
of the data points is plotted above the y = 2x line, 
implying that the dissolution of other minerals may have 
contributed to additional Ca²⁺. Further analysis based on 

the N (Ca²⁺)/N (SO₄²⁻) plot (Fig. 5e)) showed that all data 
points were located above the 1:1 equiline, indicating 
Ca²⁺ enrichment or SO₄²⁻ depletion. This confirmed that 
the dissolution of carbonate rocks played a dominant 
role in the formation of groundwater hydrochemistry in 
the study area.

Spatial Distribution Characteristics 
of the Background Values

The environmental background value thresholds 
for TDS in groundwater in the study area were 
calculated to be 162-729.95 mg/L, with a mean value of  
401.33 mg/L and a coefficient of variation of 33.66%; 
the TH background value thresholds ranged from 122.05 
to 508.55 mg/L, with a mean value of 298.78 mg/L and  
a coefficient of variation of 32.37%, and there was some 
spatial variability in the distribution of both TDS and 
TH. The distribution of TDS and TH concentrations is 
shown in Fig. 6a) and 6b). Areas with TDS<300 mg/L 
and TH<150 mg/L were identified as low background 
value zones. The TDS in most areas of the study area 
was 300-500 mg/L, and the TH was 150-300 mg/L, 
indicating a medium background value zone. The high-
value zone of TH exceeding 300 mg/L was mainly 
distributed in the central part of the study area, the 
upper and lower reaches of the Luanhe River, and the 
northeastern region. These high-value areas largely 
overlapped with the zones of elevated TDS.

The variations in TDS and TH in groundwater were 
controlled and influenced by factors such as topography, 
lithology, burial conditions, and human activities.  
In areas with low background values, there are mountain 
uplifts with higher elevations. The groundwater  
flows from the northwest to the southeast, with  
abundant recharge from rainfall infiltration in the 
mountainous areas, resulting in a strong alternation 
in the groundwater cycle. Although the aquifer 
media experienced sufficient dissolution processes, 
the relatively steep hydraulic gradient promoted the 
rapid transport of dissolved cations, anions, and other 
chemical constituents toward the center of the study 
area along the flow path. As a result, the environmental 
background values of TDS and TH in this region 
remained relatively low. 

The surface water system in the study area was 
well developed, and the seepage recharge and runoff 
erosion from surface water bodies such as the Luanhe 
River and the Shahe River jointly influenced the 
hydrochemical characteristics of the groundwater. In 
the moderate background value area, runoff exerted 
scouring and erosional effects on carbonate rocks such 
as dolomite and limestone along its flow path, leading 
to the dissolution of large amounts of hydrochemical 
components such as Ca²⁺ and Mg²⁺ into the groundwater. 
Meanwhile, as groundwater from higher elevations 
converged toward the center of the study area, it carried 
dissolved constituents produced by earlier dissolution 
processes, which combined with existing solutes.  
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This ultimately resulted in a rising trend in the regional 
background values of TDS and TH in the study area. 
This was highly consistent with the findings of Zhang 
et al. [35] in the Jinzi River Basin of Yunnan, China, 
where stable flow and low mineralization were observed 
in mountainous and hilly areas. 

The center of the study area and the Luan River 
discharge area were high background value zones. 
The area has gentle terrain, and groundwater flow is 
slow. The infiltration capacity of the river decreases as 
the particle size of the sediment layers becomes finer. 
At the same time, as the groundwater depth decreases, 
the evaporation concentration effect is significantly 
enhanced, leading to an increase in the ion concentration 
of the groundwater. Urban, industrial, and agricultural 
water use disrupted the water–rock equilibrium:  
on one hand, groundwater extraction reduced the dilution 
capacity of the aquifer; on the other hand, anthropogenic 
activities increased pollutant inputs, leading  
to changes in the groundwater’s acid–base environment 
[36].

Due to the rapid economic and industrial 
development of Qian’an City, the average annual volume 

of industrial groundwater over-extraction reached  
35 million cubic meters [37]. Excessive extraction 
enhanced infiltration pathways, and some aquifers 
shifted toward a relatively oxidizing state. This 
transformation increased the solubility of certain 
calcium- and magnesium-bearing minerals, leading 
to greater concentrations of Ca²⁺ and Mg²⁺ in 
groundwater and, consequently, an increase in TH [38]. 
Anthropogenic activities, surface water infiltration,  
and strong evaporation collectively contributed to  
the rise in ion concentrations.

The environmental background value thresholds 
for NO3

⁻ ranged from 0.002 to 32.62 mg/L with  
a coefficient of variation of 80.91%, indicating a highly 
uneven spatial distribution of NO3⁻ concentrations 
in the study area. This suggested that the background 
value of NO3

⁻ was strongly influenced by anthropogenic 
activities. As shown in Fig. 6c), areas with high NO3

⁻ 

concentrations (>20 mg/L) were primarily located 
along the lower reaches of the Xishahe River and the 
southeastern edge of the study area. The high-value zone  
in the west exhibited a banded distribution following 
the downstream course of the Xishahe River, while  

a) TDS concentration profile b) TH concentration profile

c) NO3
- concentration profile

Fig. 6. Isovalue map of spatial concentration distribution for groundwater environmental background values.
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the southeastern high-value area appeared in a scattered 
point-and-patch pattern. NO3

⁻ concentrations across 
most of the study area ranged from 5.0 to 20 mg/L, 
and their spatial distribution largely coincided with 
urban settlements and agricultural land. This indicated 
that human activities were the primary contributors  
to elevated NO3

⁻ levels in groundwater [39].
Iron ore deposits are found in the upstream of 

the Xisha River and around the high-value areas. 
The leachate from the waste rock piles generated by 
mining activities is the main source of groundwater 
contamination. The combined impacts of agricultural 
and mining activities intensified NO3

⁻ accumulation in 
the region. In particular, the widespread application of 
organic and chemical fertilizers in agriculture resulted 
in non-point source pollution, leading to the leaching 
of fertilizers, soil nitrogen, and livestock waste into 
the groundwater. Due to the low utilization efficiency 
of nitrogen fertilizers, a large proportion entered the 
aquifer through irrigation and rainfall infiltration [40]. 
In addition, the long-term and frequent extraction 
of groundwater for irrigation accelerated vertical 
groundwater flow, further contributing to the excessive 
accumulation of NO3

⁻.

Conclusions

The pH of groundwater in the study area ranged from 
6.6 to 8.5, with TDS values below 1 g/L and TH ranging 
from 92 to 851 mg/L. The dominant hydrochemical 
types were HCO₃-Ca·Mg and HCO₃·SO₄-Ca·Mg. Since 
TDS values were concentrated within the common 
range for shallow groundwater (100-1000 mg/L), the 
groundwater hydrochemistry was considered stable, and 
the dissolution of carbonate minerals mainly controlled 
ion concentrations. The Gibbs plot indicated that the 
primary source of groundwater ions in the study area 
was the weathering and hydrolysis of rock minerals, 
with water-rock interaction being the dominant 
controlling mechanism. Based on the ion correlation 
analysis and further analysis of the ratio diagrams, 
it was determined that the Ca²⁺, Mg²⁺, and HCO₃⁻  
in the groundwater of the study area primarily  
originate from the dissolution of carbonate minerals. 
TH showed highly significant positive correlations 
with Ca²⁺ (0.923) and Mg²⁺ (0.838**). A similarly 
strong correlation was observed between TDS and TH 
(0.963**), indicating that as the concentrations of Mg²⁺, 
Ca²⁺, and other ions in the groundwater increased, 
total hardness increased, and the TDS concentration 
also increased accordingly. The changes in the 
concentrations of SO₄²⁻, Cl⁻, and NO₃⁻ indicated that 
human activities influenced the groundwater. Overall, 
the results suggested that geological factors remained 
the main influence on the hydrochemical composition of 
the groundwater. 

Through calculation, the environmental background 
thresholds for TDS, TH, and NO3

⁻ in the study area were 

determined to be 162-729.95 mg/L, 122.05-508.55 mg/L, 
and 0.002-32.62 mg/L, respectively. The corresponding 
coefficients of variation were 33.66%, 32.37%, and 
80.91%, indicating that TDS and TH exhibited a certain 
degree of spatial variability, while NO3

⁻ concentrations 
showed highly uneven spatial distribution and were 
strongly influenced by anthropogenic activities.  
The elevated background value of NO3

⁻ was primarily 
caused by the influence of human activities. This paper 
only studied the spatial distribution characteristics and 
causes of the current situation of the background value 
of NO3

⁻, and the groundwater environment under the 
influence of human activities is still one of the future 
research directions. In response to the evolutionary trend 
of NO3

⁻ in the study area, water quality data should be 
collected continuously, and long-term monitoring should 
be conducted at the boundary of the high background 
area.
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