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Abstract

As a critical ecological barrier and core water conservation zone in China, the southern slope of the
Qinling Mountains plays a pivotal role in safeguarding regional ecological security and ensuring a safe
drinking water supply, largely mediated by groundwater quality. However, systematic investigations
into nitrate contamination in this region remain limited, and the dominant sources as well as
hydrogeochemical migration pathways of nitrate are still poorly constrained. To address these knowledge
gaps, this study targets representative watersheds on the southern slope of the Qinling Mountains, with
an emphasis on characterizing the spatial — temporal distribution patterns and identifying the primary
sources of groundwater nitrate. A multi-gradient monitoring network was established along the Han
River and its tributaries, supporting seasonal sampling across both dry and wet periods. Coupled
with 8N-8"0 dual-isotope tracing and comprehensive regional environmental background surveys,
we quantitatively assessed the spatial heterogeneity, temporal dynamics, and source apportionment
of nitrate in groundwater. Results reveal pronounced spatial variability: mean nitrate concentrations
decrease downstream, and levels adjacent to the main stem are consistently lower than those in tributary
zones. Furthermore, the spatial distribution of nitrate closely parallels the regional groundwater flow
direction. Vertically, soil nitrate concentrations decline with depth overall, yet exhibit anomalous
enrichment at a depth of ~1 m — indicating that nitrate leaching has penetrated to at least this depth.
Source apportionment indicates that soil nitrogen, livestock and poultry manure, and domestic sewage
collectively account for the majority of nitrate inputs to groundwater. This study provides foundational
observational data on groundwater nitrogen cycling in mountain — basin transitional zones, thereby

strengthening the scientific basis for groundwater protection and ecosystem management in the region.
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It also advances theoretical understanding of nitrogen biogeochemistry in complex terrain and supports

the development of targeted, evidence-based groundwater pollution mitigation strategies.

Keywords: groundwater, sources of nitrate, nitrogen and oxygen isotopes, Qinling Mountains, sustainable

development

Introduction

With the intensification of global industrialization
and agricultural practices, anthropogenic activities have
exerted progressively greater pressure on groundwater
systems, rendering nitrate contamination a pervasive
and persistent challenge in water environmental
management worldwide [1-7]. Owing to its high aqueous
mobility, subsurface invisibility, and recalcitrance
to conventional remediation, nitrate has long been a
focal concern in hydrogeological and environmental
research [8-10]. As early as the 1960s, the World
Health Organization (WHO) established a health-based
guideline value of 10 mg/L for nitrate-nitrogen (NO,-N)
in drinking water — primarily to safeguard infants
against methemoglobinemia (“blue baby syndrome”) —
a benchmark that continues to serve as the foundational
regulatory threshold for groundwater quality assessment
across jurisdictions [6, 11-14]. Nevertheless, over
the past five decades, a marked increase in synthetic
nitrogen fertilizer application — compounded by
diffuse emissions from intensive livestock operations
and untreated or inadequately treated domestic

wastewater — has facilitated widespread nitrogen
loading into aquifers via leaching and infiltration.
Consequently, NO,-N  concentrations  frequently

exceed the WHO threshold in key agricultural zones
and urbanized catchments, underscoring critical gaps
in current groundwater nitrogen pollution mitigation
strategies [15-20]. Representative cases illustrate this
trend across heterogeneous hydrogeological settings:
in China’s Miyun Reservoir watershed, synergistic
inputs from agricultural runoff and domestic effluents
generate pronounced spatial heterogeneity in nitrate
distribution across surface—groundwater interfaces,
thereby compromising regional drinking water security
[21]; in the Woodville Karst Plain (USA), conduit-
dominated flow pathways have enabled extensive
nitrate plume propagation, perturbing long-term
biogeochemical equilibrium within the aquifer [22];
and in the Sundarbans coastal aquifer system (India),
the co-occurrence of intensive agriculture and seawater
intrusion has elevated nitrate levels to hazardous
concentrations, posing acute public health risks for
communities reliant on groundwater for potable supply
[23]. The overarching difficulty in addressing such
geographically widespread and contextually variable
contamination lies fundamentally in the inherent
multiplicity and complexity of nitrate sources in
groundwater systems. Major nitrogen inputs — including
synthetic chemical fertilizers (CF), organic amendments
(e.g., manure and sewage, MS), atmospheric nitrogen

deposition (NAD), and native soil nitrogen (SN)
— exhibit overlapping geochemical signatures and
dynamic interplay, severely constraining source
discrimination accuracy [24-28]. Early investigations
predominantly employed conventional water chemistry
approaches, inferring nitrate origins through temporal
and spatial variations in dissolved NO,~, NO,” and NO,*
concentrations at discrete discharge points. Yet these
methods are highly susceptible to confounding effects
from hydrological mixing, redox transformations, and
microbial nitrogen cycling, limiting their diagnostic
resolution in heterogeneous aquifer media [29, 30].
In contrast, advances in stable isotope geochemistry
have established dual-isotope (8"N—3"®0) analysis
of nitrate as a robust and mechanistically grounded
methodology for source apportionment and process
tracing.  Fundamentally, nitrate derived from
distinct anthropogenic and natural reservoirs carries
characteristic isotopic fingerprints: 8“N reflects the
extent and pathway of nitrogen transformation (e.g.,
nitrification, volatilization), whereas 80 encodes
information on oxygen source (e.g., atmospheric O, vs.
ambient water) and post-depositional processes (e.g.,
denitrification), collectively enabling discrimination
among major input sources and quantification of in situ
attenuation [11].

Initially, source identification relied almost
exclusively on 6N alone [31-33]. However, accumulating
empirical evidence reveals two principal limitations:
(i) substantial overlap in baseline 8N ranges across
common nitrate sources, and (ii) isotopic fractionation
during denitrification — which preferentially removes
“N and 'O - distorts original source signals and
introduces ambiguity in interpretation [34]. To address
these constraints, the scientific community has
increasingly adopted a coupled 8"N-6"0 framework.
This approach leverages the complementary sensitivity
of the two isotopes: while 8"°N shifts primarily reflect
nitrogen-source identity and transformation history, 6"*O
provides independent constraints on reaction pathways
and residence time. Cross-plotting 8N versus 80
values not only improves source resolution but also
permits semi-quantitative estimation of denitrification
extent — thereby enhancing both the precision of source
attribution and the interpretability of biogeochemical
dynamics in contaminated aquifers [2, 35-39].

Based on previous research findings, the nitrate
concentration in some water bodies in the study
area is relatively high (11.19 mg/L), posing risks to
human health and crop growth. This study employs
scientific methods to identify pollutant sources and
provides recommendations for controlling pollutant



Spatial Distribution and Source Apportionment...

emissions, thereby effectively reducing pollution levels.
A comprehensive sampling strategy was employed
at multiple sites along the Han River and its tributaries,
encompassing both upstream and downstream areas and
spanning various time periods. These samples were then
analyzed using stable isotope techniques, in conjunction
with an assessment of local contextual factors,
to infer the distribution patterns and sources of nitrate
pollution.

Materials and Methods
Study Area

The upper reaches of the Han River serve not only as
a crucial water source for the Middle Route of China’s
South-to-North Water Diversion Project but also as
a water intake point for the “Yin-Han-Ji-Wei” Project
in Shaanxi Province [40-42]. The study area is located
at the junction of Chenggu County and Yang County
in Hanzhong City, Shaanxi Province. It encompasses
the Han River and its tributary, the Xushui River, as
well as high floodplains (1), first to third terrace levels
(I-1,), and low mountains composed of Qingbaikou
System metamorphic rocks (Fig. 1). Due to geological

structures, the Qinling Mountains in the north and the
Daba Mountains in the south confine the middle Han
River valley. The overall topography is higher in the
west and lower in the east, causing regional surface
and subsurface flow to converge from the mountainous
areas on both sides toward the central valley, thereby
forming the Han River, which flows eastward into the
Yangtze River. Consequently, the diffusion direction of
pollutants in the water body aligns with the direction
of water flow. The surrounding region is agriculturally
prosperous, with crops such as rice, maize, wheat, and
rapeseed cultivated in the basin, and tea and citrus fruits
grown in the low mountainous regions.

The groundwater chemistry in the Hanzhong Basin
is predominantly of the HCO,-Ca type, primarily
controlled by the weathering of carbonate and silicate
rocks [43], with relatively minor influences from
anthropogenic activities and cation exchange adsorption.
The aquifers in the study area consist mainly of
two types: unconfined groundwater and confined
groundwater.

Unconfined aquifer: Thickness ranges from 55 to 74 m,
with a burial depth of 3 to 20 m. Recharge sources
include river infiltration, irrigation return flow, and
precipitation infiltration. Confined aquifer: Thickness
ranges from 34 to 46 m, with a water table depth
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Fig. 1. Geological map of the study area and sampling sites.
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of 6 to 35 m. Recharge occurs mainly through lateral
runoff and leakage from the unconfined aquifer.

The study area is located at the junction of Chenggu
County and Yang County in Hanzhong City, Shaanxi
Province, with geographical coordinates ranging from
107°18' to 107°30'E and 33°09’ to 33°13'N. This region
features a comprehensive transportation network,
including the G5 Expressway, G108 National Highway,
Xi’an—Chengdu High-speed Railway, and Yang’an
Railway. The Han River, oriented east-—west, and
the Xushui River — which joins the Han River from
the northwest to the southeast — are accompanied by
a network of minor tributaries and irrigation canals,
contributing to the abundance of water resources in the
area.

Sample Layout and Sampling

Building upon previous water quality assessments,
this study focuses on regions with substandard
groundwater quality, classified as Categories III-1V. The
primary research activities involve the establishment of
two nitrogen-monitoring profiles and nine monitoring
wells along the vertical direction of the groundwater flow
field (Fig. 1), encompassing an area of approximately
100 km?. Profile AA’ extends from the northeast corner
of Chenggu County, crossing the Xushui River, to
Liujiazhai Village in Yang County’s Yuangong Town,
while Profile BB’ stretches from Longwangmiao
Village in Sanhe Town, Chenggu County, parallel to
the Hanjiang River, to Zhiguo Village in Xiecun Town,
Yang County. The nine monitoring wells are evenly
distributed along the two profiles in a “four in the
north, five in the south” pattern, effectively covering
the first and second terrace levels and floodplains.
The study employs groundwater flow field monitoring,
comprehensive water quality analysis, and isotopic
analysis to investigate the distribution, migration, and
transformation patterns of nitrogen in groundwater,
as well as to identify the sources of nitrate pollution.
Additionally, soil profiles are analyzed to elucidate
vertical variation patterns — revealing concentration
changes with depth — and thereby provide a basis for
formulating rational and effective pollution control
strategies.

Sampling operations were conducted in two phases:
the initial phase on April 8, 2021 (corresponding to
the normal water level) and the subsequent phase on
August 24, 2021 (during the high-water level period).
The comprehensive sampling strategy incorporated
three categories of specimens: water quality samples,
soil elemental analysis samples, and isotopic analysis
samples, totaling 35 distinct samples. A total of
14 water quality samples were collected (including
8 groundwater samples and 6 surface water samples);
11 isotopic samples were collected during the
normal water level period (including 4 groundwater
samples, 3 surface water samples, and 3 soil samples);
and 3 sets of soil elemental analysis samples (10 samples

per set) were collected during the high-water level
period. The sampling locations were primarily situated
on the floodplains and first terrace levels along the banks
of the Han River and its tributary, the Xushui River.

The sample collection process is as follows:
For surface water sampling, rinse the sample bottle
three times with river water, then fill it with
the water sample, seal it securely, and label it clearly;
for groundwater sampling, pump water from the
monitoring well for approximately 3 min to purge
stagnant water, then rinse the sample bottle three times
with well water (after discarding the initial surface
water), fill it with the water sample, seal it securely, and
label it clearly; for soil sampling, excavate to a depth of
approximately 15 cm to remove the surface humic layer,
then use a wooden shovel to collect a sufficient amount
of soil, place it in a sample bag, and record the sample
number. All samples were stored in a cool, dark place
and transported to the testing laboratory the following
day.

Methods

The analytical scope encompassed comprehensive
water quality analysis (including HCO,"), §"0O and
O8N isotope analysis, and soil elemental analysis.
Concurrently, the groundwater level in each monitoring
well was measured on-site biweekly.

Water quality analysis was conducted at the
laboratory of Shaanxi Nuclear Industry Group
Comprehensive Analysis and Testing Co., Ltd. The
determination of major cations (K*, Na*, Ca?" and Mg?")
was performed using an iCAP 6300 inductively coupled
plasma optical emission spectrometer; anions (Cl,
NO,", NO, and SO,) and NH," were analyzed using
an ICS-1100 ion chromatograph. The measurement
error for cations and anions was less than 0.16%. CO,>
and HCO,” were measured by acidimetric titration
using a 25 mL burette. Total dissolved solids (TDS)
were determined by the oven-drying method with
a BSA224S-CW electronic balance. pH was measured
using a pHS-3C pH meter.

SN values of water samples were measured at the
Beijing Research Institute of Uranium Geology using
a MAT-253 gas-source isotope ratio mass spectrometer,
with a precision of £2%o. 8'*0 values were determined
at the Xi’an Center of the China Geological Survey
using an LGR liquid water isotope analyzer, with
a measurement precision of £2%o.

Soil sample analyses were conducted in accordance
with established national standards. Total nitrogen,
ammonium nitrogen, and nitrate nitrogen were
determined following LY/T 1228-2015, whereas
organic matter content was quantified according to
NY/T 1121.6-2016. The Kjeldahl method was employed
for total nitrogen analysis, achieving a precision
of £0.5 g/kg. For ammonium and nitrate nitrogen,
a UV-2600 ultraviolet-visible spectrophotometer was
used, with a detection limit of 0.2 mg/kg. Organic
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matter was quantified via acidimetric titration, ensuring
a precision of 0.5 g/kg.

Results
Water Quality Assessment

According to the “Surface Water Environmental
Quality  Standard” (GB  3838-2002) and the
“Groundwater Quality Standard” (GB/T 14848-2017),
water quality is classified into five categories, with Class
I representing the highest quality and Class V the lowest.
Water quality below Class III is deemed unsuitable for
potable use. The 2021 water quality assessment results
for the study area are presented in Table 1:

Surface water conforms to Class I criteria, reflecting
excellent quality. Groundwater NO, —N concentrations
ranged from 3.18 to 10.32 mg/L during the normal-flow
period and from 2.6 to 8.4 mg/L during the high-flow
period. These values generally meet Class II and Class
II requirements; however, NO,~N concentrations at
several monitoring wells exceeded the WHO guideline
value of 10 mg/L for drinking water.

Spatial Distribution of Nitrate
Spatial Distribution of Nitrate in Water
Based on the multi-period groundwater level data
from the nine wells, a groundwater flow direction map

of the study area was delineated (Fig. 2). The map
illustrates that near the surface runoff, groundwater

flows downstream along the Han River and Xushui
River from the upper reaches. In the northeastern part,
away from the rivers, groundwater flows southeastward.
Consequently, the groundwater flow direction is from
northwest to southeast, aligning fundamentally with the
course of the Han River and its tributary, the Xushui
River.

Through the comparison of the data presented
in Fig. 2 and Table 1, several conclusions can be drawn:

1. The predominant nitrate in surface water is nitrate
nitrogen.

2. The concentration of nitrate nitrogen in surface
water exhibits a decreasing trend, with H3>H2>HI,
suggesting a gradual reduction in nitrate content from
the upstream to the downstream regions.

3. The direction of nitrate content reduction aligns
with the groundwater flow direction, implying that
nitrate pollutants may originate from upstream areas.

4. Tributary rivers could potentially be the primary
source of pollution.

5. As water flows downstream, pollutants tend to
dissipate naturally.

In summary, it can be inferred that nitrate pollution
in surface water is a process correlated with the direction
of water flow, with the primary pollution source
located in the upstream tributary, the Xushui River.
As water migrates downstream, pollutant concentrations
gradually decrease, which may be attributed to natural
biochemical processes or dilution effects.

In groundwater, only nitrate nitrogen was detected as
a nitrate pollutant. The results are discussed separately
for periods of normal and high water levels. During
the normal water level period, the nitrate nitrogen

Table 1. Analytical results of nitrogen species in the monitoring section.

Test items Period BC203 | TCQ3001 | TCQ3020 | TCQ3029 HI H2 H3
NH, N ND ND ND ND 0.08 0.1 0.09
NO,—N 6.64 3.18 10.32 5.35 1.31 1.43 1.79
NO,-N ND ND ND ND 0.05 0.14 0.01

Ba®* Normal 59.5 108 57.4 33.0 238 31.6 222
pH water level 8.39 8.50 8.23 8.33 8.68 8.54 8.50
NO; 29.4 14.1 457 23.7 5.79 6.35 7.92
15N 9.2 14.6 142 7.2 10.8 6.7 8.8
150 -7.39 -7.56 -7.82 831 -9.88 -8.96 981
NH, "N ND ND ND ND 0.068 0.075 0.075
NO,—N 43 2.6 8.0 8.4 0.7 1.0 1.3
NO,-N Hiﬁgv“e’f‘wr ND ND ND ND 0.052 0.043 0.049
Ba* 56.5 117 54.0 375 29.9 62.6 38.6
pH 7.24 7.22 7.02 7.16 7.40 7.47 7.65

Notes: ND indicates not detected; the unit of Ba®"is pg/L; "N and 'O are expressed in %o; pH is dimensionless and all other

measurements are mg/L.
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Fig. 2. Groundwater flow in the nitrogen monitoring section.
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concentrations were ranked as TCQ3020>BC203
>TCQ3029>TCQ3001, indicating a  downstream
decrease in nitrate content from the upstream areas. This
reduction aligns with the groundwater flow direction,
suggesting that nitrate pollutants originate from
upstream sources, with the main pollution source located
at the Xushui River tributary. However, a secondary
pollution source was observed near the downstream
monitoring well BC203. Pollutants naturally attenuate
as they flow downstream. During the high water level
period, the nitrate nitrogen concentrations were ranked
as TCQ3029>TCQ3020>BC203>TCQ3001, reflecting
a consistent trend in nitrate content changes between
groundwater and surface water.

Therefore, during normal and high water levels,
the trend of nitrate pollution in surface water and
groundwater is consistent. The differences are that
during normal water levels, the overall pollutant content
is higher and that there are additional pollution sources
near the downstream monitoring well BC203.

Spatial Distribution of Nitrate Pollution in Soil

Soil is the cornerstone of agricultural production,
serving as the primary medium for crop growth,
with the majority of plant roots developing within it.
Additionally, soil acts as a conduit for the transport of
nutrients, including water and trace minerals, which are
absorbed by plant roots through the soil. Finally, soil
itself is a source of essential nutrients.

The data presented in Table 2 indicate a consistent
pattern in the distribution of nitrate concentrations across
the three sampling points. Notably, the highest nitrate

495.0 TCQ4070

Flow direction

Seetion and
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Groundwater
contour

levels were observed at Point 2, followed by Point 3,
with the lowest levels at Point 1. This distribution aligns
with the direction of groundwater flow, suggesting that
the migration and distribution of nitrates are influenced
by groundwater movement.

Specifically, the total nitrogen content is highest
in the topsoil and decreases gradually with depth,
indicating that the surface soil is most severely affected
by agricultural irrigation. Although water-soluble
ammonium and nitrate nitrogen also show higher
concentrations in the top layer and generally decrease
with depth, their concentrations suddenly increase and
surpass those in the surface layer at approximately 1
meter below ground, suggesting that the lower soil may
be influenced by nitrate-containing groundwater, leading
to a sudden increase in nitrogen content. Similarly, the
organic matter content increases around 1 meter below
ground but does not exceed that in the surface layer.

Discussion
Determination of Nitrification and Denitrification

Due to the refractory nature of nitrogen, various
factors can influence the nitrogen isotope composition
in groundwater. This composition is determined not
only by the isotopic characteristics of the nitrate
pollution source but also by the physical, chemical,
and biochemical processes that nitrate undergoes
upon entering the groundwater. These processes can
alter the original isotopic composition of nitrate in the
groundwater. Consequently, it is essential to assess
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these factors before identifying the sources of nitrate
pollution.

In the water-soil environment, processes such as
nitrification, denitrification, and ammonia volatilization
can cause nitrogen isotope fractionation, leading
to changes in the isotopic composition of nitrate in
groundwater. Among these, ammonia volatilization is
a physicochemical process significantly influenced by
pH. Generally, the critical pH value for the conversion
of NH," to NH, in aqueous solutions is 9.3 [44].
An increase in pH favors ammonia volatilization,
whereas a decrease results in nitrogen predominantly
existing in the ionic form NH4". As indicated in Table 1,
the pH values of the samples in this study are all below
9.3; therefore, ammonia volatilization is not considered
a significant factor.

Let us discuss the processes of denitrification and
nitrification in detail.

Determination of Denitrification

Denitrification typically occurs under anaerobic
conditions in the presence of organic matter. It is a
process whereby denitrifying bacteria convert NO,™ into
N,, represented by Equation (1):

4NO, + 5C + 2H,0 — 2N, + 4HCO, + CO, (1)

As shown in Equation (1), during the reaction,
the concentrations of reactants and products change.
Initially, this is manifested by an increase in the "N

decreases [35, 36]. Additionally, there is synchronous
enrichment of d°N and 8"%0, with the §"N/3'®O ratio
approximately equal to 2:1 [12, 17, 45-48]. These two
indicators can corroborate one another, thereby enabling
more effective identification of denitrification.

Based on the above information, Fig. 3 illustrates
a linear positive correlation between 8°N values and
nitrate (NO,") concentrations, indicating that an increase
in NO,™ concentration corresponds to an increase in
8N values. This relationship provides evidence that
denitrification is not occurring within the aquifer of the
study area. Furthermore, the 6"°N/3"%O ratio depicted
in Fig. 4 deviates from the ~2:1 ratio characteristic
of typical denitrification processes, suggesting that
substantial denitrification is unlikely in the study
region. Consequently, the 8'°N and 8'*0 signature values
of nitrate in groundwater can be used to identify the
sources of nitrate contamination.

Determination of Nitrification

Nitrification is a two-step aerobic process in which
ammonium (NH4") is oxidized to nitrate (NO,).
This involves the transformation of nitrogen from its
reduced form (NH,") to an intermediate oxidized form
(NO,) and then to a fully oxidized state (NO,). The
oxidation state of nitrogen changes from —3 in NH,*
to +5 in NO,". This transformation is represented by
Equation (2):

value of the residual nitrate as the NO, —N concentration NH,"+20,— NO,” +4H"+ H,0 ?2)
Table 2. Analytical results of soil vertical profiles.
Bottom depth . Total nitrogen Ammonium Nitrate nitrogen Organic
No. (m) Lithology (g/kg) nitrogen (mg/kg) (mg/kg) matter (g/kg)
T1-1 0.3 Gray silt interbedded with fine sand 0.48 14.4 1.65 11.5
T1-2 0.5 Gray silt with fine sand 0.55 4.68 1.10 2.78
T1-3 0.7 Yellow-brown silty clay 0.64 3.57 0.11 2.92
T1-4 0.9 Yellow-brown silty clay 0.50 7.13 0.13 1.94
T1-5 1.0 Yellow-brown silty clay 0.42 3.18 3.46 4.56
T2-1 0.2 Graylsh-whlte soil interbedded with 120 11.6 311 152
medium to coarse sand
T2 0.7 Yellow-browp silty clay interbedded 032 16.1 1.7 0.96
with fine sand
T2-3 1 Grayish-green silt interbedded with 0.29 388 034 1.92
coarse sand
T3-1 04 Gray silty clay with minor layers of 132 101 558 9.08
fine sand
T3-2 0.7 Yellow-brown silty clay 0.78 7.54 0.48 6.93
T33 | Browmsh-y.ellow silty clay with 0.65 124 433 705
minor gravel

Note: The sampling interval thickness is 10 cm.
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Fig. 3. Relationship between 8'°N value and NO,™ concentration.

As shown in Equation (2), during nitrification, the
production of NO,™ increases, and its 3O value may
decrease continuously with rising NO," concentration.

During nitrification, the oxygen isotopes (6'*0) in the
newly formed nitrate (NO,") become lighter relative to
those in the reactants — particularly the oxygen in water
molecules (H20) — due to oxygen isotope fractionation.
This occurs because ammonia-oxidizing and nitrite-
oxidizing bacteria preferentially incorporate the lighter
oxygen isotope ('*0) during oxidation to form NOs,
resulting in enrichment of the heavier isotope (**O)
in the residual reactants.

Research indicates that nitrification yields nitrate
30 values ranging from —10%o to —7%. [12, 17, 18,
48]. This range serves as an isotopic fingerprint of
nitrification. Moreover, the gradual decrease in $"*O
values — from soil (—4.41%0 to —3.98%o) to groundwater
(—8.32%o0 to —7.40%0) and then to surface water (—9.89%o

to —8.96%0) — reflects the occurrence and environmental
impact of nitrification across different media. In
contrast, 6N values exhibit minimal change during
nitrification, as nitrogen isotope fractionation is far less
pronounced than oxygen isotope fractionation in this
process. This implies that while nitrification strongly
affects 60O values of nitrate, it induces negligible shifts
in ®®N values.

Source of Nitrate Contamination

The distinct isotopic compositions of nitrogen and
oxygen in nitrates from various sources enable their
differentiation. Nitrate originating from soil organic
nitrogen exhibits **N values between 4% and 9%.. In
contrast, nitrate derived from inorganic fertilizers has
5N values ranging from —4%o to 4%o. Nitrate from
sewage or fecal matter displays ®*N values from 9%o
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Fig. 4. Ranges of 3"°N and §'*0 values of nitrate nitrogen from different sources.
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to 20%o [18], and nitrate from animal manure falls
within the range of 8.8%o to 9%o [49, 50]. Atmospheric
deposition yields nitrate with 8"0 values ranging
from 18%o to 70%o [47, 48], whereas fertilizer-derived
nitrate typically exhibits 5"*O values of 22%0+3%o [26,
36, 50, 51]. Microbial nitrification produces nitrate
with 80 values between —10%o. and +10%o [36, 49,
52]. A diagnostic diagram (Fig. 4, [16]) based on these
isotopic signatures has been constructed for rapid source
identification.

In the absence of denitrification, the study area’s
analytical results were plotted onto a dual-isotope
("N vs. 8'0) diagram representing typical isotopic
ranges for different nitrogen sources (Fig. 4). The data
points fall within the overlapping ranges associated
with soil nitrogen, animal manure, and domestic
wastewater. Further interpretation was conducted in
conjunction with the local environmental and land-use
conditions.

The study area is located at the confluence of the
Xushui River and the Han River in the Hanzhong Basin.
It is characterized by flat terrain and an extensive river
network, and lies in a rural region where agriculture
is the dominant economic activity — supplemented by
poultry farming and a few pig farms — with no industrial
operations present. Domestic sewage is commonly
discharged directly into ditches and rivers, which
subsequently serve as irrigation sources for farmland.
Additionally, the widespread practice of applying animal
manure as crop fertilizer, along with the construction of
septic tanks adjacent to vegetable fields in some villages,
contributes to the potential nitrate contamination of
groundwater. Moreover, the presence of a continuous
soil layer above the aquifer in this region makes soil
organic nitrogen a plausible source of nitrate pollution in
groundwater [3, 12].

Consequently, the primary sources of nitrate
contamination in the groundwater of the study area are
identified as MS and SN.

Sustainable Development Strategy

Agricultural production frequently leads to nitrate
accumulation in soil and groundwater systems. This
accumulation significantly impedes the sustainable
development of agricultural regions and may trigger
multiple adverse effects. From an environmental
perspective, elevated nitrate concentrations can
contaminate water bodies and cause eutrophication,
disrupting aquatic ecosystems and potentially inducing
harmful algal blooms. These phenomena degrade
water quality and pose serious threats to biodiversity.
Regarding public health, consumption of water with
high nitrate concentrations is hazardous — potentially
increasing healthcare expenditures and diminishing the
overall quality of life for affected populations. Although
nitrates are essential for plant nutrition, excessive levels
can cause soil nutrient imbalances, reduce crop yields,
and thereby compromise food security. Furthermore,

the economic costs of managing nitrate pollution in soil
and water systems are substantial, including expenses
related to treating contaminated water supplies and
restoring degraded ecosystems.

Understanding the spatial distribution and origin of
nitrate contamination is critical for developing effective
management and mitigation strategies. Such knowledge
enables policymakers and agricultural stakeholders to
implement targeted interventions — such as promoting
sustainable farming practices, upgrading waste
management infrastructure, and routinely monitoring
nitrate concentrations in groundwater and soil.
Proactively addressing these issues safeguards public
health, ensures food security, and supports the long-
term sustainability of agricultural systems.

Addressing these challenges is paramount to
fostering sustainable agricultural development in the
study area. Priority efforts should focus on mitigating
nitrate pollution from its principal sources. Research
indicates that incorporating straw into the soil
significantly enhances crop yields and nitrogen uptake
efficiency, thereby reducing nitrate leaching from soil
and lowering its concentration in groundwater [12,
29, 30, 43]. Additionally, improved management of
animal manure and domestic wastewater is essential.
This includes accelerating the renovation of rural dry
toilets, strengthening discharge controls, and enhancing
wastewater treatment capacity. Finally, advancing
precision agriculture is crucial: it involves increasing the
use of organic fertilizers and improving the application
efficiency of chemical fertilizers and urea, thereby
reducing total application rates.

Researchers in agricultural pollution areas have
measured the concentrations of cholestanol (5a) and
coprostanol (5B), using the sterol ratio (SP/(5B+5a)) to
determine the origins of pollutants from animal feces,
providing new insights for pollution source control [13,
14, 17, 18, 53]. Given the complex sources of nitrate
pollutants in groundwater and the variability of nitrogen
and oxygen isotopic values over time and space, further
monitoring and tracking research are required [1, 4, 54].
Moreover, the implementation of effective policies and
regulations, raising public awareness, and investing in
research and development of sustainable agricultural
practices are key steps to mitigating the impacts of
nitrate pollution.

Conclusions

This study investigates a representative watershed
at the Chenggu-Yangxian county boundary in the upper
Han River basin, situated on the southern piedmont
of the Qinling Mountains. Using multi-medium
coordinated sampling during both baseflow and high-
flow periods, we conducted a systematic analysis of
nitrate distribution, migration behavior, and source
apportionment in groundwater. The principal findings
are summarized as follows:
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(I) Overall water quality in the study area is
excellent: surface water complies with Class I standards,
while groundwater is predominantly classified as Class
II-III, with isolated instances of anomalous nitrate-
nitrogen enrichment. Nitrate spatial distribution exhibits
strong concordance with the northwest-to-southeast
groundwater flow direction. The primary contamination
sources are located in the upstream Xushui River
catchment. Nitrate concentrations during baseflow
periods are markedly higher than during high-flow
periods, and a pronounced downstream attenuation trend
is observed along the flow path. A critical interface for
localized nitrate accumulation occurs at approximately
1 m depth.

(2) Nitrogen transformation in the groundwater
system is predominantly governed by nitrification, with
no substantial evidence of denitrification or ammonia
volatilization. Along the soil-groundwater-surface water
continuum, 6'80 values of nitrate decrease progressively
— a pattern fully consistent with isotopic fractionation
associated with natural nitrification. This process
significantly affects oxygen isotopic composition but
exerts negligible influence on nitrogen isotopes, thereby
establishing a robust isotopic basis for precise pollution
source identification.

(3) Integrating stable isotope fingerprinting with
regional land-use data, we attribute the dominant nitrate
sources in groundwater to indigenous soil nitrogen,
livestock manure, and domestic wastewater. In light of
the region’s agriculture-based economy characterized by
dispersed small-scale livestock operations, we propose a
spatially differentiated management strategy comprising
straw incorporation to enhance nitrogen use efficiency,
standardized management of rural sewage and manure,
and adoption of precision fertilization practices. These
interventions provide technically grounded, source-
targeted support for advancing green and sustainable
agriculture and safeguarding drinking water source
quality.
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