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Abstract Soil, water, and airNO5 ™ pollution is a major
environmental problem worldwide. Stable isotope
analysis can assess the origin of NO, because different
NOy sources carry different isotope signatures. Hence,
using appropriate chemical methods to determine the
5"°N-NO values in different samples is important to
improve our understanding of the N-NOj pollution and
take possible strategies to manage it. Two modified
chemical methods, the cadmium—sodium azide meth-
od and the VCl;—sodium azide method, were used to
establish a comprehensive inventory of 5'°N-NO,
values associated with major NOy fluxes by the con-
version of NO5 ™ into N,O. Precision and limit of de-
tection values demonstrated the robustness of these
quantitative techniques for measuring 5'°N-NO,. The
standard deviations of the 5'°N-NO;~ values were 0.35
and 0.34%o for the cadmium—sodium azide and VCl;—
sodium azide methods. The mean 5'°N-NO; ~ values of
river water, soil extracts, and summer rain were 8.9 +

3.3,3.5+3.5,and 3.3 + 2.1%o, respectively. The 5'5N-
NO; values of low concentration samples collected
from coal-fired power plants, motor vehicles, and gas-
eous HNO;was20.3 +4.3,5.6 £2.78,and 5.7 + 3.6%o,
respectively. There was a good correlation between the
5"°N-NO;~ compositions of standards and samples,
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which demonstrates that these chemical reactions can
be used successfully to assess ' °N-NO;~ values in the
environment.
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Introduction

Nitrogen (N) is a key nutrient, essential to the survival
of humans and all other living organisms. However,
the generation of reactive N by humans has at least
doubled the rate of input of reactive N to the earth
system. The release of a large amount of N will over-
come several thresholds set for the health of humans
and the ecosystem, including those for drinking water
pollution, air quality degradation, freshwater eutro-
phication, biodiversity loss, stratospheric ozone de-
pletion, and climate change (Erisman et al. 2013). One
of the major species of fixed N is NO;3 -N, mainly
from atmospheric deposition, sewage NO5 discharge,
and NOj fertilizer application (Kendall et al. 2007;
Michalski et al. 2004). Therefore, understanding the
origin of NO3 -N is critical to implement possible
strategies for managing the N pollution problem.
Isotope analysis is a methodology used worldwide
to assess the cycle of N through the environment
because N-rich sources carry different stable isotope
signatures (Hastings et al. 2013). For example, 5'°N
values of NO3 ™ from organic fertilizers display typical
values ranging from — 6 to 6%o, whereas 5'°N values
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of atmospheric N depositions are between — 13 and
13%o. In addition, 8'>N values of soil and surface
groundwater have been shown to range from 0 to 8
and —4 to 15%o, respectively (Kendall 1998; Mayer
etal. 2002; Xue et al. 2009). Furthermore, d >N values
of NO, generated from natural sources are always
lower than those generated by anthropogenic sources
(Felix and Elliott 2014; Freyer 1978). Previous studies
characterizing the 5'°N composition of NO, emis-
sions from power plants (— 9-26%0) have shown that
that these are important NO, sources driving the de-
position of NO;3  at rural monitoring sites in the east-
ern USA (Elliott et al. 2007; Felix et al. 2012). Stable
N isotope data of NO3 ™~ (5"°N-NO3") can be used to
trace the production and destination of NO; -N. Thus,
precise and accurate, but also inexpensive and rapid,
5'°N-NO; ™ analyses are needed to improve the iden-
tification and assessment of NO3 in atmospheric,
soil, surface water, and groundwater samples and
samples from their emission sources. During the past
decades, a variety of analytical methods have been
developed to determine §'°N in NO5~, such as ion
exchange and bacterial denitrification (Casciotti
et al. 2002; Rock and Ellen 2007; Sigman et al.
2001; Xue et al. 2010). However, these methods have
some associated drawbacks; e.g., Silva et al. (2000)
pointed out that ion exchange or the AgNO3; method
is relatively labor intensive, requires a large volume of
sample (sample size of 100-200 mmol of NO3 ), and
is time-consuming (3—5 days for sample preparation).
The bacterial denitrification method also requires a
long time for bacterial growth, as long as 10-12 days
from Petri dish to media bottles (Xue et al. 2009). A
series of chemical methods for 8'°N-NO; ™ analysis
have been created for sea water, freshwater, and soil
samples. These approaches can analyze samples with
low volume, and concentrations of samples do not
produce interferences at high concentrations and also
have the potential to be less labor-intensive than other
approaches (Braman and Hendrix 1989; Lachouani
et al. 2010; Tsunogai et al. 2008).

Compositions of 5'°N-NO;~ can provide evidence
of the NO3 -N sources and the mechanisms of NO3 -
N transformations in terrestrial ecosystems. Although
recent methods used to analyze 6'°N-NO5 ™ in surface
water and soil are advanced, it is necessary to analyze
5'"N-NO; in other samples, such as 5'N-NO; ™ in
NO,-N samples emitted from coal-fired plants and
vehicles, which are absorbed by strong acid, alkali,
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or oxidant solutions. In addition, the chemical method
is a new technique to measure 515N-NO3_; therefore,
it requires further demonstration.

Here, we present a series of chemical methods for
detecting sensitive natural abundance of 5'"N-NO;~
in surface water, rainfall, soil, air, and coal-fired
power plant and vehicular emission samples. The
objectives of this study were as follows: (1) to devel-
op improved chemical methods to determine the
5'°N-NO;~ composition of low-concentration sam-
ples with small volumes and complex absorbing so-
lutions and (2) to identify the 5'N-NO;~ signatures
of NO3 -N at environmental concentrations.

Materials and methods
Collection of NO5 -N in river, rain, and soil

The collection of water samples (river and rain water)
were conducted at Suzhou in southeast China during
summer (June—August 2014). River water samples
were collected in the central stream using a polyeth-
ylene barrel at a depth of 0.5 to 1 m from the water
surface. Rain water samples were collected by a
sensor-controlled auto sampler (ZJC-II, Zhejiang
Hengda Instrument Company, China), which collect-
ed samples during precipitation events. All samples
were subsequently transferred into plastic bottles
(0.2-10 L) and transported on ice to the laboratory
for storage at — 5 °C prior to analysis.

Soil samples were collected from a summer rice—
winter wheat rotated cropland near Suzhou after the
wheat harvest in 2014, and they were extracted by
2 mol L™ KClI solution according to a water:soil ratio
of 5:1.

Collection of NO4-N in the atmospheric environment

Gaseous HNO; and NO, emissions from coal-fired
power plants and vehicles were collected in the Taihu
Lake region during 2014 summer by an integrated air
sampler (ZC-Q0102, Zhejiang Hengda Instrument
Company, China). The sampler was operated for 24 h
and gathered the ambient air by two low-volume pumps
(1 L min™"). The air was passed through a filter train.
Gaseous HNO; was absorbed by 0.5 g NaOH in
50 mL of methanol (pH > 12) following the method of
Adon et al. (2010), and NO, emission from coal-fired
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plants was trapped by a 25-mL aliquot of absorbing
solution (6 mL of H,O, in 1 L of ~0.05 M H,SO,)
following the method of Felix et al. (2012). NOy emis-
sions from vehicles were absorbed in a tunnel (Jiuhua
Tunnel, Nanjing City) by the same solution as the coal-
fired power plant samples.

All the samples were stored at —5 °C until required
for further analysis. Previous studies have shown that
the N isotopic fractionation resulting from the above
conversions was minimal (Felix et al. 2012; Walters
et al. 2015).

Analyses of NO; -N concentration

The water samples were filtered through glass
fiber filters (Whatman, GF/F, 47 mm in diameter)
and deposited in pre-cleaned polyethylene bottles.
Samples collected from air and NO, emission
sources were adjusted to a pH of 8.0 by adding
1 mol L' hydroxide solution. The NO; -N con-
centrations in all of the collected samples were
analyzed using a Skalar segmented flow-injection
analyzer (Skalar San++ System, Breda, the Neth-
erlands) with a relative error of £2% and a detec-
tion limit of 0.03 mg N L.

Analyses of '°N-NO;~ in water and soil samples

Based on the methods of Stedman (1959a) and Stedman
(1959b), Mcllvin and Altabet (2005) developed a Cd
reduction and N3~ method to reduce NO;  in samples to
N,O for the determination of 5'°N. In brief, in weak
alkaline solution, cadmium reduces NO; to NO, ,
whereas NO, reacts with N3~ to produce N,O in acidic
conditions. The reaction between NO, and N; at a
pH >2 generates nitrous acidium ions (H,NO,"),
followed by the reaction with the N5 .

The resulting N isotopic composition of the N,O
product should be given by the mean of the the NO;
and N5~ 5'°N values since each component contrib-
utes one N atom. Hence, we obtain Eq. (1):

5" Nair (N3) + 8"°Na;r (NO3)
2

0N (N3) + 86" Nair (NO3)

B 2

89 Nair(N,0) =

The expected slope of a binary plot of NO;  standard
5'>N values versus the measured 5'°N of the produced
N,O is 0.5.

A graphical representation of the isotopic analysis
method is given in Fig. 1.

We used a cadmium column to connect to a peristal-
tic pump, and the flow was set at 5 mL/min to perform
the NO; to NO, reduction step. Furthermore, unlike
the study of Mcllvin and Altabet (2005), a pH of 8.0 was
demonstrated to be optimal for the NO; to NO, con-
version in our study (Fig. 2). Several drops of 0.5 M HC1
were then added to decrease the pH to 2—3. Blanks
require one drop of 0.5 M HCl to attain a pH of 3. The
pH of blanks and samples were subsequently increased
to 8.0 using a 1 M imidazole (CsH4N,) solution. In cases
in which too much imidazole was added, we added
some drops of HCI to augment the pH again.

To convert NO, to N,O, we improved the methods
developed by Mcllvin and Altabet (2005) and Schilman
and Teplyakov (2007). In brief, we poured 16 mL of
sample remaining from the above procedure into a
50-mL headspace vial tightly capped with a Teflon-
lined septum. The vial was put under vacuum and
purged with He to eliminate the negative pressure effect.
Then, 0.8 mL of N5 and acetic acid (CH;COOH) buffer
(15mL of 2mol L ' N3~ and 15 mL of 20% acetic acid)
was added to vials via a syringe, and the vials were
shaken vigorously for 1 min. According to Mcllvin
and Altabet (2005), the reaction must be kept at a pH
between 4 and 5. All vials were put in a 30 °C water bath
for 30 min. After 30-min quiescence, 0.5 mL of 6 M
NaOH solution was injected into the vial with a syringe
to produce a basic solution and stop the reaction. After-
wards, the pH of the reaction should be > 10. Three
blanks were included in each sample batch to test the
seals of the vial and the value of the reagent blank.

The vial’s N,O concentration was analyzed by an
automated PT-IRMS which included a continuous flow
IRMS (IsoPrimel00, IsoPrime Limited, UK) with a
cryo-focusing unit (Trace Gas Preconcentrator,
IsoPrime Limited, UK). The sample entered the IRMS
via a capillary from an open split directly to the ion
source. Each sample was accompanied by a direct inlet
injection of pure N,O. Data were collected throughout
the run for masses 44, 45, and 46. The area under each
peak was calculated for each mass by lonvantage
software.

For the calculation of § values, the § notation is
specified for a particular element X, where the
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2 (NOy) (N,0) PTHIRMS

Fig. 1 Method schematic for the isotopic analysis of the isotopic analysis of §'°N-NO5~ by the cadmium-sodium azide method

superscript H gives the heavy isotope mass of that
element,

6HX _ (Rsample -1
Rstanda.rd

where Rg,mplc is the ratio of the heavy isotope to the light

isotope of the sample and Rynqarq 1S the isotope ratio of

the international standard (0.0036765). In this study, R
was calculated by

(2)

areays
Ras Jus =

(3)

arcagq

where areays is the peak area of the m/z 45 of N,O that
contains a >N atom, while the area,, is the peak area of
the m/z 44 of N,O that does not contain a >N atom.

Analyses of §'°N-NO;~ in air samples

We can use the cadmium-sodium azide method to ana-
lyze the N natural isotopic abundance of freshwater and
soil extracts, but this method is not suitable for samples
absorbed with strong acid, alkali, or oxidant solutions
because of the difficulty to adjust the pH in the cadmi-
um-sodium azide process.

Therefore, we tried to use the chemical method de-
fined by Lachouani et al. (2010) to determine the 5"°N-
NOy values for coal-fired power plant, motor vehicles,
and gaseous HNO; samples those absorbed by strong
acid, alkali, or oxidant solutions in this study.

The chemical reactions involved in this method are as
follows:

NO, + NO + 3H,0,"52N0; + 3H,0 (4a)
NO; 4 2V3* 4 2H* -NO; + 2V 4+ H,0 (4b)

NO; + 2H"—H,NOF

H,NOJ + CI'—>NO-Cl + H,0 (4d)

_f:
CI-NO + N; N3 -NO + CI 55N> + N2 0 (4¢)

The measured N,O consists of two N atoms, one
originating from the sample and the other from the
sodium azide.

Fig. 2 Effects of pH on the 120
reaction of NO; to NO, by the
cadmium-sodium azide method
~ 100 i
'O 121227744 (11997774 112700274
> 80 - 9 9% o] oo orrerrs I
b =) /70022220 ir22002474 100720074 100720002 112000274
> 22 222 /7222000, 7771200} 020007777) 10000727, 0000722,
(: 102102074 /0202202, 010202207} 12202202 1010200272 1202022+
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Lachouani et al. (2010) determined that the influence
of blank 5"°N on the sample §'°N composition should
be corrected by the following mass balance equation:

15
> Nblank corr

o 615Nsample X areasamp]e_élsNblamk X areapjank ( 5)
aréasample —ar€aplank

where 6" Nyjank corr 18 the 8'°N value of the samples

after correction and ZSISNsamplc and 8" Nk are the

5'°N values of samples and blanks directly measured

by PT-IRMS. The areagmpie and areapin were also

directly measured by PT-IRMS.

Samples collected from air and NO, emission sam-
ples were evaporated to dryness in a water bath at 80 °C
to remove the influence of H,O, and filled with 5 mL
deionized water before performing the '’N-NO5 "~ isoto-
pic analysis.

Results and discussion
Precision of §'°N-NO; ™ analyses by chemical methods

The international 8'°N-NO;  reference standards
USGS34 and USGS32 were used to define the analyti-
cal precision. Standards for concentration analyses were
produced in duplicate with 100 umol L™" solutions
mixed together according to different volume ratios to
generate distinct 5'°N-NO;~ compositions (Table 1).
The mixed standard solutions and sample solutions were
prepared from the same matrix to provide a comparable
precision in the 5'°N-NO;~ results. There are good

Table 1 Theoretical values of §'°N-NO;™ in the standard solu-
tions mixed by different volume ratios

No. Volume ratio (V4:V) Theoretical value of §'°N-NO; ™~ (%)

1 6:0 -1.8
2 51 28.5
3 42 58.8
4 33 89.1
5 24 119.4
6 15 149.7
7 06 180.0

V, 100 pumol L™' USGS34, V5 100 pmol L™ USGS32

linear correlations between 5'°N-NO; ™ values of stan-
dard solutions and measured 615N-N20 values of sam-
ples using the two methods (Fig. 3). The linear regres-
sion slopes for the cadmium—sodium azide and VCl;—
sodium azide methods were 0.45 and 0.44, respectively.
In fact, the theory of reaction mechanisms reveals
that the slope of the linear relation between the true 5'°N
of a NO; standard (or sample) and the measured 55N
of the produced N,O should to be 0.5, since one N atom
in the N,O product originates from NO;  and the other
one from N3 . The intercept reflects the combination of
the initial 5'°N of N5~ values with the isotopic fraction-
ation associated with the reactions from NO; to N,O.
In our study, the slopes of the regression lines were
close to the 0.5 theoretical value predicted from the 1:1
mixture of NO, -N and N3 -N. The correlation between
concentration and signal intensity for NO3 reveals
3.8 nmol NO3; in the 5 mL blank samples
(0.76 umol L™"), which was mainly derived from sodi-
um azide in the VCls;—sodium azide solution.

£

2 100 - = 100 4
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g a 2 b

£ 80 % 80+

32 >3

I3 ; g 9\,

S S 60 4 32 60 A

5% 2%

o & 2 g

Z2 40 23 404

z 8 y=045x - 6.32 & gs y=0.44x -5.78

o R2=0.9997 © R2=1

E B

g 20 g 201

b=

r 0 T T T 1 r e T T 1

-50 & 50 100 150 200 -50 o 50 100 150 200

-20 - 3'5N-NOj in solutions that mixed by standards (%o)

-20 - 3!5N-NOj"in solutions that mixed by standards (%o)

Fig. 3 Correlations between the 5'°N-N,O and the 5'°N-NO5 in solutions mixed by standards
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Furthermore, the correlation of the 615N-NO3_ values in
standard solutions with the measured §'°N-N,O values
of samples also revealed the role of blank samples.
Figure 4a shows an augmentation in the linear regres-
sion slope when the sample concentrations increased,
whereas when the blank correction was applied through
the mass balance equation, the slopes of the linear
regression approached 0.5 (Fig. 4b).

Except for blanks, other effects such as the IRMS
precision could be responsible for the results of mea-
sured §'°N-NO;~ values (Lachouani et al. 2010). How-
ever, the excellent correlation of standard and measured
5'°N demonstrated the methods to be robust and good
quantitative techniques for measurement of §'°N-NO5~
in the environmental samples.

5'°N-NO; "~ precision and accuracy

To evaluate the accuracy and precision of both methods
of 8'°N isotopic analyses, we analyzed laboratory and
international 5'°N-NO;~ standards with each batch of
submitted samples. Results showed that both methods
presented accurate 5'°N-NO;~ values defined by the
international and in-lab standard numbers (Table 2).
The 5'°N-NO; " standard deviations for the cadmium—
sodium azide and the VCl;—sodium azide methods were
0.34 and 0.33%., respectively, which is excellent. Stan-
dards are important not only to assess the precision and
accuracy of 8'°N-NO;~ compositions and subsequent
concentrations but also to determine the sample concen-
tration limit of detection (LOD).

Throughout the course of this study, the blank NO;~
concentration was 0.76 umol L' obtained by the
VCls—sodium azide method. The LOD was determined

100 -

0
(=}
L

y =0.38x-6.40
R2=0.9997 (20umol/L)
60 -

¥ =0.50x - 6.69
R2=0.9998 (60umol/L)
40 1 y=044x-5.78
R2=1(100umol/L)

20
®20 ymoV/L. m60 pymol/L A 100 umol/L
O

Measured 8'SN-N,O by the VCl;-sodium
pzide method before blank correction (%o)

by taking 10 times the NO;  concentrations of the blank
(e.g., 7.6 umol LY in a 5 mL solution. The result
produced an adequate accuracy and precision in the
determination of the natural §'°N-NO; N from NO,
emissions from coal-fired power plants and motor vehi-
cles, and low concentrations of gaseous NO, and HNO;
(Table 3). The LOD value was much lower to that given
by Lachouani et al. (2010).

The LOD associated with the cadmium—sodium
azide method generated a PT-IRMS baseline signal
intensity of m/z 44 corresponding to a concentration of
0.82 umol L', The accuracy and precision are accept-
able when measuring the natural 5'°N-NO5 " in surface
water and soil extract samples and testing a LOD of
8.2 umol L through standards (Table 3).

Characterizations of 8'°N-NO;~ values in different
samples

Analytical results showed that the 5'°N-NO5~ values of
river water samples ranged from — 1.4 to 14.4%o., with a
mean of 8.9 +3.3%o (Fig. 5). This is comparable to the
range of water 5'°N-NO;~ values previously published
in this region (Chen et al. 2012). However, our values
were much higher relative to typical 5'°N-NO;~ values
taken at watershed outlets in predominantly forested
land (Mayer et al. 2002). The variability in the '°N
values of riverine NO5;  could be sufficiently explained
by mixing of NO3  from various sources. For example,
river water originating from manure and sewage is much
more enriched in '°N relative to other N sources.

Soil extracts present an NO3  isotopic composition
varying from —4.3 to 8.6%o0 (mean of 3.5+ 3.5%o),
which overlaps the range of typical soil 5'°N values

100 -

b

%
=3

y =0.50x- 6.63
R*=0.9997 (20umol/L)

60 | y=050x-669
R2= 0.9998 (60pmol/L)

y =0.504x- 639

40 4 R*=1(100pmol/L)

©20 pmol/L m60 pmol/L A 100 pumol/L

Measured 3'SN-N,O by the VCl;-sodium
azide method after blank correction (%o)

n
S

T/ 50 100 150 200
-20 3'N-NOj;-in solutions that mixed by standards (%o)

50 v 50 100 150 200

-20 - §'*N-NOjs"in solutions that mixed by standards (%o)

Fig. 4 Relationship between the 5'°N-N,O and the 5'°N-NO;  in solutions mixed by standards before and after blank corrections of the

VCls-sodium azide method
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Table 2 5'°N-NO;~ values (%0)

Measured by the Measured by the
VCls—sodium azide method  cadmium-sodium azide method

of international and lab standards Standard Reference value
and measured by PT-IRMS in this
study
USGS-35 27+02
IAEA-NO-3 4.7+£0.2
ST-1 3.7
ST-2 14.6

2784027 (n=6)
4754020 (n=6)
3.65+0.33 (n=6)

14.55+£0.31 (n =6)

2934031 (n=6)
4.49+0.34 (n =6)
3.82+0.30 (n=6)

14.61£0.29 (n =6)

provided by Xue et al. (2009). The rate of mineralization
and nitrification, soil depth, vegetation, climate, and site
history may also affect the §'°N composition in soil
(Kendall 1998; Mayer et al. 2002).

The analyzed §'"N-NO5~ composition of summer rain
water varied from — 4.6 to 9.5%o, with a mean of 3.3 +
2.1%o (Fig. 5). These values fall well within the range of
previously reported values for atmospheric NO;
(Hastings et al. 2013; Elliott et al. 2007; Tobari et al.
2010; Russell et al. 1998), and are comparable to the
results reported in southern China and in urban and
suburban sites in the North China Plain (Fang et al.
2011). However, our results are higher than those for
NOj3 precipitates from two rural sites in the Hebei Prov-
ince of northern China, and Japan, where most values of
5'>N-NO; ™ in rain water were negative(Fukuzaki and
Hayasaka 2009). The higher values could result from
higher contributions of NO; -N derived from vehicle
exhausts and coal-fired boilers. For example, 33 sites
across the mid-western and northeastern USA yielded
5'"N composition of wet NO;~ depositions that ranged
from — 8.1 to 3.2%0 with a mean value of — 1.5%o, and the
highest 5'°N values in NO;~ close to major stationary
emission sources (Elliott et al. 2007).

The §'°N-HNOj; values of representative emission
sources are summarized in Fig. 5. Samples collected
from coal-fired power plants yielded a mean 5'°N-
NO;~ value of 20.3 £4.3%0 with concentrations of
HNOj ranging from 60 to 80 mg m >, close to the mean

value of coal fire reported by Felix et al. (2012). The
5'"N-NO; " values of vehicular emissions collected in
this study ranged from 0.4 to 9.4%o, with a mean of 5.7
+3.6%o. The range and standard deviation of &'°N-
NO;  of the vehicle emissions in this study are lower
than those published by Felix and Elliott (2014). The
values are also higher than the values obtained from 26
gasoline and diesel-powered vehicles controlled by the
NO,/NO, molar ratios (Walters et al. 2015)

Gaseous HNO; measurements produced concentra-
tions with a range of 1.71-16.07 pg N m > during the
summer. The 5'°N-HNO; values varied from 2.2 to
10.8%0, with a mean value of 5.9 £2.4%o, higher than
that of other studies. For example, in Ohio, New York,
and Pennsylvania, 96 measurements of gaseous &'°N-
HNO; ranged from — 4.9 to 10.8%0 with a mean of 3.2%o
(Elliott et al. 2009). In addition, a study on variation of
gaseous 5'°N-NO;~ values at Akita in Japan was even
lower than 0% (Kawashima 2014). Concentrations of
HNO; are also correlated with stationary source emis-
sions, suggesting that the spatial distribution of stationary
sources is a primary control on HNO3 formation and
associated 8'°N-HNO; values (Elliott et al. 2009).

Isotopes as tracers of anthropogenic NO5 -N sources
and impacts

Excess N causes environmental pollution and threatens
agricultural productivity, food security, ecosystem and

Table 3 Precision and accuracy of limit of detection (LOD) for N isotope analysis in this study (the LOD was 8.2 and 7.6 pumol L' for the
cadmium-sodium azide method and VCl;—sodium azide method, respectively)

Measured by the VCl;—sodium

Measured by the cadmium-—sodium

azide method

Standard Reference value

azide method
USGS-35 2.7+0.2 2.63+0.47 (n=6)
IAEA-NO-3 47402 4.78+0.55 (n =6)
ST-1 3.7 3.87+0.51 (n=6)
ST-2 14.6

14.49+0.49 (n =6)

2.61+0.57 (n=6)
475+0.65 (n =6)
3.85+0.77 (1 =6)
14.53+0.82 (n = 6)
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Fig. 5 5'°N-NO; values of 40
major N cycle processes in this
study. The rectangular boxes i
indicate the interquartile range 30 4
(first and third quartiles), median
values are indicated by the J
centerline within each box, and
outliers are indicated by circles ;\§ 20 -
o’ .
4
1\Z 10 4
(2=}
0+
-10

X p——r]

I

human health, and economic prosperity (Zhang et al.
2015). The isotopic composition of NO3  is not only a
powerful tool to determine its origin but can also pro-
vide clues about the N transformation processes such as
NH; volatilization and denitrification (Mayer et al.
2002). Furthermore, stable isotopes contained in reac-
tive N compounds are providing new insights into the
environmental N cascade, since N sources present dif-
ferent stable isotope signatures that can be used to assess
the N flow (Hastings et al. 2013).

Isotopic studies have helped determine the source,
origin, and cycle of N. The 5'°N-NO;~ composition
confirmed that the source of NO; ™ deposited across the
northeastern USA came principally from power plant
NO, emissions (Elliott et al. 2007; Felix et al. 2012).
The isotopic composition of NO3~, combined with
A'""NO; and 5'®NO; values, established the main ter-
restrial sources of NO3™ to be the sewage and manure
effluents in the upstream areas of the Yellow River in
China (Liu et al. 2013).

The sources of N carry distinct stable isotope signa-
tures. The 6'°N-NO; analysis of water and air samples
in this study showed that the measured 6'°N-NO;~
values of coal-fired power plants were much higher than
those other power plants (Fig. 5). The 6'°N-NO;~ data
demonstrated that NO, emitted from motor vehicles and
soil extracts has relatively low 8'°N values. Although
various processes such as fractionation and seasonality
of oxidation pathways can influence the isotopic values
of N compounds, the range of '°N-NO;~ values com-
ing from motor vehicle samples was close to that of

@ Springer
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gaseous HNOj, and thus, motor vehicle emissions can
be considered the major source of gaseous HNO;.

Conclusions

The cadmium—sodium azide and the VCl;—sodium
azide chemical methods were successfully used to de-
termine the 5'°N-NOs~ composition of samples with
low N concentration, small N volume, and complex
absorbing solutions based on the conversion of NO;
into N,O, analyzed by PT-IRMS. The good linear cor-
relation of measured 5'°N values between standard and
sample demonstrated the soundness of both chemical
methods and of the quantitative measurement technique
for §'°N-NO; . The low standard deviations provided
by the 5'°N-NO;~ values indicated excellent precision.
The sample concentration LOD obtained by the VCl;—
sodium azide and cadmium-sodium azide methods
were 7.6 and 8.2 pumol L™, respectively.

Results indicated that river water samples collected
in this study showed a §'°N-NO;~ value from — 1.4 to
14.4%0 with a mean of 8.9 +3.3%.. The §'°N-NO; of
soil extracts varied from — 4.3 to 8.6%o, with a mean of
3.5+ 3.5%. The analyzed 6'°N-NO;~ values in sum-
mer rain water samples varied from —4.6 to 9.5%o.
The 5'°N values of HNO; sampled from coal-fired
power plants display a mean value of 20.3 +4.3%o,
and §'°N-NO;~ values of motor vehicle emissions
collected in a tunnel ranged from 0.4 to 9.4%o with a
mean of 5.7 £ 3.6%o. Measurements of gaseous HNO;
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yielded 6'°N-NO5 ™ values ranging from 2.2 to 10.8%o,
with a mean of 5.9 £ 2.4%e.

In summary, the NO, emitted from motor vehicles and
soil extracts exhibited relatively low &'°N values, where-
as the vehicle values were close to those of gaseous
HNOs;. The isotopic signatures presented in this study
can be used to identify and trace the transport of N.
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