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Palaeoclimatic reconstructions using diverse types of climatic archives and proxies help us in understanding the long term
climatic variability and improve our knowledge for climate change perspectives. Gjdbalfenozoic was characterized

by the cyclicity of glacial and intglacial fluctuations at regular intervals. Understandindititarctic climate variability on
millennial, centennial to decadal level is crucial to our knowledge on the role and respantgaifc ice sheets to the

global climate variabilityDuring the period 2010-15, the Indian scientists have used a variety of palaeoclimate records like
marine/lake sediment cores and ice cores, mainly from thé\Rtsttica and its mgins.The Indian studies have made
significant contributions to the understanding\ofarctic climate variability and the various factors involv&ehong the

diverse types of studies undertaken, the ice core studies have genegatachlaunt of knowledge basis on Argarctic

climate and its global/ regional linkages. Recent developments in the recovery and study of undisturbed sedimentary records
from Antarctic lakes for the first time in the country provide an excellent opportunity to understand the last glacial to
Holocene variability with better stratigraphic constraints. Compared to these, deeper sedimentary records from the
Antarctic continental mgin offer us an important opportunity to study of evolution and dynamics oArkerctic
cryosphere from its inception.
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Introduction to the limited and the short period of observational
Pal imati dies hel . q ding th and instrumental data émtarctic climatic variables,
alaeoclimatic studies help us in understanding the, knowledge of the functioning Ahtarctica within

Long ltedrm ?“mat'dc. v_arlabl_lllty_an(t:i] lmprovct:el_our the global system and the spatial and temporal
howledge for predicting climatic changes. Climate complexity of Antarctic climate is still poar

models, supported by various observations IndlC""teFundamental guestions remain in this approach are:

that the pqlar regions are highly sensitiye to rising How typical ofAntarctic climatic history is the recent
atmos_pher:i C(z')concintrz;'.uor:\ ‘T‘ a_ndgssomated global variability? HasAntarctica experienced a typical
warming. Howeverthe high-latitude response to spatial climate pattern over the last several centuries

ongoing and future warming in a high-G@orld to thousands of years, as suggested for other regions

remains uncertain due tqthe lack ofunderstant_jlng ofof the globe? Understanding tAetarctic climate
the complex interactions betweeintarctic

h dthe alobal climat ‘ L ocked variability on an array of timescales (millennial,
cryosphere and the giobal climate Systém. LOCKeA UPeaniannial to decadal timescales) is crucial to our

in its ice sheet is a record of the history of life and knowledge on the role and responsémtarctic ice
environment for the last several thousands of years,.ots to the global climate variability

It is now widely recognized th&intarctica plays a

vital_role in the dynamic linkages that couple the regits and Discussion

spatially and temporally complex components of the

Earth’s system (atmosphere, biosphere, hydrosphereMajor areas of paleoclimate researchAimtarctica
cryosphere, lithosphere and cosmogenic input). Dueby Indian scientists are ice core, lake sediment core
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and IODP (Integrated Ocean Drilling Program) cores Recent Climate Change in Antarctica - 1ce Core
from three major areas of the Edésttarctica (Fig. Based Palaeoclimatic Perspectives

1). While the Indian ice core drilling have been mainly o £ th ) af _ | i
restricted to the central Dronning Maud Land (DML), he of the major areas £ tarctlg palaeoc m_1ate
the lake sediment cores come from both DML and research by Indian _S(:lentlsts o_Iurmg _th|s period are
the Princess Elisabeth Land (PEL), whereas thethe proxy basgd climate studies using sk_lallow to
IODP cores discussed here are retrieved from themecllum dept_h Ice cores from coas'_[al Dronning Maud
Wilikes Land (Fig. 1). Unlike many other palaeoclimate Larf (DI\I/ILZ)OI:rL]OifrmTJrCtlca I(N;')kﬁt {:1_:_.,h201k?a,
records, the ice cores provide one of the most direclNal etal, .Thambaret al, a, 1hamban

and accurate method to study fhatarctic climate ;I)flz EOIJlb;_Tthrgg%r_lelf ?l" 2_013;;'2rgfzy£é2|é
change that allows us to go back in time and to ; Laluraptal, ; Lalurajetal, :

generate continuous and highly resolved 2!< CO“SO”'W 2013; Rahaman al, _2016)' The _
reconstructions of past climate. Howedre to the high-resolution (seasonal to annual) ice core studies

limited time period that the ice cores represent in theconducted at NCAOR revealed the Ut'.“ty of ice
coastal areas @fntarctica, it is imperative to have records to reconstruct the natural environmental

indirect climate archives like lake sediment and Processes like the global volcanic eruptions as well
marginal sedimentary records. The ongoing Indian &S the polar and extra-tropical climatic teleconnections

palaeoclimate researchAmtarctica can be described during the past hundreds of years.

under three categories: Ice core proxy based reconstruction revealed
significant changes in Southern Hemispheric climate
during the past several hundreds of years (Mhik
al., 2010a; Nailet al, 2010b.Thambaret al, 2011a;
2. Late Quaternary Antarctic climatic Thambaret al, 2011b; Thambaret al, 2013).The
reconstruction using lake sedimentary records study revealed utility of shallow ice cores in
o . ) reconstructing the past changes in major climatic
3. Cen020|c climatic variability fror_n marginal modes like the El Nifio Southern Oscillation (ENSO)
sedimentary records of Easttarctica and SoutherAnnular mode (SAM) (Naiket al,

In the following a brief overview of the various 2010a). Déailed analysis of th&'®O records of IND-
studies conducted by Indian scientists on the above25/B5 covering a period of past one century (1905-
areas are described. 2005) revealed a significant warming of 1°C during
1905-2005 (Fig. 2) (Naikt al, 2010 b; Thambaet
al., 2013). The oxygen isotop&'f0O) records from
ice core (IND-22/B4) also supported significant
changes in temperature during periods of solar activity
as well a warming trend of 2.7°C for the past 470
years, with an enhanced warming during the last
several decades (Fig. 3) (Thambatnal, 2011a;
Thambanet al, 201lb). Further nitrate (NQ")
records the from the IND-22/B4 ice core reveals a
close resemblance to th&Be record (solar proxy)
from South Pole and therefore seems to demonstrating
the influence of external solar forcing on the circulation
pattern over théntarctica during last 470 years
(Lalurajet al, 2011). Microbiological studies of polar
ice at different depths of the above ice core also
provided an important comparison, as they preserve
Fio 1 Antarctic man showing the studv areas discussed in records of microbial cells and past climate conditions

o the text, fror: where igce cores, )Ilake sediment cores (Amony etal, 2012)' The bacteria identified from
and 10DP cores have been studied the different depth of the ice core might have been

1. Recent climate change Antarctica - ice core
based palaeoclimatic reconstructions
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Fig. 2: Stable isotope records of climate variability at IND-25/B5 core from central Dronning Maud land, revealing the recent
warming in this region (adapted from Thamban et al., 2013)
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Fig. 3: Glaciochemical and stable isotope proxy records of IND-22/B4 core from DML, Antarctica and its relation with South
Pole 1%Be proxy data of solar variability (adapted from Thamban et al., 2011 b)
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By integrating the proxy temperature data using
ice cores and various proxy records across sever :
continental-scale regions, a global study revealedar . | .
overall cooling trend across nearly all continents during by b
the last two thousand year®MPES 2k Consortium, a0 3
2013). This cooling trend was reversed by distinct £2;;
warming, beginning in some regions at the end of the g“-:— L e VT ' VI
19" century This cooling trend was reversed by 1] SV SN P
distinct warming, beginning in some regions at the £ -
end of the 19th centuryhe dust record of IND-25/ g%ﬁﬁ: ‘
B5 ice core showed that dust deposition in East éﬂ—:
Antarctica followed the Southern Hemispheric climate f: 1.
change and doubled during thé"antury (Laluraj ‘
et al, 2014). Strong positive correlation observed
between dust flux and the SAM suggests that the :
positive values of the SAM index are likely to be L
responsible for the recent increase in dust depositior  Ee L A
over EastAntarctica, through strengthening of ’ — ' T
westerly winds (Fig. 4). NCEP/NCAR reanalysis data
reveals that the polar easterlies consistently e
strengthened since 1985 at the study region, leading § ., 2
to the sinking of dust materials brought by the stronger - 'M‘ JN AL T
westerlies. Interestinglyhe timing and amplitude of ' ™ v '
the insoluble dust flux matched remarkably well with

the trace metal fluxes of Ba, C€u, and Zn,
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Fig. 4: High resolution records of IND-25/B5 ice core
depicting: dust (a, b), oxygen isotope variations (c),

confirming that dust was the main carrier of airborne Southern Annular Mode (SAM) index (d) and zonal
geochemical tracers to Edsttarctica in the recent wind (e) during 1960-2010. Strong positive correlation
past (Lalurajat al, 2014)_ The observed doubling of observed between dust flux and the SAM suggests

dust and associated trace metal deposition in East the influence of SAM on recent increase in dust
deposition  over East Antarctica, through

Antarctica have wide-ranging implications for strengthening of westerly winds (after Laluraj et al.,
understanding the factors driving the inter-continental 2014)

transportation of impurities and their environmental
impact orAntarctica.These results have fagaching
implications for understanding the changes in
temperature and dust levels and their impact on
climate both in the recent past and future.

relationship with winter SIE in thgveddell Sea.
Wavelet analysis of SAM index and SOI shows the
highest common power in 4-8 year band during 1940—

High resolution study of deuterium excess (d- 1960 and 1990-2000 overlapping with the period of
excessl) sea-salt sodium (SS_RDaand methane hlgher SIE (Flg 5) This shows Iarge Variability during
sulfonic acid (MSA) in the ice core IND-25/B5 from  the last century (1905-2008D) which impacted
coastal Dronning Maud Land also revealed the historymoisture transport from various oceanic sectors to
of moisture transport and sea ice condition during theAntarctica. Cluster of backward wind trajectories
last century (Rahamaet al, 2015) . Sea ice extent shows that air parcels were mainly originated from
(SIE) in theWeddell Sea was reconstructed based theWeddell Sea with additional sources from the Ross

onAntarctic ice core records of stable oxygdtf@),  Sea and the Bellingshausémundsen Sea regions.
hydrogen dD) isotopes and Sea-sajt.Na\mong Dramatic increase in SIE was observed intleeldell

them, ss-Na+ flux record shows significant positive Sea sector during 1940-1980. This study suggests that
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12 Late Quaternary Antarctic Climatic
~ 4 Reconstruction Using Lake Sedimentary Records
£ The continent oAntarctica is bestowed with several
§ 4 ice-free regions that are characterised by the presence
g of different types of lakes are also present in these
= A : ice-free regions which are classified into epishelf, pro-
-2 glacial and land-locked based on their geomorphic
z a0 e . = v characteristics. Indian scientists have been actively
z o e B8 N studying the ice free regions within the logistic
o8 : ’ fﬂ limitations of the Indian scientific activities around the
- 4 g research stations Maitri (Schirmacher Oasis, central
= 2 % Dronning Maud Land) and Bharati (Larsmann Hills,
“ - Princess Elisabeth Land) in the EAstarctica.The

0 lakes in these regions contain sediments which gives
a fair indication on the past climatic changes. The
periglacial environment of Schirmacher Oasis and
Larsemann Hills is characterized by a wide range of
sedimentary and glacial processes, resulting in
different combinations of erosional and depositional
features (Asthanat al, 2013).

SOI

‘:]2 250 During the period under report, several studies
SAM+ have been made on lake sediments from Schirmacher
A Oasis and Larsemann Hills (Goetlal, 2011; Govil
% 0.0 1V AA 0.00 et al, 2012; Shrivastavat al, 2012;Asthanaet al,
= W 2013). Phartiyadt al. (2011) have tried to reconstruct
SAM- the evolution of the Schirmacher Oasis from 13 ka
0.5 ; : ; , —1-2.50 BP to the present. Results show a drastic reduction
1900 1920 1940 1960 1980 2000 in the lake sizes by negative water balance and can
Year possibly be attributed to the combined effect of
Fig. 5 High resolution proxy records of IND-25/B5 ice core recession of glaciers feeding them, low melt water
showing variability in: (a). moisture variability (d low precipitation and strong winds. Phartiyal (2014)

excess record), (b). sea ice extent (sea salt Sodium — qagerihad six phases 6 phases of climatic fluctuation
(ssNa*) and MSA records) along with Southern

Oscillation Index (SOI) and SAM index for the past between 13 and 3 ka USing mineral magnetic
100 years (after Rahaman et al., 2016) parameters; the Holocene Optima and Mid Holocene
Hypsithermal are also reported. Gosilal (2011,
2012) analyzed a sediment core from Larsemann Hills,
EastAntarctica to reconstruct the paleoproductivity
moisture source and sea ice variability in annual-fluctuations and factors responsible for it, based on
decadal scale imntarctica seems to be aly ~ Biogenic Silica (BSi), Sand (%) antal Oganic
influenced by SAM and its teleconnection to ENSO. Carbon (TOC). The core show prominent high
Further the multifaceted scientific studies being Productivity from ~8.3to ~6 cal ka BP in comparison
carried out by Indian scientists in the realm of ice O |€ss productivity in mid-late Holocene (~6 cal ka
core paleroclimatic research will contribute BPtorecent). Moreovethe glacio-fluvial deposition
significantly to the global communitybngoing ébrts ~ condition prevailed from ~8.3 to ~5 cal ka.Hlhe
to better understand the past climate variability during increased productivity in the upper part of the core

the Holocene and its implication to the changing POSsibly indicates presence of algal mat due to
environment. exposure of the lake to the ice free (glacier free)

conditions. Presence/absence of diatom along with



690 Meloth Thamban et al.

variation of sand percentage suggests the alternatplatforms have been established for recovery of

glacial-interglacial phase prevailed in this region. undisturbed coring over the lakes and frozen water
bodies.
Further few studies have focussed on sediment
records of th&/estfold Hills (Mazumdeet al, 2013a; Based on the environmental magnetic properties

Mazumdetet al, 2013b; Mazumder and Govil, 2013). of sediments deposited in Sandy Lake, glacial-
Mazumdetret al.(2013a) suggested that the constant interglacial climatic variation was reconstructed for
seawater influence in the lake (which was the past 42.5 cal. ka B.@Varrieret al, 2014).This
predominated in early Holocene) got weakened afterstudy provided environmental magnetic evidence for
~5000 yrs BP till date, based on diatom population the Schirmacher Oasis escaping full glaciation during
and the abundance of salt crystal present in sedimentshe past 40,000 years (Fig. 6). The magnetic
Mazumdeeet al.(2013b), Mazumder and Govil (2013) mineralogy was dominated by the presence of
reported the relatively warmer climatic condition in titanomagnetite. Glacial periods were characterized
late Holocene based on the abundance of icierby high magnetic mineral concentrations and coarse
condition indicator speci¢gagilariopsis curtaalong SSD titanomagnetite. The LGM has documented the
with other diatom assemblages. highest concentration of magnetic minerals, indicating
_ _ . widespread glaciation in the Schirmacher Oasis. The
Studies by the Geological Survey of India Holocene period was characterized by alternating

reveale_o_l that the o_verall _charact_eristics and phases of relatively warm (12.55-9.88 cal. ka. B.P
composition of the sediments in the epi-shelf lakes Ofand 4.21—~2 cal. ka B)Rind cold (9.21-4.21 cal. ka

the Schirmacher Oasis, are a function of source rockB P and from ~2 cal. ka B.Bnwards) events. Many
compositions, sediment transportation, depositionalof the relatively warm and cold events discerned in

processes and weathering. The lake sedlmentsthis study were correlatable with other lake sediment

md:;:_ates cz?nglrr:g cond_lglorjs Infthed'_[ranspofrtlng and ice-core records from the Schirmacher Oasis and
medium and/or the contribution of sediments from other ice-free areas in Easttarctica (Fig. 6).

multiple provenances (Shrivastaetaal, 2012). Field
observations, granulometric analyses of sediment and
SEM of selected quartz grains in Schirmacher Oasis

and Larsemann Hills show similar results, except for 5180 (4)

the extent and strength of glacial and glaciofluvial 42 40 3B 3 W 32 i,
processes. Change in energy conditions is eviden g Ty ® © =

from the distribution pattern of sediments in both ~ *7§ - -
places (Asthanat al, 2013). The sediments from ,05;3 F o
Fisher Island showed a lithic arenite to arkosic ] . £, |
composition, indicating slightly to moderately = "“33 - Fe
weathered source rocks. Sediments on Fisher Islan(s z»J & T F0 @
show intense mechanical textures characteristic ofi 25_5 E i 2 2 g . %
glacial transport (Asthanet al, 2013). However - % R 3 3, z-,» : 7;:,
most of these records are restricted to climatic *7~ £ T =
changes during the Holocene and do not provide = - ol s
undisturbed records of climate change due to the ] - =3 '
inherent problems associated with the sediment core “1  =— . “
and sample collection methods. In order to obtain more s P
reliable palaeoclimate records, the “Past Climate and gy <" warmer HEmm L e
OceanicVariability” project of NCAOR has Aif (103 570 {u)

embarked upon a long-term project to obtain long and

undisturbed sediment cores from Larsemann Hills andFig. 6: Comparison of (a) magnetic susceptibility data of
Schirmacher Oasis and to undertake multi-proxy work Sandy Lake (Schirmacher Oasis) sediments with the
on them to reconstruct the past climas.part of oxygen isotopic data of ice-cores from (b) Byrd and

. . EDML stations in East Antarctica (after Warrier et al.,
the programme, new piston coring systems and 2014)
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The sediment particle size and quartz grains The organic geochemical and sedimentological
deposited in the sediments of Sandy Lake were usedlata from sediments deposited in Long Lake (L-27),
to understand their provenance and also the strengtischirmacher Oasis, provide a history of glacial-
of the transporting medium during the past 42.5 calinterglacial climatic variations during the last 48,000
ka B.P (Warrier et al, 2016).The sediments are cal. years B.RMahestet al, 2015).The last glacial
poorly sorted and finely skewed and show different and major part of Holocene records the lowest organic
modes of grain size distribution throughout the last 43 carbon indicating that the productivity was generally
cal ka B.PThe statistical parameters of grain size lower suggesting longer ice-cover period due to
data indicate that the sediments are primarily extreme cold conditions. The sustained Holocene
transported by melt-water streams and glaciers.warm conditions would have resulted in the lake
During the last glacial period, wind activity was strong experiencing longer ice-free conditions beginning at
as evident by the good correlation between roundedé cal ka B.Pas evident in the grain size variation.
quartz data and dust flux data from EPICA ice-core The results showed that Long Lakeesponse to
data (Fig. 7). SEM studies of selected quartz grainsAntarctic climate is reflected in its response to the
and analyses of various surface textures indicate thaice-cover conditions which regulates the productivity
glaciogenic conditions must have prevailed at the timeand sedimentation in the lake system. These multi-
of their transport. Semi-quantitative analyses of proxy records from the sediment cores will help to
mineral (quartz, feldspamica, garnet and rock reconstruct high-resolution past climatic variations in
fragments & other minerals) counts suggest a mixedAntarctica during the past.
population of minerals with quartz being the dominant _ o o )
mineral. The study reveals the different types of Cenozoic Climatic Variability from Marginal
physical weathering, erosive signatures, and chemicalSedimentary Records of East Antarctica

precipitation most of them characteristic of glacial |, o qer to study of evolution and dynamics of the

environment which affected these quartz grains pnearetic cryosphere from its inception during the
before final deposition as lake sediments.
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Fig. 7: Comparison of mean grain size, % quartz, and % rounded quartz grains of Sandy Lake core from Schirmacher Oasis
(DML) with dust flux and oxygen isotopic data from EPICA ice-core data (after Warrier et al., 2016)
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Eocene-Oligocene transition (~34 Ma) through the Site U1359 of théVNilkes Land IODPLeg 318
significant subsequent periods of likely coupled climate revealed evidences for multiple sourcing from the East
and atmospheric Cohanges, Indian scientists have Antarctic Craton and Ross Orogen (Retrdl, 2013).
joined the Integrated Ocean Drilling Program (IODP) The nature of rock fragments in Pleistocene sediments
that drilled through thantarcticWilkes Land magin from Wilkes magin of EastAntarctica and the
(Indian Ocean sector). The major aim was to providecomposition of minerals is suggestive of a
along-term record of the sedimentary archives alongpolymetamorphosed provenance, with peak
an inshore to d$hore transect of Cenozdatarctic metamorphism at least in the amphibolite—granulite
glaciation and its intimate relationships with global transition.A subordinate low to medium grade
climatic and oceanographic change. Since metamorphic component is also reflected. The
paleoceanographic reconstructions fiditkes Land composition of basalt fragments suggest sediment
margin drill cores critically depend on a robust sourcing from thelransantarctic Mountaing.his
stratigraphic framework, efforts have made for a implies a change of ocean currents, which is possible
robust chronological frameworld stratigraphic  in the case of warmer climate and recession of the
framework was developed that allows the placementEastAntarctic Ice Sheet. Increased kaolinite content
of future proxy-based paleo-records into a context of in the clay mineral fraction supports this inference.
global climate and ocean circulation models during aChemical geochronology of euhedral accessory
critical period of timeThe record from th&Vilkes minerals, indicating Ordovician—Silurian provenance
Land Margin will contribute significantly to our ages, corroborates sediment sourcing from the Ross
understanding oAntarctic climate and ice sheet Orogen (Panét al, 2013).

evolution and their feedbacks to the global climate lobal “colder” | . . 33
system (uxeet al, 2012). A global “colder” late Miocene (prior to 5.

million years) and a ‘warméPliocene is commonly
Provenance study of Pleistocene sediments frominferred mainly from the benthic foraminiferal records
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Wilkes Land, East Antarctica (after Verma et al., 2014)
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mainly from the low-latitude proxy data, butice-sheet have made significant contributions to the
proximal records are limited. The clay mineralogy understanding dfntarctic climate variability and the
records of Core U1359 (IODP Hole 318) collected various factors involvedimong the diverse types of
from the continental rise biWilkes Land (East studies undertaken, the ice core studies have
Antarctica) indicate that the beginning of ‘warming generated large amount of knowledge basis on the
event’ occurred in late Miocene rather than early Antarctic climate and its global/regional linkages.
Pliocene in the eastern sectokifkes Land (\érma Recent developments in the recovery and study of
et al, 2014). In their study the ice retreat condition undisturbed sedimentary records frAntarctic lakes
deciphered during 6.8-6.2 Ma shows that in the for the first time in the country provide an excellent
eastern sector &¥ilkes Land magin ‘warming’had opportunity to understand the last glacial to Holocene
started in latest Miocene, much earlier than the othervariability with better stratigraphic constraints.
part of EastAntarctica and was preceded by a Compared to these, deeper sedimentary records from
concentration of IRD during 9-7 Ma period indicating theAntarctic continental mgin offer us an important

a prolonged cooling period (Fig. 8). During times of opportunity to study of evolution and dynamics of the
ice retreat smectite rich sediment derived from RossAntarctic cryosphere from its inception.

Orogen is transported to the core site through surface

or bottom water currents €vmaet al, 2014). Acknowledgments
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