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Abstract 18 

Stable isotope ratios of nitrate preserved in deep ice cores are expected to provide 19 

unique and valuable information regarding paleo-atmospheric processes. However, 20 

due to the post-depositional loss of nitrate in snow, this information may be erased or 21 

significantly modified by physical or photochemical processes before preservation in 22 

ice. We have investigated the role of solar UV photolysis in the post-depositional 23 

modification of nitrate mass and stable isotope ratios at Dome C, Antarctica during 24 

the austral summer of 2011/2012. Two 30 cm snow pits were filled with homogenized 25 

drifted snow from the vicinity of the base. One of these pits was covered with a 26 
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plexiglass plate that transmits solar UV radiation, while the other was covered with a 27 

different plexiglass plate having a low UV transmittance. Samples were then collected 28 

from each pit at a 2-5 cm depth resolution and a 10-day frequency. At the end of the 29 

season, a comparable nitrate mass loss was observed in both pits for the top-level 30 

samples (0-7 cm) attributed to mixing with the surrounding snow. After excluding 31 

samples impacted by the mixing process, we have derived an average apparent 32 

nitrogen isotopic fractionation (
15

εapp) of (- 67.8 ± 12 ‰) for the snow nitrate exposed 33 

to solar UV using the nitrate stable isotope ratios and concentration measurements. 34 

For the control samples in which solar UV was blocked, an apparent average 
15

εapp 35 

value of -12.0 ± 1.7 ‰ was derived. This difference strongly suggests that solar UV 36 

photolysis plays a dominant role in driving the isotopic fractionation of nitrate in 37 

snow. We have estimated a purely photolytic nitrogen isotopic fractionation (
15

εphoto) 38 

of -55.8 ‰ from the difference in the derived apparent isotopic fractionations of the 39 

two experimental fields, as both pits were exposed to similar physical processes 40 

except exposure to solar UV. This value is in close agreement with the 
15

εphoto value of 41 

(-47.9 ± 6.8 ‰) derived in a laboratory experiment simulated for Dome C conditions 42 

(Berhanu et al., 2014). We have also observed an insensitivity of 
15

ε with depth in the 43 

snowpack under the given experimental setup. This is due to the uniform attenuation 44 

of incoming solar UV by snow, as 
15

ε is strongly dependent on the spectral 45 

distribution of the incoming light flux.  Together with earlier work, the results 46 

presented here represent a strong body of evidence that solar UV photolysis is the 47 

most relevant post-depositional process modifying the stable isotope ratios of snow 48 

nitrate at low accumulation sites where many deep ice cores are drilled. Nevertheless, 49 

modeling the loss of nitrate in snow is still required before a robust interpretation of 50 

ice core records can be provided. 51 
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Introduction 52 

 Nitrate (NO3
-
), the end-product of the oxidation of atmospheric nitrogen 53 

oxides (NOx = NO + NO2), is one of the most abundant ions present in polar ice and 54 

snow. Ice core nitrate mass and isotopic measurements have the potential to provide 55 

quantitative constraints on historic variations in atmospheric NOx cycling and 56 

oxidative capacity (Legrand and Kirchner, 1990; Wolff, 1995). However, the 57 

interpretation of these paleo-records is problematic at most sites on the polar ice 58 

sheets, where post-depositional processes such as the desorption of nitrate species on 59 

snow grains, sublimation/condensation of water vapor and photolysis of nitrate have a 60 

major influence on the signal archived in firn and ice (Dibb et al., 1998; Honrath et 61 

al., 1999; Röthlisberger et al., 2002; Blunier et al., 2005; Frey et al., 2009; Wolff, 62 

2013). While desorption is manifested by the physical release of HNO3 from the 63 

snow-pack, photolysis involves bond breaking in NO3
-
 and emission of the 64 

photoproducts, such as NOx, HONO and the hydroxyl radical (OH), which can alter 65 

the oxidative capacity of the overlying atmosphere (Chen et al., 2001; Crawford et al., 66 

2001; Domine and Shepson, 2002; Grannas et al., 2007; Meusinger et al., 2014).  67 

 The stable isotope ratios of nitrate are useful metrics used to constrain NOx 68 

chemistry (Savarino et al., 2007; Morin et al., 2008; Hastings et al., 2009; Savarino et 69 

al., 2013; Vicars et al., 2013) and the post-depositional processing of nitrate in snow 70 

(Blunier et al., 2005; Frey et al., 2009; Erbland et al., 2013). Stable isotope ratios (R) 71 

(n(
18

O)/n(
16

O), n(
17

O)/n(
16

O) and n(
15

N)/n(
14

N)) are expressed as isotopic 72 

enrichments/depletion (δ
18

O, Δ
17

O and δ
15

N) relative to a reference where δ = 73 

(Rspl/Rref) - 1, and R represents the elemental 
17

O/
16

O, 
18

O/
16

O, or 
15

N/
14

N ratio in the 74 

sample or reference material.  The Δ17O value is defined here using the linear 75 

relation Δ17O = δ17O - 0.52 × δ18O. The reference used for oxygen isotope analysis is 76 
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Standard Mean Oceanic Water (SMOW) and the reference for nitrogen is atmospheric 77 

N2. For practical reasons, δ values are typically reported in per mill (‰), as variations 78 

in isotopic ratios for natural samples occur within a very narrow range. 79 

 In order to constrain post-depositional effects on the concentration and stable 80 

isotope ratios of nitrate, it is necessary to have knowledge of the isotopic fractionation 81 

values (expressed using 
15

ε, 
18

ε, 
17

E, see Eq. 1 for definitions), which are unique for 82 

each post-depositional process. Blunier and co-workers analyzed two surface ice 83 

cores from Dome C, Antarctica and determined a nitrogen isotopic fractionation (
15

ε) 84 

of (- 54 ± 10) ‰ (Blunier et al., 2005). In an attempt to reproduce this field 85 

observation in the laboratory, artificial snow was irradiated with UV light in the 200–86 

900 nm wavelength range and a 
15

ε value of (- 11.7 ± 1.4) ‰ was determined. The 87 

authors concluded that post-depositional modification must therefore result primarily 88 

from sublimation of snow/desorption of nitric acid, with only a minor contribution 89 

from photolysis. However, it was later confirmed that the light source used in this 90 

laboratory study possessed a different spectral distribution compared to solar spectra 91 

encountered in the field, and this may have had a confounding effect on the 92 

interpretation of the results (Frey et al., 2009). This effect was shown experimentally 93 

in a recent laboratory study (Berhanu et al., 2014; Meusinger et al., 2014) by 94 

irradiating natural snow from Dome C using different UV-filters to match field 95 

conditions. Accordingly, isotopic fractionations became less negative and approached 96 

zero when irradiated with short wavelength UV-light and vice-versa due to the 97 

different overlaps of nitrate isotopologue cross-sections with the incoming UV. The 98 

15
ε value of (-47.9 ± 6.8) ‰ derived for the experiment conducted using a 320 nm 99 

filter (closer to Dome C solar irradiance conditions), was in good agreement with the 100 

field observations of (-54 ± 10) ‰ (Blunier et al., 2005), (-50 ± 10) ‰ and (-71 ± 12) 101 
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‰ by Frey et al. (2009) at Dome C. A recent field study by Erbland and colleagues 102 

determined an average apparent 
15

ε value of (- 59 ± 10) ‰ for the East Antarctic 103 

Plateau (Erbland et al., 2013).  104 

A theoretical framework has been developed by Frey and colleagues in order 105 

to determine isotopic fractionations associated with photolysis (Frey et al., 2009). The 106 

authors used the Zero Point Energy-shift model (ΔZPE) (Yung and Miller, 1997), 107 

convoluted with solar spectrum measured during summer solstice at Dome C, and 108 

determined a 
15

ε value of - 48 ‰, consistent with their field observations. However, 109 

photolytic isotopic fractionations based solely on the ZPE-shift model are affected by 110 

the limitations of the model, such as ignoring the change in shape and intensity of the 111 

absorption cross-sections during isotopic substitutions (Schmidt et al., 2011). In a 112 

recent study, a semi-empirical model was developed that is based on the ZPE-shift 113 

model but addresses some of the limitations mentioned above (Berhanu et al., 2014). 114 

This model enabled better estimation of the absorption cross-sections of nitrate 115 

isotopologues, which can be interpolated to a temperature of interest, thus providing a 116 

better estimate for isotopic fractionations under field conditions. 117 

 The currently existing field studies (Blunier et al., 2005; Frey et al., 2009; 118 

Erbland et al., 2013) derived apparent isotopic fractionations (denoted 
15

εapp, 
18

εapp and 119 

17
Eapp), that incorporate not only the isotopic effects of photolysis but also other 120 

processes with the potential to induce isotopic fractionation (desorption, re-oxidation 121 

and surface deposition). In addition, the isotopic fractionations obtained in the 122 

existing field studies cover a wide range of 
15

ε values (- 40 ‰ to - 74.3 ‰) (Erbland 123 

et al., 2013). Therefore, further experimental and modeling studies are required to 124 

constrain the effects of photolysis on stable isotope ratios of nitrate in snow and to 125 

advance the interpretation of these measurements in snow and ice. 126 
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 We have performed a field study at Concordia (Dome C), Antarctica (75°06’ S 127 

and 123°19’ E) during the Antarctic summer of 2011/2012. The effect of UV-128 

photolysis on snow nitrate and its associated effects on nitrate’s stable isotopic 129 

composition were investigated. We have employed an isolation technique to produce 130 

UV-exposed and limited UV-exposed samples in order to understand the role of 131 

photolysis in the post-depositional processing of snow nitrate. To the best of our 132 

knowledge, this is the first field study that has employed an isolation strategy to 133 

constrain specifically nitrate mass loss and the isotopic fractionation induced by 134 

photolysis from solar UV radiation.  135 

2. Methods 136 

2.1. Experimental design 137 

 Wind-blown snow (i.e., drifted snow) was collected at Dome C on 02 138 

December 2011 and physically homogenized in the field. This drifted snow possessed 139 

a high nitrate concentration (≈1450 ppb), which ensured levels adequate for isotopic 140 

analysis. As the snow density was not measured, its value can be estimated to be 141 

about 225 kg m
-3

 to 330 kg m
-3

 based on its faceted grains like structure (Gallet et al., 142 

2011). Two snow pits of 1 m × 2 m surface area and 30 cm depth were excavated 143 

within close proximity (~10 m) and filled with the drifted homogenized snow. A 144 

rectangular wooden frame was used to mark each surface level at a fixed position 145 

(i.e., depth = 0 cm). Hence, any additional windblown snow accumulating above this 146 

wooden mark could be removed on a weekly or as needed basis. The snow did not 147 

become hardened with time during the study period. The pits were covered with 148 

plexiglass plates of different UV transmittances (Figure 1), one having only minor 149 

transmittance (10-15 %) below 380 nm, and the other allowing most of the solar UV-150 

radiation in the 290-380 nm range. Transmittance was measured as a ratio between 151 
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incoming solar light below the plexi-plate to light on top of the plate. Note that 152 

sometimes light reflected back by the snow might lead to transmittance greater than 153 

one. For simplicity, the samples exposed to UV will be referred to as “UV” samples, 154 

while those collected from the other pit, which is expected to be unaffected by UV-155 

driven photolysis, will be referred to as “control” samples. Note that other non-UV 156 

light associated effects are expected to affect both pits equally (e.g., the disturbance of 157 

outgoing long-wave radiation caused by the plates). Equally, it should be realized that 158 

a complete protection from UV radiations in the field is impossible due to scattering 159 

of light by the snow, high solar zenithal angles (min at solstice 51.6 °) and 160 

imperfection of the UV-cutting by the plexiglass. Such interferences are too complex 161 

to quantify but are mainly limited to the first cm of snow. The choice of the plexi-162 

plates transmittance was based on the UV absorption cross-section of nitrate. Nitrate 163 

has UV absorption peaks around 200 nm and 305 nm, with the former being 3 orders 164 

of magnitude stronger than the latter (Mack and Bolton, 1999). However, light at the 165 

wavelengths of the strong 200 nm band is cut off because of the presence of the 166 

stratospheric ozone layer (Figure 2) and does not reach Earth’s surface. The control 167 

plexi-plate blocks the secondary absorption band in contrast to the UV plexi-plates, 168 

which allow this band to reach the snow beneath. The plexiglass plates were placed 169 

on a metallic frame 20 cm above the snow surface, which is expected to be an 170 

optimum height because it minimizes both the warming effect on the snow beneath 171 

and the trapping of emitted NOx photoproducts. Placing the plates at a higher level 172 

could increase the possibility of snow deposition at the sides; furthermore, at higher 173 

solar zenith angles there may be solar UV radiation reaching the control plates. In 174 

contrast, vertical plates were not placed at the sides to avoid trapping drifted snow. 175 

2.2. Sampling and concentration measurements 176 
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  Sampling was conducted every 10 days from 2 December 2011 to 30 January 177 

2012 at a 2-5 cm depth resolution and to a depth of 30 cm. Samples were collected 178 

less frequently at depths below the homogenized snow (i.e., down to 50 cm). The 179 

individual sampling events are indicated using numbers 0-6, with the numbers 180 

increasing from the beginning to the end of the season. Below 50 cm, the photolysis 181 

of nitrate becomes negligible, as demonstrated by the light transmission measured at 182 

Dome C (France et al., 2011). The detailed sampling dates are given in Table 1. 183 

Sampling was usually conducted in the morning between 9 - 12 local time, and with 184 

few occasions one pit in the morning and another in the afternoon. During sampling 185 

the plexi plates were removed so that both pits were exposed to direct solar UV for a 186 

short period of time (usually less than an hour). For each sample, a snow mass of 0.3 187 

– 0.6 kg was collected, placed into a two-liter (Whirl-Pack
TM

) bag, and stored frozen 188 

(note that in a few cases, a larger amount of snow, up to 1 kg was collected). The 189 

vertical pipes created during sampling were backfilled using natural snow from 190 

nearby, with a different nitrate amount and isotopic signature than the experimental 191 

snow. A mark was left on the wooden frame after each sampling to record the place 192 

where sampling was conducted. A gap of 10 cm was left between consecutive 193 

samplings to ensure that subsequent samplings were not modified by previous 194 

samplings. The samples were later melted at room temperature for nitrate 195 

concentration measurement and preconcentration. The concentration of nitrate in each 196 

sample was determined in a warm laboratory at the Dome C station using a 197 

continuous flow analysis method. This is a fast technique used in previous studies by 198 

our group at Dome C, with a precision of < 3 % and a detection limit of 5 ng g
-1

 (Frey 199 

et al., 2009; Erbland et al., 2013). In this study, we have determined a precision of 200 

about 5 % based on replicate standard measurements. Most of the melted snow 201 
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sample volume was preconcentrated using an anion exchange resin AG 1-X8 (Bio-202 

Rad 200-400 mesh chloride form) to trap NO3
-
 for isotopic analysis. This step is 203 

essential to ensure that enough samples are available for replicate measurements. The 204 

nitrate trapped in the resin was eluted with the addition of 5 × 2 ml 1M NaCl solution 205 

(Frey et al., 2009; Erbland et al., 2013). The samples were stored in plastic tubes in 206 

the dark and shipped frozen to Grenoble, France for isotopic analysis. We have also 207 

collected surface snow samples along with the snow pit sampling in the immediate 208 

vicinity in order to follow possible mixing of the surrounding snow with the snow 209 

pits. The analysis of these samples was conducted in a similar fashion as for the snow 210 

pit samples. 211 

2.3. Isotopic analysis 212 

 The oxygen and nitrogen isotopic composition of nitrate was determined using 213 

the bacterial denitrifier method (Sigman et al., 2001; Casciotti et al., 2002; Kaiser et 214 

al., 2007; Morin et al., 2008) as modified by Kaiser et al. (2007) and Morin et al. 215 

(2009). Briefly, a culture of the denitrifying bacteria (Pseudomonas aureofaciens) was 216 

concentrated 8 times by centrifugation following a 5-7 day growth period. 2 mL of the 217 

bacterial culture were then transferred to a 20 mL glass vial, which was sealed airtight 218 

with a PTFE septum. The vials were then degassed for 3 hours using a helium flow 219 

(Air Liquide, 99.999%). 100 nmol of each preconcentrated nitrate sample was then 220 

injected into these vials using an automated system (Gilson Liquid Handler 215). 221 

After an overnight incubation, which allows for complete conversion of NO3
-
 to N2O 222 

(Sigman et al., 2001), 0.5 mL of 1 M NaOH was added to each vial to inactivate the 223 

bacterial cells. The N2O in the sample vial headspace was then flushed with purified 224 

helium (99.999%), cryogenically trapped before transferred into a gold tube at 900 225 

°C, where it was decomposed to O2 and N2 (Cliff and Thiemens, 1994; Kaiser et al., 226 
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2007), which was separated by a GC column and passed into a MAT253 IRMS 227 

(Thermo Scientific) to determine the stable oxygen and nitrogen isotope ratios (Morin 228 

et al., 2009).  229 

 To correct for isotopic effects associated with sample analysis, we have 230 

included certified standards of USGS 32, USGS 34, and USGS 35 (Michalski et al., 231 

2002; Bohlke et al., 2003), which were subjected to a treatment identical to the 232 

samples and prepared in the same matrix (1M NaCl solution prepared using Dome C 233 

water in order to match the oxygen isotopic composition of local water) (Werner and 234 

Brand, 2001; Morin et al., 2009). We have determined the overall accuracy of the 235 

method as the standard deviation of the residuals derived from the linear regression 236 

between the measured and expected values of the reference materials (Morin et al., 237 

2009). For the samples analyzed in this study, the associated overall accuracies are 2.0 238 

‰, 0.4 ‰ and 0.6 ‰ for δ
18

O, Δ
17

O and δ
15

N respectively.  239 

2.4. Data reduction 240 

 In order to quantify the effect of photolysis on the stable isotope ratios of snow 241 

nitrate, we have calculated apparent isotopic fractionations (isotopic fractionations 242 

derived for field samples irrespective of the process inducing fractionation) for O and 243 

N isotopes (
15

εapp,
 18

εapp, and 
17

Eapp for δ
15

N, δ
18

O and Δ
17

O of nitrate, respectively) 244 

assuming an open system, where NOx emitted upon the photolysis of nitrate will be 245 

removed as soon as it is formed and nitrate at depth is considered irreversibly lost (in 246 

contrast to the “skin layer” snow, which receives the deposition of re-oxidation 247 

products), and adopting the linear relation used in previous studies (Blunier et al., 248 

2005; Erbland et al., 2013):  249 

 

  

ln d +1( ) = e ln f( ) + ln d0 +1( )    (1) 250 
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where f is the nitrate fraction remaining in snow, defined as the ratio of the final 251 

nitrate concentration (C) and the initial nitrate concentration (C0) in the snow (f = C 252 

/C0). δ0  and δ are the isotope ratio values for the initial and final snow, respectively. 253 

Due to a hiatus in preparing the standards for each batch of analysis (an offset was 254 

observed between batches but not within a batch), the use of the initial concentration 255 

of the homogenized snow as the starting point was not possible. Instead C0 was 256 

calculated using the average nitrate concentration measured at 25-30 cm depth, 257 

assuming there is no change in the amount of nitrate at this depth due to insufficient 258 

light penetration and short duration of experiment. The slope of the ln(δ+1) versus 259 

ln(f) plot is the isotopic fractionation ε (note that ε = (α-1)), where α is the 260 

fractionation factor.  261 

Isotopic fractionation due to photolysis (denoted 
15

εphoto) has also been 262 

determined in this study using the Zero Point Energy shift-model (ΔZPE) and the 263 

light transmittance of plexi-plates, as described in Frey et al. (2009). According to this 264 

model, during isotopic substitution, the ZPE of the heavier isotopologue is reduced, 265 

leading to a small blue shift in the absorption spectrum of the heavier isotopologue 266 

relative to the lighter one (Figure 2). Hence, from a light isotopologue with a 267 

measured absorption cross-section (
14

NO3
-
), it is possible to derive the absorption-268 

cross section of the heavier isotopologue (
15

NO3
-
) (Yung and Miller, 1997; Miller, 269 

2000). Isotopic fractionations (ε) were determined using the following equation: 270 

 1
'


J

J
      (2) 271 

where J’ and J are the photolytic rate constants of the heavier and lighter 272 

isotopologues, respectively, defined mathematically as:  273 

   dzITTJ ),,(),(),(    (3a) 274 
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   dzITTJ ),,(),('),('   (3b) 275 

where σ and σ’ are the absorption cross-sections of the light and heavy isotopologues 276 

respectively. () is the quantum yield and I is the actinic flux for the given 277 

wavelength ranges, which depends on the solar zenith angle (θ) and snow depth (z). 278 

Note that if () is assumed to be independent of wavelength and is the same both for 279 

14
NO3

-
 and 

15
NO3

-
, then there is no need to know its value in order to determine the 280 

isotopic fractionation value. In this study, we have applied this principle and derived 281 

isotopic fractionations for the UV-exposed pit in the presence of the plexi-plates for 282 

field conditions. 283 

We have also investigated the depth dependence of the isotopic fractionation 284 

using the concentration and isotope ratio profiles of nitrate in the experimental snow 285 

pits. Accordingly, samples from the same depths from the 7 sampling events were 286 

stacked together, and isotopic fractionations were determined from the measured 287 

nitrate concentration and δ
15

N applying the Rayleigh plot approximation. Sampling at 288 

exactly the same depth during each collection was not possible under field conditions; 289 

therefore, the nitrate concentration and δ
15

N values obtained for at least 4 different 290 

samples that were expected to be at the same depth, were used to derive the isotopic 291 

fractionation values. In a few cases, samples within a 1 cm depth range were averaged 292 

together to derive 
15

ε.  293 

2.5. Experimental precautions 294 

 It is important to present the precautions taken in this study to minimize 295 

possible artifacts. The two experimental fields were open to the atmosphere despite 296 

the presence of the plexi-plates. Therefore, while the deposition of snow/nitrate was 297 

prevented at the top of the experimental fields, drifted snow could still have been 298 

deposited at the surface of the pits, as the sides were not closed, in addition to dry 299 
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deposition of gaseous HNO3. In order to minimize the effect from drifted snow, we 300 

mounted a wooden frame at the sides of the snow pits so that it was possible to 301 

establish a reference surface level (depth = 0 cm), and the snow present above this 302 

frame was carefully removed as needed. In addition, in order to avoid 303 

absorption/reflection of solar UV by windblown snow deposited on top of the plexi-304 

plates, we cleaned the plates at least once a week. However, during strong winds and 305 

bad weather, it was impossible to precisely maintain the reference frame location. The 306 

lack of homogeneity within and between fields and possible dry deposition are 307 

unavoidable sources of mixing and noise in the data obtained from this experiment, 308 

especially for the first few centimeters of the pits.  309 

3. RESULTS 310 

3.1. Concentration profiles 311 

 Figure 3 shows the fraction of nitrate remaining in the snow for each field and 312 

for each sampling events (The actual nitrate concentrations for the entire sampling 313 

events are shown in Figure 1 of the supplementary materials). Accordingly, at the 314 

beginning of the experiment (Turnbull et al., and control #0, t = 0), the concentration 315 

of nitrate was uniform with depth (f ≈ 1). This corresponds to an average nitrate 316 

concentration of (1431 ± 46.8) ng g
-1

 and (1478 ± 34.5) ng g
-1

 down to a 30 cm depth 317 

for the control and UV pits, respectively.  318 

 For control #2, f is about 0.75 in the top 5 cm, but the profile stabilized below 319 

10 cm, with f ≈ 1. A significant nitrate change was observed for the controls #4 and 320 

#6 when compared to controls #0 and #2, with f reaching 0.15 - 0.25 in the top 4 cm, 321 

but higher f values (f > 0.8) were observed below 5 cm. The maximum nitrate change 322 

(f < 0.3) was observed at the surface. It is important to note that the change observed 323 

in the first top cm is not necessarily the result of a mass loss but could also result from 324 



 14 

mixing with surrounding snow with a lower nitrate concentration than the 325 

experimental snow, resulting in an apparent mass loss. 326 

 In contrast, samples from the pit exposed to UV radiation showed a decrease 327 

in nitrate mass up to a depth of 20 cm. For UV #2, a nitrate change of f ≈ 0.5 was 328 

observed at the surface. But at lower depths, below 3 cm, only minor changes were 329 

observed (f > 8). The maximum nitrate change, with f reaching 0.2, was observed for 330 

UV #4 and UV #6. The decrease continued until a depth of 7 cm where f reached 0.4. 331 

Further minor decrease (f > 0.75) was observed up to a depth of 20 cm, and the 332 

decrease of nitrate ceased below 25 cm.  333 

In general, the decrease of nitrate in the top 7 cm was comparable for both the 334 

control and UV samples (a further indication of a possible mixing process); however, 335 

the amount of nitrate mass decrease was different in each pit depending on depth and 336 

collection date.   337 

For the surface snow samples, we have observed nitrate concentrations as high 338 

as 1500 ng g
-1

 in mid-December that decrease to 400 ng g
-1

 at the end of January 339 

(Figure 4). This concentration profile sometimes matches the concentration of nitrate 340 

measured at a depth of 0-2 cm in the snow pits, indicating a possible 341 

mixing/substitution by the surrounding snow.  342 

3.2. Isotopic Analysis  343 

 Figure 5 shows the δ
15

N profiles of the two pits for samples #0, #2, #4, and #6 344 

(the δ
15

N values for the duration of the sampling season are shown in Figure 3 of the 345 

supplementary materials). Controls #0 and #2 showed fairly uniform δ
15

N, with 346 

values ranging between -10 ‰ and 0 ‰. However, controls #4 and control #6 347 

exhibited enrichment in δ
15

N up to +15 ‰ for the surface samples (0-2 cm depth) 348 

extending to a depth of about 7 cm, and subtle changes below a 10 cm depth. 349 
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 In the case of the UV samples, only UV #0 showed stability up to a 30 cm 350 

depth, with δ
15

N values ranging between -6 ‰ and -8 ‰. For the top 5 cm samples of 351 

UV #2, the δ
15

N values showed an increasing pattern, with a maximum value at the 352 

surface (+12 ‰), and a stable δ
15

N profile below 5 cm depth. Comparable δ
15

N values 353 

and similar profiles were observed for UV #4 and UV #6, with a maximum δ
15

N 354 

value of +35 ‰ at a depth of 2-4 cm. However, a decrease in δ
15

N towards the surface 355 

was observed, and this profile is not consistent for all samples. All of the UV samples 356 

(excluding UV #0) have decreasing δ
15

N values from their respective maximum value 357 

to about +8 ‰ to +14 ‰ near the snow surface (ca. 0 - 2 cm), irrespective of the 358 

sampling time. Meanwhile, this pattern is also apparent for control #4 and control #6.  359 

 For the surrounding surface snow samples, δ
15

N values varying between -10 360 

‰ and +40 ‰ were measured on different days (Figure 6). However, no trend was 361 

observed in the δ
15

N values over time. These values are sometimes similar to what is 362 

measured at the surface of the two pits, consequently we believe that the first 7 cm in 363 

both pits was subjected to mixing with the surrounding snow.   364 

 Figure 7 shows the δ
18

O values obtained for both the control and UV samples, 365 

which ranged from 52 ‰ to 68 ‰. It is difficult to detect a consistent trend between 366 

δ
18

O and depth or sampling period for either the control or UV samples in this data 367 

set.  368 

 Similar to the δ
18

O observations, the measured Δ
17

O values also exhibited no 369 

significant trend, with values ranging between 26 ‰ and 30 ‰ obtained for both pits 370 

(Figure 8). However, comparing the control and UV samples, more variability is 371 

observed in the Δ
17

O values of the UV samples.   372 

 In general, when comparing the stable oxygen isotope ratios of the control and 373 

UV samples, it is difficult to identify any pattern or significant difference between the 374 
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two sets with respect to sampling event (Figures 7 and 8). However, a significant 375 

difference is observed between the two pits (control and UV) for δ
15

N. The measured 376 

δ
15

N values are the main results, used in this study to understand the role of photolysis 377 

in the post-depositional processing of snow nitrate.  378 

4. DISCUSSION 379 

4.1. Processes possibly acting on the top 0-7 cm depth  380 

As this experimental study is based on the comparison of results obtained from 381 

two pits filled with a common drifted snow, our first priority was to ensure that the 382 

two pits were as identical as possible at the beginning of the study, and minimize or 383 

possibly prevent non-photolytic process. Figures 3 and 5 show a uniform nitrate mass 384 

fraction left in the snow (f ≈ 1) as well as a fairly stable δ
15

N (-6 ‰ to -8 ‰) profile 385 

up to a 30 cm depth for both UV #0 and control #0. This observation indicates that the 386 

snow was well homogenized and both pits had comparable initial nitrate 387 

concentrations and isotopic compositions. However, a significant change of nitrate 388 

and enrichment in δ
15

N was observed on the top 0 – 7 cm depth after consecutive 389 

sampling events according to Figures 3 and 5, even in the absence of direct solar UV 390 

light. This observation, together with the decreasing δ
15

N pattern observed near the 391 

surface layers with opposite direction to the expected enrichment at similar depths, 392 

implies that additional processes besides photolysis may be involved at these depths. 393 

Based on this observation and as a first approach, we have divided the two pits into 394 

two regions: the top 0-7 cm samples, where photolysis, mixing and additional 395 

processes are expected to act strongly, and samples collected at a 7-30 cm depth, 396 

where the effect of these additional processes is minor and photolysis is the dominant 397 

process inducing nitrate mass loss and isotopic fractionation. We have discussed 398 
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below the possible causes for nitrate mass loss in the top 7 cm, which is summarized 399 

in Figure 9. 400 

 Dome C generally experiences moderate wind speeds, with an average value 401 

of 2.9 m s
-1

 throughout the 1984-2003 meteorological record (Aristidi et al., 2005; 402 

Zhou et al., 2009), but even in this range of wind speeds deposition and erosion of 403 

snow is possible at the surface. Even though the new snow deposited above the 404 

reference surface level was removed 1-2 times per week, the snow might have already 405 

been mixed with the underlying surface layer and manual removal may have disturbed 406 

or mixed the two layers, even with extremely careful handling. Furthermore, erosion 407 

and replacement are also expected to take place during strong wind events. In 408 

addition, the drifted snow on the surface of the two pits was not always evenly 409 

deposited; more snow was often deposited on one pit relative to the other, and the 410 

deposition was not homogeneous even within a single pit. This variability could have 411 

led to changes in the surface reference level between each sampling event and may 412 

have thus introduced additional artifacts in these samples.  413 

 Snowfall was not observed during the sampling period; therefore, wet 414 

deposition of nitrate via snowfall is excluded. However, dry deposition of HNO3 is 415 

still possible even with the plates in place. An interesting observation was the 416 

convergence in both the nitrate concentration and δ
15

N values among the surface 417 

snow samples from the different batches. For the surface snow pit samples, both of 418 

these values converge on f ≈ 0.3 and δ
15

N ≈ +10 to +14 ‰ (mainly in the UV #2-6 419 

and control #4-6 samples), as can be seen in Figures 3 and 5. These values contradict 420 

expectations based on the concentration and δ
15

N profile observed below 7 cm. This 421 

implies that there might be snow deposition or mixing at the surface of the pits with 422 

snow with lower nitrate concentration (Figure 4) and a different isotopic composition 423 
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(δ
15

N ≈ +10 to +14), giving a false impression of mass loss. As these measured values 424 

are sometimes in agreement with the surface snow measurements from a similar time 425 

period (Figure 6), the presence of deposition is inevitable. For example, on 10 Jan 426 

2012 we observed drifted snow on both snow pits (refer to the field logbook in 427 

supplementary materials) with similar nitrate concentration and stable isotope ratios 428 

as the nearby surface snow measurement. However such events were sporadic and 429 

apparently depended on meteorological conditions.  430 

 Another important process to consider is the re-deposition of nitrate via dry 431 

deposition. NOx photoproducts can be locally reoxidized to reform nitrate and 432 

eventually re-deposited on the snow surface. It should also be noted that desorption 433 

may have taken place from the surface of both of the pits, which could be enhanced 434 

by the plexi-plates trapping heat and warming the top layers. This effect should be 435 

manifested in both pits and should affect mainly the top few cm of the snow. The pits 436 

exhibited comparable loss of nitrate mass in the top 7 cm, but the δ
15

N values were 437 

significantly different for the two pits, with minimum δ
15

N values of -15.0 ‰ and -438 

36.0 ‰ for the control and UV pit samples, respectively. However, the more highly 439 

negative isotopic fractionation observed for the UV samples was probably due to the 440 

dominance of photolysis over the non-photolytic processes present in both pits. 441 

 Another possible reason for the observed nitrate mass change and resulting 442 

isotopic effect could be photolysis in both pits. The plexi-plate over the control pit 443 

excluded the majority of UV light at wavelengths shorter than 380 nm. However, 10-444 

20 % of the incoming solar UV in the range 300 - 310 nm is transmitted through this 445 

plate (Figure 1), thus resulting in a spectral distribution in the control pit that overlaps 446 

with the nitrate UV absorption band. Additionally, at higher solar zenith angles, there 447 
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might be direct solar UV impeding upon the sides of the plexi-plates leading to 448 

photolysis.  449 

 In general, there are multiple processes (Figure 9) that can alter the 450 

concentration and isotopic composition of nitrate in the top 7 cm of snow. Identifying 451 

these processes and quantifying them is beyond the scope of this study. Hence, in this 452 

manuscript the samples from 7-30 cm depth range will be mainly considered with few 453 

exceptions when results are consistent with a unidirectional process.  454 

4.2. Isotopic fractionations 455 

 Due to an insignificant change in nitrate mass and isotopic composition, the 456 

linear fits for samples #0 and #1 from both pits were only weakly correlated, and are 457 

not discussed. Better correlations were observed for samples collected late in the 458 

season. 459 

4.1.1. The Nitrogen isotopic fractions: 
 15
ε  460 

The calculated nitrogen isotopic fractionation values (i.e., the slopes of the Rayleigh 461 

plots, correlation coefficients and p-values) for samples between 7 and 30 cm depth in 462 

the control and UV pits are given in Table 2. Figure 10 shows the 
15

εapp values 463 

determined for the control and UV samples collected below 7 cm. Accordingly, the 464 

control samples possessed nearly constant and small negative apparent isotopic 465 

fractionation values between (-7.4 ± 2.3) ‰ and (-15 ± 0.9) ‰. In contrast, the UV 466 

samples shown in Fig. 10 exhibited higher negative apparent nitrogen isotopic 467 

fractionations ranging from (-18.0 ± 7.3) ‰ to (-58.3 ± 20.0) ‰, which became 468 

progressively more negative over time. According to this figure, it seems that either 469 

15
ε evolves over time (i.e., from collection event #2 to #6), which contradicts with 470 

theory (Berhanu et al., 2014), or there is an artifact introduced by removing the 471 

samples collected in the top 7 cm, where relatively larger nitrate mass change and 472 
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isotopic fractionation was observed. An artifact due to removing all the samples at 0 – 473 

7 cm depth is the most probable one considering removing the depth where the nitrate 474 

mass fraction left was minimal (about 80 % nitrate is lost) and enrichment in δ
15

N was 475 

significant when compared to depths below 7 cm. In addition, the depth where the 476 

above mentioned processes affect the surface snow may not be homogeneous in space 477 

and time. Hence, a new approach is followed using the nitrate δ
15

N signal to identify 478 

data points that may be impacted by one or more of the processes explained above. 479 

Accordingly, the bending pattern in δ
15

N observed for samples near the surface layers 480 

implies either the presence of another process, or contamination by windblown snow 481 

with a different isotopic composition. As this bending pattern is inconsistent with a 482 

Rayleigh type process, we have excluded the samples from the surface level when the 483 

δ
15

N begins to decrease instead of increasing to more positive values, and then 484 

recalculated the isotopic fractionations. Accordingly, only data points between 0 - 2 485 

cm were excluded for sampling events UV#0 to UV#3. For later sampling events, 486 

UV#4 to UV#6, samples between 0 – 6 cm depth were not considered in the new 487 

calculation of isotopic fractionations (shown using horizontal dashed lines in Figures 488 

3 and 5). The exclusion of more data points in the case of later sampling events was 489 

probably due to the fact that the external processes had more time to play a role in the 490 

modification of the near surface snow. The plots made based on these corrections are 491 

also shown in Figure 10. 
15

εapp values ranging from -59.8 ‰ to -73.0 ‰ were 492 

obtained, irrespective of the sampling time. Therefore, the pattern observed under the 493 

first assumption (i.e., excluding all points in the top 7 cm) introduced an apparent 494 

evolution of 
15

εapp over time as an artifact of the analysis. The average apparent 495 

isotopic fractionation values derived using the second approach (-67.8 ± 12 ‰) are in 496 

excellent agreement with previous average apparent isotopic fractionations of (-60 ± 497 
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10 ‰) at Dome C (Frey et al., 2009) and (-59 ± 10 ‰) for the East Antarctic Plateau 498 

(Erbland et al., 2013) (Table 3). This data exclusion procedure based on δ
15

N signal 499 

was applicable only to samples from sampling events between Control#4 and 500 

Control#6 as samples from the first two (Control#2 and Control#3) showed no 501 

deviation in δ
15

N from the expected pattern (Figure 3) and we have calculated a 
15

εapp 502 

value of (- 12.0 ± 1.7 ‰). As shown in Table 2, the observed change in the calculated 503 

15
εapp was minor.  504 

 Based on the significant difference between the 
15

εapp values of the control and 505 

UV samples, it is clear that the more highly negative isotopic fractionation is 506 

associated with solar UV photolysis. However, the small negative nitrogen isotopic 507 

fractionation (an average of -12.3 ± 1.7 ‰) observed for the control samples may be 508 

due to a combination of minor photolysis and sublimation/desorption (which is 509 

present in the UV pit as well). Even if a comparable mass loss of nitrate was observed 510 

in the top 7 cm of both pits, the δ
15

N values are significantly different (Fig. 5). As the 511 

absorption cross section of nitrate is limited at wavelengths shorter than 340 nm, 512 

photodissociation of nitrate is not expected at wavelengths longer than 375 nm (i.e., 513 

the cut-off of the control plexi-plate). However, minor contributions from the average 514 

15 % transmittance of the control plexi-plate and/or direct solar UV photolysis at high 515 

solar zenith angles and UV light scattering by the snow could potentially have 516 

resulted in some minor photolysis in the control pit, even if no systematic bias was 517 

observed between edge and center samples. This implies that another process (e.g., 518 

sublimation of snow, desorption of nitrate) could possibly take place and produces a 519 

significant nitrate mass change with only a minor change in isotopic composition. In a 520 

recent study of post-depositional isotopic effects in snow nitrate, it was verified that 521 

sublimation of snow leads to an overall 
15

N isotopic fractionation close to zero (0.9 ± 522 
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1.5 ‰ at -30°C, a temperature relevant at Dome C), whereas natural snow is observed 523 

with a highly negative fractionation (
15

εapp = - 59 ± 10 ‰) (Erbland et al., 2013). 524 

Therefore, a mixing of the evaporative and photolytic fractionation processes could 525 

conceivably result in an isotopic fractionation on the order -12 ‰ in the control pit. In 526 

contrast, photolysis is the dominant process in the UV pit due to the presence of 527 

unobstructed solar UV, and we have determined highly negative isotopic 528 

fractionations (
15

ε = -67.8 ± 12.0 ‰). Considering the presence of multiple processes, 529 

we cannot consider the values derived from the UV pits to represent purely photolytic 530 

isotopic fractionation values, but rather apparent 
15

εapp values, impacted minimally by 531 

non-photolytic processes. Hence, the best estimate for purely photolytic isotopic 532 

fractionation (
15

εphoto) under the current experimental setup would be the difference 533 

between the apparent isotopic fractionations determined for the UV and control pits (- 534 

55.8 ‰), as both pits were exposed to identical physical processes except exposure to 535 

solar UV. This value is in good agreement with a recent laboratory study by Berhanu 536 

et al. (2014), who irradiated natural snow collected at Dome C using a UV lamp with 537 

a 320 nm filter (similar but not identical to field conditions), a 
15

εphoto of -47.9 ± 6.8 538 

‰ was reported (Berhanu et al., 2014). The slightly less negative 
15

εphoto value 539 

obtained for the laboratory experiment may be the result of an inability to fully 540 

reproduce the solar spectrum under laboratory conditions, in contrast to the field 541 

where the snow was exposed to natural solar UV.  542 

We have also made a comparison between the isotopic fractionations obtained 543 

from the field study and a theoretical estimate made using the ΔZPE-shift model, as 544 

described in Frey et al. (2009) and recently modified by Berhanu et al. (2014). The 545 

newly modified model incorporates changes in width and amplitude, in addition to 546 

changes in the center wavelength, during isotopic substitution. By applying a 1 % 547 
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width reduction factor and an amplitude increase of 1 %, in addition to a shift of 548 

+32.5 cm
-1

 in the center of the absorption cross section of 
15

NO3 relative to 
14

NO3, the 549 

authors derived an apparent 
15

ε value of -55.1 ‰ under Dome C conditions (Berhanu 550 

et al., 2014). Following this approach and considering the solar UV transmittance of 551 

the plexi-plates, as well as using the solar actinic flux measured at Dome C on 7 552 

January 2012 at 2 P.M. local time (Ghislan Picard, personal communication), we have 553 

calculated a 
15

εphoto value of -52.6 ‰ for the UV exposed pit. This value is also in 554 

agreement with the 
15

εphoto obtained from the laboratory study, but higher than the 555 

value determined for the UV pit, implying that complications arise from multiple 556 

processes in the field study. However, we note that the difference between the UV and 557 

control experiments brings the apparent isotopic fractionation closer to the pure 558 

photolysis isotopic fraction value (- 67.8 ‰ to – 55.8 ‰).    559 

4.1.2. Oxygen isotopic fractionations: 
18
ε and 

17
E 560 

 Before calculating the oxygen isotopic fractionations, we have applied the 561 

same data exclusion procedure as above for δ
18

O and Δ
17

O measurements (not shown 562 

in the figures). For the control pit samples, we have determined 
18

ε values ranging 563 

from -2.1 ‰ to 3.9 ‰ with an average value of (0.2 ± 2.6) ‰. These low 
18

ε values 564 

are due to an insignificant change in isotopic values. In contrast, the UV exposed 565 

snow samples have nearly stable 
18

ε values ranging from 9.0 – 13.0 ‰ and an average 566 

value of (12.5 ± 6.7) ‰, in good agreement with previous measurements (Table 4).  567 

 The 
17

E values for the control samples were not significantly different from 568 

zero, whereas the UV samples possessed 
17

E values of 1.1 ‰ to 2.2 ‰ with an 569 

average 
17

E value of (2.2 ± 1.4) ‰, in good agreement with previous studies (Table 570 

4). This is probably due to the “cage effect”, wherein the photoproducts resulting 571 

from the photolysis of nitrate immediately undergo isotopic exchange with the 572 
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surrounding OH/water (Δ
17

O ≈ 0) and reform secondary nitrate with Δ
17

O values 573 

approaching zero (McCabe et al., 2005). However, compared to the variations 574 

observed in snow and ice below the photic zone (> 5 ‰) (Erbland et al., 2013; Sofen 575 

et al., 2014), changes of Δ
17

O due to the cage effect (ca. 2 ‰) can be considered 576 

negligible. Another interesting observation is the greater scattering of the 17
O 577 

observed for the UV pit, clearly indicating that the cage effect phenomenon is 578 

initiated by UV radiation. 579 

4.2. Depth dependence of isotopic fractionations 580 

For the samples collected at a depth of 7-20 cm from all batches and then 581 

binned together according to depth, the derived isotopic fractionations at each depth 582 

are shown in Figure 11. We have calculated a nitrogen isotopic fractionation value 583 

ranging from -7.8 ‰ to -23.6 ‰ for the control samples in the 7-16 cm depth range. 584 

However, the UV samples exhibited more highly negative fractionations ranging from 585 

-52.2 ‰ to -65.9 ‰ with depth. The average 
15

εapp value of (-59.9 ± 24.7) ‰ derived 586 

for these samples is in good agreement with the average apparent isotopic 587 

fractionation of (- 67.9 ± 12.0) ‰ derived from the experimental UV-exposed pit. The 588 

large error bars in Figure 11 are due to the small sample size and the relatively large 589 

uncertainty in the depth measurement, as all the layers might not have been at exactly 590 

the same depth during each sampling event, which may have led to the mixing of 591 

layers. The depth could also have changed over the course of the study due to the 592 

compaction of the snow with time. The insensitivity of 
15

εapp with depth implies that, 593 

even if the number of photons decreases with depth in the snowpack, the spectrum of 594 

the solar actinic flux is not strongly altered, at least to the depth considered in this 595 

study. Berhanu et al. (2014) also observed a similar depth insensitivity of the nitrogen 596 

isotopic fractionations in their laboratory study, where snow from Dome C was 597 
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irradiated with a UV lamp closely matching the solar irradiance encountered at Dome 598 

C. From their measurement of actinic flux with depth in a snow column, a uniform 599 

attenuation of incoming flux was observed, leading to almost constant 
15

ε values with 600 

depth in the snow column. The insensitivity of 
15

ε with depth is a useful feature for 601 

the analysis of δ
15

N records obtained from deep ice cores used to understand past 602 

atmospheric changes, simplifying the interpretation of the δ
15

N records associated 603 

with solar UV-photolysis at different depths. Different modeling studies (such as the 604 

TRANSIT model (Erbland et al., 2015)) are currently attempting to use ice core 605 

δ
15

N(NO3
-
) records to constrain historic variations in atmospheric oxidation capacity, 606 

changes in the ozone column, and solar variability.  607 

The 
18

ε and 
17

E values derived with depth also have a very weak Rayleigh 608 

fitting at lower depth (below 10-15 cm), and are associated with large uncertainties. 609 

This is mainly due to the minor change in the oxygen isotopic signal, in stark contrast 610 

to the N isotopes, where relatively strong signals were obtained. Further studies will 611 

be required to better constrain the isotopic fractionations, especially for oxygen 612 

isotopes.   613 

5. Conclusions 614 

 In this experimental study from Dome C, Antarctica we have investigated the 615 

effect of photolysis on the concentration and stable isotope ratios of nitrate in snow by 616 

comparing two identical snow pits, with one of the two exposed to solar UV. Using 617 

the combined concentration and δ
15

N signals, we have determined an average 
15

εapp 618 

value of (-67.8 ±12) ‰ for UV-exposed samples collected at a 10-day frequency 619 

between 1 December 2011 and 30 January 2012. These values were fairly stable 620 

throughout the season and are in good agreement with previously determined isotopic 621 

fractionations at Dome C. These values are significantly different from the 
15

εapp 622 
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values obtained for the control samples (-12.3 ± 1.7 ‰). Considering the fact that the 623 

two experimental pits were exposed to identical physical processes, the difference in 624 

their apparent isotopic fractionation (-55.8 ‰) should be considered as the best 625 

estimate of isotopic fractionation due to photolysis. While mass loss seems to be 626 

smaller at depth in the UV exposed pit, stronger change in δ
15

N was observed. This is 627 

a direct consequence of the high fractionation factor of the photolysis process in 628 

which a small change in concentration is translated into a high variation of the isotope 629 

ratios.   630 

When compared to the 
15

εphoto values of (-47.9 ± 6.8) ‰ obtained in a 631 

laboratory experiment by Berhanu et al. (2014), where the photolytic process was 632 

isolated, the measured values for the UV-exposed samples are slightly lower (i.e., 633 

more highly negative). This difference might be associated with experimental design, 634 

as the laboratory conditions do not exactly replicate the solar spectrum, even if better 635 

control is possible in terms of temperature stability, and product removal relative to 636 

the field experiment. Other confounding factors may include differences in the 637 

chemical domain of nitrate (Meusinger et al., 2014), or changes due to the 638 

temperature dependence of the nitrate absorption cross-section. It should also be noted 639 

that the field experiments show small influences due to non-photolytic processes such 640 

as desorption, deposition, and/or contamination by windblown snow.  641 

We have also determined the depth dependence of the isotopic fractionations 642 

from the UV exposed snow pit samples that were binned together according to depth, 643 

and observed that the 
15

εapp values are nearly insensitive to depth. Despite the fact that 644 

the 
15

εapp values derived at different depths are associated with larger error bars, the 645 

observations are in good agreement with a previous laboratory study (Berhanu et al., 646 

2014). In addition, previous studies did not show a strong change in spectral 647 
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distribution of UV light as light propagates through the snow (Meusinger et al., 2014). 648 

Further study is necessary to validate such conclusions, for example via sampling 649 

different sites with same depth profiles and determining the isotopic fractionations. 650 

 It is important to reiterate some of the possible limitations of this experiment. 651 

Due to the unavoidable mechanical modification of the snow during the filling of the 652 

sample pits with wind-blown snow, the snow used in this study did not possess 653 

identical physical properties (grain size, density, compactness, optical properties, etc.) 654 

compared to the natural snowpack. This may have resulted in a modification of light 655 

scattering within the snowpack. Additionally, the snow used in this study possessed a 656 

nitrate concentration more than an order of magnitude higher than what is normally 657 

measured in snow pits at Dome C, and this may have impacted nitrate chemistry in 658 

the experimental snow pits. However, to the best of our knowledge, our study is the 659 

first to attempt a replication of field constraints (natural shape and size, natural 660 

concentration and exposure, natural location of the nitrate in the snow grains, as well 661 

as meteorological conditions). Finally, we have not included some of the data points 662 

in the top layers of both pits due to possible complications due to multiple processes 663 

(mixing, sublimation, desorption, contamination, etc.). Hence, this procedure may 664 

have also introduced a small underestimation in our 
15

εapp values, and this should be 665 

kept in mind when using the values obtained in this study. 666 

The results obtained here, together with results described previously in the 667 

literature (Frey et al., 2009; Erbland et al., 2013; Berhanu et al., 2014) represent a 668 

strong body of evidence that solar UV photolysis is the most relevant post-669 

depositional process modifying stable isotope ratios of snow nitrate at low 670 

accumulation sites, where most deep ice cores are drilled.  671 

 672 
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