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Hydrochemical Characteristics and Evolution Laws of Shallow
Groundwater in Shuangliao City
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Abstract. Shuangliao City is an important part of the Xiliaohe Plain, and one of the most important bases of
grain production in the north of China. Therefore, it is important to ascertain the hydrochemical characteristics
of groundwater and their causes and evolution laws in the Xiliaohe Plain to provide guidance to agriculture
development and ecological improvement. After collection of detailed data and identification of the
groundwater flow field, we studied the causes and evolution of the identified hydrochemical types by zone
with mathematical statistics, correlation analysis, ion proportional coefficient and other methods. The results
show that the concentrations of HCO3-, Cl-, and Na+ are relatively high, and these of Ca2+, Mg2+, SO42-,
and NO3- are relatively low. The concentration of TDS increases gradually along the flow direction of
groundwater, and TDS is positively correlated to the variation in concentration of Cl-, Na+, Mg2+, and SO42-.
Along the flow direction of groundwater, the hydrochemistry of shallow groundwater show the evolution law
from HCO3-Ca-Mg to HCO3-Cl-Na-Ca and HCO3-Cl-Na-Mg, and then to Cl-HCO3-Na-Mg. The
hydrochemical types are formed mainly due to the mineral dissolution and deposition, and reaction of cation
exchange and adsorption in the aquifer, and the hydrogeochemical processes include leaching, evaporation
and concentration, and mixing.

sustainable  development and  utilization  and
. comprehensive management of groundwater resources in
1 Introduction the region[6-8].

By now, Chinese and foreign scholars have carried out
a lot of research of hydrochemical characteristics of
groundwater, mainly through mathematical statistics[9],
Piper or Durov diagrams[10-11], ion proportional
coefficient[12], mineral saturation index[13], isotope
tracing[14], hydrogeochemical simulation and other
techniques to study the chemical characteristics of
groundwater and their causes and evolution[15-17].
Generally, many methods are used in related studies, but
there is a lack of comprehensive research, especially that
of zoning and evolution of regional hydrochemical types.
For this reason, after collection of detailed data and
identification of the groundwater flow field, we studied
the hydrochemical characteristics by zone with
mathematical statistics, correlation analysis, ion
proportional coefficient and other methods to identify the
current hydrochemical characteristics of shallow
groundwater in the region, formation of hydrochemical
composition and its evolution laws, uncover the main
actions forming the hydrochemical composition of
groundwater, and provide a scientific basis and
management ideas for agricultural production and
ecological protection in Shuangliao City and even the

whole Xiliaohe Plain.

Shuangliao City is an important part of the Xiliaohe Plain,
and one of the most important bases of grain production in
the north of China. Groundwater is the main source of
water for the residents' life and industrial and agricultural
uses. Especially as the Xiliao River has dried up in recent
years, Shuangliao developed and utilized groundwater for
agricultural uses to a greater extent. The importance of
groundwater resources to the region is reflected not only
in the water demand, but also the requirement for high
quality groundwater. The hydrochemical characteristics
and evolution of groundwater have been an important field
of research in evaluating the quality of groundwater
resources. Related research is of great significance to the
utilization and management of groundwater resources and
the improvement and protection of ecosystem and
environment in the region[1]. The chemical characteristics
of groundwater are determined by the sedimentary
environment and characteristics of sedimentary
combinations of sources, and are affected by natural and
human factors such as flood, ecological water transfer,
agricultural irrigation[2-5]. Therefore, it is helpful to
identify the laws of distribution of groundwater
hydrochemical types in understanding the regional
hydrogeochemical characteristics, quality and distribution
of groundwater in the region, and in guiding the
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2 Overview of study area

Shuangliao is a city of Jilin Province located in the
transition between semi-humid climate and semi-arid
climate, with frequency windy and sandy weather. Its
annual average temperature is 6.6 °C, annual precipitation
is 450-550 mm, and annual evaporation is as high as 1,600
mm. Its location is subject to serious land salinization,
land desertification and grassland degradation, and is one
of the key areas of ecological restoration in Jilin Province.

The aquifers in the study area are mainly of a
Quaternary loose rock pore aquifer system, which is
composed of three aquifers, namely the Quaternary
Holocene, Upper Pleistocene, Middle Pleistocene phreatic
aquifers.

(a) Holocene phreatic aquifer: This aquifer is
distributed under the floodplains and terraces of the
Xinkai River and Xiliao River. It is mainly composed of
medium and fine sand with thickness of 10-25 m. The
groundwater type is HCO3-Ca*Na with pH value of 7.34—
8.26.

(b) Upper Pleistocene phreatic aquifer: This aquifer is
distributed under the low plains and the Songliao
watershed. It is composed of sandy loam, silty sand and
fine sand with thickness of 3-17m. The type of
groundwater is CI*'HCOj3; and SO4+HCO; with pH value of
7.47-8.47.

(c) Middle Pleistocene confined aquifer: This aquifer
covers the whole study area, and its lithology is composed
of fine sand, silty fine sand and sandy loam with thickness
of 5.57-23.5m. The hydrochemical type of groundwater is
mainly HCO3 with pH value of 7.37-8.49.

3 Water sample collection and testing

The shallow groundwater samples were collected from
June to September 2012. According to the principles of

plane control and local densification, the samples were
collected with a density of 1.1 group / 100 km?. 32 groups
of shallow groundwater (phreatic water and micro-
confined water) samples were collected. Certain
protective agents were added and test and analysis were
conducted in a timely basis for different test indicators.
The samples were tested for 42 indicators, including 7
physical and chemical indicators tested on the field, and
35 inorganic indicators, including "three nitrogen
indicators", heavy metals and conventional ions, tested in
laboratory.

4 Results and analysis

After the scientific and systematic sampling, testing and
analysis of the shallow groundwater across the study area,
the methods of descriptive statistics, correlation analysis
and ion proportional coefficient in the hydrochemical
software (AquaChem4.0) were used to comprehensively
and  systematically study the  hydrochemical
characteristics of the shallow groundwater, explore the
formation of hydrochemical composition and the
evolution laws of regional hydrochemical types, and
uncover the main reactions controlling evolution of the
groundwater quality and the hydrogeochemical processes.

4.1 Statistical characteristics of hydrochemical
parameters

Statistical analysis can reflect the overall picture of
groundwater chemical composition in a certain area or a
certain period of time[l18]. To understand the
hydrochemical characteristics of groundwater in this area,
the 32 groups of samples collected from June to
September 2012 were tested and analyzed, and the
statistics of hydrochemical parameters were obtained
(Table 1).

Table 1 Statistics of hydrochemical parameters of shallow groundwater

Component Maximum Minimum Average Value Standard Deviation Coefficient of

variation (%)
Na* 997.60 10.58 107.65 177.06 164.48
Ca** 203.50 10.83 78.52 56.60 72.09
Mg* 176.30 431 31.95 32.70 102.34
HCOs 927.86 132.13 347.94 174.97 50.29
Cr 1114.39 2.54 102.21 205.14 200.71
SO,” 642.37 0.39 89.07 128.68 144.48
NOy 379.63 0.00 50.83 99.48 195.71
TDS 1857.09 184.66 670.27 693.03 103.40

pH 8.3 6.56 7.21 0.35 491

Note: In addition to the pH, the units of the concentration of the rest chemical mass parameters are mg/L.

As shown in the above table, that the average
concentration of HCOj" is the largest, followed by that of
Na+ and CI, indicating that these ions are dominant ions
in the groundwater. The standard deviations of CI, Na*
and HCOj5 are large, indicating that their absolute content
in groundwater is high. This is consistent with the larger
average concentrations of the three types of irons. The
coefficients of variation of Ca?, Mg?" and HCOs" are
small, indicating that their content is relatively stable in
the groundwater of this region, and the content of HCOj3
is high and stable. The coefficients of variation of Na*, Cl-

and NO3- are large, indicating that their concentrations
vary significantly in different areas and easily affected by
the aquifer media, topography, hydrometeorological
conditions and human activities. The standard deviation
and coefficient of variation of TDS are high, indicating
that the content of TDS is high in this region, and the
concentrations vary considerably in different areas.
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4.2 Correlation characteristics of
hydrochemical parameters

and the consistency and difference of their sources [1].
With the test results of the 32 groups of groundwater
hydrochemistry, statistical software was used to calculate

Correlation analysis is intended to uncover the similarity the correlation of typical components (Table 2).

and difference in groundwater hydrochemical parameters

Table 2 Correlation matrices of hydrochemical parameters of shallow groundwater

Component Na* Ca* Mg** HCO5 Cr S0.> NO; TDS pH
Na* 1.000 0.338 0918 0.774 0.950 0.898 0.350 0.947 0.179
Ca* 1.000 0.464 0.362 0.505 0.557 0.764 0.603 -0.014
Mg>* 1.000 0.744 0.922 0.903 0.533 0.952 0.160

HCOy 1.000 0.636 0.637 0.179 0.740 0.207

Cr 1.000 0.915 0.504 0.968 0.101

SO,* 1.000 0.537 0.952 0.204

NO;y 1.000 0.594 -0.097

TDS 1.000 0.141

pH 1.000
From the correlation coefficient matrices of description and depiction of the evolution process of water

hydrochemical parameters, one can see that the correlation
coefficients of Cl-, Na+, Mg2+ and SO42- with TDS are
high, and the regression equations are shown in formulas

(D).

p1ps=3.2713pCI+335.92  R?=0.968 (1)
p1ps=3.7067pNa’+271.22  R?=0.947 )
p10s=20.175pMg2+25.652 R>=0.952 3)
p1Ds=5.1275pS04>+213.57 R?=0.952 4)

Where, p tps, P > P Na'» P MeZ and p so4”” stand for the
concentrations of TDS, CI, Na', Mg?* and SO4*
respectively, in mg/L; R is the correlation coefficient,
dimensionless.

From formulas (1)—(4), one can see that the correlation
coefficients between TDS and CI, Na*, Mg?"and SO,* are
above 0.947, while the correlation coefficients between
CI', Na*, Mg?* and SO4* in Table 2 are all higher than 0.9.
This indicates that the change trend of TDS is consistent
with the change trends in concentration of these ions. The
correlation coefficients between HCOs,, Ca?" and NOs,
and the correlation coefficients between them and other
ions are poor. Especially, the content of HCOs in
groundwater is the highest and stable, and the correlation
coefficient between it and TDS is only 0.74, which
indicates that the change of TDS in the process of
hydrochemical evolution in this region mainly depends on
the change of content of Cl-, Na+, Mg?* and SO.*.
Therefore, it is important to understand the change
patterns of these ions for understanding of the evolution
process of groundwater in this region.

4.3 Proportion coefficient characteristics of
ions

In the chemical composition of groundwater, the content
proportional coefficient between various components is
often used to study some hydrogeochemical issues[10].
Proportional coefficients can be applied to determine the
sources and formation process of groundwater
hydrochemical composition. Compared with traditional
hydrochemical type analysis along, they enable more deep

quality in spatial dimensions as well as typical analysis of
hydrogeochemical evolution.

The yNa/yCl coefficient is called the casual coefficient
of groundwater, which is a hydrogeochemical parameter
to characterize the enrichment of sodium ions in
groundwater. The average value of the yNa/yCl coefficient
of standard seawater is 0.85. The yNa/yCl coefficients of
low salinity water are high [yNa/yCl > 0.85], while those
of high salinity water are low [yNa/yCI<0.85][19]. As
shown in Fig. A, almost all the analysis points of water
samples are distributed above the straight line 1:1, which
indicates that the mg equivalent concentration of [Na'] is
generally greater than that of [Cl]. That is, the yNa/yCl
coefficient is greater than 1. In the process of runoff,
groundwater continuously weathers and dissolves rocks
and minerals through hydrolysis and acidification, and
Na" is thus released from feldspar. As a result, the [Na*]
mg equivalent concentration is greater than that of [CI'].

As shown in Fig. B and C, most of the analysis points
are located above the straight line 1:1, which indicates that
the mg equivalent concentrations of [Ca®*] and [Mg?*] are
generally greater than that of [SO42-] concentration, and
the mg equivalent concentration of [Ca?'] is higher than
that of [Mg?']. Along the flow direction of groundwater,
TDS gradually increases, which facilitates the dissolution
of calcite and dolomite. In Fig. D, most of the analysis
points are located above the straight line 1:1, which
indicates that the dissolved amount of calcite is higher
than that of dolomite. Fig. E shows that the analysis points
are below the straight line 1:1, which indicates that the mg
equivalent concentrations of [Ca?'+Mg?"] are lower than
that of [HCO3;+SO4*]. This suggests the weathering-
dissolution of carbonate rocks occurring in the process of
transport by groundwater.

Cl,, SO4* and HCOs™ characterize the dissolution of
rock salt, gypsum and dolomite respectively, so y(Na*-CI")
and y(HCO5;+S04*-Ca?'-Mg?") represent the dissolution
of the three minerals. If there is cation exchange and
adsorption, the ratio of y(Na*-CI") to y(HCO3;+SO4*-Ca?'-
Mg?") should be close to 1[20]. Most analysis points in Fig.
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F are located near the straight line 1:1, this indicates that
cation exchange and adsorption occurs in the process of

15 A
1:1

Na+(meq/L)
o =

WA CI(meq/L)

0 5 10 15

(o]

o~

Mgﬂ(meq/L)

SO4” (meq/L)

0 2 4 6 8 10

J—
(S
T

Ca2++Mg2+(meq/L)
o =)
T T
X

Cotet HCO5+S04” (meg/L)
0 L I}
0 5 10 15 20

transport by groundwater.

>

M

Ca2+(meq/L)

2 N
SO4 (meq/L)
O | |
0 2 4 6 8 10
10
D 1:1
8 - .
- .
g 6T .
E e
i.ﬁ 4 F * . .
8 .
* *
2T .. 2+
:0‘0 Mg" (meq/L)
0 L L I}
0 2 4 6 8 10
7
F
1:1
297 .
g -
*
E’ 3 r ¢
Q ¢ * %
+ *
2 1+ b/ * ¢
L)
2% (HCO5+80,™) - (Ca” +Mg™) (meg/L)

-1
-1 1 3 5 7

Fig. 1 Hydrochemical relationships between the selected ions of shallow groundwater

As shown in the left diagram of Fig. 2, when
TDS<500mg/L, the yNa/yCl coefficient trends to increase
along with the increase of TDS. This indicates that in low
salinity water bodies, with the increase of groundwater
flowing distance, the concentration of Na" from mineral
weathering and dissolution gradually increases, resulting
in the increase of Na® content in groundwater, and
gradually increases downstream. When TDS>500mg/L,
the yNa/yCl coefficient generally increases with the
increase of TDS. This indicates that when TDS in
groundwater reaches a certain concentration, Na+ starts
iron exchange with Ca2+ and Mg2+ adsorbed by clay
minerals in aquifers, resulting in the decrease of Na+
concentration and increase of Cl” in groundwater, so the
yNa/y coefficient decreases.

As shown in the right diagram of Fig. 2, when

TDS<500mg/L, the ratio of y(Na-Cl)/y(Ca+Mg-HCOs-
SO.) changes remarkably, and only a few points have ratio
values close to 1. When TDS>500mg/L, the ratio of y(Na-
Cl)/y(CatMg-HCO3-SOy4) falls on a straight line, which
indicates that cation exchange and adsorption occurs. In
this case, the concentration of Na* ions decreases and the
concentrations of Ca?" and Mg increase, which is
consistent with the change law of the yNa/yCl coefficient
along with TDS.

With the increase of TDS concentration, not only the
dissolution and precipitation of rock salt, gypsum and
dolomite, but also cation exchange and adsorption occur
between groundwater and aquifer media. Therefore, the
dissolution and precipitation of minerals and the cation
exchange and adsorption are of great significance to the
formation of groundwater hydrochemical characteristics.
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Fig. 2 Chart of yNa/yCl, y(Na-Cl)/y(Ca+Mg-HCO3-SO4) with the changing concentration of TDS
groundwater, and forms medium salinity HCO;3-CI-Na-Ca
4.4 Regional characteristics of groundwater and HCOj;-CI-Na-Mg water. In the southwest of the region,

hydrochemical evolution

From the analysis above, we know the hydrochemical
characteristics of shallow groundwater and explore its
causes, but its spatial distribution and evolution laws are
not presented in a sufficiently intuitive manner. Therefore,
according to the results of test data with water samples, we
applied the Sukharev classification method to classify the
hydrochemical types of shallow groundwater, and the
results of classification are shown in Fig. 3.

As shown in Fig. 3, shallow groundwater flows from
northeast to southwest. By comparing the test results of
TDS against the direction of groundwater flow, the
concentration of TDS is found to gradually increases from
northeast to southwest. Generally, the concentration of
TDS is less than 500 mg/L in the northeast, 500—1000
mg/L in the middle and higher than 1,000 mg/L in
southwest. In the northeast of the region, the runoff
conditions of groundwater is favorable, and the water
exchange is relatively rapid. The soluble components Cl-,
Na+ and SO4?> in the aquifer are continuously leached and
transported with the water flow. The ions are mainly Ca?*
and HCOs, forming low salinity HCOs-Ca-Mg water.
This is consistent with the conclusion in 3.3 that when
TDS < 500mg/L, the concentration of Na™ in the
groundwater flowing downstream increases due to
weathering and dissolution of minerals . The groundwater
flow slows down in the middle of the region. With the
increase of groundwater flowing distance and residence
time, there is sufficient time of reaction for the dissolution
of calcite, dolomite and other minerals, which makes the
concentration of Ca?* and Mg?*" ions in groundwater
increase. Since the TDS this area is 500-1,000, it is
possible to infer from 3.3 that cation exchange and
adsorption occurs in slow runoff area, which further
increases the content of Ca?" and Mg?" ions in the

TDS is higher than 1,000 mg/L, in which case Ca?* and
Mg?" ions are easy to form carbonate precipitation.
Moreover, the amount of calcite precipitation is higher
than that of dolomite, resulting in decrease of
concentrations of Ca?*, Mg?" and HCOs ions in the
groundwater, forming high salinity CI-HCO3;Na-Mg
water.

Along the flow direction of groundwater, the
hydrochemistry of shallow groundwater show the
evolution law from HCO;-Ca-Mg to HCO3-Cl-Na-Ca and
HCO;-Cl-Na-Mg, and then to CI-HCOs-Na-Mg. The
hydrochemical types are formed mainly due to the mineral
dissolution and deposition, and reaction of cation
exchange and adsorption in the aquifer, and the
hydrogeochemical = processes include  leaching,
evaporation and concentration, and mixing.

5 Conclusions

(1) The concentrations of HCO3-, Cl- and Na+ in the
shallow groundwater of Shuangliao City are relatively
high, while the concentrations of Ca?*, Mg?*, SO4> and
NOs™ - are relatively low. The concentration of TDS
increases gradually along the flow direction of
groundwater, and TDS is positively correlated to the
variation in concentration of Cl-, Na+, Mg2+ and SO4*-.

(2) Along the flow direction of groundwater, the
hydrochemistry of shallow groundwater show the
evolution law from HCO3-Ca-Mg to HCO3-Cl-Na-Ca
and HCO3-Cl-Na-Mg, and then to CI-HCO3-Na-Mg.

(3) The hydrochemical types are formed mainly due to
the mineral dissolution and deposition, and reaction of
cation exchange and adsorption in the aquifer, and the
hydrogeochemical ~ processes  include  leaching,
evaporation and concentration, and mixing.
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Fig. 3 Hydrochemical type diagram in shallow groundwater
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