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Abstract. The variation in the natural abundance of 15N in atmospheric gas species is often used to
determine the mixing of trace gases from different sources. With conventional budget calculations one
unknown quantity can be determined if the remaining quantities are known. From 15N tracer studies in
soils with highly enriched '5N-nitrate a procedure is known to calculate the mixing of atmospheric and
soil derived N, based on the measurement of the 30/28 and 29/28 ratios in gas samples collected from
soil covers. Because of the non-random distribution of the mole masses 2

0N, 2 2 and 2 ntemx
ing gas it is possible to calculate two quantities simultaneously, i.e. the mixing ratio of atmospheric
and soil derived N.,, and the isotopic signature of the soil derived N2. Routine standard measurements
of laboratory air had suggested a non-random distribution of N2-MOle masses. The objective of this
study was to investigate and explain the existence of non-random distributions of 'N 15N, "4N 5 and
14" 14 N n , nevrnetlsape.Tecluaino hortcliooedt eutn

N N inN2 andN2 0 inenviromentalsample. The alculaion oftheoreical iotope ata reultin
from hypothetical mixing of two sources differing in N natural abundance demonstrated, that the
deviation from an ideal random distribution of mole masses is not detectable with the current precision
of mass spectrometry. '-analysis of N2 or N20 was conducted with randomnised and non-randomised
replicate samples of different origin. 'N abundance as calculated from 29/28 ratios were generally
higher in randomnised samples. The differences between the treatments ranged between 0.05 and 0. 17 8
%0 'IN. It was concluded that the observed randomnisation effect is probably caused by 1 ' 5N frac-
tionation during environmental processes.

1. INTRODUCTION

The variation in the natural abundance of 15N in atmospheric gas species is often used to de-
termine the mixing of atmospheric trace gases from different sources (e.g. Rahn & Wahlen,
2000 [1]). With conventional budget calculations one unknown quantity can be determined if
the remaining quantities are known. From 15N tracer studies in soils with highly enriched 15N_
nitrate a procedure was developed to calculate the mixing of atmospheric and soil derived N2
based on the measurement of the 30/28 and 29/28 ratios in gas samples collected from soil
covers (Hauck et al., 1958 [2]). Because of the non-random distribution of the mole masses
30N2, "9NI and 28N2 in the mixing gas it is possible to calculate two quantities simultaneously,
i.e. the mixing ratio of atmospheric and soil derived N2, and the isotopic signature of the soil
derived N2 . This principle can theoretically be used as a tool to study the mixing of N2 and
N20O from different sources with distinct differences in natural abundance 15N. Because
maximum differences in 15 abundance of natural systems is several orders of magnitude
lower compared to 15N tracer experiments a sensitivity analysis is necessary to investigate if
non-random distribution of mole masses in natural samples can be detected.

Recently, variations in the intramolecular site preference of 5 N in N 2 0 isotopomers were
discovered in atmospheric samples (Yoshida & Toyoda, 2000 [3]; R~ckmanm et al., 2000 [4])
and were attributed to differences in site preference among N2 0 sources. The possibility of
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preferred formation of either ' 1 N or "N" species during the transformation of N2 or N 2 0
in geospheric processes has to our knowledge not yet been considered. If such an effect would
exist, then it would result in a deviation from random distribution of dinitrogenous mole
masses.

Routine standard measurements of laboratory air had suggested a ion-random distribution of
N 2-mole masses (Well et al., 1998 [5]). The 29/28 ratio of laboratory air increased by 0.14 
%o after passing a microwave equilibration unit to randomise mole masses. This finding can
be either attributed to the above described processes or to an unknown experimental error
during isotope analysis.

The aim of the present study was (1) to conduct a sensitivity analysis on the theory of using
non-random distribution of N2 and N2 0 mole masses to identify sources with different iso-
topic signatures, and (2) to investigate the existence of measurable non-random distribution of
N2 and N2 0 mole masses by analysing samples of different origin.

1.1 Isotope effects from the mixing of sources differing in 15 abundance

1. 1.1 Principle

Hauck et al. (1 95 8 [2]) proposed a tnethod (referred to as "HAUCK-method" in the remainder
of the paper) to study denitrification in soils with the 1N tracer technique. This method uses
the distribution of the N2 mole masses 28, 29 and 30 to calculate the mixing of N2 evolved by
denitrification from highly enriched nitrate with atmospheric N2 . The calculations are based
on the assumption, that the N2 mole masses from the different pools are randomly distributed,
i.e. they follow a binomial distribution, which can be expressed as follows.

14a 14 15 (1a2
1a 2 1a15a)±+ 1a (ib)

where 14a and 15a denote the atomic fractions of 14N and 15 N, respectively. From Eq. b x-
pressions can be derived to calculate the frequencies of masses 28. 29 or 30 at any given 15a:

28X ( - a)2 (2a)
29 x=2(1_15a) 15a (2b)

3x = a2 (2c)

If N2 from two pools (1 and 2) with different 5N enrichment mixes, then the frequency of
each of the N2 mole masses as well as of the 15N frequency can be described with a general
mixing formula:

'5 anux= d 15a, + (1 - d) 15a2 (3)

where d denotes the mixing ratio. The 15N atom fraction of the mixture is defined by the fre-
quency of the three molecular species

15amix 29Xmix, ± 2 30xmi)/ [2 (28Xlni ± 29Xnli + 30Xnlj)] (4)
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If the three N2 mole masses are randomly distributed 3N 2 can be omitted in the calculation:

15au 29X",x 1(2 28xm, ±2 nlx (5)

However, N2 mole masses are non-randomly distributed in a gas mixture as described above.
Thus, Eq. 5 would result in a value deviating from the ideal 15affi,. Consequently , the meas-
urement of masses 29 and 28 is not sufficient. Direct or indirect determination of 30N2 is nec-
essary for accurate calculation of 5amj-x using Eq. 4. The HIAUCK-method uses the relation-
ships of Eqs. 1 - 4 in order to calculate the mixing ratio d and the 5a of the enriched nitrate
pool (15ap). Various equations have been developed in order to calculate d and 5ap from N2 or
N20 isotope ratios (Siegel et al., 1982 [6]; Mulvaney, 1984 [7]; Arah 1992 [8]; Well et al.,
1998 [5]). Since then, the HAUCK-method has successfully been used in various studies to
measure soil denitrification in the field or laboratory.

The natural isotope signatures of many gas species in the environment are subject to multiple
fractionation processes and therefore vary considerably in space and time. The natural range
of 1 N of N 2 0 for example is approx. 50 %o (Rahn & Wahlen, 2000 [1]) with lowest values
in N 2 0 from terrestrial processes and highest values in the oceans. Principally, the HAUCK-
method can be used in order to supply additional information for calculating the mixing of gas
species with at least two atoms of one element per molecule like e.g. N2 and N 2 0. With con-
ventional mixing models, a mixing ratio of two components can be obtained if their isotopic
signatures are defined. In addition to the mixing ratio the HAUCK-method provides the iso-
topic signature of one of the components, if the distribution of the mole masses of the other
component is defined. Thus, the use of the HAUCK-method for analysing natural abundance
stable isotopic signatures could theoretically improve the understanding of global budgets of
certain gas species.

1.1.2 Sensitivity Analysis

The range of natural isotopic abundances is small compared to the high 15N enrichment of the
tracer experiments where the Hauck-method is used. Therefore, it is necessary to evaluate if
instrumental precision of isotope ratio mass spectrometers (IRMS) is sufficient to apply the
HAUCK-method to natural abundance levels. A direct proof of the mixing of two sources
with distinct differences in 15 enrichment would be to verify that the distribution of the mole
masses in the gas mixture is non-random. In the following it is investigated if this verification
is possible with the actual precision of IRMS. The theoretical isotope ratios of hypothetical
gas mixtures of two N2 pools with varying values for 15al, 15a2 and d are compared to isotope
ratios of samples with equal 15N abundance but with random distribution of mole masses. Ta-

ble gives an example with d = 0.5, i5 al 6 6 %o and 1 a2 = -40 6 %o. These values were cho-
sen in order to demonstrate the maximum signal that can be expected from the variation in the
i5N natural abundance of N 20 . Eqs. 2 a - care used to calculate molecular frequencies for
each fraction of the mixture. Eq. 3 provides the molecular frequencies and the 15N abundance
of the non-equilibrium gas mixture. Eqs 2 a - c are used again to calculated molecular fre-
quencies of an equilibrium sample with random molecular distribution but with the same N
abundance as the non-equilibrium sample. The differences between equilibrium and non-
equilibrium values are - 0.002 %o. These calculations were also conducted for a range of d
of 0.5 to 0.0005 and for a range of differences between 15aland 15a2 Of 1 to 100000 6 %o. The
resulting differences between equilibrium and non-equilibrium values in terms of 6 %o iSN
are plotted in Figure 1. The sensitivity of our IRMS for '5N gas analysis is typically between
0.03 and 0.1 %o. Recently, a reproducibility of 0.016 %o was achieved for N2/0 2 ratio meas-
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urements with an improved gas inlet system (Leuenberger et al., 2000 [9]). From Table and
Figure 1 it can be seen that the effect from mixing of sources with natural 15N abundance is
not detectable with the current sensitivity of IRMS. The positive isotope effect of 0.14 %
from randomising as observed earlier (Well et al., 1998 [5]) is two orders of magnitude higher
than the maximumn N 20 mixing effect calculated in Table . Because the range of natural
abundance' 5N is smaller for N2 than of N 20 the maximum mixing effect of N2 would be even
lower than for N20. It can be concluded that the observed isotope effect is either a methodical
effect from the equilibration procedure, or must be attributed to a unknown fractionation of
the N 15N molecule during atmospheric processes.

Table 1. Theoretical isotope data of two equilibrium samples with different 15N abundance and of a
mixture of the two components (d = 0.5). Non-equilibrium values of the mixture are derived from the
mixing of the molecular frequencies of the two samples. Equilibrium values are calculated from the

15N atom fraction of the mixture assuming binomial distribution of the mole masses.

Mixture
Sample 1 Sample 2 non- um~eulbim non-equilibrium -

eequilibriqulbim equlibrium

815N 6 -40 -170,039 -170,019 -0,0019
15a 3,6844 *103' 3,5166 * 10-3 3.6005 *03 3,6005*103' 0
28X 0.99264 0.99291 0.99281 0.99281 7, 1 *10-9

29X ~ 7.3417 *10-3 7,0084 * 10-3 7,1750 *10-3 7,1751 *10-3 -1,4IE*10 8'

30X ~ 1,3575 *10- 1,2366 *10-5 1.2971 *10-5 1,2964 *0YS 7, 1 *10-9

29/28-ratio 7.3961 * 10-3 7.0579 *1i0 3 7,2270 * 10- 7.2270 * 10-3 -1.42*108'

30/28-ratio 1.3676 * 0- 1,2454 * 10-5 1,3064* 10-5 1,3057 *10-5 7,1*10-9
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1.2 Analysis of the distribution of 5 15N, 1415 and 14N14 in N2 and N 20

1.2.] Objectives

The first objective of the measurements was to evaluate if the previously observed randomisa-
tion effect reflects the true distribution of N2 mole masses in the atmosphere or if this was
only a methodical effect of the equilibration procedure. In case of a true effect for N2, it was
intended to investigate also the distribution of N 20 mole masses.

1.2.2 Choice of method

A deviation of the actual distribution of N2 mole masses from the ideal random distribution
can principally be detected in two different ways. If all three molecular species are measured
directly, then the measured distribution has to be compared with the calculated random dis-
tribution. Direct measurement of mass 30 is complicated by a high background as a result of
the formation of 30(NO[+ in the ion source of the mass spectrometer (Siegel et al., 1982). To
overcome this problem we developed a procedure to measure mnz 30 indirectly by comparing
the 29/28 ratio of a sample with non-random distribution of mole masses with the 29/28 ratio
of the same sample after randomisation of the mole masses with an electrodeless discharge
(Well et al., 1993 [10]; 1998 [5]). Principally, this equilibration procedure is the ideal ap-
proach to verify the non-random distribution 15N N, N1 N and 14N14N in N2 and N 20, be-
cause the non-randomness is directly proved by any deviation between randomised and non-
randomised samples. However, it has to be confirmed that the equilibration procedure yields
an ideal random distribution.

1.2.3 Instrumentation

Isotope analysis of N2 and N 20 was conducted using an instrumentation that was previously
described in detail (Well et al., 1998 [5]). Briefly, an elemental analyser (Carlo Erba ANA
1400) was coupled to an isotope ratio mass spectrometer (Finnigan MIAT 25 1). The interface
connecting both instruments included a high frequency discharge unit, which enabled online-
equilibration of the gas samples prior to isotope analysis. Gas samples of 80 [tl were injected
with an automated syringe sampler (Combi PAL, CTC Analytics). The injection needle of the
sampler was protected with an Ar flow to avoid air contamination. N 20 was reduced to N2 in
the reduction column of the elemental analyser. The purpose of the equilibration procedure
was to create a random distribution of mole masses in samples with initially non-random dis-
tribution. The result is an increase in the number of 4N 15N molecules while the number of

1N 4N and 1"N'N molecules decreases.

The instrumentation described above was extended to enable removal of N2 or N 20 prior to
isotope analysis. A GC-column (Porapaq QS, 30'C) was connected to the carrier gas circuit of
the elemental analyser. Thus, it was possible to separate the N2 and N 20 fractions of the gas
samples before passing the reduction column and to analyse each component separately. The
actual configuration of the inlet system requires a sample size of > 50 jig N to obtain maxi-
mum precision. For 15N20 analysis N2 0 concentrations of the gas samples must therefore be
relatively large, i.e. > 50%.

1. 2.4 Samples

The deviation between equilibrated and non-equilibrated replicates was measured in a variety
of samples containing N2 and/or N 20. N2 from combustion of urea, high purity compressed
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N2 and N 2 0 as well as laboratory and outside air were analysed. Sub-samples were filled into
12 mlI vials sealed with butyl stoppers and crimp caps. N 2 0 produced during the following
soil denitrification experiment was also measured.

Anaerobic slurries of an organic soil were prepared in 8 screw-cap bottles (300 ml) sealed
with silicone septa. Each bottle was supplemented with 1 00 g soil and 1 00 ml nitrate solution
(1000 mg N 1-1), sealed, flushed with He and incubated at 250C for 7 days. Subsequently, the
bottles were heated to W0C to degas N 2 0 from the liquid phase. The headspace gas was then
flushed out with a He flow (30 mrl min'1), scrubbed for CO2 and water vapour in Ascarite and
MgC10 4, and was frozen in a liquid N2 cold trap. The gas from the 8 bottles was concentrated
into one sample of approx. 20 ml pure N20. Finally the trap was heated to transfer the sample
into an evacuated 12 ml vial which was cooled with liquid N2 .

2. RESULTS AND DISCUSSION

15N abundance of the samples ranged between -21.663 %o (soil gas) and 1.468 %0 (N2 from

combustion of urea) (Table II). Equilibration always produced an increase of the 15N values,
i.e. a gain of 15N14 molecules, and a loss in "N1 and 1414 molecules. The shifting
ranged between 0. 05 and 0. 1763 %o 15N. The differences between the shifting of each sample
are close to the detection limit as the standard deviations of the measurements were between
0.02 and 0. 1 %o.

TABLE II. Deviation of 29/28 ratios in equilibrated and non-equilibrated replicate samples
expressed as 6'15N (o).

{ 8~~~~~~~~~~~ 5
Sample Measured N- non-equilibrated equilibraled equilibrated -

____________________ species non-equilibrated N

compressed N, N, -14.033 ±0.019 -13.981 ± 0.073 0.052 ± 0.075 5
laboratory air N, -0.037±0.057 0.119 ±0.123 0.156 ±0.136 5

outside air N, 0.019±0.098 0.116 ±0.095 0.097 ±0.138 5

soil gas N20 -21.625±0.022 -21.569±0.063 0.056 ±0.067 3
compressed N20 (1) N20 -3.999 ±0.085 -3.827 ±0101 0.173 ± 0.132 6

compressed N,0 (2) N,0 -4.898±0.078 -4.747±0f070 0.152 ±0.105 13

N, from combustion of N, 1.362 ±0.075 1.446 ±0.072 0.085 ± 0.104 5
urea

It is notable that the standard deviations varied considerably between the samples. In the samn-
ples with lowest standard deviation of the non-equilibrated replicates, the variation was al-
ways higher for the equilibrated replicates. This indicates the existence of a methodical effect
of the equilibration procedure. Additional factors of variation are the sensitivity of the mass
spectromneter, sample dilution with laboratory air during the repeated application of sub-
samples from one vial, and the true variation of 15N abundance between the sub-samples.
Sample dilution is insignificant for N 2 0 analysis because atmospheric N 2 0 concentration (0.3
ppm) is negligible compared to the pure N 2 0 of the samples. It is also unimportant for the air
samples because these are almost identical with the potentially diluting laboratory air. True
variation of 15N abundance between sub-samples of laboratory air and compressed N 20 was
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suspected because some of the sub-samples exhibited consistent deviations from the mean
(data not shown).

The shifting in 15N abundance between equilibrated and non-equilibrated samples was lowest
in the N 2 0 sample from soil denitrification (0.052 %o) and in the compressed N2 (0.056 6
%o). Highest differences occurred in the compressed N 2 0 samples (0. 152 and 0. 173 %o) and
in laboratory air (0. 156 6 %o). None of the samples was stable during equilibration. This may
reflect that all of the samples were in a state of isotopic non-equilibrium. However, we cannot
yet exclude the existence of an experimental effect of the equilibration procedure. To evaluate
this possibility it would be necessary to measure samples with an ideal random distribution of
mole masses. It is difficult to find appropriate samples because each process of N2 or N 2 0
formation may include fractionation processes. Because of this uncertainty it is not yet possi-
ble to quantify the extent of non-equilibrium of each sample. However, the differences be-
tween the samples in the shifting during equilibration are a clear indicator for the existence of
non-equilibrium at least in some of the samples.

The observed shifting of 0.052 to 0. 173 6 %o is more than one order of magnitude larger com-
pared to the maximum difference of 0.002 %o that was calculated for the mixing of two
sources with difference in 15N natural abundance. It can be concluded that the shifting must be
attributed to additional processes. Recently, differences in the fractionation factor of N 2 0 i-
topomers were proved [3.4]. Yung and Miller [11] predicted a maximum fractionation for
15 NIWIO If isotope fractionation was also different for 15 15 and 1514 during N 2 trn-
over processes, then the distribution of N2 mole masses in the atmosphere would deviate from
the ideal random distribution. It is possible that the observed isotope shifting during equilibra-
tion of air samples reflects this hypothetical non-equilibrium.

The " 15 N"O1 6 isotopomer is not measurable with the techniques that have been reported so
far [3,4]. The method presented above is principally suitable to measure this molecule. Thus,
it is a potential tool to prove 1 5N 15N' 6O fractionation effects and to use this isotopomer as an
additional tracer to investigate the global N 2 0 budget.

Refinements of the methods are necessary to increase its precision. This can be achieved by
reducing the factors of variation mentioned above and by modifying the inlet system as de-
scribed by Leuenberger et al. [9]. To prove the significance of a non-random distribution of
15N I5N, 4N 15N and 14N'N in N 2 and N2 0 it is necessary to measure more samples from
different environments.
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