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To investigate the hydrogeochemical characteristics of shallow groundwater and

evaluate groundwater salinization state in Cangzhou, China, two sampling

campaigns have been conducted. In summer, 33 groundwater samples, 3

seawater samples and 5 river water samples were collected. In winter, 22

groundwater samples were collected. The hydrochemical type was determined

by the Piper diagram. Evolutionmechanisms of groundwater were analyzed by the

Gibbs diagram. The trend of de-salinization or salinization of groundwater was

determined by the hydrochemical facies evolution diagram. The groundwater

salinization grade was evaluated by both the seawater intrusion groundwater

quality index (GQISWI) and the attribute recognition model based on entropy

weight (ARMEW). The Piper diagram shows that Na+ is the dominant cation and

Cl- is the dominant anion in shallow groundwater, and the groundwater in this area

is mainly of Cl-Na type followed by Cl-Ca·Mg type. The evaporation-crystallization

process has significant influence on the evolution of saline groundwater. In

summer, most brackish groundwater exhibit compositions of the freshening

stage with direct cation exchange, and most saline groundwater is mainly at the

seawater intrusion stage with reverse cation exchange. In winter, compared to the

summer season, more groundwater samples in the middle of study area exhibit

intrusion trend, and without obvious Na-HCO3 facies. In summer, values of GQISWI

range from 20.47 to 75.38with an average of 59.31. The GQISWI gradually increases

from east to west, denoting the degree of groundwater salinization is alleviated

from coast to inland. In winter, values of GQISWI range from 54.47 to 79.09 with an

average of 66.00, slightly higher than that in summer. The proportion of no

salinization (Grade I), minor salinization (Grade II) and serious salinization (Grade

III) of groundwater samples in Cangzhou identified by ARMEW is 3.0%, 21.2% and

75.8% in summer, respectively. In winter, the proportion is 9.1% for Grade II and

90.9% for Grade III. The GQISWI index shows the largest area of Grade II, and
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ARMEW presents the largest area of Grade III in both seasons. Compared with

GQISWI index, ARMEW model gives more conservative evaluation results of

groundwater salinization. The results provide useful information on the

groundwater salinization status for the local area, and help for the management

of groundwater resources in Cangzhou.
KEYWORDS

groundwater salinization, hydrochemical characteristics, seawater intrusion,
groundwater quality index, attribute recognition model based on entropy
weight, Cangzhou
1 Introduction

Groundwater is one of the crucial resources for coastal areas

which accommodate 40% of the world’s population (Essink, 2001).

Nevertheless, growing population and city expansion have exerted

enormous stress on groundwater quantity (Kumar et al., 2023). The

excessive exploitation of groundwater has caused many problems

including seawater intrusion, soil salinization, worsened

groundwater quality and ecological deterioration (Stamatis and

Voudouris, 2003; Bless et al., 2018; Li et al., 2022; Xiong et al., 2022).

Groundwater salinization is becoming one of the major

environmental issues in more and more coastal areas around the

world, and about 32% of the coastal metropolitan cities have been

threatened. It is reported that over 501 cities around the world

facing groundwater salinization issues (Cao et al., 2021). Many

countries have paid much attention to the research of groundwater

salinization, including USA (Jasechko et al., 2020; Lotfata and

Ambinakudige, 2020), UK (Moulds et al., 2023), Korea (Kim

et al., 2021), Australia (Banks et al., 2021), India (Dhakate et al.,

2020), Spain (Martıńez-Pérez et al., 2022), Italy (Ghiglieri et al.,

2012), Saudi Arabia (Benaafi et al., 2022, 2023) and Tunisia

(Moussaoui et al., 2023).

To evaluate regional groundwater salinization status, chemical

indexes such as Cl- or total dissolved solids (TDS) are commonly

used. Compared to the single-index method, the multi-index

evaluation method has obvious advantages, which can reflect the

groundwater salinization degree more comprehensively and stably.

The multi-index evaluation method includes the GALDIT method

(ChaChadi and Lobo-Ferreira, 2001), the “water quality index”

(WQI) method (Boyacioglu, 2007), the groundwater quality index

for seawater intrusion (GQISWI, Tomaszkiewicz et al., 2014), fuzzy

mathematics (Zhao, 1998; Icaga, 2007), analytic hierarchy process

(Saaty, 1980), and entropy weight method (Zou et al., 2006).

Wherein, the GQISWI incorporates the seawater proportion and

information from the Piper graph to convert groundwater chemical

types into numerical values (0~100). Therefore, it can directly

evaluate the degree of groundwater salinization by values of

GQISWI, which is more comprehensive than the single-index
02
method. Besides, for the entropy weight method, it has obvious

advantages in calculating index objective weights. However, entropy

weights are easily influenced by sample size and value. Also, it depends

excessively upon objective data when determining weights, and ignores

the relation between objectives and indicators. This sometimes leads to

confusing and unexplained assessments (Wang et al., 2022).

To address these limitations, here, the entropy weight method

was coupled with the attribute recognition model which fully

considers the sample information. In this method, the index

weights are determined by the judgment matrix related to

representative values for evaluation indices under objective

conditions. It combines the objective weighting characteristics of

entropy weight method with the ordered segmentation of attribute

recognition model. By this means, the subjectivity of the weight of

each factor is eliminated, and the evaluation results are in accord

with the fact. Therefore, to assess groundwater salinization status,

this study applied both the GQISWI index and the attribute

recognition model based on entropy weight (ARMEW).

In China, groundwater salinization research has been reported

for coastal aquifers near the Jiaozhou Bay (Gang et al., 2019), the

Yellow River delta (Liu et al., 2014), the Laizhou Bay (Xue et al.,

1993; Han et al., 2011; Wang et al., 2020), the Qianhuangdao area

(Zhang et al., 2013), and the southern China (Xiong et al., 2022).

However , the re were f ew s tud i e s inves t iga t ing the

hydrogeochemical characteristics and groundwater salinization in

the coastal region of Cangzhou on the west of Bohai Bay.

Groundwater salinization status was seldom investigated for this

important area that 7.54 million people inhabit. In addition,

although different evaluation methods have been put forward in

previous work, few studies compared the salinization results

between different evaluation methods. To fill these gaps, the

present study tries to conduct a detailed and a systematic

evaluation on the groundwater salinization status and related

hydrogeochemical characteristics through multidisciplinary

methods. The main goals of this work include: (1) identify

shallow groundwater hydrogeochemical characteristics and its

evolution mechanisms; (2) assess and compare the degree of

groundwater salinization through both methods of GQISWI index
frontiersin
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and the ARMEW. The results provide useful information on the

groundwater salinization status for the local area, and help for the

management of groundwater resources.
2 Materials and methods

2.1 Study area

Cangzhou City is located in the east of Hebei Province, China,

with an area of 14,304 km2 (Figure 1). The climate in this area is

controlled by the warm temperate continental monsoon, with four

distinct seasons. The annual average temperature is 12.5°C. The

annual average precipitation is 581 mm and the annual average

evaporation is 1,574 mm. The precipitation in July to September

accounts for 66% of the annual precipitation. The terrain in this

region is flat with the general elevation lower than 16 m, and it

inclines slightly from southwest to northeast. The South Canal, part

of the Beijing-Hangzhou Canal, flows through this area. Other main

rivers include the Ziya River, the Jiedijian River, the Nanpai Canal,

the Dalangdian Canal, and the Xuanhui River.

The hydrogeological unit of shallow aquifer in this region is

classified into three types (Figure 1, Xu, 2009) the alluvial plain (①),

the sedimentary plain formed by the land-sea interaction (②)

and the coastal plain (③). From inland to sea, the sediments of

aquifers change from fine sand to silt. From top to bottom, the

quaternary aquifers in Cangzhou area is categorized into 4 groups

(Figure 2). In this study, we focus on the aquifer I, which consists of

Holocene loose sediments with a bottom depth of 20~30 m (Chen

et al., 2015).

The aquifer receives recharge mainly from atmospheric

precipitation. Groundwater is discharged mainly through

evaporation and extraction. Under the natural state, the

groundwater flow direction is in accordance with the terrain
Frontiers in Marine Science 03
slope, that is, from southwest to northeast. The flat terrain with

the small hydraulic gradient result in a slow movement of

groundwater. Compared with the western regions, groundwater

in the coastal areas is almost stagnant. It is reported that from 1990

to 2015, the average groundwater depth in this region first increased,

then decreased, from the initial 3.26 to 4.06 m (Yan et al., 2021).

Brackish water is widely distributed within this area. The

thickness of the brackish water shrinks gradually from coast

toward inland (Figure 2), forming a wedge between the shallow

freshwater and the deep freshwater. The formation of the brackish

water in Cangzhou result from combined effects of various factors

such as paleoclimate conditions, paleogeographic and geological

environment and transgressions in the Quaternary period. For

example, the dry climate in the late Pleistocene serve as the

decisive factor for the formation of brackish water in aquifer

group II. In addition, it is reported that Cangzhou has

experienced seven transgressions in the quaternary period (Xu

et al., 2009). Due to the influence of transgressions and tides, a

large amount of salt brought by seawater stayed in the loose

sedimentary layer. On the other hand, the residual seawater is

preserved in the aquifer during the regression, resulting in an

increase in the total dissolved solids (TDS), which directly

affected the chemical composition of local groundwater.
2.2 Sample collection and analysis

Two sampling campaigns were conducted. In summer

(May~June 2022, wet season), we collected 33 groundwater

samples, 3 seawater samples and 5 river water samples. In winter

(December~January, dry season), 22 groundwater samples were

collected (Figure 1). Locations and ground elevations of the

sampling sites were recorded using the RTK (South Yinhe1)

device. All groundwater samples were taken from the loose
FIGURE 1

Map of research location with sampling points in Cangzhou, China. Solid black circles denote groundwater samples collected in summer and hollow
circles denote groundwater samples collected in winter.
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Quaternary porous aquifer I. The depth of wells changes from 4 m

to 30 m, and the sampling depths range from one to ten meters.

Before sampling, wells were pumped for 5-10 min to avoid stagnant

water in the pipeline. Surface water were collected 0.2 m below the

water surface. All samples were filtered through a 0.45 mm
membrane, and stored in a polyethylene plastic bottle (500 mL).

The sampling bottles were sealed, refrigerated at 4 °C and

transported to the Groundwater Mineral Water and

Environmental Monitoring Center, Ministry of Land and

Resources for water quality analysis. Values of pH were

determined by the glass electrode method. Major cations of K+,

Ca2+, Na+, Mg2+ were examined by ICP-AES (iCAP 6300).

Major anions of HCO3
− and CO3

2− were examined by titration,

and SO4
2− and NO3

− were determined by the ion chromatographic

method. The Cl− was examined by the silver nitrate volumetric

method. All indexes were measured strictly according to the

standard for groundwater quality of the People’s Republic of

China (GB/T 14848-2017). The data reliability was checked by

the charge balance error, with all errors within ±7% (Supplementary

Table S1).
2.3 Seawater intrusion groundwater
quality index

The index of GQISWI (Equations 1–5) proposed by

Tomaszkiewicz et al. (2014) was used for seawater intrusion.

fsea =
mCl(sample) −mCl(freshwater)

mCl(seawater) −mCl(freshwater)
(1)

GQIPiperðmixÞ =
(Ca2+ + Mg2+)
Total cations

+
(HCO−

3 )
Total anions

� �

� 50   (in meq=l) (2)
Frontiers in Marine Science 04
GQIPiperðdomÞ =
(Na+ + K+)
Total cations

+
(HCO−

3 )
Total anions

� �

� 50   (in meq=l) (3)

GQIfsea = (1 − fsea)� 100 (4)

GQISWI =
GQIPiper(mix) + GQIfsea

2
(5)
2.4 Hydrochemical facies
evolution diagram

The hydrochemical facies evolution diagram (HFE-D) acts as a

useful tool to identify whether the aquifer is in the stage of sea water

intrusion or freshening (Giménez-Forcada, 2010). It highlights 4

typical facies (Na-HCO3, Na-Cl, Ca-HCO3 and Ca-Cl) from 16

facies. During the intrusion process, the increasing groundwater

salinity (Equation 6) induces inverse exchange reactions, forming

the characteristic Ca-Cl facies. Further, the groundwater evolves

into seawater (Na-Cl). In the freshening stage, freshwater recharge

causes direct exchange reactions, forming the Na-HCO3 facies.

Then the water composition gradually gets similar to that of

recharge water and helps the recovery of aquifers.

2Na+ + Ca − X2 → 2Na − X + Ca2+ (6)
2.5 Attribute recognition model based on
entropy weight

The steps of establishing the ARMEW (Cheng, 1997; Zhang

et al., 2010; Li et al., 2012) are as follows:
FIGURE 2

Hydrogeological profile of A-A’, Cangzhou area, Hebei Province, China.
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(1) Construction of the initial sample space matrix and grade

standard matrix.

The initial sample space matrix X contains m rows and n

columns (Equation 7), where m are the number of groundwater

samples, n means the number of evaluation indices, and xij
represents the measurement value of the jth index for the ith

water sample.

X =

x11 x12

x21 x22

⋯ x1n

⋯ x2n

⋮ ⋮

xm1 xm2

⋮

⋯ xmn

2
66664

3
77775 (7)

Assume F is an attribute space on X, and (C1, C2, C3⋯, CK)

is an ordered partitioned set of F with the condition

C1>C2>C3>⋯>CK. Once the grading criteria of evaluation indices

are determined, the grading standard matrix can be expressed as

Equation 8:

  C1  C2   · · ·  CK

G1

G2

⋮

Gn

a11 a12

a21 a22

⋯ a1K

⋯ a2K

⋮ ⋮

an1 an2

⋮

⋯ anK

2
66664

3
77775

(8)

where ajk (j=1, 2,⋯, n; k=1, 2,⋯, K) is the kth partition

value of jth index in F, and aj1<aj2,⋯,<ajK, or aj1>aj2,⋯,>ajK.

Five evaluation indices including Cl-, TDS, Revelle Index (RI),

SO4
2- and Sodium Adsorption ratio (SAR) were selected in

this study.

With reference to the Chinese Technical Specification for

Seawater Monitoring and Evaluation (HY/T 0314-2021), the

Standard for Groundwater Quality (GB/T 14848-2017) and

related literature (Zhang et al. , 2022), the range and

representative value of each evaluation index for different grades

were determined and given in Table 1. Based on these evaluation

indices and their representative values, the grading standard matrix

can be written as Equation 9:
Frontiers in Marine Science 05
  I II III

Cl−

TDS

RI

SO2−
4

SAR

100 500 1500

500 1500 4500

0:5 1:5 5:7

50 150 450

1:0 3:0 10:0

2
666666664

3
777777775

(9)

(2) Determination of weight based on Shannon entropy theory.

The initialmatrix is normalized toeliminate the incomparabilityof

each index due to different dimensions. The normalization method is

as follows:

yij =
(xij)max − xij

(xij)max − (xij)min
(10)

where (xij)max and (xij)min are the maximum value and the

minimum value of jth evaluation indicator in the initial

matrix, respectively.

The entropy value of the jth evaluation indicator is:

ej = −
1

lnmo
m
i=1fijlnfij     j = 1, 2,⋯, n   (11)

with  fij =
yij

om
i=1yij

(12)

The weight of index j is calculated as:

wj =
1 − ej

n −on
j=1ej

(13)

(3) Calculation of attribute measure and attribute recognition.

Suppose aj1<aj2,⋯,<ajK, the attribute measure of xij with the

attribute Ck is defined as mijk=m(xij∈Ck), and it satisfies Equation 14:

         mij1 = 1,mij2 = mij3 = ⋯ = mijK = 0,   if xij ≤  aj1

       mijK = 1,mij1 = mij2 = ⋯ = mij(K−1) = 0,  if xij ≥  ajK

      mijl =
xij−aj(l+1)j j
ajl−aj(l+1)j j ,

    mij(l+1) =
xij−ajlj j

ajl−aj(l+1)j j , if ajl ≤  xij ≤  aj(l+1), 1 ≤ l ≤ K − 1

mijk = 0,  k < l or k > l + 1:

8>>>>>>>>>>><
>>>>>>>>>>>:

(14)
TABLE 1 Grading criteria and representative values for evaluation indices of groundwater salinization.

Evaluation indices
No salinization Grade I Minor salinization Grade II Serious salinization Grade III

Range Representative value Range Representative value Range Representative value

Cl-(mg/L) <250 100 250~1000 500 >1000 1500

TDS(mg/L) <1000 500 1000~3000 1500 >3000 4500

RI* <1.0 0.5 1.0~3.6 1.5 >3.6 5.7

SO4
2-(mg/L) <100 50 100~300 150 >300 450

SAR* <2.0 1.0 2.0~6.7 3.0 >6.7 10.0
*: note that RI = (Cl− )
(HCO−

3 +CO
2−
3 ) ,  and SAR = (Na+)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(Ca2++Mg2+)=2
p   (in meq=l) :
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Then the attribute measure of ith water sample mik=m(xi∈Ck)

considering the weight index is calculated as:

mik = m(xi ∈ Ck) =on
j=1wjmijk,   1 ≤ i ≤ m,   1 ≤ k ≤ K (15)

According to the confidence criterion, the groundwater

salinization grade ki can be determined by:

ki = min k :ok
l=1mik ≥ l,   1 ≤ k ≤ K

n o
(16)

Generally, the value of l ranges from 0.6 to 0.75 and it equals

0.65 in this study.

Based on the scoring criteria of attribute recognition, the

eigenvalue of groundwater salinization grade (qxi ) is calculated.

The larger the eigenvalue, the lower the groundwater salinization

grade.

qxi =oK
l=1nlmik     (17)

where nl=K+1−l. Finally, xi can be sorted by the qxi .
3 Results

3.1 Water type

The hydrochemical facies and water types for water samples

have been assessed using Piper diagram as shown in Figure 3. For

river water samples, the water type of R5, collected in the upper

reaches of the Dalangdian Canal, is HCO3-Ca. The river water

sample R4 is of Cl-Ca·Mg type. The other three river samples

collected in the lower reaches are characterized by the Cl-Na type,

indicating that they have been affected by seawater.

For groundwater samples, in summer, three groundwater

samples (G2, G3, G6) fall in zone 6, i.e., the HCO3-Ca·Na type.

The other groundwater samples fall in zones 2 and 5, and the

proportions are 72.7% and 18.2%, respectively. In winter, the

sample of D59 fall in zone 1, i.e., the Cl-Ca type. The other

groundwater samples also fall in zones 2 and 5, and the
Frontiers in Marine Science 06
proportions are 68.2% and 27.3%, respectively. These indicate

that the groundwater in this area is mainly of Cl-Na type

followed by Cl-Ca·Mg type.
3.2 Distributions of GQISWI

The geostatistical analysis was performed to determine spatial

distribution of the GQISWI in the study area using the ArcGIS

Geostatistical Analyst (Nas and Berktay, 2010). The ordinary

kriging method was used in this study. The normal distribution

pattern has been checked by a histogram tool and normal QQPlots

and it was determined that it approximates normal distributions.

An analysis trend was made, and it was determined that there is a

linear trend along the East-West direction. This trend was removed

before kriging interpolations. The 11 different semivariogram

models were tested (Supplementary Table S2). From the cross-

validation statistics, the Gaussian model is chosen as the final model

for summer and the J-Bessel model is chosen for winter.

As indicated by Tomaszkiewicz et al. (2014), the GQISWI can

range between 0 and 100, where 0 is indicative of seawater and 100

represents freshwater. In general, index values are above 75 for

freshwater and below 50 for saline groundwater and seawater.

Mixed groundwater has a GQISWI between 50 and 75.

In summer, values of GQISWI range from 20.47 to 75.38 with an

average of 59.31. Figure 4 shows that values of GQISWI in the central

and western regions are generally above 50, and values of GQISWI in

the eastern coastal area are mostly below 50. Equations 1–5 indicate

that the higher the GQISWI index, the lighter the groundwater

salinization degree. In this area, the GQISWI gradually increases

from east to west, indicating that the degree of groundwater

salinization is gradually alleviated from coast to inland. The

GQISWI index of the G32 sample, southeast of the study area,

achieves the lowest value, highlighting a serious groundwater

salinization status there. In winter, values of GQISWI range from

54.47 to 79.09 with an average of 66.00, slightly higher than that

in summer.
BA

FIGURE 3

Piper diagrams of the collected water samples in summer (A) and winter (B) in Cangzhou, China.
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3.3 Results of ARMEW

Table 2 gives the calculated weight of evaluation indices

according to the measured data and Equations 10–13. Put these

weights into Equation 15, the attribute measure of each water

sample can be derived (Table 3). The salinization grade is

determined by Equation 16, and the corresponding eigenvalue qxi
is calculated by Equation 17. Note that the larger the qxi , the lower

the groundwater salinization grade. The results indicate that the

proportion of no salinization (Grade I), minor salinization (Grade

II) and serious salinization (Grade III) identified by ARMEW in

groundwater samples in summer in Cangzhou is 3.0%, 21.2% and

75.8%, respectively. In winter, the proportion is 9.1% for Grade II

and 90.9% for Grade III.
4 Discussion

4.1 Groundwater evolution mechanisms

There are three main mechanisms controlling the groundwater

composition, including atmospheric precipitation, rock dominance,

and evaporation-crystallization process (Gibbs, 1970). As shown in

Figure 5, all saline groundwater and seawater fall into the zone of

evaporation dominance, suggesting the evaporation-crystallization

process is of vital importance during saline groundwater evolution.

Brackish groundwater are located at the intersection of the

evaporation dominance zone and the rock dominance zone,

indicating these groundwater samples have been influenced by

both effects. The hydrochemistry of the freshwater samples (G3,

G6, R4, R5) is dominated by the water-rock interaction. Figure 5A

shows that the Na+/(Na+ +Ca2+) values of groundwater change

from 0.406 to 0.997 with an average of 0.759, implying strong cation
Frontiers in Marine Science 07
exchange and high background concentration of Na+. Figure 5B

shows that the Cl-/(Cl-+HCO3
-) values of groundwater range from

0.238 to 0.967 with an average of 0.681. The sample of G2 has the

minimum value of Cl-/(Cl-+HCO3
-) and the sample of G32 has the

largest value. The evolution from G2 to G32 corresponds to the

evolutionary path from the HCO3 end-member to the Cl end-

member, which is in line with the results from Figures 3 and 4.

Figures 6A and C show that Na++K+ and Mg2+ are mostly

distributed along the local seawater dilution line (LSDL), which

reflects the mixing between seawater and continental water

contributions. The concurrence of the sodium and chloride values

with the mixing line is due to the high solubility product of halite,

which is considered as the main source of both elements. Figures 6B

and D show that most groundwater samples exhibit larger calcium

and sulfate content than the expected from the LSDL, and 89% of

the samples present a higher Ca2+/SO4
2- ratio than that of local

seawater (0.43, meq/L ratio). Such a high Ca2+/SO4
2- ratio suggests

underground gypsum dissolution. Figure 6E shows that the HCO3
-

of all groundwater samples are distributed above the LSDL. When

the atmospheric precipitation infiltration through the soil zone, the

mineral dissolution reactions occur (Appelo and Postma, 2006).

Through these reactions, the cations dissolve from rocks into

groundwater, increasing the content of cations, while

simultaneously increases HCO3
–.

The chlor-alkaline indices (CAI-I and CAI-II; Equation 18, 19)

were used to further study the cation exchange process of

groundwater (Schoeller, 1984):

CAI� I = (Cl� − (Na+ + K+))=Cl� (18)

CAI� II = (Cl� − (Na+ + K+))=(HCO�
3 + SO2�

4 + CO�
3

+ NO�
3 ) (19)

Figure 6F shows that in summer and in winter, 84.6% and

61.5% of brackish groundwater present negative chlor-alkaline

indices. This indicates that Ca2+ and Mg2+ in these brackish

groundwater are being replaced by Na+ and K+ in aquifers, i.e.,

direct cation exchange. Positive chlor-alkaline indices account for

72.2% in summer and 44.4% in winter of saline groundwater,

indicating the reverse cation exchange occurs during seawater

intrusion for these saline samples (Appelo and Postma, 2006;

Giménez-Forcada, 2010). For the whole year, negative chlor-

alkaline indices have a slight advantage than the positive ones, as

the percentage of negative ones accounts for 56.4% of the total

groundwater samples.

The HFE-D was plotted to further investigate the cation-

exchange process during seawater intrusion and freshening

(Figure 7). Here, freshwater belong to Ca-HCO3 facies (13), and

seawater correspond to Na-Cl facies (4). In summer (Figure 7A),

about 41.5% of total water samples follow the mixing line,

suggesting an ideal mixing between freshwater and seawater

without ionic exchange for these samples. Most saline

groundwater samples, represented by G20, G29, and G31, exhibit

compositions following Trend 1. Particularly, the proportion of Na+

+K+ and Ca2+ of the groundwater sample G19 is 33.4% and 27.2%,

respectively. It is very close to the Ca-Cl facies, implying the
TABLE 2 Weights of evaluation indices.

Evaluation
indices

Cl-

(mg/L)
TDS

(mg/L)
SAR R

SO4
2-

(mg/L)

weight 0.148 0.147 0.230 0.153 0.323
FIGURE 4

Distribution of GQISWI in summer of Cangzhou, China.
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advance of the saline front, the same as that shown in Figure 4.

Besides, about 42.4% of the total groundwater samples exhibit

compositions following Trend 2, i.e., the freshening process. The

Na-HCO3 facies is observed at G2, G3 and G6, indicative of the

evident direct cation exchange reactions during the freshening

phase. This further proves the result from Figure 6F. In winter

(Figure 7B), about 18.2% of groundwater samples follow the mixing

line. Three water samples D21, D59, and D63, exhibit significant

intrusion trend. Particularly, the proportion of Ca2+ and Cl- of D59

is 34.8% and 56.9%, respectively. Therefore, it obviously belongs to

the Ca-Cl facies, the same as the result from Piper diagram. Besides,

about 54.5% of the groundwater samples follow the freshening
Frontiers in Marine Science 08
trend, but without obvious Na-HCO3 facies compared to the

summer campaign.

The occurrence of groundwater freshening is based on the

existing saline groundwater and soil. As indicated by Figure 2, the

density difference between upper saline water and deep fresh water

drive the saline water moving downward. This process has become

more active under the influence of extracting deep groundwater. As

a result, the upper shallow groundwater is becoming fresher (Guo

et al., 1995). Also, due to the influence of historical transgressions,

there are remains of transgressions preserving in this area, including

marine evaporate sources or marine strata. This provided Na-rich

soil such as sodium-montmorillonite. It has been reported that the
TABLE 3 Attribute measure and seawater intrusion grades.

No.
Attribute measure

Grade Eigenvalue qxi No.
Attribute measure

Grade Eigenvalue qxi
I II III I II III

G1 0.169 0.154 0.677 III 1.492 G18 0.000 0.066 0.934 III 1.066

G2 0.320 0.377 0.303 II 2.017 G19 0.000 0.738 0.262 II 1.738

G3 0.713 0.273 0.014 I 2.699 G20 0.323 0.000 0.677 III 1.646

G4 0.202 0.628 0.170 II 2.032 G21 0.000 0.000 1.000 III 1.000

G5 0.111 0.555 0.333 II 1.778 G22 0.000 0.317 0.683 III 1.317

G6 0.580 0.335 0.085 II 2.494 G23 0.000 0.092 0.908 III 1.092

G7 0.108 0.272 0.621 III 1.487 G24 0.000 0.000 1.000 III 1.000

G8 0.124 0.428 0.448 III 1.676 G25 0.000 0.387 0.613 III 1.387

G9 0.171 0.726 0.103 II 2.067 G26 0.000 0.098 0.902 III 1.098

G10 0.164 0.745 0.091 II 2.073 G27 0.000 0.103 0.897 III 1.103

G11 0.106 0.409 0.485 III 1.622 G28 0.000 0.000 1.000 III 1.000

G12 0.109 0.485 0.406 III 1.703 G29 0.000 0.000 1.000 III 1.000

G13 0.000 0.531 0.469 III 1.531 G30 0.000 0.427 0.573 III 1.427

G14 0.000 0.369 0.631 III 1.369 G31 0.000 0.000 1.000 III 1.000

G15 0.000 0.125 0.875 III 1.125 G32 0.000 0.000 1.000 III 1.000

G16 0.000 0.193 0.807 III 1.193 G33 0.000 0.000 1.000 III 1.000

G17 0.252 0.330 0.417 III 1.835

D13 0.000 0.000 1.000 III 1.000 D57 0.000 0.298 0.702 III 1.298

D21 0.000 0.508 0.492 III 1.508 D58 0.000 0.422 0.578 III 1.422

D22 0.000 0.252 0.748 III 1.252 D59 0.020 0.444 0.536 III 1.484

D23 0.000 0.235 0.765 III 1.235 D60 0.150 0.461 0.389 III 1.761

D33 0.312 0.269 0.419 III 1.893 D61 0.000 0.330 0.670 III 1.330

D51 0.016 0.369 0.615 III 1.401 D62 0.000 0.002 0.998 III 1.002

D52 0.395 0.531 0.074 II 2.321 D63 0.108 0.801 0.091 II 2.016

D53 0.038 0.601 0.362 III 1.676 D64 0.000 0.450 0.550 III 1.450

D54 0.000 0.296 0.704 III 1.296 D11 0.000 0.447 0.553 III 1.447

D55 0.000 0.460 0.540 III 1.460 D12 0.000 0.505 0.495 III 1.505

D56 0.059 0.521 0.421 III 1.638 D32 0.000 0.350 0.650 III 1.350
groundwater sampling points starting with “G” denote groundwater samples collected in summer, and “D” means groundwater samples collected in winter.
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main cation of the saline soil in the coastal plain of Cangzhou is Na+

(He et al., 2021). In recent years, the government has implemented

the South-to-North water diversion project and restricted

groundwater extractions. Thus, local people generally use

delivered surface water for irrigation nowadays. The Ca-HCO3

river water continuously recharges Ca2+ to groundwater. The

excess Ca2+ and the widespread Na-rich soil together trigger the

direct cation exchange.

The mineral saturation index (SI) is calculated through

PHREEQC to determine the dissolution or precipitation of

minerals. It is usually supposed that values in the ±0.5 range

approximate equilibrium status. Figures 8A and B shows that the

maximum value for the calculated SI of halite and gypsum is -2.75

and -1.17, respectively, indicating a subsaturation state for the two

minerals. This means that groundwater is available to continue

dissolving these two minerals from the matrix, and they do not

precipitate out of the solution even under the strong effects of

evaporation. Figures 8C and D show that the minimum SI value of

dolomite and calcite is 1.03 and 0.21, respectively, indicating that

they are in an oversaturated state and have a tendency to precipitate,

which further aggravates soil hardening. These results agree with

the research by Xu et al. (2009).
4.2 Comparison between
different methods

Figure 9 shows the percentage of groundwater salinization

degree identified by different methods. In summer (Figure 9A),

the consistency between the ARMEW and the evaluation method
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based on single index of Cl- is 60.6%, and that between the

ARMEW and the GQISWI index method is 45.5%. The latter two

methods gave the same evaluation result for Grade I, and their

percentages are less than that estimated by the Cl- index.

The percentage of Grade II determined by the ARMEW is

smaller than those determined by the other two methods. The

percentage of Grade III determined by the ARMEW is the

largest among the three methods. In winter (Figure 9B), for Cl-

and GQISWI index, the percentage of Grade II has increased by 33.3

and 19.7%, respectively, compared to that in summer. The

decrease in the percentage of Grade III identified by these two

methods is due to the lack of corresponding sampling points in the

eastern part of the study area in the winter campaign. For the result

of ARMEW, the percentage of Grade III has increased by 15.1%

compared to that in summer. Again, the groundwater salinization

degree evaluated by the ARMEW is the highest among the

three methods.

Figure 10 shows the spatial distributions of groundwater

salinization in Cangzhou based on Cl- and the ARMEW in

summer. It can be seen that the salinization grade generally

increases from inland to coast. Combined with Figure 4, the

evaluation method based on Cl- gives the largest area of Grade I.

The GQISWI index shows the largest area of Grade II, and

ARMEW presents the largest area of Grade III. In the west of the

study area, although Cl- content is small, TDS or SO4
2 value has

reached the level of minor salinization (TDS>1 g/L or SO4
2 >100

mg/L, Table 1), and thus it belongs to Grade II in Figure 10B. In the

middle of this area, although Cl- content is smaller than 1 g/L, most

samples including G7, G11, G16, G22, G23, and G27 have a SAR

value higher than 6.7, which reaches the level of serious salinization.
BA

FIGURE 5

Variation of Na+/(Na++Ca2+) (A) and Cl-/(Cl-+HCO3-) (B) as a function of TDS. Solid symbols denote water samples collected in summer and hollow
symbols denote groundwater samples collected in winter.
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All the three methods demonstrate a serious salinization in the east

of this area, at least including G15, G28, G29, G31~33.

The spatial distributions of groundwater salinization identified by

different methods in winter are given in Supplementary Figure S1.

Similar to the result of Figure 10, the GQISWI index shows the largest

area of Grade II, and ARMEW presents the largest area of Grade III.

In winter, instead of higher SAR values in summer, the higher grade

identified by ARMEW is mainly due to large values of SO4
2- in 81.8%

water samples, which exceeds the threshold of 300 mg/L.
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5 Conclusions

This study investigated the hydrogeochemical characterization

of shallow groundwater and evaluated the groundwater salinization

status in both wet and dry seasons in Cangzhou, China. Through

the Piper and Gibbs diagrams, the water type and evolution

mechanisms of groundwater were analyzed. The groundwater

salinization status was determined by both the GQISWI index and

the ARMEW. The trend of de-salinization or salinization of
B

C D

E F

A

FIGURE 6

Plots of major ions vs. Cl− (A–E), and (F) CAI-II vs. CAI-I. Solid symbols denote groundwater samples collected in summer and hollow symbols
denote groundwater samples collected in winter.
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groundwater in this region was determined through the HFE-D.

The main conclusions include:
Fron
(1) The hydrochemical types in this area are characterized by

Cl-Na and Cl-Ca·Mg. The Gibbs diagram illustrates that the

evaporation-crystallization process has significant influence

on the evolution of saline groundwater.

(2) Values of GQISWI range from 20.47 to 75.38 with an

average of 59.31 in summer. The GQISWI gradually

increases from east to west. That is, the degree of

groundwater salinization is gradually alleviated from coast

to inland. In winter (dry season), values of GQISWI range
tiers in Marine Science 11
from 54.47 to 79.09 with an average of 66.00, slightly higher

than that in summer.

(3) The proportion of no salinization (Grade I), minor

salinization (Grade II) and serious salinization (Grade III)

in groundwater samples in summer identified by the

ARMEW is 3.0%, 21.2% and 75.8%, respectively. In

winter, the proportion is 9.1% for Grade II and 90.9% for

Grade III.

(4) For the whole year, negative chlor-alkaline indices have a

slight advantage than the positive ones. The HFE-D

diagram reveal that in summer most brackish

groundwater exhibit compositions of the freshening stage
BA

FIGURE 7

The HFE-D of shallow groundwater in summer (A) and winter (B) of Cangzhou.
B

C D

A

FIGURE 8

Plots of SI for halite (A), gypsum (B), dolomite (C) and calcite (D) vs. ion concentrations of groundwater. Solid symbols denote groundwater samples
collected in summer and hollow symbols denote groundwater samples collected in winter.
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with direct cation exchange, and most saline groundwater is

mainly at the seawater intrusion stage with reverse cation

exchange. In winter, compared to the wet summer season,

more groundwater samples in the middle of study area

exhibit intrusion trend, and without obvious Na-

HCO3 facies.

(5) Comparison between different methods stresses that the

GQISWI index shows the largest area of Grade II, and

ARMEW presents the largest area of Grade III in both

seasons. That is, compared with GQISWI index, ARMEW

model gives more conservative evaluation results of

groundwater salinization.
This study only analyze the recent status of groundwater salinity

distribution. Driven by different factors, the groundwater

salinization degree may fluctuate. Since the 1970s and 1980s,

large quantities of deep fresh groundwater has been exploited in

this area until more than a decade ago, when the government

implemented the policies of limited groundwater mining and

South-to-North water diversion project. How these human

activities have affected the dynamics of groundwater salinity in

recent decades remains to be further explored. In addition, this
tiers in Marine Science 12
study only focuses on shallow groundwater, and future studies can

evaluate deep groundwater salinization and its vertical connection

with shallow groundwater. In spite of these shortcomings, the

research results of this study are helpful for evaluating

groundwater salinity degree, for understanding the characteristics

and evolution mechanisms of brackish and saline groundwater in

this area, and for the subsequent research on salinity dynamics.
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