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[1] We use isotopic data (deuterium and oxygen-18) of the recently recovered deepest
Vostok ice core section (down to 3650 m depth) to study processes leading to the
formation of lake ice and the hydrological regime of subglacial Lake Vostok. The
significant variability of the lake ice isotopic content implies fluctuations in physical
conditions of ice formation (mainly, volume and/or growth rate of frazil ice crystals) as
well as variations of the isotope composition of the freezing water. The latter implies a
poor mixing of the source waters (glacier melt and hydrothermal water) with the water
of the main lake body. Poor mixing within the lake may have important consequences
for the lake’s chemical and gas balance and, particularly, for its microbiological
content. A poorly mixed lake may provide ecological niches where microbial life can hide
from high oxygen concentrations likely typical for the lake. We also show that the
isotopic content of the main lake’s input (meltwater) significantly differs from that of the
output (lake ice), which can be explained by the contribution of an additional
(hydrothermal) source. This latter conclusion is supported by the observed noncovariant
behavior of deuterium and oxygen-18 isotopes in the lake ice.

Citation: Ekaykin, A. A., V. Y. Lipenkov, J. R. Petit, S. Johnsen, J. Jouzel, and V. Masson-Delmotte (2010), Insights into
hydrological regime of Lake Vostok from differential behavior of deuterium and oxygen-18 in accreted ice, J. Geophys. Res., 115,

C05003, doi:10.1029/2009JC005329.

1. Introduction

[2] The direct study of the Earth’s largest subglacial Lake
Vostok (LV) began in 1998 when deep borehole 5G-1 at
Russian Vostok station entered into the lake ice at the depth
of 3539 m [Jouzel et al., 1999]. In February 1998, the
drilling was stopped at the depth of 3623 m. Since then a
number of studies have been devoted to the microbiological
[Bulat et al., 2004; Christner et al., 2006], gas [Jean-
Baptiste et al., 2001, 2003; Lipenkov and Istomin, 2001;
McKay et al., 2003], chemical [de Angelis et al., 2005;
Mayer et al., 2003; Siegert et al., 2003] and mineral
[Delmonte et al., 2004; Leitchenkov et al., 2005, 2007;
Royston-Bishop et al., 2005] content of the lake ice, and to
its physical properties [Hori et al., 2004; Montagnat et al.,
2001]. Isotopic composition in deuterium (6D) and oxy-
gen-18 (6'®0) was first considered by Jouzel et al. [1999]
and interpreted as a clear fingerprint of the isotopic mod-
ifications resulting from a freezing process in accordance
with fractionation effects occurring during this phase
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change. This approach was further developed by Souchez
et al. [2000], who suggested a mechanism of lake ice for-
mation assuming accretion of frazil ice crystals at the bottom
of the ice cover followed by slow freezing of the host water,
and by Souchez et al. [2004], where a simple LV isotopic
model was presented. Souchez et al. [2004] found that the
lake’s relatively short renewal time (compared with its age)
requires that the isotopic composition of the meltwater,
which feeds LV and the accreted ice should be similar. These
authors suggested that the observed shift in the accreted ice
deuterium excess (dxs = 6D — 8*5'%0, where 8 is a typical
slope between 6D and §'®0 in meteoric water and ice [Craig,
1961]) with respect to the value expected for meltwater
resulted from the influence of hydrothermal waters, an
assumption further examined by Petit et al. [2005]. This
assumption, first discussed by Jean-Baptiste et al. [2001]
was confirmed by the discovery of thermophile bacteria in
the lake ice [Bulat et al., 2004]. It has now been supported by
other evidence, such as microseismic activity in LV area
[Studinger et al., 2003], mineral [Leitchenkov et al., 2005]
and chemical [de Angelis et al., 2004] content of inclusions
in the lake ice.

[3] Figure 1 is a geographic layout of the southern part of
LV where the studied lake ice has been formed. The ice flow
line passing through Vostok Station originates at Ridge B
(beyond the left limit of Figure 1), about 370 km to the west
from the station. About 60 km northwest from Vostok, the
glacier descends to the LV valley and contacts the lake water.
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Figure 1. Map of the southern part of Lake Vostok showing location of the Vostok Station and the ice
flow line passing through borehole 5G-1. The lake shoreline is plotted using the ground-based radio echo
sounding data [Popov and Masolov, 2007]; the position of the flow line is from Tsyganova and Salamatin
[2004]. A scheme of the Vostok ice core (on the right) shows the ages and the ice formation sites for a
number of reference depth levels in the ice sheet (3539 m is the meteoric to accreted ice transition, 3609 m
is the transition between Lake Ice 1 and Ice 2, 3650 m is the bottom of the ice core studied in this paper,
3667 m is the current depth of hole 5G-1, and 3750 m is the approximate depth of the ice-water interface),
as inferred from the ice flow modeling [Salamatin et al., 2010].

This is followed by the formation of accreted ice on the lake
ceiling. In 5G-1 ice core this transition from glacier (mete-
oric) to lake (accreted) ice is found at the depth of 3539 mby a
drastic reduction of the isotopic variability, as well as by
changes of the dxs parameter (from value of about 14%o
typical for glacier ice to about 7%o) and of the deuterium-
oxygen-18 slope (from about 8 to 4).

[4] It takes about 40,000 years for the ice to travel from
the lake west coast to the Vostok site [Salamatin et al.,
2010], and a total thickness of about 210 m (3539-3750)
of the accreted ice is grown on the glacier’s bottom during
this time period. In the western part of the flow line the ice
crosses an island separated from the coast by a strait [Popov
and Masolov, 2007]. It is supposed to be here that the 70 m
thickness (3539-3609) of lake ice with visible mineral
inclusions (so-called “Lake Ice 1) was formed. About 45 km
from the station the glacier enters an open deep part of the
lake where the formation of clean Lake Ice 2 likely took
place.

[5] In December 2005, the deep drilling project was
resumed by Russian Antarctic Expedition. In January 2009
the 5G-1 borehole was abandoned at the depth of 3667 m due
to a drill accident, and a new borehole (5G-2) was com-
menced from the depth of 3598 m. Deuterium and oxygen-18
ratios have now been measured in the 5G-1 core interval
down to 3650 m allowing to characterize the isotopic prop-
erties of the 41 m segment of Lake Ice 2 below 3609 m.

[6] Here, we present these new data (3611-3650 m) and,
based on an improved lake isotopic model, discuss the
isotopic variability in the whole available lake ice core
sequence taking into account the quality (signal-to-noise
ratio) of the data. It is shown that the isotopic content of the
lake ice is subjected to short-term (i.e., much shorter than the
lake’s renewal time) variability due to a number of factors
related to physical conditions at the ice-water interface and to
the variability of the lake water isotope composition. Finally,
assuming that LV is in steady state, we provide an estimate of
all components of its mass balance.

2. Methods and Results

[7] Initial measurements of the isotope content in lake ice
by Jouzel et al. [1999] showed that its variability is 1-2 orders
of magnitude less than in meteoric snow and ice (Table 1).
Typical standard deviation (SD) of individual values in the
lake ice isotopic profiles is 0.6 and 0.07%o, for 6D and 6'%0,
which is very close to the reproducibility of routine mass
spectrometric measurements. Thus, the accuracy of isotopic
measurements is the first issue to be discussed here with the
focus on signal-to-noise ratio.

[8] Special attention must be paid to the quality of deu-
terium measurements. This is because 6D in lake ice is
related to 6'0 with the slope of about 4 [Jouzel et al., 1999],
while the standard measurement error is roughly 10 times
higher for deuterium than for oxygen-18 (0.5/0.05). Thus,
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Table 1. Variability of Isotopic Content in Different Vostok Snow and Ice Series®

Maximum Magnitude (%o)

Series Isotopic Series 6D 80 Reference
1 LV ice, 3539-3650 m interval, resolution 0.5-1 m 3.8 0.5 This work
2 Meteoric ice to lake ice transition, resolution 0.1 m 11.5 2.1 [Jouzel et al., 1999]
3 Last Glacial Maximum to Holocene optimum transition, resolution 1 m 59 7.6 [Petit et al., 1999]
4 Upper 3 m of snow cover at Vostok, resolution 0.02 m 80 10.2 [Ekaykin et al., 2002]
5 Seasonal changes of isotopic composition of snow precipitation at Vostok, daily resolution 165 23.2 [Ekaykin et al., 2004]

“For all series except 1 signal-to-noise ratio is >>1; deuterium-oxygen-18 slope is close to 8 in series 3-5.

with the same relative quality of isotopic measurements the
signal-to-noise ratio for §'%0 is 2.5 times larger than for 6D.

[s] To increase the reliability of 6D data, multiple mea-
surements of each sample are necessary, desirably from
different laboratories. Due to the low variability of lake ice
isotopic composition, the “memory effect” in mass spectro-
metric analyses is negligible for these samples, so a random
order of sample measurements is used, which allows us to
rule out artificial trends.

[10] Isotope analyses of different sections of accretion ice
from Lake Vostok have been performed in 1998-2007 in
three laboratories: Laboratoire des Sciences du Climat et de
I’Environnement (LSCE, Saclay, France), Niels Bohr Insti-
tute (NBI, Copenhagen, Denmark), and Russian Geological
Institute (VSEGEI, St. Petersburg, Russia). Initial mea-
surements of isotopic (6D and §'0) content of lake ice were
made in 1998 in 1 m samples from the 3539-3611 m in-
terval at LSCE [Jouzel et al., 1999], using a routine tech-
nique [Stievenard et al., 1994], with reported reproducibility
of 0.5 and 0.05%o., respectively. These values are shown in
Figure 2 as dots. Several measurements (5 for oxygen-18
and 6 for deuterium, as shown by crosses in the Figure 2)
demonstrate values that deviate significantly from the mean
of the isotopic series, and thus are likely measurement
errors. Note that for §'®0 all the five outbreaks are above the
mean level, which is often observed when leakage of air
happens during the oxygen mass spectrometric measure-
ments. Thus we decided to eliminate these suspicious values
from the final series, as they may lead to false conclusions
during further analyses. Indeed, such outbreaks would cause
the appearance of artificial cycles after the smoothing of the
series and would artificially increase their correlation if
occurring both for 6D and §'°O.

[11] In the 3611-3623 m interval, deuterium was mea-
sured in 2005 at VSEGEI and LSCE with reproducibility of
0.45%o in 50 cm samples. Oxygen-18 from this interval was
determined at NBI (2002), LSCE (2002) and VSEGEI
(2004). Each sample was thus measured at least three times,
which allowed us to achieve very high precision of data in
this interval (the standard deviation of the mean value of
measurements for a given sample is 0.023%o). The results
are shown in Figure 3 to illustrate the importance of such
interlaboratory comparisons. We believe that the short-term
variations in most cases correspond to measurement noise.
As aresult, it is only by averaging data obtained at different
laboratories that we have confidence in the observed var-
iations and trends. Note also a systematic offset of about
0.1%0 between series measured in different laboratories.
Before constructing the stacked records, all the isotopic data
(6D and 6'®0) from all the intervals were reduced to the
level of LSCE measurements for 3539-3611 m interval, so

no artificial bias is expected for the series presented in
Figure 2.

[12] The ice core section from interval 3623-3650 m was
obtained during the drilling operation carried out in the
period 31 December 2005 to 22 January 2006 by specialists
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Figure 2. Isotopic composition of ice (deuterium, oxygen-
18, dxs, and dxs4) between 3539 and 3650 m of the Vostok
core. Dots represent individual data points, whereas crosses
indicate measurements that were rejected after revisiting the
previously published data set for the 3539-3611 m depth
interval (see text). Thick curves are five data points run-
ning means, thin curves denote error bars. The vertical
scale for 8'80 is 1/4 of that for &D to facilitate visual compar-
ison between the two isotopes. The dxs and dxs4 are shown at
the top as deviations from their mean values by orange and
green curves, respectively. Intervals I-IV are sections of
the ice core with different behavior of the isotopic content
of ice (see Table 2 and text for explanations). The transi-
tion between Lake Ice 1 and 2 is shown by the thick dashed
line. Ice core sections measured in different laboratories and/
or at different times are distinguished by different colors. The
age scale on the top horizontal axis is calculated according to
Salamatin et al. [2010]. Note a nonlinear function between
depth and age due to the fact that the accretion rate and the
ice flow velocity has changed in the past.
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Figure 3. Results of isotopic measurements between 3611
and 3623 m of the Vostok 5G-1 ice core performed at three
different laboratories. The thick gray line represents the
stack series reduced to the LSCE data level. Note a tiny
(0.15%0) absolute magnitude of oxygen-18 variations in this
depth interval.

of St. Petersburg Mining Institute using an electromechan-
ical drill [Kudryashov et al., 2000]. The drilling was per-
formed in the routine regime, which allowed obtaining a
high-quality ice core, with a very low likelihood of sample
contamination. The isotopic samples were taken continu-
ously by cutting a thin slice from the cleaned side surface of
the core along its main axis. Ice samples were then melted in
sealed plastic bags, poured into waterproof plastic bottles
(2 aliquots per sample) and sent frozen to the aforementioned
laboratories for analysis. Samples were kept under negative
temperature until measurement. Generally, all the operations
of sample preparation, transportation, storage, and mea-
surement were carried out in the same way as the whole
upper Vostok ice core, using the techniques developed
during the long-lasting French-Russian cooperation in the
frame of the “Vostok” project. Interval 3623-3646.5 m was
measured at LSCE in 2007 for both 6D and 6'%0 with
reproducibility of 0.5 and 0.035%o, correspondingly, in 50 cm
samples. Interval 3646.5-3650 m was measured for 6D
only at VSEGEI with reproducibility not worse than 0.5%o.
In Figure 2 we presented the final isotopic series from the
interval 3539-3650 m of the Vostok 5G-1 ice core. In
order to reduce the measurement noise, we calculated five-
element running means.

[13] The isotopic series may be visually divided into sev-
eral intervals according to their variability. The character-
istics of each interval, summarized in Table 2, are discussed
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in detail in section 4.1, while here we examine the ratio
between the accuracy of the isotopic data and the observed
variability. The thin lines in Figure 2 show the error bars,
+2e,,, where e,, = Ls , e corresponding to the measurement
errors as reported above for each series. One can see that for
680 the measurement accuracy is sufficient for the purposes
of our study (see Table 2), while in intervals III and IV
(3617-3650 m) the apparently low signal-to-noise ratio is
due to low natural variability, rather than to measurement
noise. For 6D, the isotopic signal/noise ratio seems to be high
enough only for intervals I and IV where the variability is the
highest. Thus we conclude that interpretation of the deute-
rium series from the core section between 3557 and 3633 m
must be made cautiously. However, if we consider the whole
intervals of Lake Ice 1 and 2, the signal-to-noise ratio
appears to be sufficiently high for our study. Note also that
the boundaries between intervals I-IV do not correspond to
the boundaries between series measured at different labo-
ratories and/or in different time, which confirms that no
artificial heterogeneity has been introduced.

[14] Another aspect of isotopic data reliability is related to
the fact that short-term isotopic variations tend to be
weakened or erased due to diffusion of water molecules in
ice [Johnsen et al., 2000]. The rate of smoothing is mainly
dependent on ice temperature and age. It can be significant
(though difficult to calculate) for the lake ice, as its tem-
perature (—5.5°C at the depth of 3620 m) is very close to the
pressure melting point (—=3.5°C at the ice-water interface),
and the presence of liquid water may considerably speedup
molecular diffusion [Rempel and Wettlaufer, 2003].

[15] We use the detailed (10 cm) isotopic profile in the
glacier-lake ice transition zone in order to determine an
effective “diffusion length” (L), a parameter describing the
diffusive smoothing rate [Johnsen et al., 2000]. We assume
that the initial boundary was a step-like one, and that the
presently observed wide transition zone (40 cm in length,
3538.4-3538.8 m [Jouzel et al., 1999]) results from mo-
lecular diffusion only (Figure 4). The calculated best fit L.,
has a plausible value of 7.6 cm which corresponds to an ice
age of 43 ka at the depth 3539 m, very close to the age
estimate obtained by a 2D Vostok ice flow line modeling
[Salamatin et al., 2010]. Assuming both estimations are
correct, then the observed smoothing can be solely explained
by diffusion in ice grains, with negligible diffusion in the
intercrystalline channels, likely due to huge size and perfect
crystalline structure of these grains [Montagnat et al., 2001].

[16] The transition between two types of ice shown in
Figure 4 has the same width (40 cm) for 6D and 6'*0. This

Table 2. Statistical Characteristics of the Vostok Lake Ice Isotopic Variability®

Statistical Characteristics Interval 1 Interval II Interval III Interval IV Ice 1 Ice 2
Depth (m) 3539-3557 3557-3617.5 3617.5-3633.0 3633.0-3650 3539-3609 3609-3650
Mean value of 6D/6'50° (%o) —443.4/-56.36 —442.4/-56.27 —442.7/-56.25 —442.1/-56.25 —442.7/-56.30 —442.4/-56.25
SD of 5§D/5'30° (%o) 0.6/0.11 0.3/0.07 0.4/0.04 0.53/0.02 0.6/0.09 0.5/0.04
Measurement error (%o) 0.5/0.05 0.49/0.04 0.48/0.03 0.45/0.035 0.5/0.05 0.48/0.032
Signal/noise ratio of §D/6'30° 3/9 <1/8 <1/0.2 0.7/«1 3.6/9 0.9/1
8D-6"%0 correlation 0.65 + 0.2 0.4 +0.1 02+02 -02+0.2 0.6 + 0.1 0.16 + 0.12
8D-6"80 slope 4.0 +13 0.9 +0.3 13£16 -7+7 4.0 0.6 2+16
Trend of §D/5'%0 (%o/m) 0.08/0.004 —0.002/0.0016 —-0.008/-0.002 —0.01/-0.0003 0.016/0.003 0.017/-0.0002

“Statistically significant correlations, slopes, and trends are in bold.

"These characteristics were calculated on unsmoothed data, while in the other cases smoothed series were used.
““Signal” is defined as the total dispersion (squared SD) of series minus the square of the measurement error, the latter representing “noise.”
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Figure 4. Isotopic composition of the Vostok ice core in
the transition zone from glacier to lake ice. The thin black
line shows measured §'®0 profile, whereas the thick gray
one denotes the assumed initial step-like transition between
the two types of ice. The thin curves correspond to simulated
8"80 profiles after diffusive smoothing for the two extreme
estimates of the lake ice age at this depth for 20 ka (orange)
and 50 ka (green), assuming no significant contribution from
the water molecule diffusion in the intercrystalline channels
(see text). The corresponding effective “diffusion lengths”
Lerare 5.1 and 8.5 cm (the best fit value equals 7.6 cm).
The inset shows the L., distribution within the lake ice
assuming L, = 7.6 cm at 3539 m and L., = 0 cm at the
ice-water interface (about 3750 m).

means that the available data resolution is not sufficient to
observe any difference in molecular diffusion of deuterium

and oxygen-18 [Johnsen et al., 2000]. Thus, the same L.,

values may be applied for both isotopes for the rough esti-
mates of the diffusive smoothing. Very high resolution
measurements would be necessary to identify the anticipated
difference in molecular diffusion rate for deuterium and
oxygen-18.

[17] The diffusion length gradually decreases with depth,
as the lake ice age decreases, reaching the zero value at the
ice-water interface (Figure 4, inset). Over the ice core
interval presented here, the calculated L, varies between 7.6
and 5.5 cm. This implies that diffusive smoothing has erased
the isotopic signal on the scale of 10—15 cm, but has not
affected the 0.5—1 m isotopic series studied in this paper.

[18] In summary, the observed variability in the lake ice
isotopic profiles (Figure 2) contains valuable information on
the isotopic processes in lake water and water/ice interface,
the data accuracy is also sufficient to study these processes.
The only exception is 6D for the interval 3557-3633 m
(Interval I).

3. LV Isotopic Model

3.1. Description of the Model

[19] In order to interpret the lake ice isotopic data, we
have adopted a LV isotopic model presented by Ekaykin et
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al. [2005]. The model takes into account a LV circulation
scheme described by Mayer et al. [2003], Siegert et al.
[2001], Souchez et al. [2004], Thoma et al. [2007], Walsh
[2002], Wells and Wettlaufer [2008], and Wuest and
Carmack [2000]. Fresh meltwater ascends along the tilted
glacier base from the northern half of the lake to its
southern half, partly mixing with deeper (resident) lake water
(Figure 5). In the southern part of the lake, where the glacier
is thinner, the water enters the freezing zone. Due to the
horizontal temperature gradient along the lake’s ceiling,
frazil crystals form in supercooled conditions and accrete on
the glacier’s bottom [Souchez et al., 2000]. An additional
(hydrothermal) water source is believed to contribute to the
lake’s isotopic balance [Bulat et al., 2004; Petit et al., 2005].
The model thus takes into account the possibility of non-
complete mixing of glacier meltwater with the resident lake
water, the contribution of two water sources, as well as
nonstationary scenarios of the LV system.

[20] The water mass (M;) and isotope (R);) balance of the
lake are expressed by the following equations:

am,

= Myeu(1 — 1
dr melt( q) ( )
and
d(M|R
( di 1) = Mmelt(Rmelt _qa[Rmelf(l - 0) +ng] + QHT[RHT - RID'

)

[21] Here g is the mass ratio of the accretion ice outcome
and of the meltwater income (M,,,.;;), and g7 is the ratio of
the mass income from hydrothermal waters to M,,.,. We
assume the hydrothermal circulation is fed by the lake water,
thus does not influencing the mass balance of the lake. R is
the isotopic content of melt, resident and hydrothermal
waters (corresponding subscripts melt, [ and HT), while « is
an effective fractionation coefficient at the water-ice inter-
face assuming that the lake ice is formed by three processes:
frazil ice accretion, slow freezing of host water in equilib-
rium with ice, and freezing of water pocket [Petit et al.,
2005; Souchez et al., 2000]. The coefficient o may theo-
retically change between 1 (for ice only formed by fastly
growing frazil crystals under strong supercooling conditions
or frozen water pockets) and 1.0208/1.003 (6D/8'*0) for ice
formed in equilibrium with water. The coefficient o is the
mixing ratio of meltwater and resident lake water; it ranges
from 0 to 1, i.e., from no mixing to complete mixing.

[22] The values of the mixing ratio and of the effective
fractionation coefficient determine the relationship between
R,.. (isotopic content of accreted ice), R, and R,

Rice = a(Ryer(1 — o) + Rjo). (3)

In the case of steady state regime isotopic balance of the
lake can be expressed as

Rice - Rmelt + qHT(RHT - Rl) (4)

This is valid only in the case of hydrothermal circulation
fed by lake water, as assumed in our model. Otherwise, if
the hydrothermal input represents an independent source
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Figure 5. A “1.5 layer” scheme of isotope balance in Lake Vostok (see text for explanations).

(as was suggested in the first version of the model [Ekaykin
et al., 2005]), equation (4) becomes

Rice = (1/q) Rt + (qur/q)Rur s (5)
where (1/q) + (qu7/q) = 1, i.e., the isotopic content of ice is a
weighted mean of those of the two water sources. If LV is in
zero mass balance, meltwater is completely mixed with
resident lake water, and there is no additional water source
(ie., g =1, 0 =1, gur= 0) then this model is equivalent to
the simplest one described by Souchez et al. [2004].

3.2. Factors Controlling the Isotopic Variability of
Lake Ice

[23] Factors possibly controlling the isotopic composition
of lake ice may be divided into two groups depending on
whether they influence the effective fractionation coefficient
during ice formation or the isotopic composition of the lake
water from which the ice forms. The first group is related to
the physical conditions prevailing at the ice-water interface:
water supercooling and corresponding crystal growth rate,
ice formation mechanisms (proportion of frazil ice crystals
and water pockets volume). All these processes result in
changes of « and cause parallel changes of deuterium and
oxygen-18 with a slope close to 4 (see equation (6)).

[24] The second group is related to the changes of mass
discharge and/or of the isotopic content of both water
sources of LV (ice melt and hydrothermal water). The
resulting variations of the lake ice isotopic content depend on
the following parameters: the time scale, the relative con-
tribution of the melt and hydrothermal water sources, and the
mixing ratio of source and resident lake water. Let us con-
sider several typical situations, all of which assume steady
state in terms of mass balance.

[25] In the case of variations similar to, or longer than, the
lake renewal time (~10* years), the lake will maintain a zero
isotopic balance. So, changes of meltwater isotopic content,
according to equation (4), will be directly transferred into

changes of accreted ice, dR,.. = dR,,.;. The corresponding
déD/ds™®0o slope in ice (hereafter S;..) will be close to 8, i.e.,
to the value typical for glacier ice. Changes of M,,.;; would
be equilibrated by a corresponding change in accreted mass
outcome without any modification of R.,.

[26] The isotopic changes of the hydrothermal source will
be transferred into the lake ice with a scaling factor g7
dRi.c = qur dRyr. Sice Will be equal to the corresponding
slope in the hydrothermal water (Sy7), though the value of
the latter is uncertain, as discussed below. If the hydro-
thermal input varies, the corresponding changes in lake ice
will be equal to dR;.. = (Ryr — R)) dqyr, without modifi-
cation of the lake ice volume.

[27] If the mixing ratio (o) of melt and lake water fluc-
tuates, no changes will occur in the lake ice isotopic content
since o does not participate in equation (4). This is explained
by the fact that changes of the isotopic content of the mixed
water due to variable proportion of meltwater will be com-
pensated by modified value of R, as follows from equation
(3). Note that ¢ is inversely proportional to the effective
renewal time of the lake (i.e., the renewal time of the resident
water). In the extreme case of o = 0, R, will be solely
determined by the meltwater (equation (3)), and deeper
lake becomes isolated from the influence of the glacier.

[28] The short-term (shorter than the lake’s renewal time)
pulsations of the sources will only be reflected in the
accreted ice in the case of noncomplete mixing of the source
and the lake water, otherwise they will be smoothed out. So,
in the case of meltwater we can say that dR,.. = o (1 — 0)
dR,,.;;, which means that more mixing decreases the influence
of this factor. The slope S,.. will be equal to S,,.;; (ap/ag),
i.e., in the 8 to 8.15 range.

[20] If o fluctuates, the corresponding changes in accreted
ice will be equal to dR;.. = @ (R; — Rer) do, and S;., =
ap (Ri—Ru)p g shown below in section 4.3.1 (see also

04_1.8 (RI *Rmelr>]g . . 3
Figure 7b), the value of S;., in this case is between 4 and 8.
Note that fluctuations of the lake ice isotopic composition
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Table 3. Summary of Factors Influencing the Isotopic Composition
of LV Ice

§D-6"*0 dsD/ds'*0
Factor Correlation Slope
Physical processes of lake ice Good ~4
formation
Meltwater source Good ~8
Mixing ratio, o (for short-term Good 4-8
variations)
Hydrothermal water source Poor? ?

related to this factor may be spatial rather than temporal,
because different sections of lake ice were formed at dif-
ferent intervals of the flow line (Figure 1) with likely dif-
ferent access of meltwater from the northern part of LV
(melt zone).

[30] A large uncertainty in the variability of the isotopic
content of the LV accretion ice is introduced by the influ-
ence of the hydrothermal source since little is known about
its characteristics. Typical reported 6D-6'%0 slopes for
geothermal waters are somewhere between 0 and 4 [Hoefs,
2004]. But these slopes correspond to the line between
hydrothermal and local meteoric waters feeding the hydro-
thermal circulation (S,,_;7). The d6D/d6'®0 slope in the
hydrothermal waters (Sy7) may thus be quite different
[Polya et al., 2000; Vidal et al., 1981; Vuataz and Goff,
1986; Xu et al, 2006], depending on various factors,
among which the most important are the water and rock
geochemistry, the groundwater recharge by meteoric waters,
the renewal time of underground water pools, the fraction-
ation during separation of vapor fraction. The isotopic alter-
ation of hydrothermal waters has different mechanisms for
6D and 60 because of different fractionation coefficients
due to exchange with different minerals, and their different
temperature and pressure degendences. This weakens the
correlation between 6D and 6'°0 in hydrothermal waters, and
makes the apparent slope between the both isotopes insig-
nificant. In case of LV, additional uncertainty is related to the
unknown degree of mixing between hydrothermal and lake
waters on the way to the freezing site (the stronger is mixing,
the lower is the hydrothermal-related variability in the ice).

[31] We summarized the influence of the factors discussed
above on the lake ice isotopic variability in Table 3. The
isotopic composition of the lake ice seems thus to bear all the
necessary information about the processes lying behind its
variations, as all the factors have a distinct isotopic signature.
For example, a poor correlation between the two isotopes
may indicate the influence of the hydrothermal source.

[32] We propose to separate the lake ice isotopic vari-
ability caused by physical conditions at ice-water interface
and water isotopic content changes by introducing a new
parameter, dxs4 = 6D — 4.06 §'%0 (Figure 2). As pointed out
by Jouzel and Souchez [1982] and Souchez and Jouzel
[1984], the slope between water and ice freezing from this
water, S,, ;, can be estimated as

(14 6D,,/1000) (ap — 1)

Sw—i = .
(1+ 6180, /1000) (cs — 1)

(6)

[33] The rightmost term of equation (6) is constant except
when « approaches unity. So, S,,_; is solely determined by
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the isotopic composition of the lake water with a limited
possible range of 4.025 to 4.096, and a mean of 4.06 (see
section 4.3.1). Thus, the dxs4 value of the lake ice is very
close to that of the lake water, and remains constant for any «
values, i.e., it is independent of physical conditions pre-
vailing at ice formation (Figure 6). As follows from Figure 6,
dxs4 value increases if LV water isotopic content increases
along the line with the §D/6'%0 slope > 4 (meltwater influ-
ence) or decreases along the line with the slope < 4.

[34] We conclude that the isotopic content of LV ice is a
complicated function of several factors, each of them having
its own isotopic signature. Thus the analysis of the isotopic
variability of the LV ice seems to be a powerful tool to study
the physical and hydrological processes taking place inside
the lake.

4. Discussion

4.1. Interpretation of the Isotopic Variability in the LV
Ice

[35] In this section we use the expected signatures of
different factors, as established in the previous section, in
order to interpret the isotopic variability in the lake ice depth
interval 3539-3650 m. As previously stated, we divide the
lake ice core sequence into 4 intervals of different internal
isotopic variability (Figure 2 and Table 2).

4.1.1. Interval I (3539-3557 m)

[36] Interval I (3539-3557 m) is characterized by a rapid
increase of isotopic values, especially pronounced (and
significant) for éD. The overall trend is disturbed by the
clear minimum at 3547 m depth with the lowest isotopic

slope 8 5 - slope 4.06

iAdxsd,

oD
4

Adbxsd |

3
dxsd = 38D — 4.06 31%0

v

o180

Figure 6. Scheme illustrating the behavior of the dxs4
parameter. The isotopic composition of the lake ice is related
to that of the lake water by the line with slope S,,_; = 4.06.
The dxs4 parameter calculated as 6D — 4.06 *§'°0 is con-
stant along any line with this slope. Thus, the dxs4 value
is the same for water (point 1) and for ices formed from this
water under different physical conditions (points 3 and 4). If
the water isotopic composition changes along a slope differ-
ent from point 4 (e.g., from points 1 to 2), the dxs4 will
change by Adxs4; as illustrated. Ice (point 5) formed from
water (point 2) has the dxs4 values higher than ice (point 3)
and ice (point 4), but nearly the same as water (point 2). Note
that dxs4; < Adxs4, because S,,_; slightly depends on the
water isotopic composition.
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values for the whole studied lake ice sequence. Deuterium
and oxygen-18 in this interval are significantly correlated
with a slope (S;..) of about 4. We thus can robustly attribute
variations in this interval to the changes of physical condi-
tions during the ice formation (Table 3). Low isotopic
values at 3547 m depth are likely due to fast ice crystal growth
in supercooled conditions because of cold glacier contact
with comparatively warm lake water [Salamatin et al.,2010].
Maximum §'%0 shift in this interval (about 0.4%o in the
nonsmoothed series) is relatively large and implies a signif-
icant change of ice crystal growth rate and/or of the propor-
tion of frazil ice and water pockets. For example, in the case of
a 50% portion of frazil crystals, this 0.4% increase in 6'*O in
accretion ice means roughly a 2.5-fold reduction of their
growth rate. Alternatively, assuming constant (maximum)
frazil growth rate, this 0.4%o increase in 6'°0 suggests a
decrease in the contribution of frazil crystal to the forming
ice roughly by 1/3.

[37] On this same interval, the dxs4 values (Figure 2) vary
by about 1%, which suggests that the isotopic content of
water has increased with the slope of >4 (Figure 6). Thus, in
agreement with the maximum number of mineral inclusions
at this depth [Jouzel et al., 1999], the minimum isotopic
content at 3547 m may be related to the reduced access of
meltwater to the ice, as it was located close to the grounding
line.

[38] A scenario assuming no frazil formation in LV
[Salamatin et al., 2010] is hardly able to explain the observed
isotopic variability in the lake ice, as it would require a very
strong variability of the volume of frozen water pockets
(by about 30% of total ice volume), which is unlikely.
4.1.2. Interval II (3557-3617.5 m)

[39] Interval II (3557-3617.5 m) is marked by significant
quasiperiodic oscillations of §'®0. This implies noticeable
changes of one (or some) of the factors described in
section 3.2. We are not able to robustly identify the main
involved factor, since deuterium variations are here un-
distinguishable from the noise (Table 2). Note, however, that
the dxs4 parameter varies significantly within this interval,
suggesting that the lake ice isotopic variability is explained,
at least in part, by the change of the lake water isotopic
content.

[40] The boundary between intervals II and III does not
correspond to the transition from Lake Ice 1 to Ice 2. From
an isotopic point of view this transition is located around
the depth of 3617 m, 8 m below the inclusion-based one
(3609 m). This situation mirrors the transition from glacier
ice to lake ice, where sharp increase of inclusion number
(3547 m) is 8 m below the isotopically determined change
of ice origin (3539 m).

4.1.3. Interval III (3617.5-3633.0 m)

[41] Interval III (3617.5-3633.0 m) is characterized by a
reduced variability of oxygen-18, accompanied by a 6D
variability similar to that of interval II. In this respect, this
interval may be considered as a transition zone between
intervals II and IV. On the other hand, minimum dxs4 values
in interval III (compared to intervals II and IV) suggest that
this ice was formed under reduced access of meltwater, or
increased contribution of hydrothermal waters.

4.1.4. Interval IV (3633.0-3650 m)

[42] Interval IV (3633.0-3650 m) is remarkably different

from the overlying ice core sections. The oxygen-18 profile
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demonstrates the same flat pattern as in interval III (with even
lower variability), but the amplitude of the deuterium oscil-
lations increases considerably. Alternatively, the behavior
of deuterium in interval IV may be described as a sharp
(by about 0.7%o) shift between 3633 and 3635 m followed by
a “normal” (i.e., similar to previous intervals) variability.

[43] The correlation between the two isotopes is not sig-
nificant in this interval. Since the deuterium variability
considerably exceeds that of oxygen-18 (ratio of standard
deviations is about 25), the behavior of dxs and dxs4 para-
meters is solely determined by (and very similar to) the 6D
profile. We conclude that the noncovariant behavior of 6D
and 6'®0 in interval IV indicates the influence of the
hydrothermal source (Table 3).

4.1.5. Comparison of Lake Ice 1 and 2

[44] In Table 2 we summarized the statistical character-
istics for the whole available sections of Lake Ice 1 (3539—
3609 m, with mineral inclusions) and 2 (3609-3650 m,
clean ice). The mean isotopic composition for Ice 1 is
slightly lower than for Ice 2, but this is mainly due to low
values in the uppermost interval (3539-3557 m). Indeed,
without the latter the mean values are very close for the both
types of ice. Despite their different short-term variability,
these ice sections were thus likely formed in similar con-
ditions. This is easier to explain if we assume that Lake Ice 1
was not formed in a shallow and narrow bay [Bell et al.,
2002], but in a relatively deep [see Leitchenkov et al.,
2005, Figure 2] strait separated from the main body of the
lake by a small island [Popov and Masolov, 2007] (see
Figure 1). Since the location of the Vostok ice flow line is
not known precisely, and the ice flow may have changed in
the past, it is also possible that Ice 1 was not formed over
the island, but rather close to its shores. This would better
explain the apparent continuity of the ice formation. The
mean isotopic content for the whole available lake ice section
is —442.6 and —56.28%o for 6D and §'%0, respectively.

[45] An interesting feature of Ice 1 is the quasiperiodic
variability of the isotopic profiles with wavelength of about
20 m; this roughly corresponds to a time period of 3 ka (see
the upper horizontal axis in Figure 2). The magnitude of
these oscillations (up to about 0.2%.) implies relatively
strong variations of physical conditions of ice formation
and/or lake water isotopic content. In future studies we will
focus on exploring whether these oscillations are of spatial
origin, due to ice traveling through different zones in the
lake, or temporal origin, due to changes in the conditions at
the site of ice formation.

[46] In general, the isotopic variability in Ice 1 clearly
demonstrates the influence of the physical conditions pre-
vailing during ice formation (especially for interval I, 3539—
3557 m) and very likely of changing isotope content of the
freezing water due to varying access of the meltwater. Since
the typical time period of isotopic variations discussed here
(10 years) is considerably shorter than the LV water renewal
time (of the order of 10* years), we may assume that mixing
of the meltwater with the lake water prior to accretion is
poor.

[47] Insufficient mixing of meltwater could explain the
suggested undersaturation of the freezing lake water with
gases, as evident from the gas content of lake ice [Lipenkov
and Istomin, 2001]. Among other consequences, a poor
mixing of the lake water implies an increased LV’s renewal

8 of 14



C05003

time, which may have important effects on the estimates of
its gas and chemical balance. This result may also be
potentially important for the evaluation of microbiological
content in the lake, since microbial life may find ecological
niches to escape from the excessively high oxygen content
expected in the main lake body [Lipenkov and Istomin,
2001].

[48] In Ice 2, the very flat profile of oxygen-18 implies
stable physical conditions of ice formation and small varia-
tions of meltwater influence, while noncovariant behavior of
6D and §'®0 points out to the influence of the hydrothermal
sources. However, the very small oxygen-18 variability
accompanied by much stronger deuterium oscillations seems
to be a very unusual and rare behavior for natural water and
needs further evidence, as presented in the next section.

4.2. Signature of the Variability of Hydrothermal
Origin in the LV Ice

[49] Following Craig [1963], it has been generally as-
sumed [Petit et al., 2005] that hydrothermal waters are
enriched in 6'®0 relative to the lake water, with an unchanged
deuterium content. In this case one would rather expect an
increased oxygen-18 variability in hydrothermal waters (and
thus in the lake ice) compared to the deuterium variability,
i.e.,, a pattern opposite to what is observed in interval IV
(3633-3650 m). However, it is recognized that hydrothermal
processes involve also a fractionation of the deuterium
[Hoefs, 2004]. As pointed out by Giggenbach [1992, p. 497]
“horizontal shifts in '*0 at constant D are the exception rather
than the rule for these [geothermal] waters.” Deuterium shifts
may be caused by the mixing of ground waters with magmatic
waters [Giggenbach, 1992], due to mineral water hydrogen
isotope fractionation [Criss et al., 1982; Driesner, 1997; Gilg
and Sheppard, 1996; Ikingura et al., 1989; Polya et al., 2000;
Satake and Matsuo, 1984] or even due to the microbiological
activity [Morasch et al., 2001].

[50] Some of the minerals known to exchange with the
hydrogen of water (epidote, various micas, chlorite and
other clay minerals) have been found in the lake ice mineral
inclusions [Leitchenkov et al., 2005, 2007]. Taking into
account very high pressures (>50 MPa) occurring in the
sublake environment, we note that the deuterium fraction-
ation linked with mineral water interaction may be signifi-
cantly larger than those predicted by experimental studies
[Driesner, 1997]. Another indirect evidence of possible
deuterium fractionation in LV hydrological system is the
discovery of thermophile bacteria in lake ice that are known
to use hydrogen in their nutrition chain [Bulat et al., 2004].

[s1] The most distinct feature of the interval IV, practi-
cally no oxygen-18 variability accompanied by noticeable
deuterium oscillations, is known for the groundwater, too,
though relatively rare [Driesner, 1997; Polya et al., 2000
and references herein]. In particular, most (though not all)
anomalous (relative to oxygen-18) deuterium variability has
been found in crustal, related to ore deposits, fluid inclu-
sions of paleometeoric water and predominantly ascribed
to influence of water organic matter (e.g., coals or coaly
sediments) interactions [Polya et al., 2000].

[52] This somewhat unexpected D variability does not
imply a stronger hydrothermal fractionation of hydrogen
compared to oxygen. Rather, the observed pattern could be
explained by a stronger and constant oxygen alteration
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combined with a weaker but pulsating deuterium fraction-
ation. This pattern would be typical for the case of water in
equilibrium with rocks or deposits in terms of oxygen-18,
but far from equilibrium relative to deuterium, in such a way
that small changes of conditions (temperature, pressure,
flow intensity) may be reflected in the resultant D content
of the hydrothermal waters.

[53] The presence of short-term isotopic variations related
to the hydrothermal activity implies poor mixing between
hydrothermal and lake waters. This may be explained by
(1) the formation of rising columnar vortices as suggested by
laboratory simulations of LV water circulation [Wells and
Wettlaufer, 2008] or (2) by sporadic warm hydrothermal
plumes boosted by seismotectonic activity [Studinger et al.,
2003], which is in agreement with the chemical composi-
tion of the lake ice [de Angelis et al., 2005]. The mentioned
vortices would likely develop in the deep open south basin
of LV rather than in the shallower and narrower strait. This
may explain why the short-term hydrothermal-related vari-
ability is found in Ice 2 and not in Ice 1. Enhanced activity
of a hydrothermal water source during the formation of
accreted ice below 3633 m is supported by significant
increase in the radiogenic crustal helium concentration
between 3650 and 3658 M (P. Jean-Baptiste, personal
communication, 2009) as compared to previously published
helium data extending to 3611 m depth [Jean-Baptiste et al.,
2001].

4.3. Isotopic Budget of LV

[54] In this section we estimate the average values of the
components of the LV isotopic budget on the time scale of
~20,000 years covered by the available ice core. To this end,
we use both available experimental data and theoretical
considerations, assuming that the lake is in steady state.

[55] The only experimentally known component of the
LV isotopic balance is the isotopic content of the output
(lake ice). As shown below, the isotopic content of the main
input source, the glacier meltwater, can be estimated though
with some uncertainty. Only very little is known about the
possible discharge and the isotopic content of the hydro-
thermal source, so this term is calculated as the residual of
the other terms.

[s6] The general assumptions of the LV isotopic balance
are as follows: (1) the isotopic composition of the lake ice is
related to that of the freezing water by a line with a slope,
S, of about 4 (equation (6)), and the difference between
them is determined by the effective fractionation coefficient
(equation (3)); (2) the isotopic composition of the freezing
water is the weighted mean of the meltwater and of the resi-
dent lake water, (expression in parentheses in equation (3));
(3) the isotopic composition of the lake ice is shifted com-
pared to that of the meltwater due to the influence of hydro-
thermal source as prescribed by equation (4); and (4) the
isotopic composition of the hydrothermal source is deter-
mined by that of the resident lake water. Most likely, it is
shifted from LV’s isotopic composition to the right along the
line with a slope S,, 7 ranging from 0 to 4 [Hoefs, 2004].

[57] The suggested isotopic balance scheme would not
change considerably if LV is a part of one of the active
subglacial hydrological systems recently found in Antarctica
[Fricker et al., 2007; Wingham et al., 2006]. Indeed, the
isotopic composition of subglacial rivers that might flow
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into the LV should be roughly the same as that of the
meltwater source considered in this paper. In terms of the
isotopic model presented here, the outflow of liquid water
from the LV means a lower effective fractionation coefficient
between lake water and bulk outcome, and thus can be
accounted for. Only in the case if LV behaves like a
“captured lake” and experiences periodic “jokulhlaups”
[Erlingsson, 2006; Evatt et al., 2006; Pattyn, 2008], may
its mass and isotopic balance be significantly disturbed.
4.3.1. Isotopic Content of Melting Ice and Resident
Water in the Lake

[58] In order to estimate the isotopic content of the melt-
water, two more assumptions are needed: (1) The ice that
melts in northern half of the LV has its origin in the Dome B
area [Petit et al., 2005]. (2) The difference between long-
term (of the order of 30 ka) average values of isotopic
composition at Vostok and at Dome B remained constant
through time.

[59] The age of the ice melting in the northern part of LV
is roughly 700-800 ka [Salamatin et al., 2003], an age much
older than reached by the Vostok ice core in its undisturbed
part. However, the 3310-3538 m core interval contains ice
characterized by a very low isotopic variability with an age
likely between 0.4 and 2 Ma [Salamatin et al., 2004]. The
mean 4D value for this interval is —457%o with a STD of 8%o
for individual values. The Dome B ice core record covers
only the last 30 ka with an average 6D value of —439.05%o
[Jouzel et al., 1995]. The difference between Dome B and
Vostok average deuterium values over the common age
interval of these two ice cores (0-30 ka) is about 11.5%e.
Thus we come to the value of —445.2%o as an estimation of
Dome B ice of 700-800 ka ago representing the meltwater
isotopic composition. The same considerations for §'%0
produce the value of —57.25%.. Figure 7a illustrates our
approach.

[60] Similar calculations based on comparing the Dome B
and the EPICA Dome C [Jouzel et al., 2007] isotopic pro-
files lead to a meltwater isotopic content of —449%o. for 6D,
which is close to the above estimation, and thus confirms
our approach. We also used the EDC data to estimate the
uncertainty of the meltwater isotopic composition value. As
a measure of the uncertainty we took the SD of the 100,000
year mean values of the isotopic record, which equals 2.9%o
for 6D and 0.36%o for 6'°0. Thus the final values of the LV
meltwater source isotopic content are —445.2 + 2.9%o (6D)
and —57.25 + 0.36%o (6'%0). Other estimates of the melt-
water isotopic content based on a slightly different approach
[Petit et al., 2005] give similar values.

[61] Note that the §'30 content of meltwater is signifi-
cantly lower (by 0.97%o) than that of lake ice, the fact used
by Bulat et al. [2003] and Petit et al. [2005] to prove the
influence of hydrothermal processes. For ¢D this difference
is about 2.6%o, which is not statistically significant.

[62] Another model estimate suggests that LV is in steady
state without taking into account this hydrothermal source,
thus implying that the lake ice isotopic content is equal to
that of meltwater [Royston-Bishop et al., 2004]. This con-
tradicts the fact that the lake ice isotopic composition de-
viates significantly from both Vostok and Dome B meteoric
water lines (Figure 7a).
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[63] In Figure 7b, we plotted the results of model simu-
lations of the freezing water isotope content for four dif-
ferent scenarios. All the scenarios assume steady state of LV
and (except scenario 4) a complete mixing between melt and
lake water. The first scenario assumes that the lake water is
in equilibrium with the lake ice. This scenario is unlikely, as
supercooled conditions are expected in the freezing water
[Souchez et al., 2000] with frazil ice crystal formation. Most
probably, the portion of frazil crystals is about 50% [Petit et
al., 2005]. Points 2 and 3 in Figure 7b account for this sce-
nario for minimum and maximum supercooling rates, cor-
respondingly. The range between these two points represents
the most likely lake water isotog)ic composition, about
—449%o in 6D and —57.9%o in §'°0. In the case of poor
mixing the isotopic content of the resident lake water is
somewhere in the vicinity (slightly below) of the water-ice
freezing line. This scenario is shown in Figure 7b by point 4
assuming a 20% contribution of meltwater (¢ = 0.8), point 2
being the isotopic content of the mixed water.

4.3.2. Isotopic Content of Hydrothermal Waters

[64] According to equation (4), a precise estimate of the
isotopic content (Ry7) of hydrothermal waters would not be
possible even if we knew the isotopic content of meltwater
exactly, because of the uncertainties associated with the
relative contribution of this source (parameter q7) and with
the isotopic content of the lake water. Accepting the most
likely lake water isotopic composition given in the previous
section, we defined the line of the most likely hydrothermal
values (Figure 7d). Note that the slope of this line is 2.7,
which agrees well with expected value of 0—4 [Hoefs, 2004].
The distance between the hydrothermal and the lake water
isotopic content inversely depends on the g7 parameter (the
point HTW in Figure 7d, shown as an example, corresponds
to g7 equal to 0.35). Typical isotopic enrichment of water
in hydrothermal systems is of the order of 10%o, up to 15—
20%o, for oxygen [Hoefs, 2004]. Assuming a plausible value
of 7%o and accepting the S,, 57 slope obtained here (2.7), we
come to the estimation of —430.5 and —50.9%o for 6D and
8'"®0 (beyond the limits of Figure 7d), and gur value
of 0.14. Since the meltwater flux in Lake Vostok is about
10°-10* m’/km* per year this corresponds roughly to
1000 m*/km” per year of hydrothermal input. This is the
same order of magnitude (or less) as the total discharge of
all the hot springs in Japan [Fujio, 1999] averaged over the
whole area of the country.

[6s] If we assume that the hydrothermal source con-
tributes independently to the lake volume, then its isotopic
content may be defined from equation (5). In this case the
lake ice isotopic content is simply a weighted mean of those
of the two sources. Assuming again a 14% contribution of
this hydrothermal source gives its isotopic values as being
equal to —426.6 and —50.3%o for 6D and 6'*0, which means
about 7.6%o enrichment for oxygen-18, and a 6D — §'%0
slope of ~3.0 between this source and the lake water.

[66] The values of the hydrothermal water isotope content
and flux obtained in this section are not in contradiction with
the expected ones. Thus, though available data do not allow
precise determination of the LV hydrothermal source char-
acteristics, we conclude that we have some constraints on
their possible range.

[67] In the above calculations we suggest a full mixing
of hydrothermal and lake waters, which is not supported
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Figure 7. Components of isotopic budget of Lake Vostok. (a) Estimation of LV meltwater isotopic com-
position of V MWL and DB MWL (the Meteoric Water Lines for Vostok and Dome B with slopes of
about 8). V 420 ka, V 30 ka, and V 0.4-2 Ma are the mean Vostok isotopic values over the last 420 ka,
30 ka, and in the depth interval 3310-3538 m (0.4-2 Ma), respectively. DB 30 ka is the mean isotopic
value at Dome B over the last 30 ka, and meltwater is the Lake Vostok meltwater isotopic composition
(with error bars), estimated as Dome B mean isotopic content over the past 0.4—2 Ma (meltwater =
DB 30 ka — V30 ka + 7 0.4-2 Ma). W-I line corresponds to the lake ice freezing line (with a slope of
about 4). (b) The LV water isotopic compositions (numbered points) for different scenarios: scenario 1 is
water freezing in equilibrium with lake ice; scenarios 2 and 3 are the scenarios when 50% of lake ice consist
of frazil crystals formed at the minimum and maximum, respectively, rate of crystal growth; and senario 4
assumes a poor mixing of the lake and meltwaters, so that 20% of the meltwater and 80% of the resident
lake water (with isotopic composition shown by point 4) contribute to the isotopic content of the freezing
water, which in this case equals the isotopic composition of the freezing lake water for scenario 2. Any
change in mixing ratio (¢ in equation (3)) will shift the isotopic content of the freezing water (and thus
of the lake ice) along the dashed line with a slope between 4 and 8. (c) A simulated lake water, meltwater,
and lake ice isotopic composition in case that LV is not in a steady state and there is no additional water
source. (d) Plausible estimates of the major components of the LV isotopic budget. The isotopic content of
freezing water, from which the lake ice forms, is defined as an average of scenarios 2 and 3 (Figure 7b). The
lake water content is estimated assuming a 10% contribution of meltwater to the freezing water; the iso-
topic content of the hydrothermal water corresponds to g,7= 0.35 in equation (4). The gray color depicts a
possible range of the hydrothermal water isotopic content, as defined assuming a slope of 0 to 4 between
the lake and hydrothermal waters [Hoefs, 2004].
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by the ice core data (section 4.1.). At this stage, it does
however not make sense to introduce a partial mixing into the
model, since it will not considerably change the estimates of
the LV isotopic budget.

4.3.3. Unsteady State Scenario for LV

[68] In Figure 7c¢ we schematically show a situation where
LV is not in a steady state, so the isotopic composition of
the meltwater does not equal that of lake ice (no hydro-
thermal source is assumed here). The isotopic content of the
lake water, the meltwater and the lake ice are assumed to lie
along the line with a slope of about 4, as shown in Figure 7c.
Note that this scheme resembles the likely distribution of
isotopic composition of meltwater and lake ice shown in
Figure 7a. Keeping in mind possible error, one may assume
that the meltwater isotopic composition is situated on the
freezing line (W-I line) in Figure 7a. This means that
accounting only for the bulk isotopic composition of lake ice
does not allow ruling out a possibility that LV is not in steady
state. If so, we would likely observe a distinct negative trend
in the lake ice isotope series with the ;.. slope of 4, as the
lake ice composition would tend to that of the meltwater,
which is not confirmed by the data (Figure 2).

[69] Alternatively, it is possible that the isotopic compo-
sition of the ice remains constant in a non steady state
(in terms of lake mass) scenario. This would be the case if
the change of the lake water isotopic composition was
compensated by increasing lake volume due to extra melt-
water income [Petit et al., 2008]. The calculations show that
the observed shift between meltwater and lake ice could be
explained by meltwater excess of 20% (corresponding to a
q parameter of about 0.83 in our model), and that isotopic
equilibrium for lake ice is achieved after about 200 ka.
Such a significant volume change might have happened if
LV had experienced large water floods (jokulhlaups), as
mentioned above in section 4.3. However, this scenario
does not receive clear support neither from the Vostok ice
core climatic record no from the numerous radio echo
sounding data collected in the LV area.

[70] Available experimental data show that, at least on the
time scale of 5 years, LV and the ice sheet in the region of
Vostok Station are presently in a steady state regime
[Richter et al., 2008], though this is a too short period to
capture possible long-scale changes of LV balance.

5. Conclusions

[71] The recent resumption of deep drilling at the Russian
Vostok Station has allowed extending the ice core isotopic
profile to a depth of 3650 m, thus spanning 41 m of Lake
Ice 2 (clean ice without visible mineral inclusions below
3609 m depth). Thorough analyses of the whole available
accreted ice section (3539-3650 m) with the use of an
improved isotopic model of Lake Vostok show that the
isotopic composition of lake ice is a complex function of a
number of factors that influence the isotopic composition of
the freezing lake water and the fractionation process during
ice formation.

[72] In particular, changes in isotopic composition of Lake
Ice 1 suggest a significant variability of physical conditions
prevailing at ice formation, which might affect the volume
concentration and/or the growth rate of frazil crystals. There
is also evidence that the isotopic content of freezing water
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has been varying during formation of Lake Ice 1 partly due
to the varying conditions of the meltwater access to the ice
formation site.

[73] Ice 2 is characterized by a noncovariant behavior of
6D and 6'®0. The flat pattern of oxygen-18 suggests very
stable conditions in terms of ice formation processes and of
meltwater source, whereas the variability of the deuterium
profile points out to significant influence of a hydrothermal
source.

[74] The observed short-term (compared to the lake
renewal time) variability of the lake ice isotopic content,
caused by the influence of melt and hydrothermal waters,
implies a poor mixing of these fluids with the resident water
of the main lake body. This conclusion may have important
consequences for considering the water renewal time, the
chemical and gas balance and the microbiological content of
Lake Vostok. A poorly mixed lake may permit ecological
niches to exist where microbial life can hide from high
oxygen concentrations likely typical for the lake.

[75] Despite the difference in short-term variability, the
mean isotopic contents of Ice 1 and Ice 2 are similar, with no
sharp transition being observed between them, which points
to overall similarity of ice formation conditions for these
two core sections. The average isotopic content for the
whole available lake ice core is —442.6 and —56.28%. for 6D
and §'80. The estimated isotopic content of meltwater
source is —445.2 + 2.9%o (6D) and —57.25 + 0.36%o (6'°0).
As for the hydrothermal source, its isotopic content cannot
be estimated with satisfying accuracy based on the available
data, but one of the plausible scenarios gives —430.5%o for
6D and —50.9%o for §'0. Finally, the isotopic content of the
water that freezes on the ice sheet bottom in the southern
g?gt of LV is estimated to be —449%o for 6D and —57.9%. for

0.

[76] The observed shift between the isotopic compositions
of the meltwater and of the lake ice does not rule out the
possibility that the whole system is not in steady state on the
time scale of the order of 10° years. The alternative and
more realistic explanation accepted in this study implies
significant contribution of an hydrothermal source to the
hydrological regime of LV, the scenario supported by a
number of independent studies [Bulat et al., 2004; de
Angelis et al., 2004; Leitchenkov et al., 2005; Studinger et
al., 2003] including the new data on distribution of helium
isotopes in the deepest part of Lake Ice 2 (P. Jean-Baptist,
personal communication, 2009).

[77] Future studies should focus on the analyses and
interpretation of small-scale (of the order of 10-100 years)
isotopic variability in ice core, as well as on the estimate
of possible past changes of LV isotopic budget components.
We also expect to improve the isotopic method of LV
studies. As an example, the processes leading to the forma-
tion of the lake ice isotopic composition could be further
constrained by data on oxygen-17 content. The continuation
of the deep ice coring at Vostok will provide us with the new
accreted ice formed in the close vicinity of the station.
Younger ice age will result in better preservation of the
short-term natural isotopic variability after diffusive
smoothing. In the deeper ice core (roughly at 3725 m), one
could also expect to find a new interval with visible mineral
inclusions, since Vostok flow line passes close to a small
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subglacial island located about 10 km upstream of the station
(Figure 1).

[78] In case of penectration into Lake Vostok [/nman,
2007], a sample of subice water just below the glacier
bottom will be taken. This will allow direct measurement of
the lake water isotopic composition and of effective water-
ice isotope fractionation coefficient. The latter will put a
strong constraint on the mechanism of lake ice formation
and thereby facilitate estimation of the major components of
the LV isotopic budget thus improving our knowledge about
the hydrological regime of the lake and the scale of its
hydrothermal activity.

Notation List

L. effective diffusion length.

M a component of mass balance of LV (M, for lake
mass, M,,.;; for meltwater mass).

g ratio of LV mass outcome to M,,.;;; gyt - ratio of
hydrothermal water mass income to M,,;;.

R concentration of heavy isotopic species (R, for lake
water, R,,.; for meltwater, Ry for hydrothermal
water, R;.. for lake ice).

S slope (regression coefficient) between changes of
oxygen-18 and deuterium (d6D/d6'®0); S may be
applied to temporal/depth/spatial isotopic variability
in ice (S;..), in meltwater (S,,.;,), in hydrothermal
water (Sy7), etc, or to the line connecting isotopic
values of water and ice forming from this water
(S),), as well as to the line connecting isotopic con-
tent of hydrothermal water with that of lake water
feeding the hydrothermal system (S,,_g7).

«  effective isotopic fractionation coefficient at water-
ice interface.

6 1isotopic content in per mil notation (6 = RS“’R;fSTx
1000, where Rg, = R in sample, and Rg; = R in stan-
dard water).

6D deuterium isotopic contents.
8'"®0  oxygen-18 isotopic contents.

o mixing ratio of meltwater and resident lake
water.
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