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Perchlorate (ClO, ") is an emerging persistent pollutant that is ubiquitous in the environment at trace concentrations. Perchlorate
ingestion poses a risk to human health because it interferes with thyroidal hormone production. The identification of perchlorate
sources in groundwater is a primary concern. Chlorine and multi-oxygen isotopic tracing of perchlorate (8°’Cl, *°Cl/Cl, §'*0, and
A"0) can provide a unique tool for identifying the origin and transport of perchlorate in groundwater. Along with the kinetic
fractionation of chlorine and oxygen isotopes, the A'”O value, **Cl/Cl ratio, and £'*0/e*”Cl (the fractionation coefficient of oxygen
and chlorine isotopes) are constant, potentially indicating the biodegradation of perchlorate, without disguising its source
information. Therefore, comprehensive characterization of stable chlorine and poly-oxygen isotopes is expected to provide direct
evidence for identifying the source of perchlorate in groundwater. However, further studies are needed to increase the amount of
isotopic data of different perchlorate sources, to make the end-member model available to broader regions. It is critically
important to understand the range of values and differences of isotopes among natural perchlorate sources and the perchlorate

formation mechanisms.

1. Introduction

Groundwater is an important water resource, which is of
strategic significance to the sustainable development of a
country and its people. It has become a hot issue to use water
resources rationally, to ensure continued quality and
availability, to meet economic and social developmental
needs [1]. In some areas, groundwater is an important (or
the only) source of drinking water, and water safety issues
directly affect residents’ health and quality of life [2]. With
the rapid development in recent decades of China’s econ-
omy, groundwater hydrochemistry is affected by natural
factors, such as geology, geography, and climate change, and
increasingly by anthropogenic inputs [3], making the situ-
ation of water shortage severe in China. Groundwater
pollution is hard to be found and difficult to reverse; thus,
the effective prevention and control of groundwater pol-
lution should first be based on “prevention.” That is,
identifying the source of the pollutants in groundwater and

determining their migration and transformation paths in
groundwater are the primary concerns that should be
considered to solve groundwater pollution.

Perchlorate (ClO,") is typically a persistent environ-
mental pollutant, attracting extensive attention for research
on its environmental pollution status, ecotoxicological effect,
pollution control, and remediation [4-7]. Trace amounts of
ClO,™ can interfere with the normal function of the thyroid,
leading to a series of developmental and metabolic diseases
in the human body, especially in women of childbearing age
and infants [8]. Currently, ClO,~ widely exists in different
environmental media, such as rivers, lakes, groundwater,
soil, and sediment [9-11], and is widely found in food,
making its way into humans at a fast rate [12-14]; it can be
detected in body fluids (such as breast milk, saliva, blood,
and urine) [15, 16], constituting a serious threat to human
health. In 2008, the US Environmental Protection Agency
(EPA) listed ClO4™ as a level 1 monitoring indicator and
recommended a safe reference dose of 0.7ug/kg/day
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exposure to humans, which is likely to be without an ap-
preciable risk of adverse effects. The US EPA in February
2011 officially listed ClO,~ for regulation under the Safe
Drinking Water Act; hence, perchlorate has become an
important research topic.

Perchlorate originates from both natural and human
sources. Natural perchlorate has been attributed to the
earlier use of Chilean nitrate as fertilizer and atmospheric
origin. Because perchlorate is a strong and stable oxidant
and a strong acid, it is widely used in aerospace, military, and
industrial fields, such as in rocket solid fuel, fireworks
manufacturing, ammunition equipment, electroplating,
desiccants, and oxidants (Table 1). The sources of per-
chlorate in groundwater vary; the pollution paths are
complex and varied and are often affected by the widespread
effects of physics, chemistry, and biology. Isotope technology
is used to explore the source of material, related migration,
and transformation laws at the “atomic” scale, having many
unique advantages compared with the content measurement
approach at the “molecular” scale. The comprehensive
characteristics of the contents of stable chlorine and oxygen
isotopes along with the radioactive isotope *°Cl of per-
chlorate provide an important analytical tool for tracing the
source of perchlorate and its migration and transformation
in the environment.

China is a large traditional country of fireworks
manufacturing and consumption. As the direct products of
chemical plants (oxidants and additives of the perchlorate)
are widely distributed throughout the country, the potential
of perchlorate environmental pollution problems cannot be
ignored. A recent investigation shows that 86% of 300 water
samples from 13 provinces and cities in China had ClO,~
detected in them [17]. The concentration of ClO, detected
in the blood of adults in Nanchang is more than 10 times
higher than that reported in the United States [12]. However,
studies on the pollution of ClO,™ in China have just begun,
and the source analysis of ClO; in groundwater has not
been reported. Given the present situation of environmental
pollution of perchlorate, this paper summarizes and dis-
cusses perchlorate isotope testing technology and its ap-
plication in tracing the source of ClO,  in groundwater,
providing a reference for effective prevention and control of
ClO,4™ pollution in groundwater in China.

2. Environmental Pollution
Status of Perchlorate

The United States was the first country to find perchlorate
pollution, and existing research has mainly focused on its
water pollution; thus far, ClIO, has been detected in 44
states [18]. The EPA recommended that the concentration of
perchlorate in drinking water be less than 15 ug/L [19]. The
Safe Drinking Water Act (SDWA) allows States to establish
drinking water standards that are more stringent than EPA’s
national standards. California’s latest concentration stan-
dard for perchlorate in drinking water is 6 ug/L [18], and
Massachusetts’s standard is 2 yg/L [19]. In 2008, the US EPA
recommended a safe intake of 0.7 yg/kg/day for the human
body. CIO, was detected in high amounts in the southwest
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of the United States, including California, Arizona, the
highlands of Texas, the East Coast between New Jersey and
Long Island, and Massachusetts. In 2008, the US EPA
published the test results of 3,865 public water supply
samples collected from 2001 to 2005, and the average content
value of ClO,~ was 4-420 ug/L [20]. Recently, apart from the
United States, other countries have begun to investigate the
concentration of ClO, " in water. The concentration of Cl1O,~
was 340-2,300 yg/L in the upstream and tributary (Usui
River) of the Tone River in Japan. Moreover, different
concentrations of ClO,~ were detected in tap water from the
Tone River, and a part of the water sample concentration
exceeded 10 ug/L [21]. The concentration of ClO,  in the
Nakdong River in South Korea is as high as 60 ug/L, and the
concentration in drinking water is as high as 35 ug/L [10].
The average concentration of groundwater samples from six
states of India is 1.0 ug/L, wherein samples greater than
1.0 ug/L were obtained from central industrial cities [22].
North Korea tested 520 tap water samples from more than
100 areas. The concentration of ClO, was <1.0-6.1 ug/L,
and 80% of the samples exceeded the concentration limit in
drinking water [23]. The relevance ratio of ClO, in German
groundwater samples is 100%, and the concentration is
0.79-2.38 ug/L [24] (Table 2).

In the past 10 years, China has also investigated per-
chlorate environmental pollution. The results show that the
environmental pollution problem of perchlorate has been
widespread in China, and research on the prevention and
control of ClO," pollution in groundwater is imminent. Liu
et al. reported the ClO,~ concentration in factory water and
source water of three water plants in Beijing. The results
showed that 67% of the samples, with detectable ClO,", were
obtained from water plants that used groundwater as their
water source. The concentration of ClO, in the source water
reached 30.7 ug/L [25-27]. In a recent water survey, covering
13 provinces or autonomous regions in China (including tap
water, groundwater, surface water, and bottled water), the
detection rate of ClO," is up to 86%, with a concentration of
0.02-54.4 ug/L, where the average concentration of ground-
water was the highest, 3.04 ug/L [17]. Severe ClO," pollution
exists in Liuyang City, Hunan Province; their fireworks
production accounts for more than 60% of that of the world.
High concentrations of ClO,~ are detected in the river water,
bottom mud, soil, and groundwater [11, 17], among which
ClOy is detected in groundwater, whose concentration is as
high as 22.14 ug/L. ClO,~ was also detected in rice and milk
samples from 26 cities in China, with concentrations ranging
from 0.16 to 4.88 ug/kg and 0.30 to 9.1 ug/L, respectively [27].
Furthermore, the results of 131 blood samples from donors in
Nanchang showed that the concentration of ClO,” in human
blood of different age groups (0.4-90year) was as high as
10.5 pg/L, with an average value of 2.68 ug/L [16].

3. Perchlorate Chlorine and Oxygen Isotope
Testing Technology

3.1. Isotope Characterization. Chlorine (Cl) and oxygen (O)
in perchlorate (ClO, ) have multiple isotopes in nature.
There are mainly two stable isotopes of Cl on the earth’s
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TaBLE 1: Applications of perchlorate.

Application field

Raw material

Rocket solid fuel
Fireworks manufacturing

NH,CIO,, LiClO,, NO,ClO, NOsClO, N,H,HCIO, (NH,),N,H(ClO,),

KClO,, HCIO,

Electroplating HCIO,4
Oxidant HCIO,
Desiccant Mg(ClO,),

TaBLE 2: The global pollution situation of perchlorate.
Area Sample concentration (ug/L) Drinking water concentration (ug/L)
EPA recommend 15
USA 4-420 (public water)
Japan 340~2300 (river water) 10
South Korea 60 (river water) 35
India 1.0 (groundwater)
North Korea <1.0~6.1 ug/L (tap water) <1.0~6.1 ug/L
German 0.79~2.38 (groundwater)

surface (*°Cl and *’Cl) with relative abundances of 75.77%
and 24.23% [28], respectively. *°Cl is a trace radioisotope
produced by cosmic rays in the stratosphere with a half-life
of 301,000 years. There are three stable isotopes of O (*°O,
170, and '®0) with relative abundances of 99.76%, 0.04%,
and 0.20% [29], respectively. The composition of a stable
isotope is usually expressed by the § value, that is,
6(%0) = (Rsample/Rstandard - 1) x 1,000, where Rsample and
Ritandara represent the isotope ratios of the sample and
standard, respectively. §'*0, §'70, and &°’Cl, respectively,
can be characterized as 6'%0 (%o) = [(ISO/IGO)Sample/(lgO/
0)vsmow — 1] 1,000, 670 (%) = [170/"°0) gmpne/ (7O
'°O)vsmow - 1] x 1,000, and 8”7 Cl (%) = [(*’Cl/*°Csample/
C7Cl/*’Clspmoc - 1] x 1,000. Here, VSMOW and SMOC are
the international standards for oxygen and chlorine isotopes,
respectively. In general, for many Earth matters, there is a
fixed relationship between 67O and 80 (670 =0.52
8'%0), following the mass-dependent fractionation, and
8"70 is not normally reported. Recently, studies have found
that atmospheric aerosols, such as sulfate, nitrate, and
perchlorate, or surface environmental sediments have 7O
anomalies [25-27]. A7 O is typically used to characterize '’O
anomalies, that is, A0 (%0)=670-0.52 80 or A0
(%o0) = [(1+6'70)/(1+6'°0)0.525-1]  x1,000. The *°Cl
content is usually expressed as >°Cl/Cl, which is the ratio of
the atoms.

3.2. Testing Technology of Perchlorate Chlorine and Oxygen
Isotopes. Research on the sources of perchlorate, geo-
chemical behavior, and isotope kinetic fractionation effect in
environmental media is still in its initial stages. The high-
precision test method of stable isotope ratio provides the
necessary technical support for the mechanism and appli-
cation of perchlorate environmental pollution. The high-
precision stable isotope data of perchlorate (6'*0, A'’O, and
8*7Cl) are usually measured using a gas stable isotope ratio
mass spectrometer, and the analysis gases are CO, O,, and
CH;Cl [30-32]. Ader et al. and Sturchio et al. first

established a test method for the §°”Cl value of perchlorate
[14, 30-32]. Bao and Gu reported a test method for the
simultaneous determination of §'®0 and 67O and the
preparation of O, via high-temperature pyrolysis of per-
chlorate [33]. Furthermore, Bohlke et al. successively re-
ported the preparation of CO via high-temperature carbon
reduction of perchlorate, an online measurement §'®0 value
test method [31]. Sturchio et al. established a test method for
the simultaneous analysis of 8%Cl, 8180, and 6'70 based on
the above method [30], and this method has been further
adapted and developed [29, 34-36]. These methods require
the analysis sample to be high-purity perchlorates, such as
KClO,, RbClO,, or CsClO,. The *°Cl content is usually
determined using an accelerator mass spectrometer (AMS).
This article summarizes the current mature testing tech-
niques for perchlorate chlorine and oxygen isotopes.

3.2.1. Oxygen Isotopes. The oxygen isotope composition of
perchlorate can usually be determined using two isotope
ratio mass spectrometry (IRMS), namely the CO-TC/EA-
IRMS high-temperature carbon reduction online continu-
ous flow method, which determines the 8'%0 value and O,-
DI-IRMS pyrolysis; this off-line two-stage method measures
the 6'®0 and 8"70 values simultaneously [31, 32, 34, 35].
The principle of the CO-TC/EA-IRMS high-temperature
carbon reduction online continuous flow method can be
summarized as follows. Perchlorate (such as CsClO,) and
glassy carbon in a reduction reaction in a high-temperature
cracking furnace at 1,325-1,400°C generate CO. After purging
pure He carrier gas, CO goes through a gas chromatographic
column equipped with a 5 A molecular sieve for purification.
Then, it enters the IRMS in a continuous flow mode and is
received by a Faraday cup with m/z of 28 and 30 to determine
the 6'%0 value. For high-purity ClO,~ reagents and samples,
the yield of O(CO) was usually 100 + 2%, and the test accuracy
of 8"%0 was +0.3%o [31, 32, 35, 37]. This method can be used
to rapidly and efficiently perform an online test of the per-
chlorate 6'®0 value, which is especially suitable for batch tests.



For some special samples, it is necessary to measure the
80 and 670 values of perchlorate simultaneously; there-
fore, O, must be used as the mass spectrometry gas. Per-
chlorate is vacuum cracked into O, at 600-650°C using the
two-stage method outside the pyrolysis line of O,-DI-IRMS;
the reaction formula is CsClO, — CsCl + 20,. This cracking
reaction can be carried out in a sealed quartz tube or Pyrex
heat-resistant glass tube. Then, the produced O, enters the
IRMS in a two-way mode after purification and is received by
the Faraday cups with m/z of 32, 33, and 34 to simultaneously
determine the 6'®0 and '7O values [31, 32, 37]. For high-
purity ClO,  reagents and samples, the yield of O(O,) is
usually 100 + 5%, and the test accuracy of AO is +0.1%e.

3.2.2. Chlorine Isotopes. The perchlorate stable chlorine
isotope composition (6°'Cl) was determined using the IRMS
method, and the radioisotope content (°Cl/Cl) was deter-
mined via the AMS method.

To determine the §°’Cl value of perchlorate, first, the
perchlorate was vacuum decomposed to produce chloride at
600-650°C. The chloride was dissolved in deionized water,
and Cl was precipitated as AgCl by adding AgNO3, which
reacted with the excess CH;I in a sealed glass tube at 300°C
for 2 h to produce CH;Cl. The CH;Cl purified cryogenically
by gas chromatography enters IRMS with continuous flow
or dual-inlet mode and is measured at m/z of 50 and 52. The
accuracy of the 6°7Cl analysis was +0.2%o [31, 32, 35, 37].

To determine the *°Cl/Cl content, the same steps as
above are used to convert the perchlorate to AgCl precip-
itate; then, the AgCl precipitate is dissolved in a dilute
ammonia (NH,OH) solution. The AgCl precipitate is pre-
pared again for the AMS measurement using Cl~, which is
purified via anion chromatography or cation exchange
chromatography. Typically, seawater is used as a reference
substance, and its *°Cl/Cl=0.5x 10 -15.

3.2.3. Collection and Preparation of ClO4~ Samples in
Groundwater. The IRMS measurement usually requires a
sample amount of at least 0.2 mg ClO,"; thus, an effective
sample preparation method is needed to achieve the isotope
test of trace environmental ClO, . The most successful and
widely used collection and extraction method is based on a
highly efficient ClO,~ selective bifunctional anion-exchange
(Figure 1) resin [29, 31, 33, 34, 38]. The principle is that the
resin is loaded with numerous exchangeable anions. ClO,~
replaces the anions on the resin and is adsorbed on the resin
because of the difference in the concentration of the two ions
in the (Figure 1) resin when water flows through the resin
[39]. This anionic resin can efficiently and selectively adsorb
ClO, and release ClO4 under the elution of a mixed so-
lution of 1M FeCl; and 4 M HCL The resin can be reused
after activation [39]. The collection and preparation of ClIO,~
samples in groundwater is generally divided into two steps:
ClO,~ adsorption and elution. In the actual sampling pro-
cess, the water sample usually passes through the filter device
to remove interfering ions such as Cl~, SO,°~, NO;, and
humus, to avoid affecting the adsorption effect of C1O, . The
treated water then passes through the A530E type at a flow
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rate of 17BV/min resin column, comprising bifunctional
anion-exchange resin (20-30 mesh). When the entire water
sample passes through the resin column, most of the ClO, is
adsorbed on the resin and needs to be eluted to prepare the
sample. First, a 4-5BV of 4 mol/L HCI solution or deionized
water is passed through the resin column to wash oft other
adsorbed ions and unadsorbed ClO, . Subsequently, a mixed
solution of 1 mol/L FeCl; and 4 mol/L HCl is prepared; the
solution is passed through the resin column at a flow rate of
0.06-0.13 cm/min. NaOH is added to the obtained eluent and
centrifuged to obtain the supernatant. CsCl is added to the
supernatant, heated, and evaporated to obtain CsClO, pre-
cipitation, which is prepared for mass spectrometry tests after
purification [29, 40].

4. Isotope Tracing of Chlorine and
Oxygen from Perchlorate

4.1. Isotopic Composition Characteristics of Perchlorate from
Different Sources. Perchlorates from different sources have
characteristic isotopic composition values related to their
formation mechanism; perfecting and establishing an end-
member model of their sources is a necessary basis for the
application of isotope technology to trace the source. The
existing natural origin and synthetic perchlorate isotope data
show that the comprehensive characteristics of chlorine and
oxygen isotopes of perchlorate are expected to provide direct
evidence for identifying the source of perchlorate in
groundwater.

4.1.1. Synthetic Perchlorate. Synthetic perchlorate is usually
produced by the electrolytic oxidation of NaCl. The per-
chlorate production process largely depends on the content
of the raw material Cl, while the electrolyzed water provides
an O source for the synthesis of perchlorate. Since 2001,
American scholars have analyzed the isotopic composition
of various perchlorate reagents (used in laboratories, in-
dustry, and military) and products (used in road blasting,
fireworks, pesticides, bleaching agents, and propellants).
According to reported data [14, 31, 33, 34, 42], the synthetic
perchlorate §°”Cl value is —3.1%o to + 2.3%o; the §"°0 value is
~24.8%0 to —12.5%o; the A'”O value is 0.0 + 0.1%o; the ratio
of *°Cl/Cl is <2.5x10-15-40x10-15; and the average
value of 8°’Cl of synthetic perchlorate is about +0.6%o,
which is similar to the §*’Cl value of raw material, NaCl
(0.0 +£10-15) 0.9%o0) [43]. A similar value indicates that there
is almost no fractionation of chlorine isotopes during the
process of synthesizing perchlorate by electrolytic oxidation.
The 6"%0 value has a larger range of variation, which may be
related to the isotope composition of the water source used
in the perchlorate production process and oxygen isotope
fractionation [32]. Preliminary studies have shown that
ClO,~ produced by the disproportionation reaction of
commercial bleach (NaOCI) solution has an abnormally
high 6’Cl value (+14.0%o) [42]. Therefore, the isotopic
composition of perchlorate is not only related to the isotopic
composition of its raw materials but may also be affected by
its production process.



Journal of Chemistry

Pump tubing

Groundwater

well [ f7 \
|
|
|

t Submersible pump

5
—— Flow

| Ion exchange

column
+— A530E-resin

In line filter
— Sand core
Effluent

Pump controller Power supply

(generator)

FiGure 1: Sample collection device [41] (the left picture is the device used in the lab by authors).

4.1.2. Perchlorate of Natural Origin. It has been reported
that perchlorate of natural origin is mainly distributed in the
Atacama Desert in northern Chile and in the arid region of
the southwestern United States. However, there are regions
(such as the southern high plains and eastern New Mexico)
where there is no clear historical or current evidence of the
presence of rocket fuel or Chilean fertilizer sources. In these
regions, perchlorate has been attributed to meteoric ClO,~
that accumulated in the unsaturated zone, with subsequent
flushing to groundwater by the advent of the irrigation
[44, 45]. They have distinctly different isotopic compositions
from synthetic perchlorates, and the isotopic compositions
in the two regions have their own characteristics.

The Chilean saltpeter in the Atacama Desert is the most
typical naturally occurring mineral that is rich in ClO4 .
However, owing to the differences in sampling locations and
detection methods, the mass content of ClO, reported in
the literature is not the same, ranging from 0.03% to 3.6%
[46-48]. Chilean saltpeter is an important raw material for
fertilizers, and the total amount of Chilean saltpeter

(imported by the United States and widely used in agri-
culture decades ago) has reached millions of tons [49]. It was
an important potential source of ClO,~ in groundwater (but
now with the development of processing the percentage of
perchlorate in Chilean fertilizers has been reduced). Bao and
Gu first reported the oxygen isotopic composition of ClO,~
in Chilean saltpeter; that is, the 8'®0 value ranged from
~24.8%o to —4.5%o, and the A'7O value ranged from +4.2%o
to +9.6%o [47]. Furthermore, some scholars have succes-
sively expanded their oxygen isotope data [31, 32, 34], where
the 6'®0 value ranged from -9.3%o to —2.2%o, and the A0
value ranged +7.9%o to +18.4%o. The large positive '"O
anomaly of ClO, in Chilean saltpeter may be the result of
the photochemical interaction of atmospheric Cl and Os,
indicating that ClO,  in natural minerals originated from
the atmosphere, and was deposited and preserved in an arid
climate with strong evaporation. The §>Cl value of ClO, in
Chilean saltpeter ranges from -14.5%o0 to —11.8%o
[31, 32, 34], and the ratio of 3°Cl/Cl is
22x10-15-590x10-15 [42].



Natural perchlorate is widely distributed throughout the
arid and semiarid regions of the world, such as the south-
western United States, the southern high plains of United
States, and Chile [48, 50]. Perchlorate is widely distributed on
the earth, but the deep research has regional limitations. The
scientists have collected samples for stable isotope analysis in
several regions. The §'°0, A0, and §°’Cl values of CIO,~ in
groundwater in the southern plateau area range from +0.55%o
to +4.8%o, +0.3%o0 to +1.3%o, and +3.4%o0 to +5.1%o, re-
spectively; meanwhile, the DV area is an unsaturated zone.
The 6'%0, A0, and 6*’Cl values of ClO,” in the sodium
nitrate deposit in ore deposits ranges from +2.9%o to +26.1%o,
+8.6%0 to +18.4%o, and —3.1%o to —0.8%o, respectively. The
*Cl/Cl ratio of ClO, in arid southwestern United States is
3,130 x 10 —15-28,800 x 10 - 15 [42].

4.1.3. Comparison of Isotopic Composition of Perchlorate
from Different Sources. Based on the known isotope data of
perchlorate, the relation chart of §°’Cl versus 6'°0, A0
versus 8'%0, and *°Cl/Cl versus 8*’Cl were plotted (Figure 2).
Figure 1 shows that the 8%’Cl value (-3%o to +2%o) of
synthetic ClO,~ partially overlaps the §°’Cl value (—3%o to
+6%o) of naturally originated ClO, in the arid area of the
southwestern United States. ClO4 in saltpeter has a signif-
icantly negative 6°’Cl value (~15%o to —19%o). The reason
why natural ClO,~ has an extensive range of 8°’Cl values is
not apparent; it may be related to the regional origin of at-
mospheric chlorine or the formation mechanism of ClO, .
The synthetic ClIO,” has a significantly different oxygen
isotope composition than that of natural ClO,”. The A0
value of synthetic ClO, is approximately 0, while natural
ClO, ™ has a positive A'”O value; hence, the A'7O value is the
most sensitive and accurate indicator for identifying synthetic
and naturally originated ClO, . However, natural ClO, in
different regions shows different degrees of '’O anomalies,
which may be due to the different formation mechanisms and
pathways of atmospheric ClO,  and its occurrence in envi-
ronment. Estrada et al. have summarized some reactions
possibly leading to the formation of ClO,” via O; and UV
oxidation of ClOy species [51]. Generally, ClO,” formed by
atmospheric O oxidation has a larger A0 value, while
ClO, formed by photochemical reactions or lightning effects
has a smaller A'O value. The 7O abnormal signal can be
preserved for thousands or even millions of years in arid
environments. *°Cl is mainly produced by cosmic rays in the
stratosphere; thus, atmospheric-derived ClO,™ has a higher
*°Cl/Cl ratio, while synthetic ClO,~ has a lower **Cl/Cl ratio.

4.2. Fractionation Characteristics of Isotopes during the Bio-
degradation of Perchlorate. The biodegradation of Cl1O, isa
multi-stage reaction catalyzed by reductase [52, 53], which
can be divided into three steps:
Cl0,~ — ClO;” — ClO,” — CI” + O,. The biodegrada-
tion of ClO,™ is often accompanied by the fractionation of
stable chlorine and oxygen isotopes. Previous laboratory and
field studies have conducted experiments for preliminary
research on the degree and characteristics of fractionation.
Coleman et al. [54] and Sturchio et al. [30] used Azospira
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suillum bacteria to conduct liquid culture medium experi-
ments, to determine the dynamic fractionation effect of Cl
isotopes, wherein acetate was the electron donor and ClO,~
was the only electron acceptor. By conducting two separate
culture fluid experiments (ClO,~ complete degradation time
is about 90 min), Coleman et al. obtained £*’Cl values of
—15.8+0.4%0 and —14.8 + 1.3%o at 37°C. By performing the
culture solution experiment, which has different degradation
rates (ClO,~ complete degradation time is 18 days and 5.5 h).
Sturchio et al. obtained &*’Cl values at 22°C of —16.6%o and
—12.9%o, respectively. Ader et al. [55] obtained a more
accurate £2”Cl value (~14.98 + 0.15%o) based on the statistical
analysis of experimental data (reported by Coleman et al.).
Additionally, Sturchio et al. [53] performed further exper-
iments using two different strains (A. suillum JPLRND and
Dechlorospirillum sp. FBR2) to degrade ClO,  in liquid
culture at 22°C and 10°C, respectively, and simultaneously
determined the fractionation effect of Cl and O. The values of
¢’Cl and &0 were —13.2+0.5%0 and —33.1 +1.2%o, re-
spectively, and the value of &'®0/e”’Cl of the remaining
proportion of ClO,  is always constant (2.50+0.04).
Sturchio et al. also used '*O-rich heavy oxygen water to test
whether oxygen isotope exchange occurred between ClO,~
and H,O during the biodegradation process. The experi-
mental results did not show the occurrence of an oxygen
isotope exchange reaction [53]. This indicated that bio-
degradation did not change the A'O value of ClO,". The
push-pull field experiment of in situ aquifers conducted by
Hatzinger et al. [36] showed that the &”’Cl and &'*0 values
are only 0.3-0.4 times that of the indoor experiment, whereas
the £'®0/&”Cl ratio (2.63) is consistent with the measured value
of the indoor experiment. Therefore, the consistency of the
¢'%0/&”Cl ratio between the indoor and in situ experiments in
the field provides a possibility for stable chlorine and oxygen
isotopes being able to indicate the biodegradation of per-
chlorate without concealing its source information. In Figure 3,
the set of parallel dashed lines with arrows indicates the
changing trend of the 6°’Cl and &'®0 values of ClO,~ during
the biodegradation of ClO, . The concentration of ClO,”
(remaining fraction F) can be used to inversely calculate the
isotope composition before biodegradation.

4.3. Application Examples of Isotope Tracer of ClO, in
Groundwater. Investigating and determining the isotopic
composition of different sources of ClO,  provide nec-
essary data support for establishing the end-member
model of the isotope characteristic value of different
sources of ClO, . The isotope kinetic fractionation
characteristics of ClO,  biodegradation provide a theo-
retical basis for tracing the source of ClO, in environ-
mental media. The Chino Basin in California, Long Island
in New York, and San Bernardino Basin in California are
three typical ClO, -contaminated aquifers. The isotopic
composition of ClO,~ (8°’Cl, §'°0, and A'0) in
groundwater in the three regions was plotted on the end-
member model diagram of the isotopic composition of
ClO,™ from different sources (as shown in Figure 4). The
comprehensive characteristics of Cl and poly-oxygen
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isotopes in the groundwater of the three regions indicated
that the main source of ClO, in the groundwater of the
Chino Basin in California was Chilean saltpeter from the
Atacama Desert, which is used as agricultural fertilizer
[56]. The source of ClO, in the groundwater of Long
Island in New York was Chilean saltpeter from the
Atacama Desert and synthetic Cl1O,~ [57]. The source of
ClO, ™ in the groundwater in the San Bernardino Basin of
California is Chilean saltpeter from the Atacama Desert
and synthetic ClO4~ from the rocket test site; some areas
are a mix of the two pollution plumes [58].

5. Conclusion and Outlook

Perchlorates from different sources have different isotopic
characteristic values (6'%0, A0, 6*’Cl, and **Cl/Cl) and are
related to their formation mechanisms. The '’O abnormal
signal can be preserved for thousands or even millions of
years in arid environments. Even if the biodegradation of
perchlorate occurs under some specific conditions, along
with the kinetic fractionation of chlorine and oxygen iso-
topes, its A'O value or *°Cl/Cl ratio will not change.
Moreover, ¢®0/e’Cl (the fractionation coefficient of
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oxygen and chlorine isotopes) is constant, potentially re-
vealing the biodegradation of perchlorate without disguising
its source information. Therefore, the comprehensive
characteristics of stable chlorine and poly-oxygen isotopes
are expected to provide direct evidence for identifying the
source of perchlorate in groundwater. However, further
studies are needed to qualitatively identify and quantitatively
evaluate perchlorate pollution sources.

(1) The key problem in applying multi-isotope technology
to identify the source of perchlorate in groundwater is
to effectively distinguish the characteristic values of the
end-member isotopes of different sources of perchlo-
rate. Current research achievements are mainly limited
to the United States and Chile and have apparent
geographic limitations. The effective analysis of the
source of perchlorate in polluted aquifers in different
regions needs to be enriched by the isotope charac-
teristic values and end-member model.

(2) Nonmass fractionation of oxygen isotopes (A0 >0)
is a unique feature of natural perchlorate, which can
effectively distinguish between natural sources of
perchlorate and synthetic pollution sources. The
isotopic composition characteristics of natural per-
chlorate show apparent differences in different re-
gions and environments. To characterize its isotopic
composition characteristics on a global scale and
reveal the formation mechanism, it is necessary to
analyze and study more representative samples from
different regions.

(3) Perchlorate pollution in groundwater is mostly caused
by natural sources, and some are caused by human
activities [59]. Natural and synthetic perchlorates have
significantly different isotope characteristic values.
Natural perchlorate isotope characteristic values have
apparent geographic limitations (limited to the
United States and Chile), so the more important
research is to supplement the isotope signatures from
other regions. At this stage, there is still considerable
uncertainty in the distinction between synthetic
perchlorate pollution sources. The perchlorate
products produced by the same production process
have similar chlorine isotope compositions; however,
oxygen isotope compositions are quite different,
which may be related to the water source used in the
production process. Research on the isotope com-
position of synthetic perchlorate, its production
process, and other influencing factors can provide a
theoretical basis for effectively distinguishing the
synthetic pollution sources of perchlorate.
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Assessing natural background levels (NBLs) of chemical components in groundwater is useful for the evaluation of groundwater
contamination in urbanized areas. The present study assessed the NBL of total dissolved solids (TDS) in various groundwater units
in the Pearl River Delta (PRD) where urbanization is a large scale and discussed factors controlling groundwater salinity
contamination in the PRD. Results showed that the NBL of TDS in groundwater in the coastal-alluvial plain was more than 1.5
times that in other groundwater units because of the seawater intrusion in this groundwater unit. By contrast, interactions of water
and soils/rocks were the main factors controlling the NBLs of TDS in other groundwater units. Groundwater salinity con-
tamination in the PRD was positively correlated with the urbanization level. Wastewater from township-village enterprises and
industrial wastewater were likely to be the main sources for groundwater salinity contamination in the PRD. Moreover, the
wastewater leakage from sewer systems was one of the main pathways for groundwater salinity contamination in urbanized areas,
because the proportion of groundwater salinity contamination in urbanized areas formed in 1988-1998 was more than 1.5 times
that in urbanized areas formed in 1998-2006 regardless of groundwater units. Besides, sewage irrigation and leakage of landfill

leachate were also important sources for groundwater salinity contamination in the PRD.

1. Introduction

Groundwater plays a crucial role in our livelihoods by
making itself available for drinking. For example, more than
half of drinking water is sourced from groundwater globally
[1]. However, groundwater is often contaminated due to the
large-scale urbanization and industrialization in urbanized
areas [2, 3]; thereby, its quality in these areas is often de-
teriorated [4]. For instance, the Pearl River Delta (PRD) is a
rapidly urbanized and industrialized area in China, and
groundwater in this area is often contaminated by the sa-
linity because of various anthropogenic sources such as high
levels of salinity in wastewaters [3, 5]. In addition, several
studies reported that geogenic sources are mainly

responsible for the origin of groundwater salinity in Qua-
ternary aquifers in the PRD by using isotopic, hydro-
chemical, and microbial evidence [6-8]. However, the
origins of groundwater salinity in fissured and karst aquifers
as well as the spatial distribution of groundwater salinity
contamination in the PRD are unclear. Thus, in order to
improve the management and protection of groundwater
resources, it is necessary to evaluate the status of ground-
water salinity contamination and investigate the factors
controlling groundwater salinity in the PRD.

To date, the evaluation of groundwater contamination is
often based on the maximum admissible concentrations of
chemical components which are harmless to human beings
[9-11]. In this case, the impacts of natural factors on the
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concentrations of chemical components in groundwater are
neglected. However, high levels of chemical components in
groundwater may derive from not only anthropogenic
contamination but also natural processes [12-15]. Therefore,
it is more reasonable to evaluate the groundwater con-
tamination based on natural background levels (NBLs) of
chemical components in groundwater. Here, NBLs are
defined as concentrations present in groundwater as con-
trolled by natural geogenic, biological, and chemical pro-
cesses [16]. Preselection is the most common method for the
assessment of NBL in groundwater [17]. For example, the
method of oxidation capacity (OXC), as one of the prese-
lection methods, was often used to assess the groundwater
NBL in coastal areas [16, 18].

Therefore, the objectives of this study are to assess the
NBL of salinity (total dissolved solids, TDS) in the PRD by
using the OXC method with Grubbs’ test, to depict the
spatial distribution of groundwater salinity contamination
with a Kriging method and to discuss factors controlling
groundwater salinity contamination in the PRD. The con-
clusions would be helpful for improving the management
and protection of groundwater resources in the PRD.

2. Study Area

The PRD occupies a total area of 4.17x10*km? in the
southern part of Guangdong province, China. It includes
nine cities, such as Guangzhou, Shenzhen, Foshan, Dong-
guan, Zhongshan, Zhuhai, Huizhou, Jiangmen, and
Zhaogqing, in the district. It is bounded by hills in the east,
west, and north and by the South China Sea in the south;
thereby, its topography inclines from the east, west, and
north to the south. Three major rivers, such as East River,
West River, and North River, merge in the south and form
the Pearl River, which finally discharges into the South
China Sea. The PRD can be divided into three areas with
different urbanization levels, such as urbanized area (UA),
periurban area (PUA), and nonurbanized area (NUA) [13].
Besides, the UA in the PRD formed before 1988, from 1988
to 1998, and from 1998 to 2006 are denoted by UAS UAZ,
and UA’™, respectively. UA'" is characterized by a lower
proportion of factories in comparison with UA?™ and
UA*™, while UA* shows a relatively well-constructed
sewer system in comparison with UA'" and UA*™ [5].
The PRD was formed as a result of the Tibetan Plateau
uplift during the Tertiary and Quaternary Periods. It can be
divided into four groundwater units (Figure 1). Unit A is
related to a coastal-alluvial plain, which is located in the
central and southern parts of the PRD and consists of two
marine layers and two terrestrial layers [2]. The younger
marine layer (M1) has an elevation of above —20 m, and the
older marine layer (M2) is located between —15 and —40 m
(Figure 1). The younger terrestrial layer (T1) can be sandy
fluvial deposits or clayey silt. The older terrestrial layer (T2)
is dominated by sand and gravel [19]. Groundwater in this
unit is recharged primarily by atmospheric precipitation,
agricultural irrigation, and seawater intrusion [20, 21]. Unit
B (alluvial-proluvial aquifer) is outside of unit A, which is
related to the valley and interhill plains where marine layers
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are absent but terrestrial layers are common. Unit C (fis-
sured aquifer) is related to hilly areas where bedrocks are
fractured. Unit D is related to karst aquifers and accounts for
less than 10% of the total area [22].

3. Materials and Methods

3.1. Sampling and Analytical Techniques. Approximately 400
groundwater samples were collected from the PRD. Spe-
cifically, 124 samples, 134 samples, 132 samples, and 9
samples were collected from units A to D, respectively. All
the samples were stored at 4°C until the laboratory proce-
dures could be performed. Redox potential (Eh), pH, and
dissolved oxygen (DO) were measured on site using a
multiparameter instrument (WTW Multi 340i/SET, Ger-
many). Metals (K, Na, Ca, and Mg) were measured by in-
ductively coupled plasma mass spectrometry (Agilent
7500ce ICP-MS, Tokyo, Japan). HCO; and TDS were
measured using acid-base titration and gravimetric
methods, respectively. NH, and other anions (NO;, SO4, and
Cl) were analyzed by ion chromatography (Shimadzu LC-
10ADvp, Japan). To ensure data quality, each sample was
analyzed in triplicate, and sample batches were regularly
interspersed with standards and blanks. The relative errors of
inorganic parameters were <+5%.

3.2. NBL Assessment. Griffioen et al. reported that oxidation
capacity is calculated as 7[SO,4] + 5[NO;] with the concen-
tration of the species in [mmol/L] [16]. The oxidation ca-
pacity will be wuseless to identify groundwater with
anthropogenic influence under the condition of a strongly
reductive environment because groundwater SO, and NO;
are at low levels. In this case, high levels of NH, will be a
useful indicator for the identification of contaminated
groundwater, because high levels of NH, in shallow
groundwater in the PRD originated from human activities
[23]. Therefore, a preselection method, consisting of two
indicators such as the oxidation capacity and NH, con-
centration, was used for the assessment of NBL in
groundwater in this study. Specifically, groundwater samples
with oxidation capacity >3 meq/L or NH4-N concentrations
>0.5mg/L in original datasets were deleted, and the
remaining datasets were denoted as PS datasets. Note that a
higher value of 3 meq/L was selected as the threshold value for
oxidation capacity in comparison with previous studies be-
cause geogenic sources are sometimes responsible for high
levels of SO, in groundwater in the PRD [24]. Then, TDS
concentrations in PS datasets in various groundwater units
were tested by Grubbs™ test (a=0.01) until normal distri-
butions were obtained, and the outliers in various ground-
water units were deleted (Supplementary material, Section
3.2) [25]. The remaining datasets were denoted as residual
datasets. The maximum concentrations of TDS in residual
datasets in various groundwater units were extracted as NBLs.

3.3. Evaluation of Contamination Levels. In this study, the
contamination level of salinity in groundwater was quan-
tified by the ratios of groundwater TDS concentrations to the
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FIGURE 1: Groundwater units and sampling sites in the Pearl River Delta.

NBLs of TDS in various groundwater units. Thus,
groundwater samples with different contamination levels are
divided into four categories as follows: uncontaminated

(contamination level <1), low (1< contamination level <2),
moderate (2< contamination level <4), and high (contam-
ination level >4). The spatial distribution of groundwater



salinity contamination in the PRD is depicted by a geo-
statistical analysis (MapGIS 10.2, China University of
Geosciences, China). The universal kriging method and the
estimation of empirical semivariogram models are used in
MapGIS 10.2 software [26, 27]. The details are in the sup-
plementary material (Section 3.2).

3.4. Socioeconomic Data. Socioeconomic data related to nine
major cities in the PRD were compiled and used in this study.
Relevant data were taken from the Statistical Yearbook of
Guangdong Province and are compiled in Table S1 [28]; they
include population density (PD, number of people/km?),
gross domestic product (GDP, millions of Chinese yuan/
km?), domestic sewage discharge (DSD, ton/km?), industrial
wastewater discharge (IWD, ton/km?), ratio of urbanized
areas (RUA, %), industrial enterprises above a specified size
(IE, number/km?), township-village enterprises (TVEs,
number/km?), agricultural output (AO, millions of Chinese
yuan/km?), livestock output (LO, millions of Chinese yuan/
km?), and livestock density (LD, number/km?).

3.5. Principal Components Analysis (PCA). The PCA is a
useful technique for reducing a large number of variables to
a small number of principal components (i.e., PCs) by
linearly combining measurements made on the original
variables [13]. In this study, the PCA was used to identify the
relationships between the contamination level of ground-
water salinity and the relevant socioeconomic data. In the
PCA, only PCs with eigenvalues greater than one were
retained for analyses, and the Varimax method was adopted.
The terms “strong,” “moderate,” and “weak,” as applied to
PC loadings, referred to absolute loading values of >0.75,
0.75-0.5, and 0.5-0.3, respectively [2].

4. Results

4.1. NBL Assessment for Groundwater Salinity. Using oxi-
dation capacity >3meq/L and NH,-N concentrations
>0.5mg/L to identify groundwater samples with anthro-
pogenic influence in this study, nearly 60% of groundwater
samples with anthropogenic influence in original datasets
were removed out (Figure 2), and the remaining datasets
were denoted as PS datasets. Then, TDS concentrations in PS
datasets in various groundwater units were tested by Grubbs’
test («=0.01), and outliers in PS datasets were eliminated
(Figure 3). The remaining datasets were denoted as residual
datasets. The maximum concentrations of TDS in residual
datasets in various groundwater units are extracted as NBLs;
thereby, NBLs of TDS in units A to D were 688 mg/L,
432 mg/L, 321 mg/L, and 99 mg/L, respectively.

4.2. Distribution of Groundwater Salinity Contamination in
the PRD

4.2.1. Salinity Contamination in Various Groundwater Units.
As shown in Table 1, 21.1% of groundwater samples in the
PRD were contaminated by salinity. Among them, low to
high contamination levels of groundwater samples
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FiGure 2: High levels of NH, as well as oxidation capacity in
various groundwater units in the Pearl River Delta.

accounted for 16.5%, 3.8%, and 0.8%, respectively. Salinity
contamination in various groundwater units in the PRD
was significantly different. High levels of salinity con-
tamination occurred in groundwater units A and B, but
not in units C and D. By contrast, moderate levels of
salinity contamination in groundwater unit D accounted
for 44.4%, which was 10 times that in unit C and 20 times
that in units A and B. Meanwhile, a low level of salinity
contamination in groundwater unit A accounted for
26.6% and was more than 2 times that in other ground-
water units. As far as the proportion of salinity con-
tamination is concerned, groundwater unit D was the
highest, which was 1.8 times that in unit A and 3.6 times
that in units B and C.
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TaBLe 1: Groundwater salinity contamination in various

groundwater units in the Pearl River Delta.

Contamination levels PRD Unit A Unit B Unit C Unit D
Uncontaminated (%) 789  69.4 84.7 84.8 44.5

Low (%) 16.5 26.6 12.4 11.4 11.1
Moderate (%) 3.8 2.4 2.2 3.8 44 .4
High (%) 0.8 1.6 0.7 0 0

4.2.2. Groundwater Salinity Contamination in Areas with
Different Urbanization Levels. As seen in Table 2, the
proportion of groundwater salinity contamination in UA
was 29.7%, which was 1.2 times and 3.3 times that in PUA
and NUA, respectively. This indicates that groundwater
salinity contamination in the PRD was positively correlated
with the urbanization level. Similarly, in groundwater unit
A, the proportion of salinity contamination in UA was 1.8
times and 2.3 times that in PUA and NUA, respectively.
Likewise, in groundwater unit B, the proportion of salinity
contamination in UA was 1.2 times and 9.1 times that in
PUA and NUA, respectively. By contrast, in groundwater
unit C, the proportion of salinity contamination in PUA was
the highest, which was 1.6 times and 3.9 times that in UA
and NUA, respectively. This indicates that the correlation
between the salinity contamination and the urbanization
level in groundwater unit C was insignificant. Note that the
salinity contamination in areas with different urbanization
levels in groundwater unit D was not investigated because of
too few samples. In addition, groundwater salinity con-
tamination in UA formed in different periods in the PRD
was also investigated. In groundwater unit A, proportions of
salinity contamination in UA™" and UA*™! were close to
each other and were approximately 1.5 times that in UA*™
(Table S2). By contrast, the proportion of salinity contam-
ination in groundwater unit B in UA*™® was the highest and

was more than 5 times and 2 times that in UA'*' and UA®",
respectively (Table S2). Similarly, the proportion of salinity
contamination in groundwater unit C in UA®™ was also
much higher than that in UA™" and UA®™ (Table S2).

4.2.3. Spatial Distribution of Groundwater Salinity Con-
tamination in Various Cities. As shown in Table 3, the high
level of groundwater salinity contamination occurred in
Dongguan and Guangzhou cities only, which accounted for
less than 1% of the total area (Figure 4). The moderate level
of groundwater salinity contamination occurred in six cities
except for Shenzhen, Zhuhai, and Zhaoqing, which
accounted for approximately 5% of the total area (Figure 4).
Among them, the occurrence of a moderate level of
groundwater salinity contamination was mainly distributed
in Dongguan and Zhongshan cities (Table 3). By contrast,
the low level of groundwater salinity contamination oc-
curred in all of the nine cities, which accounted for ap-
proximately 16% of the total area (Figure 4). As far as the
proportion of groundwater salinity contamination is con-
cerned, Zhongshan was the highest, which was followed by
the order of Dongguan, Foshan, Guangzhou, Jiangmen,
Huizhou, Shenzhen, Zhuhai, and Zhaoqing, respectively
(Table 3).

4.3. Relationship between Contamination Levels of Ground-
water Salinity and Socioeconomic Parameters. In this study,
the relationship between the proportions of groundwater
salinity contamination and socioeconomic parameters in
various cities in the PRD was investigated by the PCA. Note
that differences in the socioeconomic parameters of the cities
resulting from differences in size were eliminated by using
the values of the socioeconomic parameters per square ki-
lometer [3, 5]. PC2 shows strong positive loadings with the
proportion of groundwater salinity contamination, TVE,
and IWD (Table 4).

5. Discussions

5.1. Natural Factors Controlling Salinity in Various
Groundwater Units. Generally, after the exclusion of the
influence of anthropogenic activities, TDS in groundwater
originates from the seawater intrusion, the soil-water in-
teraction, and the rock-water interaction [7, 29]. In this
study, NBL-TDS in groundwater unit A was much higher
than that in other groundwater units (Figure 3). This
probably ascribes to seawater intrusion, because the intru-
sion of seawater with extremely high levels of TDS often
occurs in groundwater unit A [21]. NBL-TDS in ground-
water unit B was lower than that in groundwater unit A but
much higher than that in the other two groundwater units
(Figure 3). This may be attributed to the more strong in-
teractions of water and soils/rocks in groundwater unit B in
comparison with that in groundwater units C and D because
the groundwater flow rate in unit B is slower in comparison
with that in units C and D [22]. This is also likely to be the
main reason for the much higher NBL-TDS in groundwater
unit C than that in groundwater unit D.
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TaBLE 2: Groundwater salinity contamination in areas with different urbanization levels in the Pear] River Delta.

o PRD Unit A Unit B Unit C
Contamination levels
UA PUA NUA UA PUA NUA UA PUA NUA UA PUA NUA
Uncontaminated (%) 70.3 75 90.9 57.4 76.8 81.5 77.3 80.5 97.5 80 68.4 91.8
Low (%) 24.3 18.5 7.0 40.7 18.6 11.1 17 17.1 2.5 12.5 21.1 8.2
Moderate (%) 4.7 5.6 14 1.9 2.3 3.7 3.8 2.4 0 7.5 10.5 0
High (%) 0.7 0.9 0.7 0 2.3 3.7 1.9 0 0 0 0 0

TaBLE 3: Groundwater salinity contamination in various cities in the Pearl River Delta.

Contamination levels ~Guangzhou Shenzhen Foshan Dongguan Huizhou Zhaoging Jiangmen Zhuhai Zhongshan

Uncontaminated (%) 79.3 86.7 75.8 65 84.4 96.2 80.9 92.3 52.7
Low (%) 16.5 13.3 21 20 12.5 3.8 15.9 7.7 36.8
Moderate (%) 2.1 0 3.2 12.5 3.1 0 3.2 0 10.5
High (%) 2.1 0 0 2.5 0 0 0 0 0
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TaBLE 4: Principal component (PC) loadings for proportions of
groundwater salinity contamination and socioeconomic parame-
ters in various cities in the Pearl River Delta

PCs

Items

PC1 PC2 PC3 PC4
GDP 0.990 -0.06  -0.051 -0.057
DSD 0.975 0.07 0.055 -0.188
PD 0.966 0.16 -0.136  -0.109
RUA 0.940 0.062 -0.243  0.019
IE 0.833 0.482  -0.159 0.13
PGSC* 0.095 0.956 0.104 0.136
TVE -0.075  0.943 0.111  -0.276
IWD 0.386 0.819 -0.247  0.081
LO -0.051 -0.113 0.976 -0.098
AO -0.207  0.153 0.949 -0.008
LD -0.142 -0.017 -0.083  0.985
Eigenvalue 4.7 2.8 2.1 1.1
Explained variance (%) 424 253 18.7 10.5

Cumulative % of variance 42.4 67.7 86.4 96.8

# PGSC: proportion of groundwater salinity contamination. Bold numbers
represent maximum absolute PC loading of one parameter.

The proportions of salinity contamination in various
groundwater units were significantly different (Table 1),
indicating that groundwater salinity contamination in the
PRD is affected by natural factors. A much higher proportion
of salinity contamination in groundwater unit D than that in
other groundwater units indicates that groundwater unit D
has a higher risk of groundwater salinity contamination in
comparison with other groundwater units in the PRD (Ta-
ble 1) because the vadose zone in groundwater unit D is
commonly characterized by more coarse-grained media in
comparison with other groundwater units [22]. In addition,
the proportion of salinity contamination in groundwater unit
A was approximately 2 times that in groundwater units B and
C (Table 1). This may not ascribe to natural factors but an-
thropogenic factors. In theory, the proportion of salinity
contamination in groundwater unit A should be lower than
that in groundwater units B and C if groundwater salinity
contamination in various units is controlled by the property
of media of vadose zone, because vadose zone in groundwater
unit A is characterized by more fine-grained media in
comparison with groundwater units B and C [22], which will
result in the lower groundwater vulnerability of groundwater
unit A in comparison with groundwater units B and C in the
PRD. On the other hand, the ratio of UA in groundwater unit
A was much higher than that in groundwater units B and C
(Figures 1 and S1), and UA was commonly accompanied by
more factories and industrial wastewater in comparison with
other areas [5]. Thus, it can be concluded that a higher ratio of
UA in groundwater unit A than that in groundwater units B
and C is likely to be responsible for the higher proportion of
salinity contamination in groundwater unit A in comparison
with that in groundwater units B and C.

5.2. Anthropogenic Factors Controlling Groundwater Salinity
Contamination in the PRD. A much higher proportion of
groundwater salinity contamination in UA than that in PUA

and NUA indicates that human activities during urbani-
zation should be the main factors (Table 2). Groundwater
contamination such as nitrate and phosphorus contami-
nations in urbanized areas resulting from human activities
was often identified by various socioeconomic parameters
[3, 5]. Therefore, the relationship between the proportions of
groundwater salinity contamination and socioeconomic
parameters in various cities in the PRD was investigated by
the PCA, to identify which human activities mainly result in
groundwater salinity contamination in the PRD. As shown
in Table 4, the proportion of groundwater salinity con-
tamination is accompanied by TVE and IWD in the same
PC. This indicates that wastewater from TVE and industrial
wastewater is probably the main sources of groundwater
salinity contamination in the PRD on a regional scale be-
cause industrial wastewater and wastewater from TVE with
high levels of TDS were sometimes illegally discharged into
rivers or ground surface without treatment [20]. For in-
stance, the amounts of TVE in Zhongshan and Dongguan
were more than 3 times that in other cities (Table S1), and
the industrial wastewater discharges in Zhongshan and
Dongguan were also significantly higher than those in other
cities (except for Foshan) (Table S1). Correspondingly, the
proportions of groundwater salinity contamination in both
Zhongshan and Dongguan were more than 1.4 times that in
other cities (Table 3). By contrast, the amount of industrial
wastewater discharge in Zhaoqing was markedly lower than
that in other cities (Table S1). Correspondingly, the pro-
portion of groundwater salinity contamination in Zhaoging
was significantly lower than that in other cities (Table 3).
This is also supported by the evidence that the proportions of
groundwater salinity contamination in UA'" were much
lower than those in UA*™® and UA’™ in some groundwater
units such as B and C (Table S2) because UA' has a lower
proportion of factories as well as a lower discharge of in-
dustrial wastewater in comparison with UA*™ and UA*
[5]. In addition, the proportions of groundwater salinity
contamination in various units in UA*™® were more than 1.5
times those in UA®Y (Table S2), indicating that the
wastewater leakage from sewer systems may be one of the
main pathways for groundwater salinity contamination in
UA in the PRD because UA>™ shows a relatively well-
constructed sewer system in comparison with uazd [5].
The proportions of groundwater salinity contamination
in PUA were significantly higher than those in NUA in
various groundwater units (Table 2). This is probably at-
tributed to the infiltration of industrial wastewater and
domestic sewage. On one hand, illegal discharge of industrial
wastewater with high levels of TDS from factories into the
nearby ground surface sometimes occurred in PUA but none
in NUA because some factories such as TVE were distrib-
uted in PUA but none in NUA [12, 13]. On the other hand,
domestic sewage with high levels of TDS was also often
discharged into the nearby ground surface in PUA in the
PRD because a large number of people lived in the PUA
where the sewer system was sometimes missing [2, 5].
Therefore, the infiltration of industrial wastewater and
domestic sewage is likely to be the main source of
groundwater salinity contamination in PUA in the PRD.



Though the proportion of groundwater salinity con-
tamination in NUA was much lower than that in UA and
PUA, it was still considerable, especially in groundwater unit
A (Table 2). As shown in Figures 4 and S1, NUA con-
taminated by groundwater salinity was mainly located at a
river network area adjacent to the Pearl River Estuary. This
indicates that sewage irrigation may be mainly responsible
for groundwater salinity contamination in NUA in the PRD.
On one hand, most rivers in this river network area were
contaminated by industrial and domestic sewage due to
urbanization and industrialization, thereby resulting in high
levels of TDS occurring in these polluted river waters [30].
On the other hand, agricultural lands within NUA near
rivers were often irrigated by river waters [4, 20]. Besides, a
few groundwater samples characterized by relatively high
levels of TDS within NUA were near landfills such as
Datianshan landfill and Hongmei town landfill [5, 31], and
these groundwater samples in the west boundary of
Dongguan city and southeast of Guangzhou city showed low
to high levels of salinity contamination (Figure 4). This
indicates that the leakage of landfill leachate should also be
an important source for groundwater salinity contamination
in NUA in the PRD because these landfills often lacked
antiseepage measure and landfill leachate showed extremely
high levels of TDS [13, 31].

6. Conclusions

Results showed that NBLs of TDS in groundwater units A to
D were 688 mg/L, 432 mg/L, 321 mg/L, and 99 mg/L, re-
spectively. The seawater intrusion was likely to be respon-
sible for the much higher NBL-TDS in groundwater unit A
than that in other groundwater units. By contrast, higher
NBL-TDS in groundwater unit B than that in groundwater
units C and D was probably attributed to the more strong
interactions of water and soils/rocks in groundwater unit B
in comparison with that in groundwater units C and D. This
was also likely to be the main reason for the much higher
NBL-TDS in groundwater unit C than that in groundwater
unit D.

The proportion of salinity contamination in groundwater
unit D was much higher than that in other groundwater units.
This may be attributed to the more coarse-grained media of
vadose zone in groundwater unit D in comparison with other
groundwater units. By contrast, a higher ratio of UA in
groundwater unit A than that in groundwater units B and C
was probably responsible for the higher proportion of salinity
contamination in groundwater unit A in comparison with
that in groundwater units B and C.

Groundwater salinity contamination in the PRD was
positively correlated with the urbanization level. Further-
more, proportions of salinity contamination in UA>™ were
much higher than that in UA®™ regardless of groundwater
units. By contrast, the proportion of salinity contamination
in UA®™ was also much higher than that in UA'" in both
groundwater units B and C but contrary in groundwater unit
A. Wastewater from TVE and industrial wastewater were
likely to be the main sources for groundwater salinity
contamination in the PRD, and the wastewater leakage from
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sewer systems was one of the main pathways for ground-
water salinity contamination in UA. Besides, sewage irri-
gation and leakage of landfill leachate were also important
sources for groundwater salinity contamination in the PRD.
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China is the world’s largest consumer of fertilizer, with fertilizer plants widely distributed throughout the country. With the
removal and closing of fertilizer factories in recent years, pollutant surveys and risk assessments (human health risks) for these
sites have become increasingly necessary. However, there has been little research on contaminated fertilizer factory sites. This
study aimed to characterize the distribution of pollutants, assess the health risk of the site, and calculate the remediation area and
volume in a typical fertilizer plant site in North China. A total of 443 samples were collected in 2019; they indicated that the study
site had high concentrations of copper (Cu), ammonia-nitrogen (NH;-N), total petroleum hydrocarbons (TPH), and fluoride at
maximum ratios (the ratio of the highest value of all test data for a particular pollutant to the standard value of the pollutant) of
3.30, 2.55, 19.69, and 1.10, respectively. The health risk assessment results suggested that some hazard quotients exceeded the
threshold safe level (>1 established by environmental regulations). The risk control values of soil were 2000 mg/g (Cu), 826 mg/g
(TPH), and 1549 mg/g (NH;-N), and the total remediation soil volume was 72860.71 m?>. The results provided basic information
on soil pollution control and environmental management in a contaminated fertilizer plant site.

1. Introduction focused on the investigation and assessment of contami-

nants on petroleum [5], coking [6], and chemical-con-
taminated sites [7]. However, there has been little concern
about the fertilizer-contaminated sites, but in fact, this kind
of site could have serious environmental impacts and human

Nitrogen is the first element in soil for plant growth. The
nitrogenous fertilizer has been intensively used in agricul-
tural systems to achieve higher yields in China. China is the

largest consumer of fertilizer and has the biggest nitrogen
production in the world [1-3]. Fertilizer plants are widely
distributed throughout China. A large amount of chemicals
have been released from these plants into soil and
groundwater during their production. In recent years, with
the change of fertilizer demand from chemical fertilizer to
organic fertilizer, lots of nitrogen fertilizer plants have been
closed. The land of these plants had been planned to be used
for residential or recreational purposes [4]. Investigation and
assessment of contaminants left in these sites is necessary for
their safe redevelopment. A large number of studies have

health risks.

Ammonia-nitrogen (NH3-N) is the most typical pol-
lutant found at fertilizer-contaminated sites [8]. As a major
element determining plant growth and productivity, inor-
ganic and organic forms of NH;3-N in the soil can be
absorbed by plants through their roots [9, 10]. However,
high levels of NH;-N have become an increasingly signifi-
cant environmental problem [11], along with the acidifi-
cation and eutrophication of ecosystems and climate change
[12]. Although NH;-N is not considered a carcinogenic
pollutant when assessing human health risks, the exposure
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to NH3-N at high concentrations could be harmful to the
respiratory tract, eyes, and skin [13, 14]. Compared with
NHj;-N, other typical pollutants, such as copper (Cu), total
petroleum hydrocarbons (TPH), and fluoride, are at rela-
tively low concentrations in fertilizer-contaminated sites.
Even so, they cannot be neglected because of potential
bioaccumulation and carcinogenicity.

Understanding the fate and transport of the contami-
nants present on fertilizer plant sites and identifying their
environmental exposure risks are not only the preconditions
for soil pollution prevention and control but also to provide
important information for making decisions on polluted site
remediation. The specific objectives of this study were to (1)
characterize the distribution of pollutants in the fertilizer-
contaminated site, (2) assess the health risk of pollutants in
the study site and identify health risk exposure pathways,
and (3) calculate the remediation soil area and volume.

2. Materials and Methods

2.1. Contaminated Site Characterization. The fertilizer plant
in this study is located in Linzhang County in the southern
part of Hebei Province, belonging to Taihang Mountain’s
foreland and flood plain. Construction waste and miscel-
laneous fill (0.1-2.8 m) are distributed on the surface of the
study area, and below them are silt (8.8-11.4m), silty clay
(0.6-2.3m), and silt (0.4-7.0 m) formed in alluvial and di-
luvial sediments of quaternary. The site began operating in
1975 and shut down completely in 1999; it covers an area of
53 x10° m? (Figure 1). The plant received anthracite, water,
electrolytic copper, and catalyst as the raw material. The
main product of the plant was ammonia (30 x 10° t/a), and
the byproduct was ammonium bicarbonate (100 x 10° t/a).
However, poor pollution controls and production tech-
nology during the operational period caused serious envi-
ronmental pollution. Many hazardous substances were
released into the soil, resulting in potential damage to the
surrounding environment and the plant site. A detailed
survey of the contaminants present along with a risk as-
sessment is essential if the site is to be redeveloped, in
particular as residential land.

2.2. Soil Sampling. A total of 55 soil sampling sites were
planned in the plant (Figure 2). The depths of soil sampling
from a soil-drilling core were decided by soil lithology and
the transport character of contaminants. The soil cores were
collected by a drilling rig (SH-30, drilling rig manufacturer).
The sampling standard is that one sample is taken from 0.5 m
on the surface, and the vertical sampling interval is less than
2m between 0.5m and 6 m; if the sampling distance is less
than 6m, one sample is taken every 3 m until no obvious
pollution odor is found on the spot. The specific locations of
the sampling points this time are 0-0.5m, 1-1.5m, 3-3.5m,
5-5.5m, 8-8.5m, 11-11.5m, 14-14.5m, 17-17.5m, and
20-20.5 m. The vertical sampling interval was less than 2 m
in 0.5-6 m, and the sampling interval was 3 m at most when
the depth exceeded 6 m. To avoid cross-contamination, the
sampling personnel replaced their disposable gloves after
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retrieving each sample. The samples to be analyzed for TPH
and NH;-N were transferred to 250 mL brown glass bottles
as soon as possible, and the samples to be analyzed for
copper and fluoride were transferred to valve bags. All the
samples were stored at 4°C and transported to the laboratory
for analysis immediately. In total, 443 samples were collected
in April and August of 2019.

2.3. Sample Analyses. All analyses were completed by the
Pony Testing International Group. Table 1 provides the
selected analytical methods employed to measure copper,
TPH, fluoride, and NH;-N. To corroborate the results and
determine the accuracy of each method, 82 duplicate
samples were analyzed by Hebei Shipu Testing Technology
Service Co., Ltd. The relative deviation and relative standard
deviation can meet the national standard (technical code for
soil environmental monitoring HJ/T 166-2004).

2.4. Assessment Standard. TPH and copper concentrations
were converted using the risk screening and risk interven-
tion values in accordance with the soil environmental quality
risk control standard for soil contamination of development
land (GB36600-2018) [18]. However, fluoride and NH;-N,
which could not be found in GB36600-2018, were calculated
using the technical guidelines for the assessment of con-
taminated sites (HJ25.3-2014) [19].

The risk assessment of soil contaminants was carried out
according to HJ 25.3-2014 [19]. To simplify calculations, the
soil was divided into 6 layers as given in Table 2. It is worth
mentioning that because the pollutants did not exceed the
standard in the 20-25m depth layer, the layer was ignored.

According to the plan for land utilization of Linzhang
County, the future land use pattern of the fertilizer site was
residential. Therefore, both adults and children were con-
sidered the sensitive human receptors under the residential
scenario. The soil exposure of the local population was es-
timated by considering six different routes: oral ingestion,
dermal contact, inhalation of soil particles by mouth, in-
halation of gaseous pollutants from the surface soil in the
outdoor air, and inhalation of gaseous pollutants from the
underlying soil in outdoor and indoor air. The hazard
quotient (HQ) of exposure pathways was estimated using the
equations given in Table 3.

2.5. Contaminated Soil Remediation. According to the
health risk assessment guidelines, human health might be
harmed when the hazard quotient exceeds 1, and soil re-
mediation is necessary. The risk control values of soil
(RCVS) were calculated using the equations given in Tables 4
and 5. Furthermore, to avoid excessive remediation, RCVS
was compared with the screening value of GB36600-2018
[18].

3. Results and Discussion

3.1. Contaminant Characteristics and Sources. The soil
sample results are given in Table 6. Cu concentrations
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ranged from 5.94 mg/kg to 6590 mg/kg, with an average of =~ mainly distributed among the copper washing workshop
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TaBLE 2: Soil layers and depth.

Layer Soil Depth (m)
1 Silt 0-4.5

2 Clay 4.5-6.5
3 Silt 6.5-10

4 Silt 10-15

5 Silt 15-20

6 Silt 25-30

TaBLE 3: Calculating models of hazard quotient.

. . Equation
Exposure pathway Explanation Calculation model number
Oral ingestion HQ,;; = OISER, x C,,/RfD, x SAF 1)
6 ways receptors are exposed to _
Dermal contact pollutants HQq., = DCSER . x C,,,/RfD,; x SAF )

Inhalation of soil particles by mouth HQ,;; = PISER, xC
Inhalation of gaseous pollutants from the surface
soil in outdoor air

Inhalation of gaseous pollutants from the
underlying soil in outdoor air

Inhalation of gaseous pollutants from the
underlying soil in indoor air

<ur/RID; X SAF 3)
HQjy; = Cyp X IOVER/RID; X SAF  (4)

HQi,» = Couy X IOVER, ,/RID; x SAF  (5)

HQ;iy, = Cyyp X IIVER,/RfD; X SAF  (6)

TaBLE 4: Major parameters in the calculation models of hazard quotient.

Parameter Explanation Value Unit
SAF Reference dose distribution ratio for exposure to soil 0.5 /
Caur Concentration of contaminants in soil 434 mg/kg
Csub Concentration of contaminants in underlying soil 434 mg/kg
RID; Reference dose for inhalation 7E-02 /
IOVER,, Exposure dose by inhaling gaseous pollutants from the surface soil in outdoor air 9.88E-06 /
IOVER,, Exposure dose by inhaling gaseous pollutants from the underlying soil in outdoor air 1.14E-06 /
IIVER, (1 Exposure dose by inhaling gaseous pollutants from the underlying soil in indoor air 1.60E — 04 /

TaBLE 5: Calculation models of risk control values of soil (RCVS).

Equation

Exposure pathway Explanation Calculation model number

Formulas for calculating the amount of contaminants ingested
orally
Formula for calculating the amount of contaminants ingested by
skin contact

Oral ingestion RCVS,;; = ACR/OISER, x SF, (7)

Dermal contact RCVS4.,, = ACR/DCSER, x SF, (8)

Inhalation of soil

particles Inhaled soil particle pollutant quantity calculation formula RCVS,;; = ACR/PISER, x SF; )
TaBLE 6: Sample analysis results.
Pollutant concentration ) . .
. k Screening value Control value Detection Overstandard Maximum
Variable (mg/ke) (mg/kg) (mg/kg) rate (%) rate (%) ratio
Max  Mean Min
Cu 6590.00 107.82 5.94 2000 8000 100 1.81 3.30
NH;-N  3951.00 44519 0.14 1549 — 100 10.16 2.55
TPH 16263.00 129.19 <3.00 826 5000 30.70 1.81 19.69
Fluoride 1150 424.94 127.00 1050 — 100 0.23 1.10

NH;-N, ammonia-nitrogen; TPH, total petroleum hydrocarbons.
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adsorption of CO, CO,, O,, and H,S. Thus, it can be
concluded that the main reason for high Cu concentrations
was the corrosion and aging of the machine that accelerated

the release of wastewater [20, 21].
TPH ranged from <3mg/kg to 16263 mg/kg with an

average concentration of 129.19 mg/g. The maximum ratio

FiGure 3: Overstandard points of the study area. (a) Cu, (b) TPH, (c) NH;-N, (d) fluoride. NH;-N, ammonia-nitrogen; TPH, total

was 19.69, and the distribution of TPH was relatively
concentrated (Figure 4). However, TPH was not a raw
material used in the fertilizer plant. It could be concluded
that TPH was from the lubricating oil leakage of machines in
the process of operation or migration (Figure 3(b)). The
pollution level decreased with increasing depth due to
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TaBLE 7: Pollutant levels from different layers and locations.

Pollutant Layer Polluteczi area Maximum pollutant concentration Max1rpum Distribution region
(m?) (mg/kg) ratio
] 908.09 6590 330 Copper washing c(o;};g)ressmn workshop
Cu 2 1038.06 6162 3.08 Production area entrance (T45)
3 253.45 5050 253 Copper washing compression workshop
(To6)
TPH 1 2730.22 16263 19.69 Compression workshop (T40)
318.48 2130 2.58 Compression workshop (T8)
1 1829 33 3951 3.30 Carbonization transformation workshop
(T24)
) 57395 3316 214 Carbonization transformation workshop
(T50)
3 1516.05 2799 181 Copper washing compression workshop
(T40)
NHa-N Copper washing compression worksho
4 2844.85 3713 2.40 PP i P
(T35)
5 248411 3785 244 Carbonization transformation workshop
(T28)
6 150.97 1747 113 Copper washing compression workshop
(T33)
Fluoride 1 7 1150 110 Carbonization tra?;f(;;matlon workshop

NH;-N, ammonia-nitrogen; TPH, total petroleum hydrocarbons.

interception by the soil (Table 7). The low volatility, low
solubility, and high hydrophobicity and sorption capacity of
TPH made remediation difficult [22, 23].

As the main product of the fertilizer plant, NH;-N
concentrations ranged from 0.14 mg/kg to 3951 mg/kg, with
a mean concentration of 445.1 mg/kg and a maximum ratio
of 2.55. The main layers of the plant site were silt and silty
clay with low water permeability. With the migration of
rainfall and wastewater, NH;-N could permeate down to a
high depth. The deepest depth that the sample drill could
reach was 27 m, and NH;-N was present in those samples. As
shown in Figures 5(c) and 3, NH;-N was distributed near the
copper washing and carbonization transformation work-
shops. The pollution level was not typically consistent with
the depth, which suggests that the area had been polluted
with NH3-N for many years (Table 7). This could be at-
tributed to the leakage of wastewater and the leaching of
solid waste. Furthermore, poor pollution control and en-
vironmental protection awareness during the operational
period could have been key factors affecting the contami-
nation of the site.

Fluoride ranged from 127 mg/kg to 1150 mg/kg with a
mean concentration of 424.94 mg/kg and a maximum ratio
of 1.10. The overstandard point was at the ammonia pool of
the carbonation transformation workshop. The fluoride-
polluted area was relatively small compared with the other
contaminants, and fluoride was only present in the surface
soil (first layer) (Table 7). The presence of fluoride may be
attributed to the atmospheric deposition of coal burn or the
high background value [24, 25].

The polluted areas were 2199.6 m?,  3048.7 m?,
14564.81 m?, and 7 m? for Cu, TPH, NH;-N, and fluoride,
respectively. These areas could be potentially harmful for

human health. Therefore, it was necessary to conduct a
health risk assessment as per HJ25.3-2014 [26]. It should be
mentioned that the total polluted area of the last 4 layers was
not consistent with the increasing depth. The reason for this
requires further investigation and analysis.

3.2. Health Risk Assessment. The hazard quotients in soils of
the study area were calculated from Table 3 and are given in
Table 8. Based on the values obtained, the main potential
exposure pathway of Cu, fluoride, and TPH could be from
oral ingestion. Inhalation of soil particles and dermal contact
were the second most likely pathways for fluoride and TPH,
respectively. However, the values with different exposure
pathways of NH;-N varied significantly in the following
order: inhalation of gaseous pollutants from the surface soil
in outdoor air > inhalation of soil particles. The contribution
of inhalation of gaseous pollutants from the underlying soil
in the outdoor and indoor air for NH;-N was insignificant
and may be ignored.

In general, the contribution rates of oral ingestion,
dermal contact, and inhalation of gaseous pollutants from
the surface soil in the outdoor air were 43.3%, 30.6%, and
25.9%, respectively. These results suggested that wearing
safety masks would be an effective measure to reduce the
negative health effects for workers and residents in the study
site.

As given in Table 8, as the soil depth increased, the
concentration of most of the pollutants tested decreased
gradually. In the first two layers (0-6.5m), the hazard
quotients of Cu, NH;-N, and TPH were greater than 1. In the
third layer (6.5m-10m), Cu and NH;-N were higher than
the standard HQ. Until the fourth (10 m-15m) and fifth
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layer (15 m-20m), the HQs of NH;-N were 2.32 and 2.34,
respectively. Li et al. also found that the surface soil was
more vulnerable to contamination by pollutants compared
with deeper soil. Those results indicated that the compre-
hensive HQs of the study site were relatively high and the soil
should be remediated [27, 28].

3.3. The Target Value of Contaminated Soil Remediation and
the Amount of Pollution. The RSVSs of Cu, TPH, and
NH;-N were calculated and are presented in Table 9, except
for fluoride, which had an HQ < 1. The calculated RSVS of
Cu and TPH were lower than GB36600-2018 [22]; thus, the
final RSVS was based on GB36600-2018.
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TaBLE 8: HQs of pollutants in different layers.
. HQ
Contaminants Layer Total
HQois HQdcs HQpis HQiovl HQiovZ HQiivl
1 3.29E+00 3.29
Cu 2 3.08E+ 00 3.08E+ 00
3 2.52E+00 2.52E+00
Fluoride 1 3.83E-01 1.83E-02 4.04E-01
1 2.10E-02 2.40E+00 1.18E-06 1.63E-08 2.42E+00
2 1.76E—-02 2.01E+00 9.92E-07 1.37E-08 2.02E+00
NH--N 3 1.48E-02 1.70E +00 8.37E-07 1.16E-08 1.72E+00
3 4 2.01E-02 2.30E+00 1.13E-06 1.57E-08 2.32E+00
5 2.01E-02 2.32E+00 1.13E-06 1.57E-08 2.34E+ 00
6 2.00E-03 3.21E-01 1.23E-06 2.57E-08 3.23E-01
TPH 1 8.12E+00 1.16E+01 1.97E+01
2 1.06E + 00 1.51E+ 00 2.57E+ 00
Total 1.85E + 01 1.31E+01 1.14E- 01 1.11E+01 6.5E—06 9.87E-08  4.27E+01
Total (%) 433 30.6 25.9 0 0 100
HQ, hazard quotient; NH;-N, ammonia-nitrogen; TPH, total petroleum hydrocarbons.
TABLE 9: RSVS of contaminants of concern.
) RSVS (mg/kg)
Contaminant .
Calculated GB36600-2018 Final
Cu 1890 2000 2000
TPH 820 826 826
NH;-N 1549 -- 1549

NH;-N, ammonia-nitrogen; TPH, total petroleum hydrocarbons.

TasLE 10: Study site remediation statistics.

Layer Targeted pollutants Remediation area (m?) Remediation volume (m?)
1 Cu, TPH, NH;-N 5259.41 23667.35
2 Cu, TPH, NH;-N 7307.12 14614.24
3 Cu, NH;3-N 1874.79 6561.77
4 NH;-N 2965.5 14827.5
5 NH;-N 2637.97 13189.85
Total 72860.71

NH;-N, ammonia-nitrogen; TPH, total petroleum hydrocarbons.

The remediation area and volume for the targeted
pollutants for each different layer were determined by in-
terpolation and manual correction; results are given in
Table 10. The spatial distribution of the remediation area for
Cu, TPH, and NH;3-N is shown in Figure 6. Cu and TPH
need to be remediated only in the first three layers. The Cu
and TPH remediation areas overlapped almost completely in

the second and third layers. In contrast, the area that re-
quires remediation of NH;-N comprises almost five layers.
The total remediation volume was 72860.71m’ after su-
perposition. These results show that a risk assessment is
necessary where fertilization plants have been operational,
and they can be used to compare, develop, and select re-
mediation options.
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4. Conclusion

In this study, a pollutant survey and risk assessment of soils
were carried out in a fertilizer plant in Linzhang County,
North China. The results indicated that the site was pol-
luted by four main contaminants: fluoride, copper, TPH,
and NH;-N. These contaminants were mainly attributed to
coal burning, the leakage of wastewater, and lubricating oil.
Their presence also reflected the poor pollution controls
and environmental protection awareness during the op-
eration period. The total areas polluted by fluoride, Cu,
TPH, and NH;-N were 7m’, 2199.6m? 3048.7m’ and
14564.81 m?, respectively. The hazard quotients found were
relatively high and indicate that oral ingestion, inhalation
of soil particles, and inhalation of gaseous pollutants from
the surface soil in the outdoor air could be the main ex-
posure pathways of this site without any remediation steps.
RSVS was calculated and compared with GB36600-2018,
and the final total remediation soil volume was 72860.71 m’
after superposition. To solve the problem of soil pollution
and protect public health in the study area, the enterprise
and local government should make more efforts to re-
mediate the soil pollution. This study provides useful in-
formation and reference for environmental management in
fertilizer plant sites.
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Numerous low-temperature geothermal waters are distributed extensively in Mangbang-Longling of western Yunnan in China,
whose formation mechanism has not been completely investigated yet. This study focused on the hydrogeochemical evolution,
reservoir temperature, and recharge origin of geothermal waters using hydrogeochemical and deuterium-oxygen (D-O) isotopic
studies. The low-temperature geothermal waters were characterized by HCO;-Na type, while shallow cold spring was of the
hydrochemical type of HCOs5-Ca. The hydrogeochemical characteristics of low-temperature geothermal waters were mainly
determined by the dissolution of silicate minerals based on the geological condition and correlations of major and minor ions. The
reservoir temperatures of low-temperature geothermal waters ranged from 111°C to 126°C estimated by silica geothermometry
and the silicon-enthalpy graphic method. Low-temperature geothermal waters circulated at the largest depth of 1794-2077 m
where deep high-temperature geothermal waters were involved. The data points of D and 6'®0 of the hot spring water samples in
the study area show a linear right-up trend, indicating the §'®0 reaction between the water and rock and a possible mixture of
magmatic water from below. The low-temperature thermal waters were recharged by meteoric water at the elevation of
2362-3653 m calculated by 6D values. Upwelling by heating energy, low-temperature geothermal waters were exposed as
geothermal springs in the fault and fracture intersection and mixed by up to 72% shallow cold waters at surface. Based on acquired
data, a conceptual model of the low-temperature geothermal waters in the Mangbang-Longling area was proposed for
future exploitation.

1. Introduction

Energy shortage has been the serious problem for human
beings globally due to explosive population growth,
accelerated industrialization, and developed living standards
[1]. Nowadays, the energy supplied for the whole world
consists of fossil fuels and renewable energy. It is noted fossil
fuels will be consumed in decades, and thus, renewable
energy is expected to be the predominate energy in future.
Among renewable energy sources, geothermal energy
presents large exploring potential and is welcome all over the

world [2-4]. The geothermal system with reservoir tem-
perature lower than 150°C at 1000 m depth is clarified as low-
temperature geothermal resource [5]. Due to the advantages
of universal distribution and general application, low-
temperature geothermal resource has been becoming the
research hotspot globally [6-12].

Due to the intensive tectono-magmatic evolution, the
Himalaya geothermal belt in China is the famous geothermal
area for massive geothermal energy, including southern
Tibet, western Yunnan, and western Sichuan [13, 14].
Among them, western Yunnan possesses numerous and
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widespread high- and low-temperature geothermal waters,
representing an outstanding natural laboratory for investi-
gating the genetic mechanism for the geothermal system
[15]. Although a wealth of studies concerns the geothermal
waters in western Yunnan, the majority was concentrated on
the high-temperature geothermal waters in the Rehai and
Banglazhang regions [16-24]. In comparison, low-temper-
ature geothermal waters in adjacent Mangbang-Longling
areas have been scarcely analyzed. As a result, it is generally
suggested that the high-temperature geothermal waters were
heated by the underlying magma chamber and were char-
acterized by the involvement of magmatic contents [25]. In
contrast, the genetic mechanism of low-temperature geo-
thermal waters remains controversial and has yet to be
further investigated. In addition, the relationship between
high-temperature and low-temperature geothermal waters is
enigmatic. The imbalanced research for the low-temperature
geothermal system seriously hampers the comprehensive
exploitation of geothermal resource in western Yunnan.
Therefore, we present hydrogeochemical and isotopic
analyses (including major and trace elements, as well as
deuterium and oxygen isotopes) for fourteen geothermal
waters and one cold spring collected from the Mangbang-
Longling area in western Yunnan. This study is aimed to the
hydrogeochemical characteristic of geothermal and cold spring
waters, clarify water-rock interaction, estimate reservoir
temperature, and trace recharge source. Our new findings are
expected to construct the genetic mechanism of the low-
temperature geothermal system, providing the reference for
future management and sustainable exploitation of geothermal
resource in the Mangbang-Longling area of western Yunnan.

2. Study Area

The Mangbang-Longling area is situated in western Yunnan,
southwestern China (Figure 1). It is typical of subtropical
monsoon climate with average annual air temperature of
14.8°C and mean annual rainfall of 1470 mm. The geo-
morphology is typical of medium-high mountain with the
elevations of 900-3800 m. The Longchuan and Daying rivers
traverse southwestwardly through the Mangbang-Longling
area, fed by several streams.

Tectonically, the Mangbang-Longling area is bordered
by the Longling-Ruili fault to the east and the Dayingjiang
fault to the west [26]. Due to the subduction of the Neo-
Tethyan Ocean and subsequent continental collision,
widespread magmatic and hydrothermal activities were
developed in the western Yunnan [27-30]. In the study
area, the Gaoligong Group metamorphic rocks and Yan-
shanian granitic rocks are exposed instead of sedimentary
strata [31]. Neogene volcanic rocks and Pliocene basaltic
rocks are formed as overlying cap rocks. Numerous NNW-
NW and NS-trending secondary faults and fractures were
developed extensively by continuous India-Asia collision
[32]. Abundant secondary faults and fractures provide the
permeable way for groundwater circulation. In the study
area, groundwater is mainly recharged by precipitation
and local runoff. The aquifers consist of carbonate and
silicate rocks.

Journal of Chemistry

As a considerable segment of Himalaya geothermal belt,
western Yunnan reserves abundant geothermal resource
[33]. Geothermal waters are mostly exposed in the faults or
their intersections (Figures 1 and 2). The temperatures of
geothermal waters vary greatly with the range of 20-96°C.
High-temperature geothermal waters (hydrochemical type:
CI-HCO;3-Na) are mostly assembled in the Rehai and
Balazhang area, while low-medium temperature geothermal
waters (hydrochemical type: HCO;3-Na) are distributed
dispersedly in the Mangbang-Longling area.

3. Sampling and Methodology

Fourteen geothermal springs and one cold spring were
sampled in the Mangbang-Longling area. Physicochemical
parameters of geothermal waters (e.g., temperature, pH,
alkalinity, and total dissolved solids (TDS)) were measured
in situ using WTW. The concentration of HCO; was
measured using Gran titration. The experiments were
conducted in the State Key Laboratory of Geohazard Pre-
vention and Geoenvironment Protection, Chengdu Uni-
versity of Technology, within one week after sampling.
Major cations (e.g., K, Na*, Ca®*, and Mg”") were analyzed
by inductively coupled plasma-optical emission spectrom-
etry (ICP-OES) (Thermo Fisher ICAP-6300), while major
anions (Cl” and SO,*") were determined by ion chroma-
tography (Dionex ICS-1100). Charge balances between
major anions and cations were within the error range of
+10%.

The 8D and %0 values were reported in delta (6)
relative to VSMOW (Vienna Standard Mean Ocean Water)
using conventional § (%o) notation. The analytical precision
for 6D and 6'0 was +0.6%o and +0.2%o, respectively.

4. Analytical Results

4.1. Hydrogeochemical Characteristics. The physical prop-
erties and chemical compositions of geothermal waters and
cold waters in the Mangbang-Longling area are given in
Table 1. The exposed temperature and pH values of geo-
thermal waters had a range of 24-57°C and 6.5-7.3, re-
spectively. Na and HCO; were the primary cation and anion,
indicative of the HCO53-Na hydrochemical type (Figure 3).
The contents of SiO,, Sr, Li, As, and F were relatively low and
constant. In comparison, high-temperature geothermal
waters displayed Cl-HCO3-Na hydrochemical type and
higher contents of SiO,, Sr, Li, As, and F, indicating in-
volvements of deep magmatic compositions [23].

One cold water sample was analyzed for comparison.
Cold water sample was characterized as HCO;-Ca type,
according to the hydrogeochemical compositions (Figure 3).
The minor contents of SiO,, Sr, Li, As, and F were very low
and constant as well.

4.2. Environmental Isotopes. The 8'*0 and 8D compositions
(vs. Vienna Standard Mean Ocean Water (VSMOW)) of the
geothermal water samples varied from —9.2%o to —11.1%o
and from —57.8%o0 to —78.9%o, respectively. Cold water
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FIGURE 1: Geological map of the Mangbang-Longling area in western Yunnan within the distribution of geothermal waters.
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FIGURE 2: Schematic geological cross-sections of A-A’ reported in Figure 1.

sample showed relatively enriched §'*0 (~8.5%0) and 6D
(—56.6%0) compositions than those of geothermal waters.

4.3. Multimineral Saturation Indices. The thermodynamic
process of the groundwater system can be clarified by
mineral equilibrium calculation, which is helpful to reflect
the process of water-rock interaction [14]. Mineral satura-
tion indices (SI) of geothermal waters were calculated for
evaluating mineral equilibrium based on discharge tem-
perature and pH. The PHREEQC 3.0 software was carried

out to calculate multimineral SI values [35]. In this study,
calculated SI values of most selected minerals (excepted
chalcedony and quartz) were lower than zero, indicating
geothermal water occurs in undersaturated condition. De-
tailed results are given in Table 2.

5. Discussion

5.1.  Processes  Controlling  the  Hydrogeochemical
Compositions. Clis characterized as the conservative affinity
and hardly altered by water-rock interactions and adsorption



Journal of Chemistry

W UT UOTJBAR]D ‘pIepuels M OINSA Y} 03 2ATIB[aI 09, ul onjer o1dojost ¢T/3wr ur sjuawape ade} ‘SL, pue CQIS ‘SUOIUe ‘SuoIjed

Sunds proo ‘g Burnrds reuroy)oad ‘go 910N

S1ce 79¢T ¥6.LT 768¢ S1L¢ €267 (£33 S0s€ gsce G8I¢ 611¢ €59¢ (3414 €29C 1€8¢ M%MMWMM

. 9OUIIYPIP
SI9¥%8¢'SI0L 901 yesl (214! G941 8891 (4] G891 G9s1 SIST [4&)! €481 €LT1 €l 1€91 uoneAI[q
816~ 96— €01- 00T~ 01~ 66~ 601~ T'1i- L0T~ 901~ 801~ [l 6~ 96~ 60— Og?
69— A 904~ 89— 604~ SIL- 6'CL— 0vL— 604~ 9'69— res- 6'8L— €9 TL9- 9CL- ae
S0~ Ge- 0L 09 81 81~ 00 18- g€ 9~ 9 €0- 6¢ 0°¢ 09 aouepeq omg%“\ouv
20} eN-eD eN eN eN eN eN eN eN eN eN eN eN eN eN adfy
-¢OOH -€00H -€ODH -€OOH -€0OH -€0DH -€ODH -€OOH -€ODH -€OOH -€OOH -€0DH -€0DH ~-€ODH -€OOH  [ed1wayd0ipiy
€00 1o (A4 80 8'G 0¢ 81 LA S9 ¥e 89 ST €0 LT 91 d
7€00°0 %000 100°0 1000 €000 S00°0 100°0 1000 €000 2000 2000 2000 1000 2000 S00°0 sV
9£00°0 9000 6610 0500 01T°0 6700 0100 8000 6200 ¥10°0 0600 700 1000 0200 0410 1
(4! 0S 8 9 9 8L 65 19 €9 LS 9L 0z 99 8L 29 o1s
S0€T0°0 °LT0 1€0°0 8700 06570 9200 9200 §200 700 8700 ¥€0°0 8200 04€°0 0620 0¥¥°0 IS
2016 9'L91 6'¥5¢ ¥'s8 0°L16 (44! VL L7201 reot 786 ER 8001 06L¢ 0°06¥ 0269 f00H
19'6 8¢ €91 o1 o o1 €9 89 8'G 8% 68 (40! ¥'s ¥'0 61 YOS
S0 L1 8¢ 8’1 R4 Sl S0 90 €1 60 L1 60 I'c 44 6'¢ L
(4344 6T 00 o 86 00 o 00 00 o 00 00 r'1e ¥s1 08¢ SN
950°8¢ 0°0C It L1 9'89 90 A 60 80 SC 'l 80 0°6¢ 06C 9Lt €D
81 0ce 9LS1 0¥ 085¢ 6'LS ¥'8¢ 9ve A44 AL 675 6Ty €0L 00¢T 0902 BN
(44 0c 611 't o1 ST L0 90 S0 80 L0 90 §'S 88 L1 !
gs 80 80 6C 00 0¢ 0's 0C €0 re |4 60 681 4! (4 Mmolq
9L L6 0€t el 898 80¢ 811 8¢l ¥ve 44! 961 9s1 88¢ 0€s 0LL SaL
S9 S9 9 89 9 <L s €L L L s L ¥4 69 L9 Hd
01 ¥ €s 1§ 0¢ IS 6¢ w 9¢ g¢ LS S’y 0¢ 144 §'8¢ L
002T 00¢T over 06¢T 0STT Gect 0TLT 0T8I 0691 0£91 LOST 081 0Lc1 002t 002T UOHEAI[S [8507]
LSL09LT  9LTESLT 00LTELT 0019€LT  98SOVLT  OVC9ELT  POTESLT  0SST9LT  0SPIOLT  00STOLT  0T8BVLT  SYOPSLT  8TSTSLT  ¥91ESLT  00TTSLT X
LS699VLT  LS6LIVLT 0SETSYLT 000SSPLT VLLVOVLT 0ST8SHLI 069€SYLT 0CTOTOVLT 000€SPLI 0STTSYLT 00TTSHLI 9698SVLT STO99VLI 06899%LT 00LLOVLI X
SO ¥1SO €1SD (4] 11D 01SD 65D 8SD LSO 9SO SSO 7SO €SO (4] ISO ‘ou ddureg

‘sojdures Surids pjoo pue 1ojem [eurrayload jo sasfreue o1dojost pue [edIWAYD) ] TTAV],



Journal of Chemistry

Ca2+

@ Low-temperature geothermal water
B High-temperature geothermal water
@ Cold spring

FIGURE 3: Piper plot of water samples [34]. Low-temperature geothermal waters and cold spring are from this study. High-temperature

geothermal waters are from [23].

TaBLE 2: Saturation indices of different minerals in geothermal waters.

Sample GS1 GS2  GS3 GS4 GS5 GS6 GS7 GS8 GS9 GS10  GS11 GS12 GS13 GS14
Anhydrite -4.07 -4.66 -3.37 -452 448 -4.36 -4.8 -4.65 —4.47 -4.69 -492 421 436 -3.64
Aragonite -026 -034 -03 -243 -224 -195 -245 -238 232 241 022 -218 -1.86 -0.86
Calcite -012 -019 -016 -2.29 -2.1 -1.81 -231 -224 -218 227 036 -2.04 -172 -0.72
Chalcedony 0.18 0.28 0.2 0.23 0.26 0.14 0.18 0.09 0.15 0.28 0.18 0.18 0.3 0.08
Chrysotile =578 -6.25 -594 -15.59 -143 -12.51 -15.68 -15 -12.57 -15.55 =723 -12.69 -157 -8.58
CO, -1.07 -121 -132 -1.87 -1.8 -1.88 -1.86 -1.86 -2.01 -1.7 =095 -194 -134 -1.65
Dolomite 019 -0.26 -018 -6.09 -543 -4.53 -6.1 -6.02 -5.07 =593 0.3 -491 -5.08 -1.87
Gypsum -3.82 -441 -312 -427 -423 -411 -4.55 -4.4 -422 -444 -467 -396 -411 -3.39
Halite -769 -808 -84 -895 -857 -9.08 877 -924 -935 -86 754 -867 779 -881
Quartz 059 0.69 0.62 0.64 0.68 0.55 0.6 0.5 0.57 0.69 0.59 0.59 0.71 0.5

Sepiolite -395 -41 -4.01 -1041 -9.49 -85 -10.54 -10.82 -851 -103 -492 -856 -10.36 -5.97
SiO; (a) -0.64 -0.55 -0.62 -059 -056 -0.68 -0.64 -074 -0.67 -0.55 -0.64 -0.65 -052 -0.74
Talc -1.66 -193 -176 1137 -10.01 -846 -11.54 -11.92 -849 -11.23 -311 -857 -11.34 -4.65

of rock-forming. For this reason, the relationship between the
Cl and other major ions is efficient to trace the hydro-
geochemical processes during the formation of geothermal
waters. In this study, the relationship between the Cl content
and other ion concentrations is shown in Figure 4. It is
noteworthy that Cl contents had an obvious liner relationship
with K (squared regression coeflicient =0.9336), Na (squared
regression coefficient = 0.8362), and SiO, (squared regression
coefficient = 0.7019). Low-temperature geothermal waters in
the Mangbang-Longling area were believed to be the results by

mixture between surface cold water and a deep geothermal
fluid. Notably, the squared regression coefficient of K vs. Cl was
higher than squared regression coefficients of Na vs. Cl and
SiO, vs. Cl. Considering widespread exposure of silicate rocks
(granitic and metamorphic rocks) in the Mangbang-Longling
area, the concentrations of Na and SiO, were probably
influenced by water-rock reaction (dissolution of silicates) and
ion exchange.

However, the plots in the Ca, Mg, HCO3, SO4, and F vs.
Cl diagrams represented scattered distributions, suggesting
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F1GURE 4: The plots of Cl against (a) Na, (b) K, (c) Ca, (d) Mg, (e) HCO3, (f) SOy, (g) SiO,, (h) Li, and (i) F.

that these ions are derived from multiple sources
(Figures 4(e)-4(i)). Ca, Mg, and HCO; were originated from
the dissolution of calcite and dolomite, in the case of the Ca/
HCOj; and (Ca + Mg)/HCOj ratios of 1. In this study, the Ca/
HCO; and (Ca+Mg)/HCO; ratios were lower than 1
(Figures 5(a) and 5(b)). Meanwhile, the saturation indices of
carbonate minerals (calcite and dolomite) were lower than
zero, excluding the possibility of carbonate reservoir. The
depletion of Ca and Mg were attributed to ion exchange

from silicates dissolution, while enrichment of HCOj in the
silicate reservoir was probably derived from escaped geo-
thermal gases dominated by CO,. The concentrations of Ca
and SO, did not yield a 1:1 line in Figure 5(c), implying
hydrogeochemical concentrations of geothermal waters is
unlikely determined by dissolution of gypsum.

Large number of the samples were plotted along the 1:1
line in the (Na+K)-Cl and (Ca + Mg)—(SO,+HCO;) dia-
gram. Hence, the hydrogeochemical composition of the
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samples was mainly attributed to a cation-exchange process
which is the result of silicate dissolution (Figure 5(d)).

5.2. Reservoir Temperature and Circulation Depth.
Geothermometers determining reservoir temperature are
based on the equilibrium of temperature-dependent reac-
tions that occur in the reservoir [36].

5.2.1. Classical Geothermometry. The classical chemical
geothermometers (e.g., cation and silica) are applicable for
the estimation of the equilibrium temperature in geo-
thermal reservoirs [37-39]. Considering this, cation and
silica geothermometers were used to calculate the equi-
librium temperatures, whose results are listed in Table 3.
However, the results from the cation geothermometers had
a great range and variation with wellhead temperatures. In

the Na-K-Mg ternary diagram, all plots of geothermal
waters were largely deviated from the full equilibrium line
and plot in the area of immature waters (Figure 6). Sat-
uration indices of most minerals (except quartz and
chalcedony) lower than zero were also typical of immature
affinity. Hence, none of the low-temperature geothermal
waters in the Mangbang-Longling area had reached full
equilibrium with the host rock. In this study, silica geo-
thermometers were more applicable to the geothermal
waters than cation geothermometers in this study. Addi-
tionally, the oversaturated condition of silicate minerals
(quartz and chalcedony) also supported the feasibility of
silica geothermometers.

Silica geothermometry, including quartz and chal-
cedony geothermometers, is the approach to estimate
reservoir temperature considering the soluble concen-
trations of silica minerals. Various silica geothermometers
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TaBLE 3: Geothermometer calculations of the geothermal waters (unit: “C).
Sample no. GS1 GS2 GS3 GS4 GS5 GS6 GS7 GS8 GS9 GS10 GS11 GS12 GS13  GS14
Quartz [40] 144 151 146 148 151 141 144 137 142 151 144 144 153 137
Quartz (maximum steam loss) [40] 138 145 140 141 144 136 139 133 137 145 138 138 146 133
Chalcedony [41] 118 126 120 122 125 115 118 111 116 126 118 118 128 111
Na-K [38] 191 203 213 117 110 139 101 126 142 143 168 146 211 197
Na-K-Ca [36] 152 153 148 100 96 106 88 104 111 127 132 117 190 131
K-Mg [38] 58 58 45 83 74 58 76 83 58 105 67 68 175 45
Na*/1000
i
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FIGURE 6: Graphical evaluation of water-rock equilibration temperatures for geothermal waters using Na-K-Mg concentrations in “mg/L”

[38].

were applied in this study (Table 3). Of note, the chal-
cedony geothermometer was chosen on the basis of the
distribution of samples in the log (K’/Mg) versus the log
(Si0,) diagram (Figure 7).

Quartz geothermometer is applied for the reservoir with
high temperatures at 150°C and above, while chalcedony
geothermometer yields more accurate results when geo-
thermal waters reach equilibrium below 180°C [45]. In the
Mangbang-Longling area, the estimated reservoir temper-
atures calculated by silica geothermometers were lower than
150°C. As such, it is believable that the estimate reservoir
temperatures of geothermal waters in the Mangbang-
Longling area ranged 111-126°C calculated by the chal-
cedony geothermometer.

5.2.2. Silicon-Enthalpy Graphic Method. Cold water is be-
lieved to be involved in the formation of low-temperature
geothermal water due to the immature affinity. In this
study, the silica-enthalpy mixing model with the plots of
cold and geothermal water was used to estimate the
reservoir temperature and mixing ratio (Figure 8) [39]. In
the silica-enthalpy mixing model, the average value of
cold water samples was chosen as end member point “a”
and geothermal water samples were noted as end member
point “b.” A red line linking end member points “a” and
“b” intersected with the vertical line of the boiling point
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FIGURE 7: Cross-plot of log (Kz/Mg) vs. log (SiO5), unit: mg/L [42].
The lines are drawn using log (SiO,) =4.52 - (731/(#'C + 273.15))
for amorphous silica, log (Si0,) =4.69 — (1032/(#'C +273.15)) for
chalcedony, and log (SiO,) = 5.19 — (1309/(¢°C + 273.15)) for quartz
from [43] and log (K*/Mg) = 14 — (4410/(£'C + 273.15)) from [44].

« _»

(96°C) at point “c” and Quartz solubility line at the point
“d.” The horizontal axis of point “d” (151°C) suggested the
reservoir temperature when no steam separated before
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mixing. Point “c” was intersected horizontally with the
maximum steam loss line at point “e.” The horizontal axis
of point “e” (123°C) was the reservoir temperature in the
condition of steam separation occurs before mixing.
Therefore, the reservoir temperature of 123°C obtained by
point “e” was more comparable to the results calculated by
the chalcedony geothermometer (111-126°C). The mixing
ratio of shallow cold water can be approximately obtained
by the length ratio between line ab and line ad, that is to
say, 72%.

Fournier [46] raised the silica-enthalpy equations to
estimate the mixing ratios of cold waters and the temper-
atures of initial geothermal waters. The silica-enthalpy
equations are given as follows:

HX + Hy (1 -X) = Hg, (1)

SicX + Si, (1 - X) = Si. )

In equations (1) and (2), Hy, is the enthalpy of initial
geothermal water, H. signifies the enthalpy of cold water,
H, represents the enthalpy of geothermal water, X is the
mixing ratio of cold water, Si}, defines the SiO, contents of
initial geothermal water, and Sic shows the SiO, contents
of cold water. The results of silica-enthalpy equations
indicated the mixing ratios of cold waters, and the
temperatures of initial geothermal waters are 69-74% and
180-270°C.

5.2.3. Circulation Depth. When geothermal water is heated
by heat flow from below, the circulation depth of geothermal
water in the studied area is estimated using the following
equation:

(T, -Ty)
G

Z= + Zgs (3)

where Z is the circulation depth (m), T is the geothermal
reservoir temperature obtained by a reasonable geo-
thermometer (°C), Ty is the annual average temperature of
recharge area (°C), G is thermal gradient (°C/m), and Z, is
the thickness of the constant temperature zone (m). In this
study case, the annual average temperature of recharge area
is 17.5°C, and therefore, Ty,=17.5°C, Z,=30m, and
G=5.3°C/100m [47, 48]. Based on the above calculated
reservoir temperatures (111-126°C), the largest circulation
depth of geothermal water was inferred as 1794-2077 m in
the Mangbang-Longling area.

5.3. Recharge Origin. H and O stable isotopes (6D and §'°0)
have been proved to be a robust way for tracing recharge
origin of geothermal water. In this study, the geothermal
waters present the 6D values of —57.8%0 to —78.9%o
(average =—-70.0%o) and 8"80 values of —9.2%o to —11.1%o
(average = —10.4%o), respectively. The plots of geothermal
waters were close around the local meteoric water line
(LMWL) in the éD-8"%0 graph (Figure 9), indicative of a
meteoric origin. Geothermal water plots were slightly de-
viated from the LMWL and further link with high-tem-
perature geothermal water and magmatic water in a straight
line. Hence, weak water-rock interaction and involvements
of high-temperature geothermal water occurred in the
formation of low-temperature geothermal water.

8D and 6"®0 values have been extensively employed to
calculate the recharge elevation because of their altitude
effect. Considering the existence of oxygen drifting, the 6D
values of the geothermal waters are more reliable to estimate
the recharge elevation in this study. The recharge elevation
difference (AH) of geothermal water are calculated based on
the following equation: 6D =-0.026*AH-30.2 [49, 50].
Accordingly, the recharge elevation differences of the low-
temperature geothermal waters in the Mangbang-Longling
area were calculated as 1062-1873 m, indicating the eleva-
tions of recharge area range from 2362m to 3653 m. The
recharge elevation well coincided with the elevation range of
900-3800m in the study area.

5.4. Conceptual Model of Low-Temperature Geothermal
Waters in the Mangbang-Longling Area. According to the
geological condition and hydrogeochemical and isotopic
results above, a conceptual model of low-temperature
geothermal water in the Mangbang-Longling area was built
as schematically depicted in Figure 10, which is a qualitative,
schematic representation of (or part of) reality. Geothermal
water was recharged by common meteoric water at the
elevation of 2362-3653 m. Afterward, meteoric water is
driven by topographical conditions, flows along fault and
fractures, and finally transfers to geothermal water by
heating by heat flow from below. Assuming a geothermal
gradient of 5.3°C/100 m, geothermal water infiltrates into the
subsurface at the reservoir with the largest circulation depth
of 1794-2077 m and temperature of 111-126°C. During the
circulation, the hydrogeochemical characteristics of geo-
thermal water (HCOj3-Na type) were mainly determined by
the water-rock interaction with a widespread silicate aquifer
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(e.g., granite and metamorphic rocks). It is noteworthy that
the involvement of high-temperature geothermal water had
been verified during the formation of low-temperature
geothermal water. Finally, low-temperature geothermal

- Gaoligong group strata

- Cenozoic granite

- Cambrian strata
- Silurian strata

- Tertiary sediment
Quaternary sediment

Figure 10: Conceptual model of low-temperature geothermal water in the Mangbang-Longling area.

water was mixed with up to 72% shallow cold water of
HCO;-Ca type and exposed as geothermal spring in the
high permeability areas, such as fault and fracture
intersection.



Journal of Chemistry

6. Conclusion

This study was the first to present the hydrogeochemistry
and geothermometry of the low-temperature thermal waters
in the Mangbang-Longling area of western Yunnan. In this
context, the results obtained from geochemical and isotopic
studies are listed as follows.

(1) The low-temperature geothermal waters were
characterized by HCO;-Na type, while shallow cold
spring is of the hydrochemical type of HCO5-Ca

(2) Hydrogeochemical characteristics of low-tempera-
ture geothermal waters were mainly affected by the
water-rock interaction with silicate minerals

(3) Low-temperature geothermal waters possessed res-
ervoir temperature of 111-126°C and largest circu-
lation depth of 1794-2077 m and were mixed with up
to 72% shallow cold waters

(4) 8D and &'°0 evidence showed the low-temperature
thermal waters were recharged by meteoric water at
the elevation of 2362 m to 3653 m. The data points of
8D and 8'%0 of the hot spring water samples in the
study area show a linear right-up trend, indicating
the 8'®0 reaction between the water and rock and a
possible mixture of magmatic water from below.
Deep high-temperature geothermal waters were
involved in the formation of low-temperature
thermal waters.
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The understanding of F~ concentration in groundwater in humid areas is limited although there are lots of research on high-
fluoride groundwater in arid areas. In this paper, with controlling factors of F~ concentrations in humid areas as the focus, 130
groundwater samples, obtained from four subsystems in Northwest Xingguo County, Jiangxi Province, China, were investigated
to demonstrate the controlling factors of F~ concentrations in humid areas. According to analytical results, the following
hydrogeochemical characteristics of the fluorine in humid mountainous areas were determined: (1) F~ concentration is positively
correlated with total dissolved solids (TDS), Ca", HCO;7, and pH; (2) the groundwater features a high flow rate and low TDS; (3)
the equilibrium constant of CaF, is less than its solubility product constant, and the fluorine-bearing minerals in rocks are in a
dissolved state; and (4) the dissolved fluoride-bearing minerals constitute the main sources of F~ in the groundwater. Fluorine
mainly comes from groundwater fluorine-bearing minerals in metamorphic rocks. Moreover, the low F~ concentration in the
groundwater mainly results from the fast flow rate of groundwater. Fluoride in groundwater has great potential hazards in

humid areas.

1. Introduction

Fluorine is an indispensable trace element in the human
body. It is an essential component to maintain the normal
development of human bones. However, excessive fluoride
in the human body can lead to endemic fluorosis [1]. It is
stipulated in Standards for Drinking Water Quality (GB
5749-2006) and Quality Standard for Groundwater (GB/T
14848-2017) that F~ concentration in drinking water should
be less than 1.0 mg/L. Water with F~ concentration greater
than 1.0mg/L is defined as high-fluoride water [2].

In recent years, fluorine hydrogeochemical study indi-
cates that dissolved fluorine in groundwater mainly origi-
nates from fluorine-bearing minerals [3-8]. Climate,
topography, hydrogeological conditions, and hydrochemical

environment take the major control of the migration and
enrichment of fluorine [9-15]. At the same mineralization
level, the higher the hardness of water is, the higher the Ca**
concentration is and the lower the F~ content is in arid areas
[10]. In semiarid areas of China (e.g., North China Plain), F~
concentration in groundwater is positively correlated with
Na™ concentration and pH, while negatively correlating with
Ca®* contents [16-22]. Meanwhile, Ca®* is the main
hydrochemical factor that controls the formation of high-
fluoride water in deep groundwater [11]. In shallow
groundwater in the North China Plain, Ca** concentration
exerts the greatest influence on the F~ content, which is
significantly positively correlated with pH [23]. Fluorine is
more liable to be enriched in the weakly alkaline ground-
water environment (pH=7-9) [6, 20-29]. There is a
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remarkable positive correlation between Na™ and F~, and the
enrichment of Ca®* and Mg”* will inhibit the enrichment of
F~ [30]. With respect to groundwater chemistry, the fluoride
concentration is usually high in Na-HCOj type groundwater
and low in Ca-HCO; type groundwater [6, 20, 31-35]. The
deficiency of calcium ion concentration in the groundwater
from calcite precipitation favors fluorite dissolution leading
to excess fluoride concentration. The groundwater is over-
saturated with respect to calcite and undersaturated with
respect to fluorite [36-41]. Evapotranspiration leads to
precipitation of calcite, lowering of Ca activity, and increase
in Na/Ca ratios, and this allows an increase in F~ levels in the
arid area [39, 42-44].

In a previous study on fluorine dissolved in ground-
water, most scholars focused on the source, migration, and
enrichment of fluorine in arid and semiarid areas and al-
kaline and weak alkaline environment, and they achieved
many good results. The research results of this paper have
important theoretical and practical significance for people to
understand the migration and enrichment characteristics of
fluorine in weak acidic and acidic groundwater in humid
areas. The groundwater is widely distributed and the flow
rate is fast; the F~ in groundwater will migrate to any areas
where the groundwater flows. Therefore, fluorine in
groundwater has great potential harm in humid areas. The
hydrogeochemistry of fluorine in humid mountainous areas
is still important. In this paper, the hydrogeochemistry of
groundwater and factors controlling the distribution of
fluoride in groundwater of Northwest Xingguo County,
southern China, have been evaluated. The main objectives of
this paper are as follows: hydrogeochemical characteristics
of fluorine in groundwater in humid areas, including the
source of fluorine and its influencing factors.

2. Geology and Hydrogeology

2.1. Geographical Setting. The study area, Northwest Xing-
guo County, Jiangxi Province (also referred to as the area)
lies in E115°00"-E115°15" and N26°20'-N26°30', with an area
of about 460 km®. It features a humid subtropical monsoon
climate, with an average annual temperature of 18.8°C and
an average annual rainfall of 1560 mm. The surface water is
composed of Suishui River, Jianshui River, Shuicha River,
and Wushu River. In the low-middle mountains, it mainly
develops metamorphic rocks and granite. Hilly terrain of
granite is distributed in the southeastern. It is a low
mountainous area in general with an altitude less than
1000 m. The terrain is steep, V-shaped valleys are commonly
developed, and the elevation of the highest peak is 1176 m in
the area.

2.2. Geology. The area is mainly comprised of strata of
Sinian, Cambrian, Devonian, Carboniferous, and Quater-
nary with an outcrop area of 402 km?, accounting for 87.3%
of the total survey area. The strata of Sinian and Cambrian
are well developed and fully exposed. Magmatic rocks,
mainly including plutonic intrusion and vein rocks, are
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generally distributed in the southeastern part of the area.
Granite is common in the area, with an outcrop area of
58.67 km”. The vein rocks are mainly composed of quartz
veins, granite veins, lamprophyre veins, and diabase veins
(Figure 1).

2.3. Hydrogeology

2.3.1.  Characteristics of Water-Bearing Formations.
According to the geological and hydrogeological charac-
teristics, the water-bearing formations in the area can be
divided into three types: (1) porous water-bearing formation
of loose rocks, (2) porous-fissured water-bearing formation
of clastic rocks, and (3) fissured water-bearing formation of
magmatic rocks and metamorphic rocks. The distribution
areas of these three types are 20.78 km? 86.56 km’, and
352.66 km?, accounting for 4.52%, 18.82%, and 76.66% of the
total area, respectively.

The porous water-bearing formations of loose rocks are
mainly distributed along river banks, and the lithology of the
aquifer is mainly characterized by sand, gravel, and pebble.
The burial depth of the water table is 0.5-2.5 m, the TDS of
groundwater samples is 0.029-0.145g/L, and the hydro-
chemical type is HCO,™ Ca.

The porous-fissured water-bearing formations of clastic
rocks are distributed in the northeast, northwest, and
southwest of the area, with a spring flow of 0.014-9.328 L/s
and a single well water yield greater than 100m’/d.
Hydrochemical types are mainly HCO,” Ca or HCO;"
Ca-Mg, and TDS is 0.090-0.284 g/L for this type.

As for the granite bearing weathering-fissure water, the
single well water yield is 4.73-12.66 m>/d and the hydro-
chemical type is HCO,™ Na. However, regarding the fissured
water-bearing formations of metamorphic rocks of Cam-
brian and Sinian, single well water yields are 0.92-60.93 m’/d
and 2.65-3.82 m’/d and share a common hydrochemical type
of HCO;™ Ca.

2.3.2. Groundwater System. The area is located in the upper
reaches of the Ganjiang River, the third-scale (III)
groundwater subsystem in the Yangtze River basin. There
are fourth-scale groundwater subsystems in the area, pre-
cisely including Pingjiang River (III, ), Liangkou River
(III5.4), Yuntingshui River (III, 1), and Wushu River (III5 ;).
According to the Groundwater System Division Guideline
(GWI-A5) issued by the China Geological Survey, the area is
divided into four fifth-scale groundwater subsystems
(Table 1).

2.3.3. Recharge, Runoff, and Discharge. According to the
distribution characteristics of the topography, geomor-
phology, and surface water in the area, the groundwater is
replenished through atmospheric precipitation. The
groundwater flows from west to east in the Suishui
groundwater system and from north to south in the Jianshui
River and Wushu river groundwater systems. The
groundwater discharges into rivers, springs, and wells.
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FIGURE 1: Geological map of Northwest Xingguo County. 1: quaternary; 2: early carboniferous; 3: late Devonian; 4: early and middle-late
Cambrian; 5: middle Sinian; 6: granite in late Jurassic; 7: fault; 8: stratigraphic boundary; 9: river.

TaBLE 1: Groundwater system division in Northwest Xingguo County.

Name and code of third-scale subsystem Name and code of fourth-scale subsystem Name and code of fifth-scale subsystem Area (km?)

Upper reaches of Ganjiang III;

Gongshui 111, Pingjiang River III, ; Suishui River IIL,_;_, 213
Gan III; Liangkou River III; ; Jianshui River II5_;_; 152
Gan III, Yuntingshui River III, ; Shuicha River II1,.;_; 33
Gan III; Wushu River III5_, Wushu River III5_,_; 62
3. Methods and Materials and HCOj testing, and acidimeter and test pen were used

A total of 130 groundwater samples were collected from the
outcrops of the four groundwater subsystems: Suishui River
II1,_,_,, Jianshui River III5_,_;, Shuicha River IIl,.;_;, and
Wushu River IIls; ;, from June 23 to August 23, 2017
(Figure 2). Major hydrochemical parameters (e.g., F~, Ca*",
HCO;3, pH, and TDS) in these water samples were analyzed
in the field. Hash DR2800 spectrophotometer was employed
for F~ testing, reagent titration method was adopted for Ca**

for pH and TDS testing, respectively. The results are shown
in Table 2.

4. Results and Discussion

4.1. Hydrogeochemistry of Groundwater. The chemical
composition of 15 representative groundwater outcrops
(springs, wells) was tested in order to further determine the
hydrogeochemical characteristics of groundwater in the
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FIGURE 2: Sampling locations of groundwater in Northwest Xingguo County. 1: Sinian fissured water-bearing formation of metamorphic
rock; 2: Cambrian fissured water-bearing formation of metamorphic rock; 3: Devonian porous-fissured water-bearing formation of clastic
rock; 4: carboniferous porous-fissured water-bearing formation of clastic rock; 5: Jurassic fissured water-bearing formation of granite; 6:
code of groundwater system; 7: boundary of fifth-scale groundwater subsystem; 8: surface water system; 9: sampling location; 10: village; 11:
peak; and 12: groundwater flow direction.

TaBLE 2: Summary of Ca>*, HCO,", pH, TDS, and F~ in groundwater of different groundwater subsystems.

Groundwater Number of  Ca”* (mg/L) HCO;™ (mg/L) pH TDS (mg/L) F~ (mg/L)
subsystem samples  Range Average Range  Average Range Average Range Average Range Average
Suishui River IIL, ; , 79 1-32 9.2 3.05-73.22 24.6  5.19-8.48 6.3 5-125 41.7  0.02-1.32  0.19
Jianshui River 115 ; 4 36 3-46 154  610-67.12 261 5.60-7.32 65 15-155 595 0.02-0.51  0.15
Shuicha River I1I, ;4 4 1-5 2.5 6.10-12.20 8.4 5.37-6.83 6.2 8-19 143 0.02-0.09 0.06
Wushu River III5_; 11 2-54 152  6.10-140.35 34.4 5.85-7.42 6.7 16-194 647 0.01-0.28  0.08

study area. The groundwater chemical components were
tested in various groundwater systems in this survey, and the
test results show that the main ion components in

groundwater under natural conditions are Ca®", Na', and
HCO;". The chemical type of groundwater is mainly HCO,~
Ca-Na, and the second is HCO,~ Ca-Mg (Table 3). According
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to the Piper triple-variation diagram, all groundwater in the
study area is located in the bicarbonate type water area and is
mainly located in the Ca type water area with low TDS
hydrogeochemical characteristics (Figure 3).

4.2. Factors Affecting the Distribution of
Fluoride in Groundwater

4.2.1. pH Condition. The fluoride contents are in positive
correlation with pH [18, 19, 26, 45]. Previous studies show
that pH value varies from 7.3 to 9.0 in high-fluoride water
[46, 47]. Fluorine-bearing minerals in carbonate areas of
weakly alkali environments are more liable to dissolve,
resulting in high fluorine concentration in water [48]. The
pH in groundwater is generally 6.3-6.7. The F~ concen-
tration is positively correlated with pH in the groundwater of
the three subsystems (Suishui River III, ; ,, Jianshui River
III;;.,, and Wushu River IIls ;) (Figure 4). It is not
conductive to the dissolution of fluorine-bearing minerals
owing to its low pH, and thus the F~ concentration in it is
low.

4.2.2. The Impact of TDS. High fluoride groundwater
generally has high TDS and high HCO;™ in the weak alkaline
environment [29]. The relationship between F~ and TDS in
the groundwater samples collected from different ground-
water subsystems in the studied area is shown in Figure 5. It
is indicated that the F~ concentration is positively correlated
with TDS in each groundwater subsystem. The reason is that
ions in groundwater cannot be saturated owing to the fast
water cycle rate in bedrock mountainous areas.

4.2.3. F and Ca’" Balance. The relationship between F~ and
Ca** in the groundwater is shown in Figure 6. It is indicated
that F~ concentrations are positively correlated with Ca**
concentrations in the groundwater subsystems of Suishui
River IIL,_; ,, Jianshui River II5_;_;, and Wushu River IIl5_; ;.
The groundwater features the temperature of 16-25°C, low
TDS (14.3-64.7mg/L), and low Ca®*  concentration
(2.5-15.4 mg/L). Therefore, the Ca”** and F~ concentrations
can be considered as their activity values.

The equilibrium constant of CaF, (K=[Ca**] [F7]?) in
the samples was calculated and compared to its solubility
product constant (Ky,) (Table 4). The result indicates that,
under natural conditions, the solubility product constants
are higher than the equilibrium constants, whereas the
saturation indexes (SI) of CaF, are negative. This further
confirms that the fluorine-bearing minerals in rocks are in
a dissolving state and the increase of Ca>* will not lead to
the precipitation of CaF,. However, the F~ concentration
tends to be negatively correlated with Ca*" concentration
in arid areas [2, 12, 14]. This is because Ca** and F~ are
saturated in high-fluorine groundwater in arid areas and,
therefore, the increase of Ca** concentration will lead to
CaF, precipitation and the decrease of F~ concentration
accordingly.

4.2.4. The Dissolution of Minerals. As mentioned above,
high F~ groundwater mostly locates in Na-HCOj5 type. F~
concentrations in the groundwater are also positively cor-
related with HCO,™ concentrations (Figure 7), indicating
HCOj;™ concentration is another important factor affecting
F~ concentration in the study area. The anions in the
groundwater are mainly HCO; (8.4-34.4 mg/L), and CaF, is
in a dissolved state as mentioned above. The dissolution-
precipitation equilibrium relationship between CaF, and
CaCOs; is expressed as follows:

CaF, = Ca’" +2F  Kg,p, = 1019.8

CaCO; + H' = Ca*" + HCO,  Kgyeo; = 101.98

The number of F~ and HCO,™ increases with the dis-
solution of CaCOj; and CaF, in the groundwater subsystems.
In other words, the dissolution will lead to a positive cor-
relation between F~ and HCO; . This is another hydro-
chemical characteristic of F~ in bedrock mountainous areas
in a humid climate.

4.2.5. The Dissolution of Biotite. Fluorine concentration in
granite ranges from 0.044% to 0.216%. The biotite [K(Mg,
Fe?")5(Al, Fe**)Si;0,4(OH, F),], which accounts for 15%-
30% in metamorphic rocks, constitutes the main fluorine-
bearing minerals. Firstly, the fluorine-bearing minerals in
these rocks dissolve and thus F~ is released into the
groundwater. Secondly, a faster flow rate of groundwater
occurs in the area since it is located in the low-middle
mountainous area. This probably leads to low F~ concen-
tration in the groundwater. Thirdly, the groundwater in the
area shows weakly acidic characteristics, which may pro-
mote the dissolution of fluorine-bearing minerals.
According to the results obtained from the hydrogeological
survey in the area, it can be concluded that fluorine in the
groundwater mainly comes from the interaction between the
groundwater and the fluorine-bearing minerals in meta-
morphic rocks.

4.2.6. Gibbs Diagram. Gibbs diagram built a simple and
effective diagram that can be used to compare TDS~(Na"/
(Na™ + Ca?")) or TDS~(CI™/(Cl™ + HCO,)); this can be used
to identify the influencing factors of the groundwater
hydrochemistry. For example, the chemical composition is
primarily affected by rock weathering, evaporation, and
crystallization of soluble salts [50, 51].

According to the chemical composition data of
groundwater, the Gibbs diagram of the study area is shown
in Figure 8. The TDS of groundwater in the study area is
located in 47.7-172.3 mg/L, and the ratio of Na/(Na + Ca)
and Cl/(CI+HCO;) is between 0.056-0.554 and
0.010-0.114, respectively. It shows that the groundwater is
characterized by high Na+ and Ca** and suggests a geo-
chemical source of granite and metamorphic rocks.
Therefore, it can be considered that fluorine in groundwater
comes from the dissolution of fluorine-containing minerals
in these rocks. The Gibbs analysis of groundwater also in-
dicates that the formation of groundwater chemical
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TaBLE 3: Chemical composition of various groundwater systems in the study area.

Water chemical composition (mg/L) Chemical type of
Groundwater system  Sample number . . - o _ ” , _ _
K* Na* Ca¥* Mg* HCO,” CO,> SO,2 CI° NO,” TDS  groundwater
SJ051 310 884 713 030 43.01 0.00 223 3.54 2055 88.7 HCO;™ Na-Ca
Sjo14 121 449 501 011 3763 000 206 057 012 51.2 HCO;™ CaNa
GJ002 1.09 699 1034 038 53.76 0.00 398 174 017 785 HCO,;™ Ca-Na
SJ070 0.56 248 4.06 130 3763 0.00 260 061 090 50.1 HCO;™ Ca-Na
Suishui River (I, ,) GJ003 0.78 248 1542 261 6989 000 3.69 112 010 96.1 HCO; Ca
SJ104 0.77 203 658 208 3763 0.00 250 1.03 011 52.7 HCO,; Ca-MgNa
SJo58 127 137 503 045 2688 000 180 347 745 477 HCO;™ CaNa
SJ036 6.43 377 21.01 354 8333 264 6.62 180 152 130.7 HCO5; CaNa
SJ154 1.69 354 735 266 4838 529 377 111 011 739 HCO; CaNa-Mg
GJoo1 0.89 392 826 293 5913 0.00 543 061 112 823 HCO;” Ca-Mg
SJ113 7.64 459 1845 496 86.01 0.00 823 819 791 1460 HCO,; CaNa
Jianshui River (IT5.;_,) SJ184 138 1152 1832 4.07 9408 264 724 135 010 1407 HCO, CaNa
SQ049 056 240 504 201 43.01 0.00 1.61 055 010 553 HCO;” Ca-Mg
SJ029 10.80 517 23.86 3.26 10214 0.00 8.65 471 13.68 1723 HCO,; CaNa
Waushu River (ITl5_;_,) SQO52 091 077 1297 211 5645 2.64 7.88 091 132 86 HCO, Ca

Note: the data in the table is tested by the Nanchang Supervision Center of Mineral Resources, Ministry of Land and Resources, 2017.
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FiGgure 3: Continued.
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(c)

F1GURE 3: The water chemical pipe triple-variation figure of Northwest Xingguo County.
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FIGURE 8: Gibbs diagram for groundwater samples.

components in Xingguo County is dominated by rock
weathering reactions; that is, water-rock interaction plays an
important role in the migration and enrichment of fluoride
in groundwater.

5. Conclusion

In this paper, the migration, enrichment characteristics, and
influencing factors of fluorine in weak acidic and acidic
groundwater in humid mountainous areas are described.
The F~ concentration is positively correlated with the
contents of TDS, Ca®*", and HCO;™ and pH value in the
groundwater subsystems in the area owing to the intensive
exchange of groundwater with aquifer minerals. In the study
area, TDS of groundwater is low and the fluorine-bearing
minerals (mainly CaF,) in the rocks are in a dissolved state,
with solubility product constant less than its equilibrium
constant. Fluoride mainly originates from the interaction
between the groundwater and fluorine-bearing minerals.
Moreover, the F~ concentration is low in the area due to the
fast flow rate of groundwater. Fluoride in groundwater has
great potential hazards in humid areas. This study has
important theoretical and practical significance for under-
standing the hydrogeochemical characteristics of fluorine in
humid areas.

Data Availability
The data have been published in the Geological Cloud.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The study involved in this paper was supported by the
project of China Geological Survey titled Environmental
Geological Survey on a Scale of 1:50,000 along Xian-
ning-Yueyang and Nanchang-Huaihua Highways in Mid-
dle Reaches of the Yangtze River (DD20179262).

References

[1] H. X. Xing, L. Li, W. Y. Ge et al, “Spatial distribution
characteristics and genesis of fluorine in Huaibei groundwater
in Anhui Province,” Geochemistry, vol. 126, no. 2, pp. 163-
168, 2014.

S. J. Li, X. J. Wang, J. Zhou, X. M. Tang, and Z. P. Wang,
“Study on the distribution regularity of high fluorine
groundwater in the fourth system of Beijing area,” Modern
Geology, vol. 135, no. 2, pp. 407-414, 2012.

T. Lu, X. B. Gao, X. B. Zhang, and C. C. Li, “Distribution and
assessment of hydrogeochemical processes of rich ground-
water using PCA model: a case study in the Yuncheng Basin,
China,” Acta Geochimica, vol. 39, no. 2, pp. 216-225, 2020.
D. Li, X. Gao, Y. Wang, and W. Luo, “Diverse mechanisms
drive fluoride enrichment in groundwater in two neighboring
sites in northern China,” Environmental Pollution, vol. 237,
pp. 430-441, 2018.

M. P. C. Marimon, A. Roisenberg, A. V. Suhogusoff, and
A. P. Viero, “Hydrogeochemistry and statistical analysis ap-
plied to understand fluoride provenance in the Guarani
Aquifer System, Southern Brazil,” Environmental Geochem-
istry and Health, vol. 35, no. 3, pp. 391-403, 2013.

L. G. Liang, M. Z. Zhu, S. M. Zhu, L. P. Zhang, and X. J. Xie,
“Spatial distribution and enrichment of fluoride in geother-
mal water from eastern guangxi, China,” Safety and Envi-
ronmental Engineering, vol. 22, no. 1, pp. 1-6, 2015.

(3]

(4]

(5]

(6]



10

[7] X. Gao, W. Luo, X. Luo, C. Li, X. Zhang, and Y. Wang,
“Indigenous microbes induced fluoride release from aquifer
sediments,” Environmental Pollution, vol. 252, pp. 580-590,
2019.

[8] X. Q. Li, L. R. Zhu, X. W. Hou, and L. Zhang, “Distribution
and evolutional mechanism of shallow high fluoride
groundwater in taiyuan basin,” Acta Geoscientica Sinica,
vol. 28, no. 1, pp. 55-61, 2007.

[9] F. J. Luan, J. L. Zhou, Y. Y. Zeng, Y. X. Gao, and J. T. Liu,
“Distribution characteristics and enrichment factors of
fluorine in groundwater in typical areas of southern Xinjiang,”
Environmental Chemistry, vol. 35, no. 6, pp. 1203-1211, 2016.

[10] J. Y. Guo, “Characteristics of groundwater environment and

control of drinking water safety risk in high fluoride area in

the desert basin of kelantan,” Doctoral dissertation, Changan

University, Xi’an, China, 2014.

B. Zhang, “Distribution regularity and genesis of high fluorine

groundwater in the northwest plain of Shandong,” Master’s

thesis, China University of Geosciences (Beijing), Beijing,

China, 2014.

[12] L. R. Xu, Z. H. Xu, and J. Chang, “Analysis of the distribution
characteristics of fluorine and its influencing factors in the
groundwater of Pingdu,” China Rural Water Conservancy and
Hydropower, vol. 35, no. 7, pp. 42-44, 2012.

[13] G. Xu, J. Liu, Q. S. Zhu, W. N. Wang, and X. W. He,
“Distribution characteristics and influencing factors of fluo-
rine in shallow groundwater in Huaibei plain, Anhui Prov-
ince,” Journal of Water Resources and Water Engineering,
vol. 20, no. 5, pp. 9-13, 2009.

[14] H. Shen, “Study on the source and enrichment regularity of
fluorine in groundwater in Yanchi district,” Master’s thesis,
Chinese Academy of Geosciences, Beijing, China, 2005.

[15] J. T. Wan, Q. C. Hao, G. R. Gong, C. Su, Y. L. Cui, and Q. Liu,
“Distribution and genesis of high-fluorine groundwater in
southwestern Shandong Province,” Geoscience, vol. 27, no. 2,
pp. 448-453, 2013.

[16] A. Rashid, A. Farooqi, X. B. Gao, S. Zahir, S. Noor, and
J. A. Khattak, “Geochemical modeling, source apportionment,
health risk exposure and control of higher fluoride in
groundwater of sub-district Dargai, Pakistan,” Chemosphere,
vol. 243, pp. 1-11, 2020.

[17] C. Li, X. Gao, and Y. Wang, “Hydrogeochemistry of high-

fluoride groundwater at Yuncheng Basin, northern China,”

Science of the Total Environment, vol. 508, pp. 155-165, 2015.

M. S. Abu Jabal, I. Abustan, M. R. Rozaimy, and H. Al-Najar,

“Fluoride enrichment in groundwater of semi-arid urban

area: khan Younis City, southern Gaza Strip (Palestine),”

Journal of African Earth Sciences, vol. 100, no. 3, pp. 259-266,

2014.

[19] H. Guo, Y. Zhang, L. Xing, and Y. Jia, “Spatial variation in
arsenic and fluoride concentrations of shallow groundwater
from the town of Shahai in the Hetao basin, Inner Mongolia,”
Applied Geochemistry, vol. 27, no. 11, pp. 2187-2196, 2012.

[20] H. Ou, G. P. Lu, X. N. Hu et al., “Fluoride enrichment in
geothermal waters in Xinyi-Lianjiang region, Guangdong,”
Environmental Chemistry, vol. 38, no. 5, pp. 1128-1138, 2019.

[21] R. Y. Mao, H. M. Guo, Y. F. Jia et al., “Distribution char-
acteristics and genesis of fluoride groundwater in the Hetao
basin, Inner Mongolia,” Earth Science Frontiers, vol. 23, no. 2,
pp. 260-268, 2016.

[22] C. Y. Yi, “Study on the migration and transformation of
fluorine in the water-soil system of the typical region of North
China Plain,” Master’s thesis, China University of Geology,
Wuhan, China, 2013.

(11

(18

Journal of Chemistry

[23] R. P. Liu, H. Zhu, M. Z. Kang et al., “Hydrogeochemistry of
the fluoride in groundwater in the dali area of the guanzhong
basin,” Hydrogeology and Engineering Geology, vol. 36, no. 5,
pp. 84-88, 2009.

[24] L. N. Xing, H. M. Guo, L. Wei et al., “Evolution feature and
gensis of fluoride groundwater in shallow aquifer from north
China plain,” Journalof Earth Sciences and Environment,
vol. 34, no. 4, pp. 57-67, 2012.

[25] Q. Y. Hao, X. T. Xu, X. B. Zhang, and L. Zhou, “Hydro-
chemical characteristics and genesis of high-fluorine shallow
groundwater in yanggu area of the northwestern shandong,
China,” Journalof Earth Sciences and Environment, vol. 42,
no. 5, pp. 668-677, 2020.

[26] D. L. Lei, X. G. Fu, H. F. Geng, and X. L. Dong, “Distribution
rules of high fluoride water and its environmental impacts in
Cangzhou City,” Water Resources Protection, vol. 23, no. 2,
pp. 43-46, 2007.

[27] N. Yang, J. F. Liu, A. M. Liao et al., “Distribution and for-
mation factors of high fluoride deep groundwater in typical
area of north Anhui Province,” Hydrogeology and Engineering
Geology, vol. 44, no. 3, pp. 33-41, 2017.

[28] R. Zuo, P. Gu, Y. G. Teng, Q. Wang, J. S. Wang, and B. Wang,
“Spatial distribution and genesis of the high-fluorine
groundwater in the lower liaohe river plain,” Hydrogeology
and Engineering Geology, vol. 42, no. 3, pp. 135-141, 2015.

[29] J. Zhang, ]. L. Zhou, W. H. Nai, and Y. Y. Zeng, “Charac-
teristics of high fluoride groundwater in plain of Yarkant river
basin in Xinjiang,” Journal of Arid Land Resources and En-
vironment, vol. 34, no. 4, pp. 100-106, 2020.

[30] L. H. Wu, “Chemical characteristics and genesis of high
fluorine groundwater in Hengshui area,” Master’s thesis,
China University of Geology (Beijing), Beijing, China, 2015.

[31] G.-T. Chae, S.-T. Yun, B. Mayer et al., “Fluorine geochemistry
in bedrock groundwater of South Korea,” Science of The Total
Environment, vol. 385, no. 1, pp. 272-283, 2007.

[32] D. Mondal and S. Gupta, “Fluoride hydrogeochemistry in
alluvial aquifer: an implication to chemical weathering and
ion-exchange phenomena,” Environmental Earth Sciences,
vol. 73, no. 7, pp. 3537-3554, 2015.

[33] C. Calvi, D. Martinez, C. Dapeiia, and F. Gutheim, “Abun-
dance and distribution of fluoride concentrations in
groundwater: la ballenera catchment, southeast of Buenos
Aires Province, Argentina,” Environmental Earth Sciences,
vol. 75, no. 6, p. 534, 2016.

[34] X. He, T. Ma, Y. Wang, H. Shan, and Y. Deng, “Hydro-
geochemistry of high fluoride groundwater in shallow aqui-
fers, Hangjinhougqi, Hetao Plain,” Journal of Geochemical
Exploration, vol. 135, pp. 63-70, 2013.

[35] O. Sracek, H. Wanke, N. N. Ndakunda, M. Mihaljevi¢, and
F. Buzek, “Geochemistry and fluoride levels of geothermal
springs in Namibia,” Journal of Geochemical Exploration,
vol. 148, no. 1, pp. 96-104, 2015.

[36] P. Mamatha and S. M. Rao, “Geochemistry of fluoride rich
groundwater in kolar and tumkur districts of Karnataka,”
Environmental Earth Sciences, vol. 61, no. 1, pp. 131-142, 2010.

[37] J.Li, H. Zhou, K. Qian et al., “Fluoride and iodine enrichment
in groundwater of North China Plain: evidences from spe-
ciation analysis and geochemical modeling,” Science of The
Total Environment, vol. 598, no. 2, pp. 239-248, 2017.

[38] D. Mondal, G. Dutta, and S. Gupta, “Inferring the fluoride
hydrogeochemistry and effect of consuming fluoride-con-
taminated drinking water on human health in some endemic
areas of Birbhum district, West Bengal,” Environmental
Geochemistry and Health, vol. 38, no. 2, pp. 557-576, 2016.



Journal of Chemistry

(39]

(40]

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

(51]

G. Jacks, P. Bhattacharya, V. Chaudhary, and K. P. Singh,
“Controls on the genesis of some high-fluoride groundwaters
in India,” Applied Geochemistry, vol. 20, no. 2, pp. 221-228,
2005.

C. Liang, Y. Wu, and S. J. Li, “Distribution and geochemical
processes for the formation of high fluoride groundwater in
datong basin,” Geological Science and Technology Information,
vol. 33, no. 2, pp. 154-159, 2014.

C. Wu, X. Wu, Y. S. Zhang, Y. Y. Dong, and P. C. Zhu,
“Distribution characteristics and genesis of high fluoride
groundwater in the niuxin mountain, Qinhuangdao,” Earth
Science Frontiers, vol. 25, no. 4, pp. 307-315, 2018.

D. V.Reddy, P. Nagabhushanam, B. S. Sukhija, A. G. S. Reddy,
and P. L. Smedley, “Fluoride dynamics in the granitic aquifer
of the wailapally watershed, Nalgonda district, India,”
Chemical Geology: Isotope Geoscience Section, vol. 269, no. 3,
pp. 278-289, 2010.

L. L. Shao, S. K. Yang, W. K. Wang, and X. F. Feng, “Dis-
tribution regularity of fluorine in shallow groundwater in
unsaturated soils of kuitun river basin , Xinjiang,” Journal of
Earth Sciences and Environment, vol. 28, no. 4, pp. 64-68,
2006.

Z. T. Han, F. W. Zhang, J. Y. Gui, H. Shen, L. Chen, and
X. L. Lv, “Research on the genesis of high-fluoride ground-
water in Yanchi area and direction for low-fluoride
groundwater prospect,” Journal of Arid Land Resources and
Environment, vol. 23, no. 12, pp. 151-156, 2009.

W. Zhang, X. D. Fu, and F. R. Zhang, “The relationship
bewteen the high fluorine content of groundwater and the pH
value, water temperrature and the ratio of (Na+ + K+)/Ca: a
case studyof yongcheng mine area,” Geology and Resources,
vol. 13, no. 2, pp. 109-111, 2004.

Y. B. Sun, W. K. Wang, C. C. Zhang, L. Duan, Y. H. Wang, and
H. Li, “Formation and evolution mechanism of shallow-layer
high fluorine water in Guanzhong Basin,” Hydrogeolog and
Engineering Geology, vol. 40, no. 6, pp. 117-122, 2013.

C. C. Zhang, W. K. Wang, Y. B. Sun, H. Li, and Z. Wei,
“Formation and evolution mechanism of shallow-layer high
fluorine water in Guanzhong Basin,” Journal of Water Re-
sources and Water Engineering, vol. 24, no. 3, pp. 76-80, 2013.
V. K. Saxena and A. Shakeel, “Inferring the chemical pa-
rameters for the dissolution of fluoride in groundwater,”
Environmental Geology, vol. 43, no. 4, pp. 731-736, 2003.
Z.J. Gao, J. T. Liu, J. G. Feng, M. Wang, and G. W. Wu,
“Hydrogeochemical characteristics and the suitability of
groundwater in the alluvial-diluvial plain of southwest
Shandong Province, China,” Water, vol. 11, p. 5177, 2019.
Z. Gao, Z. Wang, S. Wang et al., “Factors that influence the
chemical composition and evolution of shallow groundwater
in an arid region: a case study from the middle reaches of the
Heihe River, China,” Environmental Earth Sciences, vol. 78,
no. 14, p. 390, 2019.

A. Naaz and Anshumali, “Hydrogeochemistry of fluoride-rich
groundwaters in semiarid region of Central India,” Arabian
Journal of Geosciences, vol. 8, no. 12, pp. 10585-10596, 2015.

11



Hindawi

Journal of Chemistry

Volume 2021, Article ID 5591892, 11 pages
https://doi.org/10.1155/2021/5591892

Research Article

Hindawi

Hydrochemistry and Entropy-Based Groundwater Quality
Assessment in the Suining Area, Southwestern China

Yunhui Zhang ,12 Xijao Li(,} Ming Luo,* Changli Wei,* Xun Huang,1 Yong Xiao , 12

Limao Qin,' and Qiuming Pei !

Faculty of Geosciences and Environmental Engineering, Southwest Jiaotong University, Chengdu 611756, China
2Yibin Research Institute, Southwest Jiaotong University, Yibin 644000, China
“State Key Laboratory of Geohazard Prevention and Geoenvironment Protection, College of Environment and Civil Engineering,

Chengdu University of Technology, Chengdu 610059, China

*Sichuan Institute of Geological Survey, Chengdu 610081, China

Correspondence should be addressed to Xiao Li; lixiao@cdut.edu.cn

Received 10 February 2021; Accepted 27 May 2021; Published 8 June 2021

Academic Editor: Xubo Gao

Copyright © 2021 Yunhui Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Groundwater is an essential resource for sustainable development, whose quality is significant for human health. In the present
study, twenty-eight groundwater samples were collected from domestic tube wells and public water supply wells in the Suining
area, southwestern China. The integration of statistical analysis, correlations of ions, geomodelling, and entropy-weighted water
quality index (EWQI) was carried out to clarify the hydrochemistry and groundwater quality in the study area. By the statistical
analysis, the cations followed the concentration order as Ca*"> Na™> Mg2+> K", while anions’ concentrations were
HCO5 >S0,> >Cl" >NO; >F . Piper trilinear diagram showed the hydrochemical type was characterized as Ca-HCOs.
Correlations of ions and geomodelling revealed the concentrations of major ions were mainly determined by carbonate dis-
solution and ion exchange process, and NO;  concentrations were controlled by agriculture activities. EWQI computation
demonstrated that most of the groundwater samples possessed EWQI values higher than 100. Therefore, groundwater quality is
lower than the permissible limit of the World Health Organization (WHO), suitable for drinking purposes in the Suining area.

Our study provides vital knowledge for groundwater management in the Suining and other similar areas.

1. Introduction

Groundwater is the basic and vital resource for humans
living around the world. However, groundwater quality is
deteriorating due to the rapid development of industriali-
zation and urbanization, great growth of population, and
excessive use of fertilizers [1-3]. So far, groundwater has
been contaminated by nitrate, fluoride, arsenic, heavy metal
elements, etc., seriously threatening to human health [4-8].
Comprehensive investigations of groundwater chemistry,
mechanism analysis, and quality evolution can provide
robust information for groundwater protection, which have
been carried out globally [9-11].

Understanding groundwater chemistry is the critical
fundament for mechanism analysis and quality evolution

[12-14]. For numerous hydrochemical data, a statistical
approach is used to analyse the general scope, which is
shown in the Box-Whisker diagram [15]. The Piper trilinear
diagram can present the water type clearly [16]. The
mechanism for groundwater chemistry is mainly deter-
mined by natural processes and anthropogenic activities
[17-19]. Natural processes generally consist of water-rock
interaction, precipitation, and evaporation. Gibbs plots are
regarded as the classic approach to distinguish the natural
governing factors affecting groundwater chemistry [20].
Correlations of different ions and geomodelling can further
constrain the rock type involving water [21]. Assessment of
groundwater quality is a hot topic for numerous researchers.
In the previous study, the traditional water quality index
(WQI) was introduced to evaluate groundwater quality
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firstly [22-24]. Considering the various hydrochemical
parameters, the WQI approach is not efficient to reveal the
groundwater quality. The methodology for evaluating
groundwater quality has experienced several stages from the
traditional water quality index (WQI) to entropy water
quality index (EWQI). The EWQI with entropy values in-
volving various hydrochemical parameters has been believed
to be a more robust approach due to its more comprehensive
computation [19, 25-29]. In addition, the Geography In-
formation System software (GIS) is helpful to reveal the
spatial distribution of EWQI values. Therefore, the EWQI
analysis has been extensively conducted for groundwater
quality evaluation.

The Chengdu Plain is the area where industrialization
and urbanization are rapidly increasing since the national
developing strategy of the Chengdu-Chongging economic
circle was generated in the year 2020. The Suining area is an
important city in the Chengdu Plain with a population of 3.6
million. The agriculture industry is active in the Suining area
where the lands of 389 thousand hectares are exploited for
extensive agricultural activity. However, scarce research has
so far been conducted to understand the comprehensive
evaluation of groundwater chemistry and quality from the
Suining area. Therefore, the objectives of our study are as
follows: (1) investigating the preliminary characteristics of
groundwater chemistry, (2) identifying the factors con-
trolling groundwater chemistry, and (3) evaluating
groundwater quality using EWQI. The achievements of our
study are hopeful to provide references for effective
groundwater protection and management in future.

2. Materials and Methods

2.1. Study Area. The Suining area is located in the eastern
part of the Sichuan Province, southwestern China, within
the scope of E105°03'26"-106°59'49” and N30°10'50"-
31°10'50" (Figure 1). The study area belongs to a subtropical
humid monsoon climate with an annual temperature of 17°C
and annual precipitation of 900 mm. The geomorphology is
characterized as hilly and low mountain areas, with an el-
evation of 300-600 m. Rivers are developed in the Suining
area where the Fu River is the dominant river (Figure 1).
The study area is situated in the Central Sichuan fold belt
[30]. The strata are composed of the Quaternary sediments,
Jurassic-Cretaceous calcareous mudstones and sandstones,
and Triassic limestones (Figure 2) [31]. The Quaternary
sediments contain sands, gravels, silty clay, and clay. The
Jurassic-Cretaceous calcareous mudstones and sandstones
consist of clay minerals (hydromica, kaolinite, and mont-
morillonite), detrital minerals (quartz, feldspar, and mica),
and calcite. The Triassic limestones are dominated by calcite
with less dolomite. Structures are not developed in the
Suining area except for some E-W-trending wide folds.
Groundwater mainly includes pore fissure water and fissure
water and is recharged by infiltration of precipitation and
local runoff. The Jurassic-Cretaceous calcareous sandstones
are the main aquifers, while the mudstones are identified as
confining beds [12]. The depth of groundwater is shallow
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and lower than 20 m. So far, groundwater has been exploited
by local residents for domestic and irrigation goals.

2.2. Field Sampling and Laboratory Measurements. In this
study, a total of twenty-eight groundwater samples were
collected within the Suining area from groundwater wells
during June 2016. Sampling sites were equally distributed in
the study area. Prior to sampling, at least ten minutes were
taken to pump stagnant water in the wells. Every sample
bottle was rinsed three times by the sample water. All of the
groundwater samples were analysed for hydrochemical
compositions in the Laboratory of the Sichuan Provincial
Bureau of Geology and Mineral Resources. Total dissolved
solids (TDS) and major cations (e.g., K, Na*, Ca**, and
Mg**) were analysed by an atomic absorption spectro-
photometer (AA6100; Techcomp, China). Cl, SO0,*,NO;,
and F~ were measured using ion chromatography (IC6100;
Wayee, China). Chemical oxygen demand (COD) and total
hardness (TH) and HCO;~ were determined by titration.
The charge balance error (CBE) ranged from -4.14% to
+0.43% (calculated based on Equation (1)), validating the
accuracy of experimental analyses:

CBE = Y cations — ) anions

= x 100%. 1
Y cations + ) anions ’ W

2.3. Data Processing and Analysis. The statistical analysis for
hydrochemical parameters was compiled based on SPSS 25.
Piper diagram was drawn by AquaChem software version
3.0, showing the hydrochemical type.

The Materials and Methods section should contain
sufficient detail so that all procedures can be repeated. It may
be divided into headed subsections if several methods are
described. The saturation index (SI) of specific minerals was
computed using PHREEQC 3.0, based on the following
equation:

IAP)’ 2)

SI= log< K
where IAP represents ion activity in groundwater and K is
the solubility constant under specific temperature.

The entropy-weighted water quality index (EWQI) is the
approach for evaluating water quality by entropy value
involving various hydrochemical parameters. In general, the
EWQI values were computed by four steps as follows:

Step 1: the eigenvalue matrix X is obtained as follows:

X1 X o X
x x P x
21 X2 2n
2 T (3)
X1 Xy oo Xpn

where m is the total number of water samples and n
signifies the number of hydrochemical parameters.

Step 2: the standard evaluation matrix “Y” is calculated
as follows:
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X —(x»») A Finally, the EWQI value can be computed using the
J J/min__" benefit type, following equation:
(xij)max - (xij)min m
Vi) =1 (4) EWQI =} (w;xq,). (10)
X — X j=1
( ’J)max 1 , costtype,
~ (x"f )max_(xif min The classification of water quality based on EWQI is
shown in Table 1.
Yu Yo ot Vi
y=| Y Y2 Y| (5) 3.Results and Discussion

Ymi Ym2 -+ Vo

where (x;;)nex and (x;;)p;, are the maximum and
minimum values of the hydrochemical parameters of
the water samples, respectively, and “y;;” is the stan-
dardization process.

« _»

Step 3: the information entropy “e;
follows:

is acquired as

ej = _Lm Z (P,.j x In P,-]-), (6)

i=1

where P;; is the parameter value ratio of parameter j for
sample 7, achieved based on Equation (6):
Yij
P.. = : 7
DY Yij @

Afterwards, the entropy weight “w;” can be obtained as
follows:

1-e ;
wj= n ' (8)
TXL(-e)
Step 4: the quality rating scale “q;” of each parameter
could be computed by the following equation:

<
q; = 5 x 100, (9)
where C; is the concentration of each hydrochemical
parameter j and S; represents the permissible limit of

the World Health Organization standards for specific
hydrochemical parameter j.

3.1. General Characteristics of Groundwater Chemistry.
The statistical results of hydrochemical parameters are
presented in Table 2 and Figure 3, which were compared
with the standard limits of the World Health Organization
(WHO). The pH values varied from 7.1 to 8.4 (mean =7.6),
indicating neutral to slightly alkaline character and per-
missible for drinking purpose. Total dissolved solids (TDS)
had concentrations of 20-830 mg/L, within the permissible
drinking standard. The total hardness (TH) values ranged
from 160.14mg/L to 550.50mg/L (mean =389.99 mg/L).
17.86% of groundwater samples exceeding the permissible
limit of 450.00 mg/L displayed the hard to very hard affinity
(Figure 4(a)) and were unsuitable for drinking. Based on the
statistical results, the major cations and anions followed the
order of concentrations as follows: Ca** (46.10-184.40 mg/
L)>Na" (8.70-78.00 mg/L) > Mg®" (6.10-42.60 mg/L) > K"
(0.90-25.00mg/L), and HCO;  (140.30-530.90 mg/L)
>80,°” (45.90-207.00 mg/L) > Cl~ (7.20-90.50 mg/L). Ca>*
and HCO;  were the dominated cation and anion, re-
spectively, characterized as the hydrochemical type of Ca-
HCO; (Figure 4(b)). Most of the major ions (except Ca*")
possessed concentrations less than the permissible limit for
drinking purpose (Table 2). Of note, the NO;~, NO, ", and
NH," concentrations of groundwater samples were found
beyond the permissible limit. Among them, NO;™ had the
highest concentrations of 0.20-244.00 mg/L, with 50% of
groundwater samples exceeding the maximum allowable
limit of 50 mg/L. NO, and NH," concentrations varied
from 0.01 to 6.05 mg/L and 0.03 to 1.53 mg/L, within 18.57%
and 11.43% of groundwater samples exceeding the per-
missible limit, respectively. Hence, nitrate contamination
was identified in the Suining area. The F~ concentrations
(0.2-0.6 mg/L) were obviously lower than the recommended
level of drinking water standard.
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TaBLE 1: Classification criteria of water quality based on EWQ], according to reference [25].

Rank EWQI Water quality
1 <50 Excellent
2 50-100 Good
3 100-150 Medium
4 150-200 Poor
5 >200 Extremely poor
TABLE 2: Statistical results of hydrochemical parameters and drinking water standards.
Parameters Max Min Mean SD CV (%) Guideline % of SEL
pH 8.4 7.10 7.6 0.25 3.37 6.5-8.5" 0.00
TDS 830 201 563 140 24.90 1000* 0.00
TH 550.50 160.14 389.99 89.04 22.83 450.00" 17.86
K" 25.00 0.90 3.75 4.77 126.98 — —
Na™ 78.00 8.70 31.66 14.81 46.76 200" 0.00
Ca** 184.40 46.10 118.68 30.67 25.85 75" 92.86
MgZJr 42.60 6.10 22.75 8.68 38.14 50"~ 0.00
ClI 90.50 7.20 30.62 22.98 75.06 250 0.00
SO, 207.00 45.90 93.60 42.20 45.09 250" 0.00
HCO;~ 530.90 140.30 348.31 89.41 25.67 — —
NO;~ 244.00 0.20 68.12 61.42 90.17 50" 50.00
NO,~ 6.05 0.01 0.43 1.41 327.39 0.02* 18.57
NH,* 1.53 0.03 0.23 0.30 129.05 0.2* 11.43
F 0.6 0.2 0.4 0.10 27.16 1.0* 0.00

SD, standard deviation; CV (%), coeflicient of variation; * Chinese Guidelines [32]; **WHO Guidelines [33]; % of SEL, % of samples exceeding the acceptable

limit.

3.2. Factors Controlling Groundwater Chemistry. The natural
sources controlling ion concentrations generally include
evaporation, rock weathering, and precipitation. Gibbs
raised the classified diagram for distinguishing the different
natural sources [34]. In the Gibbs diagram, all groundwater
samples are plotted in the area of rock dominance (Figure 5),
indicating that water-rock interaction is the natural process
determining the ion concentrations of groundwater.

3.3. Sources of Major Ions

3.3.1. Correlation of Major Ions for Mineral Dissolution.
The correlation of major ions has been extensively used to
clarify the mineral types involving the water-rock interaction
(Figure 6). When the dissolution of halite is the main
process, the mole ratio between Cl~ and Na™ is equal to one.
Most of the groundwater samples plotted below the y=x
line, against the possibility of halite dissolution. The excess
Na " concentration was probably derived from silicate dis-
solution or ion exchange. The dissolution of gypsum would
lead to the molar ratio between SO,>~ and Ca** equal to one.
All of the groundwater samples drifted under the y =x line.
The dissolution of gypsum was unlikely to be the main
natural process, implying there are possibilities that some
processes contribute Ca®*. In the Ca®" vs. HCOj;,
groundwater samples followed the y=x line, implying the
occurrence of calcite dissolution. Molar concentrations of
Ca®*, Mg**, Na*, and HCO;™ constructed by Gaillardet et al.
(1999) have been considered as the efficient approach to

evaluate the effects of carbonate rocks, silicate rocks, and
evaporite rocks on the hydrochemical compositions [35]. In
this study, groundwater samples fell in the zone between the
carbonate rocks and silicate rocks. Hence, silicates and
carbonates rather than evaporites had a contribution to
groundwater chemistry. Accordantly, groundwater samples
were distributed in the areas of silicate weathering and
calcite dissolution.

Ion exchange has been reported as the natural process
universally occurring in the groundwater system [36-38].
The relationship between (Ca”*+Mg>") — (SO4>~ + HCO5")
and (Na*+K" — CI') can be employed to identify the ion
exchange. The plots of groundwater samples displayed a
negative correlation, revealing the ion exchange existed
between Ca** and Na*. Moreover, the chloroalkaline indices
(CAI-I and CAI-I) are feasible to constrain the type of ion
exchange. When the CAI-I and CAI-II values are higher
than zero, reverse ion exchange occurs. In contrast, ion
exchange is supported by the CAI-I and CAI-II values lower
than zero. In this study, most of the groundwater samples
possessed the CAI-I and CAI-II values lower than zero.
Hence, ion exchange between Ca** and Na* was proposed in
the study area.

3.3.2. Saturation Index for Estimating Possible Mineral
Phases. Saturation index (SI) is viable to reflect the mineral
equilibrium state in the groundwater system. In this study,
saturation indices of calcite, dolomite, gypsum, and halite
were computed by Phreeqc 3.0, as shown in Figure 6(i). The
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FIGURE 3: Box and Whisker plot of hydrochemical parameters of groundwater samples.

saturation indices of gypsum and halite were obviously
lower than zero, implying the unsaturated state. Dolomite
and calcite represented the oversaturated state by the sat-
uration indices greater than zero. Hence, the hydrochemical
compositions were mainly attributed to the dissolution of
carbonate minerals.

3.3.3. Groundwater Quality Assessment Based on EWQL
The EWQI approach has been extensively used to evaluate
the comprehensive effects of hydrochemical parameters on

overall water quality [25, 26, 39]. The EWQI values lower
than 100 imply that the water quality reaches the permissible
limit for drinking purpose. In the present study, the con-
centrations of Ca**, Mg**, Na*, K*, CI", SO,>~, HCO5, F,
NO; ", and TDS were involved in the computation of the
EWQI. Herein, the EWQI values had a range of 95-235
(average value = 175) and were evaluated from rank 2 to rank
5 (Figure 7(a)). The majority of groundwater samples dis-
played the levels of Rank: 4 poor, lower than permissible
drinking standard of the WHO.



Journal of Chemistry

Soft |M0derately hardl Hard | Very hard
100000 £ N\
E [
E [ )
- C E I £
o 1 [l w
1 [l
10000 fm———mmm - S aaRnEEEEEERES -
?n E o <
= r ) Lo =
E P v M«
[a) | [ o)
1000 pommmm o L -
E I ’
C ! ! <
- A ¢ g
- o0y -
100 1 1 L1 1
10 100 1000 10000
TH (mg/L)

60 40 20 20 40 60 80

<«—Ca¥'— —Cr—
@ Ca-HCO, type @ Mixed Ca-Mg-CI type
@ Na-CI-SO, type () Ca-Cltype
@ Mixed Ca-Na-HCO; type @ Na-HCO; type
(a) (®)

FIGURE 4: Scatter plots of (a) TH versus TDS demonstrating groundwater quality and (b) Piper trilinear diagram for groundwater samples.

100000

10000

1000

3 i )
E RS o :
= 4 Rock dominance !
%) @ \
A
B 100 fo_

10 |

1 T T

0 01 02 03 04 05 06 07 08 09
(CI"/CI” + HCO;™)(megq/L)
()

1

100000

10000

1000

TDS (mg/L)

100

10

1 T T T T T T T T T

0 01 02 03 04 05 06 07 08 09 1
(Na*/(Na* + Ca?*)(meq/L)
(b)

FIGURE 5: Gibbs diagrams demonstrating the mechanisms governing groundwater chemistry. (a) TDS vs. CI'/(Cl"+HCO;"); (b) TDS vs.

Na*/(Na*+Ca®").

The spatial distribution of the EWQI rank was visualized
by the normal Kriging interpolation approach in the Ge-
ography Information System software (GIS) (Figure 7(b)). In
Figure 7(b), the groundwater samples in the vast majority of
the study area were not allowable for drinking purpose.

Some local places in the western and middle parts of the
study area had groundwater whose EWQI values largely
exceeded the permissible limit for safe drinking. Therefore,
the western and middle parts of the study area should be paid
more attention for groundwater protection in future.
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4. Conclusions

In this study, twenty-eight groundwater samples were collected
from the Suining area for hydrogeochemical analysis and quality
assessment in order to better exploit and utilize groundwater
resources. The main conclusions were drawn as follows:

(1) Groundwater samples represented alkaline affinity
and high TDS values with Ca-HCOj; type. The av-
erage cation and anion concentrations followed the
order of Ca’">Na">Mg>*>K" and HCO; >
SO, 2 >Cl > NO;™ > F . Nitrate contamination was
identified by the NO; concentrations of
0.20-244.00 mg/L.

(2) Ratios of major ions and geochemical modelling
collectively revealed that hydrogeochemical com-
positions were dominated by carbonate dissolution
and ion exchange.

(3) Entropy-weighted water quality index (EWQI) indi-
cated that most of the total samples were unsuitable
for drinking. The western and middle parts of the
study area with higher EWQI values should be paid
more attention for groundwater protection in future.
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To investigate effective and reasonable methods for the remediation of nitrate nitrogen pollution in groundwater, two groups of
laboratory denitrification experiments were conducted: one on the effect of native denitrifying microbes in groundwater and
another on the effect of artificially added denitrifying microbes. The water used in the experiment was typical groundwater with a
high concentration of nitrate nitrogen. The temperature was controlled at 15°C. Both groups of experiments established four types
of culture environments: anaerobic, anaerobic with an added carbon source (glucose), aerobic, and aerobic with an added carbon
source (glucose). The results indicated that native denitrifying microbes in the groundwater have almost no ability to remove high
concentrations of nitrate nitrogen. However, artificially added denitrifying microbes can effectively promote denitrification.
Artificially added denitrifying microbes had the highest activity in an anaerobic environment in which a carbon source had been
added, and the rate removal of a high concentration of nitrate nitrogen in groundwater was the highest and reached as high

as 89.52%.

1. Introduction

Groundwater is an important part of water resources, with a
stable quantity of high-quality water. It is one of the im-
portant water sources for agricultural irrigation, industry,
mining, and urban life. However, with the development of
society and economy and the influence of human activities,
increasing amounts of environmental pollution problems
have gradually been exposed, particularly the pollution of
groundwater, whose scope has expanded from point to
surface and from shallow to deep. In addition, the number of
types of pollutants has been increasing. The degree of
pollution is becoming increasingly serious [1-4]. Owing to
the discharge and leakage of domestic sewage and sub-
standard industrial wastewater, an unreasonable recharge of
sewage, the leaching of fecal and solid waste, the application
of a large number of chemical fertilizers and pesticides in
rural areas, dry and wet deposition of nitrogen oxides in the

atmosphere, and excessive exploitation of groundwater, the
concentration of nitrate nitrogen in groundwater has been
increasing, thus, resulting in serious pollution to the envi-
ronment [5-8]. Groundwater with a high concentration of
nitrate nitrogen poses a major threat to human beings and
other organisms, since the excessive intake of nitrate results
in its reduction to toxic nitrite in the human body [9-11],
which can be further transformed into nitrosamines. Ni-
trosamine is a “three-cause” substance, which easily causes
digestive system diseases, methemoglobinemia (blue baby
disease), and other problems [12-15].

The problem of nitrate pollution of groundwater has
aroused widespread concern in academic circles. The ef-
fective remediation of nitrate pollution of groundwater has
become the focus of widespread concern. The conventional
processes (flocculation sedimentation-filtration-chlorine
disinfection) applied for water potability do not eliminate
nitrate from the groundwater [16], and special treatment
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processes are required to lower the concentration of nitrate
to acceptable levels. Currently, the main remediation
methods of nitrate pollution in groundwater are physical,
chemical, and biological methods. Although there are many
methods, each has its own limitations in practical applica-
tion [17-20]. In terms of eliminating nitrate pollution in
groundwater and reducing the cost of denitrification, the
biological method is the most effective method that is
currently used [21, 22]. This method is characterized by high
efficiency and low consumption, so it has been extensively
studied. Bioremediation methods primarily rely on the
denitrification of microorganisms to remove pollutants from
groundwater [23, 24]. Most of the denitrifying microbes
involved in the denitrification process are heterotrophic
facultative anaerobes, which cannot synthesize organic
matter themselves and need to consume additional carbon
sources to produce energy and conduct cell synthesis and
deoxidation [25]. Currently, the research on bioremediation
methods is primarily focused on the selection of denitrifying
microbes and carbon sources.

Trudell et al. [26] conducted a large number of exper-
iments that proved that solid organic carbon can also be used
as a substrate for denitrification. Schipper et al. [27], Rob-
inson-Lora et al. [28], and Moorman et al. [29] selected solid
carbon sources for denitrification experiments and achieved
good denitrification results. However, solid carbon sources
are mostly natural materials, such as sawdust, rice straw, and
bark, and their carbon release is uncontrollable, which easily
causes secondary pollution, aquifer blockage, and other
problems [30, 31]. Compared with solid carbon sources,
liquid carbon sources have a fast dissolution rate and highly
efficient reactions. Studies have shown [32-39] that com-
mon carbon sources, such as methanol, ethanol, acetic acid,
sucrose, and glucose can promote denitrification. In addi-
tion, different carbon sources have varying effects on de-
nitrification. There are also many studies on denitrifying
microbes [40-43]. Wang et al. [44] successfully isolated
denitrifying microbes from groundwater in intensive veg-
etable growing areas. Zhang et al. [45] isolated denitrifying
microbes from soil and verified their ability to perform
denitrification. Using a shaking flask experiment, Wang [46]
revealed that the groundwater polluted by nitrate contains a
large number of indigenous microorganisms, which can
degrade the nitrate in the presence of an additional carbon
source. Li et al. [47] showed that the sludge of the anaerobic
section of a sewage treatment plant contains denitrifying
microbes, which are highly active after enrichment and
culture. Zhang et al. [37] and Zhang et al. [38, 39] proved
that the combination of optimized artificial denitrification
agents and common carbon sources such as ethanol can
clearly remove nitrate pollution from groundwater. Previous
studies have made substantial progress in verifying that both
liquid and solid carbon sources can promote denitrification.
There is denitrification by indigenous microorganisms in
groundwater, which can be enhanced by adding carbon
sources to degrade nitrate pollution. Biological bacteria and
fungi are beneficial for removing nitrate nitrogen in
groundwater. However, research mostly adopts ground-
water and synthetic water with low concentrations of nitrate
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nitrogen. There are few research results on the comparison
of effects of native denitrifying microbes in groundwater
with those that have been artificially added on the reme-
diation of groundwater with a high concentration of nitrate
nitrogen. In view of these considerations, this study selected
glucose as the carbon source and attempted to investigate the
effect of the denitrification of native denitrifying microbes in
groundwater and artificially added denitrifying microbes
under different combinations of oxygen and carbon sources.

2. Materials and Methods

2.1. Sampling. Studies have shown that, owing to the long-
term application of nitrogen fertilizer in vegetable growing
areas, the content of nitrate nitrogen in groundwater is very
high. The water used in the experiments was taken from the
groundwater in a vegetable growing area (36.71565°N,
120.31963°E), and the sampling depth was 5m. After
sampling on the spot, the water was placed into a poly-
ethylene bottle that was washed twice with water samples
and sealed with sealing film. The samples were transported to
the laboratory in an incubator at 4°C with a built-in ice bag
and processed within 24 hours.

2.2. Enrichment and Cultivation of Sludge. To investigate the
effect of artificial addition of denitrifying microbes on de-
nitrification, the sludge containing denitrifying microbes
was collected from the aeration tank of a sewage treatment
plant (35.94553°N, 120.21454°E), placed in a polyethylene
bottle, transported to the laboratory at 25°C, and treated and
cultured within 24 hours.

The nutrient solution was prepared with distilled water,
and the main components were KNOj; (0.37 g/L), CsH;,0¢
(0.1562 g/L), CH;0OH (320 uL/L), and KH,PO, (0.044 g/L).

The collected sludge was statically placed, and the su-
pernatant was removed. The sedimentation of the lower layer
of the sludge was packed into six 1L conical bottles, which
each contained 700 mL. A total of 350 mL of the nutrient
solution was added to each conical bottle and sparged with
high-purity nitrogen for 5 minutes. They were then sealed
with film designed to maintain freshness and film to seal to
maintain the anaerobic environment and cultured at 25°C for
14 days. During the period of cultivation, the nutrient so-
lution was changed every 48 hours. The supernatant in the
conical bottle was removed, and then, 350 mL of the newly
configured nutrient solution was added and sparged with
high-purity nitrogen for 5 minutes. The bottles were sealed
with both types of film and cultured at 25°C. A volume of
350 mL of supernatant was discarded from the enriched
sludge in each conical bottle, and all the excess sludge in the
conical bottle was poured into a 5 L beaker and shaken well for
inoculation. The settling ratio (SV%) of the mixed sludge was
90%. The concentration of the mixed sludge was 9838 mg/L.
The C/N ratio of the mixed sludge was 16.3.

2.3. Experimental Design. In this study, two groups of ex-
periments were designed to investigate the efficiency of
denitrification of native denitrifying microbes in



Journal of Chemistry

groundwater and artificially added denitrifying microbes.
Four conditions were established in each group, which were
anaerobic, anaerobic with an added carbon source, aerobic,
and aerobic with an added carbon source conditions. The
anaerobic conditions were introduced by sparging with
high-purity nitrogen for 3 minutes and sealing the bottle cap
with sealing film.

Analytically pure glucose was used as the sole carbon
source for microbial growth, and its concentration was
controlled as 1 g/L. Each time, 100 mL of water samples was
taken and placed in 150 mL volume serum bottles. The
15mL of sludge that was cultured and enriched was inoc-
ulated to water. The serum bottle was placed in a BOD
constant temperature incubator (American Hash Company,
205-2). The temperature was controlled at 15°C. The water
samples were collected, and the indices were determined
every 24 hours. The control consisted of three parallel
samples. The specific experimental design is shown in
Figure 1.

2.4. Test Index and Determination Method. The experimental
indices include the pH, Oxidation-Reduction Potential
(ORP), nitrate nitrogen (NO; -N), nitrite nitrogen (NO, -
N), and ammonia nitrogen (NH,"-N).

The supernatant of cultured water samples was tested, in
which the pH and ORP were determined directly. The water
samples were then filtered through a 0.45um filter mem-
brane to determine the amounts of nitrate nitrogen (NO;™-
N), nitrite nitrogen (NO, -N), and ammonia nitrogen
(NH4"-N). All of the detection methods were conducted in
accordance with the national standard method [48], and the
main analytical methods are shown in Table 1.

2.5. Data Processing and Drawing Methods. The mean and
standard deviation of three parallel samples were calculated
under each culture condition. Origin software (OriginLab,
Northampton, MA, USA) was used to draw the figures.

reduced nitrate nitrogen
- 100%.

(1)

the removal rate of nitrate nitrogen =

initial nitrate nitrogen

3. Results and Discussion

The results of two groups of experiments were compared to
determine the effects of native denitrifying microbes in
groundwater and denitrifying microbes that were artificially
added on denitrification in groundwater with a high con-
centration of nitrate nitrogen.

3.1. Removal of Nitrate Nitrogen. The changes in concen-
tration of nitrate nitrogen in water samples under the action
of native denitrifying microbes are shown in Figure 2(a). The
trend of change of concentration of nitrate nitrogen in the
water samples under the four culture conditions was basi-
cally the same and unstable. During the culture period, there
was both an increase and a decrease in nitrate nitrogen. The

overall rate of removal increased during the first 5 days of the
experiment. It reached its maximum value of 10% on day 4
under the condition of aerobic with an added carbon source.
This indicated that denitrification occurred, and the degree
of denitrification was the highest on day 4. The nitrate ni-
trogen only increased on day 3, possibly owing to
ammoxidation [49]. The increase was the largest under the
condition of anaerobic with an added carbon source, which
changed from an initial concentration of 281.81 mg/L to
309.77 mg/L. The overall rate of removal decreased from
days 6 to 12 of the experiment as the nitrate nitrogen ac-
cumulated. The rate of removal under the anaerobic con-
dition decreased to 0.78% on day 12. In addition, from days 6
to 8, the nitrate nitrogen increased continuously under the
condition of anaerobic with an added carbon source. The
change in concentration was slightly different from those
under the other three conditions. The concentration of
nitrate nitrogen under the other three conditions increased
at first and then decreased.

As seen in Figure 2(a), the rate of removal of nitrate
nitrogen in the water samples was not obvious under the
four conditions. The denitrification efficiency cannot be
effectively promoted by adding a carbon source and creating
an anaerobic condition. The final concentration of nitrate
nitrogen was close to that of the initial concentration, and
there was basically no removal of nitrate nitrogen. This
shows that the native denitrifying microbes in water samples
cannot efficiently promote denitrification when glucose is
added as a carbon source and whether oxygen is provided or
not, so they were unable to reduce the high concentration of
nitrate nitrogen in water samples.

In contrast, as shown in Figure 2(b), the denitrification
efficiency of artificially added denitrifying microbes in the
four culture conditions showed obvious differences with the
passage of culture time. The concentration of nitrate ni-
trogen in the water samples decreased to varying degrees.
The efficiency of denitrification was the most effective under
the condition of anaerobic with an added carbon source. The
rate of removal increased gradually with the duration of the
experiment. On day 7, the concentration of nitrate nitrogen
decreased from an initial concentration of 266.2 mg/L to
27.9mg/L, and the rate of removal reached 89.52%. The
denitrification effect under the condition of aerobic with an
added carbon source was less than that of anaerobic con-
dition in which a carbon source was added. The concen-
tration of nitrate nitrogen decreased gradually with the
experiment, and the rate of removal gradually increased. On
day 7, the concentration of nitrate nitrogen decreased from
the initial concentration of 266.2mg/L to 103.8 mg/L, and
the rate of removal reached 55.16%. Denitrification was not
performed effectively under anaerobic or aerobic conditions,
and the concentration of nitrate remained basically the
same. During the experiment, the concentration of nitrate
nitrogen increased and decreased but decreased as a whole.
On day 7 under the anaerobic condition, the concentration
of nitrate nitrogen decreased from an initial concentration of
266.2mg/L to 220.3mg/L, and the rate of removal was
17.24%. The concentration of nitrate nitrogen increased
slightly on days 2 and 5 of the experiment, which may be
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FIGURE 1: Diagram of the experimental design.
TaBLE 1: Detection method of test index.

Serial number Index Detection method

1 pH Hash electrode method

2 ORP Hash electrode method

3 NO; -N Ultraviolet spectrophotometry

4 NO, -N N-(1-naphthyl)-ethylenediamine spectrophotometry

5 NH,"-N Nessler’s reagent spectrophotometry
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owing to ammoxidation [49]. Under aerobic conditions, the
concentration of nitrate nitrogen decreased from an initial
concentration of 266.2 mg/L to 217.67 mg/L, and on day 6,
the rate of removal was 18.23%. The concentration of nitrate
nitrogen increased slightly on days 2, 5, and 7 of the ex-
periment, which may be owing to ammoxidation [49].

Comparing the experimental results of the two groups,
there was a significant difference in the rate of removal of
nitrate nitrogen under the influence of the two types of
microbes. The rate of removal of nitrate nitrogen in the water
samples in which artificially added denitrifying microbes
had been added was significantly better than that under the
action of native denitrifying microbes. In addition, the
maximum rate of removal of nitrate nitrogen under the
action of native denitrifying microbe was only 10%. The rate
of removal is not obvious, which shows that the native
denitrifying microbes in groundwater are not capable of
removing high concentrations of nitrate nitrogen in water
samples. In addition, large amounts of denitrifying microbes
are needed to promote the denitrification effect, so as to
achieve the purpose of reducing high concentrations of
nitrate nitrogen in groundwater.

In addition, when the changes in concentration of nitrate
nitrogen of artificially added denitrifying microbe water
samples under four culture conditions were compared, it can
be seen that artificially added denitrifying microbes pro-
duced the strongest activity under anaerobic condition in
which glucose was provided as a carbon source. It was highly
effective at denitrifying a high concentration of nitrate ni-
trogen in groundwater with a rate of removal rate as high as
89.25%. The experimental results showed that for the
groundwater with a high concentration of nitrate nitrogen,
the introduction of denitrifying microbes and the provision
of an anaerobic environment while using glucose as a carbon
source could significantly reduce the concentration of nitrate
nitrogen in the groundwater. However, the lowest con-
centration of nitrate nitrogen in the water samples was
27.9mg/L, which still does not meet the quality standard of

class III groundwater (<20 mg/L). The experimental culture
time was too short and did not provide adequate time for the
complete denitrification of the nitrate nitrogen.

3.2. Accumulation of Nitrite Nitrogen. It can be seen in
Figure 3(a) that under the action of native denitrifying
microbes, the accumulation of nitrite nitrogen in the water
samples under the four culture conditions was not obvious.
The concentration of nitrite nitrogen increased at first and
then decreased during the experiment. The change in
concentration of nitrite nitrogen under the condition of
anaerobic with an added carbon source was more obvious
than that under the other three conditions. The concen-
tration was the highest on day 12 of the experiment, which
increased from an initial concentration of 0.004 mg/L to
0.6 mg/L. The concentration of nitrite nitrogen under the
condition of aerobic with an added carbon source changed
more gradually than that under the condition of anaerobic
with an added carbon source. Additionally, the concentra-
tion was highest on day 8, representing an increase from an
initial concentration of 0.004 mg/L to 0.123 mg/L. With the
progression of the experiment, the concentration of nitrite
nitrogen decreased again, and the concentration decreased
to 0.057 mg/L on day 12 of the experiment. The change in
concentration of nitrite nitrogen under anaerobic and
aerobic conditions tended to be consistent, and it was very
small. After 12 days of culture, the concentration of nitrite
nitrogen under the anaerobic condition changed from
0.004 mg/L to 0.008 mg/L. Under the aerobic condition, the
concentration of nitrite nitrogen changed from 0.004 mg/L
to 0.009 mg/L.

Thus, it can be seen that under the action of native
denitrifying microbes, the accumulation of nitrite nitrogen
in water samples under the four culture conditions was not
obvious. The concentration of nitrate nitrogen was basically
unchanged, which provides additional evidence that the
degree of denitrification was not high enough. The native
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denitrifying microbes in water samples failed to effectively
promote denitrification under the combined conditions of
whether or not glucose was added as a carbon source, and
oxygen was provided.

As shown in Figure 3(b), the concentration of nitrite
nitrogen in the water samples increased as a whole under
anaerobic and aerobic conditions with an added carbon
source, and nitrite nitrogen accumulated to greater amounts.
The concentration of nitrite nitrogen in the anaerobic
condition with an added carbon source increased the most
significantly compared with the other three conditions, and
the concentration increased from 0.003 mg/L to 104.533 mg/
L on day 7 of the experiment. Under the condition of aerobic
with an added carbon source, the concentration of nitrite
nitrogen increased significantly, from the concentration of
0.003 mg/L to 42.667 mg/L on day 7 of the experiment. The
overall change in the concentrations of nitrite nitrogen
under anaerobic and aerobic conditions was almost the
same, showing a trend of increasing at first and then de-
creasing. Compared with the original water sample, there
was an accumulation of nitrite nitrogen, but it was very low.
Under the anaerobic condition, the concentration of nitrite
nitrogen was the highest on the first day of the experiment
and increased from 0.003 mg/L to 1.061 mg/L. The con-
centration of nitrite nitrogen decreased again to 0.24 mg/L
on day 7 of the experiment. Under the aerobic condition, the
concentration of nitrite nitrogen was the highest on day 3 of
the experiment, which resulted in an increase from
0.003 mg/L to 0.787 mg/L. The concentration of nitrite ni-
trogen decreased again to 0.293mg/L on day 7 of the
experiment.

Under the action of artificially added denitrifying mi-
crobes, nitrite nitrogen in the water accumulated to varying
degrees under the four culture conditions but only slightly
under anaerobic and aerobic conditions. The accumulation
under the conditions of anaerobic with an added carbon
source and aerobic with an added carbon source was more

obvious, particularly under the condition of anaerobic with
an added carbon source. Simultaneously, the nitrate ni-
trogen declined the most quickly under the condition of
anaerobic with an added carbon source, which showed that
the denitrification effect was the strongest in the water
sample under the condition of anaerobic with an added
carbon source, and the artificially added denitrifying mi-
crobes played a role and effectively promoted denitrification.

Nitrite nitrogen is the intermediate product of the de-
nitrification process, and this compound accumulated
during both experiments. In addition, the faster the con-
centration of nitrate decreased, the more nitrite nitrogen
accumulated, which is the incomplete embodiment of de-
nitrification. The reason for this phenomenon could be that
the culture time was not long enough; the reaction container
was a serum bottle; the volume was fixed, and denitrification
was not complete. During the process of denitrification, the
rate of action of nitrate reductase is faster than that of nitrite
reductase. Under the conditions suitable for denitrification,
a large amount of nitrate can be rapidly reduced to nitrite,
resulting in a large amount of accumulation. Only when
denitrification is complete will the accumulation of nitrite
gradually decrease. In addition, the culture temperature of
this experiment was set at 15°C. Zhang Lin et al. [50] found
that the temperature had a substantial effect on the accu-
mulation of nitrite nitrogen during the process of denitri-
fication, decreasing the activity of the enzyme and inhibiting
the transformation of nitrite nitrogen to ammonia nitrogen
at 15°C, thus, resulting in the accumulation of nitrite ni-
trogen. The factors that affect the rate of growth of mi-
croorganisms, such as C/N and the type of carbon source,
also led to the accumulation of nitrite nitrogen [2, 51-53]. At
the beginning of the experiments, the concentration of
carbon source was 1g/L, and the C/N was not well con-
trolled. The lack of a carbon source in the latter stage of the
reaction may also lead to the accumulation of nitrite ni-
trogen. In future experiments, we can choose a larger
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reaction container to prolong the continuous culture time
and change the concentration of carbon source and the type
of carbon source to explore the nutrient carbon source that
can enhance the effect of microbial denitrification.

3.3. Accumulation of Ammonia Nitrogen. As shown in
Figure 4(a), the concentration of ammonia nitrogen in water
increased at first and then decreased under the four culture
conditions. Additionally, ammonia nitrogen did not obvi-
ously accumulate during the experiment. Under the an-
aerobic condition, the concentration of ammonia nitrogen
reached its maximum on day 3 and increased from
0.037 mg/L to 0.39 mg/L. As the experiment continued, the
concentration of ammonia nitrogen decreased to 0.163 mg/L
on day 5 and tended to be stable. The concentration of
ammonia nitrogen was 0.14 mg/L on day 12 of the experi-
ment. Under the condition of anaerobic with an added
carbon source, the change of ammonia nitrogen concen-
tration was small, and the trend was relatively moderate. The
concentration of ammonia nitrogen reached its maximum
on day 2 of the experiment, increasing from 0.037 mg/L to
0.157mg/L and gradually stabilizing with the experiment.
The concentration was 0.07 mg/L on day 12 of the experi-
ment. The concentration of ammonia nitrogen under the
anaerobic condition and the condition of anaerobic with an
added carbon source barely changed and was less than
0.5 mg/L, which meets the Chinese drinking water standard.
Under the aerobic condition, the concentration of ammonia
nitrogen increased from 0.037 mg/L to 0.27 mg/L on the first
day, then decreased to 0.123 mg/L on day 3, and stabilized
from days 3 to 6. With the progress of the experiment, the
concentration increased rapidly from days 6 to 8, reached a
maximum value of 0.56 mg/L on day 8, decreased gradually,
and then decreased to 0.03 mg/L on day 12 of the experi-
ment. Compared with the original water sample, there was
no accumulation of ammonia nitrogen. Under the condition
of aerobic with an added carbon source, ammonia nitrogen
accumulated the most on day 5, increased from the initial
concentration of 0.037 mg/L to 0.27 mg/L, decreased to 0 on
day 6, and then almost no longer accumulated.

The formation of ammonium suggested that dissimilatory
nitrate reduction to ammonia (DNRA) was occurring. DNRA
is a side reaction of denitrification and competes with deni-
trification [54-56]. The balance of denitrification and DNRA
depends on temperature, oxygen, nitrate availability, and
organic carbon [54, 57]. Some data showed that using glucose
as an organic carbon source can easily stimulate the formation
of ammonia nitrogen [58]. Ammonia nitrogen is unstable and
easily oxidized to nitrate. Under the aerobic condition, the
concentration of ammonia nitrogen increased significantly
only on the first day and from days 6 to 8. Under the aerobic
condition with an added carbon source, the concentration of
ammonia nitrogen only increased from days 3 to 5, which
could be owing to the decrease in nitrate concentration and the
occurrence of DNRA reaction. In addition, the concentration
of ammonia nitrogen was less than 0.2 mg/L during the whole
experiment. Anaerobic condition with an added carbon source
is more conducive to denitrification, less nitrate is dissimilated

to ammonium, and the concentration of ammonia nitrogen
was always less than 0.2 mg/L. Under the anaerobic condition,
ammonia nitrogen is not easily oxidized, and the concen-
tration of ammonia nitrogen increased many times over the
course of the experiment.

As seen in Figure 4(b), the change of ammonia nitrogen
under the conditions of anaerobic with an added carbon
source and aerobic with an added carbon source was ba-
sically the same, and the trend line is relatively smooth,
showing a trend of increasing at first and then decreasing.
Under the anaerobic condition, the concentration of am-
monia nitrogen reached its maximum on day 2 and in-
creased from 0.08 mg/L to 0.54 mg/L. With the progression
of the experiment, the concentration decreased gradually to
0.3mg/L on day 7. Under the condition of aerobic with an
added carbon source, the concentration of ammonia ni-
trogen reached its maximum on day 3 and increased from
0.08 mg/L to 2.4mg/L. The concentration decreased grad-
ually during the course of the experiment, dropping to
0.617 mg/L on day 7 of the experiment. Under the condition
of anaerobic with an added carbon source, the concentration
of ammonia nitrogen increased as a whole. It consistently
accumulated during the first 3 days of the experiment from
an initial concentration of 0.08 mg/L to the maximum
concentration of 3.67 mg/L and decreased to 0.67 mg/L on
day 4. It then increased gradually with the progress of the
experiment, reaching 3.15 mg/L on day 7 of the experiment.
Under the aerobic condition, the concentration of ammonia
nitrogen increased at first and then decreased. The trend line
fluctuated greatly. The accumulation of ammonia nitrogen
was the highest on day 2 of the experiment, representing an
increase from 0.08 mg/L to 0.92 mg/L. With the progress of
the experiment, it decreased to 0 on day 6 and remained
stable until the end of the experiment.

Denitrification and DNRA are two processes that exist
simultaneously and compete with each other in both aerobic
and anaerobic environments. Under the aerobic condition
and the condition of aerobic with an added carbon source,
ammonia nitrogen obviously accumulated only on day 2
owing to DNRA, but with the progress of the experiment, the
ammonia nitrogen was easily oxidized; the concentration
decreased gradually, and the final concentration was low.
Additionally, the concentration of ammonia nitrogen
gradually decreased to 0 under aerobic conditions. On the
whole, the accumulation of ammonia nitrogen in the water
sample under the condition of anaerobic with an added
carbon source was more obvious than that under the other
three conditions. Ammonia nitrogen is not easily oxidized,
and the DNRA process produces ammonia nitrogen, while
glucose as a carbon source readily stimulates the formation
of ammonia nitrogen [58]. However, not much of this
compound accumulates. Ammonia oxidation [49] may have
only occurred on day 4, and the concentration of ammonia
nitrogen decreased. Under anaerobic conditions, ammonia
nitrogen is not easily oxidized. However, owing to the ad-
dition of denitrifying bacteria, the amount of denitrification
is relatively strong. DNRA only occurs at the beginning of
the experiment, and a small amount of ammonia nitrogen
accumulates.
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At the beginning of the experiment, ammonia nitrogen
accumulated to varying degrees under the four culture
conditions, which may be owing to the sufficient dissolved
organic matter or added carbon source in the water sample
at the initial stage, and the dissimilation of nitrate nitrogen
to ammonia nitrogen under the action of artificially added
denitrifying microbes and native denitrifying microbes in
water. In the latter stage, the denitrification effect gradually
became strong, the effect of DNRA was weakened, and the
difference of the four culture conditions led to a difference in
the final accumulation of ammonia nitrogen.

In the two groups of experiments, the accumulation of
ammonia nitrogen was not obvious as a whole, and there was
only a certain accumulation of ammonia nitrogen in the
water when denitrifying microbes were added artificially
under the condition of anaerobic with an added carbon
source. It is hypothesized that the reason for this phe-
nomenon could be that the DNRA process and the existence
of microorganisms and anaerobic conditions with an added
carbon source promote the activity of microorganisms and
increase the rate of release of ammonia nitrogen.

3.4. Changes in pH. The changes in pH in water under four
culture conditions are shown in Figure 5(a). The change of
pH under anaerobic and aerobic conditions was basically the
same, and the whole trend increased at first and then de-
creased. On the first day, the water samples changed from
weakly acidic to weakly alkaline and maintained this alkaline
environment throughout the experiment. Combined with
the change in nitrate nitrogen, denitrification occurred at the
beginning of the experiment, the production of alkaline
substances increased the pH, and the water sample was
weakly alkaline [59]. There was a sudden increase in pH
from day 6 to 8 of the experiment. The pH increased to 8.24
under anaerobic conditions and to 7.85 under aerobic
conditions. Combined with the change in nitrate nitrogen,

this may be owing to the enhancement of denitrification and
the production of alkaline substances [59]. The pH value
increased. With the progress of the experiment, the pH
gradually decreased. On day 12 of the experiment, the pH
decreased to 7.36 under anaerobic conditions and to 7.11
under aerobic conditions. The natural denitrifying microbes
in the water samples can produce organic acids [59] by
biochemical reactions with the help of original organic
matter, resulting in a gradual decrease in the pH. The change
in pH was basically the same under the conditions of an-
aerobic with an added carbon source and aerobic with an
added carbon source. On the first day of the experiment, the
water samples changed from weakly acidic to weakly al-
kaline, but the trend line was relatively smooth. Addition-
ally, the water sample was weakly alkaline all of the time. On
day 12 of the experiment, the pH was 7.05 under the
condition of anaerobic with an added carbon source and 7.11
under the condition of aerobic with an added carbon source.
Combined with the change in nitrate nitrogen, denitrifi-
cation occurred at the beginning of the experiment, and the
production of alkaline substances increased the pH. The
water sample was weakly alkaline [59].

As shown in Figure 5(b), the change in pH under an-
aerobic and aerobic conditions was basically the same. The
trend line was relatively flat, and the value changed from 6.68
to 7.5. The water sample was weakly alkaline. Under the
condition of anaerobic with an added carbon source, the
change in pH was relatively smooth. The value always fluc-
tuated around 6.68, but it was always less than 7, and the water
sample was weakly acidic. Under the condition of aerobic
with an added carbon source, the pH fluctuated greatly, and
the value changed from 6.68 to 8.2. The sample fluctuated
from 5 to 8.5. Owing to the alkaline substance produced by
denitrification [59], the water sample changed from weakly
acidic to weakly alkaline on the first day. It became acidic
from day 2 to 5, which may be owing to the strong bio-
chemical effect of microbes using external a carbon source
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FIGURE 5: Changes in pH.

and the production of more organic acids [59]. In addition,
the pH was between 5 and 6. It became weakly alkaline from
day 6 to 7. Combined with the change in nitrate nitrogen, the
amount of denitrification was stronger during this period,
resulting in an increase in the pH.

Denitrification itself can increase the pH by releasing
CO, and hydroxide (OH"). Normally, these combine to yield
HCOj5', but if the production of OH™ exceeds that of CO,,
the pH can increase [60]. The dynamic balance of alkaline
substances produced by denitrification and organic acids
produced by biochemical reactions will affect the change in
the pH of the system.

Under the action of artificially added denitrifying mi-
crobes, combined with the changes in nitrate nitrogen, the
changes in pH in water samples as a whole were visible.
Under anaerobic and aerobic conditions, the water sample
was maintained in a weakly alkaline environment, which
could be that more alkaline substances were produced by
denitrification than organic acids produced by biochemical
action [59]. And it was in a relatively stable state, so that the
pH value of the water sample was more stable. Under the
condition of anaerobic with an added carbon source, the
water sample was maintained in the weakly acidic envi-
ronment. The reaction was relatively strong, and more or-
ganic acids were produced following the addition of glucose
as the carbon source. Additionally, denitrification was very
strong, and the two effects were in a state of equilibrium to
ensure that the water sample maintained a weakly acidic
environment. The substantial change of pH value under the
condition of aerobic with an added carbon source may be
owing to the instability of denitrification and biochemical
reactions under these culture conditions.

Too high or too low a pH value will affect the denitri-
fication effect. Although denitrification still occurs when the
pH value exceeds the optimal range, it may lead to the
accumulation of intermediate toxic products (such as nitrite)
[50]. When the changes of pH in the two groups of ex-
periments were compared and connected with the changes

in nitrate nitrogen and nitrite nitrogen concentration under
different conditions, a pH value between 6.5 and 7 was found
to be suitable for the growth and reproduction of deni-
trifying microbes. It aided in denitrification.

3.5. Changesinthe ORP. Asshown in Figure 6(a), the change
of ORP under anaerobic and aerobic conditions was basi-
cally the same and showed a downward trend as a whole. The
ORP fluctuated greatly from days 4 to 10 of the experiment.
On day 12 of the experiment, the ORP decreased from
211.2mV to 132mV under anaerobic conditions. In addi-
tion, the ORP decreased from 211.2mV to 146.1 mV under
aerobic conditions. Under the conditions of anaerobic with
an added carbon source and aerobic with an added carbon
source, the change in ORP was basically the same. It showed
a downward trend as a whole, and the trend line in the later
stage of the experiment was relatively flat. On day 12 of the
experiment, the ORP decreased from 211.2mV to 149.4 mV
under the condition of anaerobic with an added carbon
source, and the ORP decreased from 211.2mV to 154.4mV
under the condition of aerobic with an added carbon source.

The ORP can characterize the relative degree of oxida-
tion or reduction. When the ORP is positive, the solution
can oxidize to some extent. When the ORP is negative, the
solution shows some degree of reduction. Its numerical
change reflects the relative change of oxidation and re-
duction. The ORP decreased on the first day of the exper-
iment. Combined with the change in nitrate nitrogen, it
showed that denitrification occurred, the ability to oxidize
decreased, and reduction occurred in the system. With the
progress of the experiment, the ORP fluctuated and grad-
ually stabilized, indicating that denitrification and ammonia
oxidation occurred in the system. Denitrification is a re-
duction and will reduce the ability to oxidize and ORP.
Ammonia oxidation consists of oxidation, which will in-
crease the ability to oxidize and ORP. The change in ORP
reflected the relative degree of denitrification and
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ammoxidation. Thus, it can be seen that there was some
ability to oxidize in the water under the four culture con-
ditions. Denitrification occurred in the water, but it was not
strong enough to make the water sample reductive.

As shown in Figure 6(b), the changes of ORP under
anaerobic and aerobic conditions were basically the same,
showing a trend of decreasing at first and then increasing.
Under anaerobic conditions, the ORP decreased from
147.8 mV to 27.1 mV on the first day, and the tendency to
oxidize in the water sample decreased. It then gradually
increased with the progress of the experiment. The ORP
increased to 126.33 mV on day 7. Under aerobic conditions,
the ORP decreased from 147.8 mV to 59.7 mV on the first
day, and the tendency of the water sample to oxidize de-
creased. It then gradually increased with the progress of the
experiment. The ORP increased to 116.03mV on day 7.
Combined with the changes of nitrate nitrogen under these
two conditions, denitrification was strong at the beginning
of the experiment owing to the artificial addition of deni-
trifying microbes. The ORP decreased rapidly on the first
day, and the ability of the water sample to oxidize decreased.
With the progress of the experiment, ammoxidation oc-
curred in the system to enhance the ability of the water to
oxidize, and the ORP gradually increased. Simultaneously,
there was no carbon source added. Because of the lack of
organic carbon in water, the weakening of denitrification
may also lead to an increase in ORP.

Under the condition of aerobic with an added carbon
source, the ORP decreased during the first 5 days and then
increased. At the beginning of the experiment, owing to the
artificial addition of the denitrifying microbes and the addition
of a carbon source, the process of denitrification was strong.
Additionally, the ORP decreased rapidly on days 1 and 2, and
the ability of the water sample to oxidize weakened. In the later
stage, the aerobic environment enhanced the occurrence of
ammoxidation, the ORP increased, and the ability to oxidize
increased. The ORP then quickly decreased to 20.6 mV from
days 6 to 7. Combined with the changes in nitrate nitrogen,

denitrification was enhanced, and the ability of water samples
to oxidize decreased during this period. Under the condition
of anaerobic with an added carbon source, the changes in the
ORP showed a downward trend as a whole, which decreased
rapidly to a negative value on the first day. The trend line
changed smoothly from days 2 to 7. Most of the ORP had a
negative value. In the reaction system, denitrification was the
strongest, ammoxidation was relatively weak, and the water
samples showed a tendency to be reduced.

The ORP value reflected the redox property to some
extent. A comparison of the data of two groups of experi-
ments indicated that the water sample with artificially added
denitrifying microbes showed some degree of reducibility
under the condition of anaerobic with an added carbon
source, which was beneficial to denitrification.

The experimental results showed that with the effect of
the artificial addition of denitrifying microbes, the denitri-
fication effect was the most effective under the condition of
anaerobic with an added carbon source, which could ef-
fectively reduce the content of nitrate nitrogen. During the
course of the experiment, the amount of nitrate nitrogen
continuously decreased, and the rate of removal was the
highest. Both nitrite nitrogen and ammonia nitrogen ac-
cumulated. Ammonia nitrogen accumulated to a lower
degree, and the accumulation of nitrite was obvious. Sludge
as  denitrifying microbe can effectively promote
denitrification.

Future areas of research will involve how to reduce the
accumulation of nitrite nitrogen at the same time as re-
moving the nitrate nitrogen and completely promoting
denitrification and how to better apply bioremediation to the
actual remediation of groundwater pollution.

4. Conclusions

Through two groups of laboratory experiments, this paper
explored the feasibility and effectiveness of native deni-
trifying and artificially added denitrifying microbe sat
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removing high concentrations of nitrate nitrogen in
groundwater under different combinations of oxygen and
carbon source.

Under the setting of four culture conditions, the con-
centration of nitrate nitrogen in the water sample that was
subjected to native denitrifying microbes basically changed
the same amount, and the change was unstable. There were
processes of both reduction and an increase in nitrate ni-
trogen. In addition, the highest rate of removal of nitrate
nitrogen was only 10%. This percentage is inadequate for
remediation effects. The native denitrifying microbes in the
water lacked the ability to remove the high concentration of
nitrate nitrogen in the water sample.

Under the same four culture conditions, the concen-
tration of nitrate nitrogen in water samples to which
denitrifying microbes were artificially added changed
significantly, and they decreased significantly with the
increase in culture time. The change in concentration of
nitrate nitrogen and the changes in nitrite nitrogen, am-
monia nitrogen, pH, and ORP can reflect the ability of
denitrifying microbes to remove nitrate nitrogen in the
water under the four culture conditions. The removal was
most effective under the condition of anaerobic with an
added carbon source, and the rate of removal reached as
high as 89.52%. In addition, the rate of removal under the
condition of aerobic with an added carbon source was more
effective, and the rate of removal was 55.16%. The rate of
removal under anaerobic and aerobic conditions was not
very high, and both the removal rates were less than 20%.
Therefore, the artificially added denitrifying microbes have
higher activity and a more significant effect under anaer-
obic conditions with the provision of glucose as a carbon
source, which can effectively promote denitrification in
water and reduce the concentration of nitrate nitrogen in
the water.

Compared with the changes in five indices in water
treated by microbes from different sources under the same
culture condition, artificially added denitrifying microbes
functioned significantly better than the native denitrifying
microbes in water samples, which could better promote
denitrification.
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Groundwater in confined aquifers is the preferred water resource worldwide, and its hydrochemical quality is the premise for
sustainable development. A systematic hydrogeochemical research was conducted to get insight into the hydrochemical
characteristics, genesis, and potential health threats of confined groundwater, based on analytical data of 45 groundwater samples
collected from the urban area of Hengshui, Central North China Plain (NCP). The results showed most groundwater had desirable
hydrochemical quality with a nearly neutral to slightly alkaline nature and dominantly soft-fresh Cl-Na face. Solute chemistry was
governed by rock-water interaction including minerals dissolution and ion exchange, but out of the anthropogenic influences. All
nitrogen pollutants and Zn were within the desirable limit, while F~, Mn, and Fe were beyond the desirable limit reccommended by
WHO in 28.9%, 15.6%, and 68.9% of samples. Overall chronic health risk from these toxic elements was identified in terms of
various populations and mainly contributed by F". Infants were more prone to the health risks of aqueous pollutants. Differential
water supplies based on hydrochemical quality are recommended, and water improvement measures are suggested to be
conducted aiming at the harmful fluoride in confined groundwater. The present research could provide valuable references for the

health sustainability of confined groundwater utilization in sedimentary plains like NCP worldwide.

1. Introduction

The available freshwater is dominantly stored underground
and accounts for approximately 96% of the total liquid
freshwater on Earth [1]. Groundwater is a significant water
source enabling the security of water and food and the key
factor lifting the rural populations out of poverty over the
world [2-5], especially in arid and semiarid regions with
relative scarcity of surface water [6-10]. The availability of
groundwater resources for the human community is limited
not only by the water quantity but also by the hydrochemical
quality [11, 12]. A full understanding of the hydrochemical
features, mechanisms, and quality is the premise of effective
management and sustainable development of groundwater
resources in any region across the world [13, 14].

Groundwater chemistry is influenced or even governed
by many factors including natural and anthropogenic ones
[15, 16]. Generally, the natural groundwater chemistry is
determined by the hydrochemical components of recharge
water, lithology of aquifers along the groundwater flow path,
residence time, groundwater hydrodynamic, and evapora-
tion [17-21]. These factors are fundamental for the natural
formation and evolution of groundwater chemical com-
ponents [22-25], while anthropogenic factors from all as-
pects of human society including domestic, agricultural, and
industrial activities can dramatically modify the composi-
tion of groundwater chemistry through direct pollutants
input or indirect change of the hydrogeochemical conditions
of natural mechanisms [26-31]. The driving forces from the
human community to the evolution of groundwater
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chemistry have more significant influences on the phreatic
aquifers rather than the confined aquifers due to the pro-
tection of aquitards. In addition, evaporation usually has
great effects on the salinity of phreatic groundwater, which
would not occur in the confined aquifers [23, 32-34]. Thus,
phreatic groundwater is found with poorer hydrochemical
quality than confined groundwater [16, 35-39].

Attention has been concentratedly paid to the hydro-
chemistry and responsibilities for the poor quality of
phreatic groundwater in the past decades [40-44] due to the
frangibility of unconfined aquifers to the influences of ex-
ternal pollutions and extreme hydrological events. Great
achievements have been obtained through these efforts on
the understanding of hydrochemical features, evolutions,
and mechanisms of shallow underground aquatic systems
and effectively guided groundwater management globally
[14, 44-47]. However, the confined groundwater is not lucky
as the phreatic one. It is rarely concerned regarding the
hydrogeochemical quality because it is regarded as the
cleanest and best quality water beneath the traditional
viewpoint. Although it is rare for confined groundwater
affected by external factors on its hydrochemical quality, the
potential poor quality as a result of the internal factors
cannot be evaded [48]. Geogenic poor quality of ground-
water has been one of the greatest threats to the water supply
for human society and is widely reported in many regions
across the world [48-54]. Thus, concerns on the hydro-
chemical quality and genesis are indispensable for confined
groundwater if utilized for the human community.

The present research focuses on the hydrochemistry and
health implication of confined water in large sedimentary
plains. A subarea of the North China Plain (NCP), one of the
global research hotspots of Anthropocene groundwater
science, was investigated to provide references to the sus-
tainable development of confined groundwater resources in
other similar great sedimentary plains worldwide. The major
aims of the present research were to (1) get insight into the
hydrogeochemical features of confined groundwater, (2)
reveal the mechanisms forming the hydrochemistry, (3)
determine the toxic elements and their potential health
threats, and (4) finally propose scientific management
suggestions for the health sustainability of groundwater
resources.

2. Study Area

The study area is located in the central area of the NCP
(Figure 1). It lies between the latitude of 37°36'10"N-
37°49'55"N and the longitude of 115°25'17"E-115°51'12"E
and spreads over an area of 591 km?. It represents semiarid
continental monsoon conditions with an annual average
temperature of 12.7°C. The average annual rainfall is ap-
proximately 500 mm where 75% occurs during the rainy
season from June to September. The annual evaporation rate
varies from ~1,300 mm to ~2,600 mm, approximating 3-5
times of the local rainfall. The land use type in this region is
dominated by agricultural land, followed by urban land and
industrial land.

Journal of Chemistry

Geologically, the study area belongs to the alluvial-la-
custrine plain of the central NCP. The NCP is one of the
largest sedimentary plains in the world and formed during
the Cenozoic and Mesozoic era. This area is flat and descends
slightly from the west towards the east with an elevation in
the range of 22-27m. Groundwater in this area mainly
occurs in the Quaternary deposits with a thickness of more
than 500 m [55]. This large Quaternary groundwater system
provides the major quantity of water resource for the local
development in various social-economic and ecological
aspects.

The lithology of the Quaternary deposits varies from
pebble to clay and silt, resulting in multiple aquifer groups
vertically (Figure 2). The first continuous and stable aquitard
is observed at the depth of 50-80m below the ground
surface. Generally, aquifers above this aquitard are defined
as the phreatic aquifers, and those below this are identified as
confined aquifers. Due to the wide distribution of saline
water in phreatic aquifers [49], confined aquifers are
regarded as the most potential aquifers supporting the de-
velopment of the study area [33, 55]. The confined aquifers
have a relatively poor water alternative ability and are mainly
recharged and discharged through the lateral and vertical
flow naturally.

Owing to the scarcity of surface water and high salinity of
phreatic groundwater, water supply for various consumers
of human society in this region mainly depends on the
confined groundwater. Thus, human exploitation has be-
come the main discharge form of the confined aquifers in the
past decades [50]. In particular, agricultural irrigation, the
largest water consumer, in recent decades has dominantly
relied on confined groundwater [56], resulting in many
groundwater depression cones in the confined aquifers as
well as ground subsidence. These drastic changes of the
hydraulic and geological environment also caused the
evolution of the hydrogeochemical environment in confined
aquifers and finally threatened the hydrochemical quality of
groundwater [57], for example, the releasing of iodine into
groundwater [58]. Thus, it is significantly necessary to
perform targeted works to get insight into the hydro-
chemical quality, genesis, and potential quality issues of
confined groundwater [59].

3. Material and Methods

3.1. Sampling and Analytical Techniques. In the present
study, a total of 45 groundwater samples was collected from
the confined aquifers across the study area (Figure 1(c)). All
groundwaters were sampled from the boreholes at the depth
of 150-700 m. The water in boreholes was pumped for more
than three times of borehole volume before sampling to
remove the stagnant water in the boreholes. In situ
hydrochemical parameters, such as pH and electrical con-
ductivity (EC), were monitored and sampling was conducted
only after these parameters being stable. The sampled
groundwaters were collected in the ultrapure water plastic
buckets of 2.5L which had been thoroughly rinsed with the
target water three times before sampling. All groundwater
samples were sent to the Laboratory for analysis with the aid
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of incubators which could keep the samples in the condition
of 4°C temperature.

The in situ parameters like pH and EC were obtained at
the field with the aid of a multiparameter device (Multi 350i/
SET, Munich, Germany). The analysis of other chemical
parameters was conducted in the Laboratory of Ground-
water Sciences and Engineering of the Institute of Hydro-
geology and Environmental Geology, Chinese Academy of

Geological Sciences. Major cation ions (Ca**, Mg**, Na,
K") and trace elements (Zn, Mn, Fe) were determined using
inductively coupled plasma-mass spectrometry (Agilent
7500ce ICP-MS, Tokyo, Japan). Ammonia-nitrogen (NH,")
and anions including CI, SO,*, NO; -, NO,, F were
measured by ion chromatography (Shimadzu LC-10ADvp,
Kyoto, Japan). HCO;™ and total dissolved solids (TDS) were
obtained with the aid of acid-base titration. Ionic charge



balance was conducted to verify the accuracy of chemical
analyses. The results showed the charge balance errors of all
samples were within the permissible limit of +5%, dem-
onstrating reasonably good measurement accuracy.

3.2. Human Health Risk Assessment. Contaminants in
groundwater could potentially threaten the health of human
beings if exposed to contaminated water. This potential
health threat could be identified with the aid of a quantitative
model, namely, the human health risk assessment model
(HHRA model) established by the United States Environ-
mental Protection Agency [60]. Generally, contaminants in
water could pose threats through multiple pathways, such as
drinking water intake, dermal contact, and inhalation. As
reported by previous research, drinking water intake
pathway has higher risks than other pathways regarding the
high content of toxic elements in water [38, 39, 61, 62]. Thus,
the pathway of drinking water intake should be paid sig-
nificant attention regardless of age and gender.

The procedure of HHRA includes the following three
steps:

Step 1: computation of the chronic daily intake dose of
potential contaminants in target water:

CDL = (C; x IR x EF X ED)

! (BW x AT) ~ M

AT = ED x 365, (2)

where CDI; signifies the chronic daily intake dose of
contaminant i; C; indicates the content of contaminant
i in target water; IR is the rate of water oral intake; EF
represents the exposure frequency; ED and AT refer to
exposure duration and average exposure time, re-
spectively; BW signifies the mean body weight of the
consumer.

Step 2: identification of the hazard quotient:
CDJ,

HQ, = —,
Q RID,

(3)

where HQ; expresses the probabilistic health risk posed
by single contaminant i; RfD; denotes the reference
dose of contaminants i through the pathway of oral
intake.

Step 3: synthetical assessment of the overall health risk:

HI = HQ, + HQ, + ... + HQ,, (4)
where HI is the overall potential health risk posed by
multiple contaminants in drinking water.

The parameters used in the HHRA model in the present
study are listed in Table 1.

4. Results and Discussion

4.1. Physicochemical Characteristics of Groundwater. The
physicochemical parameters of confined groundwater in the
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study area were statistically demonstrated in the box plots of
Figure 3. The desirable limit of various indices recom-
mended by the WHO [65] and the Chinese guideline [66]
was also presented.

The pH of the sampling water had a range from 7.26 to
10.32 with an average of 8.14, indicating a nearly neutral to
slightly alkaline nature of confined groundwater. As shown
in Figure 3(a), most of the groundwaters were with a pH
value within the desirable range of 6.5-8.5 recommended
by WHO [65]. About 22.2% of the total samples were found
out of the pH desirable range and with a slightly more
alkaline feature. A relatively large variation of EC values
was observed from the sampled groundwaters with the
range from 693 yS/cm to 4,637 uS/cm averaging at 1,128 uS/
cm. The TDS also showed a relatively wide range from 467
mg/L to 3,122mg/L with an average of 681 mg/L. Thus,
groundwater had a large variation of salinity in the study
area. However, most of the sampled waters had relatively
low EC and TDS values, and only a small portion of samples
had the EC and TDS beyond 2000 4S/cm and 1000 mg/L,
respectively (Figures 3(b) and 3(c)). The value of total
hardness (TH) was in a wide range from 13mg/L to
1,416 mg/L with an average of 121 mg/L. Groundwaters
were dominantly with the TH value below the desirable
limit of 450 mg/L and only 3 samples (6.7%) beyond this
limit. According to the integrated water quality categories
based on TDS and TH (Figure 4), confined groundwater in
the study area was predominantly soft-fresh water. Four
samples (8.9%) were observed falling in the moderately
hard fresh category, one (2.2%) in the moderately hard
brackish category and another (2.2%) in the hard brackish
category. Only four groundwaters (8.9%) were under the
very hard brackish category.

The solute chemistry of confined groundwater was
dominated by Na* for cations (Figure 5) with a range from
162 mg/L to 591 mg/L and averaging at 203 mg/L. Ca** and
Mg*" ranked the second and third abundance in the major
cations and varied from 4 mg/L to 221 mg/L and between
1 mg/L and 210 mg/L, respectively, with an average of 25 mg/
L and 13mg/L. K" was the least abundant ion in major
cations and ranged from 0.41 mg/L to 8.88 mg/L with a mean
of 1.12 mg/L. For all the major cations, only Mg** was found
exceeding the desirable limit of 100mg/L in three
groundwater samples. It can be clearly seen from
Figures 3(e)-3(h) that all these major cations of sampled
groundwaters were concentrated in relatively low-value
ranges, indicating desirable quality.

The major anions were dominated by Cl~, followed by
SO,*” and HCO;5~ (Figures 3(i)-3(k)). The concentration of
these three anions was in the range of 108-1,353 mg/L for
ClI7, 109-659 mg/L for SO4>~, and 25-248 mg/L for HCO;,
with an average of 231 mg/L, 142 mg/L, and 113 mg/L, re-
spectively. The portion of samples with Cl™ exceeding the
desirable limit of 250 mg/L was large, accounting for ap-
proximately 42.2% of the total sampled waters (Figure 3(i)).
For SO, majority (88.9%) of the samples were observed
within the desirable limit of 250 mg/L (Figure 3(j)). Thus,
concerns on major anions should be focused on the rela-
tively high content of CI".
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TaBLE 1: The values of exposure parameters and RfD used in the HHAR model.
Exposure Value . RfDg,a
. Contaminant
Parameter Infants Children Females Males (mg/(kg x day))
IR (L/day) 0.65" 1.5" 2.66" 3.62" F 0.06™"*
EF (days/year) 365" 365" 365" 365" Mn 0.14™*
ED (years) 0.5" 6" 30" 30" Fe 0.7""
BW (kg) 6.94" 25.9" 64.0" 73.0"

*Zhai et al. [63]; "*USEPA [60]; ***Zhang et al. [64].

Overall, groundwaters in the confined aquifers were
predominantly of the Cl-Na type, with a few of the Mixed Cl-
Mg-Ca type (2.2%) and Cl-Ca type (2.2%) (Figure 5).
Generally, the relatively salty hydrochemical faces of
groundwater like CI-Na type are potentially formed by the
natural hydrochemical evolution, or external salinity con-
tamination input like seawater intrusion and anthropogenic
pollutants input [9, 23]. Given the far away location from sea
and poor water alternative ability in vertical, natural
hydrochemical evolution was highly possible responsible for
the salty Cl-Na type of confined groundwater in the study
area. Those relatively fresh hydrochemical facies, that is,
Mixed Cl-Mg-Ca type and Cl-Ca type, were the results of
groundwater chemical evolution at different stages.

Some minor elements like nitrogen, F~, Zn, Mn, and Fe
were detected to get insight into their contents in the
confined groundwater and potential effects on safe water
utilization. Nitrogen including NO;~, NO,~, and NH," was
all below the desirable limits (Figures 3(1)-3(n)), suggesting
safe contents. Zn in all sampled groundwaters was also
observed within the desirable limit of 1 mg/L. However, F~,
Mn, and Fe were found beyond the desirable limits in some
samples. The content of F~ varied from 0.40 mg/L to
1.97 mg/L, with an average of 0.74mg/L. About 28.9% of
samples were detected exceeding the desirable limit of
1 mg/L. The concentrations of Mn and Fe in groundwater
were in the range of 0.001-0.361 mg/L and 0.02-30.96 mg/L,
respectively, with an average of 0.014 mg/L and 1.09 mg/L. It
can be clearly seen that only a small portion (15.6%) of
samples had the Mn exceeding the desirable limit of 0.1 mg/L
(Figure 3(q)), while high Fe groundwaters were widely
distributed in the study area and 68.9% of the sampled
groundwaters were observed beyond the desirable limit of
0.3 mg/L (Figure 3(r)). Thus, attention should be paid to the
high F~, Mn, and Fe in confined water as their negative
health effects on human beings.

4.2. Mechanisms Governing Groundwater Solute Chemistry.
To reveal the mechanisms controlling groundwater solute
chemistry in confined aquifers of the study area, hydro-
chemical diagrams, correlation matrix, and hydro-
geochemical simulation were introduced in the present
study. Generally, the hydrochemical compositions of natural
water were dominantly governed by three mechanisms,
namely, precipitation, rock, and evaporation dominance,
which could be visibly revealed by the Gibbs diagrams. As
shown in Figure 6, all sampled confined groundwaters were
situated in the rock dominance of Gibbs diagrams,

suggesting the solute chemistry of confined groundwater
was naturally controlled by the rock-water interactions.

Besides the natural process, human activities are im-
portant external factors potentially regulating the hydro-
chemical composition of water. Nitrogen is an important
indicator of pollution from the human community. As
demonstrated in Figures 3(1)-3(n), all confined ground-
waters in the study area had relatively low concentrations of
nitrogen (including NO3 ™, NO, ", and NH,"). Generally, the
NOs;™ concentration in natural conditions is below 10 mg/L,
and water with NO3~ concentration below this natural limit
is regarded as not influenced by human society. It can be
clearly seen that almost all sampled groundwaters were
dominantly with the NO;~ concentration below 10 mg/L
except for three samples slightly exceeding this natural limit,
confirming nearly no anthropogenic pollutants inputted
into the confined aquifers in the study area. Thus, the
hydrochemistry of confined groundwater was only governed
by the natural mechanism of rock-water interactions.

Various rocks can potentially be involved in the natural
rock-water interactions during the groundwater circulation
period. To constrain the potential contributed rocks, the
end-member diagrams constructed by the ratio of Ca®*/Na*
versus Mg>*/Na* and HCO; /Na" were performed in the
present study. Rocks involved in natural rock-water inter-
actions can be revealed from three end-members of rock
types, that is, carbonates, silicates, and evaporites
[17, 43, 67]. As demonstrated in Figure 7, the sampled
groundwaters were plotted in the dominance from the
evaporites to the silicates, suggesting that the chemical
solutes in the confined groundwater originated from the
dissolution of evaporates and silicates. However, no sample
was found located in the carbonates dominance, implying
few contribution of carbonate minerals to groundwater
chemistry.

The correlation matrix was introduced to further de-
termine the contributions of evaporates and silicates to the
hydrochemical components of confined aquifers. Signifi-
cantly positive relations were observed between Na* and Cl,
with the correlation coefficient of 0.96, implying the dis-
solution of halite (formula (1)) was one of the dominant
processes controlling groundwater chemistry. This evi-
denced the aforementioned natural genesis of the salty
hydrochemical face of Cl-Na in confined aquifers. Ca** also
showed a significant positive relation to SO,>", suggesting
the sulfate minerals dissolution (formulas (2) and (3))
dominantly contributed to the hydrochemical compositions
in confined aquifers of the study area. These hydrochemical
processes were evidenced by the saturation indexes (SI)
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FIGURE 3: Box plots of physicochemical parameters of groundwater in the study area.

presented in Figure 8(a) that all sampled groundwaters were
with unsaturated status (SI<0) of halite, anhydrite, and
gypsum minerals. Additionally, the dissolution of silicates

(formula (4)) was another dominant process contributing
the major ions to groundwater, which was also demon-
strated in Figure 7. The results of hydrochemical simulations
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FIGUrRe 5: Piper diagrams demonstrating the hydrochemical
compositions of groundwater in the study area.

also showed that all fluoride-bearing, Fe-bearing, and Mn-
bearing minerals were in the status of unsaturation
(Figure 8(b)), suggesting the potential natural releasing of
F~, Mn, and Fe into groundwater from the aquifers’ medium
if these minerals exist. This was the reason for the relatively
high contents of F, Mn, and Fe in some sampling
groundwaters of the study area (Figures 3(0), 3(q), and 3(r)):

NaCl — Na' + CI” (5)
CaSO, - 2H,0 —> Ca’* +S0,> +2H,0 (6)

CaSO, —> Ca®* +50,> (7)

2NaAlSi; O + 2CO, + 11H,0 — ALSi,0, (OH),

. " - (8)
+4H,Si0, + 2Na" + 2HCO;

Ions exchange is a common rock-water interaction oc-
curring in aquifers, especially that with fine mediums. As
demonstrated in Figure 2, there occurs many fine aquifers’
mediums in the study area, which could potentially provide
the sources of ions for the ions exchange processes. The
chloro-alkaline indices, which could be expressed by CAI-1
(formula (5)) and CAI-2 (formula (6)), were introduced to
determine whether the ions exchange processes occurred and
contributed to the hydrochemical compositions of ground-
water. Generally, if one water having all the two chloro-al-
kaline indices below 0, indicating cation-exchange reaction
(formula (7)) occurred; while, if reverse cation-exchange
reaction (formula (8)) occurs, all chloro-alkaline indices
would be positive. As shown in Figure 9(a), most (88.9%) of
sampled groundwaters were with negative chloro-alkaline
indices, implying a cation-exchange reaction occurred there.
The rest of the sampling groundwaters (G6, G29, G31, G39,
G44) were found with positive negative chloro-alkaline in-
dices, suggesting reverse cation-exchange reaction for these
waters. These processes were examined using the relationship
between Na'+K'+Cl™ and Ca**+Mg*" -~ HCO; -SO,*.
Generally, if the cation-exchange reaction is the dominant
process in the aquifers, groundwater should be plotted in the
lower right dominance and along the Y= -X line. If the reverse
cation-exchange reaction is the predominant hydrochemical
mechanism in the aquifer, water should be situated in the
upper left dominance of the diagram and along the Y=-X
line. The bivariate diagram presented in Figure 9(b) evidenced
the cation-exchange reaction for most groundwaters and
reverse cation-exchange reaction for groundwaters of G6,
G29, G31, G39, and G44:

Cl" —(Na" +K")

CAI-1= - 9)
Cl
ClI" - (Na" +K"
CAI-2=— 25 KD (10)
HCO; + 50, +CO,  +NO,
Ca2+(or Mg2+) + 2NaX (solids) —> 2Na* (1)
+ CaX, (or MgX,) (solids)
2Na" + CaX, (or MgX,) (solids) — Ca2+(0r Mg2+) (12)

+ 2NaX (solids)

The correlation matrix (Table 2) also demonstrated that
the EC, TH, and TDS had a significant positive relation to
the ions of Na*, Ca**, Mg®" and CI". Besides these four ions,
the TH and TDS were also observed with significant positive
relations to SO4>". This evidenced that the hydrogeochemical
processes discussed above predominantly contributed to the
mineralization of confined groundwater in the study area.
Opverall, the solute chemistry of confined groundwater was
dominantly controlled by the natural dissolution of evap-
orates (halite and sulfate) and silicates, cation-exchange
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reaction. The ions releasing from fluoride-bearing, Fe-  process influencing the hydrochemistry of confined
bearing, and Mn-bearing minerals contributed to the ex-  groundwater at some sampling locations. However, the

ceeding of F, Mn, and Fe in groundwater. Additionally, = hydrogeochemical compositions of confined groundwater
reverse cation-exchange reaction was also an important  were nearly out of the influence of anthropogenic factors.
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4.3. Potential Health Threats and Responsible Contaminants. populations were in the order of infants>chil-

As discussed above, the F~, Mn, and Fe were detected with
relatively high contents in groundwater and may pose
negative effects on human health. The human health risk
assessment model (HHRA model) was introduced to
reveal the potential negative effects of these contaminants
on human health.

According to the assessment results, the HI values were
in the range of 0.67-4.99 for infants, 0.42-3.08 for children,
0.30-2.21 for adult females and 0.36-2.64 for adult males,
averaging at 1.60, 0.99, 0.71, and 0.85, respectively. It can be
clearly seen that the overall health risks for various

dren>males>females (Figure 10(a)). Similar results were also
reported by many researchers [68-70]. The health risk can be
classified into three categories, that is, low risk, medium risk,
and high risk. Generally, an HI value less than 1 suggests the
water with low and negligible health risk [71]. An HI value in
the range of 1-4 is regarded as a medium health risk, and
high health risk is implied if the HI value is beyond 4
[55, 72]. Thus, all populations were at health risk to some
degree. Specifically, the potential health risk for infants
varied from low to high risk category (Figure 10(a)), with
24.4% in the low chronic risk category, 73.4% in the medium
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TaBLE 2: Linear relationship (R2) between various chemical parameters of groundwater in the study area.

Index pH EC TH TDS K" Na" Ca®" Mg ClI° SO, HCO;  NO;- NO,” NH," F  Zn Mn Fe

pH 1

EC -0.26 1

TH -0.36 0.93" 1

TDS -0.28 0.97° 0.98" 1

K* 045 -0.05 -0.06 -0.01 1

Na* -0.17 0.95° 091" 097 0.02 1

Ca** -0.40 0.92° 0.99" 0.97° -0.07 0.89" 1

MgZJr -0.33 0.94" 0.99" 0.99° -0.06 0.92" 0.97* 1

ClI -0.30 0.97° 0.98" 0.99* -0.03 0.96" 0.96" 0.97" 1

SO —024 081 0.93° 093" 0.08 086" 090 093" 0.87" 1

HCO;~ -0.10 -0.12 -0.12 -0.05 -0.41 0.06 -0.16 -0.08 -0.14 -0.01 1

NO;~ -0.30 -0.24 -0.12 -018 0.12 -0.27 -0.07 -015 -0.15 -0.15 -0.42 1

NO,” 034 -0.03 -010 -0.03 0.87° 0.04 -0.12 -0.09 -0.08 0.08 -0.08 -0.14 1

NH,* -0.07 -0.11 -0.14 -014 -0.01 —-0.13 -0.14 -0.13 -0.14 -0.12 0.01 0.14  0.05 1

F 036 0.09 004 013 -0.06 0.27 0.01 0.07 0.09 010 0.50° -0.62" 0.16 -0.15 1

Zn -0.14 007 0.05 -0.01 -0.04 -0.09 0.09 0.03 -003 011 -013 0.07 -0.08 -011 -020 1

Mn -0.01 0.67° 048 044 -0.03 040 0.54" 043 045 036 -023 -0.25 -0.10 0.01 0.0 018 1

Fe 011 0.01 -0.03 -0.05 0.02 -0.06 -0.01 -0.04 -0.05 -0.02 -0.14 -0.01 -0.07 020 -0.15 0.06 0.46 1

*significant relation (absolute value of correlation coefficient >0.5).

chronic risk category, and 2.2% in the high risk category. For
children, adult females, and males, the potential overall
health risks only fell in the low risk and medium risk cat-
egory, and no high risk was observed (Figure 10(a)). Most of
the sampled waters had the HI value below 1 for these three
populations, accounting for 60.0%, 91.1%, and 66.7% of the
total sampled waters, respectively, suggesting negligible
health risk in most of the area (Figure 11(b)-11(d)). Spa-
tially, the potential health risk is distributed in the northern
area surrounding the sampling site of G17 and the eastern
area, as well as some sporadic areas adjacent to sampling
sites like G22 and G4 (Figure 11).

For further illustrating the responsibility of each ex-
ceeding contaminant for the potential health risk, the HQ
values of various contaminants for all populations are sta-
tistically presented in Figures 10(b)-10(d) with the aid of
box plots. It can be seen that the HQ values of Mn for various
populations were all below the permissible limit of 1
(Figure 10(c)), indicating negligible health threats from Mn
in groundwater. For Fe in groundwater, the HQ values were
dominantly (accounting for more than 90% of the sampled
waters) below 1, and only very limited samples had the HQ
value beyond the desirable limit of 1 (Figure 10(d)). For
infants, one sample (2.2%) and two samples (4.4%) were
found with high potential health risk and medium potential
health risk from Fe in groundwater, respectively. Only one
sample (2.2%), that is, G17, was observed with potential
health threats to children, adult females, and males, and all
ranked in the medium risk category. However, the potential
health hazards of F~ were relatively higher than those of Mn
and Fe in groundwater for all populations (Figures 10(b)-
10(d)). Out of the sampled groundwater, 57.8%, 26.7%,
4.4%, and 17.8% were under the category of medium po-
tential health risks to infants, children, adult females, and
males, respectively, in terms of F  in groundwater
(Figure 10(b)). The statistic distribution of HQ posed by F~
was very similar to that of HI of multiple contaminants

(Figures 10(a) and 10(b)). All these indicated the exceeding
F~ in groundwater had higher responsibilities to the overall
potential health risk than other contaminants in the study
area.

4.4. Implication for Sustainable Water Management. As
discussed above, groundwater is essential for the develop-
ment of various aspects in the North China Plain. Confined
groundwater is more precious for the middle and lower
reaches of the North China Plain due to the widespread
distribution of salty water in the shallow aquifers. Thus, it is
significantly crucial to realize the sustainable management of
groundwater resources in confined aquifers although
existing some potentially toxic elements in the water.

Most of the confined groundwater is fresh and soft in the
study area, suggesting desirable water quality for the utili-
zation by the human community in terms of the major solute
chemistry. Although the quality of confined groundwater
was not affected by the anthropogenic factors, the natural
toxic elements including F~, Mn, and Fe exceeded the de-
sirable limit for drinking purpose and would potentially pose
threats to human society. Thus, these potential toxic ele-
ments should be paid attention to when the water is utilized
as a domestic water resource. However, not all confined
groundwater in the study area causes health threats to
human beings, the attention should be concentratedly fo-
cused on the areas with potential threats by toxic elements.
As aforementioned, the overall potential health threats
mainly exist in the northern area surrounding the sampling
site of G17 and the eastern area, as well as some sporadic
areas adjacent to sampling sites like G22 and G4. Thus, other
areas are safe for the utilization of confined groundwater
resource.

For the potential risk areas mentioned above, the degree
of health threats is different for various populations. Infants
are more prone to the toxic elements in groundwater, and
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FiGure 10: Box plots of (a) the overall noncarcinogenic health risk due to multiple contaminants and the hazard quotient of the non-
carcinogenic health risk posed by a single contaminant of (b) F~, (c) Mn, and (d) Fe.

the threats to children, adult females, and males are much
less. Given the preciousness of confined groundwater re-
source, differential water supplies based on the potential
health risk to various populations are recommended in the
study area. Additionally, water quality improvement should
be implemented in the potential risk area. Although Mn and

Fe are exceeding the desirable limit for water ingestion, their
threats to human health are very limited and can be ignored.
However, the health threat from the exceeding F~ in
groundwater is significant. Considering the economic fea-
sibility, the water improvement measures should be carried
out aiming at exceeding F~ rather than other ions.
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FIGURE 11: Distribution of the overall noncarcinogenic health risk to (a) infants, (b) children, (c) females, and (d) males.

5. Conclusions

Confined groundwater is the preferred water resource
worldwide, especially in arid and semiarid regions with
scarce surface water and poor quality of phreatic water.
Hydrochemistry is the premise of available and sustainable
confined groundwater and should be concerned preferen-
tially. The urban area of Hengshui, North China Plain, was
taken as the study area to get insight into the hydrochemistry
and health perspective of confined groundwater in large
sedimentary plains. The main findings are as follows:

(1) Confined groundwater was of nearly neutral to
slightly alkaline nature in the study area. Ground-
water was predominantly soft-fresh water with av-
erage TH and TDS of 121 mg/L and 681 mg/L,
respectively, and only a few samples in harder fresh
or brackish categories. Hydrochemical facies were
dominantly identified as Cl-Na type, with a few of the
Mixed CI-Mg-Ca type (2.2%) and CI-Ca type (2.2%).
The majority of the groundwater samples had the
major ions within the desirable limit of WHO, except

2)

3)

for 6.7%, 11.1%, and 42.2% of Mg**, SO,*", and CI",
respectively. Nitrogen (including NO;~, NO, ", and
NH,") and Zn were in a low and safe content, while
F~, Mn, and Fe were found exceeding the recom-
mended limit of WHO in 28.9%, 15.6%, and 68.9% of
the sampled groundwaters, respectively.

The solute chemistry of confined groundwater was
governed by the natural rock-water interactions and
out of the effects of anthropogenic activities. The
major hydrochemical composition and mineraliza-
tion were dominantly contributed by the dissolution
of evaporates (halite and sulfate) and silicates, cat-
ion-exchange reaction. Reverse cation-exchange
reaction also controlled the major chemistry in
sporadic samples. The exceeding content of toxic
elements of F~, Mn, and Fe was a result of ions
releasing of fluoride-bearing, Fe-bearing, and Mn-
bearing minerals.

The overall chronic health risk posed by multiple
contaminants was in the order of infants>chil-
dren>males>females. The high health risk was only
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potentially existing for infants. Majority of
groundwater samples had the potential health risk
negligible to children (60.0%), adult females (91.1%),
and males (66.7%), but 73.4% of the sampled
groundwater were with potential medium chronic
health threats to infants. The exceeding F~ was highly
responsible for the potential health risk to residents.
The exceeding Fe in a few water samples can also
pose health threats to some degree, while the po-
tential risk from Mn was very low and negligible.

(4) Most of the confined groundwaters had desirable
hydrochemical quality for drinking purpose, but
attention should also be paid to the exceeding
geogenic toxic elements of F~, Mn, and Fe. The
potential chronic health risk was dominantly posed
by F~ rather than Mn and Fe and at different levels.
Differential water supplies based on the potential
health risk to various populations are recommended.
Water improvement measures should be conducted
to eliminate the health threat from exceeding F~,
especially to the infants.
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Strontium is a kind of trace element. Groundwater containing strontium is called mineral water when its content reaches a level
that is beneficial for human physiology. Some groundwater resources in Shijiazhuang are rich in strontium. In this study,
groundwater samples collected from 103 sites were studied for the hydrochemical characteristics of strontium and its formation
mechanism in the groundwater system in Shijiazhuang City. The methods of source provenance analysis, factor correlation
analysis, and runoff condition analysis were carried out in the study. The results showed that the content of strontium in eastern
Shijiazhuang is higher than 0.229 mg/L, with a maximum content of 1.942 mg/L. The source of strontium is the dissolution of
strontium-containing minerals in carbonate rock, sheet hemp rock, clastic rock, and granite in the Taihang Mountain area of the
Hutuo River Basin. Strontium is positively correlated with total dissolved solids, bicarbonate, calcium magnesium, and free carbon
dioxide. The erosion ability of groundwater strengthens the dissolution of strontium, and the geochemical action is mainly due to
the dissolution. The enrichment and distribution of strontium are related to the conditions of groundwater runoff. Areas with
good runoff conditions and strong mining are low in strontium, while areas with poor runoff conditions have high

strontium content.

1. Introduction

Strontium is an alkaline-earth element, and its average
abundance in the continental crust is 350 ppm [1]. Its ele-
mental abundance varies among different types of magmatic
rocks and sedimentary rocks. Among carbonate rocks,
gypsum and phosphorous block rocks have the highest
abundance of Sr. There are more than 30 kinds of strontium-
bearing minerals in nature. The most important one is
strontianite [2]. The strontium content of mineral water
containing strontium is more than 0.2mg/L. Strontium
mineral water, metasilicate mineral water, and carbonated
mineral water are the main types of natural mineral water

used for drinking in China. Strontium mineral water is
distributed all over the country and is mainly found in Jilin,
Shanxi, Jiangsu, Sichuan, and other regions. The function of
strontium in the human body is mainly related to the for-
mation of bones, and it is a normal component of human
bones and teeth. It is also related to the function and
structure of blood vessels. Excessive sodium in the body can
cause hypertension and cardiovascular diseases, while
strontium can reduce the absorption of sodium in the hu-
man body. Therefore, strontium has the effect of preventing
these diseases [3]. Thus, the exploitation of natural stron-
tium mineral water from available sources is of great
importance.
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Shijiazhuang is a border area between the Shanxi Block
and the sags of the Bohai Basin. On the western part of
Shijiazhuang are the Taihang Mountains, with an altitude of
about 1000 m. The eastern part of Shijiazhuang is the alluvial
proluvial plain of the Taihang Mountains, which is generally
30-100 m above sea level. Natural mineral water is widely
distributed in Shijiazhuang and its surrounding areas, in
which the indexes of strontium are up to the standard. This
means the natural mineral water in these areas has enormous
potential economic value. However, due to the lack of
reasonable and unified planning for the development, uti-
lization, and protection of mineral water resources in this
area, such as unlicensed disordered mining and mixed layer
mining, a large number of valuable resources are used for
industrial, agricultural, and urban domestic water, which
cannot be used with high quality, and the large-scale ex-
ploitation of groundwater leads to various environmental
problems such as aquifer drainage and groundwater pol-
lution, resulting in the waste of resources and environmental
pollution. The rich and valuable mineral water resources in
the study area have not been well developed, utilized, and
protected. Therefore, the distribution characteristics, sour-
ces, migration, and enrichment trends and other hydro-
chemical characteristics of strontium in the study area
should be analyzed [4, 5]. It can provide scientific basis for
the development and protection of natural mineral water
resources and give full play to the value of mineral water
[6, 7]. The distribution, enrichment, and migration of
strontium in groundwater are affected by many factors. At
present, scholars have studied the influence of silty clay,
groundwater, and various factors on the adsorption of Sr**.
For example, the effects of contact time, solid-liquid ratio,
and tracer concentration on the adsorption ratio of stron-
tium on silty clay were studied by the static indicator method
[8]. Through static experiments, the relationships among
strontium adsorption and conventional anions and cations
in groundwater were obtained [9-11]. The adsorption ability
of strontium ions in the soil is related to lithology [12, 13],
calcium ions, and other single ions [14, 15]. At the same
time, loess [16] and different wetting media [17] also affect
the migration ability of strontium ions. With the rapid
development of the national economy, the demand for
groundwater quality has forced us to analyze the influencing
factors of groundwater quality in more detail. For example,
the analysis of effects of carbon dioxide [18], groundwater
system [19-21], groundwater chemical environment
[22-24], and geological conditions [25] on strontium ions,
the analysis of elements in mineral water [26, 27], and the
evaluation of natural mineral water [28] have been reported
in recent years. These previous research results have laid a
solid foundation for the development of this study.

The main objectives of this research are to (1) charac-
terize the depth, lithology, water abundance, and other
aspects of the aquifers in the study area; (2) assess the
distribution characteristics of strontium in groundwater; (3)
analyze the correlation between strontium and other
components; and (4) investigate the origin of Sr in
groundwater. This study is designed to support local
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decision makers in decision making related to sustainable
development and utilization of groundwater mineral water.

2. Materials and Methods

2.1. Field Studies- Study Area. The study area is a part of the
piedmont alluvial fan area in front of the Taihang Moun-
tains. It is situated at latitude 37°58'30”"N~38°08'45"N and
longitude 114°25'30"E~114°48'35"E in the southeastern
part of Hebei covering an area of 650 km”. The geological
formation comprises a thick sequence of Quaternary de-
posits of mid-Pleistocene to recent age, which is composed
of unconsolidated sand, silt, clay and kankar in various
proportions. The climate in this region belongs to the warm
temperate semihumid semiarid continental monsoon cli-
mate zone. It is characterized by dry and windy spring, hot
and rainy summer, cool autumn, and cold winter. The av-
erage temperature ranges from 11 to 23°. The total annual
rainfall is 493.3 mm. Corn and wheat are the major crops of
the district.

2.2. Collection of Groundwater Samples. A total of 44 shallow
groundwater samples and 29 deep groundwater samples
were collected from the study area (Figure 1). The sample
collection, processing, and storage methods were under-
taken as per the standard procedures stipulated by the
ministry of water resources in China to ensure data quality
and consistency. In the study, the following physical and
chemical parameters were analyzed: total dissolved solids
(TDS), major cations (Mg>*, Ca®*, and Sr**), major anions
(CI', SO27, and HCO3), and trace compounds such as free
carbon dioxide (CO,) and metasilicate (H,SiO;). Ca** and
Mg** concentrations were determined using titration. The
conductivity analyzer was used to measure EC and TDS. Sr**
concentration was measured by ICP-AES.

3. Results and Discussion

3.1. The Characteristics of Water-Containing Media in the
Study Area. The study area is located in the eastern part of
Shijiazhuang, at the top and middle of the alluvial fan of the
Hutuo River, covering 650 km”. According to the type of the
water-containing medium, geological age, and other factors,
the fourth system in the study area is divided into shallow
aquifer and deep aquifer.

The shallow aquifer is formed by Q; and Q, called a
submerged aquifer. The western part of the study area is
affected by the exploitation of groundwater for many years.
The areas of Zhengding Zhuhe-Xi Zhaotong-Century Park-
Jia village west of the first line have been dewatering. The
water table of water-bearing layers in the eastern area is
buried at the depth of 40 m to 90 m. The thickness of the
aquifer is 20 m to 50 m. The main rocks are gravel, gravel
containing, medium sand, water conducting, and water
rich, with a permeability coefficient of 100 to 200 m/d. The
amount of water per unit is generally between 30 and
80 m’/h-m.
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FIGURE 1: Study area and sampling locations: (1) water abundance of groundwater <10 m*/h-m; (2) water abundance of groundwater is
between 10 and 30 m®/h-m; 3) water abundance of groundwater is between 30 and 50 m®/h-m; (4) water abundance of groundwater is
between 50 and 70 m’/h-m; (5) water abundance of groundwater >70 m>/h-m; (6) boundary of the drainage area; (7) villages; (8) sampling
points of shallow groundwater; and (9) sampling points of deep groundwater.

The deep aquifer is formed by Q; and Q,. The western
part of the Sanlitun-Xi Zhaotong-Remain village is phreatic
water. There is no stable aquiclude between it and the
overlying shallow aquifer. The west of the line is confined
water. The water table is buried between 80 m and 480 m.
The thickness of the aquifer is 45 to 180 m. The main rock is
gravel pebble, gravel-containing coarse sand, water con-
ducting, and water rich, with a permeability coefficient of 30
to 130 m/d. The amount of water per unit is generally 40 to
110 m*/h-m.

3.2. Distribution Characteristics of Strontium in Groundwater.
Statistical summary of various parameters of strontium
measured in groundwater is presented in Table 1. The
abundance of Sr in the shallow groundwater ranges from
0.396 mg/L~1.942 mg/L, and that in the deep groundwater
ranges from 0.229 mg/L~1.837 mg/L. The mode and stan-
dard deviation of strontium concentration in shallow and
deep groundwater are, respectively, 1.092 mg/L, 0.368 and
0.460 mg/L, 0.326, with the average values of 1.023 mg/L and
0.771 mg/L. Significantly, the average strontium concen-
tration in shallow groundwater is higher than that in deep
groundwater [29]. Histograms are drawn according to the
frequency of strontium values in shallow and deep
groundwater (Figure 2). As can be seen from the figure, the
concentration of Sr in the shallow layer and deep layer
presents a normal distribution and is mainly concentrated
around the mean values of 1.023 and 0.771.

The contour map of Sr (Figure 3) is drawn according to
the strontium concentration values at the sampling points.
As shown in Figure 3, the surface distribution of strontium
in shallow and deep groundwater has the same character-
istics: the strontium content in groundwater varies in dif-
ferent parts of the alluvial-diluvial fan. The content of

strontium increases gradually from the top to the middle
parts and both sides of the bottom of the alluvial fan. The
low-value zone of strontium content is located in the fan axis
of Shijiazhuang City-High-tech zone-the oil refinery, and the
high-value zone is located in the north and south. The Sr
content in the south is higher than that in the north.

3.3. Correlation with Other Ions

3.3.1. Correlation between Strontium and Free CO,. The
abundance of Sr in the geological environment determines
the strontium content in groundwater. High strontium
abundance is conducive to the enrichment of strontium.
Carbonate formations are the most suitable for Sr enrich-
ment, and the clastic environments are the second most
favorable. The content of strontium is abundant in the
carbonate aquifer. SrCOj3 is a constituent mineral of car-
bonate salts and is insoluble in groundwater environment.
Contact with corrosive water increases the solubility of the
mineral. The lithology of the Taihang Mountains in the west
of Shijiazhuang is mainly carbonate rock and gneisses which
contain a large amount of strontium minerals, such as SrCO;
and SrSO,. The formation of Sr mineral water occurs be-
cause the Sr-containing minerals are easily dissolved in
water. Sr in groundwater in the study zone is derived from
the dissolution of carbonate minerals. Hence, the concen-
tration of strontium has a certain correlation with the
concentration of free CO,. The relationship between the
concentration of Sr and free CO, in shallow and deep
groundwater is shown in Figure 4. The results verify that
there is a positive correlation between Sr and free CO,.
Specifically, the strontium content in groundwater rises
gradually with the increase in the content of free carbon
dioxide.
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TaBLE 1: Mathematical statistics of strontium in shallow and deep groundwater.
The concentration of Sr Shallow aquifer Deep aquifer
Mean value 1.023 0.771
Median 1.001 0.747
Mode 1.092 0.460
Standard deviation 0.368 0.326
Variance 0.136 0.128
Range 1.546 1.608
Min 0.396 0.229
Max 1.942 1.837
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F1GURE 2: Frequency histogram of strontium concentration in shallow and deep groundwater.
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FIGURE 3: Strontium distribution in shallow and deep groundwater: (1) contour lines of strontium content in shallow water; (2) contour lines
of strontium content in deep water; (3) boundary of the drainage area; and (4) villages.

3.3.2. Correlation between Strontium and Conventional
Factors. Piper diagram is drawn based on the contents of
major negative ions and cations (Figure 5) [30]. The figure
suggests that the main hydrochemical types in the study area
are SO4Cl—Ca-Mg and HCO;—Ca-Mg. Most of the

groundwater in the study area is low salinity bicarbonate
water, and Mg>*, Ca**, and HCO;™ are the most common
ions. It can be seen from Figure 6 that Sr is positively
correlated with TDS and TH. Lixiviation is the chief geo-
chemistry action that controls strontium content [31, 32].
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FIGURE 4: Relationship between strontium and free carbon dioxide in shallow and deep groundwater.
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FIGURE 5: Piper diagram

of groundwater samples.
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FIGURE 6: Relationship between groundwater strontium, TDS, and
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Studies have shown that mineral waters containing stron-
tium are primarily of HCO; type and secondarily of
HCO5-SO, type [33]. Consequently, it can be speculated that
the concentration of bicarbonate ions and sulfate ions in
groundwater has a certain correlation with the concentra-
tion of strontium in groundwater. The relationship between
strontium concentration and bicarbonate ion concentration
in groundwater was plotted (Figure 7). As shown in the
figure, the concentration of strontium in groundwater is
positively correlated with the concentration of bicarbonate
ions. It can be seen from Figure 8 that the concentration of
strontium in groundwater is also positively correlated with
the concentrations of Ca** and Mg*", which indicates that
the main components of the rocks that undergo leaching are
carbonate minerals.

3.4. Analysis of Strontium Enrichment

3.4.1. Sources of Strontium. Strontium is a trace element in
the lithosphere, but its abundance is the highest in the upper
lithosphere. It is distributed widely with an average of
3.75x107*. The formation, enrichment, and distribution of
Sr have certain regularity. They are affected by the geological
background of the formation area, groundwater movement,
and geochemical environment.

As a widely distributed trace element in nature, stron-
tium is highly resolutive. Therefore, the content of strontium
in natural water is slightly higher than that of other trace
elements. In carbonate rock, gypsiferous clastic rock, and
salt rock, minerals such as strontium carbonate and celestite
are easily soluble in water. The rocks containing Sr are
magmatic rocks, clastic rocks, and metamorphic rocks,
which are formed by thermal metamorphism. These rocks
are conducive to the dissolution of strontium. The strontium
content in groundwater depends largely on its geochemical
environment and the properties of strontium. During the
weathering of rock, especially the decomposition of feldspar,
the interaction between strontium salt and water rich in
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FiGURe 8: Relationship between strontium, calcium, and magne-
sium contents in groundwater.

carbon dioxide is beneficial to the precipitation of strontium.
It dissolves in water and causes strontium enrichment.
The strontium content in groundwater is closely related
to the geochemical environment such as the lithology of the
aquiferous medium and strontium content. The content of
strontium is the highest in carbonate rocks, followed by
clastic strata, and also high in granite and granodiorite. The
study area is located on the top and middle belt of Hutuo
River alluvial fans. The stratigraphic distribution of the
Hutuo River Basin upstream region mainly consists of the
archaean group, fuping group, Wutai group, lower palae-
ozoic group, Hutuo group of gneiss and other metamorphic
rocks, carbonate rock, clastic rock, upper palaeozoic,
Cambrian Ordovician carbonate rocks, carboniferous
Permian clastic rock, and granite, granite diorite vein, etc., as
shown in Figure 9. There are many strontium-bearing
minerals in the rocks, such as strontianite, which easily
dissolve in water. The dissolution of strontium-bearing
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FIGURE 9: A geological sketch of the upstream region of the Hutuo River: (1) Quaternary system; (2) Permian system; (3) the carboniferous;
(4) Cambrian Ordovician; (5) upper Paleozoic erathem; (6) lower Paleozoic erathem; (7) the Wutai group of the archaic kingdom;
(8) Fuping group of the ancient kingdom; (9) basin boundary; (10) provincial boundary; (11) the rivers; and (12) stratigraphic boundary.
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FiGure 11: Contours and strontium distribution of the deep groundwater level: (1) contour lines of strontium content in deep water;
(2) contour lines of water table in deep water; (3) boundary of the drainage area; and (4) villages.

minerals in these rocks is conducive to the enrichment of
strontium in groundwater.

3.4.2. Influence of the Ability of Groundwater Dissolution and
Erosion. The leaching, migration, and enrichment of
strontium in groundwater are not only related to the content
of strontium in the parent rock but also affected by water
erosion. The erosive ability of water in nature mainly de-
pends on the content of free carbon dioxide, and water rich
in carbon dioxide is conducive to the dissolution of
strontium. In shallow groundwater in the study area, the
content of free carbon dioxide is mostly in the range of
0~14.4 mg/L, while the content of strontium is in the range
of 0.4~2.0 mg/L. The content of free carbon dioxide in deep
groundwater is typically in the range of 0~8.8 mg/L, while
the content of strontium is in the range of 0.5~1.2 mg/L. The
strontium content in shallow groundwater is generally
higher than that in deep groundwater, which is related to the
higher content of free carbon dioxide in shallow ground-
water. This shows that the greater the content of free carbon
dioxide in groundwater, the stronger the dissolution ability
of strontium rock and the higher the content of strontium in
mineral water. The carbon dioxide in the groundwater
mainly comes from the fermentation of organic matter
residues in soil and the respiration of plants. The carbon
dioxide produced in the soil enters the groundwater. Thus,
the content of free carbon dioxide in shallow groundwater is
higher than that in deep groundwater.

3.4.3. Influence of Groundwater Circulation. The strontium
enrichment of groundwater in the study area is closely re-
lated to groundwater circulation and runoff conditions. Due
to the different permeabilities of diverse parts of the alluvial-
diluvial fan and centralized exploitation of groundwater,
there are obvious differences in groundwater runoft con-
ditions and the content of strontium changes regularly. The
strontium content is low in the axial part of the alluvial fan
and the descending funnel. The strontium content is high in

the areas with poor runoft conditions, while it is low in the
areas with good runoff conditions.

The aquifer at the top and middle zone of the Hutuo
River alluvial fan is thick, with good groundwater flow
conditions and a strong water cycle. The strontium content
gradually increases, from northwest to southeast along the
groundwater flow, from the fan axis to the two sides of the
Hutuo River alluvial fan. The strontium content presents a
relatively low distribution zone in the region along the fan
axis. The strontium content also shows a relatively low value
in the influence range of the depression cone. This indicates
that good groundwater runoff conditions and strong water
circulation can inhibit the excessive enrichment of stron-
tium, which is of great importance for the formation of
strontium mineral water. The long-term concentrated
groundwater exploitation has a certain influence on the
strontium content (Figures 10 and 11).

4. Conclusions

By studying the distribution characteristics and causes of
strontium enrichment in groundwater in the eastern area of
Shijiazhuang, the following conclusions are obtained:

(1) The lithology of the Taihang Mountain area of the
Hutuo River Valley is mainly carbonate rock and
gneisses, followed by clastic rock, granite, grano-
diorite, etc. These rocks contain relatively high
amounts of strontium. The strontium in ground-
water is formed by the dissolution of strontium-
bearing rocks, under the influence of specific
conditions and environmental factors such as
temperature and runoff.

(2) Strontium content is positively correlated with the
contents of dissolved total solids, bicarbonate, cal-
cium, magnesium, free carbon dioxide, and meta-
silicic acid in the study area. It is closely related to the
erosion and dissolution ability of groundwater. The
main chemical action is leaching.
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(3) The strontium content in the groundwater in most of
the study area is more than 0.4 mg/L. The enrich-
ment and distribution of strontium in the ground-
water are related to groundwater runoff conditions.
Moreover, the strontium content is lower at the axial
part of the alluvial-diluvial fan and the descending
funnel. The area with poor runoff conditions is high
in strontium content.

In summary, the results of this work help to identify the
conditions and factors responsible for Sr enrichment in
groundwater, which can be useful for the exploitation of Sr-
containing mineral water. This study can provide a scientific
basis for the development and protection of natural mineral
water resources for drinking and the management planning
of the relevant departments, to ensure that the abundant
mineral water resources can be used rationally and con-
tinuously and to improve the drinking water quality in
Shijiazhuang.
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