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Abstract. Nitrous oxide (N;O) is a potent greenhouse gas involved in the destruction of stratospheric ozone. Past
atmospheric mixing ratios of N>O are archived in ice cores; however, the presence of in situ N>O production in dust-rich
Antarctic ice complicates their accurate reconstruction, especially during glacial periods. This production occurs in
extremely cold ice and without sunlight. This study aims to understand the reaction producing N,O in Antarctic ice by
identifying the precursors and the reaction pathway. We compared the oxygen and nitrogen bulk and position-specific
isotope composition of in situ N>O in ice cores to the isotopic composition of nitrate (NOs"), a possible precursor of N,O.
The N signature of NOjs" is fully transferred into the central N atom (N,) of in situ N>O, but it is not transferred into the
terminal N atom (Np), resulting in a 50 % transfer of the '*N signature of NOs™ into the bulk >N isotopic composition. These
findings suggest that the in situ N,O production involves two different nitrogen precursors present in ice: the central N atom
(Ng) originates from NOs and the terminal N atom (Np) from a different precursor not yet identified. Oxygen isotope
analysis shows that NO;™ cannot be the only reservoir for the O atom of in situ N>O. Temperature, pH, and absence of
sunlight in Antarctic ice point to an abiotic N-nitrosation reaction. The limiting factor of the reaction is probably associated
with mineral dust and might be Fe?*, reducing NOs™ to NO»" or the precursor of the Ny atom. The site preference (SP) values
of in situ N,O are highly variable between different ice cores and depend on the bulk >N isotopic composition of N>O, itself
depending on the N isotopic composition of the NOj;  precursor. This finding is unexpected because SP is usually
determined by the production pathway through symmetric reaction intermediates that mix the N atoms in o and  positions
and average out their isotopic difference. In contrast, our results provide the first evidence of a hybrid N>O production

pathway involving an asymmetric intermediate that preserves the distinct '’N signatures of two different precursors — one
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contributing to the N, atom and the other to the Ng atom. This finding has important implications: in this pathway, SP
reflects the isotopic difference between the two precursors rather than the pathway itself, challenging how SP is commonly

interpreted in environmental studies.

1 Introduction
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Figure 1. N2O mixing ratio, N2O bulk nitrogen isotopic composition, and Ca’" concentrations that represent the mineral dust
content, measured in the TALDICE (Schilt et al., 2010a), EDC (Schilt et al., 2010b), EDML (Fischer et al., 2019), and Vostok
(Miteva et al., 2007) ice cores. Because of its low dust content, the TALDICE record in black is considered to represent the true
atmospheric N20 levels (see Sect. 3.2.2). Stars correspond to samples affected by in situ production and represent the total N2O
measured, i.e., atmospheric N20 + in situ N2O. Grey boxes mark the dust-rich sections of the EDC ice core corresponding to the
Last Glacial Maximum (LGM), the Marine Isotope Stage (MIS) 4 and 6 cold periods.
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Nitrous oxide (N2O) is a potent greenhouse gas whose global warming potential is 273 times higher than that of carbon
dioxide (CO;) on a 100-year timescale (IPCC, 2021). As a result of the anthropogenic alteration of the nitrogen cycle
(Gruber and Galloway, 2008), the NoO atmospheric mixing ratio has risen by 23 % compared to pre-industrial levels
(Rubino et al., 2019), reaching 338 ppb in December 2024 (Lan et al., 2025) and contributing around 6 % to the radiative
forcing from long-lived greenhouse gases. N>O is also the primary source of stratospheric nitrogen oxides (NOy) that destroy
ozone (Ravishankara et al., 2009).

Soils and aquatic environments are the main sources of atmospheric N>O. Production of N>O occurs both during
denitrification, the reduction of nitrate (NO3") to nitrite (NO;") and ultimately molecular nitrogen (Nz), and as a by-product of
nitrification, where ammonium (NHy4") is oxidized to hydroxylamine (NH,OH) and then converted to NO,” and NOs™ (Baggs,
2011; Bange, 2008). N>O is also produced during the reduction of NO; to N>O in nitrifier denitrification, where nitrifying
microorganisms reduce NO;™ to N>O similarly to heterotrophic denitrifiers (Wrage-Mdonnig et al., 2018). These reactions are
performed by bacteria, archaca and fungi, but abiotic reactions have also been documented (Zhu-Barker et al., 2015). These
include chemo-denitrification (Jones et al., 2015; Tischer et al., 2022), which is the reduction of NOs™ or NO,™ by Fe(II), and
NH,OH oxidation by Fe(III) or Mn(1V).

The composition of the atmosphere in the past can be reconstructed by analyzing air trapped in polar and high-altitude ice
cores. Ice cores are the only direct atmospheric archive and have provided continuous CO; and CHjy records over the last
800,000 years covering eight glacial-interglacial cycles (Loulergue et al., 2008; Liithi et al., 2008) and a partial record of
N;O. In addition to N>O mixing ratios, measurement of the stable isotopic composition of N>O is used for source attribution
of N>O emissions. In the current state of the climate system, natural sources account for 57 % of total NoO emissions, while
anthropogenic sources contribute the remaining 43 % (Tian et al., 2020). Natural sources are approximately 58 % emissions
from soils, 38 % from marine ecosystems, and the remaining 4 % from lightning and atmospheric production (Tian et al.,
2020). N,O emissions from both land and marine ecosystems may have varied in the past. Because sources differ in their
isotopic signatures, past changes in terrestrial and marine emissions can be reconstructed using the isotopic composition of
N>O archived in ice cores (Fischer et al., 2019; Menking et al., 2020; Schilt et al., 2014). Furthermore, position-specific
nitrogen isotope analysis provides an additional constraint for distinguishing N>O production pathways (Bernard et al., 2006;
Menking et al., 2025; Prokopiou et al., 2017, 2018). This analysis consists of measuring 8'°N of the central-position N atom
(3'*Ny) and the terminal-position N atom (8'Np) in N>O. The *N site preference (SP = §'°N,, - 8'°Np) is considered to be
independent of the 8'°N signature of the nitrogen precursor (Frame and Casciotti, 2010; Sutka et al., 2003, 2006; Toyoda et
al., 2005).

However, the atmospheric signal of greenhouse gases archived in ice cores can be altered (Anklin et al., 1995; Delmas,
1993; Lee et al., 2020; Miihl et al., 2023). This is particularly true for N>O: the N>O mixing ratio in glacial period ice from
Antarctica shows large scatter between nearby samples from the same core and different values between ice cores for the
same age (Fig.1) (Fliickiger et al., 2002; Sowers, 2001; Stauffer et al., 2003), which is inconsistent with the homogeneous

global atmospheric mixing ratio of N>O resulting from its 123-year atmospheric lifetime (Prather et al., 2015) and the low-
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pass filtering of the atmospheric signal through the slow bubble enclosure process. Because these anomalies were observed
for ice core analyses using two distinct gas extraction methods — wet extraction by melting (Schilt et al., 2010b) and dry
extraction by grating the ice (Sowers, 2001) — it was concluded that N>O production occurred already in the ice sheet and not
during the analysis. This “in situ production” or excess N>O in dust-rich sections of polar ice cores has two major
consequences for the climatic interpretation. First, as the production process has not yet been identified, and the excess N,O
has not yet been quantified, we do not have access to past atmospheric N>O mixing ratios during most past glacial periods
(Schilt et al., 2010b), where high dust contents are found in the ice. Secondly, samples affected by in situ production deviate
from the isotopic composition of atmospheric N>O (Fig.1), which precludes source attribution (Fischer et al., 2019; Schilt et
al., 2014). It is therefore necessary to understand the N,O production process(es) in the ice to systematically identify affected
samples and thus avoid misinterpretation. Several detection methods were implemented to scrutinize the N>O record
(Fliickiger et al., 2004; Spahni et al., 2005), but they were only used to discard the samples likely to be affected.
Understanding the production processes could potentially provide a reliable way of quantifying the fraction of N,O produced
in situ and to correct the measured signal with the aim to obtain the past atmospheric signal.

This work also has relevance for nitrogen cycle processes in extreme environments. Very few studies have focused on N,O
production under extreme conditions as those encountered in the Antarctic ice sheet, where temperatures reach down to -60
°C, pressures are enormous, and reaction time scales can be of the order of several thousand years. Priscu et al. (2008)
measured very high NoO mixing ratios in a permanently ice-covered lake in the Dry Valleys, Antarctica, which they
attributed to microbial nitrification. Investigating N>O production in Antarctic ice is an opportunity to explore whether
microorganisms can be metabolically active at -60 °C. Although previous studies suggested potential NoO production by
bacteria (Fliickiger et al., 2002; Schilt et al., 2010b; Sowers, 2001), there is currently no evidence to support microbial
activity in Antarctic ice as a source for in situ N>O. High microbial counts have only been found in a few of the Vostok ice
core samples where in situ production was reported (Sowers, 2001). Abiotic reactions may also cause N,O formation in polar
ice. In the Dry Valleys, Antarctica, Samarkin et al. (2010) demonstrated abiotic N,O production by chemo-denitrification in
the Don Juan Pond soils.

This study uses isotope analysis to characterize in situ N>O in ice. The background of the study and the extreme
environmental conditions of the reactions involved are presented in Sect. 2. We measured the isotopic composition of N>O in
several ice cores and calculated the isotopic signature of in situ N>O (Sect. 3 and 4). The isotopic composition of NOs™ was
also measured to identify potential precursors for the produced N,O. Position-specific nitrogen isotope analysis of N,O was
carried out to take a closer look into the reaction pathway(s). We discuss the potential reactions for in situ production of N,O

in Sect. 5.
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2 Background — Potential precursors and reaction rate of N2O production in polar ice

For both Greenland and Antarctic ice cores, N,O production is inferred in ice-core sections corresponding to glacial periods,
while there is no in situ production apparent for the Holocene and other interglacial and interstadial periods (Fliickiger et al.,
2004; Schilt et al., 2010b). The chemical composition of the ice differs significantly between glacial and interglacial periods,
particularly in terms of its dust content. Dust concentrations are significantly higher during glacial periods than during
interglacial periods (factor of 30-100) in Antarctic and Greenland ice cores (Fuhrer et al., 1999; Lambert et al., 2012). In
fact, NoO excess production is only observed in dust-rich ice and, in Antarctica specifically, it increases with higher dust
concentrations (Fig. 1). This points to a reaction involving at least one compound contained in or associated with the dust.
The excess N,O produced in Antarctic ice is on average 0.4 nmol N.kg!. The main nitrogen compounds that are generally
considered as N,O precursors are NO3  and NH4". The typical concentrations of NO3; and NH4" in ice are above 320 nmol
N.kg! and 55 nmol N.kg'!, respectively (Kaufmann et al., 2010; Réthlisberger et al., 2000), and therefore more than
sufficient to produce the observed excess N>O. However, neither NOs~ nor NH4" spontaneously react to N>O. These
precursors need to be activated by a chemical or biochemical agent, such as iron II (Fe*") (Zhu-Barker et al., 2015) or
bacteria, respectively. Both Fe?" (Spolaor et al., 2012, 2013) and bacteria (Miteva et al., 2016; Rohde et al., 2008; Sowers,
2001) were detected in polar ice.

Previous research has shown that samples affected by in situ production exhibit isotopic deviations from the atmospheric
signature that differ in both direction and magnitude across ice cores (Fischer et al., 2019; Menking et al., 2025; Schilt et al.,
2014; Sowers, 2001). It has been observed that the N signatures of total N,O — i.e. atmospheric plus in situ N,O — depend
on snow accumulation: sites with low accumulation show enrichment in >N compared to the atmospheric signature (Sowers,
2001), while sites with higher accumulation show depletion in N (Fischer et al., 2019) (Fig. 1). A similar dependence of
isotopic composition on accumulation rate is observed for NOj". The accepted reason is that after deposition some of the
NOs™ undergoes photolysis in the photic zone, corresponding to ca. the first meter of the surface snow. Kinetic isotope
effects for photolysis favor the loss of the lighter isotopologues (i.e. containing '“N), resulting in >N enrichment of the
remaining NOj~ (Blunier et al., 2005; Frey et al., 2009). The fraction of photolyzed NOs™ and the degree of isotopic
enrichment depends on the time NOj3™ spends in the photic zone before it is archived in the ice by progressive burial. At low-
accumulation sites, the duration within the photic zone is longer and a large fraction of NOj;™ is photolyzed leading to a
highly "N-enriched NOs archived in the ice, reaching values of 3'*Npuk = 300 %o at Concordia (Erbland, 2011; Erbland et
al., 2013). In ice core samples affected by in situ N>O production, the presence of high 8"’ Ny, values of N>O along with
I5N-enriched NOj;™ strongly suggests that in situ NoO production uses N from NOs". The isotopic composition of NH4" has
never been measured in Antarctic ice cores, because large amounts of ice are required at the low NH4" concentrations, and
the samples are highly sensitive to NH3 contamination (Lamothe et al., 2023). Although a low contamination protocol has

been developed by Lamothe et al. (2023), it was used for samples with higher NH4" concentrations, where the blanks are
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small compared to the sample concentration. Nonetheless, the hypothesis of NH4" as an N>O precursor is discussed in Sect.
145 5.1.
Regarding the reaction rate, the production of N,O might already start near the surface of the ice sheet, in the snow and firn,
but most of the produced N>O would be lost to the atmosphere via air exchange. In the diffusive zone of the firn column and
below the air lock-in depth (Battle et al., 1996), exchange of the firn air with the atmosphere is limited or excluded and the
produced N>O is partly or fully preserved in the ice. To be able to observe in situ N2O in ice cores, the production must
150 continue close to or below the lock-in depth (located between 50 to 100 m, depending on the location and conditions of the
ice sheet). For example, during the LGM at Vostok, Antarctica, the lock-in depth was around 94 m, and the age of the ice at
this depth was 5200 years (Table 1). This means that at Vostok, N>O was still produced several thousand years after the
precursors were deposited onto the ice sheet. This observation shows that either it takes time for the precursors to come into
contact, for example by diffusion in the ice, or that the reaction is very slow due to low temperatures. In the latter case, it
155 would not be possible to reproduce such slow reaction kinetics in the laboratory. This observation also shows that the

reaction does not need light.

3 Samples and Methods

3.1 Ice core samples

South Pole

160  Figure 2. Location of the ice core drilling sites presented in this study. Maps created using the Quantarctica (Matsuoka et al., 2018)
and QGreenland (Moon et al., 2023) QGIS data packages.
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To gain a comprehensive understanding of the N>O production process(es) in diverse environmental settings, we analyzed
ice core samples from different sites with different characteristics: variable dust contents, variable dust chemical
compositions, variable snow accumulation rates and therefore isotopic signatures of NOs’, and variable drilling site
temperatures. These characteristics are reported in Table 1. Calcium (Ca?") concentrations are used as a proxy for dust
content because they have been found to be correlated with mineral dust concentrations (Ruth et al., 2002). Figure 2 shows
the location of the drilling sites.

We analyzed samples from five Antarctic ice cores: the Talos Dome Ice Core (TALDICE), the European Project for Ice
Coring in Antarctica (EPICA) Dome C core (EDC), the EPICA Dronning Maud Land core (EDML), the Vostok ice core,
and the main transect of the Taylor Glacier (TG) blue ice area. Additionally, we analyzed samples from one Greenland ice
core, the North Greenland Ice Core Project ice core (NGRIP). The TALDICE ice core was selected for its low dust content
(and suspected low degree of in situ N,O) compared to other Antarctic ice cores, the EDC and Vostok ice cores for their low
snow accumulation rate, the EDML ice core for its relatively higher snow accumulation rate. The NGRIP ice core was
analyzed to compare the isotopic signature of in situ N,O in Greenland and Antarctic ice. The five latter ice cores were
obtained from deep drilling and are stratigraphically ordered, with recent layers at the surface of the ice sheet and older
layers towards the bedrock. In contrast, the TG blue ice area exposes old ice — flowing from the Taylor Dome — at the
surface due to local ice dynamics and ablation (Baggenstos et al., 2018). The TG ice core was sampled close to the surface
along a transect where the horizontal stratigraphy is preserved, a so-called “horizontal core.” The age of the ice then varies
with distance along this transect.

We measured the stable isotopic composition (5! Npuk and 3'%0) of N,O in the TALDICE, EDC, EDML, Vostok, TG and
NGRIP ice cores, and the stable isotopic composition (§'°N and §'®0) of NOs™ in all samples except NGRIP. We also carried
out position-specific isotope analysis of the central (3!°N,) and terminal (3!°Ng) nitrogen atoms in N,O in the Vostok and TG
ice cores.

The samples date from either the Last Glacial Maximum (LGM) and glacial-interglacial transition (14 to 29 ka), Marine
Isotope Stage 4 (MIS4, 57 to 71 ka), or Marine Isotope Stage 6 (MIS6, 130 to 191 ka), which are all dust-rich glacial periods
and are therefore prone to in situ production of N,O. We selected samples younger than 150 ka because the N>O atmospheric
baseline recorded in the dust-poor TALDICE ice core and used in our mass balance approach (see Sect. 3.2.2) does not

extend to older periods.

Table 1. Characteristics of the ice core drilling sites presented in this study.

TG? Vostok EDC EDML TALDICE NGRIP
Latitude (°) -77.7598° -78.4642 -75.1000 -75.0019 -72.8302 75.1000
Longitude (°) 161.7212° 106.8370 123.3326 0.0663 159.2004 -42.32
https://add.scar.org/
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Elevation (MSL) 580 3488 3233 2892 2320° 2917

(https://add.scar.org/)

accumulation rate*? in ice | 0.8° 1.2 1.4 3.7 4.5 6.3

equivalent per year (cm)

Age maximum? (ka) 150 408 813 145 3434 125

Annual mean snow -46* -66° -60° -53¢ -44¢ -46°

surface temperature* (°C)

Maximum depth where - 300 400 770 750 1600

the N20 production

occurred (m)

Temperature range of the | - -56.6--55.2¢ | -53.6--51.6" | ~-40! - -30--320

ice where the production

occurred (bore hole

temperature) (°C)

Ice age — Gas age 3350° 5170 3960 1590 1000 890

difference (Aage)** (yr)

Air lock-in depth® (m) 29°f 94 83 84 70 79

Ca? concentration* (ng.g~ | 21+15° - 35+21k 47+37! 16+9™ 292+187"

D)

Dominant source of dust Southern SSAP SSA1 SSA1 SSA* East Asian
South deserts®
America
(SSA)°

fspecial case: horizontal core. LGM mean snow surface temperature estimated based on §'30(H,O) data. LGM lock-in depth

calculated using the Herron-Langway firn model with delta age and temperature inputs for the TG accumulation zone near

Taylor Dome (Herron and Langway, 1980).

*averaged over the period 15 — 30 ka

“Bouchet et al. (2023)
"Baggenstos et al. (2018)
“Buiron et al. (2011)
dCrotti et al. (2021)
*Markle and Steig (2022)
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Kindler et al. (2014)
£Salamatin et al. (1994)
"Ritz et al. (1982)
'Wilhelms et al. (2007)
iTarasov and Peltier (2003)
KLambert et al. (2012)
'Fischer et al. (2007)
™Schiipbach et al. (2014)
"Bigler (2024)

°Aarons et al. (2017)
PDelmonte et al. (2004)
9Marino et al. (2009)
"Delmonte et al. (2010)
‘Ruth et al. (2003)

3.2 N20 analysis
3.2.1 Measurement of N2O mixing ratio and isotopic composition

Prior to analysis, the samples were decontaminated by removing ~5 mm of the outer surface potentially affected by diffusion
of modern air and chemical contaminants. Scraping was performed with a precleaned knife and wearing polyethylene gloves
to minimize NOs™ contamination (see Sect. 3.3).

The mixing ratio and bulk isotopic composition of N,O were measured at the University of Bern, Switzerland, using the
method described in detail in Schmitt et al. (2014). The air was extracted by melting the ice core samples, N>O was purified,

analyzed by isotope ratio mass spectrometry (IRMS), and the results were converted to international isotope scales. Isotopic

» . R . . .
compositions are expressed in J values where § = Rsaﬂ— 1, with R referring to ""N/"N and '80/'°O ratios. The
reference

international references are N, in air for nitrogen and Vienna Standard Mean Ocean Water (VSMOW) for oxygen. The
analytical precision of N>O mixing ratio, ' "Ny and 3'%0 values is 3 ppb, 0.3 %o and 0.4 %o respectively.

We analyzed the position-specific isotopic composition of N>O from ice core samples at Oregon State University following
gas extraction, IRMS analysis, and data reduction methods described in detail in Menking et al. (2025). The position-specific
isotopic composition of N0, i.e. !N, (central-position N atom), 3!*Np (terminal-position N atom) and site preference (SP),

is defined as:
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2
SP = 6N, —8§N; (2)

15 —
6 Nbulk -

1

The 8" Npuk, 8'°N, and §'30 values were measured and the 3'°Ng and SP values were calculated using Eq. (1) and (2),
respectively. The precision of the measurement is 3 ppb for N>O mixing ratio, 0.4 %o for 8" Ny, 0.6 %o for §'°Ng, £0.8 %o
for 3!°Np, £1.3 %o for SP, and £0.6 %o for 5'80.

3.2.2 Calculation of the mixing ratio and bulk isotopic composition of the in situ N2O fraction

The N>O mixing ratio and isotopic composition that we measured represent the total N,O extracted from the ice cores, i.e. a
mixture of atmospheric NoO plus any in situ N>O. For our study, we need to calculate the mixing ratio and isotopic
composition of in situ N2O only. To calculate the in situ values from the measured values, we used the following mass
balance approach for each sample:
[N2O0lin sitw = [N20lmeas — [N20latm  (3)
Sim it = Omeas * [N2Olmeas = Sarm * [N2Olarm “)
[N2O0]in situ

where [N2O ]meas is the N>O mixing ratio measured in the ice core sample, [N2O]in situ is the mixing ratio of in situ N>O in that

sample, and [N,OJam is the atmospheric mixing ratio of N>O at the gas age of the sample; the same terminology applies for
delta values.

One issue with this mass balance approach is the need to know [N2O]am and Sam, given that most N,O records are affected
by in situ production. We used the N>O record from the dust-poor TALDICE ice core, which is the best estimate of an
atmospheric baseline. TALDICE is not significantly impacted by in situ N>,O production but is limited in time reconstruction
(~150 ka). Low in situ contribution is supported by the observation that the TALDICE N,O mixing ratios during the dust-
rich LGM and MIS4 periods generally align with the NGRIP N,O mixing ratios, after in situ N>O outliers are removed from
the NGRIP record (Fig. Al). Previous studies identified the high-resolution NGRIP record as representative of atmospheric
N>O variations (Fliickiger et al., 2004; Schilt et al., 2010a, 2013). As atmospheric NoO mixing ratios are globally
homogeneous while in situ N>O production is ice-core dependent, the agreement between the TALDICE and NGRIP records
supports the atmospheric nature of the TALDICE record. This is particularly significant because the NGRIP and TALDICE
ice cores, drilled in Greenland and Antarctica, respectively, have very different chemical compositions that would lead to
different in situ production features. To associate each sample with the atmospheric values matching its gas age, we applied
a cubic smoothing spline interpolation with a 2000-year smoothing window to the measured TALDICE data, which has a
temporal resolution of approximately 300 years over the LGM and 600 years over MIS4. Only the samples with a mixing
ratio difference of more than 15 ppb from the TALDICE spline were used in the mass balance calculation.

There are several sources of error in our approach, including measurement uncertainties in N,O mixing ratios and isotopic

composition, uncertainties in the TALDICE N,O spline interpolation, and uncertainties in gas-age estimates, which in turn

10
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impact the chronological alignment between ice cores. We used a Monte Carlo method to assess the uncertainty of reported
values, and ran 1000 simulations to determine the mixing ratio and isotopic composition of in situ N>O. We varied the
variables of Eq. (3) and (4) within their uncertainty ranges (Table B1). The derived uncertainties were calculated as the
standard deviation of the results of the 1000 simulations.

We acknowledge that there could be a small in situ production of N>O in the TALDICE ice core, isotopically undetectable if
the isotopic signature of in situ N,O is close to the atmospheric one. We conducted a sensitivity study to evaluate the impact
of this possibility (Fig. C1 and C2). Assuming that N>O production is proportional to dust content, we estimated the in situ
N>O mixing ratios by multiplying the calcium concentrations — used as a dust proxy — by a constant N>O production factor.
These in situ N2O mixing ratios were subtracted from the TALDICE N,O mixing ratios to obtain a corrected record that was
used in the mass balance approach as an atmospheric baseline. This approach assumes a constant total air content (TAC)
across all samples. While variations in TAC affect the conversion from Ca*-based N,O estimates (in ng.g"") to mixing ratios
(ppb), this effect is relatively minor (within £10 %) and does not dominate the overall uncertainty in our mass balance
calculation. Our sensitivity study varied the production factor from 0 to 1 ppb-N,O/ng.g’!-Ca?* (Fig. C1 and C2). A
production factor above 0.5 ppb-N,O/ng.g!-Ca?" is unlikely, as it would result in significantly lower N,O mixing ratios in
TALDICE compared to NGRIP. Increasing production factors in TALDICE result in isotopic signatures of in situ N>O in the
other ice cores that are closer to atmospheric values. Importantly, even with a small production factor of 0.1 to 0.2 ppb-
N,O/ng.g'-Ca*, our findings remain consistent, with minimal changes in regression slopes when comparing the isotopic
compositions of in situ NoO and NOs". Thus, we conclude that the interpretations that follow remain valid even if the

assumption that TALDICE represents the true atmospheric N>O baseline is not entirely accurate.

3.2.3 Calculation of the position-specific isotopic composition of the in situ N2O fraction

We used the same mass balance approach as in Sect. 3.2.3 to calculate the in situ 8'°N, values in the Vostok and TG
samples, with Eq. (3) and (4) in which the § values are substituted with §'N,. The in situ §'*°Ng values were calculated with
Eq. (1) (8" Np in siw = 2 8" Nouik in situ - " Nu in si) and in situ SP values with Eq. (2) (SPin situ = 8" Nu in sita - "N in sita). One
problem with this approach is that the TALDICE record does not include position-specific information. As the atmospheric
reference 8'°Ny um, we therefore used the average of the values measured by Menking et al. (2025) in samples from the TG
ice core during the period 16 to 21 ka, as these values vary little over time during the last glacial period. These specific

samples were shown to be unaffected by in situ production by comparison with TALDICE and NGRIP.

3.3 Measurement of NOs™ concentration and isotopic composition

After wet extraction and dry extraction of N,O at the University of Bern and Oregon State University, respectively, the
meltwater and melted ice chips from ice-core samples were used for nitrate isotope analysis. To avoid any chemical reaction

and hence production or consumption of NOs’, the collected samples were refrozen and stored at -25 °C.
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To assess the potential contamination impact of the gas extraction techniques on NOj", we measured the concentration and
isotopic composition of NOs™ in ultrapure ice samples spiked with a controlled amount of NOs isotope standard after gas
extraction as described above. Additionally, we compared the concentration and isotopic composition of NOs™ in duplicate
ice core samples, one analyzed directly and the other analyzed after gas extraction (Table D1). These tests show that the gas
extraction techniques do not lead to measurable contamination, loss, or 3'°N isotopic fractionation of NOs™ in the collected
samples. Although 3'®*O(NO;’) values are slightly affected, the impact is negligible relative to their typical variability
observed in ice cores.

The method used for nitrate isotope analysis is described in detail in previous publications (Erbland et al., 2013; Kaiser et al.,
2007; Morin et al., 2009). Briefly, NOs™ in the samples was preconcentrated using an ion exchange resin, then converted to
N>O through bacterial denitrification, using a strain of Pseudomonas aureofaciens. The resulting N>O was then decomposed
to N, and O on a gold catalyst kept at 850 °C, and the isotopic compositions of the obtained N, and O, were measured by
IRMS. The results were corrected for blank contribution and calibrated on international scales following the procedure

described in Erbland et al. (2013). Measurement errors are +0.8 %o for §'>N and +1.0 %o for §'30.

4 Results

4.1 Bulk isotopic signatures of total N2O and in situ N2O
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Figure 3. Nitrogen and oxygen isotopic composition of total N2O measured in samples from different ice cores (a) and nitrogen and
oxygen isotopic composition calculated for in situ N2O in the same samples (b). The mixing ratio of in situ N2O is represented by
the size of the markers. The grey cross represents the average isotopic signature of the TALDICE samples and reflects the isotopic
composition of atmospheric N20O. In panel (b), one TALDICE sample shows in situ N20 production associated with an
exceptionally high dust peak (see Text). Note that the scale of the axes is different for panel (a) and (b).
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Figure 3a illustrates the measured isotopic signatures of total N,O from various ice cores. The TALDICE data, representing
atmospheric N,O, clusters around a mean 8" Ny value of +11.3 = 0.7 %o (1o standard deviation) and a mean §'30 value of
+45.7 £ 0.9 %o. These data cover the last 140-kyr interval and their standard deviation is only about two times the
measurement error, hence the detectable temporal variability of the isotopic signature of N,O is small. In contrast, other ice
cores show wider ranges, both in §'*Npu and §'0: the deviations from the atmospheric range and relationship with elevated
N>O mixing ratios indicate that these samples are substantially affected by in situ production.

Importantly, the magnitude and direction of deviations from the atmospheric signature are ice core specific. Because the in
situ N>O fraction shapes the observed isotopic deviations, we closely examine the isotopic signature of in situ N>O in Fig.
3b, which presents the results of our mass balance calculation. Individual samples in the NGRIP ice core in Greenland show
the highest in situ N2O production, up to 380 ppb, while Antarctic ice cores like Vostok, EDML, EDC, and TG show in situ
production in the order of 40 ppb, which corresponds to 20 % of the atmospheric N,O mixing ratios during glacial periods.
The isotopic signature of in situ N»O is highly variable, ranging from -37 %o to +189 %o for 8'*Nyux and from -41 %o to +100
%o for 5'30. Not only does in situ N>O have a distinct isotopic signature in each ice core, it also exhibits a variable isotopic
signature within a given ice core. This suggests that the isotopic signature of the precursor(s) varies. Interestingly, all the ice
cores except EDML show a negative correlation between 8" Npuik(N2Oin sin) and 3'80(N2Oin si) (Fig. 3b). EDML shows a
positive correlation.

While we used the TALDICE N>O record to represent atmospheric N>O, it is important to note that one sample within this
ice core record is affected by in situ production (Fig. 3b). By comparison with the TALDICE spline, this particular sample
contains 31 ppb of in situ N,O with a 8" Npu(N2Oin siw) value of -5 %o and a '8 O(N2Oin sita) value of +67 %o. Despite this
anomaly, there are compelling reasons to use TALDICE as a reliable record for atmospheric values. Firstly, only one sample
out of the 192 measured was found to be affected by in situ production, indicating that such occurrences are rare. Indeed, this
sample is characterized by an exceptionally high dust content of 188 ng.g™! of Ca%*, which is 280 % higher than typical dust
peaks observed in the TALDICE ice core during the LGM. Secondly, the amount of in situ N>O in the affected sample is
relatively small compared to this high dust content: it corresponds to a production factor of 0.16 ppb of N>O per ng.g™! of

Ca?", which has little influence on our results, as shown by our sensitivity study (Fig. C2).

4.2 Comparison of isotopic compositions of NO3™ and in situ N.O

In this section, we compare the isotopic composition of NOs™ and in situ N>O to test our hypothesis that NOj3™ is a precursor
for in-situ produced N>O. We compare the isotopic composition of N,O and NO3;™ measured in the same ice samples, with
N>O analyzed in the extracted air and NOs" in the meltwater collected after air extraction. To compare the data, we used the

regression method by York et al. (2004) that accounts for errors in both the x and y variables and their potential correlation.
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Figure 4. Relation between 8'*Nbui(N20in sita) and 8'SN(NO3"). The dashed line represents the linear regression.

Figure 4 shows the bulk nitrogen isotopic composition of in situ N,O and the nitrogen isotopic composition of NOs
measured in the EDML, EDC, TG and Vostok ice cores. There is a clear positive correlation between &'’ Npu(N2Oin sir) and
8'N(NO;") with a R? value of 0.86 which points to nitrate being a key precursor for the in situ produced N>O. However, the
slope is significantly different from 1, and in fact close to one half (0.54 + 0.02), i.e., roughly one of the two N atoms of the

in situ produced N,O originates from NOs".
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Figure 5. Relation between 8'*0(N2Oin situ) and 3130(NO3Y).
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Figure 5 shows the comparison between the 3'%0 values of NO5™ and in situ N>O. There is no correlation between these two
variables across or within sites, and no general trend towards '80 enrichment or depletion of in situ N,O relative to NOs™. At
Vostok and EDC, §'*0(NO5") values are around +45 £ 6 %o (10), while §'*O(N2Oin situ) values are approximately +31 = 17
%o. At TG, §'*0(NO5") values are higher at +68 £ 4 %o, and 8'80(N2Oin sita) values reach +93 + 11 %o. At EDML, §'*O(NO5")
values are the highest at +87 + 6 %o, whereas §'30(N2Oin si) values are the lowest, at +17 = 11 %o.

In summary, despite the clear correlation between ' Npuk(N2Oin sita) and §'N(NOs") values suggesting NOs™ as a precursor,
the incomplete transfer of both its nitrogen and oxygen isotopic compositions to in situ N>O indicates that NOsz™ alone does
not fully account for the nitrogen and oxygen sources of in situ N>O. To gain deeper insights into the reaction mechanisms,

we turn our focus to the position-specific isotopic composition of in situ N>O.

4.3 Site preference of N in in situ N2O

Figure 6 shows clear correlations of §'"N,, 8'Ng, and SP values versus 8'*Npui of total N2O (a, ¢) and in-situ N,O (b, d)

measured in the TG and Vostok.
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Figure 6. Position-specific isotopic composition measured for total (atmospheric + in situ) N2O and calculated for in situ N2O in the
Vostok and TG ice cores. The panels show the relation between 8'SNg, 8'SNp and 8'Npux of total N2O (atmospheric + in situ) (a)
and in situ N2O (b), and between site preference (SP) and 3'>Npui of total N2O (atmospheric + in situ) (c) and in situ N2O (d). The
size of the markers on panel (b) and (d) are scaled to the amount of in situ N2O in the sample. In panel (b), TG samples are in the
bottom-left corner. The crosses represent the unaffected atmospheric values measured by Menking et al. (2025) in dust-poor
Taylor Glacier samples from the period 16 to 21 ka.

In situ N>O at Vostok exhibits high 8'N, values from +95 %o to +152 %o and much lower 8'Ng values from +13 %o to +43
%o. In contrast, in situ N,O at TG has low 8"°N, values from -50 %o to -39 %o and low 8'°Ng values from -34 %o to -18 %o,
with 85N, being lower than the §'Ng values. The Vostok and TG samples exhibit very different SP(N2Oin sity) values; +59 %o
to +122 %o and -22 %o to -8 %o, respectively. These values differ significantly from those of atmospheric N>O which range in
SP from +17 %o to +24 %o across last glacial termination, as reconstructed from dust-poor sections of TG ice (Menking et al.,

2025). The SP(N»Ois siu) values at Vostok are very high and variable, and are outside the range of typical reported values
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from -11 %o to +37 %o (Toyoda et al., 2017; Zhu-Barker et al., 2015). Note that the SP(N,Oin siu) values at Vostok seem to be
correlated to the 8" Npuk(N2Oin sin) values with a slope of 1.8 + 0.7, whereas SP values in field and culture studies have been
shown to be generally independent of 8" Ny (Frame and Casciotti, 2010; Sutka et al., 2003, 2006; Toyoda et al., 2005). For

TG, there is too little data to identify a potential correlation.
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Figure 7. Relation between 8'*N(N20in sitn) and 8'5N(NO3") (a) and between 8'Np(N20in situ) and $'SN(NO3°) (b).

In Fig. 7, the 8N, and 8'"Np values of in situ N,O are compared with §'°N values of NO5;™ measured in the TG and Vostok
ice cores. There is a clear positive correlation between §'Ny(N2Oin sivi) and 8'°N(NO5") with a slope of 1.0 + 0.1 and an R?
value of 0.97. This correlation is robust when excluding the TG data. However, there is no statistically significant correlation
between 3 Np(N2Oin sis) and 8°N(NO5") for the individual sites.

5 Discussion

5.1 Production of hybrid N.O

The strong correlation between 8" Npuk(N2Oin si)) and 8'°N(NOs") indicates that NOs™ is involved in the in situ N,O
formation. However, the slope is (0.54 + 0.02) (Fig. 4), whereas a slope of 1 would be expected if both nitrogen atoms in
N>O originate from NOs™ in the ice. Therefore, our results suggest that in situ N>O is not derived from NOs" alone, thus not
originate from a single precursor (we use the term “single-precursor NoO” hereafter, see Fig. 8). The strong correlation of
8Nu(N20is sin) and 3'N(NO5") with a slope of 1.0 + 0.1 (Fig. 7a), implies that the central N atom in N>O (N,), originates
exclusively from NOs™ archived in the ice. At the same time, the 8'">Np(N2Oin siy) values are not correlated to 3'>N(NO3),
indicating that the terminal N atom (Np) originates from a different nitrogen source. The slope of the linear regression

between SP(N2Oin si) and 8" Npyk(N2Oin sis) (1.8 £ 0.7) is consistent, within uncertainty, with transfer of a variable N
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isotopic composition from NO;™ to N, and transfer of a constant N isotopic composition from another precursor to Np.
Indeed, by substitution of equations Eq. (1) and (2), one would expect SP = 2* §'5Nyux — 2*8'Np, where 5'Np is relatively
constant within each ice core, although its specific value differs between cores (Fig. 7b). Our results suggest that the N,O
produced in situ is thus “hybrid N>O”, defined by its two nitrogen atoms originating from two distinct nitrogen precursors,
one of them being NOs" in ice (Fig. 8).

A large number of studies have reported the production of hybrid N>O through various reaction pathways, including N-
nitrosation reactions (Spott et al., 2011) and the decomposition of ammonium nitrate (NHsNO3) (Rubasinghege et al., 2011).
N-nitrosation reactions generally involve the replacement of a hydrogen atom on a nucleophilic precursor by a nitroso (-
N=0) group (Spott et al,, 2011). Production of N>O occurs during N-nitrosation under acidic conditions, when the
nitrosating agent nitrite (NO;") reacts with the nucleophile hydroxylamine (NH,OH) to form nitroxyl (HNO). Two HNO
molecules then dimerize to produce nitrous oxide (N>O) and water (Spott et al., 2011). This reaction can be abiotic or
mediated by bacteria, archaea, or fungi. Other nucleophilic species can react with NO,™ to produce N»O, such as azide (N3"),
ammonium (NH4"), hydrazine (N2Ha), or salicylhydroxamic acid (C;H7NO3) (Spott et al., 2011). In the case of in situ N,O,
the central nitrogen N, may originate from NO>™ after reduction of NOs", and the terminal nitrogen Ng may come from one
such nucleophilic precursor (Fig. 8). Our work does not yet allow us to identify the nucleophilic precursor for Np, especially
because the presence and concentration of most of the N-bearing compounds in ice have not yet been investigated.

Another pathway for hybrid N,O production is the decomposition of ammonium nitrate (NH4NO3), either by thermal
decomposition or by a light-initiated reaction involving the photoreduction of NO;™ to NO, coupled with the oxidation of
NH4" to NH», which react with each other to produce N>O (Rubasinghege et al., 2011). However, several arguments
challenge the feasibility of the NH4sNO; decomposition in ice. Firstly, the ice environment lacks sufficient heat for thermal
decomposition, and light penetration is minimal within the deep firn and ice, raising questions about the availability of
sufficient energy for these reactions. The high activation energy of the decomposition would make the reaction very slow at
the ice temperature. Additionally, if NoO were produced from NH4NOj3, the oxygen atom in N>O would originate from NOs
and inherit its isotopic composition, yet the 8'30 values of in situ N>O do not correlate with those of NOj5 (Fig. 5). Finally,
NOs and NH4" are present in dust-poor polar ice as well, where no in situ N,O production is observed, and similarly, there is
not necessarily in situ N,O production everywhere in dust-rich ice from Greenland despite sufficient NO3  and NH4". In our
view, an N-nitrosation reaction is more likely than a NH4sNO3 decomposition reaction for N>O production in ice.

NH,4" could provide the terminal nitrogen (Ng) of in situ N>O also in the case of N-nitrosation. The 3'°N values of NH4" in
the atmosphere range from -20 %o to +25 %o (Chen et al., 2022), rather similar to the 8'*Ng values of in situ N>O in Vostok
and TG with average 8'°Ng values of -27 %o and +24 %o, respectively. These differences could be due to post-depositional
processes altering the isotopic composition of NH4" differently at different drilling sites. The nitrogen isotopic composition
of NH4" has been measured only in one alpine glacier ice core, with 3'°N values ranging from -15 %o to +5 %o for the years

2013-2017 (Lamothe et al., 2023). To further investigate this hypothesis, we suggest measuring the nitrogen isotopic
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composition of NH," in Antarctic ice cores, specifically from Vostok and Taylor Glacier, to compare with the ' Ny values

of in situ N;O.

5.2 Limiting factor of the reaction

One key observation is that the elevated N>O mixing ratios during glacial periods are of similar magnitude over the last 800
kyr in the EDC ice core with no increase with depth/age (Schilt et al., 2010b). This observation suggests that N>O in situ
production does not increase further over time and is essentially finished at the LGM (20 to 26.5 ka). Therefore, we
hypothesize a mechanism that is limited by the concentration or transport/diffusion of a reactant. The limiting factor cannot
be NO;™ as the concentrations remain high over time. Thus, it could be the precursor of the terminal N atom (Njp) or the agent
reducing NOs3™ to NO>™.

Indeed, because N-nitrosation reactions typically involve NO;™ rather than NO;™ (Spott et al., 2011), a prior conversion of
NOs™ to NO»" is required. While this step can be carried out by denitrifying organisms, the extremely low temperatures and
acidic conditions in Antarctic ice make an abiotic process more likely (see Sect. 5.5). NO;™ can be abiotically reduced to
NO;" by redox-active metal ions such as Fe?" or Mn?" (Zhu-Barker et al., 2015). This hypothesis is supported by the presence
of Fe?" in ice cores (Spolaor et al., 2012, 2013). Baccolo et al. (2021) found decreasing Fe?" concentrations with depth in the
TALDICE core, and below 1500 m only Fe** is present in the form of jarosite (KFe**3(SO4)2(OH)s), a mineral that forms
through the oxidation of aeolian dust under acidic conditions. These findings indicate that Fe?" undergoes slow post-
depositional oxidation in the ice. One possible explanation is that NOs~ oxidizes dust-derived Fe?*, which could explain the
observed link between dust content and in situ N>O production. In this scenario, Fe?" is the limiting factor for N,O

production, as it is progressively consumed during the conversion from NO3™ to NO;".

5.3 Site preference constraints on the N2O production mechanism

Table 2. Site preference (SP) ranges measured for different N2O production pathways compared to site preference ranges
calculated for in situ N2O in the Vostok and TG ice cores.

Reaction pathway SP range (%o) Suspected Reference
intermediate
species
Single-precursor | Bacterial [-5.1;-0.5] (Toyoda et al.,
N:0 denitrification 2017)
Nitrifier [-10.7 ; +0.1] (Toyoda et al.,
denitrification 2017)
Nitrification [+28.9 ; +36.6] Hyponitrite (- (Toyoda et al.,
ONNO-) 2002, 2017)
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Fungal [+21.9;+37.1] Hyponitrite (- (Toyoda et al.,
denitrification ONNO-) 2017)
Iron-cis-
hyponitrite-
complex
Abiotic NOy [+10; +30.1] (Jones et al., 2015;
reduction Toyoda et al.,
2005)
Abiotic NH,OH [+29.5 ; +34.1] Hyponitrite (- (Heil et al., 2015;
oxidation ONNO-) Toyoda et al.,
2005)
Hybrid N20 Abiotic oxidation of | [+34 ; +35] (Heil et al., 2014)
NH,OH by NOy»
In situ production at | [+57.2 ; +187.4] Asymmetric This study
Vostok intermediate
(unknown)
In situ production at | [-17.3 ; -6.9] Asymmetric This study
TG intermediate
(unknown)

Since many reaction pathways have specific SP values, the SP signature is commonly used to attribute N>O production
pathway to a specific pathway. High SP values ranging from +22 %o to +37 %o are reported for nitrification, fungal
denitrification, and abiotic reactions such as NO,™ reduction and NH,OH oxidation (Table 3). Several studies suggested that
the similarity of the SP signatures for these distinct formation pathways is attributable to a common intermediate species —
hyponitrous acid HONNOHcis. During decomposition, this intermediate preferentially breaks at the '“N-O bond over the
5N-O bond, enriching the central N atom (N,) in N and explaining high SP values (Fig. 8a). In contrast, bacterial and
nitrifier denitrification produce N>O with low SP values from -11 %o to 0 %o, which are thought to derive from a different
intermediate. Modeling work suggested a trans-hyponitrous structure that decomposes preferentially into "N¥NO due to
kinetic isotope effects, thus explaining the low SP values of these formation pathways (Fig. 8a). Overall, in these cases, SP
values are therefore determined by the decomposition step of the last intermediate into N>O and are independent of the §'°N
values of the precursor (Fig. 8).

For in situ N>O, however, the SP values for the Vostok and TG ice cores do not fall into either typical low or high SP range
and are highly variable (Table 2). The constant-SP pathways discussed above produce single-precursor N>O, but in the case

of hybrid N>O production, one would expect a priori that the SP would no longer be a unique mechanism-dependent
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signature. Instead, for hybrid reactions the SP should be influenced by the difference between the 3!°N signatures of the two
precursors, if the central N atom (N,) is derived from one precursor and the terminal N atom (Np) from the other. However,
Heil et al. (2014) demonstrated that hybrid N>O from the nitrosation of NH,OH by NO>" is also characterized by a constant
SP value of +34 %o (Table 2) regardless of the precursor signatures. The authors concluded that the NH,OH-nitrosation
mechanism also involves the symmetric hyponitrous intermediate (Fig. 8b). In fact, since this intermediate is symmetrical,
the N atoms from each precursor can either take the a-position or the B-position in the final N>O molecule; the difference in
their 8'>N values then has no influence on the SP value (Fig. 8b).

Because of the variability of the SP(N2Oin situ) values and their dependence on the §'*°N(NO;") signature, we therefore deduce
that the production mechanism of in situ N>O does not involve the hyponitrous symmetrical intermediate. In Fig. 8c, we
propose a new reaction mechanism that involves an asymmetric intermediate, resulting in a hybrid N>O molecule in which
the N atoms at the o and [ positions are derived from a specific precursor. N, and Np retain the two individual signatures of
the precursors rather than losing them as discussed above. The high variability of SP values is then attributable to the
variability of 8'°N,, values (Fig. 6), which originates from the wide range of 6'>N(NOj3") values (Fig. 7). Two options could
then be considered to justify the asymmetric nature of the intermediate whose exact chemical formula is unknown. Firstly,
the precursor of the B-position N atom could be different from NH,OH. Although most studies on hybrid N,O production
report a reaction between NH,OH and NOy", other nucleophilic precursors have been reported as precursors of hybrid N>O.
Hydrazine (N,H4), for example, forms the asymmetrical intermediate HO-N=N-NH, (Perron et al., 1976). The second
alternative is that hybrid N>O is indeed produced from NH>OH and NO;, but the very low temperatures modify the
intermediate species.

The same hybrid production mechanism proposed for in situ N>O production in Antarctic ice may occur at Don Juan Pond
(DJP), Antarctica. Like in ice cores, NoO formation at DJP reported by Samarkin et al. (2010) occurs under very low
temperatures and involves NOs and especially NO,", with higher production rates for NO, as precursor. The authors
demonstrated that N>O extracted from DJP soil is abiotically produced. Moreover, they measured very low and highly
variable SP values at DJP, down to -45 %o, which also fall outside the typical SP range. This variability in SP values and
similar environmental conditions support the possibility of a shared, likely abiotic, mechanism of hybrid N>O production in

Antarctic ice and at DJP.
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(a) Single-precursor N,O with symmetric intermediate {b) Hybrid N,O with symmetric intermediate {c) Hybrid N,O with asymmetric intermediate
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- - + ] i
NOgs NOg7 NH™ NH 1 pead 2 [ R ?
: : T ~
| | to, | H,OH” NO, H,O||NH,0H” NO, H,0
v J v N
NO,  NO, HOH NHOH (| & o
; ; i ; H
NO =----r- NO OH-----1NOH HO OH
i | N N—=O
HO ) {ra@ HO C:S OH ‘.""“.\ HO :
(’N I N OH / I @V"’,’ ‘\\\\ ®

N=h N-O
Low SP a § B B o

SP = mechanism-specific kinetic isotope effect SP = mechanism-specific kinetic isotope effect SP = 5N(NOy) — + isotope effects

NN-O O || 0-N=N « N=N-O

Figure 8. Production mechanisms for single-precursor N2O (a) and hybrid N2O (b), (¢). Two mechanisms for hybrid N.O
production are proposed: panel (b) explains constant SP values, while panel (c), which explains the observed SP dependence on the
85N values of the precursor, likely represents the in situ production pathway. (b) Mechanism with a symmetric intermediate, here
the cis-hyponitrous acid HONNOH. Depending on which N-O bond of the symmetric intermediate breaks, the NO:-derived and
NH:OH-derived N atoms can each end up either in the central position (a) or in the terminal position (B) in N2O. The percentage
of molecules 1 and 2, and consequently the site preference, only reflects the preferential cleavage of the '“N-O bond over the 'SN-O
bond during the last step of N2O formation. Therefore, hybrid N2O exhibits a consistent site preference that is independent of the
85N values of the precursors (Heil et al., 2014). In this case the O atom is derived from one precursor or the other. (c) Mechanism
with an asymmetric intermediate. In this case, the O atom and the central N atom (No) are always derived from NO: and the
terminal N atom (Ng) from NH20H. The two N atoms retain the §'5N signatures of their individual precursors. The site preference
is therefore variable, as it depends on the difference between the 3'5N values of the two precursors. This mechanism matches our
observations but to our knowledge has not yet been reported in the literature. Note that the precursors and intermediates shown in
this figure are only examples used to illustrate our point about SP values. It is one hypothesis among others for the mechanism of
in situ N20 production as the nitrogen source of the terminal nitrogen Np in N2O (in yellow) remains unknown. During in situ
production, Fe?" carried by dust may reduce NO3" to NO>" and act as the limiting factor once fully oxidized to Fe’*.

5.4 Source of oxygen in in situ N2O

Considering an N-nitrosation pathway, the observed 3'*O(N2Oin situ) values might be explained by the combined processes of
NOj™ reduction and NO;™ isotopic equilibration with H,O (Casciotti et al., 2007). Since N-nitrosation typically involves NO,
rather than NOjy, it is likely that NOjs" is first reduced to NO,". Several studies have shown that NO,™ is prone to exchange its
O atoms with the O atoms of water molecules in aqueous solution (Bunton et al., 1959). The water from Antarctic ice is
strongly depleted in 0, with §'8%0(H,0) values of approximately -62 %o at Vostok (Lorius et al., 1985), -56 %o at EDC
(Landais, Amaelle and Stenni, Barbara, 2021), -42 %o at EDML (EPICA Community Members, 2010) and -42 %o as well at
TG (Baggenstos et al., 2018). Thus, incorporation of O atoms from H»O into N,O through exchange with NO,™ could explain
the 180 depletion observed in in situ N>O compared to NOs™ in the EDML, EDC, and Vostok ice cores (Fig. 5). However, the
3'80(N20in sim) values are not correlated to §'*0(H,0) values and the difference between 8'30(N2Oip sin) and 3'30(NO;3") is
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significantly larger at EDML than at EDC and Vostok. This may indicate an incomplete exchange of O atoms between NO,
and H,O, with a larger fraction of exchanged O atoms at EDML than EDC and Vostok.

In contrast, 8" O(N2Oin siw) values at TG are unexpectedly higher than §'80(NO;"), suggesting that oxygen exchange with
water alone cannot explain the §'*O(N>Oi, i) values. In this case, the observed enrichment in 0 compared to NO; might
be due to the “branching effect” associated with NOs™ reduction. This effect results from the incomplete incorporation of the
oxygen pool from NOs™ to N>O (Casciotti et al., 2007). Indeed, only two out of three O atoms from NOs™ are transferred into
NOy, then one out of two from NO»™ to N>O. Since '°0 atoms are preferentially lost, NO," and N,O become enriched in '%0.
For the abiotic reduction of NO; to N,O by Fe?*, the branching effect results in positive isotope effect of about +30 %o at 25
°C (Buchwald et al., 2016) which is likely even larger at very low temperatures. Although the same branching effect
probably occurs at EDC, Vostok, and EDML, the fraction of exchanged O atoms might be smaller at TG, making the
branching effect relatively more pronounced in the final '3 0(N2Oin si) values.

The reason why the fraction of exchanged O atoms would vary among ice cores is not fully understood. It likely depends on
the relative rates of oxygen isotope equilibration and the N-nitrosation reaction, both of which are temperature- and pH-
dependent. Casciotti et al. (2007) showed that oxygen exchange is faster under acidic conditions, and Su et al. (2019)
reported that low pH also accelerates abiotic nitrosation reactions. Therefore, the combination of different ice chemical
compositions and environmental conditions during the reaction could influence the fraction of O atoms exchanged between
NO;" and H;O.

While the relative contributions of oxygen exchange and branching effect to the 3'8O(N2Oin si) values remain unclear,

overall, these processes may mask the transfer of the original 3'%0(NOj3") signature into in situ N,O.

5.5 Likelihood of an abiotic production of N2O

In situ N,O production in polar ice has often been attributed to microbial activity. Sowers (2001) reported two N,O maxima
in the Vostok ice core at around 150 ka that coincided with elevated bacterial counts. Similarly, Rohde et al. (2008) found
that in the GISP2 Greenland ice core, most of the samples affected by in situ production were associated with large cell
counts.

However, several observations challenge the hypothesis of a microbial in situ production. First, the correlation between
microbial counts and N,O maxima may not be causal, as the dust content could be a confounding variable: mineral particles
are the main carriers of microbial cells to the ice sheet (Miteva, 2008; Miteva et al., 2016), so both microbial concentrations
and in situ N>O are positively correlated with dust content in Antarctic ice cores. Second, because the low temperatures
affect microbial metabolism and thus limit the reaction, one would expect the increase in ice temperature with depth to result
in an increase in excess N.O as well. However, such an increase is not observed (Schilt et al., 2010b). Third, microbial
activity generally requires the presence of liquid water. Although thin water channels called “liquid veins” can form during
ice crystal growth due to concentration of acidic impurities at crystal interfaces (Barletta et al., 2012; Dani et al., 2012), the

upper hundreds of meters where N,O is produced are too cold for such features to exist at sites like Vostok (Dani et al.,
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2012). Fourth, no functional genes involved in bacterial and archaeal nitrification and denitrification were detected by PCR
amplification in the NEEM Greenland ice core during the last glacial period (Miteva et al., 2016). Finally, Antarctic ice is an
acidic environment (EPICA community members, 2004; Wolff et al., 1997), but the review by Spott et al. (2011) indicates
that hybrid N>O production by biotic nitrosation generally occurs under neutral pH conditions, within a range of 6 to 7.5.
Only one study reported AOA production of hybrid N,O at a moderately low pH of 5.5 (Jung et al., 2019). In contrast, Su et
al. (2019) showed that abiotic production of hybrid N,O is enhanced at pH < 5. Given the above constraints, an abiotic
mechanism is the most plausible explanation for in situ N,O production.

An abiotic reaction triggered by low pH could explain the differences in N>O production observed between Antarctic and
Greenland ice. In Antarctic ice cores, N>O production occurs consistently throughout dust-rich depths and the amount of in
situ N>O is roughly correlated with the amount of dust (Schilt et al., 2010b, a). In contrast, Greenland ice shows erratic NoO
production with a finite number of outliers of very high N>O mixing ratio (Fliickiger et al., 2004). In Greenland cores it
occurs in specific depth intervals with moderate dust concentrations, while sections with very high dust concentrations rarely
show in situ production. This very dusty Greenland ice is alkaline due to the deposition of alkaline dust (calcium
carbonates), which can neutralize acids in the ice (Biscaye et al., 1997; Mayewski et al., 1994; Wolff et al., 1997), a
phenomenon not observed in Antarctic ice which is acidic (EPICA community members, 2004; Wolff et al., 1997). The
generally higher pH of Greenland ice (Rasmussen et al., 2023) may inhibit in situ N>O production, potentially explaining the
absence of widespread production in these cores. Isolated outliers with elevated N,O mixing ratios occur at depths where the

ice is more acidic, for instance near volcanic horizons, as they are often found close to sulfate peaks.

6 Conclusion

Using bulk and position-specific isotope analyses, we have improved the understanding of N>O production in Antarctic ice
while also raising new questions about its nature. Our results show that N>O produced in ice is hybrid N>O, with its central N
atom (N,) derived from NO;™ and its terminal N atom (Np) from a different precursor. This hybrid N,O is likely produced
abiotically through an N-nitrosation reaction, in which NOj is first reduced to NO, that then reacts with a nucleophilic
compound that supplies Ng in N2O. Fe?" contained in dust particles may be the agent that reduces NO3™ to NO,™ In addition to
the precursor of the terminal N atom, this reducing agent could be a limiting factor in the reaction. Low pH may also be a
necessary condition for this process. To better understand the pH control on N>O production, future work should investigate
the isolated in situ N>O outliers in Greenland ice. The sources of the terminal N atom (Ng) and the O atom in in situ N>,O
remain uncertain. One possibility is that N originates from NH4", potentially converted to NH,OH; measuring the isotopic
composition of NH4" in Antarctic ice cores could help test this hypothesis. For the O atom, it may be derived from two
different oxygen pools — either from NOs or from H,O through oxygen exchange with NO;".

Our work revealed that the isotopic composition of in situ N,O is highly variable even within a single ice core. As a result,

N>O records from ice cores cannot be accurately corrected for in situ production using a fixed isotopic signature in a mass
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balance approach. A more robust correction method would be to measure NOs™ isotopic composition alongside total N2O in
the same samples, as we did in this study. Since the in situ N>O signature reflects the variability of NO;s™ isotopes, this
method would help estimate the isotopic signature of in situ N>O in affected samples. We could not apply this method to the
existing N>O records because the meltwater was not collected after N,O analysis, thus the NOs isotopic composition cannot
be measured in these specific samples.

This study also highlights the importance of accounting for in situ N>O production when using N,O isotopes for source
attribution. In some ice cores, the isotopic signature of in situ N,O deviates drastically from the atmospheric signal. Even
small amounts of in situ N>O can significantly impact the measured isotopic composition and thus alter paleoclimatic
interpretations. For example, for atmospheric N>O at a mixing ratio of 200 ppb and in situ N>O at 5 ppb, with 8" Npu(N20in
sita) as high as +70 %o as we observed in the Vostok ice core, this small in situ contribution would shift the 8" Npui(N2Ototar)
by +1.5 %o. Such a shift would result in a 16 % increase in estimated marine N>O emissions and a change in marine-to-
terrestrial emission ratio from 0.39 to 0.45, which is close to the entire change observed over the last 21 kyr (Fischer et al.,
2019). Therefore, identifying and excluding all samples affected by in situ production is essential to avoid misinterpretation.
Our results reveal a previously unidentified N>O production pathway likely involving an asymmetric reaction intermediate.
This process may not be limited to ice but could also occur in other environments such as soils or aquatic systems,
suggesting it may contribute to atmospheric N,O more broadly. This has important implications for the interpretation of SP
values. The SP(N2Oj, si) values observed in this study show unusual variability and strong dependence on the isotopic
composition of the precursors, compared to SP values reported in previous studies (Heil et al., 2014; Toyoda et al., 2017).
These results may reflect the production of hybrid N,O via an asymmetric intermediate, where N, and Np originate from
distinct precursors and retain the isotopic signature of their respective sources. In this case, the SP values depend on the
difference between the isotopic signatures of the two sources. This mechanism complicates the use of SP to trace N,O
pathways, as they are not always characterized by a constant SP value. We therefore recommend further investigation of SP

values in hybrid N>O under different environmental conditions and reaction mechanisms.
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Appendix A — Can the TALDICE data be used as an atmospheric reference?
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620 Figure Al. N2O concentrations measured in the TALDICE (Schilt et al., 2010a), NGRIP (Fliickiger et al., 2004; Schilt et al., 2010a,
2013), and EDC (Schilt et al., 2010b) ice cores over the last 120 kyr (a) and over the last 40 kyr (b). In situ N2O outliers have been

removed from the NGRIP record. The EDC ice core is

affected by in situ production of N2O during the LGM and MIS4.
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Appendix B — Uncertainties in the mass balance calculation

Table B1. Uncertainty ranges used in the Monte-Carlo calculation of the uncertainty of in situ N2O isotopic signature. Here we
report the uncertainties due to differences in gas age scales of TALDICE and other ice cores, as the atmospheric values in the mass
balance calculation are defined as the spline values matching the age of the measured sample.

Variable Uncertainty range
Gas age 0.7 kyr

N>O concentration of the atmospheric spline 4 ppb

8'°N values of the N>O atmospheric spline 0.3 %o

85N, value of atmospheric N>O (Menking et al., 2025) 1.7 %o

5'80 values of the N,O atmospheric spline 0.6 %o

Measured N,O concentration 4 ppb

Measured 3'°N(N>O) values 0.3 %o

Measured 8'°Ny(N,O) values 0.6 %o

Measured 3'*0(N,0) values 0.6 %o

Appendix C — Sensitivity study: potential in situ contribution in TALDICE N.O
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Figure C1. Spline interpolation of TALDICE N:2O concentrations, corrected for potential in situ production proportional to dust
content. The different curves correspond to varying production factors, which link dust concentration to the amount of in situ N2O
produced. (a): 0 to 140 kyr BP, (b): 14 to 38 kyr BP.
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Figure C2. Sensitivity study testing the impact of in situ N2O production in TALDICE proportional to Ca’* concentrations, with
production factors (PF) ranging from 0 to 1. PF = 0 means no N20 production. (a) Relation between 8'3Npui(N20in sita) and
S15N(NO3Y). (b) Relation between 8'SNu(N20in situ) and 3'SN(NO3Y).

Appendix D — Assessment of potential NOs™ contamination, loss, or isotopic fractionation during N2O extraction from

ice core samples

Table D1. NOs™ concentration and isotopic composition of the same samples with and without N2O extraction.

NO;" concentration (ng.g™") NOs™ isotopic composition
3N (%o) 3130 (%o)

No N;O After N>;O No N;O After N>O No N;O After N>,O

extraction extraction extraction extraction extraction extraction
Ultrapure water with 80 75.2 +180 +175.7£0.5 | +254+02 +34.7+ 1.7
NOj" isotopic standard (reference (reference
USGS32 (Bohlke et al., value) value)
1993)
Duplicate ice | B37 108 55.7 53.0 51.9+04 54.8+04 484+23 59.2+23
core samples | EDC 35.6 35.1 175.8+0.5 176.0+ 0.4 382+ 1.7 40.5+2.3

1841

28




645

650

655

660

https://doi.org/10.5194/egusphere-2025-3108
Preprint. Discussion started: 10 July 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

EDML 93.0 90.3 469+ 04 50.9+0.4 76.1+23 84.1+£23
1768
EDML 64.8 64.6 63.3+0.5 65.0+£0.5 785+1.7 939+1.7
976
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