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Abstract: The alluvial-diluvial plain of southwest Shandong Province is an important agricultural
economic zone and energy base in Shandong Province. Groundwater plays an extremely significant
role in the development of the regional social economy. In this study, 50 sets of water samples, collected
from 25 wells during October 2016 and June 2017, were utilized to determine the hydrogeochemistry
and the suitability of groundwater in the alluvial-diluvial plain of southwest Shandong Province
for different applications, such as drinking and irrigation. Most of the water samples could be
classified as hard-fresh water or hard-brackish water, and the dominant water types were HCO3-Na
and mixed types. Water-rock interactions and evaporation were the dominant controlling factors in
the formation of the hydrochemical components in the groundwater. Dissolutions of silicate, calcite,
dolomite, and gypsum are the major reactions contributing and defining the groundwater chemistry
in this plain. Moreover, cation exchange is a non-negligible hydrogeochemical process in this plain.
Calculated saturation index (SI) values indicate that aragonite, calcite and dolomite are saturated,
while the SI values for gypsum and halite are unsaturated. Based on fuzzy comprehensive evaluation,
the groundwater quality ranges from excellent to very poor. More than 50% of all groundwater
samples from 2016 are categorized as poor or very poor, suggesting that the water from these wells is
not suitable for drinking. According to the sodium adsorption ratio and percentage sodium, most of
the samples are suitable for agricultural irrigation. Overall, the quality of the groundwater in 2017
was found to be better than in 2016.

Keywords: groundwater; hydrogeochemical characteristics; water quality assessment; alluvial-diluvial
plain of southwest Shandong Province

1. Introduction

Groundwater is a significant strategic resource used to support social and economic
development [1,2]. Groundwater resources and water quality are restrictive factors for development in
many areas of the world [1,2]. In recent years, sustained population growth has caused continuous
societal development and the excessive exploitation of groundwater resources [3]. The groundwater
environment around the world has been affected and polluted to varying degrees [3]. Municipal sewage
and wastewater discharged by industrial and mining enterprises infiltrate into the groundwater system
and poses a serious threat to the quality of groundwater [2,4,5]. The analysis of groundwater chemistry
and the evaluation of groundwater quality can reveal potential factors which control the chemical
composition of groundwater and understand the sources of groundwater pollution [6]. These factors can
lead to profound steps toward the protection and sustainable utilization of groundwater resources [6].

Water 2019, 11, 1577; doi:10.3390/w11081577 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
http://www.mdpi.com/2073-4441/11/8/1577?type=check_update&version=1
http://dx.doi.org/10.3390/w11081577
http://www.mdpi.com/journal/water


Water 2019, 11, 1577 2 of 19

Therefore, in order to ensure access to clean water for the growing population, one needs to protect
and utilize water resources carefully and sensibly. To achieve this goal, it is necessary to understand
the origins and hydrochemistry of water. These two, seemingly simple aspects are at the center of
many worldwide principal, social, and environmental programs [7,8].

Evaluation of the hydrogeochemical characteristics and the suitability of groundwater for different
uses has been extensively researched around the world [7–12]. These studies indicate that the
hydrochemical composition and water quality of groundwater are influenced by natural factors (such
as water-rock interactions, climate change, geological conditions, etc.) and anthropogenic activities
such as industrial, agricultural, and domestic sewage discharge [7–12]. However, anthropogenic
sources have become a dominant factor affecting the groundwater environment [13,14]. In previous
studies, hydrochemical methods, such as Gibbs diagrams, Piper trilinear graphs, saturation index (SI),
and ion ratio graphs, have commonly been used to determine which hydrogeochemical processes
are occurring and the controlling factors in these processes [15–18]. Fuzzy comprehensive evaluation
(FCE), sodium adsorption ratio (SAR), and percentage sodium (% Na) are popular methods used to
determine the quality of groundwater and evaluating it for drinking and/or irrigation uses [19,20].

The alluvial-diluvial plain in southwestern Shandong Province is an important agricultural
economic zone and energy base in Shandong Province. The city of Heze in Shandong Province is
a resource-water quality-engineering pattern water shortage city. In 2014, water resources in Heze
per capita were only 167 m3, which was 8% of the national per capita value, and 54% of other cities
in Shandong Province [21]. Groundwater is not only a crucial source of drinking water, but also an
important source for agricultural irrigation and industrial water. However, research on groundwater
hydrochemistry and water quality was relatively limited. In order to provide some basis for the rational
development, scientific management, and protection of groundwater resources, the objectives of this
study focus on two aspects: (1) investigating the hydrogeochemical characteristics and dominant
water-rock processes of groundwater and (2) the evaluation of the quality of groundwater and its
suitability for domestic and/or irrigation uses. These studies provide useful information for the rational
development and protection of groundwater resources in the region, and also provide impetus for
sustained and rapid development of the social economy.

2. Study Area

Shandong is one of the most developed provinces in China. The study area is situated in
the southwest of Shandong Province and lies between the latitudes 114◦48′ N to 116◦24′ N and
longitudes 34◦52′ E to 35◦52′ E (Figure 1). The study area has a warm, temperate, semi-humid monsoon
continental climate, with distinct seasons and abundant sunshine. Annual average precipitation is
672.78 mm (1951–2012) and the annual average temperature is 13.6 ◦C. The precipitation varies greatly
between years, with the alternation of high flow years and low flow years. Due to the geographical
location, atmospheric circulation, and other factors, the regional distribution of precipitation is uneven.
The amount of precipitation is generally greater in the south than in the north, and greater in the east
than in the west. Heze City is situated in the Huaihe River basin, which belongs to the alluvial-diluvial
plain of the Yellow River. All rivers collect and discharge to the Beijing-Hangzhou Canal and Nansi
Lake. The principal rivers are Zhuzhaoxin River, Wanfu River and Dongyu River. The terrain of the
study area gradually decreased in elevation from the southwest to the northeast. Except for a few low
hills in the southeastern part of Juye County, the rest of the study area is located in the Yellow River
flood plain with undulating topography.

The alluvial-diluvial plain in southwestern Shandong Province is covered by Quaternary and
Neogene strata. According to the existing revealed stratigraphic data, the old to new strata are
Paleozoic Ordovician, Carboniferous and Permian, Cenozoic Paleogene, Neogene and Quaternary
(Table 1). Aquifer formations can be classified into the following five types from top to bottom: (1) Pore
water-bearing rock group of loose rock type (shallow fresh water). It is mainly composed of the
Quaternary alluvium of the Yellow River. The lithology is silt, silty clay, clay, and silty sand, with some
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medium and fine sand. The depth of the aquifer floor is generally around 20–40 m. Affected by the
alluvial diversion of the Yellow River, the distribution of sand is multi-layered, and the layers are
separated by clay and silt, so the lower aquifer has micro-pressure bearing properties. The discontinuity
of the horizontal distribution of each clay layer connects the upper and lower aquifers in different
degrees. The movement characteristics and dynamic changes of groundwater are fairly consistent with
the upper phreatic water, which can be regarded as a unified aquifer formation. Shallow groundwater
is mainly infiltrated by atmospheric precipitation, accounting for 85% of the total water recharging the
aquifers. In addition, river side seepage and farmland irrigation leakage are also important sources of
water to recharge the aquifers. Shallow groundwater runoff conditions are affected by topography,
geomorphology, and recharge sources. The area is the alluvial plain in the lower reaches of the Yellow
River with flat terrain and the total flow of shallow groundwater from west to east. There are two main
discharge modes of shallow groundwater: evaporation and exploitation. Shallow groundwater is one
of the main sources of water for industrial, agricultural production, and living in the region, among
which agricultural exploitation is the largest. (2) Middle porous aquifer rock group of loose rock type
(medium salt water). These aquifers are situated under the shallow porous aquifer, with a floor depth
of approximately 270 m. The lithology is silty clay, clay, medium-fine sand, silty sand, and partly
contains medium-coarse sand. (3) Deep porous aquifer rock group of loose rock type (deep fresh
water). These aquifers are located under the middle porous aquifer and the depth of the floor is greater
than 500 m. The lithology is clay, silty clay, silt, and fine sand. The local distribution is medium-coarse
sand with a thickness of 20–30 m. (4) Fractured aquifer formation of clastic rocks with carbonate
rocks. These fractured aquifers are concealed under the loose beds of Quaternary and Neogene strata,
with a roof depth of about 1000 m, and consists mainly of Permian and Carboniferous sandstone,
mudstones with limestone, and coal seams. (5) Fractured karst aquifer group of carbonate rocks.
These fractured aquifers are buried under loose rock strata or coal measures strata and the lithology is
mainly Ordovician limestone and dolomitic limestone.

Table 1. Summary table of stratigraphic division.

Chronostratigraphic Unit Lithostratigraphic Unit
Code

Thickness
(m)Erathem System Group Formation

Cenozoic

Quaternary Huanghe Formation QHh 15–30

Pingyuan Formation QP 160–210

Neogene Huanghua
Group

Minghuazhen Formation NhM 500–700

Guantao Formation NhG 170–200

Paleogene Guanzhuang
Group Dawenkou Formation EgD 0–260

Palaeozoic

Permian
Shihezi Formation PŜ 0–200

Yuemeigou
Group

Shanxi Formation PyŜ 0–160

Carboniferous
Taiyuan Formation C-PyT 0–180

Bnexi Formation CyB 0–20

Ordovician Majiagou Formation OM 800
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Figure 1. Location of the sampling sites and the study area.

3. Materials and Methods

3.1. Sampling and Analysis

In this study, a total of 50 water samples were collected from wells during October 2016 and June
2017. The depth of most sampling wells was less than 30 m. In addition, the sampling locations in
2017 were the same as in 2016. Dry and clean polyethylene plastic bottles were used for sampling.
Before collecting, all sampling bottles were cleaned 3–5 times with sample water. After sampling,
all sample bottles were filled up with sample water to avoid exchange with CO2 in air bubbles and
water vapor and sealed with parafilm to avoid leakage. All samples were refrigerated and sent to
the laboratory as soon as possible for further water quality analysis. pH values were determined
by an acidity meter (PHS-3C) in the laboratory. Total dissolved solids (TDS) were analyzed by oven
drying method. Major ions (Mg2+, Na+, K+, Ca2+, SO4

2−, NO3
−, and Cl−) were determined by ion

chromatography (ISC-600). Total hardness (TH) was determined by titration with ethylene diamine
tetracetic acid (EDTA) (0.01 mol/L) and HCO3

− was measured by titration using 0.05 M HCl. In this
study, the charge balance of most water samples was within 5%.
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3.2. Water Quality Assessment

In this paper, the quality of groundwater for drinking uses was determined by using fuzzy
comprehensive evaluation (FCE) [19]. The basic idea of the FCE is: (1) to establish the membership set
of the comprehensive evaluation of groundwater quality (2) to determine the evaluation set, (3) to
establish the membership function. The fuzzy membership function was computed for different water
quality levels, using Equations (1)–(3) below.

The membership function of water quality of Level 1, where j = 1:

Yi j =


1 Xi ≤ Si j
Xi−Si( j+1)
Si j−Si( j+1)

Si j < Xi < Si( j+1)

0 Xi ≥ Si( j+1)

(1)

The membership function of water quality from Level 2 to (m − 1), where j = 2, 3,···(m − 1):

Yi j =


1 Xi ≤ Si( j−1)
Xi−Si( j−1)
Si j−Si( j−1)

Si( j−1) < Xi < Si j
Xi−Si( j+1)
Si j−Si( j+1)

Si j < Xi < Si( j+1)

(2)

The membership function of water quality of Level m, where j = m:

Yi j =


1 Xi ≥ Si j
Xi−Si( j−1)
Si j−Si( j−1)

Si( j−1) < Xi < Si j

0 Xi ≤ Si( j−1)

(3)

where Xi is the actual monitoring value of the ith evaluation factor and Si j is the standard limit value
of ith grade water quality of the jth factor.

The membership degree of groundwater quality of each factor can form a fuzzy matrix R:

R =


Y11 Y12

Y21 Y22

· · · Y1 j
· · · Y2 j

...
...

Yi1 Yi2

· · ·
...

· · · Yi j

 (4)

The normalized weight of each factor can be expressed as:

Wi =

Ci
Si∑n

i=1
Ci
Si

(5)

where, Wi indicates the normalized weight of parameter i, and Si is the mean of the standard value of
each class.

Fuzzy comprehensive evaluation is based on matrix D, which can be expressed as:

D = W ×R (6)

where, W includes the weight of each factor.
Groundwater in the alluvial-diluvial plain of southwest Shandong Province is not only used

for domestic and drinking applications, but also for agricultural irrigation. Therefore, the quality of
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groundwater for irrigation was also determined by calculating the sodium adsorption ratio (SAR) and
percentage sodium (% Na) (Table 2).

Table 2. Equations used for calculating sodium adsorption ratio (SAR) and % Na.

Equation Equation Range Water class Reference

1 SAR = Na+√
Ca2++Mg2+

2

<10 Excellent

[22]10–18 Good
18–26 Doubtful
>26 Unsuitable (S4)

2
%Na =

Na++K+

Ca2++Mg2++Na++K+ × 100

<20 Excellent

[23]
20–40 Good
40–60 Permissible
60–80 Doubtful
>80 Unsuitable

4. Results and Discussion

4.1. Major Ion Chemistry

Statistical analysis of the major ions (Mg2+, Na+, K+, Ca2+, SO4
2−, NO3

−, and Cl−) is the basis of
understanding the hydrogeochemical characteristics of groundwater [24]. Statistical descriptions of
the major ions found in groundwater are shown in Table 3. Overall, the mean concentrations of the
major ions in groundwater samples from 2016 were higher than in 2017, except for SO4

2− and K+.

Table 3. Descriptive statistics of the major parameters of groundwater.

Parameters
2016 2017

Max Min Mean SD Max Min Mean SD

pH 8.66 7.28 7.88 0.37 8.79 7.51 8.41 0.35
TH (mg/L) 1521.34 24.67 546.16 372.25 1329.54 63.59 503.77 294.31
TDS (mg/L) 2687.00 536.00 1191.12 542.68 2812.00 552.00 1174.24 610.56
Na+ (mg/L) 641.80 88.65 287.06 142.33 738.19 77.71 244.58 159.20
K+ (mg/L) 6.55 0.35 1.53 1.18 30.09 0.21 3.26 7.10

Ca2+ (mg/L) 256.83 4.28 80.37 66.54 232.65 11.57 73.55 54.72
Mg2+ (mg/L) 245.78 2.60 83.92 57.79 181.83 5.61 77.83 45.85

HCO3
− (mg/L) 831.40 302.33 595.17 134.31 837.68 295.33 513.13 128.39

Cl− (mg/L) 794.86 42.97 269.58 239.63 668.50 13.86 194.79 174.32
SO4

2− (mg/L) 495.86 37.62 223.96 154.54 813.49 21.18 238.54 207.42
NO3

− (mg/L) 189.64 0 8.92 37.77 28.74 0 2.36 5.87
T (◦C) 20.1 15.4 13.1 3.54 19.3 12.6 15.2 3.16

SI (Anhydrite) −1.13 −3.44 −2.09 0.65 −1.14 −2.85 −2.02 0.49
SI (Aragonite) 1.33 −0.24 0.64 0.36 1.49 0.51 1.09 0.29

SI (Calcite) 1.47 −0.10 0.78 0.36 1.63 0.65 1.24 0.29
SI (Dolomite) 3.08 0.11 1.86 0.77 3.53 1.66 2.66 0.58
SI (Gypsum) −0.82 −3.13 −1.78 0.65 −0.83 −2.54 −1.72 0.49

SI (Halite) −4.96 −6.61 −5.96 0.48 −5.07 −7.00 −6.17 0.50

Na+ is the dominant cation present in the collected water samples. The Na+ concentration ranged
from 88.65 to 641.80 mg/L in 2016 and from 77.71 to 738.19 mg/L and 2017, with a mean of 287.06 and
244.58 mg/L, respectively. The dissolutions of halite and silicate can increase the concentration of Na+

in the samples. In addition, Na+ may also come from cation exchange [25]. The average concentrations
of K+ were 4.53 and 3.26 mg/L in 2016 and 2017, respectively. The maximum K+ concentration
(30.09 mg/L) was observed in a sample from location HZ06 in 2017. The dissolution of carbonates is an
important origin of Ca2+ and Mg2+ in the samples. The concentration of Ca2+ in 2016 was between
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4.28 mg/L and 256.83 mg/L and between 11.57 mg/L and 232.56 mg/L for 2017. Mg2+ ranged from
2.60 to 245.78 mg/L in 2016 and from 5.61 to 181.83 mg/L in 2017. The mean concentrations of Ca2+ and
Mg2+ are 80.37 mg/L, 83.92 mg/L, 73.55 mg/L and 77.83 mg/L in 2016 and 2017. The mean concentration
of cations in the groundwater samples was Na+ > Mg2+ > Ca2+ > K+ for both 2016 and 2017.

HCO3
− is the dominant anion in groundwater samples, with average concentrations in the order

of HCO3
− > Cl− > SO4

2− > NO3
− in 2016 and HCO3

− > SO4
2− > Cl− > NO3

− in 2017. HCO3
−

ranges from 302.33–831.40 mg/L in 2016 and 295.33–837.68 mg/L in 2017, with a mean of 595.17 and
513.13 mg/L, respectively. The average concentrations of Cl− and SO4

2− are 269.58 and 223.96 in 2016,
and are 194.79 and 238.54 mg/L in 2017, respectively. Anthropogenic inputs, such as industrial and
agricultural activities are a major source of NO3

− in groundwater. The concentration of NO3
− in the

study area found to vary from 0 to 189.64 mg/L in 2016 and from 0 to 28.74 mg/L in 2017. HZ10 had the
highest NO3

− concentration (189.64 mg/L) in 2016, while every other sample had lower than 30 mg/L.
As shown in Table 3, the pH values of groundwater samples ranged from 7.28 to 8.66 in 2016,

with a mean of 7.88, while the pH values were between 7.51 and 8.79 in 2017, with an average of 8.41.
TDS and TH are two important indices in assessing water quality [7,9]. The concentrations of TDS
and TH vary from 536.00 to 2687.00 mg/L, 24.67 to 1521.34 mg/L in 2016, and range from 552.00 to
2812.00 mg/L and 63.59 to 1329.54 mg/L in 2017, respectively. Most of water samples (Figure 2) were
found belong to hard-fresh water (36%) and hard-brackish water (50%).Water 2019, 11, x FOR PEER REVIEW  2 of 11 
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4.2. Water Types

A Piper diagram is a simple and widely used method for determining the type of
groundwater [7,25]. In this study, a Piper diagram was obtained by using the Aq·QA software.
As shown in Figure 3, a Piper triangle consists of a diamond and two triangles, in which the diamond
is divided into nine regions. The diamond shows the general hydrochemical characteristics of the
water sample, while the triangle shows the relative content of each ion. Most of water samples belong
to Zones 5, 7, and 9 in the diamond portion. For cations, most of water samples belong to Zones B
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and D (left lower triangle portion). With respect to anions, most water samples from 2016 and 2017
are in Zones B and E (right lower triangle portion). This indicates that the dominant water types
are HCO3-Na and mixed types. The HCO3-Na water type is likely due to cation exchange and/or
interaction with silicates [26,27]. In addition, 22% and 16% of the water samples from 2016 and 2017 are
located in Zones 5 and 7, indicating that these samples are HCO3-Ca and Cl-Na type water, respectively.Water 2019, 11, x FOR PEER REVIEW  3 of 11 
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Figure 3. Piper diagram of 50 groundwater samples.

4.3. Processes Influencing Groundwater Chemistry

In general, precipitation, evaporation, and rock weathering are the three major natural mechanisms
determining the water chemistry in the study area. Gibbs [28] built a simple and effective diagram
comparing the concentration of TDS versus the weight ratios of Na+/(Na+ + Ca2+) or TDS versus
the weight ratios of Cl−/(Cl− + HCO3

−) to identify the influencing factors of the groundwater
hydrochemistry. Figure 4 indicates that most of samples are located in the rock weathering dominant
field, which indicates that water-rock interactions are the prevailing natural mechanism in determining
the groundwater chemistry. In addition, it can be seen that the groundwater was also influenced
by evaporation. The ratios of Na+/(Na+ + Ca2+) varied from 0.31 to 0.98, with an average of 0.76,
suggesting a strong cation exchange in the groundwater system [7].
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Figure 4. Gibbs diagram for groundwater samples.

Ion exchange, shown in Equations (7) and (8), is another important hydrogeochemical reaction
affecting the composition of groundwater in the study region [15]. A diagram of (Ca2+ + Mg2+

−

HCO3
−
− SO4

2−) versus (Na+ + K+
− Cl−) is a commonly used method to determine the occurrence of

cation exchange processes [29]. Most of the water samples are close to the y = −x line (Figure 5a) and
only three deviated from this relationship, indicating that cation exchange plays a non-negligible role in
controlling the hydrochemistry components of groundwater.
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The relationship of Mg2+/Ca2+ versus Mg2+/Na+ can be used to analyze soil salt leaching and
evaporation [15,17]. In the early stages of water evaporation, the concentration of Mg2+ does not
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increase due to soil salt leaching, nor does it decrease due to salt precipitation [15,17]. As shown in
Figure 5b, groundwater samples were clearly divided into two zones. Zone 1 water samples had small
Mg2+/Na+ ratios and large Mg2+/Ca2+ ratios, indicating that evaporation was an important process
controlling the water chemistry of these samples. Samples in Zone 2 had large ratios of both Mg2+/Na+

and Mg2+/Ca2+, suggesting that water-rock interactions and evaporation were the governing processes
in the formation of the hydrochemical components in these samples.

Ion exchange: 2NaX + Ca2+
→ 2Na+ + CaX2 (7)

Reverse Ion exchange: CaX2 + 2Na+
→ Ca2+ + 2NaX (8)

Chloro-alkaline indices (CAI) have been widely used to study cation exchange, and they can be
expressed using Equations (9) and (10) [30]. When Na+ and K+ in the groundwater system exchange
with Mg2+ or Ca2+, CAI values are positive. In this system, Na+ and K+ will decrease in groundwater,
representing a direct ion exchange. When CAI indices are negative, it represents the reverse reaction.
Most of the CAI values for the groundwater samples in CAI-1 and CAI-2 were both negative (Figure 6),
while only one sample (HZ06) was positive. Therefore, Ca2+ and Mg2+ exchange with Na+ and K+ is
the predominant cation exchange process. In addition, CAI values of samples HZ01, HZ07, HZ18,
and H24 were opposite in 2016 and 2017, indicating that different cation exchanges took place at these
points in 2016 and 2017.

CAI-1 =
Cl−−(Na++K+

)
Cl−

(9)

CAI-2 =
Cl−−(Na++K+

)
SO2−

4 +HCO−3 +CO2−
3 +NO−3

(10)
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Ratios of the major ions were used to further determine the sources and control the factors of the
main hydrochemical components of the groundwater samples. In theory, the dissolution of halite
should produce the same amount of Na+ and Cl− (Equation (11)). Therefore, if halite dissolution
controls the concentrations of Na+ and Cl− in the groundwater system, the ratio of Na+/Cl− should be
equal to 1. However, most of the water samples are distributed below the y = x line (Figure 7a), which
indicates that the dissolution of halite is not the dominant origin of Na+ in groundwater. Na+ may
also come from the weathering of silicates or cation exchange [12]. If the dissolution of gypsum is the
major origin of Ca2+ and SO4

2−, the equivalent ratio of Ca2+/SO4
2− should be equal to 1 (Equation (12)).

However, Figure 7b indicates that most water samples, when plotted, are on both sides of the y = x line,
suggesting that the dissolution of gypsum is not the major source of Ca2+ and SO4

2−. The weathering
of carbonate is a prevalent hydrogeochemical processes which produces Ca2+, Mg2+, and HCO3

−

in groundwater [12]. If the dissolution of carbonates is the only source of Ca2+, Mg2+ and HCO3
−,

the ratios of HCO3
−/Ca2+ and HCO3

−/(Ca2+ + Mg2+) should be between 1 to 2 (Equations (13) and
(14)). As shown in Figure 7c,d, some water samples are located between y = x and y = x/2, indicating
that the dissolutions of calcite and dolomite are the major processes influencing water chemistry of
these samples.

NaCl→ Na+ + Cl− (11)

CaSO4·H2O→ Ca2+ + SO4
2− + 2H2O (12)

CaCO3 + H+
→ Ca2+ + HCO3

− (13)

CaMg(CO3)2 + 2H+
→ Ca2+ + Mg2+ + 2HCO3

− (14)

The dissolution of silicate, carbonate, and gypsum can provide Ca2+, Mg2+, SO4
2− and HCO3

− in
a groundwater system [10,29]. If the equivalent ratio of (SO4

2− + HCO3
−)/(Ca2+ + Mg2+) is equal to

1, the dissolutions of carbonates (calcite and dolomite) and gypsum are the major hydrogeochemical
reactions in groundwater system. In addition, the ratio of (SO4

2− + HCO3
−)/(Ca2+ + Mg2+) can be used

to determine the ion exchange in a system [31]. If the samples are located below the y = x line, cation
exchange is a prevalent reaction in groundwater, while the samples above the y = x line suggests the
reverse cation exchange as a prevalent process (Equations (7) and (8)). Most of the water samples are
located under the y = x line (Figure 7e), indicating that the ion exchange process causes a deficiency
of Ca2+ ions, which is an important result of silicate weathering [31]. Most of the samples are located
between the silicate and carbonate (Figure 7f), suggesting that the dissolutions of silicate and carbonates
are the prevalent hydrogeochemical reactions in the groundwater system in the study area [32].

4.4. Saturation Index (SI)

Mineral equilibrium calculations can indicate the thermodynamic process. SI can help to identify
the existence of some of the prevailing thermodynamic processes in a groundwater system [18]. In this
studies, SI values of relevant minerals were calculated using the PHREEQC software. As shown
in Table 1, the SI values for dolomite, calcite, and aragonite range from 0.11 to 3.08, −0.10 to 1.47,
and −0.24 to 1.33, with a mean of 1.86, 0.78, and 0.64, respectively. These values indicate that most of
samples are saturated with these minerals (Figure 8). The SI values for anhydrite, gypsum and halite
vary from −344 to −1.33, −3.13 to −0.82, and −6.61 to −4.96, respectively, suggesting that the water
samples are not saturated with anhydrite, gypsum and halite (Figure 8). This means that the samples
have a tendency to dissolve these minerals continuously.
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4.5. Water Quality Assessment

Water quality assessment of groundwater is a hot topic around the world, because the quality
of water is directly related to human health. In this study, FCE was utilized to define the quality of
groundwater for drinking uses. According to the Quality Standard for Groundwater of China [33],
TDS, TH, Na+, Cl−, SO4

2−, NO3
− and chemical oxygen demand (COD) were used to assess water

quality (Table 4).

Table 4. Water quality standards of groundwater (Unit: mg/L; COD: chemical oxygen demand).

Class TDS TH NO3− SO42− Cl− Na+ COD Suitability

I 300≤ 150≤ 8.86≤ 50≤ 50≤ 100≤ 1≤ Excellent
II 500≤ 300≤ 22.14≤ 150≤ 150≤ 150≤ 2≤ Good
III 1000≤ 450≤ 88.57≤ 250≤ 250≤ 200≤ 3≤ Medium
IV 2000≤ 650≤ 132.86≤ 350≤ 350≤ 400≤ 10≤ Poor
V >2000 >650 >132.86 >350 >350 >400 >10 Very poor

Results of the quality of the groundwater for drinking purposes in 2016 and 2017 are shown
in Table 5, Figures 9 and 10. The FCE results range from I to V, suggesting that the groundwater
quality ranges from excellent to very poor. When the groundwater quality is found to be IV (poor) or
V (very poor), the groundwater is unsuitable for drinking uses. For 2016, 48% of all samples were
suitable for drinking use. The samples were found to be excellent (4%), good (8%), and medium
(36%) water. However, more than half of all samples were unsuitable for drinking, with all but one
sample evaluated as very poor water and only HZ12 was categorized as poor water. Analysis of the
samples from 2017 showed that 24% of the samples were classified as very poor water, and 16% of all
samples are categorized as poor water. This means that more than half of the well water can be used
as drinking water. The sixty percent of the samples which are of drinking quality are categorized as
excellent (8%), good (16%), and medium (36%) water. The percentage of groundwater samples which
were classified as very poor in 2017 was less than in 2016. Overall, the groundwater quality in the
samples taken in 2017 is better than the samples taken in 2016. This result may be influenced by the
fact that groundwater sampling in 2016 took place in October and the test area had just experienced
a flood season. Groundwater is recharged by atmospheric precipitation during the rainy season,
and surface pollutants may enter the groundwater with the precipitation, which will affect the water
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quality. However, the sampling in 2017 was performed in June, and the test area had just gone through
a dry season, with less precipitation and less surface pollutants entering groundwater. It is possible
that this change in season is responsible for the difference in the groundwater quality between 2016
and 2017.Water 2019, 11, x FOR PEER REVIEW  9 of 11 
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Figure 9. Results of groundwater quality for drinking uses in 2016.

The quality of groundwater appears to be a problem not just in the test area. For example, the quality
of shallow groundwater and deep groundwater in Liaocheng City are mainly classified III and IV,
respectively which means that the quality of groundwater is poor [34]. The sulfate concentration of
groundwater in southern Zaozhuang area greatly exceeds the allowed amount. In addition to the
influence of primary geological causes, the main reason for the increase of the sulfate concentration in
the groundwater is the seepage of wastewater from industrial and mining enterprises [35]. Groundwater
in Xuzhou area is not suitable for drinking, but it is suitable for domestic water and agricultural
water uses [1].

Groundwater quality can also determine the suitability for irrigation, because high levels of ions in
water can affect plant growth [18]. In order to determine the quality of the groundwater for agricultural
irrigation purposes, SAR and % Na were calculated and spatial maps of irrigation water quality were
obtained by using universal kriging method.
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SAR values for the 25 groundwater samples in 2016 ranged from 1.75 to 24.81, with a mean of
7.69. Seventy six percent of these groundwater samples were found to be excellent water for irrigation,
12% of the samples belonged to good water, and three samples (12%) categorized as doubtful water
(Figure 11a). The groundwater samples from 2017 had 84% of samples classified as excellent water
and 16% of the samples belonging to good water. The spatial maps based on SAR indicated that only
a small region of the study area was presented as a doubtful irrigation water zone (Figure 11b). Overall,
the groundwater quality is suitable for agricultural irrigation.

Irrigation water can be divided into five categories according to % Na. As shown in Table 5,
% Na values of groundwater samples for 2016 and 2017 range from 24.87 to 96.13 and 19.99 to 88.21,
and the mean values of % Na are 56.38 and 51.17, respectively. Most of the groundwater samples
from 2016 and 2017 are good or permissible water, while 16% of all groundwater samples from
2016 belong to doubtful water and 12% of all samples from 2017 are classified as doubtful water.
Four groundwater samples (HZ03, HZ04, HZ11, and HZ14) from 2016 were categorized as unsuitable
water for agriculture irrigation uses, and three samples (HZ03, HZ11 and HZ14) from 2017 were also
categorized as unsuitable water (Figure 11c,d).

The quality of groundwater is related to the safety of drinking water and the economic development
of society. Under the accelerating process of urbanization and industrialization, dynamic monitoring
of groundwater quality should be strengthened, pollution sources should be controlled, resources
should be exploited reasonably, and resources should be utilized and protected to boost regional
economic development.
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Table 5. Assessment results of the Fuzzy comprehensive evaluation (FCE), sodium adsorption ratio (SAR) and % Na value in 2016 and 2017.

2016 2017

FCE Water Quality SAR Water Quality Na% Water Quality FCE Water Quality SAR Water Quality Na% Water Quality

HZ01 III Medium 4.20 Excellent 44.62 Permissible V Very Poor 2.94 Excellent 28.70 Good
HZ02 V Poor 4.67 Excellent 42.02 Permissible IV Poor 5.87 Excellent 54.66 Permissible
HZ03 III Medium 19.49 Doubtful 94.22 Unsuitable III Medium 11.92 Good 88.21 Unsuitable
HZ04 III Medium 21.98 Doubtful 95.67 Unsuitable V Very Poor 5.92 Excellent 49.95 Permissible
HZ05 III Medium 3.74 Excellent 48.67 Permissible I Excellent 1.86 Excellent 29.67 Good
HZ06 V Very Poor 2.65 Excellent 25.39 Good V Very Poor 2.35 Excellent 31.12 Good
HZ07 V Very Poor 1.75 Excellent 28.53 Good III Medium 1.55 Excellent 26.34 Good
HZ08 V Very Poor 8.54 Excellent 56.71 Permissible V Very Poor 13.78 Good 74.76 Doubtful
HZ09 III Medium 4.44 Excellent 49.93 Permissible III Medium 3.91 Excellent 48.95 Permissible
HZ10 V Very Poor 5.86 Excellent 52.02 Permissible III Medium 3.51 Excellent 45.10 Permissible
HZ11 III Medium 24.81 Doubtful 96.13 Unsuitable III Medium 11.95 Good 87.32 Unsuitable
HZ12 IV Poor 4.77 Excellent 48.79 Permissible IV Poor 4.46 Excellent 48.31 Permissible
HZ13 V Very Poor 5.24 Excellent 48.78 Permissible III Medium 3.55 Excellent 45.55 Permissible
HZ14 III Medium 16.73 Good 91.85 Unsuitable III Medium 12.11 Good 87.47 Unsuitable
HZ15 V Very Poor 11.46 Good 71.70 Doubtful III Medium 2.09 Excellent 33.44 Good
HZ16 III Medium 4.67 Excellent 50.35 Permissible IV Poor 7.59 Excellent 64.47 Doubtful
HZ17 III Medium 3.76 Excellent 41.40 Permissible III Medium 5.90 Excellent 59.44 Permissible
HZ18 V Very Poor 1.76 Excellent 24.87 Excellent V Very Poor 1.35 Excellent 19.99 Excellent
HZ19 V Very Poor 10.89 Good 74.82 Doubtful IV Poor 8.95 Excellent 70.19 Doubtful
HZ20 II Good 3.79 Excellent 54.27 Permissible II Good 3.25 Excellent 49.38 Permissible
HZ21 II Good 3.26 Excellent 46.51 Permissible II Good 4.96 Excellent 58.48 Permissible
HZ22 V Very Poor 9.37 Excellent 64.79 Doubtful V Very poor 7.87 Excellent 55.38 Permissible
HZ23 I Excellent 6.35 Excellent 69.55 Doubtful III Good 4.59 Excellent 47.99 Permissible
HZ24 V Very Poor 3.09 Excellent 31.98 Good II Good 2.41 Excellent 38.65 Good
HZ25 III Medium 5.00 Excellent 56.02 Permissible II Good 2.03 Excellent 35.72 Good
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5. Conclusions

In this paper, the hydrogeochemical characteristics of groundwater for the alluvial-diluvial plain
of southwest Shandong Province, and the groundwater’s quality for drinking and irrigation uses
were determined. The concentrations of the major cations in the groundwater are Na+ > Mg2+ >

Ca2+ > K+, while with respect to anions, the order is HCO3
− > Cl− > SO4

2− > NO3
− in 2016 and

HCO3
− > SO4

2− > Cl− > NO3
− in 2017. Mean concentrations of the major ions in groundwater samples

from 2016 are higher than in samples from 2017, except SO4
2− and K+. Most of the water samples

belong to hard-fresh water and hard-brackish water and the dominant water types are HCO3-Na and
mixed types. Rock weathering and evaporation are the predominant processes in the formation of
hydrochemical components. Dissolutions of silicate, calcite, dolomite, and gypsum are the dominant
processes contributing to and defining the groundwater chemistry. In addition, cation exchange (Ca2+

and Mg2+ exchange with Na+ and K+) is also a non-negligible hydrogeochemical process. Based on
FCE, the groundwater quality ranged from excellent to very poor. More than 50% of all groundwater
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samples from 2016 are categorized as poor or very poor water, indicating that these waters are
unsuitable for drinking. According to SAR and % Na, most of samples are suitable for the purpose
of irrigation. Overall, the groundwater quality of the samples from 2017 is better than the samples
taken in 2016. Under the accelerating process of urbanization and industrialization, it is necessary
to strengthen the dynamic monitoring of groundwater quality and control groundwater pollution
sources so as to realize the rational development, utilization and protection of groundwater resources.
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