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Abstract A mass spectrometric method to determine the
absolute intramolecular (position-dependent) nitrogen isotope ratios of nitrous oxide (N2O) has been developed. It
is based on the addition of different amounts of doubly labeled 15N2O to an N2O sample of the isotope ratio mass
spectrometer reference gas, and subsequent measurement
of the relative ion current ratios of species with mass 30,
31, 44, 45, and 46. All relevant quantities are measured by
isotope ratio mass spectrometers, which means that the
machines’ inherent high precision of the order of 10–5 can
be fully exploited. External determination of dilution factors with generally lower precision is avoided. The method
itself can be implemented within a day, but a calibration
of the oxygen and average nitrogen isotope ratios relative
to a primary isotopic reference material of known absolute
isotopic composition has to be performed separately. The
underlying theoretical framework is explored in depth. The
effect of interferences due to 14N15N16O and 15N14N16O in
the 15N2O sample and due to 15N2+ formation are fully ac-

counted for in the calculation of the final position-dependent nitrogen isotope ratios. Considering all known statistical uncertainties of measured quantities and absolute
isotope ratios of primary isotopic reference materials, we
achieve an overall uncertainty of 0.9‰ (1σ). Using tropospheric N2O as common reference point for intercomparison purposes, we find a substantially higher relative
enrichment of 15N at the central nitrogen atom over 15N at
the terminal nitrogen atom than measured previously for
tropospheric N2O based on a chemical conversion method:
46.3±1.4‰ as opposed to 18.7±2.2‰. However, our method
depends critically on the absolute isotope ratios of the primary isotopic reference materials air–N2 and VSMOW. If
they are systematically wrong, our estimates will also
necessarily be incorrect.
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Recently developed mass spectrometric [1, 2] and optical
techniques [3, 4] allow the determination of intramolecular (position-dependent) nitrogen isotope ratios in nitrous
oxide (N2O). The additional information obtained from the
intramolecular ratios is complementary to conventional
measurements of 18O/16O and average 15N/14N isotope ratios and may provide deeper insight into stratospheric
chemical processes [5, 6, 7, 8, 9, 10] and microbial N2O
sources [11, 12, 13, 14, 15].
Mass spectrometric analysis of position-dependent 15N/
14N isotope ratios relies on measurements of NO+ fragment
ions that are produced from N2O in the electron impact
ion source. Therefore, ion current ratios at mass-to-charge
ratios (m/z) 30 and 31 are monitored. Ideally, m/z 31 fragments should originate from 14N14N17O and 14N15N16O. However, isotopic scrambling in the ion source produces not
only 15N16O+ ions from 14N15N16O, but also 14N16O+ ions
(and vice versa for 15N14N16O), presumably via a cyclic inter-

257

mediate. Such an effect was noted by Friedman and Bigeleisen [16] and has to be accounted for in the calculation of
the position-dependent isotope ratios of N2O. In contrast,
optical methods measure the relative abundance of isotopically substituted N2O molecules directly via their characteristic infrared absorption lines, but do not achieve the
same precision as mass spectrometry.
Both mass spectrometric and optical methods are based
on isotope ratio measurements relative to a reference gas.
Unfortunately, no internationally recognized N2O reference material of known absolute isotopic composition exists. Therefore, the reference gases of individual laboratories have to be traced back by adequate chemical conversions to the primary isotopic reference materials atmospheric
nitrogen (abbreviated air–N2) for nitrogen isotope ratios
and Vienna Standard Mean Ocean Water (VSMOW) for
oxygen isotope ratios (e.g., [17]). The isotope ratios of
these primary isotopic reference materials have been measured on carefully calibrated mass spectrometers [18, 19,
20, 21, 22].
Additional efforts are required, however, to retrieve the
position-dependent nitrogen isotope information, because
it is lost by conversion of N2O to N2. Thermodynamic
equilibration of the N2O isotopomers in the reference gas
is not a viable approach, because the equilibrium isotope
fractionation between the two non-equivalent nitrogen
atoms remains large up to the decomposition temperature
of N2O [23]. Therefore, Toyoda and Yoshida [1] considered four procedures for a position-dependent calibration
of N2O reference gases:
1. Synthesis of N2O from NH4NO3 with known nitrogen
isotope ratios in ammonium and nitrate
2. Measurement relative to pure NO of known isotopic
composition
3. Preparation of calibrated N2O mixtures from 14N15NO,
15N14NO, and 14N O
2
4. Infrared absorption spectroscopy
Toyoda and Yoshida [1] actually used the first two methods for calibration of their reference gas. The first approach requires laborious wet chemistry and attention to
potential isotope fractionation effects due to incomplete
conversion and by-product formation. The second approach
is motivated by the use of the NO+ fragment ion for mass
spectrometric position-dependent 15N measurements, but
was impaired by the different ionization conditions for
NO and N2O gas in the ion source. The third approach
was rejected because commercially available samples of
high isotopic purity were lacking. The fourth approach
would require absolute isotope ratio measurements by optical spectroscopy at natural abundance levels of 15N, which
is currently not possible with the desired precision of less
than 1‰.
Sutka et al. [24] used the third approach to calibrate
their reference gas. Different amounts of N15NO were
added to the reference gas, and the isotope ratio at the central nitrogen position of the mixture was plotted against
the molar fraction of N15NO in the N2O mixture. The ordinate intercept corresponds to the isotope ratio at the cen-

tral nitrogen position of the reference gas. However, we
note that the authors neither measured the isotopic purity
of their 14N15NO gas nor did they use the accurate mixing
relationship for isotope ratios [25]. Moreover, their data
show rather large scatter that might be attributed to the
volumetric preparation of the gas mixture, and the slope of
the linear regression line is about a factor of two smaller
than the expected slope (see “Appendix A”).
Here we describe yet another method to obtain absolute
position-dependent information on an N2O reference gas
by a purely mass spectrometric technique. By using a
dual-inlet system, this method can be implemented in less
than a day and has a precision comparable to the calibration by NH4NO3 decomposition. The method consists of
addition of pure 15N2O to the N2O reference gas and mass
spectrometric measurement of 45δ, 46 δ, and 31 δ, that is,
the isotope ratios of N2O+ and NO+ ions (m/z 44, 45, 46
and m/z 30, 31) in the mixture relative to those in the reference gas. 45 δ is monitored as a control for a possible
contamination of 15N2O by 14N15N16O and 15N14N16O. This
procedure avoids gravimetric, manometric, or volumetric
preparation of calibrated gas mixtures, which are difficult
to accomplish by conventional techniques with the required precision of less than 1‰. Rather, the isotope ratio
mass spectrometer itself is used as a tool for calibration
that can measure relative isotope ratios with a precision of
approximately 10–5.

Theory
The calibration procedure is based on a series of mixtures
of the reference gas with doubly labeled N2O (i.e., 15N2O).
Isotopic purity was ascertained by mass spectrometry and
infrared absorption spectroscopy (see below). More than
99.5% of the doubly labeled N2O of the Mainz/Heidelberg
group (authors Kaiser, Brenninkmeijer, Röckmann) is indeed 15N216O, but small contributions of 15N14N16O and
14N15N16O are also present, which were corrected for in the
final calibration. The 15N216O abundance in the doubly labeled N2O sample of the Berkeley group (authors Park,
Boering) was about 98%, so that larger corrections are required (see “Appendix D: purity of the 15N2O samples”).
Whenever we want to make a distinction between the Mainz/
Heidelberg and Berkeley groups involved in this paper, we
will indicate this by “MPI” and “UCB”, respectively. Measurements performed at Thermo Finnigan MAT, Bremen,
will be referred to as “Bremen”. For convenience, we first
develop the theoretical background of the calibration technique assuming a pure 15N2O sample. Oxygen isotopes in
15N O were at their natural abundance (0.04% 17O and
2
0.21% 18O). We investigate the influence of impurities later.
The addition of 15N216O to a N2O gas sample influences
the ion currents at both m/z 46 and m/z 31. Their co-variation can be exploited by measuring 31Rref if 46Rref is known.
46R
ref is the “molecular isotope ratio” of mass-46 to mass-44
species in the reference gas, that is, [x(14N218O)+
x(14N15N17O)+x(15N14N17O)+x(15N216O)]/x(14N216O), with x
values representing amount fractions. 31Rref is defined anal-
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ogously as [x(N15N16O)+x(N14N17O)]/x(N14N16O) where isotopically unspecified atoms are understood to comprise all
isotopes (e.g., N15N16O consists of 14N15N16O and 15N216O).
The idea behind using 15N2O is that isotopic scrambling
during NO+ formation in the ion source does not play a role,
because species of mass 31 will be formed in any case.
The isotope ratios of the reference gas are given by the
following equations [17].
 5
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=  5UHI +  5UHI  5UHI
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The symbol s denotes the “scrambling coefficient”, that
is, the proportion of NO+ fragment ions with an N atom
originating from the terminal N atom in N2O. 15R1,ref and
15R
2,ref are the elemental isotope ratios of the terminal and
central nitrogen atom, respectively. 17Rref and 18Rref are the
oxygen isotope ratios. The index “s” in Eq. 3 stands for
“scrambled”. The term 15R1,ref15R2,ref in Eqs. 2 and 33 represents the statistically expected contribution of 15N216O
in the reference gas. The term 1+s15R2,ref +(1–s)15R1,ref in
Eq. 3 arises from the production of 14N16O+ by 14N216O,
14N15N16O, and 15N14N16O, because scrambling not only
effects ion currents at m/z 31, but also at m/z 30. If 15N216O
is added to the reference gas, the abundance of 15N216O is
higher than the statistically expected contribution. The excess 15N216O is expressed by the symbol 15R1+2. 15R1+2
equals the ratio of 15N216O (from doubly labeled N2O) to
14N 16O (from the reference gas) in the mixture. The iso2
tope ratios of the labeled mixture are therefore
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is identical to 45Rref if the 15N2O sample does not contain any other isotopologues. The expected relationship
between 46δ and 31δ can then be calculated from Eqs. 2, 3,
5, and 6:
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A plot of 31δ versus 46δ gives 5VUHI [ + V  5UHI + ( − V )  5UHI ]
as the slope, which can be used in conjunction with Eq. 3
to derive 15R1,ref and 15R2,ref if s, 46Rref,17Rref, and 15Rref are
known. 15Rref is the average 15N/14N isotope ratio defined
as (15R1,ref+15R2,ref)/2. 17Rref can be calculated from 18Rref if
a mass-dependent relationship of the form 17Rref=A(18Rref)β
is assumed. Both 15Rref and 18Rref are accessible by “conventional” calibration of the N2O reference gas.
Next, we consider the influence of impurities in the doubly labeled N2O sample. As determined in “Appendix D:
purity of the 15N2O samples”, the only relevant impurities
for our experiments are CO2 (at m/z 44, 45, 46) and
15N14N16O and 14N15N16O (at m/z 30, 31, and 45). Other
sources of CO2 can be leaks of the sample containers or a
COs background in the mass spectrometer. Furthermore,
15N + formation from 15N O has to be taken into account
2
2
for the m/z 30 ion current.
Interferences from CO2 can be accounted for by the
measurement of interfering masses at m/z 12 (corresponding to 12C+) as explained in detail by Kaiser et al. [17].
Based on their Eqs. 17a and 17b, the raw 45δ′ and 46δ’ values can be corrected as follows:
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U′ and V′ are the actually measured voltages at m/z 44, 45,
and 46 (produced by the ion currents on the amplifier
feedback resistors) for sample and reference, respectively.
They are the sum of the true voltages U and V for N2O
only and the voltages due to CO2 interference, u and v
(e.g., 45U′=45U+45u). Assuming that the contaminating
CO2 is always of the same isotopic composition, 45u and
46u are related to 44u via 45u=44u45R(CO )45k and 46u=
2
44u46R(CO )46k (analogously for 45v and 46v). 45R(CO ) and
2
2
46R(CO ) are the “molecular” isotope ratios of CO . 45k
2
2
and 46k measure the overall mass discrimination in 45/44
and 46/44 analysis, respectively. In the case of N2O, 45k
and 46k are equal to 1/45Rref45U/44U and 1/46Rref46U/44U.
Assuming that the overall mass discrimination is the same
for CO2 and N2O, Eqs. 9a and 9b can be rearranged to:
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44u

and 44v can be inferred from the voltage of interfering
mass 12 measured on the m/z 46 cup (12u and 12v, respectively) if the relative intensity of the 12C+ and 12C16O ion
currents in the CO2 mass spectrum are known. By Defining 12r as 12u/(44u46k), we find that 12r equals 3.9±0.1% on
our instrument. We assume that the isotopic composition
of the contaminating CO2 corresponds to tropospheric
CO2 with δ13C=–8‰ and δ18O=0‰ versus VPDB–CO2
[26, 27]. 45R(CO2) is therefore 0.01191 and 46R(CO2) is
0.00419. Then Eqs. 10a and 10b can be used to calculate
the unbiased 45δ and 46δ values. The approximate versions
of these equations described by Kaiser et al. [17] cannot
be applied in the present case because of the large enrichments of the sample relative to the reference.
Interferences by 15N14N16O and 14N15N16O and 15N2+
formation from 15NO are incorporated explicitly into
modified versions of Eqs. 3, 4, and 6. 46R remains unchanged from Eq. 5.
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NC(15N216O), and 15Z2 is NC(14N15N16O)/NC(15N216O),

where NC and Nref are the number of molecules from doubly labeled N2O and the reference gas, respectively. The
coefficient p represents the abundance of 15N2+ ions relative to the abundance of 15N216O+. The value of p varied
slightly for different mass spectrometers and was 10.5%
(MPI), 10% (Bremen), and 15% (UCB). For the δ values,
we get
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The approximation only neglects quantities which are of
the order of 10–5 times the δ value or smaller: the product
of 15R1+2 and 15Z1 or 15Z2 never exceeded 2×10–5. Such
corrections are significantly below the measurement pre-

(17)

An assumption has to be made concerning the ratio of
but the final result for 15R1,ref and 15R2,ref is not
very sensitive to this assumption. In the most likely case,
15N is assumed to be distributed symmetrically over
15N14N16O and 14N15N16O, as discussed below, so that
15Z /15Z is close to 1. By substituting 15Z =15Z and Eq. 7
1
2
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into Eq. 16, we then have for 31δ
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1
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Due to 15N2+ production, the term 46Rrefp46 δ appears in the
denominator of Eq. 18, and 31 δ is no longer directly proportional to 46 δ. Therefore, the slope of a plot of 31 δ versus 46 δ is not constant, but decreases with increasing 46 δ.
Equation 18 can be expanded in terms of 46 δ. There is no
ordinate intercept, and for the coefficient of the linear
 5


UHI ( + = − 5VUHI S )

term we obtain 
5VUHI [ + V  5UHI + ( − V )  5UHI ]
Obviously, the result of the calibration depends not
only on the slope of the 31δ versus 46δ plot, but also on the
conventional absolute isotope ratios of the reference
(15Rref, 17Rref, 18Rref) and, therefore, ultimately on the accuracy of the isotope ratios of the primary isotopic reference
materials.
Table 1 shows the absolute isotope ratios used in the
calculations here. For 17R(VSMOW) we use primarily the
value of Li et al. [20], but also demonstrate the impact of
a more recent calibration of 17R(VSMOW) by Assonov
and Brenninkmeijer [21] and the value for 17R(VSMOW)

Table 1 Overview of primary isotopic reference materials and
their absolute isotope ratios used in this paper
Species

Scale

R/10–6

13C/12C

VPDBa

11180±28

2.5

[41]

15N/14N

Air–N2
Air–N2

3678.2±1.5
3676.5±4.1c

0.4
1.1

[22]
[18]

17O/16O

VSMOW
VSMOW
VSMOW

379.9±0.8
384.7±0.9b
372±4

2.1
2.2
11

[20]
[21]
[20, 28, 29]

18O/16O

VSMOW

2005.2±0.45

0.2

[19]

(14)

 + V  = + ( − V )  = 
δ

cision and can therefore be neglected. Equation 7 can be
substituted into Eq. 14 and the relationship between 45δ
and 46δ is then used to estimate 15Z1+15Z2:

aVPDB

Relative
error (‰)

Reference

Vienna Pee Dee Belemnite
value has been re-scaled from the value of 13R(VPDB)=
0.0112372 [28] used by Assonov and Brenninkmeijer [21] to a
more recent absolute calibration of 13R(VPDB) [41]
cThis is the value recommended by IUPAC for reporting of the nitrogen isotope abundance [42]. However, for our calculations we
prefer the more precise determination by De Bièvre et al. [22],
which agrees with the recommended value within the error
bThis
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Table 2 Overview of the N2O samples used for different mixing
series

δ15N verus air–N2
δ18O versus VSMOW
45δ versus MPI-1
46δ versus MPI-1
31δ versus MPI-1

MPI-1a
(reference
gas) (‰)

MPI-2a
(‰)

UCB-N2O
(reference
gas) (‰)

1.01±0.03b
38.45±0.22b
0
0
0

–1.77±0.03
40.47±0.22
–2.59±0.01
1.89±0.02
8.51±0.08

0.15±0.04
41.69±0.22
–0.73±0.02
3.08±0.03
–0.72±0.54

aMPI-1

is ultra-high purity N2O (Messer Griesheim, grade 6.0).
MPI-2 is an N2O sample derived from adipic acid production (Puritan-Bennet Medical Gases, grade 2.2). UCB-N2O is of grade 4.7
purity (Scott Specialty Gases)
bSee Kaiser et al. [17] for details of the absolute calibration

derived from Craig’s classic paper [28], using the relationships recommended by the IAEA for the oxygen isotope ratios of VPDB–CO2 and VSMOW [29]. The 17R,
18R, and average 15R isotope ratios of the MPI-1 reference
gas have been calibrated relative to VSMOW and air–N2
[17]. In Table 4, we will show in detail which influence
the uncertainties of the individual quantities used for the
calibration have on the final result for the position-dependent isotope ratios of the N2O reference gas. The 45δ, 46 δ,
and 31 δ values of a secondary reference gas (MPI-2) and
the UCB reference gas have been measured relative to
MPI-1 (Table 2). δ 18O as well as the position-dependent
δ 15N values (1 δ 15N and 2 δ 5N, for terminal and central
nitrogen atom, respectively) were calculated by using
the data reduction procedure of Kaiser et al. [17]. 17R is
calculated from a mass-dependent relationship with 18O
(i.e., 17R =A(18R)β with β=0.516 and A=0.00937035)
[17].

Experimental results
In this section, we will first explain how the scrambling
coefficient s was determined. It is crucial to all positiondependent isotope measurements of N2O, but we will show
in the discussion of our results that the observed variations of s have only a small influence on the uncertainty of
the final position-dependent nitrogen isotope ratios. Then,
the results from an intercomparison of a set of seven enriched samples prepared at UCB are shown, measured on
three different mass spectrometers. The MPI and UCB
measurements for the present study were performed on
nearly identical Finnigan MAT 252 mass spectrometers,
the measurements at Thermo Finnigan MAT in Bremen
were done with a MAT 253 instrument. All instruments
were operated in dual-inlet mode. The MAT 252 instruments did not have a dedicated Faraday cup configuration
for analyses at m/z 30 and 31, but accurate 31 δ values can
be obtained even with the O2 cup configuration (cups for
m/z 32 and 33; Fig. 2). Finally, results for different mixing
series of doubly labeled N2O with the MPI-1, MPI-2, and

UCB reference gases prepared at different times and measured with different mass spectrometers will be presented,
and the position-dependent nitrogen isotope ratios are calculated. In principle, it would be sufficient to measure the
45 δ, 46 δ, and 31 δ values of a single 15N O-enriched sam2
ple relative to the reference gas to derive the absolute position-dependent ratios, but we prefer to use a mixing series to make our results more robust.

Determination of the scrambling coefficient s
The scrambling coefficient s for the MPI analyses was determined on commercial samples of 15NNO and N15NO
(ICON Isotopes, Summit, NJ, USA). The purity of these
samples was ascertained by mass spectrometry and Fourier
transform infrared spectroscopy (FTIR). According to the
mass spectrometric analyses the samples contained amount
fractions of 0.36–0.39% 14N216O, 98.96–98.99% 14N15N16O+
15N14N16O, 0.44% 15N 16O+14N15N17O+15N14N17O, and
2
0.21% 14N15N18O+15N14N18O. Contamination of the sample by CO2 was less than 0.01% and therefore negligible.
FTIR proved that the isotopomeric purity (i.e., the contribution of the isotopomer stated on the commercial product compared to the sum of 14N15N16O+15N14N16O) was
≥99.9%. The value of 0.21% for 14N15N18O+15N14N18O
showed that oxygen isotope ratios were normal. Because
of the low 14N216O abundance, contributions by 14N217O
and14N218O were negligible. The scrambling coefficient
can be determined essentially from the ratio of ion currents at m/z 31 and m/z 30 for 15N14N16O and the reciprocal ratio for 14N15N16O. However, corrections have to be
applied for the contribution of 14N216O to m/z 30 as well as
for 15N216O and 15N14N17O to m/z 31 (15N14N17O is only
relevant for 15N14N16O). Assuming a 17O/16O ratio of
0.00039 and the above contributions from undesired N2O
species, the corrections amount to a change in the raw
31/30 ratio from, for example, s=8.60% to s=8.23% for
15N14NO. Under normal mass spectrometric conditions,
we found a value of s=8.22±0.01% that was very stable
over time, although we note that s was significantly lower,
namely 7.89±0.01%, when an aged filament was used. Allowing for a 0.1% cross-contamination by the other than
the desired isotopomer results in a relative decrease of s
by about 1%, which is negligible for the precision of the
final position-dependent analysis.
For the analyses at UCB, a scrambling coefficient of
8.46% was determined. Toyoda and Yoshida [1] found
8.11±0.01% on their MAT 252 mass spectrometer. Because the ion sources of the MAT 253 and 252 mass spectrometers are similar in design and because s always
seems to be about 8% for different mass spectrometers
[16, 30], we adopt value of s=8.2% for the MAT 253 mass
spectrometer in Bremen. Other ion source parameters
(like electron energy or extraction voltage) had a minor
influence on s, but in any case, the observed variation of s
was not limiting for the final precision of our intramolecular nitrogen isotope ratios. On a Micromass Isoprime
mass spectrometer, Sutka et al. [24] found a much larger
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scrambling coefficient of 19.5±1.7%, which they attributed to a higher degree of intramolecular rearrangement in
the field-free region between ion source and magnet field.
However, if NO+ production were to occur in this part of
the mass spectrometer, one would not observe an NO+peak at m/z 30, but the metastable ion peak at m/z 20.45
[31]. In order to explain the difference in s between Sutka
et al.’s value of approximately 20% and all other reported
values of approximately 8%, quite different conditions in
the ion source must be invoked.

Intercomparison of 45 δ, 46 δ, and 31 δ values
Figure 1 compares measured 45 δ, 46 δ, and 31 δ values for
the same set of seven samples on two MAT 252 (UCB,
MPI) and one MAT 253 (Bremen) mass spectrometers.
The 45 δ values agree very well on all three machines, but
the 46 δ values measured in Bremen are significantly lower
than those measured at UCB and the MPI. This indicates
some “scale contraction” for the Bremen machine, possibly due to a small constant NO2 background or, less likely,
due to cross-contamination of sample and reference [32].
To distinguish between the two possibilities, measurements of samples with higher 45 δ values should be performed, since the range of 45 δ values available here is too
small to estimate any cross-contamination effect reliably.
We note that a new filament type was used in Bremen that
gives higher ion yields per molecule than conventional
tungsten filaments and might also produce some NO2.
The possibility of cross-contamination was studied in
detail on the MPI mass spectrometer. Two tests were performed: the normal idle time of 10 s between sequential
sample and reference measurements was increased to 120 s,
and a series of enriched samples with 46 δ values between
0 and 3,000‰ was measured in different combinations of
sample and reference gases. Neither test revealed any significant differences for the 46 δ value of the most highly
enriched sample. We conclude that the MPI and UCB 46 δ
measurements are most likely accurate and need not be
corrected for cross-contamination, whereas the Bremen
measurements give values which are systematically too
low.
The 31 δ values shown in Fig. 1c agree well for the Bremen and MPI measurements when the latter are made
with a high-voltage offset of –30 HVDAC units (Fig. 2).
Both show small standard deviations of about 0.1‰ or
less. The UCB data indicate slightly higher enrichments,
but also have larger uncertainties (about 0.7‰). Within

Fig. 1a–c Intercomparison of mδ measurements (m=45, 46, 31).
[δ–δ(UCB)]/[1+δ(UCB)] is plotted versus δ(UCB) for a set of
seven samples. Error bars represent the standard deviation of individual δ values. Two sets of 31δ measurements at the MPI are
shown, one measured with a high voltage offset of –38 HVDAC
units, the other with an offset of –30 HVDAC units (cf. Fig. 2). The
UCB measurements shown were also performed with an offset of
about –30 HVDAC units
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Fig. 2a, b Peak shapes for CO2
(a) and for NO+ fragment analysis (b) on the MPI MAT 252
instrument. N2O looks similar
to CO2, but with inverse order
of voltages. For NO+ the center of the ion beam does not
coincide with the center of the
Faraday cup, because the collectors used for NO+ analysis
are intended for analysis of O2
(m/z 32 and 33) rather than NO
(m/z 30 and 31). In practice, the
ion beam is first centered on the
mass 30 beam, and then offset
to the point of intersection of
m/z 30 and 31 peaks

the error, they agree with the Bremen and the MPI (offset
–30) measurements. In contrast, the MPI values measured
with an offset of –38 are significantly lower than the results from the other mass spectrometer configurations.
The offset of –38 was chosen for the MPI 31 δ measurements, because at this position of the beam, the product of
the relative intensities at m/z 30 and 31 was maximized
[33] (Fig. 2). However, from re-checks of the peak shape
after the measurement of some samples, it became apparent that the position of the ion beam sometimes shifts
slightly, so that an offset of –30 HVDAC units would be
more appropriate, similar to what was used at UCB. As
Fig. 3a, b Change of a 31δ and
b 45δ versus 46δ for addition of
15N O to samples of MPI-1 and
2
MPI-2. Mass spectrometric errors are smaller than the symbol sizes. The slope of these
plots can be used derived to the
position-dependent 15N isotope
ratios of the initial N2O as described in the main text. Note
the change of ordinate scale in
b compared to a

long as an offset of –30 HVDAC units is used, we thus
have good agreement for the 252 and 253 measurements.
The data from the 253 should represent accurate results,
since a proper cup configuration for m/z 30, 31 (and 32)
was available.
Calibration of the absolute position-dependent
nitrogen isotope ratios
Mixing series MPI-1a, MPI-2a, and UCB-a were prepared
in June 2002 from mixing of small amounts of MPI-15N2O
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with samples of MPI-1 and MPI-2 as well as from mixing
of UCB-15N2O with the UCB reference gas. Two additional mixing series (MPI-1b and UCB-b) were prepared
in May 2003 in the same way.
Figure 3 shows typical plots of 31 δ versus 46 δ and 45 δ
versus 46 δ for mixtures of MPI-1 and MPI-2 with the
MPI-15N2O sample. Linear least squares regression analyses of 31 δ versus 46 δ give slopes of 0.50683±0.00010 and
0.50259±0.00011 for MPI-1 and MPI-2; ordinate intercepts are –0.31±0.16‰ and 0.84±0.19‰, respectively.
We checked whether it was necessary to consider the
mass spectrometric errors in the calculation of the slope,
but did not find significant differences to a simple linear
least squares regression and therefore chose to use the latter method. We also considered using a quadratic fit rather
than a linear one, along the lines of argument following
Eq 18. However, the coefficients for the quadratic term
showed larger variations, and were sometimes negative
and sometimes positive (a negative coefficient would be
expected) with standard deviations larger than their actual
magnitude. The goodness of fit was not considerably improved over the linear fit either, so that the adequacy of a
quadratic fit does not seem to be warranted by the data.
A complete overview of the different measurement series
is shown in Table 3. Rows 1 and 8 correspond to the data
shown in Fig. 3. For simplicity, only the results for MPI-1
are shown, but the values obtained for the MPI-2 and
UCB-N2O reference gases are linked to MPI-1 through direct comparison (Table 2).
Using the 31 δ versus 46 δ and 45 δ versus 46 δ slopes, we
then proceed to calculate the position-dependent isotope
ratios of MPI-1, MPI-2, and UCB-N2O. Model calcula-

tions are performed with the full equations developed earlier (i.e., Eqs. 17 and 18). First, 15Z1+15Z2 is adjusted iteratively to give the 45 δ versus 46 δ slope, and then the isotope ratio at the terminal nitrogen atom is changed until it
gives a 31 δ versus 46 δ slope consistent with the measured
slope.
The results for the 1 δ 15N and 2 δ 15N of MPI-1 agree
very well for the pooled measurements with MPI-1 and
UCB-N2O which were both performed on MAT 252 mass
spectrometers with HVDAC offsets of –30 (rows 7 and
14, Table 3). Measurements with an HVDAC offset of –38
(rows 1, 2, 4, 6, 8, and 12) give consistent deviations to
more negative 1 δ 15N values (and more positive 2 δ 15N
values since the average δ 15N is fixed). This difference
for different HVDAC offsets was expected given the results from the mass spectrometer intercomparison mentioned above. The results from the measurements in Bremen show deviations in the opposite direction, as a consequence of the lower 46 δ values measured on the MAT 253
mass spectrometer.
In consideration of our conclusions from the mass
spectrometer intercomparison, we believe that the results
given in rows 7 and 14 (Table 3) are our best and most accurate estimates for the absolute position-dependent isotope ratios of our reference gases.
Error estimation
In Table 4 we investigate the result for the combined
MPI-1a and MPI-1b data set (row 7, Table 3) with respect to
its sensitivity to the uncertainty of measured quantities and

Table 3 Overview of the final results for 1δ15N(MPI-1) and 2δ15N(MPI-2) deduced from the slopes of 31δ versus 46δ and 45δ versus 46δ
in different mixing seriesa
Row Mixing series

1
2
3
4
5
6
7
8
9
10
11
12
13
14

MPI-1a
Subset of MPI-1a
Subset of MPI-1a
MPI-1b
MPI-1b
MPI-1a & MPI-1b
MPI-1a & MPI-1b
MPI-2a
UCB-a
UCB-b
UCB-b
UCB-b
UCB-b
UCB-a & UCB-b

Analysis
date

June 2002
May 2003
May 2003
May 2003
May 2003
May 2003
May 2003
June 2002
June 2002
May 2003
May 2003
May 2003
May 2003
June 2002 &
May 2003

MS

252 MPI
252 MPI
252 MPI
252 MPI
252 MPI
252 MPI
252 MPI
252 MPI
252 UCB
252 UCB
253 Bremen
252 MPI
252 MPI
252 UCB

HV 45δ versus 46δ 31δ versus 46δ
offset Ordinate
Slope
intercept
(‰)

MPI-1
Ordinate
intercept
(‰)

Slope

1δ15N

2δ15N

(‰)

(‰)

–38 0.01±0.01 0.00061±0.00000 –0.31±0.16 0.5068±0.0001 –18.33
–38 0.05±0.02 0.00049±0.00005 0.26±0.13 0.5072±0.0004 –17.07
–30 0.05±0.02 0.00049±0.00005 –0.01±0.10 0.5093±0.0003 –11.50
–38 0.01±0.00 0.00058±0.00002 0.06±0.09 0.5080±0.0004 –15.05
–30 0.01±0.00 0.00058±0.00002 0.03±0.04 0.5095±0.0002 –11.12
–38 0.01±0.01 0.00057±0.00002 0.10±0.07 0.5077±0.0002 –15.85
–30 0.01±0.01 0.00057±0.00002 0.02±0.04 0.5093±0.0001 –11.61
–38 0.00±0.00 0.00061±0.00000 0.84±0.19 0.5026±0.0001 –20.71
–30 –0.01±0.03 0.00609±0.00014 –0.03±0.13 0.5161±0.0005 –12.55
–30 –0.01±0.00 0.00509±0.00001 –0.04±0.06 0.5158±0.0003 –10.96
0 0.00±0.00 0.00507±0.00002 0.00±0.03 0.5172±0.0001 –7.16
–38 0.00±0.01 0.00496±0.00003 0.01±0.09 0.5125±0.0004 –19.24
–30 0.00±0.01 0.00496±0.00003 0.03±0.04 0.5144±0.0002 –14.14
–30 0.02±0.06 0.00540±0.00026 –0.03±0.06 0.5159±0.0002 –11.43

aThe error estimates are based on the 31δ versus 46δ slopes only.
Measurements on the MAT 252 machines with an HV offset –30
are considered reliable, as explained in the text. Rows 6, 7, and 14
represent the combined data sets of rows 2 and 4, rows 3 and 7, and

20.35
19.09
13.51
17.07
13.13
17.87
13.63
22.72
14.57
12.98
9.18
21.26
16.16
13.45

Error

0.26
0.96
0.73
0.94
0.41
0.62
0.36
0.29
1.41
0.66
0.35
0.96
0.44
0.62

rows 9 and 10, respectively. Rows 7 and 14 represent our best estimate of the absolute position-dependent isotopic composition of
gas MPI-1, based on the MPI and UCB mixing series
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Table 4 Sensitivity of 1δ15N(MPI-1) and 2δ15N(MPI-2) to the uncertainties of measured quantities and absolute isotope ratios
Case

45R (MPI-1) 17R(VSMOW) 46R (MPI-1)
ref
ref

Baseline
versus 46δ slope
45δ versus 46δ slope
15Z /15Z symmetry
1
2
Scrambling
18R(VSMOW)
17R(VSMOW)
15R(air–N )
2
δ18O(MPI-1) versus
VSMOW
δ15N(MPI-1) versus
air–N2
15R(air–N ) [18]
2
17R(VSMOW) [28]
17R(VSMOW) [21]

0.0077512
0.0003799
0.0077512
0.0003799
0.0077512
0.0003799
0.0077512
0.0003799
0.0077512
0.0003799
0.0077512
0.0003799
0.0077512 ±0.0000008a
±0.0000030a 0.0003799
0.0077512
0.0003799

31δ

aThese

31δ
46δ

verus
slope

45δ
46δ

15Z
1

versus s
slope

15Z
2

0.0020987
0.50943
0.00057
0.0822 0.00106
0.00106
0.0020987 ±0.00014a 0.00057
0.0822 0.00106
0.00106
0.0020987
0.50943 ±0.00010a 0.0822 ±0.00019a ±0.00019a
0.0020987
0.50943
0.00057
0.0822 ±0.00021a ±0.00021a
0.0020987
0.50943
0.00057 ±0.005a
0.00106
0.00106
±0.0000004a
0.50943
0.00057
0.0822 0.00106
0.00106
0.0020987
0.50943
0.00057
0.0822 0.00106
0.00106
0.0020987
0.50943
0.00057
0.0822 0.00106
0.00106
±0.0000004a
0.50943
0.00057
0.0822 0.00106
0.00106

1δ15N
(‰)

2δ15N
(‰)

–11.83a
±0.36a
±0.25a
±0.24a
±0.15a
±0.30a
±0.26a
±0.49a
±0.30a

13.85a
±0.36a
±0.25a
±0.24a
±0.15a
±0.30a
±0.26a
±0.49a
±0.30a

±0.0000001a

0.0003799

0.0020987

0.50943

0.00057

0.0822

0.00106

0.00106

±0.07a

±0.01a

0.0077477a
0.0077431a
0.0077561a

0.0003799
0.0003720a
0.0003847a

0.0020987
0.0020987
0.0020987

0.50943
0.50943
0.50943

0.00057
0.00057
0.00057

0.0822
0.0822
0.0822

0.00106
0.00106
0.00106

0.00106
0.00106
0.00106

–0.56a
–2.59a
+1.57a

+0.56a
+2.59a
–1.57a

values show absolute differences to the baseline case (row 7 in Table 3), except for the values of 15R(air–N2), 17R(VSMOW) and
in the last three rows where results from other absolute calibrations of these primary isotopic reference materials are given

45R (MPI-1)
ref

the precision of the absolute isotope ratios of primary isotopic reference materials. The following uncertainties are
considered: the standard deviations of the 31δ versus 46 δ
and 45 δ versus 46 δ slopes, variations of ±20% around an
equal distribution between 14N15NO and 15N14NO (“15Z1/
15Z symmetry”) in the 15N O sample, variations of ±0.5%
2
2
for the scrambling coefficient s for a given mass spectrometer, the actual uncertainties of the absolute isotope
ratios of air–N2 and VSMOW, and the uncertainties of the
“conventional” calibration of the nitrogen and oxygen isotope ratios of the MPI-1 reference gas relative to air–N2
and VSMOW. The assumed uncertainty of the 15Z1/15Z2
symmetry is most likely an overestimate. Rather, expectation of a symmetric distribution of 15N between these two
isotopomers seems reasonable, because the negligible abundance of 14N2O requires a nearly equal abundance of these
isotopomers, since 15N2O has obviously the same 15N abundance at both nitrogen positions. The actual uncertainty of
the scrambling coefficient s is also much smaller (about
0.0001), but we wanted to show the variability in the resulting position-dependent δ values that would be observed
if the scrambling coefficient was changing over longer
timescales. The total uncertainty of the final 1δ15N and
2δ15N values can be estimated by the square root of the
sum of squares of the individual uncertainties [34]. This
gives a total uncertainty for the MPI-1 position-dependent
calibration of ±0.9‰, and the isotopic composition of
MPI-1 would then be 1δ15N=–11.6±0.9‰ and 2δ15N=13.6±
0.9‰. However, we note that if there were systematic errors in the absolute isotope ratios used for the calculations, we would have arrived at different values. If, for example, the 17R(VSMOW) value were actually 0.0003847,
as measured recently by Assonov and Brenninkmeijer
[21], then 1δ15N would be 1.6‰ higher and 2δ15N 1.6‰
lower (cf. last three rows of Table 4).

Intramolecular nitrogen isotope ratios
of tropospheric N2O
Kaiser et al. [17] recently reported high-precision measurements of tropospheric N2O isotope ratios, which were
measured versus the reference gas MPI-1. By using the
new absolute calibration of the reference gas derived in
this paper, we conclude that the position-dependent δ15N
values of tropospheric N2O are 1δ15N(trop. N2O)=–16.1±
0.6‰ and 2δ15N(trop. N2O)=29.5±0.6‰. The errors include only the standard deviation of the tropospheric measurements relative to the N2O reference gas. A standard
deviation of ±1.1‰ results if we include the uncertainty
of the position-dependent calibration of the reference gas
as described above. Another set of 75 tropospheric N2O
measurements was obtained between October 2001 and
September 2002 at ground level on the UCB campus and
gives similar results: 1δ15N(trop. N2O)=–14.6±1.3‰ and
2δ15N(trop. N O)=27.2±1.3‰ (error includes tropospheric
2
variability, measurement uncertainty, and the uncertainty
of the position-dependent calibration). These values differ
significantly from those of Yoshida and Toyoda [35] who
found 1δ15N(trop. N2O)=–2.4±1.6‰ and 2δ15N(trop. N2O)=
16.4±1.6‰.
The relative enrichment of 15N at the central nitrogen
over 15N at the terminal nitrogen atom then is (2δ15N–
1δ15N)/(1+1δ15N)=46.3±1.4‰ [17] and 42.4±1.8‰ (UCB
campus samples). These values are much larger than the
estimate of 18.7±2.2‰ made by Yoshida and Toyoda
[35]. We note that the expected variability of the tropospheric isotope ratios of N2O is very low, so that this discrepancy must be explained by differences in the absolute
isotope calibration of the respective reference gases.
While the average 15N composition of Yoshida and
Toyoda’s reference gas (–1.9‰ from the average of 1δ15N
and 2δ15N or –2.2‰ from conversion with graphite) is sim-
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ilar to our reference gases (+1.01 and 0.15‰ for MPI-1 and
UCB-N2O), the position-dependent enrichment is clearly
distinct: Toyoda and Yoshida found for their reference gas
1δ15N=0.2±0.8‰ and 1δ15N=–4.0±0.4‰ [1]. However,
the δ18O value of their reference gas (23.3‰) also deviates substantially from ours (38.5‰ and 41.7‰ for MPI-1
and UCB-N2O) and is closer to atmospheric oxygen
(23.8‰) [36]. Commercial N2O production usually starts
from NH4NO3 [37], but some manufacturers also extract it
from exhaust gas in adipic acid production (as in the case
of our sample of MPI-2 obtained from Puritan-Bennet
Medical Gases). Tracing back the original source of our
the MPI-1 reference gas is difficult, because the supplier
(Messer-Griesheim) only acts as a distributor of batches
obtained on the world market. Most likely, though, the
reference gas originates from Ijsfabriek Strombeek, Belgium, and is made by decomposition of NH4NO3. The nitrogen and oxygen isotopic composition of NH4NO3 is expected to be close to that of air because NH3 is produced
from air–N2 in the Haber-Bosch process and HNO3 is
made by NH3 oxidation with air (Ostwald process) [37].
However, isotopic fractionation may occur in later purification steps, which presumably proceed through distillation to obtain the high purity (grade 6.0 equivalent to
99.9999%) of the MPI-1 reference gas. Vapor pressures of
isotopic N2O species are known to increase in the order
14N 18O<15N14N16O<14N15N16O<14N 16O [38], which may
2
2
explain the enrichment of 14N15N16O over 15N14N16O as
well as the relative 18O enrichment of the MPI-1 reference
gas by 14.4‰ relative to air–O2.

Conclusions
We have presented a new method to determine the absolute intramolecular (position-dependent) nitrogen isotope ratios of nitrous oxide by a purely mass spectrometric technique. The method can be rapidly implemented in
any laboratory capable of doing intramolecular nitrogen
isotope ratio measurements on N2O and gives results of
similar precision to the more laborious, wet-chemical
technique of Toyoda and Yoshida [1]. The method is based
on a series of mixtures of the unknown N2O sample with
different amounts of 15N2O and subsequent measurements
of the 31 δ, 45 δ, and 46 δ values. External amount of substance determinations are not required and would be much
more difficult to achieve by conventional volumetric, manometric, or gravimetric techniques. Instead, the mass spectrometer itself is used as a tool of calibration, so that its
high precision (about 10–5) in relative isotope ratio measurements can be fully exploited. Accurate oxygen and
average nitrogen isotope ratios of the unknown N2O sample are needed for this method to work.
In order to obtain accurate results, the isotopic purity
of the doubly labeled 15N2O sample must be established.
15N14N16O and 14N15N16O impurities can be accounted for
by 45 δ measurements. Measurements at m/z 12 allow for
the correction of minor CO2 impurities. The relative abundance of N in the N2O mass spectrum must be measured

to account for the production of 15N ions from 15N2O since
15N influences the measured ion current at m/z 30. Another important requirement for accurate results is an isotope ratio mass spectrometer that does not show any scale
contraction. We have verified this for our instruments at
the Mainz, Berkeley, and Bremen, as best as possible, using intercomparisons between different mass spectrometers, changes of the idle time between sample and reference measurement cycles, and measurements of sequences of N2O samples enriched to very different degrees. From the evaluated results of this exercise, we have
chosen those data sets that most likely represent the most
accurate relative 31δ, 45δ, and 46δ measurements and have
calculated the position-dependent nitrogen isotope composition of our reference gases. In conjunction with isotope ratio measurements of tropospheric N2O measured in
Mainz [17] and at UC Berkeley, we conclude that the δ15N
value of the terminal nitrogen atom in free tropospheric
N2O is 1δ15N=–16.2±1.1‰ and that of the central nitrogen
atom is 2δ15N=29.6±1.1‰. Boundary layer air on the UC
Berkeley campus gives similar results: 1δ15N=–14.6±1.3‰
and 2δ15N=27.2±1.3‰. The uncertainties include the longterm variability of tropospheric N2O relative to the reference gas and the uncertainty of the reference gas calibration.
These values differ significantly from the results obtained by Yoshida and Toyoda [35], most probably due to
differences in the reference gas calibration. A future direct
reference gas intercomparison might be warranted, but
will not resolve the differences in the position-dependent
calibrations that were revealed by comparing the results
for tropospheric N2O. However, we note that the accuracy
of our results depends on the accuracy of the absolute isotope ratios of the primary isotopic reference materials
air–N2 and VSMOW. If 15R(air–N2), 17R(VSMOW), or
18R(VSMOW) are wrong, our final results will necessarily
be incorrect. For example, a recent recalibration has resulted in a higher 17R(VSMOW) value [21] than measured
previously [20], which would bring our results for tropospheric N2O 1.6‰ closer to the results of Yoshida and
Toyoda (Table 4). That said, one could also conclude that
the absolute isotope ratios of the primary reference materials air–N2 and VSMOW are not accurate (provided that
Yoshida and Toyoda’s relative calibration is correct). The
“Institute for Reference Materials and Measurements” in
Geel, Belgium, is currently pursuing efforts to recalibrate
the absolute isotope ratios of VPDB–CO2 [39], which is
closely linked to VSMOW. This might lead to a change of
18R(VSMOW) and therefore also to a change of the results
from the present calibration.
Finally, we note that a similar technique to the one presented here for mixtures of the reference gas with doubly
labeled 15N2O can be implemented by using N15NO or
15NNO instead. It appears less elegant to us though, since
one has to consider even more influences from impurities.
The mathematical treatment and preliminary results from
the application of these two related methods are given in
the Appendices B and C.
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Appendix A: Keeling plots
The method of Sutka et al. [24] uses a so-called Keeling
plot to determine the intramolecular nitrogen isotope distribution of their reference gas. This type of chart dates
back to Charles D. Keeling [40] who used it to determine
the unknown isotopic composition of CO2 sources from
atmospheric measurements of isotope and mixing ratios.
The ordinate intercept in a plot of the isotope ratio (or
δ value) versus the inverse of the mixing ratio gives the
isotopic composition of the CO2 source; the composition
of atmospheric background CO2 can be derived from
the slope if the background mixing ratio is known. Transferring this approach to the calibration of their reference
gas, Sutka and co-workers mixed different amounts of
14N15NO with their reference gas. One should bear in
mind that for Sutka’s application, the N2O mixing ratio always equals 1, so that the “traditional” Keeling plot appears in an unconventional form at first sight. However,
we will show how the “traditional” Keeling plot can be recovered from the form in which we make use of it here.
The relative isotope enrichment of the mixture (δm) can be
approximated by
4Pδ P ≈ 4D δ D + 4Eδ E

(A1)

The indices “m”, “a”, and “b” represent the mixture, the
14N15NO sample (component A), and the reference gas
(component B), respectively. Qm is equal to Qa+Qb. Sutka
and co-workers identify the quantity Q with the total number of N2O molecules. However, to make expression A1 a
mathematically accurate equation, Q has to be identified
with the number of atoms of the light isotope (i.e., 14N),
indicated by a superscript “14”:
 4 δ
P P

=  4D δ D + 4Eδ E

(A2)

Approximating 14Q by the total number of atoms leads to
an error that increases with the isotope ratio. Although
this error can be neglected for most other applications of
Keeling plots, it is obviously desirable not to introduce
unnecessary approximations in the calibration of a reference gas. We show in the following how this approximation can be avoided and also discuss why we believe that
the slope of the Keeling plot shown in the paper by Sutka
et al. [24] does not correspond to the expected slope.
To further simplify Eq. A2, the fractions of 14N from
components A and B are expressed relative to the total
amount of 14N, i.e.

 [

(4D + 4E )

= 4D

 4

= 4D

=  4E

 4

=  −  [D

(A4)

δ =  [D δ D +  [Eδ E =  [D δ D + ( −  [D )δ E 

(A5)

D

 [

E

(A3)

We then have

which gives

δ =  [D (δ D − δ E ) + δ E 

(A6)

Equation A6 differs in two aspects from a “traditional”
Keeling plot: firstly, 14xa would “traditionally” be expressed in terms of mixing ratios (µ) (i.e., 14xa=14µa/14µ).
However, for the present application, there are no components other than N2O in the mixture, and 14µ is identical
to 1. We note that 14µa in a “traditional” Keeling plot would
be identified with the atmospheric background mixing ratio. Secondly, the approximation 14µ≈µ or 14xa≈xa is often
made, but this is only valid for small enrichments, not for
highly enriched compounds. Continuing with the non-approximated Eq. A6, we calculate the molar fraction of
component A (xa) from 14xa:
[D =

4
D

+

4
D
4
D

+ 4D
=
+  4E + 4E

( + 5D )
(A7)
(5D − 5E ) +  + 5E
 [
D

 [
D

where R stands for the isotope ratio. Solving for 14xgives:


[D =

[D ( + 5E )
 + 5D − [D (5D − 5E )

(A8)

We then have for δ:

δ = (δ D − δ E )

( + 5E ) [D
+δE
 + 5D − [D ( 5D − 5E )

(A9)

Therefore, a “Keeling plot” of δ versus xa (or versus 1/µ
for the “traditional” Keeling plot) is actually not a straight
line, but a hyperbola. It can be expanded to a Taylor series
in terms of xa around xa=0:
δ = (δ D − δ E )

 + 5E
 + 5D



[D [D ( 5D − 5E )
+
+ 2 ( [D ) + δ E (A10)
 [D +

 ( + 5D )



In other words, one should really fit a polynomial to a
“Keeling plot” of δ versus xa, not a line, at least for large
values of xa. The value of xa does not exceed 0.001 for the
data set of Sutka et al. [24], so that we can obtain the expected slope m from the linear term in Eq. A10:
P = (δ D − δ E )

 + 5E
 + 5D

(A11)

Rb and Ra can also be expressed in terms of δ values (with
Rref being the isotope ratio of the primary reference material, i.e., air–N2):
P = (δ D − δ E )

 + 5UHI ( + δ E )
 + 5UHI ( + δ D )

(A12)

From Fig. 2 in Sutka et al. [24], we get δb=0.00361 and m=
138.52. With Rref=0.0036782 [18], we calculate δa=281.3
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or 281.3×103‰. This corresponds to an isotope ratio Ra of
1.038, or almost equal amounts of 15N and 14N. However,
the expected ratio would be 49 if the 14N15NO sample of
Sutka and co-workers were really 98% 14N15N16O as
stated and if the remaining 2% were 14N216O. The ratio
would be even larger if the abundance of 14N216O were
less than 2%.
Conversely, if one assumes Ra to be 49, then m equals
267.5, or roughly double the slope stated by Sutka et al.
[24]. We conclude that there must be an error in their data
reduction procedure. Furthermore, we note that if there
were 15N216O or 15N14N16O present in the N15NO sample,
one would obtain an ordinate intercept that does not correspond to the true δ value of the reference gas. Finally,
the scatter around the linear fit is large, most likely due to
the volumetric method to prepare the mixtures of reference gas and N15NO. This difficulty can be avoided if simultaneous 45δ measurements are used, similar to the approach we present as the main subject of this paper. The
detailed theoretical treatment required for this alternative
to the approach of Sutka et al. [24] is given in Appendix
B. The same approach can also be used with 15NNO, and
the theoretical treatment for that is slightly different and is
given in Appendix C. In both these appendices, we also
show preliminary results demonstrating that we can derive position-dependent isotopic compositions from mixing series of 15NNO or N15NO with the MPI-1 reference
gas. These mixing series were initially intended to determine the scrambling coefficient s. The results are preliminary in that the mixing series consist of only three samples (and therefore four measurements) and were measured on a Micromass Prism II mass spectrometer, which
was not included in our mass spectrometer intercomparison (see Section “Intercomparison of 45δ, 46δ, and 31δ values” above). Nevertheless, the values obtained are similar
to those obtained for the series consisting of diluting doubly labeled N2O and demonstrate that these other approaches, when combined with the correct mathematical
treatment, should give similar results.
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N15NO can be used in a similar way as 15N2O to calibrate
the position-dependent isotope ratios of a given N2O reference gas. Starting from the set of equations for the “molecular isotope ratios” of the reference gas
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we then arrive at the following equations for the N15NOamended reference gas:
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The added 14N15N16O is represented by the term 456R. 456R
equals NC(14N15N16O)/Nref(14N216O). The abundance of
14N 16O, 15N14N16O, 15N 16O, 14N15N17O, 15N14N17O, and
2
2
14N 18O in the N15NO sample are taken into account by the
2
following terms: 14Y0 is NC(14N216O)/NC(14N15N16O), 15Y1
is NC(15N14N16O)/NC(14N15N16O), 15Y1+2 is NC(15N216O)/
NC(14N15N16O), 17Y is NC(14N15N17O)/NC(14N15N16O), and 18Y
is NC(14N15N18O)/NC(14N15N16O), in which NC and Nref are
the number of molecules from labeled N2O (14N15N16O)
and the reference gas, respectively. A statistical oxygen
isotope distribution for N15NO is assumed. The contribution of 15N formation from 15N216O to the m/z 30 ion current is represented by the terms p15R1,ref15R2,ref and p15Y1+2.
Then, the following relationships for the δ values hold:
δ
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Appendix B: absolute position-dependent calibration
with N15NO
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We have re-evaluated our own old measurements of the
scrambling coefficient on a Micromass Prism II mass spectrometer and obtained the following final results for a sample of the MPI-1 reference gas: 1δ15N=–23.6±0.7‰ and
2δ15N=25.6±0.7‰. The uncertainties only consider the standard deviation of the 31δ versus 46δ slope. 14Y0 was 0.00613,
18Y was 0.00210, and 15Y
17
1+2+ Y was 0.00478. Given the
18Y value, we have assumed a normal 17O abundance, so
that 17Y was 0.00039 and 15Y1+2 equaled 0.00439. We have
assumed an abundance of about 0.001 for the undesired
isotopomer, so that 15Y1 is 0.001. These results should be
considered very preliminary inasmuch as the 1δ15N and
2δ15N are concerned since only four 31δ measurements
were available. In general, this seems to be a viable approach and the results are in the general range of what was
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found with a series of mixtures of 15N2O with N2O reference gases.
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Appendix C: absolute position-dependent calibration
with 15NNO
15NNO

15N O
2

can be used in a similar way as
to calibrate
the position-dependent isotope ratios of a given N2O reference gas and is very similar to the approach for N15NO
detailed in Appendix B. Starting from the set of equations
for the “molecular isotope ratios” of the reference gas
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we then arrive at the following equations for the 15NNOamended reference gas:
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The added 15NN16O is represented by the term 546R. 546R
equals NC(15N14N16O)/Nref(14N216O). The abundance of
14N 16O, 15N 16O, 14N15N17O, 15N14N17O, and 14N 18O in the
2
2
2
15NNO sample are taken into account by the following terms:
14X is N (14N 16O)/N (15N14N16O), 15X is N (14N15N16O)/
0
C
2
C
2
C
NC(15N14N16O), 15X1+2 is NC(15N216O)/NC(15N14N16O), 17X is
NC(15N14N17O)/NC(15N14N16O), and 18X is NC(15N14N18O)/
NC(15N14N16O), where NC and Nref are the number of molecules from labeled N2O (15N14N16O) and the reference
gas, respectively. A statistical oxygen isotope distribution is
assumed. The contribution of 15N formation from 15N216O
to the m/z 30 ion current is represented by the terms
p15R1,ref15R2,ref and p15X1+2. Then, the following relationships for the δ values hold:
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We have re-evaluated our own old measurements of the
scrambling coefficient on a Micromass Prism II mass
spectrometer and obtained the following final results for a
sample of the MPI-1 reference gas: 1δ15N=–18±7‰ and
2δ15N=21±7‰. The uncertainties only consider the standard deviation of the 31δ versus 46δ slope. 14X0 was
0.00380, 18X was 0.00210, and 15X1+2+17X was 0.00430.
Given the 18X value, we have assumed a normal 17O abundance, so that 17X was 0.00039 and 15X1+2 equaled 0.00391.
We have assumed an abundance of about 0.001 for the undesired isotopomer, so that 15X2 is 0.001. These results
should be considered very preliminary inasmuch as the
1δ15N and 2δ15N are concerned since only four 31δ measurements were available. Therefore, the relatively large
uncertainty of the position-dependent δ15N is possibly not
meaningful, and we would actually expect a smaller true
uncertainty, given the analytical precision of the mass
spectrometer. In any case, the results seem to be in the
range of what was found with 15N2O.

Appendix D: purity of the
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samples

The 45δ versus 46δ slopes differ by about a factor of 10 for
mixtures of the reference gases with MPI-15N2O and
UCB-15N2O. This is due to the presence of a larger fraction of 14N15N16O and 15N14N16O in the UCB-15N2O sample. MPI-15N2O was purchased in 1999 from ICON Isotopes, Summit, NJ, USA, whereas UCB-15N2O was acquired more than 25 years ago from Prochem, British
Oxygen Co. The isotopic purity of the 15N2O affects the
31δ measurement, but not the 46δ measurement, and thus
leads to a change of the slope ∂31δ/∂46δ. We have taken
this difference into account as explained in the theoretical
section of this paper.
Another complication can arise from the presence of
14N 16O in the 15N O-sample. Therefore, ion currents at
2
2
m/z 44, 45, 46, 47, and 48 for “pure MPI-15N2O” were determined and normalized to the total ion current of these
masses. Contributions of 0.02%, 0.21%, 99.52%, 0.04‰,
and 0.21 %, respectively could be identified. These values
document the high purity of the 15N2O sample, but also show
the presence of a small isotopic contamination at m/z 45.
The proportions of mass 47 and 48 indicate a normal oxygen isotope composition for 15N2O. Measurement of the 12C+
fragment shows that the minor signal at m/z 44 was caused
exclusively by a small amount of CO2. Thus, 13C16O2 should
make only a very minor contribution (given its natural
abundance relative to 12C16O2), and the signal at m/z 45
must therefore be caused by 15N14N16O and 14N15N16O.
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Similarly, we conclude that there is no significant 14N216O
impurity present in the MPI-15N2O sample.
The ratio of 15N14N16O+14N15N16O impurity to the desired
isotopologue (  1   2 )  = +  =  = [[ (  1  1  2 ) +
[ (  1  1  2 )] [ (  1   2 ) is calculated to be 0.00216.
However, this value may be slightly influenced by mass
discrimination effects in the inlet or ion source. An independent estimate of 15Z1+15Z2 can be derived from the 45δ
versus 46δ slopes using Eq. 17. 45Rref/46Rref is known from
the calibration of the N2O reference gas [17] and can be
inferred for MPI-2 from its δ values measured against the
N2O reference gas (Table 2). 15Z1+15Z2=0.00223±0.00001
is derived from MPI-1 from the slopes in Fig. 1a and rows
1 and 8 in Table 3, in agreement with the ratio of 0.00223±
0.00001 derived from MPI-2. However, we note that measurements at different times gave slightly different slopes
for unknown reasons. The variations of the slope have
been included in the estimated total uncertainty of the absolute intramolecular nitrogen isotope ratios.
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