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Abstract

Groundwater quality is critical for regional sustainability and human well-beings in coastal regions, because groundwater
is an important water resource for these areas facing water scarcity. Anthropogenic activities might induce nitrate pollu-
tion, whereas saltwater intrusion could decrease coastal groundwater discharge into sea to subsequently cause the persistent
accumulation of pollutants in coastal aquifer. Rare information is available on the nitrate pollution of coastal aquifer under
simultaneous influences of saltwater intrusion and intensive anthropogenic activities. This study investigated the distribu-
tion, pollution, possible sources, and potential health risks of groundwater nitrate of typical coastal aquifer simultaneously
influenced by saltwater intrusion and intensive anthropogenic activities. The average/maximal concentration of groundwater
nitrate was 173.70/824.80 mg/L, indicating the severe accumulation of nitrate in the coastal aquifer. Concentrations of nitrate
in coastal groundwater were much higher than those in adjacent seawater. Groundwater salinization did not have significant
effects on nitrate distribution. Groundwater in 87.6% of sampling sites was not suitable for drinking based on nitrate evalu-
ation criterion. Anthropogenic activities might induce nitrate pollution in approximately 94.7% of sampling sites. Sources,
including sewage and manure, soil nitrogen, and ammonium fertilizers, contributed to groundwater nitrate with concentration
> 100 mg/L in the study area, whereas sewage and manure were the predominant source affecting groundwater nitrate in
97.5% of sampling sites. Groundwater nitrate exerted unacceptable noncancer health risks for infants, children, teenagers,
and adults in more than 87.6% of the study area. Infants and children were the most susceptibly influenced by groundwater
nitrate. It is urgent to take effective measures for controlling groundwater nitrate pollution in the study area.

Nitrate, ubiquitous in various aquatic environments, often
exists in groundwater with relatively high concentrations
to make groundwater unsuitable for drinking (Chica-Olmo
et al. 2014; Stuart et al. 2011; Wen et al. 2018). Excessive
nitrate in groundwater for drinking can induce various
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health concerns, including abortions, blue baby syndrome,
increased risks of methemoglobinemia and gastric cancer,
damage to stomach lining, mouth ulceration, non-Hodgkin’s
lymphoma, and reproductive toxicity (Paladino et al. 2018;
Rivett et al. 2008; Wu et al. 2018). Therefore, groundwater
nitrate deserves more attention.

Groundwater is very important for many regions, includ-
ing coastal zones with problems of water scarcity (Ketabchi
et al. 2016; Wen et al. 2019). Groundwater pollution has
become a critical obstacle for regional sustainability and
ecological stability (Chica-Olmo et al. 2014; Giiler et al.
2013; Wen et al. 2019). Nitrate pollution of groundwater has
attracted wide attention in recent years due to its frequent
occurrence (Chica-Olmo et al. 2014; Serio et al. 2018; Wu
et al. 2018). Approximately 40% of people in China live in
coastal zones (Lu et al. 2018), implying that unexpected neg-
ative consequences might be induced if groundwater nitrate
pollution occurs in these areas, especially the groundwater-
dependent regions. Source apportionment of groundwater
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nitrate is critical for pollution management and control (Wen
et al. 2018; Xue et al. 2009). Dual-isotope method has been
widely used to identify the possible sources of groundwater
nitrate (Yang et al. 2013; Wen et al. 2018; Xue et al. 2009),
because this approach can provide more comprehensive
information on groundwater nitrate pollution. Therefore,
dual-isotope method is promising for exploring possible
groundwater nitrate sources.

Salinization is another problem possibly affecting ground-
water quality, especially in coastal zones (Wen et al. 2019).
Negative influence of salinization on groundwater quality
has been reported (Walraevens et al. 2015; Wen et al. 2019).
The coastal aquifers often are suffering from saltwater intru-
sion (SWI) to cause the loss of groundwater resources (Bear
et al. 1999). Additionally, seawater intrusion could decrease
the groundwater discharge into sea to possibly cause the
high retention time and persistent accumulation of pollut-
ants. Therefore, research work needs to be performed to clar-
ify whether simultaneous saltwater intrusion and intensive
anthropogenic activities will induce the nitrate pollution of
coastal aquifer. This study performed field sampling, labora-
tory analysis, and risk assessment to investigate the pollu-
tion, possible sources, and potential health risks of nitrate
in typical coastal groundwater of China. The objectives of
this study were to provide the comprehensive information
on nitrate in coastal aquifer under simultaneous influences
of saltwater intrusion and intensive anthropogenic activities
and to put a basis for groundwater nitrate control and man-
agement in coastal zone.

Materials and Methods
Study Area and Chemical Analysis

The study area lies in the coastal zone of Laizhou Bay, which
is a typical coastal bay in the northern Shandong Peninsula of
China. Saltwater intrusion in the coastal aquifer of Laizhou
Bay coastal area has become the most severe in China due
to the groundwater overextraction caused by the extremely
intensive anthropogenic activities (Wen et al. 2019). The
study area, sampling period, and sampling strategy were the
same as those previously reported (Wen et al. 2019). Based
on Shandong Statistical Yearbook, the population of the study
area reached approximately 5 million in 2017 and the nonagri-
cultural population accounted for less than 15%. The quality-
centralized water is not supplied for 60% of residents, because
most villages are randomly distributed in the study area. Agri-
culture is the major anthropogenic activity in the study area
so that fertilizers and manure also are widely used in this area.
Recently, industry and wastewater reuse have been in rapid
development in the study area due to the rapid urbanization.
Groundwater samples were collected from 113 shallow wells
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at the yards of the residents, filtered by membrane filters (pore
size of 0.45 um, Pall Life Sciences, MI), and stored at 4 °C
until chemical analysis.

An Ultrameter I[I™ 6P (Myron L Company, USA) was used
to measure pH, total dissolved solids (TDS), and electrical
conductivity (EC) of groundwater in situ. Concentrations of
these parameters were shown by the previous report (Wen et al.
2019). Dionex ion chromatograph (ICS3000, USA) was used
to determine the concentrations of major ions, including Mg>*,
Ca’*, Na*, K*, CI~, SO,*~, and NO,". Titration method was
employed to measure the concentrations of HCO;™. The com-
positions of stable isotopes §'"N-NO,~ and §'*0-NO;~ were
determined at the University of California Facility for Isotope
Ratio Mass Spectrometry. In total 40 of 113 groundwater
samples with nitrate concentration > 100 mg/L were further
selected for analysis of dual isotopes.

Nitrate Pollution Evaluation and Source
Apportionment of Coastal Groundwater

Groundwater nitrate pollution was evaluated according to
the standard for groundwater quality (GB/T 14848-2017)
as well as criteria proposed by other scientists (Chica-Olmo
et al. 2014; Anayah and Almasri 2009). Evaluation criterion
presented by Anayah and Almasri (2009) focuses on anthro-
pogenic influences. Ranking criteria for groundwater quality
based on nitrate are shown in Table 1.

Principal component analysis (PCA) also was used to
determine preliminarily the possible sources of major ions
in groundwater. Possible nitrate sources were determined by
dual-isotope method using 8'°N-NO,~ and §'*0-NO,~ val-
ues of different nitrate sources. The detailed information on
isotopic values of various sources referred to the published
articles (Wen et al. 2018; Xue et al. 2009).

Health Risks Assessment

Nitrate in groundwater exerts potential health risks through
dermal contact and oral intake. Nitrate is generally regarded
to pose noncancer risks (Zhai et al. 2017). Therefore, hazard
quotient (HQ) was used to estimate the potential noncancer
risks of groundwater nitrate. HQ through oral intake (HQ,,;)
and dermal contact (HQ,1ma1) Were calculated by the following
equations (Wen et al. 2019; Zhai et al. 2017).

C x OI X EF X ED,
BW x AT x RfD

HQoral =

HQyerma = Kp X C X CF X ¢

event

EV X EDy X EF; X SA
X

BW x AT
1

X e
RfD x GIABS
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Table 1 Ranking criteria of pollution and intensity of anthropogenic disturbance

Objective Level Classification Value References
Groundwater quality Good for all uses I CN<2.0 mg/L Standard for
evaluation Good for all uses I 2.0 mg/L <CN <5.0 mg/L groundwater
Suitable for drinking I 5.0 mg/L < CN <20.0 mg/L ?Ziﬂtgyégﬁ?
Suitable for agriculture; treatment needed v 20.0 mg/L <CN <30.0 mg/L
before drinking
Not suitable for drinking \% CN>30.0 mg/L
Groundwater quality Good quality I C<37.5 mg/L Chica-Olmo et al.
evaluation Intermediate quality I 37.5 mg/L<C<50 mg/L 2014
Poor quality 1 C>50 mg/L
Anthropogenic distur- ~ Most likely background concentration | 0<C<5 mg/L Anayah and Almasri
bance evaluation Possible human influence I 5<C<15mg/L 2009
Pollution due to human influence I 15<C<50 mg/L
Pollution due to excessive human influence IV C>50 mg/L.

CN means concentration of NO;—N; C refers to nitrate concentration

HQ = HQoral + HQdermal

where C refers to nitrate concentration of coastal groundwa-
ter; OI means water consumption rate; ED_ represents inges-
tion exposure duration; EF stands for ingestion exposure
frequency; AT refers to average lifespan; BW means body
weight; RfD represents the reference nitrate dose through
oral exposure route; GIABS stands for the fraction of nitrate
absorbed in gastrointestinal tract; Kp means dermal perme-
ability coefficient of nitrate; CF means unit conversion fac-
tor; #,,.n refers to event duration; EV means the event fre-
quency; ED, represents dermal contact exposure duration;
EF, refers to dermal contact exposure frequency; SA means
human skin surface area. The values of these parameters are
listed in Table 2.

Data Processing

All data regarding concentrations, groundwater pollution
levels, and health risks posed by nitrate were processed by
Surfer 11 (Golden Software LLC, Colorado, USA). PCA
was performed by SPSS 19.0 IBM, New York, USA). The
relationship among major ions, pH, TDS, and EC, in ground-
water was evaluated by Pearson matrix with Pearson correla-
tion coefficients obtained by SPSS 19.0.

Results and Discussion
Distribution of Major lons in Coastal Groundwater

The groundwater in the study area was alkaline except the
pH of groundwater collected from 6 sites less than 7.0,

whereas concentrations of TDS and EC were in the range of
246.79-3858.03 mg/L and 490.00-6332.00 puS/cm, respec-
tively (Wen et al. 2019).

The distribution of groundwater major ions in the study
area exhibited significant spatial variations (Fig. 1). Concen-
trations of Ca®* ranging from 36.94 to 617.94 mg/L with the
mean value of 197.99 mg/L were higher than those of the
other major cations, whereas concentrations of K* varying
from BDL (below the detection) to 66.43 mg/L with the
average value of 3.86 mg/L were significantly lower than
those of the other major cations in groundwater (Fig. 1).
Na* with high concentrations mainly existed in southwest-
ern and northeastern parts of the study area, whereas Ca>*
and Mg?* with high concentrations mainly existed in the
southwestern regions. Different from the other major cati-
ons, K* with high concentrations occurred in the central
part of the study area. Concentrations of C1~ ranged from
BDL to 1507.61 mg/L, whereas those of SO42‘ were in the
range of BDL-1310.15 mg/L (Fig. 1). Concentrations of
HCO;™ ranged from 59.71 to 541.88 mg/L with the mean
value of 256.91 mg/L (Fig. 1). Sites with high concentra-
tions of SO42_, CIl™, and HCO;~ were mainly distributed in
the southwestern regions of the study area, similar to those
with high concentrations of Na*, Mg?*, and Ca*. Nitrate
concentrations varied from 0.59 to 824.80 mg/L with the
mean value of 173.70 mg/L (Fig. 1). Average nitrate con-
centration of coastal groundwater in the study was almost
150-270 times higher than nitrate concentration of adjacent
seawater. The highest nitrate concentration occurred near the
central region along sea-land interface, which was different
from the distribution patterns of the other anions.

A previous study showed that groundwater salinization
occurred in the southwestern plains of the study area, and
heavy metal pollution was affected by salinization (Wen et al.
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Table 2 Parameters used for human health risk assessment

Parameter Unit Infants Children TF ™ AF AM References
DR (water ingestion rate) L/d 0.65 1.5 2 2 2 2 Wu et al. 2016; Zhai et al.
2017
EFi (ingestion exposure days/year 365 365 365 365 365 365 Wuet al. 2016
frequency)
EF, (dermal exposure days/year 150 150 150 150 150 150 Akhbarizadeh et al. 2016
frequency)

ED; (ingestion exposure year 1 6 18 18 70 70 USEPA 2011; Yang et al.
duration) 2018; Zhai et al. 2017
ED, (dermal exposure dura-  year 0.5 6 8 8 30 30 USEPA 2011; Yang et al.
tion) 2018; Zhai et al. 2017

BW (body weight) kg 7.79 19.73 47.64 51.24 55.18 63.29 Zhai et al. 2017

AT (average lifespan) days 182.5 2190 6570 6570 25,550 25,550 USEPA 2011

RfD, (oral reference dose)  mg/(kg-day) 1.6 1.6 1.6 1.6 1.6 1.6 Anornu et al. 2017

EV (event frequency) event/day 1 1 1 1 1 1 Yang et al. 2018

SA (skin surface area) cm? 3416.0 9035.2 14,321 14,321 18,182 18,182 Wau et al. 2016; Zhai et al.

2017

Ky (dermal permeability cm/h 0.001 0.001 0.001 0.001 0.001 0.001 Zhai et al. 2017
coefficient)

Toven: (€vent duration) h/event 1 1 1 1 1 1 USEPA 2004

CF (unit conversion factor)  L/cm? 0.001 0.001 0.001 0.001 0.001 0.001 USEPA 2004

GIABS (absorption fraction unitless 1 1 1 1 1 1 USEPA 2004

in GIT)
Cy (pollutant concentration) mg/L

Measured Measured Measured Measured Measured Measured This study

GIT gastrointestinal tract; TF, TM, AF, and AM refer to female teenagers, male teenagers, female adults, and male adults, respectively
Ages of target humans are < 1 (infants), 1-11 (children), 12—-19 (teenagers), and 20-70 (adults)
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Fig. 1 Distribution of major ions in coastal groundwater

2019). Interestingly, groundwater salinization did not have
significant effects on nitrate distribution. A previous study
reported that ammonium was easy to accumulate, whereas
nitrate showed slight depletion under influences of ground-
water salinization (Russak et al. 2015). Therefore, salini-
zation might negatively affect the accumulation of nitrate
in groundwater, which explained that high-concentration
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nitrate did not occur in the salinization regions. Additionally,
nitrate concentrations of coastal groundwater in the study
area showed different patterns with groundwater saliniza-
tion, indicating that multiple factors besides groundwater
salinization caused by the saltwater intrusion had impor-
tant impacts on the persistent accumulation of nitrate in the
coastal aquifer.
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Groundwater Nitrate Pollution in the Study Area

Based on the thresholds of sulfate in groundwater (GB/T
14848-2017), the groundwater quality of 8/75/24 sites was
suitable for drinking and categorized into Class I/II/III,
whereas that of 4/2 sites was not suitable for drinking and
categorized into Class IV/V. Groundwater quality of 21 and
19 sites was categorized into Class IV and V based on cri-
terion of CI™ standard, whiereas that of the remaining sites
was evaluated as Class III or better.

Different criteria were employed to evaluate groundwa-
ter nitrate pollution in the study area (Fig. 2). Based on the
thresholds of groundwater NO;™—N (GB/T 14848-2017),
groundwater quality of 3/5/21 sampling sites was suitable
for drinking and categorized into Class I/II/III, whereas that
of 19.5%/54.9% of sampling sites was Class IV/V (Fig. 2a).
Severe nitrate groundwater pollution occurred in the study
area, much more serious than that induced by heavy metals
(Wen et al. 2019).

Groundwater in the study area was directly used as drink-
ing water. Concentration of 50 mg/L, the recommended
maximum allowable value for nitrate in drinking water
according to the WHO, was widely accepted threshold for
nitrate in drinking water and Chica-Olmo et al. (2014) fur-
ther refined the evaluation criterion. Based on the criterion
proposed by Chica-Olmo et al. (2014), groundwater quality
of 12, 2, and 99 sampling sites was determined as good,
intermediate, and poor levels, respectively (Fig. 2b). This
result showed that groundwater in approximately 87.6% of
the study area was not suitable for drinking, more serious
than results obtained using Standard for groundwater quality
(GB/T 14848-2017). Human activities could have signifi-
cant impacts on groundwater nitrate (Anayah and Almasri
2009; Wen et al. 2018). The regions with the serious nitrate
pollution in the study area were strongly affected by anthro-
pogenic activities (Fig. 2c), showing the great contribution
of anthropogenic disturbance to nitrate pollution of coastal
groundwater.

Source Apportionment of Nitrate in Coastal
Groundwater

Strong correlation existed among major ions (Table 3). Cati-
ons Ca®* and Mg?* were positively correlated with the other
major ions at significance level of p <0.01 or p <0.05. Cati-
ons (Na* and K*) and anions (SO,?~ and CI~) were signifi-
cantly positively correlated with the other major ions except
with NO;™. HCO;™, TDS, and EC were positively correlated
with the other major ions while pH was negatively corre-
lated with the other major ions, TDS, and EC. Interestingly,
no significant correlation existed in K*-NO,~, Na*-NO; ",
SO42_—NO3_, and C1"-NO;~, showing that source of nitrate
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groundwater quality (GB/T 14848-2017), and ¢ intensity of anthropo-
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might be different from that of the other major ions in coastal
groundwater.

PCA was used to explore the possible sources of the
major ions in coastal groundwater (Table 4). Approximately
69.448% of the total variance was explained by 2 compo-
nents with eigenvalue > 1.0. The first component consist-
ing of Na*, Ca**, Mg?*, CI~, SO,?~, and HCO;~ accounted
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Table 3 Pearson correlation of major ions in groundwater

Na* K* Mgt Ca** Cl- NO;~ SO, HCO;~ TDS pH EC

Na*t 1.000

K* 0.241*  1.000

Mg>* 0.538**  0.273**  1.000

Ca’* 0.567*%*  0.340%*  0.770** 1.000

ClI- 0.790%*  0.413%%  (.749%%* 0.855%%* 1.000

NO;~ 0.031 -0.130 0.218* 0.443%%* 0.108 1.000

S0, 0.722%*  0.260%*%  0.597** 0.569%* 0.671**  —0.056 1.000

HCO;~ 0.590**  0.240*%  0.401%* 0.479%* 0.396%* 0.282%* 0.424%%* 1.000

TDS 0.801** 0.326%* (0.786** 0.922%%* 0.925%%* 0.394% 0.726%** 0.575%%* 1.000

pH — 0.325%% —0.151 —0.313*% —0.553**% —0.413** —0.323** —0316*%* —0.405%% —0.497** 1.000

EC 0.713*%*  0.346%*  0.777%* 0.871%* 0.886%* 0.204* 0.730%* 0.389%* 0.895%*  —0.535%* 1.000

*p<0.05; ¥¥p <0.01

Table 4 Component ma.trix Component Initial eigenvalues Elements Component

and total variance explained

for major ions in coastal Total % of variance Cumulative % 1 2

groundwater
1 4.285 53.566 53.566 Na*t 0.832 -0.175
2 1.271 15.882 69.448 K* 0.437 -0.434
3 0.840 10.502 79.949 Mg>* 0.827 0.090
4 0.748 9.349 89.299 Ca® 0.884 0.267
5 0.352 4.396 93.695 CI~ 0.920 —0.111
6 0.306 3.826 97.521 NO;~ 0.237 0.919
7 0.169 2.109 99.629 Noln 0.788 -0.277
8 0.030 0.371 100.000 HCO;~ 0.644 0.199

for the largest variance of 53.566%. The second component
explaining 15.822% of variance only included NO;~. PCA
results also proved that source of nitrate in coastal ground-
water of the study area was different from that of the other
major ions and human activities might be the main nitrate
source.

Dual-isotope method was used to identify the possible
sources of nitrate in coastal groundwater (Fig. 3). Based on
the evaluation criterion (Wen et al. 2018; Xue et al. 2009),
groundwater nitrate in approximately 35% of 40 sampling
sites with nitrate concentration > 100 mg/L mainly origi-
nated from sewage and manure, whereas that in 11 sites
were primarily originated from soil nitrogen (N) as well
as sewage and manure (Fig. 3). Groundwater nitrate in
approximately 20% of target sampling sites mainly came
from sewage and manure, soil N, and ammonium fertilizer,
whereas that in approximately 15% of sites originated from
ammonium fertilizer, soil N, and sewage (Fig. 3). Interest-
ingly, groundwater nitrate of only one target sampling site
was mainly influenced by soil N and ammonium fertilizer.
Sewage and manure served as the predominant source for
nitrate in coastal groundwater of the study area, influencing
groundwater nitrate in 97.5% of sampling sites. Therefore,
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it is critical to control effectively discharge of sewage and
manure as well as improve sewage treatment in village areas
for reducing groundwater nitrate.

Health Risk Assessment of Nitrate in Coastal
Groundwater

Although nitrate was reported to link with cancer (Pala-
dino et al. 2018), cancer slope factor was not proposed and
widely accepted for estimating potential cancer risks posed
by nitrate. Therefore, this study used hazard quotients to
evaluate the potential noncancer risks of groundwater
nitrate. Noncancer health risks of groundwater nitrate for
four target human groups, including infants (< 1 year old),
children (2-11 years old), teenagers (12—19 years old), and
adults (20-70 years old), were evaluated (Fig. 4).

HQs of nitrate ranged from 0.012 for male adults at
site with nitrate concentration of 0.59 mg/L to 86.12 for
infants at site with nitrate concentration of 824.80 mg/L.
HQs of nitrate for infants were the highest while those for
male adults were the lowest, which was similar to previ-
ously report (Zhai et al. 2017). HQs of nitrate for infants
were 2.19, 3.97, 4.27, 4.60, and 5.28 times those for
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Fig.3 Source identification of
nitrate in coastal groundwater
using dual isotopes
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adults, respectively. HQ levels I and II refer to acceptable and unac-
ceptable health risks, respectively

Noncancer risks were regarded as unacceptable when
HQs>1 (Anornu et al. 2017; Wen et al. 2019; Zhai et al.
2017). Noncancer risks of nitrate in 96.5%, 92.9%, 89.4%,
87.6%, 87.6%, and 87.6% of the sampling sites were unac-
ceptable for infants, children, female teenagers, male
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teenagers, female adults, and male adults, respectively. In
summary, nitrate with high concentrations in coastal ground-
water of the study area would exert serious health risks to the
residents, especially infants and children. Therefore, more
effective policies should be put forward to control ground-
water nitrate pollution of the study area.

Conclusions

The maximal/mean concentration of the nitrate in this area
was 824.80/173.70 mg/L, far beyond the WHO drinking
water standard. Nitrate concentrations of coastal ground-
water in the study area were much higher than those in adja-
cent seawater, indicating that coastal groundwater might be
potential nitrate pollution source for seawater due to possible
submarine groundwater discharge. Nitrate concentrations
of coastal groundwater in the study area showed different
patterns with groundwater salinization, confirming that
multiple factors besides the groundwater salinization influ-
enced the persistent accumulation of nitrate in the coastal
aquifer. Nitrate pollution in the study area was serious with
groundwater in 87.6% of sites not suitable for drinking.
Nitrate pollution in approximately 94.7% of sites might be
influenced by human activities. Sewage, manure, and ferti-
lizer were the predominant source for high-concentration
coastal groundwater nitrate of the study area. Noncancer
health risks of groundwater nitrate in 87.6% of the study
area were unacceptable for adults, teenagers, children, and
infants. Infants were the most influenced group, followed by
children. Effective control measures should be proposed to
relieve groundwater nitrate pollution and consequent health
risks in the study area.
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