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Globally, fertilizers are identified as principle sources of nitrate in waters of intensely cultivated areas.
Here this general concept is appraised on a seasonal basis over a two year period, under temperate cli-
matic conditions. Water (d2H and d18O) and nitrate (d15N and d18O) isotopes in surface water and ground-
water suggest that freshwater is acting as a transport vector conducting nitrate from agricultural soils to
groundwater and ultimately to surface water. Measured nitrate isotopes of organic and inorganic fertil-
izers and of nitrate in groundwater are used to constrain a conceptual apportionment model quantifying
the relative seasonal N contributions in an area of intense potato production. Source inputs differ strongly
between the growing (summer and fall) and non-growing (winter and spring) periods. Chemical fertiliz-
ers and soil organic matter equally dominate and contribute to the growing period load, whereas soil
organic matter dominates the non-growing period load, and accounts for over half of the overall annual
nitrogen charge. These findings reveal the magnitude of nitrogen cycling by soil organic matter, and point
to the benefits of controlling the timing of its nitrate release from this organic material. We conclude that
strategies to attenuate contamination by nitrate in waters of temperate climate row-cropping regions
must consider nitrogen cycling by soil organic matter, including the crucial role of crop residues through-
out both the growing and non-growing seasons.

Crown Copyright � 2009 Published by Elsevier B.V. All rights reserved.
Introduction

Contamination of groundwater (GW) and surface water (SW) by
nitrate is a widely recognized problem, and whereas there are
many sources of nitrate, elevated concentrations are most often
measured in regions of intensive agriculture, and principally attrib-
uted to the impacts of organic and chemical fertilizer inputs. Pro-
cesses also leading to accumulation of nitrogen (N) of varying
importance locally are atmospheric deposition, degradation of
plant material and domestic and industrial wastewater discharge
(Kendall and Aravena, 2000). Deciphering the origins of nitrate in
regions where N—NO�3 concentrations are exceeding the health
threshold constitutes a key step in supporting informed decisions
for protecting water resources.

Nitrate isotopes have proven to be useful for fingerprinting
nitrate from various sources in GW of urban and agricultural
settings (Aravena et al., 1993; Fukada et al., 2004; Mengis et al.,
2001; Moore et al., 2006; Wassenaar, 1995), or in surface water
of various non-agricultural watersheds (e.g. Deutsch et al., 2006;
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Piatek et al., 2005; Spoelstra et al., 2007). This dual isotope ap-
proach is particularly well suited for well oxygenated GW in which
denitrification does not alter the original isotopic ratios. Soil pro-
cesses affecting nitrogenous compounds play a complex and signif-
icant role within the N-cycle, deeply influencing the characteristics
of N exported to the hydrosphere. Many isotopic investigations of
GW in agricultural settings have focused on leaching of N present
in soils in excess of crop requirements, or the effects of denitrifica-
tion (e.g. Böhlke, 2002; Mengis et al., 2001). However the literature
on the application of stable isotopes to other soil processes, partic-
ularly nitrification during the non-growing season, is sparse
(Mengis et al., 2001). Yet nitrification during colder non-growing
periods has been recently suggested as making a significant contri-
bution to the overall release of N to GW and seasonal yields of ni-
trate to the hydrosphere are a new research focus (Savard et al.,
2007). What are the sources contributing to the winter nitrate
load? Individually, how much do they contribute to this winter
charge? How do these contributions compare with apportionment
for the other seasons? To answer these questions, we use nitrate
(d15N and d18O) and water (d2Y and d18O) isotope ratios, in a pro-
gram of seasonal sampling to support a conceptual model of N cy-
cling in an intensive agricultural setting in Eastern Canada. Using a
rights reserved.
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hydrogeological perspective, our goal is to shed additional light on
nitrate sources impacting aquifers and refine our understanding of
N dynamics in temperate climatic regions.

The entire Province of Prince Edward Island (PEI, Canada) relies
solely on GW as a source of drinking water. Groundwater has
shown a general increase in nitrate concentrations over time (Som-
ers et al., 1999) and is now, in places, in excess of the recom-
mended health threshold of 10 mg/L N—NO�3 (WHO, 2003). An
understanding of the production and transfer dynamics of nitrate
from soils to GW is therefore essential in supporting the develop-
ment of strategies to reduce the detrimental effects of nitrate
leaching from agricultural lands. Savard et al. (2007) have dis-
cussed the importance of nitrate production during winter and
have estimated the total winter load exported to the Wilmot aqui-
fer. Here our specific objective is to present a watershed-scale con-
ceptual model of the relative contribution of discrete N sources
during the warm (growing) and cold (non-growing) periods of
the year by solving a system of equations relating measured mean
d15N and d18O values of GW nitrate to relative proportions of N
from the principal sources present in the study area.
Regional context and the Wilmot watershed/aquifer system

The Wilmot River basin is located in west central PEI (Fig. 1),
and its watershed, with a thin, generally sandy till-dominated va-
doze zone and underlying rock aquifer responding rapidly to re-
charge represents a hydrogeological context typical for PEI. The
Wilmot River basin drains an area of approximately 87 km2. Resi-
dential land use represents less than 10% of the watershed area,
and forests, generally restricted to areas of steep slopes or associ-
ated with hedge rows or riparian zones, account for another 20%.
Agriculture dominates land use, occupying approximately 70% of
the total land area (Atlantic AgriTech, 2006), perhaps explaining
why the Wilmot aquifer is amongst the GW systems with the high-
est average nitrate concentrations on the island. Agricultural prac-
tices in the Wilmot watershed are dominated by intensive potato
production, accounting for approximately 60% of total land area
(80% of agricultural land use). Potatoes are produced as part of a
rotational system with cereals and forage crops, characterized by
seeding and fertilizer application during late spring. Organic resi-
dues are left in the field after harvesting (Atlantic AgriTech, 2006).

The climate of PEI is humid-continental, with long, fairly cold
winters and warm summers. Annual precipitation averages
Fig. 1. (a) Location of the study area. (b) Location of sampling sites and delineation
of the Wilmot watershed.
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1153 mm (80% as rain and 20% as snow). The mean monthly tem-
perature ranges from –7.9 �C in January to +18.5 �C in July. The
geology underlying the entire Province of PEI consists of upper car-
boniferous to lower permian fine to medium-grained sandstone
(80–85%) and mudstone (siltstone and claystone). The rock se-
quence is highly fractured and permeable in its uppermost 20 m
and is generally covered by a permeable sand-phase till (on aver-
age of 3.6 m thick).

The Wilmot aquifer has been characterized as an unconfined
fractured porous media, with fractures representing the main
GW flow paths. The average recharge rate of the aquifer is in the
range of 410 mm/y (Paradis et al., 2007). Groundwater is typically
of a Ca—Mg—HCO�3 type, slightly alkaline with moderately high
hardness and Total Dissolved Solids (TDS) (Somers et al., 1999).
The fluctuations of the water level in monitoring wells indicate a
major spring recharge event followed by a summer decline of the
water table, a moderate recharge event during autumn and lastly,
a decline in the water table through winter, punctuated by periodic
recharge events. These recharge events during the December–
March period are common, as a result from winter thaws, rain
and snowmelt. The relatively high hydraulic conductivity of the
covering sediments (�3 � 10�6 m/s) and the underlying fractured
sandstone aquifer in the Wilmot basin (�3 � 10�4 m/s for top
15 m), results in a very rapid response of the water table to precip-
itation events (lag time of �5 days; Paradis et al., 2007). Ground-
water and surface water are closely linked, with GW discharge
(baseflow) accounting for approximately 65% of total annual
stream flow, and nearly 100% of streamflow during dry summer
months.

Approach and methodology

Our principal approach is to use the isotopic characteristics and
concentration of nitrate in GW and SW samples collected during
each season over a two year period, in conjunction with the
isotopic characteristics of potential nitrate sources to deduce
the relative contribution of individual N sources in the Wilmot
watershed. To enhance the understanding of nitrate sources and
transport, we also use Hydrogen and Oxygen isotopes for precipi-
tation, SW and GW samples (Table 1). The methodology for sam-
pling, analytic methods and approach to source apportionment
calculations are described below.

Sampling

Diammonium phosphate ((NH4)2HPO4), urea (H2NCONH2),
ammonium-nitrate (NH4NO3) and solid and liquid hog manures
typically used to fertilize agricultural lands of the Wilmot region
were provided by the PEI Department of Agriculture and Agricul-
ture & Agri-Food Canada, and analyzed for their isotope ratios. A
limited number of samples were selected for isotopic analyses in
order to confirm the characteristics of these potential sources, as
their range is well constrained in the literature (e.g. Kendall and
Aravena, 2000).
Table 1
Summary of number of analyses for water and solid samples used during this study.

H2O NO�3

d2H d18O [NO3] d15N d18O

Precipitation 24 23 3 3 3
Groundwater 226 225 226 210 212
Surface water 24 39 38 36 38
Manures 2 2
Chem. fertilizers 3 1
Soil org. matter 3 3

istinct seasonal N-sources and the critical role of crop residues in ground-
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The SW and GW samples were obtained during eight periods
distributed over the 2003–2004 and 2004–2005 seasonal cycles.
Water samples were obtained from domestic wells having an aver-
age depth of 18 m, using outdoor taps from systems devoid of
treatment devices. These wells are of open hole construction and
are generally cased down to the overburden-rock contact. The sta-
tic water level is generally below the casing, in the rock formations.
Prior to sampling the systems were purged of 2–3 well volumes
until stabilization of temperature, pH and conductivity values. Dis-
solved oxygen levels were also measured during sampling. Unfil-
tered samples obtained for analyses of water isotopes were
refrigerated during transport and storage.

Stream samples were obtained from the edge of the main branch
of the river at a depth of at least 10 cm below the water surface, at
portions of the river where water flow was swift. The initial stream
sampling was completed during a 2003 dry period, when the water
of the Wilmot River represented base flow. Precipitation samples
were obtained from 30.5 cm diameter collectors. Two collectors
were located in open crop areas, whereas a third was located in a
forested woodlot. To reduce the possibility of evaporation, a mini-
mum 2.5 cm layer of oil was added to the collectors.

Analytical methods

All water analyses of N-species concentrations for this research
project were performed at the water quality laboratory of the
Department of Agriculture and Agri-Food Canada (Québec). Nitrate
concentrations were determined by Flow Injection Analysis color-
imetric method (LACHAT) for which the detection limit was
0.04 mg/L N—NO�3 and the precision was 0.09 mg/L N—NO�3 . In
brief, nitrate was reduced to nitrite by passage of the sample (in
our case a water sample) through a copperized cadmium column.
The nitrite was then determined by diazotizing with sulphanila-
mide followed by coupling with N-(1-naphthyl) ethylenediamine
dihydrochloride to give a water soluble dye which is read at a wave
length of 520 nm.

The d15N and d18O values of atmospheric nitrate in precipitation
with very low NO�3 concentrations were analyzed using the bacte-
rial method (Sigman et al., 2001; Casciotti et al., 2002; Coplen et al.,
2004) at Woods Hole Oceanographic Institution using a custom
made system interfaced to an Isotope Ratio Mass Spectrometer
(IRMS; Delta Plus XP). The interface used was similar to the one de-
scribed in Casciotti et al. (2002). Precisions obtained for our data
set were better than 0.2‰ and 0.3‰ for the d15N and d18O values,
respectively.

All other isotope analyses were determined at the Delta-Lab of
the Geological Survey of Canada (Québec). Groundwater samples
were filtered (0.45 lm) within 24 h of sample collection and stored
frozen until further processing. Prior to extraction, concentrations
of NO�3 and SO2�

4 ions were determined using a Dionex (DX500)
Ion Chromatograph at Agriculture and Agri-Food Canada to deter-
mine sample volumes necessary for the ion resin exchange extrac-
tion. The extraction of NO�3 for d15N and d18O analyses was
performed following a procedure elaborated from previously
developed protocols (e.g. Chang et al., 1999; Silva et al., 2000). Prior
to the extractions, water samples were de-carbonized by adding a
few drops of 3 N HCl (until pH = 3–4). Then, a solution of 10% BaCl2

is added to ensure a complete precipitation of sulphates. The fol-
lowing morning, sulphate-free water was passed through 2 mL
poly-prep pre-filled cation and anion columns from Bio-Rad
(AG50 W-X8 and AG1-X8 respectively). The extraction of NO�3
was performed using 15 mL of 3 N HCl that was added in 3 mL por-
tions (Silva et al., 2000). The columns were rinsed with 2 mL of de-
ionized water and the nitrate-bearing acidic solution was neutral-
ized with approximately 10 g of NO�3 -free Ag2O. The AgNO3 solu-
tions were dried using Modulyo D freeze-drier (Thermo Savant)
Please cite this article in press as: Savard, M.M., et al. Nitrate isotopes unveil d
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for 48–72 h. The combustion of AgNO3 was performed in silver
capsules (Silva et al., 2000) using an Elemental Analyser (EA; Carlo
Elba NC2500) connected to an IRMS (Fisons Prism III) to determine
d15N values. The results were normalized using international stan-
dards USGS-25 and IAEA-N2, and all reported relative to Air. An-
other international standard IAEA-N1 and an internal standard
(ammonium sulphate) were used as quality-control samples with
precisions of 0.4‰ and 0.3‰ (n = 20 and 39, respectively). To ob-
tain results for d18O analysis, a pyrolysis system (or Thermal Con-
version/Elemental Analyzer-TC/EA) connected via a ConFlo III
interface to an IRMS (Delta Plus XL) was used. Samples were placed
in silver capsules and analyzed at 1450 �C. Results were calibrated
against IAEA-SO6 and IAEA-CH6. Numerous international and
internal standards such as IAEA-SO5, NBS-127, vanillin, IAEA-C3
and sucrose were used to validate the results. All results are re-
ported relative to V-SMOW. Precisions were 0.4‰ for IAEA-SO5
and NBS-127 (n = 17, 44), 0.3‰ for Vanillin (n = 54), and 0.2‰ for
Sucrose (n = 52). Average precision obtained on sample duplicates
(n = 86 and 161) is 0.1‰ for d15N and 0.2‰ for d18O values.

Calculations for source apportionment of nitrate

The principle sources of nitrate in the Wilmot watershed are
chemical fertilizers, manures (including a minor component of
sewage), and soil organic matter, including plant residues, micro-
bial organic matter, etc., from agricultural and natural soils (forests
and grass lands). In addition, it is estimated that Prince Edward Is-
land receives around 6 kg N/ha of atmospheric N—NO�3 þNH4 dis-
tributed evenly throughout the year (Environment Canada, public
data), representing approximately 5% of the total annual load in
the Wilmot watershed (estimated at approximately 120 kg-
N—NO�3 /ha/year (Atlantic AgriTech, 2006). While the literature
documents seasonal variations in the isotopic characteristics of N
derived by atmospheric deposition, in our calculations, d15N and
d18O are held constant for this source on the basis of the fact that
we are focusing on the relative proportions of the principle agricul-
tural inputs, and any variation in isotopic characteristics of the
atmospheric contribution will have a negligible effect on the con-
clusions drawn from our source apportionment calculations for
the three principle N sources in the watershed. This assumption
is further evaluated in the discussion regarding model sensitivity
(Section Sensitivity tests of source apportionment model). Further-
more we start with the assumption that the GW pool of nitrate has
not been significantly modified by denitrification as the average
dissolved oxygen concentrations of GW samples is 8.8 mg/L, and
individual measurements are never below the upper limit for den-
itrifying conditions of 0.5 mg/L (e.g. Kendall and Aravena, 2000).
Therefore, nitrate isotope data can be used to estimate the relative
proportions of nitrate over the watershed from the three remaining
N sources (chemical fertilizers, manures and soil organic matter)
by solving a problem of three equations and three unknown vari-
ables as based on the classic mixing equations for isotope values
in characterized compounds (Fig. 2; Faure, 1986).

In estimating the relative proportions of nitrate from these
three principle N sources we have prescribed the following model-
ling conditions and assumptions: (1) the three main sources of N
account for 95% of the N loading, taking into consideration an addi-
tional atmospheric input of 5%; (2) seasonal averages of nitrate iso-
topes obtained for GW samples from domestic wells reflect the
nitrate export from soils to recharging water at the top of the Wil-
mot aquifer during that period; (3) the d15N average for soil organic
matter-derived NO�3 is set at +4.7‰ based on isotopic average val-
ues from PEI watersheds where soil material can be the only source
of nitrate; (4) the proportion of nitrate-based and ammonium-
based chemical fertilizers used in the Wilmot area is equal to the
average proportion of fertilizers sold annually in PEI (24% and
istinct seasonal N-sources and the critical role of crop residues in ground-
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Fig. 2. Source apportionment calculation model developed for the agricultural
Wilmot watershed/aquifer context. The three equations serve to estimate the
fractions of nitrate derived from the three main sources of nitrate. F stands for the
unknown fractions of nitrate, and s, m and c, for soil organic matter in soil, manure
plus sewage, and chemical fertilizers, respectively. The d18Onitrate and d15Nnitrate

designate isotopic values that are measured seasonally from the top part of the
Wilmot aquifer (water from domestic wells).
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76% respectively; Jacques Whitford Environment Ltd., 2000); (5)
seasonal d18O values for nitrate derived from soil organic matter,
manures and ammonium-based fertilizers must be calculated
according to the fact that they are the product of bacterial nitrifica-
tion in the unsaturated zone, during which two oxygen atoms are
taken from soil water and one, from free O2 from the atmosphere
(e.g. Spoelstra et al., 2007); (6) soil–water d18O values needed to
calculate the d18O ratios for the products of bacterial nitrification
are taken as the average local d18O-precipitation values measured
for each season; (7) the recharge during summer and fall of 2004
(average of 20 mm) was significantly lower than that of the six
other seasons (average of 85 mm), and we therefore incorporate
a dilution factor by the former season GW to estimate the d15N
and d18O ratios of soil water for these periods (Table 2, values in
italic); and (8) nitrification of ammonium-based chemical fertiliz-
ers proceeds rapidly and amounts present in fall, winter and spring
were nitrified during the previous summer, and a small portion of
the summer load, associated with the period immediately after fer-
tilizer application in the spring, reflects nitrification during this
spring period.

Results and interpretation

Water and nitrate characteristics

Water isotope results for GW and SW all appear on or near the
meteoric water line for the Wilmot region (LMWL defined in
Table 2
Model conditions (‰) for source apportionment using samples collected during the 2003–

Season Sum 03 Fall 03 W 03–04 Spr 0

GW d15N 3.7 3.1 4.5 4.9
d15Ns 4.7 4.7 4.7 4.7
d15Nm 17.2 17.2 17.2 17.2
d15Nc -0.6 -0.6 -0.6 -0.6
GW d18O 10.9 5.9 -1.1 0.3
d18Os 3.1 -0.2 -7.4 -4.0
d18Om 17.1 11.0 10.0 12.0
d18Oc 11.6 12.7 12.7 12.7

Sum, summer; W, winter; Spr, spring; s, soil organic matter; m, manures and sewages;
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Fig. 3a), clustering around average d2Y and d18O values of
�72.5‰ and �11.1‰, and 73.0‰ and �11.5‰, for GW and SW,
respectively (Fig. 3b). The fact that both the GW and SW sets of
data do not significantly depart from the LMWL (Fig. 3b) indicates
that these waters have not been significantly modified by evapora-
tion or water–rock interaction. In brief, un-modified local precipi-
tation is the source of GW, which in turn is the principle source of
SW during all but the periods immediately following significant
precipitation or snow melt events. In essence, the link between
atmospheric precipitation to GW through recharge, and groundwa-
ter discharge (base-flow) to surface water can be viewed as a
straightforward transport vector carrying dissolved nitrate from
the atmosphere and soil horizons to the top of the Wilmot aquifer
and ultimately to the Wilmot River and its estuary.

Groundwater samples from the watershed have elevated nitrate
concentrations, averaging 7.10 mg/L N—NO�3 (minimum and max-
imum values of 0.01 and 37.10 mg/L N—NO�3 , respectively), with
concentrations between 4 and 8 mg/L dominating the results of
the eight seasonal sampling periods (Fig. 4a and b). Surface water
concentrations are also considerable, averaging 5.60 mg/L (mini-
mum and maximum values of 2.09 and 7.68 mg/L N—NO�3 , respec-
tively; Fig. 4d).

Nitrogen isotopes of nitrate dissolved in GW and SW show sim-
ilar moderate ranges of ratios regardless of the season of sampling
(data not shown). In contrast, the d18O characteristics of the same
nitrate show significant seasonal changes (see also Savard et al.,
2007) for broad ranges of N—NO�3 concentrations (Fig. 4c). The
summer-fall d18O values are much higher than the winter-spring
ones during year 2003–2004. A similar but less pronounced trend
is present for year 2004–2005. Higher summer and fall d18O values
are also observed for SW (Fig. 4d), and SW N—NO�3 concentrations
exhibit a narrower range of values, but are roughly comparable to
those within the range obtained for GW (Fig. 4c and d). The simi-
larity of water and nitrate oxygen isotope characteristics suggest
that SW nitrate is derived principally from GW. The flat isotopic
trend (d18O and d15N) with respect to N—NO�3 in GW confirms
our initial assumption that nitrate did not undergo bacterial deni-
trification (e.g. Kendall and Aravena, 2000) and that these un-mod-
ified nitrate isotope ratios can be used in our conceptual model to
calculate the relative contributions of N sources in the watershed
(see also next section).
Delineation of isotopic fields for potential sources of nitrate

In the Wilmot region, potential sources of nitrogen include
chemical fertilizers, solid and liquid manures, crop residues and
other types of organic matter in soils of cultivated areas as well
as organic material from natural soils (forests and grass lands)
and atmospheric NOx. Diammonium phosphate, urea-fertilizer
results define a low d15N range (�1.9‰ to +1.1‰) and a low to
moderate d18J range, whereas ammonium-nitrate shows a similar
d15N range but a high d18O value (+29.6‰). Solid and liquid hog
2005 period.

4 Sum 04 Fall 04 W 04–05 Spr 05

4.9 4.4 4.0 4.5
4.7 4.7 4.7 4.7

17.2 17.2 17.2 17.2
-0.6 -0.6 -0.6 -0.6
11.3 9.8 -0.2 2.5

3.1 -0.2 -7.4 -4.0
17.1 11.0 10.0 12.0
11.6 12.7 12.7 12.7

c, chemical fertilizers.

istinct seasonal N-sources and the critical role of crop residues in ground-
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Fig. 3. Dual isotope graph for (a) precipitation. (b) Groundwater and surface water
for the Wilmot River area. The line indicates the local meteoric water line (LMWL)
for Truro (Fritz et al., 1987).

Fig. 4. Histograms of concentrations of N—NO�3 in GW of the Wilmot aquifer for the
four seasons during (a) 2003–2004, and (b) 2004–2005. Graph of the d18ONO3 values
as a function of the nitrate concentrations for warm and cold periods, (c) in
groundwater, and (d) surface water.
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manures are characterized by high d15N and d18O values. The wet
atmospheric load varies between �11.8‰ and +11.4‰, and
+22.8‰ and +83.2‰ for d15N and d18O values respectively, with,
in the same order, average values of +1.9‰ and +44.1‰. All these
values have been used to constrain the isotopic fields of the main
sources and restrict the source domains from literature data to val-
ues typical of the Wilmot area in the nitrate isotope graph (Fig. 5).

The Wilmot GW values for the summer and fall of 2003–2004
show high d18O values and a broad range of d15N values, interme-
diate between the N fertilizer and soil organic matter domains. The
winter and spring values for the same year show much lower d18O
values and a small shift of d15N ratios toward less positive values
(Fig. 6a). The 2004–2005 results all show d15N ranges similar to
the previous year, with most winter GW d18O values lower than ra-
tios obtained for the three other seasons (Fig. 6b). This seasonal
behaviour of nitrate d18O values is explained in detail elsewhere
(Savard et al., 2007) for the Wilmot field setting described here.
Such seasonal behaviour was previously suggested through exper-
imental work (Mengis et al., 2001), and documented for two sea-
sons in a forested region (Spoelstra et al., 2007).

Overall, for the two yearly cycles described here, the Wilmot
GW data range between the soil organic matter average, and the
chemical fertilizer and manure domains. The SW data set for sum-
mer and fall 2003 show a d18O cluster higher than the 2003–2004
winter and spring d18O range (Fig. 6c). These SW data roughly mi-
mic averages of the values obtained for GW, further supporting the
conclusion that the SW nitrate load is derived primarily from GW.

Nitrate source apportionment in the Wilmot watershed

The three main sources have been characterized and have dis-
tinct isotopic values (Fig. 5). Their relative contribution to seasonal
loads of nitrate can be estimated by solution of the system of three
equations and three unknowns referred to earlier, using the sea-
sonal nitrate isotope results measured for GW and the isotopic
characteristics of potential sources (Eqs. (2) and (3), Fig. 2). Here,
we focus on summer and winter results as they represent extremes
for the seasons examined. The solutions to the three equations
posed for the various seasons suggest that, in general terms, the
Please cite this article in press as: Savard, M.M., et al. Nitrate isotopes unveil d
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2003 and 2004 summer loads are derived primarily from chemical
fertilizers (48%, 41%), and soil organic mater (32%, 32%), and the
2003–2004 and 2004–2005 winter loads, from soil organic matter
(76%, 72%; Table 3). We infer the main component of soil organic
matter to be crop residues (e.g. Cortez and Schnitzer, 1979; Smith
et al., 1989; see Implications for assessing N cycling in agricultural
lands of temperate regions).

Discussion

Sensitivity tests of source apportionment model

The source apportionment exercise discussed above does not
aim at providing precise values for the contribution of the various
sources, but rather at assessing which source contributes most sig-
nificantly to respective seasonal N loadings. The fact that single
istinct seasonal N-sources and the critical role of crop residues in ground-
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Fig. 5. Isotopic fields for local sources of nitrate (solid black lines) inferred from
characterized solid hog manures (open square), liquid hog manures (grey square),
average for manures (black square), nitrate from soil organic matter (pentagon),
nitrate-bearing fertilizer (open circle), ammonium-based fertilizers (d15N only;
filled circles), and atmosphere (open diamond, average = filled diamond) as well as
from domains for potential sources compiled from the literature (grey lines and
grey patterns; adapted from Kendall and Aravena, 2000). The main processes
affecting nitrate loads in groundwater are also shown (modified from Savard et al.,
2007).

Fig. 6. Dual isotope graph for nitrate dissolved in water compared with isotopic
characteristics of potential sources in the Wilmot watershed. Results for ground-
water of the four seasons of (a) 2003–2004, and (b) 2004–2005, (c) results for
surface water of the warm and cold periods of 2003–2004 and 2004–2005.
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d15N and d18O values are selected as being representative of the
principle nitrate sources clearly makes the results valid only as a
general estimate of nitrate proportions. How would the estimation
model behave if the selection of the input values were different?
We have evaluated the sensitivity of the solutions for GW values
covering a range of 2‰ centered on summer and winter 2003–
2004 averages (Fig. 7). Following this exercise, the proportion of
Table 3
Solution (in %) to the posed problem of three equations for the eight seasons of sampling

Season Sum 03 Fall 03 W 03–04 Spr 0

Fm
* 15 02 07 07

Fs 32 63 76 84
Fc 48 30 12 04

Percentages add to 95% as a yearly atmospheric input of 5% is assumed (d15N = 2‰; d18

Sum, summer; W, winter; Spr, spring; s, soil organic matter; m, manures and sewages;
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nitrate contributed from chemical fertilizers during summer
changes by 10% over the d18O range tested (�2.5% per isotopic
increment), but nonetheless chemical fertilizers still remain the
dominant source. For the same test, winter proportions for soil or-
ganic matter vary by a negligible 0.4% (�0.1% per isotopic incre-
ment). Solutions for the d15N range tested indicate that the
proportions for soil organic matter, the dominant source during
winter, vary by a minor 2%. The proportion of chemical fertilizers
varies by as much as 16% during summer, but chemical fertilizers
again continue to be a dominant source within the tested range.

As stated before, our model conditions also assume that the iso-
topic characteristics of N derived from the atmosphere are con-
stant. We have evaluated the impact of this approach
independently because this falls outside the calculation of relative
proportions of principle N sources in the watershed. Recently pub-
lished data indicate that the winter and spring loads should have
higher average d15N (+5‰) and d18O (+10‰) values than summer
ones (Kendall et al., 2007). Substituting these alternate winter
and spring isotopic characteristics for atmospheric N sources
rather than summer characteristics for the region, we find that
the relative proportions of the three principle N sources are chan-
ged by a maximum of three percent, and do not alter the basic con-
clusions of the model calculations.

On the whole, the results of these sensitivity tests suggest that
the general interpretation in terms of the dominant sources during
the various seasons is mathematically sound. In order to further as-
sess if the main proportions estimated from this source apportion-
ment are realistic, an independent calculation is performed using N
input masses associated with land use practices within the Wilmot
watershed.

Source apportionment of nitrate from the mass balance agronomic
method

Information on the relative proportions of different land use,
typical manure and fertilizer application rates, and estimated N
contents of different crop fractions in the Wilmot watershed were
used to calculate theoretical contributions of different N sources,
based on an inventory for the 2 years studied. (Atlantic AgriTech,
2006; Jacques Whitford Environment Ltd., 2001; Somers et al.,
2007). First, annual nitrogen contributions from key sources,
including fertilizers, manure and sewage, soil organic matter and
atmospheric deposition, as well as N uptake and removal by har-
vested crop fractions were estimated. The mass estimation of
external N sources to the agricultural system takes into account
the primary N inputs to the watershed regardless of intermediate
steps such as mineralization of organic N in soil organic matter in-
volved in the overall N-cycle (Somers et al., 2007). Subsequently
these individual annual N inputs were portioned into summer/fall
and winter/spring loadings based on specific agronomic practices
for these two periods.

The calculated N inputs express the dominant influence of
chemical fertilizers during the warm period, and the dominant
proportion of soil organic N during the cold period, with in both
cases, manures contributing intermediate but significant
proportions of nitrate (Table 4). Although some differences appear
during the 2003–2005 period.

4 Sum 04 Fall 04 W 04–05 Spr 05

22 20 05 08
32 28 72 70
41 46 18 17

O = 44‰).
c, chemical fertilizers.

istinct seasonal N-sources and the critical role of crop residues in ground-
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Fig. 7. Sensitivity tests of source apportionment calculation model for variations of nitrate d15N (a) and d18O, (b) average values.

Table 4
Comparison of percentage of nitrate contribution from the main sources to the total
load of warm and cold seasons as based on the two independent methods of
estimation.

Source Mass balance method Isotope-based apportionmentb

Warma Cold Warm Cold

Manures 15 20 15 7
Soil organic matter 15 73 39 76
Chemical fertilizers 67 0 41 13
Atmosphere 3 7 5 5

a Warm seasons are summer and fall, cold seasons are winter and spring.
b The percentages shown for the isotope-based source apportionment are aver-

ages for the two years of investigation.
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between the mass balance and isotopic source apportionment per-
centages, the two calculations generally agree, underlining the fact
that the source apportionment approach presented here may serve
the purpose of quantifying the relative seasonal proportions of key
N sources provided that sufficient information exists to place solid
constraints on the model calculations. Note that the isotopic ap-
proach also offers the benefit of measuring actual phenomena,
rather than the totally deterministic approach of the mass balance
model.

Implications for assessing N cycling in agricultural lands of temperate
regions

Previous work using dual isotope characterization of GW nitrate
coupled with analysis of spatial distribution of results in aquifers
allowed qualitative identification of contaminant sources primarily
on an annual basis (Aravena et al., 1993; Fukada et al., 2004; Moore
et al., 2006; Wassenaar, 1995). The results of the source apportion-
ment exercise presented here suggest that there are major seasonal
differences in the provenance of nitrate dominating N loads to GW,
at least in the current setting. In addition, the winter transfer of ni-
trate to the aquifer is highly significant in spite of the fact that
anthropogenic inputs are nearly nil during this period. This fact
is in large part due to the importance of the mineralization and
nitrification of N from soil organic matter, and the lack of plant up-
take during this period.

Over the past decade, specific studies provided a reasonable
appreciation of the overall distribution of nitrate in PEI, and sug-
gested a potential link between land use patterns and trends in ni-
trate concentrations (Somers et al., 1999; MacLeod et al., 2002;
Young et al., 2003). Elevated nitrate levels were often coupled with
agricultural activities and appeared to be most closely associated
with extensive use of fertilizers for row crop production, rather
than with other potential sources such as livestock production.
The quantitative study of the Wilmot region supports this view
for the summer period but most importantly it indicates a major
input from soil organic matter during winter. In fact if one uses re-
Please cite this article in press as: Savard, M.M., et al. Nitrate isotopes unveil d
water contamination. J. Hydrol. (2009), doi:10.1016/j.jhydrol.2009.11.033
charge amounts, the concentrations measured in GW and the iso-
tope-based source apportionment model, the estimated amount of
nitrate transferred annually to the aquifer sums up to �185 tonnes
(22 kg/ha), of which about 55% is derived from soil organic matter
(�101 tonnes or 12 kg/ha).

The importance of NO�3 yield from soil organic matter had been
previously discussed for a semi-arid climate, natural soil, urban
context (Moore et al., 2006), but not for temperate, agricultural re-
gions. Our findings for a watershed/aquifer system under intensive
row-cropping and fertilization confirm the importance of release of
N from inorganic fertilizers but highlight the significance of the
intermediate N cycling processes of mineralization and nitrifica-
tion of soil organic matter, such as crop residual materials, in the
overall N cycling. The winter and spring load of nitrate is proposed
to accumulate from slow mineralization and nitrification during
degradation of soil organic matter. Such an interpretation is consis-
tent with soil science literature (e.g. Fortuna et al., 2003; Li et al.,
2003; Van Delden et al., 2003). The main component of soil organic
matter is likely to be crop residues, because other sources of N
immobilized in soil biota, heterocyclic-N molecules and soil humic
acids, are continuously mineralized but in relatively small fractions
(e.g. Cortez and Schnitzer, 1979; Smith et al., 1989).

In other words, solving the issue of nitrate accumulation in
aquifer systems similar to the one studied here is not only a matter
of modifying the application of chemical fertilizers, but also of
considering the timing of other activities. For instance we could
suggest that ploughing and its associated stimulation of minerali-
zation and nitrification, and the application of manures and its
nitrogen loading should be timed to optimize crop uptake and
minimize leaching losses.

Conclusions

� What are the sources contributing to the winter nitrate load? The
main sources of nitrate identified for the watershed, soil organic
matter, chemical fertilizers and manures, all contribute to the
winter groundwater load.

� Individually, how much do they contribute to this winter charge?
The source apportionment model reveals that the nitrate load
for winter chiefly derives from soil organic matter (74% on aver-
age), with minor contributions from chemical fertilizers and
manures (15% and 6%, respectively).

� How do these contributions compare with apportionment for the
other seasons? Model calculations suggest source contributions
for spring are similar to those found for winter (soil organic mat-
ter 77%, chemical fertilisers 11% and manures 7%). However, the
load for summer mostly derives from a combination of nitrate
from chemical fertilizers (44%) and soil organic matter (32%),
with similar results for fall (38% and 45%, respectively). In fact
by deduction, soil organic matter N, primarily represented by
crop residues, strongly dominates the nitrate load of the com-
bined cold, non-growing period (winter and spring; 76%),
istinct seasonal N-sources and the critical role of crop residues in ground-
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whereas nearly equal contributions from chemical fertilizers
and soil organic matter compose the nitrate charges to GW dur-
ing the warm, growing period (summer and fall; �40% for both).

Taken as a whole, the isotopic characteristics of groundwater
and surface water nitrate in the Wilmot area can be explained by
year-round nitrification of agricultural N sources and by changes
in source dominance during the different seasons. Plants, particu-
larly crop residues, play a key role in the overall N cycling as they
retain N made available through fertilization which they later yield
during degradation. Therefore, efforts to attenuate nitrate contam-
ination in waters of temperate climate agricultural regions must
consider nitrogen cycling by soil organic matter, including the cru-
cial role of crop residues throughout both the growing and non-
growing seasons.
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