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ontamination sources and
dynamics in an unconfined alluvial aquifer system
(Velika Gorica well field, Croatia)†

Patricia Buškulić, a Zoran Kovač, *a Ioannis Matiatos b and Jelena Parlov a

Nitrate ions (NO3
−) are one of the most common contaminants in the groundwater of the Zagreb alluvial

aquifer, which hosts strategic groundwater reserves of the Republic of Croatia and supplies drinking

water to one million inhabitants of the capital city. To better understand the origin and the dynamics of

NO3
− in the unsaturated and saturated zones, the stable isotopes of nitrogen (d15N) and oxygen (d18O) in

dissolved nitrate, combined with physico-chemical, hydrogeochemical and water stable isotope data,

were used in the current work, together with statistical tools and mixing models. The study involved

monthly sampling of groundwater, surface water, precipitation and soil water samples. Additionally, the

isotopic composition of total nitrogen (d15Nbulk) was determined in solid samples representing the local

nitrate sources. The combination of a nitrous oxide isotopic analyzer and the titanium(III) reduction

method provides reliable measurements of d15NNO3
and d18ONO3

, with optimal stability achieved under

specific conditions. Nitrate in the study area predominantly originates from organic sources, with

nitrification as the main biogeochemical process, while denitrification was identified at sampling sites

under specific anaerobic conditions. Although statistical analysis can be a valuable tool, it should be

applied with caution if NO3
− originates from multiple sources. The isotopic composition of water

showed that groundwater is predominantly recharged by the Sava River but its contribution varied

spatially. The results also show the existence of a different recharge source in the southern part of the

aquifer. Our findings highlighted the importance of employing a diverse range of analytical methods to

obtain reliable and comprehensive understanding of nitrate contamination. By integrating multi-method

approaches, stakeholders can better understand the complexities of groundwater contamination and

implement more targeted measures to safeguard the water supplies for future generations.
Environmental signicance

Nitrate (NO3
−) is a highly stable and mobile form of nitrogen (N) and one of the more commonly found contaminants in the environment. Tracing NO3

−

transformations and sources is essential for better understanding of N cycling and gaining insights into water quality protection. Furthermore, it is critical that
we identify and understand the processes affecting N forms in the soil zone and groundwater system. We demonstrate how integration of physico-chemical,
hydrogeochemical and isotopic data with statistical tools and mixing models can enhance our understanding of N cycling in the environment and improve
water resource protection in regions facing similar environmental challenges.
Introduction

Dissolved nitrate (NO3
−), which is one of the most prevalent

forms of reactive nitrogen, is widespread in the environment
and can originate from natural and/or anthropogenic
sources.1–5 Groundwater nitrate pollution is a global
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environmental problem6–12 with increasing levels of NO3
− in

many freshwater systems.2,13,14 The main anthropogenic sources
of NO3

− are sewage or industrial wastewaters, livestock manure
and the intensive use of fertilizers.15,16 Apart from anthropo-
genic NO3

−, nitrate is also naturally produced as a result of the
decay of soil organic matter, production–xation and atmo-
spheric deposition.17 Tracing the sources and transformations
of NO3

− in groundwater, as well as in the soil zone, is important
for an improved grasp of the nitrogen cycle, water quality
protection and sustainable management of the aquifer.18,19

Nitrogen and oxygen stable isotopes of NO3
− (d15NNO3

and
d18ONO3

) are powerful tracers for identifying the source(s) of
nitrogen (N) contamination, as well as N transformations and
This journal is © The Royal Society of Chemistry 2025
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dynamics in aquatic and atmospheric systems.16,20–25 Although
nitrate isotopes are a valuable tool for tracking NO3

− contami-
nants, the nitrate sources may show overlapping isotopic ranges
and biogeochemical processes like nitrication and denitri-
cation can complicate the identication of nitrate sources.26

Biogeochemical processes predominantly occur in shallow
aquifers, inuencing nitrate content and d15NNO3

values. The
nitrication process involves the oxidation of NH4

+ to NO3
−.27

Denitrication generally occurs under anaerobic conditions
and involves the reduction of NO3

− to N2, N2O or NO.28 Deni-
trication is a natural attenuation process that reduces NO3

−

concentrations and produces a linear relationship in the
residual NO3

− with a d18ONO3
/d15NNO3

ratio which ranges from
1 : 2.1 to 1 : 1.3.29 To improve the application of nitrate isotope
techniques, the use of additional parameters, such as physico-
chemical data and water stable isotopes is considered
important.

The Zagreb aquifer is one of the most important aquifer
systems in Croatia with high to very high vulnerability to
contamination as evidenced by the presence of ve major
contaminants (toxic metals, nitrates, pesticides, pharmaceuti-
cals and chlorinated aliphatics),30 as well as elevated NO3

−

concentrations in the groundwater, particularly near industrial
and agricultural activity zones.31 A preliminary assessment of
nitrate contamination origin in the groundwater of the Zagreb
alluvial aquifer showed that NO3

− is predominantly of organic
origin, particularly from wastewaters.32

Previous studies in the groundwater of the Zagreb area did
not focus on the investigation of nitrate ion distribution and
migration through the soil zone (unsaturated zone), nitrate
concentrations in the precipitation and Sava River, as well as the
biogeochemical and hydrodynamic processes controlling NO3

−

content and dynamics in the aquifer. To determine both the
origin and the dynamics of nitrate, it is necessary to measure
stable isotopes d15N and d18O in dissolved nitrate in different
types of water samples, which were evaluated within this
research. However, previous study related to nitrate origin in
groundwater of the Zagreb aquifer32 provided initial insights
into the nitrate isotopic composition. This new research area
was dened based on initial ndings, which suggested an
additional agricultural source beyond wastewater, primarily on
the Sava River's right bank near the Velika Gorica well eld.
Furthermore, it is also essential to conduct an analysis of the
isotopic composition of total nitrogen (d15Nbulk) in the local
solid samples of different potential nitrate sources if contribu-
tion from different nitrate sources has to be evaluated. There-
fore, eld and laboratory investigations included sampling and
analysis of groundwater, surface water, precipitation and soil
water. Here, we used physico-chemical, hydrogeochemical and
isotopic data, together with statistical tools and mixing models
to identify the origin of nitrate contamination and the condi-
tions inuencing the N dynamics. This was supported by the
rst determination of the nitrogen isotopic composition of the
local sources around the Velika Gorica well eld. There were
four main objectives of this research: (1) to optimize laboratory
procedures necessary to get reliable results using a nitrous
oxide isotopic analyzer and the titanium(III) reduction method;
This journal is © The Royal Society of Chemistry 2025
(2) to dene nitrate origin and associated biogeochemical
processes as well as quantication of spatial and temporal
proportional contributions from different N sources; (3) to
dene appropriate geochemical and statistical methods for
interpretation in similar research; (4) to quantify aquifer
recharge components. Our study provided new insights into the
processes of nitrogen compound transformation in the soil
zone, the identication of the dominant form of N entering the
unsaturated zone of the aquifer from the soil, determination of
the characteristic isotopic composition of N compounds
appearing in the surface water, soil water and precipitation, and
detailed quantication of nitrate sources which inuence
nitrate concentrations in the aquifer, with the aim of better
understanding the nitrogen cycle to support sustainable
management and protection of the Zagreb aquifer.

Methodology
Site description

The Zagreb aquifer is located in the north-western part of the
Republic of Croatia within the Sava River catchment and covers
an area of about 350 km2 (Fig. 1A). It is an unconned aquifer
composed of quaternary sediments consisting mainly of sand,
gravel and silt or silty clays. It comprises two hydraulically
connected layers: (1) a shallow layer of Holocene alluvial
deposits, primarily composed of a carbonate material, trans-
ported by the Sava River from the Alps and (2) a deep layer of
Pleistocene lacustrine-marshy deposits, primarily composed of
a siliciclastic material from the surrounding mountains.33 The
thickness of the aquifer varies from less than 10 meters in the
western part up to 100 meters in the eastern part. The unsatu-
rated zone comprises gravel in its lower section, with the upper
part predominantly composed of silty to sandy materials,
occasionally interspersed with clay layers. The thickness of the
unsaturated zone varies from 2 to 11 meters.34 In general,
groundwater ows from west/northwest to east/southeast and
coincides with the ow direction of the Sava River. The shallow
layer is in direct hydraulic connection with the Sava River,
which is the main source of groundwater recharge.35,36 During
high water levels, the Sava River recharges the aquifer along its
entire course, while during medium and low water levels, it
drains the aquifer in certain sections. The study area is char-
acterized by three major pedological units, namely Fluvisols,
Stagnosols and Eutric Cambisols on the Holocene deposits.37,38

According to Ružičić et al.,39 Fluvisols have higher permeability
due to their lower clay content and higher sand content, which
increases with depth. In contrast, Eutric Cambisols exhibit
lower permeability and a slightly higher capacity for water
retention. The areas where Fluvisols dominate allow for greater
percolation of surface and soil water from precipitation. This is
conrmed by the most recent study40 in the zone of the Eutric
Cambisols, which showed that only high average intensity
precipitation events enable inltration to the unsaturated part
of the aquifer. The climate is classied as a humid continental
climate, with an annual average precipitation of 967 mm and
annual average air temperature of 11.9 °C, with a minimum in
January and a maximum in July. The monthly average
Environ. Sci.: Processes Impacts, 2025, 27, 154–171 | 155
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Fig. 1 (A) The location of the study area with the land use pattern; (B) the water table contour map of the study area during low and high
groundwater levels, showing equipotential lines in meters above sea level (m a.s.l.); (C) groundwater flow lines during low and high water levels
assuming a maximum pumping capacity (250 L s−1 per well).
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precipitation is around 80 mm and is evenly distributed
throughout the year.41 For a sampling period from March 2021
to February 2022, the average monthly precipitation was 55.7
mm. The driest and the wettest months were September (29.8
mm) and May (102 mm), respectively. The average air temper-
ature ranged from 1.2 (January) to 23.3 °C (July) with an average
of 11.6 °C.42

The Velika Gorica well eld is one of the most important well
elds in Zagreb County and is situated in the southern part of
the Zagreb aquifer. It supplies drinking water to the capital city
and the town of Velika Gorica. The well eld consists of ve
pumping wells and observation wells generally used to monitor
groundwater quality in the shallow aquifer. Within the rst
sanitary protection zone of the Velika Gorica well eld, a pedo-
logical pit was constructed and equipped with devices for col-
lecting soil water samples. The unsaturated zone thickness at
the study site usually ranges from 5 to 8 meters and depends on
the groundwater levels. At the top of the unsaturated zone, the
156 | Environ. Sci.: Processes Impacts, 2025, 27, 154–171
following soil horizons are identied according to the World
Reference Base classication: A (0–0.15 m), 2B (0.15–0.55 m),
3BC (0.55–0.9 m) and C (0.9–1.17 m). The upper 90 centimetres
of the soil prole are predominantly composed of silty and
sandy materials, with intermittent clay layers,39 while gravels
dominate in the lower part of the unsaturated zone.43 According
to Bogunović et al.37 the pedological pit is located in Eutric
Cambisols on Holocene deposits. The monitoring wells Vg-6,
Lg-1 and Vg-5/2 are located in the area of Fluvisols, while all
other monitoring wells are located on Eutric Cambisols on the
Holocene deposits.

Based on previous research,44–46 the groundwater in the
wider area of the Velika Gorica well eld belongs to the calcium–

magnesium–hydrogen carbonate (CaMgHCO3) water type. The
land-uses, which constitute the potential sources of contami-
nation, are presented in Fig. 1A.47 The study area consists
primarily of urban and agricultural land. The general direction
of the groundwater ow in the study area is from north-west to
This journal is © The Royal Society of Chemistry 2025
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south-east, with clear differences during low and high water
level periods (Fig. 1B). During the high water level periods, the
groundwater ows towards the south in the northern part of the
study area, which is due to the increased inuence from the
Sava River. In addition, the pumping activities in the Velika
Gorica well eld also impact the groundwater ow direction
near the pumping wells. By developing a groundwater ow
model, Posavec48 identied a change in the groundwater ow
direction during low and high water level periods for a scenario
with the maximum pumping capacity (Fig. 1C).
Sampling

Groundwater, surface water, precipitation and soil water were
sampled each month from March 2021 to February 2022.
Groundwater samples were collected from 10 monitoring wells,
located in the catchment area of the Velika Gorica well eld
(Fig. 1A). Before collecting the groundwater samples, ground-
water levels were manually measured while monitoring wells
were pumped until pH and electrical conductivity (EC) stabi-
lized to ensure collection of the representative groundwater
sample. Surface water samples were collected from the Sava
River at the western part of the Zagreb aquifer. The groundwater
and Sava River samples were to be analysed for water chemistry,
water stable isotopes and nitrate stable isotopes. In situ
measurements included pH, EC, dissolved oxygen (DO) content
and temperature (T) which were determined in situ using
a WTW multi parameter 3630 IDS. Precipitation samples were
collected within the rst sanitary protection zone of the Velika
Gorica well eld using a Palmex Rain Sampler RS1 (Zagreb,
Croatia) capable of preventing evaporation and appropriate for
use in most hydrological studies.49,50 For the precipitation
samples, in situ parameters and nitrate stable isotopes were also
determined. Soil water samples were collected from four soil
horizons of a pedological pit using soil water samplers (suction
cups; Eijkelkamp Soil & Water, Giesbeek, The Netherlands) and
an integrated automatic vacuum pump unit AVP-100 (UGT
GmbH, Müncheberg, Germany) to determine the isotopic
composition of nitrate. The chemical and water isotopic data of
soil water and precipitation were previously published.42 Each
liquid sample was ltered in the eld using a 0.22 mm nylon
membrane lter to remove microbes, stored in a high-density
polyethylene (HDPE) bottle and transferred to the lab for later
analysis. The sample bottles were kept refrigerated at 4 °C for
chemical and water isotope analysis or frozen at −20 °C for
nitrate isotope analysis. During September 2021, ten (10)
samples of nitrogen sources were collected in the study area for
nitrate isotope analysis: six organic samples and four widely
used commercial inorganic fertilizers. The organic samples
included two manure samples, two samples from septic tanks
and two sewage samples. The selected synthetic fertilizers were
NP (nitrogen–phosphorus) 20–20, NPK (nitrogen–phosphorus–
potassium) 15–15–15, NPK(S) (nitrogen–phosphorus–potas-
sium–sulphur) 15–15–15(3) and NPK(MgO) (nitrogen–phos-
phorus–potassium–magnesium oxide) 13–10–12(4), in which
most of the nitrogen is present as ammoniacal nitrogen. The
isotopic signature of soil was dened based on the sampled soil
This journal is © The Royal Society of Chemistry 2025
water from the deepest soil horizon. A table summarizing the
type of sample, location, number of sampling points, frequency,
sampling period, type of treatment and analyses can be found
in the ESI (Table S1†).

Chemical analysis

The major anion and cation concentrations (Cl−, NO3
−, SO4

2−,
Na+, Mg2+, K+ and Ca2+) were determined with a Dionex ion
chromatography system (ICS-90) at the LaGEMA laboratory of
the Faculty of Mining, Geology and Petroleum Engineering,
University of Zagreb. The ionic balance error was veried for all
groundwater samples, with error values below 10% considered
acceptable. The bicarbonate concentrations were determined
using the titration method.

Water stable isotope analysis and mixing model

The water isotopic analyses (d2HH2O and d18OH2O) were carried
out at the Laboratory for spectroscopy of the Faculty of Mining,
Geology and Petroleum Engineering, University of Zagreb, using
a liquid water isotope analyzer (LWIA-45-EP, Los Gatos
Research, San Jose, California) by laser absorption spectros-
copy. The analytical uncertainty of duplicate samples was
±0.9& for d2H and ±0.19& for d18O. The results were reported
using the delta notation in per mil (&) relative to Vienna
Standard Mean Ocean Water (VSMOW). The data analysis and
processing were performed using the Laboratory Information
Management System (LIMS) for Lasers 2015.51

To quantify the contribution of precipitation and the Sava
River to the aquifer recharge, a two-component mixing model
was utilized which has been used in the study area in previous
research,36 but also in different hydrogeology applications.52–55

In this research it was assumed that the aquifer recharge comes
from two main sources, i.e., the Sava River and precipitation.
The sum of the end member contributions is expressed as
fractions (f) which are equal to 1. For the quantication of
recharge, average values from the sampling period for each
monitoring well, the Sava River and precipitation were used,
based on the following equations:

friver + fprecipitation = 1 (1)

friver$d
18Oriver + fprecipitation$d

18Oprecipitation = d18Ogroundwater (2)

where friver and fprecipitation present Sava River and precipitation
fractions respectively, d18Ogroundwater presents isotopic compo-
sition of oxygen in the investigated monitoring well, while
d18Oriver and d18Oprecipitation present isotopic compositions of
oxygen in the Sava River and precipitation, respectively.

Nitrate stable isotope analysis

Instrumentation and data processing. The isotope analyses
of d15NNO3

and d18ONO3
were performed using an ultrahigh

precision advanced nitrous oxide isotopic EP analyzer (GLA451-
N2OI3, ABB-LGR, Quebec, Canada) at the Laboratory for spec-
troscopy of the Faculty of Mining, Geology and Petroleum
Engineering, University of Zagreb. The analyzer precision was
Environ. Sci.: Processes Impacts, 2025, 27, 154–171 | 157
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0.05 ppb for N2O concentration, better than 1& for d15N and
better than 2& for d18O. To convert dissolved NO3

− to N2O gas
headspace the titanium(III) reduction method was used, rst
introduced and described in detail by Altabet et al.56 Aer the
analysis, the data was pre-processed by using an in-house
MATLAB57 script. This MATLAB script is designed to process
multiple TXT les containing raw laser measurements by iter-
ating throughout laser output TXT les and calculating mean
values for essential data. This streamlined approach facilitates
effective data processing and management, enabling further
analysis. Subsequently, a new CSV le is created for each input
le, containing the calculated mean values. A GRG nonlinear
solving method in Excel Solver™58 was employed to correct the
raw instrumental data for isotopologues of interest (15N and
18O) to remove any concentration dependence in the d values.

Testing and validation. To ensure laboratory setup func-
tionality and reliability before research activities, optimization
steps were conducted, i.e., target N2O gas concentration inside
the analyzer, reagent-to-sample ratio during sample preparation
and reaction time. The testing of the optimal N2O target that
produced the most stable isotopic values was conducted using
a control sample KNO3 with different nal NO3–N sample
concentrations injected into the analyzer at various injection
volumes, ensuring that a broad range of N2O concentrations
were covered. N2O concentrations ranging from 7 to 11 ppm
N2O exhibited the most stable isotopic values (d15N and d18O)
with optimal precision (Fig. 2A). Instrumental d15N and d18O
values were more precise using a 1 : 30 reagent-to-sample ratio
with a mean s.d. of 1.9& and 1.7&, respectively (Fig. 2B). The
observed calibration slopes for d15N were close to the theoretical
value of 1 regardless of which reagent-to-sample ratio was used
during sample preparation. However, the calibration plots
generated with a reagent-to-sample ratio of 1 : 20 gave a higher
slope for d18O, i.e., 0.9 (Fig. 2C). The d15N values were more
accurate at a 1 : 40 reagent-to-sample ratio with a mean bias of
−0.07&, while a ratio of 1 : 20 resulted in a higher mean bias of
0.3&. Conversely, the d18O normalised values were most accu-
rate at a 1 : 20 ratio with a mean autorun bias of 0.05& (Fig. 2D).
Therefore, a 1 : 20 Ti(III) reagent-to-sample ratio is considered
practical for all further measurements. Altabet et al.56 noted that
a 96-hour reaction yielded similar outcomes to a 21-hour reac-
tion, suggesting that samples can be stored for at least 3 days
before analysis without adverse effects. Our study yielded
slightly different results (Fig. 2E), as both the 48-h and 72-h
reaction yielded isotopic results comparable to those of a 24-h
reaction, while the control sample le for longer than 72 hours
did not yield acceptable results.

Standards and samples. Groundwater and surface water
nitrate samples were prepared with the Ti(III) reduction method
to achieve a NO3

− sample concentration of 0.55 mgNO3–N L−1 in
each vial in order to get the target N2O concentration inside the
analyzer using a reagent-to-sample volume ratio of 1 : 20. Due to
insufficient NO3

− levels in two samples, the stable isotope
composition of the nitrate was investigated for 10 precipitation
samples. Additionally, due to very small sample volume
amounts available for the Ti(III) preparation method and
insufficient NO3

− levels, the stable isotope composition of the
158 | Environ. Sci.: Processes Impacts, 2025, 27, 154–171
NO3
− was analysed for eight soil water samples. Due to the

lower concentration of NO3
−, the precipitation and soil water

samples were prepared to achieve a NO3
− sample concentration

of 0.1 mgNO3–N L−1.
In alignment with Altabet et al.56 and in order to avoid non-

representative results, an overnight reaction was chosen to be
convenient and practical, allowing samples to be prepared on
day 1 and analysed the following morning (day 2). Nitrate
reference materials (USGS32, USGS34 and USGS35) were used
for data normalisation to the AIR and VSMOW scales by
applying least squares regression to the measured versus
consensus d values. Nitrate standards have consensus d15NAIR

values of +180& (exactly), −1.8& (±0.1&) and +2.7& (±0.1&)
and d18OVSMOW values of +25.7& (±0.2&), −27.9& (±0.3&)
and +57.5& (±0.3&), respectively.59,60 Normalized results were
least squares regression mean values ±1-sigma.

Solid nitrate sources. Ten solid samples of potential nitrate
sources were dried and ground to homogenize them. The
isotopic composition of total nitrogen (d15Nbulk) was investi-
gated by an external laboratory (The Faculty of Earth Sciences of
the University of Barcelona) by using an Elemental Analyzer (EA)
Flash IRMS coupled in continuous ow to an Isotope Ratio
Mass Spectrometer (IRMS) Delta V Advantage with a universal
interphase Cono IV (CF) (EA IsoLink CN IRMS System, Thermo
Scientic). Isotope ratios are reported in parts per mil (&)
relative to the international standard V-AIR for total nitrogen
(d15Nbulk). The precision was <±0.5%.

Statistical data analysis

The normality of 17 parameters (pH, EC, DO, T, Cl−, NO3
−,

SO4
2−, HCO3

−, Na+, Mg2+, K+, Ca2+, d15NNO3
, d18ONO3

, d2HH2O,
d18OH2O and d-excess) in the groundwater samples was assessed
using the Shapiro–Wilk test. To evaluate temporal and spatial
differences, normally distributed data were analysed using one-
way ANOVA at a signicance level of p-value <0.05. The test
evaluated changes over time (from March 2021 to February
2022) and changes among sampling sites. If the normality
assumption was not met, the non-parametric Kruskal–Wallis
test was applied.

Correlation tests were conducted on the monitoring well
data to examine the relationship between Cl−, NO3

−, SO4
2−,

HCO3
−, Na+, Mg2+, K+ and Ca2+ in groundwater, using a signif-

icance level of p-value <0.05. All statistical analyses were per-
formed using the TIBCO Soware Inc. Statistica (Version
13.5.0.17).

Bayesian mixing model and uncertainly analysis

The proportional contribution of 3 nitrogen sources in the
groundwater and the river was estimated via the application of
a Bayesian isotope mixing model using the package simmr in R
(Stable Isotope Mixing Model in R).61,62 In brief, the model is
expressed by using the following equations (eqn (1)–(4);63):

Xij ¼
XK

k¼1

pk
�
Sjk þ Cjk

�þ 3ij (3)
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Optimization steps taken to ensure laboratory setup functionality and reliability before initiating research activities include: (A) establishing
the target N2O gas concentration; (B)–(D) determining the reagent-to-sample ratio during the preparation method; (E) establishing the reaction
time for optimal results. Note: USGS32 in (B) and the control sample in (E) are presented using the secondary axis.
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Sij ∼ N(mjk, ujk
2) (4)

Cjk ∼ N(ljk, sjk
2) (5)

3jk ∼ N(0, sj
2) (6)

where Xij is the isotope value j of the mixture i, in which i = 1, 2,
3,., N and j= 1, 2, 3,., J; pk is the proportion of source k (k= 1,
2, 3,., K) estimated by the model; Sjk is the source value k on
isotope j normally distributed with mean mjk and standard
deviation ujk; cjk is the isotope fractionation factor for isotope j
This journal is © The Royal Society of Chemistry 2025
on source k normally distributed with mean ljk and standard
deviation sjk; and 3ij is the residual error of the additional
unquantied variation between individual mixtures normally
distributed with mean 0 and standard deviation sj.

The model was applied at each sampling site to identify
spatial differences in proportional contributions, as well as
across different seasons for each water type (groundwater and
river). The isotopic average and standard deviation values of the
3 local nitrogen sources in the study area (soil, synthetic fertil-
izers and organic wastes) were used in the analysis and are
Environ. Sci.: Processes Impacts, 2025, 27, 154–171 | 159
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shown in Table 1, while isotopic ranges are shown in Fig. 6 and
were the following: soil (d15N from −7.1 to −4.9&, d18O from
−9.1 to −4.4&); synthetic fertilizers (d15N from 0.5 to 1.5&,
d18O from −9.6 to −8.6&); organic wastes from sewage, septic
waste and manure (d15N from 1.9 to 8.8&, d18O from −9.6 to
−8.6&); and precipitation (d15N from −15.1 to 2.2&, d18O from
62.1 to 94.7&). The d15N values of the local solid sources were
within expected ranges.64

We excluded precipitation from the analysis, as the N isotope
precipitation signal is quickly dampened.64 For the sampling
sites (i.e., Lg-1 and Lg-4) where denitrication was identied,
since they fall within the optimal denitrication zone due to low
DO levels3 and have characteristic slopes associated with deni-
trication,29 an enrichment factor was calculated using the
following equation:27

d ∼ do + 3 ln(f) (7)

where do is the initial isotopic composition of the substrate, d is
the isotopic composition of the substrate, 3 is the enrichment
factor and f is the remaining fraction of the substrate. The
average d15NNO3

value of the local sources (+1.5&) was consid-
ered to be the initial isotopic composition.

Synthetic fertilizers were mainly NH4
+ based, which allowed

determining only the d15N value, whereas the d18O value of this
endmember was determined by considering the d18OH2O values
of the local groundwater via nitrication. In general, the nitri-
cation of NH4

+ in soil, precipitation or fertilizers utilizes two
oxygens from water and one from atmospheric oxygen.27,65

Thus, nitrication values may be estimated using the following
experimental equation:65,66

d18ONO3
¼ 2

3
d18OH2O þ 1

3
d18OO2

(8)

The soil signature was dened based on measured d15NNO3

and d18ONO3
data from soil water samples collected from the

deepest soil horizon (C horizon) that was closest to the water
table.

An uncertainty analysis of isotopic composition for each
nitrogen source was conducted using the probability statistical
method introduced by Ji et al.67 In summary, the proportional
contribution values from the simmr model for each potential
nitrogen source were assigned frequency values based on the
number of iterations. A plot of the cumulative frequency
distribution versus the proportional contributions of the
potential nitrogen sources was then created. The uncertainty
index (UI90) for each nitrogen source was calculated by nding
the difference between the proportional contributions at the
Table 1 Isotopic average values of the local nitrogen sources used in th

Soil (N = 3)
Synthetic fertilizers (N = 4)
Organic wastes (sewage, septic waste and manure) (N = 6)

160 | Environ. Sci.: Processes Impacts, 2025, 27, 154–171
0.95 and 0.05 cumulative frequency distributions and then
dividing this difference by 0.9.68

Results and discussion

Evaluation of nitrate origin and the processes affecting nitrogen
species concentrations is complex and requires comprehensive
analysis. Effective data interpretation necessitates the integra-
tion of various analytical approaches and perspectives. This
approach is particularly crucial in areas where nitrate concen-
trations arise from a combination of anthropogenic sources and
natural environmental conditions.1–4 Diverse data and methods
enhance reliability, with isotopic signatures and the composi-
tion of main nitrate sources being critical. The results are dis-
cussed through hydrogeochemistry, statistical analysis, isotopic
composition and Bayesian mixing models, contextualized for
both urban and agricultural environments.

Hydrogeochemical aspects

The pH values ranged from 6.9 to 7.8 for groundwater, from 7.8
to 8.7 for Sava River water and from 6.5 to 8.1 for precipitation.
The groundwater EC varies spatially from 675 to 938 ms cm−1

with the lowest EC values observed at Lg-1 and Vg-10/2 and the
highest at Vg-4. Surface water EC varies between 353 and
461 ms cm−1, while precipitation EC ranged from 12.1 to
54.5 ms cm−1. The DO content of the groundwater ranged from
0.6 to 9.0 mgO2

L−1; in the Sava River it varied between 7.1 and
14.1 mgO2

L−1, while in the precipitation it varied between 7.2
and 13.9 mgO2

L−1. The lowest groundwater DO values were
observed at Lg-1 and Lg-4 sites with a mean value of
3.4 mgO2

L−1 and 3.6 mgO2
L−1, respectively. Groundwater

temperatures varied between 12.4 and 15.0 °C, while river water
temperatures ranged from 7.2 to 25.0 °C. Higher temperatures
were recorded at Vg-4 and Vg-6 sites, while the lowest temper-
atures were recorded at the Vg-10/2 location.

The NO3
− concentrations in groundwater ranged from 7.4 to

31.9 mgNO3
L−1 (Table S2†) with an average value of

17.1 mgNO3
L−1. None of the analysis exceeded the maximum

permissible level for drinking water (50 mgNO3
L−1) as stipu-

lated by EU and Croatian regulations. Elevated mean NO3
−

concentrations were found at Vg-10/2 (20.3 mgNO3
L−1) and Vg-

5/2 monitoring wells (25.1 mgNO3
L−1), which was linked to

fertilizers and wastewater, respectively. The NO3
− concentra-

tions in the Sava River ranged from 3.5 to 6.5 mgNO3
L−1. The

lower NO3
− concentrations in the Sava River compared to

groundwater could be because of biogeochemical processes,
such as assimilation (NO3

− consumption by plants) and dilu-
tion with rain water. Given that the ambient background value
e mixing model

d15N (&) d18O (&)

−5.8 � 0.9 −6.3 � 2.0
1.1 � 0.4 −9.0 � 0.3
3.7 � 2.3 −9.0 � 0.3

This journal is © The Royal Society of Chemistry 2025
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of NO3
− of the study area is around 7 mgNO3

L−1 (ref. 41) and
the expected NO3

− content in the soil zone is similar,42 the
observed nitrate concentrations in the groundwater cannot be
attributed only to natural conditions, i.e., sources. This is
evident as the lowest recorded concentrations were around
9mgNO3

L−1 in all groundwater samples apart from the Lg-4 site
in August, where the NO3

− concentration was 7.4 mgNO3
L−1.

Most NO3
− concentrations generally exceeded natural back-

ground levels.
Considering that monitoring wells Lg-1 and Lg-4 generally

had DO levels lower than 4 mgO2
L−1, they were in the zone

optimal for the denitrication process (Fig. 3A). Conversely, all
other groundwater sampling sites had DO levels greater than 4
mgO2

L−1 and a pH range between 6.5 and 8, indicating that the
measured NO3

− concentrations could be a result of nitrication
under aerobic conditions.3 The Sava River has a slightly higher
pH values, with a maximum recorded value of 8.7 in January
2022.
Fig. 3 (A) Scatterplot of pH versus DO, with a dashed line separating the
Cl−)/HCO3

−; (C) relationship betweenNO3
−/Na+ and the Cl−/Na+molar r

the NO3
−/Cl− molar ratio and Cl− molar concentration; (F) relationship

This journal is © The Royal Society of Chemistry 2025
The lowest mean SO4
2− concentrations were observed in Lg-1

(13.5 mg L−1), P-7 (13.1 mg L−1) and Vg-10/2 (14.0 mg L−1) sites.
Conversely, the Lg-4 and Vg-1 sites showed the highest content
of sulphate with an average value of 23.1 and 23.3 mg L−1,
respectively. The content of SO4

2− in the Sava River ranged from
6.3 to 17.0 mg L−1.

The Cl− concentrations in groundwater varied from 7.6 to
71.6 mg L−1, with an average of 26.9 mg L−1. The levels of Cl− in
the Sava River were signicantly lower, from 5.9 to 12.4 mg L−1.
The highest Cl− levels were observed at the monitoring wells
Vg-4 and Vg-6, with average values of 55.6 mg L−1 and
37.2 mg L−1, respectively. In contrast, the lowest average Cl−

concentrations were found at Lg-1 (11.1 mg L−1) and
Vg-10/2 (10.1 mg L−1) sites.

The concentration of K+ in groundwater ranged from 0.9 to
6.0 mg L−1 with an average of 2.2 mg L−1. The highest
concentrations of K+ were detected at the monitoring wells
Vg-5/2 and Vg-6 with average values of 4.8 and 3.7 mg L−1,
zone of nitrification and zone of denitrification; (B) TDS versus (NO3
− +

atio; (D) SO4
2−/Na+ versus the NO3

−/Na+molar ratio; (E) relationship of
between the NO3

−/K+ ratio and K+.
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respectively. The K+ concentration in the Sava River varied
between 1.1 and 3.7 mg L−1.

The concentration of Na+ in groundwater ranged from 4.8 to
37.2 mg L−1 with an average of 13.4 mg L−1. The levels of Na+ in
the Sava River were lower, from 4.6 to 10.1 mg L−1. The highest
concentrations of Na+ were observed at the sampling sites Vg-4
and Vg-6 with average values of 29.1 and 22.2 mg L−1, respec-
tively. The increase in Na+ concentration is due to sewage
inltration, as Vg-4 and Vg-6 are wells located in urban areas. In
contrast, the lowest Na+ contents were recorded at Lg-1 and Vg-
10/2 sites. Considering that these two locations had higher
concentrations of NO3

−, the excess NO3
− is related to agricul-

tural or urban inputs (Fig. 3D).
As depicted in Fig. 3B the positive strong correlation between

TDS and (NO3
− + Cl−)/HCO3

−, R2 = 0.64 and R2 = 0.84 for the
monitoring wells Vg-6 and P-7 respectively, indicated that the
water chemistry at these locations is inuenced by human
activities, such as sewage inltration or agricultural activities.69

When considering the molar ratios of NO3
−/Na+ and Cl−/Na+

(Fig. 3C), the anthropogenic inuence on the groundwater
quality is evident in almost all groundwater samples.

The Cl− content and NO3
−/Cl− ratios have been used to

evaluate the sources of NO3
−.70 Here (Fig. 3E), the Vg-4 and Vg-6

sites exhibited high Cl− content and low NO3
−/Cl− ratios,

indicating a contribution from sewage and/or manure, i.e., from
organic contamination. Vg-6 is the only monitoring well that
contains elevated Cl− concentrations suggesting contamination
from sewage71 and at the same time shows a correlation
between Cl− and NO3

− suggesting contamination from
domestic wastewater discharge.72 No monitoring well showed
low Cl− concentrations and a low NO3

−/Cl− ratio. The samples
from Lg-1 and Vg-10/2 sites, which showed low Cl− content and
high NO3

−/Cl− ratios, could be associated with agricultural
inputs.73 The remaining six sampling sites did not fall within
the range of any specic potential NO3

− input, suggesting that
NO3

− was derived from a mixing between different sources.
As shown in Fig. 3F, a low NO3

−/K+ molar ratio for samples
from sites Vg-6 and Vg-5/2, as well as for Sava River samples,
conrms possible contamination by sewage effluent32,74 from
the urban area. Synthetic fertilizers and manure oen have
higher NO3

− concentrations relative to K+. Thus, the high NO3
−/

K+ molar ratios observed at the remaining sampling locations
(Čp-23, Lg-4, P-7, Vg-10/2, Lg-1, P-3, Vg-1 and Vg-4) indicated
multiple contamination inputs affecting NO3

− and K+ contents.
The normality test showed signicant differences between

groundwater sites for all tested parameters (p < 0.05). However,
no signicant (p > 0.05) seasonal differences were observed for
DO, EC, T, Cl−, NO3

−, Na+, d2HH2O and d18OH2O. The correlation
coefficients provided a preliminary understanding of how
different variables relate to nitrate sources. Detailed correlation
matrices illustrating these relationships can be found in Tables
S3 to S12.† For all monitoring wells, except for Vg-6, a signi-
cant and very strong positive correlation between Cl− and SO4

2−

was observed indicating that these concentrations may be
related to sewage disposal,71,75 or agricultural activities, excre-
tions of migrating livestock and domestic wastewater
discharge.72 A signicant and strong positive correlation
162 | Environ. Sci.: Processes Impacts, 2025, 27, 154–171
between NO3
− and Cl− was observed for the sampling sites Vg-6

(r = 0.80) and Vg-5/2 (r = 0.69) but not between NO3
− and other

variables. This is probably due to contamination from septic
tanks or wastewater discharge.72 Moreover, the sampling site P-
7 showed a signicant and strong positive correlation between
NO3

− and Cl−, K+, Na+ and SO4
2− (r= 0.89, r= 0.89, r= 0.89 and

r = 0.91, respectively) suggesting that most of these ions come
from the same source of contamination, although this method
does not allow the precise identication of the source. All other
locations showed insignicant correlation between NO3

− and
K+ indicating that nitrate concentrations are related to the
different non-point sources, for example manure, sewage or
synthetic fertilizers.76,77 Sampling site Vg-10/2 showed a signi-
cant and strong positive correlation between NO3

− and Cl− (r =
0.79) and SO4

2− (r = 0.87) suggesting that these ions are likely
inuenced by similar sources. No signicant correlation
between NO3

− and other ions was detected for the sampling
sites Čp-23, Lg-1, Lg-4, Vg-1 and Vg-4. The monitoring well P-7
showed signicant and strong positive correlation between K+

and Cl− (r = 0.89), as well as between Na+ and Cl− (r = 0.85),
which could be related to salinization due to the application of
KCl synthetic fertilizers.78 Furthermore, the positive correlation
between Na+ and Cl− at P-7 is indicative of contamination from
wastewater, while no correlation for all other sampling sites
indicates the existence of natural sodium concentrations,
probably due to rock weathering and cation exchange with
Ca2+.79 The strong positive correlation between NO3

− and SO4
2

for P-7 and Vg-10/2 sites agrees with the ndings of Spoelstra
et al.80 who suggest that a signicant proportion of the
groundwater SO4

2− originates from fertilizers. In general, SO4
2−

ions can originate from industrial products, fertilizers, and
precipitation, but also from natural sulphide mineral dissolu-
tion.81 The correlation coefficients for the P-7 location are
attributed to the intensied application of synthetic fertilizers.
Isotopic composition of water

The d2HH2O and d18OH2O values for the groundwater samples
ranged from −65.0 to −57.5& and from −9.6 to −8.6&,
respectively. For the surface waters, the d2HH2O and d18OH2O

values ranged from −61.8 to −59.2& and from −9.4 to −8.9&,
respectively. As documented earlier,42 the local meteoric water
line (LMWL) of Velika Gorica is characterized by a linear evap-
oration trend described by d2HH2O = 7.7 d18OH2O + 9.3 and the
average d18OH2O value of precipitation is −8.54& obtained from
the Velika Gorica meteorological station. Additionally, the
article also notes that the two shallowest soil horizons share
isotopic signatures similar to precipitation, whereas the two
deepest soil horizons have comparable isotopic compositions to
each other but differ from those of precipitation. For both
groundwater and surface water samples, the d18OH2O versus
d2HH2O average values were plotted close to the LMWL of Velika
Gorica (Fig. 4) indicating their meteoric origin. The current
work showed that the groundwater from seven sampling sites,
namely, Čp-23, Lg-4, P-3, P-7, Vg-1, Vg-4 and Vg-5/2 and the Sava
River exhibited similar isotopic compositions. Conversely, the
monitoring well Vg-6 showed an isotopic composition similar to
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The relationship between d18OH2O and d2HH2O average values in
groundwater, surface water, precipitation and soil water. LMWL is the
local meteoric water line of Velika Gorica. The water isotopic
composition of soil water and precipitation was published earlier in
Buškulić et al.42
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precipitation and the two shallowest soil horizons, while the Lg-
1 and Vg-10/2 sites suggest the existence of a different recharge
source.

Similar concentrations between sites Lg-1, Vg-10/2 and the
Sava River do not imply a direct connection or common origin,
as the d18OH2O and d2HH20 values of the Lg-1 and Vg-10/2 sites
differed from those of the Sava River, indicating that these wells
are primarily recharged by water inow from the southwest part
of the aquifer system (Fig. 1C). The average d18OH2O values for
Lg-1 and Vg-10/2 were −9.3& and −9.5&, respectively. For all
other sampling sites, the values ranged from −9.0 to −8.7&.

The results of the mixing model showed that the contribu-
tion of the Sava River to aquifer recharge spatially varied from
19.9% to 83.4%, with an average of 58.5%, while the recharge
from precipitation varied from 16.6% to 80.1%, with an average
of 41.5%. Additionally, the monitoring wells can be grouped as
follows: Vg-6 showed the smallest fraction of the Sava River
(19.9%); in Čp-23, P-3, Vg-4 and Vg-5/2, the Sava River fraction
ranged from 47.1% to 54.2%; and in Lg-4, P-7 and Vg-1 group,
the Sava River fraction ranged from 66.7% to 83.3%. The
monitoring well Lg-4 showed the highest fraction of Sava River
inuence (83.4%). Conversely, for the sampling site Vg-6,
precipitation represents the most important source of
recharge, evidenced by the highest fraction of precipitation of
80.1&. This was expected, given that Vg-6 is located in an area
characterized by Fluvisols, which are characterized by a higher
inltration rate.39

Isotopic composition of nitrate

The d15NNO3
values in the groundwater ranged from 2.6 to

18.3&, while d18ONO3
values ranged between −6.7 and 9.7&.

The highest d15NNO3
and d18ONO3

values were recorded in the Lg-
4 site in August 2021, with values of 38.9 and 17.6&, respec-
tively, which could be an outlier. Overall, the d15NNO3

values
ranged from 4.4 to 13.1& for the Sava River, from−15.1 to 2.2&
for precipitation and from −7.1 to 9.0& for soil water. The
d18ONO3

values for the Sava River ranged from −0.8 to 3.9&,
between 62.1 and 94.7& for precipitation and between −12.7
and 10.1& for soil water.
This journal is © The Royal Society of Chemistry 2025
The DO levels in eight monitoring wells (Čp-23, P-3, P-7,
Vg-1, Vg-10/2, Vg-4, Vg-5/2 and Vg-6) ranged from 5.6 to
9.0 mgO2

L−1 indicating aerobic conditions that would favor
nitrication, while denitrication is less likely to occur (Fig. 5A).
In the Sava River, during the sampling period, the DO was
measured in the range from 7.1 to 14.2 mgO2

L−1, which favors
the nitrication process. Denitrication was detected in
sampling site Lg-4 since it fell in the optimal zone for denitri-
cation (Fig. 3A) and exhibited reductive conditions favourable
for denitrication.3 Additionally, the site exhibited an
increasing DO trend as d15NNO3

values decrease (Fig. 5B).
For almost all groundwater sampling locations and the Sava

River, the d15NNO3
values were relatively constant with only

minor variations as the NO3
− concentration changes, which is

characteristic of the dilution effect (Fig. 5C), suggesting mixing
of nitrate from different sources with similar d15NNO3

signa-
tures. Conversely, based on specic trends in d15NNO3

isotopes
during NO3

− attenuation, denitrication processes were iden-
tied in the monitoring wells Lg-4 and P-3 (Fig. 5D). This is
indicated by an increase in d15NNO3

values along with a decrease
in NO3

− concentrations. Furthermore, when examining the
relationship between d15NNO3

and the logarithmic concentra-
tion of NO3

− (Fig. 5E), samples from Lg-4 and P-3 exhibit
a negative slope with moderate correlations (R2 = 0.66 and R2 =

0.54, respectively) also suggesting natural attenuation, i.e.,
denitrication.73 According to Böttcher et al.,29 the slopes of
d15NNO3

versus d18ONO3
for Lg-4 and P-3 were characteristic of

denitrication, i.e., 0.6 and 0.4, respectively. However, the
sampling site P-3 showed high DO levels (7.6 to 8.3 mgO2

L−1)
suggesting that denitrication is unlikely to occur and cannot
be explained under such conditions. Conversely, the low DO
levels in the monitoring well Lg-1 and a slope of 0.8 conrmed
the occurrence of the denitrication process.29 When observing
the relationship between d15NNO3

and ln(NO3
−), sampling sites

Čp-23, P-7, Vg-1, Vg-4 and Vg-6 exhibit a negative slope with low
correlations (R2= 0.004, R2= 0.03, R2= 0.19, R2= 0.15 and R2=
0.29, respectively) (Fig. 5E) indicating a mixing process.73

Nitrate consumption, i.e. the assimilation process, can be
observed in the soil zone (Fig. 5D) through changes in the
isotope signal. The deepest (C) horizon contains the highest
NO3

− concentrations and the lowest measured d15NNO3
values,

whereas the shallowest (A) horizon shows the lowest NO3
−

concentrations and the highest d15NNO3
content. This suggests

NO3
− uptake by plants as the water inltrates the deeper

horizons.
The nitrication process was identied by using the local

d18OH2O values to calculate the theoretical d18ONO3
values aer

applying eqn (8) and comparing them with the observed d18ONO3

values (Fig. 5F). The estimation of d18ONO3
values characteristic

for the nitrication in the groundwater was performed using the
d18OO2

value of atmospheric O2 (23.5&)20 and theminimum and
maximum d18OH2O values of groundwater (−9.6& and −8.6&).

The calculated d18ONO3
values ranged from 1.5 to 2.1& (grey

area shown in Fig. 6). Almost all groundwater samples fell
between the line of the nitrication process and the water
exchange line (Fig. 5F) conrming the occurrence of nitrica-
tion, except for monitoring well Lg-4, where all the isotopic
Environ. Sci.: Processes Impacts, 2025, 27, 154–171 | 163
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Fig. 5 (A) Scatterplot showing the d15NNO3
and DO values of groundwater and surface water samples; (B) the d15NNO3

versus DO values and
trendline for the Lg-4 sampling site; (C) the d15NNO3

and NO3
− values of groundwater and surface water samples; (D) the d15NNO3

versus NO3
−

values and trendlines for Lg-4, P-3 and soil zone samples; (E) the d15NNO3
versus ln(NO3

−) values of groundwater and surface water samples; (F)
the d18ONO3

versus d18OH2O where the uppermost line indicates the limit of exchange with O2, the middle line represents the limit of the
nitrification process and the bottom line shows the limit of exchange with H2O.
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signatures were higher than those theoretically calculated,
conrming the denitrication process, i.e., nitrate attenua-
tion.82 Similar to groundwater, the estimation of d18ONO3

values
characteristic of nitrication in the river was conducted using
the minimum and maximum d18OH2O values of −9.4& and
−8.9&, respectively. The resulting d18ONO3

values ranged from
1.6 to 1.9&, which were quite similar to d18ONO3

content
observed in the Sava River, where d18ONO3

values range from
−0.8 to 3.9&. As shown in Fig. 5F, the Sava River samples fell
along the nitrication line. The estimation of d18ONO3

content in
the soil zone was carried out using d18OH2O values of −10.7&
and −4.2&, i.e. minimum and maximum observed values. The
calculated d18ONO3

values ranged from 0.7 to 5.0&, while the
observed d18ONO3

values ranged from −12.7 to 10.1&. As
164 | Environ. Sci.: Processes Impacts, 2025, 27, 154–171
depicted in Fig. 5F, soil samples from the rst two horizons (A
and 2B horizons) and the deepest horizon (C horizon) fell
between the nitrication line and the water exchange line,
thereby conrming the occurrence of nitrication. In contrast,
the sample from the third soil horizon, i.e., the 3BC horizon,
deviates from this range, precluding conrmation of nitrica-
tion for that particular sample. Considering that the investi-
gated soil prole is situated within the rst sanitary protection
zone of the Velika Gorica well eld, nitrication of NH4

+ from
soil and/or precipitation could occur in the two upper soil
horizons. Conversely, in the deepest horizon, nitrication is
restricted to NH4

+ present in the soil due to the lack of isotopic
signatures associated with precipitation.
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Bivariate plot of d18ONO3
versus d15NNO3

values of groundwater, surface water, precipitation and soil water in the study area. The range of
isotope compositions for five major N sources is derived from Kendall et al.64 and indicated by boxes: (1) atmospheric NO3

−; (2) NO3
− based

fertilizers; (3) NH4
+ in fertilizers and precipitation; (4) soil NH4

+; and (5) manure and septic waste. Note: the brown, grey, green and blue boxes
represent local N sources: soil, synthetic fertilizers, organic wastes and precipitation, respectively.
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Specically, the samples taken from sampling site Lg-4
indicated both anaerobic (March to September 2021) and
aerobic conditions (from October 2021 to February 2022).
During the anaerobic period, the average values of groundwater
depth, DO, EC, NO3

−, d15NNO3
, d18ONO3

, d2HH2O and d18OH2O were
7.1 m, 1.9 mgO2

L−1, 777.6 mS cm−1, 14.0 mg L−1, 18.5&, 8.0&,
−61.6& and −9.1&, respectively. Nitrite (NO2

−) values during
April to September ranged from 0.04 to 3.6 mg L−1 but were
below the detection limit in March. The phosphate ions ranged
from 1.0 to 2.4 mg L−1 and were below the detection limit in
September. The ammonium ions were detected inMay and June
with an average value of 0.4 mg L−1. Under aerobic conditions,
the average values of groundwater depth, DO, EC, NO3

−, d2HH2O

and d18OH2O were 7.8 m, 5.9 mgO2
L−1, 815.2 mS cm−1,

17.9 mg L−1, −60.3& and −8.9&, respectively, signicantly
higher than those in the anaerobic period. The average values of
d15NNO3

and d18ONO3
were lower, at 12.2& and 1.9&, respec-

tively. In summary, during high water periods, decreased
concentrations of DO and NO3

− were observed, whereas the
concentrations of NO2

−, PO4
3−, NH4

+, d15NNO3
and d18ONO3

were
higher. Conversely, during low water periods, elevated
This journal is © The Royal Society of Chemistry 2025
concentrations of DO and NO3
− were recorded, alongside

decreased levels of d15NNO3
and d18ONO3

, and nearly undetect-
able levels of NO2

−, PO4
3− and NH4

+ contents.
Based on the dual isotopic approach, typical d15NNO3

and
d18ONO3

values from various N sources64 and possible biogeo-
chemical processes are shown in Fig. 6 together with the
groundwater, surface water, precipitation and soil water
samples. The d18ONO3

values observed in the groundwater and
river samples were lower than the values reported for NO3

−

based fertilizers (ranging from 17 to 25&) and atmospheric
deposition of NO3

− (ranging from 28 to 98&) suggesting no
contribution from these two sources. The lack of atmospheric
NO3

− deposition supports the statement that nitrate concen-
trations in the groundwater cannot be solely attributed to
natural sources. Moreover, the d18ONO3

values were within the
range for NH4

+ in fertilizers and precipitation, soil NH4
+ and

manure/septic waste (ranging from −17 to 15&), as well as
around the estimated theoretical range of nitrication. Among
the total number of groundwater and Sava River samples, 66%
of groundwater samples and 42% of Sava River samples
exhibited d15NNO3

isotope signatures higher than 9&, indicating
Environ. Sci.: Processes Impacts, 2025, 27, 154–171 | 165
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contamination predominantly originating from manure and/or
septic waste. The remaining samples fell within the overlapping
range reported for NH4

+ in fertilizers and precipitation and soil
NH4

+.
Given that the investigated soil prole is located within the

sanitary protection zone of the well eld, where anthropogenic
activities are forbidden and strictly controlled, the only possible
sources of nitrates are soil NH4

+, NH4
+ in rain and atmospheric

NO3
−. According to Kendall et al.,64 the nitrate sources in the

rst two shallowest horizons (A and 2B) could be soil NH4
+ and/

or NH4
+ in precipitation (Fig. 6). Since previous studies show

that the two deepest soil horizons (3BC and C) are less inu-
enced by precipitation,40,42 the negative d15NNO3

isotopic signa-
ture is probably the result of nitrication, i.e., soil NH4

+

nitrication. As depicted in Fig. 5D, NO3
− concentrations

increase with depth while d15NNO3
decreases, which could be

due to the nitrication process. The isotopic values in the
deepest soil horizon conrmed the NH4

+ nitrication and
supported a previous nding documented in Buškulić et al.42

that N primarily migrates to deeper parts of the unsaturated
zone in the form of NO3

−.

Bayesian mixing model results and uncertainly analysis

A Bayesian isotope mixing model was employed to estimate
spatial and seasonal variations in the proportional contribu-
tions of three local nitrogen sources to both the groundwater
and river water.

Regarding spatial variations, the model outputs showed
a similar pattern across all sampling sites (Fig. 7). The results
for the Sava River are similar to those for groundwater, due to
Fig. 7 Spatial variations in the proportional contributions of different
local N sources per sampling site based on Bayesian isotope mixing
model results. Note: the different local N sources are shown in
different colours; the average proportional contributions are shown in
red; boxplots illustrate the 25th, 50th and 75th percentiles.
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their continuous mixing. Across the entire study area, soil
contributions ranged from 10 to 17%, making it the least
signicant source which is consistent with the results obtained
using other approaches. In contrast, organic wastes showed the
highest contribution, ranging from 56 to 68%, in agreement
with Fig. 6 which illustrates that more than half of the
groundwater samples indicate contamination due to leakage
from the sewage system in urban areas, septic tank leakage in
rural areas and/or the application of manure. The proportional
contribution of synthetic fertilizers was obtained for each
location and partly aligned with the results from the hydro-
geochemical approach that detected the inuence of synthetic
fertilizers only on individual sampling sites (e.g., P-7). This is
not a surprise given that nitrate concentrations represent the
result of mixing of individual nitrate pollution sources, which
makes it difficult to disentangle by using only hydro-
geochemical parameters. The synthetic fertilizers contributed
moderately, with a range of 21 to 27%. Thus, the contributions
of NO3

− sources can be ranked as follows: organic wastes >
synthetic fertilizers > soil.

When the model results are examined in the context of land
use (urban and agricultural areas) and the average values from
the corresponding sampling sites, a clear difference of the
proportional contribution of organic waste between these two
areas becomes apparent, but the presence of synthetic fertil-
izers in both areas is not very different. The average value of the
organic waste in the urban area is 57%, while in the agricultural
area it is 64%.

Regarding seasonal changes, there are noticeable variations
in proportions for groundwater, as well as between groundwater
and surface water (Fig. 8). The highest contributions of soil and
synthetic fertilizers in groundwater were observed in the
summer period (9% and 16%, respectively), while the lowest
were in the spring (5% and 11%, respectively). Conversely, the
proportional contribution of organic wastes is the lowest during
summer (75%) and highest during spring (84%). For surface
water, the model outputs showed a signicant difference
compared to groundwater, but a consistent pattern: soil
contributions ranged from 26 to 30%, synthetic fertilizers
ranged from 32 to 33% and organic wastes ranged from 38 to
41%. Such a signicant difference compared to groundwater is
attributed to the fact that only three values per season were
available for Sava River water.

The results of the uncertainty analysis, i.e., the plots of the
cumulative frequency distribution vs. the proportional contri-
bution, of source apportionment per site are given in Fig. S1.†
When all sites were considered, the average UI90 index per
nitrate source followed the order: organic wastes (0.71) > NH4

+

in synthetic fertilizers and rain (0.63) > soil (0.36). Overall, the
uncertainty analysis of the simmr model showed UI90 values
comparable with those calculated in other case studies (e.g., ref.
24). However, the higher uncertainty in the rst sources
(organic wastes and NH4

+ in synthetic fertilizers and rain) is
probably due to the fact that their isotopic signatures were
relatively close in terms of d15NNO3

and d18ONO3
. The average

UI90 index per season (Fig. S2A†) was lower for the groundwa-
ters (<0.5) showing the following order: summer (0.40) > winter
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Seasonal variations in the proportional contributions of
different local N sources per water type based on Bayesian isotope
mixing model results. Note: the different local N sources are depicted
in distinct colours; the average proportional contributions are shown
in red; boxplots illustrate the 25th, 50th and 75th percentile; gw stands
for groundwater and sw stands for surface water (Sava River).
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(0.31) > autumn (0.28) > spring (0.18) but higher for the Sava
River (>0.7) for all seasons (Fig. S2B†). This is because the
amount of data for the Sava River used in the model was smaller
(n = 12) than the groundwater (n = 119), which increased the
uncertainty of the analysis for the surface waters.

Overall remarks

To summarize, the physico-chemical and hydrogeochemical
data showed that groundwater and surface water quality is
deteriorated by human activities, primarily due to urban or/and
agricultural inputs. The concentrations of major anions and
cations in the Sava River are lower compared to groundwater.
However, certain sites (Lg-1 and Vg-10/2) contain Na+, SO4

2−

and Cl− concentrations similar to those in the Sava River.
Although these sites have similar concentrations, they are
located furthest from the Sava River, suggesting that their
primary recharge source may differ.

The statistical analysis revealed signicant spatial differ-
ences in nitrate content, as well as strong correlations between
NO3

− and various ions, suggesting multiple contamination
sources.

Furthermore, the nitrate isotopic composition indicated that
NO3

− contamination of groundwater and the Sava River during
the study period mainly originated from three distinct nitrate
sources: soil NH4

+, NH4
+ in fertilizers and manure/septic waste.

This is especially important because previous research32 indi-
cated that the nitrate isotopic composition suggested that
nitrates originated solely from manure and wastewater sources.
This was unusual due to the presence of a large proportion of
agricultural areas, particularly on the right bank of the Sava
River. The sites Čp-23, Lg-1, P-3, P-7, Vg-5/2 and the Sava River
This journal is © The Royal Society of Chemistry 2025
had d15NNO3
and d18ONO3

values which indicated contamination
from NH4

+ based fertilizers, soil and manure/septic wastes,
while the data from the other four locations (Vg-1, Vg-10/2, Vg-4
and Vg-6) had typical values that indicated contamination from
soil and manure/septic waste. Furthermore, the d15NNO3

and
d18ONO3

values from Lg-4 suggested contamination solely from
manure and septic waste, as indicated by d15NNO3

values higher
than 9%. The statistical analyses conrmed signicant varia-
tions in d15NNO3

and d18ONO3
across groundwater samples from

different locations (p < 0.05).
The results of the Bayesian model agree with ndings from

a previous study32 which stated that nitrate origin in the Zagreb
aquifer area is predominantly organic. However, ndings from
this research for the rst time cannot exclude synthetic fertil-
izers as the N source and possible cause of elevated NO3

−

concentrations. Given that synthetic fertilizers could not be
identied as a potential nitrogen source at each sampling site
using the hydrogeochemistry and d15NNO3

vs. d18ONO3
bivariate

plot, the mixing model results suggest that the biogeochemical
process, most likely nitrication, masked the nitrogen isotopic
signature typically associated with synthetic fertilizers and
indicated the importance of employing multi-method
approaches for more accurate N source identication.

Our results showed that separate usage of each method
cannot give a clear understanding. In dynamic systems such as
unconned aquifers, where there are various sources of
contamination, it is necessary to use and combine numerous
types of data and methods, as well as perceive results from
different aspects, if more reliable conclusions about nitrate
origin and processes that affect them need to be achieved.

Additionally, it was not possible to consider other aspects,
such as the inherent delay of N transport through the unsatu-
rated and saturated zone,83 in this work. This means that nitrate
ions in groundwater may still be present even aer years of the
reduction or cease of fertilization rates.84 This delay in the
transport of water and nutrients in groundwater highly depends
on the local hydraulic properties and heterogeneity of the
unsaturated zone and the rates of biogeochemical processes.85

Conclusions

This study presents a comprehensive integration of physico-
chemical and hydrogeochemical data, isotopic analysis, statis-
tical correlations and mixing models to elucidate the complex
sources and processes affecting NO3

− contamination in
groundwater of an unconned aquifer. The use of a combina-
tion of water stable isotopes alongside stable isotopes from
NO3

− dissolved in water, provides a unique way of identifying
both natural and anthropogenic inuences on groundwater
quality, particularly in relation to agricultural and wastewater
inputs. With respect to the main objectives of this research, the
following can be concluded:

(1) A nitrous oxide isotopic analyser and the titanium(III)
reduction method present a reliable combination for the deter-
mination of d15N and d18O from nitrate. It was shown that the
results can vary based on the target N2O gas concentration inside
the analyser, reagent-to-sample ratio during sample preparation
Environ. Sci.: Processes Impacts, 2025, 27, 154–171 | 167
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and reaction time. N2O concentrations ranging from 7 to 11 ppm
N2O, 1 : 20 Ti(III) reagent-to-sample ratio and maximum 72-h
reaction are found to generate the most stable isotopic values.

(2) The origin of nitrate in the research area is mainly related
to the organic sources and the process of nitrication prevails in
the most observed locations. Additionally, for the rst time, the
isotopic composition of local nitrate sources has been deter-
mined, which showed that the contribution from soil and
synthetic fertilizer exists and varies from both a spatial and
temporal point of view. From this perspective, a more detailed
inspection of NO3

− sources in future research must be per-
formed in the study area with a focus on the evaluation of the
isotopic composition of synthetic fertilizers, especially those
which contain both ammonium and nitrate nitrogen in their
formula. It must be noted that determination of the isotopic
composition of NO3

− sources is a crucial part from an inter-
pretation point of view because it shows the range and vari-
ability of N which is introduced into the investigated system.
The results of this research also showed that it is extremely
important to monitor isotopic values in the soil horizons,
especially in the deepest one, in order to get information about
dominant nitrogen species which can enter the aquifer.

(3) Multitude of analysis is necessary when determination of
nitrate origin and related processes presents the main subject
of the research. Although correlation analysis was found to be
useful in numerous previous research studies, in the areas
where NO3

− concentrations are the consequence of different
sources it must be considered with great caution. Even though
they can be indicative and helpful within the interpretation
procedure, their usage without the isotopic composition should
be avoided. Similar insights can be obtained from the hydro-
geochemical data when observing ion ratios, but again not
unambiguous. The initial insight into the nitrate isotopic
composition clearly suggested that most of the nitrate concen-
trations were associated with manure and organic waste, which
turned out to be correct, but at the same time did not recognize
the inuence of synthetic fertilizer. This is probably associated
with the process of nitrication, which masked the nitrogen
isotopic signature typically associated with synthetic fertilizers.

(4) The Sava River is the main source of recharge of the
Zagreb aquifer, but the results also show that in the southern
part of the aquifer groundwater ows from the south-western
part of the aquifer and is recharged from the surrounding hills.

The signicance of this work is underlined by its ability to
distinguish between different sources of contamination and
processes such as nitrication and denitrication in a specic
hydrogeological context. This approach not only advances the
understanding of nitrate dynamics in groundwater but also
provides valuable insights for the management and protection
of water resources in regions facing similar environmental
challenges.
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33 J. Velić and G. Durn, Alternating Lacustrine-Marsh
Sedimentation and Subaerial Exposure Phases during
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