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Abstract 7	
  

RATIONALE: Bulk and position-specific stable isotope characterization of nitrous oxide 8	
  

represents one of the most powerful tools for identifying its environmental sources and sinks. 9	
  

Constraining 14N15N18O and 15N14N18O will add two new dimensions to our ability to uniquely 10	
  

fingerprint N2O sources. METHODS: We describe a technique to measure six singly and doubly 11	
  

substituted isotopic variants of N2O, constraining the values of δ15N, δ18O, ∆17O, 15N site 12	
  

preference, and the clumped isotopomers 14N15N18O and 15N14N18O. The technique uses the 13	
  

Thermo MAT 253 Ultra, a high-resolution multi-collector gas source mass spectrometer. It 14	
  

requires 8-10 hours per sample and ~10 micromoles or more of pure N2O. RESULTS: We 15	
  

demonstrate the precision and accuracy of these measurements by analyzing N2O brought to 16	
  

equilibrium in its position specific and clumped isotopic composition by heating in the presence 17	
  

of a catalyst. Finally, an illustrative analysis of biogenic N2O from a denitrifying bacterium 18	
  

suggests its clumped isotopic composition is controlled by kinetic isotope effects in N2O 19	
  

production. CONCLUSIONS: We developed a method for measuring six isotopic variants of 20	
  

N2O and tested it with analyses of biogenic N2O. The added isotopic constraints provided by 21	
  

these measurements will enhance our ability to apportion N2O sources.  22	
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Introduction 24	
  

Nitrous oxide (N2O) is a trace component of Earth’s atmosphere (currently ~328 ppb), 25	
  

acts as a greenhouse gas,[1] and is the main source of reactive nitrogen species that contribute to 26	
  

depletion of stratospheric ozone.[2] Its concentration in tropospheric air is increasing at an 27	
  

average rate of 0.8 ppb/year, which motivates the study of its budget and its environmental 28	
  

biogeochemistry. N2O is produced mainly by biological processes and consumed by both 29	
  

biological and stratospheric reactions.[3] The biological sources are believed to be primarily 30	
  

associated with the microbial processes of denitrification and nitrification, but the balance of 31	
  

these sources in the environment is poorly constrained. 32	
  

In denitrification, the anaerobic respiration of nitrate and nitrite by bacteria, fungi, and 33	
  

archaea yields N2O as an intermediate or final product.[4] Microorganisms capable of complete 34	
  

denitrification can further reduce N2O to N2. The aerobic oxidation of ammonia to nitrite by 35	
  

archaeal and bacterial nitrifiers also leads to to leakage of trace amounts of N2O as a side 36	
  

product,[5-7] likely by different pathways in the bacteria and archaea.[8-11] Nitrifier-denitrification 37	
  

by ammonia oxidizing bacteria has also been shown to produce N2O during the reduction of 38	
  

nitrite by the denitrification pathway.[12] In addition, abiotic chemical pathways have also been 39	
  

shown to produce N2O under environmentally relevant conditions from a variety of nitrogen 40	
  

compounds, including some intermediates of nitrogen-cycling microbes.[13-16] Increases in 41	
  

atmospheric nitrous oxide are thought to be linked to the stimulation of some or all 42	
  

environmental N2O sources, especially through the fertilization of agricultural fields.[17] 43	
  

Understanding the relative importance of each of these biological sources to environmental N2O 44	
  

is a critical component for biogeochemical modeling and future mitigation of this greenhouse 45	
  

gas. 46	
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Stable isotope measurements can constrain the sources and sinks of N2O. Because of the 47	
  

asymmetric structure of N2O, there are three distinct sites for isotopic substitution: terminal N, 48	
  

central N, and O. The incorporation of the stable isotopes of nitrogen (14N and 15N) and oxygen 49	
  

(16O, 17O, and 18O) into these three molecular sites yields twelve distinct isotopic variants of N2O 50	
  

(see Table 1). All of the singly substituted isotopologues of N2O have been measured in natural 51	
  

samples, yielding δ15N (bulk 15N/14N ratio, averaged across both positions), δ18O, and ∆17O 52	
  

values, and the position specific 15N incorporation (site preference)1. Each of these parameters 53	
  

constrains different aspects of the natural budget of N2O. For example, measurements of δ15N 54	
  

combine information about metabolism and source of N;[18, 19] measurements of δ18O values have 55	
  

been used to characterize substrate sources and exchange of N2O precursors with water,[20-22] and 56	
  

measurements of ∆17O values reflect the influence of mass-independent isotope effects in 57	
  

atmospheric reactions on O incorporated into N2O.[23] These parameters have been used to 58	
  

characterize N2O from microbial cultures, soils, waters, and in the atmosphere.[24] 59	
  

Perhaps the most sophisticated stable isotope constraint on the biogeochemistry of N2O 60	
  

arises from measurements of differences in 15N/14N ratio between the two distinct N sites.[25, 26] 61	
  

Position specific 15N incorporation is typically reported as the site preference (SP; commonly 62	
  

expressed as δ15N  – δ15N , where α and β denote the central and outer nitrogen atoms, 63	
  

respectively). We will report the site preference as  64	
  

SP =
15RSA
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1 δ = (R/Rref -1), where R=15N/14N, 17O/16O, or 18O/16O, and Rref refers to N2 in air for δ15N and 
VSMOW for δ17O and δ18O. 
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This expression is close to equality at values of site preference near 0‰. The site preference in 66	
  

natural and equilibrated samples can potentially vary by tens of per mil. When both site 67	
  

preference and δ15N values are far from 0‰, such variations can lead to deviations from equality 68	
  

in equation 1 of several per mil. The isotopic composition of the α nitrogen is determined by 69	
  

measuring the ratio of 15N16O to 14N16O in the NO+ ions produced by fragmentation of N2O in 70	
  

the ion source of a mass spectrometer; 15N/14N of the β nitrogen is then calculated by mass 71	
  

balance based on an independent measurement of the bulk δ15N value of the full N2O 72	
  

molecule,[26] using the relationship 73	
  

 (2) 74	
  

Site preference measurements have provided the most useful isotopic constraints on the 75	
  

microbial sources of N2O. In particular, measurements of pure cultures suggest that N2O 76	
  

produced by archaeal[6] and bacterial[27-29] nitrification can be distinguished from that produced 77	
  

by bacterial denitrification.[28, 30] However, 15N site preference (as well as other stable isotope 78	
  

proxies measured to date) cannot distinguish between archaeal and bacterial nitrification, nor 79	
  

between nitrification and fungal denitrification[31] nor between denitrification and nitrifier-80	
  

denitrification.[27, 29] Nevertheless, site preference has been deployed as a tool for estimating the 81	
  

contributions of particular microbes to environmental samples.[30, 32-34] In addition, site 82	
  

preference measurements of atmospheric N2O have been used to describe the contributions of 83	
  

stratospheric sinks and biological sources to regional and global budgets.[35, 36] 84	
  

There are seven isotopic variants of N2O that have not been measured previously, all of 85	
  

which contain two or more rare isotopes. Such species are referred to as ‘clumped’ or ‘multiply-86	
  

substituted’ isotopologues.[37, 38] Measurements of the clumped isotope composition of CO2,[39] 87	
  

15R =
15Rα + 15Rβ

2
.
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methane,[40] and oxygen[41] have been used for geothermometry[42, 43] and for studying kinetic 88	
  

processes such as carbonate mineral growth forced by CO2 degassing,[44] the formation and 89	
  

cracking of ethane,[45] and the biologically-mediated generation of O2
[46] and methane.[40, 47] A 90	
  

previous theoretical study has suggested that the multiply-substituted isotopologue 15N2
16O could 91	
  

be used as a tracer of stratospheric processing.[48] In principle, such arguments could be raised 92	
  

for all seven clumped isotopologues of N2O because each has unique vibrational properties and 93	
  

thus unique thermodynamic stability and chemical-kinetic rates. However, we are not aware of 94	
  

any prior measurement of a clumped isotopologue of N2O at natural abundances and useful 95	
  

precision.  96	
  

We describe here the development of mass spectrometric techniques to measure all singly 97	
  

substituted N2O isotopologues, plus the clumped isotopomers 14N15N18O and 14N15N18O, on a 98	
  

single sample of gas and in a single analytical procedure. This set of measurements is enabled by 99	
  

high resolution gas source mass spectrometry using the Thermo MAT 253 Ultra.[49] We report 100	
  

precision, accuracy, and standardization techniques for this method, and preliminary 101	
  

measurements of biogenic N2O from a cultured denitrifying bacteria. A forthcoming paper will 102	
  

present measurements of the compositions of diverse natural, cultured and synthetic N2O 103	
  

samples. 104	
  

 105	
  

Systematics of clumped and position-specific isotope effects 106	
  

A common basis for standardization in clumped isotope geochemistry is a state in which 107	
  

rare isotopes are randomly distributed among all possible isotopic variants of a molecule. (An 108	
  

alternative approach for compounds that are not easily randomized or equilibrated in the 109	
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laboratory is to instead standardize relative to an arbitrary reference material; e.g., ethane[45]) For 110	
  

an isotopic variant of N2O, i, deviations from a random distribution re reported as ∆i values:  111	
  

Δi =
i R
i R*

−1
#

$
%

&

'
( (3) 112	
  

where iR = [i]/[14N2
16O] and iR* denotes the value of iR predicted for that sample if rare isotopes 113	
  

are randomly distributed among all twelve possible isotopic variants. For the clumped 114	
  

isotopomers considered in this study, 14N15N18O and 15N14N18O, the random distribution can be 115	
  

calculated from the 15R and 18R values of the sample: 116	
  

. (4) 117	
  

Likewise, for position-specific 15N incorporation, a randomized distribution of 15N is defined to 118	
  

be a ‘site preference’ of 0‰, that is, δ15N = δ15N .  119	
  

At equilibrium, both clumping and position-specific isotope effects are described by 120	
  

homogeneous exchange reactions among isotopic variants of N2O.[50, 51] As described by Wang 121	
  

et al.,[50] all position specific and clumped isotope effects for N2O can be described by a set of 122	
  

eight such homogeneous isotope equilibria. Position specific 15N incorporation is described by 123	
  

the reaction:[50-52] 124	
  

15N14N16O⇌14N15N16O. (5) 125	
  

The equilibrium constant for this reaction is 126	
  

. (6) 127	
  

This equilibrium constant can be directly determined from measurements of the values of δ15N  128	
  

and δ15N , and can be related to the commonly reported measure of site preference as follows:  129	
  

R*14 N15 N18O =R
*
15N14 N18O

= 15R18R

α β
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lnKα−β ≅ Kα−β −1( )  (7) 130	
  

and, through the Taylor expansion of ln : 131	
  

δ15Nα −δ15Nβ ≅ Kα−β −1( ) . (8) 132	
  

In this work, we will report site preference as calculated by equation 1, which means that for an 133	
  

equilibrated sample 134	
  

SP = Kα−β −1( ).  (9) 135	
  

The values for equilibrium constants such as equation 6 can be calculated through principles of 136	
  

statistical thermodynamics and are dependent only on temperature and the vibrational properties 137	
  

of the relevant isotopologues.[53, 54] Because the vibrational energy for 14N15N16O is lower than 138	
  

that of 15N14N16O at any given temperature, 14N15N16O is favored at equilibrium and is enriched 139	
  

over 15N14N16O by 45.7‰ at 300K.[51]  140	
  

The species that contain one 15N and one 18O can be described by the following reactions: 141	
  

14N15N16O+14N14N18O⇌14N15N18O+14N14N16O (10) 142	
  

15N14N16O+14N14N18O⇌15N14N18O+14N14N16O. (11) 143	
  

Each of these reactions corresponds to an equilibrium constant that depends on a 144	
  

concentration of a clumped isotopic species: 145	
  

 

 (12) 146	
  

 

 (13) 147	
  

The values of ∆(14N15N18O) and ∆(15N14N18O) can be determined from the three equilibrium 148	
  

constants in equations 6, 12, and 13 as described by Wang et al.[50] For all these reactions, the 149	
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random distribution, or a ∆i value of 0‰, is approached at elevated temperatures and reached as 150	
  

an infinite temperature limit.[50] The measurement of the sum of 14N15N18O and 15N14N18O at 151	
  

mass 47 can be described by  152	
  

 

Δ14 N 15 N 18 O + 15 N 14 N 18 O
=

R 14 N 15 N 18 O + 15 N 14 N 18 O

R*
14 N 15 N 18 O + 15 N 14 N 18 O
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 (14) 153	
  

For the isotopomers 14N15N18O and 15N14N18O we define a parameter analogous to 15N site 154	
  

preference, which we call 18O site preference (‘SP18’): 155	
  

SP18 =
R14 N15 N18O

R15N14 N18O
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.

 

(15) 156	
  

The 18O site preference is equivalent to the equilibrium constant for the reaction 157	
  

15N14N18O⇌14N15N18O. (16) 158	
  

In most other isotopic systems where the measurement of clumped isotopologues have 159	
  

been reported (CO2, carbonate, O2 and methane), equilibrium exchange reactions comparable to 160	
  

those reviewed above form the basis for both calibrated geothermometers and an absolute 161	
  

reference frame for reporting clumped species.[39, 40, 42, 55] It is likely that the major natural 162	
  

processes that form N2O do not permit attainment of homogeneous equilibrium with respect to 163	
  

the proportions of isotopologues. Nevertheless, the predicted variation of equilibrium constants 164	
  

with temperature represents a potential reference frame for both clumped and position specific 165	
  

isotope effects, useful as means both of establishing an experimentally verifiable scale for 166	
  

reporting isotopic variations (e.g., Dennis et al.[56]) and of recognizing and quantifying kinetic 167	
  

isotope effects (e.g., Daeron et al.,[44] Stolper et al.,[45, 57] Wang et al.,[47] Yeung et al.,[46]). The 168	
  

most common experimental procedure for equilibrating CO2, the most commonly-studied 169	
  

clumped isotope system, is heating at low pressures and a temperature of 1000°C. Under these 170	
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conditions N2O decomposes rapidly. It is not clear that there is any lower temperature at which 171	
  

gaseous N2O will exchange isotopes quickly enough to reach a homogeneous isotopic 172	
  

equilibrium but not decompose due to thermal instability. For this reason, we exposed N2O vapor 173	
  

to high-surface area alumina (Al2O3) at 200˚C in an attempt to catalyze isotopic equilibration. 174	
  

Alumina has been shown to be a relatively poor catalyst for the decomposition of N2O into N2 175	
  

and O2, and it has been suggested that the mechanism for this decomposition proceeds through 176	
  

an adsorbed complex.[58, 59] We hypothesized that this mechanism might allow for the exchange 177	
  

of isotopes on reversible adsorption. The results section of this paper reports experiments 178	
  

confirming this hypothesis. 179	
  

Another way to produce gases with predictable abundances of every isotopologue is 180	
  

through gas-phase diffusion at low pressures and temperatures, which we expect should follow 181	
  

relatively simple predictions of the kinetic theory of gases. Diffusive fractionations through low 182	
  

density gases can be described by either of two mass laws. When the mean free path of a 183	
  

molecule of diffusing gas is longer than the width of an aperture through which it diffuses, 184	
  

diffusion is described by the Knudsen diffusion law, where the fractionation factor for an 185	
  

isotopologue of mass mi relative to some reference isotopologue with a different mass is a 186	
  

function of just the masses of the diffusing isotopologues: 187	
  

 
(17)

 
188	
  

Alternatively, at higher gas densities, where the mean free path is shorter, diffusion of N2O 189	
  

isotopologues through N2O (mostly composed of 14N2
16O, assuming natural isotope abundances) 190	
  

is described by the mass law for gas-phase interdiffusion:[60, 61] 191	
  

αi =
i Rdiffused
i Rresidual

=
m14 N2

16O

mi
.
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(18) 192	
  

For either Knudsen or gas-phase interdiffusion, the relationship between diffusive mass 
193	
  

laws for two isotopologues, i and j, can be described by its ‘mass law’, or λ value, where  
194	
  

 
(19) 195	
  

Diffusive mass laws for N2O predict modest but predictable increases in the clumped 196	
  

isotopic anomaly (∆i value) of diffused gas relative to residual gas.[37] Because isotopomers of 197	
  

N2O, like 14N15N16O and 15N14N16O, have identical masses, the kinetic theory of gases predicts 198	
  

that diffusive fractionations will not produce any site-preference isotope effects.  199	
  

Both equilibration and diffusion produce predictable compositions of various 200	
  

isotopologues of nitrous oxide. Together they provide methods for producing predictable 201	
  

abundances of each isotopologue measured in this study, and thus a basis for evaluating the 202	
  

accuracy of our methods. In the results section, we will report the results for N2O diffused 203	
  

through a small aperture and equilibrated at temperatures ≤200°C.  204	
  

 205	
  

Sample Preparation 206	
  

We purified samples of N2O prior to mass spectrometric analysis by cryogenic distillation 207	
  

on a glass vacuum line. First, N2O was frozen into a glass trap immersed in liquid nitrogen and 208	
  

exposed to a vacuum pump. This procedure removed non-condensable contaminants like O2, N2, 209	
  

and Ar. Second, the trap containing the sample was thawed to room temperature and water was 210	
  

removed by passage over a glass trap immersed in a slurry of dry ice and ethanol, which has a 211	
  

temperature of -60°C to -70°C. Third, biogenic samples and other gases with large amounts of 212	
  

CO2 were purified by passage over ascarite (Ascarite-II, Thomas Scientific, Swedesboro, NJ, 213	
  

αi =
i Rdiffused
i Rresidual

=
mi +m14 N2

16O

2mi
.

αmi = αm j( )
λm j /mi .
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USA); water generated by the reaction of CO2 with ascarite was continually removed by a trap 214	
  

immersed in a dry ice-ethanol slurry. Finally, samples that contain ethanol, methanol, and other 215	
  

organic contaminants were cleaned by passage over a glass trap immersed in an ethanol 216	
  

liquid/ice slurry, which was monitored to ensure that it has a temperature below -110°C. 217	
  

To produce equilibrated N2O, we heated samples in quartz breakseals at 200°C in the 218	
  

presence of high surface area alumina (Sigma-Aldrich, St. Louis, MO, USA). About 200 mg of 219	
  

alumina was placed in each breakseal and capped with quartz wool. The alumina was heated 220	
  

with a natural gas torch under vacuum until the pressure in the system dropped to below 10 221	
  

millitorr. Once the alumina cooled back to room temperature, about 80 micromoles of N2O was 222	
  

condensed into the tube by immersing its end in liquid nitrogen, and the tube was then flame 223	
  

sealed with a torch. These tubes were then heated to 200°C for between 3 and 72 hours in a 224	
  

Lindberg furnace, with temperatures monitored by a calibrated thermocouple. On removal from 225	
  

the furnace, tubes were quenched by moving them through the air or placed in the flow of air 226	
  

from an electric fan.[40] Once cooled to room temperature, the tubes were then attached to a 227	
  

vacuum line using a tube-cracker device and broken to release N2O. This N2O was purified 228	
  

cryogenically to remove any N2 and O2 that may have formed from N2O; typical recovery of 229	
  

N2O was 90-100% of the amount condensed in the tube before heating. To generate N2O 230	
  

equilibrated at lower temperatures, we followed the preceding procedure, but with a first stage at 231	
  

200°C for 12 hours followed by a second stage of 119 hours to 7 weeks duration, either in an 232	
  

oven (93°C) or a constant-temperature water bath (either 25°C or 50°C). N2O heated at a lesser 233	
  

temperature without treatment at 200°C first does not exchange in timescales of hours to days; a 234	
  

sample heated at 150°C for ~1 day exhibited unchanged values of all isotopic parameters and 235	
  

100% of the initial N2O was recovered. The initial heating step at 200°C appears to be necessary 236	
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for low-temperature catalysis. A possible explanation for this phenomenon is that the catalyst 237	
  

becomes activated, either by sustained heating at 200°C or by the presence of the small amounts 238	
  

of N2 and O2 evolved from the decomposition of N2O (typically ~5% of the initial N2O). 239	
  

To fractionate gases by diffusion, we created a reservoir of N2O gas (2 L; ≤10 torr) and 240	
  

let it leak to an evacuated vacuum line through a bellows-sealed needle valve (SS-4BMG; 241	
  

Swagelok, Solon, OH, USA) that was opened the least amount that permitted an appreciable 242	
  

flow of gas. Once gas passed through the valve it was immediately frozen into a glass trap 243	
  

immersed in liquid nitrogen. In each experiment, about 10% of the N2O in the system was 244	
  

collected, over the course of about an hour, until ~20 micromoles of gas was obtained. Then, the 245	
  

needle valve was sealed and a similar amount of gas was sub-sampled from what remained in the 246	
  

reservoir and vacuum line, for determination of the isotopic composition of the residual N2O. 247	
  

Both samples were cleaned cryogenically after collection, and were then flame sealed into Pyrex 248	
  

tubes for storage before analysis.  249	
  

Biogenic N2O was produced by cultures of the denitrifying bacterium Pseudomonas 250	
  

aeruginosa strain PA14, with a genetic knockout (∆nosZ) of the gene for N2O reduction, making 251	
  

N2O the final product of denitrification. Triplicate cultures were grown in autoclaved 200 mL 252	
  

bottles containing 150 mL autoclaved, amended Luria-Bertani (LB) medium with 20 mM 253	
  

sodium nitrate (in one liter: 25 g LB mix, Difco, Sparks, MD, USA; 0.78 g KH2PO4; 2.50 g 254	
  

K2HPO4; and 1.72 g NaNO3, Sigma-Aldrich). Each culture was inoculated with 1 mL aerobic 255	
  

liquid culture and grown until growth ceased, as determined by optical density measurements at 256	
  

500 nm. At the end of growth, the gas in the headspace was expanded into an evacuated glass 257	
  

sampling volume connected to the bottle and separated from both the bottle and a vacuum line by 258	
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Teflon vacuum valves. The gas in this sampling volume was then expanded into a vacuum line, 259	
  

where noncondensible gases, CO2, water, and hydrocarbons were removed as described above. 260	
  

 261	
  

Measurement Techniques 262	
  

The measurement technique described below builds on previously published methods for 263	
  

site-specific 15N analysis of N2O[26] and clumped isotope analysis of CO2,[39] and makes use of a 264	
  

recently developed high resolution gas source isotope ratio mass spectrometer—the Thermo 265	
  

MAT 253 Ultra (Thermo Scientific, Bremen, Germany).[49] In particular, our method involves 266	
  

three separate analyses of singly and doubly substituted isotopologues of NO+ fragment ions and 267	
  

N2O+ molecular ions, all done at mass resolutions of ~15,000-18,000 (using a 16 µm entrance 268	
  

slit), sufficient to mass resolve species of interest from contaminants (i.e., isotopologues of CO2 269	
  

or O2 that are nearly isobaric with those of N2O or NO, respectively) or nearly isobaric 270	
  

interferences among isotopologues of N2O or NO (e.g., 15N14N16O+ from 14N2
17O+).  271	
  

The measurement of all isotopologues of interest of a single sample requires 8-10 hours, 272	
  

divided between instrument tuning, background measurements, analyses of isotopologues of NO, 273	
  

and analyses of isotopologues of N2O. Figure 1 presents a summary of the steps required for the 274	
  

measurement. At the start of each day, the Ultra is tuned for sensitivity and resolution, using a 16 275	
  

µm entrance slit and generally achieving a mass resolving power (M/∆M, 5/95 % definition) of 276	
  

15,000-18,000. The most sensitive and important mass resolution problems we encounter are the 277	
  

separation of 15N18O from 17O18O at mass 33, which requires a mass resolution of ~6100; 278	
  

(14N15N16O+15N14N16O) from 14N2
17O at mass 45, which requires a mass resolution of ~6300; 279	
  

14N2
18O from 15N2

16O at mass 46, which requires a mass resolution of ~4500; and 280	
  

(14N15N18O+15N14N18O) from 13C18O16O at mass 47, which requires a mass resolution of ~9600. 281	
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For each set of measurements, detectors are positioned so that the flat tops of every peak of 282	
  

interest are aligned. This requires moving detectors between collection of NO+ and N2O+
 ions, as 283	
  

well as moving a single collector during the collection of N2O to collect both 284	
  

(14N15N16O+15N14N16O) and 14N2
17O at mass 45. Unless otherwise noted, all measurements 285	
  

described below are collected in dual inlet mode (i.e., repeated comparison of a sample to a 286	
  

standard by cycling a changeover valve block), and every sample/standard comparison 287	
  

(‘acquisition’) is divided into 10 measurements of a sample, each of which is preceded and 288	
  

followed by a standard measurement. The integration time for each individual sample or standard 289	
  

measurement is 8 seconds.  290	
  

For the first set of acquisitions, the magnet current and detector positions are set to 291	
  

simultaneously detect four isotopologues of NO, including 14N16O, 15N16O, 14N18O, and 15N18O. 292	
  

Masses 30, 31, and 32 are detected by Faraday cups (1010 Ω, 1012 Ω, and 1012 Ω amplifiers, 293	
  

respectively) and mass 33 by a secondary electron multiplier (see Figure 2). Under the 294	
  

assumption that all nitrogen in NO+ fragment ions comes form the interior, α, site in N2O, the 295	
  

measurements of 15N16O and 15N18O constrain the proportions of 14N15N16O and 14N15N18O 296	
  

respectively. This assumption will be tested and refined to account for 297	
  

fragmentation/recombination effects in a subsequent section. The measurement of 14N18O 298	
  

provides a constraint on the molecular δ18O value. Eight acquisitions are collected in this 299	
  

configuration. 300	
  

Second, the magnet current and detector positions are adjusted so that the detector array 301	
  

collects isotopologues of molecular N2O+, including 14N2
16O, 14N2

17O, 14N2
18O, and the sum of 302	
  

14N15N18O and 15N14N18O. These measurements constrain the bulk molecular δ17O value; provide 303	
  

a second, redundant constraint on the molecular δ18O value; and constrain the total abundance of 304	
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both 15N-18O clumped species. Masses 44, 45, and 46 are detected by Faraday cups (1010 Ω, 1012 305	
  

Ω, and 1011 Ω amplifiers, respectively) and mass 47 by a secondary electron multiplier, as shown 306	
  

in Figure 3. Six acquisitions are typically collected in this configuration. 307	
  

Finally, the position of the mass 45 detector is slightly adjusted to measure the sum of 308	
  

14N15N16O and 15N14N16O, constraining the bulk molecular δ15N value. The mass 45 ion beam is 309	
  

detected by a Faraday cup (1011 Ω or 1012 Ω amplifier). In this configuration, the measurement of 310	
  

δ18O and the 15N-18O clumped species continues at masses 46 and 47. Two acquisitions are 311	
  

typically collected in this configuration, bringing the total number of acquisitions for 18O/16O and 312	
  

the 15N-18O clumped species to eight. 313	
  

Before each acquisition, a ‘mass scan’ is collected by varying the magnetic field of the 314	
  

mass spectrometer to cover the region of the image plane where peaks of interest overlap and a 315	
  

magnet setting that is in the flat region for each peak is chosen for the measurement. Sample and 316	
  

reference bellows are pressure balanced manually to be at the same pressure as that scan. 317	
  

Immediately after each acquisition, a series of sixty-second background scans are collected for 318	
  

both sample and reference gases. Because ion beams are narrower than the detectors, it is 319	
  

possible to have two peaks that are formally resolved but are detected at the same time (see 320	
  

Figures 2-3). Therefore, CH2F, methanol, ethanol, and/or other organic isobars can be collected 321	
  

with the NO or N2O peaks, depending on exactly where peaks are positioned relative to 322	
  

collectors during analysis. To correct for the contributions of these contaminants that are 323	
  

formally resolved from but collected with the peak of interest, as well as for scattered ions and 324	
  

dark noise detected by electron multipliers, we collect scans just off the main peak, typically 325	
  

~0.01-0.05 u from the measurement position, with the exact position chosen based on the mass 326	
  

scan collected before an acquisition. The signal associated with the interference is then 327	
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subtracted from the measured counts per second for each of the sample and reference 328	
  

measurements from the previous acquisition. The size of this correction is typically between 15% 329	
  

and 20% of the total signal measured at mass 33 and ~1% of the total signal measured at mass 330	
  

47. At least once per cup configuration, scans are also collected to account for the non-zero 331	
  

baseline and dark noise observed on Faraday cups when gas is flowing but no ion beams are 332	
  

focused on a given detector. These scans are collected by choosing a magnet setting above and 333	
  

below the peaks for masses 30-32 and 44-46 (typically 0.1-0.15 u away from the measurement 334	
  

position) are averaged, and the results are subtracted from the observed voltage at the appropriate 335	
  

Faraday cup. These baseline corrections are typically between -2 and 2 mV, for voltages that 336	
  

range from ~100 mV (14N2
17O measured using a 1012 Ω amplifier) to ≥10000 mV (14N2

16O 337	
  

measured using a 1010 Ω amplifier). 338	
  

There are two potentially significant interferences that are not mass resolved or accounted 339	
  

for by our background corrections: At mass 45, 13C16O2 is not resolved from 340	
  

(14N15N16O+15N14N16O). Therefore, it is necessary to monitor the relative amounts of CO2 in the 341	
  

sample and reference gases, especially for biogenic gases, where N2O and CO2 are produced 342	
  

simultaneously. To estimate the amount of CO2 in each sample, we measure the ratio of 12C16O2 343	
  

to 14N2
16O at mass 44. The CO2 signal is typically 0.6-0.8% of the N2O signal for both sample 344	
  

and standard, and a given sample-standard pair is typically the same to within 2%. Offsets in 345	
  

pressure between sample and standard lead to an apparent variation in the contribution of CO2 to 346	
  

the observed δ15N value of 0.02‰ per percent change in the ratio 44N2OSA/44N2OREF. As 347	
  

described above, CO2 is removed from samples before they are introduced to the mass 348	
  

spectrometer by repeated passage over ascarite. Therefore, it is likely that CO2 endogenous to the 349	
  

mass spectrometer is the main contributor to the observed N2O/CO2 ratios. The measurement of 350	
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standards described below constrain the accuracy and precision for δ15N measurements, 351	
  

including any potential contribution from CO2. Any sample with larger than-usual amounts of 352	
  

CO2 can be re-scrubbed with ascarite and reanalyzed; CO2 can typically be lowered to the level 353	
  

observed in standard gases. In addition, the hydride 14N2
16OH, produced by reaction of N2O with 354	
  

water in the ion source, is not fully resolved from 14N2
17O. Therefore, it is necessary to dry 355	
  

samples cryogenically before introduction into the mass spectrometer, and to monitor the 356	
  

background levels of water.  357	
  

 358	
  

Reproducibility and Standardization 359	
  

Precision  360	
  

The standard error of each individual measurement (the set of acquisitions described 361	
  

above) typically follows the expectation of counting statistics; Figure 4 shows the observed 362	
  

internal precision relative to the counting-statistics limit calculated for each of the measurements 363	
  

made on N2O and the NO fragment. The number of counts varies with sample size, and precision 364	
  

varies correspondingly. For measurements of δ15N, δ17O, δ18O, and δ15N , precision is typically 365	
  

better than 0.1‰. For measurements of ∆(14N15N18O+15N14N18O), typical values are between 366	
  

0.1‰ to 0.4‰; and for SP18, between 0.7‰ and 1.3‰. Replicate measurements of standard 367	
  

gases provide a measure of the external precision of the measurements. These values are reported 368	
  

in Tables 2 and 3 and are discussed further in in a subsequent section.  369	
  

 370	
  

Calculation of ‘scrambling factor’ for 14N15N16O and 15N14N16O 371	
  

It has been established that reactions in the ion source scramble isotopes among 372	
  

isotopologues and isotopomers, leading to an interconversion of 14N15N16O and 15N14N16O[25, 26, 373	
  

α
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62, 63] We follow the approach of Toyoda and Yoshida[26] in correcting for this rearrangement by 374	
  

using a coefficient, y, to represent the fraction of 15N atoms that switch positions in singly 375	
  

substituted isotopomers: 376	
  

. (20) 377	
  

This expression can be rearranged as  378	
  

 (21)
 379	
  

where y varies from 0 for the case of no rearrangement among isotopomers, to 0.5 for the 380	
  

complete randomization of 15N between 14N15N16O and 15N14N16O, to 1 for the physically-381	
  

unlikely scenario in which every 14N15N16O becomes 15N14N16O and vice-versa. 382	
  

We constrained the value of ‘y’ for our instrument and method by analyzing two 383	
  

previously characterized interlaboratory standards: the Massachusetts Institute of Technology 384	
  

(MIT; Cambridge, MA, USA) reference gas, provided by Shuhei Ono, and our intralaboratory 385	
  

reference gas, for which the values of δ15N and δ15N  were measured at the Tokyo Institute of 386	
  

Technology (Yokohama, Japan) by Sakae Toyoda and Naohiro Yoshida. Comparison of our 387	
  

intralaboratory reference standard with the MIT reference gas, which has a preferred δ15N of -388	
  

0.24±0.01‰ and δ15N of -0.78±0.04‰, yields an apparent δ15N value for our reference gas of 389	
  

6.80±0.16‰, 1 s.d. This measurement constrains the value of . The independent 390	
  

analysis of our intralaboratory reference gas by the Tokyo Institute of Technology provides 391	
  

values of δ15N = 7.53‰ and δ15N = 0.89‰ that imply corresponding values of  and 392	
  

. Insertion of these three values into equation 20 allows us to solve for y on the Ultra at the 393	
  

tuning conditions used for this study as 11.0±0.2% (1 s.d.); all site preference results reported in 394	
  

this study use this value. Repeating this procedure by comparing our intralaboratory standard to 395	
  

15R α
measured = 1− y( ) 15R α
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the Michigan State University (MSU; East Lansing, MI, USA) reference gas, provided by 396	
  

Nathaniel Ostrom, yields y = 10.8±0.3%. For comparison, previous observations of the 397	
  

scrambling factor range from 8.0% to 10.8%.[25, 26, 29, 64, 65] 398	
  

Measurement of δ18O, δ15N and δ15N values for interlaboratory standards 399	
  

 We tested the accuracy and full procedural reproducibility of our methods for isotopic 400	
  

properties that have been previously studied using other methods (δ18O, δ15N and δ15N ) by 401	
  

repeated measurements of intra-laboratory and inter-laboratory N2O standards. Our intra-402	
  

laboratory standard, or ‘working reference gas’ was characterized for δ15N, δ15N , and δ18O 403	
  

values (4.21‰, 7.53‰, and 39.96‰, respectively) by S. Toyoda and N. Yoshida at the Tokyo 404	
  

Institute of Technology; their laboratory reference gas is itself standardized against inter-405	
  

laboratory standards as described in Toyoda and Yoshida[26] and thus can be thought of as a 406	
  

secondary reference material. We also analyzed inter-laboratory standard gases provided by 407	
  

Stanford, MIT, and Michigan State University. The results of these measurements are reported in 408	
  

Table 2.  409	
  

We find that δ15N and δ18O values for all standards match the reported values within the 410	
  

error of the two relevant measurements (i.e., ours and the independent constraint). In contrast, 411	
  

observed and reported δ15N  values for interlaboratory standards that were not part of our 412	
  

calibration of the ‘scrambling factor’ (above) disagree with independently reported values by 413	
  

more than analytical precision (0.44 to 1.08 ‰ average discrepancy, vs. average external errors 414	
  

of 0.2 ‰). We do not have a conclusive explanation for these discrepancies, but in the 415	
  

subsequent section we describe one possibility that arises from our study of thermodynamically 416	
  

equilibrated samples. We also note that similar and greater disagreements in interlaboratory 417	
  

comparisons are a common feature of the current study of 15N site preference in N2O. A recent 418	
  

α

α

α

α
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community round-robin study determined the site preference of a single N2O standard in eleven 419	
  

labs and found it to range from 16.6‰ to 25.4‰ (recalculated according to equation 1), even 420	
  

when the measurement of this gas was standardized to accepted reference gases and all data were 421	
  

subjected to a common correction procedure.[66] This inconsistency among laboratories is 422	
  

arguably the greatest challenge to current studies of the stable isotope geochemistry of N2O, and 423	
  

motivated us to include in this work two experiments that offer some prospect for independent 424	
  

experimental verification of the accuracy of measurements of site preference and clumped 425	
  

isotope properties of N2O, preferably through some procedure that could be repeated in all 426	
  

laboratories working in this field (i.e., by analogy with the use of heating and water-equilibration 427	
  

experiments to calibrate clumped isotope measurements of CO2 by Dennis and coworkers[56]). 428	
  

The following sections describe two such experiments: equilibration over a heated catalyst, and 429	
  

diffusive fractionation.  430	
  

 431	
  

Thermodynamically equilibrated samples and an absolute reference frame 432	
  

 One of the challenges of establishing new methods for measuring intramolecular isotopic 433	
  

distributions, such as site preference and clumping, is determining an absolute reference frame for 434	
  

reporting isotopic variations. In the cases of CO2 (including CO2 from carbonate), O2 and methane, 435	
  

this has been done by driving these compounds to an equilibrated state at known temperature, and 436	
  

assuming that state corresponds to the isotopic distribution predicted by statistical thermodynamic 437	
  

theory. We have attempted the same approach with N2O by heating gases over alumina, in the 438	
  

hope that this will drive them to equilibrium in their position specific and clumped isotope 439	
  

compositions with minimal disproportionation.  440	
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These experiments provide three tests of the attainment of equilibrium. First, as shown in 441	
  

Figures 5-7, we established that gases that differ from one another in initial SP, SP18, and 442	
  

∆(14N15N18O+15N14N18O) converge to common values of each of these parameters after heating in 443	
  

the presence of alumina catalyst, and then maintain that value irrespective of the amount of time 444	
  

at that temperature. The experiments performed at 200°C demonstrate both bracketing and time-445	
  

independence—key benchmarks for proving a thermodynamically equilibrated state has been 446	
  

reached. Second, while we have not shown that the experiments performed at lower temperatures 447	
  

meet these criteria for equilibrium, Table 4 shows that they achieve even larger values of the site 448	
  

preference index, consistent in direction and order of magnitude with theoretical predictions. 449	
  

Notably, the difference between the sample heated to 93°C and the bracketed value at 200°C, after 450	
  

correction for the ‘scrambling’ effect described above, is 10.7±0.4‰, indistinguishable from the 451	
  

predicted difference at equilibrium of 10.65‰.[50, 51] The samples exposed to alumina at 25°C and 452	
  

50°C approach but do not reach the predicted composition; we infer this to simply reflect the 453	
  

failure of these lower temperature experiments to fully reach equilibrium due to the greater kinetic 454	
  

inhibitions to exchange reactions (though perhaps longer time-series studies could document 455	
  

eventual equilibration at these lower temperatures). Finally, a less direct but still relevant 456	
  

observation is that the measurement of triple oxygen isotope compositions of heated samples are 457	
  

consistent with an equilibrium that involves exchange of oxygen between the N2O and some 458	
  

component of the experimental apparatus. As is shown in Figure 7, N2O samples with unusual 459	
  

oxygen isotope compositions (∆17O > 0) evolve on heating toward a ∆17O of 0‰ (although they 460	
  

do not quite reach 0‰). This suggests N2O is exchanging oxygen with alumina, adsorbed water 461	
  

and/or glass during heating. If, instead, the changes in isotopic composition these samples undergo 462	
  

during heating were caused by some kinetic isotope effect (say, associated with minor amounts of 463	
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N2O disproportionation), they would instead evolve along a line in δ17O-δ18O space controlled by 464	
  

the mass law of that fractionation (likely with a slope of ~0.515). In that case, ∆17O would remain 465	
  

approximately constant. The fact that an equilibrium is reached in intramolecular isotopic 466	
  

distribution without achieving a ∆17O of exactly 0‰ suggests that the reservoir of exchangeable 467	
  

oxygen in the experimental apparatus is large, but not large enough to completely buffer the 468	
  

oxygen in the N2O.  469	
  

If we are correct that heating N2O when exposed to alumina drives it to thermodynamic 470	
  

equilibrium with respect to the SP index on laboratory timescales, this procedure may provide a 471	
  

basis for resolving (or at least exploring) interlaboratory discrepancies in SP measurements. That 472	
  

is, each lab should be capable of generating N2O equilibrated at two or more known temperatures 473	
  

(and thus known values of the SP index); measurement of these standards should permit the 474	
  

construction of lab-specific transfer functions relating measured to absolute values of that index 475	
  

(much as for the absolute reference frame for clumped isotope analyses of CO2).[56] Based on the 476	
  

results of this study, the principal limitation of this approach would be the relatively poor 477	
  

experimental reproducibility of our exchange experiments (e.g., corrected values of SP for long-478	
  

duration, 200°C experiments have a standard deviation of ±0.4‰). Nevertheless, it seems possible 479	
  

to us that a concerted effort to refine this experiment could improve its reproducibility to levels 480	
  

similar to the nominal state of the art for SP measurements (as good as ±0.05‰, omitting the 481	
  

several-per-mil systematic errors that seem to affect interlaboratory comparisons).  482	
  

 483	
  

Standardizing ∆(14N15N18O+15N14N18O) and SP18 with equilibrated N2O 484	
  

 Having demonstrated that heating in the presence of a catalyst drives N2O to internal 485	
  

equilibrium with respect to the independently calibrated, conventional site preference, we use the 486	
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same experiments to establish an absolute reference frame for the new measurements of 487	
  

∆(14N15N18O+15N14N18O) and SP18. In particular, we assume that N2O heated in the presence of 488	
  

alumina catalyst until it reaches a time-invariant composition has achieved equilibrium with 489	
  

respect to all of the isotope exchange homogeneous equilibria presented in Wang et al.[50]  490	
  

 A measurement of either of our new measured properties may be compromised by the 491	
  

same ‘scrambling’ effect described above for conventional site preference. This effect is 492	
  

expected to be small for ∆(14N15N18O+15N14N18O), where interconversion between 14N15N18O 493	
  

and 15N14N18O will not be detected because it involves no change in the total abundance of 494	
  

species with this mass. Only ion source scrambling reactions that change the relative abundance 495	
  

of the other 10 isotopologues will effect the observed ∆(14N15N18O+15N14N18O). We have no 496	
  

evidence indicating this occurs to measureable extents: the ∆(14N15N18O+15N14N18O) values of 497	
  

our equilibrated samples are within error of one another and broadly within the limited range of 498	
  

equilibrium values (Figure 8). Therefore, while we develop a correction for the effect of ion 499	
  

source ‘scrambling’ on SP18, we provisionally assume measurements of 500	
  

∆(14N15N18O+15N14N18O) are accurate once standardized against a gas equilibrated to 200°C, 501	
  

using the predicted thermodynamic result from Wang et al.[50] (see Table 4). It seems unlikely to 502	
  

us that this assumption could be in error by more than the analytical precision in this variable, 503	
  

but this issue should be re-visited in future work as we discover materials that vary more widely 504	
  

in this index. 505	
  

It seems likely to us that the scrambling factor for SP18 is indistinguishable from that for 506	
  

SP, simply because it is difficult to think of a reason why the 18O–16O substitution would 507	
  

substantially change the rate of this interconversion. In principle, it should be possible to correct 508	
  

the scrambling effect for both SP and SP18 using equilibrated samples because if we have N2O 509	
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that has been equilibrated at two or more temperatures, we can solve for the values of a 510	
  

scrambling correction coefficient that results in the theoretically predicted difference in 511	
  

composition between those temperatures.[50, 51] We cannot perform such a calibration with any 512	
  

confidence here because we have only demonstrated bracketing and time-invariance at one 513	
  

temperature (200°C). However, we illustrate the principles behind such a calibration, and 514	
  

examine whether our experimental data at lower temperatures are broadly consistent with the 515	
  

assumption that scrambling occurs at the same rate for SP and SP18. 516	
  

A linear array of samples with expected and measured compositions (see Figure 9) is 517	
  

described by 518	
  

, (22) 519	
  

where the factor f describes the sample process of scrambling as the factor y described above, 520	
  

and  is the difference between the ∆i of the reference gas and the ∆i of a random 521	
  

distribution. The slope, f, in this space is related to scale compression (f > 1) or expansion (f < 1) 522	
  

due to rearrangement of atoms among isotopomers; a slope of 1 corresponds to no 523	
  

rearrangement, a slope of 0 to randomization of 15N between α and β positions. To correct 524	
  

isotopomeric composition for scrambling, we use the expression 525	
  

.
 (23) 526	
  

This correction procedure is presumed to account for the same ion source rearrangement 527	
  

process as the correction of Toyoda and Yoshida,[26] although we have adopted a mathematical 528	
  

formalism based on the Dennis et al.[56] absolute reference frame for CO2 clumped isotope 529	
  

analysis. To demonstrate the relationship between these alternative approaches, we use our 530	
  

equilibrated samples to describe the rearrangement of 14N15N16O and 15N14N16O. First, to 531	
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describe these samples, we introduce a parameter , which is related to δ15N  and is 532	
  

analogous to a clumped-isotope ∆ value as defined in equation 3: 533	
  

Δα =
15Rα

15R
−1

#

$
%

&

'
( . (24) 534	
  

The bulk isotopic composition of a sample, 15R, is also the composition that will be observed for 535	
  

both the α and β in the case of a random distribution of 15N among the sites.  536	
  

Taking equations 22 and 24 together, we find that 537	
  

, (25) 538	
  

and by substituting equation 21 for Rmeasured
!"#  in equation 25 ( Rexpected

!"#  in equation 25 is 539	
  

equivalent to Rtrue
!"#  in equation 25) we can solve for f in terms of y: 540	
  

. (26) 541	
  

This factor varies from 1 when there is no rearrangement of isotopes among isotopologues (y=0) 542	
  

to 0 when there is a complete scrambling between 14N15N16O and 15N14N16O.  543	
  

Equilibrated samples at 200°C and 93°C offer an independent test of our estimation of 544	
  

the scrambling factor y. As shown in Figure 9, we find that f = 0.770±0.011, which corresponds 545	
  

to y = 11.5±0.6%, consistent with the value estimated from measurements of interlaboratory 546	
  

reference gases, as explained above. It is also shown in Figure 9 that when the equilibrated 547	
  

samples are corrected using the procedure described above, which is independent of the 548	
  

equilibration experiments, they approach a slope of 1, corresponding to no rearrangement.  549	
  

Another point of comparison for this result comes from measurements of ∆47 in carbon 550	
  

dioxide, where the slope of the empirical transfer function described in Dennis et al.[56] is 551	
  

analogous to the inverse of the compression factor f. The range of slopes reported for various 552	
  

∆α
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laboratories performing ∆47 measurements is 0.87 to 0.99; all of these values are consistent with 553	
  

less scrambling of mass 47 carbon dioxide isotopologues than of nitrous oxide isotopomers. We 554	
  

also observe a y-intercept of -0.53±0.15, which can be interpreted as an offset between the 555	
  

expected and observed δ15N  composition of the reference gas of 0.53±0.15‰.  556	
  

When we follow an analogous procedure for SP18, we observe a value of f14N15N18O of 557	
  

0.48±0.10, which suggests a much larger likelihood for rearranging 18O-containing isotopomers 558	
  

than 16O-containing isotopomers. We consider this improbable, given the generally small effect 559	
  

of oxygen isotope substitutions on rate constants for common chemical reactions (on the order of 560	
  

one per cent). In addition, when this correction is applied to samples heated at 25°C and 50°C, a 561	
  

SP18 in excess of the thermodynamically-predicted value is produced even though SP 562	
  

measurements suggest that these samples have not reached equilibrium (Table 4). Therefore, we 563	
  

conclude that while the sample heated at 93°C may have reached (or at least closely approached) 564	
  

equilibrium in SP, it has not reached equilibrium in SP18. This is plausible because we only 565	
  

performed detailed bracketing and time-series experiments at 200°C, so only at that temperature 566	
  

can we confidently make the interpretation that gases reached an equilibrium distribution in their 567	
  

isotopic composition. If there is a difference in kinetics between the SP and SP18 indices, it might 568	
  

be the result of slower rates for N-O bond reordering than for N-N bond reordering. In any event, 569	
  

we believe the temperature dependence of our exchange experiments does not produce a self-570	
  

consistent and reasonable calibration of site-preference scrambling.  571	
  

Instead, we assume that rate of rearrangement is the same for both SP and SP18. In other 572	
  

words, we use f = 0.77±0.011 in equation 23 to adjust measured ∆(14N15N18O) values. For the 573	
  

replicated and bracketed results at 200°C we then take the ∆(14N15N18O) composition of the 574	
  

reference gas as the difference between that calculated quantity and the predicted value for 575	
  

α
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200°C. Then, using this result and the value for ∆(14N15N18O+15N14N18O) of the reference gas 576	
  

determined above, we solve for ∆(15N14N18O) of the working gas (Table 5). As shown in Figure 577	
  

10, samples heated to temperatures of 25°C and 50°C approach equilibrium compositions in 578	
  

SP18, but they do not obtain equilibrium; this result matches our expectation from SP 579	
  

measurements. Notably, we see that the most anomalous result is the SP18 value for the 93˚C 580	
  

equilibration experiment—reinforcing our suspicion that this measurement produced an 581	
  

implausible result. 582	
  

 583	
  

Diffusion experiments 584	
  

A second way we can validate our new measurements is to generate fractionations of 585	
  

known amplitudes and/or mass laws through experimental manipulations of analytes; and then to 586	
  

see whether measured changes in composition, after correction for known artifacts such as ion 587	
  

source scrambling, match independent constraints or theoretical predictions. We performed three 588	
  

experiments in which N2O was diffused through a needle valve and diffused and residual gas 589	
  

were collected and measured. We do not know the size of the aperture through which the gas was 590	
  

diffused. Therefore we cannot be sure whether experiments were conducted in the Knudsen 591	
  

diffusion or gas-phase interdiffusion regime (and in each experiment it could be different). In 592	
  

every case, the measured fractionations between diffused and residual gas are between the 593	
  

predictions for these two end-member possibilities, suggesting that the experimental setup is in 594	
  

an intermediate regime with respect to the ratio of aperture diameter to gas mean free path (i.e., a 595	
  

Knudsen number near one). For this reason we do not have a prediction of the amplitude of the 596	
  

experimentally generated diffusive fractionation. However, since the mass laws for Knudsen and 597	
  

gas-phase interdiffusion are closely similar, we can predict the mass law of the fractionation. 598	
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Then, we can use the observed difference between diffused and residual gases in values of δ18O 599	
  

(a measurement we have already established is measured accurately and precisely by our 600	
  

techniques) to calculate expected differences between diffused and residual gases for the values 601	
  

of δ15N, δ17O, site preference, ∆(14N15N18O+15N14N18O) and clumped isotope site preference. We 602	
  

compare these predictions to our measured results in Figure 11. Experiments 1 and 2 date from 603	
  

before the introduction of complete background corrections for δ(14N15N18O) and 604	
  

δ(14N15N18O+15N14N18O) and therefore results are shown only for δ15N, δ18O, and δ15N  605	
  

measurements. Experiment 3 includes the appropriate background correction for CH2F, CH3OH, 606	
  

and other isobars on 15N18O at mass 33, and is the only one of the three made with sufficient 607	
  

control on the partial pressure of water in the ion source, which is important for achieving the 608	
  

best accuracy and precision for measurements of δ17O. We find the scrambling-corrected 609	
  

differences in composition between residual and diffused gas agree with the mass law of the 610	
  

kinetic theory of gases, within the nominal errors of each measured isotope ratio. However, it is 611	
  

important to note that since the final result is the difference between a diffused and residual 612	
  

gases, it is not sensitive to small variations in the scrambling coefficient. These results 613	
  

demonstrate the ability to measure all isotopologues, including those for which no standards 614	
  

exist, with accuracy.  615	
  

 616	
  

Representative measurements of biogenic N2O 617	
  

 In Table 6 we report the δ15N, δ18O, ∆17O, SP, SP18, and ∆(14N15N18O+15N14N18O) values 618	
  

for nitrous oxide produced by the denitrifying bacterium Pseudomonas aeruginosa strain PA14 619	
  

∆nosZ. Because these bacteria lack the enzyme for nitrous oxide reduction, the isotopic 620	
  

composition of nitrous oxide that accumulates in their cultures does not reflect any N2O 621	
  

α



	
  

	
  

29	
  

29	
  

consumption reactions.[67] The measurements of ∆(14N15N18O+15N14N18O) and SP18 values from 622	
  

these samples provide the first determination of the clumped isotope fingerprint of a biogenic 623	
  

N2O source.  624	
  

The conventional site preference (SP) measurements for these samples, –3.67±0.25‰, 625	
  

match previous measurements of N2O from bacterial denitrifiers (–0.5 to –5.7‰[28, 30]). While the 626	
  

values of ∆(14N15N18O+15N14N18O) for these gases are consistent with thermodynamic 627	
  

equilibrium near room temperature (0.4‰ at 20°C), the observed values of SP and SP18 are not 628	
  

consistent with homogeneous equilibrium at any temperature.[50] Therefore the full, 6-629	
  

dimensional stable isotope ‘fingerprint’ demonstrates that at least one step in that synthesis is an 630	
  

irreversible reaction that expresses a kinetic isotope effect. Using prior understanding of the 631	
  

mechanisms of N2O biosynthesis in denitrification, we may be able to reach more specific 632	
  

conclusions: values of SP and SP18 must be set at the point when the N2O molecule is 633	
  

synthesized by a nitric oxide reductase enzyme. As these properties violate equilibrium, we 634	
  

should conclude that this particular forward reaction expresses a kinetic isotope effect. Our 635	
  

results present a target for fitting mechanistic models of this reaction step.  636	
  

On the other hand, ∆(14N15N18O+15N14N18O), a property that approaches or equals 637	
  

equilibrium in these samples, is influenced by the abundance of 15N-18O bonds, and may record 638	
  

information set at any of several steps in N2O synthesis where N-O bonds are formed or 639	
  

exchanged: from the nitrate provided as a substrate, or from any (or all) of the three reductive 640	
  

reactions from nitrate to nitrite to nitric oxide to nitrous oxide. If any of these reactions is highly 641	
  

reversible or involves equilibration with water, as is commonly observed in denitrification,[68] 642	
  

there is the possibility that the distribution of 15N-18O bonds achieves an equilibrium composition 643	
  

in that step and that this equilibrium is not disturbed by the kinetic isotope effects controlling the 644	
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30	
  

final step of formation of N—N bonds, and is therefore recorded in the ∆(14N15N18O+15N14N18O) 645	
  

value.  646	
  

 647	
  

Summary and Conclusions 648	
  

We have described techniques to measure six distinct isotope ratios on a single sample of nitrous 649	
  

oxide, including the first measurements of the clumped isotopomers 14N15N18O and 15N14N18O. 650	
  

We have documented the precision and reproducibility of this technique and have introduced the 651	
  

use of activated alumina as a catalyst for equilibration of N2O to produce standards with elevated 652	
  

and predictable 15N site preference and to calibrate the measurement of ∆(14N15N18O+15N14N18O) 653	
  

and SP18. Measurements of N2O produced by a denitrifying bacterium are consistent with a 654	
  

production pathway primarily of irreversible reactions, but with the possibility for some 655	
  

parameters to be set in reversible, equilibrium reactions. These measurements provide the first 656	
  

fingerprint of the composition of clumped isotopologues in a biogenic sample of N2O. The 657	
  

addition of these isotopic constrains may provide new insights into the environmental sources 658	
  

and sinks of N2O. 659	
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Figure 1. A flow chart of the steps required for the measurement of a sample. 866	
  
 867	
  



	
  

	
  

37	
  

37	
  

 868	
  
Figure 2. Mass spectra of the NO fragment of N2O, collected by varying the magnet setting of 869	
  
the mass spectrometer. On each spectrum the position of measurement is indicated, as are other 870	
  
isotopologues of NO and contaminating species. (A) Mass 30. (B) Mass 31. (C) Mass 32. (D) 871	
  
Mass 33. 872	
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 874	
  
Figure 3. Mass spectra of of N2O. On each spectrum the position of measurement is indicated, as 875	
  
are other isotopologues of N2O and contaminating species. (A) Mass 44. (B) Mass 45. (C) Mass 876	
  
46. (D) Mass 47. 877	
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 879	
  
Figure 4. Comparison of observed internal precision and the counting statistics limit. Each point 880	
  
represents the standard error for one complete measurement of a single isotopic ratio in a typical 881	
  
sample. As is expected from counting statistics, more abundant isotopologues are observed with 882	
  
greater precision. 883	
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 885	
  
Figure 5. Behavior of SP upon heating at 200°C in the presence of a catalyst. Hollow symbols 886	
  
represent starting compositions; filled symbols represent the composition of equivalent samples 887	
  
after heating at 200°C in the presence of a catalyst for 3-72 h, as marked. All samples use the 888	
  
reference gas calibration and correction for scrambling that is described in the main text. All 889	
  
samples heated for >12 hours have reached a common, time-invariant composition. 1 s.e. mass 890	
  
spectrometric error bars are smaller than each point.  891	
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 893	
  
Figure 6. Behavior of SP18 upon heating at 200°C in the presence of a catalyst. Symbols are the 894	
  
same as in Fig. 4. Samples are reported relative to the internal working N2O standard. Again, all 895	
  
samples that have been heated in the presence of a catalyst have reached a common, time-896	
  
invariant composition. These results are used to determine the rearrangement correction and 897	
  
reference gas composition for 14N15N18O and 15N14N18O, as described in the main text. Error bars 898	
  
represent 1 s.e. mass spectrometric error. 899	
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 901	
  
Figure 7. Behavior of ∆17O and ∆(14N15N18O+15N14N18O) upon heating at 200°C. Symbols are 902	
  
the same as in Fig. 4. Gases of all starting compositions converge at a common value of 903	
  
∆(14N15N18O+15N14N18O). Samples that begin at ∆17O > 0 approach but do not reach ∆17O = 0, 904	
  
suggesting that position-specific and clumped isotopologues can be fully equilibrated even 905	
  
without all O atoms experiencing exchange. Error bars represent 1 s.e. mass spectrometric error. 906	
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 908	
  
Figure 8. Measured ∆(14N15N18O+15N14N18O) compared to statistical mechanical predictions. 909	
  
Samples were heated at 200°C, 93°C, 50°C, and 25°C, which each decrease in temperature 910	
  
leading to an increase in the predicted ∆(14N15N18O+15N14N18O), but with no significant change 911	
  
in the observed property. Hollow symbols are reported against the internal reference gas; filled 912	
  
symbols have been corrected for the composition of the reference N2O, as described in the main 913	
  
text. For clarity, the typical 1 s.e. error envelope of ±0.15‰ is shown.  914	
  
 915	
  



	
  

	
  

44	
  

44	
  

 916	
  
Figure 9. Measured  compared to statistical mechanical predictions. Samples are the same as 917	
  
those in Fig. 7 (heated to 200°C and 93°C), as described in the text; with decreasing temperature 918	
  
both observed and predicted values of  increase. Hollow triangles represent uncorrected 919	
  
measurements reported against internal standard. Hollow diamonds have been adjusted to the 920	
  
scale of δ15N vs. N2 in air through calibration of the internal standard by S. Toyoda and N. 921	
  
Yoshida, Tokyo Tech. Filled diamonds have been corrected for scrambling by the additional 922	
  
measurement of a secondary standard provided by S. Ono, MIT, as described in the main text. 923	
  
All corrections are independent of the results of the equilibration experiments reported here. 924	
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 926	
  
Figure 10. Measured SP18 compared to statistical mechanical predictions. Samples were heated at 927	
  
200°C, 93°C, 50°C, and 25°C, as described in the text; with decreasing temperature both 928	
  
observed and predicted values of ∆(14N15N18O) increase. Hollow symbols represent uncorrected 929	
  
measurements, reported against the internal reference gas. The corrected results (filled symbols) 930	
  
are adjusted using a value f of 0.77 and an SP18 of the reference gas chosen to make the average 931	
  
value measured at 200°C match the statistical mechanical prediction (see Table 5). These results 932	
  
suggest that the quantity SP18 has approached but not reached equilibrium for experiments at 933	
  
25°C-93°C. 1 s.e. error bars are shown for each point. 934	
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 936	
  
Figure 11. Comparison of the observed and expected fractionation for diffused N2O. 937	
  
Experiments 1 and 2 were conducted before establishment of complete background and cleaning 938	
  
procedures for eliminating or correcting for isobaric interferences to 14N2

17O and 14N15N18O. 939	
  
Observed fractionations are interpreted to differ from experiment to experiment because of 940	
  
varying contributions from gas-phase interdiffusion and Knudsen diffusion 941	
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Cardinal 
Mass 

Isotopic 
Variant Mass (u) 

Proportional 
abundancea 

44 14N2
16O 44.0011 9.90x10-1 

45 14N15N16O 44.9981 3.64x10-3 
 15N14N16O 44.9981 3.64x10-3 
 14N2

17O 45.0053 3.83x10-4 
46 15N15N16O 45.9951 1.34x10-5 
 14N15N17O 46.0023 1.41x10-6 
 15N14N17O 46.0023 1.41x10-6 
 14N2

18O 46.0053 1.99x10-3 
47 15N15N17O 46.9993 5.17x10-8 
 14N15N18O 47.0023 7.30x10-6 
 15N14N18O 47.0023 7.30x10-6 

48 15N15N18O 47.9994 2.68x10-8 
 943	
  
Table 1 944	
  
Masses and abundances of the isotopic variants of N2O. 945	
  
aCalculated for a sample of N2O with a random distribution of rare isotopes and with δ15N=0‰ 946	
  
relative to Air-N2 and δ17O and δ18O=0‰ relative to VSMOW. 947	
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 949	
  
 δ15N, ‰   δ18O, ‰   δ15N , ‰  
Sample Meas. +/- Reported Meas. +/- Reported Meas. +/- Reported 
MSU 
(n=4) 

-0.86 0.15 -0.9 38.67 0.22 38.5 0.23 0.20 0.7 

MIT 
(n=4) 

0.00 0.25 -0.24 40.76 0.40 40.43 -0.07 0.17 -0.78 

Stanford 
(n=1) 

0.27  0.31 40.59  40.85 0.76  -0.31 

 950	
  
Table 2 951	
  
Isotopic composition of standard gases, as measured versus Caltech internal reference gas and 952	
  
referenced to international standards (N2 in air for δ15N and VSMOW for δ18O as described in 953	
  
the main text. Uncertainties are calculated as 1 standard deviation for the analysis of replicate 954	
  
samples. Reported values are the composition of each standard gas as determined by Tokyo 955	
  
Tech.  956	
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  959	
  

α



	
  

	
  

49	
  

49	
  

 Average (n=4) +/- (1 s.d.) 
∆(14N15N18O+15N14N18O) 0.44 0.26 

∆(14N15N18O) 2.50 0.30 
SP18 3.61 0.86 

 960	
  
 961	
  
Table 3 962	
  
Average of repeated measurements of MSU reference gas between July 2012 and August 2014, 963	
  
corrected and standardized as described in the Reproducibility and Standardization section of the 964	
  
main text. 965	
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 968	
  
 969	
  

Table 4 970	
  
Comparison of SP for heated N2O samples and theoretical predictions. 971	
  
aBased on Wang et al.;[50] anharmonic partition functions are chosen to best match Webb and 972	
  
Miller.[51] 973	
  
 974	
  
  975	
  

 
  

15N site preference, ‰ 
 Difference between SP at 

given T and 200°C   
T,°C Time, h  Measured +/- (1 s.d.) Predicteda Measured Predicted 
200 12-72 n = 8 23.28 0.43 24.37 — — 
93 143 n = 1 34.19  35.28 10.66 10.65 
50 146 n = 1 37.26  42.09 13.66 17.28 
25 1225 n = 1 39.42  47.12 15.77 22.20 
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 976	
  
 977	
  

 ∆i(reference), ‰ ±, ‰ 
14N15N18O 4.67 1.08 
15N14N18O -4.15 1.09 

14N15N18O+15N14N18O 0.26 0.19 
 978	
  
Table 5 979	
  
Reference gas compositions for clumped isotopic measurements of N2O, based on equilibration 980	
  
experiments. Uncertainties are ±1 standard deviation.  981	
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Table 6 986	
  
Isotopic composition of N2O produced by replicate cultures of Pseudomonas aeruginosa, strain 987	
  
PA14, ∆nosZ mutant. 988	
  
 989	
  
 990	
  
 991	
  
 992	
  
 993	
  
 994	
  
 995	
  

Replicate δ15N, ‰ +/- δ17O, ‰ +/- δ18O, ‰ +/- SP, ‰ +/- SP18, ‰ +/- 
∆(14N15N18O+ 
15N14N18O), ‰ +/- 

1 -5.61 0.02 25.16 0.05 47.80 0.04 -3.91 0.04 2.6 0.8 -0.06 0.36 
2 -5.32 0.02 24.91 0.07 47.86 0.03 -3.70 0.04 2.8 0.8 0.57 0.25 
3 -5.32 0.02 25.09 0.04 48.05 0.02 -3.41 0.05 -3.8 0.9 0.67 0.20 

average -5.42 0.17 25.05 0.13 47.90 0.13 -3.67 0.25 -0.5 3.8 0.39 0.40 


