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Abstract

Isotopic signatures of 8D-H,0, §'80-H,0, §'°N-NO;~, §'%0-NO; ™ and 8"’ N, jier iS0topes were used in order to evalu-
ate the impact of agricultural inputs (fertilizers and calcium nitrate) and sewage effluents on the water of tributaries of the
Faxinal Dam, which supply the city of Caxias do Sul in Southern Brazil. 8*H and §'80 were identified by spectroscopy
laser absorption tunable diode-type cavity ring-down spectroscopy, while the isotopic ratios of >N and '®0 in nitrate were
determined by isotopic ratio mass spectrometry, applying the chemical denitrification method. The results showed that most
of the analyzed samples are compatible with the Global Meteoric Water Line, Local Meteoric Water Line and Carlos Bar-
bosa Wells and Fountains Tendency Line, except for the Fx-07 sample that presented greater similarity to 8'30 values for
groundwater. The isotopic signatures of §'°N-NO,~ versus 8'30-NO;, in the great majority of the samples, pointed out the
influence and the contribution of the fertilizers. In a monitored affluent, the results show the impact of the direct discharge
of domestic sewage, while in the sewage treatment plant there is clear evidence of denitrification. This study demonstrated
that isotope application of §'°N-NO,~ and 6180-N03_ is efficient tools for identification of N-NO;™ of synthetic fertilizers
and domestic sewage.

Keywords Nitrate - Stable isotopes - Nitrate source - Fertilizers - Domestic sewage

Introduction

The watersheds used for public water supply usually do not
receive adequate planning, control and management to pre-
serve the quality of water resources. Nitrate is a common
contaminant in water sources and in excess can contribute
to the eutrophication of water accumulated in the reservoirs,
and the intake of this water can cause diseases like methe-
moglobinemia and stomach cancer (Gehle 2015). In surface
water used for human supply, nitrate ion concentration val-
ues should not exceed 50 mg L~! to avoid harmful effects on
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human health (WHO 2017), and the Brazil Health Ministry
Ordinance No. 2914 of 2011 indicates a concentration limit
of 10 mg L™! for N-NO,~, in drinking water.

Nitrate may originate from point or diffuse sources, such
as domestic sewage and fertilizers, and may be present at
various concentrations in the environment. The identification
of the origin of NO;™ in small watersheds can be accom-
plished by measuring the variation in '°N and 30 isotopes.
In general, the Cartesian relation between §'°N-NO;~ and
8180-NO3_ leads to typical intervals of the main sources of
nitrate as well as nitrification and denitrification processes.

Several studies conducted to determine the characteris-
tic intervals of 8'°N-NO;~ and §'80-NO;~ were cited by
Kendall et al. (2007) to demonstrate the variation range of
the main sources of nitrate. The variation in the inorganic
fertilizers is represented by 8'°N-4 to + 4% (6: —4 and
+3%o0) and 8'80 of + 17 to +25%o, whereas organic ferti-
lizers present greater intervals, with an amplitude of +2 to
+30%o of 3°N.

Microbiological action responsible for the nitrification
process of fertilizer (NH,*) reflects a range for the 5'%0 of
—5to 4+ 15%¢. Human and animal wastes typically have a
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89N between + 10 and +20%o, whereas in soils without
human influence, 8'°N can range from — 10 to + 15%, being
most often in the +2 to +5%o range.

Lohse et al. (2013) evaluated the nitrification and
denitrification processes by applying the methodology of
8'°N-NO,™~ and 8'80-NO;™ in soil, rainfall and surface
water, and they related it to the terrain topographic varia-
tion. These authors observed that surface runoff and putative
flow alter NO;™ sources from subsurface water, generating
an overlap of values, and that N-chemistry in streams is a
complex integral of the geochemical environment of the
watershed.

In agriculture, some studies of 8'°N-NO;~ and
8'80-NO; ™~ were also conducted to identify N-nitrate from
agricultural land use. For instance, Jin et al. (2012) deter-
mined the source of groundwater nitrate in an area planted
with rice in Huzhou, China. They stated that the isotopes
were definitive and quite relevant in the indication that
N-fertilizer, soil organic matter and manure were the domi-
nant nitrate sources. Still in the underground environment,
Minet et al. (2012) used 8'°N-NO;~ and 8'80-NO; in the
unsaturated zone of the soil to trace different N sources,
showing that it is possible to distinguish contamination from
artificial fertilizers and organic wastes. A study carried out
in an agricultural area by Kelley et al. (2013) identified that
in the vadose zone nitrified NH,* fertilizer is the dominant
source of NO;™ in leached water and that nitrification is
more effective during the low discharge season.

In watersheds with agricultural land use, the 5N and 180
isotopes can be employed to identify the dominant spatial,
temporal and hydrological processes that affect the trans-
ported nitrate. Wexler et al. (2012) studied these processes
in the Wensum watershed (Norfolk, UK) and found that
8'SN-NO,~ and §'30-NO, ™~ are powerful tools in determin-
ing dominant nitrogen cycling processes and their interac-
tions with hydrology in agriculturally impacted watersheds.
This study showed that nitrate sources undergo microbially
mediated nitrogen cycling and nitrification before reaching
catchment waters.

In Brazil, scientific studies with isotopes of >N and '*0
of nitrate are scarce. Monforte (2014) tested the methodol-
ogy for the analysis of isotopic variations of N (’N:!*N)
in NO;~ from natural surface water samples collected in
watersheds of the Federal District and Paranoa Lake (central
region of Brazil). The results of this research demonstrated
that the investigated methodology is adequate to quantify
8'°N-NO," in natural samples with low concentrations of
this ion (<6 mg L™!). There are no scientific works that
deal with the application of §'"N-NO,~ and §'*0-NO;~ to
distinguish sources of nitrate in Brazil’s stream waters.

The aim of this study is to show if there is any influ-
ence of the inputs used in agriculture and the derived
from a wastewater treatment plant (WWTP) in the water
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of the tributaries of the Faxinal Dam, that provide most
public water supply for the city of Caxias do Sul (Bra-
zil), using isotopes of 8D-H,0, §'*0-H,0, §'°N-NO;~,
8180'N03_ and 615NFertilizer‘

Geology and physical aspects of the studied
area

The studied area is near the city of Caxias do Sul, in the
State of Rio Grande do Sul, Southern Brazil. The catch-
ment area of the Faxinal stream supplies 63% of the local
urban population, representing the main source of surface
water (Vargas et al. 2013). It consists of 6679 ha and is
predominantly rural (Fig. 1).

The area investigated sits on the intracratonic basin
of the Parana Province, which contains the Sdo Bento
group, consisting of the sedimentary units of the Guara
and Botucatu formations, and the volcanic package of
the Serra Geral formation which is related to the open-
ing of the South Atlantic Ocean. The tholeiitic volcanic
package is represented by basalts to andesite-basalts in
the bottom sequence and an acidic sequence of rhyolites
to rhyodacites in the upper portion. These comprise two
petrographic types, known as Palmas (aphyric to lightly
microporphyritic) and Chapecé (porphyritic), both form-
ing tabular layers considered as ignimbrites (Roisenberg
and Viero 2000). Both the Palmas and Chapec¢é ignim-
brites contain microphenocrysts and phenocrysts of pla-
gioclase and clinopyroxene, submerged in the groundmass
of intergrowths of micrographic quartz-feldspar, which is
subvitreous in the bottom and top portions of the unit.
Microlites of plagioclase, pyroxenes, amphiboles, and
magnetite also appear in the groundmass.

The Caxias do Sul District region and the Faxinal
watershed are mainly covered by acidic units of the Pal-
mas type, with a total thickness of 300 m, while basalts
and andesite-basalts occur in the lower levels, along the
valleys, and are rarely interbedded with acidic ignimbrites
(Fig. 1). In this region, there are neosols, cambisols, ulti-
sols, oxisols, nitosols and chernosols (Streck 2008), while
regolithic neosols were also identified in the area.

The Caxias do Sul district is contained within the
Guaiba hydrographic region and the Taquari-Antas (G040)
and Cai (G030) watersheds. The climate in the region is
classified as hot temperate, with average annual tempera-
ture of 17.2 °C and average rainfall of 1915 mm per year.
In addition, the months with the highest average historical
rainfall are September (175 mm) and January (150 mm),
while the lowest is May (50 mm), according to INMET
(2014), CEMETRS (2014).
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Fig. 1 Location and geological map of the Faxinal watershed and the city of Caxias do Sul. Datum SIRGAS2000, Central Meridian 51°W

Materials and methods

The land use was characterized in a geographic informa-
tion system (GIS) through the analysis of satellite images,
collected by GeoEye Satellite Imagery. Samples of NPK
fertilizers, calcium nitrate and calcareous rock material,
which are commonly used in crop cultivation, were col-
lected directly from the farms. The catchment area of the
Faxinal basin was subdivided into seven sub-basins, each
one corresponding to a monitoring point (Fx-01 to Fx-07).
The background and sewage treatment station points cor-
respond to Fx-Br and Fx-ETE, respectively.

The collection points were located in tributaries in recti-
linear and distant stretches of backwater area of the dam lake
and in places without human influence in order to determine
background concentrations (Table 1). These points corre-
spond to the outlet of each monitored sub-basin that flows to
the reservoir. The Fx-07 point is located in the tributary that
receives the effluent from the sewage treatment plant, while
the other points are receiving water from agricultural areas.
The water aliquots were sampled on September 2, 2014.

Water samples for *H-H,O and 8'%0-H,0 analysis were
taken using polyethylene bottles, and each sample was sepa-
rated into four volumes, an aliquot of 0.5 ml, two with 1 ml,
and one with 1.5 ml in vials prepared with an atmosphere

Table 1 Location of sampling points and sub-basin area of each point (Datum SIRGAS2000, Central Meridian 51°W)

Point Fx-01 Fx-02 Fx-03 Fx-04 Fx-05 Fx-06 Fx-07 Fx-Br

Lat (S) 29°5"21.7" 29°5'38.6" 29°5'43.6" 29°6'10.2" 29°6"20.5" 29°6'15.1" 29°5'54.6" 29°4'40.5"
Long (W) 51°120.6" 51°1'47.8" 51°2122.4" 51°3'25.9” 51°3'47.2" 51°3'57.3" 51°4'12.4" 50°58'3.1"
Sub-basin area (ha) 2910.71 1206.90 195.65 684.09 282.87 1239.33 159.74 -
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of helium and phosphoric acid. Subsequently, aliquots were
sent to the Stable Isotope Laboratory at the University of
Brasilia (LAIS), Brazil, and analyzed by absorption spec-
troscopy laser tunable diode (EALDS)-type cavity ring-
down spectroscopy, with a Picarro L2120-1 Analyzer. This
equipment showed an associated error of 1%o for 8*H-H,O
and of 0.2%o for SISO-HQO, and the international standard
Vienna Standard Mean Ocean Water (VSMOW) was used.
The samples of the collected fertilizer in agricultural areas
were sent to LAIS for the determination of '°N. The results
were obtained by isotopic ratio mass spectrometry (IRMS),
with a Thermo Scientific DeltaV plus IRMS equipment. The
standard used was atmospheric N, (AIR-N).

The water sampling for the 8'°N and §'%0 analyses was
performed at the end of the runoff event. Polyethylene bot-
tles were used, and the filtration was performed under vac-
uum using regenerated cellulose membrane with 0.45 pm
pore size. Aliquots were stored in 50-ml vials, frozen and
sent to the Environmental Isotope Laboratory, University
of Waterloo, Canada. The isotopic values 8'°N and §'%0
of nitrate were determined by applying the chemical deni-
trification method (Mcllvin and Altabet 2005; Spoelstra
et al. 2014). The equipment used was GVI Isoprime-IRMS
(TG-IRMS). The lower limit for the analysis is 0.5 mg L™!
N-NOj; (mg), samples showed little or no nitrite (NO, <2%
de NO;7), and the chloride concentration was lower than

51°4'55.89"W 51°2'27.99'W

1000 mg L™, It was necessary to quantify the concentrations
of nitrate, nitrite, dissolved organic carbon (DOC) and chlo-
ride present in the samples to perform the analysis of 8N
and 8'30. Duplicate samples and standards within each run
are typically within +0.3%. to 8'°N and +0.8%o to §'%0,
and the standards used for determining the 8'>N and §'30 of
nitrate in the water were AIR-N and VSMOW, respectively.

Results

The land use at the Faxinal watershed is 15% agricultural
use, 0.56% construction, whereas the 84.44% is occupied by
forests and pastures. The main crops identified were garlic,
plums, beets, broccoli, persimmon, carrots, apples, corn,
pears, radishes, cabbage, tomatoes and grapes. The largest
cultivated areas occur in three sub-basins: Fx-01, Fx-02 and
Fx-04. Sub-basin Fx-07 has the highest percentage of built-
up area, with a wastewater treatment plant located near the
urban area (represented by point Fx-ETE), in the eastern
sector of the Faxinal watershed (Fig. 2).

Table 2 shows the § values of deuterium and oxygen iso-
topes in water, nitrogen and oxygen isotopes in the nitrates,
the ratio between §'80-NO;™ and 8'N-NO,~, the average
deuterium excess, dissolved organic carbon (DOC), chlo-
ride and nitrate—N concentrations of the sampled tributaries

51°W 50°57'32"W
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Fig.2 Location map of the sampling points and agricultural use in the Faxinal watershed
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Table 2 Comparison of 8%H, 8'%0, 8N, 5'%0/6"N, N-NO;~, DOC and chloride identified in the Faxinal watershed, samples collected in the

final effluent of the WWTP and of the water tributaries

Point  §°H-H,0 (%0) 8'30-H,0 (%c) d-excess® Chloride DOC (mgL™') N-NO;~ 8N-NO;™ (%) 8'80-NO,~ (%) 8'30/6'°N
(mgL™) (mgL™")
Fx-01  —29.90 -5.13 11.1 3.85 4.67 0.34 7.9 8.8 1.1
Fx-02  —2641 —4.23 7.4 4.55 7.05 0.83 7.6 9.1 1.2
Fx-03  —25.59 —4.60 11.2 49 9.1 0.71 9.0 10.1 1.1
Fx-04  —22.45 -3.79 7.9 4.55 6.07 0.62 8.2 9.8 1.2
Fx-05 —24.12 —471 13.5 42 8.41 0.32 3.9 21.7 5.5
Fx-06  —23.71 —4.65 13.5 49 7.1 0.8 5.0 19.8 3.9
Fx-07 —27.41 —-2.80 -5.0 6.3 7.48 1.06 4.1 42 1.0
Fx-Br  —29.12 -5.07 114 35 13.81 <DL <DL <DL -
Fx-ETE - - - 49.7 17.03 0.51 19.4 7.2 0.4

< DL detection limit
d-excess =8D-8(5'%0) (Dansgaard 1964)

and the WWTP effluent. Due to the low concentration of
nitrate in the background sample (Fx-Br), signal readings
of 81°N-NO,~ and 8'80-NO;~ were below the detection
limit. The analyzed synthetic fertilizers (NPK and calcium
nitrates) showed the following values of 8N (%0): F1 (5.6),
F2 (-0.8), F3 (1.4), F4 (0.0) and F5 (-0.2).

The values of 8*H and 8'0 were plotted graphically with
regard to the Global Meteoric Water Line (GMWL), Local
Meteoric Water Line (LMWL), Carlos Barbosa Meteoric
Line and Carlos Barbosa Wells and Fountains Tendency
Line. The representation of LMWL was based on data from
the station located in the city of Porto Alegre (Southern Bra-
zil) derived from Isotope Global Network Scramble Interna-
tional Atomic Energy Agency/IAEA (IAEA/WMO 2001).
Bortolin (2014), developed the meteorological water line of
Carlos Barbosa town based on the analyses of rainfall 8°H
and 8'80, which varies along the year, with more positive
isotope values during the months with low rainfall and more
negative isotope values during high rainfall months. Carlos
Barbosa town is inserted in the same climatic, geomorpho-
logical and geological context as the Faxinal watershed,
50 km far from each other. The isotopic rates analyzed in
the Faxinal watershed show a distribution around the LMWL
and GMWL, and between the Meteoric Line and line of
tendency (wells and fountains) of Carlos Barbosa. Even
though Fx-07 displaces from other controlled points, it is
still within the variation range of the observed values in the
wells (groundwater) and fountains (water springs), LMWL
and GMWL (Fig. 3).

Dansgaard (1964) determined that the average deuterium
excess (d) is calculated by d=38D-8(5'%0). Table 2 shows
that the d-excess results are between —5.0 <d < 13.5%0 dem-
onstrating that the majority of samples are similar to the local
global standard for meteoric water (+ 10%o). In this study,
the §?°H-H,0 and §'®0-H,0 values of the Carlos Barbosa

town (Bortolin 2014) were used to calculate the d-excess of
rainfall (15 <d <32.3%o), fountains (5.5 <d <23.1%0) and
groundwater (2.5 <d <26.2%o), which were regionalized to
the area of the Faxinal watershed.

Figure 4 shows how the results of the sampled water are
plotted in four different compartments (Kendall et al. 2007)
in the chart of §'SN-NO,~ versus §'30-NO;~. The N and O
isotopic compositions in the analyzed samples showed that
618O-NO3_ values are relatively high in two streams (Fx-05
and Fx-06), while these same samples have low concentra-
tion of 8'°N-N O;~, when compared to the other results plot-
ted in Fig. 4. On the other hand, the Fx-07 sample showed
reduced concentration for both isotopes.

The signatures of §'°N-NO,~ and §'80-NO,~ showed
similar behavior in four samples (Fx-01, Fx-02, Fx-03
and Fx-04) and values less enriched in Fx-07. In other
two aliquots (Fx-05 and Fx-06), there are high levels of
8'%0-NO;~ and lower of §'SN-NO,, whereas Fx-ETE
shows a much higher value of 615N-NO3_ (Fig. 5).

Discussion

The isotopic signatures of §?°H and 8'30 show a distribution
around the LMWL and GMWL, and the deuterium excess is
between 7.4 <d <13.5%o, which shows similarity with the
local global standard for meteoric water (+ 10%o). Also, the
d-excess is inserted in the interval 5.5 <d <23.1%o (surface
fountains) and 2.5 <d <26.2%o (groundwater), but is lower
than the rainfall values 15 <d <32.3%o. According to Bor-
tolin (2014), the 8°H and 8'%0 values of rainfall, surface
fountains and groundwater are statistically similar indicating
that rainfall recharges the shallow aquifers. Fx-07 presented
discrepant d-excess in relation to the other observed val-
ues (—5.0%0), which suggests that there is a contribution
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Fig. 3 Comparative values
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of groundwater through ascending supplies. In addition,
880 value equal to —2.8%0 was observed, demonstrating
a heavier isotopic composition. According to Wood (2001),
isotopically heavy water in 8'30 shows a negative d-excess,
reflecting evaporation of recharge water before infiltration.
The evaporation process that occurs under unbalanced and
fast conditions can result in excess negative deuterium in
water (Dansgaard 1964).

The 8'°N-NO;™ values observed in the samples are situ-
ated between 3.9 and 19.4%o, whereas in the fertilizer 5'°N
ranged from — 0.8 to 5.6%o. In the fertilizer (F1), the §'°N
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value is superimposed with the values of some tributaries of
the catchment, which have the lightest isotopic composition
(Fx-05 and Fx-06). The §'80-NO, ™ isotope is the key deter-
minant for the identification of nitrate sources, especially
when the 8'°N values are not discriminating.

Atmospheric and fertilizers nitrate sources have a
618O—NO3‘ isotopic composition considerably larger
than 615N-NO3_, resulting in a ratio > 1, as demon-
strated by Wexler et al. (2012). In this study, the ratio
8'*0-NO;7/8'°N-NO;™ is well above this threshold in the
samples Fx-05 (5.5) and Fx-06 (3.9), allowing to clearly
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Fig.5 Behavior of 8'>N-NO;~ and 8'80-NO;~ values identified in
the analyzed samples in the Faxinal watershed

identify the synthetic fertilizer contribution (Fig. 3), while
Fx-01 through Fx-04 have values close to 1 (Table 2). This
relationship is even more striking in the case of Fx-ETE,
where it reaches 0.4, and in the case of Fx-07 point, which
is influenced by the WWTP effluent and coincides with the
limit (1.0).

The relationship between nitrate concentration (mg L")
with 8'°N and 8'80 can be decisive in the interpretation
of nitrification and denitrification processes in small water-
sheds. An increase in the concentration of NO;~ and a
decrease in 8'°N suggest the influence of nitrification pro-
cesses, whereas the reverse situation is interpreted as result-
ing from the denitrification (Cummings 2015). In the studied
tributaries, a relative dispersion of N-NO;™ (mg L") values
relative to 8'°N and to 8'%0 was identified, which may be the
result of the behavior of the ground biomass (Fig. 6). This
lack of correlation has been emphasized in other regions by
BryantMason et al. (2012), who studied the Mississippi and
Atchafalaya (USA) Rivers systems and Chang et al. (2002)
in the Mississippi River Basin.

In a study on the effect of land use in agricultural river
systems of Germany, Deutsch et al. (2006) found that 86% of
the nitrate present in river water originated from agricultural
drainage water. Kendall et al. (2007) reported that isotopic
signatures linked to artificially fertilized agricultural soils
can be related to the increased 8'°N originating from the
denitrification process. These authors also stated that poorly
drained fine-grained soils contribute to the development of
the denitrification process.

The denitrification process provides, progressively, nitrate
with heavier isotopes due to the fractionation of nitrogen
and oxygen and occurs simultaneously with the reduction
in concentration of nitrate (Kendall et al. 2007). The frac-
tionation 6'5N—NO3_ can increase during the microbiologi-
cal assimilation stage, generating an elevation of 5'°N val-
ues (Wexler et al. 2012). In this study, the Fx-ETE sample,

A 20 + ./FX-ETE
15 |
z
3
z10 +
g R o® Fx-07
w
5+ ° /
[ ] [
0 t
0.1 1 2
N-NO;mg.L"
25
A
20 + A
£15 |
5
g 10 N a s, Fx-07
A
5 A/
FX-ETE
0
0.1 1 2
N-NO3mg.L-!

Fig.6 5'N-NO,~ versus N-NO;~ (mg L™") plot in chart 6A and
5'30-NO;~ versus N-NO,~ (mg L™!) plot in chart 6B, for samples
collected in the final effluent of the WWTP and in the tributaries of
the Faxinal watershed

which represents the final effluent from the treatment pro-
cess in the WWTP, showed relatively low concentrations of
N-NO;~ (mg L"), high chloride contents (mg L™") and high
values of 615N-NO3_ (Table 2), evidencing the denitrifica-
tion process. The fractionation of nitrogen and oxygen most
likely happened in the sewage treatment plant during the
Taboa (Typha latifolia) nitrogen fixation in the constructed
wetlands.

At the Fx-07 sampling point, which corresponds to the
downstream of the WWTP, the concentration of chloride
is enriched in relation to the other tributaries of the catch-
ment area, the concentration of N-NO;™ is the highest in the
sample group, and the 8'°N isotopic composition shows a
signature compatible with septic wastes. Besides the influ-
ence of the WWTP effluent, the tributary may be receiving
sewage intake without treatment from residences without
connection to the sewage network, which explains the higher
concentration of N-NO;~, while 615N—NO3_ values are not
as expressive.

Conclusion

Isotopic analyses of N and O were performed on the waters
of the Faxinal Dam watershed, near the city of Caxias do
Sul, Southern Brazil, to determine the influence of agricul-
ture and the effluent from the sewage treatment plant on the
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water, which is the main source of domestic water supply to
the local population. §°H and §'%0 isotopic compositions
demonstrate that the deuterium excess in the background
sample (Fx-Br) and in six of the seven analyzed streams
(Fx-01 to Fx-06) is statistically similar to the waters repre-
sented by the trend line (wells and sources) of Carlos Bar-
bosa and LMWL for meteoric water (+ 10%o0). However, one
of the streams (Fx-07) already shows a possible influence of
groundwater in its composition. The values of §'°N-NO,~ in
the tributaries are markedly lower than those found in the
effluent treatment plant (Fx-ETE), which has low concen-
trations of N-NO; ™ and high chloride levels. On the other
hand, the enrichment of chloride and N-NO;™ registered at
the sample point located downstream (Fx-07) of the WWTP,
compared to the water of other tributaries, suggests contami-
nation from septic wastes, as shown by the isotopic signature
of 8'5N-NO;. In the other sampling points, corresponding
to other tributaries, the 6180-N03‘/615N-NO3‘ ratio demon-
strates the influence and contribution of synthetic fertilizers.

This study demonstrated that isotope application of
8'°N-NO;~ and 8'%0-NO,~ is efficient tools for the identifi-
cation of N-NO;™ of synthetic fertilizers and domestic sew-
age. The use of this technique and methodology in waters of
watersheds used for drinking water supply is unprecedented
in Brazil, so it can be used as a reference for geochemi-
cal studies based on the watershed management. As future
improvement in this research, it would be interesting to
increase the amount of analyzed samples and distribute them
throughout the seasons to perform a statistical evaluation of
the isotopic values and also to understand the seasonality of
the contaminating sources.

Acknowledgements The authors thank the Municipal Autonomous
Service of Water and Sewage of the city of Caxias do Sul for the great
support for this research.

References

Bortolin TA (2014) Padrdes hidroquimicos e isotopicos do sistema
aquifero Serra Geral no municipio de Carlos Barbosa, regido nor-
deste do Estado do Rio Grande do Sul. Master’s Dissertation,
Hydraulic Research Institute (UFRGS), Porto Alegre

BryantMason A, XuJY, Altabet M (2012) Isotopic signature of nitrate
in river waters of the lower Mississipi and its distributary, the
Atchafalaya. Hydrol Proces. https://doi.org/10.1002/hyp.9420

Centro Estadual de Metereologia (CEMETRS) http://www.cemet
.rs.gov.br/conteudo/3933/?5_-_Precipita%C3%A7%C3%A30.
Accessed 20 Aug 2014

Chang CCY, Kendall C, Silva SR, Battaglin WA, Campbell DH (2002)
Nitrate stable isotopes: tools for determining nitrate sources
among different land uses in the Mississippi River Basin. Can J
Fish Aquat Sci 59(12):1874-1885

Cummings TF (2015) Assessment of nitrate export in agricultural sub-
catchments of the Grand River Watershed: an isotope approach.

@ Springer

Thesis requirement for the degree of Master in Science (Earth
Sciences), University of Waterloo, Ontario, Canada

Dansgaard W (1964) Stable isotopes in precipitation. Tellus
16:436-468

Deutsch B, Mewes M, Liskow I, Voss M (2006) Quantification of dif-
fuse nitrate inputs into a small river system using stable isotopes of
oxygen and nitrogen in nitrate. Org Geochem 37(10):1333-1342

Gehle K (2015) Case studies in environmental medicine: nitrate/nitrite
toxicity. Agency for Toxic Substances and Disease Registry—
ATSDR. http://www.atsdr.cdc.gov/csem/csem.html. Accessed 15
Mar 2016)

TAEA/WMO (2001) Global network of isotopes in precipitation: the
GNIP database. http://isohis.iaea.org. Accessed 10 Jan 2011)

Instituto Nacional de Metereologia (INMET) http://www.inmet.gov.br/
portal/index.php?r=bdmep/bdmep. Accessed 20 Aug 2014

JinZ,PanZ,Jin M, Li F, Wan Y, Gu B (2012) Determination of nitrate
contamination source using isotopic and chemical indicators in an
agricultural region in China. Agric Ecosyst Environ 155:78-86

Kelley CJ, Keller CK, Evans RD, Orr CH, Smith JL, Harlow BA (2013)
Nitrate-nitrogen and oxygen isotope ratios for identification of
nitrate sources and dominant nitrogen cycle processes in tile-
drained dryland agricultural field. Soil Biol Biochem 57:731-738

Kendall C, Elliott EM, Wankel SD (2007) Tracing anthropogenic
inputs of nitrogen to ecosystems, Chapter 12. In: Michener RH,
Lajtha K (eds) Stable isotopes in ecology and environmental sci-
ence, 2nd edn. Blackwell Publishing, Hoboken

Lohse KA, Sanderman J, Amundson R (2013) Identifying sources and
processes influencing nitrogen export to a small stream using dual
isotopes of nitrate. Water Resour Res 49:5715-5731. https://doi.
org/10.1002/wrcr.20439

Mcllvin MR, Altabet MA (2005) Chemical conversion of nitrate and
nitrite to nitrous oxide for nitrogen and oxygen isotopic analysis
in freshwater and seawater. Anal Chem 77:5589-5595

Minet E, Coxon CE, Goodhue R, Richards KG, Kalin RM, Meier-
Augenstein W (2012) Evaluating the utility of >N and '®0 isotope
abundance analyses to identify nitrate source: a soil zone study.
Water Res 46:3723-3736

Monforte RSM (2014) Adaptagio do método de determinagio do 8'°N
do fon nitrato em amostras de dgua superficial. Master’s Disserta-
tion, University of Brasilia/Institute of Chemistry

Roisenberg A, Viero AP (2000) O Vulcanismo Mesozdico da Bacia do
Parana no Rio Grande do Sul. In: Holz M, De Ros F (eds) Geo-
logia do Rio Grande do Sul. Porto Alegre: CIGO/UFRGS Porto
Alegre. 444p. il. CDU 55 (816.5)

Spoelstra J, Kralt BJ, Elgood RJ (2014) A chemical method for the con-
version of nitrate to nitrous oxide for isotopic analysis. National
Water Research Institute, Report Number 14-088. Environment
Canada

Streck EV (2008) Solos do Rio Grande do Sul, 2nd ed. EMATER/RS-
ASCAR, Porto Alegre

Vargas T, Adami MVD, Aver EAS, Belladona R, Zago MA, Frizzo EE
(2013) Monitoramento Hidroquimico dos Cérregos Afluentes da
Represa Faxinal, Caxias do Sul - RS. In: XX Simpésio Brasileiro
de Recursos Hidricos, Bento Gongalves, Brasil

Wexler SK, Hiscock KM, Dennis PF (2012) Microbial and hydrologi-
cal influences on nitrate isotopic composition in an agricultural
lowland catchment. J Hydrol 468-469:85-93

Wood WW (2001) Water sustainability-science or management.
Ground Water 39(5):641

World Health Organization (WHO) (2017) Guidelines for drink-
ing-water quality: fourth edition incorporating the first
addendum. Library Cataloguing-in-Publication Data. ISBN
978-92-4-154995-0


https://doi.org/10.1002/hyp.9420
http://www.cemet.rs.gov.br/conteudo/3933/?5_-_Precipita%C3%A7%C3%A3o
http://www.cemet.rs.gov.br/conteudo/3933/?5_-_Precipita%C3%A7%C3%A3o
http://www.atsdr.cdc.gov/csem/csem.html
http://isohis.iaea.org
http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep
http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep
https://doi.org/10.1002/wrcr.20439
https://doi.org/10.1002/wrcr.20439

	Nitrogen and oxygen isotopes as indicators of pollution sources in the Faxinal Dam watershed, Southern Brazil
	Abstract
	Introduction
	Geology and physical aspects of the studied area
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




