N
N

N

HAL

open science

Spatial and temporal variability in isotope composition

of recent snow in the vicinity of Vostok station,

Antarctica: implications for ice-core record

interpretation

Alexey Ekaykin, Vladimir Ya. Lipenkov, Narcisse Barkov, Jean Robert Petit,

Valérie Masson-Delmotte

» To cite this version:

Alexey Ekaykin, Vladimir Ya. Lipenkov, Narcisse Barkov, Jean Robert Petit, Valérie Masson-
Delmotte. Spatial and temporal variability in isotope composition of recent snow in the vicinity
of Vostok station, Antarctica: implications for ice-core record interpretation. Amnnals of Glaciology,

2002, 35, pp.181-186. 10.3189/172756402781816726 . hal-03102725

HAL Id: hal-03102725
https://hal.science/hal-03102725

Submitted on 11 Jan 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03102725
https://hal.archives-ouvertes.fr

Annals of Glaciology 35 2002
© International Glaciological Society

Spatial and temporal variability in isotope composition of
recent snow in the vicinity of Vostok station, Antarctica:
implications for ice-core record interpretation
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ABSTRACT. Continuous, detailed isotope (6D and §'°O) profiles were obtained from
eight snow pits dug in the vicinity of Vostok station, Antarctica, during the period 1984—
2000. In addition, snow samples taken along the 1km long accumulation-stake profile
were measured to determine spatial variability in isotope composition of recent snow.
The stacked 6D time series spanning the last 55 years shows only weak correlation with
the mean annual air temperature recorded at Vostok station. Significant oscillations of
both snow accumulation and snow isotope composition with the periods 2.5, 5, 20 and,
possibly, ~10% years observed at single points are interpreted in terms of drift of snow-
accumulation waves of various scales on the surface of the ice sheet.

1. INTRODUCTION

Isotope composition of precipitation (6D or 6 O) is closely
related to the temperature of its formation (Dansgaard, 1964).
Thus, isotope studies of ice cores may potentially provide
valuable data on past climate changes (Petit and others, 1999).

It hasbeen demonstrated (Ekaykin and others, 1998) that
the drift of snow dunes is primarily responsible for temporal
oscillations of accumulation rate and thus likely of isotope
composition of snow at a single point (ice core). Here we
attempt to interpret the short-term 6D oscillations observed
in the deep Vostok (Antarctica) ice core using the new data
on the present-day temporal and spatial variability of snow
isotope composition in the vicinity of Vostok station.

2. METHODS AND RESULTS

The data discussed here have been obtained from eight
snow pits dug in the vicinity of Vostok station during the
years 1984—2000 as depicted in Figure 1. The isotope samples
were collected continuously with resolution of 2 cm (for pits
vk14, st61, st73, vk99 and st30), 5cm (vk33 and vk34)
and 10 cm (vk31). Besides the pit studies, in January 2000
snow samples were collected near each stake of the north—
south (NS) profile of the stake network (see Fig. 1), with
samples representing the upper 10 cm layer of snow.

The low mean annual temperature (—554°C) and the
inland location of Vostok station result in the extremely low
snow-accumulation rate (2.1gem “a ' see Table 1) which is
responsible for the lack of seasonal variations in snow proper-
ties and frequent layer hiatus. Accordingly, all the pits were

dated using the stratigraphic observations taking into account
the probability of annual layer hiatus (Ekaykin and others,
1998). The initial dating was then corrected using the depths
of 1955 and 1965 radioactive reference layers established for
each pit, and by a comparison of snow-stratigraphy features
in pits st61, st73 and st30 with accumulation measurements
on the adjacent stakes located 0.1-0.3 m apart from the corres-
ponding pits.

The deuterium content of the samples was measured in all
eight pits, while the 6"*O content was determined only for the
samples from pits vk14, st61, st73 and vk99. The reproduci-
bility of the measurements was estimated to be 0.6-0.8 (10) for
0D and 0.03-0.06%o for '°O. The 8D profiles from four pits
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Fig. 1. A schematic map of Vostok station. The pits mentioned
in this paper are shown by solid circles. Question marks refer to
the pits with doubtful locations.
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Table 1. Mean values of 5D, 8" O and snow-accumulation rate
Jor the pits studied in the vicinity of Vostok station ( see Fig. 1)

Pit Depth  Isotope composition — Period of  Accumu- Method
accumulation lation rate
oD 8"%0

cm %0 %0 g em 2a’!
vk14 254 4387 —567 1942-84 21 strat. + 3
vk31" 450 —441.0 - 1941-97 23 strat. + 3
vk33" 380 4397 - 1945-97 2.0 strat. + 3
vk34 300 4424 - 1947-97 21 strat. + 3
st61" 314 4414 -56.0 1943-98 2.0 strat. + 3 + stake
st73 312 4369 -56.5 1953-98 23 strat. + 3 + stake
vk99™ 300 4402 —56.2 1949-99 21 strat. + 3
st30 300 —439.6 - 1944-99 1.9 strat. + 3 + stake

* The lower parts of these pits (below 362 cm for vk31 and below 295 cm
for vk33) are not dated.

76"0 profiles are only available for the upper parts of the pits (0-88 cm for
st61 and 0-106 cm for vk99). vk99 and st30 are 12m pits, but only the

first 3 m are studied in this paper.

are shown in Figure 2. The mean values of snow isotope com-
position and accumulation rate for each pit are listed in'Table
1. The average 6D, §"®O and d values are —440.05%o, —56.5%o
and 15.1%a, respectively. The relationship between 6D and
5O (meteoric line) is given by 6D = 7.47 6 O — 15.0.

The amplitude of d variations in a vertical profile is typic-
ally 5%o (Fig 2), so the accuracy of measurements required for
the present study is 0.8%o0 and 0.08%o for D and "0,
respectively, which provides an accuracy of 1%o for the deu-
terium excess determination. We conclude that the accuracy
of the data obtained is sufficient for the purposes of our study.

3. DISCUSSION

3.1. Temporal variability of 6D at Vostok station over
the last 50 years

The main feature of measured profiles (Fig. 2) is the regular
oscillations of isotope composition of snow with typical wave-
lengths of the order of 20—30cm and about 70 cm and with a
total magnitude of about 60-80%o for 0D, the same as the
seasonal change in precipitation at Vostok (Gordienko and
others, 1976). Similar oscillations have been discovered in the
vicinity of Dome C, Antarctica (Petit and others, 1982), which
resembles Vostok in its geographical and meteorological con-
ditions (mean annual accumulation is 3.2 g cm ).

According to pit dating, individual isotope profiles were
transformed into the time series of mean-annual isotope com-
position of snow. The resulting time series (see Fig. 3) cover the
last 40-60years. Figure 3 shows only weak correlation
between annual 6D values obtained in different pits (with a
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Fig. 2. The results of snow studies ( stratigraphy, 0D and d) in pits st61, st73, vk99 and st30. The annual snow build-up values

measured at stakes 61, 75 and 30 were corrected for snow seltling to correspond with annual layer thickness. The horizontal lines

represent isochrones as indicated in the figure. Bold isochrones correspond to the reference horizons of 1955 and 1965 as determined by

the total beta-activity measurements. The O D profiles smoothed with a period of 25 cm are shown by thin curves.

182

Downloaded from https://www.cambridge.org/core. 11 Jan 2021 at 08:26:55, subject to the Cambridge Core terms of use.


https://www.cambridge.org/core

-350

0 vki4
8 -400 —|
N’ -
% -450 — -350
- ~—
.500 — vk31 -400 2
M\/\/\’\/ ~
350 — 450 23
2 7 -500
S 400 — vk33 3
N’ -
O 450 W
b ] — -350
-500 — vk34 r -
= -400 ®
- S’
350 - \A—/\/\/\’\/_\/—V\/ - 450
I~ 1 161
£ -400 s — -500
N -
A 450 W
w e st73 — -350
-500 — ~ <
W -
- S’
350 — — 450
~ vk99 L e
& -400 L .00
N’ -
0 -450 \/\//\MM
450 - _ 350
_ - 130 F ~
" AP AN Y] g
- N’
- 450 O
-400 — C w
~ . "nit" -500
8 420 —
N’ -
2 -440 ] W 3)
] 53 8
-460 T ‘g
55 B
b
g
=57 E
5 a g
85
EE?
(3]
g 0
< 1
7T 7 T 1 T 7 T
1940 1956 1960 1970 1980 1990 2000

Time (years)

Fig. 3. The time series obtained from snow pits studied at Vostok:
mean annual snow isotope composition (3D ) in the individual
pits vk14-st30 and the stacked pit series; T', air temperature;
a, snow accumulation rate. The smoothed pit, T and a series are
shown by thin lines.

mean correlation coefficient of 0.17), which can be attributed
to a high level of “stratigraphic noise” in the series studied
(Fisher and others, 1985). This noise, linked with the extremely
low accumulation rate, was previously found in snow accu-
mulation series from the Vostok stake network (Ekaykin and
others, 1998). To reduce the noise, we constructed the stacked
0D time series based on the data from eight pits. The new
series, hereafter referred to as pit, is also shown in Figure 3.

According to Fisher and others (1985), the signal variance
in a d series is given by 707, where 07 is the total variance and
7 is the correlation coefficient between two adjacent d series.
For Vostok the mean ro? value equals 45%0” (for 6D). To
reduce the total variance of an individual d series to this
value, the series have to be smoothed with a period of about
20 years. This period is considered to limit the resolution of
time series obtained at a single point at Vostok in terms of a
possible climate signal. For the pit series the required period
of smoothing is then 7years. The smoothed pit series is
shown by the thin line in Figure 3.

A comparison of both the individual and stacked 6D
time series with the record of mean-annual air temperature,
T, measured at 2m above the snow surface during the

Ekaykin and others: Isotopic composition of snow near Vostok

Table 2. The oscillation periods observed in temporal and spa-
tial series of snow isotope composition and accumulation rate
at Vostok station. The typical wavelengths of the snow surface
undulations as obtained by the snow surface levelling are also
shown. See text for details

Wave Accumulation Isotope composition Snow relief
No. Time Spatial ~ Vertical Time  Spatial ~ Wave-
series profiles  profiles  series  profiles  lengths
Stakes  Pits  Stakes
years  years m  cmsnow years m m
! 2 3 4 5 6 7 8
1 26 2-3  50-60 12-18 2-3  55-75  50-60
11 52 4-5  90-110  20-30 4-5 ~85 ~85
111 10-1  8-1 - 60-80 8-14 - -
v ? ~20" 230-330 ? P 250-330 260-310
v > 4050 - ? 40 - -
VI ? >150°  >700 ? ? >1000?  >1000

From the 10 m pit vkl0, the data to be published elsewhere.
** The annual layer thickness in the upper 3 m is 5.8 cm on average.

Note: Column numbers are in italic. Columns 2—4 of the table are mainly
taken from Ekaykin and others (1998).

period 1958-98 reveals no significant correlation between
the two parameters. At the same time, for smoothed stacked
series (7 year running mean) the correlation becomes statis-
tically significant (r = 0.58), with the 6D-T slope being
17%o °C". Interestingly, a statistically significant slope of
20.3%0 °C", but for non-smoothed values of the parameters,
was obtained at South Pole where snow accumulation is
about four times as much as that at Vostok (Jouzel and
others, 1983). In both cases, the temporal slope appears to
be three times greater than the spatial slope typical for this
region of Antarctica (Jouzel and others, 1997), a difference
which is not yet well understood.

The lowest curve in Figure 3 is the stacked series of snow-
accumulation rate deduced from the stratigraphic obser-
vations in the eight pits. One can see that 0D correlates more
strongly with accumulation than with temperature. This could
be understood if the mean annual temperature differed signif-
icantly from the mean temperature of precipitation events
which were typically associated with infrequent invasions of
the warm, moist air masses into the region of Vostok station.

3.2. Spatial variability of 6D of snow

As mentioned in the Introduction, redistribution of snow by
wind may produce spatial and temporal variability of snow
isotope composition. Here we discuss the spatial variability
of snow isotope composition at Vostok station and its possi-
ble influence on the temporal 6 changes at a single point.

It has been shown (e.g. Black and Budd, 1964; Gow and
Rowland, 1965; Whillans, 1975; Van der Veen and others,
1999) that the quasi-periodical spatial variability of snow
accumulation with a wavelength of 2-40km is caused by
drifting undulations of the snow surface. Much shorter
waves have been detected in the study of snow accumulation
at the stake network located 1.5 km to the north of Vostok
station (Fig. 1). Spectral analysis of the spatial series of
annual snow accumulation (Ekaykin and others, 1998)
revealed four types of quasi-periodical snow-accumulation
waves with typical wavelengths ranging from 50-60m to
approximately 1km (waves I, II, IV and VI; see column 4
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Fig. 4. Six-year snow build-up series obtained along the NS
profile of the Vostok accumulation-stake network as adapted
Jrom Ekaykin and others (1998). The series were processed
with a band-pass filter to extract spatial accumulation wave
1V (seeTable 2). AB denoles deviation of snow build-up from
its average over the profile.

in Table 2). The evolution with time (drift) of wave IV is
shown in Figure 4, as an example. From Figure 4 it is possi-
ble to calculate the mean velocity of the wave movement
(e.g.12ma ' for wave IV) and, thus, to estimate the typical
time period of the corresponding accumulation oscillations
generated at a single point (~20years). Such calculations
were performed for all four types of the waves observed at
the stake network. The predicted periods were found to be
nearly the same as the real periods established by means of
spectral analysis of the accumulation time series obtained
from stakes (see column 2 in'Table 2) and pits (column 3). Note
that the stake series are too short to allow study of spatial vari-
ations longer than waves I and II. Finally, it was concluded
that periods of about 2.5, 5, 20 and of the order of 10? years
that may be found in accumulation time series obtained from
a single point at Vostok station are linked with the migration
of accumulation waves at the snow surface, rather than with
changes in climatic conditions (Ekaykin and others, 1998).

A levelling of the snow surface performed at the stake
network in December 1999 made it possible to directly com-
pare the spatial distribution of the snow accumulation with
the snow surface height. In Figure 5a and b, the snow surface
relief along the NS profile of the stake network is shown
together with the 2 year (1998-99) snow build-up profile, both
smoothed with a length scale of 125 m. One can see a covari-
ation between snow-relief forms and the spatial oscillations of
snow accumulation. Spectral analysis of the surface profile
revealed four types of surface undulations, with horizontal
lengths very similar to those of the spatial accumulation
waves (cf. columns 4 and 8 in'Table 2). We thus conclude that
comparatively short accumulation waves observed at Vostok
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Fig. 5. The surface profile in December 1999 (a), 2 year
(1998-99) snow build-up (b), 0D and d profiles (¢ and d,
respectively) measured in 10 cm samples. All the profiles rep-
resent a 125 m running mean. Note that the general slope of the
snow surface is subtracted from the surface profile.

are strongly linked through snow redistribution by wind with
the undulations of the snow surface.

Figure 5c¢ shows the profile of isotope composition of the
upper 10 cm of snow. The negative correlation between this
profile and that of accumulation (Fig. 5b) is remarkable
(r = —068). The similarity in magnitude of the spatial and
seasonal D variations suggests a spot-like spatial distribu-
tion of the winter and summer precipitation, with winter
snow predominantly accumulated in the hollows of the relief,
and summer snow on the bumps (see Fig. 5a and c). This sup-
position is supported by the observed strong negative corre-
lation between the profiles of D and d (see Fig. 5c and d)
taking into account that the seasonal cycle of d in central
Antarctica is the inverse of that of 0D (e.g. Ciais and others,
1995). Such a peculiarity in spatial distribution of seasonal
snow can be explained assuming winter snow is more liable
to redistribution by wind (because of smaller particles and
higher wind speed during winter) than summer snow.

We can expect that, as in the case of the accumulation
rate, the spatial variations of 0D will also be reflected in the
isotope time series. The periods of the dD oscillations revealed
during the pit studies are presented in Table 2 (column 6).
These periods are essentially the same as those in the accumu-
lation time series (columns 2 and 3), which suggests that the
observed oscillations have a similar origin.
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Fig. 6. Detailed isotope (0D ) profiles measured in the Vostok
ice cores_from 123m (the age of the ice is about 5 kyr), 183 m
(8kyr), 1819 m (127 kyr) and 2136 m (150 kyr) compared with
the 0D profile from pit st61. The pit profile is smoothed with
the period 25cm. All the profiles were reduced to a common
time-scale (see upper axis) by correcting for annual layer thin-
ning, density and accumulation-rate differences.

The main variations in the vertical 6D profiles having a
period of about 20-30cm (see Fig. 2) are associated with
100 m long surface undulations (wave II inTable 2). To elim-
inate these relief-related oscillations we smooth the vertical
profiles with a length scale of 25 cm (thin curves in Fig. 2).
In the smoothed profiles, in turn, one can see relatively long
oscillations with an average period of 70 cm which roughly
corresponds to 12 years. We assume that this variation has a
climatic origin. The longer oscillations cannot be seen in the
individual profiles as they have comparatively small ampli-
tudes. However, the stacked pit series (see Fig. 3) reveals 6D
changes with a period of ~40 years that are likely related to
changes in cyclonic activity (Enomoto, 1991). The climate-
related variations with periods of about 12 and 40 years are
also seen in the accumulation series (see Table 2; Fig. 3).

3.3. Short-term 0D variations in the deep Vostok core

The results of 6D measurements in the Vostok ice cores recov-
ered from depths of 123, 183, 1819 and 2136 m (the ages of the
ice are 3, 8,127 and 150 kyr, respectively) are shown in Figure
6. The profiles are reduced to a common length scale, so that
an annual layer in each profile has the same thickness. The
smoothed 0D profile from pit st61 is shown in Figure 6 for
comparison.

From Figure 6, the profiles for st61, 123 m and 1819 m have
similar periods of oscillation (about 10—12 years), though the
amplitude of 0D variations at 1819 m is much weaker than in
pit st61, probably due to diffusive smoothing. As for the
profile from 183 m, the wavelength (> 57 cm of ice, corres-
ponding to about 25 years) is close to that of wave IV (see
Table 2), though the total length of the profile leaves this
result uncertain. The average period of 6D variations in the
core from 2136 m is about 44 years, which is similar to waveV
(Table 2). Note that oscillations with periods less than 10—
12 years are not presented in the deep isotope profiles since
they are completely erased in the process of firnification
(Johnsen, 1977; Johnsen and others, 2000).

In summary, the results obtained by the study of snow

Ekaykin and others: Isotopic composition of snow near Vostok

accumulated at Vostok over the last 50 years provide a basis
for understanding the 6D variations in ice deposited in the
vicinity of the station in the remote past.

CONCLUSION

Our results suggest that the 0D oscillations with periods 2.5,
5 and 20 yearsin the vertical isotope profiles measured in the
vicinity of Vostok station are mainly caused by the move-
ment of snow-accumulation waves of various scales. Similar
oscillations have been found in the snow-accumulation time
series obtained at single points (Ekaykin and others, 1998).

The time period of smoothing required to sufficiently
reduce the noise in a 0D time series is about 20 years. We
also assume a possible existence of non-climatic, relief-
related secular 6D oscillations, in which case smoothing
periods much greater than 20 years may be required.

The climate-related fraction of the total variance of the
isotope profiles is estimated to be about 17% and manifests
itself mainly in D oscillations with periods of 12 and 40—
50 years. Moreover, the isotope composition of snow records
the temperature of precipitation events, which is not repre-
sentative of the mean annual air temperature.

The diffusive smoothing in the upper 3 m of snow at Vostok
results mainly in erasure of the high-frequency variations in
oD profiles. During the firnification process the 6D oscilla-
tions with a period of <20 cm of ice (8 years) are completely
erased, which is consistent with the fact that the shortest iso-
tope variations found in the detailed 6D profiles measured in
the deep Vostok ice core have periods of about 10—12 years. In
general, the 6D oscillations preserved in the deep core have
roughly the same periods and likely the same origins as those
in the near-surface snow.
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