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Abstract
Understanding the characteristics of groundwater hydro-chemical evolution is significant for better utilization and exploita-
tion. In this study, principal component analysis, hydro-geochemical modeling and auxiliary chemical method were used to 
identify the hydro-chemical evolution in the groundwater of the central Yangtze River Basin. 17.02% of the groundwater sam-
ples had TH concentrations above the China national guideline. The relationship between the concentrations of Ca2+ + Mg2+ 
and HCO3

− in phreatic groundwater and confined groundwater indicated that they may originate from the dissolution of 
the same carbonate minerals (such as dolomite and calcite minerals). Values of δ18O and δ2H in phreatic water (PGW) and 
confined water (CGW) suggested similar evolution process of the two aquifers. δ18O and δD in the mainstream of the Yang-
tze River presented an obvious enrichment trend along the flow direction. Principal component analysis indicated that the 
groundwater chemistry was mainly controlled by the anthropogenic activities and geological background. The groundwater 
evolution process of R2 and R3 appeared to be more similar. However, R3 was probably less affected by anthropogenic 
activities. The calculation results of mineral saturation index showed that calcite and dolomite were supersaturated in 96% 
of the groundwater at the area between the Yangtze River and Han River. This work not only strengthens the understanding 
of groundwater evolution in this area, but also provides a reference for groundwater analysis in other similar areas.
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Introduction

High levels of total hardness in groundwater usually does not 
bring great harm and risk to human health, but the calcium 
ions in water are easily reacted with oxalic acid in drink-
ing water during a long term, which leads to an increase 
in the incidence rate of kidney stones (Bondu et al. 2018). 
In addition, hard water can also lead to scale formation in 
pipes and kitchen utensils, which increase the consumption 
of fuel and detergent, resulting in economic burden. Hence, 
understanding the hydro-geochemical evolution and iden-
tifying its linkage with elevated total hardness in the study 
area would be a fascinating scientific output, along with its 
societal importance and environmental implications.

The chemical evolution of regional groundwater is mainly 
affected by natural factors (topography and climate), geolog-
ical factors (lithological structure) and human factors (Gan 
et al. 2018). Many studies have proved that the differences 
of hydro-chemical characteristics can be used to indicate the 
geochemical evolution process (Awaleh et al. 2017; Barbieri 
et al. 2005; Liu et al. 2017; Pilla et al. 2006; Zheng et al. 

2017; Zhu et al. 2007, 2008). Common methods include 
graphic method (such as Piper diagram (Huang and Wang 
2018; Mountadar et al. 2018), Gibbs method (Gibbs 1970; 
Wen et al. 2005; Nazzal et al. 2014; Varol and Davraz 2014) 
and ion coefficient ratio (Ye et al. 2015).

In addition, hydrogen and oxygen isotope analysis (Khalil 
et al. 2015; Ayadi et al. 2018), multivariate statistical tech-
nique (Yidana et al. 2008; Rodriguez et al. 2016) and min-
eral saturation calculation (Gomaah et al. 2016; Slimani 
et al. 2017; Sharif et al. 2008) have been applied to study the 
chemical evolution of regional groundwater in recent years.

The central Yangtze River Basin is the main agricul-
tural area in China, where the groundwater resources are 
very rich. Groundwater is the key source of agricultural 
and domestic water, the quality of groundwater is particu-
larly important (Zhou et al. 2013). Due to the influence of 
regional geological background, water quality of some areas 
in the central Yangtze River Basin was affected by high iron, 
manganese and arsenic (Gan et al. 2014; Duan et al. 2015). 
Due to the influence of anthropogenic activities, the nitrate 
concentration in groundwater in this area had been increas-
ing since 1992 (Niu et al. 2017). However, few scholars had 
systematically studied the controlling factors of groundwater 
Hydrochemistry in the central Yangtze River Basin so far.

Previously, some scholars analyzed the chemical charac-
teristics of groundwater in some areas of the central Yangtze 
River Basin (Du et al. 2017; Zhou et al. 2013; Gan et al. 
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2014). However, these studies based on one region or one 
method had some limitations. More objective and compre-
hensive results would be got if various methods were com-
bined. In this paper, the hydro-geochemical characteristics 
and controlling factors of shallow groundwater in the central 
Yangtze River Basin were systematically investigated and 
analyzed based on several methods. The results revealed the 
similarities and differences of groundwater chemistry under 
different sedimentary environment, which provided a basis 
for the study of other areas with similar hydrogeological 
conditions and guidance for better groundwater usage and 
possible management practice to improve groundwater qual-
ity in this area.

Study area

The Yangtze River Basin is the third largest basin in the 
world, which spans the three economic regions of eastern, 
central and western China (Fig. 1a). The central Yangtze 
River Basin is an important agricultural production base 
in China with abundant natural resources (Fig. 1b). The 
crops planted are mainly rice, cotton, rapeseed and other 
cash crops. In addition, the industry in the central Yangtze 
River Basin is very well developed. Traditional competi-
tive industries such as coal mining and washing, paper-
making, textile and dyeing and chemical industry are the 
main development industries.

The study area contains several rivers and lakes, 
accounting for 36.5% of China’s water resources (Deng 
et al. 2016; Liu and Wu 2016). The study area is located 
in the low plain area of the middle of the Yangtze River, 
which is composed of Jianghan Plain and Dongting Lake 
Basin. The study area has a subtropical monsoon climate 
with abundant rainfall (Zhou et al. 2013).

The groundwater system in the central Yangtze River 
Basin can be divided vertically into different aquifers (Hu 
et al. 2022). Quaternary groundwater with shallow depth 
will be mainly studied in this paper, which can be divided 
into two groups of phreatic groundwater (PGW) and con-
fined groundwater (CGW) (Du et al. 2017; Duan et al. 
2015, 2017). The surface layer of the ground in study area 
is generally composed of a loose aquifer formed by allu-
vial facies, proluvial facies or lacustrine facies of Upper 
Pleistocene (Qp3) and Holocene (Qh) (Gan et al 2014; 
2018). The Quaternary loose sediments are deposited on 
the surface of the earth with a thickness ranging from 
15 to 300 m, providing abundant storage and flow space 
for shallow groundwater. Quaternary sediments gener-
ally have a dual stratigraphic structure, with a clay/silt 

layer overlying the sand layer (Fig. 1f). In the study area, 
the Quaternary sediments contain 29–50% of aluminum 
silicate minerals (montmorillonite, chlorite, illite and 
kaolinite) and 31–54% quartz (Gan et al. 2014). In addi-
tion, up to 20% of carbonate (calcite and dolomite) and 
albite were also detected in sandy sediments (Duan et al. 
2015, 2017).

The flow direction of both surface water and ground-
water are all from west to east. The groundwater is mainly 
recharged from rainfall and discharged to river water and 
adjacent aquifers or artificial wells (Du et  al. 2017). 
Groundwater is discharged to the river in the dry season 
and recharged from the river in the wet season due to the 
interaction between the Yangtze River and the aquifers 
along the river (Yang et al. 2020).

In addition, three small regions in the area were studied 
(Fig. 1c-e). Region (R1) is located north to the Han River, 
having a piedmont deposit environment (Fig. 1c). Region 
(R2) is located between the Yangtze River and the Han 
River, having a fluvial alluvial environment (Fig. 1d). 
Region (R3) is located south to the Yangtze River, having 
a lacustrine sedimentation environment (Fig. 1e).

Methodology

Data preparation

The data involved in this study are shown in Table 1, includ-
ing three data sets.

For the data set 1, 13 surface water and 47 groundwater 
samples, which were distributed in the central Yangtze River 
Basin, were collected or sampled to examine the chemical 
characteristics of surface water and groundwater (Table L1 
and Table L2). The second data set included groundwater 
samples from the three areas of R1, R2 and R3 (Table L3, 
Table L4 and Table L5). Samples of R1 were self-collected, 
and data of R2 and R3 was obtained from the literature.

The samples in R1 were collected from September to 
October 2016, including 24 phreatic groundwater and 56 
confined groundwater (Table L3). Routine anions and cati-
ons was determined by ion chromatography and ICP-AES 
in the Three Gorges Research Center for Geohazards, China 
University of Geosciences, and the detection limits were 
0.01 mg/ L and 0.001 mg/L, respectively. The samples were 
tested in Wuhan geological survey center of China Geologi-
cal Survey, and the analysis error was less than 5%.

For the third data set, 26 surface water and 156 (78 for 
PGW and 78 for CGW) groundwater samples were collected 
to examine the hydrogen and oxygen isotopic composition 
of surface water and groundwater (Table L6, Table L7 and 
Table L8). Seventy-eight isotopic samples in R1 were sam-
pled from September to October 2016 (the wet season). 
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Among them, 4 samples were sampled from SW, 55 from 
PGW and 19 from CGW. Hydrogen/oxygen (H/O) isotopes 
were measured using a gas stable isotope mass spectrometer 
(MAT253, Finnigan, Germany). The precisions for δ 18O and 
δ 2H were ± 0.1‰ and ± 1.0‰, respectively.

Fig. 1   Location and sampling points distribution of a the Yangtze River Basin, b the middle of the Yangtze River, c Region1, d Region2, e 
Region3; hydrogeological profile; f I–I’ (according to Gan et al. (2014))

Data analysis

Chemical composition and hydrogen and oxygen isotopic 
composition analyses

The hydro-chemical and hydrogen–oxygen composition 
were analyzed using graphic method. Gibbs maps were 
often used to analyze the chemical genesis mechanism of 
groundwater. It can be qualitatively distinguished whether 
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the components of groundwater were mainly controlled 
by “evaporation concentration”, “water–rock interaction” 
or “rainfall” based on the Gibbs diagram of groundwater 
(Gibbs 1970; Gowrisankar et al. 2017).

In this study, chemical compositions were analyzed based 
on the 13 surface water and 47 groundwater samples in the 
whole study area. Spatial distribution of total hardness 
(TH) in the groundwater was graphed with ArcGIS (version 
10.0). In addition, chemical compositions of R1 (n = 80), 
R2 (n = 34), R3 (n = 55), PGW (n = 54) and CGW (n = 115) 
were analyzed, respectively. The groundwater chemical 
characteristics in both phreatic aquifer groundwater (PGW) 
and confined aquifer groundwater (CGW) were compared. 
The isotopic composition was analyzed based on 26 surface 
water and 110 groundwater samples.

Principal component analysis

The application of multivariate statistical analysis in the 
field of hydro-geochemical analysis can improve our under-
standing of the spatiotemporal pattern of groundwater geo-
chemistry (Cloutier et al. 2008; Wang et al. 2015). Principal 
component or factor analysis (PCA or FA) is widely used in 
various research fields. In the study of hydro-geochemistry, 
PCA or FA can reduce the dimension of large data sets to 
analyze the potential factors affecting the chemical charac-
teristics of groundwater in the area, determining the process 
of the evolution of groundwater chemistry and the sources 
of geological and anthropogenic pollutants (He et al. 2015; 
Kumar et al. 2021; Moeck et al. 2016; Moya et al. 2015).

Parameters with additive characteristics (such as Eh, 
EC, TDS and TH) and with above 5% missing data values 
(such as Si) were eliminated from the statistical analysis. 12 
variables (pH, K+, Na+, Ca2+, Mg2+, HCO3

−, Cl−, SO4
2−, 

NO3-N, Fe, Mn and As) were selected for principal compo-
nent analysis.

In this study, IBM SPSS statistical software (version 20) 
was used to analyze the principal component analysis (PCA) 
of the groundwater chemistry based on the 47 groundwater 
samples in the whole study area. In addition, to explore the dif-
ferences in the chemical composition of groundwater in three 
different regions (south of the Yangtze River, area between 
the Yangtze River and the Han River and north of the Han 
River) and two different aquifers of PGW and CGW, princi-
pal component factor analysis was carried out based on the 
groundwater samples in R1 (n = 80), R2 (n = 34), R3 (n = 55), 
PGW (n = 54) and CGW (n = 115), respectively.

Saturation index calculation and hydro‑geochemical 
modeling

Saturation index was a thermodynamic parameter which could 
be used to express the precipitation and dissolution state of 
the mineral phase (Rifai and El-Fiky 2003; Sharif et al. 2008; 
Slimani et al. 2017). It coud be used to qualitatively predict the 
tendency of precipitation or dissolution of the mineral phase 
in water. Where SI = log (IAP/K), IAP is the ionic activity 
product and K is the equilibrium constant of minerals. When 
the SI value is less than zero, it indicates that the water and the 
target minerals are unsaturated, and dissolution might occur in 

Table 1   Information of data collected in this study

Region Type n Content Time Data source Dada set

The whole district SW (river) 13 Surface water chemical composition 2013.07 (Wet) Zhang et al. (2016) Table L1
The whole district GW 47 Groundwater chemical composition 2014–2019 (Wet) Liu et al. (2021; Du et al. (2017); 

self-test;
Yuan et al. (2021)

Table L2

R1 PGW 24 Groundwater chemical composition 2016 (Wet) Self-test Table L3
CGW​ 56

R2 PGW 12 Groundwater chemical composition 2015 (Wet) Du et al. (2017) Table L4
CGW​ 22

R3 PGW 18 Groundwater chemical composition 2019 (Wet) Huang et al. (2021) Table L5
CGW​ 37

The whole district SW (river) 26 δD/δ18O 2013–2017 (Wet) Wu et al. (2018); Du et al. (2017) Table L6
R1/R2 PGW 78 δD/δ18O 2014–2017 (Wet) Self-test;

Du et al. (2017);
Yu (2016)

Table L7

R1/R2 CGW​ 78 δD/δ18O 2014–2017 (Wet) Self-test;
Du et al. (2017);
Gan et al. (2014);
Yu (2016)

Table L8
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the circulating water system. Whether SI is greater than zero 
can be used to judge whether the mineral is saturated.

The geochemical program PHREEQC based on the data-
base phreeqc.dat was applied to calculate the saturation index. 
In this study, the mineral saturation index was analyze based 
on the 47 groundwater samples in the whole study area. Spa-
tial distribution of the main carbonate minerals (calcite and 
dolomite) was graphed with ArcGIS (version 10.0). In addi-
tion, saturation index of R1 (n = 80), R2 (n = 34), R3 (n = 55), 
PGW (n = 54) and CGW (n = 115) was calculated, respectively.

Hydro-geochemical modeling is a research method for 
quantitative analysis of hydro-geochemical processes, and the 
most commonly used model is inverse geochemical modeling. 
The purpose of inverse geochemical modeling is to determine 
the existence and transformation form of hydro-chemical com-
ponents in the reaction path, which is more commonly used 
to calculate the amount of mineral transfer in the process of 
groundwater flow (Sharif et al. 2008; Bretzler et al. 2011). 
Based on the mass balance and charge balance reaction model, 
a hydro-geochemical evolution model is established to quan-
titatively calculate the mineral mass transfer from one loca-
tion to another along the flow path, which can be expressed 
as follows:

To quantitatively analyze the water–rock interaction in 
the study area, PHREEQC was used to carry out geochemi-
cal inversion simulation. The groundwater flow path of L 
(W1–W5) was selected to analyze the water–rock interac-
tion in the process of groundwater flow in the middle of the 
Yangtze River according to the groundwater contour map of 
the study area (Fig. 1b).

Sericite, quartz and a small amount of halite and fluorite 
were also found in the study area during the field investi-
gation (Zeng 1997; Zhao 2005). Gypsum and halite were 
found in Jianghan plain according to the statistical database 
of China’s economic and social development. Based on the 
hydro-geochemistry, lithology and mineral constituents, 

(1)

⎧⎪⎪⎨⎪⎪⎩

p�
p=1

apbp,k = mT,K(Ending) −mT,K(Starting)

p�
p=1

upap = ΔRS

.

possible minerals such as calcite, dolomite, fluorite, gyp-
sum and halite were selected. In addition, cation exchange 
reactions might occur in the groundwater system accord-
ing to the distribution characteristics of cations. Based on 
the results of hydro-chemical test, seven elements of Na, 
Ca, Mg, C, S, F and Cl were taken as constraint variables. 
Models were established with the selected mineral phases 
and main target elements. The water chemical compositions 
of each point on the simulation path are shown in Table 2.

Results

Chemical and hydrogen and oxygen isotopic 
composition

The concentrations of pH, TH, K+, Na+, Ca2+, Mg2+, 
HCO3

−, Cl−, SO4
2−, Fe, Mn and As of the surface water 

and groundwater of the central Yangtze River Basin are 
presented in Table 3. Compared to surface water, the pH 
values in the groundwater ranged more widely, which fluc-
tuated in the range of 5.68 ~ 8.29 with a median value of 
7.5. The median concentrations of Na+, Ca2+, Mg2+ and 
HCO3

− in the groundwater were generally higher than that of 
the surface water. On the contrary, the levels of K+, Cl− and 
SO4

2− in groundwater were relatively lower than that of the 
surface water. The values of NO3-N in groundwater were 
low, with the median concentration value of 0.03 mg/L. 
Ca2+ and HCO3

− were indicated as the dominant ions in the 
groundwater. The groundwater types were mainly HCO3–Ca 
type, HCO3–Ca–Mg type and HCO3–Ca–Na type (Fig. 2). 
The Mg equivalent percentages of K+ + Na+ and SO4

2− were 
lower than 25%.

The concentration distributions of groundwater Fe, 
Mn and As were extremely uneven and fluctuated from 
0.001 mg/L to 28.68 mg/L, 0.01 mg/L to 3.43 mg/L, and 
below detection limit (BDL) to 762.3 mg/L, respectively. 
In particular, the concentration of arsenic was higher 
between the Yangtze River and the Han River. The total 
hardness (TH) levels of the surface water were generally 
lower than that of the groundwater, ranging from 51.17 mg/L 
to 142.25 mg/L and 20.83 mg/L to 695.88 mg/L, respec-
tively. 17.02% of the 47 groundwater samples had TH 

Table 2   Chemical composition 
of the points on the simulation 
path

Sample No pH HCO3
−

(mg/L)
Ca2+

(mg/L)
Cl−
(mg/L)

F−

(mg/L)
Mg2+

(mg/L)
Na+

(mg/L)
SO4

2−

(mg/L)

W1 7.82 327.15 52.91 7.68 0.32 18.56 30.44 1
W2 7.77 342.5 59.36 7.5 0.32 19.5 31.47 1
W3 7.77 370.36 80.96 8.07 0.17 22.85 14.07 1
W4 7.57 570.72 137.88 2.78 0.17 24.31 12.49 1
W5 7.5 546.43 133.87 5.56 0.12 20.91 12.49 1
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concentrations above the China national guideline (i.e., 
450 mg/L) (MEP 1994), showing a trend of increasing 
gradually from northwest to southeast (Fig. 3a).

The TH levels were higher in the area between Yangtze 
River and Han River, which were mainly affected by the 
concentrations of Ca2+, Mg2+ and HCO3

− in groundwa-
ter (Fig. 3a). The concentrations of TH, HCO3

−
, Ca2+ and 

Mg2+ in R2 were relatively higher than those at the other 
two zones (Fig. 3b–e). The relationship between the main 
ions in the water in the study area is shown in Fig. 4. The 
order of cations in all measured groundwater samples was 
shown as Ca2+ > Mg2+ > Na+ + K+, and the anions appeared 
to be HCO3

− > Cl− > SO4
2− (Fig. 4a–i). The great positive 

correlation between Ca2+ and Mg2+ with Ca2+ + Mg2+ with 

Table 3   Basic chemical 
composition in surface water 
and groundwater

*BDL means below detection limit

Index Unit Surface water (n = 13) Groundwater (n = 47)

Min Max Median Min Max Median

pH 7.51 8.61 7.93 5.68 8.29 7.5
K+ mg/L 1.6 9.5 2.9 0.64 41.66 1.76
Na+ mg/L 13.3 36.8 16.2 3.4 491.42 21.03
Ca2+ mg/L 16.3 44.4 37 4.4 329 86.57
Mg2+ mg/L 2.5 10.2 7 2.37 55.79 23
HCO3

− mg/L 47.25 73.8 64.19 51.14 730.41 370.36
Cl- mg/L 7.4 37.5 14.8 0.85 77.46 11.12
SO4

2− mg/L 24.4 50.7 33.3 0.42 124.22 4.73
NO3-N mg/L – – – 0.002 20.55 0.03
Fe mg/L – – – 0.001 28.68 0.74
Mn mg/L – – – 0.01 3.43 0.098
As mg/L – – – BDL 762.3 0.01
TH mg/L 51.17 142.25 122.00 20.83 695.88 306.77

Fig. 2   Projection of water sam-
ples in the Piper diagram
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HCO3
− indicated that these might have common mineral 

sources (such as dolomite, CaMg (CO3)2) (Fig.  4g–h). 
Cl− had a positive correlation with Na+ + K+, but no obvi-
ous correlation with SO4

2− (Fig. 4e, f).

Fig. 3   Distribution of a TH in the middle of the Yangtze River; box diagram of b TH, c HCO3
−, d Ca2+ and e Mg2+ in groundwater samples of 

R1,R2 and R3

Fig. 4   Relation between a Na+ with Cl−, b K+ with Cl−, c Na+ + K+ with Cl−, d HCO3
− with Cl−, e HCO3

− with SO4
2−, f Cl− with SO4

2−, g 
Ca2+ with Mg2+, h Ca2+ + Mg2+ with HCO3

− and (i) Ca2+ + Mg2+ with SO4
2− in all groundwater samples
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Oxygen and hydrogen stable isotopes (δ18O and δD) 
played a key role in the process of hydrological tracking. 
According to the previous studies, it was found that the 
slope of the local meteoric water line (LMWL, δD = 7.96 
δ18O + 5.1) LMWL was located below the China meteoric 
water line (CMWL, δD = 7.9 δ18O + 8.2) (Fig. 5a). The 
average ratios of δ18O in surface water (SW), phreatic water 
(PGW) and confined water (CGW) in the study area were 
−7.37‰, −6.17‰ and −7.06 ‰, respectively, and the aver-
age ratios of δD were −50.47‰, −40.70‰ and −47.23‰, 
respectively (Fig. 5b-c). Based on the least square regres-
sion, the best fitting regression line parameters of different 
aquifers were calculated. The fitting equations of evapo-
ration line for surface water (SW), phreatic water (PGW) 
and confined water (CGW) were: δD = 7.35 δ18O + 3.45 
(R2 = 0.97), δD = 6.43 δ18O-1.07 (R2 = 0.88) and δD = 6.70 
δ18O + 0.04 (R2 = 0.90). The tributaries of the Yangtze River 
were more enriched in δD and δ18O than the mainstream. In 
addition, the mainstream of the Yangtze River presented an 
obvious enrichment trend along the flow direction (Yichang-
Jingzhou-Wuhan) (Fig. 5a). The d-excess in the mainstream 
of the Yangtze River was higher than that in other tribu-
taries, indicating that its evaporation intensity was larger 
(Fig. 5d).

Principal component analysis of groundwater

Principal component matrix and rotated factors matrix 
were obtained by principal component analysis and maxi-
mum variance orthogonal rotation based on the 47 ground-
water samples in the whole study area. Four factors were 
extracted, explaining 77.2% of the total variance of the 
data set. The four factors account for 20.65, 20.61, 17.76 
and 17.17% of the total variance (Table 4), respectively. 
All variables had communality values above 0.60 except 
for Fe, which meant that the factor solution could effec-
tively explain most information of the original data set. 
Factor 1 was characterized by highly positive loadings 
in K+, NO3-N and SO4

2− and negative loadings in pH. 
Factor 2 was characterized by highly positive loadings 
in Ca2+, Mg2+ and HCO3

−. Factor 3 was characterized 
by highly positive loadings in Fe, Mn and As. Factor 4 
was characterized by highly positive loadings in Na+ and 
Cl− (Table 4).

A large spatial heterogeneity was shown in both factor 
score 1 and factor score 3 (Fig. 6a, c). Factor score 2 and fac-
tor score 4 appeared to be higher in the north of the Yangtze 
River than those in the south of the Yangtze River (Fig. 6b, 
d). In particular, factor score 2 was more enriched at the area 
between Yangtze River and Han River (Fig. 6b). In addition, 

Fig. 5   a Comparison of δD and δ18O in SW, PGW and CGW in the 
central of the Yangtze River. YC means Yichang, JZ means Jingzhou, 
WH means Wuhan. Comparison of b δD, c δ18O and d d-excess in 
different waters; SW-T means tributary river water, SW-M means 

mainstream river water. The global meteoric water line (GMWL), 
China meteoric water line (CMWL) and local meteoric water line 
(LMWL) were referred to the values of Craig (1961), Zheng et  al. 
(1983) and Zhang et al. (2008), respectively
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factor score 2 showed a significant positive correlation with 
total hardness (F2 = 0.0052 * TH-1.61 (R2 = 0.61)) (Fig. 6e).

Four factors were extracted with cumulative contribu-
tion rates of 77.50% and 81.05% in R2 and R3, respectively, 
according to principal component factor analysis results of 
the three regions in the study area. However, three factors 
were extracted in R1, and the cumulative contribution rate 
was 75.00% (Table 5).

Principal component factor analysis result of the two 
aquifers showed that four factors were extracted in both 
PGW and CGW, with cumulative contribution rates of 76.24 
and 84.34%, respectively (Table 6).

Table 4   Principal components loadings and rotation factor loading matrix (CGW, n = 47)

Significant loadings (absolute value > 0.70) are in italic

Variables Communality Principal components loadings Rotated factor loadings

PC1 PC2 PC3 PC4 Factor1 Factor2 Factor3 Factor4

pH 0.61 –0.18 –0.16 0.69 –0.29 –0.62 0.38 –0.25 0.14
K+ 0.71 0.68 0.37 –0.32 –0.08 0.79 0.28 0.00 0.07
Na+ 0.99 0.14 0.58 0.60 0.53 0.01 0.00 –0.02 0.99
Ca2+ 0.92 0.85 –0.11 0.35 –0.27 0.23 0.91 0.14 0.13
Mg2+ 0.65 0.65 –0.08 0.20 –0.43 0.22 0.77 –0.04 –0.06
HCO3

− 0.87 0.59 –0.51 0.46 –0.24 –0.18 0.86 0.31 –0.05
Cl− 0.97 0.16 0.60 0.58 0.50 0.04 0.01 –0.04 0.98
SO4

2− 0.53 0.43 0.55 –0.08 –0.19 0.58 0.23 –0.31 0.22
NO3-N 0.85 0.59 0.42 –0.57 –0.02 0.92 0.06 0.01 –0.03
Fe 0.33 0.12 –0.50 0.04 0.26 –0.20 0.09 0.52 –0.10
Mn 0.89 0.57 –0.38 –0.29 0.58 0.34 0.07 0.87 0.01
As 0.83 0.39 –0.57 –0.03 0.59 –0.02 0.11 0.90 0.04
Explained variance (%) – 25.41 19.43 17.03 14.32 20.65 20.61 17.76 17.17
Cumulative of variance (%) – 25.41 44.84 61.88 76.20 20.65 41.26 59.03 76.20

Fig. 6   Spatial distribution of a factor score 1, b factor score 2, c factor score 3, and d factor score 4 in CGW of the whole study area
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Saturation index and rock water–rock interaction

The distribution of mineral saturation index of calcite and 
dolomite was very similar (Fig. 7a, d). Calcite and dolomite 
were supersaturated in 96% of the groundwater at the area 
between the Yangtze River and Han River. However, min-
eral saturation of only 13.33% groundwater samples in the 
south of the Yangtze River was undersaturated (Fig. 7a, d), 
which was consistent with the calculation of R1, R2 and R3. 
The median values of saturation index and IAP of calcite 
and dolomite in R2 were higher than those in R1 and R3. 
In addition, the median values of saturation index and IAP 
of calcite and dolomite in CGW were higher than those in 
PGW (Fig. 7b, c, e, f). The concentration of Si in groundwa-
ter showed a gradual increasing trend along the groundwater 
flow direction, whether in the north of Han River, the south 
of Yangtze River or the area between Yangtze River and Han 
River (Fig. 7g, h).

Considering the obvious supersaturation of dolomite and 
calcite in the region between the Yangtze River and the Han 
River, inverse modeling was carried out along L path. The 
modeling results are shown in Table L9. Table 7 shows the 
calculated saturation index of the start and end points on 
the simulated path. The optimal solutions (Table 8) were 
selected considering the thermodynamic balance, element 
adsorption affinity, hydro-chemical evolution characteristics 
and mineral saturation index (Text S1). Both the precipi-
tation of calcite, gypsum and halite and the dissolution of 
dolomite and Ca–Na cation exchange reaction occurred in 
the path (Fig. 8a–f). The precipitation of calcite along the 
path in the plain area between the Yangtze River and the Han 
River was obvious (Fig. 8a), which was consistent with the 
increasing trend of SI value of calcite along the path. The 

SI value of calcite increased at first and then decreased in 
the process of groundwater runoff along the path (Table 7), 
which resulted in the gradual precipitation of calcite at first 
and the slow dissolution at W5 (Table 8, Fig. 8a). Dolo-
mite was obviously dissolved along the groundwater flow of 
W2–W3–W4 (Fig. 8b). Gypsum and halite showed precipi-
tation trend in the path. The Ca–Na cation exchange reaction 
mainly occurred in the path W2–W3–W4 (Fig. 8e–f).

Discussion

Affecting factors of groundwater hydro‑chemical 
evolution

The groundwater chemistry was affected by many factors, 
such as anthropogenic activities, water–rock interaction and 
groundwater residence time within the aquifer (Halim et al. 
2010; Mukherjee et al. 2009; Verma et al. 2016). This was 
also verified by the results of principal component analysis. 
Positive correlation between SO4

2− and NO3-N (p < 0.001, 
Table L10) demonstrated that SO4

2− may have the same 
origin with NO3-N (Fig. 9b, e). SO4

2− was usually consid-
ered to be sourced from anthropogenic activities (Niu et al. 
2017). This was also confirmed by the fact that the levels of 
SO4

2− in groundwater were relatively lower than that of the 
surface water (Table 3). As NO3-N and SO4

2− in groundwa-
ter of the central Yangtze River Basin most probably resulted 
from the anthropogenic input (Liang et al. 2020; Niu et al. 
2017), factor 1 was defined as anthropogenic activities.

The contents of silicate minerals and carbonate miner-
als were as high as 55–77% and 20% in the central Yang-
tze River Basin (Duan et al. 2017). Silicate weathering and 

Table 5   Results of PCA in R1, R2 and R3

Region Type Factor 1 Factor 2 Factor 3 Factor 4

R1 (n = 80) Variables K+, Na+, Ca2+, Mg2+, Cl−, SO4
2−, NO3-N pH, HCO3

−, Mn Fe, As
Explained variance (%) 40.19 17.63 16.17

R2 (n = 34) Variables Na+, Ca2+, Mg2+, HCO3
− Cl−,SO4

2−, NO3-N, Fe pH, Mn, As K+

Explained variance (%) 27.46 22.98 14.35 12.71
R3 (n = 55) Variables pH, Na+, Ca2+, Mg2+, HCO3

− Cl−,SO4
2−, NO3-N K+, Fe, As Mn

Explained variance (%) 30.48 19.25 19.00 12.33

Table 6   Results of PCA in PGW and CGW​

Aquifer Type Factor 1 Factor 2 Factor 3 Factor 4

PGW (n = 54) Variables K+, Na+, Cl−, SO4
2−, NO3-N Ca2+, Mg2+, HCO3

− Fe, As pH, Mn
Explained variance (%) 33.66 20.38 12.30 9.90

CGW (n = 115) Variables K+, Na+, Cl−, SO4
2−, NO3-N Ca2+, Mg2+, HCO3

−, Fe Mn, As pH
Explained variance (%) 37.29 22.61 15.79 8.64
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carbonate dissolution played an important role in Quaternary 
groundwater. (Gaillardet et al. 1999). High concentrations 
of bicarbonate and calcium in shallow groundwater were 
typical characteristics of groundwater affected by water–car-
bonate mineral interactions (Du et al. 2017; Hu and Zhou 

2021; Zhou et al. 2013). The varying trend of HCO3
− and 

(Ca2+ + Mg2+) mg equivalent concentration was very con-
sistent (Fig. 10c, f). Most of Ca2+, Mg2+ and HCO3

− came 
from the dissolution of carbonate. Factor 2 represented the 
intensity of groundwater carbonate interaction (Table 6).

Fig. 7   Distribution of saturation index of a calcite and d dolomite; saturation index and IAP of b, c calcite and e, f dolomite. Distribution of Si 
in g groundwater and h trend along the groundwater direction
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Factor 3 represented the redox conditions, since these 
variables generally occurred in reducing conditions. The 
strength of reduction conditions significantly controlled 
the behavior of Fe and As in groundwater (Schaefer et al. 
2016). A positive correlation between Cl− with Na+ + K+ 
(p < 0.001) demonstrated that Cl− may have the same ori-
gin with Na+ + K+ (Fig. 9a, d). Na+ generally originated 
from weathering and dissolution of silicate or feldspar, 

which indicated that Cl− and Na+ + K+ were more likely to 
originate from mineral dissolution. Factor 4 was defined as 
the intensity of groundwater–silicate interaction (Table 4). 
Gradual increasing trend of concentration of Si along the 
groundwater flow direction (Fig. 7g, h) indicated that silicate 
dissolution gradually increased.

Hydro‑chemical evolution relationship between R1, 
R2 and R3

The principal component analysis results of R2 and R3 
appeared to be more similar (Table 5), which may indicate 
that the conditions of groundwater in the two regions were 
more similar (Mertler and Reinhart. 2016; Gan et al. 2018). 
Factor 1 and factor 2 in R2 and R3 reflected the water–rock 
interaction and the influence of anthropogenic activities, 
respectively, and factor 3 and factor 4 represented the metal 
ions such as Fe, Mn and As. The principal component analy-
sis result of R1 was different from that of the other two areas 
(Table 5). It may indicate that there was a great difference 
between the groundwater environment of the alluvial plain 
area (R1) in the south of Han River and fluvial and lake-
facies deposition area (R2 and R3) in the north of Han River. 
The concentrations of Cl−, SO4

2− and NO3-N in groundwa-
ter of R3 were significantly lower than those of R1 and R2 
(Fig. 9a, b, c). It probably related to the less influence of 
anthropogenic activities in R3.

Different water–rock reactions happened in groundwater 
due to the influence of the geological background of aquifer 
in the process of groundwater flow. The relationship between 
Ca2+/Na+ with HCO3

−/Na+ and Mg2+/Na+ in the three 
regions showed a higher intensity of carbonate dissolution 
in R2 (Fig. 10a, b), resulting in the higher concentration of 

Table 7   SI value of the points on the simulation path

Sample No. Calcite Dolomite Gypsum Fluorite Halite

W1 0.66 1.22 –3.70 –2.13 –8.19
W2 0.68 1.22 –3.67 –2.09 –8.19
W3 0.83 1.46 –3.57 –2.52 –8.17
W4 1.00 1.60 –3.43 –2.34 –9.05
W5 0.91 1.36 –3.43 –2.65 –8.74

Table 8   Optimal solutions

Phase L

W1–W2 W2–W3 W3–W4 W4–W5

 × 10–6  × 10–6  × 10–5  × 10–6

Calcite – – – –98.7
Dolomite – 138 6.01 –
Fluorite – – – −1.32
Gypsum – −3.95 – –
Halite – – −43.1 –
CaX2 −24.9 378 −18.1 –
NaX 49.9 −757 36.3 –

Fig. 8   Water–rock reaction diagram in three flow paths of a calcite, b dolomite, c gypsum, d halite, e CaX2, f NaX (“-” represent precipitation; 
“ + ” represent dissolution)
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HCO3
− and Ca2+ + Mg2+ in R2 (Fig. 10c). The ratios of Na+/

(Na+ + Ca2+) and Cl−/(Cl− + HCO3
−) of most groundwater 

samples in three regions of the study area were less than 0.5, 
indicating that the main chemical components of groundwa-
ter mainly came from the interaction of mineral and water, 

and the influence of environmental geological background 
played a leading role (Fig. 11a-b). When the TDS concen-
tration in groundwater was the same, the ratios of Na+/
(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) in the R2 area were 
the lowest, which may also reflect that R2 was more affected 

Fig. 9   Relation between Na+ + K+ vs Cl− in a R1, R2 and R3 and d PGW, CGW. Relation between SO4
2− vs NO3-N in b R1, R2 and R3 and e 

PGW, CGW. Relation between Cl− vs SO4
2− in e R1, R2 and R3 and f PGW, CGW​

Fig. 10   Relationship between Ca2+/ Na+ and HCO3
−/ Na+ in a R1, R2, R3 and b PGW, CGW. Relationship between Ca2+/ Na+ and Mg2+/ Na+ 

in c R1, R2, R3 and d PGW, CGW. Relationship between HCO3
− and Ca2+ + Mg2+ in e R1, R2, R3 and f PGW, CGW​
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by water–rock interaction (Fig. 11a-b). The higher median 
values of saturation index and IAP of calcite and dolomite 
in R2 (Fig. 7a, d) also demonstrated it. The increase of cal-
cium concentration and decrease of sodium concentration 
may be caused by ion exchange and the continuous dissolu-
tion of carbonate rocks in the process of groundwater flow 
(Fig. 11c). Meanwhile, the redox potential decreased with 
the oxidation of reducing minerals such as dissolved organic 
matter and sulfide during the chemical evolution of ground-
water (Gascoyne 2004; Ryan et al. 2013).

Hydro‑chemical evolution relationship 
between PGW and CGW​

The principal component results of PGW and CGW were 
very similar (Table 6). Four factors were extracted in both 
PGW and CGW. Factor 1 and factor 2 reflected the influence 
of anthropogenic activities and the water–rock interaction, 
respectively. Factor 3 and factor 4 represented the metal ions 
such as Fe, Mn, As and acid alkalinity, respectively. The 
groundwater evolution process of PGW and CGW was very 
similar (Zhou et al. 2013).

Ratios between Na+ + K+ vs Cl−, SO4
2− vs NO3-N and 

Cl− vs SO4
2− in PGW were very consistent with those in 

CGW (Fig. 9d, e, f). In addition, the values of δ18O and 
δ2D and evaporation intensity (K) in PGW were similar 
to that in CGW (Fig. 5). It probably related to the close 
hydraulic connection between the two aquifers. Relation-
ship between Ca2+/Na+ with HCO3

−/Na+ and Mg2+/Na+ in 
the three regions did not show much difference in PGW and 
CGW (Fig. 10d, e). It was found that the fitting lines in the 

two aquifers were almost the same when the Mg equiva-
lent concentrations of (Ca2+ + Mg2+) and HCO3

− in the two 
aquifers were fitted (Fig. 10e). It may be inferred that the 
same water carbonate reaction occurred in the two aquifers. 
However, the higher of the median values of saturation index 
and IAP of calcite and dolomite in CGW (Fig. 7b, c, e, f) 
showed a slightly higher intensity of carbonate dissolution 
in CGW, which resulted in a slightly higher concentration of 
HCO3

− and Ca2+ + Mg2+ in CGW (Fig. 10f).

Conclusion

The hydro-chemical evolution and hydrogen and oxygen 
isotopic composition of groundwater in the central Yang-
tze River Basin (China) have been studied using different 
methods. The chemical types of groundwater in the study 
area were mainly HCO3–Ca type, HCO3–Ca–Mg type and 
HCO3–Ca–Na type. The median concentrations of Na+, 
Ca2+, Mg2+ and HCO3

− in the groundwater were generally 
higher than that of the surface water. On the contrary, levels 
of K+, Cl− and SO4

2− in groundwater were relatively lower 
than that of the surface water. 17.02% of the groundwater 
samples had TH concentrations above the China national 
guideline. The ratios of δ18O and δD in phreatic water 
(PGW) were close to those in confined water (CGW). In 
addition, the mainstream of the Yangtze River presented an 
obvious enrichment trend of δ18O and δD along the flow 
direction.

Principal component analysis indicated that the ground-
water chemistry was mainly controlled by the anthropo-
genic activities and geological background. The groundwa-
ter evolution process of PGW and CGW was very similar. 

Fig. 11   Relation between TDS vs a Na+/Na+ + Ca2+ and b Cl−/Cl− + HCO3
− in R1, R2 and R3; relation between c Na+/Ca2+ vs Eh in R1, R2 

and R3
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The intensity of carbonate dissolution in CGW was a litter 
higher than that of PGW. The groundwater evolution pro-
cess of R2 and R3 appeared to be more similar. However, 
R3 was probably less affected by anthropogenic activities. 
The calculation results of mineral saturation index showed 
that calcite and dolomite were supersaturated in 96% of 
the groundwater at the area between the Yangtze River 
and Han River. The inverse modeling results also showed 
that water carbonate interaction occurred obviously in the 
regional groundwater between the two rivers. R2 was more 
affected by water–rock interaction. In addition, silicate dis-
solution gradually increased along the groundwater flow 
direction.
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