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ABSTRACT
Nitrate stable isotopes provide information about nitrate
contamination and cycling by microbial processes. The Fischa-
Dagnitz (Austria) spring and river system in the agricultural
catchment of the Vienna basin shows minor annual variance in
nitrate concentrations. We measured nitrate isotopes (δ15N, δ18O)
in the source spring and river up to the confluence with the
Danube River (2019–2020) with chemical and water isotopes to
assess mixing and nitrate transformation processes. The Fischa-
Dagnitz spring showed almost stable nitrate concentration (3.3 ±
1.0 mg/l as NO3

–-N) year-round but surprisingly variable δ15N,
δ18O-NO3

– values ranging from +5.5 to +11.1‰ and from +0.5 to
+8.1‰, respectively. The higher nitrate isotope values in summer
were attributed to release of older denitrified water from the
spring whose isotope signal was dampened downstream by
mixing. A mixing model suggested denitrified groundwater
contributed > 50 % of spring discharge at baseflow conditions.
The isotopic composition of NO3

– in the gaining streams was
partly controlled by nitrification during autumn and winter
months and assimilation during the growing season resulting in
low and high δ15N-NO3

– values, respectively. NO3
– isotope variation

helped disentangle denitrified groundwater inputs and
biochemical cycling processes despite minor variation of NO3

–

concentration.
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1. Introduction

Nitrate (NO3
–) is one of the most widespread pollutants in rivers and groundwater primarily

due to diffuse and point source inputs from agricultural fertilizers and manures, domestic
or industrial wastewater effluent discharge and increased atmospheric deposition [1–4].
Excess nitrate can result in eutrophication of rivers and lakes and thereby reduce the
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biodiversity and aquatic ecosystem health. Moreover, high concentrations of nitrate pose
risks to human health, e.g. infant methemoglobinemia, human gastric cancer (e.g. [5]),
and as a result the World Health Organization (WHO) and many governments set
quality standards for water resources, management regulations and guidelines for the
use and disposal of water in the consumption sector, including for nitrate [6].

When rainwater infiltrates into the subsurface, it may be stored in the aquifers for many
years, but often groundwater discharges onto the surface via springs or as stream
baseflow. The fate of nitrate in the unsaturated zone above aquifers is controlled by bio-
geochemical oxidation and reduction processes, which control the prevalent nitrogen
species (e.g. NO3

–, NH4
+). In aquifers under aerobic conditions, oxidation of organic

carbon is performed by aerobic bacteria, which use dissolved oxygen for oxidation of
reduced N forms [7]. After dissolved oxygen is consumed anaerobic bacteria use nitrate
as the electron acceptor, resulting in the denitrification of nitrate to N2. As nitrate concen-
trations are lowered, microbial reduction series continue through other electron accep-
tors, like manganese and iron oxides and sulphates. Classical redox reaction sequences
are often found along groundwater flow paths in large aquifers [8], with denitrified
waters observed at greater depth [9]. Denitrification can also occur in the gas-filled unsa-
turated zone if microbial oxygen consumption far exceeds the rate of diffusive oxygen
replenishment from the air to create anoxic soil conditions [10]. Declining NO3

– concen-
trations at depth are generally observed in unsaturated [11] or saturated zones [12–14].
Discrepancies between the expected and simulated NO3

– concentrations in groundwater
recharging from the soil zone are often observed [10], and often have a seasonal pattern
[15]. On the other hand, increasing trends of nitrate concentrations in groundwater are
attributed to stored nitrate in the subsurface and its potential long travel time
(decades) in thick unsaturated zones before reaching the water table [15,16].

Dual isotope analysis of nitrate (δ15N-NO3
– and δ18O-NO3

–) provides a powerful tool to dis-
criminate sources of nitrate in aquatic ecosystems, but their application becomes often com-
plicated due to overlapping and multiple N sources as well as subsequent biogeochemical
processes that alter the source signatures [17–24]. The δ15N-NO3

− values can be linked to dis-
tinctive N sources [25]: (1) ammonium synthetic fertilizers (–10 to +5‰), (2) soil nitrate (+2 to
+9 ‰) and (3) animal and septic waste (0 to +25 ‰). The δ18O-NO3

– values are typically < +
15‰, or between +17 and +25‰when nitrate synthetic fertilizers are present and >+25‰
when nitrogen pollution originates from atmospheric deposition [20,26,27]. In rivers, biogeo-
chemical processes occur at the oxic/anoxic river sediment–water interface, but also at the
interface of water with the suspended particles at the flowing water [28]. River water is typi-
cally aerobic due to rapid gas exchange with the atmosphere and thereby favouring nitrifica-
tion, whereas the subsurface sediments are limited by oxygen flux and become anaerobic,
which favours nitrate removal (e.g. denitrification, anammox and dissimilatory nitrate
reduction to ammonium (DNRA)). Nitrate attenuation in rivers is also possible by assimilation,
namely the acquisition of N in aquatic organisms resulting in isotope fractionation on the NO3

−

substrate yielding a ca. 1:1 change in the δ18O-NO3
–:δ15N-NO3

− [25]. Nitrate in the aquifers is
preferentially processed through a denitrification sequence (NO3

– → N2), resulting in heavy
isotope enrichment of 18O and 15N in the residual substrate, a process that generally
follows a δ18O-NO3

–:δ15N-NO3
− ratio of 1:2 [20]. The reaction chain in the aerobic unsaturated

zone includes ammonification and finally the conversion of ammonium to nitrate (nitrifica-
tion), resulting in relatively lower δ15N-NO3

– values with increasing NO3
–-N concentration [25].
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Denitrification processes in aquifers are widespread, but not universal. Clague et al. [10]
identified nitrate reduction processes in phreatic aquifers close to the water table, indicat-
ing that reduction processes are likely to have started in the unsaturated zone. Wu et al.
[29] showed that low permeability sediments have high nitrate reduction potential
enhancing nitrate denitrification in aquifers. Higher denitrification rates in aquifers are
linked to increasing electron donors for O2 reduction, such as organic carbon and
sulfide deposits (e.g. [30,31]). Groundwater fed rivers often show high nitrate concen-
trations during high flow or under cold season conditions whenmuch of the groundwater
is transmitted rapidly across the riparian zone, and low nitrate concentrations during low
flow conditions when stream discharge is dominated by recharge from the deeper deni-
trified parts of the aquifer [32]. Weitzman et al. [33] showed that variable NO3

– concen-
tration and isotope (δ15N-NO3

– and δ2Η-H2O) values in groundwater are indicators of
mixing, whereas variable NO3

– concentration and δ15N-NO3
– values and constant δ2Η-

H2O values are indicators of denitrification.
In this study, we assessed the source and biogeochemical transformations of nitrate in

a spring-fed stream and catchment crossing an agricultural and partly urbanized land-
scape near Vienna, Austria (Figure 1). We investigated in-stream nitrate transformations
and sources on a seasonal basis, as the stream lost and gained flow from the underlying
phreatic groundwater system. We elucidated sources of nitrate from the slightly nitrate
contaminated source spring and along the river flow path to the confluence with the
Danube River by using δ15N and δ18O of NO3

– and water isotopes (δ18O and δ2Η of
H2O) covering a full hydrological year (2019–2020).

Figure 1. Map of the study area and the sampling sites (Land-uses are from [39]). FS refers to the
Fischa-Dagnitz spring water site, whereas FR1–FR4 to river water sites.
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2. Materials and methods

2.1. Study area

The Fischa-Dagnitz spring and catchment are located ∼35 km south of Vienna, Austria,
and belong to the southernmost part of the Vienna basin, including the Mitterndorfer
depression aquifer (Figure 1). The Mitterndorfer depression aquifer is south of the
Danube River and is composed by sequences of coarse and fine late Quaternary alluvial
sediments [34,35]. The surficial sediments have an average thickness of 175m and host
one of the largest groundwater reservoirs in Europe. The aquifer is mostly recharged
(75 %) from the Alpine region through the fractured karst aquifer of Northern Calcareous
Alps west and below the Vienna basin, and ca. 25 % from local precipitation (600 mm/a)
[36,37]. The Fischa-Dagnitz system has three distinctive source springs located within 200
m from each other, forming from their discharge a first-order stream. Over the first kilo-
metre, the Fischa River is fed by upwelling groundwater before it confluences with the
Neue Fischa Pottendorf tributary. After ∼10 km the river confluences with the Piesting
River and eventually merges with the Danube River at Fischamend.

The spring water system is mainly recharged from the Schwarza and Pitten River by
infiltrating into gravel deposits ca. 20 km away from the Fischa springs, and less from pre-
cipitation and irrigation return flow [38]. However, an additional contribution of much
older groundwater from the Alpine karst was previously identified [37]. Groundwater
dating with tritium shows that around 20 % of the water is very young (≤3–4 years
old) and 80 % is mixed with older water (>20 years old) [36]. Stream discharge rate
rises rapidly from ca. 54 l/s at Fischa-Dagnitz springs (FS) to ca. 679 l/s at the Grossmittler
Road bridge located ca. 1900 m downstream. Land use in the catchment is mainly agricul-
tural (∼55 %), forest (∼27 %) and urban (∼18 %) [39]. Nitrate (NO3

−) concentrations in the
Fischa springs area are generally low (on average ∼3.7 mg/L as NO3

–-N, at about 1800m
downstream of spring waters, close to the town of Haschendorf), below the threshold
set by WHO (11.3 mg/l as NO3

–-N, [6]) and with a decreasing trend over the years [40].

2.2. Sampling and analysis

Five sites (Figure 1) were selected for physical–chemical parameters and stable isotopes
on a monthly basis from September 2019 to November 2020. All five sites were collected
within one day in every campaign. In total, 61 water samples were collected over one year.
The FS sampling site was the Fischa-Dagnitz spring where groundwater discharges to
form a stream, whereas the rest of the sites were river water sampling sites (FR1–FR4)
up to the confluence with the Danube River at Fischamend. In situ parameters recorded
were temperature, pH and electrical conductivity measured by means of a HACH multi-
meter instrument. River water discharge (in m3/s) data at Fischamend was obtained
from MA31 Wiener Wasser.

Water samples for chemical and stable isotope analyses were field filtered through
0.45 μm filters and stored cold in 50mL HDPE bottles and transported to the laboratory.
Nitrate isotope samples were stored frozen to avoid biodegradation until isotope analysis.
All samples were analysed for their N chemical composition within a few days of collec-
tion. Nitrate, nitrite and ammonium content analysis followed the standard methods
4500-NH3 G APHA [41] using a discrete analyzer (AQ1, Seal Analytical, Germany) and
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an ion chromatography system. Nitrate, nitrite and ammonium concentrations were
reported in mg/l as NO3

–-N, NO2
–-N and NH4

+-N. For nitrate 15N and 18O isotopes,
samples were analysed in the IAEA Isotope Hydrology Laboratory by using the Ti(III)
reduction method [42], which directly converts aqueous nitrate to N2O headspace gas
in septum capped vials. The N2O in the headspace was measured for 15N/14N and
18O/16O ratios using a CF-IRMS (Isoprime-100 Trace Gas Analyser, Elementar, UK). None
of the samples had NO2

– concentrations above the instrumental detection limit (0.01
mg/l-N), and hence no correction for nitrite in the Ti(III) reduction method was required.
Water isotope analysis (18O-H2O,

2Η-Η2Ο) was conducted on the same water samples that
were used for nitrate isotope analysis by laser spectroscopy at the IAEA using a Los Gatos
Research liquid-water isotope analyzer (TLWIA-912).

The stable isotope ratios were expressed in delta (δ) and per mil (‰) notation relative
to an international standard [43]:

d(‰) = Rsample

Rreference
− 1

( )
× 1000, (1)

where Rsample and Rreference are the ratios of 15N/14N, 18O/16O, 2H/1H in a sample and the
international reference, respectively. Atmospheric N2 was the isotopic reference for nitro-
gen and the Vienna Standard Mean Ocean Water (VSMOW) for oxygen (of NO3

– and H2O)
and hydrogen. Analytical uncertainties were ± 0.5 ‰ for δ15N-NO3

– and δ18O-NO3
–, and ±

0.1 ‰ and ± 0.4‰ for δ18O and δ2H, respectively.

2.3. Hydrological data

Rainfall data for the same sampling period (September 2019–November 2020) was
obtained from the Wiener Neustadt meteorological station (Lat: 47.83°, Long: 16.21°,
Elevation 285m.a.s.l.) at a distance of ∼5 km SW of the FS site. Given that daily precipi-
tation data were available, the precipitation amount for each month was calculated for
a period of 2 weeks before the sampling date. Groundwater levels for the same period
of sampling were obtained from the Haschendorf Blt 379 (Fischa) borehole (Lat:
47.906°, Long: 16.292°, Elevation 253.2 m.a.s.l., [44]) located at a distance of ∼800 m
north of Fischa-Dagnitz springs. Nitrogen loadings (kg/d) at Fischamend were calculated
based on the following equation:

Nitrogen loadings(kg/d) = N-compound(mg/L)× Discharge(m3/s)× 1.44 (2)

Given that most measured NO2
–-N and NH4

+-N values were below instrumental detection
limits, only NO3

–-N concentration was used for the calculation of the nitrogen loadings.

2.4. Isotope data processing and modelling

2.4.1. Biogeochemical processes
The 15N isotopic enrichment factor (ε) for denitrification is defined as [43]:

1 = (a–1)1000, (3)

where α = RN2/RNO3, RN2 is the isotope ratio of the reaction product (N2), and RNO3 is the
isotope ratio of the reaction substrate (residual NO3

–). The Rayleigh equation describes the
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evolution of the isotopic composition of the residual NO3
– where the products are

removed from chemical or isotope equilibrium with the reactant. A simplified version
of the Rayleigh equation is [43]:

d � do + 1 ln (f ), (4)

where δ is the isotopic composition of the substrate, δο is the initial isotopic composition
of the substrate, ε is the enrichment factor and f is the remaining fraction of the substrate.

Denitrification percentages ( f) were estimated using an average isotope fractionation
of ε15ΝΟ3-Ν2 = 15‰ [45] and a ε18ΝΟ3-Ν2 / ε

15
ΝΟ3-Ν2 ratio of 0.7 [20]. We considered a δ15N-NO3

–

value of +5‰, as the original nitrate source that could be related to soil organic matter in
temperate climates [46] or to NH4

+ synthetic fertilizers with the highest δ15N-NO3
– values

reported [20,47] and randomly three δ18O-NO3
– values within the range of measured

values in FS site (between −1.0 and +4.0 ‰) [20,48].
The influence of 18O in water and molecular O2 on the 18O of NO3

– produced during
nitrification was described using an isotope mass balance [20]:

d18O-NO−
3 = 2/3 d18O-H2O + 1/3 d18O-O2, (5)

where δ18O of O2 was assumed to be in equilibrium with air (+24.2 ‰) [49].

2.4.2. Modelling
To reduce the influence of variability of liquid water isotopes, the δ18O-NO3

– values were
normalized to in situ δ18O-H2O for the application of an isotope mixing model only for FS
site, as follows [50]:

d18O-NO−
3 normalised = d18O-NO−

3 + 1

d18O-H2O+ 1
− 1 (6)

A two end-member mixing model was applied using a mass balance equation:

d15Nsw · d18Osw(normalised) = f1(d
15Nsoil · d18O(soil)normalised)+ f2(d

15Nbc

· d18O(bc)normalised) (7)

The mole fraction f1 refers to soil contribution. Considering that f1 + f2 = 1, the mole
fraction f2 of baseflow (denitrified) water was calculated by:

f2 = d15Nsoil × d18O(soil)norm − d15Nsw × d18O(sw)norm

d15Nsoil × d18O(soil)norm − d15Nbc × d18O(bc)norm
(8)

The δ15Νbc and δ18Ο(bc)norm refer to the nitrate isotope values in August baseflow con-
ditions (bc), the δ15Νsoil and δ18Ο(soil)norm refer to the nitrate isotope values in May
(when δ15N-NO3

– was close to a soil value of +5 ‰) and the δ15Νsw and δ18Ο(sw)norm

refer to the nitrate isotope values of the spring water (sw) in all other months. We did
not consider the δ18O and δ15Ν of NO3

– in rain, given that precipitation nitrogen is
cycled quickly in contact with soil surface and subsurface [25]. The uncertainty in the cal-
culation of f2 was determined by trying the δ15Νsoil values of +2‰ and +9‰, which cor-
respond to the minimum and maximum δ15N-NO3

– soil values [25], and the analytical
uncertainty of ±0.5 ‰ in the δ15Νbc value.
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A least-square linear regression model was applied to investigate relationships
between variables. All linear regression models were evaluated by examining the good-
ness of fit and the significance of the slopes. A conventional probability value (p-value)
of 0.05 was used to indicate significance. All statistical tests were done using R v.3.3.270.

3. Results

3.1. Physical–chemical, isotopic (δ18O and δ2H of H2O) and hydrological
parameters

3.1.1. Physical–chemical results
The EC values ranged between 328 and 550 μS/cm, with an average value of ∼450 μS/cm.
Water temperature and pH averaged ∼15 °C and ∼8 pH units, respectively, with the
highest pH and water temperature values recorded in autumn and summer months,
respectively (Table S1, Figure S1). Nitrate concentration values in spring and river
waters ranged between 0.6 and 3.7 mg/L of NO3

–-N with a minimum concentration in
August (Table S1, Figure S2). The average nitrate concentration at the FS site during
the observational period was 3.3 mg/l of NO3

–-N, with a difference of only 1 mg/l
between maximum and minimum value over the year (Figure 2). A minimum value of
2.7 mg/l NO3

–-N was recorded under baseflow conditions in August. Similar nitrate con-
centration values were recorded at the FR1 site, with an average of 3.2 mg/l of NO3

–-N
and a difference of 1.6 mg/l of NO3

–-N between the minimum and maximum value
(Table S1). The average nitrate concentration at all other sites (FR2–FR4) ranged
between 1.3 mg/l of NO3

–-N at the FR3 site and 2.4 mg/l of NO3
–-N at the FR4 site (Table

S1, Figure 3). Ammonium (NH4
+) exhibited values below detection limit for most sites.

3.1.2. Water isotopes (δ18O and δ2H of H2O)
The δ18Ο-H2O values at FS site were stable (ranging from –10.5 to –10.2 ‰) throughout
the year, with slightly higher values in summer and lowest in winter (–10.9‰ in January).
A similar δ18Ο-H2O minimum in January was recorded at the FR1 and FR2 sampling sites
(Figures 2 and 3). Similarly, the δ18Ο-H2O values were stable at the FR3 (between –10.5
and –10.3 ‰) and FR4 (between −10.4 and –10.3 ‰) sites, with the lowest peaks
recorded in winter and the highest in summer (Figure 3). The water isotopic compositions
were plotted against the Global and the Vienna Meteoric Water Lines (Figure 4) and com-
pared to the long-term weighted water isotope values of precipitation in Vienna [51–53].
We obtained precipitation isotope data for Vienna from the IAEA-GNIP database (www.
iaea.org/water).

3.1.3. Hydrological results
The groundwater table at the Haschendorf borehole located near the FS sampling site
showed a decreasing trend into summer and an increasing in winter. However, although
precipitation amount values > 40mm were recorded in summer, groundwater levels did
not respond and stayed low in August despite two periods of intense precipitation
throughout June and July. The groundwater level started to rise in September and con-
tinued to rise till November, despite the low precipitation during that month (Figure 2).
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Discharge at the FR4 site showed relatively low values (4.2–4.5 m3/s) during July–
August (Figure S3), with the lowest total N loadings (11.0 kg/d) and highest EC values
(550 μS/cm) recorded in August. The lowest discharge value (3.8 m3/s) was in May
2020, with relatively low total N loading (15.8 kg/d) and high EC (542 μS/cm) values.

3.2. Nitrate isotopes (δ15N, δ18O of NO3
–)

3.2.1. Temporal variation
Considering the overall temporal evolution of the isotope variables of all sites together,
the nitrate isotope values showed greater variation (range: 9.1 ‰) compared to NO3

–-N

Figure 2. Temporal variation of isotope and nitrate variables at Fischa-Dagnitz spring water site (FS),
the water level at Haschendorf borehole and the precipitation amount (2 weeks prior to sampling
date) at Wiener Neustadt meteorological station. Grey shaded area indicates the range of values
and the red striped line the δ15N-NO3

– threshold of +9‰, above which organic pollution is the domi-
nant nitrate source [20].
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concentrations (range: 3.1 mg/L) (Figure S2). Nitrate isotopes showed no significant sea-
sonal variation (not shown here) but averaged highest in August and lowest values in May
and February.

The isotopic composition of nitrate at the FS sampling site, however, exhibited a sig-
nificant isotope variability on a seasonal basis, with the highest δ15Ν and δ18Ο values
in summer and particularly in August (+11.1 and +8.1 ‰, respectively) and the lowest
values in January and May (+5.5 to +6.2 ‰ and ∼+0.5 ‰, respectively) (Figure 2).

Figure 3. Temporal variation of isotope and nitrate concentration variables at the sampling sites.
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Contrary to the negligible variability of nitrate concentrations over this monitoring period,
the δ15N-NO3

– and δ18Ο-NO3
– values exhibited a high variability of +5.5 and +7.6 ‰,

respectively.
The FR1 site is a gaining stream located ∼350m downstream of FS site. The temporal

variation of NO3
– concentration and nitrate isotope values was similar to FS water site, with

high, but lower than the spring water, peaks of δ15Ν and δ18Ο of NO3
– in August (Figure 3).

A high δ18Ο-NO3
– peak was observed in March.

A δ15N-NO3
– peak of August at the FS and FR1 sites was detected but dampened at the

FR2 and FR4 sites during low discharge and N loading conditions. At the FR3 site, δ15N-
NO3

– values peaked in August and September (Figure 3). These patterns became clearer
when examining the relationships during baseflow period (August–September, Figure
S4). The FR4 site peaked highest δ15N-NO3

– value (+13.1 ‰) in December and higher
δ15N-NO3

– value (+9.2 ‰) compared to the upstream sites and the Danube at Hainburg
site [54] in July (Figure S5).

3.2.2. Spatial variation
Regardless of the season, the chemical and isotopic composition from the Fischa-Dagnitz
area (FS1 and FR1) showed higher average NO3

–-N concentration and lower average δ15N-
NO3

– and δ18Ο-NO3
– values compared to downstream sites (FR3–FR5) (Figure 5). The FR3

site belongs to a tributary of Fischa stream, mainly recharged in the Piesting area,
which exhibited the lowest average NO3

–-N concentration and the highest average
δ15N-NO3

– and δ18Ο-NO3
– values. The FR4 site showed similar average value of NO3

–-N con-
centration and δ15N, δ18Ο-NO3

– with FR2 after the confluence with FR3.

Figure 4. Plot of δ18Ο-H2O vs δ2H-H2O. GMWL is after [51]. VMWL is after [52]. The data for the cal-
culation of the long-term weighted values was taken from IAEA/WMO GNIP [53].
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3.2.3. Origin of nitrate
All samples from sites FR1–FR4 plotted within the overlapping source ranges of soil and
anthropogenic wastes/manure fields, apart from some samples from the tributary (FR3)
and the Fischamend (FR4) that plotted within the anthropogenic wastes or manure
field (Figure 6). All samples of the FS site plotted within the overlapping ranges of soil
and anthropogenic wastes/manure fields, apart from the August, October and November
samples, which showed a clear anthropogenic organic origin (δ15N-NO3

– > + 9 ‰). The
samples of the FR1 site were plotted within the overlapping ranges of soil and anthropo-
genic wastes/manure fields.

3.2.4. Correlations and biogeochemical and mixing processes
A positive correlation between δ15N-NO3

– and δ18Ο-NO3
– values (R2 = 0.91, p < 0.05) at the

FS site had a slope of ∼1.4, whereas the relationship between δ15Ν and NO3
–-N values was

significantly negative with R2 = 0.73 (Figures 6 and 7). The FR1 site showed a positive cor-
relation (R2 = 0.73) between δ15N-NO3

– and δ18Ο-NO3
– values with a slope of ∼1.1

(Figure 6), and a significant but weaker (p < 0.05, R2 = 0.35) negative correlation of
δ15N-NO3

– with NO3
–-Ν concentration compared to the spring water site (Figure 7). The

Figure 5. Spatial evolution of chemical and isotopic variables from the Fischa-Dagnitz spring water
site (FS) till Fischamend area (FR4).
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FR3 site showed a significant positive correlation (p < 0.05, R2 = 0.67) between δ15N-NO3
–

and δ18Ο-NO3
– with a slope of ∼1.1, which became more significant when the growing

period between May and September was examined. The FR2 and FR4 sites showed signifi-
cant positive correlation (p < 0.05) between δ15N-NO3

– and δ18Ο-NO3
– values, particularly

during the growing season with slopes >1.5. Only FR1 and FR3 river sites showed a sig-
nificant (p < 0.05) and negative correlation between δ15N-NO3

– and NO3
–-Ν values

(Figure 7).
Spring and stream water samples showed variable deviations from a nitrification line

(Figure 8). In particular, the samples of the FS site were close to the nitrification line
during January and February, whereas for other sites the deviation from the line was
lowest during the autumn and winter months. The highest positive deviations from the
nitrification line were observed in August and September. Stream waters of May (for
FR2 and FR4 sites) and October (for FR3 site) showed the highest negative deviations
from the nitrification line.

A denitrification model for the FS site showed that samples have undergone differen-
tial denitrification as expressed by the NO3

– residual value ( f2) with the highest NO3
–

residual value ( f2 = 0.68) observed during August (Figure 9). The results of the mixing
model showed that baseflow contribution was variable throughout the year, with the
highest contribution (∼53 %) during summer and the lowest during winter (∼7 %)
(Figure 10).

Figure 6. Bivariate δ15Ν-ΝΟ3
– vs δ18Ο-ΝΟ3

– plot of the sampling sites. Nitrate source ranges are after
[25].
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4. Discussion

4.1. Overall patterns

The temporal evolution of the NO3
–-Ν concentration at all monitoring sites showed very

little variation, which could be interpreted as a steady-state nitrate source contribution
throughout the year, yet the considerable range in nitrate isotopes revealed variable bio-
geochemical processes. These processes probably mask the original nitrate sources,
which is a mixture of soil, anthropogenic wastes/manure and fertilizers. The overall
high δ18Ο-NO3

– peaks in March, August and September were attributed to a stronger pre-
cipitation signal and/or respiration processes in the unsaturated zone and the ecosystems
[55]. On the other hand, the relatively low δ18Ο-NO3

– peaks of January, February, May and
October were due to nitrification and/or increased photosynthetic processes in the
streams, as evidenced by the small deviation from the nitrification line [55]. The δ18Ο-
NO3

– peaks of January coincided with low δ18Ο-H2O, which could indicate a mixing of
older Alpine source waters (of high d-excess) and basin precipitation. Full equilibration
or O-isotope exchange of NO2

– with H2O before being oxidized to NO3
– in soils and

rapid redox cycling between NO3
– and NO2

– can also potentially increase δ18Ο-NO3
–

values [56–58].
The isotope contents of the Fischa-Dagnitz system (∼ –10.5 ‰ for δ18Ο-H2O and ∼ –

74 ‰ for δ2H-H2O) were on average depleted by ∼0.8 ‰ compared to the long term

Figure 7. Bivariate δ15Ν-ΝΟ3
– vs NO3

–-Ν plot of the sampling sites.
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δ18Ο-H2O value for the Vienna GNIP station (–9.6 ‰), reflecting the importance of
recharge sources located at higher elevation. This isotopically depleted signal is slightly
modified (Figure 4) towards more enriched values along the stream until the confluence
with the Danube River, reflecting the importance of groundwater discharge in the system.

4.2. Fischa-Dagnitz springs area – FS and FR1

Despite the low variability of nitrate concentrations throughout the year, the δ15N-NO3
–

and δ18Ο-NO3
– values at FS site exhibited a high spatiotemporal variability well beyond

measurement uncertainties. The nitrate isotope data showed that nitrate contamination
was attributable to soil and anthropogenic wastes/manure fields. However, considering
the main land-uses in the area and given that manure is not applied, it seems unlikely
that the high nitrate isotope values especially in August can be attributed to manure
or to anthropogenic waste sources. On the contrary, mineral synthetic fertilizers have
been applied in the basin for many years. However, their isotopic signal was impossible
to detect due to nitrogen recycling after its initial fixation from N2 (either biological or
Haber–Bosch), as biogeochemical processes bring reactive N in the plant–soil–water con-
tinuum of the unsaturated zone with a 15N value of ∼0‰ [59]. Thus, mineral fertilizers and

Figure 8. Deviation of observed δ18Ο-NO3
– values from the theoretical δ18Ο-NO3

– values for nitrification
considering 2:1 for water:oxygen contribution from FS till FR4 site.
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Figure 9. Denitrification model for the FS site for different starting points. The numbers along the
denitrification line refer to the residual NO3

– (f).

Figure 10. Baseflow contribution at the FS site. The error bars represent the uncertainty.
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soil N sources are likely responsible for the nitrate isotope values; however, given that the
samples at the FS site gave a positive time trend line, it is possible that biogeochemical
processes have altered the initial isotopic signal. The nitrate concentrations at the FS
site were almost constant and slightly above the nitrate expected from natural soil [60],
which could be related to the long-term application of fertilizers migrating through the
unsaturated zone [33].

Given that deeper groundwaters may undergo denitrification due to the reduced
oxygen levels [7], the significant negative correlation between δ15Ν-NO3

– and NO3
–-N con-

centration values at the FS site affirmed the influence of denitrification. However, the cor-
relation between δ15N-NO3

– and δ18Ο-NO3
– values showed a much higher δ15N-NO3

–:δ18Ο-
NO3

– ratio (>1.0) than the typical ratio (0.5–0.7) [20] expected for denitrification. A δ15N-
NO3

–:δ18Ο-NO3
– ratio of 1.0 for denitrification has been detected experimentally but not

in real freshwater systems [57]. Thus, this trend line is likely a result of mixing between
aquifer water of different depths and denitrification ranging from 0.9–0.68 of residual
NO3

–. This implies that the older the groundwater, the more denitrified this groundwater
discharged through the spring is. This pattern was supported by the highest δ15Ν and
δ18Ο values of NO3

– and the lowest NO3
– concentration of baseflow conditions in August

2020. The lowest groundwater levels recorded at the Haschendorf borehole supported
the reduced recharge of the springs from precipitation for this period of the year.
However, given that the FS site is partly fed by the Schwarza River, N fractionation due
to assimilation prior to river water infiltration should not be excluded and further inves-
tigation is warranted.

A mixing model showed that old groundwater contributes to > 50 % to spring dis-
charge during summer, with an uncertainty of ±∼13 %. The Mean Transit Time models
of Stolp et al. [38] confirm discharge of decades-old groundwater at FS, with Kralik and
Stewart [61] estimating the fraction of old groundwater of ∼75 %, based on tritium
and water isotope data. An increase in the δ15N-NO3

–:δ18Ο-NO3
– ratio due to other

nitrate depletion mechanisms such as DNRA and assimilation of nitrate into microbial
biomass are unlikely to be important in subsurface settings relative to denitrification
[7]. Moreover, when considering precipitation amount in comparison with the ground-
water level, the latter did not respond immediately, requiring two months for the
system to respond. This means that nitrate contamination in the recharge area is not
immediately reflected in the spring discharge.

The FR1 site located 350m downstream of the FS site showed similar average and tem-
poral variation of chemical and isotope species, which confirmed recharge by the spring
waters. The relationship of δ15Ν-ΝΟ3

– with δ18Ο-NO3
⍰⍰ and NO3

–-Ν concentration again
revealed the denitrification pattern, but with lower peaks compared to the FS site, which
indicated that the denitrification signal of groundwater from the springs, although detect-
able, was dampened downstream due to mixing with less or non-denitrified surface waters.

4.3. Downstream of the Fischa-Dagnitz springs area – FR2–FR4

Downstream of the Fischa-Dagnitz springs area the δ15N-NO3
– and δ18Ο-NO3

– values
increased, whereas NO3

– concentration decreased. At the downstream sites, the nitrate
source origin is mostly soil and anthropogenic wastes/manure. However, the correlation
between δ15N-NO3

– and δ18Ο-NO3
– variables showed the influence of biogeochemical
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processes that altered the initial signal. For example, the very high δ15N-NO3
–:δ18Ο-NO3

–

ratios (~1.0) during the growing season were attributable to assimilation processes,
namely the uptake of NO3

– by aquatic organisms, and less to DNRA and anaerobic
ammonium oxidation (anammox), given the latter are mostly linked to estuarial settings
[20]. However, the F3 site receives a considerable proportion of groundwater from Alpine
karst area, so the possibility of influence from old denitrified waters cannot be fully
discounted [36,38]. The FR2 site lies after the confluence with a river tributary (FR3
site), which means that the increasing and decreasing trends for δ15N-NO3

– and NO3
– con-

centration values, respectively, compared to FS and FR1 sites were partly attributed to
mixing with this tributary. The FR4 site showed higher δ15N-NO3

– and NO3
– concentration

values and higher compared to the FR2 site, which was attributed to increased influence
of nitrate sources with higher isotope values (e.g. organic pollution); however, the con-
centration of NO3

–-Ν remained lower compared to FS site due to mixing. The high
δ15N-NO3

– values of July and August at the FR4 site coincided with low discharge and
total N loading values, which were attributed to enhanced assimilation and/or denitrifica-
tion signal under baseflow conditions (as evidenced by high EC values), but the signal was
dampened in the Danube River, due to mixing with less NO3

–-contaminated water. The
highest δ15N-NO3

– values of December coincided with low discharge and total N
loading values, which could be attributed to release of denitrified groundwater due to
low precipitation amount recorded.

5. Conclusions

In summary, stable NO3
−-N concentrations in Fischa-Dagnitz spring waters and streams are

associated with highly variable δ15Ν and δ18Ο-NO3
– values throughout the year. Although

the long-term application of fertilizers in the catchment is the predominant source of
nitrate in the spring waters, the δ15Ν and δ18Ο-NO3

– values shifted towards much
higher values due to denitrification, as confirmed by the δ15N-NO3

– versus NO3
– relation-

ship. However, δ15N-NO3
–:δ18Ο-NO3

– ratios in the spring waters showed higher slopes
(>1.0) than a dentification line, revealing the release of older denitrified water from the
springs during low flow conditions. An isotope mixing model showed denitrified
waters are contributing during baseflow conditions, providing ∼53 % during summer
and ∼7 % during winter to the spring discharge and gaining streams. The δ15N-NO3

–:
δ18Ο-NO3

– ratio of ∼1 downstream of the springs was attributed to microbial assimilation
of NO3

– during the growing season and responsible for higher δ15Ν and δ18Ο-NO3
– and

lower NO3
– values observed in the gaining streams towards the confluence with the

Danube River. Our study showed that nitrate isotopes can reveal ‘hidden’ biogeochemical
and mixing processes that cannot be easily distinguished using chemical indicators and
suggests the use of nitrate isotopes coupled with groundwater dating tools to provide
another means to discriminate old groundwater components in gaining streams.
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