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Nitrate is a key component of synthetic fertilizers that can be beneficial to crop production in agro-
ecosystems, but can also cause damage to natural ecosystems if it is exported in large amounts. Stable
isotopes, both oxygen and nitrogen, have been used to trace the sources and fate of nitrate in various
ecosystems. However, the oxygen isotope composition of synthetic and organic nitrates is poorly con-
strained. Here, we present a study on the N and O isotope composition of nitrate-based fertilizers. The
!15N values of synthetic and natural nitrates were 0 ± 2 ‰ similar to the air N2 from which they are
derived. The !18O values of synthetic nitrates were 23 ± 3 ‰, similar to air O2, and natural nitrate fer-
tilizer !18O values (55 ± 5 ‰) were similar to those observed in atmospheric nitrate. The "17O values
of synthetic fertilizer nitrate were approximately zero following a mass-dependent isotope relationship,
while natural nitrate fertilizers had "17O values of 18 ± 2 ‰ similar to nitrate produced photochemically
in the atmosphere. These narrow ranges of values can be used to assess the amount of nitrate arising from
fertilizers in mixed systems where more than one nitrate source exists (soil, rivers, and lakes) using simple
isotope mixing models.

Keywords: fertilizer; nitrate; nitric acid; nitrogen-15; oxygen-17; oxygen-18

1. Introduction

Nitrate is an important compound in healthy natural, agricultural, and urban ecosystems but it
can have negative impacts at elevated levels. Excess nitrate can lead to eutrophication in lake,
riverine [1], estuary, and coastal waters [2,3], which can result in hypoxia [3] and the destruction
of fisheries and other aquatic life. In terrestrial ecosystems, plants that have evolved to more
effectively take up excess nitrate have a competitive advantage over other species, which can lead
to shifts in biodiversity [4,5]. Nitrates in drinking water have been linked to a number of negative
health effects in humans [6–8] and livestock [9], and it is a regulated groundwater pollutant by
the United States Environmental Protection Agency. Nitrate is a major component of acid rain
[10,11] and harmful, respirable particulate matter [12–14] in urban areas [15,16]. Therefore,
understanding the sources of nitrate is important from ecological, economic, and human health
perspectives.

Nitrate is produced in a number of ways, both naturally and by human activities, and sta-
ble isotopes have proven useful as tracers of these pathways. Nitrification is the main source of
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2 G. Michalski et al.

nitrate; it is a broad category that refers to the process of microbial oxidation of ammonia (NH3)
found in the soil, water, sewage, and manure [17]. Synthetic fertilizers are another major source
of nitrate both directly, as nitrate contained in the fertilizer, and from the post application nitrifi-
cation of NH3 fertilizers in soils [18,19]. The third major source is atmospheric nitrate, which is
formed when nitrogen oxide, produced by lightning, fossil fuel combustion, and as a by-product
of nitrification/denitrification, is oxidized to nitrate by photochemical radical chemistry in the
atmosphere [16,20].

The different mechanisms that produce nitrate are often accompanied by isotope effects.
Nitrate production by any pathway can differentially incorporate 15N/14N and 18O/16O ratios (R)
resulting in unique !15N and !18O values, where ! (‰) = [Rsample/Rstandard " 1]·1000. The !15N
values are by convention reported with respect to air N2 and !18O according to the Vienna Stan-
dard Mean Ocean Water (VSMOW). If unique, these ! values can be used relative to determine
the mole fraction of each nitrate source in systems where two or more source contributes to
the nitrate load [21–24] and no secondary isotope fractionating process such as denitrification
is significantly occuring. For example, nitrate produced photochemically in the atmosphere has
elevated !18O values [25,26], while those by microbial nitrification are near 0 ‰ [27,28]; !15N
values in nitrate derived from manure [29] are distinct from synthetic N fertilizers [30]. The
17O has also proven useful for portioning nitrate sources, in particular atmospheric nitrate [31].
During most chemical and biological reactions, isotopes fractionate in a manner dependent on
relative mass differences, and the relationship !17O # 0.52 !18O is normally observed [32]. This
relationship is not observed in nitrate produced photochemically; this deviation is quantified
approximately as "17O = !17O " #!18O and exactly as "17O = 1000ln(!17O/1000 + 1) "
#1000ln(!18O/1000 + 1), where # is the isotope mass-dependent proportionality factor that can
range from 0.49 to 0.53 depending on whether the system is controlled by kinetics and/or equi-
librium. Atmospheric nitrate has "17O values that typically range from 20 to 34 ‰ [31–34],
making them isotopically unique relative to microbial nitrate.

Although a major source of nitrate in agro-ecosystems is nitrate directly applied as fertil-
izer, surprisingly the oxygen isotope composition of this source remains poorly constrained. The
main forms of fertilizer nitrate are ammonium nitrate (NH4NO3) and urea ammonium nitrate
(UAN), but NaNO3 and Ca(NO3)2 are sometimes used, albeit to a much lesser extent. In the
USA, 652,607 tons of NH4NO3 and 10,396,439 tons of UAN were applied in 2010, accounting
for 47 % of applied N [35]. To our knowledge, only two studies have published oxygen isotope
data on commercial fertilizers and consisted of only a small number of samples from European
manufacturers [36,37]. There is no !18O for NO"

3 based US fertilizers, synthetic salts, or com-
mercially available HNO3. Furthermore, there are no "17O data for synthetic NO"

3 other than
for a few isotopic standards [38]. There may be significant oxygen isotope variability within
fertilizer types and brands, as well as differences between the molecular forms (i.e. UAN vs.
NH4NO3) and place of origin. Therefore, if oxygen isotopes are to be used to help constrain the
fraction of synthetic nitrate in mixed systems, a better understanding of the variability of oxygen
isotopes within them is warranted. Presented herein are an O and N isotope analysis of UAN,
reagent-grade nitric acid, NH4NO3, reagent-grade nitrate salts and natural nitrate salts approved
as organic fertilizers. Also, we suggest the origin of these isotopic compositions based on the
nitrate manufacturing process.

2. Methods

Fertilizer and reagent-grade nitrates were analysed for oxygen and nitrogen isotopes using
several methods. Samples (n = 270) of liquid UAN (32 % N, 25 % of total N as NO"

3 ) were
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Isotopes in Environmental and Health Studies 3

obtained from the Office of the Indiana State Chemist and diluted with deionized water to a con-
centration of 5 µM, and 1 mL of solution was used in the analysis (500 nmol). The !15N and !18O
values of nitrate in the UAN solution were analysed by conversion to N2O using the denitrifier
method [39] and calibrated using a set of working isotope reference nitrates that were calibrated
to the international nitrate reference materials USGS32, USGS34, and USGS35. A subset of the
UAN, nitric acid and reagent-grade solid metal/ammonia nitrate salts were analysed for "17O
and !18O by conversion to O2 using the AgNO3 decomposition method [40]. Briefly, # 1 g of
each nitrate salts was dissolved in 50 mL of DI water and passed through a cation exchange
resin (Biorad AG 50). The resulting HNO3 solution was neutralized with pre-cleaned Ag2O. The
product AgNO3 solution was freeze dried, and 3–5 mg was thermally decomposed, and analysed
using a dual inlet peripheral on a Thermo Delta V isotope ratio mass spectrometer. Precision
using the bacteria method is ± 0.3 ‰ and 0.6 ‰ for !15N and !18O, respectively, and dual inlet
"17O precision based on replicate sample analysis was ± 0.04 ‰.

3. Results and discussion

The distribution of !15N values of nitrate found in commercial UAN, a common field fertilizer in
the USA (n = 270), is shown in Figure 1. The nitrate in the UAN fertilizers was determined
to have !15N of 0.2 ± 3.6 ‰ (2$ ), which is similar to the !15N values of total N in other
synthetic nitrates [30]. The !15N values of commercial UAN nitrate and total N in commer-
cial fertilizers can be explained by the chemical processes used in their production. Synthetic
nitrates are produced by the oxidation of NH3 that in turn is produced by the reduction of atmo-
spheric nitrogen (N2). The Haber-Bosch process reacts atmospheric N2 with hydrogen (H2) at
high pressure over an iron-based catalysts at an initially high temperature (823 K) to form NH3:
N2 + 3H2 $ 2NH3 [41]. Successive recycling of products and reactants at lower temperatures
(final temperature # 300 K) typically results in an NH3 yield of 97 %. The high rate of N2 con-
version into NH3, the high temperatures, and the use of catalysts suggest that there should be
little isotope fractionation between the product NH3 and the reactant N2. Total N in ammo-
nium, nitrate, and urea-based fertilizers [30,36] has !15N values of " 0.2 ± 2.1 ‰ (n = 29),
demonstrating that indeed little fractionation between N isotopes occurs during the Haber-Bosch
process. The synthetic ammonia is then primarily used to produce urea and nitrate, which are also
used in commercial synthetic fertilizers; this is consistent with nitrate in UAN having a range of

Figure 1. The !15N distribution, as percentages, of nitrate contained in 270 samples of urea-ammonium-nitrate (UAN)
fertilizers. Roughly 80 % of the UAN nitrate !15N values fall between " 3 ‰ and + 3 ‰.
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4 G. Michalski et al.

!15N values of 0.2 ± 3.6 ‰ which is similar to the !15N values of total N in other synthetic
fertilizers analysed by Bateman and Kelly [30]. Therefore, the three N compounds in UAN have
equivalent !15N values, thus limiting the use of !15N as a tracer of nitrate derived from different
components of fertilizer N.

The !18O values in 10 different bottles of commercial-grade nitric acid (HNO3) ranged from
23.7 to 27.5 ‰, which can be explained by the HNO3 manufacturing process. Roughly, half of
all ammonia produced in the USA by the Haber-Bosch process is converted into HNO3 (US
Environmental Protection Agency, 1995) via the Ostwald process, and insights into the expected
isotopic composition of HNO3 can be gained by understanding the steps of this process. The
Ostwald process uses a Pt/Rh catalyst and high temperature (1170 K) to oxidize NH3 into nitrate
using air oxygen (O2) and water as the oxygen reagents. This process has a 96 % conversion rate
[42]. Following similar arguments made about minimal isotope fractionation occurring during
NH3 synthesis in the Haber-Bosch process, the high temperature, the near quantitative yield, and
the use of catalysts make any significant 15N discrimination unlikely during the Ostwald process.

Understanding the sources and isotopic composition of oxygen incorporated into HNO3 dur-
ing the Ostwald process and determining their relative fraction are more complex. From a
stoichiometric point of view, the overall reaction is

NH3 + 2O2 % HNO3 + H2O. (1)

However, a more accurate step-wise account of the Ostwald process is

4NH3 + 7O2 % 2HNO3 + 5H2O + NO2 + NO (2)

with the remaining nitrogen oxides (NOX) cycled back into the system for further oxidation
into HNO3 [42]. During the initial NH3 oxidation (Equation (1)), the product water is generated
as steam because of the high reaction temperature and subsequent exothermicity of the reaction.
The steam is condensed through a heat exchanger, and a fraction of the water reacts with nitrogen
dioxide (NO2) to form HNO3. The remainder is cooled and used in a counter column reaction
tower in order to further react with NO2 [42]. Based on the simple stoichiometry (Equation (1)),
the resulting nitric acid solution should be 77 % by weight, which is above its azeotropic point
(68 %) [42]. Therefore, external water sources amounting to 37–67 % of the total water must
be added to the system to attain the typical HNO3 concentrations of 55–68 % (but as low as
30 %). Waste water and water loss as steam in the vent gas account for less than 1 % of the total
water [42,43], therefore isotope fractionation during water loss should have a minimal impact on
the oxygen isotope composition of the HNO3. The water deficit is partially eliminated using the
water vapour present in the intake air used during the ammonia oxidation step, and the remainder
through the addition of locally sourced deionized ground water. Therefore, the mole fraction of
oxygen from air O2 in HNO3 would typically range between 0.95 (68 % HNO3) and 0.85 (53 %
HNO3).

The !18O of the product nitric acid can be estimated assuming the !18O of the reaction water
(Equation (1)) and that of nitrogen oxides are the same as air O2 (minimal isotope fractionation
at 1100 K over catalysts) by

!18Omix = fO2(23.5‰) + fH2O(!18OH2O), (3)

where fH2O and !18OH2O are the oxygen fraction and !18O value of the external water added and
fO2 is the fraction derived from air O2 that has a constant !18O value of 23.5 ‰ [44,45]. The !18O
value of the external water would depend on the location of the manufacturing plant and season.
For the continental US where the annual !18O of precipitation ranges between 0 and –15 ‰ [46],
the resulting possible values of !18Omix have only a minor spread, ranging from 20.0 to 23.8 ‰.
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Isotopes in Environmental and Health Studies 5

The resulting HNO3–H2O mixture will come to isotopic equilibrium and the ending !18O of
the HNO3 is found from

!18OH2O = !18OHNO3 " %NO3"H2O, (4)

fNO3!
18OHNO3 " (1 " fNO3)!

18OH2O = !18Omix. (5)

Substituting Equation (4) into Equation (5) and rearranging yield

!18OHNO3 = [!18Omix " %NO3"H2O(1 " fNO3)]
(2fNO3 " 1)

, (6)

where fNO3 is the fraction of oxygen as HNO3 which ranges from 0.78 (53 % HNO3) to 0.86
(68 % HNO3), and %NO3"H2O is the water–nitrate isotope equilibrium enrichment factor. Calcu-
lating %NO3"H2O based on reduced partition function ratios [47,48] yields an enrichment factor
that is a linear function of T(K) over typical ambient temperatures (273–340 K) and fit the func-
tion %NO3"H2O = "0.2T(K) + 82.3. At 295 K this yields a %NO3"H2O of 22.5 ‰ that is in good
agreement with the observed %NO3"H2O of 22.0 ‰ [38]. This oxygen isotope enrichment would
be expected for bottles of HNO3 at room temperature. The range of !18OHNO3 values predicted
by this model, given the spread in precipitation !18O values across the continental US and the
possible HNO3 strength, is relatively narrow, between 23.6 and 27.6 ‰. This is remarkably close
to the !18O of our observed values in 10 different bottles of commercial-grade HNO3 that ranged
from 23.7 to 27.5 ‰ (Figure 2).

The !18O value of nitrate in UAN (n = 270; Figure 3) and reagent-grade NH4NO3 (n = 12)
spanned a narrow range (23 ± 2 ‰), similar to [36] and the !18O of synthetic HNO3 (n = 10),
which can also be explained by the manufacturing process. Ammonium nitrate is synthesized
by the neutralization reaction, NH3 + HNO3 % NH4NO3, and its isotopic composition largely
reflects the effects of the Haber-Bosch and Ostwald processes (Figures 1–3). Water in the
NH4NO3 solution is evaporated to form crystalline NH4NO3 that is either packed as solid
NH4NO3 or mixed with urea to form UAN. This would suggest that exchange between NO"

3
and H2O ceases upon neutralization, since evaporation would increase the remaining solution

Figure 2. The frequency distribution, as percentage, of !18O values of nitrate found in UAN (n = 270), reagent–
grade nitric acid (n = 10), and commercial nitrate salts, including NH4NO3 (n = 12). Most commercially made nitrate
compounds have !18O values between 20 and 28 ‰ and averaging 25 ‰. Frequencies were determined by binning all
measured !18O values that were ± 0.5 ‰ of the whole number value indicated by the bar.
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6 G. Michalski et al.

Figure 3. The frequency distribution of !18O values of nitrate found in UAN (n = 270) that were determined by
binning all measured !18O values that were ± 0.5 ‰ of the whole number value.

water !18O values, and exchange would lead to elevated !18O values in NO"
3 with respect to the

initial HNO3, which is not observed.
Metal nitrate (MNO3) synthesis typically uses dilute HNO3, and the !18O value of a num-

ber of commercial-grade metal nitrates reflects this dilution (Table 1). Concentrated HNO3

can create an oxidation layer when reacting on metallic surfaces slowing the intended reaction
M + HNO3 % MNO3 + !H2. Commercial strength acid is therefore diluted during the syn-
thesis of most MNO3, and the HNO3 should come into new isotopic equilibrium. The resulting

Table 1. Isotopic composition of commercial fertilizers, reagent-grade nitrate salts, nitric
acid, and organic labelled fertilizer.

Nitrate source !15N (‰) !18O (‰) !17O (‰) "17O (‰)

Commercial fertilizers
UAN (n = 270) 0.3 24.2 ± 3.0 11.4 " 0.15 ± 0.30
NH4(NO3) (12) ND 28.8 14.7 " 0.24 ± 0.027

Reagent-grade nitrate
Cu(NO3)2 ND 22.8 11.2 " 0.17 ± 0.040
Mg(NO3)2 ND 17.3 8.4 " 0.019 ± 0.037
Al(NO3)3 ND 15.7 7.5 " 0.096 ± 0.013
Co(NO3)2 ND 21.6 10.4 " 0.25 ± 0.024
Zn(NO3)2 ND 23.9 11.9 " 0.016 ± 0.04
LiNO3 ND 23.0 11.3 " 0.13 ± 0.045
KNO3 ND 24.4 12.0 " 0.14 ± 0.058
Fe(NO3)3 ND 20.4 10.1 0.040 ± 0.027
HNO3 (10) ND 25.7 ± 1.3 12.7 " 0.22 ± 0.02

Organic fertilizers
Bonide Nitrate of Soda " 1.5 49.7 44.7 18.9 ± 0.2
Hoffman Nitrate of Soda 0.5 52.6 47.2 19.8 ± 0.3
Drammatic One liquid " 4.4 50.5 45.3 19 ± 0.4
Hi-Yield Nitrate of Soda " 1.2 51.7 46.3 19.4 ± 0.3
USGS35 " 2 57.5 51.5 21.1 ± 0.2

Notes: Standard deviations for the analysis of the same compound but different origins (UAN, NH4NO3,
and HNO3) represent the range of values for that compound. "17O standard deviation for metal nitrates
reflects replicate analysis of the same sample. No !15N was determined for metal nitrates because the use of
thermal decomposition (see Section 2) produces O2.
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Isotopes in Environmental and Health Studies 7

dilute HNO3 will have a !18O value dependent on the amount of added water and its !18O value
(Equation (6)). Generally, one would expect a decrease in the !18O value in the dilute HNO3

used to make the MNO3 since the !18O value of meteoric water is well below that of concen-
trated HNO3 (Table 1). The observation that MNO3 !18O values range from 15.5 to 23.0 ‰
compared to concentrated HNO3 (23.7–27.5 ‰) appears to confirm this hypothesis. Only one
KNO3 sample had a !18O value (24.4 ‰) in the range of concentrated HNO3, and it is similar
to the KNO3 isotope standard USGS32 (25.7 ‰). This suggests that some common alkali metal
nitrates may have been synthesized by neutralizing HNO3 with hydroxides such as KOH and
NaOH. These reactions would not require acid dilution and would likely happen quickly enough
to inhibit any further HNO3–H2O exchange during the reaction.

Analysis of 17O abundances also supports the hypothesis that synthetic nitrates are composed
of oxygen primarily from atmospheric O2 and a small fraction of water (Figure 2 and Table 1).
All of the reagent-grade nitrates and most of the nitrate fertilizers had "17O values near the
terrestrial oxygen isotope fractionation line, ranging from + 0.04 to " 0.25 ‰ ( ± 0.04 ‰).
The "17O values were anti-correlated with !18O values, with "17O values approaching zero
as !18O values decreased. Measurements of modern air O2 have shown that its "17O value is
constant at " 0.223 ‰ [45,49]. In contrast, oxygen isotope variation in meteoric water induced
by evaporation and condensation follows mass-dependent isotope fractionation rules and has a
"17O value of 0.0 ‰ [50]. Thus, a greater contribution of air O2 during HNO3 synthesis should
result in higher !18O values and negative "17O values in the HNO3. Conversely, "17O values
should approach zero, and !18O values should decrease as the fraction of HNO3–H2O exchange
increases with acid dilution. These trends are observed in the acid and metal nitrates (Table 1)
and are therefore consistent with the hypothesis that air O2 is the major and meteoric water
a minor source of oxygen in synthetic nitrates. This mixing of primarily mass-dependent oxy-
gen reagents and mass-dependent equilibrium reactions results in a well-defined mass-dependent
isotope composition in dual isotope ratio space (Figure 4) yielding # = 0.513.

While the majority of fertilizers and reagent-grade nitrates tested had "17O values near the
terrestrial oxygen isotope fractionation line, a subset was anomalously enriched in 17O (Table 1).
These fertilizers were either solid NaNO3 or liquid organic fertilizers that contain nitrate and
they had a narrow range of "17O values from 19 to 21 ‰, elevated !18O values (48–55 ‰) but

Figure 4. The !18O versus !17O of metal nitrates, nitric acid, and several UAN samples demonstrating the mass
dependent isotope fractionation that occurs during nitrate synthesis yielding a # = 0.513.
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8 G. Michalski et al.

!15N values more characteristic of synthetic nitrates. The origin of these fertilizers was traced
back to nitrate that was mined from naturally occurring ores located in the Atacama (Chile)
and Turpan (China) deserts [51,52]. Since these are natural nitrate deposits they are consid-
ered ‘organic’ by regulators who certify organic agriculture practices. They are used either as
pure NaNO3 fertilizer or the NaNO3 is added to some organic fertilizer brands as an N source.
The origin of the Atacama and Turpan deposits has been linked to the deposition of HNO3

and nitrate aerosols produced by photochemistry in the atmosphere that has accumulated in
these deserts over million-year timescales [33]. Chilean nitrates had widespread use in the USA
and Europe during the early 1900s prior to the expansion of synthetic fertilizer production that
occurred after the Haber-Bosch and Ostwald processes were developed. In 1913, 54.7 % of the
world consumption of fixed nitrogen was produced by the Chilean nitrate industry, but by 1923
production had dropped to 32.2 %, and was only 7 % by 1934. The unique "17O and !18O com-
positions of Chilean nitrate have been used as isotopic ‘fingerprints’, pinpointing the source of
nitrate in ground waters under some landscapes [53,54] that were used in agriculture during the
early 1900s.

4. Conclusion

The stable isotope composition of most nitrate-based fertilizers spans a very narrow range and
reflects the reagents and processes used in nitrate synthesis or its natural origin. The !15N values
of synthetic and natural nitrates were 0 ± 2 ‰ similar to the air N2 from which they are derived.
The !18O values of synthetic nitrates were 23 ± 3 ‰, similar to air O2 and natural nitrate fertil-
izers, !18O values (55 ± 5 ‰) were similar to those observed in atmospheric nitrate. The "17O
values of synthetic fertilizer nitrate were approximately zero following a mass-dependent isotope
relationship, while natural nitrate fertilizers had "17O values of 18 ± 2 ‰ similar to nitrate pro-
duced photochemically in the atmosphere. These narrow ranges of values can be used to assess
the amount of nitrate arising from fertilizers in mixed systems where more than one nitrate source
exists (soil, rivers, and lakes) using simple isotope mixing models.
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