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ABSTRACT

Under the influence of natural factors and human activities, groundwater dynamic field and hydro-
chemical field in the People’s Victory Canal Irrigation District, a piedmont well irrigation district in the
north Henan province, have changed significantly. In this paper, the statistical characteristics of major
ions in the groundwater in the People’s Victory Canal Irrigation District were analyzed based on the
sampled data in wet season and dry season, and then the main hydrochemical processes in the runoff
process of groundwater were discussed using different ion proportionality coefficient method. The
results showed that Na* and HCO,” were the major cation and anion in the groundwater, respectively.
The order of cations in concentration was Na* > Ca* > Mg* > K*, and the order of anions in average
concentration was HCO,™ > SO, > CI". The rock weathering and dissolution mainly controlled the
hydrochemical evolution of groundwater, as Na*, Ca*, Mg*, CI, and SO,* in the groundwater were
mainly derived from the dissolution of carbonates and sulfates. In addition, they were also derived
from the dissolution of aluminum silicate minerals (such as albite). Besides, the hydrochemical process
was accompanied by cation-exchange adsorption. The cation exchange between Na' in the ground-
water and Ca* and Mg* in soil occurred in most of the study area except G-01 area. The chemical
constituents of groundwater were not only influenced by natural factors, but also by human activities.
Especially in G-01, G-06, and G-08 areas, human pollution influenced the chemical constituents of
groundwater obviously.
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1. Introduction

The formation and distribution of the chemical
constituents of groundwater are the result of long-term
interaction between groundwater and environment, which is
influenced by natural factors and human activities [1-3]. The
research on the evolution mechanism and inherent law of the
chemical constituents of groundwater is of great significance
to clarifying the influence mechanisms of natural factors and
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human activities on groundwater environment, also provides
a scientific basis for the prevention of groundwater pollution,
having important application value [4-6].

The People’s Victory Canal Irrigation District has been
developed from an agricultural gravity irrigation district to a
multifunctional district for rural and urban industrial water
use as well as domestic water use. However, with the increase
of water consumption and decrease of irrigation water
quantity from the Yellow River, the groundwater becomes the
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main water supply for the irrigation district. Thus, its mining
quantity is increasing, and groundwater depth increases from
2-5 m in the 1950s to 12-20 m, accordingly. And declining
trend of groundwater level gradually became obvious, with
an average annual decline of about 0.7-0.8 m at present. The
change of groundwater dynamic field has affected and con-
tinues to influence the evolution of hydrochemical field.

In this paper, based on the analysis of the chemical
constituents of groundwater, the causes of formation of
groundwater were explored, and then the chemical function
of groundwater was analyzed using ion proportionality
coefficient method, providing a scientific basis for the
evaluation of groundwater resources and prevention of
groundwater pollution in the study area.

2. Materials and methods
2.1. The study area

The People’s Victory Canal Irrigation District, located in
Xinxiang city, Henan province, China—the north shore of
the Yellow River—is an important grain, cotton, and oil pro-
duction base in China. Situated at 113°31'-114°25’ of east lon-
gitude and 35°0'-35°30" of north latitude, it stretches across
seven counties and one city: Xinxiang county, Hua county,
Weihui county, Yuanyang County, Huojia County, Yanjin
County, Wuzhi county, and Xinxiang city, covering a vast
area. It is adjacent to the main canal of the Red Flag Canal in
Linzhou city in the east, is adjacent to the Communist Canal
and Wujia Irrigation District in the west, extends to Yulin
town in Yanjin County, Shizhai Town in Yuanyang County,
Qizhuang Village in Hua County, and Langgongmiao Town
in Xinxiang city in the south, and extends to Weihe River in
the north [7], as shown in Fig. 1.

2.2. Groundwater sampling and physicochemical analysis

A total of ten typical representative sampling points were
selected in the People’s Victory Canal Irrigation District,
which are shown in Fig. 1. The groundwater samples were
collected once a month in the study area during January
to December in 2015. Water samples were collected in 1-L
high-density polyethene bottles with tight fitting plastic caps
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Fig. 1. Study area and sampling site.

using Solinst’s groundwater sampler (Canada, 425 type). The
bottles were washed three or four times with the water to be
sampled before taking the sample. All samples were filled to
the top to avoid evaporation and exchanges of sample water
with atmospheric materials. And the samples were trans-
ported immediately to the laboratory of the First Geological
Environment Survey Institute, the First Bureau of Geology
and Minerals Exploration of Henan Province.

The pH was measured using pH meter. Major cation con-
centrations (Ca?, Mg?*, Na‘, and K') were analyzed by the
atomic absorption spectrometry method. Chloride (CI") was
determined by standard AgNO, titration. Carbonate (CO,>)
and bicarbonate (HCO,") were determined by titration with
HCI. Sulfate (SO,*) was measured by spectrophotometer tur-
bidimetry. The total dissolved solids (TDS) were computed
by using electrical conductivity meter in dS/m at 25°C.

The analytical precision for measurement of ions was
determined by calculating the ionic balance error. An error
of up to +3% is tolerable, while every water sample with a
calculated error outside this range should be measured again
[8]. Approximately 90% of the measured water samples were
within this range. This means that the resultant data quality
is sufficient for chemical modeling and/or for drawing sim-
ple conclusions about water quality.

The sample data in dry season and wet season were
selected for comparative study.

3. Results and discussion

3.1. Statistical characteristics of the hydrochemical parameters of
groundwater

Descriptive statistical analysis is a basic method in the
study on hydrogeochemistry [9-11]. To fully understand the
comprehensive characteristics of the chemical constituents of
groundwater, a descriptive statistical analysis of the chemical
constituents of groundwater was carried out to show the
basic features of the chemical constituents of groundwater
in certain time and space. Therefore, an analysis of the sta-
tistical characteristics of the hydrochemical parameters of
groundwater samples in dry season and wet season in 2015
was carried out, as shown in Table 1.

Among cations, Na* showed the highest concentration,
with an average concentration of 195.93 mg/L in dry season
and 166.41 mg/L in wet season, and the order of cations in
concentration was Na" > Ca* > Mg* > K. Among anions,
HCO, showed the highest concentration, with an average
concentration of 527.00 mg/L in dry season and 531.29 mg/L
in wet season, and the order of anions in concentration was
HCO, > SO,* > CI". The concentration of Na* and HCO,™ in
the groundwater was high, but their variation coefficient
was small, indicating that their absolute concentration in the
groundwater was high and relatively stable. So they were the
major cation and anion in the groundwater in the study area,
respectively.

The variation coefficient of K* and SO,> was the largest,
which was 129.43% and 153.21% in dry season and 139.19%
and 161.62% wet season, while the variation coefficient of
the rest ions was below 1, indicating that K* and SO,* were
more sensitive to hydrological conditions, topography,
human activities, and other external influences, and thus
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Table 1
Statistical characteristics of groundwater hydrochemical parameters in dry and wet seasons
Item Dry season Wet season
Minimum Maximum Mean Standard Variable = Minimum Maximum Mean Standard Variable
deviation coefficient deviation coefficient
K* 2.44 58.82 14.89 19.27  129.43% 1.84 51.01 11.97 16.65  139.19%
Na* 75.88 503.91 195.93 129.02 65.85% 75.65 486.75 166.41 116.39 69.94%
Ca* 69.16 423.06 138.99 104.75 75.37% 74.43 425.87 145.85 106.28 72.87%
Mg* 41.84 263.60 83.69 65.25 77.97% 36.87 264.93 80.35 65.94 82.07%
HCO, 446.61 651.27 527.00 72.00 13.66% 359.65 639.79 531.29 88.65 16.69%
CI 95.40 381.26 169.08 103.40 61.15% 93.73 341.35 158.43 74.52 47.04%
SO~ 119.40 662.91 444.56 681.10 153.21% 93.66 2,191.2 392.68 634.63 161.62%
TDS 712.02 4,233.80 1,341.01 1,074.55 80.13% 769 4,098 1,252.19  1,005.36 80.29%
pH 6.94 7.84 7.47 0.23 3.08% 7.03 7.73 7.36 0.20 2.72%
their stability was weak. So they were the important factors 10000
influencing the great difference in spatial distribution of the
hydrogeochemical properties of groundwater and main vari-
ables determining the salinization of groundwater in the irri- 10000 G-06 _“Evaporation
gation district. . dommungy
The variation coefficient of Na*, Ca*, Mg*, HCO,, CI, G0l —
and TDS was between 14.63% and 82.07%, indicating that o~ 1000 * L, 3 “herd
their chemical constituents were relatively stable. The little 5 — s Digsasa
difference between the variation coefficients in dry season = Rock dominance «Wetseason
and wet season showed that the seasonal variation had little E L
influence on the spatial variability of hydrochemistry.
The pH was between 6.94 and 7.84, with an average pH of o
7.47 in dry season and 7.36 in wet season, respectively, indi- " Ziﬁ‘;:;‘c’:“ ’
cating that the groundwater was weakly alkaline.
3.2. Analysis of the Gibbs graph of groundwater i
0 01 02 03 04 05 06 07 08 09 1
In 1970, Gibbs designed a semi-logarithmic coordinate Na/ (rNa+rCa)
graph (Gibbs graph) to compare the chemical constituents
and causes of formation of water. The y-coordinate is the Fig. 2. Diagram depicting the mechanism controlling

logarithmic coordinate of TDS, and the x-coordinate is
YNa/(yNa + yCa) ratio, and the relationship between them
reflects the controlling factors of the chemical constituents
of water. Three different areas in the Gibbs graph represent
three different causes of formation, namely “evaporation con-
centration,” “rock weathering,” and “precipitation control”
[12,13]. In the Gibbs graph, the low-salinity groundwater
having large yNa/(yNa + yCa) ratio (close to 1) is distributed
in the bottom right corner, indicating that the groundwater is
mainly recharged by atmospheric precipitation. The ground-
water with medium dissolved solid content (with TDS con-
tent of 70-300 mg/L) having small yNa/(yNa + yCa) ratio
(smaller than 0.5) is distributed in the left middle part, indi-
cating that its chemical constituents are mainly influenced by
rock weathering and dissolution. The groundwater with high
dissolved solid content having large yYNa/(yNa + yCa) ratio
(close to 1) is distributed in the upper right corner, indicating
that the region is located in arid areas with strong evapora-
tion. To better reveal the controlling factors of the hydrochem-
ical evolution of groundwater, the tested hydrochemical data
of groundwater were substituted into the Gibbs graph, then
the causes of formation of groundwater in the study area can
be observed intuitively.

groundwater quality.

The Gibbs graph of groundwater in the study area is
shown in Fig. 2. The groundwater samples fell in the left mid-
dle part, showing that the chemical constituents of ground-
water were mainly influenced by rock weathering and dis-
solution, which was the main chemical action affecting the
hydrochemical characteristics of groundwater.

In fact, the chemical constituents of groundwater were
influenced by both natural factors and human activities. The
Gibbs graph can determine the influence of natural factors,
but cannot exclude the influence of human activities on the
formation of groundwater, showing that the Gibbs graph has
limitations. The discharge of pollutants from human produc-
tion activities into the groundwater changed the chemical
constituents of groundwater, such as increased concentration
of CI, SO,*, and TDS. In addition, the exploitation and uti-
lization of groundwater resources also changed the hydro-
dynamic conditions of groundwater, which influenced the
water rock interaction or evaporation concentration intensity
of groundwater. For example, G-01 in wet season and G-06
in wet and dry seasons in Fig. 2 are obviously different from
other samples, which are likely affected by human activities.
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3.3. Analysis of the cause coefficient of groundwater

YNa/yCl, called the cause coefficient of groundwater, is a
hydrogeochemical parameter characterizing the enrichment
of Na* in groundwater. The average yYNa/yCl of standard sea
water is 0.85, the yNa/yCl of low TDS water is high (yNa/yCl
> 0.85), and the yNa/yCl of high TDS water is low (yNa/yCl
< 0.85) [14]. The yNa/yCl of groundwater in the study area
in dry season (Fig. 3(a)) and wet season (Fig. 3(b)) is shown
in Fig. 3.

Most of the sampling points in the study area were above
the line 1:1, and their yNa/yCl was greater than 1, indicating
that the Na'" milligram equivalent concentration was basically
greater than CI- concentration. It was considered that Na" and
Cl- were derived from the dissolution of halite, which but
was not the only source. The excess Na* may be derived from
the weathering and dissolution of albite or sodium montmo-
rillonite or other minerals. In addition, the cation exchange
also affected the Na" concentration. In the runoff process of
groundwater, the rock minerals were weathered and dis-
solved by hydrolysis and acid action, thus Na*" was released
from feldspar, meanwhile, the cation exchange between Ca*
in the groundwater and Na* in soil occurred, so that the Na*
concentration was greater than CI- concentration.

The Na" concentration and Cl- concentration of ground-
water in G-06 and G-08 areas in dry season as well as G-06 area
in wet season were obviously greater than those in other areas
of the study area, and the degree of salinity was abnormally
large, which may be due to the influence of human factors.
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Fig. 3. Distribution of the cause coefficient of groundwater in the
study area: (a) dry season, (b) wet season.

In addition, the yNa/yCl in G-01 area in wet season was less
than 1. It was mainly because the CI- concentration increased
significantly from 111.14 mg/L in January to 219.51 mg/L in
July, while the Na" concentration changed slightly, which
may be due to the influence of human pollution [15,16].

The change and development of the overall hydrochem-
ical characteristics in the study area were mainly controlled
by the geological conditions and hydrogeological conditions
of groundwater system. The hydrodynamic conditions grad-
ually became worse from southwest to northeast, Na‘, Mg*,
and CI- gradually enriched, and the degree of salinity of
groundwater increased.

3.4. Analysis of the ratio of yHCO, +ySO/ to yCa™ + yMg* of
groundwater

In order to determine the major source of Ca*, Mg,
HCO,, and SO, a plot of y(HCO, + SO > vs. ['(Ca* + Mg™)
was plotted as shown in Fig. 4. As we know, Ca*, Mg*, HCO,,
and SO,* are mainly from dissoluble rocks, such as calcite,
dolomite, and gypsum. And there would be a charge balance
among Ca*, Mg*, HCO;, and SO, if they are derived from
simple dissolution of these rocks [17,18]. But in the study area,
no matter in dry season or wet season, all the points, except
the G-01 in wet season, are plotted above the 1:1 line. It means
that HCO,” and SO are more than Ca* and Mg* except
G-01 in wet season. The excess of HCO,” and SO,* must be
balanced by Na* and K* in order to keep the charge balance
in groundwater. It suggests that aluminum silicate minerals
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Fig. 4. Relationship between y(Ca* + Mg*) and —y(HCO; +
vSO,*) in (a) dry and (b) wet seasons.
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(e.g., albite) dissolution may be the main source of HCO, +
SO,*, which can be explained by the formula as below:

Na,ALSi O,, +2CO, + 3H,0 - 2HCO, + 2Na* (1)
+H,ALSi,0O, +4Si0,

This formula explains the source of excess HCO, + SO >
relative to Ca*" + Mg?, also explains the excess Na* relative to
CI. Of course, Na* can be derived from cation exchange as
stated before.

In order to determine the significance cation exchange
in controlling the water chemistry, a plot of y(Ca* + Mg*)-
Y(HCO, +SO,*) vs. y(Na* — CI") was examined. The y(Ca* +
Mg*) —y(HCO, + SO,*) represents the amount of Ca* + Mg
gained or lost compared with that provided by calcite, dolo-
mite, and gypsum, while y(Na* — CI") represents the amount
of Na* gained or lost relative to that provided by halite [17].
If cation exchange is the main progress that controlling the
water chemistry, there should be a linear relationship with
a slop of -1 between y (Ca* + Mg*) — y(HCO,” + SO,*) and
Y(Na* — CI). Fig. 5 shows that almost all the points plotted
near the 1:1 linear except the point G-06 in dry season, which
can be concluded that in the study area, cation exchange is the
main function that controlling the groundwater chemistry.

However, how did the cation exchange occur is not clear.
As aresult, the CAI'1 and CAI 2 were calculated, and are plot-
ted in Fig. 6. CAI 1 represents the ratio of yCI~ - y(Na* + K*)
to Y(HCO, + SO,*), and CAI 2 represents the ratio of yCI~ -
vY(Na* + K*) to yCI". Based on the former study, negative CAI
indicates exchange of Ca*" + Mg* in groundwater with Na"
in rocks, while positive value represents Na* in groundwater
with Ca*" + Mg? in rocks. In the study area, except the positive
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Fig. 5. Relationship between y(Ca* + Mg*) — y(HCO, + ySO,*)
and y(Na*®— CI) in (a) dry and (b) wet seasons.

CAI of point G-01 no matter in dry and wet season, CAI of all
the other points is negative values. It shows that Ca?" + Mg?*" in
groundwater exchanges with Na* in rocks, but in the area near
G-01, Na' in groundwater exchanges with Ca?' + Mg?" in rocks.

3.5. Influence of human activities on groundwater hydrochemistry

From Figs. 2-6, we can conclude that anthropogenic activ-
ities have effected groundwater chemistry, especially in the
area near G-01, G-06, and G-08. In order to confirm anthropo-
genic influence, the plot of relationship between NO, and CI-
was examined, as shown in Fig. 7. Distinct positive correlations
of NO,” and CI" in both seasons indicate anthropogenic sources
of the ions [17]. Potential sources of NO,™ and CI- are indus-
trial sewage, domestic sewage, pit toilets, etc. In the study
area, average concentration of CI- is 169.08 and 158.43 mg/L,
respectively, in dry and wet season, less than 250 mg/L, which
satisfies the III classification of groundwater quality standard
in China in 2016. But the concentration of G-06 in dry and
wet season and that of G-08 in wet season are all more than
250 mg/L, which means the groundwater cannot be used for
domestic use directly. Meanwhile, concentration of NO,™ is
10.53 and 11.66 mg/L, respectively, in dry and wet season, less
than 20 mg/L, and satisfies the III classification of groundwa-
ter quality standard in China in 2016. But the concentration
of G-06 in dry and wet season and that of G-08 in dry season
are all more than 20 mg/L and cannot satisfy the III classifica-
tion standard according to the groundwater quality standard
in China. The remarkably high value of NO,™ and CI- concen-
tration is significantly influenced by anthropogenic activities
[19,20].
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4. Conclusion

The concentration of Na* and HCO,™ in the groundwa-
ter was high, but their variation coefficient was small, so
they were the major cation and anion in the groundwater in
the study area, respectively. The variation coefficient of K*
and SO,>was the largest, so they were the important factors
influencing the great difference in spatial distribution of the
hydrogeochemical properties of groundwater.

The Gibbs graph of groundwater in the study area
showed that the chemical constituents of groundwater were
mainly influenced by rock weathering and dissolution. The
analysis of the cause coefficient of groundwater showed that
Na* and CI~ were not only derived from the dissolution of
halite, but also derived from the weathering and dissolution
of feldspar minerals as well as cation exchange.

The proportionality coefficients YHCO,” + ySO,* and
yCa* +yMg?* as well as y(Ca* + Mg*) - y(HCO, + SO,*) and
v(Na* - CI") showed that the Na*, Ca**, Mg*, CI, and SO,* in
the groundwater were not only derived from the dissolution
of carbonates and sulfates, but also derived from the disso-
lution of aluminum silicate minerals (such as albite). It also
confirmed that the cation exchange adsorption occurred in
the runoff process of groundwater.

The TDS and yNa/yCl, high concentration of NO,™ and
CI" in the groundwater, as well as the relationship between
NO;” and CI" showed that the chemical constituents of
groundwater were not only influenced by natural factors, but
also by human activities. Especially in G-01, G-06, and G-08
areas, human pollution influenced the chemical constituents
of groundwater obviously.
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