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Abstract. In this paper, we present a new dataset on the stable water isotopic composition (6D and '*0) in a
sequence of subglacial Lake Vostok’s accreted ice (3538-3769 m) measured along three parallel ice cores. The
high precision of the new data has allowed us to characterize the formation conditions of different sections of
the ice. The whole lake ice interval may be divided into 3 zones: 1) “zone 07, 3538.8-3549.8 m, is under the
strong influence of the local water formed from melted meteoric ice likely entering from under the glacier on
the lake’s west coast; 2) “zone 1” (accreted ice 1), 3549.8-3607.4 m, is experiencing significant variability due
to the slightly different effective fractionation coefficient in the course of “water inclusions” in the ice matrix
during the freezing process; 3) “zone 2” (accreted ice 2), 3607.4-3768.8 m, is under the influence of glacial
melt water from the northern part of the lake and the hydrothermal flux from the lake’s bottom. We defined the
exact boundary between the accreted ice 1 and ice 2, which corresponds to a sharp isotopic excursion at a depth
0f 3607.4 m. In this work, we present for the first time data on the “!’O-excess” parameter in the lake ice and
water, which allowed us to make a direct calculation of the equilibrium fractionation coefficient for oxygen 17
during water freezing.
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Introduction

April 2023 marked the 30" anniversary of the publication of Jeff Ridley’s work
with co-authors “Identification of subglacial lakes using ERS-1 radar altimeter” [1]. The
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publication of this article in 1993 ended the long history of the discovery of subglacial Lake
Vostok. After three decades of first remote geophysical [2] and then direct comprehensive
studies of lake ice and water samples [3], it still remains one of the least studied objects
on our planet. The reason for this is, firstly, the impossibility of direct penetration into
the lake from the currently operating 5G borehole [4], and secondly, the need to develop
environmentally and biologically clean methods of accessing the lake and sampling lake
water, which in terms of technical complexity and financial costs will be comparable to
space missions.

Due to the current impossibility of direct studies of the lake, at this stage, the efforts
of specialists are aimed at extracting all possible information from already available
samples of accreted (i.e. frozen from the lake) ice (Fig. 1), as well as from the few
(and partially contaminated with drilling fluid) samples of lake water. One of the main
methods in this area has been and remains the analysis of the isotopic composition of
hydrogen and oxygen. One of the first works summarizing the data available at that time
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Fig. 1. Scheme of the formation of accreted ice in subglacial Lake Vostok.

The glacier crosses the southern part of the lake valley from northwest to southeast. While moving
over the lake, a layer of ice freezes onto the base of the glacier, the entire thickness of which is divided
into two intervals: 1) “lake ice 17 (3539-3609 m), formed in the strait between the western shore of
the lake and the island (and, possibly, above the island) and containing visible mineral inclusions,
as well as a relatively large amount of gas and chemical impurities; 2) “lake ice 2” (3609-3769 m),
formed over the deep-water part of the lake and practically free of impurities. Adapted from [5] with
small modifications.

Puc. 1. Cxema CbOpMI/IpOBaHI/ISI KOHXKCIIAMUOHHOTO JibJla IMTOAJIETHUKOBOIO O3€pa Bocrok.

JlenHuK nepecekaeT I0XKHYIO YaCTh 03€pHOI KOTIOBHHBI C CeBEPO-3a11a/ia Ha I0r0-BOCTOK. Bo Bpemst ABIKeHUs Haz
03epOM Ha IIOIOMIBY JIeIHUKA HaMep3aeT CJIOH JIb/1a, BCs TOJIIA KOTOPOTO IeANTCs Ha ABA UHTEpBaja: 1) «o3epHbIi
nen 1» (3539-3609 m), chopMUpOBaHHBIH B IPOIKMBE MEK/LY 3aIiaHBIM OOPTOM 03epa 1 OCTPOBOM (1, BOZMOKHO,
HaJ CaMHM OCTPOBOM) U COAEpP KAaIHil BUANMbIC MUHEPAIbHbIC BKIIOUCHHS, a TAKKe OTHOCUTENIBLHO OOIBIIOE
KOJIMYECTBO TI'a30BbIX M XMMHUUYECKHUX MpUMeceil; 2) «o3epHblii e 2» (3609-3769 m), chopMupoBaHHbIN Hal
1TyOOKOBO/IHOM YaCThIO 03€pa M MPAKTHYECKH HE COJCPIKAIUi TPUMECEH.
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on the isotopic composition of lake ice was the publication of Ekaykin and co-authors
[5], in which a simple isotopic model of the lake was developed and it was shown that
hydrothermal circulation plays an important role in the lake’s hydrological regime. Further,
in [3, 6], the isotopic composition of water was directly measured (which coincided with
the results of calculations performed in [5]) and it was shown that ice formation generally
occurs under equilibrium conditions, but at the same time the isotopic composition of ice
experiences small fluctuations associated with the mechanism of ice formation and with
variations in the isotopic composition of the water itself. The detailed reconstruction of
these factors at that time was limited by the insufficient accuracy of the values of the
isotopic composition profile of lake ice.

In this article, we present a new, most accurate to date stacked (based on 3 parallel
cores) vertical profile of the isotopic composition of the accreted ice of subglacial Lake
Vostok and analyze it from the point of view of the conditions of its formation. In addition
to oxygen 18 and deuterium, we are also publishing data on the concentration of oxygen
17 in lake ice for the first time and discussing the prospects for using this parameter in
future studies of the hydrological regime of the lake.

Methods

To construct a stacked profile of the isotopic composition of lake ice lying in the
basal part of the glacier under the Vostok station in the depth range of 3538-3769 m, 10 cm
samples were used from the cores of parallel hole branches 5G-1 (in the depth range of
3538-3611 m), 5G-2 (3601-3769 m), and 5G-3 (3538-3608 m and 3715-3769 m).

Isotope measurements were performed in the Climate and Environmental Research
Laboratory of the AARI using Picarro L2120-i and L2140-i laser analyzers according to
the methodology developed by us and previously published [7]. As a working standard, the
VOS-4 standard was used, which was made from surface snow collected near Vostok station
and calibrated relative to the IAEA standards VSMOW-2, SLAP and GISP. The isotopic
values of VOS-4 are —439.7+0.3 %o for 8D, —56.81£0.02 %o for 6'*0 and —30.41+0.01 %o
for 8'70. The working standard is measured every 5 samples. About 10 % of randomly
selected samples are measured repeatedly in order to determine the reproducibility of
measurements. For a single sample measurement, the random measurement error is
0.046 %0 and 0.21 %o for, respectively, 8'*0 and 3D.

To construct a stacked series for all cores, the depths of cores 5G-2 and 5G-3 were
reduced to a depth of 5G-1, and the values of the isotopic composition of ice for all
three cores were reduced to the values of the isotopic profile of lake ice to a depth of
3611 m, obtained at the Laboratoire des Sciences du Climat et de I’Environnement (Saclay,
France) based on 1 m samples and published in [8].

The standard error of the values of the stacked series of isotopic composition of lake
ice was determined as the standard deviation of the values of the isotopic composition
of ice at a given depth in individual cores, divided by the square root of the number of
observations, and amounting to 0.038 %o and 0.17 %o for, respectively, 8'*0 and dD.

Oxygen measurement 17 is performed using a different technique on the Picarro
L2140-i device. For one measurement cycle, which lasts 3 days, only 5 samples are
measured. Each sample is poured into 3 vials, and the resulting 15 vials are randomly
placed on the tray. At the beginning, in the middle and at the end of the series, the
VOS-4 standard is set. First, the first standard is measured 20 times to stabilize the device,
and then each vial is measured 20 times. The first 5 measurements are ignored, and the last
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15 measurements are averaged. Thus, for each sample we obtain 3 independent values of
isotopic composition, each of which, in turn, is obtained by averaging 15 measurements.
These three values are compared to make sure that the standard deviation of the "O-excess
values (170O-excess = (In(6'70/1000+1) — 0.528 In (3'*0/1000+1))-10°) does not exceed the
limit of 5 per meg (5 units per million). If the sample meets this criterion, the average
value of its isotopic composition is calculated; if not, it is sent for additional measurement.

Results

In Fig. 2a the profile of the isotopic composition (5'%0) of lake ice is shown. Unlike
atmospheric ice, accreted ice is characterized by extremely low variability of isotopic
values in depth: 1 standard deviation of oxygen 18 values in the upper part of the profile
(in the so-called “lake ice 17 [3], up to a depth of 3608 m) is 0.2 %o, and in the lower
part of the profile it is 3 times less (0.06 %o). Despite such low variability of the isotopic
composition, its fluctuations in the upper part of the profile are significant. In the lower
part of the profile (“lake ice 2”), the variability of isotopic values is only 1.6 times higher
than the measurement error. Apparently, there are no significant short-period fluctuations
in the isotopic composition.

Figure 2b shows the profile of the dxs parameter (which is defined as dxs =
D — 83'"0 [9]). This parameter is widely used in interpreting the isotopic composition
of atmospheric ice as an indicator of the intensity of kinetic isotopic processes during
evaporation of water in a moisture source and during precipitation from ice clouds [10].
It is not convenient for studying isotopic fractionation during the freezing of water,
since the regression coefficient of the “freezing line” (the line connecting the points
of the isotopic composition of water and the formed ice) in typical Earth conditions is
always less than 8.

Because of this, in [5] we proposed using the parameter dxs4 = 6D — 4.025'%0
(Fig. 2¢). The coefficient 4.02 is the slope (regression coefficient) of the “freezing line”
(i.e., the line connecting the points corresponding to water and ice formed by freezing
this water in the diagram 8D vs 6'30) for water having an isotopic composition that is
the same as the water in the subglacial Lake Vostok. The regression coefficient of the
freezing line k can be calculated using the following formula:

k=[(3D, + 1000)/(3"0, + 1000)]-[(a,— 1)/(ar,, — D], (1)

where w stands for the isotopic composition of water, and a,, and a., are the coefficients
of isotopic fractionation during the freezing of water for deuterium and oxygen 18,
respectively. The equilibrium values of o, and o, are 1.0208 and 1.003 [8], but their
real (effective) values may be lower. However, no matter how the fractionation coefficients
change, they change in parallel for deuterium and oxygen 18 — thus, the value of the
right part in formula (1) — and therefore the value of the coefficient kK — always remains
unchanged. At a very high freezing rate, the fractionation coefficients are equal to 1 — in
this case, the isotopic composition of ice is equal to the isotopic composition of water,
and equation (1) does not make sense.

Thus, a notable feature of the dxs4 parameter is that it does not change during the
freezing process of water (i.e. it is the same for water and for the ice formed from it)
and, moreover, its value does not depend on effective fractionation coefficients, but only
on the isotopic composition of the freezing water.
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Fig. 2. Stacked isotopic profile of the subglacial Lake Vostok’s accreted ice: @) — concentration of
oxygen 18; b) — dxs parameter (dxs = 8D — 85'°0); ¢) — dxs4 parameter (dxs4 = 8D — 4.025'30);
d) — "0O-excess parameter (’O-excess = (In(8'70/1000 + 1) — 0.5281n (3'*0/1000 + 1))-10°).

In Figs. 2a—c, the shading shows the uncertainty (+2c). In Fig. 2d the dash lines show 96 % of the '"O-excess
values distribution (+20)

Puc. 2. CBOHBII H30TOMHBIN TPO(IIIE KOHKEISIIMOHHOTO JIbJ1a ITOJIETHUKOBOTO 03epa Boctok: @) —
coneprkanue kucinopona 18; b)) — mapamerp dxs (dxs = 6D — 83'30); ¢) — mapamerp dxs4 (dxs4 =38D —
4,028"0); d) — napametp "O-excess (’O-excess = (In(6'70/1000 + 1) — 0,528-In(3'*0/1000 + 1))-10°).
Ha puc. 2a—c 3anuBKoii oKa3aHbl mpenesnsl norpenHocty (+2c). Ha puc. 2d myHKTHPOM MOKa3aHbI MIPEIEIIbI
3HaueHnit 'O-excess, B KOTOpBIe yKiIaabBaeTcst 96 % pacnpenencHust (£26)

Accordingly, if the value of dxs4 changes in the lake ice, this indicates that the isotopic
composition of the water from which this interval of lake ice was formed is changing.

Figure 3b shows the values of deuterium concentration (8D) as a function of 50,
and Figure 4 shows a diagram of the dependence of dxs4 on §'*O for lake ice.

Fig. 2d shows the values of the '"O-excess parameter. 42 measurements were
performed in Lake ice 1, the average value of this parameter was —4.2+0.6 per meg
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(a confidence interval equal to = 2 errors of the average is given). 59 measurements were
performed in Ice 2, the average value of '"O-excess was —4.8+0.7 per meg. Thus, lake ice
of both types does not differ in terms of relative concentration 17. It is obvious that the
variability of this parameter in depth (if any) is significantly less than the measurement
error. Therefore, it is not possible to establish a connection between this parameter and
other characteristics of the lake ice.

We also measured the oxygen 17 content in the “icicle” frozen on the drill bit
during the first opening of the lake (see Fig. 2 in [6]), the isotopic composition of which
corresponds to the isotopic composition of the surface water layer in the southern part of
Lake Vostok. The value of '"O-excess in this sample is —15+2 per meg.

Discussion

Characteristics of the conditions of lake ice formation in various sections

of the ice flow line passing through the borehole at Vostok station.

In order to characterize the conditions of lake ice formation at different depth
intervals, we divided the isotope profile into homogeneous sections based on data on the
ratio of oxygen 18 and deuterium isotopes (Fig. 3b) and on the variability of the dxs4
parameter (Fig. 2¢ and Fig. 4), see Table.

The obtained results show, first of all, that the traditional division of lake ice into
2 layers (“ice 17, with mineral inclusions, presumably formed over the strait near the
western shore of the lake, and “ice 2”, without mineral inclusions, presumably formed
over the deep part of the lake (Fig. 1)) is too simplified, at least in terms of isotopic
composition. At least we can talk about three layers, two of which, in turn, are also divided
into sections that differ in isotopic composition.

The upper 11 m of lake ice (adhering to the accepted classification, we will call this
layer “lake ice 0”) differ very much from the underlying ice thickness by a large range of
isotopic values and an unusual ratio between oxygen 18 and deuterium (red, orange and
yellow sections in Fig. 3a, 3b and 4). We believe that in this zone there is the influence
of local glacial meltwater (and probably hydrothermal waters) coming from under the
glacier near the western side of the lake.

To illustrate this hypothesis, in Fig. 3¢ we have shown the isotopic composition of the
main components of the hydrological system of Lake Vostok — the isotopic composition
of the water freezing under the Vostok station (determined by the isotopic composition
of the above-mentioned “icicle”), the isotopic composition of glacial melt water coming
from the northern part of the lake (according to [5]), as well as the probable isotopic
composition of meltwater, which could come from under a glacier near the western shore
of the lake (corresponds to the average isotopic composition of atmospheric ice core 5G
in the range 3500-3530 m).

Regarding the isotopic composition of the lake water, it is vital to distinguish between
the isotopic composition of water freezing under a glacier in the area of Vostok station
(this is shown in Fig. 3¢) and the isotopic composition of “resident” lake water. The
difference between them is due to the fact that the melted glacial water coming from the
northern part of the lake does not completely mix with the resident (lying deeper) lake
water [5]. Whereas the isotopic composition of the freezing water was measured directly
from the isotopic composition of the water sampled after the unsealing of the lake [6], the
isotopic composition of the resident water, on the contrary, is not known and can only be
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Fig. 3. Uniform segments of the lake ice’s isotopic profile and the relationship between different
components of Lake Vostok.

a — uniform segments of the lake ice thickness defined on the base of the oxygen 18/deuterium relationship
(Fig. 3b) and the dxs4 parameter (Figs. 2¢ and 4); b — the relationship between oxygen 18 and deuterium; ¢ — the
isotopic composition of the different components of Lake Vostok’s hydrological cycle: the coloured circles are the
mean values of the different segments isotopic profile of lake ice; the grey circles are the isotopic composition of
the lake water; the isotopic composition of ice in the equilibrium with this water (the slope of the line connecting
these two points is 4.02); the isotopic composition of the melt glacier water entering the lake in its northern part
according to [5]; the isotopic composition of the lower part of the meteoric ice in the 3500-3530 m interval of
the 5G ice core; and the local Meteoric Water Line with a slope of 8.5.

The same colours in Figs. 3a, 3b and 3¢ depict the same segments of the isotopic profile
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Puc. 4. [Tuarpamma dxs4/5'30 myist o3eproro nba. [[Beta HHTEPBAIOB COOTBETCTBYIOT AHAIOTHIHBIM
[BETaM Ha puc. 3

estimated approximately based on existing ideas about the hydrological regime and the
mass balance of Lake Vostok.

Figure 3¢ does not show the isotopic composition of the hydrothermal waters — its
value is not known for certain, but, in any case, in this diagram the corresponding point
is located to the right of the isotopic composition of the lake water [5].

The isotopic composition of the freezing lake water may change 1) due to a change in
the ratio of resident lake water and glacial/hydrothermal melt water, and 2) due to a change
in the isotopic composition of glacial/hydrothermal melt water. In the first case, the oxygen
18 / deuterium ratio in the freezing lake water will be close to 4 for meltwater coming from
the northern part of the lake (see Fig. 3¢). In the case of the arrival of local meltwater from
under the western shore of the lake, the oxygen 18 / deuterium ratio can be almost any due
to the proximity of its isotopic composition to the lake water. In the second case, the oxygen
18 / deuterium ratio in the freezing lake water will be close to 8. In the case of the influence
of hydrothermal waters, this ratio should be significantly less than 4 [5].

Puc. 3. OnHOpOAHBIE CErMEHTBI H30TOIMHOTO MPOQUIISI 03EPHOTO JIbJIa U COOTHOIICHUE MEXKIY Pa3-
JIMYHBIMHU U30TOIMHBIMH KOMIIOHEHTAMHU 03€pa BOCTOK.

@ — W30TOITHO OJHOPOJHBIE YYACTKH TOJIIN O3EPHOTO JIbJA, BBIJECICHHBIC HA OCHOBE JAHHBIX O COOTHOIIECHHU
xucnopona 18 u neftrepus (puc. 3b) u mapamerpa dxs4 (puc. 2¢ u 4); b — 3aBUCUMOCTb MEXTy KOHIIEHTpanuei
kucsopoa 18 u geirepus; ¢ — M30TOIHBINA COCTAB PA3IMYHBIX KOMIIOHEHT MMPOJIOrMYECKOro I1KIIa o3epa Boc-
TOK: IIBETHBIE KPY)KKH — CPEIHHE 3HAYSHHs] H30TOITHOTO COCTaBa OJHOPOAHBIX YJaCTKOB ITOKA3aHHBIX Ha PHC.
3a u 3b; cepble KPYKKH — H30TONHBINA COCTaB 03€PHOIT BOJIBI, ONIPE/IEIICHHBII 110 «COCYJIbKe», HaMmep3LIeil Ha
OypoBoii CHapsJI ITOCIIE IIEPBOTO BCKPBITHSI 03€pa; H30TOIHEIN COCTAB JIb/Ia, KOTOPBIH HAXOAUTCS B PABHOBECHU C
9TOH 03epHOH BOIOH (3Ta TOUKA COSIMHEHA C IIPEABLAYIICH TNHUEH ¢ KO3 PUIINEHTOM perpeccuy paBHEIM 4,02);
M30TOIHBINA COCTAB TaJ0M JIEJIHUKOBOH BOJIbI, IOCTYIAOIIEH B 03€PO B €0 CEBEPHOM 4acTu 110 [5]; H30TONHBII
COCTaB HWKHEW 9acTu aTMOCc(epHOTo Jibja kepHa ST B unTepBasie 35003530 M ¥ JIOKaJIbHAS JIMHKUST METEOPHBIX
BOJ ¢ Kod(dHnreHToM perpeccuu 8,5.

OnuHakoBbIe BeTa Ha puc. 3¢, 3b 1 3¢ MOKA3bIBAIOT OJHY U T€ )K€ YIaCTKH H30TOITHOTO MPOQHIIs
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Table

Characteristics of homogeneous sections of the vertical profile of the isotopic composition
of the Lake Vostok accreted ice
Tabruya

XapaKTepnchcn OTHOPOAHBIX UHTEPBAJI0OB BEPTUKAJIBHOI'O l'[pO(l)l(lJ'lﬂ H30TOIMHOI'0 CoOCTaBa
KOHKEJIAIHOHHOI0 JIb/1a 03epa BocTtok

. Slope

Zone Depth interval, m (?;)’ 5(;0’ d);S4’ (regression (I:)oeﬂicient)
Top | Bottom | 0 | 7° | ™ [ 8D/3"0 | dxs4/5"0

0-1 3538.8 3542.3 |-443.6/-56.22|-217.65| 8.5+0.9 4.5+0.9
0-2 35423 3545.8 |-443.5|-56.35|-217.0 | 3.0+0.2 -1.1£0.2
0-3 3545.8 3549.8 |-443.6|-56.49| -216.5| 7.3£0.3 3.3+0.3
1 3549.8 3606.8 |-442.3|-56.28| -216.1 | 3.92+0.05 | —0.1+0.05
“Peak 3608”| 3606.8 3608.1 |-443.3|-56.39|-216.6 | 4.2+0.3 0.1+0.3
2-1 3608.1 3629.3 |-442.7|-56.28| -216.4 | 2.2+0.2 -1.8+0.2
2-2 3629.3 3693.3 |-442.0/-56.20| -216.1 | 2.7+0.2 -1.3+0.2
2-3 3693.3 3720.3 |-442.4|-56.23| -216.3 | 3.9+0.4 -0.1+0.4
2-4 3720.3 3768.8 |-442.2|-56.26| -216.0 | 3.5+0.1 —0.6+0.1

Note. Bold text highlights statistically significant regression coefficients.
Ipumeuanue. YKupHbIM HIPH(TOM BbIJICICHBI CTATUCTHYESCKU 3HAYUMBbIE KOIP(HUIIUEHTBI PErpecCuH.

Taking this into account, let’s consider in more detail each of the sections of the
isotope profile (the specified colour refers to the colour with which the sections are painted
in Fig. 3; isotopic characteristics for each section are shown in the Table).

The interval 3535.8-3549.8 m (“lake ice 0”) differs from the underlying ice column, first
of all, by a very strong change in the parameter dxs4 (Fig. 2¢), which indicates a significant
change in the isotopic composition of freezing water during the formation of this ice column.
Another notable difference between this interval is that the values of its isotopic composition
in the diagram 8D vs 80 (Fig. 3b) have a large spread and lie away from the array of points
of the isotopic composition of ice below 3549.8 m. At the same time, according to the slope
between 6D and 6'%0, this interval is clearly divided into 3 zones (Fig. 3b):

Zone 0—1 (red, 3538.8-3542.3 m):

A strong change (by more than 2 %o) in the values of dxs4 (Fig. 4) indicates an
intensive change in the isotopic composition of the freezing water. The ratio of oxygen
18 and deuterium is 8D = 8.5 3"80 + 44.8. This is very close to the local meteoric water
line for the lower part of the atmospheric ice at Vostok (3500—3530 m), and in general we
interpret the variability of the isotopic composition of the ice in this zone as a manifestation
of the strong influence of local glacial melt water, which can dominate the freezing mixture.

The average isotopic values of ice in this zone are —56.22 %o for oxygen 18
and —443.6 %o for deuterium (Table).

Zone 0-2 (orange, 3542.3-3545.8 m):

Dxs4 is also noticeably changing here (by almost 1 %o, Fig. 4), but at the same time
8D =3.08"30 —276.5. Such a low regression coefficient of the oxygen 18 / deuterium line
may indicate the influence of hydrothermal waters, but, apparently, this section of ice is
simply a transition between zones 0—1 and 0-3.

Zone 0-3 (vellow, 3545.8-3549.8 m):

This section is similar to ice 0—1, but with a noticeably lighter (by 0.27 %o) isotopic
composition of oxygen 18. The ratio between oxygen 18 and deuterium is 8D = 7.38'0 — 31.7.
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It can be assumed that the influence of resident lake water is greater in the freezing mixture.
On the other hand, the shift of section 0—1 relative to section 0-3 and the underlying ice
thickness in oxygen 18 with a constant deuterium content (Fig. 3b) may also indicate that
there is more hydrothermal water admixture in zone 0—1 compared to all the other ice
sections.

Zone 1 (green, 3549.8-3606.8 m):

This section, in fact, is “lake ice 1”. The isotopic composition varies quite widely,
but dxs4 remains unchanged (Fig. 2¢ and 4). The freezing line is described by the
equation 8D = 3.923'%0 — 221.8. This section of ice is the only one whose isotopic
composition’s formation mechanism is known for certain. It is formed from lake water
that is homogeneous in composition, and variations in isotopic composition are due to
changes in the effective fractionation coefficient due to different volumes of trapped water
inclusions (“pockets” [3]). Since aqueous inclusions freeze after being incorporated into
the ice matrix, their isotopic composition does not change after freezing. Thus, the larger
the proportion of these pockets, the lower the effective fractionation coefficient, and the
closer the isotopic composition of ice is to the isotopic composition of the freezing water.

The available isotope data make it possible to calculate the volume of these water
pockets fairly accurately. In particular, the maximum decrease in the values of the isotopic
composition at a depth of 3595.1 m can be explained by the volume fraction of aqueous
inclusions, which is 11 %.

The average isotopic values of ice in this zone are —56.28 %o for oxygen 18
and —442.3 %o for deuterium.

Further, the blue colour in Figures 3 and 4 shows the “isotopic peak of 3608 m”,
which will be discussed in more detail in the next section.

Ice below 3608.1 m (“lake ice 2”) is characterized by the apparent absence of
short-period fluctuations in isotopic composition (Fig. 2a), as well as by low values of
the regression coefficient of the freezing line (< 4, Fig. 3b and Table). At the same time,
according to the nature of the dxs4 variability (Fig. 2c and 4), this section can be divided
into several zones:

Zone 2—1 (blue, 3608.1-3629.3 m):

This interval is characterized by a low dxs4 value compared to the above
and below ice layers (Fig. 2¢). The ratio between oxygen 18 and deuterium is 6D
= 2.18"0 — 322. Such a low regression coefficient may indicate a change in the
proportion of hydrothermal waters in the freezing mixture. At the same time, the
isotopic composition of ice within a given area first decreases, then increases — this
may be due to a change in the volume of water pockets, which are practically not
found in the underlying ice layers [3].

Zone 2-2 (purple, 3629.3 — 3693.3 m):

Starting from this section, significant short-period variations in isotopic composition
are completely absent. According to the ratios of 6D vs 80 and dxs4 vs 8'¥0, this zone is
similar to the previous one (Table), but at higher (respectively, by 0.08 and 0.3 %o) values
of 6130 and dxs4 (Fig. 2¢, 3b and 4), which indicates a slight change in the proportion of
hydrothermal waters in the freezing mixtures.

Zone 2-3 (magenta, 3669.3 — 3720.3 m):

The dxs4 parameter practically does not change here, despite the fact that the
isotopic composition of the ice decreases markedly with depth. The immutability of
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the dxs4 values is explained by the fact that the regression coefficient between oxygen
18 and deuterium is close to 4 here (3.9, Table). This could be explained by a change
in the fractionation coefficient, but this is unlikely, since there are practically no water
pockets in this zone. It follows from Figure 3¢ that such an isotopic composition may
be due to a change (decrease with depth) in the proportion of glacial melt water from
the northern part of the lake.

Zone 2—4 (pink, 3720.3-3768.8 m):

This section is characterized by a weak (but significant) negative correlation between
dxs4 and 8"%0 (a slight increase in dxs4 with a decrease in the values of 6'*0), and the ratio
between oxygen 18 and deuterium is 8D = 3.58"%0 — 247.3. The isotopic composition of
this zone is similar to the previous one in deuterium, but slightly lighter (by 0.03 %o) for
oxygen 18. All this generally suggests that the proportion of meltwater from the northern
part of the lake continues to decrease in this area, but the contribution of hydrothermal
waters is also slightly lower than in the previous section.

In Fig. 5, we have shown the average values of the isotopic composition of different
sections of ice, as well as the isotopic composition of ice, which is in isotopic equilibrium
with the freezing lake water.

This figure confirms the strong difference between zone 0, on the one hand, and zones
1 and 2, on the other. The regression coefficient of the line connecting the average values
of sections 1 and 2 is 5.44. That is, the difference between different sections of the profile
is explained by both a change in the effective fractionation coefficient (the proportion
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Fig. 5. The isotopic composition of the different lake ice segments, as well as the isotopic composition
of the ice in equilibrium with the freezing lake water.

The error bars are + 2 standard errors of mean. The colours of the points correspond to different ice segments in
Figures 3 and 4. The dotted line denotes the linear regression for the isotopic composition of lake ices 1 and 2

Puc. 5. 30TonHbIN cocTaB pa3iuyHbIX YYaCTKOB 03€PHOTO JIb/Ia, a TAKXKE U30TOMHBII COCTAB JIbJa,
KOTOPBIH HAXOAUTCS B U30TOITHOM PaBHOBECHH C 3aMep3aroleii 03epHoil Bonoit. [1penenst norper-
HOCTH TTOKa3bIBAIOT £2 ONIMOKH CPEIHETO.

LIBeT TOuEK COOTBETCTBYET LIBETY Pa3HBIX YUIACTKOB JIbJa Ha pUcC. 3 U 4. [IyHKTHpHOU THHHEH oKa3aHa THHEHHAS
perpeccus Al H30TOIMHOTO COCTaBa 03ePHOTO Ibaa 1 u 2
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of water inclusions) and the influx of glacial melt water (and, possibly, a change in the
isotopic composition of the latter).

Figure 5 also suggests that the lake ice may not be in complete equilibrium with
the freezing lake water (the fractionation coefficient is 90-95 % of the equilibrium one).
However, given the relatively large error in our estimates of the isotopic composition of
the freezing lake water, and therefore ice in equilibrium with this water, we cannot judge
this reliably.

If we assume that the lower part of the ice is in equilibrium with the lake water,
then the isotopic composition of zone 2—4 can determine the isotopic composition of
the water freezing directly under Vostok station: it is equal to —59.09 %o for oxygen 18
and —452.61 %o for deuterium.
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Fig. 6. The isotopic composition of lake ice in the interval 3600-3615 m.
From top to bottom: concentration of oxygen 18, concentration of deuterium and the dxs4 parameter
Puc. 6. M3oTonHBIA cocTaB 03epHOro Jbaa B uHTepBaie 3600-3615 M.

CBepxy BHHU3: cofieprkaHue kuciaopoaa 18, coneprkanue neiirepus u napamerp dxs4
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The nature of the unique peak of the isotopic composition of lake ice
discovered at a depth of 3608 m

Figure 6 shows the isotopic composition of lake ice in the interval 3600-3615 m.

At a depth of 3607.4 m (or rather, in the range 3606.9-3608.0 m) we see a strong
decrease in the values of the isotopic composition, which has been called the “isotopic
peak 3608”. We strongly believe that this peak is not an artefact associated with
measurement problems, as it occurs in all three cores (5G-1, 5G-2 and 5G-3).

Within this peak, 6'0 changes by 0.75 %o and drops to the minimum values for
the entire lake ice (Fig. 3a). The regression coefficient of the regression line for the ice
interval containing the peak is 4.5 (Fig. 35 and Table). This clearly indicates a sharp
change in the effective fractionation coefficient, which could be caused either by a large
water inclusion or a change in the freezing rate of water (a lower fractionation coefficient
corresponds to a higher freezing rate).

At the same time, a sharp change in the dxs4 parameter is also observed in this section
of ice (Fig. 2 and Fig. 6), which indicates that the isotopic composition of the freezing
water was different above and below the peak. Surprisingly, the isotopic composition was
approximately the same in oxygen 18, but differed in deuterium (Fig. 6). This behaviour
can only be explained by a change in the proportion of hydrothermal water in the freezing
mixture (it is higher below the peak), since all other processes would lead to a parallel
change in both isotopes.

The peak width is 110 cm, but taking into account molecular diffusion, it can be
assumed that the initial peak width (before diffusion smoothing) was significantly smaller,
the first tens of centimetres. This suggests that the event that caused the occurrence of this
peak was extremely abrupt — very short in time and/or very small in space.

We consider the most likely explanation of the observed pattern to be the contact
of lake ice with the water of the deep-water part of the lake after passing over the island
(Fig. 1). In this case, it is “peak 3608 that can be considered to be the boundary between
lake ice 1 and lake ice 2, and we can also assume a break in ice formation at the end of
section 1.

It is interesting to note that the layer of large mineral inclusions previously found in
the core of 5G-1 [11] lies at a depth of 3606.3—3606.5 m, i.c. almost at the very bottom of
zone 1, approximately 1 m above the isotope peak. These inclusions could not be captured
by ice except through direct contact between the glacier and the underlying rock. This
generally does not contradict the idea that the isotope peak was formed after the passage
of the glacier over the island (Fig. 1).

Oxygen 17 in the lake ice and the lake water

7O-excess is a relatively new parameter that has only recently entered the practice
of isotope studies [12, 13]. It has already been successfully used in paleoclimatic
reconstructions based on ice core data [14, 15], but its application in hydrology is still
limited by insufficient understanding of oxygen 17 fractionation during processes such as
water freezing [16] and isotope exchange between water and rocks.

In this paper, for the first time, we present data on the value of "O-excess in the ice
(4.8+0.7 per meg) and in the water (—15+2 per meg) of Lake Vostok. Since, as shown in
the previous sections, this water and ice are likely to be in isotopic equilibrium, this gives
us the opportunity for the first time to determine the equilibrium fractionation coefficient
for oxygen 17 when water freezes.
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Fractionation coefficient for oxygen 17:
oy = Oy @)

where o is the fractionation coefficient for oxygen 18, and m is the exponent equal to
0.529 for equilibrium processes and 0.518 for kinetic processes [13]. Since the freezing
of water in Lake Vostok occurs under equilibrium conditions, it can be expected that the
value of m will be close to 0.529, and in this case the "O-excess of ice would be equal
to —12.5 per meg. In order to get a value of "O-excess in the lake ice equal to —5 per
meg, the value of m must be equal to 0.5315.

The same conclusion was drawn earlier when measuring the isotopic composition
of water frozen in the 5G-1 borehole after the first unsealing of the lake in 2012 (the data
have not been published).

The value of m obtained by us significantly exceeds 0.529, but it nevertheless fits
into the range of 0.501-0.553 obtained in other experimental studies [16].

Conclusion

As a result of the research that was conducted, we were able to characterize in detail
the ratio of various factors that played a role in the formation of different sections of the
accreted ice of the subglacial Lake Vostok. It is shown that the division of ice into two
zones — “ice 17, with mineral inclusions, and “ice 2”, without mineral inclusions — is too
simplified. At least 3 zones should be distinguished, two of which, in turn, are divided into
shorter homogeneous sections. The isotopic composition of these sections is determined by
a different ratio of four different factors: 1) a change in the effective fractionation coefficient
due to the capture of water pockets; 2) the contribution of local melted atmospheric waters
from the western shore of the lake; 3) the contribution of melted atmospheric waters from
the northern part of the lake; 4) the contribution of hydrothermal waters.

For the first time, we were able to measure the value of the '"O-excess parameter in
lake ice and in lake water and, thus, experimentally determine the equilibrium fractionation
coefficient for oxygen 17 during the freezing of the lake water.

In the future, we plan a more comprehensive analysis of the lake ice, taking into
account all available data on isotopic, gas, mineral and chemical compositions. It is also
necessary to continue theoretical and experimental studies on the geochemistry of oxygen
17 during processes such as freezing/melting and isotope exchange with rocks, which
will clarify the contribution of various sources of Lake Vostok water to its mass balance.
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nen 1), 3549,8-3607,4 M, HCTIBITHIBACT 3HAYMTENbHBIE KOTEOAHHS H30TOITHOTO COCTAaBA BCIIEACTBUE PA3ITIIMI
s dexrrBHOTO KOdDDHIIEHTa HPAKIIMOHUPOBAHNS TIPH 3aMEP3aHUH BOIHBIX BKIIOUCHHH B JIE/ITHOM MaTpHUIIE;
3) «3oHa 2» (03epHsIit nex 2), 3607,4-3768,8 M, HAXOAUTCS MO BIUSHAEM TAIBIX JISTHUKOBBIX BOM, TIOCTY-
TAIOIINX U3 CeBEPHOH YacTH 03epa, ¥ THAPOTEPMAILHOTO TIOTOKA €O JIHA 03epa. BriepBbie onpezeneHa TodHast
IpaHKIa MEXK/y O3EPHBIM JbAOM | U JIBIOM 2, KOTOpas COOTBETCTBYET PE3KOMY H30TOIHOMY BBIOPOCY Ha
ry6une 3607,4 m. TlpuBozstest nanmHsie 0 napamerpe 'O-excess B 03ePHOM JIbIy H BOJIE, YTO O3BOIMIO MPO-
BECTH IPAMOIi pacueT PaBHOBECHOTO KO puirenTa GpaKnOHNPOBAHIS KICIOpoa 1 7 pu 3aMep3aHiH BOIBL.
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