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Hydrogeochemical processes and suitability assessment
of groundwater in the Jiaodong Peninsula, China
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Abstract Groundwater is the primary source of water
for domestic use and agricultural irrigation in Jiaodong
Peninsula. This study collected 80 groundwater samples
from Jiaodong Peninsula to characterize groundwater
hydrogeochemical processes and the suitability of
groundwater for domestic use and agricultural irrigation.
The groundwater of Jiaodong Peninsula was catego-
rized as slightly alkaline freshwater, with a Piper dia-
gram classifying most samples as SO4·Cl-Ca·Mg and
HCO3-Ca·Mg types. Major ions were Ca2+, Na+, SO4

2−,
and HCO3

−. The major processes driving the
hydrochemistry of groundwater were identified as
water-rock interactions as well as evaporation. The dis-
solution of silicate and cation exchange were the

predominant hydrogeochemical processes responsible
for groundwater chemistry. Four water samples showed
seawater intrusion and some indicated pollution from
anthropogenic activities such as industry, agriculture,
and domestic sewage discharge. Overall, it was found
that groundwater in most areas of Jiaodong Peninsula is
suitable for domestic use and agricultural irrigation.
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Introduction

Groundwater is a significant water resource and a major
source of water for various purposes (Nematollahi et al.
2016; Liu et al. 2018; Liu et al. 2019a). Among the
developing countries, China has the greatest area and a
large population of 1.4 billion. More than 70% of cities
in China use groundwater as a source of domestic water.
However, industrialization, urbanization, and economic
growth have had a significant impact on the groundwa-
ter environment in China (Liu et al. 2018). In addition,
water shortages are becoming increasingly severe in
China (Yang et al. 2016). The hydrochemical composi-
tion of groundwater is controlled by many factors, in-
cluding hydrogeological conditions, geological struc-
ture, climate, topography, elevation, and human activi-
ties (Xing et al. 2018). The analysis of the
hydrochemical characteristics of groundwater can assist
in identifying hydrogeochemical interactions within
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groundwater and surrounding environments and in re-
vealing the evolution of hydrochemical processes
(Marghade et al. 2015; Yang et al. 2016). These analy-
ses can also strengthen the understanding of the hydro-
geochemical system (Xiao et al. 2015).

There have been many recent studies on the
hydrogeochemistry and quality of groundwater world-
wide (Yang et al. 2016; Tiwari et al. 2017; Wu et al.
2018). These studies have found that the weathering of
rock and minerals is the major factor affecting the
hydrochemical characteristics of groundwater, and that
groundwater quality is greatly influenced by human
activities (Liu et al. 2017; Singh et al. 2017; Jain and
Vaid 2018). The major causes of groundwater pollution
include the discharge of industrial pollutants and use of
agricultural chemical fertilizers, which result in elevated
groundwater concentrations of nitrate (NO3

−), nitrite
(NO2

−), and sulfate (SO4
2−) (Vikas et al. 2014; Li

et al. 2016a). Groundwater quality not only has a direct
impact on human health but also has a significant impact
on industrial and agricultural development, urbaniza-
tion, food safety, and environmental sustainability
(Adimalla et al. 2018; Li et al. 2018). The sustainable
management and safe usage of groundwater resources
for domestic, agricultural, and industrial purposes re-
quires a full understanding and consideration of ground-
water chemical characteristics and quality.

Jiaodong Peninsula is China’s largest peninsula, lo-
cated in the northeast coastal area of the North China
Plain. The peninsula faces the sea on three sides, and is
highly developed. Groundwater for industrial,
agricultural, and domestic water use is important for
maintaining social and economic development in the
region. Yin et al. (2018) investigated the groundwater
hydrochemistry of the Dagu River Basin of Qingdao
and found that artificial inputs of agricultural nitrogen
fertilizer, manure, and domestic sewage were the main
factors resulting in elevated groundwater NO3

− content.
Yu (2018) investigated the quality of groundwater in
Yantai City based on a comprehensive index method
and found that the main cause of poor groundwater
quality was the large discharge of industrial and
domestic sewage along with unsustainable exploitation
of groundwater. Yi et al. (2015) assessed the environ-
mental quality of groundwater in Huancui District, Wei-
hai City, and concluded that the quality of groundwater
in most areas was relatively good. The main water
quality variables affecting the quality of groundwater
in Jiaodong Peninsula include sulfate, nitrate, and

chloride. However, past studies mainly focused on
smaller localized impacts within the study area, and
there are few studies that have attempted to characterize
groundwater quality and hydrochemistry for the entire
Jiaodong Peninsula. Therefore, from a groundwater
management perspective, there is practical significance
in an analysis of groundwater for the entire Jiaodong
Peninsula to characterize the quality and hydrochemical
characteristics of groundwater and the underlying pro-
cesses affecting groundwater hydrochemical evolution.
In the present study, traditional integrated geochemical
methods were used to assess the hydrogeochemistry and
quality of groundwater in the Jiaodong Peninsula. The
objectives of the present study were (1) the identifica-
tion of the hydrogeochemical processes controlling
groundwater hydrochemistry and (2) the elevation of
the groundwater quality of the Jiaodong Peninsula. This
paper will be of great significance for the development,
utilization, and protection of groundwater in Jiaodong
Peninsula.

Study area

The Jiaodong Peninsula (Fig. 1) has been identified
as the area with the greatest potential for economic
development in Shandong Province. The peninsula
is situated at the junction of the Circum-Bohai ma-
rine economic zone and the Asian Yellow Sea Eco-
nomic Circle in China. The designation “Jiaodong
Peninsula” mainly refers to the area east of the
Jiaolai River, including Qingdao, Yantai, and Wei-
hai. The peninsula is surrounded by the sea on three
sides and lies between lat. 35° 35′ 00″–38° 00′ 00″
N and lon. 119° 30′ 00″–122° 43′ 00″ E, with a total
area of ~ 2.98 × 104 km2. Three geomorphological
types dominate the study area, namely tectonic ero-
sion landforms, tectonic denudation landforms, and
accumulation landforms. Middle-low mountains and
low mountains are mainly distributed to the north-
east. The terrain is undulating, with an elevation of
500–800 m, with the terrain generally increasing in
height with increasing distance inland.

The Jiaodong Peninsula is located in the warm tem-
perate monsoon semi-humid to continental climate area.
The climate of the peninsula is regulated by the ocean,
with four distinct seasons and a mild climate. The region
has agreeable temperatures with an annual average of
12.3 °C with low variation. The average annual



Fig. 1 Map showing the Jiaodong Peninsula study area and groundwater sampling sites
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precipitation measured from 1956 to 2009 is 718.8 mm.
The rivers in the Jiaodong Peninsula originate in the
central mountainous areas, with most flowing into the
sea. The rivers are characterized by relatively wide
riverbeds and turbulent currents. River runoff is greatly
affected by season, with 70–80% of the annual runoff
concentrated during the flood season.

Deep metamorphic crystalline rocks such as the Ar-
chean gneiss and schist in the Jiaodong area are widely
exposed, and extensive volcanic eruptions and acidic
magma intrusions occurred at the end of the Cretaceous.
The intrusive rocks are widely distributed, accounting
for more than half of the bedrock outcrops in Jiaodong.

Among them, the Neoproterozoic Sinian and Mesozoic
Yanshanian intrusive rocks are the most developed.

Materials and methods

Sampling

Groundwater samples totaling 80 were collected from
wells in the Jiaodong Peninsula during May and June,
2017. Sterilized plastic bottles used to collect water
samples. The bottles were rinsed 2–3 times with the
source water before sampling. All samples were
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refrigerated and transported to the laboratory as soon as
possible for further analysis.

Method of measurement

Electrical conductivity (EC) and pH were determined by a
portable multi-meter, whereas total dissolved solids (TDS)
was determined by the oven drying method. The major
cations K+, Na+, Ca2+, and Mg2+ were determined by the
flame atomic absorption spectrophotometry and the major
anions (SO4

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

chromatograph (IC). Chemical oxygen demand (COD)
and HCO3

− were determined by the titrimetric method.
The normalized inorganic charge balance (NICB) was
obtained using the following formula:

NICB ¼ 100� TZþ−TZ−ð Þ=TZþ ð1Þ
In Eq. (1), TZ+ (cationic charge) = Na+ + K+ + 2Ca2+

+ 2Mg2+ and TZ− (anionic charge) = Cl− + HCO3
− +

2SO4
2− + NO3

−. The absolute values of NICB of most
groundwater samples in Jiaodong Peninsula were less
than 5, indicating the accuracy of the measurements.

Analysis of geochemical processes

Piper diagrams have been widely used in the study of
groundwater types and in the analysis of the
hydrochemical processes controlling groundwater
chemical composition (Liu et al. 2018; Zhang et al.
2018). Gibbs plots (Gibbs 1970) can be used to deter-
mine which major mechanisms, namely rock-water in-
teraction dominance, precipitation dominance or evap-
oration dominance, and control water chemistry (Qu
et al. 2019). The use of ratio graphs of ions is one of
the most effective graphical means determining the or-
igins of solutes and hydrochemical processes (Tiwari
et al. 2017; Colado et al. 2018).

The use of the chloro-alkaline index (CAI) is an
effective method to investigate the ion exchange process
(Schoeller 1965), and CAI can be expressed as follows:

CAI 1ð Þ ¼ Cl−− Naþ þ Kþð Þ
Cl−

ð2Þ

CAI 2ð Þ ¼ Cl−− Naþ þ Kþð Þ
HCO−

3 þ SO2−
4 þ CO2−

3 þ NO−
3

ð3Þ

In Eqs. (2) and (3), CAI > 0 indicates that Na+ or K+

from solution is replaced by Ca2+ from sediments,
whereas CAI < 0 indicates reverse ion exchange in
which Ca2+ from water is replaced by Na+ or K+ from
sediments.

The saturation index (SI) indicates the saturation state
of water relative to a given mineral and can reflect the
tendency of mineral precipitation or dissolution (Li et al.
2016b). SI was calculated using the PHREEQC soft-
ware and is based on the mathematical relationship
between ion activity products (IAP) and a correspond-
ing equilibrium constant (K):

SI ¼ lg
IAP

K
ð4Þ

In Eq. (4), SI = 0, SI > 0, and SI < 0 represents
equilibrium, oversaturation, and undersaturation,
respectively.

Principal component analysis (PCA) is widely used
to better understand groundwater geochemical process-
es. PCA is based on eigenvalues > 1 according to the
Kaiser-Meyer-Olkin measure (Nematollahi et al. 2016;
Liu et al. 2017).

Groundwater quality assessment

The water quality index (WQI) is a popular method of
assessing the quality of groundwater for domestic use
(Deepa and Venkateswaran 2018; Rabeiy 2018). The
WQI is able to reflect the influences of a number of
different water quality variables on groundwater quality.
Figure 2 illustrates the process required to calculate the
WQI.

The suitability of water for irrigation was examined
using several indicators represented as ranges of relative
suitability (Jain and Vaid 2018). The current study ap-
plied certain methods to assess groundwater suitability
for agricultural irrigation, with Table 1 illustrating the
equations used.

Results and discussion

Statistical results

As shown in Table 2, the ranges of chemical composi-
tions of the groundwater samples were quite large. The
pH level of water indicates acid-base properties, and is a
fundamental indicator of the suitability of water for



Fig. 2 Diagram representing the
process used to calculate the
water quality index (WQI)
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various purposes (Şener et al. 2017). The range of pH
among the samples was between 6.6 and 8.4, with an
average of 7.6, indicating that groundwater of Jiaodong
Peninsula is slightly alkaline. EC varied between 393.73
and 25,032.00 μs cm−1, with the highest EC values and
maximum concentrations of major ions observed in
samples Q11, Q26, D19, and D32. TDS of samples

ranged between 207.30 and 28,063.4 mg L−1 with a
median of 602.83 mg L−1. The maximum TDS values
were measured at locations Q11, Q26, D19, and D32,
which appear to be related to seawater intrusion.

Since the changes in groundwater ion content will
correspond to changes in TDS, TDS can to a certain
extent act as an indicator of the changing characteristics

Table 1 Equations used for calculating the sodium absorption ratio (SAR), percentage sodium (Na%), residual sodium carbonate index
(RSC), Kelly’s ratio (KR), and magnesium ratio (MR)

Equations Parameter References

1
Sodium adsorption ratio SARð Þ ¼ Naþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ca2þþMg2þ
2

p

(Richards 1954)

2
Soluble sodium percentage Na%ð Þ ¼ NaþþKþ

Ca2þþMg2þþNaþþKþ � 100
(Wilcox 1948)

3
Residual sodium carbonate RSCð Þ ¼ HCO−

3 þ CO−
3

� �

−ðCa2þ þMg2þ)
(Eaton 1950)

4
Kelly

0
s ratio KRð Þ ¼ Naþ

Ca2þþMg2þ

(Kelley et al. 1940)

5
Magnesium ratio MRð Þ ¼ Mg2þ

Ca2þþMg2þ � 100
(Szabolcs and Darab 1964)
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of the groundwater ion composition. The spatial distri-
bution (Fig. 3) of groundwater TDS (excluding sites
Q11, Q26, D19, and D32) indicated that in general
groundwater with elevated TDS was mainly distributed
in coastal areas, with the highest measurements of TDS
exceeding 2000mg L−1 for sites in the northwest coastal
area of Jiaozhou. Since the coastal areas are economi-
cally developed and densely populated, human activities
have a significant impact on the TDS of groundwater. In
addition, groundwater TDS measures of sites located
northwest of Jiaodong Peninsula were higher than those
of sites in the southeast.

The concentrations of HCO3
− and Cl− ranged be-

tween 15.03 mg L−1–728.98 mg L−1 and 36.09 mg
L−1–14,539.13 mg L−1, respectively. While HCO3

−

and Cl− are considered the major anions, Ca2+ and Na+

are the predominant cations. The concentrations of Ca2+

and Na+ ranged between 23.92 mg L−1–1063.82 mg L−1

and 19.86 mg L−1–8270.00 mg L−1, respectively. The
order of anions and cations according to abundance was
HCO3

− > Cl− > SO4
2− > NO3

− and Ca2 > Na+ > Mg2+ >
K+, respectively. The introduction of NO3

− to ground-
water mainly originates from agricultural and industrial
activities, and this variable is a major contributor to
groundwater pollution (Vikas et al. 2014; Li et al.
2016a). The concentrations of NO3

− among the samples
ranged between 0.80 and 603.39 mg L−1, with the
highest concentrations measured at locations D38,
Q18, W1, and W11, corresponding to locations hosting
intensive industrial activities. Figure 3 shows the spatial
distribution of NO3

− in groundwater (excluding Q11,

Q26, D19, and D32) of Jiaodong Peninsula. The sites
with the highest measures of groundwater NO3

− were
distributed southwest of Rongcheng and northeast of
Yantai. Similarly, sites with elevated NO3

−were mainly
distributed in coastal areas, which indicate that human
inputs are the main factor affecting groundwater quality.
Groundwater with elevated COD is considered polluted
(Amneera et al. 2013). COD measurements of the
groundwater samples ranged between 0.51 and
135.54 mg L−1, with most samples within the WHO
(2008) standard of 10 mg L−1.

The average concentrations of the main chemical
components of groundwater of the Jiaodong Peninsula
(excluding water sample points affected by seawater
intrusion) were higher compared with those from the
adjacent Futuan River Basin, parts of the North China
Plain and other coastal areas of China, such as
Shenzhen, Tangshan, and Leizhou Peninsula. The aver-
age concentrations of TDS, Na+ and Cl− were signifi-
cantly lower than those of the Tarim River Basin within
the Chinese mainland (Xing et al. 2013; Ma et al. 2014;
Xiao et al. 2014; Lu et al. 2015; Xiao et al. 2015; Shi
et al. 2018; Liu et al. 2019b).

Hydrochemical types

Piper trilinear diagrams have been widely used to in-
crease the understanding of hydrogeochemical regimes
and to classify and compare hydrochemical types (Wu
et al. 2018). In regards to cation content, most of the
groundwater samples were classified as either the

Table 2 Statistical summary of chemical variables of groundwater samples taken from the Jiaodong Peninsula

Parameters Units Max. Min. Mean Median Standard deviation

TDS mg/L 28,063.40 207.30 1153.48 602.83 3200.44

EC μs/cm 25,032.00 393.73 1677.76 889.99 3434.64

Ca2+ mg/L 1063.82 23.92 147.68 110.67 143.95

Mg2+ mg/L 972.19 9.03 53.56 25.28 131.97

Na+ mg/L 8270.00 19.86 269.02 60.42 1055.29

K+ mg/L 278.25 0.14 10.74 2.27 34.76

HCO3
- mg/L 728.98 15.03 227.41 217.01 107.24

Cl- mg/L 14,539.13 36.09 523.75 119.55 1993.11

SO4
2- mg/L 3400.00 3.14 195.01 108.21 411.69

NO3
- mg/L 603.39 0.80 109.56 72.55 115.88

pH — 8.4 6.6 7.6 7.6 0.35

COD mg/L 13.54 0.51 2.78 1.94 2.51



Fig. 3 Spatial distribution of total dissolved solids (TDS) and NO3
− in groundwater of Jiaodong Peninsula
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calcium type or mixed type (left-hand triangle), collec-
tively accounting for 91.25% of water samples, as
shown in Fig. 4. In regards to anion concentrations,
the bicarbonate, chloride, and mixed types dominated
(right-hand triangle), collectively representing 96.25%
of all water samples. Water samples can be further
divided into four types (diamond portion). Most of the
samples fell within the regions I and IV of the Piper
diagram, accounting for 76.25% and 15.00% of the
sites, respectively. This result indicates that the primary
hydrochemical facies was of the SO4·Cl-Ca·Mg type.
The SO4·Cl-Ca·Mg hydrochemical facies also indicated
the influences of evaporation and anthropogenic im-
pacts on groundwater chemistry.

Mechanisms controlling groundwater geochemistry

Gibbs diagram

Gibbs diagrams are extensively used to identify the
major factors driving the chemical composition of water
(Abboud 2018; Qu et al. 2019). The Gibbs diagram
indicated that rock weathering, atmospheric precipita-
tion, and evaporation are the three natural processes
dominating water hydrochemistry in the Jiaodong Pen-
insula (Gibbs 1970). In the current study, the Na+:(Na+

+ Ca2+) cation weight ratios ranged from 0.16 to 0.95,
whereas the Cl−:(Cl− + HCO3

−) anion weight ratios
ranged from 0.16 to 0.98. Most samples fell within the
central part of the Gibbs diagram, suggesting that water-
rock interaction is the dominant process driving the
chemical composition of groundwater (Fig. 5). On the
other hand, the increase in Na+:(Na+ + Ca2+) indicated

that cation exchange also has a relevant impact on
groundwater hydrochemistry (Li et al. 2016a; Wu
et al. 2018). The Gibbs diagram indicated that four water
sample points, namely Q11, Q26, D19, and D32, are
located in a seawater area, indicating that these four
points are affected by seawater intrusion.

Hydrogeochemical processes

End-member diagrams were constructed for further
analyses of the types of rock involved within the rock
weather ing processes dr iv ing groundwater
hydrochemistry. Gaillardet et al. (1999) proposed end-
member diagrams in which the ratios of Ca2+:Na+ were
plotted against weight ratios of Mg2+:Na+ and
HCO3

−:Na+. In the current study, the ratios of Ca2+:Na+,
Mg2+:Na+, and HCO3

−:Na+ ranged between 0.06–6.18,
0.08–2.50, and 0.01–20.64, respectively. As shown in
Fig. 6, silicate was well represented within the ground-
water chemical composition, suggesting that the
weathering of silicate is a major hydrogeochemical pro-
cess controlling groundwater hydrochemistry.

Water-rock interactions play an important role in
groundwater hydrochemistry. Ratio graphs of ions are
a popular method for studying the concentrations of
different major ions and for determining the major hy-
drogeochemical processes occurring in groundwater
(Yang et al. 2016; Liu et al. 2018). The ratio of Na+:Cl−

is close to 1 if Na+ originates mainly from halite. Fig-
ure 7 a shows that most of the samples (72.5%) were
located below the 1:1 relationship line (Na+:Cl− ratios
varied from 0.9 to 1.1), indicating that the dissolution of
halite is not the dominant process affecting groundwater



Fig 4 Piper diagram for
groundwater samples collected
from the Jiaodong Peninsula

(a) (b)
Fig. 5 Gibbs diagrams for
groundwater samples collected
from the Jiaodong Peninsula
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hydrochemistry of the region and that cation exchange
may be a significant process influencing water chemis-
try (Li et al. 2016a). However, approximately 21.25% of
the samples were located close to the 1:1 line, which
may be due to the influence of seawater aerosols.

A ratio of (Ca2+ + Mg2+):(HCO3
− + SO4

2−) of ~ 1
indicates that dissolution of carbonate and sulfate are the
predominant reactions affecting hydrochemistry of
groundwater (Marghade et al. 2015). Samples located
above the 1:1 relationship line are influenced by silicate
and sulfate, and those below the line are affected by
carbonate and sulfate. As shown in Fig. 7b, approxi-
mately 86.25% of the samples were located above the
1:1 line, indicating that the dissolution of silicate as well
as cation exchange are the predominant processes driv-
ing the hydrochemistry of groundwater in the region.

A ratio of Ca2+: HCO3− close to 1:1 indicates the
dissolution of calcite, whereas a ratio of 1:2 indicates
dolomite dissolution (Li et al. 2016. As shown in Fig.
7c, most samples were located above the 1:1 line, indi-
cating that calcite and dolomite weathering are not the
dominant process. However, samples did fall in the zone
between the 1:1 and 1:2 relationship line, indicating that
carbonates contribute to the evolution of groundwater
hydrochemistry. The bivariate diagram of Mg2+ and
HCO3

− (Fig. 7d) shows that most samples are located
below the 1:1 line, which means that the excess in
HCO3

− was balanced out by other ions. The plotting
of sample points in the area between the 1:1 and 1:2
lines (Ca2+ + Mg2+): HCO3

− indicates that the dissolu-
tion of calcite or dolomite are the dominant reactions.
However, more than 90% of the samples fell above the



(a) (b)

Fig. 6 End-member diagrams for groundwater samples collected from the Jiaodong Peninsula
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1:1 relationship line (Fig. 7e), indicating that the reac-
tions involving dissolution of carbonates are not
dominant.

The Ca2+:SO4
2− ratios in groundwater deviated from

the 1:1 line (Fig. 7 g), indicating that gypsum dissolu-
tion was not the primary source of SO4

2− in groundwa-
ter. In addition to rock mineral weathering, industrial
and agricultural activities can also lead to elevated levels
of Ca2+ and SO4

2− in groundwater. The ratio of Ca2+:
Mg2+ has been widely used to study the dissolution of
major minerals (Askri 2015; Chesnaux 2015). The sam-
ple points falling above the 1:2 relationship line indicate
that the dissolution of silicate drives hydrochemistry,
whereas those that lie between the 1:2 and 1:1 lines
are influenced by calcite (Chesnaux 2015). Figure 7 h
shows that the Ca2+: Mg2+ ratios of most of the samples
were located above the 1:2 relationship line, indicating
that the dissolution of silicate is the primary process
affecting groundwater hydrochemistry. However, ap-
proximately 25% of the samples were situated between
the 1:1 and the 1:2 line, indicating that the dissolution of
calcite also occurred.

Saturation index

The mineral balance of water samples can reflect the
thermodynamic processes driving hydrochemistry of a
natural water system (Liu et al. 2017). The computed SI
values of the water samples for dolomite, calcite, and
gypsum varied from − 1.60 to 3.00, − 0.92 to 1.38, and −
3.22 to − 0.15, respectively (Table 3). As shown in Fig.
8, most of the SI values of dolomite and calcite were

positive, suggesting the mineral saturation of those sam-
ples. In contrast, the SI values of anhydrite, gypsum, and
halite of all water samples were negative, indicating that
anhydrite, gypsum, and halite have a tendency to dis-
solve. The saturation index of the values of halite was
relatively negative (− 2.72 to − 7.66), suggesting that the
dissolution of halite was weak. In addition, the SI values
were positively correlated with TDS, indicating that the
dissolution and precipitation of minerals from sediments
are the major processes driving the hydrochemical char-
acteristics of the groundwater in Jiaodong Peninsula
(Zhang et al. 2018).

Ion exchange

The process of ion exchange has a significant impact on
the geochemistry of groundwater (Li et al. 2016a). The
present study used CAI (Schoeller 1965) to analyze
cation exchange in the study area, with the definitions
of the indices given in Eqs. (1) and (2). CAI-I and CAI-
II are negative when Ca2+ or Mg2+ in the groundwater is
exchanged by Na+ or K+. However, CAI are positive if
reverse ion exchange occurs (Li et al. 2018). Most of the
water samples showed positive values for CAI (Fig. 9),
indicating reverse reactions in groundwater of the
Jiaodong Peninsula.

In addition, the ratio of (Na+ + K+ − Cl−): (Ca2+ +
Mg2+ − HCO3

− − SO4
2−) has been widely used to

analyze the possible role of ion exchange in groundwa-
ter. The ratios calculated for the water samples should
fall in a line with a slope of − 1 if cation exchange is the
dominant process (Li et al. 2018). Figure 9 shows that



water samples followed the line with a high correlation
(slope = − 0.78, R2 = 0.81), indicating that cation ex-
change has an important impact on groundwater
hydrochemistry in the Jiaodong Peninsula.

Anthropogenic activity

Shandong is one of the most developed provinces in
China. The development of the economy has seen a

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 7 Relationships between ion
concentrations of groundwater
samples collected from the
Jiaodong Peninsula. a Na+(meq/
L), Cl− (meq/L); b Mg2+ + Ca2+

(meq/L), SO4
2− + HCO3

− (meq/
L); c Ca2+(meq/L), HCO3

− (meq/
L); d Mg2+ (meq/L), HCO3

−

(meq/L); e Mg2+ + Ca2+(meq/L),
HCO3

− (meq/L); fMg2+ (meq/L),
SO4

2− (meq/L); g Ca2+(meq/L),
SO4

2− (meq/L); h Ca2+(meq/L),
Mg2+ (meq/L)
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Fig. 8 Relationship between the
saturation index (SI) and total
dissolved solids (TDS) for
groundwater samples collected
from the Jiaodong Peninsula
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concurrent increase in the population and an accelera-
tion of urbanization. These developments have resulted
in increasing exploitation of groundwater, resulting in
changes to the regional groundwater dynamics and to
groundwater quality (Li et al. 2016a; Li et al. 2018).
Coastal areas tend to exhibit more developed economies
and therefore higher demands for groundwater re-
sources. Over-exploitation of groundwater in coastal
areas results in a significant drop in groundwater levels,
resulting in a disruption of the hydrodynamic balance
between seawater and freshwater and leading to seawa-
ter intrusion. Seawater intrusion seriously affects the
quality of groundwater, destroys the soil ecosystem in
coastal areas, and impacts industrial and agricultural
production and population health. Therefore, sustain-
able management of groundwater use is needed in coast-
al areas to prevent seawater intrusion, and strong mea-
sures should be taken to reduce groundwater extraction
in areas where seawater intrusion occurs. In the present
study, seawater intrusion was identified at locations
Q11, Q26, D19, and D32.

The NO3
−:Ca2+ and SO4

2−:Ca2+ ratios can act as
indicators of the impacts of human activities on ground-
water (Zuo et al. 2017; Zhang et al. 2018). As evident in
Fig. 10a, the values of these ratios for groundwater
samples allowed for the identification of two distinct
impacts. The ratio of SO4

2−:Ca2+ indicated the impact of

industrial activities on groundwater, whereas the
NO3

−:Ca2+ ratio indicated the influence of agricultural
activities or municipal wastewater. The ratio of
NO3

−:Ca2+ showed a much stronger signal than that of
SO4

2−:Ca2+ (Fig. 10a), indicating that the influence of
agricultural activities or municipal wastewater on
groundwater chemical composition is much more prev-
alent than that of industrial and mining activities.

Principal component analysis

The variables for PCAwere the major cations and anions
of groundwater, and a Kaiser-Meyer-Olkin value of
0.711was obtained, indicating that the chemical variables
were suitable for performing PCA. As shown in Table 4,
the three most significant factors were obtained which
accounted for approximately 91.43% of the total variance
in the dataset. Figure 10 b shows the relationship between
PCA loadings on groundwater variables.

As shown in Table 4, the first, second, and third
eigenvalues had values of 5.213, 1.064, and 1.038,
respectively explaining 65.12%, 13.29%, and 12.98%
of the total variance, respectively, with the third eigen-
value representing the third component (Table 4). Com-
ponent 1 explained 65.16% of the total variance, pri-
marily comprising Cl−, Na+, Mg2+, SO4

2−, K+, and
Ca2+. Component 1 likely represents the influence of

Table 3 Statistical summary of the saturation indices of groundwater samples collected from the Jiaodong Peninsula

Anhydrite Aragonite Calcite Dolomite Gypsum Halite

Max − 0.45 1.23 1.38 3.00 − 0.15 − 2.72

Min − 3.53 − 1.06 − 0.92 − 1.62 − 3.22 − 7.66

Mean − 1.80 0.30 0.44 0.65 − 1.50 − 6.54

Standard deviation 0.52 0.45 0.45 0.90 0.51 0.87
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common natural processes on groundwater
hydrochemistry, including weathering and the dissolu-
tion of rocks and minerals. Component 2 shows positive
loading for NO3

− and can be attributed to anthropogenic
inputs, such as agricultural and industrial inputs. Com-
ponent 3 shows positive loadings for HCO3

−, and likely
reflects the dissolution of carbonate.

Groundwater quality evaluation

Water quality for domestic use

WQI values in the current study were calculated using
Eqs. (4)–(7). Water quality indicators (TDS, Ca2+,
Mg2+, HCO3

−, Cl−, Na+, K+, SO4
2−, NO3

−, pH, and

COD) were assessed against the WHO limits (WHO
2008) (Table 5) to evaluate the suitability of groundwa-
ter for domestic use. To calculate WQI values, the
weightings to be assigned to the indicators were deter-
mined according to the relative importance of the indi-
cators for domestic use objectives (Table 5). Nitrates
(NO3

−) are an indicator of the possible presence of
contaminants that can be extremely harmful to human
health. NO3

− is extremely soluble and can move easily
through soil into groundwater (Şener et al. 2017). There-
fore, the highest weighting of 5 was assigned to NO3

−.
The lowest weighting of 1 was assigned to HCO3

−

because it has the least significance for groundwater
quality. The calculated weights (Wx) are shown in
Table 5.
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The spatial distribution of the calculated WQI values
across the study area is shown in Fig. 11. The values of
WQI ranged between 24.78 and1736.09, with a median
of 67.82. The groundwater quality of the Jiaodong Pen-
insula ranged from excellent to unsuitable for domestic
use. The quality of most groundwater samples was
classified as excellent or good, comprising 30% and
40% of the total samples, respectively. Water samples
from locations Q11, Q26, D19, and D32 were classified
as unsuitable due to the impact of seawater intrusion.
The quality of only 18.75% of water samples was clas-
sified as poor, with the quality of samples of W11 and

D33 classified as very poor due to impacts from agri-
cultural, industrial, or municipal wastewater discharge.
In general, it was found that groundwater quality of
most sites in the study area was suitable for domestic
use. Increased monitoring of groundwater quality and
regulation of possible pollution sources is needed to
protect groundwater quality and to facilitate sustainable
exploitation of groundwater resources. In addition,
coastal areas should pay special attention to preventing
seawater intrusion into the groundwater table.

Water quality for irrigation

Groundwater of the Jiaodong Peninsula is also used for
agricultural irrigation. Groundwater suitability for irri-
gation is important because high levels of ions in water
can affect plant growth (Nematollahi et al. 2016).

The quality of irrigationwater can be categorized into
four classes according to Richards (1954) (Table 6, Fig.
12a) based on salinity, namely low, medium, high, and
very high salinity categories. The classification of the
samples for suitability for irrigation was based on EC
values, with 6.25%, 66.25%, and 27.5% of the samples
classified as having very high, high, and medium salin-
ities, respectively. The sodium or alkali hazard of
groundwater is typically presented as the sodium ab-
sorption ratio (SAR). Groundwater can be classified into
four categories according to the SAR, namely the low,
medium, high, and very high alkali waters. The SAR
values for the groundwater samples ranged from 0.48 to
49.92, with an average of 2.90, and with 95.00%,
1.25%, 1.25%, and 2.5% of the samples classified as
excellent, good, doubtful, and unsuitable, respectively.
As shown in Fig. 12a, 91.25% of the samples fell within
the C2S1 and C3S1 zones, suggesting that groundwater
has low alkalinity and medium to high salinity. Overall,
groundwater of the Jiaodong Peninsula was found to be
acceptable for irrigation. However, the samples plotted
in C4 (6.25%) contained high salinity and were not
suitable for irrigation.

Elevated Na+ content of irrigation water can promote
the exchange of soil sodium with calcium and magne-
sium, thereby reducing soil permeability (Li et al.
2016a; Jain and Vaid 2018). Irrigation water can be
classified into five categories according to the percent-
age sodium (Na%) (Table 6). As shown in Table 6, Na%
of groundwater samples ranged from 10.69 to 77.94%,
with a mean of 30.32%. A Wilcox diagram (Wilcox
1948) showed that 88.75% of the water samples could

Table 4 Rotating factor loading matrix and the variance contri-
bution rate

Parameter Component

PC1 PC2 PC3

Cl- 0.991 − 0.055 0.038

Na+ 0.986 − 0.085 0.009

Mg2+ 0.985 − 0.020 0.053

SO4
2- 0.963 − 0.101 0.025

K+ 0.915 − 0.172 0.090

Ca2+ 0.712 0.333 0.212

NO3
- -0.101 0.943 -0.125

HCO3
- 0.068 − 0.114 0.982

Eigenvalue 5.213 1.064 1.038

Variance (%) 65.158 13.294 12.977

Cumulative of variance (%) 65.158 78.452 91.429

Table 5 Relative weights of chemical variables of groundwater
samples collected from the Jiaodong Peninsula for the calculation
of the water quality index (WQI)

Parameters WHO (2008) Weight (wi) Relative weight (Wi)

TDS 1500 4 0.1143

Ca2+ 300 2 0.0571

Mg2+ 30 2 0.0571

Na+ 200 3 0.0857

K+ 120 2 0.0571

HCO3
- — 1 0.0286

Cl- 250 4 0.1143

SO4
2- 250 4 0.1143

NO3
- 50 5 0.1429

pH 6.5–8.5 4 0.1143

COD 10 4 0.1143
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be classified as excellent, good, or permissible for irri-
gation, whereas 6.25% of the samples were unsuitable,
3.75% were classed as doubtful to unsuitable and only
1.25% were classed as permissible to doubtful (Fig.
12b). These results indicate that generally the ground-
water of the Jiaodong Peninsula is suitable for irrigation.

The concentrations of CO3
2− and HCO3

− in water
also determine the suitability of groundwater for irriga-
tion (Nematollahi et al. 2016). As shown in Table 6, the
residual sodium carbonate index (RSC) (Eaton 1950)
ranged from − 106.78 to 0.86 with an average value of −
7.70, suggesting that groundwater was suitable for irri-
gation. The classification of the suitability of the
groundwater for irrigation according to the KR value
(Kelley et al. 1940) found that groundwater of the
Jiaodong Peninsula can be classified into three catego-
ries, namely suitable (KR < 1), marginally suitable (1 <
KR < 2) and unsuitable (KR > 1) (Li et al. 2018). The
KR values ranged from 0.12 to 3.47, indicating that
most of the samples (91.25%) can be regarded as excel-
lent for irrigation. An excess of magnesium ions in

water can lead to alkaline soil and decrease crop yield
(Nematollahi et al. 2016). The MR (Szabolcs and Darab
1964) of the groundwater samples was between 5.06
and 77.21, suggesting that groundwater from most sites
(93.75%) was suitable for agricultural irrigation.

Conclusions

Groundwater is the main source of agricultural, in-
dustrial, and domestic water in Jiaodong Peninsula.
The current study analyzed the major processes
driving the hydrochemistry of groundwater of the
Jiaodong Peninsula and the suitability of groundwa-
ter from this region for domestic and irrigation use.
The main conclusions of the current study can be
summarized as follows:

(1) The orders of anions and cations in the groundwa-
ter samples in terms of content were HCO3

− > Cl−

> SO4
2− > NO3

− and Ca2+ > Na+ > Mg2+ > K+,

Fig. 11 Spatial distribution of
water quality index (WQI) values
for groundwater samples collect-
ed from the Jiaodong Peninsula



Fig. 12 USSL diagram and Wilcox diagram for the assessment of the quality of groundwater of the Jiaodong Peninsula for irrigation. a
Sodium adsorption ratio (SAR). b Sodium percent (Na%)
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respectively. TDS of the samples ranged from
207.3 to 28,063.4 mg L−1, with elevated TDS of
four samples due to seawater intrusion. The im-
pacts of anthropogenic activities were responsible

for elevated concentrations of NO3
− in four sam-

ples. The concentrations of COD were in the range
of 0.51 mg L−1 to 135.54 mg L−1, and most water
samples were within the WHO standards.

Table 6 Classification of the groundwater samples collected from the Jiaodong Peninsula based on physicochemical variables

Parameters Range Water class Max Min Mean Median Number Percent (%)

EC < 250 Excellent (C1) 25,032.00 393.73 1677.755 889.985 0 0

250–750 Good (C2) 22 27.50

750–2250 Permissible (C3) 53 66.25

> 2250 Doubtful (C4) 5 6.25

SAR < 10 Excellent (S1) 49.92 0.48 2.90 1.42 76 95.00

10–18 Good (S2) 1 1.25

18–26 Doubtful (S3) 1 1.25

> 26 Unsuitable (S4) 2 2.50

Na% < 20 Excellent 77.94 10.69 30.32 26.58 17 21.25

20–40 Good 49 61.25

40–60 Permissible 8 10.00

60~80 Doubtful 6 7.50

> 80 Unsuitable 0 0

RSC < 1.25 Good 0.86 -106.78 -7.70 -3.58 100 100

1.25–2.5 Doubtful 0 0

> 2.5 Unsuitable 0 0

KR < 1 Suitable 3.47 0.12 0.52 0.35 73 91.25

1–2 Marginal suitable 5 6.25

> 2 Unsuitable 2 2.50

MR < 50 Suitable 77.21 5.06 28.25 27.79 75 93.75

> 50 Unsuitable 5 6.25
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(2) Most of the groundwater samples were classified
as the SO4·Cl-Ca·Mg or HCO3-Ca·Mg types. The
major process inf luencing groundwater
hydrochemistry was found to be water-rock inter-
actions, although evaporation was also found to
affect groundwater to a certain extent. The disso-
lution of silicate and cation exchange were the
major contributors to the formation of the chemical
components of groundwater. In addition, seawater
intrusion was identified in the coastal area, which
resulted in deterioration of groundwater quality.

(3) It is clear that groundwater is affected by human
activities, and the influence of agricultural
activities/municipal wastewater on groundwater
chemical composition is much prevalent than that
of industrial and mining activities. The results of
the WQI, assessment showed that the groundwater
of the Jiaodong Peninsula is generally suitable for
domestic purposes, with some samples found to be
unsuitable for domestic use due to the influences of
human activities and seawater intrusion. In addi-
tion, the quality of groundwater at most sampling
sites was found to suitable for irrigation according
to the calculated values of EC, SAR, Na%, RSC,
KR, and MR.
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