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Marine records indicate a dramatic change in the predominant periodicity of climate variability, from about 40 ka to about 100 ka around one million years
ago. The reason for this major climatic shift, which is called the Mid-Pleistocene Transition or MPT, remains unknown — and is of great interest to the climate sci-
entist. Could the core of the oldest meteoric ice bedded at Vostok between 3310 and 3539 m, which has experienced severe deformation, nevertheless be useful
in deciphering some of the aspects of the MPT enigma? Reflecting upon this question and considering the available data from the disturbed section of the ice
core, we feel impelled to propose a new project focused on the oldest Vostok meteoric ice, which could be named the Vostok Oldest Ice Challenge or VOICE.

Pe3ynbTathl UCCNefoBaHMIt MOPCKIX OHHBIX 0CAAKOB MOKA3bIBAIOT, 4TO OKONO T MAH NET Ha3a/ M3MEHUNCA XapaKTepHbIA Nepuop KAUMaTieckix Kone-
0aHuii, (BA3aHHbIX C YepefoBaHNEM NEHUKOBLIX U MEXNELHUKOBBIX 3M0X: LUKAbI B 40 TbiC. NeT cMeHnncb unknamu B 100 Tbic. neT. MpuunHbl, KoTo-
pble NpUBENN K NePeCTpoiike KAUMATUYECKOIA CMCTEMbI NNaHeTbl B cepeauHe nieiictoueHa (Mid Pleistocene Transition — MPT), noka He u3BecTHbl U npu-
KOBbIBAKT K Cebe npucTanbHOe BHUMaHue Knumatonoros. MoxeT nu kepH ApeBHero AepopMUpOBaHHOTO Nbja, 3aneraloLLero B paiioHe cTaHumn Boctok
B uHTepBane ry6uH 3310-3539 m, Aatb 0TBeTbI X0TA Obl Ha YaCTb BONPOCOB, (BA3aHHbIX C reHe3ncom MPT? B cTaTbe aHanusnpylotca npeaBapuTenbHbie
pe3ynbTaTbl U3yyeHUs 3TOT0 KepHa 1 060CHOBbIBAETCA NpOrpaMma AanbHeimx yrny6néHHbIX UCcCneoBaHuiA fpeBHENiLLEro aHTapKTUYeCKoro Nbda o

cTaHuym Boctok nog 061wmm HazgaHuem Vostok Oldest Ice Challenge (VOICE).

Introduction

Over the last few decades, the deep ice cores
drilled at Russia’s Vostok Station have provided a
wealth of information about past climate and envi-
ronmental changes. At this East Antarctica site, the
ice thickness amounts to 3770 m and the snow ac-
cumulation rate is only 2.1 cm of water equivalent
per year. This gives us the unique opportunity to ob-
tain a long climatic record with a relatively high time
resolution. In 1998, drilling operations in the deep
5G borehole, conducted at that time as a collabora-
tive project between Russia, France and the United
States, reached a depth of 3623 m. At 3539 m below
the surface, the drill penetrated into the ice refrozen
from water from Lake Vostok, a deep subglacial water
body which extends below the ice sheet over a large
area. After a long break, the drilling was resumed in
January 2006. Finally, in February 2012, the drill

reached the surface of Lake Vostok for the first time,
at a depth of 3769 m.

The whole 5G ice core can be separated into three
distinct sections (Fig. 1). The upper 3310 m of the
core are characterised by an undisturbed sequence of
meteoric ice layers. Analysis of this section of the core
has resulted in the first Antarctic ice record of atmo-
spheric composition and climate extending through
four climate cycles back to 420 kyr BP [31]. Between
3310 and 3539 m there are indications of ice-flow
anomalies that could alter the original stratigraphy of
meteoric ice. Finally, between 3539 m and the ice-
water interface at a depth of 3769 m, the core consists
of ice accreted at the bottom of the Antarctic ice sheet
from Lake Vostok’s water.

The Vostok ice cores which represent the upper
section of the meteoric ice (0—3310 m) and the
230 m thickness of accreted ice (3539—3769 m) have
been comprehensively analysed and have received
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Fig. 1. Schematic representation of the vertical structure
of the Antarctic ice sheet in the vicinity of Vostok station:

I — undisturbed section of the Vostok meteoric ice containing
continuous climatic record (0—3310 m); II — disturbed section
of the meteoric ice (3310—3539 m), in which two distinct strata
can be discerned: in the stratum between 3310 and 3460 m a
large-scale folding of ice is presumed, in the stratum between
3460 and 3538 m the submetric scale ice interbedding is
observed; III — accreted ice refrozen from Lake Vostok’s water.
The deuterium profile is composed from available published
data [1, 31, 40] (axis is not shown)

Puc. 1. CxemaTtnyeckoe u300paxxeHue BEpPTUKATbHOTO
CTPOEHUS aHTAPKTUYECKOTO JeAHMKA B paiilOHE CTaHLIUU
Boctoxk.

I — atMocdepHbIii 1€ ¢ HEeHapYILIEHHBIM 3ajleTaHueM CJIOEB,
conepKallii HelpepbIBHYI0 MHGOPMALIMIO O MPOIILIBIX U3Me-
HeHusix kaumata (0—3310 m); IT — atMochepHbIit 1€ ¢ Heco-
rJ1acHbIM 3aeranueM cio€B (3310—3539 M), B KOTOPOM Bbljie-
JISIOTCS Ba IutacTa: B mHTepBaie ryouH 3310—3460 M oGHa-
pPYXXEHBI IPM3HAKU CKJIamJaToi 1ecopMalliu Jibaa ¢ pa3MepoM
CKJIAJIOK B MepBble NeCATKM METPOB; JIsd MHTepBana 3460—
3539 M xapakTepHO MeJakoMacmTabHoe (B Macmrabe 1072—
107! M) nepememmuBanue c10éB abaa; 111 — KOHXeIIMOHHBIA
€, oopaszoBaBLIMiicss U3 BoAbl 03. Boctok. M30TOMNHEI TTpo-
¢unb (8D) mocTpoeH 1Mo onyO0JMKOBaHHBIM AaHHBIM [1, 31,
40] (mukana D He moka3aHa)

extensive coverage in the scientific literature, in-
cluding a number of top, widely cited papers related
to past climate change and exploration of Antarc-

tic subglacial environments. Meanwhile, the oldest
meteoric ice, bedded between 3310 and 3539 m, has
seen much less attention. Earlier works have shown
that complex ice deformation, which has occurred
when the ice was still grounded upstream from
Vostok Station, resulted in the folding and intermix-
ing of ice at a submetric scale in the stratum bedded
below 3450—3460 m and at a larger scale between
3310 and 3450 m (see Fig. 1) [18, 39—41]. Using
an appropriate correction of the ice stratigraphy for
flow disturbance in the 3320—3345 m interval, it has
only been possible to extend the Vostok ice record
further back to 440 kyr BP, which implies full cov-
erage of the Marine Isotope Stage (MIS) 11 [36].
Because of the ice mixing and the diffusive smooth-
ing of the climatic signals, extracting useful paleo-
climatic information from the deeper section of the
Vostok disturbed ice is a challenging problem. The
aims of our paper are: (a) to explain our motivation
to tackle this difficult task, (b) to discuss the old and
new data relevant to this issue, and (c) to present a
new project focused on the oldest Vostok meteoric
ice, referred to from now on as the Vostok Oldest Ice
Challenge or VOICE.

The enigma of the Mid-Pleistocene Transition

During the Pleistocene, roughly the last 2.5 mil-
lion years, the Earth’s surface has known a series of
glacial-interglacial cycles stimulated by changes in
the distribution of the solar radiation reaching the
Earth’s surface, themselves driven by the periodici-
ties of the Earth motion around the sun (about 100
and 400 ka) and of changes in the tilt (41 ka) and di-
rection (23 and 19 ka) of Earth’s rotation axis. These
oscillations are well imprinted in the long deep-sea
sediment records [20] but surprisingly, they indicate
a systematic change in the predominant periodic-
ity from about 40 to about 100 ka around one mil-
lion years ago, although there is no marked change in
the insolation signal driven by the Earth’s orbital pa-
rameters (Fig. 2). This is called the Mid-Pleistocene
Transition and is a major, if not the key Pleistocene
enigma yet to be solved.

Conceptually, it is possible to shift from a ‘rapid’
to a slower oscillation by adding a long trend. This
is what Paillard [27] and Paillard and Parrenin [29]
showed by using a simple conceptual model with
multiple equilibria (threshold model) in the climatic
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Fig. 2. Changes in insolation and benthic 830 over the
past two million years:

a — the LR04 stack of benthic 8'80 records [20] over the last
2 Ma; b — time series of June 21 insolation at 65° N [14] filtered
using a 100-ka Gaussian filter with a bandwidth of 10 ka; b —
the LRO4 stack filtered using a 100-ka Gaussian filter with a
bandwidth of 10 ka.

Calculations are performed with the Analyseries software [28]
Puc. 2. VzmeHeHMe MHComSIMU 1 n3oTorHoro (5!80) co-
cTaBa OEHTOCHBIX (hopaMUHUdEp 3a MocIeaHNE 2 MJTH JIeT:
a — coaHblit psn LR04 nanHbx mo 830 6eHTOCHEIX (opa-
MuHudep [20] 3a mocaeaHue 2 MIIH JIeT; b — psii MHCOJISILMU
21 uioHs, pacCUMTAaHHBINA Mg mapamienu 65° c.un. [14] u
craaxeHHbI ¢puiabTpoM I'aycca 100 ThIC. JIET ¢ TTOJOCOM Mpo-
nyckanus 10 Teic. eT; ¢ — cBogHbIi psa LR04, crinaxkeHHbI
¢unbrpoM I'aycca 100 ThIc. €T ¢ MOJOCO MpoNycKaHUs
10 ThIC. JIET.

Pacy€Thl BBITTOIHSIUCH C TOMOIIBIO ITporpaMmbl Analyseries [28]

system to simulate, within the framework of the as-
tronomical theory, the onset of a prominent 100 ka
cycle at the time of the MPT, by adding a long-term
drift reflecting the cooling since the Miocene.

Most hypotheses for the origin of the MPT in-
voke a response to a long-term cooling possi-
bly induced by decreasing atmospheric CO, con-
centrations (see [6] and references herein). Raymo
et al. [33] argued that pre-MPT predominance of the
obliquity frequency is due to the cancellation effect
of the integrated precession signal associated with
changes in ice sheet volume, which is out of phase

7 Jlén u Cuer, 2015,4 (T.55)

between the northern and southern hemispheres.
They speculated that during MPT, high latitudes be-
came cool enough to enable the growing Antarctic
ice sheet to cover the terrestrial margin no longer vul-
nerable to ice melting. The consequence would have
been that the Antarctic ice volume was controlled
by sea level changes essentially driven by Northern
Hemisphere ice sheet fluctuations, leading to inphase
changes of northern and southern ice sheets. This
would have strengthened the precession signal of the
global 8'80 marine record, and so induced a change
in the observed predominant periodicity. The pro-
posal that at the MPT, marine-based ice sheet mar-
gins replaced terrestrial margins around Antarctica,
has been borne out by drill records from the margins
of Antarctica on the edge of the Ross Sea [25, 26]
and by ice-sheet-ice shelf model simulation of the
dynamics of West Antarctica [32]. Further evidence
for the major role of Antarctic ice volume during the
MPT arises from a deep-ocean sediment core (ODP
1123) taken cast from New Zealand. By separat-
ing the effects of ocean temperature and ice volume
on the benthic oxygen isotopic record, Elderfield
et al. [8] suggest that an abrupt increase in Antarc-
tic ice volume initiated the MPT around 900 ka ago.

MPT and atmospheric CO,

Assuming that the Pliocene cooling played a
major role in the establishment of the MPT, we have
yet to assess the potential contribution of atmospher-
ic CO, to this cooling trend and to the MPT shift be-
tween obliquity and eccentricity as the dominant or-
bital signal in the paleo-record.

Ice core record. The most direct and reliable ar-
chives of long-term atmospheric CO, background
level during the past are enclosed in Antarctic
ice [34, 35]. The Vostok [31] and EPICA DC [21]
ice cores offer the best CO, record covering the last
800 ka. The record is, on the whole, remarkably cor-
related with the climate record imprinted in the same
cores under the signature of the ice isotopic D/H re-
cord [13, 31] and exhibits a dominant ~100 ka peri-
odicity in the spectrum of the Earth motion driven
by its orbital and axial oscillations. Unfortunately no
other long vertical ice core offers, up to date, a con-
tinuous chronological sequence reaching 1 Ma or
more, and this is one of the major challenges in ice
core science for the future [10].
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There is another way to recover very ancient ice
in Antarctica: by sampling a zone of blue ice at or
near the surface. This ice, which has travelled a long
way in depth, now appears at the surface in regions
where no snow accumulates because of the winds
and where ablation may occur due to radiative sub-
limation. Of course, the stratigraphy of this ice may
have been disturbed because of its journey in depth
and close to the bedrock, but it may be very old. Re-
cently, Higgins et al. [11] reported on atmospher-
ic composition, including CO,, 1 million years ago
from blue ice in the Allan Hills in Antarctica. The
estimated 1 Ma ice, dated by the “°Ar method with
an uncertainty of about +200 ka, was found in a
stratigraphically disturbed section at the base of a
126 m ice core. The CO, concentrations measured
on the 1 Ma ice are in the range 221—277 ppm. They
have to be compared with the 280 ppm pre-industri-
al value and the glacial-interglacial oscillations over
the last 800 ka, whose amplitudes are between about
170 and 300 ppm [21].

Marine record. In 2009, motivated by the lack
of an ice core record of atmospheric CO, covering
the MPT period, Honisch et al. [12] proposed using
the boron isotopic composition in planktonic fora-
minifer, which is a proxy for past sea water pH, to
estimate atmospheric partial pressure of CO, across
the MPT. Based on this study, which presents a re-
cord back to 2 Ma, the pre-MPT atmospheric par-
tial pressure of CO, during interglacials were simi-
lar as during the recent post-MPT (the last 500 ka),
whereas atmospheric CO, during the pre-MPT gla-
cial periods was higher than during post-MPT.

More recently [24], the boron-isotope re-
cord has been extended to the late Pliocene (3.3 to
2.3 Ma ago), a period, which is supposed to include
the warmest intervals of the Pliocene between 3.3
and 3 Ma ago. This new record indicates atmo-
spheric CO, concentrations on the whole between
400 and 300 ppm.

In summary. The first attempt to get atmospher-
ic CO, levels around 1 Ma ago from Antarctic blue
ice indicates values between 221 and 277 ppm, i.e.
below the pre-industrial level. This preliminary work
reinforces the hope to get an accurate record from
ice across the MPT in future. On the other hand,
the marine Boron-isotope record has the potential to
extend the record back to the Miocene. Combining
the 2 records should help to assess the role of atmo-
spheric CO, in driving the long trend cooling during

the Pleistocene and the MPT shift in the dominant
orbital signal, which is observed in the paleorecord.

The bottom section of the Vostok meteoric ice

The next question to be discussed in this section
is: could the oldest meteoric ice bedded at Vostok
below 3345 m, which has experienced severe defor-
mation, folding, intermixing and diffusive smooth-
ing, nevertheless still be useful in deciphering some
of the aspects of the MPT enigma? The precondi-
tion for a positive answer is that the disturbed ice
should be much older than the undisturbed section
of the Vostok ice core (420 ka) and older than the
oldest continuous EPICA record obtained so far,
which spans back to 800 ka [9]. In that case, despite
the stratigraphic discontinuity, studies of such ice, in
particular the measurements of the air content and
the concentration of CO, in trapped air, can yield
new important information on the potential role of
the Antarctic ice sheet instability and the atmospher-
ic carbon dioxide in the genesis of MPT. Below we
present and discuss some old and new data on the
ice texture and fabric, the air content of ice and the
geometrical properties of the air-hydrate crystals ob-
tained from the Vostok ice core below 3310 m, which
in our view should stimulate further comprehensive
investigations of the 228 m thick stratum of disturbed
meteoric ice at Vostok.

Ice texture and fabric. In the Vostok core of me-
teoric ice, two different types of microstructure, re-
ferred to as A and B, distinguish interglacial ice from
glacial ice [2, 18]. In the A layers, which have low
impurity content of ice and are associated with inter-
glacial conditions, the ice grains are larger and their
c-axes exhibit vertical-girdle-type orientation. Stress
field leading to such fabric is characterised by uniaxi-
al tension in the direction of the ice flow. As a result,
c-axes rotate away from the tensile axis, which makes
the ice harder to deform.

On the contrary, in the B layers, which have been
formed under conditions of glacial maxima and are
therefore characterised by high impurity content, the
fine-grained ice with vertical clustering of c-axes is
observed. This kind of fabric pattern corresponds to
vertical compression in the upper part of ice sheet, or
to simple shear in its bottom part.

The difference between the two types of layers,
being very small in the upper section of the ice sheet,
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Fig. 3. Physical and geochemical properties of the Vostok meteoric ice bedded between 3310 m and 3539 m below the surface:
a — deuterium content of the ice 0D, %o [31, 40]; b — the atmospheric dust concentration [31, 39] (axis is not shown); ¢ — size of ice
grains, mm [2, this work]; d — air content of ice ¥, cm3g™!; e — mean radius of air-hydrate crystals (r,), mm [3, this work]; f — num-
ber concentration of air-hydrate crystals N, g~! [3, this work].

Layers A8—AL11 consist of coarse-grained ice with vertical-girdle fabric; they were deposited at the interglacial conditions. Layers B§—
B11 have fine-grained texture and preferable vertical (single-maximum) orientation of c-axes; they were deposited at the glacial condi-
tions. Below 3450 m, the thickness of these layers reduces to a centimeter scale. Three thin volcanic ash layers inclined in opposite di-
rections were observed at a depth of 3311 m. They are believed to mark the upper boundary of the disturbed ice at Vostok [31]

Puc. 3. ®usnueckne U reOXMMUIECKUE XapaKTePUCTUKU aTMOCHEPHOro JIba, 3aJIeTaloIIero B paiioHe CTaHIIUHN
Bocrok B nnTepsaie rryous 3310—3539 m:

a — coaepxaHnue neirepust Bo Jbay 0D, %o [31, 40]; b — koHueHTpauus armocdepHoi neiiu [31, 39] (lkana He Nokas3aHa); ¢ —
pa3Mmep 3épeH JIbaa, MM [2, Ta pabotal; d — oblee razocoaepxkaHue JeasgHoii noponsl V, cM3r~!; e — cpenHuii paguyc Kpucrai-
JIOB TMIIPATOB BO3Myxa {r;,), MM [3, 3Ta pabora]; f — C4éTHas KOHLIEHTpaLs KPMCTALIOB TMapaToB Bosayxa N, g~! [3, ata padora).
Cnou A8—ALl1 cioxeHbl KpyMHOKPUCTATUTMIECKUM JIBIOM C TOSICHOIM OPUEHTUPOBKOI c-0cell KPUCTAIUIOB; 3TH CJIOU chopmu-
POBAIKCH B YCIOBUSIX MEXJIEAHUKOBBIX MepronoB. Ciou B8—B11 cioxeHbl METKOKPUCTAITUIECKUM JIBIOM C OMTHOMAKCUMYM-
HOU OPUEHTUPOBKOIA c-0Celi; 3TH ciou (HOPMUPOBAINCH B YCIOBUSIX JIETHUKOBBIX MaKcUMyMOB. [my6oxe 3450 M MOLITHOCTD CITOEB
C Pa3IMYHBIM CTPOEHUEM JIbIA YMEHBIIAETCS JO HECKOJIbKMX CAHTUMETPOB. TPpU TOHKUX TIPOCIIOS ByTKAHMYECKOU MBUTH C HECO-
[JIaCHBIM 3aJieraHreM OOHapyXeHbl Ha r1youne 3311 M. CuuTaercsi, 4To TIIyOXe 3TOTO TOPU30HTA cTpaTurpaduyecKas mociaeno-
BaTEJILHOCTD 3aJIeTaHUS JIEASTHBIX CJIOEB HapyIeHa [31]

increases with depth, as shear stress become progres- way as has been documented for the undisturbed sec-
sively more important, and, finally, clearly manifests tion of meteoric ice above 3310 m. However, it has
itself in the disturbed section of meteoric ice below been proposed [41] and later on confirmed experi-
3310 m (see Fig. 1 and Fig. 3). Two distinct strata can mentally (for depth interval of 3320—3345 m) [36]
be easily discerned here. Between 3310 and 3460 m, that a large-scale folding, at a scale of a few tens of
the relatively long-wave variations in the ice textural meters, could have altered the original stratigraph-
and fabric properties (see layers A8—All and B8— ic sequence in this part of the Vostok core. The ob-
B11 in Fig. 3) occur in concordance with climatic served dumping of variations in the isotopic compo-
changes reflected in the isotopic (see Fig. 3, @) and sition and the impurity content (see Fig, 3, a, b) is
dust (see Fig. 3, b) contents of the ice, in a similar considered to be a result of ice mixing, which should
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accompany the large-scale ice folding [40, 41]. The
latter inference is supported by three thin ash layers
slipping in opposite directions, which have been dis-
covered at an interval of a few centimeters, at depths
of 3310.6 and 3310.8 m [31].

Below 3460 m, a scale of the A- and B layers in-
terbedding is reduced to the 1072—10"! m. At the
same time, the amplitude of the grain size vari-
ations increases by an order of magnitude, mostly
due to the abnormal grain growth at annealing tem-
peratures, uninhibited by insoluble impurities in the
A layers. The ice fabric pattern remains the same
here as in the upper section of the disturbed ice, that
is the girdle-type c-axis orientation is observed in the
A layers with low concentration of atmospheric dust,
and the single-maximum fabric in the B layers with
high dust concentration (see Fig. 5 in [39]). How-
ever, the diffusive smoothing superimposed on the
ice mixing at submetric scale would normally have
drastically altered the isotopic signal. Consequent-
ly, high-resolution isotope measurements, which
have been performed continuously along the select-
ed depth intervals, do not reveal coherent variations
with the dust and textural properties of A and B lay-
ers (A. Ekaykin, unpublished data). Importantly, the
air-hydrate crystals exhibit uninterrupted gradual
growth with depth (age) of ice in the bottom section
of the Vostok core (see below). This has been regard-
ed as a proof that only centimeter scale intermixing
of ice, if any, could have taken place here [18].

At the very bottom of meteoric ice, between 3522
and 3539 m, the amplitude of the grain size varia-
tions significantly decreases (see Fig. 3, c¢), appar-
ently due to the sudden disappearance of the B type
layers. This could result from the uniformly low con-
centration of dust below 3522 m, although more dust
measurements are needed to prove this assertion (see
available data in Fig. 3, b).

Folding and the ice flow disturbance in the bot-
tom ~250 m of glacier ice are well known phenom-
ena. It has been shown that the difference in the
mechanical properties of layers with distinct micro-
structure, as those described above as layers A and
B, may cause micro-folding at a scale of a few cen-
timeters [7]. Assuming a longitudinal compression
of ice would lead to a concept of tectonic thicken-
ing and progressive build-up of the deformed basal
ice upwards with more advanced deformation close
to the bed [41]. Such stress conditions indeed may
occur in the vicinity of Vostok Station, at the south-

ern end of Lake Vostok. Here the ice sheet is sub-
stantially grounded, so that the lake edge, which is
located less than 5 km downstream from the bore-
hole, can hinder the basal ice movement and favour
ice blocking [18]. The existence of a «young» (pres-
ent-day) shear zone beneath Vostok appears to be the
most plausible explanation for the highly deformed
ice observed in the deepest section of the disturbed
ice (3460—3539 m). Indeed, if such a zone was gen-
erated upstream from Lake Vostok, all textural and
fabric distinction between layers A and B would have
been eliminated by the ice recrystallisation under
annealing temperatures (4.5—6° below the pressure
melting point) during the long (~40 kyr [38]) journey
of this ice over subglacial Lake Vostok, from the up-
stream grounding line to the drilling site.

On the contrary, the large scale folding, which
is presumed to be characteristic of the upper, cool-
er section of the disturbed ice, between 3310 and
3460 m (though up to now it has only been con-
firmed on one occasion, in the depth interval of
3320—3345 m), is thought to have occurred when
the ice was grounded upstream from Vostok, due to
the interaction of the basal ice with the bedrock un-
dulations. Earlier studies have shown that the freez-
ing of lake water on the sole of the ice sheet in the
area of Vostok Station occurred as soon as the ice
crossed the grounding line [38, 41]. This implies that
the basal ice did not experience loss by melting after
contact with the lake water, and that very old, though
badly deformed, Antarctic ice may exist here.

Air content of ice. We have measured the air con-
tent of ice (V) along the disturbed section of the
Vostok ice core using a barometric method imple-
mented with an experimental setup called STAN [17].
The absolute precision of the STAN measurements is
estimated to be within +0.6% for typical for polar ice
level of air content of an order of 0.1 cm3g™! (here-
after the gas volume is given at standard conditions:
T=273.15 K and P = 0.1013 MPa). The new data
presented in Fig. 3, d extends the previously obtained
Vostok V records [19, 22] to the boundary between
the meteoric ice and accreted ice at 3539 m below the
surface. The whole combined V record (not shown)
demonstrates a weak tendency of air content to de-
crease with increasing depth. The mean values of V'
were found to be 0.0892+0.0037 cm3g™! (£100) be-
tween 114 and 3310 m (i.e. during the last ~420 ka),
0.0884+0.0021 cm3g~! in the depth interval of 3310—
3500 m, and 0.0881£0.0022 cm3g~! below 3500 m.

-100 -



V.Ya. Lipenkov, D. Raynaud

Fig. 4. Ensemble of mixed air clathrate-hydrate crystalline inclusions in the old Vostok meteoric ice from a depth of

3535m

Puc. 4. AHcamG1b KpUCTAJUTMYECKUX BKITIOUEHMI CMEIIAHHBIX KJIAaTPaTHBIX TUAPATOB BO3AyXa B KepHE aTMOC(hepHO-

ro Jpaa ctaHuuu Boctok ¢ rnyouHsl 3535 M

The air content of polar ice averaged over the
time spans covering several climatic cycles should be
proportional to the mean atmospheric pressure at the
site of the ice formation (see e.g. [23]). For instance,
the observed decrease of the V'in the deeper sections
of the Vostok ice core reflects advection of ice from
the sites with higher elevation, located upstream from
Vostok. Aside from this trend, the new measurements
show that the mean air content of the oldest meteoric
ice is almost the same as that measured in the upper
section of the Vostok core (114—3310 m) [19, 22],
and in other words, typical for polar ice formed at
the conditions (atmospheric pressure, temperature)
prevailing at Vostok Station [23]. This implies that
during a long time period covering the formation of
the presently 3539 m thick stratum of meteoric ice at
Vostok, the ice-sheet surface elevation in this part of
Antarctica has been essentially stable and similar to
that during the last 420 ka.

Growth of air-hydrate crystals and the maximum
age of meteoric ice at Vostok. Dating the disturbed ice
is the key challenge. Provided the basal ice flow has
not been disturbed, extrapolation of the existing gla-
ciological timescales below the end of the continuous
climatic record at Vostok can give a conditional esti-
mate of the age-depth relationship for meteoric ice
bedded below a depth of 3310 m. With different as-
sumptions about temperature and accumulation rate

prior to 420 ka BP, the boundary conditions along
the Vostok flow line, and available independent con-
straints on the ice flow modeling and ice dating, the
glaciological models estimate the age of ice at a depth
of 3500 m to be between 716 and 930 ka [30, 38].

Another approach to dating very old glacier ice
employs the post-formation growth («Ostwald ripen-
ing») of mixed air clathrate-hydrate crystals (Fig. 4),
which occurs in the polar ice sheet due to diffusion
of air molecules through the ice matrix. The differ-
ence in size between crystals induces the gas-con-
centration gradients in the ice matrix and creates a
driving force for oxygen and nitrogen diffusion from
smaller crystals towards the larger ones. Based on
the theory of precipitation from supersaturated so-
lutions [15], A. Salamatin with co-authors [37] have
developed a mathematical description of this process.
Their model describes the time evolution of the hy-
drate-size distribution below the bubble-to-hydrate
transition zone.

The size and number concentration, N, of air
hydrates have been measured in thin section of ice
under a binocular microscope, using experimental
and calculation procedures elaborated for the Vostok
ice core [16]. In accordance with the model predic-
tion, the data show a sharp increase in the mean ra-
dius of hydrates, (r,), and corresponding decrease in
N within the lowest 40 meters of the meteoric ice,
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in close proximity to its boundary with ice accreted
from Lake Vostok’s water (see Fig. 3, e, f). It is worth
noting that the volume concentration of hydrates (as
well as the mean air content of ice) in the disturbed
ice between 3310 and 3539 m remain at the same lev-
els as in the upper section of the Vostok core covering
the last four climatic cycles.

Numerous computational experiments per-
formed with the model of hydrate ripening [37] and
an improved thermo-mechanical model simulating
the ice flow and the heat transfer along the fixed flow
tube passing through Vostok Station [38], has shown
that the climatically induced fluctuations in the air-
hydrate geometrical properties [16] become essen-
tially extinguished below 3400 m and that the mean
radius of the inclusions increases linearly with the
age of the ice between 3100 and 3500 m [3]. This in-
ference has been used to extend the extrapolated gla-
ciological timescale [38] from 3500 m down to the
interface between meteoric and accreted ices using
experimental data on the size of air hydrates. Using
this procedure, the maximum age of the meteoric ice
beneath Vostok was calculated to be 1.85+0.2 Ma [3].

Summary and outlook

The ice flow disturbances, which alter the strati-
graphic continuity and mask the paleoclimatic record
in the Vostok ice core below 3310 m, occur on a rel-
atively small scale and do not disguise the expected
growth of air-hydrate crystals with depth (age of ice) at
the annealing conditions prevailing in the bottom part
of the ice sheet. This has allowed the first assessment of
the maximum age of the disturbed ice to be carried out
on the basis of the hydrate growth experimental data
and theory. The preliminary results seem to be encour-
aging, since they indicate that potentially, Antarctic ice
older than 1.5 Ma is present in the existing Vostok ice
core. The air content measured in the deepest section
of the core suggests that the surface elevation in the
central part of the East Antarctic ice sheet has been sta-
ble over the time span corresponding to the period of
meteoric ice accumulation (>1.5 Ma?), thus support-
ing the current model results [32].

The results obtained at this stage of the studies
impel us to propose further comprehensive investi-
gations in order to meet the Vostok Oldest Ice Chal-
lenge more closely. We therefore suggest the follow-
ing next steps within the VOICE project.

1. Ice dating and chronology reconstruction. This
theme includes further refinement of the ice dat-
ing method based on the air-hydrate crystal growth
data and theory. The uncertainties of this approach
should be more carefully assessed. A number of new
absolute methods for old ice dating are currently
under development. Taking into account the limited
amount of ice available for analysis, it is most fea-
sible that only “°Ar/38Ar [5] and 26A1/1°Be [4] dat-
ing techniques can be applied to obtain independent
age estimates for the oldest meteoric ice at Vostok.
Reconciliation of the results would help to clarify the
uncertainties of the different dating methods used,
and would be crucial for the overall progress of the
VOICE project. One can also envisage that the age
of the Vostok disturbed ice younger than 800 ka may
be reconstructed through the matching of globally-
homogeneous atmospheric parameters (830, CO,,
CH,) measured in the Vostok core to those in the
dated EPICA ice core records. New, additional gas
measurements on the Vostok ice core are necessary
to allow such matching.

2. CO, measurements. If the very old age of
Vostok meteoric ice, as inferred from the air-hydrate
growth below 3500 m, is confirmed, the measure-
ments of concentration of carbon dioxide in the air
extracted from this ice will allow us to extend the
Antarctic ice record of CO, beyond 1 Ma BP.

3. High-resolution stable isotope measurements.
The existing isotopic record for the deepest section
of the Vostok meteoric ice (see Fig. 3, a) was mea-
sured continuously on 1-m long samples. It is advis-
able to perform new measurements with a resolution
of 0.1 m or better in order to obtain data which could
be useful for studying relative contributions of the
small-scale ice mixing and diffusive smoothing of the
isotopic signal to the observed dumping of the iso-
tope record below 3350 m. Depending on the prog-
ress of this study, the Vostok isotopic record can be
deconvolved and matched to the appropriately scaled
EPICA record in the age interval between 800 and
400 ka BP. This would help to reconstruct the ice
chronology in the upper section of the disturbed ice,
between 3345 and 3460 m.

4. High-resolution studies of ice microstructure
(texture, fabric and imperfection of ice crystals).
Such studies, if performed on a continuous basis in
the depths interval of 3460—3539 m, may yield valu-
able information related to the formation of the shear
zone and of the submetric-scale ice mixing at the
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base of meteoric ice at Vostok. High-resolution mea-
surements of dust concentration in selected depth
intervals would be of use for interpreting the micro-
structural data. Aside from this, the microstructural
properties may help to distinguish between intergla-
cial ice and glacial ice layers in the conditions when
even a high-resolution isotopic profile becomes non-
informative in this respect. This may be in demand
when interpreting the data from gas analyses, which
are planned for this section of the core.

The additional measurements proposed above
will require a considerable amount of ice, especial-
ly in the case of the *°Ar/33A and 2°Al/!Be analyses.
The replicate ice core from borehole 5G-3 recently
obtained at Vostok Station, which duplicates the old
5G-1 core between 3458 and 3538 m, will allow im-
plementation of the planned measurement, and re-
validation of obtained results, if needed, as well.

5. Reconnaissance studies along the Vostok flow
line, and in the vicinity of Ridge B. Although the
continuous paleoclimatic record is hardly available
from the Vostok ice below 3310 m, there is potential
for recovering a longer, continuous paleoclimatic re-
cord at a site located upstream of Vostok, in the vicin-
ity of Ridge B. Detailed geophysical and glaciologi-
cal surveys in this region, accompanied by modeling
efforts, as recommended by the IPICS communi-
ty [10], should be part of the VOICE project.

In our view, implementing the VOICE project in
accordance with the proposed plan will significantly
boost our understanding as to how and to what extent
the oldest Antarctic ice may help in deciphering the
enigma of the Mid-Pleistocene climatic transition.
The methodological developments and the expertise
associated with progress in VOICE could be useful
for future studies of the new oldest ice core, which is
anticipated from the new deep drilling project in East
Antarctica recently proposed by the international ice
core community, represented by the International
Partnership for Ice Core Science — IPICS (http://
www.pages-igbp.org/ini/end-aff/ipics/intro).
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KimmaTtuyeckas nepecTpoiika B cepeauHe
IUIEeHCTOIIEHA ¥ TPO0JIEMa MCCIIeI0BAHMS
JipeBHeinIero Jbaa co ctanuu BocTok

PesynbraThl ncciiemoBaHMiT KOJIOHOK MOPCKUX
JTOHHBIX ocagkoB [20] MoKa3eIBaioOT, YTO B CEpEaNHE
IUieiicTolieHa, okoyio 1 MJIH JeT Hazan (JI.H.), Mpo-
M301IUI0 U3MEHEeHNE MEPUOTNIHOCTH III00ATbHBIX
M3MEHEHMI KJIMMaTa: KIIMMaTu4ecKue KojaebaHusl,
CBSI3aHHBIC C YepeIOBaHUEM JICTHUKOBBIX U MEXK-

JIETHUKOBBIX 3I10X, KOTOPHIE 0 3TOI0 IIPOMCXOIMIIN
¢ TIeproIoM 0koJj0 40 TBIC. JIeT, CMEHWINCH Ooiee
3HAYUTEJTbHBIMU 10 aMIUIUTYIE KOJIeOaHUSIMH C TIe-
puonom okojio 100 Teic. aeT. IIpudyrHbI, BbI3BaBLIUE
MIEPECTPOMKY KIMMATUIECKOI CUCTEMBI TLTAaHETHI
(Mid Pleistocene Transition — MPT), noka He u3-
BECTHBI M TIPMKOBEIBAIOT K ce0e MPUCTaJIbHOE BHU-
MaHME KJIMMATOJIOTOB.

BoMbIIMHCTBO TUITOTE3 CBSI3BIBAIOT IIPOU30-
LIeIIINe TOTJa U3MEHEHUSI ¢ PacTSIHYBIIUMCSI Ha
MHOTHE COTHM TBICSY JIET ITOXOJIOMaHUEM KuMaTa
IUTIAHEThI, KOTOPOE, KaK CUYMTAIOT MHOTHE UCCIIe-
IOBaTEeIM, BEI3BAHO ITOCTEIIEHHBIM ITOHIKCHUEM
KoHueHTpauuu CO, B atMmocdepe 3emin [6]. DTo
MPOIOJLKUTEbHOE TTOX0JIOJaHUE MOIJIO HE TOJILKO
BbI3BaTh pa3pacTaHue (B 60jee XOJI0AHbIe ITTOXH)
JIEAHUKOBBIX IIUTOB CeBepHOl AMEpUKU, HO U
MPUBECTU K YBEJIMYEHUIO pa3dMepoB BocTouHo-AH-
TapKTUYECKOTO JIeTHUKOBOTro nmokpona. ITocienHee
COTIPOBOKAATOCH MPOABMKEHUEM Kpas JIeJHUKA B
CTOPOHY MODS U, ClieNoBaTebHO, UBMEHEHUEM Me-
XaHMU3Ma eTo peaklMM Ha KojJebaHMUs KJIMMaTuye-
CKUX yCJIOBUM 1 ypoBHS MupoBoro okeaHa [33].
BoisicHenne nctuHHbIX npuduH MPT craHet cyuie-
CTBEHHBIM MPOIrPeCcCOM B MMOHUMAHUU POJIU YIJie-
POAHOIO LIMKJIA B TJ100adbHBIX KIUMATUYECKUX
W3MEHEHHSX, YTO B CBOIO OYEePEab ITOBBICUT HAIEX-
HOCTb JOJTOCPOYHBIX U CBEPXIOJTOCPOUYHBIX KJIU-
MaTUYECKUX MTPOTHO30B.

Hns oTBeTa Ha BONPOCHI, CBSI3aHHbIE C MPO-
ucxoxaeHuem MPT, B nepByio ouepeab HEOOXO-
JIUMO UMETh KOJIUYECTBEHHbIE JaHHbIe 00 u3Me-
HEHUM KJIMMaTa ¥ ra3oBOro cocTtaBa aTMOC@ephl
3a nocjenHue 1,5—2 miuH jet. CuuTaercs, 4YTo UX
MOXHO MOJYYUTh MO KepPHAM JAPEBHETO Jibaa, 3a-
JIerarouiero B OCHoBaHUM BoCTOYHO-AHTapKTU-
YeCcKoro JiemHUuKoBoro mokpona [10]. UMeHHO Ha
9TO OyJET HalleJIeH HOBBIM MeXIYHapOAHBIN TIpo-
eKT IyooKoro 0ypeHus B AHTapKTUae, Npeaao-
KEHHBI HAay4YHOU opraHM3auueil MexayHapo.-
HO€ MapTHEPCTBO B U3YYCHUU JEASIHBIX KEPHOB
(International Partnerships in Ice Core Sciences —
IPICS, cwm. http://www.pages-igbp.org/ini/end-aff/
ipics/intro). Bmecre ¢ TeM 1osie3Hast tHGOpMaIus,
Kacatomascs npuyuH MPT, MoxeT comepxaTb-
Cd B YK€ MMEIoLIeMCsl KepHe, TTOIHITOM U3 0ypo-
BOI CKBaxKMHBI Ha cTaHIIUM BocTok. Bcio KoJIoH-
Ky 3TOTO KE€pHa MOXHO pa3faejuTh Ha TpU YacTHU.
Bepxnue 3310 M KepHa C10XeHbl aTMOC(HEpPHBIM
JILAOM C MepBOHAYAJILHOM MOCIEa0BaTEIbHOCTBIO
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3ajieTaHus JEASHBIX CJI0EB. AHAIN3 JaHHOM 4acTy
KEpHa BIIEPBbIC IMO3BOJIMI PEKOHCTPYUPOBAThH U3-
MEHEeHMsI KJIMMaTa U ra30BOro cocTaBa aTMoche-
p®I 3a mocaenaue 420 teic. met [31]. MATEpBaN
kepHa Mexnay 3310 u 3539 M cimoxeH aTMocdep-
HBIM JIBIOM, CTpaTUrpadust KOTOPOTO, KaK MoJjiara-
10T, HapyllleHa B pe3yjbTaTe 06pa30BaHUs CKIAg0K
Pa3IMYHBIX MACIITa00OB U MepeMEIIMBaHUS JIbIA B
MPUAOHHBIX closX JenHuka [18, 36, 39—41]. Hux-
Hue 230 M kepHa (3539—3769 M) CI10KEHBI KOH-
KEJSIMOHHBIM JIbAOM, 00pa30BaBIIMMCS U3 BOIEI
MOJJIE THUKOBOTO 03. BocToK.

B pabote aHanu3upyloTCcs Ony0JuKOBaHHbIE U
BHOBb ITOJTyYeHHBIE HAMU Pe3yJIbTaThl UCCIEI0BA-
HU aTMOC(EPHOTO JIbIa ¢ HECOTJIACHBIM 3ajiera-
HUEM CJIOEB 13 uHTepBaia rayouH 3310—3539 m.
[IpenBapuTenbHbIe OLIEHKHM BO3pacTa HPUIOHHBIX
CJI0€B JIbJA, CAEIaHHbIE C UCITOJIb30BaHUEM METOIA
JATHUPOBAHUsSI, OCHOBAHHOI'O HA POCTE BKIIIOUECHUIA
KJIATPAaTHHIX TUAPATOB BO3AYyXa BO JbAY, IMOKA3bI-
BalOT, YTO BO3PAcT aTMOC(EPHOTO JIbaa BOJIU3U €ro
KOHTaKTa ¢ 03EPHBIM JIbIOM MOXET MPEBHIIIATh
1,5 maH et [3]. B pe3ynbTare BEIMOTHEHHBIX HAMUT
U3MEePEeHUI ra30CcoaepKaHusI 3TOTO JIbJa YCTAHOB-
JICHO, YTO BBICOTA ITIOBEPXHOCTHU JIEAHUKOBOTO IT0-
KpOBa B LICHTPaJIbHOI YacT BocTOUHO-AHTapKTH-
YEeCKOro JIEAHMKOBOTO ITOKPOBa Obljla CTAOMIILHOIM
1 OGJIM3KOM K COBPEMEHHOM BeCh Iepuona (popMu-
poBaHus u3ydyeHHou 3539-meTpoBoil TONIIM aT-
MocdepHoro apaa (>1,5 muH net?). Ilocaennee
MOATBEPKAACT PE3yIbTaThl MOAECIMPOBAHUS KOJIE-

GaHUIl pa3MepoB JIETHUKOBOIO IMOKPOBa AHTapK-
TUAHI 3a TIOCaeaHne 5 MTH JieT [32].

AHanNu3 NpeaBapUTEIbHbIX PE3yIbTATOB, IO~
JIyYEHHBIX TIPU M3YYEHUU KepHa co cTaHnuu Boc-
ToK B uHTepBajne 3310—3539 M, He BBI3BIBAET CO-
MHEHHSI B TOM, YTO KOMILJIEKCHOE MCCJIeJOBaHUE
KEepHa MOXET JaTh OYeHb BaXHYIO0 MH(POPMALIUIO
Kak o reHesuce MPT, Tak 1 0 Tex METOAUYECKUX
TPYIHOCTSX, KOTOPBIE OXMAAIOT UCCIeA0BaTeIei
HOBOT'O KepHa, KOTOPEIA OyIeT IMOJydeH P pe-
anu3aluy OyAylIero MexXXIyHapoIHOro IPOeKTa.
B cBsI3u ¢ 3TUM MBI IpeaiaraeM U 000CHOBBLIBA-
eM IporpaMMy HOBOTO IIPOEKTa MCCIeTOBaHUMI
JpPEeBHEMIIIEr0 aHTAPKTUYECKOIO JIbJa CO CTAaHIIUU
Boctok mon o6mmum HaszBanueM Vostok Oldest Ice
Challenge (VOICE). K mepBoodepenHBEIM 3a1a-
YaM 3TOTO MPOEKTa OTHOCATCS: 1) yrouHeHUe aa-
TUPOBKHU APEBHEUIIETO JIbAA C ITOMOIIBIO HOBBIX
METOJOB M30TOIMHOrO JAaTUPOBAaHUS, OCHOBAaH-
HBIX Ha MCITOJIb30BaHUM U30TonoB “°Ar/38Ar [5] n
26A1/'9Be [4]; 2) usmepenue konuenrpauuu CO, ¢
LIEJIbIO MOJIYYeHUS MEePBBIX JaHHBIX O KOHIIEHTpPA-
LIMK 3TOTO MMapHUKOBOTO ra3a B aTMocdepe 3eMiau
1—2 miH 1.H.; 3) U3MepeHune U30TOITHOTO COCTaBa
JIbJIa C BEICOKUM pa3pellieHreM, a TaKKe MI00ajb-
HO-OIHOPOIHBIX MapaMeTpoB atMocdepsl (8130,
CH,) ans peKOHCTPYKIIMU cTpaturpaduu «Boc-
TOYHOT0» KepHa Bo3pacToM 10 0,8 MJIH JIeT yTéM
CONOCTAaBJIeHUS MOJTYYEHHBIX IO HEMY JaHHEIX C
JAHHBIMU XOPOIIIO JATUPOBAHHOTO KepHA CO CTaH-
uuu Konkopaus (mpoekt EPICA) [9, 13].
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