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Preface

Groundwater is the most abundant freshwater resource available on Earth. Today, coastal

aquifers, regarded as the nexus of ocean and terrestrial hydrologic ecosystems, provide an available

groundwater resource for one billion people worldwide, as well as social and economic development

in coastal areas. However, knowledge on the current status of groundwater chemistry and quality

in coastal areas is limited. This constrains the utility of groundwater resources in coastal areas

and hinders their social and economic development. Therefore, this reprint presents a vast array

of information on regional groundwater chemistry and quality in coastal areas in ocean countries,

including China, Pakistan, and Egypt. We hope that it will be a useful reference for related readers,

hydrogeologists, and departments of water resources’ development and utilization.

Guanxing Huang and Liangping Li

Editors

ix





Citation: Huang, G.; Li, L.

Groundwater Chemistry and Quality

in Coastal Aquifers. Water 2024, 16,

2041. https://doi.org/10.3390/

w16142041

Received: 8 July 2024

Accepted: 12 July 2024

Published: 19 July 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Editorial

Groundwater Chemistry and Quality in Coastal Aquifers
Guanxing Huang 1,2,* and Liangping Li 3

1 Institute of Hydrogeology and Environmental Geology, Chinese Academy of Geological Sciences,
Shijiazhuang 050061, China

2 Fujian Provincial Key Laboratory of Water Cycling and Eco-Geological Processes, Xiamen 361024, China
3 Department of Geology and Geological Engineering, South Dakota School of Mines and Technology,

Rapid City, SD 57701, USA; liangping.li@sdsmt.edu
* Correspondence: huangguanxing2004@126.com

1. Introduction

Groundwater is the most abundant freshwater resource available on earth, and it
accounts for more than 95% of all liquid freshwater [1,2]. This freshwater resource is
important for coastal areas where it is commonly regarded as the center of social and eco-
nomic development because the availability of water resources constrains socio-economic
development in these areas [3]. It is reported that coastal aquifers are a nexus of the ocean,
and terrestrial hydrologic ecosystems provide groundwater resources for about one billion
people worldwide as well as social and economic development in coastal areas [4]. There is
a direct connection between the stores of available freshwater provided by groundwater
and their status in terms of quality because the good quality provided by groundwater is
critical for sustaining agriculture, industries, and drinking water services [5,6]. We need
to improve our knowledge of groundwater quality if we are to use groundwater sustain-
ably and not further burden future generations by limiting resources and/or increasing
treatment costs [7]. Therefore, understanding the status and challenges of groundwater
quality to support sustainable water supply is fundamental to reaching key Sustainable
Development Goals (SDGs) in coastal areas.

Two groups of chemical components threaten groundwater quality. One includes
geogenic contaminants, such as arsenic, fluoride, and iodide [8,9]. Another is human-
induced pollutants, such as nitrate and organic pollutants [10,11]. Both of them influence
groundwater quality and are often complicated because of complex geological settings and
anthropogenic factors. In recent decades, land use transformation from agricultural and
natural ecosystems to urbanization accompanied by various human activities has intensified
the complexity of groundwater chemistry and quality in global coastal areas [12,13]. For
instance, large-scale urban agglomerations, such as the Yangtze River Delta (YRD) and
Pearl River Delta (PRD) megalopolises of China and the Boston–Washington megalopolis
of the United States, are distributed in coastal areas adjacent to the Pacific and Atlantic
oceans, respectively. As a result, in order to reflect recent research advances on groundwater
chemistry and quality in coastal areas, this Special Issue for the journal Water, entitled
Groundwater Chemistry and Quality in Coastal Aquifers, was developed.

2. Advances on Groundwater Chemistry and Quality in Coastal Areas

In order to understand the advances in groundwater chemistry and quality in coastal
areas worldwide, we searched related publications in the Web of Science database using the
following three keywords: groundwater quality, coastal area, and groundwater chemistry
in the coastal area. As shown in Figure 1A, more than two thousand papers related to
groundwater chemistry and quality in coastal areas were published in the last twenty years,
and the annual number of papers has increased rapidly, from around 20 papers in one
year in the early twenty-first century up to nearly 200 papers per year in recent times. All
countries with a high number of papers are adjacent to oceans (Figure 1B). For example, the

Water 2024, 16, 2041. https://doi.org/10.3390/w16142041 https://www.mdpi.com/journal/water1
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three countries with the highest number of papers are India, the USA, and China, which
are adjacent to the Indian Ocean and Pacific Ocean, respectively, and their numbers of
papers have nearly doubled compared to other countries (Figure 1B). This indicates that
India, the USA, and China pay much more attention to groundwater chemistry and quality
in coastal areas than other ocean countries. Correspondingly, this Special Issue mainly
focuses on groundwater chemistry and quality in coastal areas in one of the above countries
(China). In addition, groundwater chemistry and quality in coastal areas of two other ocean
countries, including Pakistan and Egypt, are also mentioned in this Special Issue.
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2.1. Groundwater Chemistry and Quality in Coastal Areas of China

This Special Issue includes 10 papers related to groundwater chemistry and quality
in the coastal areas of China from the south to the northeast. Hainan Island, located at
the most southern point of China and adjacent to the South China Sea, is a well-known
center for tropical agricultural production, but its groundwater quality has received little
attention for a long time. In this Special Issue, Liu et al. (contribution 1) paid attention to
groundwater quality in a typical coastal area dominated by agriculture on Hainan Island.
In order to investigate the occurrence of fluoride in the western coastal area of Hainan
Island and discuss factors affecting groundwater F− contamination in various aquifers
and areas with different land-use types, the authors collected a total of 100 groundwater
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samples in porous and fissured aquifers from this coastal area of Hainan Island in 2022
and analyzed 20 parameters including pH, dissolved oxygen (DO), oxidation-reduction
potential (ORP), total dissolved solids (TDSs), bicarbonate, chloride, sulfate, nitrate, nitrite,
fluoride, potassium, sodium, calcium, magnesium, arsenic, selenium, aluminum, barium,
manganese, and strontium in water samples. Specifically, they depicted the spatial distribu-
tion of groundwater fluoride concentrations in this coastal area of Hainan Island using the
inverse distance weighting method. They revealed that high levels of fluoride in porous
groundwater are mainly attributed to the leaching of fluoride/aluminum-containing min-
erals such as phlogopite and calcite in the vadose zone using principal component analysis
(PCA) and hierarchical cluster analysis (HCA). As a result, the authors recommend that
the use of fluoride-containing fertilizers in the study area should be limited to prevent an
increase in high-fluoride groundwater. This study is the first time to reveal the co-impacts
of anthropogenic and geogenic factors on the occurrence of high-fluoride groundwater in
coastal areas dominated by agriculture on Hainan Island. In addition, a recent publication
pointed out that nitrate was another major groundwater contaminant in coastal areas domi-
nated by agriculture on Hainan Island [14]. Therefore, in coastal areas of Hainan Island,
preventing groundwater contamination of fluoride and nitrate is a major groundwater
quality issue.

The PRD is a large-scale urbanized area, also adjacent to the South China Sea and
located in the Guangdong Province of South China. Unlike Hainan Island, groundwater
chemistry and quality in the PRD has received a lot of attention. During the past two
decades, we investigated the characteristics of groundwater chemistry in granular, fissured,
and karst aquifers of the PRD at a regional scale [13]. We also put forward contamination
patterns of heavy metal(loid)s and organic contaminants in the shallow groundwater of
the PRD [10], revealed the origins and driving mechanisms of iodide-rich, iron-rich, and
aluminum-rich groundwater in the PRD [8,15,16], and investigated the distribution and
origins of groundwater phosphate contamination in the PRD [17]. In addition, Hou et al.
reported the origins and driving mechanisms of elevated manganese concentrations in
shallow groundwater in the PRD [18]. Zhang et al. investigated the distributions and
origins of nitrate, nitrite, and ammonium in various aquifers in the PRD [19]. Zhang et al.
evaluated the shallow groundwater quality in granular, fissured, and karst aquifers of the
PRD using a fuzzy synthetic evaluation method and discussed the driving forces controlling
groundwater quality in these aquifers [5]. However, knowledge of the influence of large-
scale land use conversion on groundwater chemistry and quality in this coastal alluvial
aquifer is still limited, though shallow groundwater in the coastal alluvial aquifer is an
important source of water supply in the PRD. Considering this, in this Special Issue, Liu et al.
(contribution 2) investigated the impact of land use on hydrogeochemical characteristics
and groundwater quality in a coastal alluvial aquifer of the PRD. They collected a total of
149 groundwater samples at once and analyzed 19 physicochemical parameters. Specifically,
75 samples, 46 samples, 25 samples, and 3 samples were collected from urban areas, peri-
urban areas, agricultural areas, as well as the remaining area, respectively. They found
that groundwater chemistry in this coastal alluvial aquifer was dominated by Ca-HCO3
and Ca·Na-HCO3 facies. They also used the fuzzy synthetic evaluation method with the
groundwater quality standards of China to assess groundwater quality in this coastal
alluvial aquifer and reported that the occurrence of poor-quality groundwater in urban
and agricultural areas was more regular than that in peri-urban areas. In addition, they
revealed that groundwater chemistry and quality in this coastal alluvial aquifer of the
PRD were mainly controlled by five factors via the PCA. Therefore, they recommend many
useful suggestions according to these factors to protect groundwater quality in this coastal
alluvial aquifer of the PRD.

On the other hand, we assessed the natural background levels (NBLs) of many con-
taminants such as arsenic, manganese, nitrate, and chloride in the shallow groundwater
of the PRD in recent studies via developing a new preselection method, which consists
of the chloride/bromide mass ratio versus chloride concentration, the oxidation capacity,
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and Grubbs’ test [9,11]. However, knowledge of the NBLs of two other important con-
taminants (e.g., iodide and ammonium) in the groundwater of the PRD is still limited,
though the contamination of these two contaminants was widely distributed in the shal-
low groundwater of the PRD. Therefore, in this Special Issue, Pei et al. (contribution 3)
evaluated the NBLs of these two contaminants in shallow groundwater of the PRD via the
method established by us and discussed the main factors controlling the NBLs of these
two contaminants in groundwater to enhance the knowledge on groundwater NBLs in
the PRD. The authors compared the variation in groundwater iodide and ammonium
concentrations in areas with different land-use types in original and residual datasets to
verify the effectiveness of the used method for assessing the groundwater NBLs of iodide
and ammonium in the PRD. They found that NBLs of iodide and ammonium in shallow
groundwater of the coastal alluvial aquifer were more than twice those in the other three
groundwater units. They revealed the driving forces for controlling higher NBLs of iodide
and ammonium in groundwater of the coastal alluvial aquifer compared with other ground-
water units via the combination of hydrogeological data, land use data, and the PCA with
hydrochemical data.

Fujian Province is located in the southeast of China and is adjacent to the East China
Sea. Similar to Hainan Island, groundwater chemistry and quality in Fujian Province has
received little attention because of its sufficient surface water resources in comparison
with poorer groundwater resources. In this Special Issue, Li et al. (contribution 4) investi-
gated the hydrochemical characteristics of groundwater in a coastal city (Xiamen) of Fujian
Province and analyzed its anthropogenic impacts via statistical analysis methods, such as
the Mahalanobis distance. Moreover, they compared the current status of hydrochemical
characteristics in groundwater in Xiamen City to the historic hydrochemical characteris-
tics of 1993 and found that six new groundwater contaminants, including nitrate, lead,
ammonium, aluminum, nitrite, and copper, had increased during the past two decades,
and the number of hydrochemical facies in groundwater rose from 19 to 28, such as the
occurrence of NO3 facies and the increase in Cl and SO4 facies. In addition, the authors
highlighted that the Mahalanobis distance method is useful for identifying hydrogeochemi-
cal anomalies and determining the intensity of anthropogenic influences on groundwater at
regional scales.

The Yangtze River Delta (YRD) is also a large-scale urbanized area and is adjacent
to the East China Sea. Unlike the PRD, many concerns over groundwater chemistry and
quality in the YRD still remain unclear. In this Special Issue, Chen et al. (contribution 5)
investigated the hydrochemical characteristics of groundwater in a pilot promoter region
of the YRD (southeast of the Taihu Lake) and used the absolute principal component score–
multiple linear regression (APCS-MLR) model to evaluate the groundwater quality in this
area. Briefly, the authors collected groundwater samples from 84 sampling sites in June
2020/2021 and analyzed 16 hydrochemical parameters, including pH, DO, TDS, chloride,
sulfate, nitrate, nitrite, ammonium, potassium, sodium, calcium, magnesium, manganese,
total phosphorus, iodine, and antimony, in these samples. They used the PCA to identify
the potential natural and anthropogenic factors impacting groundwater quality. In addition,
they used the APCS-MLR model to quantify the contribution of factors for groundwater
quality in the pilot promoter region of the YRD. They highlighted that groundwater quality
in this region is mainly contaminated by industrial effluent and agricultural activities rather
than domestic sewage.

Hebei Province is located in the east of China and is adjacent to the Bohai Sea. Similar
to the PRD, groundwater chemistry and quality in Hebei Province has received a lot of
attention because of the importance of groundwater resources for water supply in this
area. Meanwhile, this Special Issue has four papers related to groundwater chemistry
and quality in Hebei Province. For example, Qian et al. (contribution 6) investigated the
current status of hydrogeochemical characteristics and groundwater quality in the Hebei
Plain because of the strong impact of human activities on groundwater in this area. They
collected a total of 54 groundwater samples, including 35 shallow and 19 deep samples,
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from the Piedmont Plain to the littoral plain and analyzed 31 hydrochemical parameters
in these water samples. They found that the quality of deep groundwater was better than
the shallow samples according to the fuzzy synthetic evaluation method and suggested
that deep groundwater is more suitable for drinking purposes in comparison with shallow
groundwater in the Hebei Plain. They revealed the factors controlling groundwater quality
using PCA and pointed out that shallow groundwater quality is mainly controlled by
five factors, including the water–rock interaction, marine geogenic sources, agricultural
pollution, acidification, and the reductive environment, while deep groundwater quality
is mainly controlled by three factors, including the water–rock interaction and redox
processes, agricultural pollution, and the input of external water. Furthermore, Qian et al.
(contribution 7) also investigated the distribution and origins of groundwater total hardness
(TH) in various sub-plains and different land-use areas of the Hebei Plain on the basis of
analyzing 445 groundwater samples because the current status of TH-rich groundwater in
the Hebei Plain is still unclear. They found that TH-rich shallow groundwater is mainly
distributed in central and littoral plains rather than the Piedmont Plain, while TH-rich deep
groundwater mainly occurs in the central plain. They also found that TH-rich groundwater
in agricultural areas in the central plain is higher than that in rural areas, but this is the
opposite case in the littoral plain. In addition, the authors revealed the driving factors
controlling TH-rich groundwater in both central and littoral plains using the PCA and
Gibbs diagram. According to these driving factors, the authors recommended restricting
the use of nitrogenous fertilizers to limit groundwater hardness concentrations in the Hebei
Plain. Unlike the above two papers, which focus on groundwater chemistry and quality in
Hebei Plain at regional scales, Yuan et al. (contribution 8) investigated the distribution of
groundwater chemistry and quality in a drinking water area (Hutuo River) of the Piedmont
Plain in the Hebei Plain at a site scale with a sampling density of more than 60 groundwater
samples/100 km2 because knowledge on groundwater chemistry and quality at different
scales is often distinct. The authors reported that groundwater chemistry in the Hutuo
River drinking water area is mainly controlled by the water–rock interaction. They assessed
groundwater quality using the entropy-weighted water quality index and pointed out
that approximately 99.4% of groundwater samples in the Hutuo River drinking water
area are suitable for drinking purposes. This indicates that groundwater quality in the
Hutuo River drinking water area is better than that in the entire Hebei Plain. In addition,
unlike the above three papers, which focus on groundwater chemistry and quality in the
Hebei Plain, Gao et al. (contribution 9) focused on groundwater chemistry and quality
in the hilly area of Hebei Province. They investigated the hydrochemical characteristics
of groundwater (dominated by karst aquifers) in the Heilongdong Spring Basin in the
Taihang Mountain of Hebei Province using two batches of samples (2013 and 2019). They
revealed that groundwater nitrate and chloride contamination occurred in runoff and
discharge areas in the Heilongdong Spring Basin because of domestic sewage leakage and
agricultural activities.

Heilongjiang Province is located in the northeast of China and is near the Japan Sea.
Similar to Hebei Province, groundwater chemistry and quality in Heilongjiang Province
has also received a lot of attention because it includes many large-scale plains (e.g., Songnen
Plain, Muling–Xingkai Plain) with abundant groundwater resources. In this Special Issue,
Su et al. (contribution 10) focused on groundwater chemistry in the Muling–Xingkai Plain of
Heilongjiang Province. They investigated the characteristics and evolution of groundwater
chemistry in the Muling–Xingkai Plain by analyzing 164 groundwater samples collected in
2016–2018. They found that groundwater chemistry in this area is mainly controlled by the
dissolution of silicate and carbonate minerals and the infiltration of domestic sewage, and
the latter is mainly responsible for the elevated nitrate, chloride, and sulfate concentrations
found in shallow groundwater. Thus, they recommended that deep groundwater below
80 m in this area is suitable for water supply.
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2.2. Groundwater Chemistry and Quality in Coastal Areas of Pakistan

Sindh is located in the south of Pakistan and is adjacent to the Arabian Sea. In this
Special Issue, Landar et al. (contribution 11) focused on groundwater quality in Sindh
and evaluated the groundwater quality in the Sanghar district of Sindh by collecting
74 groundwater samples and analyzing 26 chemical parameters in these samples. The
authors found that six contaminants, including chromium, lead, nickel, cadmium, arsenic,
and fluoride, in groundwater samples in the Sanghar district exceeded the allowable limits
recommended by the World Health Organization (WHO). They used the water quality index
to assess groundwater quality and found that approximately 77% of groundwater samples
had excellent-to-good water quality. They also reported that about 89% of groundwater
samples with a low contamination index (<3) of cadmium were suitable for drinking
purposes. Moreover, the authors assessed the human health risk of groundwater by
calculating chronic daily intake indices (CDIs) and hazard quotient indices (HQIs) and
found that only CDI values of lead in a few groundwater samples were above one, and HQ
values of lead and cadmium in some groundwater samples were unsafe for human health,
while others were safe. In addition, they also used other methods, such as the sodium
adsorption ratio (SAR), to assess groundwater quality for irrigation purposes.

2.3. Groundwater Chemistry and Quality in Coastal Areas of Egypt

The West Nile Delta (WND) is located in the northwest of Egypt and is adjacent to
the Mediterranean Sea. In this Special Issue, Hasan et al. (contribution 12) focused on
groundwater chemistry and quality in the WND using integrated statistical and graphical
techniques. They collected 75 groundwater samples from quaternary aquifers in the WND
in 2018 and analyzed 16 chemical parameters in water samples. They used the HCA to
divide groundwater samples into four groups and revealed that groundwater chemistry in
two groups located to the north of the study area near the Mediterranean Sea was mainly
controlled by the evaporation process, seawater intrusion, and ion exchange. They also
pointed out that groundwater chemistry in the other two groups, relatively far from the
Mediterranean Sea, was mainly affected by the weathering of silicate minerals and the
dissolution of carbonate minerals. In addition, they highlighted saltwater intrusion in this
coastal aquifer.

3. Conclusions

This editorial introduces the foundation of the current Special Issue, Groundwater
Chemistry and Quality in Coastal Aquifers, which briefly reviewed recent research advances in
groundwater chemistry and quality in coastal areas and summarizes the main contribution
of published papers in this Special Issue. Specifically, this Special Issue reported the status
and factors controlling regional groundwater chemistry and quality in eight coastal areas
related to three countries, including China, Pakistan, and Egypt. Most papers in this Special
Issue used some multivariate statistical techniques, such as PCA and HCA, to enhance
their understanding of the factors controlling groundwater chemistry and quality, and only
a few papers used some relatively new methods such as the APCS-MLR model. Most of
them revealed that agricultural contamination is a main anthropogenic factor influencing
groundwater chemistry and quality in coastal areas, especially in areas dominated by
agriculture. The infiltration of domestic sewage and industrial wastewater is another major
anthropogenic factor affecting groundwater chemistry and quality in coastal urbanized
areas, such as the PRD and YRD. Nitrate contamination and seawater intrusion are also
two widespread issues regarding groundwater quality in coastal areas regardless of or-
ganic contamination. Therefore, in the future, we should focus on the treatment of nitrate
contamination and seawater intrusion in the groundwater of coastal areas. New statistical
techniques should be adopted and used to enhance the knowledge of groundwater chem-
istry and quality in coastal aquifers. Organic contaminants in groundwater in coastal areas,
especially in coastal urbanized areas, should not be ignored.
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Abstract: Hainan, a well-known center of tropical agricultural production in south China, has
received little attention regarding groundwater fluoride contamination. This study investigates the
occurrence of fluoride in the western coastal area of Hainan Island and discusses factors affecting
groundwater fluoride contamination in various aquifers and areas with different land-use types
using hydrochemistry and multivariate statistical analysis. A total of 100 groundwater samples were
collected from the western coastal area of Hainan Island. The results show that the groundwater
fluoride concentration is as high as 4.18 mg/L and that F−-high (>1 mg/L) groundwater accounts for
9% of total groundwater. The proportion of F−-high fissure water is about two times that of F−-high
pore water. Among the different land-use types, the proportion of F−-high groundwater from highest
to lowest is as follows: bare land > cultivated land > woodland > construction land > grassland. The
main factor affecting fluoride in pore water is the leaching of fluorine/aluminum-containing minerals
such as phlogopite and calcite in the vadose zone, which is characterized by the co-enrichment of
fluoride and aluminum in pore water. The leading cause of fluoride in fissure water is the leaching of
fluorine-containing fertilizers, and continuous irrigation promotes the cation exchange of sodium,
strontium, and calcium, which is characterized by the co-enrichment of fluoride with sodium and
strontium in fissure water. Consequently, it is advised to minimize the excessive use of fluoride
fertilizers and increase groundwater quality monitoring in order to decrease the emergence of F−-high
groundwater in the western coastal area of Hainan Island.

Keywords: fluoride; groundwater; occurrence; factors; Hainan Island

1. Introduction

Groundwater is a precious resource that provides drinking water for about 50% of the
world’s population [1–3]. In China, about one-third of water resources are groundwater,
70% of Chinese citizens drink groundwater, and 90% of urban domestic and industrial water
depends on groundwater [4]. Therefore, groundwater is essential for sustaining human life,
social progress, and the environment [5–7]. However, there has been a significant issue with
groundwater quality in recent years. Fluoride is a common groundwater pollutant, and
one study estimates that 200 million people worldwide are at risk of suffering groundwater
fluorosis [8]. In China, thirty provinces (cities and districts) are affected by groundwater
fluoride poisoning; most of these areas are located in the north, including areas such as the
Songnen Plain, the North China Plain, and the Hexi Corridor Basin [4]. Long-term exposure
to groundwater with a high fluoride level can impact a person’s teeth, bones, and neurological
system as well as induce symptoms of nausea, diarrhea, and abdominal pain [8,9]. Due to its
high toxicity, fluoride poses a serious risk to human health even at very low concentrations [8].

Groundwater quality issues in Hainan Island, China’s southernmost island, have previ-
ously received little attention. It is important to note that groundwater fluoride pollution
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in southern China, particularly in coastal areas, is frequently disregarded. Hainan Island
is China’s primary production base for tropical agriculture. On the one hand, the need
for water resources for the socioeconomic growth of Hainan Province as a pilot free trade
zone is increasing, and groundwater supplies are becoming a crucial issue. On the other
hand, the standards for building a sustainable civilization are improving. To successfully
support the ecological growth of civilization and groundwater safety in Hainan Province,
it is necessary to identify the issues with groundwater quality. According to the results
of the “Groundwater Resources Investigation and Evaluation Report of Hainan Province”
implemented in 2021, the groundwater on Hainan Island shows significant nitrate pollution.
However, the impact of fluoride on groundwater quality is still unclear. As a result, it is
necessary to identify the status of fluoride contamination in groundwater on Hainan Island.

This study intends to (i) describe the concentration of fluoride in groundwater in various
aquifers and land-use types in the western coastal area of Hainan Island, China; (ii) delineate
the spatial distribution of fluoride; and (iii) discuss the factors affecting fluoride concentrations
in various aquifers and land-use types. The findings provide a scientific foundation for
groundwater pollution prevention and control on Hainan Island as well as a guide for
managing groundwater resources on other sizable tropical islands around the world that are
comparable to Hainan Island. The results reveal for the first time the occurrence of and factors
affecting fluoride in groundwater in the western coastal area of Hainan Island.

2. Study Area
2.1. Geographical Overview and Land-Use Types

Hainan Island is located in the south of China. The study area covers about 900 km2

and is located in the NW coastal area of Hainan Island (108◦37′–108◦59′ E, 19◦9–19◦30′71 N)
and includes the six major towns: Sigeng, Changhua, Haiwei, Shiyuetian, Wulie, and Sanjia
(Figure 1). The mean elevations of the western and eastern parts of the study area are
about 15 m and 150 m, respectively. Based on remote sensing interpretation, the land-use
types in the study area were divided into seven main categories, namely, water bodies, bare
land, cultivated land, construction land, grassland, shrubs, and trees. In this case, shrubs
and trees were defined as woodland. By area estimates, woodland and grassland account
for the largest share of land-use types, followed by construction land and cultivated land
accounting for 20% and 10%, respectively; water bodies and bare land account for the
least share. Woodland and grassland are mainly distributed in the mountainous areas of
Changhua Daling and Sanjialing, construction land is mainly distributed on both sides of
the downstream regions of the Changhua River and Sigeng town, and cultivated land is
sporadically distributed across the whole district (Figure S1).

Figure 1. Hydrogeological division and sampling sites in the western coastal area of Hainan Island.
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2.2. Geological and Hydrogeological Conditions

The study area is dominated by Middle Proterozoic, Silurian, Carboniferous, Creta-
ceous, and Quaternary strata in addition to a large distribution of intrusive rocks (Figure S2).
Among them, the rock types are mainly biotite plagioclase gneiss, mixed granodiorite, meta-
morphosed quartz sandstone, sericite slate interbedded with tuff lenses, sericite kyanite,
quartz sandstone, silty sandstone, and conglomerate. The acidic-medium acidic intrusive
rocks are mainly black mica granite. The lithology of the Quaternary is mainly gravel, sand,
clay, and beach rock. The topography of the study area is generally high in the east and
low in the west, sloping from east to west. The coastal plains in the west and the mountain
plains in the east account for more than 40% of the area, while the rest of the area comprises
terraces and hilly areas, mostly distributed in the town of Changhua and the border areas
of Haiwei, Shiyuetian, and Wulie. Groundwater in the study area is divided into two
categories: pore water of the loose rock type of the Quaternary and bedrock fissure water
(Figure 1). A loose rock aquifer is distributed mainly in the coastal accumulation layer, the
river alluvial deposit, and the mountain front erosion accumulation layer. The lithology
is mainly shell-containing medium-fine sand, gravelly sandy soil, medium-coarse sand,
sand, and gravel (Figure S1). The thickness of the aquifer is about 5–15 m and the depth
of the water table is 0–2 m. According to the Hainan Island Uniform Survey Report, the
specific yield of the medium sand is about 0.2, and the recharge coefficient of precipitation
is about 0.471. Furthermore, the area is well watered, and the water yield properties are
50–150 m3/d and 150–1000 m3/d. The bedrock fissure water is mainly distributed in the
Changhua Daling and Sanjialing mountainous areas, with loose stratum lithology and high
permeability. However, the groundwater is poorly enriched, and the water yield property
is less than 50 m3/d. In addition, the annual average precipitation and evaporation in the
study area are 1150 mm and 2419 mm, respectively. Moreover, the groundwater in the
area is mainly recharged by precipitation and discharged by springs or evaporation. In the
Piedmont area, the water table depth of unconfined water is generally higher than that of
the confined water, resulting in lateral recharge of confined water by unconfined water.

3. Materials and Methods
3.1. Sampling and Analysis

A total of 100 groundwater samples including 51 pore water (PW) and 49 fissure
water (FW) were collected in the study area in 2022 (Figure 1). They were collected at a
density of 8–12 per 100 km2 in the plains areas and 3–6 per 100 km2 in the hilly areas. The
samples were stored at a low temperature (4 ◦C) and sent to the laboratory for testing. pH,
dissolved oxygen (DO), and the oxidation–reduction potential (ORP) were tested using a
multi-parameter water quality tester (DZB-712F) at the sampling site after calibration of the
instrument. HCO3

− was measured by the titration method; NH4
+ by ion chromatography

(AQ-1100 ion chromatograph); F−, NO3
−, Cl−, and SO4

2− by ion chromatography (ion
chromatography Aqion); NO2

− by spectrophotometry (visible spectrophotometer 721N);
total dissolved solids (TDS) by the weighing method (analytical balance SQP); arsenic (As)
and selenium (Se) by the atomic fluorescence method (atomic fluorescence photometer
AFS-9800); and K+, Na+, Ca2+, Mg2+, aluminum (Al), barium (Ba), manganese (Mn), and
strontium (Sr) by inductively coupled plasma emission spectrometry (inductively coupled
plasma emission spectrometer ICAP6300). Quality control of the water sample testing was
implemented using blank samples, parallel samples, and spiked samples. Among them,
the blank and parallel samples accounted for 10–30% of each batch of samples, the blank
samples were detected, and the parallel samples were qualified. The recoveries of the
spiked samples were 86–113%, which were also within the qualified range of 80–120%.

3.2. Inverse Distance Weighting (IDW) Method

The inverse distance weighting method is a simple and common spatial interpolation
method, which is based on the principle that the closer the distance between two sample
points is, the more similar the properties. It takes the distance between the point to be
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estimated and the known sample point as the weight for the weighted average, and the
closer the sample point to be estimated is, the greater the weight given to the sample point.
The brief steps are as follows: (i) determine the location to be interpolated and the location
of the known sample points, and calculate the weight of each sample point based on the
distance between the location to be interpolated and the known sample points; and (ii) use
the weight of each sample point to perform a weighted average of its function value to
obtain the interpolation result.

3.3. Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA)

The principal component analysis (PCA) method extracts the principal factor variables
(PCs) by retaining the most important features of the high-dimensional raw data through
the concept of dimensionality reduction. The rotation of principal factors is performed
by the Varimax method. The principal factors with eigenvalues > 1 are retained for analy-
sis [10]. Hierarchical cluster analysis (HCA) is another multivariate statistical technique for
analyzing multidimensional water chemistry datasets [11]. Its main concept is to cluster
variables that are close to each other into classes first and those that are farther away into
classes later, in order, until each variable is grouped into the appropriate class according to
its distance. It can group chemical components of different origins and hydrogeochemical
behavior [11]. In this study, principal component analysis and hierarchical cluster analysis
were performed using SPSS® version 23.0 software (IBM Corp., Armonk, NY, USA).

4. Results
4.1. Fluoride Concentrations in Different Aquifers and Land-Use Types

As shown in Figure 2 and Table S1, a wide range of groundwater F− concentrations in
the western coastal area of Hainan Island from below the detection limit (<DL) to 4.18 mg/L
were found. F−-high groundwater accounted for 9% of the total groundwater in the western
coastal area of Hainan Island. The F− concentrations of PW and FW ranged from <DL
to 1.42 mg/L and <DL to 4.18 mg/L, respectively. The maximum concentration of F− in
FW was about three times that in PW. The mean value of F− in FW was 0.58 mg/L, which
was 2.3 times that in PW. Moreover, the F− coefficients of variation (CVs) in PW and FW
were 0.68 and 0.56 (Table S1), respectively, indicating that they have a more uniform spatial
distribution of fluoride concentrations. The proportion of F−-high groundwater (PFHG) in
FW was 12.2%, which was about 2 times that in PW.

Figure 2. Groundwater fluoride concentrations in various aquifers and land-use types.

12



Water 2023, 15, 3678

The fluoride concentrations in different land-use types are also shown in Figure 2.
The F− concentrations of PW in construction land, cultivated land, woodland, grassland,
and bare land ranged from <DL to 1.29, <DL to 1.42, <DL to 1.02, <DL to 0.39, and 0.09
to 0.62 mg/L, respectively. In PW, the highest mean F− concentration occurred in bare
land, followed by cultivated land, construction land, woodland, and grassland. Compared
to the CVs for other land-use types, the CVs for construction land and bare land were
closer to 1, indicating a relatively high spatial dispersion of fluoride in construction land
and bare land (Table S1). The PFHG values of woodland and cultivated land were the
highest, with values of 11.1% and 10%, respectively, which were about 2.5 times that
of construction land. However, there was no F−-high groundwater in grassland and
bare land (Figure 3). In FW, the F− concentrations in construction land, cultivated land,
woodland, and grassland ranged from <DL to 3.11, <DL to 3.09, <DL to 1.85, and <DL to
1.49 mg/L, respectively. The mean F− concentration in construction land was 0.72 mg/L,
while cultivated land, woodland, and grassland had relatively lower mean values of
0.66, 0.38, and 0.39 mg/L, respectively. The CV of grassland in FW was higher than that
in construction land, cultivated land, and woodland (Table S1), indicating that the F−

concentration distribution in FW in grassland was relatively more discrete. Except for bare
land (not statistically significant, as there was only one data point), the PFHG of cultivated
land was the highest, with a value of 20%, which was about two times that of cultivated
land and about three times that of woodland and grassland (Figure 3).

Figure 3. Proportion of F−-high groundwater in different land-use types.

4.2. Hydrochemistry Characteristics of Groundwater with Different Levels of F−

As shown in Table 1, the pH of both F−-high and F−-poor groundwater in the study area
was about 7. In PW, the average concentration order of major cations in F−-high groundwater
was Na+ > Ca2+ > Mg2+ > K+, while that of major cations in F−-poor groundwater was Ca2+ >
Na+ > K+ > Mg2+. Compared to F−-poor groundwater, F−-high groundwater had relatively
high sulfate concentrations, with an average value that was about 1.2 times higher than that of
F−-poor groundwater. The mean concentration order of major anions in F−-high groundwater
was HCO3

− > SO4
2− > Cl−, while that of major anions in F−-poor groundwater was HCO3

−

>Cl− > SO4
2−. Moreover, the mean value of NH4

+ and NO2
− had no significant difference

in F−-high and F−-poor groundwater. However, NO3
− and TDS of F−-high groundwater

were relatively low, with mean values of 30.4 mg/L and 320.8 mg/L. In addition, the average
concentrations of As, Se, and Ba in F−-high groundwater were larger compared to those in
F−-poor groundwater, where the average concentration of Ba was about three times higher
than that in F−-poor groundwater. By contrast, the average concentrations of Al, Mn, and Sr
in F−-high groundwater were higher than those in F−-poor groundwater.
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In FW, the average concentration order of major cations in F−-high groundwater
was Na+ > Ca2+ > Mg2+ > K+, while that of major cations in F−-poor groundwater was
Ca2+ > Na+ > Mg2+ > K+. Compared to F−-poor groundwater, the major anion contents of
the F−-high groundwater were significantly different, with the average concentration order
of HCO3

− > Cl− > SO4
2−. Moreover, the mean value of NH4

+ and NO2
− had no significant

difference in F−-high and F−-poor groundwater. However, the mean value of NO3
− in

F−-poor groundwater was 1.5 times that in F−-high groundwater. And the mean value
of TDS in F−-high groundwater was relatively higher at about 1.4 times that in F−-poor
groundwater. In addition, the As, Mn, and Sr concentrations in F−-high groundwater were
higher than those in F−-poor groundwater, and their average values were more than two
times those in F−-poor groundwater. By contrast, the average concentrations of Se, Al, and
Ba in F−-high groundwater were relatively lower than those in F−-poor groundwater.

Table 1. Mean values of hydrochemical parameters in groundwater with different levels of F−.

Groundwater pH K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NH4
+

FHG in PW 7.3 7.4 44.1 44.0 14.0 38.2 55.1 128.0 0.1
FPG in PW 7.1 23.0 40.5 41.0 16.5 63.1 46.6 117.0 0.1
FHG in FW 7.1 2.3 95.6 53.2 18.1 108.1 37.5 242.8 <DL
FPG in FW 7.2 13.1 42.4 43.2 20.3 53.6 31.8 158.4 0.1

Groundwater NO3
− NO2

− TDS As Se Al Ba Mn Sr

FHG in PW 30.4 <DL 320.8 0.9 0.3 0.9 0.1 0.1 0.4
FPG in PW 47.5 <DL 324.1 1.3 1.3 0.1 0.2 0.1 0.4
FHG in FW 29.7 <DL 442.9 5.7 0.5 <DL 0.1 0.1 0.8
FPG in FW 44.5 <DL 321.5 0.9 1.0 0.1 0.2 <DL 0.3

Notes: Except for pH, As (ug/L), and Se (ug/L), the units of other parameters are mg/L; FHG: F−-high (>1 mg/L);
FPG: F−-poor (≤1 mg/L); DL: detection limit.

4.3. Spatial Distribution of Fluoride

As shown in Figure 4, F−-high (>1 mg/L) groundwater accounted for about 5% of
the study area distribution, mainly in the eastern part of Sanjia town, the southwestern
part of Shiyuetian town, and the southeastern part of Wulie town, with a small amount
in Haiwei town and Changhua town, while there was no F−-high groundwater in Sigeng
town. In terms of different land-use types, F−-high groundwater was mainly found in bare
land, with the proportion in descending order as follows: bare land (25%)> cultivated land
(15%)> woodland (8.7%)> construction land (6.3%)> grassland (4.8%) (Figure 3).

Figure 4. Spatial distribution of fluoride concentrations interpolated using the inverse distance
weighting (IDW) method.
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4.4. PCA and HCA

As shown in Figure 5, the groundwater chemistry of PA and FA were both controlled
by a six-factor model, and the six PCs accounted for 70.8% and 76.1% of the cumulative
variance contribution, respectively. In PW, PC4 had moderate positive loading with F−

and Al of 0.70 and 0.5, respectively (Figure 5a). Moreover, PC4 had a moderate negative
loading with Ba of −0.67 (Figure 5a). In FW, PC3 had strong positive loading with F−

and Sr of 0.89 and 0.84, respectively (Figure 5b), indicating that they have the same source
or geochemical behavior [12]. In addition, PC3 had weak positive loading with Na+ and
weak negative loading with NO3

−, in which the loading was 0.37 and −0.31, respectively.
Hierarchical cluster analysis for pore water and fissure water is shown in Figure 6. As
shown in Figure 6a, the twenty groundwater chemical parameters were divided into
six clusters at a rescaled distance of 20. Among them, F− was in a cluster with Al at a
rescaled distance of 20. Similarly, as shown in Figure 6b, the twenty groundwater chemical
parameters were divided into five clusters at a rescaled distance of 20. And F− was in a
cluster with Sr, at a rescaled distance of 10, indicating that F− was more closely related to
Sr in FW.

Figure 5. Factor loadings for principal component analysis of (a) pore water and (b) fissure water.

Figure 6. Hierarchical cluster analysis of (a) pore water and (b) fissure water.

5. Discussion

Both anthropogenic and natural factors frequently contribute to the occurrence of high
groundwater fluoride levels. High levels of nitrate and total dissolved solids are frequent
signs of different anthropogenic pollution inputs [13]. However, in this study, the F−-high
groundwater in the bare land was accompanied by low concentrations of nitrate (<1 mg/L)
and total dissolved solids (<200 mg/L), indicating that the geological sources rather than
anthropogenic contamination contributed to the F−-high groundwater in bare land because
fluoride-containing minerals such as fluorspar and calcite in the ground can dissolve and
release fluoride into the groundwater under certain conditions [14]. Additionally, the
proportion of F−-high groundwater in cultivated land was two times or higher than that in
other land-use types, except for bare land, indicating that long-term agricultural irrigation
that causes soil fluoride to leach down and the use of fluoridated pesticides and fertilizers
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(such as fluoridated phosphate fertilizers) may be the main anthropogenic sources of
groundwater fluoride in the study area [15,16]. As shown in Figure 3, the proportion of F−-
high groundwater in pore water was higher in woodland than in areas with high-intensity
anthropogenic activities such as cultivated land and construction land, indicating that the
F−-high pore water in the study area may be mainly from geological sources rather than
from anthropogenic contamination. By contrast, the proportion of F−-high groundwater
in fissure water was twice or more than that in other land-use types, indicating that the
F−-high fissure water in the study area may be more likely to originate from long-term
agricultural irrigation resulting in soil fluoride leaching and infiltration and the use of
fluoridated pesticides and fertilizers (such as fluoridated phosphate fertilizers).

According to Figure 5a, PC4 in pore water chemistry was characterized as a moderate
positive loading of fluoride with aluminum and a moderate negative loading with barium.
Fluoride ions can react with aluminum ions in water instead of hydroxide ions under
acidic or neutral conditions to generate aluminum fluoride ions such as AlF2+, AlF2

+,
AlF4

−, and AlF6
3− because, as demonstrated in previous research, fluoride ions are similar

in size to hydroxide ions [17]. Correspondingly, the pH of the F−-high pore water in
the study area was mostly around 7. Therefore, the fact that fluoride and aluminum are
located in the same factor indicated a co-existence relationship/co-source relationship
between fluoride and aluminum in pore water, such as the dissolution of concurrent
aluminum/fluoride-rich minerals like mica and hornblende [18]. The results of hierarchical
cluster analysis, which demonstrated that pore water fluoride was most strongly related to
aluminum, further corroborated this conclusion (Figure 6a). At the same time, the study
area is mainly distributed with Middle Proterozoic, Silurian, Carboniferous, Cretaceous,
and Quaternary strata, and there is also a large area of intrusive rock distribution. The
main types of rocks are gneiss, amphibolite, granite, sericite slate, etc., which are rich in
fluoride-containing minerals such as mica and hornblende, etc., which can also support
the above conclusions. In addition, the fact that F− and Ba were located in the same factor
and had opposite loading relationships may indicate their opposing geochemical behavior
since the co-precipitation of barium sulfate made the barium content in groundwater often
be controlled by the groundwater sulfate concentration, and high-sulfate-concentration
groundwater was often accompanied by low levels of barium [19–21]. Correspondingly,
the average sulfate and barium concentrations in F−-high pore water in the study area
were 55.10 mg/L and 0.07 mg/L, respectively, which were significantly higher than the
average sulfate concentration in F−-poor pore water (46.57 mg/L) and lower than the
average concentration of barium (0.19 mg/L).

As shown in Figure 5b, PC3 in the fissure water chemistry was characterized by strong
positive loadings of fluoride and strontium, weak positive loadings of sodium, and weak
negative loadings of nitrate. The fact that fluoride, strontium, and sodium were located
in the same factor and were all positively loaded suggested that this observation may
be due to homologous relationships or associated geochemical interactions. On the one
hand, considering that minerals rich in fluoride, strontium, and sodium were extremely
rare, the possibility of a homologous relationship was presumed to be low; on the other
hand, the analysis in the above section considered that soil fluoride leaching by long-term
agricultural irrigation may be one of the main sources of F−-high fissure water in the study
area. Previous studies have shown that continuous irrigation not only leaches fluoride
from the soil but also promotes cation exchange in the soil [16,22], resulting in relatively
easy-to-fix cations such as calcium ions being fixed from the irrigation water into the soil
medium and replacing relatively difficult-to-fix metal ions such as sodium and strontium
ions [23], which ultimately led to the enrichment of fluoride, strontium, and sodium in
the groundwater by leaching from the soil layer under the effect of long-term irrigation.
Correspondingly, the fluoride and sodium and strontium content in the fissure water of the
study area showed highly significant positive correlations (Figure 7).
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Figure 7. Relationship between the concentrations of F− and Na+ and Sr in fissure water.

6. Conclusions

In this paper, the occurrence of F− in groundwater in the western coastal area of
Hainan Island was investigated. F−-high (>1 mg/L) groundwater accounted for about 5%
of the total groundwater distribution in the study area, mainly in the eastern part of Sanjia
town, the southwestern part of Shiyuetian town, and the southeastern part of Wulie town.
The proportion of F−-high groundwater in FW was 12.2%, which was about two times that
in PW. The PFHG of PW in decreasing order was woodland > cultivated land > construc-
tion land. And the PFHG of FW in decreasing order was cultivated land > construction
land > woodland > grassland.

Fluoride in pore water in this study was mainly due to fluoride/aluminum-containing
minerals such as phlogopite and calcite in the vadose zone, which are affected by leaching
and dissolve in groundwater, thus showing the characteristics of co-enrichment of fluoride
and aluminum in pore water. The higher concentration of fluoride in fissure water was
mainly influenced by the leaching effect of fluoride-containing fertilizers. Continuous
irrigation also promotes the cation exchange of sodium, strontium, and calcium, which ulti-
mately manifests itself in high-fluoride fissure water accompanied by high concentrations
of sodium and strontium.

Considering the groundwater fluoride contamination in the western coastal area of
Hainan Island revealed in this study, it is recommended that fluoride-containing fertilizers
be applied reasonably and that excessive application of fertilizers be limited; additionally,
monitoring of groundwater quality in the region should be strengthened to ensure the
environmental safety of drinking water sources.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15203678/s1. Table S1: The coefficients of variation of F−-high
groundwater; Figure S1: Hydrogeological profile of the study area; Figure S2: Land-use types in the
study area.
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Abstract: Land use transformation accompanied with various human activities affects groundwater
chemistry and quality globally, especially in coastal urbanized areas because of complex human
activities. This study investigated the impact of land use on groundwater chemistry and quality in a
coastal alluvial aquifer (CAA) of the Pearl River Delta where urbanization continues. A fuzzy syn-
thetic evaluation method was used to evaluate the groundwater quality. Besides, factors controlling
groundwater chemistry and quality in the CAA were discussed by using a principal components
analysis (PCA). Nearly 150 groundwater samples were collected. All samples were filtered on-site
and stored at 4 ◦C until the laboratory procedures could be performed. Nineteen chemical parame-
ters including pH, dissolved oxygen, redox potential, total dissolved solids, K+, Na+, Ca2+, Mg2+,
NH4

+, HCO3
−, NO3

−, SO4
2−, Cl−, I−, NO2

−, Pb, Mn, Fe, and As were analyzed. Results show
that groundwater chemistry in the CAA was dominated by Ca-HCO3 and Ca·Na-HCO3 facies. In
addition, groundwater with NO3 facies was also present because of more intensive human activities.
In the CAA, 61.8% of groundwaters were fit for drinking, and 10.7% of groundwaters were undrink-
able but fit for irrigation, whereas 27.5% of groundwaters were unfit for any purpose. Poor-quality
groundwaters in urban and agricultural areas were 1.1–1.2 times those in peri-urban areas, but absent
in the remaining area. Groundwater chemistry and quality in the CAA was mainly controlled by five
factors according to the PCA. Factor 1 is the release of salt and NH4

+ from marine sediments, and the
infiltration of domestic and septic sewage. Factor 2 is agricultural activities related to the irrigation of
river water, and the use of chemical fertilizers. Factor 3 is the industrial pollution related to heavy
metals and acid deposition. Factor 4 is the input of anthropogenic reducing sewage inducing the
reductive dissolution of As-loaded Fe minerals and denitrification. Factor 5 is the I− contamination
from both of geogenic and anthropogenic sources. Therefore, in order to protect groundwater quality
in coastal urbanized areas, repairing old sewer systems in urban areas, building sewer systems in
peri-urban areas, limiting sewage irrigation and the amount of chemical fertilizers application in
agricultural areas, as well as strengthening the supervision of the industrial exhaust gas discharge in
urban and peri-urban areas are recommended.

Keywords: groundwater chemistry; groundwater quality; coastal aquifers; land use; factors

1. Introduction

The large scale transformation of agricultural and natural ecosystems to urbanization
is one of huge anthropogenic impacts on the groundwater environment [1]. Large-scale
urbanization in China has lasted for several decades, especially in coastal areas. For
example, the population in urban areas in China shows a pattern, being high in coastal
areas and low in inland areas on a national scale [2], because coastal areas connecting the
inland and oceans in the earth system are crucial zones, and play an important role for
social and economic development. To date, more than two billion people live in coastal
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areas globally, and the groundwater resource is one of the major sources to supply drinking
water for around one billion people in these areas [3]. On the other hand, because of the
transformation of agricultural and natural ecosystems to urbanized areas, accompanied
by various kinds of human activities [4,5], groundwater chemistry and quality issues
are becoming increasingly serious, and threatening drinking water security in coastal
areas worldwide [6–9]. For example, Han and Currell reviewed how urban growth and
water transfer projects may be responsible for changes observed in coastal groundwater
quality in China [10]. Sellamuthu et al. reported that groundwater salinization and nitrate
pollution was highly influenced by anthropogenic sources in a rapidly developing urban
area in India [11]. As a consequence, it is necessary to investigate the impact of land use
transformation from agricultural and natural ecosystems to urbanization on groundwater
chemistry and quality in coastal areas [12,13], and to provide suggestions for the protection
and management of groundwater resource.

The Pearl River Delta (PRD), adjacent to the South China Sea, is one of the largest
coastal urbanized areas in China. The expansion of urbanization in this area has lasted
for more than four decades, and land-use change in this area is mainly conversion from
agricultural lands to urban areas. For instance, the urban area in the PRD in 2018 was
approximately two times and three times of that in 2006 and 1998, respectively [14]. On
one hand, urbanization accompanied with a huge influx of population results in the
increased importance of groundwater resource in the PRD than before [15]. On the other
hand, urbanization accompanied with various human activities has deteriorated not only
surface water quality but also shallow groundwater quality in this area [16]. To date, many
groundwater environmental issues in this area, such as nitrate and phosphate pollution, and
iodine and manganese contamination, had already received attention [17–20]. However,
shallow groundwater in the coastal alluvial aquifer is a major source for water supply
in this area [21], but knowledge on the influence of large-scale land use conversion on
groundwater chemistry and quality in this coastal alluvial aquifer is still limited.

Therefore, the present study aims to analyze the impact of land use on shallow ground-
water quality and the hydrogeochemical characteristics of the coastal alluvial aquifer of the
PRD, and to discuss factors controlling groundwater chemistry and quality in this coastal
alluvial aquifer. Here, a fuzzy synthetic evaluation method (FSEM) combined with the
groundwater quality standards of China was used for evaluating groundwater quality
in this study [16,22]. The results will contribute to the development and utilization of
groundwater resource in the PRD.

2. Study Area
2.1. Geographical and Hydrogeological Settings

The PRD is located in the southern Guangdong Province of China and covers a total
area of about 42 thousand km2 (Figure 1). It is adjacent to the South China Sea in the south
and surrounded by hills in the east, west, and north. The climate is typically subtropical
marine monsoon and the average annual rainfall and temperature are 1600–2300 mm and
21.4–22.4 ◦C, respectively [21]. The wet season is from April to September. Three main rivers
such as Dongjiang River, Xijiang River, and Beijiang River merge into the Pearl River system
and finally discharge into the South China Sea [21]. The PRD can be divided into four
groundwater units: coastal alluvial aquifer, alluvial-proluvial aquifer, fissured aquifer, and
karst aquifer [23]. As a major aquifer for water supply, the coastal alluvial aquifer is widely
distributed in the PRD plain and covers a total area of 8837 km2 (Figure 1). The Quaternary
strata of this area consist of two marine formations and two continental formations. The
young marine formation was deposited in the Holocene period and dominated by silt and
clay, except the top layer, in which sand is often dominant [24]. The old marine formation
and two continental formations were deposited in the Pleistocene. In the former, silt and
clay are dominant, whereas the latter two are commonly dominated by sand and gravel [24].
The coastal alluvial aquifer consists of sand/gravel layers in continental formations and the
young marine formation. Note that shallow groundwater occurs in sand layers of young
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marine and continental formations [25]. Shallow groundwater in the coastal alluvial aquifer
is mainly recharged by precipitation, agricultural irrigation, and various river waters, and
finally discharges into the South China Sea [25]. In addition, shallow groundwater near
coastal lines is also often intruded by sea water [26].
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2.2. Land Use and Human Activity Characteristics

Overlying the coastal alluvial aquifer, the urbanized area had increased to approxi-
mately 2300 km2 in 2006 and accounted for more than one fourth of the total area [27]. The
study area can be divided into four areas according to the land use, that is, urban areas
(UA), peri-urban areas (PUA), agricultural areas (AA), as well as the remaining area (RA)
(Figure 2). UA are large-scale urbanized areas with a high intensity of population and
factories [27]. The term PUA refers to regions ~2 km outside of urban areas with a high
population and small factories but lacking a sewer system [18]. AA refers to cultivated
lands and garden plots, and sometimes sewage irrigation occurs [21]. The RA include
surface water bodies, small villages, woodlands, grasslands, and uncultivated lands where
human activities are few [14]. The intensity of human activities qualitatively follows the
order of UA > PUA > AA > RA [28].
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Figure 2. Spatial distribution of land-use types covering the coastal alluvial aquifer of the Pearl River
Delta (data related to agricultural land and urbanized areas from [21,27], respectively).

3. Materials and Methods
3.1. Sampling and Analysis

A total of 149 shallow groundwater samples were collected from the coastal alluvial
aquifer in the period from August to September of 2006–2007, and the sampling density
was 10–20 samples/1000 km2. Among them, 75 samples, 46 samples, 25 samples, and
3 samples were collected from UA, PUA, AA, and RA, respectively. Three parameters
including pH, dissolved oxygen (DO), and redox potential (Eh) were measured on-site
using a multi-parameter instrument (WTW Multi 340i/SET, Germany) that was calibrated
before measurements were taken. A further 16 parameters, including total dissolved solids
(TDS), 5 cations (K+, Na+, Ca2+, Mg2+, and NH4

+), 6 anions (HCO3
−, NO3

−, SO4
2−, Cl−,
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I−, and NO2
−), and 4 heavy metal(loid)s (Pb, Mn, Fe, and As) in samples were measured

in the laboratory. Details for sampling, analysis, and quality control are shown in Section
3.1 of the supplementary material (SM).

3.2. Fuzzy Synthetic Evaluation Method (FSEM)

The FSEM is a common method to overcome the imprecision in the evaluation
of groundwater quality [16]. In this study, combining with the groundwater quality
standards of China (Table S1) [22], a fuzzy membership function was used to evaluate
groundwater quality. Groundwater quality indicators referred to Mn, Fe, NH4+, As,
I−, NO3−, TDS, NO2−, Cl−, Na+, Pb, and SO42−. Details are in Section 3.2 of the
supplementary material (SM).

3.3. Principal Components Analysis (PCA)

The PCA is a powerful tool for analyzing high-dimensional hydrochemical data sets
and reducing a large number of variables to a small number of principal components (PCs)
by linearly combining measurements made on the original variables [29]. This multi-step
method has been applied successfully to extract PCs and infer the underlying natural
and/or anthropogenic processes that control the groundwater chemistry [28,30]. Therefore,
in this study, using the software SPSS® Version 23.0 (SPSS Inc., Chicago, IL, USA), the PCA
was carried out to reduce hydrochemical datasets of the coastal alluvial aquifer and extract
the PCs, and infer the main factors controlling groundwater chemistry and quality in this
aquifer. Note that the data below the detection limits were substituted with zero when data
of chemical parameters in groundwaters were used for PCA. In the PCA, log-transformed
data and a standardized data matrix were used to give each variable equal weight in the
multivariate statistical analysis [30]. Rotation of the PCs was carried out using the Varimax
method, and PCs with eigenvalues > 1 were retained for analyses. Kaiser–Meyer–Olkin
and Bartlett’s tests showed significant difference between the correlation coefficient matrix
and identity matrix and were suitable for the PCA (Table S2). The absolute PC loadings of
>0.75, 0.75–0.5, and 0.5–0.3 were denoted as strong, moderate, and weak, respectively.

4. Results
4.1. Hydrogeochemical Characteristics in the Coastal Alluvial Aquifer

The descriptive statistics for the concentrations of physicochemical parameters in
groundwater in the coastal alluvial aquifer are shown in Table 1. Groundwater pH showed
acidic to near-neutral values, with the median value of 6.8. DO and Eh values in ground-
water showed wide ranges of 0.6–8.2 mg/L and −36–275 mV, respectively. The median
concentrations of major cations showed an order of Ca2+ > Na+ > K+ > Mg2+, whereas the
median values of HCO3

− > Cl− ≈ SO4
2− > NO3

−. Groundwater TDS concentrations also
showed a wide range of 45–3353 mg/L with the median value of 568 mg/L. Two other
nitrogen compounds, NH4

+ and NO2
−, were up to 60 mg/L and 33.3 mg/L, respectively,

with median concentrations of 0.04 mg/L and 0.03 mg/L, respectively. Groundwater
Fe and Mn concentrations were also abnormally high, up to 26.2 mg/L and 7.38 mg/L,
respectively, with median concentrations of 0.11 mg/L and 0.12 mg/L, respectively. By
contrast, two other heavy metal(loid)s in the groundwater, As and Pb, showed median
concentrations of 0.004 mg/L and 0.001 mg/L, respectively. Additionally, groundwater I−

concentrations ranged from below the detection limit to 0.76 mg/L.
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In this study, the differences in physicochemical parameter concentrations in ground-
water in areas with different types of land use were investigated. As shown in Table 1, the
differences of pH value in various areas were insignificant. Median values of DO and Eh in
various areas were in the order of UA < PUA < AA/RA, which was opposite to the order of
intensity of human activities [28]. This indicates that human activities (e.g., urbanization)
result in reducing conditions in groundwater. Similarly, some redox-sensitive parameters
such as Mn, NH4

+, NO2
−, and As, showed median values in UA and PUA higher than

those in AA and RA, which was also likely attributed to the intensity of human activities in
different areas. By contrast, another nitrogen compound (NO3

−) showed median values
in the order of UA > RA > PUA > AA. Groundwater TDS and most of the major ions
such as Ca2+, Na+, Mg2+, HCO3

−, Cl−, SO4
2− showed median values in the order of

UA > PUA > AA > RA, indicating that concentrations of these components in groundwater
were positively correlated with the intensity of human activities. By contrast, another
major ion (K+) showed median values in UA and AA nearly two times that in PUA and
RA. The median value of groundwater Fe in AA was greater than two times that in UA
and PUA and four times that in RA. This is likely ascribed to the common use of Fe-rich
river water for irrigation in AA [14]. Similarly, the median value of groundwater I− in AA
was also three times or more that in other areas. Furthermore, median concentrations of
groundwater Pb in various areas were the same.

As seen in Figure 3, the number of hydrochemical facies in the coastal alluvial aquifer
was up to 43. Ca-HCO3 facies was the most common hydrochemical facies (38.9%), followed
by Ca·Na-HCO3 facies (10.7%) and Ca·Na-HCO3·Cl facies (6.7%), while others were <5%.
Assuming only one major cation and one major anion remain in hydrochemical facies,
the number of hydrochemical facies in the coastal alluvial aquifer was decreased to 10.
The main one was also Ca-HCO3 facies (68.5%), followed by Na-Cl facies (11.4%), Ca-Cl
facies (6.7%), and Ca-NO3 facies (5.4%), and other hydrochemical facies were <4%. Note
that groundwaters with NO3 facies accounted for 6% in the coastal alluvial aquifer; by
contrast, this aquifer was free of NO3 facies groundwater before 1980 [31]. Furthermore,
groundwaters with NO3 facies accounted for 8.7% in PUA and 8% in AA, both were
two or more times that in UA, whereas the RA groundwater was free of NO3 facies
(Figure 3). These indicate that human activities resulted in the occurrence of NO3 facies in
the groundwater of this aquifer via wastewater infiltration and sewage irrigation, because
sewage irrigation and wastewater infiltration were major driving forces for groundwater
NO3

− contamination in AA and PUA, respectively [11,20].

4.2. Groundwater Quality in the Coastal Alluvial Aquifer

The proportion of groundwaters with a concentration of one chemical above the
allowable limit (PAL) was also shown in Table 1. In the study area, Mn showed the highest
PAL of 53%, followed by Fe, NH4

+, As, I−, NO3
−, TDS, NO2

−, Cl−, Na+, Pb, and SO4
2−,

and PALs of the former six chemicals were higher than 10%. As shown in Figure 4, the
groundwater quality for various groundwaters was assessed by the FSEM and classified
into five classes. In this coastal alluvial aquifer, classes I, II, III, IV, and V of groundwaters
accounted for 30.9%, 11.4%, 19.5%, 10.7%, and 27.5%, respectively (Figure 4). That is, 61.8%
groundwaters with good quality (classes I–III) were drinkable and fit for irrigation and
other purposes; 10.7% groundwaters (class IV) were undrinkable but fit for irrigation; only
27.5% groundwaters (class V) were undrinkable and unfit for other purposes. Groundwater
quality was distinct in various areas. Groundwaters with poor quality (classes IV and V) in
UA and AA accounted for 41.3% and 40.0%, respectively, and both were 1.1–1.2 times that
in PUA; by contrast, all groundwaters in RA were drinkable (Figure 5). This indicates that
human activities such as urbanization and agricultural activities deteriorated groundwater
quality in the coastal alluvial aquifer [11].
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5. Discussion

Generally, in groundwater disturbed by human activities, the PCA technique can
distinguish those chemical parameters indicating anthropogenic impact from chemical
parameters controlled by natural background [7,32]. In this study, five PCs were extracted
by using the PCA technique, and explained 72.5% of the variance in the hydrochemical
datasets of the coastal alluvial aquifer (Table 2). Specifically, the PC1, PC2, PC3, PC4, and
PC5 explained 25.6%, 16.0%, 12.5%, 10.5%, and 7.8% of the total variance, respectively. Thus,
factors controlling groundwater chemistry and quality in the study area are as follows.

Table 2. Principal component (PC) loadings for groundwater chemical parameters in the coastal
alluvial aquifer of the Pearl River Delta.

Chemical Parameters
PCs

PC1 PC2 PC3 PC4 PC5

Cl− 0.973 −0.005 0.072 0.050 0.017
Na+ 0.972 0.055 0.080 0.039 0.043
Mg2+ 0.863 0.183 0.106 0.123 −0.094
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Table 2. Cont.

Chemical Parameters
PCs

PC1 PC2 PC3 PC4 PC5

TDS 0.850 0.488 0.079 0.092 0.082
NH4

+ 0.622 0.137 0.205 0.123 0.497
Ca2+ 0.020 0.932 0.030 0.074 0.021
HCO3

− 0.304 0.797 −0.062 0.416 0.133
SO4

2− 0.074 0.578 0.447 −0.404 −0.165
K+ 0.266 0.570 −0.085 −0.334 0.007
Pb 0.160 −0.094 0.894 −0.099 −0.016
Mn 0.028 0.084 0.840 0.181 0.094
NO3

− 0.003 0.094 −0.078 −0.796 0.073
Fe 0.311 0.008 0.453 0.472 −0.009
As 0.220 0.177 −0.031 0.444 0.121
NO2

− 0.092 0.191 0.029 −0.235 0.768
I− −0.049 −0.124 −0.013 0.176 0.571
Eigenvalue 4.1 2.6 2.0 1.7 1.3
Explained variance
(%) 25.6 16.0 12.5 10.5 7.8

Cumulative % of
variance 25.6 41.6 54.1 64.6 72.5

Note(s): Bold numbers = maximum absolute PC loading of one parameter.

5.1. PC1 (Factor 1)—Release from Marine Sediments and Infiltration of Domestic and Septic
Sewage

Approximately one third of the parameters, including Cl−, Na+, Mg2+, TDS, and
NH4

+, are in the PC1. Specifically, the PC1 shows strong positive loadings with Cl−, Na+,
Mg2+, and TDS and a moderate positive loading with NH4

+ (Table 2). On one hand, in
coastal aquifers of the PRD, co-occurrence of high levels of Cl−, Na+, Mg2+, and TDS in
groundwater was commonly from three major sources. The first is the seawater intrusion,
because seawater is characterized by high concentrations of Cl−, Na+, Mg2+, and TDS, and
intrusion sometimes occurs in coastal areas of the PRD [33]. The second is the release of
trapped seawater in marine sediments entering into groundwater via vertical water flow,
because trapped seawater is often retained in marine sediments of Asian deltas [34]. The
third is the infiltration of domestic and septic sewage, because domestic and septic sewage
is generally enriched with Cl−, Na+, Mg2+, and TDS [9], and the leakage of domestic and
septic sewage often occurs in UA and PUA of the PRD [21,26]. On the other hand, seawater
in the South China Sea is generally at low NH4

+ concentrations of <0.003 mg/L and less
than one tenth of the median concentration of groundwater NH4

+ in the coastal alluvial
aquifer (Table 1) [35]. This indicates that the seawater intrusion is excluded out of the PC1.
By contrast, Quaternary marine sediments in the PRD are commonly enriched with organic
nitrogen that converted to NH4

+ under reducing conditions, and finally entering into
groundwater via the vertical water flow [36]. This indicates that the PC1 includes the release
of seawater and NH4

+ from marine sediments. In addition, domestic and septic sewage
in the PRD was also often enriched with NH4

+ (>5 mg/L) [21], indicating that the PC1
also includes the infiltration of domestic and septic sewage. Therefore, factor 1 represents
the release of salt and NH4

+ from Quaternary marine sediments, and the infiltration of
domestic and septic sewage.

5.2. PC2 (Factor 2)—Agricultural Activities

One fourth of the parameters, including Ca2+, HCO3
−, SO4

2−, and K+, are in the PC2.
Specifically, the PC2 shows strong positive loadings with Ca2+ and HCO3

−, and moderate
positive loadings with SO4

2− and K+ (Table 2). Some studies reported that Ca-HCO3
and Ca-SO4 facies were two major hydrochemical facies in river water of the PRD, and
irrigation using river water often occurs in agricultural lands of the PRD [21,32]. This
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indicates that agricultural irrigation may be included in the PC2. However, the median
K+ concentration in river water of the PRD was <10 mg/L and less than half of that in
groundwater in the coastal alluvial aquifer [20], indicating that river water in the PRD
was often not enriched with K+. This seems opposite to the result that Ca2+, HCO3

−,
SO4

2−, and K+ are in the same PC. On the other hand, the wide use of chemical fertilizers
such as potassium fertilizers in agricultural activities often results in groundwater in
agricultural lands becoming enriched with K+ [37]. Correspondingly, in this coastal alluvial
aquifer, groundwater in AA showed a much higher median K+ concentration (22 mg/L) in
comparison with that in PUA (14 mg/L) and RA (12 mg/L) (Table 1). Therefore, it can be
concluded that factor 2 represents agricultural activities related to irrigation of river water
and the use of chemical fertilizers.

5.3. PC3 (Factor 3)—Industrial Pollution Related to Heavy Metals and Acid Deposition

The two parameters of Pb and Mn are in the PC3. Specifically, the PC3 has strong
positive loadings with Pb and Mn (Table 2). Two studies have already reported that high
levels of heavy metals such as Pb and Mn in shallow groundwater of the PRD were mainly
attributed to the infiltration of industrial wastewater [16,17], because illegal discharge of
industrial wastewater from factories sometimes occurred in UA and PUA and irrigation
using river water contaminated by industrial wastewater often occurred in AA of the
PRD [32]. Correspondingly, median concentrations of groundwater Mn in UA, PUA, and
AA were more than four times that in RA where industrial wastewater is free, and high
Pb concentrations (>0.01 mg/L) of groundwaters occurred in UA and PUA, but not in AA
and RA (Table 1). On the other hand, two studies showed that high levels of Pb in soils
were widely distributed in the PRD owing to the pollution of automobile exhausts and
Pb-rich industrial dusts [38,39]. Moreover, acid deposition also widely occurred in the PRD
in recent decades [40]. In this case, the release of Pb from soils under acidic conditions
entering into groundwater via the water flow is expected. Correspondingly, the PC3 also
has a weak positive loading with SO4

2− (a major chemical component in acid rain) (Table 2),
and the groundwater Pb concentration had a significantly negative correlation with pH
(p < 0.001) (Figure 6A). Therefore, it can be concluded that factor 3 represents the industrial
pollution related to heavy metals and acid deposition.
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5.4. PC4 (Factor 4)—Reductive Dissolution of As-Loaded Fe Minerals and Denitrification

The PC4 has a strong negative loading with NO3
− and weak positive loadings with

Fe and As (Table 2). This likely infers the denitrification and the release of Fe and As via
reductive dissolution, because groundwater denitrification often occurred in the PRD in
2006 [20], and reductive dissolution of As-loaded Fe minerals in Quaternary sediments
induced by reducing sewage was a major driving force for the occurrence of Fe-rich and
As-rich groundwaters in the PRD [14,28]. This is also supported by two evidences. One
is that groundwater NO3

− concentrations in AA had a significantly positive correlation
with Eh values (Figure 6B). Another is that both Fe and As groundwater concentrations
had significantly negative correlations with DO values in this coastal alluvial aquifer
(Figure 6C,D). Furthermore, inputs of reducing sewage often occurred in UA, PUA, and
AA of the PRD via infiltration of wastewater and irrigation with contaminated river water,
respectively [14]. Thus, factor 4 likely represents the input of anthropogenic reducing
sewage inducing reductive dissolution of As-loaded Fe minerals and denitrification.

5.5. PC5 (Factor 5)—I− Contamination

The PC5 shows a strong positive loading with NO2
− and a moderate positive loading

with I− (Table 2). This probably indicates I− contamination from both of geogenic and
anthropogenic sources, because mineralization of iodine-rich organic matter in marine
sediments triggering by nitrogen-rich (e.g., NO2

−, NH4
+) sewage was a major geogenic

source for high levels of groundwater I− in the coastal alluvial aquifer, and the leakage
of I−-rich sewage and irrigation using I−-rich and nitrogen-rich (e.g., NO2

−, NH4
+) river

water were main anthropogenic sources for high levels of groundwater I− in UA and
AA of the coastal alluvial plain, respectively [18]. Correspondingly, median values of
groundwater I− in UA and AA were higher than that in PUA and RA (Table 1). Moreover,
the PC5 also has a weak positive loading with NH4

+ (Table 2). Therefore, factor 5 likely
represents the I− contamination from both geogenic and anthropogenic sources.

6. Conclusions

Hydrogeochemical characteristics and groundwater quality in the coastal alluvial
aquifer of the PRD were investigated in this study, and were found to be dominated by
Ca-HCO3 and Ca·Na-HCO3 facies. Groundwater with NO3 facies occurred in this aquifer
with the increase in human activities. Groundwater TDS and most of the major ion (e.g.,
Ca2+, Na+, Mg2+, HCO3

−, Cl−, and SO4
2−) concentrations were commonly in the order of

UA > PUA > AA > RA. Redox-sensitive parameters such as Mn, NH4
+, NO2

−, and As in
groundwater showed higher median concentrations in UA and PUA than in AA and RA. In
this aquifer, 61.8% of groundwaters (classes I–III) were fit for drinking and other purposes,
and 10.7% groundwaters (class IV) were undrinkable but fit for irrigation, whereas 27.5%
of groundwaters (class V) were unfit for any purpose. Poor-quality groundwater in UA
and AA was 1.1–1.2 times that in PUA but absent in RA.

Groundwater chemistry and quality in this aquifer was mainly controlled by five
factors according to the PCA method. Factor 1 is the release of salt and NH4

+ from marine
sediments and infiltration of domestic and septic sewage. Factor 2 is agricultural activities
related to the irrigation using river water and the use of chemical fertilizers. Factor 3 is
the industrial pollution related to heavy metals and acid deposition. Factor 4 is the input
of anthropogenic reducing sewage inducing the reductive dissolution of As-loaded Fe
minerals and denitrification. Factor 5 is the I− contamination from both geogenic and
anthropogenic sources.

Correspondingly, there are three major suggestions to protect groundwater quality in
this coastal aquifer. (1) Repairing old sewer systems in UA and building sewer systems in
PUA to reduce illegal discharge of sewage. (2) Limiting sewage irrigation and the use of
chemical fertilizers in AA. (3) Strengthening the supervision of the industrial exhaust gas
discharge in UA and PUA.
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Abstract: Assessing natural background levels (NBLs) in groundwater is crucial for evaluating
groundwater pollution and the use of groundwater resources in coastal areas. This study assessed
NBLs of iodide and ammonium in the shallow groundwater of the Pearl River Delta (PRD) by
using a preselection method with Grubbs’ test, and discussed factors controlling NBLs in various
groundwater units. Here, the preselection method consists of Cl/Br mass ratios versus Cl concen-
trations and the oxidation capacity, and the PRD is divided into four groundwater units. Results
showed that NBL-iodide in groundwater unit A was 0.14 mg/L and >2 times greater than that
in other groundwater units. Similarly, NBL-ammonium in groundwater unit A was 0.32 mg/L
and also >2 times greater than that in other groundwater units. The release of iodide from both
of organic-iodine in the vadose zone and iodine-rich minerals in aquifer sediments were the two
main sources for the higher NBL-iodide in groundwater unit A compared to other units. By contrast,
the occurrence of ammonium from organic-nitrogen in the vadose zone was the major source for
the higher NBL-ammonium in groundwater unit A compared with the other units. Soluble iodide
resulted from the mineralization of organic-iodine in Quaternary marine formation, and the release
of iodide accompanied with reductive dissolution of iodide-loaded Fe (oxyhydr) oxides in aquifer
sediments was the main driving force controlling the higher NBL-iodide in groundwater unit A
compared with the other units. By contrast, the release of soluble ammonium from the mineralization
of organic-nitrogen in marine formation entering into groundwater was the main driving force
controlling the higher NBL-ammonium in groundwater unit A relative to the other units. These
results enhance the knowledge on groundwater NBLs in coastal areas and improve groundwater
resources management in coastal areas such as the PRD.

Keywords: natural background levels; iodide; ammonium; shallow groundwater; coastal areas

1. Introduction

More than 80% of countries in global have coastlines, and areas located at coastlines
have been centers of human activity for long time. For example, China has a long coastline
with more than 18,000 km, and the population of coastal areas accounted for >20% of total
population in China [1]. Groundwater in coastal aquifers is often a very important water
resource for human beings in coastal areas because of the ever-increasing water demand
resulting from the increase in population and the development of economy [2–4]. For
instance, groundwater is being used to supplement the available surface water for water
demand in the Pearl River Delta (PRD) adjacent to the South China Sea owing to the large
scale urbanization and industrialization, resulting in the growth of the population and
shortage of available surface water [5]. However, Zhang et al. reported that a significant
portion of groundwater in the PRD is unsuitable for drinking, agricultural, or industrial

Water 2022, 14, 3737. https://doi.org/10.3390/w14223737 https://www.mdpi.com/journal/water33



Water 2022, 14, 3737

purposes due to the contamination of several contaminants such as iodide (I−), ammonium
(NH4

+), nitrate (NO3
−), etc [6]. This limits the use of groundwater in coastal aquifers such

as the PRD. Therefore, it is necessary to understand natural background levels (NBLs) and
their geogenic factors of contaminants in groundwater for assessing the status of groundwa-
ter contamination and quality in coastal areas, and to thereby support the reference basis for
groundwater resource management. Here, groundwater NBL represents the concentration
of a certain component in groundwater derived from natural sources [7].

NBLs as part of anthropogenic pollutants in the groundwater of the PRD have already
been assessed. For example, Huang et al. used a new preselection method to evaluate
NBLs of groundwater Cl− and NO3

− in the PRD [8]; moreover, Bi et al. used an oxidation
capacity method in combination with Grubbs’ test to assess groundwater PO4

3− NBL in
various aquifers in the PRD [9]. By contrast, NBLs and the geogenic factors of some of their
main contaminants, such as I− and NH4

+ in groundwater of the PRD, have received little
attention, although a few of studies have reported on the spatial distributions and origins
of I−-rich and NH4

+-rich groundwaters in the PRD [10,11].
Therefore, this study aims to evaluate the NBLs of groundwater I− and NH4

+ in
various aquifers of the PRD by using a new preselection method established by [8], and
thereby to discuss factors controlling these NBLs in various aquifers. Unlike the levels of
pollutants such as Cl− and NO3

−, high levels of I− and NH4
+ in the shallow groundwater

of the PRD are not only affected by human activities but are also influenced by geogenic
factors [10,11]. The results will enhance the knowledge on groundwater NBLs in coastal
areas and improve groundwater resources management in coastal areas such as the PRD.

2. Study Area
2.1. Geographical and Land-Use Conditions

The PRD (111◦59′–115◦25′ E, 21◦17′–23◦55′ N) is located in Guangdong Province of
China and is adjacent to the South China Sea in the south (Figure 1). It is a compound
delta formed by sediments brought by water flows of three major rivers (i.e., Xijiang
River, Beijiang River, Dongjiang River) and their tributaries (i.e., Tanjiang River, Suijiang
River, and Zengjiang River), with nearly half of the area dotted with hills, platforms, and
residual hills. The southern coastline is 1059 km long. The average annual precipitation and
temperature are 1800–2200 mm and 21.4–22.4 ◦C, respectively. The majority of precipitation
falls in the wet season between April and September [12,13]. Land use in the PRD can be
divided into four types including urbanized area (UA), peri-urban area (PUA), agricultural
area (AA), and the remaining area (RA) [14]. The remaining area consists of woodlands,
grasslands, small villages, and uncultivated lands.

2.2. Hydrogeological Conditions

Bi et al. reported that the PRD has four types of aquifers and can be divided into
four groundwater units (Figure 1) [9]. Briefly, groundwater unit A is mainly distributed in
the central-southern part of the PRD and consists of coastal-alluvial plains where continen-
tal and marine formations are interbedded with each other [15]. Continental formations are
dominated by sandy fluvial deposits or gravel and compose aquifer-I. The vadose zone in
unit A consists of marine sediments and is predominantly silt/clay with low permeability.
Groundwater unit B is outside of unit A, where valley and interhill plains are distributed,
but marine formations are missing. Continental formations in this unit compose aquifer-II.
Compared to groundwater unit A, vadose zone in unit B is dominated by coarser media
(e.g., sandy clay) with higher permeability. Groundwater unit C is mainly distributed in
hilly areas where fractured bedrocks compose aquifer-III. Groundwater unit D is related to
karst aquifers (aquifer-IV) where carbonate rocks aged from the Devonian to the Permian
are common. Incomplete weathering of bedrocks overlying aquifer-III and aquifer-IV result
in vadose zones in groundwater units C and D being composed predominantly of coarse
media (e.g., sand, gravel). In general, groundwater in the PRD is mainly recharged by
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precipitation and agricultural irrigation [16,17]. The direction of groundwater flow in the
PRD is from groundwater units B and C to unit A [6].
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3. Materials and Methods
3.1. Sampling and Analysis

In one session, 399 groundwater samples, 15 surface water samples, and 4 leachate
samples were collected in the wet season from the PRD. Among them, 124, 134, 132, and
9 sampling sites for groundwater were distributed in groundwater units A to D, respec-
tively. Groundwater samples were collected in situ at the depth of 0.5 m below groundwater
level and filtered (0.45 µm membrane) on site. Three physicochemical parameters including
pH, redox potential (Eh), and dissolved oxygen (DO) were determined by a multiparameter
instrument on site, and multiparametric probes in this instrument were calibrated before
measurement. Another 18 parameters including total dissolved solids (TDS), chemical
oxygen demand (COD), 5 cations (K+, Na+, Ca2+, Mg2+, and NH4

+), 8 anions (HCO3
−,

NO3
−, SO4

2−, Cl−, Br−, NO2
−, PO4

3−, and I−), and 3 heavy metals (Fe, Mn, and Pb) in
water samples were measured in the laboratory. Details of the analytical methods have
already been described in previous works [8,10].

3.2. NBL Assessment

The method for NBL assessment used in this study was recently established by
Huang et al. [8]. It consists of indicators of the oxidation capacity and Cl/Br ratios versus Cl
concentrations combined with contamination markers. Briefly, this method included four
steps (Figure S1). In step one, eight chemical components including NO3

−, NO2
−, PO4

3−,
Pb, TDS, Na, NH4

+, and COD were selected as the candidate contamination markers in
groundwater in the PRD owing to the anthropogenic contamination, and contamination
markers in various groundwater units were selected by using a hierarchical cluster anal-
ysis (HCA) (Figure S2). In step two, contaminated groundwaters were identified from
original datasets by using plots of Cl/Br mass ratios versus Cl concentrations combined
with contamination markers, and the remaining datasets were denoted as CBM datasets
(Figure S3). In step three, groundwaters remaining in the CBM datasets were removed
by using the oxidation capacity method, and the remaining datasets after this step were
denoted as the PS datasets (Figure S4). In step four, outliers in the PS datasets were deleted
by Grubbs’ test, and the maximum values in various groundwater units in residual datasets
were denoted as NBLs. The details of the above method are shown in Section 3.2 of the
Supplementary Materials.

3.3. Principal Components Analysis

Principal component analysis (PCA) is often used to reduce high-dimensional hy-
drochemical datasets, extract the main factors that control groundwater chemistry, and
thereby deduce the geochemical processes indicated by these factors [18–20]. The present
study used PCA with SPSS® version 23.0 software to extract PCs that control NBL-I and
NBL-NH4 from residual datasets in various groundwater units. Varimax method was used
for rotation of PCs, and eigenvalues > 1 of PCs were retained for analyses. The terms of
strong, moderate, and weak refer to the absolute PC loadings of >0.75, 0.75–0.5, and 0.5–0.3,
respectively [10].

4. Results
4.1. NBLs of Groundwater I− and NH4

+ in the PRD

More than 60% of contaminated groundwaters in the PRD were excluded according to
their oxidation capacities and Cl/Br mass ratios versus Cl concentrations (Figures S3 and S4).
Then, groundwater NBL-I− and NBL-NH4

+ in various units were identified by the Grubbs’
test (α = 0.01). As shown in Figure 2, the groundwater NBL-I− in unit A was 0.14 mg/L and
was 2.5 times, 3.3 times, and 5.6 times greater than that in units B to D, respectively. Note
that the NBL-I− in groundwater unit A was significantly higher than the allowable limit
(0.08 mg/L) of I− in groundwater recommended by the Chinese government [10], while
the NBLs-I− in other groundwater units were not. This indicates that I− is likely a more
common geogenic contaminant in groundwater unit A rather than it is in other units in the
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PRD. Similarly, the groundwater NBL-NH4
+ in unit A was 0.32 mg/L and was also more

than 2 times greater than that in other units. Note that groundwater NBLs-NH4
+ in all

units of the PRD were below the allowable limit (0.5 mg/L as N) of NH4
+ in groundwater

recommended by the Chinese government [11].
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4.2. Hydrogeochemical Characteristics in Residual Datasets in Various Aquifers

In this study, we focused on the differences of the hydrogeochemical characteristics
between unit A and other units because of the much higher NBL-I− and NBL-NH4

+ in
aquifer-I than in the other aquifers (Figure 2). In the residual datasets for both of NBL-I−

and NBL-NH4
+, the mean pH values in groundwater unit A were higher than those in

other units (Table 1), indicating that the groundwater in unit A had less acidic conditions
than did the other units. Mean values of oxidation indicators including Eh, DO, and NO3

−

in groundwater unit A were significantly lower than those in the other units (Table 1). On
the contrary, the mean concentrations of reduction indicators including NO2

−, Fe, and
Mn in groundwater unit A were more than 2 times those of other units (Table 1). These
results indicate that the groundwater in unit A was a relatively reducing environment in
comparison with that in other units. Moreover, the mean concentrations of Na+, Ca2+,
Mg2+, HCO3

−, SO4
2−, Cl−, and PO4

3− in groundwater unit A were also about 2 or more
times greater than those in the other units (Table 1). This indicates that the groundwater in
unit A was enriched with Na+, Ca2+, Mg2+, HCO3

−, SO4
2−, Cl−, and PO4

3− in comparison
with the other units.

Table 1. Mean concentrations of physicochemical parameters in residual datasets in various ground-
water units.

NBL Datasets
NH4

+ I−

Unit A Unit B Unit C Unit D Unit A Unit B Unit C Unit D

pH 6.21 5.89 5.78 5.79 6.37 5.96 5.84 5.87
Eh mV 70 92 91 103 67 86 83 92
DO

mg/L

3.62 3.92 4.26 3.77 3.74 3.87 4.24 3.45
COD 1.40 1.17 1.17 1.00 1.62 1.25 1.33 1.13
TDS 286 159 103 94 339 164 108 127
K+ 9.0 7.3 4.3 3.2 9.8 7.3 4.1 5.3

Na+ 22.2 10.5 6.2 5.5 22.5 11.0 6.2 7.0
Ca2+ 39.5 21.1 12.8 14.1 48.4 21.6 13.8 18.4
Mg2+ 6.2 2.9 1.7 1.8 7.6 2.9 1.8 2.6

HCO3
− 134.2 65.4 41.5 36.0 176.5 69.6 44.5 55.9

Cl− 38.4 18.1 10.2 10.1 37.4 17.9 9.9 12.0
SO4

2− 16.5 6.8 2.9 6.6 16.1 6.3 3.5 7.4
NO3

− 8.7 14.3 10.0 10.5 7.1 13.8 10.1 10.3
NO2

− 0.11 0.01 0.01 0.02 0.38 0.04 0.02 0.02
I− 0.031 0.022 0.004 0.005 0.031 0.007 0.004 0.004

PO4
3− 0.55 0.07 0.06 0.13 0.54 0.11 0.07 0.11

NH4
+ 0.05 0.02 0.02 0.02 0.66 0.11 0.10 0.03

Fe 0.24 0.10 0.11 0.06 0.60 0.15 0.22 0.07
Mn 0.30 0.08 0.04 0.03 0.50 0.10 0.07 0.06
Pb 0.001 0.002 0.002 0.001 0.001 0.002 0.003 0.006

4.3. Relationships between I−/NH4
+ and Other Components in Groundwater Unit A in the

Residual Datasets

Correlations between groundwater I−/NH4
+ and other components in unit A were

investigated because of the higher NBL-I− and NBL-NH4
+ in groundwater unit A than

those in the other units (Figure 2). As shown in Table 2, in the residual dataset of unit A, the
groundwater I− concentrations had significantly positive correlations with concentrations
of Na+, Ca2+, Mg2+, HCO3

−, SO4
2−, Cl−, TDS, NH4

+, Fe, and Mn, but negative correlations
with values of DO and NO3

−. By contrast, groundwater NH4
+ concentrations in the

residual dataset of unit A had positive correlations with concentrations of NO2
− and Fe

(Table 2). The relationships between I−/NH4
+ and other components in groundwater unit

A were further investigated by the PCA. As shown in Table 3, in the residual dataset for
NBL-I−, 17 variables were combined to produce 5 significant PCs with eigenvalues > 1,
which explained 85.15% of the variance in the hydrochemical dataset. Both PC1 and PC3
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were related to I−. Specifically, the PC1 had strong positive loadings with Cl−, Na+, Mg2+,
COD, and TDS; a moderate positive loading with HCO3

−; a weak positive loading with I−;
and a weak negative loading with DO. The PC3 demonstrated strong positive loadings with
NH4

+ and Fe, a moderate positive loading with I−, and weak negative loadings with NO3
−

and DO. By contrast, in the residual dataset for NBL-NH4
+, four PCs with eigenvalues > 1

were extracted from the PCA, and the cumulative variance by the four PCs was 80.55%
(Table 3). The PC3 was related to NH4

+. It had strong positive loadings with NH4
+ and Fe,

and a weak negative loading with NO3
−.

Table 2. Correlation coefficients of concentrations of I−/NH4
+ and other chemicals in groundwater

unit A.

NBL Datasets I− NH4
+ NBL Datasets I− NH4

+

pH 0.283 0.334 NO3
− −0.369 * −0.371

DO −0.412 * −0.068 PO4
3− −0.001 0.043

Eh −0.236 −0.222 Pb −0.181 −0.060
K+ 0.173 −0.049 NO2

− −0.090 0.610 **
Na+ 0.480 ** 0.257 COD 0.309 0.356
Ca2+ 0.518 ** 0.305 Fe 0.386 * 0.844 **
Mg2+ 0.566 ** 0.362 TDS 0.588 ** 0.314

HCO3
− 0.561 ** 0.288 Mn 0.388 * 0.042

Cl− 0.471 ** 0.251 NH4
+ 0.514 ** 1

SO4
2− 0.078 0.367 I− 1 0.064

*: significance level at p < 0.05; **: significance level at p < 0.01.

Table 3. Principal component (PC) loadings for groundwater physicochemical parameters in unit A
in the residual datasets.

Physicochemical
Parameters

PCs—Residual Dataset for I− Physicochemical
Parameters

PCs—Residual Dataset for NH4
+

PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3 PC4

Cl− 0.974 0.052 −0.024 0.018 0.014 Cl− 0.969 0.097 0.052 0.082
Na+ 0.973 0.129 −0.030 0.012 0.011 Na+ 0.965 0.150 0.046 0.029

Mg2+ 0.840 0.458 0.088 0.182 −0.034 Mg2+ 0.856 0.424 0.152 0.000
COD 0.820 0.214 −0.012 0.102 0.318 COD 0.851 0.347 0.181 0.146
TDS 0.720 0.616 0.149 0.181 0.133 TDS 0.721 0.671 0.072 −0.001
Ca2+ 0.417 0.807 0.159 0.253 0.101 I− 0.567 −0.035 −0.062 −0.074

SO4
2− 0.035 0.791 −0.277 −0.109 0.341 DO −0.482 −0.370 0.036 0.419

Eh −0.172 −0.767 −0.067 0.353 0.343 SO4
2− −0.042 0.876 0.217 −0.139

HCO3
− 0.504 0.738 0.238 0.245 0.110 pH 0.119 0.871 0.222 0.086

pH 0.137 0.714 0.038 0.424 0.304 Ca2+ 0.395 0.862 0.093 −0.064
NO3

− −0.152 −0.484 −0.351 −0.168 −0.065 HCO3
− 0.507 0.815 0.074 −0.051

DO −0.455 −0.472 −0.353 0.348 −0.178 K+ 0.135 0.691 −0.204 0.430
NH4

+ −0.040 0.026 0.955 0.130 0.048 NO3
− −0.161 −0.431 −0.415 0.069

Fe −0.069 0.020 0.925 −0.012 0.207 Fe −0.101 0.059 0.939 0.026
I− 0.476 0.250 0.573 0.211 −0.188 NH4

+ 0.187 0.149 0.932 −0.041
Mn 0.189 0.143 0.197 0.902 0.010 Mn 0.205 0.283 0.009 0.829
K+ 0.173 0.225 0.219 0.021 0.868 Eh −0.186 −0.515 −0.055 0.732

Eigenvalue 4.80 4.17 2.63 1.54 1.34 5.00 4.89 2.15 1.66
Explained variance (%) 28.23 24.51 15.46 9.07 7.87 29.40 28.75 12.64 9.76

Cumulative % of
variance 28.23 52.75 68.21 77.28 85.15 29.40 58.15 70.79 80.55

Bold and italic numbers—maximum absolute PC loading of one parameter.

4.4. Effectiveness of the Used Method

In original datasets, the differences between the maximum values of groundwater
I− and NH4

+ at different land-use types were significant (Table S1). For example, the
maximum value of I− in unit A at UA was 3 times that at AA, and the maximum values of
I− in unit B at UA and PUA were more than 2 times that at RA (Table S1). Similarly, the
maximum values of NH4

+ in unit B at UA and PUA were more than 2 times that at AA
and more than 10 times that at RA (Table S1). These findings indicate that groundwater I−

and NH4
+ concentrations at various land-use types were influenced by human activities.

By contrast, if the used method has utility, in residual datasets, the differences between
the maximum values of groundwater I− and NH4

+ at different land-use types within a
same unit would be insignificant in comparison with those in the original datasets because
groundwaters impacted by anthropogenic inputs are excluded via the method used [8,14].

39



Water 2022, 14, 3737

Correspondingly, in the residual datasets, the differences between maximum values of I−

at various land-use types in both the A and B units were all within 0.4 times. Similarly,
the differences between maximum values of NH4

+ at various land-use types in both the
A and B units were all within 0.8 times (except RA in unit B). These findings indicate
that the differences of maximum values at various land-use types in residual datasets are
more insignificant than those in the original datasets and that human activities have little
impact on groundwater I− and NH4

+ concentrations at different land-use types in residual
datasets in comparison with those in the original datasets. Therefore, the preselection
method used in this study is effective in evaluating the NBLs of groundwater I− and NH4

+

in urbanized areas.

5. Discussion

In this study, we focused on factors controlling groundwater NBLs of I−/NH4
+ in

unit A rather than in other units due to the much higher NBLs-I−/NH4
+ in groundwater

unit A relative to those in the other units (Figure 2).

5.1. Main Sources for NBLs-I−/NH4
+ in Groundwater Unit A

Generally, after the removal of anthropogenic sources, chemical components in ground-
water are from the precipitation, the natural release of sediments in vadose zones and
aquifers, and the interaction with other water bodies [21]. Firstly, the iodine in rainfall is
commonly at low levels of <0.01 mg/L and is less than one-tenth of groundwater NBL-
I− in unit A (Figure 2) [22]. This indicates that the precipitation has little contribution
to the higher NBL-I− in groundwater unit A compared to other units. By contrast, the
precipitation may be an important source for groundwater NBL-NH4

+ because nitrogen
deposition is one of the major components in the rainfall in the PRD [23]. However, in the
residual datasets, groundwaters with high levels of NH4

+ (>0.2 mg/L) were distributed
in areas where acid rain pH is relatively high and acid rain frequency is relatively low
(representing low nitrogen deposition) (Figure 3). Thus, the contribution of the precipita-
tion for higher NBL-NH4

+ in groundwater unit A compared to that in other units is also
negligible. Secondly, the natural release from the iodine/nitrogen-rich organic matter in the
vadose zone is likely to be the major source for the higher NBLs-I−/NH4

+ in groundwater
unit A compared to those in other units because the vadose zone overlaying aquifer-I
consists of marine sediments where organic-iodine and organic-nitrogen are abundant and
the mineralization of organic-iodine/nitrogen results in the release of I−/NH4

+, whereas
iodine/nitrogen-rich marine sediments are missing in the vadose zones overlaying other
aquifers [24,25]. Thirdly, the natural release from iodine-rich minerals (e.g., iodine-loaded
Fe/Mn oxides) in aquifer sediments is also probably another major contributor to the
higher NBLs-I−/NH4

+ in groundwater unit A compared to those in the other units because
Fe/Mn (oxyhydr) oxides are often the primary reservoirs for coastal sediment iodine owing
to their high adsorption capacities for iodine [26], and I− concentration was positively
correlated with concentrations of Fe and Mn in groundwater unit A (Table 2). Fourthly, the
interaction with other water bodies may be another important source for shallow ground-
water I−/NH4

+ in unit A. This is can be explained by two phenomena. One is that deep
groundwater in unit A is often enriched with high concentrations of geogenic I−/NH4

+

and salinity [24], and these I/NH4-rich deep groundwaters in coastal areas are sometimes
pumped out for farming marine animals (e.g., shrimp), thereby contaminating the shallow
groundwater via infiltration [12]. Another is that groundwaters with high levels of NH4

+

(>0.2 mg/L) in the residual datasets were distributed in the river network areas where
surface water was enriched with NH4

+ (Figure 3) [11], and the interaction between shallow
groundwater and surface water often occurs in river network areas of the PRD [12]. By
contrast, groundwaters with high levels of I− (>0.08 mg/L) in residual the datasets were
independent of the river network area (Figure 4), and uncontaminated surface water was
commonly at low levels of I− (<0.01 mg/L) [12]. Furthermore, other natural water bodies
(e.g., sea water) that interact with the shallow groundwater of the PRD are generally poor in
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I− (<0.02 mg/L) and NH4
+ (<0.1 mg/L) [10,12]. This suggests that I-rich deep groundwater

is a more important source for the higher NBLs-I− in groundwater unit A relative to other
units, but it is not the main one; meanwhile, NH4-rich deep groundwater and surface water
are two important sources for the higher NBL-NH4

+ in groundwater unit A compared with
other units.

5.2. Main Driving Forces for NBLs-I−/NH4
+ in Groundwater Unit A

A few studies reported that the mineralization of organic matter in marine sediments
is one of the major factors controlling the occurrence of I/NH4-rich shallow groundwater
in the PRD [10,11]. This is also probably the major geogenic force for the higher NBLs-
I−/NH4

+ in groundwater unit A compared with the other units, which can be explained
by the following. Firstly, as mentioned above, the Quaternary marine formation overlaying
aquifer-I is enriched with organic matter such as organic-iodine and organic-nitrogen,
whereas the Quaternary marine formation is missing in other units (Figure 1) [24]. Secondly,
groundwater unit A was shown to be a more reducing environment in both the vadose
zone and aquifer in comparison with other units because the vadose zone in unit A consists
of marine sediments dominated by silt/clay with low permeability, whereas the vadose
zones in other units are dominated by coarser media (e.g., sandy clay, sand) with higher
permeability. Similarly, reduction indicators (e.g., NO2

−, Fe, and Mn) in aquifer-I were
shown to have higher concentrations than in the other aquifers, and oxidation indicators
(e.g., Eh, DO, and NO3

−) in aquifer-I had lower values than those in the other aquifers
(Table 1). Thirdly, Cl−, Na+, Mg2+, TDS, NH4

+, Fe, HCO3
−, and I− in groundwater unit

A had the same source or similar geochemical behaviors because the PC1 had positive
loadings of Cl−, Na+, Mg2+, TDS, HCO3

−, and I−, while PC3 had positive loadings of
NH4

+, Fe, and I− (Table 3). Similarly, NH4
+ and Fe in groundwater unit A had the same

source or similar geochemical behaviors because the PC1 had positive loadings of NH4
+

and Fe (Table 3). Fourthly, fine-grained marine sediments in Asian deltas often contain
trapped seawater enriched with Cl−, Na, Mg, and TDS [27]. Therefore, the major driving
forces controlling higher NBLs-I−/NH4

+ in groundwater unit A compared to other units
can be outlined as follows. In a reducing environment, HCO3

− and soluble I− result from
the mineralization of organic-iodine in the Quaternary marine formation, and then Cl−,
Na+, and Mg2+ in trapped seawater accompanied with HCO3

− and soluble I− in the marine
formation enter into aquifer-I via water flow. This induces the reductive dissolution of
I-loaded Fe (oxyhydr) oxides and is accompanied by the release of I− in aquifer sediments
due to the influx of water with reducing conditions. Finally, groundwater in unit A is
enriched with I− and related components, such as Cl−, Na+, Mg2+, Fe, and HCO3

− (Table 1).
This is also supported by the evidence that groundwater I− concentration was positively
correlated with concentrations of Cl−, Na+, Mg2+, Fe, and HCO3

− (Table 2). Similarly, the
mineralization of organic-nitrogen in the marine formation also leads to an increase in
soluble NH4

+, which enters into aquifer-I and is accompanied by the infiltrated water with
reducing conditions. This triggers the reductive dissolution of Fe (oxyhydr) oxides and
the denitrification in aquifer sediments because the PC3 has positive loading with NH4

+

but negative loading with NO3
− (Table 3). Finally, groundwater in unit A is enriched with

NH4
+ and Fe but is NO3

− poor (Table 1).
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6. Conclusions

The NBLs of I− and NH4
+ in the shallow groundwater of the PRD was assessed

by a preselection method with Grubbs’ test. Here, the preselection method consisted of
Cl/Br mass ratios versus Cl concentrations and the oxidation capacity. In the evaluation
of four groundwater units, NBL-I− in groundwater unit A was 0.14 mg/L, which is
nearly 2 times greater than the allowable limit of I− in groundwater recommended by
the Chinese government, and was 2.5 times, 3.3 times, and 5.6 times higher than those
in groundwater units B to D, respectively. The NBL-NH4

+ in groundwater unit A was
0.32 mg/L, which was also 2 times greater than that in the other groundwater units.

The natural release of I− from both of organic matter in the vadose zone and iodine-
rich minerals (e.g., iodine-loaded Fe/Mn oxides) in aquifer sediments are two major sources
for the higher NBLs-I− in groundwater unit A compared to other units. Additionally, I-
rich deep groundwater is another important source but is not the main one. Rather, the
occurrence of NH4

+ from organic matter in the vadose zone is the major source for the
higher NBLs-NH4

+ in groundwater unit A compared to other units. In addition, NH4-
rich deep groundwater and surface water are two other important sources for the higher
NBL-NH4

+ in groundwater unit A.
Soluble I− results from the mineralization of organic-iodine in the Quaternary marine

formation, and the release of I− accompanied by reductive dissolution of I−-loaded Fe
(oxyhydr) oxides in aquifer sediments is the main driving force controlling the higher
NBL-I− in groundwater unit A relative to other units. By contrast, soluble NH4

+ resulting
from the mineralization of organic-nitrogen in marine formation entering into aquifer-I is
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the main driving force controlling the higher NBL-NH4
+ in groundwater unit A relative to

other units.
In the future, we will use these NBLs to evaluate the I− and NH4

+ pollution status in
groundwater of the PRD and to provide suggestions for the prevention of groundwater
I− and NH4

+ pollution. In addition, we will monitor groundwater quality once again and
verify these NBLs by using new hydrochemical data.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14223737/s1, Table S1: Maximum concentrations of groundwater
I- and NH4+ in units A and B at different land use in original and residual datasets; Figure S1:
Procedure of the NBL assessment from [8]; Figure S2: Cl/Br mass ratios and candidate contaminated-
markers in various groundwater units in the Pearl River Delta was grouped by the hierarchical cluster
analysis (Ward’s method and Euclidean distance); Figure S3: Plots of Cl/Br mass ratios versus Cl
concentrations combining with concentrations of contaminated-markers in various groundwater
units in the Pearl River Delta [8]; Figure S4: Concentrations of NO3 and SO4 as well as oxidation
capacity in groundwaters in CBM datasets [8].
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Abstract: This study analyzed the anthropogenic influences on the hydrochemical composition
characteristics of the groundwater in Xiamen City, Fujian province, China, and their evolution. Based
on the hydrochemical data of the groundwater of 1993 and 2019–2021, this study identified the indices
of the anthropogenic influences using mathematical and statistical analysis methods, such as contrast
coefficient, standard deviation, and Mahalanobis distance. The analytical results are summarized
as follows: (1) the number of the indices affecting the groundwater quality in Xiamen increased
from nine in 1993 to 15 in 2019, and the six increased indicators included NO3

−, Pb, NH4
+, Al3+,

NO2
− and Cu (the contribution rates to poor-quality were 26.0%, 16.3%, 10.6%, 4.1%, 0.8% and 0.8%,

respectively) which were related to the input of human activities. During this period, the number
of hydrochemical types increased from 19 in 1993 to 28 in 2019, with a decrease in the water of the
HCO3 type and an increase in the water of Cl and SO4 types; (2) In 2019, NO3

− had higher content
than SO4

2− in the groundwater and became a major anion, forming the water of NO3 type; (2) as
indicated by the analytical results obtained using the Mahalanobis distance method, areas with strong
anthropogenic influences include densely populated areas and areas with intensively distributed
industrial enterprises, while anthropogenic influences are very weak in the northern forest land area.

Keywords: evolution of hydrochemical characteristics; identification of hydrochemical anomalies;
human activities; influence degree; Mahalanobis distance

1. Introduction

Safe drinking water, which is closely related to human health, food security, and the
orderly development of the social economy, is essential for the sustainable development of
a city [1,2]. With the acceleration of urbanization, the area of urban built-up areas and the
number and density of the urban population have increased dramatically, leading to a sharp
increase in the demand for water resources [3–5]. Groundwater is the main freshwater
source for industrial and agricultural production, domestic drinking, and ecological water
consumption and is the only source of water supply in arid and semi-arid regions [6,7].
The groundwater quality directly affects the quality of the human living environment
and human health, and the groundwater environment is controlled by various factors
such as meteorology, hydrogeology, and human activities [8–12]. Urbanization in China
presents a sustainable and rapid growing trend, with the urbanization rate increasing from
18.57% in 1978 to 58.52% in 2017 [13]. Moreover, the ability of human beings to transform
nature is continuously enhanced, and large-scale human activities have strong influences
on climate [14–16], ecological environment [17,18], soil environment [19], and groundwater
environment [20–22]. Many cities around the world, especially those in arid and semi-arid
regions, are facing dual water stress exerted by groundwater shortage and the deterioration
of water quality [23,24].

In 1984, the Commission on Groundwater Quality under the International Association
of Hydrogeologists held a symposium entitled Impact of Agriculture on Groundwater in
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Ireland [25]. The international hydrological community has paid increasing attention to
and studied the influence of human activities on the groundwater environment [24,26–31].
When the groundwater environment changes under anthropogenic influences, the hydro-
chemical characteristics of groundwater will also change accordingly, i.e., hydrochemical
anomalies occur [32]. Since various geochemical indices frequently coexist in complex geo-
logical systems through mutual influences and constraints, the synergistic effects of various
geochemical indices should be fully considered during the identification of geochemical
anomalies, aiming to reduce the uncertainty of their identification performance. The multi-
element geochemical anomalies can be presently identified using multiple methods, such as
the hydrochemical diagrams (Durov diagram, ion ratio plot, et al.) method [33], coefficient
of variation [34], affine equivariant [35], and multivariate statistical method [28]. The Maha-
lanobis distance is a preferred composite index used to identify multi-element geochemical
anomalies. This index has been widely used in geochemical fields including geochemical
prospecting and metallogenic prediction [36,37], the evaluation of geochemical anomalies
of hydrocarbons [38], and the identification of geochemical anomalies of sediments [39].
However, it is rarely used in the identification of hydrochemical anomalies of groundwater.

Although Xiamen has abundant rainfall, it still suffers from a severe shortage of fresh-
water resources, which is a key problem restricting the sustainable economic development
of the city. Groundwater accounts for only about 6% of Xiamen’s urban water supply [40],
indicating great potential for groundwater exploitation. Moreover, groundwater is an
important supplementary and backup emergency water source of Xiamen and its quality
directly affects the emergency water supply ability and water supply safety of the city.
This study identified the indices of anthropogenic influences using standard deviations,
calculated the contrast coefficients of these indices and the Mahalanobis distances between
these contrast coefficients, and determined the intensity of anthropogenic influences on the
evolution of hydrochemical characteristics of the groundwater. This study qualitatively
analyzed the anthropogenic influence on the changes in the groundwater chemistry of the
study area since only 172 samples were collected from the large study area. The results
of this study will provide some basis for the protection of groundwater and guide the
management of groundwater resources to a certain extent.

2. Overview of the Study Area
2.1. Physical Geography and Social Economy

Xiamen is located in southeastern China, with geographical coordinates of
117◦53′–118◦26′ E and 24◦23′–24◦54′ N. This city lies in the central portion of the west
coast of the Taiwan Strait and the center of the Golden Triangle of Southern Fujian Province.
It covers a total area of 1700.61 km2, including approximately 390 km2 of seas, with a
total coastline length of approximately 234 km. Its administrative region consists of land,
seas, and islands. It generally dips to SE, with high and low hills, terraces, marine plains,
and tidal flats distributed from NW to SE. Moreover, the Xiamen Island, the Gulangyu
Islet, and seas lie in its south. Xiamen has a mild and humid subtropical marine mon-
soon climate, with an average multiyear temperature of 20.9 ◦C and average multiyear
precipitation of 1100–2000 mm, which increases from SE to NW. Xiamen has developed
water systems, a dense dendritic river network, and a runoff direction from NW to SE.
The rivers in the city feature small runoff, short flows, narrow channels, and shallow
riverbeds. Their water quantity varies greatly with seasons and has low sediment content.
Xiamen enjoys abundant marine biological resources but lacks metal mineral resources and
freshwater resources.

2.2. Geological and Hydrogeological Conditions

Xiamen is located in the coastal metamorphic zone of southeastern Fujian and is at
the intersection of the large EW-trending Nanjing-Xiamen fault and the NES-trending
Changdong-Nan’ao deep-seated fault. The exposed strata in the study area consist of
the Upper Triassic Wenbinshan Formation, the Lower Jurassic Lishan and Fankeng for-
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mations, the Upper Jurassic Nanyuan Formation, and Quaternary strata including the
Middle Pleistocene diluvium and alluvial-proluvial strata, the Upper Pleistocene alluvial-
proluvial and marine strata, the Holocene alluvial-proluvial and marine strata, and the
Quaternary eluvium.

The groundwater in Xiamen mainly occurs in aquifers of unconsolidated rock pores,
weathered eluvial pores and fractures, and bedrock fissures (Figure 1). The pore water of
unconsolidated rocks is hosted in alluvial-proluvial and marine deposits. The pore water
in alluvial-proluvial deposits is distributed in the terraces on both sides of valleys and in
piedmont proluvial fans. Its aquifers consist of sands, gravels, and pebbles and have a
thickness of 3–9 m and a specific yield of <200 m3/d·m [41]. The depth of water level is
0.5–5.0 m. The pore water in marine deposits is distributed in the coastal and estuarine
areas. Its aquifers consist of silty sands and medium-coarse-grained sands and have a small
thickness. The pore-fissure water in weathered eluvial deposits is distributed in eluvial
platforms and at piedmont slope toes. Its aquifers consist of detritus and breccias and
generally have a thickness of 10–20 m and a specific yield of <10 m3/d·m. The bedrock
fissure water is distributed in the fissures and faults of bedrock in mountainous areas,
with the water yield controlled by structural faults. Its water content is extremely uneven,
with a specific yield of <10 m3/d·m. The groundwater in Xiamen is primarily recharged
by vertical infiltration of atmospheric precipitation and agricultural irrigation as well as
the lateral flow of groundwater in bedrock mountainous areas during the rainy season.
The annual average natural replenishment resource is 1.95 × 103 m3/a. The regional
groundwater flows from the NW and NE to the southeast coast overall.
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3. Materials and Methods
3.1. Data Sources

Two sets of hydrochemical data were used in this study. One set was the historical
hydrochemical data of 1993 obtained from the study results of the study area. It included
the data on 84 groundwater samples (19 samples of bedrock fissure water, 27 pore-fissure
water samples, and 38 pore water samples), detailing the locations of sampling points, types
of water-bearing media, hydrochemical types, pH, COD, the total dissolved solids (TDS)
content, and the contents of HCO3

−, SO4
2−, Cl−, K++Na+, Mg2+, NH4

+, NO2
−, NO3

−, F−,
Fe, Al3+, Cu, Pb, Zn, As, and Cr6+. Unfortunately, the Ca2+ content was not recorded.

The other set of original data was 2019–2021 hydrochemical data of groundwater
samples surveyed by the project team of this study. These samples were mostly collected
from large-diameter wells or small pumping wells in villages and small towns, and 75% of
the wells had a depth less than 50 m. The data on 172 groundwater samples were obtained
in total, including 58 samples of bedrock fissure water, 72 pore-fissure water samples,
and 42 pore water samples. Regarding sampling densities, seven and 8–18 samples were
collected per 100 km2 in bedrock mountainous areas and plains, respectively. This set of data
contained all the information that matches the historical data. Two 500 mL polyethylene
bottles were used to store filtered (1.2-µm filter membrane) groundwater for the analysis
of trace elements and major ions. The bottles were cleaned three times using the water
to be sampled before sampling. The water sample in the bottle used to determine trace
elements was acidized to pH < 2 using nitric acid, while the water sample in the bottle used
to analyze major ions was not acidized. All samples were stored at 4 ◦C until laboratory
procedures could be performed.

3.2. Tests and Analysis

All of the water samples were sent to the Groundwater, Mineral Water and Environ-
mental Monitoring Center of the Institute of Hydrogeology and Environmental Geology,
Chinese Academy of Geological Sciences to be tested in strict accordance with GB/T5750-
2006 Standard Examination Methods for Drinking Water and GB 8538-2016 National Food
Safety Standard–Methods for Examination of Drinking Natural Mineral Water. Metal ions and
trace elements (K+, Na+, Mg2+, Fe, Cu, Pb, Zn, As, and Cr6+) were measured using induc-
tively coupled plasma-mass spectrometry (ICP-MS) (Agilent 7500ce ICP-MS, Tokyo, Japan).
SO4

2−, Cl−, NH4
+, and NO3

− were measured using ion chromatography (IC) (Shimadzu
LC-10ADvp, Japan). NO2

− and HCO3
− were determined using the UV spectrophotometry

method, and acid-base titration method, respectively. Chemical oxygen demand (COD)
and TDS content were measured using potassium dichromate titration and the gravimetric
method, respectively. To ensure the accuracy and reliability of the test results, the anion-
cation balance was analyzed according to the principle of ionic balance, with analysis errors
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less than 5%. All chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China.

3.3. Multivariate Statistical Method

First, the anomaly thresholds or background values were determined according to the
historical hydrochemical data. The indices of both anthropogenic influences and water-rock
interactions were then identified using contrast coefficients and standard deviations. Finally,
the Mahalanobis distances between the multivariate contrast coefficients of the indices
of anthropogenic influences were calculated to analyze the changes in hydrochemical
components and determine the intensity of anthropogenic influences on the hydrochemical
characteristics of groundwater.

3.3.1. Identification of the Indicative Indices of Both Anthropogenic Influences and
Water-Rock Interactions

Standard deviations were used to identify the indices of both anthropogenic influences
and water-rock interactions.

A standard deviation (S) is the average of the distances between some data and their
average, and a higher standard deviation means higher degrees of fluctuation and disper-
sion of a variable. The anthropogenic inputs in groundwater have a high degree of spatial
dispersion. Therefore, the standard deviation was used to analyze the dispersion degree of
groundwater components to determine the indices of the anthropogenic influences on the
hydrochemical characteristics of groundwater. The standard deviation is expressed as:

S =

√√√√ 1
N

N

∑
i=1

(
Xi − X

)2 (1)

where S is the standard deviation; N is the number of samples; Xi is the tested value; X is
the arithmetic average.

The contrast coefficient (V) is a metric that measures the sharpness of anomalies
and represents the fluctuation of the anomalies relative to the background values. To
compare the anomaly intensity of a certain indicator element in different regions, the
contrast coefficient can be used to eliminate the influences caused by the phenomenon
that the indicator element has different background values in different regions. First,
the ratio of each variable to the anomaly threshold or background value was calculated
using Equation (2), and multiple variables with unequal averages were transformed into
those with equal averages. The standard deviations of the contrast coefficients of various
variables were then calculated and finally compared.

V =
Xi
T

(2)

where V is the contrast coefficient; Xi is the tested value; T is the anomaly threshold or
background value.

The anomaly threshold or background value (T) is a metric that reflects the geochem-
ical background. The groundwater background values refer to the natural contents of
physical and chemical elements in groundwater under uncontaminated conditions. How-
ever, a natural environment with no anthropogenic influence barely exists in the strict
sense [42]. To analyze the anthropogenic influences on the hydrochemical characteristics
of the groundwater in the study area in the past three decades, this study determined the
range of background values using the quartile method based on the hydrochemical data of
1993 [43,44].

3.3.2. Intensity of Anthropogenic Influences

The Mahalanobis distance (MD) is a metric that measures multivariate distance. It is
used for multivariate statistics of observed objects by characterizing the distance between
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the objects and their distribution center, during which covariance is considered [45]. This
metric is frequently used to calculate the similarity of various indices, identify and quantify
anomalies, and sometimes select representative data from a large quantity of measurement
data [46]. This study analyzed the changes in hydrochemical components by calculating
the Mahalanobis distances between the contrast coefficients of the indices of anthropogenic
influences in order to further determine the intensity of anthropogenic influence on the
hydrochemical characteristics of groundwater. The calculation formula for Mahalanobis
distance is as follows:

D2 = (xi − x)S−1(xi − x)′ (3)

where D2 is the Mahalanobis distance; xi is an index value of a sample; x is the arithmetic
average of various indices; S is the standard deviation.

This study used the Kriging interpolation method of MapGis K9 to analyze the in-
tensity grades of anthropogenic influences on the hydrochemical characteristics of the
groundwater and then plotted the map of regional anthropogenic influence intensity.

4. Results and Discussion
4.1. Characteristics of Groundwater Quality Indicators

The descriptive statistics for the indicators analyzed in groundwater samples in Xia-
men City are summarized in Table 1. Among anions in the groundwater of Xiamen, NO3

−

showed the highest median concentration of 42.23 mg/L, followed by Cl−, SO4
2− and F−.

High concentrations of NH4
+ occurred in groundwater in Xiamen, and up to 107.0 mg/L.

Na+ ranged from 2.68 mg/L to 4043.8 mg/L, with the median of 32.55 mg/L. Among trace
metal(loid)s in the groundwater of Xiamen, Fe showed the highest median concentration
of 0.03 mg/L, followed by Zn, Pb, Cu, As, Cr6+ and Al3+. According to the standard
for groundwater quality of China (GAQSIQPRC, 2017) [47], the percent of groundwater
samples with the concentrations of indicators that exceeded the allowable values (PEV) for
drinking purposes are also in Table 1. In Xiamen City, NO3

− showed the highest PEV of
22.09%, followed by Fe, Pb, NH4

+, F−, Cl−, Al3+, SO4
2−, NO2

−, Na+, Cu, and Zn, while
the PEVs of the other two indicators were zero.

Table 1. Descriptive statistics of concentrations of groundwater indicators.

Item Min Med Max SD Detection
Limits

Number of
Non-Detects

Allowable
Values

PEV
(%)

SO4
2− (mg/L) 0.37 24.72 1171.0 107.86 0.2 0 250 1.74

Cl− (mg/L) 1.29 35.19 7073.0 548.16 0.1 0 250 2.91

NO3
− (mg/L) 0.39 42.23 2223.14 177.53 0.2 0 88.6 22.09

NO2
− (mg/L) ND ND 5.20 0.55 0.002 110 3.29 1.16

F− (mg/L) ND 0.19 11.90 1.04 0.1 49 1.0 7.56

Na+ (mg/L) 2.68 32.55 4034.0 305.49 0.013 0 200 1.16

NH4
+ (mg/L) ND ND 107.0 11.45 0.04 117 0.64 9.30

Al3+ (mg/L) ND ND 6.65 0.54 0.02 146 0.2 2.33

Fe (mg/L) ND 0.03 6.76 0.72 0.02 49 0.3 13.95

Pb (mg/L) ND 0.001 0.806 0.07 0.001 66 0.01 13.95

Cu (mg/L) ND ND 5.51 0.42 0.010 164 1.0 0.58

Zn (mg/L) ND 0.01 7.74 0.60 0.002 42 1.0 0.58

As (mg/L) ND ND 0.009 0.001 0.001 114 0.01 0

Cr6+ (mg/L) ND ND 0.017 0.002 0.004 161 0.05 0

SD = standard deviation; ND = below the limit of detection; Allowable Values = data from (GAQSIQPRC, 2017);
PEV = percent of groundwater samples with the concentration of one index exceeded the allowable value.

51



Water 2022, 14, 3377

4.2. Hydrochemical Changes in Groundwater
4.2.1. Changes in Groundwater Chemical Composition

The evaluation indices used in this study were the water quality indices specified in
GB/T14848-2017 Standard for groundwater quality. They were contained in the hydrochemical
data of 1993 and consisted of 17 indices, namely pH, COD, TDS content, SO4

2−, Cl−, Na+,
NH4

+, NO2
−, NO3

−, F−, Fe, Al3+, Cu, Pb, Zn, As, and Cr6+. We next analyzed the changes
in the chemical composition of the groundwater in Xiamen in the past three decades by
comparing the number and contribution rates of the influencing factors of groundwater
quality between 1993 and 2019–2021.

The following evaluation results of the groundwater quality of Xiamen in the past three
decades were obtained based on the number of groundwater samples: (1) the proportion of
Class I to III potable groundwater decreased from 40% in 1993 to 28.5% during 2019–2021;
(2) the total proportion of poor-quality and undrinkable groundwater (Class IV and V)
increased from 60% in 1993 to 71.5% in 2019–2021; (3) the proportion of Class IV water that
can become portable water after proper treatment increased from 28.2% in 1993 to 51.2% in
2019–2021, and the proportion of non-portable Class V water decreased from 31.8% in 1993
to 20.3% in 2019–2021 (Table 2).

Table 2. Comparison of the evaluation results of groundwater quality between 1993 and 2019–2021.

Year
Number of

Samples

Proportion/% Water Inferior to Class III

Class I Class II Class III Class IV Class V Number of
Samples Proportion/%

1993 85 12.9 11.8 15.3 28.2 31.8 51 60.0

2019 172 1.2 4.7 22.7 51.2 20.3 123 71.5

The number of the indices affecting the groundwater quality in Xiamen increased
from nine in 1993 to 15 in 2019–2021 (Figure 2). The additional six indices during 2019–2021
consisted of NO3

−, Pb, NH4
+, Al3+, NO2

−, and Cu (the contribution rates to poor-quality
groundwater were 26.0%, 16.3%, 10.6%, 4.1%, 0.8% and 0.8%, respectively), among which
NO3

− and Pb had contribution rates second only to pH.
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4.2.2. Changes in the Hydrochemical Types of Groundwater

Human activities have not only changed the groundwater quality but also affected
and changed the natural hydrochemical field of groundwater due to a large number of
anthropogenic inputs [48].

The groundwater of Xiamen had simple hydrochemical types in 1993. Specifically,
19 types were identified in 67 samples, and seven types were concentrated in 70% of the
groundwater samples, namely Na—HCO3, Ca·Na–HCO3, Na–HCO3·Cl, Na·Ca–HCO3,
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Na–Cl, Na·Ca–HCO3·Cl, and Na–Cl·HCO3. Regarding anions, the groundwater was
dominated by the HCO3 type, which accounted for 46.3%; followed by the HCO3·Cl
type, which accounted for 25.4%. Moreover, the groundwater of SO4·Cl and Cl·SO4 types
accounted for a minimum proportion of 1.5% each. In terms of cations, the groundwater in
Xiamen in 1993 was dominated by Na and Na·Ca types, which accounted for 41.8% and
25.4%, respectively. They were followed by the Ca·Na type, which accounted for 14.9%.
Additionally, the water of Ca, Na·Mg, Ca·Mg, Ca·Na·Mg, and Na·Mg types accounted for
1.5%–6.05% each.

The hydrochemical types of groundwater in Xiamen increased during 2019–2021
compared to 1993. Specifically, 28 hydrochemical types were identified in 172 sam-
ples, and seven hydrochemical types were concentrated in 70% of the groundwater sam-
ples, namely Ca·Na–HCO3, Na·Ca–Cl, Na·Ca–HCO3, Ca·Na–HCO3·Cl, Na·Ca–HCO3·Cl,
Na·Ca–Cl·HCO3, Ca–HCO3, and Na·Ca–Cl·SO4. Regarding anions, the groundwater was
still dominated by the HCO3 type, whose proportion, however, decreased to 31.4%. By
contrast, the Cl− and SO4

2− contents in the groundwater increased, with the water of Cl
type and the hydrochemical types dominated by Cl (Cl·HCO3, Cl·HCO3·SO4 type, and
Cl·SO4 types) accounted for 16.9% and 17.4%, respectively. Moreover, the proportion of the
water of SO4 type or types dominated by SO4 increased to 5.3%. Regarding cations, the
Ca2+ content increased, the Mg2+ content decreased, and the groundwater was dominated
by the Na·Ca type, whose proportion increased to 51.2%. This type was followed by the
Ca·Na type, which accounted for 36.0%. Furthermore, the water of Ca and Na types had a
low proportion of 6.4% each.

Groundwater in the pore-fissure aquifer showed higher Cl− and SO4
2− concentrations

than that in the bedrock fissure aquifers and pore aquifers (Figure 3). This may have
occurred due to the greater number of industrial zones and population located in the area
of the pore-fissure aquifer than in the areas of the other two types of aquifers, indicating
more serious anthropogenic influences.
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The increase in the absolute content of nitrates in groundwater affects the groundwater
quality, while the increase in their relative content changes the hydrochemical character-
istics of groundwater. As indicated by the hydrochemical test results of the groundwater
in Xiamen in 2019, NO3

− was a major anion in Xiamen’s groundwater, its relative content
exceeded that of SO4

2− (Table 3), and thus more water of NO3 type exists in the groundwa-
ter. It is known that groundwater NO3

− in Xiamen mainly originated from anthropogenic
sources, including infiltration of domestic sewage and landfill leachate [40].

Table 3. Characteristic parameters of the relative contents of major anions in the groundwater
of Xiamen.

Item Year Sample Number Range Med Average SD

HCO3
− 1993 45 0.9–85.8 59.9 52.2 25.6

2019 172 0.4–89.8 35.0 36.9 24.5

SO4
2−

1993 45 0.8–49.4 9.8 11.7 7.9

2019 172 0.4–64.3 12.1 13.9 10.8

Cl−
1993 45 6.5–97.5 21.9 31.8 23.2

2019 172 2.8–88.2 25.7 27.3 15.9

NO3
− 1993 45 0–22.5 2.5 4.3 5.1

2019 172 0.1–84.7 20.2 21.8 16.8

4.3. Anthropogenic Influences on the Hydrochemical Characteristics of Groundwater
4.3.1. Indicative Indices of the Anthropogenic Influences
Determination of the Background Values of Groundwater in Different Water-Bearing Media

This study statistically analyzed the data of 1993, obtaining the background values
of the groundwater environment in aquifers of bedrock fissures, weathered pores and
fissures, and pores in alluvial-proluvial deposits, respectively (Table 4). Furthermore, the
background values of indices Cu, Pb, As, and Cr6+ were determined to be 0, since there
were a few samples of these indices and they were not detected in the water of various
water-bearing media.

Identification of the Indicative Indices of Anthropogenic Influences

To conduct a multivariate contrast, various variables were normalized first. In other
words, the upper limits of the background values of various indices in Table 3 were used
as the anomaly threshold or background value (T) to calculate the contrast coefficients (V)
and the standard deviations of various indices of the groundwater of Xiamen in 2019.

Anthropogenic inputs in groundwater generally have high degrees of spatial dis-
persion and fluctuation [48]. Therefore, standard deviations can be used to distinguish
between groundwater components originating from anthropogenic inputs and those from
water-rock interactions. The contrast coefficients of pH and HCO3

- had a standard devi-
ation of 0.09 and 0.53, respectively, indicating very weak anthropogenic influences. By
contrast, the contrast coefficients of Cl−, NO3

−, and NH4
+ had a standard deviation of

18.86, 35.83, and 42.76, respectively, indicating very strong anthropogenic influences. The
standard deviations of the contrast coefficients of the 15 indices decreased in the order of
pH, HCO3

−, COD, total hardness, Zn, Fe, NO2
−, SO4

2−, F−, TDS, Mg2+, K++Na+, Cl−,
NO3

−, and NH4
+. These 15 indices in the groundwater were divided into four categories ac-

cording to their sources determined by the standard deviations of their contrast coefficients,
as shown in Table 5.
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Table 4. Background values of groundwater environment in different water-bearing media in Xiamen.

Item

Background
Value
Scope

Bedrock
Fissure Water

Weathered
Pore Fissure Water

Pore Water in
Alluvial Proluvial

Deposits

pH 6.57–7.04 6.42–6.93 6.05–7.09

COD 0.41–1.32 0.90–1.22 0.57–1.33

Cl− 12.0–28.54 27.81–76.09 14.45–76.60

SO4
2− 6.05–23.54 18.97–40.71 5.64–42.81

HCO3
− 44.39–102.49 38.04–218.15 43.17–166.0

NO2
− 0.004–0.048 0.021–0.188 0–0.026

NO3
− 0.50–4.73 6.38–29.38 2.28–13.90

F− 0.04–0.20 0.04–0.20 0.04–0.20

K++Na+ 18.05–41.32 30.36–114.59 17.94–70.61

Mg2+ 1.32–5.43 4.18–17.63 2.19–6.77

NH4
+ 0.02–0.18 0.03–0.28 0.01–0.10

Fe 0.09–1.20 0.03–0.31 0.03–0.08

Al3+ 0–0.026 0–0.037 0

Zn 0.048–0.441 0.019–0.390 0.022–0.350

TDS 96.12–251.79 180.4–379.55 124.9–337.78

Table 5. Standard deviations of the contrast coefficients of indices and their indicative significance.

Index Standard
Deviations Sources Anthropogenic

Influence Intensity

pH, HCO3
− ≤1 Water-rock interactions Very weak

COD, total hardness,
Zn, Fe, NO2

−, SO4
2−,

F−, and TDS content
1–5

Water-rock interactions,
supplemented by

anthropogenic inputs
Weak

Mg2+, K++Na+ 5–10
Anthropogenic inputs,

supplemented by
water-rock interactions

Strong

Cl−, NO3
−, NH4

+ >10 Anthropogenic inputs Very strong

4.3.2. Anthropogenic Influence Intensity

The Mahalanobis distance is a metric used for multivariate statistics of observed
objects. This study combined five indices: Mg2+, K++Na+, Cl−, NO3

−, and NH4
+ subject

to strong or very strong anthropogenic influences combined into a whole, then calculated
the Mahalanobis distances of the contrast coefficients of various groundwater samples
collected in 2019, and finally analyzed the anthropogenic influence intensity of various
samples. Figure 4 shows the distribution of the Mahalanobis distances of 172 samples. The
anthropogenic influence intensity of these samples was divided into four grades according
to the Mahalanobis distances 0.25, 0.6, and 6 at inflexion points, which represented the
boundaries of anthropogenic influence intensity grades 2, 3, and 4, respectively.
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The intensity of anthropogenic influences on the hydrochemical composition of the
groundwater in Xiamen was analyzed based on the Mahalanobis distance method. Figure 5
shows the types of land use and the intensity and distribution of anthropogenic influences
on the hydrochemical composition of the groundwater in Xiamen. According to this figure,
the groundwater subject to strong or relatively strong anthropogenic influences is mostly
distributed on artificial surfaces and cultivated land, while the anthropogenic influences on
the groundwater sites in forest land areas were mostly rated as weak.
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Interpolation was conducted for the calculated Mahalanobis distances using the Krig-
ing interpolation method of the MapGis software. The anthropogenic influence intensity
was then divided into four grades according to the interpolated Mahalanobis distances,
obtaining the map showing the zones of the anthropogenic influence intensity (Figure 6).
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According to this map, the zones subject to very strong anthropogenic influences include
densely populated areas and areas with intensively distributed industrial enterprises, such
as Xinxu Town in the Xiang’an District, Xike Street in the Tong’an District, Houxi Town and
Xinglin Street in the Jimei District, Haicang Street in the Haicang District, and Dianqian
Street in the Huli District. With low population density and high vegetation coverage, the
northern bedrock mountainous area is a zone with very weak anthropogenic influences
on groundwater.
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5. Conclusions

1. The number of indices affecting the groundwater quality in Xiamen increased from
nine in 1993 to 15 in 2019, and the six increased indicators included NO3

−, Pb, NH4
+,

Al3+, NO2
− and Cu. The number of hydrochemical types increased from 19 in 1993

to 28 in 2019. Moreover, the water of the HCO3 type has decreased, while the water
of the Cl type (including types dominated by Cl) and the SO4 type (including types
dominated by SO4) have increased, indicating that human activities are the powerful
force driving the change in groundwater chemistry in Xiamen City.

2. The increase in the relative contents of nitrates in the groundwater has changed the
hydrochemical characteristics of the groundwater. Both the maximum and average
relative content of NO3

− exceed those of SO4
2−. Therefore, NO3

− has become a major
anion affecting the hydrochemical nomenclature of the groundwater in Xiamen, forming
the water of NO3 type (according to Shukarev classification and Designation rules).

3. As indicated by the analysis results of Mahalanobis distances, zones with very strong
anthropogenic influences on groundwater include Houxi Town in Jimei District and
Haicang Street in Haicang District, while zones with very weak anthropogenic influ-
ences on groundwater include the northern bedrock mountainous area. These results
are consistent with the land use, industrial layout, and population distribution of
Xiamen, indicating that the Mahalanobis distance method can be used to identify
the hydrochemical anomalies of groundwater and determine the intensity of anthro-
pogenic influences on groundwater and that the evaluation results obtained using
this method is reasonable.
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Abstract: Groundwater contaminant source identification is an endeavor task in highly developed
areas that have been impacted by diverse natural processes and anthropogenic activities. In this study,
groundwater samples from 84 wells in the pilot promoter region of the Yangtze River Delta integration
demonstration zone in eastern China were collected and then analyzed for 17 groundwater quality
parameters. The principal component analysis (PCA) method was utilized to recognize the natural
and anthropogenic aspects impacting the groundwater quality; furthermore, the absolute principal
component score-multiple linear regression (APCS-MLR) model was employed to quantify the
contribution of potential sources to each groundwater quality parameter. The results demonstrated
that natural hydro-chemical evolution, agricultural activities, domestic sewage, textile industrial
effluent and other industrial activities were responsible for the status of groundwater quality in the
study area. Meanwhile, the contribution of these five sources obtained by the APCS-MLR model
were ranked as natural hydro-chemical evolution (18.89%) > textile industrial effluent (18.18%) >
non-point source pollution from agricultural activities (17.08%) > other industrial activities (15.09%)

> domestic sewage (4.19%). It is believed that this contaminant source apportionment result could
provide a reliable basis to the local authorities for groundwater pollution management.

Keywords: Yangtze River Delta; groundwater; APCS-MLR; contaminant source apportionment

1. Introduction

Groundwater quality degradation by natural processes or anthropogenic activities
is widely recognized and has drawn the attention of researchers for decades [1–3]. The
natural processes, mainly water–rock interactions, may cause specific ions’ accumulations in
groundwater, such as arsenic, magnesium and iodine [4–6]. In the meantime, anthropogenic
activities can deteriorate groundwater quality and lead to a series of geological environment
problems. For instance, agricultural behaviors including fertilization and livestock breeding
are implicated in excess of nitrogen, phosphorus and potassium [7–9]. Industry effluent and
leakage can lead to increased concentrations of sulfate and some heavy metal ions [10–12],
and domestic sewage can lead to high levels of ammonia in groundwater [13]. Under the
interaction of natural processes and anthropogenic activities, groundwater contamination
management is undoubtedly a vital task. Classifying the contamination into their original
sources is the primary step for an authentic assessment of the contaminated aquifer [14,15].
It will not only benefit the status survey, but also provide a consequential basis for future
groundwater protection and pollution management.

Various methods have been developed for identifying the groundwater contaminant
sources, such as the in situ survey, stable isotope methods, model-based numerical inver-
sion and multivariate statistical approaches [16–20]. The in situ surveys usually attempts
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to find out the potential sources with labor-intensive work, but often fails to give a quan-
tified analysis of the contamination source apportionment. The stable isotope methods
can provide precise apportionment of sources, but only for the isotope-related contami-
nant. As for the model-based numerical inversion methods, they are believed to be more
suitable for local scale research [21–24]. Meanwhile, multivariate statistical approaches
have gained popularity among researchers due to their convenience and efficiency for
regional scale problems [25–27]. This branch of methods include cluster analysis (CA),
principal component analysis (PCA), positive matrix factorization (PMF), absolute princi-
pal component score-multiple linear regression (APCS-MLR) and so on. Compared with
other approaches, the APCS-MLR method is an especially effective and practical method
for identifying pollution sources. It was first developed by Thurston and Spengler [28]
and then applied to pollution source apportionment problems on air, surface water and
sediments [29–33]. More recently, the APCS-MLR method has started to be employed in
groundwater quality research and has proven to be a powerful tool in identifying the im-
pact of natural processes and anthropogenic activities to groundwater quality. For instance,
Zhang et al. [34] employed the PCA and APCS-MLR methods to identify groundwater
pollution sources and their apportionment in the Hutuo River alluvial-pluvial fan region of
northern China. Meng et al. [35] used the APCS-MLR receptor model to assess the potential
pollution sources of groundwater from 2006 to 2016 in the Limin Groundwater Source Area
in Harbin. Yu et al. [36] applied the APCS-MLR method in nitrate pollution sources appor-
tionment and compared its result with a Bayesian isotope mixing model. Sheng et al. [37]
utilized the APCS-MLR receptor model to estimate the source apportionment of heavy
metal pollution in an arid oasis region in Northwest China.

Therefore, in this research, we employ the APCS-MLR model to assess the potential
sources of groundwater contamination in the pilot promoter region of the Yangtze River
Delta integration demonstration zone. The study area is located in the Taihu watershed in
eastern China, of which the groundwater has been influenced by intense anthropogenic
activities. Previous work has demonstrated the complexity of the groundwater pollution
in this area. Various contaminants have been found, including heavy-metal ions, nitrogen
and phosphorus compounds [38–41]. Despite the numerous individual investigations for
several specific contaminants, the overall groundwater contaminant source apportionment
problem is still unsolved.

The objective of this work is to: 1. recognize the natural and anthropogenic aspects
that affect the groundwater quality; 2. quantify the contribution of potential sources to each
groundwater quality parameter via the APCS-MLR model. Insights from this paper could
provide reliable advice for further pollution remediation plans in the pilot promoter region
of the Yangtze River Delta integration demonstration zone.

2. Materials and Methods
2.1. Study Area

The pilot promoter region of the Yangtze River Delta integration demonstration zone
(30◦54′14′′–31◦09′25′′ N and 120◦39′47′′–121◦07′30′′ E) is located southeastern of the Taihu
Lake with a total area of 653.9 km2 (Figure 1). It is under a subtropical monsoon cli-
mate, with 16.2 ◦C annual temperature and 1127.1 mm annual rainfall [42]. The ground-
water in this region is mainly distributed in the sand and silt layers from Quaternary
sediments [43,44]. The thickness of the Quaternary sediments is larger than 150 m accord-
ing to the borehole materials, and the phreatic aquifer with thickness ranging from 3 to 7 m
is the layer closely related to human activities (Figure 2). The aquifer is recharged from
precipitation, river infiltration, and irrigation; in the meantime, its discharge mainly occurs
through run off to rivers and evaporation since restrictions on groundwater exploitation
have been imposed by the government since 1997 [45]. As an interactive area of Jiangsu,
Zhejiang Provinces and Shanghai metropolis, this area is one of the most developed re-
gions in China. Based on the a remote sensing survey with field validation, a major part
of the land use in this area is cultivated land and residential area. Industries, especially
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textile factories, are mainly scattered in the south of the study area. What is more, a dense
surface water network, including Taipu River and Dianshan Lake, is located in this area,
which makes the surface water–groundwater interaction extremely complex. Hence, heavy
agricultural activities and industrial sewage pose substantial threats to groundwater secu-
rity. The application of nitrogen fertilizers and the use of industrial chemicals constitute
potential point and non-point sources of groundwater contamination.

A

B

Study area

Figure 1. Location of the pilot promoter region of Yangtze River Delta integration demonstration
zone and distribution of groundwater sampling sites with the land-use.

Figure 2. Hydrogeological profile (A-B) of the study area.

2.2. Data Preparation

Groundwater samples were collected from 84 wells in June 2020 and June 2021, and
the sampling sites were chosen with the considerations of land-use types (cultivated land,
residential land, etc.) and spatial distribution (approximately 1 km2 per point) (Figure 1).
In each well, the water temperature (WT), pH, dissolved oxygen (DO) and total dissolved
solids (TDS) were measured by SX-620 pH Testor, SX-630 ORP Testor and Hanna DiST in
situ, respectively. Figure 3 shows the landscape surroundings of several wells and the in
situ test procedures. Polyethylene containers with a capacity of 1.5 L were used to store
groundwater samples, and then brought back to the laboratory for an analysis of total

62



Water 2023, 15, 225

phosphorus (TP), Cl−, SO2−
4 , NH4 − N, NO3 − N, NO2 − N, K+, Na+, Ca2+, Mg2+, Mn,

I and Sb. Various instruments were used for the analyses (Table 1).

Figure 3. The landscape surroundings of several wells and the in situ test procedures.

Table 1. Water quality parameters, units and analytical methods used for groundwater samples in
the pilot promoter region of Yangtze River Delta integration demonstration zone.

Parameters Abbreviations Units Analytical
Equipments

Water temperature WT ◦C SX-620/SX-630
Pondus Hydrogenii pH pH unit SX-620 pH Testor
Dissolved oxygen DO mg/L SX-630 ORP Testor

Total dissolved solids TDS mg/L Hanna DiST
Chloride Cl− mg/L Dionex-2500
Sulfate SO2−

4 mg/L Dionex-2500
Ammonical nitrogen NH4 − N mg/L AutoAnalyzer3

Nitrate nitrogen NO3 − N mg/L Dionex-2500
Nitrite nitrogen NO2 − N mg/L TU-1950

Potassium K+ mg/L ICAP 6300Duo
Sodium Na+ mg/L ICAP 6300Duo
Calcium Ca2+ mg/L ICAP 6300Duo

Magnesium Mg2+ mg/L ICAP 6300Duo
Manganese Mn µg/L ICAP Q

Total phosphorus TP µg/L ICAP 6300Duo
Iodine I µg/L ICAP Q

Antimony Sb µg/L ICAP Q

2.3. Multivariate Statistical Analysis

For an in-depth analysis of the groundwater chemistry data, APCS-MLR was em-
ployed. The ACPS-MLR is a receptor model based on the results of principal component
analysis (PCA), together with a multivariate linear regression using the measured contami-
nant concentrations [46–48]. First, Kaiser-Meyer-Olkin (KMO) criteria and Bartlett’s test
of sphericity were performed to assess the adequacy of the dataset for PCA [49,50]. We
employed the criteria that for the PCA to be considered reliable, the KMO value needs
to be larger than 0.5, and the significance level of Bartlett’s test of sphericity should be
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smaller than 0.05. By conducting PCA procedure, the principal components from the
related groundwater quality parameters could be obtained, as follows:

(Az)ij = ai1C1j + ai2C2j + . . . + aimCmj, (1)

for i = 1, 2, . . . , p, and j = 1, 2, . . . , n, where Az represents the component score; a stands
for the component loading; C is the measured concentration of each groundwater quality
parameter; p is the number of components; n is the number of samples and m is the number
of groundwater quality parameters.

The principal components, with eigenvalues greater than 1.0 in the variance com-
putation, are believed to be able to provide qualitative information about the potential
contamination [51,52]. For a clearer interpretation, the original loadings normally need
to be rotated until the loadings of PCs are redistributed and polarized. This procedure
is normally mentioned as varimax rotation and the obtained new variables are called
varifactors (VFs). For each VF, the component loadings reflect relative attribution of the
groundwater quality parameters, with absolute loading values >0.75, 0.75–0.5 and 0.5–0.3
defined as strong, medium and weak, respectively [53,54].

Then, the component scores from the PCA are normalized to perform APCS-MLR for
groundwater contaminant source apportionment. A detailed description of this method
could be found in Thurston and Spengler [28] and Rahman et al. [30]. In brief, the
APCS-MLR model assumes that the contaminant sources attribute linearly to the pollutant
concentration at each sampling site. Hence, the concentration of each contaminant at each
sampling site (Ckj) can be calculated by a multiple linear regression of the contribution of
contaminant sources through Equation (2):

Ckj = rk0 +
p

∑
i=1

rki × APCSij, (2)

where rk0 represents the constants term of multiple linear regression for pollutant k; rki
stands for the coefficient of multiple linear regression of the contaminant source i for the
pollutant k; APCSij is the absolute principal component scores and it can be obtained
through Equations (3)–(5).

(Z0)k =
−C̄k
σk

, (3)

(A0)i =
m

∑
k=1

Ski × (Z0)k, (4)

APCSij = (Az)ij − (A0)i, (5)

where (Z0)k stands for the normalized concentration of contaminant k in a non-pollution
site; C̄k represents the mean concentration and σk indicates the standard deviation of con-
taminant k; (A0)i is the principal component score in the non-pollution site; Ski represents
the score coefficient of component i for pollutant k; (Az)ij stands for principal component
score of sample j in principal component i.

Here, rki × APCSij implies the contribution of contaminant source i to pollutant k
in sample j. The average of all samples rki × APCSi is established as the contribution of
contaminant source i to pollutant k. Notably, negative values may be achieved during the
calculation process, which could lead to a total contribution of all pollutants exceeding
100%. Hence, Haji Gholizadeh et al. [46] proposed an absolute value method to calculate
the contribution of contaminant sources to water quality parameters, as it is shown in
Equations (6) and (7).

PCki =

∣∣rki × APCSi
∣∣

|rk0|+ ∑
p
i=1

∣∣rki × APCSi
∣∣ × 100%, (6)
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PCk =
|rk0|

|rk0|+ ∑
p
i=1

∣∣rki × APCSi
∣∣ × 100%, (7)

where PCki stands for the relative contribution rate of contaminant source i to the pollutant
k; PCk indicates the relative contribution rate of unrecognized source to the pollutant k;
APCSi is the average value of the absolute principal component scores of all samples.

3. Result and Discussion
3.1. Characteristics of the Groundwater Pollution

The descriptive statistics of physicochemical parameters for all groundwater samples
were summarized in Table 2. For several groundwater quality parameters, such as NH+

4 ,
NO−2 , NO−3 , Mn, Ca, I and Sb, the maximum concentration in groundwater samples had
exceeded level III of Chinese Groundwater Quality Standard(GB/T 14848-2017). What
is more, TP, which had a maximum concentration of 2510 µg/L, also deteriorated the
groundwater quality in this region.

Table 2. Summary statistics of physicochemical parameters in groundwater in the pilot promoter
region of Yangtze River Delta integration demonstration zone.

Parameters Min Max Mean Standard
Deviation

Coefficients of
Variation (%)

National
Standards,
Class III

WT 18.4 29.7 23.2 2.4 10 /
pH 6.80 8.19 7.20 0.28 4 6.5–8.5
DO 1.4 24.0 3.5 2.8 80 /
TDS 40 792 383 146 38 1000
Cl− 1.7 170.0 47.9 32.7 68 250

SO2−
4 2.0 146.0 41.4 26.1 63 250

NH4 − N 0.02 4.19 0.36 0.90 250 0.5
NO3 − N 0.01 39.29 4.06 5.90 145 20
NO2 − N 0.002 2.413 0.290 0.538 186 1

K+ 1.3 90.3 20.8 18.6 89 /
Na+ 6.7 174.0 56.3 33.2 59 200
Ca2+ 27.6 148.0 70.0 26.0 37 75
Mg2+ 3.2 75.2 20.9 14.2 68 150

Mn 0.10 1610.00 78.31 266.27 340 100
TP 6.4 2510.0 484.7 556.7 115 /
I 4.4 446.0 83.3 92.2 111 80

Sb 0.10 6.28 1.63 1.45 89 5

The variation coefficient of groundwater quality parameter is an index presenting the
overall variability of the samples, and such variability is believed to be caused by various
anthropogenic activities [51,55,56]. Here, the geographic information system technique
with inverse distance weighted interpolation method was utilized to generate the spatial
distribution of groundwater quality parameters with variation coefficient larger than 80%
(Figure 4). The comparison between figures showed that the contaminants could be classi-
fied into several groups with similar spatial distribution. For instance, Mn, NH+

4 and NO−2
were relatively enriched in the western corner of the study area, while higher concentration
of TP and K+ were detected in the centre and northwestern of the region. As for Sb, it
can be found distributed all across the region, but the highest concentrations are found
primarily in the southern area, which was consistent with the location of textile industries.
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Figure 4. Spatial distribution of Mn, NH+
4 , NO−2 , NO−3 , TP, I, K+and Sb in groundwater .

To uncover the linear correlations between physicochemical water quality parameters,
the Pearson’s correlation coefficient with statistical significance (p < 0.05) was performed
here. As it was shown in Figure 5, strong correlations (r > 0.5) were observed among
Na+, Ca2+, Mg2+ and Cl−, indicating that they may have the same origin from hydro-
geochemical processes. Their high positive correlations with TDS (r > 0.6) implied the
chemical composition of groundwater in this region was mainly controlled by these ions.
A moderate positive correlation (r = 0.55) was also spotted for NH+

4 and NO−2 , illustrating
that the nitrification process is occurring in the groundwater. As for K+, its relations with
other physicochemical parameters were mostly uncorrelated, except for TP. With a positive
correlation of 0.63, K+ and TP were likely to be an indication of agricultural fertilization.
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Based on the above analysis, we believe the nitrogen and phosphorus compounds
could be attributed to the application of fertilizer or waste of livestock breeding. Other
contaminants, such as I and Sb, can be ascribed to the natural minerals and industrial
effluent, respectively.

Figure 5. Correlation coefficients between groundwater quality parameters.

3.2. Pollution Sources Identified Based on the PCA Analysis

To provide a more detailed pollution-source analysis, the PCA method was then
applied. The Kaiser–Meyer–Olkin(KMO) and Bartlett’s test were performed first to check
the adequacy of the original dataset. The KMO value was equal to 0.732, while the value of
Bartlett’s sphericity test was very close to zero (p < 0.001), indicating the validity of the PCA
application. Based on the criteria, the principal components with eigenvalues exceeding
1.0 were chosen as the potential contaminant sources. As indicated in Table 3, five principal
components were selected in this case, accounting for 71.23% of the total variances. The
rotated factor loadings for varifactors were shown in Figure 6.

The first varifactor, VF1, accounted for 24.72% of the total variance. It was heavily
weighted by TDS (0.83), Cl− (0.91), Na+ (0.94) and Mg2+ (0.79), while moderately weighted
by Ca2+ (0.61) and I (0.70). Generally speaking, the contribution of these ions to VF1 was
the result of water–rock interactions [47,57]. In addition, the quaternary aquifer marine and
lagoon-facies sediments in this area are rich in iodide and serve as a source of dissolved I
in groundwater [58,59]. Hence, VF1 can be interpreted as natural hydro-chemical evolution
contribution. The second varifactor (VF2) accounted for 15.02% of the total variance, and
was mainly characterized by K+ (0.82) and TP (0.78), with moderate positive loadings of
NO−2 (0.52) and NO−3 (0.50). These three ions in the groundwater are normally associated
to the application of chemical fertilizer [60–62]. During our field survey, lots of aquaculture
sites and farmlands could be spotted in the study area, especially near LiLi town. Hence,
VF2 is assumed to represent the non-point source pollution from agricultural activities. VF3
(12.09% of the total variance) had a strong positive loading on NH+

4 (0.85), with moderate
positive loadings of NO−2 (0.54) and Mn (0.63). The most common source of NH+

4 and
NO−2 in groundwater are domestic sewage, livestock wastes and application of nitrogen
fertilizer [48,63]. Dissolved Mn may naturally come from weathering of manganese oxide
minerals, but its concentrations can be increased by contamination from industrial effluent
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and domestic sewage [64,65]. In the pilot promoter region of the Yangtze River Delta
integration demonstration zone, as in some rural areas, the sewage collection system is
imperfect and municipal sewage may leak and contaminate the groundwater. Especially
in the west corner of the study area, several dry toilets and garbage heaps can be spotted
during our field surveys. Therefore, VF3 is considered as domestic sewage. VF4 explained
10.02% of the total variance and had the highest loadings on SO2−

4 (0.78) and NO−3 (0.55).
Meanwhile, weak negative loadings on WT (−0.45) and pH (−0.41) also could be observed.
Since SO2−

4 and low pH value (acidic condition) are normally related with industrial
effluent [47,66,67], this factor can be identified as the influence of industrial activities. The
last component (VF5) accounted for 9.38% of the total variance and it was mainly affected
by DO (0.78) and Sb (0.64). The high level of Sb compound in groundwater normally
comes from mining or textile industry [68,69]. Since the textile industries are widely
distributed in the southern part of our study area, VF5 can be regarded as the impact of
textile industrial effluent.

Table 3. The varifactor loadings of 17 parameters after the varimax rotated. Bold values stand for the
parameters with medium or strong loadings.

Parameters VF1 VF2 VF3 VF4 VF5

WT −0.19 0.31 0.47 −0.45 −0.22
pH −0.12 0.33 −0.20 −0.41 0.46
DO −0.19 −0.09 0.04 0.18 0.78
TDS 0.83 0.03 0.13 0.23 −0.17
Cl− 0.91 0.10 0.03 −0.06 −0.15

SO2−
4 0.13 0.15 0.13 0.78 0.22

NH4 − N 0.13 0.12 0.85 0.01 −0.15
NO3 − N −0.19 0.50 −0.31 0.55 −0.11
NO2 − N 0.02 0.52 0.54 −0.05 −0.25

K+ 0.01 0.82 0.06 0.16 0.05
Na+ 0.94 −0.09 −0.06 −0.09 −0.08
Ca2+ 0.61 −0.07 0.33 0.43 −0.21
Mg2+ 0.79 −0.39 0.19 0.23 −0.12

Mn 0.26 −0.26 0.63 0.20 0.13
TP −0.16 0.78 0.06 −0.06 0.18
I 0.70 −0.47 0.22 −0.03 −0.12

Sb −0.26 0.23 −0.21 0.02 0.64
Eigenvalues 4.20 2.55 2.06 1.70 1.60

% of Variance 24.72 15.02 12.09 10.02 9.38
Cumulative % 24.72 39.74 51.83 61.85 71.23

Figure 6. Component loadings for 17 parameters after varimax rotation.
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3.3. Source Apportionment Using APCS-MLR

Based on the results of PCA analysis, the APCS-MLR model was then employed
to quantify the contribution of each potential contaminant source to all 17 groundwater
quality parameters using Equations (6) and (7). The scatter plots of predicted and observed
concentrations for main groundwater pollutant parameters by using the APCS-MLR model
were shown in Figure 7. Except for Mn (0.59) and Sb (0.57), the linear regression of other
groundwater quality parameters were all well-matched with a R-square values larger than
0.6, indicating the contaminant source apportionment was reliable.
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Figure 7. Scatter plots of the predicted and observed concentrations for main groundwater pollutant
parameters by using APCS-MLR models.

The outcome of source apportionment via APCS-MLR model were shown in Figure 8.
The relative contribution of all pollution sources to each contaminant are calculated accord-
ing to Equations (6) and (7), and the average relative contribution of pollution sources is
also obtained for an overall evaluation. As it is shown in Figure 8B, the hydrochemical char-
acteristics of groundwater in the Yangtze River Delta integration demonstration zone was
greatly affected by natural hydro-chemical evolution (VF1), accounting for 18.89% of the
total sources and showed high contribution ratios in TDS (46%), Cl− (46%), Na+ (50%) and
I (42%) (Figure 8A). The most threatening anthropogenic factor to groundwater quality was
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textile industrial effluent (VF5), accounting for 18.18% of the total sources and presented
high contribution to Sb (44%). Furthermore, non-point source pollution from agricultural
activities (VF2) accounted for 17.08% of the entire sources and presented a relatively high
contribution to K+ (49%), TP (36%) and NO−2 (38%). Other industrial activities (VF4) were
also responsible for 15.09% of the total sources, shown as SO2−

4 (45%) and NO−3 (32%),
while domestic sewage (VF3, 4.19%) presented relatively high contribution ratio in NH+

4
(24%). In addition, the contribution of unidentified sources to each groundwater quality
parameters, which are mainly due to the complex pollutants evolution processes, ranging
from 2% to 59% with the average of 26.58%. Therefore, the contributions of identified
sources in the Yangtze River Delta integration demonstration zone were determined as
being in the following descending order: natural hydro-chemical evolution > textile indus-
trial effluent > non-point source pollution from agricultural activities > other industrial
activities > domestic sewage.

(A) (B)

Figure 8. The contributions on the groundwater quality parameters (A) and average contributions
(B) of pollution sources in the pilot promoter region of Yangtze River Delta integration demonstration
zone according to the APCS-MLR model.

4. Conclusions

In the present study, principal component analysis (PCA) was employed to identify
the potential natural and anthropogenic aspects impacting the groundwater quality, then
the absolute principal component score-multiple linear regression (APCS-MLR) model was
used to quantify the contribution of potential sources to 17 groundwater quality parameters
in the pilot promoter region of Yangtze River Delta integration demonstration zone, China.
Based on the result of PCA analysis and possible sources for each ion, five major sources
that affected the groundwater quality were identified, namely natural hydro-chemical
evolution, agricultural activities, domestic sewage, textile industrial effluent and other
industrial activities. With most linear regression R-square values larger than 0.6, the APCS-
MLR model successfully quantified the contribution of potential sources in this study area.
The contributions of five potential sources were ranked as natural hydro-chemical evolution
(18.89%) > textile industrial effluent (18.18%) > non-point source pollution from agricultural
activities (17.08%) > other industrial activities (15.09%) > domestic sewage (4.19%). The
results clarified the groundwater in the pilot promoter region of the Yangtze River Delta
integration demonstration zone was primarily contaminated by textile industrial effluent
and agricultural activities, while domestic sewage only accounted for a small part of the
responsibility. These insights could provide reliable advice for groundwater pollution
management in highly developed areas. On the other hand, this study still suffered from a
shortage of groundwater quality data, especially in temporal scale. Hence, further research

70



Water 2023, 15, 225

with more measurements needs to be conducted and temporal variation could be a possible
way to recognize the unidentified sources.
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Abstract: This study aims to investigate hydrogeochemical characteristics and groundwater quality in
the Hebei Plain and to discuss factors controlling the groundwater quality. A total of 54 groundwater
samples were collected and analyzed for 31 hydrogeochemical parameters, and a fuzzy synthetic
evaluation (FSE) method was used for assessing groundwater quality. Results show groundwater
total hardness, total dissolved solids (TDS), and major ions excluding K+ in phreatic aquifers higher
than that in confined aquifers. From the Piedmont plain to the littoral plain, phreatic aquifers towards
the reducing environment, and the enhancement of water–rock interaction, ion exchange process, and
evaporation probably resulted in the increase in groundwater TDS, major ions (excluding HCO3

−

and SO4
2−), B, and Mn concentrations. Moreover, phreatic groundwater chemistry was mainly

controlled by rock weathering changing into evaporite dissolution and seawater intrusion from the
Piedmont plain to the littoral plain, according to the Gibbs diagram. The proportion of drinkable
groundwater in confined aquifers was 1.6 times that in phreatic aquifers. In phreatic aquifers, the
proportion of drinkable groundwater in the Piedmont plain was as high as 68%, but none of the
drinkable groundwater occurred in the central and littoral plains. Groundwater quality in phreatic
aquifers was mainly controlled by five factors, including the water–rock interaction, the marine
geogenic sources, the agricultural pollution, the acidification, and the reductive environment. By
contrast, groundwater quality in confined aquifers was mainly controlled by three factors, including
the water–rock interaction and redox processes, agricultural pollution, and the input of external
water. Therefore, in the Hebei Plain, groundwater in confined aquifers is more suitable for drinking
purposes than in phreatic aquifers. Additionally, phreatic groundwater in the Piedmont plain should
be protected.

Keywords: hydrogeochemical characteristics; groundwater quality; Hebei Plain; phreatic aquifer;
confined aquifer

1. Introduction

Groundwater is one of the major freshwater resources for human beings in coastal
plains. It plays an important role in drinking, industrial, and domestic purposes in urbaniz-
ing areas, as well as irrigation purposes in agricultural areas, especially in plains (e.g., Hebei
Plain) where surface water is short [1]. For instance, Huan et al. reported that groundwater
supplied more than 70% of drinking water in the Hebei Plain [2]. However, many intense
human activities such as urbanization, industrialization, mining activities, and agricultural
intensification have impacted regional groundwater quality in recent decades on a global
scale [3–7]. For example, Gan et al. reported that domestic sewage and animal waste
were major sources of groundwater nitrate pollution in several alluvial-pluvial fans in the
Hebei Plain due to urbanization and agricultural activities [8]. Therefore, it is necessary to
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understand the current status of hydrogeochemical characteristics and groundwater quality
for groundwater management in the Hebei Plain because various human activities likely
have already changed hydrogeochemical conditions and water quality in the groundwater
of this area [9].

To date, many studies have already investigated hydrogeochemical characteristics
and groundwater quality in part areas within the Hebei Plain. For instance, Xing et al.
investigated hydrogeochemical characteristics in the Hebei Plain by using two ground-
water flow paths [10]. Zhang et al. assessed the natural background levels of chemical
components in the groundwater of the Hutuo River catchment area within the Hebei
Plain [11]. Zhang et al. revealed the spatial distribution of iodine in groundwater in the
Hebei Plain via a groundwater section [12]. Zhang et al. reported the spatial distribu-
tion of groundwater chemistry and quality in the southern Hebei Plain [13]. Liu et al.
revealed factors controlling groundwater chemical evolution under reduced exploitation
in the Heilongjiang region within the Hebei Plain [14]. Hao et al. recently reported the
annual variability of fluoride concentrations in deep groundwater of a land subsidence
plain in Cangzhou within the Hebei Plain [15]. By contrast, the Hebei Plain is a large-scale
geological unit, and few studies focused on the spatial distribution of hydrogeochemical
characteristics and groundwater quality in this entire area [16]. Especially in recent decades,
the intensity of human activities in the groundwater of this area has increased [9].

Therefore, the present study aims to investigate the current status of hydrogeochemical
characteristics and groundwater quality in the whole Hebei Plain, where human activities
strengthen and discuss factors controlling groundwater quality in this entire area. In this
study, 54 groundwater samples were collected from both phreatic and confined aquifers.
The Piper and Gibbs diagrams were used for analyzing hydrogeochemical characteristics
in various aquifers and land use types and a fuzzy synthetic evaluation (FSE) method was
used for assessing groundwater quality in different aquifers and land use types [17–19]. In
addition, a principal components analysis (PCA) was used to extract major factors that con-
trol groundwater chemistry and quality in the study area [20]. The conclusions will enhance
the groundwater management level for sustainable development in the Hebei Plain.

2. Study Area
2.1. Geographical Conditions

The Hebei Plain includes the entire plains of Beijing, Tianjin, and Hebei Province,
with a total area of approximately 9.25 × 104 km2 (Figure 1A). It is bounded by mountains
in the West and North and adjacent to Bohai Bay in the east. The topography generally
inclines eastward from an altitude of about 100 m above sea level (ASL) in the west to about
2 m ASL in the east [16]. The climate is typically continental semiarid with a mean annual
temperature of 11.3 ◦C and a mean annual precipitation of approximately 500 mm/year,
and the summer monsoon generally contributes more than 70% of the annual precipitation
from June to September [21]. It is one of the major granaries of China. Croplands in the
Hebei Plain, including 17 large irrigation districts and many small-scale irrigated farms,
account for 72% of the total area, and approximately 70% of the total water supply for grain
production is supported by groundwater [22].

2.2. Geological and Hydrogeological Conditions

The Hebei Plain is a large Mesozoic and Cenozoic sedimentary basin with a basement
of the Sinian bedrock. Alluvial and fluvial sediments originated from the middle and
lower reaches of the Yellow River, the Haihe River, the Luanhe River, and their tributaries
and formed sedimentary aquifers in this basin. The sediment thickness of Quaternary
deposits is about 150–500 m. The Quaternary sediments consist of fluvial deposits in the
Piedmont plain, alluvial and lacustrine deposits in the central plain, and alluvial deposits
with interbedded marine deposits in the littoral plain [23]. The Piedmont plain has more
plentiful groundwater resources than the central and littoral plains due to the mountain-
front recharge, waterbody leakage from reservoirs, and groundwater lateral flow [24].
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Aquifers in the Hebei Plain can be divided into four groups according to hydrodynamic
conditions and the distribution of aquifers and aquitards (Figure 1B). From the top to the
bottom, the first aquifer group (aquifer-I) consists of phreatic aquifers in a range of 10–50 m
below land surface (BLS) with coarse-grained sand in the Piedmont plain to fine-grained
sand in the littoral plain. The second aquifer group (aquifer-II) is composed of multiple
semi-confined aquifers with buried depths of 120–210 m BLS, while the third aquifer group
(aquifer-III) consists of confined aquifers and has the lower boundary between 170 and
350 m BLS, both of them are dominated by sandy gravel in the Piedmont plain and by
medium to fine sand in the central and littoral plains. The fourth aquifer group (aquifer-IV)
also consists of confined aquifers with cemented sandy gravel and weathered sand in the
Piedmont plain, medium to fine sand in the central plain, and fine sand in the littoral plain,
lies below 350 m BLS with a thickness of 50–60 m [25,26]. In recent decades, groundwater
recharge from rivers, lakes, and wetlands has reduced significantly because surface water
flow to the Hebei Plain is often cut off by reservoirs built upstream, especially during
the dry seasons [24]. Groundwater flow velocity ranged from 0.013 to 0.26 m/d in the
Piedmont plain and from 0.002 to 0.10 m/d in the central plain [27]. Groundwater flows
regionally from the west to the east or the northeast; in other words, it flows from the
Piedmont plain via the central plain to the littoral plain [10].
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3. Materials and Methods
3.1. Groundwater Sampling

A total of 54 groundwater samples in the Hebei Plain were collected once in August 2021.
Among them, 31 samples, 19 samples, and 4 samples were collected from the Piedmont plain,
the central plain, and the littoral plain, respectively. In the Piedmont plain, 22 and 9 samples
were collected from phreatic and confined aquifers, respectively. In the central plain,
9 and 10 samples were collected from phreatic and confined aquifers, respectively. In the
littoral plain, all samples were collected from phreatic aquifers. In order to ensure samples rep-
resenting the in-situ conditions were collected after pumping at least 3 well volumes or 30 min.
Samples were filtered through 0.45 µm membrane filters to remove suspended solids in the
field. Three bottles were used to store groundwater for the analysis of chemical components.
Groundwater in a 200-mL brown glass bottle was used to analyze sulfide (S2−), while two
500-mL polyethylene bottles were used to store groundwater for the analysis of trace elements
and other inorganic chemicals. One bottle used for trace elements analysis was acidified with
nitric acid to a pH of less than 2. All samples were stored at 4 ◦C until laboratory procedures
could be performed.

3.2. Analytical Techniques

All analyses were carried out at the Groundwater Mineral Water and Environmental
Monitoring Center of the Institute of Hydrogeology and Environmental Geology, Chinese
Academy of Geological Sciences. A multi-parameter portable meter (HANNA, HI 98121,
Shanghai, SH, China) was used to measure pH in the field. HCO3

−, CO3
2−, and the

total dissolved solids (TDS) were measured using volumetric and gravimetric methods,
respectively. Total hardness (TH) and chemical oxygen demand (COD) were measured by
EDTA and potassium dichromate titration methods, respectively. Major cations, Fe, Al,
and Mn, were determined by ICP-AES (ICAP6300, Thermo, New York, NY, USA). As, Pb,
Hg, Cd, Cr(VI), Se, Ni, Ba, Zn, and B were measured by ICP-MS (Agilent 7500ce ICP-MS,
Tokyo, Japan). S2− was measured by the iodometric method. NH4

+ and other anions
(NO3

−, SO4
2−, Cl−, NO2

−, F−, I−) were carried out on IC (Shimadzu LC-10ADvp, Kyoto,
Japan). To assure data quality for indicators, each groundwater sample was analyzed in
triplicate, sample batches were regularly interspersed with standards and blanks, and all
data were corrected for instrument drift. The relative errors were less than ±5% for all
analyzed indicators.

3.3. Fuzzy Synthetic Evaluation (FSE) Method

In this study, we used a fuzzy membership function with the groundwater quality
standards of China (Table 1) to evaluate groundwater quality [28]. Linear membership
functions are in the Equation (1).

rij =





0,
(
Ci ≤ Sij−1 or Ci ≥ Sij−1

)
Ci−Sij−1
Sij−Sij−1

,
(
Sij−1 < Ci < Sij

)

Sij+1−Ci
Sij+1−Sij

,
(
Sij < Ci < Sij+1

)

1, (Ci = Si)

(1)

where rij indicates the fuzzy membership of indicator i to class j; every indicator is charac-
terized by five classes (I, II, III, IV, V) according to the groundwater quality standards of
China [28]. Ci stands for the analytical value of groundwater quality indicator i, and Sij
stands for the allowable value of groundwater quality indicator. The fuzzy membership
matrix R consists of groundwater quality indicators and classes.

The weight of groundwater quality indicator is expressed as

Wi =
Ci

Si
(2)
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where Wi is the weight of groundwater quality indicator i, Ci is the analytical value of
groundwater quality indicator i, and Si is the arithmetic mean of allowable values of
each class.

Table 1. Groundwater quality standards of China for drinking and irrigation.

Items Class I Class II Class III Class IV Class V

pH 6.5–8.5 6.5–8.5 6.5–8.5 5.5–6.5 and 8.5–9.0 <5.5 and >9.0
TH (mg/L) ≤150 ≤300 ≤450 ≤650 >650
TDS (mg/L) ≤300 ≤500 ≤1000 ≤2000 >2000
COD (mg/L) ≤1 ≤2 ≤3 ≤10 >10
Cl− (mg/L) ≤50 ≤150 ≤250 ≤350 >350

NO3
− (as N, mg/L) ≤2 ≤5 ≤20 ≤30 >30

SO4
2− (mg/L) ≤50 ≤150 ≤250 ≤350 >350

F− (mg/L) ≤1 ≤1 ≤1 ≤2 >2
NO2

− (as N, mg/L) ≤0.01 ≤0.1 ≤1 ≤4.8 >4.8
I− (µg/L) ≤40 ≤40 ≤80 ≤500 >500

S2− (mg/L) ≤0.005 ≤0.01 ≤0.02 ≤0.1 >0.1
NH4

+ (as N, mg/L) ≤0.02 ≤0.1 ≤0.5 ≤1.5 >1.5
Na+ (mg/L) ≤100 ≤150 ≤200 ≤400 >400

B (mg/L) ≤0.02 ≤0.1 ≤0.5 ≤2 >2
Al (mg/L) ≤0.01 ≤0.05 ≤0.2 ≤0.5 >0.5
Fe (mg/L) ≤0.1 ≤0.2 ≤0.3 ≤2 >2
Mn (mg/L) ≤0.05 ≤0.05 ≤0.1 ≤1.5 >1.5
Ba (mg/L) ≤0.01 ≤0.1 ≤0.7 ≤4 >4
Zn (mg/L) ≤0.05 ≤0.5 ≤1 ≤5 >5
Pb (µg/L) ≤5 ≤5 ≤10 ≤100 >100
As (µg/L) ≤1 ≤1 ≤10 ≤50 >50
Se (µg/L) ≤10 ≤10 ≤10 ≤100 >100
Ni (µg/L) ≤2 ≤2 ≤20 ≤100 >100
Cd (µg/L) ≤0.1 ≤1 ≤5 ≤10 >10

Cr(VI) (µg/L) ≤5 ≤10 ≤50 ≤100 >100
Hg (µg/L) ≤0.1 ≤0.1 ≤1 ≤2 >2

Suitability Drinking,
Irrigation

Drinking,
Irrigation

Drinking,
Irrigation Irrigation Not suitable

Note: data from reference [28].

The normalized weight of each indicator is calculated by the formula:

ai =
Ci

Si
/∑m

i=1
Ci

Si
= Wi/∑n

i=1Wi (3)

where ai is the normalized weight of indicator i and Wi is the sum of the weight of all
groundwater quality indicators. The fuzzy A consists of the weight of each groundwater
quality indicator.

The water quality assessment by fuzzy membership is based on the matrix B,

B = A × R (4)

The fuzzy B is the matrix of membership to each groundwater quality class. Ground-
water sample is classified into the class with the maximum membership [29].

3.4. Principal Components Analysis (PCA)

The PCA is a useful tool for reducing a large number of variables to a small number
of principal components (PCs) by linearly combining measurements [30,31]. In this study,
the PCA was used to reduce variables and extract the main impact indicators that are
responsible for the poor-quality groundwater. In addition, it was also used to extract
related variables and infer the underlying natural and/or anthropogenic processes that
control the groundwater quality [32]. Rotation of the PCs was conducted using the Varimax
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method. PCs with eigenvalues > 1 were retained for analyses. The PCA was operated by
the SPSS® release 23.0 version.

4. Results and Discussion
4.1. Characteristics of Groundwater Chemistry

As shown in Table 2, groundwater pH in both phreatic and confined aquifers was
predominantly near neutral to weak alkaline in the Hebei Plain. Similarly, the median
values of groundwater pH in southern Hebei Plain from 2018 to 2020 were 7.6–7.8 [13].
This indicates that groundwater pH in the Hebei Plain in recent years was shown to be
stable. Groundwater COD concentrations were a wide range of 0.31–14.11 mg/L in phreatic
aquifers but a narrow range of 0.3–1.39 mg/L in confined aquifers. Both groundwater
TH and TDS concentrations in phreatic and confined aquifers were shown wide ranges,
and their median values in phreatic aquifers were 3.4 times and 1.5 times those in con-
fined aquifers, respectively. Similarly, in the North China Plain containing the Hebei
Plain, the median TDS value in shallow groundwater was also approximately 1.5 times
that in deep groundwater from 2006 to 2008 [33]. This is probably attributed to anthro-
pogenic inputs and/or the infiltration of minerals dissolution in the vadose zone via the
water flow because wastewater with high concentrations of TDS often infiltrates into
phreatic aquifers rather than confined aquifers [16,17]. Major ions except NO3

− and K+ in
phreatic and confined aquifers were shown wide range concentrations. Generally, ground-
water major anions concentrations in both phreatic and confined aquifers were orders of
HCO3

− > SO4
2− > Cl− > NO3

−, and median concentrations of groundwater
HCO3

−, SO4
2−, Cl−, and NO3

− in phreatic aquifers were 1.7 times, 2.1 times, 1.3 times, and
8 times of those in confined aquifers, respectively. This is probably due to the anthropogenic
inputs of these anions and the infiltration of dissolution of related minerals (e.g., calcite,
dolomite, gypsum, and halite) in the vadose zone for phreatic aquifers rather than for
confined aquifers [8,16]. Unlike major anions, median values of groundwater major cations
in phreatic aquifers were shown in an order of Ca2+ > Na+ > Mg2+ > K+, but those in
confined aquifers presented an order of Na+ > Ca2+ > Mg2+ > K+. Median concentrations
of groundwater Ca2+, Mg2+, and K+ in phreatic aquifers were 4.0 times, 3.1 times, and
1.4 times those in confined aquifers, respectively. By contrast, the median value of ground-
water Na+ in phreatic aquifers was approximately half of that in confined aquifers. These
are likely not only due to the anthropogenic input of K+ and the infiltration of dissolutions
of Ca and Mg-containing minerals (e.g., calcite, dolomite) in the vadose zone for phreatic
aquifers but also because of the stronger ion exchange process of “Na in sediments replaced
by Ca and Mg” in confined aquifers than in phreatic aquifers [9,10]. Median concentrations
of trace metal(lion)s including B, Mn, Al, Fe, and Ba in groundwater in both phreatic and
confined aquifers were higher than detection limits, while that of others including Zn, Ni,
Cd, Pb, As, Se, Hg, and Cr(VI) in groundwater of phreatic and/or confined aquifers were
lower than detection limits. Median values of groundwater Al and Ba in phreatic aquifers
were approximately double those in confined aquifers. This indicates that groundwater
Al and Ba in the Hebei Plain mainly originated from the anthropogenic inputs and/or the
infiltration of dissolution of Al- and Ba-containing minerals in the vadose zone [32,34]. By
contrast, the median concentration of groundwater F− in phreatic aquifers was 0.8 times
that in confined aquifers. This is consistent with the distribution of groundwater pH in the
study area; the median pH value in phreatic aquifers was 0.9 times that in confined aquifers
(Table 2). These indicate that geogenic factors such as alkaline conditions likely control the
distribution of groundwater F− in the Hebei Plain because alkalization is in favor of the
desorption and dissolution of fluorinated minerals [13,35]. In addition, other chemical com-
ponents, including I−, NO2

−, NH4
+, and S2− in groundwater of phreatic and/or confined

aquifers, were also shown to have median values lower than detection limits.
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Table 2. Descriptive statistics of groundwater chemical parameters in phreatic and confined aquifers.

Items
Phreatic Aquifers Confined Aquifers

Min. Med. Max. Min. Med. Max.

pH 6.75 7.49 8.22 7.17 8.21 8.82
COD 0.31 0.81 14.11 0.3 0.63 1.39
TH 69.2 469.5 6415 41.5 136.9 3808
TDS 256 686 23,550 185 463 9570

CO3
2− <DL <DL 5.9 <DL 5.9 29.7

HCO3
− 108.7 388.8 1009 73.1 228.9 845.7

Cl− 9 82.3 13,830 2.5 61.6 2066
NO3

−-N <DL 3.2 23.9 <DL 0.4 16.9
SO4

2− 7 147.1 2736 6.1 70.3 3964
K+ 0.4 1.9 51 0.4 1.4 3.2

Na+ 5.9 62.5 6465 24 111.4 1940
Ca2+ 18.3 98.3 570.8 7.5 24.4 281.8
Mg2+ 6.3 41.7 1219 5.4 13.6 759

I− <DL <DL 0.906 <DL <DL 0.665
NO2

−-N <DL <DL 0.223 <DL <DL 0.081
NH4

+-N <DL <DL 1.02 <DL <DL 0.37
S2− <DL <DL 0.19 <DL 0.005 0.217
F− 0.16 0.47 2.57 0.15 0.6 2.11
B <DL 0.06 1.31 0.02 0.06 0.95

Mn <DL 0.03 3.89 <DL 0.02 0.77
Al <DL 0.07 0.54 0.01 0.03 0.15
Fe <DL 0.06 78.31 <DL 0.07 2.94
Ba 0.01 0.07 0.41 0.01 0.04 0.19
Zn <DL <DL 36.11 <DL 0.01 2.26
Ni <DL 0.001 0.007 <DL <DL 0.006
Cd <DL <DL <DL <DL <DL <DL
Pb <DL <DL 0.001 <DL <DL 0.003
Se <DL <DL 0.016 <DL <DL 0.002
Hg <DL <DL <DL <DL <DL <DL
As <DL <DL 0.009 <DL <DL 0.008

Cr(VI) <DL <DL 0.006 <DL <DL 0.008
Notes: pH without the unit while other parameters with the unit of mg/L; <DL—below detection limits.

Statistics for concentrations of groundwater chemical parameters in phreatic aquifers
in Piedmont, central, and littoral plains are present in Table 3. Groundwater pH in phreatic
aquifers in all three plains was near neutral to weak alkaline. The median concentration
of groundwater COD in phreatic aquifers increased gradually from the Piedmont plain
to the littoral plain. This indicates that the groundwater environment from the Piedmont
plain to the littoral plain is reducing environment because of the decrease in groundwater
flow velocity from the Piedmont plain to the littoral plain [27]. As median and mean
concentrations are concerned, TDS and most major ions, including Cl−, K+, Na+, Ca2+, and
Mg2+ in groundwater in phreatic aquifers, increased gradually from the Piedmont plain to
the littoral plain. This is probably attributed to the change in water–rock interaction and
evaporation from the Piedmont plain to the littoral plain and the frequent occurrence of
seawater intrusion in the littoral plain because ion exchange and evaporation processes
for groundwater chemistry from the Piedmont plain to the littoral plain in the Hebei Plain
become stronger [10,16,17,36]. For example, Zhan et al. have already pointed out that Ca-
and Mg-containing minerals (e.g., calcite, dolomite, and gypsum) in groundwater in the
Piedmont plain were shown less negative saturation indices than those in central and littoral
plains, and resulting in concentrations of groundwater TDS accompanied by Ca and Mg
from the Piedmont plain to the littoral plain increased [16]. In addition, median and mean
concentrations of B and Mn in groundwater in phreatic aquifers also increased gradually
from the Piedmont plain to the littoral plain. This likely ascribes to the enhancement
of the ion exchange process and reductive dissolution from the Piedmont plain to the
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littoral plain in the Hebei Plain because the enrichment of B in groundwater is commonly
accompanied by ion exchange that depletes Ca and enriches Na in groundwater [37], and
the reductive dissolution of Mn containing minerals is in favor of the enrichment of Mn in
groundwater [38]. By contrast, median and mean concentrations of groundwater HCO3

−,
F−, Fe, and Zn in phreatic aquifers in the central plain were higher than those in the other
two plains. In addition, median and mean concentrations of groundwater NO3

− in phreatic
aquifers in the Piedmont plain were higher than those in other two plains. This indicates
that groundwater NO3

− contamination was more often in the Piedmont plain than in the
other two plains because the groundwater environment in the Piedmont plain was more
oxidizing than that in the other two plains [9].

Table 3. Descriptive statistics of groundwater chemical parameters in phreatic aquifers in Piedmont,
central, and littoral plains.

Items
Piedmont Plain Central Plain Littoral Plain

Min. Med. Mean Max. Min. Med. Mean Max. Min. Med. Mean Max.

pH 7.03 7.53 7.52 8.22 6.75 7.34 7.38 7.88 7.22 7.45 7.53 7.99
COD 0.31 0.58 0.70 1.52 0.69 1.48 1.61 2.82 1.57 2.20 5.02 14.11
TH 69 391 386 662 356 980 1211 2619 297 920 2138 6415
TDS 256 555 575 1118 1394 2356 3109 7110 511 4646 8338 23,550

HCO3
− 109 311 339 610 296 754 710 1009 293 485 442 507

Cl− 9 58 61 160 135 464 545 1551 51 2143 4542 13,830
NO3

−-N <DL 7.1 8.0 19.7 <DL 0.4 2.9 23.9 <DL 0.8 1.2 3.2
SO4

2− 7 66 94 249 302 477 995 2736 21 634 629 1229
K+ 0.4 1.6 1.7 3.0 0.7 1.8 1.8 3.1 6.2 19.5 24.1 51.0

Na+ 6 32 48 200 323 530 648 1565 76 1358 2314 6465
Ca2+ 18 91 98 207 41 103 135 326 32 114 208 571
Mg2+ 6 34 36 80 57 143 215 523 25 166 394 1219

I− <DL <DL 0.02 0.34 0.04 0.19 0.23 0.45 <DL 0.11 0.28 0.91
NO2

−-N <DL <DL 0.01 0.22 <DL <DL 0.02 0.11 <DL 0.01 0.04 0.15
NH4

+-N <DL <DL 0.01 0.14 <DL 0.06 0.19 1.02 <DL 0.17 0.18 0.37
S2− <DL <DL <DL 0.010 <DL <DL 0.042 0.190 <DL 0.008 0.014 0.040
F− 0.16 0.35 0.45 1.92 0.39 0.87 1.13 2.57 0.47 0.83 0.86 1.30
B <DL 0.04 0.05 0.25 0.16 0.48 0.59 1.31 0.06 0.76 0.60 0.82

Mn <DL <DL 0.07 1.11 0.12 0.27 0.49 1.43 0.34 0.42 1.27 3.89
Al <DL 0.07 0.07 0.16 0.03 0.09 0.15 0.54 0.03 0.09 0.09 0.15
Fe <DL 0.03 0.10 0.61 0.04 0.76 10.11 78.31 <DL 0.64 0.65 1.33
Ba 0.01 0.09 0.12 0.41 0.01 0.02 0.03 0.07 0.02 0.08 0.11 0.25
Zn <DL <DL 0.01 0.09 <DL 0.01 4.02 36.11 <DL <DL 0.01 0.03
Ni <DL <DL 0.001 0.004 <DL 0.003 0.003 0.004 <DL 0.002 0.003 0.007
Cd <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL
Pb <DL <DL <DL <DL <DL <DL <DL 0.001 <DL <DL <DL <DL
Se <DL <DL 0.001 0.005 <DL <DL 0.002 0.016 <DL <DL <DL <DL
Hg <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL
As <DL <DL <DL 0.005 <DL <DL 0.002 0.009 0.002 0.003 0.003 0.004

Cr(VI) <DL <DL 0.001 0.006 <DL <DL <DL <DL <DL <DL <DL <DL

Notes: pH without the unit while other parameters with the unit of mg/L; <DL—below detection limits.

As seen in Figure 2, groundwater anions were generally dominated by HCO3
− in

both phreatic and confined aquifers in the Hebei Plain. By contrast, groundwater cations
in phreatic aquifers were dominated by Ca2+ and Na+, but confined aquifers, they were
almost dominated by Na+. The numbers of hydrogeochemical facies for groundwater in
phreatic and confined aquifers were 18 and 13, respectively. Hydrogeochemical facies of
groundwater in phreatic and confined aquifers were dominated by Ca·Mg-HCO3 facies
(25.7%) and Na-HCO3 facies (15.8%), respectively. In phreatic aquifers, groundwater cations
in residential areas were dominated by Ca·Mg facies, which in uncultivated lands were
dominated by Na·Mg facies and Na facies, but in agricultural areas were dominated by
Ca·Mg facies and Na·Mg facies. On the other hand, groundwater anions in both residential
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and agricultural areas were dominated by HCO3 facies and HCO3·SO4 facies, while in
uncultivated lands they were dominated by Cl facies and HCO3 facies. These likely hint
that hydrogeochemical facies in residential areas were mainly controlled by geogenic
factors, while in uncultivated and agricultural lands they were controlled by both geogenic
and anthropogenic factors. Because shallow groundwater in the study area is dominated
by Na facies and Cl facies, often ascribed to anthropogenic inputs, while that dominated
by Ca facies, Ca·Mg facies, HCO3 facies, and HCO3·SO4 facies is generally attributed to
geogenic sources [11,16]. Unlike in other coastal areas, such as the Pearl River Delta [39],
no NO3 facies groundwater occurred in the Hebei Plain. It is worth mentioning that
all groundwater samples with the concentration of NO3

− accounted for >10% of total
major anions concentration (meq) were located in agricultural and residential areas. This
indicates that groundwater NO3

− contamination in the Hebei Plain likely originated from
agricultural activities and human wastes [8].
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Hebei Plain.

In this study, the Gibbs Diagram was applied to analyze groundwater chemistry
in the Hebei Plain. As shown in Figure 3, Na/(Na + Ca) ratios in 86.4% of phreatic
groundwaters in the Piedmont plain were less than 0.5 and accompanied by low levels
of TDS (<1000 mg/L). This indicates that rock weathering was the dominant mechanism
for phreatic groundwater chemistry in the Piedmont plain [18]. By contrast, the con-
fined groundwater in the Piedmont plain was also accompanied by low levels of TDS
(<1000 mg/L) but commonly showed higher Na/(Na + Ca) ratios than that in phreatic
groundwaters, approximately 67% of confined groundwaters in the Piedmont plain were
characterized by Na/(Na + Ca) ratios > 0.5. This infers both rock weathering and ion ex-
change processes controlling groundwater chemistry in confined aquifers in the Piedmont
plain because longer residence times for groundwater in confined aquifers than in phreatic
aquifers is in favor of the ion exchange process of sediments adsorbed Na replaced by
groundwater Ca [23,26,40]. Compared to the Piedmont plain, Na/(Na + Ca) ratios and
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TDS concentrations in both phreatic and confined groundwaters in the central plain were
higher. This implies that the evaporation process and/or the dissolution of evaporites
with cation exchange for groundwater chemistry in the central plain were likely more
important than that in the Piedmont plain because the depth of groundwater level in the
central plain was shallower than that in the Piedmont plain and the residence time for
groundwater in the central plain was longer than that in the Piedmont plain [26,41]. On
the other hand, the depth of groundwater level in the central plain in both phreatic and
confined aquifers was generally deeper than 3 m [9,21], indicating that the impact of the
evaporation process on groundwater chemistry in the central plain was negligible because
evaporation from groundwater is often little when the groundwater level deeper than a
few meters [42]. Therefore, evaporite dissolution with cation exchange mainly controlled
groundwater chemistry in the central plain. Additionally, in the central plain, the me-
dian concentration of TDS in phreatic groundwater was more than three times that in
confined groundwater. This indicates that evaporite dissolution for groundwater chemistry
in phreatic aquifers in the central plain was more important than confined aquifers [18]. In
phreatic aquifers, groundwater Na/(Na + Ca) ratios and TDS concentrations in the littoral
plain were commonly higher than in Piedmont and central plains. This is likely attributed
to strong evaporite dissolution and the occurrence of seawater intrusion in the littoral
plain [9,43].
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4.2. Distribution of Groundwater Quality

Compared to standards for groundwater quality in China [28], proportions of ground-
water samples with concentrations of chemical components exceeded allowable limits
(PEAL) for drinking purposes are shown in Table 4. In the Hebei Plain, TH was shown
the highest PEAL of 54.3% in phreatic aquifers, followed by ten components (Mn, TDS,
Na+, Fe, Cl−, SO4

2−, I−, B, F−, and S2−) with their PEALs > 10% and six components (Al,
COD, NO3

−, NH4
+, Zn, and Se) with their PEALs of 2–10%, while the PEALs of other

nine components in phreatic aquifers were zero. By contrast, in confined aquifers, S2− was
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shown the highest PEAL of 31.6%, followed by seven components (F−, Na+, Mn, TDS, Fe,
Cl−, and I−) with their PEALs > 10% and five components (TH, SO4

2−, B, Zn, and pH)
with their PEALs of 5.3%, while other 13 components with their PEALs of zero. Among
them, the PEALs of TH, SO4

2 −, and B in phreatic aquifers were more than 10 times, 5 times,
and 3 times those in confined aquifers. The PEALs of Mn, TDS, Na+, Fe, Cl−, and I− in
phreatic aquifers were 2–3 times those in confined aquifers. In addition, the PEALs of Al,
COD, NO3

−, NH4
+, and Se in phreatic aquifers were also higher than those in confined

aquifers. In contrast, the PEALs of S2−, F−, pH, and Zn in phreatic aquifers were lower
than those in confined aquifers. Within phreatic aquifers, seven components including TH,
Mn, Fe, TDS, Na+, F−, and I− in the Piedmont plain showed their PEALs > 0; by contrast,
17 components including Mn, TDS, Na+, Cl−, SO4

2−, TH, I−, Fe, B, F−, S2−, Al, Zn, COD,
Se, NO3

−, and NH4
+ in central and littoral plains showed their PEALs > 0. Moreover,

PEALs of all these 17 components in central and littoral plains in phreatic aquifers were
much higher than those in the Piedmont plain. For example, PEALs of Mn, TDS, Na+, Fe,
I−, and F− in central and littoral plains in phreatic aquifers were much more than 7 times,
10 times, 20 times, 5 times, 17 times, and 8 times those in the Piedmont plain, respectively.
These indicate that groundwater quality in the Piedmont plain within phreatic aquifers
was better than in central and littoral plains.

Table 4. Statistics for proportions of groundwaters with chemical concentrations exceeded allow-
able limits.

Items Allowable Limits Phreatic Aquifers Confined Aquifers Piedmont Plain Central and
Littoral Plains

TH <450 mg/L 54.3% 5.3% 40.9% 76.9%
Mn <0.1 mg/L 45.7% 15.8% 13.6% 100%
TDS <1000 mg/L 40.0% 15.8% 9.1% 92.3%
Na+ <200 mg/L 37.1% 21.1% 4.5% 92.3%
Fe <0.3 mg/L 34.3% 15.8% 13.6% 69.2%

Cl− <250 mg/L 31.4% 15.8% 0 84.6%
I− <0.08 mg/L 31.4% 15.8% 4.5% 76.9%

SO4
2− <250 mg/L 31.4% 5.3% 0 84.6%

B <0.5 mg/L 20.0% 5.3% 0 53.8%
F− <1 mg/L 17.1% 26.3% 4.5% 38.5%
S2− <0.02 mg/L 14.3% 31.6% 0 38.5%
Al <0.2 mg/L 5.7% 0 0 15.4%
Zn <1 mg/L 2.9% 5.3% 0 7.7%

COD <3 mg/L 2.9% 0 0 7.7%
NO3

−-N <20 mg/L 2.9% 0 0 7.7%
NH4

+-N <0.5 mg/L 2.9% 0 0 7.7%
Se <0.01 mg/L 2.9% 0 0 7.7%
pH 6.5–8.5 0 5.3% 0 0

NO2
−-N <1 mg/L 0 0 0 0

Ba <0.7 mg/L 0 0 0 0
Ni <0.02 mg/L 0 0 0 0
Cd <0.005 mg/L 0 0 0 0
Pb <0.01 mg/L 0 0 0 0
Hg <0.001 mg/L 0 0 0 0
As <0.01 mg/L 0 0 0 0

Cr(VI) <0.05 mg/L 0 0 0 0

Notes: PEAL = proportion of groundwater samples with the concentration of one component exceeded the
allowable limit; data of allowable limits are from reference [28].

The groundwater quality (5 classes) of the Hebei Plain was assessed by the FSE method
and shown in Figure 4. In phreatic aquifers, the percentages of classes II, III, IV, and V of
groundwater samples were 17.2%, 25.7%, 25.7%, and 31.4%, respectively. In other words,
43% and 57% of groundwater samples in phreatic aquifers were good-quality (drinkable,
classes I to III) and poor-quality (undrinkable, classes IV and V), respectively. By contrast,
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the percentages of classes I, II, III, IV, and V groundwater samples in confined aquifers
were 15.8%, 21.0%, 31.6%, 15.8%, and 15.8%, respectively. The proportion of drinkable
groundwater in confined aquifers was 1.6 times that in phreatic aquifers. In phreatic
aquifers, the proportion of drinkable groundwater in the Piedmont plain was as high
as 68%, but none of drinkable groundwater occurred in the central and littoral plains.
In addition, the proportions of drinkable groundwater in phreatic aquifers in different
land use types were in the order of residential area (55.5%) > agricultural area (53.9%)
> industrial area (50%) > woodland (33.3%) > uncultivated land (12.5%). This indicates
that groundwater quality in phreatic aquifers in the Hebei Plain was probably controlled
by natural factors rather than anthropogenic factors because groundwater pollution was
generally more frequent in three former land use types than in two latter ones [44].
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4.3. Factors Controlling Groundwater Quality

In this study, the PCA was used to analyze the factors controlling groundwater quality
in phreatic and confined aquifers in the Hebei Plain. Here, parameters in the PCA include
pH, major ions, and exceeding indicators that concentrations in one or more groundwater
samples are higher than their allowable limits. As shown in Table 5, groundwater quality
in phreatic aquifers was mainly controlled by five factors. PC1 (factor 1) had strong
positive loadings with Cl−, COD, Na+, TDS, Mn, TH, Mg2+, K+, and Ca2+, indicating
that the PC1 was indicative of the water–rock interaction (e.g., minerals dissolution, ion
exchange) because the dissolution of (evaporate) minerals and the ion exchange process
were mainly responsible for enrichments of Cl−, Na+, TDS, Mn, TH, Mg2+, K+, and Ca2+

in phreatic groundwater (Figure 3) [16]. PC2 (factor 2) showed high positive loadings
of I−, HCO3

−, and B and moderate positive loadings of SO4
2− and F−. This was likely

representative of the marine geogenic sources because groundwater SO4
2− and B often

originated from the oxidation of pyrite and the dissolution of glauconite in carbonate rocks
in marine sediments [45], and the enrichment of groundwater I− and HCO3

− accompanied
with alkalization (in favor of groundwater F− enrichment) is often resulted from the
mineralization of organic iodine in marine sediments in coastal areas [33,46–48]. PC3 (factor
3) explained 11.6% of the total variance with strong to moderate positive loadings of Se, Zn,
and NO3

−. This probably represented the agricultural pollution because groundwater with
high levels of NO3

− and Zn in phreatic aquifers in the Hebei Plain was generally distributed
in agricultural areas (Figure 2) [8], and NO3

− inputs were in favor of groundwater Se
enrichment via the oxidation of reduced Se in sediments [34]. PC4 (factor 4) had a strong
negative loading with pH and a moderate positive loading with Fe, indicating that the PC4
likely represented the acidification because the acidification elevates the mobilization of Fe
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in sediments [49]. PC5 (factor 5) showed a high positive loading of NH4
+ and weak positive

loadings of S2− and Al. This was likely indicative of the reductive environment because the
reductive environment is in favor of the enrichment of NH4

+ and S2− in groundwater [3,50].

Table 5. Principal component (PC) loadings for groundwater chemical parameters in phreatic and
confined aquifers in the Hebei Plain.

Items
Phreatic Aquifers

Items
Confined Aquifers

PC1 PC2 PC3 PC4 PC5 PC1 PC2 PC3

Cl− 0.976 0.063 −0.045 −0.064 −0.079 TDS 0.991 0.015 0.083
COD 0.976 0.065 0.000 0.025 0.024 Cl− 0.991 0.058 0.033
Na+ 0.969 0.215 −0.018 −0.004 −0.016 Na+ 0.986 0.072 0.008
TDS 0.964 0.242 0.001 0.065 0.009 Mg2+ 0.985 −0.018 0.139
Mn 0.932 0.183 −0.111 0.089 0.069 TH 0.982 −0.054 0.158
TH 0.931 0.262 0.012 0.217 0.053 SO4

2− 0.981 −0.010 0.131
Mg2+ 0.924 0.312 −0.006 0.161 0.047 Mn 0.969 −0.056 0.100

K+ 0.889 −0.124 −0.058 −0.198 0.052 B 0.950 0.223 −0.131
Ca2+ 0.857 0.048 0.090 0.416 0.071 HCO3

− 0.945 −0.105 −0.055
I− 0.161 0.826 −0.221 −0.020 0.029 Fe 0.943 0.225 0.142

HCO3
− 0.100 0.806 0.123 0.224 0.073 I− 0.915 0.249 −0.086

B 0.479 0.759 0.184 −0.063 0.215 Ca2+ 0.914 −0.210 0.239
SO4

2− 0.424 0.680 0.180 0.297 0.199 COD 0.686 0.298 −0.328
F− 0.041 0.574 −0.082 −0.557 0.144 Zn 0.024 0.925 −0.033
Se −0.034 0.066 0.955 0.031 −0.008 S2− 0.611 0.771 −0.091
Zn 0.022 0.184 0.935 −0.075 0.109 pH −0.501 0.648 −0.253

NO3
− −0.098 −0.323 0.706 0.173 −0.276 K+ 0.220 0.074 0.832

pH −0.191 −0.281 −0.052 −0.800 −0.066 F− 0.089 0.289 −0.805
Fe 0.078 0.106 −0.101 0.617 0.499 Eigenvalue 12.3 2.3 1.7

NH4
+ 0.032 0.025 −0.056 0.072 0.853 Explained

variance (%) 68.2 12.7 9.5

S2− −0.009 0.349 0.256 0.221 0.487 Cumulative %
of variance 68.2 80.9 90.4

Al 0.000 0.260 −0.155 −0.354 0.435
Eigenvalue 8.4 3.5 2.6 2.0 1.6
Explained

variance (%) 38.1 15.7 11.6 9.1 7.4

Cumulative %
of variance 38.1 53.8 65.4 74.5 81.9

Note: Bold numbers = maximum absolute PC loading of one parameter.

By contrast, groundwater quality in confined aquifers was mainly controlled by three
factors. PC1 (factor 1) had strong positive loadings with TDS, Cl−, Na+, Mg2+, TH, SO4

2−,
Mn, B, HCO3

−, Fe, I−, and Ca2+, and a moderate positive loading with COD. As mentioned
previously, the water–rock interaction, such as minerals dissolution and ion exchange, was
mainly responsible for the enrichment of TDS, Cl−, Na+, Mg2+, TH, SO4

2−, HCO3
−, and

Ca2+ in confined groundwater (Figure 3). Additionally, the reductive dissolution of Fe/Mn
(hydroxy)oxides loaded with I− in the reductive environment was mainly responsible for
the enrichment of groundwater Mn, Fe, and I− in the Hebei Plain [46]. Therefore, the
PC1 was assumed to be representative of the water–rock interaction and redox processes.
PC2 (factor 2) showed strong positive loadings with Zn and S2− and a moderate positive
loading with pH, indicating that the PC2 was not a natural factor because groundwater zinc
generally presents in low concentrations in the presence of sulfide [51]. On the other hand,
groundwater with high values of Zn, S2−, and pH in confined aquifers was distributed in
the agricultural area. Therefore, it can be concluded that the PC2 was likely indicative of
agricultural pollution. PC3 (factor 3) had strong positive and negative loadings with K+

and F−, respectively. This likely represented the input of external water because the input
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of external water, such as the ecological water with low levels of F− occurred in the Hebei
Plain in recent years [15].

5. Conclusions

Hydrogeochemical characteristics and groundwater quality in phreatic and confined
aquifers of the Hebei Plain were investigated. Anthropogenic inputs and/or the infiltration
of minerals dissolution in the vadose zone resulted in groundwater TH, TDS, Al, Ba, and
major ions excluding K+ in phreatic aquifers higher than in confined aquifers. By contrast,
more alkaline conditions were likely responsible for higher concentrations of groundwater
F− in confined aquifers than in phreatic aquifers. From the Piedmont plain to the littoral
plain, phreatic aquifers towards the reducing environment, and the enhancement of water–
rock interaction, ion exchange process, and evaporation probably resulted in the increase
of groundwater TDS, major ions (excluding HCO3

− and SO4
2−), B, and Mn concentrations.

Moreover, the phreatic groundwater chemistry was mainly controlled by rock weathering
changing into evaporite dissolution and seawater intrusion from the Piedmont plain to the
littoral plain, according to the Gibbs diagram.

In the Hebei Plain, groundwater in confined aquifers is more suitable to be devel-
oped for drinking purposes than in phreatic aquifers because the proportion of drinkable
groundwater in confined aquifers was 1.6 times that in phreatic aquifers according to
this investigation. For phreatic aquifers, groundwater in the Piedmont plain should be
protected because of the much higher proportion of drinkable groundwater in the Pied-
mont plain than in the other two plains. Groundwater quality in phreatic aquifers was
mainly controlled by five factors, including the water–rock interaction, the marine geogenic
sources, the agricultural pollution, the acidification, and the reductive environment. By
contrast, groundwater quality in confined aquifers was mainly controlled by three factors,
including the water–rock interaction and redox processes, agricultural pollution, and the
input of external water.

This is the first time to depict the distribution of groundwater chemistry and quality
in the whole Hebei Plain in recent years. However, knowledge of the origins of various
poor-quality groundwaters in this area is still limited. Thus, in the future, we will focus on
sources, driving forces, and treatment of poor-quality groundwater in this area.
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Abstract: Elevated hardness concentrations in groundwater have become a noteworthy concern
in recent decades because long-term drinking of groundwater with high levels of hardness is an
important factor resulting in chronic kidney diseases. In this study, the distribution and origins of
groundwater total hardness (TH) in various sub-plains and different land-use areas of the Hebei
Plain (HBP) were investigated. A total of 445 groundwater samples in the HBP were collected once in
2021, and twelve chemical parameters, including TH in groundwater, were analyzed. Results showed
that TH-rich (>450 mg/L) shallow groundwater in both the central and littoral plains was more than
twice that in the Piedmont plain. Similarly, TH-rich deep groundwater accounted for about 18% in
the central plain but was negligible in the Piedmont plain. In the Piedmont plain, TH-rich shallow
groundwater in urban areas was twice or more than in other land use types. By contrast, both TH-rich
shallow and deep groundwaters in agricultural areas in the central plain were higher than those in
rural areas. This was opposite to TH-rich shallow groundwater in the littoral plain. In the Piedmont
plain, TH-rich shallow groundwater was mainly attributed to water-rock interaction, groundwater
over-extraction, and the infiltration of domestic sewage and animal waste. In the central plain, both
TH-rich shallow and deep groundwaters likely ascribed to the evaporite dissolution and seawater
intrusion. By contrast, the leaching of agricultural fertilizers resulting in the dissolution of Ca-rich and
Mg-rich minerals in the vadose zone was mainly responsible for the occurrence of TH-rich shallow
groundwater in the littoral plain. Therefore, in order to limit elevated hardness concentrations in
groundwater in the HBP, limiting shallow groundwater extraction and strengthening the supervision
of the domestic sewage and animal waste in the Piedmont plain are recommended. Besides, restricting
the use of nitrogenous fertilizers in the littoral plain is also recommended.

Keywords: total hardness; TH-rich shallow groundwater; groundwater over-extraction; evaporites
dissolution; agricultural areas; Hebei plain

1. Introduction

Groundwater is important for food security, human health, and ecosystems. Globally,
groundwater is the main source of drinking water for more than 2.5 billion people, and
about 70% of groundwater abstraction is used for agricultural irrigation [1]. Especially in
areas with insufficient surface water, such as the Hebei Plain (HBP) and islands, groundwa-
ter is often the major water resource for drinking and irrigation purposes [2,3]. For example,
groundwater accounted for more than 52% of the total water supply in the Hebei Province
of China in 2019 [4]. However, the use of groundwater is always limited by its water quality,
which is always controlled by kinds of natural and anthropogenic factors [5,6] because poor
quality groundwater is often harmful to human beings and/or unsuitable for irrigation
and industrial purposes [7–10]. For example, long-term drinking of groundwater with
high levels of hardness is an important factor resulting in chronic kidney diseases that are
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associated with reduced glomerular filtration rate and/or increased albumin excretion [11].
In addition, elevated hardness groundwater is also unfit for agricultural irrigation because
it can render salinity and alkali hazards to soil [12]. Unfortunately, one publication in
recent reported that elevated hardness was one of the major indicators for poor quality
groundwater in the HBP; more than half of groundwater in phreatic aquifers and about 5%
of groundwater in confined aquifers in the HBP showed that total hardness concentration
above the allowable limit (450 mg/L) recommended by China [13].

To date, the origins of elevated hardness groundwater in many areas have already
been investigated globally. A couple of studies reported that the infiltration of wastew-
ater/leachate with high levels of hardness was often mainly responsible for elevated
hardness in groundwater in industrial areas and landfills [14,15]. Similarly, the release of
Ca2+ and Mg2+ from sediments via the ion exchange process under the condition of sewage
irrigation was generally the major driving force for increasing groundwater hardness in
irrigation areas [16,17]. By contrast, Cloutier et al. pointed out that groundwater with
elevated hardness in a sedimentary rock aquifer system in Québec of Canada, was likely
attributed to geogenic sources such as the dissolution of dolostone [18]. In addition, Cucchi
et al. revealed that the occurrence of elevated hardness groundwater in plains aquifers of
northeastern Italy probably ascribed to the over-extraction of groundwater [19]. This was
also the main factor for elevated hardness groundwater in the HBP in the last century [20].
Besides, some researchers revealed hydrochemical characteristics related to groundwa-
ter hardness via different hydrogeochemical zones in the HBP during 1975–2010 [21,22].
For example, Zhan et al. reported that average concentrations of Ca2+, Mg2+, and total
hardness in shallow groundwater in the Piedmont alluvial fan-recharge zone of the HBP
during 1975–2005 increased by 42.6%, 40.5%, and 20.6%, respectively; meanwhile, from
the piedmont alluvial fan-recharge zone to the coast plain-discharge zone, total hardness
concentration in shallow groundwater in the HBP was from less than 450 mg/L increased
to more than 900 mg/L [22]. However, human activities in the HBP accompanied by ur-
banization have intensified in recent decades [23]. This may affect spatial distribution and
origins of groundwater hardness in the HBP. Recently, Li et al. investigated groundwater
quality in the Hutuo river alluvial plain of the HBP and showed that about 26% of shallow
groundwater and 20% of deep groundwater were characterized by high levels of total
hardness (>450 mg/L) [24]. Bai et al. investigated groundwater chemistry in Yongqing
County in the northern part of the HBP and reported that groundwater total hardness
concentration in phreatic aquifers was up to 840 mg/L [25]. Guo et al. surveyed groundwa-
ter quality in the Bazhou irrigation district of the HBP and found that the total hardness
concentration was up to 1483 mg/L in shallow groundwater but less than 90 mg/L in deep
groundwater [26]. However, knowledge of the distribution and origins of hardness-rich
shallow and deep groundwaters in the whole HBP is still limited.

Therefore, this study aims to depict the current spatial distribution of groundwater
hardness in different land use types in the HBP and discuss the origins of elevated hardness
in both shallow and deep groundwaters. Results will be beneficial for groundwater resource
management in the HBP.

2. Study Area
2.1. Geographical Conditions

The HBP is part of the North China Plain and occupies an area of about 7.3 × 104 km2.
It is bounded by Henan province and Bohai Bay in the south and east and bounded by
Taihang and Yanshan mountains in the west and north, respectively (Figure 1A). It has deep
soil, abundant sunshine, and very flat topography [22]. The mean annual precipitation
of the HBP is 500–600 mm and about 60–70% concentrated between June and August,
whereas the mean annual evaporation rate is in the order of 1000–1300 mm [27,28]. The
HBP is dominant in agriculture, with agricultural land more than 70% of the total area,
and groundwater is the main water resource for agricultural irrigation [29]. With the
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development of urbanization, the construction land in the HBP increased by more than 20%
during the period of 2010–2020, which was mainly transformed from agricultural land [23].
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2.2. Geological and Hydrogeological Conditions

The HBP is a large sedimentary basin. Quaternary sediments originate from the
middle and lower reaches of the Yellow River, the Haihe River, the Luanhe River, and
their tributaries. Its thickness is approximately 150–500 m. It can be divided into the
Piedmont Plain (PP), the Central Plain (CP), and the Littoral Plain (LP) from west to east [30].
They consist of fluvial deposits, alluvial and lacustrine deposits, and alluvial deposits
with interbedded marine deposits, respectively. The PP has more plentiful groundwater
resources in comparison with CP and LP because it has more recharge sources [31]. The
HBP has four aquifer groups (Figure 1B). The aquifer-I at the top of the HBP is formed in
the Holocene and a range of 10–50 m below land surface (BLS), with coarse-grained sand in
the PP to fine-grained sand in the LP. The aquifer-II is formed in the upper Pleistocene with
a range of 120–170 m BLS, with sandy gravel and medium to fine sand [21]. Groundwater
in the above two aquifers is denoted as shallow groundwater and is a major water resource
for agricultural irrigation. The aquifer-III is formed in the middle Pleistocene with a range
of 170–350 m BLS. It consists of sandy gravel in the PP and medium to fine sand in the CP
and LP [21]. While the aquifer-IV is formed in the lower Pleistocene and >350 m BLS, it
consists of cemented sandy gravel and thin layers of weathered sand. Groundwater in these
two aquifers is denoted as deep groundwater [32,33]. Groundwater was mainly recharged
by lateral flow from mountain areas and vertical infiltration from rivers and irrigation
return [21,33]. On a regional scale, groundwater flows are from the west to the east or the
northeast. The groundwater flow velocity is 0.013–0.26 m/d in the PP and decreases to
0.002–0.10 m/d in the CP [34]. Recently, deep groundwater levels in urban areas increased
significantly but still decreased in agricultural areas, which are often recharged by the
leakage of overlying shallow groundwater [22,35].

3. Materials and Methods
3.1. Groundwater Sampling

A total of 306 shallow groundwater samples and 139 deep groundwater samples in the
HBP were collected from July to September 2021. Among them, 202 shallow samples and
61 deep groundwater samples were collected from the PP, 84 shallow samples and 78 deep
groundwater samples were collected from the CP, and 20 shallow samples were collected
from the LP, respectively. In order to ensure samples representing the in-situ conditions,
they were collected after pumping at least 3 well volumes or 30 min. Samples were filtered
through 0.45 µm membrane filters to remove suspended solids in the field. All samples
were stored at 4 ◦C until laboratory procedures could be performed.

3.2. Analytical Techniques

The pH was measured in the field by a multi-parameter portable meter (HANNA, HI
98121, Shanghai, China). HCO3

−, CO3
2−, and the total dissolved solids (TDS) were deter-

mined by volumetric and gravimetric methods, respectively. Other major anions (NO3
−,

SO4
2−, Cl−) were carried out on IC (Shimadzu LC-10ADvp, Kyoto, Japan). Chemical

oxygen demand (COD) and total hardness (TH) were determined by potassium dichro-
mate and EDTA titration methods, respectively. Major cations (Ca2+, Na+, K+, Mg2+) were
measured by ICP-AES (ICAP6300, Thermo, New York, NY, USA). To assure data quality for
indicators, each groundwater sample was analyzed in triplicate, sample batches were regu-
larly interspersed with standards and blanks, and all data were corrected for instrument
drift. The relative errors were <±5% for all analyzed indicators.

3.3. Principal Components Analysis (PCA)

The PCA reduces high dimensional space into a smaller number of dimensions called
principal components (PCs) by linearly combining measurements [36–38]. In this study, the
PCA was used to extract the PCs that control the TH in shallow and deep groundwaters
in various plains from 12 groundwater chemical parameters [39–41]. The units of these
parameters were mg/L, except for pH. Log-transformed data and a standardized data
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matrix were used in the PCA to give each variable equal weight in the multivariate statistical
analysis. Rotation of the PCs was conducted using the Varimax method [42,43]. The number
of PCs to keep was based on the Kaiser criterion (eigenvalues > 1). The terms “strong”,
“moderate”, and “weak” (as applied to PC loadings) referred to the absolute loading values
of >0.75, 0.75–0.5 and 0.5–0.3, respectively [8]. The software SPSS® Version 23.0 (SPSS Inc.,
Chicago, IL, USA) was used for the PCA in this study.

4. Results and Discussion
4.1. Characteristics of Groundwater Chemistry

Statistics for hydrochemical parameters in shallow and deep groundwaters in various
sub-plains of the HBP are shown in Table 1. Median pH values in both shallow and deep
groundwater in various sub-plains of the HBP were approximately 7.3–8.1, indicating
that both shallow and deep groundwaters in the HBP were near neutral to weak alkaline.
Moreover, deep groundwater showed a little bit more alkaline than shallow groundwa-
ter in both PP and CP according to their median pH values. From the PP to the LP, the
median COD concentration in shallow groundwater increased gradually, indicating that
shallow groundwater towards reducing environments from the PP to the LP. This is likely
ascribed to the decrease of shallow groundwater flow velocity from the PP to the LP and
the coarse-grained sand in the PP to fine-grained sand in the LP [21,34,37]. Moreover,
deep groundwater showed a more oxidizing environment in comparison with shallow
groundwater because median COD concentrations in shallow groundwater in both PP and
CP were higher than those in deep groundwater. This probably ascribes to the more fre-
quent reductive contamination (e.g., ammonium consuming dissolved oxygen) in shallow
groundwater than in deep groundwater in the HBP [13,44]. Median concentrations of TDS
and some major ions, such as Na+, Cl−, and SO4

2−, in shallow groundwater in both CP
and LP were more than twice that in the PP. This likely ascribes to the stronger water-rock
interaction and evaporation and the occurrence of seawater intrusion in the latter two
sub-plains [13]. These are also likely responsible for the higher median concentrations of
K+, Ca2+, Mg2+, and HCO3

− in shallow groundwater in the latter two sub-plains than in
the PP. In both of PP and CP, median values of TDS and most major ions (excluding K+ and
Na+) in shallow groundwater were more than 1.5 times that in deep groundwater. This is
likely due to the more frequent salt contamination in shallow groundwater than in deep
groundwater because salt-contaminated groundwater was commonly characterized by
high levels of TDS, Cl−, and SO4

2− [36,44–46]. By contrast, median concentrations of K+

and Na+ in shallow groundwater in the PP were lower than those in deep groundwater.
This is likely because of the cation exchange in vadose zones that adsorbed Ca2+ and
Mg2+ are replaced by K+ and Na+ [13]. Unlike the above major ions, the median value
of NO3

− in shallow groundwater in the PP was more than twice that in CP and LP. This
indicates that shallow groundwater NO3

− contamination was more often in the PP than
in the other two sub-plains because shallow groundwater in the PP was characterized by
stronger oxidizing environments and lower COD levels in comparison with that in the
other two sub-plains [10,13,47]. This is also probably responsible for the higher median
concentration of NO3

− in deep groundwater in the PP than in the CP. Moreover, in the
PP, the median NO3

− concentration in shallow groundwater was 7 times that in deep
groundwater, indicating that shallow groundwater in the PP was more vulnerable to NO3

−

contamination in comparison with deep groundwater.

4.2. Distribution of Groundwater Total Hardness

Groundwater TH concentrations in various sub-plains in the HBP are shown in
Figure 2. Shallow groundwater TH concentrations in the PP ranged widely from 15 to
1411 mg/L with a median value of 343 mg/L. Median concentrations of shallow ground-
water TH in CP and LP were 2.3 times and 1.8 times that in the PP, respectively. This is
probably attributed to the stronger water-rock interaction and evaporation process in CP
and LP than in the PP because shallow groundwater in the former two sub-plains presents
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slower flow velocity and shallower groundwater levels than in the PP [13,34]. This is
also likely responsible for the higher median concentration of TH in deep groundwater
in the PP than in the CP. In both PP and CP, median concentrations of TH in shallow
groundwater were more than twice that in deep groundwater. This is probably due to the
cation exchange that adsorbed Ca2+ and Mg2+ in vadose zones replaced by Na+ and/or
K+, and finally infiltrating into shallow groundwater rather than deep groundwater via the
water flow [13,48,49]. In addition, groundwater TH concentrations in areas with different
land uses in the HBP were also investigated. In the PP, the median concentration of shallow
groundwater TH in urban areas was more than 1.5 times that in rural and agricultural areas.
In contrast, median concentrations of deep groundwater TH in rural and agricultural areas
were 1.3 times and 1.1 times that in urban areas. Moreover, median TH concentrations
in shallow groundwater in urban, rural, and agricultural areas were 4.1 times, 2.1 times,
and 2.4 times those in deep groundwater, respectively. These likely indicate that anthro-
pogenic inputs of TH in urban areas were stronger than those in rural and agricultural
areas, and anthropogenic inputs of TH had contributed to shallow groundwater rather than
deep groundwater because the intensity of human activities in urban areas was commonly
stronger than that in other areas [39,43]. Besides, in the CP, median TH concentrations in
both shallow and deep groundwaters in rural areas were lower than those in agricultural
areas. By contrast, in the LP, the median TH concentration in shallow groundwater in rural
areas was approximately twice that in agricultural areas.

Table 1. Descriptive statistics of chemical parameters in shallow and deep groundwaters in the
Hebei Plain.

Items

Shallow Groundwater Deep Groundwater

Piedmont Plain Central Plain Littoral Plain Piedmont Plain Central Plain

Min. Med. Max. Min. Med. Max. Min. Med. Max. Min. Med. Max. Min. Med. Max.

pH 5.0 7.5 13.4 6.2 7.4 8.2 6.7 7.3 9.2 6.2 7.8 10.3 7.1 8.1 8.3
COD 0.3 0.7 8.4 0.3 1.4 2.8 0.5 1.6 14.1 0.2 0.6 2.0 0.4 0.8 4.0
TDS 140 507 3688 224 1857 12,180 284 1116 23,550 185 324 1857 325 714 9570
K+ 0.3 1.4 13.8 0.4 1.8 12.4 0.6 5.0 51.0 0.3 1.5 3.8 0.3 1.2 7.5
Na+ 6 33 724 35 384 2670 53 100 6465 7 52 489 74 206 1940
Ca2+ 5 82 257 9 111 509 32 147 571 4 34 166 5 32 282
Mg2+ 1 33 217 5 131 833 6 55 1219 1 13 135 2 24 759
SO4

2− 4 61 1999 30 438 5967 21 178 3665 5 37 804 46 179 3964
CO3

2− <DL <DL 18 <DL <DL 12 <DL <DL 59 <DL <DL 12 <DL <DL 30
HCO3

− 109 319 915 135 651 1118 227 449 604 103 229 877 57 226 1172
Cl− 6 51 966 19 342 2040 21 213 13,830 2 19 466 12 132 2066
NO3

−-N <DL 5.6 44.5 <DL 0.4 36.2 <DL 2.0 70.1 <DL 0.8 23.5 <DL 0.4 6.3

Note: pH without the unit while other parameters with the unit of mg/L; <DL: below detection limits.

Compared to the allowable limit (450 mg/L) of TH in groundwater recommended by
China [50], about 33.2% of shallow groundwater in the PP exceeded the allowable limit of
TH and is denoted as TH-rich groundwater in this study. TH-rich shallow groundwater
in CP and LP were 2.4 times and 2.1 times that in the PP, respectively. Similarly, TH-rich
deep groundwater in the CP was 11.2 times that in the PP. Moreover, TH-rich shallow
groundwater in PP and CP was 20.8 times and 4.4 times TH-rich deep groundwater,
respectively. In the PP, the proportion of TH-rich shallow groundwater in urban areas
was 72%, and was 2.0 times and 2.7 times that in rural and agricultural areas. By contrast,
TH-rich deep groundwater in the PP only occurred in agricultural areas rather than urban
and rural areas. In the CP, both TH-rich shallow and deep groundwaters in agricultural
areas were higher than those in rural areas. In contrast, TH-rich shallow groundwater in
rural areas in the LP was 100% and was 1.4 times that in agricultural areas.

As shown in Figure 3, TH-rich shallow groundwater in the PP was commonly domi-
nated by Ca2+ in cations and HCO3

− in anions, respectively, and Ca-HCO3 facies accounted
for 80.6% of TH-rich shallow groundwater in the PP. By contrast, in the CP, TH-rich shal-
low groundwater was generally dominated by Na+ in cations, and Na-SO4 facies (36.4%),
Na-HCO3 facies (24.2%), and Na-Cl facies (19.7%) were major hydrochemical facies in
TH-rich shallow groundwater. Similarly, TH-rich deep groundwater in the CP was also
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dominated by Na+ in cations, and Na-Cl facies (42.9%) and Na-SO4 facies (35.7%) were
major hydrochemical facies. In the LP, TH-rich shallow groundwater was commonly domi-
nated by Ca2+ in cations and Cl- in anions, respectively, and Ca-HCO3 facies (42.9%) and
Na-Cl facies (28.6%) were major hydrochemical facies in TH-rich shallow groundwater.
In addition, in the PP, TH-rich shallow groundwater dominated by Mg2+ in urban, rural,
and agricultural areas was 0%, 10.3%, and 40%, respectively. In both CP and LP, TH-rich
shallow groundwater dominated by Mg2+ in agricultural areas accounted for 21.0% and
11.1%, respectively, but none in rural areas. Besides, TH-rich deep groundwater dominated
by Mg2+ only occurred in agricultural areas (7.7%) in the CP.
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4.3. Origins of Groundwater Total Hardness
4.3.1. Gibbs Diagram

In this study, the Gibbs Diagram was used to analyze hydrogeochemical processes
that control groundwater TH levels in the HBP. As seen in Figure 4, Na/(Na + Ca) ratios in
75.7% of shallow groundwater and 83.6% of TH-rich shallow groundwater in the PP were
below 0.5 and accompanied by low levels of TDS (<1200 mg/L). This indicates that rock
weathering was the dominant hydrochemical process for TH-rich shallow groundwater
in the PP [49]. In the PP, the mean TDS concentration in TH-rich shallow groundwater
with Na/(Na + Ca) ratios < 0.5 was more than twice that in shallow groundwater with
TH < 450 mg/L and Na/(Na + Ca) ratios < 0.5. This indicates that the salinisation with
cation exchange was probably another important hydrochemical process for TH-rich shal-
low groundwater in the PP [51]. On the other hand, the vadose zone thickness covering
shallow groundwater in the PP was thicker because shallow groundwater in the PP was
over-extracted, and its water table has been deeper continuously for the past 40 years [52].
In this case, more Ca2+ and Mg2+ would be released from the vadose zone into shallow
groundwater by the cation exchange of Na+ and/or K+ via water flow and finally result
in elevated TH and TDS concentrations in shallow groundwater [19,20]. This inference
was supported by the evidence that shallow groundwater TH concentrations in the PP
had a significantly positive correlation with the depth of the shallow groundwater table
(Figure 5). Therefore, it can be concluded that the hydrochemical process of TH-rich shallow
groundwater in the PP was mainly controlled by both rock weathering and salinisation with
cation exchange resulting from groundwater over-extraction. By contrast, TH-rich shallow
groundwater in the other two sub-plains was unaffected by the salinisation with cation
exchange because the over-extraction of shallow groundwater in these two sub-plains
was insignificant, and their shallow groundwater TH concentrations had insignificant
correlations with the depth of shallow groundwater table (Figure 5).

In the CP, Na/(Na + Ca) ratios and TDS concentrations in TH-rich shallow groundwa-
ter were higher in comparison with that in the PP. For instance, Na/(Na + Ca) ratios in 89.4%
of TH-rich shallow groundwater in the CP were above 0.5, with a mean TDS concentration
of 3013 mg/L (Figure 4). This infers that the dissolution of evaporites with cation exchange
and/or the evaporation process was probably mainly controlled by hydrochemistry of
TH-rich shallow groundwater in the CP [51] because shallow groundwater in the CP was
shown shallower depth of water table and longer residence time in comparison with that in
the PP [33]. However, the depth of the shallow groundwater table in the CP was generally
deeper than 3 m [44]. This indicates that the evaporation process had little influence on the
hydrochemistry of TH-rich shallow groundwater in the CP because groundwater evapo-
ration is negligible when the groundwater table is deeper than 3 m [52]. Thus, evaporite
dissolution rather than the evaporation process was likely the major hydrochemical process
for TH-rich shallow groundwater in the CP. It was also probably the major hydrochemical
process for TH-rich deep groundwater in the CP because Na/(Na + Ca) ratios in 92.9% of
TH-rich shallow groundwater in the CP were above 0.5 with a mean TDS concentration of
2937 mg/L (Figure 4). In addition, about 16.7% of TH-rich shallow groundwater and 21.4%
of TH-rich deep groundwater in the CP were characterized by Na/(Na + Ca) ratios > 0.8
and TDS concentrations > 3000 mg/L (Figure 4). This indicates that seawater intrusion
was likely another important factor controlling the hydrochemistry of TH-rich shallow and
deep groundwaters in the CP [44]. As a consequence, evaporite dissolution and seawater
intrusion were two major hydrochemical processes controlling both TH-rich shallow and
deep groundwaters in the CP.

In the LP, more than 70% of TH-rich shallow groundwater was characterized by
Na/(Na + Ca) ratios < 0.5 and TDS concentrations < 1500 mg/L (Figure 4). This indicates
that rock weathering was likely the major factor for TH-rich shallow groundwater in the
LP [53]. Besides, about 21.4% of TH-rich shallow groundwater in the LP was characterized
by Na/(Na + Ca) ratios > 0.9 and TDS concentrations > 7000 mg/L (Figure 4), indicating
that seawater intrusion was another important factor controlling hydrochemistry of TH-rich
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shallow groundwater in the LP. Thus, rock weathering and seawater intrusion were two
major hydrochemical processes controlling TH-rich shallow groundwater in the LP.
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4.3.2. Principal Components Analysis

In this study, factors (PCs) controlling groundwater chemistry in various sub-plains of
the HBP, where TH-rich groundwater often occurs, were extracted by the PCA. As shown
in Table 2, shallow groundwater chemistry in the PP was mainly controlled by four factors.
PC1 was shown strong positive loadings (SPL) (>0.75) of TDS, Na+, SO4

2−, and Mg2+, and
moderate positive loadings (MPL) (0.5–0.75) of Cl− and TH. This indicates that the PC1 was
likely indicative of the water-rock interaction and salinisation (resulted from groundwater
over-extraction), because TH-rich shallow groundwater in the PP was mainly controlled by
rock weathering and salinisation (as mentioned previously) that resulted in elevated TDS,
Na+, SO4

2−, Mg2+, Cl−, and TH concentrations in shallow groundwater in the PP [13,20].
Besides, TH-rich shallow groundwater in the PP was also affected by another factor (PC2)
because it also had a MPL of TH. Specifically, the PC2 had SPL of NO3

− and Ca2+ and
MPL of K+ and TH. This factor probably represented the dissolution of Ca-rich minerals
accompanied by the infiltration of domestic sewage and animal waste because domestic
sewage and animal waste are an enrichment of N and K and are main sources for high levels
of NO3

− and K+ in shallow groundwater in the PP [10,36,47], and NO3
− contamination

results in the dissolution of calcium-rich minerals in vadose zone via water flow [44]. As a
consequence, water-rock interaction, groundwater over-extraction (salinisation), and the
infiltration of domestic sewage and animal waste (dissolution of calcium-rich minerals)
were mainly responsible for the occurrence of TH-rich shallow groundwater in the PP.

In the CP, shallow groundwater chemistry was mainly controlled by two PCs. PC1
showed SPL of TDS, TH, Mg2+, SO4

2−, Na+, Cl−, and Ca2+. This indicates that TH-rich shal-
low groundwater in the CP was likely attributed to the evaporite dissolution and seawater
intrusion because they were two major factors controlling TH-rich shallow groundwater
in the CP (as mentioned above), and the dissolution of evaporites (e.g., dolomite and
bitter salt) would enrich shallow groundwater TDS, TH, Mg2+, SO4

2−, and Ca2+ concen-
trations [46], besides, seawater intrusion would result in high levels of TDS, Na+, and
Cl− in shallow groundwater [36,45]. Similarly, they were also mainly responsible for the
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occurrence of TH-rich deep groundwater in the CP, because PC1 in deep groundwater in
the CP also had SPL of TDS, Mg2+, SO4

2−, TH, Na+, Cl−, and Ca2+, and a MPL of HCO3
−

(Table 2).

Table 2. Principal component (PC) loadings for chemical parameters in shallow and deep groundwa-
ters in various sub-plains in the Hebei Plain.

Items
SG in PP

Items
SG in CP

Items
SG in LP

Items
DG in CP

PC1 PC2 PC3 PC4 PC1 PC2 PC1 PC2 PC3 PC1 PC2 PC3

TDS 0.94 0.25 0.17 0.11 TDS 0.98 0.09 Mg2+ 0.99 −0.06 −0.04 TDS 1.00 0.04 −0.03
Na+ 0.86 −0.35 −0.13 0.13 TH 0.97 0.18 TDS 0.99 −0.08 −0.06 Mg2+ 0.98 0.06 −0.01
SO4

2− 0.84 0.23 −0.13 −0.01 Mg2+ 0.97 0.16 Cl− 0.99 0.02 −0.07 SO4
2− 0.98 0.03 0.01

Mg2+ 0.77 0.15 0.49 0.10 SO4
2− 0.94 −0.06 TH 0.99 0.07 0.02 TH 0.98 0.11 0.00

Cl− 0.71 −0.01 0.17 0.01 Na+ 0.94 0.08 Na+ 0.99 −0.11 −0.10 Na+ 0.97 −0.03 −0.07
TH 0.62 0.60 0.46 0.06 Cl− 0.82 0.12 COD 0.95 0.24 −0.03 Cl− 0.95 0.10 −0.03
NO3

− −0.03 0.88 0.07 0.00 Ca2+ 0.77 0.16 K+ 0.85 −0.02 −0.08 Ca2+ 0.84 0.28 0.04
Ca2+ 0.31 0.84 0.31 −0.01 K+ 0.34 −0.32 SO4

2− 0.70 −0.56 −0.08 HCO3
− 0.68 −0.13 −0.17

K+ −0.14 0.65 −0.17 0.59 HCO3
− 0.08 0.81 pH 0.24 −0.86 −0.21 K+ 0.13 0.92 −0.01

pH 0.06 −0.23 −0.78 0.03 pH −0.14 −0.78 HCO3
− 0.14 0.74 −0.18 COD 0.17 0.88 −0.16

HCO3
− 0.50 −0.10 0.63 0.33 COD 0.24 0.72 Ca2+ 0.66 0.67 0.32 NO3

− −0.07 0.33 0.12
COD 0.17 −0.01 0.13 0.91 NO3

− 0.01 0.42 NO3
− −0.10 0.04 0.98 pH −0.03 0.03 0.98

Eigenvalue 4.2 2.6 1.7 1.3 6.1 2.2 7.5 2.1 1.2 7.0 1.8 1.0
EV (%) 35.2 21.5 14.1 11.1 50.6 18.1 62.7 17.7 9.7 58.0 15.4 8.6
CV (%) 35.2 56.7 70.8 81.9 50.6 68.7 62.7 80.3 90.1 58.0 73.3 81.9

Notes: SG: Shallow groundwater; DG: Deep groundwater; PP: Piedmont plain; CP: Central plain; LP: Littoral
plain; EV: Explained variance; CV: Cumulative variance; Bold and italics numbers: maximum absolute PC loading
of one parameter.

By contrast, in the LP, shallow groundwater chemistry was mainly controlled by three
PCs. PC2 showed SPL of Ca2+, TH, and NO3

−, and a MPL of Mg2+ (Table 2). This was likely
indicative of the dissolution of Ca-rich and Mg-rich minerals (e.g., dolomite) resulting from
the NO3

− contamination due to agricultural fertilizers because the mean concentration of
shallow groundwater NO3

− in agricultural areas in the LP was more than twice that in
urban and rural areas, and NO3

− contamination results in the dissolution of Ca-rich and
Mg-rich minerals in vadose zone via water flow [44]. Therefore, the occurrence of TH-rich
shallow groundwater in the LP is mainly ascribed to the leaching of agricultural fertilizers.

5. Conclusions

In this study, distributions of TH in shallow and deep groundwaters in various sub-
plains in the HBP were investigated. Elevated groundwater TH concentrations in both CP
and LP were more severe than that in the PP because TH-rich shallow groundwater in both
CP and LP was more than twice that in the PP, and TH-rich deep groundwater accounted
for about 18% in the CP but was negligible in the PP. Besides, TH-rich groundwater in the
CP occurred more frequently in agricultural areas than in rural areas. This was opposite to
TH-rich shallow groundwater in the LP. By contrast, TH-rich shallow groundwater in the
PP was more frequent in urban areas than in other land use types.

In addition, the origins of TH-rich shallow and deep groundwaters in various sub-
plains in the HBP were also investigated by the Gibbs diagram and PCA. In the PP, TH-
rich shallow groundwater was mainly attributed to water-rock interaction, groundwater
over-extraction (salinisation), and the infiltration of domestic sewage and animal waste
(dissolution of calcium-rich minerals). In the CP, both TH-rich shallow and deep ground-
waters likely ascribed to the evaporite dissolution and seawater intrusion. By contrast,
the leaching of agricultural fertilizers resulting in the dissolution of Ca-rich and Mg-rich
minerals in the vadose zone was mainly responsible for the occurrence of TH-rich shallow
groundwater in the LP.

Therefore, in the PP, local governments should limit shallow groundwater extraction
and strengthen the supervision of domestic sewage and animal waste to restrict shallow
groundwater TH concentrations. Besides, in the LP, they should strengthen the supervision
of the use of N-fertilizers in agricultural activities.
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Abstract: The Hutuo River Drinking Water Source Area is an important water source of Shijiazhuang
(North China Plain). Knowing the characteristics of groundwater chemistry/quality is essential for
the protection and management of water resources. However, there are few studies focused on the
groundwater chemistry evolution over the drinking water area. In this study, total of 160 groundwater
samples were collected in November 2021, and the spatial distribution of groundwater chemistry
and related controlling factors were analyzed using hydrological and multivariate analysis. The
entropy-weighted water quality index (EWQI) was introduced to assess the groundwater quality. The
results show that the hydrogeochemical types of groundwater are Ca-HCO3 (78.1%), mixed Ca-Mg-Cl
(20%), and Ca-Cl (1.9%) in the area. Graphical and binary diagrams indicate that groundwater hydro-
chemistry is mainly controlled by water–rock interaction (i.e., rock weathering, mineral dissolution,
and ion exchange). Five principal components separated from the principal component analysis
represent the rock–water interaction and agricultural return, redox environment, geogenic sources,
the utilization of agricultural fertilizer, the weathering of aluminum silicates, and dissolution of
carbonates, respectively. More than 70% of the samples are not recommended for irrigation due to the
presence of high salt content in groundwater. EWQI assessment demonstrates that the quality of the
groundwater is good. The outcomes of this study are significant for understanding the geochemical
status of the groundwater in the Hutuo River Drinking Water Source Area, and helping policymakers
to protect and manage the groundwater.

Keywords: groundwater quality; hydrochemistry; multivariate analysis; water sources; North
China Plain

1. Introduction

Groundwater is the most important water source for drinking, industrial, and agricul-
tural water supplies in arid and semi-arid areas, which is essential for the sustainability
of the ecosystem and human daily life [1]. Eighty percent of human diseases are induced
by water, according to the World Health Organization [2]. Groundwater interacts with the
surrounding environment during its process of formation and transportation, the physical
and chemical interactions including dissolution/precipitation, adsorption/desorption, oxi-
dation/reduction, and acid–base balance. The hydrochemical composition of groundwater
and its distribution reflects the existence of the long-term interaction between groundwa-
ter and the environmental media [3]. Clarifying the distribution pattern of groundwater
chemistry can help to understand the principal factors and processes that dominate the
hydrochemical characteristics of groundwater. The results can provide a hydrochem-
ical background for protecting the groundwater source of the North China Plain and
other places.
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The chemical evolution assessment is important for the establishment of suitable
management policies and groundwater quality improvement. The hydrochemical compo-
sition characteristic of groundwater is controlled by sedimentary conditions and human
activities [4]. However, it is difficult to figure out the contributions of geogenic processes
and anthropogenic activities. Many analytical methods (multivariate statistical analysis,
hydrogeochemical facies, binary diagrams, correlation analysis, etc.) are used to charac-
terize the evolution processes [5–7]. Numerous indices have been developed to evaluate
water pollution. Among them, the water quality index (WQI) is one of the most widely
used indices to determine the overall groundwater quality [8]. The combination of entropy
weights and the conventional WQI called the entropy water quality index (EWQI) is pro-
posed; it can improve the reliability of the assessment results [9]. EWQI has been used by
numerous studies for water quality assessment [10,11].

Shijiazhuang is one of the biggest cities located in the middle west part of the North
China Plain, with a huge population [12]. Groundwater is the dominant source of drinking
and irrigation water in Shijiazhuang [13]. However, the quantity and quality of groundwa-
ter are threatened with the development of urbanization and industrialization [14]. The
demand for groundwater is increasing and the quality of groundwater is deteriorating
due to the pollution emissions. The groundwater level has decreased sharply due to
drought and over-exploitation, accompanied by the excessive nitrate loading and expan-
sion of saline–alkaline land area [15–17]. Human activities lead to a dramatic increase in
the groundwater NO3

− concentration in pluvial fans of the Hutuo River, which reaches
124.4 mg/L [17]. The decreasing groundwater level will affect the redox environment, and
may further affect the chemistry composition of groundwater. The dominant water types
are Ca-HCO3, HCO3-Ca-Mg, and HCO3-Na-K, as investigated 15 years ago. However, they
have been transformed from HCO3-type to HCO3-Cl, HCO3-SO4, and SO4-HCO3 types
in recent years [18]. Due to the variety of geological media and input from various an-
thropogenic sources, the distribution variability of groundwater chemistry and associated
interactions remain unclear in this area.

The Hutuo River Drinking Water Source Area is located in the northern region of
Shijiazhuang, and upstream of the water source are the Gangnan and Huangbizhuang
reservoirs, which provide water for the Fourth and Seventh Water Plants of Shijiazhuang.
The Hutuo River Drinking Water Source Area is an important water source in the North
China Plain, and it is the water intake for the Shijiazhuang Drinking Water Company.
However, there are few studies focused on groundwater chemistry evolution on the scale
of drinking water areas. The hydrochemistry, origin analysis, and quality assessment of the
groundwater in the Hutuo River Drinking Water Source Area have not been investigated
comprehensively. Therefore, it is essential to analyze the geochemical characteristics in
groundwater and the associated quality risks in water source areas. This study aims to:
(1) measure the prevailing levels of 19 chemical variables based on national standards;
(2) clarify the mutual associations among the measured parameters and the processes con-
trolling the groundwater chemistry by statistical methods; (3) evaluate the suitability of the
groundwater in the Hutuo River Drinking Water Source Area for irrigation/drinking. The
study can provide a scientific support for the establishment or optimization of groundwater
quality/quantity monitoring and management systems.

2. Materials and Methods
2.1. Site Description

Shijiazhuang (37◦27′–38◦47′ N, 113◦30′–115◦20′ E), is the capital of Hebei Province
and located in the Mideast part of North China Plain, covering an area of 13,504 km2.
The average annual temperature of the study area is 13 ◦C. The annual precipitation of
Shijiazhuang is 481.9 mm, and the rainfall is mainly concentrated in summer. The annual
evaporation rate is 1557.8 mm/a, which is significantly higher than the mean annual
precipitation. The Taihang Mountains are located in the western part of Shijiazhuang. The
topography is low in the east and high in the west, with a slope of approximately 0.5~1.0‰.
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Quaternary deposits are distributed on the surface of the region, with sediments gradually
thickening from west to east and particles becoming coarse to fine. The primary rivers are
the Hutuo River and Ye River. According to the Adjustment Plan for Emergency Reserve
Drinking Water Source Areas in the Main Urban Area of Shijiazhuang, the drinking water
source areas of the Hutuo River are divided into first-level protected area (63.95 km2) and
second-level protected area (196.84 km2) (Figure 1). According to the Technical Specification
for Classification of Drinking Water Source Protection Areas of China (HJ 338-2018), sewage
outlets and the cultivation and stocking of poultry and livestock are prohibited in the
first-grade protection zone. The Hutuo River Drinking Water Source Area was established
in 1971 with 77 water source wells, the designed water intake quantity is 9.49 × 1010 tons,
and the actual water intake quantity is 8.79 × 107 tons.
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Figure 1. Geographical map of the study area.

The survey area belongs to the top and middle sections of the Hutuo River alluvial
fan in the Ziya River system. It is divided into the hydrogeological structure zoning of
fissure karst and the hydrogeological structure zoning of loose rock pore aquifer within a
depth of 120 m. Fissure karst water is distributed in the northwest of the survey area and is
hidden fissure karst water. Loose rock pore water is distributed throughout the region, and
the main water source for the Hutuo River system groundwater type water source is the
second water bearing rock group of loose rock pore water.

2.2. Sample Collection and Analysis

In this study, 160 groundwater samples were collected in November 2021 from the
Hutuo River Drinking Water Source Area. The location of sampling sites was recorded by
real-time kinematic devices. For all the samples, well water was pumped several times
before water sampling to ensure that freshwater samples were collected. Samples were
collected from private wells with sampling depths below 0.5 m from the water table. The
shallow groundwater table is buried at a depth of 10–35 m. Polyethylene bottles were
cleaned three times by the groundwater before being collected. A quantity of 250 mL of
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groundwater was collected for analysis of iron (Fe2+), manganese (Mn2+), zinc (Zn2+), and
aluminum (Al3+), and 1500 mL for analyses of pH, total hardness (TH), total dissolved
solids (TDS), sodium (Na+), arsenic (As3+), chloride (Cl−), fluorine (F−), sulfate (SO4

2+),
nitrate (NO3

−), nitrite (NO2
−), calcium (Ca2+), magnesium (Mg2+), potassium (K+). All the

bottles were filled with groundwater and sealed with parafilm to avoid interference from
atmospheric gases. In addition, to ensure the analysis reliability, HNO3 (65%) was added to
adjust the pH below 2 in the bottle. Afterward, groundwater samples were stored at 4 ◦C
before laboratory analysis. All samples were analyzed at the Hebei Provincial Geological
Experimental Testing Center, Baoding.

Seventeen chemical parameters were measured. The pH was measured using a
portable acidity meter (Zhengzhou Baojing Electronic Technology Co., Ltd., Zhengzhou,
China, PHS-3C). The total hardness was calculated using the gravimetric titration method.
The total dissolved solids was estimated by a weighing method. Heavy metal ions (Zn2+,
Al3+, Mn2+) were identified using Agilent Inductively Coupled Plasma Mass Spectrometry
(ICP-MS, 7700XI); the detection limits of Zn2+, Al3+, Mn2+ were 0.67, 1.15, 0.12 µg/L,
respectively. A detection limit of 0.3 µg/L was determined by an Atomic Fluorescence
Photometer (Beijing Haiguang Instrument Co., Ltd., Beijing, China, AFS-8510). Major
cations were detected by the Agilent Inductively Coupled Plasma Spectrometer (Agilent-
725). The detection limits were 120 µg/L for Na+, 20 µg/L for Ca2+, 3 µg/L for Mg2+,
50 µg/L for K+, 10 µg/L for Fe2+. Quantification of anions (F−, SO4

2−, Cl−, NO3
−) was

carried out by ion chromatography (Dionex, Sunnyvale, CA, USA, ICS-1100), and the
detection limits were 6 µg/L for F−, 18 µg/L for SO4

2−, 7 µg/L for Cl−, 4 µg/L for
NO3

−. NO2
− was detected with a spectrophotometer (T6), and the detection limit was

3 µg/L. HCO3
− and CO3

2− were determined by a titration method (Method for Analysis of
Groundwater Quality, DZ/T0064.49-2021) using an acid burette. Each sample was analyzed
in triplicate, and standards and blanks were interspersed regularly in sample batches to
ensure the data quality. All data were corrected for instrument drift. The relative errors of
these parameters were < ±10%. In addition, the charge balance error percentage (%CBE)
was checked. The %CBE of all water samples was < ±5%.

2.3. Statistical Analysis

The principal components (PCs) were calculated by the multivariate principal compo-
nent analysis (PCA), and PCs were used to characterize the study object by dimensional
reduction. In the PCA, PCs with eigenvalues greater than 1 are significant and can be used
to describe the impact of hydrochemical processes and human activities on groundwater
chemical components. The PCA and Pearson correlation were conducted through IBM
SPSS Statistics 24. The Pearson correlation is calculated by:

r = ∑n
i=1 (Xi − X)(Yi −Y)√

∑n
i=1(Xi − X)2

√
∑n

i=1(Yi −Y)2
.

2.4. Groundwater Quality Assessment

Sodium hazard can be described by the sodium adsorption ratio (SAR). It is an impor-
tant index and can be calculated by the relative concentrations of Ca2+, Na+, and Mg2+ in
the irrigation groundwater. The formula can be expressed as follows:

SAR =

[
Na+

]
√

1
2

([
Ca2+

]
+
[

Mg2+
])

Based on the United States Department of Agriculture (USDA), groundwater with a
SAR less than 10 (more than 26) is considered ideal (inappropriate) for irrigation. Ground-
water with a high SAR value and low/moderate salinity will decrease the aeration and
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infiltration rate of the soil, affect the normal condition of plant growth, and lead to crop
yield reduction [19].

Residual sodium carbonate (RSC) can be calculated by the relative content of Ca2+,
Mg2+, CO3

2−
, and HCO3

− in the groundwater. The formula can be expressed as follows:

RSC =
(

CO3
2− + HCO3

−
)
−
(

Ca2+ + Mg2+
)

Groundwater with an RSC value of less than 2.5 meq/L has been considered sat-
isfactory for plant irrigation. Groundwater with a high RSC value would lead to rapid
salinization and codification of the soil profile, thereby harming the growth of crops [20].

Salinity hazard can be described by potential salinity, which reflects the relative content
of Cl− and SO4

2− in the groundwater.

PS = Cl− +

√
SO4

2−

where ion concentrations are in meq/L. Groundwater with PS values more than 3 and
15 are considered conditioned and not recommended, respectively, which may cause
accumulation of salinity in soil [21].

The entropy weight quality index (EWQI) method was applied to determine the
quality of the groundwater. EWQI calculation (Figure S1) has been used by numerous
studies due to its simple calculation process and the integration of multiple chemical
parameters [22–24]. In this study, the groundwater quality indices including pH, TH, TDS,
Fe2+, Na+, Al3+, Mn2+, Zn2+, As3+, F−, SO4

2−, Cl−, NO3
−, and NO2

− were selected to
identify the groundwater quality of Hutuo River Drinking Water Source Area. The EWQI
can be calculated through two processes (Figure S1) [25]. The first step is the calculation
of the rating scale ( qj

)
of EWQI for the chemical parameters of groundwater. Ci is the

concentration of groundwater quality, Si represents the values of grade III standards in the
groundwater quality standard limits of the People’s Republic of China. The qj of pH values
was evaluated based on the standard pH of 6.5–8.5. The second step is the standardization
of matrix; Cmin and Cmax are the minimum and maximum of the chemical parameters,
respectively.

Groundwater can be classified into 5 levels according to EWQI value [26,27], including
Level 1: excellent (25 > EWQI), Level 2: good (50 > EWQI > 25), Level 3: fair (100 > EWQI >
50), Level 4: poor (150 > EWQI > 100), Level 5: very poor (EWQI > 150).

3. Results and Discussion
3.1. Groundwater Hydrochemistry

The statistical analysis results of the groundwater chemical parameters in the Hutuo
River Drinking Water Source Area are illustrated in Table 1. The pH values range from
6.92 to 8.20 in groundwater samples. Only one groundwater sample has an acidic pH
of 6.92, and all the other groundwater samples are slightly alkaline to neutral. The total
hardness (TH) range is 204–1668 mg/L, with a mean concentration of 554.48 mg/L. The
results reveal that 71.25% of the groundwater samples exceeded the allowable limit of TH
(450 mg/L). TH is mainly originated from the dissolution of minerals and illustrates the
total content of Mg2+ and Ca2+ [28]. Total dissolved solids (TDS) values of groundwater
range from 271 to 2371 mg/L. The wide variation in TDS content indicates that various
factors are correlated with the chemical composition of groundwater. The TDS values of
the samples above 1000 mg/L are 13.75%, indicating that these groundwater samples are
unsuitable for domestic consumption, leading to inferior palatability and gastrointestinal
irritation. According to salinity classification [29], the groundwater in the Hutuo River
Drinking Water Source Area is categorized into no-saline/fresh and low-saline water.
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Table 1. Statics of chemical parameters of groundwater (unit: mg/L, except pH).

Parameters Max Min Mean SD CV Low
Quartile

Upper
Quartile

Allowable
Limits a

Percentage
Exceeding the

Standard

pH 8.20 6.92 7.49 0.17 0.02 7.39 7.59 6.5–8.5 0.00
TH 1668.00 204.00 551.48 200.72 0.36 427.00 629.00 450.00 71.25
TDS 2371.00 271.00 747.29 284.70 0.38 574.00 872.00 1000.00 13.75
Fe2+ 0.33 0.00 0.01 0.03 6.57 0.00 0.00 0.30 0.63
Na+ 154.00 8.87 39.50 19.65 0.50 28.40 45.20 200.00 0.00
Al3+ 0.05 0.00 0.01 0.01 1.09 0.00 0.01 0.20 0.00
Mn2+ 0.07 0.00 0.00 0.01 2.56 0.01 0.00 0.10 0.00
Zn2+ 2.44 0.00 0.05 0.21 3.80 0.04 0.03 1.00 0.63
As3+ 0.00 0.00 0.00 0.00 1.38 0.00 0.00 0.01 0.00
F− 0.62 0.05 0.26 0.10 0.37 0.20 0.32 1.00 0.00

SO4
2− 552.00 11.00 191.84 93.03 0.48 141.00 238.00 250.00 20.00

Cl− 404.00 8.98 72.54 50.75 0.70 43.90 82.90 250.00 2.50
NO3

−-N 104.00 1.79 17.23 13.27 0.77 7.65 22.40 20.00 30.63
NO2

−-N 1.55 0.00 0.01 0.12 8.58 0.00 0.01 1.00 0.63
Ca2+ 528.00 64.60 161.41 62.26 0.39 122.00 183.00 - 0.00
Mg2+ 97.00 9.68 36.59 14.32 0.39 28.60 42.30 - 0.00

K+ 23.60 0.36 2.15 2.19 1.02 0.97 2.60 - 0.00
CO3

2− 6.00 0.00 0.04 0.47 0.08 0.00 0.00 - 0.00
HCO3

− 578.00 186.00 315.86 68.88 4.59 258.00 360.00 - 0.00

Note: a Allowable limits represent the values of grade III standards in the groundwater quality standard limits of
the People’s Republic of China.

In the Hutuo River Drinking Water Source Area, the cationic dominance in the ground-
water can be described in the following order: Ca2+ > Na+ > Mg2+ > K+. Ca2+ is the
dominant cation over the area, ranging from 64.6 to 528 mg/L, with an average concentra-
tion of 161.4 mg/L (Table 1). Ca2+ may originate from the dissolution of Ca-rich minerals
such as CaCO3 and CaMg(CO3)2 during recharge. The second dominant cation is Na+;
its concentration in the study area ranges from 8.87 to 154 mg/L. Na+ plays a crucial role
as a salinity indicator in groundwater; it originates from various processes including ion
exchange in halite and clay minerals, and plagioclase feldspar weathering [24]. The Na+

contents in all samples meet grade III of the groundwater quality standard limits of the
People’s Republic of China. In this study area, the Mg2+ and K+ content varied from 9.68 to
97 mg/L and 0.36 to 23.6 mg/L.

Over the Hutuo River Drinking Area, the order of anionic dominance in the ground-
water is HCO3

− > SO4
2− > Cl− > NO3

− > F− > NO2
−. HCO3

− is the dominant anion,
varying from 186 to 578 mg/L, with an average of 186 mg/L. SO4

2− ranges from 11 to
552 mg/L, with a mean concentration of 191.84 mg/L. The SO4

2− contents in 20% of the
samples surpass the permissible limit (250 mg/L). The Cl− is from 8.98 to 404 mg/L (mean
72.54 mg/L), and the contents of Cl− are more than its desirable limit (250 mg/L) in 75% of
the total groundwater samples, which may cause a salty taste. The NO3

−-N is between 1.79
to 104 mg/L (mean 17.32 mg/L), and the proportion of NO3

−-N surpasses the permissible
limit for grade III standards in the groundwater quality standard limits in 30.63% of the
samples. Due to the highest standard-exceeding ratio of NO3

−, the source and health risk
of NO3

− should be investigated and analyzed further. The maximum, minimum, and
average concentrations of F− are 0.62, 0.05, and 0.26 mg/L, respectively, and all samples
have concentrations lower than the standard limits.

3.2. Factors Affecting the Groundwater Chemistry

The Piper diagram is a widely used graphical tool for recognizing groundwater
chemistry reactions and the evolution of groundwater [30,31]. The Piper diagram contains
three main areas, and the cation and anion proportions of groundwater are plotted to
evaluate the different types of the samples. As shown in Figure 2, the groundwater sample
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points in the Hutuo River Drinking Water Source Area are mainly distributed in Zone 1,
Zone 2, and Zone 3. The results suggest that the groundwater belongs to the Ca-HCO3
(78.1%), mixed Ca-Mg-Cl (20%), and Ca-Cl (1.9%) classifications. The anions and cations of
groundwater samples are primarily concentrated in Zone E and Zone A, demonstrating
that the dominant anions and cations detected over the study area are HCO3

− + CO3
2−

and Ca2+, respectively. The results suggest that carbonate mineral weathering (such as
calcite and dolomite) may be the main factor controlling groundwater chemistry in the
Hutuo River Drinking Water Source Area. A total of 78.1% of the samples are classified
as the HCO3 water type, indicating the increased possibility of the ion exchange process,
silicates, and carbonates weathering in groundwater. The other groundwater samples are
classified as the Cl-water type, which implies evaporated dissolution and anthropogenic
inputs in groundwater. Alkaline earth metals (Ca2+ and Mg2+) are the most important for
most groundwater samples instead of alkaline metals (Na+ and K+); the high concentration
of alkaline earth metals may be due to dolomite weathering. Samples clustered in Zone
1, Zone 2, Zone E, and Zone B illustrate the dominant role of carbonate and silicated
weathering in the hydrochemistry of groundwater [32].
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Figure 2. Piper diagram for classification of groundwater types of the groundwater samples.

Except for the impact of rock weathering, the hydrochemistry of groundwater is easily
affected by climate factors. The Gibbs diagrams are divided into three parts; groundwater
samples located in three regions represent different evolution processes of groundwater,
including rock, precipitation, and evaporation dominance [33]. Apart from one sample,
most of the groundwater samples concentrate in the rock dominance area (Figure 3),
suggesting that water–rock interaction is the dominant factor and influences the formation
of groundwater hydrochemistry. As shown in Figure 3a, one groundwater sample is located
in the evaporation dominance area, indicating that this groundwater sample is controlled
by the evaporation factor. The evaporation process would upsurge salinity by increasing
the content of Na+ and Cl−, and TDS would be intensified subsequently.
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Figure 3. Gibbs diagrams. (a) TDS versus Cl−/(Cl− + HCO3
−). (b) TDS versus Na+/(Na+ + Ca2+).

Reactions between groundwater and the aquifer media, such as rock weathering,
evaporation, and ion exchange, would affect the hydrochemistry properties of groundwater
significantly, and can be used for identification of the source of groundwater solutes. Several
scatter plots are used to identify these reactions. As shown in Figure 4a, most of the samples
plot along a 1:1 line for the bivariate diagram of Na+ and Cl−, which indicates that Na+

may originate from the dissolution of halite [27]. The halite rock might be a prime loading
source of Cl− due to the clustering of groundwater samples above the dissolution line (1:1),
whereas the deviation of the sample points toward the Na+ axis also suggests that there are
alternative sources of Na+, such as ion exchange and silicate rock weathering [34].

As shown in Figure 4b, the groundwater samples are mainly clustered above the
y = x relationship line, which indicates that the dissolution of gypsum is not the main
origin of Ca2+ and SO4

2− [35]. In a plot of Ca2+ versus HCO3
− (Figure 4c), only seven

groundwater sample points fall within the 1:1 and 1:2 theoretical lines. Some of the points
are located along the 1:1 line, proving that the dissolution of carbonated rocks is one of
the Ca2+ sources [36]. Most of the points are located above the 1:1 line, which indicates
multiple origins of Ca2+. The excess of Ca2+ over HCO3

− indicates that the dissolution of
gypsum might increase the concentration of Ca2+ in groundwater.

As shown in Figure 4d, some of the sample points scatter along the 1:1 line, which
shows that the dissolution of calcite, dolomite, anhydrite, and gypsum are the dominant
processes that affect the hydrochemistry of the groundwater [37]. The majority of the points
are clustered above the equiline; the dominance of Ca2+ + Mg2+ over HCO3

− + SO4
2− can

be an indicator of reverse ion exchange [38]. The phenomenon of cation exchange in the
groundwater is further described by the negative slope of the trendline on the interionic
plot Na+ + K+ − Cl− vs. (Ca2+ + Mg2+) − (HCO3

− + SO4
2−) [24,39] (Figure 4e). The

scattering of sample points not only demonstrates the loading of anthropogenic input in
groundwater but also indicates the presence of reverse ion exchange, which is predicted by
(Ca2+ + Mg2+) versus (HCO3

− + SO4
2−) [40].

3.3. Principal Components Analysis Results

Principal components analysis (PCA) is utilized to clarify the components that control
the groundwater chemistry characteristics. Principal components (PCs) are calculated from
the seventh parameter. The Kaiser–Meyer–Olkin (KMO) value is 0.705, and the significance
value of Bartlett’s sphericity test is lower than 0.001. As shown in Figure 5, five PCs with
eigenvalues > 1 explain 74.67% of the total variance in the original dataset. The results
reflect the correlation between parameters and PCs, which are divided into three parts
according to their absolute values: strong, medium, and weak, with values > 0.75, 0.75–0.5,
and 0.5–0.3, respectively [41]. The parameters can be interpreted by each PC, and each PV
has a geochemical understanding of the original datum.
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2−, (c) Ca2+ vs.

HCO3
−, (d) (Ca2+ + Mg2+) vs. (HCO3

− + SO4
2−), (e) (K+ + Na+ − Cl−) vs. (Ca2+ + Mg2+ − HCO3

−

− SO4
2−).

The Pearson correlation coefficient is introduced to quantify the relationship between
the chemical parameters (Figure 6). The correlation coefficient of 1 indicates a good positive
correlation, a perfect negative relation between two parameters is implied by −1, while
zero suggests no relationship between two parameters [19].
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−, all the parameters
have passed the normality tests.

Principal component 1 (PC1) is dominated by TDS, TH, SO4
2−, Cl−, NO3

−, Ca2+,
and Mg2+ (loadings between 0.78 and 0.99), and negatively correlated with pH (loading is
−0.54). Thus, PC1 is considered as a salinity factor. As shown in Figure 6, TDS is positively
correlated with Na+, Ca2+, Mg2+, SO4

2−, Cl−, and NO3
−; thus the variation of TDS in

groundwater can reflect the regional impact of the salinity parameter and the corresponding
modification [42]. Salinity is directly impacted by the contents of Na+, Ca2+, Mg2+, SO4

−,
and Cl−; the ions are contributed by rock–water interaction, especially the dissolution of
halite, carbonated rocks, and silicate rocks as described above.

Among the 160 groundwater samples, there are 49 samples with a concentration of
NO3

− higher than the maximum permissible limit of the groundwater quality standard
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grade III limits of the People’s Republic of China (20 mg/L). Nitrogen is of great signifi-
cance in the biogeochemical cycle. Nitrate contamination is widespread in China, and the
residents are exposed to the risk of high nitrate concentration in groundwater [43]. The
source identification of NO3

− can facilitate the improvement in groundwater quality, such
as reduction in the usage of chemical fertilizers, improvement in the treatment processes
of wastewater, and the remediation of the contaminated groundwater [44]. The nitrate
in groundwater may be from multiple natural factors and anthropogenic activities, but
it is difficult to quantify nitrate sources in groundwater [45]. The correlation between
NO3

−/Na+ and Cl−/Na+ makes a distinction of nitrate sources between agricultural ac-
tivities and urban sewage; different NO3

− sources have different NO3
−/ Cl− ratios [23].

As shown in Figure 7, the values of NO3
−/ Cl− vary from 0.002 to 0.38; the low NO3

−/
Cl− and elevated Cl− suggest that NO3

− in groundwater is significantly affected by the
combination of both. Agricultural activities play the dominant role in the hydrochemistry
formation process of groundwater [46]. A combination of agricultural components and
communal effluent is in accordance with the dense population and farmland in the study
area. The usage of agricultural fertilizer should be controlled. Thus, rock–water interaction
and agricultural return control the PC1.
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PC2 is distinguished by the reduced species Fe2+ and NO2
−, which may indicate a

redox environment. Fe enrichment in groundwater usually indicates the reducing condition,
where denitrification is inhibited [47]. PC3 shows maximum loading for Mn2+ (0.609) and
F− (0.498). It is reported that the dissolution of F-bearing carbonate mineral and Mn-
hydroxides are the origin of F− in groundwater [48]; the F− and Mn2+ in groundwater
mainly originate from geogenic sources [49].

PC4 is dominated by K+ (with a loading of 0.545). The site investigation indicates that
the Hutuo River Drinking Water Source Area is located on the North China Plain, where
agricultural activities are intensive and fertilizer is over-used. Fertilization with KNO3 and
NaNO3 leads to deterioration of groundwater quality, and K+ is frequently detected with
Na+ and other ions in groundwater [50,51]. The correlation of K+ and Na+ (p < 0.01) shown
in Figure 6 verifies the utilization of agricultural fertilizer (Figure 6).

PC5 shows maximum loadings for Zn2+ (0.709) and Al3+ (0.416), and it is noted that
both of them are not significantly correlated with other parameters (Figure 6). Therefore,
the increase in these metals may be attributed to the aluminum silicate weathering and
dissolution of carbonates (i.e., Smithsonite) [52]. The agricultural pollution sources may
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cause serious pollution to regional groundwater, and the exceeding of several water quality
parameters indicates that the groundwater quality in the Hutuo River Drinking Water
Source Area needs appropriate assessment.

3.4. Groundwater Quality Assessment

To further analyze the contributing parameters in the geochemical composition and
their corresponding entropy weights, 14 parameters with different entropy weights and
concentrations are employed to calculate the EWQI value. The entropy weights (wj) and
information entropy (ej) values for the qualitative classification are provided in Table S1;
the parameter with a higher entropy value would have a greater influence on groundwater
quality. According to the calculated results, Fe2+ and NO2

− have the highest weights of
0.28 and 0.26, respectively, while pH shows the lowest weight of 0.004. The EWQI results
revealed that 97.5%, 1.88%, and 0.63% of the samples are classified as excellent, good, and
fair, respectively (Figure 8).
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The evaluation of different parameters indicates that the components of some ground-
water samples are higher than grade III of the groundwater quality standard limits of the
People’s Republic of China. As shown in Table 1, the TH values of 71.25% of the samples
exceed the limit, and the NO3

− values for 30.63% of the samples are higher than the limit.
The EWQI calculations show that 99.37% of the samples are classified into excellent and
good quality (grades I and II), indicating that the quality of groundwater in the Hutuo
River Drinking Water Source Area is good and suitable for drinking [23]. These results
demonstrate that only using limited parameters cannot estimate the real groundwater
quality comprehensively.

To estimate whether the groundwater is ideal for agricultural irrigation in the Hutuo
River Drinking Water Source Area, the sodium adsorption ratio (SAR), residual sodium
carbonate (RSC), and potential salinity (PS) are calculated. Groundwater with HCO3

−

concentration above 90 mg/L is not ideal for irrigation, as it would exaggerate the sodic
condition of the soil [24].
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The minimum and maximum values of the SAR are 0.24 and 3.01, respectively, and
the average is 0.72. The SAR values of all the groundwater samples are evaluated as
excellent. Therefore, the groundwater in this study has no sodium hazard for agricultural
soil and would not affect the normal infiltration rate of water significantly after a long-
term irrigation. The minimum and maximum values of the RSC are −26.38 and −0.18,
respectively. Hence, the concentration of dissolved bicarbonates and carbonates is below
the sum concentration of calcium and magnesium (Mg2+ + Ca2+). Groundwater with such
a low RSC value would not form sodium carbonate and would not lead to salinization and
consolidation in soil [53].

As shown in Figure 9, the minimum and maximum values for PS in groundwater
samples are 0.37 and 17.00, respectively, and the average is 4.04. More than 70% of the
samples have a PS value exceeding 3, which places them as conditional. A PS value of a
groundwater sample of 17 is classified as not recommendable for irrigation. The presence of
high salt concentration in irrigation groundwater would result in the accumulation of salt
in soil, and limit water as well as air circulation in root zones, thereby reducing irrigation
efficiency [21].
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Figure 9. Classification of groundwater in the Hutuo River Drinking Water Source Area according to
potential salinity.

4. Conclusions

In this study, hydrogeological and multivariate analyses are used to characterize the
distribution of groundwater hydrochemistry and associated controlling factors over the
Hutuo River Drinking Water Source Area. The NO3

− concentration of the samples lower
than grade III of national standards is 30.63%. The TH of the 71.25% groundwater samples
exceed the national limit. The Piper diagram indicates that the groundwater types belong
to the Ca-HCO3 (78.1%), mixed Ca-Mg-Cl (20%), and Ca-Cl (1.9%) classifications. In the
majority of the samples, HCO3 and alkaline earth metals (Ca2+ and Mg2+) are the main
anions and cations, indicating the possibility of an ion exchange process, weathering of
silicates, carbonates, and the dolomite in groundwater. Graphical and binary diagrams
indicate that the water–rock interaction plays a crucial role that influences the groundwater
hydrochemistry, including the dissolution of halite, gypsum, and carbonated rocks, the
weathering of silicate rocks, and ion exchange dissolution. The principal component (PC)
analysis transforms the chemical components into five PCs, which represent the rock–water
interaction and agricultural return, redox environment, geogenic sources, the utilization
of agricultural fertilizer, and the weathering of aluminum silicates and dissolution of
carbonates, respectively. The groundwater in the Hutuo River Drinking Water Source Area
is classified as good, but the high concentration of salinity should be further discussed
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when used as irrigation water. Hence, the high concentrations of salinity and nitrate need to
be monitored, and a groundwater pollution warning system is suggested to be established
on this basis. The study may provide scientific support for sustainable groundwater
management and pollution protection in Shijiazhuang (North China Plain) and other
similar places.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16010175/s1, Figure S1: Procedure for calculating EWQI; Table S1:
The entropy weights (wj) and information entropy (ej) values for the qualitative classification.
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Abstract: Understanding the impact of natural processes and anthropogenic activities on geochemical
evolution is vital for groundwater protection and utilization. This research was devoted to identifying
the water quality status and the main controlling factors of the hydrochemical evolution of karst
groundwater by combining hydrogeochemical indicators with multi-isotope analysis techniques in
the Heilongdong Spring Basin, North China. The results showed that the karst groundwater in the
area was of meteoric origin, and the dissolution of carbonate minerals was dominant in water–rock
interactions. Meanwhile, the positive and negative cation exchange occurred in the process. The
main hydrochemical types of karst groundwater were HCO3-Ca·Mg and HCO3-Ca in the recharge
area, while the predominant hydrochemical types were the HCO3·SO4-Ca·Mg and HCO3·SO4-Ca
in the runoff and discharge area. Under the influence of coal mining and other factors, the average
concentrations of major ions kept rising in the runoff area where coal mines were distributed, and
the SO4

2− concentrations of the karst groundwater changed the most in the study area. In addition,
sewage from agricultural production and domestic sources had also negatively impacted the quality
of regional groundwater in the runoff and discharge area, as evidenced by the increasing NO3

−

and Cl− contents in the Quaternary sediment groundwater, Permian bedrock groundwater and
a small portion of karst groundwater. These results were helpful to explain the mechanism of
gradual hydrogeochemical changes and provided a scientific basis for the effective management and
utilization of karst groundwater.

Keywords: karst groundwater; hydrogeochemistry; stable isotopes; water–rock interaction; coal
mining; anthropogenic activities

1. Introduction

Water is essential to life, yet 844 million people worldwide lack access to basic drinking
water. Most of them are individuals who reside in the rural areas of developing countries,
such as in Subsaharan Africa [1,2]. Since the last century, the population has increased
threefold, and the consumption of water has increased sixfold. Moreover, due to global
climate change, the supply of water has decreased, resulting in prolonged drought and
increased pollution [3]. We are facing a global water crisis. Previous studies have shown
that groundwater is more adaptable to climate change than surface water, and it is more
reliable and easier to obtain than surface water, because it can be directly exploited by
users [4]. However, climate change can also affect groundwater quality by reducing the
aquifer recharge and increasing artificial pressures [5].

Karst groundwater is one of the most important and well-used groundwater sources
around the world. More than a quarter of the world’s population lives in areas where karst
groundwater is used as a source drinking water [6,7]. In some areas, it is even the only
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available water resource [8]. Most of Northern China has a large area of arid or semiarid
climate with a relative shortage of surface water resources, while groundwater resources
are more extensively exploited and utilized [9–11]. The area of carbonate rocks in Northern
China can reach 68.5 × 104 km2, with a total exposed area of 7.78 × 104 km2 [12,13]. Karst
groundwater with abundant and good water quality is the significant water supply for
Northern China, supporting a huge population and providing an important guarantee for
local industry, agriculture and civil use. While the karst groundwater is convenient for
human beings, people gradually realize the serious consequences caused mainly by the long-
term abstraction of karst groundwater. The excessive exploitation of karst groundwater has
caused a series of ecological and environmental problems in Northern China, such as the
decline in the regional groundwater level, attenuation of karst springs and deterioration of
water quality [9,14,15].

Hydrochemical and isotopic indicators are effective tools that are frequently used to
solve multiple problems in hydrology and hydrogeology [11,16–18]. The combination of
hydrogeochemical methods such as the Gibbs diagram, Piper diagram and ionic ratios have
been widely used in the analysis of hydrochemical evolution process, which provides a way
to deeply understand the control mechanism of various geochemical reactions occurring in
groundwater. Additionally, as an effective tracer, stable isotopes are useful in studying the
origin of groundwater as well as calculating the mixing proportion among different water
sources [19,20]. The δ18O and δ2H isotopes have frequently been used to identify the origin
and recharge mechanism of groundwater. The stable isotopes of dissolved sulfate (δ34S and
δ18O) are excellent tracers for investigating the source of sulfate in groundwater or surface
water. Therefore, the combination of hydrochemical and isotopic methods can determine
the geochemical factors and mechanisms controlling the hydrochemical composition of
groundwater.

The Heilongdong Spring Basin (HSB), located in Southwestern Hebei Province, is a
typical representative of karst groundwater systems in Northern China. The abundant and
good quality of karst groundwater in this region has long been an important source of water
for domestic use, agricultural irrigation and industrial production in Handan, Northern
China. The region is also the main coal mining distribution area and agricultural cultivation
area in Northern China. In the past decades, the demand for groundwater has increased
with the development of industry and agriculture. However, the local groundwater quality
has shown a continuous deterioration due to the long-term discharge of coal mining water,
industrial wastewater and domestic sewage, as well as the extensive use of agricultural
fertilizers and pesticides.

Since the 1970s, many scholars have successively carried out research on the evaluation
of groundwater circulation and evolution processes and made a lot of achievements in
the area. Guo et al. [21] used four parameter ionic ratios to reveal the hydrochemical
characteristics in the Fengfeng mining area and conducted reverse hydrogeochemical
process modeling. Hao et al. [22] found that the hydraulic gradient of karst groundwater
increased after coal mining activities and the groundwater quality became deteriorated
in the Fengfeng coal mining area. Hao et al. [23] revealed the 2H and 18O drift were
attributed to water–rock reactions between the Ordovician limestone, carbonate and silicate
minerals in the Fengfeng coal mining area. However, most of the previous studies have
focused on regional hydrogeological investigations and the hydrochemical and isotopic
characteristics of a small local scale or in a particular year [7]. The knowledge of the
hydrogeochemical evolution characteristics of the whole spring basin and the relationship
between different aquifers is still insufficient or unclear. The present study systematically
studied the geochemical evolution of karst groundwater in the whole HSB and obtained a
new understanding.

To comprehensively understand the hydrochemical characteristics and evolution
processes of karst groundwater in the HSB, it is necessary to clarify the impact of natural and
anthropogenic activities on karst groundwater chemistry. Therefore, the main objectives of
this study are to: (1) ascertain the sources of karst groundwater and clarify the hydraulic
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connection between karst aquifers and other aquifers and (2) compare the hydrochemical
characteristics of karst groundwater in different periods and reveal the hydrochemical
formation mechanisms controlling the chemical composition, especially SO4

2− and NO3
−

in karst groundwater.
As a typical representative of the karst groundwater system in Northern China, the

Heilongdong Spring Area is facing huge pollution risks with the rapid development of coal
mining and agricultural activities, which makes it practically significant to evaluate the
spatiotemporal variations in karst groundwater. The findings will provide a scientific basis
for promoting the protection and utilization of karst groundwater resources in the HSB and
a reference for the management of other karst groundwater resources in mining areas.

2. Study Area
2.1. General Setting

The HSB is located in the southwestern part of Hebei Province, which belongs to
Handan City in Northern China. To the west of the study area is a series of mountains,
while the east is mainly hilly and plain. The elevation gradually decreases from west to
east, with the Heilongdong (HLD) spring groups at the lowest altitude in the whole region.
The total area of the HSB is 2002 km2.

The study area has significant seasonal variations with a mean annual temperature
of 13.9 ◦C. The mean annual precipitation is 545 mm, while the mean annual evaporation
is 1895.7 mm. The rainy season (July to September) accounts for 66.4% of the annual
precipitation. Zhanghe River, Fuyang River and Nanming River are the main rivers in the
basin. Additionally, Yuecheng (YC) Reservoir and Dongwushi (DWS) Reservoir are two
large reservoirs in the region.

The Heilongdong spring groups are located at the intersection of Gushan Mountain
and Fuyang River. They are composed of more than 60 springs, which are concentrated
in an area of about 2 km2. The outcrop elevation of the springs is 122.8~132.4 m. Fuyang
River is mainly formed by the spring groups’ discharge. The HLD springs’ flow ranged
from 7 m3/s to 9 m3/s before the 1980s. After the 1980s, due to the increase in human
exploitation and the decrease in precipitation, the HLD springs dried up successively in
1987. Since then, the springs have only flowed intermittently in the rainy years or seasons
(usually from July to September). It was not until 2016 that the spring flow completely
resumed, and the current spring flow was 4.76 m3/s in 2019.

2.2. Geological and Hydrogeological Setting

The boundaries of the HSB are defined by groundwater divides, water-blocking faults
and impermeable igneous rocks. Therefore, the study area is a relatively independent
hydrogeological unit. As a whole, it is an east-inclining monoclinic structure with a
stratigraphic dip angle roughly of 10◦~20◦. The faults, with NE, NW, near SN and EW
strikes, are distributed throughout the region. The main strata exposed in the study are of
Sinian (Z), Cambrian (∈), Ordovician (O), Carboniferous (C), Permian (P), Triassic (T) and
Quaternary sediments (Q), in which the main coal-bearing strata are Carboniferous and
Permian.

The key aquifers (simplified) from bottom to top in the area are the Cambrian lime-
stone aquifer, Ordovician limestone aquifer, Carboniferous thin-limestone aquifer, Permian
sandstone aquifer and Quaternary sediment aquifer (Figure 1). The Cambrian and Ordovi-
cian limestone aquifers, with large thicknesses and high water abundance, are the main
aquifer in the study area. The Cambrian and Ordovician strata are exposed in the western
and central mountainous areas yet are covered by Quaternary and coal measure strata in the
middle and east of the basin, which are mainly composed of limestone and dolomite [24].
In addition, the karstic fissures, honeycombed karstic pores and layered gypsum lenses
are also developed in the Ordovician strata, with a total thickness of 470~584 m [23].
The gypsum layers in the Ordovician strata are about 2~3 mm thick [25]. Karst ground-
water (KGW), which is extremely abundant in the Cambrian and Ordovician limestone

122



Water 2023, 15, 726

aquifers, is an important source of drinking water for local residents. The Carboniferous
thin limestone and the Permian sandstone aquifer, located above the Ordovician limestone
aquifer and overlain by the Quaternary sediment aquifer, have poor water yields. The
Carboniferous and Permian strata are composed of multilayer coal seams, and the main
lithology is sandstone, thin limestone and multilayer coal seams with shale interbedded.
The vertical distance between the lower coal seam of the Carboniferous strata and the
underlying Ordovician limestone aquifer is generally 20~50 m. Due to the widespread
distribution of structural fractures, karst collapse columns and fractures formed in the
process of coal mining, there is a direct or indirect hydraulic connection between the coal
seam and the underlying Ordovician limestone aquifer as well as the overlying Permian
sandstone aquifer. The Quaternary sedimentary aquifer is dominated by sand, gravel and
clay with a thickness of 0~60 m, which is mainly distributed around the piedmont area
along the main rivers in the central and eastern regions.

Karst groundwater is mostly recharged by atmospheric precipitation from the outcrop
areas of limestone in the western and central mountainous areas. Under natural condi-
tions, the flow direction of karst groundwater is generally from the west, north, southwest
and northeast to the Heilongdong spring groups. However, due to the overexploitation
of groundwater extraction and mine drainage, the regional karst groundwater level has
dropped dramatically since the 1980s, resulting in several karst groundwater depression
cones around some coal mines and well fields [7]. With the increasing amount of ground-
water pumping and mine drainage, karst groundwater gradually changed from spring
drainage to groundwater exploitation and mine drainage.

Since the middle route of the South-to-North Water Transfer Project (SNWTP) was
opened in 2014, the water-using structure of Handan has changed significantly. The
water source of the SNWTP gradually replaced the local groundwater resources, and the
exploitation of the Yangjiaopu (YJP) well field was greatly reduced. At the same time,
the local government implemented a lot of measures such as some old mine closures,
groundwater-pumping reduction and mine drainage utilization, resulting in a rise in the
regional groundwater table to varying degrees.
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2.3. Coal Mining

The coal mines are located in the northern, southern and eastern areas of the spring
area. The main coal-bearing strata are the upper Carboniferous Taiyuan Formation and
the lower Permian Shanxi formation, with a total thickness of 170~250 m. There are 22
state-owned and local-owned coal mines (M1–M22) in the spring basin. Specifically, 7
coal mines were closed before 2015 (M1–M7) and 4 coal mines were closed from 2015 to
2018 (M8–M11); the other 11 coal mines still stay in production (M12–M22). Moreover, the
production mines are mainly located in the eastern and southern areas of the spring area
(Figure 2).

After decades of mining, the shallow coal resources have been nearly exhausted, and
most of the production mines have been transferred to the deep coal seams. As mentioned
above, the vertical distance between the deep coal seams of Carboniferous strata and the
underlying Ordovician limestone aquifer is only 20~50 m. So, the risk of water inrush is
increasing due to the more abundant and higher water pressure of the Ordovician karst
groundwater [26].
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3. Materials and Methods
3.1. Sample Collection and Analysis

A total of 59 water samples from wells and springs were taken from late May to
mid-September in 2013 and 2019, respectively. Specifically, 24 samples were taken in 2013,
all of which were karst groundwater (B1–B24). Among them, there were 2 samples (B1–B2)
in the recharge area (Zone I), 17 samples (B3–B19) in the mining runoff area (Zone II1),
4 samples (B20–B23) in the nonmining runoff area (Zone II2) and 1 sample (B24) in the
discharge area (Zone III).

To compare the differences in the major chemical compositions from different aquifers
in different years, 35 samples were taken in 2019, including 22 samples of karst ground-
water (C1–C22), 5 samples of Quaternary sediment groundwater (A1–A5), 6 samples of
Permian groundwater (E1–E6) and 2 samples of mine drainage water (F1–F2). Among
the karst groundwater samples, there were 6 samples (C1–C6) in the recharge area (Zone
I), 11 samples (C7–C17) in the mining runoff area (Zone II1), 4 samples (C18–C21) in the
nonmining runoff area (Zone II2) and 1 sample (C22) in the discharge area (Zone III). In
addition, 12 samples of surface water (S1–S12) were collected in 2019, including 9 samples
of Fuyang River water (S1–S9). The other 3 water samples were from Zhanghe River,
Yuecheng (YC) Reservoir and Dongwushi (DWS) Reservoir (S10–S12) [7].

Most of the karst groundwater samples were collected from the public and private
supply wells ranging in depth from 170 to 600 m, and almost all the Quaternary sediment
and Permian groundwater were pumped from the private wells (ranging from 5 to 100 m).
Surface water samples were collected from rivers and reservoirs. Mine drainage water and
spring water samples were taken directly from the mine drainage outlet and karst spring
outlet, respectively.

Only major ions and trace element analyses were carried out in all the samples of
karst groundwater taken in 2013. δ2H and δ18O isotope tests were carried out in all the
samples of groundwater (except C6, C14 and C20) in addition to the major ions and
trace element analysis in 2019. The above 3 samples failed the tests for the δ2H and δ18O
isotope due to damage during transportation. Moreover, 10 samples were chosen from
the 35 samples for the δ34SSO4 analysis in 2019, including 7 samples (C1, C4, C6, C7, C8,
C11, C22) of Ordovician groundwater and 3 samples (E2, E5, E6) of Permian sandstone
groundwater. In addition, 10 samples were collected for δ34SSO4 analysis in August 2015,
including 7 samples (D1-D4, D6-D8) of Ordovician groundwater and 3 samples (D9, D11,
D12) of Carboniferous thin limestone water [20]. Specifically, among the karst groundwater
samples, there were 3 samples (C1, C4, C6) in the recharge area (Zone I), 9 samples (C7, C8,
C11, D1-D4, D6-D7) in the mining runoff area (Zone II1) and 2 samples (C22, D8) in the
discharge area (Zone III). All the other samples of Permian sandstone groundwater (E2, E5,
E6) and Carboniferous thin limestone water (D9, D11, D12) were taken from the mining
runoff area (Zone II1).

Prior to sampling, each well was pumped at least three well volumes of groundwater
with a low-rate submersible pump to remove the stagnant water, and each sampling bottle
was rinsed three times with the sample water before collection. Then, the pH, electrical con-
ductivity (EC) and water temperature were measured in situ using the HANNA (HI98194)
multiparameter instrument, with a precision of ±0.02 for pH, ±0.15 ◦C for temperature
and ±1 µs/cm for EC.

All the water samples were filtered through 0.45 µm membrane filters and poured
into 1.5 L and 250 mL polyethylene bottles for analyses of major and trace elements. The
250 mL samples were acidified in situ by adding double distilled nitric acid to Ph < 2,
while the 1.5L samples were untreated. All the samples were stored at 4 ◦C until analysis
(within one week). In addition, groundwater samples for the stable isotope (δ2H and δ18O)
analysis were collected in 50 mL glass bottles, which were sealed with airtight caps. To
measure the values of δ34S of the dissolved SO4

2− in the groundwater, the water samples
were separately collected in a 5 L bucket and acidified with HCl to pH 2–3; then, they were
reacted with BaCl2 to form BaSO4 precipitates and were sent immediately to the laboratory.
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3.2. Analytical Methods

K+, Na+, Ca2+, Mg2+, Cl−, SO4
2−, NO3

− and other chemical indicators were tested at
the Groundwater Mineral Water and Environmental Monitoring Center of the Institute of
Hydrogeology and Environmental Geology, Chinese Academy of Geological Sciences.

The TDS was determined using the gravimetric method. Major anions, except HCO3
−,

were analyzed using a Thermo Scientific Dionex ICS-4000 (precision, ±1%). HCO3
− and

CO3
2− were titrated with 0.05 mol/L HCl in situ on the sampling day using phenolph-

thalein and Methyl orange as indicators. Major cations and minor elements were analyzed
with an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, PerkinElmer
Optima 8300) (precision, ±1%). The reliability of the chemical data was checked using the
Charge Balance Error (% CBE). The results showed that all the samples were within CBE
values of ±10%, indicating that the measurement accuracy was reasonably good in the
study area.

The hydrogen (δ2H) and oxygen (δ18O) compositions in the water samples were iden-
tified using isotopic mass spectrometry (Picarro L2130-I) at the Institute of Hydrogeology
and Environmental Geology, Chinese Academy of Geological Sciences. The stable isotope
ratios are expressed in the standard δ-notation and calculated with respect to the Vienna
Standard Mean Ocean Water (VSMOW, ‰) with the precision of ±1.0‰ (δ2H) and ± 0.1‰
(δ18O).

The 34S isotope of SO4
2− was analyzed with a thermal conversion elemental analyzer

(TCEA) coupled with an isotope ratio mass spectrometer (Finnigan MAT253) at the Ana-
lytical Laboratory of the Beijing Research Institute of Uranium Geology (ALBRIUG). The
notation was expressed in terms of δ (‰) relative to the Vienna Canyon Diablo Troilite
(V-CDT) standard, and the working standards of δ34SSO4 were GBW 04414 and GBW 04415.
The results of the repeated analysis of internal standards showed that the precision was
better than ± 0.2‰ for δ34SSO4.

Quality assurance (QA) and quality control (QC) measures for field sampling, storage,
transportation and laboratory analysis were implemented. To ensure the data quality, each
sample was analyzed in triplicate, and each batch was interspersed with the standard and
blank sample in proportion to evaluate the experimental methods. In addition, about 20%
of the samples in each batch were randomly selected as validation set samples to ensure
that the relative standard deviations were within 10%.

4. Results
4.1. Statistics of Hydrochemical Compositions

The water samples, taken in 2013 and 2019, were classified into five categories: Karst
groundwater in the Cambrian and Ordovician limestone aquifers (KGW), groundwater in
the Quaternary sediment aquifer (QGW), groundwater in the Permian sandstone aquifer
(PGW), mine drainage water (MDW) and surface water (SW). Additionally, karst ground-
water samples were further divided into four groups based on the sampling location, which
were taken in the recharge area (Zone I), the mining runoff area (Zone II1), the nonmining
runoff area (Zone II2) or the discharge area (Zone III). Subsequently, the samples of karst
groundwater were divided into KGW1 ~ KGW4 in 2013 and KGW5 ~ KGW8 in 2019, as
listed in Tables 1 and 2.

As shown in Table 1, all the pH values were slightly higher than 7.0, indicating their
alkaline nature. The TDS ranged from 313.40~599.60mg/L, with an average of 405.95mg/L.
The order of abundance of cation concentrations (expressed in mg/L) were Ca2+ > Mg2+ >
Na+ > K+, while those of the anions (expressed in mg/L) were HCO3

− > SO4
2− > Cl− >

NO3
−. From Table 2, it can be observed that the range of TDS was 301.50 ~ 798.50 mg/L,

with an average of 466.96 mg/L in 2019. The order of abundance of major cation and anion
concentrations remained the same, but the concentration of each ion was slightly higher
than that in 2013.

In addition, the concentrations of TDS, Ca2+, Mg2+, Cl−, SO4
2− and other major ions

increased in the runoff area (Zone II1, II2), especially in the Zone II1 runoff area where coal
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mines were distributed. The average SO4
2− concentration was the largest, and the average

concentration changed the most. Compared with 2013, the average SO4
2− concentration

increased by 77.78% in Zone II1.

Table 1. Statistical summary of hydrochemical parameters in 2013.

K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NO3− TDS pH

KGW Total (n = 24)
Min 0.92 6.03 68.79 14.95 8.75 47.94 207.5 12.8 313.4 7.55
Max 2.94 32.72 120.1 31.7 49.18 207.3 294.9 57.6 599.6 8.52

Mean 1.37 14.61 91.01 23.46 22.77 95.34 241.91 21.63 405.95 8.05
Std 0.44 7.16 16.85 3.73 8.45 41.82 23 8.74 76.24 0.39

KGW1(n = 2)
Min 1.3 6.03 82.73 19.96 8.75 64.96 237.8 12.8 336.9 7.55
Max 1.45 7.77 97.67 24.95 22.76 77.45 294.9 29.36 404.9 7.66

Mean 1.38 6.9 90.2 22.46 15.76 71.21 266.35 21.08 370.9 7.61
Std 0.11 1.23 10.56 3.53 9.91 8.83 40.38 11.71 48.08 0.08

KGW2 (n = 17)
Min 0.92 8.28 70.76 19.29 12.56 47.94 207.5 13.48 317.1 7.57
Max 2.94 32.72 120.1 31.7 49.18 207.3 270.2 27.52 599.6 8.52

Mean 1.39 15.07 88.94 23.83 22.95 94.97 238.53 19.95 402.38 8.15
Std 0.51 7.46 15.04 3.35 8.3 43.06 20.1 3.8 76.57 0.38

KGW3 (n = 4)
Min 0.99 8.62 68.79 14.95 17.95 49.88 209 17.8 313.4 7.64
Max 1.44 23.02 120 26.31 40.27 141.9 269 57.6 522.2 8.49

Mean 1.2 15.76 95.66 21.43 25.2 94.91 238.2 29.84 416.4 7.97
Std 0.24 7.05 27.75 5.53 10.3 45.3 26.28 18.79 94.07 0.36

KGW4 (n = 1) 1.52 17.59 109.2 27.31 24.05 151.6 265.4 18.48 494.9 7.61

Note: units: concentrations are expressed in milligram per liter (mg/L), except for pH. KGW1: karst groundwater
in recharge area; KGW2: karst groundwater in mining runoff area; KGW3: karst groundwater in no mining runoff
area; KGW4: karst groundwater in discharge area.

It can also be seen that the major ion concentrations of groundwater in different
aquifers varied considerably (Table 2). The highest contents of most major ions (Na+,
Ca2+, Cl−, SO4

2−, NO3
−) were observed in QGW, followed by the contents in PGW, and

the contents in KGW were the lowest. Moreover, it is worth noticing that the average
concentration of SO4

2− in the mine drainage water was very high, which was close to
the average concentration of QGW. While the average concentration of NO3

− in the mine
drainage water was the lowest, reflecting the ionic components in the mine drainage water
may mainly come from the dissolution of sulfate or other minerals, and they were hardly
affected by the external environment and human activities, such as domestic wastes and
fertilizer application.

The mean concentrations of ions in the surface water (SW) were similar to those in
KGW, while they were significantly different from those in QGW and PGW, implying the
close hydraulic connection between surface water (SW) and karst groundwater (KGW).

To sum up, KGW had the best quality groundwater, followed by the PGW and MDW,
and the QGW was the worst. It reflected that the effect of human activities such as
industrial and agricultural activities had a greater impact on shallow groundwater (QGW
and PGW) and a relatively little impact on deep groundwater (KGW). Furthermore, from
the spatiotemporal perspective, the quality of karst groundwater was deteriorating.

In recent years, the mean concentrations of TDS, Na+, Cl−, SO4
2− and other major ions

increased in the runoff area with coal mine distribution (Zone II1), even exceeding those in
the discharge area (Zone III), while the concentrations of the major ions had little change in
the recharge area (Zone I) and the discharge area (Zone III). This reflected the increase in
ion concentrations in karst groundwater, which may be related to human activities such as
coal mining.
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Table 2. Statistical summary of hydrochemical parameters in 2019.

K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NO3− TDS pH

KGW Total (n = 22)
Min 0.92 5.12 70.44 16.44 5.59 35.94 225.8 1.25 301.5 7.3
Max 3.7 57.75 170.2 46.69 54.97 313.8 335 64.62 798.5 7.74

Mean 1.62 16.42 103.7 26.02 25.72 125.72 265.27 22.98 466.96 7.52
Std 0.68 11.82 26.49 7.57 13.24 80.91 27.59 11.44 145.54 0.13

KGW5 (n = 6)
Min 0.92 5.12 70.44 16.44 5.59 35.94 225.8 18.35 301.5 7.45
Max 2.76 10.03 96.61 24.39 19.56 78.03 256.9 31.42 394.6 7.74

Mean 1.69 7.32 80.61 19.84 13.39 58.43 244.92 22.19 336.68 7.63
Std 0.78 1.64 9.24 2.97 5.88 14.83 13.63 4.79 31.71 0.1

KGW6 (n = 11)
Min 1.15 10.45 86.58 22.16 15.72 80.51 238 1.25 386.6 7.3
Max 3.7 57.75 170.2 46.69 54.97 313.8 335 64.62 798.5 7.64

Mean 1.76 21.75 117.33 29.83 31.45 168.84 277.8 22.61 545.08 7.46
Std 0.73 14.14 27.37 8.37 14.08 89.33 28.62 15.91 155.45 0.08

KGW7 (n = 4)
Min 0.95 9.9 82.78 21.21 19.91 64.17 233.1 19.92 378.3 7.38
Max 1.57 22.61 133.6 30.82 40.27 177.5 286.8 29.18 582.9 7.73

Mean 1.2 14.87 102.06 24.5 27.9 108.83 257.65 25.98 446.98 7.54
Std 0.26 5.77 22.63 4.45 8.75 51.03 27.11 4.17 95.82 0.17

KGW8 (n = 1) 1.36 18.5 98.8 27.42 27.94 122.8 280.1 19.72 469.2 7.35
QGW (n = 5)

Min 0.26 53.95 240 24.08 89.28 377.5 282 34.82 1031 7.21
Max 2.23 78.22 323.9 57.5 156.1 656.7 341.7 190.1 1465 7.4

Mean 1.05 63.49 279.84 43.1 119.34 473.4 311.2 100.52 1253.8 7.31
Std 0.82 8.95 36.49 13.26 28.26 124.14 23.78 60.45 189.21 0.07

PGW (n = 6)
Min 0.95 32.53 112.2 19.76 37.02 120.5 227.3 12.09 563.4 7.21
Max 2.56 120.4 358.2 71.07 186.9 694.9 402.7 198 1647 7.62

Mean 1.52 57.74 233.95 43.89 109.79 378.15 319.13 86.69 1095.4 7.4
Std 0.63 32.3 95.72 18.07 70.6 208.87 65.82 68.53 437.38 0.14

MDW (n = 2)
Min 3.76 29.06 185.5 44.34 29.8 368 294.1 10.08 846.6 7.3
Max 4.03 48.75 218 57.12 47.85 536.4 317.9 17.4 1096 7.55

Mean 3.9 38.91 201.75 50.73 38.83 452.2 306 13.74 971.3 7.43
Std 0.19 13.92 22.98 9.04 12.76 119.08 16.83 5.18 176.35 0.18

SW * (n = 12)
Min 0.98 7.13 30.75 6.33 9.82 28.85 198.07 5.81 223.65 8
Max 6.44 64.57 155.38 40.59 58.91 312.84 349.53 22.31 784.56 8.6

Mean 3.96 31.12 94.94 26.16 32.83 151.15 268.36 17.46 491.8 8.2
Std 1.55 15.55 33.19 9.53 11.77 88.71 47.41 5.27 168.52 0.2

Note: KGW5: karst groundwater in recharge area; KGW6: karst groundwater in mining runoff area; KGW7:
karst groundwater in no mining runoff area; KGW8: karst groundwater in discharge area; QGW: Quaternary
groundwater; PGW: Permian groundwater; MDW: mine drainage water; SW: surface water; n: number of samples;
* data from [7].

4.2. Hydrochemical Types

The Piper diagram is often used to show the relative contents of major ions in water
samples, and it can be applied to analyze the evolution laws of groundwater [10,27]. With
regard to cations, almost all points were close to the lower left triangle, indicating that
the Ca2+ type was dominant. For anions, most of the karst groundwater (KGW) and
surface water (SW) samples were distributed in the middle and lower corner of the right
triangle, showing HCO3

− as the dominant anion, while the majority of samples of the
Quaternary sediment groundwater (QGW) and Permian sandstone groundwater (PGW)
showed the dominance of the SO4

2- type. Moreover, as shown in Figure 3, most of the
samples (including the KGW and SW samples) were found to concentrate in the lower left
side of the diamond-shaped field, indicating the hydrochemical type of the HCO3-Ca·Mg,
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HCO3-Ca and HCO3·SO4-Ca·Mg facies, while the majority of the QGW and PGW samples
were distributed in the upper left side of the diamond-shaped area, which was dominated
by SO4·HCO3-Ca·Mg, SO4·HCO3-Ca and SO4-Ca water types. This was also consistent
with the actual situation. The western and central mountain areas were the recharge areas of
karst groundwater. The hydrochemical type was relatively simple. The ion concentrations
and hydrochemical types increased from the recharge area to the discharge area, indicating
that the rock–water interaction was strengthened. Moreover, the QGW and PGW samples
were mostly distributed in the runoff and discharge areas with a shallower groundwater
depth in the central and eastern parts of the area. Therefore, they had a relatively close
hydraulic connection.

Further analysis showed that the KGW samples from the recharge area were closer
to the left lower part of the diamond-shaped field, which were mainly HCO3-Ca·Mg and
HCO3-Ca water types, while the hydrochemical types of the KGW samples in the runoff
area (Zone II) and discharge area (Zone III) were similar to that of the SW samples with
HCO3·SO4-Ca·Mg water types.

Additionally, it was worth noting that the hydrochemical composition of the mine
drainage water (MDW) samples was similar to that of some karst groundwater (Zone II1)
and Permian sandstone groundwater samples with HCO3·SO4-Ca·Mg and SO4·HCO3-
Ca·Mg water types. This might be related to coal seam mining. The coal seams of Carbonif-
erous (C) and Permian (P) contained sulfur elements. Due to the coal mining activities,
the upper Permian sandstone aquifer (PGW) and the lower Ordovician limestone aquifer
(KGW) were connected, resulting in the mean concentrations of SO4

2- and other major ions
being higher in the mining runoff area (Zone II1).
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5. Discussion
5.1. Groundwater Isotopic Composition and Sources

Hydrogen (δ2H) and oxygen (δ18O) isotopes are effective tools for analyzing hydro-
logical processes across various scales [11]. Table 3 summarizes the isotopic composition of
the water samples taken in the HSB. The relationship between δ2H and δ18O for all water
samples is plotted in Figure 4. Due to the lack of precipitation isotope data in the study
area, the data of the adjacent Shijiazhuang station were selected. The local meteoric water
line was fitted as δ2H = 6.4δ18O-3.8. The slope and intercept of the local meteoric water
line (LMWL) were lower than that of the global meteoric water line (GMWL: δ2H= 8δ18O +
10) [28], which probably resulted from secondary evaporation during rainfall.

Table 3. δ2H and δ18O isotope composition of all the water samples taken in the HSB.

QGW (n = 5) PGW (n = 6) KGW (n = 19) MDW (n = 2) SW (n = 12)

Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean

δ2H (‰) −62.0 −57.0 −59.2 −65.0 −64.0 −64.3 −69.0 −64.0 −67.3 −67.0 −66.0 −66.5 −65.4 −57.6 −63.6
δ18O (‰) −8.4 −7.7 −8.0 −8.8 −8.5 −8.7 −9.6 −8.6 −9.3 −9.1 −8.9 −9.0 −8.9 −7.5 −8.6

Note: QGW: Quaternary groundwater; PGW: Permian groundwater; KGW: Karst groundwater; MDW: mine
drainage water; SW: surface water.

As can be seen in Figure 4, all samples were distributed near GMWL and LMWL,
indicating that the groundwater in the study area was mainly derived from meteoric water.
In addition, all the samples were distributed in parallel to the LMWL, but the intercept
was lower. This phenomenon can be interpreted as the evaporated soil moisture mixing
with the subsequent rainfall, which infiltrated the soil and impelled the residual water
downward by regular rainfall events [7].

The δ2H and δ18O values of the QGW samples ranged from −62.0 to −57.0 and
−8.4~−7.7, respectively. The PGW samples ranged from −65.0 to −64.0 and −8.8~−8.5,
respectively. The KGW samples ranged from −69.0 to −64.0 and −9.6~−8.6, respectively,
while the MDW samples ranged from −67.0 to −66.0 and −9.1~−8.9, respectively (Table 3).

It can also be seen that the QGW samples were concentrated in the upper right corner
(group 1), which reflected the fact that the QGW potentially underwent strong evaporation,
resulting in higher δ2H and δ18O values, while the δ2H and δ18O values for most of the KGW
samples were significantly low, implying the KGW was probably formed by precipitation
under wet and cold climate or high-altitude conditions [10,18]. In addition, the δ2H and
δ18O values of the PGW and MDW samples were closer to those of the KGW samples,
reflecting that some of the KGW samples had a relatively close hydraulic connection with
the PGW and MDW samples.

It is worth noting that most of the surface water (SW) samples were located in group
2, except the YC Reservoir (S11) and DWS Reservoir (S12). The river water samples were
isotopically similar to the spring water and some of the KGW samples. This showed that
both the reservoir water and the Quaternary groundwater (QGW) had experienced strong
evaporation. The concentration of heavy isotopes in the reservoir water was higher than
that in the river water. The river water was mainly recharged by the karst groundwater
rather than precipitation.
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5.2. Rock Weathering and Evaporation

A Gibbs diagram can be used to ascertain the influence of rock weathering, pre-
cipitation and evaporation on water chemistry [29]. As shown in Figure 5, almost all
the groundwater samples were affected by rock weathering. In addition, the values of
ρ(Na+)/ρ(Na+ + Ca2+), ρ(Cl−)/ρ(Cl− + HCO3

−) and TDS in most of the QGW and PGW
samples were relatively high, which indicated that the hydrochemical compositions of
QGW and PGW were affected by evaporation. It is also worth noting that the TDS of
the karst groundwater in the recharge area (Zone I) had little change with the increase in
ρ(Na+)/ρ(Na+ + Ca2+) and ρ(Cl−)/ρ(Cl− + HCO3

−) values, indicating that cation exchange
also played an essential role under the background of rock dominance, while the TDS
concentrations of the karst groundwater in the runoff area (Zone II) and discharge area
(Zone III) had a rising trend with the increase in ρ(Na+)/ρ(Na+ + Ca2+) and ρ(Cl−)/ρ(Cl− +
HCO3

−) values, implying that the increase in TDS concentrations was potentially associated
with human activities.
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5.3. Correlation of Hydrochemical Composition

The consistency of the sources of the hydrochemical composition in groundwater can
be inferred with a correlation analysis [10,30]. The correlation matrix of the major water
chemical index was determined using SPSS software (Table 4). The results showed that TDS
had a high positive correlation (r ≥ 0.70, p = 0.01) with Na+, Ca2+, Mg2+, Cl−, SO4

2− and
HCO3

−, which proved that the above ions were the main factors affecting the TDS value.
Na+-Cl−, Ca2+-SO4

2−, Ca2+-HCO3
− and Ca2+-Mg2+ also had a high positive correlation (r

≥ 0.70, p = 0.01), indicating that the dissolution of carbonate, sulfate and halite occurred in
the study area. In addition, the NO3

− had a positive strong correlation with Na+ and Cl− (r
≥ 0.70, p = 0.01) and moderate correlations with Ca2+ and SO4

2− (0.50 ≤ r <0.70, p = 0.01).
As mentioned above, the NO3

− concentration was relatively high and had a relatively high
correlation with Na+ and HCO3

−, indicating that NO3
− in groundwater might be related

to anthropogenic activities such as agricultural irrigation and domestic pollution.

Table 4. Correlation matrix of all the samples.

K Na Ca Mg Cl SO4 HCO3 NO3 TDS pH

K 1.000 0.118 0.106 0.413 ** −0.020 0.274 * 0.244 −0.222 0.161 −0.176
Na 0.118 1.000 0.866 ** 0.762 ** 0.876** 0.849 ** 0.626 ** 0.716 ** 0.907 ** −0.434 **
Ca 0.106 0.866 ** 1.000 0.861 ** 0.923** 0.954 ** 0.788 ** 0.676 ** 0.992 ** −0.524 **
Mg 0.413 ** 0.762 ** 0.861 ** 1.000 0.742** 0.932 ** 0.819 ** 0.395 ** 0.896 ** −0.429 **
Cl −0.020 0.876 ** 0.923 ** 0.742 ** 1.000 0.817 ** 0.646 ** 0.773 ** 0.920 ** −0.452 **

SO4 0.274 * 0.849 ** 0.954 ** 0.932 ** 0.817** 1.000 0.793 ** 0.494 ** 0.970 ** −0.504 **
HCO3 0.244 0.626 ** 0.788 ** 0.819 ** 0.646** 0.793 ** 1.000 0.290 * 0.786 ** −0.525 **
NO3 −0.222 0.716 ** 0.676 ** 0.395 ** 0.773** 0.494 ** 0.290 * 1.000 0.668 ** −0.368 **
TDS 0.161 0.907 ** 0.992 ** 0.896 ** 0.920** 0.970 ** 0.786 ** 0.668 ** 1.000 −0.519 **
pH −0.176 −0.434 ** −0.524 ** −0.429 ** −0.452** −0.504 ** −0.525 ** −0.368 ** −0.519 ** 1.000

Note: ** correlation is significant at the 0.01 level (two-tailed); * correlation is significant at the 0.05 level (two-tailed).

5.4. Water–Rock Interaction

The ratios of ion concentrations can effectively reflect the formation mechanisms and
sources of the major ions in groundwater [11,31].
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The scatter diagram of Cl− versus Na+ (Figure 6a) showed that almost all the water
samples were close to the 1:1 line. It indicated that the dissolution of halite might be the
main source of Cl− and Na+ in different types of groundwater. The ratio of Na+/Cl−

ranged from 0.47 to 1.80 with a mean value of 0.99. The results followed the expected 1:1
trend line, which further confirmed that Na+ and Cl− were derived primarily from halite
dissolution. Halite could dissolve continuously into the groundwater.

In the plot of SO4
2− and Ca2+, if gypsum dissolution is the only source of SO4

2− in
the groundwater, Ca2+/SO4

2− will follow the 1:1 line. It can be seen in Figure 6b that the
majority of the samples were distributed above the 1:1 line, and the Ca2+ concentration
was higher than SO4

2−, suggesting that Ca2+ was not completely from gypsum dissolution
and that there were other sources such as carbonate (dolomite, calcite) mineral dissolution,
reverse cation exchange or anthropogenic input.

As shown in Figure 6c, there were no significant correlations between SO4
2− and

Cl− in some of the PGW and KGW samples (Zone I), while there were significant positive
correlations between SO4

2− and Cl− in the majority of QGW, PGW and KGW samples
from the runoff area (Zone II). It indicated that SO4

2− and Cl− in these samples probably
had the same sources and might have been related to anthropogenic activities, such as
coal mining development, agricultural irrigation and industrial production. In addition,
it was worth noting that the slope of Cl−/SO4

2− in the QGW was higher than that in the
KGW, implying that anthropogenic activities had a greater impact on shallow groundwater,
resulting in higher concentrations of SO4

2− and Cl−.
The relationship between (HCO3

−+SO4
2−) and (Ca2++Mg2+) (expressed in meq/L) in

groundwater samples will follow the 1:1 line if these ions are strongly controlled by the carbonate
and gypsum equilibrium [18]. As shown in the scatter plot (Figure 6d), nearly all the KGW
samples were distributed along the equiline (1:1 line), reflecting that Ca2+, Mg2+, HCO3

− and
SO4

2− were mainly derived from the dissolution of carbonate and gypsum, whereas most of
the QGW and PGW samples fell above the 1:1 line, indicating that there were extra sources of
Ca2+ and Mg2+ in the QGW and PGW, such as the dissolution of silicate minerals.

From the relationship between HCO3
− and (Cl−+SO4

2−) (Figure 6e), it can be seen
that most of the PGW, QGW and KGW samples had different influence mechanisms in the
area. Specifically, the majority of KGW samples were below the 1:1 line except for three
points, indicating that most of the KGW samples were dominated by the dissolution of
carbonate rocks. While most of the QGW and PGW samples deviated far from the 1:1 line,
the high concentration of Cl− and SO4

2− could be related to agricultural and industrial
activities. Excess Cl− and SO4

2− were the evidence of increased pollution. In addition, three
KGW samples (C12, C14, C15) from the coal mining runoff area (Zone II1) were distributed
above the 1:1 line and mixed with the QGW and PGW samples, suggesting that the karst
groundwater in some runoff areas closely connected with the shallow groundwater and
was affected by anthropogenic activities.

The scatter plots of Mg2+ versus Ca2+ can be used to infer whether the Mg2+ and
Ca2+ in groundwater were derived from the dissolution of dolomite, calcite and gypsum.
Theoretically, when the ratio of γ(Ca2+)/γ(Mg2+) is 1:1, it indicates that dolomite is dis-
solved in groundwater. When the ratio of γ(Ca2+)/γ(Mg2+) is 2:1, it implies that calcite and
dolomite are dissolved at the same time in groundwater. If the ratio of γ(Ca2+)/γ(Mg2+)
is greater than two, there are other sources of Ca2+ in the groundwater, such as gypsum
dissolution, silicate dissolution, reverse cation exchange or external input. As shown in
Figure 6f, almost all the KGW samples were located between the 2:1 and 3:1 lines. The
concentration of Ca2+ in the groundwater ranged from 3.4 to 8.5 meq/L with a mean of
4.8 meq/L. The concentration of Mg2+ varied from 1.2 to 3.9 meq/L and had an average
mean of 2.0 meq/L. It implied that the dissolution of calcite, dolomite and gypsum might
occur simultaneously in the carbonate aquifer. In contrast, most of the PGW and QGW
samples fell above the 3:1 line. The concentration of Ca2+ was much greater than that of
Mg2+, which indicated that there might be other factors contributing to excessive Ca2+,
such as the dissolution of silicate minerals.
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5.5. Ion Exchange Processes

Ion exchange is a natural reaction in the hydrochemical evolution of groundwater,
which influences the major chemical composition of groundwater. The Schoeller indices
(CAI-I and CAI-II) are vital indicators of the ion exchange occurring in the aquifer [32,33].
The CAI (CAI-I and CAI-II) value can be positive or negative; the positive CAI value
indicates that the ion exchange takes place between Ca2+ and Mg2+ from the rocks with
Na+ of the water, and similarly, the negative CAI value means the Na+ from the rocks was
replaced by Ca2+ and Mg2+ in the water. The ion exchange reactions can be expressed by
the following equations (Equations (1) and (2)):

CAI-I = Cl− − (Na+ + K+)/Cl− (1)

CAI-II = Cl− − (Na+ + K+)/(HCO3
− + SO4

2− + CO3
2− + NO3

−) (2)

Both of the indices (CAI-I and CAI-II) are positive, implying that a reverse ion exchange
occurs in the groundwater, whereas the negative values of CAI indicate forward ion
exchange in the groundwater.

As shown in Figure 7a,b, there were both positive and negative ion exchanges of all
samples in 2013 and 2019, indicating that the forward and reverse ion exchange simultane-
ously occurred in different types of groundwater.
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5.6. Saturation Indices

To better understand the equilibrium state between groundwater and minerals, the sat-
uration indices (SI) of calcite, dolomite, gypsum and halite were calculated with
PHREEQC [34,35]. Generally, the SI value is less than −0.5, between −0.5 and 0.5 or
greater than 0.5, which represents that the mineral is in an unsaturated state (dissolution),
saturated state (equilibrium) or oversaturated state (precipitation), respectively [10]. The
SI values of calcite and dolomite in the karst groundwater indicated notable differences
in 2013 and 2019. As shown in Figure 8a,b, the SI values of calcite and dolomite in the
karst groundwater ranged from 0.30 to 1.33 and 0.20 to 2.39, respectively, with an average
of 0.86 and 1.41 in 2013. It suggested that the karst groundwater was oversaturated with
respect to calcite and dolomite in 2013, and these carbonate mineral phases might have
influenced the chemical composition in the HSB. However, the SI values of calcite and
dolomite in the karst groundwater varied from 0.16 to 0.66 and −0.08 to 1.13 with a mean
of 0.40 and 0.44, respectively, in 2019, indicating that the karst groundwater was saturated
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with respect to calcite and dolomite in 2019. Especially in the runoff area where coal mines
were distributed (Zone II1), most of the KGW samples changed from the oversaturated to
saturated state during 2013–2019.
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This might have been related to the overall uplift of the karst groundwater level in
the study area. Understanding the temporal and spatial variations in groundwater level is
an essential prerequisite for groundwater management [36]. Taking the northern runoff
area as an example (Figure 9), only one coal mine (M8) in the northern runoff area was
in production (this coal mine was closed in 2016), and the karst groundwater level was
between 118 and 123 m in 2012. In recent years, due to the increase in rainfall and the
decrease in exploitation, the karst groundwater level in the northern runoff area rose to
124~132 m, with the overall groundwater level rising by 6~8 m and even 15 m in some
areas in 2018 [37]. Consequently, the overall groundwater level was relatively low, and
the flow was very slowly affected by natural and human factors in 2012–2013, as calcite
and dolomite minerals were in an oversaturated state. However, the calcite and dolomite
minerals gradually transited to a saturated state with the groundwater level rising during
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the period of 2018–2019. As time goes on, if the groundwater level continues to rise, the
groundwater and minerals will be expected to reach a new equilibrium state again.

Figure 9. Contour maps of karst groundwater levels (m) in 2012 (a) and 2018 (b) [37].

The SI values of gypsum and halite in the karst groundwater in 2013 and 2019 are
shown in Figures 8c and 8d, respectively. The SI values of gypsum and halite in the karst
groundwater ranged from−1.93 to−1.27 and−8.84 to−7.57, respectively, with an average
of −1.62 and −8.15 in 2013, respectively, indicating that gypsum and halite minerals were
in a dissolved state in 2013. In contrast, the SI values of gypsum and halite in the karst
groundwater varied from −2.03 to −0.92 and −9.00 to −7.09 with a mean of −1.49 and
−8.09 in 2019, respectively. Compared with 2013, the SI values of gypsum and halite had
little change in 2019. In addition, the SI values of gypsum and halite showed an increasing
tendency along the TDS, which indicated that the increase in TDS concentration in the
karst groundwater might be related to the dissolution of gypsum and halite, whereas there
were no significant correlations between the TDS and SI values of calcite and dolomite,
which indicated that the dissolution of calcite and dolomite was a very rapid process.
Considering the carbonate rocks were widely distributed in the aquifer of the entire region,
the dissolution of carbonate rocks had most likely been completed rapidly in the initial
stage of the chemical evolution in the karst groundwater. Therefore, it can be considered
that carbonate rock dissolution was an important source of HCO3

−, Ca2+ and Mg2+ in karst
groundwater, which was consistent with the above conclusion.

Furthermore, the SI values of calcite, dolomite, gypsum and halite had little difference
in different aquifers. However, the TDS concentrations from Quaternary sediment and
most Permian sandstone aquifers were obviously higher than those in carbonate aquifers.
It showed that there was a close hydraulic connection between Quaternary sediment
groundwater and most Permian sandstone groundwater, which was likely affected by
human activities.

5.7. Analyses of the Sources of SO42− in Groundwater

As previously discussed, the concentration of SO4
2− showed a significant change,

especially in the runoff areas impacted by mining activities during 2013–2019. Therefore, it
is necessary to identify the source of SO4

2− in the study area.
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In general, the main sources of SO4
2− in groundwater include atmospheric precipi-

tation, sulfate mineral dissolution (gypsum, etc.) and sulfide minerals oxidation such as
pyrite [20]. The δ34S value of SO4

2− from atmosphere precipitation is generally around
−3~+9‰; the δ34S content from evaporite and limestone can reach above +20‰, even up
to +35‰ from gypsum, and the δ34S composition of SO4

2− from the oxidation of sulfides
varies from-30‰ to +5‰ [20,38].

It can be seen from Table 5 that the concentrations of SO4
2− in the groundwater from

the Carboniferous thin-layer limestone aquifer were the highest in the study area followed
by the Permian sandstone groundwater, and SO4

2− concentrations in the karst groundwater
from the Cambrian and Ordovician aquifers were the lowest. This was likely related to the
dissolution of sulfate minerals in different aquifers. The Carboniferous Taiyuan Formation
is one of the main coal-bearing strata in Northern China, and the pyrite content in the
coal is relatively high. Therefore, the concentrations of SO4

2− in the groundwater from
Carboniferous strata were proportionally high.

Table 5. Chemical and sulfur isotopic composition for groundwater taken in the HSB.

SO42− (mg/L) Cl− (mg/L) δ34S (‰, CDT)

Min Max Mean Min Max Mean Min Max Mean

PGW 120.5 694.9 481.4 57.8 186.9 140.7 2.7 5.7 4.7
CGW 513.5 2591.1 1262.0 30.9 59.2 43.6 −10.6 −1.0 −5.8

KGW in the recharge area 56.6 67.0 62.7 5.6 19.6 11.9 3.0 14.1 7.1
KGW in the runoff area 93.1 408.9 159.5 15.7 70.4 30.8 2.1 13.0 6.2

KGW in the discharge area 97.4 122.8 110.1 15.8 27.9 21.9 6.3 8.2 7.3

According to Figure 10a, the δ34S values gradually increased with the decrease in the
SO4

2−/Cl− ratios. The samples from the Carboniferous thin-layer limestone groundwater
(CGW) had relatively high SO4

2−/Cl− ratios and low δ34 values, distributing around the
end member of sulfide oxidation (pyrite, etc.) (Figure 10b), which implied that the major
sources of SO4

2− and the S-isotopic composition were derived from mineral dissolution.
While the δ34S values of the other water samples were close to the end member of precipita-
tion, the concentrations of SO4

2− were much higher than those of precipitation, indicating
that the sulfate in the groundwater was probably derived from the combination of gypsum
dissolution and sulfide mineral oxidation by meteoric water. These reactions were as
follows (Equations (3) and (4)):

gypsum dissolution: CaSO4·2H2O→ Ca2+ + SO4
2− + 2H2O (3)

pyrite oxidation: 2FeS2+ 7O2 + 2H2O→ 2Fe2+ + 4SO4
2− + 4H+ (4)

There are several relatively impermeable layers among the Permian sandstone, Car-
boniferous thin-layer limestone and the Cambrian–Ordovician karst aquifer, and they are
relatively independent of each other under natural conditions. However, anthropogenic
activities such as coal mining and groundwater pumping lead to the hydraulic connection
among different aquifers.

As shown in Figure 10b, some samples (E5, E6, D2) from the Permian sandstone
groundwater and Cambrian–Ordovician karst groundwater in the runoff areas (Zone II)
fell on the mixing line between gypsum dissolution and sulfide oxidation, which lay close
to the samples of Carboniferous thin-layer limestone groundwater. The results further
showed that there was a certain hydraulic connection between the karst groundwater and
other types of groundwater in some parts of the study area.
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5.8. Anthropogenic Factors Affecting the Groundwater Quality

The concentration of NO3
− ion in groundwater does not exceed 20 mg/L under natural

conditions [39]. A total of 56.9% of the groundwater samples exceeded this threshold,
indicating that the groundwater was influenced by anthropogenic inputs in the area.
Anthropogenic activities such as domestic sewage, manure and agricultural fertilization
have been proven to be the main sources of NO3

− in groundwater. In addition, domestic
sewage infiltration into groundwater often occurs in urbanized areas [40]. As shown in
Table 4, the concentration of NO3

− had a good correlation with Na+, Ca2+, Cl− and SO4
2−,

and showed the best correlation with Cl− (r = 0.773, p = 0.01), indicating that NO3
− and

these ions might have had the same anthropogenic origin. In addition to the dissolution of
halite, excessive Cl− was generally related to agricultural activities and domestic pollution.

The variation trend of NO3
− concentrations in groundwater with well depth is shown

in Figure 11a. A total of 80% of the samples from the Quaternary sediment aquifer and
66.7% of the samples from the Permian sandstone aquifer exceeded 50 mg/L, which is the
permissible limit for drinking water set by the World Health Organization (WHO) [41]. The
results showed that 95.6% of the samples of karst groundwater were within this threshold.
In addition, the groundwater samples with NO3

− exceeding the standard were mainly
distributed at the depth of 0~100 m below the surface, and the maximum concentration was
up to 198 mg/L. It showed that shallow groundwater was more affected by anthropogenic
activities than deep groundwater.

Theoretically, shallow groundwater is greatly affected by evaporation due to its shal-
low groundwater table. As shown in Figure 11b, compared to the karst groundwater, the
shallow Quaternary sediment groundwater and most of the Permian sandstone ground-
water were more enriched in heavy isotopes. In addition, the NO3

− concentrations were
significantly higher in several deep karst groundwater samples (B22, C13) in the runoff
area, indicating that some karst groundwater was affected by nitrate pollution due to coal
mining, agricultural activities and other factors.

Generally, the TDS values of all the groundwater samples increased with the increasing
(Cl− + SO4

2−)/HCO3
− (expressed in molar ratios) (Figure 11c). Similarly, the TDS values of

the groundwater samples in the Quaternary sediments aquifer and most Permian sandstone
aquifer increased with the increasing of (NO3

− + Cl−)/Na+ molar ratio, whereas there
were no significant correlations between the TDS values and (NO3

− + Cl−)/Na+ in the
karst groundwater (Figure 11d).
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The results showed that the contribution from evaporite dissolution to the karst
groundwater exceeded that from anthropogenic influence, while the Quaternary sediment
groundwater and most of the Permian sandstone groundwater were affected by agricul-
tural activities and domestic sewage. These were consistent with the fact that the NO3

−

concentrations in the shallow groundwater generally exceeded the WHO standard.

6. Conclusions

This research adopted the comprehensive method of correlation analysis, Piper tri-
linear diagram, Gibbs plot, ionic ratios and multiple isotopic analyses, which provided
an effective method for analyzing the origin of karst groundwater and the hydrochemical
process in the HSB. The main conclusions are as follows:

(1) In the past six years (2013–2019), due to the influence of coal mining and other factors,
the average concentrations of TDS, Na+, Cl−, SO4

2− and other major ions had been
increasing in the mining runoff areas, and even exceeded the concentrations in the
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discharge area. Especially, the concentration of SO4
2− in the karst groundwater

changed the most. A sulfur isotope analysis showed that SO4
2− concentrations in

the karst groundwater were potentially derived from the combination of gypsum
dissolution and sulfide oxidation by meteoric water.

(2) With the closure of some coal mines, the karst groundwater level in the runoff area
began to recover. The SI values of calcite and dolomite in karst groundwater varied
greatly during 2013–2019, which reflected the changing runoff conditions in the
area, and the karst groundwater transferred gradually from an oversaturated state to
saturated state.

(3) Agricultural production and domestic sewage except for mining activities also had a
negative impact on the quality of regional groundwater, which caused the increase
in the content of NO3

− and Cl− in the Quaternary sediment groundwater, Permian
bedrock groundwater and a small amount of karst groundwater. It also meant that
some samples (C12, C14, C15) from the coal mine runoff area (II1) had a relatively
close hydraulic connection with shallow groundwater.

(4) Given the increasingly serious environmental and geological problems in the HSB,
future research work should enhance the hydraulic connection between karst aquifers
and coal seams or other aquifers, reduce the pollution of karst groundwater by
coal mining and agricultural activities and strengthen the continuous monitoring of
groundwater level and hydrochemical abnormal areas, which is important for the
management of karst groundwater resources in North China.
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Abbreviations
The following abbreviations are used in this manuscript:

HSB Heilongdong Spring Basin
HLD Heilongdong
YC Yuecheng (place name)
DWS Dongwushi (place name)
Z Sinian
∈ Cambrian
O Ordovician
C Carboniferous
P Permian
T Triassic
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Q Quaternary sediments
KGW Karst groundwater in the Cambrian and Ordovician limestone aquifers
SNWTP South-to-North Water Transfer Project
YJP Yangjiaopu (place name)
QGW Groundwater in the Quaternary sediment aquifer
PGW Groundwater in the Permian sandstone aquifer
CGW Carboniferous thin-layer limestone groundwater (CGW)
EC Electrical conductivity
ICP-OES Inductively Coupled Plasma Optical Emission Spectrometer
CBE Charge Balance Error
VSMOW Vienna Standard Mean Ocean Water
TCEA Thermal conversion elemental analyzer
V-CDT Vienna Canyon Diablo Troilite
MDW Mine drainage water
SW Surface water
KGW1 Karst groundwater in recharge area in 2013
KGW2 Karst groundwater in mining runoff area in 2013
KGW3 Karst groundwater in no mining runoff area in 2013
KGW4 Karst groundwater in discharge area in 2013
KGW5 Karst groundwater in recharge area in 2019
KGW6 Karst groundwater in mining runoff area in 2019
KGW7 Karst groundwater in no mining runoff area in 2019
KGW8 Karst groundwater in discharge area in 2019
LMWL The local meteoric water line
GMWL The global meteoric water line
SI Saturation indices
WHO The World Health Organization
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Abstract: Groundwater quality in the Muling–Xingkai Plain (MXP) is closely related to food security
and human health. The chemical composition of groundwater in MXP has attracted great attention. A
total of 168 groundwater samples were collected in MXP, and principal component analysis, chemical
ion analysis and stable isotopic analysis were used to explore key factors affecting the chemical
composition and hydrochemical evolution process of groundwater. Results show sources of chemical
ions in groundwater are silicate minerals, carbonate minerals and domestic sewage. Domestic
sewage is responsible for groundwater with high levels of Cl−, SO4

2− and NO3
−, but a reduction

environment can lead to groundwater with a high level of NH4
+ due to nitrification. Human activity

and soil media together influence groundwater chemical composition. Groundwater with a high
level of chemical ions is mainly collected from wells near river channels, where coarse-textured soils
are overlying aquifers. The black soil far away from river channels can retard the infiltration of
wastewater. Agricultural activities do not directly lead to deterioration of groundwater qualities,
and agricultural non-point-source pollution does not occur in MXP. Nearly 70% of the population
in MXP is living in the southern plain, where the influence of sewage on groundwater chemical
composition is obvious. Thus, shallow groundwater far away from river channels is the best choice
for irrigation. Some measures should be implemented to control the discharge of domestic sewage
for the protection of groundwater. In addition, it is necessary to avoid the transformation of the redox
environment of groundwater in the northern plain.

Keywords: groundwater; hydrochemistry; human activities; agricultural area; Muling–Xingkai Plain

1. Introduction

Groundwater is one of the most valuable natural resources in the world, and it can
support nearly all kinds of human activities [1–5]. Generally, the development and uti-
lization of groundwater resources are closely related to the chemical composition and
qualities of groundwater. The chemical composition of groundwater can be influenced by
natural processes (such as hydrogeological conditions, redox conditions and interaction
of groundwater with minerals) and human activities (e.g., exploitation, sewage discharge
and fertilizer application). Many important physicochemical and ecological processes
are disrupted by changes in groundwater qualities, and even the rational utilization of
groundwater resources is influenced by high levels of chemical ions [6–8]. It is necessary to
ensure the safety of groundwater quality. The issues of groundwater chemical character-
istics and their dominating factors have attracted more attention in the world. Relevant
studies have been conducted in coastal areas, arid or semi-arid areas, karst areas and even
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rapidly urbanized areas [9–12]. At present, agricultural activities have become a critical
cause and a source of groundwater pollution. Irrigation return flow water with chemical
pollutants can lead to the groundwater and surface water being unsuitable or less valuable
for other water uses [13–16]. Therefore, groundwater chemical characteristics under the
influence of human activities in agricultural areas have become a research focus [17–21]. It
is of great significance to identify the key factors influencing the chemical composition and
hydrochemical evolution process of groundwater for rational utilization of water resources
and food security in agricultural areas [22–24].

Muling–Xingkai Plain (MXP) is one of the biggest and most important grain production
bases in NE China, where plants and crops grow in rich, dark soil. A great deal of pesticides
and fertilizer is frequently applied, which could lead to deterioration of water quality.
However, black soils with weak infiltration capacity can retard the infiltration of irrigation
water and other surface water. Human activities coupled with special soil conditions
result in a complex chemical evolution process of groundwater in MXP. Previous studies
showed that agricultural activities have influenced groundwater qualities in local areas [25].
Recent studies show domestic sewage in residential zones is the source of contamination
of groundwater [26,27]. Food security and human health in MXP are closely related to
groundwater qualities. It is necessary to perform a thorough analysis to understand the
chemical characteristics of groundwater and to distinguish the main factors affecting the
chemical composition of groundwater in MXP.

Chemical ion analysis and multivariate statistical analysis have been widely applied
to assess hydrochemical processes and geochemical evolution in complex systems [28–30].
These methods coupled with isotopic analysis were effectively applied to delineate the
hydrochemical evolution process and to distinguish the source of chemical ions in ground-
water [31–34]. Generally, correlation among chemical variables is the basis of chemical ion
analysis [35]. Multivariate analysis is mainly applied to classify samples and to further
identify the principal components. These methods are effective ways to distinguish the key
factors influencing groundwater chemical composition [36,37].

The chemical evolution process of groundwater and dominant factors affecting chemi-
cal composition under the anthropogenic influence and special soil conditions are investi-
gated using chemical ion analysis and multivariate statistical analysis in MXP. The aims are
to (1) show the chemical composition of groundwater, (2) identify the chemical evolution
process of groundwater, (3) distinguish various factors affecting the chemical composition
of groundwater and (4) provide some implications for the protection of groundwater. The
results will be beneficial for groundwater resource management in agricultural areas with
similar geological or hydrogeological conditions.

2. Description of Study Area
2.1. Geographical Conditions

MXP occupies an area of about 10,000 km2 in NE China, extending between longitudes
of 131◦30′–133◦40′ E and latitudes of 45◦05′–46◦17′ N. Wandashan Mountain is found
along the north side and west side of the study area. The east and south boundaries of
the study area are Wusuli River and Xingkai Lake, respectively. Abuqing River, Qihulin
River and Muling River are three major rivers (Figure 1), and rivers flow through the plain
from west to east. The annual average air temperature is 1.9 degrees centigrade, and the
temperature is highest in July (21 ◦C) and lowest in January (−21 ◦C). Mean annual rainfall
is 540–680 mm, with June to September accounting for about 70% of it.
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2.2. Hydrogeological Setting

Four hydrogeologic subdivisions are divided based on rivers and lakes in the plain.
Abuqin zone (Z1) and Qihulin zone (Z2) are located in the northern plain, and Muling zone
(Z3) and Xingkai zone (Z4) are distributed in the middle and southern part (Figure 1).

Aquifers principally consist of Quaternary alluvial and lacustrine deposits and Neo-
gene sediments. The thickness of the aquifer is 50–200 m, and the depth to groundwater is
2–20 m. Phreatic aquifers are widely overlain by thick black clay layers with small infil-
tration coefficients, especially the aquifer in Z4. Sandy sediments are mainly distributed
along river channels. Groundwater flows from west to east, similar to the flow direction of
rivers in MXP.

Recharge sources of groundwater are atmospheric precipitation, surface water and
irrigation water. Groundwater is principally discharged by evaporation, artificial extraction
and lateral outflow into river channels.

2.3. Land Uses and Human Activities

Large areas of natural grasslands and wetlands in the MXP have been exploited and
turned into croplands since 1950s. In addition, large areas of gardens and woodland were
turned into croplands, and many dry farmlands distributed in piedmont zones were turned
into rice fields recently. The farmlands are widely distributed in MXP.

Groundwater is the main irrigation water in Z1, Z2 and Z3. Rice fields in Z4 are mainly
irrigated by surface water abstracted from Xingkai Lake. A large amount of agricultural
effluents has seeped underground, which may lead to a change in groundwater quality.
Meanwhile, the quality and yield of crops may be influenced by groundwater quality.
Mishan city and Hulin city are located in Z3, and villages are distributed widely in MXP.
Domestic sewage in the rural area is discharged into leak channels, and it poses a threat to
groundwater quality.
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3. Materials and Methods

This study was conducted based on 164 groundwater samples collected in 2016–2018,
and the numbers of samples in Z1, Z2, Z3 and Z4 are 17, 54, 71 and 22, respectively
(Figure 1). Samples were filtrated by using 0.45 µm filter membranes and then stored under
a temperature of 4 ◦C. Field parameters pH, temperature (T), electrical conductivity (EC)
and redox potential (Eh) were measured on-site.

All analyses were carried out at the Institute of Hydrogeology and Environmental
Geology, Chinese Academy of Geological Sciences. Analyses for total concentrations of
four major cations (K+, Na+, Ca2+, Mg2+) were measured by inductively coupled plasma
mass spectrometry. NO3

−, Cl−, Br− and SO4
2− analyses of water samples were measured

by spectrophotometry. HCO3
− was measured by acid–base titration. Total dissolved

solids (TDS) were measured gravimetrically. The relative error was less than 3% for all
analyzed elements.

In this study, chemical ion analysis was carried out based on the molar ratio or mil-
liequivalent ratio among chemical ions. It can suggest the source of the chemical ions,
water–rock interaction and even the influence of human activities. Principal component
analysis (PCA) was applied to analyze possible processes influencing the chemical compo-
sition of groundwater using the IBM SPSS program (version 19, 2010, SPSS Inc. Chicago,
IL, USA). Parameters Eh and EC were eliminated for samples in Z1, Z2 and Z3 due to more
than 50% of data values being missing (Table 1). In addition, nearly half of the samples
were below the detection limit value for NH4

+, and the values were replaced by 0.5 times
the detection limit. Rotation of principal components was carried out in PCA, and the
expressions “strong”, “moderate”, and “weak” were applied to describe the factor loading
values of >0.75, 0.75–0.50 and 0.50–0.30, respectively [38].
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4. Results and Discussion
4.1. Chemical Characteristics
4.1.1. General Chemistry

The descriptive statistics of groundwater chemistry data in four zones are presented
in Table 1 and Figure 2. pH is predominantly slightly acidic to near neutral with TDS
64.7–1179 mg/L, and ionic composition is dominated by Ca2+ (6.01–191.4 mg·L−1), Na+

(3.75–96.68 mg·L−1) and HCO3
− (18.23–642 mg·L−1). The order of abundance of cations

is Ca2+ > Na+ > Mg2+ > K+ > NH4
+, and anions follow the order of HCO3

− > SO4
2− >

Cl− > NO3
−. The differences in chemical ion concentrations in the four zones are obvious.

Samples in Z1 have the lowest levels of Ca2+, Mg2+, Na+, K+, Cl− and SO4
2− but the

highest level of HCO3
−. The ion concentrations of samples in Z4 are highest, except NH4

+.
Concentrations of chemical ions in Z2 are nearly identical to those in Z3, except NO3

−

and NH4
+. Nearly all of the chemical parameters in the four zones are characterized by

a high coefficient of variation. The groundwater chemical composition is influenced by
multiple factors.
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4.1.2. Groundwater Types

With respect to cations, most samples are scattered in zone B in the lower-left triangle,
indicating a mixed type. Only a few samples in Z3 and Z4 are Ca-type (Figure 3). With
respect to anions, most groundwater samples are plotted in zone E in the lower-right
triangle. Most groundwater samples are HCO3-type.

As shown in the central diamond plot in Figure 3, more than half of the samples are
scattered in zone 1, which indicates that alkaline earth elements and bicarbonate are the
most common in groundwater chemistry. A large number of samples in Z1 and Z2 are
scattered in zone 1, but more than half of the samples in Z3 and Z4 are scattered in zone 4.
Zone 4 means samples are mixed chemical types. The chemical composition of samples in
the southern part of MXP is significantly influenced by multiple factors.

The water type of groundwater samples in MXP is predominantly Ca-HCO3. However,
samples with water types of Ca·Mg·Na-HCO3, Ca·Mg-HCO3, Ca·Mg-HCO3·SO4 and
Ca·Na-HCO3 are widely distributed in the study area. At present, some samples are
characterized by the water type of SO4, even NO3, which hardly occurred before 1963 [27].
The chemical composition of groundwater in MXP is influenced by human activities.
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4.2. Hydrochemical Evolution Process
4.2.1. Chemical Ion Analysis

(1) Gibbs Plot

Gibbs diagram can be used to detect the primary formation mechanism of the water
chemistry [39]. The weight ratios of Na+/(Na++Ca2+) and Cl−/(Cl−+HCO3

−) of most
samples are less than 0.5, with TDS 200–500 mg/L (Figure 4). Rock dissolution is the
predominant mechanism controlling the groundwater chemistry [40]. However, many
groundwater samples do not fall in the banana-shaped area in the Gibbs diagram (Figure 4).
The chemical composition is influenced by other factors, such as human activities and
cation exchange reactions. Samples in and out of the banana-shaped area are defined as the
“general samples” and the “special samples” in this paper, respectively. Only a few special
samples were collected from wells in Z1 and Z2 (Table 2), suggesting the slight effect of
external factors on the chemical compositions of groundwater in the northern plain.

Table 2. The number of the special samples in four zones.

Zones Total Samples Number of Special Samples C (%)

Z1 17 3 17.65
Z2 54 9 16.67
Z3 71 16 22.53
Z4 22 10 45.45

Note: C: ratio of the number of special samples to total samples.
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(2) Mixing diagram

A mixing diagram can be used to analyze the origin of chemical ions produced by the
dissolution of different minerals [41]. Na+ normalized molar ratios are usually depicted in
the diagram based on three representative lithologies (Figure 5).

Water 2022, 14, x FOR PEER REVIEW 7 of 16 
 

 

Table 2. The number of the special samples in four zones. 

Zones Total Samples Number of Special Samples C (%) 

Z1 17 3 17.65 

Z2 54 9 16.67 

Z3 71 16 22.53 

Z4 22 10 45.45 

Note: C:  ratio of the number of special samples to total samples. 

(2) Mixing diagram 

A mixing diagram can be used to analyze the origin of chemical ions produced by 

the dissolution of different minerals [41]. Na+ normalized molar ratios are usually de-

picted in the diagram based on three representative lithologies (Figure 5). 

Most general samples are close to the end-member of silicate and end-member of 

carbonatites (Figure 5) but far away from the end-member of evaporite. Chemical compo-

sitions of general samples are dominated by silicate dissolution and carbonate dissolution 

to different degrees [42]. The special samples lie close to the end-member of evaporates, 

suggesting the major contribution of evaporite (NaCl) dissolution to chemical composi-

tion. 

Generally, a natural source of chloride in groundwater far from seas is the weather-

ing of chloride-bearing evaporate deposits. However, mineralogical analysis on samples 

of rock debris and water-bearing units shows the compositions are quartz (52%), plagio-

clase (21%), clay mineral (16%), potassium feldspar (10%) and carbonates (1%). Halite and 

gypsum minerals are not the main components of rock and stratum. The study area is 

far away from the coastline, so the source of Cl− is not seawater. The chemical composition 

of special samples may be influenced by other factors. Cl− is one of the major anthropo-

genic components in groundwater [43]. Human activities are severely influencing the 

chemical composition of groundwater in local areas. 

 

Figure 5. Bivariate diagrams of (a) (HCO3/Na) versus (Ca/Na), (b) (Mg/Na) versus (Ca/Na). 

(3) Ionic ratios 

The specific hydrogeochemical processes can be further shown by milliequivalent 

ratios of chemical parameters. Sediments in MXP are characterized by sand and fine clay 

with adsorbed Na+. Therefore, Ca2+ and Mg2+ in the groundwater can exchange with Na+ 

absorbed on the surface of clay minerals as shown in Equation (1). 

2Na (Clay) + (Ca2+ + Mg2+) (Groundwater) ↔ (Ca + Mg) (Clay) + 2Na+ 

(Groundwater) 
(1)

Does cation exchange lead to the special samples falling out of the banana-shaped 

area in the Gibbs diagram? As shown in Figure 6a, the special samples are not linearly 

related. The cation exchange process of Na+ for Ca2+ in aquifers is not shown. The general 

Figure 5. Bivariate diagrams of (a) (HCO3/Na) versus (Ca/Na), (b) (Mg/Na) versus (Ca/Na).

Most general samples are close to the end-member of silicate and end-member of
carbonatites (Figure 5) but far away from the end-member of evaporite. Chemical composi-
tions of general samples are dominated by silicate dissolution and carbonate dissolution
to different degrees [42]. The special samples lie close to the end-member of evaporates,
suggesting the major contribution of evaporite (NaCl) dissolution to chemical composition.

Generally, a natural source of chloride in groundwater far from seas is the weathering
of chloride-bearing evaporate deposits. However, mineralogical analysis on samples of
rock debris and water-bearing units shows the compositions are quartz (52%), plagioclase
(21%), clay mineral (16%), potassium feldspar (10%) and carbonates (1%). Halite and
gypsum minerals are not the main components of rock and stratum. The study area is far
away from the coastline, so the source of Cl− is not seawater. The chemical composition of
special samples may be influenced by other factors. Cl− is one of the major anthropogenic
components in groundwater [43]. Human activities are severely influencing the chemical
composition of groundwater in local areas.

(3) Ionic ratios
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The specific hydrogeochemical processes can be further shown by milliequivalent
ratios of chemical parameters. Sediments in MXP are characterized by sand and fine clay
with adsorbed Na+. Therefore, Ca2+ and Mg2+ in the groundwater can exchange with Na+

absorbed on the surface of clay minerals as shown in Equation (1).

2Na (Clay) + (Ca2+ + Mg2+) (Groundwater)↔ (Ca + Mg) (Clay) + 2Na+ (Groundwater) (1)

Does cation exchange lead to the special samples falling out of the banana-shaped area
in the Gibbs diagram? As shown in Figure 6a, the special samples are not linearly related.
The cation exchange process of Na+ for Ca2+ in aquifers is not shown. The general samples
lie along the 1:1 line, indicating the occurrence of the cation exchange process. However,
concentrations of ρ(Na+ + K+ − Cl−) only vary from 0 to 1 meq/L. Cation exchange
processes do not predominate the concentrations of Ca2+, Mg2+ and Na+ in groundwater.
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Sources of Ca2+ and Mg2+ can be inferred from milliequivalent ratios of
ρ(Ca2+ + Mg2+)/ρ(HCO3

− + SO4
2−) (Figure 6d). Nearly all the general samples lie under

the 1:1 line, so the dissolution of silicate minerals is controlling the concentration of Ca2+,
Mg2+ and HCO3

− in groundwater [44]. In addition, the dissolution process of silicate min-
erals also can be shown by the ratios of ρ(SO4

2− + Cl−)/ρHCO3
− and ρ(Na+ + K+)/ρCl−

(Figure 6b,c). The dissolution of silicate minerals is a key geochemical process controlling
chemical composition in groundwater. Special samples in Figure 6, especially the special
samples in Z3 and Z4, are far away from general samples. Groundwater qualities in the
southern plain have been seriously affected by human activities.

4.2.2. Stable Isotope Analysis

The combined utilization of stable isotopes and chemical parameters can identify
possible groundwater contamination. When rock–water interaction controls the concen-
tration of chemical ions in groundwater, continued dissolution of rocks can elevate the
concentration of related ions in groundwater with a slight fluctuation in the stable isotopic
value, for the low isotopic fraction. In addition, a linear relationship will exist between the
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chemical ion concentration and the stable isotopic value under the effect of evaporation [45].
When some chemical ions increase sharply without dissolution of related minerals, but
stable isotopic values of groundwater stay rather constant, the wastewater from human
activities may be the principal cause of the high level of related chemical ions.

Figure 7 illustrates the relationships between the concentration of chemical variables
(Cl−, SO4

2−, NO3
−, Na+, Mg2+ and Ca2+) and the δ18O value of groundwater. The ele-

vation of chemical ions for most general samples results from evaporation and mineral
dissolution. However, concentrations of chemical ions for special samples increase sharply
with little modifications in stable isotopic values, especially for Cl−, SO4

2− and NO3
−.

Major anthropogenic components in the groundwater include Cl− and NO3
−, as well as

SO4
2−. The chemical composition of special samples is influenced severely by human

activities. The result of stable isotope analysis is consistent with the results discussed above.
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4.2.3. PCA

PCA is used to further discuss the key factors dominating the chemical composition
of groundwater in four zones, and the results are shown in Table 3.

(1) Z1

The chemical composition of groundwater samples in Z1 is controlled by a three-factor
model, and the cumulative variance of the three PCs is 87.81%. PC1 comprises strong
loading of Ca2+, TDS, Mg2+, HCO3

−, Na+ and PH, and TDS values increase with the
concentrations of HCO3

−, Ca2+, Na+ and Mg2+. Water–rock interactions are responsible
for their occurrence. Based on the chemical analysis mentioned above, the dissolution of
silicate and carbonate minerals is responsible for the chemical composition of groundwater.
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Potassic fertilizers and urea fertilizers are widely applied in MXP. When the topsoil
with high permeability occurs in farmlands, a clear correlation between K+ and NH4

+ will
be indicated in groundwater. Thus, PC3 is the indication of agricultural activities.

Potential sources of Cl− in groundwater include natural sources (dissolution of miner-
als), agricultural chemicals, animal waste and septic effluent. In PC2, no clear correlation is
observed between Cl− and K+. Thus, fertilizer is not the main source of Cl−. In addition, a
high level of Cl− cannot result from the dissolution of minerals as discussed above. Cl−

and NO3
− are the major components of domestic sewage [43]. Previous studies showed

that the discharge of domestic sewage in MXP had resulted in a high level of NO3
−. Chem-

ical parameters Cl− and NO3
− associated with factor 2 imply the influence process of

domestic sewage.

(2) Z2

A three-factor model can be used to explain the chemical composition of groundwater
samples in Z2, and the cumulative variance of three PCs is 79.83%. As in the analysis of
Z1, PC1 is the indication of water–rock interaction. PC2 with high positive loading of Cl−

and SO4
2− and moderate loading of NO3

− indicates that domestic sewage is responsible
for groundwater chemistry. PC3 with moderate positive loading of NH4

+ and K+ suggests
groundwater quality is affected by agricultural production.

(3) Z3

Groundwater chemistry in Z3 is controlled by a three-factor model, and the cumulative
variance of the three PCs is 88.74%.

PC1 comprises strong loading of TDS, Na+, Ca2+, Mg2+, SO4
2+, Cl− and NO3

− and
moderate loading of K+. The strong correlations among TDS, Na+, Ca2+, Mg2+ and K+

show that water–rock interaction is responsible for chemical composition. However, strong
correlations among NO3

−, Cl− and SO4
2− are mainly caused by human activities. The

TDS value is increased with concentrations of SO4
2−, Cl− and NO3

−, which suggests that
infiltration of domestic sewage is responsible for its high concentrations in groundwater.
Thus, the chemical compositions of groundwater are dominated by water–rock interaction
and domestic sewage.

PC2, which comprises strong loading of PH and HCO3
− and positive loading of Ca2+

and Mg2+, indicates the slight dissolution process of carbonate minerals [7].
PC3, which only comprises strong loading of NH4

+ and weak loading of NO3
−,

indicates reduction conditions.

(4) Z4

Groundwater chemical composition in Z4 is controlled by a two-factor model, and the
cumulative variance of the two PCs is 83.08%.

PC1, which comprises strong loading of TDS, K+, Na+, Ca2+, Mg2+, SO4
2+, Cl−,

HCO3
− and EC, implies water–rock interactions are responsible for chemical composition.

Halite and gypsum minerals are not the main constituents of rock and stratum.
Chlorine-bearing fertilizers are not applied frequently. Thus, the high concentration of Cl−

and SO4
2− cannot be attributed to the dissolution of minerals. Domestic wastewater is

the main source of Cl− and SO4. PC1 indicates that water–rock interaction and domestic
sewage control groundwater chemical composition.

PC2 comprises strong positive loading of PH and NH4
+ and negative loading of NO3

−

and EH. Redox conditions may dominate the content of NH4
+ and NO3

−. Other ions do
not show a significant correlation with NH4

+ and NO3
−, which implies that organic matter

decomposition is dominating the concentration of nitrogen species. PC2 can be regarded
as “natural reduction conditions”. Large areas of natural grasslands and wetlands were
exploited and turned into croplands in the last few decades in MXP. Abundant herbaceous
plants were buried underground. The organic matter decomposition has produced plenty
of NH3-N. Thus, redox conditions can influence the content of nitrogen species.
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Table 3. Principal component loading for groundwater samples in four zones.

Chemical Parameter
Z1 Z2 Z3 Z4

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2

PH 0.820 −0.390 −0.037 0.860 −0.272 −0.301 −0.115 0.957 −0.084 0.228 0.775
TDS 0.965 0.140 0.131 0.819 0.559 0.036 0.995 −0.011 0.029 0.996 −0.040
K+ −0.210 −0.108 0.913 0.482 0.448 0.589 0.684 −0.211 0.016 0.943 0.213

Na+ 0.845 0.136 −0.271 0.771 −0.069 0.215 0.935 −0.069 −0.044 0.881 −0.253

Ca2+ 0.969 0.000 0.108 0.777 0.563 −0.111 0.943 0.185 0.096 0.982 0.049
Mg2+ 0.952 −0.033 −0.003 0.779 0.576 −0.046 0.922 0.228 0.068 0.978 0.063

HCO3
− 0.920 −0.350 0.136 0.969 0.114 0.180 −0.015 0.760 0.420 0.783 0.587

SO4
2− −0.428 0.128 −0.624 −0.075 0.826 0.026 0.866 −0.331 −0.273 0.823 −0.140

Cl− −0.117 0.953 −0.234 0.129 0.804 0.018 0.861 −0.212 −0.232 0.944 −0.235
NH4

+ 0.016 −0.091 0.892 0.037 0.019 0.700 −0.068 −0.003 0.979 −0.012 0.669
NO3

− 0.019 0.976 −0.060 0.177 0.566 −0.042 0.896 −0.253 −0.476 0.262 −0.835
EC 0.981 −0.014
Eh 0.127 −0.812

Eigenvalue 5.25 2.21 2.20 4.44 2.90 1.44 6.39 1.85 1.53 7.86 2.94
Explained variance (%) 47.74 20.09 19.98 40.38 26.40 13.05 58.06 16.80 13.88 60.45 22.63

Cumulative % of variance 47.74 67.83 87.81 40.38 66.77 79.83 58.06 74.86 88.74 60.45 83.08

4.3. Factors Dominating the Groundwater Chemical Characteristics

As the discussion above mentioned, water–rock interaction, infiltration of domestic
sewage, agricultural activities and redox conditions are the main factors dominating the
chemical composition of groundwater in MXP (Figure 8).
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Agricultural activities only slightly influence the chemical composition of groundwater
in the northern plain (Z1 and Z2). The redox environment of groundwater in the southern
plain (Z3 and Z4) is a key factor influencing the concentration of NO3

− and NH4
+. The

thick silt layer overlaying aquifers can lead to a reduction condition. Organic matter
decomposition can produce plenty of NH3-N. A high level of NO3

− is closely related
to nitrification.

Nearly all the special samples were collected from wells near river channels, where
coarse-textured sediments are overlying aquifers (Figure 9). Coarse-textured sediments
mainly consist of sand and gravel, and they can allow water to infiltrate downwards easily.
Most villages in MXP lack sewage disposal systems, and domestic sewage is discharged
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into a seepage pit directly. Thus, the discharge of domestic sewage in the rural areas near
the rivers often leads to abnormal groundwater types.
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Figure 9. The distribution of the special samples in four zones.

Most of the plants grow in rich, black soil in MXP. Black soils can deter or retard the
downward infiltration of water. Thus, agricultural activities do not influence the chemical
composition of groundwater significantly due to the weak permeability of black soil. The
dissolution of silicate minerals and carbonate minerals is the original source of groundwater.
It is the most important factor dominating the chemical composition of groundwater in
MXP. The saturation index (SI) data show that calcite, dolomite, gypsum and halite are in
an unsaturated state (Table 4). The dissolution of minerals is the critical factor dominating
the chemical composition of groundwater.

Table 4. Saturation index of groundwater samples in four zones.

Saturation
Index

Z1 Z2 Z3 Z4

Max Min Mean Max Min Mean Max Min Mean Max Min Mean

SI (Calcite) 0.37 −3.34 −1.95 0.26 −2.49 −1.25 0.08 −2.79 −1.56 0.44 −1.78 −1.45

SI (Dolomite) 0.58 −5.52 −2.24 0.29 −5.2 −2.64 −0.15 −4.52 −3.02 0.75 −3.84 −2.56

SI (Gypsum) 2.61 −3.75 −3.23 −0.61 −3.65 −2.74 −1.91 −3.56 −2.75 −1.31 −3.85 −2.85

SI (Halite) −7.25 −9.62 −8.35 −7.29 −9.68 −8.89 −6.91 −9.54 −8.51 −6.23 −9.7 −8.88

Domestic sewage from rural areas near rivers is a significant factor affecting the
chemical composition of groundwater in local areas. Nearly 70% of the population in MXP
is living in the southern plain. That is why most of the special samples are located in Z3
and Z4.

Though MXP is an important grain production base in China, agricultural activities
do not lead to the deterioration of groundwater quality. Thick black soil layers deter
the infiltration of wastewater. Soil media are an important natural factor influencing the
chemical composition.

5. Suggestions for Groundwater Management

Agricultural activities do not directly lead to deterioration of groundwater qualities,
and agricultural non-point-source pollution does not occur in MXP. However, the discharge
of domestic sewage has led to the abnormity of groundwater quality near river channels.
Therefore, shallow groundwater far away from river channels and residential zones can be
used as irrigation water based on food safety and human health.
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The sampling depth of special samples usually ranges from 4 to 30 m. Chemical
compositions of deep groundwater with a depth of more than 80 m are relatively stable
(Figure 10), and major chemical ion concentrations hardly exceed the drinking water
standard. Deep groundwater is the best choice for water supply.
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Nitrification has led to the transformation of NH4
+ into NO3

−. Thus, samples in Z3
and Z4 are characterized by a low level of NH4

+. However, samples in Z1 and Z2 are
characterized by a high level of NH4

+. Human activities, such as digging many wells and
overpumping, can increase dissolved oxygen in groundwater and accelerate nitrification.
Such activities may increase the concentration of NO3

− in groundwater.
To avoid the deterioration of groundwater quality and protect groundwater resources,

local governmental should (1) construct sewage disposal systems immediately in rural
areas, (2) supervise the indiscriminate discharge of various wastewaters, (3) impose control
on the construction of wells and groundwater pumping and (4) protect the thick black soil
layer to retard the infiltration of wastewater.

6. Conclusions

(1) Dissolution of silicate minerals and carbonate minerals is the most important factor
dominating the chemical composition of groundwater in MXP. Groundwater in MXP
is predominantly Ca-HCO3 in composition. Human activities have significantly
influenced the chemical composition of groundwater in the residential zone near
rivers. Thus, the NO3 type and SO4 type exist.

(2) Agricultural activities only slightly influence the chemical composition of ground-
water in the northern plain, and human activities have significantly influenced the
chemical composition of groundwater in the southern area. Groundwater in the
southern plain is characterized by a high level of NH4

+, which is related to the de-
composition of organic matters in a reduction condition. The samples in the northern
plain are characterized by a high level of NH4

+, and it is necessary to avoid the
transformation of a reduction condition into an oxidation environment.

(3) Due to the widespread distribution of thick black soils in MXP, agricultural non-point-
source pollution does not occur. The discharge of domestic sewage mainly influenced
the chemical composition of shallow groundwater. So, deep groundwater with a
depth of more than 80 m is the best choice for water supply. In addition, shallow
groundwater far away from river channels should be used as irrigation water.

(4) Government agencies should adopt some strategies to protect groundwater resources.
These strategies include regulating the amount and type of fertilizers applied to
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farmland, constructing sewage disposal systems in rural areas, and strengthening the
supervision of the discharge of wastewater and construction of deep wells.
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Abstract: Sanghar District is located in the central part of Sindh Province and shares a boarder with
India to the east. This work examines the water quality of the groundwater of three subdistricts,
Sanghar, Khipro, and Jan Nawaz Ali, mostly used for human consumption, cattle farming, and irriga-
tion. A total of 74 representative samples were collected and analyzed for 26 different parameters,
including anions, cations, trace, and toxic elements. The total dissolved salts (TDSs) contained in
41 samples (55.4%), the major cations, K, Na, Mg, and Ca, in 44.6–93.2% of samples, and the major
anions, Cl, HCO3, and SO4, in 68.6–81.0% of samples were within the permissible guidelines of
the World Health Organization (WHO). The samples containing elements Cr (24.0%), Pb (29.7%),
Ni (39.2%), Cd (40.5%), As (10.8%), and F (39.18%) were above the permissible limits of the WHO.
The groundwater samples were examined for water quality index (WQI), contamination index (Cd),
chronic daily intake indices (CDIs), hazard quotient indices (HQ), principal component analysis
(PCA), piper diagrams, Gibbs diagrams, and cluster analysis to ascertain nature of the groundwater
present in the study area. The samples were also examined for suitability for irrigation by sodium
percentage (Na%), sodium adsorption ratio (SAR), Kelly’s index (KI), permeability index (PI), and
Wilcox diagrams. Samples in the range of 0 to 58.33% were inappropriate for irrigation.

Keywords: water quality; chemical assessment; groundwater; water quality index; health hazard

1. Introduction

Water is the most abundant chemical substance and is a basic source for the lives
of people, plants, and animals on Earth. Water has a central role to play for every cell
and organ in the human body. The main sources of water for human consumption are
surface and groundwater [1]. Water may become hazardous if it does not meet the required
standards for drinking, irrigation, and industries [2]. Groundwater is broadly used in
rural areas as a source of drinking water, mostly in third-world countries; thus, the quality
of groundwater needs to be tested for possible health effects [3]. A number of studies
have been conducted to examine the quality of groundwater from many parts of the
world, including Sindh Province of Pakistan. One study analyzed 218 samples from Sindh
Province and evaluated them for irrigation and drinking purposes [4]. The results of
the physicochemical analysis indicated that 17.8–62.8% of samples were not suitable for
drinking. Higher values were reported from Southern Sindh due to the effects of sea
intrusion. Lanjwani et al. [5] analyzed 21 samples from the district of Qambar Shahdadkot
and reported water quality for human consumption and irrigation. The TDSs in 81% of
samples, major cations in 50% of samples, and Cd, Pb, and Ni in 28.5–57.1% of samples
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exceeded the permissible limits of the WHO. Lanjwani et al. [6] analyzed 25 samples
from Ratodero subdistrict, Larkana district, Sindh, for their physicochemical parameters.
The results of the analysis based on the water quality index (WQI) indicated that 35%
of samples were of the poor water category. Another work assessed [7,8] 425 samples
for the water quality of the primary schools of selected districts of Sindh. Groundwater
samples made up 62% of the total samples used for drinking in schools, and the results
of the WQI indicated that 26% of schools were supplied poor to very poor drinking water.
Rind et al. [9] analyzed 30 groundwater samples for 26 different parameters from Hala
subdistrict, Matiari district, Sindh. Fluoride and arsenic were reported to be 40% and 43%
above the WHO limits, and the results of the WQI suggested that 57.7% of samples were
poor to very poor for drinking water. Another study [10] reported the contamination of
arsenic in the roundwater of Indus Valley, Pakistan. Nearly 1200 samples were analyzed for
a number of physicochemical parameters. The mobilization of arsenic in groundwater was
related to elevated pH dissolution. Higher arsenic contents were reported near the Indus
river and its tributaries. Khuhawar et al. [11] assessed the quality of the groundwater of the
Thar Desert of Sindh Province, where 2193 samples were taken from dug wells. The TDSs
of 57.5% samples were higher than 3000 mg/L, 14% were within 1500–3000 mg/L, and 27%
were below 1500 mg/L. Ullah et al. [12] analyzed 61 samples from different sites in Sanghar
District and analyzed for 12 different parameters, including arsenic. Arsenic was reported
to be in the range of 5–25 µg/L. Bashed et al. [13] analyzed 39 groundwater samples for
11 different parameters from the subdistrict of Khipro, Sanghar District. The results of the
analysis indicated that the majority of the samples were suitable for cultivation, except for
a few samples. Another study [14] examined the groundwater quality of Hangu district,
Pakistan, for the purposes of drinking and irrigation. The water quality was suitable
for cultivation, except for 5% of the sampling sites. Another study [15] evaluated the
groundwater quality of Northern Algeria using the WQI and GIS. The results indicated
that nitrate ions exceeded the WHO limits in all water samples, and calcium, chloride, and
sulphate occurred at alarming concentrations. Kaur et al. [16] analyzed 24 groundwater
samples in Malawi, Southwestern Punjab, India, for major cations, anions, and other
physicochemical parameters. The results indicated a major number of parameters above
the Indian standards. Adimalla et al. [17] analyzed 105 groundwater samples from Central
Telangana, India, for drinking and irrigation. The samples were suitable for drinking,
but 51% and 71% exceeded the permissible limits for fluoride and nitrate, respectively.
Li et al. [18] analyzed 74 groundwater samples for irrigation purposes from Pengyang,
China. The quality of the groundwater for irrigation was reported to be excellent to good.
Fifty groundwater samples were assessed for drinking water quality from Qorveh and
Dehgolan, Kurdistan, Iran. The results based on the WQI indicated that 36% of the samples
were excellent and 64% were good for drinking [19].

The present work critically examines the groundwater quality by analyzing 74 samples
collected from 3 subdistricts of Sanghar District for drinking, domestic, and irrigation
purposes. A total of 26 different physicochemical parameters were analyzed, and results
were compared with WHO permissible limits. The results were analyzed on multivariate
statistical procedures, including WQI, Cd, CDI, HQ, PCA, Gibbs diagrams, and coefficient
of correlation (r), to ascertain the nature of groundwater available in the study area. The
work also reports the quality of groundwater for irrigation.

Geography and Geology

Sanghar District lies between 25◦58′13′′ N latitude and 69◦24′4′′ E longitude. The
area of the district is 10,608 km2 with a total population of about 2.049 million [20]. It is
located at the Centre of Sindh and has a common border with India in the east. The Sanghar
town is the district headquarter and is at a distance of about 56 km from Benazirabad
(Nawabshah) and Mirpurkhas cities. The main industry of the district is agriculture. The
district is administratively divided into six subdistricts: Jam Nawaz Ali, Khipro, Sanghar,
Shahdadpur, Singhro, and Tando Adam Khan. The district is also divided into 70 union
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councils. The areas of Sanghar District mainly consists of semiarid land, a part of the
great Thar desert (mostly in the subdistrict of Khipro), and cropped areas, irrigated by the
Mithrao and Nara canal system, connected with the river Indus. The main crops cultivated
are rice, wheat, and cotton. The climatic conditions of district Sanghar are subtropical.
The average monthly temperature varies within 21.2–39.11 ◦C with an average yearly
temperature of 32.3 ◦C. It receives about 15.87 millimeters of precipitation annually.

Sanghar District is located in the lower Indus basin; the stratigraphic sequence drilled
in the southern part of the Indus basin indicates from Jurassic to recent and the sediments
source is the Indian craton [21]. The lower Goru formation of the southern Indus basin
was deposited in a shallow to deep marine environment, with seven distinct lithological
units composed of various sand and shale intervals [22]. The study area has composition
of silts, sand, and clay of tertiary rocks [23]. The significance of soil differs from one place
to another by sand and clay, with approximately 250 to 450 feet thickness of sandy layers
under a shallow aquifer [24]. They are satisfactory to intermediate micaceous sands having
well-sorted bands and lenses of clay and silt [25]. The water tables have a mean depth
3.93 m and range between 1.39–12.76 m [26]. Shakir et al. examined Cretaceous sands
of Khipro, Sanghar District area, by integrated seismic structural analysis, and studied
Naimat Basal 01 and Siraj South 01 wells using petrophysical interpretation [27].

2. Materials and Methods
2.1. Sample Collection

The 74 samples were collected from three subdistricts of the districts Sanghar (32),
Khipro (30), and Jam Nawaz Ali (12), from villages and populated towns randomly from
most of the union councils to cover the study area, where the groundwater for human
needs is used for drinking and agriculture (Table 1) (Figure 1). The water samples were
gathered from hand pumps, motor pumps, and tube wells. Two clean plastic bottles (1.5 L)
were filled from each sampling station, after allowing water from the source to drain for
5 min. A bottle was used for physicochemical analysis, and another was used for metal
analysis [28,29]. The bottles for metal analysis were acidified with 1.5 mL hydrochloric acid
or nitric acid. Hand pumps and motor pumps were bored at 75–150 feet and tube wells at
150–350 feet depth [30].
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Table 1. Water analysis of Sanghar with descriptive statistics (n = 74).

Parameters Minimum Maximum Mean Std. Deviation Std. Error

pH 6.74 8.65 7.7284 0.34037 0.03957

Conductivity µs/cm 346 5730 1675 1231 143

Salinity g/L 0.2 3.1 0.858 0.6697 0.0779

TDS mg/L 221 3667 1072 787 91

NO2 µg/L 0.09 400 42 95 11

NO3 mg/L 0.65 6.39 2.8199 1.26219 0.14673

T.PO4 mg/L 0.26 7.76 1.4619 1.40125 0.16289

O.PO4 mg/L 0.14 3.07 0.7942 0.75109 0.08731

T.H mg/L 1 800 244 170 19

Na mg/L 20 1349 185 254 29

K mg/L 5 103 20 21 2.5

Ca mg/L 44 272 98 45 5

Mg mg/L 10 149 36.39 27 3.212

Chloride mg/L 28 1230 211 227 26

Alkalinity mg/L 104 820 265 127 14

SO4 mg/L 27 1319 216 256 29

Mn µg/L 3 282 36 40 4

As µg/L 0 10 4 7.8 0.9

Fe µg/L 1.2 256 27 41 4

Co µg/L 9.8 48 26 9 1

Cu µg/L 0 113 24 38 4

Ni µg/L 0 155 45 38 4

Pb µg/L 0 66 14 15 2

Cd µg/L 0 107 19 27 3

F mg/L 0.1 26 4 5.4 0.6

Cr µg/L 0 96 29 31 3.6

KI meq/L 0.2 76 24 22 2.6

SAR meq/L 0.4 4.9 1.3 0.84 0.0984

PI meq/L 67 112 94 8.6 1.0068

Na% meq/L 27 82 52 11.5 1.3386

2.2. Sample Analysis

The samples were analyzed for 26 different parameters (Table S1) following standard
analytical procedures. The analyses were carried out at least in triplicate, and average values are
reported. The electrical conductivity (EC), salinity, total dissolved salts (TDS), and pH were mea-
sured utilizing an Orion 115 conductivity meter (Orion Pvt Ltd., Boston, MA, USA). Chloride,
alkalinity, and total hardness were determined by titrimetric methods [31]. Nitrate, nitrite, total
phosphate, orthophosphate, sulphate, and fluoride were measured using spectrophotometric
procedures utilizing a Hitachi 220 double beam spectrophotometer (Hitachi (Pvt) Ltd., Tokyo,
Japan). Na, K, Ca, Mg, Cu, Ni, Mn, Co, Fe, Cd, Pb, and Cr were determined by flame atomic
absorption spectrometry (Perkin Elmer, AA 800, Singapore) at the conditions recommended by
the manufacturer. The equipment was controlled by the computer with Winlab 36 software.
The analyses were carried out in triplicate (n = 3) with integration time of 4 s and time of
delay of 4 s. For the analysis of Ca, Mg, K, and Na, the samples were diluted 10–25 times with
distilled water. For determination of trace elements, the samples were preconcentrated by the
factor of 10 by evaporation of water at 80–90 ◦C on an electrical hot plate. The solutions were
filtered if required before analysis. The arsenic was estimated using the E. Merck kit method.
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The standard deviation (SD), relative standard deviation (RSD), mean, scatter dia-
grams, Gibbs diagrams, and Wilcox diagrams were drawn on the Excel 2013 program.
Coefficient of correlation®, principal component analysis (PCA), and cluster analysis were
carried out on SPSS 20 (SPSS Inc., Chicago, IL, USA) program. The piper diagrams were
drawn on Aquachem software 11.

2.3. Water Quality Index (WQI)

WQI was calculated using the reported procedure [32]. The parameters for water
quality were ascribed the weight (wi) corresponding to their hazardous effects. The weight
of 5 was given to As, Pb, and Cd owing to their expressing effects on water quality [28,29].
The K, Na, and Ca were allowed a weight (wi) of 3. The relative weight (Wi) is accounted
from the following relation, where n designates the number of parameters [33,34].

Wi = wi/Σn
i=1 wi. (1)

Quality rating (Qi) is determined by dividing the concentration of each sample (Ci)
with the WHO standard (Si) of the corresponding parameter for drinking water, then
multiplying the equation by 100.

Qi = (Ci/Si) × 100. (2)

Then,
WQI = Σ Wi × Qi. (3)

2.4. Gibbs Diagrams

The Gibbs diagrams are used to calculate the sources of anions (Cl−, HCO3
−) and

cations (Na+, Ca2+, K+) in groundwater by plotting against TDS in the Origin program. The
values are evaluated with the aid of the following formula:

Anions = Cl−/(Cl− + HCO3
−). (4)

Cations = (Na+ + K+)/(Na+ +K+ + Ca2+). (5)

All the concentrations are in milliequivalent (m.eq/L).

2.5. Contamination Index (Cd)

Contamination index (Cd) was calculated by Backman et al.’s [35] method to evaluate
the harmful effect of the parameters on the human health and environment, by comparing
the observed values of the parameters with WHO permissible limits. The Cd is estimated
by using the following Formula (6) [5]:

Cfi = (CAi/CNi) − 1. (6)

where Cfi = Contamination factor of the ith parameters; CAi = observed value of ith param-
eter; CNi = higher permissible level of ith parameter by the WHO for human consumption.

2.6. Chronic Daily Intake Indices (CDIs)

Metal ions enter the human body by different ways: food, drinking, and inhalation.
However, by the drinking water is considered more important. The CDIs of Sanghar
District were estimated by using the following relation (7) [36]:

CDI = C × DI/BW. (7)

where C stands for the values of the parameters, DI represents daily intake (2 L/day), and
BW is the average body weight (72 kg).
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2.7. Hazard Quotient Indices (HQ)

The HQ is calculated for noncarcinogenic effects of metal ions on the human body.
HQ was estimated from the following relation (8):

HQ = CDI/RfD. (8)

CDI stands for chronic daily intake indices and RfD for reference doze of oral harmful-
ness. The values described by US EPA are for Cd 5.0 × 10−4, Ni 2.0 × 10−2, Cu 2.7 × 10−2,
Pb 3.5 × 10−3, Cr 3.0 × 10−3, Zn 3.0 × 10−1, As 3.0 × 10−4, Mn 2.4 × 10−2, and Fe
3.0 × 10−1 mg/kg-day [37]. The value of HQ less than 1 is considered safe, and an HQ
value above 1 is considered unsafe [34].

2.8. Suitability of the Groundwater for Irrigation

The parameters sodium percent (% Na), sodium adsorption ratio (SAR), Kelly’s index
(KI), and permeability index (PI) were calculated by using the following Equations (9)–(12).
All the concentrations were in m.eq/L.

Na% = [(Na+ + K+)/(Ca2+ + Mg2+ + Na+ + K+)] × 100. (9)

SAR = [Na+]/[(Ca2+ Mg2+)/2]1/2. (10)

KI = Na+/Ca2+ + Mg2+ (11)

PI = [(Na+ + HCO3
−)/(Na + + Ca2+ + Mg2+)] × 100. (12)

3. Results and Discussion

The results describe the physicochemical analysis of 74 groundwater samples from
the Sanghar (32), Khipro (30), and Tando Jam Nawaz Ali (12) subdistricts of Sanghar
District, Sindh.

3.1. Sanghar Subdistrict

The samples collected were from hand pumps, 20 (62.5%), motor pumps, 8 (25%), and
tube wells, 4 (12.5%). The water from hand pumps and motor pumps was mostly used
for the drinking of humans as well as cattle, but the water from tube wells was consumed
for irrigation. The results of analysis are summarized in Table 1 and the results with mean,
minimum–maximum, and standard deviation are summarized in Table 1. All the results
obtained were compared with the permissible limits of WHO [36]. The pH of the Sanghar
subdistrict ranged from 6.74–8.65, and two samples (6.2%) crossed the upper limit of 8.5,
which may be due to the presence of carbonate salts in the groundwater. More samples
were slightly on the alkaline side. EC and TDS were observed within 399–5730 µS/cm and
255.4–3667.2 mg/L. EC of 16 (50%) and TDS of 13 (40.6%) samples crossed the WHO limits
(EC 1562.5 µS/cm and TDS 1000 mg/L). Higher amount of TDS gives an unpleasant taste to
the water. Total hardness was between 120–788 mg/L, and only one sample crossed the limit
500 mg/L. The high concentration of total hardness is objectionable for aesthetic sense and
may cause gastrointestinal problems. The alkalinity was indicated within 120–362 mg/L, and
8 (25%) samples crossed the permissible limit of 300 mg/L. High amounts of alkalinity may
cause dry skin by dissolving skin oil. The chloride is highly soluble in water and is distributed
in groundwater as salts of sodium, potassium, and calcium. The sources of sulphate may be
associated with agriculture activities, including the use of the fertilizers. The chloride and
sulphate were observed between 28–750 mg/L and 27–762 mg/L, and 13 (40.6%) for chloride
and 5 (15.6%) for sulphate were above the limit for both 250 mg/L. Based on average values,
Cl− > SO4

2− > HCO3
−. The high concentration of nitrate-N may cause a disease commonly

known as blue baby in children. High concentration of nitrite-N may cause cancer due to
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the formation of N-nitroso and nitrosamine compounds [38]. The application of fertilizers
for irrigation and the use of detergents for washing purposes may be responsible for the
higher concentration of phosphate-P in groundwater. The results of nitrate, nitrite, total
phosphate, and orthophosphate for all samples were observed within WHO permissible limits
(Table S1) [39]. Sodium is required for the muscles and nerve functioning, but the higher
concentration of sodium may be responsible for high blood pressure and kidney damage in
humans. High concentration of potassium may be due to mineral dissolution, agricultural
activities, and plant material decomposition. Sodium and potassium were observed within
22–390 mg/L and 6–117 mg/L. The sodium in 13 (40.6%) and potassium in 21 (65.6%) samples
were above the permissible limits of 200 mg/L and 12 mg/L, respectively. Calcium and
magnesium have similar functions in the human body. High concentration of magnesium
may cause vomiting or diarrhea. The results of calcium and magnesium were within 44–272
mg/L and 10–130 mg/L, and calcium in 01 (3.1%) and magnesium in 5 (15.6%) samples
crossed the limits of 150 mg/L and 75 mg/L, respectively. Based on the average values, Na+

> Ca2+ > Mg2+ > K+. Iron and copper are essential elements for humans, but higher intake
of copper may be responsible for neurological or liver complications. Manganese is mostly
present in groundwater together with iron, but high amounts of manganese may account for
lungs, eyes blindness, and nerve damage. The concentrations of Fe, Cu, Mn, and Co for all
samples were within the limits of WHO. Chromium is present in a number of oxidation states,
but chromium (VI) is more present in natural waters. It can enter cell tissues and may prove
hazardous. Lead is a main pollutant and is considered as toxic. Lead is harmful for multiple
body systems and can particularly affect children [40]. Cadmium is also toxic and can act as
an agent to cause cancer. Nickel affects the absorption of iron in the human body, and higher
concentrations of nickel in the human body may be responsible for causing vomiting and
headaches. The concentrations of Cr for 15 (46.8%), Pb for 10 (31.2%), Cd for 15 (46.8%), and
Ni for 13 (40.6%) samples crossed WHO guidelines (Table S2). The arsenic in inorganic form is
widely present on Earth. The arsenic contamination of groundwater is reported from different
countries, including Pakistan [41]. The initial poisonous effects of arsenic are skin and nail
abnormalities like hyperpigmentation. The arsenic concentration in 3 (9.4%) crossed the limit
of 10 µg/L. Fluoride at low levels is beneficial for dental caries, but fluoride concentration
above 1.5 mg/L in water causes dental fluorosis. The fluoride concentrations above 4 mg/L
in water causes bones fluorosis, where the skeleton is affected. The concentration of fluoride
was found to be between 0.21–10.7 mg/L and the fluoride in 16 (50%) samples was above the
limit of 1.5 mg/L. The values of standard deviation (SD) for a number of parameters present
are high (Table 1), indicating that a wide variation in the parameter may be due to the changes
in the geological settings within the study area.

Suitability of Groundwater for Irrigation

The groundwater of Sanghar subdistrict was evaluated for irrigation based on Na%,
SAR, KI, and PI. The sodium% (Na%) was calculated within 21.48–60.46%. Samples 7
(21.8%) were of good quality for irrigation with Na% within 20–40%. Samples 24 (74%)
were permissible with Na% within 40–60%. Sample 01 (3.1%) was in the uncertain category
with Na% 60–80 (Table S3). The results of sodium adsorption ratio (SAR) for 32 groundwater
samples were observed within 0.47–2.84 and the indicated values were below the required
sodium absorption ratio value of 6. All the samples based on SAR values were suitable
for irrigation. The Kelly’s index (KI) of samples were calculated within 0.24–1.42, and 75%
of samples indicated KI values less than 01 and were considered suitable for irrigation.
However, 25% samples showed KI values more than 01 and were not considered suitable
for irrigation. The permeability index (PI) was calculated within 23.83–142.09. A total of
62.5% of the samples were observed with PI values above 75% and were considered as class
I, good for irrigation. A total of 21.9% samples were within PI values between 75–50% and
were considered as class II, suitable for irrigation. However, 15.6% of the samples indicated
PI values below than 50% and were classified as class III, as inappropriate for agriculture.
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3.2. Khipro Subdistrict

The groundwater (30) samples were collected from Khipro subdistrict, comprising
10 samples from motor pumps, 18 from hand pumps, and 2 from dug wells. The samples
were gathered from villages and towns used for drinking. The pH of all samples was within
WHO guidelines of 6.5–8.5 [40]. The EC and TDS were observed between 385–5710 µS/cm
and 246–3654 mg/L. EC and TDS of 12 (40%) samples were observed above WHO limits (EC
1500 µg/cm and TDS 1000 mg/L). The total hardness was detected within 140–800 mg/L,
and 3 (10%) samples were found above the limit of 500 mg/L. The alkalinity was indicated
between 138–820 mg/L, and 7 (23.3%) samples crossed the limit (300 mg/L). Chloride and
sulphate were observed within 40–1230 mg/L and 32–1319 mg/L. The chloride for 9 (30%)
and sulphate for 6 (20%) samples crossed the limit of 250 mg/L. Based on the average
values, SO4

2+ > Cl− > HCO3
− Table S1). Nitrate in all the samples was within permissible

limits, but nitrite in 01 sample, orthophosphate in 02 samples, and total phosphates in
04 samples crossed the limits of WHO. The sodium was detected within 22–1349 mg/L
and 9 (30%) samples were above the limit of 200 mg/L. Potassium was found between
5–103 mg/L and 15 (50%) samples crossed the limit of 12 mg/L. The calcium was observed
within 46–260 mg/L and 4 (13.3%) samples were beyond the limit of 150 mg/L. The
magnesium was within 10–149 mg/L and 3 (10%) samples were above the limit of 75 mg/L.
Based on the average values, Na+ > Ca2+ > Mg2+ > K+ (Table S2). The concentrations of
Fe, Cu, Mn, and Co for all the (30) samples were within the permissible limits, but 9 (30%)
samples for Cr and Pb and 11 (36.6%) samples for Ni and Cd crossed the limits of WHO for
drinking water. The arsenic contents in 3 (10%) samples crossed the permissible limit of
10 µg/L. The contents of fluoride in groundwater samples varied between 0.11–18.0 mg/L,
and 10 (33.3%) samples were above the acceptable limit of 1.5 mg/L. The area is devoid of
industrial activities and the livelihood of most of the inhabitants depends on the agriculture.
Thus, high concentrations of salts and fluoride may be due to geological reasons.

Quality of the Water for Irrigation

The Na% was calculated within 18.3–76.55%, and 9 (30%) samples were within the range
of 20 to 40%, indicating good quality. Eighteen samples (60%) were in the range of 40 to 60%
and were acceptable for irrigation. Three (10%) samples were found within 60–80% and were
indicated as doubtful. The SAR values were observed within 0.39–6.26. A total of 29 (96.6%)
samples were within acceptable limits of SAR (6) for irrigation, and only one sample crossed
the limit. The KI values were calculated within 0.19–3.3, and 76.7% of samples indicated KI
values less than 1, and were good for irrigation. A total of 23.3% samples had KI values more
than 01 and were not suitable. PI of the samples were indicated within 19.75–312.79, and
43.3% of samples were in class I, with PI values greater than 75%. A total of 36.7% of samples
were within class II, with PI values of 50–75% (Table S3). However, 20% samples were in class
III, with PI values less than 50%, and were inappropriate for irrigation.

3.3. Jam Nawaz Ali Subdistrict

Twelve samples were collected from Jam Nawaz Ali subdistrict: 3 from motor pumps,
01 from dug well, and 8 from hand pumps. Two samples were gathered from Jam Nawaz
Ali town and 10 samples from different villages, mostly used for drinking purposes. The
pH of all the samples was observed within the limits 6.5–8.5. EC and TDS of the samples
were observed within 346–2798 µS/cm and 221–1791 mg/L. Seven (58.3%) samples for EC
and eight (66.6%) samples for TDS were within WHO limits (Table S1). The total hardness
and alkalinity were noted within 126–400 mg/L and 104–304 mg/L, respectively. All the
samples for total hardness and 11 (91.2%) samples for alkalinity were within limits of drinking
water. The chloride and sulphate were indicated between 35–257 mg/L and 43–414 mg/L,
respectively. Eleven (91.2%) samples for chloride and nine (75%) samples for sulphate were
within permissible limits of 250 mg/L for both. The nitrate and nitrite for all samples and
orthophosphate and total phosphate for 10 (83.3%) samples were within limits. Sodium and
potassium were observed within 20–272 mg/L and 5–32 mg/L, respectively. Na in 9 (75%)
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and K in 7 (58.3%) samples were within acceptable limits. Similarly, calcium and magnesium
were indicated within 45–140 mg/L and 13–50 mg/L. The Ca and Mg contents in all the
samples were within permissible limits for drinking water. The concentrations of Fe, Cu, Mn,
and Co in all (12) samples were in acceptable limits, but concentrations of Cr and Ni in 7
(58.3%), Ni in 9 (75%), and Cd in 8 (66.6%) samples were within agreeable limits for drinking.
The arsenic contents in 10 samples (83.3%) were within 10 µg/L, and fluoride in 9 (75%)
samples were within permissible limits of 1.5 mg/L (Table S2).

Water Quality for Irrigation

The Na% for Jam Nawaz Ali subdistrict varied from 18.42–47.04. Seven (58.3%)
samples were within Na% 20–40 and were of good quality. Five (41.66) samples were
calculated within Na% 40–60 and were considered of acceptable quality for irrigation
(Table S3). The SAR values varied from 0.52–2.21 and were within the acceptable limit of
6 for irrigation. The KI values were calculated between 0.88–3.8. 4 (33.3%) and samples
indicated that KI values were less than 1 and were acceptable for irrigation. Eight (66.66%)
samples showed KI values more than 1 and were doubtful for irrigation. PI values for
the samples were observed within 84–106 and were above 75%. All the samples were
considered good for irrigation.

3.4. Water Quality Index (WQI)

WQI provides a numerical value that indicates the quality of drinking water. The
calculated values of WQI are categorized into five groups for drinking water: excellent < 50,
good 50–100, poor 100–200, very poor 200–300, and unfit > 300 [42]. The values of WQI
for the collected samples (n = 74) from Sanghar, Khipro, and Jam Nawaz Ali subdistricts
of district Sanghar were within 22.47–374.25 (Table 2). The samples were divided into
categories: excellent, 26 (35.14%), good, 31 (41.89), poor, 12 (16.22%), very poor, 2 (2.70%),
and unfit, 3 (4.05%). The results indicated that more samples were present in excellent to
good water categories for drinking.

Table 2. Water Quality Index of Sanghar District.

Sanghar Sub District Khipro Sub District Jam Nawaz Ali Sub District

Sample ID WQI State Sample ID WQI State Sample ID WQI State

S1 75 Poor K1 49 Good J1 43 Good

S2 48 Good K2 42 Good J2 112 Unfit

S3 212 Unfit K3 65 Poor J3 74 Poor

S4 46 Good K4 49 Good J4 83 Very Poor

S5 22 Excellent K5 105 Unfit J5 108 Unfit

S6 128 Unfit K6 374 Unfit J6 35 Good

S7 99 Very Poor K7 345 Unfit J7 19 Excellent

S8 91 Very Poor K8 323 Unfit J8 81 Very Poor

S9 119 Unfit K9 96 Very Poor J9 42 Good

S10 65 Poor K10 65 Poor J10 64 Poor

S11 37 Good K11 96 Very Poor J11 30 Good

S12 29 Good K12 67 Poor J12 34 Good

S13 117 Unfit K13 51 Poor

S14 167 Unfit K14 70 Poor

S15 43 Good K15 98 Very Poor
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Table 2. Cont.

Sanghar Sub District Khipro Sub District Jam Nawaz Ali Sub District

Sample ID WQI State Sample ID WQI State Sample ID WQI State

S16 55 Poor K16 30 Good

S17 73 Poor K17 64 Poor

S18 38 Good K18 135 Unfit

S19 69 Poor K19 28 Good

S20 73 Poor K20 53 Poor

S21 57 Poor K21 57 Poor

S22 28 Good K22 34 Good

S23 81 Very Poor K23 43 Good

S24 80 Very Poor K24 134 Unfit

S25 107 Unfit K25 64 Poor

S26 37 Good K26 44 Good

S27 39 Good K27 50 Good

S28 33 Good K28 52 Poor

S29 73 Poor K29 247 Unfit

S30 51 Poor K30 128 Unfit

S31 42 Poor

S32 102 Unfit

3.5. Contamination Index (Cd)

The individual parameters above the permissible limit of WHO are added up to obtain
the contamination index (Cd). The values of parameters indicate whether the sample is
hazardous for drinking purposes. The Cd values calculated for all 74 samples varied within
0–42.8 (Table 3). The 59 (79.7%) samples had Cd values less than 1, and were considered
suitable for drinking. Seven samples (9.4%) had Cd values within 3 and were considered
moderately acceptable for drinking. Eight (10.8%) samples were above the value of 3 and
were not considered suitable for drinking.

Table 3. Water analysis of Sanghar for contamination index.

Sanghar Sub District Khipro Sub District Jam Nawaz Ali Sub District

Sample ID Contamination Index Sample ID Contamination Index Sample ID Contamination Index

S1 −1 K1 −8 J1 −5

S2 −7 K2 −10 J2 −0.7

S3 19 K3 −7 J3 −2

S4 −7 K4 −9 J4 −1

S5 −9 K5 −2 J5 0.7

S6 8.5 K6 42 J6 −7.3

S7 −1 K7 38 J7 −9.2

S8 0.2 K8 37 J8 0.2

S9 2 K9 −0.101 J9 −7

S10 −2 K10 −0.5 J10 −3

S11 −7 K11 −2 J11 −8

171



Water 2024, 16, 856

Table 3. Cont.

Sanghar Sub District Khipro Sub District Jam Nawaz Ali Sub District

Sample ID Contamination Index Sample ID Contamination Index Sample ID Contamination Index

S12 2 K12 −7 J12 −9

S13 0.85 K13 −8

S14 11 K14 −4

S15 −7 K15 −2

S16 −5 K16 −13

S17 −0.2 K17 −5

S18 −10 K18 1

S19 −3 K19 −10

S20 −2 K20 −8

S21 −8 K21 −8

S22 −11 K22 −6

S23 3 K23 −8

S24 −1 K24 2

S25 2 K25 −3

S26 −3 K26 −10

S27 −8 K27 −8

S28 −9 K28 −8

S29 −0.4 K29 16

S30 −5 K30 1

S31 −9

S32 2

3.6. Gibbs Diagrams

The Gibbs diagrams [43] are used to assess the sources of cations and anions (m.eq/L)
against TDS (mg/L). The Gibbs diagrams are mostly used to examine the relationships
between water quality and aquifer characteristics. The allotment of cations or anions
versus TDS are used to evaluate the dominance of rock, evaporation, or precipitation in
Gibbs diagrams (Figure 2). The cations and anions were predominantly within rock–water
dominance and a few samples (samples 3, 4.0%) were within evaporation dominance. The
samples within precipitation dominance were not observed. The rock–water dominance
showed synergy between the chemistry of the rocks and leaching of the water under
the subsurface.

3.7. Chronic Daily Intake Indices (CDIs)

Human health risk assessment is determined from the magnitude of negative effects
on human health due to the exposure to heavy metals, mainly through the path of drinking
water. The CDI values for the drinking water of three subdistricts of Sanghar District for
iron varied from 3.3 × 10−5 to 7.1 × 10−3 with an average value of 7.7 × 10−4, copper
0–3.1 × 10−3 with an average value of 6.7 × 10−4, cadmium 0–2.97 × 10−3 with an average
value of 5.3 × 10−4, chromium 0–2.66 × 10−3 with an average value of 8.2 × 10−4, man-
ganese 8.3 × 10−5 to 7.83 × 10−3 with an average value of 1.03 × 10−3, nickel 0–4.3 × 10−3

with an average value of 1.27 × 10−3, lead 0–1.87 with an average value of 0.40, and arsenic
0–6.94 × 10−4 with an average value of 1.16 × 10−4 µg/kg-day. The CDI values of the
elements decreased in the following order: Pb > Ni > Mn > Cr > Fe > Cu > Cd > As. The
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mean values of CDI of all the elements were below 1, but the CDI values for Pb at some
locations were higher than 1 (Table 4). The area is mostly based on agricultural lands, and
high value of CDI for Pb at some locations may be due to geological reasons owing to
rock–water interactions.
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Table 4. Water analysis of Sanghar for chronic daily index (CDI).

Samples No. Fe Cu Cd Cr Mn Ni Pb As

S1 5.80 × 10−4 1 × 10−3 1 × 10−4 1 × 10−3 1.3 × 10−3 4. × 10−4 2.14 × 10−1 1 × 10−4

S2 5.30 × 10−4 1 × 10−4 0 1.9 × 10−3 1.9 × 10−3 3 × 10−4 0 0

S3 3.22 × 10−3 0 7 × 10−4 0 2.2 × 10−3 2.7 × 10−3 1.92 × 10−1 0

S4 7.12 × 10−3 5 × 10−4 0 1.1 × 10−3 6 × 10−4 1 × 10−3 2.44 × 10−1 0

S5 1.74 × 10−3 2.50 × 10−3 0 1.3 × 10−3 1.3 × 10−3 0 1.97 × 10−1 7 × 10−4

S6 3.70 × 10−4 1 × 10−4 7 × 10−4 1.5 × 10−3 1.4 × 10−3 2.1 × 10−3 12.2 × 101 0

S7 8.0 × 10−4 2 × 10−4 3 × 10−4 0 4 × 10−4 2.4 × 10−3 3 × 10−1 0

S8 1.57 × 10−3 2.5 × 10−3 2 × 10−4 1.8 × 10−3 1.9 × 10−3 1.5 × 10−3 2.47 × 10−1 0

S9 2.51 × 10−3 0 0 1.5 × 10−3 2.2 × 10−3 3.1 × 10−3 0 0

S10 0 2 × 10−4 0 1.1 × 10−3 6 × 10−4 2.6 × 10−3 9.64 × 10−1 1 × 10−4

S11 0 0 0 2 × 10−3 1.3 × 10−3 4 × 10−4 3.44 × 10−1 3 × 10−4

S12 9.20 × 10−4 1 × 10−4 0 2.7 × 10−3 1.4 × 10−3 5 × 10−4 2.03 × 10−1 1 × 10−4

S13 1.41 × 10−3 1 × 10−4 3 × 10−4 0 4 × 10−4 1.5 × 10−3 1.78 × 10−1 0

S14 3.50 × 10−4 1 × 10−4 5 × 10−4 1.2 × 10−3 3 × 10−4 2.6 × 10−3 9.58 × 10−1 0

S15 7.30 × 10−4 2 × 10−4 0 1.3 × 10−3 5 × 10−4 3 × 10−4 2.17 × 10−1 1 × 10−4

S16 2.70 × 10−4 3.1 × 10−3 0 9 × 10−4 2 × 10−4 1.5 × 10−3 2.33 × 10−1 1 × 10−4

S17 1.20 × 10−4 2.7 × 10−3 3 × 10−4 1.4 × 10−3 7 × 10−4 1.3 × 10−3 8.19 × 10−1 1 × 10−4

S18 8.70 × 10−4 1 × 10−4 0 0 8 × 10−4 0 1.19 × 10−1 0

S19 3.30 × 10−4 1 × 10−4 0 0 2.9 × 10−3 4.3 × 10−3 7.75 × 10−1 7 × 10−4

S20 5.60 × 10−4 2 × 10−4 1 × 10−4 1.9 × 10−3 1.8 × 10−3 4 × 10−4 2.06 × 10−1 3 × 10−4

S21 2.40 × 10−4 1 × 10−4 1 × 10−4 0 1.3 × 10−3 4 × 10−4 1.64 × 10−1 0

S22 2.70 × 10−4 2 × 10−4 3 × 10−5 1.2 × 10−3 2.1 × 10−3 1 × 10−3 2.14 × 10−1 1 × 10−4

S23 5.60 × 10−4 0 3 × 10−4 1 × 10−3 1 × 10−3 4 × 10−4 17.6 × 101 0

S24 3.70 × 10−4 1.6 × 10−3 2 × 10−4 2.3 × 10−3 6 × 10−4 3 × 10−4 1.58 × 10−1 0
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Table 4. Cont.

Samples No. Fe Cu Cd Cr Mn Ni Pb As

S25 4.25 × 10−3 2.8 × 10−3 2 × 10−4 1.8 × 10−3 3 × 10−4 1.6 × 10−3 0 1 × 10−4

S26 2.50 × 10−4 1. × 10−4 0 2 × 10−3 1.8 × 10−3 1.7 × 10−3 12.3 × 101 7 × 10−4

S27 1.20 × 10−4 0 0 1.6 × 10−3 4 × 10−4 7 × 10−4 2.17 × 10−1 0

S28 3.40 × 10−4 3 × 10−3 0 1.3 × 10−3 3 × 10−4 4 × 10−4 2.42 × 10−1 0

S29 1.90 × 10−4 1 × 10−4 2 × 10−4 2.4 × 10−3 6 × 10−4 3 × 10−4 4.28 × 10−1 1 × 10−4

S30 1.60 × 10−4 0 0 1.4 × 10−3 3 × 10−4 8 × 10−4 2.42 × 10−1 3 × 10−4

S31 2.88 × 10−3 2.9 × 10−3 0 1.2 × 10−3 1.8 × 10−3 1.8 × 10−3 0 0

S32 5.80 × 10−4 2 × 10−4 3 × 10−4 1.8 × 10−3 2.2 × 10−3 1 × 10−3 2.42 × 10−1 1 × 10−4

K1 6.67 × 10−5 0 0 0 5 × 10−4 5 × 10−4 2.03 × 10−1 1 × 10−4

K2 1.80 × 10−4 1 × 10−4 2.50 × 10−3 0 4 × 10−4 9 × 10−4 2.44 × 10−1 0

K3 3.30 × 10−4 2 × 10−4 0 0 3 × 10−4 2.5 × 10−3 8.61 × 10−2 0

K4 3.60 × 10−4 2 × 10−4 4. × 10−4 0 7.8 × 10−3 9 × 10−4 2.28 × 10−1 0

K5 1.10 × 10−4 3 × 10−4 1.5 × 10−3 1 × 10−4 2.1 × 10−3 2.5 × 10−3 0 0

K6 3.33 × 10−5 2 × 10−4 3 × 10−4 5 × 10−4 8 × 10−4 2.6 × 10−3 10.8 × 101 0

K7 1.06 × 10−3 2.0 × 10−4 1.3 × 10−3 5 × 10−4 2.4 × 10−3 9 × 10−4 2.19 × 10−1 0

K8 5.10 × 10−4 2.0 × 10−4 7 × 10−4 4 × 10−4 0 2.6 × 10−3 9.33 × 10−1 0

K9 1.60 × 10−4 2.2 × 10−3 2.8 × 10−3 0 4 × 10−4 2.1 × 10−3 9.22 × 10−1 0

K10 5.0 × 10−4 1 × 10−4 2.2 × 10−3 0 9 × 10−4 4 × 10−4 18.4 × 101 0

K11 3.40 × 10−4 0 0 0 2 × 10−4 4 × 10−4 1.75 × 10−1 0

K12 5.28 × 10−5 3 × 10−4 2.1 × 10−3 0 4 × 10−4 3.8 × 10−3 2.31 × 10−1 0

K13 1.30 × 10−3 3.1 × 10−3 0 0 2.4 × 10−3 1.4 × 10−3 2.47 × 10−1 0

K14 2.80 × 10−4 2 × 10−4 0 0 4 × 10−4 2.5 × 10−3 9.0 × 10−1 0

K15 1.80 × 10−4 1 × 10−4 2.6 × 10−3 1 × 10−4 1.1 × 10−3 4 × 10−4 2.19 × 10−1 0

K16 6.94 × 10−5 0 3 × 10−3 0 8 × 10−4 6 × 10−4 1.97 × 10−1 0

K17 2.80 × 10−4 1 × 10−4 9 × 10−4 0 3 × 10−4 4 × 10−3 2.11 × 10−1 7 × 10−4

K18 4.80 × 10−4 2 × 10−4 1.4 × 10−3 1 × 10−4 4 × 10−4 1 × 10−3 2.42 × 10−1 0

K19 5.60 × 10−4 2 × 10−4 8 × 10−4 0 2.2 × 10−3 4 × 10−4 2.06 × 10−1 7 × 10−4

K20 2.40 × 10−4 1 × 10−4 1.1 × 10−3 1 × 10−5 6 × 10−4 4 × 10−4 1.64 × 10−1 0

K21 2.70 × 10−4 2 × 10−4 3 × 10−4 0 3 × 10−4 1 × 10−3 2.14 × 10−1 0

K22 5.60 × 10−4 0 1.1 × 10−3 0 2 × 10−4 4 × 10−4 17.6 × 101 1 × 10−4

K23 3.70 × 10−4 1.6 × 10−3 1 × 10−3 0 9 × 10−4 3 × 10−4 1.58 × 10−1 7 × 10−4

K24 4.25 × 10−3 2.8 × 10−3 1.2 × 10−3 2 × 10−4 1.1 × 10−3 1.6 × 10−3 0 0

K25 2.50 × 10−4 1 × 10−4 3 × 10−4 0 1.3 × 10−3 1.7 × 10−3 12.3 × 101 1 × 10−4

K26 1.20 × 10−4 0 6 × 10−4 0 0 7 × 10−4 2.17 × 10−1 0

K27 3.40 × 10−4 3 × 10−3 1.7 × 10−3 0 4 × 10−4 4 × 10−4 2.42 × 10−1 0

K28 1.90 × 10−4 1 × 10−4 1.1 × 10−3 0 8 × 10−4 3 × 10−4 4.28 × 10−1 1 × 10−4

K29 4.80 × 10−4 2 × 10−4 1.9 × 10−3 3 × 10−4 3 × 10−4 1 × 10−3 2.42 × 10−1 0

K30 5.28 × 10−5 0 0 2 × 10−4 2.9 × 10−3 4 × 10−4 3.42 × 10−1 0

J1 9.20 × 10−4 1 × 10−4 0 2.6 × 10−3 2.1 × 10−3 5 × 10−4 2.03 × 10−1 0

J2 1.41 × 10−3 1 × 10−4 2 × 10−4 0 0 1.5 × 10−3 1.78 × 10−1 0

J3 3.50 × 10−4 1 × 10−4 2 × 10−4 0 6 × 10−4 2.6 × 10−3 9.58 × 10−1 0

J4 7.30 × 10−4 2 × 10−4 2 × 10−4 1.7 × 10−3 2.1 × 10−3 3 × 10−4 2.17 × 10−1 0

J5 2.70 × 10−4 3.10 × 10−3 2 × 10−4 3 × 10−4 2 × 10−4 1.5 × 10−3 2.33 × 10−1 0

J6 1.20 × 10−4 2.70 × 10−3 0 1 × 10−3 2 × 10−4 1.3 × 10−3 8.19 × 10−1 1 × 10−4

174



Water 2024, 16, 856

Table 4. Cont.

Samples No. Fe Cu Cd Cr Mn Ni Pb As

J7 8.70 × 10−4 1 × 10−4 0 2.4 × 10−3 4 × 10−4 0 1.19 × 10−1 7 × 10−4

J8 3.30 × 10−4 1 × 10−4 0 2.2 × 10−3 2 × 10−4 4.3 × 10−3 7.75 × 10−1 1 × 10−4

J9 1.60 × 10−4 0 0 2.1 × 10−3 4 × 10−4 8 × 10−4 2.42 × 10−1 0

J10 2.88 × 10−3 2.9 × 10−3 0 2.4 × 10−3 2 × 10−4 1.8 × 10−3 0 0

J11 5.80 × 10−4 2 × 10−4 0 1 × 10−3 2 × 10−4 1 × 10−3 2.42 × 10−1 7 × 10−4

J12 0 0 0 1.9 × 10−3 3 × 10−4 5 × 10−4 2.03 × 10−1 0

Min 0 0 0 0 0 0 0 0

Max 7.12 × 10−3 3.1 × 10−3 3 × 10−3 2.7 × 10−3 7.8 × 10−3 4.3 × 10−3 18.4 × 101 7 × 10−4

Mean 7.70 × 10−4 7 × 10−4 5 × 10−4 8 × 10−4 1 × 10−3 1.3 × 10−3 4.07 × 10−1 1 × 10−4

3.8. Hazard Quotient Indices (HQ)

HQ for noncarcinogenic effect is related to dose received at risk point as compared to
the reference dose (RfD) and is calculated by dividing chronic daily intake (CDI) by RfD [7].
HQ calculated for the groundwater samples were in the range for iron of 4.3 × 10−5 to
1.01 × 10−2 with average value of 1.20 × 10−3, copper 0–0, cadmium 0–5.94 with average
value of 1.11, chromium 0–1.8 × 10−3 with average value of 5.59 × 10−4, manganese
5.95 × 10−4 to 5.59 × 10−2 with average value of 7.95 × 10−3, nickel 0–2.15 × 10−1 with
average value of 6.47 × 10−2, lead 0–118 with average value of 15.97, and As 0–16.2 with
average value of 2.85 × 10−1 mg/kg-day (Table 5). The average values of cadmium and
lead crossed the safe limit of 1 and may be considered hazardous for human health [44].
The average values of HQ were observed in the following deceasing order: Pb > Cd > As >
Ni > Mn > Fe > Cr.

Table 5. HQ results of heavy metals.

Samples No. Fe Cd Cr Mn Ni Pb As

S1 8.20 × 10−4 2.61 × 10−1 7 × 10−4 9.30 × 10−3 1.79 × 10−2 1.18 × 102 3.23 × 10−1

S2 7.60 × 10−4 1.61 × 10−1 1.20 × 10−3 1.39 × 10−2 1.51 × 10−2 5.43 × 101 0

S3 4.60 × 10−3 13.7 × 101 0 1.57 × 10−2 1.35 × 10−1 5.72 × 101 0

S4 1.02 × 10−2 1.17 × 10−1 7 × 10−4 4.60 × 10−3 5.19 × 10−2 5.65 × 101 0

S5 2.49 × 10−3 6.11 × 10−2 8 × 10−4 8.90 × 10−3 0 5.25 × 101 16.2 × 101

S6 5.30 × 10−4 13.5 × 101 1 × 10−3 9.70 × 10−3 1.07 × 10−1 0 0

S7 1.15 × 10−3 6.61 × 10−1 0 2.80 × 10−3 1.21 × 10−1 0 0

S8 2.24 × 10−3 4.94 × 10−1 1.20 × 10−3 1.39 × 10−2 7.65 × 10−2 0 0

S9 3.58 × 10−3 1.28 × 10−1 1 × 10−3 1.57 × 10−2 1.56 × 10−1 0 0

S10 0 1.44 × 10−1 8 × 10−4 4.60 × 10−3 1.28 × 10−1 59.4 × 101 3.23 × 10−1

S11 0 1 × 10−1 1.30 × 10−3 8.90 × 10−3 2.13 × 10−2 0 6.46 × 10−1

S12 1.31 × 10−3 6.67 × 10−2 1.80 × 10−3 9.70 × 10−3 2.74 × 10−2 53.2 × 101 3.23 × 10−1

S13 2.02 × 10−3 6.33 × 10−1 0 2.80 × 10−3 7.74 × 10−2 67.9 × 101 0

S14 5 × 10−4 10.5 × 101 8 × 10−4 2.20 × 10−3 1.32 × 10−1 54.8 × 101 0

S15 1.05 × 10−3 1.39 × 10−1 9 × 10−4 3.40 × 10−3 1.61 × 10−2 3.40 × 101 3.23 × 10−1

S16 3.80 × 10−4 1.28 × 10−1 6 × 10−4 1.20 × 10−3 7.42 × 10−2 83.3 × 101 3.23 × 10−1

S20 7.90 × 10−4 2.94 × 10−1 1.30 × 10−3 1.29 × 10−2 2.22 × 10−2 95.7 × 101 6.46 × 10−1

S21 3.40 × 10−4 2.33 × 10−1 0 8.90 × 10−3 1.75 × 10−2 56.3 × 101 0
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Table 5. Cont.

Samples No. Fe Cd Cr Mn Ni Pb As

S17 1.70 × 10−4 5.44 × 10−1 1 × 10−3 5 × 10−3 6.35 × 10−2 68.7 × 101 3.23 × 10−1

S18 1.24 × 10−3 1.28 × 10−1 0 6 × 10−3 0 0 0

S19 4.70 × 10−4 6.11 × 10−2 0 2.04 × 10−2 2.15 × 10−1 2.68 × 101 16.2 × 101

S22 3.90 × 10−4 5 × 10−2 8.00 × 10−4 1.51 × 10−2 4.82 × 10−2 49.4 × 101 3.23 × 10−1

S23 8.00 × 10−4 6.94 × 10−1 6.00 × 10−4 6.90 × 10−3 2.04 × 10−2 2.66 × 101 0

S24 5.20 × 10−4 4.78 × 10−1 1.50 × 10−3 4.60 × 10−3 1.65 × 10−2 60.2 × 101 0

S25 6.07 × 10−3 4.06 × 10−1 1.20 × 10−3 2.20 × 10−3 7.83 × 10−2 64.8 × 101 3.23 × 10−1

S26 3.50 × 10−4 6.67 × 10−2 1.30 × 10−3 1.29 × 10−2 8.50 × 10−2 2.28 × 101 16.2 × 101

S27 1.70 × 10−4 7.22 × 10−2 1.10 × 10−3 3.20 × 10−3 3.44 × 10−2 33.2 × 101 0

S28 4.90 × 10−4 1.06 × 10−1 9.00 × 10−4 2.20 × 10−3 2.03 × 10−2 2.15 × 101 0

S29 2.70 × 10−4 3.78 × 10−1 1.60 × 10−3 4.2 × 10−3 1.72 × 10−2 57.1 × 101 3.23 × 10−1

S30 2.30 × 10−4 1.50 × 10−1 1.00 × 10−3 2 × 10−3 3.83 × 10−2 45.5 × 101 6.46 × 10−1

S31 4.11 × 10−3 6.11 × 10−2 8.00 × 10−4 1.29 × 10−2 8.78 × 10−2 59.4 × 101 0

S32 8.20 × 10−4 5.50 × 10−1 1.20 × 10−3 1.59 × 10−2 5.06 × 10−2 4.89 × 101 3.23 × 10−1

K1 0 0 0 3.80 × 10−3 2.26 × 10−2 44.0 × 101 3.23 × 10−1

K2 2.60 × 10−4 49.4 × 101 0 3 × 10−3 4.61 × 10−2 0 0

K3 4.70 × 10−4 0 0 1.80 × 10−3 1.24 × 10−1 3.42 × 101 0

K4 5.10 × 10−4 8.56 × 10−1 0 5.60 × 10−2 4.65 × 10−2 60.2 × 101 0

K5 1.50 × 10−4 29.4 × 101 0 1.53 × 10−2 1.24 × 10−1 67.1 × 101 0

K6 0 5 × 10−1 3 × 10−4 5.40 × 10−3 1.29 × 10−1 1.19 × 101 0

K7 1.51 × 10−3 25.6 × 101 3 × 10−4 1.73 × 10−2 4.69 × 10−2 67.1 × 101 0

K8 7.30 × 10−4 13.9 × 101 3 × 10−4 6 × 10−4 1.29 × 10−1 0 0

K9 2.20 × 10−4 5.67 × 101 0 2.80 × 10−3 1.07 × 10−1 67.1 × 101 0

K10 7.20 × 10−4 44.8 × 101 0 6.30 × 10−3 1.92 × 10−2 56.3 × 101 0

K11 4.90 × 10−4 0 0 1.60 × 10−3 2.19 × 10−2 67.9 × 101 0

K12 0 42.8 × 101 0 2.80 × 10−3 1.88 × 10−1 23.9 × 101 0

K13 1.86 × 10−3 0 0 1.75 × 10−2 7.14 × 10−2 63.3 × 101 0

K14 4 × 10−4 0 0 3 × 10−3 1.24 × 10−1 0 0

K15 2.50 × 10−4 52.8 × 101 0 7.90 × 10−3 1.88 × 10−2 3 × 101 0

K16 0 59.4 × 101 0 5.80 × 10−3 3.11 × 10−2 61 × 101 0

K17 3.90 × 10−4 17.2 × 101 0 2 × 10−3 2.01 × 10−1 2.59 × 101 16.2 × 101

K18 6.80 × 10−4 27.2 × 101 0 3 × 10−3 4.79 × 10−2 2.56 × 101 0

K19 7.90 × 10−4 15 × 101 0 1.57 × 10−2 2.22 × 10−2 5.11 × 101 16.2 × 101

K20 3.40 × 10−4 2.22 × 100 0 4.60 × 10−3 1.75 × 10−2 48.6 × 101 0

K21 3.90 × 10−4 5.56 × 10−1 0 2 × 10−3 4.82 × 10−2 64.0 × 101 0

K22 8 × 10−4 21.7 × 101 0 1.20 × 10−3 2.04 × 10−2 68.7 × 101 3.23 × 10−1

K23 5.20 × 10−4 19.4 × 101 0 6.70 × 10−3 1.65 × 10−2 2.50 × 101 16.2 × 101

K24 6.07 × 10−3 24.4 × 101 2 × 10−4 7.90 × 10−3 7.83 × 10−2 61 × 101 0

K25 3.50 × 10−4 6.11 × 10−1 0 8.90 × 10−3 8.50 × 10−2 54.8 × 101 3.23 × 10−1
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Table 5. Cont.

Samples No. Fe Cd Cr Mn Ni Pb As

K26 1.70 × 10−4 11.7 × 101 0 6 × 10−4 3.44 × 10−2 58.6 × 101 0

K27 4.90 × 10−4 34.4 × 101 0 3 × 10−3 2.03 × 10−2 67.1 × 101 0

K28 2.70 × 10−4 21.1 × 101 0 6 × 10−3 1.72 × 10−2 57.1 × 101 3.23 × 10−1

K29 6.80 × 10−4 37.2 × 101 2 × 10−4 2.20 × 10−3 4.79 × 10−2 45.5 × 101 0

K30 0 0 1 × 10−4 2.04 × 10−2 2.13 × 10−2 59.4 × 101 0

J1 1.31 × 10−3 1.22 × 10−1 1.70 × 10−3 1.51 × 10−2 2.74 × 10−2 4.89 × 101 0

J2 2.02 × 10−3 4.50 × 10−1 0 6 × 10−4 7.74 × 10−2 44 × 101 0

J3 5 × 10−4 4.28 × 10−1 0 4.60 × 10−3 1.32 × 10−1 0 0

J4 1.05 × 10−3 4 × 10−1 1.20 × 10−3 1.51 × 10−2 1.61 × 10−2 3.42 × 101 0

J5 3.80 × 10−4 4.39 × 10−1 2 × 10−4 1.60 × 10−3 7.42 × 10−2 62 × 101 0

J6 1.70 × 10−4 3.94 × 10−2 7 × 10−4 1.40 × 10−3 6.35 × 10−2 6.71 × 101 3.23 × 10−1

J7 1.24 × 10−3 3.33 × 10−2 1.60 × 10−3 3 × 10−3 0 1.19 × 101 16.2 × 101

J8 4.70 × 10−4 9.44 × 10−2 1.40 × 10−3 1.40 × 10−3 2.15 × 10−1 67.1 × 101 3.23 × 10−1

J9 2.30 × 10−4 1.06 × 10−1 1.40 × 10−3 3.20 × 10−3 3.83 × 10−2 94.9 × 101 0

J10 4.11 × 10−3 1.28 × 10−1 1.60 × 10−3 1.40 × 10−3 8.78 × 10−2 56.3 × 101 0

J11 8.20 × 10−4 4.50 × 10−2 7 × 10−4 1.40 × 10−3 5.06 × 10−2 49.4 × 101 16.2 × 101

J12 0 1.17 × 10−1 1.20 × 10−3 2.20 × 10−3 2.26 × 10−2 2.66 × 101 0

Min 0 0 0 6 × 10−4 0 0 0

Max 1.02 × 10−2 59.4 × 101 1.80 × 10−3 5.60 × 10−2 2.15 × 10−1 1.18 × 102 16.2 × 101

Mean 1.20 × 10−3 11.1 × 101 6 × 10−4 8 × 10−3 6.47 × 10−2 1.60 × 101 2.85 × 10−1

3.9. Scatter Diagrams for Weathering Processes

The scatter diagrams were drawn using Microsoft Excel 2013 using the concentrations
of cations and anions in meq/L. The graph of Na against HCO3 indicated that Na and
HCO3 were balanced with each other and showed a linear relationship along the trend
line. The results of HCO3 increased with the increase in Na, with r2 = 0.9466 (Figure 3a).
The sample dots above the trend line show carbonate weathering, and dots below the
trend line indicate silicate weathering [45]. The scatter diagram of HCO3 + SO4 against
Ca + Mg (Figure 3b) indicates that points fell on both sides of the equiline. The points falling
above the equiline indicate weathering of anions (HCO3 and SO4), mainly HCO3, and
points falling along and below the equiline are due to the silicate weathering [45,46]. More
sample dots fell along and below the equiline and the silicate weathering was considered
to be responsible for the calcium in groundwater. The scatter diagram of SO4 against Ca
(Figure 3c) indicates sample dots on both the sides of the trend line, suggesting weathering
of both gypsum and silicate. However, more sample dots fell below the trend line due to
silicate weathering. The scatter diagram of Na versus Ca + Mg (Figure 3d) indicates sample
dots on both the sides along the trend line. The dots below the trend line may be designated
as direct cation exchange, and those above as reverse cation exchange. The scatter diagram
of Na against Cl (Figure 3e) indicates that most of the sample dots fell along the trend line,
but a few sample dots fell away from the trendline on both the sides. The coefficient of
determination (r2) of Na versus Cl was observed to be 0.9444, indicating dissolution of
halite [47]. The diagram of EC against Na/Cl (Figure 3f) did not indicate a straight line,
but the trend line was inclined upward, suggesting that evaporation may not be the major
process involved in the hydrochemistry of groundwater. The sample dots were scattered
on both sides of the trend line, but more sample dots were present above the trend line,
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indicating that silicate weathering or forward ion exchange process was dominant over
sodium reduction process or reverse ion exchange represented by the sample dots below
trend line.
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3.10. Cluster Analysis (CA)

The CA indicates similarities and dissimilarities among the samples based on the
linkage distance method. Similar results for the samples are grouped in the same cluster.
The dendrogram (Figure 4) indicated three clusters. Cluster 1 is again divided into two
(clusters 1A and 1B). Cluster 1A comprised 35 and 1B 14 samples. Cluster 2 was based on
21 samples, whereas Cluster 3 consisted of 4 samples. Clusters 1 and 2 are connected by a
common line and these have some similarities. Cluster 3 had higher values than clusters
1 and 2, and Cluster 2 had a higher value than Cluster 1. Similarly, Cluster 1A had the
lowest values for water quality. The majority of the samples indicated as excellent for water
quality in WQI were present in Cluster 1A.
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3.11. Piper Diagrams

The Piper diagrams were drawn by using anions (HCO3
−, Cl−, SO4

2−) and cations
(Na+, K+, Ca2, Mg2+) values to obtain a triangle on the right side for anions and the left
side for cations. The plots in the triangles show the composition of cations and anions
in water samples [48]. The symbols indicated blue, black and red were from Jam Nawaz
Ali, Sanghar and Kot Ghulam Muhammad. The Piper diagrams indicate the geochemistry
of the area. Some samples in the cations triangle are gathered at the middle and are of
mixed type (Figure 5). More samples are towards Na+ + K+ and others are towards Ca2+.
The right-side triangle for anions also indicates some samples in the middle and these are
due to mixed type, but more are towards HCO3

− and a few towards Cl−. The quality of
groundwater is controlled by rock–water interactions and anthropogenic activities due to
agriculture. The diamond shape indicates some samples within mixed-type water, and
others in the NaCl zone. Some samples are also in the Ca(HCO3)2 area.
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3.12. Principal Component Analysis (PCA)

PCA was calculated based on 26 different parameters, and seven components were
obtained with eigenvalues greater than 1 with total cumulative% of 80.07. Component 1
had an eigenvalue of 10.964 with variance% and cumulative% 42.168 (Figure 6, Table 6).
Salinity, chloride, conductivity, TDS, sulphate, calcium, alkalinity, sodium, potassium,
fluoride, total hardness, and magnesium indicated strong correlation (0.847–0.979) and
supported the results of the coefficient of correlation. Other parameters indicated low
to negative correlation. Component 2 had an eigenvalue of 2.811 with variance% 10.812
and cumulative% 52.979. Orthophosphate, nitrite, and total phosphate indicated strong
to medium correlation (0.696–0.945) and showed anthropogenic activity due to the use
of fertilizers in agricultural lands. Component 3 had an eigenvalue of 1.998 with vari-
ance% 7.683 and cumulative% 60.663. Cadmium and nitrate indicated medium correction
(0.520–0.530). Component 4 was observed with eigenvalue of 1.319 with variance% 5.074
and cumulative% 66.396. Cobalt and arsenic indicated medium correlation (0.531–0.553).
Component 5 had an eigenvalue of 1.319 with variance% 5.074 and cumulative% 71.470.
Lead indicated medium correlation (0.602). Component 6 was observed with eigenvalue
1.128 with variance% 4.338 and cumulative% 75.809. Nickel indicated medium correlation
(0.619). Component 7 showed an eigenvalue of 1.261 with variance% 4.261 and cumulative%
80.070. pH indicated medium correlation (0.670). The maximum loading was obtained
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with maximum positive correlations in PCA1, and loading decreased continuously from
PCA1 to PCA 7.
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Figure 6. Dendrogram with three components. Figure 6. Dendrogram with three components.

3.13. Correlation Coefficient

The correlation coefficient is used to examine nearness among the parameters [48].
The results of correlation coefficient were obtained by plotting the average values of 26
parameters for 74 samples (Table 7). Conductivity and TDS indicated strong correlation
with TH, Ca2+, Mg2+, Na+, K+, Cl−, alkalinity, SO4

2−, and F− (0.799–0.981), indicating
that these have a similar origin, mostly due to geology. Nitrate and total phosphate had
strong correlation (0.864), but these had low to negative correlations with other parameters,
indicating the effect of fertilizers on the agricultural lands. Na+ and Cl− were strongly
correlated (0.972), indicating possible dissolution of halite in an underground aquifer.
Calcium indicated strong correlation with alkalinity (0.90), supporting the dissolution of
calcite and dolomite. The pH, trace metals, and arsenic had low to negative correlation
with most of the parameters.
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3.14. Wilcox Diagrams for Quality of Groundwater

The quality of groundwater is tested on the basis of the Wilcox diagram for irrigation.
Two parameters are used to draw the Wilcox diagram: (1) salinity, represented as C by
conductivity (µS/cm); and (2) sodium adsorption ratio (SAR), represented by (S) (Figure 7).
Ten samples (13.5%) were present in C1S1 (low salinity and low SAR values), which
were suitable for all purposes. A total of 36 (48.6%) samples were in C2S1 with medium
salinity and low SAR (Figure 7). These samples can be used for irrigation, where moderate
percolation. A total of 24 samples (32.4%) were located in C3S1 (high salinity and low SAR)
and required salinity control and drainage facilities for irrigation. One sample (1.4%) was in
C4S2 (very high salinity and moderate SAR), and three samples (4%) were present in C4S3
(very high salinity and high SAR). These samples were unsuitable for irrigation. The results
of the Wilcox diagram indicated that 5.4% samples were unsuitable for irrigation, and more
samples can be used for irrigation with some drainage facilities. Another Wilcox diagram
was also drawn based on two parameters: (1) conductivity (µS/cm) and (2) Na% (Figure 8).
The results indicated that 14 (18.9%) samples were in the excellent category and can be used
for all the irrigational purposes. A total of 26 samples (35%) were in the good category and
can also be used for irrigation. A total of 20 samples (27%) were in the doubtful category
and could be used with some drainage facilities. A total of 13 samples (17.5%) were in
the doubtful to unfit category and 1 sample (1.4%) was unfit for irrigation. The results
indicated that 54% samples were present in the excellent to good category for irrigation.
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4. Conclusions

Three subdistricts (Sanghar, Khipro, and Jam Nawaz Ali) of Sanghar District were
examined for water quality for drinking and irrigation. The results of water quality were
compared with WHO permissible limits. A number of parameters at different sampling
stations crossed the permissible limits and were not considered suitable for human con-
sumption. A total of 77% of the samples based on WQI were in excellent to good water
quality. The results of contamination index (Cd) also indicated that 89% of the samples had
Cd less than 3 and were considered suitable for drinking. The sources of contamination
are mostly geological, except at the towns where some anthropogenic contamination can
be expected. Gibbs diagrams indicated that the hydrochemistry of the groundwater was
mostly based on rock–water interactions. The results of coefficient of correlation indicated
that major cations and anions had good correlation among each other and supported that
samples had a similar geochemical setting. The results of CDI and HQ indicated that the
presence of lead in groundwater was a concern for human health. The water quality for
irrigation indicated 54–100% suitability for irrigation.

Recommendations:

(1) Awareness programs may be initiated to inform the inhabitants about the locations of
the contaminated groundwater and their possible health effects.

(2) Alternate sources of drinking water may be used for drinking, particularly surface
water from the river Indus.

(3) If a dependable source of drinking water is not available, then the groundwater may
be joined to suitable filters to reduce the concentrations of contaminants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w16060856/s1.
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Abstract: The Quaternary aquifer in the western Nile Delta is threatened by seawater intrusion.
Few studies have integrated diverse techniques for the assessment of seawater intrusion in this
aquifer. The present study aims to determine the geochemical processes and impact of seawater
intrusion on this aquifer. To accomplish this investigation, the integration of hydrogeochemical,
statistical, multivariate statistical, and graphical tools were implemented on 75 groundwater samples
and 5 soil samples. The physicochemical variables were analyzed using hierarchical cluster analysis
(HCA), saturation index (SI), ionic ratios, ionic relationships, the seawater intrusion index (SWI)
and the correlations among 16 hydrochemical parameters, to identify the influencing processes
of groundwater quality in the study area. According to the statistical study, the groundwater is
divided into four groups. Those are distributed, from north to south: Group1 (G1), Group2 (G2),
Group4 (G4), and Group3 (G3). The samples of G1 and G2 are distinguished by Na–Cl chemical
type. While G4 has two main ion associations, HCO3–Ca–Mg and Cl–SO4–Na, G3 is characterized
by HCO3–Cl–SO4–Ca–Na type. The processes that affect the chemistry of the groundwater are the
seawater intrusion, ion exchange, silicate and Ca-rich mineral weathering, and mineral deposition.
G1 and G2 groups are primarily influenced by seawater incursion, evaporation, and the ion exchange
mechanism. In addition, the weathering of silicate minerals has a substantial effect on G3 and G4
groups, resulting in the creation of carbonate minerals.

Keywords: coastal aquifers; seawater intrusion index; hierarchical cluster analysis; saturation index;
ion exchange; GIS techniques

1. Introduction

Groundwater is a valuable natural resource that is essential for social and economic
growth and human needs, especially in arid and semi-arid regions which suffer from
shortage of precipitation and fresh surface water sources [1–3]. Aquifer rock material,
climate conditions, and human activities in addition to seawater intrusion have a significant
impact on groundwater quality and quantity in coastal aquifers [4–7].

Due to extreme use of the groundwater in coastal aquifers for industrial, agricultural,
and urban expansion, seawater intrusion has come to be a global problem [8–11]. Cli-
mate change has raised atmospheric surface temperatures and melted ice caps, mountain
glaciers, and polar ice sheets, which raises ocean and sea water levels, compounding the
problem [12]. In addition, both the slope of the aquifer bed and the slope of the seaside
influence the seawater intrusion; increasing the slope of the bed toward the sea will increase
the interference [13]. Seawater intrusion hazard induces salinization of aquifers, reducing
groundwater quality and causing a salinity hazard to the superimposed soils [14].
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Globally, the coastal areas are occupied by about 20% of the world’s population [12].
However, due to groundwater overexploitation to face the increasing water demand associ-
ated with population expansion and fast urban development, these locations are vulnerable
to seawater intrusion. Future climate change and the resulting sea level rise are both
predicted to worsen this vulnerability. Nevertheless, groundwater management becomes
more complicated when all these elements come together.

Groundwater salinization threatens coastal fresh water supplies such as north Kuwait [15],
Kish Island, Iran [16], Thriassion Plain and Eleusis Gulf, Greece [17], China [18], Spain [19],
Bangladesh [20], Mexico [21], and others. Contamination by seawater has been studied in
many coastal aquifers. The assessment of this phenomenon involves determining the spatial
variation of physicochemical properties such as electrical conductivity (EC), total dissolved
solids (TDS), seawater mixing and groundwater level, groundwater hydrochemical analy-
sis, and geoelectrical methods such as resistivity and electromagnetic techniques [22–29].
Several studies have been conducted to simulate the seawater intrusion using different
numerical techniques, including Sefelnasr and Sherif [30], Mabrouk et al. [31], Mabrouk
et al. [32], Abd-Elhamid et al. [12], Abd-Elhamid et al. [13], Sarker et al. [20], Masoud
et al. [33]. The Nile Delta aquifer is one of the largest fresh groundwater sources in the
world. Researchers found that the seawater intrusion front in the Nile Delta aquifer moved
inland more than 100 km from the Mediterranean shoreline [34–36].

Eventually, the complex process of seawater intrusion is influenced by, among others,
shoreline geomorphology, hydrogeochemical reactions, biological processes, and aquifer
dynamics. Saltwater intrusion, mostly in unconfined coastal aquifers, is the main cause
of salinization [19]. In confined or semi-confined aquifers, complicated hydrogeological
processes such as water–rock interaction and mixing with different water sources may
impact groundwater quality and geochemical evolution [30].

Understanding the hydrochemistry is essential for determining the groundwater
quality and its suitability for various applications, and therefore, determining sound man-
agement options for this resource as well as efficient mitigation measures when required.
Diverse statistical and graphical techniques, such as pattern diagrams and GIS, can also be
used to characterize seawater incursion. However, evaluation of the groundwater chem-
istry in the region based on integration of hydrogeochemical methods, statistical analysis,
and advanced geostatistical techniques is still weak. Such integration provides the means of
investigating such complex coastal aquifers, and the results may function as the foundation
for effective groundwater management.

The purpose of this study is to evaluate the anthropogenic impacts and saltwater
intrusion on the geochemical constituents and processes governing groundwater in the
study area. To achieve this objective, groundwater samples of soil and water were collected
and analyzed. For organizing groundwater samples, managing this volume of data, and
providing accurate interpretations, graphical representations of the data were accompanied
by multiple statistical approaches and multiple indices.

2. Materials and Methods
2.1. Study Area

The study area is a part of the Northwest Rosetta branch. It lies between 30◦42′ to
31◦28′ N and 29◦45′ to 30◦48′ E (Figure 1). It is bounded to the north by the Mediterranean
Sea, to the east by the branch of Rosetta, and to the west by El Nubaryia Canal. The
study area has an arid to semi-arid climate with an average annual temperature of 30.4 ◦C
and an average annual humidity of 59% [37]. The rainfall ranges from 50 mm/a in the
south to about 200 mm/a in the north. The evapotranspiration ranges from 1648 in the
north to 1680 mm/y in the south [38]. Geomorphologically and hydrogeologically, the
investigated area was subjected to different studies such as Allam et al. [39], Dawoud
et al. [40], Morsy [41], El Fakharany and Hagran [42], and Salem et al. [43]. Young alluvial
plains characterize the research region. It features a nearly elevated ground surface that
ranges from −3 m (amsl) in the northwest to +6 m (amsl) in the southeast [41]. The area is
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characterized by sand dunes, aeolian deposits that occasionally occupy the surface, brackish
lakes, and water-logged areas that occur in several places [44]. The slope is very smooth,
representing one meter per 10 km to the north direction [44,45]. The Quaternary aquifer is
comprised of Mit Ghamr Formation on the bottom and Bilqas Formation on the top [43].
The Mit Ghamr Formation is made up of sand and gravel with clay intercalations of
continental origin. The aquifer layer is semiconfined with a thickness reaches its maximum
near the Rosetta branch (about 850 m) and decreases rapidly towards the west, where it
notably decreases near the El Nubaryia canal (<200 m) [36,46]. The Holocene-aged cap
layer of the Bilqas Formation consists of clay and silt and is less than 20 m thick in the south
and up to 50 m thick in the north. The Nile Delta aquifer system is recharged in the flood
plain by infiltration from surface water (especially from irrigation systems), rainfall, and
by leakage from subsurface drainage water in the cultivated lowlands [40]. Groundwater
discharge takes place either naturally through the outflow into the drainage system, via
evapotranspiration and groundwater baseflow, or artificially through direct well extraction,
which is primary discharge component of the aquifer [47]. The groundwater level within
the study area ranges from 1 m in the north to 4 m close to El Nubaryia canal. The general
groundwater flow direction is from south to north and from southwest to northeast.
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2.2. Sampling and Analytical Techniques

The study of the hydrogeochemical aspects of groundwater in the study area was
mainly based on the results of the chemical analyses of 75 groundwater samples that
were collected from the drilled wells during March, June, and October 2018 (Figure 1). In
addition, five soil water samples were also collected from the subsoil drainage system and
analyzed to estimate the origin of dissolved ions. The sampled wells have depths varying
from 15 to 200 m. The chemical analyses were performed in the laboratory of the Geology
Department, Faculty of Science, Tanta University, and in the Center of Scientific Research
and Measurements, Tanta University. The analysis techniques are shown in Table 1. While
water samples were being analyzed, a number of quality assurance and quality control
procedures were carried out. The validation of analytical methodologies was accomplished
by calibrating devices and assessing the precision of the samples being analyzed. Charge
error balance (CBE) was calculated to ensure that the analytical error of the analyzed ions
concentration in meq/L−1 was accurate [48,49]. The CBE of every examined sample was
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found to be within the permissible range of ±5%. The obtained chemical data are listed in
Table 2.

Table 1. The analyzing techniques of the measured parameters.

Parameter Used Instrument Analyzing
Techniques Analyzing Place

Electric conductance
Ec (mS/cm) Hach’s Portable

conductivity/ Total
dissolved solids (TDS)

The typical analytical
methods explained by

HACH [50]

FieldTotal dissolved solids
TDS (mg/L)

Temperature (◦C)

Hydrogen ion
activity (pH)

Portable Consort pH
Meter (Model p 314)

SO4 and NO3

Hach’s Direct
Reading (DR/2000)
Spectrophotometer

Department of
Geology, Faculty

of Science,
Tanta University

Cl and HCO3

Hach’s Digital
Titrator Model

16900-01

Na, K, Ca, Mg, Al, Ba,
Fe, Mn, Sr, and Si

ICP (Inductive
Coupled Plasma
Optima 7000 DV)

EPA method 200.7 by
USEPA [51]

Center of Scientific
Research and

Measurements,
Tanta University

Table 2. Statistical analysis of the obtained hydrochemical data.

Parameter Min Max Av SD

TDS (mg/L) 190 27,680 3806.2 7001.4
EC (ms/cm) 0.38 55.3 7.1 12.3

pH 5.05 8.7 7.1 0.8
TH (mg/L) 25.93 3315 762.8 839.4
Ca (mg/L) 4.74 670 153.6 159.5
Mg (mg/L) 3.43 430 92.3 110.9
Na (mg/L) 37.98 9200 1156.7 2339.8
K (mg/L) 2.34 337.7 34.8 68.4

HCO3 (mg/L) 13.02 394 222.6 74.1
SO4 (mg/L) 0 2300 365.7 517.7
Cl (mg/L) 48 14,300 1844.1 3647.6

NO3 (mg/L) 0 202 22.9 36.6
Al (mg/L) 9 × 10−4 0.36 0.1 0.1
Ba (mg/L) 12 × 10−5 15.39 0.3 1.7
Fe (mg/L) 12 × 10−5 34.56 1.1 4.1
Mn (mg/L) 9 × 10−4 2.853 0.5 0.5
Si (mg/L) 4.57 23.42 12.1 3.9
Sr (mg/L) 0.04 62.5 4.6 11.1

2.3. Cluster Analysis and Saturation Index (SI)

Multivariate statistical analyses were used to provide a quantitative measure of water
quality parameters relative to each other and to estimate correlations between chemical
parameters and groundwater samples [50–57]. Hierarchical cluster analysis HCA using
Ward’s linking method and squared Euclidean distance as a dissimilarity metric was used
to group parameters by multivariate similarities.

The saturation percentage, specified as SI = log (IAP/Ks), defines the degree of min-
eral saturation in water. IAP is the ionic activity product of the proper ions, and Ks is
the constant of saturation under a specific temperature. The equilibrium distribution of
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minerals in an aqueous solution and the state of saturation is determined using the hydro-
chemical program PHREEQC Interactive Program [58]. An SI < 0 means that the mineral’s
groundwater is undersaturated. An SI > 0 indicates that the groundwater is supersaturated
with this mineral phase and thus incapable of dissolving more of the mineral.

2.4. Seawater Intrusion Quality Index (SWI)

To identify the threat of seawater intrusion, Tomaszkiewicz et al. [59] created the
groundwater quality index for seawater intrusion (GQISWI) (Equation (1)). This model
translates the Piper diagram information GQIpiper (mix) (freshwater seawater mixing index of
Piper diagram) and the seawater fraction index GQIfsea to create a new two-stage numerical
indicator for seawater intrusion [59].

GQISWI =
GQIpiper(mix) + GQI f sea

2
(1)

The first stage included the calculation of GQIpiper (mix) as follows:

GQIPiper(mix)(meq/l) =




(
Ca+2 + Mg+2

)

Total cations
+

(
HCO−3

)

Total anions


× 50 (2)

The second stage involves computing the seawater fraction index GQIfsea (Equation (3))
from the seawater fraction (fsea) (Equation (4)). GQIfsea was then used to classify the SWI.
These values vary from 0 to 100, the fresher waters of which have lower values.

GQI fsea = (1− fsea)× 100 (3)

The following formula can be used to measure the seawater fraction (fsea) [60]:

fsea =
mCl(sample) −mCl( f reshwater)

mCl(seawater) −mCl( f reshwater)
(4)

where mCl (sample) is the Cl concentration of the sample, mCl (seawater) is the Cl concentration
of the Mediterranean Sea (603 meq/L), and mCl (freshwater) represents the Cl concentration of
the freshwater (0.48 meq/L).

The difference in hydrochemistry between seawater and freshwater was classified by
concentrations of anions and cations. Indeed, the freshwater is defined by an abundance
of calcium and bicarbonate, while the seawater is classified by its dominance of chloride
and sodium [61]. The concentration of chloride is the base which determines the mixing of
these two types of water, which is clarified by the conservative presence of anions [62].

3. Results and Discussions
3.1. Hydrochemical Characteristics and Spatial Distribution

The hydrochemical characteristics of groundwater are discussed with respect to the
study area and according to the results of water samples chemical analysis. As shown in
Table 2, the groundwater pH values range from slightly acidic (5.05) to slightly alkaline
(8.7) averaging 7.1. The differences in pH values are primarily due to the aquifer–rock
interaction and the distance from the sea [63]. Based on the classification of Winslow
and Kister [64], 53%, 21%, 15%, and 11% of the groundwater samples are fresh, slightly,
moderately, and very saline water, respectively (Table 3). The EC of groundwater in the
study area ranges from 0.38 to 55.3 mS/cm with an average of 7.1 mS/cm (Table 2). TDS
levels range from 190 to 27680 mg/L, averaging 3806.2 (Table 2). The Rosetta branch and
many irrigation canals nearby produce fresh to slightly salty water in the southern and
central study area. Near irrigation canals, Nile water seepage dilutes groundwater. Figure 2
shows that seawater incursion increases salinity northward, where the shore is 30 km away.
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Table 3. Classification of water according to Total Dissolved Solids [64].

Water Class Salt Concentration (mg/L) No. of Wells %

Fresh >1000 40 53
Slightly saline 1000–3000 16 21

Moderately saline 3000–10,000 11 15
Very saline 10,000–35,000 8 11

Brine <35,000 - -
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As demonstrated in Figure 3a–c, Ca, Mg, and Na concentrations were lowest in
the south and center regions and rose northward. It is largely seawater interference. The
southern and central parts may have lower cations due to Nile water seepage and irrigation.

Figure 3d shows that the concentration of bicarbonate increases from south and
northwest towards the central parts. Bicarbonates are introduced to natural water through
recharging with meteoric water and interaction with sediments rich in either carbonate
minerals or organic matter. The dissolution of CaCO3 or the decay of organic matter
increase in the presence of CO2 leading to the formation of more soluble bicarbonate [65].
SO4 and Cl spatial distributions showed that they have almost the same pattern. The
lower values are located in the south and increase towards the north (Figure 3e,f). Such
distribution patterns could be related to seawater intrusion effect.

Figure 4a–f shows Al, Mn, Ba, Fe, Sr, and Si spatial distribution maps. Al concentration
increases southward and decreases northward (Figure 4a). Mn is highest in the northeast
and declines westward to its minimum at El Nubaryia Canal (Figure 4b). Ba, Fe, and
Sr have similar distributions. The concentration increases northeastward from the south
(Figure 4c–e). Si levels are higher in central areas from northeastern to southwestern
directions and lower along the western boundary (Figure 4f).
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3.2. Hydrochemical Classification
3.2.1. Cluster Analysis

Based on the HCA procedures, four groups were identified. Figure 5a shows that
G2, G3, and G4 are related, but G1 samples are distinct. This is primarily due to their
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occurrences in the south and center of the study area, which are relatively located far from
the sea. On the other hand, G1 is located in the northern region near to the sea, thus, its
chemical composition was significantly affected by the seawater.
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Figure 5. (a) Dendrogram shows the grouping of the groundwater samples into four groups de-
pending on the major ion concentrations in milliequivalents per lite and (b) Scholler diagrams
characterizing the chemical type for samples groups.

Table 4 shows the mean hydrochemical data values for each sample group to explain
their features. Figure 6 depicts group dispersion by location.

Table 4. The average composition of the hydrochemical parameters of the four groundwater sample
groups.

Parameter G1 G2 G3 G4

TDS mg/L 22,686.75 6486.4 597.94 1829.1
Ca meq/L 26.09 14.27 4.24 5.37
Mg meq/L 30.12 14.97 2.57 5.94
Na meq/L 329.78 82.24 5.51 19.17
K meq/L 5.18 0.72 0.17 0.56

HCO3 meq/L 3.42 187 3.49 3.95
SO4 meq/L 29.71 13.94 2.92 5.93
Cl meq/L 332.59 92.92 5.6 20.91
Si mg/L 12.63 12.89 11.31 10.59
Al mg/L 0.09 0.03 0.01 0.00
Ba mg/L 0.12 3.11 0.13 0.24
Fe mg/L 0.25 10.01 0.55 1.47
Mn mg/L 0.49 1.55 0.49 0.88
Sr mg/L 0.80 28.01 1.97 6.14

Scholler’s diagram is commonly used to correlate many of the chemical water com-
positions. The average hydrochemical data of the four groups (Table 4) are plotted on the
semi-logarithmic diagrams (Figure 5b). The samples of G1, G2 and G4 have Na–Cl water
type (Na > Ca > Mg > and Cl > SO4 > HCO3) with an average TDS values 22,686.7 mg/L,
6486.4 mg/L and 1829.1 mg/L, respectively. The spatial distribution of G1, G2 and G4
(Figure 6) indicated that these groups are influenced by seawater intrusion, while G3 sam-
ples have Na–Cl (Na > Ca > Mg and Cl > HCO3 > SO4) water type and lower concentrations
of TDS (average 597.9 mg/L) and ions compared to the other groups. G3 is distributed in
the southern part of the study area and its origin might be related to direct seepage from
the irrigation canals.
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3.2.2. Piper’s (Trilinear) Diagram

The collected samples were plotted in the trilinear diagram [66] (Figure 7) according
to the HCA classification (Figure 5a). In most groundwater samples, Na is the major cation
and Cl is the main anion. Generally, the samples of G1, G2 and G4 were plotted on sub-area
7 (Figure 7) indicating primary salinity character, where NaCl and Na2SO4 salts dominate
the chemical properties. This is largely due to the impact of seawater intrusion and soil
salinity. Most samples of G4, which occupied the southern parts, are located in sub-area 9
(Figure 7) indicating that none of the cation–anion pairs exceeds 50%. In the right triangle,
samples of G3 and 4 show an increase in concentrations of either SO4 or HCO3 and decrease
of Cl. In the lift triangle, due to ion exchange process, concentrations of Ca and Mg increase
in groups 3 and 4 and Na decrease [67].
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3.2.3. Statistical Ions Classification

Figure 8 shows sample group ion-association dendrograms. Na, Cl, and TDS in
groundwater samples from groups G1 and G2 (Figure 8a,b) show seawater intrusion in the
northern section of the research area (Figure 6). Assuming G3, HCO3–Cl–SO4–Ca–Na is the
major ion association in the southern region, indicating freshwater origin and evaporation
(Figure 8c). Figure 8d demonstrates ion-association in group four samples. HCO3–Ca–
Mg-minors and Cl–SO4–Na showed that freshwater impacted by seawater intrusion and
exchange processes is widespread. Al, Mn, Ba, Fe, Sr, Si, and NO3 are linked in a short
distance, suggesting a shared origin that may affect fertilizer or water–rock interactions
(Figure 8).
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3.3. Saturation Index (SI)

Table 5 shows the statistical summary of dissolved mineral saturation indicators.
The dissolved minerals were classified into five different groups: carbonate, sulphate,
chlorides, oxides, and silicate minerals. Detected carbonate minerals include aragonite,
calcite, dolomite, and witherite. Unlike groups 1, 2, and 4, group 3 is saturated with
aragonite, calcite, and dolomite. All groups are undersaturation with respect to witherite.
As the investigated aquifer is composed of clastic sediments, production of bicarbonate
ion is due to the formation of CO2 from decay of the organic matter (Equation (5)) [60].
Such conditions could lead to saturation conditions in the southern part where group 3
samples are located but the unsaturation conditions in groups 1, 2, and 4 might be related
to carbonate minerals deposition where the increase in sulfate and chloride minerals due
to seawater intrusion in the northern parts is accompanied by deposition of the carbonate
minerals [36,68].

CO2 + H2O→ H2CO3 + H→ HCO3
− + H (5)

SO4
−2 + 2C + 2 H2O→ H2S +2 HCO3 (6)

The studied groundwater is mostly unsaturated with respect to anhydrite and gypsum
minerals, whereas most of G3, which is located in the southern part of the area, was
saturated with respect to barite. Hydrochemical studies of major and trace elements made
by Drevaliene et al. [69] showed that the probable barium source in groundwater is the
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dissolution of witherite. According to Table 5, all four groups of groundwater samples
showed an undersaturation state with the dissolved chloride minerals (Halite and Sylvite).

Table 5. Dissolved minerals saturation indices.

No. Aragonite Calcite Dolomite Witherite Anhydrite Gypsum Barite Halite

G1

Min −1.7 −1.6 −2.7 −8.4 −1.3 −0.9 −2.5 −3.1
Max 0.2 0.3 1.0 −3.6 −0.4 0.0 2.5 −2.2
Av −0.7 −0.6 −0.8 −5.5 −0.7 −0.4 −0.1 −2.7

SI > 1% 12.5 25 25 0 0 0 57.2 0
SI < 1% 87.5 75 75 100 100 100 42.8 100

G2

Min −1.9 −1.7 −3.1 −8.6 −2.2 −1.9 −2.7 −4.2
Max 1.1 1.2 2.5 −3.7 −0.8 −0.6 −0.7 −3.8
Av −0.5 −0.4 −0.5 −6.0 −1.4 −1.1 −1.5 −3.9

SI > 1% 40 40 40 0 0 0 0 0
SI < 1% 60 60 60 100 100 100 100 100

G3

Min −1.1 −1.0 −1.9 −6.4 −3.8 −3.5 −4.2 −7.2
Max 1.2 1.3 2.6 −1.8 −1.1 −0.7 0.7 −5.4
Av 0.4 0.5 0.9 −2.9 −2.1 −1.8 −0.2 −6.3

SI > 1% 84.90 87.90 87.9 0 0 0 63.7 0
SI < 1% 15.10 12.10 12.1 100 100 100 36.3 100

G4

Min −1.9 −1.7 −3.4 −8.0 −3.8 −3.5 −3.3 −7.1
Max 0.8 0.9 1.7 −1.8 −1.2 −0.8 1.2 −4.4
Av −0.8 −0.6 −1.1 −5.2 −2.1 −1.8 −1.2 −5.4

SI > 1% 22.6 25.9 22.6 0 0 0 25.9 0
SI < 1% 77.4 74.1 77.4 100 100 100 74.1 100

No. Sylvite Hematite Pyrolusite Albite Anorthite K-feldspar Kaolinite Quartz

G1

Min −4.6 −2.7 −1.8 −4.4 −12.1 −4.3 −1.8 0.1
Max −3.7 16.5 2.9 0.1 −4.3 0.6 4.8 0.7
Av −4.0 10.6 0.7 −2.2 −7.7 −1.6 1.3 0.4

SI > 1% 0 87.5 0 25 0 25 50 100
SI < 1% 100 12.5 100 75 100 75 50 0

G2

Min −5.7 1.7 −0.4 −2.9 −8.4 −2.9 1.1 0.1
Max −4.9 20.3 0.4 −1.7 −5.1 −1.1 1.7 0.5
Av −5.4 9.7 0.1 −2.5 −6.9 −2.2 1.4 0.3

SI > 1% 0 100 0 0 0 0 100 100
SI < 1% 100 0 100 100 100 100 0 0

G3

Min −7.9 5.5 −0.2 −3.8 −6.6 −2.6 0.7 0.1
Max −6.4 20.3 2.1 0.1 −0.7 1.3 5.8 0.5
Av −7.1 15.0 1.1 −1.0 −2.2 0.1 3.6 0.3

SI > 1% 0 100 0 5.8 0 79.5 100 100
SI < 1% 100 0 100 94.2 100 20.5 0 0

G4

Min −7.6 1.1 −0.6 −4.6 −9.6 −3.8 0.5 −0.1
Max −4.9 21.2 2.7 −0.6 −1.6 0.0 6.4 0.5
Av −6.4 11.4 0.5 −2.9 −6.5 −2.0 1.7 0.2

SI > 1% 0 100 0 0 0 0 100 88
SI < 1% 100 0 100 100 100 100 0 12

G1, G2, G3, and G4 are undersaturated with respect to pyrolusite but most of them
are saturated with hematite (Table 5) due to the reductive dissolution of Fe and Mn. The
dissolution of Fe and Mn oxides in the aquifer is at the cost of the oxidation of organic
matter [70,71], and the bicarbonate will increase. The reaction Equations (7) and (8) are as
follows:

CH2O + 2MnO2 + 3H+ = 2Mn2+ + HCO3
− + 2H2O (7)

CH2O + 4Fe(OH)3 + 7H+ = 4Fe2+ + HCO3
− + 10H2O (8)
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The encountered dissolved silicate minerals are albite, anorthite, K-feldspar, kaolinite,
and quartz. Groundwater samples are undersaturated with albite and anorthite. Most of G1,
G2, and G4 are in the undersaturation state with K-feldspar but G3 is mostly saturated with
this mineral. G2, G3, G4, and most of G1 are saturated with quartz and kaolinite (Table 5).
Following Hosono et al. [72], incongruent dissolution reactions of silicate weathering in the
study area can be hypothesized by following Equations (9) and (10):

2NaAlSi3O8 (Albite) + 2CO2 + 11H2O→ Al2Si2O5(OH)4 (Kaolinite) + 2Na+ + 2HCO3
− + 4H4SiO4 (9)

CaAl2Si2O8 (Anorthite) + 2CO2 + 3H2O→ Al2Si2O5(OH)4 (Kaolinite) + 2Ca2+ + 2HCO3
− (10)

3.4. Hydrogeochemical Processes
Ions-TDS Relationships

• Gibbs diagram

Gibbs diagrams show the groundwater chemistry’s main natural process. It shows
how rock weathering, mineral precipitation, and evaporation affect groundwater chem-
istry [73]. High concentration of Ca2+ and HCO3

− reveals rock–water interaction. On
the other hand, the presence of high concentration of Na+ and Cl− indicates evaporation
processes or seawater intrusion [74,75]. TDS concentrations are plotted against the weight
ratios of Na/(Na + Ca) for cations (Figure 9a) and the weight ratios of Cl/(Cl + HCO3) for
anions (Figure 9b). The major processes governing groundwater chemistry are evapora-
tion/seawater intrusion and rock interaction. Most G3 samples have dissolved HCO3 and
Ca via water-rock interaction. Evaporation and seawater intrusion supply Na and Cl to
Groups 1, 2, 4, and soil water.
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• TDS vs. Ca, Mg, Na + K, Cl, HCO3, and SO4

TDS vs. Ca, Mg and Na + K relationship (Figure 10a–c) are very strong (r2 = 0.9, 0.9,
and 0.9, respectively, Table 6). For TDS relationships with Ca and Mg, samples were plotted
under the mixing line which indicate ion-exchange process due to seawater intrusion,
where Na replaces either Ca or/and Mg as shown in Equations (11) and (12). TDS vs.
Cl relationship shows a very strong correlation (r2 = 0.9, Table 6, Figure 10d). For the
relationships between TDS and Na + K and Cl, most plotted groundwater samples are
clustered along the irrigation water–seawater mixing line suggesting that the variance
in concentrations of theses ions is due to the mixing between irrigation canal water and
seawater. TDS vs. HCO3 (Figure 10e) showed weak inverse relationship (r2 =−0.1, Table 6),
which means that freshwater seepage is not only the primary source of dissolved carbonates
but may also be the reason for the weathering of silicate minerals. as shown in Equations (11)
and (12) [76].

2Na+ + Ca − X2 → 2Na − X + Ca2+ (11)

2Na+ + Mg − X2 → 2Na − X + Mg2+ (12)

where x is an ion exchanger.
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Table 6. Correlation matrix between physico-chemical parameters in groundwater.

TDS EC Ca Mg Na K HCO3 SO4 Cl NO3 Al Ba Fe Mn Si Sr

TDS 1
EC 0.9 1
Ca 0.9 0.9 1
Mg 0.9 0.9 0.9 1
Na 0.9 0.9 0.8 0.9 1
K 0.6 0.6 0.5 0.6 0.7 1

HCO3 0.1 0.1 0.2 0.1 0.1 0.1 1
SO4 0.6 0.6 0.5 0.7 0.6 0.7 0.0 1
Cl 0.9 0.9 0.9 0.9 0.9 0.7 0.1 0.6 1

NO3 −0.1 −0.1 −0.1 0.0 −0.1 0.1 0.0 0.1 −0.1 1
Al −0.2 −0.2 −0.2 −0.3 −0.2 −0.1 −0.1 −0.1 −0.2 −0.1 1
Ba 0.5 0.5 0.4 0.4 0.5 0.4 −0.1 0.5 0.4 −0.1 −0.1 1
Fe 0.4 0.4 0.4 0.4 0.5 0.4 −0.1 0.5 0.4 −0.1 −0.1 0.9 1

Mn 0.1 0.1 0.2 0.1 −0.1 −0.1 0.2 −0.1 0.1 −0.2 −0.1 0.1 0.1 1
Si 0.1 0.1 0.1 0.1 0.1 0.0 −0.1 0.1 0.1 −0.2 0.3 0.1 0.1 0.2 1
Sr 0.5 0.5 0.6 0.6 0.5 0.6 −0.1 0.6 0.5 0.1 −0.2 0.9 0.9 0.1 0.1 1

Note: values listed in red font have strong positive correlation, blue font have intermediate positive correlation,
values listed in green font have weak correlation.

On the other hand, TDS–SO4 (Figure 10f) have a strong relationship (r2 = 0.7, Table 6).
The origin of sulfates is not linked to the trend of surface water–seawater mixing but
possibly related to soil origin, especially in low salinity water. The relationships between
TDS vs. Ba, Fe and Sr (r2 equals 0.5, 0.4, and 0.5, respectively, Table 6) showed intermediate
correlation, on the other hand it showed weak relationships with Al, Mn, and Si (r2 equals
−0.2, 0.1, and 0.1 respectively, Table 6). Figure 10a–f shows that plotted soil water samples
and indicates that the soil hydrochemical processes are very effective in the hydrochemical
characteristics of the studied low salinity groundwater (G3 and G4) where it acts as an
important origin of the dissolved ions.

3.5. Seawater Intrusion Quality Index (SWI)

In ArcGIS 10 framework, the calculated GQISWI results are transformed into a map
using a kriging interpolation function. The GQISWI value varies from 17.8 to 82.3 as shown
in Figure 11. According to Table 7, the groundwater of the study area is classified into
saline, mixed, and fresh water. The coastal area in the northern parts has low values and
reflects the salinization of groundwater.
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Table 7. GQISWI ranges [77].

Water Type GQISWI Based on Worldwide Literature Typical GQISWI
Min Max Mean Min Max

Fresh water 73.5 90.1 82.7 75 100
Mixed groundwater 47.8 79.9 63.4 50 75
Saline groundwater 4.8 58.8 27.5 10 50

Seawater 3.1 9.2 5.8 0 10

4. Conclusions

In this work, the seawater intrusion and the processes governing the groundwater
of the Quaternary aquifer of the Nile Delta were assessed using hydrochemical analysis
in conjunction with several multivariate statistical methods and graphical approaches.
It was concluded that groundwater chemistry is influenced by the evaporation process,
seawater intrusion, ion exchange process, dissolution and weathering of Ca-rich minerals,
and weathering of silicate minerals. The groundwater samples are divided into four groups
in accordance with HCA, which were identified as G1, G2, G3, and G4. G1 and G2, which
are found in the northern regions near to the Mediterranean Sea, are primarily controlled
by the evaporation process and seawater intrusion. High Cl and Na concentrations and low
HCO3 concentrations mostly serve to demonstrate this. Additionally, seawater intrusion
is joined by another process such as cation exchange where Na replaces Ca and/or Mg.
On the other hand, in the case of G3 and G4, the weathering of silicate minerals led to
the development of carbonate minerals. Most of the groundwater samples from the four
groups included more calcium than HCO3 and SO4; this is mostly because calcium-rich
minerals dissolve and weather.

Climate change and its parameters, sea-level rise, extensive groundwater pumping to
meet various needs, land-use changes due to population growth and urbanization, changes
in rainfall patterns, and reduced groundwater recharge all threaten saltwater intrusion
coastal aquifers.

Since the coastal aquifer in the Nile Delta is responsive to climate change and ground-
water extraction, sustainable water resource management is needed to protect it from
saltwater intrusion. This research provides a useful assessment tool for seawater intru-
sion variability in coastal aquifers. The results can improve understanding of present
and future saltwater intrusion in the investigated area and provide specific adaptive keys.
As a response to the aquifer stresses, adaptation styles to any of the given hazards or
challenges may be designed. Thus, the adaptation in the case of the Quaternary aquifer in
the Nile Delta should be transformational, where changes in the fundamental attributes
of a system (especially pumping) must be adopted. This may not preclude combining
different adaptation strategies or using biodiversity and environmental services as part of
an adaptation plan. Constant monitoring of the saline interface is essential for maintaining
the aquifer’s equilibrium and determining the most effective aquifer management strategy.
An assessment study for the saltwater intrusion under different climate and anthropogenic
activities is still needed for the aquifer.
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