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Over the last 25 years, the ice core record has provided a unique and precious archive of past changes in three
important greenhouse gases: carbon dioxide CO,, methane CH, and nitrous oxide N,O. Recovering the Vostok
ice core has played a major role, being the first ice record showing the variations of CO, and CH, during a full
glacial-interglacial cycle, and a few years later being extended to three more cycles. This information, by revealing
the tight coupling between climate and carbon cycle during the last glacial-interglacial cycles, has become a
benchmark against which climate and carbon cycle models can be tested. The purpose of the present work is
to discuss the degree of integrity of the ice core record of greenhouse gases and to assess to which degree it
provides an accurate reconstruction of the past atmospheric changes. The various processes potentially affecting
the integrity of the record are discussed. They include the interactions of trace gases with precipitation or firn
grains, the effect of summer-melting at the surface of the ice sheet, the diffusion and the gravitational setting of
gases in the open spaces of the firn, the physical, chemical and biological interactions between the air trapped
and the ice matrix, the role of the transformation of air bubbles into air hydrates with depth in the ice column.
Providing to select an appropriate sampling site, to take specific precautions during storage and transportation of
the ice cores, and to select ice of good quality, the ice core record of initial atmospheric gases is hardly affected by
the processes listed above. Such conclusion is strongly supported by the remarkable agreement of global signals
like CO, or CH, measured in different cores taken at different locations. Finally, | bring back here the history of how
the ice core record of atmospheric CO, has been obtained, from the pioneering times to today, and summarize

the main conclusions reached in terms of climate — carbon cycle interactions.

1. Introduction

Concerning the present and future evolution of the
climate, the lesson of past changes, from the multi-decadal
to the orbital time scales, can be essential. Indeed, we need
to disentangle in the current changes of the climate, the
part due to «natural» forcing from the one due to anthro-
pogenic activities. Also, by recording accurately the past
we get precious information related to the mechanisms of
our climate machine. This information is needed for im-
proving the hierarchy of climatic models used at the inter-
national level to simulate the future climate. It is not by
chance that the huge assessment effort made by the Inter-
national Panel for Climatic Change (IPCC) henceforth
devotes a full chapter to paleoclimatology [19].

Paleo-archives are found in various environments:
marine sediments, corals, lake sediments, soils, trees, fos-
sils of fauna and vegetation, carbonate concretions and
ice cores. All have kept climatic imprints of the past. In

this rich context of indicators, providing past climatic in-
formation from the different oceanic basins and conti-
nents both in the Northern and in Southern hemispheres
we may question the interest to look at ice cores situated
in the very remote Polar Regions. In fact, the possibility
to observe the evolution of climatic or atmospheric prop-
erties, like temperature or dust, with good resolution,
even year by year over the last 10000 years in some Green-
land sites, is unequalled and climatic changes are expect-
ed to be amplified at high latitudes. Also, the archives
preserved in Antarctic or Greenland ice provide a wealth
of other information (Fig. 1) due to the ability of the ice
to trap the past atmosphere and to its very high-purity
level allowing to keep traces of tiny fallouts from conti-
nental, oceanic, volcanic, extra-terrestrial, or anthropo-
genic origin. Unique, is the capacity of the ice to continu-
ously sample over time a parcel of atmospheric air. This
occurs during the transformation of the snow accumulat-
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Fig. 1. The wealth of information provided by ice cores about the evolution of the Earth’s atmosphere and climate. The snow falling
down at the surface of the ice sheet washes out the atmosphere and samples dust and aerosols. The isotopic composition (D/H or #0/!°0)
of the snow H,0 molecules reflects the temperature of the snow formation and then provides precious indications about the past evolution
of the climate at the surface of the ice sheets. The analyses of the air entrapped as bubbles in ice have led over the last 40 years to a set of
discoveries. Part of the information is of regional or hemispheric scale, some like CO,, or CH, are even of global significance.

The figure shows a picture of a thin layer of ice under polarized light. The ice crystals appear with different colours, depending on
their orientations and the black spots are air bubbles. The bubbles at trapping time occupy roughly 10% of the total volume

Puc. 1. BoratcTBo nHMpopmaLuy 06 3BOMTIOLUM 3eMHOIT aTMochephl M KJIMMara, rmojydyaeMoe 13 JieassHbIX KepHoB. CHer, BbITafaio-
LM Ha TIOBEPXHOCTh JICTHUKOBOTO IIIUTA, BHIMBIBAET M3 aTMOC(ephl M BKIIIOYAET B ceOsI IbLUIb U a3po30iiu. M3oTormHoe comepka-
nue (D/H wmm 180/'°0) MoneKy1 Bonbl B CHere OTpaxkaeT TeMITepaTypy BO3ayXa B MOMEHT (DOPMHUPOBAHMS CHEXHBIX KPUCTAJIIOB 1
TaKMM 00pa3oM Ja€T AparolieHHy0 MHGOPMAIIMIO O TIPOIILION 3BOMIOLMK KJIMMaTa Ha MIOBEPXHOCTH JISTHUKOBBIX ITOKPOBOB. AHa-
JIU3 BKJTIOYEHHOTO B My3bIPbKHM BO3IyXa MPUHOCUT BCE HOBbIE OTKPBITHS Ha MpOTsKeHUu yxke 40 net. Yactb nHbopMalmum oTpaxaer
MaciuTad perMoHOB UJIM OTAEIBHOTO Mojyluapus, Ho ceefeHust o CO, wm CH, uMeroT robanbHoe 3HaYeHue.

PucyHOK moka3pIiBaeT TOHKMIA LT JIbIa B MOJISIPU30BaHHOM cBeTe. KprcTauibl Jibaa UMEIOT pa3IMyHble paayKHbIe 1[BETa B 3a-
BHCHMOCTHU OT OPUEHTAIIMN MX ONTUYECKUX OCei, a YEPHBIC TOUKH MPEACTABISIOT CO00I My3bIPhKU BO3MyXa. 3aXBaueHHbIE ITy-
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3BIPHKU 3aHUMAIOT 0KoJIo 10% 006111ero o6béMa Jibaa

ed at the surface of the ice sheet into airtight bubbly ice,
usually in the first 100 meters or so below the surface.
Thus, the ice records of trapped air are unique and pre-
cious archives of our atmosphere. Nevertheless, because
of the important implications of the paleo-record of
greenhouse gases in terms of climate sensitivity to their
changes and of understanding their cycles in the absence
of anthropogenic perturbation or under different climatic
conditions, it is essential to understand how close is the
composition of the air extracted from the ice in the labo-
ratory to the atmospheric composition prevailing at the
time the air is trapped in ice.

In 1993, Raynaud et al. [30] discussed the reliability
of the ice record of greenhouse gases. Since then, more
ice core data have been obtained and more process stud-
ies have been carried out. The aim of this paper is to pro-
vide an updated and wider assessment of the various pro-
cesses, which can alter the initial atmospheric composi-
tion, and to address the uncertainties limiting the climatic
interpretation of the ice core record of greenhouse gases.
I also will summarize some of the main lessons we got in
terms of climate and carbon cycle from looking at the past
record of CO,.

2. Processes involved in the trapping of air
by ice and sources of uncertainties in reconstructing
the original atmospheric signal

As illustrated in Fig. 2, various physical, chemical and
biological processes can take place during air trapping in the
snow and firn layers and later, in situ in ice. How far can
they deviate the gas composition of the air enclosed in ice
from its initial atmospheric composition? How accurately
can we reconstruct the changes in atmospheric CO, and
other greenhouse trace gases from their ice core records?

2.1. Snow and its transformation into ice. Freshly fallen
snow at the surface of the ice sheet can incorporate a small
amount of air enriched in CO, content [38]. If the air has
been enclosed in the snowflakes as micro-bubbles, most of
them should be lost during recristallization in the upper
layers near the surface [32]. Also, ice formed at or near the
surface of the ice sheet by refreezing of summer melting
layers may enclose air whose initial atmospheric composi-
tion has been changed due to the different solubility coef-
ficients of its various gaseous components (especially for
the most soluble components like CO, and N,O, which
become enriched) or due to fractionation processes occur-
ring during refreezing. After deposition, the snow grains

_6-



D. Raynaud

are progressively overlaid by new precipitations and the
polar ice results from the densification of the snow depos-
ited at the surface. The transformation of snow into ice
(this stage is called firn, Fig. 3), which generally occurs in
the first 50 to 120 meters, takes from decades to millennia,
depending on temperature and accumulation rate. During
the first stage of densification, rearrangement of the snow
grains occurs until the closest dense packing stage is
reached at relative densities of about 0.55—0.6, which cor-
responds to the snow-firn transition; the pores between
the grains are still communicating with the atmosphere
and convection can takes place under the influence of the
wind. Then plastic deformation becomes the dominant
process and the pores progressively become isolated from
the atmosphere. The end product of this huge — probably
the worldwide largest — natural sintering experiment is ice,
an airtight material, which encloses air bubbles.

As illustrated in Fig. 3, the air is well mixed by con-
vection in the upper layers, close to the surface. Below,
the air column, still communicating with the surface
layers, is in pure diffusive equilibrium and submitted to
gravitational settling, the heavier gas molecules being
preferentially enriched toward the base of the firn [13, 32].
As a consequence the air, at the time to be trapped as
bubbles at the base of the firn column, has a composition
that departs slightly from the atmosphere prevailing at the
surface, but the gravitational effect is generally small (of
the order of 1% of the initial atmospheric concentration)
compared to the variations observed in the ice record, and
can be corrected for with confidence. Note also that air
composition, at the time to be trapped in ice, is smoothed
because of the diffusion and due to the fact that the ice
samples analysed for air measurements correspond to the
trapping of a large number of air bubbles (up to several
thousands) that closed off at the base of the firn at differ-
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Fig. 2. Diagram illustrating the physical and chemical processes
involved in the trapping of air by the ice. Adapted from [30]

Puc. 2. Inarpamma, wutioctTpupyloiasi Gpusnueckue u XuMm-
YEeCKUe MPOIIECChl, TPOUCXOSIINE B 3aXBAUEHHOM JIbIIOM BO3-
nyxe. AnantupoBaHo 1o [30]

ent times [36, 40]. This smoothing effect removes high
frequency variations from the record.

Also, physic-chemical processes, like physisorption
or chemisorption, may take place between the gas phase
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Fig. 3. Transformation of snow into bubbly ice.
By courtesy of D. Buiron
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and the surface of the snow or firn grains. In principle,
the adsorption of trace gases like CO, or CH, on the sur-
face of snow or firn grains should be weak. On the other
hand, liquid-like layers may occur on ice well below the
bulk melting point and be enriched in soluble trace-gases
like CO, and N,O. If such processes affect significantly
the air composition in the firn, we should observe a devia-
tion between the contemporaneous air measured directly
in the atmosphere and measured in the air entrapped in
the ice. This is not the case (see section 3).

So, we can with confidence and in the limit of the
experimental uncertainties (1 to 5 ppmv, see section 2.3)
consider that the concentrations in greenhouse trace gases
(like CO,, CHy, N,O) of the air at the base of the firn,
just before its enclosure in ice, is in pure diffusive and
gravitational equilibrium with the atmosphere at the sur-
face of the ice sheet, and then accurately records
smoothed changes in their atmospheric composition.

2.2. Processes involved below the firn-ice transition. After
the close-off of the bubbles, the ice is buried, and follows
the flow-lines. The size of the bubbles progressively de-
creases and the air pressure inside them proportionally in-
creases. Several hundred meters below the surface, the in-
creasing load pressure leads to the formation of air clath-
rates: the bubbles progressively disappear and the gas mol-
ecules become encaged inside the ice molecular structure.

Chemical, physical and biological interactions. Chemi-
cal and physical interactions may occur and possibly affect
the integrity of the ice core air record. For instance, CO,
diffusion in ice, after the air was trapped in bubbles, may
alter the original atmospheric signal. CO, diffusion coeffi-
cient is too small in ice to be accurately measured in the
laboratory, but the smoothing of CO, spikes, associated
with refrozen summer melting layers in ice cores, can be
calculated from molecular volume — diffusion model [26].
Thus, measuring the gradual decrease of CO, concentra-
tions away from the melt layer at Siple Dome (Antarctica),
provides a way to estimate CO, diffusion rates in ice or
their upper limit and shows no evidence that the diffusion
in ice will smooth the CO, record significantly more than
the smoothing in the firn [4]. However, more investigation
about the different way CO, can diffuse in ice is needed.

CO, can also be slowly produced in situ in the ice after
bubble close-off by carbonate-acid reaction or oxidation of
organic material, when the ice contains enough impurities
(carbonate dust particles or organic material). CO, mea-
surements performed on the gas extracted from Greenland
ice can show CO, peaks, which are not observed in Antarc-
tica on ice samples with the same gas age, and which
cannot be explained in terms of atmospheric composition
change; these «CO, deviations» of no palaco-atmospheric
significance observed in Greenland ice are attributed to the
high level of impurities in Greenland ice versus Antarctic
ice [5, 15, 34, 41]. This makes the Greenland ice not suit-
able to get a reliable and accurate atmospheric CO, record.

On the other hand, due to the very high-purity level of the
Antarctic ice, such CO, enrichment of the gas extracted
from the ice versus the atmospheric composition is on the
whole negligible, and all the available CO, records are, in
fact, provided by Antarctic ice cores.

We note that impurities can also affect the ice core record
of N,O (see [37] and references herein) but not the one of
CH,. In the case of N,O, artefacts found are likely produced
by bacteria or chemical reactions in the ice [35, 39].

Zone of transformation of bubbles into gas hydrates. A
major concern for the people measuring trace gases, espe-
cially CO,, in deep ice cores is linked with the zone of the
clathrate or air hydrate formation. Non-fractured ice is a
basic prerequisite for preserving the integrity of the ice core
record of gases. The clathrate formation zone, which gen-
erally extends between about 500 and 1700 m depending on
the temperature and accumulation rate of the site, is a brit-
tle ice zone. Special precautions are required for coring
non-fractured ice there, which may be a challenge. Fur-
thermore, special care should be taken to avoid post-coring
processes. The recovered ice should relax on the coring
site, often during a full year, before to be transported from
the field to the laboratories. Providing such precautions,
reliable records of air content and greenhouse trace gases
can be obtained. Furthermore, recent high resolution CO,
measurements performed on Antarctic ice sampled from
the bubble-clathrate transition zone and just below reveal,
at the centimetre scale, a large and unexpected scatter of
the data, up to 25 ppmyv, around the mean atmospheric
composition [24]. This scatter must be due to the processes
involved in the transformation of bubbles to clathrates and
Liithi et al. [24] proposed a hypothetical explanation in-
volving episodically increasing clathrate formation followed
by diffusion processes from bubbles to clathrates. It is im-
portant to note that the mean atmospheric CO, composi-
tion is not affected if CO, values are averaged over a suffi-
ciently long depth scale (> 10 cm in the case of ice core
from the European Project for Ice Coring in Antarctica
(EPICA) at Dronning Maud Land (DML).

2.3. Experimental uncertainties. As illustrated through
Fig. 2, the final step of the path leading from the atmosphere
to the measured composition of the air trapped in ice is the
sampling stage, which includes recovering and storing the
ice core, cutting the sample for air analysis and measuring
the trace gases. All these operations generate experimental
uncertainties, which can be in specific cases well assessed, as
analytical accuracy, but not always. That is why often the
scientists working on ice core records are replicating mea-
surements, which in principle should lead to the same result.
Replicates of measurements for CO, are overall between 1
and 5 ppmv. The width of the replicate estimate (1 to
5 ppmv) reflects mainly the improvement of the sampling
and analytical techniques with time. We should also note
that very accurate measurements are necessary when our
aim is to match the instrumental record over decades, but we
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don’t need, on the whole, such high accuracy when investi-
gating the long-term glacial-interglacial changes.

3. Integrity of the ice core record of greenhouse gases

In summary of section 2, the degree of integrity of the ice
core record of greenhouse gases is determined by the various
processes, which can alter the initial atmospheric composi-
tion, but is also limited by the experimental uncertainties.

The choice of the sampling site is essential. It is primor-
dial to avoid ice formation sites where summer melting can
occur, especially when investigating the most soluble com-
ponents like CO, and N,O. In the case of CO,, due to its
very high-purity level, the Antarctic ice must be preferential-
ly chosen since the Greenland ice is not suitable because in
situ production of CO, by carbonate dust decomposition or
oxidation of organic material. We note that the N,O record
can also be affected by impurities incorporated in the ice.

The integrity of the ice core record of greenhouse gases
depends on the quality of the ice, which can be fractured
especially when drilling through the brittle zone. In the
same zone, some fractionation may also occur during the
transformation of bubbles to clathrate, which can affect the
gas composition at the centimetre scale.

So, providing that (i) we use appropriate analytical
methods (for instance CO, measurements require that the
gas will be extracted from the ice by using a dry extraction
method, as discussed in section 4), (ii) we select appropriate
sampling sites, and (iii) we carefully select ice samples, the
ice core measurements can provide, within the experimental
uncertainties listed in 2.3, an accurate and faithful record of
the smoothed changes in atmospheric greenhouse trace
gases during the past. The smoothing effect, which depends
on the site conditions (temperature, accumulation), removes
high frequency variations from the record.

When focussing on CO,, we can say that, under the
conditions stated above, the CO, measured in the ice is
not a proxy but a true measurement performed on a parcel
of air, which has been sampled during the past and pre-
served for long periods (as long as several hundred of
thousands of years) in an ultra-clean container, the ice.

There are two ways to check the overall integrity of
the ice core record of atmospheric CO, and more gener-
ally greenhouse trace-gases.

The first one is to measure air in recently formed ice,
which overlaps in age with a record of air whose composition
has been directly measured in the atmosphere (instrumental
records). This is possible for CO, since 1958, the year the
measurement of the first records of global significance start-
ed at the Mauna Loa Observatory and South Pole Station.
This also requires getting an Antarctic ice record whose en-
trapped air extends into recent decades, as it has been
achieved at two sites, Siple Station and Law Dome [16, 27].
Since 1958, the averaged increase rate of atmospheric CO,
has been about 1.5 ppmv/year. To match such instrumental
record we need accurate CO, measurements in ice (say

about +1 to 2 ppmv) and accurate dating of the enclosed air.
It is also essential that the measurements of trace gases are
made on the same scale as the atmospheric measurements.
Furthermore, because the ice record of CO, is smoothed
due to the diffusion through the firn and the air trapping
processes (see 2.1), we should select sampling sites whose
temperature and snow accumulation conditions allow a
minimal smoothing effect, i.e. measured CO, concentra-
tions averaged over a small number of years (possibly less
than 10). To my knowledge, the most extensive and accurate
study has been obtained by Etheridge et al., who analysed
the air extracted from three ice cores taken at Law Dome,
Antarctica [16]. The Law Dome sites provide CO, concen-
trations averaged over about 12 years (D. Etheridge, personal
communication) and covering the 1959—1978 period; the
reproducibility of CO, values measured on the same annual
ice layer is better than 1.2 ppmv (1s). Atmospheric CO, con-
centrations are nearly identical at Law Dome and South
Pole and the two records should overlap closely (allowing for
the smoothing of rapid variations such as seasonality), unless
there are errors in the dating of the air entrapped in the Law
Dome ice. The results show that the CO, Law Dome record
overlaps tightly, within the measurement uncertainty, for up
to 20 years with the atmospheric South Pole record.

Since then, those results have been reproduced and
extended to CH, and N,O [25]. These evidences con-
vincingly confirm the integrity of the ice core record of
atmospheric CO, and other greenhouse trace gases, at
least for the recent time.

A second way to check the integrity of the ice core
record of greenhouse trace-gases, especially over the long
periods of the past, is to assess the degree of agreement be-
tween records from various ice cores obtained from different
types of contemporaneous ice (for instance with and without
air hydrates, at sites with different temperature and snow ac-
cumulation rate conditions, with different crystal sizes and
fabrics) and also to measure again the same ice core record
after a while to check its stability with time [8, 25].

4. The ice core record of greenhouse gases:
climate and carbon cycle

84 years after Arrhenius prediction that the Ice Age
cooling results from a decrease of about 40% of the capacity
of CO, to absorb the heat from the ground [6], air bubbles of
Antarctic ice revealed that the atmospheric concentrations
in CO, indeed did increase by about 40% between the LGM
(Last Glacial Maximum) and the Holocene [9, 14]. In fact,
several attempts were made previously during the 1960°s and
1970’s in order to get a reliable atmospheric CO, record from
the gas extracted from the ice, but the results showed a large
and discouraging scatter to the point that we even thought at
this time that the hope to get a record of the past atmospher-
ic composition in CO, by analyzing the air trapped in ice
was uncertain, not to say completely illusory. But a major
analytical step regarding the integrity of the ice core record
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Fig. 4. Dry extraction method used for CO, measurements.
The picture shows a closed stainless container with metallic balls
inside, used at LGGE for pulverising ice samples under vacuum
and extracting the gas for CO, measurements

Puc. 4. MeTon cyxoro aKCTparupoBaHUsI, UCIOTb30BAHHBIN
st usmepenuit CO,. @ororpadun Mokas3bIBalOT 3aKPBITHI
CTAJIbHON KOHTEHHEp ¢ METAJUIMYECKUMU IapuKaMy BHYTPH,
HCIIOJb30BaHHbINM B JlabopaTtopuu ['peHOOIBCKOTO YHUBEPCU-
TEeTa IS TIPEeBPAIIeHUs B TIOPOIIOK JIEASTHBIX 00pa3IloB B yCIIO-
BUSIX BaKyyMa M 9KCTparupoBaHus raza uist usmepenus CO,

of CO, was reached, when Delmas et al. [14] proposed in
1980 to shift from a wet to a dry extraction method by crush-
ing the ice samples (Fig. 4), instead to melt them, under
vacuum, in order to avoid the apparent but, at this time, not
well understood enrichment of CO, hitherto observed in the
extracted air from the ice.

After the pioneering results published in 1980 and
showing a marked depletion in CO, concentrations during

400 CH, in 2010 :1000 ppbv —»I
CO,in 2010 : 390 ppmv —»
TIV

300-c0, in ppmv T Tl

200
) --55
Tempin °C
800 --60
CH, in ppbv
600- ) 65
400
T T T T T T T T
400 300 200 100 0

Age in thousands of years Before Present

Fig. 5. The middle curve indicates the variation in isotopic
temperature at Vostok throughout the last 420,000 years. These
variations are obtained from ice deuterium measurements along
the core. The upper and lower curves represent concentrations
of CO, and CH, over the same period, indicating on the right
the recent spike of these two greenhouse gases. TI to TIV
indicates the four glacial-interglacial transitions. After [29]

Puc. 5. CpenHsiss KprBasl ITOKa3bIBaeT M3MEHEHUS «M30TOITHOM
TeMIlepaTyphbl» B pailoHe CTaHLMU BOCTOK Ha MpPOTSKEHUU
420 teic. eT. OHa MnoJjiyyeHa 1o u3MepeHusIM COIepKaHMs Ieii-
TepHs IO BCEi KOJIOHKE Jibaa. BepXHsist U HYDKHSISI KPUBBIE OT-
paxatot conepxanue CO, u CH, 3a 970 BpeMsl ¥ NOKa3bIBAIOT
MPOIIUTBIe Y COBPEMEHHBIN MUK KOHILIEHTPAIU 000UX TTapHHU-
KoBbIX Ta3oB. CumBoibl oT TI o TIV yka3bIBatoT Ha YeThIpe me-
PEXOJTHBIX MepUoa OT JIEAHUKOBbSI K MeKJIeAHUKOBbIO. [To [29]

the Last Glacial Maximum compared to the Holocene
period, the question was to know how well the observed
correlation between CO, and climate during the LGM and
Holocene periods was also valid during a full glacial-inter-
glacial cycle. The magnificent effort made by the Soviet
drillers at Vostok permitted to obtain and publish in 1987 a
first and memorable CO, record of the last climatic
cycle [7]. Its comparison with the deuterium isotope tem-
perature [21] highlighted the marked similarity and the
high correlation between their temporal variations, which
confirms the link between CO, and climate as predicted by
Arrhenius and suggested the potential climatic role of CO,
during the late Pleistocene in amplifying the relatively weak
orbital forcing [18]. That was only the start of the cornuco-
pia of Vostok ice core results. In 1990, the first CH, record
over a complete climatic cycle was obtained [12] and the
extended record of CO, and CH, to four glacial-interglacial
cycles back to 430,000 years BP was published in 1999 [29].
The four climatic cycles long record at Vostok, rapidly
became an iconic figure in palaeo-climatology [2] (Fig. 5).
It also generated exciting works dealing with physical prop-
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Vostok and EDC ice cores. Time resolution of CO, and CH, records

Vostok CO, (the last 420 kyrs BP)

The mean time resolution is about 1200 years [28, 29]. It can go up to 6,000 years in the fractured zones and
in the bottom part of the record. Three of the four different Glacial-Interglacial transitions — TII, TIII and TIV
(see Fig. 5) — have been studied with relatively high resolution (respectively: 600, 750, 1050 years). Unfortunate-
ly, the temporal resolution of TI (Last Glacial Maximum to Holocene) is significantly lower (1800 years), be-
cause this transition is situated in the fractured brittle zone.

EDC CO, (extending the Vostok record to 800 kyrs BP)

The mean time resolution down to 650 kyrs BP is 730 years [33] and 570 years from 650 to 800 kyrs BP
[23].

Vostok CH, (the last 420 kyrs BP)
The mean resolution for CH, is about 950 years. It ranges between a few tens of years to 4,500 years [29].

EDC CH, (the last 800 kyrs BP)

The average time resolution over the full length of the 800 kyr record is about 380 years [22]. It depends on the
period considered and increase on the whole with the age from an average of 210 years between 0 to 215 kyr BP to

reach a mean temporal resolution of 550 years between 665 to 800 kyrs BP.

erties of ice and ice-sheet modelling (e.g. [3]). Since then
the Vostok ice record of greenhouse gases has been extend-
ed to the last 800 kyr for CO, [23, 33], CH, [22] and N,O
[31], by measuring the EPICA Dome C (EDC) ice.

The lesson from the ice core record of greenhouse gases.
Finally, based on the long Vostok and EDC ice core re-
cords I would like to highlight here some crucial informa-
tion we got in terms of understanding the climate-carbon
cycle coupling during the past, and about the future CO,-
Climate behaviour.

— The present-day atmospheric concentration in CO,
and CH, are likely unprecedented during the last 800,000
years.

— The close correlation between greenhouse gases
and climate over glacial-interglacial cycles attests to the
tight coupling between climate and carbon cycle during
the late Pleistocene.

— Orbitally-driven insolation changes are pacemakers
of the glacial-interglacial cycles, and radiative forcing of
greenhouse gases (3 W/m?2) together with extent and
decay of the northern ice sheets (3 W/m?) are key drivers
of glacial-interglacial cycles.

— The delay of a few centuries of the CO, increase
compared to the Antarctic warming and observed at the
onset of major climatic transitions (e.g. [1, 11, 17, 28]) can
suggest, that climate changes in the South alter the carbon
cycle, and highlight the role of the Southern Ocean in the
global cycle. However, it is necessary to decrease the
dating uncertainties due to the estimate of the difference
in age between the gas trapped in ice and the ice itself

(because the ice isotopic signature is the proxy used for
deducing Antarctic temperature).

— Changes in climate and CO, reconstructed from
ice cores offer a benchmark against which climate and
carbon cycle models can be tested.

Conclusion

Following the first 1980’s reports of CO, measure-
ments in Antarctic ice [23, 24] suggesting CO, in the
glacial atmosphere substantially lower than during the
Holocene period, two eminent geochemists of the ocean
wrote: «The hottest topic for those interested in the
Earth’s carbon cycle is the change in atmospheric CO,
content between glacial and interglacial time» [10].
Since then numerous studies, disregarded or misinter-
preted by some [20], have been performed to assess the
degree of integrity of the Antarctic ice core record of at-
mospheric CO, and validate the glacial-interglacial
changes of CO, documented over several glacial-inter-
glacial cycles and for crucial time intervals with high
temporal resolution. If the two fundamental questions
asked by Broecker and Peng: «What causes the glacial-
interglacial CO, changes? What is their role in glacial
cycles?» are still under discussion, nevertheless funda-
mental progresses have been made.
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JlocToBEPHOCTD CBEIEHMI, N3BJIEKAEMBIX U3 KEPHOB
JbJIA, 0 COMEPKAHUN MAPHUKOBBIX Ia30B,
ocobenno atmocgepnoro CO,

O0Opa3oBaHUe JbJa HAa MOJSIPHBIX JEAHUKAX
COMIPOBOXKIAETCS 3aXBATOM ITY3BIPhKOB BO3IIyXa, KOTO-
pbie B 3aBUCHUMOCTHU OT YCJOBUI JIbIOOOpPa30BaHU S
U30JUPYIOTCS OT aTMocdepbl Ha rayouHe 50—120 m
OT TIOBEPXHOCTH JeOHUKA. JloOJITOBpeMEeHHBIC PSIIBI
colepKaHUs aTMOC(HEpHBIX Ta30B (HECKOIbKO COTEH
THICSIY JIET) MOTYT OBITh IMOJYYeHBl Ha OCHOBAHUU

WCCIEeOOBAHUS JICOSIHBIX KEPHOB, COIEpPXKAIIUX
nHOpMaMIO O TA30BOM cOCTaBe aTMocdepbl. AHa-
JIN3UPYST COCTAB 3KCTPAarupOBAaHHOTO M3 JIEASTHBIX
KEpHOB aTMOC(epHOro BO3ayxa, MOXHO MOJYyYUTh,
HarmpuMep, BpeMEHHBIC PSIAbl KOHIEHTPALIUKU TUOK-
cupa yriepoma U MeTaHa, OXBaThIBAIOIIME MEPUO
BpeMeHH, B TEUCHHE KOTOPOI'O MPOUCXOIMIO0 HAKO-
MJIeHWEe U3YYEeHHOU JeTHUKOBOM ToNMU. M3MeHeHUs
KOHILIEHTPALlMU 3TUX MapHUKOBBIX Ia30B, BIUSIO-
IIMX Ha pagMallMOHHBIA U TEIJOBOM pexXUM 3eMIIH,
paccMaTpuBAaWOT, HapsSIAy ¢ KOJeOaHUSIMU YPOBHS
Mops (00bEMa KOHTUHEHTAJBHOTO JIbAa), B KAYEeCTBE
OCHOBHBIX MHINKATOPOB IJ100aJIbHBIX U3MEHEHUI Ha
Haleil rmiaHeTte. TeopeTruyeckue U SKCIIepUMEHTAa b-
Hble MCCeIOBAaHUS MOCAEAHUX JIET MO3BOJIMIMN 3HA-
YUTEIBHO PACIIUPUTH BO3MOXKHOCTU MCIIOJIb30BAHUS
pe3yabTaTOB Ta30BBIX AHAJTU30B JICASHBIX KEPHOB IJIS
M3YYEeHM S TTPOIIIBIX U3MEHEHN I KIIMMaTa U OKpY-
JKarlen cpeabl.

HaubGonee 3HaUUTEeNbHBIM COOBITHUEM B 00JaCTH
MajJeOKJINMATOJOTUN 3a MOCJeIHNUE MOJBeKa CTajo
SKCIIePUMEHTAJIbHOE T0KAa3aTeJIbCTBO CYIIECTBOBA-
HUS TECHOM CBSI3M MEXIY BapHallUSIMU TeMIIepaTyphl
n xoHueHTpauuu CO, u CH, Ha npoTsAXKeHUU nocel-
Hux 160 ThIC. 1eT (OT MPEAIIeCTBYIOIIETO JeIHUKOBOTO
MaKCHUMYyMa J0 T'OJIOIIeHA) IO JTaHHBIM JIeASHOTO KepHa
C pOCCUMCKON aHTapKTUUYECKOW cTaHUMUU BocTok.
ITonyuyeHue GoJiee ri1yobOKOro KepHa Ha CTaHUMU
BocTok u ocylecTBieHe NpoeKTa T1yooKoro oype-
Husi EPICA na Kynone C (AHTapKTuIa) MO3BOJUIN
MOATBEPAUTH U 3aJO0KYMEHTHPOBATH B3aUMOCBSI3b
MEXIY KIMMAaTOM, MapHUKOBBIM 3G (HEKTOM U yIje-
POIHBIM IMKJIOM Ha MPOTSIKEHUU COOTBETCTBEHHO
420 000 u 800 000 ner.

B xakoif cremeHu pe3yabTaThl Ta30BbIX aHa-
JIN30B U3BJICUYEHHOTO M30 JIbJa BO3AyXa OTpaxkaloT
ra30BBIM U M3OTOITHEIN COCTaB ApeBHEI aTMOChephl
3eman? MccnenoBaHus nmokasaju, 4YTO Ha pa3auy-
HBIX CTagMsIX oO0pa3oBaHUS U MeTaMopdu3Ma Jbia,
a TaKXe BO BpeMs 9KCTpaKIMU BO3AyXa U3 JeASHbBIX
00pa310B MPOUCXOASAT MPOIECCHl, KOTOPHIE MOTYT
W3MEHSITh MepBOHAYAJIbHBIM Ta30BBIN U M30TOIMHBII
COCTaB 3aXBaTHEIBAEMOTO JIbIOM aTMOC(HEPHOI0 BO3-
nyxa. TakuMmu rmmpolueccamMu ciayxar: duzndeckas
U XMMHUYecKas aacopOIIMs ra3oB Ha MOBEPXHOCTU
JNIeASHBIX 3épeH (UpHa; JeTHee TassHUE U TOBTOPHOE
3aMep3aHue TajJoi BOIBI HAa MOBEPXHOCTH JICAHUKA;
nuddy3ns U TpaBUTALIMOHHOE pa3aeeHUe Ta30B B
npenejsax ¢pupHOBOU Toawu; 1uddy3noHHoe ppak-
LIMOHUPOBAHUE Ta30B B 30HE 3aKPbITUS (DUPHOBBIX
mop; 1@ dy3us ra30BbIX MOJIEKYJI BO JbIY MOCJE U30-
JISUMU TY3bIPbKOB BO3AyXa OT aTMocdepbl; 06pa3o-
BaHue CO, in-situ B pe3yabTaTe OKUCIEHUS ColepxKa-
1Ieiics Bo Jbay KapOOHATHOW MbLIX; TpaHC(hOpMaL s
BO3AYIIHBIX MY3bIPHKOB B Fa30BbIe TUAPATHI Ha OOJb-
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IMUX TAyOMHAX B Teje JeOHWKa M CBSI3aHHBIA ¢ Heit
npouecc 1uPp@Py3noHHOro oOMeHa MEXIYy Ta30BbIMU
1 TUAPATHBIMH BKIIOUCHUSIMU, IPUBOASIIINI K MeJI-
KOMAacCIITaOHBIM BapualusaM (MCKaXeHUSIM) Ta30BOTO
CcOCTaBa comepKallerocst Bo JIbAY BO3AyXa.

TimaTe bHBIN aHAaIN3 BCEX MMEIOIINXCS B HACTOS -
mee BpeMs JaHHBIX MOKa3bIBaeT, YTO COOJIOIE-
HUe onpeneaéHHbIX TpeOOBaHUI, OTHOCIIIUXCS K
BbIOOpPY MyHKTa OypeHUs Jibla, TEXHUKE oTOOpa
00pa3IoB, YCIOBUSIM UX XpaHCHUS W TPAaHCIOPTHU-
POBKH, a TaKXe K METOIY SKCTPAKIIMHU BO3AyXa M30
JIbIa, MOXET 00CCIICUYUTh IMOJIYUYCHHUE TOCTOBEPHBIX
TaHHBIX 00 3BOJIOIIAY Ta30BOT0 COCTaBa aTMOC(epsl
IO pe3yJibTaTaM Ta30BbIX aHAJIN30B 3aKJII0UYEHHOTO B
JIEISTHOM Topoae Bo3myxa. Hampumep, MOBBIIIIEHHOE
comepKaHUEe KMCIOTHBIX M KapOOHATHBIX OCAaIKOB
B OTHEJIBHBIX MHTEpBajaX TPEHIAHICKUX KEPHOB
IeaaeT MX HeIPUTOMHBIMU IJII U3MEPEHUI comep-
xkaHus CO,. BMecTe ¢ TeM aHTapKTUYeCKUE KEPHBI,
MPaKTUYEeCKHW JTUIIEHHBIC KapOOHATHBIX IIPUME-
celf, — MAeaJbHBIM MCTOYHUK MHPOPMALIUUA 0O
M3MEHEHUU KOHIICHTPAIlM! 3TOTO IMTAapHUKOBOIO rasa
B arMocdepe 3emiun B ImpomrioM. B 1meaoMm, MOXHO
YyTBEepXIaTh, UYTO JICIHUKOBEIC TOKPOBH AHTapK-
TUOB U [peHIaHANU — 3TO Hamboaee HamEXHBIC
MIPpUPOAHBIC apXUBHI aTMoc(pepHBIX Ta30B. Takoit
BBEIBOJ IOATBEPKIACTCSI IMTPEBOCXOMIHBIM COBIAC-
HUEM 3KcrepuMeHTalbHbIX psigoB CO,, mojdyyeH-
HBIX 110 KepHAM M3 pa3HBIX paliloHOB AHTapKTUIHI,
a Takxe coBnajgeHueM psinoB CH,, uamepeHHBbIX
MO0 aHTApPKTUYECKUM M TPEHJIAHJICKUM KepHaM.
BeckuM moka3aTeabCTBOM HAAEXHOCTH JAHHBIX IO
KepHaM CIIYKUT TaKxXe MX 3aMedaTeJabHasl COIIaco-
BAaHHOCTb — B MHTEpPBaJe MEPEKPBITUS — C HHCTPY-
MEHTaJbHBIMUA TaHHBIMU MOHUTOPUHTA Ta30BOTO
cocTaBa aTMocdephl, KOTOPHI HadaJ IMIPOBOANTHCS
CO BTOPOU MOJIOBUHEI ITPOIILJIOTO BeKa.

HexoTopsle mpomecchl, N3MEHSIIOIINE COCTaB 1
o0IIee KOJIMYEeCTBO BO3IyXa, 3aXBaThIBAEMOTO JIEII-
HHUKOBBIM JbIO0M, (DOPMUPYIOT B KCIIEPHUMEHTAb-
HBIX psigaX Ta30BBIX XapaKTEPUCTHUK JICHSTHBIX KEPHOB
CUTHAJIBI, KOTOPBIC HECYT IMOJIE3HYIO MaJIcOKINMa-

THYecKylo nHDopMannmw. Hanpumep, Ha TnyOomHe
U30JI1UU Top PupHa OoT aTMocdephbl HabIOmaeTCs
1 Gy3MOHHBIIT OTTOK Ta30B U3 YXe¢ 3aMKHYTHIX U
MMOABEPTIINUXCS CXKATUIO BO3MNYIIHBIX MY3BIPHKOB B
CTOPOHY OTKPHITHIX ITOp. DTOT MpoIecc MPUBOIUT K
00CIHEHNIO 3aXBAaYCHHOTO JhIOM BO3IyXa ra3zaMu,
KOTOpHIC JieTuye nUDGYHIUPYIOT BO JbAY, U OTKJIO-
HeHulo B HEM oTHoweHuit O,/N,, Ne/N, u Ar/N, ot
3HAYCHU, XapaKTePHBIX IJIsT aTMOC(EepHOTO BO3ayXa.
[Moka3zaHo, yto Bapuauuu O,/N, U 0011eTO KOJIMYe-
CTBa BO3IyXa BO JIbAY CBSI3aHHI LICMMOYKON DU3mUe-
CKUX U CTPYKTYPHBIX MPOLECCOB C UBMEHAIOLINMUCH
CTPYKTYPHBIMH XapaKTepPUCTUKAMU ITOBEPXHOCTHOTO
CIIos CHera, KOTOPHIE, B CBOIO 04epeab, GOPMUPYIOTCS
IMOI BO3IEMCTBUEM COJHeUYHOU pammanuu. OO6Ha-
pYyXEeHHE BO JIbAY MHIMKATOPOB MECTHOI MHCOIS-
IIUY OTKPEIJIO ITYTh K a0COMIOTHOMY (OpOMTaIBHOMY)
matTupoBaHMIo nbaa. [IpoBenéHHBIC UCCIETOBAHUSI
IMoKa3aju, YTO MyTEM COBMEIICHU ST SKCIIEPUMEHTAIb-
HbIX psgoB 0(0,/N,) u obLIero ra3oBoro coaepxKaHus
JIbJA C COOTBETCTBYIOIIMMHY KPUBBEIMHA MECTHOI MHCO-
JISIWHT, PACCYNTAHHBIMU 110 aCTPOHOMUYCCKUM (hop-
MYyJIaM, MOXHO TIOJIYYUTh XPOHOCTpaTUTpacuIecKue
IIKAJIBI JICISTHBIX KEPHOB, IT0 TOYHOCTH 3HAUYUTEIBHO
MIPEBOCXOASIIINE OOINCTIPUHSITHIC TaTUPOBKY JIbIA,
OCHOBaHHBIC Ha MOIEIbHBIX pacuéTax. [Iporpecc B
00JlacTH MaTHPOBAHUSA JIbIa, B CBOIO O4Yepenb, BEIET
K 0oJiee TOYHBIM OlleHKaM (Da30BBIX COOTHOIIEHM A
MEXIY BapHallusIMU OCHOBHBIX KJIMMAaTOO0Opa3yIOIINX
¢daxTOpOB M XapaKTEPUCTUK KJIIMMaTa B XOIE TJI00aIb-
HBIX U3MEHCHMI Ha Halllell mjaHeTe, T.e. K YyIayoJje-
HUIO0 HaIleTO MOHUMAaHWS MPUINHHO-CIIEICTBEHHBIX
CBS3CH M MEXaHU3MOB STUX U3MCHCHUA.

B craTbe Takke 00CyXaarTcs pooJeMbl, CBSI3aH-
HBIC C HUCIIOJIb30BaHMEM OOIIEro ra30BOTO COmepXKa-
HHUS JThIa KaK MajieobapoMeTpa — MHANKATOpA U3Me-
HEHUU BBICOTHI (MOIIHOCTU) JEJHUKOBOTO MMOKPOBA,
a Takxe adpdexra TepmMoarudpy3un (TepMUUIECKOTO
dpakIMOHUPOBAHUS) Ta30B B (pUPHE IS TTOJTYUYCHU S
nHOOPMAIIMU O CKOPOCTH W aMTUJIUTYAE TaK Ha3bl-
BAaCMBIX «OBICTPBIX» KIMMATUYCCKUX M3MCHCHUI B
IIPOIIJIOM.
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