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Abstract

Understanding the hydro-chemical evolution characteristics of groundwater is of great significance for the sustainable man-
agement and utilization of groundwater resources. In this study, the evolution characteristics of groundwater in northeast of
Jianghan Plain were studied by hydro chemistry and isotope analysis, multivariate statistical analysis, and inverse geochemical
modeling. First, a total of 130 groundwater samples were collected from three different aquifers for anion and cation analysis
and hydrogen and oxygen isotopes analysis. Then the hydro-chemical type, composition, ion relationship, and evolution law
of the three aquifers were discussed detailedly. Finally, inverse geochemical modeling and principal component analysis were
carried out. The results show that the hydro-chemical types, anions and cations of the Holocene (Qh®) aquifer in the study
area are more diverse. The inverse geochemical model indicates that water—rock interaction is one of the factors affecting
the chemical evolution of groundwater. The relatively higher concentrations of Na™ and CI~ in Paleogene (Ey) aquifer may
be originated from the dissolution of saline minerals in red sandstone. The evaporation intensities of the three aquifers are
controlled by the depth of the aquifer. Anthropogenic activities might have a greater effect on the Qh? aquifer, but a less
effect on the Ey aquifer. 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

Water resource plays a key role in consideration of human
health, as well as ecological balance. To guarantee sus-
tainable use of water, it is necessary to understand the
groundwater recharge patterns and hydro-chemical charac-
teristics. Many scholars have conducted profound studies
in this field over recent years (Shi et al. 1998; Qin et al.
2005; Du et al. 2018a, b; Jiang et al. 2018).
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Hydro chemical methods have been widely and successfully
utilized to infer the source, recharge and mixing processes of
groundwater, groundwater and surface water interactions along
flow path, and anthropogenic activities impacts (Yangui et al.
2011). Therefore, chemical composition difference of different
aquifers can be used to evaluate the hydro-geochemical evo-
lution. The commonly used chemical methods are Piper dia-
gram (Cates et al. 1996; Chadha 1999; Huang and Wang 2018;
Mountadar et al. 2018) and ion ratio (Andersen et al. 2005;
Ye et al. 2015; Adiya et al. 2017; Al-Mashakbeh 2017). Ton
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ratios such as CI/Br and Ca/Sr were utilized as tracers to inves-
tigate the origin of groundwater (Williams and Rodoni 1997;
McGuire et al. 2002). Principal component analysis (PCA)
has been applied to process real chemical data for the deter-
mination of temporal and spatial pattern of water chemistry
(Christophersen and Hooper 1992; Momen et al. 1996). Using
hierarchical cluster and principal component analysis (PCA),
Yidana et al. (2008) and Rodriguez et al. (2016) selected the
most representative wells of the region. Meanwhile, Kazakis
etal. (2017) and Zhang et al. (2018) found high concentrations
of NO;™ in groundwater and heavy metals in soil, respectively.

Many researchers have evaluated and analyzed the hydro-
geochemical evolution characteristics using isotopes (Barnes
and Allison 1988; Aravena and Suzuki 1990; Williams and
Rodoni 1997; Weyhenmeyer et al. 2002; Blasch and Bryson
2007; Lihe et al. 2010; Mokadem et al. 2016). Stable isotopes
of oxygen and hydrogen in water have been used as space trac-
ers to identify the origin of groundwater (Harford and Sparks
2001; van Geldern et al. 2014; Khalil et al. 2015; Ayadi et al.
2018). The inverse geochemistry modeling with PHREEQC
has been tried to evaluate the hydro-geochemical evolution
quantitatively (Lecomte et al. 2005; Yang et al. 2018). Some
scholars have discovered the lithofacies change processes
along the flow path using this method, such as silicate weath-
ering and dissolution, and carbonate precipitation (Sharif et al.
2008; Gomaah et al. 2016; Slimani et al. 2017).

Jianghan Plain, located in the south central part of Hubei
Province, is a low-lying alluvial plain formed by the Yangtze
River and Hanjiang River, covering an area of 55,000 km?.
Gan et al. (2014) and Niu et al. (2017) summarized the
regional chemical characteristics by means of hydro-chemical
constant analysis. Using isotope tritium simulation, Du et al.
(2018a, b) concluded the interaction between different shallow
aquifers in Jianghan Plain. Zhou et al. (2013) and Yang et al.
(2020) analyzed the geochemical and anthropogenic processes
by multivariate statistical method, and identified the temporal
and spatial patterns and the controlling factors of groundwater
geochemistry.

In this paper, hydrochemistry, isotope, principal component
analysis (PCA), and inverse geochemistry modeling were used
to comprehensively analyze the hydro-geochemical evolution
characteristics of shallow groundwater in the northeast of
Jianghan Plain. This study is helpful to understand the hydro-
geochemical evolution characteristics of groundwater in Jiang-
han Plain, and provides a significant guidance and reference
for carrying out regional groundwater research with compre-
hensive methods.

Hydrogeological setting

The study area is located in the northeast of Jianghan Plain
(Fig. 1b). It is a terrain turning zone in the mountain and
the plain, covering approximately 460 km?, with a low
hilly plain in north and a valley plain in south. Huan-river
is the main river which crosses over the middle of the
study area from north to south. The study area belongs to
subtropical continental monsoon climate with two distinct
seasons, a rainy season from April to August and a dry
season from September to March. The monthly average
temperature is higher during the rainy season (> 15 °C)
and lower during the dry season (< 15 °C). The minimum
temperature is around 5 °C recorded in January and the
maximum temperature is around 28 °C recorded in July
(Fig. 2). The annual average rainfall is 1200 mm, and the
evaporation is 1435 mm, which is slightly larger than the
rainfall (Fig. 2). These climatic conditions maintain the
agriculture type of dry field combined with paddy field,
with cotton, peanut, maize and rice as the main crops.
The study area is mainly underlain by the Sandstone of
Paleogene (Ey), and about 95% of the surface is covered
by weathering of Quaternary (Upper Pleistocene Qp3al or
Holocene Qh®). The stratigraphic structure on the east and
west sides of the Huan River in the study area is roughly
symmetrical. The weathering zone on the east side of
the Huan River is composed of a double-layer structure
gradually thickened from northeast to southwest, with a
thickness of 1-30 m (Fig. 3). The upper layer is composed
of sand and clay containing gypsum with a thickness of
about 5-20 m. Therefore, this layer may be a representa-
tive of aquitard and lead to the existence of confined con-
ditions in most parts of aquifer system. The layer below is
sand-gravel with thickness between 5 and 10 m. Previous
studies have indicated that Jianghan Plain is a typical car-
bonate (dolomite or calcite) weathering zone (Zhou et al.
2013). Sericite, quartz, and a small amount of halite and
fluorite were also found in the study area during the field
investigation. The weathering and lixiviation process of
fluorine minerals in rocks and soils led to the release of
considerable quantity of fluorine into groundwater, which
resulted in the relatively high concentration of fluorine in
clay and groundwater in Jianghan Plain (Zeng 1997).
The upper layer in the study area is composed of Upper
Pleistocene sediments (clay and gravelly sand), or Holo-
cene sediments (silty clay and gravel), functioning as
porous media for groundwater storage and flow, and the
primary layer for local water supply, with thickness rang-
ing from 1 to 40 m. The underlying layer is composed of
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Paleogene (red sandstone) with a thickness of 50-80 m,
which is conducted as the second aquifer. Groundwater is
mainly recharged by atmospheric precipitation or surface
water, and is drained by rivers or wells mostly.
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Methodology
Data preparation

Data used in this study were self-tested. The information
of all data collected is summarized in Table 1. Ninety-
eight groundwater samples were sampled (Fig. 1c) for
chemical composition analysis from the study area from
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Table 1 Ir}forrpation of data Parameters Aquifer N Time Data source
collected in this study
Chemical composition (98)
pH, EC, TDS, HCO;~, CI™, Br, F~, Qh* 24 2016.9-2016.10 Self-test
NO;~, SO,*", Ca®*, Mg** Natand K*  p 56 2016.9-2016.10 Self-test
Ey 18 2016.9-2016.10 Self-test
Isotopic composition (32)
130 and H Qh?! 12 2016.9-2016.10 Self-test
130 and H Qp;™ 13 2016.9-2016.10 Self-test
180 and *H Ey 7 2016.9-2016.10 Self-test

September to October 2016. Among them, 24 samples
were taken from Qhal aquifer, 56 samples were taken from
Qp;*! aquifer, and the left 18 were taken from Ey aquifer.
Groundwater samples were taken from hand-pumped wells
or motor-pumped wells. Before sampling, the wells and
boreholes were purged by pumping until the temperature,
pH, and electrical conductivity (EC) were stable. Total
dissolved solids, pH and EC were measured on site using
a portable TDS, pH and EC meter. Concentrations of
HCO;™ were measured within 24 h using acid-base titra-
tion methods. Cations of Ca**, Mg?* Na*, and K* were
determined in the laboratory using an inductively coupled
plasma atomic emission spectrometer (ICP-AES) (IRIS
Intrepid II XSP, USA). Anions such as C17, Br™, NO;™,
and SO,>~ were determined using an ion chromatograph
(Dionex 2500, USA). The analytical precision reported by
the laboratories was better than 5%.

In addition, thirty-two groundwater samples were sam-
pled (Fig. 1) for isotopes composition analysis from the
study area from September to October 2016. Among them,
12 samples were taken from Qh? aquifer, 13 samples taken
from Qp3a] aquifer, and the left 7 were taken from Ey aquifer.

Hydrogen/Oxygen (H/O) isotopes were measured using a
gas stable isotope mass spectrometer (MAT253, Finnigan,
Germany). The precisions for §'80 and 8*H were +0.1%o
and + 1.0%o, respectively.

Data analysis

Different kinds of methods were used to evaluate the hydro-
geochemical evolution characteristics of groundwater in
the area, including conventional hydrochemistry (Piper dia-
gram, box diagram, ion ratio), and multivariate statistical
analysis—principal component analysis. Furthermore, inverse
geochemistry modeling was performed along the selected
path using PHREEQC to assess the evolution characteristics
quantitatively.

Chemical composition and isotopic composition analysis
The differences of hydro-chemical composition and D-O iso-
topic composition in different aquifers were compared and ana-

lyzed by mapping method (mainly including Piper diagram,
box plot, line plot, scatter plot, etc.). In addition, proportional
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coefficient method (such as Cl/Br) was used to discuss the
source of hydro-chemical composition in different aquifers.

Inverse geochemistry modeling

Inverse geochemical modeling is usually used to establish
hydro-geochemical evolution models to quantitatively calcu-
late mineral mass transfer from one site to another on the same
flow path (Sharif et al. 2008; Bretzler et al. 2011). Its basic
principle that is the mass of hydro-chemical composition at
the end point is equal to that of the starting point plus the
transfer amount between two points due to water—rock interac-
tion along the same groundwater flow path. Based on the mass
balance and charge balance reaction model, it can be inferred
that the hydro-geochemical reaction from the beginning to the
end of groundwater can be expressed as following:

P
Z a,b,.k = mT, K(Ending) — mT, K(Starting)
p=1

» , (D
Y u,a, = ARS
p=1

where p is referred to the number of mineral phases; a,, is
the number of moles of the mineral phase p entering or leav-
ing the solution per liter; by, is the stoichiometric number
of the element k in the mineral phase p; MT, K is the molar
concentration of the element k; up is the effective valence
state of the mineral phase p; ORS is redox state.

To quantitatively analyze the water—rock interaction
between Qp; and Qh? aquifers in the study area, PHREEQC
was applied to inverse geochemical modeling. Therefore,
the path A1 — A2 from Qp;” to Qh* was selected along the
groundwater flow direction based on the groundwater level
contour measured in September 2016 (Fig. 1d).

Based on the hydro geochemistry, lithology and mineral
constituent, the possible minerals such as calcite, dolomite,
fluorite, gypsum, and halite were selected. In addition, cat-
ion exchange reactions might occur in the groundwater sys-
tem according to the distribution characteristics of cations
(Table 2). Moreover, it was negligible of the existence of CO,
since the simulated flow path in the study area can be consid-
ered as a closed system.

Seven elements of Na, Ca, Mg, C, S, F, and Cl were con-
sidered as constraints variables according to the test results of
hydrochemistry in the study area (Table 3). Model was estab-
lished based on the selected mineral phases and main target
elements (Egs. 2-8).

Halite + NaX = AM(Na), 2)

Caclite + Dolomite + Gypsum + Fluorite + CaX, = AM(Ca),
3

@ Springer

Table 2 The equation of mineral reaction

Mineral phase Chemical formula Chemical reaction

Calcite CaCo, CaCO,==Ca’" +C0,*~

Dolomite CaMg(CO;), CaMg(CO;),==Ca** + Mg?**
+2C0,%~

Gypsum CaSO,2H,0 CaS0,2H,0==Ca?" +50,
~+2H,0

CaSO,==Ca?"+50,2~

Fluorite CaF, CaF,==Ca*+2F~

Halite NaCl NaCl==Na*+Cl~

Exchange ion  NaX, CaX, Ca®" +2Na==Ca+2Na*

Dolomite = AM(Mg), 4)

Caclite + Dolomite = AM(C), 5)

Gypsum = AM(S), (6)

Flurite = AM(F), @)

Halite = AM(CI). 8)

Principal component analysis

Principal component analysis (PCA) is a statistical method
for dimensionality reduction. With the help of an orthogo-
nal transformation, it transforms the original random vectors
whose components are correlated into new random vectors
whose components are not correlated. Usually, the mathemati-
cal treatment is to make a linear combination of the original
indexes as a new comprehensive index.

Fp=aliZX1 +a2iZX2 + ... ... + apiZXp, 9)

where p refers to the p-th principal component extracted;
ali, a2i..., api (I=1..., m) is the covariance matrix of the
corresponding eigenvectors; ZX,, ZX,..., ZXP, are the nor-
malized values of the original variables.

Taking pH, EC, HCO;~, CI-, NO,~, SO, >, Ca*t, Mg*",
and Na* + K™ into account for principal component analysis
(PCA) with SPSS20 based on 98 groundwater samples in the
whole area. Then, the principal component analysis was car-
ried out based on 24 samples in Qh? aquifer, 56 samples in
Qp3al aquifer and 18 samples in Ey aquifer, respectively.
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Table 3 Chemical composition of start and end points on the simulated path

Sample No.  Aquifer pH  HCO,” (mg/L) Ca?*(mg/L) Cl-(mg/L) F (mgL) Mg* (mgL) Na®(mg/L) SO, (mg/L)
Al Qp;™ 6.95 335.610 63.74 49.03 0.307 17.71 55.11 30.15
A2 Qh* 725 265.362 55.42 45.69 0.002 13.19 50.63 27.63
Results the equal concentration (1:1) line, while the concentrations

Chemical composition of groundwater

The descriptive statistics of the chemical composition of
groundwater in different aquifers are shown in Table 4.
Groundwater samples from three aquifers are slightly
acidic to slightly alkaline with pH values in the ranges of
6.04-7.31, 6.48-7.82, and 6.64-8.05, respectively. The EC
values vary from 183 to 1430 us/cm for Holocene (Qh®),
from 169 to 1544 ps/cm for Upper Pleistocene (Qp3al), and
from 271 to 1335 ps/cm for Paleogene (Ey). The TDS val-
ues of the Qh?, Qp,*, and Ey are 153-1091, 162-1391, and
233-1002 mg/L, respectively.

The hydro-chemical types in Upper Pleistocene (Qp3al)
and Paleogene (Ey) aquifers are mainly HCO;—Ca-Na
type and HCO;—Cl-Ca—Na type. While, there are three
water types of HCO;-Cl-Ca-Mg, HCO;—Ca-Mg, and
HCO;-Cl-Ca-Na—-Mg in Holocene (Qh) aquifer (Table 4
and Fig. 4). The main anions are HCO;™ and Cl~, and the
main cations are Ca** and Na* in Qp3al and Ey aquifers.
However, in Qhal aquifer, anions, cations, and hydro-chem-
ical types are more diverse.

The concentrations of HCO;~ and Ca®" in Upper Pleis-
tocene (Qp;*) and Paleogene (Ey) aquifers are greater than
that of Holocene (Qh®) aquifer (Fig. 5). Table 5 and Fig. 6a
show that the ranges of C1~ concentration in Qh® aquifer and
Qp3al aquifer are 8.06-238.21 mg/L and 39.19-203.39 mg/L,
respectively. Figure 6b shows that the concentration of
Br™ in the three aquifers is close to 0.5 mg/L, except for
two samples collected from unsealed wells in Qp3al aquifer.
The concentration of Br™ in two unsealed wells reaches to
4.5 mg/L, which may be related to human pollution. The
relationships of different major ions are shown in Fig. 7.
Most groundwater samples in the three aquifers are close to

of Na* and Cl~ in Ey aquifer seem to be higher than that
in the other two aquifers (Fig. 7a). In addition, a relatively
large number of groundwater samples in the three aquifers
are below the equal concentration (1:1) line of the C1™ and
HCO;™, and, moreover, almost all samples are above the
equal concentration line of the C1~ and SO,?", indicating
that HCO;™ is the most abundant anion in the study area
(Fig. 7c, d).

Isotopic composition of groundwater

Water stable isotopes (530 and 8?H) play a key role in trac-
ing the hydrological processes (Clark and Fritz 1997). The
values of 8'%0 and 8%H of different aquifers in the study
area are listed in Table 6. The means of 5'30 are — 6.44,
—6.51, and —5.84%o, and the average values of 8%H in the
three aquifers are —43.86, —44.24, and —40.16%o, respec-
tively. The similarity between 8'%0 and 8”H values in the
three aquifers illustrates that there is a hydraulic connection
among the three aquifers (Fig. 8).

Gan et al. (2014) summarized and analyzed the China
meteoric water line (CMWL, 8°H=7.9 §'%0+8.2) and the
local meteoric water line (LMWL, 8*H=17.96 8'%0 +5.1).
Compared with CMWL, the slope of LMWL located below
is slightly higher, which indicates that not only the evapora-
tion intensity of precipitation is higher, but also the heavy
oxygen isotopes are more enriched in the region.

Based on the least squares regression, the parameters of
the best-fit regression line for different aquifers were calcu-
lated (Table 6). The fitting equations of evaporation line are
expressed as 8*H=7.24 8'50+2.75 (R*=0.922), 8’H=6.41
8'%0-2.47 (R*=0.976), and 8’H=6.04 5'°0 —5.35
(R*=0.923) in Qh?!, Qp,*, and Ey aquifers, respectively.

Table 4 Basic chemical

R . Aquifer type pH EC (ps/cm) TDS (mg/L) Chemical type
composition in different aquifers
in the study area Holocene (Qh) 6.04-7.31 183-1430 153-1091 HCO;-Cl-Ca-Mg
HCO;—Ca-Mg
HCO;-Cl-Ca—Na-Mg
Upper pleistocene (Qp,™) 6.48-7.82 169-1544 162-1391 HCO;—Ca-Na
HCO;-Cl-Ca—Na
Paleogene (Ey) 6.64-8.05 271-1335 233-1002 HCO;-Ca-Na

HCO;-Cl-Ca-Na
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Fig.4 Projection of water sam-
ples in the Piper diagram
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Results of inverse geochemistry modeling

Table 7 shows the calculated saturation index of the start
and end points on the simulated path. It is difficult to select
the optimal solution due to the multiple solutions in inverse
geochemical modeling. (Lecomte et al. 2005). Therefore,
these factors, including thermodynamic balance, element
adsorption affinity, hydro-chemical evolution characteristics,
and mineral saturation index, should be comprehensively
considered when the optimal solution is selected.

Along the path A1 (Qp;™) — A2 (Qh™), eight solutions of
the model were calculated (Table 8). Based on the variation
of hydro-chemical characteristics from the Qp;* aquifer to
the Qh® aquifer, it is speculated that the cation exchange
reaction may occur, but the reaction is not involved in solu-
tions 2, 3, 6, and 7 (Table 8). According to Tables 7 and
3, the saturation index of calcite increases significantly
from negative value to positive value, and the concentra-
tion of HCO;™ and Ca’* decreases along the path, indicating
that calcite phase has a precipitation tendency. But calcite
precipitation does not occur in solutions 2, 5, 7, and 8, as
shown in Table 8. In addition, it seems impossible for halite
to precipitate in natural environment due to the high solubil-
ity, but there is the appearance of the halite precipitation in
solutions 1, 3, 5, and 7. The concentration of F~ decreases
significantly, which suggests that fluorite precipitation may

@ Springer

Na HCO3 Cl

occur. Table 8 shows that all solutions in the model involve
fluorite precipitation reaction, which is consistent with the
inference. Based on the above analysis, solution 4 may be
the most suitable solution of the model (Eqs. 10-12). The
reaction processes on the simulated flow path can be sum-
marized as following: calcite and fluorite are precipitated
with the amount of 2.97E—04 and 8.03E—06 mol/L, respec-
tively. Meanwhile, Ca—Na cation exchange reaction occurs
with 9.74E—05 mol/L Ca** released into groundwater and
1.95E—04 mol/L Na™ precipitated out from groundwater.

Ca’* + CO}™ = CaCO;, (10)
Ca’* + 2F = CaF,, (11)
Ca’" 4+ 2Na = Ca + 2Na*. (12)

Results of principal component analysis

The correlation matrix of chemical components for all
groundwater samples in the study area was got by principal
component extraction and maximum variance orthogonal
rotation, as shown in Table 9. The Kaiser-Meyer—Olkin
(KMO) test value is 0.775, and the Bartlett test level is 0.00,
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Table 5 Analysis of Cl~ concentration of different aquifers in the
study area

Aquifer Cl™ concentration
Maximum (mg/L)  Minimum (mg/L)  Average (mg/L)
Qn* 238.21 8.06 92.02
ng,Ell 203.39 39.19 94.73
Ey 248.15 33.34 160.70

which indicates that the calculation results are suitable for
principal component analysis. Table 9 reflects that there are
obvious correlations among EC, Ca**, Mg>*, Nat + K*, CI,
NO;™ and SO,*".

Rotation factor load matrix of chemical components in
groundwater was got by further dimension reduction analy-
sis (Table 10). When the eigenvalue was set to 1, two fac-
tors were selected, and the cumulative contribution rate
reaches to 77.782%, which reflects 77.782% of the sample
information.

Factor 1 is composed of EC, CI~, NO;™, SO42_, Ca?t,
Mg** and Na* + K™ (Fig. 9), whose factor loads are all
above 0.75, and the cumulative contribution rate reaches
to 57.338%. Among them, Ca®*, Mg”*, Na* and K* may

originate from the dissolution of some sedimentary rocks.
SO42_ may come from sulfate deposits in various sedi-
mentary rocks or sulfur compounds in pesticides, which is
consistent with Du et al. (2017). CI” and NO;™, conserva-
tive components in groundwater, which do not participate
in chemical weathering, may come from anthropogenic
activities impacts, such as fertilizers, pesticides or excreta
of human beings. The above analysis shows that the hydro-
chemistry in the study area is mainly affected by the geologi-
cal background and anthropogenic activities.

Factor 2 includes pH and HCO;~ with factor loads greater
than 0.75, and the cumulative contribution rate is 20.444%.
The compositions of factor 2 indicate that the degree of acid
and alkaline and the balance of carbonate have a certain
degree of effect on the evolution of groundwater chemical
composition.

In addition, principal component factor analysis was car-
ried out for the water samples from three aquifers in the
study area (Table 11). In the Qh* and Qp3al aquifers, two
factors were selected with cumulative contribution rates of
87.964% and 75.425%, respectively. However, three fac-
tors were selected in Ey aquifer, and the cumulative con-
tribution rate is 84.635%, reflecting 84.635% of the sample
information.
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Table 6 Isotopic composition and analysis
Aquifer Burial depth (m) 880 (%o0) 8%H (%0) Slope of Intersection (d) Coefficient of
- - evaporation determination
Range (min, max) Average Range (min, max) Average line (K) (RY
Qh? 1-10 -7.90, -5.19 —-6.44  —-5784,-3596 —-4386 7.24 2.75 0.922
Qp;™ 8-18 -7.91,-5.00 -6.51 —5355,-35.19 —-4424 641 -2.47 0.976
Ey 15-35 -7.11,-4.35 -584 -5024,-3314 -40.16 6.04 -5.35 0.923
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Fig.8 Comparison on 8*H-3'30 of the groundwater samples in study
area with the global meteoric water line (GMWL), China meteoric
water line (CMWL) and local meteoric water line (LMWL)

Table 7 Saturation index of start and end points on the simulated path

Sample No.  Calcite  Dolomite  Fluorite =~ Gypsum  Halite
Al -0.13 -047 -2.11 -2.18 -7.14
A2 0.03 -0.22 -6.51 —2.24 -7.20

Table 8 Simulation result on path A5 — A6 using PHREEQC

Discussion

The higher concentrations of bicarbonate and calcium
in shallow groundwater are typical characteristics of
groundwater affected by water—carbonate mineral inter-
actions (Du et al. 2017). Figures 4 and 5 show that the
concentrations of Mg?* 4+ Ca®* and HCO;™ in Qh# aquifer
are generally lower than that in the other two aquifers.
Meanwhile, anions, cations and hydro-chemical types in
Qh? aquifer are more diverse. There are two possibilities
for this phenomenon: one is that the Qh® aquifer is more
likely to be affected by agricultural activities owing to the
thin sediments and strong permeability, and the other is
that the Qh?! aquifer is recharged by other waters, result-
ing in the increase of Mg?* and hydro-chemical types (Du
et al. 2018a, b). It is inferred that CO32‘ derived from
HCO;™ may combine with Ca?* and precipitate during
runoff process, resulting in the decrease of concentra-
tions of Ca>* and HCO;™ in groundwater (Zhou et al.
2013). The CO5>~ converted from HCO;~ may be com-
bined with Ca®* and precipitated when the groundwa-
ter in Qh® aquifer was recharged by the lateral runoff of
other aquifers, resulting in relatively small concentration
of Ca** and HCOj;™ in the aquifer (Fig. 5c). This can be
confirmed by the reverse geochemistry modeling results.
When groundwater flows between Qp;*! aquifer and Qh?!

Phase Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6 Solution 7 Solution 8
Calcite —2.50E-04 - —2.00E-04 —2.97E-04 - —2.00 E-04 - -

Dolomite - - - - - - - -

Fluorite —8.03E-06 —8.03E-06 —8.03E-06 —8.03E-06 —8.03E-06 —8.03E-06 —8.03E-06 —8.03E-06
Gypsum - - - - - - - -

Halite —9.42E-05 - —9.42E-05 - —9.42E-05 - —8.03E-06 -

CaX, 5.03E-05 - - 9.74E-05 5.03E-05 - - 9.74E—-05
NaX —1.01E-04 - - —1.95E-04 —1.01E-04 - - —1.95E-04

Table 9 Correlation matrix of groundwater parameters

pH EC (ps/cm) HCO,” (mg/L) CI~ (mg/L) NO;~ (mg/L) SO~ (mg/L) Ca?" (mg/L) Mg?* (mg/L) K*+Na®
(mg/L)
pH 1.00
EC (ps/cm) 0.23 1.00
HCO;™ (mg/L) 047 0.37 1.00
Cl™ (mg/L) 0.05 0.72 0.04 1.00
NO;™ (mg/L) -021 0.55 -0.17 0.74 1.00
SO,> (mg/L) —0.09 0.54 —-0.06 0.63 0.75% 1.00
Ca** (mg/L) 020 0.82% 0.51 0.71%* 0.51 0.41 1.00
Mg?* (mg/L) 0.06 0.75% 0.33 0.64 0.63 0.68 0.76% 1.00
K*+Nat (mg/L) 0.19 0.81* 0.29 0.77% 0.71%* 0.74* 0.69 0.69 1.00

*There is a good correlation when the correlation coefficient is greater than 0.7
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Table 10 Rotation factor load matrix of chemical components in
groundwater

Factor 1 Factor 2
pH —-0.03 0.77%
EC (ps/cm) 0.83* 0.39
HCO,™ (mg/L) 0.11 0.88*
CI~ (mg/L) 0.88* 0.01
NO,™ (mg/L) 0.87* —-0.32
SO,*~ (mg/L) 0.83* -0.22
Ca*>* (mg/L) 0.77% 0.47
Mgt (mg/L) 0.84* 0.22
K*+Nat (mg/L) 0.89% 0.21
Contribution rate (%) 57.338 20.444
Cumulative contribution rate (%) 57.338 77.782

*The ion with contribution rate greater than 0.75 is main ion

HCOy
0.8 g XHCOs
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2+
0.4} Ca* g pc
~  F Mg K++Na*
§ 0 rall
(5] \ 3 §
<
04 NO;
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Fig.9 Bivariate plots showing the relationships of the first two factor
loadings (varimax rotated)

aquifer, calcite, and fluorite precipitate, which makes
Ca”" in groundwater of Qh® aquifer decreased. Ground-
water chemistry is largely dependent on the composition

of water-rock interaction (Halim et al. 2010; Mukherjee
et al. 2009; Verma et al. 2016).

Chloride is generally considered to be conservative in
the most groundwater circumstances (Davis et al. 1998).
The average concentration of C1™ in Ey aquifer reaches
160.70 mg/L, and is 1.7 times higher than that in the other
two aquifers, which may be caused by the dissolution of
some chlorine bearing minerals (such as halite) in red sand-
stone (Fig. 6a) (Gan et al. 2014). Similar average values of
CI™ levels in Qh* aquifer and Qp;* aquifer (i.e., 92.02 and
94.73 mg/L) indicates that the chlorine of the groundwater in
the two aquifers may have the same source. The relationship
between C17/Br™ ratio and CI™ concentration of groundwater
in the three aquifers show that there is a positive correla-
tion between the C17/Br™ ratio and the Cl1~ concentration.
The near constant ratio between C17/Br~ and CI™ suggests
a single dominant source of C1~ (Davis et al. 1998). The
CI7/Br™ increases with the increase of Cl~, and, moreover,
there are two different slopes obviously, which indicate that
the chlorine of the groundwater in the study area may have
two sources. The chlorine in Ey may originate from dissolu-
tion of saline minerals (such as halite) in red sandstone, and
chlorine in Qp3al and Qh?! may come from atmospheric rain-
fall. Distinctive C1/Br ratio helps to reconstruct the history
of many groundwater systems (Davis et al. 1998; McArthur
et al. 2012).

In addition, the Fitting-regression results of D-O isotopes
show that the evaporation slopes (K) of the three aquifers are
smaller than that of LMWL obviously, and most groundwa-
ter samples are distributed above the LMWL, which illus-
trate that the evaporation intensity of groundwater in the
study area is lower than that of atmospheric precipitation.
In addition, in the three aquifers, the evaporation intensity
appears to be Qh? aquifer > Qp3al aquifer > Ey aquifer, which
decreases with the increase of burial depth, indicating that
there is a certain degree of correlation between evaporation
intensity and burial depth (Katz et al. 1997).

Results of principal component analysis for three aquifers
showed that two factors were selected from pr‘l and Qh¥
aquifers, but three factors were selected from Ey aquifer.

Table 11 Analysis of main ion

e R Aquifer Factor 1 Factor 2 Factor 3
and contribution rate in different
aquifers Main ion Contribu-  Main ion Contribu- Mainion Contribu-
tion rate tion rate tion rate
(%) (%) (%)
QhY EC, HCO5™, CI7, 68.511 NO;~ 19.453 - -
SO427, Ca2+7 Mg2+,
K*+Na*t
Qp3al EC, CI",NO5™, 58.172 HCO;~ 17.253 - -
SO42_, CaZ+7 Mg2+,
K*+Na*
Ey EC, CI~, Ca?*, Mg**  51.775 pH, SO,>~, K*+Na*  20.506 NO,~ 12.354
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The components of the two factors in Qp3al and Qh¥ aqui-
fers are very similar, which indicates that the circumstances
of groundwater in the two aquifers may be more similar
(Mertler and Reinhart. 2016; Gan et al. 2018). Moreover,
NO;™~ was sorted into factor 2 and factor 1 in Qh and Qp,*
aquifers, respectively, while it was sorted into factor 3 in Ey
aquifer, indicating a least affection of anthropogenic activi-
ties in Ey aquifer.

Conclusions

Using hydrochemistry, isotope, principal component analy-
sis, and inverse geochemistry modeling, this study analyzes
the hydro-geochemical evolution characteristics of shallow
groundwater in the northeast of Jianghan Plain, which not
only strengthens the understanding of groundwater evolution
in this area, but also provides a reference for groundwater
analysis in other similar areas.

The hydro-chemical type, composition, ion relation-
ship, and evolution law of the three aquifers were analyzed
detailedly. Hydro chemical types, anions and cations are
more diversified in the Qh* aquifer. When groundwater
flows between Qp3al aquifer and Qh* aquifer, calcite and
fluorite precipitate, which makes Ca*" in groundwater of
Qh* aquifer decreased. This indicates that water—rock inter-
action is one of the factors controlling the chemical evolu-
tion of groundwater. The relatively higher concentrations of
Na* and ClI™ in Ey aquifer may be caused by the dissolution
of saline minerals (such as halite) in red sandstone. The rela-
tionship of evaporation intensity in the three aquifers (i.e.,
Qh* aquifer > Qp3al aquifer > Ey aquifer) studied by isotope
analysis indicates that the evaporation intensity decreases
with the increase of burial depth. The effecting factors and
possible sources of groundwater chemical composition were
explored by principal component analysis. The groundwater
environment of Qp,* and Qh is very similar, and there is a
close hydraulic connection between them. Anthropogenic
activities may have a greater impact on the Qh* aquifer, but
a less impact on the Ey aquifer.
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