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Stable isotopes of Antarcticice cores are used extensively in reconstructing the past climate. Variations in snow accumulation patterns and post-depositional processes such as changes in isotope ratios due to diffusion may complicate these records. We analyzed the spatio-temporal variations of snow accumulation, stable isotopic composition, and factors controlling their distribution along two transects in the Dronning Maud Land (DML) and Princess Elizabeth Land (PEL) regions of East Antarctica. The δ18O and δD variations are dominantly influenced by snow accumulation in the DML region and temperature in the PEL region. To evaluate the extent of diffusion in isotope records, the isotope record of an ice core (IND-33) drilled after 5 years close to the DML transect was compared with the snow isotope records. A quantitative comparison of the snow core δ18O records with that of the ice core revealed signal attenuation ranging between 55 and 70%. Using a firn diffusion model, we estimated a diffusion length of 6 cm in IND-33 over 5 years. Our study revealed that while isotope diffusion exists even in high accumulation sites of coastal Antarctica, it does not significantly impact the dating and paleoclimatic interpretation of isotope records, unlike in low accumulation areas.
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INTRODUCTION
Snow and ice cores from polar ice caps provide a wealth of information on past climate with potentially higher temporal resolution than many other climate proxies. Stable water isotopes (δ18O and δD) have played an important role in ice core based paleoclimate studies ever since Dansgaard (1964) explained the relationship between the isotopic composition and the temperature of cloud at the condensation site. The δ18O records from polar snow incorporate the seasonal temperature variations at the time of snow deposition and show a strong association with the near-surface air temperature at any given site. In addition, the δD records also contain relative humidity signals over moisture regions (Jouzel et al., 1982). Consequently, the δ18O and δD records from polar ice cores have been effectively utilized to understand the changes in temperature, relative humidity, and snow accumulation ranging from decadal to the millennial time scale (EPICA community members, 2006; Masson-Delmotte et al., 2008; Pages 2k Consortium, 2013; Stenni et al., 2017; Rahaman et al., 2019).
A plethora of past climate information can be deduced using stable isotope records from polar ice cores. However, factors such as the preservation of seasonality signals and the extent of snow accumulation variations at a given location significantly impact the temporal resolution and the type of information available from ice cores, (e.g., Jouzel and Masson-Delmotte, 2010). For instance, the coastal regions in Antarctica experience significantly high snow accumulation rates, which allows for annually resolved paleoclimate reconstruction (Masson-Delmotte et al., 2003; Naik et al., 2010; Küttel et al., 2012; Ejaz et al., 2021). On the other hand, isotope records from low accumulation regions (and, therefore, lower temporal resolution) suggest the potential impact of post-depositional processes (Casado et al., 2018). It is well known that the ice sheet surface continually changes due to various mechanical factors such as wind redistribution and erosion, due to which the isotope signals get distorted (Petit et al., 1982; Whillans and Grootes, 1985; Johnsen et al., 2000). Additionally, laboratory experiments and field studies have shown that the isotope records from near-surface snow and firn undergo diffusion processes (Cuffey and Steig, 1998; Hörhold et al., 2011). The diffusion gives a unique characteristic to the isotope signals in ice (i.e., signal attenuation), having higher amplitudes in the top layers closer to the surface and reducing amplitudes with increasing depth and density (Schlosser and Oerter, 2002).
Stable isotope records undergo rapid diffusion in snow and firn, whereas isotope diffusion is significantly slower in solid ice (Johnsen, 1977). As a result, the seasonal amplitude of isotope records tends to homogenize in firn, resulting in a considerable reduction in the amplitude of seasonal isotope values at depths below the surface snow layers. Isotope diffusion and sublimation-condensation cycles were ascertained to be the dominant post-depositional processes in the inland regions of Antarctica (Ma et al., 2020). Isotope signals from ice cores drilled in the low accumulation regions show a relatively small signal-to-noise ratio and, as a result, do not allow the detailed analysis of short-term climate variations (Laepple et al., 2018). Results from isotopic models demonstrated that seasonal layering of isotope composition and high horizontal isotopic variability could be caused by local stratigraphic noise (Münch et al., 2016). Such phenomena create signals similar to seasonal isotope signals but are unrelated to past climatic conditions. Recent studies have also demonstrated that the ability to reconstruct past climatic conditions from ice cores depends on the noise created by sporadic precipitation, stratigraphic noise, and the strength of the input signal (Casado et al., 2020). Therefore, a systematic analysis of the various processes affecting the climatic signals in ice cores is critical for high-resolution climate reconstructions.
The temporal resolution of the isotope signals strongly depends on the heterogenous deposition of snow and the post-depositional processes (e.g., Casado et al., 2020). Therefore, temporal resolution in low accumulation ice core isotope records from inland Antarctica varies typically from multi-year to multi-decadal scales (e.g., Petit et al., 1982; Ekaykin et al., 2002). Compared to these, isotope records from high-accumulation coastal sites of Antarctica have been shown to achieve seasonal to annual resolution (e.g., Küttel et al., 2012; Goursaud et al., 2019; Ejaz et al., 2021; Dey et al., 2022). Further, the coastal areas of Antarctica are also shown to have different moisture sources than inland as cyclonic activity and the presence of sea ice play a crucial role. Although isotope diffusion in the firn column is critical for low accumulation sites (<0.1 m we yr−1), it is unclear whether it is relevant in high accumulation regions of coastal Antarctica. Since ice core records from higher accumulation areas of coastal Antarctica have received increased attention for climate studies, it is critical to quantify the potential diffusion of isotope signals in ice core records of coastal regions before making any quantitative estimate of paleoclimate parameters using stable isotopes.
In this study, we utilize a network of surficial snow cores (∼1-m length) along the coast to inland transects of Dronning Maud Land (DML) and Princess Elizabeth Land (PEL) in East Antarctica and establish the isotope seasonal signals and snow accumulation rates. We then compared the stacked isotopic profiles from a section in the DML region to the isotope record of an ice core drilled 5 years later to evaluate the isotope diffusion and attenuation of the amplitude in isotope signals. Our study aims to understand the fundamental processes relating to spatial variability in stable isotope records across two different geographic domains and to identify the extent of firn diffusion in isotope records of ice cores from high accumulation sites in coastal Antarctica.
MATERIALS AND METHODS
Snow sampling and processing
We collected 45 superficial snow cores along two coast-to-inland transects in the Princess Elizabeth Land (PEL) and the Dronning Maud Land (DML) during 2008–09 (Figure 1). The topography of the PEL transect revealed a steep escarpment zone between 20 and 50 km from the coast with a rapid increase in elevation (an average slope of 27 m km−1) beyond which the slopes were significantly smaller (8–9 m km−1) (Mahalinganathan et al., 2012). The topography of the DML transect, on the other hand, consisted of the major mountain range parallel to the coast, having an orographic influence on snow accumulation in this region (Mahalinganathan and Thamban, 2016). Accordingly, the transects were categorized into coastal, mountainous and inland regions based on the regional topography and the extent of sea-salt intrusion recorded in the snow cores, as detailed in our earlier publications (Mahalinganathan et al., 2012; Mahalinganathan and Thamban, 2016). The snow cores (14 cm in diameter) collected using a KOVACS Mark IV coring system were transferred directly into pre-cleaned high-density polyethylene bags and sealed immediately to avoid contamination. These were stored in expanded polypropylene (EPP) boxes and shipped at –20°C to the National Centre for Polar and Ocean Research (NCPOR), India. All EPP boxes were stored at the NCPOR ice core storage facility (at –20°C) until they were opened for processing and analysis. The average lengths of snow cores retrieved from the coastal, mountainous, and inland sections in DML were 89, 77, and 94 cm, respectively. In PEL, the core lengths averaged 86 and 76 cm in the coast and inland sections, respectively. Each snow core was further sub-sampled at 5 cm resolution by manually removing the outer layer using a clean ceramic knife. A total of 750 sub-samples were processed and transferred to 10 ml Teflon vials and sealed until stable isotope analyses.
[image: Figure 1]FIGURE 1 | Study region showing sampling locations along the DML and PEL transects in East Antarctica. Color coded sampling locations indicate coastal (purple), mountainous (yellow) and inland (blue) regions of the transect. Mean snow accumulations in these respective regions are given in terms of kg m−2 yr−1. The ice core (IND-33) in the DML region was drilled during the 2013–14 field season. Background maps from the RADARSAT Antarctic Mapping Project version 2 (RAMP2) and LIMA Landsat high-resolution virtual mosaic (15 m) using the Quantarctica project.
Isotope analysis
All sub-samples in 10 ml Teflon vials were melted and analyzed (in 2010–11) for oxygen and hydrogen isotopes (δ18O and δD) using a dual inlet, Isoprime Isotope Ratio Mass Spectrometer (IRMS), following standard procedures detailed in Naik and others (2010). The external precision obtained using the laboratory standard (DML1), which was calibrated against the Vienna Standard Mean Ocean Water (VSMOW) standard, was ±0.05‰ and ±0.77‰ for δ18O and δD, respectively. Further, to examine the isotope diffusion in storage, we reanalyzed fresh snow samples melted from the archives during 2017–18, using a laser-based Off-Axis—Integrated Cavity Output Spectroscopy (OA–ICOS) Triple Isotope Water Analyzer (TIWA) by Los Gatos Research. This reanalysis was made considering the long storage period of snow cores at –20°C between the first (2010–11) and the second analysis (2017–18) and to check the consistency of data generated by two entirely different isotope measurement techniques. The melted samples were introduced directly into the TIWA using a Hamilton 1.2 µL zero dead volume syringe via an auto-injector equipped with a heated (∼85°C) injector block. Four blank injections (injections that are not measured) followed by five measurement injections were run for each sample to eliminate the inter-sample memory effect. The last five injections were averaged to produce a single, high-throughput sample measurement. The analytical precision obtained in TIWA was ±0.1‰ and ±0.5‰ for δ18O and δD, respectively.
Considering the availability of two separate datasets for the same samples, we used this opportunity to validate the quality of the measurements by comparing the IRMS and TIWA datasets. Excellent statistical agreement between the data generated by different techniques separated by nearly 7 years further validated the quality of the dataset (Figure 2). Following the method of Bland and Altman (1999), these two datasets were examined by constructing limits of agreement derived from the mean and the standard deviation of the differences between measurements. The majority of data points lie within the ±2σ of the mean difference (Figure 2A), indicating a good agreement between the IRMS and TIWA measurements. However, data from DML 21–25 cores did not show good agreement, probably due to a substantial delay between δ18O and δD analysis for these samples using IRMS (Figure 2B). Unlike IRMS measurements, correlation between δ18O and δD by TIWA revealed an excellent linear relationship since both δ18O and δD are simultaneously measured. Therefore, in this study, only the TIWA isotope data were considered for detailed spatio-temporal analysis.
[image: Figure 2]FIGURE 2 | (A) Plot showing agreement between majority of the IRMS and TIWA measurements. The mean and SD are 0.19 and 1.511, respectively. The upper and lower limits of agreements are 3.156 and –2.769, respectively. (B) Correlation between δD and δ18O in DML and PEL was significant (p < 0.01) using IRMS and TIWA measurements. The TIWA measurements showed a better linear relationship between δD and δ18O.
Seasonality and snow accumulation
The seasonality in snow cores was initially determined by establishing the summer and winter peaks in isotope records (Figure 3A). When the seasonality signals in δ18O records were unclear, we used sea-salt impurity (mainly Na) signals to identify annual layers, as detailed in the previous studies (Mahalinganathan et al., 2012; Mahalinganathan and Thamban, 2016). A minimum amplitude of 4‰ in δ18O values could be observed in all isotope profiles. As suggested by Stenberg et al. (1998), this cut-off value was initially considered to demarcate the summer and winter signals.
[image: Figure 3]FIGURE 3 | A combination of seasonal amplitude plots (A) and power spectral density (PSD) plots (B) were utilized to identify and eliminate spurious peaks in snow cores. While the seasonal amplitude plots revealed clear summer/winter patterns, the PSDs were used to avoid non-seasonal peaks. The shaded area indicates the estimated annual layer. Annual accumulation rates were calculated based on the annual layer depth and density measurements.
Additionally, all cores were also diffused with white noise and compared with the original record to eliminate those peaks that do not imply any season. Spectral analysis was carried out to eliminate non-seasonal peaks following the procedures detailed in Laepple et al. (2018). The snow core isotope profiles were linearly detrended, and spectra were estimated using Thomson’s multitaper method with three windows. Considering that all cores were sub-sampled at uniform resolution, no aliasing effects were expected during the analysis. The power spectral densities were tested for significance against a null hypothesis of noise induced by possible diffusion of actual seasonal signals in firn. A Monte Carlo procedure was used to simulate the diffusion of white noise profiles across the transect. Peaks in the power spectral density plots were above the critical level of white noise at 95% significance level (Figure 3B). The frequency corresponding to 20 cm depth was 5 m−1. With the above constraints, we determined the summer and winter seasonal peaks in all snow cores. The annual snow accumulation rates were determined using the seasonality in proxy parameters and the measured snow density data (Tables 1, 2). Additionally, modelled snow accumulation rates for 2008 were retrieved from the ERA-5 Reanalysis dataset with a resolution of 0.1 x 0.1°.
TABLE 1 | Geographical distribution and annual-averaged stable isotope values and accumulation rates (w.e) of the snow cores from DML region. Annually averaged temperature estimates for the year 2008 was taken from ERA-5. The distance column shows the distance measured from the coast.
[image: Table 1]TABLE 2 | Geographical distribution and annual-averaged stable isotope values and accumulation rates (w.e) of the snow cores from PEL region. Annually averaged temperature estimates for the year 2008 was taken from ERA-5. The distance column shows the distance measured from the coast.
[image: Table 2]Isotope diffusion model
To verify the extent of post-depositional isotope diffusion in the study region, we compared the δ18O records of the snow cores from DML with an ice core (IND‐33) drilled from this region. The IND‐33 ice core was drilled 5 years after retrieving snow cores and is located close to the snow core transect (Figure 1). The chronology of this core was constrained using multiple and independent techniques (Ejaz et al., 2021).
Oxygen isotope signals from the IND-33 ice core drilled close (∼20 km) to the snow cores from the DML transect were used to estimate the extent of firn diffusion. The firn diffusion model originally described by Johnsen et al. (2000) was employed to estimate the diffusion length using the equations provided in Gkinis et al. (2014), Dee et al. (2015), and Münch and Laepple (2018). This equation is given as:
[image: image]
where σ is the diffusion length, ρ is the firn density at a given depth, ρ0 is the surface density, and D is the isotopic diffusivity in firn, which is calculated using the equation in Johnsen et al. (2000).
[image: image]
where ρ is the saturation vapor pressure over ice, τ is the tortuosity factor in ice, Ωai is the diffusivity of water vapour in air, m is the molar weight of water, and R is the gas constant. The IND‐33 ice core site-specific parameters such as surface pressure, temperature, and accumulation rate were used to model the diffusion length in the core. The density and local accumulation rates were directly measured from the snow cores and ice core data, while the temperature and local mean surface pressure values for the year 2008 were derived from the ERA-5 Reanalysis dataset with a resolution of 0.1 x 0.1°. The diffusion model was run using the R package firnR (Münch and Laepple, 2018). The change in amplitude of annual δ18O cycles was calculated using the following equation:
[image: image]
Here Af is the final amplitude in the ice core, and Ai is the initial amplitude in the surface snow cores. L is the diffusion length in the ice core, and α is the average annual accumulation in the ice core site.
RESULTS AND DISCUSSION
Spatial variability in snow accumulation rates
Snow accumulation in Antarctica is an important parameter influenced by climatic factors and is critical to interpreting past environmental conditions. Snow accumulation varies spatially depending upon synchronized undulations in topographical features and surface slope (Frezzotti et al., 2002). The snow accumulation rates in DML and PEL transects decreased from coastal to inland locations (Tables 1, 2). Annual accumulation rates in the coastal section of DML ranged between 128 and 361 kg m−2 yr−1 (mean 266 kg m−2 yr−1), while in the inland section, it ranged between 118 and 224 kg m−2 yr−1 (mean 176 kg m−2 yr−1) with the mountainous section ranging between 176 and 390 kg m−2 yr−1 (mean 276 kg m−2 yr−1). In PEL, the snow accumulation ranged between 156 and 390 kg m−2 yr−1 (mean 276 kg m−2 yr−1) in the coastal section, while in the inland section, it ranged between 138 and 376 kg m−2 yr−1 (mean 249 kg m−2 yr−1). Snow cores in the coastal areas recorded up to two summers and a winter (representing just over 1 year), while the inland sections showed a maximum of three annual layers, thereby representing up to 3 years of accumulation. Since the cores were drilled during the 2008–09 summer, the top layer of the cores represented the summer of 2008–09 and earlier periods. Very few cores exhibited winter top layers, and we considered one complete seasonal cycle as an annual layer. Similarly, the inland cores in DML (21–25) represented 2007 and older accumulation. We considered only samples representing a complete annual layer from the top representing 2008 to maintain uniformity in accumulation analysis.
The topmost layer of the snowpack usually shows high amplitude in δ18O records (Küttel et al., 2012). The coastal section of DML showed the largest variation between summer and winter δ18O values, with differences ranging between 8‰ and 15.7‰ (Figure 3A). Stacked isotope profiles revealed that almost all snow cores (except DML 6 and DML 19) were well-preserved in the top layer, recording ongoing summer (Figure 6B, snow profiles). However, in PEL transect, almost all cores in the steep coastal section showed the winter layer on top, indicating the snow redistribution aided by the topography and possibly driven by the strong katabatic winds along this zone (Allison, 1998). Establishing such annual layers is a critical requirement as it directly impacts the estimation of snow accumulation rates in high-resolution ice core studies.
The presence of physical barriers further complicates the snow accumulation pattern over the ice sheet owing to the complex interaction between the katabatic winds (Goodwin, 2004) and the surface features, leading to post-depositional snow redistribution (Melvold et al., 1998; Vaughan et al., 1999). Such a scenario has been observed in the steep escarpment zone of coastal PEL, especially at core sites 3, 5, 6, 19, 20, and 22. Further, a surface topography-influenced increase in the snow accumulation on the windward side and less accumulation on the leeward side was reported by Frezzotti et al. (2002). The accumulation rates in the DML region support such a scenario, where the windward near-coastal and the mountainous sections had a substantially high average accumulation of 266 and 276 kg m−2 yr−1, respectively (Table 1). Compared to this, the interior section of the transect, which falls on the leeward side, had a considerably lower accumulation rate than the coast (average of 176 kg m−2 yr−1). Such large spatial variability in the DML region is attributed to the mountain chain parallel to the coast. These mountains act as an orographic barrier to the air masses arriving from the Southern Ocean, impacting snow accumulation. Highly periodic dunes in the near-coastal area of DML were reported earlier (Anschütz et al., 2006). Such dunes are known to influence the spatial snow accumulation patterns (Frezzotti et al., 2002). The physiography and topography of the DML region influenced the snow accumulation rates, showing a strong correlation with distance and elevation (Table 3). On the contrary, the PEL transect does not have any mountainous features and therefore showed no large variations in accumulation patterns with little variation between the coastal (276 kg m−2 yr−1) and the inland (260 kg m−2 yr−1) sections (Table 1). This could also be because the entire sampling transect falls within 180 km of the coast, similar to the coastal section of the DML transect. Although there is a substantial slope (>8 m km−1) along the PEL transect (Mahalinganathan et al., 2012), it did not affect the overall accumulation rates in the region. Such a uniform accumulation pattern in the PEL transect could be explained by snowdrift and redistribution induced by strong katabatic winds in this region (Ding et al., 2020). With no orographic barriers to influence the flow of katabatic winds, the accumulation pattern in PEL is smoothed by wind scouring and snow redistribution. Snow accumulation rates showed a significant relationship with the distance and elevation (R = 0.574 and 0.600, p < 0.003), stable isotopes (R = 0.439 and 0.418, p < 0.042) and temperature (R = 0.572, p = 0.003) in the DML transect, indicating a synchronized relationship between the topography and accumulation patterns that was aided by the position of mountains. In the PEL transect, there was no significant relationship between accumulation and the rest of the parameters.
TABLE 3 | Correlation between stable isotopes and physical parameters in DML and PEL regions. All unmarked correlations are significant at 0.01 level;# indicates insignificant correlations and * indicates 0.05 level significance.
[image: Table 3]Further, we analyzed the percentage difference in accumulation rates between the in situ values and ERA-5 reanalysis snowfall data. In the DML region, ERA-5 reanalysis snow accumulation data over-estimated the in situ values in the coastal section by 16%, while they were underestimated by 42 and 35% in the mountainous and inland sections. In PEL, the ERA-5 data over-estimated the coastal section snowfall by 33%, while in the inland section the snowfall data were 13% overestimated.
Relationship between stable isotope records and physical parameters
The relationship between δ18O and δD from all snow core sub-samples (n = 750) was assessed using linear regression analysis (Figure 4). The analysis showed a strong correlation between δ18O and δD in both the DML (blue circles, r2 = 0.994) and PEL (red circles, r2 = 0.995) transects from coastal to inland regions. Within the analytical uncertainties, the slopes of the PEL transect (8.12) and DML transect (7.91) were close to that of the global meteoric water line [δD = 8.13 x δ18O + 10.8 (Craig, 1961)].
[image: Figure 4]FIGURE 4 | Relationship between δD and δ18O in DML and PEL transects. The green line is the Global Meteoric Water Line.
The annual mean values of δ18O and δD at each snow core decreased from coastal to inland sites in both the DML and PEL regions, suggesting the typical continental effect, i.e., depletion of δ18O and δD with increasing distance and elevation from the moisture source (Tables 1, 2). This effect can also be observed from the correlation in Table 3, wherein the distance and elevation from both the DML and PEL regions showed a strong correlation (R > 0.9, p < 0.001). A significant positive relationship was observed between the mean δ18O and mean temperature (ERA5 reanalysis data) in both the DML and PEL regions (R = 0.931 in DML and R = 0.951 in PEL, p < 0.001) (Table 3). An in-depth correlation analysis between the δ18O values and the monthly average temperatures for 2008 showed significant correlations at 3 or 4 phase lag in the DML and PEL regions for some cores. However, many cores did not show significant correlations, which could be due to the type and resolution of the ERA-5 reanalysis temperature data. However, a linear relationship between the ERA-5 annual mean temperature and δ18O in the snow cores was evident (Figure 5).
[image: Figure 5]FIGURE 5 | Relationship between δ18O and annual mean temperature (ERA-5) in DML and PEL transects.
To further evaluate the role of physical parameters on the variability of δ18O records, hierarchical multiple linear regression was carried out between the δ18O values and geographical/climatic parameters (Table 4). Based on these regressions in the DML region, the snow accumulation changes were the primary driver (61%) for spatial variations in δ18O values. Surface temperature also had a noticeable effect on isotopic values in this region (23%). However, in the PEL region, snow accumulation did not play a significant role in the spatial variations of δ18O while temperature played a dominant role, accounting for 89.4% of the variability in δ18O. The distance from the coast and elevation is known to impact the isotopic variation in Antarctic snow (Masson-Delmotte et al., 2008; Huybrechts et al., 2017). However, due to large topographical changes within short distances, the relationships between the physical parameters and isotopic values are more complex in coastal regions of Antarctica. Since accumulation and temperature parameters are directly impacted by the distance from the coast and elevation, these features influence the isotopic changes indirectly.
TABLE 4 | Hierarchical multiple regression analysis explaining the percentage of stable isotope variability attributed to accumulation, temperature, and other physical parameters. Temperature effect is clear in PEL while precipitation effect is dominant in DML region.
[image: Table 4]The δ18O–temperature (δ18O–T) relationship varies depending on the location of the sampling sites. A continent-wide study by Masson-Delmotte and others (2008) obtained a spatial δ18O–T slope of 0.80‰ per degree Celsius, where the spatial slopes were calculated considering a radius of 400 km, thereby smoothing out the regional topography and moisture source areas. The annual δ18O–T relationship is generally weak in the coastal regions of Antarctica (Bertler et al., 2011; Thomas et al., 2013; Goursaud et al., 2019). Isaksson and Karlén (1994) observed a poor correlation between δ18O and temperature below 1,000 m a.s.l and a significant correlation above 1,000 m a.s.l. The present study, covering a transect from coast to inland, includes various topographic features. Our study area showed that with an increase of every 1°C temperature, there was an increase in the δ18O value by 2‰ in DML and 1‰ in PEL (Figure 5), suggesting the complications involved in using generalized spatial δ18O–T relationships in coastal regions.
Unlike the δ18O and δD records, the deuterium excess (d) values showed no significant correlation with distance and elevation in DML and PEL transects (Table 3). Studies have shown that even though both elevation and distance generally control the d values, data from locations below 2,000 m elevation across Antarctica did not reveal any significant correlation (Masson-Delmotte et al., 2008). While the PEL transect in this study had only two sampling sites above 2,000 m elevation, the snow cores collected above 2,000 m altitude in the DML transect also did not show any meaningful correlation between the d and distance/elevation. This could be attributed to the differences in moisture sources as reported in other parts of Antarctica (Simmonds et al., 2003).
Isotope diffusion and its impact on ice core records in coastal Antarctica
One of the critical post-depositional processes occurring over the topmost layer of the ice sheet is firn diffusion—where the water molecules in the vapour phase diffuse through the firn column (Johnsen, 1977; Whillans and Grootes, 1985). The degree of smoothing of the stable isotope record depends on the isotopic diffusion length, which is shown to increase in the topmost firn layer (Johnsen et al., 2000). In this section, we estimated the extent of diffusion in the IND‐33 ice core located within the proximity of the coastal DML transect (<20 km) by calculating the diffusion length in the ice core. The diffusion length was estimated using a firn diffusion model (Johnsen and others, 2000), using the site-specific average temperature (–22°C), surface firn density (340 kg m−3), local mean surface pressure (810 mbar) and the local accumulation rate (176 kg m−2 yr−1). The decadal (2013–2003) means obtained from ERA-5 data were used for the surface pressure and the accumulation rates.
The firn diffusion model output revealed a rapid increase in diffusion length from the surface to 2.5 m (6 cm), attaining a maximum of 10 cm at 30 m in the IND-33 ice core (Figure 6A). Further, we estimated the extent of signal attenuation in this ice core by comparing the initial isotope signals of the snow and the final isotope signal of the same year represented in IND-33. Towards this, we used multiple snow core isotope records from DML that were collected in 2008 and compared them with the isotope records of IND-33 recovered in 2013 (Figure 6B). Since many snow cores were collected along the DML transect with an annual surface average temperature varying between –13.4 and –37.4°C (Table 1), we stacked a suite of cores from the DML transect (cores 7–12) in the proximity of the IND‐33 core to avoid the possible temperature-related differences in diffusion. The amplitude of δ18O signals in the snow cores was much higher than in the IND‐33 ice core (Figure 6B). Differences between summer maximum and winter minimum in the selected snow cores ranged from 2.6 to 12.05‰ (mean difference = 6.96‰ and σ = 2.5‰). We have used the average snow accumulation rates along with the ice core accumulation average at 2.5 m to avoid the under-estimation of the signal attenuation.
[image: Figure 6]FIGURE 6 | (A) The firn diffusion model output shows the diffusion length rapidly increasing from the surface layer before attaining its maximum at deeper layers. The diffusion length for the year 2008 was 6 cm (B) Differences in seasonal amplitudes of δ18O records of IND‐33 and the average snow core profile from the DML transect. Stacked profiles from which the average snow core profile is on the right. The signal attenuation in the ice core layer ranged between 55 and 70%.
A direct quantitative comparison of δ18O values of the IND-33 ice core to snow cores from the DML transect showed considerable diffusion in the seasonal amplitude of δ18O (Figure 6B). Considering an average snow accumulation rate (α) of 230 kg m−2 yr−1 from snow cores and a diffusion length (L) of 6 cm representing the year of snow deposition (2008), we have estimated the signal attenuation between 55 and 70%. The snow accumulation rates are the major factors controlling isotope signal attenuation in the study region. Accordingly, only ∼2–3‰ δ18O amplitude was preserved, similar to the ice core isotope data (Figure 6B). While many factors like sublimation, condensation, katabatic winds, wind redistribution and scouring could impact snow record smoothing, isotope diffusion is still relevant in coastal Antarctica. Considering that most available studies in Antarctica focus on the broadscale relationships across the continent (e.g., Masson-Delmotte et al., 2008), such studies are not ideal for the interpretation of coastal ice core records. This study not only provides an improved spatial distribution of snow isotopic records in the coastal DML and PEL regions but also provides quantitative information on isotope diffusion in high accumulation areas of coastal Antarctica.
Since our study is limited to coastal areas and local conditions may affect the snow accumulation and diffusion, this cannot be generalized across Antarctica. However, our study indicates that while the effect of diffusion exists, it does not obscure the seasonal signals when the accumulation rates are higher, thereby preserving overall paleoclimatic information in the ice core records in coastal Antarctica. This finding would be helpful in identifying annual layers from the ice cores in coastal Antarctica and, subsequently, in the interpretation of ice core stable isotope records by considering the effects of diffusion on its inter-annual variability.
CONCLUSION
Our study explored the spatial variability and diffusion in stable isotope records and snow accumulation variations from different regions in Antarctica. The stable isotope records (δ18O and δD) of snow cores collected in 2008–09 along two coast-to-inland transects in East Antarctica aided in investigating the spatial variations and the influences of meteorological and topographical controls. The present study revealed that while air temperature played a dominant role in spatial variations of δ18O values in the PEL region, snow accumulation changes were the primary driver in the DML region. Our findings indicate the complications of using generalized spatial δ18O—T relationships in coastal Antarctica, which has large topographical gradients. Comparing a stacked isotope record of snow cores from the DML transect representing snow accumulated during 2008 with that of the IND-33 ice core collected after 5 years, we estimated that the isotope signal attenuation ranged between 55 and 70%. Further, using a firn diffusion model, we calculated a diffusion length of 6 cm in the ice core over a period of 5 years. Our study reveals that although isotope diffusion and resultant δ18O signal attenuation exist in the high accumulation areas of coastal Antarctica, it does not significantly affect the paleoclimatic interpretation of isotope records.
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