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Abstract

RATIONALE Obtaining nitrous oxide isotopocule measurements with isotope ratio mass
spectrometry (IRMS) requires measuring the m/z ratios of the nitrous oxide (N>O) molecule as
well as those of the NO™ fragment ion. This measurement depends on correcting for a
phenomenon referred to as “scrambling” in the ion source, whereby the NO* fragment ion
contains the outer N atom from the N>O molecule. While descriptions of the scrambling
correction exist in the literature, there has yet to be published a unified software package and
method for performing this correction.

METHODS We developed a user-friendly Python package (pyisotopomer), with a MATLAB
alternative, to determine two coefficients that describe scrambling in the ion source of a given
IRMS, and then to use this calibration to obtain N>O isotopocule measurements.

RESULTS We assess the sensitivity of pyisotopomer to its input parameters and discuss the
relevant assumptions. We show that the scrambling behavior of an IRMS can vary with time,
necessitating regular calibrations. We show that to obtain a relative uncertainty in site preference
of <1%o, the relative uncertainty in each scrambling coefficient should be <0.2%. Finally, we
present an intercalibration between two IRMS laboratories, using pyisotopomer to calculate
scrambling and obtain N>O isotopocule data.

CONCLUSIONS Given these considerations, we discuss how to use this software package to

obtain high-quality N>O isotopocule data from IRMS systems, including the use of appropriate
reference materials and frequency of calibration.
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1. Introduction

Nitrous oxide (N2O) is a potent greenhouse gas, with a greenhouse gas potential
approximately 265 times that of carbon dioxide, over 100 years and on a per-molecule basis.!?
N2O is also likely to be the most important ozone depletion agent of the 21 century, due to
production of NO radicals in the stratosphere that interact destructively with ozone.>™¢
Historically, the bulk stable isotopes of nitrogen and oxygen in N>O have been used to quantify
its microbial cycling in soils,”?® its destruction by photolysis and cycling in the atmosphere,”!°
and microbial cycling in the ocean.!!'='* This approach often does not provide a unique solution,
because the bulk nitrogen and oxygen isotope ratios of N>O depend on the isotopic composition
of the substrate, as well as the isotope effects of production and consumption processes. '
Furthermore, in the context of microbial N>O cycling in soils and the ocean, bacterial
nitrification and denitrification produce N>O with similar bulk 8'°N values, which prevents
partitioning between these processes on the basis of bulk !N alone.!>!® This leaves room for a
more nuanced measurement, which may distinguish between N>O production processes in the
soils, atmosphere, and ocean.

Given the asymmetry of the N>O molecule, its two nitrogen atoms exist in unique
chemical environments, making the molecule particularly rich in isotopic information. The
individual isotopic compositions of each nitrogen atom were first measured by Friedman and
Bigeleisen, who quantified the yields of isotopomers “N'>N'60 and '"N'*N'60O from enriched
ammonium nitrate by measuring the ion beam signal of the fragment ion NO™ in an isotope ratio
mass spectrometer.'” The natural abundance isotopomers of N>O were quantified 50 years later
with a similar technique, by measuring the molecular N>O mass to charge (m/z) ratios 44, 45,
and 46 as well as the m/z ratios 30 and 31 of the NO™ fragment ion.'®!° Toyoda and Yoshida
(1999) defined the site-specific isotope ratios of the central (o) nitrogen atom and outer (j3)
nitrogen atom as follows:

15 pa — UNISNO (1)
- 4N14NO
15 pn714
15 — 14N NO )
NMNO

The N>O isotopomer measurement was initially performed with two sequential
measurements of the same sample on an isotope ratio mass spectrometer, one for m/z ratios 44,
45, and 46, and one for m/z ratios 30 and 31.'"® Subsequent advances led to the measurement of
all five m/z ratios simultaneously with the correct configuration of cups.?’

The slight difference in zero-point energies between the isotopomers of N>O result in
different isotopic fractionations during photolysis in the stratosphere,?' making the isotopomers
of N>O a powerful tool for understanding its atmospheric cycling.??2° Likewise, N2O site
preference, defined as 8'’N® — §'’NP, was shown in microbial culture experiments to be largely a
function of reaction mechanism, independent of source composition.?’-3? This allowed for the
differentiation between N>O deriving from bacterial nitrification and denitrification, although
some debate exists about whether the site preference of N>O produced by denitrifying bacteria is
closer to 0%o or 25%o,*!*3 the latter possibility being largely ignored in subsequent literature.
During N2>O consumption, §'’N*and §'80n20 were shown in microbial culture** and soil
mesocosm?> experiments to exhibit a characteristic relationship, allowing subsequent studies to
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use this expected relationship to distinguish between oxidative and reductive regimes of N>O
cycling.3637

The site-specific isotopomers of N>O provide a far more nuanced constraint on the
biogeochemical cycling of N>O than its bulk composition alone. N>O isotopomers have been
used extensively to quantify its biogeochemical cycling in soils*>-*%4 the atmosphere,???° and
the ocean.?’363741-48 Nonetheless, there is as yet no unified method for calibrating isotope ratio
mass spectrometry systems for the N>O isotopomer (and isotopocule) measurement. The need for
such a calibration is largely due to a phenomenon called “scrambling,” whereby the NO*
fragment ion contains the outer,  nitrogen atom, rather than the expected o nitrogen. A number
of approaches have been taken to calibrate an IRMS system for this effect: the use of a single
“rearrangement factor” to describe scrambling,'®#° the use of nine coefficients to describe the
different fragmentation behaviors of the different isotopocules of N>O,>° and finally the use of
two coefficients to describe scrambling in the ion source.’> While descriptions exist of each of
these approaches, and international intercalibration efforts have been made,’'? there has yet to
be published a package of code for implementing one of the above isotopomer calibrations.

We developed a Python software package that implements the two-coefficient approach
described by Frame and Casciotti (2010) to calibrate an IRMS system for scrambling and use
that calibration to obtain high-quality N>O isotopocule data. To quantify the performance of the
software, we tested its sensitivity to solver parameters and the assumptions inherent to the
scrambling equations. Next, we quantified the uncertainty associated with different pairings of
reference materials used to calculate scrambling and compared the outputs from the MATLAB
and Python versions of the software. To quantify the variability of the fragmentation behavior of
an instrument over time, we examined the scrambling coefficients for one isotope ratio mass
spectrometer over the course of four years of measurements. To assess the effect of uncertainty
in each scrambling coefficient on calculated isotopocule values, we used a Monte Carlo
simulation approach to quantify the effect of uncertainty in the scrambling coefficients on the
final, output N>O isotopocule values. Finally, we performed an intercalibration using this
software across two labs at Stanford and the University of Basel.

2. Theory
Toyoda and Yoshida (1999) introduced the isotopomer notation in equations 1 and 2,

designating the inner and outer nitrogen atoms as the o and 3 nitrogen atoms, respectively. The
expressions for molecular m/z ratios 45/44 (**R) and 46/44 (*°R), used for two different
calibration approaches,'®*° follow from this notation:

45R — 15Rot+15RB + 17R (3)
“6R = (*SRY+5RF)R + 18R + (*SR%)(*°RF) (4)

where PR* denotes the isotopocule ratio N'SN'°O/“N“N'°0, 1>RP denotes the isotopocule ratio
BNHNT6O/MNN1T60, 1R denotes the isotopocule ratio “N™N!7Q/N'N'60, and '*R denotes
the isotopocule ratio N'"N8Q/“N!N'¢Q.

While the oxygen triple isotopes of N>O (A!7O) provide additional information about the
sources and sinks of N20,>*3* they will not be discussed further here. Thus, we will assume that
7R covaries with '®R according to the oxygen isotope content of Vienna Standard Mean Ocean
Water (VSMOW)>>-*¢ and a mass-dependent relationship between "R and '®R:3?

pyisotopomer 4
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17R/0.0003799 = (18R/0.0020052)°516 (5)

The simplest formulation for the NO™ fragment ion ratio 31/30 (*'R) comes from Toyoda
and Yoshida (1999):
31R — 15Ra+17R (6)

This equation would represent the *'R measured by IRMS if no scrambling occurred.
Indeed, given a known '"R® and "R for a reference gas, this equation defines the theoretical *'R
of that reference gas. Toyoda and Yoshida (1999) account for scrambling by defining the
rearrangement factor y (which was later redefined as y) as “the fraction of NO* bearing the 3
nitrogen of the initial N2O to the total NO™ formed,” to yield:

31R = (1 — y)15SR¥+y15RP +17 R (7)

Kaiser et al. (2004) introduce a more complete representation of *'R, adding terms for
ISNISN16Q, N3N0, and NN'70 to m/z=31, and terms for PN!¥N'°0 and "“N!’N!O to
m/z=30:

sip _ (1 _ y)15Roc + y15RB + (15Ra)(15Rﬁ)+17R(1 + ylsRa + (1 _ y)lsRB) (8)
14 y'R* 4+ (1 —y)SRF
Note that Kaiser et al. (2004), in their Eqn. (3), use the term “s” in place of y, >R} rer in
place of PRP, and "Ry .r in place of SR%. To account for different fragmentation rates from
different isotopic species of N>O, Westley et al. (2007) split the fragmentation factor y into nine
coefficients:

31 "R + b3y °RF + 3, (SRY)(RF)+17R(d3y + €31 "R + f3, " RF) €))

31R —
1+ a3 5R® + b3 RE + c30(15SR*)(15RA)

While this approach considers the possibility of different rates of fragmentation for every
isotopic species of N»O (i.e., isotopic fractionation) measurable with this IRMS configuration, it
also requires solving for six to nine coefficients, depending on whether the m/z=30 coefficients
are considered separate from the m/z=31 coefficients. Frame and Casciotti (2010) simplify this
equation by reducing the number of fragmentation factors to two coefficients, y and «k, which
represent the yield of *’NO™ from "“N'>NO (for both 70O and '°O) and the yield of *'NO" from
ISNNO, respectively. This yields the equation:

B (1 _ ,Y)ISRa + KISRB + (15Ra)(15R[3)+17R(1 + ylsRa + (1 _ K)lSRﬁ) (10)

31R
14 y15R* + (1 —k)'5RA

The important pieces of information contained within the two scrambling factors are the
unequal rates of fragmentation for the isotopomers “*N'NO and "N'*NO, which the equation
from Kaiser et al. (2004) does not account for. It is assumed that the isotopic substitution of '’O
in the oxygen atom has a negligible effect on the scrambling coefficients, or, in terms of the
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equation from Westley et al. (2007), that e31=(1—az1) and f31=(1—b31). It is also assumed that the
coefficient c3; from Westley et al. (2007) is equal to 1, or that the yield of *'NO™ from SN'’N'60Q
is equal to the yield of **NO* from *N'¥N'®0. Given that naturally occurring N>O contains very
little of the "N'SN'®0 isotopocule, a few per mil difference in the fractionation during
fragmentation of "'N'*N'0 and "“N!*N'%0O would not drastically alter the measured *'R.>’
Finally, the coefficient d3; is assumed to be equal to 1, or that the yield of *'NO* from "“N'*N'"0O
is equal to the yield of **NO* from *N!'¥N'®0, again, an assumption yielding little potential error
in 3R, given the low natural abundance of '’O in N>0.3

Measurement of two reference materials against a common third reference gas, each with
known PR* and '*RP values, produces two equations to solve for two unknowns, y and «,

*'Rsampter _ [TR31/30sampe1] _o (11)
31Rreference [TR31/30reference]
*'Rsamptez _ [TR31/30samplez _o (12)

31Rreference [TR 3 1/3 Oreference]

Where 'Rsample1 is the theoretical 3'R of the first reference material, calculated from
equation 10, 3'Rreference i the theoretical 3'R of the common reference gas against which sample
peaks are normalized, and *'Rempie2 is the theoretical 3!R of the second reference material. These
“ratios of ratios” should be equivalent to the measured 3'R of each reference material normalized
to the common reference injection, leaving a set of cost functions to be minimized. To aid in
finding a solution, equations 11 and 12 may be simplified by assuming that the *'R of the direct
reference injection is constant (“C”, below), and thus that the flat-topped reference peak has a
defined scrambling behavior that could differ from that of a sample peak. Calculating ‘C’ for the
common reference injection from equation 10, using assumed y and « values, produces the
following two equations:

*'Rsampter _ [TR31/305ampies ] _o (13)
¢ [rRSl/BOreference]

*'Rsamptez _ [TR31/305ampiez] _o (14)
¢ [rRSl/BOreference]

Given a pair of reference materials with known 'R and 'SRP, pyisotopomer’® solves
equations 13 and 14 for scrambling coefficients y and k. Pyisotopomer uses the “least squares”
function from the scipy optimization library to vary y and « until the calculated values of
3R sample/*'Rreference are as close to [TR31NO/30NOsampie/R31NO/30NOreference], as described in
Frame and Casciotti (2010). In MATLAB, the solver Isqnonlin is used to perform the
optimization.

After the scrambling coefficients are calculated from measured reference materials,
pyisotopomer can be used to calculate the "R* and '*RP of unknown samples using equations 3,
4, and 10. These equations are solved for the ’'R* and '"RP, from measured isotope ratios 'R,
4R, and “R of the unknown. As in the scrambling function, pyisotopomer uses least squares
from scipy.optimize to solve this set of equations, producing the isotope ratios '*R%, ’RP, "R,

pyisotopomer 6
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and '®R, and from these, the delta values 8'°N®, §' NP, site preference, '’N"¥, §!7Onz0, and
8'80n20 are calculated relative to primary reference scales ('R from atmospheric N> and "R and
¥R from VSMOW).

3. Experimental
3.1 Preparation and analysis of N>O reference materials

To validate the usage of pyisotopomer to calculate scrambling coefficients, and from
these coefficients obtain precise N>O isotopocule data, a series of N>O reference materials (Table
1) were prepared and analyzed in sample format at Stanford University (“Lab 17) and the
University of Basel (“Lab 2”°). Reference materials were prepared by filling 160-mL glass serum
bottles (Wheaton) with de-ionized water and removing a 4-mL headspace (Lab 1) or 10-20-mL
headspace (Lab 2), then were capped with a gray butyl septum (National Scientific) and sealed
with an aluminum crimp seal. These bottles were purged with helium for 90 minutes to remove
all background N>O. The purged bottles were then injected with reference gas in a range of nmol
amounts from 2-20 nmols N>O (S2, EMPA1, EMPA2, EMPA3 reference gases) or with 10
nmols N>O (B6 reference gas) using a gas-tight syringe. Reference materials prepared in Lab 1
were preserved with 100 pL saturated mercuric chloride solution; those prepared in Lab 2
contained no added preservative. For Lab 1, atmosphere-equilibrated seawater was prepared by
filtering surface seawater (collected in Half Moon Bay, CA) through a 0.22 mm Sterivex filter,
allowing it to undergo static equilibration with outdoor air for three days, then re-filtering into
160-mL serum bottles, removing a ~1-mL headspace, and preserving with 100 uL saturated
mercuric chloride solution. For Lab 2, atmosphere-equilibrated reference materials were
prepared by purging either de-ionized water or a sodium chloride solution with helium, allowing
it to undergo static equilibration with outdoor air for three days, filling into 160-mL serum
bottles, and removing a 10-mL headspace. Reference materials were run in the same format as
samples to account for any potential fractionation associated with the extraction and purification
of N>O associated with the purge-and-trap system. The magnitude of such fractionation was
quantified for Lab 1 by running the pure N>O reference tank against itself, and yielded offsets of
0.2240.52%o for 8' NP and 0.16+0.62%o for 5'*Onzo.

The isotopocule values for each reference gas were calibrated independently by J. Mohn
(EMPA; mini-QCLAS aerodyne) or S. Toyoda (Tokyo Tech; IRMS), except for one internal
standard used by Lab 1 (Table 1). The reported *'R, R, and R for the pure N>O reference
tanks represent the theoretical values of these ratios, assuming some amount of scrambling for
the reference gas: y=0.17 and ¥=0.08 (Stanford University/Lab 1), and y=0.156 and k=0.155
(University of Basel/Lab 2). The values for !7Onzo for each gas were calculated assuming a
mass-dependent relationship between "R and '¥R.3

These reference gases and samples were measured on Thermo Finnigan DELTA VPLUS
isotope ratio mass spectrometers (IRMS; Thermo Fisher Scientific, Waltham, MA) in Lab 1 and
Lab 2. Each IRMS had Faraday cups configured to simultaneously measure m/z 30, 31, 44, 45,
and 46. Reference materials and samples were analyzed on a custom purge-and-trap system
coupled to each IRMS, which was run in continuous flow mode®® (Table 1). The two systems
had slight differences in the purge-and-trap system: in Lab 1, liquid from each sample bottle was
transferred to a sparging column to extract the dissolved gases; in Lab 2, each sample was
extracted by purging directly from the bottle. The effects of these differences are discussed
further in Results and Discussion.

pyisotopomer 7
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3.2 Data corrections

To calibrate each IRMS for scrambling, reference materials prepared as above were run
side-by-side on the same day. This was repeated over multiple days. From these runs, a
scrambling calibration was obtained as follows: first, each sample peak was compared against a
direct injection of pure N>O from a reference tank (Table 1).°° Next, sample peaks were
normalized to a peak area of 20 Volt-seconds (Vs) to correct for the effect of peak size on
measured isotope ratios. This normalization was performed with a linearity relation specific to
each IRMS and purge-and-trap system.” Then, for each day of analysis, pyisotopomer was used
to generate all possible pairings of reference materials on that day. Each pairing of reference
materials and the associated size-corrected isotope ratios were used as an input to the Scrambling
function of pyisotopomer to calculate a pair of y and «, the scrambling coefficients introduced in
Eqn. (10). From the resulting array of y and « values, y and k were averaged to obtain a daily
mean. These daily means were further combined into a one-week running average to smooth
their variability. The one-week running averages of y and « for each system were used to obtain
N>O isotopocules for reference materials and unknowns, using the Isotopomers function of
pyisotopomer. Finally, a scale decompression (similar to the two-point offset correction
suggested by Mohn et al., 2014) was performed for §'*N¢, §'NPB, §'"Onz0, and §'80nz0, based on
the mean measured values and calibrated values of the reference materials included in each run.
The scale-decompressed values of 3'SN®k and SP were obtained from the scale-decompressed
8'SN* and 5'SNP,

The data corrections above are described in the README documents associated with
pyisotopomer on the Python Package Index. In brief, comparison against the direct N2O
reference injection and normalization to a peak area of 20 Vs can be accomplished with the
appropriate IRMS outputs and the pyisotopomer data input template.’® The import convention
for pyisotopomer is:

from pyisotopomer import Scrambling, Isotopomers

To calculate scrambling, the only function you need is:

Scrambling(inputfile="FILENAME .xlIsx", ref1="NAME", ref2="NAME", **kwargs)

where “FILENAME .xIsx” is the user-designated file name of the data corrections spreadsheet to
be used as the inputfile, “ref1” and “ref2” are the reference materials used to perform the
scrambling calibration designated with their user-entered “NAME”’s, and “**kwargs” refers to
optional additional keyword arguments, such as the initial guess for y and « (see section 4.1).
Once the scrambling coefficients are determined, the only function needed to calculate
isotopomers is:

pyisotopomer 8
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Isotopomers(inputfile = "FILENAME.xIsx", scrambling = [0.0..., 0.0...], **kwargs)

where “scrambling” refers to the scrambling coefficients used to calculate isotopomers.

3.3 Intercalibration

To validate the scrambling calibration, samples of unknown isotopic composition were
collected from Lake Lugano, Switzerland in July 2020 and analyzed separately by both Lab 1
and Lab 2. The samples were collected at depths of 10 and 90 meters, including six replicate
bottles at each depth. Samples were collected into 160-mL glass serum bottles (Wheaton),
overflowing each bottle twice, closing bubble-free, and removing liquid to form a 10-mL
headspace comprised of air. Based on the Northern hemisphere monthly mean N>O mixing ratio
for July, 2020,°! when the samples were collected, an atmospheric headspace of this volume
would have contained 0.13 nmols N0, and resulted in a ~1 nM overestimation of the
concentration of N2O in each sample after equilibration with the headspace during storage. Each
sample was capped with a gray butyl septum (National Scientific) and sealed with an aluminum
crimp seal. Samples were promptly preserved with 100 pL saturated mercuric chloride solution
and stored at lab temperature (20-22°C). Given the trace amount of N>O in the atmosphere,
negligible amount of atmospheric NoO were added with the 100 uL of mercuric chloride, and
with complete flushing of the bottle during analysis, the effect of the headspace and N>O
partitioning between the gas and liquid phases falls within the analytical uncertainty for NoO
concentration and isotopocule measurements.®’ The six replicate bottles at each depth were split
into two groups of three replicate bottles to be measured for N»>O isotopocules by Lab 1 and Lab
2, respectively. The scrambling calibration and isotopocule calculations for each set of samples
were performed in pyisotopomer, as above.

4. Results and Discussion
4.1 Solver parameters

To understand the sensitivity of the Scrambling function of pyisotopomer to the
parameters provided to its solver (initial guess, upper bound, lower bound), we performed a
series of numerical experiments with said solver. The first of these experiments involved varying
the initial guess, x0 (where x0 is a pair of values for y and ). Using a range of 50 initial guesses
for y and «, evenly spaced between y =k = 0.05 and y = k = 0.20, scrambling was calculated
from four reference materials run in December 2020 on the Lab 1 IRMS. These initial guesses
for y and k were varied in tandem, such that y and k were always initialized at the same value.
The solver was subsequently used to obtain a range of 50 solutions for y and k corresponding to
each of the 50 values of x0, holding the lower bounds for the solver constant at y=0.0 and x¥=0.0
and the upper bounds constant at y=1.0 and k=1.0. Using the Isotopomers function of
pyisotopomer, these 50 solutions for y and Kk were input as scrambling coefficients to obtain a
range of 50 values of §"’N%, 8NP, and SP for each of the four reference materials (Table 2).

The range of x0 values tested produced a similar range of solutions for y and k (Figure
S1), although their solutions exhibited a nearly constant offset of ~0.09 (y and « are unitless
since they are proportions, but they can be understood as percentages, whereby a y value of 0.20
can be understood to mean that 20% of '“N'>NO undergoing fragmentation yields *°NO™" instead
of *'NO™). The solutions for y and « increased as x0 increased, such that the initial guess y=0.05

pyisotopomer 9
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and x=0.05 yielded the solution y=0.138 and k=0.0454, and the initial guess y=0.20 and k=0.20
yielded the solution y=0.272 and k=0.182 (Figure S1). Despite the wide range of solutions for y
and k, when used as scrambling coefficients to calculate isotopocule ratios these solutions
yielded nearly constant 3'SN*, §'NP, and SP values for the four test reference materials (Table
2). The standard deviations of 3'>N* and 8'°NP were no greater than 0.07%o, and the standard
deviation of SP was no greater than 0.13%o (Table 2). The calculated 8'SN°"* and 8'®0On20 had a
standard deviation of 0.0%o since they are unaffected by scrambling. This indicates that the
parameter best constrained by the scrambling calculation is not the absolute value of y or k, but
rather their relationship to each other, and that it is this relationship that is uniquely determined
by each pair of reference materials and IRMS.

Additional numerical experiments were conducted to test the sensitivity of the scrambling
solver to the upper and lower bounds provided to it. The lower bounds for both y and k were
varied from y=0.0 and k=0.0 to y=0.08 and k=0.08, to yield a range of 50 lower bound inputs.
For these experiments, the initial guesses for y and k were held constant at y=0.17 and k=0.08
(standard values for Lab 1) across the range of tested lower bound values. Likewise, the upper
bounds for y and k were held constant at y=1.0 and k=1.0 for the lower bound tests. Varying the
lower bounds input to the solver resulted in a much smaller range of solutions than varying x0:
with the lower bounds set to y=0.0 and k=0.0, the solver yielded y=0.172 and k=0.0798; with the
lower bounds set to y=0.08 and k=0.08, the solver yielded y=0.172 and k=0.0800. Again, the
difference between y andy — k was consistently ~0.09. It should be noted here that the range of
lower bounds was smaller than the range of x0 in the analogous experiment above, because the
lower bounds for y and k cannot, by definition, exceed the lowest value at which either
coefficient is initialized — in this case, 0.08. Using the resulting range of solutions for y and k to
calculate isotopocules for the four test reference materials, we found that the standard deviations
of 8'°N* and 8'NP were no greater than 0.0002%o, and the standard deviation of SP was no
greater than 0.0004%o (Table 2).

Repeating this procedure to test the sensitivity of the scrambling solver to its upper
bounds yielded similar results. Holding x0 constant at y=0.17 and k=0.08 and the lower bounds
constant at y=0.0 and k=0.0, the upper bounds were varied from y=0.4 and k=0.4 to y=1.0 and
k=1.0 across an array of 50 upper bound inputs. The upper bounds y=0.4 and ¥=0.4 yielded the
solutions y=0.171 and ¥=0.0795, and the upper bounds y=1.0 and k=1.0 yielded the solutions
v=0.172 and k=0.0798. From these results, it becomes apparent that the solutions for y and k
relate more closely to the x0 values y=0.17 and k¥=0.08 than they relate to either the lower or
upper bounds input to the solver. In this case, the upper bounds are varied from 0.4 to 1.0 to
represent a reasonable range of values — unsurprisingly, the edge case wherein the upper bounds
are equal or very close to the initial guesses for y and k yields solutions for each coefficient that
converge at the upper boundary (not shown). Using the resulting range of y and k from varying
the upper bounds to calculate isotopocules for the four test reference materials, we found that the
standard deviations of 8'"N* and 8'SNP were no greater than 0.002%o, and the standard deviation
of SP was no greater than 0.005%o (Table 2). The higher standard deviations in this experiment,
compared to the lower bounds experiment, can be attributed to the wider range of input values.

From this set of experiments, we can provide three recommendations. Firstly, it may be
useful to iterate through the scrambling calculation twice if scrambling coefficients have never
been obtained for the given system before. The solution from the first iteration may be used as
the initial guess for subsequent iterations, such that the initial guesses for y and « are as close to
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their solved values as possible. This can be accomplished with the “initialguess” argument to the
Scrambling function of pyisotopomer:

Scrambling(inputfile="FILENAME .xlIsx", ref1="NAME", ref2="NAME", initialguess=[0.0...,
0.0...])

Secondly, we recommend setting the lower bounds for the scrambling solver to y=k=0.0,
representing 0% scrambling for *N'SNO and "'N'¥NO, respectively. Likewise, we recommend
setting the upper bounds to y=x=1.0, representing 100% scrambling for "“N'>NO and '"N'*NO,
respectively. These are the defaults for pyisotopomer. We recommend these as the bounds to
allow the scrambling solver to search for solutions across the widest possible range of plausible
solutions (it wouldn’t make sense to have negative scrambling coefficients, and neither would it
makes sense to have scrambling coefficients greater than 1) and thus to avoid converging at a
boundary. Our third and final recommendation is to carefully consider the bounds of ’'R* and
ISRP provided to the Isotopomers solver. The default upper bounds are " R%="SRP=1.00, but they
can be set to lower ratios such as "R%=""RP=0.005 in the example below, corresponding to
81SN*=§!5NP=360%o. This is a reasonable ceiling for natural abundance N>O measurements, but
may artificially constrain '>R® and '"RP in '*N-labelled samples. Thus, is important to consider
the context and type of sample when changing default arguments.

Isotopomers(inputfile = "FILENAME.xlIsx", scrambling = [0.0..., 0.0...], lowerbounds=[0.002,
0.002], upperbounds=[0.005, 0.005])

4.2 Reference injection scrambling

To aid in the optimization process, it is assumed that the flat-topped reference peak could
have a slightly different y and k from the triangular sample peak. Using Eqn. (10), constant
values of y and « are used to calculate the *'R of the pure N>O reference gas from its calibrated
8'°N* and 8'NP (Table 1) and §!7O values. This 'R of the pure N,O reference gas is used as the
“C” parameter in Eqns. (13) and (14) and is assumed to be constant. To test the sensitivity of
pyisotopomer to this assumption, the 'R of the pure N>O reference gas was re-calculated across
a range of y and «k using Eqn. (10), then substituted into the “C” parameter in equations 13 and
14. This range of “C” was combined with the measured isotope ratios for one atmosphere-
equilibrated seawater and one S2 reference gas run on the Lab 1 IRMS to calculate y and k with
the Scrambling function of pyisotopomer. Through this sensitivity test, each theoretical y and k
for the pure N>O reference gas (C) was paired with a calculated y and k for the instrument based
on the paired reference materials (Figure 1).

The calculated y and «k varied linearly with the theoretical y and « for the direct reference
injection (Figure 1). Varying the reference injection y from 0.17 to 0.18 and holding the
reference injection k constant at 0.080 (white points in Figure 1) resulted in y ranging from 0.172
to 0.181 (Figure 1A) and x ranging from 0.080 to 0.079 (Figure 1B). Likewise, holding the
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reference injection y constant at 0.17 and varying the reference injection k from 0.080 to 0.070
(gray points in Figure 1) also resulted in y ranging from 0.172 to 0.181 and « ranging from 0.080
to 0.079. Varying the reference injection y from 0.17 to 0.18 and varying the reference injection
K from 0.080 to 0.070 (black points in Figure 1) resulted in y ranging from 0.172 to 0.190 and
ranging from 0.080 to 0.078.

Next, the isotopocules for each reference material were calculated from each pairing of
theoretical and calculated y and k. Despite the variations in the calculated y and k shown in
Figure 1, the resulting isotopocule ratios varied by less than 0.3%o (Table 2). The standard
deviations of 8'"N and 5"*NP were 0.13%o for both the atmosphere-equilibrated seawater and S2
reference materials, and the standard deviation of SP was 0.27%o for both reference materials
(Table 2). This result indicates that the y and «k solutions output by pyisotopomer compensate
implicitly for the y and k assumed for the direct reference injection. Thus, we conclude that the
assumption of different scrambling for the flat-topped reference peak and triangular sample peak
has a small effect on the calculated isotopocules.

4.3 Choosing reference material pairings

To understand the effect of different pairings of reference materials on the outcome of the
scrambling calibration, y and k were calculated from a collection of reference pairings run over
two days. On the Lab 1 IRMS, these pairings included the “S2” and “B6” reference materials, as
well as atmosphere-equilibrated seawater N>O (Table 1), the calibrated isotopocule ratios of
which fall within the range of values produced in culture**%? and nature.*>*¢ The mean and
standard deviation of y and k were calculated from each of three possible pairings of reference
materials: atmosphere-equilibrated seawater and S2 (n=8), atmosphere-equilibrated seawater and
B6 (n=6), and S2 and B6 (n=6). Reference material isotopocules were then re-calculated with the
mean y and k from each pairing. Finally, a pooled standard deviation, calculated as the square
root of the average of the squared standard deviations,% was calculated from the three sets of
scrambling coefficients and isotopocule values (Table S1). The same procedure was performed
with three sets of N2O reference materials (“EMPA1”, “EMPA2”, and “EMPA3”) prepared and
run on the Lab 2 IRMS. Unlike the reference materials run in Lab 1, however, one of the Lab 2
reference materials (“EMPA2”) had a 8'3NP value (94.44%o) much higher than what is found in
culture®*%? or nature.*>*¢ Again, the mean and standard deviation of y and x were calculated from
each of three possible pairings: EMPA1 and EMPA2 (n=37), EMPA1 and EMPA3 (n=37), and
EMPA2 and EMPA3 (n=34). The greater number of pairings is due to a greater number of
reference materials run per day. Pooled standard deviations were then calculated for y and « as
well as isotopocule values (Table S1).

The pooled standard deviations of y and k calculated from the Lab 1 reference materials
were 0.0007 and 0.0001, respectively, which correspond to relative uncertainties of 0.39% and
0.16% (Table S1). T-tests between pairings of reference materials yielded no significant
differences in y and x. The pooled standard deviations of §'*N%, §!°NP, and SP were all less than
1%o (Table S1). The pooled standard deviations of y and « calculated from the Lab 2 reference
materials were larger, corresponding to relative uncertainties of 0.77% and 1.17% in y and «,
respectively. This was mostly due to the inclusion of the EMPA?2 reference gas — calculating
scrambling from just the EMPA1 and EMPA3 reference gases, which did not have extreme
values, resulted in relative uncertainties in y and k of 0.15% and 0.61%, respectively. T-tests
between pairings of reference materials yielded significant differences between the scrambling
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coefficients calculated from pairings including the EMPA?2 reference gas and those without. The
inclusion of the EMPA2 reference gas resulted in pooled standard deviations of §'"N*, §'SNP of
greater than 2%o and a pooled standard deviation of SP greater than 4%o (Table S1).

Based on these results, we suggest that calculated y and k have a dependence on the
reference materials used to solve for these parameters, the magnitude of which increases with
increasingly extreme values of §'N* and 5'NP. Thus, we caution against using reference
materials with values that go far beyond bracketing the unknowns to be analyzed to calculate
scrambling coefficients. Instead, we recommend calculating y and « from reference materials that
bracket the range of 3'SN® and §'°NP expected for the unknowns. We also recommend that a
scale decompression, if applied, brackets the range of unknowns but excludes reference materials
such as EMPA2 that lie far outside the expected ranges of §'’N* and §'°NP,

4.4 MATLAB vs. Python

To compare the performance of the Python and MATLAB versions of pyisotopomer, a
week’s worth of paired reference materials (atmosphere-equilibrated seawater, S2 reference gas,
and B6 reference gas) from December 2020 was processed in both versions of the software. The
resulting mean scrambling coefficients were used to re-calculate isotopocules for each reference
material. The differences between MATLAB and Python results for y and k were both ~0.001,
which represents a significant difference (see section 4.6). Using the MATLAB scrambling
coefficients in the MATLAB isotopomers solver, and the Python scrambling coefficients in the
Python isotopomers solver, the resulting §'°N¢, "SNP, and §'®Onz0 (and thus site preference,
SNk and §'70On0), showed extremely similar values (Table S1, Figure 2). Results from
MATLAB and Python diverged in the second decimal place for 8'"N* and 5'°NP (Table S1,
Figure 2), and differences in the fourth decimal place for §!80n20 (not shown). The final output
isotopocule values from MATLAB and Python had pooled standard deviations of 0.028%o,
0.026%o, and 0.054%o for 3'SN%, §!°NP, and SP, respectively. Thus, we recommend that if the
MATLAB version of pyisotopomer is used to calculate scrambling, the MATLAB version
should also be used to calculate isotopocules, and likewise if the Python version of pyisotopomer
is used to calculate scrambling, the Python version should also be used to calculate isotopocules.

4.5 Variability in fragmentation behavior

To examine the change in the fragmentation behavior of a single IRMS over time, the
scrambling coefficients for the Lab 1 IRMS were compiled from 2018-2021 (Figure 3). A
running average was calculated using a window size of 20, equivalent to 20 pairs of reference
materials. High volatility in y and k in March-April 2019 (sample pair numbers 20-40) coincided
with a period where the lab temperature was poorly controlled, and thus exhibited strong day-
night variation. Before and after this period, the fragmentation behavior of the instrument
exhibited smaller variations (Figure 3). The rolling standard deviation of y and k (not shown)
confirms that the highest standard deviation of a 20-sample window occurred during April 2019,
with the rolling standard deviation in y equal to 0.0018, or a relative uncertainty of 1.03%, and
the rolling standard deviation in k equal to 0.0025, or a relative uncertainty of 3.40%. The
standard deviation of y across the full dataset of scrambling over time was 0.0019, and the
standard deviation of « across the full dataset was 0.0018.

There are several reasons why the scrambling behavior of the ion source might change
over time. The NO" fragment ion can be produced by one of several routes from N>O".64% The
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pathways and associated isotope effects for the formation of fragment ions are affected by
collision frequency, the distribution of excited states, and the time spent in the ion source, which
suggests that ion source conditions such as vapor pressure, ionizing energy, and accelerating
voltage may all influence the fragmentation behavior of an IRMS system at a given time.>%-64-67
For these reasons, performing the scrambling calibration only once is not sufficient to obtain
high-quality N>O isotopocule data. Instead, it is important to recalibrate an IRMS system for
scrambling on a regular basis since ion source conditions may change with time and can shift
abruptly with events such as filament changes. We recommend using a running average of y and
k over a window of 20 sample pairs, equal to 5 runs of samples with four potential sample pairs
per run, rather than calibrating based on day-to-day variation in y and k. If there is high volatility
in y and K, as seen above in March-April 2019, it may be necessary to shorten this window, at the
likely expense of accuracy in isotopocule measurements.

4.6 Sensitivity of isotopomers to uncertainty in scrambling coefficients

To quantify the effect of uncertainty in y and x on 8'>N%, §!°NP, and SP, a Monte Carlo
simulation was used to introduce random uncertainty in the y and k values used to calculate these
isotopomers from the measured isotope ratios of three reference materials run on December 7,
2020. Based on past instrument performance (see section 4.5), we modeled y as a random
number centered around y=0.1722 with a standard deviation of 0.00192, which is the cumulative
standard deviation of all values of y for the Lab 1 IRMS from 2018-2021 and corresponds to a
relative uncertainty of 1.11%. Likewise, we modeled k as a random number centered around
k=0.0797 with a standard deviation of 0.00184, which is the cumulative standard deviation of all
values of k for the Lab 1 IRMS from 2018-2021 and corresponds to a relative uncertainty of
2.31%. We sampled 1,000 pairs of y and k from normal distributions with these means and
standard deviations, and then used these values of y and «k to calculate the 1,000 simulated values
of 8'°N*, 3'SNP, and SP for the three measured reference materials (“S2”, “B6”, and atmosphere-
equilibrated seawater; Table 1). We determined the resulting uncertainties in each isotopomer by
taking a pooled standard deviation across the three reference materials.

This analysis showed that a small relative uncertainty in each scrambling coefficient can
lead to per mil-level errors in 3'SN%, §'°NP, and SP. Specifically, relative uncertainties of 1.11%
and 2.31% in y and x, respectively, resulted in pooled standard deviations of 3.61%o in 3'>N* and
8'°NP (the pooled standard deviations for §'’N* and §'°NP were equivalent), and 7.23%o in SP
(Figure 4). Modeling y and k with relative uncertainties 0.39% and 0.16%, instead, which were
the uncertainties in each parameter based on reference materials run over two days (see section
4.3), led to pooled standard deviations of 0.98%o in 8'SN¢, §'NP, and 1.95%o in SP (Figure S2).

Performing this exercise along a range of modeled uncertainties in y and « produced a
response curve of the expected standard deviations in each isotopomer for a given level of
uncertainty in in y and k (Figure S3). Fitting a linear regression through each curve, we obtain
equations of form y=mx+b for SP and 8'>N“ (the response curves for 3'’N* and 5'"NP were
identical). Solving for the uncertainty in y and k needed to achieve 1%o pooled standard deviation
for SP gives x=0.197%. In other words, to obtain site preference values with an uncertainty of
1%o, the relative uncertainties in y and k should be reduced to less than ~0.2%. Averaging
scrambling coefficients over a greater number of reference material pairings under the same ion
source conditions should reduce their uncertainty; thus, we recommend calculating y and k from
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a ~1-week moving average, instead of daily. Using a one-week moving average of each
scrambling coefficient for the intercalibration exercise below (see section 4.7), we found relative
uncertainties in y and k of 0.4% and 0.2%, respectively — which are close to this target. We do
not recommend calculating y and k from a cumulative average or cumulative moving average
that includes longer term changes in ion source conditions, which can affect y and «.

4.7 Intercalibration

The application of pyisotopomer was tested through an intercalibration including four
reference materials and two Lake Lugano samples measured by two IRMS laboratories (Table
3). Pyisotopomer was used to perform the scrambling calibration for each laboratory and to
obtain isotopocule ratios. Afterwards, a scale decompression was applied, as described in the
Methods. The root mean square deviation (RMSD) for each reference material was calculated by
comparison to the calibrated values provided by a previous intercalibration effort>? (atmosphere-
equilibrated seawater) and J. Mohn (EMPA1, EMPA2, and EMPA3).

The 8'SN""* measured by the two labs displayed good agreement for three out of the four
reference materials, as well as the lake water samples. The §"’NP“x RMSDs for atmosphere-
equilibrated seawater and reference material EMPA3 were 0.71%o and 0.50%o, respectively, both
of which represent an improvement upon the intercalibration presented by Mohn et al. (2014). In
contrast, the RMSD for EMPAT1 was 2.46%o, larger than the 0.8%o presented for IRMS labs by
Mohn et al., 2014 (Table 3). The RMSD for EMPA?2 was highest at 3.59%o, but this is to be
expected, given that EMPA2 was excluded from the scrambling calculation and scale
decompression conducted in this study due to its extreme values (see section 4.3). For the lake
water sample taken at 10 m depth, the §'°NPUk values measured by Lab 1 and Lab 2 were
statistically indistinguishable (Table 3; Figure S4). For the lake water sample taken at 90 m
depth, the 8" N values measured by Lab 1 and Lab 2 were -5.00-+0.08%o and -6.29+1.06%o,
respectively (Table 3; Figure S4).

The 8'°N* measured by the two labs also showed good agreement for reference materials
EMPAT1, EMPA3, and atmosphere-equilibrated seawater: in each case, the combined RMSD was
less than 2.60%o (Table 3). This is similar to the data presented in Mohn et al. (2014), who find
an RMSD for 8'>N“ for IRMS laboratories of 2.47%o. The values of 8'>N® measured by the two
labs for the lake water unknowns differed by ~2-3%o, but no consistent offset emerged between
the two labs, and neither did such an offset emerge in the reference materials (i.e., the values for
some samples were higher in Lab 1, and others are higher for Lab 2; Figure S4). For 5'NP, the
RMSD for atmosphere-equilibrated seawater, EMPA1, and EMPA3 were slightly larger, and
only EMPA3 represents an improvement upon the data presented in previous intercalibrations
(Table 3). The 8'°NP measured by Lab 1 for the lake water unknowns was 1-2%o different from
that measured by Lab 2, but again, no consistent offset emerged (Figure S4).

The SP values measured by the two laboratories showed larger standard deviations than
the 8'SN“ and ' NP individually, which is to be expected, since SP is a measure of difference
between the latter two parameters. The RMSD values, however, were all less than 3% for
atmosphere-equilibrated seawater, EMPA1, and EMPA3 (Table 3). This represents an
improvement on Mohn et al. (2014), who find an RMSD of 4.29%o for SP measured by IRMS
laboratories. The Lake Lugano unknowns showed larger offsets than the reference materials
(Figure S4). The lake water sample from 10 m depth showed an especially large difference in SP
between Lab 1 and Lab 2: Lab 1 measured a mean SP of 16.43+1.35%o at this depth, while Lab 2
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measured a mean SP of 20.774+2.67%o (Table 3). At 90 m depth, Lab 1 measured a mean SP of
54.40+1.23%o0, and Lab 2 measured a mean SP of 55.09+1.69%e.

For 8'®0n20, Lab 1 obtained consistently higher values than Lab 2, despite the application
of a scale decompression, which should compensate for such offsets.? The only exception to this
rule was the lake water unknown from 10 m depth, for which the 5'®On20 values measured by
the two labs were statistically indistinguishable (Table 3; Figure S4). For the other samples and
reference materials, the magnitude of this offset varied from 2.81%0 (EMPA3) to 6.80%o (lake
water unknown from 90 m). For reference materials EMPA1 and EMPA3, the §'®Onzo values
measured by Lab 1 were 2-3%o higher than the calibrated 8'%0n20 (Tables 1 & 3), while the
8'80n20 values measured by Lab 2 did not exhibit such an offset. For atmosphere-equilibrated
seawater, the 3'®Onz0 values measured by Lab 2 were ~3%o lower than the calibrated 8'*0On20
(Tables 1 & 3), while the 5'®On20 values measured by Lab 1 did not exhibit such an offset. This
offset did not exhibit any dependence on N>O concentration — rather, the variation in 8'*On2o
values tended to be larger for lower peak areas, resulting in greater offsets, but without any
measurable trend (cite figure or table?). Similarly, the linearity correction could not correct for
the variation at lower peak areas, because this variation was random.

5. Conclusion: How to obtain high-quality N»>O isotopocule data using pyisotopomer

Using pyisotopomer and at least two reference materials (three characterized gases,
assuming the N>O reference tank is also calibrated), one can calculate scrambling for a given
IRMS and apply those scrambling coefficients to calculate the isotopocule values of unknown
samples. To ensure high-quality results from these calculations, we provide the following
recommendations. Firstly, if scrambling has never been calculated for the IRMS or current
filament, iterate through the scrambling calculation twice. Use the solution from the first
iteration as the initial guess for subsequent calculations. This can be achieved with the
“initialguess” argument to the Scrambling function of pyisotopomer. In a similar vein, use the
default settings for the lower and upper bounds for both the Scrambling and Isotopomers solvers.
These settings allow the solvers to search for solutions across the widest possible range of
values. Secondly, to calculate scrambling, where possible, choose pairings of reference materials
that bracket the range of unknowns but do not have 8'3N%, §'°NP, or §'80n20 that lie far outside
of this range. The same is true for scale decompression. Third, if the MATLAB version of
pyisotopomer is used to calculate scrambling, the MATLAB version should also be used to
calculate isotopocules. Finally, it is necessary to run paired reference materials daily to obtain
accurate running estimates of y and «. It is recommended to calculate convert these daily
estimates to a 1-week running average and use that average to calculate isotopocules. For a 1%o
precision in SP, the standard deviation of this running average should represent no more than a
0.2% uncertainty in y and .

Using pyisotopomer in an intercalibration exercise and implementing the above
recommendations, we find good agreement between the isotopocules measured by two different
IRMS labs for both reference materials and natural lake samples. We conclude that while the
intercalibration results demonstrate potential for further improvement in both precision and
accuracy, the intercalibration of SP using a uniform scrambling calculation (pyisotopomer)
presented here represents an improvement upon previous N»O intercalibrations.
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Table 1: Reference materials for N>O isotopic analysis and intercalibration. The laboratories
participating in the intercalibration exercise were at Stanford University (“Lab 1) and the
University of Basel (“Lab 2”).

Reference material 5N 5 NP Sp SNk 5"0n20 Calibration by
(%o vs.air N2) (%0 vs. VSMOW)
S2 reference gas 5.55 -12.87 18.42 -3.66 32.73 S. Toyoda, Tokyo Tech
B6 reference gas -0.40 -0.15 -0.26 -0.28 41.95 Lab 1 internal standard
Atmosphere- 15.70 -330 19.00 6.20 4430 Mohn et al. (2014)

equilibrated seawater

EMPA1 reference gas

-22.21 -49.28 27.07 -35.75 26.94 J. Mohn, EMPA
(CA06261) ’ ’ o
EMPAZ? reference gas
(CA08214) 1.71 94.44 -92.73 48.08 36.01 J. Mohn, EMPA
EMPA3 reference gas

17.11 -34 20.54 .84 . . Mohn, EMPA
(53504) 7 343 0.5 6.8 3539 J. Mohn,

3R g “p

Lab 1 pure N2O direct

e 0003733763 0.007741025  0.002101295 S. Toyoda, Tokyo Tech
injection

,L?bf,pure NoOdirect ) 101049060 0007738762 0002100262 J. Mohn, EMPA
ln_]eC 10N
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Table 2: Performance tests of pyisotopomer. A) The initial guess x0 used to solve for y and k
was varied from y=k=0.05 to y=k=0.20. B) The lower bounds used to solve for y and k were
varied from y=k=0.0 to y=xk=0.08. C) The upper bounds used to solve for y and k was varied
from y=k=0.4 to yY=xk=1.0. D) The y and « used to calculated *'R for the direct reference injection
were varied. For each test, the resulting range of solutions for y and k were used to calculate
isotopocule values for test reference materials. Reported values are the means and standard
deviations of the range of 50 solutions.

Sample ID 5"°N” s NP SP SPNPK 5"On0
(%o vs.air N2) (%0 vs. VSMOW)
A. Varying initial guess x0
Atmosphere-equilibrated seawater #1 15.45+0.02 -3.59+0.02 19.03+0.03 5.93+0.00 45.39+0.00
Atmosphere-equilibrated seawater #2 14.85+0.04 -3.22+0.04 18.07+0.08 5.82+0.00 46.45+0.00
S2 reference gas #1 5.18+0.07 -12.28+0.07 17.46+0.13 -3.55+0.00 33.30+0.00
S2 reference gas #2 5.19+0.05 -12.52+0.05 17.71+0.10 -3.66+0.00 34.31+0.00
B. Varying lower bounds
Atmosphere-equilibrated seawater #1 15.51+0.00 -3.66+0.00 19.17+0.00 5.93+0.00 45.39+0.00
Atmosphere-equilibrated seawater #2 14.97+0.00 -3.34+0.00 18.30+0.00 5.82+0.00 46.45+0.00
S2 reference gas #1 5.32+0.00 -12.42+0.00 17.74+0.00 -3.55+0.00 33.30+0.00
S2 reference gas #2 5.32+0.00 -12.64+0.00 17.96+0.00 -3.66+0.00 34.31+£0.00
C. Varying upper bounds
Atmosphere-equilibrated seawater #1 15.51+0.00 -3.65+0.00 19.16+0.01 5.93+0.00 45.39+0.00
Atmosphere-equilibrated seawater #2 14.97+0.00 -3.33+0.00 18.30+0.00 5.82+0.00 46.45+0.00
S2 reference gas #1 5.31+0.00 -12.42+0.00 17.73+0.00 -3.55+0.00 33.30+0.00
S2 reference gas #2 5.32+0.00 -12.64+0.00 17.96+0.00 -3.66+0.00 34.31+0.00
D. Varying ref. injection scrambling
Atmosphere-equilibrated seawater #1 15.40+0.13 -3.54+0.13 18.94+0.27 5.93+0.00 45.39+0.00
S2 reference gas #1 5.20+0.13 -12.30+0.13 17.50+0.27 -3.55+0.00 33.30+0.00
pyisotopomer 25



856  Table 3: N>O isotopic composition of four reference materials and two unknowns analyzed by
857  two IRMS laboratories. 5'°N%, §'°NP, SP, and §'’N*“* are reported in %o vs. Air N2, and 8'®0nz0
858  isreported in %o vs. VSMOW. Uncertainties are standard deviations of replicate bottles and do
859  not include the propagation of calibration uncertainties. The root-mean square deviation (RMSD)
860  was calculated with respect to the calibration data presented in Table 1.

861
Reference gas 5"N” 5 NP SP SUNPUE 5"0n0
(%0 vs.air N2 ) (%o vs. VSMOW)
Atmosphere-equilibrated seawater mean (Lab 1) 15.46+0.72 -3.12+2.00 18.58+2.43 6.17+0.89 44.67+2.08
mean (Lab 2) 16.88+1.82 -421+1.75 21.09+3.51 6.34+0.33 40.81+1.04
RMSD (Labs 1 & 2) 1.20 1.81 273 0.71 6.49
EMPA1 mean (Lab 1) -17.77+1.69 -43.88+1.89 26.12+3.55 -30.83+0.23 30.31+1.27
mean (Lab 2) -22.41+1.55 -49.19+2.42 26.78+3.71 -35.80+0.83 27.01+1.68
RMSD (Labs 1 & 2) 2.57 3.10 2.89 2.46 2.04
EMPA2* mean (Lab 1) 2.49+1.33 82.89+1.69 -80.40+2.39 42.69+0.94 39.36+0.79
mean (Lab 2) -10.43+1.44 102.16+3.86  -112.60+4.46  45.87+1.88 35.44+1.35
RMSD (Labs 1 & 2) 10.96 9.82 19.53 3.59 2.07
EMPA3 mean (Lab 1) 16.55+1.75 -2.90+0.95 19.99+2 .49 7.10£0.66 37.85+1.25
mean (Lab 2) 17.11x1.31 -3.51+1.30 20.62+2.28 6.80+0.64 35.04+3.34
RMSD (Labs 1 & 2) 1.31 1.04 213 0.50 232
Unknown #1 (Lake Lugano, 10m depth) mean (Lab 1) 11.93+0.29 -4.51+1.05 16.43+1.35 3.71+0.38 44.56x1.16
mean (Lab 2) 14.49+1.34 -6.28+1.47 20.77+2.67 4.10+0.44 44.90+1.64
Unknown #2 (Lake Lugano, 90m depth) mean (Lab 1) 22.20+0.55 -32.20+0.68 54.40+1.23 -5.00+0.08 60.68+0.04
mean (Lab 2) 21.26x1.91 -33.81+0.22 55.09+1.69 -6.26+1.06 53.88+4.69
862 *Large errors are due to exclusion from scrambling calibration
863
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865  Figure 1. Solutions for y (A) and k (B) calculated across a range of theoretical y and «k for the
866  direct reference injection: changing the reference injection y and holding the reference injection
867  « constant (white), changing the reference injection k and holding the reference injection y

868  constant (gray), changing both reference injection y and « (black).
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Figure 2. Comparison of isotopocule results for Python and MATLAB versions of

pyisotopomer.
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873
874  Figure 3. Scrambling coefficients for the Lab 1 IRMS from October 2018 to January 2021.
875  Individual pairs of scrambling coefficients, calculated from individual pairs of reference
876  materials, are shown as a scatter plot. A rolling mean with a 20-value window (roughly
877  equivalent to one week of analysis) is plotted for each coefficient. The x-axis is sample pair
878  number, rather than date, to better visualize short-term variability.
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881  Figure 4: Isotopocule values and error associated with an uncertainty of £0.00192 in y and
882

+0.00184 in x, based on Monte Carlo simulation results. The violin plots are based on a kernel
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density estimate of the distribution and the values plotted and reported on each figure show the
mean value £1o.
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