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Preface to ”Groundwater Quality and Public Health”

Groundwater is a primary source of water for nearly half of the world’s population. Its quality

has become as important as its quantity, as serious groundwater pollution has been identified in

many regions and countries of the world. The contaminants in groundwater generally have two

sources: one is geogenic origin and the other is human activities. The contaminants in groundwater

can seriously affect human health, inducing a number of waterborne diseases. This book attempts

to provide a platform for researchers, policy makers, and engineers to share their latest thoughts

and findings on groundwater quality and public health, as well as novel methods dealing with

groundwater pollution. The chapters published in this book include the latest research results by

world-renowned researchers, whose findings can benefit researchers, engineers, policy makers, and

government officials in future groundwater quality research and policy making. This book focuses

on understanding the relationship between groundwater quality and public health, and the current

state of knowledge on the links between geological/geochemical processes and human health across

the world. The factors that accelerate or decelerate geological/geochemical processes, thus affecting

human health, are also considered.

For their help in completing this book, we acknowledge the voluntary reviewers for their useful

and critical comments that helped the contributing authors further improve the quality of their

manuscripts. The authors whose manuscripts were accepted for publication in this book and those

whose manuscripts were unfortunately rejected are also acknowledged for showing their interest in

this book. Your participation in this topic makes this book unique and the world a better place.

Jianhua Wu, Peiyue Li, and Saurabh Shukla

Editors
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Achieving the One Health Goal: Highlighting Groundwater
Quality and Public Health
Peiyue Li 1,2,* , Jianhua Wu 1,2 and Saurabh Shukla 3,*
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Abstract: In many regions of the world, groundwater is the main water source for multiple uses,
including for drinking, irrigation, and industry. Groundwater quality, therefore, is closely related to
human health, and the consumption of contaminated groundwater can induce various waterborne
diseases. In the last ten years, the world has witnessed a rapid development in groundwater quality
research and the assessment of associated health risks. This editorial introduced the foundation of
the current Special Issue, Groundwater Quality and Public Health, briefly reviewed recent research
advances in groundwater quality and public health research, summarized the main contribution
of each published paper, and proposed future research directions that researchers should take into
account to achieve the one health goal. It is suggested that groundwater quality protection should
be further emphasized to achieve the one health goal and the UN’s SDGs. Modern technologies
should be continuously developed to remediate and control groundwater pollution, which is a major
constrain in the development of a sustainable society.

Keywords: groundwater quality; groundwater pollution; contamination remediation; one health;
public health; health risk assessment

1. Introduction

The United Nations (UN) established the Sustainable Development Goals (SDGs)
to guide its member states’ agendas and political policies through the next 15 years [1].
Among the 17 goals, SDG-6, Ensure Access to Water and Sanitation for All, requires improving
water and sanitation management for all people, having urged every nation in the world
to take the necessary actions to ensure its people’s basic human right: gaining access to
safe drinking water. Since the 21st century, with the acceleration of global integration, the
population increase, continuous climate change, and rapid development of international
trade, some public health events, including sudden infectious and foodborne/waterborne
diseases, have occurred frequently, aggravating the complexity of health problems. For
example, starting in late 2019, the COVID-19 pandemic has caused over six million deaths
worldwide, still affecting daily life to this day. In order to find solutions to these problems,
the concept of “One Health” was introduced, practiced, and applied in increasingly more
international organizations and countries in the process of health governance [2,3].

Groundwater is one of the most valuable natural resources supporting the survival of
human beings and the development of human societies [4–6]. However, serious groundwa-
ter pollution can have significant negative impacts on human health [7–11]. Contaminants
in groundwater generally have two sources, one being of geogenic origin and the other hu-
man activities [12]. To reflect the most recent progress in groundwater quality research and
associated public health issues, the Special Issue of the journal Water, entitled Groundwater
Quality and Public Health, was developed. Its aim is to attempt to provide a platform for
researchers, policy makers, and engineers to share their latest thoughts and findings on this
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topic, as well as novel methods dealing with groundwater pollution. The papers published
in this Special Issue include the latest research results by world renowned researchers,
whose findings could benefit researchers, engineers, policy makers, and government offi-
cials in future groundwater quality research and policy making.

2. Recent Research Advances in Groundwater Quality and Public Health

The importance of groundwater quality in maintaining human health has long been
recognized [13–17]. As early as the 11th century AD, the Chinese population recognized
the impacts of geological conditions on human health [18]; however, modern medical
geological disciplines were not established to address the relationships between geoen-
vironmental elements and the health or occurrence of diseases in the environment until
the 1930s, when Russian, Scandinavian and British geochemists established relationships
between geochemistry and health in both humans and animals [18,19]. Since the 1980s,
a number of books concerning highly interdisciplinary medical geology were edited and
published [20–25], summarizing this field’s contemporary advances. Among these, the
book Essentials of Medical Geology, edited by Selinus et al. [20], is an award-winning work
used worldwide as both a text and reference book. It involves environmental biological
processes of elements, exposure pathways of elements, toxicology and pathology, and the
techniques and tools in medical geological studies. Another book, Introduction to Medical
Geology: Focus on Tropical Environments, edited by Dissanayake and Chandrajith [18], focuses
on the impacts of medical geology on the health of millions of people in unique tropical
lands. These valuable books provide comprehensive insights into the current developments
and future prospects concerning medical geology.

In addition to books, there has been a large number of journal articles published
over the past two decades, with the number of journals focusing on geological factors
and human health also increasing. Some examples of these journals include Exposure and
Health, Human and Ecological Risk Assessment, and Environmental Geochemistry and Health,
presenting many papers reporting on the effects of geoenvironmental factors on human
health [26–30]. In addition, some water- and geology-related journals also published a
number of papers regarding water quality and public health [31–33]. Most recently, Fida
et al. [34] reviewed the pollution status of water in Pakistan, where many people do not
have access to safe and healthy drinking water, and summarized the significant health
problems associated with the low-quality drinking water. Sathe et al. [35] conducted a
comprehensive hydrogeochemical investigation in the north-eastern region of India to
reveal the relationships between hydrogeological settings and groundwater with high
arsenic and fluoride contents, assessing the health risks imposed due to exposure to these
elements via drinking water intake. Alfeus et al. [36] assessed the human health risks
caused with inhalation exposure to ambient PM2.5 and trace elements in Cape Town, South
Africa. All the above studies showed that with the development in social economy, the
public is seeking harmony between the rapid economic development and a sustainable
environment, paying more attention to the health impacts of environmental pollution.

Particularly in China, on 11 September 2020, the security of public health was proposed
to be one of the scientific and technological innovation targets when the Chinese president,
Xi Jinping, chaired the symposium for scientists [37]. Since then, increasingly more research
has been carried out seeking solutions to basic research questions behind this target. In
2021, the China Geological Survey implemented the Plan of Geological Survey to Support
the Healthy China Strategy. The purposes of this were to accelerate the construction of
technological systems, organizational structure systems, professional development systems,
condition guarantee systems, and coordination and cooperation mechanisms for geological
surveys to support the Healthy China Strategic, to systematically understand the status,
health risks, and changing trend of major geological problems affecting human health in all
of China, especially in key regions such as urban and periurban areas, and to fully reveal
the mechanisms and laws behind how these geoenvironmental factors have affected human
health. Based on these geological survey projects, medical geology in China is developing
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at a fast pace. In the past, medical geology mainly focused on the health problems caused
by toxic elements and associated processes. However, particular attention has also been
paid to the essential elements in the novel geological survey projects. For example, years
ago, the main research focus was how toxic elements could cause diseases, such as fluorosis
and arsenicosis [38–41], but, now, increasingly more research focuses on the effects of
essential elements on human health [42–45]. This shift indicates that people’s attitudes
to health has changed from knowing how to avoid diseases to knowing how to maintain
physical and mental health. This is a big step from traditional medical geology to health
geology, and is more supportive towards fulfilling the One Health goal.

3. Papers Published in This Special Issue

The Special Issue Groundwater Quality and Public Health in the journal Water attracted
23 submissions, and after a rigorous peer review, 11 research papers were published. The
topics of these papers ranged from regional groundwater quality and human health to
specific elements or pollutants in groundwater (Table 1). Specifically, the 11 published
articles could be classified into three topical clusters. The first topical cluster was regional
groundwater quality and human health, and included four research articles. The second
cluster was nitrate pollution, including two articles; the final cluster centered on trace
elements, consisting of five research articles. In addition, as shown in the word cloud map
generated using the titles and abstracts of papers in this Special Issue (Figure 1), the most
frequently used words or terms in the papers comprising this Special Issue were ground-
water, water, risk nitrate, health, hydrochemical, quality, drinking, basin, and HCO3

−. This
indicated that the main research objective among these papers was groundwater, with
nitrate being a very common groundwater contaminant. In addition, groundwater quality
studies are usually associated with studies on groundwater hydrochemistry represented
by major ions such as HCO3

−, and drinking water intake is the most significant exposure
pathway causing human health risks.
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Table 1. Information of research papers in the Special Issue.

Topic Clusters Authors Titles DOIs

Regional
groundwater quality

and
human health

Machado et al. Spatial and seasonal drinking water quality assessment
in a sub-Saharan country (Guinea-Bissau) 10.3390/w14131987

Nsabimana et al. Health risk of the shallow groundwater and its
suitability for drinking purpose in Tongchuan, China 10.3390/w13223256

Li et al.
Groundwater Quality and Associated Human Health

Risk in a Typical Basin of the Eastern Chinese
Loess Plateau

10.3390/w14091371

Bai et al.

Assessment of the hydrochemical characteristics and
formation mechanisms of groundwater in a typical
alluvial-proluvial plain in China: an example from

western Yongqing County

10.3390/w14152395

Nitrate pollution

Jin et al.

Delineation of hydrochemical characteristics and tracing
nitrate contamination of groundwater based on

hydrochemical methods and isotope techniques in the
northern Huangqihai Basin, China

10.3390/w14193168

Liu et al.
Stimulating nitrate removal with significant conversion

to nitrogen gas using biochar-based nanoscale
zerovalent iron composites

10.3390/w14182877

Trace elements

Salem et al.
Geospatial assessment of groundwater quality with the

distinctive portrayal of heavy metals in the
United Arab Emirates

10.3390/w14060879

Cai et al.

Hydrochemical characteristics of arsenic in shallow
groundwater in various unconsolided sediment

aquifers: a case study in Hetao Basin in Inner
Mongolia, China

10.3390/w14040669

Liu et al.
Potential toxic impacts of Hg migration in the disjointed

hyporheic zone in the gold mining area experiencing
river water level changes

10.3390/w14192950

Liang et al.
Hydrochemical characteristics and formation
mechanism of strontium-rich groundwater in

Tianjiazhai, Fugu, China
10.3390/w14121874

Ma et al.
Groundwater health risk assessment based on Monte
Carlo model sensitivity analysis of Cr and As—a case

study of Yinchuan City
10.3390/w14152419

In the first topical cluster, the research paper by Machado et al. [46] investigated the
seasonal and spatial dynamics of drinking water quality across Guinea-Bissau, an endemic
cholera sub-Saharan country, to fully understand the impacts of drinking water quality
on public health. Serious fecal contamination was discovered in the water resources in
this research, and some short-term sustainable measures were proposed for mitigating the
associated health risks. To evaluate the quality and potential health risks of groundwater in
the Tongchuan area, China, Nsabimana et al. [47] conducted a water quality and health risk
assessment. The main contribution of this research was that it combined a carcinogenic risk
assessment and noncarcinogenic risk assessment, and proved that traditional water quality
assessments must be supplemented with health risk assessments to obtain completeness
and comprehensiveness of the assessment. Similarly, Li et al. [48] also assessed the quality
and potential health risks associated with the Linfen basin of the eastern Chinese Loess
Plateau, and concluded that F−, Pb, and Cr6+ were major contaminants responsible for
inducing noncarcinogenic health risks in their study area. Bai et al. [49] focused on in-
terpreting the hydrochemical characteristics and formation mechanisms of unconfined
groundwater in a local area in the North China Plain using multiple approaches. This
research could provide significant guidance for further groundwater quality protection and
management in overexploited groundwater regions.
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Worldwide, nitrate is very commonly found in groundwater, especially in agricultural
regions [50–53]. The two articles in the second topical cluster reported on research con-
cerning the identification of sources of nitrate and its removal. Specifically, the research
by Jin et al. [54] revealed that the hydrochemical evolution of groundwater regulated rock
weathering and cation exchange, and adopted stable nitrogen isotopes to trace sources of
groundwater nitrate pollution, revealing the main sources of nitrate to be manure, sewage,
and NH4 fertilizers. Liu et al. [55] prepared biochar-based nanoscale zerovalent iron
composites for nitrate removal from synthetic groundwater. This experimental research
provides the necessary basis for nitrate removal with high efficiency.

The five papers in the third topical cluster involved trace elements, such as arsenic,
mercury, strontium, chromium, and other metals. Trace elements in water and soil mainly
originated from rock crusts, but also from anthropogenic activities [56,57]. Some are
essential for human health when digested in trace amounts, but quickly become toxic
when consumed in large quantities [58]. Some trace elements are toxic even in trace
amounts [59,60], thus, requiring particular attention from different stakeholders. Salem
et al. [61] reported on the spatial variability of heavy metals, such as Al, Ba, Cr, Cu, Pb,
Mn, Ni, and Zn, in groundwater in the Liwa area of the United Arab Emirates the using
principal component analysis and geographic information systems, while Cai et al. [62]
focused on arsenic in shallow groundwater in the Hetao Basin in Inner Mongolia, China.
Liu et al. [63] investigated Hg migration via in situ testing in the disjointed hyporheic
zone in the gold mining area where river water level changes were detected, and Liang
et al. [64] conducted research on the formation mechanisms of Sr-rich groundwater in
the Shimachuan River basin, China. Ma et al. [65] assessed the health risk associated
with As and Cr in dry and wet seasons using the Monte Carlo model, and quantified the
possible ionic forms of As. These articles investigating trace elements could be essential
for setting up future groundwater quality monitoring systems and groundwater pollution
remediation measures.

4. Future Prospects

Medical geology is truly a multidisciplinary research field, and requires collaboration
among researchers, policy makers, and the general public, with groundwater quality
research being a fundamental field of this discipline. Hence, for its further promotion,
we propose some suggestions that may be fundamental and significant to guiding this
discipline:

• Groundwater is influenced by multiple factors, increasing the complexity of ground-
water quality research [66,67]. Therefore, continuous research should be promoted,
focusing on the mutual interactions among different elements and substances, as well
as their effects on the toxicity of newly formed species through their interactions [19].
Particularly, a number of studies [68–70] indicated that land use/land cover, though
not capable of altering groundwater quality directly, can significantly alter elemental
levels in groundwater, thus, affecting the suitability of groundwater for drinking.
Therefore, research on these indirect influencing factors should be highlighted.

• The impacts of human activities on groundwater quality are increasing, and condi-
tions are becoming more complex. Therefore, more monitoring data are required for
groundwater quality research. However, obtaining them is not easy, thus, requiring
the help of nonprofessional communities. The importance of citizen science in big data
accumulation and analysis has been well recognized by the science community [71–73].
However, criticism also exists in the science community, such as concerning the lack
of data reliability. Citizen science should, therefore, be further promoted to facilitate
groundwater quality and public health research.

• The concept and theoretical basis for medical geology should be further updated. As
mentioned previously in this editorial, people’s attitude toward health has changed
due to the spread of knowledge on how to avoid diseases to knowing how to maintain
physical and mental health, which is a broader concept than just knowing how to
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avoid diseases. Maintaining health does not only include avoiding diseases, but also
keeping healthy via an appropriate intake of necessary essential elements through
water, food, and other media. Therefore, the geology of health could be a possible
replacement for medical geology in the future.
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Abstract: The United Nations Sustainable Development Goal target 6.1 calls for universal and
equitable access to safe and affordable drinking water. Worldwide, about 2.2 billion people live
without access to safe water, and millions of people suffer from waterborne pathogens each year,
representing the most pressing situation in developing countries. The aim of this study was to
investigate the drinking water quality dynamics across an endemic cholera sub-Saharan country
(Guinea-Bissau), and understand its implications for public health. Microbiological and physical–
chemical quality parameters of 252 major water sources spread all over the country were seasonally
surveyed. These comprised hand-dug shallow wells and boreholes, fitted with a bucket or a pump to
retrieve water. The results showed that the majority of water sources available to the population were
grossly polluted with faecal material (80%), being unsuitable for consumption, with significantly
(p < 0.05) higher levels during the wet season. Hand-dug wells revealed the highest contamination
levels. The chemical contamination was less relevant, although 83% of the water sources were
acidic (pH < 6.5). This study highlights the potential health risk associated with the lack of potable
drinking water, reinforcing the evidence for water monitoring, and the need to improve WASH
(water, sanitation, and hygiene) infrastructure and water management in West African countries. In
addition, the authors suggest easy-to-implement interventions that can have a dramatic impact in the
water quality, assisting to reduce the associated waterborne diseases rise.

Keywords: water quality; drinking water; WASH; waterborne diseases; One Health; Guinea-Bissau;
sub-Saharan Africa

1. Introduction

Water is essential for human life, and the access to safe and sufficient water and sanita-
tion are recognized as basic human rights [1]. Moreover, the United Nations Sustainable
Development Goal (SDG) target 6.1 calls for universal and equitable access to safe and
affordable drinking water [2]. However, about 2.2 billion people still live without access to
safe water, the majority of which are in low- and middle-income countries [3], mainly in
sub-Saharan Africa and Asia. In sub-Saharan Africa countries, about 319 million people live
without access to improved reliable drinking water sources, and 695 million lack improved
sanitation facilities [4].

Each year, 829,000 deaths are attributed to diarrhoeal diseases linked to inadequate
WASH, including 297,000 in children under five [3]. Over the coming decades, with a
growth rate of about 2.5%, the sub-Saharan region will account for most of the global
population growth [5]. This near-future scenario, with densely populated urban and
peri-urban areas, entails an increment in water demand and sanitation, pressuring the
already compromised WASH infrastructure. The sub-Saharan country of Guinea-Bissau is
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one of the poorest countries in the world, ranked 175 out of 189 countries on the Human
Development Index in 2019. Presently, with a total population of 1,920,922 inhabitants,
the life expectancy at birth in Guinea-Bissau is 57 and 62 years for males and females,
respectively. Moreover, the under-five mortality rate is 78.47 [6]. According to the WHO [7],
in Guinea-Bissau, each person has only 21 L of water for daily personal needs. This value
is well under the 50 L minimum known water requirement for human domestic use [8].
The latest data (2016 and 2017) reported that “improved” water sources (not necessarily
meaning potable water, but rather a refurbished facility) were accessible to 73% of the
population, whereas only 20.5% of the population has access to proper sanitation [9]. The
health system is fragile and not universally available, with a very high health burden from
malaria, diarrhoea and respiratory diseases, HIV, and malnutrition. Indeed, diarrhoeal
diseases are the third leading cause of death, with 702,974 cases reported in Guinea-Bissau
in 2019 [10]. Cholera is endemic in the country, being responsible for 71,307 cases and
1638 deaths between 1996 and 2017 [11].

Although a few studies concerning water quality in Guinea-Bissau are available [12–14],
these were carried out in limited geographic areas. To the best of our knowledge, no
study with broad range has been performed to understand the problem at the national
level. However, to design and implement robust measures to ensure safe water for the
population, it is pivotal to understand the national status of the water quality, as well as
the regional differences. The purpose of this study was to investigate the water quality
dynamics across this endemic cholera sub-Saharan country (Guinea-Bissau), and relate it to
environmental constrains (including seasonality) and associated WASH components, in
order to understand the implications for public health.

2. Materials and Methods
2.1. Study Area

The primary source of water to support the daily needs of the majority of the popula-
tion in Guinea-Bissau, including drinking water, are open/unprotected, shallow hand-dug
wells (<15 m). Previous studies reported that about 80% of those water sources were con-
taminated with faecal materials and had an acidic pH [12,14]. Guinea-Bissau has a tropical
climate (hot and humid), with a dry season (DS) spanning from November to May, and a
wet season (WS) with high precipitation from June to October. The most representative soil
groups in the country are Ferrallisols, Plinthosols, Gleysols, Fluvisols, and Arenosols [15].

2.2. Sample Collection and Analytical Procedures

The data used in this study resulted from several surveys carried out throughout
the country over a time span of 13 years (2006–2019). Sampling sites within different
administrative regions were chosen, taking into account the number of people served and
the accessibility (Figure 1). The water sources comprised hand-dug shallow wells (n = 216)
and boreholes (n = 35), fitted with a bucket or a pump (manual, solar, or electric) to collect
water (Figure S1). Out of the 252 water sources surveyed, 47 were examined in the dry
season, whereas 83 were studied in the wet season. The remainder (122) water sources
were assessed in both seasons. Moreover, throughout the study period, each sampling
location was surveyed between 1 and 17 times.
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Figure 1. Location of surveyed water sources across Guinea-Bissau (source of second-level 
administrative divisions of Guinea-Bissau: Hjmans et al. [16]). 

Water samples were collected using 500 mL plastic sterile flasks. All samples were 
kept in the dark in refrigerated ice chests and processed within 4 h of collection at a field 
laboratory similar to the one described in [13]. Water temperature, conductivity, dissolved 
oxygen, oxygen saturation, and pH were measured in situ using a Hanna Instruments 
9828 portable meter. The exact position of each water source was obtained by means of 
GPS (Magellan 600). 

Monthly precipitation data were extracted from the historical GHCN gridded V2 
dataset provided by NOAA/OAR/ESRL PSD, available on their website 
(http://www.esrl.noaa.gov/psd/, accessed on 4 June 2020). Resolution was 2.5 degrees for 
the available grid of pixels covering the Guinea-Bissau country area (11–13.5° N, 18–14° 
W). 

Samples for water colour, nitrate, nitrite, ammonium, aluminium, arsenic, copper, 
chromium, cyanide, and iron and were assayed in a 12 V multiparameter Hanna HI83200 
photometer, according to standard methods supplied by the 
manufacturer(www.hannacom.pt, accessed on 1 June 2019). A Hanna HI-93102 Multi 
Range Portable Turbidity Meter for water analysis was used for turbidity assessment. 

Samples for faecal indicators evaluation were filtered onto sterile gridded cellulose 
nitrate membranes (0.45 µm pore size, 47 mm diameter, Whatman, Maidstone, U.K.), and 
placed on mFC-agar (Difco, Le Pont de Claix, France) and Slanetz–Bartley agar (Oxoid, 
Hants, U.K.) plates, for faecal coliforms (FC) and intestinal enterococci (IE) enumeration, 
respectively. Incubation was performed at 44.5 °C for 24 h (FC) or 48 h (IE) [17] using 
solar-generated electricity in the absence of an electrical supply grid. Typical colonies 
were counted and results expressed as colony-forming units (CFU)/100 mL. 
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therefore, the parameters assayed were compared with the WHO [18], EU [19] (1998), and 
U.K. [20] guidelines to establish whether the quality of the water was fit for human 
consumption. 

2.3. Statistical Analysis 
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Water samples were collected using 500 mL plastic sterile flasks. All samples were
kept in the dark in refrigerated ice chests and processed within 4 h of collection at a field
laboratory similar to the one described in [13]. Water temperature, conductivity, dissolved
oxygen, oxygen saturation, and pH were measured in situ using a Hanna Instruments
9828 portable meter. The exact position of each water source was obtained by means of
GPS (Magellan 600).

Monthly precipitation data were extracted from the historical GHCN gridded V2
dataset provided by NOAA/OAR/ESRL PSD, available on their website (http://www.esrl.
noaa.gov/psd/, accessed on 4 June 2020). Resolution was 2.5 degrees for the available grid
of pixels covering the Guinea-Bissau country area (11–13.5◦ N, 18–14◦ W).

Samples for water colour, nitrate, nitrite, ammonium, aluminium, arsenic, copper,
chromium, cyanide, and iron and were assayed in a 12 V multiparameter Hanna HI83200
photometer, according to standard methods supplied by the manufacturer(www.hannacom.
pt, accessed on 1 June 2019). A Hanna HI-93102 Multi Range Portable Turbidity Meter for
water analysis was used for turbidity assessment.

Samples for faecal indicators evaluation were filtered onto sterile gridded cellulose
nitrate membranes (0.45 µm pore size, 47 mm diameter, Whatman, Maidstone, UK), and
placed on mFC-agar (Difco, Le Pont de Claix, France) and Slanetz–Bartley agar (Oxoid,
Hants, UK) plates, for faecal coliforms (FC) and intestinal enterococci (IE) enumeration,
respectively. Incubation was performed at 44.5 ◦C for 24 h (FC) or 48 h (IE) [17] using
solar-generated electricity in the absence of an electrical supply grid. Typical colonies were
counted and results expressed as colony-forming units (CFU)/100 mL.

Guinea-Bissau does not have guidelines concerning drinking water quality; therefore,
the parameters assayed were compared with the WHO [18], EU [19] (1998), and UK [20]
guidelines to establish whether the quality of the water was fit for human consumption.

2.3. Statistical Analysis

Faecal indicators concentrations were Log (n + 1) transformed prior to analysis. The
Spearman’s rank correlation coefficient was used to assess the relationship of environmental
factors and microbiological indicators. Spatial and seasonal statistically significant differ-
ences among samples were evaluated through analysis of variance (one-way ANOVA),
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followed by a post hoc Tukey honestly significant difference (HSD) multi-comparison test.
The significance level used for all tests was 0.05.

Boosted regression trees (BRTs) were used to assess the relationship between envi-
ronmental factors and microbiological indicators in the hand-dug wells only, because
these represented the primary water source in Guinea-Bissau and revealed the highest
contamination levels. BRTs are tree-based ensemble methods that combine the algorithms
of regression trees and boosting (which build and combine a collection of models). The
method works by iteratively fitting simple tree models using a forward stage-wise proce-
dure, which progressively fits trees to the residuals of the previously fitted trees [21,22].
Some of the wells were surveyed several times; therefore, one sample per season (wet
and dry) was selected at each location. Data were selected from the years when more
samples were collected (2010 and 2009), and, when not available, from the closest years.
When more than one sample was collected per season and year, the sample collected in
the month closest to the middle of the season was chosen. Two BRT models were built,
one for FCs and other for IE, using a Gaussian error distribution. Models were built in R
software, version 4.0.5 [23], using the packages “dismo” and “gbm” [22,24]. Combinations
of several settings were fitted before finding the optimal final setting: tree complexity (tc)
of 1, learning rate of 0.001, bag fraction of 0.5 and k-fold cross validation of 10. The full
models were then simplified by removing non-informative variables based on the decrease
in variance. Final models were chosen based on their statistical performance, evaluated
by the explained cross-validated deviance, i.e., the cross-validated correlation between
training and testing data.

3. Results

Microbiological and physical–chemical quality parameters of 252 water sources spread
all over Guinea-Bissau were evaluated. All the studied wells were hand-dug, shallow,
without proper wall isolation, often located at the vicinity of latrines and waste dumps
(<30 m), and most of them lacked any well cover or fence to prevent contamination. Re-
garding the method of water collection, the majority of the wells were fitted with a bucket
(n = 122), 72 with a manual pump, 6 with a solar/electric pump, and 13 with a mixed
version combining pump and bucket. Of the analysed boreholes, 4 were fitted with a
distribution system with faucets, 23 with a solar/electric pump, 4 with manual pumps, and
4 with a mixed version combining pump and bucket (Table S1).

Microbiological and physical–chemical analysis results are summarized in Table 1
and Figure S2. Water temperature averaged 29.1 ◦C (22.9–35.3 ◦C) year-round, with only
two wells sampled in each season below the 25 ◦C recommended maximum temperature
for drinking water, according to UK standards [20]. The water conductivity was low to
moderate (median 163 µS/cm), with oxygen concentrations averaging 5.5 mg/L (average
oxygen saturation 59%). The water was acidic to very acidic, averaging pH 5.3. Averages
were similar between seasons, being higher in boreholes (pH 6.6 vs. pH 5.2 in wells).
Overall, 83% of the water sources surveyed exhibited pH below the EU parametric value for
drinking water, representing 89% and 49% of the wells and boreholes studied, respectively.
Acceptable standard values for colour and turbidity were exceeded in 56% and 40% of
the sampled water sources, respectively. As expected, extremely high values of these
parameters were recorded in the wet season in the shallow wells (Table 1). Additionally,
higher values were obtained when a bucket was used to withdraw the water (Figure S2).
The nitrate, nitrite, and ammonium concentrations were below the EU and WHO parametric
values for drinking water in most wells, although a value slightly above the acceptable
parametric threshold was registered in the wet season. The highest concentrations of nitrate
and ammonium were observed in wells and associated with the use of buckets (Figure S2).
Overall, heavy metal (Al, As, Cr, Cu, and Fe), and cyanide concentrations were under the
parametric value for drinking water. However, a higher number of surveyed water sources
revealed non-compliance with the standard parametric values related to the wet season,
wells, and when using a bucket to collect water (Table 1 and Figure S2).
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Table 1. Minimum and maximum values for water quality parameters seasonally assayed, according
to water source type. In italics are the percentage of sites above the parametric values for drinking
water, and the respective number of water sources surveyed. EU—European Union parametric values
for drinking water [19], WHO—Word Health Organization guidelines values for drinking water [18].

Parameter Unit
Season Water Source

EU WHO
Wet Dry Well Borehole

Temperature ◦C 24.4–35.3 (n = 650)
99% (n = 204)

22.9–34.5 (n = 351)
99% (n = 204)

22.9–35.3 (n = 903)
98% (n = 216)

25.3–32.8 (n = 98)
100% (n = 35) - -

Conductivity µS/cm 12.0–2550 (n = 648)
0.5% (n = 204)

12.2–3125 (n = 350)
0.6% (n = 165)

12.0–2550 (n = 900)
0.5% (n = 216)

19.1–3125 (n = 98)
3% (n = 35) 2500 -

DO saturation % 3.4–130 (n = 595) 7.3–97.6 (n = 347) 3.4–107.9 (n = 847) 12.5–130 (n = 95) - -

pH - 3.37–8.62 (n = 647)
85% (n = 204)

3.36–8.33 (n = 352)
88% (n = 165)

3.36–8.62 (n = 900)
89% (n = 216)

3.88–8.57 (n = 99)
49% (n = 35) ≥6.5 and ≤9.5 -

Colour PtCo 1–1210 (n = 651)
54% (n = 204)

1–520 (n = 351)
58% (n = 163)

1–1210 (n = 902)
59% (n = 212)

1–720 (n = 100)
40% (n = 35) a a

Turbidity NTU 0.1–407 (n = 610)
42% (n = 191)

0.1–82 (n = 339)
25% (n = 165)

0.1–407 (n = 856)
45% (n = 206)

0.1–45 (n = 93)
13% (n = 31) a -

Ammonium mg NH4/L 0.01–20.70 (n = 650)
22% (n = 204)

0.01–14.50 (n = 353)
12% (n = 165)

0.01–20.70 (n = 903)
22% (n = 216)

0.01–1.22 (n = 100)
23% (n = 35) 0.5 -

Nitrate mg NO3/L 0.1–450 (n = 649)
19% (n = 204)

0.1–473 (n = 354)
14% (n = 166)

0.1–473 (n = 903)
20% (n = 216)

0.1–88 (n = 100)
3% (n = 35) 50 50

Nitrite mg NO2/L 0.01–4.50 (n = 649)
4% (n = 204)

0.01–0.90 (n = 352)
1% (n = 166)

0.01–4.50 (n = 901)
5% (n = 216)

0.01–0.24 (n = 100)
0% (n = 35) 0.5 0.2

Aluminium mg/L 0.01–1.30 (n = 573)
37% (n = 200)

0.01–1.42 (n = 166)
36% (n = 166)

0.01–1.42 (n = 818)
42% (n = 215)

0.01–0.54 (n = 90)
18% (n = 34) 0.2 0.2

Arsenic µg/L 5–250 (n = 174)
27% (n = 51)

5–22 (n = 75)
39% (n = 44)

5–290 (n = 241)
80% (n = 30)

5–10 (n = 8)
25% (n = 4) 10 10

Chromium µg/L 1–300 (n = 482)
8% (n = 190)

1–226 (n = 243)
4% (n = 136)

1–300 (n = 673)
10% (n = 199)

1–46 (n = 52)
0% (n = 30) 50 50

Copper µg/L 1–1000 (n = 506)
0% (n = 171)

1–1330 (n = 243)
0% (n = 136)

1–330 (n = 702)
0% (n = 202)

1–629 (n = 47)
0% (n = 19) 2000 2000

Cyanide µg/L 1–250 (n = 468)
4% (n = 167)

1–47 (n = 197)
0% (n = 103)

1–250 (n = 631)
3% (n = 199)

1–19 (n = 34)
0% (n = 18) 50 70

Iron µg/L 1–4770 (n = 649)
23% (n = 204)

1–2560 (n = 352)
20% (n = 166)

1–4770 (n = 901)
26% (n = 216)

2–1050 (n = 100)
29% (n = 35) 200 -

Faecal coliforms CFU/100 mL 0–376,850 (n = 636)
84% (n = 204)

0–30,000 (n = 354)
83% (n = 166)

0–376,850 (n = 891)
65% (n = 216)

0–1520 (n = 99)
66% (n = 35) 0 0

Intestinal
enterococci CFU/100 mL 0–51,300 (n = 625)

83% (n = 204)
0–91,800 (n = 354)

73% (n = 166)
0–91,800 (n = 881)

81% (n = 216)
0–4320 (n = 98)

54% (n = 35) 0 0

a—Acceptable for consumption (<5 PtCo).

The obtained results showed that the drinking water available to the population was
grossly polluted with faecal material. The majority of the water sources sampled (83%
and 77% for FC and IE, respectively), failed to meet the microbiological quality standards
for drinking water, as recommended by the WHO and the EU. Values averaged 4217 and
800 CFU/100 mL for FC and IE, respectively (Table 1). Overall, faecal contamination levels
were significantly higher during the wet season (Tukey’s HSD test, p < 0.05), with values
as high as 376, 850 CFU/100 mL for FC, and 33,000 CFU/100 mL for IE. Additionally,
significantly higher (Tukey’s HSD test, p < 0.05) faecal contamination levels were associated
with wells and the use of a bucket for water collection. The lowest levels of contamination
were observed in water samples collected from boreholes associated with electric pumps
with small water distribution systems fitted with faucets (Figure 2).
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Figure 2. Variation in the microbiological water quality parameters—(a) faecal coliforms and
(b) intestinal enterococci—in the water sources across Guinea-Bissau between (1) seasons, (2)
source type, and (3) method of water collection. Diamond shapes represent the mean. Circles
represent outliers.

FC and IE were significantly correlated (r = 0.85, p < 0.05), as expected. Significant
positive correlations (p < 0.05) were observed between both faecal indicators and colour
(rFC = 0.32, rIE = 0.30), turbidity (rFC = 0.50, rIE = 0.49), ammonium (rFC = 0.32, rIE = 0.30),
nitrate (rFC = 0.34, rIE = 0.35), nitrite (rFC = 0.33, rIE = 0.30), aluminium (rFC = 0.12, rIE = 0.12),
chromium (rFC = 0.20, rIE = 0.14), copper (rFC = 0.15, rIE = 0.20), cyanide (rFC = 0.10). and
iron (rFC = 0.22, rIE = 0.26). Turbidity and colour, associated with downpours during the
wet season, showed positive significant correlations (p < 0.05) with the nitrogen species,
and the majority of metal concentrations (Figure S3).

Hand-dug wells represented the majority of the water sources sampled, with the
highest contamination levels; therefore, the relationship between environmental factors and
microbiological indicators was further explored using a regression analysis approach. As a
result, the fitted BRT models for the microbiological parameters FC and IE were similar in
performance, although the FC model performed slightly better, with an explained deviance
of 49% and a cross-validated correlation of 0.7 (Table 2).
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Table 2. Predictive performance of the final models developed for the microbiological indicators
quantified in wells in Guinea-Bissau. Final settings: bag fraction—0.5; tree complexity—1; no.
folds—10; learning rate—0.001.

Faecal Coliforms Intestinal Enterococci

Number of trees 7650 6950
Deviance explained (%) 49 45

CV correlation 0.7 0.68

The partial responses for FC and IE for each predictor variable and variable contri-
butions are shown in Figures 3 and 4, respectively. Both models retained the same eight
predictor variables. For both models, the two most influential variables were turbidity
and the method used to collect water, accounting for 57.9% and 55% of the explained
deviance for FC and IE, respectively. The levels of faecal contamination increased with
higher turbidity and the use of a bucket to collect water. The contributions of the remaining
six variables differed between models, but the effects on the response were similar. The
concentrations of faecal indicators were higher in the wet season, although precipitation
was a more influential variable for the FC model. Latitude was also an influential variable
in both models, with contamination increasing with increasing latitudes (towards northern
regions). The levels of contamination also increased with higher concentrations of nitrate
and pH. Faecal indicators concentration decreased as temperature rose. The effects of
copper were different for the two models: FC concentration showed a slight decrease with
higher levels of the metal, whereas IE concentration peaked and then decreased as metal
levels increased.
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Figure 3. Boosted regression tree (BRT) partial dependence plots showing the effect of each predictor
variable on faecal coliforms (FC) of the water of wells in Guinea-Bissau: Turb—turbidity; Method—
method used for water collection; Prec—precipitation; NO3—nitrate; Temp—temperature; Lat—
latitude; Cu—copper. At each plot, the fitted function shows the relationship between the response
variable (y−axis), and the predictor variable (x−axis), holding the values of all other variables at
their mean. The relative contribution (%) of each predictor variable for the BRT model is shown
in brackets.
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4. Discussion

The water quality assessment in Guinea-Bissau revealed that the water sources used
for drinking purposes countrywide were acidic to very acidic, and heavily contaminated
with faecal material. Higher levels of contamination were found during the wet season,
associated with wells and the use of a bucket to withdraw water. This trend has previously
been identified in regional studies performed in the country [12,25].In Guinea-Bissau, the
majority of the population retrieve water from shallow (<15 m), hand-dug wells, without
any wall isolation or well cover protection. Typically, each well was fitted with a bucket and
rope to withdraw water, although some had a manual pump associated. This proportion
was visible during the survey, with about one borehole analysed for every six wells. Only
20.5% of the population has access to proper sanitation; thus, communal latrines are the
standard, although in rural areas open defecation is still common [9]. Nevertheless, most
are single pit latrines, with a basic thatched or galvanized corrugated sheet walls and
no doors.

The high faecal contamination observed throughout the year is essentially a con-
sequence of the proximity between wells and latrines (<30 m), the presence of freely
wandering domestic animals (including cattle), and the contact of the bucket and rope with
contaminated soil, as reported by several previous studies in Guinea-Bissau [12–14,26] and
perceived by the authors in the field.

The influence of pit latrines on groundwater quality was previously described, being
recognized as a major source of water contamination depending on the surrounding
environment, particularly hydrological and soil conditions [27–29]. Rainfall promotes the
mobilization of soil particles through infiltration and percolation that eventually reach
the subsurface groundwater, conveying associated bacteria and viruses. Sediments are
well known reservoirs for microorganisms, typically revealing higher bacterial levels than
the water column [30]. Indeed, in accordance with other studies [13,26], high levels of
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contamination could be observed in the wet season, associated with a simultaneous increase
in turbidity. Turbidity in water is caused by suspended particles or colloidal matter, and
may be caused by inorganic or organic matter, or a combination of the two [31]. Due to
the high superficial area and metabolic substrate concentration, high turbidity can provide
an adequate environment for microorganism growth and persistence. Indeed, drinking
water turbidity has been associated with the incidence of gastrointestinal diseases [32]. In
Guinea-Bissau, the reported diarrhoea episodes systematically peak at the onset of the
wet season [33,34], and the main cholera outbreaks have been reported during the wet
season [11]. Additionally, the persistent high water temperature (average 29.1 ◦C) observed
in wells year-round can also contribute to foster microbial growth [35].

Furthermore, the majority of wells were fitted with buckets and ropes that are often
placed on the ground due to the lack of a basic overhead frame to hang them when not
in use. This may allow contact with animals and human excreta; moreover, the tools may
not exclusively be used to retrieve water. The aggravated situation was confirmed by the
results obtained from the models, indicating that the method used to collect water was
one of the most influential predictors. The use of a bucket considerably increased the
contamination levels. On the other hand, boreholes (>20 m) were drilled mechanically and
fitted with a pump (solar, electric), and were thus less prone to contamination.

The relationship between faecal indicators and the nitrogen species strengthen the hy-
pothesis stated above; that microbial contamination enters groundwater due to infiltration
and percolation from the surface. The presence of high concentrations of ammonium, ni-
trate, or nitrite in drinking water are recognized as indicators of possible bacterial, sewage,
and animal waste pollution or agricultural runoff [36]. Moreover, there is an increased risk
of methemoglobinemia development in bottle-fed infants associated with high concentra-
tions of N species in drinking water, which can further be complicated by the concurrent
presence of microbial contamination [36,37]. Additionally, nitrate appears to competitively
inhibit iodine uptake, and the long-term exposure by drinking water intake can contribute
to the iodine deficiency problem felt in countries such as Guinea-Bissau [36,38].

The faecal contamination was revealed to be related with latitude, with an increment
towards the northern part of the country, that can be potentially explained by additional
faecal contamination associated with the livestock presence. Although recent data are
not available, according to the national livestock census in Guinea-Bissau conducted in
2009, it was estimated that the total number of cattle was approximately 1,325,412, mainly
concentrated in the northern areas (Gabu, Bafata, and Oio regions) [39], owned by Fulani,
Mandinga, and Balanta ethnic groups. The practice of extensive cattle ranching still
dominates in Guinea-Bissau, with a marked transhumance period during the dry season
for pasturage and water [40]. Cattle lairage is an unused practice in Guinea-Bissau and
livestock roam free in the fields, representing a potential pollution source for unprotected
shallow wells. It could be argued that the lairage of cattle could somehow contribute to
a diffuse contamination decrease; however, the solution is unworkable due to the lack of
water and fodder, technical resources, and infrastructure support.

Overall, similarly to other studies [12–14], the chemical contamination was less rele-
vant, with metal concentrations below the acceptable limits for the majority of the studied
water sources. Nonetheless, it is important to note that high metal levels were observed in
several wells, and the consumption of elevated levels of metals through drinking water has
been associated with the development of health problems, including cancer [31]. Again,
the positive correlation found between metal concentration and turbidity indicated the
potential role of soil particles as a natural contamination source. During the wet season, the
soil particles and associated metal-rich leachates can easily be mobilized by percolation and
infiltration, reaching the subsurface groundwater that feeds the shallow wells. In the dry
season, the water–soil contact is promoted by the low water level and higher residence time
of the water, with increased contact with the earth walls and bottom sediments, fostering
high water turbidity.
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The majority of the water sources were outside the suitable pH range for drinking
water according to EU standards, in the acidic to very acidic interval, a consequence of
red, sulphur-rich, sandy-clay soil characteristics [41]. The consumption of acidic water
can have a direct impact on population health, particularly in dental erosion [42,43] and
through the potential mobilization of heavy metals [44]. Currently, very limited working
water networks are available in the country; therefore, the risk of metal contamination
through pipes does not seem to be problematic, although such low pH values have to be
taken into account in the construction of future infrastructure or rehabilitation initiatives,
in order to choose the most suitable materials. Additionally, the corrosion of the materials
used in constructing well and distribution systems can enable the feed and growth of
microorganisms from adjacent areas in the water used for drinking. Bacteria can adapt to
environmental conditions such as low pH, potentially reducing the stomach acidic barrier
efficiency, and consequently, the required infectious dose to cause disease [45].

The access to safe drinking water, in addition to being a basic human right, is associated
with population health, and consequently, with poverty. Waterborne diseases linked to
inadequate WASH are a key public health concern [46–48], particularly in middle- and
low-income countries, which needs to be addressed for country development. Furthermore,
the expected population growth and the climate change scenario will pose an additional
threat to WASH infrastructure and services [49].

This study highlighted the urgent need to improve the access to safe drinking water in
sub-Saharan countries, such as Guinea-Bissau. For a long-term solution, a robust, country-
wide intervention on WASH infrastructure is pivotal. New construction or rehabilitation
of the limited water and sanitation networks should be performed, taking into account
the local and regional conditions (such as the acidic groundwater), and forearm periodic
maintenance and water quality monitoring, which are presently inexistent. To ensure wa-
ter quality safety, government administration and non-governmental organizations must
favour the construction of deep boreholes, even if it means cooperation and co-ordination
between agencies, as well as constructing less infrastructure, due to the higher associated
costs. Water quality should be regularly monitored, and if needed, promptly treated using
the disinfection treatments techniques currently available and applied in countries with
limited resources [50,51]. Emphasis should also be placed on the collection and treatment
of effluent from latrines, including the construction of sealed tanks—septic tanks—and
the disposal of waste into small collective treatment plants with biological beds. Further-
more, scientific and technical advice, prior and during construction, is essential for correct
guidance on the establishment of local infrastructure and maintenance.

The traditional or settled way of living can be a hindrance to development; there-
fore, the implementation of behaviour change programs, with structured formative and
educational interventions to raise awareness at the different societal levels (individual,
household, community, and institutional) will be decisive to prevent disease transmission.
The integration of local stakeholders and the community, throughout the implementation
programs, will help to ensure the sustainable use and management of water.

On other hand, considering the urgency overt in the results of this study, the authors
propose the short-term implementation of simple, sustainable measures, which could
drastically improve the access to safe drinking water, mitigating the associated health risk:

• Remove potential contamination sources, such as latrines and garbage dumps from
the vicinity of the water sources (>30 m). Promote latrine disinfection with quicklime
and the controlled disposal of waste. Quicklime is easily available and can be used
to disinfect faecal solids [52], with <90% efficiency in removing bacterial and viral
pathogens [53].

• Whenever possible, favour the supply of water from boreholes over shallow wells.
When using wells, favour those fitted with pumps, over buckets, proven to endure the
harsh country conditions.
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• Build and maintain proper security perimeters around water sources, deterring wan-
dering animals by fencing and waterproofing the nearby terrain to prevent mud
accumulation and avoiding the stagnation of water, particularly in the wet season.

• Fit the wells with covers and support systems for buckets and ropes in order to avoid
contact with the soil.

• Promote the household storage of water in narrow-mouth containers fitted with
faucets, avoiding contact between drinking water and hands or small containers used
to collect water. Therefore, secondary contamination may be prevented. Promote the
efficient and correct time frames to perform the disinfection of these containers.

• Promote household-level disinfection of drinking water to decrease the microbial
load by filtration, chlorination, boiling, solar water disinfection (SODIS), or using
plant extracts. Favouring household-level disinfection will prevent secondary con-
tamination. Filtration through naturally occurring materials is a cost-effective and
efficient treatment. For instance, slow sand filtration, ceramic filters, and biochar are
widely used as disinfection techniques [50]. Chlorination with commercial bleach
can also successfully decrease the bacterial load [50,54]. Although boiling water can
be an efficient method of disinfection, in most situations is an unpractical solution,
because it implies a time and economic expend. Moreover, boiling water can enhance
metal concentrations, generating an additional problem. SODIS is a simple-to-use
and inexpensive technique capable of microbial inactivation [55]. Plant extracts, such
Moringa oleifera, can also be used as water treatment strategy, due to their antimicrobial
and coagulant properties [56]. However, caution should be taken when water presents
high turbidity values (>1 NTU), because this can interfere with the disinfection kinetics
and efficiency, by providing protection and subtract for organisms [31,57,58]. Thus,
resorting to multiple methods may be necessary to reduce particulate matter before
disinfection. Filtration through easily available cotton cloth has been shown to be
effective in the reduction of particulate matter and associated microbial loads [59].
The addition of Moringa oleifera has also been evaluated as a pretreatment for SODIS,
reducing turbidity [60].

• Employ easily available oyster shells to increase water pH. Oyster shells, rich in
calcium carbonate, can be used as a natural neutralizer to raise the pH in acidic
waters [13]. Moreover, oyster shells can contribute to the heavy metal immobilization
from drinking water [61,62].

5. Conclusions

The majority of the population in Guinea-Bissau still retrieve water for daily needs,
including drinking water, from shallow wells. The water was acidic to very acidic and
heavily contaminated with faecal matter, and thus unfit for human consumption. This
situation was present throughout the year, but deteriorated further in the wet season,
associated with high water turbidity. The highest levels of contamination were associated
with shallow wells and bucket water retrieval. Although the chemical contamination was
less relevant, and no overall trend could be found, several of the surveyed water sources
revealed high values of nitrogen species and heavy metals.

A national concert intervention on WASH infrastructure is essential to provide safe
drinking water to the population, as recognised in the United Nations Sustainable De-
velopment Goals. In the short-term, the authors suggest the implementation of simple
measures to improve water potability and reduce the disease burden associated with
waterborne pathogens.

The results of this research fill the pressing need for scientific background knowledge
concerning the water quality in Guinea-Bissau, decisive to help the design of sustainable
mitigation strategies. Improving water quality could have a dramatic impact on the
population health status, and consequently, on the development of this low-income country.
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Abstract: Studying the quality and health risks of groundwater is of great significance for sustainable
water resources utilization, especially in arid and semi-arid areas around the world. The current study
is carried out to evaluate the quality and potential health risks of groundwater in the Tongchuan area
on the Loess Plateau, northwest China. Water quality index (WQI) and hydrochemical correlation
analysis were implemented to understand the status of groundwater quality. Daily average exposure
dosages through the oral and dermal contact exposure pathways were taken into consideration
to calculate the health risks to the human body. Additionally, graphical approaches such as Piper
diagram, Durov diagram and GIS mapping were used to help better understand the results of this
study. The WQI approach showed that 77.1% of the samples were of excellent quality. The most
significant parameters affecting water quality were NO3

−, F−, and Cr6+. The health risk assessment
results showed that 27.1% and 54.2% of the samples lead to non-carcinogenic risks through oral
intake for adults and children, respectively. In contrast, 12.5% of the groundwater samples would
result in carcinogenic risks to the residents. This study showed that the WQI method needs to be
supplemented by a health risk evaluation to obtain comprehensive results for groundwater quality
protection and management in the Tongchuan area.

Keywords: water quality index; health risk assessment; Tongchuan city; Loess Plateau

1. Introduction

Groundwater is an important source for drinking and other various purposes for
the majority of the population around the world, especially in arid and semiarid regions
where precipitation and runoff are rare [1–6]. In addition to drinking, groundwater is
useful for domestic, industrial and agricultural purposes. Due to the increased demand
for groundwater, the groundwater table is subject to fluctuations, and aquifers are becom-
ing contaminated in the context of climate change, rapid population growth, industrial
development and urban expansions [7–12]. This situation is also aggravated where natural
phenomena are controlling the physicochemical parameters of groundwater, such as rock
influences, volcanic eruption or marine salt intrusions [13].

There is a critical increase in freshwater demand correlated with the rapid growth
of the population all over the world [14] and intensive agriculture activities [15,16]. The
increment of the population also leads to the expansion of cities and municipal waste
that affect the groundwater quality through organic and inorganic contaminants [17–20].
Furthermore, industrialization is one of the most significant factors affecting groundwa-
ter quality through the effluents released into the nature [21–24]. Papazotos et al. [25]
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investigated the impact of water–rock and agricultural activities in the Psachna Basin
(Greece) on groundwater quality and found that groundwater was strongly affected by
the ultramafic geological environment with anthropogenic activities as revealed by high
concentrations of Cr, Cr6+, and NO3

−. Water-ultramafic rock processes can also increase the
concentration of Cr in groundwater as investigated by Vasileiou et al. [26] in their study on
hydrogeochemical processes and natural background levels of chromium in an ultramafic
environment in Macedonia (Greece), and they found a high concentration of Cr6+ ranging
from 0.5 to 131 µg/L in groundwater of western Vermino Mountain. In addition, Chen
et al. [27] found rock dissolution and precipitation of Ca-As and CaF2, which controlled a
high concentration of As and CaF2 in northwest China. In terms of groundwater pollution
by marine intrusion, Zissimos et al. [28] tested the occurrence and distribution of Cr in
groundwater and surface water in Cyprus and found that the highest Cr6+ concentration
observed in the Troodos area was 26 µg/L. However, the abnormal concentrations of Cr6+

(460 µg/L) and As (15 µg/L) were detected in groundwater along the coastline in the
Schinos area (Greece) due to seawater intrusion [29].

Given the importance of groundwater for humanity and considering its vulnerability
facing pollution issues as aforementioned, numerous studies have been conducted to
evaluate groundwater quality to ensure the health of consumers. As a result, governments
and states implemented controlling structures for water quality in order to preserve the
population health [14]. In this regard, many groundwater quality investigations have
been conducted based on the guidelines set by governments and organizations such as the
World Health Organization (WHO) and the Ministry of Environmental Protection of the
P.R. China [30]. Based on the aforementioned guidelines, serious drinking groundwater
contamination was reported by many scholars all over the world [15,16,18,31–36]. However,
few of them were associated with groundwater pollution and health risk assessment. To
obtain the results, many approaches were used by the researchers. Ni et al. [37] used
the geostatistical spatial analysis function of ArcGIS to map the evaluated carcinogenic
and non-carcinogenic risks in the Sichuan Basin, China. Their study showed that total
cancerous and non-cancerous risks were found in 5% and 8% of samples, respectively.
Using a comprehensive water quality index assessment, Wu and Sun [38] found that 60% of
sampled water was unsuitable for drinking in the alluvial plain located in mid-west China.
Chen and her colleagues [27] used a triangular fuzzy numbers approach to assess health
risk by As and CaF2 in groundwater and found that their concentrations were higher in the
shallow groundwater, which exceeded the acceptable limit (1 × 10−6) set by the Ministry
of Environmental Protection of the P.R. China for Cr6+ and As [30].

Studies performed in the northwest of China reported high nitrate concentrations
representing health risk concerns for the population [38] due to anthropogenic activities,
especially fertilizers used in agriculture [39]. N-bearing and P-bearing fertilizers can cause
the oxidation of geogenic Cr, which results in elevated Cr6+ [19]. Wei et al. [34] also reported
that nitrate pollution was a major environmental geological problem in the groundwater in
part of China. In addition, Li et al. [21] reported a severe water stress in the Chinese Loess
Plateau aggravated by the high fluoride concentration in drinking water.

The Tongchuan region is situated in the middle edges of the Loess Plateau and is adja-
cent to the Weihe River Valley and Guanzhong Basin, and the main water supply aquifer
in this area is a phreatic aquifer with thickness ranging from 25 to 60 m [34,39]. The main
objective of the present study is to enhance the understanding of the association between
water quality and health risk assessment. Specifically, this study aims to characterize the
major pollutants in shallow groundwater, to check their concentration based on the depth
of wells, to determine the water quality index and make its distribution map, and to assess
the water’s potential risks to human health. To understand the status of groundwater
quality, the water quality index (WQI), hydrochemical correlation analysis, and graphical
approaches were used. The health risk assessment was performed considering daily aver-
age exposure dosage through oral pathway per unit weight (mg/(kg.d)) for drinking water
intake; and for dermal contact, the exposure dosage of every single event in mg/cm2 and
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the skin surface (cm2) were taken into consideration. Geographical information system
approaches helped to better understand the results of this study.

2. Materials and Methods
2.1. Study Area

Tongchuan City is 70 km away from Xi’an City, the capital city of Shaanxi Province
(Figure 1). It belongs to the Chinese Loess Plateau, with longitude between 108◦35′44” E and
109◦29′22” E and latitude between 34◦48′27” N and 35◦35′23” N. The altitude of Tongchuan
City ranges from 900 to 1350 m above mean sea level [39]. The study area is situated in
the middle edges of Loess Plateau and adjacent to the Weihe River Valley and Guanzhong
Basin [34,40]. Tongchuan lies in the transition zone of semi-humid and semi-arid climate
with annual mean rainfall and evaporation of around 540 and 1964 mm, respectively.
The annual temperature of Tongchuan City is 8.9–12 ◦C [34,39]. Precipitation, reservoir
leakage and irrigation are the main recharges of groundwater, whereas discharge to some
rivers such as the Beiluo River and Juhe River, evaporation and artificial extraction [34]
are the main discharge pathways of groundwater. Li et al. [39] estimated the groundwater
recharge at 52.8% from precipitation and 40.1% from irrigation infiltration, whereas 37.4%
and 44.9% of groundwater were discharged by artificial extraction and the lateral outflow,
respectively. Geologically, the study area is dominated by Quaternary loess divided into
three landforms, including loess tableland, loess gully and alluvial terrace. Furthermore,
this area has several layers from top down [39]: Holocene loess layer and upper Pleistocene
loess layer, which are unsaturated. The middle Pleistocene layer is composed of silty clay,
which separates the phreatic aquifer and the confined aquifer partially formed by the
lower Pleistocene loess layer, alluvial, sand and gravel layers. The phreatic aquifer with a
thickness of 25 to 60 m is the main water supply aquifer in this area.

Water 2021, 13, x FOR PEER REVIEW 3 of 21 
 

 

and graphical approaches were used. The health risk assessment was performed consid-
ering daily average exposure dosage through oral pathway per unit weight (mg/(kg.d)) 
for drinking water intake; and for dermal contact, the exposure dosage of every single 
event in mg/cm2 and the skin surface (cm2) were taken into consideration. Geographical 
information system approaches helped to better understand the results of this study. 

2. Materials and Methods 
2.1. Study Area 

Tongchuan City is 70 km away from Xi’an City, the capital city of Shaanxi Province 
(Figure 1). It belongs to the Chinese Loess Plateau, with longitude between 108°35′44″ and 
109°29′22″ E and latitude between 34°48′27″ and 35°35′23″ N. The altitude of Tongchuan 
City ranges from 900 to 1350 m above mean sea level [39]. The study area is situated in the 
middle edges of Loess Plateau and adjacent to the Weihe River Valley and Guanzhong 
Basin [34,40]. Tongchuan lies in the transition zone of semi-humid and semi-arid climate 
with annual mean rainfall and evaporation of around 540 and 1964 mm, respectively. The 
annual temperature of Tongchuan City is 8.9–12 °C [34,39]. Precipitation, reservoir leak-
age and irrigation are the main recharges of groundwater, whereas discharge to some riv-
ers such as the Beiluo River and Juhe River, evaporation and artificial extraction [34] are 
the main discharge pathways of groundwater. Li et al. [39] estimated the groundwater 
recharge at 52.8% from precipitation and 40.1% from irrigation infiltration, whereas 37.4% 
and 44.9% of groundwater were discharged by artificial extraction and the lateral outflow, 
respectively. Geologically, the study area is dominated by Quaternary loess divided into 
three landforms, including loess tableland, loess gully and alluvial terrace. Furthermore, 
this area has several layers from top down [39]: Holocene loess layer and upper Pleisto-
cene loess layer, which are unsaturated. The middle Pleistocene layer is composed of silty 
clay, which separates the phreatic aquifer and the confined aquifer partially formed by 
the lower Pleistocene loess layer, alluvial, sand and gravel layers. The phreatic aquifer 
with a thickness of 25 to 60 m is the main water supply aquifer in this area. 

 
Figure 1. Study area and samples distribution. 

2.2. Groundwater Samples 

Figure 1. Study area and samples distribution.

2.2. Groundwater Samples

For this study, 48 groundwater samples were collected from the wells and boreholes
distributed in the study area. The criteria for the selection of water samples were based on
the depth of wells, water purposes and the zone of collection. The sampling locations were
recorded by coordinates using a portable GPS device and are shown as Figure 1. Samples
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were collected in pre-cleaned plastic polyethylene bottles for physicochemical analysis after
the wells were pumped for 10 min. Before sampling, all the containers were washed and
rinsed thoroughly with the groundwater to be sampled. Water was filtered through 0.45 µm
filter during sampling. Sample collection, handling, and preservation complied with
the standard procedures recommended by Standard Examination Methods for Drinking
Water [30] to ensure data quality and consistency. The water samples were analyzed in the
Soil and Water Testing Center of Shaanxi Institute of Engineering Investigation, China.

2.3. Chemical Analysis and Data Processing

The samples were analyzed for physical and chemical parameters, including temper-
ature, pH, electrical conductivity (EC), total hardness (TH), total dissolved solids (TDS),
major ions (Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−, NO3

−, NO2
− and F−), and Cr6+.

Some parameters such as pH, EC and temperature were recorded on the field by portable
multi-parameter devices. Drying and weighing approach was used to measure TDS.
Na+ and K+ were determined using flame atomic absorption spectrometer and TH, Ca2+,
and Mg2+ were analyzed using EDTA titrimetric methods. Spectrophotometer and ion
chromatography were used to determine the enrichment of NO2

−, NO3
−, and SO4

2−,
respectively. Standard titration method using AgNO3 as a reactant solution was used to de-
termine the concentration of Cl−. Traditional titrimetric and ion selective electrode methods
were used to determine HCO3

−, and F−, respectively. Ion chromatographic-colorimetric
analytical principle was used to determine Cr6+.

The evaluation of water suitability for drinking purposes was based on the concentra-
tions of physical and hydrochemical characteristics of the considered samples compared
to the limits of physicochemical parameters recommended by the WHO [14,41,42]. The
groundwater quality standards set by the Ministry of Health of the People’s Republic of
China, and the Standardization Administration of the People’s Republic of China [43] were
also considered in this study.

2.4. Statistical Analysis and Computing

In this study, statistical analysis was conducted by using SPSS 25 for Pearson’s correla-
tion. Pearson’s correlation coefficient (r) helps to quantify the significance of a relationship
between two parameters and was widely used in groundwater quality assessment because
it gives a quick correlation value. Its mathematical formula is expressed as follows [44]:

rxy =

i =
n
∑

i=1
(xi − x)(yi − y)

√
n
∑

i=1
(xi − x)2 n

∑
i=1

(yi − y)2

(1)

where, rxy represents the correlation coefficient between the parameters x and y, n denotes
the sample size, xi is the individual value of the parameter x, x is the mean value of the
parameter x, yi stands for the individual value of the parameter y, and y denotes the mean
value of the parameter y.

The values of correlation coefficient can be classified as very strong for r ≥ 0.80, strong
for 0.60 ≤ r < 0.80, moderate for 0.40 ≤ r < 0.60, weak for 0.20 ≤ r < 0.40, and very weak
for r < 0.20. In addition, the correlation coefficient is evaluated on the basis of p value.
The correlation coefficient is statistically considered as highly significant when p < 0.01,
marginally significant when p < 0.05, and not significant when p > 0.10 [44].

For various computing and plots, Microsoft Office 2016 (Excel and Word), Origin 2018,
and Grapher 12 were used. Parameter analysis, Piper [45] and Durov [46] diagrams plots
were executed using AqQA software. Finally, for mapping, ArcMap 10.3 software was
used to locate samples and make a water quality distribution map. This map was obtained
using Bayesian Kriging method, which is an automatic Geo-statistical interpolation pack-
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age incorporated in ArcGIS software. The general Kriging equation can be described as
follows [47]:

Z∗
(
xp
)
=

n

∑
i=1

λiZ(xi) with
n

∑
i=1

λi = 1 (2)

where λi is the Kriging weight; Z*(xp) estimates the unknown true value.

2.4.1. Water Quality Index (WQI)

To evaluate groundwater quality status in the study area, method of water quality
index (WQI) was used to integrate comprehensive information through the analysis of
physicochemical parameters [31,48–51]. In other words, WQI is a single numerical value
obtained by combining a large water quality data [52,53]. First, each chemical parameter is
assigned with a weight (wi), which is determined by affecting the degree of the parameters
to groundwater quality. The relative weight (Wi) is computed as:

Wi =
wi

n
∑

i=1
wi

(3)

where, Wi is the relative weight, wi is the assigned weight of each parameter, n is the
number of parameters. The value of wi ranges from 1 to 5 according to the impact of the
contaminant on human health.

Then, the quality rating scale (qi) can be computed by:

qi =
Ci
Si
× 100 (4)

where, qi is the quality rating scale, Ci is the concentration of each chemical parameter in
each water sample in mg/L, and Si is the standard for each chemical parameter.

To calculate the WQI, SIi has to be determined with the following equations:

SIi = Wi × qi (5)

WQI = ∑ SIi (6)

where, SIi is the sub-index of the ith parameter and WQI is the water quality index.
The computed WQI values are classified into five categories [15,31,48,54]: excellent

water (<50), good water (50–100), poor water (100–200), very poor water (200–300), and
unsuitable water (>300).

2.4.2. Human Health Risk Assessment

The evaluation of drinking water quality needs to be completed by a health risk
assessment as polluted water may cause adverse effects on the human body through water
intake and dermal contact [1,38,42]. In this study, the potential risks through dermal contact
pathway were neglected for non-carcinogenic risk because it is usually low [27,38,39], and
water contamination in the study area was not considerably high as listed in Table 1.
The risk assessment parameters selected for this study are NH4

+, NO3¯, NO2¯, F¯ and
Cr6+, using the models recommended by the Ministry of Environmental Protection of the
P.R. China [30], which are also based on the model recommended by the United States
Environmental Protection Agency [29,39].
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Table 1. Statistical analysis of physicochemical indices for water samples collected in Tongchuan.

Indices Sample
Size Min Max Mean Median Standard

Deviation
Chinese

Standards
WHO

Guidelines
Detection

Limits
% Exceeding

Standards

pH 48 7.05 8.39 7.77 7.79 0.30 6.5–8.5 6.5–8.5 0.01 0 1,2

TH 48 175 731 350 340 115 450 500 1 17 1, 10.4 2

TDS 48 252 1224 540 512 216 1000 1000 5 4.2 1,2

EC 48 519 1501 870 824 352 / / 0.01 /
Na+ 48 4.8 282.0 51.8 29.6 65.7 200 200 2 8.3 1,2

K+ 48 0.88 73.10 3.99 2.04 10.36 / / 0.01 0 1,2

Ca2+ 48 4.8 282.0 51.8 29.6 65.7 / / 0.5 36 2

Cr6+ 48 BDL 0.071 0.027 0.010 0.030 0.05 0.05 0.0002 6.2 1,2

Mg2+ 48 2.4 57.1 26.4 26.1 11.3 / / 0.5 4.2 2

Cl− 48 2.0 144.0 37.5 18.0 40.0 250 250 0.5 0 1,2

SO4
2− 48 4.80 572.00 79.19 48.00 93.76 250 500 0.5 2 1,2

HCO3
− 48 201 604 389 384 91 / / 1 /

NO3
−-

N 48 BDL 262.00 32.66 16.41 49.25 20 50 0.009 45.8 1, 18.5 2

NH4
+ 48 BDL 0.13 0.00 0.00 0.02 0.50 1.5 0.025 0 1,2

NO2
−-

N 48 BDL 0.46 0.07 0.01 0.13 1 3 0.013 0 1,2

F- 48 0.18 2.34 0.47 0.42 0.33 1 1.5 0.01 4.2 1,2

1 Percentage of samples exceeding the P.R. China national standards, 2 percentage of samples exceeding WHO standards. BDL, below
detection limit. All units for all parameter indices are in mg/L, except for pH (non-dimensional) and EC (µS/cm).

According to the references mentioned above, the non-carcinogenic risk through the
oral intake pathway is calculated as follows:

Intakeoral =
C× IR× EF× ED

BW × AT
(7)

HQoral =
Intakeoral
R f Doral

(8)

where Intakeoral denotes the daily average exposure dosage through oral pathway per
unit weight (mg/(kg·d)), C is the concentration of the parameter in water (mg/L), and
IR represents the ingestion rate of water through drinking (L/d). EF and ED represent
the exposure frequency (d/a) and exposure duration (a), respectively. BW and AT are the
average body weight (kg) and average time of non-carcinogenic effects (d), respectively.

For this study, the ingestion rate of water used was based on statistical investigation
that considers 1.5 L per day for adults and 0.7 L per day for children under 12 years old [38].
For non-carcinogenic risk assessment, EF is 365 days per year for both adults and children.
ED is 30 years for adults and 12 years for children. BW is 15.9 kg for children, 56.8 kg for
adults [30]. The average time (AT) for non-carcinogenic effects on children is 4380 days,
whereas it is 10,950 days for female and male adults. HQoral and RfDoral represent the hazard
quotient and the reference dosage for non-carcinogenic pollutants through the oral exposure
pathway (mg/(kg.d)), respectively. This study considered the RfDoral values for NH4

+,
NO3

−, NO2
−, F− and Cr6+ as 0.97, 1.6, 0.1, 0.04 and 0.003 mg/(kg.d), respectively [1,30,38].

HQ with a value exceeding 1 indicates a high potential health risk [21]. In addition, Cr6+

can also cause carcinogenic risks through drinking water intake and dermal contact. The
total carcinogenic risk is the sum of calculated cancer risk through drinking pathway and
that of dermal contact and is calculated as follows [1,30]:

CRoral = Intakeoral × SForal (9)

CRdermal = Intakedermal × SFdermal (10)

SFdermal =
SForal
ABSgi

(11)
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CRtotal = CRoral + CRdermal (12)

where CRoral represents the carcinogenic risk through the oral exposure pathway. The
CR limit is set as 1 × 10−6. Intakeoral denotes daily average exposure dosage through
oral pathway per unit weight (mg/(kg·d)), SForal is the slope factor for the carcinogenic
pollutants (mg/(kg·d)−1. The SForal value of Cr6+ is set as 0.5 (mg/(kg·d))−1 by the
Ministry of Environmental Protection of the P.R. China [30]. ABSgi is the gastrointestinal
absorption factor, and its value is 1 for all contaminants except for Cr6+, with ABSgi equals
0.025 [1,30,55].

The Intakedermal is calculated as [1,30,38] as in Equations (13)–(15):

Intakedermal =
DA× EV × SA× EF× ED

BW × AT
(13)

DA = K× C× t× CF (14)

SA = 239× H0.417 × BW0.517 (15)

where DA and SA are the exposure dosage of every single event in mg/cm2 and the
contacting area skin surface (cm2), respectively. EV is the daily exposure frequency of
dermal contact set at 1 for this study. ED is the exposure duration for carcinogenic risk,
different from non-carcinogenic risk, and is set as 25,550 days for both adults and children.
K is the coefficient of skin permeability (0.001 cm/h), t is the contact duration, which is
set as 0.4 h/day for both adults and children [1,38]. CF is a conversion factor that equals
0.001, and H denotes the average height of the population estimated at 165.3 cm for males,
153.4 cm for females and 99.4 for children [1].

3. Results and Discussion
3.1. Physicochemical Parameters

Groundwater quality data were first checked for reliability and accuracy by calculating
the correlation between EC and the sum of cations on one hand and with the sum of anions
on the other hand. The results show a good correlation with R2 > 0.8 (Figure 2a,b. The
reliability of groundwater quality data was also checked by the ion charge balance between
cations and anions as follows:

E(%) =
Nc − Na

Nc + Na
× 100 (16)

where, Nc and Na denote total concentrations of cations and anions of a sample in meq/L,
respectively. The biggest value of E was 3.14%, which indicated that the samples were
reliable, as the E value was between −5% and +5%.

The physicochemical indices of groundwater samples were statistically analyzed, and
the results are listed in Table 1. The pH values in this study ranged from 7.05 to 8.39,
which were within the guidelines set by the WHO [42] for drinking water (6.5 to 8.5).
Hem [56] concluded that the pH of groundwater was controlled by the equilibrium of
CO3

2−, CO2 and HCO3
−, and interpreted the chemical characteristics of natural water.

The mean pH value of groundwater samples was 7.77, which was suitable for drinking
purpose. Mechenich and Andrews [57] considered the range of pH values from 7.5–8.3
as an ideal values range for drinking water. Thus, it can be assumed that pH values for
drinking water in Tongchuan City are good and ideal. However, 12 samples (25% of the
total samples) showed slight alkalinity of the drinking water in the study area with pH
ranging from 8 to 8.39. Alkalinity is not only associated with high pH values, but also with
hardness and excessive TDS [33].
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According to the average pH value, the groundwater in the study area can be used
as drinking water. However, when comparing the detected TDS and TH values with the
drinking water standards, there were two samples (4.2%) with TDS exceeding 1000 mg/L,
and five samples (10.4%) with TH exceeding 500 mg/L. At the same time, referring to the
drinking water quality guidelines recommended by the Ministry of Health of the People’s
Republic of China, there were eight samples (17%) whose TH exceeded 450 mg/L. This
would be considered as hard water [1]. However, this classification is far different from
the drinking water classification early made by Freeze and Cherry [58] (Table 2) based on
TH. The groundwater classification on the basis of TDS and TH [14,31,58,59] in Tongchuan
are as follows (Table 2): 35.4% and 64.6% of samples were hard water or very hard water;
47.9% were desirable and permissible for drinking; 95.8% were fresh water and 4.2% were
brackish.

Table 2. TDS and TH-based classification of groundwater for drinking purpose in Tongchuan.

Parameters Range Water Type % of Samples

TH

<75 Soft 0
75–150 Moderately hard 0

150–300 Hard 35.4
>300 Very hard 64.6

TDS

<500 Desirable for drinking 47.9
500–1000 Permissible for drinking 47.9

<1000 Fresh water 95.8
>1000 Brackish 4.2

In addition, the TH values of water are the measures of the dissolved Ca2+ and Mg2+

content, which are expressed in CaCO3 mg/L and can be associated EC, which is normally
twice the hardness for uncontaminated water [23,57]. Otherwise, if it is higher than that
proportion, it provides information on the presence of components such as Na+, Cl− or
SO4

2− [57]. Through the analysis of the physical and chemical indicators of the samples
in the study area, the average values of EC and TH were 869.75 µS/cm and 349.94 mg/L,
respectively, and the conductivity was greater than two times of the TH, which indicated
that slightly high concentrations of Na+, Cl−, and SO4

2− were in some groundwater
samples.

The order of major cations in the groundwater samples from the study area was Ca2+

> Na+ > Mg2+ > K+, with average values of 96.62, 51.81, 26.43, and 3.99 mg/L, respectively.
The order of major anions of the samples was HCO3

− > SO4
2− > Cl−, with average values

of 389.29, 79.19, and 37.49 mg/L, respectively.
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Indicated by the detected results of the samples, there was no HN4
+ contamination

in the groundwater of the study area because the maximum HN4
+ concentration of the

samples (0.13 mg/L) was in the range of natural levels of HN4
+ in groundwater (below

0.2 mg/L), according to WHO [42]. The concentration of HN4
+ in water is an indicator

of possible bacterial, sewage, landfill, and animal waste pollution [30]. The concentration
of Cl− was not excessive in the analyzed samples from drinking water as it ranged from
2 to 144 mg/L. The WHO [42] has not set a health-based guideline value for Cl−, but a
concentration exceeding 250 mg/L can cause the water to be unsuitable for drinking as
high Cl− waters have a laxative effect for some people [33,55].

Although there is no health-based guideline value for Na+ in potable water according
to WHO [42], if its concentration exceeds 200 mg/L, it may taste bad, and excessive
intake may cause hypertension [18]. Na+ concentrations of four samples (8.3% of the total
samples) slightly exceeded that threshold for the present study. A value of K+ exceeding
12 mg/L in drinking water gives it a bitter taste [31]. In this study, only two samples (4.2%)
exceeded this permissible limit. SO4

2− was not excessive, except in one sample, where its
concentration exceeded (572 mg/L) the SO4

2− concentration limit proposed by WHO [30]
for potable water, which is 500 mg/L.

To check the simultaneous occurrence of NO3
− and NO2

− in drinking water, the sum
of the ratios of the concentration of each over its guideline value (GV) should not exceed
1 [42]:

Cnitrate
GVnitrate

+
Cnitrite

GVnitrite
≤ 1 (17)

where Cnitrate is the concentration of NO3
−, Cnitrite is the concentration of NO2

−, and
GVnitrate and GVnitrite are the guideline values of NO3

− and NO2
−, respectively.

The application of this formula reveals that 16.6% of the groundwater samples were
in the situation of simultaneous occurrence of NO3

− and NO2
− in drinking water. Further-

more, in the presence of microbial contamination, especially due to fecal contamination in
drinking water, the health risk to infants is high [42].

In this study, 6.2% of the groundwater samples slightly exceeded the guideline value
of permissible concentration in drinking water, which is 0.05 mg/L [43]. Fluoride is
important for drinking water, with a concentration ranging from 0.7 to 1.2 mg/L, as it
protects against dental cavities and strengthens the bones. When F− concentration exceeds
1.5 mg/L, it causes teeth mottling, fluorosis or discoloration [33,42,60,61] as well as other
health problems such as nervous system harm and urinary tract disease [62,63]. Although
there were two samples with F− concentration exceeding 1.5 mg/L, most of the samples
(83.3%) were associated with low F− concentrations below 0.7 mg/L. Therefore, to ensure
the good health of the population in Tongchuan City, F− should be added in drinking water
to the majority of wells and be reduced in a few wells to avoid potential health hazards. In
addition, 50 mg/L of the guideline value for NO3

− was established by WHO [42] to protect
the most sensitive populations. However, this population must be free of adverse health
effects such as methemoglobinemia and thyroid effects at a concentration below 50 mg/L
of NO3

−. This health risk can seriously affect bottle-fed infants when mathemoglobinemia
is complicated by the presence of microbial contamination and subsequent gastrointestinal
infection that manifests as diarrhea.

Excessive boiling of water for microbiological safety purposes may increase the con-
centration of NO3

−. Water for drinking should be heated until it reaches a rolling boil [42].
For NO3

−, 45.8% of the samples exceeded the limits (20 mg/L) set by the Ministry of
Health of the P.R. China [43].

3.2. Relationship between Depth of Wells and the Concentration of Physicochemical Parameters

Figure 3 shows the scatter plot of F−, Na+, and NO2
− concentrations with groundwa-

ter level depth. It shows that the water samples were mostly concentrated in the shallow
depth (less than 30 m). Fluoride is present in lower concentrations in shallow groundwater
than in deep groundwater. This is because the dissolution of F-containing minerals such as
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fluorite is an important source of F− in groundwater of the study area, and the amount
of fluorite is higher in the deep aquifer. The alkaline pH can influence CaF2 activity and
favors the mobilization of F− from soil and weathered rocks into groundwater. This as-
sumption was also formulated by other researchers [64–66]. The enrichment of F− can also
be influenced by the ratio between HCO3

−, Na+ and Ca2+ in groundwater, as confirmed
by Saxena and Ahmed [67], Rango et al. [68], and Kimambo et al. [64]. Na+ concentration
is lower in the shallow aquifer, which also supports the phenomenon of low F− in shallow
groundwater.
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Samples with low concentration of NO2
− are usually observed in the shallow aquifer

than in the deep aquifer. This may be due to the oxidation environment in the shallow
aquifer that favors the transformation of NO2

− to NO3
−. Numerous studies have shown

that human activities such as agriculture, industry, domestic sewage, landfills, and house-
hold waste influences shallow groundwater quality [1,32,69].

3.3. Hydrochemical Types of Groundwater

The Durov diagram depicted in Figure 4b reveals that most of the samples are concen-
trated in the field of HCO3-Ca type and combined HCO3·SO4-Ca·Mg type. This situation
may result from the dissolution of CO3

− minerals and F− [68]. As also discussed by
Ravikumar et al. [70] and Lloyd and Heathcote [71], the HCO3-Ca dominant frequently
indicates that recharging waters in limestone and sandstone is associated with dolomite.
To assess the water quality, a Piper diagram (Figure 4a) was used to characterize the hy-
drogeochemical facies of groundwater samples from the study area. The Piper plot shows
that Ca2+, Na+, and Mg2+ are dominant cations in the region. Conversely, HCO3

− and
SO4

2− dominate the facies, while Cl− is quasi-inexistent. The general classification of all
samples shows 81.25% Ca·Mg-HCO3, 8% Ca·Mg-SO4·Cl, 4.1% Na-Cl and 6.25% Na-HCO3
water type (Figure 4a). The dominant Ca·Mg-HCO3 type may indicate that the influence of
dissolution on groundwater chemistry is more considerable, and it signifies the dominance
of alkaline earths over alkalis; weak acids exceed strong acids. This observation was also
found by other researchers, notably Xu et al. [72], Ravikumar et al. [70] and Singh et al. [16].
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3.4. Hydrochemical Correlation Analysis of Water Quality

To better understand the major hydrogeochemical processes that control the chemical
characteristics, it is necessary to carry out a Pearson’s correlation analysis that shows
the relationship between each pair of physicochemical indices [39,73]. Table 3 gives the
correlation values of physicochemical parameters of water samples.

Table 3. Pearson correlation matrix between physicochemical parameters of water samples.

K+ Na+ Ca2+ Mg2+ NH4
+ Cl− SO42− HCO3− NO3− NO2− TDS TH pH F− EC Cr6+

K+ 1 −0.030 0.164 0.056 0.099 0.036 0.061 0.150 0.163 −0.011 0.145 0.166 −0.110 −0.054 0.137 −0.06
Na+ 1 −0.186 0.313 −0.015 0.727 0.745 0.360 −0.097 0.108 0.765 −0.036 0.287 0.602 0.742 0.375
Ca2+ 1 0.103 0.346 0.255 0.225 0.334 0.521 0.017 0.436 0.916 −0.721 −0.500 0.469 −0.354
Mg2+ 1 0.395 0.525 0.342 0.271 0.509 0.335 0.551 0.494 0.143 0.188 0.488 0.23
NH4

+ 1 0.311 0.103 0.072 0.431 0.482 0.295 0.462 −0.115 −0.051 0.277 −0.06
Cl− 1 0.623 0.243 0.456 0.304 0.860 0.436 0.083 0.343 0.857 0.14
SO4

2− 1 0.148 −0.000 −0.025 0.804 0.335 −0.118 0.107 0.804 −0.02
HCO3 1 0.012 0.054 0.504 0.401 −0.223 0.230 0.469 0.340
NO3

− 1 0.364 0.395 0.662 −0.108 −0.045 0.384 −0.01
NO2

− 1 0.207 0.151 0.259 0.347 0.141 0.343
TDS 1 0.604 −0.123 0.274 0.980 0.18
TH 1 −0.571 −0.360 0.607 −0.22
pH 1 0.598 −0.148 0.379
F− 1 0.209 0.703
EC 1 0.10
Cr6+ 1

Bold number indicates that the correlation is significant at the 0.05 level (two-tailed). Italic number indicates that the correlation is significant
at the 0.01 level (two-tailed).

As shown in Table 3, there is a strong correlation, which is explained by ions exchange
between TDS and EC with r = 0.980 at the level of p > 0.01, Ca2+ content and TH with
r = 0.916 at the level of p > 0.01, Cl- and TDS with r = 0.860 at the level of p > 0.01, Cl− and
EC with r = 0.857 at the level of p > 0.01, and SO4

2− correlates with TDS and EC with both
r = 0.804 at the level of p > 0.01. In addition, a strong correlation exists between Na+ and
TDS, SO4

2−, EC, and Cl− with r = 0.765, 0.745, 0.742, and 0.727, respectively. Furthermore,
there is a strong relationship between NO3

− and TH with r = 0.662 at the level of p > 0.01,
Cl− and SO4

2− with r = 0.623 at the level of p > 0.01, TH and EC with r = 0.607 at the level
of p > 0.01, and Na+ and F− with r = 0.602 at the level of p > 0.01.

Although all the aforementioned correlations between parameters are positive, there
is a strong negative correlation between Ca2+ and pH with r =−0.721 at the level of p > 0.01.
Ca2+ and Mg2+ are significantly correlated to TH because they contribute to the water
hardness.
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A strong correlation between Cr6+ and F− with r = 0.703 at level p > 0.05, which may
be due to the oxidation mechanism of Cr3+ to Cr6+ in the presence of F− in groundwater,
was observed. Finally, a significant correlation between Cr6+ and both Na+ and pH was
also noticeable. All these parameters may have triggered the mobilization of Cr in the
groundwater system [29].

3.5. Water Quality Index Assessment

Table 4 shows the weight assigned to each parameter, and the relative weights are
calculated using Formula (3).

Table 4. Relative weight of physicochemical parameters. All units for all parameter indices are in
mg/L, except pH (non-dimensional).

Parameters Chinese Standards Weight (wi) Relative Weight (Wi)

pH 6.5–8.5 4 0.0714
TH 450 5 0.0893
TDS 1000 5 0.0893
Na+ 200 2 0.0536
Cr6+ 0.05 5 0.0893
Cl− 250 2 0.0357

SO4
2− 250 4 0.0714

NO3
− 20 5 0.0893

NH4
+ 0.5 5 0.0893

NO2
− 1 4 0.0893

F− 1 4 0.0714

Table 5 lists the water quality assessment results. As shown in Table 5, 37 of the
samples (77.1%) are of excellent quality, 9 samples (18.7%) are of good quality, and 2 samples
(4.2%) are of poor quality. The most significant parameters affecting the water quality in
the study area are NO3

−, F−, and Cr6+.
Water without excellent quality is dominated by wells with low depth represented by

samples TW1-052, TW1-047, TW1-041, TW2-021, TW2-66 and TW2-67 with 2, 3, 2, 3, 10,
and 8 m, respectively.

The contamination source of the wells represented by samples TW1-052, TW1-047,
TW1-041 might be the ravines situated nearby. These ravines may bring contaminated
water that leaks in the phreatic and shallow aquifer. The other concerned wells with low
depth were possibly contaminated by human activities, as they are located in residential
and agricultural areas.

As depicted in Figure 5, a major part of Tongchuan is dominated by excellent water
and can be used for drinking purpose. However, in some towns such as Yuhua, Wangshiao,
and Chenlu, for example, groundwater quality is not suitable for drinking. Therefore, water
needs pretreatment before drinking, and taking effective measures to prevent groundwater
pollution is imperative. Low deep wells should also be drilled deeply to avoid contamina-
tion by surface water leakage and pollution caused by human activities.

3.6. Health Risk Assessment

Table 6 presents the calculated health risk to adults and children when they are
exposed to the contaminants in groundwater through drinking water intake. The total
health risk due to contaminated drinking water intake ranges from 0.21 to 4.71, with a mean
of 0.89 for adults. For children, the health risk is evaluated through the hazard quotient
ranged from 0.35 to 7.85 with a mean of 1.52. Considering that HQ > 1 for non-carcinogenic
risk indicates high potential health risk [1], water from wells represented by samples TW1-
008, TW1-009, TW1-037, TW1-041, TW1-047, TW1-049 to TW1-054, TW1-059 to TW1-061,
TW2-014 to TW2-067 was not safe, especially for children.
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Table 5. Water quality index values and water types of the samples.

Samples WQI Water
Quality Samples WQI Water

Quality Samples WQI Water
Quality

TW1-002 15.02 Excellent TW1-038 22.99 Excellent TW1-060 51.38 Good
TW1-003 14.75 Excellent TW1-039 13.70 Excellent TW1-061 26.24 Excellent
TW1-004 16.73 Excellent TW1-041 51.76 Good TW2-014 46.40 Excellent
TW1-005 20.98 Excellent TW1-043 57.22 Good TW2-018 64.38 Good
TW1-007 25.96 Excellent TW1-046 24.53 Excellent TW2-021 187.45 Poor
TW1-008 39.18 Excellent TW1-047 76.75 Good TW2-022 44.63 Excellent
TW1-009 41.89 Excellent TW1-048 18.71 Excellent TW2-037 17.05 Excellent
TW1-010 12.24 Excellent TW1-049 51.04 Good TW2-042 32.21 Excellent
TW1-012 30.86 Excellent TW1-050 16.25 Excellent TW2-043 13.98 Excellent
TW1-013 12.02 Excellent TW1-051 14.03 Excellent TW2-044 33.59 Excellent
TW1-014 18.41 Excellent TW1-052 166.56 Poor TW2-045 39.97 Excellent
TW1-023 13.20 Excellent TW1-053 39.17 Excellent TW2-057 23.71 Excellent
TW1-025 14.05 Excellent TW1-054 59.63 Good TW2-058 19.68 Excellent
TW1-032 16.13 Excellent TW1-055 25.67 Excellent TW2-066 54.70 Good
TW1-036 21.27 Excellent TW1-058 23.88 Excellent TW2-067 50.18 Good
TW1-037 38.25 Excellent TW1-059 31.14 Excellent TW2-069 15.90 Excellent
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As shown in Figure 6, NO3
− contributes a considerable amount to non-carcinogenic

risk for both adults and children and is followed by F−, Cr6+, and lastly, by NO2
−.

The respective HQ mean values for adults are 0.54, 0.31, 0.02, 0.02, and 0.90, 0.52,
0.07, and 0.03 for children. HN4

+ has zero contribution to health risk in this study area for
both adults and children. High nitrate health risk is probably due to the anthropogenic
activities, especially fertilizers in agriculture [21]. In addition, Wei et al. [34] reported that
NO3

− pollution was a major environmental geological problem in the groundwater for
this region. Overall, 27.1% and 54.2% of the samples present a health risk through drinking
water intake for adults and children, respectively.
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Table 6. Calculated hazard quotient (HQ) of non-carcinogenic risk for adults and children.

Samples
Adults Children

HQNH4
+ HQNO3− HQNO2− HQF− HQCr

6+ HQT HQNH4
+ HQNO32− HQNO2− HQF− HQCr

6+ HQT

TW1-002 0.00 0.06 0.00 0.15 0.00 0.21 0.00 0.10 0.01 0.24 0.00 0.35
TW1-003 0.00 0.06 0.00 0.34 0.00 0.41 0.00 0.10 0.00 0.57 0.00 0.68
TW1-004 0.00 0.00 0.12 0.25 0.11 0.48 0.00 0.00 0.19 0.42 0.21 0.82
TW1-005 0.00 0.00 0.01 0.34 0.00 0.36 0.00 0.00 0.02 0.57 0.00 0.59
TW1-008 0.00 0.37 0.00 0.31 0.00 0.68 0.00 0.61 0.01 0.52 0.00 1.13
TW1-009 0.00 0.26 0.01 0.50 0.00 0.76 0.00 0.43 0.01 0.84 0.00 1.28
TW1-010 0.00 0.00 0.00 0.27 0.00 0.27 0.00 0.00 0.00 0.45 0.00 0.45
TW1-012 0.00 0.11 0.00 0.28 0.00 0.39 0.00 0.18 0.00 0.47 0.00 0.65
TW1-013 0.00 0.07 0.00 0.26 0.00 0.33 0.00 0.12 0.00 0.43 0.00 0.55
TW1-014 0.00 0.18 0.00 0.13 0.00 0.32 0.00 0.31 0.00 0.22 0.00 0.53
TW1-023 0.00 0.00 0.01 0.28 0.00 0.29 0.00 0.00 0.01 0.47 0.00 0.48
TW1-025 0.00 0.12 0.00 0.29 0.00 0.41 0.00 0.19 0.00 0.48 0.00 0.68
TW1-032 0.00 0.25 0.00 0.20 0.00 0.45 0.00 0.42 0.01 0.33 0.00 0.76
TW1-036 0.00 0.15 0.00 0.24 0.00 0.39 0.00 0.25 0.00 0.40 0.00 0.65
TW1-037 0.00 0.61 0.01 0.18 0.00 0.81 0.00 1.01 0.02 0.31 0.00 1.34
TW1-038 0.00 0.29 0.00 0.21 0.00 0.50 0.00 0.48 0.00 0.35 0.00 0.84
TW1-039 0.00 0.09 0.00 0.30 0.00 0.40 0.00 0.15 0.01 0.51 0.00 0.67
TW1-041 0.00 1.08 0.01 0.21 0.00 1.30 0.00 1.80 0.02 0.35 0.00 2.16
TW1-043 0.00 0.33 0.00 0.32 0.00 0.66 0.00 0.55 0.00 0.54 0.00 1.09
TW1-046 0.00 0.07 0.00 0.19 0.00 0.26 0.00 0.12 0.00 0.32 0.00 0.44
TW1-047 0.00 2.15 0.01 0.24 0.00 2.39 0.00 3.58 0.01 0.40 0.00 3.99
TW1-048 0.00 0.00 0.00 0.33 0.00 0.33 0.00 0.00 0.00 0.55 0.00 0.55
TW1-049 0.00 1.16 0.00 0.25 0.00 1.42 0.00 1.94 0.01 0.42 0.00 2.36
TW1-050 0.00 0.12 0.00 0.28 0.00 0.40 0.00 0.21 0.00 0.46 0.00 0.67
TW1-051 0.00 0.00 0.00 0.30 0.00 0.30 0.00 0.00 0.00 0.51 0.00 0.51
TW1-052 0.01 3.12 0.12 0.21 0.00 3.46 0.01 5.20 0.20 0.35 0.00 5.76
TW1-053 0.00 0.75 0.00 0.25 0.00 1.01 0.00 1.25 0.01 0.42 0.00 1.68
TW1-054 0.00 1.12 0.00 0.17 0.00 1.30 0.00 1.87 0.00 0.29 0.00 2.16
TW1-055 0.00 0.36 0.00 0.20 0.00 0.55 0.00 0.59 0.00 0.33 0.00 0.92
TW1-058 0.00 0.25 0.00 0.12 0.00 0.37 0.00 0.41 0.01 0.20 0.00 0.61
TW1-059 0.00 0.51 0.00 0.18 0.00 0.69 0.00 0.85 0.00 0.31 0.00 1.16
TW1-060 0.00 1.32 0.01 0.19 0.00 1.52 0.00 2.21 0.01 0.32 0.00 2.54
TW1-061 0.00 0.38 0.00 0.24 0.00 0.63 0.00 0.63 0.00 0.41 0.00 1.05
TW2-014 0.00 0.78 0.00 0.91 0.27 1.96 0.00 1.30 0.00 1.52 1.04 3.86
TW2-018 0.00 0.28 0.10 1.54 0.23 2.16 0.00 0.47 0.17 2.58 0.90 4.11
TW2-021 0.00 4.32 0.06 0.32 0.00 4.71 0.00 7.21 0.11 0.54 0.00 7.85
TW2-022 0.00 0.98 0.00 0.24 0.00 1.23 0.00 1.64 0.00 0.41 0.00 2.05
TW2-037 0.00 0.20 0.01 0.44 0.00 0.64 0.00 0.33 0.01 0.73 0.00 1.07
TW2-042 0.01 0.40 0.05 0.36 0.00 0.83 0.01 0.67 0.09 0.61 0.00 1.37
TW2-043 0.00 0.08 0.00 0.29 0.00 0.37 0.00 0.14 0.00 0.48 0.00 0.62
TW2-044 0.00 0.43 0.10 0.28 0.02 0.83 0.00 0.71 0.17 0.46 0.09 1.43
TW2-045 0.00 0.69 0.08 0.49 0.00 1.26 0.00 1.15 0.13 0.81 0.00 2.10
TW2-057 0.00 0.34 0.02 0.39 0.00 0.75 0.00 0.57 0.04 0.65 0.00 1.26
TW2-058 0.00 0.19 0.00 0.36 0.02 0.57 0.00 0.32 0.00 0.59 0.09 1.01
TW2-066 0.00 1.13 0.01 0.32 0.00 1.45 0.00 1.88 0.01 0.53 0.00 2.42
TW2-067 0.00 0.62 0.06 0.32 0.25 1.25 0.00 1.03 0.10 0.54 0.97 2.64
TW2-069 0.00 0.00 0.00 0.29 0.00 0.29 0.00 0.00 0.00 0.48 0.00 0.48

Min 0.00 0.00 0.00 0.12 0.00 0.21 0.00 0.00 0.00 0.20 0.00 0.35
Max 0.01 4.32 0.12 1.54 0.27 4.71 0.01 7.21 0.20 2.58 1.04 7.85

Mean 0.00 0.54 0.02 0.31 0.02 0.89 0.00 0.90 0.03 0.52 0.07 1.52

In this study, Cr6+ was also considered as a carcinogenic risk pollutant. Considering
the acceptable CRtotal limit set as 1 × 10−6 by the Ministry of Environmental Protection
of the P.R. China [30], the results shown in Table 7 revealed a critical carcinogenic risk by
drinking and daily contact of water from six (12.5%) wells in the study area.
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Table 7. Calculated carcinogenic risk due to Cr6+ in water intake and dermal contact.

Samples Adults Children Samples Adults Children Samples Adults Children

TW1-002 0 0 TW1-038 0 0 TW1-060 0 0
TW1-003 0 0 TW1-039 0 0 TW1-061 0 0
TW1-004 1.00 × 10−4 2.00 × 10−4 TW1-041 0 0 TW2-014 4.95 × 10−4 8.16 × 10−4

TW1-005 0 0 TW1-043 0 0 TW2-018 4.25 × 10−4 7.01 × 10−4

TW1-007 0 0 TW1-046 0 0 TW2-021 0 0
TW1-008 0 0 TW1-047 0 0 TW2-022 0 0
TW1-009 0 0 TW1-048 0 0 TW2-037 0 0
TW1-010 0 0 TW1-049 0 0 TW2-042 0 0
TW1-012 0 0 TW1-050 0 0 TW2-043 0 0
TW1-013 0 0 TW1-051 0 0 TW2-044 4.18 × 10−5 6.89 × 10−5

TW1-014 0 0 TW1-052 0 0 TW2-045 0 0
TW1-023 0 0 TW1-053 0 0 TW2-057 0 0
TW1-025 0 0 TW1-054 0 0 TW2-058 4.18 × 10−5 6.89 × 10−5

TW1-032 0 0 TW1-055 0 0 TW2-066 0 0
TW1-036 0 0 TW1-058 0 0 TW2-067 4.60 × 10−4 7.58 × 10−4

TW1-037 0 0 TW1-059 0 0 TW2-069 0 0

CRtotal ranges from 4.18× 10−5 to 4× 10−4 for adults and from 6.89× 10−5 to 8× 10−4

for children. Similar results have also been found by He and Wu [74], Li et al. [75], Wu and
Sun [38], Liu et al. [76], Ji et al. [77], and He et al. [78] in their study on groundwater quality
and health risk assessment, which confirmed the health threats faced by the population,
especially for children in the loess area of northwest China. According to WHO [42], the
excessive Cr6+ concentration in drinking water can cause lung cancer via inhalation route.
Groundwater from wells represented by samples TW1-004, TW2-014, TW2-018, TW2-044,
TW2-058, and TW2-067 with CRtotal values of more than 1 × 10−6 must be used with
precaution for drinking purposes.

4. Conclusions

In the present study, water quality index (WQI), statistical analysis and graphical
approaches were implemented to understand the status of groundwater quality in the
Tongchuan area on the Loess Plateau, northwest China. In addition, GIS approaches helped
to map the WQI results of this study. Daily average exposure dosage through oral pathway
was taken into consideration to calculate health risks to the human body through drinking
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water intake. For dermal contact, the exposure dosage of every single event in mg/cm2

and the skin surface (cm2) were considered. The following conclusions can be achieved:

• In summary, the results of this study demonstrated that groundwater in the study area
is suitable for drinking in general. WQI approach showed that 77.1% of the samples
are of excellent quality, nine samples (18.7%) are of good quality, and two samples
(4.2%) are of poor quality.

• NO3
−, F−, and Cr6+ are the most significant parameters affecting water quality in

this study; 27.1% and 54.2% of the overall samples present a non-carcinogenic health
risk through drinking water intake for adults and children, respectively. The CRtotal
of 12.5% of the samples ranges from 4.18 × 10−5 to 4 × 10−4 for adults and from
6.89 × 10−5 to 8 × 10−4 for children, which exceeded the acceptable limit (1 × 10−6).

• NO3
− considerably contributes to non-carcinogenic risk for both adults and children

and is followed by F−, Cr6+ and lastly by NO2
−, with respective mean HQ of 0.49,

0.28, 0.02 and 0.02 for adults. For children, the mean HQ for NO3
−, NO2

−, F− and
Cr6+ are 0.95, 0.03, 0.55 and 0.07, respectively. HN4

+ has zero contribution to health
risk in this study area for both adults and children. The high concentration of NO3

−

in the study area is due to anthropogenic activities, especially fertilizers in agriculture
as also discussed by previous researchers.

• WQI is not enough to conclude whether water is suitable or not for drinking. The
assessment of carcinogenic and non-carcinogenic risk on the human body showed
that groundwater in Tongchuan was not totally safe. Therefore, water pretreatment
before drinking and taking effective measures to prevent groundwater pollution
are imperative.

This study will be helpful to local decision makers for implementing measures, policy
and strategies to protect groundwater resources and reduce the health risks of residents
by groundwater consumption through oral and dermal pathways. It is also useful for
international scholars who may find information for similar studies or its improvement.
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Abstract: Groundwater is an important source for drinking, agricultural, and industrial purposes
in the Linfen basin of the Eastern Chinese Loess Plateau (ECLP). To ensure the safety of drinking
water, this study was carried out to assess the quality using the water quality index (WQI) and
potential health risks of groundwater using the human health risk assessment model (HHRA). The
WQI approach showed that 90% of the samples were suitable for drinking, and Pb, TH, F−, SO4

2−,
and TDS were the most significant parameters affecting groundwater quality. The non-carcinogenic
health risk results indicated that 20% and 80% of the samples surpassed the permissible limit for
adult females and children. Additionally, all groundwater samples could present a carcinogenic
health risk to males, females, and children. The pollution from F−, Pb, and Cr6+ was the most serious
for non-carcinogenic health risk. Cd contributed more than Cr6+ and As to carcinogenic health risks.
Residents living in the central of the study area faced higher health risks than humans in other areas.
The research results can provide a decision-making basis for the scientific management of the regional
groundwater environment and the protection of drinking water safety and public health.

Keywords: water environment; human health risk; spatial distribution; Chinese Loess Plateau

1. Introduction

Groundwater is an indispensable part of human living space and the hydrological
cycle, providing high-quality freshwater resources for human beings. It is important for
domestic, industrial, and agricultural use globally [1–4]. For drinking purposes, approxi-
mately one-third of the world’s population rely on groundwater as a water source [5–7].
Especially in arid and semi-arid areas where the precipitation is scarce and the surface
water sources are limited, groundwater has become the main water source, or even the only
one [2,8]. As the most important water source for human survival, groundwater quality
is vital to human health. However, with the continuous population growth and rapid
economic development, groundwater pollution has become an urgent problem endanger-
ing public health and has put pressure on groundwater resources worldwide [9,10]. For
example, studies have shown that 2 types of birth defects and 15 types of cancer may be
related to long-term exposure to NO3

− contaminated groundwater [11–13]. Even at the
same groundwater NO3

− concentration, children and infants have greater health risks than
adults, especially infants prone to a disease known as “blue baby syndrome”, i.e., methe-
moglobinemia [14,15]. Fluoride is a major pollutant in groundwater on a global scale as
about 260 million people suffer from endemic fluorosis and other diseases due to the intake
of high fluoride in groundwater [16,17]. Potentially toxic elements (PTEs) in groundwater
can cumulate in the human body throughout almost the human lifespan and cause many
diseases, a matter of great concern for the past several years [18–21]. Anthropogenic sources
of groundwater pollutants include fertilization, livestock waste, domestic sewage, landfill,
metal industry, mining, and other industrial activities. Processes controlling concentrations
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of physicochemical parameters in groundwater are mainly the mineral dissolution, sorption
and desorption processes, ion exchange, reduction and oxidation processes, and chemical
weathering [22–26].

Groundwater environment assessment is the basis of sustainable utilization of regional
groundwater resources and is of great significance to ecological environment protection.
Various scientific approaches have been introduced to assess groundwater quality. Some
of these methods include set pair analysis [27], hierarchical analysis [28], matter-element
extension analysis [29], fuzzy comprehensive assessment method [2], and water quality
index (WQI) [6,8]. The WQI is an efficient tool to access water quality and its suitability
for drinking purposes. It was first developed by Horton [30] and since has been widely
used in numerous water quality assessment works [31–35]. Varol and Davraz [6] used WQI
and multivariate analysis to evaluate groundwater quality and its suitability for drinking
and agricultural uses in the Tefenni plain, Turkey. Using an improved water quality
index, Zhang et al. [36] considered that groundwater will be affected by the geological
environment and human factors during the flow process in Guanzhong Basin, China. In
recent years, groundwater quality assessment and spatial analysis based on combining
Geographic Information System (GIS) with WQI methods have proven to be a powerful
tool for spatial information management of groundwater resources [37–39].

Many scholars have also carried out human health risk assessments (HHRA) to directly
and quantitatively reflect the negative health impacts of polluted water on human beings.
This method has been widely used in the evaluation of different water bodies, such as
rivers [40,41], lakes [42], and wetlands [43], which provide useful insight to ensure human
health. For groundwater, Guo et al. [44] found that groundwater arsenic pollution caused
by landfill leachate leakage poses unacceptable carcinogenic risks to people of all ages.
Farmers continually applying fertilizers during the period between the rainy and dry
season leads to the mobilization of NO3

− and PTEs from cultivated soils to groundwater
under favoring geochemical conditions in the dry season. Therefore, the non-carcinogenic
risk in the dry season is higher than in the rainy season [1,45–48]. Kaur et al. [12] suggested
that the hazard quotient values determined by deterministic and probabilistic approaches
were nearly identical, and groundwater in most of the Panipat district in India is not
suitable for direct drinking purposes.

The Chinese Loess Plateau (CLP) is a cradle of human civilization, where the ground-
water plays an important role in the residents’ lives and industrial and agricultural produc-
tion. Due to the arid climate and increasing human activities, there is a serious shortage of
water resources and a significant decline in water quality in the CLP [40]. Recently, health
risks due to different water pollutants have been assessed on the CLP, such as fluoride [16],
nitrogen [49], and arsenic [50]. However, these studies were mainly concentrated in the
middle of the CLP. As for the Eastern Chinese Loess Plateau (Shanxi Province), the status of
the groundwater environment and the threat of pollutants to human health are still unclear.

Therefore, this study was carried out to evaluate the quality and human health risks
concerning groundwater in the Linfen Basin, a typical basin on the Eastern Chinese Loess
Plateau. The objects of this study are (1) to analyze the hydrochemical characteristics
of groundwater, (2) to evaluate groundwater quality using WQI, and (3) to assess the
health risks of F−, nitrogen, and PTEs (Fe, Mn, Hg, As, Cd, Cr6+ and Pb) to adults and
children through drinking water intake and dermal contact. A spatial distribution map of
groundwater quality and health risks in the study area was produced using Inverse distance
weight (IDW) interpolation in GIS. This study can provide meaningful support for local
governments in groundwater quality protection and groundwater resource management.

2. Materials and Methods
2.1. Study Area

Linfen Basin (35◦23′–36◦57′ N, 110◦22′–112◦34′ E) is situated in the southwest of
Shanxi Province and includes Huozhou City, Hongtong County, Yaodu District, Quwo
County, Xiangfen County, Yicheng County, and Houma City (Figure 1). It covers an
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area of ~4686 km2. It is surrounded by the Hanhou Mountains to the north, the Emei
platform to the south, the Taiyue and Zhongtiao Mountains to the east, and the Luoyun
Mountains to the west. The area has been subjected to semi-arid and semi-humid monsoon
climatic conditions, with mean annual precipitation of 420 to 550 mm, and mean annual
temperatures of 10 ◦C [51]. The study area is not only an important irrigated agricultural
area in the Loess Plateau but also the main supply center of energy sources in China.
The area is rich in mineral resources, of which coal is the largest mineral resource. The
main rivers in the study area are the Fenhe River, Xinshuihe River, Qinhe River, Huihe
River, Ehe River, and Qingshuihe River. The total amount of regional water resources is
1.52 billion m3, of which the river runoff is 1.32 billion m3 (including 0.48 billion m3 of
spring water), and the groundwater resource is 1.026 billion m3. The water resource in this
area is scarce, with the per capita water resource occupancy being only 350 m3 [52].
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The interior of the basin is dominated by Quaternary strata. The Lower Pleistocene
is mainly yellowish-brown and grayish-yellow silty sand and sandy clay. This layer is
widespread in the basin and is about 200 m thick in the middle of the basin. The Middle
Pleistocene is a set of sand, sandy soil, and loam interbedded sediment, which has a
thickness of ~150 m. The Upper Pleistocene in the piedmont inclined plain area is sand
gravel mixed with sandy soil. Near the river valley, it is mostly sandy soil and loam
deposited in river and lake facies, and the thickness of this layer is 30–50 m. The stratum
lithology of Holocene is sandy soil, loam, sand, and gravel, which is mainly distributed
in the Fenhe terrace. The exposed strata in the mountain area include gneiss, limestone,
shale, sandstone, mudstone, sandy conglomerate, and loess [53]. The fault structure in the
study area is complex, mostly being hidden faults, and the intersection of large faults is a
favorable part of modern hot springs and mineralization [54].

According to the burial depth and hydraulic characteristics of the aquifers in the
study area, the pore water of loose rocks in the study area can be divided into phreatic
water, middle-layer confined water, and deep-layer confined water. Phreatic aquifers are
mostly distributed in the middle of the basin, loess tableland, and piedmont inclined
plain in a belt shape, and the aquifers are mainly medium and fine sand. Compared with
the eastern piedmont and the central part of the basin, the middle-layer confined water
aquifer in the western piedmont has a large thickness and coarse particles and has good
water storage conditions. The distribution characteristics of deep-layer confined water
are consistent with that of middle-layer water, and the aquifer is mainly sand and sand
gravel. Groundwater recharge mainly includes lateral runoff, surface water seepage, and
precipitation infiltration. The discharge of groundwater mainly depends on evaporation
and artificial mining [54,55]. In the slow flow season, groundwater mainly belongs to the
(SO4

2−-Ca2+) type, the (HCO3
−-Ca2+-Na+) type, and the (HCO3

−-Mg2+-Na+) type. In the
quick flow season, groundwater is dominated by the (HCO3

−-Ca2+-Na+) type and the
(HCO3

−-SO4
2−-Ca2+-Na+) type [4]. In general, the groundwater depth in the study area

shows a trend of high in the east and low in the west. The buried depth of groundwater in
Yaodu and Xiangfen is generally deeper than that in other areas at 35–45 m (Figure 1).

2.2. Sampling and Analysis

Groundwater quality assessment and human health risk assessment based on
10 groundwater hydrological long-term monitoring wells set up by Shanxi Provincial
Department of Water Resources in the study area. Groundwater samples were collected
in 2017 and were used for the analysis of water quality parameters, including pH, total
hardness (TH), total dissolved solids (TDS), sulfate (SO4

2−), chloride (Cl−), fluoride(F−),
cyanide, volatile phenols, chemical oxygen demand (CODMn), nitrate (NO3-N), nitrite
(NO2-N), ammonia nitrogen (NH4-N), and PTEs (Fe, Mn, Hg, As, Cd, Cr6+, Pb) for each
sample. Sample collection, preservation, transportation, and testing were carried out
in strict accordance with the Technical Specifications for Environmental Monitoring of
Groundwater [56]. Before sampling, wells were pumped for 10 min to remove stagnant wa-
ter. All sampling containers were thoroughly cleaned with the groundwater to be sampled.
To ensure the stability of the elements, the samples analyzed for TH, Fe, Mn, Cd, and Pb
were mixed with HNO3 solution, the samples for the analysis of NH4-N were mixed with
H2SO4 solution, and the samples for cyanide and Cr6+ analysis and for Hg and As analysis
were mixed with NaOH and HCl, respectively. All samples were then sealed tightly and im-
mediately sent to the laboratory of Linfen Hydrology and Water Resources Survey Branch
for analysis (within 24 h). pH was measured directly in the field using a portable pH meter.
TH was analyzed using the EDTA titration method. TDS was determined by the drying
and weighing approach. SO4

2−, Cl−, F−, NH4
+, NO3

−, and NO2
− were tested using an

ion chromatograph (ICS-600). Fe, Mn, Hg, As, Cd, Cr6+, and Pb were measured using
inductively coupled plasma-mass spectrometry (ICP-MS). Groundwater was filtered using
a 0.45 µm filter before their analysis. During the analysis, distilled water and replicates
were introduced to ensure the reliability of the results. The replicates had a relative error
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within ±5%, indicating acceptable analytical accuracy. IDW interpolation method has been
widely used to study the spatial distribution of groundwater quality parameters. IDW
uses the deterministic model method to calculate the unknown value according to the
nearby points rather than the far-off ones. This interpolation method fits well for real-world
parameters [37–39]. IDW interpolation results were verified by overlapping field survey
data and laboratory analysis results. The pixel values of the IDW interpolation map match
well with those of field verification data.

2.3. Water Quality Index

The WQI approach can not only comprehensively express the water quality informa-
tion of groundwater but also quantitatively evaluate and compare the pollution degree of
different water quality parameters [57]. This index is a mathematical instrument used to
transform large quantities of water characterization data into a single number, representing
the water quality level [32]. Firstly, each chemical parameter was assigned a weight (wi)
according to its impact on human health and groundwater quality. In this study, the highest
weight of 5 was assigned to the parameters like TH, TDS, SO4

2−, F−, Fe, Mn, Cd, Cr6+,

and Pb due to their major importance in water quality assessment. These parameters
are characterized by serious health effects and, when above critical concentration limits,
may limit the usability of groundwater for domestic and drinking purposes [37,58]. Other
parameters were assigned different weights ranging from 2 to 4. The relative weight is
computed using the following formula:

Wi =
wi

∑n
i=1 wi

(1)

where Wi is the relative weight, wi is the weight of each parameter, and n is the number
of parameters.

Then, the quality rating for each parameter is assigned by dividing its concentration
in each water sample by its limit defined by the Chinese national standards [59] and
multiplying the result by 100:

qi =
Ci
Si
× 100 (2)

where qi is the quality rating, and Ci is the concentration of each parameter in each water
sample. Si is the drinking water standard for each parameter set by the Chinese national
standard [59].

To calculate the WQI, the SIi has to be determined firstly:

SIi= Wi × qi (3)

WQI =
n
∑

i=1
SIi (4)

where SIi is the subindex of the ith parameter. The WQI values are classified into five
categories: excellent water (<50), good water (50–100), poor water (100–200), very poor
water (200–300), and unsuitable water (>300) [57].

2.4. Human Health Risk Assessment

The human health risk assessment is the basis for controlling groundwater pollution
and ensuring a safe drinking water supply [49,60–62]. Groundwater can affect human
health through various exposure pathways, the most common of which are drinking water
intake and dermal contact [63]. The model recommended by the Ministry of Ecology and
Environment of the P.R. China [64] based on the United States Environmental Protection
Agency models [65] was adopted in this study. There are many agricultural and industrial
production activities in the study area. Therefore, representative pollutants F−, nitrogen
(NO3-N, NO2-N, NH4-N), and PTEs (Fe, Mn, Hg, As, Cd, Cr6+, and Pb) are selected as the
parameters of risk assessment. Due to differences in the physiology of males, females, and
children, this study separately evaluated the health risks of oral intake and dermal intake.
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The non-carcinogenic risk through drinking water intake is calculated as
follows [60,63]:

Intakeoral =
C × IR × EF × ED

BW × AT (5)

HQoral =
Intakeoral

RfDoral
(6)

The non-carcinogenic risk through dermal contact is expressed as follows [42]:

Intakedermal = DA × EV × SA × EF × ED
BW × AT (7)

DA = K × C × t × CF (8)

SA = 239 × H0.417 × BW0.517 (9)

HQdermal =
Intakedermal

RfDdermal
(10)

RfDdermal = RfDoral × ABSgi (11)

where Intakeoral, Intakedermal, HQoral, HQdermal, RfDoral, and RfDdermal represent the
chronic daily dose via ingestion and dermal contact (mg/(kg day)), the hazard quotient
through oral and dermal exposure pathways, reference dose for oral and dermal contact
pathways (mg/(kg day)), respectively. C, DA, SA, and ABSgi are the pollutant concentration
of groundwater (mg/L), exposure dose (mg/cm2), skin surface area (cm2), and gastroin-
testinal absorption factor, respectively. The definitions and values of other parameters are
shown in Tables 1 and 2.

Table 1. Definition and values of key parameters for human health risk assessment.

Parameters Units
Values

Males Females Children

Ingestion rate (IR) L/day 1 a 1 a 0.7 a

Exposure frequency (EF) day/a 350 a 350 a 350 a

Exposure duration (ED) a 24 a 24 a 6 a

Body weight (BW) kg 69.6 b 59 b 19.2 b

Average time (AT) day 8400 a 8400 a 2190 a

Skin permeability coefficient (K) cm/h 0.002 for Cr6+ and 0.001 for other parameters c

Contact duration (t) h/day 0.4 d

Conversion factor (CF) - 0.001 c

Average height (H) cm 169.7 b 158 b 113.15 b

Daily exposure frequency (EV) - 1 a

a refer to [64]; b refer to [66]; c refer to [67]; d refer to [63].

Table 2. The values of RfD, ABSgi, and SF for different ions.

Parameters
Non-Carcinogenic Carcinogenic ABSgi

RfDoral RfDdermal SForal SFdermal

Cr6+ 0.003 0.000075 0.42 16.8 0.025
As 0.0003 0.0003 1.5 1.5 1
Cd 0.001 0.00005 6.1 122 0.05
F− 0.04 0.04 1

NO3-N 1.6 1.6 1
NO2-N 0.1 0.1 1
NH4-N 0.97 0.97 1

Fe 0.3 0.3 1
Mn 0.14 0.14 1
Hg 0.0003 0.000021 0.07
Pb 0.0014 0.0014 1
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The total non-carcinogenic risks are calculated as follows [1,29,45]:

HQi= HQoral+HQdermal (12)

HItotal =
n
∑

i=1
HQi (13)

where HQ is the non-carcinogenic hazard quotient and HI is the hazard index. i represents
the risk assessment parameters. When the value of HQ and HI is less than 1, it is safe
for human health. HI > 1 indicates unacceptable risk, and residents are exposed to non-
carcinogenic risks [60,64].

In addition to non-carcinogenic risk, As, Cd, and Cr6+ can also create carcinogenic
risks for humans [7,41]. The carcinogenic risk through drinking water intake and dermal
contact is calculated as follows:

CRoral= Intakeoral × SForal (14)

CRdermal = Intakedermal × SFdermal (15)

SFdermal = SForal
ABSgi

(16)

CRtotal = CRoral +CRdermal (17)

where CR denotes the carcinogenic risk. SF is the slope factor for the carcinogenic con-
taminants (mg/(kg day))−1. The SForal values for As, Cd, and Cr6+ are shown in Table 2.
The average time (AT) for carcinogenic risk is set at 27,740 days for both adults and chil-
dren, as the harm to human health caused by cadmium, chromium, and arsenic will last a
lifetime [64]. The acceptable limit for CR is 1 × 10−6.

3. Results and Discussion
3.1. Hydrochemical characteristics of Groundwater

The statistical results of water quality for groundwater samples are given in Table 3.
pH is one of the most important parameters for evaluating the suitability of drinking
water [60]. The Chinese national standard proposes that the pH value of groundwater
suitable for drinking is 6.5–8.5 [59]. As Table 3 shows, pH values of the groundwater range
from 7.27 to 7.85, with a mean value of 7.59. Therefore, the groundwater in the study area
is weakly alkaline water that can be used for drinking.

TH represents dissolved Ca2+ and Mg2+ in groundwater. High TH in groundwater
may affect the taste of drinking water and reduce the efficacy of detergents [34]. In addition,
regarding human health, the long-term drinking of extremely hard water may increase
the incidence of urolithiasis, anencephaly, prenatal mortality, and some cancer-related
cardiovascular diseases [68]. In this study, TH varies between 167 and 869 mg/L with a
mean of 426 mg/L. According to the national Chinese drinking water standards, samples S1,
S9, and S10 are extremely hard water, with TH exceeding the acceptable limit of 450 mg/L
for drinking. These samples are predominantly distributed in the southern part of the
study area (Figure 2a). TH enrichment in groundwater may be due to the dissolution of
soluble salts and minerals, as well as to human intervention [2].

TDS is one of the major water quality parameters, mainly representing the various
minerals present in the water [6]. TDS varies in a wide range of 280–1312 mg/L, with a
mean value of 689 mg/L (Table 3). Based on TDS content, Liu et al. [69] categorized waters
as freshwater (TDS < 1000 mg/L) and brackish water (TDS > 1000 mg/L). Only sample S10
in Yicheng is brackish water (Figure 2b). Generally speaking, higher TDS usually indicates
stronger water-rock interaction and may also be affected by domestic wastewater, irrigation
return flow, and fertilization [1,70]. High TDS in groundwater is generally harmless in
healthy people and may cause constipation or have a laxative effect, but it may have a
greater impact on people with kidney and heart disease [6,33,71].
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Cl− and SO4
2− in groundwater are mainly related to the regional lithological con-

ditions and are also affected by anthropogenic sources [68]. The concentration of Cl− is
between 7.93 and 88.1 mg/L and is lower than the Chinese national standard of 250 mg/L.
The concentration of SO4

2− in the study area ranged from 68 to 536 mg/L, with a mean
of 182.16 mg/L. Samples S5 and S10 exceeded the acceptable limit of SO4

2− for drinking.
High SO4

2− concentration is observed in the Yaodu and Yicheng parts of the central and
south of the study area (Figure 2c). The Ordovician karst aquifers widely distributed in the
study area are affected by gypsum dissolution, and the hydrochemical type of groundwater
is SO4

2−·HCO3
−-Ca·Mg. In addition, the oxidation of sulfur in coal-bearing strata (S + O2

+ 2H2O→SO4
2− + 4H+) will also cause increased sulfate concentration in groundwater [72].

Therefore, the high mean value of SO4
2− in this study is probably due to the high natural

background value rather than pollution.
F− in drinking water is essential for human health at low concentrations, such as

protecting teeth from caries [2]. However, excessive fluoride intake can cause dental
fluorosis, skeletal fluorosis, and thyroid disease in adults [17,73]. The Chinese national
standard stipulates that F− concentration in drinking water should be less than 1.0 mg/L.
In this study, F− is in the range of 0.25–1.71 mg/L, with an average value of 0.75 mg/L.
Two groundwater samples in Yaodu did not meet the requirement of the national standard
(Figure 2d). The high concentration of fluoride in groundwater may be mainly related to
the lithology of the region, especially the dissolution of fluoride-bearing minerals [16,74].

Both cyanide and volatile phenol are toxic organics. The concentration of cyanide in
all groundwater samples is less than 0.0004 mg/L. For volatile phenols, except for sample
S10 in Yicheng, whose value is 0.002 mg/L, the other samples are 0.0003 mg/L. CODMn is
an indicator that can indirectly reflect the organic pollution of groundwater [44,74]. The
CODMn values for the samples are observed to be from 0.1 to 0.9 mg/L, with an average of
0.25 mg/L. Sample S10 in Yicheng has the highest volatile phenol and CODMn values. As
shown in Table 3, the concentrations of cyanide, volatile phenol, and CODMn are all within
the drinking water standard limit stipulated by the national standard, indicating that the
groundwater is less affected by organic pollution.

Table 3. Statistical analysis results for hydrochemical parameters of groundwater.

Parameters Min Max Mean Median SD C.V (%) Chinese
Standards P a (%)

pH 7.27 7.85 7.59 7.63 0.175 2.306 6.5–8.5 0
TH 167 869 426 359 202.768 47.554 450 30
TDS 280 1312 689 637 282.271 40.968 1000 10

SO4
2− 68 536 182 136 135.689 74.489 250 20

Cl− 7.93 88.10 47.6 49.3 26.188 55.055 250 0
F− 0.25 1.71 0.75 0.69 0.382 51.226 1 20

cyanide 0.0004 0.0004 0.0004 0.0004 0.000 0 0.05 0
volatile phenols 0.0003 0.002 0.00047 0.0003 0.001 108.511 0.002 0

CODMn 0.1 0.9 0.3 0.2 0.229 91.652 3 0
NO3-N 0.002 11.300 4.760 2.255 4.264 89.567 20 0
NO2-N 0.004 0.070 0.015 0.004 0.023 150.277 1 0
NH4-N 0.025 0.160 0.065 0.034 0.048 73.457 0.5 0

Fe 0.03 1.41 0.18 0.03 0.411 232.533 0.3 10
Mn 0.010 0.139 0.023 0.010 0.039 163.918 0.1 10
Hg 0.00001 0.00006 0.000017 0.00001 0.00002 91.319 0.001 0
As 0.0002 0.0002 0.0002 0.0002 0.000 0.000 0.01 0
Cd 0.002 0.002 0.002 0.002 0.000 0.000 0.005 0

Cr6+ 0.004 0.034 0.009 0.006 0.009 93.858 0.05 0
Pb 0.011 0.011 0.011 0.011 0.000 0.000 0.01 100

a percentage of the sample exceeding the permissible limits. Units for all parameters are in mg/L, except for pH
(non-dimensional).
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(a) TH, (b) TDS, (c) SO4

2−, (d) F−, (e) NO3-N, (f) NO2-N, (g) NH4-N, (h) Fe, (i) Mn, (j) Hg, (k) As,
(l) Cd, (m) Cr6+, and (n) Pb.

In recent years, nitrogen pollution (NO3-N, NO2-N, and NH4-N) has become a hot
issue for many researchers due to its adverse effects on groundwater quality and human
health [2,12,14,49,74–76]. The extensive use of nitrogenous fertilizers in agricultural ac-
tivities is one of the most common sources of nitrogen pollution in groundwater [1,63].
Measured values of NO3-N, NO2-N, and NH4-N are in the range of 0.002–11.3, 0.004–0.7
and 0.025–0.16 mg/L, respectively. Higher NO3-N and NO2-N concentrations are observed
in the central and southwest parts of the area, while a high value of NH4-N is mainly
distributed around Yicheng (Figure 2e–g). According to the Chinese standards, groundwa-
ter is unacceptable for drinking when the NO3-N, NO2-N, and NH4-N concentration in
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groundwater is higher than 20, 1, and 0.5 mg/L, respectively. Therefore, the groundwater
in the study area is less contaminated with nitrogen and is suitable for drinking.

PTEs content in groundwater is usually low. However, even in very low concentrations,
-they can create biological toxicity and pose serious threats to aquatic ecosystems and
human health [20,21,41]. As shown in Table 3, the Fe, Mn, Hg, and Cr6+ concentrations
range from 0.03 to1.41, 0.01–0.139, 0.00001–0.00006, and 0.004–0.034 mg/L, respectively.
The concentrations of As, Cd, and Pb are 0.0002, 0.002, and 0.011 mg/L, respectively. The
mean concentration of metals is in the following order: Fe > Mn > Pb > Cr6+ > Cd > As >Hg.
All metals, except for Fe, Mn and Pb, are within the permissible levels for drinking water.
Samples with high concentrations of Fe and Mn are mainly found in the southeastern parts
of the basin (Figure 2h,i). Fe and Mn have similar geochemical behavior. Their dissolution
and migration to groundwater are affected by reduction conditions, residence time, well
depth, and salinity [77]. The similarity in the spatial distribution of Cr6+ and NO3

−-N
concentrations may be related to the synergistic role of nitrogen (N)-bearing fertilizers to
elevated Cr6+ concentration in groundwater. This may be due to the production of H+ and
soil acidification during the nitrification process of NH4+ oxidation to NO3

−, favoring the
increased dissolution of Cr3+ which is subsequently oxidized into Cr6+ by natural and/or
anthropogenic factors [46,47].

3.2. Groundwater Quality Assessment

In this study, pH, TDS, TH, SO4
2−, Cl−, F−, volatile phenols, NO3-N, NO2-N, NH4-

N, Fe, Mn, Hg, Cd, Cr6+ and Pb are selected as the parameters to evaluate the overall
groundwater quality, using the WQI introduced previously. The values of cyanide, arsenic,
and chemical oxygen demand in groundwater are very low, so they have little impact on
water quality and can be ignored in water quality assessment. The weights and relative
weights assigned to each parameter are shown in Table 4.

Table 4. Relative weight of hydrochemical parameters.

Parameters Chinese Standards Weight(wi) Relative Weight (Wi)

pH 6.5–8.5 4 0.0588
TDS 1000 5 0.0735
TH 450 5 0.0735

SO4
2− 250 5 0.0735

Cl− 250 2 0.0294
F− 1 5 0.0735

Volatile phenols 0.002 2 0.0294
NO3-N 20 4 0.0588
NO2-N 1 4 0.0588
NH4-N 0.5 4 0.0588

Fe 0.3 5 0.0735
Mn 0.1 5 0.0735
Hg 0.001 3 0.0441
Cd 0.005 5 0.0735

Cr6+ 0.05 5 0.0735
Pb 0.01 5 0.0735

∑wi = 68 ∑Wi = 1
Units for all parameters are in mg/L, except pH (non-dimensional).

The calculated WQI values and water types are presented in Table 5. The results of
WQI range from 23.63 to 105.96. Out of 10 groundwater samples, sample S5 is categorized
as good water. Sample S10 is classified as poor water. The other 8 samples are excellent
water. For the study area, the most significant parameters affecting groundwater quality
are Pb, TH, F−, SO4

2−, and TDS.
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Table 5. Water quality index values and water types in the study area.

Sample WQI Water Quality Sample WQI Water Quality

S1 37.91 Excellent water S6 40.77 Excellent water
S2 23.63 Excellent water S7 32.88 Excellent water
S3 32.20 Excellent water S8 38.36 Excellent water
S4 38.83 Excellent water S9 42.18 Excellent water
S5 50.17 Good water S10 105.96 Poor water

From the spatial distribution of groundwater quality index results, it can be seen that
poor quality water area is mainly located near Yicheng in the southeastern area of the study
(Figure 3). The main pollutants in the groundwater in this area are TH, TDS, SO4

2−, Fe, Mn,
and Pb, all of which exceed the upper limit for drinking purposes. The poor groundwater
quality in Yicheng may be related to the buried depth of groundwater. Generally, when
the groundwater is buried deeper, it takes longer for the surface pollutants to reach the
aquifer. Thus, the possibility of the pollutants being adsorbed and diluted during the
infiltration process becomes greater, and the degree of pollution in the groundwater system
will decrease. The buried groundwater depth in the Yicheng area is shallow at 2–15 m. In
addition, the lithology of the buried deep aquifer is mainly coarse sand and medium-coarse
sand. The better permeability of the aquifer makes it easier for surface pollutants to seep
into the groundwater, resulting in groundwater pollution. Fe and Mn in groundwater come
from coal and metal deposits, especially iron ore. High TDS leads to increased ionic strength
and decreased activity coefficient, which will dissolve more Fe and Mn in groundwater. In
addition, the organic matter released from surface pollutants into groundwater can quickly
deplete the dissolved oxygen in groundwater, resulting in a reductive hydrochemical
environment more conducive to the dissolution of Fe and Mn [77].
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The assessment results indicate that the groundwater in the study area is dominated
by excellent water that can be used for drinking purposes. For the Yicheng area with poor
quality groundwater unsuitable for drinking, groundwater pollution remediation and safe
water supply measures should be implemented as soon as possible.

3.3. Human Health Risk Assessment

The health risks of groundwater in the study area were assessed based on the model
introduced previously. The calculated health risks for adults and children through drinking
water and dermal contact are shown in Table 6. For adult males, the HQoral values range
from 0.285 to 0.827, with a mean of 0.521. The HQoral values for adult females and children
range from 0.336 to 0.976 and 0.693–2.012, with an average of 0.615 and 1.269, respectively.
The HQdermal values are smaller than the HQoral, ranging from 0.017 to 0.104 for males, 0.018
to 0.109 for females, and 0.026 to 0.156 for children, with means of 0.034, 0.036, and 0.051,
respectively. This suggests that non-carcinogenic risk is mainly caused by oral exposure.
The HItotal values for males and females range from 0.302 to 0.902 and 0.354–1.051, with
means of 0.555 and 0.651, respectively. For children, the HItotal values are 0.719–2.100,
with an average value of 1.320. For males, females, and children, HItotal values of 0%,
20%, and 80% of the samples exceed 1, indicating that males in the study area do not have
associated non-carcinogenic health risks. In contrast, females and children face higher
non-carcinogenic risks. Females and children have smaller body weights and therefore
have higher average daily exposure dose of contaminants than males [50,60].

Table 6. The non-carcinogenic and carcinogenic risk results from drinking water and dermal contact.

Sample

The Non-Carcinogenic Risk

HQoral HQdermal HItotal

Males Females Children Males Females Children Males Females Children

S1 0.393 0.463 0.956 0.018 0.019 0.027 0.411 0.482 0.983
S2 0.285 0.336 0.693 0.017 0.018 0.026 0.302 0.354 0.719
S3 0.436 0.514 1.060 0.018 0.019 0.028 0.454 0.533 1.088
S4 0.529 0.625 1.288 0.019 0.020 0.029 0.548 0.644 1.317
S5 0.827 0.976 2.012 0.043 0.045 0.065 0.870 1.021 2.077
S6 0.799 0.942 1.943 0.104 0.109 0.156 0.902 1.051 2.100
S7 0.455 0.536 1.106 0.027 0.028 0.040 0.481 0.564 1.146
S8 0.528 0.623 1.285 0.030 0.032 0.046 0.558 0.655 1.330
S9 0.401 0.473 0.975 0.043 0.045 0.065 0.443 0.518 1.040
S10 0.562 0.663 1.368 0.019 0.020 0.029 0.582 0.684 1.397

Mean 0.521 0.615 1.269 0.034 0.036 0.051 0.555 0.651 1.320

Sample

The Carcinogenic Risk

CRoral CRdermal CRtotal

Males Females Children Males Females Children Males Females Children

S1 6.169 × 10−5 7.278 × 10−5 3.914 × 10−5 1.201 × 10−5 1.263 × 10−5 4.725 × 10−6 7.371 × 10−5 8.541 × 10−5 4.386 × 10−5

S2 6.169 × 10−5 7.278 × 10−5 3.914 × 10−5 1.201 × 10−5 1.263 × 10−5 4.725 × 10−6 7.371 × 10−5 8.541 × 10−5 4.386 × 10−5

S3 6.169 × 10−5 7.278 × 10−5 3.914 × 10−5 1.201 × 10−5 1.263 × 10−5 4.725 × 10−6 7.371 × 10−5 8.541 × 10−5 4.386 × 10−5

S4 6.169 × 10−5 7.278 × 10−5 3.914 × 10−5 1.201 × 10−5 1.263 × 10−5 4.725 × 10−6 7.371 × 10−5 8.541 × 10−5 4.386 × 10−5

S5 7.631 × 10−5 9.000 × 10−5 4.841 × 10−5 2.054 × 10−5 2.160 × 10−5 8.079 × 10−6 9.686 × 10−5 1.116 × 10−4 5.648 × 10−5

S6 1.165 × 10−4 1.370 × 10−4 7.391 × 10−5 4.400 × 10−5 4.625 × 10−5 1.730 × 10−5 1.605 × 10−4 1.837 × 10−4 9.121 × 10−5

S7 6.718 × 10−5 7.924 × 10−5 4.261 × 10−5 1.521 × 10−5 1.599 × 10−5 5.983 × 10−6 8.239 × 10−5 9.524 × 10−5 4.860 × 10−5

S8 6.900 × 10−5 8.140 × 10−5 4.377 × 10−5 1.628 × 10−5 1.711 × 10−5 6.402 × 10−6 8.528 × 10−5 9.851 × 10−5 5.018 × 10−5

S9 7.814 × 10−5 9.218 × 10−5 4.957 × 10−5 2.161 × 10−5 2.272 × 10−5 8.498 × 10−6 9.975 × 10−5 1.149 × 10−4 5.807 × 10−5

S10 6.169 × 10−5 7.278 × 10−5 3.914 × 10−5 1.201 × 10−5 1.263 × 10−5 4.725 × 10−6 7.371 × 10−5 8.541 × 10−5 4.386 × 10−5

Mean 7.156 × 10−5 8.442 × 10−5 4.540 × 10−5 1.777 × 10−5 1.868 × 10−5 6.989 × 10−6 8.933 × 10−5 1.031 × 10−4 5.239 × 10−5

Contaminants in groundwater contribute differently to health risks. Concerning each
water quality parameter, the non-carcinogenic HQ values of F−, NO3-N, NO2-N, NH4-N,
Fe, Mn, Hg, Pb, Cr6+, As, and Cd are in the ranges of 0.090–1.501, 1.809 × 10−5–0.248,
5.789× 10−4–0.025, 3.730× 10−4–5.793× 10−3, 1.447× 10−3–0.165, 1.034× 10−3–3.487× 10−2,
5.288 × 10−4–7.444 × 10−3, 0.114–0.276, 0.030–0.540, 9.648 × 10−3–0.023 and 0.033–0.076,
respectively. This result suggests that besides F−, the non-carcinogenic risks of other con-
taminants are acceptable to both adults and children. As shown in Figure 4, the contribution
of pollutants in groundwater to the HItotal value is observed in the following order: F− >
Pb > Cr6+ > NO3-N > Cd > As > Fe > Mn > NO2-N > NH4-N > Hg. F− contributes the most
to non-carcinogenic risk (46.86%), followed by Pb (22.78%) and Cr6+ (11.22%). Contribution
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of other pollutants to the non-carcinogenic risk is less than 10%, indicating that F−, Pb, and
Cr6+ may be drivers of adverse effects on human health.
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Figure 4. Contributive ratios of contaminants in groundwater to health risks (a) non-carcinogenic
risk; and (b) carcinogenic risk.

The spatial distribution of HItotal values for males, females, and children is consistent
with fluoride concentration (Figure 5). Higher HItotal and F− concentration mainly appear
in the Yaodu, midwest of the study area. Groundwater with high F− is found in semi-arid
and arid areas of northern China, such as the middle Loess Plateau [16], Ningxia plain [61],
Guanzhong Plain [1,36], Hetao Plain [78], and Tianjin [17]. The respective HQ mean values
of F− for males, females, and children are 0.503, 0.593, and 1.220 in the Yaodu, indicating
that children are exposed to health risks from fluoride. Fluoride-bearing minerals are
enriched in magmatic rocks and aluminosilicates exposed to the surface of the area, such
as fluorite (CaF2), villiaumite (NaF), and biotite [79,80]. There are also many active fault
zones in and around Yaodu, and fluorine-containing volatile gas or hydrothermal fluid
migrates upward along the faults and penetrates groundwater, increasing the fluorine
content [79]. In addition, areas with high F− in groundwater have a higher population
density, and industries such as coal mining, metallurgy, and coking are concentrated.
Discharge of domestic sewage and industrial wastewater is the other reason for the increase
in F− concentration in groundwater. Although the Cr6+ concentration of all groundwater
samples is within the desirable limit for drinking, it contributes more than 10% to the health
risk, similar to Pb.
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The carcinogenic risks due to exposure to As, Cd, and Cr6+ through drinking water
and dermal contact are shown in Table 6. The ranges of the CRoral for males, females, and
children are 6.169 × 10−5–1.165 × 10−4, 7.278 × 10−5–1.370 × 10−4, and 3.914 × 10−5–7.391
× 10−5, with means of 7.156 × 10−5, 8.442 × 10−5, and 4.540 × 10−5, respectively. The
results of the CRdermal are slightly smaller than CRoral, ranging from 1.201 × 10−5–4.400 ×
10−5 for males, 1.263 × 10−5–4.625 × 10−5 for females, and 4.725 × 10−6–1.730 × 10−5 for
children, with means of 1.777 × 10−5, 1.868 × 10−5, and 6.989 × 10−6, respectively. As a
result, the CRtotal values for males and females are 7.371 × 10−5–1.605 × 10−4 and 8.541
× 10−5–1.837 × 10−4, with means of 8.933 × 10−5 and 1.031 × 10−4. Concerning children,
the CRtotal values range from 4.386 × 10−5–9.121 × 10−5 with an average value of 5.239
× 10−5. The carcinogenic risk values of all samples exceed the acceptable limit (1 × 10−6)
recommended by the Ministry of Ecology and Environment of the P. R. China [64] for
both adults and children. Additionally, the carcinogenic risk for adults is higher than for
children, especially females. Similar results have also been found by Li et al. [60] and Zhang
et al. [50] in Weining Plain and Guanzhong Plain, respectively.

For each contaminant, only the carcinogenic risk of As to children is below the ac-
ceptable limit, with an average of 8.317 × 10−7. As per the average values of the CRtotal,
Cd contributes 72.63% to the total CR, Cr6+ and As account for 25.77% and 1.60% of the
CRtotal, respectively. From the spatial distribution map of carcinogenic risk, it can be seen
that the south-central part of the study area has a higher CRtotal value for both adults and
children, especially in Xiangfen and the west Yaodu areas. The coal-bearing formations
are distributed all over the Linfen Basin, except Huoshan Mountain in the east of Yaodu
and Ta’ershan-Erfengshan Mountain in the south of the study area. The areas with lower
CRtotal values in Figure 6 correspond to regions lacking coal-bearing formations. This result
suggests that the carcinogenic risk is closely related to the regional geological environment.
The natural leaching process and human mining activities will cause many hazardous
substances to enter the groundwater. In agricultural activities, the application of N-bearing
fertilizers and phosphorous (P)-bearing fertilizers will increase PTEs concentrations such
as Cd, Cr, As, and Pb in groundwater under the appropriate favoring geochemical condi-
tions [46,47]. Long-term drinking of such groundwater by residents will increase the risk
of visceral cancers such as lung, liver, skin, and kidney [18].
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Residents living in the central part of the study area face high health risks (HItotal
> 1 and CRtotal > 1 × 10−6) due to the groundwater being affected by the geological
environment and human activities. Therefore, government officials should pay more
attention to PTEs pollution in groundwater caused by mining and the production of
mineral resources. Furthermore, supplying residents with high-quality drinking water
with safe concentrations of F− should be the goal of sustainable groundwater management
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in the Yaodu area. It is urgent to take various measures to treat the polluted groundwater
before direct consumption by residents to ensure water safety and people’s health.

Additionally, compared with the results of groundwater quality assessment, we found
that although most of the water quality of the study area is in good condition, both
adults and children face great health risks, especially carcinogenic. Therefore, the overall
groundwater assessment should be accompanied by a health risk assessment to better
evaluate the suitability of groundwater for drinking.

4. Conclusions

In this study, groundwater samples from Linfen Basin were collected and analyzed for
physicochemical parameters. The water quality index was used to evaluate the groundwa-
ter quality, while the health risk was assessed for adults and children concerning different
exposure pathways. The main conclusions of the study are as follows:

1. The groundwater in the study area is weakly alkaline, with TH and TDS ranging
between 167–869 and 280–1312 mg/L. Compared with the Chinese national standards, 30%,
10%, 20%, 20%, 10%, 10%, and 100% of the total samples exceeded the standard limits of
drinking water in terms of TH, TDS, SO4

2−, F−, Fe, Mn, and Pb. Higher TH, TDS, SO4
2−,

Fe, and Mn are mainly distributed in the southeastern part of the study area, while a high
concentration of F− was observed in the central area of the study.

2. Most groundwater has good water quality and can be used as drinking water. Pb,
TH, F−, SO4

2−, and TDS are the most significant parameters affecting groundwater quality.
The poor quality of groundwater near Yicheng might be due to the shallow buried depth of
groundwater and the good permeability of the aquifer.

3. Contaminated groundwater in the study area can pose human health risks to
residents through multiple exposure pathways, including drinking water intake and dermal
contact. The total non-carcinogenic health risks for males, females, and children range from
0.302 to 0.902, 0.354–1.051, and 0.719–2.100, respectively. Males do not have associated non-
carcinogenic health risks, while females and children face higher non-carcinogenic risks
than males. The ranges of the total carcinogenic health risks for males, females, and children
are 7.371 × 10−5–1.605 × 10−4, 8.541× 10−5–1.837 × 10−4, and 4.386 × 10−5–9.121 × 10−5,
respectively. The carcinogenic risk exceeds the acceptable limit recommended by the
Ministry of Ecology and Environment of the P. R. China for both adults and children. The
great risks (HItotal > 1 and CRtotal > 1 × 10−6) for adults and children all occur in the central
study area.
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Abstract: The geographic location of Yongqing County is optimal, covering the center of the Beijing,
Tianjin, and Baoding triangle. However, the economic and social development of Yongqing County
in recent years has resulted in negative impacts on groundwater. Therefore, investigating the current
status of groundwater chemistry in Yongqing County is of great significance to provide a useful
basis for future studies on groundwater quality assessment. The aim of this study is to assess the
hydrochemical characteristics and formation mechanisms of the unconfined aquifers of Yongqing
County using descriptive statistical and multivariate statistical methods. In addition, ionic ratios,
Piper diagram, Gibbs diagrams, and PHREEQC software were used in this study to determine the
main factors influencing the hydrochemical characteristics of the unconfined aquifers. The results
suggested slightly alkaline groundwater of the unconfined aquifers in the western part of Yongqing
County, belonging to the fresh-brackish groundwater type. In addition, the hydrochemistry fa-
cies types in the study area are complex, consisting of four facies types, namely HCO3

−−Mg·Ca,
HCO3

−−Na, HCO3
−-Na·Ca, and HCO3

−-Na·Mg. On the other hand, the main factors influencing
the hydrochemical characteristics of groundwater are mineral dissolution followed by some anthro-
pogenic pollution. Rock dominance was the main influencing factor, demonstrated by thedissolution
of silicate and carbonate rock minerals. In addition, the alternating adsorption of cations occurring
in the aquifer plays a non-negligible effect on the hydrochemical characteristics of the unconfined
aquifers in the study area. In fact, the validation results using PHREEQC inverse hydrogeochemical
simulations demonstrated consistent conclusions with those mentioned above. According to the
findings obtained, the dissolution of carbonate and silicate minerals as well as Na+, K+, and Ca2+

ion exchange in the aquifer are the main factors influencing the hydrochemical characteristics of the
unconfined aquifers of Yongqing County. The recommendations suggest put forward in this research
are helpful to understand the formation mechanism of hydrochemistry in typical alluvial proluvial
plain and provide insights for decision makers to protect the groundwater resources.

Keywords: groundwater quality; water chemistry characteristics; multivariate statistical analysis;
PHREEQC; typical mountain front tilted plain

1. Introduction

Water and environmental issues have attracted increasing attention over the past
few decades due to the development of the economy and society. In fact, although the
total amount of water resources in China is high, the per capita water use is less than
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a quarter of the world’s per capita water use [1]. Therefore, China has been listed by
the United Nations among the 13 water-poor countries. In the current situation of water
scarcity in China, groundwater resource is becoming particularly important as they are
considered the main source of water supply for most cities. To assess the current status of the
regional groundwater environment, it is crucial to conduct studies on the hydrochemical
characteristics and formation mechanisms of groundwater. These studies can, indeed,
provide a general understanding of the hydrochemical characteristics of aquifers and the
main factors influencing groundwater for future research.

At present, most studies on groundwater have been focused on hydrochemical char-
acteristics and formation mechanisms of groundwater, hydrogeochemical simulation [2],
human health risk assessment associated with organic and mineral groundwater pollution,
groundwater pollution remediation technologies, and source of groundwater recharge and
pollution using isotope technology. For example, Zhao et al. [3] assessed the spatiotemporal
distribution of hydrochemical characteristics and formation mechanisms as well as the re-
newal ability of a confined aquifer in Hangzhou Bay New Area and showed that the aquifer
was formed in the Late Pleistocene, with the absence of any hydraulic connection between
this aquifer and other aquifers, which suggests a low regeneration capacity. Sang et al. [4]
used the PHREEQC software to assess the hydrogeochemical characteristics of confined and
unconfined aquifers in the delta area of the Nakdong River basin, Busan, Korea, which is
located in the southeast of Beijing, China, and revealed unsaturated salt and supersaturated
dolomite and calcite indices, which indicates that dissolution of carbonate rocks and ion
exchange of major ions are the main hydrogeochemical processes in groundwater. Liu et al.
assessed the groundwater quality and human health risk of groundwater samples collected
from Yulin City and revealed good groundwater quality in the study area, with the presence
of nitrate (NO3

−) contamination in groundwater in agricultural areas [5], which suggests
that reasonable groundwater management strategy should be established. Propp et al. [6]
assessed groundwater quality in 20 historic landfills in Ontario, Canada, and indicated that
most groundwater was strongly influenced by waste leachate, as landfills are long-term
sources of several types of contaminants in groundwater. On the other hand, Pham et al.
developed a new technique for the remediation of persistent contaminants, such as dense
nonaqueous phase liquids in groundwater [7]. Moreover, innovative methods involving
the sustained release of a selected reagent, namely persulfate, through pellets made from
inorganic materials (e.g., zeolite, diatomite, and silica flour) are reported through a proof-
of-concept study. This study demonstrated the potential feasibility of sustained persulfate
release from inert matrices for groundwater treatment. Phan et al. used isotopic tracing
techniques, namely δ2H, δ18O, δ13C, δ3H, and δ14C activities, to assess the groundwater
recharge, runoff, and discharge conditions of groundwater in the High Plains region of
northeastern New Mexico, USA, which suggests that groundwater in the study area may
be a mixture of Holocene groundwater and modern water co-existence [8]. Surface features
(e.g., alluvial channels) promote the groundwater recharge, resulting in higher recharge
rates in the region than the regional average rates.

This study aims to assess the regional hydrochemical characteristics of groundwater
in a typical pre-hill alluvial plain area [9]. In addition, an inverse simulation technique was
performed using the PHREEQC software to achieve qualitative and quantitative analyses
of regional groundwater chemistry in the study area [10]. In this study, the chemical
characteristics and formation mechanism of groundwater in the phreatic aquifer in a typical
pre-hill tilted plain area were studied [11,12]. The study area is located in the eastern plain
area of the Taihang Mountains, which is a typical pre-mountain sloping plain. The study
area is a part of a typical alluvial-proluvial plain, characterized by a single groundwater
facies type and good groundwater quality. However, the increasingly frequent human
activities in recent years have affected quantitatively and qualitatively the groundwater
in the study area. This study provides a solid theoretical basis for ensuring the safety of
drinking water in Yongqing County and achieving the sustainable use of water resources.

64



Water 2022, 14, 2395

2. Study Area Overview
2.1. Physical Geography Overview

Yongqing County is a county-level city in Langfang (116◦22′–116◦43′ E and 39◦07′–39◦28′ N),
covering the middle of Hebei Province, the hinterland of the North China Plain, and the
middle section of the Beijing-Tianjin Golden Corridor, with a total surface area of 776 km2.
The centers of the triangle of Beijing, Tianjin, and Baoding are located in the hinterland of
Beijing and the economic circle around the Bohai Sea (Figure 1). The study area is located
60 km north of the capital Beijing, 60 km east of Tianjin City, 80 km from the capital airport,
and 100 km from Tianjin Xingang. The study area is mainly located in the western part of
Yongqing County and the eastern plain area of the Taihang Mountains, covering four town-
ships, namely Yongqing Township, Longhuzhuang Township, Houyi Township, and Liujie
Township, covering a total area of about 374 km2. The northwestern and southeastern parts
of the study area are characterized by high and low topography, respectively. In addition,
the study is not flat and has some irregularities due to the interactive deposition of rivers,
with the presence of several lowlands and depressions distributed at river crossings. The
rivers are characterized by low erodibility since they are plain-type. According to the type
of geomorphogenesis and surface morphology, the study area is located in a secondary
geomorphic unit of alluvial the microtilt plain area.
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2.2. Socio-Economic Conditions

Yongqing is located in the new urban area of Langfang and a new space in Beijing,
where the economy and society are developing rapidly. According to the statistics, the
county’s gross regional product was estimated at 22.01 billion yuan in 2020, while the gen-
eral public budget revenue was estimated at 1.699 billion yuan. In addition, the per capita
disposable income of urban and rural residents was 40,411 and 18,576 yuan, respectively.
According to the data of the Seventh National Census Bulletin, released in November 2020,
the resident population of Yongqing County is about 384,767 people. On the other hand,
besides the largest gas-fired industrial zone in the northern part of Yongqing County, eight
leading industries are present in Yongqing County, including chemical, pharmaceutical,
cable, musical instrument, and building materials industries. Agriculture activities consist
mainly of planting and animal husbandry. Yongqing has become a national pollution-free
vegetable base county.
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2.3. Hydrogeological Overview

The exposed strata in the study area consist of Cenozoic Quaternary loose deposits,
with a thickness range of 350–500 m. The genetic types are complex, with a dominance of
alluvial and lacustrine floodplains and their transitional types. However, the underlying
strata of the Quaternary System consist of the Neoproterozoic and Paleocene strata.

The study area is located in the Yongding River area, including the alluvial-proluvial
plain area and paleochannel zone. The groundwater system in the study area is classified
into four aquifer groups, of which the first and second groups are shallow groundwater
aquifers, consisting primarily of fine-to-medium sands and silty sand with gravel. The
bottom boundary depth and aquifer thickness ranges of these aquifer groups are 160–180 m
and 30–50 m, respectively. The third aquifer group is the deep groundwater aquifer,
with bottom boundary depth and aquifer thickness ranges of 350–385 m and 60–100 m,
respectively. The lithology of this aquifer changes from gravelly sand and medium sand
to fine sand from north–south. The fourth aquifer group is the deep groundwater aquifer
group, with bottom boundary depth and aquifer thickness ranges of 420–520 m and
20–40 m, respectively. There is no isolation factor among the aquifers, but the water flow is
not quite the same in each layer because the aquifers are not homogeneous. The lithology of
this aquifer consists mainly of fine-to-medium sands. On the other hand, the main recharge
source of the shallow aquifers is atmospheric precipitation, followed by infiltration of
irrigation and surface water and lateral runoff. Whereas mining activities are the main
discharge source of the shallow aquifers, followed by runoff discharge downstream. The
general shallow groundwater runoff trend is Northwest to Southeast, with a hydraulic
gradient range of 0.8–1.4%. However, due to the existence of a local groundwater funnel,
the direction of groundwater flow in some areas has changed (Figure 1).

3. Materials and Methods
3.1. Sample Collection and Analysis

In this study, a total of 14 groundwater samples were collected from shallow aquifer
I+II during the monsoon period (June–August, 2011), with sampling buried depths of
groundwater levels ranging from 50 to 150 m. The groundwater samples were collected
appropriately according to the Code of Practice for Groundwater Environmental Monitor-
ing (HJ 164-2020). The collected samples were first stored in a refrigerated box and then
sent to the laboratory for chemical analysis. Samples requiring additives, added before
sampling is completed. Finally, the status of the samples is checked regularly. The spatial
distribution map of groundwater sampling points area was generated using the MAPGIS
6.7 software (Figure 2). It can be seen from Figure 2 that the sampling points were evenly
distributed, covering the aquifer area in the study area.

The analytical data include the results of analyses of more than 20 parameters, in
which the groundwater depth, longitude, latitude, smell and taste, turbidity, and naked-eye
visible matter were measured and recorded in-situ. Other hydrochemical parameters,
namely pH, hardness, total dissolved solids (TDS), mineralization, silicon dioxide (SiO2),
potassium (K+), sodium (Na+), calcium (Ca2+), magnesium (Mg2+), sulfate (SO4

2−), chloride
(Cl−), bicarbonate (HCO3

−), iron (Fe2+/Fe3+), fluorine (F−), nitrite (NO2
−), nitrate (NO3

−),
arsenic (As), and manganese (Mn). However, Fe3+ was not considered in this study due to
its low concentration in groundwater, which was below the detection limit.

All the analytical methods used in the analyses were carried out according to the
standard methods reported by Nsabimana et al. [13]. On the other hand, in order to check
the reliability of the water quality analysis results, the ionic balance was used calculated
according to the following formula:

E(%) =
∑ Nc −∑ Na

∑ Nc + ∑ Na
× 100 (1)

where E is the relative error; Nc is the concentration of the cation in the groundwater sample
(meq/L); Na is the concentration of the anion (meq/L).
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According to the results obtained, all the analytical data of groundwater samples
showed E values less than ±5%, which suggests appropriate analytical methods.

3.2. Data Analysis Methods

In addition to, descriptive statistics, the principal component analysis test was per-
formed in this study using the SPSS software to determine the main influencing factors
affecting the hydrochemical characteristics of groundwater in Yongqing County [14,15]. In
addition, ionic ratios were used to analyze the alternate adsorption of cations and investi-
gate the main sources of hydrochemical elements in groundwater. On the other hand, the
PHREEQC software was used for hydrogeochemical inversion simulations.

4. Results and Discussion
4.1. Descriptive Statistical Analysis

In order to determine the hydrochemical characteristics of groundwater, the SPSS
statistical analysis software was used to perform descriptive statistical analysis (minimum,
median, maximum, mean, and standard deviation) on the results data of 18 hydrochemical
parameters of groundwater samples (Table 1).

According to the results obtained, pH values ranged from 7.5 to 8.3, with a mean value
of 7.8, which indicates that the pH of groundwater in the western part of Yongqing County
is slightly alkaline. In addition, the mineralization ranged from 345.5 to 1800.9 mg/L, with a
mean value of 896.8 mg/L. In fact, some groundwater samples showed high mineralization
values (above 1 g/L), indicating fresh-brackish groundwater. The TDS concentration
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range was 243.7–1333.6 mg/L, with a mean value of 638.4 mg/L, showing significant
spatial variation in the TDS concentrations in the study area with the presence of higher
concentrations than that of the National Standard for Drinking Water (GB 5749-2006).
On the other hand, Na+ was the most abundant cation in groundwater, with a mean
concentration value of 116.764 mg/L, followed, respectively, by Ca2+, Mg2+, K+, and Fe2+.
Whereas HCO3

− was the highest anion in groundwater, with a mean concentration value
of 516.77 mg/L, followed, respectively, by SO4

2−, Cl−, NO3
−, F−, and NO2

−.

Table 1. Descriptive statistics of chemical parameters of groundwater.

Item Min(mg/L) Med(mg/L) Max(mg/L) Mean(mg/L) SD

TDS 243.683 669.979 1333.622 638.442 331.674
HCO3

− 203.589 545.767 934.549 516.770 255.924
TH 28.912 358.710 840.592 328.933 224.884
Na+ 44.100 106.100 220.700 116.764 66.109

SO4
2− 26.500 57.300 244.200 87.821 65.843

Ca2+ 7.585 52.095 113.771 53.407 32.334
Cl− 9.227 46.490 170.345 50.546 42.496

Mg2+ 2.421 54.967 143.836 47.487 38.019
SiO2 13.290 18.502 23.930 18.671 2.458
pH 7.500 7.770 8.310 7.806 0.239

NO3
− 1.420 3.780 9.590 3.687 2.077

F− 0.175 0.641 3.083 0.896 0.780
K+ 0.400 0.600 2.600 0.754 0.573

Fe2+ 0.025 0.175 1.110 0.283 0.340
Mn 0.005 0.171 0.477 0.164 0.161

NO2
− 0.002 0.006 0.064 0.014 0.017

As 0.001 0.002 0.004 0.002 0.001

By comparing the average concentration values of the hydrochemical parameters of
groundwater with the Drinking Water Standards’ (GB 5749-2006), it was found some ions
exceeded the drinking limit values, which suggests a deterioration of the groundwater
quality in the study area [16,17]. The main manifestations were SO4

2−, NO3
−, Mn, F−, Na+,

and two combined indicators TH and TDS.

4.2. Basic Characteristics of Groundwater Chemistry

The groundwater facies types in the study area were determined by calculating first
the relative content of anion and cation in the collected groundwater, and then drawn the
Piper diagram (Figure 3). Actually, the groundwater facies type can be determined by
plotting groundwater sample points in all three zones (2 triangles and 1 diamond) of the
Piper diagram [18].

Through the comparison between the calculation and Piper diagram [19], it was
found that among the 14 groundwater sample points, 2, 2, 3, and 7 sampling points
fall in HCO3

−−Mg·Ca, HCO3
−−Na, HCO3

−−Na·Ca, and HCO3
−−Na·Mg type zones,

respectively, which suggests complex hydrochemical characteristics of groundwater in the
study area [20–22]. The spatial distribution of groundwater facies types in the study area is
shown in Figure 4.

It can be seen from Figure 4 that the HCO3
−-Na·Mg facies type of groundwater was ob-

served in a major part of the study area, covering mainly the east-central part of Yongqing
Township, Houyi Township, Liujie Township, and the eastern part of Longhuzhuang
Township. Whereas HCO3

−−Na, HCO3
−−Mg·Ca, and HCO3

−−Na·Ca facies types were
mainly distributed in the southwestern part of the urban area of Yongqing Town, the west-
ern part of Yongqing town, and the western part of Longhuzhuang Township, respectively.
In addition, the groundwater facies types in the study area are more complex, which sug-
gests influences of human activities on the hydrochemical characteristics of groundwater
in the shallow aquifer in the study area [23].
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Overall, the relative contents of HCO3
−, Ca2+, and Mg2+ were higher in fresh and

brackish water with low TDS. Water facies types and ion abundances in groundwater
were consistent with these hydrochemical results. Yongqing County is located in the
alluvial fan plain in front of the Taihang Mountains. The general flow trend of the shallow
groundwater is from northwest to southeast runoff. However, the local groundwater flow
direction in some areas in Yongqing County is northeast-southwest due to the impact of
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the local groundwater landing funnel [24]. Groundwater facies types are mainly influenced
by rainfall infiltration and lateral runoff, resulting in low TDS and mineralization of
groundwater. The groundwater facies type was mainly represented by the bicarbonate
facies type, which suggests the dissolution of calcite, dolomite, and other carbonate minerals
from the Taihang Mountains.

4.3. Analysis of the Evolution Mechanism

In this study, multivariate statistics and water chemistry analysis methods were
carried out to investigate the main factors influencing the hydrochemical characteristics of
groundwater Yongqing County [25,26].

4.3.1. PCA (Principal Component Analysis)

Factor analysis is a statistical method used to effectively reduce the number of variables
(dimensionality reduction) to minimize the loss of information in the original dataset, thus
achieving a comprehensive analysis of data [27]. This statistical method has been widely
used in various fields of research, including hydrogeological research. In this study, the
factor analysis test was used to investigate the factors influencing the hydrochemical
characteristics of groundwater.

It can be seen from the total variance explained that the first 4 principal components
explained 87% of the total variance. In addition, the eigen values of the first 4 principal
components were all greater than 1. Therefore, the first five principal components were
selected. The main influencing factors were assessed to use the factors loading of the
principal components (Table 2 and Figure 5). Factor loadings indicate the correlation
between variables and principal components (PCs).

Table 2. Total variance explained by the factor analysis.

PCs
Initial Eigenvalue

Total Variance Percentage Cumulative Percentage

1 9.315 51.751 51.751
2 3.054 16.966 68.716
3 1.721 9.562 78.279
4 1.622 9.009 87.288
5 0.831 4.618 91.906
6 0.586 3.254 95.160
7 0.424 2.354 97.514
8 0.216 1.203 98.717
9 0.121 0.675 99.392
10 0.070 0.390 99.782
11 0.024 0.135 99.917
12 0.014 0.080 99.997
13 0.001 0.003 100.000
14 0.000 0.000 100.000
15 0.000 0.000 100.000
16 0.000 0.000 100.000
17 0.000 0.000 100.000
18 0.000 0.000 100.000

According to Tables 2 and 3, it can be seen that the variance contribution of Factor
1 (F1) accounted for 51.751% of the total variance, with strong positive loadings with
HCO3

−, Mg2+, TH, TDS, and mineralization (M), thus the findings indicate that these
five parameters are the most important, representing the dissolution of calcite, dolomite
carbonate and salt minerals, and silicate minerals. The results showed that F1 represents
the main factors influencing the hydrochemical characteristics of shallow groundwater in
the study area. The cumulative variance contribution of factor 2 (F2) was 68.716%. This
factor revealed strong positive loadings with Na+ and F−, which indicates that the high
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importance of these two parameters in F2. Therefore, it was suggested that F2 was related
to the anthropogenic factors represented by F− concentrations in groundwater. On the
other hand, Factor 3 (F3) and Factor 4 (F4) explained smaller proportions of variance of
9.562 and 9.009%, respectively. The result showed strong positive loadings of NO2

− and As
on F3, which indicates the high importance of these parameters in F3. Whereas NO3

− and
Fe2+ revealed strong positive and negative loadings on F4, respectively, which indicates
the high importance of these two parameters in F4. The results suggested that F3 and F4
are related to industrial and agricultural pollution. The provincial-level industrial Park
in Yongqing County, approved by the People’s Government of Hebei Province in 2003,
may affect the groundwater quality due to industrial wastewater discharges. Moreover,
the agricultural area accounts for about 75% of the total area of the study area, which
suggests a significant negative impact of agricultural activities on the groundwater quality
in Yongqing County.
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Table 3. Factor loading values between variables and principal components.

Chemical Parameters
PCs

F1 F2 F3 F4
TDS 0.934 0.323 −0.116 0.062
TH 0.975 −0.071 −0.158 −0.081
M 0.930 0.332 −0.130 0.020
pH −0.779 0.101 0.439 0.116
K+ 0.142 −0.686 −0.277 0.258

Na+ 0.520 0.806 −0.017 0.169
Ca2+ 0.836 −0.418 −0.248 −0.091
Mg2+ 0.970 0.114 −0.099 −0.069

HCO3
− 0.900 0.345 −0.164 −0.090

Cl− 0.889 0.211 0.024 0.196
SO4

2− 0.868 0.161 −0.062 0.271
F− 0.326 0.822 −0.232 0.154

NO3
− 0.184 0.193 0.019 0.743

NO2
− −0.212 −0.112 0.883 0.173

Mn 0.883 −0.067 0.041 −0.292
Fe2+ 0.199 0.265 0.019 −0.786
As −0.039 0.097 0.946 −0.125

SiO2 0.259 −0.478 −0.473 −0.575
Note: Extraction method: principal component analysis; Rotation method: Caesar normalized maximum variance
method a; a. The rotation was converged after 6 iterations.
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4.3.2. Gibbs Diagram Analysis

Gibbs diagrams (Figure 6) have been widely used to reveal the ionic characteristics
and determine the sources of the hydrochemical characteristics of river water [28,29]. In
addition, they have been commonly used to analyze the hydrochemical characteristics
of groundwater. Gibbs diagrams can be used to assess the relationship between TDS
and Na+/(Na++Ca2+) and between TDS and Cl−/(Cl−+HCO3

−) and identify the main
sources of ions as well as the main factors influencing the hydrochemical characteristics of
groundwater.
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It can be seen from Figure 6 that all water sampling points fall in the rock dominance
control zone, which indicates that that rock dominance was the main influencing factor
controlling the hydrochemical characteristics of groundwater in the study area. As shown
in Figure 6a, Na+ has a wide distribution and exhibit high proportions in some samples,
indicating that sodium ions may be generated by a variety of sources. However, the
proportion of Cl– is small and the distribution is concentrated, indicating that all Cl– is
produced from the similar source or through the same geochemical process (Figure 6b). It
should be noted that the Gibbs diagrams revealed only the natural factors influencing the
groundwater chemical characteristics, while the human factors were not considered.

4.3.3. Inter-Ion Distance Diagram Analysis

According to the results of factor analysis and Gibbs diagram, it is evident that rock
dominance and mineral dissolution were the main factors controlling the hydrochemical
characteristics of groundwater. Therefore, to further investigate the mineral species derived
from rock weathering and dissolution and to verify the results obtained using the principal
component analysis, the HCO3

−/Na+, Ca2+/Na+, Mg2+/Na+, and Ca2+/Na+ ratios were
used to distinguish between the influences of different rock and mineral weathering on
groundwater components.

The results showed that most of the water sampling points were plotted between
silicate weathering and carbonate dissolution zones, which suggests significant influences
of the weathering of silicate and carbonate minerals on the hydrochemical characteristics
of groundwater (Figures 7 and 8).
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In order to further check whether the ion exchange process occurred in groundwater,
the relationship diagram between Ca2++Mg2+-HCO3

−-SO4
2− and Na++K+−Cl− were used

for discrimination [30]. Water sampling points in the first quadrant of graphs (positive X
and Y-coordinate values) suggest that rock salt dissolution is not the source of Na+ and
K+, while the dissolution of peritectic minerals is not the source of Ca2+ and Mg2+ in
groundwater, which is explained by the presence of a higher amount of Na++K+ than Cl−

and lower amount of Ca2++Mg2+ than HCO3
−-SO4

2− (Figure 9). In addition, equal ions
concentrations suggest that a cation exchange process occurred in groundwater.
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According to the results obtained, all the water sampling points were plotted on the
1:1 line, indicating that the cation exchange process occurred in the unconfined aquifers of
the study area.

4.4. HydrogeochemicalInverse Simulation

Yongqing County is located in the pre-mountain alluvial and flood plain of the Tai-
hang Mountains. The unconfined aquifers in the study area are mainly recharged from
atmospheric precipitation and lateral runoff recharge. In general, the unconfined aquifers
of pre-mountain alluvial and floodplain have been controlled by lateral runoff recharge
and are characterized by good groundwater quality and a single groundwater facies type,
which is inconsistent with the results of this study. In fact, the results revealed complex
groundwater facies types of the unconfined aquifers in the study area, the results suggest
that numerous factors influencing the hydrochemical characteristics of groundwater quality.
Therefore, the PHREEQC software was used in this study to comprehensively assess the
hydrogeochemical process, investigate the major complex facies types, and analyze the
water-rock interaction in the unconfined aquifers in the study area, providing quantitative
analysis results.

4.4.1. Simulation Path Selection

The simulation path was selected in this study based on the geological and hydro-
geological settings of the study area to better represent the evolution characteristics of
groundwater in the entire study area [31,32]. Since the groundwater flow direction is
northeast-southwest due to the influence of the local groundwater funnel, a simulation
path was selected along this direction of groundwater flow, taking into the sampling points
that are located in this area (Figure 10).
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W6 and W12 were selected as the upstream and downstream, respectively. The
hydrochemical characteristic results observed at these two sampling points were used as
input data in the PHREEQC simulation software to perform inverse hydrogeochemical
simulation. In addition, the uncertainty limit was set at 0.05.

4.4.2. Selection of Possible Mineral Phases

The hydrogeochemical process of the unconfined aquifers along the groundwater
flow direction is closely related to the properties of surrounding rocks. Apparently, the
mineral of surrounding rocks can provide insight into the hydrochemical components of
groundwater. Therefore, the selection of mineral phases plays a key role in the accuracy of
the simulation results.

The study area is located in the North China Plain, where the overlying strata are
mainly Quaternary deposits. The unconfined aquifers are of Quaternary loose rock type.
CO2, as a possible mineral phase, can be used in the model due to the presence of gas-
exchange surface area. In addition, the proportional relationship between ions suggested
the occurrence of an exchange cation process in the aquifer, which implies that the reason
for considering the ion exchange as a possible mineral phase in the simulation. On the
hand, the results of the principal component analysis show that carbonate and silicate disso-
lutions were the main factors influencing the hydrochemical characteristics of groundwater.
Therefore, carbonate minerals (e.g., calcite and dolomite) and aluminosilicate minerals (e.g.,
potassium feldspar and sodium feldspar) were considered as possible mineral phases in
the simulation.
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4.4.3. Analysis of Simulation Results

The simulation results of the hydrogeochemical processes of groundwater in the study
area are shown in Tables 4 and 5.

Table 4. Upstream and downstream water saturation indices along the reaction path.

Mineral Upstream Downstream

Anhydrite −2.08 −2.38
Calcite 0.65 0.77

Chalcedony 0.01 0.12
CO2(g) −1.80 −2.15

Dolomite 1.69 1.78
Fluorite −0.34 −1.56
Gypsum −1.78 −2.08

Halite −6.42 −7.48
Hematite 16.24 19.50

Manganite −5.65 −3.92
Quartz 0.44 0.55
Sylvite −8.72 −8.94

Table 5. Results of the inverse simulation along the reaction path.

Phase Formula Mole Transfers (mol/L)

Gypsum CaSO4:2H2O −9.29 × 10−4

Calcite CaCO3 2.20 × 10−3

Calcium exchange CaX2 3.49 × 10−3

Sodium exchange NaX −6.34 × 10−3

Magnesium exchange MgX2 −3.19 × 10−4

Carbon Dioxide(g) CO2(g) −2.73 × 10−3

Albite Na2O·Al2O3·6SiO2 2.32 × 10−5

K-feldspar KAlSi3O8 1.93 × 10−5

K-mica KAl3Si3O10(OH)2 −1.42 × 10−5

Fluorite CaF2 −6.49 × 10−5

Manganite MnO(OH) 3.75 × 10−6

Hematite Fe2O3 1.73 × 10−5

Note: Positive and negative values indicate dissolution and precipitation, respectively.

The saturation indices of minerals in the upstream and downstream water are re-
ported in Table 4. Positive and negative values indicate oversaturated and unsaturated
groundwater samples, respectively. The results showed that calcite, chalcedony, dolomite,
hematite, and quartz were all oversaturated. This finding can be explained by the fact that
calcite and dolomite are the main minerals of the unconfined aquifers in the study area in
the eastern plains in the Taihang Mountain front the remaining minerals revealed negative
values, thus indicating unsaturation.

Table 5 shows the molar transfer of possible mineral phases along the reaction path.
The results showed precipitation of gypsum, carbon dioxide, K-mica, and fluorite in
the unconfined aquifers of the study area. Whereas Calcite, sodium exchange, K-feldspar,
manganite, and hematite were in dissolved forms in the unconfined aquifers, with dissolved
amounts of 2.20 × 10−5, 1.93 × 10−5, 3.75 × 10−6, and 1.73 × 10−5 mol/L, respectively.
On the other hand, the cation exchange in the unconfined aquifer was characterized by
the exchange of Ca2+, Na+, and Mg2+, which suggests adsorption of Na+ and Mg2+ in
groundwater, while Ca2+ in the exchange medium was in a dissolved form in groundwater.
The amount values of Na+, Mg2+, and Ca2+ ion exchange were 6.34 × 10−3, 3.19 × 10−4,
and 3.49 × 10−3 mol/L, respectively.

The results of the inverse hydrogeochemical simulations performed using the PHREEQC
software are consistent with those obtained using the principal components analysis and
water chemistry analysis. The main factors influencing the hydrochemical characteristics of
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groundwater are the dissolution of carbonate minerals (calcite and dolomite) and silicate
minerals (sodium feldspar and potassium feldspar).

5. Conclusions

In this study, 14 groundwater samples were collected from the unconfined aquifers of
Western Yongqing County to assess the hydrochemical characteristics of groundwater using
descriptive, multivariate statistics, and water chemistry analysis methods. The following
main conclusions were drawn from this study:

(1) The unconfined aquifers in the western part of Yongqing County revealed weakly
alkaline groundwater. In addition, the results suggested fresh and brackish groundwater
in the study area. The abundance of cations and anions followed the orders of Na+ > Ca2+

> Mg2+ > K+ > Fe2+ and HCO3
− > SO4

2− > Cl− > NO3
− > F− > NO2

−, respectively.
(2) The relative content of anions and cations in groundwater and Piper’s trilinear

diagram demonstrated complex hydrochemical facies types of groundwater in the study
area. The groundwater facies types were HCO3

−−Mg·Ca, HCO3
−−Na, HCO3

−−Na·Ca,
and HCO3

−−Na·Mg.
(3) The main factors influencing the hydrochemical characteristics of groundwater

were determined to use the principal component analysis, Gibbs diagrams, and ionic ratios.
The results revealed that mineral dissolution, as well as some anthropogenic factors, are the
main factors influencing the groundwater chemistry in the study area. In addition, Gibbs
diagrams and ionic ratios revealed that silicates and carbonates were the main minerals
influencing the hydrochemical characteristics of unconfined aquifers in the study area,
followed by the alternating cation adsorption.

(4) Simulation of water-rock interactions in the unconfined aquifers was performed
using the PHREEQC software. The simulation results are consistent with those obtained
using the principal component analysis, Gibbs diagram, and ionic ratios. According to the
obtained results, the dissolution of carbonate minerals (calcite and dolomite) and silicate
minerals (sodium feldspar and potassium feldspar) were the main factors influencing the
hydrochemical characteristics of the unconfined aquifers in the study area.

In conclusion, although there are anthropogenic activities in some areas of Yongqing
County, the groundwater quality of the unconfined aquifers in the western part of Yongqing
County is relatively good. Therefore, relevant departments need to strengthen the mon-
itoring and management of groundwater quality to ensure scientific management and
sustainable utilization of groundwater in Yongqing County.
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Abstract: Hydrochemical research and identification of nitrate contamination are of great significant
for the endorheic basin, and the Northern Huangqihai Basin (a typical endorheic basin) was compre-
hensively researched. The results showed that the main hydrochemical facies were HCO3–Mg·Ca and
HCO3–Ca·Mg. Spatial variation coefficients of most indices were greater than 60%, which was proba-
bly caused by human activities. The hydrochemical evolution was mainly affected by rock weathering
and also by cation exchange. The D–18O relationship of groundwater was δD = 5.93δ18O − 19.18,
and the d–excess range was −1.60–+6.01‰, indicating that groundwater was mainly derived from
precipitation and that contaminants were very likely to enter groundwater along with precipitation
infiltration. The NO3(N) contents in groundwater exceeded the standard. Hydrochemical anal-
yses indicated that precipitation, industrial activities and synthetic NO3 were unlikely to be the
main sources of nitrate contamination in the study area. No obvious denitrification occurred in
the transformation process of nitrate. The δ15N(NO3) values ranged from +0.29‰ to +14.39‰, and
the δ18O(NO3) values ranged from −6.47‰ to +1.24‰. Based on the δ15N(NO3) – δ18O(NO3) dual
isotope technique and hydrochemical methods, manure, sewage and NH4 fertilizers were identified
to be the main sources of nitrate contamination. This study highlights the effectiveness of the integra-
tion of hydrochemical and isotopic data for nitrate source identification, and is significant for fully
understanding groundwater hydrochemistry in endorheic basins and scientifically managing and
protecting groundwater.

Keywords: endorheic basin; hydrochemistry; isotope technique; integration; nitrate

1. Introduction

Water quantity affects the extent of water exploitation, while water quality deter-
mines the value of water use [1]. In the natural environment, the specific hydrochemical
characteristics of groundwater are formed over time in response to the comprehensive
influence of climate, topography, aquifer lithology and other factors. The groundwater
in some areas is low salinity freshwater and is rich in trace elements that are good for
human health (such as Sr, Li and H2SiO3). This kind of water has very high value for
use. However, in some areas, the groundwater is naturally inferior, characterized by high
levels of salinity, fluorine and arsenic [2,3], which may aggravate water shortages due
to poor water quality, especially for the endorheic basins that water resources are rare.
Due to the intensification of human activities, the hydraulic head field and hydrochemical
evolution process have been disturbed to a certain extent [4,5]. Variation in the vadose zone
thickness changes the oxidation–reduction environment of the dissolved minerals during
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the leaching process. Coupled with the input of artificial contaminants, the hydrochemical
characteristics may change. Some activities may improve groundwater quality, while others
cause groundwater pollution, such as nitrate contamination [6–9]. A high content of nitrate
in water leads to eutrophication of water bodies and degradation of ecosystems. Drinking
groundwater with a high nitrate content for a long time can cause serious diseases, such as
methemoglobinemia, blue babies and gastric cancer [9]. At present, nitrogen contamination
in water has become an international problem and needs to be solved in order to ensure
the safety of drinking water and sustain the ecological health.

Approximately 20% of the Earth’s land is covered by endorheic basins, but the basins
account for only 2.3% of the total worldwide annual river runoff, and the hydrochemical
research on them has not received enough attention [10]. Dowling et al. [11] studied the
arsenic releasing mechanisms in the Bengal Basin based on the statistical methods and
correlation analysis. Kawawa et al. [12] used the hydrochemical methods and isotopic
techniques to study the mechanism of salinity changes and hydrochemical evolution of
groundwater in the Machile–Zambezi Basin, and concluded that high groundwater salinity
was associated with pre–Holocene environmental changes and was restricted to a stagnant
saline zone. Nipada et al. [13] took the Western Lampang Basin as the study area and
researched the arsenic contamination in groundwater based on the PHREEQC software.
Endorheic basins are widely distributed in China and nitrate contamination occurs. Many
studies have been performed by domestic scholars [5,14,15], but these studies were mainly
focused on special indices, such as arsenic and fluorine [16,17]. As regards nitrate concentra-
tion, some scholars [6,8,18] pointed out that the nitrate concentrations in their studied basin
increased due to the human activities. Mukherjee et al. [19] indicated that the ingestion
of untreated nitrate contaminated groundwater in the lower Ganga Basin caused a risk of
methemoglobinemia. Avilés et al. [20] concluded that the nitrate content in the Titicaca
Basin was influenced by manure piles, synthetic N fertilizers, and sewage collector pipes
based on the δ15N(NO3)–δ18O(NO3) isotopic technique. One major limitation of these
studies is that the hydrochemical characteristics and identification of nitrate sources were
separately researched in general. In fact, the comprehensive analysis of hydrochemical
characteristics is conducive to revealing the variability of nitrate and identifying its source,
and the two parts should be combined and comprehensively researched.

The northern Huangqihai Basin, located in the northern China, is a typical endorheic
basin and plays an important role in the Beijing–Tianjin–Hebei region. Huangqihai Lake is
one of the eight well–known lakes in Inner Mongolia, but its area shrank in the past two
decades [21]. The groundwater level obviously declines [22]. Nitrate and other indices
in the groundwater in some areas exceed the standard and are not suitable for drinking.
Excessive exploitation and groundwater quality deterioration aggravate the contradiction
between the supply and demand of groundwater resources. What was worse, the ecosystem
reliant on groundwater resources has become increasingly fragile. Previous research on the
northern Huangqihai Basin mainly focused on ecology [23–25], and pointed out that the
wetland degeneration and the ecological deterioration were mainly controlled by a series of
human activities, such as the unreasonable exploitation of groundwater, river closure and
the increase of the building land. Regarding water quality, a few scholars [26,27] evaluated
the trophic level of the surface water. However, few studies on the hydrochemistry and
nitrate source of groundwater in the Huangqihai Basin have been reported. The northern
Huangqihai Basin is an endorheic basin typical in arid and semiarid regions, and the
hydrochemical research on it is expected to well develop the research system of endorheic
basin. The study objective was the Quaternary phreatic water which often constitutes the
most important source of drinking water in semiarid and arid regions but easily influenced
by external factors, human health is closely associated with its hydrochemical evolution. In
addition, the Huangqihai Basin plays an ecological significant role in the Beijing–Tianjin–
Hebei region. Therefore, research on the hydrochemistry and tracing nitrate contamination
in the northern Huangqihai Basin is not only significant for developing the theoretical
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research on endorheic basin, but also has great practical meanings of the sustainable
utilization of regional groundwater and ecological protection.

Currently, there are few reports that have systematically and comprehensively an-
alyzed the hydrochemical characteristics and nitrate contamination of groundwater, es-
pecially in endorheic basins. This paper intends to comprehensively analyze the hydro-
chemical characteristics and seeks to highlight the effectiveness of the combined use of
hydrochemical and isotopic data for tracing nitrate source. Therefore, the main objectives
of this study are: (1) to analyze the hydrochemical characteristics of groundwater and
the spatial distributions of the main indices; (2) to reveal the hydrochemical evolution of
groundwater; (3) to identify the source of groundwater and the way through which artificial
contamination may enter groundwater; and (4) to integrate the dual isotope technique and
hydrochemical analyses to identify nitrate contamination. It is expected that this research
can enrich hydrogeochemical research on endorheic basins in arid and semiarid regions
and provide an effective way to identify the nitrate source.

2. Materials and Methods
2.1. Study Area

The northern Huangqihai Basin (113◦2′–113◦28′ E, 40◦43′–41◦3′ N), is located in Right
Chahaer County and the Jinning District of Wulanchabu city in Inner Mongolia, China
(Figure 1a). The study area has a continental monsoon climate with an annual average
temperature of 5.23 ◦C. The annual average rainfall is 359.30 mm and mainly concentrated
in summer. The basin is surrounded by mountains on three sides; the terrain is generally
high in the north and low in the south. Surface water resource is rare, the main rivers have
dried up in their middle and downstream regions in recent years, and the other rivers
are seasonal. The development of the regional social economy is highly dependent on
groundwater, especially for agriculture.

The entire study area is covered by the unconsolidated Quaternary sediments and
the main aquifer is the Quaternary phreatic aquifer. Based on the lithologic characteris-
tics, the phreatic aquifer is further divided into two aquifers: the Quaternary Holocene
lacustrine aquifer (Q4

l) and the Quaternary Upper Pleistocene alluvial–diluvial aquifer
(Q3

al+pl) (Figure 1b). The Q4
l aquifer is distributed around Huangqihai Lake and consists

of medium and fine sand, while the Q3
al+pl aquifer is distributed around the Q4

l aquifer
and mainly composed of sandy gravel, pebbles and coarse sand. According to previous
research [22], the dynamic type of the groundwater level is the rainfall infiltration–artificial
exploitation type. In summer, rainfall is abundant, but the groundwater level does not
immediately rise and even declines due to the high consumption of irrigation. After irriga-
tion, the groundwater level recovers due to the hysteresis recharge of rainfall and reaches
a high level in spring. The groundwater levels and depths may change over time, but
the overall flow direction of the Quaternary phreatic water does not obviously change
during a hydrological year, that is, the groundwater generally flows from the north to
the south following the topography. As for the Quaternary phreatic water (Figure 1b),
the Q3

al+pl aquifer is located upstream of the hydraulic head field and the Q4
l aquifer is

located downstream of that. Influenced by the terrain, geomorphic type and hydrological
conditions, the hydraulic gradient upstream is steeper than that downstream. As seen
from Figure 1c, the groundwater depth changes from deep to shallow from north to south.
The groundwater depths near Huangqihai Lake and rivers are usually shallower than 5
m, and the depths in other areas are deeper than 5 m. According to previous studies [22],
the extreme evaporation depth of the groundwater is 5 m, in other words, the depths of
groundwater in most areas exceed the extreme evaporation depth.
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2.2. Data Preparation and Methods
2.2.1. Data Preparation

The groundwater level and depth data were measured in late September 2021. Thirty–
eight groundwater samples were collected according to the Groundwater Quality Standard
(GB/T 14848-2017) [28]. Before sampling, the wells were pumped for thirty minutes to
obtain fresh groundwater. All groundwater samples were collected from the Quaternary
phreatic aquifer and evenly distributed in different hydrogeological units (Figure 1a).
Groundwater samples were sealed and stored in 5 L PVC bottles that were carefully
cleaned before sampling. After collection, the samples were kept at 4 ◦C and later sent
to the Inner Mongolia Mineral Resources Experimental Research Institute for analyzing.
Hydrochemical indices were analyzed by using the standard methods as suggested by
Analysis Methods of Groundwater quality (DZ/T 0064.1–2021) [29]. pH was analyzed
by an ion meter (PXJ–1B, Jiangsu Electric Analysis Instrument Factory, Jiangyan, China).
The concentrations of cations (Mg2+, Ca2+, Na+ and K+) and some trace elements (Fe,
Mn, Cu, Pb, Cd, etc.) were analyzed by a PerkinElmer Optima 8300 with a detection
accuracy of 0.001 mg/L. The concentrations of anions (SO4

2−, Cl−, F− and NO3
−) were

measured by ion chromatography (IC850). The concentrations of NH4
+, NO2

− and H2SiO3
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were analyzed by a visible spectrophotometer (7200, Tianmei Scientific Instument Co.,
LTD, Shanghai, China). The concentrations of HCO3

−, total hardness (TH) and chemical
oxygen demand of manganese (CODMn) were analyzed by the titration method. The
total dissolved solids (TDS) were determined by the weighing method (Electronica scales
JA31001). The accuracy of the testing results was checked using an ionic error equilibrium,
and the relative error was controlled below 3%, which meant that the analyzing results
were reliable [30]. Twenty–five chemical indices of the groundwater samples were analyzed.
The concentrations of some indices, such as Cu, Cd, Hg, and Cr6+, were low, even below
the detection limit. Based on the previous study and the real conditions of the study area,
the analysis was focused on the main ions and the overstandard indices.

The samples for testing δD, δ18O, δ15N(NO3) and δ18O(NO3) were collected in late
September 2021 and early May 2022 based on the Handbook of Hydrogeology [30], and
twelve D–18O isotope samples and twelve 15N–18O(NO3) isotope samples were collected
in each phase. These samples were collected form the Quaternary phreatic aquifer, and
numbered H1–H6 and H8–H13. D–18O isotope samples were sealed in 10 mL EP plastic
tubes, and 15N–18O(NO3) isotope samples were sealed in 50 mL EP plastic tubes after
filtering with a 0.45 µm filter, and then stored at a low temperature. All isotope samples
were analyzed by the LICA United Technology Limited. The D–18O isotope test machine
was a Liquid water isotope analyzer (912–0050, Los Gatos Research, Inc., San Jose, CA, USA),
and the 15N–18O(NO3) isotope test machine was a Thermo Fisher MT253 and Flash 2000HT.
Three parallel samples (H10′, H11′ and H12′) for analyzing those isotopes were collected
and sent to another testing organization (Institute of Hydrogeology and Environmental
Geology, Chinese Academy of Geological Sciences), and the relative errors between the
results testing from the two testing organizations were all less than 3%.

The main ions (Mg2+, Ca2+, Na+, K+, HCO3
−, SO4

2−, Cl−) and other indices (NO3
−,

NO2
−, NH4

+, TDS, TH, CODMn and H2SiO3) were used to reflect the hydrochemical
characteristics, reveal the hydrochemical evolution and evaluate groundwater quality. The
D and 18O isotopes were conducted to analyze the source of groundwater. The relationship
analysis among NO3

−, SO4
2−, Cl−, Na+ and K+ and the 15N(NO3) and 18O(NO3) isotopes

were combined to accurately identify nitrate contamination.

2.2.2. Methods

In this study, the hydrochemical characteristics of groundwater were analyzed from
four aspects: the concentration characteristics of hydrochemical indices, spatial distribution,
hydrochemical facies and correlation analysis among hydrochemical indices. Second, the
hydrochemical evolution mechanisms were further studied by applying hydrochemical
methods. Then, the main source of groundwater was recognized by using the D–18O
isotope technique. Based on the evaluation of groundwater quality, the main sources of
nitrate in groundwater were identified by integrating the hydrochemical and isotopic data.
The methodology flowchart (Figure 2) is shown below.

(1) Mole fraction

The mole fraction is the ratio of the amount of substance in a solution to the sum of
the amounts of substance in each component, and the equation is listed below [31]. The
mole fraction can reflect the relative amount of a substance in a solution and is the basis of
the classification of hydrochemical facies and ion proportional coefficient method.
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Figure 2. Methodology flowchart. At present, many methods are used to proceed the hydrochemcial
research, such as Piper diagram, correlation analysis, Gibbs diagram, ion proportional coefficients,
cluster–based methods [14,31–37]. According to previous studies and the study objectives, we used
Excel to complete the statistical analysis. Statistics of the minimum, maximum, average and medium
were used to reflect the concentration characteristics of the indices. The standard deviation (SD)
was applied to reflect the variation degree between the average value and the actual value, and the
coefficient of variation (Cv) was used to indicate the dispersion degree [38]. Based on the geostatistical
methods, the spatial distributions of the main hydrochemical indices were obtained by using the
Kriging interpolation with the help of ArcGIS 10.3. The Piper diagram drawn by Aquachem 4.0
and the iso–ionic–salinity (TIS) diagram were applied to classify the hydrochemical facies and the
salinity distribution. Pearson correlation was undertaken to analyze the relationships among the
hydrochemical indices via IBM SPSS Statistics 22. Gibbs diagram, ion proportional coefficients were
conducted to reveal the hydrochemical evolution mechanism. Based on the binary phase diagram and
chloro – alkaline indices, the cation exchange was judged. Integration of the δ15N(NO3) – δ18O(NO3)
dual isotope technique and hydrochemical analyses was designed to trace the nitrate contamination.
Origin 2020 was used to plot Gibbs diagram, TIS diagram, binary phase diagrams, and isotope
distribution figures. The details of the methods are listed below.
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Ci =
ρi/Mri

∑n
i=1 ρi/Mri

× 100% (1)

where Ci is the mole fraction of the i ion, %; ρi is the mass concentration, mg/L; and Mri is
the relative molecular mass, 1.

(2) Shukalev classification

Shukalev classification is a common method of classifying hydrochemical facies and
mainly based on the mole fractions of the main ions (Ca2+, Mg2+, Na+ + K+, HCO3

−, SO4
2−

and Cl−). Ions with a mole fraction greater than 25% should participate in the classification
of the hydrochemical facies. Based on this, there are 49 hydrochemical facies [30].

Noticeably, the NO3
− ion is not considered according to the Shukalev classification.

This is mainly because the NO3
−content is lower than 25% in the natural groundwater

environment. However, due to the disturbance of human activities, the content of NO3
−

may increase and influence the hydrochemical evolution. Kpa o et al. [39] pointed out that
the new hydrochemical types (NO3–Ca and NO3–Na type) were widely found in many
agricultural areas of the former Soviet Union and the United States. Huang et al. [40]
improved the Shukalev classification and took NO3

− into consideration when determining
the hydrochemical facies. Due to this, the NO3

− ion was taken into consideration in this
study to indicate nitrate contamination.

(3) Cation exchange

Through cation exchange, Ca2+ and Mg2+ in groundwater were replaced by Na+,
which may affect the cation concentrations and hydrochemical facies [16]. The binary phase
diagram of (Na+ – Cl−) vs. (Ca2+ + Mg2+ – SO4

2− – HCO3
−) can indicate whether cation

exchange occurs [16] based solely on the milligram equivalent ratios, this method is simple
and not explained in detail here. Chlor–alkali indices can reflect the direction of cation
exchange analysis based on the two indices (CAI1 and CAI2), and the equations were listed
below [41].

CAI1 = [Cl− − (Na+ + K+)]/Cl− (2)

CAI2 =
[
Cl− − (Na+ + K+

)
]/(SO2−

4 + HCO−3 + CO2−
3 + NO−3 ) (3)

where the units of the ions involved in the equations are meq/L. When the values of
both CAI1 and CAI2 were negative, the forward reaction of cation exchange occurred in
groundwater; when the values of both CAI1 and CAI2 were positive, the backward reaction
occurred in groundwater.

(4) Isotope values

The isotope concentration analyses are usually expressed as the sample deviations
from the standard [42]. The calculated equation is shown below.

δ =
Rsample − Rstandard

Rsample
× 1000‰ (4)

where R is the isotope ratio, such as D/1H, 18O/16O and 15N/14N, the H and O isotopes
take Vienna Standard mean ocean water (V–SMOW) as the reference standard, the N
isotope takes the atmospheric N2 as the reference standard; δ is the sample deviation from
the standard, such as δD, δ18O and δ15N, and its unit is ‰.

(5) Evaluation of groundwater quality

According to the Groundwater Quality Standard (GB/T 14848-2017) [28], groundwater
quality is divided into five levels (I~V). Groundwater at levels I~III can be used for domestic
drinking, groundwater at level IV can be used for drinking after proper treatment, and
groundwater at level V is not suitable for drinking. Taking level III as the standard (Table 1),
if the concentration of the evaluated index is inferior to level III, it means that the index
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is over the standard. When comprehensively evaluating the groundwater sample, the
determination of the evaluated level obeys the inferior principle [28].

Table 1. Evaluated standard of the main indices of groundwater.

Index Level III Index Level III

pH 8.5 F− 1
TH 450 CODMn 3
TDS 1000 Fe 0.3

SO4
2− 250 Mn 0.1

Cl− 250 I 0.08
Na+ 200 Hg 0.001

NO3(N) 20 As 0.01
NO2(N) 1 Cr6+ 0.05
NH4(N) 0.5 Cd 0.005

Level III: Level III of Standard for Groundwater Quality (GB/T 14848-2017); Units: pH is unitless, the other indices
have units of mg/L; the nitrogen species were expressed as N to be consistent with the Groundwater Quality
Standard; Fe represents the total iron; Mn represents the total manganese.

(6) Denitrification and nitrification

Due to denitrification, nitrate and nitrite are reduced to gaseous nitrides and nitro-
gen in an anaerobic environment, which may change the composition of δ15N(NO3) and
18O(NO3) of different nitrogen sources. Therefore, an important prerequisite for using
δ15N(NO3) and δ18O(NO3) isotopic values to identify the nitrogen source is that no signifi-
cant denitrification occurs [43]. If denitrification occurs, the residual NO3

− would enrich
15N(NO3), and the content of NO3

− decreases [44]. The occurrence of denitrification can
also be judged by the enrichment coefficient (εN/εO). According to the research results of
Bottcher et al. [45] and Fukada et al. [46], the enrichment coefficient (εN/εO) should range
between 1.3–2.1.

(7) δ15N(NO3) – δ18O(NO3) dual isotope technique

When using the 15N(NO3) alone, the δ15N value ranges between different sources over-
lap, which leads to multiple solutions. The 15N(NO3) – 18O(NO3) dual isotope technique
provides a useful and powerful tool to identify nitrate contaminations by using the stable
isotopes 15N and 18O of nitrate together [8]. Combined with hydrochemical methods, the
source of nitrate can be accurately identified, which is of great significance to the prevention
and control of nitrogen contamination.

Nitrate in groundwater may come from atmospheric deposition, inorganic fertil-
izer, soil, manure and sewage, and different nitrate sources have specific δ15N(NO3)
and δ18O(NO3) value ranges [18,47]. Based on previous research [47–49], the ranges
of δ15N(NO3) and δ18O(NO3) originating from different sources were classified and are
shown in Table 2. Then, the sources of nitrate can be identified by using the δ15N(NO3) –
δ18O(NO3) dual isotope technique.

Table 2. Ranges of δ15N(NO3) and δ18O(NO3) originating from different sources (unit: ‰).

Precipitation Synthetic NO3
Fertilizer

NH4
Fertilizer

Soil Organic
Nitrogen Manure Sewage

δ15N(NO3) −13~+13 −6~+6 −7~+5 0~+8 +5~+25 +4~+19
δ18O(NO3) +23~+75 +17~+25 +15~+25 −5~+14 −5~+10

3. Results
3.1. Hydrochemical Characteristics Analysis

The groundwater in the study area was weakly alkaline with low salinity overall. The
pH values ranged from 7.38 to 8.50, with an average value of 7.82. The TDS values ranged
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from 287.03 to 3426.54 mg/L, with an average of 744.56 mg/L. The SD value of TDS was
545.50 mg/L, and the Cv value was 73.22%, meaning that the spatial dispersion degree of
TDS was high. The concentrations of TH were higher, ranging from 362.83 to 1851.67 mg/L,
with an average of 451.54 mg/L. The SD value of TH was as high as 1170.65 mg/L, and
the Cv value was 63.22%. Among the main anions in groundwater, the content of HCO3

−

was the highest, followed by Cl−, SO4
2− and NO3

−. Among the main cations, Mg2+ and
Ca2+ were the dominant ions, while the concentrations of Na+ and K+ were relatively lower.
The concentrations of F− ranged from 0.31 to 2.39 mg/L, with an average of 0.91 mg/L.
The NO3− concentrations fluctuated widely, ranging from 0.43 to 419.71 mg/L, with an
average of 79.77 mg/L. The concentrations of CODMn ranged from 0.12 to 5.07 mg/L, with
an average of 1.44 mg/L. According to Table 3, the SD values of Mg2+, Na+, HCO3

−, SO4
2−,

Cl−, NO3
−, TDS, TH and CODMn were high, and their Cv values were correspondingly

high, which indicated that the dispersion degrees of them were high. The probable reasons
for the high Cv values are discussed below.

Table 3. Statistics of hydrochemical parameters of groundwater (n = 38).

Index Maximum Minimum Average Median SD Cv

pH 8.58 7.38 7.82 7.81 0.24 3.03
Ca2+ 160.32 39.08 80.33 69.14 30.46 37.92
Mg2+ 413.27 13.37 60.95 43.51 64.39 105.64
Na+ 577.60 16.66 91.51 53.35 98.86 108.03

HCO3
− 1677.97 213.56 386.78 340.17 237.28 61.35

SO4
2− 392.20 14.41 102.75 56.90 94.21 91.69

Cl− 744.51 14.18 114.69 74.10 129.57 112.97
NO3

− 419.71 0.43 79.77 53.87 94.27 118.18
NO2

− 1.35 0.00 0.04 0.00 0.22 561.36
F− 2.39 0.31 0.91 0.80 0.48 53.02

H2SiO3 50.00 16.67 26.67 26.04 5.86 21.97
TDS 3426.54 287.03 744.56 568.66 545.20 73.22
TH 451.54 362.83 1851.67 152.64 1170.65 63.22

CODMn 5.07 0.12 1.44 1.01 1.11 77.23
The units of all groundwater quality indices, except pH, are in mg/L. SD: mg/L. Cv: %.

Hydrochemical characteristics of groundwater may be influenced by natural factors
and human activities. Some natural factors, such as earthquakes and volcanic eruptions,
may lead to the remarkable increase in the ion contents (K+, Na+, HCO3−, and SO4

2−), and
the influence areas of these factors are large [50,51], while the influences caused by other
natural factors are relatively slight. Loose Quaternary sediment is widely distributed in
the study area without obvious changes in lithology, no obvious tectonic movement has
occurred in recent years, and the extreme values of the analytic indices are distributed
discontinuously. Hence, it was inferred that natural factors were not the main cause of the
high dispersion and high Cv values. According to previous studies [52], the hydrochemical
indices, influenced by human activities, were characterized by high dispersion and high
fluctuation, and their Cv values were correspondingly high. Thus, the Cν value can reflect
the influence of human activities to some extent, and the disturbance of human activities
can also lead to a high value of Cν. In general, there is a variation if the Cν value is higher
than 30%, and there is a great variation if the Cν value is higher than 60%. The greater
Cν is, the greater the difference, and the greater the influence of external factors on the
groundwater index. As shown in Table 3, the Cv values of pH and H2SiO3 were low,
meaning that the distributions of the two indices were spatially steady, while the Cv values
of other indices were high, the Cv values of Mg2+, Na+, Cl− and NO3

− were even greater
than 100%. The spatial variations were also reflected in Figure 3, the concentrations of
these indices in some areas were much higher than those in other areas. In summary, the
intensive variations were mainly influenced by human activities.
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other indices are mg/L.

As shown in Figure 3, the concentrations of TDS, Ca2+, Mg2+, Cl− and SO4
2− in

groundwater were generally high in the central region of the study area, low in the east
and west, low in the north and high in the south. The terrain of the study area gently
slopes toward Huangqihai Lake, and the groundwater runs off slowly; the water – rock
interactions were fully reacted, and groundwater ions accumulated from upstream to
downstream. Furthermore, the groundwater depths in most areas downstream were
shallower than the extreme evaporation depth, and the evaporation of groundwater was
intensive. Due to the above factors, the contents of TDS, Ca2+, Mg2+, Cl− and SO4

2− were
generally high in the downstream area. The concentration of F− was low in the middle and
relatively high in the periphery. The concentrations of NO3

− and CODMn were relatively
low in most areas but high in area nearby the Huangqihai Lake.

Based on the Piper diagram (Figure 4a), the anions were mainly distributed closer
to the HCO3

− side for the groundwater samples of the upstream aquifer (Q3
al+ pl), while

the cations were mainly distributed close to the Mg2+ and Ca2+ sides, indicating that the
chemical facies upstream were mainly HCO3–Mg·Ca or HCO3–Ca·Mg. For the ground-
water samples of the downstream aquifer(Q4

l), the cations were obviously biased toward
the side of Na+, and the concentrations of anions (Cl− and SO4

2−) increased. Therefore,
the anion types gradually transitioned from HCO3 upstream to HCO3·Cl (Cl·HCO3) and
Cl·SO4 downstream, and the types of cations changed from Mg·Ca (Ca·Mg) to Mg·Ca·Na
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(Ca·Mg·Na), and even Na·Mg·Ca (Na·Mg·Ca) and Na type. Noticeably, the NO3
− mole

fractions of the C29 and C30 samples were 36.25% and 33.18%, respectively. To reflect
nitrate contamination [39,40], the NO3

− ion was taken into account when determining
the hydrochemical facies. Therefore, two new hydrochemical types, except the 49 types,
appeared in the C29 and C30 samples, namely, the NO3·HCO3–Ca·Mg and HCO3·NO3·Cl–
Ca·Mg facies. According to studies by Apollaro et al. [53], the iso–ionic–salinity (TIS) lines
were added in the correlation plot of (Na+ + K+) vs. (Ca2+ + Mg2+) to reflect the ionic
salinity. As shown in Figure 4b, the content of Ca2+ and Mg2+ was higher than that of Na+

+ K+ on the whole, and the groundwater had low ionic salinity which ranged from 10.43
to 56.21 meq/L. The TDS values were comparatively low with an average of 744.56 mg/L
which were in the range of fresh water (TDS < 1000 mg/L).
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relationship with SO42–, which indicated that sulfates rich in calcium and magnesium were 
dissolved in groundwater. r (Mg2+ vs. HCO3–) was as high as 0.968; that is, the dissolution 
of carbonate rich in Mg2+ in groundwater, such as dolomite, was the main source of Mg2+. 
Meanwhile, r (Ca2+ vs. HCO3–) was small and did not reach the significance level of 0.05, 
indicating that the dissolution of carbonate was not the main source of Ca2+ in groundwa-
ter or that the relationship between Ca2+ and HCO3– was weaker due to other reactions, 
such as cation exchange and crystallization. r (Na+ vs. Cl–) was as high as 0.951, indicating 
that the dissolution of salt rocks in groundwater was the main source of Na+ and Cl–. Ac-
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Figure 4. Piper diagram of groundwater (a) and correlation plot of (Na+ + K+) vs. (Ca2+ + Mg2+),
also showing TIS salinity diagram for reference (b).

In this study, the Pearson correlations of groundwater indices were analyzed to reflect
the possible sources and chemical reactions related to the hydrochemical indices (Table 4).

Table 4. Correlation matrices of hydrochemical indices (n = 38).

pH Ca2+ Mg2+ Na+ HCO3− SO42− Cl− F− H2SiO3 TDS TH CODMn

pH 1
Ca2+ −0.114 1
Mg2+ −0.225 0.135 1
Na+ −0.204 0.185 0.908 ** 1

HCO3
− −0.226 0.040 0.968 ** 0.915 ** 1

SO4
2− −0.105 0.564 ** 0.666 ** 0.816 ** 0.639 ** 1

Cl− −0.294 0.308 0.912 ** 0.951 ** 0.869 ** 0.794 ** 1
F− 0.290 −0.229 0.550 ** 0.487 ** 0.563 ** 0.267 0.359 * 1

H2SiO3 −0.188 0.000 0.596 ** 0.477 ** 0.528 ** 0.205 0.565 ** 0.079 1
TDS −0.224 0.352 * 0.949 ** 0.962 ** 0.917 ** 0.825 ** 0.961 ** 0.455 ** 0.524 ** 1
TH −0.239 0.392 * 0.965 ** 0.892 ** 0.910 ** 0.768 ** 0.929 ** 0.450 ** 0.553 ** 0.976 ** 1

CODMn −0.040 0.086 0.671 ** 0.711 ** 0.708 ** 0.584 ** 0.679 ** 0.331 * 0.345 * 0.699 ** 0.646 ** 1

* and ** represent significant levels of 0.05 and 0.01, respectively.

According to Table 4, the correlation coefficient (r) of TDS and TH was 0.976, indicating
that there was a good positive correlation between them. The two indices had good positive
correlations with Mg2+, Na+, Ca2+, Cl−, HCO3

− and SO4
2−, reflecting the significant

contribution of these elements in mineralization of groundwater. r (Ca2+ vs. Mg2+) did not
reach a significance level of 0.05, meaning that there is no obvious relationship between
Ca2+ and Mg2+. This was mainly because the sources of Ca2+ and Mg2+ or the reactions
related to the two ions in groundwater were different. Both Ca2+ and Mg2+ had a positive
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relationship with SO4
2−, which indicated that sulfates rich in calcium and magnesium were

dissolved in groundwater. r (Mg2+ vs. HCO3
−) was as high as 0.968; that is, the dissolution

of carbonate rich in Mg2+ in groundwater, such as dolomite, was the main source of Mg2+.
Meanwhile, r (Ca2+ vs. HCO3

−) was small and did not reach the significance level of 0.05,
indicating that the dissolution of carbonate was not the main source of Ca2+ in groundwater
or that the relationship between Ca2+ and HCO3

− was weaker due to other reactions, such
as cation exchange and crystallization. r (Na+ vs. Cl−) was as high as 0.951, indicating
that the dissolution of salt rocks in groundwater was the main source of Na+ and Cl−.
According to r (Na+ vs. HCO3

−) and r (Na+ vs. SO4
2−), both of which were higher than 0.8,

it was inferred that there were other sources of Na+ in addition to the dissolution of salt
rock. H2SiO3 was positively correlated with Mg2+ and Na+, illustrating the dissolution of
silicate containing Mg2+ and Na+ in groundwater. F− had a relatively good correlation with
pH, HCO3

−, Na+ and Cl−, that is, high F− groundwater was generally accompanied by a
distinctive hydrochemical characteristic: Ca–poor and Na–rich with alkaline conditions and
high HCO3

− concentration. These results were consistent with previous studies [16,54,55].
The dissolution of fluorite and some silicate minerals, such as micas, was the main source
of F− in groundwater [3].

3.2. Hydrochemical Evolution Mechanism
3.2.1. Hydrochemical Process

According to the Gibbs diagram, the main evolution mechanism of groundwater
was classified into three types: evaporation, rock weathering and atmospheric precipita-
tion [5,33,41]. As shown in Figure 5, the ratio of Na+/(Na+ + Ca2+) ranged from 0.14 to
0.59, and the ratio of Cl−/(Cl− + HCO3

−) ranged between 0.05 and 0.59, indicating that
the ions’ concentrations of groundwater in the study area were mainly affected by rock
weathering. The Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−) ratios of the downstream
aquifer (Q4

l) were larger than those of the upstream aquifer (Q3
al+pl). The burial depth

of groundwater gradually became shallow from upstream to downstream, evaporation
strengthened, some Ca2+ ions were precipitated as CaCO3, and the contents of Na+ and
Cl− were further concentrated.
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3.2.2. Analysis of the Main Dissolution and Migration

Based on the above analysis, the probable dissolutions and migrations were further
judged by using the ion proportional coefficients method [16,56].

(1) (Ca2+ + Mg2+)/(HCO3
− + SO4

2−)

In general, Ca2+ and Mg2+ in groundwater mainly come from the dissolution of
carbonate, silicate and evaporite, so the (Ca2+ + Mg2+)/(HCO3

− + SO4
2−) ratio was used

to determine the main sources of Ca2+ and Mg2+ [16]. As shown in Figure 6a, the samples
were mostly located above the 1:1 line, led by the groundwater samples in the upstream
aquifer (Q3

al+pl). Combined with Table 4, r (Ca2+ vs. SO4
2−) and r (Mg2+ vs. SO4

2−) were
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high, which indicated that Ca2+ and Mg2+ in the groundwater were derived not only from
the dissolution of carbonate and silicate minerals, but also from the dissolution of sulfate
minerals. The ratios of (Ca2+ + Mg2+)/(HCO3

− + SO4
2−) in some groundwater samples

were less than 1:1, which may be caused by carbonate precipitation and cation exchange.
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(2) Ca2+/Mg2+

The ratio of Ca2+ to Mg2+ was used to reflect the dissolution of calcite and dolomite [41].
As shown in Figure 6b, the samples were generally distributed near the 1:1 line. The samples
in the upstream aquifer (Q3

al+pl) were mostly distributed above the 1:1 line; that is, the Ca2+

content was higher than the Mg2+ content, indicating that the main dissolved carbonate
in the groundwater was calcite. Meanwhile, the samples in the downstream aquifer (Q4

l)
were mostly distributed below 1:1; that is, the Ca2+ content was lower than the Mg2+

content in the downstream aquifer (Q4
l). Dolomite dissolution produces 1:1 Ca2+/Mg2+,

and calcite only produces Ca2+. If calcite or dolomite was dissolved in groundwater, the
content of Ca2+ should be higher than that of Mg2+. In fact, the Ca2+ contents were lower
than the Mg2+ contents, indicating that cation exchange may occur and that the Ca2+ ions
in groundwater were adsorbed on the surface particles of the aquifer.

(3) Na+/Cl− and Na+/HCO3
−

The Na+/Cl− ratio can indicate the dissolution of salt rocks and silicates in ground-
water [16]. Most of the samples were located above the 1:1 line (Figure 6c). In the process
of hydrochemical evolution, the content of Cl− was steady and participated less in the
reaction, and its main source was the dissolution of the salt rocks. The Na+ content was
higher than the Cl− content, which may be due to silicate dissolution as well as salt rock
dissolution during the flow process of groundwater [57].

Plagioclase exists in the study area [22]. Plagioclase minerals generally include albite,
labradorite (intermediate), anorthite and so on. Groundwater in the study area was in a
slightly alkaline environment, in which plagioclase dissolved. The dissolution reactions are
listed below. According to (5) and (6), the albite released 1:1 Na+/HCO3

−and 1:3 Na+/SiO2,
and the labradorite produced 1:3 Na+/HCO3

− and 1:3 Na+/SiO2 [4]. Figure 6d shows that
the ratio of Na+/HCO3

− mostly ranged between 1:3 and 1:1, which meant that the content
of HCO3

− was higher than that of Na+. Combined with Table 4, r (Na+ vs. HCO3
−) and

93



Water 2022, 14, 3168

r (Na+ vs. H2SiO3) were positive, indicating the dissolution of albites and labradorites
in groundwater. If the dissolution degrees of albite and labradorite were the same, both
would release 1:3 Na+/SiO2. However, r (Na+ vs. HCO3

−) was higher than r (Na+ vs.
H2SiO3), meaning that the reaction degree of labradorites was more intensive than that of
albites. Furthermore, cation exchange also affected the content of Na+.

Albite: NaAlSi3O3 + CO2 + 2H2O = Na+ + 3SiO2 + Al(OH)3 + HCO3
− (5)

Labradorites: 2NaCaAl3Si5O16 + 3CO2 + 9H2O = 2Na+ + 2 Ca2+ + 2SiO2 + 3Al2Si2O5(OH)4 +6HCO3
− (6)

(4) (SO4
2− + Cl−)/HCO3

−

The dissolution of carbonate and silicate was the main source of HCO3
− in the study

area, while the weathering and dissolution of salt rocks and the oxidation of sulfide minerals
were the main sources of Cl− and SO4

2−. Most of the samples were distributed below
the 1:1 line (Figure 6e), which meant that the content of HCO3

− was higher than that of
SO4

2− and Cl−. This result indicated that the dissolution of carbonate and silicate minerals
played a dominant role in the hydrochemical process, while the dissolution of salt rock and
oxidation of sulfur minerals was relatively weak.

3.2.3. Cation Exchange

Cation exchange influenced the main cations concentration, and it was judged by
using the binary phase diagram of (Na+ − Cl−) vs. (Ca2+ + Mg2+ − SO4

2− − HCO3
−) and

Chlor–Alkali indices [4,16].

(1) (Na+ − Cl−) vs. (Ca2+ + Mg2+ − SO4
2− – HCO3

−)

If cation exchange was the dominant process influencing the contents of Na+, Ca2+

and Mg2+, the relationship between the two parameters was negative linear, with a slope
of −1.0. As shown in Figure 7a, there was a certain linear relationship between (Na+ – Cl−)
and (Ca2+ + Mg2+ − SO4

2− − HCO3
−) in groundwater, but the correlation coefficient was

low. It was indicated that cation exchange existed in the hydrogeochemical process, but it
did not play a dominant role in the changes in the contents of Na+, Ca2+ and Mg2+.

(2) Chloro–alkaline indices

According to Figure 7b, the CAI1 and CAI2 values of most groundwater samples were
smaller than 0, indicating that Ca2+ and Mg2+ in groundwater were replaced by Na+, and
the reactions occurred: Ca2+ + 2NaX � 2Na+ + CaX; Mg2+ + 2NaX � 2Na+ + MgX. This
was mainly because the sorptive abilities of Ca2+ and Mg2+ are higher than that of Na+ [31].
The CAI1 and CAI2 values of a few samples were greater than 0, which indicated that
the Na+ ions in groundwater in some areas were exchanged by Ca2+ or Mg2+ ions, and
the reactions might occur: 2Na+ + CaX � Ca2+ + 2NaX; 2Na+ + MgX � Mg2+ + 2NaX.
Previous studies [31,58,59] have shown that cation exchange is also influenced by other
factors, such as the sediment granularity in the aquifer, pH and concentrations of the ions.
Taking C1 and C7 as examples, the Na+ contents of the two samples were much higher than
the average content, and the high Na+ content might cause the Na+ ions in groundwater to
be exchanged with the Ca2+ or Mg2+ ions in aquifer media.

94



Water 2022, 14, 3168Water 2022, 14, 3168 16 of 26 
 

 

 
Figure 7. Coefficient diagrams of (Na+ − Cl−) vs. (Ca2+ + Mg2+ − SO42− − HCO3−) for analyzing cation 
exchange reaction (a) and distribution diagram of Chloro–alkaline indices (b). 

3.3. Groundwater Source 
The global meteoric water line (GMWL) was δD = 8δ18O + 10 [60]. Due to the lack of 

the precipitation isotopic data of the study area, the local meteoric water line (LMWL) of 
Hohhot, which was located in the same climate zone as the study area and near the study 
area, was chosen to reflect the D–18O isotopic composition of precipitation in the study 
area, and the LMWL equation was δD = 7.68δ18O − 0.72 (R2 = 0.8964) [61]. The study area 
is situated inland with less precipitation and intensive evaporation, and is comprehen-
sively influenced by the East Asian summer monsoon and westerly circulation. The water 
vapor of the precipitation, which was caused by westerly circulation, originates from the 
North Atlantic and is transported from Xinjiang to inland China. It is characterized by low 
humidity and obvious secondary evaporation, which causes the temperature effect 
[61,62]. The water vapor brought by the East Asian summer monsoon has a high humidity 
and is slightly influenced by evaporation; along with transportation inland, the heavy iso-
topes are preferentially condensed, and δD and δ18O values in precipitation decrease with 
increasing of precipitation, which was called the rainfall effect [61,62]. For the above rea-
sons, the slope of the LMWL was less than that of the GMWL (Figure 8). 

The δD values of groundwater ranged from −74.93 to −61.01‰, the δ18O values of 
groundwater ranged from −10.08 to −7.39‰, and the averages of δD and δ18O were 69.14 
and 9.07‰, respectively. Samples were mostly distributed near the LMWL (Figure 8), and 
the linear equation of δD and δ18O of groundwater was δD = 5.93δ18O − 19.18 (R2 = 0.9067), 
indicating that local atmospheric precipitation was the main source of groundwater. Con-
taminants were very likely to enter groundwater along with the precipitation infiltration. 
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3.3. Groundwater Source

The global meteoric water line (GMWL) was δD = 8δ18O + 10 [60]. Due to the lack of
the precipitation isotopic data of the study area, the local meteoric water line (LMWL) of
Hohhot, which was located in the same climate zone as the study area and near the study
area, was chosen to reflect the D–18O isotopic composition of precipitation in the study
area, and the LMWL equation was δD = 7.68δ18O − 0.72 (R2 = 0.8964) [61]. The study area
is situated inland with less precipitation and intensive evaporation, and is comprehensively
influenced by the East Asian summer monsoon and westerly circulation. The water vapor
of the precipitation, which was caused by westerly circulation, originates from the North
Atlantic and is transported from Xinjiang to inland China. It is characterized by low
humidity and obvious secondary evaporation, which causes the temperature effect [61,62].
The water vapor brought by the East Asian summer monsoon has a high humidity and is
slightly influenced by evaporation; along with transportation inland, the heavy isotopes are
preferentially condensed, and δD and δ18O values in precipitation decrease with increasing
of precipitation, which was called the rainfall effect [61,62]. For the above reasons, the slope
of the LMWL was less than that of the GMWL (Figure 8).
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The δD values of groundwater ranged from −74.93 to −61.01‰, the δ18O values of
groundwater ranged from −10.08 to −7.39‰, and the averages of δD and δ18O were 69.14
and 9.07‰, respectively. Samples were mostly distributed near the LMWL (Figure 8),
and the linear equation of δD and δ18O of groundwater was δD = 5.93δ18O − 19.18 (R2

= 0.9067), indicating that local atmospheric precipitation was the main source of ground-
water. Contaminants were very likely to enter groundwater along with the precipitation
infiltration. The linear slope of δD and δ18O of groundwater was lower than that of GMWL
(8) and LMWL (7.68), which meant that heavy isotopes were further enriched by evapora-
tion during the runoff process of groundwater. The isotopic composition (δD and δ18O)
was influenced to some extent by the regional climate and local processes (evaporation,
vegetation distribution, anthropogenic activities) [48]; thus, the δD and δ18O values of
groundwater may be different in different areas and different times. According to Table 5,
the averages of δD and δ18O downstream were higher than those upstream which was
caused by the intensification of evaporation in the shallow groundwater depth area. Com-
paring the δD and δ18O values in different seasons (Table 5), the δ18O averages in May 2022
were slightly higher than those in September 2021 regardless of whether the groundwater
samples were distributed upstream and downstream; the δD average downstream in May
2022 was just 0.30‰ higher than that in September 2021, and the average upstream in
May 2022 was −0.55‰ lower than that in September 2021. The reasons for the difference
between different times need further research based on monthly isotopic data over years,
and measurement uncertainty should be taken into consideration.
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Table 5. Statistics of δD, δ18O and d–excess in different seasons (Unit: ‰).

Sample Sampling Site
September 2021 May 2022

δD δ18O d–Excess δD δ18O d–Excess

H1

Upstream
aquifer
(Q3

al+pl)

−69.51 −8.99 2.38 −69.06 −9.31 5.43
H2 −67.41 −8.65 1.79 −67.61 −8.64 1.50
H5 −74.58 −9.91 4.70 −74.93 −10.08 5.73
H6 −70.97 −9.54 5.35 −62.86 −8.56 5.65
H8 −68.60 −9.33 6.01 −67.74 −8.97 3.98
H9 −71.20 −9.33 3.40 −70.95 −9.29 3.36
H12 −68.89 −8.89 2.23 −68.32 −8.92 3.04
H13 −73.68 −9.70 3.95 −73.57 −9.76 4.52

Average −70.60 −9.29 3.73 −69.38 −9.19 4.15

H3
Downstream

aquifer
(Q4

l)

−66.19 −8.63 2.84 −66.01 −8.50 2.02
H4 −74.31 −9.85 4.49 −74.89 −9.96 4.82
H10 −61.01 −7.53 −0.81 −60.68 −7.39 −1.60
H11 −67.53 −8.91 3.74 −68.94 −8.95 2.68

Average −67.26 −8.73 2.57 −67.63 −8.70 1.98

The deuterium excess values (d–excess = δD− 8δ18O) were used to analyze the intensity
of groundwater evaporation. The stronger the evaporation was, the more negative the
d–excess value was [63]. The d–excess values of groundwater ranged from −1.60 to 6.01‰,
with an average value of 3.38‰. The average of d–excess in the study area was positive but
smaller than the d–excess average of the global meteoric water (10‰) [60]. It was indicated
that the ion contents of groundwater in the study area were controlled by water–rock
interactions and influenced by evaporation. Due to intensive evaporation, the contents of
ions are generally concentrated in the groundwater. The solubilities of some salts (such as
NaCl) are high, and the contents of their ions in groundwater (such as Na+ and Cl−) can
increase to a high level. On the other hand, the solubilities of some salts (such as CaCO3)
are low. Taking CaCO3 as an example, the content of Ca2+ increases due to evaporation,
but once its content is saturated, the Ca2+ ion in groundwater precipitates in the form of
CaCO3, Ca2+ + CO3

− = CaCO3↓, and the Ca2+ content in the groundwater decreases. This
may change the ion compositions of groundwater, and further influence the hydrochemical
facies. In general, intensive evaporation in the shallow aquifer can cause an increase in the
TDS and TH contents [64].

By comparing the d–excess values of groundwater in different seasons (Table 5), the
d–excess average in May (3.42‰) was slightly higher than that in September (3.40‰). Due
to the lack of time series data of isotopes, the possible reasons were preliminarily inferred
based on previous studies [61,65]: (1) the difference in the isotopic composition of precip-
itation (the main source of groundwater) between different seasons and (2) the different
influences of evaporation on groundwater between different seasons. The measurement
uncertainty should be considered. Continuous measurements of stable isotopes both in pre-
cipitation and groundwater and further research are needed. From the spatial distribution,
the d–excess values decreased from the upstream aquifer (Q3

al+pl) to the downstream aquifer
(Q4

l). The main reason was that the water–rock interactions continuously proceeded along
the direction of groundwater runoff, and an oxygen shift occurred. The burial depth of
groundwater became shallow from north to south, and evaporation intensified; thus, the
heavy isotopes were enriched. From the time perspective, the content of Cl− would be
enriched due to evaporation. According to the Pearson correlation analysis, r (Cl− vs. δ18O)
was 0.611, but it did not reach the significance level of 0.05, indicating that evaporation
slightly affected the isotopic compositions.

3.4. Evaluation of Groundwater Quality

According to the Groundwater Quality Standard (GB/T 14848-2017), the comprehen-
sive overstandard rate of groundwater in the study area was 60.53% by following the
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inferior principle, and the overstandard indices were TH, F, NO3(N), TDS, CODMn, SO4
2−,

Na+, Cl−, NO2(N) and As. The statistical data of the overstandard indices are shown in
Table 6 and Figure 9.

Table 6. Statistics of the overstandard indices.

Index Na+ Cl− SO4
2− NO3(N) NO2(N) NH4(N)

Level III 200 250 250 20 1.00 0.50
Rover 7.89 5.26 10.53 23.68 2.63 0.00

M 2.89 2.98 1.57 4.74 1.35 /

Index F− TDS TH As CODMn

Level III 1 1000 450 0.01 3
Rover 28.95 21.05 36.84 2.63 10.53

M 2.39 3.43 4.11 1.24 1.69
Rover: Overstandard ratio based on the level III standard, %; M: Multiple of the maximum concentration to a
multiple of the level III standard; Level III: Level III of Standard for Groundwater Quality (GB/T 14848-2017),
mg/L.
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for Groundwater Quality (GB/T 14848-2017) [28].

The indices (TH, TDS, F−, Na+ and Cl−) in groundwater exceeded the standard,
mainly due to natural factors. The climate in the study area is arid, evaporation is intensive,
the groundwater flows slowly due to the gentle terrain, and the background contents of
F− in some areas are high. All these factors led to the overstandard of these indices. The
concentrations of NO3(N) and NO2(N) in some areas exceeded the standard. According
to Table 6, the highest concentration of NO3(N) was 4.74 times that of Level III, and the
concentration of NO2(N) was 1.35 times that of Level III. Combining Table 3 and Figure 3,
the spatial variations in NO3(N) and NO2(N) in the study area were strong, indicating that
the contents of NO3(N) and NO2(N) were influenced by human activities. CODMn is a
common index to reflect the pollution of organic oxidizable substances in groundwater [66].
CODMn in the study area had a strong spatial variability. Concentrations of CODMn in
some zones were higher than 3 mg/L, indicating that the synthetic organic compounds
caused the deterioration of the groundwater environment by human factors.

3.5. Identification of Nitrogen Contamination

Based on the evaluated groundwater quality results, the NO3(N) concentrations in
some parts of the study area were overstandard, and the highest concentration far ex-
ceeded the level III standard. Thus, the main source of nitrate contaminations should be
scientifically identified.
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3.5.1. Relationship between NO3
− and Other Ions (Cl−, SO4

2−, Na+ and K+)

As shown in Figure 10a, the Cl−/Na+ ratios of most samples were close to 1, indi-
cating that the Cl−/Na+ ratios were mainly affected by salt rock dissolution [16]. The
NO3

−/Na+ ratios ranged from 0.00 to 3.69 with an average of 0.49, and the Cv was 1.34
(>1), indicating that there was a strong spatial variation. Combined with Figure 10b, the
ratios of SO4

2−/Na+ were smaller than those of NO3
−/Na+ overall, and the groundwa-

ter samples were located near the agricultural side, meaning that the nitrate content of
groundwater was mainly affected by agricultural activities. The distribution of the points
in Figure 10a was scattered and the Cv of NO3

−/Na+ was higher than 1, meaning that agri-
cultural activities in different zones had different impacts on groundwater. The discussed
results were consistent with the field survey results. The farmland in the study area was
widely distributed, and the main crops were potatoes, oats and vegetables. Fertilizers and
pesticides were very likely to enter groundwater along with the water from irrigation and
precipitation, resulting in excessive nitrogen in groundwater.
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Figure 10. Relationships of (NO3
−/Na+) vs. (Cl−/Na+) (a), (SO4

2−/Na+) vs. (NO3
−/Na+) (b),

(NO3
−/Cl−) vs. Cl− (c), and NO3

−/K+ (d).

Contaminations coming from manure and sewage would show a higher Cl− content
and a lower NO3

−/Cl− ratio. The Cl− molar concentration should usually be greater than
1 mmol/L, while the NO3

−/Cl− molar concentration ratio should range between 0.001 and
0.1 [44,67]. The contaminations originating from synthetic NO3 fertilizer via agricultural
activities should show characteristics of low Cl− concentrations and high NO3

−/Cl− ratios,
the Cl− content should be less than 0.1 mmol/L, and the NO3

−/Cl− molar concentration
ratio should range between 0.1 and 10 [18]. As shown in Figure 10c, the Cl− contents were
generally more than 1 mmol/L, and the molar concentration ratios of NO3

−/Cl− ranged
between 0.1 and 10, with an average value of 0.58. The points were mostly distributed
in the upper–right of Figure 10c, indicating that the nitrate content in groundwater was
affected by a variety of factors such as manure, sewage and fertilizers. To further explore
the probability of synthetic NO3 fertilizer as a probable source of nitrate, the bivariate
relationship between NO3

− and K+ was examined. There will be a strong correlation
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between NO3
− and K+ if NO3 originates from synthetic NO3 fertilizer [7]. In fact, there

was a weak correlation between NO3
− and K+ (Figure 10d), indicating that synthetic NO3

fertilizer is not the dominant source of NO3
− in the study area.

3.5.2. Denitrification and Nitrification

As shown in Figure 11a, the relationship between NO3
− and δ15N(NO3) was not

negative, indicating that denitrification in groundwater was not obvious. Previous stud-
ies [45,46] have shown that the enrichment coefficient (εN/εO) should range between
1.3–2.1 if intensive denitrification occurs in groundwater, in other words, the slope of
δ15N(NO3) and δ18O(NO3) should range from 0.48 to 0.77. As shown in Figure 11c, the
slope of δ15N(NO3) and δ18O(NO3) was −0.09, far lower than 0.48 and 0.77, respectively. It
was indicated that no obvious denitrification occurred during the transforming process of
nitrate in the study area.
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Figure 11. Relationships of NO3

− vs. δ15N(NO3) (a), NO3
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Under an oxidative environment, NH4
+ is transformed into NO3

− by Nitrobacter,
which is called nitrification. According to the experimental research of Kendall [68], one
O atom of NO3 comes from the atmosphere, and the other two O atoms come from H2O
in environment, i.e., δ18O(NO3) = 2/3δ18O(H2O) + 1/3δ18O(O2). The δ18O(H2O) average
of groundwater in the study area was −9.07‰, and the δ18O(O2) value was +23.5‰ [69].
Based on this, the δ18O(NO3) theoretical value was calculated as 1.79‰. The actual values
of δ18O(NO3) in the study area ranged from−6.47 to +1.24‰, and the average was−2.40‰.
There was a difference between the actual values and theoretical value, the main possible
reasons were: (1) the real conditions were different from the laboratory cultures; (2) the
δ18O(O2) value was cited from previous study not from actual measurement. According
to the previous research, the δ18O(NO3) value produced by microbial nitrification ranged
from −10 to +10‰ in general [47,68,70]. As shown in Figure 11b, the δ18O(NO3) values
all fell within the above range and indicated that nitrification was the main process of
nitrogen transformation.
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3.5.3. δ15. N(NO3) – δ18O(NO3) Dual Isotope Technique

As shown in Figure 11a,b, the distribution of samples was an irregular plane, indi-
cating that NO3 contamination was a mixture of point sources and nonpoint sources. The
δ15N(NO3) values were within the overlap range of multiple sources (Figure 11a), such
as precipitation, soil organic nitrogen, manure and sewage, while the δ18O(NO3) values
were in the range of soil organic nitrogen (Figure 11b). The results based on single isotope
to identify the source of nitrogen were not accurate enough due to the overlaps of the
δ15N(NO3) values among multiple sources.

To overcome this problem, the 15N(NO3) –18O(NO3) dual isotopes technique has been
proposed [8] (Figure 11c). The δ15N(NO3) values ranged from +0.29 to +14.39‰, and the
δ18O(NO3) values ranged from −6.47 to +1.24‰. 50% of the groundwater samples were in
the range of manure and sewage, 41.67% of the groundwater samples were in the overlap
area of soil organic nitrogen and manure and sewage, and 8.33% of the samples were located
below the range of manure and sewage. High concentration of nitrate in groundwater
indicated that soil organic nitrogen was not the main source of nitrate contamination. The
mixed contamination of manure, sewage and NH4 fertilizers increased the nitrate contents
in groundwater, and the contribution of manure and sewage was greater than that of
NH4 fertilizers. The δ15N(NO3) and δ18O(NO3) data further affirmed the hydrochemical
interpretation that precipitation, industrial activities and synthetic NO3 were unlikely to be
the main sources of NO3 in the study area.

4. Conclusions

Hydrochemical characteristics and evolution process of groundwater in the northern
Huangqihai Basin were comprehensively analyzed by using multiple hydrochemical meth-
ods. The groundwater in the study area was generally weakly alkaline with low salinity.
The relative anionic abundance of groundwater samples was in the order of HCO3

−> Cl−

> SO4
2− > NO3

−, whereas the cationic abundance was Mg2+ > Ca2+ > Na+ > K+. The distri-
butions of Mg2+, Na+, Cl− and NO3

− showed significant spatial variations (Cv > 100%),
indicating the influence of human activities on groundwater. The main chemical facies of
groundwater were HCO3–Mg·Ca and HCO3–Ca·Mg. The mole fractions of NO3

− in C29
and C30 samples were higher than 25%, and two new hydrochemical facies (NO3·HCO3–
Ca·Mg and HCO3·NO3·Cl–Ca·Mg) appeared based on the improved Shukalev classification
method. The hydrochemical evolution of groundwater was predominantly affected by rock
weathering and also by cation exchange.

The main source of groundwater was precipitation by means of the D–18O isotope
technique, and the relationship between δD and δ18O of groundwater was δD = 5.93δ18O
− 19.18 (R2 = 0.9067). The d–excess range was −1.60 to +6.01‰ with an average value of
3.38‰ (<10‰), indicated that groundwater was controlled by water–rock interactions and
influenced by evaporation. Contaminants were very likely to enter groundwater along
with precipitation infiltration, resulting in excessive nitrogen in groundwater.

The NO3(N) contents in some parts of the study area were far exceeded the level III
standard. The NO3

−/Na+ ratios ranged from 0.00 to 3.69 with an average of 0.49, and the
Cv was 1.34 (>1). The ratios of SO4

2−/Na+ were smaller than those of NO3
−/Na+ overall,

indicating that the nitrate content of groundwater was mainly affected by agricultural
activities. The Cl− contents were generally more than 1 mmol/L, and the NO3

−/Cl−

ratios ranged between 0.1 and 10 with an average value of 0.58. The correlation between
NO3

− and K+ was weak. The hydrochemical analysis showed that precipitation, industrial
activities and synthetic NO3 were unlikely to be the main sources of nitrate contamination.

The relationship between NO3
− and δ15N(NO3) was not negative, and the slope

of δ15N(NO3) vs. δ18O(NO3) in groundwater was −0.09, far lower than 0.48 and 0.77,
respectively. The δ18O(NO3) values fell within the range (−10 to +10‰). These analyses
indicated that no obvious denitrification occurred, and that nitrification was the main
process during nitrogen transformation in the study area. The δ15N(NO3) values ranged
from +0.29 to +14.39‰, and the δ18O(NO3) values ranged from −6.47 to +1.24‰. The
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δ15N(NO3) and δ18O(NO3) data further affirmed the hydrochemical interpretation that
precipitation, industrial sewage and synthetic NO3 were unlikely sources of NO3, and the
main sources were manure, sewage and NH4 fertilizers.

The integration of hydrochemical analysis and dual isotope technique provides a
further insight into the identification of nitrate contamination from multiple perspectives:
hydrochemical characteristics, evolution mechanism, probable pathway of contaminants
entering groundwater, bivariate relationships between NO3

− and other indices, and isotope
composition. It is recommended that extensive and sustained monitoring of the D–18O
isotopes in groundwater and the 15N(NO3) and 18O(NO3) isotopes in the potential nitrate
sources (fertilizers, manure and sewage) should be performed in further studies.
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Abstract: For efficient and environmentally friendly removal of nitrate from groundwater, biochar-
based nanoscale zerovalent iron composites were prepared, where biochar was derived from pine
sawdust at 4 different pyrolysis temperatures. The results show that biochar with different pyrolysis
temperatures played a great role in both nitrate removal efficiency and nitrate conversion rate to
nitrogen gas for the prepared composites. Specifically, the composite with biochar pyrolyzed at
500 ◦C, ZB12-500, showed the best performance in both nitrate removal and conversion to nitrogen
gas. With an initial solution pH from 5 to 10, ZB12-500 maintained high removal efficiencies varying
from 97.29% to 89.04%. Moreover, the conversion of nitrate to nitrogen gas increased with the
initial nitrate concentration, and it reached 31.66% with an initial nitrate concentration of 100 mg/L.
Kinetics analysis showed that the nitrate removal process fit well with a two-compartment first-
order kinetic model. Meanwhile, the test of nitrate removal by ZB12-500 in synthetic groundwater
showed that HCO3

− and SO4
2− limited nitrate removal but improved nitrate conversion to nitrogen

gas. Furthermore, the nitrate removal mechanism suggested that biochar could facilitate electron
transfer from zero valent iron to nitrate, which led to high nitrate removal efficiency. In addition, the
interaction of ferrous ions and the quinone group of biochar could increase the nitrate conversion
to nitrogen gas. Therefore, this study suggests that ZB12-500 is a promising alternative for the
remediation of nitrate-contaminated groundwater.

Keywords: nano zero-valent iron; biochar; nitrate removal; nitrogen gas

1. Introduction

Groundwater plays an important role in human freshwater resources. About 20% of
the world’s fresh water supply is provided by groundwater. Therefore, ensuring the safety
of groundwater is of great importance to human beings. However, as a result of rapid
expansion in modern agriculture and industry, inorganic nitrogen pollution has become a
major problem in the world. The main types of nitrogen present in water are nitrate, nitrite,
and ammonia, but the most common pollutant is nitrate, and nitrate nitrogen pollution
has been reported as a worldwide pollution problem [1–3]. Nitrate nitrogen entering
water may lead to eutrophication or other negative effects on water quality [4–7]. On the
other hand, nitrate can also end up in the human body through groundwater and cause
methemoglobinosis, also known as “blue baby syndrome,” and can be converted into
carcinogenic nitrite amine preforms [8]. The WHO limited the concentration of NO3

−-N
to 10 mg/L [9]. Therefore, advanced treatment technologies are needed to remove nitrate
from groundwater in an economical and environmentally friendly manner.

At present, mainstream nitrate removal technologies in groundwater include chemical
catalysis of nitrate reduction, anion exchange, low-pressure reverse osmosis, and microbial
methods. Among them, the anion-exchange method and reverse osmosis method both have
the disadvantage of requiring frequent regeneration medium and producing secondary
pollutants [10,11], while biological denitrification requires a long repair time and generates
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sludge, which requires a large amount of maintenance cost [12]. Compared with other meth-
ods, the chemical reduction method provides the benefits of quick effect, lower cost, and
no secondary pollution, and is more suitable for nitrate remediation in groundwater [13].

Nanoscale zero-valent iron (nZVI) has been reported to effectively remedy ground-
water contamination in recent years because of its finer particle size, higher reactivity, and
larger specific surface area to remove pollutants. Although nZVI can effectively reduce
nitrate, it also has some disadvantages, such as easy agglomeration, easy corrosion, poor
electronic selectivity, low reactivity, and poor product selectivity [14]. For these reasons,
a variety of modification methods for nZVI have been studied. The bimetallic method
is to dope some high-potential metals into the nZVI so that nZVI and the doped metals
can make up micro-macroscopic coupled electrode systems to get rid of more nitrate and
product selectivity of the material. Sparis et al. used ZVI-5%Cu particles doped with
Cu ions into ZVI to reduce more than 80% of nitrate in 20 min and completely remove
it in 1 h, whereas ZVI alone removed only 74.5% of nitrate in 1 h [15]. Lubphoo et al.
found that a trimetal (Pd-Cu)-ZVI material using Cu and Pd as catalysts was more efficient
in reducing nitrate than pure nZVI, as well as an increased ratio of N2 production [16].
Zhang et al. found that the addition of palladium increased the gas production of nitrate,
nitrite, and ammonia recovered from aqueous and solid-phase supports [17]. Although
the dopped metal materials could be beneficial for nitrate removal and its selective con-
version to nitrogen gas, they also mean increased material cost and environmental risk.
Pre-magnetization could also boost nZVI’s reactivity due to its superiority in magnetic
memory. The nitrate removal rate of the pre-magnetized Fe0 system was 1.99 times better
than that of the non-pre-magnetized one [18]. During nitrate reduction, the magnetic field
gradient force drove nitrate gathering at the surface of the pre-magnetized Fe0 system, and
meanwhile led to more nitrate conversion to nitrogen gas [19]. However, it is difficult to
apply the pre-magnetization method on a large scale in the field of groundwater treatment
engineering. In fact, nZVI prepared by the loading method can prevent aggregation of
ZVI in the reaction, provide more active sites, and have a wider range of pH application
conditions [20]. The application scenario of the material is more suitable for practical
groundwater remediation.

The carrier materials commonly used in the loading method include organic materials
such as alginate matrix [21], polymeric styrene anion exchanger [22], and inorganic materi-
als such as activated carbon [23], biochar [24], zeolite [20], etc. Biochar often presents with
better porosity and specific surface area, which makes it a promising carrier for nanoscale
materials [25]. Namasivayam et al. used a waste coconut shell to prepare ZnCl2 activated
carbon to recover nitrate from water. The results showed that pH had a great impact on
the recovery of nitrate, and the desorption rate could reach 58% and 92% at pH 2 and
11, while the desorption rate was negligible at pH 3–10 [26]. Kamyar et al. prepared
TBC by impregnating magnetic nanoparticles on tea biochar to remove heavy metals and
nutrients in water, up to 147.84 mg/g of Ni2+, 160.00 mg/g of Co2+, 49.43 mg/g of NH4

+

and 112.61 mg/g of PO4
3− could be adsorbed onto tested biochar [27]. For nZVI, nitrate

was mainly conversed to NH4
+ (93.5%) instead of N2 (5.7%), while the N2 conversion ratio

of ZVI/BC composite can reach 60.1% [28]. Oh et al. used straw as raw material to prepare
biochar-loaded nZVI material at 900 ◦C and reaction results showed that NO3

−-N was
almost completely removed and the selectivity of the N2 product was also very high [29].
Gao et al. produced biochar-loaded ZVI at 400 ◦C to remove Cr6+ from aqueous solutions
and reached a maximum removal capacity of 126 mg/g at pH 2.5, whereas ZVI was highly
agglomerated at the same pH [30]. Wei et al. prepared BC/nZVI composites with different
mass ratios from straw to remove nitrate nitrogen from water. The prepared composite
presented superiority to nZVI, and its removal capacity was 229 mg NO3

−-N/g [28]. Some
studies have concluded that the process of nitrate removal by ZVI composite materials
can be explained by Equations (1)–(10) [31–34]. Obviously, biochar-supported nZVI com-
posites have great potential for remediation of nitrate contamination. As a low-cost and
environmentally friendly natural material, biochar could also mediate environmentally
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related abiotic redox processes [35,36], so it is desirable to use composite materials for
nitrate treatment in groundwater. When biochar is used as the carrier of composite materi-
als, pyrolysis temperature affects the properties of composite materials by changing the
physicochemical properties of biochar (including specific surface area, functional group,
hydrophobicity, and graphitization) [37–39]. However, little is known about the effect of
the pyrolysis temperature of biochar support on the product selectivity for nitrate removal
by nZVI/BC composites.

Fe0 + 2H+ → Fe2+ + H2 ↑ (1)

2Fe0 + O2 + 2H2O→ 2Fe2+ + 4OH− (2)

Fe0 + NO−3 + 2H+ → Fe2+ + NO−2 + H2O (3)

4Fe0 + NO−3 + 10H+ → 4Fe2+ + NH+
4 + 3H2O (4)

3Fe0 + NO−2 + 8H+ → 3Fe2+ + NH+
4 + 3H2O (5)

5Fe0 + 2NO−3 + 12H+ → 5Fe2+ + N2(g) + 6H2O (6)

8Fe0 + 3NO−3 + 9H2O BC→ 4Fe2O3 + 3NH+
4 + 6OH− (7)

10Fe0 + 6NO−3 + 3H2O BC→ 5Fe2O3 + 3N2(g) + 6OH− (8)

3Fe0 + NO−3 + 3H2O BC→ Fe3O4 + NH+
4 + 2OH− (9)

18Fe0 + 3Fe2+ + 10NO−3 + 2H2O BC→ 7Fe3O4 + 5N2(g) + 4OH− (10)

Our previous study have proved the feasibility of the nZVI/BC for nitrate removal
from groundwater [28]. In order to explore the effect of biochar prepared at different
pyrolysis temperatures on the removal of nitrate from groundwater by nano zero-valent
iron/biochar composite here, nZVI/BC composites with a mass ratio of 1:2 (ZB12) were pre-
pared by using biochar at different pyrolysis temperatures. The prepared composites were
characterized using surface analysis techniques, including a scanning electron microscope,
X-ray diffraction pattern, Fourier transform infrared spectroscopy, X-ray photoelectron spec-
troscopy, and Brunauer–Emmett–Teller (BET) specific surface area measurement. Moreover,
nitrate removal efficiencies and their product selectivity were evaluated under different
conditions of groundwater, including dosage, initial pH, initial nitrate concentration, and
co-existing ions. In addition, the nitrate removal kinetics were investigated, and a mecha-
nism of nitrate removal was proposed.

2. Materials and Methods
2.1. Materials

Anhydrous ethanol (CH3CH2OH, 99.7%) was obtained from Fuyu Chemical Co.,
Ltd. (Tianjin, China). Sodium borohydride (NaBH4, 97.0%), potassium nitrate (KNO3,
99.0%), potassium persulfate (K2S2O8, 99.0%), ammonium chloride (NH4Cl, 99.8%), and
sodium nitrite (NaNO2, 99.0%) were acquired from Kermel Chemical Reagent (Tianjin,
China). Ferrous sulfate heptahydrate (FeSO4·7 H2O, 99.0%) was purchased from Sheng
Ao Chemical Reagent (Tianjin, China). The raw pine sawdust was collected from Weinan,
Shaanxi Province, China. The sawdust was rinsed three times with deionized (DI) water
and then dried overnight in an oven at 80 ◦C. nZVI used for comparison were purchased
from Xiangtian Nanomaterials Co., LTD., Shanghai, China.

2.2. Synthesis of ZB12

Biochar was prepared by pyrolysis. Briefly, the crucible was filled with pre-treated pine
sawdust, which was then put into a muffle furnace for carbonization. The carbonization
was under a nitrogen atmosphere with a nitrogen flow rate of 80 mL/min and a heating
rate of 10 ◦C/min. The carbonization process lasted 4 h at target temperatures of 350, 500,
650 and 800 ◦C, respectively. Then the heating stopped, and the muffle furnace was cooled

109



Water 2022, 14, 2877

down to room temperature. Next, the biochar was removed and pulverized through a
150-mesh sieve for later use.

The synthesis of ZB12 was conducted based on a sodium borohydride reduction
method, as in Equation (11) [40]. According to our previous study [28], 1:2 was the optimal
mass ratio of iron content to biochar, so this ratio was used in the sample preparation in this
study. Briefly, 1.39 g FeSO4·7H2O was dissolved in 50 mL deionized water, then 0.56 g of
the prepared biochar sample was added, and next, the mixture was placed in an anaerobic
flask for 1 h under ultrasound to make full contact with the iron solution. Then, nitrogen
was purged for 30 min to create an anoxic environment. According to the reaction formula,
NaBH4 with a slightly excess amount was dissolved in deionized water of 20 mL, and then
added dropwise. The Fe2+ was completely reduced to Fe0 after reaction at 120 rpm in a
shaker for half an hour. The prepared composite was rinsed using deionized water and
then anhydrous ethanol, and such rinsing was repeated three times and then dried in a
constant temperature water bath under nitrogen protection. The composites prepared from
biochar pyrolysis at 350, 500, 650 and 800 ◦C were labeled ZB12-350, ZB12-500, ZB12-650,
and ZB12-800, respectively. The preparation process for ZB12 is shown in Figure 1.

Fe2+ + 2BH−4 + 6H2O→ Fe0 + 2B(OH)3 + 7H2 ↑ (11)
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Figure 1. Preparation process of ZB12.

2.3. Characterization

According to previous studies, the nitrate removal reaction can reach about half of the
reaction process after 1 h, and the reaction is almost complete after 24 h [41]. Therefore, the
sample that reacted for 1 h is selected as the sample during the reaction, and the sample
that is reacted for 24 h is the sample after the reaction.

The morphology of the samples before and after the reaction was investigated using a
scanning electron microscope (SEM). The specific surface area (SSA) was measured using
a surface area BET analyzer. X-ray diffraction (XRD) patterns were determined using an
X-ray diffractometer. The chemical composition of the samples before, during, and after
the reaction was analyzed according to the diffraction peaks. The scanning range 2θ was
10◦~70◦. In addition, the surface function groups were analyzed using Fourier transform
infrared spectroscopy (FTIR). Meanwhile, the surface composition of the samples was
investigated using X-ray photoelectron spectroscopy (XPS).

2.4. Experiments for Chemical Reduction of Nitrate by ZB12

Initial concentrations of nitrate were investigated in the range of 30–100 NO3
−-N mg/L,

which was set according to a survey of nitrate-contaminated groundwater in China [42].
In addition, nitrate removal experiments were conducted in 40 mL nitrate solution (30
NO3

−-N mg/L) with 0.2 g of the prepared samples (nZVI or ZB12 samples). Moreover, the
role of dosage in a 40 mL solution (30 NO3

−-N mg/L) was investigated with 0.08, 0.12, 0.16,
0.2, 0.24, and 0.28 g of ZB12 samples. The impact of the solution pH was studied between
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5 and 10, which was adjusted with HCl or NaOH solutions. On the other hand, the effects
of co-existing ions were also investigated according to Table 1, which was obtained from
a survey of groundwater samples in Weinan City, Shaanxi Province, China. In the above
experiments, all the reactions happened in anaerobic bottles, which were sealed with butyl
rubber stopper.

Table 1. Water quality data of groundwater and experimental configuration water.

Water Type Monitoring Index Maximum Value Minimum Value Average Value Experimental Value

Ground
water

K+ 9.18 0.87 2.90 0
Na+ 953.74 12.98 286.12 250

Mg2+ 274.62 14.56 61.93 60
Ca2+ 140.98 13.05 43.66 40
Cl− 358.32 15.07 68.87 60

SO4
2− 604.65 12.26 42.30 40

HCO3
− 388.64 28.81 78.05 70

NO3
− 141.49 0.81 32.96 30

Note: K+, Na+, Mg2+, Ca2+, Cl−, SO4
2−, HCO3

−, NO3
− are in mg/L.

Kinetic and mechanistic experiments were carried out as follows: 0.2 g of ZB12 samples
was reacted with nitrate with an initial concentration of 30 NO3

−-N mg/L in 40 mL
solution in anaerobic bottles. Samples in each bottle were measured in turn at presetting
time points. The measurement included pH, DO, oxidation-reduction potential (ORP),
and the concentrations of nitrogen species (NO3

−-N, NO2
−-N, NH4

+-N and total nitrogen
(TN)). The values of DO, pH, and ORP were monitored by a portable DO meter and a
pH meter, respectively. The concentrations of NO3

−-N, NO2
−-N, NH4

+-N and TN were
determined by UV-spectrophotometric method, spectrophotometric method, Nessler’s
reagent spectrophotometry, and alkaline potassium persulfate digestion spectrophotometry,
and the instrument for determination was spectrophotometer. To explore the selectivity of
nitrate reduction, gas samples were gathered using a microsyringe. N2 and N2O in the gas
samples were analyzed by GC-TCD with a Molecular Sieve 5A column and a Porapak Q
column, respectively [43]. NOx (NO2 and NO) were analyzed using the chemiluminescence
detection method [44]. The models of all the instruments used in the experiment are shown
in Table 2. All the experiments were conducted at room temperature (25 ± 2 ◦C) with
120 rpm shaking.

Table 2. Models of experimental instruments.

Instruments Models

Scanning electron microscope Vega-3XMU, Tescan, Czech
Surface area BET analyzer Micromeritics ASAP 2020, Norcross, USA

X-ray diffractometer TTR-III, Rigaku, Japan
Fourier transform infrared

spectroscopy Equinox 55, Bruker Banner Lane, Germany

X-ray photoelectron spectroscopy Escalab 250, Thermo Fisher Scientifific, USA
DO meter HQ30d, Hach, USA
pH meter MP220, Mettler Toledo, Switzerland

spectrophotometer UV-1802, BeifenRuili, China
GC-TCD GC-8A, Shimadzu, Japan

2.5. Analysis Method
2.5.1. Calculation Method

Many previous studies have shown that nitrite, ammonia, and nitrogen are the
main products in the process of nitrate reduction, while NOx and N2O are basically not
found [45,46], the same result was also found in the preliminary experiment of this study.
Therefore, in this experiment, only nitrite nitrogen, ammonia nitrogen, and nitrogen were
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considered in the reduction products. The removal efficiency of NO3
−-N (η) and the

product conversion ratio (Sproduct) are calculated as follows:

η =
C0 −CNO−3

C0
× 100% (12)

SNH+
4
=

CNH+
4

C0 −CNO−3

× 100% (13)

SNO−2
=

CNO−2
C0 −CNO−3

× 100% (14)

SN2 =
C0 −CNO−3

−CNO−2
−CNH+

4

C0 −CNO−3

× 100% (15)

where, C0 is the initial concentration of NO3
−-N, mg/L; CNO3

−, CNH4
+ and CNO2

− are the
concentration of NO3

−-N, NH4
+-N and NO2

− after reaction, mg/L.

2.5.2. Kinetic Studies

Many studies have shown that the removal process of nitrate from solution by ZVI
composites conforms to first-order or second-order kinetics [47]. The removal process of
NO3

−-N from the solution by the ZB12-500 composite can be divided into two stages: the
fast removal stage and the slow removal stage. Therefore, the first-order kinetic model,
second-order kinetic model, and two-compartment first-order kinetic model were used for
analysis and fitting in this experiment, and the fitting equations were as follows:

Ct

C0
= e−k1t (16)

1
Ct
− 1

C0
= k2t (17)

Ct

C0
= ff ∗ e−kf∗t + fs ∗ e−ks∗t (18)

where Ct (mg/L) is the residual concentration of nitrate, C0 (mg/L) is the initial concen-
trations of nitrate; k1 and k2 (1/h) are the reaction rate constants of first and second order
reaction kinetics, respectively; ff and fs are the proportion of fast and slow compartment
removal in the total removal, respectively, and ff + fs = 1; kf and ks (1/h) are the fast and
slow compartment reaction rate constants, respectively.

3. Results
3.1. Characterization of ZB12-500

The SEM analysis results of ZB12-500 before, during, and after the reaction are shown
in Figure 2a–c. Figure 2a shows the ZB12-500 material before the reaction. The particle
size of the composite material is about 30 µm, roughly spherical, smooth surface, and rich
honeycomb channels. nZVI particles are evenly distributed on the surface and pores of
biochar particles, such as a spider web, and nZVI particles in different pores are separated
by a carbon skeleton. This is because of the rich porous structure and large specific surface
area of biochar [48]. This image shows that the ZB12-500 composite was well prepared by
the sodium borohydride method. Figure 2b shows ZB12-500 during the reaction. Compared
with before the reaction, the nZVI particles on the surface of the ZB12-500 were obviously
corroded, and the corrosion of nZVI particles was mostly surface corrosion. Some of
the porous structures on the surface of the ZB12-500 were blocked because the nZVI
lost electrons, and the iron ions diffused from the inner core of the nZVI to the outer
core, forming iron oxides on the surface of the particles. In this process, there may be
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mechanisms such as iron dissolution, migration, and reagglomeration of nZVI particles,
and migration of iron ions between different particles [49]. Figure 2c shows ZB12-500 after
the reaction. The surface morphology of the material was highly crystallized, and the
porous structure on the surface of the composite material completely disappeared and was
covered by iron oxide.
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Figure 2. SEM images of ZB12-500 (a) before, (b) during, and (c) after the reaction. (d) XRD patterns
of ZB12-500 before, during, and after the reaction.

The SSA analysis results of ZB12-500 before, during, and after the reaction are shown
in Table 3. After the reaction, the SSA of the material increased. The possible reason is that
the iron oxides generated by the nZVI reaction were redistributed on the biochar support,
which may cover the original nZVI particles or other active sites, resulting in a larger gap
between the iron oxides and an increase in SSA.

Table 3. SSA of ZB12-500 before, during, and after the reaction.

ZB12-500 Samples SSA/(m2/g)

before reaction 10.69
during the reaction 63.47

after reaction 83.32
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The XRD analysis results of ZB12-500 before, during, and after the reaction are shown
in Figure 2d. ZB12-500B, ZB12-500D, and ZB12-500A represent ZB12-500 samples before,
during, and after the reaction, respectively. The characteristic peaks at 2θ = 44.8◦, 65.32◦,
and 82.60◦ represent planes (110), (200), and (211) of the body-centered cubic crystal
structure in nZVI particles, respectively [50]. Before the reaction, the ZB12-500B sample
showed a diffraction peak at 2θ = 44.8◦, which corresponds to the body-centered cubic
α-Fe0 (110) crystal plane, indicating that the prepared ZB12-500 material contains α-Fe0,
and nZVI particles are successfully loaded on the surface of biochar support [51,52]. The
peak intensity of Fe0 in the ZB12-500D sample decreases significantly, while the diffraction
peak of Fe0 in the ZB12-500A sample completely disappears, indicating that in the process
of reducing NO3

−-N by ZB12-500, nZVI was all consumed or covered by reaction products.
The characteristic peaks of Fe2O3 and Fe3O4 located at 2θ = 35.5◦ appear in sample ZB12-
500D, which is widened to a certain extent in sample ZB12-500A, while these two peaks are
not found in sample ZB12-500B, indicating that the main iron oxides generated after the
reduction reaction are Fe2O3 and Fe3O4. Some scholars have found that Fe3O4 is formed at
the interface between nZVI and iron oxide, while Fe2O3 is formed at the interface between
iron oxide and water [53–55].

The results of FTIR analysis of ZB12-500 before, during, and after the reaction are
shown in Figure 3. As can be seen from the figure, these three samples contain abundant
functional groups, among which a characteristic peak with high strength appears near
3430 cm−1, which corresponds to the tensile vibration of the –OH bond [56–59]. The
characteristic peak intensity at 1620 cm−1 is slightly smaller and is related to the C=O
and –OH bonds of carbonyl or carboxyl groups. The intensity of characteristic peaks at
1320 cm−1 and 1100 cm−1 is small, which represents the tensile vibration of the C–O bond.
The characteristic peak intensity at 670 cm−1 is weak, which is the characteristic peak of
the Fe–OH bond [60–62]. The number and types of functional groups will greatly affect the
physical and chemical properties of materials, especially the –OH functional group, which
will affect the absorption of other substances by biochar [63]. Compared with ZB12-500B,
the intensity corresponding to the –OH characteristic peak of ZB12-500A and ZB12-500D at
3430 cm−1 increased, while the intensity of the characteristic peaks at 1620 cm−1, 1320 cm−1

and 670 cm−1 decreased slightly, which may be due to the formation of C–O–Fe, Fe–O–Fe,
and C–N–Fe.
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Figure 4a–c shows the full spectrum scan of ZB12-500 material before, during, and
after the reaction. The peaks of binding energies at 710 eV, 530 eV, and 284 eV correspond
to the absorption peaks of Fe 2p, O 1s, and C 1s, respectively [60]. The main elements in
the three samples are Fe, O, and C, but the content of the elements is different. Among
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them, the Fe element is mainly from nZVI and iron oxide, the O element is mainly from
oxygen-containing functional groups in biochar, and C element is mainly from biochar. By
comparing the scanning spectra, it can be found that the content of the Fe element increased
continuously after the beginning of the reaction. This is because although nZVI was
consumed during the reaction, the increased content of Fe oxide exceeded the consumed
nZVI content. One hour after the reaction between ZB12-500 and NO3

−-N solution, the
content of the Fe element increased greatly, and in the following 23 h, the content of the Fe
element increased slightly, indicating that the reaction was nearly complete after one hour
of reaction, which is consistent with the change of the iron element in XRD. The content of
the O element in the ZB12-500 increased first and then decreased in the reaction process,
which may be related to the consumption of nZVI and the formation of iron oxides in the
reaction process. The change in the –OH group content in the FTIR spectra also showed
the same trend. The content of element C decreased by 12.98% in 1 h after the reaction,
and then decreased by 0.74% in the following 23 h, indicating that the functional group
containing C participated in the reaction. This is consistent with the variation of the C
element in the XRD and FTIR spectra.
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Figure 4d–f shows the high-resolution XPS scan spectra over Fe 2p of ZB12-500 before,
during, and after the reaction. The peaks at the binding energy of 707 eV, 710 eV, and 712 eV
represent the absorption peaks of Fe0, Fe2+ and Fe3+ in Fe 2p3/2, respectively. The peaks
at the binding energy of 721 eV, 723 eV, and 725 eV represent the absorption peaks of Fe0,
Fe2+ and Fe3+ in Fe 2p1/2, respectively [64,65]. The relative contents of the three different
valence iron elements changed obviously before, during, and after the reaction of ZB12-500,
especially the peak of Fe0 at 707 eV binding energy, and the intensity of this peak almost
disappeared after the reaction. Table 4 shows the relative contents of Fe in different valence
states in ZB12-500 before, during, and after the reaction. Compared with the ZB12-500
before the reaction, the content of Fe0 in the composite during and after reaction decreased
by 3.84% and 5.00%, respectively, indicating that nZVI was continuously consumed during
the whole reaction. The increased of Fe3+ content mainly occurred in the first hour of the
reaction process, and then decreased in the next 23 h. Meanwhile, the increased of Fe2+

content mainly occurred in the last 23 h of the reaction process, indicating that Fe3+ was
converted to Fe2+ in the later reaction.

Table 4. The relative content of Fe valence states measured with XPS.

Fe Valence States ZB12-500B ZB12-500D ZB12-500A

Fe0 9.87% 6.03% 4.87%
Fe2+ 54.39% 54.36% 58.59%
Fe3+ 35.74% 39.61% 36.54%

3.2. Effect of the Pyrolysis Temperature of ZB12-500 on Biochar

Figure 5 shows ZB12-500 was the most effective reactant, followed, in decreasing
order, by ZB12-350, ZB12-650, ZB12-800, and nZVI with removal efficiencies of 93.49%,
86.92%, 86.65%, 84.90%, and 40.14%, respectively. In the five different composites, the N2
conversion ratios from large to small were ZB12-500 > ZB12-350 > ZB12-800 > ZB12-650 >
nZVI, corresponding to 27.34%, 24.12%, 24.11%, 16.83%, and 5.71%, respectively.
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NO3

−-N concentration: 30 mg/L, pH 6, dosage: 5 g/L).

3.3. Effect of the Dosage of ZB12-500

Figure 6 shows how the dosage of ZB12-500 affected the removal efficiency of nitrate.
When the dosages of ZB120-500 were 2, 3, 4, 5, 6, and 7 g/L, the removal efficiencies were
54.62%, 72.62%, 89.49%, 93.98%, 94.78%, and 96.04%, respectively. A positive correlation
was observed between the dosage of ZB12-500 and the efficiency of nitrate removal. In
terms of the selectivity of nitrogen products, when the dosage was less than 5 g/L, the
proportion of various reduction products basically did not change, and the N2 conversion
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ratio was about 27%, while when the dosage was more than 5 g/L, the N2 conversion ratio
decreased to about 24%, and the conversion ratio of NH4

+-N and NO2
− increased slightly

with the increase in dosage.

Water 2022, 14, 2877 12 of 23 
 

 

 
Figure 6. Effect of ZB12-500 dosage (initial NO3−-N concentration: 30 mg/L, pH 6, ZB12 sample: 
ZB12-500). 

3.4. Effect of pH 
Figure 7 shows the effect of the initial pH on nitrate removal by ZB12-500. Obviously, 

the removal efficiency was negatively correlated with the initial pH of the solution. When 
the initial pH increased from 5 to 10, the removal efficiency decreased from 97.29% to 
89.04%. The N2 conversion ratio was the highest when pH = 5, followed by pH = 6, and 
the lowest when pH = 7, which were 27.13%, 26.38%, and 21.92%, respectively. In partic-
ular, ZB12-500 exhibited similar nitrate reduction results at initial pH values of 5 and 6. 

 
Figure 7. Effect of initial pH (initial NO3−-N concentration: 30 mg/L, Dosage: 5 g/L, ZB12 sample: 
ZB12-500). 

3.5. Effect of Initial Nitrate Concentration 
Figure 8 shows the effect of the initial concentration of nitrate (NO3−-N) on the re-

moval of nitrate by ZB12-500. When the initial concentration of NO3−-N were 30 mg/L, 50 
mg/L, 70 mg/L and 100 mg/L, the removal efficiencies were 93.94%, 82.60%, 75.3%, and 
51.42%, respectively, and the N2 conversion ratios were 26.82%, 28.45%, 29.74%, and 
31.66%, respectively. 
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−-N concentration: 30 mg/L, pH 6, ZB12 sam-

ple: ZB12-500).

3.4. Effect of pH

Figure 7 shows the effect of the initial pH on nitrate removal by ZB12-500. Obviously,
the removal efficiency was negatively correlated with the initial pH of the solution. When
the initial pH increased from 5 to 10, the removal efficiency decreased from 97.29% to
89.04%. The N2 conversion ratio was the highest when pH = 5, followed by pH = 6, and the
lowest when pH = 7, which were 27.13%, 26.38%, and 21.92%, respectively. In particular,
ZB12-500 exhibited similar nitrate reduction results at initial pH values of 5 and 6.
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3.5. Effect of Initial Nitrate Concentration

Figure 8 shows the effect of the initial concentration of nitrate (NO3
−-N) on the

removal of nitrate by ZB12-500. When the initial concentration of NO3
−-N were 30 mg/L,

50 mg/L, 70 mg/L and 100 mg/L, the removal efficiencies were 93.94%, 82.60%, 75.3%,
and 51.42%, respectively, and the N2 conversion ratios were 26.82%, 28.45%, 29.74%, and
31.66%, respectively.
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−-N) concentration (pH 6, dosage: 5 g/L, ZB12 sample: ZB12-500).

3.6. Effect of Co-Existing Ions

Figure 9 shows the effect of the co-existing ions on nitrate removal by ZB12-500. Com-
mon ions (Na+, Mg2+, Ca2+, Cl−, SO4

2−, and HCO3
−) in groundwater were investigated.

According to the experimental data in the previous sections, without adding co-existing
ions, the removal efficiency of NO3

−-N exceeded 93%, and the conversion ratio of N2
exceeded 25% under the same reaction conditions. However, after adding co-existing ions
Na+, Mg2+, Ca2+, Cl−, SO4

2−, and HCO3
− into the solution, the removal efficiencies of

NO3
−-N were 91.14%, 95.20%, 94.33%, 92.88%, 80.20%, and 57.00%, and the conversion

ratios of N2 were 26.30%, 26.01%, 25.02%, 25.82%, 29.49%, and 37.01%, respectively.
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−-N concentration: 30 mg/L, pH 6, Dosage: 5 g/L,

ZB12 sample: ZB12-500).

3.7. Kinetics

The kinetics data were fitted using first-order kinetic, second-order kinetic, and two-
compartment first-order kinetic equations, as shown in Figure 10. The whole removal
process was obviously divided into two stages: 0–2 h for the rapid removal stage and
2–24 h for the slow removal stage. The kinetics parameters fitted by the kinetics model are
shown in Table 5. The results show that the R2 values of the three kinetics models were all
above 0.99, indicating that both adsorption and reduction reactions existed in the removal
process. The R2 of the two-compartment first-order kinetic model was the highest, which
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was 0.997, indicating that it is more reasonable to use the two-compartment first-order
kinetic model to explain the process of NO3

−-N removal by the ZB12-500 composite. From
the two-compartment first-order kinetic parameters, the main stage in the whole removal
process was the fast compartment reaction stage, accounting for 92.5%, while the slow
compartment reaction stage only accounted for 7.5%. The fast compartment reaction rate
constant was 3.093 h−1, and the slow compartment reaction rate constant was 0.038 h−1.
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Table 5. Kinetic parameters of NO3
−-N removal by ZB12-500.

Sample Material
First-Order Second-Order Two-Compartment First-Order

k1/(1/h) R2 k2/(1/h) R2 ff kf/(1/h) fs ks/(1/h) R2

ZB12-
500 NO3

−-N 2.905 0.993 0.166 0.996 0.925 3.093 0.075 0.038 0.997

4. Discussion
4.1. Effect of the Pyrolysis Temperature of ZB12-500 on Biochar

For nZVI, the removal efficiency of nitrate is greatly affected by agglomeration. The
low N2 selectivity of pure nZVI is also affected by the natural defects of the materials. In the
reduction process, after the surface active site of the aggregate is inactivated by the reaction,
the internal active site is also inactivated by being covered. For ZB12, the removal efficiency
of NO3

−-N firstly increased and then decreased with the increase of biochar pyrolysis
temperature. However, the selectivity of the nitrogen products had no obvious rule with
the pyrolysis temperature of the biochar carrier. Although increasing the temperature of
pyrolysis increases the electronic conductivity and the degree of graphitization of biochar,
it also leads to the loss of functional groups [37,66]. Some scholars have pointed out
that with an increase in pyrolysis temperature, the number of functional groups of wood-
based biochar (mainly –OH and aliphatic C–H functional groups) and grass-based biochar
(mainly C–O functional groups) decreases [67]. The trend of nitrate removal efficiency and
nitrogen product selectivity with pyrolysis temperature proves to some extent that when
the pyrolysis temperature of biochar is 500 ◦C, the types and number of functional groups
related to reduced nitrate in ZB12 reach an ideal equilibrium state with their electrical
conductivity and graphitization degree. The NO2

−-N produced by the reaction of the five
kinds of samples with nitrite nitrogen was very small, indicating that NO2

−-N was the
intermediate product of the reaction. Briefly, ZB12-500 was the best reactant for nitrate
removal and was selected for the following studies.
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4.2. Effect of the Dosage of ZB12-500

When the dosage is low, the removal efficiency increased rapidly with increasing
dosage because the increased dosage provided more Fe0 active sites, which is the reason
for the positive correlation. At the same time, there were sufficient reaction raw materials
for ZB12-500 in the whole reaction process, and the active site of ZB12-500 could be fully
utilized in the reduction process. Therefore, when the dosage was less than 5 g/L, ZB12-500
experienced the same reaction conditions and environment, resulting in the same nitrogen
product selectivity. When the dosage was greater than 5 g/L, nitrate dilution significantly
inhibited the reactivity of the residual nitrate, leading to incomplete reduction of more
nitrate, i.e., an increased proportion of intermediates accumulated, resulting in a slight
change in nitrate removal efficiency and a slight reduction in N2 selectivity. Some previous
studies have found similar results [68,69]. Accordingly, a dosage of 5 g/L is optimum for
this study.

4.3. Effect of pH

From the changing trend of NO3
−-N removal efficiency with the initial pH, it can

be seen that the reaction between the ZB12-500 material and NO3
−-N is an acidophilic

reaction. Hao et al. also reached this conclusion in their research results [70]. The reasons
are as follows: Under acidic conditions, H+ in the solution is increased, the adsorption of
NO3

−-N on the biochar surface is enhanced, and protons also participate in the reduction
process of nitrate nitrogen [71]. Under alkaline conditions, the increase of OH− leads to
more metal hydroxide precipitation (Fe(OH)2 and Fe(OH)3) and metal carbonate (FeCO3).
This led to increased corrosion of the nZVI. These iron oxides limited the diffusion of nitrate
ions and coated the zero-valent iron, reducing the active sites on the surface of ZB12-500
composite and reducing the removal efficiency of NO3

−-N [72]. Many studies have found
that pH can affect the reduction of nitrate by ZVI particles [19,73,74]. However, in this
section, the composite material can achieve good selectivity on N2 (21.92–27.13%) within
the initial pH range of 5–10. This may be related to the rich functional groups, huge specific
surface area, and abundant active sites of biochar carriers with pyrolysis temperature of
500 ◦C [75]. The reason N2 conversion ratio of ZB12-500 was the lowest under neutral
conditions was that the content of active sites or functional groups on biochar surface
decreases under neutral conditions.

4.4. Effect of Initial Nitrate Concentration

The initial nitrate concentration is negatively correlated with its removal efficiency. The
study of Sparis et al. also showed that the higher the initial nitrate nitrogen concentration,
the lower the reduction rate constant [15]. In fact, when nitrate concentration in solution is
low, the active sites on the ZB12-500 composite are relatively abundant, which makes the
utilization rate of ZVI very high. However, for higher concentrations of nitrate in solution,
nitrate ions compete for limited active sites on ZB12-500 composites, which makes it easier
for nitrate anions to squeeze onto the ZB12-500 surface and then rapidly oxidize nZVI
particles on the ZB12-500 surface, eventually seriously blocking the porous structure of
ZB12-500. As a result, the material loses more active sites more quickly, which inevitably
hinders nitrate reduction. In the experiment, N2 conversion ratio was positively correlated
with the initial nitrate concentration, which might be the result of the influence of solution
ion concentration on the surface charge density of the material. Mikami et al.’s study
also showed that increased nitrate concentration was conducive to the transformation of
reduced products into N2 rather than NH4

+-N [76]. As the density of N-species on the
surface of the composite became high with the increased in NO3

−-N concentration, the
selectivity to N2 increased.

4.5. Effect of Co-Existing Ions

In this study, Na+, Mg2+, Ca2+ and Cl− had insignificant effects on the removal
efficiency of NO3

−-N, while SO4
2− and HCO3

− significantly reduced the removal efficiency
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of NO3
−-N. General cations and low concentrations of Cl− have a negligible effect on the

removal of anionic NO3
−. However, the outer-spherically sorbing anions, especially SO4

2−,
have a significant interference effect on nitrate adsorption, and adsorption competition
will occur on the limited adsorption sites on the surface of ZB12-500 [77,78]. HCO3

− can
be ionized to form CO3

2− and H+ or hydrolyzed to form OH− and H2CO3. However, the
degree of hydrolysis of HCO3

− is greater than the degree of ionization, so more OH− is
generated by hydrolysis, which can form Fe(OH)2, Fe(OH)3 and FeCO3 with iron ions
in the system. Thus, the corrosion of nZVI was aggravated, and the formation of iron
oxides will cover the outer surface of nZVI particles, preventing it from continuing to react
with NO3

−-N, and ultimately reducing the reduction efficiency of NO3
−-N. The reason

HCO3
− obviously improved the product selectivity of N2 may be related to the atomic

structure of HCO3
−. The atomic arrangement of HCO3

− is planar, and the carbon in the
center is bonded with three oxygen atoms (one C=O, one C–OH, and one C–O–). All of
these functional groups are involved in the reduction process of NO3

−-N. If the ZB12-500
composite is applied to actual groundwater, the influence of HCO3

− and SO4
2− should

be considered.

4.6. Kinetics

The kinetics of nitrate removal complied with the two-compartment first-order kinetic
equations. In the rapid removal stage, that is, within 2 h of reaction, the concentration of
NO3

−-N decreased almost in a straight line, indicating that the reaction was strong and
rapid at this time. In the slow removal stage, that is, within 2 h to 24 h after the reaction,
the concentration of nitrate nitrogen decreased extraordinarily little, indicating that the
reaction in the system was extremely slow and that the reaction was almost complete. At
the beginning of the removal reaction, ZB12-500 reacted rapidly with NO3

−-N in solution
when it just entered the system. This is because the initial concentration of nitrate is
relatively high and the mass transfer driving force is large, so NO3

−-N is easily sent to
the active site on the surface of the composite materials. This is manifested by the film
diffusion of nitrate ions from the bulk liquid phase to the external surface of ZB12. As the
reaction produced a large amount of iron oxide, the active site of nZVI was blocked so that
nZVI could not be exposed to the system to react with the remaining NO3

−-N. Moreover,
as the concentration of nitrate in the solution decreased, the mass transfer driving force
also decreased, resulting in a slow reaction in the later stage.

4.7. Nitrate Reduction Mechanism

During the nitrate removal process, ZVI nanoparticles in ZB12 also corroded. In the
XRD pattern, the disappearance of Fe0 peak and the appearance of Fe3O4 and Fe2O3 peaks
in the composite also indicate the corrosion of nZVI and the appearance of iron oxides.
The infrared spectrum shows that the peak strength and peak width of the –OH functional
group increased significantly, indicating that –OH was involved in the reaction between
ZB12 and NO3

−-N. XPS survey spectra shows that Fe2+ was consumed and generated
during the reaction.

In order to deeply explore the reaction process between ZB12 and NO3
−-N, this section

analyzes the nitrogen species (NO3
−-N, NO2

−-N, NH4
+-N and TN), pH, ORP, and DO

during the reaction process. The experimental results are shown in Figures 11 and 12.
According to the change in the concentration of each substance in the reaction process, the
reaction can be basically divided into three stages.
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The first stage occurred in 0–0.5 h. Here, the concentration of NO3
−-N decreased to

8.85 mg/L in a straight line because the active sites of ZVI on ZB12 were abundant at this
time, which could fully react with nitrate in the solution. The concentrations of NO2

−-N,
NH4

+-N and TN at the time of 0.5 h were 0.5 mg/L, 10.18 mg/L and 19.53 mg/L, respectively,
indicating that nitrite and ammonia were generated during this stage (Equations (3) and (4)).
The decrease in TN concentration indicated that N2 was generated during the reaction
(Equation (6)). Additionally, the pH increased from 7.5 to 9.67, indicating that H+ in the
system participated in the reaction (Equation (1)); DO decreased from 7 mg/L to 0.9 mg/L,
indicating that dissolved oxygen in the system competed with NO3

−-N and participated in
the reaction (Equation (2)); and ORP decreased, indicating that the system was transformed
into a reducing environment and Fe2+ was generated.

The second stage occurred at 0.5–8 h. Here, the concentration of NO3
−-N decreased

from 8.85 mg/L to 1.65 mg/L, which slowed the reaction speed. The concentration of
NO2

−-N decreased from 0.50 mg/L to 0.05 mg/L, indicating that nitrite was an intermedi-
ate product of the reaction (Equation (5)). The concentrations of NH4

+-N increased from
10.18 mg/L to 18.88 mg/L, becoming the main component of TN. The pH dropped from
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9.67 to 8.9, probably buffered by oxygen-containing functional groups in the biochar. The
rise in ORP indicated the consumption of Fe2+ in the system (Equation (10)). The rise in
DO was due to the release of adsorbed oxygen or the buffering effect of functional groups
from the biochar. Combined with the characterization analysis, the slow reaction rate was
affected by the formation of iron oxide in the reaction process. In addition, functional
groups in biochar were also involved in the reaction (Equations (7)–(9)).

In the last stage (8–24 h). The concentration of NO3
−-N, TN and NO2

−-N were still
decreasing, and the concentration of NH4

+-N was slightly increasing, indicating that the
reduction reactions still occur. pH, ORP, and DO leveled off, indicating that the reaction
proceeded at a very low rate.

The reaction mechanism of the ZB12 composite with NO3
−-N is shown in Figure 13.

The nZVI particles loaded on the surface and pores of biochar can react with NO3
−-N or

DO in solution. During this period, electrons escape from the core and shell of nZVI to form
Fe2+ and generate NO2

−, NH4
+ and N2, with NH4

+ being the main product and NO2
−

being partially converted to NH4
+ as an intermediate. nZVI is converted into iron oxide

to cover the surface of biochar or exist in solution, and the Fe2+ generated by the reaction
contributes to the reduction of nitrate [79]. Carboxyl groups on the surface of biochar will
exist in the form of esters [80], while ester groups mainly undergo hydrolysis reaction, so
ester groups in biochar will react with H2O, nZVI, and Fe2+ to generate quinone groups
(Equation (10)), which is consistent with the results of the FTIR spectrum. The generated
quinone group can also provide H+ for the reaction, which converts NO3

−-N to N2 and
itself into an ester group. In addition, ester groups on the surface of biochar can dissociate
in a wide pH range, thus buffering the pH of the reaction and slowing down the reaction
inhibition at a higher pH.
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Figure 13. Reaction mechanism of ZB12 composite with NO3
−-N.

In addition to the role of biochar in regulating the pH of the system and increasing
the reactivity, the conductivity of the carbon matrix and the electron-mediated ability of
functional groups may also contribute to the reduction of nitrate nitrogen. The electrical
conductivity of biochar contributes to the transfer of electrons from nZVI to nitrate, and the
higher the pyrolysis temperature of biochar, the stronger the electrical conductivity of the
carbon matrix [81]. The electron-mediating capacity of functional groups can be divided
into electron donation capacity and electron acceptor capacity, among which the electron
donation capacity is attributed to phenolic functional groups, and the electron acceptor
capacity is attributed to quinone groups and concentrated aromatic hydrocarbons [82].
These REDOX functional groups can mediate the electron transfer process among nZVI,
biochar, and nitrate.
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In modified ZVI materials, carbon with high potential is used as the cathode and iron
as the anode. When the two contact, many microscopic galvanic cells will be generated.
The potential difference causes electrons to transfer from the ZVI core shell to the carbon.
Some studies have shown that nitrate nitrogen reduction occurs primarily on the carbon
surface with a higher electric potential, which reduces the hindering effect of iron oxides on
nitrate reduction [15,83]. Therefore, for the ZB12 composite material in this paper, a huge
number of miniature galvanic couples can be formed between biochar and nZVI. nZVI acts
as the anode, losing electrons and being oxidized to ferrous ions, and biochar acts as the
cathode for nitrate reduction.

5. Conclusions

On the basis of the 1:2 mass ratio of nZVI to biochar studied in our previous work [28],
ZB12 was successfully prepared. The effects of different biochar pyrolysis temperatures
on nitrate removal by the ZB12 composite were explored. It was found that the best
biochar pyrolysis temperature was 500 ◦C. In addition, ZB12 has a higher N2 conversion
ratio (21.9~27.13%) in a wide pH range (5–10) under the premise of high nitrate removal
efficiency (89.04–97.59%), which is more environmentally friendly in practical application.
Increasing the initial concentration of nitrate would lead to a decrease in the removal
efficiency, but a higher density of N-species on the surface of the composite might lead
to an increase in the conversion ratio of N2. The co-existence of HCO3

− or SO4
2− in the

solution can reduce the removal efficiency of NO3
−-N to 57.00% or 80.20% and increase

the conversion ratio of N2 to 37.01% or 29.49%, respectively. The removal of nitrate by
ZB12 was in accordance with the two-compartment first-order kinetics. Biochar plays a
mediating role in the reduction of nitrate by nZVI. The pyrolysis temperature of biochar will
affect its electrical conductivity and the electron-mediated ability of its surface functional
groups, thus affecting the removal of nitrate by the ZB12 composite and the formation of
products. Therefore, the results of this study provide further references for the eco-friendly
removal of nitrate from groundwater.
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Abstract: Groundwater is a valuable resource, and its quality is critical to human survival. Optimal
farming and urbanization degraded groundwater reserves. This research investigates and reports
the spatial variability of selected heavy metals developed in the Liwa area of the United Arab
Emirates. Forty water samples were collected from existing wells and analyzed for different elements.
Principal components analysis was applied to a subgroup of the data set in terms of their usefulness
for determining the variability of groundwater quality variables. Geographic information systems
were used to produce contour maps to analyze the distribution of heavy metals. Ordinary kriging
was used with Circular, Spherical, Tetraspherical, Pentaspherical-Bessel, K-Bessel, Hole effect, and
Stable models for better representation. The water quality index was constructed using heavy metal
concentrations and other variables. This yielded a value of 900 beyond the limit stated by WHO and
US EPA. Nugget analysis showed that Cd (0), K (7.38%), and SO4 (1.81%) variables exhibited strong
spatial dependence. Al (27%), Ba (40.87%), Cr (63%), Cu (34%), EC (27%), HCO3 (56%), NO3(36%),
Pb (64%), and TDS (53%) represented moderate spatial dependence. As (76%), Mn (79%), Ni (100%),
pH (100%), Temp (93%), and Zn (100%) exhibited weak spatial dependence.

Keywords: geostatistics; GIS; heavy metal pollution; groundwater; UAE

1. Introduction

Groundwater reaches the aperture of the landmass and its interior through natural,
artificial, and indirect recharge. It was used by at least 2 billion people [1]. This infringement
of this precious resource can be attributed to its nearest obtainability with partial efforts and
spatial obstinacy. Aquifers at specific demand locations are being drained, and this state
may lead to deprivation of this indispensable resource unless allayed [2]. The hydraulic
conductivity and permeability of the rocks depend on the rocks’ porosity [3]. Heavy metals
are among the most significant pollutants of groundwater sources [4,5]. Nonetheless,
the toxicity of heavy metals depends on their concentration levels in the environment.
With increasing concentrations in the environment and decreasing soils’ capacity toward
retaining heavy metals, they leach into groundwater and soil solution [6,7]. Then, these toxic
heavy metals can be accumulated and concentrated via the food chain in living tissues [8].
Some of these heavy metals are Arsenic (As), Lead (Pb), Nickle (Ni), Chromium (Cr), and
Zinc (Zn). They can be categorized as critical heavy metals that pollute groundwater and
affect human health [9]. One of the advanced techniques used in groundwater quality data
interpolation is geostatistics [10]. The results obtained from the geostatistics can help a
decision-maker to adopt suitable remedial measures to protect the quality of groundwater
sources [11].
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Focus has been devoted to studying groundwater quality and quantity to prevent
groundwater contamination [12]. The native hydrogeological conditions and pollutant
loads are dependent on lateral physicochemical interactions on the surface and sub-surface.
Geostatistical analysis is used in subjecting data to interpolate by understanding the re-
semblances [13]. Radial functions and inverse distance weighted values are significant in
data smoothing [14]. We can investigate uncertainties and produce surface predictions
to get related information without subjecting data to erroneous functions and unneces-
sary manipulations. The geostatistical tools help us understand data in graphical forms
while maintaining the native peaks and troughs, as witnessed by field reports [15]. Three-
dimensional visualization evolved as an in-silico currency to reveal native information
about the local geology and visualization thereof [16]. The sample points measured spa-
tially can be used in the autocorrelation process in the ordinary kriging method [17]. The
association between the transformation between the measured and predicted values can be
described with a semi variogram [18]. Semi variance is the product of slope that appears
within a fitted model and distance between the location pairs. Geostatistical techniques
improved the spatial data distribution with delimited accuracy while maintaining portabil-
ity [19]. Primarily, spatial analysis mandates the use of GIS and statistics. GIS apparatus
is expected to deliver predictions and improved interpretation accuracy per se. Though
technical constraints limit us, we can present a near-accurate portrayal of processes and
features with GIS tools equipped with geostatistics [20].

Inverse distance weighting (IDW) can be stated as a simple interpolation technique.
The weighted average is considered within a neighborhood in IDW [21]. The analyst can
regulate a specific mathematical form of the weight function and the neighborhood size [22].
It is necessary to consider IDW with natural neighbor in analyzing substantial data sets. It
uses cluster scatter points to identify datasets under investigation. This method is apt for
discrete sample data [23].

The geostatistical analysis such as ordinary kriging provides insights into the ground-
water situation. Kriging assumes that random processes with spatial autocorrelation can
mimic at least some of the spatial variation observed in natural events and that the spatial
autocorrelation must be explicitly modeled. However, it has much versatility as a simple
prediction tool. An integrated approach to the assessment combining aquifer-based prese-
lection criteria and multivariate non-parametric geostatistics was proposed to overcome the
traditional approach’s limitations and include the intrinsic hydrogeological and geochem-
ical heterogeneity into the definition of groundwater water quality [24]. Arsenic (As) is
one of the most harmful inorganic contaminants in water streams for the environment and
human health [25]. The correlations between different groundwater quality indices and the
causes and impacting variables of groundwater pollution can be tracked using statistical
and multivariate techniques [26]. The meta-evaluation of the groundwater quality index
was attempted [27]. The quality of groundwater that is being used for irrigation can be
affected by several factors [28].

Groundwater is a vital resource for human life. Land use changes and urbanization
harmed groundwater. This study examines the geographical variability of selected heavy
metals in the UAE’s Liwa region. There were limited studies that used geostatistics to
explain the groundwater quality variability across this study area. This work is focused on
the application of the geostatistical tools to explain the groundwater contamination. The
objectives of this study are: (1) To describe the geospatial relationship between the observed
groundwater variables using geostatistics, and multivariate analysis; (2) To determine the
parameters’ variability at various sample points spread over the study area. PCA was
used to define the parameters controlling the groundwater chemistry and the information
using significant variables was revealed; (3) To investigate the suitability of water for
drinking (Using Weighted Arithmetic Water Quality Index (WA-WQI); (4) To employ
ordinary kriging and select an appropriate model representing spatial distribution and
spatial dependence variables.
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2. General Characteristics of Study Area

The primordial settlements in Abu Dhabi traced to 7000 years ago and elsewhere
are regarded as from the late stone age [29]. Agricultural hubs were established by the
semi-nomadic peoples at Al Ain and Liwa regions [30]. It is an elapsed statistic that
most of the populace endured on sustainable water management, attributed to rough
climatic conditions that prevailed then. Stringent punishments were levied on anyone who
accidentally or purposely threatened the water resources. The Liwa desert accommodates
high temperatures ranging from 40 to 50 ◦C [31]. We can witness the highest dunes
southwards of the Liwa crescent, prevalently known as the Moreeb dune [32]. Though
dry scape appears on the surface, dunes can aid in excellent groundwater recharge with
whatever rainfall is available over this zone. In the northern side of Liwa, i.e., Madinat
Zayed, we can witness fresh water under the dunes [33].

Hydrogeology

The hydraulic conductivities measured at Liwa Crescent and Madinat Zayed ranged
from 10–100 m/d. They were marked as a peak in Abu Dhabi. This property can be
attributed to the sands that are unconsolidated and homogeneous. In the north of Liwa,
water is of low salinity. It was classified as old water as it arrived at the aquifer long ago.
Most of the groundwater levels are shown at the agricultural zones of Liwa with high nitrate
concentrations [34]. The farm soils of Liwa are Torripsamments with no specific profile [35].
The agricultural activity in this area depends on desalinated water, and hence the native
soils are less saline. The Liwa region can be considered an essential food production zone
in the United Arab Emirates. Its water reserves are abundant for agriculture. The aquifer
beneath this region has become vulnerable to pollution, attributed to several factors. The
annual precipitation is confined to the winter season accounting for 100 mm/year [36]. The
groundwater recharge is just 4%, and this area is devoid of surface water resources. The
Liwa region is being degraded due to excess salinity. Its aquifer lodges increased levels of
chromium derived from natural resources.

The Liwa aquifer can be categorized as lens-shaped and with a thickness of 121 mm.
The average transmissivity was observed as 300 m2/day [37]. The groundwater movement
was observed in the north and south, especially in low-lying areas like sabkha physio-
graphic regions, dunes, and sand salt flats [38]. Barchan dune complexes border the Liwa
oasis at the south. There is a gradual incline passing to Oman’s Hajjar massif mountain. The
oil and gas-related activities injected brine into the groundwater zone. Ummer, Radhuma,
Dammam, and Miocene are important aquifers underlying the Liwa region. Rus and
Lower Fars were designated as confining units of this area [39]. Limestone dominates
Ummer Radhuma and Dammam. Figure 1 shows the hydrogeological cross section of the
Liwa region.
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Miocene aquifer is dominated by sandstone. There is minimal silt and clay at the
upper zones of the soil, resulting in high transmissivity and porosity. The Liwa area is
hydrologically unique in the western region, making it a highly productive groundwater
resource. Under the Liwa lens, it was observed that 38 bcm (billion cubic meters) of
groundwater with TDS greater than 15,000 mg/L is present [40]. Since this aquifer is
limited with its connectivity with adjoining aquifer systems, most of the solutes observed
might be of atmospheric origins. The recharge of this shallow aquifer is negligible. The flow
will be confined to the upper aquifer during intense precipitation especially in unsaturated
zones [41]. Unmitigated irrigation-related activities are dumping nitrates into the aquifers.
The freshwater lens is being depleted in the Liwa area due to several agricultural activities
per se. Liwa oasis provided an agricultural base for the semi-nomadic Bani Yas community.
This led to settlements on a large scale in Abu Dhabi [42]. The groundwater studies
using geostatistics of the study area were attempted previously and concluded that the
anthropogenic and natural processes affected the quality of the groundwater [43,44].

3. Materials and Method
3.1. Sampling and Analysis

The groundwater samples were collected from the Liwa region of the UAE. Forty
samples were collected from the study area, and their hydrogeochemical parameters
were analyzed. The water samples were analyzed using the American Public Health
Association (APHA) standards [45]. The Inductively Coupled Plasma—optical emission
spectroscopy (ICP-OES, Avio 200, Perkin Elmer, Waltham, MA, USA) was used to quantify
the heavy metals present in groundwater samples. The correlation coefficient and PCA were
determined to know the correlation between the elements in the sample. After analyzing
the database, the spatial distribution of quality parameters was obtained using ArcGIS
10.8 software to create spatial and layered maps. Semi-variograms were prepared and an
appropriate model selected based on the nugget analysis to establish spatial dependence.

Polyethylene bottles of 1 L capacity were used to collect the samples. In order to
minimize the risk of contamination, the plastic bottles were rinsed with distilled water
prior to being filled with sampled water. The samples were preserved with 65% nitric acid
(HNO3) for a pH of 2, and bottles were kept cool at 4 ◦C. ICP-OES system was used to study
the heavy and trace elements (As, Cr, Al, Mn, Ni, Cu, Pb, Zn, Cr, and Cu). Potassium (K),
Calcium (Ca), Nitrate (NO3), and Sulfate (SO4) were analyzed using Ion Chromatography
(ICS 5000+, Thermo Fisher, Waltham, MA, USA). Bicarbonate was determined by titration.
Analyses were conducted in duplicate to minimize manual and instrumental errors.

3.2. Water Quality Index (WQI)

There have been many water quality assessment methods proposed by international
scholars, such as set pair analysis [46–48], rough set and TOPSIS [49–52], entropy water
quality index [53–55]. However, water quality index (WQI) is the most popular and widely
adopted methods for overall water quality assessment [56,57]. In this study, the water
quality index (WQI) was constructed using the weighted arithmetic average method as
shown below [58].

Calculation f or water quality rating(Qn) = 100 × (Vn − V0)

(Sn − V0)
(1)

Qn: Water quality rating for the nth parameter, Vn: Observed value of the nth parame-
ter, V0: Ideal value, Sn: Standard permissible value of nth parameter.

The unit weight of the corresponding parameter was an inverse proportional value to
the recommended standard value of Sn

Calculation of unit weight (Wn) =
K
Sn

(2)
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Wn: unit weight for the nth parameter, Sn: standard value of the n th parameter, K is
the constant for proportionality: K = 1

Σ 1
Sn

The total water quality index was calculated linearly by adding the quality rating to
the unit weight:

WQI = ∑ QnWn/ ∑ Wn (3)

3.3. Principal Component Analysis (PCA)

PCA is one of the popular statistical analysis techniques that can be used to investigate
data patterns. The Principal Components Approach can be assumed as a comprehensive
Factor Analysis method. The goal of principle component analysis (PCA) is to construct new
variables, known as principal components, from a set of existing original variables [59,60].
The new variables are created by linearly combining the current variables. The PCA
reduces an extensive data set of variables into a few elements known as the principal
components, which can then be analyzed to show the underlying data structure. It is one
of the features of primary components that they are not correlated or orthogonal with
one another. When a data set has a significant variance, the first principal component (F1)
absorbs and accounts for as much variance as feasible. The second component (F2) absorbs
the remaining variation as feasible, and so on. The maximum number of PCs or principal
components equals the total number of variables in a model unless otherwise specified.
Because each standardized variable has one variance, the total variance accounted for by all
of the Fi’s will be equal to the number of variables. Only a few Fi numbers are maintained
in the data processing process to facilitate comprehension. The Kaiser criterion determines
the number of primary components preserved in the analysis. It is also possible to express
the latent root as a proportion of the overall variance in the data set. The diagram showing
methodology is given in Figure 2.
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4. Results and Discussion
4.1. Water Quality Index

The water quality index is represented in Table 1. Water quality classification based
on WQI value. If the WQI value is between 0 and 25, it can be considered excellent, and
it is good if it falls between 26 and 50. Some other ranges, including 51–75 (poor), 76–100
(very poor), and >100 (Unfit for consumption). The calculated WQI of this area is 900, and
it is way beyond the recommended value.

Table 1. Water Quality Index.

Parameters Vn V0 Sn Wn Qn WQI

Cr 0.015 0 0.05 20.000 29.523 29.523
Cu 0.002 0 2 0.500 0.079 0.079
K 8.964 0 20 0.050 44.820 44.820

Mn 0.002 0 0.4 2.500 0.589 0.589
Zn 0.005 0 3 0.333 0.156 0.156
Ba 0.166 0 0.7 1.429 23.704 23.704
As 0.022 0 0.01 100.000 220.996 220.996

TDS 863.049 0 500 0.002 172.610 172.610
EC 1478.488 0 400 0.003 369.622 369.622

NO3 1.410 0 5 0.200 28.200 28.200
SO4 23.570 0 250 0.004 9.428 9.428
pH 6.519 7 8.5 0.118 −32.065 −32.065

HCO3 87.546 0 350 0.003 25.013 25.013
Total 900.52

The descriptive statistics presented in Table 2 reflect different mean values for each
variable in this dataset. The cadmium concentration ranges from 0.17 to 0.183 ppm with a
mean of 0.18, chromium concentration from 0.00048 to 0.023 ppm with a mean of 0.014 ppm,
copper concentration from 0.000873 ppm to 0.004 ppm with a mean value of 0.001 ppm,
potassium concentration observed to be from 2.704 to 17.202 ppm, with a mean value of
8.964 ppm. The mean value of the manganese concentration was found to be 0.0023 ppm.
The Ni concentration ranges from 0.00049 to 0.0044 ppm with a mean value of 0.001 ppm.
The Pb concentration ranges from 0.289 to 0.490 ppm with an observed mean value of
0.412 ppm, and the Zn concentration ranges from 0.000357 to 0.051 ppm with a mean value
of 0.003 ppm. The mean concentration of Ba and Al is 0.166 and 0.990 ppm, respectively.

Table 2. Descriptive statistics.

Variable Mean Max Min SD

Al 0.990 1.450 0.339 0.233
As 0.022 0.029 0.008 0.004
Ba 0.166 0.457 −0.065 0.136
Cd 0.181 0.183 0.175 0.002
Cr 0.014 0.023 0.48 × 10–3 0.006
Cu 0.001 0.004 0.873 × 10−3 9.351 × 10−4

EC 1478.488 3003 328 656.631
HCO3 87.546 236.680 14.640 49.449

K 8.964 17.203 2.704 3.160
Mn 0.002 0.011 0.0002 0.003
Ni 0.001 0.004 0.0004 0.001

NO3 1.410 2.486 0.426 0.557
Pb 0.412 0.490 0.289 0.048
pH 6.519 7.190 6.190 0.259
SO4 23.570 45.794 4.129 9.255
TDS 863.049 1565 136 358.995

Temp 28.378 32.600 23.500 1.741
Zn 0.003 0.051 0.0357 × 10−2 0.008
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Hence, correlation analysis is presented in Figure 3. The correlation analysis was done
to investigate the relationships between the parameters measured.
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The degree to which two variables are allied is weighed by a correlation coefficient,
indicated by the letter r. This coefficient, named after its discoverer, Pearson, measures
linear association used in statistics and education. It is necessary to utilize alternative, more
though measures of the correlation if a curved line is required to describe the relationship.
The correlation coefficient can be measured from + 1 to −1 and is expressed as a percentage.
The degree of complete correlation between two variables is represented by the numbers
+ 1 or −1, respectively. Correlations are positive when one variable increases in response
to another’s increase and negative when one variable reduces in response to the other
increases. The number zero represents the complete absence of association.

Cadmium is negatively correlated with Cr, K, Pb, TDS, and EC and positively cor-
related with Mn, Zn, As, and pH. This shows that the heavy metals with pH other than
Cd are affecting the Cd concentrations and this can be due to anthropogenic causes. Cr is
positively correlated with Cu, K, Ba, Temp, and EC and negatively correlated with Mn, As,
NO3, and HCO3. This shows that the increase in Cr concentration is associated with the
other heavy metals (Antropogenic) along with the EC and temperature (Natural Process).
Cu is positively correlated with Zn, Ba, NO3, Ni (Anthropogenic), EC, HCO3, and Temp.
K exhibits a positive correlation with Mn, Ni, Pb, Al, As, TDS, NO3, SO4, and EC and
a negative correlation with Zn, Ba, Temp, and pH. Mn positively correlates with Al and
As and negatively correlates with Ba and Temp. Ni is positively correlated with Pb, Al,
As, TDS, NO3, SO4, and EC and negatively correlated with Zn and pH. Pb is positively
correlated with Al, As, TDS, NO3, SO4, and EC and negatively correlated with Zn, Ba,
Temp, and pH. Zn is positively correlated with Al and pH and negatively correlated with
Temp and EC. Ba is positively correlated with Temp, pH, and EC and negatively correlated
with Al, As, TDS, and HCO3. Al is positively correlated with As, TDS, NO3, SO4, and
EC and negatively correlated with Temp and pH. As is positively correlated with TDS,
NO3, SO4, HCO3, and EC and negatively correlated with Temp and pH. TDS is positively
correlated with NO3, SO4, and EC and negatively correlated with HCO3, Temp, and pH.
NO3 is positively correlated with SO4, HCO3, and EC and negatively correlated with Temp
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and pH. SO4 exhibits a negative correlation with HCO3, Temp, and pH and positively
correlates with EC. HCO3 is negatively correlated with pH and EC.

The observed cadmium value is 0.18 ppm in the study area. This water might not suit
agriculture, irrigation, and drinking purposes. The increase in cadmium levels can be due
to sewage sludge, fertilizers, battery alloys, and cigarette smoking. The increased levels of
Cd can damage kidneys. Due to this, there will be disruption of the endocrine system and
inhibition of sex hormones in humans. Long-time exposure to Cadmium may cause Itai-itai
in humans. The recommended chromium standard in drinking water is 0.1 ppm (EPA) and
0.05 ppm (WHO). The maximum value of chromium in the water sample is 0.023, which
is well within the permissible limits. Cu (0.004), Mn (0.01), Zn (0.051), Ba (0.457), NO3
(2.4), SO4 (45), Temperature (32.6), pH (7.19), and bicarbonates are within the normal range
specified by WHO and US EPA. The EC values are at 3003, and it is problematic. Pb (0.49),
As (0.028), and Al (1.45) are high in the water samples collected from the study area. The
concentration of Cadmium in the observed samples is 0.184 (0.183984), and this is higher
than the WHO recommended value of 0.003 mg/L. The concentration of lead observed in
the groundwater samples is 0.4905 mg/L against 0.01 mg/L (WHO). The concentration of
Aluminum in the samples analyzed is 1.4502 and is higher than the WHO recommended
value of 0.9 mg/L.

4.2. Principal Component Analysis

Pearson correlation matrices and PCA construed the datasets. Principal components
were generated using varimax rotation, and this yielded variables that contribute more
and other variables that contribute less. Multi-variate analysis was used in the PCA to
transform a significant set of correlated variables into a minor set of uncorrelated variables.
The interrelationships among the variables can be highlighted using covariance by this tool,
and it is also called a dimensionless reduction tool. We can use PCA to know the associated
chemicals construed as variable loadings on certain groundwater quality factors. Two
significant eigenvalues, i.e., PC1 and PC2, were observed in the 40 groundwater samples
with 18 parameters, constituting 35 and 12% of the variance. PC3 exhibited 10% of variance
but PC4 and PC5 exhibited variance less than 10%. The first five components exhibited
eigenvalues that are greater than 0.5. It is assumed that the factor loading value near +/− 1
exhibits a strong correlation. If the value if greater than 0.5, it is significant. PC1 exhibits
35% of variance about significant loadings of K, Pb, Al, As, TDS, nitrate, sulfate, and pH,
and is shown in Table 3.

Table 3. Principal Component Loadings.

Variable PC1 PC2 PC3 PC4 PC5 Uniqueness

Cd 0.739 0.387
Cr −0.680 0.489
Cu 0.841 0.203
K 0.908 0.156

Mn 0.709 0.412
Ni −0.522 0.527
Pb 0.919 0.140
Zn 0.889 0.174
Ba 0.618 0.274
Al 0.708 0.405 0.288
As 0.868 0.156

Nitrate 0.867 0.231
Sulfate 0.768 0.246
HCO3 0.738 −0.836 0.336
Temp 0.270

pH −0.572 0.626 −0.524 0.586
EC 0.810 0.254

0.204
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PC2 showed 12% variance associated with significant loadings of Ba, HCO3, and
pH. The component characteristics and component loadings for this data are presented
in Tables 3 and 4. PC2 is loaded with Ba, HCO3, and pH, whereas PC3 is loaded with
Cd, Cr, and Mn. PC4 is loaded with Zn, Al, and pH and PC5 is loaded with Cu and
Ni. Temperature, Cr, Ni, and Mn exhibited higher uniqueness values, suggesting that
these variables have limited commonality. As evidenced by systematic data analysis, PC1
exhibited significant cations and anions due to anthropogenic and natural sources.

Table 4. Component characteristics.

Variable Model Nugget Ratio (%)

Cd S * 0
Cr P 63.456
Cu C 34.148
K RQ 7.384

Mn G 79.008
Mn S * 79.008
Pb J 64.935
Zn H 100
Ba H 40.879
Al RQ 27.089
As G 76.753
As S * 76.753

Sulfate T 1.817
HCO3 J 56.035
Temp H 93.559

PH C 100
EC J 27.262
Ni C 100

NO3 H 36.387
TDS J 53

S * = stable model.

The cos values are employed to know the representation’s quality, and the individuals
closer to the center of the plot are assumed of limited or low importance for the reported
first components. The low cos values are shown in blue and high cos values in red (Figure 4).
The contribution of the variables with sample points is presented in Figure 5.
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4.3. Geostatistical Analysis of the Study Area (Spatial Distribution)

The statistical and geostatistical analysis was done using ArcGIS 10.2, R, R studio, and
MS Excel 2019. The spatial interpolators can easily predict the values of a specific attribute
at locations unknown to the observer utilizing the values of sample locations known
previously. The deterministic interpolators can utilize mathematical formulae to know
the predicted values. This can be interpreted as similarity among the neighboring points
and smoothing extent. The geostatistical interpolation techniques use certain statistical
properties of the points previously measured to estimate the value of the surface locations.
Depending on the spatial structure of the datasets framed, we can investigate the spatial
dependence among the variables. The ordinary kriging method was selected based on a
comparative analysis of interpolation methods. Models such as Circular (C), Spherical (S),
Tetraspherical (T), Pentaspherical (P), Exponential (E), Gaussian (G), Rational Quadratic
(RQ), Hole effect (H), K-Bessel (K), J-Bessel (J), and Stable (S*) were used to arrive at
appropriate semi variogram. The best-fitted models are RQ (Al and K), G (As), S* (As, Cd,
and Mn), H (Ba, NO3, Temp, Zn), P (Cr), C (Cu, Ni, and pH), and J (EC, HCO3, Pb, and
TDS). Suppose the nugget ratio is less than 25%. In that case, we can assume that there is
strong spatial dependence; 25 to 75% can be reflected as moderate spatial dependence. If
greater than 75%, we can expect least or weak spatial dependence. After nugget analysis,
it is obvious that Cd (0), K (7.38%), and SO4 (1.81%) variables exhibited strong spatial
dependence. Al (27%), Ba (40.87%), Cr (63%), Cu (34%), EC (27%), HCO3 (56%), NO3(36%),
Pb (64%), and TDS (53%) represented moderate spatial dependence. As (76%), Mn (79%),
Ni (100%), pH (100%), Temp (93%), and Zn (100%) exhibited weak spatial dependence.
Nugget analysis for selecting the appropriate model was presented in Table 5.

Table 5. The Spatial distribution and semi variogram element’s observed sites.

S.
No Elements Low Moderate High

1. Aluminum (Al) North west Western end Eastern end

2. Arsenic North west Western end South eastern

3. Barium Western end South western and north eastern South western

4. Cadmium Northern end North-south (extended) Western end

5. Chromium Northern end North-south (extended) Western end

6. Copper North-south (extended) Western end Eastern end

7. Potassium Western end Partially spotted all over the area North eastern

8. Manganese Western end South east North west
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The spatial distribution maps and semi variogram plots of essential variables were
presented in Figures 6–12. Table 5 shows the specific locations of elements distribution in
the area.
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The groundwater investigations in this area are expensive, and the sample locations
were limited. Efforts are in progress to collect more samples with an increased temporal
resolution to cross-validate the results obtained from the actual observations. Geostatistics
in groundwater studies was never attempted for this study area. This study integrated
physio-chemical, multivariate, and geostatistical analysis and water quality indices to
analyze groundwater quality parameters. The parameters were correlated using correlation
analysis, and both positive and negative correlations were found. To mention a few, Arsenic
is positively correlated with nitrates, sulfates and EC and negatively correlated with pH
and temperature. Lead is positively correlated with Al and As and negatively correlated
with Ba and Zn. Ni positively correlated with As, Al, and Pb and negatively correlated with
Zn. Chromium reflected a positive correlation with Ba and Cu and negatively correlated
with As and Mn. Zinc is positively correlated with Al.

A PCA was performed, and the results showed that there were five main components,
PC1 through PC5, which represented a variance of 35% (PC1) and 12% (PC2), 10% (PC3),
<10% (PC4 and PC5), respectively. Significant loadings on PC1 are As, Al, Pb, K, pH, sulfate,
and nitrate. PC2 accommodates significant loadings of Ba and bi-carbonates with pH.

The dataset was subjected to geostatistical analysis, and a suitable model was identified
using standard kriging. The J-Bessel model was selected to represent Pb, TDS, HCO3, and
EC. Pentaspherical model is employed to represent Cr. The circular model was used to
show the distribution of Ni, Cu, and pH. The hole effect model was used to describe the
spatial distribution of Zn, Temp, NO3, and Ba. A stable model was employed to reflect the
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distribution of Mn, Cd, and As. The rational quadratic model was used to represent K and
Al. Based on nugget analysis, it was observed that Zn, As, Mn, Ni, pH, and TDS exhibited
weak spatial dependence. Moderate spatial dependence was exhibited by Al, Ba, Cr, Cu,
Ec, HCO3, NO3, Pb, and TDS. Strong spatial dependence was observed in Cr, K, and SO4.

Groundwater quality deterioration has become a nightmare in this region, and this
was due to limited surveillance and the never-ending injection of pollutants into this
precious source. Most of the populace in this study area rely on this for industrial and
drinking purposes after purification. Several studies were made to evaluate the pota-
bility of groundwater of Liwa aquifer mainly for agricultural needs; however, rigorous
geostatistical methods were sparsely applied. This paper attempts to fill the void left in
using geostatistics to represent groundwater quality. The variation among the sample
clusters was studied previously using PCA. This paper uses optimal interpolation tech-
niques and semivariogram analysis to produce statistically enriched results. Geological
elements, and environmental and hydrological parameters were considered the core of
these studies. Previous studies were made to emulate the subsurface hydrology character-
istics with limited utilization of the geostatistics, and this work will add valuable inputs
to the contemporary research on groundwater situation analysis and management. This
paper presents a GIS-based approach with geostatistics in assessing groundwater quality at
the Liwa region, UAE. The correlation matrix obtained supports PCA analysis. The results
also shed light on groundwater quality deterioration due to anthropogenic activities. The
exponential semivariogram model was systematically authenticated for each groundwater
parameter. Analysis of groundwater samples reflects that cadmium, aluminum, and lead is
in high proportions compared to other parameters like Cr, Cu, K, Mn, Ni, Zn, and Ba. The
distribution maps are produced using the appropriate model of the kriging interpolation
method for each variable.

5. Conclusions and Recommendation

In the present study, the detailed analyses show that this study offers background
information on the groundwater parameters and factors that affect groundwater quality.
This paper can aid water resource planners in coming up with management plans to
safeguard the local population’s health. The water quality index of this area is poor,
and it is to be improved with the immediate inclusion of proposals for the rejuvenation
of groundwater.

Liwa aquifer is exploited beyond the reasonable limit. It will permanently change the
subsurface landscape in the coming decades. Given the observed water quality parameters,
it is proposed that some of the stringent actions must be levied on the exploiters of this
jewel of water in the Liwa basin. The water quality index of this region is alarmingly
high, and the stakeholders in this region must mitigate the problem with immediate
sustainable solutions.

The excess dumping of the wastes and improper groundwater extraction are assumed
to be the main reasons behind this physicochemical variability observed in the water sam-
ples. The local geology might also affect this variability, and it is yet to be studied over all
the study areas. This study combined the multivariate, geostatistical, and physicochemical
analysis; however, complete hydrological analysis in the watershed, HRU, etc., could not
be conducted. This is attributed to the local non-conducive conditions.

This area is devoid of the undulations and inundations of the terrain with almost indis-
criminate relief. The data is collected once, and the second attempt to collect groundwater
samples was not feasible due to budgetary and administrative constraints. If this had been
materialized, there might have been a more intense comparative study with the dynamics of
groundwater quality parameters. Due to the unavailability of the two-date data, there were
no attempts to compare pre-monsoon, monsoon, and post-monsoon groundwater quality.
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Abstract: This study focused on the entire Hetao Basin, which can fall into four hydrogeological
units, the Houtao Plain, Sanhuhe Plain, Hubao Plain, and South Bank Plain of the Yellow River, all of
which are under different geological and environmental conditions. To systematically investigate
the hydrochemical characteristics and spatial distribution of high-As groundwater (As > 10 µg/L),
974 samples were collected from shallow groundwater. As indicated from the results, high-As
groundwater had an extensive distribution, and its spatial distribution in the four hydrogeological
units exhibited significant variability. Three concentrated distribution areas were reported with
high-As groundwater, which were all in the discharge areas of groundwater, and the arsenic contents
in the groundwater were found to exceed 50 µg/L. The hydrochemical types of high-As groundwater
in the HT Plain and the SHH Plain consisted of HCO3 SO4·Cl for anions and Na for cations, while
those in the other two plains included HCO3 for anions as well as Na·Mg·Ca for cations. According
to the pH values, the groundwater was weakly alkaline in the areas with high-As groundwater, and
arsenic primarily existed as arsenite. Furthermore, high-As groundwater in the Hetao Basin was
characterized by high contents of Fe (mean value of 2.77 mg/L) and HCO3

− (mean value of 460 mg/L)
and a low relative concentration of SO4

2− (average value of 310 mg/L). This study did not identify any
significant correlation between groundwater arsenic and other ions (e.g., Fe2+, Fe3+, HCO3−, SO4

2−,
NO2

− and NO3
−) in the entire Hetao Basin over a wide range of hydrogeological units. The results

remained unchanged after the four hydrogeological units were analyzed. The special sedimentary
environment evolution of the Hetao Basin was found as the prerequisite for the formation of high-
arsenic groundwater. Furthermore, groundwater runoff conditions and hydrogeochemical processes
in the basin were indicated as the factors controlling the formation of high-arsenic groundwater.

Keywords: high-As groundwater; shallow groundwater; geological environment; geochemistry;
correlation; Hetao Basin

1. Introduction

High As groundwater has been reported as one of the most serious geological environ-
mental issues facing the international community [1,2]. Drinking contaminated water such
as high-As groundwater can directly jeopardize human health [3–8], which has aroused
great interest from a wide range of organizations in the international community and
numerous national government agencies [9,10]. Endemic arsenic poisoning attributed to
drinking high-As groundwater has frequently occurred worldwide in places such as India,
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Bangladesh, Vietnam and Thailand in Asia, Germany, Chile, Brazil, Argentina, Italy, and
The United Kingdom in Europe, and the United States and Canada in America [11–20].

Several natural and anthropogenic sources are responsible for the contamination of
As in groundwater. As occurs as a major constituent in more than 200 minerals, and
the desorption and dissolution of naturally occurring As-bearing minerals are generally
considered the principal source of As contamination in groundwater [21,22]. Arsenopyrite
(FeAsS) is the most abundant As-containing mineral that commonly exists in anaerobic
environments and can also be found in different concentrations in various rock-forming
minerals like sulfide, oxide, phosphate, carbonate and silicate [23]. Moreover, other sec-
ondary As minerals (e.g., scorodite, FeAsO4 2H2O) can contain the pollutant as a main or
trace component [24,25].

The Hetao Basin of Inner Mongolia in China has been found to be a highly typical
area of high-As groundwater [26,27]. Due to drinking high-As groundwater, arsenic
poisoning patients were reported in the early 1990s [28]. The As-affected area reached over
3000 km2. The affected population exceeded 1 million, 400 thousand people drank high-As
groundwater (As > 50 µg/L), and over 2000 residents of the 776 villages were confirmed as
arsenic patients [29].

On the whole, groundwater As in the Hetao Basin has been considered to occur
naturally in Later Pleistocene–Holocene alluvial–lacustrine aquifers (generally ranging
from 10 to 50 m) [30–32]. In the typical arsenic poisoning area of the HT Plain, studies on the
arsenic morphology and trace element concentration in groundwater have basically clarified
the causes of arsenic enrichment in groundwater and its effect on arsenic poisoning [33,34].
Smedley et al. investigated the migration of As and other trace elements in the aquifer
of the alluvial plain of Hohhot Basin in Inner Mongolia and highlighted that the high
concentrations of As in groundwater were dependent on the strong reduction environment,
as reflected in the high content of soluble Fe, Mn, NH4–N and DOC in groundwater [23].
When initially studying the migration, enrichment and transformation of As in arsenic-
affected areas of the Hetao Plain, Lin Nianfeng et al. highlighted that clay soil and humus
soil could help enrich As and reduction environments could covert As5+ into As3+ [35].
Guo Huaming et al. performed an indoor microbial leaching experiment through the
in situ collection of sediments and indigenous microorganisms from a high-As aquifer
in the Hetao Plain, Inner Mongolia. As indicated by the above studies, the release and
transformation processes of arsenic as impacted by indigenous microorganisms consisted
of the release of As(V) in sediments, the reduction of As(V) in solution, as well as the
release of As(III) in sediments. The reductive dissolution of Fe/Mn oxide minerals under
the action of indigenous microorganisms was highlighted as a major cause of arsenic
release in sediments [31]. Gao Cunrong et al. explored the distribution and hydrochemical
characteristics exhibited by high-As groundwater in the riverfront area of the Hetao Plain
and highlighted that the high-As groundwater was largely distributed in the depositional
center of the Hetao Plain and in small patches locally. They also found that the arsenic
content in groundwater a short distance inland varied significantly. The over-standard
rate of iron content in groundwater in the high-As areas significantly exceeded the non-
arsenic-rich area, and the formation of high-As groundwater in this area was considered to
be highly dependent on the characteristics exhibited by the sedimentary environment and
sediments [36,37].

Numerous scholars in and outside China have conducted considerable investigations
and research work in the HT Plain and the HB Plain. Most of the relevant studies were
local and did not comprehensively assess the regional spatial distribution and formation
mechanisms of high-As groundwater. Besides, arsenic in natural water bodies shows sig-
nificantly high spatial variability [23], and the conclusions of the local studies are generally
difficult to verify in the region. However, the formation and evolution mechanisms of
high-As groundwater should be explored from the time and space perspectives to select an
appropriate typical area or a geological section.
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This study focused on the entire Hetao Basin, which fell into four hydrogeological
units under the different geological and environmental conditions (i.e., Houtao Plain (HT
Plain), Sanhuhe Plain (SHH Plain), Hubao Plain (HB Plain), and South Bank Plain of Yellow
River (SBYR Plain)). Considerable groundwater samples have been collected, especially
samples from the SHH Plain and SBYR Plain, which have not yet been studied, and the
distribution and hydrochemical characteristics exhibited by shallow high-As groundwater
have been systematically studied.

2. Study Area
2.1. Geographical Conditions

The Hetao Basin is located in the central and western regions of the Inner Mongolia
Autonomous Region (106◦07′~112◦15′ E, 40◦10′~41◦27′ N, Figure 1), stretching from the
Ulanbuh Desert in the west to the west foot of the Manhan Mountain in the east, as well as
from the Yinshan Mountains in the north to the Ordos Plateau in the south, which takes up
a total area of nearly 3.2 × 104 km2. It has been recognized as a vital grain production base
in China and the most developed socio-economic area in the Inner Mongolia Autonomous
Region, involving Hohhot (the capital city of the Inner Mongolia Autonomous Region) and
Baotou (the largest industrial city in the Autonomous Region). Such an area is character-
ized by an average annual temperature of 6.5–7.8 ◦C, with an average monthly maximal
temperature of 22.4 ◦C (July) and an average monthly minimum temperature of −12.0 ◦C
(January). On average, the annual precipitation is 245.5 mm, and the annual precipitation of
the eastern part exceeds the western part. The evaporation in the eastern part is 2185.2 mm,
lower than that of the western part [38,39]. The Yellow River is known as the only perennial
river in the study area, flowing from the west to the east via the whole area, and the other
large seasonal rivers consist of the Dahei River and the Kundulun River [40].

Figure 1. Geologic and geomorphologic map of the Hetao Basin.

2.2. Geological Backgrounds

The Hetao Basin can be divided into four geomorphic zones: mountains, plateaus,
plains and desert. Spatially, the Hetao Basin exhibits a geologic structure of “three sags and
two uplifts”, and its tectonic pattern basically regulates the stratigraphic framework and
sedimentary (phase) pattern of the Quaternary sedimentary sequence, as well as the spatial
distribution of the sedimentary system [40]. It can fall into the Linhe sag area, Xishanzui
uplift area, Sanhuhe sag area, Baotou uplift area, as well as the Hubao sag area (Figure 1).

The Quaternary strata can be split into four rock formations from top to bottom. The
first rock formation (Q3–4) is composed of grayish-yellow, light gray alluvial medium-
fine sand, silty-fine sand mixed with medium-coarse sand, alluvial silty-fine sand, fine
sand, silty clay, and other interbeds exhibiting different thicknesses with local muddy clay
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intercalation and thicknesses of 10–260 m. Overall, the second rock formation (Q2
2) covers

black-gray and grayish-brown limnetic facies mud, muddy clay, muddy silty-fine sand
and silty clay, with local multilayers of mirabilite. Such a formation is extensively and
continuously distributed in the basin and pertains to a landmark formation significantly
correlated with the formation of high-As groundwater with thicknesses of 30–170 m [26,27].
The third rock formation (Q2

1) comprises brown-yellow, light gray and gray-brown alluvial
silty-fine sand, medium-fine sand, medium-coarse sand and thick layers of clay silt, as
well as silty clay interbed, with local light grey muddy clay, which is the main confined
aquifer with thicknesses of 20–319 m. The fourth rock formation (Q1) covers the lacustrine
facies-based gray, grayish-brown and grayish-green clay silt, silty clay and silty-fine sand,
and medium-fine sand interbed. The bottom is sandy gravel, which is not reached [38–40].

2.3. Hydrogeological Conditions

On the whole, 48 hydrogeological profiles were prepared with the collected data of
over 1300 boreholes, dynamic groundwater monitoring data of 20 years and the water level
data in 4 periods from 2009 to 2010, illustrating the hydrogeological conditions of the study
area and laying the conditions for analyzing high-As groundwater.

The shallow aquifer of the HT Plain in the piedmont alluvial-pluvial fan in the north
comprises Holocene and Epipleistocene proluvium with gravel and medium-coarse sand
containing gravel, 10–130 m thick [23]. The water level varies from 20–40 m at the top of
the fan group to 3–5 m at the front edge. The alluvial lacustrine plain of the Yellow River in
the south primarily covers Holocene-Epipleistocene alluvial lacustrine facies medium-fine
sand, fine sand and silty-fine sand, which is dominated by semi-confined water with local
phreatic water [31]. The thickness exhibited by the aquifer increases from 20–80 m in SE
to 100–240 m in NW. The burial depth of groundwater level is shallow, generally ranging
from 3–10 m. On the whole, the shallow groundwater is recharged by the lateral runoff,
the underground flow in the valleys, the atmospheric precipitation, and the infiltration
of irrigation with water from the Yellow River in the northern bedrock mountain area. In
the northern piedmont fan zone, the groundwater is largely supplied by the north-south
runoff, and the runoff conditions deteriorate in the foreland depression. In the alluvial
plain of the Yellow River in the south, the groundwater flows as SW-NE runoff. The
shallow groundwater forms a drainage zone by complying with the main drainage line
and eventually flows as runoff eastward to the Wuliangsuhai Lake [38–40].

The shallow aquifer in the SHH Plain mostly comprises Holocene and Epipleistocene
medium-fine sand and silty-fine sand [41,42]. The local river channel covers sandy gravel.
From the north to the bank along the Yellow River, the thickness of the aquifer tends to
decrease from 30–40 m to 20–30 m, and the groundwater depth declines from 5–10 m
to 1–3 m. The groundwater is primarily recharged by the surface runoff, the subsurface
flow, atmospheric precipitation and irrigation infiltration while flowing from NW to SE as
runoff to the east of Xisanzui. It flows as runoff from the northeast to the southwest to the
east of Baotou, which is mostly discharged by mining and lateral discharge to the Yellow
River [41,42].

The shallow aquifers in the eastern and western regions in the HB Plain exhibit
different characteristics attributed to a wide range of sedimentary environments. The
aquifer in the eastern region is the phreatic water-micro-confined aquifer of the piedmont
plain of the Dahei River. The compositions vary from proluvium and alluvium gravels,
pebbles and sandy gravels gradually to alluvial gravels, medium-coarse sand and fine
silty sand to the lake basin. From the west to the east, the groundwater level is altered
from nearly 15 m to approximately 5 m, and the thickness of the aquifer is up-regulated
from 10 m to 27 m [43]. The aquifer in the western region, composed of Holocene and
Epipleistocene medium-fine sand and silty-fine sand, refers to the phreatic water-micro-
confined aquifer of the alluvial lacustrine plain of the Yellow River [44]. The thickness of
the aquifer varies from 80–100 m in the northwest to 20–40 m in the east. The burial depth
of water level is 5–10 m close to the front of the mountain and 2–5 m generally following the
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Yellow River and in the eastern region [45]. Laterally, the groundwater is recharged by the
bedrock fissure water in some sections, subsurface flow of river valleys and surface runoff,
as well as precipitation and irrigation infiltration in the mountainous area. Furthermore,
the groundwater flows as runoff from the northeast to the southwest in the eastern region
and flows as runoff from the northwest to the southeast and is discharged through mining,
evaporation and lateral discharge to a canal for water release of Hasuhai Lake and the
Yellow River.

The shallow aquifer of the SBYR Plain covers Holocene-Epipleistocene proluvium
and alluvial lacustrine silty-fine sand, fine sand and silty sand [26,27]. The thickness of
the aquifer rises from less than 50 m in the south to 50–100 m in the north, and it exceeds
100 m in local areas. In most areas, the burial depth of the groundwater level is less
than 5 m, generally 5–15 m in the front of hills. The groundwater is largely recharged by
atmospheric precipitation, lateral infiltration in the hilly southern area, infiltration of the
valleys, and infiltration of the irrigation canals for water diversion from the Yellow River.
The groundwater is mainly recharged from precipitation, runoffs from hills in the south,
and water in irrigation channels from the Yellow River. It is discharged by evaporation,
manual mining, and lateral seepage to the Yellow River [40–42].

3. Materials and Methods
3.1. Collection of Samples

The samples were collected from the HT Plain and the SHH Plain in September and
October 2009 and from the HB Plain and the SBYR Plain from June to August 2010. A total
of 974 sets of samples were collected in total from the shallow groundwater, including 450
from the HT Plain, 56 from the SHH Plain, 278 from the HB Plain, as well as 190 from the
SBYR Plain. The sampling points were evenly distributed (Figure 2). 40 mL arsenic samples,
250 mL iron samples, 250 mL trace element samples and 1500 mL samples for full analysis
were collected from the respective sampling points. After water temperature, electrical
conductivity (EC), pH, and Eh were stable, groundwater samples were taken. All samples
were membrane filtered (0.45 µm) in the field. The samples used for As speciation analysis
were stored in new but pre-rinsed HDPE bottles (Nalgene) after adding 0.25 MEDTA. The
filtered samples were then acidified to pH 1 by the addition of ultra-pure HCl for major and
trace element analysis. Protective agents were also added to other samples, i.e., 2.5 mL of
1:1 sulfuric acid solution and 0.5 g of ammonium sulfate to iron samples, as well as 2.5 mL
of 1:1 nitric acid solution to trace element samples. Except for the samples intended for full
analyses, the other samples were stored in a freezer with the temperature regulated at 4 ◦C
and analyzed within 5 days.

Figure 2. Arsenic content distribution of groundwater samples in the Hetao Basin.
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3.2. Analytical Method

The hydrochemical indexes of high-As groundwater (pH value, conductivity, dis-
solved oxygen and oxidation-reduction potential) were determined in the field by employ-
ing American Hach sensION2 and Hach LDO TM HQ 10 portable testers. The NO3

− and
SiO2 of groundwater were determined by adopting the UV8500 UV-vis spectrophotometer.
Cations (e.g., Ca, Mg, Na, K, Fe, Mn, Sr, B and Ba) were determined with PHS-2C ICP-AES.
Fe elements were examined in Fe2+ and Fe3+. Se was determined under an XGY-1012 atomic
fluorescence spectrometer. As3+ and As5+ were tested with XGY-1012 atomic fluorescence
spectrometer, respectively. Other elements were analyzed by using the standard methods.
To ensure the quality of the test data of groundwater samples, 5% repeated samples were
added, and the error of all repeated samples was less than 5%. The samples were tested by
the Key Laboratory of Groundwater Mineral Water and Environmental Supervising and
Testing Center, Ministry of Land and Resources of the PRC.

4. Results
4.1. Content and Regional Distribution of Arsenic in Groundwater

The high-As samples of shallow groundwater took up 47.33% of the total samples,
and the average concentration of arsenic in the groundwater reached 45.58 µg/L. Only
18 samples had lower contents than the detection limit (<0.1 µg/L), and the detection
rate reached 98.15% (Table 1). According to the above table, the high-As groundwater
in the Hetao Basin was widely distributed. The high-As groundwater was extensively
distributed in the four hydrogeological units, and it achieved the widest distribution in the
HT Plain. The high-As groundwater samples accounted for 53.78% of the 450 sample sets.
The maximal arsenic content was 916.70 µg/L, and the arsenic content in groundwater was
64.13 µg/L on average, which was the highest in the whole region. Only three groundwater
samples contained arsenic contents lower than the detection limit (<0.1 µg/L), and the
detection rate took up 99.33%. The SHH Plain was the minimum. Though there were
only 56 sets of samples, the detection rate was 100%. The average arsenic content reached
40.64 µg/L, only smaller than the HT Plain. The average arsenic content in the groundwater
of the SBYR Plain was the minimum (22.51 µg/L) among the four hydrogeological units.
Furthermore, the number of high-As groundwater samples in the HB Plain accounted for
38.49% of the total number of samples, which was the minimum in the whole region.

Table 1. Statistical table of arsenic content in shallow groundwater of the Hetao Basin.

Area (km2) Number 0.1 µg/L (%) >10 µg/L (%) Mean (µg/L) Medium (µg/L) Max (µg/L)

HT Plain 13,880 450 99.33 53.78 64.13 14.44 916.7
SHH Plain 1623 56 100 51.79 40.64 12.48 615.4
HB Plain 11,382 278 95.32 38.49 32.31 3.76 398.9
SBYR Plain 4995 190 99.47 43.68 22.51 6.31 238.3
Hetao Baisn 31,880 974 98.15 47.33 45.58 7.95 916.7

As revealed by the distribution of high-As groundwater points (Figure 1), high-As
groundwater in the Hetao Basin was distributed throughout the region with an extremely
uneven spatial distribution. The variability of arsenic contents in groundwater was ana-
lyzed by using SPSS (IBM, Armonk, NY, USA). The spatial variation coefficient of arsenic
content was 2.07, and the variation coefficient of arsenic content in groundwater of the four
hydrogeological units ranged from 1.57 to 2.18, which demonstrated that the spatial vari-
ability of arsenic content in groundwater was significantly large in the whole basin and the
four hydrogeological units. There were three relatively concentrated distribution areas of
high-As groundwater in the whole basin (Figure 3), with arsenic contents of underground
water usually larger than 50 µg/L. The mentioned areas consisted of (1) an intersection
zone of the front edge of the piedmont alluvial-pluvial fan of the HT Plain and the alluvial
lacustrine plain of the Yellow River, (2) both sides of the modern river channel of the Yellow
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River from the HT Plain to the SHH Plain and the HB Plain, as well as (3) the central region
of the HB Plain, located in the middle east of Tumd Left Banner.

Figure 3. Contour map of high-arsenic shallow groundwater points and groundwater level elevation
in Hetao Basin.

4.2. Hydrochemical Characteristics of Shallow High As Groundwater

In this part, 462 sets of shallow high-As groundwater samples are discussed, including
242 from the HT Plain, 29 from the SHH plain, 107 from the HB Plain, and 87 from the
SBYR Plain. The groundwater was weakly alkaline, achieving a pH value of 7.15–9.26. The
pH value of the HT plain approached that of the SBYR Plain, with levels of 7.15–9.26 and
7.37–9.25, respectively. The pH value of the SHH Plain approached that of the HB Plain,
with levels of 7.44–8.65 and 7.26–8.76, respectively.

4.2.1. Hydrochemical Types

According to the Piper classification method [40], there were 13 hydrochemical types in
the SHH Plain and 19 types in each of the other three hydrogeological units (Figure 4). How-
ever, they showed different hydrochemical characteristics. The major hydrochemical type
of high-As groundwater in the HT Plain and the SHH Plain referred to the HCO3·SO4·Cl
type, followed by the HCO3·Cl type for anions, and mainly Na·Mg·Ca and Na·Mg for
cations. The hydrochemical type of high-As groundwater in the HB Plain was largely
the HCO3 type, followed by the HCO3·SO4·Cl type and HCO3·Cl for anions, and mainly
Na and Na·Mg·Ca for cations. The hydrochemical type of high-As groundwater in the
SBYR Plain is mainly the HCO3 type, the HCO3·SO4·Cl type, the HCO3·SO4 type, and the
HCO3·Cl type, all of which are approximately equally for anions, as well as Na, Na·Mg,
and Na·Mg·Ca for cations.
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Figure 4. Piper diagram of high-arsenic shallow groundwater quality in four hydrogeological units.
(A) HT Plain, (B) HB Plain, (C) SBYR Plain, and (D) SHH Plain.

4.2.2. Main Ionic Components

Given the statistical table of characteristic values of As, As(III), As(V), Fe, Fe2+, Fe3+,
HCO3

− and SO4
2− in shallow high-As groundwater in the Hetao Basin (Table 2), the

average content of As in the shallow groundwater with high-As in the Hetao Basin reached
93.46 µg/L, and the maximal content in the HT Plain was reported to be 116.93 µg/L,
nearly 2.5 times of that in the SBYR Plain; these values for the SHH Plain and the HB Plain
were similar, reaching 76.20 µg/L and 80.65 µg/L, respectively. In addition, As(III) was
reported to be the major form of As, and the average concentration of As took up 85.2% of
the total As. The minimal value was 76.1% in the SHH Plain, and the values in the other
three hydrogeological units were nearly unchanged, ranging from 84.0% to 86.1%, with
the maximal value in the HT Plain. The ratios of As(III) to As(V) in the 4 plains are all
very large, reaching 19.27 in the highest As area in the SHH Plain (Table 3), indicating
that the groundwater in the entire Hetao Basin is basically in a reducing environment.
Impacted by the toxicity of As(III) and such a high content of As(III) in the shallow high-As
groundwater in the Hetao Basin, it is not difficult to understand that there are large-scale
arsenic poisoning areas in the Hetao Basin and the safety of the drinking water of over one
million people is affected [28,29].
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Table 2. Statistical table of characteristic values of the main ions in high-As shallow groundwater in
the Hetao Basin.

Item
As (µg/L) As(III) (µg/L) As(V) (µg/L) HCO3

− (mg/L)

Mean Median Max Mean Median Max Mean Median Max Mean Median Max

HT Plain 116.93 58.21 916.70 100.69 50.99 719.40 16.24 6.95 224.60 521.34 480.70 1327.00
SHH Plain 76.20 30.17 615.40 58.01 26.81 376.80 18.19 6.66 238.60 548.77 524.70 1347.00
HB Plain 80.65 48.16 398.90 68.74 41.02 383.70 11.92 7.03 120.10 704.32 620.40 2123.00

SBYR Plain 47.60 35.41 238.30 40.02 32.29 227.10 7.57 4.98 39.10 547.50 504.10 2220.00
Hetao Baisn 93.46 49.64 916.70 79.67 41.02 719.40 13.80 6.52 238.60 570.25 505.00 2220.00

Item
Fe (mg/L) Fe2+ (mg/L) Fe3+ (mg/L) SO4

2− (mg/L)

Mean Median Max Mean Median Max Mean Median Max Mean Median Max

HT Plain 2.63 1.60 17.00 1.26 0.75 11.80 1.37 0.53 16.00 306.27 235.35 2494.00
SHH Plain 5.84 2.40 40.00 2.59 1.20 30.00 3.25 0.80 24.00 291.90 227.90 2004.00
HB Plain 2.60 1.32 25.00 1.17 0.48 17.00 1.43 0.52 22.00 360.65 263.20 2419.00

SBYR Plain 2.33 0.88 34.00 1.02 0.28 17.00 1.32 0.52 17.00 264.77 172.20 2544.00
Hetao Baisn 2.77 1.50 40.00 1.28 0.60 30.00 1.49 0.54 24.00 310.51 225.60 2544.00

Table 3. As(III)/As(IV) ratios in shallow groundwater from Hetao Basin.

Item
As < 10 µg/L As ≥ 10 µg/L

As(III) (µg/L) As(V) (µg/L) As(III)/As(V) As(III) (µg/L) As(V) (µg/L) As(III)/As(V)

HT Plain 1.74 0.94 1.85 100.69 16.24 6.20
SHH Plain 1.61 0.84 1.91 60.93 19.27 3.16
HB Plain 1.2 0.56 2.14 71.89 12.71 5.66
SBYR plain 2.12 0.97 2.19 39.35 7.38 5.33

The content of total Fe in the Hetao Basin was higher, with an average concentration
of 2.77 mg/L, and the maximum value of 5.84 mg/L was identified in the SHH Plain. The
average values of the other 3 hydrogeological units between were basically the same, at
2.33–2.63 mg/L (Figure 5). The average concentration of Fe2+ was 1.28 mg/L, accounting
for 46% of the total Fe. The average concentration of Fe3+ was 1.49 mg/L, and the ratio of
the average concentration of Fe2+ approached 1:1. The ratio of the average concentrations
of Fe2+/Fe3+ in the 4 hydrogeological units approached 1:1 across the entire Hetao Basin.

Figure 5. Contour map of total Fe content in Hetao Basin.

The average concentration of SO4
2− in the Hetao Basin reached 310 mg/L, and the rela-

tive concentration was relatively low. The maximal value was 2455 mg/L in the SBYR Plain.
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The average concentration of SO4
2− in the 4 hydrogeological units was 264~360 mg/L.

Given the SO4
2− ion concentration partition of shallow high-As groundwater (Figure 6),

the distribution area with concentrations of less than 100 mg/L was 4953 km2, and the
distribution area with concentrations of 100~200 mg/L was 4493 km2. There was almost
no SO4

2− in the groundwater in the north of the HT Plain and in the eastern part of the HB
Plain, which demonstrated the effect of desulfurization.

Figure 6. Zoning map of SO4
2− concentration in Hetao Basin.

The average concentration of HCO3
− of the Hetao Basin was 570 mg/L, and the

relative concentration was relatively high. In four hydrogeological units, the average
concentration of HCO3

− of the HB Plain reached 704 mg/L, and the values of the other
3 hydrogeological units were relatively close, at 521~547 mg/L. The HCO3

− concentration
in the HB Plain tended to rise from the pre-piedmont recharge area to the central part of
the plain (Figure 7). The highest concentration reached 2123 mg/L, which demonstrated
the effect of organic carbon oxidation.

Figure 7. Contour map of HB Plain HCO3
− concentration.

5. Discussion
5.1. The Hydrogeochemical Process of As Mobilization in Aquifers

Most of the potential sources of arsenic in the shallow groundwater of the Hetao
Plain are believed to be from arsenic-bearing Quaternary strata derived from local aquifer
sediments [31,32,46]. Under natural conditions, where the water-rock interaction is strong
and the geochemical environment of certain aquifers is suitable for arsenic migration and
accumulation, the aquifers often have higher arsenic concentrations. The migration of
arsenic in the groundwater of the Hetao Basin occurs in a strong reducing environment
with rich organic matter. The anaerobic environment where the surface lacustrine clay
deposits is located is particularly conducive to the formation of As(III), causing As(III)
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to be the dominant valence state in the high-As groundwater in the study area. pH is
an important factor affecting arsenic migration in aqueous systems. In the area of high-
As groundwater in the Hetao Plain, the pH is also relatively high. Arsenic exists in the
groundwater mainly in the form of two valence states as As(V) or As(III) anions, so it is
more likely to be absorbed by positively charged substances in an aqueous medium, such
as iron and manganese oxides, goethite, gibbsite and ferrihydrite. The increase of pH will
reduce the adsorption of colloid and clay minerals to arsenate or arsenite in the form of
anions and enhance their migration performance [47].

Numerous studies show that the finer the soil particles are, the greater amounts the
arsenic adsorption are, and the higher the arsenic content is [48,49]. The silty-fine sand
layer or the silty-fine sand interbeds with clay and silty clay are widely spread in the
research area as identified by drilling data, and the organic matter content of the sediment
is relatively high. Moreover, as the depth increases, the sediment particles become finer,
and the arsenic content tends to increase [31]. The lacustrine silty clay and sandy clay in
the sediment have a strong adsorption capacity for arsenic. When the arsenic element
enters a depression with an alluvial or groundwater flow system, part of the arsenic is
adsorbed by the clay and deposited directly, and part of the arsenic interacts with the ferric
hydroxide colloid in the river or lake water to form insoluble precipitates. At the same time,
the study area is rich in Fe2+ and Fe3+, and iron ions have a strong ability to fix arsenic.
Once groundwater rich in iron and arsenic ions flow to the central area of the plain, the
slow flow of groundwater, caused by the low hydraulic gradient, poor aquifer permeability
and small recharge, will limit aquifer flushing, solute (As) transport and its removal from
the system. In areas with slow groundwater movement, aqueous As concentrations are
very sensitive to releases of small amounts of arsenic from the various hydrogeochemical
processes described above. These reasons also explain the high-As distribution in the three
main regions.

5.2. Correlation Analysis between Arsenic and Main Oxidation-Reducing Ions

Pearson correlation analysis was applied to reveal the relationship between arsenic
and the main oxidation-reducing ions in this study [50–54]. As revealed by the results of
the Pearson correlation analysis of arsenic with major ions (e.g., As, Fe, Fe2+, Fe3+, HCO3

−,
SO4

2−, NO2
− and NO3

−) for all shallow groundwater samples (n = 974) (significance
level at p < 0.01, Table 4), no significant correlation was reported between arsenic and
the ions, and the correlation coefficient was primarily less than 0.4. As indicated by the
results of the separate correlation analysis regarding the groundwater samples of the
four hydrogeological units (Tables 5–8), an insignificant correlation was reported between
arsenic and other ions; only in the SHH Plain was a correlation coefficient of 0.6 found
between arsenic and Fe, and the correlation coefficient between arsenic and NO2

− was 0.5,
which was more significant. No significant correlation was identified between the arsenic
and the iron contents in the groundwater, probably due to the formation of insoluble iron
sulfides by Fe2+ from the reduction of iron oxides and by S2− from the reduction of SO4

2−.
Iron sulfides have been extensively distributed in many high-As aquifers worldwide [55].
No significant correlation was identified between arsenic and HCO3

− concentration in
the groundwater, whereas high-As groundwater samples generally contained HCO3

− in
high concentrations. In this study area, the average concentration of HCO3

− was relatively
high, up to 570 mg/L, which might also be related to the process of microbial activity.
Microorganisms can reduce iron’s release of arsenic and oxidize the organic matter in the
aquifer to produce a large amount of HCO3

−. In addition, it might be related to high
concentrations of HCO3

− and the competitive adsorption of arsenate and arsenite on the
surface of iron oxide.
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Table 4. Pearson correlation analysis between As and the main redox ions in the Hetao Plain (n = 974).

As Fe As(III) As(V) Fe2+ Fe3+ HCO3− NO2− NO3− SO42−

As 1 0.242 ** 0.992 ** 0.797 ** 0.170 ** 0.231 ** 0.177 ** −0.007 −0.093 ** −0.044
Fe 0.242 ** 1 0.213 ** 0.315 ** 0.812 ** 0.843 ** 0.139 ** −0.013 −0.080 * 0.171 **

As(III) 0.992 ** 0.213 ** 1 0.712 ** 0.167 ** 0.188 ** 0.171 ** −0.010 −0.095 ** −0.050
As(V) 0.797 ** 0.315 ** 0.712 ** 1 0.140 ** 0.375 ** 0.159 ** 0.007 −0.062 −0.004
Fe ** 0.170 ** 0.812 ** 0.167 ** 0.140 ** 1 0.378 ** 0.054 −0.011 −0.093 ** 0.105 **
Fe ** 0.231 ** 0.843 ** 0.188 ** 0.375 ** 0.378 ** 1 0.175 ** −0.010 −0.042 0.178 **

HCO3 * 0.177 ** 0.139 ** 0.171 ** 0.159 ** 0.054 0.175 ** 1 0.068 * 0.081 * 0.382 **
NO2 * −0.007 −0.013 −0.010 0.007 −0.011 −0.010 0.068 * 1 0.270 ** 0.011
NO3 * −0.093 ** −0.080 * −0.095 ** −0.062 −0.093 ** −0.042 0.081 * 0.270 ** 1 0.155 **
SO4 ** −0.044 0.171 ** −0.050 −0.004 0.105 ** 0.178 ** 0.382 ** 0.011 0.155 ** 1

** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).

Table 5. Pearson correlation analysis between As and the main redox ions in the Houtao Plain
(n = 190).

As Fe As(III) As(V) Fe ** Fe ** HCO3 * NO2 * NO3 * SO4 **

As 1 0.182 ** 0.993 ** 0.797 ** 0.115 * 0.181 ** 0.212 ** 0.137 ** 0.056 −0.124 **
Fe 0.182 ** 1 0.161 ** 0.243 ** 0.821 ** 0.796 ** 0.166 ** 0.025 −0.020 0.240 **

As(III) 0.993 ** 0.161 ** 1 0.720 ** 0.121 * 0.141 ** 0.210 ** 0.144 ** 0.057 −0.137 **
As(V) 0.797 ** 0.243 ** 0.720 ** 1 0.057 0.345 ** 0.174 ** 0.066 0.040 −0.027
Fe ** 0.115 * 0.821 ** 0.121 * 0.057 1 0.308 ** 0.030 0.045 −0.024 0.191 **
Fe ** 0.181 ** 0.796 ** 0.141 ** 0.345 ** 0.308 ** 1 0.246 ** −0.007 −0.008 0.198 **

HCO3 * 0.212 ** 0.166 ** 0.210 ** 0.174 ** 0.030 0.246 ** 1 0.125 ** −0.041 0.283 **
NO2 * 0.137 ** 0.025 0.144 ** 0.066 0.045 −0.007 0.125 ** 1 0.042 0.092
NO3 * 0.056 −0.020 0.057 0.040 −0.024 −0.008 −0.041 0.042 1 0.189 **
SO4 ** −0.124 ** 0.240 ** −0.137 ** −0.027 0.191 ** 0.198 ** 0.283 ** 0.092 0.189 ** 1

** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).

Table 6. Pearson correlation analysis between As and the main redox ions in the Sanhuhe Plain
(n = 190).

As Fe As(III) As(V) Fe ** Fe ** HCO3 * NO2 * NO3 * SO4 **

As 1 0.574 ** 0.988 ** 0.958 ** 0.348 ** 0.629 ** 0.368 ** 0.476 ** −0.167 −0.043
Fe 0.574 ** 1 0.560 ** 0.563 ** 0.826 ** 0.849 ** 0.117 0.174 −0.218 −0.073

As(III) 0.988 ** 0.560 ** 1 0.901 ** 0.359 ** 0.597 ** 0.378 ** 0.495 ** −0.203 −0.040
As(V) 0.958 ** 0.563 ** 0.901 ** 1 0.305 * 0.648 ** 0.327 * 0.411 ** −0.091 −0.044
Fe ** 0.348 ** 0.826 ** 0.359 ** 0.305 * 1 0.433 ** 0.096 0.131 −0.182 −0.062
Fe ** 0.629 ** 0.849 ** 0.597 ** 0.648 ** 0.433 ** 1 0.131 0.180 −0.170 −0.040

HCO3 * 0.368 ** 0.117 0.378 ** 0.327 * 0.096 0.131 1 0.489 ** 0.020 0.687 **
NO2 * 0.476 ** 0.174 0.495 ** 0.411 ** 0.131 0.180 0.489 ** 1 −0.141 0.210
NO3 * −0.167 −0.218 −0.203 −0.091 −0.182 −0.170 0.020 −0.141 1 0.406 **
SO4 ** −0.043 −0.073 −0.040 −0.044 −0.062 −0.040 0.687 ** 0.210 0.406 ** 1

** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).
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Table 7. Pearson correlation analysis between As and the main redox ions in the Hubao Plain
(n = 278).

As Fe As(III) As(V) Fe ** Fe ** HCO3 * NO2 * NO3 * SO4 **

As 1 0.288 ** 0.993 ** 0.810 ** 0.237 ** 0.229 ** 0.217 ** −0.045 −0.175 ** 0.020
Fe 0.288 ** 1 0.285 ** 0.238 ** 0.704 ** 0.876 ** 0.182 ** −0.044 −0.087 0.277 **

As(III) 0.993 ** 0.285 ** 1 0.733 ** 0.242 ** 0.221 ** 0.208 ** −0.049 −0.181 ** 0.018
As(V) 0.810 ** 0.238 ** 0.733 ** 1 0.157 ** 0.216 ** 0.214 ** −0.018 −0.107 0.027
Fe ** 0.237 ** 0.704 ** 0.242 ** 0.157 ** 1 0.275 ** 0.119 * −0.043 −0.145 * 0.156 **
Fe ** 0.229 ** 0.876 ** 0.221 ** 0.216 ** 0.275 ** 1 0.167 ** −0.030 −0.019 0.269 **

HCO3 * 0.217 ** 0.182 ** 0.208 ** 0.214 ** 0.119 * 0.167 ** 1 0.056 0.101 0.417 **
NO2 * −0.045 −0.044 −0.049 −0.018 −0.043 −0.030 0.056 1 0.298 ** 0.013
NO3 * −0.175 ** −0.087 −0.181 ** −0.107 −0.145 * −0.019 0.101 0.298 ** 1 0.278 **
SO4 ** 0.020 0.277 ** 0.018 0.027 0.156 ** 0.269 ** 0.417 ** 0.013 0.278 ** 1

** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).

Table 8. Pearson correlation analysis between As and the main redox ions in the Southern Plain of
the Yellow River (n = 190).

As Fe As(III) As(V) Fe ** Fe ** HCO3 * NO2 * NO3 * SO4 **

As 1 0.320 ** 0.993 ** 0.823 ** 0.315 ** 0.283 ** 0.231 ** −0.074 −0.175 * 0.006
Fe 0.320 ** 1 0.303 ** 0.334 ** 0.903 ** 0.945 ** 0.186 * −0.046 −0.096 0.195 **

As(III) 0.993 ** 0.303 ** 1 0.750 ** 0.321 ** 0.251 ** 0.227 ** −0.073 −0.176 * −0.004
As(V) 0.823 ** 0.334 ** 0.750 ** 1 0.223 ** 0.376 ** 0.201 ** −0.063 −0.133 0.050
Fe ** 0.315 ** 0.903 ** 0.321 ** 0.223 ** 1 0.713 ** 0.118 −0.034 −0.118 0.099
Fe ** 0.283 ** 0.945 ** 0.251 ** 0.376 ** 0.713 ** 1 0.214 ** −0.049 −0.067 0.243 **

HCO3 * 0.231 ** 0.186 * 0.227 ** 0.201 ** 0.118 0.214 ** 1 0.043 −0.011 0.491 **
NO2 * −0.074 −0.046 −0.073 −0.063 −0.034 −0.049 0.043 1 0.075 0.036
NO3 * −0.175 * −0.096 −0.176 * −0.133 −0.118 −0.067 −0.011 0.075 1 0.072
SO4 ** 0.006 0.195 ** −0.004 0.050 0.099 0.243 ** 0.491 ** 0.036 0.072 1

** Significantly correlated at the level of 0.01 (bilateral); * Significantly correlated at the level of 0.05 (bilateral).

5.3. Correlation between Formation of High As Groundwater and Geological Environment

Large-scale high-As groundwater deposits tend to be found in two types of envi-
ronments, i.e., inland or closed basins in arid or semi-arid regions and aquifers derived
from alluvium under strong reducing conditions [23]. Both environments tend to contain
geologically young sediments and to be in flat, low-lying areas where groundwater flow
is sluggish. The Hetao Basin, which is located in the west of Inner Mongolia, pertains to
the typical temperate continental arid and semi-arid climate. The annual precipitation is
245.5 mm, and the average water evaporation is 2100 mm [38,39], which is 9 times the
average rainfall.

The Hetao Basin is a Mesozoic-Cenozoic rifted basin formed in the late Jurassic,
located between the Yinshan uplift and the Ordos platform. The tectonic movement of
the Hetao Basin is very active, and tectonic faults have developed since the Cenozoic.
The tectonic systems are dominated by high-angle normal faults and fault-bending belts.
The deep east-west fault formed in the piedmont of Yinshan Mountain made the Ordos
block continue to squeeze to the northwest, and the Hetao Basin between these two
began to sink into depression. Since the Cenozoic, the Ordos block has been pushed
from the northwest direction, and the squeeze turned into a southeastward pulling, which
caused the Hetao Basin to sink significantly, forming a tectonic pattern termed as “three
sags and two uplifts”, in which the basin and mountains intersect each other and the
depression and uplift are adjacent to each other (Figure 1). The fault depressions are
favorable places for arsenic enrichment. Strong evaporation and weathering accelerate
the decomposition rate and biogeochemical cycle of minerals in the bedrock weathering
zone and promote the migration and enrichment of arsenic in water. Moreover, in the
depression, the underground flow is stagnant, forming a structural water storage area and
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a gathering place for various elements. The enclosed tectonic conditions and long-term
inheritance and subsidence of the Hetao Basin has resulted in the formation of fine-grained
clastic sediments dominated by inland lacustrine facies. The thickness of the Quaternary
sedimentary reached 200–1500 m. Center areas of the low-lying lake basins located in
piedmonts contain fine-grained sediments and high amounts of organic matter, and these
reducing environments create favorable conditions for the release of arsenic from the
sediments and the accumulation of arsenic in the water. The coverage of fine-grained
sediments isolates the air exchange of oxygen between the aquifer and the surface, forming
a closed reducing environment, prompting the release and migration of arsenic.

Mineral-water interactions can make arsenic enter groundwater from the sediment
adsorption phase. However, arsenic in groundwater must accumulate to a certain concen-
tration before it can form high-As groundwater [23]. Obviously, in the middle of a low-lying
basin, especially in areas with a large thickness of lacustrine sediments, slow groundwater
runoff and evaporation as the main form of discharge, it is particularly easy to develop
high-As groundwater [56]. There are three relatively concentrated areas of high-As ground-
water points in the Hetao Basin, located in the discharge area of groundwater according
to the contours of the groundwater table (Figure 8), where there is a small groundwater
depth and a hydraulic gradient of less than 0.8‰, and the groundwater flow is slow [55].
As the mentioned three areas are situated in the pluvial and alluvial-lacustrine interlace
lowland and interfluvial lowland, characterized by poor water flow, strong evaporation and
widespread saline-alkali land, the sediments are saturated in long periods. These factors
enhance the release of arsenic from sediments into the water, causing its high concentration.

Figure 8. Contour map of groundwater table in Hetao Basin.

Due to the low rainfall and large evaporation, agricultural production in the Hetao
Basin is primarily supported by the water from the Yellow River, and the introduction of
considerable Yellow River water up-regulates the groundwater water level and forms a
large area of soil salinization. Furthermore, the rising water level makes air unable to enter
the reduction environment formed by the stratum. Besides, the pH value of the surface
water in the arid and semi-arid climate environment is basically high, thereby creating
favorable conditions for the dissolution of arsenic from the stratum.

6. Conclusions

Arsenic has been extensively distributed in the shallow groundwater of the Hetao
Basin, and high-As groundwater was identified in the four hydrogeological units. In partic-
ular, the average concentration of arsenic in the shallow groundwater in the Hetao Basin
reached 45.58 µg/L. The spatial distribution of arsenic content in the shallow groundwater
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was significantly uneven in the whole basin, and the variation coefficient ranged from 2.07
to 1.57–2.18, with high variability.

All high-As groundwater in the HT Basin was weakly alkaline, achieving a pH value
of 7.15–9.26. As(III) was found to be the major form of As, and the average concentration of
As took up 85% of the total As. The content of total Fe was higher, with a concentration
of 2.77 mg/L on average, and the average concentration of Fe2+ took up 46% of the total
Fe. The average concentration of SO4

2− was 310 mg, and the relative concentration was
lower. It is noteworthy that there was nearly no SO4

2− in the groundwater in the north
of the HT Plain and in the eastern part of the HB Plain, which demonstrated the effect of
desulfurization. The concentration of HCO3

− was 460 mg/L on average, and the relative
concentration was higher. The HCO3

− concentration in the HB Plain tended to rise from the
pre-piedmont recharge area to the central part of the plain, and the maximal concentration
was 2123 mg/L, which demonstrated the effect of organic carbon oxidation.

There were three concentrated areas with high-As groundwater in the Hetao Basin
where the arsenic contents of groundwater were more than 50 µg/L. According to the
analysis of hydrogeological conditions, three concentrated distribution areas with high-As
groundwater were all in the discharge areas of groundwater with a shallow groundwater
level, a water gradient of less than 0.8‰ and slow groundwater flow.

The distribution of high-As groundwater was found to be dependent on specific geo-
logical and geographical backgrounds. The special sedimentary environment evolution of
the Hetao Basin lays the prerequisite for creating high-As groundwater, and the groundwa-
ter runoff condition and hydrogeochemical process of the basin can control the formation
of high-As groundwater. The high pH and organic-rich reducing environment in the Hetao
Basin, the dissolution, reduction, and precipitation of various minerals and the mutual
transformation of different forms of arsenic contribute to the origin of the high-arsenic
groundwater. The long-term lacustrine-dominated paleogeographic environment and
closed tectonic conditions, slow refreshment and stagnant groundwater, arid-semi-arid
climatic conditions, as well as sediments with high arsenic content and regional arsenic-rich
environments constitute the feasible conditions for high-arsenic groundwater.
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Abstract: In order to study the occurrence form, vertical migration and transformation and the
potential ecological risk of Hg in the disjointed hyporheic zone in the gold mining area is inves-
tigated. Through field investigation, in-situ test, and test analysis, the results show that: (1) the
form of mercury in the original stratum where the river water-groundwater hydraulic connection
is disconnected is mainly in the residual state, accounting for 77.78% of the total mercury; (2) after
the water content increases or the water level changes, the various forms of occurrence in the soil
surface layer decrease, and the residual state is still the main form; the main forms of mercury in the
sand and pebble layer are diversified, including the residual state, strong organic state and humic
acid state; (3) the mercury content in the subsurface zone in winter is higher than that in summer;
(4) although the mercury content in groundwater has not been detected, the potential ecological risk
of mercury in the disjointed Hyporheic zone near the river in the study area is much higher than the
extreme ecological hazard threshold, which has a value of 320. The risk of groundwater pollution
caused by mercury during the long-term runoff of the river is higher than that during the flood
period. Therefore, relevant departments need to rectify the river as soon as possible, from the source
to reduce the ecological risk of heavy metals to groundwater. The results will provide a scientific
basis for groundwater control.

Keywords: disjointed type; hyporheic zone; mercury; migration and transformation; gold mining
area; ecological risks

1. Introduction

The hyporheic zone is an important transitional area for the dynamic interaction of
surface water and groundwater. Its physical properties and biogeochemical environment
jointly carry the changing process of water flow, material, and energy exchange.

The hyporheic zone (HZ) is an essential member of a river ecosystem which can
be saturated with interstitial sediment beneath the streambed and close to the riverbed
(Figure 1a,b [1–3]). It is the zone of fraternization, exchange, and interaction between
groundwater and surface water. The surface water and groundwater interacted and
combine to create a new interstitial or transitional zone of water with different properties.
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The HZ can be divided into two zones, the “surface hyporheic” zone, and the “interactive
hyporheic” zone. The new characteristics of the hyporheic zone are dynamic zone with
hydraulic pressure at numerous scales (catchment scale and smaller scale) [4–8]. It has a
higher concentrations of chemicals with low oxygen content, special hydrological processes,
and ecological systems. Many hydrogeologists consider the hyporheic zone as part of
the groundwater system, since it contains subsurface water in the saturated zone. The
physiochemical characteristics of water flow in the subsurface are the main key to material
and energy exchange between surface water and groundwater [9]. Due to the differences
in physiochemical characteristics such as redox, pH, and temperature between river water
and groundwater, drives variation in biological, chemical, and even temperature gradients
between surface and groundwater.

Heavy metals are the extremely distributed deposits in the soil sediment and water
nearby gold mining [10–12]. Heavy metals are classified into essential and nonessential
metals. Heavy metals sources are categorized as natural sources such as ore deposits,
bedrock weathering, geological weathering, atmospheric precipitation, storms, and wind
bioturbation, whereas anthropogenic sources such as agrochemicals activities, mining
processing, shipping, industrial products, manufacturing development and process (e.g.,
batteries and pharmaceutical products), smelting, fuel generation, electroplating, sludge
discharge, energy transmission, dense urban areas, wastewater irrigation and [13–15].
Globally, the water discharges from the mining of ores, heaps leaching, milling and ore
processes to liberate the metal and remove the waste are predominantly sources of metals
in soil, surface, and groundwater pollution around these mine areas. Mine waters are
typically rich in metals and elements such as iron, copper, manganese, arsenic, mercury,
lead, and zinc [16–19]. By water-rock interaction, the heavy metals move to water in order
to sediment and can accumulate in water or soil by bioaccumulation processes, which may
enter the food chain and create a health risk. Consequently, detecting the processes of
surface and groundwater interface is highly significant to evaluate and assume the behavior
and consequences of mine pollution. The main four attributes which controlled the element
behavior in certain heavy metals are the valence state, compound state, binding state, and
structural state [20]. In addition to the stability of the element in the soil organized the
occurrence form of this element.

Mercury is one of the most critical pollutions and ranked the third most toxic elements
by the US Government Agency for Toxic Substances and Disease Registry [21–23]. As well
as this, it is one of the main pollutant structures in the gold mining areas [24,25]. It can reach
the human body through food and water which can act naturally by ore rock interaction or
by human activities (by using dental amalgam, batteries, thermometers, barometers, and
medical waste) in modern life. Mercury (inorganic or as organic) can bioaccumulate in soil
and water and cause bad effects on human health [26–28].

When mercury enters the soil, various forms will be redistributed among the soil
solid phases. MA et al. [29] revealed that there are significant differences in the mass
concentrations of dissolved mercury (DHg) and total methyl mercury (TMeHg) in the
stratum water samples in the water storage period (September to October), submerged
period (November to December), water withdrawal period (February to March) and drying
period (May to June). Changes in the surface water level will cause the content of heavy
metals and the occurrence of environmental changes [30,31]. Wang [32] studied the change
in mercury under laboratory conditions, he concluded that the content in different forms
under dry and wet environments after flooding, shows the mercury Migration ability is:
acid-soluble mercury > inert mercury > Alkali-soluble mercury > water-soluble mercury;
and under the condition of drying, inert mercury > alkali-soluble mercury > acid-soluble
mercury > water-soluble mercury. On the other hand, Tang [33] studied the speciation
distribution of mercury in wetland sediments with different water level gradients, and
he noticed that the change in groundwater level is directly affected by the river water
level during high and low water seasons, and the fluctuation of surface water level causes
different changes in the content of water and polluting elements in the soil layer [34]. The
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river water and groundwater level in the hyporheic zone in the wet season and dry season
directly affect the risk of groundwater pollution [35,36], and the disconnected hyporheic
zone is the bottom line for an early warning of regional pollution risks, so the development
of disconnected river reaches. It is very important to study the vertical migration of the
mercury information profile and its ecological risk.

Analysis of water, sediments, and members of indigenous biota can be used to de-
termine the relative pollution of aquatic habitats by mercury and other heavy and trace
metals. This analysis includes different monitoring techniques, and scientific problem
usually include soil and water quality, hydrological processes composition of vegetation,
and animal population. Previous studies mainly focus on reports on the potential ecological
hazard assessment of heavy metal pollution in static water and soil environments [37,38].
The migration and transformation rules and ecological risks of mercury occurrence forms
in the subsurface under the conditions of river water level changes in wet and dry periods
are not well studied. The research topic provides a scientific basis for the prevention and
control of groundwater pollution along the river.

Xiaoqinling gold-mining area is considered the third largest gold-producing region in
China, and gold production in the area began about 900 years ago. In Mayu alone, there
are 72 abandoned ancient mines, and production from 1980 to 2003 reached 562,500 t [39].
Furthermore, the large-scale exploitation of gold and mining activities began in 1975 [40].
Currently, more than 29 large gold mining companies have many gold mills, which are
mainly in the Shuangqiao river. Based on the geochemical characteristics landscape of
the region, five areas are included (Figure 1a,b): the prockbase mountain area, pied-
mont alluvial-pluvial inclined tableland, loess ravine tableland, Yellow river, Weihe and
Shuangqiao river alluvial terrace [40]. Both agricultural activities and gold-mining activities
were commonly affected in the study area. The more complicated structures include faults
and folds in the north and south, the main regional faults are the Taiyao, Guanyintang,
Xiaohe, and Huanchiyu. The structure system influences the heavy mineral distribution
in the study area. Several gold mills are scattered along numerous streams which are
tributaries of the Yellow river. Since mining pactivities during the 1980s to 1990s, artisanal
gold in which elemental Hg has been used widely for gold processing [39]. Up to the
present time, wastewater is still discharged directly into rivers and streams due to more
than eight million tons of tailings having been produced with high-risk pollution of heavy
metals for the soil and water. The main sources of heavy and trace elements especially Hg
in the polluted soil were identified through the correlation analysis and comparing the
maps of these heavy metal concentrations distribution and land-use types [41]

The Shuangqiao River in the Xiaoqinling gold mining area is a typical area of mercury
pollution [42,43]. Xu et al. [44] studied mercury pollution in the sediment. The soil content
is significantly higher than that of the three geochemical landscapes: the piedmont alluvial-
proluvial slope, the loess gully residual plateau, and the Huangwei River alluvial plain; the
accumulation or pollution of heavy metals caused by mining activities becomes the soil Hg,
Pb, Cd, Cu, and Zn in the study area. Owing to the chemical factor affecting the enrichment
of heavy metals in soil [45], the gold mining activities are closely related to Hg in the
Hyporheic zone of the study area, the authors studied the disjointed continuous type in
dry season. The migration law and influencing factors of Hg morphological characteristics
in the subsurface zone in the vertical soil layer [42].
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Figure 1. (a) view of a river shows the position of the hyporheic zone. (b) the directional flow of
water through the hyporheic zone. (after [2,3]), (c) location map of the study area. (d) The map of the
sample and its landscape distribution after [9]. (e) Distribution of water seepage test.

2. Background of the Study Area

The Shuangqiao River originates from the northern foot of the Xiaoqinling Mountains
and is formed by the confluence of Mayu, Taiyu, Shancheyu, Dongtongyu, and Xiyu. region
(Figure 1c,d [46]). Its flow direction is from south to north, with a length of 14.8 km. It
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belongs to the warm temperate continental monsoon semi-humid-humid climate zone,
with dry winters and little rain, and humid and rainy summers. The annual precipitation is
587.4 mm and the evaporation is 1193.6 mm. At present, it is mainly used for industrial
water. Shuangqiao river channel has not been fully regulated by 2020. The groundwater
types in this area are mainly Archean bedrock fissure water and quaternary pore water.
There are complex hydraulic relationships among different geological and geomorpho-
logical types (alluvial fan, loess plateau, and river alluvial terrace) in the study area. The
field investigation found that there was a phenomenon of water-saturated zone-aeration
zone-upper stagnant zone-relative impermeable zone-aeration zone-saturated zone in a
river in the Little Qin Mountains region. According to the shallow water level in the
middle and lower reaches of the river in the mining area, the groundwater is not polluted
in the area with good hydraulic alternation between the river and groundwater in the
alluvial-alluvial slope.

3. Survey Analysis and Evaluation Methods
3.1. In-Situ Test and Sample Analysis

The principal three sampling techniques with a variety of methods that can be carried
out for the HZ are in situ, coring, and tracing. The methods will be chosen according to the
purpose of research.

In this paper, in-situ seepage tests were carried out. After the seepage tests, we
collected soil samples and tested and analyzed the contents of soil (according to Figure 1e),
groundwater, and surface water in HZ. Mercury is volatile and therefore has been tested
in winter and summer. Based on the collecting data of moisture content, temperature
and content, the law of migration and transformation was analyzed. Among them, the
monitoring data of soil profiles were analyzed, and 7 forms were analyzed. The stability of
each form in natural soil was different, and the residue state was the most stable, the effect
of leaching on morphology has not been studied. The ecological risk was analyzed based
on the soil monitoring data.

During the wet season (June) and the dry season (December) in 2021, the survey
and sampling were conducted by the Shuangqiao River in the alluvial-proluvial landform
area. The sampling point is Sidi Village, where the groundwater and surface water are
disconnected hydraulically. In winter and summer, 24 soil samples, 1 groundwater sample
and 1 surface water sample were collected, respectively. The test lasted 30 min. Regarding
different river water level settings, when the flood occurs, the flood level is 30 cm (the
difference between the floodplain and the river bed), and the low water level is the average
depth of the current river water level of 10 cm. The test includes occurrence form, total
amount, water content, pH, and hydrogeological conditions of mercury and sees the
sampling, analysis and testing methods for details [42].

The samples of water collected during the wet season (June) and the dry season
(December) in 2021 were tested and analyzed using an atomic fluorescence spectrometer
(AFS) in the test center of the Xi’an Institute of Geology and Mineral Resources. Instead,
the mercury distinguishes into 48 sets of soil samples which were determined using AFS,
as well as the ion-selective electrode analysis in the Hefei Mineral Resources Supervision
and Testing Center, Ministry of Land and Resources. All of the tests were analyzed
according to the standards DZ/T0279-2016, DD2005-03, and DZ/T0130.2-2006, specifying
the detection limit and determination range of the method, which are 0.005 mg/kg and
0.02–6 mg/kg, respectively. The standard DD2005-03 divides the elements in soil into seven
forms, namely the water-soluble form extracted by the extractant of deionized water, the
ion-exchange form extracted by the extractant of magnesium chloride, the carbonate bound
form extracted by the extractant of acetic acid-sodium acetate, the weak organic (humic
acid) bound form extracted by the extractant of sodium pyrophosphate, the Fe-Mn bound
form extracted by the extractant of hydroxylamine hydrochloride, the strong organic bound
form extracted by the extractant of hydrogen peroxide, and the residual form extracted by
hydrofluoric acid.
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3.2. Potential Ecological Risks

According to the single-factor ecological hazard coefficient calculation formula, com-
bined with the toxicity response coefficient of heavy metal elements to calculate the Ei
value, the single-factor potential ecological hazard coefficient formula is as follows:

EHg =
(
THg × C

)
/C0 (1)

where EHg is the potential ecological risk factor of Hg, THg is the toxic response factor of
Hg, C is the concentration of Hg, C0 is the concentration of Hg in the background. In this
study, the T of Hg was 40 [47]. Hakanson proposed that the highest value of heavy metals
in sediments before industrialization was used as a reference value [48]. In the process of
practical application, the potential ecological risk assessment of sedimentary river bottoms
is used as a reference value, but when the risk assessment object is extended to the soil,
The selection of the reference value is not uniform. Considering the characteristics of the
study area and the collected soil samples, this work selects the background value of heavy
metals in uncontaminated soil in the area [49,50] as the reference value for evaluation. See
Tables 1 and 2.

Table 1. Toxicity coefficients of Hg and its reference values.

Depth T C0 (mg/kg)

0–20 40 0.070
20–30 40 0.036
30–50 40 0.032
50–70 40 0.018

Table 2. Potential ecological risk coefficient and classification of ecological risk degree.

Potential Ecological Hazard
Coefficient (EHg)

Potential Ecological Risk
Degree Grading

<40 Mild ecological hazard
40–80 Moderate ecological hazard

80–160 Intensity Ecological Hazard
160–320 Very high ecological hazard

>320 Extremely ecologically hazardous

4. Results
4.1. The Influence of the Occurrence Form and Content of Soil Vertical Hg in the Hyporheic Zone of
the Alluvial-Proluvial Area in the High and Low Water Season

It can be seen from Figure 2 that the stable environment of mercury in the undercurrent
zone with pH between 8.39–8.87. The mercury forms in the wet and dry periods are mainly
in the residual state, indicating that the source of Hg in the undercurrent zone of the
gold mining area mainly is the mineral lattice [51], which may be implicated in mining
wastewater into the undercurrent zone. The total mercury content (25.22 mg/kg) in the
main enriched soil layers in the subsurface in winter was higher than that in summer
(11.61 mg/kg). Mercury content displays a negative correlation with pH values. The
diagrammatic cross-section in Figure 1e shows that the total amount of mercury in the
undisturbed soil and the characteristics of the residue state in the vertical direction of
the silt-sand-cobble-tailings-silt-sand-cobble alluvial layer, whether it was the wet season
(summer) or the dry season (winter). Furthermore, the high value appears in both 0–10 cm
silt containing tailings slag and 30–40 cm silt, however, the highest value is in 30–40 cm silt.
In summer, the total and residual contents of mercury in 0–10 cm silt containing tailings
were 1.48 mg/kg and 1.45 mg/kg, respectively; the total and residual mercury contents in
30–40 cm silt were 11.64 mg/kg and 10.00 mg/kg, respectively. Kg. Nevertheless, in winter,
the total and residual mercury contents in 0–10 cm silt containing tailings are 1.447 mg/kg
and 1.445 mg/kg, respectively; the total mercury and residual mercury contents in 30–40 cm
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sand and pebbles are 19.49 mg/kg and 20.63 mg/kg, to the 40–80 cm sand and pebble layer,
this means the total mercury content decreased.
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Figure 2. Occurrence forms of mercury in the soil layer of the vadose zone before the water seepage
test was performed in the dry and wet periods.

4.2. The Influence of the Occurrence Form and Content of Vertical Hg in the Hyporheic Zone under
Different Hydrodynamic Excitation Conditions during High and Low Water Seasons

The morphological characteristics of mercury occurrence of the vertical Hg in the
subsurface under high and low water level seepage conditions in wet and dry periods
(As shown in Figure 3): the mercury content is still mainly in the residual state, and the
highest value is in 30–40 cm silt. Furthermore, the mercury content in the stratum in winter
is still higher than that in summer, as well as the total and residual mercury content under
high-water seepage conditions is higher than the corresponding mercury content. Whereas
the total and residual mercury content in wet 30–40 cm silt sand under high water level
seepage conditions is 10.21 mg/kg and 9.91 mg/kg, respectively, while the total amount
of mercury in 30–40 cm silt sand under low water level seepage conditions in the wet
season and residual state were 1.65 mg/kg and 1.14 mg/kg, respectively. On the other
hand, the total amount and residual state of mercury in 30–40 cm silt were 13.02 mg/kg
and 12.00 mg/kg, respectively, however, the total amount and residual state of mercury
under the condition of high and low water level seepage in the dry season in the 30–40 cm
silt under the conditions were 3.01 mg/kg and 2.01 mg/kg (as shown in Figure 4).
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Figure 3. Characteristics of mercury transport in the subsurface under different hydrodynamic
excitation conditions in wet and dry periods.
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5. Discussion
5.1. Factors Affecting Mercury Migration and Transformation

(1) The form of mercury in wet and dry seasons is mainly in the residual state, and
the mercury content in the main enriched soil layer in the Hyporheic zone in winter
(20.64 mg/kg) and higher than in summer (11.61 mg/kg). The temperature in the wet
season is 29–36.9 ◦C, and the temperature in the dry season is 2–11.5 ◦C. Moreover, affected
by temperature, soil mercury release flux shows that it is restricted by the atmospheric
temperature with a positive correlation. The higher the atmospheric temperature, the
greater the soil mercury release flux. Even air temperature affects mercury volatilization,
but other factors also control soil volatilization, such as humidity, topographical conditions,
and meteorology [52].

(2) Under the condition of water seepage, the mercury form changes regardless of the
dry or the wet season, the various occurrence forms of 0–30 cm mercury in the vertical
direction are decreasing, and still the main one. Nonetheless, in the sand and pebble layer,
the main forms of mercury are diversified, including residue state, strong organic state, and
humic acid state (see Tables 3 and 4). Currently, the pH of the layer with the largest change
in morphological content also tends to be acidified (as shown in Figure 5). Acidic conditions
may increase the content of available mercury in the soil, which leads to an increase in its
bioavailability and enhanced migration ability. Adsorption-desorption has a great influence
on the migration and transformation process. Occasionally, the influence mechanism of
soil pH on the complexation-chelation, oxidation-reduction and methylation reactions
in the process of mercury migration and transformation is reflected in ion competitive
adsorption, valence state change, and methylation reaction, respectively. and promote the
synthesis of factors [53]. The change in humic acid will promote the continuous decrease in
water-soluble mercury, exchangeable mercury, and acid-soluble mercury in soil with the
increase in alkali-soluble mercury, organically bound mercury and residual mercury [54].
But to the sand pebble layer, this is because in the disturbed system, almost all forms of
mercury have mercury release [42].
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Figure 5. Line chart of potential ecological risks of mercury in the subsurface under changing river
water levels. (a)—The line chart of the ecological risk of mercury in the subsurface under the condition
of changing river water level in winter; (b)—The line chart of the ecological risk of mercury in the
subsurface under the condition of changing the river water level in winter.

(3) The convective exchange law of mercury content caused by the pressure gradient
in the same layer is reflected in the fact that 0–40 cm does not change significantly after
leaching due to the low original content, while the leaching amount of mercury (the
amount of mercury leaching under the condition of high-water level seepage at 40 cm)
is not obvious. The original value (the mercury content after the water seepage test) is
lower than the leaching amount of mercury under low water seepage conditions. The
authors believe that the reason is the structure and hydrogeological characteristics of the
flow sediments strongly influence the surface and groundwater exchange. Nevertheless,
the silt and tailings sand are deposited on the riverbed; in addition, the silts bed has very
low permeability and porosity, therefore it also reduces the exchange of undercurrent, and
the low permeability rate promotes leaching and water-rocking, and a huge amount of
mercury ions and their complexed forms are dissolved out. The inhomogeneous structure
of the riverbed also creates effective anisotropy, and it causes restriction of the penetration
of solutes, especially in the vertical direction [55]. Salehin et al. [56] conducted a series
of experiments on the river-groundwater exchange, and constructed a two-dimensional
inhomogeneous riverbed structure by artificial methods. Consequently, he discovered that
the water flow prefers to pass through the high permeability area, and the interface flow
increases in this area.

5.2. Potential Ecological Risks

During the history of gold mining areas, there was disorderly and random mining.
Consequently, mercury rollers which is a beneficiation process liable to cause mercury
pollution are used for illegal gold extraction in the mining valleys in the mountains from
the 1990s to around 2010, thus the wastewater was directly discharged into the Shuangqiao
River and other rivers with the mine water. Indisputably, it leads to serious ecological
problems in rivers. Xu et. al., [57], comparatively investigated four types of soil and water
pollution in the study area: atmospheric deposition, river irrigation, mining sewage irriga-
tion, and tailings slag leaching. They summarized that the largest risk is river irrigation
type, followed by tailings leaching type [58], and heavy metal elements in river sediments
are homologous to those in tailings. As of Table 5 and Figure 5, it can be realized that the
potential ecological risk of mercury in the disjointed Hyporheic zone is much higher than
the extreme ecological hazard with a threshold (320), regardless of whether the hydraulic
connection is in winter or summer, and the maximum risk of mercury in the original
soil layer in winter and summer reaches 25,005.5 and 13,886.48, respectively, 78.14 and
43.40 times of the extreme ecological hazard threshold. Likewise, the pollution risk of
30–50 cm sand and pebble are the greatest, while the ecological risk of 0–30 cm silt layer
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and waste residue layer is relatively small. After leaching, the potential ecological risk of
mercury in most soil layers in the Hyporheic zone has been reduced, especially after leach-
ing at a constant water level. On the other hand, the risk value of the sand and pebble layer
in winter has dropped from the original 25,005.5 to 5133, and the risk value of the sand and
pebble layer in winter has been reduced from the original. Moreover, 13,886.48 dropped to
1656.07, which means that mercury entered the groundwater body. When a flood occurs
(within 30 min), the mercury content in the surface layer decreases rapidly, attributable
to many influencing factors described above, which produce an increase in the sand and
pebble layer below (changed to 31,525); in addition, the potential ecological risk of mercury
in the soil layer under normal water level leaching decreased, increasing the ecological risk
of groundwater.

Table 5. The potential ecological risk value of mercury in the subsurface zone under the condition of
changing river water level.

Season Depth (cm)

The Potential Ecological
Risk Value of Mercury

after Seepage Test

The Potential Ecological
Risk Value of Mercury

before Water Seepage Test

Low Water Level High Water Level Original Stratigraphic Section

Winter

0–20 592.91 527.2 841.94
20–30 470.22 168.56 408.11
30–50 5133 31525 25005.5
50–70 788.67 1896.44 2156.22

Summer

0–20 357.26 588.13 842.19
20–30 1157.3 641.64 408.59
30–50 1656.07 12,482.71 13,886.48
50–70 1927.79 3737.81 3666.46

6. Conclusions

The form of mercury in the undercurrent zone where the river water-groundwater
hydraulic connection is disconnected from the gold mining area is mainly in the residual
state. Nonetheless, after the water content increases or the water level changes, creates
variation in the occurrence forms of mercury are all decreasing, and the residual form
is still the main form, whereas the main forms of mercury in the sand and pebble layer
are diversified, but also including residual form, strong organic form, and humic acid
form. This facilitates the entry of mercury into water bodies. The mercury content in the
subsurface in winter is higher than that in summer. Relevant departments should monitor
heavy metal pollution in groundwater and Hyporheic zones in different seasons.

Although the mercury content in groundwater has not been detected, the potential
ecological risk of mercury in the disjointed Hyporheic zone near the river in the study
area has reached an extreme ecological hazard. In a short 30-min constant water level
leaching test, the potential risk of mercury to groundwater is higher. Furthermore, during
the flood period, the long-term runoff of rivers at a constant water level is bound to pose a
greater risk of groundwater pollution. Consequently, the following measures can be taken:
(1) control the sources of heavy metals at source, (2) reduce the ecological risks of heavy
metals to groundwater by physical chemistry, bioremediation and pesticide control in soil
as soon as possible on the basis of river regulation.
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Abstract: Strontium-rich groundwater exists in the underlying carbonate rocks of the Tianjiazhai
Shimachuan River basin, Fugu, China. In this study, the hydrochemical characteristics and formation
mechanisms of Sr-rich groundwater were assessed using mathematical statistics and traditional water
chemistry, combining geological and hydrogeological conditions, as well as hydrogeochemical theory.
The results showed that the Sr2+ content range in Sr-rich groundwater was 0.85~2.99 mg·L−1, which
is weakly alkaline fresh water. HCO3

− Ca·Mg·Na was the main facies type of Sr-rich groundwater.
Sr-rich groundwater has relatively stable contents of chemical elements. The water–rock interaction
was the main factor controlling the hydrochemical characteristics of Sr-rich groundwater, particularly
carbonate dissolution, influenced by some degree of cation exchange. The Sr element in groundwater
mainly comes from the dissolution of the sandstone of the Yanchang Formation. The higher the
degree of weathering and the longer the water–rock reaction time, the more favorable the dissolution
and enrichment of Sr in groundwater. Moreover, the large weathering thickness and fracture devel-
opment of the rocks in the Tianjiazhai area provide favorable conditions for the formation of Sr-rich
groundwater. The results of this study provide a scientific basis for developing effective policies to
protect Sr-rich groundwater resources.

Keywords: strontium-rich groundwater; hydrochemical characteristics; formation mechanisms;
hydrogeochemistry

1. Introduction

As an important source of water supply for human beings and an important com-
ponent of the hydrological cycle, groundwater is of great importance for the sustainable
development of the socio-economy and the protection of ecological stability [1,2]. Ground-
water hydrochemical characteristics are controlled by natural and anthropogenic factors
and are the result of long-term interactions between groundwater and the environment.
Therefore, hydrochemical analysis of groundwater can reveal the hydrochemical formation
mechanisms [3,4]. In natural conditions, the hydrochemical characteristics of groundwa-
ter are mainly controlled by dissolution, concentration, desulfation/carbonation, cation
exchange, and mixing processes [5,6]. However, various changes in the hydrochemical
characteristics of groundwater may occur under the influence of anthropogenic activi-
ties [7,8]. Under natural conditions, elements in rock layers are enriched into groundwater
by hydrogeochemical processes, which can lead to mineralization and contamination of
groundwater [9]. For example, under natural conditions, large amounts of dissolution of
soluble rocks (carbonate rocks) can lead to mineralization of groundwater. In addition,
trace elements (arsenic and fluorine) may be enriched to levels threatening human health
under natural hydrogeochemistry [10,11]. A series of groundwater pollution problems have
emerged under the influence of human activities, such as nitrate pollution of groundwater.
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Multivariate statistical analysis and hydrogeochemistry are often used to investigate the
hydrochemical characteristics of groundwater and their determining factors [12]. Recent
studies on groundwater hydrochemistry have used a combination of several methods
(mathematical statistics, water chemistry, hydrogeochemical simulation, etc.) to assess the
hydrochemical characteristics of groundwater [13–15].

Strontium (Sr) is one of the essential trace elements for human health, which maintains
human physiological functions [16,17]. Strontium in groundwater is derived from Sr in the
surrounding rock and enters the groundwater through a leaching process via infiltration
of atmospheric precipitation [18,19]. Suitable hydrogeological conditions are the basic
conditions for the formation of strontium-rich groundwater. In fact, the extent of Sr-
enrichment in the groundwater depends on the hydrogeochemical processes occurring in
aquifers [20]. The amount of Sr in the surrounding rock entering the groundwater system
is positively correlated with the degree of rock weathering. In addition, CO2 content,
temperature, and redox conditions are the important factors affecting the Sr enrichment in
groundwater [21]. The Sr abundance in the surrounding rocks determines the Sr content
in groundwater. Long-distance runoff and long-path circulation of groundwater increase
the water–rock reaction time, thus promoting strontium enrichment [22]. The formation of
Sr-rich groundwater is controlled by tectonic magmatic activity, Sr content in surrounding
rocks, and hydrogeochemical conditions [23]. In recent years, numerous researchers have
devoted considerable attention to the formation mechanism and enrichment factors of Sr in
groundwater [24–26].

Fugu County is located in the Loess Plateau area in Northwest China, where surface
water resources are limited. Indeed, groundwater has long been the source of local water
supply in the area. However, in recent years, with the exploitation of coal resources and
the development of the industrial economy, groundwater resource in Fugu County has
become overexploited and inefficient. In the Shimachuan River basin in the Tianjiazhai
area of Fugu County, Sr-rich groundwater exists in the underlying carbonate strata. The
population of Shimachuan River Basin is 10,647 people, and the main water source for the
production and living of local residents is groundwater. However, there are few studies on
the hydrochemical characteristics and formation mechanism of Sr-rich groundwater in this
area. Therefore, in this study, the hydrochemical characteristics of Sr-rich groundwater and
its formation mechanism were assessed using descriptive analyses, Piper trilinear diagrams,
Gibbs plots, ionic ratios, and correlation analysis. In addition, the formation conditions of Sr
in groundwater were analyzed by combining geological and hydrogeological conditions as
well as hydrogeochemical theory to reveal the formation mechanism of Sr in groundwater.

2. Materials and Methods
2.1. Study Area

The study area is located in the Shimachuan River basin of Fugu County in the eastern
part of the Loess Plateau in North Shaanxi in China, belonging to the typical semi-arid
continental monsoon climate (Figure 1). The terrain of the study area is generally high
in the west and low in the east, with elevations ranging from 940 m to 1100 m. The
geomorphology of the study area mainly consists of Loess mountains and river valley
terraces. Loess mountains are mainly distributed on both sides of Shimachuan valley, with
an elevation of 1000~1100 m and a width of 100~250 m, and incline to both sides of the
valley at a slope angle of 10~20◦. The Loess peak is narrow, along the watershed there are
large ups and downs, and the ground is very broken, forming a unique Loess landform. The
Loess Mountain area has uniform lithology, good water permeability, small catchment area
and serious soil erosion. Valley terraces are mainly distributed along the Shimachuan river,
with an elevation of 960~1100 m. The valley terraces are long, sporadic and intermittent.
The area of the valley terraces is small. The front edge of the valley terraces is 2~3 m higher
than the river bed, 15~40 m wide, and most of the terraces tilt to the river bed at a slope
angle of 3~5◦. The overall surface water network is poorly developed in the study area. The
Shimachuan River in the study area is a first-class tributary of the west bank of the Yellow
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River. In addition, groundwater is the main water supply source in the study area, stored
at the bottom of the Quaternary formation and in bedrock fissures. Sr-rich groundwater in
the study area is mainly stored in the weathered and fractured aquifer (unconfined) of the
Yanchang Formation. Its recharge mainly occurs from atmospheric precipitation and the
unconfined water of the loose layer of the Quaternary formation and surface water, which
eventually discharges at the downstream outlet of the Shimachuan River. The stratigraphy
of the Yanchang formation is covered by loose sediments of the Quaternary formation, with
outcrops in the river valley; the thickness of strata is 200~411 m, the maximum exposed
thickness is 65 m, and the thickness of the weathering layer is 20~43.26 m. In addition,
the lithology of the Yanchang formation consists of a thickly laminated light gray-green
medium to fine-grained feldspathic sandstone with medium sorting and roundness. It
has large inclined beddings, wedge-shaped beddings and massive beddings. The study
area is located in the northeast of the secondary tectonic units of Ordos Basin, with stable
geological structures and oscillatory rise caused by the neotectonic movement. There is
no trace of magmatic activity in the area. The overall structure is monoclinal with a dip
direction of 292◦ and a dip angle of 1~4◦.
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Figure 1. Regional geological map of Tianjiazhai East Ditch, Fugu County. The geographical location
of the study area belongs to the 19th projection band of the Gaussian projection six-degree band, and
the coordinates used in the figure are the Gaussian projection six-degree band coordinate system.

2.2. Sampling

In this study, 30 groundwater samples were first collected from hydrogeological
boreholes in the study area during the March 2018 to September 2019 period, according
to the Technical Requirements for Water Sample Collection and Delivery issued by the
China Geological Survey. These were then analyzed for groundwater quality, the test
indexes including pH, total dissolved solids (TDS), total hardness, cation (K+, Na+, Ca2+

and Mg2+), anion (Cl−, HCO3
−, SO4

2− and NO3
−) and strontium elements. The rock type

of the sampling point was sandstone of Yanchang Formation. In addition, 25 and 24 rock
samples were collected at different depths from drilling G019 and G020 in the study area,
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respectively, while 22 rock samples were collected from a selected profile between drilling
G020 and the Temple River Gully. All the rock samples were analyzed for Sr content.

2.3. Methods

The pH value was determined by water quality tester (SD150), the total dissolved
solids (TDS) was determined by gravimetric method (GR), the total hardness was de-
termined by ethylene diamine tetraacetic acid disodium titration, and the contents of
cations K+, Na+, Ca2+ and Mg2+ were determined by atomic absorption spectrometer
(ICP-AES) [27–29]. The contents of anions Cl−, SO4

2− and NO3
− were determined by ion

chromatograph (IC-90), and HCO3− was determined by hydrochloric acid titration [30,31].
Sr2+ was determined by plasma mass spectrometry (ICP-MS). The content of strontium (Sr)
in rock was determined by EDTA volumetric method [32,33]. The free carbon dioxide in
groundwater was determined by the volumetric method of standard alkali solution [34].

In this study, the descriptive statistics of physicochemical parameters of groundwater
were performed using SPSS 22.0 software. Mineral saturation indexes (SI) were calculated
by hydrochemical simulation software Phreeqc, and the database was the phreeqc.dat
thermodynamic database [35]. Pearson correlation analysis was performed to evaluate the
relationship between physicochemical parameters of groundwater. In addition, ground-
water chemical types were classified using the Shukarev classification method and Piper
trilinear diagram, while the main controlling factors of groundwater chemistry in the
study area were determined using the Gibbs diagram. The main ion sources of Sr-rich
groundwater were studied using ionic ratio diagrams. The formation mechanism of Sr in
groundwater was investigated based on the geological and hydrogeological conditions as
well as hydrogeochemical theory.

3. Results and Discussion
3.1. Hydrochemical Characteristics
3.1.1. Descriptive Analysis of Hydrochemical Characteristics

As reported in Table 1, the Sr2+ content in Sr-rich groundwater in the study area
ranged from 0.85 to 2.99 mg·L−1, with a mean value of 1.45 mg·L−1, which is 7.25 times
higher than the national limit value of Sr2+ content in natural mineral water for drinking
(0.20 mg·L−1). Compared with Sr2+ content in Sr-rich groundwater in other areas of China,
the Sr2+ content in groundwater in the study area is close to that in Xintian County of
Hunan Province (1.57 mg·L−1), and lower than that in Guanling area of Guizhou Province
(2.43 mg·L−1). The Sr2+ content in groundwater in the study area is higher than that in
Changchun, Jilin province (0.29 mg·L−1), Xianning, Hubei Province (0.63 mg·L−1), Yutian
county, Xinjiang Province (1.1 mg·L−1) and Pingxiang city, Jiangxi Province (1.29 mg·L−1).
Sr-rich groundwater pH range was 7.50~8.30, with an average value of 7.92, indicating a
slightly alkaline Sr-rich groundwater. Part of the water samples in the study had a high PH
value of 8.3, mainly because there was a little amount of CO3

2− in the groundwater. CO3
2−

will combine with H+ in water, leading to the decrease of hydrogen ion concentration in
groundwater. The pH value of Sr-rich groundwater meets the requirements of the Chinese
Standards (6.5–8.5) and the WHO Guidelines (6.5–8.5). TDS (total dissolved solids) ranged
from 332 to 718 mg·L−1, with a mean value of 492.57 mg·L−1, showing low TDS levels
in Sr-rich groundwater. The total hardness ranged from 205.00 to 825.00 mg·L−1, with a
mean value of 324.90 mg·L−1, suggesting medium-hard and ultra-hard water. The TDS of
Sr-rich groundwater meets the requirements of the Chinese Standards (1000 mg·L−1) and
the WHO Guidelines (1000 mg·L−1). The dominant cations in Sr-rich groundwater were
Ca2+, Na+, and Mg2+, with average contents of 71.09, 60.57, and 31.77 mg·L−1, accounting
for 42.73, 36.41, and 19.10% of total cation contents, respectively, whereas K+ showed the
lowest content in Sr-rich groundwater, with an average value of 2.92 mg·L−1, accounting
for only 1.76% of total cation contents. The Na+ content of Sr-rich groundwater is lower
than the maximum Na+ content required by the Chinese Standards (200 mg·L−1) and the
WHO Guidelines (200 mg·L−1). On the other hand, HCO3− was the dominant anion in
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Sr-rich groundwater, with mean values of 348.80 mg·L−1, accounting for 73.52% of total
anion contents, whereas NO3

− showed the lowest content in Sr-rich groundwater, with
an average value of 7.76 mg·L−1, accounting for only 1.63% of total anion contents. The
Cl− content of Sr-rich groundwater is lower than the maximum Cl− content required by
the Chinese Standards (250 mg·L−1) and the WHO Guidelines (250 mg·L−1). The SO4

2−

content of Sr-rich groundwater is lower than the maximum SO4
2− content required by

the Chinese Standards (250 mg·L−1) and the WHO Guidelines (500 mg·L−1). The NO3
−

content of Sr-rich groundwater is lower than the maximum NO3
− content required by the

WHO Guidelines (50 mg·L−1) and higher than the maximum NO3
− content required by the

Chinese Standards (20 mg·L−1). This is due to the agricultural activities of local residents in
the study area, resulting in the increase of NO3

− content. The coefficients of variation of the
hydrochemical parameters of Sr-rich groundwater were all less than 1, indicating relatively
stable contents of these hydrochemical components in Sr-rich groundwater. This finding
may be due primarily to the fact that Sr-rich groundwater in the study area is strongly
controlled by geological conditions and less influenced by human activities.

Table 1. Statistics on the hydrochemical characteristics of Sr-rich groundwater.

Projects
mg·L−1

pH
K+ Na+ Ca2+ Mg2+ Cl− SO42− HCO3− NO3− Sr2+ TH * TDS

Min 1.63 33.6 39.2 23.1 17.7 33.6 272 1.98 0.85 205 332 7.5
Max 5.59 89.6 122 40.4 126 81.7 415 30.3 2.99 825 718 8.3

Mean 2.92 60.57 71.09 31.77 56.72 61.16 348.8 7.76 1.45 324.9 492.57 7.92
SD 1.01 15.36 22.27 4.02 36.79 13.08 40.94 5.74 0.51 115.25 112.14 0.21

CV/% 34.53 25.36 31.33 12.66 64.86 21.38 11.74 73.97 34.92 35.47 22.77 2.64
CS 1 / 200 / / 250 250 / 20 / / 1000 6.5–8.5

WG 2 / 200 / / 250 500 / 50 / / 1000 6.5–8.5

* TH is the total hardness, 1 CS is the Chinese Standards, 2 WG is the WHO Guidelines.

3.1.2. Hydrochemical Facies

Piper’s trilinear diagram can be used to characterize the total chemical properties
and major ionic composition changes of a water body [36,37]. As shown in Figure 2, the
groundwater sample points were concentrated in zone 4 of the diamond-shaped domain
of the Piper trilinear diagram, indicating that the chemistry of Sr-rich groundwater in
the study area is dominated by alkaline earth metal elements (calcium and magnesium)
rather than the alkali metal elements (sodium). On the other hand, the groundwater
sample points were concentrated in the E region of the anion triangle of the Piper trilinear
diagram, indicating the dominance of weak acidic anions (carbonic acid), whereas the
observed cations were concentrated in the B region of the Piper trilinear diagram (cationic
triangular domain), suggesting a non-dominant type. In general, the distribution of Sr-rich
groundwater sampling sites in the study area was relatively concentrated, showing six main
types, among which HCO3

− Ca·Mg·Na was the main groundwater facies type, accounting
for 70% of the total groundwater samples, followed by HCO3

− Ca·Na·Mg and HCO3
−

Ca·Mg groundwater facies types, both accounting for 20% of the total groundwater samples,
while HCO3

− Na·Mg·Ca, HCO3
− Mg·Ca·Na and HCO3

− Mg·Na·Ca groundwater facies
type were less abundant. In addition, TIS salinity diagram can further characterize the
chemical composition of water [38]. As shown in Figure 3, (Cl− + HCO3

−) content is
5.11~10.21 meq·L−1, SO4

2− content is 1.4~3.6 meq·L−1. Indeed, the total ionic salinity (TIS)
of water ranges from 14.2 to 26.4 meq·L−1. The strontium-rich groundwater has high TIS
value, which indicates that the strontium-rich groundwater is the result of a long-term
evolution of the groundwater system in the study area.
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3.1.3. Correlation Analysis of Hydrochemical Compositions

Correlation analysis can reveal the consistency and variability of the sources of ground-
water hydrochemical parameters. As shown in Figure 4, Cl− showed a high positive corre-
lation with Na+ and Ca2+ and moderate correlation with Mg2+, with correlation coefficients
of 0.92, 0.94, and 0.59, respectively. HCO3

− showed moderately positive correlations with
Na+ and Ca2+, with correlation coefficients of 0.74 and 0.69, respectively, while SO4

2− and
NO3

− revealed negative correlations with all cations in groundwater. NO3
− showed a

moderate negative correlation with K+, with a correlation coefficient of −0.56. As for Cl−,
it showed a moderate positive correlation with HCO3

−, with a correlation coefficient of
0.59. Sr2+ showed a high correlation with Na+ and Cl−, with correlation coefficients of 0.85
and 0.84, respectively, suggesting that the source of Sr in groundwater is closely related
to the effect of atmospheric precipitation. In addition, Sr2+ revealed moderate positive
correlations with Ca2+ and HCO3

−, with correlation coefficients of 0.73 and 0.59, respec-
tively, indicating that the source of Sr may be the same as these two ions. The correlation
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between TDS and ions can better reflect the genesis of groundwater. Indeed, TDS showed
positive correlation coefficients with Cl− and Na+ of 0.81 and 0.76, indicating high and
moderate correlation, respectively, and an atmospheric precipitation source of groundwater.
The correlation coefficients of TDS with Ca2+ and HCO3

− were 0.84 and 0.60, showing
high and moderate correlations, respectively, indicating that Ca2+ and HCO3

− contribute
significantly to the formation of groundwater chemistry types in the carbonate-rich rock
study area.
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3.1.4. Controlling Factors and Natural Processes

A Gibbs diagram is an important tool for analyzing the chemical genesis of water
and can be used to analyze the mechanism of ion formation in water bodies [39,40]. In
the Gibbs diagram, the ion control mechanism is classified into three main effects, namely
rock weathering, evaporation-concentration, and atmospheric precipitation. The variation
of Cl−/(Cl− + HCO3

−) and Na+/(Na+ + Ca2+) ratios in Sr-rich groundwater samples in
the study area varied slightly from 0.04 to 0.25 and from 0.42 to 0.56, with mean values
of 0.13 and 0.56, respectively. In addition, TDS values were at a moderate level, varying
from 332 to 718 mg·L−1, with a mean value of 493 mg·L−1. As shown in Figure 5, the
Sr-rich groundwater samples were mainly located in the rock weathering area of the Gibbs
diagram, indicating that rock weathering was the most influential mechanism in the genesis
of Sr-rich groundwater in the study area. In addition, some Sr-rich groundwater samples
were close to the evaporation-concentration zone, indicating the slight influential effect
of the evaporation-concentration process on the hydrochemical characteristics of Sr-rich
groundwater in the study area. However, the groundwater samples were all far away
from the atmospheric precipitation zone, suggesting the lack of any significant effect of
atmospheric precipitation on the water chemistry of Sr-rich groundwater.
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In this study, the direction and strength of the cation exchange interaction were
assessed using the chloro-alkaline indices [41], namely CAI-I and CAI-II. These indices
were calculated using the following formulas:

CAI − I =
Cl− −

(
Na++K+

)

Cl−
(1)

CAI − II =
Cl− −

(
Na++K+

)

HCO3−+SO4
2−+CO32−+NO3−

(2)

When both CAI-I and CAI-II values are less than 0, it indicates that Ca2+ or Mg2+ in
groundwater exchanged ions with Na+ in aquifer minerals. When CAI-I and CAI-II values
are greater than 0, it indicates that Na+ in the groundwater exchanged ions with Ca2+ or
Mg2+ in the aquifer minerals. In addition, the higher the absolute values of CAI-I and
CAI-II the chloride index, the higher the degree of ion exchange.

The results showed that CAI-I and CAI-II varied from −0.23 to 0.01 and from −3.71
to 0.004, with a mean value of −0.128 and −1.155, respectively (Figure 6a). In addition,
almost groundwater samples revealed negative values of chloro-alkaline indices, except
for a few points. This result suggests that the cation exchange process generally occurs
in groundwater in the study area, more specifically replacement of Na+ with Ca2+ and
Mg2+ from aquifer minerals to the groundwater. Except for a few samples, relatively
high absolute values of the chloro-alkaline indices were observed in Sr-rich groundwater
samples, suggesting a strong degree of cation exchange. A very small number of water
samples do not undergo alternate cation adsorption, which may be due to the influence
of some other sources. In addition, the relationship between Na+ + K+ and Cl− can also
be investigated to assess cation exchange. As shown in Figure 6b, the water samples were
distributed above the [(Na+ + K+) − Cl−] ratio 1:1 line, indicating a significant enrichment
of groundwater by (Na+ + K+) compared to Cl−. Indeed, except for rock salt and potassium
salt dissolution, there are also other sources of Na+ and K+, mainly due to the presence of a
certain degree of cation exchange to increase the Na+ content.
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The mineral saturation index (SI) can be used to indicate the dissolved equilibrium
state of groundwater components. The results showed positive values of saturation indices
of dolomite, gypsum, and calcite (Table 2), indicating that all three minerals were in
supersaturated states and were in sedimentation states during groundwater evolution.
However, the saturation index range of rock salt in the study area was negative, indicating
that the rock salt was in a dissolved state during groundwater evolution.

Table 2. Mineral saturation index in Sr-rich groundwater.

SI Min Max Mean SD

Dolomite 5.24 5.98 5.55 0.29
Gypsum 1.97 2.95 2.36 0.37
rock salt −5.73 −3.92 −5.13 0.75
Calcite 4.53 4.92 4.71 0.14

3.1.5. Qualitative Analysis of Ion Sources

Water bodies are constantly interacting with the natural environment through various
hydrogeochemical processes. In the process of groundwater circulation, hydrochemical
ratios have a certain regularity, which can be used to assess the water chemistry and its
main sources [42].

The Na+/Cl− ratio can characterize the degree of Na+ enrichment in groundwater [43].
According to the correlation analysis (Figure 4), a high correlation was observed between
Na+ and Cl− (r = 0.92). However, most of the water samples fall above the rock salt
dissolution line (Figure 7a), with a Na+/Cl− ratio range of 0.96–4.58, with an average value
of 2.09. The result showed a higher Na+ enrichment compared to Cl−, suggesting that Na+

does not originate from the dissolution of rock salt only. Indeed, besides cation exchange
that may increase the Na+ content in Sr-rich groundwater in Tianjiazhai, the dissolution of
silicate minerals (e.g., sodium feldspar) can contribute to the increase in Na+ concentrations
in groundwater.

Ca2+/Mg2+, (Ca2+ + Mg2+)/HCO3
−, and (Ca2++Mg2+)/(HCO3

− + SO4
2−) ratios can

be used to determine the sources of Ca2+ and Mg2+ in groundwater [44,45]. From Figure 7b,
the results showed a Ca2+/Mg2+ ratio range of 0.33–1.05, with a mean value of 0.67. Ex-
cept for a few samples located on the 1:1 line, most groundwater samples fell below the
1:1 line, indicating that the sources of Ca2+ and Mg2+ in the study area are calcite and
dolomite dissolution; this is mainly due to the fact that calcite reached saturation faster
than dolomite. As shown in Figure 7c, all groundwater samples fall above the 1:1 line
of the Ca2++Mg2+/HCO3

− ratio. In addition, the results showed a Ca2++Mg2+/HCO3
−

ratio range of 1.18–1.99, with an average value of 1.55, indicating that Ca2+ and Mg2+

were more enriched than HCO3
−. This finding suggests that Ca2+ and Mg2+ were de-

rived from the dissolution of carbonate rocks as well as from other sources, such as the
dissolution of gypsum. In addition, most groundwater samples fall at the 1:1 line of the
[(Ca2++Mg2+)/(HCO3

−+SO4
2−)] ratio (Figure 7d), which indicates equilibrium states of

these ions, while chloro-alkaline indices indicated the prevalence of cation exchange. More-
over, this result demonstrates that Ca2+ and Mg2+ were not only from the dissolution
of calcite, dolomite, and gypsum but also from silicate dissolution. (Ca2++Mg2+) and
(HCO3

−+SO4
2−) were in equilibrium under the combined influence of carbonate rock,

silicate rock, and cation exchange.
Most of the groundwater samples fell near the 1:1 line of the Ca2+/SO4

2− ratio
(Figure 7e), while only a few samples fell below the 1:1 line, showing that most of the
groundwater samples have relatively balanced Ca2+ and SO4

2−, while a few samples are
depleted in Ca2+ or enriched in SO4

2−. This result may be due to the presence of a certain
degree of cation exchange and sedimentation of carbonate rocks during the evolution
of groundwater.

The relationship between the HCO3
− and (SO4

2−+Cl−) can further reflect the dis-
solved carbonate rock in groundwater. As shown in Figure 7f, the water samples fall above
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the 1:1 line of the HCO3
−/(SO4

2−+Cl−) ratio. Moreover, the HCO3
−/(SO4

2−+Cl−) ratios
range from 1.02 to 3.53, with an average value of 1.45. The HCO3

− enrichment compared
to (SO4

2−+Cl−) indicated the dominance of HCO3
− in Sr-rich groundwater in Tianjiazhai,

suggesting that the water chemistry is mainly influenced by carbonate rock dissolution,
which is consistent with the groundwater facies type.

The Cl−/Na+ and NO3
−/Na+ ratios in groundwater are generally higher when the

groundwater is affected by anthropogenic activities [46]. The variation in the Cl−/Na+ and
NO3

−/Na+ ratios in the Sr-rich groundwater samples in Tianjiazhai ranged from 0.22 to
1.04 and from 0 to 0.22, with mean values of 0.56 and 0.05, respectively. The low Cl−/Na+

and NO3
−/Na+ ratios obtained suggested that Sr-rich groundwater in Tianjiazhai is less

affected by anthropogenic activities.
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3.2. Formation Mechanism of Sr in Groundwater
3.2.1. Source Conditions

The upper part of the lithosphere is rich in trace elements, such as Sr, which is abun-
dantly contained in most rocks [47]. Indeed, Sr is mostly distributed in rock-forming min-
erals and is relatively concentrated in amphibolites, granites, and carbonates [48]. The Sr
content in the clastic rocks of the Yanchang Formation in the study area is high. In addition,
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the lithology of this formation is a thick-bedded feldspathic sandstone of light gray-green
medium to fine-grained feldspathic sandstone containing a large amount of potassium
feldspar, which is rich in Sr. Strontium in groundwater is mainly derived from the disso-
lution of strontium in the sandstones of the Yanchang Formation. The Sr abundance in
the surrounding rocks can reflect the Sr content in groundwater. Indeed, the presence of
Sr-bearing minerals is the material basis for the formation of Sr-rich groundwater.

3.2.2. Hydrodynamic Conditions

The Sr-rich groundwater in Tianjiazhai is mainly stored in the fractured unconfined
aquifer of the Yanchang Formation. The natural geographical, geological, and hydro-
geological conditions in the area determine the alternating characteristics of the overall
circulation of Sr-rich groundwater. During the rainy season, the main sources of recharge
for weathered fractured unconfined water in the Yanchang Formation are atmospheric
precipitation, Quaternary loose layer unconfined water, and surface water, while during
the dry period, the weathered fractured unconfined water of the Yanchang Formation is
mainly recharged from atmospheric precipitation and through transient runoff. Indeed,
discharge occurs from high to low and from West to East, recharging surface water and
pore unconfined water in the loose layer of the Quaternary, thus locally recharging the
Shimachuan area through runoff, from upstream to downstream. The weathered fissure
groundwater in the Yanchang Formation is located in different geomorphological units,
resulting in different recharge modes, runoff directions, and discharge conditions. The
Yanchang Formation of weathered fissure unconfined water, which is distributed in the
Loess Mountains, mainly receives infiltration recharge from the overlying Quaternary
aquifer and then flows from the Loess to the surrounding lowlands and discharges to the
surface in the lowlands of the topographically cut gullies to recharge the weathered fissure
groundwater of the Yanchang Formation in the river valley area. The weathered fractured
groundwater of the Yanchang Formation, distributed in the valley area, mainly receives the
recharge from the pore water of the overlying loose layer and the lateral recharge of the
same aquifer. Besides the low recharge rates from the lower confined water, the exposed
section of the aquifer is recharged directly from the atmospheric precipitation when the
local section of the valley area is in the favorable part of the geomorphology before flowing
along the river valley downstream from high to low elevations and from upstream to
downstream areas. The discharge of the aquifer occurs in the form of submerged flow
discharge in the riverbed, followed by downstream discharge. In addition, discharge by
evaporation and artificial mining is also the main discharge process. There is no aquifuge
between aquifers of the Quaternary loose layer pore unconfined water and the weathered
fissure unconfined water of the Yanchang Formation, indicating a relatively close hydraulic
connection. Surface water bodies and the Quaternary-Holocene alluvial unconfined water
have a complementary relationship, resulting in the close relationship between weathered
fissure unconfined water in the Yanchang Formation and surface water. According to the
results of the dynamic surface water observation and groundwater level data observed
from observation wells in Shimachuan, the dynamic changes of groundwater are closely
related to atmospheric precipitation with the characteristics of synchronous changes. All
this provides hydrodynamic conditions for the Sr enrichment in groundwater.

3.2.3. Hydrochemical Conditions

The Sr-rich groundwater in Tianjiazhai is mainly stored in the weathered fractured
unconfined aquifer of the Yanchang Formation. Indeed, the rocks in the study area have a
large weathering thickness and fracture development, mostly in the form of lines and veins
and locally in the form of a network. Atmospheric precipitation recharges groundwater
through fissure infiltration, resulting in CO2 seepage into the ground with precipitation
during the infiltration process (the free carbon dioxide in groundwater is determined by
the volumetric method of standard base solution). Under certain temperature and pressure
conditions, Sr-bearing minerals (rocks) undergo hydrolysis and dissolution filtration to form
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Sr-rich groundwater. The thick layer of weathered rocks developed in the Tianjiazhai area,
endowed with rich groundwater resources, provides good water conductivity channels
and reaction space for groundwater circulation and water–rock interaction.

The Sr content in the upper and lower parts of Borehole G019 (Figure 8a) ranged from
0.14 to 0.20‰ and from 0.33 to 0.39‰, respectively. The Sr content in the upper and lower
parts of borehole G020 (Figure 8b) ranged from 0.11 to 0.40‰ and from 0.51 to 0.62‰,
respectively. The Sr contents of rock samples at different depths in the hydrogeological
borehole were generally lower in the upper strata than in the lower strata. This result
may be due to the higher weathering degree of the rocks in the upper strata than in the
lower strata, resulting in high Sr element concentration, with high content, entering the
groundwater. As can be seen from Table 3, Sr was prevalently present in the strata of the
study area, ranging from 0.0741 to 0.147‰. By comparing the Sr content in the borehole
and profile, lower Sr contents were observed in the profile than those in the borehole, which
may be due to the longer leaching time in the area where the profile is located, allowing
Sr to easily dissociate from rocks and enter groundwater. Therefore, the Sr enrichment
in groundwater in Tianjiazhai is influenced by the degree of weathering and water–rock
reaction time. The higher the degree of weathering and the longer the water–rock reaction
time, the more easily Sr is leached from the rock into the groundwater system.
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Rock Lithology Strontium (‰) Rock Lithology Strontium (‰) 
pm-1 Medium-grained sandstone 0.126 pm-12 Fine-grained sandstone 0.080 
pm-2 Conglomerate 0.103 pm-13 Mudstone 0.143 
pm-3 Fine-grained sandstone 0.101 pm-14 Fine-grained sandstone 0.111 
pm-4 Fine-grained sandstone 0.076 pm-15 Mudstone 0.110 
pm-5 Coarse-grained sandstone 0.098 pm-16 Mudstone 0.074 
pm-6 Coarse-grained sandstone 0.147 pm-17 Mudstone 0.128 
pm-7 Coarse-grained sandstone 0.120 pm-18 Mudstone 0.119 
pm-8 Fine-grained sandstone 0.116 pm-19 Fine-grained sandstone 0.126 
pm-9 Fine-grained sandstone 0.145 pm-20 Fine-grained sandstone 0.121 
pm-10 Fine-grained sandstone 0.111 pm-21 Loess 0.255 
pm-11 Fine-grained sandstone 0.116 pm-22 Loess 0.266 

Strontium enrichment in groundwater is related to groundwater circulation and 
transport characteristics. In groundwater flow systems, the farther the runoff distance, the 
longer the circulation path, the longer the retention time of groundwater in the aquifer, 
and the more favorable the dissolution and enrichment of strontium in groundwater [49–
51]. The Sr-rich groundwater in Tianjiazhai is mainly stored in the weathered fractured 
aquifer of the Yanchang Formation, with a single water-bearing lithology and good 
groundwater circulation conditions. The Sr contents in the altered bedrock fracture water 

Figure 8. Sr content of strata in hydrogeological boreholes G019 (a) and G020 (b).

Table 3. Sr content in rock sample profiles.

Rock Lithology Strontium (‰) Rock Lithology Strontium (‰)

pm-1 Medium-grained sandstone 0.126 pm-12 Fine-grained sandstone 0.080
pm-2 Conglomerate 0.103 pm-13 Mudstone 0.143
pm-3 Fine-grained sandstone 0.101 pm-14 Fine-grained sandstone 0.111
pm-4 Fine-grained sandstone 0.076 pm-15 Mudstone 0.110
pm-5 Coarse-grained sandstone 0.098 pm-16 Mudstone 0.074
pm-6 Coarse-grained sandstone 0.147 pm-17 Mudstone 0.128
pm-7 Coarse-grained sandstone 0.120 pm-18 Mudstone 0.119
pm-8 Fine-grained sandstone 0.116 pm-19 Fine-grained sandstone 0.126
pm-9 Fine-grained sandstone 0.145 pm-20 Fine-grained sandstone 0.121
pm-10 Fine-grained sandstone 0.111 pm-21 Loess 0.255
pm-11 Fine-grained sandstone 0.116 pm-22 Loess 0.266

Strontium enrichment in groundwater is related to groundwater circulation and trans-
port characteristics. In groundwater flow systems, the farther the runoff distance, the longer
the circulation path, the longer the retention time of groundwater in the aquifer, and the
more favorable the dissolution and enrichment of strontium in groundwater [49–51]. The
Sr-rich groundwater in Tianjiazhai is mainly stored in the weathered fractured aquifer of
the Yanchang Formation, with a single water-bearing lithology and good groundwater
circulation conditions. The Sr contents in the altered bedrock fracture water are relatively
stable. In addition, the clastic rock layer is less permeable and provides a semi-closed/semi-
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open groundwater environment, with slow groundwater runoff, long retention time, and
sufficient water–rock interaction, resulting in dissolution and enrichment of Sr in the
groundwater. Long-term contact between groundwater and surrounding Sr-bearing min-
erals (rocks) is the fundamental condition for the formation of Sr-rich groundwater. The
longer the contact time between groundwater and Sr minerals (rocks), the higher the Sr
content in the groundwater.

4. Conclusions

In this study, the hydrochemical characteristics and sources of Sr-rich groundwater in
the Tianjiazhai area were analyzed using descriptive analysis, correlation analysis, Piper
trilinear diagrams, Gibbs plots and ion ratios. In addition, the formation mechanisms
of Sr in groundwater were discussed, taking into account the specific geological and
hydrogeological conditions of the study area, as well as the hydrogeochemical theory. The
results showed that:

(1) Sr2+ content in Sr-rich groundwater ranged from 0.85 to 2.99 mg·L−1, with an average
value of 1.45 mg·L−1, which was 7.25 times higher than the national limit value of Sr2+

content in natural mineral water for drinking (0.20 mg·L−1). In addition, the pH and
TDS values ranged from 7.50 to 8.30 and from 332.00 to 718.00 mg·L−1, respectively,
indicating that Sr-rich groundwater is generally slightly alkaline. The dominant
cation and anion were Ca2+ and HCO3

−, respectively. On the other hand, HCO3-
Ca·Mg·Na was the main facies type of Sr-rich groundwater in the Tianjiazhai area. The
coefficients of variation of the hydrochemical parameters of Sr-rich groundwater were
less than 1, indicating that the contents of all hydrochemical parameters indicators
were relatively stable.

(2) The correlation coefficients of Sr2+ with Ca2+ and HCO3
− were 0.73 and 0.59, respec-

tively, indicating that the source of Sr may be the same as that of these two ions.
The correlation coefficients of TDS with Cl− and Na+ were 0.81 and 0.76, respec-
tively, mainly because that the groundwater in the Tianjiazhai area originated from
atmospheric precipitation, whereas the correlation coefficients of TDS with Ca2+ and
HCO3

− were 0.84 and 0.60, respectively, indicating the important role of Ca2+ and
HCO3

− in the groundwater chemistry in the study area. The hydrochemical charac-
teristics of Sr-rich groundwater in the Tianjiazhai area are controlled by water–rock
interactions and influenced by cation exchange. In addition, water–rock interactions
in Sr-rich groundwater are dominated by the dissolution of carbonate rocks.

(3) Weathering, dissolution, and leaching in the sandstone of the Yanchang Formation
are the main processes controlling Sr content in groundwater. Indeed, the Sr-rich
groundwater is mainly stored in the weathering fracture unconfined aquifer of the
Yanchang Formation. In addition, the higher the degree of weathering of Sr-bearing
minerals (rocks) and the longer the reaction time of water–rock interaction, the more
favorable the dissolution and enrichment of Sr in groundwater. The hydrogeological
conditions and geological and tectonic environment of the Tianjiazhai area provide
favorable conditions for the formation of Sr-rich groundwater.

The sandstone of Yanchang Formation is widely distributed in the Shimachuan River
basin, and the hydrodynamic and hydrochemical conditions of Shimachuan River basin
are conducive to the enrichment of strontium in groundwater, and the strontium in ground-
water flowing into Yellow River will be more enriched. Therefore, the development of this
study is of typical significance and can provide a scientific basis for the study of strontium-
rich groundwater in the whole Shimachuan River basin. However, due to the special
geological environment of the study area, soil erosion is more serious, the groundwater
quality is poor in the downstream region, and the sediment content in the groundwater
injected into the Yellow River is especially large. Therefore, the above changes should be
further explored in future research.

This study provides a deeper understanding of the hydrochemical characteristics
and sources of Sr-rich groundwater in the Tianjiazhai area. The results obtained can also
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provide a scientific basis and theoretical guidance for the development, utilization, and
protection of Sr-rich groundwater.
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Abstract: Groundwater is an important resource for domestic use and irrigation in the Yinchuan
region of northwest China. However, the quality of groundwater in this region is declining due to
human activities, with adverse effects on human health. In order to study the effects of chemical
elements in groundwater on human health, the human health risk of drinking groundwater was
calculated based on the actual situation in China and on the U.S. Environmental Protection Agency
(USEPA) model. Moreover, the sensitivity of contaminant exposure in drinking water wells was
quantified using Monte Carlo simulation to minimize uncertainty in conjunction with USEPA risk
assessment techniques, with the aim to identify the major carcinogenic factors. In addition, Visual
Minteq was used to analyze the possible ionic forms of the major factors in the hydrogeological
environment of the study area. The results showed that the mean CR values for As were 2.94 × 10−0.5

and 5.93 × 10−0.5 for the dry and rainy seasons, respectively, while for 2018 they were 5.48 × 10−0.5

and 3.59 × 10−0.5, respectively. In parallel, the CR values for children for 2017 were 6.28 × 10−0.5 and
1.27 × 10−0.4, respectively, and 1.17 × 10−0.4 and 7.67 × 10−0.5, respectively, indicating a considerably
higher carcinogenic risk for children than for adults. results of the sensitivity analysis of Cr6+ and As
using Crystal Ball software showed association values of 0.9958 and 1 for As and 0.0948 and 0 for Cr
in the dry and rainy seasons in 2017, and 0.7424 and 0.5759 for As and 0.6237 and 0.8128 for Cr in the
dry and rainy seasons in 2018, respectively. Only in the rainy season of 2018, the association values
for As were lower than those for Cr, indicating that As is more sensitive to total carcinogenic risk.
The results of the visual coinage model analysis showed that among all the possible ionic forms of
As, the activity of HAsO4

2− had the largest logarithmic value and that of H3AsO4 had the smallest
value, regardless of pH changes. This indicates that HAsO4

2− is the ionic form of As with the main
carcinogenic factor in the hydrogeological environment of the study area. Therefore, corresponding
environmental control measures need to be taken in time to strengthen the monitoring and control of
As, especially HAsO4

2−, in the groundwater of the study area. This study is of great significance for
Yinchuan city to formulate groundwater pollution risk management and recovery.

Keywords: groundwater; health risk assessment; Monte Carlo model (crystal ball software); visual
minteq; yinchuan

1. Introduction

Water resources are one of the most important natural resources on earth and indis-
pensable and irreplaceable for the survival of all living beings, as well as for human life
and production activities [1–3]. Groundwater is an important component of the Earth’s
water resources; compared to other water sources, it has the advantages of good qual-
ity, lower investments required for its exploitation, lower susceptibility to pollution, and
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multi-year regulation [4]. These characteristics are an important guarantee to maintain the
virtuous cycle of the water resources system and have a positive impact on national liveli-
hood, people’s health and safety, and sustainable social development [5,6]. In recent years,
groundwater extraction in China reached about 2.7 billion cubic meters per year, a number
that is currently increasing. Moreover, 400 Chinese cities and about 45% of agricultural
irrigation rely on groundwater as a source of water supply. Agricultural, industrial, and
domestic activities are the main sources of groundwater pollution [7], mainly consisting of
heavy metals [8,9], organic matter [10,11], As [12–14], and chromium contamination [15].

At present, groundwater pollution is a serious problem in China. According to the
results of a statistical analysis of groundwater quality in 118 cities and regions nationwide,
the majority of urban groundwater suffers from a certain degree of point-source and surface
pollution, with 64% of urban groundwater severely polluted, 33% mildly polluted [16], and
only 3% of urban groundwater basically clean [17,18]. Due to groundwater pollution, an
increasing number of cities and regions are suffering from water shortage, posing rising
risks to human health. According to the World Health Organization (WHO), 80% of the
diseases suffered by third-world citizens are caused by water pollution [19]. Most cities in
northwestern China use groundwater as their only drinking water supply. In these areas,
the contamination of groundwater is expected to directly affect the health of citizens who
use it for drinking purposes. Especially, the large land development projects in the Loess
region and the proposed revival of the Silk Road Economic Belt may have a significant
impact on the quantity and quality of groundwater, and require urgent and comprehensive
research [20–22].

The study area of the present research is adjacent to the upper reaches of the Yellow
River; it includes Xingqing District, Xixia District, Jinfeng District, Yongning County, and
Helan County. It borders the Helan Mountains to the west and the west bank of the Yellow
Rivulet River to the east. The exploited groundwater resources in Yinchuan are equal to
4.8842 × 108 m3/a, accounting for 28.8% of the exploitable groundwater resources, equal
to 16.9317 × 108 m3/a, indicating a serious over-exploitation of groundwater in local areas.
Groundwater is used mainly for urban domestic purposes, and also for industrial, and rural
human and animal drinking water purposes [23]. In general, the ecological environment in
the study area is very fragile [24].

Chen et al. found different degrees of carcinogenic and non-carcinogenic health risks
from drinking groundwater in Yinchuan Plain; moreover, the health risks from inorganic
contaminants such as arsenic, lead, and Cr(V) were found to be greater than those from
organic contaminants such as benzene, trichloroethylene, toluene, 1.2-dichloroethane, and
1.1-dichloroethylene. More in detail, the carcinogenic and non-carcinogenic risk rates of
arsenic were found to be equal to 47.3% and 8.6% respectively, i.e., considerably greater
than those from other protective layer, which are also considered priority control contami-
nants for groundwater in Yinchuan Plain [25]. Therefore, considering the importance of
groundwater in this region, in this study a health risk assessment of groundwater was
conducted for the study area.

Currently, most of the health risk assessment site methods are based on the EPA health
risk assessment model [26], but due to the uncertainty of the input parameters, the resulting
health risk calculation results are highly uncertain. However, the Monte Carlo model can
solve this problem by probabilistic methods.

The main objectives of this study are as follows: (1) to analyze the current groundwater
distribution in the Yinchuan Plain through a data survey; (2) Monte Carlo and visual coinage
are used to determine the main influencing factors and possible ion forms in hydrogeology,
and conduct a health risk assessment of groundwater in Yinchuan City, providing support
for strengthening the supervision and control of groundwater in the region.
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2. Study Area
2.1. Location and Climate

The study area of this research is the Yinchuan region in northwest China. Geograph-
ically, the study area encompasses the Xingqing District, Xixia District, Jinfeng District,
Yongning County, and Helan County, and is located near the upper reaches of the Yellow
River. It is bounded by the Helan Mountains in the west, and the Yellow River’s western
bank in the east. The Yinchuan region has a typical continental climate characterized by
a long winter, a short summer, low levels of rain and frequent droughts, high wind and
evaporation, and dramatic temperature changes [27,28]. The dry season runs from February
to May, while the rainy season runs from June to September. The total precipitation in the
rainy season accounts for about 70% of the total rainfall throughout the whole year.

2.2. Topography and Geomorphology

Geomorphologically, the Yinchuan region is higher in the west and lower in the east,
and the southern part is higher than the northern one. The western part is occupied by the
Helan Mountains, reaching an altitude of 1500~3200 m. The central part is characterized
by a flat plain tilted from southwest to northeast, which is formed by flood, alluvial flood,
river, and lake deposits. The terrain of the Taoling salt platform in the eastern part is
undulating. There are several loess-like clay sand, silty sand, sand gravel, and other strata
accumulated due to flood and aeolian deposits, with a small amount of Quaternary gravel
residue between them. The topography and geomorphology of the Yinchuan area today
were formed through the comprehensive influence of physical, chemical, and biological
effects across a long geological period. Based on the sedimentary origin, the terrain of the
study area can be divided into erosion, accumulation, and aeolian terrain. Based on the
morphology, it can be divided into the piedmont alluvial plain and alluvial plain. The
accumulation terrain includes first-order terrace, second-order terrace, low-level alkaline
beach, and the Yellow River floodplain. The aeolian terrain includes fixed, semi-fixed, and
active dunes.

The study area is located in the Yinchuan fault basin. To the east, the Yellow River fault
is connected with the Ordos block. To the west, the eastern foot of the Helan Mountains is
connected with the mountain transition. A series of faults developed in the plain, some
controlling the boundary of the plain, and some hiding inside the plain. The fault dips
steeply towards the center of the plain, resulting in a “ladder” fault depression. The east-
west and northwest faults mainly control the north-south boundary of the plain, and some
are hidden in the plain [29–32]. The distribution and properties of faults with different
strikes vary greatly.

The exposed strata in the study area are mainly Quaternary strata, which can be
divided into four series according to age: early, middle, late Pleistocene, and Holocene.
On the cross-section, Yinchuan pool sinks towards the center. The middle part of the
Quaternary stratum is the deepest, and the East and west gradually become shallower

2.3. Groundwater

The flow of groundwater follows the terrain trend from west to east, although the
specific direction and conditions of runoff vary across the whole area. In the study area,
the groundwater is pore-water, according to the formation conditions and distribution,
it can be divided into phreatic and confined aquifers. Hydrogeological conditions in the
study area are, of course, controlled by formation lithology. It can be divided into two
areas. The west is a single river aquifer, and the East is a multi-layer structure. The
thickness of a single aquifer is thickened from north to south, and the general thickness is
230–265 m. The thickness of the phreatic aquifer within the multilayer structure zone is only
20–60 m. This study targeted the Phreatic aquifer. There are two major recharge sources of
groundwater in the Yinchuan area: natural and artificial recharge. Natural recharge occurs
mainly through atmospheric precipitation, lateral runoff, and flood loss, while artificial
recharge occurs mainly through irrigation infiltration, groundwater irrigation recharge,
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and drainage system leakage. Evaporative discharge, with a proportion of more than 45%,
exceeds manual mining and lateral runoff, which are the two other main discharge modes in
the region [33]. Lateral runoff mainly occurs toward the Yellow River and drainage ditches.

3. Materials and Methods
3.1. Sample Collection and Analysis

The study flowchart is shown below, which shows the overall idea of the study,
from the background investigation, and data collection, to health risk assessment, using
the Monte Carlo model and Visual Minteq, finally deriving the main ion morphology of
carcinogenic factors.

In this study, 49 groups of monitoring points with relatively continuous and complete
observations were selected as the analysis data (20–30 m below the ground surface); the
location of all the monitoring points is shown in Figure 1. These data were collected by
the Groundwater Dynamic Monitoring Network of the Ningxia Hui Autonomous Region
in 2017–2018 (the dry season (March–April) and the rainy season (July–August)). The
collection, sealing, and transportation of water samples were carried out in strict accordance
with national technical regulations [31]. Detailed test methods, instrument specifications,
and detection limits for each indicator are shown in Table 1. The pH and conductivity of
groundwater samples were measured in the field, while other parameters were measured
in the laboratory. Test parameters include Na+, Ca2+, Mg2+, K+, HCO3

−, SO4
2−, Cl−,

As, Cr6+, total hardness (TH), and total dissolved solids (TDS), which were analyzed in
the laboratory of the Hebei GEO University using standard methods recommended by
technical specifications for environmental monitoring of groundwater. The accuracy of
the test results was measured by the calculation of percent charge balance errors (%CBE),
as follows:

Table 1. Analytical methods, instruments, and detection limits of physiochemical parameters.

Index Method Instrument Model Detection Limit

pH Glass-electrode method pH meter PHSJ-4A 0–14.000
TH EDTA titration 0.32 mg/L
EC Conductivity analyzer analysis method Conductivity Analyzer DDS-11A 0–1.999 × 105 µS/cm

TDS Conductivity analyzer analysis method Conductivity Analyzer DDS-11A 0–1.999 × 105 µS/cm

Na+ Flame atomic absorption
spectrophotometry Flame photometer 6400A 0.01 mg/L

k+ Flame atomic absorption
spectrophotometry Flame photometer 6400A 0.05 mg/L

Ga2+ EDTA titration 0.2 mg/L
Mg2+ EDTA titration 0.12 mg/L
SO4

2− Ion chromatography Ion chromatograph ICS-90A 0.09 mg/L
HCO3

− Titration 5 mg/L
Cl− Silver nitrate titration method 10–500 mg/L
As Atomic fluorescence spectrometry AFS-920 AFS-920 0.000046 mg/L

Cr6+ Inductively coupled plasma atomic
emission spectrometry ICP-MS ICAPQc 0.0006 mg/L

The study flowchart is shown below (Figure 2), which shows the overall idea of the
study, from background investigation, data collection, to health risk assessment, using
the Monte Carlo model and Visual Minteq, finally deriving the main ion morphology of
carcinogenic factors.

The final detection results show that the relative error of all samples was <±5%,
indicating that all 49 samples could be used for analysis.

%CBE =
Σcations − Σanions
Σcations + Σanions

× 100% (1)

200



Water 2022, 14, 2419Water 2022, 14, x FOR PEER REVIEW  6  of  23 
 

 

 

Figure 1. Study area, geological profile, and location of samplings. 

The study flowchart is shown below (Figure 2), which shows the overall idea of the 

study, from background investigation, data collection, to health risk assessment, using the 

Monte Carlo model  and Visual Minteq,  finally deriving  the main  ion morphology  of 

carcinogenic factors. 

Figure 1. Study area, geological profile, and location of samplings.

3.2. Health Risk Assessment

The main pathways through which heavy metals pose human health risks are dermal
contact and food chain. Human health risks resulting from direct or indirect exposure to
groundwater can be assessed by the models recommended by the Ministry of Environ-
mental Protection of Environmental Protection of China, based on models of the United
States Environmental Protection Agency (USEPA). Data were analyzed according to the
concentration period of precipitation (dry or rainy season) and human physiology (i.e.,
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adults and children) [32,33]. Based on the actual situation in China, the Chinese model
adopts specific parameters, which are presented in Table 2.
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Table 2. Limit values of several parameters for oral intake and skin contact by type of sensitive group.

TR
(L/day)

EF
(day/a) ED (a) BW (kg) AT (day) EV K (cm/h) t (h/day) CF H (cm)

Children 0.7 365 12 15 4380 1 0.001 0.4 0.001 99.4

Adults 1.5 30 70 10,950 165.3

The average daily dose for oral intake and dermal contact was calculated as follows:

Intakeoral =
C × IR × EF × ED

BW × AT
(2)

Intakedermal =
DA × EV × SA × EF × ED

BW × AT
(3)
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DA = K × C × t × CF (4)

SA = 239 × H0.417 × BW0.517 (5)

where Intakeoral is the average daily dose of oral intake (mg (kg/d)−1); DA and SA are
defined as the exposure dose (mg/cm2) and skin contact area (cm2) of each event, respec-
tively; and C indicates the concentration of pollutants in groundwater (mg/L−1) obtained
by laboratory tests. The limit values of oral intake and skin contact of several parameters
for the two sensitive groups investigated are illustrated in Table 2.

The non-carcinogenic risk of oral intake and skin contact was calculated as follows:

R f D = R f D × BASgi (6)

HQoral =
Intakeoral
R f Doral

(7)

HQdermal =
Intakedermal
R f Ddermal

(8)

where HQ and RfD indicate the non-carcinogenic hazard quotients and the reference doses,
respectively [34]. In this study, the RfD values of Mn, NO2

−, Fe, F, Pb, Cr6+, Cd, As, and
ammonia nitrogen (in terms of N), were found to be 0.14, 0.1, 0.3, 0.04, 0.0014, 0.0003,
0.003, 0.0003, and 0.97 mg (kg d) 1, respectively [35]. RfDdermal indicates a gastrointestinal
absorption factor that can be calculated by RfDoral. Apart from the value of BASgi for Cr6 +

which was 0.025, the other values BASgi were all equal to 1.
The non-carcinogenic risk of oral intake and skin contact absorption was calculated as

the total risk, as follows:
HIi = HQoral + HQdermal (9)

HItotal =
n

∑
i=1

HIi (10)

where HI is a health risk assessment index, which refers to the sum of multiple HQs of
multiple substances through the two exposure pathways considered. HQ and HI values
lower than 1 are considered safe for human health [36,37]. By contrast, residents may face
non-carcinogenic risks when these values exceed 1. The standard value of HI was proposed
by the Ministry of Environmental Protection of the China in 2014.

In this study, As and Cr6+ were considered the main carcinogenic factors; their car-
cinogenic health risk values were calculated as follows:

SFdermal =
SForal
ABSgi

(11)

CRoral = Intakeoral × SForal (12)

CRdemal = Intakedemal × SFdemal (13)

CRtotal = CRoral + CRdemal (14)

where the SForal values of As and Cr6+ were set at 1.5 and 0.5 mg (kg/day)−1, respectively;
and CR indicates the risk of cancer. According to the regulations of the Ministry of Environ-
mental Protection of China, the acceptable limit value for both parameters is 0.6 [38]. When
the calculated value exceeds the limit value, this indicates that there is a risk of cancer in
the region, and that it is necessary to take corresponding environmental control measures
in time [39].

3.3. Monte Carlo Simulation and Visual Minteq

Due to individual differences and sampling limitations, the results of the health risk
calculation were highly uncertain. In order to overcome this defect, this study used the
Monte Carlo Simulation (MCS) method, which is a probabilistic statistical mathematical
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method to evaluate uncertainty by random sampling each variable value [40]. This simula-
tion method was combined with the U.S. Environmental Protection Agency risk assessment
technology to quantify and minimize the uncertainty, and analyze the sensitivity of pol-
lutant exposure in drinking water wells. Different numbers related to each variable were
sampled for a large number of digital repetition operations. The main steps are as follows:
(1) The respective distribution functions were fitted to the data of each variable, and the
hypothetical variable was defined; (2) The calculation formula was inputted and the deci-
sion variable was defined; (3) A random sampling was conducted from the distribution of
the hypothetical variables; (4) The randomly selected parameter sequence was used for a
large number of repeated operations, to obtain as output the probability distribution of the
operation results (Figure 3). In this study, the Monte Carlo Model with 10,000 iterations was
used to evaluate the carcinogenic risk of exposure to As and Cr6+ for children and adults
during the rainy and dry seasons from 2017 to 2018. Then, sensitivity analysis was carried
out using the MCS method with 10,000 repetitions using Oracle Crystal Ball®. Finally, the
frequency diagram and sensitivity analysis diagram drawn by it were used to identify the
input parameters with the greatest impact on the output of the risk assessment model.
After using the sensitivity analysis to obtain the main influencing factors of health risk
assessment results, Visual Minteq was used to analyze the possible ion forms of the main
factors in the hydrogeological environment of the study area.
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4. Results and Discussion
4.1. Health Risk Assessment
4.1.1. Health Risk Assessment

The concentrations of ions in water were used to assess the possible health risks from
human exposure to drinking water through both oral intake and skin contact. This study
considered two groups, namely adults and children [41], and evaluated the carcinogenic
risk of eight ions and the non-carcinogenic risk of two heavy metal ions [42].

4.1.2. Non-Carcinogenic Risk Assessment

The Hazard Index (HI) was used to measure non-carcinogenic health risk as the sum of
the hazard quotients (HQs) from both oral intake and dermal contact of several parameters
including F−, NH4

+, NO2
−, NO3

−, Cr6+, Mn, As, Fe (including Fe2+, Fe3+), and others, as
shown in Tables 3 and 4 [43]. From 2017 to 2018, a total of 17 sampling points for adults
and 67 for children had an HI index value higher than 1, with the latter far exceeding the
number of the former.

Table 3. Non-carcinogenic risk assessment for adults.

2017 2008

Sample Dry Season Rainy Season Dry Season Rainy Season

W1 0.303 0.471 0.406 0.264
W2 0.382 0.401 0.332 0.461
W3 0.234 0.266 0.275 0.343
W4 1.442 1.820 2.847 0.859
W5 0.456 0.490 0.093 0.355
W6 0.776 1.056 0.638 0.797
W7 0.893 0.592 0.521 0.703
W8 0.442 0.352 0.265 0.452
W9 0.396 0.485 0.334 0.389

W10 0.567 0.410 0.279 0.352
W11 1.412 1.646 2.759 0.706
W12 0.492 1.114 0.991 0.789
W13 0.292 0.171 0.125 0.360
W14 0.439 0.259 0.431 0.653
W15 0.245 0.114 0.167 0.232
W16 0.423 0.420 0.193 0.448
W17 0.133 0.127 0.126 0.188
W18 0.458 0.572 0.588 0.428
W19 0.489 0.335 0.497 0.196
W20 0.465 0.436 0.260 0.611
W21 0.370 0.254 0.191 0.268
W22 0.234 0.269 0.227 0.388
W23 0.366 0.687 0.297 1.143
W24 0.385 0.515 0.118 0.483
W25 0.265 0.235 0.181 0.347
W26 0.977 2.064 1.495 0.583
W27 0.167 0.087 0.509 0.530
W28 0.678 0.593 0.649 0.706
W29 0.732 0.753 0.807 0.687
W30 0.373 0.421 0.419 0.500
W31 0.434 0.469 0.447 0.475
W32 0.238 0.496 0.270 0.072
W33 0.502 0.364 0.309 0.322
W34 0.298 0.229 0.201 0.286
W35 0.284 0.269 0.271 0.160
W36 0.241 0.234 0.478 0.386
W37 0.325 0.470 0.320 0.538
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Table 3. Cont.

2017 2008

Sample Dry Season Rainy Season Dry Season Rainy Season

W38 0.663 1.700 0.738 0.621
W39 0.188 0.295 0.189 0.280
W40 0.314 0.192 0.193 0.235
W41 0.226 0.235 0.204 0.256
W42 2.575 2.688 2.601 2.530
W43 0.387 0.480 147.253 0.512
W44 0.131 0.150 0.108 0.384
W45 0.150 0.185 0.119 0.437
W46 0.187 0.184 0.197 0.390
W47 0.200 0.450 0.335 0.324
W48 0.369 0.455 0.361 0.351
W49 0.393 0.311 0.331 0.383
Num 3.000 7.000 5 2
Sum 17.000

Table 4. Non-carcinogenic risk assessment for children.

2017 2018

Sample Dry Season Rainy Season Dry Season Rainy Season

W1 0.647 1.007 0.866 0.564
W2 0.817 0.857 0.7100 0.986
W3 0.500 0.568 0.587 0.732
W4 3.081 3.888 6.082 1.836
W5 0.974 1.047 0.198 0.759
W6 1.659 2.257 1.363 1.703
W7 1.907 1.265 1.114 1.502
W8 0.945 0.753 0.566 0.965
W9 0.846 1.036 0.714 0.832

W10 1.212 0.875 0.596 0.753
W11 3.017 3.517 5.894 1.509
W12 1.052 2.380 2.118 1.686
W13 0.624 0.366 0.267 0.770
W14 0.915 0.553 0.922 1.396
W15 0.523 0.243 0.358 0.496
W16 0.903 0.897 0.412 0.958
W17 0.285 0.271 0.270 0.401
W18 0.980 1.221 1.256 0.914
W19 1.045 0.715 1.061 0.419
W20 0.993 0.932 0.556 1.306
W21 0.790 0.542 0.408 0.573
W22 0.499 0.574 0.484 0.829
W23 0.781 1.469 0.635 2.443
W24 0.823 1.099 0.252 1.033
W25 0.474 0.502 0.340 0.694
W26 2.086 4.411 3.194 1.245
W27 0.357 0.185 1.087 1.133
W28 1.448 1.268 1.388 1.508
W29 1.564 1.609 1.723 1.467
W30 0.797 0.899 0.894 1.069
W31 0.928 1.002 0.955 1.015
W32 0.507 1.059 0.578 0.154
W33 1.072 0.777 0.660 0.688
W34 0.636 0.489 0.429 0.612
W35 0.607 0.574 0.580 0.342
W36 0.515 0.500 1.021 0.825
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Table 4. Cont.

2017 2018

Sample Dry Season Rainy Season Dry Season Rainy Season

W37 0.694 1.004 0.683 1.148
W38 1.417 3.633 1.577 1.328
W39 0.401 0.631 0.403 0.597
W40 0.671 0.409 0.413 0.503
W41 0.482 0.502 0.435 0.547
W42 5.502 5.742 5.557 5.406
W43 0.827 1.025 314.623 1.094
W44 0.281 0.321 0.231 0.821
W45 0.321 0.395 0.253 0.933
W46 0.400 0.393 0.420 0.833
W47 0.428 0.961 0.716 0.693
W48 0.789 0.972 0.771 0.751
W49 0.840 0.665 0.708 0.819
Num 13 20 15 19
Sum 67

4.1.3. Carcinogenic Risk Assessment

The International Agency for Cancer Research classified five elements (i.e., chromium,
cadmium, arsenic, nickel, and cobalt) as possible carcinogens (IARC, 2013). Since cad-
mium and cobalt have no SF, the oral intake and skin contact for chromium, arsenic, and
nickel were considered pathways of human contact, with a special focus on arsenic. In
Tables 3 and 4, it can be seen that from 2017 to 2018 a total of 114 records of CR, which
indicate the carcinogenic risk of adults and children, exceeded the value of 1 × 10−0.6,
demonstrating that the study area was seriously polluted, and that the main pollution
factor was As. From 2017 to 2018, the average CR values for adults for As in the study area
were 2.94 × 10−0.5, 5.93 × 10−0.5, 5.48 × 10−0.5, and 3.59 × 10−0.5 (Table 5), respectively,
while those of children were 6.28 × 10−0.5, 1.27 × 10−0.4, 1.17 × 10−0.4, and 7.67 × 10−0.5,
respectively, which were higher than those of adults (Table 6). Therefore, we mainly ana-
lyzed the influence of As ions on children’s health risk and the possible ion forms under
local hydrogeological conditions (Table 7).

Table 5. Summary of data for As.

As 2017 Dry
Season

2017 Rainy
Season

2018 Dry
Season

2018 Rainy
Season

Adults 2.94 × 10−0.5 5.93 × 10−0.5 5.48 × 10−0.5 3.59 × 10−0.5

Children 6.28 × 10−0.5 1.27 × 10−0.4 1.17 × 10−0.4 7.67 × 10−0.5

Table 6. Non-carcinogenic risk assessment for children.

2017 2018

Sample Dry Season Rainy Season Dry Season Rainy Season

W1 0 0 0 0.0000167
W2 0 0 0 0.00003
W3 0 0.0000167 0.0000133 0.00005
W4 33+F15:F53 0.00055 0.000967 0.0000733
W5 0 0.0000133 0 0.0000167
W6 0.0000433 0.000207 0.0000433 0.0000667
W7 0.0000333 0.0000167 0 0.0000567
W8 0 0 0 0.00003
W9 0 0.0000133 0 0.0000267
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Table 6. Cont.

2017 2018

Sample Dry Season Rainy Season Dry Season Rainy Season

W10 0.0000333 0.0000233 0 0.0000233
W11 0.000327 0.000483 0.00096 0.0000733
W12 0.0000267 0.0000833 0.0000133 0
W13 0 0 0 0.0000333
W14 0.0000532 0.0000133 0.00000667 0.00016
W15 0 0 0 0.0000233
W16 0 0 0 0.0000167
W17 0 0 0 0.0000133
W18 0.0000233 0.0000333 0.00002 0
W19 0 0 0 0.0000133
W20 0 0.00002 0 0.0000567
W21 0.0000267 0.0000233 0 0.0000133
W22 0 0.00002 0 0.00006
W23 0 0.0000233 0 0.00006
W24 0 0.0000167 0.00000667 0.0000467
W25 0.000213 0.0000167 0.000106 0.000176
W26 0.000137 0.000527 0.00036 0
W27 0 0 0.00001 0.0000533
W28 0.00001 0 0 0.00002
W29 0.0000567 0.0000833 0.0000633 0
W30 0 0 0 0.00003
W31 0 0.0000167 0.00000667 0.0000233
W32 0 0.0000167 0.00001 0
W33 0.0000733 0.0000167 0 0
W34 0.00003 0.0000167 0.0000133 0.0000267
W35 0.0000533 0.0000767 0.0000867 0.0000267
W36 0 0 0 0.0000567
W37 0 0.0000133 0 0.0000533
W38 0.00008 0.000417 0.0000467 0.0000233
W39 0 0 0 0.00002
W40 0.0000533 0 0 0
W41 0 0.0000167 0 0.0000267
W42 0 0.0000167 0 0.0000367
W43 0 0.0000167 0 0.0000267
W44 0 0.0000133 0 0.00007
W45 0 0.0000167 0.00000333 0.0000667
W46 0 0 0 0.0000633
W47 0 0.0000133 0 0.0000467
W48 0.00002 0.0000533 0.0000567 0.00003
W49 0.00003 0 0 0.00003

Num 20 33 19 42

Sum 114

W1 0 0 0 0.0000167
W2 0 0 0 0.00003
W3 0 0.0000167 0.0000133 0.00005
W4 33+F15:F53 0.00055 0.000967 0.0000733
W5 0 0.0000133 0 0.0000167
W6 0.0000433 0.000207 0.0000433 0.0000667
W7 0.0000333 0.0000167 0 0.0000567
W8 0 0 0 0.00003
W9 0 0.0000133 0 0.0000267

W10 0.0000333 0.0000233 0 0.0000233
W11 0.000327 0.000483 0.00096 0.0000733
W12 0.0000267 0.0000833 0.0000133 0
W13 0 0 0 0.0000333
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Table 6. Cont.

2017 2018

Sample Dry Season Rainy Season Dry Season Rainy Season

W14 0.0000532 0.0000133 0.00000667 0.00016
W15 0 0 0 0.0000233
W16 0 0 0 0.0000167
W17 0 0 0 0.0000133
W18 0.0000233 0.0000333 0.00002 0
W19 0 0 0 0.0000133
W20 0 0.00002 0 0.0000567
W21 0.0000267 0.0000233 0 0.0000133
W22 0 0.00002 0 0.00006
W23 0 0.0000233 0 0.00006
W24 0 0.0000167 0.00000667 0.0000467
W25 0.000213 0.0000167 0.000106 0.000176
W26 0.000137 0.000527 0.00036 0
W27 0 0 0.00001 0.0000533
W28 0.00001 0 0 0.00002
W29 0.0000567 0.0000833 0.0000633 0
W30 0 0 0 0.00003
W31 0 0.0000167 0.00000667 0.0000233
W32 0 0.0000167 0.00001 0
W33 0.0000733 0.0000167 0 0
W34 0.00003 0.0000167 0.0000133 0.0000267
W35 0.0000533 0.0000767 0.0000867 0.0000267
W36 0 0 0 0.0000567
W37 0 0.0000133 0 0.0000533
W38 0.00008 0.000417 0.0000467 0.0000233
W39 0 0 0 0.00002
W40 0.0000533 0 0 0
W41 0 0.0000167 0 0.0000267
W42 0 0.0000167 0 0.0000367
W43 0 0.0000167 0 0.0000267
W44 0 0.0000133 0 0.00007
W45 0 0.0000167 0.00000333 0.0000667
W46 0 0 0 0.0000633
W47 0 0.0000133 0 0.0000467
W48 0.00002 0.0000533 0.0000567 0.00003
W49 0.00003 0 0 0.00003

Num 20 33 19 42

Sum 114

Table 7. Carcinogenic risk assessment for children.

2017 2018

Sample Dry Season Rainy Season Dry Season Rainy Season

W1 0.303 0.471 0.406 0.264
W2 0.382 0.401 0.332 0.461
W3 0.234 0.266 0.275 0.343
W4 1.442 1.820 2.847 0.859
W5 0.456 0.490 0.093 0.355
W6 0.776 1.056 0.638 0.797
W7 0.893 0.592 0.521 0.703
W8 0.442 0.352 0.265 0.452
W9 0.396 0.485 0.334 0.389

W10 0.567 0.410 0.279 0.352
W11 1.412 1.646 2.759 0.706
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Table 7. Cont.

2017 2018

Sample Dry Season Rainy Season Dry Season Rainy Season

W12 0.492 1.114 0.991 0.789
W13 0.292 0.171 0.125 0.360
W14 0.439 0.259 0.431 0.653
W15 0.245 0.114 0.167 0.232
W16 0.423 0.420 0.193 0.448
W17 0.133 0.127 0.126 0.188
W18 0.458 0.572 0.588 0.428
W19 0.489 0.335 0.497 0.196
W20 0.465 0.436 0.260 0.611
W21 0.370 0.254 0.191 0.268
W22 0.234 0.269 0.227 0.388
W23 0.366 0.687 0.297 1.143
W24 0.385 0.515 0.118 0.483
W25 0.265 0.235 0.181 0.347
W26 0.977 2.064 1.495 0.583
W27 0.167 0.087 0.509 0.530
W28 0.678 0.593 0.649 0.706
W29 0.732 0.753 0.807 0.687
W30 0.373 0.421 0.419 0.500
W31 0.434 0.469 0.447 0.475
W32 0.238 0.496 0.270 0.072
W33 0.502 0.364 0.309 0.322
W34 0.298 0.229 0.201 0.286
W35 0.284 0.269 0.271 0.160
W36 0.241 0.234 0.478 0.386
W37 0.325 0.470 0.320 0.538
W38 0.663 1.700 0.738 0.621
W39 0.188 0.295 0.189 0.280
W40 0.314 0.192 0.193 0.235
W41 0.226 0.235 0.204 0.256
W42 2.575 2.688 2.601 2.530
W43 0.387 0.480 147.253 0.512
W44 0.131 0.150 0.108 0.384
W45 0.150 0.185 0.119 0.437
W46 0.187 0.184 0.197 0.39
W47 0.200 0.450 0.335 0.324
W48 0.369 0.455 0.361 0.351
W49 0.393 0.311 0.331 0.383
Num 3 7 5 2
Sum 17

4.2. Risk Characterization Based on MCS

MCS allows to iteratively generate time series by setting up a stochastic process,
calculating parameter estimates and statistics, and studying the characteristics of their dis-
tribution. Because As and Cr6+ concentrations vary under local hydrogeological conditions
and population properties, this study used a Crystal Ball model based on MCS to produce
an assessment of the possible carcinogenic health risks to children.

As shown in Figure 4, The forecast for the 2017 dry season ranged from 0–1.80 × 10−0.5,
with a mean of 3.26 × 10−0.6 and a standard deviation of 5.75 × 10−0.6, while the forecast for
the rainy season of the same year ranged from 0–1.00 × 10−0.3, with a mean of 1.39 × 10−0.4

and a standard deviation of 2.92 × 10−0.4. The forecast for the 2018 dry season ranged from
0–6.00 × 10−0.4, with a mean of 2.06 × 10−0.4 and a standard deviation of 3.47 × 10−0.4,
while the forecast for the rainy season of the same year ranged from 0–5.00 × 10−0.4, with
a mean of 1.79 × 10−0.4 and a standard deviation of 2.65 c. The simulations yielded a CR
for children between 0 and 1 × 10−0.6 with probabilities in 2017 of 16.59% and 0%, and
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in 2018 of 0% and 0% for the dry and rainy season, respectively, indicating that children
are at a higher health risk and prompt action on this respect should be considered. MCS
can also be used to determine the sensitivity of the chosen parameters depending on their
uncertainty [44–46]. In fact, different parameters have different sensitivities to carcinogenic
risk values. Accordingly, in this study, the analysis of the effect of As and Cr on carcinogenic
risk was performed.
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As shown in Figure 5, the association values for As in the dry and rainy seasons for
2017 were 0.9958 and 1, respectively, and Cr was 0, while the association values for As in
the 2018 dry and rainy seasons were 0.7424 and 0.5759, respectively, and Cr was 0.6237 and
0.8182, respectively. As you can see, during the 2018 rainy season, the association value of
As was lower than the association value of Cr. In the 2017 dry rainy season and the 2018
dry season, the association value of As was higher than the correlation value of Cr.
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Moreover, as can be seen in Figure 6, in 2017 the sensitivity of As was 100%, while that
of Cr was 3% and 0% in the dry and rainy seasons, respectively. In 2018, the sensitivity of
As was 54.1% and 57.8% and that of Cr was 45.9% and 42.2% in the dry and rainy seasons,
respectively. This indicates that As was the most sensitive to total carcinogenic risk [47].
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Based on these results, the analysis of the possible patterns of As present in the water
environment of the study area was conducted.

In summary, in this study, limited data were employed through the use of MCS to
determine probability density functions and confidence intervals for carcinogenic risks,
and an uncertainty analysis was performed to reveal the possible influence of various
parameters on human health risks [48].

4.3. Visual Minteq Model Analysis

In order to further analyze the possible ionic forms that could be formed as a result of
chemical reactions between As ions and other ions in the water environment of the study
area, Visual Minteq was used to simulate the pH, ion concentrations, and possible products
of the water environment. The data to be entered included pH, temperature, K+, Na+,
Ca2+, Mg2+, Fe2+, and As. The possible compounds of As produced by the simulations in
the study area context are depicted in Figure 7 and include AsO4

3−, H2AsO4
−, H3AsO4

and HAsO4
2−. As can be seen from Figure 7, among all the possible ionic forms of As

formed during the wet and dry seasons of 2017 and 2018, the activity of HAsO4
2− had the

largest logarithmic value while that of H3AsO4 had the smallest value, regardless of pH
change. The minimum and maximum values for HAsO4

2− were −7.331 and −5.784 in the
2017 dry season and −7.274 and −5.645 in the wet season, respectively. The minimum
and maximum values for HAsO4

2− were −7.85 and −5.371 in the 2018 dry season and
−7.342 and −6.212 in the wet season, respectively. The minimum and maximum values for
H3AsO4 were −15.142 and −12.222 in the dry season and −14.648 and −11.895 in the rainy
season, respectively. The minimum and maximum values of H3AsO4 were −14.75 and
−12.129 in the 2018 dry season and −14.666 and −12.509 in the rainy season, respectively.
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the simulations.

5. Conclusions and Recommendations

In this study, 49 sets of observations from relatively continuous and complete monitor-
ing sites were used to compare the health risks posed to adults and children by oral intake
and dermal contact with drinking water in Yinchuan during the dry and rainy seasons in
2017 and 2018, assessing the health risks of Mn, NO2

−, Fe, F, Pb, Cr6+, Cd, As, and ammonia
nitrogen. According to these data, the HI index exceeded the value of 1 at 17 sampling
points for adults and 67 for children. The average CR values for adults for As in the study
area for 2017 were 2.94 × 10−0.5 and 5.93 × 10−0.5 for the dry and rainy seasons, respec-
tively, while for 2018 they were 5.48 × 10−0.5 and 3.59 × 10−0.5, respectively. In parallel,
the CR values for children for 2017 were 6.28 × 10−0.5 and 1.27 × 10−0.4, respectively, and
1.17 × 10−0.4 and 7.67 × 10−0.5, respectively, indicating a considerably higher carcinogenic
risk for children than for adults.

The results of the sensitivity analysis of Cr6+ and As using Crystal Ball software
showed that in 2017 the association values were 0.9958 and 1 for As and 0.0948 and 0 for Cr
for the dry and rainy seasons, respectively, while in 2018 they were 0.7424 and 0.5759 for
As and 0.6237 and 0.8182 for Cr for the dry and rainy seasons, respectively. This means that
the association values for As were lower than those for Cr only in the 2018 rainy season,
indicating that As is most sensitive to overall carcinogenic risk.

The results of the visual coinage model analysis allowed us to conclude that the activity
of HAsO4

2− had the largest logarithmic value, while that of H3AsO4 had the smallest
logarithmic value among all the possible ionic forms of As, regardless of the change in pH.
This indicates that HAsO4

2 is the ionic form of As with the main carcinogenic factor in the
hydrogeological environment of the study area.

Based on these results, it is recommended to strengthen the monitoring and control of
As, especially of HAsO4

2−, levels in groundwater in the study area.
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