Journal of Groundwater Science and Engineering 14(2026) 148—-164

Journal homepage: http://gwse.iheg.org.cn

Research Article

Assessment of the natural background levels of ammonia nitrogen and
chloride in alluvial fan groundwater using an improved pre-selection
method: Implications for groundwater management

Chu Yu'?, Ze-peng Zhang"”', Yi-long Zhang"’, Heng-xin Zhang'?, Xiao-han Li"’

! Institute of Hydrogeology and Environmental Geology, Chinese Academy of Geological Sciences, Shijiazhuang 050061, China.
* Key Laboratory of Groundwater Science and Engineering, Ministry of Natural Resources, Shijiazhuang 050061, China.

Abstract: Natural Background Levels (NBLs) play a pivotal role in groundwater management. Ammonia
nitrogen exceeding national standards is a significant concern in the alluvial fan area of Tuzuoqi, Hohhot,
Inner Mongolia. The commonly used pre-selection method relies on empirical judgment with predefined
pollution thresholds, making it highly subjective and less adaptable. In this study, an improved pre-selec-
tion approach was used to assess the NBLs of ammonia nitrogen and chlorides in the study area, comple-
mented by pollution indices to evaluate the extent and scope of contamination. The improved method first
employed Hierarchical Clustering Analysis (HCA) to identify characteristic pollution indicators, including
NH,', CI', TDS, Ca*", Na’, NO;", and Chlorinated HydroCarbons (CHCs). Subsequently, the contamination
levels of these indicators were analyzed to establish pollution thresholds and remove contaminated samples,
thereby completing the pre-selection of original samples. The pre-selection criteria for the study area were:
For ammonia nitrogen, NH,-N > 0.5 mg/L combined with CI" > 250 mg/L; for chloride, CI" > 250 mg/L
and ClI' > 100 mg/L with simultaneous detection of CHCs. Pre-selected samples were further analyzed
using Grubbs' test to identify NBLs samples. The validity of the NBLs samples was confirmed through
significance tests based on historical data. The 95th percentile of the NBLs samples was used to calculate a
unified NBLs for pollution indices. The results indicate that ammonia nitrogen contamination is concen-
trated in the central-southern part of the industrial park, with a limited spatial extent and severe pollution
near pollution sources. The exceedances of ammonia nitrogen in water source wells are due to high NBLs,
which are attributed to organic-rich alluvial-lacustrine interbedded deposits. Chloride pollution has spread
from the central-southern to the northern areas, causing slight contamination in some wells over a broader
region. Compared to other alluvial fans, elevated chloride NBLs are related to the high content of water-
soluble salts in the lacustrine sediments within the strata. This study validates the effectiveness of the
improved preselection method in determining groundwater NBLs and emphasizes the role of NBLs in iden-
tifying sources and contamination levels of exceeding components.
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tial benchmarks for establishing contamination
remediation objectives and for assessing the
anthropogenic influence on the natural chemical
constituents of groundwater (Lan et al. 2024; Allia
and Lalaoui, 2024). Evaluating NBLs is a crucial
initial step in assessing groundwater contamina-
tion and formulating regulatory guidelines. The
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European Groundwater Directive (2006/118/EC)
(European, 2006) describes NBLs as concentra-
tions of substances in groundwater with little to no
anthropogenic influence, a definition widely
accepted in the field (Reimann and Garrett, 2005;
Panno et al. 2006; Nisi et al. 2016). Given the
inherent heterogeneity and anisotropy of aquifers,
NBLs vary spatially even within the same hydro-
geologic unit, indicating that they represent not
singular values but a range (Reimann and Garrett,
2005; Guo et al. 2010).

Groundwater NBLs evaluation typically invo-
lves two main approaches: The use of mathemati-
cal statistics (Parrone et al. 2019) and the pre-
selection method (Bulut et al. 2020; Serianz et al.
2020). In the mathematical statistics, various statis-
tical metrics are applied to define NBLs based on
data distribution patterns. Commonly, the formu-
las MEAN+2-SD (mean plus or minus two times
the standard deviation), along with MED+2-MAD
and [Q25-1.5-IQR, Q75+1.5-IQR] (Biddau et al.
2017; Gao et al. 2020) is used for data following
normal or log-normal distributions, while [Q2.5,
Q97.5] is more appropriate for skewed data distri-
butions, each method having its own advantages
and limitations (Bondu et al. 2022). Relying solely
on mathematical statistics can overlook the
complex interactions among hydrochemical com-
ponents and the intrinsic evolutionary dynamics of
groundwater chemistry, potentially leading to
NBLs that do not accurately reflect natural condi-
tions (He et al. 2022).

The pre-selection method aims to identify pris-
tine groundwater samples, commonly referred to as
Pre-Selected (PS) samples, with minimal anthro-
pogenic interference by filtering out contaminated
samples using predefined thresholds for certain
indicators. Common contaminant indicators em-
ployed in this method include dissolved oxygen,
NH,", NO,, CI', and SO, (Hinsby et al. 2008;
Ducci et al. 2016; Parrone et al. 2019; Chen et al.
2022). However, this method may ever overesti-
mate or underestimate NBLs (Huang et al. 2022)
because the thresholds for these indicators are
largely based on empirical values that might not
accurately reflect local hydrogeochemical condi-
tions. Moreover, due to the variety of contamina-
tion sources and the diversity of groundwater
contaminants, these common indicators do not
always successfully identify contaminated samples
(De Caro et al. 2017; Serianz et al. 2020). For
example, while NO; may effectively pinpoint
samples impacted by agricultural activities and
domestic life, it might not reliably screen out
samples influenced by industrial activities. In
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certain specific conditions, these indicators may
not provide any useful information. For example,
NH, may not be a reliable indicator in aquifers rich
in organic matter (Molinari et al. 2012).

In recent years, numerous researchers have
explored NBLs determination by integrating vari-
ous methodologies (Ducci et al. 2016; Bi et al.
2022; Bondu et al. 2022; Khadra et al. 2022). They
establish thresholds for one or more key contami-
nation markers through empirical or geochemical
analyses. Utilizing these thresholds, they filter
samples showing negligible or no anthropogenic
interference, thereby finalizing the pre-selection of
pristine groundwater samples. Subsequent statisti-
cal analyses and tests on the PS dataset involve
selecting appropriate statistical metrics to define
NBLs based on the data's statistical properties.
These investigations indicate that combining the
pre-selection and statistical approaches can signifi-
cantly improve the accuracy of NBLs estimation.

The study area is situated on an alluvial-prolu-
vial fan, with groundwater serving as the main
source for daily and industrial needs of the local
population. Over the past two decades, rapid indus-
trial development has been accompanied by
increased groundwater extraction. Recent studies
have shown that the NH,-N concentration in
groundwater of water source wells can reach as
high as 5.15 mg/L, far exceeding the national Class
IIT water quality standard of 0.5 mg/L, with an
annual increase rate of 0.17 mg/L (Liu et al. 2023).
This poses a threat to regional water supply safety.
Local environmental authorities are therefore
urgently interested in determining whether such
elevated ammonia nitrogen levels are related to
industrial activities and to what extent. Establish-
ing groundwater NBLs is essential for understand-
ing the causes of exceedances and for setting real-
istic remediation targets.

In this study, an improved pre-selection method
was employed to evaluate the NBLs of ammonia
nitrogen and chloride in the study area, as ammo-
nia nitrogen in water sources has attracted particu-
lar attention, while chloride is a major hydrogeo-
chemical component and a common indicator in
hydrogeochemical analyses. Unlike traditional
approaches that rely on empirical thresholds for
pre-selection, this method involves: (1) Selecting
characteristic pollution indicators based on Hierar-
chical Cluster Analysis (HCA), including ammo-
nia nitrogen and seven other parameters; and (2)
delineating pollution thresholds based on the
concentration features of these indicators. Due to
their differing hydrogeochemical features, pollu-
tion sources, and levels, ammonia nitrogen and
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chloride have distinct pollution criteria and stan-
dards. The pre-selected samples were analyzed
using Grubbs' test to obtain the NBLs dataset. This
dataset was then validated using historical hydro-
chemical data and statistical methods. Finally, a
preliminary assessment of groundwater pollution
was conducted based on pollution indices calcu-
lated from the unified NBLs.

1 Study area

1.1 Geographical conditions

As depicted in Fig. 1, the study area is located in
Tuzuoqi, Hohhot, Inner Mongolia, China, bordered
by a low-to-mid mountain range to the north and
surrounded by alluvial-proluvial plains on the
remaining sides, encompassing an area of approxi-
mately 181 km’. The study area experiences a
medium-temperate continental monsoon climate,
characterized by aridity, limited rainfall, and
significant evaporation rates. The average annual
temperature stands at 7.2°C, with peak and mini-
mum monthly average temperatures typically
occurring in July and December, respectively. The
study area receives an average annual rainfall of
388.2 mm, sees an average annual evaporation rate
of 3,259.8 mm, maintains an average annual rela-
tive humidity of around 53.6%, and enjoys an
average annual sunshine duration of approxi-
mately 2,883.5 hours. The predominant soil types
are meadow soil and gray cinnamon soil. Although
the study area lacks permanent surface water
bodies, three seasonal streams can be found in the
northern mountainous region.

1.2 Geological
conditions

and hydrogeological

Throughout the Cenozoic, the Hohhot region
underwent significant geological movements, char-
acterized by a southward descent and northward
rise, driven by NW-SE-oriented extensional forces.
This resulted in the formation of the Hohhot
faulted basin. The basin is notable for its excep-
tionally thick strata ranging from the Paleogene
Eocene to the Quaternary, with the study area situ-
ated at the basin's subsidence center. Since the
Middle Pleistocene, this subsidence center has
predominantly accumulated lacustrine sediments,
leading to the development of a stable and
widespread silty clay layer. This layer acts as an
confining layer between the shallow and deep
groundwater aquifers (Zhang et al. 2017). Since
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the Late Pleistocene, the area's geological compo-
sition has been predominantly alluvial-proluvial
sediments. Unique climatic conditions have facili-
tated periodic expansions of the lake surface,
resulting in the formation of alluvial-lacustrine
interbedded deposits in the shallow subsurface.
The aquifer contains high content of clay sedi-
ments and organic matter (Liu et al. 2023).
Notably, multiple silty sediment layers have been
identified up to depths of around 150 m in bore-
holes LS3, LS2, and TK31, as illustrated in Fig. 1.

In the study area, the apex of the alluvial-prolu-
vial fan is marked by a discontinuous aquiclude,
and an aquifer primarily consisting of sand and
gravel layers that house phreatic water, with
groundwater level depths typically found at 60 m
to 70 m. Progressing from the fan's center to its
periphery, a silty clay layer is consistently present,
and aquifers are composed of gravel-bearing
coarse sands, fine sands, and silty sands, where the
groundwater level depths become progressively
shallower. The superficial aquifer, situated above
the clay layer, generally extends down to depths
between 60 m to 80 m, with groundwater level
depths varying from 30 m to 50 m. Conversely, the
deeper confined aquifer beneath the clay layer
starts at depths of roughly 150 m to 220 m and has
a thickness often exceeding 100 m. Due to the
significant depth of the confined aquifer, water
extraction in the study area predominantly targets
the shallower aquifer, with extraction depths
usually ranging from 80 m to 150 m. The central-
ized water supply, positioned atop the fan as
shown in Fig. 1, is supported by 12 source wells.
The study area's groundwater primarily receives
replenishment from the subterranean flow of adja-
cent mountain valleys, ensuring the aquifers' ample
water supply, with individual well yields often
surpassing 5,000 cubic meters per day. The general
groundwater flow direction is from northeast to
southwest, with hydraulic gradients spanning from
0.0006 to 0.0035. Intensive extraction from these
source wells has led to the formation of a localized
depression cone within the water source zone,
causing groundwater to flow from the south
towards the north (Liu et al. 2023).

1.3 Land use conditions

Mining and residential land, as well as agricultural
land, constituted the main land use types in the
study area, accounting for 27.92% and 39.46% of
the area in 2020. Grassland accounted for 21.65%,
forest land accounted for 1.97%, water area
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Fig. 1 The geographic position and fault structure diagram (lower left) of the study area

Notes: The distributions of surface water and groundwater sampling sites, potential contamination sources, typical hydrogeological boreholes, and

preindustrial groundwater samples (upper), and lithological structures of strata in typical hydrogeological boreholes (lower).

accounted for 0.68%, and unused land accounted features a national industrial park covering 16.5
for 8.32%. The north-central part of the area km’, accounting for 9% of the study area. Estab-
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lished in 2003, it has experienced rapid industrial
growth. From 2000 to 2020, the area of mining and
residential land within the park increased from
1.42% to 84.25%.

1.4 Potential contamination sources

The industrial park hosts sixty-nine enterprises,
with chemical manufacturing and dairy product
processing being the predominant industries. The
environmental impact assessments have identified
PolyVinyl Chloride (PVC) and rare earth metal
chemical plants, located in the park's southwest, as
major sources of contamination (Fig. 1). Three key
potential contamination sources have been recog-
nized: The ammonium chloride (NH,Cl) waste
liquid generated by various production stages
within the rare earth metal chemical plant, the
recirculating cooling water pool and openly stored
carbide slags at the PVC chemical plant.

2 Materials and methodology

2.1 Sampling and chemical analysis

In July 2021 and July 2022, samples were
collected within the study area, with additional
samples obtained in November 2021 and May
2022 as supplements. A total of 76 groundwater
samples, including 12 from groundwater source
wells, were analyzed for 12 parameters: NH, -N,
NO, -N, NO, -N, TDS, SO,”, CI, Ca’’, Na', Fe,
Mn, COD, and Br . A subset of these samples was
also tested for 13 types of Chlorinated HydroCar-
bons (CHCs), such as trichloromethane (chloro-
form), carbon tetrachloride, 1,1-dichloroethane,
dichloromethane, 1,2-dichloroethane, 1,1,1-trich-
loroethane, 1,1,2-trichloroethane, 1,2-dichloro-
propane, vinyl chloride, 1,1-dichloroethene, 1,2-
dichloroethene, trichloroethene, and tetrachlo-
roethene. Additionally, samples of calcium carbide
slags and recirculating cooling water were
collected to identify the characteristic contami-
nants of potential contamination sources. In the
lab, a soil column leaching experiment was
performed on the slag samples to examine the
overall chemical makeup of the leachate, with the
procedure outlined in Text S1. Due to the absence
of NH,CI waste liquid samples, their analytical
data were obtained from the existing environmen-
tal impact assessment report. Furthermore, two
surface water samples were taken from a moun-
tainous reservoir to characterize the hydrochemi-
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cal profile of pristine groundwater.

The analytical methods included using an ultra-
violet spectrophotometer (UV-2550, JPN) for NH, -
N and NO, -N measurements, a portable multipa-
rameter water quality analyzer (Multi 3630, WTW,
Germany) for TDS, an ion chromatograph (ICS-
1500, Thermo Fisher Scientific, USA) for NO; -N,
SO,”, CI', and Br, an inductively coupled plasma
spectrometer (iICAP 6300, Thermo Fisher Scien-
tific, USA) for Ca™, Na', Fe, and Mn, the acidic
potassium permanganate method for COD, and a
purge and trap concentrator combined with a gas
chromatograph-mass spectrometer (GCMS-QP
2010 plus, JPN) for CHC analysis.

2.2 Data analysis and mapping

The investigation into the factors driving ground-
water chemistry utilized Principal Component
Analysis (PCA). Hierarchical cluster analysis,
leveraging squared Euclidean distance and Ward's
method, assessed the similarity between ammonia
nitrogen and other potential characteristic pollu-
tion indicators within groundwater samples,
thereby identifying key pollution indicators. Maha-
lanobis distance-based HCA with Ward's method
was further applied to validate the identification of
contaminated samples. Prior to statistical analysis,
all data underwent standardization via the Z-score
technique to mitigate the influence of the differ-
ences in data scales on the analysis outcomes. The
tools employed for mapping included ArcGIS
10.8, OriginPro 2021, and SPSS 27.0.

2.3 NBLs evaluation

Step 1 involved the selection of characteristic
pollution indicators through HCA, considering 11
parameters such as NO; -N, NO, -N, TDS, CI,
Ca’, Na", Fe, Mn, COD, Cl/Br, and CHCs. The
selection adhered to four criteria: (1) Initially,
direct reaction products of NH,-N, such as NO; -
N and NO, -N, were chosen; (2) Indicators repre-
senting potential contamination sources, such as
TDS, CI, Ca’, Na’, and CHCs, were selected
(Table S3); (3) Indicators reflecting aquifer oxida-
tion-reduction conditions and concentrations of
reducing substances, such as Fe, Mn, and COD,
were considered (Wendland et al. 2008; Ducci et
al. 2016; Bondu et al. 2022); (4) Lastly, the Cl/Br
ratio, a common measure of anthropogenic influ-
ence, was selected.

Indicators grouped with NH,-N in the dendro-
gram from cluster analysis were identified as char-
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acteristic pollution indicators.

Step II focused on selecting contaminated
groundwater samples based on NH,'-N, CI', and
other characteristic pollution indicators' concentra-
tion profiles, and pre-selecting the remaining
groundwater samples. Initially, NH,-N vs. CI°
concentration plots were created for groundwater,
surface water (from a mountainous reservoir), and
potential contamination sources within the study
area. Subsequently, the concentration profiles of
other characteristic pollution indicators were inte-
grated into these plots. Zones exhibiting high
pollution indicator values were outlined, and
thresholds for NH,-N and Cl” concentrations in
groundwater were established. Samples within
these defined thresholds were classified as contam-
inated and removed, with the rest included in the
PS dataset (Huang et al. 2022). Validation of the
identified contaminated samples based on the
results of HCA of the samples.

Step III involved using Grubbs' test to remove
outliers from the PS dataset, followed by selecting
appropriate statistical metrics for NBLs characteri-
zation. At a designated significance level (0=0.01),
outliers for specific chemical components were
eliminated based on Grubbs' test outcomes
(Analytical Methods Committee, 2015), which is
particularly suitable for small sample sizes (Gao et
al. 2020). The test flagged contaminated samples,
which were then removed, leaving the remaining
samples to represent background levels, which
were designated as the NBLs dataset. Normality
tests were performed on the NBLs dataset. For
normally distributed data, the maximum value was
used as the NBLs; for non-normal data, the 95th
percentile was adopted to define the NBLs
(Parrone et al. 2019; Bi et al. 2022; Huang et al.
2022).

Step IV involved conducting one-sample t-tests
to evaluate whether differences between historical
groundwater samples and the original and NBLs
dataset were statistically significant. This process
validated the appropriateness of the NBLs dataset
and the assessment method, thus ensuring the relia-
bility of subsequent assessments.

2.4 Pollution indices

The pollution index was used to evaluate the
groundwater contamination degree by comparing
the concentration of a chemical component, with
the NBLs subtracted, to the national standard
threshold. This index effectively reflects the
anthropogenic influence and the extent to which
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the concentration of the component exceeds the
Class III water quality standard. The equation for
calculating the pollution index is as follows
(MEEC, 2021):

P;=(Ci=Cups) /Ciy (1)

Where: P; denotes the pollution index of inor-
ganic component 7 in a sample; C; is the test result
of component i; Cy,,, is the NBLs of component i,
and Cy; is the Class III water standard threshold
specified in GB/T 14848-2017, which is primarily
applicable to centralized drinking water sources, as
well as industrial and agricultural water (GAQS
and IQPRC, 2017).

The pollution index classification criteria are as
follows: (0, 0.2] for mild contamination, (0.2, 0.6]
for moderate contamination, (0.6, 1.0] for heavy
contamination, (1.0, 1.5] for severe contamination,
and > 1.5 for extremely severe contamination.

3 Results and discussion

3.1 Chemical parameters and control-
ling factors of groundwater

3.1.1 General chemical parameters

The analytical results for the 12 chemical parame-
ters are summarized in Table S1 and Fig. 2a and
Fig. 2b. The detection rates of NH,-N in non-
groundwater source wells and groundwater source
wells were 52% and 83%, respectively. According
to the national Class III groundwater quality stan-
dard, NH,-N had the highest exceedance rate in
non-groundwater source wells, at 33%, with a
maximum concentration of 529.32 mg/L. The
exceedance rates followed the order: NH,-N
(33%) > Fe (23%) = Mn (23%) > COD (17%) >
Cl (13%) > TDS (11%) > NO,-N (10%) =
Na'(10%) > NO; -N (8%) > SO, (3%). The coef-
ficient of variation (CV) reflects the degree of vari-
ability of in the hydrogeochemical environment by
quantifying the data dispersion. A high CV often
suggests that the groundwater environment is
strongly influenced by anthropogenic factors
(Chen et al. 2022; Zhou et al. 2025). The CV of
NH,'-N in non-groundwater source wells was as
high as 7.01, and those of other components
ranged from 0.71-2.41, implying that NH, -N may
be heavily affected by human activities.

In groundwater source wells, the maximum
NH,-N concentration was 5.15 mg/L, with an
average of 1.68 mg/L, and an exceedance rate of
83%. Other parameters exceeding standards
included NO, -N, Fe, Mn, and COD, with NO, -N
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Fig. 2 Box plots showing the distribution of general
chemical parameters in groundwater, surface water,
and potential pollution source samples, compared
with the national Class III groundwater quality stan-
dards

exhibiting a 33% exceedance rate, while the others
had rates of 25%. The CV of NH,"-N in groundwa-
ter source wells was 0.89, much lower than that of
non-groundwater source wells, and the CV of other
parameters ranged from 0.17-1.93. This signifies
that the groundwater source wells were only
slightly impacted by anthropogenic activities, and
the high NH,-N concentrations are likely of
geological origin.

Table S2 and Fig. 2¢ present the analytical find-
ings for reservoir water and potential contamina-
tion sources. The surface water from the mountain-
ous area serves as a significant contributor to
groundwater recharge in the study area, with its
hydrochemical profile reflecting the initial stages
of water-rock interaction. The reservoir water
sample showed lower TDS and reduced concentra-
tions of SO,”, CI, Na’, NO,-N, and NO,-N
compared to the drinking water standards set
nationally, with NH,-N being undetectable. The
potential contamination sources displayed distinct
contamination signatures. The leachate from
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calcium carbide slags at the PVC chemical plant
exhibited elevated TDS and high concentrations of
Cl, Na', and NH,-N, exceeding the national
drinking water standards by factors of 8 to 25. The
recirculating cooling water sample contained a
high NH,-N concentration and COD, surpassing
standard thresholds by approximately 50 and 5
times, respectively, yet had low TDS and minimal
CI' and Na' concentrations when compared to
national standards. The NH,Cl waste liquid from
the rare earth metal chemical plant presented
extremely high CI', NH,"-N, and Ca’* concentra-
tions, with CI" and NH,'-N exceeding the national
standards by hundreds to tens of thousands of
times. Meanwhile, Fe, Mn, NO; -N, and NO, -N
concentrations in all three potential contamination
sources remained below the national drinking
water thresholds.

3.1.2 CHCs

CHCs, prevalent organic contaminants in the resin
manufacturing sector (Lu et al. 2023), are consid-
ered significant organic contaminants in the study
area's groundwater. Their concentrations indicate
the impact of chemical production activities on
groundwater quality (Ducci et al. 2016; De Caro et
al. 2017). Out of 13 CHCs tested, nine were
detected (Table S3), with their detection frequen-
cies listed as follows: Tetrachloroethylene (37%) >
1,2-dichloroethylene, trichloroethylene, and 1,1,2-
trichloroethane (all at 34%) > 1,1-dichloroethane
(31%) > 1,2-dichloroethane and chlorethylene
(both at 29%) > 1,1-dichloroethylene and chloro-
form (both at 17%). The samples containing CHCs
primarily originated from the industrial park's
central and southern zones (Fig. S1), with total
CHC concentrations spanning from 1.5 pg/L to
10,563.8 pg/L (mean: 2,491.9 pg/L). Among these,
chloroform exhibited the highest mean concentra-
tion at 2,048.1 pg/L, reaching up to 9,010.0 pg/L
in specific samples. The reservoir water sample
contained no detectable CHCs. Of the identified
potential contamination sources, only the PVC
chemical plant's recirculating cooling water sample
tested positive for CHCs, registering a total
concentration of 160.4 pg/L (Table S2).

3.1.3 Analysis of controlling factors

PCA is widely utilized in hydrogeochemical stud-
ies to uncover hidden insights within complex data
by reducing the dimensionality of the dataset by
identifying key variables (Ahmadi et al. 2018). Br-
was excluded from further analysis due to its low
detection rate of only 20% across samples.
Employing the Kaiser-Harris criterion, three prin-
cipal components (PC 1, PC 2, and PC 3), each
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with eigenvalues exceeding 1, were identified,
cumulatively explaining 79.1% of the variance
(Table 1).

PC 1, contributing 48.8% to the total variance,
showed strong positive associations with TDS
(0.43), CI" (0.42), Ca** (0.39), Na' (0.39), NO, -N
(0.35), SO,” (0.33), and NH,'-N (0.30). Notably,
TDS, CI', Na', Ca’", and NH, -N are characteristic
pollution indicators of industrial contamination
sources within the industrial park, suggesting that
PC 1 primarily reflects industrial impacts on
groundwater.

PC 2, representing 16.5% of the variance, had
significant positive correlations with COD (0.61),
NO, -N (0.47), Fe (0.44), and Mn (0.38). Given the
high organic matter content in the alluvial-lacus-
trine sedimentary strata of the study area, the
mineralization of organic matter can shift the
groundwater to a reducing state. In such condi-
tions, Fe and Mn oxides in sediments are reduced
and leached into the groundwater, raising Fe and
Mn concentrations, often correlating positively
with COD (Xiong et al. 2022). Thus, PC 2 likely
represents the organic matter mineralization in
aquifers.

PC 3, explaining 13.8% of the variance, showed
strong positive correlations with NO, -N (0.49),
COD (0.36), and NH,-N (0.21), and negative
correlations with Mn (—0.57) and Fe (—0.48). NO, -
N is an intermediate in NH,-N nitrification. In
aerobic conditions, the conversion of ionic Fe and
Mn into oxides, which can adsorb NH,"-N, reduces
ammonia nitrogen concentrations in groundwater
(Zhang et al. 2020), suggesting PC 3 represents
ammonia nitrogen denitrification.

Table 1 PCA-derived factor profile as the extraction

criterion

Species PC1 PC2 PC3
TDS 0.43 0.05 0.04
SO,” 0.33 -0.09  —0.08
cr 0.42 0.03 0.08
Na' 0.39 0.17 -0.08
Ca” 0.39 -0.06  0.04
Fe 0.03 0.44 -0.48
Mn 0.09 0.38 —0.57
COD 0.00 0.61 0.36
NH,'-N 0.30 0.03 0.21
NO, -N -0.08 047 0.49
NO, -N 0.35 -0.19  0.10
Eigenvalue 5.37 1.81 1.51

Percentage of Variance ~ 48.8%  16.5%  13.8%
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Overall, PCs 2 and 3 depict the nitrogen cycle in
aquifers under natural conditions. In summary, the
results indicate that groundwater ammonia nitro-
gen is influenced by both industrial activities and
natural processes, a finding supported by nitrogen
isotope analysis (Liu et al. 2023).

Furthermore, the relationships among specific
components were analyzed to elucidate hydro-
chemical controlling factors. The Na'/Cl ratio is a
useful indicator for identifying the predominant
factors affecting hydrochemical characteristics and
for determining the primary mineral sources of Na*
and Cl in water-rock interactions (Magaritz et al.
1981; Xiao et al. 2016). In this study, the majority
of groundwater samples plotted above the line
representing a 1:1 molar concentration ratio of
Na'/Cl (Fig. 3a), indicating that the concentra-
tions of Na" and Cl" were mainly controlled by the
dissolution of aluminosilicate minerals or cation
exchange. However, some samples exhibited
exceptionally high Cl concentrations, surpassing
10 mmol/L, suggesting a substantial anthro-
pogenic contribution.

CHC:s are characteristic pollutants in the recircu-
lating cooling water of the PVC plant (as discussed
in Section 4.1.2). The F-test for the linear regres-
sion between CHCs and Cl showed a p-value less
than 0.05, indicating a significant influence of
CHCs on CI at the 5% significance level (Fig. 3b).
This result suggests that the Cl" concentrations at
some sampling points are influenced by recirculat-
ing cooling water, including two groundwater
source wells. The CI levels in these two wells
(3.16 mmol/L and 3.97 mmol/L) are markedly
higher than those in other source wells (0.56—1.88
mmol/L), indicating that industrial activities have
already impacted these water sources.

The relationship between CI° and NH,-N is
crucial in identifying contaminated groundwater.
Given its conservative chemical behavior, CI
displays varied concentrations across mnatural
fluids, solids, and diverse contamination sources.
Elevated Cl" concentrations are commonly indica-
tive of groundwater influenced by human activi-
ties (Davis et al. 1998; Du et al. 2017). Under natu-
ral conditions, Cl concentrations in groundwater
within alluvial-proluvial fans generally remain
below 100 mg/L (Huang et al. 2022). Groundwa-
ter exhibiting Cl  concentrations exceeding 100
mg/L is likely impacted by anthropogenic influ-
ence. Samples with Cl concentrations exceeding
300 mg/L consistently have NH, -N levels above
0.5 mg/L, primarily distributed in the upper right
region of Fig. 3c. These samples are influenced by
pollution from both chloride and ammonia nitro-
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Fig. 3 Relationships of Na' vs. Cl (a), Cl vs. CHCs
(b), and Cl" vs. NH,'-N (c) for the analysis of factors
controlling groundwater chemistry

gen. The presence of high NH," alongside low CI°
concentrations serves as a key indicator of natu-
rally occurring NH," within groundwater (Hinkle et
al. 2007). Samples with NH,"-N > 0.5 mg/L and
Cl' < 100 mg/L are distributed in the lower right
part of the figure, accounting for 25% of all
samples and including 8 groundwater source wells.
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It is preliminarily inferred that high ammonia
nitrogen levels in these samples are of geological
origin. Overall, the concentrations of NH, -N and
CI in the groundwater are influenced by both natu-
ral evolution and industrial activities.

3.2 NBLs evaluation

3.2.1 Pre-selection of original samples

In the HCA dendrogram of candidate pollution
indicators (Fig. 4), NH,-N, CI', TDS, Ca™, Na',
NO; -N, and CHCs were grouped together as the
primary characteristic pollution indicators. In
contrast, NO, -N, Fe, Mn, COD, and CI/Br were
categorized into a separate cluster. Given that
CI/Br is commonly used to indicate groundwater
contamination from domestic wastewater (Panno et
al. 2006; Katz et al. 2011; Pastén-Zapata et al.
2014; Linhoff, 2022), its separate grouping from
NH,-N implies a minimal association between
NH,"-N in groundwater and domestic wastewater.
The correlation diagrams depicting characteris-
tic pollution indicators for potential contamination
sources, reservoir water, and groundwater (Fig. 5)
positioned NH,Cl waste liquid, calcium carbide
slag samples, and water samples with NH,-N
concentrations above 0.5 mg/L and Cl concentra-
tions exceeding 250 mg/L in the diagrams' upper
right quadrant. These samples generally exhibited
TDS greater than 1,000 mg/L, Na' concentrations
over 100 mg/L, NO, -N concentrations above 2
mg/L, and Ca’ concentrations exceeding 100
mg/L, suggesting potential contamination from
NH,CI waste liquid and calcium carbide slags at
these sites. Furthermore, the presence of CHCs in
these water samples, typically associated with the
recirculating cooling water from the PVC chemi-
cal plant, indicates possible contamination from

Rescaled distance
10 15 20 25

TDS
Cl
Ca
NO,
Na
CHCs J
NH,
COD
N0, |—
Mn

Cl/Br
Fe i

(=]
N D

Fig. 4 The HCA-derived dendrogram for NH," and
other characteristic pollution indicators

http://gwse.iheg.org.cn


http://www.gwse.iheg.org.cn

Journal of Groundwater Science and Engineering 14(2026) 148—-164

a  10%] p (C1=250 mg/L R
104_
% ¢ .
7, 10 . . N
= W Contaminated samples for NH;
? ) B
E 7 .0 p (NH;-N)=250 mg/L
104 =« % % o 4 .
g - o .
{ :
109 3

102 10" 10° 10! 10? 10° 104
NH;-N/mg-L"!

« p (TDS)>1,000 mg/L p (TDS)<1,000 mg/L
and p (Na")>100 mg/L  or p (Na")<100 mg/L
and p (NO5-N)>2 mg/L  or p (NO5-N)<2 mg/L
and p (Ca*)>100 mg/L  or p (Ca*")<100 mg/L

b 10°4
A
10%4 Contaminated samples for CI
(n=11) T T
p L]
L]
- 10°
n ¢ 2
%" ) ~__-p (CN=250 mg/L
E . @, p (C1)=100 mg/L
! -
. . . °
8 - ®
10'9 3
10° T T T T T .
102 10" 10° 10 10? 10° 10*
NH;-N/mg-L™!
« p (CHC)<LOD pg/L o Calcium carbide slag leachate
= p (CHC)<500 pg/L = Recirculating cooling water

* 500 pg/L<p (CHC)<5,000 pg/L a NH;Cl waste liquid
¢ p (CHC)>5,000 pg/L * Reservoir

Fig. S Diagrams showing the relationships between
NH,", CI', and other characteristic pollution indica-
tors for uncontaminated surface water, potential
contamination sources, and groundwater in the study
area
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old for contamination. For samples below the detection limit, the detec-

tion limit value was taken as their ammonia nitrogen concentrations for

plotting.

this source as well.

Despite the high ammonia nitrogen concentra-
tion (25.71 mg/L) found in the recirculating cool-
ing water, its tendency to be adsorbed by aquifer
sediments reduces its migration capacity (Dome-
nico and Schwartz, 1998), thereby constraining the
spread of contamination. Additionally, the recircu-
lating cooling water exhibited low Cl concentra-
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tions, under 100 mg/L, indicating it is unlikely to
be a major source of severe ammonia nitrogen and
chloride contamination in the groundwater.

CHCs were detected in samples from six sites
with NH,-N concentrations below 0.5 mg/L or Cl°
concentrations under 250 mg/L, pointing to poten-
tial contamination from recirculating cooling
water. Among these, four sites had ClI concentra-
tions over 100 mg/L, suggesting possible influ-
ence from NH,Cl waste liquid or calcium carbide
slags as well.

In summary, NH,-N > 0.5 mg/L and Cl" > 250
mg/L were established as threshold criteria for
identifying ammonia nitrogen pollution in ground-
water. 7 samples exceeding these thresholds in the
upper right region of the threshold line were classi-
fied as contaminated and removed from the origi-
nal dataset. The remaining samples were labeled as
the PS dataset, comprising 69 samples (Fig. 5a).
For CI, a threshold of > 250 mg/L and > 100 mg/L
combined with detectable CHCs was used to iden-
tify contaminated samples, resulting in 11 samples
classified as polluted, with the other 63 samples
forming the PS dataset.

To validate the identified pollution samples,
HCA was performed on groundwater samples
using the characteristic pollution indicators (Fig.
6). Only samples with detectable ammonia nitro-
gen were included, as non-detection indicated no
ammonia nitrogen pollution. The Within-Cluster
Sum of Squares (WCSS) was calculated for differ-
ent numbers of clusters to evaluate clustering
performance. The optimal number of clusters was
determined by plotting WCSS against the number
of clusters (Fig. 6a), where a marked inflection
point appeared at three clusters, indicating this as
the optimal solution. Increasing the number of
clusters beyond three resulted in minimal improve-
ment in WCSS. As shown in Fig. 6b, the samples
were divided into three clusters, with the 7 identi-
fied ammonia nitrogen pollution samples cluster-
ing into two groups, clearly separated from the
uncontaminated samples. This demonstrates that
the identification of contaminated samples was
both effective and reasonable.

3.2.2 NBLs evaluation

Grubbs' test was applied to NH,'-N and Cl” within
the groundwater PS dataset of the study area. Since
the detection rate of ammonia nitrogen was below
75%, all detected values were used for outlier
detection. At a significance level of 0.05, the test
identified two NH, -N outliers and one CI outlier
(Fig. 7). The outliers were removed, resulting in
NBLs datasets with 67 samples for NH,'-N and 62
samples for Cl, with maximum values of 6.6 mg/L
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and 118.0 mg/L, respectively. The Q-Q plot (Fig.
S2) and Shapiro-Wilk test (Shapiro and Wilk,
1965) indicated that the NBLs dataset deviated
from a normal distribution at the 0.05 significance
level. Consequently, the 95th percentile was used
to establish the NBLs, resulting in values of 5.2
mg/L for NH,"-N and 96.4 mg/L for CI .

3.2.3 NBLs's effectiveness testing

The effectiveness of the NBLs assessment method
in this study was evaluated by comparing the
statistical parameters and tests of NH,-N and CI"
among the original dataset, the NBLs dataset, and
the preindustrial dataset. The preindustrial dataset
consists of groundwater quality data collected
before industrial development in the study area,
including 11 samples from the 1970s and 1980s.
Their locations and detection results are shown in
Fig. 1 and Table S4.
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The maximum values, standard deviations,
skewness, and kurtosis of NH,-N and CI” in the
original dataset were much higher than those in the
NBLs and preindustrial datasets (Table 2). The
maximum concentrations of NH,-N (5.4 mg/L)
and Cl' (75.9 mg/L) in the preindustrial dataset
were comparable to the assessed NBLs, and the
statistical parameters of this dataset were also simi-
lar to those of the NBLs dataset.

A one-sample t-test was conducted on the prein-
dustrial dataset. At a significance level of 0.05,
using the mean values of the original dataset (NH, -
N = 8.2 mg/L, CI = 176.4 mg/L) as reference, the
p-values for both parameters were less than 0.001.
Using the mean values of the NBLs dataset (NH,'-
N = 0.8 mg/L, CI = 41.9 mg/L), the p-values
exceeded 0.05. These results indicate that the
preindustrial dataset differs significantly from the
original dataset but is not significantly different
from the NBLs dataset, suggesting that the NBLs
dataset mainly reflects natural conditions with
minimal human impact. These findings demon-
strate that combining pre-selection with statistical
methods for NBLs assessment is feasible and
effective.

3.2.4 Factors controlling the NBLs of ammonia
nitrogen

Groundwater naturally enriched in NH," has been

http://gwse.iheg.org.cn


http://www.gwse.iheg.org.cn

Journal of Groundwater Science and Engineering

14(2026) 148-164

Table 2 Statistical characteristics of NH,"-N and CI” in groundwater of the study area based on the preindustrial,

original, and NBLs datasets

NH,-N Ccr
Statistics Original NBLs Preindustrial ~ Original NBLs Preindustrial
dataset dataset dataset dataset dataset dataset
Sample size 76 67 11 74 62 11
Max. (mg/L) 529.32 6.6 5.4 2641 118.0 75.9
Med. (mg/L) 0.2 0.06 0.05 43.8 37.3 20.6
Mean (mg/L) 8.2 0.8 0.96 176.4 41.9 28.1
St. Dev. (mg/L) 60.6 1.4 1.89 462.3 27.4 23.8
Skewness 8.7 24 2 4.0 1 1.7
Kurtosis 75.8 5.4 29 16.2 0.8 1.5
One-sample t-test (P value) <0.001 0.79 / <0.001 0.08 /
documented across diverse global locations, elevated when compared to other alluvial-prolu-

including Vietnam's Red River Delta (Berg et al.
2001), northern Mexico (Ortega-Guerrero, 2003),
Oregon and eastern Illinois in the U.S. (Hinkle et
al. 2007; Glessner and Roy, 2009), Italy's Po River
Delta (Mastrocicco et al. 2013), and China's Song-
nen Plain (Lin, 2000), Jianghan Plain (Du et al.
2017), and Pearl River Delta (Jiao et al. 2010).
Studies suggest that such high NH, concentra-
tions in groundwater predominantly arise from the
mineralization and hydrolysis of nitrogenous
organic matter, often linked to the organic content
within geological layers. The amount of nitroge-
nous organic matter present is a key determinant of
NH," 's NBLs in groundwater (Bohlke et al. 2006;
Mooshammer et al. 2014; Du Y et al. 2017; Huang
et al. 2022). Nitrogen isotope analyses for the
study area revealed that the "N concentration in
exchangeable ammonium in natural sediments
aligns with organic nitrogen N concentrations in
natural sediments from other areas (Liu et al.
2023), indicating that organic-rich sediments
significantly contribute to the naturally elevated
NH, -N concentrations in groundwater in the study
area, thereby influencing NH, -N's NBLs.

3.2.5 Factors controlling the NBLs of C1

Natural CI sources of groundwater include dissolu-
tion of minerals in ancient seawater, halite, and
evaporites within sediments (Belkhiri et al. 2012).
In the Hohhot Basin, the groundwater's chemical
composition is largely shaped by halite dissolution,
alongside cation exchange and adsorption pro-
cesses (Dong et al. 2022). The basin's history of
multiple lake surface expansions since the Late
Pleistocene has led to the deposition of several
layers of lacustrine sediments in the shallow
aquifer, enriching it with water-soluble salts (Dong
et al. 2022). Consequently, the NBLs of Cl in
groundwater of the study area are somewhat
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vial regions in China, such as the eastern Hohhot
Basin (Li et al. 2020), Pearl River Delta (Huang et
al. 2022), and Qinling Mountains (Gao et al.
2020). This elevated NBLs is uncommon in allu-
vial fans of arid and semi-arid regions. Although
evaporation rates are much higher than in the Pearl
River Delta, the study area is situated on a pied-
mont alluvial fan with deep groundwater tables, so
evaporation has a limited influence on groundwa-
ter chemistry. The primary cause of this difference
is the region's distinctive geological structure and
depositional history.

3.3 Contamination evaluation

3.3.1 Contamination degree

Contaminated zones were identified using the
detected contaminated samples, with correspond-
ing pollution indices computed. The ammonia
nitrogen contamination was predominantly located
in the industrial park's south-central zone. Two
samples, proximal to the NH,Cl waste liquid and
calcium carbide slags, had pollution indices of
1,048.2 and 9.8, respectively, pinpointing a source
area of severe groundwater contamination. Mean-
while, the larger chloride contamination zone
spanned the industrial park's south-central zone
and extended into the northern water source area,
with pollution indices ranging from 0.1 to 10.2.
The highest values were noted near the contamina-
tion sources, diminishing outward, indicating a
decrease in the contamination degree. In the north-
ern water source wells, values did not surpass 0.2,
reflecting only mild contamination (Fig. 8).
However, using pollution indices to gauge
groundwater contamination degree has its draw-
backs. Due to the spatial variability of NBLs, a
singular NBLs-derived pollution index may not
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fully or accurately represent each sample's contam-
ination degree. For example, in this study, employ-
ing the 95% quantile as the NBLs might lead to an
underestimation of the actual contamination degree
(Zanotti et al. 2022). Ideally, spatially continuous
NBLs should be derived through interpolation
(Dalla et al. 2017; Molinari et al. 2019; Zanotti et
al. 2022). In this study, we did not perform inter-
polation because the NBLs dataset cannot reliably
meet the accuracy requirements for predicting data
density (Li and Heap, 2014). This is due to the
contamination samples being concentrated over a
relatively large area and the absence of historical
groundwater data in that region, which raises ques-
tions about whether the predicted values can accu-
rately reflect the true background levels under
these conditions. Despite these limitations, pollu-
tion indices are useful for management purposes,
offering preliminary insights into potential contam-
ination and its degree in newly collected samples,
thus aiding in decision-making for survey expan-
sion or remediation planning.
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3.3.2 Management recommendations

This study concludes that ammonia nitrogen con-
centrations in the northern water source wells of
the industrial park fall within the expected NBLs
range, indicating an absence of contamination
influence. Chloride contamination, however,
warrants more attention due to its potential for
adverse effects. The extensive use of the water
source area has disrupted the natural groundwater
flow, causing chloride from the heavily contami-
nated zone in the southern part of the industrial
park to migrate northward, leading to slight
contamination in some water source wells. Conse-
quently, contamination control efforts should not
be confined to the park's southern zone but should
also focus on the norther zones. Further studies and
numerical simulations are essential to forecast the
spread and diffusion of chloride under various
extraction scenarios and to precisely map out the
contaminated groundwater zones for the formula-
tion of effective remediation strategies.

4 Conclusion

This study employed an improved pre-selection
method to estimate the groundwater NBLs of
ammonia nitrogen and chlorides in the alluvial fan
of Tuzuoqi, Hohhot, Inner Mongolia. The method
enabled assessment of the spatial extent and sever-
ity of pollution. HCA identified NH,", CI', TDS,
Ca’™, Na', NO; ", and CHCs as characteristic pollu-
tion indicators for the area. The pollution thresh-
olds were set as follows: NH,-N > 0.5 mg/L
combined with C1 > 250 mg/L for ammonia nitro-
gen, CI' > 250 mg/L and CI' > 100 mg/L with
simultaneous detection of CHCs for chloride.
Using these criteria, seven samples with ammonia
nitrogen pollution and eleven samples with chlo-
ride pollution were excluded from the original
dataset, resulting in the PS dataset. After applying
Grubbs' test and normality assessments, the PS
dataset was used to derive the NBLs dataset. The
results of the single-sample t-test indicate no
significant difference between the NBLs dataset
and historical data. This suggests that the improved
pre-selection method used in this study is effective
for determining the NBLs of groundwater in the
study area, which is representative of the local
industrial pollution region.

A unified NBLs was used to calculate the pollu-
tion index and assess groundwater contamination.
The unified NBLs value was set at the 95th
percentile of the NBLs dataset, as the dataset does
not follow a normal distribution. While this
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approach simplifies the assessment, it does not
fully account for the heterogeneity of hydrogeolog-
ical conditions across the study area, potentially
leading to deviations from actual pollution levels.
This decision was made because the spatial distri-
bution of pollution samples is extensive, and the
region lacks sufficient historical monitoring data,
making it difficult to ensure accurate interpolation
of the NBLs dataset. Future studies could explore
alternative interpolation methods, such as proba-
bilistic kriging, to better capture the heterogeneity
of the geological conditions. Such methods could
also estimate the probability and uncertainty of
concentrations exceeding the NBLs, providing a
more comprehensive understanding.

The pollution index reveals that ammonia nitro-
gen pollution is relatively localized, mainly
concentrated in the southeastern industrial park and
areas near pollution sources. Groundwater from
water supply wells shows no signs of ammonia
nitrogen contamination, with maximum values
below the NBLs dataset, well within national Class
III water quality standards. The elevated back-
ground levels are attributed to natural geological
factors, specifically organic-rich lacustrine depo-
sits, as discussed in related studies. The chloride
pollution area is broader, extending from the
southeastern to the northern parts of the industrial
park, causing slight contamination in some water
sources. Compared to other alluvial fans, the rela-
tively high background levels of chloride are
linked to the high water-soluble salt content in
lacustrine sediments within the strata. Based on
these findings, it is recommended to implement
routine monitoring of ammonia nitrogen and chlo-
ride in the industrial park, establish reasonable
pollution control targets, and prioritize realistic
management goals without overestimating water
quality improvement efforts.
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