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Abstract

Stable isotope ratios of nitrate preserved in deep ice cores are expected to provide
unique and valuable information regarding paleo-atmospheric processes. However,
due to the post-depositional loss of nitrate in snow, this information may be erased or
significantly modified by physical or photochemical processes before preservation in
ice. We have 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 30 cm snow pits were filled with homogenized

drifted snow from the vicinity of the base. One of these pits was covered with a
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plexiglass plate that transmits solar UV radiation, while the other was covered with a
different plexiglass plate having a low UV transmittance. Samples were then collected
from each pit at a 2-5 cm depth resolution 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 have derived an average apparent
nitrogen isotopic fractionation ("e,p,) Of (- 67.8 £ 12 %) for the snow nitrate exposed
to solar UV using the nitrate stable isotope ratios and concentration measurements.
For the control samples in which solar UV was blocked, an apparent average e,
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 fractionation (15sphot0)
of -55.8 %o from the difference in the derived apparent isotopic fractionations of the
two experimental fields, as both pits were exposed to similar physical processes
except exposure to solar UV. This value is in close agreement with the 158photo value of
(-47.9 £ 6.8 %o) derived in a laboratory experiment simulated for Dome C conditions

(Berhanu et al., 2014). We have also observed an insensitivity of *

¢ with depth in the
snowpack under the given experimental 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. Together 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 stable isotope ratios of snow
nitrate at low accumulation sites where many deep ice cores are drilled. Nevertheless,

modeling the loss of nitrate in snow is still required before a robust interpretation of

ice core records can be provided.
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Introduction

Nitrate (NOs), the end-product of the oxidation of atmospheric 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 atmospheric NO, cycling and
oxidative capacity (Legrand and Kirchner, 1990; Wolff, 1995). However, the
interpretation of these paleo-records is problematic at most sites on the polar ice
sheets, where post-depositional processes such as the desorption of nitrate species on
snow grains, sublimation/condensation of water vapor and photolysis of nitrate have a
major 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 desorption is manifested by the physical release of HNO; from the
snow-pack, photolysis involves bond breaking in NOs; 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 (5*%0, 40 and 6N ) are useful metrics
used to constrain NO, chemistry (Savarino et al., 2007; Morin et al., 2008; Hastings et
al., 2009; Savarino et al., 2013; Vicars et al., 2013) and the post-depositional
processing of nitrate in snow (Blunier et al., 2005; Frey et al., 2009; Erbland et al.,
2013). Stable isotope ratios (R) (n(**0)/n(**0), n(*’0)/n(**0) and n(*N)/n(**N)) are
expressed as isotopic enrichments/depletion (6°0, 40 and 6™N) relative to a
reference where § = (Ryp/Rrer) - 1, and R represents the elemental '0/*°0, *0/*°0, or
N/*N ratio in the sample or reference material. The A'70 value is defined here

using the linear relation 4170 = §770 - 0.52 x §780. The reference used for oxygen
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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 samples occur within a very
narrow range.

In order to constrain post-depositional effects on the concentration and stable
isotope ratios of nitrate, it is necessary to have knowledge of the isotopic fractionation
values (expressed using ¢, %, ''E, see Eq. 1 for definitions), which are unique for
each post-depositional process. Blunier and co-workers 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 wavelength range and a ¢ value of (- 11.7 + 1.4) %o was determined. The
authors concluded that post-depositional modification must therefore result primarily
from sublimation of snow/desorption of nitric acid, with only a minor contribution
from photolysis. However, it was later confirmed 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 confounding effect on the
interpretation of the results (Frey et al., 2009). This effect was shown experimentally
in a recent laboratory study (Berhanu et al., 2014; Meusinger et al., 2014) by
irradiating natural snow from Dome C using different UV-filters to match field
conditions. Accordingly, isotopic fractionations became less negative and approached
zero when irradiated with short wavelength UV-light and vice-versa due to the
different overlaps of nitrate isotopologue cross-sections with the incoming UV. The
Pe value of (-47.9 + 6.8) %o derived for the experiment conducted using a 320 nm

filter (closer to Dome C solar irradiance conditions), was in good agreement with the
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field observations of (-54 + 10) %o (Blunier etal., 2005), (-50 + 10) %o and (-71 £ 12)
%0 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 associated with photolysis (Frey et al., 2009). The
authors used the Zero Point Energy-shift model (AZPE) (Yung and Miller, 1997),
convoluted with solar spectrum measured during 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
absorption cross-sections during isotopic substitutions (Schmidt et al., 2011). In a
recent study, a semi-empirical model was developed that is based on the ZPE-shift
model but addresses some of the limitations mentioned above (Berhanu et al., 2014).
This model enabled better estimation of the absorption cross-sections of nitrate
isotopologues, which can be interpolated 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 isotopic fractionations (denoted “ezpp, “°¢app and
YE,pp), that incorporate not only the isotopic effects of photolysis but also other
processes with the potential to induce isotopic fractionation (desorption, re-oxidation
and surface deposition). In addition, the isotopic fractionations obtained in the
existing field studies cover a wide range of ¢ values (- 40 %o to - 74.3 %o) (Erbland

et al., 2013). Therefore, further experimental and modeling studies are required to
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constrain the effects of photolysis on stable isotope ratios of nitrate in snow and to
advance the interpretation of these measurements in snow and ice.

We have performed a field study at Concordia (Dome C), Antarctica (75°06° S
and 123°19” E) during the Antarctic summer 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 isolation technique to produce
UV-exposed and limited UV-exposed samples in order to understand the role of
photolysis 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

Wind-blown snow (i.e., drifted snow) was collected at Dome C on 02
December 2011 and physically homogenized in the field. This drifted snow possessed
a high nitrate concentration (=1450 ppb), which ensured levels adequate for isotopic
analysis. Two snow pits of 1 m x 2 m surface area and 30 cm depth were excavated
within close proximity (~10 m) 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 = 0 cm). Hence, any additional windblown snow accumulating above this
wooden mark could be removed on a weekly or as needed basis. The pits were
covered with plexiglass plates of different UV transmittances (Figure 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 plexi-plate to light on top of the plate. Note
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that sometimes light reflected back by the snow might lead to transmittance greater
than one. For simplicity, the samples exposed to UV will be referred to as “UV”
samples, while those collected from the other pit, which is expected to be unaffected
by UV-driven photolysis, 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 radiation caused by the plates). Equally, it should
be realized that a complete protection from UV radiations in the field is impossible
due to scattering of light by the snow, high solar zenithal angles (min at solstice 51.6
°) and imperfection of the UV-cutting by the plexiglass. Such interferences are too
complex to quantify but are mainly limited to the first cm of snow. The choice of the
plexi-plates transmittance was based on the UV absorption cross-section of nitrate.
Nitrate has UV absorption peaks around 200 nm and 305 nm, with the former being 3
orders of magnitude stronger than the latter (Mack and Bolton, 1999). However, light
at the wavelengths of the strong 200 nm band is cut off because of the presence of the
stratospheric ozone layer (Figure 2) and does not reach Earth’s surface. The control
plexi-plate blocks the secondary absorption band in contrast to the UV plexi-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 is expected to be an
optimum height because it minimizes both the warming effect on the snow beneath
and the trapping of emitted NOx photoproducts. 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. In
contrast, vertical plates were not placed at the sides to avoid trapping drifted snow.

2.2. Sampling and concentration measurements
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Sampling was conducted every 10 days from 2 December 2011 to 30 January
2012 at a 2-5 cm depth resolution and to a depth of 30 cm. Samples were collected
less frequently at depths below the homogenized snow (i.e., down to 50 cm). The
individual sampling events are indicated using numbers 0-6, with the numbers
increasing from the beginning to the end of the season. Below 50 cm, the photolysis
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 9 - 12 local time, and with
few occasions one pit in the morning and another in the afternoon. During sampling
the plexi plates were removed so that both pits were exposed to direct solar UV for a
short period of time (usually less than an hour). For each sample, a snow mass of 0.3
— 0.6 kg was collected, placed into a two-liter (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, with a different nitrate amount and isotopic signature than the experimental
snow. A mark was left on the wooden frame after each sampling to record the place
where sampling was conducted. A gap of 10 cm was left between consecutive
samplings to ensure that subsequent samplings were not modified by previous
samplings. The samples were later melted at room temperature for nitrate
concentration measurement 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 < 3 % and a detection limit of 5 ng g™ (Frey
et al., 2009; Erbland et al., 2013). In this study, we have determined a precision of

about 5 % based on replicate standard measurements. Most of the melted snow
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sample volume was preconcentrated using an anion exchange resin AG 1-X8 (Bio-
Rad 200-400 mesh chloride form) to trap NOj3 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 2 ml 1M NacCl 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 immediate
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. Isotopic 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 hours using a helium flow
(Air Liquide, 99.999%). 100 nmol of each preconcentrated nitrate sample was then
injected into these vials using an automated system (Gilson Liquid Handler 215).
After an overnight incubation, which allows for complete conversion of NO3 to N,O
(Sigman et al., 2001), 0.5 mL of 1 M NaOH was added to each vial to inactivate the
bacterial cells. The N,O in the sample vial headspace was then flushed with purified
helium (99.999%), cryogenically trapped before transferred into a gold tube at 900

°C, where it was decomposed to O, and N, (Cliff and Thiemens, 1994; Kaiser et al.,
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2007), which was separated by a GC column and passed into a MAT253 IRMS
(Thermo Scientific) to determine the stable oxygen and nitrogen isotope ratios (Morin
etal., 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 (1M NaCl solution prepared using Dome C
water in order to match the oxygen 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 residuals 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
%o, 0.4 %o and 0.6 %o for 0°0, 470 and J™N respectively.

2.4. Data reduction

In order to quantify the effect of photolysis on the stable isotope ratios of snow
nitrate, we have calculated apparent isotopic fractionations (isotopic fractionations
derived for field samples irrespective of the process inducing fractionation) for O and
N isotopes (Peapp, “Ceapp, and YEgpp for 67N, 5°0 and 4O of nitrate, respectively)
assuming an open system, where NO, emitted upon the photolysis of nitrate will be
removed as soon as it is formed and nitrate at depth is considered irreversibly lost (in
contrast to the “skin layer” snow, which receives the deposition of re-oxidation
products), and adopting the linear relation used in previous studies (Blunier et al.,

2005; Erbland et al., 2013):

In(d'+1) = eln(f) +In(d, +1) (1)

10
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where f is the nitrate fraction remaining in snow, defined as the ratio of the final
nitrate concentration (C) and the initial nitrate concentration (Co) in the snow (f = C
1Cy). dp and ¢ are the isotope ratio values for the initial and final snow, respectively.
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 C, was
calculated using the average nitrate concentration measured at 25-30 cm depth,
assuming there is no change in the amount of nitrate at this depth due to insufficient
light penetration and short duration of experiment. The slope of the In(d+1) versus
In(f) plot is the isotopic fractionation ¢ (note that € = (a-1)), where o is the
fractionation factor.

Isotopic fractionation due to photolysis (denoted 1Saphot0) has also been
determined in this study using the Zero Point Energy shift-model (AZPE) and the
light transmittance of plexi-plates, as described in Frey et al. (2009). According to this
model, during isotopic substitution, 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 (Figure 2). Hence, from a light isotopologue with a
measured absorption cross-section (*NO3), it is possible to derive the absorption-
cross section of the heavier isotopologue (**NO3) (Yung and Miller, 1997; Miller,
2000). Isotopic fractionations (€) were determined using the following equation:

3

827—1 (2)

where J’ and J are the photolytic rate constants of the heavier and lighter

isotopologues, respectively, defined mathematically as:

J=[#(AT)o(AT)I(4,60,2)d2 (3a)

11
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3'=[§(A.T)o" (A T)I(4,0,2)dA (3b)

where ¢ and ¢’ are the absorption cross-sections of the light and heavy isotopologues
respectively. ¢(4) is the quantum yield and | is the actinic flux for the given
wavelength ranges, which depends on the solar zenith angle (6) and snow depth (2).
Note that if ¢(A) is assumed to be independent of wavelength and is the same both for
YNO; and ®NOs, then there is no need to know its value in order to determine the
isotopic fractionation value. In this study, we have applied this principle and derived
isotopic fractionations for the UV-exposed pit in the presence of the plexi-plates for
field conditions.

We have also investigated the depth dependence of the isotopic fractionation
using the concentration and isotope ratio profiles of nitrate in the experimental snow
pits. Accordingly, samples from the same depths from the 7 sampling events were
stacked together, and isotopic fractionations were determined from the measured
nitrate concentration and 6°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 5N values obtained for at least 4 different
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
together to derive .

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 plexi-plates. Therefore, while the deposition of snow/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

12
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deposition of gaseous HNOs. In order to minimize the effect 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 = 0 cm), and the snow present above this
frame was carefully removed as needed. In addition, in order to avoid
absorption/reflection of solar UV by windblown snow deposited on top of the plexi-
plates, we cleaned the plates at least once a week. However, during strong winds and
bad weather, it was impossible to precisely maintain the reference frame location. The
lack of homogeneity within and between fields and possible dry deposition are
unavoidable sources of mixing and noise in the data obtained from this experiment,
especially for the first few centimeters of the pits.
3. RESULTS
3.1. Concentration profiles

Figure 3 shows the fraction of nitrate remaining in the snow for each field and
for each sampling event at 0, 2, 4 and 6 x 10 days (Note that only samples from even
numbered sampling batches are chosen for visual reasons as showing the entire data
would clutter the figures. The actual nitrate concentrations and fraction remaining for
the entire sampling events are shown in Figure 1 and Figure 2 of the supplementary
materials). Accordingly, at the beginning of the experiment (UV #0 and control #0, t
= 0), the concentration of nitrate was uniform with depth (f = 1). This corresponds to
an average nitrate concentration of (1431 + 46.8) ng g™ and (1478 + 34.5) ng g~ down
to a 30 cm depth for the control and UV pits, respectively.

For control #2, f is about 0.75 in the top 5 cm, but the profile stabilized below
10 cm, with f = 1. A significant nitrate change was observed for the controls #4 and
#6 when compared to controls #0 and #2, with f reaching 0.15 - 0.25 in the top 4 cm,

but higher f values (f > 0.8) were observed below 5 cm. The maximum nitrate change

13
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(f < 0.3) was observed at the surface. It is important to note that the change observed
in the first top cm is not necessarily the result of a mass loss but could also result from
mixing with surrounding snow with a lower nitrate concentration 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 20 cm. For UV #2, a nitrate change of f = 0.5 was
observed at the surface. But at lower depths, below 3 cm, only minor changes were
observed (f > 8). The maximum nitrate change, with f reaching 0.2, was observed for
UV #4 and UV #6. The decrease continued until a depth of 7 cm where f reached 0.4.
Further minor decrease (f > 0.75) was observed up to a depth of 20 cm, and the
decrease of nitrate ceased below 25 cm.

In general, the decrease of nitrate in the top 7 cm (grey shaded region) was
comparable for both the control and UV samples (a further indication 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 have observed nitrate concentrations as high
as 1500 ng g* in mid-December that decrease to 400 ng g™ at the end of January
(Figure 4). This concentration profile sometimes matches the concentration of nitrate
measured at a depth of 0-2 cm in the snow pits, indicating a possible
mixing/substitution by the surrounding snow.

3.2. Isotopic Analysis

Figure 5 shows the "N profiles of the two pits for samples #0, #2, #4, and #6
(the 6™N values for the duration of the sampling season are shown in Figure 3 of the
supplementary materials). Controls #0 and #2 showed fairly uniform 6N, with

values ranging between -10 %o and 0 %.. However, controls #4 and control #6
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exhibited enrichment in 6N 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 10 cm depth.

In the case of the UV samples, only UV #0 showed stability upto a 30 cm
depth, with 5N values ranging between -6 %o and -8 %o. For the top 5 cm samples of
UV #2, the 6™N values showed an increasing pattern, with a maximum value at the
surface (+12 %o), and a stable "N profile below 5 cm depth. Comparable 5N values
and similar profiles were observed for UV #4 and UV #6, with a maximum 6N
value of +35 %o at a depth of 2-4 cm. However, a decrease in 8N towards the surface
was observed, and this profile is not consistent for all samples. All of the UV samples
(excluding UV #0) have decreasing 5N values from their respective maximum value
to about +8 %o to +14 %o near the snow surface (ca. 0 - 2 cm), irrespective of the
sampling time. Meanwhile, this pattern is also apparent for control #4 and control #6.

For the surrounding surface snow samples, 5N values varying between -10
%0 and +40 %o were measured on different days (Figure 6). However, no trend was
observed in the "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 weas subjected to mixing with the surrounding snow.

Figure 7 shows the 6'°0 values obtained for both the control and UV samples,
which ranged from 52 %o to 68 %o. It is difficult to detect a consistent trend between
680 and depth or sampling period for either the control or UV samples in this data
set.

Similar to the 6'°0 observations, the measured 4O values also exhibited no
significant trend, with values ranging between 26 %o and 30 %o obtained for both pits
(Figure 8). However, comparing the control and UV samples, more variability is

observed in the 470 values of the UV samples.
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In general, when comparing the stable oxygen isotope ratios of the control and
UV samples, it is difficult to identify any pattern or significant difference between the
two sets with respect to sampling event (Figures 7 and 8). However, a significant
difference is observed between the two pits (control and UV) for 6°N. The measured
0N values are the main results, used in this study to understand the role of photolysis
in the post-depositional processing of snow nitrate.
4. DISCUSSION
4.1. Processes possibly acting on the top 0-7 cm depth

As this experimental study is based on the comparison of results obtained from
two pits filled with a common drifted snow, our first priority was to ensure that the
two pits were as identical as possible at the beginning of the study, and 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 9N (-6 %o to -8 %o) profile
up to a 30 cm depth for both UV #0 and control #0. This observation indicates that the
snow was well homogenized and both pits had comparable initial nitrate
concentrations and isotopic compositions. However, a significant change of nitrate
and enrichment in 6N was observed on the top 0 — 7 cm depth (grey shaded area)
after consecutive sampling events according to Figures 3 and 5, even in the absence of
direct solar UV light. This observation, together with the decreasing ¢"°N pattern
observed near the surface layers with opposite direction to the expected enrichment at
similar depths, implies that additional processes besides photolysis may be involved at
these depths. Based on this observation, 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 7-30 cm depth, where the

effect of these additional processes is minor and photolysis is the dominant process
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inducing nitrate mass loss and isotopic fractionation. We have discussed below the
possible causes for nitrate mass loss in the top 7 cm, which is summarized in Figure 9.

Dome C generally experiences moderate wind speeds, with an average value
of 2.9 m s™ throughout the 1984-2003 meteorological record (Aristidi et al., 2005;
Zhou et al., 2009), but even in this range of wind speeds deposition and erosion of
snow is possible at the surface. Even though the new snow deposited above the
reference surface level was removed 1-2 times per 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 during 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 reference 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 is excluded. However, dry deposition of HNOj is
still possible even with the plates in place. An interesting observation was the
convergence in both the nitrate concentration and 6N values among the surface
snow samples from the different batches. For the surface snow pit samples, both of
these values converge on f =~ 0.3 and 6°N = +10 to +14 %o (mainly in the UV #2-6
and control #4-6 samples), as can be seen in Figures 3 and 5. These values contradict
expectations based on the concentration and N profile observed below 7 cm. This
implies that there might be snow deposition or mixing at the surface of the pits with

snow with lower nitrate concentration (Figure 4) and a different isotopic composition
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(6N = +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
period (Figure 6), the presence of deposition is inevitable. For example, on 10 Jan
2012 we observed drifted snow on both snow pits (refer to the field logbook in
supplementary materials) with similar nitrate concentration and stable isotope ratios
as the nearby surface snow measurement. However such events were sporadic and
apparently depended on meteorological conditions.

Another important process to consider is the re-deposition of nitrate via dry
deposition. NO, photoproducts can be locally reoxidized to reform nitrate and
eventually re-deposited on the snow surface. It should also be noted that desorption
may have taken place from the surface of both of the pits, which could be enhanced
by the plexi-plates trapping heat and warming the top layers. This effect should be
manifested in both pits and should affect mainly the top few cm of the snow. The pits
exhibited comparable loss of nitrate mass in the top 7 cm, but the 5N values were
significantly different for the two pits, with minimum 6N values of -15.0 %o and -
36.0 %o for the control and UV pit samples, respectively. However, the more highly
negative 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 plexi-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 300 - 310 nm is transmitted through this
plate (Figure 1), thus resulting in a spectral distribution in the control pit that overlaps

with the nitrate UV absorption band. Additionally, at higher solar zenith angles, there
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might be direct solar UV impeding upon the sides of the plexi-plates leading to
photolysis.

In general, there are multiple processes (Figure 9) that can alter the
concentration and isotopic composition of nitrate in the top 7 cm of snow. Identifying
these processes and quantifying them is beyond the scope of this study. Hence, in this
manuscript the samples from 7-30 cm depth range will be mainly considered with 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 #0 and #1 from both pits were only weakly correlated, and are
not discussed. Better correlations were observed for samples collected late in the
season.

4.1.1. The Nitrogen isotopic fractions: ¢
The calculated nitrogen isotopic fractionation values (i.e., the slopes of the Rayleigh
plots, correlation coefficients and p-values) for samples between 7 and 30 cm depth in

Beapp Values

the control and UV pits are given in Table 2. Figure 10 shows the
determined for the control and UV samples collected below 7 cm. Accordingly, the
control samples possessed nearly constant and small negative apparent isotopic
fractionation values between (-7.4 + 2.3) %o and (-15 + 0.9) %o. In contrast, the UV
samples shown in Fig. 10 exhibited higher negative apparent nitrogen isotopic
fractionations ranging from (-18.0 £ 7.3) %o to (-58.3 = 20.0) %o, which became
progressively more negative over time. According to this figure, it seems that either
e evolves over time (i.e., from collection event #2 to #6), which contradicts theory

(Berhanu et al., 2014), or there is an artifact introduced by removing the samples

collected in the top 7 cm, where relatively larger nitrate mass change and isotopic
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fractionation was observed. An artifact due to removing all the samples at 0 — 7 cm
depth is the most probable one considering removing the depth where the nitrate mass
fraction left was minimal (about 80 % nitrate is lost) and enrichment in 5N was
significant when compared to depths below 7 cm. An alternative approach is to use
the nitrate 5N signal to identify data points that may be impacted by one or more of
the processes explained above. Accordingly, the bending pattern in *°N observed for
samples near the surface layers implies either the presence of another process, or
contamination by windblown snow with a different isotopic composition. Therefore,
we have excluded the samples from the surface level when the 6N begins to
decrease instead of increasing to more positive values, and then recalculated the
isotopic fractionations. Accordingly, only data points between 0 - 2 cm were excluded
for sampling events UV#0 to UV#3. For later sampling events, UV#4 to UV#6,
samples between 0 — 6 cm depth were not considered in the new calculation of
isotopic fractionations. 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 Figure 10. e, values ranging from -59.8 %, to -73.0
%0 were obtained, irrespective of the sampling time. Therefore, the pattern observed
under the first assumption (i.e., excluding all points in the top 7 cm) introduced an
apparent evolution of 158app over time as an artifact of the analysis. The average
apparent isotopic fractionation values derived using the second approach (-67.8 + 12
%o) are in excellent agreement with previous average apparent isotopic fractionations
of (-60 £ 10 %) at Dome C (Frey et al., 2009) and (-59 = 10 %o) for the East Antarctic
Plateau (Erbland et al., 2013) (Table 3). This data exclusion procedure based on 6*°N

signal was applicable only to samples from sampling events between Control#4 and

20



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

Control#6 as samples from the first two (Control#2 and Control#3) showed no
deviation in "°N from the expected pattern (Figure 3) and we have calculated a e,y
value of (- 12.0 = 1.7 %o). As shown in Table 2, the observed change in the calculated
Beapp Was minor.

Based on the significant difference between the *e,,, values of the control and
UV samples, it is clear that the more highly negative isotopic fractionation is
associated with solar UV photolysis. However, the small negative nitrogen isotopic
fractionation (an average of -12.3 £ 1.7 %o) observed for the control samples may be
due to a combination of minor photolysis and sublimation/desorption (which is
present in the UV pit as well). Even if a comparable mass loss of nitrate was observed
in the top 7 cm of both pits, the 5°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 expected at wavelengths longer than 375 nm (i.e.,
the cut-off of the control plexi-plate). However, minor contributions from the average
15 % transmittance of the control plexi-plate and/or direct solar UV photolysis at high
solar zenith angles and UV light scattering by the snow could potentially have
resulted in some minor photolysis in the control 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) could possibly take place and produces 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 verified that
sublimation of snow leads to an overall N isotopic fractionation close to zero (0.9 *
1.5 %o at -30°C, a temperature relevant at Dome C), whereas natural snow is observed
with a highly negative fractionation (s, = - 59 + 10 %o0) (Erbland et al., 2013).

Therefore, a mixing of the evaporative and photolytic fractionation processes could
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conceivably result 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
fractionations (¢ = -67.8 + 12.0 %o). Considering the presence of multiple processes,
we cannot consider the values derived from the UV pits to represent purely photolytic
isotopic fractionation values, but rather apparent 153app values, impacted minimally by
non-photolytic processes. Hence, the best estimate for purely photolytic isotopic
fractionation (15aphot0) under the current experimental setup would be the difference
between the apparent isotopic fractionations determined for the UV and control pits (-
55.8 %o), as both pits were exposed to identical physical processes except exposure to
solar UV. This value is in good agreement with a recent laboratory 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 158photo of -47.9 £ 6.8
%o was reported (Berhanu et al., 2014). The slightly less negative “eyno value
obtained for the laboratory experiment may be the result of an inability to fully
reproduce the solar spectrum under laboratory conditions, in contrast to the field
where the snow was exposed to natural solar UV.

We have also made a comparison between the isotopic fractionations 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 wavelength, during isotopic substitution. By applying a 1 %
width reduction factor and an amplitude increase of 1 %, in addition to a shift of
+32.5 cmi* in the center of the absorption cross section of °NO; relative to **NOj, the

authors derived an apparent ¢ value of -55.1 %o under Dome C conditions (Berhanu
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et al., 2014). Following this approach and considering the solar UV transmittance of
the plexi-plates, as well as using the solar actinic flux measured at Dome C on 7
January 2012 at 2 P.M. local time (Ghislan Picard, personal communication), we have
calculated a 158ph0t0 value of -52.6 %o for the UV exposed pit. This value is also in
agreement with the 158ph0m obtained from the laboratory study, but higher than the
value determined for the UV pit, implying that complications arise from multiple
processes in 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 %o to — 55.8 %o).

4.1.2. Oxygen isotopic fractionations: *¢ and *'E

For the control pit samples, we have determined **¢ values ranging from -2.1
%o to 3.9 %o with an average value of (0.2 £ 2.6) %o. These low % values are due to
an insignificant change in isotopic values. In contrast, the UV exposed snow samples
have nearly stable *°¢ values ranging from 9.0 — 13.0 %o and an average value of (12.5
* 6.7) %o, in good agreement with previous measurements (Table 4).

The YE values for the control samples were not significantly different from
zero, whereas the UV samples possessed E values of 1.1 %o to 2.2 %o with an
average ''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
surrounding OH/water (40 =~ 0) and reform secondary nitrate with 4O values
approaching zero (McCabe et al., 2005). However, compared to the variations
observed in snow and ice below the photic zone (> 5 %o) (Erbland et al., 2013; Sofen
et al., 2014), changes of 4’0 due to the cage effect (ca. 2 %o) can be considered

negligible. Another interesting observation is the greater scattering of the 4“0
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observed for the UV pit, clearly indicating that the cage effect phenomenon is
initiated by UV radiation.
4.2. Depth dependence of isotopic fractionations

For the samples collected at a depth of 7-20 cm from all batches and then
binned together according to depth, the derived isotopic fractionations at each depth
are shown in Figure 11. We have calculated a nitrogen isotopic fractionation value
ranging from -7.8 %o t0 -23.6 %o for the control samples in the 7-16 cm depth range.
However, the UV samples exhibited more highly negative fractionations ranging from
-52.2 %o 10 -65.9 %o with depth. The average e, 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) %o derived from the experimental UV-exposed pit. The
large error bars in Figure 11 are due to the small sample size and the relatively large
uncertainty in the depth measurement, 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 15aapp with depth implies 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 insensitivity of the nitrogen
isotopic fractionations in their laboratory study, where snow from Dome C was
irradiated with a UV lamp closely matching the solar irradiance encountered at Dome
C. From their measurement of actinic flux with depth in a snow column, a uniform
attenuation of incoming flux was observed, leading to almost constant ¢ values with
depth in the snow column. The insensitivity of ¢ with depth is a useful feature for

the analysis of 5N records obtained from deep ice cores used to understand past
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atmospheric changes, simplifying the interpretation of the 6N records associated
with solar UV-photolysis at different depths. Different modeling studies (such as the
TRANSIT model (Erbland et al., 2015)) are currently attempting to use ice core
°N(NO3) records to constrain historic variations in atmospheric oxidation capacity,
changes in the ozone column, and solar variability.

The ¢ and "E values derived with depth also have a very weak Rayleigh
fitting at lower depth (below 10-15 cm), and are associated with large uncertainties.
This is mainly due to the minor change in the oxygen isotopic signal, in stark contrast
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 have investigated 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 §°N signals, we have determined an average “ep,
value of (-67.8 +12) %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
fractionations at Dome C. These values are significantly different from the g,
values obtained for the control samples (-12.3 + 1.7 %o). Considering the fact that the
two experimental pits were exposed to identical physical processes, the difference in

their apparent isotopic fractionation (- 55.8 %o) should be considered as the best

estimate of isotopic fractionation due to photolysis.
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When compared to the "gpore 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 values for the UV-exposed samples are slightly lower (i.e.,
more highly negative). This difference might be associated with experimental design,
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 differences 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 isotopic fractionations
from the UV exposed snow pit samples that were binned together according to depth,
and observed that the 1Ssapp values are nearly insensitive to depth. Despite the fact that
the “°c,, 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 sampling
different sites with same depth profiles and determining the isotopic fractionations.

It is important to reiterate some of the possible limitations of this experiment.
Due to the unavoidable mechanical modification of the snow during the filling of the
sample pits with wind-blown snow, the snow used in this study did not possess
identical physical properties (grain size, density, compactness, optical properties, etc.)

compared to the natural snowpack. This may have resulted in a modification of light
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scattering within the snowpack. Additionally, the snow used in this study possessed a
nitrate concentration more than an 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 replication of field constraints (natural shape and size, natural
concentration 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 layers of both pits due to possible complications due to multiple processes
(mixing, sublimation, desorption, contamination, etc.). Hence, this procedure may
have also 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 evidence 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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Table 1. Sample ID’s with their respective sampling dates during the Austral summer

2011/2012 field campaign at Dome C, Antarctica.

Sample ID Sampling date
UV#0 and control#0 02/12/2011
UV#1 and control#1 10/12/2011
UV#2 and control#2 21/12/2011
UV#3 and control#3 31/12/2011
UV#4 and control#4 10/01/2012
UV#5 and control#5 20/01/2012

UV#6 and control#6 30/01/2012




Table 2. The apparent nitrogen isotopic fractionations determined for both pits excluding all
the samples between 0-7 cm or using the 0™°N signal to identify if influenced by external
processes. The correlation coefficients (r?) and significance (p) are also given for the derived
Peapp Values derived using the 6N signal. Note that due to insignificant change in nitrate

mass and isotopic composition, the linear fits for samples #0 and #1 from both pits were only

weakly correlated, and are not given in table 2.

Sampling No. | “eapp (£ 1-6)/ %o Peapp (£ 1-6)/ %o r2 p

(Removing all (Using the 0N

samples at 0-7 cm signal to exclude

depth) some points in the

UV-pit samples)

UV#2 -180+£7.3 -72.7+£9.7 0.903 0.000292
UV#3 -25.7+13.8 -57.2+27.9 0.456 0.015800
UV#4 -47.8£10.0 -72.3+12.9 0.762 0.000208
UV#5 -48.6 £18.9 -65.8 +5.0 0.529 0.007300
UV#6 -58 -58.3£20.0 -69.0+11.8 0.792 0.000243
Control#2 -129+1.9 -12.9+9.7 0.797 0.000010
Control#3 -14+2.3 -14+23 0.443 0.006760
Control#4 -129+24 -17.7+28.1 0.646 0.029300
Control#5 -13.2+1.1 -139+17 0.884 0.000002
Control#6 -15.0+£0.9 -13.8+2.4 0.767 0.000086




Table 3. Apparent isotopic fractionations (1Sgapp) observed in previous studies compared to the

results obtained here.

D/ %o Reference
Peapp/%0  -53.9+9.7 Blunier et al 2005°
-50.0 + 10.0 (DC 04) Frey et al 2009°
-71.0 + 12.0 (DC 09) Frey et al 2009
-59.0 + 10.0 Erbland et al 2013°
-67.8 £12.0 This study*
Pephoto/%0  -48.0 Frey et al 2009°
-47.9+6.8 Berhanu et al 2014°

®Values determined for Dome C

®An apparent average value derived for different locations on the East Antarctic Plateau

“The ¢ determined for the UV samples in this study

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)



Table 4. Compiled *®¢ and 'E values obtained from this study for the UV samples and

previous studies

Beu(x 1-6)/ %o YEu(£ 1-6)/ %o Reference

6.0 + 3.0 (DC 04) 1.0+0.2 Frey et al 2009
9.0 + 2.0 (DC 09) 2.0+0.6 Frey et al 2009°
8.7+24 2010 Erbland et al 2013°
12.5+6.7 22+1.4 This study®

®Determined by Frey et al. (2009) at Dome C during the summer campaigns in 2004 and 2007
®An average value determined by Erbland et al.(2013) for the Eastern Antarctic Plateau

°An average value determined by this study for all the UV samples
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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 cut off at ca. 375 nm (note
that the control plate has an average transmittance of 15 % below 375 nm). As transmission
was measured as the ratio between solar light below plexi-plate to light above the plexi-plate,

light reflected back by the snow might lead to transmittance greater than one.
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Figure 2. The absorption cross-section of *NO;™ measured in the liquid phase and the absorption
cross-section of NO; determined using the ZPE shift model (left y-axis). The absorption cross
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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 model at Dome C conditions (ozone column depth of

297 DU and an albedo of 0.9) and expected UV fluxes in the presence of the plexi-plate filters.
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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
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30/01/12. The grey shaded region shows the depth where external factors (mainly mixing) play a

significant role.
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Figure 9. Schematic showing the possible external processes that could affect the surface layers of
both the UV and control pits. These include evaporation, wind deposition/removal, and photolysis at

high solar zenith angle.
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Figure 10. 1ssapp values determined for the control samples (triangles), UV samples excluding all
samples between 0-7 cm (squares), and the UV samples obtained using the 6°N signal to identify data
points affected by non-photolytic processes (circles) rather than by excluding all 0-7 cm data. Note
that excluding the entire top 7 cm data introduced an apparent trend where 158app decreases with time.

Errors are determined by the least square fit method as in Frey et al. (2009).
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