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Abstract During the transition from the Last Glacial Maximum (LGM) to the Holocene, the atmospheric
N,O mole fraction increased by 80 nmol mol™". Using ice core measurements of N,O isotopomer ratios, we
show that this increase was driven by increases in both nitrification and denitrification, with the relative
partitioning between both production pathways depending on the assumed isotopic end-member source
signatures. Similarly, we also attribute a 35 nmol mol~' N,O mole fraction increase during the Heinrich Stadial
4/Dansgaard Oeschger 8 (HS4/DO8) millennial-scale event to increases in both N,O production pathways. In
contrast, the 25 nmol mol ™' N,O mole fraction decrease during the Younger Dryas was driven almost
exclusively by a decrease in nitrification. The deglacial and HS4/DOS increases in N,O production occurred in
both marine and terrestrial environments, with the terrestrial source responding faster to warming by about two
centuries. Constraints on changes in nitrification and denitrification emissions are robust and consistent with
previous studies showing the sensitivity of N,O emissions to abrupt Northern Hemisphere warming. This study
demonstrates for the first time the importance of both denitrification and nitrification pathways in driving source
changes. Absolute emissions are more uncertain due to uncertainty about source isotopomer signatures. For
instance, the contribution of denitrification to emissions at the LGM shifts from (65 =+ 10) % to (91 + 6) % when
factoring in isotope enrichment due to partial reduction of N,O to N, during denitrification. Reducing
uncertainty in source signatures will increase the power of ice core N,O isotope records in deducing
environmental change.

Plain Language Summary Nitrous oxide (N,O) is a greenhouse gas that contributes to global
warming and stratospheric ozone depletion. Understanding how the amount of N,O in the atmosphere will
change with climate is important for future predictions, and polar ice cores represent a unique archive to study
nitrous oxide variations in the past. Previous ice core N,O studies used stable isotope ratios ('’N/'*N and
30/'%0 in N,0) to reconstruct what the change in source flux from marine versus terrestrial environments must
have been to cause N,O to rise 80 nmol mol™" during the last deglaciation, a dramatic global warming that saw
the transition from the ice age to interglacial. Here we use intra-molecular isotope ratios (position of '’N in N,O)
to reconstruct a plausible change in source flux from nitrification versus denitrification, and we find that both
production pathways contributed approximately equally in increasing the atmospheric N,O concentration. We
reconstruct source changes for a millennial-scale N,O variation that occurred about 40,000 years ago and find
essentially the same thing—nitrification and denitrification were both important for causing atmospheric N,O to
change. In the case where the isotope ratio for N,O produced from denitrification is higher due to reduction of
N, O before emission to the atmosphere, denitrification plays a more dominant role in the absolute N,O budget,
highlighting the importance of future work to address uncertainties in N,O source isotopic signatures.

1. Introduction

Nitrous oxide (N,O) is a powerful greenhouse gas and contributes to ozone destruction in the stratosphere (Ciais
et al., 2013; Ravishankara et al., 2009). Natural emissions of N,O are projected to increase in the future with
global warming, but the biogeochemical mechanisms that link climate with N,O emissions are not fully
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understood. Ice cores preserve a record of variations in atmospheric N,O mole fractions and isotope signatures,
offering a unique way to explore the link between climate and N,O production rates and pathways.

N,O is a byproduct of microbial nitrification and denitrification in marine and terrestrial ecosystems (Stein &
Yung, 2003). Marine sources presently comprise (35 £ 10) % of natural N,O emissions (Tian et al., 2020).
Dissolved oxygen concentrations, ¢(O,), are the primary control on marine emissions (Nevison et al., 2003). Low-
¢(0,) regions can have disproportionately large N,O production rates via the denitrification pathway (Bange
etal., 2001; Dore et al., 1998; Farias et al., 2009; Naqvi et al., 2010), but such regions are estimated to account for
only (4.5 £ 1.5) % of total marine emissions due to large gross fluxes associated with N,O consumption that
reduce net N,O production (Battaglia & Joos, 2018). The overwhelming majority of marine N,O production
(93%-96%) is estimated to result from nitrification (Battaglia & Joos, 2018; Freing et al., 2012; Nevison
et al., 2003). Soils comprise (58 £ 10) % of the natural N,O emissions source (Butterbach-Bahl et al., 2013; Ciais
et al., 2013), primarily through the denitrification pathway (Vilain et al., 2014). The primary controls are soil
temperature and moisture content, and availability of organic and inorganic N sources (Bouwman et al., 1993,
2013; Xu et al., 2012). A small fraction of N,O ((7 + 3) %) is produced by lightning, chemical reactions in the
atmosphere, and nitrogen cycling in inland and coastal waters (Tian et al., 2020). N,O is destroyed in the
stratosphere via photolysis and reaction by O('D) with an atmospheric mean lifetime (troposphere and strato-
sphere) of 123 years (Prather et al., 2015).

Ice core records show glacial-interglacial variations of the atmospheric N,O mole fraction up to 80 nmol mol ™
(Flickiger et al., 1999; Schilt, Baumgartner, Blunier, et al., 2010; Sowers, 2001; Spahni et al., 2005), with
variations of 20—60 nmol mol ™" observed on millennial timescales throughout the last glacial period (Fliickiger
et al., 1999, 2004; Schilt, Baumgartner, Schwander, et al., 2010; Schilt et al., 2013). Most previous work has
suggested that changes in N,O source strength in marine and/or terrestrial environments caused the observed
atmospheric N,O variations rather than changes in the atmospheric lifetime of N,O (Fliickiger et al., 2004). The
similarity of the ice core CO, and N,O records led researchers to suspect that changes in marine emissions drove
past N,O fluctuations, with prior work focusing on the role of marine oxygenation in relation to ocean circulation
and nutrient delivery (Schmittner & Galbraith, 2008), as well as the activation of marine denitrification “hotspots”
(Altabet et al., 2002; Ganeshram et al., 2000; Schmittner et al., 2007). Other studies noted similarity to abrupt CH,
changes, suggesting that land N,O sources were the driver (Schilt, Baumgartner, Blunier, et al., 2010). The latter
is supported by the strong feedback between soil moisture and denitrification rates (Bouwman et al., 1993, 2013),
and the notion that past climate changes were accompanied by abrupt shifts in tropical rain belts (Rhodes et al.,
2015; Wang et al., 2001).

Stable isotopes of nitrogen and oxygen in N,O (5'°N and §'®0) provide a means to understand the drivers of
atmospheric variations because the isotopic signatures of N,O sources are distinct (Kim & Craig, 1993). Previous
work used ice core, firn air, and flask measurements to reconstruct N,O isotopic records. Many of these studies
focused on the recent atmospheric history and inferred the isotopic signature of the modern anthropogenic source
(Prokopiou et al., 2017; Rockmann et al., 2003; Sowers et al., 2002) or characterized temporal trends (Ghosh
et al., 2023; Park et al., 2012). A small subset of this work inferred relative N,O production in marine versus
terrestrial environments based on the observation that N,O produced in terrestrial versus marine environments is
isotopically distinct (Fischer et al., 2019; Menking et al., 2020; Schilt et al., 2014). The main finding was that the
N, O isotopic composition did not change substantially across the last deglaciation, implying similar contributions
from land and marine sources (Sowers et al., 2003). More detailed records of N,O isotopes confirmed this
(Fischer et al., 2019; Schilt et al., 2014) and highlighted that terrestrial emissions increased more abruptly at the
start of the Bglling-Allergd warming and at the end of the Younger Dryas. Menking et al. (2020) reported N,O
isotopic variations across a period of glacial inception and decreasing N,O mole fraction that occurred 70 ka
(where ka signifies thousand years before 1950 CE) and found that both marine and terrestrial emissions declines
were important for a decreasing atmospheric N,O mole fraction during global cooling. Thus, climate controls
N,O emissions in both environments for intervals of cooling as well as warming. To date, only one study has
published N,O isotope data spanning the millennial-scale N,O fluctuations of the last ice age. Menking
et al. (2020) produced N,O isotope records across Dansgaard-Oeschger event 19 (DO19) at 72 ka as well as the
onset of DO16/17 at 60 ka. Inverse calculation of the source changes showed roughly equal contributions of
marine and terrestrial N,O at DO19, but the changes at the onset of DO16/17 were almost exclusively driven by
marine emissions (Menking et al., 2020).
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Additional information on the average nitrogen isotopic composition (5'°Ny,,) may be provided by position
dependent nitrogen isotope analyses of N,O, expressed as “site preference” (5'°N5F) between the center-position
nitrogen (6 N,) and terminal-position (615Nﬁ) isotope deltas:

615NSP — 615Na _ 515Nﬂ (1)

Results from laboratory experiments suggest a significant difference in 6'°NS for nitrification (+35%o) versus
denitrification (0%o) (Sutka et al., 2006). This result appears to be independent of microbial species and substrate
isotopic composition. The distinct 5> NSF for nitrification and denitrification pathways appears to be a common
feature of both natural and laboratory settings for an array of microbes in pure cultures (Figures S1 and S2 in
Supporting Information S1) (Toyoda et al., 2017). Several authors proposed using §'°NSF for distinguishing
microbial processes of N,O production (Denk et al., 2017; Popp et al., 2002; Sutka et al., 2003). Others have
cautioned against oversimplification of the position-dependent isotopic effects due to complications relating to (a)
isotopic fractionation associated with reduction of N,O that shifts the isotopic composition away from values set
upon production (Figure S2 in Supporting Information S1), (b) isotope effects related to type of enzyme used in
N, O production, and (c) potential overlap in source signatures, particularly that of nitrifying microbes and fungal
denitrification (see Supporting Information S1) (Lewicka-Szczebak et al., 2014; Ostrom et al., 2007; Park
et al., 2011).

Several N,O isotope studies examined position dependent-isotopes in firn air and ice core samples and observed a
positive trend in site preference attributed to increased nitrification due to land use change and increased use of
fertilizers in agriculture (Bernard et al., 2006; Park et al., 2012; Prokopiou et al., 2017, 2018; Rockmann
et al., 2003). Recently, firn air data from Styx Glacier challenged this conclusion by demonstrating no significant
change in N, O site preference from 1900 to 2021 CE (Ghosh et al., 2023). Only one study has measured position-
dependent isotopes of N,O in ice cores older than the last several centuries (Prokopiou et al., 2018). The data
show a 5"°N_ increase and 6'5Nﬁ decrease during the Little Ice Age (from 1500 to 1700 CE), suggesting enhanced
nitrification, but the analytical uncertainties and temporal resolution preclude more detailed interpretation.

Here we use position-dependent N,O isotope data to test whether the production pathways of N,O changed during
the 80 nmol mol ™" increase at the last deglaciation, adding novel information about N,O cycling to a period of
study where research to date has only been able to deduce relative changes in marine versus terrestrial emissions
(Fischer et al., 2019; Schilt et al., 2014; Sowers et al., 2003). To this end, we present a new site preference record
derived from ice core samples containing air spanning the deglacial N,O rise (16.5-13.2 ka). The data extend
through the Younger Dryas cooling interval, when N,O decreased by about 30 nmol mol ™" (13.2-11.9 ka). We
also present N,O isotope records spanning the Heinrich Stadial 4/Dansgaard-Oeschger 8 (HS4/DO8) transition
(39.8-35.8 ka), an example of cyclical millennial-scale N,O variability characteristic of the last ice age. We use
the new ice core data to calculate the emissions changes from nitrification versus denitrification needed to explain
the isotope and concentration data. We also present new source histories of marine and terrestrial emissions across
the HS4/DOS interval, constrained by 8'°Ny,,, data from a combination of ice core records. Given the extreme
complexity of terrestrial and oceanic N,O production, our results represent a plausible explanation making use of
the most up to date isotopic information about N,O production pathways. Future work focusing on the attribution
of N,O production to particular process dynamics using isotopes will undoubtedly merit revision.

2. Materials and Methods

We present new measurements of N,O nitrogen and oxygen average stable isotope deltas (& 15 Npuiks 0 130) as well
as intramolecular nitrogen isotope signatures (515Na, 515Nﬁ, 5'N5P) in ice samples from Taylor Glacier (TG)
spanning the last deglaciation (22-11 ka) and the HS4/DO8 transition (40-35.8 ka). We also present new
measurements of §'°N, ;. and 8'%0 in ice samples from the WAIS Divide ice core (WDC) and Talos Dome ice
core (TALDICE) spanning HS4/DOS8 (42-36.5 ka). TG samples were measured at Oregon State University
(OSU), while WDC and TALDICE samples were measured at the University of Bern. The two laboratories have
used different procedures described separately below.
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2.1. Taylor Glacier Samples

Ice core samples were retrieved from the ablation zone of TG in the McMurdo Dry Valleys, Antarctica, during the
2014-2015 field season. The air bubbles in TG ice accurately preserve the past atmosphere from discrete in-
tervals, including the penultimate deglaciation (140-120 ka) (Shackleton et al., 2020), the MIS 5-4 transition
(74-59 ka) (Menking et al., 2019, 2020, 2022; Shackleton et al., 2021), the last glacial period (46—34 ka) (Bauska
et al., 2018), and the last deglaciation (22—11 ka) (Baggenstos et al., 2017, 2018; Bauska et al., 2016; Dyonisius
et al., 2020). Due to a unique combination of glacier flow, ice deformation, and surface ablation, old ice is
orientated at the surface of TG with isochronous ice layers striking approximately parallel to glacier flow (Aciego
et al., 2007; Baggenstos et al., 2017; Kavanaugh & Cuffey, 2009; Kavanaugh et al., 2009). The proximity of old
ice to the surface means that larger samples can be collected quickly and inexpensively compared to traditional
drilling methods, proving valuable for trace gas isotope studies (Bauska et al., 2016, 2018; Buizert et al., 2014;
Dyonisius et al., 2020; Menking et al., 2019, 2020, 2022; Petrenko et al., 2017; Schilt et al., 2014; Shackleton
et al., 2020, 2021).

Samples were collected using a hand-operated PICO drill and a custom core-retrieval tool. Sample collection
occurred at approximately 1 m intervals along a horizontal transect beginning at a depth of 4 m to avoid thermal
cracks that propagate from the surface of the ice (Baggenstos et al., 2017). The age of the gas bubbles for the
samples in this study has been well-characterized by previous work relating CH, and CO, mole fractions to
established ice core chronologies (Baggenstos et al., 2018; Buizert, Cuffey, et al., 2015; Schilt et al., 2014).

We extracted air from 60 TG ice samples ranging from 0.8 to 2 kg using a dry “cheese grater” technique at OSU
(Bauska et al., 2016; Etheridge et al., 1996) resulting in air samples of estimated size 50-200 cm’® (20°C, 1 bar).
To extract and purify N,O, the air was dried in an H,O trap at —105°C while CO, and N,O were trapped at
—195°C (Menking et al., 2020; Schilt et al., 2014). The mixture was passed through Ascarite (NaOH-coated
silica) for CO, removal and Mg(ClO,), for further H,O removal. The purified N,O was preconcentrated twice on
successively smaller volumes of stainless steel tubing and fused silica capillary and then passed through a
PoraBOND Q gas chromatography column to separate residual CO, from N,O. The N,O was then introduced into
a Thermo Delta V Plus mass spectrometer via a ConFlo IV open split system, and measured for §'°N, ., 57O,
and §'°N,, by simultaneously monitoring m/z 44, 45, 46 (N,O™ molecular ions), and m/z 30 and 31 (NO™ frag-
ment) for a single aliquot of air. The N,O mole fraction was determined on the same aliquot of air by relating the
m/z 44 peak area to known N,O mole fractions in whole air samples on the NOAA WMO scale (Hall et al., 2007).

Raw ion traces were integrated using a custom MATLAB script. Raw deltas were calculated relative to rect-
angular peaks generated by dipping the reference inlet into an open split flushed with pure N,O working reference
gas of arbitrary isotopic composition. The calculation of delta values followed the formulation described by
Kaiser and Réckmann (2008). The data reduction included a correction for 7O isobaric interference, a correction
for “scrambling” in the ion source (by which a fraction of ionized nitrogen atoms is rearranged between the
terminal and central N atoms in N,O, i.e., about 8% of NO fragments include the terminal N), and calculation of
"Ny 8N, 515NB and 5"°NSP. A scrambling coefficient of 0.082, identical to that of Kaiser et al., 2004, was
adopted for our data reduction. The assumption of the scrambling coefficient represents a source of uncertainty, so
we explored the sensitivity of the data reduction to a wide range of scrambling coefficient values (Figure S3 in
Supporting Information S1). The uncertainty introduced due to the scrambling coefficient is negligible over the
range of reported scrambling coefficients (0.079-0.095) (Kaiser et al., 2004; Kelly et al., 2023).

To convert the raw delta values to delta values versus Air-N, and VSMOW, we adopted the one-point calibration
routine outlined by Schilt et al. (2014). We made use of two cylinders of air from Niwot Ridge, Colorado, USA
that were filled in December 2008 and September 1988. We refer to the tanks as NOAA1 and NOAA2,
respectively. NOAA?2 was used as a primary standard and was measured 4-6 times during a typical measurement
series. The second cylinder, NOAAI1, contained younger air and was measured against NOAA?2 for verification
(Figures S4 and S5 in Supporting Information S1). NOAA1 was previously used as a primary standard (Menking
et al., 2020; Schilt et al., 2014) but was observed to have been contaminated, thus NOAA2 was adopted as the
primary standard. The internal precision (16) of our measurements on NOAA?2 standard air was 0.44%o for 5'° N,
0.57%o for 8'°Nj, 0.92%o for 5'°N°%, 0.20%0 for 5Ny, 0.38%o for 5'°0, and 2.69 nmol mol~" for N,0 mole
fraction over the duration of the measurement campaign (January 2020-June 2021).
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We also compared measurements with University of East Anglia (UEA) and Portland State University. Unfor-
tunately, due to a suspected (hydro) fluorocarbon interference from CF + on m/z 31, site-dependent isotope
measurements could not be reliably measured at UEA. However, the bulk isotope measurements at UEA and OSU
agreed within the analytical uncertainties. We also used calibration materials prepared at Portland State Uni-
versity to 430-540 nmol mol ™! (in synthetic air) from N,O isotope reference gas obtained from the Swiss Federal
Laboratories for Materials Science and Technology (EMPA) and calibrated by Tokyo Institute of Technology
(TITech). Values are comparable within uncertainty except in a few cases (see Table S3 in Supporting
Information S1).

Finally, the calibrated N,O mole fraction and isotope deltas were corrected for gravitational fractionation in firn
using measurements of 5'°N of molecular nitrogen (N,), as well as an apparent system “blank” determined from
measurement of standard gas introduced over bubble-free ice and otherwise processed like the ice core samples.
The apparent offsets from the assigned standard values were —2.3 nmol mol™" for N,O, +0.09%0 for 5" N,
—0.20%s for 8'°0, —0.24%o for 8'"°N,,, +0.42%o for 5'°Np, —0.66%o for 5'°N°". We did not apply a correction to
the isotope deltas for diffusive fractionation in the firn column. We estimate that diffusion in the firn during the
fast rise in N,O during the last deglaciation could have contributed up to —0.04%o to 8'°Nj;, and —0.08%o to
5'30. Diffusive fractionation would not influence the site preference since isotopomers have the same mass.

2.2. WAIS Divide and Talos Dome Samples

WDC and TALDICE samples were analyzed at the University of Bern using the methods described by Schmitt
etal. (2014) and Fischer et al. (2019). Ice samples of around 160 g were melted using infrared lamps. To minimize
the dissolution of N,O in liquid water, the gas extraction was carried out first under vacuum and then under a
constant helium (He) flow through the melt water. H,O vapor and CO, were removed from the released air with a
cold trap and Ascarite, respectively. The remaining air sample was collected in an air trap cooled to —180°C. By
heating the air trap to —78°C, the bulk air (N,, O,, Ar) was released and its volume was measured to determine the
N,O mole fraction. The air trap was then heated to 100°C to release N,O, CH,, Xe and other organic trace gases
into a separation line under continuous He flow. After a preconcentration step, the gases were separated on a gas
chromatography column and injected successively into an Elementar IsoPrime isotope ratio mass spectrometer,
where m/z 44, 45, and 46 were monitored. Isotope ratios were calculated relative to rectangular peaks produced by
injection of pure N,O gas pulses from a reference inlet system. The delta values were calibrated to the inter-
national scales using a reference gas cylinder “Boulder” CA08289 from NOAA, filled in 2008, and measured
daily before the sample run. The N,O mole fraction was determined by comparing the amount of N,O (reflected
by the N,O peak area) to the amount of total air; this ratio was referenced to the N,O mole fraction of the
“Boulder” air measurement. The measurement precision of N,O mole fraction, 5'°N and 5'%0 is 3 nmol mol ™",
0.3%0 and 0.4%o respectively.

WDC and TALDICE measurements were corrected for gravitational fractionation in firn using measurements of
55N of molecular nitrogen (Eggleston et al., 2016) as well as for offsets between Bern and OSU labs determined
by Schilt et al. (2014).

2.3. Data Quality and Agreement

We present measurements of N,O mole fraction and isotope deltas from 60 TG ice core samples containing air
with 28 unique ages spanning the period 21.0-11.1 ka. 32 samples come from identical transect positions on TG
and represent replicate measurements (analogous to depth-adjacent samples in ice cores with vertically oriented
depth-age scales). We also present results from ice samples spanning the period 41.8-35.8 ka including 21 TG
samples (15 unique ages, 6 replicates), 41 WDC samples, and 11 TALDICE samples. Replication of the TG
samples allowed us to estimate analytical uncertainty and screen measurements for potential contamination by in
situ N,O production (e.g., Miteva et al., 2016; Sowers, 2001).

The replication of N,O mole fraction in TG deglacial samples was poor for samples older than 15.6 ka, including
samples dating to the Last Glacial Maximum (LGM). Three samples at 21.0, 19.4, and 16.1 ka had elevated N,O
mole fractions (by 12—-17 nmol mol™') relative to replicate measurements. We suspect these samples were
affected by excess N,O produced in situ and excluded them from further analysis. We justify excluding the
elevated N,O measurements, but not other measurements, for four reasons. (a) Other samples agreed closely with
published N,O data (Figure 1) (Fischer et al., 2019; Schilt et al., 2014). (b) Two of the samples older than 15.6 ka
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Figure 1. Ice core N,O mole fraction and isotope data from Taylor Glacier (TG (new)) compared to existing records from
North Greenland (NGRIP), Talos Dome (TALDICE), EPICA Dronning Maud Land (EDML) (Fischer et al., 2019), and
Taylor Glacier (TG) (Schilt et al., 2014). Three samples at 21.0, 19.4, and 16.1 ka likely affected by in situ N,O production
are circled in red. The timing of Heinrich Stadial 1 (HS1), the Bglling-Allergd warming (BA), Younger Dryas cooling (YD),
and Pre-Boreal warming (PB) are indicated at the top.

were measured in triplicate, and the N,O measurements agreed within precision after excluding the elevated
values. (c) The elevated N,O samples consistently have low §'°Ny ., high §'20, and low §' NSF values relative to
the replicates. (d) The samples with elevated N,O mole fraction are associated with high dust content (Figure S6
in Supporting Information S1), which is hypothesized to stimulate in situ N,O production as a result of biological
denitrification when microbes on dust particles are in contact with nitrate deposited with the dust, or abiotic
denitrification in the presence of ferrous iron (Miteva et al., 2016).

Other samples demonstrated poor replication in just one isotope signature but did not show the characteristic
pattern of offsets for all isotope signatures as described above. For example, the data at 15.6 ka are scattered for
5" Ny but reasonable agreement is found in 6'%0 and N,O mole fractions (Figure 1). Another example is the
poor agreement in §'°N°P for the samples at 14.9 ka, but close agreement in §'°Ny,;, and N,O mole fraction. We
do not know the reason(s) for these outliers and accept them as analytical uncertainty. The standard deviation (10)
of pooled replicate pairs (after removing three suspected of in situ produced N,0) is 3.1 nmol mol™" for N,O,
0.3%o for 5" Ny 0.4%o for 8'30, 0.7%o for §"°N,, 0.8%o for 615NB, 1.4%. for 8">N*P. This precision is similar to
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Figure 2. Ice core N,O mole fraction and isotope data from Taylor Glacier (TG), West Antarctic Ice Sheet Divide (WDC),
and Talos Dome (TALDICE) spanning the Heinrich Stadial 4/Dansgaard-Oeschger 8 interval.

or better than for previous ice core studies (Fischer et al., 2019; Park et al., 2012; Prokopiou et al., 2018; Schilt
et al., 2014), in particular for 5'>N°P analysis.

The new N,O mole fraction and §'°Ny ;. data across the deglaciation agree well with existing data from Taylor
Glacier, TALDICE, EDML, and NGRIP (Figure 1). N,O mole fractions are close to existing data across the last
deglaciation and during the LGM with a lowest measured N,O mole fraction of 201.6 nmol mol~". Fischer
et al. (2019) measured 195.6 nmol mol™" at 16.9 ka, but we do not have ice samples at that age. 5'°N,,, does not
reach values as low as existing TG data (Schilt et al., 2014) and one data point from the NGRIP ice core (14.5 ka)
(Fischer et al., 2019), but the new §'°N, ;. values generally reproduce earlier data. The 5'° Ny, data also do not
reach as low as existing data at the local minimum of the Younger Dryas (11.5 ka). The new 5'%0 data are elevated
by 1.0%o relative to the existing data. We do not know the reason for this offset, but differences in methods
between OSU and UBern laboratories are likely the culprit, such as differences in the gas purification steps or
calibration procedures. 5'®0 is not used in our subsequent analyses, and thus the offset is inconsequential for the
interpretations that follow.

We also assess the quality and agreement of the new data spanning the HS4/DOS transition (41.8-35.8 ka). Six
replicates of the TG data agreed well except for one sample at 39.1 ka that had elevated 5'30 (Figure 2). N,O mole
fraction and isotope signatures resembled the replicate sample, so we did not exclude it. The standard deviation
(16) of TG pooled replicate pairs across the HS4/DO8 interval is 3.2 nmol mol™" for N,0O, 0.1%o for 8"* Ny ..
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0.5 %o for 8'80 and §"°N,, 0.7%o for 615NB, 1.2%o for 8'>NSP. The TG N,O mole fraction and §'°N,, data
generally show close agreement with data from the WDC and TALDICE ice cores measured at the University of
Bern (Figure 2). Similar to the deglacial data sets, 5'%0 is more enriched in TG samples by 1.0%o relative to the
UBern measurements on WDC and TALDICE samples. In general, the features resolved in the WDC data are
similar to the TG data, though there are noticeable differences. The TG data resolve a sharper decrease in 8'°N,
from 39.7 to 39.0 ka, while the WDC data are more scattered. Second, the WDC data resolve a sharp decrease in
5" Ny centered at 38.3 ka that is coincident with the onset of the rapid CH, rise at DOS. This feature is not
resolved in the TG data. The difference may be due to higher smoothing of the atmospheric signal due to slower
bubble trapping in the firn at the TG accumulation zone as well as lower time resolution of the samples relative
to WDC.

3. Results
3.1. Spline Fits

To extract the low-frequency signals, we fitted smoothing splines to the N,O mole fraction and isotope records
(Enting, 1987). The spline fitting routine has commonly been applied to atmospheric and ice core data sets to
illustrate temporal trends without bias from outliers (e.g., Fischer et al., 2019; Menking et al., 2020; Schilt
etal., 2014). We chose a cutoff period of 1000 years for the smoothing splines because we found that this captured
the long-term trends without introducing short-term variability not resolved by the data (Figure S8 in Supporting
Information S1). For the deglacial interval, we began the smoothing spline fits at 16.1 ka in order to avoid fitting
splines through the large data gaps from 21.0-19.4 to 19.4-16.1 ka. The data at 16.1 ka exhibit the lowest N,O
mole fraction in the new TG data set with isotope deltas similar to LGM values (Fischer et al., 2019), providing a
good “starting point” for identifying trends spanning the N,O rise. For N,O mole fraction and §'° Ny, we fit
splines to the combined data sets including new TG data, and existing TG, NGRIP, TALDICE, and EDML data.
The routine generated 2,000 realizations of splines by randomly perturbing the data within a normal distribution
described by the pooled 16 uncertainties. Previously published TG data from Schilt et al. (2014) were placed on an
updated age scale (i.e., Baggenstos et al., 2017), which shifted the abrupt N,O rise by about 0.2 ka younger
relative to the original study and Fischer et al. (2019).

3.2. Modeling N,O Source Emissions

To explore how the N,O source emissions evolved across the last deglaciation and HS4/DO8, we generated
plausible emissions histories by inversely solving for N,O source changes using a two-box model constrained by
the spline fits to the data. The analysis is run in a Monte Carlo framework that accounts for uncertainties in the
data and model parameters including source 515Nbu,k and §'°NSF signatures, atmospheric lifetime of N,O,
fractionation during stratospheric removal, and stratospheric-tropospheric exchange rate (Table 1). The model is
identical to that used by Menking et al. (2020) and Schilt et al. (2014), but with isotope parameters adjusted to
interpret site preference data. The calculation was run in two configurations: (a) to solve for the marine (E,,,,)

versus terrestrial (E,.,) fraction of N,O emissions constrained by N,O mole fraction and 615Nbu]k data, and (b) to

er.
solve for the nitrification (E,;,) versus denitrification (Eg,) fraction of the total N,O emissions constrained by

N,O mole fraction and §'°N5F data.

Below, we present the changes in E,,, E,,, Eqi and Eg.,, . We also show the absolute emissions in Section 3.7,
which are more influenced by the model's choices of isotope signatures and initial source fractions and are
therefore less precise. For the deglacial analysis of E,,. and E.., we combined the new data with existing
published data and verified the trends already determined by Schilt et al. (2014) and Fischer et al. (2019). For this
the starting fraction of E,,, to E,,; was constrained to between 0.30 and 0.58 for the timestep at 27 ka (Table 1).
The sensitivity of the results to this range of initial ocean fractions was tested by Fischer et al. (2019), and it was
found that the major features and standard deviation of the results were robust to a larger range of starting
fractions (25%—-63%) that was likely too generous especially on the low end. Further, the mean preindustrial
source fraction diagnosed by the model is quite near the preindustrial average determined independently by model
studies (43%) (Battaglia & Joos, 2018). For the determination of E,,, and E,, using §'°N°¥ data, no assumption
was made about the starting source fraction. In other words, the model was allowed to freely explore the full

parameter space as long as the determined initial fraction was between 0 and 1.
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Table 1
Parameters Used in Source Modeling

Value, range and/or

Mean =+ lo value in

Parameter 1o uncertainty ensemble Description Reference
Frg [4.11 x 10", 54x 10" kga™' Tropospheric-stratospheric exchange rate Ishijima et al. (2007)
6.63 x 1071 kg a™!
(G, (123 £9) a 123 a N, 0 lifetime in equilibrium Prather et al. (2015)
e(">NSP) (—14.1 £ 1.8) %o (=14.1 £ 1.7) %o,  Site preference removal fractionation Toyoda et al. (2001)
(—12.6 £ 1.4) %o*

s(lsNbulk) (—=16.8 £ 1.6) %o (=17 £ 1.6) %o Bulk isotope removal fractionation Rockmann et al. (2001), Toyoda et al. (2001),
Yung and Miller (1997)

Mym 1.77 x 10°° mol Amount of air in atmosphere Rockmann et al. (2003)

X, 0.15 Stratosphere mass fraction of whole atmosphere Rockmann et al. (2003)

strat

8NP [19.6, 36.6] %o

5den(15NSP) [_10~7, 01] %o,

[4.2, 15.1] %o"
81" Noun) [~34,2] %o
5mar(15Nbulk) [4, 12] Yoo
Sinar 0 =0) [0.30, 0.58]
fni[>l< (= O) [0, 1]

(28.1 £ 4.1) %o,
(27.8 £ 4.9) %o"

(—4.9 £ 2.9) %o,
(6.6 = 2.2) %o*

(—=16.5 % 3.9) %o

Nitrification (and fungal denitrification) source site
preference

Toyoda et al. (2017)

Denitrification source site preference (pure culture) Toyoda et al. (2017)

Terrestrial source bulk isotopic composition Kim and Craig (1993), Snider et al. (2015),

Toyoda et al. (2017)

Frame et al. (2014), Kim and Craig (1993),
Toyoda et al. (2017)

(7.2 £ 1.7) %o Marine source bulk isotopic composition

(0.43 £ 0.09) Marine emissions starting fraction of total emission Battaglia and Joos (2018), Fischer et al. (2019)
(t =27 ka)
(0.35 £0.1) Nitrification (with possible fungal denitrification)

starting fraction of total emissions

“Values are shifted in a model run that accounts for 92% reduction of N,O produced by denitrification with resulting isotopic enrichment.

One complication with a two end member analysis is that the 5'°N5? of N,O produced by nitrifying microbes
overlaps with that of denitrifying fungi (Toyoda et al., 2017; Yu et al., 2020) (Figures S1 and S2 in Supporting
Information S1). The overall contribution of fungal denitrification to global atmospheric N,O is unknown and
debated (Rohe et al., 2021). Inhibitor studies suggest a potentially large role (Laughlin & Stevens, 2002), and
genetic studies suggest only modest contributions (Bosch et al., 2023). Because we cannot distinguish fungal

denitrification from bacterial nitrification using 8'°N5F, we refer to E,;, for the remainder of this manuscript as

nit
E.;*, denoting possible contribution to this end member from fungal denitrification.

Another complication with the two end member analysis is that in denitrifying marine and terrestrial environ-
ments, N,O is reduced to N, with isotope discrimination against the heavy and central isotopes (Scheer
et al., 2020; Yamagishi et al., 2007). This leaves the remaining N,O pool, that is, the N,O that is ultimately
emitted to the atmosphere, enriched in 6'°N5F relative to the pure culture end member values characterizing
production (Figure S2 in Supporting Information S1). To estimate the effect of N,O reduction, we performed
model runs with adjusted isotope end member values for the denitrification source to account for site preference
enrichment due to fractionation during N,O reduction. It was recently determined that about 92% of the terrestrial
N,O produced by denitrification was reduced to N, (Scheer et al., 2020). The fractionation factor of N,O
reduction is —5.9%o (Yu et al., 2020), which results in a range of §'N5F shifted upwards about 15%. if the pure
culture end member values are recalculated following:

Oresidual = 5original + PN x In(rN,0) )

157;SP
N

where rN,O is the ratio of residual to total N,O and & is the fractionation factor. The influence of this on the

determined contribution of denitrification to the global N,O budget is discussed below.

Our model routine also produced a set of results demonstrating the expected 5' Ny and o SNSP in the case where
the fraction of sources did not change and any variations were due to atmospheric imbalance between the
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tropospheric source and stratospheric sink. This represents a null hypothesis against which to compare the results.
Below we describe trends in the deglacial and HS4/DO8 data sets as resolved by the spline fits, highlight major

features in the evolution of the N,O sources including determination of E,;* versus Eg4., contribution to global

N,O, and discuss the implications of N,O emissions changes in light of global climate and the nitrogen cycle.

3.3. Data Trends: Deglacial Rise 16.1-11.1 ka

A fundamental observation is that the N,O site preference data did not exhibit a step-like change from the LGM
(21-16 ka) to the early Holocene (11 ka). The §'°NSF data suggest a LGM average site preference value of about
20%o, equal to the early Holocene value. For context, the site preference in the period 2000-2008 CE has been
measured as (18.9 & 2.4) %o (Park et al., 2012) and (18.3 = 0.5) %o (Ghosh et al., 2023; Toyoda et al., 2013). The
temporal 5"°N5¥ changes during the last deglaciation are small relative to the noise. The spline fits act as a low-
pass filter on the data and offer a means to identify variations during the N,O rise and judge their significance. In
fact, few variations resolved in the §"’NS¥ data demonstrate changes significant above the 26 uncertainty of the
spline fits (Figure 3). We highlight two main features in the new data: (a) During the interval 16.1-13.2 ka, N,O
mole fraction gradually increased by 14 nmol mol ™" from 16.1-14.7 ka, rapidly increased by 35 nmol mol ™" at the
Bolling-Allerod warming, and then continued to increase more gradually by 16 nmol mol ™. The largest change in
5NSP during this interval was an increase from (19.2 £ 1.5) %o at 15.5 ka to (21.9 = 1.6) %o at 13.7 ka. (b)
During the interval 13.2-11.1 ka, N,O mole fraction decreased by 26 nmol mol~' with the Younger Dryas cold
period and subsequently recovered by 29 nmol mol™" by 11.1 ka. §'N5P decreased from (21.9 + 1.6) %o at
13.7ka to (19.0 £ 1.1) %o at 11.7 ka and subsequently recovered to (21.1 + 1.3) %o by 11.1 ka (Figure 3).

Unfortunately, there is a data gap between 14.2-13.5 ka, which was avoided during sampling the TG transect
because of a disturbance in the ice stratigraphy (Schilt et al., 2014). We used a “bootstrapping” method to test the
sensitivity of the features in our spline fits to exclude the data points at 14.2 and 13.5 ka. We found that the spline
fits after removing one or the other of those data points reaches a slightly lower site preference maximum at
13.7 ka of around 21.5%o, but the main features of the data including the overall upward trend from 15.5-13.7 ka
and local minimum at 14.5 ka were preserved (Figure S9 in Supporting Information S1).

There are also smaller variations in the new §'°N5%. For instance, there is a local maximum in S5NSP at 14.9 ka
and a slight decreasing trend from 14.9 to 14.5 ka that results in a local minimum occurring simultaneously with
the minimum in 6'°N and the rapid N,O rise. This feature is in the right direction to attribute to tropospheric-
stratospheric imbalance (Figure S10 in Supporting Information S1) (Tans, 1997), but we do not favor this
interpretation because we do not see a similar feature reflected in 8'30 (Figure 1).

3.4. Sources: Deglacial Rise 16.1-11.1 ka

The N,O site preference record from TG ice core samples provides a novel way to constrain how the microbial
pathways of global N,O emissions changed during the N,O rise at the last deglaciation. As noted above, the
deglacial interval does not exhibit a notable shift in §'°NSF between glacial and interglacial times. The modeling
suggests approximately equal contributions of increasing E,;;* and Ey., drove the deglacial N,O rise (Figure 3).
E,., increased by (1.4 + 0.5) Tg a~" (all fluxes are given as N equivalents) and E,* increased by (1.5 + 0.5)
between 16.1-13.2 ka with E,;* reaching a local maximum about 500 years before Ej.,. Assuming a more
enriched end member value to account for reduction and isotope enrichment of the N,O pool during denitrifi-
cation modestly changes the results with increases of (2.0 + 0.7) Tg a~' for Eg,, and (1.2 + 0.7) Tg a™' for E,; *
(Figure 3).

Previous studies have emphasized the intensification of marine denitrification in the global nitrogen cycle during
the last deglaciation (Galbraith et al., 2013; Ganeshram et al., 2000), but the implication of 5'5NSP record and
analysis is, at least for atmospheric N,O, that denitrification cannot be the full story. The mechanism for the shift
from low N,O characteristic of a cold glacial climate to high N,O characteristic of a warm, interglacial climate
was not an increase in emissions from a single pathway; rather, both nitrification (and possibly fungal denitri-
fication) and denitrification pathways appear sensitive to shifts in global climate. From the marine perspective,
our results are consistent with proxy data demonstrating expanding hypoxic regions in the upper ocean during the
deglaciation (Jaccard & Galbraith, 2012; Jaccard et al., 2014; Moffitt et al., 2015) and also do not preclude recent
work using earth system models that showed that the deep ocean was less oxygenated during the LGM (Cliff
et al., 2021). The deglacial ocean shifted from a sluggish AMOC with more stratified deep ocean, less primary
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productivity, and well-oxygenated surface waters that kept N,O emissions lower to an interglacial ocean with
more productive surface waters and more surface ocean hypoxia with increased N,O emissions. Our data
demonstrate that a significant shift in the balance of E,; * versus Eg., is not a requisite of an accelerating AMOC,

*and

nit
but one caveat to keep in mind when interpreting the source histories is that our analysis determined total E,;;
E,., globally without the ability to parse the pathway specifically to marine versus terrestrial ecosystems.
To this end, the model calculations of E,,,. and E,.. changes may offer some guidance. Our marine and terrestrial
emission histories closely resemble those of Fischer et al. (2019), who showed that roughly equal increases in E .
and E caused the deglacial N,O rise (Figure 3) (Fischer et al., 2019; Schilt et al., 2014). Given that our cal-
culations also show roughly equal increases in E;* and E,, a simple conclusion is that denitrification remained
the dominant pathway for N,O emitted from land (Vilain et al., 2014), and nitrification remained the dominant
pathway for N,O emitted from the ocean (Freing et al., 2012), with the two increasing proportionally together.
This pattern is broadly reflected in the similarities between the marine and nitrification source histories, and the
land and denitrification source histories (Figure 3). Marine emissions are strongest in hypoxic regions such as the
Eastern Tropical North Pacific, and the gradual increase in marine nitrification emissions reflected in our source
histories are consistent with the expansion of hypoxic regions with maximum hypoxic extent occurring in the
Bglling-Allergd (Jaccard & Galbraith, 2012). The fast increase in E, from 15-14.2 ka, a feature noted in previous
studies (e.g., Fischer et al., 2019; Schilt et al., 2014), is mirrored by an equally rapid increase in E.,,, and a slight
flattening of the E,,. and E,;* emissions curves. Terrestrial N,O emissions are highly sensitive to soil moisture
and temperature (Xu et al., 2012), and this fast rise in terrestrial emissions has been linked to shifts in the
intertropical convergence zone and enhanced precipitation over the low-latitude tropics (Fischer et al., 2019;
Rhodes et al., 2015). Our new results demonstrate that the fast (1.0 £ 0.2) Tg a~! increase in land emissions could
have come predominantly from an acceleration of denitrification on land. The rapid increase in denitrification
accounts for about (0.9 £ 0.3) Tg a~!, well within the uncertainties of the total land increase, though we cannot
rule out some additional acceleration of nitrification on land.

The decrease in N,O emissions associated with the Younger Dryas cold period 13.2-12.0 ka was almost
exclusively driven by a decrease in the nitrification (and potentially fungal denitrification) pathway. E,;*
decreased by (1.0 + 0.3) Tg a~" with only (0.3 + 0.3) Tga™" decrease from E_,,,. Similarly, the recovery from the
Younger Dryas cooling saw N,O increase by 28 nmol mol ™" from 12.0-11.1 ka, driven exclusively by (1.2  0.5)

Tg a~! increase in E,;

aict- The changes in E,;* are in the same direction and slightly larger when accounting for

isotopic shifts in the denitrification end member due to reduction (total decrease in E;* of (1.4 = 0.5) Tg a™h.
Schilt et al. (2014) and Fischer et al. (2019) suggested decreases in both terrestrial and marine emissions during
the Younger Dryas cold interval, and the new source histories show a similar pattern with about (0.7 + 0.2) Tga™"
and about (0.4 + 0.2) Tg a~! due to E,. This is the only interval in the new

decrease due to declining E -

mar
deglacial data set where the changes in E,;* and E,, depart significantly (beyond the 16 uncertainties) from a
*and Eg,

curves essentially resemble E, . and E,,, respectively (Figure 3). The model results show the decrease in E,;/*

scenario where E,, is dominated by nitrification and E, is dominated by denitrification and the E,

mar nit
exceeds the decrease in E,,,, from 12.8-11.8 ka, potentially implicating a sensitivity of terrestrial nitrification to
the YD cooling. The Younger Dryas cold interval is hypothesized to have been driven by a slowdown of the
AMOC in response to a release of freshwater into the North Atlantic (Tarasov & Peltier, 2005). Marine N,O
emissions during the Younger Dryas interval were investigated in an earth system model that tracks marine N,O
production by nitrification and denitrification pathways (Joos et al., 2019). Freshwater forcing of AMOC drove a
(0.7 + 0.2) Tg a~" decrease in marine N,O emissions, similar to the total magnitude of N,O emissions change
found by (Fischer et al., 2019). The decrease was driven almost completely by decreases in ocean nitrification as a

result of O, changes in the low-latitude thermocline. The data presented in this study support this model result and

Figure 3. Spline fits to combined deglacial ice core data and calculated emission changes. Spline fits to N,O mole fraction and &
in N,O emissions from nitrification (AE,;,
1) '5Nbu,k were used to calculate the change in N,O emissions from marine (AE,,.) and terrestrial (AE,

ISNSP were used to calculate the change

* with possible contribution from fungal denitrification) and denitrification (AE,,,). Spline fits to N,O mole fraction and
) sources. The marine and land N,O emission changes from

er

Fischer et al. (2019) are plotted with dashed blue and green lines for comparison. The uncertainty bands represent 2c of the full ensemble of spline fits to the data and 16
of the calculated source changes. Gray bands with diagonal lines show the expected deltas and 1c uncertainty assuming that the fraction of emissions does not change.

Gray bands with vertical lines demonstrate the expected AE,

*and AE,,, emissions changes for a “null hypothesis” in which nitrification (and possibly fungal

nit

denitrification) remained the dominant production pathway in the ocean, and denitrification remained dominant on land. Dashed red lines show the results if the end
member range of isotopic values for denitrification is adjusted +15%o for 92% reduction of N,O.
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the notion that N,O production by marine denitrification is relatively insensitive to AMOC changes during the
Younger Dryas (Joos et al., 2019).

3.5. Data Trends: HS4/DOS8 41.8-35.8 ka

Data from the interval 41.8-35.8 ka provide the first opportunity to look at how N,O isotopes evolved across the
HS4/DO8 transition. HS4/DOS8 was a millennial-scale climate event during the last glacial period characterized
by a cool Northern Hemisphere and gradual warming in the Southern Hemisphere, followed by an abrupt shift to
warmer Northern Hemisphere climate and gradual Southern Hemisphere cooling. This “bipolar” antiphase
behavior is a common feature of the last glacial climate recorded in ice cores and is thought to be driven by large-
scale changes in AMOC (Buizert, Adrian, et al., 2015; Buizert et al., 2018; Stocker & Johnsen, 2003) with
accompanying changes in the hydrological cycle on land (Rhodes et al., 2015; Wang et al., 2001). Our new data
offer a perspective on millennial-scale climate variability to identify similarities and contrast differences to the
data spanning the full deglacial N,O rise.

Smoothing splines were fit to the TALDICE, WDC, and TG ice core data by a similar routine as for the deglacial
data (Figure 4). N,O mole fraction reached a minimum of 219 nmol mol ™" at 39.3 ka during HS4, increased to a
maximum of 256 nmol mol ™" at 37.6 ka during the peak of DOS, and decreased to 224 nmol mol™" by 35.8 ka.
5Ny decreased during HS4 (40.5-39.1 ka) by about (0.4 + 0.2) %o. 8'°N,, reached a minimum of
(10.3 £ 0.2) %o at 38.3 ka, about midway through the rapid N,O rise at the DO8 warming. At the onset of DOS, as
marked by the rapid 130 nmol mol™' increase in CH, (38.4 ka), N,O had already gradually risen by
11 nmol mol™! from the stadial minimum but increased at a higher rate at the DO onset. N,O continued to rise
through the interstadial by 24 nmol mol™" before beginning to decrease at 36.5 ka. The §'°Ny,,, data show an
increase of (1.1 £ 0.4) %o occurring during the sharpest N,O rise from 38.2-37.3 ka.

Changes in 6" NP were generally small relative to the measurement uncertainty, but spline fits resolved a
decrease of (1.8 + 1.0) %o during the stadial (39.8-38.5 ka) including a local minimum centered at 38.5 ka (near
the minimum in 6'°Ny,;, and the beginning of the abrupt N,O rise), and an increase of (2.9 + 1.9) %o during the
interstadial (38.5-36.3 ka). The increase in 5'°N°¥ appeared to increase in two phases with a 1.0%o increase
occurring during the abrupt N,O rise and further increasing by 1.9%o as N,O mole fraction decreased between
37.6-35.8 ka, though the latter feature is somewhat dependent on a single data point at 36.0 ka and is attenuated in
bootstrapping experiments where this data point is excluded (Figure S11 in Supporting Information S1).

3.6. Sources: HS4/DO8 41.8-35.8 ka

We calculated source histories similar to the deglacial interval. We used N,O mole fraction and §'°N,, data to

constrain the changes in E,,, and E,.,, and separately, we used the 5'°NS¥ and N,O mole fractions to constrain the

mar

changes in E;* and Eg4,,.

nit
The results show that the stadial (40.5-39.1 ka) was characterized by slightly increasing N,O emissions on land
(40.1 £ 0.1 Tg a—') with decreasing marine emissions (Figure 4). However, the slow rise in N,O mole fraction
beginning at 39.3 ka was driven by increasing E, . (additional (0.2 + 0.1) Tga™"). E,,, and E,., rapidly increased
around 38.7 ka by (0.9 + 0.2) Tg a~' and (0.5 + 0.2) Tg a !, respectively, with E,, responding slightly faster,
reaching a maximum about midway through the N,O rise. Decreasing N,O mole fractions during the interstadial
(37.5-35.8 ka) were driven by decreases in both E,., and E,,., which essentially declined back to stadial levels
within 2 millennia in parallel to reconstructed Greenland temperatures.

er

The changes in the microbial pathways of N,O production determined from our 5'>NSF data demonstrate that the
rapid N,O rise from HS4 to DO8 beginning around 38.7 ka was driven by a (0.6 £ 0.3) Tg a~!increase in Esens
and (0.7 £0.3) Tg a~!increase in E,; *. The full increase in E4enisabout (1.0 £0.4) Tg a~! from 39.75 to 37.6 ka.
Assuming a more enriched end member for E,., to account for N,O reduction results in very similar source

nit

changes across the abrupt N,O rise ending at 37.6 ka with E., increasing more overall across the full HS4/DO8
interval (1.6 + 0.6) Tg a™".

The increase in marine nitrification- (and denitrification-) sourced N,O is likely due to AMOC resumption (Henry
et al., 2016) re-invigorating the nitrogen cycle as nutrients stored in the deep ocean became more well-distributed
through the surface and thermocline (Schmittner & Galbraith, 2008). Our model results show that E., remained
rather constant during the rapid increase in terrestrial and marine sources at the onset of DOS, pointing to
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nitrification (with possible contribution from fungal denitrification) being the main cause of both terrestrial and
marine emission increases. The decrease in N,O mole fraction beginning at 37.6 ka was caused predominantly by
decreases in Eg4,, with E,; * persisting or perhaps even accelerating slightly at 37.1 ka. This is the only instance in
our HS4/DO8 reconstruction where the E,
expected trajectory if nitrification remained the dominant emissions pathway in the ocean and denitrification

wie” and Eg., changes approach significant (16) deviation from the
remained dominant on land (Figure 4). However, given the low data resolution and the dependence of the
magnitude of E,., decrease on the data point at 36 ka (Figure S11 in Supporting Information S1), we refrain from
interpreting this.

3.7. Absolute Source Emissions Histories

So far, we have only reported relative changes in N,O emissions diagnosed by the model since our isotope data
provide more precise constraints. The absolute emission histories are more uncertain given the high dependency
on model parameters including isotopic values assigned to the source end members as well as starting source
fractions. To demonstrate these uncertainties in hopes to spur future work on N,O isotopes and global source
reconstructions, we compare the absolute emissions histories diagnosed by the model for the case where deni-
trification end member 5'°NSF values are based on values from pure culture studies versus values that are enriched
due to reduction of N,O to N, (see Table 1).

The result for both the deglacial and HS4/DO8 intervals is that denitrification, when considering isotopic
enrichment of the residual N,O pool, represents a higher contribution to total N,O emissions (making up about
90% of total emissions) compared to the result using pure production isotope values (Figure 5). We find this
implausible given that denitrification was estimated to only contribute 4.5% of total marine emissions during the
preindustrial era (Battaglia & Joos, 2018), and our measured site preference values are not very different from
preindustrial values. Since marine emissions make up 40%—-50% of total N,O emissions (based on bulk isotope
source apportionment), denitrification would have to account for about 75% of marine emissions in addition to all
land emissions. This disagrees with in situ flux estimates showing that most ocean N,O production is from
nitrification (Freing et al., 2012). On the other hand, we find it implausible that the §"°N5* value of N,O produced
by denitrification and ultimately emitted to the atmosphere retains its pure culture §'°NSF value given clear
evidence that most of the N,O produced by denitrification is reduced to N, with fractionation that enriches the
residual N,O pool (Buchen et al., 2018; Lewicka-Szczebak et al., 2020; Scheer et al., 2020; Well et al., 2005,
2012; Yamagishi et al., 2007). Thus, our analysis reveals a mismatch in the global N,O isotope budget that is
likely due to a combination of errors in isotopomer signatures and other model parameters. To improve the
prospect of future N,O budget reconstructions using ice core data, we suggest that in addition to reducing un-
certainties in source isotopic signatures, future modeling and flux work should also focus on parsing the relative
contribution of nitrification versus denitrification in terrestrial and marine environments to atmospheric N,O
emissions.

4. Comparing Millennial-Scale N,O Change During HS4/DO8 and the Last
Deglaciation

Our reconstructions allow us to compare the millennial-scale variations in the drivers of N,O emissions during the
HS4/DO8 transition to those spanning the full deglacial transition. A key similarity is that marine and terrestrial
emissions were important for driving increases and decreases in atmospheric N,O during both intervals, high-
lighting the sensitivity of the nitrogen cycle to climate change in both ecosystems (Figure 6). The reconstructions
also demonstrate that this climate sensitivity is not unique to nitrification or denitrification; rather, both microbial
pathways broadly speaking produce more N,O in response to warming. Another key similarity is that land
emissions appear to respond faster to warming at both the HS1/BA and HS4/DOS transitions.

Figure 4. Spline fits to combined ice core data and calculated source changes for the Heinrich Stadial 4/Dansgaard Oeschger 8 transition. The uncertainty bands represent
20 of the full ensemble of spline fits to the data and 1o of the calculated source changes. Gray bands with diagonal lines show the expected deltas and 1o uncertainty

assuming that the fraction of emissions does not change. Gray bands with vertical lines demonstrate the expected AE,;* and AE,

emissions changes for a “null

den

hypothesis” in which nitrification remained the dominant pathway in the ocean and denitrification remained dominant on land. Dashed red lines show the results if the
range in end member isotopic values is adjusted +15%o for 92% reduction of N,O produced by denitrification.
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Figure 5. Absolute emissions and source fractions (f,; * and f,.,) from the model—land versus ocean, and nitrification (with
possible contribution from fungal denitrification) versus denitrification - for both time periods. The uncertainty bands
represent 1-sigma of the full ensemble of solutions. The red lines represent average and 1-sigma ensembles assuming 92%
reduction of the N,O pool produced by denitrification and resultant shift in & SNSP of the denitrification end member value
(Table 1).

We compare our reconstructions to Pa/Th ratios measured in Bermuda Rise sediments (Figure 6), a well-
established proxy for the strength of the AMOC. Rapid changes in AMOC drove the transitions from stadial
to interstadial conditions, for example, at HS4/DO8 and HS1/BA, and reinvigorated the shallow marine nitrogen
cycle by redistributing nutrients to shallow surface and thermocline waters (Schmittner & Galbraith, 2008). The
enhanced circulation may have also vented N,O produced in the deep ocean when AMOC was sluggish. These
transitions also manifested on land via atmospheric “teleconnections,” essentially redistributions of heat between
the hemispheres, that controlled N,O emissions by increasing/decreasing soil temperatures and shifting the
tropical rain belts to increase/decrease soil moisture content (Rhodes et al., 2015). AMOC resumptions are
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Figure 6. N,O reconstructions from the Heinrich Stadial 4/Dansgaard Oeschger 8 transition compared to the last deglaciation, as well as Antarctic (Dome C) temperature
(ice D), CO,, Greenland (NGRIP) temperature (& 180), CH,, and Pa/Th proxy records for AMOC strength. Note the discontinuous time axis. Data citations (Andersen

et al., 2004; Bauska et al., 2021; Henry et

al., 2016; Jouzel et al., 2007; McManus et al., 2004; Rhodes et al., 2015).

characterized by rapid Northern Hemisphere warming, reflected in the sharp increases in Greenland 5'%0 at the
DO8, BA, and PB, and rapid acceleration of N,O emissions from land sources, mirrored by sharp increases in
CH,, with slightly delayed (but accelerating) emissions from marine sources (Figure 6). The reconstructions of
N,O emissions from our two end members—nitrification (with possible contribution from fungal denitrification)
and denitrification pathways—show that AMOC resumption triggered an increase in N,O from both production
pathways at each of the three instances in our records (Figure 6). We tentatively observe nuanced differences in
the exact response of N,O emissions from nitrification and denitrification to AMOC changes. For one, nitrifi-
cation generally increases rapidly immediately following AMOC restarts and continues to increase for the next
half millennium, broadly in phase with marine N,O emission changes (Figure 6). Denitrification-sourced N,O, on
the other hand, accelerates sharply in phase with land emissions at the HS1/BA transition, which is expected if
N,O from terrestrial environments is predominantly produced by denitrification, but during the HS4/DO8 or the
YD/PB transitions the denitrification source seems to be flattening as land emissions accelerate. These features
are not robust when considering the uncertainties in the model results, but nevertheless we highlight them as a
matter for future study. A more striking difference revealed in our reconstructions is that the N,O decrease during
the YD (and recovery into the PB) was almost wholly driven by nitrification (with possible fungal denitrification)
changes, whereas the decrease in N,O following the DO8 warming was predominantly due to a waning deni-
trification source (with nitrification source sustaining through most of the N,O decline) (Figure 6). We have

MENKING ET AL.

17 of 23

8518017 SUOWILLIOD 3AIKERID 3ol jdde ayp Aq peuseob aJe Sso e YO ‘@SN JO S9INJ 10} A1 8UIIUO 48] 1M UO (SUO I PUOD-pUR-SLLBIALI0D" A 1M ARe.d | jBulUo//StY) SUORIPUOD pue SWLB | 38U} 88S *[5202/50/90] Uo Akeiqiauliuo Ae|im e1iBuy se3 JO AiseAlun Aq 282800991202/620T OT/I0p/uod"A8 | im Are.q i ut|uo'sqndnfe//:sdny wouy pepeoiumod ‘G ‘SZ02 ‘v2e6vv6eT



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Global Biogeochemical Cycles 10.1029/2024GB008287

already highlighted the dependence of this result on a low number of data points, but if proven to be a robust
feature by future analyses, this could point to a different balance of nitrification and denitrification in marine and
terrestrial environments during the YD versus DOS, perhaps implicating a role for denitrification during AMOC
events of the last ice age.

A major caveat in our assertions is that the contribution from fungal denitrification to total N,O emissions is
severely underconstrained by N,O isotopes. The reason is that there is overlap in the 8'NSF signatures of N,O
from fungal denitrification and nitrifying bacteria. There is also overlap between 8'%0 for fungal denitrification
and marine emissions, precluding the disentanglement of fungal denitrification from nitrification end members by
way of using 8'%0. As such, our estimates of marine versus terrestrial emissions could also be biased if the fungal
denitrification contribution to total N,O emissions were significant. Until this is constrained with independent
methods, or it is shown that the isotopic signature of fungal denitrification is in fact distinct, we can only assert
that we have produced a reasonable and plausible estimate of global N,O emissions sources.

We conclude our discussion by pointing out that the work presented here does not rule out a scenario that can
broadly be considered a “null hypothesis,” that is, where all sources of N,O (marine, terrestrial, nitrification,
denitrification) played an important role in increasing atmospheric N,O during global warming events of the past,
and where nitrification and denitrification remained the dominant production pathways in the marine and
terrestrial environments, respectively.

5. Conclusions

New ice core measurements of position-specific N,O isotopic composition offer powerful constraints for probing
the causes of atmospheric N,O changes in the past. The data illustrate that the abrupt rise in N,O across the last
deglaciation was plausibly driven by increased emissions of N,O from both nitrification and denitrification.
Similar measurements across an abrupt, smaller magnitude rise in N,O during the last ice age implicate nitrifi-
cation and denitrification pathways, while demonstrating for the first time the relative N,O contribution from land
and marine sources for one of these events. The data and analyses present a clear picture of increasing N,O
emissions from both microbial pathways in response to warming, likely in association with shifts in the strength of
the Atlantic Meridional Overturning Circulation. AMOC changes appear to affect marine and terrestrial N,O
production similarly in three separate instances. Within our data and model uncertainties, we conclude that both
pathways play an important role in driving past N,O changes, and we do not reject a “null hypothesis” scenario in
which nitrification and denitrification remained the dominant N,O production pathways in the oceans and on
land, respectively.

The interpretations in this study hinge on the values of N,O source isotopic signatures as well as the trends
resolved in ice core data. Systematic uncertainties in the source signatures may exist that are related to the degree
of N,O reduction and contributions from fungal denitrification that cannot be quantified by existing data.
Reducing the uncertainty in source signatures, analytical precision, and time-resolution gaps will increase the
power of the ice core N,O isotope records. We optimistically look forward to these improvements, which will
inevitably provide more clarity on the causes of N,O variations during the last ice age and improve our ability to
model N,O-climate feedback that are important for predicting the future trajectory of this greenhouse gas in a
warming world. Future work should focus on (a) whether the site preference distinction is robust in natural N,O
producing ecosystems or the complications are too great to be of use for reliably deconvolving the N,O pro-
duction pathways in ice cores, and (b) utilizing §'*0 in N,O source reconstructions, including to constrain the
degree of N,O reduction in denitrifying environments.
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