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Abstract. Stable isotope ratios of nitrate preserved in deep
ice cores are expected to provide unique and valuable in-
formation regarding paleoatmospheric processes. However,
due to the post-depositional loss of nitrate in snow, this in-
formation may be erased or significantly modified by phys-
ical or photochemical processes before preservation in ice.
We investigated the role of solar UV photolysis in the post-
depositional modification of nitrate mass and stable isotope
ratios at Dome C, Antarctica, during the austral summer of
2011/2012. Two 30cm snow pits were filled with homog-
enized drifted snow from the vicinity of the base. One of
these pits was covered with a plexiglass plate that transmits
solar UV radiation, while the other was covered with a differ-
ent plexiglass plate having a low UV transmittance. Samples
were then collected from each pit at a 2-5cm depth reso-
lution and a 10-day frequency. At the end of the season, a
comparable nitrate mass loss was observed in both pits for
the top-level samples (0-7 cm) attributed to mixing with the
surrounding snow. After excluding samples impacted by the
mixing process, we derived an average apparent nitrogen iso-
topic fractionation (Yepp) of —67.8 £12 %0 for the snow
nitrate exposed to solar UV using the nitrate stable isotope
ratios and concentration measurements. For the control sam-
ples in which solar UV was blocked, an apparent average
¢app value of —12.0 £ 1.7 %o was derived. This difference
strongly suggests that solar UV photolysis plays a dominant

role in driving the isotopic fractionation of nitrate in snow.
We have estimated a purely photolytic nitrogen isotopic frac-
tionation (**ephoto) Of —55.8 == 12.0 %o from the difference in
the derived apparent isotopic fractionations of the two exper-
imental fields, as both pits were exposed to similar physical
processes except exposure to solar UV. This value is in close
agreement with the epporo value of —47.9 4 6.8 %o derived
in a laboratory experiment simulated for Dome C conditions
(Berhanu et al., 2014). We have also observed an insensitiv-
ity of 15¢ with depth in the snowpack under the given ex-
perimental setup. This is due to the uniform attenuation of
incoming solar UV by snow, as ¢ is strongly dependent
on the spectral distribution of the incoming light flux. To-
gether with earlier work, the results presented here represent
a strong body of evidence that solar UV photolysis is the
most relevant post-depositional process modifying the sta-
ble isotope ratios of snow nitrate at low-accumulation sites,
where many deep ice cores are drilled. Nevertheless, model-
ing the loss of nitrate in snow is still required before a robust
interpretation of ice core records can be provided.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

Nitrate (NO3), the end product of the oxidation of atmo-
spheric nitrogen oxides (NO, =NO + NO,), is one of the
most abundant ions present in polar ice and snow. Ice core
nitrate mass and isotopic measurements have the potential to
provide quantitative constraints on historic variations in at-
mospheric NO, cycling and oxidative capacity (Legrand and
Kirchner, 1990; Wolff, 1995). However, the interpretation of
these paleorecords is problematic at most sites on the polar
ice sheets, where post-depositional processes such as the des-
orption of nitrate species on snow grains, sublimation or con-
densation of water vapor and photolysis of nitrate have a ma-
jor influence on the signal archived in firn and ice (Dibb et al.,
1998; Honrath et al., 1999; Rothlisberger et al., 2002; Blunier
et al., 2005; Frey et al., 2009; Wolff, 2013). While desorp-
tion is manifested by the physical release of HNO3 from the
snowpack, photolysis involves bond breaking in NO; and
emission of the photoproducts, such as NO,, HONO and the
hydroxyl radical (OH), which can alter the oxidative capacity
of the overlying atmosphere (Chen et al., 2001; Crawford et
al., 2001; Domine and Shepson, 2002; Grannas et al., 2007;
Meusinger et al., 2014).

The stable isotope ratios of nitrate are useful metrics used
to constrain NO, chemistry (Savarino et al., 2007, 2013;
Morin et al., 2008; Hastings et al., 2009; Vicars et al., 2013)
and the post-depositional processing of nitrate in snow (Blu-
nier et al., 2005; Frey et al., 2009; Erbland et al., 2013).
Stable isotope ratios (R) (n(*20) /n(*%0), n(1’0) / n(160)
and n(*>N) / n(}*N)) are expressed as isotopic enrichments
or depletion (5180, A0 and §1°N) relative to a reference
where § =(Rspi / Rref) —1 and R represents the elemental
170 /160, 180 /160 or 15N / 14N ratio in the sample or ref-
erence material. The A0 value is defined here using the
linear relation of A0 =870 —0.52 x §180. The reference
used for oxygen isotope analysis is Standard Mean Oceanic
Water (SMOW) and the reference for nitrogen is atmospheric
N». For practical reasons, § values are typically reported in
per mill (%o), as variations in isotopic ratios for natural sam-
ples occur within a very narrow range.

In order to constrain post-depositional effects on the con-
centration and stable isotope ratios of nitrate, it is neces-
sary to know about the isotopic fractionation values (ex-
pressed using ¢, 18¢, 17 E: see Eq. 1 for definitions), which
are unique for each post-depositional process. Blunier and
coworkers analyzed two surface ice cores from Dome C,
Antarctica, and determined a nitrogen isotopic fractionation
(¥¢) of —54 + 10 %o (Blunier et al., 2005). In an attempt to
reproduce this field observation in the laboratory, artificial
snow was irradiated with UV light in the 200-900 nm wave-
length range and a ¢ value of —11.7 & 1.4 %o was deter-
mined. The authors concluded that post-depositional modi-
fication must therefore result primarily from sublimation of
snow and/or from desorption of nitric acid, with only a mi-
nor contribution from photolysis. However, it was later con-
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firmed that the light source used in this laboratory study
possessed a different spectral distribution compared to solar
spectra encountered in the field, and this may have had a con-
founding effect on the interpretation of the results (Frey et al.,
2009). This effect was shown experimentally in a recent labo-
ratory study (Berhanu et al., 2014; Meusinger et al., 2014) by
irradiating natural snow from Dome C using different UV fil-
ters to match field conditions. Accordingly, isotopic fraction-
ations became less negative and approached 0 when irradi-
ated with short wavelength UV light and vice versa due to the
different overlaps of nitrate isotopologue cross sections with
the incoming UV. The 1°¢ value of —47.9 4+ 6.8 %o derived
for the experiment conducted using a 320 nm filter (closer
to Dome C solar irradiance conditions) was in good agree-
ment with the field observations of —54 + 10 %o (Blunier et
al., 2005), —50 410 and —71 4 12 %o by Frey et al. (2009)
at Dome C. A recent field study by Erbland and colleagues
determined an average apparent °¢ value of —59 + 10 %o for
the East Antarctic Plateau (Erbland et al., 2013).

A theoretical framework has been developed by Frey and
colleagues in order to determine isotopic fractionations asso-
ciated with photolysis (Frey et al., 2009). The authors used
the zero point energy shift model (AZPE) (Yung and Miller,
1997), convoluted with a solar spectrum measured during the
summer solstice at Dome C, and determined a °¢ value of
—48 %o, consistent with their field observations. However,
photolytic isotopic fractionations based solely on the ZPE
shift model are affected by the limitations of the model, such
as ignoring the change in shape and intensity of the absorp-
tion cross sections during isotopic substitutions (Schmidt et
al., 2011). In a recent study, a semiempirical model was de-
veloped that is based on the ZPE shift model but addresses
some of the limitations mentioned above (Berhanu et al.,
2014). This model enabled a better estimation of the absorp-
tion cross sections of nitrate isotopologues, which can be in-
terpolated to a temperature of interest, thus providing a better
estimate for isotopic fractionations under field conditions.

The currently existing field studies (Blunier et al., 2005;
Frey et al., 2009; Erbland et al., 2013) derived apparent iso-
topic fractionations (denoted *Seapp, Beapp and 17 Eqpp) that
incorporate not only the isotopic effects of photolysis but also
other processes with the potential to induce isotopic frac-
tionation (desorption, reoxidation and surface deposition).
In addition, the isotopic fractionations obtained in the exist-
ing field studies cover a wide range of '°¢ values (—40 to
—74.3%0) (Erbland et al., 2013). Therefore, further experi-
mental and modeling studies are required to constrain the ef-
fects of photolysis on stable isotope ratios of nitrate in snow
and to advance the interpretation of these measurements in
snow and ice.

We performed a field study at Concordia (Dome C),
Antarctica, (75°06’ S, 123°19’ E) during the Antarctic sum-
mer of 2011/2012. The effect of UV photolysis on snow
nitrate and its associated effects on nitrate’s stable isotopic
composition were investigated. We have employed an iso-
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lation technique to produce UV-exposed and limited UV-
exposed samples in order to understand the role of photol-
ysis in the post-depositional processing of snow nitrate. To
the best of our knowledge, this is the first field study that
has employed an isolation strategy to constrain specifically
nitrate mass loss and the isotopic fractionation induced by
photolysis from solar UV radiation.

2 Methods
2.1 Experimental design

Windblown snow (i.e., drifted snow) was collected at
Dome C on 2 December 2011 and physically homogenized
in the field. This drifted snow possessed a high nitrate con-
centration (= 1450 ppb), which ensured levels adequate for
isotopic analysis. As the snow density was not measured, its
value can be estimated to be about 225 to 330 kg m—2 based
on its faceted-grain-like structure (Gallet et al., 2011). Two
snow pits of 1 m x 2m surface area and 30 cm depth were
excavated within close proximity (~10m) and filled with
the drifted homogenized snow. A rectangular wooden frame
was used to mark each surface level at a fixed position (i.e.,
depth =0cm). Any additional windblown snow accumulat-
ing above this wooden mark could be removed on a weekly
basis or as necessary. The snow did not become hardened
with time during the study period. The pits were covered with
plexiglass plates of different UV transmittances (Fig. 1), one
having only minor transmittance (10-15 %) below 380 nm,
and the other allowing most of the solar UV radiation in the
290-380 nm range. Transmittance was measured as a ratio
between incoming solar light below the plexiglass plate to
light on top of the plate. Note that sometimes light reflected
back by the snow might lead to transmittance greater than 1.
For simplicity, the samples exposed to UV will be referred
to as “UV” samples, while those collected from the other pit,
which was expected to be unaffected by UV-driven photoly-
sis, will be referred to as “control” samples. Note that other
non-UV-light-associated effects are expected to affect both
pits equally (e.g., the disturbance of outgoing long-wave ra-
diation caused by the plates). Equally, it should be realized
that complete protection from UV radiation in the field is im-
possible due to the scattering of light by the snow, high solar
zenithal angles (min at solstice 51.6°) and imperfect UV cut-
ting by the plexiglass. Such interferences are too complex
to quantify but are mainly limited to the first few centime-
ters of snow. The choice of the plexiglass plate transmittance
was based on the UV absorption cross section of nitrate. Ni-
trate has UV absorption peaks around 200 and 305 nm, with
the former being 3 orders of magnitude stronger than the lat-
ter (Mack and Bolton, 1999). However, light at the wave-
lengths of the strong 200 nm band is cut off because of the
presence of the stratospheric ozone layer (Fig. 2) and does
not reach Earth’s surface. The control plexiglass plate blocks
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Figure 1. Transmittance as measured for the control and the UV
plates. The UV plate transmits solar UV above 290 nm, whereas the
control plate has a cutoff at ca. 375 nm (note that the control plate
has an average transmittance of 15 % below 375nm). As transmis-
sion was measured as the ratio between solar light below plexiglass
plate to light above the plexiglass plate, light reflected back by the
snow might lead to transmittance greater than 1.

the secondary absorption band in contrast to the UV plexi-
glass plates, which allow this band to reach the snow beneath.
The plexiglass plates were placed on a metallic frame 20 cm
above the snow surface, which was expected to be an opti-
mum height because it minimizes both the warming effect
on the snow beneath and the trapping of emitted NO, photo-
products. Placing the plates at a higher level could increase
the possibility of snow deposition at the sides; furthermore,
at higher solar zenith angles there may be solar UV radiation
reaching the control plates. However, vertical plates were not
placed at the sides to avoid trapping drifted snow.

2.2 Sampling and concentration measurements

Sampling was conducted every 10 days from 2 Decem-
ber 2011 to 30 January 2012 at a 2-5cm depth resolution
and to a depth of 30cm. Samples were collected less fre-
quently at depths below the homogenized snow (i.e., down
to 50 cm). The individual sampling events are indicated us-
ing numbers 0-6, with the numbers increasing from the be-
ginning to the end of the season. Below 50 cm, the photol-
ysis of nitrate becomes negligible, as demonstrated by the
light transmission measured at Dome C (France et al., 2011).
The detailed sampling dates are given in Table 1. Sampling
was usually conducted in the morning between 09:00 and
12:00LT and, on a few occasions, one pit was sampled in
the morning and another in the afternoon. During sampling
the plexiglass plates were removed so that both pits were ex-
posed to direct solar UV for a short period of time (usually
less than 1h). For each sample, a snow mass of 0.3-0.6 kg
was collected, placed into a 2 L Whirl-Pack™ bag and stored
frozen (note that in a few cases, a larger amount of snow,
up to 1 kg was collected). The vertical pipes created during
sampling were backfilled using natural snow from nearby,

Atmos. Chem. Phys., 15, 11243-11256, 2015
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Table 1. Sample IDs with their respective sampling dates during the
Austral summer 2011/2012 field campaign at Dome C, Antarctica.

Sample ID Sampling date
UV no. 0 and control no. 0 2 Dec 2011
UV no. 1 and control no. 1 10 Dec 2011
UV no. 2 and control no. 2 21 Dec 2011
UV no. 3and control no. 3 31 Dec 2011
UV no. 4 and control no. 4 10 Jan 2012
UV no. 5and control no. 5 20 Jan 2012
UV no. 6 and control no. 6 30 Jan 2012

with a different nitrate concentration and isotopic signature
than the experimental snow. A mark was left on the wooden
frame after each sampling to record the place where sam-
pling was conducted. A gap of 10 cm was left between con-
secutive samplings to ensure that subsequent samplings were
not modified by previous samplings. The samples were later
melted at room temperature for nitrate concentration mea-
surement and preconcentration. The concentration of nitrate
in each sample was determined in a warm laboratory at the
Dome C station using a continuous flow analysis method.
This is a fast technique used in previous studies by our group
at Dome C, with a precision of better than 3% and a de-
tection limit of 5ngg~! (Frey et al., 2009; Erbland et al.,
2013). In this study, we have determined a precision of better
than 5% based on replicate standard measurements. Most of
the melted snow sample volume was preconcentrated using
an anion exchange resin AG 1-X8 (Bio-Rad 200-400 mesh
chloride form) to trap NOj for isotopic analysis. This step
is essential to ensure that enough samples are available for
replicate measurements. The nitrate trapped in the resin was
eluted with the addition of 5 x 2mL 1 M NaCl solution (Frey
et al., 2009; Erbland et al., 2013). The samples were stored
in plastic tubes in the dark and shipped frozen to Grenoble,
France, for isotopic analysis. We have also collected surface
snow samples along with the snow pit sampling in the im-
mediate vicinity in order to follow possible mixing of the
surrounding snow with the snow pits. The analysis of these
samples was conducted in a similar fashion as for the snow
pit samples.

2.3 lsotopic analysis

The oxygen and nitrogen isotopic composition of nitrate was
determined using the bacterial denitrifier method (Sigman et
al., 2001; Casciotti et al., 2002; Kaiser et al., 2007; Morin
et al., 2008) as modified by Kaiser et al. (2007) and Morin
et al. (2009). Briefly, a culture of the denitrifying bacteria
(Pseudomonas aureofaciens) was concentrated 8 times by
centrifugation following a 5-7-day growth period. 2 mL of
the bacterial culture were then transferred to a 20 mL glass
vial, which was sealed airtight with a PTFE septum. The vials
were then degassed for 3 h using a helium flow (Air Liquide,
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99.999 %). Using an automated system (Gilson Liquid Han-
dler 215), 100 nmol of each preconcentrated nitrate sample
was then injected into these vials. After an overnight incuba-
tion, which allows for complete conversion of NO; to N,O
(Sigman et al., 2001), 0.5mL of 1M NaOH was added to
each vial to inactivate the bacterial cells. The N2O in the
sample vial headspace was then flushed with purified he-
lium (99.999 %), cryogenically trapped before being trans-
ferred into a gold tube at 900 °C, where it was decomposed
to O, and Ny (Cliff and Thiemens, 1994; Kaiser et al., 2007),
which were separated by a GC (gas chromatograph) column
and passed into a MAT253 IRMS (isotope ratio mass spec-
trometer) (Thermo Scientific) to determine the stable oxygen
and nitrogen isotope ratios (Morin et al., 2009).

To correct for isotopic effects associated with sample
analysis, we have included certified standards of USGS-32,
USGS-34 and USGS-35 (Michalski et al., 2002; Bohlke et
al., 2003), which were subjected to a treatment identical to
the samples and prepared in the same matrix (1 M NaCl solu-
tion prepared using Dome C water in order to match the oxy-
gen isotopic composition of local water) (Werner and Brand,
2001; Morin et al., 2009). We have determined the overall
accuracy of the method as the standard deviation of the resid-
uals derived from the linear regression between the measured
and expected values of the reference materials (Morin et al.,
2009). For the samples analyzed in this study, the associated
overall accuracies are 2.0, 0.4 and 0.6 %o for 5§80, A0 and
815N, respectively.

2.4 Data reduction

In order to quantify the effect of photolysis on the stable iso-
tope ratios of snow nitrate, we have calculated apparent iso-
topic fractionations (isotopic fractionations derived for field
samples irrespective of the process inducing fractionation)
for O and N isotopes (Peapp, Beapp and 17 Eqpp for s1N,
8180 and A70 of nitrate, respectively). In doing so, we as-
sume an open system, where NO,. emitted upon the photoly-
sis of nitrate will be removed as soon as it is formed and ni-
trate at depth is considered irreversibly lost (in contrast to the
“skin layer” snow, which receives the deposition of reoxida-
tion products) and adopt the linear relation used in previous
studies (Blunier et al., 2005; Erbland et al., 2013):

NG+ =cIn(f)+In@G+1), )

where £ is the nitrate fraction remaining in snow, defined as
the ratio of the final nitrate concentration (C) and the initial
nitrate concentration (Cp) in the snow (f = C/Co). 8o and 8
are the isotope ratio values for the initial and final snow, re-
spectively. Due to a hiatus in preparing the standards for each
batch of analysis (an offset was observed between batches
but not within a batch), the use of the initial concentration of
the homogenized snow as the starting point was not possible.
Instead Cp was calculated using the average nitrate concen-
tration measured at a depth of 25-30 cm, assuming there is
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no change in the amount of nitrate at this depth due to insuf-
ficient light penetration and the short duration of the experi-
ment. The slope of the In(§ + 1) vs. In(f) plot is the isotopic
fractionation ¢ (note that ¢ = (¢ — 1)), where « is the frac-
tionation factor.

Isotopic fractionation due to photolysis (denoted *®epnoto)
has also been determined in this study using AZPE and the
light transmittance of plexiglass plates, as described in Frey
et al. (2009). According to this model, during isotopic sub-
stitution, the ZPE of the heavier isotopologue is reduced,
leading to a small blue shift in the absorption spectrum of
the heavier isotopologue relative to the lighter one (Fig. 2).
Hence, from a light isotopologue with a measured absorption
Cross section (14NO§), it is possible to derive the absorption
cross section of the heavier isotopologue (**NO3) (Yung and
Miller, 1997; Miller, 2000). Isotopic fractionations (g) were
determined using the following equation:

J/
&= Vi 1, (2)
where J' and J are the photolytic rate constants of the heav-
ier and lighter isotopologues, respectively, defined mathe-
matically as

J =/¢(A,T)G(A,T)1(A,9,z)dx 3)
J’=/(p(k,T)a’(k,T)I(A,G,z)dA, 4

where o and o’ are the absorption cross sections of the light
and heavy isotopologues, respectively. (1) is the quantum
yield and I is the actinic flux for the given wavelength ranges,
which depends on the solar zenith angle (6) and snow depth
(z). Note that if ¢ (1) is assumed to be independent of wave-
length and is the same both for 1YNO3" and °NOj3 , then there
is no need to know its value in order to determine the isotopic
fractionation value. In this study, we have applied this prin-
ciple and derived isotopic fractionations for the UV-exposed
pit in the presence of the plexiglass plates for field condi-
tions.

We have also investigated the depth dependence of the iso-
topic fractionation using the concentration and isotope ra-
tio profiles of nitrate in the experimental snow pits. Accord-
ingly, samples from the same depths from the seven sam-
pling events were stacked together, and isotopic fractiona-
tions were determined from the measured nitrate concen-
tration and §1°N applying the Rayleigh plot approximation.
Sampling at exactly the same depth during each collection
was not possible under field conditions; therefore, the nitrate
concentration and §1°N values obtained for at least four dif-
ferent samples that were expected to be at the same depth,
were used to derive the isotopic fractionation values. In a few
cases, samples within a 1 cm depth range were averaged to-
gether to derive ¢,
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Figure 2. The absorption cross section of 14NO3_ measured in the
liquid phase and the absorption cross section of 15NO?j determined
using the ZPE shift model (left y axis). The absorption cross sec-
tion of 1NO; was derived by applying an average shift of 0.5nm
on NO3 . The 2 nm shift has been manually emphasized (note that
in reality the two curves nearly overlap). Plotted on the right y axis
is the solar spectrum derived using the TUV (Tropospheric Ultravi-
olet Visible) model at Dome C conditions (0zone column depth of
297 DU and an albedo of 0.9) and expected UV fluxes in the pres-
ence of the plexiglass plate filters.

2.5 Experimental precautions

It is important to present the precautions taken in this study
to minimize possible artifacts. The two experimental fields
were open to the atmosphere despite the presence of the plex-
iglass plates. Therefore, while the deposition of snow and/or
nitrate was prevented at the top of the experimental fields,
drifted snow could still have been deposited at the surface
of the pits, as the sides were not closed, in addition to dry
deposition of gaseous HNOs3. In order to minimize the ef-
fect from drifted snow, we mounted a wooden frame at the
sides of the snow pits so that it was possible to establish a
reference surface level (depth =0cm), and the snow present
above this frame was carefully removed as necessary. In ad-
dition, in order to avoid absorption or reflection of solar UV
by windblown snow deposited on top of the plexiglass plates,
we cleaned the plates at least once a week. However, dur-
ing strong winds and bad weather, it was impossible to pre-
cisely maintain the reference frame location. The lack of ho-
mogeneity within and between fields and possible dry de-
position are unavoidable sources of mixing and noise in the
data obtained from this experiment, especially for the first
few centimeters of the pits.

Atmos. Chem. Phys., 15, 11243-11256, 2015
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Figure 3. Plot of the nitrate fraction remaining in the snow (f)
with depth. Control samples (reduced solar UV) are plotted in the
left panel and UV-exposed samples are plotted in the right panel.
The numbers denote the sampling events, which were carried out at
10-day intervals from 2 December 2011 to 30 January 2012. The
dashed lines show the depth where external factors (mainly mixing)
play a significant role.

3 Results
3.1 Concentration profiles

Figure 3 shows the fraction of nitrate remaining in the snow
for each field and for each sampling events. (The actual ni-
trate concentrations for the entire sampling events are shown
in Fig. 1 of the Supplement.) Accordingly, at the beginning
of the experiment (Turnbull et al., 2015, and control no. 0,
t = 0), the concentration of nitrate was uniform with depth
(f & 1). This corresponds to an average nitrate concentra-
tion of 1431 + 46.8 and 1478 +34.5ng g~ down to a 30 cm
depth for the control and UV pits, respectively.

For control no. 2, f is about 0.75 in the top 5cm, but the
profile stabilized below 10 cm, with f = 1. A significant ni-
trate change was observed for the controls no. 4 and no. 6
when compared to controls no. 0 and no. 2, with f reach-
ing 0.15-0.25 in the top 4 cm, but higher f values (f > 0.8)
were observed below 5cm. The maximum nitrate change
(f <0.3) was observed at the surface. It is important to note
that the change observed in the uppermost centimeters is not
necessarily the result of a mass loss but could also result from
mixing with surrounding snow with a lower nitrate concen-
tration than the experimental snow, resulting in an apparent
mass loss.

In contrast, samples from the pit exposed to UV radiation
showed a decrease in nitrate mass up to a depth of 20cm.
For UV no. 2, a nitrate change of f ~ 0.5 was observed at
the surface. However, at lower depths, below 3 cm, only mi-
nor changes were observed (f > 8). The maximum nitrate
change, with f reaching 0.2, was observed for UV no. 4
and UV no. 6. The decrease continued up to a depth of 7cm
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Figure 4. The nitrate concentration profile for the surface snow col-
lected in the vicinity of the two pits compared with the UV and
control pit surface snow (0-2 cm depth).

where f reached 0.4. Further minor decrease (f > 0.75) was
observed up to a depth of 20 cm, and the decrease in nitrate
ceased below 25 cm.

In general, the decrease in nitrate in the top 7 cm was com-
parable for both the control and UV samples (a further indi-
cation of a possible mixing process); however, the amount of
nitrate mass decrease was different in each pit depending on
depth and collection date.

For the surface snow samples, we observed nitrate con-
centrations as high as 1500 ng g~* in mid-December that de-
creased to 400ngg~! at the end of January (Fig. 4). This
concentration profile sometimes matches the concentration
of nitrate measured at a depth of 0-2cm in the snow pits,
which may have been caused by mixing and/or substitution
by the surrounding snow.

3.2 Isotopic analysis

Figure 5 shows the §1°N profiles of the two pits for samples
no. 0, no. 2, no. 4 and no. 6 (the 8*°N values for the duration
of the sampling season are shown in Fig. 3 of the Supple-
ment). Controls no. 0 and no. 2 showed fairly uniform §°N,
with values ranging between —10 and 0 %.. However, con-
trols no. 4 and 6 were enriched in 82°N up to +15 %o for the
surface samples (0-2 cm depth) extending to a depth of about
7 cm and subtle changes below a depth of 10 cm.

In the case of the UV samples, only UV no. 0 showed sta-
bility up to 30 cm depth, with §1°N values ranging between
—6 and —8 %o. For the top 5cm samples of UV no. 2, the
81°N values showed an increase, with a maximum value at
the surface (412 %o) and a stable §1°N profile below a depth
of 5cm. Comparable §'°N values and similar profiles were
observed for UV no. 4 and UV no. 6, with a maximum §°N
value of +35 %o at a depth of 2-4 cm. However, a decrease in
815N towards the surface was observed, and this profile is not
consistent for all samples. All of the UV samples (excluding

www.atmos-chem-phys.net/15/11243/2015/



T. A. Berhanu et al.: Isotopic effects of nitrate photochemistry in snow

Depth/cm
Depth/cm

20

3920 -10 0 10 20 30 40 3920 -10 0 10 20 30 40

8"°N (%) 5"°N (%)

Figure 5. 81°N depth profiles for snow nitrate in the control (left
panel) and UV (right panel) pits. The horizontal lines show the
depth where mixing is present in samplings nos. 0-2 (red) and 4-6
(black) in both pits.

UV no. 0) have decreasing 81°N values from their respective
maximum value to about +8 to +14 %o near the snow surface
(ca. 0-2cm), irrespective of the sampling time. Meanwhile,
this pattern is also apparent for controls no. 4 and 6.

For the surrounding surface snow samples, §°N values
varying between —10 and +40 %0 were measured on differ-
ent days (Fig. 6). However, no trend was observed in the §1°N
values over time. These values are sometimes similar to what
is measured at the surface of the two pits; consequently, we
believe that the first 7 cm in both pits was subjected to mixing
with the surrounding snow.

Figure 7 shows the §180 values obtained for both the con-
trol and UV samples, which ranged from 52 to 68 %o. It is
difficult to detect a consistent trend between §180 and depth
or sampling period for either the control or UV samples in
this data set.

Similar to the 8180 observations, the measured A70 val-
ues also exhibited no significant trend, with values between
26 and 30 %o obtained for both pits (Fig. 8). However, com-
paring the control and UV samples, more variability is ob-
served in the A0 values of the UV samples.

In general, when comparing the stable oxygen isotope ra-
tios of the control and UV samples, it is difficult to iden-
tify any pattern or significant difference between the two sets
with respect to sampling event (Figs. 7 and 8). However, a
significant difference is observed between the two pits (con-
trol and UV) for §1°N. The measured §1°N values are the
main results, used in this study to understand the role of pho-
tolysis in the post-depositional processing of snow nitrate.
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Figure 6. 1°N time series for nitrate in natural surface snow com-
pared to surface snow sampled from the UV and control pits.

4 Discussion
4.1 Processes possibly affecting the top 0-7 cm

As this experimental study is based on the comparison of re-
sults obtained from two pits filled with the same drifted snow,
our first priority was to ensure that the two pits were as iden-
tical as possible at the beginning of the study to minimize
or possibly prevent non-photolytic process. Figures 3 and 5
show a uniform nitrate mass fraction left in the snow (f ~ 1)
as well as a fairly stable §1°N (—6 to —8 %o) profile up to
a depth of 30 cm for both UV no. 0 and control no. 0. This
observation indicates that the snow was well homogenized
and both pits had comparable initial nitrate concentrations
and isotopic compositions. However, Figs. 3 and 5 show a
significant change in nitrate and enrichment in §1°N was ob-
served in the top 0-7 cm after consecutive sampling events,
even in the absence of direct solar UV light. This observa-
tion, together with the decreasing §1°N pattern observed near
the surface layers with opposite direction to the expected en-
richment at similar depths, implies that additional processes
besides photolysis may be involved at these depths. Based
on this observation and as a first approach, we have divided
the two pits into two regions: the top 0-7 cm samples, where
photolysis, mixing and additional processes are expected to
act strongly, and samples collected at a depth of 7-30cm,
where the effect of these additional processes is minor and
photolysis is the dominant process inducing nitrate mass loss
and isotopic fractionation. We have discussed below the pos-
sible causes for nitrate mass loss in the top 7 cm, which are
summarized in Fig. 9.

Dome C generally experiences moderate wind speeds,
with an average value of 2.9ms~! throughout the 1984—
2003 meteorological record (Aristidi et al., 2005; Zhou et
al., 2009), but even in this range of wind speeds, deposi-
tion and erosion of snow are possible at the surface. Even
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though the new snow deposited above the reference surface
level was removed once or twice a week, the snow might
have already been mixed with the underlying surface layer
and manual removal may have disturbed or mixed the two
layers, even with extremely careful handling. Furthermore,
erosion and replacement are also expected to take place dur-
ing strong wind events. In addition, the drifted snow on the
surface of the two pits was not always evenly deposited; more
snow was often deposited on one pit relative to the other, and
the deposition was not homogeneous even within a single pit.
This variability could have led to changes in the surface ref-
erence level between each sampling event and may have thus
introduced additional artifacts in these samples.

Snowfall was not observed during the sampling period,;
therefore, wet deposition of nitrate via snowfall can be ex-
cluded. However, dry deposition of HNOg is still possible
even with the plates in place. An interesting observation was
the convergence in both the nitrate concentration and §1°N
values among the surface snow samples from the different
batches. For the surface snow pit samples, both of these val-
ues converge on f ~ 0.3 and §1°N ~ + 10 to +14 %o (mainly
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in UV nos. 2-6 and controls no. 4-6 samples), as can be
seen in Figs. 3 and 5. These values contradict expectations
based on the concentration and §1°N profile observed below
7cm. This implies that there might be snow deposition or
mixing at the surface of the pits with snow with lower ni-
trate concentration (Fig. 4) and a different isotopic composi-
tion (815N ~ 4-10 to +14), giving a false impression of mass
loss. As these measured values are sometimes in agreement
with the surface snow measurements from a similar time pe-
riod (Fig. 6), the presence of deposition is inevitable. For
example, on 10 January 2012 we observed drifted snow on
both snow pits (see Supplement) with similar nitrate concen-
tration and stable isotope ratios as the nearby surface snow
measurement. However, such events were sporadic and ap-
parently depended on meteorological conditions.

Another important process to consider is the redeposition
of nitrate via dry deposition. NO, photoproducts can be lo-
cally reoxidized to reform nitrate and eventually redeposited
on the snow surface. It should also be noted that desorp-
tion may have taken place from the surface of both of the
pits, which could be enhanced by the plexiglass plates trap-
ping heat and warming the top layers. This effect should
be manifested in both pits and should affect mainly the top
few centimeters of the snow. The pits exhibited compara-
ble loss of nitrate mass in the top 7cm, but the §1°N val-
ues were significantly different for the two pits, with mini-
mum 8°N values of —15.0 and —36.0 % for the control and
UV pit samples, respectively. However, the more highly neg-
ative isotopic fractionation observed for the UV samples was
probably due to the dominance of photolysis over the non-
photolytic processes present in both pits.

Another possible reason for the observed nitrate mass
change and resulting isotopic effect could be photolysis in
both pits. The plexiglass plate over the control pit excluded
the majority of UV light at wavelengths shorter than 380 nm.
However, 10-20 % of the incoming solar UV in the range of
300-310nm is transmitted through this plate (Fig. 1), thus
resulting in a spectral distribution in the control pit that over-
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laps with the nitrate UV absorption band. Additionally, at
higher solar zenith angles, there might be direct solar UV
impeding upon the sides of the plexiglass plates leading to
photolysis.

In general, there are multiple processes (Fig. 9) that can
alter the concentration and isotopic composition of nitrate in
the top 7 cm of snow. Identifying these processes and quan-
tifying them is beyond the scope of this study. Hence, in this
manuscript the samples from the 7-30 cm depth range will
be mainly considered with a few exceptions when results are
consistent with a unidirectional process.

4.2 Isotopic fractionations

Due to an insignificant change in nitrate mass and isotopic
composition, the linear fits for samples no. 0 and no. 1 from
both pits were only weakly correlated and are not discussed.
Better correlations were observed for samples collected late
in the season.

4.2.1 The nitrogen isotopic fractions: 1°¢

The calculated nitrogen isotopic fractionation values (i.e.,
the slopes of the Rayleigh plots, correlation coefficients and
p values) for samples between depths of 7 and 30cm in the
control and UV pits are given in Table 2. Figure 10 shows
the Peqpp values determined for the control and UV sam-
ples collected below 7 cm. Accordingly, the control sam-
ples possessed nearly constant and small negative appar-
ent isotopic fractionation values between —7.4+2.3 and
—154 0.9 %o. In contrast, the UV samples shown in Fig. 10
exhibited higher negative apparent nitrogen isotopic fraction-
ations ranging from —18.0 7.3 to —58.3 £ 20.0 %o, which
became progressively more negative over time. According to
this figure, it seems that either °¢ evolves over time (i.e.,
from collection event no. 2 to no. 6), which contradicts the-
ory (Berhanu et al., 2014), or there is an artifact introduced
by removing the samples collected in the top 7 cm, where rel-
atively larger nitrate mass change and isotopic fractionation
were observed. An artifact due to removing all the samples
at a depth of 0-7cm is the most probable as samples from
this depth exhibited maximal nitrate loss (about 80 % nitrate
is lost) and significant enrichment in §1°15N when com-
pared to samples below 7 cm. In addition, the depth where
the abovementioned processes affect the surface snow may
not be homogeneous in space and time. Hence, a new ap-
proach is followed using the nitrate §1°N signal to identify
data points that may be impacted by one or more of the pro-
cesses explained above. Accordingly, the bending pattern in
815N observed for samples near the surface layers implies
either the presence of another process or contamination by
windblown snow with a different isotopic composition. As
this bending pattern is inconsistent with a Rayleigh type pro-
cess, we have excluded the samples from the surface level
when the 51°N begins to decrease instead of increasing to
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Figure 10. 15¢ values determined for the control samples (tri-
angles), UV samples excluding all samples between 0 and 7 cm
(dashed line) and the UV samples obtained using the s15N signal
to identify data points affected by non-photolytic processes (cir-
cles) rather than by excluding all 0-7 cm data. Note that excluding
the entire top 7 cm data introduced an apparent trend where 15€app
decreases with time. Errors are determined by the least square fit
method as in Frey et al. (2009).

more positive values and then recalculated the isotopic frac-
tionations. Accordingly, only data points between 0 and 2 cm
were excluded for sampling events UV no. 0 to UV no. 3.
For later sampling events, UV no. 4 to UV no. 6, samples
between depth of 0—6 cm were not considered in the new cal-
culation of isotopic fractionations (shown using horizontal
dashed lines in Figs. 3 and 5). The exclusion of more data
points in the case of later sampling events was probably due
to the fact that the external processes had more time to play
a role in the modification of the near surface snow. The plots
made based on these corrections are also shown in Fig. 10.
S gapp values ranging from —59.8 to —73.0 %o were obtained,
irrespective of the sampling time. Therefore, the pattern ob-
served under the first assumption (i.e., excluding all points in
the top 7 cm) introduced an apparent evolution of 1Ssapp over
time as an artifact of the analysis. The average apparent iso-
topic fractionation values derived using the second approach
(—67.8+12%0) are in excellent agreement with previous
average apparent isotopic fractionations of —60 410 %o at
Dome C (Frey et al., 2009) and —59 4 10 %o for the East
Antarctic Plateau (Erbland et al., 2013) (Table 3). This data
exclusion procedure based on the §1°N signal was applica-
ble only to samples from sampling events between controls
no. 4 and 6 as samples from the first two events (controls
no. 2 and 3) showed no deviation in §1°N from the expected
pattern (Fig. 3), and we have calculated a eqpp value of
—12.0£ 1.7 %0. As shown in Table 2, the observed change
in the calculated g4, was minor.

Based on the significant difference between the °¢qpp val-
ues of the control and UV samples, it is clear that the more
highly negative isotopic fractionation is associated with so-
lar UV photolysis. However, the small negative nitrogen iso-
topic fractionation (an average of —12.3 4+ 1.7 %o) observed
for the control samples may be due to a combination of
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Table 2. The apparent nitrogen isotopic fractionations determined for both pits excluding all the samples between 0 and 7 cm or using the
s15N signal to identify whether samples were influenced by external processes. The correlation coefficients (r2) and significance (p) are
also given for the derived 15eapp values derived using the §1°N signal. Note that due to insignificant change in nitrate mass and isotopic
composition, the linear fits for samples no. 0 and no. 1 from both pits were only weakly correlated and are not given in Table 2.

Sampling Beapp (£10)/%o
no. (Removing all samples
at a depth of 0-7 cm)

156‘app (:l:l(f)/%o r2 D

(Using the §1°N signal to

exclude some points
in the UV pit samples)

UV no. 2 —18.04+7.3
UV no. 3 —25.7+13.8
UV no. 4 —47.8+10.0
UV no. 5 —48.6+18.9
UV no. 6 —58.3+20.0
Control no. 2 -129+1.9
Control no. 3 —74+23
Control no. 4 —-129+24
Control no. 5 —-13.2+1.1
Control no. 6 —15.04+0.9

—72.7+9.7 0.903 0.000292
—57.2+£279 0.456 0.015800
—723+129 0.762 0.000208
—65.8+5.0 0.529 0.007300
—69.0£11.8 0.792 0.000243
—12.94+9.7 0.797 0.000010
—74+23 0443 0.006760
—17.7+£28.1 0.646 0.029300
—13.9+17 0.884 0.000002

—13.8+24 0.767 0.000086

minor photolysis and sublimation or desorption (which is
present in the UV pit as well). Even if a comparable mass
loss of nitrate was observed in the top 7cm of both pits,
the 81°N values are significantly different (Fig. 5). As the
absorption cross section of nitrate is limited at wavelengths
shorter than 340 nm, photodissociation of nitrate is not ex-
pected at wavelengths longer than 375 nm (i.e., the cutoff of
the control plexiglass plate). However, minor contributions
from the average 15% transmittance of the control plexi-
glass plate and/or direct solar UV photolysis at high solar
zenith angles and UV light scattering by the snow could po-
tentially have resulted in some minor photolysis in the con-
trol pit, even if no systematic bias was observed between
edge and center samples. This implies that another process
(e.g., sublimation of snow, desorption of nitrate) may take
place, producing a significant nitrate mass change with only
a minor change in isotopic composition. In a recent study of
post-depositional isotopic effects in snow nitrate, it was veri-
fied that sublimation of snow leads to an overall 1N isotopic
fractionation close to zero (0.9 1.5 %0 at —30 °C, a temper-
ature relevant at Dome C), whereas natural snow is observed
with a highly negative fractionation (*>eapp = —59 = 10 %)
(Erbland et al., 2013). Therefore, a mixing of the evaporative
and photolytic fractionation processes could conceivably re-
sult in an isotopic fractionation on the order —12 %o in the
control pit. In contrast, photolysis is the dominant process
in the UV pit due to the presence of unobstructed solar UV,
and we have determined highly negative isotopic fractiona-
tions (1°¢ = —67.8+12.0 %0). Considering the presence of
multiple processes, we cannot consider the values derived
from the UV pits to represent purely photolytic isotopic frac-
tionation values but rather apparent 15sapp values, impacted
minimally by non-photolytic processes. Hence, the best es-
timate for purely photolytic isotopic fractionation (15eph0to)
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under the current experimental setup would be the difference
between the apparent isotopic fractionations determined for
the UV and control pits (—55.8 4= 12.0 %o), as both pits were
exposed to identical physical processes except exposure to
solar UV. This value is in good agreement with a recent labo-
ratory study by Berhanu et al. (2014), who irradiated natural
snow collected at Dome C using a UV lamp with a 320 nm
filter (similar but not identical to field conditions); a **epnoto
of —47.94+6.8 %o was reported (Berhanu et al., 2014). The
slightly less negative 15ephoto value obtained for the labora-
tory experiment may be the result of an inability to fully re-
produce the solar spectrum under laboratory conditions, in
contrast to the field where the snow was exposed to natural
solar UV.

We also made a comparison between the isotopic fraction-
ations obtained from the field study and a theoretical estimate
made using the AZPE shift model, as described in Frey et
al. (2009) and recently modified by Berhanu et al. (2014).
The newly modified model incorporates changes in width
and amplitude, in addition to changes in the center wave-
length, during isotopic substitution. By applying a 1 % width
reduction factor and an amplitude increase of 1%, in addi-
tion to a shift of +32.5cm~! in the center of the absorp-
tion cross section of 1°NOj3 relative to *NOs, the authors
derived an apparent ¢ value of —55.1%o. under Dome C
conditions (Berhanu et al., 2014). Following this approach
and considering the solar UV transmittance of the plexiglass
plates, as well as using the solar actinic flux measured at
Dome C on 7 January 2012 at 14:00 LT (Ghislan Picard, per-
sonal communication, 2013), we calculated a Pephoto Value
of —52.6 %o for the UV-exposed pit. This value is also in
agreement with the °epnoto Obtained from the laboratory
study but higher than the value determined for the UV pit,
implying that complications arise from multiple processes in
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Table 3. Apparent isotopic fractionations (158app) observed in pre-
vious studies compared to the results obtained here.
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Table 4. Compiled 18¢ and 17 E values obtained from this study for
the UV samples and previous studies.

15 1% Reference Bguy (£10)/% Y Eyy (£10)/%  Reference
Beapp/%o  —53.9+£9.7 Blunier et al. (2005) 6.0£3.0 (DC 04) 1.0+0.2 Frey et al. (2009)?
—50.04-10.0 (DC 04)  Frey et al. (2009)2 9.0+2.0 (DC 09) 20+0.6 Frey et al. (2009)2
—71.04+12.0(DC09) Frey etal. (2009)2 87+24 20£1.0 Erbland et al. (2013)b
—-59.0+10.0 Erbland et al. (2013)b 125+6.7 22+14 This study®
—67.8+12.0 This study® N - ! ——
Determined by Frey et al. (2009) at Dome C during the summer campaigns in 2004
15 _ d and 2007. © An average value determined by Erbland et al. (2013) for the East
8Ph0t0/ %o igg 168 Eﬁi::ljlet(i:)()é)()l@ e Antarctic Plateau. © An average value determined by this study for all the UV samples.

2 Values determined for Dome C.° An apparent average value derived for different
locations on the East Antarctic Plateau. ¢ The 13¢ determined for the UV samples in

this study. 9 Determined using the ZPE shift model and using the solar actinic flux of
Dome C derived from snow TUV model. & A laboratory result observed using snow
from Dome C and a Xe lamp with a UV filter at 320 nm (relevant to Dome C
conditions) (Berhanu et al., 2014).

the field study. However, we note that the difference between
the UV and control experiments brings the apparent isotopic
fractionation closer to the pure photolysis isotopic fraction
value (—67.8 to —55.8 %o).

4.2.2 Oxygen isotopic fractionations: 8¢ and ' E

Before calculating the oxygen isotopic fractionations, we ap-
plied the same data exclusion procedure as above for §0
and A1’O measurements (not shown in the figures). For the
control pit samples, we determined 8¢ values ranging from
—2.1 10 3.9 %o with an average value of (0.2 & 2.6) %o.. These
low 8¢ values are due to an insignificant change in iso-
topic values. In contrast, the UV exposed snow samples have
nearly stable 8¢ values ranging from 9.0 to 13.0 %o and an
average value of (12.5 £ 6.7) %o, in good agreement with pre-
vious measurements (Table 4).

The " E values for the control samples were not signif-
icantly different from zero, whereas the UV samples pos-
sessed 17 E values of 1.1 to 2.2 %o with an average 1’ E value
of (2.2 +1.4) %o, in good agreement with previous studies
(Table 4). This is probably due to the “cage effect”, wherein
the photoproducts resulting from the photolysis of nitrate
immediately undergo isotopic exchange with the surround-
ing OH and/or water (A0 0) and reform secondary ni-
trate with A170 values approaching 0 (McCabe et al., 2005).
However, compared to the variations observed in snow and
ice below the photic zone (> 5%.) (Erbland et al., 2013;
Sofen et al., 2014), changes in A0 due to the cage effect
(ca. 2%o) can be considered negligible. Another interesting
observation is the greater scattering of the A’O observed
for the UV pit, clearly indicating that the cage effect phe-
nomenon is initiated by UV radiation.

www.atmos-chem-phys.net/15/11243/2015/

4.3 Depth dependence of isotopic fractionations

For the samples collected at a depth of 7-20cm from all
batches and then binned together according to depth, the
derived isotopic fractionations at each depth are shown in
Fig. 11. We have calculated a nitrogen isotopic fractiona-
tion value ranging from —7.8 to —23.6 %0 for the control
samples in the 7-16 cm depth range. However, the UV sam-
ples exhibited more highly negative fractionations ranging
from —52.2 to —65.9%o with depth. The average Peapp
value of —59.9 + 24.7 %o derived for these samples is in good
agreement with the average apparent isotopic fractionation of
—67.9 +12.0 %0 derived from the experimental UV-exposed
pit. The large error bars in Fig. 11 are due to the small sam-
ple size and the relatively large uncertainty in the depth mea-
surement, as all the layers might not have been at exactly the
same depth during each sampling event, which may have led
to the mixing of layers. The depth could also have changed
over the course of the study due to the compaction of the
snow with time. The insensitivity of °ep, with depth im-
plies that, even if the number of photons decreases with depth
in the snowpack, the spectrum of the solar actinic flux is not
strongly altered, at least to the depth considered in this study.
Berhanu et al. (2014) also observed a similar depth insensi-
tivity of the nitrogen isotopic fractionations in their labora-
tory study, where snow from Dome C was irradiated with
a UV lamp closely matching the solar irradiance encoun-
tered at Dome C. From their measurement of actinic flux
with depth in a snow column, a uniform attenuation of in-
coming flux was observed, leading to almost constant 1°¢
values with depth in the snow column. The insensitivity of
5¢ with depth is a useful feature for the analysis of §1°N
records obtained from deep ice cores used to understand past
atmospheric changes, simplifying the interpretation of the
815N records associated with solar UV photolysis at differ-
ent depths. Different modeling studies (such as the TRAN-
SIT model (Erbland et al., 2015)) are currently attempting to
use ice core $1N(NO;3 ) records to constrain historic varia-
tions in atmospheric oxidation capacity, changes in the ozone
column and solar variability.

The 18¢ and 7 E values derived with depth also have a very
weak Rayleigh fitting at lower depth (below 10-15cm), and

Atmos. Chem. Phys., 15, 11243-11256, 2015



11254
15 o ol%o
-150 -100 -50 0
I + " 0
5
—~ [ ]
@ _al
10 €
- o
—— ~
—— £
. E—
Ty
HH o
——
—_— T 20
T 25
+ 30

Figure 11. The depth profile of 15¢ for the UV pit. The 3¢ was
calculated from samples collected at the same depth during each
sampling event. Error bars are calculated using the least square fit
method as in Frey et al. (2009). The shaded region represents the
measured 1°¢ range of —50 to —70 %o.

are associated with large uncertainties. This is mainly due to
the minor change in the oxygen isotopic signal, in stark con-
trast to the N isotopes, where relatively strong signals were
obtained. Further studies will be required to better constrain
the isotopic fractionations, especially for oxygen isotopes.

5 Conclusions

In this experimental study from Dome C, Antarctica, we in-
vestigated the effect of photolysis on the concentration and
stable isotope ratios of nitrate in snow by comparing two
identical snow pits, with one of the two exposed to solar
UV. Using the combined concentration and §1°N signals, we
have determined an average eqpp value of —67.8 412 %o
for UV-exposed samples collected at a 10-day frequency
between 1 December 2011 and 30 January 2012. These
values were fairly stable throughout the season and are in
good agreement with previously determined isotopic frac-
tionations at Dome C. These values are significantly dif-
ferent from the 1oe5p, values obtained for the control sam-
ples (—12.34+1.7%0). Considering the fact that the two
experimental pits were exposed to identical physical pro-
cesses, the difference in their apparent isotopic fractionation
(—55.8 4+ 12.0 %0) should be considered as the best estimate
of isotopic fractionation due to photolysis. While mass loss
seems to be smaller at depth in the UV-exposed pit, a stronger
change in §°N was observed. This is a direct consequence
of the high-fractionation factor of the photolysis process in
which a small change in concentration is translated into a
high variation in the isotope ratios.

When compared to the epnoto Values of —47.9 £ 6.8 %o
obtained in a laboratory experiment by Berhanu et al. (2014),
where the photolytic process was isolated, the measured val-
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ues for the UV-exposed samples are slightly lower (i.e., more
highly negative but still within the mutual error intervals).
This difference might be associated with experimental de-
sign, as the laboratory conditions do not exactly replicate
the solar spectrum, even if better control is possible in terms
of temperature stability, and product removal relative to the
field experiment. Other confounding factors may include dif-
ferences in the chemical domain of nitrate (Meusinger et
al., 2014) or changes due to the temperature dependence of
the nitrate absorption cross section. It should also be noted
that the field experiments show small influences due to non-
photolytic processes such as desorption, deposition and/or
contamination by windblown snow.

We have also determined the depth dependence of the iso-
topic fractionations from the UV-exposed snow pit samples
that were binned together according to depth and observed
that the 12e4pp values are nearly insensitive to depth. Despite
the fact that the °e4pp values derived at different depths are
associated with larger error bars, the observations are in good
agreement with a previous laboratory study (Berhanu et al.,
2014). In addition, previous studies did not show a strong
change in spectral distribution of UV light as light propagates
through the snow (Meusinger et al., 2014). Further study is
necessary to validate such conclusions, for example via sam-
pling different sites with same depth profiles and determining
the isotopic fractionations.

It is important to reiterate some of the possible limita-
tions of this experiment. Due to the unavoidable mechani-
cal modification of the snow during the filling of the sam-
ple pits with windblown snow, the snow used in this study
did not have exactly the same physical properties (grain size,
density, compactness, optical properties, etc.) as the natural
snowpack. This may have resulted in a modification of light
scattering within the snowpack. Additionally, the snow used
in this study possessed a nitrate concentration more than 1
order of magnitude higher than what is normally measured
in snow pits at Dome C, and this may have impacted nitrate
chemistry in the experimental snow pits. However, to the best
of our knowledge, our study is the first to attempt a replica-
tion of field constraints (natural shape and size, natural con-
centration and exposure, natural location of the nitrate in the
snow grains, as well as meteorological conditions). Finally,
we have not included some of the data points in the top lay-
ers of both pits due to possible complications due to multiple
processes (mixing, sublimation, desorption, contamination,
etc.). Hence, this procedure may also have introduced a small
underestimation in our e, values, and this should be kept
in mind when using the values obtained in this study.

The results obtained here, together with results described
previously in the literature (Frey et al., 2009; Erbland et al.,
2013; Berhanu et al., 2014), represent a strong body of ev-
idence that solar UV photolysis is the most relevant post-
depositional process modifying stable isotope ratios of snow
nitrate at low-accumulation sites, where most deep ice cores
are drilled.
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