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Abstract

Surface snow and atmospheric samples collected along a traverse from the coast to the ice sheet summit (Dome A) are used
to investigate summertime atmospheric production of nitrate (NO3

–) across East Antarctica. The strong relationship observed
between d15N and d18O of nitrate in the surface snow suggests a large (lesser) extent of nitrate photolysis in the interior (coast-
al) region. A linear correlation between the oxygen isotopes of nitrate (d18O and D17O) indicates mixing of various oxidants
that react with NOx (NOx = NO + NO2) to produce atmospheric nitrate. On the plateau, the isotopes of snow nitrate are best
explained by local reoxidation chemistry of NOx, possibly occurring in both condensed and gas phases. Nitrate photolysis
results in redistribution of snow nitrate, and the plateau snow is a net exporter of nitrate and its precursors. Our results sug-
gest that while snow-sourced NOx from the plateau due to photolysis is a significant input to the nitrate budget in coastal
snow (up to �35%), tropospheric transport from mid-low latitudes dominates (�65%) coastal snow nitrate. The linear rela-
tionship of d18O vs. D17O of the snow nitrate suggests a predominant role of hydroxyl radical (OH) and ozone (O3) in nitrate
production, although a high D17O(O3) is required to explain the observations. Across Antarctica the oxygen isotope compo-
sition of OH appears to be dominated by exchange with water vapor, despite the very dry environment. One of the largest
uncertainties in quantifying nitrate production pathways is the limited knowledge of atmospheric oxidant isotopic
compositions.
� 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

There is great interest in using the isotopic composition
of nitrate (NO3

–) in ice cores to track the history of atmo-
spheric precursor (i.e., NOx = NO + NO2) sources and oxi-
dation chemistry. However, NO3

– can be lost from the
snowpack by surface processes, and the extent of NO3

– loss
via post-depositional processing may be accumulation
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dependent (Freyer et al., 1996; Röthlisberger et al., 2002;
Grannas et al., 2007). In addition, the physical evolution
of the snow influences the chemical composition and recent
modeling of the co-condensation of HNO3 and water vapor
suggests that this could influence the deposition and preser-
vation of NO3

– in surface snow (Bock et al., 2016). Post-
depositional loss of NO3

– can be severe at low accumulation
sites such as Dome C (<30 kg m�2 a�1) and is accompanied
by isotopic modification of the residual NO3

– (Frey et al.,
2009; Erbland et al., 2013). In contrast, NO3

– can be largely
preserved under higher snow accumulation conditions such
as at Summit, Greenland (>200 kg m�2 a�1) likely owing to
the faster burial and possibly snow impurity content
(Hastings et al., 2005; Fibiger et al., 2013; Zatko et al.,
2013). Thus, it has been suggested that high-accumulation
sites with less post-depositional processing have great
potential to deliver information regarding NOx sources
and oxidation chemistry (Hastings et al., 2009; Erbland
et al., 2013; Shi et al., 2015; Zatko et al., 2016). For lower
accumulation sites, it can be difficult to interpret archived
records due to surface modification, although the isotopic
composition of NO3

– may be useful in this regard since
post-depositional loss leaves a large isotopic imprint
(Erbland et al., 2015).

A number of field observations and laboratory experi-
ments suggest that photolysis is the dominant NO3

– loss
mechanism and leads to a large enrichment of 15N in the
remaining snow NO3

–, with local impacts on summertime
atmospheric NOx/OH mixing ratios via photoproducts
(e.g., NO2) (Davis et al., 2004; Jacobi et al., 2006;
McCabe et al., 2007; Davis et al., 2008; Frey et al., 2009;
Slusher et al., 2010; Erbland et al., 2013; Berhanu
et al., 2014). Due to photolytic loss, isotopic enrichment
in 18O and 17O of the residual snow NO3

– is also
expected (Frey et al., 2009), but field and laboratory
studies tend to show a decrease in d18O and D17O
(McCabe et al., 2005; Shi et al., 2015). (d (‘‘delta”) is defined
as (Rsample/Rreference � 1) � 1000‰, where R = 15N/14N for
d15N, R = 18O/16O for d18O and R = 17O/16O for d17O;
D17O = d17O � 0.52 � d18O; and the reference is air-N2

for d15N and Vienna Standard Mean Ocean Water
(VSMOW) for d17O and d18O). McCabe et al. (2005) deter-
mined in laboratory photolysis experiments that the
decrease in D17O of NO3

– in water was due to reoxidation
and O-exchange reactions between the photoproducts,
OH and H2O (D17O(H2O) = 0‰).

Photoproducts from photolysis of NO3
– in snow can be

reoxidized and recycled in the atmosphere before local re-
deposition as NO3

– or transport away. Observations in
coastal regions of Antarctica have suggested that snow-
sourced NO3

–/NOx from photolysis on the Antarctic plateau
could be transported and deposited in the coastal zone
(Davis et al., 2004; Savarino et al., 2007; Davis et al.,
2008; Slusher et al., 2010; Grilli et al., 2013). Model simula-
tions have suggested that most of the NO3

– in inland Antarc-
tic snow is lost via photolysis (perhaps greater than 90%),
leading to a large enrichment of ice core d15N of NO3

– (up
to 300–400‰), while the recycled NO3

– due to transported
photoproducts contributes to a lowering of d15N in coastal
snow (Zatko et al., 2016). However, another modeling
study concluded that tropospheric sources of NOx from
mid-latitudes (i.e., fossil fuel combustion, soil, lightning,
and thermal decomposition of peroxyacetylnitrate (PAN))
are the main driver of NO3

– concentrations in snow except
in summer (Lee et al., 2014). This latter modeling study
did not include photolytic loss or recycling of snow NO3

–

and suggested that observed summertime peaks (Novem-
ber–January) in snow NO3

– concentrations across Antarc-
tica would likely be explained if this process were
included. Previous observational studies had suggested that
a stratospheric source of NO3

– was an important driver of
seasonality in NO3

– concentrations in spring and early sum-
mer (Legrand and Delmas, 1986; Wagenbach et al., 1998;
Savarino et al., 2007; Traversi et al., 2017). The potential
mix of tropospheric and stratospheric sources, and the
atmospheric transport of ‘secondary’ NO3

–/NOx across the
East Antarctic Ice Sheet (EAIS) adds additional complexity
to the interpretation of NO3

– in ice cores.
In an effort to better discern the influence of production

of ‘secondary’ NO3
– in Antarctica, we collected surface snow

and atmospheric samples along a �1300 km traverse from
coastal East Antarctica to the summit of the ice sheet
(Dome A). This traverse covers a variety of environments,
e.g., from very low (<25 kg m�2 a�1) to high (>200 kg
m�2 a�1) snow accumulation rates, from the coast to the
ice sheet summit (with elevation �4100 m). We utilize the
full suite of NO3

– isotopic measurements (d15N, d18O and
D17O) on snow and atmospheric samples to investigate pro-
cessing of snow NO3

– and formation pathways of atmo-
spheric NO3

– in different environments on the EAIS.

2. METHODOLOGY

2.1. Sample collection

In austral summer 2012–2013, surface snow samples
were collected from 124 sites at �10 km intervals along a
traverse from Zhongshan Station on the coast to Kunlun
Station at Dome A (Fig. 1). The topmost 3 ± 1 cm of snow
was collected using 250 ml high-density polyethylene
(HDPE) bottles pushed into the snow in the windward
direction. The surface snow sampling was carried out
upwind with respect to the traverse route, generally >500 m
away from the route. The bottles were pre-cleaned with
ultrapure Milli-Q water (18.2 MX), dried under a class
100 clean hood at room temperature and sealed in clean
polyethylene (PE) bags until field sampling. Pre-cleaned
bottles filled with Milli-Q water taken to the field and
treated to the same conditions as samples represent field
blanks. After sampling, the bottles were again sealed in
clean PE bags and preserved frozen in a clean insulated
cabinet. At individual sampling sites, the surface snow
density (the topmost �10 cm layer) was measured using a
rectangular sampler (total volume = 1000 cm3).

In addition to surface snow, atmospheric NO3
–, i.e., both

particulate and gaseous NO3
–, was collected along the tra-

verse following similar protocols for previous work in East
Antarctica (Savarino et al., 2007; Frey et al., 2009; Erbland
et al., 2013). Briefly, the atmospheric samples were collected
on Whatman G653 glass-fiber filters (8 � 10 in; prebaked at



Fig. 1. Surface snow and atmospheric nitrate sampling sites along the traverse from coast (Zhongshan Station) to Dome A (Kunlun Station),
East Antarctica. The surface snow and atmospheric nitrate sampling sites are denoted by circles and closed triangles, respectively. Note that
the different color of the closed circles corresponds to the varied annual snow accumulation rate on the traverse (in kg m�2 a�1), which was
obtained by measuring surface mass balance stakes between 2009 and 2013, and the details of this stick measurement were reported in Ding
et al. (2011). The annual snow accumulation rate on the traverse is also shown in Fig. 2(a).
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550 �C for �24 h) using a high volume air sampler (HVAS),
with a flow rate of �1.0 m3 min�1 for 12–15 h. All sampling
was performed �200 m upwind from the temporary field
camps. Two HVASs were operated at the same time to
ensure sufficient amounts of NO3

– for isotopic analysis,
and the two filters were combined to form one sample. In
total, 34 atmospheric samples were collected on the traverse
(Fig. 1).

Recent model simulations suggest that the tropospheric
transport of NOx emitted as far north as 25�S is an impor-
tant contribution to the Antarctic NO3

– budget (Lee et al.,
2014), and characterizing the isotopic signatures of NO3

–

in the southern mid-low latitudes would be of significance
to the interpretation of NO3

– sources in Antarctic snow.
Thus, marine atmospheric NO3

– was sampled in the Indian
Ocean sector by the RV Xuelong during the 2015–2016
Chinese Antarctic Expedition cruise (Table S1). The sam-
pling protocols were similar to those described here. To
avoid contamination from the vessel’s emissions, the HVAS
was situated on the top deck (�25 m above sea level) and
operated only when the incoming wind direction was per-
pendicular to the vessel0s path and the wind velocity was
greater than 1.5 m s�1. The sampling durations were 24–
48 h, with the typical sampling air volume for each sample
ranging from about 1500 to 3500 m3. In total, 10 atmo-
spheric samples in the mid-low latitudes (�20–45 �S) were
collected. (We note that samples were collected along the
entire cruise route and the full dataset is the subject of a
forthcoming publication.) Four field blanks were collected
from filters installed in the HVAS without pumping and
treated as samples thereafter. All filters were kept in opaque
PE bags before and after collection and stored at <�20 �C
prior to extraction and analysis.

2.2. Sample analysis

The procedure for extracting filter NO3
– was similar to

previous work (Xu et al., 2013). Each filter was cut into
pieces using pre-cleaned scissors that were rinsed between
samples, placed in � 100 ml of Milli-Q water, ultrasoni-
cated for 40 min and leached for 24 h under shaking. The
sample solutions were then filtered through 0.22 lm
ANPEL PTFE filters for NO3

– concentration and isotopic
analysis. Nitrate concentration ([NO3

–]) in snow and
extracted solutions was determined using a Dionex ion
chromatograph (ICS 3000) following Shi et al. (2012).
The pooled standard deviation (1rp; Table S2) of replicate
samples run at least twice in different sample sets was 1.5
ng g�1 (n = 25). The detection limit (DL) of NO3

– is
obtained from three standard deviations of Milli-Q water
in the lab, which is typically run 10 times, and the DL is
estimated to be �3.0 ng g–1. [NO3

–] in the field blanks
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(n = 3) consisting of bottled Milli-Q water taken to Antarc-
tica was near or below detection limit. For the glass fiber
filter blanks (n = 4), [NO3

–] was generally two orders of
magnitude lower than actual atmospheric sample extract
solutions (hundreds to thousands of ng ml�1).

Water oxygen isotope ratios (d18O(H2O)) of snow were
determined by a Finnigan MAT253 isotope ratio mass
spectrometer (IRMS) using the standard CO2 equilibration
method (Johnsen et al., 1997). The 1rp of reference material
(VSMOW) measurements was 0.10‰ (n = 20).

Nitrogen and oxygen isotopic ratios in NO3
– (d15N, d18O

and D17O) were analyzed using the bacterial denitrifier
method at Brown University (Sigman et al., 2001;
Casciotti et al., 2002; Kaiser et al., 2007). Briefly, denitrify-
ing bacteria (Pseudomonas aureofaciens) lacking the N2O
reductase enzyme quantitatively convert NO3

– to N2O(g)

which is then analyzed for d15N and d18O using a Thermo
Scientific Delta V + IRMS. D17O was measured separately
via the thermal decomposition of N2O to N2 and O2 in a
heated gold tube (Kaiser et al., 2007). It is noted that
d18O and D17O of NO3

– were determined independently at
Brown, i.e., different aliquots of a sample are measured sep-
arately for d18O (using N2O) and D17O (using O2 decom-
posed from N2O; Fibiger et al., 2013). Additional details
on the isotopic measurements are described in Shi et al.
(2015). The 1rp of sample replicates depicts the analytical
precision of the overall method (Fibiger et al., 2013;
Buffen et al., 2014; Shi et al., 2015), and for this work
was d15N = 0.3‰ (n = 18), d18O = 0.5‰ (n = 18) and
D17O = 0.6‰ (n = 23) (Table S2).

3. RESULTS

3.1. Concentration and isotopic composition of NO3
–

The concentration and isotopic composition of NO3
– in

the snow and atmosphere are shown in Fig. 2. Snow [NO3
–]

ranges from 30.0 to 488 ng g�1 (mean = 51.1 ng g�1) with
a coefficient of variation (Cv, standard deviation/mean) of
0.5, indicating moderate variability. In general, [NO3

–] in
snow is comparable to other Antarctic traverses such as
Dumont d’Urville (DDU)-Dome C, Talos Dome-Dome C,
and Syowa-Dome F (Traversi et al., 2004; Bertler et al.,
2005; Frey et al., 2009). Atmospheric [NO3

–] varies between
6 and 118 ng m�3, with a mean of 38 ng m�3 (Fig. 2c).

Due to the wide range of accumulation rates (which are
influenced by wind scouring and redistribution in addition
to precipitation), the 3 cm of snow sampled at each site cov-
ers different periods of time. At inland sites (low accumula-
tion; Fig. 2a), very high NO3

– concentrations have been
observed in the uppermost �1 cm of snow during austral
summertime (concentrations at Dome C, for example, have
been observed above 1000 ng g�1 (Udisti et al., 2004;
Erbland et al., 2013), so we expect that the NO3

– in our
inland samples contains a significant or even dominant
amount from this upper, and presumably more recent,
deposition.

Snow d15N(NO3
–) ranges from –33.6 to 110.6‰ (mean =

14.7‰; Fig. 2d), and d18O(NO3
–) varies between 39.5 and

100.7‰ (mean = 76.3‰; Fig. 2e). Cv of d18O(NO3
–) is
0.17, while Cv = 2.4 for d15N(NO3
–), suggesting larger spa-

tial variability of the latter. It is difficult to directly compare
the observations here with previous isotopic data from the
DDU-Dome C traverse, primarily due to difference in sam-
pling depth. Frey et al. (2009) reported that d15N and d18O
of NO3

– in the top 10 cm of snow along the DDU-Dome C
traverse was �13.3 to 36.8‰ (mean = 8.2‰) and 62.5–
85.7‰ (mean = 70.6‰), respectively. These ranges are gen-
erally smaller compared to our data, possibly related to the
deeper surface snow sampling in that study, while shallower
surface sampling on a later DDU-Dome C traverse suggests
a larger range than found here. Erbland et al. (2013) report
data from 19 locations sampled at �2 cm depth along the
DDU-Dome C traverse, with d15N ranging between �31
and 186‰ (mean of 41‰). For these same samples, d18O
varies between 28 and 107‰ (mean = 63‰). It is likely that
significant deposition to the near surface layer of snow
influences the concentration and isotopic results (see
above). In the atmosphere, the ranges of d15N(NO3

–) and
d18O(NO3

–) are �46.9 to 12.6‰ (mean = �20.1‰; Fig. 2d)
and 58.7–82.7‰ (mean = 71.2‰; Fig. 2e), respectively,
and these values generally fall within the ranges measured
at Dome C and DDU (Savarino et al., 2007; Erbland
et al., 2013).

Snow D17O(NO3
–) ranges from 23.7 to 36.5‰, with a

mean of 31.1‰ and Cv of 0.07 (Fig. 2f), showing much less
spatial variability than either d15N(NO3

–) or d18O(NO3
–).

Information regarding D17O(NO3
–) in Antarctic surface

snow is rather limited but data from a DDU-Dome C
traverse range from 27 to 38‰ (Erbland et al., 2013).
Atmospheric D17O(NO3

–) ranges from 24.0 to 30.1‰, with
a mean of 27.7‰. Similar to d15N(NO3

–) and d18O(NO3
–),

D17O(NO3
–) here is comparable to the austral summer

observations at Dome C and DDU (Savarino et al., 2007;
Erbland et al., 2013). Note that previous works on isotopes
of atmospheric NO3

– are site-specific observations (i.e.,
focusing on temporal/seasonal variations; Wagenbach
et al., 1998; Savarino et al., 2007; Erbland et al., 2013),
and data on the spatial variation across Antarctica (e.g.,
spatial variability along a traverse) are unavailable thus far.

Atmospheric [NO3
–] in the marine boundary layer in the

southern mid-low latitudes (from about 20�S to 45�S)
ranges from 50 to 1350 ng m�3, which is similar to the
previous investigations along the same cruise (Xu et al.,
2013; Xu and Gao, 2015). Means of d15N, d18O and
D17O of atmospheric NO3

– are �7.0 ± 3.7, 70.7 ± 8.2 and
25.1 ± 2.6‰ (mean ± 1r, n = 10), respectively (Table S1),
comparable to the observations in the Atlantic Ocean over
the same latitudinal range (Morin et al., 2009).

3.2. NO3
– concentration and isotopic composition spatial

pattern

In general, both [NO3
–] and d15N in the snow and atmo-

sphere increase from the coast towards the plateau while
d18O shows an opposite trend, with lower values inland
(Fig. 2c–e). This is similar to surface snow observations
along the DDU-Dome C traverse (Frey et al., 2009).
D17O shows a generally similar but much weaker trend as
with d18O (Fig. 2e and f).



Fig. 2. Annual snow accumulation rate and water isotopes (a), and snow density and elevation (b), along the traverse from Zhongshan
Station to Dome A, East Antarctica. Results for concentration and isotopic composition of NO3

– ((c)–(f)) in surface snow and atmosphere.
Note that the atmospheric data of d15N, d18O and D17O on the secondary y-axis are presented with a different scale from the primary y-axis
(snow NO3

– isotopic data) ((d)–(f)).
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A significant correlation was found between d18O and
d15N of NO3

– in the snow and atmosphere (Fig. 3), while
d18O and D17O of NO3

– are closely related in snow
(Fig. 4). However, the concentration generally shows no
relation to the isotopic parameters of NO3

– in snow, except
the data on the plateau (i.e., 800 km – Dome A), where pos-
itive correlations were found between oxygen isotopes
(d18O and D17O) and concentration (R2 = 0.31 and 0.41,
respectively; Fig. S1). In the atmosphere, [NO3

–] is well cor-
related with d18O or d15N, but not with D17O (Fig. S2).

Both d15N and d18O in the snow NO3
– are most strongly,

and non-linearly, related to site distance from the coast and
elevation (since elevation increases inland; Table 1). The
same is true for [NO3

–] and D17O but to a lesser degree.
Interestingly, there are no significant trends from the coast
to �400 km inland for snow NO3

– isotopic compositions
(R2 < 0.1, p > 0.05; Figs. S3 and S4). In the coastal
�400 km, the snow accumulation rate is high, generally
>100 kg m�2 a�1 (Fig. 2a), which may restrict the post-
depositional alteration of snow NO3

–, leading to no clear
trend in isotopic composition (see Section 4.2 below).

Previous reports have pointed out that snow [NO3
–] and/

or isotopic composition across Antarctica are related to site
accumulation rate (Freyer et al., 1996; Röthlisberger et al.,
2002; Erbland et al., 2013). The weak relationships with
accumulation observed in this work are likely related to
the very strong wind scouring and snow redistribution that
results in low measured accumulation at mid-traverse sites
(covering about 400–800 km) (Das et al., 2013), as opposed
to low accumulation due to low precipitation as is the case
on the plateau (Ding et al., 2011) (Fig. S5). When sites from
the mid-traverse are not considered, the relationships with
accumulation improve but do not exceed those with dis-
tance from the coast (Tables 1 and S3). We note that when
these mid-traverse sites are not considered, there is very lit-
tle change in the relationships among d15N, d18O, D17O and
[NO3

–]. In the following, the transition zone is excluded such
that only the plateau (�800 km – Dome A, with snow accu-
Fig. 3. Relationship between d15N and d18O of NO3
– in the snow (a) and

coast.
mulation decrease towards Dome A and elevation >�3000m)
and coastal (coast – �400 km) sites will be focused on.

4. DISCUSSIONS

4.1. Plateau snow NO3
–: post-depositional processing and

recycling

If it is assumed that photolytic loss of snow NO3
– follows

a Rayleigh type process, a theoretical fractionation con-
stant, e (‰), can be used to quantify the changes in d15N
or d18O with NO3

– processing (Blunier et al., 2005). Under
the summertime radiation conditions on the Dome A pla-
teau, the 15e (15N) and 18e (18O) are calculated to be
�53‰ and �34‰ respectively, following the model pro-
posed by Frey et al. (2009). This negative 15e value, close
to that derived from both laboratory and field experiments
(Berhanu et al., 2014, 2015), would explain the inland high
snow d15N(NO3

–), with larger values corresponding to a
higher degree of photolytic loss of NO3

– (Fig. 3a). Conse-
quently, higher atmospheric [NO3

–] values are observed on
the plateau due to the strong photolytic loss of snow NO3

–

(Fig. 2c), and the atmospheric NO3
– is expected to hold

the isotopic imprint of snow-sourced NO3
– (i.e., secondary

NO3
– from snow-sourced NOx).
Upon photolysis of NO3

–, the d15N of emitted NOx can be
calculated following the Rayleigh fractionation equation,

d15Nemitted ¼ ð1þ d15N0Þð1� f ð15eþ1ÞÞ=ð1� f Þ � 1; ð1Þ
where d15N0 denotes d

15N in initially deposited NO3
–; f is the

fraction of NO3
– remaining in the snow. If we take d15N in

initially deposited NO3
– at Dome A to be similar to that at

Dome C (i.e., d15N0 = 18‰, top �0.4 cm snow value;
Erbland et al., 2013) and f = 0.63 (i.e., a �37% loss of
NO3

– in inland Antarctica; Shi et al., 2018), the d15Nemitted

is calculated to be ��26‰, i.e., very negative d15N(NOx)
values would be expected in the atmosphere above the pla-
teau snowpack. Assuming that secondary d15N(NO3

–) �
atmosphere (b), with colors corresponding to site distance from the



Table 1
Coefficient of determinations (R2) for best-fit regressions of snow NO3

– concentration and isotopic composition vs. distance from coast,
elevation (m above sea level; m a.s.l.), snow accumulation rate and inverse accumulation rate. The best non-linear fit type was shown after
the R2.

Parameter [NO3
–], ng g�1 d15N(NO3

–), ‰ d18O(NO3
–), ‰ D17O(NO3

–), ‰

Distance from coast, km 0.38*, Pa 0.62*, P 0.67*, P 0.22*, P
Elevation, m a.s.l. 0.33*, P 0.57*, P 0.64*, P 0.20*, P
Snow accumulation rate, kg m�2 a�1 0.13, Expb 0.27*, P 0.25*, P 0.11, P
1/Accumulation 0.12, Powc 0.30*, P 0.25*, P 0.09, P

a P, polynomial.
b Exp, exponential.
c Pow, power.
* Significant at p < 0.05.
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d15N(NOx), the observed atmospheric d15N(NO3
–) is much

higher than the expected values from a Rayleigh fractiona-
tion for almost all of the plateau, with even positive values
(>5‰) observed (Fig. 2d). These values are similar to the
summer atmospheric observations at Dome C (Erbland
et al., 2013).

Could another source, such as tropospheric inputs,
explain this deviation from expectation? For instance, Lee
et al. (2014)’s adjoint modeling study suggests tropospheric
sources from the mid-low latitudes should be important.
The tropospheric d15N(NO3

–) observed in samples collected
in mid-low latitudes of the Indian Ocean sector in this study
was found to be negative (�7.0 ± 3.7‰), while the data in
mid-low latitudes in the Atlantic Ocean sector is about
�4‰ (Morin et al., 2009). Although the potential fraction-
ation of 15N during transport is not well understood, it is
unlikely that the tropospheric source contributes substan-
tially to positive atmospheric d15N(NO3

–) on the plateau
rather than on the coast (i.e., very low atmospheric d15N
(NO3

–) on the coast; Fig. 2d). Stratospheric inputs of NO3
–

have also been hypothesized as important on the plateau,
and this source is expected to have a high, positive d15N
(NO3

–) value (19 ± 3‰) (Moore, 1974; Savarino et al.,
2007). A stratospheric source of NO3

–, however, should also
have a high d18O and D17O of NO3

– due to the influence of
stratospheric ozone (Krankowsky et al., 2007) and this is
opposite to the observations (Figs. 3 and 4).

This brings us back to the possibility that the recycling
of NO3

– on the plateau dominates the atmospheric NO3
–

pool. In the campaigns of Investigation of Sulfur Chemistry
in the Antarctic Troposphere (ISCAT) and Antarctic Tro-
pospheric Chemistry Investigation (ANTCI) at South Pole
during 1990s–2000s, elevated atmospheric NOx levels on
the plateau were proposed to be associated with NO3

–

recycling (Davis et al., 2004, 2008). Recent box model
and global chemical transport model simulations suggest
that NO3

– recycling at the low snow accumulation sites,
e.g., Dome C, is rather strong (>4 times before burial below
the photic zone) (Erbland et al., 2015; Zatko et al., 2016).
During photolysis of NO3

–, some of the photoproducts are
emitted into the gas phase and can be transported away
by katabatic winds, leading to a net loss of NO3

–, and
regionally, the Antarctic plateau regions are predicted to
be subjected to the largest losses of NO3

– (Zatko et al.,
2016). This NO3

– net loss process would result in a large
enrichment of 15N in the snow, and subsequently the atmo-
sphere on the plateau (i.e., the increased d15N(NO3

–) values
in the surface snow due to loss then lead to positive d15N
(NOx) via photolysis). The local production of secondary
NO3

– in the atmosphere is also consistent with the oxygen
isotopic composition observations (see below). It is possible
that the imprint of stratospheric NO3

– could also help
explain the positive values on the plateau; however, the
model studies suggest that at such sites nearly 100% of
the NO3

– should reflect a recycled signal. Thus, we propose
that the observations of summertime atmospheric NO3

– on
the plateau (Figs. 2c and 3b) are best explained by the recy-
cling of photolyzed NO3

– products across the plateau.
Accordingly, this leads to a spatial redistribution of NO3

–

driven by photochemistry that also contributes to depleted
15N(NO3

–) in the coastal snow (Section 4.2).
As a mass-dependent process, it is expected that photol-

ysis alone will not change the D17O of NO3
– remaining in the

snow, but will increase d18O following from the very
negative calculated 18e = �34‰, as is the case with d15N
(Frey et al., 2009). On the plateau, the high d15N(NO3

–) cor-
responds to low d18O(NO3

–) (Fig. 3), and D17O(NO3
–) also

shows low values (Figs. 2f and 4), opposite to the expecta-
tions. During photolysis, however, some of the photoprod-
ucts remain in the condensed phase (Jacobi and Hilker,
2007) and undergo reoxidation reactions where oxygen
atoms from OH and/or H2O (with very negative d18O
and D17O � 0; case 1 in Table 2; Fig. 2a) can be incorpo-
rated into this secondary snow NO3

–. In this case, both
d18O and D17O in remaining snow NO3

– will be lowered.
This is supported by laboratory and theoretical work
(McCabe et al., 2005; Jacobi and Hilker, 2007) and has
been invoked to explain other East Antarctic snowpit
observations (Frey et al., 2009; Erbland et al., 2013; Shi
et al., 2015). Simultaneously, some fraction of the photo-
products must also escape the condensed phase to the firn
air and overlying atmosphere. These products should also
undergo reoxidation (but in the gas phase) by local oxidants
(e.g., OH; see below). This reformed NO3

– will either be
redeposited (where it may undergo further recycling) or
be transported away. The combination of loss and reforma-
tion of NO3

– can explain higher d15N corresponding to
lower d18O in the snowpack at plateau sites (Fig. 3).

During the production of atmospheric NO3
–, oxygen

atoms are incorporated from different source oxidants,



Table 2
Different NO3

– production cases in both interior and coast of Antarctica.

Plateau: 800
km-Dome A

Case 1
Reoxidation by OH in condensed phase and gas
phase
d18O(O�

3) = 130‰, D17O(O�
3) = 39‰;

d18O(H2O) = [�40.0‰, �60.2‰]a;
d18O(H2O)v = [�62.8‰, �86.2‰]b;
D17O(OH) � 0‰;
D17O(NO2) = a*D17O(NO2)O3+NO

c

Case 1A
Condensed phase, d18O(OH) = d18O(H2O) =
[�40.0‰, �60.2‰];
Gas phase, d18O(OH) = d18O(H2O)v = [�69.1‰, �81.3‰]

Case 1B
Condensed phase, d18O(OH) = d18O(H2O) + eOH-H2O

d =
[�92.9‰, �114.8‰];
Gas phase, d18O(OH) = d18O(H2O)v + eOH-H2O =
[�111.2‰, �135.3‰]

Coast: 0–400
km

Case 2
Three NO3

– production pathways, i.e.,
OH, O3 and BrO
d18O(O�

3) = 130‰, D17O(O�
3) = 39‰;

d18O(H2O) = [�21.9‰, �31.0‰];
d18O(H2O)v = [�40.0‰, �59.7‰];
D17O(H2O)v = 0‰;
D17O(OH) = re * (1/2D17O(O�

3) + 1/2D18O
(H2O)v) + (1 � r) * D18O(H2O)v � 2.5‰

Case 2A
d18O(OH) = r * (1/2d18O(O�

3) + 1/2d18O(H2O)v) + (1 � r) *
d18O(H2O)v = [�28.9‰, �47.4‰]

Case 2B
d18O(OH) = r * (1/2d18O(O�

3)+1/2d18O(H2O)v) + (1 � r) *
d18O(H2O)v+ eOH-H2O = [�77.6‰, �95.7‰]

a Values in the square brackets denote the ranges of individual parameters.
b d18O(H2O)v, water vapor isotopes, estimated from the equilibrium fractionation factor for the phase transitions of water between vapor

and ice (Hoffmann, 1995). The d18O of snow refers to the observations in Fig. 2a.
c a, partition ratio of the rate of NO2 production via O3 (R1) vs. the total rate of NO2 production ((R1) and (R3)). For all the cases in this

table, D17O(NO2) = a*D17O(NO2)O3+NO. a is estimated to be 0.86 on the East Antarctic plateaus, and a � 0.9 near the coast (Kunasek et al.,
2008; Morin et al., 2009; Erbland et al., 2015). D17O(NO2)O3+NO is the D17O of NO2 produced via (R1) (NO + O3), and D17O(NO2)O3+NO =
37.3‰ taking D17O(O�

3) = 39‰ (D17O(NO2)O3+NO = 1.18 � 2/3 * D17O(O�
3) + 6.6‰ (Savarino et al., 2008).

d eOH-H2O, equilibrium fractionation between OH and H2O proposed by Michalski et al. (2011), eOH-H2O = 0.188 T � 99.3, with T =
temperature (K).
e r is dependent upon atmospheric OH formation through pathway of O(1D) and H2O. On coast, d18O and D17O of OH at steady state is

determined by two competing reactions: (1) isotopic exchange between OH and H2O, *OH + H2
16O?16OH + H2

*O, with *O denoting 17O and
18O; and (2) OH sink reactions with CO and CH4 (Michalski et al., 2003; Bloss et al., 2007; Morin et al., 2007). The isotopic composition of
OH can then be estimated by the reaction rates of (1) and (2), as described by Morin et al. (2007). For the coastal conditions of this study, the
ratio of net loss via reaction (2) to total loss by both reactions (r) is calculated to be �0.13.

Fig. 4. D17O vs. d18O of NO3
– in surface snow. The relationship between d18O and D17O of NO3

– (R2 = 0.54, p < 0.001) with colors
corresponding to site distance from the coast is in (a). The best fit equation, coefficient of determinations (R2), and significance level (p) for the
three groups of data (based upon distance from the coast) are shown in (b). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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depending on the NOx oxidation channels, resulting in dif-
ferent D17O values in the produced NO3

– (Michalski et al.,
2003; Morin et al., 2007). The D17O value of NO3

– produced
by different pathways can be calculated by the following
expression,

D17OðNO�
3 Þ ¼ 2=3D17OðNO2Þ þ 1=3D17OðOxidantÞ ð2Þ

Three groups of NO3
– production pathways need to be

considered for D17O(Oxidant): oxidation by OH, O3 and
BrO ((R1)–(R11)):

NOþO3 ! NO2 þO2; ðR1Þ
NO2 þ hv!O2

NOþO3; ðR2Þ
NOþRO2ðor HO2Þ ! NO2 þROðor OHÞ; ðR3Þ
NOþ BrO ! NO2 þ Br; ðR4Þ
NO2 þOHþM ! HNO3 þM; ðR5Þ
NO2 þ BrO ! BrONO2; ðR6Þ
BrONO2 þH2Oþ surface ! HNO3 þHOBr; ðR7Þ
NO2 þO3 ! NO3 þO2; ðR8Þ
NO3 þDMS or HC ! HNO3 þ products; ðR9Þ
NO3 þNO2 þM ! N2O5 þM; ðR10Þ
N2O5ðgÞ þH2OðlÞ þ surface ! 2HNO3ðaqÞ; ðR11Þ
where RO2 is an organic peroxy radical, M is an unreactive
third body such as N2, DMS is dimethyl sulfide, and HC is
a hydrocarbon. The reaction between OH and NO2 (R5) is
dominant during the day (Antarctic summer) while the
reaction of O3 with NO2 ((R8)–(R11)) is more important
at night (Antarctic winter). NO2 can be oxidized by BrO
to form NO3

– via hydrolysis of BrONO2 ((R6), (R7)). How-
ever, the oxidation of NOx by BrO on the Antarctic plateau
has been suggested to be negligible due to the very low
observed BrO levels (2–3 pptv) (Frey et al., 2015;
Savarino et al., 2016). During summertime, modeling pre-
dicts that (R5) should be the most important for NO3

–

deposited in Antarctica (Lee et al., 2014).
The linear relationship between d18O and D17O of NO3

–

is generally interpreted as the result of mixing of various
oxidants that react with NOx to produce atmospheric
NO3

– (Michalski et al., 2004; Fibiger et al., 2013). Thus,
the close relationship between d18O and D17O of NO3

– on
the plateau (Fig. 4b) is representative of a mixing between
two major oxidants: a higher end-member that is assumed
to be ozone (O�

3 representing transferrable terminal atom
of O3, d

18O(O�
3) � 130‰, and D17O(O�

3) � 39‰ in the tro-
posphere; Vicars and Savarino, 2014; Savarino et al.,
2016), and an oxidant with very low d18O and D17O that
is difficult to identify.

The x-intercept of the linear regression of d18O versus
D17O of NO3

– is �78‰ (plateau data; Fig. 4b), which is
comparable to those in surface snow (�93‰) and snowpits
(�84‰) at South Pole (McCabe et al., 2007). Based on the
secondary NO3

– production during photolysis, the lower
end-member of the mixing line could be associated with
OH and/or H2O. OH in Antarctica during summertime is
mainly from the reactions between (a) NO and HO2, and
(b) O(1D) and H2O, which will result in different oxygen
isotopic compositions (Morin et al., 2007). The presence
of elevated mixing ratios of NO emitted by NO3

– photolysis
in snow will favor reaction (a), which explains large
concentrations of OH across the high Antarctic plateau
(Chen et al., 2001; Mauldin et al., 2001; Kukui et al.,
2014). Thus, atmospheric OH in inland Antarctica is more
likely associated with channel (a), due to the high degree of
NO3

– photolysis. In this case, d18O(OH) could be close to or
lower than the value of water vapor due to equilibrium
between OH and H2O, while D17O should be close to zero
(e.g., D17O(OH) calculated to be 1–3‰ at Dome C in sum-
mer) (Morin et al., 2007; Michalski et al., 2011; Savarino
et al., 2016).

The d18O of OH is largely dependent on the exchange
reaction between OH and H2O (Dubey et al., 1997), and
it can be approximated that OH is in equilibrium with
H2O under most conditions. In this case, a fractionation
constant of this exchange reaction, eOH-H2O, as a function
of temperature has been proposed (Michalski et al.,
2011). On the Antarctic plateau, where water vapor is at
ppmv levels and OH is at <pptv levels (Kukui et al.,
2014; Casado et al., 2016), it is unclear that this equilibrium
fractionation would apply. There are no direct observations
of d18O(OH), but we may draw conclusions about its
expected isotopic composition based upon the combined
d18O and D17O(NO3

–) observations here. If we take d18O
(OH) as close to that of H2O (water vapor) in the con-
densed phase (gas phase) (case 1A, Table 2), the range of
d18O(OH) seems to explain the observations well (i.e.,
x-intercept = �78‰; Fig. 4b). Note that the estimated
d18O of water vapor on the plateau (�62.8 to �86.2‰;
Table 2) is comparable to the observations at Dome C in
summertime (Casado et al., 2016), where the d18O of
snow/ice is comparable to those of Dome A (Hou et al.,
2009 and references therein). However, the OH pathway
((R1), (R5)) would lead to an expected D17O(NO3

–) � 26‰
(case 1, Table 2), lower than most of D17O(NO3

–) values
(30 ± 2‰, mean ± 1r) in the plateau snow (Fig. 2f). In this
case, a higher primary D17O(NO3

–), i.e., a higher D17O(O�
3) is

required to account for the observed values. If the observed
D17O(NO3

–) is mainly associated with O3 ((R1), (R5)), then
D17O(O�

3) of 58‰ (for calculation details see Table 2), cor-
responding to D17O = 38‰ of bulk O3, is required to
account for the observed D17O(NO3

–) = 30‰. Note that this
expected D17O(O�

3) represents an upper limit, calculated by
assuming D17O(OH) � 0‰ (OH may retain the ozone D17O
signature) and no NO3

– production pathway via BrO (the
D17O signature of NO3

– produced via BrO pathway is iden-
tical to that of O3 channel; (R1) and (R6)). This calculated
D17O of bulk O3 is greater than suggested by observations
using a nitrite coated filter technique at Dome C
(D17O(O3)bulk = 24.9‰; Savarino et al., 2016), but falls
within the ranges from laboratory experiments
(Mauersberger et al., 2003; Michalski et al., 2014).

If OH is in equilibrium with H2O, and an equilibrium
fractionation (eOH-H2O) between them (Michalski et al.,
2011) is considered (case 1B, Table 2), the d18O(OH) range
is too negative to fit the x-intercept (�78‰). Thus, a large
equilibrium fractionation between OH and H2O cannot
account for our observed data.
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In summary, although the fractionation between OH
and H2O in the polar regions is poorly understood, our
observations are best explained by d18O(OH) � d18O
(H2O)v. Thus, it can be inferred that the isotopic composi-
tion of OH appears to be dominated by exchange with
water vapor across the plateau, despite the very dry envi-
ronment, and a large fractionation between OH and H2O
(or water vapor) does not seem to occur.

4.2. Coastal snow NO3
–: sources and oxidant chemistry

Compared to interior snow, photolytic loss of NO3
– likely

occurs to a lesser extent near the coast (Zatko et al., 2016),
possibly due to the faster burial of NO3

– below the photo-
chemically active zone as a result of higher snow accumula-
tion rate (Fig. 2a). The lesser extent of NO3

– photolysis seems
to account for the coastal data extending towards the lower
(higher) extreme for d15N (d18O) of NO3

– (Fig. 3). Thus,
information on the primary deposition of NO3

– (e.g., sources
of NO3

–) is likely preserved in the coastal snow, consistent
with the snowpit observations on this traverse (Shi et al.,
2015). This deduction also agrees well with the results of
Dronning Maud Land and the traverse from Northern
Victoria Land to Dome C, where the post-depositional
losses of NO3

– were found to be insignificant at sites with
snow accumulation rates >�100 kg m�2 a�1 (Weller et al.,
2004; Traversi et al., 2012).

On the coast, NO3
– is featured with negative d15N(NO3

–)
values, with means in the snow and atmosphere of �13.7‰
and �30.6‰ respectively (Fig. 2d). These very negative val-
ues are generally lower than that attributed to most NOx

sources except microbial production in soils (Yu and
Elliott, 2017; and references therein), but the contribution
of this source to Antarctica has been simulated to be minor
(Lee et al., 2014). While lightning should be an important
natural source of NOx in the troposphere (Murray et al.,
2012; Lee et al., 2014), laboratory experiments suggested
a d15N of NOx of around 0‰ (Hoering, 1960). Strato-
spheric NOy (sum of reactive nitrogen compounds) has
been suggested to have a positive d15N (Savarino et al.,
2007). Thus, it is hard to attribute the very low
d15N(NO3

–) values (<�20‰) to the known mid-low latitude
NOx sources (atmospheric d15N(NO3

–) in the mid-low lati-
tudes is ��7.0‰; Section 3.1), although our knowledge
of transport effects is very limited. Considering the large
fractionation during photolysis (15e = �53‰), the very neg-
ative d15N(NO3

–) is most likely associated with NO3
– that is

reformed from photoproducts from inland Antarctica car-
rying very low d15N (see Section 4.1). This NO3

– source
has also been proposed to be responsible for the depleted
15N of atmospheric NO3

– at DDU in summertime
(Savarino et al., 2007).

Previous model simulations suggested that the primary
source of NO3

– to Antarctica is tropospheric transport (Lee
et al., 2014), and the recycled NO3

– is predicted to account
for less of the annual NO3

– deposition flux along the Antarc-
tic coast (Frey et al., 2009; Zatko et al., 2016). The coastal
dataset here provides observations to test these hypotheses,
if the information on the primary deposition of NO3

– is
largely preserved. If it is assumed that the recycled NO3
–

and tropospheric transport of NO3
– from mid-low latitudes

dominate the NO3
– flux in coastal snow, the contribution

from both sources can be estimated by isotopic mass
balance:

d15NðNO�
3 Þsnow ¼ f Rd

15NðNO�
3 ÞR þ ð1� f RÞd15NðNO�

3 ÞT
ð3Þ

with d15N(NO3
–)R and d15N(NO3

–)T representing d15N of
recycled NO3

– and tropospheric NO3
– from mid-low latitude

sources, respectively, and fR of NO3
– the fraction from recy-

cled NO3
–. If we assume that transport does not modify the

isotopes markedly, we can roughly estimate fR via:
d15N(NO3

–)R is similar to the predictions from Eq. (1),
d15N(NO3

–)T = �7.0‰ from observations, and d15N(NO3
–)

= �13.7‰ from the mean in coastal snow. The calculated
fR � 35%, suggesting an important contribution of tropo-
spheric sourced NO3

– in the coastal snow. This estimation
agrees fairly well with model simulations, considering both
recycling of snow sourced NOx (20–40% near the coast;
Zatko et al., 2016) and tropospheric transport of mid-low
latitude sourced NOx (Lee et al., 2014). Thus, ice cores near
the coast hold great potential to track past atmospheric
NOx/NO3

– sources.
Considering the permanent sunlight during summertime

in Antarctica, snow NO3
– is expected to be mainly from the

OH production channel ((R1) and (R5)) and global model-
ing agrees with this expectation (Alexander et al., 2009; Lee
et al., 2014). On the coast, if the d18O(OH) values are close
to those of H2O(v) in the atmosphere, i.e., without large
fractionation between OH and H2O(v) (case 2A, Table 2),
the range of d18O(OH), �28 to �47‰, seems to account
for the x-intercept of the linear regression between d18O
and D17O of NO3

– (�24‰; Fig. 4b). This is consistent with
the expectation that the OH channel dominates NO3

–

production in summertime. Similar to the plateau results,
if an additional fractionation between OH and H2O(v)

(eOH-H2O) is taken into account (case 2B, Table 2), the
d18O(OH) values (�77.6 to �95.7‰) are likely too negative
to fit the observations.

Based on the fR calculation above, the tropospheric
sources in mid-low latitudes can contribute significantly to
snow NO3

–. For the oxygen isotopes, we must consider two
cases: a) where NO3

– is formed in the mid-low latitudes
(i.e., oxidation takes place in the mid-low latitudes), and
b) where NOx is oxidized closer to the coast of Antarctica.
For case a), considering that most of southern mid-low lat-
itudes are open oceans and the sampling time is summer
when dimethyl sulfide (DMS) levels are enhanced (Gabric
et al., 2001; del Valle et al., 2009), we would expect the high
end-member in Fig. 4b to be explained by NO3

– formation
with O3 as the primary oxidant (e.g. (R7)–(R11)). The
DMS and BrO pathways ((R7) and (R9)) produce the
highest D17O(NO3

–) values, as the only oxidant is O3

(Eq. (2)), and D17O(NO3
–) values produced by the two

pathways are approximately equal. The OH channel (R5)
produces the lowest D17O(NO3

–) values as D17O(OH) �
0‰, and N2O5 hydrolysis (R11) produces intermediate
values (D17O(NO3

–) = 2/3D17O(NO2) + 1/6D17O(O�
3)). An
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observed mean D17O(NO3
–) of 32 ± 2‰ in coastal snow cor-

responds to the contribution of the OH pathway of �30%
(the maximum, �30%, calculated assuming no contribution
of N2O5 hydrolysis, see Case 2 in Table 2), suggesting a
predominant role of BrO and/or DMS pathways in NO3

–

production. If the NO3
– is mainly produced via either of these

channels, the marine atmospheric NO3
– in the mid-low

latitudes should feature high D17O values. However, the
atmospheric D17O(NO3

–) mean in mid-low latitudes in the
Indian Ocean sector is 25.1‰ (21.0–30.4‰; Table S1), much
lower than D17O values of NO3

– calculated via the DMS or
BrO pathways. In addition, the oxidation of NOx by BrO
in coastal East Antarctica has been suggested to be minor
compared to the reaction with OH during summertime
(Legrand et al., 2009; Kukui et al., 2012; Grilli et al.,
2013). Lee et al. (2014) suggest that the degradation of
PAN, a reservoir species of NOx that is highly temperature
sensitive, is a major source of NO3

– to Antarctica. In this case
(case b)), the oxygen isotopic composition of NO3

– would be
determined by high latitude oxidation. Even with this
assumption, it is difficult to match the high observed coastal
snow D17O(NO3

–). One possible explanation, for either case
(a) or (b), is that D17O(OH) is greatly underestimated. All
of the existing D17O(OH) values are from calculations
(e.g., Morin et al., 2007; Savarino et al., 2016), with no envi-
ronmental observations available thus far. A contradiction
between expectations and observations of oxygen isotopes
of NO3

– was also observed at Summit, Greenland, and lack
of understanding of isotopic composition of OH was pro-
posed as a possible reason (Fibiger et al., 2016). However,
given our results above, a high positive D17O signal of OH
seems unlikely due to the exchange of oxygen atoms with
water in the atmosphere (Michalski et al., 2011). Another
possibility is additional stratospheric input of NO3

– and/or
an underestimation of D17O(O�

3). If we take D17O(O�
3) �

52‰ (corresponding to D17O � 35‰ of bulk O3, close to
the result of laboratory experiments by Michalski et al.
(2014)), the contribution of the OH pathway can be as much
as or greater than 90%, consistent with expectations. Alter-
natively, if there are no systematic errors in the measure-
ments of tropospheric O3 using the nitrite coated filter
technique (D17O(O3) � 26‰) (Vicars et al., 2012; Vicars
and Savarino, 2014), a stratospheric source with very high
D17O and/or an unknown NOx chemistry is needed to
explain the observed D17O(NO3

–) in the snow. A similar issue
(underestimation of D17O(NO3

–)) was also found for year
round observations at Dome C (Savarino et al., 2016). Bet-
ter constraint on the D17O(O�

3) in high latitudes is needed to
resolve this and allow for interpretation of ice core NO3

–

records, even at the high-accumulation sites where most of
the primary NO3

– deposition information is preserved.
In summary, the summer coastal observations of d15N

(NO3
–) are best explained by a contribution from secondary

NO3
– via NOx sourced from the plateau (�35%). Based

upon modeling and our observations, the remaining frac-
tion is likely best explained by tropospheric nitrogen
sources (�65%), although a stratospheric source of NO3

–

cannot be ruled out. The oxygen isotopic composition of
NO3

–, both on the coast and the plateau, cannot be
explained if OH exchanged with H2O(v) in the atmosphere
results in a large offset for d18O(OH) from d18O of
H2O(v). The formation of NO3

– is expected to be dominated
by NO2 + OH in summer, however, the isotopic observa-
tions require a high initial D17O(O3) (� 35‰ for bulk O3)
based on the current knowledge of NOx chemistry and
the oxygen isotopes of oxidants.

5. CONCLUSIONS

The purpose of this investigation was to track the differ-
ences in summertime NO3

– atmospheric chemistry across the
EAIS by means of the complete isotopic composition of
NO3

– in the snow and atmosphere. Concentration and iso-
topic compositions of NO3

– in surface snow are dependent
upon distance from the coast. On the plateau, snow NO3

–

is heavily influenced by post-depositional processing and
local oxidation, confirming previous isotopic studies at
Dome C and recent modeling studies that suggest signifi-
cant release and recycling of snow-sourced NOx. The pro-
duction of secondary NO3

– likely occurs both in the
condensed phase (i.e., in the snow) and in the gas phase
above the snowpack, based upon the isotopic composition
of NO3

– in the snow and in the atmosphere. During snow
NO3

– photolysis, some of the photoproducts are transported
away, resulting in an enrichment of d15N(NO3

–) in the snow-
pack and subsequently in the atmosphere. A mixing line
between the NOx oxidants O3 and OH/H2O can explain
the linear relationship of d18O and D17O of NO3

– on the
plateau, if there is no significant fractionation between
OH and H2O(v). A higher D17O(O3) value than observed
predicts a better agreement between measured and expected
D17O(NO3

–) values in the plateau snow.
From our observations, it is possible to estimate the con-

tribution of secondary NO3
– to coastal concentrations. In

coastal snow, �35% of NO3
– is determined to be from

snow-sourced NOx from the interior (due to photolysis),
while tropospheric transport from lower latitudes con-
tributes about 65% to snow NO3

–. The OH oxidation path-
way plays an important role in gas phase NO3

– production
and, as on the plateau, the relationship between the oxygen
isotopes of NO3

– in coastal snow are best explained by d18O
(OH) � d18O(H2O)v. However, the current knowledge on
D17O of oxidants and NOx chemistry, and observations of
mid-low latitude atmospheric NO3

–, cannot account for
the high observed snow D17O(NO3

–) values. Again, a high
D17O(O3) (� 35‰) reconciles the discrepancies in observa-
tions and expectations, based upon chemical transport
modeling, that tropospheric transport also contributes
importantly to coastal deposition.

From both the plateau and coastal observations, it
appears that 18O fractionation for the equilibrium between
OH and water vapor would be rather small or close to zero
across the EAIS. Although the isotopic composition of O3

has been analyzed recently at specific sites in Antarctica
(e.g., Dome C; Savarino et al., 2016), further investigation
is needed to determine the isotopes of OH and O3 and/or
the potential for missing NOx chemistry. Coastal ice cores
hold the best promise for reconstructing and tracking
oxidant chemistry in the present and in the past via snow/
ice core NO3

–.
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