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Foreword

Antarctica is the last great untouched wilderness. Antarctica’s frozen continent is
an incredible continent of stunning and alien beauty with a rich history of adven-
ture, exploration, and discovery. It is known for diversified uniqueness and is a key
to understanding how anthropogenic activities adversely impact the world’s climate
and carry an associated impact on it. Indubitably, Antarctica is also essential for
science because of its profound effect on the Earth’s climate and ocean systems
which has also revealed much about the impact of human activity on the natural
world.

The looming danger of globalwarming onAntarctica is not confined but spreading
fast across the continent, long thought to be untouched by warming. But now, the
glaciers and ice shelves in this frigid region are showing signs of melting. Such
unprecedented development portends dramatic rises in sea levels in this century and
beyond. The collapse of the Larsen C ice shelf warns us against the Antarctic’s
fragile environment. The subtle climatic changes may primarily pose dire global
consequences because collapsing ice shelves prompt the glaciers behind them to
retreat more quickly, causing further sea-level rise, thus increasing peril, especially
for island countries.

Some of the changes Antarctica is facing are already irreversible, and the situation
may turn out to be devastating if the issues are not timely managed through appro-
priate strategies. To tackle the potential impact of climate, it becomes imperative to
prepare futuristic climate change trends to prepare humankind in a larger perspec-
tive. It necessitates an in-depth assessment of the Antarctic Environment through an
integrated approach.

Over four decades, India has been actively pursuing Antarctic research commen-
suratewith its scientific strength and global visibility.A particular focus has been paid
towards climate change. The present book,Assessing the Antarctic Environment from
Climate Change perspective: An Integrated Approach, provides a comprehensive
overview of Antarctic Environmental changes in space and time and assesses climate
change scenarios in the present context global warming. It is aptly brought out with
eighteen dedicated chapters, where each chapter has its specific significance.
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vi Foreword

The book begins withDhanasree Jayaram’s detailed account on current geopolit-
ical issues arising out of ongoing environmental shift due to unfavourable activities
elsewhere, causing damage to the icy continent’s pristine nature requiring a firm
committed and transparent Antarctic Governance. Dastidar and Khare used the data
obtained from the web of science and analysed various trends and patterns from the
scientific literature onAntarctic Climate Change science. Such analyses significantly
impact the direction of the present research to help understand climate change and
variability. Subsequently, a detailed assessment is made byChoudhary and Khare on
how climate change over the Antarctic and the Southern Ocean impacts the global
climate system. Gleaning clues drawn from the marine sedimentary records. Singh
et al. illustriously elaborated Cenozoic Evolution of Antarctic Ice sheet, Circum
Antarctic Circulation and Antarctic climate.

To understand theAntarctic region’s climate scenarios, a firmunderstanding of the
past climatic evolution is exciting and a key factor.Baba et al. studied the variations in
the cosmogenic radionuclides. They reconstructed the climatic conditions and glacial
history over the DronningMaudland region. Whereas’ Shrivastava et al. utilised
yet another proxy (Terrestrial Diamicts and Lacustrine Sediments) to illuminate
Late Quaternary Climate Change in Schirmacher Region, East Antarctica. It is well
corroborated withGovil and Mazumder’s focused review on lacustrine signatures of
the palaeoclimatic conditions. Glacial-interglacial paleoenvironmental records have
been retrieved from lake sediments of Schirmacher Oasis, East Antarctica, byWarier
et al.

On the contrary, Nutrient cycling and productivity in Antarctic lakes have been
detailed by Choudhary et al. In contrast, the Chemical and isotopic characterisation
of lakes in the Larsemann Hills, East Antarctica, has been addressed by Reshmi et al.

Gwal et al. studied the effect of Ionospheric scintillation and observed the loss of
lock-in GPS signals. Further the effect of Ionospheric Scintillation on the positional
error and loss of lock of GPS Signal have also been investied in details by Gwal
et al. Towards understanding biological response to ongoing climate changes over
the Antarctic region, Pande and Kuppusamy highlighted that the rapid changes in the
physical environment of the Antarctic and the Southern Ocean affect marine life at all
trophic levels, from the primary prey species (zooplankton including Antarctic Krill)
tomesopredators (like squids) to top predators such asmarinemammals and seabirds.
They also postulated that the Seabird populations across the globe are threatenedwith
human-induced changes. Long-term monitoring programs have highlighted exciting
trends, including foreseen threats and the declining status of seabirds worldwide.

Similarly, Nayaka and Rai have examined the response of Antarctic lichen to
climate change. Their evaluation was primarily based on the evidence from natural
gradients and temperature enchantment. Simultaneously, Singh et al. found a higher
Pigment Synthesis rate in Antarctic Plants as an adaptive survival strategy under U.V.
radiation.

Catherine et al. have provided an overview of Antarctica’s Geoscience studies.
In contrast, the Antarctic region’s seismogenesis and seismic potential have been
assessed for the future comprehensive study by Mishra. On the contrary, Sunil
et al. demonstrated the Antarctic plate’s new kinematics using GPS and GRACE
data.
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Understanding is a continuous process, so theScientific advancements inAntarctic
Science may pose a more significant database to attend to challenging scientific
questions. It requires enhanced monitoring, long-ranged time series climate data,
efficient models and strong international collaborations to help understand Antarctic
climates’ evolution.

This book aptly consolidates recent scientific findings and insights related to
the ongoing climate change in and around the Antarctic region through an integrated
approach. This book will act as a ready reference to all avid researchers and students.

This book will be a good source of information about the Antarctic climate and
act as a reference for students, professionals and researchers.

April 2021 A. E. Muthunayagam
Former Secretary, Department

of Ocean Development
Government of India

Thiruvananthapuram, India



Preface

Over 100 million years ago, Antarctica was part of the supercontinent Gondwana.
Gondwana gradually broke apart with passing time, and Antarctica in its present
situation was formed around 25 million years ago, owing to the opening of the Drake
Passage between it and SouthAmerica. The vast frozen landmass at the southernmost
part of the planet is more than just spectacular icing worldwide. The Antarctic ice
deflects some of the sun’s rays away from the Earth, keeping temperatures liveable.
It could be vital for our survival too.

Historically, the first confirmed sighting of mainland Antarctica was recorded
on January 27, 1820. Antarctica’s discovery is attributed to the Russian expedition
led by Fabian Gottlieb von Bellingshausen and Mikhail Lazarev. They discovered
an ice shelf at Princess Martha Coast, subsequently known as the Fimbul Ice Shelf.
This continent carries many superlatives like it holds most of the world’s freshwater
but remains a desert. Antarctica used to be as warm as any other tropical place. The
Antarctic, which has active volcanoes and several subglacial lakes, has no time zone.

Owing to ongoing global warming, the Antarctic Peninsula has become one
of Earth’s most rapidly warming areas. The high ice sheet and the polar loca-
tion make Antarctica a powerful heat sink that strongly affects the climate of the
whole Earth. The Antarctic ice sheet contains sufficient ice to raise worldwide sea
level bymore than 60meters ifmelted completely. ThroughAntarctica,we can under-
stand the Earth’s past, present, and future. It also exhibits a platform to understand
and value our planet. The ice sheets over the Antarctic region also holds over half-
million-years old climatic change signatures. Themajor threats to this pristine region
are climate changewhich is the greatest long-term threat to the area, increased fishing
pressure and illegal fishing, marine pollution, persistent organic pollutants (POPs),
and invasive species. It is now a fact that Antarctica and its surrounding waters are
under pressure from a variety of forces that are already transforming the area. The
most immediate threats are regional warming, ocean acidification, and sea ice loss, all
linked to global levels of carbon dioxide. Environmental impacts in Antarctica occur
at a range of scales. Global warming, ozone depletion, and global contamination
have planet-wide consequences. These affect Antarctica at the most significant scale.
Fishing and hunting have more localized impacts but still, have the potential to cause
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region-wide effects. Indubitably, if all the ice covering Antarctica, Greenland, and
mountain glaciers worldwide were to melt, the sea level would rise about 70 meters.
The ocean would cover all the coastal cities, and the land area would shrink signifi-
cantly. However, all the ice is not going to melt. Altogether, Greenland and Antarc-
tica have lost 6.4 trillion tons of ice since the 1990s. The resulting meltwater boosted
global sea levels by 0.7 inches. Therefore, it is essential but vital to understand the
environmental conditions vis-a-vis the impact of global climate change on this icy
continent.

The present book Assessing the Antarctic Environment from Climate Change
perspective: An Integrated Approach attempts to address various facets of the
climate change being witnessed over the Antarctic region. The book begins with the
Geopolitics, Environmental Change and Antarctic Governance ably highlighted by
Dhanasree Jayaram. Although the Antarctic Treaty (AT) is considered a successful
example of science diplomacy, as countries have set aside their territorial claims and
the continent is a nuclear-free zone by shifting focus to scientific cooperation, its
future remains uncertain with these developments. Science diplomacy always goes
hand in hand with geopolitics. The AT that reflects Cold War geopolitics needs to
be modified to represent present-day geopolitical realities for it to be enduring. A
transformative approach to Antarctic governance (including the Southern Ocean),
especially in terms of its resources, needs to be adopted. This chapter is followed
by detailed data analyses obtained from the web of science dealing with the climate
change-related research over Antarctica by world’s researchers by Dastidar and
Khare. Their efforts observe peculiar trends and patterns in the climate change
research suggesting priority for climate change research since the 1970s. Choudhary
and Khare have addressed the climate change over the Antarctic and the Southern
Ocean and its impact and bearing on the global climate system. They advocated for a
thorough understanding and knowledge of the causes and impacts of climate change
and the duration and rates of change, requiring the integration of observational and
modelling knowledge from all Earth system-based scientific disciplines.

In a significant manner, Singh et al. put forth the evolution of the Antarctic
Ice sheet, Circum Antarctic Circulation, and Antarctic climate during Cenozoic
by gleaning clues from marine sedimentary records. This chapter ably covers the
geological evidence for the origin and evolution of the Antarctic Ice sheet, which
primarily includes marine sediments deposited from southern to lower latitudes and
summarizes crucial research regarding the origin and development of the Antarctic
Ice Sheet (AIS) and offers some future directions for research.

While Baba et al. utilized cosmogenic radionuclides to reconstruct the glacial
history of the Dronning Maudland region of East Antarctica, this chapter delib-
erates on the comprehensive outline of DML, basics of cosmogenic radionuclide
and its application, and major glacial events from DML. Further, meltwater pulse
due to deglaciation of EAIS and evidence related to the marine isotope stages are
discussed to understand the impact of deglaciation on the global ocean. This region
shows sparse or no evidence of ice thickening during the last glacial maximum
(LGM). Field observations and ice core models show that the ice sheet’s interior
parts, the ice dome, were possibly 100 m lower during LGM than the present. On the
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other hand, Shrivastava et al. discussed the Late Quaternary climate change in the
Schirmacher region, based on the terrestrial diamicts and lacustrine sediments. The
multi-proxy data, generated from the moraines and sediment cores of a variety of
lakes from the Schirmacher region, cDML, has provided better insight into the Late
Pleistocene toHolocene paleoclimatic evolution of the region during the LateQuater-
nary. This chapter highlights the glacial signatures, which are very well preserved
in all kinds of sediments of this region. The clay minerals indicate a gradual shift
in the weathering regime and that in climate from strongly glacial to fluvio-glacial
during Late Quaternary. The results of surface textures of quartz grains have been
discussed depth wise and in the same samples. In general, it shows dominant glacial
and glaciofluvial actions. The OSL chronology on moraines has provided infor-
mation on different events of deglaciation in Schirmacher region, East Antarctica.
An overview of the paleoclimate changes archived in the lacustrine sediments has
been provided by Govil and Mazumder. Major palaeoclimatic/palaeoenvironmental
studies from this region reveal the presence of several episodes of alternating warm–
cold events during Holocene and even beyond, based on a large number of proxies,
mainly biological, geochemical, and sedimentological parameters. On the basis of
these data, the morphological evolution of the lakes and palaeoclimatic reconstruc-
tion of the Schirmacher Oasis have been deciphered. The lacustrine signatures have
further been explored to synthesize a glacial–interglacial paleoenvironmental condi-
tions of Schirmacher Oasis, East Antarctica. Paleoclimatic studies using lake sedi-
ments drew scientific attention due to its efficiency to record long, high-resolution
climate records. Recent studies have employed multiple proxies like environmental
magnetism, isotope geochemistry, petrography, sedimentology, and geochronology
on lake sediments of SchirmacherOasis to decipher the past climate and the prevailing
environmental conditions. The existing studies poorly record climatic events such
as the Mid-Holocene Warm period, Hypsithermal and neoglacial cooling. Despite
better chronometric control in these studies, coarse temporal resolution and sparsely
documented finer scale climatic variations place the need for future high-resolution
works in the East Antarctic region. To fill up this gap,Warier et al. have synthesized
glacial–interglacial paleoenvironmental records from lake sediments of Schirmacher
Oasis, East Antarctica. The nutrient cycling and productivity in Antarctic lakes have
been addressed by Choudhary et al., who used sedimentary organic matter from the
Antarctic lakes as the source of various proxies to study productivity changes. A
total of three sediment cores have been analyzed for TOC, total nitrogen (TN), total
phosphorus (TP), biogenic silica (BSi), and their ratios were computed to understand
the nutrient cycling and productivity in Antarctic lakes. On the contrary,Reshmi et al.
studied chemical and isotopic characterization of lakes in the Larsemann Hills, East
Antarctica. The ionic and isotopic ratios of some lakes kinetic controlled ice-water
fractionation and evaporation processes are found to affect the isotopic evolution of
lake water.

In the field ofAntarctic ionospheric research, the effect of ionosphere scintillations
on the loss of lock inGPS signals has been detailed byGwal et al. during the fivemost
disturbed days of the December 2006. During all the disturbed days weak, moderate
or intense geomagnetic storms were observed. The amplitude and phase scintillation
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become frequently, the visible PRNSs does not remain stable for longer periods.
The loss of lock occurs frequently whenever the GPS signals scintillate. Similarly,
Gwal et al. also attempted to understand the effect of Ionospheric Scintillation on the
Positional Error and Loss of Lock of GPS Signal in Antarctic Region. They reported
that during all the five geomagnetically disturbed days, the positional error increases
significantly.

In Antarctic Biology, Pande and Kuppusamy provided an insight into the impacts
of ongoing climate changes on Antarctic birds. They have assessed the population
status, distribution, and genetic structure of key seabird species (Adelie penguin,
snow petrel, south polar skua,Wilson’s storm petrel) breeding around Indian research
stations,whereasNayaka andRai have detailed the response of lichens to temperature
rise. The extreme climatic conditions such as temperature, precipitation, and smaller
ice-free regions allow only cryptogams like bryophytes and lichens to grow domi-
nantly. Lichens are well-known biomonitors and bioindicators of climate change,
environmental pollution, and anthropogenic perturbations, they have explored their
potential. The study points out that climatewarmingwill cause the extinction of sensi-
tive species. Simultaneously, some will increase their geographical extension due to
the increasedwater availability and nutrients in changed ecosystems. On the contrary,
Singh et al. assessed the Strategy ofAntarctic plants for survival underUV radiations.
Antarctic cryptogams are growing in the photosynthetically active radiation (PAR),
and ultraviolet radiations (UV-R), closely associated with the synthesis of photo-
synthetic and photo protective pigments. Antarctic cryptogams cope with high UV
radiation stress by synthesizing UV-absorbing compounds; UV-B absorbs pigments
and other compounds; the pigment synthesis provides protection to cryptogamic
flora.

An exhaustive collation of significant geoscientific studies in Antarctica has been
made byCatherine et al.,with special mention of CSIR-NGRIwhich has been partic-
ipating in these expeditions and has established seismological andGPS observatories
for monitoring seismicity and to understand the tectonics of the Antarctica plate and
has carried out some geological and geophysical studies too. They summarize some
of the important contributions of CSIR-NGRI. While seismogenesis and seismic
potential of Antarctic region has not yet been well understood because of unique and
complex tectonic settings of the region, besides several causative factors associated
with natural and anthropogenic, which are still enigmatic in sense to unravel the fact
what and how the genesis of earthquakes is related to the glacial dynamics. Mishra
have ably provided a comprehensive overview on these aspects to suggest future
course of action to undertake detailed study on the glacial mass change induced
earthquakes (GMCIE) for the Antarctic regions. The book ends with a dedicated
chapter dealing with the Gravity Recovery and Climate Experiment (GRACE) satel-
lites data by Sunil et al. which indicates global sea level rise by 0.35 millimetres per
year. Antarctic GPS and GRACE data were reanalyzed and discussed to understand
in this chapter to understand and estimate the kinematics of Antarctic plate.
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The present book shall act as a ready reference to all researchers/academicians
who have curiosity to know about various dimensions of the Antarctic climate. The
latest insight and data shall be of immense use to climate scientists and policymakers.

New Delhi, India
April 2021

Neloy Khare
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Editors and Contributors

About the Editor

Dr. Neloy Khare presently Adviser/Scientist G to the Government of India at
MoES. has a very distinctive acumen not only of administration but also of quality
science and research in his areas of expertise covering a large spectrum of geograph-
ically distinct locations like Antarctic, Arctic, Southern Ocean, Bay of Bengal,
Arabian Sea, Indian Ocean, etc. He has almost 30 years of experience in the field of
paleoclimate research using paleobiology Paleontology)/teaching/science manage-
ment/administration/coordination for scientific programmes (including Indian Polar
Programme), etc. Having completed his doctorate (Ph.D.) on tropical marine region
and Doctor of Science (D.Sc.) on Southern High latitude marine regions towards
environmental/climatic implications using various proxies including foraminifera
(micro-fossil), have made significant contributions in the field of palaeoclimatology
of Southern high latitude regions (Antarctic and Southern Ocean) using Micropa-
leontology as a tool. These studies coupled with his palaeoclimatic reconstructions
from tropical regions helped understand causal linkages and teleconnections between
the processes taking place in Southern high latitudes with that of climate variability
occurring in tropical regions. He has been conferred Honorary Professor andAdjunct
Professor by many Indian universities. He has a very impressive list of publications
to his credit (125 research articles in National and International Scientific journals; 3
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Geopolitics, Environmental Change
and Antarctic Governance: A Region
in Need of a Transformative Approach
to Science Diplomacy

Dhanasree Jayaram

Abstract Antarctica, a continent that has been dedicated to scientific cooperation
for decades, is increasingly coming under the pressure of several environmental,
climatic, geopolitical (including the rise of Asian powers such as China) and geoe-
conomic changes (including fishing and bioprospecting). Although the Antarctic
Treaty (AT) is considered a successful example of science diplomacy, as countries
have set aside their territorial claims and the continent is a nuclear-free zone by
shifting focus to scientific cooperation, its future remains uncertain with these devel-
opments. Science diplomacy always goes hand in hand with geopolitics. The AT that
reflects Cold War geopolitics needs to be modified to represent present-day geopo-
litical realities for it to be enduring. It is also critical for the Antarctic Treaty System
to continue maintaining the continent as a peace zone, environmental conservation
and protection, and scientific collaboration. In this context, this chapter analyses
the recent geopolitical trends associated with the Antarctic (against the backdrop
of climatic and environmental change) and argues that the Antarctic Treaty System
(and specific agreements under it) need to be reviewed. A transformative approach
to Antarctic governance (including the Southern Ocean), especially in terms of its
resources, needs to be adopted.

Keywords Antarctic treaty system · Science diplomacy · Environmental change ·
Antarctic governance · Transformative approach · Polar geopolitics

1 Introduction

Antarctica is one of the world’s most significant regions regarding climate change
and geopolitics are concerned. Being one of the global commons on the one hand
and subjected to global climate change with grave repercussions for the entire world
on the other, Antarctica could potentially emerge as a hotspot in terms of governance
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and security. While the focus of the larger international community seems to be
on the Arctic, Antarctica’s geopolitical dimensions have principally been directed
by the evolution of the Antarctic Treaty System (ATS).1 Very often, due to the
region’s scientific importance, remoteness (territorial) or even the absence of the
native human population, Antarctica has not been at the centre of geopolitical discus-
sions. However, with climate change, more recently discovered geoeconomic and
geostrategic potential, growing scientific opportunities as well as longstanding terri-
torial ambitions, the need for a transformative approach beyond the ATS has assumed
significance more than ever before. This is critical to preserving the region’s envi-
ronmental and scientific integrity and maintaining peace and stability. This becomes
even more relevant in the criticality of this region’s ecological stability for the rest
of the world.

Antarctic governance has, therefore, been complicated by various factors, with the
future being uncertain in many ways. Even though the likelihood of an open conflict
in or over the region may be negligible, confrontations and disagreements may arise
that could even dilute the AT and related agreements. Already there are instances in
which fissures have appeared between the original 12 signatories that were active
during the International Geophysical Year of 1957–58 and the late entrants such as
China. In this context, it becomes pertinent to analyse the various ways geopolitics
affect Antarctic governance and how, in particular, recent geopolitical developments
affect the future of the AT and related agreements. Many agreements about the
Antarctic concern governance of environmental and resource issues. Governance
essentially connotes the act of making “collective decisions”, choosing “collec-
tive goals”, and taking “action to achieve those goals.“ As an extension, environ-
mental governance “addresses issues of access, use, protection, and management
of common-pool natural resources” (Chaffin et al. 2016). Hence, this chapter deals
with the interplay between Antarctic geopolitics and governance with the primary
focus on environmental and climate change. Since science diplomacy has been used
as a vital tool to bring together various countries to cooperate and collaborate in
the Antarctic, the chapter looks into this concept and its multiple dimensions. It
has been argued that science diplomacy is not devoid of geopolitical underpinnings
and considers today’s geopolitical realities. The Antarctic requires a transformative
approach to science diplomacy that could help reinvigorate Antarctic governance,
achieve sustainability and maintain peace in the region.

2 Science Diplomacy in the Antarctic

Science diplomacy has been in play since time immemorial. The ATS and many
other subsequent decisions and agreements reached by the international community
in Antarctica and the Southern Ocean are attributed to science diplomacy. The use

1 The Antarctic Treaty and related agreements can be found at: https://www.ats.aq/e/antarctictreaty.
html.
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of science as a tool for diplomacy is not the only element of science diplomacy.
Beyond this, the science-policy interface, which manifests in science to design insti-
tutions and implement policies, or for international collaboration, or management of
natural resources and environmental concerns, is critical to the concept and practice
of science diplomacy. Therefore, it is imperative to reflect on the various aspects of
science diplomacy and their relevance toAntarctic governance. At the same time, can
science diplomacy be disassociated from geopolitics? As many examples, including
from the Antarctic, would suggest, they are interrelated, and science diplomacy
is often practised by the existing geopolitical scenario. Hence, in this section, the
interrelationship between science diplomacy and geopolitics would be explained to
provide a context to the future of governance in the Antarctic.

TheUnitedNations Educational, Scientific andCultural Organization (UNESCO)
describes science diplomacy2 as:

Science, due to its international and universal nature, has the power to cross borders and
connect different peoples, communities, and societies…a tool to achieve foreign policy
objectives where, not only the research outcomes but also science itself as a process and way
of communicating, may serve to promote peace and sustainable development.

This definition tends to delink science from politics, which is debatable in an age
where the politics or the politicisation of science is often used as a tool to influ-
ence decision-making (Gibbons 1995). By treating science as ‘international’ and
‘universal’, it is also rendered ‘rational’, ‘objective’, and so on (Sabbagh 2017).
This is where geopolitics also assumes significance as countries engage in scien-
tific exploration, research and related diplomatic initiatives only in tune with the
prevailing geopolitics and not separate from it. However, this definition brings out
certain critical elements of science diplomacy—facilitation of communication and
connection, the achievement of and alignment with foreign policy objectives, and
promotion of peace and sustainable development. These are essentially the need of
the hour, more so when the credibility of science (such as climate science) is being
discarded by several sections of the political class.

Science diplomacy can be understood in many ways. First, “science in diplo-
macy”, wherein the focus is on how science could inform foreign policy. Science
has become integral to several foreign policy options and goals adopted by nation-
states,whether related to transboundary resourcemanagement, trade, security-related
issues or other sectors. Second, “diplomacy for science”, wherein formal diplo-
macy becomes the means for achieving scientific goals. The Montreal Protocol on
Substances that Deplete the Ozone Layer is a classic example of a treaty that was
reached through successful diplomatic efforts to address the issue of ‘ozone hole’ or
depletion of the ozone layer in the stratosphere. All the countries have committed to
phasing out or have already phased out ozone-depleting substances (ODS) such as
chlorofluorocarbons (CFCs), based on a scientific agenda. Third, “science for diplo-
macy”, wherein science becomes a tool for collaboration, cooperation, engagement

2 More on UNESCO’s interpretation of science diplomacy and its practice can be
found at: http://www.unesco.org/new/en/natural-sciences/science-technology/science-policy-and-
society/science-diplomacy/.
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and peacebuilding (Walport 2014). Initiatives such as “Science for Peace” in Cyprus
have primarily been engendered by scientific communities to promote engagement
and peace between North and South Cyprus that continue to be politically divided.3

With science diplomacy, scientists’ role in foreign policy development and inter-
national relations has also been reinforced more directly. The contribution of the
Intergovernmental Panel on Climate Change (IPCC) to the global climate change
negotiations can be cited as a case in point. On foreign policy developments in
sectors such as nuclear and space, too, the scientific community has at times had a
direct role to play.

If one takesAntarctica’s case, one could argue that all three versions are applicable
and have come into use at various points in time. Even at the peak of the Cold War,
this region witnessed international collaboration and efforts to bring peace between
countries. Perhaps this is the only global commons with so-called ‘claimant states’—
Argentina, Australia, Chile, France, New Zealand, Norway and the United Kingdom
(UK). Besides, the United States (US) and Russia (erstwhile Soviet Union) have
consistently opposed these claims. Concerns about nuclear tests and dumping had
also gathered momentum. India was among the countries that first demanded that
Antarctica be used only for peaceful purposes. It was under these circumstances that
the ATSwas signed with the active involvement of both the US and the Soviet Union,
who were in agreement that Antarctica should not become the centre of East–West
conflict. Territorial sovereignty was set aside by most nation-states. The movement
for establishing peace gained momentum during the 1950s, which led to the promo-
tion of scientific research and cooperation in Antarctica that later were integrated
into the ATS. Science diplomacy has become a cornerstone of several other measures
taken in the region, such as the ones aimed at biodiversity protection. One such initia-
tive is the science-based Convention on the Conservation of Antarctic Marine Living
Resources (CCAMLR) that is considered to be the ocean arm of the ATS. Science
diplomacy in the Antarctic context has been used to attain scientific goals, achieve
sustainable development, establish peace, promote international collaboration, and
inform foreign policy objectives, among others.

3 The Antarctic Treaty System and Its Future

The Antarctic Treaty (AT) is considered a success story, primarily because it was
arrived during the peak of the Cold War and survived many decades of rivalries and
conflicts. The reason why the AT could be reached is at times attributed to the delib-
erate attempt by the chief negotiators to keep many provisions largely ambiguous,
with mechanisms for compliance, enforcement and governance relatively weak. One
could argue that science trumped geopolitics in this case, albeit as discussed, the two

3 More on Science for Peace Initiative Cyprus can be found at:
https://medium.com/naturewords/the-science-of-building-peace-with-nature- 838b36cd5bfb
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go hand in hand. The AT needs to be seen through the prism of science diplomacy—
how science played an important role in reaching intergovernmental agreements,
including on marine living and mineral resources. With support from groups such as
the Scientific Committee onAntarctic Research (SCAR),much before the CCAMLR
came into force in 1982, a few more agreements were reached by the international
community. These include AgreedMeasures for the Conservation of Antarctic Fauna
and Flora (1964) and Conservation for Antarctic Seals (1972). Science contributed to
the adoption of precautionary and ecosystem approaches within these agreements,
whether it is to “maintain populations that are the target of harvesting at healthy
levels” or to “prevent irreversible damage in the Antarctic marine ecosystem” (Scully
2011, p. 3). The most recent step undertaken under the ATS is that of entry into force
of the Ross Sea Marine Protected Area in 2017. This is the world’s largest marine
protected area (MPA) and will be in power for 35 years (Dodds and Brooks 2018).

The AT also needs to be seen against the backdrop of “scientific internationalism”
that has dominated much of the debates on Antarctic governance, especially in the
twentieth century. Scientific internationalism is based on three principles. First, the
epistemological principle pertains to knowledge and asserts that scientific knowledge
is borderless and universal (belongs to all). Second, the organisational focus concerns
cooperation in scientific research, standardisation of research methods, discussion
and interpretation (such as peer review), and information exchange, amongothers that
could reduce costs and duplication of efforts. Third, the welfare principle “involves
solidarity and the application of the fruits of science for the benefit of all humankind,
including the distribution of its goods.” As argued by Elzinga (2011, p. 59), the AT
has been successful only on the epistemological principle, while on the other two,
there are still gaps. Calls for declaring Antarctica as a “heritage of humankind” (to
be put under the United Nations) or as a “World Natural Park” (by several environ-
mental organisations) have not been endorsed even at the conceptual level, thereby
highlighting the continuing role of territoriality and exclusivity attached to this conti-
nent. Nevertheless, these principles have reflected to some extent in the International
Polar Year and International Geophysical Year.

The First International Polar Year (1882–83) was steered by the quest for knowl-
edge, scientific exploration and cooperation. The second International Polar Year
(1932–33) or IPY2 came more than a decade after the First WorldWar, during which
scientific internationalism suffered a setback. IPY2 also happened amid territorial
claims by several nations—starting from the UK (along with Australia and New
Zealand) during the early 1900s to France and Norway in the 1920s and 1930s. After
IPY2, Argentina and Chile also entered the fray in the 1940s and their territorial
claims overlapped with that of the UK. The International Geophysical Year (1957–
58) or IGY laid the AT’s foundation as the US, under former President Dwight D.
Eisenhower, spearheaded preparatory talks and negotiations. The IGY saw 67 nation-
states collaborating for scientific endeavours, out of which 12 were mainly involved
in the Antarctic (Joyner 2011).

To contend that the IGY and the subsequently inked treaty were exceptions to
the bitter Cold War rivalry and devoid of geopolitical motives would be naïve. The
IGY had security, strategic and foreign policy objectives. The US saw “international
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scientific cooperation and data exchange” as a potentially “powerful, yet neglected,
vehicle for promoting American interests and values as well as for the collection of
intelligence of use to the American state” (Naylor et al. 2008). Bymerely suspending
all the territorial claims and allowing all countries to enter the continent freely and
fully (as a global commons), the US and the erstwhile Soviet Union could establish
their research bases/stations all over the mainland. Simultaneously, the claimant
states (traditionally) restricted construction and scientific activities to their claimed
territories only. Thus, the US built one of its research stations—Amundsen-Scott
South Pole Station—at the much-coveted geographic South Pole.4 In any case, the
future of the Antarctic region as a nuclear-free zone for ‘scientific’ purposes was
concretised.

Despite these success stories, questions are still raised over the future of gover-
nance in the region due to its relevance for the fishing industry (particularly krill and
toothfish), thewhaling industry, access to freshwater (since the area is home to 70 per
cent of the world’s freshwater), bioprospecting, mineral exploration (and potential
exploitation), tourism and other human activities (Joyner 2011). Science may be the
binding factor fostering international collaboration; it is also visibly being used as
a geopolitical tool to expand research on climate change through physical presence
on the continent that may even metamorphose into an opportunity to fulfil mili-
tary or security or strategic objectives. The Antarctic is abundantly rich in resources
(including marine life), with many species and resources still undiscovered. Both
human activities and environmental change are, however, putting pressure on the
region’s ecosystems.

Whether or not the ATS has been able to check such activities and whether or
not it will be able to do so in the future are questions that require further analysis.
The Protocol on Environmental Protection to the Antarctic Treaty or the Madrid
Protocol (concluded in 1991 and entered into force in 1998) has banned any activity
related to mineral resources other than scientific research. However, there are no
comprehensive frameworks and policy regimes to regulate other activities such as
bioprospecting5 in the region (except two resolutions adopted by theAntarctic Treaty
Consultative Parties or ATCPs). There has already been the collection of microor-
ganisms in Antarctica for various purposes (such as pharmaceutical and healthcare),
and the interest in bioprospecting activities is growing further (SCAR 2009). In
such a scenario, there could be conflicts on issues related to patenting, informa-
tion exchange and benefit-sharing (Australian Antarctic Division 2004). Even the
progress assessments made against the Strategic Plan for Biodiversity (includes a
goal on “Benefits from biodiversity and ecosystem services”), adopted under the
purview of the Convention on Biological Diversity (for until 2020), do not include
Antarctica and the Southern Ocean (Chown et al. 2017).

4 More information regarding the US’ research station at the South Pole can be found at: https://
www.nsf.gov/geo/opp/support/southp.jsp.
5 Bioprospecting refers to “exploration of naturally occurring microorganisms, plants and animals
for commercially valuable genetic and biochemical resources.” The definition and other details can
be found at: https://documents.ats.aq/ATCM25/wp/ATCM25_wp043_e.pdf.

https://www.nsf.gov/geo/opp/support/southp.jsp
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The CCAMLR, which currently has 26 Members and 10 Acceding States (as of
2019),6 successfully established the Ross Sea MPA. Being one of the most pristine
andmost productive (in termsof healthymarine ecosystems) stretches of theSouthern
Ocean, the demand for an MPA remained fervent from several parties, particularly
New Zealand and the US (that also put forth a joint proposal). Scientifically too, it is
one of the best-studied Antarctic continental shelf systems. The need for Ross Sea
MPA was mainly driven by the rapidly intensifying fishing activities in the region.
Setting a limit on fishing through the MPA became a priority for several CCAMLR
parties. However, the journey was not smooth. In the initial years when the US
and New Zealand came up with independent proposals, there were many technical
differences and competing values between them and other member states. While
the US hosts the most extensive scientific base in the Ross Sea, New Zealand has a
historical claim over the area. The US is not involved in the toothfish industry and,
therefore, recommended anMPA thatwould take away amore prominent place off the
limits of toothfish fishery.NewZealand, on the other hand, sought to develop theRoss
Sea fishery in the past and even claimed exclusive access to it, which was eventually
denied as other CCAMLR members objected to it (Dodds and Brooks 2018).

Even in the discussions that led up to the establishment of Ross Sea MPA, there
were a few parties that held out until the last minute. For example, during the discus-
sions, China opposed no-fishing zones without enough scientific evidence of threat
(based on the precautionary approach). Russia endorsed this view, too (Brooks et al.
2018). To accommodate thefishing interests ofmanyparties, the area thatwas initially
proposed for the MPA had to be trimmed by almost 40 per cent in 2013. This was
the only way the initiative could have gained more support, and since the CCAMLR
works on consensus, it was essential to have the affirmative vote of all parties. How
geopolitics influences these discussions can be best exemplified by how the Ukraine
crisis and tensions between the US and Russia influenced the discussions. In the end,
the efforts of former Secretary of State John Kerry played a crucial role in bringing
on board China and Russia. As remarked by Brooks, “It was not only an environ-
mental win for Antarctica and the whole world but also a diplomatic win. It felt like
a peace agreement, especially in heightened geopolitical tensions between the US
and Russia. It made me realise that we still do have exceptional governance despite
tensions and contested resource frontiers” (Jayaram 2019).

The Antarctic krill are increasingly coming under pressure from overfishing
(illegal fishing too) and climate change. They aremainly used in aquaculture, omega-
fatty-acid supplements and livestock foods. Although they are present in humungous
numbers in the Southern Ocean, unregulated fishing could disrupt the overall ecosys-
tems as other mammals (such as whales), and birds feed on the krill directly or indi-
rectly (as a part of the food chain). The pressure on Antarctic species is immense,
with several of them being almost driven to extinction, and only a few can recover.
These include elephant seals, blue whales, marbled rock cod and king penguins. If
one takes just the case of krill, around 300,000 tonnes are caught annually (Brooks

6 More information regarding the CCAMLR can be found at: https://www.ccamlr.org/en/organisat
ion/who-involved-ccamlr.

https://www.ccamlr.org/en/organisation/who-involved-ccamlr
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et al. 2018). While fishing has been regulated in the Ross Sea, other areas such as
the Weddell Sea continue to be threatened by overfishing. A 2018 decision by the
krill fishing companies that account for 85 per cent of krill fishing decided to stop
fishing in areas of the Antarctic Peninsula just ahead of the CCAMLR meeting is
a welcome step. However, as scientists observe, that may not resolve the problem,
as other industries such as toothfish and icefish ones are still highly active in many
areas. This is why the support for an EU proposal on Weddell Sea MPA is growing
among the scientific and environmental conservation communities (Marshall 2018).

4 Climate Change and Changing Geopolitics
in the Antarctic

Much before climate change became the centre-point of global discussions, Antarc-
tica grabbed the spotlight when the stratospheric ozone hole was unexpectedly
discovered over it (first reported in 1985). This revolutionised both science and envi-
ronmental policymaking as it laid the foundation for theMontreal Protocol (Solomon
2019). Recent reports in 2019 suggest that the ozone hole is the smallest on record
since it was discovered and that it could recover entirely by 2040 if the Montreal
Protocol is adhered to by all the parties (Convey and Peck 2019). Despite being
geographically remote and still inaccessible to many, Antarctica’s scientific research
opened up possibilities for further collaboration and corrective measures in the polit-
ical domain. Today the region is no longer considered inaccessible as thousands of
tourists flock to this continent. From around 5,000 every year in the early 1990s to
about 45,000 in 2016–17, the number of tourists visiting Antarctica has risen and
continues to increase. To a large extent, these numbers are partly explained by the
phenomenon of “last-chance tourism”, which implies that people are increasingly
keen on visiting places/attractions that are threatened by natural or human factors
such as climate change or over-tourism and may not be accessible or available for
visits in the future (Abedi 2018).

The extensive impacts of climate change on the earth’s cryosphere have been
highlighted by several scientific groups, including the IPCC. These impacts are,
however, not uniform in the Antarctic region due to which certain parts of the area
are warming up more severely than others (such as the Antarctic Peninsula). At the
same time, in some other places, the sea ice extent is increasing. According to the
2019 IPCC Special Report on the Ocean and Cryosphere in a Changing Climate,
“Antarctic ice loss is dominated by acceleration, retreat and rapid thinning of major
West Antarctic Ice Sheet (WAIS) outlet glaciers (very high confidence), driven by
melting of ice shelves by warm ocean waters (high confidence)” (Meredith et al.
2019). Not only is the Antarctic adversely affected by climate change—in the form
of increased temperature, ocean acidification and thinning of the ice shelf (also
contributing to retreating ice sheet)—it also poses the potential risk of rising global
sea levels as the grounded ice enters the oceans (Gudmundsson et al. 2019). Another
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recent study reveals that the Antarctic Ice Sheet “lost 2,720 ± 1,390 billion tonnes
of ice between 1992 and 2017, which corresponds to an increase in mean sea level of
7.6 ± 3.9 mm” (Shepherd 2018, p. 219). The west coast of the Antarctic Peninsula
is reportedly one of the most rapidly warming regions of the world, with an increase
of 3 °C recorded in air temperature. These warming trends have adverse impacts on
the region’s ecosystems, including the penguin and Antarctic krill. The prevailing
measures, including under the CCAMLR, do not take into consideration long-term
climate change scenarios. Because climate change has adverse impacts on these
species, specific decisions such as fishing quotas or catches shares should account
for it.

Climate change research in the Antarctic is critical to predicting the future of the
earth’s climate system. The Southern Ocean is crucial for the global climate and
ecological systems as it serves as the link between the Atlantic, Pacific and Indian
Oceans (Sallée 2018). Owing to the centrality of this region to the global climate
system and ongoing scientific research activities, the Antarctic’s scientific profile
has grown over the years, leading to the arrival of many more scientific expeditions
and the establishment of more scientific stations in the continent. The number of
research stations and camps in Antarctica on the rise (Kotecki 2018). Yet unlike
the Arctic that has been geopolitically volatile more than ever before in the event
of increasing climate change effects, Antarctica has not been previously considered
a geopolitical hotspot, mainly due to the existence and continuance of the ATS.
However, recent developments show that with varying attitudes of different countries
towards the region and its resources, contestations are expected to grow. The rise of
Asian countries and their increasing involvement in the area, in particular, are being
seen as trigger-points for the emergence of new rivalries—just as in the Arctic.

China’s ambition to be a “polar great power” (Brady 2017) has been sufficiently
explicated in its white paper on “Antarctic activities,” in which it vows to abide by the
principles of theATS, including non-militarisation research (on issues such as climate
change) and environmental protection that would entail a commitment to the existing
ban on commercial resource extraction in the region (Tiantian 2017). At the same
time, in its 13th Five-Year Plan for fishing industry technology (released in 2017),
its intent “to increase its krill fishing and processing capacity and improve its fishing
technology and competitiveness to support the growth of a krill industrial chain” is
emphasised (Chun and Damin 2018). China currently has three research stations and
one camp inAntarctica—Changcheng, Zhongshan,Kunlun andTaishan—with a fifth
one built on the Ross Sea Ice Shelf (2022). Kunlun and Taishan lie within Australia’s
Antarctic claim. China is a signatory to theATS and ratified the 1991Madrid Protocol
(in 1998) that prohibits any activity concerning exploitation of mineral resources in
Antarctica. However, this will be open for review in 2048, and as pointed out by some
analysts, the consensus reached bymany countries on imposing a ban onminingmay
not holdwater later in the current century (Liu 2019). In any case, commercialmining
in the region is not viable at this stage (or shortly). Therefore, it might be too early
to be speculating about the mining interests of countries such as China in the region.
This does not mean that strategic competition over resources (including fossil fuels
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and rare earths) in the area is impossible in the future as they become scarce in other
parts of the world.

Nevertheless, China has been more overt in showing its interest in fisheries,
bioprospecting, scientific research, tourism and shipping. For instance, China
National Fisheries Corporation (CNFC) is one of the leading krill fishing companies
in the region. Krill fishing was once dominated by the Soviet Union, and after its
collapse, Japan took over. Currently, Norway, South Korea and China are ahead of
the rest, with Russia also making a comeback gradually (Stark et al. 2019, pp. 37–
38). China’s krill fishing has increased over some time, touching 65,000 tonnes in
2016. The depleted fisheries in its backyard due to overfishing and marine pollu-
tion is pushing China to explore resources outside its territorial waters and exclusive
economic zone (EEZ). According to the China Fisheries Bureau, under CCAMLR’s
umbrella, there is scope for further exploration and exploitation of krill resources in
the Antarctic. Hence, China should invest more in such explorations, enhancing
fishing activities, developing polar fishing technology and building krill fishing
vessels for commercialisation (Liu and Brooks 2018). According to CCAMLR data,
“China has more krill fishing vessels and fishes over a wider area than any other
nation.“ Since the 2016/17CCAMLRfishing season,China has also started to venture
into East Antarctica to fish for krill. It is among the countries opposed to establishing
the East Antarctic Marine Protected Area, proposed by Australia and the European
Union (EU) (Liu and Brooks 2018).

It is rather apparent that besides the commercial and scientific relevance of the
region, the Antarctic represents geopolitical and strategic space too in international
politics. Countries would be interested in vying for influence in the region through
increasing presence (bases, research stations, cultural edifices and so on). Russia,
for instance, has built the continent’s first Orthodox Church. Since the collapse of
the Soviet Union, Russia has found it difficult to bounce back into the pinnacle
of international politics. However, it is re-emerging as a world power with military,
strategic, scientific and resource interests in Antarctica and the Southern Ocean using
its “smart power strategy” (use of both hard and soft power) (Carter, Brady andPavlov
2016). Even while actively participating in the multilateral arrangements concerning
the Antarctic, it has gone ahead and deployed measuring stations for the GLONASS
global satellite navigation system (akin to the US-led Global Positioning System
or GPS) and plans to build additional ones (Kezina 2015). It plans to reopen its
Russkaya station in 2021 as Roscosmos (state space corporation) has proposed to
“install equipment for GLONASS” at the station (Xinhua 2019a).

Although the ATS forbids Antarctica’s use for military purposes, it does not
prevent military personnel or equipment in the region for scientific and peaceful
purposes. However, it must be noted here that the ATS was negotiated and signed in
the ColdWar era in which one of its most important objectives was to keepAntarctica
out of the conflict between the two superpowers (and their allies) aswell as to suspend
all territorial claims over the continent. The focus now was on preventing nation-
states fromusing this continent for “militarymanoeuvres” or building “military bases
and fortifications” and, most notably, nuclear weapons testing and radioactive waste
disposal. The present-age technologies in the space and cyber domains, without
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doubt, dual-use, are allowed under the ATS as long as they are used to meet scientific
objectives. However, the global navigation satellite systems such as US-led GPS,
Russia’sGLONASS,China’s BeiDou andNorway’s Troll Satellite Station are further
developed in Antarctica. These could be used during wartime for “missile targeting
and timing, as well as access to fleet-based broadband for unclassified and classified
systems, and environmental, situational awareness” (Brady 2018).

In response to these recent developments, Australia is rethinking its positions
to regain its influence in the Antarctic—primarily by deploying its military equip-
ment and defence technology (Gothe-Snape 2019a). There were also disagreements
between Australia and China over the latter’s proposal for a “code of conduct” at
“Dome A” (considered to be the “best location for space observation on Earth due
to its high elevation and outstanding visibility”) that again falls within the former’s
Antarctic claim (Gothe-Snape 2019b). Although these disagreements may not be
based on Australia’s territorial claims, there are concerns regarding the use of such
codes to be used in the future by nation-states to claim territory (especially since
even under the ATS, the US and Russia do reserve the right to make territorial claims
in the future). Since the ATS has frozen all territorial claims, Australia’s claim over
42 per cent of the territory is not recognised. Yet, Australia has time and again
stood by the need for preserving the integrity of the ATS to maintain its sovereignty
over a part of Antarctica’s territory (strategic interests) and at the same time achieve
environmental/scientific goals (Bray 2016).

Similarly, in its 2018 Strategic Defense Policy Statement, New Zealand has
expressed its apprehension over the “difficulty in distinguishing between allowed
and prohibited activities” under the ATS, which could effectively be exploited by
some parties to use the continent for “military or security-related activities.“ It has
reinvigorated its commitment towards Antarctica and the Southern Ocean, especially
to fight climate change, under the pretext of heightened presence and other countries’
activities, including China, South Korea and Italy in the region. Even on mining, it
acknowledges the fact that although mining activities are currently banned under the
ATS, in the future, the treaty may not be able to prevent them (Ministry of Defence
2018). While resource exploitation might be on the cards in the long term, it could
be deemed a long shot at this stage as the region’s rough topography, the scarcity of
adequate infrastructure, economic non-viability, and other factors are likely to derail
any such efforts. However, this does not imply that advances in technology cannot
overcome these bottlenecks in the future.

5 The Road Ahead: Science Diplomacy
and a Transformative Approach

The current geopolitical realities call for a reinvigorated approach towards Antarctic
governance. While geopolitics may not blatantly threaten the future of the Antarctic
and its longstanding stature as a zone of peace and scientific collaboration, in light of
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the above-discussed developments, there would likely be disagreements over a host
of new activities (such as tourism, bioprospecting, fisheries and potential research
exploration) that are now central to Antarctica. Impacts of climate change are further
complicating these developments. On the one hand, climate change could be seen
as a uniting factor that could bring countries together for further research that could
more precisely predict the changing patterns. On the other hand, it could also become
a dividing factor that pits nations against each other in resource and benefit-sharing.
One must also not forget that nation-states could use climate change to gain more
and more access to the continent. As more human population enters the Antarctic, its
environmental integrity and sustainability could come under more pressure. The use
of scientific facilities for military purposes is another concern, despite inspections
under Article VII of the treaty.

Nation-states are vying for influence in the region through more scientific bases
and personnel on the ground. However, it is not just the quantity that matters here;
quality is equally important, as there is a push for all-year bases rather than just
summer-only ones. The location, type and purpose of the grounds are also inte-
gral to the strategy adopted by countries. Overlapping territorial claims, competing
prerogatives and values over resource and benefit-sharing, and bases for global navi-
gation satellite systems, among others, dictate the nature and extent of influence
that a nation-state could exert in the region. These efforts are being strengthened
by increased spending on Antarctic-related activities in many countries –opera-
tional costs and research funding, and capacity building (including icebreakers). For
example, in terms of the budget’s size in Antarctica, China leads the world (Brady
2014). China’s first indigenously built polar icebreaker—Xuelong 2—completed its
maiden voyage for its 36thAntarctic expedition in 2019 (Xinhua 2019b).Whilemany
strategic analysts see China’s rise and increasing influence as a threat or menace, the
reality is that its ambitions and interests are not very different from that of the US and
Russia, if not the claimant nations. China’s quest for superpower status invariably
entails a greater emphasis on Polar Regions. Therefore, although the possibility of
conflict or confrontation cannot be ruled out entirely, there is ample scope for collab-
oration, cooperation and partnership that has, in any case, prevailed in the Antarctic
for decades.

As far as India is concerned, Antarctica’s presence is relatively marginal
(compared to the US, Russia, China, Australia and others). It has so far set up three
stations—Dakshin Gangotri (that has now become a supply base and transit camp),
Maitri and Bharati (established in 2013) (Press Information Bureau 2013a). With
the establishment of Bharati, India has joined the elite club of countries that have
multiple research stations inAntarctica. However, in the long term, India has interests
in the region for both scientific purposes as well as meeting diplomatic objectives
(mainly to establish its place at the international level as a scientific power, as it
has been able to achieve in other domains such as space, as this is indispensable
to India’s recognition as a world power). This is reflected in some of the recent
decisions and steps were taken by the Government of India, including a Memo-
randum of Understanding (MoU) with Argentina on Antarctic cooperation—in earth
sciences and environmental/marine conservation and protection (Press Information
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Bureau 2013b). Being a party to the AT and a 15th Consultative Member of the
Antarctic Treaty, India is increasingly becoming aware of climate change’s geopo-
litical and security implications in the region. Thereby, there is a need for reviewing
the effectiveness of the ATS and possible alternative governance solutions, which
Chaturvedi (2016) labels the “climate security dilemma”. At the same time, India’s
longstanding engagement with the Antarctic has not yet translated into a coherent
Antarctic policy, partly attributed to its lack of “strategic culture” and “institutional-
isation of the country’s foreign policymaking” (Chaturvedi 2012). This would have
to change significantly if India sees itself engaging in the region in a more strategic
manner—an endeavour in which its growing emphasis on science diplomacy could
play a critical role.

One needs to ask how to address climate change, resource, and environmental
imperatives in the region by accommodating various countries’ differing geopolit-
ical interests. Science diplomacy could provide answers to this question. However,
as we live in a world where science is continuously challenged and/or is politicised,
the dangers of science diplomacy backfiring are also valid. The AT and related agree-
ments could be reviewed. Climate change presents a window of opportunity to open
up new research avenues into its impacts on the region and the entire world. Science
diplomacy could also pave the way for comprehensive regulations on tourism and
bioprospecting that are gathering momentum. There are various ways of bolstering
science diplomacy efforts—from promoting science education and research through
increased funding domestically to encouraging collaborative and joint use of scien-
tific infrastructure (Antarctica). One of the purposes of science diplomacy is to over-
come political and other differences. Hence, if there are mutual benefits to be gained,
science diplomacy could foster scientific collaboration. Science diplomacy should
ideally involve all communities, including indigenous peoples, that have been left
out of the governance and decision-making mechanisms for a long time, even in the
case of polar governance (in the Arctic). This is why the most recent International
Polar Year (2007–09)7 is distinct in many ways as it involved the indigenous peoples.
Still, their integration with the governance regimes in a more meaningful way is yet
to happen. In all thesematters, the need of the hour is to strengthen the science-policy
interface through co-creation and co-production. This would be possible by a more
significant engagement level between different actors—both state and non-state—
and from varying backgrounds (disciplinary, professional and bureaucratic). Even
though this has been facilitated mainly under the ATS, non-governmental scientific
and environmental organisations’ participation needs to be boosted further as their
outreach to the public and other stakeholders are immensely required to address
various concerns about climate change, tourism and bioprospecting.

Science diplomacy could become more effective if a transformative approach to
environmental governance is adopted in the Antarctic. By ‘transformative approach’,
the goal would be to revise and redesign the existing structures, models and processes

7 More information regarding the IPY 2007–08 can be found at: http://library.arcticportal.org/1211/
1/IPY_Summary.pdf.

http://library.arcticportal.org/1211/1/IPY_Summary.pdf
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that characterise a particular governance regime, architecture or system. Environ-
mental governance in this context becomes the binding factor as the Antarctic has
emerged as a centre of geopolitical contestation on account of its rich resources. A
transformative approach to environmental governance in the Antarctic, based on the
changing climate and geopolitical realities in the region, needs to align scientific,
resource and geostrategic objectives. In this endeavour, the transformation could
be achieved through informal and non-governmental initiatives’ more prominent
involvement. As has been seen in the case so far, science has played a vital role
in Antarctic governance and to maintain the collaborative nature of engagement
between nation-states in the region. New governance models must be invented in
place of the new geopolitical scenario marked by the emergence of new powers such
as China. Transformative approaches to environmental governance in the Antarctic
need to be precautionary as well. Different actors, including scientists, need to come
together and collaborate on co-producing knowledge using various methods such as
modelling, scenario building (involving geopolitical variables), experimentation and
so on, and using it to frame a governance regime that is sustainable and cooperative
(irrespective of the overall competing values and interests).

Instead of circumventing geopolitical realities, a transformative approach to
science diplomacy in Antarctica needs to transform the concerned stakeholders’
values, interests, and beliefs. This would entail systemic shifts in how diplomacy is
practised; science is communicated, and internalised collaborative governance atti-
tudes. Both framings of issues and agenda-setting within the governance architecture
are crucial to adopting a transformative approach. Therefore, it is high time that the
ColdWar-based values embedded in the ATS are discarded, including the consensus-
based system that has could stand in the way of adopting strong measures to check
illegal and suspicious activities in the region. One such instance is unlawful fishing
carried out by a SouthKorean fishing vessel in 2011, after which it could not be black-
listed (as per the Report of the Thirtieth Meeting of CCAMLR) (Commission for the
Conservation of Antarctic Marine Living Resources 2011). South Korea has recently
(in 2019) been warned by the US for illegal fishing once again (Yeon-soo 2019).

A multi-level governance regime with a nested leadership that does not promote
hegemony or reinforce geopolitical rivalries may be better placed to maintain the
‘global commons’ status of the Antarctic. The new geopolitical realities reflect multi-
polar characteristics—multiple power centres with actors at different strategic capa-
bilities, influencing capacity and geopolitical reach. Even if the US continues to be
the preeminent power after the end of the Cold War, other power centres (such as
China and Russia) are becoming geoeconomically and geopolitically more vital day
by day. Claimant states such as Australia and New Zealand are becoming exceed-
ingly wary of various geopolitical developments and the enhanced presence of a host
of Antarctica countries, driving them to reassert their positions and claims. These
developments are also adding to the environmental pressures of the continent. On
climate change specifically, there is a need for concerted efforts to align scientific
research in Antarctica and climate policy related to the region into intergovernmental
mechanisms such as the United Nations Framework Convention on Climate Change
(UNFCCC), which is yet to materialise in a meaningful manner. The ATS cannot be
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the sole architecture that governs this remote, harsh and fragile region. Science diplo-
macy is premised on the idea that global problems such as climate change require
global solutions. The Antarctic, central to several critical international science diplo-
macy initiatives, needs a transformative agenda that promotes scientific cooperation,
sustainability and peace.
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Impact of Antarctic Science on Climate
Change Research: Global Research
Landscape

Prabir G. Dastidar and Neloy Khare

Abstract Data obtained from the web of science has been subjected to detailed
analyses to understand various trend and pattern emerged from the massive scientific
literature available on Antarctic Climate Change science. Such results and the impact
of previous studies have been exhaustively explained, discussed and collated in this
chapter.

Keywords Web of science · Antarctica · Bibliometrics indicators · Intellectual
structure · Research landscape

1 Introduction

Antarctica is the fifth-largest continent on earth. It is a cold desert and surrounded by
the southern ocean. Gondwana was a supercontinent that existed 550 million years
ago and started breaking during the Jurassic about 180 million years ago (Fig. 1). For
millions of years, the fragmentation and drifting of the landmass (tectonic plates)
have given rise to the present-day continents. Because of the continents’ unique
location, surrounded by turbulent ocean currents, the Antarctica plays a pivotal role
in stabilizing the earth’s climate system.

The ice sheet covers 98% of the Antarctic continent. Around 30million years ago,
separating South America and surrounding Antarctica Tectonic plate by Antarctic
Circumpolar current made Antarctica more polar and cold. The vast ice sheet and
southern ocean together act as a buffering zone and protects Antarctica from direct
anthropogenic influences.

Rising temperatures and increasing snowmelt and ice loss are the reflections of
the climate change in Antarctica. According to a recent reporting (https://phys.org/
news/2020-02-antarctica-broken.html) of the summary study in 2018 incorporating
calculations and data from many other studies estimated that total ice loss in Antarc-
tica due to climate change was 43 gigatons per year on average during the period
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Fig. 1 Gondwanaland-existed 550 million years the Antarctic was the part of this supercontinent
then. (Source https://commons.wikimedia.org/wiki/File:Gondwana_420_Ma.png)

from 1992 to 2002 but has accelerated to an average of 220 gigatons per year during
the five years from 2012 to 2017 (Clem et al. 2020).

Some of Antarctica has been warming up with the extreme warming on the
Antarctic Peninsula. On the contrary, it has also been observed that Antarctica’s
continent-wide average surface temperature trend was slightly positive from 1957
to 2006 (Dastidar and Ramchandran 2008). Over the second half of the twen-
tieth century, the Antarctic Peninsula was the fastest-warming place on earth. West
Antarctica followed it.

In the early 21st-century (https://discoveringantarctica.org.uk/challenges/sustai
nability/impacts-of-climate-change/), these trends were weakened. Interestingly, the
South Pole in East Antarctica barely warmed last century. However, conversely, in
the previous three decades, the temperature increase has been more than three times
greater than the global average (Gillett et al. 2008). In February 2020, the continent

https://commons.wikimedia.org/wiki/File:Gondwana_420_Ma.png
https://discoveringantarctica.org.uk/challenges/sustainability/impacts-of-climate-change/
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recorded its highest temperature of 18.3 °C, a degree higher than the previous record
of 17.5 °C in March 2015 (Glasser 2008).

Some evidence suggests that surface warming in Antarctica is owing to
human greenhouse gas emissions (https://www.cnn.com), but this is difficult to
determine due to internal variability (https://www.nytimes.com/2009/04/05/science/
earth/05antarctica.html). Antarctica’s main component of climate variability is
the Southern Annular Mode, which showed strengthened winds around Antarctica
in the summer of the later decades of the twentieth century, associated with cooler
temperatures over the continent. The trend was at a scale unprecedented over the last
600 years; the most dominant driver of this mode of variability is likely the depletion
of ozone above the continent (http://news.bbc.co.uk/2/hi/7984054.stm).

In 2002 the Antarctic Peninsula’s Larsen-B ice shelf collapsed (https://www.cnn.
com). Between 28 February and 8March 2008, about 570 km2 of ice from theWilkins
Ice Shelf on the southwest part of the peninsula collapsed, putting the remaining
15,000 km2 of the ice shelf at risk. The ice was being held back by a “thread” of
ice about 6 km (4 mi) wide (Meredith et al. 2019; Shepherd et al. 2018) before its
collapse on 5 April 2009 (Stammerjohn and Scambos 2008; Steig et al. 2009).

Antarctica air temperature, particularly in the peninsular region, has experienced
a rise of 3 °C. It is now established that Antarctic Circumpolar Current is warming
more rapidly than the global ocean as a whole.

The warming of the Antarctic Peninsula is manifested in the changes to
Antarctica’s physical and living environment. The distribution of penguin colonies
has changed as the sea ice conditions alter. Melting of perennial snow and ice
covers has resulted in increased colonization by plants. The animals that inhabit
the Antarctic will be affected by changing temperatures, sea ice levels, food avail-
ability, amongmany other adverse factors. In the past several years, ice loss inAntarc-
tica has at least tripled, resulting in sea level rises worldwide. Undoubtedly, Antarc-
tica’s air and ocean are warming up. In the last 50 years, the peninsula warmed almost
3 degrees C, significantly higher than the global average of 0.9 degrees C. It is the
highest temperature ever recorded in continental Antarctica.

It may be understood that significant threats to the icy and pristine continent
‘Antarctica’ have been climate change, Increased fishing pressure and illegal fishing,
marine pollution, persistent organic pollutants (POPs) among others.

Studies on Climate change in Antarctica will throw light on climate change
dynamics and their role in the global climate system. It also has an enormous impact
on the Antarctic Food Web. The studies will also help politicians and policymakers
to formulate policies to manage this global issue (Steig et al. 2013).

The importance of climate changes over Antarctica was perceived long back and
documented in research publications in the early seventies. Gradually the importance
of such detailed investigations of climate science overAntarctica and the surrounding
Southern ocean started reflecting in the science mandate of every Antarctic Treaty
Nation over this paper attempt have been made to visualize the global international
research initiatives to address the issues related to the role of Antarctica in climate
change and global warming.

https://www.cnn.com
https://www.nytimes.com/2009/04/05/science/earth/05antarctica.html
http://news.bbc.co.uk/2/hi/7984054.stm
https://www.cnn.com
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Recognizing Antarctica’s role in the global climate system, Antarctica Treaty
Consultative Meeting (ATCM) formulated the Environmental Protocol, stating the
position of research and activities in Antarctica’s pristine environment, a continent
for science and peace as declared by the United Nations.

There are three distinct primary objectives for the environmental Protocol:

(1) to protect the scientific value of the Antarctic.
(2) to help in the continuous improvement of Antarctic ecological management,

and.
(3) to meet the legal requirements of the Protocol and national legislation.

Enormous data has been generated and is available in a plethora of research publi-
cations worldwide which ought to be collated to arrive at some informed conclusions
on the prioritization of the climate science domain, recent trends and pattern of such
climate-related research activities and also the ongoing climate issues having a direct
or indirect impact over the Antarctic region. Such an analysis will help generate
scenarios of climate change research over the Antarctic area. Thus, it may help
policy decisions on the futuristic climate change issue over Antarctica and the entire
world.

Bibliometrics indicators are routinely used to assess the growth of knowledge
development in space and time. Reconstructing Antarctic science’s intellectual struc-
ture was used to model the growth of the subject (https://www.webofscience.com/
wos/woscc/basic-search). Considering the importance of Antarctic Science and its
relevance in climate change research, it was felt that analyzing the research area will
be of great help to understand the degree of research initiatives and their impact
on the global climate system. Prolific organizations are involved in research on
this subject of international importance. Most researched subject categories indicate
global concerns addressed by scientists across the countries.

In this chapter, we have attempted to visualize global research initiatives on this
topic. Considering the importance of the subject, there is a substantial rise in research
activities (Tables 1 and 3).

Table 1 Number of research articles, highly cited and hot papers published in various journals by
various authors from different Countries and Organization

Total papers 3467 Out of 171 million research articles published in impact factor
journals between 1900 to present was used for the studyNo. of highly cited papers 63

No of hot papers 6

Open access papers 1516

https://www.webofscience.com/wos/woscc/basic-search
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Table 2 Parameters used to visualize the structure of research and innovation in Antarctic climate
change research

Sl. No Parameters Remarks

1 Number of
research
articles

The number of research articles indicates the volume of research going on
in a particular subject of interest. It may vary with time and space.
Depending on the social requirement and economic and intellectual
relevance research, this number may change from time to time

2 Number
and quality
of journals

Journals contain a wealth of information about the research articles—on
research topics, the research’s impact, its temporal and spatial distribution

3 Most cited
research
papers

The more a paper is cited, the more will be the impact of the paper. It may
be arranged as per rank order, or may be categorized as:
Highly Cited Research papers:
Papers received top 1% citations in an academic field in a publication year
Hot papers:
Papers received top 0.1% citation in last two years in a particular
academic field

4 Research
area

Research articles indexed in Web of Science grouped under 250 research
areas

2 Materials and Methods

Data was downloaded from the Web of Science Database (https://en.wikipedia.org/
wiki/Climate_change_in_Antarctica). Following the search, the strategy was used
for downloading data.

TITLE: antarctic* and ((global <near/2> warming) or (climate <near/2> change)).
OR

Abstract: antarctic* and ((global <near/2> warming) or (climate <near/2> change)).
OR

Author Keyword: antarctic* and ((global <near/2> warming) or (climate <near/2>
change)).

We got the below-mentioned result for the above search query: (As of 27 January
2021).

The research landscape canbe constructedusingvarious bibliographic parameters,
grouped under publication and citation. The number of research articles published in
peer-reviewed journals, proceedings by countries, organizations, authors in different
time frames indicates the importance, growth, evolution and focus of the subject
to solve national, international and intellectual challenges. While citations reflect a
degree of impact, a piece of research work is.

The following parameters were studied to visualize the intellectual structure of
research and innovation in the realm of global warming and climate change from the
perspective of Antarctica (Table 2).

https://en.wikipedia.org/wiki/Climate_change_in_Antarctica
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The total number of research publications focused on climate change aspects in
different scientific journals is reflected in Table 3. Interestingly Table 4 reflects the
top 25 research publications in the field of Antarctic climate science.

The in-depth analyses suggest that since the early seventies, a burgeoning interest
has been generated among polar scientists to pursue their research in the domain of
climate change over the Antarctic region. Figure 2 indicates an exponential growth
in climate science research, thus suggesting a worldwide consensus to underpin the
importance of global climate changes and their profound impact on the polar regions.

Similarly, Fig. 3a indicates Top 10 subject categories involved in research, Fig. 3b
Indicates Top 10 out of 105 countries involved in research in climate change vis-a-vis
Antarctica.

Figure 3c indicates Top ten journals out of 923 journals publishing articles on
Climate Change vis-a-vis Antarctica research.

Figure 3d indicates Top 15 top organizations out of 2544 involved in Antarctica
and climate change research.

3 Conclusions

It may be concluded that phenomenal growth has been observed in Antarctic Climate
science’s research domain. The global interest and significance have been observed
in the following aspects of the Antarctic Climate Change research.

Global analyses of sea surface temperature, sea ice, and night marine air temper-
ature since the late nineteenth century; Climate and atmospheric history of the past
420,000 years from the Vostok ice core, Antarctica; Climate is forcing by anthro-
pogenic aerosols; The phanerozoic record of global sea-level change; The Last
Glacial Maximum; Representing twentieth-century space–time climate variability.
Part II: Development of 1901–96 monthly grids of terrestrial surface climate; Repre-
senting twentieth-century space–time climate variability. Part I: Development of
a 1961–90 mean monthly terrestrial climatology; Volcanic eruptions and climate;
Interpretation of recent Southern Hemisphere climate change Sea-Level Rise and Its
Impact on Coastal Zones; Hydrological changes in the African tropics since the Last
Glacial Maximum; Climate variations and the physiological basis of temperature-
dependent biogeography: systemic to molecular hierarchy of thermal tolerance in
animals Abrupt Deep-Sea Warming, Palaeoceanographic Changes And Benthic
Extinctions At The End of The Paleocene; The physiology of climate change: how
potentials for acclimatization and genetic adaptation will determine ‘winners’ and
‘losers’;Hemispheric and large-scale surface air temperature variations:Anextensive
revision and an update to 2001; One-to-one coupling of glacial climate variability
in Greenland and Antarctica; The anthropogenic greenhouse era began thousands
of years ago; Atmospheric CO2 concentrations over the last glacial termination;
Attributing physical and biological impacts to anthropogenic climate change; Timing
ofmillennial-scale climate change inAntarctica andGreenland during the last glacial
period;Oxygen- and capacity-limitation of thermal tolerance: amatrix for integrating
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Table 3 Number of research
publications on climate
science between 1972 and
2020

As of 27 January 2021

Publication years No of the research articles

2020 431

2019 416

2018 440

2017 391

2016 340

2015 315

2014 318

2013 357

2012 301

2011 276

2010 236

2009 191

2008 213

2007 181

2006 170

2005 135

2004 126

2003 101

2002 90

2001 77

2000 69

1999 50

1998 57

1997 49

1996 22

1995 23

1994 20

1993 26

1992 28

1991 18

1990 3

1989 2

1988 1

1987 1

1986 1

1983 1

1977 1

1972 1
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Fig. 2 Substantial increase in research initiatives in recent past

climate-related stressor effects in marine ecosystems; Recent rapid regional climate
warming on the Antarctic Peninsula; Climate change and temperature-dependent
biogeography: oxygen limitation of thermal tolerance in animals; Antarctic climate
change during the last 50 years and Antarctic ice-sheet loss driven by basal melting
of ice shelves.

Based on the research, it has now been indubitably agreed that the Antarctic
is warming up and showing the symptoms of global climate changes by way of
Antarctica’s air and ocean are heating up; Ice is retreating and melting rapidly; Some
penguin populations are shrinking; Snow is turning red while the land is getting
greener.

The anthropogenic climate change known as global warming is now a reality.
The concentrations of ‘greenhouse gases’ in the atmosphere are above their pre-
industrial levels. It has happened mainly due to the overuse of fossil fuels (coal, oil,
and natural gas) coupledwith deforestation and agricultural practices. As greenhouse
gases accumulate in the atmosphere, more heat energy from the earth’s surface is
intercepted before escaping to space, thereby causing the atmosphere to warm.

Nevertheless, the entire blame for ongoing climate change worldwide cannot be
attributed to human interferences; instead, natural variations in climate occur on a
range of different timescales. Therefore, it is made sense to understand that there are
variations, both natural and human-caused, in how the greenhouse gases themselves
cycle between atmosphere, land, and oceans. Understanding and predicting climate
change are far more complex than perceived earlier.

Studies of Antarctica, particularly analyses of Antarctic ice cores, have played a
crucial role in this endeavour. These ice cores have helped reconstruct past climate
changes spanning hundreds of thousands of years. Past variations in climate due
to natural causes are now far better understood due to multi-disciplinary integrated
proxy records of past climate changes. Such baseline paleoclimate assessment has
provided vital context against which to assess more recent changes caused by human
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Fig. 3 a Top 10 subject categories involved in research b Top 10 out of 105 countries involved in
research in climate change vis-a-vis Antarctica c Top ten journals out of 923 journals publishing
articles on research in Climate Change vis-a-vis Antarctica d Top 15 top organizations out 2544
involved in research in Antarctica and climate change research
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Fig. 3 (continued)

activities. The polar regions and some of the Antarctic research stations provide
essential weather data for determining the polar response to the rise in greenhouse
gases.
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Climate Change Over the Antarctic
and the Southern Ocean and Its Impact
and Bearing on the Global Climate
System

Shabnam Choudhary and Neloy Khare

Abstract Antarctica and surrounding regions will have global consequences as a
result of climate change. It is relentless to understand how the anthropogenic climate
change will affect the vast continent and surrounding ocean, but for the impacts such
as sea-level rise accurate projections must be prepared. A thorough understanding
of the causes and effects of climate change and the duration and rates of change is
required involving the integration of observational and modelling knowledge from
Earth systems.

Keywords Antarctica · Climate · Southern Annular Mode (SAM) · Ozone ·
Stratosphere

1 Introduction

Climate change and the impacts over the Arctic are well studied and discussed often,
however, in the Southern Hemisphere, Antarctic region climate change is compara-
tively neglected or reported misleadingly. Antarctica is divided into two geologically
distinct regions, East Antarctica and West Antarctica. These two regions are sepa-
rated by Trans-Antarctic mountains but are joined together by a massive ice sheet
(Fig. 1). Antarctica acts as a powerful heat sink affecting strongly the Earth’s climate
because of the massive ice sheet and its polar location. The annual sea ice cover
around the continent modulates the exchange of heat, moisture, and gases between
the atmosphere and the ocean. It forms the cold oceanic bottom waters through salt
rejection when it freezes, which spread out under the world’s oceans. Any changes
or perturbations to this system will influence the climate throughout the globe.
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Fig. 1 East Antarctica and West Antarctica separated by Trans-Antarctic Mountains (TAM)

Overall sea ice in the Antarctic region had a slight increase from 1981 to 2010,
while areas, such as the western part of the Antarctic Peninsula, showed a decreasing
trend (Fig. 2). Short-term trends such as those observed, in the Southern Ocean,
occur readily from the natural variability of the sea ice, ocean and atmosphere. The
change in sea ice pattern in the Antarctic is attributed to the changes in surface wind
patterns around the continent and freshwater that is cold coming from melting ice
shelves have also played an important role. However, the Antarctic ice extent began
to decline after 2014, reducing a record low in 2017 and further low in the next two
years.

Fig. 2 Sea ice around Antarctica peaks in september and reaches a minimum in february (National
Snow and Ice Data Center (NSIDC)
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During the annual cycle, approximately 15 million sq. Km of ice melt and freeze
(National Snow and Ice Data Center). The ice sheet and the sea ice are subject to
climate change potentially. TheWest Antarctic ice sheet (WAIS) possess a significant
threat to the inhabitedworld as it rests on a bed far below sea level and has the potential
for shrinking rapidly. The Antarctic is so vast, remote, and challenging to monitor.
The physical behaviour of the ice sheet is so complex that it does not provide anyproof
of definite changes. Even though in the northern part of the continent pronounced
climatic warming is going on. The Antarctic ice sheet consists of a huge amount
of ice if melted completely can raise worldwide sea level by more than 60 m. The
annual amount of snow deposited on the ice sheet is equal to about 5mmof global sea
level. It is the mean annual discharge of ice back into the ocean. Thus, a significant
contributor to the present-day rise in sea level (1.5–2 mm per year) along with the
uncertainty is an imbalance between the input and output of ice.

Thewest coast of theAntarctic Peninsula is one of the rapidlywarming portions of
the planet over the past 50 years. This warming can also be observed in the Southern
Ocean and is not only limited to the land. Towards the west of the Antarctic Penin-
sula, Upper-ocean temperatures have increased over 1 °C since 1955. The Antarctic
Circumpolar Current is warming more rapidly than the global ocean as a whole it
has been very well established.

In Antarctica studying climate change is necessary because it enables scien-
tists to predict future climate change more accurately and serve as an important
piece of information to politicians and policymakers. It is believed by the Antarctic
Southern Ocean and Coalition (ASOC) that in Antarctica understanding climate
change impacts are a matter of critical importance for the continent itself and the
whole world.

2 Changes in Southern Hemisphere Climate

TheSouthernOcean is surrounded by theAntarctic circumpolar current (ACC)which
regulates the mid-to high-latitude southern hemisphere climate and its variability
(Olbers et al. 2004). The Antarctic Circumpolar Current is an eastward geostrophic
current around the Antarctic continent displaying zonal circulation in the form
of series of fronts and turbulent jets (Mayewski et al. 2009). In this region, the
southern annular mode (SAM), also called the Antarctic Oscillation, is the important
mode of atmospheric variability controlling the intraseasonal-to-interannual vari-
ability in wind, temperature and precipitation. These variables display important
and widespread changes that follow the SAM (van den Broeke and van Leipzig
2004). The atmospheric pressure gradient between the Antarctic low and the sub-
Antarctic high regulates the westerlies’ strength. The SAM index is used to quantify
the strength variation of the SAM. It is defined as the main component of the 700 hPa
atmospheric geopotential height anomalies in the Antarctic region. It is known that
eastward wind stress over the Southern Ocean regulates the Antarctic Circumpolar
Current (Thompson andWallace 2000). In the southern part of theworld, theSouthern
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Ocean and Westerly Winds are a critically coupled system regulating the climate.
This system is related to the position of the Intertropical Convergence Zone and
releasing of Carbon dioxide from the deep ocean.

The Antarctic Circumpolar Current (ACC) is driven by the westerly winds in the
southern hemisphere and encircles Antarctica. It can flow unobstructed around the
continent of Antarctica through the Drake Passage and becoming more stronger as
the Westerly Winds are contracting towards the pole in the Southern Annular Mode
positive phase as in the current scenario. The northern boundary of the Antarctic
Circumpolar Current is the Subantarctic Front (SAF), and Polar Front (PF) forms
the Southern Boundary. Circumpolar Deep Water (CDW) is a warmer layer of water
beneath the calmer surface centred at a depth of ~500 m. It is dense and warm,
with high salinity. The depth of the Antarctic continental shelf is around 600 m
and as it heads inland it deepens. The height of the CDW in the water column and
the local bathymetry determines the Circumpolar Deep Water’s ability to access the
continental shelf i.e. more the height of Circumpolar Deepwater there is a higher
possibility that it will reach the continental shelf. The westerly winds in the southern
region have become stronger leading to the increased circulation of circumpolar deep
water onto the continental shelf, where it can reach the grounding lines percolating
through the cavities in the ice shelf which ultimately can lead to ice sheet instability
and then collapse.

2.1 The Southern Annular Mode

The Southern Annular Mode is the movement of a south-westerly wind belt in a
north–south direction over a decadal to century timescale. It is a vital component
of climate affecting the glaciers in the Southern Hemisphere and their response to
changing climate. Factors driving the glaciation in the southern hemisphere and the
bihemispheric approach comparing both the hemispheres, whether there is phase lag
in Antarctica or arctic is explained by the Southern AnnularMode (Antarctic Oscilla-
tion; AO). The difference in the zonal mean sea level pressure at 40°S (mid-latitudes)
and 65°S (Antarctica) is defined as the Southern Annular Mode. The strength and
position of the westerly winds are driven by the changes in air pressure distribution.
Southern Westerly Wind strength is usually measured by the SAM index (Holland
et al. 2020).

2.2 Positive Southern Annular Mode

In the Positive phase of the Southern Annular Mode, Antarctica experience lower air
pressure which is abnormal while mid-latitudes experiences higher air pressure (Lee
et al. 2019. This is a present scenario where the westerly wind belt strengthens and
contracts towards Antarctica and becomes weak in the mid-latitudes. This creates
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drier conditions over Patagonia resulting in receding glaciers. Upwelling of Circum-
polar Deepwater onto the continental shelf inAntarcticawill help in receding glaciers
and ice sheets (Rignot et al. 2019) (Fig. 3a).

Fig. 3 a Positive (+) Southern Annular Mode (SourceAntarctic glaciers.org) bNegative (−) Phase
of Southern Annular Mode (Source Antarctic Glaciers.org)
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2.3 Negative Southern Annular Mode

In a Negative phase of Southern Annular Mode, the southern belt of Westerly Winds
moves towards the north near the equatorial region. This leads to glacier advances in
Patagonia as a result ofwet and coldweather conditions. Consequently, the upwelling
of circumpolar Deepwater on the shelf region of Antarctica decreases. In this phase,
winds are relativelyweaker. In Patagonia, these conditions prevailed duringHolocene
neoglaciations and the Last Glacial Maximum (Sagredo et al. 2018; Kaplan et al.
2020; Reynhout et al. 2019).

Presently, the Southern Annular Mode is in a Positive phase and it is expected
that it will continue to be in a positive phase which is attributed to the increasing
concentration of greenhouse gas emissions. IncreasingPositivity inSouthernAnnular
mode will continue to change the strength of southwesterly winds resulting in warm
and dry conditions over Patagonia. The upwelling of Circumpolar Deepwater will
increase resulting in the recession of glaciers in the Western part and peninsular
regions of Antarctica (Fig. 3b).

2.3.1 Role of Ozone Hole in Southern Hemisphere Climate

Climatologists have concluded that since 1980 depletion of stratospheric ozone
played a significant role in changing the Southern Hemisphere climate. Due to the
depletion of ozone increase in ultraviolet radiation is not the only impact, the impli-
cations are more pervasive for both terrestrial and marine ecosystems, however, they
have not been paid attention to.

In general, the function of the ozone in the stratosphere is to heat the stratosphere
because of the absorption of solar radiation. Therefore, due to the depletion of the
ozone, the stratosphere has become cooler in the south pole as it was prior. The
Antarctic Ozone Hole (Fig. 4) cools the stratosphere in the polar region and has
resulted in a steeper thermal gradient between the Pole and the mid-latitudes. Due to
steeper thermal gradient westerlies strengthens and tightens towards the poles which
have isolated the Antarctic continent from the lower latitudes. The strong polar
vortex on the Antarctic landmass traps the cold freezing air and protects the Antarctic
landmass from the greenhouse warming effects. This is a plausible reason explaining
the cooling trend in East Antarctica for the past 30 years (Convey et al. 2009; Turner
et al. 2009, 2014; Wu et al. 2013). The heat flux around the poles is reduced due
to the loss in stratospheric ozone which showed subtle cooling in East Antarctica.
Ozone depletion has protected Antarctica largely from the warming in the southern
hemisphere radiating across the globe. Effectively, ozone depletion has helped shield
a large part of Antarctica from the SouthernHemisphere warmingwith consequences
that radiate across the globe. The ecosystem of the Antarctica and rest of the globe
is affected by maintaining very low temperatures over the Antarctic region. (Turner
et al. 2014). It is expected by the scientific community that recovery of ozone
concentrations by the next century then Southern Annular mode will be relatively
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Fig. 4 Ozone Hole over Antarctica

weaker. Due to which warming in the southern hemisphere can affect Antarctica
which can be studied by understanding the impact of Greenhouse gases on the
Southern AnnularMode index (Abram et al. 2014; Dixon et al. 2012; Perlwitz 2011).

The sea and the atmosphere closely couple the climate, physical and biological
properties of the Antarctic continent and the surrounding oceans with other parts of
the globe. For example, the most important scientific discoveries of the last thou-
sand years are the Antarctic ozone hole. It has protected Antarctica from greenhouse
warming for the last 30 years and the Southern Ocean continued warming. Across
the Antarctic Peninsula, plant communities have been expanded rapidly. Paleocli-
matic studies in the Antarctic region exhibited that the current changes in climate
are unusual and they are not natural as they are taking place at an unprecedented
rate. Antarctica is expected to get warmer by approx. 3 °C if the concentration of
the greenhouse gas is doubled by the next century. Still, there are significant knowl-
edge gaps although the data are collected, analysed and modelled daily. Change in
Global andAntarctic climate will always be a significant component of SCAR and an
area of interest for researchers. Researchers have brought the dynamics of the polar
climate system at its elementary level however, still, there are some limitations in
predicting climate change. There is still a lot to be done to improve the predictions of
climate change and the role ofAntarctica in that. TheAntarctic region is experiencing
climate changes that have a global effect. Shreds of evidence of anthropogenic contri-
butions of changing climate in theAntarctic atmosphere and the SouthernOcean have
increased. According to Lenaerts et al. (2018) decrease in springtime stratospheric
ozone (the ‘ozone hole’) had led to an increase in snowfall across the continent. It is
affected by the Antarctic ice sheet mass balance and ultimately the rise in sea level.
The observed and modelled warming of the Southern Ocean by Swart et al. (2018)
showed that it is not consistent with the natural variabilities. The primary source
of these variabilities is considered to be greenhouse gas concentrations induced by



44 S. Choudhary and N. Khare

anthropogenic activities. From 1979 to 2017, the Antarctica ice sheet has lost ice
relatively six-fold annually. Between 1992 and 2017, the Antarctic Ice Sheet has lost
2,720± 1,390 gigatons (Gt) of ice which is attributed to 7.6± 3.9 mm of increase in
mean sea level. During this period, West Antarctica has lost the ice roughly triple the
amount driven by the oceans and ice shelf collapse to almost five folds (The IMBIE
team, 2018). A rise in sea level averaged 3.6± 0.5 mm per decade with a cumulative
14.0± 2.0mmsince 1979 is contributed by theAntarctic ice sheet. In theWestern part
ofAntarctica, largely the ice loss occurs because of themelting of the ice shelves from
below due to the warm ocean water entrainment as compared to East Antarctica and
the Peninsular region (Rintoul 2018). Ice sheet stability is decided by the grounding
line of glaciers it is the pointwhere the ice starts to float. Between 2010 and 2016 it has
been observed by Konrad et al. (2018) that the grounding lines are retreating at 25 m
per year or more than that. It is concluded by satellite observations of changing eleva-
tions of ice. The retreat rate of the grounding lines was different for West Antarctica,
East Antarctica and Antarctic Peninsula which is 22%, 3% and 10% respectively.
Since 2014 extent of Arctic Sea ice declined to a greater extent. There is a significant
increase inAntarctic Sea ice from1970 to 2014 and in 2014 it has reached amaximum
annual mean extent of 17.41 million sq. Km. In the satellite era, this increase in the
southern hemisphere is followed by an unprecedented decrease of 16 million sq. Km
in 2017 (Turner et al. 2017). Tropical convection in the Western Pacific and Indian
oceans along with the polar vortex’s of the stratosphere has created very low summer
temperature in the Antarctic sea ice observed by Wang et al. (2019) in 2016. In the
ocean–atmosphere system, unusual natural variability is exhibited by these processes.
In the Indian Ocean, it might have been influenced by anthropogenic forcings. The
gradual recovery of the ice extent started in 2018 which was much lower than the
annual mean. Ice shelves can become prone to breakage in the absence of sea ice. In
recent decades, the collapse of Larsen A and B andWilkins ice shelves are important
glaciological events. Decreasing sea ice extent has exposed the ice shelves for coastal
erosion with the help of ocean swells resulting in the weakening of ice shelves by
calving (Massomet al. 2018).Antarctic bottomwater’ (AABW). is cold and dense, its
composition is changing continuously. Antarctic bottom water regulates the climate
globally as it is an important component of the overturning circulation. Since 1944 in
the Indian sector of the Southern Ocean Bathymetric surveys have been carried out
repeatedly and revealed that Antarctic BottomWater is becoming fresh, warmer and
less dense and spreading climate change signals all over the globe (Menezes et al.
2017). Long term climate changes are explained by the ice cores in West Antarctica.
Ross sea is experiencing Dipole effects known as “Ross Sea Dipole” showing the
reverse pattern of temperature between the Eastern andwestern parts of the Ross Sea.
This has been revealed by the ice core dataset of the last 2700 years from the Ross
Ice shelf, West Antarctic Ice sheet and Roosevelt Island. Southern Annular mode
and tropical forcing appear to be a response of Dipole. During this period the west
Antarcticwas cooling and the eastern ross sea becamewarmerwith an increased accu-
mulation of snowwhile thewestern part of theRoss Sea does not show any significant
trend. According to the Rice community (2017) all the regions are showing signs of
warming from 17th century. Different climatological models have predicted that with
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increasing global warming as a result of an increase in greenhouse concentrations sea
ice extent in Antarctica will decrease approximately 1/3rd by the end of this century.
Since 2014, we have observed the decrease but we are not sure whether it has started
a decline for the long term it is just an indication of the variabilities to be natural.

3 Conclusions

To understand the variability in climate and the forces that control future changes and
responses to change, a detailed understanding of past climate is essential. Antarctica
is ideal for studying local-to-global scale climate change as the continent is remote
from direct human influence. No other approach or experiment can provide perspec-
tives across a range of time scales different from deciphering past climate change
through proxies archived in ice and sedimentary records. To fill the knowledge gap
in past climate, retrieval of ice and sedimentary records is a prerequisite. Obtaining
geological records of past Antarctic ice sheet dynamics and integrate this knowledge
into coupled ice sheet-climate models are the primary objectives of the geoscience
community. Improved models are critical to constrain and improve predictions of
future changes in global and regional temperatures, ocean acidification, and sea level.
To decipher Paleoclimate records and to improve integrated Earth system models,
much remains to be accomplished.
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Cenozoic Evolution of Antarctic Ice
Sheet, Circum Antarctic Circulation
and Antarctic Climate: Evidence
from Marine Sedimentary Records

Ashutosh K. Singh, Devesh K. Sinha, Vikram Pratap Singh,
Kirtiranjan Mallick, Ankush Shrivastava, and Tushar Kaushik

Abstract The last few decades have witnessed intensive studies regarding the origin
and development of permanent ice sheets in Antarctica. The studies were primarily
focused on determining the paleopositions of Antarctica in various plate assem-
blies, journey ofAntarctica to the southernmost position, atmospheric carbon dioxide
concentrations connected to Antarctic cooling, earliest ice-rafted debris deposition
in the southern ocean, oxygen isotope composition of the marine sediments to under-
stand ice volume, the opening of the southern ocean gateways and development of
the CircumAntarctic Circulation and thermal isolation ofAntarctica,meridional heat
transport to Antarctica, and the response of Antarctic ice sheet to orbital forcing. All
these studies point towards the fact that the Antarctic ice sheet was triggered by more
than one mechanism. However, most of the studies and debates revolve around the
causes for lowering of temperature rather than the causative factors that contributed
to moisture for the massive ice sheets in Antarctica. Interestingly, the geological
evidence for the origin and evolution of the Antarctic Ice sheet has mainly been
reported from places outside Antarctica, including marine sediments deposited from
southern to lower latitudes. Erosion by the probable ice sheets on Antarctica in
the form of ice-rafted debris gives one of the earliest clues to ice near continental
shelves during the Early Oligocene. Studies on the Carbon dioxide concentration
point towards a lowering of CO2 levels from 3000 to 800 ppm in the Early Oligocene.
A synthesis of the oxygen isotope record of foraminifera also indicates that the
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cooling started in the Early Oligocene. Other causative factors proposed include the
opening of the southern ocean gateways and the development of circum Antarctic
Current leading to the thermal isolation of Antarctica. Recent studies have revealed
that the ice sheets are not inert to the global carbon cycle and have played an active
role. Thus under the climate change scenario, it is essential to understand the history
of the Antarctic Ice sheet. The chapter summarizes the crucial researches regarding
the origin and development of the Antarctic Ice Sheet (AIS) and offers some future
directions for research.

Keywords Antarctic ice sheet (AIS) · Circum Antarctic Circulation · Marine
sedimentary records · Cenozoic · Climate

1 Introduction

The icy continent Antarctica, occupying approximately 14million km2, has travelled
through various climatic regimes of the Earth before reaching its present position as
the southernmost continent. This southernmost position was the primary factor for
the development and growth of the Antarctic Ice sheet during later times. This fasci-
nating, convincing, and long journey through the ages has primarily been revealed
by the rock records of different periods present on Antarctica and their similarities
in many ways with contemporary rocks present on other continents. Webb (1962)
presented one of the earliest compilations of absolute dates obtained from Antarctic
rocks in a tabular form. This work compiled ninety radiometric dates obtained from
Antarctic rocks ranging from Precambrian to Miocene and helped to a great extent
in the understanding geological evolution of Antarctica. The compilation by Webb
(1962), Sobotovich et al. (1976), Stuiver and Braziunas (1985) also provides testi-
mony that Antarctica had batchmates of all the ages whomight have been attached to
her and later drifted far as a result of platemotions. After the hypothesis of continental
drift proposed by AlfredWegener in 1912, there have been diverse views concerning
splitting, assembly, and reorganization of the Earth’s continents, including Antarc-
tica, through geological time. While some believed that there were few very big
supercontinents in different time slices, the others envisaged many dispersed smaller
continents separated by the oceans. The criteria used for continent assemblies in
Precambrian differ from those used for Phanerozoic. For the paleogeographic recon-
structions during Precambrian, the primary measures employed include similarity of
rocks, the grade of metamorphism, palaeomagnetism, economic mineral deposits,
and dyke swarms. However, for the Phanerozoic paleogeographic reconstructions,
the palaeontological evidence, including similarity of fauna and flora, diachronism
in appearance and extinction of species and related migratory routs, paleobiogeo-
graphic evidence for opening and closing of ocean gateways are considered (Jenkins
1974; Kennett 1977; Srinivasan and Sinha 1998). Paleogeographic reconstructions
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are generally accepted when the evidence comes frommulti-proxy data. The debates
arise when interpretations drawn from different proxies fail to corroborate with each
other.

Paleogeographic reconstructions involving Antarctica and her possible attached
neighbours in various geological times have also been a subject matter of intense
debate, particularly for the Precambrian Eon. Several studies based on geophysical
and palaeontological criteria have been made on such reconstructions. The modern
distribution of rocks in Antarctica and other continents reveals that the remnants of
all the envisioned supercontinents can be found in some or all of them depending
upon the absolute ages assigned to the rocks. ThoughAntarctica’s older rocks history
is mainly obscured by thick ice sheet cover, some idea about Antarctica’s sub-ice
geology has been revealed by GOCE (Gravity Field and Steady-State Ocean Circu-
lation Explorer) studies (Ebbing et al. 2018). The study found that interior East
Antarctica appears to include at least threemajor heterogeneous lithospheric domains
(Ebbing et al. 2018). Direct evidence points towards the fact that Antarctica contains
rocks as old as 3.5 billion years (Elliot 1975; Tingey 1991) to young rocks belonging
to the Cenozoic (Webb 1962). The Transantarctic Mountains divide East and West
Antarctica, which lie to the Indian and Pacific Ocean sides. Whereas East Antarctica
mainly comprises Precambrian rocks (Phillips et al. 2006), the West Antarctica and
Transantarcticmountains contain Phanerozoic rocks (Vaughan and Livermore 2005).

Antarctica now occupies the southernmost position on Earth. The Antarctic plate,
which hosts Antarctica and surrounding oceans, shares boundaries with the African,
Australian, Pacific, and SouthAmerican Plate. Ghavri et al. (2017), based on theGPS
measurements, concluded that the Antarctic plate’s net motion is 8 mm/year towards
the north, and also it spins because divergent margins surround it. It is worthwhile to
take a cursory look at the journey of Antarctica as a continent during Earth’s history
before reaching its present location to enable us to answer such exciting questions
as

a. How has plate tectonics driven Antarctica through contrasting climatic condi-
tions as a result of inferred latitudinal shifting?

b. What role did plate tectonics play in contributing to Antarctic ice sheet
formation?

Though the scope of this chapter is limited to Cenozoic, it is worthwhile to look
at the journey of Antarctica through geological time based on published literature.

2 Pre-Cenozoic Paleopositions of Antarctica

The chronicles of Precambrian crustal evolution revealed from the world’s cratons,
includingAntarctica, havemany geological similarities. Based on the similarities and
absolute ages of the rocks, Antarctica’s paleo-positions during various Precambrian
segments have been inferred. Since the advent of plate tectonics in the Archean, the
continents have separated, rejoined, and again separated, as explained in the Wilson
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Cycle. The Antarctic continent has been a member of various supercontinent assem-
blies at different times in the history of the Earth. Though there have been debates
regarding its position in pre-Pangaea supercontinents, its position in Gondwanaland
is more or less accepted. Although the continent exposes only two percent of the
area as ice-free, the rocks reveal a lot about its membership to various supercontinent
assemblies during Earth’s history. After Earth’s origin and its early differentiation
into the core, mantle, and crust, the major cratons of the world, including those
in Antarctica, stabilized by the end of the Archean. A critical review of the early
crustal evolution of major cratons of the world provides clues to Antarctica’s paleo-
positions in Precambrian supercontinent assemblies. Antarctica’s paleo-positions are
revealed from the rocks of different ages preserved on the Antarctic continent and
their affinity and similarity from rocks of similar ages fromother cratons of theworld.
Also, the geometrical fits tried by several workers helped to ascertain Antarctica’s
paleo-positions. It thus seems likely that Antarctica hosts remnants of most, if not
all, of Earth’s supercontinents, and Antarctic research continues to provide insights
into their palaeogeographical reconstructions and geological evolution (Harley et al.
2013).

Yakubchuk (2019) proposed three stages in the tectonic evolution of the Earth:
(1) nucleation, from the origin of protocratons to their assembly into the Kenor-
land supercontinent (2.7–2.5 Ga); (2) cratonization, from the breakup of Kenorland
(2.45 Ga) to the assembly of Columbia (1.85 Ga) and its reorganization into Rodinia
(1.0–0.72 Ga); and (3) modern plate tectonics, from the breakup of Rodinia 720 Ma
until the present.

Vaalbara was probably the first supercontinent after the early differentiation of
Earth into its almost concentric layers (~3.6–2.803 Ga), followed by Ur (~3.0 Ga),
Kenorland (2.72–2.1), Columbia (1.82–1.35), Rodinia (1.071– ~0.75 Ga), Pannotia
(650–540Ma) and Pangaea (335–173Ma). Though there are debates about accepting
all of these supercontinents and their ages, it is generally accepted that the Precam-
brian crustal evolution has similarities in different Cratons now separated by oceans
and orogenic belts. Antarctica has probably been a member of all these superconti-
nents, as revealed by its rocks. The amalgamation of continents and their breakup
and re-amalgamation profoundly affected the continental climate due to two factors.
On one hand the merger and separation both resulted in continents traversing various
climatic regimes of the Earth, while on the other hand the reorganization of conti-
nents resulted in different land-sea distribution and changing ocean circulation,which
had significant control over the climate of adjacent regions. In a later section, it is
explained how the icy continent of Antarctica owes its present ice sheet to some
extent to continental breakup and ocean circulation changes. Despite being primarily
covered beneath awidespread and thick ice sheet, Antarctica contains rocks spanning
some 3.5 billion years of history, and it is likely to have fragments of all Earth’s
recognized supercontinents (Harley et al. 2013).



Cenozoic Evolution of Antarctic Ice Sheet, Circum Antarctic … 51

2.1 Antarctica in Vaalbara and Ur: (~3.6–2.803 Ga)

There are debates about the earliest supercontinent, Vaalbara consisting ofKappavaal
(South Africa) and Pilbara (Australia) cratons, and the supercontinent Ur consisting
of India, Madagascar, and Australia. Jones et al. (2003) suggested that the Grune-
hogna Craton of eastern Antarctica can be included in the Vaalbara supercontinent
configuration. Antarctica, India, Australia, and Kalahari should be clubbed as Ur due
to the similarity between the Archean granite-greenstone terranes (Rogers 1993).
Marschall et al. (2010), based on the dating of Granites, concluded that Kaap-
vaal (South Africa) -Grunehogna Craton (Antarctica) played a significant role in
the mechanical stabilization of the continental crust during the establishment of the
cratons in theMesoarchaean.Cheney (1996) andBleeker (2003)were also of the view
that the Grunehogna Craton in western Dronning Maud Land, Antarctica, appears to
be related to the Archaean rocks of southernmost Africa and is interpreted to have
been part of the Vaalbara Supercraton.

2.2 Antarctica in Kenorland (2.72–2.1 Ga).

The Napier Complex consisting of high-grade metamorphic rocks in Antarctica,
has an age range between 2.6–2.5 Ga attributed to the assembly of “Kenorland”
or “Sclavia.” The Napier Complex and Vestfold Hills portions of Antarctica were
attached to the Dharwar and Singhbhum cratons of India (Veevers 2012). Uranium-
lead isotopic data indicated that granulitic facies rocks ofNapier Complex of Enderby
Land, Antarctica, were cut by charnokitic pegmatites 2.5 billion years ago and that
the Napier complex may be an extension of Archean granulitic terrene of Southern
India (Grew and Manton 1979).

2.3 Antarctica in Columbia (Nuna) and Rodinia
((1.071–~0.75 Ga)

The famous SWEAT (Southwest USA and East Antarctica) configuration envis-
aged connections between Antarctica and North America during Proterozoic. It was
part of the early Neoproterozoic supercontinent known as Rodinia (Harley et al.
2013). Remnants of older rocks of Paleoproterozoic and Mesoproterozoic present
in Antarctica suggest that the continent was part of the supercontinent known as
Columbia or Nuna. These rocks are present along with scattered fragments of
Archaean rocks that might have been part of one or more ‘supercratons’s during
the Neoarchaean. Several workers, including Zhao et al. (2004), Reddy and Evans
(2009), Evans and Mitchell (2011), and Payne et al. (2009), proposed a “Mawson
Continent” (the Gawler–Ade´lie Craton in southern Australia and Antarctica, and
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crust of the Miller Range, Transantarctic Mountains) for reconstructions of Nuna or
Columbia–which is believed to have amalgamated along Palaeoproterozoic orogens
during 1.9–1.8 Ga.

2.4 Antarctica in Pangaea

Pangaea, consisting of Laurasia and Gondwanaland, was perhaps the last superconti-
nent that broke up into the above two of its major divisions separated by intervening
Tethys, part of the superocean Panthalassa. Antarctica was part of the previous super-
continent Gondwanaland around 150 Ma, with the neighbours of East Antarctica as
Australia, India, and Africa.

3 Reaching the South Pole

Antarctica’s journey to its present southernmost position after the Gondwanaland’s
breakup continued with plate motion rates of 24 mm/year to 9 mm/year during the
Cretaceous (Lawrence et al. 1992; Kent and Gradstein 1986). The journey started
with the breakup of Gondwanaland in Late Triassic –Early Cretaceous times with
the separation of East Antarctica from Australia. This was followed by the rifting of
India from East Antarctica. By this time, significant pieces of West Antarctica were
nearly in their present-day positions with respect to East Antarctica, as inferred from
the paleomagnetic data of Grunow et al. (1991). By the Late Cretaceous, Antarctica
reached its present place surrounded closely by very shallow seas. The free circum
Antarctic circulation wasn’t possible as the drake passage and Tasmanian seaway
didn’t open. All its neighbours, Australia, India, South America, and Africa, grad-
ually drifted north, and Antarctica was ready for a big future climatic event – the
formation of the permanent ice cap. Paleomagnetic evidence shows that the Antarctic
continent has essentially been in a polar position since at least the Late Cretaceous
(Kennett 1977; McElhinny 1973; Lowrie and Hays 1975).

4 Initiation of Antarctic Ice Sheet—Understanding
in the Huttonian Way

Before discussing howandwhendid theAntarctic Ice sheet first form, it isworthwhile
to apply the Hutonian Principle of “the present is the key to the past.” A discussion
on the growth of some recent ice sheets and their proposed mechanisms would
help us to understand the factors responsible for the origin and development of the
permanent ice sheet in Antarctica.We have several examples from the near past when
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the ice sheets have been initiated and grown, and the most conspicuous of them is
Northern Hemisphere Glaciations. The terms “glaciations” and “cooling” have often
been used in literature as substitutes while describing the Earth’s climate history.
This usage is not appropriate. Mere cooling may not result in an ice sheet if there
is no abundant supply of moisture. Based on such concepts, Haug and Tiedemann
(1998) proposed that the increased atmospheric moisture content was a necessary
precondition for Northern Hemisphere ice-sheet growth. This was caused by the
closure of the Central American Seaway and the resultant intensification of the Gulf
Stream. Logically, this hypothesis is appealing as the cold temperatures alone would
not be sufficient for the ice sheet initiation, and enough moisture supply is necessary.
Though in the Earth’s climatic history, often, the glacial ages, ice-sheet expansion,
and global cooling events are considered the same and occurring together. However,
this notion needs to be carefully evaluated. The essential material which the thick
ice sheets need is enough moisture, and that can usually be supplied if the climate is
warm and humid. Thus the conditions necessarily comprise a situation where moist
air is provided to a frigid land. In such a case, ocean circulation’s role becomes vital
as the ocean currents are great transporters of heat and moisture to the Polar regions,
even in the modern world. Applying the same logic to Antarctic glaciations, we can
reach some preconditions for the initiation of the ice sheet.

a. Antarctica should have been situated in a sufficiently cold climate.
b. Antarctica should have been thermally isolated from warm ocean currents /

meridional heat flow.
c. There should be enough supply of moisture to Antarctica for the initiation of

ice sheets.

The stability of an ice sheet depends on a tussle between precipitation and ablation.
Ice core data from the Antarctic and Greenland does give us some clue to the process
by which ice sheets have accumulated. The studies by Cuffey and Clow (1997), van
der Veen (2002), Alley et al. (1993), and Lourious et al. (1979) show a dramatic
increase in snow accumulation rates during warmer periods (Gildor 2003). Thus one
needs to look for evidence of both the initiation of the ice sheet, temperature record
and moisture (Fig. 1). While there are several records about the ice sheet’s presence,
the moisture source evidence during the same intervals remains enigmatic.

5 The Earliest Evidence of Antarctic Ice Sheet—The Ice
Rafted Debris

Ehrmann and Mackensen (1992) made sedimentological studies of the Middle
Eocene to late Oligocene sediments recovered at ODP Sites 689 and 690 on Maud
Rise in the southernmost Atlantic Ocean and Sites 738 and 744 on Kerguelen Plateau
in the southernmost IndianOcean. They found the earliest IRDs in the formof isolated
gravel and terrigenous sand grains, which indicate ice-rafting from middle Eocene
time at c. 45.5 Ma. This is almost coeval to IRD findings by Tripati et al. (2008)
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Fig. 1 Essential
pre-requisites for ice-sheet
growth. Moisture supply
through strong hydrological
cycle (white arrows) and
position of the depositional
base (Antarctica) at high
latitude (Red dotted line
showing 70°S latitude).
White dotted lines show
successive growth limits of
the ice sheet with
time. Greenhouse (CO2)
forcing leads to further
cooling

and Eldrett et al. (2007) from high northern latitude oceans at 44 Ma. The glacial
origin of these sediments was supported by high concentrations of detrital chlo-
rite and reworked kaolinite, probably caused by enhanced physical weathering due
to the growth of ice in the interior. Some glaciers reached the sea, while most of
the continent remained under the influence of a humid and warm to a temperate
climate (Ehrmann and Mackensen (1992). Similar observations were made earlier
by Hambrey et al. (1991) and Ehrmann (1991). However, at the same time, Ehrmann
(1991) was not convinced with the amount of the ice-rafted material and doubted
any continental-scale glaciations. Zachos et al. (2001) imagined small ephemeral
ice sheets to have appeared temporarily and were responsible for such low abun-
dance sporadic IRDs and concluded that the first Cenozoic East Antarctic Ice sheet
appeared in the Earliest Oligocene.

The arguments for the earliest evidence of an ice sheet in Antarctica were made in
yet another study by Hollis et al. (2014). Based on their reviews of the sedimentary
basins of New Zealand, they considered the deposition of the organo-facies of the
Waipawa Formation due to sea-level fall and climatic cooling. They believed that
ice sheets grew on Antarctica in the earliest Late Paleocene (~59 Ma). However,
no other record of such cooling and ice–sheet presence in Paleocene is available.
The interpretation of Hollis et al. (2014) can be debated considering local tectonism
in New Zealand. The lower sea level could not have been Ice-sheet related fall.
However, Hollis et al. (2014) argued that based on some geophysical studies (Wilson
et al. 2013), that inland regions of Antarctica might have reached higher elevations
to allow temporary ice sheets that waxed and waned in response to climatic changes.
The logical source of the earliest ice-rafted debris should have been inwestAntarctica
rather than East Antarctica because the East Antarctic ice sheet was not large enough
to reach continental shelves to produce ice-rafted detritus (Fig. 2).
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Fig. 2 The first evidence of the presence of the ice sheet in Antarctica comes from Ice Rafted
Detritus sediments. The upper figure shows a condition when the Ice sheet might be present inland
but have not reached the shelf. This may cause a lowering of sea level as proposed by Hollis et al.
(2014) during Paleocene. The lower figure shows Ice sheets reaching shelf areas and depositing
IRDs through icebergs in the pelagic sediments presented by Ehrmann andMackensen (1992) from
the ODP Sites

Thus it becomes essential to understand the establishment of the West Antarctic
ice sheet.Wilson et al. (2013), based on the new climate-ice sheet model, showed that
the West Antarctic Ice Sheet first formed at the Eocene–Oligocene transition with
the continental-scale expansion the East Antarctica Ice Sheet. Thus the findings of
the earliest Oligocene Ice rafted detritus from marine sediments is a clear indication
of shelf ice. The West Antarctic ice sheet history has been more dynamic because of
its grounding below sea level (Lurkock and Florindo 2017).

After the findings of the earliest Oligocene ice-rafted material, scientists agreed
that Antarctic ice sheets reached sea level in the earliest Oligocene (e.g., Zachos et al.
2001) because the ice-rafted material provided strong evidence of being eroded from
the ice sheet near the shelf. Breza and Wise (1992) discovered abundant ice-rafted
debris from ODP site 748 on the Central Kerguelen Plateau in the southern Indian
Ocean from 35.8–36.0 Ma sediments. This age refers to the latest Eocene as per the
Geological Time Scale of Gradstein et al. (2012). This finding of IRDs was not only
one of the earliest occurrences, but also spatially the lowest latitudinal event known
far from Antarctica. These authors strongly argued for the presence of the earliest
Oligocene ice sheet on the Antarctic continent based on the coincidence of this IRD
event with the globally recognized shift in δ18O. This δ18O shift is quite significant
(1.2–1.5‰) and is attributed to the ice volume effect (Fig. 3) (Tigchelaar et al. 2011).
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Fig. 3 Conceptual diagram showing necessary conditions for the growth of large ice sheet, the
resultant sea-level changes and foraminiferal δ18O. The development of a permanent ice sheet
should logically be reflected in an permanent positive shift in foraminiferal δ18O

The above finding was significant as the evidence of the presence of Ice sheet and
global cooling, both were coincident.

In yet another study, Carter et al. (2017) found one more IRD event, probably the
first evidence for the presence of massive glaciers eroding along the coastline of the
southern Weddell Sea. However, the IRD event’s age was older than the significant
oxygen isotope shift at 34–33.5 Ma. However, if the oxygen isotope shift was due to
the ice volume effect, then the IRD event should have been younger than the isotope
shift. Nevertheless, the discovery of the IRDs based on petrographic analysis of
over 275,000 grains, detrital zircon geochronology, and apatite thermochronometry
by Carter et al. (2017) point toward the build-up of the widespread ice sheet on
Antarctica even earlier than the significant isotopic shift in δ18O. This IRD event was
regarded as evidence of the beginning of the Antarctic glaciation. Considering the
above critical studies, one can accept at least the presence of glaciers in Antarctica
during the earliest Oligocene.

The first major, well-recorded expansion of Cenozoic glaciation at the start of
the Oligocene (~34 Ma), documented by oxygen isotopic record, is matched by ice-
rafted debris and other sedimentological evidence fromMaudRise and theKerguelen
Plateau (Ehrmann and Mackensen 1992) and by diamictites deposited in Prydz Bay
(Hambrey et al. 1991). The majority of the studies related to sediments derived from
glaciers come from East Antarctica. However, there are studies such that Ivany et al.
(2006) suggesting that the northern Antarctic Peninsula was glaciated to sea level in
the early Oligocene, though the timing of this evidence has been debatable (Marenssi
et al. 2010). Further, the deep-sea hiatuses are not physically verifiable unless some
biozones are found missing. The difference in ages of the IRDs reported by various
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authors can be due to biostratigraphic uncertainties. The dating of the CIROS-1
core, the first to capture the Eocene–Oligocene transition, has been revised repeat-
edly, but the current age model (Wilson et al. 1998; Roberts et al. 2003) confirms a
cooling trend during the transition itself, following a relativelywarmEocene interval.
The transition is also recorded in the CRP-3 core, which, although difficult to date
precisely in this interval (Florindo et al. 2005), also seems to indicate sharp cooling at
around the same time, as interpreted froma sharp decrease inmagnetite concentration
(Sagnotti et al. 2001).

6 Causative factors for the Antarctic glaciations:

Arguing for the causative factors leading to theOligocene ice sheet, one has to assume
some significant warming event that could have supplied moisture to Antarctica,
which already reached its present position as the southernmost continent in the cold
climatic regime. The views regarding causative factors include:

(a) Thermal isolation of the Antarctic Continent from warm ocean currents due to
opening of drake passage and Tasmanian Seaway and establishment of Circum
Antarctic Circulation;

(b) Some triggering mechanisms including of atmospheric carbon dioxide levels
and Orbital forcing;

(c) Some warm events and favourable ocean and wind circulation moisture
supplier through a solid hydrological cycle.

6.1 Opening of the Ocean Gateways and Development
of Circum Antarctic Current

The plate tectonicmovements that led toAntarctica’s positioning as the southernmost
continent continued until the final isolation of Antarctica was completed from its
neighbours. Important events include.

(a) Opening of Tasmanian Seaway and
(b) Opening of the Drake Passage.

6.1.1 Opening of the Tasmanian Seaway

The knowledge about the spreading history and direction of plate movements are
obtained frommagnetic stripes preserved on the seafloor and their dating with radio-
metric methods. The Southwest Pacific ocean provides a magnetic anomaly pattern
that reveals the history of spreading between Antarctica and Australia. Christoffel
and Falconer (1972) discovered the oldest magnetic anomalies of 80 Ma in the
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Southwest Pacific ocean. The separation of New Zealand fromAustralia and Antarc-
tica formed the Tasman Sea. In the Early Eocene, Australia separated from Antarc-
tica and continued to drift towards lower latitudes, and its journey till recent is
well documented by the deep-sea sediments of Leg 90 (Southwest Pacific). Still,
since the South Tasman Rise was connected with Victoria Land, Antarctica, Tasma-
nian Seaway was not fully opened. The South Tasman Rise formed only a shallow
water barrier to circum-Antarctic flow (Kennett 1977). The deep-oceanic circulation
developed just after the Eocene–Oligocene boundary when South Tasman Rise sepa-
rated from Victoria Land sufficiently and is supposed to have occurred at some time
during the Oligocene (38 to 22 Ma Kennett et al. 1975; Deighton et al. 1976 Kennett
1977). Kennett and Exon (2004) opined that the opening of the Tasmanian Gateway
during the Eocene–Oligocene transition (~33.5 Ma), and later Seaway expansion,
led to critical changes in Southern Hemisphere Ocean circulation resulting from
the development of the Antarctic Circumpolar Current (ACC). This event created a
thermal barrier of psychrospheric circulation around Antarctica (Fig. 4), leading to
the crossing of a significant global climatic threshold and major ice expansion on
Antarctica. The gateway opening was not the reason for this ice sheet but was accom-
panied by feedback mechanisms associated with ice-sheet expansion. The expansion
of the Antarctic ice sheet must have resulted in increased albedo, enhanced produc-
tion of bottom waters resulting in increased thermohaline circulation and Southern
Ocean productivity (Kennett and Exon 2004).

Besides this crucial causative factor related to gateways’ opening, Oligocene
glaciation recurred at periods corresponding to variation in the eccentricity and obliq-
uity of the Earth’s orbit, indicating that the climate system was responding to orbital
cycles (Pälike et al. 2006).

6.1.2 Opening of the Drake Passage

The opening of the Drake Passage between South America and Antarctica is
another significant plate tectonic event leading to the establishment of the Circum
Antarctic Circulation (Fig. 4). Jenkins (1974), based on the migratory route of
planktic foraminiferal speciesGuembelitria stavensis from DSDP sites 282 (West of
Tasmania), Site 277 (western edge of Campbell plateau) and sections from New
Zealand East Coast South Island, concluded that the initiation of proto circum
Antarctic current occurred between 27 and 28 Ma. The timing of this initiation
was based on numerical age estimates of associated planktic foraminiferal events.
Debates are there regarding the timing of the opening of the drake passage. Age
estimates for the opening of Drake Passage range from 49 to 17 million years ago
(Scher and Martin 2006).
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Fig. 4 Cartoon (not to the scale) showing the Drake Passage and Tasmanian Seaway (rectangles
with dotted lines), which were earlier closed, not allowing a free Circum Antarctic Current. After
these two seaways opened, theCircumAntarctic Circulationwas established, leading toAntarctica’s
thermal isolation from warm ocean currents (Concept from Kennett 1977)

6.1.3 Initiation of the Circum Antarctic Current

With opening of the Drake Passage and Tasmanian Seaway (Fig. 4), the circum
Antarctic Circulation developed. However, the exact timing of the opening of the two
gateways is not fully resolved. Overall there is an agreement regarding the opening
of both seaways during the Oligocene time. Thus it is likely that the Oligocene
also witnessed the initial establishment of an Antarctic Circumpolar Current (ACC)
(Barker et al. 2007). The uncertainty in fixing the timing of initiation of the ACC
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is probably due to its gradual development because plate tectonics processes are
slow and take millions of years. First, the ACC could have been very shallow, and
gradually with the deepening of the ocean gateway, the CircumAntarctic Circulation
also becamedeeper, takingmillions of years (Lyle et al. 2007). Regardless of the exact
timing, the initiation of the ACCwas a critical threshold in the global climate system
as it was a precursor to the thickest ice sheet development in Antarctica, leading to
its thermal isolation and increasing latitudinal thermal gradients in the world oceans
(Katz et al. 2011). Cristini et al. (2012), based on their modelling studies, concluded
that a reduced southward heat flux and a decrease of surface temperature are found
in the Antarctic realm when the Drake Passage (DP) is open. A more massive ice
sheet develops on the continent in case of DP open compared to the configuration
with closed DP. However, this thermal isolation was from the ocean currents, and
the atmospheric circulation must have been sufficient to bring moisture to the cold
continent to eventually turn into a thick ice sheet (Fig. 3).

During the past few years, the above views have been questioned. The debates
have been mainly concentrated on the relative roles of the opening of the two ocean
gateways, lowering of carbon dioxide concentration, orbital forcing, and feedback
as the dominant mechanism leading to initiation of the development of the Antarctic
ice sheet. First, it has been difficult to accurately date the opening of Southern Ocean
gateways and the initiation of the Antarctic circumpolar current (ACC), where recent
estimates range from themiddle Eocene (Livermore et al. 2007) to the late Oligocene
(Lyle et al. 2007). Second, many of the climate modelling results indicate that the
change in meridional heat transport associated with ACC onset was insignificant
(e.g., Huber and Nof 2006). Changes in ocean circulation alone did not lead to
Antarctic glaciation (De Conto and Pollard 2003). The latter also concluded that an
Antarctic ice sheet could begin to form only when the concentration of greenhouse
gases dropped beyond a threshold value.

6.1.4 Moisture for the Antarctic Ice-Sheet

Surprisingly all these studies concentrate on the cooling of the climate, and none
argues for the moisture factor. As Antarctica contains 90 per cent of the fresh-
water in the form of its ice sheet, scientists need to bother about transporting this
moisture source within a short period (Oligocene to Middle Miocene) rather than
only concentrating on the cooling events associated with the Antarctic ice sheet.
As stated earlier, various modelling studies on the response of Antarctica to green-
house warming suggest that the increased accumulation of ice may dominate the
ablation under moderate global warming (Gildor 2003; van der Veen 2002). Gildor
(2003) also argued about the temperature –precipitation feedback (Le-Treut and Ghil
1983), explaining that the evaporation rate and the strength of the hydrological cycle
increase exponentially with temperature due to the Clausius-Clapeyron relation. The
argument that extensive ice cover effectively insulates the ocean from the atmosphere
and reduces the evaporation rate dramatically (Ruddiman andMcIntyre 1981; Gildor
and Tziperman 2000) leading to less precipitation more ablation works against the
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generally believed albedo feedback mechanism of glaciations. The later mechanism
only addresses the temperature part and not the source of moisture. The globally
warm, intense hydrological cycles are needed for the ice sheet’s growth (Gildor
2003), followed by cooling required to sustain it. In this context, more research is
needed to understand the moisture source for 90 per cent of the freshwater in the
form of the Antarctic ice sheet and its relationship with cooling events. The answers
to such questions logically should not lie in Antarctica but in the oceans near and
far from the ice continent, which must have been the source of moisture during
the Eocene–Oligocene times. Was the Antarctic ice sheet initiated due to a warming
event with a robust hydrological cycle followed by cooling? For this reason, it is
worthwhile to consider the marine oxygen isotopic record compilations.

6.2 Carbon Dioxide Concentrations

Pearson andPalmer (2000) estimated an atmospheric carbon dioxide concentration of
2000 -> 3000 ppm for the earliest Eocene (to 52Ma) and an erratic decline to less than
800 ppm by 40 Ma (Lawver and Gahagan 2003). They regarded changes in the CO2

concentration of the atmosphere as a likely forcing mechanism on the global climate
because of its predicted effect on temperature overages. A level pCO2 > 1000 ppm is
considered a “super greenhouse” condition, so the change from high earliest Eocene
values to the late Middle Eocene value of < 800 ppm should have had a significant
impact the Earth’s climate. There have been some critical studies regarding threshold
values of the concentration of atmospheric CO2. In one such study, Galeotti et al.
(2016) observed that about 34million years ago (Earliest Oligocene), Earth’s climate
cooled, and an ice sheet formed on Antarctica as atmospheric carbon dioxide (CO2)
fell below ~750 parts per million (ppm). Sedimentary cycles from a drill core in
the western Ross Sea provide direct evidence of orbitally controlled glacial cycles
between 34 and 31Ma (Latest Eocene to early Oligocene). The study concluded that
initially, under atmospheric CO2 levels of ≥ 600 ppm, a smaller Antarctic Ice Sheet
(AIS), restricted to the terrestrial continent, was highly responsive to local insolation
forcing.Amore stable, continental-scale ice sheet calving at the coastline did not form
until ~32.8 million years ago, coincident with the earliest time that atmospheric CO2

levels fell below ~600 ppm (Galeotti et al. 2016). Their results provide insight into
the AIS potential for threshold behaviour and have implications for its sensitivity to
atmospheric CO2 concentrations above present-day levels. This study is significant
as one would wonder whether the present status of CO2 around 400 ppm would
affect the Antarctic ice sheet at all as the threshold is 600 ppm. Another approach
to understanding the presence or absence of sufficiently thick Antarctic ice sheets
during the Oligocene is to see global sea levels and coastal sedimentary sequences.
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7 Oxygen Isotope Studies from Marine Sediments

The stable isotope composition of foraminifera has been extensively used for gener-
ating paleoclimatic records from marine cores. The Oxygen isotope composition of
foraminiferal tests is controlled by several factors, including temperature, salinity,
and composition of the ambient seawater during calcification, besides vital effect
specific to the species. The ice volume effect controls the seawater composition.
In general, during the glacial ages and expansion and formation of the ice caps, the
ocean waters become enriched in 18O. In contrast, the polar ice caps become depleted
in this heavier isotope because of preferential removal of the lighter isotope in water
vapour, which ultimately precipitates as polar ice (Fig. 3). Thus during the significant
ice-sheet expansion, the foraminifera calcifying their tests becomes enriched in the
heavier isotope. The Cenozoic glacial and interglacial ages have been identified by
the oxygen isotope record mostly from benthic foraminifera as the later’s isotopic
composition is supposed to have been mainly controlled by the ice volume effect
because the bottom water temperatures and salinity do not show much variation
owing to the physical properties of water, i.e., densest and cold water occupies the
bottom of the sea. Such isotope records have resulted in the establishment of marine
isotopic stages (MIS), where the odd number stages represent interglacial, and even
number stages represent glacial interval.

7.1 Mid Paleocene-Early Eocene: Was Warming a Precursor
to Antarctic Ice Sheet Formation?

As described earlier, the δ18O record of benthic foraminifera is a more reliable proxy
for ice volume change than planktic foraminifera. However, the steps and peaks in the
record are also dependent on the sampling interval. Two famous compilationsmay be
mentioned in this regard. One is that of Miller et al. (1987) and the second one is by
Zachos et al. (2001). As stated in Fig. 3, the ice sheets have grown at the expense of
ocean water. Thus permanent ice sheet development is matched by a permanent shift
in the oxygen isotope values (heavier isotope enrichment) and lowered sea level. The
compilation of oxygen isotope records by Miller (1987) beautifully displays these
aspects.

There are several fluctuations in the δ18O record; however, few major trends tell
us the story of Cenozoic climate and Antarctic ice sheet evolutionary history. The
earliest such trend in Cenozoic is observed in a 1.5‰ decrease in δ18 O during Mid
Paleocene to the Early Eocene (59–52 Ma). The peak of this decrease defines the
Early EoceneClimaticOptimum (EECO-52–50Ma).Hyland et al. (2017) considered
EECO to have been caused by perturbation in the global carbon cycle. Payros et al.
(2015) stated that EECOwas precisely confined to 52.6Ma and lasted for 2.3My. The
rise in global temperature has been estimated as 4–8 °C. Though none of the studies
relate this significant warming event to the formation of the Antarctic ice sheet, yet it
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seems that this warming event must have introduced a robust hydrological cycle and
resulted in moisture generation and transported to Antarctica, which had the perfect
latitudinal setting for moisture precipitation and ice (Fig. 3).

The model results show that large ice sheets developed during past ice ages grew
when the climate was relatively warm and, therefore, moist (Gildor 2003). This new
idea about the origin of the Antarctic ice sheet is supported by climatic modelling,
which indicates ice caps on interiors ofmountains (DeConto andPollard 2003) during
this time. The study of DeConto and Pollard (2003) was based on atmospheric CO2

levels. IODP Leg 318 off Wilkes land gives some idea about climatic conditions in
Antarctica. The estimated summer temperatures were approximately 25 °C and frost-
free winters at 10 °C (Pross et al. 2012). These warm temperatures must have been
the causative factors behind the moisture source for the initiation of the Antarctic ice
sheet formation.

7.2 Post-Eocene Climate

The EECO is followed by a long trend spanning almost 17 million years when the
δ18O shows a 3‰ rise. This very gradual but prominent cooling trend corresponds to
a decline of 7 °C in deep-sea temperatures from 12 °C to 4.5 °C (Zachos et al. 2001).
The debates regarding this cooling have been concentrated on the presence/absence of
ice sheets during the Earliest Oligocene. If one believes that Ice sheets were present,
then the ice volume effect has to be filtered, and the contribution of temperature
will be less. If we think that Ice sheet was absent in Oligocene, then the entire δ18O
decline would be attributed to deep-sea/bottom water temperature.

Further, the bottom water temperatures also reflect the surface temperatures at the
pole where deep bottom waters are formed. Thus this is a crucial debate whether to
attribute Oligocene δ18O decline to a temperature drop or a combined effect of ice
volume and temperature drop. The debate narrows down if one believes EECO to
have caused enough evaporation and enrichment of oceans in heavier isotope leading
to a gradual 3‰ increase in δ18O. The first detailed δ18OCenozoic studies from deep-
sea sediments assumed that Earth was substantially ice-free before Middle Miocene
(15 Ma) (Shackleton and Kennett 1975; Savin et al. 1975). However, evidence of
Oligocene glaciomarine sediments in the Ross sea confirmed glacial ice’s presence
on the margin of the Antarctic Continent (Barrett et al. 2006). Thus, the presence
of Oligocene ice sheet was later accepted by many (Savin and Barrera 1985).

Another aspect related to ice sheet formation is the fluctuation in global sea-level
(Fig. 3). But the debates regarding sea-level fluctuations during the early Cenozoic
also arises from the fact that this could have also been caused by mantle processes,
including an increase in ridge length, the opening of Norwegian –Greenland sea, a
significant global reorganization of spreading ridges and extrusion of Brito-Arctic
province (Roberts et al. 1984). Thus debate continues whether Oligocene sea-level
fluctuations caused by waxing and Waning of the Antarctic ice cap or there was no
ice sheet were only due to the reorganization of the spreading ridges (Bond 1979).
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High-resolution deep-sea δ18O record and modelling studies indicate that the
growth of the first ice sheet was triggered by orbital forcing combined with a
decrease in atmospheric CO2 levels below a threshold value between 1000 and
750 ppm (Deconto and Pollard 2003; Coxall et al. 2005). Once initiated, the high
albedo feedback ensured that the first ice remained a nucleus from which the ice
sheet expanded and contracted in response to orbital forcing. But all these studies,
unfortunately, seldom speak of the causative factors responsible for moisture and
temperature-precipitation feedback. Orbital forcing is, of course, responsible for
cold/warm phases, but without an abundant supply of moisture, the ice sheets cannot
grow. When the first continent-wide ice sheet formed ~34 Ma, paleotopographic
reconstructions reveal that approximately 20% more of the Antarctic continent was
above sea level. Virtually all of this additional area was in West Antarctica, which
may have allowed the ice sheet to be larger than today, even during the high CO2

worlds of Paleogene (Wilson et al. 2013).
To summarise the initiation of the Antarctic ice sheet, we can list the following

events.

(a) Opening of Tasmanian Seaway
(b) Opening of the Drake passage
(c) Development of freeCircumAntarctic circulation resulting in thermal isolation

of Antarctica
(d) An Early Eocene Climatic Optimum as the source of moisture
(e) Gradual cooling of the climate from Eocene to Oligocene (in tune with plate

movements)
(f) Drop-in CO2 levels
(g) Orbital forcing
(h) Feedback mechanism related to ice albedo
(i) Development of Permanent Ice Sheet in Antarctica.

Surprisingly seeing the oxygen isotopic record, we once again find a warm event
preceding the final drop in global temperature shown by remarkable enrichment in
the δ18O record. Following the cooling and rapid expansion of Antarctic continental
ice sheets in the earliest Oligocene, deep-sea δ18O values remained relatively high
(>2.5%), indicating the presence of permanent ice (Hambrey et al. 1991) with a
mass as great as 50% of that of the present-day ice sheet and bottom temperatures
of ~4 °C (Zachos et al. 1993). These ice sheets persisted until the later part of the
Oligocene (26–27 Ma) when a warming trend reduced the extent of the Antarctic
ice sheet. This conjecture needs debate once again as the decrease in δ18O has been
attributed to warming and melting of the ice sheet, causing depletion of ocean waters
in the heavier isotope. This could have also been due to temperature-precipitation
feedback, where ablation might have surpassed precipitation due to continuous
warming. From this warming interval until the Middle Miocene, global ice volume
remained low, and bottom water temperatures trended slightly higher (Wright et al.
1992; Miller et al. 1991) except for several brief periods of glaciations (e.g., The Mi
events) (Wright and Miller 1993). The peak of this warm phase is recorded at the
late Middle Miocene Climatic optimum (17–15 Ma) and was followed by a gradual
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cooling and reestablishment of a major ice sheet on Antarctica. It can be envisaged
again that the Middle Miocene Climatic optimum would have resulted in moisture
supply for further development of the Antarctic ice sheet by 10 Ma (Vincent et al.
1985; Flower and Kennett 1995). Mean δ18O values then continue to rise gently
through the late Miocene until 6 Ma, indicating additional cooling and small-scale
ice sheet expansion inwestAntarctica (Kennett andBarker 1990). TheEarly Pliocene
is marked by a subtle warming trend (Poore and Sloan 1996) until 3.2 Ma when δ18O
again increased, reflecting the onset of Northern Hemisphere Glaciation (Maslin
et al. 1998).

8 Conclusions

Antarctica’s journey to the southernmost position during the Late Cretaceous was
the first precursor for developing the Antarctic Ice sheet as it reached the regime of
the coldest climate.

Mere reaching the southernmost position in a colder climate was not sufficient
to initiate the ice sheet. Various studies point towards multiple causes for the initial
ice formation in Antarctica, including a further lowering of the temperature due to
decreased atmospheric carbon dioxide concentration coupled with orbital forcing.

The opening of the Drake Passage and Tasmanian Gateway during the late Eocene
to Oligocene were significant events that resulted in the development of the Antarctic
Circum Polar Current, which made Antarctica thermally isolated from the warm
ocean currents. The ACC was, to a great extent, responsible for the further develop-
ment of the Antarctic Ice sheet. The debates regarding the timing of ACC’s establish-
ment are not much valid as the plate tectonics process is prolonged, and the ocean
gateways open, become deep very gradually with time taking millions of years.
The establishment of the permanent ice sheet in Antarctica is quite later in Miocene,
millions of years after the opening of the southern ocean gateways. Thus these events
can only be considered as a precursor and not the ultimate and unique cause for the
Antarctic Ice sheet development.

The majority of the studies have concentrated on the temperature change and the
opening of the gateways. Still, very few discuss the causative factors for moisture
transport, which created such large and thick ice sheets on Antarctica, storing 90%
of Earth’s freshwater. Mere cold temperatures can never result in the growth of such
a large ice sheet.

Looking at the Huttonian way, “Present is key to the past,” the Antarctic ice
sheet must have needed a powerful hydrological cycle and warm event to allow so
much moisture to precipitate in the form of snow on its land. The research should
be concentrated on the source of moisture and to find out whether the ice sheet has
grown gradually with uniform rates or in episodes. Intervals, when there has been
excess moisture transport to Antarctica, is another area to explore. Such studies will
enlighten us about the punctuated vs gradual growth of theAntarctic Ice sheet. Studies
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should be integrated with the investigations of coastal marine sequence stratigraphy,
which records the eustatic rise and fall of sea levels.

It is proposed that Early EoceneClimaticOptimum, lateMiddleMioceneClimatic
Optimum, Early Pliocene warming might have been events triggering more moisture
transport to Antarctica by intricate wind patterns.

9 Future Scope

Future research needs to be concentrated on the nature of thermohaline circulation
during Cenozoic, moisture transport, and meridional heat transport to Antarctica in
specific time slices.

Modern studies concentrated on the precipitation, ablation, and temperature vari-
ations on the ice continent will pave the way for understanding the future of the
Antarctic Ice sheet. Ocean circulation, including moisture transport due to poleward
currents like Leeuwin Current, East Australian Current, Agulhas Current, and their
intensification and resultant shifting of Antarctic Polar Front in geological time, will
also be instrumental in understanding the future of the Antarctic ice sheet. Another
important aspect being studied is the role of ice sheets in the global carbon cycle.
In the last few years, Ice Sheets/ glaciers have been considered active players in the
worldwide carbon cycle. This is due tomany reasons. The ice sheet/glaciers cover the
vegetated areas of the world, isolating the carbon reservoirs from taking part in the
carbon cycle. Once they retreat, the vegetated areas are exposed and available for the
carbon cycle. So this process works rhythmically with glacial and interglacial ages.
The aerosols with carbon fall on the glacier surface and are carried to the ocean/ river
by meltwater. Recently discovered rich microbial life beneath ice sheets that respire
and release carbon dioxide is another important aspect to be studied (Wadham et al.
2019).
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Dronning Maud Land (Antarctica)
and Reconstruction of Its Glacial History
with Cosmogenic Radionuclides
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Abstract This chapter deliberates Dronning Maud Land’s glacial history (DML)
based on available dates obtained using cosmogenic radionuclides. As Dronning
Maud Land is a part of the East Antarctica Ice Sheet (EAIS), background information
about EAIS and its glacial history is also discussed based on the researchers’ various
evidence. A comprehensive outline of DML, the basics of cosmogenic radionuclide
and its application and major glacial events from DML are presented in this chapter.
Further, meltwater’s pulse due to deglaciation of EAIS and evidence related to the
marine isotope stages were discussed to understand the impact of deglaciation on
the global ocean. A very few direct dates were available from Dronning Maud Land
to establish the detailed glacial chronology, or some of the results are contradicting.
This region shows sparse or no evidence of ice thickening during the last glacial
maximum (LGM). Field observations and ice core models show that the ice sheet’s
interior parts, the ice dome, were possibly 100m lower during LGM than the present.
The results obtained by the various researchers shows that around 600 m high ice
sheet existed 4 million years ago, which is decreasing continuously to the present
day.
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1 Introduction

The Continental ice of Antarctica is separated by the Transantarctic Mountains and
created two unequal ice sheets. The West Antarctica Ice Sheet is much smaller than
the East Antarctica Ice Sheet (EAIS). The EAIS covering a vast tract of a continental
area is an enormous ice mass on the earth’s surface (Stonehouse 2002). The EAIS is
comprised of several domes (e.g. Dome Fuji, Dome Argus, Dome Circe), reaching >
4.8 kmof thickness nearDomeCirce and estimated total grounded ice volume is 21.76
× 106 km3 (Lythe and Vaughan 2001; Fretwell et al. 2013; Mackintosh et al. 2014).
The EAIS is divided into different parts (e.g., DronningMaud Land (DML), Enderby
Land, Mac. Robertson Land, Wilkes Land, George V Land) based on the continental
plateau and regional slope,wheremountain chains obstruct large tract of the ice sheet.
The EAIS is considered stable than the West Antarctica Ice Sheet and Greenland Ice
Sheet; however, recent studies differ (Pingree et al. 2011; Mackintosh et al. 2014).
The volume of EAIS is comparable to ~ 53 m of mean seal level (Lythe and Vaughan
2001; Fretwell et al. 2013; Mackintosh et al. 2014); therefore, a minor change in the
volumewill have amore significant impact on the global sea level.Many unanswered
questions about the processes and timescale of the formation and existence of ice
sheets in Antarctica. The Continental ice sheet plays a vital role in controlling the
earth’s climate. Climate modelling suggests that the concentration of CO2 in the
atmosphere is the foremost process for stabilising Antarctica’s ice sheet (DeConto
and Pollard 2003; Huber et al. 2004; Pollard and DeConto 2009). However, fewer
attempts have been made to understand the response of post industrialisation rapid
increase of atmosphericCO2 on ice sheets. Reconstruction of the last 50 years showed
significant warming over West Antarctica (0.1 °C per 10 years) and East Antarctica
parts (Steig et al. 2009). Paleoglaciation studies on million years’ timescale suggest
a decrease in the EAIS thickness (Fogwill et al. 2004; Fink et al. 2006; Huang et al.
2008; Strasky et al. 2009; Kong et al. 2010; Di Nicola et al. 2009, 2012; Altmaier
et al. 2010; Liu et al. 2010; Lilly et al. 2010). The extent of this decrease and its
impact on the global climate are ambiguous. Also, the nature of glacio-eustatic rise,
for example, a rapid rise in sea level due to meltwater pulse during the last glacial
maximum (LGM), is poorly understood (Clark et al. 2002; Peltier, 2005;Mackintosh
et al. 2014). Proxy records from ice cores provide precise and direct methods to
analyse Antarctic climate change (Legrand andMayewski 1997; EPICACommunity
Members 2006; Mayewski et al. 2009). A continuous record of paleo-temperature
and atmospheric compositions is established based on stable isotope study on ice
core samples. The most extended history is established up to 800,000 years from
Dome Circe (Parrenin et al. 2007). Looking at the vastness of the EAIS and diverse
surface and subsurface features, it is difficult to generalise the change observed at
one place to the entire ice sheet as the ice sheet’s response to the climate change
varies with regions. Therefore, each region’s glacial history needs to be evaluated
using multiple proxies and synthesised for EAIS to have a comprehensive picture at
a continental scale. Several studies have been carried out to understand the glacial
history based on the available landforms; sediment archives from the lake, coastal
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and offshore area; ice core data; terrestrial cosmogenic radionuclide (TCN) studies
on ‘oasis’ (ice-free region), nunatak, mountains and glacial debris. In this chapter,
the emphasis is given to the Dronning Maud Land region’s glacial history based on
the study conducted using cosmogenic radionuclides as a proxy.

Cosmogenic radionuclides (CRN) dating techniques have brought a revolution
in studying the geomorphic and landscape evolution and the rate at which these
processes act on the earth’s surface. When the secondary cosmic ray interacts with
the rock surface, radionuclides are formed in situ due to spallation reaction. These
in situ produced CRNs are used for surface exposure dating. Glacial chronology from
thousands to million years is established based on CRN surface exposure ages of
glacial landforms, boulders and moraines (Nishiizumi 1993). In a similar timescale,
the burial age of sediments or till depositions using CRN provides a chronology
for glacial advancement or retreat. Like other methods, this technique has some
limitations; however, these limitations can be quickly hindered with detailed field
observations, proper sampling strategy and multiple nuclide selections. This age
helps to develop the glacial models for ice sheet and valley glaciers. CRN surface
exposure dating is only helpful in the ice-free area, mountains, and nunataks present
within the ice sheet. In the EAIS, only 1–2%of the site is ice-free and generally found
in the coastal zones called ‘Oasis’ or within Mountain chains. Ages obtained from
CRNlike 14C fromsediment archive also help understand the paleoclimate andglacial
history. Several studies were carried out in Dronning Maud Land to understand the
glacial history based on CRNs. The literature was reviewed to reconstruct a glacial
chronology for the entire region and address a few unanswered questions for future
research scope.

1.1 History of Antarctica Glaciation

The ice sheet in Antarctica prevailed since the middle of Tertiary about 35 million
years ago, and it is generally agreed that it reached east Antarctica by the Eocene and
Oligocene (Barrett et al. 1991,Hambrey et al. 1989;Birkenmayer 1987, 1991;Denton
et al. 1991; Prentice and Mathews 1988; Barrera and Huber 1993). However, the
commencement and the timing of glaciation required further evaluation. The recon-
struction of ice-sheet extent and volume is based on the ocean drilling programmes
(ODP), where clay minerals, stable oxygen isotopic concentrations and sediment
analysis were carried out on samples collected from the offshore core. Antarctic
glaciation’s commencement in the middle of Tertiary was possible with the Gond-
wana breakup, drifting of Antarctica towards poles and formation of ocean gate-
ways or opening of "Darke Passage" (Kennett 1977). Isolation of Antarctica and the
development of circumpolar current subsequently led to the cooling and glaciation.
Another model suggests that the Antarctica glaciation was initiated due to lower
CO2 concentration in the atmosphere followed by a permanent ice cap due to further
lowering CO2 to a threshold value (DeConto and Pollard 2003; Altmaier et al. 2010).
The results from ODP show subtropical to temperate climates on Dronning Maud
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Land during Late Cretaceous (Kennett and Barker 1990). Data from theWeddell Sea
suggested that Palaeocene’s the warmest period (Kennett and Stott 1990; Robert and
Kennett 1994). There are no records of ice sheet existence in the Late Cretaceous
or Early Tertiary; however, fluctuations of ice sheets in east Antarctica have been
reported (Anderson 1999). There was an increase in the 18O concentrations in the
deep-sea records during the Eocene period, indicating the growth of ice sheets in
Antarctica (Prentice and Mathews 1988, Denton et al. 1991; Abreu and Anderson
1998). Evidence supports ice sheets in east Antarctica during the Oligocene and the
spreading of ice in the Ross Sea during Late Oligocene (Denton et al. 1991; Hambrey
et al. 1991). However, ice sheet occurrences in west Antarctica are unknown (Birken-
majer 1998; Anderson 1999). Based on the fossil record, earlier studies proposed that
temporary large-scale retreat of EAIS during Pliocene (Webb and Harwood 1987);
however, the recent studies based on field evidence and numeric modelling do not
support the retreat and suggest a stable EAIS during Pliocene (Denton et al. 1984;
Sugden et al. 1995; Pollard and DeConto 2009; Altmaier et al. 2010).

1.2 Present-Day Scenario of Antarctica Ice Sheet

The grounding line is an essential indicator of ice sheets’ instability, as their changes
depict the flow of ice and imbalances with the surrounding ocean. Ocean driven
forces have melted various Antarctic glaciers, which have retreated the grounding
line rapidly. However, there are limited records to measure imbalance. Between 2010
to 2016, retreat in grounding lines in east Antarctica (3%), Antarctic Peninsula (10%)
and West Antarctica (22%) were recorded (Konrad et al. 2018). It has been shown
that the retreat has been very swift (25 m yr−1). The loss of grounded ice area has
been around 1463 ± 791 km2 (Konrad et al. 2018). Satellite altimeter to measure the
ice elevation and geometry of the ice were combined with tracking the grounding
line movement. The fastest rates have been seen in the Amundsen Sea, while in
Pine Island, the grounding line has stabilised possibly due to reduced ocean forcing.
According to the ice geometry and satellite measurements, the retreat of grounding
lines in west Antarctica, East Antarctica and Antarctica peninsula has been faster
after the post-glacial event.

Variations in grounded ice sheets appear due to differences in meltwater runoff,
discharge of ice in the ocean and snow accumulation at the surface (Rignot et al.
2011). There has been a reduction in ice thickness in recent times,which has disturbed
ice’s inland flow. Various satellite techniques complemented with the field measure-
ments and mass balance model have been developed to estimate ice sheet masses’
variations (Zwally et al. 2012). It has shown that 2720 ± 1390 billion tonnes of ice
have been lost from Antarctica during from 1992–2017, increasing the sea level by
7.6± 3.9 mm. By this period in west Antarctica, melting has increased from 53± 29
to 159 ± 26 Billion tonnes per year. However, there are uncertainties in the models
showing again in surface mass balance with an average being 5 ± 46 billion tonnes
per year (Shepherd et al. 2018).
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1.3 Glacial History: Evidence from Ice Cores

Antarctica’s Ice cores indicate changes in the ice volume from the past 4million years
(Petit et al. 1997). Records from the Vostok show a well-built correlation with global
ice records. This shows a link between the ice sheets of the northern and southern
hemispheres (Petit et al. 1997). However, there are variations in climate and glacial
history ofLateQuaternary obtained from ice core, terrestrial, offshore records (Jouzel
et al. 1987; Petit et al. 1997; Ingólfsson 1998; Anderson 1999; Ingólfsson and Hjort
1999). During the last glacialmaxima (LGM), the eastAntarctica domeswere thinner
than the present because the accumulation rateswere lower (Jouzel et al. 1989; Siddall
et al. 2012). These observations are based on the ice sheet models and the ice core
data. However, these changes in ice thickness are poorly known. Ice cores data used to
reconstruct elevation using gas content of the bubbles trapped within ice and ice flow
models to constraint the accumulation rates. Both the methods have uncertainties
in their results; therefore, they should be used carefully for reconstructing glacial
event. However, the obtained records of the past ice thickness are consistent with
these methods.

2 Dronning Maud Land (DML)

Dronning Maud land is a region in East Antarctica covering an area of 2.7 ×
106 km2 (Fig. 1). In this region, different countries have established permanent
research stations operational year-round or sessional to study geology, geodetic,
glaciology, geophysics and atmospheric phenomena etc. Some of the essential
stations are Maitri (India), Aboa (Finland); Weasands (Sweden); Troll and Tor

Fig. 1 Location of Dronning Maud Land, East Antarctica and name of the mountain ranges and
ice-free regions are given in the diagram (Modified after Mackintosh et al. 2014). Dotted lines
indicate the movement of ice mass and slope reduce toward the coastal region
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(Norway), Princess Elisabeth Base (Belgium), Neumayer-Station III and Kohnen
(Germany), Novolazarevskaya Station (Russia), SANAE IV (South Africa), Asuka,
Showa and Dome Fuji Station (Japan).

The Dronning Maud land is dominated by Precambrian gneiss formed between
1 to 1.2 Ga. The mountains in the area are characterised by granitic and crystalline
rocks that probably formed 500 to 600 Ma ago during the assemblage of Gondwana
land. Younger sedimentary and volcanic rocks are found in the western parts of the
region. BorgMassif guards the ice sheet over DML in the west andYamatoMountain
in the east (Pattyn et al. 2010;Mackintosh et al. 2014). The region has thick ice sheets
that show downslope towards the coastal part from the continental plateau. Various
researchers studied severalmountain ranges, nunatak and oasis (ice-free area) located
within the DML ice sheet to reconstruct the glacial history of EAIS. The impor-
tant mountain ranges from west to east are Vestfjella, Heimefrontfjella, Ahlman-
nryggen, Gjelsvikfjella, Wohlthat Massif (includes Peterman Range, Insel Range,
Gruber Mountains and Humboldt Mountains), DallmannBergeandPetermannKetten
mountains (south of Wohlthat Massif), and SørRondane Mountains (Fig. 1). Among
ice-free areas, Schirmacher oasis, Untersee oasis and coastal oasis in the Lützow-
Holm Bay (towards eastern margin of DML ice sheet) were extensively studied for
geomorphology, paleoclimate and glacial history. These ice-free regions are home
to numerous lakes, Roche Moutonnée, a fossil glacier track filled with boulders, till
and moraine deposits.

Striated surfaces and bedrock from nunatak and Roche Moutonnée, erratic’s and
boulders from fossil glaciers track provide ample opportunities to use cosmogenic
radionuclides to measure the surface exposure age, and it can be used for under-
standing the variation of ice thickness and glacial history. During glacier retreat or
thinning and shrinking of the ice sheet, bedrock or boulders are exposed to the cosmic
ray, and in situ, cosmogenic radionuclides are produced. Although target nuclides
are present in all the rock-forming minerals, quartz is used to measure radionuclides’
concentration. The production and decay rate of cosmogenic radionuclides is well
established; hence, it calculates bedrock’s surface exposure age or boulder. Similarly,
sediment archives from the lakedeposits andoffshore region are used to know the time
of deposition using cosmogenic radionuclides, indicating paleoclimate, transport
mechanism and paleoenvironmental setting.

2.1 Applications of Cosmogenic Radionuclides (CRN)

Earth and its atmosphere continuously receive solar and galactic cosmic rays. These
primary cosmic rays are mainly high-energy (0.01-102 GeV) protons and alpha parti-
cles. Upon entering into the earth’s atmosphere, direct cosmic rays interact with the
nuclei of atmospheric elements and produce a cascade of lower energy secondary
cosmic rays (mainly neutrons). These secondary cosmic rays further interact with the
elements present in the atmosphere and on the earth surface, and in spallation reac-
tion, radioactive isotopes (also called radionuclides) are produced. Radionuclides
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produced on the earth surface and top layers are called in-situ had CRN (such as
10Be, 26Al, 21Ne etc.) and those made in the atmosphere are called garden variety
CRN.

Solar cosmic rays are of lower energies andget easily deflected by the geomagnetic
field. The atmosphere further causes attenuation. Even at high latitudes, where the
geomagnetic deflection is less, solar cosmic rays can penetrate only the topmost
layers of the atmosphere and hardly reach the earth’s surface their low energy.

Galactic cosmic rays (originating outside the solar system from supernova explo-
sions) are of higher energies and significantly contribute to the in-situ production
of 10Be and 26Al. Due to higher energies, GCRs are only partially shielded by the
geomagnetic field and reaches earth surfaces after penetrating the whole atmosphere.
Major in-situ production channels of 10Be and 26Al on the earth surface are by spal-
lation of neutrons with oxygen (Fig. 2) and silicon, respectively, [16O (n, 4p3n)10Be,
28Si (n, p 2n) 26Al present in quartz mineral].

In-situ 10Be production rate at sea level and latitude ≥60°, in the rocks having
exposure ages ranging from 11 ka to 4 Ma is estimated between 5.8 to 6.4 atoms per
year per gm of quartz (Kubik et al 1998). While, the production rate of 26Al in SiO2

in terrestrial rocks at sea level and latitude > 60° is about 37 atoms per year per gm
of quartz (Kubik et al. 1998), and increases rapidly with altitude to 374 atoms per
year per gm of quartz at 3.34 km altitude at 44° N (Nishiizumi et al. 1989).

In areas where the inherited and independent ages coexist, magnitude, rate, and
spatial patterns can be revealed from single cosmogenic nuclides. However, by
applying two radionuclides (10Be and 26Al) with different half-lives on the same
samples, uplift rates can be determined with greater accuracy and confidence (Tuniz
2001). These provide a model that links the erosion and ice dynamics processes. The
error ranges lie in ± 5 – 10% for the surface exposure dating, including systematic
and analytical error. CRNs like 10Be, 26Al and 14C are used suitably for the burial
age of the sediments/pebble/cobbles depending upon the landforms, local setting and
type of sediments.

.

2.2 Measurement of CRNs

Cosmogenic 10Be (T1/2 = 1.38 Ma) and 26Al (T1/2 = 0.72 Ma) in the geolog-
ical samples are found at a deficient level, and their isotopic ratios (10Be/9Be and
26Al/27Al) ranges between 10–11 to 10–15. The measurement of such trace CRNs is
challenging and beyond the measurement capabilities of conventional mass spec-
trometric methods insensitivities and isobaric interferences. Accelerator Mass Spec-
trometry, in which an individual atom of CRN is counted after removing isobaric
and isotopic interferences, is the technique, which can perform such ultrasensitive
measurements with very high precision (Kumar et al. 2011, 2014, 2015). The sample
processing and AMS measurement methods are described in various references
(Kumar et al. 2011, 2014, 2015).
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Fig. 2 Showing the in-situ production of Beryllium-10 and Aluminium-26 and production of
carbon-14 in the atmosphere (Tuniz 2001; Willenbring and von Blanckenburg 2010)

3 Glacial History of Dronning Maud Land (DML)

Various studies like field observations, ice thickness measurement based on echo
sounder, GPR, gravimeter; proxy-based analysis, ice core data, modelling and simu-
lations were used to understand the glacial history of the Droning Maud Land. Most
of the field-based studies and data collections were conducted in the continental
and ice-free regions as oasis located in the low-lying coastal areas and marginal
mountainous areas (Pattyn et al. 1992). The region’s present glacial geomorphology
is developed due to polycyclic glaciation and deglaciation phases, where deglacia-
tion occurred frequently and for longer durations (Pattyn et al. 1992). Base on-field
evidence around the Sor Rondane Mountain region and flow line model, Pattyn et al.
(1992) reported that ice thickness was increased by 300–400m during the last glacial
maximum. The previous study based on the ice age model using glaciological and
geomorphological evidence also suggests a similar increase in ice thickness of 400m
(Hirakawa andMoriwaki 1990). Based on the ice age simulation, it has been reported
that the Grounding line of the Antarctica ice sheet was advanced by 20 km and 100m
thickening of polar ice plateau during that period (Pattyn et al. 1992). The ice cover
of DML and EAIS responded slowly to climate change, as reported by Pollard and
Deconto (2009) and Huybrechts (1993). In the longer time scale, the recent study
using surface exposure dating of nunatak (south-east of Wohlthat Massif) suggest
that between 0.75 to 3.57 Ma, the ice surface lowered at a rate less than 1 mm/year
(Strub et al. 2015). The authors also did not rule out the possibility of exhumation
as it can bring the nunatak above the ice surface. Previous surface exposure study
from the same region suggests that Wohlthat Massif was exposed between 1 to 4 Ma
ago (Altmaier et al. 2010). However, Strub et al. (2015) argued that this could be
due to the thickness of the ice sheet as it was thicker (200–400 m) than today until ~
0.5 Ma ago or due to the upliftment of that region. Many instance results from recent
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studies on other parts of the EAIS and for a different period do not converge. There-
fore, the glacial history of EAIS is debatable. The effort was made to reconstruct the
deglaciation history of Antarctica ice sheet since the Last Glacial Maximum based
on the available data from different part of Antarctica by ’The RAISED Consortium’
et al. (2014), where a change of the ice thickness and the grounding line position for
the different period were discussed. Whereas Mackintosh et al. 2014, described the
glacial history for a different location and summarised the changes of EAIS since
the Last Glacial Maximum. Previous studies based on the surface exposure ages and
burial age of sediments using cosmogenic radionuclides like 14C, 10Be and 26Al were
compiled (Table 1), and a sequence of glacial events was established.

3.1 Holocene Period

From the DML region, sparse records from a few oases and nunataks projecting
from the ice sheet provides limited information about glacial fluctuation during the
Holocene period. Like most Antarctica parts, the grounding line of ice sheets in the
DML region was either on the inner shelf or close to the present-day position by
5 ka (The RAISED Consortium et al. 2014). However, in the west part of DML, the
grounding line was seaward at theWeddell Sea compared to the present-day position.
In the Heimefrontfjella region snow, petrel nests position is lying between 30 and
230 m above the present-day surface, and 14C date of mumiyo sample from basal
layer indicate that the since 8700 ± 40 yr B.P. (Lintinen and Nenonen 1997), top of
the ice sheetwas ~ 30mabove the present surface (Mackintosh et al. 2014). Similarly,
mumiyo samples from Ahlmannryggen and Gjelsvikfjella ice-covered ridges in the
western part ofDML show 14C dates ofHolocene agewith oldest dates recorded 8330
± 70 yr B.P. and 3730 ± 80 yr B.P., respectively (Steele and Hiller 1997). These
dates considered to be the minimum age of deglaciation of that region. However,
other 14C dates from Muhlig-Hafmannfjella, a nearby region, provides older dates
and suggesting the thickness of EAIS is close to the present position before LGM
(Steele and Hiller 1997; Mackintosh et al. 2014). In the Lützow-Holm Bay region
(eastern part of DML),marine fossil samples from raised beach provided two clusters
of 14C age, where a sample from Ongul island situated towards north shows ~33–
50 ka age, and sample from Skarvsnes and Skallen peninsula towards south shows
<7 ka age (Miura et al. 1998; Takada et al. 2003; Mackintosh et al. 2014).

Similarly, samples from other islands in the south show Holocene ages. It was
inferred that during the late Pleistocene, EAIS was retreated from the northern part
and did not advance during LGM. However, the ice sheet has withdrawn from the
southern part after the LGMand regionwere ice-free during theHolocene. The differ-
ence in surface weathering in this area’s northern and southern region supports the
relative variation in the glaciation history. Another cosmogenic radionuclide dating
confirms that the Skarvsnes peninsula had ~ 360 m ice sheet, and it has retreated
between 10 and 6 ka ago (Yamane et al. 2011; Mackintosh et al. 2014). Erratic boul-
ders from east Antarctica show that ice sheets reached the present configuration by
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Table 1 Cosmogenic radionuclide dating from Dronning Maud Land used for the chronological
constraint of glacial history

S.N Location Latitude Longitude Method Age (ka) Reference

1 Dronning Maud Land 69°54.10’S 11°29.61’E 14C 1.55 ± 0.07 Gingele
et al.
(1997)

2 Gjelsvikfjella 72°09′ S 2° 36′ E 14C 3.73 ± 0.08 Steele
and Hiller
(1997)

3 Ahlmannryggen 71°50′ S 2° 25′ W 14C 8.33 ± 0.07

4 Heimefrontjella 74°35’S 11° 0’W 14C 8.7 ± 0.04 Lintinen
and
Nenonen
(1997)

5 Lazarv Sea 70°0.78’S 11°45.30’E 14C 11.14 ± 0.12 Gingele
et al.
(1997)

6 Schirmacher
Oasis

70°45.87’ S 11°51.40’ E 10Be,
26Al

21 ± 3 Altmaier
et al.
(2010)7 70°45.73’ S 11°50.79’ E 10Be, 22 ± 3

8 Sør Rondane Mountains 72.2° S 27.8° E 10Be 30 ± 2 Yamane
et al.
(2015)

9 Gjelsvikfjella 72°9′ S 2°36′ E 14C 31.962 ± 1.7 Steele
and Hiller
(1997)

10 Lake Unterse (Wohlthat
Massif)

71°20′ S 13°27′ E 14C 33.9 ± 3.02 Hiller
et al
(1988)

11 Schirmacher
Oasis

70°45.78’ S 11°50.90’ E 10Be,
26Al

35 ± 4 Altmaier
et al.
(2010)

12 Sør Rondane Mountains 72.2° S 27.8° E 10Be,
26Al

35 ± 3 Yamane
et al.
(2015)

13 Heimefrontjella 74°34′36”S 11°13′24”W 14C 37.4 ± 1.5 Thor and
Low
(2011)

14 Vestfjella 14C 38.7 ± 1.5

15 Dallmann Berge 71°45.37’S 10°11.07’W 10Be,
26Al

70 ± 8 Altmaier
et al.
(2010)

16 Sør Rondane Mountains 72° S 24.9° W 10Be 73 ± 5 Yamane
et al.
(2015)

17 Dallmann Berge 71°44.4’ S 10°9.20’ E 10Be,
26Al

81 ± 5 Altmaier
et al.
(2010)18 Wohlthat Massif 70°0.78’S 11°45.30’E TCN 100

(continued)
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Table 1 (continued)

S.N Location Latitude Longitude Method Age (ka) Reference

19 Dallmann Berge 71°45.55’ S 10°11.08’ E 10Be,
26Al

112 ± 7

20 71°45.3’ S 10°8.6’ E 10Be,
26Al

135 ± 8

21 71°45.3’ S 10°9.10’ E 10Be,
26Al

166 ± 17

22 71°45.47’ S 10°11.07’ E 10Be,
26Al

192 ± 11

23 Schussel/Eckhorner 71° 31.8’ S 11°24.55’ E 10Be,
26Al

196 ± 9

24 Dallmann Berge 71°45.3’ S 10°10.9’ E 26Al 202 ± 22

25 Schussel/Seitental 71°36.95’ S 11°28.8’ E 10Be,
26Al

227 ± 11

26 Untersee Westgrat 71°20’ S 13°24.6’ E 10Be,
26Al

235 ± 11

27 Dallmann Berge 71°45.86’ S 10°09.78’ E 10Be,
26Al

239 ± 13

28 71°45.36’ S 10°10.9’ E 10Be 283 ± 15

29 Untersee Ostgrat 71°21’ S 13°31’ E 10Be,
26Al

339 ± 11

30 71° 21’ S 13°31’ E 10Be,
26Al

388 ± 14

31 Sør Rondane Mountains 71.6° S 25.4° E 10Be,
26Al

428 ± 30 Yamane
et al.
(2015)

32 Dallmann Berge 71°45.42’ S 10°10.9’ E 10Be,
26Al

462 ± 18 Altmaier
et al.
(2010)

33 Sør Rondane Mountains 72° S 26° E 10Be,
26Al

476 ± 34 Yamane
et al.
(2015)34 72° S 24.9° E 10Be 594 ± 43

35 Untersee Ostgrat 71° 21’ S 13°31’ E 10Be,
26Al

631 ± 19 Altmaier
et al.
(2010)36 71° 20’ S 13°24.7’ E 10Be,

26Al
725 ± 35

37 Sør Rondane Mountains 72° S 26.4° E 10Be 745 ± 57 Yamane
et al.
(2015)

38 Schussel/Seitental 71°36.95’ S 11°28.8’ E 10Be,
26Al

912 ± 37 Altmaier
et al.
(2010)(continued)
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Table 1 (continued)

S.N Location Latitude Longitude Method Age (ka) Reference

39 PetermannKetten 71°52.782’S 11°57.364’E 10Be,
26Al

1050 ± 30

40 71°30.765’S 12°34.481’E 10Be 1150 ± 40

41 71°53.741’S 11°57.661’E 10Be,
26Al

1180 ± 30

42 71°24.67’ S 12°48.193’E 10Be,
26Al

1530 ± 40

43 Schussel / Eckhorner 71°31.75’ S 11°25.25’ E 10Be,
26Al

1760 ± 40

44 71°31.75’ S 11°25.25’ E 10Be,
26Al

1760 ± 40

45 Sør Rondane Mountains 72° S 24.3° E 10Be 1851 ± 116 Yamane
et al.
(2015)

46 Petermann Ketten 71°53.3’ S 11°57.5’ E 10Be,
26Al

1920 ± 40 Altmaier
et al.
(2010)

47 Sør Rondane Mountains 72° S 24.3° E 10Be,
26Al

2980 ± 180 Yamane
et al.
(2015)

48 Petermann Ketten 71°25.934’S 12°43.88’ E 10Be 3000 ± 60 Altmaier
et al.
(2010)

49 71°50.149’S 12°17.734’
E

10Be,
26Al

3770 ± 70

50 Sør Rondane Mountains 72° S 25° E TCN 4000 Moriwaki
et al.
(1991)

51 Petermann Ketten 72°8.362’ S 11°30.961’
E

10Be 4110 ± 150 Altmaier
et al.
(2010)

this time. There was considerable thinning of ice sheets between 10 and 5 ka. The
Lazarev Sea of east Antarctica has unearthed the processes that controlled the sedi-
mentation over the past 10,000 yr during deglaciation. Lazarev Sea has distinct facies
which reveal the environment of depositionwith glaciomarine processes. These depo-
sitional sequences preserve the retreat of the ice history in this part of the continent.
The minimum age of retreat of glaciers obtained from 14C dating is 1550 ± 70 yr
B.P. (Gingele et al. 1997).

The dates were obtained from carbonate particles terrestrial areas were exposed
by 5 ka. Some areas also indicate fluctuations during Holocene (Gingele et al. 1997).
The Nivl Ice Shelf of the Lazarev Sea is situated north of Schirmacher Oasis (Fig. 1),
central DML. Laminated sediments from the Nivl Ice Shelf, dated to be 11,140 ±
120 14C yr B.P. (Gingele et al. 1997) and suggesting deglaciation of continental shelf
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during early Holocene. Subsequently, proglacial lakes were formed in the Schir-
macher oasis (Mackintosh et al. 2014). This ice retreat was continued, and further,
SchirmacherOasiswas becoming ice-free, and the proglacial lake became landlocked
lakes around 3 ka (Schwab 1998; Phartiyal et al. 2011). However, another study based
on surface exposure dating using cosmogenic radionuclide dating and lake sediment
dating suggest that Schirmacher oasis was ice-free before LGM (Altmaier et al.
2010).

The substantial recession of ice sheets in east Antarctica arose around 13 cal yrs
B.P., and the retreat was swift in Holocene. In West Antarctica, the retreat began at
10 ka. The ice sheets retreated significantly in the eastern and western Antarctica
peninsula by the 15 and 10 ka and reached the present state during the Holocene
middle. While on the east side, it would have gone by 10 ka (Ingólfsson et al. 2004).

3.2 LGM and Post LGM

The time duration of LGM (Last Glacial Maximum) varies from place to place, and
the global chronostratigraphy refers to the time of the event from c. 26.5 to 19 ka
B.P. (Clark et al. 2009). The literature term LLGM (Local Last Glacial Maximum)
is being used for a specific location (Clark et al. 2009) to explain the last glacial
maxima that differ widely. However, global LGM is considered roughly around
20 ka. To avoid such ambiguity, ’The RAISED Consortium et al. (2014) explain
Antarctica’s glacial history in the different time slices such as 20 ka, 15 ka, 10 ka and
5 ka. Available data shows Antarctica Ice sheet was not at its maximum extent during
LGM (Anderson et al. 2002) and shows local variations. The DML region of EAIS
shows the variation in glacial history during the LGM period. The glacial-geological
data and ice sheet model contradict EAIS elevation changes around the Weddell
Sea region during LGM. This region’s overall glacial history is diverse compared to
other DML sites (Hillenbrand et al. 2012). As per the Weddell Sea marine sediment
record, the grounding line’s extent is nearly 100 km seaward during 21 ka than the
present (Elverhøi 1981; Mackintosh et al. 2014). Several glacio-geomorphological
studies were conducted in the Vestfjella, and Heimefrontfjella mountain ranges and
some of the result on the past ice thickness and its timing are contradicting (Jonsson
1988; Lintinen 1996; Lintinen and Nenonen 1997; Hattestrand and Johansen 2005).
As no chronological constraints are available from the region, based on the field
observation like the position of striations and till depositions in the Vestfjella region,
the thickness of the ice sheet during LGMwas estimated to be 700 m thicker than the
present (Hattestrand and Johansen 2005; Mackintosh et al. 2014). However, these
results are not supported by the 14C dating of mumyio sample from this region
and indicate that since 38,700 ± 1500 yr B.P., the region was ice-free (Thor and
Low 2011). Based on the glacio-geomorphological evidence and surface weathering
analysis in the Heimefrontfjella area, it has been contended that 100–200 m thicker
ice sheet was present during LGM than today. The sediment core samples collected
from few lakes situated on the Schirmacher Oasis shows that the region was covered
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with an ice sheet during LGM (Schwab 1998; Phartiyal et al. 2011); however, it is
contradicted by other results. Based on the surface exposure dating using cosmogenic
radionuclides in the SorRondane Mountain, it is inferred that the region had ~ 100 m
thicker ice sheet during LGM than present-day. Studies on the nunataks from DML
shows significantly less or no ice sheet thickening. Additionally, evidence from the
ice-core and the ice-sheet model offers a thickness of the ice sheet was 100 m lower
than the present during LGM (The RAISED Consortium et al. 2014) in the interior
part of the ice sheet.

3.3 Pre LGM

Surface exposure dating using cosmogenic radionuclide from the Wohlthat Massif
suggested that the thickness of EAIS has not changed significantly since 100 ka
(Altmaier et al. 2010). Similarly, studies indicate that Sor-Rondane Mountain was
ice-free since 4Ma, and however, nunataks from the peripheral parts of this mountain
range have become ice-free since 200 ka. Five phases of this region’s deglaciation
were establishedbasedon the surfaceweathering,where the last stagewasdatedusing
cosmogenic radionuclide to be 25 ka (Moriwaki et al. 1991; Nishiizumi et al. 1991;
Moriwaki 1992; Ishizuka et al. 1993). There are no advances seen in Schirmacher
and Untersee; however, dating and grain size distribution from Lazarev suggests that
it may have advanced between 82 ka B.P. (Gingele et al. 1997). Ice sheets in Queen
Maud Land were not stable and linked to the ice sheet’s interior. There is evidence
of changes in the central Antarctic ice sheet during this time scale. The maximum
advancement in ice has been sampled from the high altitude PetermannKettenMoun-
tains. Areas like Untersee, Schussel, on the other hand, suggest that ice sheets were
400 m higher before 0.5 million years. From the data, the impression we get is the
steady thinning of the ice sheets; this may be related to the global cooling, which
began at the end of the Pliocene. This cooling would have lowered the precipitation
rates and, subsequently, Antarctica’s ice thickness (Raymo 1992). Other workers
Welten et al. 2008 and Höfle 1989, have also supported this.

The evidence from east Antarctica indicates no advance in the ice thickening
during the LGM, as is evident from the Sorrondane and Wohlthat Massif. There was
a decrease in ice elevation in these areas, as supported by the ice core records. The ice
coverage in the last 8 million years is exposed at the high altitude Petermann Ketten
Mountains. On the other hand, the ice sheet in Wohlthat Massif had been 200–400 m
higher, as shown by the exposure ages of Schussel, Dallmann Berge and Untersee
samples. The Eckhorner indicates ice coverage did not exceed 300 m. In general,
there is a decrease in ice thickness and exposure of rocks that were buried in ice.
This is interpreted as a result of global cooling, which ended in the Pliocene (Raymo
1992). The retreat in the present ice level culminated approximately 0.1 Ma ago.
During LGM, the ice level increase was enough to cover the Schirmacher Oasis,
as evident from Dallmannberge. A higher concentration of cosmogenic nuclides
represents lower rates of erosion from the Peterman Ketten Mountains. These low
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erosion rates are found in hyper-arid and cold climates. The dates obtained from this
area were the first attempt.

4 Melt Water Pulse (MWP)

Several meltwater pulses (MWP) were recorded since the LGM period. There was
about an 18m increase in sea level due toMWP1a during 14.7 to 13.3 ka (Deschamps
et al. 2012). The pattern in sea level rise indicates a considerable contribution from
the Southern hemisphere. However, the recent data from ice sheet models and ice
core records show that only 10 m of ice was locked equally to the eustatic level
during LGM (Golledge et al. 2012; Whitehouse et al. 2012; Mackintosh et al. 2011).
Mackintosh et al. 2011 suggest that the volume of EAIS increased by 1 m, excluding
the embayments of Weddell and Ross seas which is equal to the eustatic level of
LGM. This indicates a total 10% contribution from Antarctic ice sheets as shown
by the ice sheet models (Golledge et al. 2012; Mackintosh et al. 2011; Whitehouse
et al. 2012; Pollard and DeConto 2009). It is not straight forward to understand the
contribution of EAIS to the MWP1a, as the volume of ice is small and deglaciation
was slow and late. There is evidence of a small donation to MWP1a from Amery
and Lambert (Verleyen et al. 2005). There is no clear evidence on how significantly
EAIS contributed to MWP1a due to the lack of data or insufficient data constraining
or modelling techniques, which needs to be assessed.

5 Marine Isotope Records

Marine isotope records are essential for understanding the Quaternary climate glob-
ally (Lisiecki and Raymo 2005; Golledge et al. 2012). Although isotopic records are
also affected by the deep-water temperatures (Shackleton 1967), these records are
used as a proxy since 1960 to decipher global ice volume. The LGM in Antarctica
is not well established; however, it is assumed that it may have occurred during the
marine isotope stage 2 (MIS-2). In east Antarctica, maximum extension occurred by
17 ka and 10.7 ka B.P. at Prydz and Mac’s coasts. Robertson Land. In the Antarctic
Peninsula, the LGMoccurred after 30 ka B.P. (Sugden and Clapperton 1980). Recent
studies suggest that theWisconsin ice sheetwould have formedby20 to18ka (Bentley
and Anderson 1998), indicate ice sheets were higher before 35 ka.

In the sameway, ice sheets in theWeddell Sea were higher before 26 ka. However,
Hjort et al. (2003) indicate the maximum extension in ice occurred before MIS-3
in the western part of the Weddell Sea. Late Quaternary ice distribution suggests
Antarctic sea ice inwinter advanced towards the present polar zone byMIS-2. During
MIS-3, therewere several climaticwarmings knownasDansgaar andOeschgerevents
(D.O.), between 60 and 27 ka. D.O. events are a period of transition from cold to
mild conditions followed by the return of stadial conditions (Dansgaard et al. 1993).
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In MIS-3, D.O. events were regular is unclear why they were so frequent. These
events were absent during the LGM. Ice cores from Greenland show the rise of 8–
16 °C followed by a cooling period before the temperatures returned to stadial values.
These transitions have also been indicted by the North Atlantic Ocean (Huber et al.
2006; North GRIP-Members 2004). Marine records suggest that interstadials had
higher sea temperature and ocean deep ventilation than stadia. There is a scarcity of
information on the east Antarctic ice sheet during MIS-3. Ice models suggest that
EAIS expanded during MIS-3 in comparison to the Holocene. However, the field
evidence contradicts the modelling evidence and indicates that ice sheets did not
advance than the present. Cosmogenic results show that there were areas, which
were ice-free for most of the marine isotope stage-3. The last glacial cold cycle has
the most prolonged period at around 118 ka. Interglacial period MIS 5-e is at 115 ka
(Shackleton et al. 2002 and 2003). The cold cycle of the last glacial had two various
complex stages during MIS 4 and 2. Temperature and dust records of Antarctica
also indicate this. The average temperature in Antarctica reached −10.2 °C and
−10.6 °C for marine isotope stage 4 and 2. These two are divided by the warm
interglacial of MIS-3. The millennial-scale variability indicated by Antarctic and
Greenland ice core records (Blunier et al. 1998; Markle et al. 2017). Hughes et al.
2013 reported the asynchronies in the glacial cycles, mainly in Asia, where they
advanced during the yearly glaciation cycle (Astakhov 2018; Larsen et al. 2006;
Svendsen et al. 2004; Vorren et al. 2011). There is evidence of thicker ice sheets in
Antarctica before LGM, while at the centre of east Antarctica, there was no thicker
ice at LGM than at present (Lilly et al. 2010). Some marine oxygen records indicate
the global volume of ice was higher in marine isotope stage 6 than MIS-2 (Roucoux
et al. 2011; Shackleton 1987). This is supported by Shakun et al. (2015) for global
sea level. However, data obtained by Lisiecki and Raymo (2005) show that MIS-2
has higher 18O records than MIS-6. However, temperature effects may hide the ice
volume because, duringMIS-6, sea surface temperatures were warmer thanMIS-5d-
2. This has allowed the supply of moisture to drive the extent of ice masses more in
other glacial periods. The distribution of ice before LGM was different from LGM.
Eurasia had more ice masses before LGM. Similarly, North America had smaller ice
masses before LGM compared to the LGM (Rohling et al. 2017). The pre-glacial
maximum peak occurred around 140 ka (Colleoni et al. 2016; Stirling et al. 1998;
Raisbeck et al. 2014).

6 Summary

Grounding line inmostAntarctica partswas near the present shelf before 20 ka except
in the Ross and the Weddell Sea. Besides, the extent of ice reached before 20 ka in
some places while recession had started at this time (Hillenbrand et al. 2014). The
geological and marine data shows considerable ice by 20 ka in the Weddell Sea’s
continental shelf. From the east and west Antarctica, the data is limited. Half of the
ice that has been grounded in the Ross Sea comes from east Antarctica (Anderson
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et al. 2014). Radiocarbon dates show that the recession of ice sheets started before
the LGM. Some parts of East Antarctica reached the present shelf margin by this
time (Mackintosh et al. 2014). The sediments of the MIS-3 suggest that several areas
were ice-free at this time. Likewise, in Dronning Maud land, there are sparse or no
evidence of ice thickening during LGM. Ice sheet and ice core models show the ice
domes were possibly 100 m lower than at present. Striated bedrock, till, and organic
deposits like mumiyo provide evidence for changes in the past and the dynamics of
EAIS. Various workers’ analysis was combined, which showed that a 600 m high
ice sheet existed 4 million years ago, decreasing continuously to the present day.
The question is how much mean sea level is expected to rise under different climatic
scenario’s (Bindoff et al. 2007). By reconstructing the glacial history of EAIS could
help address these questions and understand the more direct dates required from
this region. Surface exposure dating using cosmogenic radionuclide proved to be a
potential technique to date the deglaciation phase. FromDronningMaud Land, more
dates need to be generated to establish a detailed glacial chronology. The work is
in progress to establish chronology in DML with the sample collected during 36th

Indian Scientific Expedition to Antarctica by one of the authors.
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Late Quaternary Climate Change
in Schirmacher Region, East Antarctica:
As Revealed from Terrestrial Diamicts
and Lacustrine Sediments

Prakash Kumar Shrivastava, Rajesh Asthana, and Sandip Roy

Abstract The multi-proxy data, generated from the moraines and sediment cores of
variety of lakes from Schirmacher region, cDML, East Antarctica has provided better
insight into the Late Pleistocene to Holocene paleoclimatic evolution of the region
during Late Quaternary. This chapter highlights the glacial signatures which are very
well preserved in all kinds of sediments of this region. The clay minerals indicate a
gradual shift in the weathering regime and therewith in climate from strongly glacial
to fluvio-glacial during Late Quaternary. The results of surface textures of quartz
grains have been discussed depth wise and in the same samples. In general it shows
dominant glacial and glaciofluvial actions. The OSL chronology on moraines has
provided information on different events of deglaciation in Schirmacher region, East
Antarctica. The retreat of EAIS initiated much earlier than it was thought (sometime
prior to 171 ka). There is no evidence of morainic deposits belonging to the Last
Glacial Maximum. Formation of lake sediments started before 42 ka marks the
beginning of climate change from glacial to glaciofluvial.

Keywords Surface textures · Lake sediments · Late Quaternary · Clay minerals ·
Climate change

1 Introduction

Climate change is a very complex phenomenon and involves terrestrial as well as
extra-terrestrial variables. Earth was subjected to drastic climate changes since its
birth, which has been well recorded in geological formations. The time between
Proterozoic to Recent has marked by different phases of evolution and extinction.
Many of these phases are directly related to climate changes. The latest among them,
the Late Quaternary time, has witnessed culmination in all modern-day species.
Although many places worldwide have preserved paleoclimatic records in their
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natural formations, the higher latitudes areas serve best proxies to study paleoclimatic
changes due to their undisturbed nature.

Antarctica is an island continent with about 13.66 million sq. km., almost entirely
covered by ice. It’s total area changes on an annual basis and also known as the
’pulsating continent’. The freezing of the surrounding ocean adds up another 18.8
million sq. km. The ice sheet over the continent is average ~3500 m thick, with the
maximum thickness being 4776 m at Terra Adelie in East Antarctica. This enormous
ice cap locks up about 90% of ice of the earth, which is equivalent to ~70% of the
freshwater of our planet. Exposed rocks in Antarctica are less than 2% of the area,
confined chiefly to its peripheral outcrops, Dronning Maud Land and the Trans-
antarctic mountain range.

It is the continent of extremes, being coldest, windiest, driest, highest and
virtually uninhabited. The coldest temperature ever recorded on earth was in Antarc-
tica −94.7 °C (−135.8°F), which happened in August 2010. The old record had
been −89.2 °C (−128.6°F) in Vostok (Russian Station) in July 1983. The tempera-
ture on the polar plateau ranges from −5 °C to −80 °C, while in the coastal areas,
the climate remains in between 0 °C and−35 °C. Such an extreme cold freezes most
of the moisture in the atmosphere, which gets precipitated as snow, having annual
precipitation as low as less than 5 cm in the interior areas making Antarctica a ’cold
desert’, and coupled with the polar day and night cycles, giant low-pressure systems
moving around the continent from west to east cause extreme weather conditions
giving rise to unique set-up on the earth carving unique geomorphological milieu.
Its unique geographical position with all its extremities has made it very special for
scientists and researchers worldwide and provides valuable information on various
aspects of the scientific knowledge base. Far away from the significant pollution
sources, these regions also act as natural laboratories, rendering sharper easier to
interpret scientific observations.

Antarctica has seen glaciations and deglaciations throughout geological time
on a different scale (Pollard and DeConto 2009). The most continuous data has
been retrieved from the Vostok ice core, indicating fluctuating climate during the
past 800 ka with eight glacial and interglacial cycles (Lambert et al. 2008; Cortese
et al. 2007; Petit et al. 1999). Such periodic changes in Antarctica’s climatic condi-
tion determined the evolution of different geomorphic landforms and the overall
landscape.

Cosmogenic isotope-based evidence ofminor changes in the ice thickness over the
past 100 ka has been reported from different central Dronning Maud Land (cDML),
including the Gruber, Petermann Humboldt mountains (Altmaier et al. 2010) areas.
Optically stimulated luminescence dating of glacio-fluvial and glacial lake shoreline
sediments indicates that in the Bunger Hills and cDML regions, the most recent
large-scale retreat of EAIS began around 40 ka (Gore et al. 2001). Post 40 ka till
the present (including the period of last glacial maximum), these areas were never
covered with ice sheet (Hodgson et al. 2001; Gore et al. 2001).

The grounding line zone of EAIS in the north of the cDML area has been nearly
stationary over the past 30 ka (Anderson et al. 2002; Livingstone et al. 2012;Mackin-
tosh et al. 2011, 2014). Mackintosh et al. (2011; 2014) suggested that in this interval,
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the ice sheet was restricted to 800 m in Lambert/Amery Glacier system, and Larse-
mann Hills and Bunger Hills did not carry signatures glaciations. The presence of
nunataks and striations in the cDML region suggested thinning the ice sheet by
~100 m. This estimate arrived based on the nature of indentation on the bedrock. A
consensus also exists that the retreat of EAIS at the Lambert/Amery Glacier system
began at around 18 ka, at ~14 ka in Mac Robertson Island and during ~12 ka to 6 ka
at other places (Mackintosh et al. 2014).

Schirmacher Oasis (70°44′30° S-70°46′30"S & 11°22′04” E-11°22′04"E) is a
~17 km long and ~3 km wide semi-linear exhumed Neo-Proterozoic terrain (Fig. 1)
and is amongst few regions in Antarctica that have preserved sedimentary records of
different stages of deglaciation. Baalsrudfjellet is located in the South-East direction
of Schirmacher Oasis. The sediment cover in this oasis and the adjoining areas
are thin because of low debris volume and weak fluvial activities (Fitzsimons 1996).
Schirmacher Oasis was exposed and evolved through the continental ice sheet retreat,
leading to different glacial and glaciofluvial geomorphic features.

In coastal Antarctica, few landmasses are exposed to freshwater lakes. These
landmasses are known as Oases. With the climatic fluctuations in the past, other than
glaciological agents, the oases have experienced other active geomorphic agents,
viz. fluvial and aeolian processes, in reshaping the existing landforms factors to the
geomorphic evolution of the area. The Schirmacher Oasis is an exhumed terrain
among few Antarctica regions that have preserved sedimentary records of different
deglaciation stages. Schirmacher Range isAntarctica’s few areas that provide distinct
geomorphic features (Fig. 2) formed due to the deglaciation process. This oasis in the
rocky area elongated in the west-northwest to east-southeast direction, dotted with
more than 100 pro-glacial, landlocked and epi-shelf lakes (Ravindra et al. 2002;
Verlecar et al. 1996). This oasis is located on the Princess Astrid Coast in Queen
Maud Land, East Antarctica (Fig. 1) and is bound by the Antarctic ice sheet on the
south and epi-shelf lakes and ice shelf in the north.

Fig. 1 Location map of Schirmacher Oasis, East Antarctica
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Fig. 2 Geomorphological map of Schirmacher Oasis (modified after GSI map 2006)

Fig. 3 Epi-shelf, Land-locked and Pro-glacial Lakes of Schirmacher Oasis, East Antarctica

The Schirmacher region in East Antarctica is characterized by a very distinct
periglacial environment having typical geomorphological units. The oasis is dotted
with more than 100 lakes of Pro-glacial, Land-locked and Epi-shelf nature (Fig. 3).
The landscape, including erosional and depositional features (Fig. 2), offers a scope
to study paleoclimatic changes significantly during the Late Quaternary time. The
recent works ofWarrier et al. (2014), Mahesh et al. (2015) and (2017) have explained
the climate change phenomena in this area. The lake sediments offer an opportunity
to study residues’ hydrodynamics, resulting in a change in environmental parameters.
The immature and unsorted sediments in this periglacial environment are transported
and deposited by meltwater (Srivastava et al. 2018). The visible layers in lake sedi-
ments are not present in the entire Schirmacher region. But the indirect approach led
to the identification of different layers, and these sedimentary layers contain chrono-
logically ordered information on the paleoclimatic evolution of the region. The ice
sheet recession deposited various moraines, helping in understanding climate change
in a better way. Understanding the geomorphology and paleoclimatic evolution of
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Fig.4 Geological map of the Schirmacher Oasis (modified after GSI map, 1998)

the Schirmacher region will contribute significantly to the present knowledge of
palaeoclimatic information and sedimentation characteristics.

2 General Geology of Schirmacher Oasis

The Schirmacher Oasis has undergone complex tectono-metamorphic evolution
and emplacement of various intrusives. The rocks of the Schirmacher Oasis were
subjected to multiple events of metamorphism and deformation. Several earlier
workers (Sengupta 1986, 1988; Peach and Stackebrandt 1995; Ravikant et al. 2004;
Bose and Sengupta 2003) studied the detailed geological history of the area. The
modified geological map of GSI (1998), Fig 4, shows NE-SW trending litho-units
represented mainly by orthogneiss, paragneiss, mafic granulite, ultramafic enclaves
and lamprophyre dykes. These rocks later underwent a subsequent amphibolite facies
equilibration along a retrogressive P-T path resulting in symplectitic textures in
various litho-units (Ravikant and Kundu 1998; Bose and Sengupta 2003).

3 Methodology

The Late Quaternary paleoclimatic history of the Schirrmacher region has been
explained with the multi-proxi approach’s help. This includes sedimentological
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studies, sediment geochemistry, OSL geochronology etc. A brief description of these
methods are as follows;

(i) Granulometric analysis: The granulometric study is an excellent method to
understand the hydrodynamic condition of sediment transport and deposi-
tion. The sediment core from the lacustrine environment provides regular data
on this aspect. The sediment samples from the lacustrine environment were
macerated adequately by following the methods given by Jacksons (1979).
The pattern of grain size distributions of the macerated sediment samples has
been obtained using a mechanical automatic sieve shaker and the standard
pipetting method. The sieve analysis results are plotted to determine various
statistical parameters (mean particle size, sorting, skewness, and kurtosis) and
facilitate graphical interpretation.

(ii) Clay mineralogy: For clay mineralogical analysis, oriented slides for clay
minerals have been prepared after following the methods given by Jackson
1979. These slides were then allowed to dry in air and subsequently scanned
from3 to 30° 2θ on aPANalyticalX-ray diffractometer (X’Pert PRO) usingNi-
filtered Cu Kα radiation. To know the presence of expandable clay minerals,
the Ca-saturated slide of clay & silt fraction is exposed to ethylene glycol
vapours and then scanned again with the same setting. The crystallinity of
biotite is measured as a half-height width.

(iii) Scanning Electron Microscopy (SEM): SEM can obtain the quartz grain’s
high-resolution surface texture. For this, about 10 g of each sample was
collected after coning and quartering and treated with dilute HCL and SnCl2
(5M). From these chemically cleaned sediment samples, medium to refined
sand-sized representative quartz grains was randomly picked for detailed
surface texture studies. The grains were first mounted on specially designed
aluminium stubs and then coated with 150Å gold-palladium film before being
studied under an SEM (EVO 40). The surface textures of quartz grains were
classified inmechanical and chemical features to describe the processes which
had acted on them. The work of Krinsley and Doornkam (1973), Krinsley and
Funnell (1965), Krinsley and Margolis (1969), Krinsley and Smith (1981),
Mahaney (1990), Mahaney and Kalm (1995) and Mahaney et al. (1996) have
been used in explaining the surface texture of quartz grains.

(iv) Optically Simulated Luminescence (OSL) dating: OSL dating of glacial sedi-
ments from this type of Antarctic environment proved somewhat tricky as the
luminescence sensitivity of the samples was low and many samples contained
feldspars (possibly as inclusions) that could not be removed entirely even
after repeated quartz-feldspar separation and treatment with mild HF. There-
fore, an infrared stimulation step was introduced in the SAR protocol to
optically remove the feldspar signal (Jain and Singhvi 2001). The samples
were processed with 10% HCl and 30% H2O2 to remove carbonates, and
organic matter under subdued red LED light (~650nm). These were then dried
and sieved to obtain a 90–210 μm grain size fraction. Quartz and feldspar
mineral fractions were isolated using sodium-polytungstate heavy liquid (ρ =
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2.58 g/cm3). Magnetic grains were separated using Franz magnetic separator.
Quartz grains were etched using 40% HF for 80 minutes with continuous
magnetic stirring (followed by a treatment of 12N HCl for 30 minutes, to
remove insoluble fluorides. The resultant fraction was dried and checked for
purity using IRSL stimulation. Sampleswith finite IRSL signal were re-etched
for 10 min with HF followed by 12N HCl, re-sieved and retested with IRSL.

The annual radiation dose rate was determined by measuring the radioac-
tivity concentration (Singhvi et al. 2001; Murray and Olley 2002). Dose-rate
estimates were based on either or a combination of thick source ZnS (Ag)
alpha counting for Uranium and Thorium’s elemental concentrations using
the Daybreak-582 alpha counters and K using gamma-ray spectrometry.

(v) Total Organic Carbon (TOC): Sub-samples from the untreated bulk sediment
samples were analyzed for TOC by heat treatment.

4 Results

The multi-proxy data generated from the moraines and sediment cores of various
lakes from theSchirmacher region, cDML,EastAntarctica has providedbetter insight
into the Late PleistoceneHolocene paleoclimatic evolution of the area during the Late
Quaternary.

The glacial signatures are very well preserved in all kinds of sediments of this
region. The sediments from the lacustrine environment are immature, chemically
unaltered, havemicroscopic drainage pattern (Srivastava et al. 2018). The provenance
of these sediments is from medium to high-grade metamorphic terrain. The patterns
of fluctuations in different granulometric and statistical parameters (Fig. 5) show

Fig. 5 Granulometric variation in lake sediments from Schirmacher Oasis, East Antarctica
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alternate warmer and cooler phases at different intervals. At 15–20 cm depth, a
noticeable change in the pattern (a dominant warming phase) has been observed.

The clay minerals indicate a gradual shift in the weathering regime and that in
climate from strongly glacial to fluvioglacial during Late Quaternary. But the warm
period has not altered the overall clay chemistry. The effect of warming is visible
on the sediments of the upper horizon and in pro-glacial sediments. Exclusively
physical weathering has controlled the widespread sediments and composition of
the clay fraction. The mixed layers of biotite have evidenced the evidence of gradual
warming.

The results of surface textures of quartz grains have been discussed depth-wise
and in the same samples. In general, it shows dominant glacial and glaciofluvial
actions. Themore refined quartz grains have shownmaximumnewgrowths and silica
precipitation, while the coarse grains are primarily fresh, representing sub-glacial to
supraglacial transportation. The quartz grains show wide variations in their surface
textures when compared with depth and size. New growths, straight grooves and
arcuate steps show a positive correlation with depth in refined quartz grains (63 μm)
and are dominant in older glacial sediments. A similar result has also been demon-
strated by medium quartz grains (250μm). The role of glacial crushing and grinding
is more pronounced on the coarser quartz grains (250–500 μm). The fluvioglacial
system’s effect is evident with a mix population of these surface textures, especially
in the middle horizon lake sediments. This effect becomes more pronounced with an
increase in size. The younger quartz grains show a dominance of fluvial impact and
lacustrine environment, especially in the coarser grains. Edge abrasion and surface
abrasion are high in older sediments as well as in coarser grains. The coarser quartz
grains have preserved glacial action better than, the more refined grains (Srivastava
et al. 2018).

The OSL chronology on moraines has provided information on different events
of deglaciation in the Schirmacher region, East Antarctica. The retreat of EAIS
initiated much earlier than it was thought (sometime before 171 ka). Since then, it
has receded in different phases. In the first phase of retreat, the exposure of some
of the highest points (>200 m msl) of Schirmacher Oasis took place. The ice sheet
behaves partially as a valley glacier by moving along the pre-existing structural and
topographical valleys. This happened in the second phase of retreat (~95 ka to 65 ka).
Deglaciation of the area was almost complete by the end of this phase. Few localized
remnants of ice sheet remained in the exposed valleys’ lower reaches, which vanished
around 22 ka. There is no evidence of morainic deposits belonging to the Last Glacial
Maximum. Formation of lake sediments started before 42 ka marks the beginning of
climate change from glacial to glaciofluvial.
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A Review of the paleoclimatic Studies
from Lake Sediments of Schirmacher
Oasis, East Antarctica

Pawan Govil and Abhijit Mazumder

Abstract Paleoclimate of Antarctica has remained a prime subject of study
throughout the past half of the last century to understand the global perspec-
tive of temperature variability during the late Quaternary. Of the few restricted
rocky regions within the Antarctica ice sheet, Schirmarcher Oasis attracts scien-
tific workers for its immense potential for paleoclimatic studies because of several
lakes within this area and the different meltwater sources feeding these lakes. Major
paleoclimatic/paleoenvironmental studies from this region reveal several episodes
of alternating warm-cold events during Holocene and even beyond, based on a
large number of various proxies, mainly biological, geochemical and sedimento-
logical parameters. The morphological evolution of the lakes and paleoclimatic
reconstruction of the Schirmacher Oasis has been deciphered based on these data.
These works collectively offer enormous scope to explore further the high resolution
paleoclimatic/paleoenvironmental work of Schirmacher Oasis.

Keywords Schirmacher oasis · East Antarctica · Dronning maud land ·
Paleoclimate

1 Introduction

Antarctica and its surrounding Ocean are crucial in regulating the earths’ climate
system.The climate systemof the earth is a complex system inviewof the exchangeof
heat between the atmosphere and Ocean in effect of the oceanic current systems and
trade winds (Massom et al. 2010). The oceanic currents, trade winds, snow cover,
vegetation etc. affect the climate system and vice versa.Antarctica contributes around
90% of the world’s freshwater due to its ice-sheets. It also plays a crucial role in the
high southern latitudes’ radiative forcing and is one of the major driving components
for the circulation systems (Turner et al. 2009).
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The climate system of Antarctica as well as surrounding Southern Ocean waters
form due to the interaction of the ice sheets, oceanic circulation, sea ice extent, and
atmospheric circulation, which altogether respond in the past and present climate
forcing (Mayewski et al. 2009). Antarctic region acts as the Southern Hemisphere
atmospheric heat sink, which is critical for both the air and sea-surface temperatures.
The floating ice, which calves from ice shelves near the Antarctic coastal regions
and also sea-ice are the main contributor to climate change. Taken together, both
the oceanic and atmospheric mechanisms are connected for the climate system
(Bargagli 2005).

The anthropogenic activities in the Antarctic region are least thereby Antarctic
pristine is the best for deciphering the natural (un-biased) climatic changes in the past.
Such changes are helpful for understanding how biotic components were affected by
climate and how the permanent glaciers retreated or advanced in Antarctica along
with how it affects the climate change of the earth. The past climatic changes of
Antarctica are reconstructed using long ice-cores to better understand the air temper-
ature changes in the polar region (Jouzel et al. 1989, 2007). Although ice-core records
presented long-term glacial-interglacial climatic variability, ice core studies’ within
the Holocene from East Antarctica’s coastal areas has not delivers much promising
results. Also, the minor variations in isotopic results suggest less climatic variations
and therefore needs to be resolved. The inland records from Antarctic regions were
collected mostly from the inshore sites (Bromwich et al. 1998; Verleyen et al. 2011),
and a also from the high central plateau (Masson et al. 2000). Theice cores from
the coastal areas of Antarctica helped reconstructing the dynamic nature of the ice
sheet at a higher resolution (Hodgson et al. 2005). It transforms lake and coastal
marine sediment into valuable archives for the paleoclimatic study. Therefore, lake
sediments are best suite of collections for targeting the Holocene climatic variability
by using different proxies. Moreover, the Pleistocene-Holocene boundary in East
Antarctic sediments recorded the data to exhibit the deglaciation initiation after the
Last Glacial Maximum (LGM) in the coastline areas (CLIMAP 1981; Huybrechts
1990; Hughes 1998), making lakes present in those regions favourable sites for
paleoclimatic studies.

The present chapter reviews all the literature that addresses paleoclimatic studies
over the Pleistocene and Holocene in the Schirmacher Oasis region. However, pale-
oclimatic interpretations, specifically in Antarctica, are greatly influenced by the
location, geology, geomorphology, and glaciology of the sampling location. Thus, a
brief on these have also been included in the chapter.

2 The Geographical Extent of Schirmacher Oasis

The Schirmacher Oasis (SO) (70°44′21′′–70°46′04′′ S to 11°26′03′′–11°49′54′′ E)
is an ice-free vast plateau along the Princess Astrid Coast in Dronning Maud Land,
East Antarctica (Fig. 1), which has around 118 freshwater lakes. These lakes are
characterized as epishelf, land-locked, and pro-glacial types. The oasis is mainly
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situated between the Antarctic Ice Sheet and the NovolazarevskayaNivl Ice Shelf.
As SO is a part of Central Dronning Maud Land in eastern Antarctica, it is a rocky
terrain of about 17 km long and around 0.7–3.3 km wide. The vertical elevation of
the area varies between 0 and 228 m above the mean sea level. Topographically, SO
comprises four distinct units, namely, the southern continental ice sheet, rocky hill
slopes, a vast central pro-glacial lake, and northern undulatory shelf ice.

3 Geology

The Schirmacher Oasis, Queen Maud Land, a part of the east Antarctic Precambrian
shield, is composed of Precambrian polymetamorphic gneisses. The main rock types
of this area are charnockites, underbites, garnet-sillimanite gneisses, garnet-biotite
gneisses, quartzofeldspathicaugen gneisses including some foliated lamprophyres,
amphibolites, dolerite, metagabbro, and metabasalt. The gneisses show myloniti-
zation, polyphase deformation and have undergone upper amphibolite to granulite
facies metamorphism (Sengupta 1988). The ages of these gneisses range from 460
to 845 Ma (Grew and Manton 1983; Ravich and Krylov 1964; Kampf and Stacke-
brandt 1985). The gneissic basement is intruded by pegmatites basic sills, lampro-
phyres, gabbro, dolerite and basaltic dykes (Sheraton and England 1980; Shiraishi
et al. 1988). Lamprophyres dykes in Schirmacher Oasis are 1 km in length and 10–
15 m in width, trending NW-SE. These are coarse-grained, having a panidiomorphic
texture with phlogopite and pyroxene phenocrysts in a groundmass of K-feldspar,
diopside, amphibole, quartz, plagioclase, appetite, and calcite. Based on the miner-
alogy, lamprophyres are classified as Minette. Lamprophyres dykes intrude on the
late Proterozoic metamorphic terrain of Schirmacher Oasis. The study also reveals
that themain fault is situated in the north-east corner, intersecting the geomorpholog-
ical units, namely, shelf ice, rocks, and continental ice sheet. Several lamprophyre
dykes of calc-alkaline (shoshonitic) nature are reported from Schirmacher Oasis,
Queen Maud Land, in Eastern Antarctica. These dykes are characterized by high
K2O/Na2O (avg. 5.81) ratios, high Rb, Sr, Zr, and Th abundances. REE distribu-
tion patterns show significant enrichment of LREE against HREE (avg. Lan/Ybn =
27.51) without any Eu anomaly. It appears that these ultrapotassic dykes have been
derived from partial melting of a thickened lithosphere (Jafri 1997). The studies from
Sangewar (1987) recorded the surface features and temporal changes in different
Antarctic ice types and carried out glacial-geomorphological studies in Schirma-
cher Oasis. Geological studies were also carried out, which revealed the existence of
olivine basalt, hornfels, pyroxenite, and skarn rocks in the Skaly IGA nunatak area.

The rock units predominantly represent Grenvillean (1000 Ma), and Pan-African
(550 Ma) events. Rb-Sr whole-rock/mineral isochrone ages of two lamprophyres
dykes are 450 ± 12 Ma (Sri = 0.70886 ± 5) and 458 ± 6 Ma (Sri = 0.71388 ±
98). This Lamprophyres dyke’s Schirmacher Oasis activity may be interpreted as
an appearance of post-orogenic alkaline magmatism related to the Ross orogeny
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of the Trans-Antarctic Mountains (Dayal and Hussain 1997). The whole-rock Rb-
Srisochron age of 514± 59Ma has been obtained for granites from theNordevestoya
area, Humboldt Mountains (Ravindra and Pandit 2000). The minettes were found to
be abundant with the compatible elements as well as high mg values (58–75), which
indicates that these rocks’ petrogenesis is mainly derived from mantle (Hoch and
Tobschall 1998). The higher values of incompatible elements, especially LREE, and
Ba, Rb,K, Srwere also found. TheChondrite-normalizedREEs’ distribution patterns
exhibit differentiated enrichments and high concentration in the LREE (240–530 ×
chondrite) in comparison to low and nearly stable enrichments of the La/Yb-ratios
from 28 to 52 and HREE (11–15 × chondrite). The samples also show higher 87
Sr/86 Sr (0.70775–0.71337) and low 143 Nd/144 Nd (0.51229–0.51135) with εNd
= -6.5 to −21.5. It shows 207 Pb/204 Pb ranging between 15.46–15.57 together
with high 208 Pb/204 Pb (38.06–39.79) and unradiogenic 206 Pb/204 Pb (16.77–
18.08). Rb/Sr-dating yields two different age groups of the time (430 and 703 Ma)
of intrusion of the lamprophyre dikes.

Joshi (1997) delineated tectonic features of Schirmacher Oasis using total field
geomagnetic suggests that the exposed rocks have little magnetic contrast. The
exposed rock has undergone multiple episodes of metamorphism, migmatization,
and deformation. However, nine profiles were obtained crossing different geological
units, which was subjected to identify the faults and shear zones by Bormann et al.
(1986) from the photogeological map. It is observed that the rock type gradation
varies from east to west. The same banded and leucocratic rocks show different
magnetic characteristics in Central Schirmacher Oasis for that in the eastern region.
The absence of foliation in the banded gneiss in Central Schirmacher Oasis has been
observed.

Scheinert (2001) investigated geodynamic phenomena inSchirmacherOasis using
a variety of geodetic observation techniques. Satellite-based techniques (Interfero-
metric SAR) were combined with terrestrial methods (for instance, surveying, static,
and kinematic GPS) for inferring the ice dynamics, especially the horizontal velocity
field of the inland ice and the dynamics of the shelf ice. GPS epoch observations
were used to describe the ocean, ice, and solid earth dynamics and interactions. New
gravity field data of the planet, and investigation of ice sheet will be provided by
future satellite missions (e.g. CHAMP, GRACE, GOCE, ICESat/GLAS, CRYOSAT,
and ENVISAT). Using satellite data and airborne data, namely, gravimetry, laser
altimetry, and radio-echo sounding helped to explore geodetic, geodynamic, and
glaciological features for extended regions in Antarctica.

The data (during January–March 2005) of eight MT stations studied by Murthy
et al. (2012) showed high resistive upper crust followed by a comparatively
conductive lower crust comparable to the southern Granulite Terrain with a lateral
heterogeneity in the crust’s electrical conductivity across the Schirmacher Oasis.

Siddiqui et al. (1988) carried out the study of seismic reflection, higher energy
sparker source (405 line km), bathymetric (458 line km), and magnetic (452 line km)
studies of the Astrid ridge, a comprehensive bathymetric feature was recorded in the
water depths of about 1520–2900 m towards the continental margin, DronningMaud
Land.
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4 Glaciology

The Schirmacher Oasis observation and data suggests the southern part of the ice
sheet (blue ice) is uncovered. The contour line starting from 180 to 10 m shapes at
the snout of glacier, which is intersected by NE-SW to NNE-SSW trending several
fractures. Two transient supraglacial streamlets derive towards an NNE direction.
Overall meteorological data shows that the area falls under a dry polar climate.
Snowfall is very common throughout the winter periods. However, one way snow
deposition is regular over the leeward hillock’s side and the other way strong winds
clean the rock surfaces.

According to observations made in to the glaciology between 1983 and 1996,
surveys from two fixed points using electronic distance measurement (EDM) or
theodolite, the glacier is continuously retreating annually with an average retreat at
the rate of 70 cm/annum. The moderate annual recession during 1997–2002 was in
the range of (~48.7–74.9 cm), with an average of 65.3 per/annum during 1997–2002,
and it is in agreement with the interpretation for the preceding years from1983 to
1996 with a decline rate of 7 m/decade (Chaturvedi et al. 2004).

The study of the snow accumulation/ablation over the ice shelf near the first Indian
station Dakshin Gangotri (70°05′37" S Lat.; 12°00′00" E long.) was launch by fixing
a 100 m by 100 m network of wooden stakes in 1982–1983. Consequently, much-
reduced accumulation has been noticed during austral summer (November-January)
in the last twenty years compared to the rest of the year. The polar winter shows the
maximum snow accumulation. Vaikmäe (1991) reported that the isotopic composi-
tion of ice, fire, and snow data decipher, recent structures and Holocene evolution of
this marginal area of East Antarctica from northern Queen Maud Land near 12° E.
Isotopic analysis from the ice cover samples situated south of the Schirmacher Oasis
suggests that under the Holocene ice, the thick relics of the Pleistocene ice cover
with δ180 values of −38 to −48‰.

Analysis of thermal structure and estimation of heat budget for lake Priyadarshini,
during December’96–March’97, reveal that weak thermal stratification prevailed in
the lake for the significant part of the period of observation during mid-summer.
However, the lake becomes unstratified as the winter approaches. The heating cycle
of the lake is a function of the climate and morphometry of the lake itself. The
National Geophysical Research Institute (NGRI), India in 1997, initiated the studies
on seismotectonic and geodynamical processes by using the seismology and GPS-
Geodesy. The scientific proposals to study the crustal deformation and geodynamical
processes between Antarctica and India were continued up to 2005 and achieved
the prime objectives. NGRI launched several programes to improve the outcomes
on the interplate and intraplate strain accumulation and the seismicity within the
Antarctica by setting up the seismic stations and using densifying GPS near Maitri
and third station (named Bharati) at Larsemann Hills. The critical evaluation of the
deformation processes examined by the IGS GPS stations, Casey and Davis which
are far away from Maitri. To understand the Antarctica and the Southern Indian
Peninsula’s geodynamical system, Antarctica’s internal deformation processes has
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been estimated very precisely using the planned array of 5 GPS stations Near to
Maitri. Similarly, a Seismic array with 5 Broadband seismometers has been installed
aroundMaitri. To achieve the long-term objectives of the program, this Seismic array
helped to identify the major and minor magnitudes of the earthquakes occurred in
and around Antarctica and to assess, the velocity and crustal structure below Maitri
and the nearby region.

Detailed analysis of the measurement of the ozone hole depth, during the 16th and
consecutive three (21st, 22nd, and 23rd) Indian Antarctic Scientific Expedition was
done from a high latitude isolated area near Indian StationMaitri, Schirmacher Oasis
of East Antarctica. The lowest ozone value recorded over Maitri was 135 (±9.3) DU
in 1997, 185 (±12) DU in 2002, 126 (±9.7) DU in 2003 and 159.8 (±8.8) DU
in 2004 spring. During Antarctic spring (day 225–365), concentration of Ozone
below 220 DU shows 45.1%, 20.7%, 62.7% and 60% in 1997, 2002, 2003 and 2004,
respectively. The Ozone loss (below 220 DU ozone values) during days from 225 to
365 in 2003 was observed to be increased by a factor of 0.4 compared to 1997 and 2
compared to 2002. The data collected fromMaitri also exhibited the significant event
of stratospheric warming during 2002. In 2002, the ozone hole was not severe and
improved early, in contrast to 1997, 2003 and 2004. Experimental columnar ozone
values has been used to decipher the increase in UV irradiance theoretically during
the deep Ozone Hole period (30-09-2004 to 10-10-2004). During the intense ozone
hole period, the maximum increase in UV irradiance theoretically was estimated to
be an average loss of 44% total ozone with 403% at 305 nm, 84% at 312 nm, and
24% at 320 nm. To understand and calculate the variation in direct UV irradiance per
DU change (range 320–100 DU) in columnar ozone at different solar zenith angle,
the TUVmodel investigated the relationship between the columnar ozone and direct
UV irradiances.

Survey of India (SOI) has been participating in the Indian Scientific Expedition
to Antarctica since 10th Expedition (1991–92). The SOI set the objective to carry
out the survey and respective mapping of the area and finally to provide technical
assistance to the different participating organisations. Originally, conventional trian-
gulation and Global Positioning System (GPS) techniques were employed to deliver
major outcome. Later, with contour interval 1 m, the mapping on scale 1:1000 and
with contour interval 5 m, the mapping on scale 1:5000 has been commenced. The
SOI has already established Geodetic and Geophysical Control in and around Schir-
macher Oasis for better scientific investigations in the field of glaciology and clima-
tology. In this process, Control points was provided for India’s Geological Survey,
the Indian Meteorological Department and assistance was given to the survey work
to the National Environmental Engineering Research Institute and National Physical
Laboratory, Defense Electronics Application Laboratory. From 2003–2004, neo-
tectonic and glacier movement assessments has been completed with the aim of
undertaking the varied geodetic works, such as establishment of 40 nos. of GPS
control points (with permanent documentation). Later on, these data connect High
PrecisionLeveling, and provide precise gravity values, repetition of levelling, gravity,
and GPS observations for at least three epochs. As much as 28 stations have been
established for this studies along with seven days GPS observation at Maitri station
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Fig. 1 Sediment core locations in Schirmacher Oasis, East Antarctica (after Govil et al. 2018)

from 23rd Expedition till date. In and around Schirmacher Oasis, a area of 5.7 sq
km of the has been surveyed. This Survey has published in form of large scale maps
(both in analogue and digital format) covering most of the area of interest.

5 A Review of the Paleoclimatic Reconstructions
at Schirmacher Oasis

5.1 Pleistocene Paleoclimatic Record

An early attempt to study freshwater lakes in East Antarctica was made in 1984–
85 to describe the freshwater microfaunal components in Schirmacher Oasis
(Ingole and Parulekar 1993). This study was followed by very few investigations
on lake sediments from this region (Sharma et al. 2000; Sinha et al. 2000a; Sinha and
Chatterjee 2000; Sharma et al. 2007a) to reconstruct the palaoclimate, transporta-
tion of palynodebris and pollen (Sharma et al. 2002; Bera 2004) and report of the
presence of freshwater protozoans—Arcellaceans (Mathur et al. 2006). Hydrogen
and oxygen isotopic studies has been carried out from water samples of different
lakes in Schirmacher Oasis (Sinha et al. 2000b); and preliminary study of quartz
grains morphology and microtextures from surface sediments from lakes in Schir-
macher Oasis was done to recognize their provenance and depositional environments
(Asthana and Chaturvedi 1998). Furthermore, Schirmacher Oasis, being one of the
larger coastal oases in eastern Antarctica, remains a significant region for paleoenvi-
ronmental and paleoclimatic studies., Lacustrine sediments should be addressed to
understand the paleoclimatic variations as they preserve the sediments reflecting long
term and abrupt changes through the geological period. However, Schirmacher Oasis
has remained a less worked region in Antarctica regarding paleoclimatic studies of
lake sediments (Bera 2004; Sharma et al. 2007b; Phartiyal et al. 2011; Phartiyal 2014;
Warrier et al. 2014, 2015; Mahesh et al. 2015; Govil et al. 2016; Govil et al. 2018).
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Nevertheless, the rapid climatic changes affirm the internal climate changes
involving the interaction between the atmosphere and the ocean during a stable
climatic condition and possible internal and external forcing of earth, such as solar or
volcanic effects (Stuiver et al. 1995). Climate variability information can be obtained
from these forcings and transformed into the paleoclimatic data based on spectral
analysis (Ghil et al. 2002). Sediment core samples from pro-glacial lake P-11 have
been analyzed for the quartz grains. Quartz grains has been used over any other avail-
able minerals present in the lakes due to its higher preservation potential and their
resistance to weathering (Krinsley and Doornkamp 1973; Mahaney 1995; Mahaney
2002). The Quartz grains have the record of different provenances, which were
derived mechanically or chemically along with through wind-driven aeolian activ-
ities (Stanley and DeDeckker 2002). Quartz grain microtextures and morphology,
such as shape of grain, different patterns, such as step patterns, fracture patterns etc.,
principally depend on the transportational conditions and depositional environment
and hence provide data of the paleoenvironmental as well as paleoclimatic conditions
(Whalley and Krinsley 1974; Mahaney et al. 1996; Helland and Holmes 1997; Hart
2006; Mathur et al. 2009).

To decipher the provenance of clay minerals in the sediments and reconstruct
Schirmacher Oasis’s paleoclimate, a detailed clay mineralogical study has been
carried out from glacial deposits found near the lakes (Srivastava et al. 2011). This
study exhibits prominent peaks of five clay minerals: kaolinite, illite, chlorite, smec-
tite, and vermiculite. These clay minerals were formed under cold climatic settings
from the weathered and altered rocks, such as igneous or metamorphic rocks. Further
study has been carried out on the sediment samples collected from surface of two
epi-shelf lakes in Schirmacher Oasis to investigate the sedimentological and miner-
alogical properties of surficial sediments (Shrivastava et al. 2012). The study based
on the quartz grains concluded that the grains were deposited in these epi-shelf lakes
by different physical weathering and chemical precipitation processes. Chemical
analysis revealed that the sediments were gneissic in composition, and saltation and
suspension were two main modes of transportation of the poorly sorted glaciofluvial
sediments. Sediment samples from different regions in the Schirmacher Oasis, such
as ice-free lakes, polar ice, and the coastal shelf area, reveal that the Schirmacher
Oasis was formed predominantly by glacial processes, with some glaciofluvial and
aeolian influences (Srivastava et al. 2012). Glacial sediments from different Schirma-
cher Oasis locations were investigated to assess the palaeodepositional environment
(Srivastava et al. 2013). Mineralogically, the rare earth and trace elemental data
indicates that heavy minerals enriched in the coarse fraction over finer one. The
transportation of sediments happened mostly by fluvial as well as aeolian agents,
including the minor influence of gravity and glacier actions. The overall conclusion
was that almost all the deposits collected showsimilar geochemical andmineralogical
characteristics.
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5.2 Holocene Paleoclimatic Evidence

The evolutional history of Schirmacher Oasis (SO) from 13 kyr BP to Recent was
reconstructed based on the data of loss-on-ignition (LOI) andmagnetic susceptibility
(MS) from seven sediment profiles of five palaeo-lake deposits (Phartiyal et al. 2011).
It has been deciphered that glaciers dominated the entire SO from 13 to 12.5 kyr
BP and the today’s land-locked lakes were designated as the glacial lakes. In the
beginning of Holocene warming (11.5 kyr BP), five large pro-glacial lakes situated
the low-lying valleys of SOwere formed due to the recession of glaciers. On the other
hand, the landlocked lakes got dried up due to the absence of water influx during
summer months because of the retreat of glaciers, diminished meltwater inflows,
lesser snow accumulation, stronger winds, and sublimation of the lake due to ice-
cover for longer period. However, both the pro-glacial and the epishelf lakes were
fed by the continuous melt-water flux from the ice shelf and continental ice sheet.
An analysis of remnant magnetism in the lake sediments of SO reconstructed the
paleoclimatic condition of this area (Phartiyal 2014). In this study, a total of six
phases of climatic variation were recorded from 13 to 3 kyr BP, and Phase 1 is
a short one of climatic event occurred at ca. 12.9 kyr BP, which was followed by
Phase 2 at 12.5 kyr BP. Both phases correspond to comparatively warmer climatic
condition. At ca. 11.8–11 kyr BP, Phase 3 records similar climatic conditions to
those of Phase 1. After that, a better and longer Phase 4 was recorded from 11 to
ca. 8.7 kyr BP, which can corresponds to worldwide Holocene Optimum event, and
a significant period of shelf areas deglaciated in the Antarctic in this period. Lastly,
Phase 5 shows an arid and cold climatic condition with the period of 8.7 to 4.4 kyr
BP. Two shorter and comparatively warmer climatic periods during 7.9–7.1 and 6.4–
5.6 kyr BP were sandwiched within Phase 5. From 5.3 kyr BP onwards, the climatic
condition became increasingly warmer recorded in most Antarctica areas till 3 kyr
BP, which is comparable tomid-Holocene Hypsithermal (Bentley et al. 2005). In SO,
the time period of 4.6–4.4 kyr BP was reported as a time of intermediate climatic
conditions. The period of the mid-Holocene Hypsithermal shows a considerable
variation in different regions of Antarctica as compared to ca. 4.4–3 kyr BP in SO;
such as 4–2.7 kyr BP (Bentley et al. 2005, 2009) to 4.5–2.8 kyr BP on the Antarctic
Peninsula, and 3.8–1.7 kyr BP in maritime Antarctica (Hodgson and Convey 2005;
Jones and Bowser 1978).

Sedimentological parameters along with quartz grain morphology and microtex-
tures of surface sediments from Schirmacher Oasis have been analysed to compre-
hend the transportation anddepositional processes in this region (Asthana et al. 2013).
It has been concluded that fluvioglacial activitywith some variations of energy condi-
tions played a vital role in this area. It has also been surmised that the deposition
of sediments in periglacial lakes of SO is dominated by sedimentary and glacial
processes.

Paleoclimatic reconstruction for the past 42.5 kyr BP has been performed using
the environmental magnetic properties of sediments deposited in Sandy Lake, SO
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(Warrier et al. 2014).Coldest periods of the surrounding regionwere recorded consec-
utively during 40.7, 36.0, 34.5, 29.0 and, 28.0–21.4 kyr BP. Intermittent relatively
warm periods were intercalated during 38.4–39.2 kyr BP, 33.7–29.8 kyr BP and 28.5
kyr BP. The LGM in the SO has described as a widespread glacial condition. The
following Holocene period was also intersected by changing phases of relatively
warmer (12.5–9.8 kyr BP and 4.2–~2 kyr BP) to colder (9.2–4.2 kyr BP and from
~2 kyr BP onwards) periods.

Most of these alternative warm and cold periods can be easily correlated with
the climatic events recorded from other lake sediments and ice-core records from
the SO as well as other East Antarctic areas. Overall, it has been surmised that
the SO was not affected by complete glaciation during the past 40 kyr BP. Study of
sedimentological parameters alongwith quartz grainsmorphology andmicrotextures
from the sediments of Sandy Lake were examined to infer the provenance of the
sediment and the transport mechanism during the past 42.5 kyr BP (Warrier et al.
2016). It was concluded that the sediments were mainly transported by glaciers and
meltwater inflows. During the period of last glaciation, the climate was colder with
the prominent aeolian transportation activity. On the other hand, post-LGMenhanced
the energy for the transportion, hence meltwater stream played an active role under
glaciogenic conditions. The study also surmised that the various kinds of physical and
chemical weathering, mostly of glacial conditions during the transportation affected
Quartz grains A study of organic geochemistry and sedimentology from sediments
from Long Lake, SO, depicted a history of the paleoclimatic condition during the
last 48 kyr BP (Mahesh et al. 2015a). The extended ice-cover period for a freezing
environment lowered the productivity of the last glacial period as well as a significant
part of Holocene. The Holocene warm period around the lake would have resulted a
extended ice-free environment starting around 6 kyrBP.Collectively, the productivity
and sedimentation of theLongLake related to the response of the glaciated conditions
controlled by Antarctic climate.

The presence of Pohlianutans moss species was the first ever record of this sub-
fossil from the central Dronning Maud Land region dated 10.6 kyr BP in a sediment
core fromLake L6 in SO (Singh et al. 2012). This is one of the common species found
even in the other part of Antarctica (Singh et al. 2012). The moss population data can
assess the variation of its distribution and diversity in the SO region and decipher
the paleoclimatic and palaeoenvironmental conditions. Another study from Lake L-6
within the SO was carried out extensively with a multiproxy approach to reconstruct
the paleoproductivity and paleoclimatic changes duringHolocene (Govil et al. 2016).
This study exhibits a warm period during the Pleistocene-Holocene boundary (~11.6
to ~10 cal kyr BP) with the record of elevated paleoproductivity and reducing envi-
ronment as organic matter decayed in the bottomwater of the lake. Later, a rapid shift
happened from deglaciation to glaciation during the commencement of the Holocene
(~10 kyr BP). A relatively colder phase has been recorded from the entire stretch
of Early to Late Holocene (~10 to ~3.1 kyr BP) due to the extension of continental
ice sheet from the southward to the northward in this area. This phase was charac-
terized by lowering of paleoproductivity within the lake and lessening of the rate
of sedimentation (~2.9 cm/kyr). The Late Holocene period (~3.1 kyr BP to Recent)
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experienced a stepwise warming that corresponds to the winter and summer solar
insolation. This stepwise warming event in East Antarctica has ultimately affected
the paleoproductivity in the lake. During this period, lakes had received an adequate
amount of meltwater from the continental ice sheet and snow around the lake that
increased the lake water level. Another study reveals the paleoclimatic shift from
the last glacial period to the Holocene (Govil et al. 2018), which was substantially
juxtaposed with the changes that occurred during Holocene (Johnsen et al. 1992a).

Paleoenvironmental studies from a pro-glacial lake in SO were performed based
on quartz grain morphology and microtextures (Mazumder et al. 2017). This study
exhibits the predominantly colder climatic condition at the advent of the Holocene.
During the beginning of the Holocene, melting of the glaciers started in this region.
Middle Holocene is characterized by relatively warmer conditions, while in Late
Holocene the reappearance of a somewhat colder climatic condition occurred in this
region. Thus, this study suggest an interchanging glacial-interglacial environmental
phase during Holocene.

Sediment cores from few landlocked lakes and a grab sample from the pro-glacial
lake in the central part of SO have been analysed using multi-proxy sedimentological
approach to reconstruct the paleoclimatic history of the region (Srivastava et al. 2018).
The lake sediments exhibit a glacial signature derived from medium to high-grade
metamorphic terrain under restricteddrainagepattern.Thedifferent sedimentological
parameters show alternate warmer and colder phases at different time intervals. This
study concluded that the gradual warming in SO began much before 42 kyr BP.
During the early stage of the Late Quaternary, this area was covered by ice, which
gradually waned to expose an ice-free area in the Late Holocene. The dominance
of sand from sediment cores of Antarctic lakes GL-1, V-1, and L-6 deciphered the
high degree of mechanical weathering, which weathered coarse-grained particles
from the provenance to the depositional area transported by the fluvioglacial process
(Choudhary et al. 2018). The grain size variation of lake system was controlled by
many factors, such as amount and energy of meltwater, aeolian action, the surface
area of the lake, geology of the catchment area, and local hydrodynamic settings.

5.3 A Case Study from Schirmacher Oasis (SO)

The recent study from the L-51 landlocked lake focused on two observations. The
first observation to distinguish the effect of the reservoir age in the lake sediment
from entire Schirmacher Oasis (SO). The second observationis based on one of
the well-documented events of Antarctic Cold Reversal (ACR) (Jouzel et al. 1989;
Blunier et al. 1997; Pedro et al. 2011). The 2.2 kyr age was subjected to subtract
from all radiocarbon ages individually and the corrected reservoir ages for the core
L-51 was obtained in SO. The considered corrected reservoir age was finalized after
calculating the mean of all ages obtained from four lake sediment top samples within
SO. The core tops from the lake L-6, lake P-11, epishelf lake (ESL) and sandy lake,
situated within 3 km of present southern boundary glacier in the SO, interpret the
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ages of 640 years (Govil et al. 2016), 3320 years (Mazumder et al. 2017), 3685 years
(unpublished data) and 1245 years (Warrior et al. 2014), respectively. Earlier, the
reservoir age correction of 640 years has been standerdizedfrom the lake L-6 (Govil
et al. 2016) because of the depositionof the old carbon to the core site through the
glacial meltwater. If the glacial meltwater inflows with depleted 14C move lesser
distance in the catchment area of the lake and suggests the equilibrium condition
within the atmospheric gas exchanges (Doran et al. 1999; Wagner et al. 2004). The
reservoir age effect can be neglected if temporary ice covers the lake, but it will
gradually enhance during the colder periods with the enhancement of meltwater
influx from surrounding glaciers (Wagner et al. 2004). However, measurement of
this transported carbon, both incoming and outgoing, along with the mobility and
the meltwater flux is difficult to obtain accurately. Hence, to attain the corrected
reservoir ages, 2.2 kyr was subtracted from all radiocarbon ages individually.

Moreover, detailed work from SO samples obtained from trenches and dry lakes
also confirms comparatively older ages at the top 0–10 cm as the raw radiocarbon
dates show a rangebetween 3.11 and 11.1kyr BP (Phartiyal et al. 2011). But these
radiocarbon dates have not been used in calculating the average value in reservoir
age due to the collection of these samples and some sediment core samples collected
from pits, channels and dry lakes. However, the upper part of sediment collected
from the entire SO contains older carbon in it (Phartiyal et al. 2011). The large
and small lakes situated in SO receive sedimentation through the meltwater flux
of glaciers from the surrounding regions during SO warm summer period. The
top sediments from lakes ESL and P-11 represent the old raw radiocarbon ages
in the present scenario. However, L-51 sediment core should precisely be assessed
by the incurred chronology before insuring further inferences. Hence, the reser-
voir age and its corrections should be established to apprehendpaleoclimatic and
palaeoenvironmental settings accurately from the SO lake sediment cores.

A multiproxy study from the different sediment proxies (percentage of sand-silt-
clay, mean diameter of the sediment and roundness), percentage of biogenic silica
(BSI %) as well as spectral examination of the available data to determine the signif-
icant periodicities (at >95% significance) deciphers the presence of Antarctic Cold
Reversal (ACR) around 14–11.8 kyr BP, which was characterized by the increase
of freshwater runoff in the lake followed by early-Holocene climate optimum and
Holocene climate optimum around 11.8–7.2 kyr BP (Govil et al. 2018). However,
the Antarctic ice sheet mass loss, Melt-water Pulse 1A (WMP1A), and enhanced
iceberg flux during the Antarctic cold reversal (ACR) in the Southern Ocean were
documented (Weber et al. 2014; Fogwill et al. 2017), though the effect of ice of
Antarctica on the MWP1A during the ACR is questionable (Liu et al. 2016). The
ACR timing was reported to be during 14.7–13 kyr BP, which corresponds with the
major warming event, namely Bølling–Allerødevent from the north Atlantic region
(Pedro et al. 2016). A detailed comparative study between Antarctica and Greenland
ice core record depicts an unsynchronized relationship between the two poles, desig-
nated as ‘bipolar seesaw’ (Blunier et al. 2007). Hence, there is ambiguity regarding
the meltwater flux during ACR that questions the intensity of the ACR signals in the
SO in East Antarctica. Furthermore, in present study the sedimentological proxies
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has been used on the sediments from the L-51 lake of SO. The analysis of grain size
infers that during the 18.5–14.4 kyr BP, the clay variesfrom 3.6 to 2.5% (Fig. 2c), silt
ranges between 52.9 and 40.0% (Fig. 2b), and sand ahows a range of 57.4–43.6%
(Fig. 2a) along with the mean diameter changes from 143.65 to 102.61 μm (Fig. 2d)
and sorting varies from 28.0 to 25.7% (Fig. 2e). However, the BSI percentage ranges
from 1.2 to 0.5% from 18.5 to 14.4 kyr BP (Fig. 2f). Within the 14.4–12.6 kyr BP
period, the clay varies from 2.9 to 1.0% (Fig. 2c), silt ranges between 42.6 and
25.3% (Fig. 2b), and sand varies between 73.5 and 54.3% (Fig. 2a) along withthe
mean diameter varies from 256.8 to 136.3 μm (Fig. 2d) and the values of sorting
range from 36.9 to 26.9% (Fig. 2e). On the other hand, the BSI percentage shows a
range from 1.8 to 0.6% within 14.4–12.6 kyr BP (Fig. 2f). During Holocene (~11.7
kyr BP to Recent), the data from the analysis of grain size shows that the clay
varies between 5.3 and 1.4% (Fig. 2c), silt ranges from 76.5 to 35.2% (Fig. 2b),
sand shows a range between 61.2 and 20.5% (Fig. 2a) as well asthe values of mean
diameter range between 228.5 and 44.5 μm (Fig. 2d) and sorting shows a variation
between 38.3 and 24.2 (Fig. 2e). During the Holocene the BSI percentage varies
from 3.6 to 0.4% (Fig. 2f). The paleoclimatic data obtained from the ice cores from
Antarctic decipher that the Antarctic cold reversal (ACR) interrupted significantly
post-LGM warming in the Southern Hemisphere around 14.5 to 13 kyr BP (Blunier
et al. 1997; Pedro et al. 2011, 2016; Jouzel et al. 1989). In the present study, the
increased sand percentage by∼20%, mean diameter by∼164μm, sorting by∼10%
and BSI percentage by ∼0.9% along with the decrease in clay percentage ∼2% and
silt percentage by ∼17% have been noticed during a short time span after 14.7–
12.2 kyr BP (Fig. 2). Simultaneously, increase in sand percentage, mean diameter
and sorting indicates that coarser grain was transported through enhanced meltwater
flux in the result of the retreat of ice cover and hence deposited at the centre of the
lake (Fogwill et al. 2017). This hypothesis also supported the reason of the possible
initiation of the ACR signal (14.6–12.7 ka BP) due to sufficient meltwater flux into
the Southern Ocean. During MWP1A a significant quantity of meltwater has been
released into the Ocean that contributed to maintain the stratification in ocean and
hence enhance the ice cover retreat. Moreover, the probable methods of the retreat
of grounded ice may be attributed to the subsurface ocean warming (Golledge et al.
2014) and substantially reduction of Antarctic bottom water (AABW) formation in
the Southern Ocean resulting to the enhancement of the cooling in atmosphere over
Antarctica during this period (Parrenin et al. 2007). Thereafter it reduced the sea
surface temperature of the Southern Ocean (Siani et al. 2013; Nielsen 2004) and
finally happened to increase the sea ice extension. Furthermore, the sea ice extension
affected on the reduction in the ventilation from surface water to deeper water and
enhanced subsurface temperature in the ocean as well as the Antarctic coast (Menviel
et al. 2010). The grounded ice melting resulted due to this warming lowered the ice
sheet surface that enhanced the horizontal release (Fogwill et al. 2017). Finally, the
feedback mechanism over the climate system of Antarctica seems to be a conflict
between the differences of ocean and atmospheric heat fluxes, which trigger the
regional climate change of the SO.
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Fig. 2 Grain size distribution, Biogenic silica and sorting variationwith the chronological sequence
of lake L-51 a Sand (%). b Silt (%). c Clay (%). dMean diameter (μm). e Sorting (%). f Biogenic
Silica (BSI %). Three dark band shows the meltwater flux episodes in SO (also refer Govil et al.
2018)
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Although limitations arise in the present study due to the radiocarbon dating
uncertainties, it was obvious that increase of meltwater flux correlated with the event
of ACR. However, the data of grain size distribution along with biogenic silica
demarcate three prominent episodes of meltwater flux (Fig. 2). They may trigger to
the recession of the southern glacier boundary towardsmore south in SO. During pre-
Holocene deglaciation period, the episodes of glacier meltwater flux corresponds to
the event ofACR.This time, the lakeL-51 have receivedmaximummeltwater derived
from ice cover and hence increased the deposition of coarse sediments. TheHolocene
climate optimum (11.2–8.4 kyr) exhibits a mixed signals of aeolian deposition and
surroundings snowmeltwater flux as well as ice sheet meltwater flux. Later, from 7.2
kyr BP to Recent core site received the majority of the sediments mainly because of
surrounding snow meltwater flux along with aeolian deposition rather than ice sheet
meltwater flux.

6 Conclusions and Recommendations

This chapter deals with review work by many Institute/Universities research workers
in the Schirmacher Oasis over the period or the initiation of the Indian Expedition to
East Antarctica (Schirmacher Oasis). The geographical location, the geology of the
area, and paleoclimatic work show the research work’s progression in the Schirma-
cher Oasis. The main emphasis is on the high-resolution paleoclimate reconstruction
based on the lake sediments and the multiproxy dataset. But, the work on biological
proxies such as Diatom or any other biota is less explored. The relation between the
biological component with geochemistry requires more attention in the SO.

Furthermore, the radiocarbon dating in the lake sediment core is required more
attention as the reservoir ages have to be calculated based on other dating techniques.
One of the case studies shows 640–2200 years; radiocarbon ages may be used as a
reservoir age correction within the present lakes system and used to interpret the
paleoclimatic/paleoenvironmental conditions.
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Abstract Antarctica plays a significant role in regulating the global climate, mainly
due to its geographic position, characterized by the freezing climate and high albedo.
Antarctica attributes this attribute amid several paleoclimatic questions ranging from
global warming to Antarctic ice sheet melting associated with sea-level rise. Thus,
reconstructing the Antarctic past-climate is of prime importance in understanding
and modelling future climatic changes. Many lakes in Antarctica remained free from
the continental ice sheet’s influence during the last glacial maxima. Hence, their sedi-
mentary archives are a repository of paleoclimatic evidence for the Late Quaternary.
Paleoclimatic studies using lake sediments drew scientific attention due to their effi-
ciency to record long, high-resolution climate records. Recent studies have employed
multiple proxies like environmental magnetism, isotope geochemistry, petrography,
sedimentology, and geochronology on lake sediments of Schirmacher Oasis to deci-
pher the past climate and the prevailing ecological conditions. The existing studies
poorly record climatic events such as theMid-HoloceneHypsithermal and neoglacial
cooling. Despite better chronometric control in these studies, coarse temporal resolu-
tion and sparsely documented finer-scale climatic variations place the need for future
high resolution works in the East Antarctic region.

Keywords Lake sediments · Environment · Organic matter ·Magnetic minerals ·
Late quaternary · East Antarctica

A. K. Warrier (B) · J. G. Sebastian · A. S. Y. Sali
Centre for Climate Studies / Department of Civil Engineering (Manipal Institute of Technology),
Manipal Academy of Higher Education, Manipal, Karnataka 576104, India
e-mail: anish.warrier@manipal.edu

B. S. Mahesh · R. Mohan
National Centre for Polar and Ocean Research, Ministry of Earth Sciences, Headland Sada,
Vasco-da-Gama, Goa 403804, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
N. Khare (ed.), Assessing the Antarctic Environment from a Climate
Change Perspective, Earth and Environmental Sciences Library,
https://doi.org/10.1007/978-3-030-87078-2_8

127

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87078-2_8&domain=pdf
mailto:anish.warrier@manipal.edu
https://doi.org/10.1007/978-3-030-87078-2_8


128 A. K. Warrier et al.

1 Introduction

Antarctica’s lakes, which dote the ice-free regions along the continental margin, are
significant archives of past-climate records and the best source to monitor changes in
modern climate that respond to the increasing global temperature. The Polar Regions
are the first respondents of climate change.Due to their limited spatial entity, the lakes
respond to subtle changes in the global weather system and act as good thermometers
to measure human-induced climate change.

During recent decades, the global mean temperatures around theworld have regis-
tered an increase. During the period January–October 2019, the global mean temper-
ature was around 1.1± 0.1 °C above pre-industrial levels (1850–1900) (WMOProvi-
sional Statement of the State of the Climate 2019). To forecast the future climatic
scenario, we must have a fair understanding of the modern-day weather and study
the past climate. This way, one can explore the interconnections that exist between
these changes. The Southern Hemisphere, especially the Antarctic continent, plays
a vital role in modulating the global climate during the present and the past. Antarc-
tica is particularly crucial to the worldwide climate system due to its high albedo,
low thermal conductivity, and contribution to deep ocean water circulation. Most
of the global climatic signatures are also found pronounced in this continent due
to its pristine conditions. Many important questions regarding the paleoclimate and
environment of Antarctica are yet to be answered even though research in this area
has flourished well in the last couple of decades (Verleyen et al. 2011).

A novel finding that many existing ice-free regions of Antarctica escaped the last
glaciation (Gore et al. 2001) awaken paleoclimatologists’ enthusiasm. These ice-
free regions have numerous pristine lakes, the repository to sedimentary archives
that offer high-resolution climate records and environmental changes. The Antarctic
summer in these ice-free regions is generally warmer (above freezing point). The
lakes become ice-free, responding well to local and regional climatic changes. These
changes are preserved as additional biochemical and physical evidence (Govil et al.
2016). A varied number of techniques are used in past-climate reconstruction using
lake sediments, viz. environmental magnetism, organic and inorganic geochemistry,
quartz petrography, sedimentology, geochronology.

Schirmacher Oasis, one of the many ice-free regions, is a 25 km long and up
to 3 km wide ice-free region on the Princess Astrid Coast in Queen Maud Land
in East Antarctica is on average 100 m above sea level (Fig. 1). It has close to 118
lakes (proglacial, epi-shelf and periglacial lakes; Ravindra 2001). Themajority of the
lakes’ surface remain ice-free during austral summer, and the ice cover rarely exceeds
2 m thickness (Hermichen et al. 1985). The lakes receive melt-water contributed
by the snow and continental ice sheet. The sediments deposit into these lakes via
fluvioglacial, in-situ productivity and aeolian activities ((Warrier et al. 2021a, b;
Govil et al. 2016). Several of these lakes are found in rocks eroded by glaciers, and
some are closed by moraines or ice (Bormann and Fritzsche 1995). The plant life of
Schirmacher Oasis is limited to lichens and mosses, which thrive in rocky soils.
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Fig. 1 aGeneral map of Antarctica showing the location of Schirmacher Oasis. bMap of Schirma-
cher Oasis showing the distribution of epi-shelf lakes, periglacial (land-locked) lakes and proglacial
lakes (modified after Ravindra 2001)

Over the last couple of decades, several paleoclimate records have been recon-
structed using lacustrine sedimentary archives from various Antarctic lakes to under-
stand local and regional climate. These records were often correlated with global
climatic events and probed for their linkages and their processes. This chapter
summarizes a review of past-climate records reconstructed from sediment cores
from Schirmacher Oasis using different proxies.

2 Organic Geochemistry and Variations in Productivity

The sedimentary organicmatter (OM)deposited in lakes acts as a source for elemental
analysis (e.g. carbon, nitrogen, phosphorous) and stable isotopes (δ13C and δ15N)
along with C/N ratios to understand the provenance of organic matter (Meyers 2003;
Talbot 2001). Thesemulti-proxy records help understand long-term climatic changes
and evolution during the last glacial stage through deglaciation and Holocene. This
approach will also help minimize bias in interpreting the measured data and ascer-
tain OM’s source and possible variations concerning climate-induced environmental
changes.

The type and amount of sedimentary OM can be used to reflect past fluctuations
in lake productivity and organic matter source perhaps linked to climate-forced envi-
ronmental changes (Leng and Marshall 2004; Meyers 1997; Talbot and Johannessen
1992). The utility of the C/N ratio is well-studied to identify the source of organic
matter in sediments (Meyers 2003; Talbot 2001). The relative proportion of aquatic
versus terrestrial OM where phytoplankton and aquatic macrophytes exhibit C/N
ratio between 6 and 12 while terrestrial derived OM, between 14 and 20 (Meyers
1994, 2003;Meyers andTeranes 2001). The δ13C and δ15Nof bulk sedimentaryOM is
a good indicator of past environmental changes in lacustrine systems (e.g. Talbot and
Johannessen 1992; Engel and Macko 1993), which forges a basis for further studies.
When used in conjunction, they (Corg, C/N, δ13C and δ15N) provide information
on past-changes in (a) productivity (e.g. Hodell and Schelske 1998), (b) nutrients
(Meyers 1997, 2003), (c) environmental variation (e.g., Meyers 2003; Talbot and
Johannessen 1992) and supply of organic material (Hedges and Keil 1995).
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Records based on sedimentary organic geochemical proxies have been published
(Mahesh et al. 2015, 2017, 2019) for Schirmacher Oasis from three different lakes
viz., Sandy Lake, Long Lake and Zub Lake, respectively. The sediment cores
(<1 m in length) span the last 36–43 kyr spanning the Last Glacial Maxima.
These records provide overall productivity and provenance patterns over glacial-
interglacial timescale and the lakes’ response to the local and regional climate
(Fig. 2). The organic matter in high-latitude (Antarctic) lakes widely varies
from that of low-latitude lakes, wherein the former is dominated by aquatic
macrophytes (autochthonous: cyanobacterial algal mats) and terrestrial bryophytes
(allochthonous: lichens and moss). In the modern period, i.e., Holocene, algae
flourish (diminish) during periods of ice-free (ice-cover) conditions, i.e., during
Austral summer (winter) owing to sustained warm (cold) conditions. During the
Holocene summer, the temperature is warm enough to melt the lake cover rendering
them ice-free for 3–5 months. The melting facilitates increased productivity in the
lake through algae production. However, productivity is hindered when the lake
surface is covered with ice as there is no exchange of gases with the atmosphere
and the limitation of sunlight. The sedimentary organic matter in Schirmacher Oasis
shows, in general, less than 1% during the glacial stage, indicating prolonged and
intense winter and mild summer, which would have led to the existence of ice-cover
for amore extended period. Thiswould have hindered any exchange of gases between
the lake and the atmosphere limiting sunlight and extremely low productivity within
the lake. The ice-cover would also have restricted the influx of sediments either from
melt-water or wind-blown.

Interestingly, SO does not record higher productivity at the beginning of Antarctic
deglaciation (~ 17 cal ka BP: Petit et al. 1999). The ice-cover conditions continued

Fig. 2 A comparison of down-core variations of δ13C and δ15N for Zub (L-49) Lake, Sandy Lake
and Long Lake sediment cores from Schirmacher Oasis
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to persist through deglaciation in all three lakes indicating cold summer conditions,
i.e., sub-zero conditions. The δ13C values for non-marine aquatic plants and algae
are between −26‰ to −12‰ (Fry and Sherr 1989; Farquhar et al. 1989), while for
terrestrial plants, it varies between −24 and −32‰ (Trumbore and Druffel 1995).
The δ15N values of terrestrial plants which use atmospheric N2 are lower (0‰) as
compared to the nitrate incorporating algae (δ15N values of 7–10‰: Peters et al.
1978).

However, the Holocene’s productivity in these three lakes widely varies even
though they are spatially within the same oasis. The Long Lake records an increase
in Corg% (1.2%) only in the core-top (0–3 cm). In comparison, Sandy Lake shows an
increase in Corg% at the beginning of the Holocene. The Zub Lake offers increasing
productivity (Corg%: 1–7%) beginning at 18 cal ka BP and attains Holocene optimum
conditions at ~11 cal kaBP. Such contrasting variation inCorg% suggests the response
of these lakes to climate. Under current conditions, it can be noted that the Sandy
Lake and Long Lake (periglacial lakes) are located significantly farther from the
continental ice sheet and are very unlikely to receive melt-water from the ice-sheet.
At the same time, Zub Lake is connected with numerous lakes along the continental
ice-sheet edge and gets a significantly large amount of melt-water from the other
lakes fed by the melting ice-sheets. Hence, factors such as the lake’s proximity
to the ice-sheet or the ice-shelf play a significant role in the lake ecosystem. The
nitrogen content (N%) also shows similar variations to that of the Corg%, suggesting
no selective loss of both carbon and nitrogen with time (Talbot and Johannessen
1992).

The C/N ratios (<10) for all the three sedimentary records indicate that the source
of organic matter during the glacial stage is autochthonous. In contrast, the Holocene
records higher C/N ratios (>10), suggesting an admixture of aquatic macrophytes
and terrestrial bryophytes. The input of terrestrial organic matter would be possible
when the lakes are ice-free. The information on terrestrial organic matter from the
catchment area is aided by fluvial input from the snow and ice-sheet melt-water.
Higher C/N ratios throughout the Holocene suggests steady warmer conditions in the
Schirmacher Oasis. The provenance of the organic matter can be further understood
by studying the bi-plots of C/N rates vs δ13C values (Mahesh et al. 2015, 2017,
2019). The bi-plots from these three records distinctly indicates that the organic
matter is sourced from both aquatic macrophytes (bacteria and freshwater algae:
autochthonous) and terrestrial bryophytes (lichens and moss: allochthonous).

The down-core δ13C values in these lakes vary between−10 and−24‰ (Fig. 2).
The glacial stage records depleted values (~−16 ± 4‰). This is most likely due to
the utilization of CO2 by aquatic organisms resulting in a deposition of 13C-poor
organic matter in the sediments (Meyers and Terranes 2001). The terrestrial input
matter can also result in depleted values, but this is very unlikely as the δ15N values
have recorded enriched values indicating the predominance of aquatic organisms
during the same period. Low productivity under consistently ice-covered lake surface
during the cold glacial period is documented in these lakes. Enriched values during
the Holocene indicates a shift in the balance of supply/demand on DIC with possible
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enhanced contribution from the terrestrial OM and hence suggest a dominance of
in-situ productivity.

The δ15N values are enriched during the glacial stage for the lakes in Schirmacher
Oasis. Prolonged enrichment of δ15N values during the glacial phase suggest that
the lake was ice-covered, limiting lake-to-atmosphere exchange of gases leading
to low productivity. Such common productivity conditions have been recorded in
sub-glacial lakes (Smith et al. 2006; Hodgson et al. 2009). Sustained enrichment of
δ15N values generally reflects ammonification and denitrification/nitrification, which
occurs under ice-cover and mineralization of organic matter by sedimentary and
suspended bacteria (Talbot 2001;Meyers and Teranes 2001). The δ15N values exhibit
depleted values during the Holocene. This shift in δ15N values from enriched (glacial
stage) to exhausted (Holocene) values in the sedimentary record suggest a change of
lake environment from an oxygen-depleted (ice-cover) to an oxygen-rich (ice-free)
condition. In summary, the sedimentary organic proxies (Corg%, N%, δ13C, δ15N and
C/N ratios) have beenwell utilized to understand the climate trends by reconstructing
the productivity trends provenance in the lake ecosystem.

3 Grain Size Variation and Climate Change

The input of terrestrial derived erosional products to the lake system helps understand
the transferring agent’s energy, which depends on the climatic conditions that prevail
in Antarctica. The input of erosional products is predominant in the austral summer
(Simmons et al. 1986), indicating the significant role of melt-water in transporting to
the lake (Mora et al. 1994; Retelle andChild 1996; Spaulding et al. 1997).Westerlies-
borne aeolian dust frommid-latitude deserts also contributes to erosional products to
the lakes (Sugden et al. 2009; Petit et al. 1990) along with dust deposited by the wind
from the surrounding area. The glacier action also contributes to the lake sedimentary
deposits (Squyres et al. 1991; Hendy et al. 2000).

The sand-clay-silt content measured for the three lakes provides an overview
of the depositional pattern of terrigenous sediments in Schirmacher Oasis over the
glacial-interglacial stage. The down-core variations for the three lakes show sand
dominance (Fig. 3), followed by silt and clay. The content of sand is lower during the
glacial stage, while silt content is higher. The increased contribution of mud to the
lake during the glacial phase suggest enhanced wind delivered detritus to the lake.
During the warm Holocene period, more increased sedimentation is primarily due
to enhanced sediment load delivery to the lake through increased frozen/snow melt-
water to an open lake. Warmer summer resulting in higher melt-water (high energy)
would bring in coarser sediments into the lake. In comparison, a milder summer
would lead to low melt-water (low power) with deposition of clayey particles.

Even though the sediment records’ resolution is low (200–600 years), major
climatic events such as Antarctic Cold Reversal, Antarctic Warming Event and
Antarctic Isotope Maxima were recorded in the down-core variations of the proxy
records. This suggests that the climate in Schirmacher Oasis responded well to the
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Fig. 3 Down-core variations of sand content in the sediment cores of Zub (L-49) Lake, Sandy Lake
and Long Lake, Schirmacher Oasis

general Antarctic climate. The beginning of deglaciation and attainment of Holocene
optimum is inconsistent between the lake records suggesting that regional factors
such as the geomorphology plays an essential role in influencing the lake ecosystem.

4 Magnetic Mineral Records of Glacial-Interglacial
Climatic Changes

Iron oxide minerals are omnipresent and can be effectively used to reconstruct past
variations in the environment (Evans and Heller 2003). The environmental magnetic
method deals with the systematic study of concentration, grain size and miner-
alogy of magnetic minerals present in soils and sediments (Walden et al. 1999;
Thompson and Oldfield 1986). These minerals, which may be formed, carried away
and deposited in different deposition basins, can be accurately studied using environ-
mental magnetism. These iron oxides exhibit specific properties under a particular
climatic phase, such as abundance, grain size, and mineralogy. However, as the
climate changes, these properties also vary. Sediments deposited in the lakes and
oceans record this signal through temporal variations in the concentration, grain
size, and iron oxide carriers’ mineralogy. Due to its several advantages (like rapid
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measurements, sensitive, inexpensive, non-destructive), an environmental magnetic
technique has found applications in different facets of earth sciences like paleocli-
mate/paleoceanography (Sandeep et al. 2015), archaeology (Warrier et al. 2011),
environmental pollution (Warrier et al. 2014a), soil genesis and erosion (Sandeep
et al. 2012).

A couple of models can be used to explore the potential of using environmental
magnetic parameters as a proxy to reconstruct the paleoenvironmental conditions.
The first model is applied chiefly to the tropical regions’ sediments and is explained
byWarrier et al. (2014b). In the secondmodel, high (low) values of magnetic suscep-
tibility (Xlf) generally represent colder (relatively warmer) climatic conditions. The
more callous climatic regime is also supported by coarse (somewhat more nuanced)
magnetic grains, which indicates colder (relatively warmer) climatic conditions. The
crude lithogenic magnetic minerals are mainly derived due to the mechanical weath-
ering of the rocks present in the lake catchment (Reynolds and King 1995). They
could be easily transported from the catchment into the lake basin by the movement
of glaciers or by melt-water streams and winds (Li et al. 2006). The cracks that
develop on the lake-ice are suitable hosts for wind-transported sediments that fall
on to the lake ice’s surface. When the ice melts, these wind-transported materials
fall through the lake waters and get mixed with the lake sediments (Spaulding et al.
1997). A few studies have been made on the lake sediments of Schirmacher Oasis
by using environmental magnetic techniques.

Warrier et al. (2014b) reconstructed the paleoenvironmental conditions in the
Schirmacher Oasis on glacial-interglacial timescales (past 43,000 cal years BP) They
studied the abundance, grain size, and mineral assemblage of the iron oxide minerals
present in Sandy Lake’s sediments and reconstructed periods of relatively warm
and icy climatic conditions. During the glacial period, frost weathering gave rise to
catchment-derived, primary, coarse grains of ferrimagnetic minerals later deposited
within the lake sediments. These coarse-grained ferrimagnets’ presence was evident
by the increased values of Xlf (Fig. 4) and reduced XARM/Xlf. During the interglacial
period, a relatively warm and wet climate accelerated the catchment rocks’ chemical
weathering, leading to enhanced soil formation. The environmental magnetic param-
eters showed an opposite trend when compared to the glacial period. From 42.5 to
11.86 cal kaBP., the glacial periodwas recordedwithin the SchirmacherOasis, which
alternated between exceedingly colder (40.78, 36.08, 34.51, 29.03, 28.02–21.45 cal
ka BP) and relatively warmer climates (38.44–39.22, 33.73–29.81 and 28.52 cal ka
BP; Fig. 4). Deglaciation commenced at about 20 cal Ka BP followed by the early
Holocene optimum at around 12.55 cal Ka BP. In the Holocene, alternating warm
(12.55–9.88, 4.21–2 cal ka BP) and cold events (9.21–4.21 cal ka BP and from 2 cal
ka BP onwards) were also observed. Most of these out and warm phases showed a
broad correlation with significant climatic events seen in lake-sediment records and
ice-core records from different East Antarctica regions (Fig. 4). However, circum-
stances such as the Medieval Warm Period and the Little Ice Age were absent due
to the core-top loss during coring operation. Phartiyal et al. (2011) reconstructed the
climate history for the past ~13 ka of the Schirmacher Oasis based on the analysis
of magnetic concentration, mineralogy and grain-size dependent parameters. The
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Fig. 4 A comparison of multi-proxy data like mean grain size, magnetic susceptibility, rounder
quartz grains (%) of Sandy Lake with dust (Lambert et al.2012) and oxygen isotopic data (EPICA
Community Members 2006) of EPICA ice core. The A1 event is one of the seven warming events
during the past 90 cal ka BP documented from Antarctica (Blunier and Brook 2001)

study reported that colder periods recorded highermagnetic concentration-dependent
values and relatively warmer periods show reduced values. Based on multivariate
cluster analysis, the paleoclimate record (13–3 ka BP) of the Schirmacher Oasis was
divided into six phases. The periods 12.5 ka BP (late Pleistocene), 11–8.7 ka BP
(Holocene Optimum) and 4.4–3 ka BP (Mid-Holocene Hypsithermal) represented
phases of warmer climatic conditions. Higher values of magnetic mineral concen-
trations (Xlf, SIRM) were observed for colder glacial periods and lower values for
warmer interglacial periods (Phartiyal 2014). The studies show that environmental
magnetic techniques can be successfully used to reconstruct the past variations in the
climate and the associated changes in the lake catchment that bring about a difference
in the magnetic concentration, grain size and mineralogy.

5 Petrographic Studies

Detrital minerals such as quartz, feldspar, mica, garnet have been successfully used
to reconstruct the past climate in the polar regions as they are mainly derived from
physical weathering (Pistolato et al. 2006; Chamley 1989). According to Bowen’s
reaction series, quartz (SiO2) is the last mineral to crystallize at lower temperatures.
Due to this, it is very stable and found in greater abundance in all the rock types. Due
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to its hardness (7 according toMoh’s scale), it is amechanically and chemically resis-
tant mineral. Therefore, it has higher chances of getting preserved in the sediments
(Krinsley and Doornkamp 1973; Mahaney 1995, 2002). Surface texture observa-
tions can also be made on the quartz grains that will reveal the type of transportation
and deposition environment the mineral was subjected to in the previous sediment
cycle. Surface microtextures, degree of angularity, chemical features, and grain-size
analysis of quartz grains collectively reveal the sedimentary and physicochemical
processes that acted on the grains during different geological phases.

The quartz grains present in the sediments may be transported by melt-water
streams from the snow’s melting in the catchment or may also be picked up by
strong winds and transported to different regions. Besides, biogenic silica may also
form a part of the sediments due to silica microfossils’ burial like diatoms (Stanley
and DeDeckker 2002). Several works have been published in recent decades, high-
lighting the significance of scanning electron microscopic (SEM) observations of
quartz grains. These studies have established that quartz grains affected by different
geological processes exhibit distinct grain surface features and micro-textural char-
acteristics (Helland and Holmes 1997; Mahaney 1995; Strand et al. 2003). Although
several studies have been made on quartz grains in Schirmacher Oasis, they are
primarily on surface sediments and soils. Only a couple of studies have been reported
from Schirmacher Oasis wherein the quartz grains deposited in the lake sediment
cores have been used to perceive the modes of transportation, weathering processes,
sediment maturity and its relation to regional climate (Warrier et al. 2016). Statistical
parameters of particle size data indicated a fluvioglacial deposition of sediments.

Despite the coarse resolution of rounded quartz data, a significant correlation
between the round quartz data and the high-resolution dust-flux data of EPICA ice-
core suggested a peak in aeolian transport sediments during the Last Glacial Period
(LGP) (Fig. 4). The low value of mean grain size of deposits from the LGP (colder
climate) showed an increasing trend after theLGMcorresponding to increased energy
of transporting agent (melt-water streams) and temperature. The mean grain size
of sediments showed peaks at 38 and 32 cal ka BP when warmer climatic condi-
tions prevailed, which might have corresponded to the Antarctic Warming Event A1
(Fig. 4). The Holocene epoch was characterized by alternating periods of more or
less warm and cold climate as evidenced by a cyclic variability of mean grain size
of sediments. Mazumder et al. (2017) studied the quartz petrography and sedimen-
tological analysis on a sediment core from a proglacial lake (P 11) in Schirmacher
Oasis. The microtextural and morphological observations of quartz grains revealed
a combination of the glacial, aeolian and fluvioglacial mode of transport in the study
area. Three prominent climatic zones were identified from the study in the period
spanning from 13.9 to 3.3 ka BP alternating between relatively warmer and colder
phases.
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6 Scope for Future Work

Several studies have been made on lake sediments from the Schirmacher Oasis to
reconstruct the paleoclimate and the paleoenvironmental changes recorded in the
region. However, only a few of them report the environmental variations on glacial-
interglacial timescales. Many of these studies are based on a coarse temporal reso-
lution and, as a result, do no record the finer scale climatic variations. Events like
theMid Holocene Hypsithermal and neoglacial cooling are poorly represented in the
current studies. Future coring operations should be carried out to obtain the longest
possible sediment cores to get a detailed paleoclimate record of the SO. Higher reso-
lution studieswill allow us to better constrain the small scale climatic fluctuations and
correlate with other archives such as ice-core records that produce high-resolution
climate data.

Acknowledgements We thank the Secretary-MoES and the Director, ESSO-NCPOR, for their
encouragement and support under the project “Past Climate and Oceanic Variability”. The authors
thank the Logistics Division and members of the 28th Indian Scientific Expedition to Antarctica
for their help. AKW acknowledges the financial support provided by the National Centre for Polar
and Ocean Research, Ministry of Earth Sciences, in the form of a research project (Sanction:
NCPOR/2019/PACER-POP/ES-02 dated 05/07/ 2019) under the PACER Outreach Programme
(POP) initiative. This is NCPOR contribution no. B-3/2021-22.

References

Blunier T, Brook EJ (2001) Timing of millennial-scale climate change in Antarctica and Greenland
during the last glacial period. Science 291:109–112

Bormann P, Fritzsche D (1995) The Schirmacher Oasis, Queen Maud Land, East Antarctica, and
its surroundings. J Perthes, Gotha

Chamley H (1989) Clay sedimentology. Springer-Verlag, Berlin/Heidelberg
Community Members EPICA (2006) One-to-one coupling of glacial climate variability in
Greenland and Antarctica. Nature 444:195–198

De MSJ, Whitehead RF, Gregory M (1994) The chemical composition of glacial melt-water ponds
and streams on the McMurdo Ice Shelf, Antarctica. Antarct Sci 6:17–27. https://doi.org/10.1017/
S0954102094000039

Engel MH, Macko SA (1993) Organic geochemistry. Springer, US, Boston, MA
Evans M, Heller F (2003) Environmental magnetism: principles and applications of enviromag-
netics. Academic Press, San Diego, USA, Int. Geophys. Ser

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope discrimination and photosynthesis.
Annu Rev Plant Physiol Plant Mol Biol 40:503–537. https://doi.org/10.1146/annurev.pp.40.060
189.002443

Fry B, Sherr EB (1989) δ13C measurements as indicators of carbon flow in marine and freshwater
ecosystems BT—stable isotopes in ecological research. In: Rundel PW, Ehleringer JR, Nagy KA
(eds) Springer. New York, NY, New York, pp 196–229

Gore DB, Rhodes EJ, Augustinus PC et al (2001) Bunger Hills, East Antarctica: ice-free at the
last glacial maximum. Geology 29:1103. https://doi.org/10.1130/0091-7613(2001)029%3c1103:
BHEAIF%3e2.0.CO;2

https://doi.org/10.1017/S0954102094000039
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1130/0091-7613(2001)029%3c1103:BHEAIF%3e2.0.CO;2


138 A. K. Warrier et al.

Govil P, Mazumder A, Asthana R et al (2016) Holocene climate variability from the lake sediment
core in Schirmacher Oasis region, East Antarctica: multiproxy approach. Quat Int 425:453–463.
https://doi.org/10.1016/j.quaint.2016.09.032

Hedges JI, Keil RG (1995) Sedimentary organic matter preservation: an assessment and speculative
synthesis. Mar Chem 49:81–115. https://doi.org/10.1016/0304-4203(95)00008-F

Helland PE, Holmes MA (1997) Surface textural analysis of quartz sand grains from ODP Site
918 off the southeast coast of Greenland suggests glaciation of southern Greenland at 11
Ma. Palaeogeogr Palaeoclimatol Palaeoecol 135:109–121. https://doi.org/10.1016/S0031-018
2(97)00025-4

Hendy CH, Sadler AJ, DentonGH, Hall BL (2000) Proglacial lake-ice conveyors: a newmechanism
for deposition of drift in polar environments. Geogr Ann Ser A, Phys Geogr 82:249–270. https://
doi.org/10.1111/j.0435-3676.2000.00124.x

Hermichen W-D, Kowski P, Wand U (1985) Lake Untersee, a first isotope study of the largest
freshwater lake in the interior of East Antarctica. Nature 315:131–133. https://doi.org/10.1038/
315131a0

Hodell DA, Schelske CL (1998) Production, sedimentation, and isotopic composition of organic
matter inLakeOntario. LimnolOceanogr 43:200–214. https://doi.org/10.4319/lo.1998.43.2.0200

Hodgson DA, Roberts SJ, Bentley MJ et al (2009) Exploring former subglacial Hodgson Lake,
Antarctica. Paper-II: paleolimnology. Quat Sci Rev 28:2310–2325. https://doi.org/10.1016/j.qua
scirev.2009.04.014

Krinsley DH, Doornkamp JC (1973) Atlas of quartz sand surface textures. Cambridge University
Press, Cambridge

Lambert F, BiglerM, Steffensen JP, HutterliM, Fischer H (2012) Centennial mineral dust variability
in high-resolution ice core data from Dome C. Antarctica Clim past 8:609–623

LengMJ,Marshall JD (2004) Palaeoclimate interpretation of stable isotope data from lake sediment
archives. Quat Sci Rev 23:811–831. https://doi.org/10.1016/j.quascirev.2003.06.012

Li Y, Yu Z, Kodama K, Moeller R (2006) A 14,000-year environmental change history revealed
by mineral magnetic data from White Lake, New Jersey, USA. Earth Planet Sci Lett 246:27–40.
https://doi.org/10.1016/j.epsl.2006.03.052

MahaneyWC (2002) Atlas of sand grain surface textures and applications. Oxford University Press,
New York

Mahaney W (1995) Glacial crushing, weathering and diagenetic histories of quartz grains inferred
from scanning electron microscopy. Glacial Environ—Process Sediments Landforms 487–506

Mahesh BS, Warrier AK, Mohan R et al (2015) Response of Long Lake sediments to Antarctic
climate: a perspective gained from sedimentary organic geochemistry and particle size analysis.
Polar Sci 9:359–367. https://doi.org/10.1016/j.polar.2015.09.004

Mahesh BS,Warrier AK,Mohan R et al (2017) Response of Sandy Lake in Schirmacher Oasis, East
Antarctica to the glacial-interglacial climate shift. J Paleolimnol 58:275–289. https://doi.org/10.
1007/s10933-017-9977-8

Mahesh BS, Warrier AK, Mohan R, Tiwari M (2019) Impact of Antarctic climate during the
Late Quaternary: records from Zub Lake sedimentary archives Schirmacher Hills, East Antarc-
tica. Palaeogeogr Palaeoclimatol Palaeoecol 514:398–406. https://doi.org/10.1016/j.palaeo.2018.
10.029

Mazumder A, Govil P, Kar R, Gayathri NM (2017) Paleoenvironments of a proglacial lake in
Schirmacher Oasis, East Antarctica: insights from quartz grain microtextures. Polish Polar Res
38:1–19. https://doi.org/10.1515/popore-2017-0002

Meyers PA (1994) Preservation of elemental and isotopic source identification of sedimentary
organic matter. Chem Geol 114:289–302. https://doi.org/10.1016/0009-2541(94)90059-0

Meyers PA (1997) Organic geochemical proxies of paleoceanographic, paleolimnological, and
paleoclimatic processes. Org Geochem 27:213–250. https://doi.org/10.1016/S0146-6380(97)000
49-1

https://doi.org/10.1016/j.quaint.2016.09.032
https://doi.org/10.1016/0304-4203(95)00008-F
https://doi.org/10.1016/S0031-0182(97)00025-4
https://doi.org/10.1111/j.0435-3676.2000.00124.x
https://doi.org/10.1038/315131a0
https://doi.org/10.4319/lo.1998.43.2.0200
https://doi.org/10.1016/j.quascirev.2009.04.014
https://doi.org/10.1016/j.quascirev.2003.06.012
https://doi.org/10.1016/j.epsl.2006.03.052
https://doi.org/10.1016/j.polar.2015.09.004
https://doi.org/10.1007/s10933-017-9977-8
https://doi.org/10.1016/j.palaeo.2018.10.029
https://doi.org/10.1515/popore-2017-0002
https://doi.org/10.1016/0009-2541(94)90059-0
https://doi.org/10.1016/S0146-6380(97)00049-1


A Synthesis of Glacial-Interglacial Paleoenvironmental Records … 139

Meyers PA (2003) Applications of organic geochemistry to paleolimnological reconstructions: a
summary of examples from the Laurentian Great Lakes. Org Geochem 34:261–289. https://doi.
org/10.1016/S0146-6380(02)00168-7

Meyers PA, Teranes JL (2001) Tracking environmental change using lake sediments. In: Last
WM, Smol JP (eds) Tracking environmental change using lake sediments, vol 2. Physical and
geochemical methods. Kluwer Academic Publishers, Dordrecht, pp 239–269

Peters KE, Sweeney RE, Kaplan IR (1978) Correlation of carbon and nitrogen stable isotope ratios
in sedimentary organic matter 1. Limnol Oceanogr 23:598–604. https://doi.org/10.4319/lo.1978.
23.4.0598

Petit JR, Mourner L, Jouzel J et al (1990) Palaeoclimatological and chronological implications of
the Vostok core dust record. Nature 343:56–58. https://doi.org/10.1038/343056a0

Petit JR, Jouzel J, Raynaud D et al (1999) Climate and atmospheric history of the past 420,000
years from the Vostok ice core, Antarctica. Nature 399:429–436. https://doi.org/10.1038/20859

Phartiyal B (2014) Holocene paleoclimatic variation in the Schirmacher Oasis, East Antarctica: a
mineral magnetic approach. Polar Sci 8:357–369. https://doi.org/10.1016/j.polar.2014.06.001

Phartiyal B, Sharma A, Bera SK (2011) Glacial lakes and geomorphological evolution of Schirma-
cher Oasis, East Antarctica, during Late Quaternary. Quat Int 235:128–136. https://doi.org/10.
1016/j.quaint.2010.11.025

Pistolato M, Quaia T, Marinoni L et al (2006) Grain size, mineralogy and geochemistry in late
quaternary sediments from the Western Ross sea outer slope as proxies for climate changes.
Antarctica. Springer-Verlag, Berlin/Heidelberg, pp 423–432

Ravindra R (2001) Geomorphology of Schirrmacher oasis, East Antarctica. In: Proceedings, a
symposium on snow, ice and glacier. Geol Sur Ind. Spl Pub pp 379–390

Retelle M, Child J (1996) Suspended sediment transport and deposition in a high arctic meromictic
lake. J Paleolimnol 16:151–167. https://doi.org/10.1007/BF00176933

Reynolds RL, King JW (1995) Magnetic records of climate change. Rev Geophys 33:101. https://
doi.org/10.1029/95RG00354

Sandeep K, Shankar R, Warrier AK et al (2015) The environmental magnetic record of palaeoen-
vironmental variations during the past 3100years: a possible solar influence? J Appl Geophys
118:24–36. https://doi.org/10.1016/j.jappgeo.2015.03.023

Sandeep K, Warrier AK, Harshavardhana BG, Shankar R (2012) Rock magnetic investigations of
surface and sub-surface soil samples from five lake catchments in tropical southern India. Int J
Environ Res 6:1–18. https://doi.org/10.22059/ijer.2011.467

Simmons GM Jr, Wharton RA Jr, McKay CP et al (1986) Sand/ice interactions and sediment
deposition in perennially ice-covered Antarctic lakes. Antarct J US 21:217–220

Smith JA, Hodgson DA, Bentley MJ et al (2006) Limnology of two Antarctic Epishelf lakes and
their potential to record periods of ice shelf loss. J Paleolimnol 35:373–394. https://doi.org/10.
1007/s10933-005-1333-8

Spaulding SA, McKnight DM, Stoermer EF, Doran PT (1997) Diatoms in sediments of perennially
ice-covered Lake Hoare, and implications for interpreting lake history in the McMurdo Dry
Valleys of Antarctica. J Paleolimnol 17:403–420. https://doi.org/10.1023/A:1007931329881

Squyres SW, Andersen DW, Nedell SS,Wharton RA (1991) Lake Hoare, Antarctica: sedimentation
through a thick perennial ice cover. Sedimentology 38:363–379. https://doi.org/10.1111/j.1365-
3091.1991.tb01265.x

Stanley S, De Deckker P (2002) A Holocene record of allochthonous, aeolian mineral grains in an
Australian alpine lake; implications for the history of climate change in southeastern Australia.
J Paleolimnol 27:207–219. https://doi.org/10.1023/A:1014249404845

Strand K, Passchier S, Näsi J (2003) Implications of quartz grain microtextures for onset
Eocene/Oligocene glaciation in Prydz Bay, ODP Site 1166, Antarctica. Palaeogeogr Palaeo-
climatol Palaeoecol 198:101–111. https://doi.org/10.1016/S0031-0182(03)00396-1

Sugden DE, McCulloch RD, Bory AJ-M, Hein AS (2009) Influence of Patagonian glaciers on
Antarctic dust deposition during the last glacial period. Nat Geosci 2:281–285. https://doi.org/
10.1038/ngeo474

https://doi.org/10.1016/S0146-6380(02)00168-7
https://doi.org/10.4319/lo.1978.23.4.0598
https://doi.org/10.1038/343056a0
https://doi.org/10.1038/20859
https://doi.org/10.1016/j.polar.2014.06.001
https://doi.org/10.1016/j.quaint.2010.11.025
https://doi.org/10.1007/BF00176933
https://doi.org/10.1029/95RG00354
https://doi.org/10.1016/j.jappgeo.2015.03.023
https://doi.org/10.22059/ijer.2011.467
https://doi.org/10.1007/s10933-005-1333-8
https://doi.org/10.1023/A:1007931329881
https://doi.org/10.1111/j.1365-3091.1991.tb01265.x
https://doi.org/10.1023/A:1014249404845
https://doi.org/10.1016/S0031-0182(03)00396-1
https://doi.org/10.1038/ngeo474


140 A. K. Warrier et al.

Talbot MR (2001) Nitrogen Isotopes in Paleolimnology. In: Last WM, Smol JP (eds) Tracking
environmental change using lake sediments: physical and chemical techniques. KluwerAcademic
Publishers, Dordrecht, pp 401–439

Talbot MR, Johannessen T (1992) A high-resolution palaeoclimatic record for the last 27,500 years
in tropical West Africa from the carbon and nitrogen isotopic composition of lacustrine organic
matter. Earth Planet Sci Lett 110:23–37. https://doi.org/10.1016/0012-821X(92)90036-U

Thompson R, Oldfield F (1986) Environmental magnetism. Allen & Unwin, London
Trumbore SE, Druffel ERM (1995) Carbon isotopes for characterizing sources and turnover of
nonliving organic matter. In: Zepp RG, Sonntag C (eds) The role of nonliving organic matter in
the earth’s carbon cycle. John Wiley & Sons, New York, pp 7–21

Verleyen E, Hodgson DA, Sabbe K et al (2011) Post-glacial regional climate variability along the
East Antarctic coastal margin—evidence from shallow marine and coastal terrestrial records.
Earth Sci Rev 104:199–212. https://doi.org/10.1016/j.earscirev.2010.10.006

Walden J, Oldfield F, Smith J (1999) Environmental magnetism: a practical guide. Quaternary
Research Association, London

Warrier AK, Sandeep K, Harshavardhana BG et al (2011) A magnetic rock record of Pleistocene
rainfall variations at the Palaeolithic site Attirampakkam, Southeastern India. J Archaeol Sci
38:3681–3693. https://doi.org/10.1016/j.jas.2011.08.039

Warrier AK, Mahesh BS, Mohan R et al (2014) Glacial–interglacial climatic variations at the
Schirmacher Oasis, East Antarctica: The first report from environmental magnetism. Palaeogeogr
Palaeoclimatol Palaeoecol 412:249–260. https://doi.org/10.1016/j.palaeo.2014.08.007

Warrier AK, Shankar R, Manjunatha BR, Harshavardhana BG (2014) Mineral magnetism of atmo-
spheric dust over the southwest coast of India: impact of anthropogenic activities implications to
public health. J Appl Geophys 102:1–9. https://doi.org/10.1016/j.jappgeo.2013.11.013

Warrier AK, Joju GS, Amrutha K, Yamuna Sali AS, Mahesh BS, Mohan R (2021a) Magnetic
properties of surface sediments in Schirmacher Oasis, East Antarctica: Spatial distribution and
controlling factors. Jour. Soils Sed. 21:1206-1221. https://doi.org/10.1007/s11368-020-02824-8

Warrier AK, Mahesh BS, Mohan R Shankar R (2021b) A 43-ka mineral magnetic record of envi-
ronmental variations from lacustrine sediments of Schirmacher Oasis, East Antarctica. Catena,
202:105300. https://doi.org/10.1016/j.catena.2021.105300

WMO Provisional Statement of the State of the Climate (2019) Weather Climate Water - A hand-
book by the World Meteorological Organization, 34 p. https://library.wmo.int/doc_num.php?exp
lnum_id=10108. Accessed 29 Feb 2020

https://doi.org/10.1016/0012-821X(92)90036-U
https://doi.org/10.1016/j.earscirev.2010.10.006
https://doi.org/10.1016/j.jas.2011.08.039
https://doi.org/10.1016/j.palaeo.2014.08.007
https://doi.org/10.1016/j.jappgeo.2013.11.013
https://doi.org/10.1007/s11368-020-02824-8
https://doi.org/10.1016/j.catena.2021.105300
https://library.wmo.int/doc_num.php%3Fexplnum_id%3D10108


Nutrient Cycling and Productivity
in Antarctic Lakes

Shabnam Choudhary, G. N. Nayak, and Neloy Khare

Abstract Sedimentary organic matter from the Antarctic lakes is the source of
various proxies used to study productivity changes. A total of three sediment cores
(GL-1, V-1, and L-6) collected from the lakes of Schirmacher Oasis, East Antarctica,
were analysed for total organic carbon (TOC), total nitrogen (TN), total phosphorus
(TP), biogenic silica (BSi) and their ratios were computed to understand the nutrient
cycling and productivity in Antarctic lakes. In core GL-1 and V-1, high TOC and
high clay in the upper section of the core indicated high primary productivity due to
the lakes’ exposure to the ice meltwater influx. The C/N ratio of substances GL-1,
V-1, and L-6 varied from 2.72 to 8.52, indicating the source of organic matter as
autochthonous exclusively derived from algae (C/N < 10). N/P ratio is <7.81 in all
three lakes, meaning a potential limitation of N in all the lakes. In cores GL-1, V-1,
N/Si ratio is lower than 1, indicating N limitation, while in core L-6, N/Si ratio is
higher than 1, i.e. 1.53, indicating Si limitation. Si/P ratio is found to be greater than
3 in all the cores, indicating P limitation. Deviation from the Redfield ratio suggested
that the lakes are oligotrophic.
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1 Introduction

Antarctica, the southernmost continent on planet earth, played an essential role in its
climate system. It consists of a large number of glacial landforms such as mountain
tops and nunataks. Along with these landforms, ice-free areas known as “dry valleys
or Antarctic oasis” occurs commonly in the Antarctic region and are surrounded by
the Antarctic ice sheet. These valleys or oasis are situated between the Antarctic
ice shelves and ice sheet. These ice-free regions of Antarctica viz. McMurdo dry
valleys, Bunger hills, Vestfold Hills, Larsemann Hills, and Schirmacher Oasis occu-
pies about 2% of the Antarctic landmass and consist of numerous lakes. In recent
years, these lakes have gained importance as they present pristine conditions, act as
an essential source for paleo-archives, and are easily accessible in ice-free areas.

In general, lake sediments are ideal repositories of eolian andfluvialmaterials. The
sediment input through glacial meltwater and biological productivity is the primary
source of sedimentation in Antarctic lakes. The biological productivity is confined
primarily to algae and cyanobacteria in the Antarctic lakes (Yoon et al. 2006; Smith
et al. 2006; Hodgson et al. 2009; Choudhary et al. 2018b). During the austral summer,
lake sedimentation is predominant (Simmons et al. 1986); hence, transferring the
detrital matter from the Antarctic landmass to its lakes, meltwater seems to play
an important role. Significantly lower sediment accumulation rates are observed in
high-latitude lakes than temperate lakes (Wolfe et al. 2004).

The source and accumulation of organic matter can be identified by studying
the abundance of total organic carbon and total nitrogen in lacustrine sediments.
The type and amount of sedimentary organic matter can reflect the past fluctuations
in lake’s productivity and terrestrial inputs influenced by climate-induced environ-
mental changes (Talbot and Johannessen 1992; Meyers 1997; Leng and Marshall
2004). Carbon, Nitrogen, and Phosphorus are the primary archives extracted from
lake sedimentary organic matter to understand the limiting factor affecting algal
growth. These robust proxies are indicators of organic matter’s provenance, the type
and amount of organic matter that has been deposited in the lake over a while (Talbot
and Johannessen 1992; Meyers 1997; Leng and Marshall 2004). The C/N ratio of
organic matter is also used as an indicator of the source of organic matter (Talbot
2001;Meyers 2003). Past environmental conditions (redox) in the lacustrine systems
due to climate change can be deciphered from the TOC and TN of bulk sedimentary
organicmatter (Talbot and Johannessen 1992). Themolar concentrations of C,N, and
P have been used to estimate which of these nutrients is limiting the growth of algae
in aquatic systems compared to the Redfield ratio. Redfield observed that phyto-
plankton contains a molecular C:Si:N:P ratio of 106:15:16:1 (Harrison et al. 1977).
A departure from this ratio has been assumed to imply nutrient deficiency. The use
of elemental ratios has become widespread in marine and freshwater phytoplankton
studies. In the present study, three lake sediment cores from the Schirmacher Oasis,
East Antarctica, have been studied for understanding the cycling of the nutrients
controlling the primary productivity in the lakes. As in the lakes, nutrients rather
than physical conditions tend to limit primary productivity.
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2 Nutrient Cycling in Lakes

In an ecosystem, nutrient cycling is an essential process that describes the usage of
the nutrients, theirmovement, and themethods and their recycling in the environment
(Fig. 1). For an organism’s existence, nutrients like carbon, oxygen, hydrogen, phos-
phorus, and nitrogen are essential and are termed macronutrients. Nutrient cycles
involve living organisms and non-living components and biological, geological, and
chemical processes. Thus, these nutrient cycles are also known as biogeochemical
cycles. Biogeochemical cycles can be categorised into two main types: global cycles
and local cycles. Elements such as carbon, nitrogen, oxygen, and hydrogen are recy-
cled through abiotic environments, including the atmosphere, water, and sediment.

Fig. 1 Nutrient cycling in lakes
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The atmosphere is the primary abiotic environment. Most of the elements enter the
cycle from the atmosphere and travel long distances before the organisms’ uptake in
a cycle (Inagaki and Ishizuka 2011). The sediment is the primary abiotic environment
for recycling elements such as phosphorus, calcium, and potassium. As such, their
movement is typically over a local region.

The nutrient cycle allows the transformation of the element into different specific
forms that enable utilisingother organisms’ particular component. Example, although
nitrogen is abundant in the atmosphere, plants can only uptake nitrogen in two solid
forms, viz. ammonium and nitrate. Without the transformation of nitrogen into these
usable forms, the growth of an organism would be limited. The transfer of elements
from one location to another is also aided by nutrient cycles. Some features are highly
concentrated in an inaccessible area to most living organisms, such as nitrogen in
the atmosphere. Through the nutrient cycle, these elements are transferred to acces-
sible locations such as the sediment. The nutrient cycle facilitates the storage of
features in their natural reservoirs and is released to the organisms in the required
amounts. For example, through the nitrogen cycle, organisms can use nitrogen in
quantities suitable even though it is abundant in the atmosphere. It is a chain through
which living and non-living things are linked to each other and are dependent on
one another for their survival. As the nutrient cycles pass through different spheres,
viz. biosphere, lithosphere, atmosphere, and hydrosphere, the flow of elements is
regulated. Each sphere has a particular medium, and the rate at which the flow of
elements is regulated is determined by themedium’s viscosity and density (Dommain
et al. 2014). Therefore, the elements flow at different rates within the cycle. In an
aquatic ecosystem, weathering of rocks is one of the essential sources of nutrients.
However, through weathering, nutrients have been added to the ecosystems in rela-
tively smaller quantities over a more extended period. Essential nutrients released by
the weathering of rocks include Calcium, Magnesium, Potassium, Sodium, Silicon,
Iron, Aluminum, and Phosphorus (Kumar and Sekaran 2014). The atmosphere also
contributes a considerable amount of nutrients to the ecosystem through precipitation
or different biological processes.

Nutrient concentrations vary considerably in the Antarctic Lakes, and phos-
phorus appears to be a limiting nutrient for phytoplankton production in many cases
(Laybourn-Parry 2003). Thus, the nutrient limitation is a significant characteristic of
most of the Antarctic lacustrine systems. Although physical factors such as low light
and temperature are substantial constraints on production in most lakes, the nutrient
limitation can also be significant. Therefore, most of the lakes are oligotrophic
(Choudhary et al. 2018b) and ultraoligotrophic with a shallow photosynthesis rate
(Vincent and Layborn-Parry 2008).
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Fig. 2 Map of Antarctica showing the location of Schirmacher oasis andmap of Schirmacher Oasis
(modified after Ravindra et al. 2001) showing the sampling locations in the study area

3 Materials and Methodology

3.1 Study Area and Sample Collection

The samples were collected from Schirmacher Oasis (Fig. 2) during the 31st Indian
Scientific Expedition to Antarctica, January 2012. Sediment core samples of varying
length 40 cm (GL-1), 32 cm (V1), and 58 cm (L-6) were retrieved manually from
near the periphery of the lake when the lakes were ice-free. A PVC handheld corer
was inserted by hammering manually into the lake sediment bed and then retrieved.
Further, the cores were labelled, packed, and stored in a deep freeze at <4 °C. The
cores were transported to the laboratory, core GL-1 and V-1 subsampled at 4 cm
interval while L-6 was subsampled at 2 cm and later on dried at 60 °C.

3.2 Sample Analysis

For determination of total organic carbon (TOC) small portion of each subsample
was powdered and homogenised in an Agate mortar. TOC was determined using
the Walkey Black method (Walkey 1947), adopted and modified by Jackson
(1958), which utilised exothermic heating and oxidation with potassium dichro-
mate (K2Cr2O7) and sulfuric acid (H2SO4). The freeze-dried sediment sample was
also analysed for total nitrogen (TN) concentration in the Marine Stable Isotope
Lab (MASTIL) at National Centre for Antarctic & Ocean Research, Goa, India,
using an EA (Isoprime, Vario Isotope Cube). The precision for N% was ±0.63%
(1σ standard deviation) obtained by repeatedly running sulfanilamide as the stan-
dard. Calcium carbonate was computed using the values of Ca analysed through
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the atomic absorption spectrophotometer. Biogenic silica (BSi) from the freeze-
dried sample was extracted using 25 ml of 1% Na2CO3 in an 85 °C water bath
for 5 h and measured by the wet alkaline extraction method, modified by Mortlock
and Froelich (1989) and Muller and Schneider (1993) where the intensity of blue
silico molybdenum complex was measured at 810 nm using UV-1800 (Shimadzu)
visible spectrophotometer. Duplicate measurements were conducted on each sample,
and relative error was noted to be less than3%. The sediment sample was digested
using HF:HNO3:HClO4 mixture for total phosphorus analysis and brought to liquid
phase as adopted by Yu et al. (2013) and further determined following the procedure
given by Murphy and Riley (1962) where the intensity of phospho-molybdenum
blue complex was measured at 880 nm using UV-1800 (Shimadzu) visible spec-
trophotometer. The accuracy of phosphorus analysis was determined using a digested
sample of JLK-1, and relative error was noted to be less than 4%.

4 Source of Sedimentary Organic Matter in Lacustrine
Sediments

Sedimentary organic matter offers different proxies that can be used to reconstruct
past environmental changes as preservation and production of organic matter is
affected by the environmental changes to a more considerable extent (Meyers 1997).
Organic matter preserved in lake sediments reflects the ecological changes. In core
GL-1 and V-1 (Fig. 3), high TOC along with high clay in the upper section of the
core indicated high primary productivity due to the exposure of lakes to the ice melt-
water influx (Choudhary et al. 2018a). C/N ratios have been used often to identify the
source of organic matter in lake sediments (Talbot and Johannessen 1992; Meyers
1997). Algae and cyanobacteria typically have an atomic C/N ratio between 4 and
10, while the terrestrial organic matter is above 20 (Meyers 1994, 2003; Meyers and
Teranes 2001). The C/N ratio of cores GL-1, V-1, and L-6 varied from 2.72 to 8.52,
indicating the source of organic matter as in situ exclusively derived from algae (C/N
< 10) as per the classification of Meyers (1994). The C/N ratio for all three cores was
less than 10 for the entire core length, indicating that the significant organic matter
source was autochthonous. However, a high C/N ratio in core GL-1 at a depth of
16 cm and the surface showed prolonged ice-free conditions. It increased meltwater
influx which must have delivered terrestrial organic matter to the lake, possibly from
lichens and mosses (Choudhary et al. 2018a). Also, the loss of N from the sediments
during diagenesis or nitrogen limitation in the surface water due to high primary
production must have resulted in the relatively large range of the C/N ratio. Partial
degradation of algal organic matter can selectively diminish proteinaceous compo-
nents and thereby raise C/N ratios. During early diagenesis, selective degradation
of organic matter components can modify C/N ratios of organic matter in sediments
(Meyers 1997).
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Fig. 3 Carbon, nitrogen, phosphorus and biogenic silica concentration in the core a GL-1. b V-1.
c L-6

4.1 Nutrient Limitations in Lakes

In lakes where nutrients rather than physical conditions tend to limit algal growth
leading to changes in productivity, the molar concentrations of carbon, nitrogen, and
phosphorus (Table 1) have been used to estimate nutrient limitation (Choudhary et al.
2018b). The least available nutrient in any system is considered to be the limiting
nutrient for the total amount of photosynthetic C-fixation that a system can sustain.
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Table 1 Molar ratios of carbon/nitrogen, nitrogen/phosphorus, nitrogen/silica, and
silica/phosphorus contents of cores (a) GL-1 (b) V-1 (c) L-6

Cores TOC/TN TN/TP TOC/TP TN/Si Si/P

GL-1 7.30 2.47 14.03 0.03 80.46

V-1 5.14 4.05 31.49 0.05 73.21

L-6 2.21 7.81 4.04 1.53 4.71

This is a stoichiometric concept that presumes that one nutrient is consumed before
other nutrients. It is considered that P is limiting in lakes, while N is usually limiting
in the marine environment. However, there are exceptions; among P, N and Si, any
of these nutrients can be limiting (Hecky and Kilham 1988).

Redfield surmised that the C:N:P ratio is 106:16:1 under ordinary conditions,
when neither of the nutrients is limiting (Redfield 1934, 1958; Sterner and Elser
2002; Choudhary et al. 2018b). A deflection from the particular ratio attributes to
the deficiency of C, N, or P in an aquatic system. Harrison et al. (1997) suggested
that siliceous microorganisms like diatoms need silicate to form the hard part of
their shell known as frustule, and an optimal C:Si:N:P ratio is 106:15:16:1. When
the C/N molar ratio was compared with the Redfield ratio, it was lower in all three
lakes. C/N ratios typically <10 indicate algal growth suggesting autochthonous lacus-
trine organic matter, whereas ratios above 20 may be >200 suggested allochthonous
organic matter (Talbot and Johannessen 1992). In all three cores, as stated earlier, the
C/N ratio is lower than 10, indicating algal growth and the autochthonous nature of
organic matter. Further, the N/P ratio above 17 indicates P limitation; a ratio below
10 suggests N limitation, and values between 10 and 17 indicate that either of the
nutrients may be limiting suggested by Ulen (1978) and Hellstrom (1996). In the
present study, the N/P ratio is <7.81 in all the three lakes, namely core GL-1, V-
1, and L-6, which is much lower than 16, indicating a potential limitation of N in
all the lakes. This limitation of N may be either due to phosphorus incorporation
into the sediments, reducing the N/P ratio or removing nitrogen by denitrification in
water column or sediments (Tyrrell and Law 1997; Downing and McCauley 1992;
Choudhary et al. 2018b). Further, the C/P molar ratio varied from 4.04 to 31.49 in
these lakes, higher than the Redfield ratio observed by Dore and Priscu (2001) in
McMurdo dry valley lakes Antarctica. According to Harrison et al. (1977), N/Si > 1
and Si/P < 3 are indicative of Si limitation. In cores GL-1, V-1, N/Si ratio is lower
than 1, indicating N limitation, while in core L-6, N/Si ratio is higher than 1, i.e.
1.53, indicating Si limitation. Si/P ratio is found to be much higher than 3 in all the
cores that indicated P limitation. Priscu’s (1995) experimental work demonstrated
that Lake Vanda and Lake Bonney in McMurdo dry valleys are phosphorus-deficient
while Lake Fryxell and Lake Hoare are nitrogen deficient. The ratio of nutrients
C, N, P, and Si deviated from the Redfield ratio and showed low concentrations
suggesting that the lakes are oligotrophic, leading to low rates of plankton biomass
and low primary production despite relatively high temperature, ice-free conditions
of the lake, and high influx of sediment. The nutrient concentrations are low in all
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three lakes due to less organic matter concentration as it might have been diluted by
coarse-grained sediment. They might also be related to glacial meltwater being low
in nutrient concentrations.

Although data generated from the limnetic ecosystems does not fit the Redfield
paradigm very well as marine data, because in the open ocean, the particulate organic
carbon of the surface oceans is dominated by phytoplankton that follows Redfield
stoichiometry, the terrigenous organic matter with higher C/P and C/N can contribute
significantly to the pool of organic carbon available for remineralisation to offset the
C:N:P ratio in some lakes. Also, bacterial denitrification and N-fixation can affect
N/P ratios.

5 Factors Affecting Nutrient Concentrations and Primary
Productivity

Climate change has directly affected the Antarctic aquatic systems primarily. During
the austral summer, with warming conditions in the region due to the retreat of
glaciers in the study area, higher melting occurs, leading to a sizeable freshwater
influx to the lakes. As the lakes are ice-free, they are getting exposed to the atmo-
sphere. Atmosphere exchange enhancing CO2 input decreased ice cover (improving
photosynthetically active radiation). High temperature has increased nutrient influx
and increased primary productivity in lakes (Lyons and Finlay 2008; Choudhary et al.
2018b).

Nutrient chemistry is modified to a more considerable extent by the streams
coming out from the melting glaciers and draining into the lakes. The chemistry of
the nutrients can also be affected by supraglacial processes (Vincent and Laybourn-
Parry 2008). Recent studies in the Taylor Valley (MacMurdo dry valley) aquatic
systems suggested that the C:N:P stoichiometry is affected primarily as water flows
through the hydrological sequence from snow/glacier/ice to the closed basins, i.e.
lakes. Streams flowing on younger surfaces exposed in the catchment area provide
more phosphorus relative to nitrogen, and streams with high abundances of algal
mats have a much lower N:P ratio (Lyons and Finlay 2008). Nitrogen fixation, i.e.
conversion of atmospheric N2 to NO3− occurs in the microbes’ catchment area while
weathering of the continental rocks contributes to phosphate. Therefore, nitrogen
and phosphate concentrations are regulated by runoff from the land (Meyers 1997).

The age and history of a landform and the gradient and geomorphology of the
streams also play an essential role in regulating the nutrient input into the lakes and
ultimately primary productivity (Lyons and Finlay 2008).
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6 Conclusions

In the studiedAntarctic lakes, organicmatter is found to be autochthonous exclusively
derived from algae, with significant terrestrial organic matter contribution at some
intervals derived from the lichens and mosses growing around the lake. The ratio of
nutrients C, N, P, and Si deviated from the Redfield ratio showed low concentrations
suggesting that the lakes are oligotrophic, leading to low plankton biomass rates and
low primary production despite relatively high temperature, ice-free conditions of the
lake, and high influx of sediment. Low nutrient concentrations in all three lakes may
be due to inadequate organic matter concentration. The terrestrial material might
have diluted it and might also be related to glacial meltwater, devoid of nutrient
concentrations.

Acknowledgements The authors place on record to thank the Director, National Centre for Polar
and Ocean Research (NCPOR), Goa, for providing the opportunity to one of the authors (SC) to
participate in the Indian Antarctic programme andMinistry of Earth Sciences (MoES) for providing
the logistic support required for the collection of samples. The authors, thank Dr. Manish Tiwari,
Scientist andMr. Siddesh Nagoji, ESSO-NCAOR, Goa, are thanked for kindly extending the instru-
mental facility of the elemental analyser. Dr. Anoop K. Tiwari, Scientist -E, ESSO-NCAOR, Goa,
is thanked for providing the samples. One of the authors (SC) thanks to the University Grant
Commission (UGC) for awarding a national fellowship (F1-17.1/2015-16/MANF-2015-17-UTT-
51739). Another author (GNN) thanks to the Council of Scientific and Industrial Research (CSIR)
for awarding the Emeritus Scientist position.

References

Choudhary S, Tiwari AK, Nayak GN and Bejugam P (2018a) Sedimentological and geochemical
investigations to understand the source of sediments and recent past processes in Schirmacher
Oasis, East Antarctica. Polar Sci 15:87–98

ChoudharySNGN,TiwariAK,KhareN (2018b)Sediment composition and its effect onproductivity
in Larsemann Hills East Antarctica. Arab J Geosci 11(15):416

Dommain R, Couwenberg J, Glaser PH, Joosten H, Suryadiputra INN (2014) Carbon storage and
release in Indonesian peatlands since the last deglaciation. Quatern Sci Rev 97:1–32

Dore JE, Priscu JC (2001) Phytoplankton phosphorus deficiency and alkaline phosphatase activity
in the McMurdo Dry Valley lakes Antarctica. Limnol Oceanogr 46(6):1331–1346

Downing JA,McCauley E (1992) The nitrogen: phosphorus relationship in lakes. Limnol Oceanogr
37(5):936–945

Harrison PH, Conway H, Holmes W, Davis D (1977) Marine diatoms were grown in chemostats
under silicate or ammonium limitation. III. Cellular chemical composition and morphology of
Chaetoceros debilis, Skeletonemacostatum, and Thalassiosira gravida. Mar Biol 43:19–31

Harrison PJ, Khan N, Yin K, Saleem M, Bani N, Nisa M, Ahmed SI, Rizvi N, Azam F (1997)
Nutrient and phytoplankton dynamics in two mangrove tidal creeks of the Indus River Delta,
Pakistan. Mar Ecol Prog Ser 157:13–19

Hecky RE, Kilham P (1988) Nutrient limitation of phytoplankton in freshwater and marine
environments: a review of recent evidence on the effects of enrichment. Limnol Oceanogr
33(4part2):796–822



Nutrient Cycling and Productivity in Antarctic Lakes 151

Hellstrom T (1996) An empirical study of nitrogen dynamics in lakes.Water Environ Res 68(1):55–
65

Hodgson DA, Verleyen E, Vyverman W, Sabbe K, Leng MJ, Pickering MD, Keely BJ (2009) A
geological constraint on relative sea level in marine Isotope stage 3 in the larsemann hills, lambert
glacier region, East Antarctica (31 36633 228 cal yr BP). Quat Sci Rev 28:2689–2696

InagakiM, Ishizuka S (2011) Ecological impact on nitrogen and phosphorus cycling of awidespread
fast-growing leguminous tropical forest plantation tree species Acacia Mangium. Diversity
3(4):712–720

Jackson ML (1958) Soil chemical analysis. Prentice-Hall, New York
Johanna L-P (2003) Polar limnology-the past, the present and the future
Kumar S, Sekaran V (2014) Nutrient cycles in lakes. Int J Lakes Rivers 7(1):11–24
LengMJ,Marshall JD (2004) Palaeoclimate interpretation of stable isotope data from lake sediment
archives.Quat Sci Rev 23:811–831

Lyons W, Finlay J (2008) Biogeochemical processes in high-latitude lakes and rivers. Oxford
University Press, Oxford

Meyers PA (1994) Preservation of elemental and isotopic source identification of sedimentary
organic matter. Chem Geol 114(3–4):289–302

Meyers PA (1997) Organic geochemical proxies of paleoceanographic, paleolimnology, and
paleoclimatic processes. Org Geochem 27(5):213–250

Meyers PA (2003) Applications of organic geochemistry to paleolimnological reconstructions: a
summary of examples from the Laurentian Great Lakes. Org Geochem 34(2):261–289

Meyers PA, Teranes JL (2001) Sediment organic matter. In: Last WM, Smol JP (eds) Tracking
environmental changes using lake sediments—volume II: physical and chemical techniques.
Springer, Dordrecht, pp 239–269

Mortlock RA, Froelich PN (1989) A simple method for the rapid determination of biogenic opal in
pelagic marine sediments. Deep-Sea Res Part A Oceanogr Res Papers 36(9):1415–1426

Muller PJ, Schneider R (1993) An automated leaching method for the determination of opal in
sediments and particulate matter. Deep-Sea Res I Oceanogr Res Papers 40(3):425–444

Murphy JAMES, Riley JP (1962) A modified single solution method for determining phosphate in
natural waters. Anal Chim Acta 27:31–36

Priscu JC (1995) Phytoplankton nutrient deficiency in lakes of theMcMurdoDryValleysAntarctica.
Freshwater Biol 34(2):215–227

Ravindra R, Chaturvedi A, Beg MJ (2001) Meltwater lakes of Schirmacher Oasis -their genetic
aspects and classification. In: Sahu DB, Pandey PC (eds) Advances in marine and Antarctic
sciences, pp 301–313. Dariyaganj, New Delhi

Redfield AC (1934) On the proportions of organic derivatives in seawater and their relation to the
composition of plankton. University Press of Liverpool, James Johnstone memorial volume, pp
176–192

Redfield AC (1958) The biological control of chemical factors in the environment. Am Sci
46(3):205–221

Simmons GM Jr, Wharton RA Jr, McKay CP, Nedell S, Clow G (1986) Sand/ice interactions and
sediment deposition in perennially ice-covered Antarctic lakes. Antarct J US 21(5):217–220

Smith JA, Hodgson DA, Bentley MJ, Verleyen E, Leng MJ, Roberts SJ (2006) Limnology of two
Antarctic epishelf lakes and their potential to record periods of ice shelf loss. J Paleolimnol
35(2):373–394

Sterner RW, Elser JJ (2002) Ecological stoichiometry: the biology of elements from molecules to
the biosphere, pp 80–134. Princeton University Press

Talbot MR, Johannessen T (1992) A high-resolution palaeoclimatic record for the last 27,500 years
in tropical West Africa from the carbon and nitrogen isotopic composition of lacustrine organic
matter. Earth Planet Sci Lett 110(1):23–37

Talbot MR (2001) Nitrogen isotopes in paleolimnology. In: Last WM, Smol JP (eds) Tracking
environmental change using lake sediments. Physical and geochemical methods



152 S. Choudhary et al.

Tyrrell T, Law CS (1997) Low nitrate: phosphate ratios in the global ocean. Nature 387(6635):793–
796

Ulen B (1978) Seston and sediment in Lake Norrviken. Seston composition and sedimentation.
Schweiz Z Hydrol 40:262–286

VincentWF, Laybourn-Parry J (eds) (2008) Polar lakes and rivers: limnology ofArctic andAntarctic
aquatic ecosystems. Oxford university press

Walkey A (1947) A critical examination of a rapid method for determining organic carbon in soils:
effects of variations in digestion conditions and organic soils constituents. Soil Sci 63:251–263

Wolfe AP, Miller GH, Olsen CA, Forman SL, Doran PT, Holmgren SU (2004) Geochronology of
high latitude lake sediments. In: Long-term environmental change in Arctic and Antarctic lakes.
Springer, Dordrecht. MmW, Morgan JJ (1996) Aquatic chemistry, John Wiley & Sons Inc, New
York

Yoon H, Khim B, Lee K, Park Y, Yoo K (2006) Reconstruction of postglacial palaeoproductivity in
Long Lake, King George Island West Antarctica. Polish Polar Res 27(3):189–206

Yu Y, Song J, Li X, Yuan H, Li N, Duan L (2013) Environmental significance of biogenic elements
in surface sediments of the Changjiang estuary and its adjacent areas. J Environ Sci 25(11):2185–
2195



Chemical and Isotopic Characterization
of Lakes in the Larsemann Hills, East
Antarctica

T. R. Resmi, Girish Gopinath, P. S. Sunil, M. Praveenbabu, P. Arjun,
and Rahul Rawat

Abstract The ionic and isotopic ratios of some lakes in the Larsemann Hills in
East Antarctica are determined to assess the lakes’ chemical and isotopic evolution.
The lakes occupied the natural depressions carved by glacial abrasions forming small
basins, thus providing suitable water accumulation locales under lacustrine condi-
tions. Lakes in the Grovness Peninsula, Stornes Peninsula, Brokenness Peninsula,
Sigdoy and McLeod Islands were sampled. Weathering and reverse ion exchange
reactions are found to regulate the ionic makeup of the lakes. The isotopic ratios
were relatively enriched in the sampled lakes than the typical glacial meltwater fed
lakes in other parts of the East Antarctica. Kinetic controlled ice-water fractiona-
tion, and evaporation processes are found to affect the isotopic evolution of the lake
water in the Larsemann Hills region.

Keywords Ionic chemistry · Isotopic ratio · East Antarctic lakes · Larsemann Hills

1 Introduction

Antarctica, the remote continent, has been the fulcrum of climate studies in recent
years. Oceanographers, geologists, geophysicists, marine biologists and climatolo-
gists are fascinated by the past climate records embedded in the ice cores, landforms
and special features of the continent. Antarctica can be considered composed of two
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units, West Antarctica and East Antarctica, making up two-thirds of the landmass. A
tiny fraction of this landmass is ice-free, which mainly consists of Nunataks. Among
the ice-free regions, 1–2% contains coastal oases that have been exposed by the post-
glacial retreat of the ice cap and isostatic rebound of the Earth’s crust following the
recent deglaciation (Hodgson 2012). Large oases are found in East Antarctica like
the Vestfold Hills, Larsemann Hills, Bunger Hills, Schirmacher Oasis, Syowa Oasis
etc. During the austral summer, meltwater accumulates in the land depressions, and
lakes and ponds are formed in these oases. The Larsemann Hills, one of the signif-
icant oases in East Antarctica, sustains many lakes varying in depth, quality, water
spread area, and water availability (seasonal or perennial). As these lakes are fed
by glacial meltwater, the chemical composition depends mainly on the precipita-
tion and regional bedrock geology. However, continuous cycles of freezing, thawing
and evaporation alter the primary composition giving distinct chemical signatures.
Similar to the chemical composition, stable isotope ratios are also varied in these
lakes. Earlier studies have focussed on many aspects of lakes in the Larsemann Hills
(Gasperon et al. 2002; Kaup and Burgess 2002; Hodgson 2012; Wand et al. 2011;
Verleyen et al. 2012; Bharti and Niyogi 2015; Nakai et al. 1975; Horita 2008; Quayle
2002;Gasperon 2002; Beg andAsthana 2002;Verleyen 2004; Sabbe et al. 2004; Shri-
vastava et al. 2012). This study presents the ionic and isotopic characterization of
selected lakes in the Larsemann Hills of East Antarctica.

2 Materials and Methods

The Larsemann Hills is the ice-free coastal oasis in the Ingrid Christensen Coast of
Princess Elizabeth Land in East Antarctica (69°30’S, 76°19′58′′ E). It is spread in
approximately 50 km2 and includes about 150 lakes with different ionic character.
Stornes and Broknes are the two significant peninsulas in the Larsemann Hills. There
are other minor peninsulas and many coastal islands in the area. The Indian research
station ‘Bharti’ is located in the central part of the Larsemann Hills, which is about
~12 km2 in the area.

The introductory geology of the Larsemann Hills consists of supracrustal
volcanogenic and sedimentary rocks metamorphosed under granulite facies condi-
tions. The supracrustal rocks are intruded by several generations of pegmatites
and granites and are underlain by and possibly derived from the proterozoic
orthopyroxene-bearing orthogneiss basement (ATCM 2014). Lakes are formed in
the land depressions caused by glacial erosion.

We sampled water to form 16 lakes from the Broknes Peninsula (BP), Stornes
Peninsula (SP), Grovnes Peninsula (GP, near Bharti Promontory), Sigdoy Island (SI)
and McLeod Island (MI) in the Larsemann Hills during the 29th Indian Antarctic
Scientific Expedition. The study area’s location map is provided in Fig. 1, and a few
photographs of water sampling are given in Plate 1. Samples were collected in pre-
cleaned plastic bottles, and physicochemical parameters were determined in situ,
and standard procedures were followed to find out the ionic composition (APHA
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Fig. 1 Sampling locations of the lakes in Larsemann Hills, East Antarctica

Plate 1 Water sampling from the lakes

1995). For isotopic measurements, water samples were collected in High-density
polyethylene (HDPE) bottles, and the ratioswere determined in an off-axis integrated
cavity output spectroscopy system (IWA-45EP,LosGato’s research),with an external
precision of ±0.1‰ for δ18O and ±0.5‰ for δD. The results were expressed in δ as,

δ =
[
R sample

R standard
− 1

]
× 1000
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Table 1 Location details of the sampled lakes in Larsemann Hills, East Antarctica

Sl. no Code Location name Type

1 L1 Grovness Peninsula Surface shallow depression storage

2 L2 Grovness Peninsula Surface shallow depression storage

3 L3 Grovness Peninsula Surface shallow depression storage

4 L4 Grovness Peninsula Surface shallow depression storage

5 L5 Stornes Peninsula Precipitation dominant

6 L6 Stornes Peninsula Precipitation dominant

7 L7 Sigdoy Island Surface shallow depression storage

8 L8 Sigdoy Island Surface shallow depression storage

9 L9 McLeod Island Precipitation dominant

10 L10 Broknes Peninsula Surface shallow depression storage

11 L11 Broknes Peninsula Precipitation dominant

12 L12 Broknes Peninsula Precipitation dominant

13 L13 Broknes Peninsula Precipitation dominant

14 L14 Broknes Peninsula Precipitation dominant

15 L15 Broknes Peninsula Precipitation dominant

16 L16 Sigdoy Island Surface shallow depression storage

Where R represents either 18O/16O or D/H ratio.
Details of the lakes selected for the study are provided in Table 1. For isotopic

measurements, water was collected from all the 16 lakes, whereas 13 lakes were
chosen for ionic determination. All the lakes were shallow and contained freshwater.

3 Results and Discussion

3.1 Hydrochemical Composition of the Lakes

Table 2 illustrates the hydrochemical data of the lakes in the study area. pH varied
from slightly acidic (6.2) to alkaline (7.7) in the lake water. pH > 7 was noted in
the Sigdoy and McLeod island lakes compared to the peninsular lakes (Groveness,
Broknes and Stornes). Electrical conductivity (EC) showed large variation with a
minimum of 13.8 μS/cm at L6 (Stornes Peninsula) to the maximum of 1330 μS/cm
at L9, McLeod Island. Based on EC, the lakes can be categorized into three, such as
EC < 500 μS/cm (L1–L7, L12–L13) and EC = 500–1000 μS/cm (L11) and EC >
1000 μS/cm (L8–L10). Lakes in the GP and SP belonged solely to the first category,
whereas the lakes in the MI and one each from SI and BP belonged to the higher
EC category. Only one lake in BP was in the second category. The lakes in the BP
showed a large variation in ionic content falling in the three categories. Similarly,
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the SI lakes belonged to one of the lowest and highest ionic content categories
simultaneously. Overall, the islands’ lakes showed higher conductivity, perhaps due
to the sea’s proximity or increased evaporation as being closed basins. Among the
major ions, calcium and chloride ions dominated invariably in all the sampled lake
water. In the cationic part, either K or Na was present next to Ca; and among the
anions, sulphate was present substantially than bicarbonate ions in most lakes.

3.2 Major Hydrochemical Interactions

The lake water’s inter-ionic relations were determined with Pearson’s product
momentum correlation (Table 3). Most of the ions in the study area’s lakes were
correlated with each other either strongly or moderately. Bicarbonate ion was the
only ion that did not show any relationship with any other except for Ca. The strong
correlation among the ions of the lakes can be attributed to their common origin.

To find out the origin of ions in the lake water, Gibb’s classification was used
(Fig. 2), which can differentiate between the three significant sources such as (1)
evaporation/seawater dominant, (2) rock-water interaction/weathering dominant and
(3) precipitation prevalent.

Though the concentration of ions in these lakes was low, except for one lake in
the Stornes Peninsula (SP), all other lakes showed the predominance of weathering
reactions. As these lakes are shallow and primarily temporary, the host rocks’ inter-
actions are significant. As obtained in Piper’s diagram, the major geochemical facies
present in the lake water were Ca–Cl, pointing to lake water’s strong interaction
with the host rocks. It can be considered that in the pristine waters of Antarctica,
mineralogy defines the ionic character of the lakes (Fig. 3).

Table 3 Correlation coefficients of the hydrochemical components of lakes in the Larsemann Hills
(Significant coefficients are given in bold and italics)

pH EC TDS Na K Ca Mg Cl HCO3 SO4

pH 1

EC 0.69 1

TDS 0.68 1.00 1

Na 0.77 0.81 0.80 1

K 0.75 0.98 0.98 0.88 1

Ca 0.66 0.99 0.99 0.74 0.95 1

Mg 0.69 0.99 0.98 0.78 0.96 0.99 1

Cl 0.69 1.00 1.00 0.79 0.98 0.99 0.99 1

HCO3 0.27 0.61 0.63 0.22 0.53 0.65 0.57 0.60 1

SO4 0.77 0.70 0.68 0.94 0.77 0.63 0.68 0.67 0.03 1
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Fig. 2 Gibb’s classification of lake water in the Larsemann Hills

Fig. 3 Piper diagram of lake water of the Larsemann Hills, East Antarctica
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Different ionic relations were plotted to understand the significant weathering
reactions responsible for the lake water’s ionic composition (Fig. 4a–f).

The relation of the lakes’ total alkalinity, which is mainly due to the bicarbonate
alkalinity, with total cations (TZ+) (Fig. 4a) showed an excess of cations, which
cannot be balanced by the bicarbonate ion alone. It has been reported earlier that the
rate of weathering reactions is very high in Larsemann Hills’s peninsulas (Kiernen
et al. 2009). Consequently, the dissolved carbon dioxide was used up, and accord-
ingly, bicarbonate ion concentration is lesser in these lakes. Ca and Mg ions were
plotted with bicarbonate and sulphate ions (Fig. 4b), and as can be seen, there is an
excess of Ca and Mg, which points to additional sources of these ions. Since the
geology of the area is determined mainly by silicate rocks, silicate weathering can
be the lake’s ions source. To find out the silicate weathering, Na + K and Ca +
Mg were plotted against total cations separately (Figs. 4c, d). Na and K were not
varying linearly with total cations or did not fall on the 0.5TZ+ line, and there can
be a possibility of Ca/Na exchange reactions. However, as the Ca and Mg ions were

Fig. 4 Variation of aTotal alkalinitywith total cationsbCalcium andMagnesiumwithBicarbonate
andSulphate cSodiumandPotassiumwith total cationsdCalciumandMagnesiumwith total cations
e Calcium with Bicarbonate f Calcium with Sulphate
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Fig. 5 Chloro alkali indices in the lake water of Larsemann Hills

varying linearly with total cations in most of the lakes, these ions may have origi-
nated by silicate weathering reactions. Ca to Mg molar ratios were >2 in most of the
lakes, indicating the predominance of silicate weathering reactions (Katz et al. 1998).
Moreover, the plot of Ca with bicarbonate and sulphate (Figs. 4e, f) showed excess
calcium in the lake water due to different geochemical processes such as exchange
reactions contributing these ions.

Chloroalkali indices (CAI 1 & 2) devised by Schoeller (1965, 1967) were used to
determine the lakes’ ion exchange reactions. If both the indices are negative, there is
an exchange of Ca andMg of the water with Na and K of the earth material. If reverse
ion-exchange reactions are occurring, the indices will be positive and accordingly,
Ca and Mg of the rock material will get exchanged with Na and K ions in water.

Except for L6 of SP, all the lakes showed reverse ion-exchange reactions,
contributing Ca and Mg to the lake water (Fig. 5). Hence apart from silicate weath-
ering, Ca ions are added to the water by the reverse ion exchange process accounting
for the excess Ca present in the water. A direct ion-exchange reaction was observed
in L6, in Stornes Peninsula, and the primary source of Na and Ca into this lake water
is the weathering of silicate minerals.

Table 4 shows the principal component analysis results of the lake water in the
study area. Two major factors were extracted with varimax rotation, which could
explain 93.7% of the total variance of data. Eigen values >7 were selected in this
analysis. In factor 1, pH, SO4, Na, and K showed strong loadings, and EC, TDS,
Mg and Cl showed moderate loading. This factor could alone explain 80.7% of the
total variance. EC, TDS, Ca, Mg, Cl and HCO3 loaded strongly and K moderately
in Factor 2.

From the PCA, two dominant origins of ions can be discerned: seawater and,
second, weathering reactions. The entrapped seawater in the closed basins or the
marine aerosols transported by the solid Katabolic winds may be responsible for the
lakes’ ionic composition. As seen in the previous sections, weathering and exchange
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Table 4 Varimax rotated
factor loadings of PCA
analysis of lake water of
Larsemann Hills

Factor 1 Factor 2

pH 0.804 0.283

EC 0.637 0.765

TDS 0.616 0.782

Na 0.918 0.303

K 0.725 0.673

Ca 0.563 0.814

Mg 0.630 0.751

Cl 0.624 0.770

HCO3 −0.106 0.926

SO4 0.970 0.105

Eigenvalue 8.068 1.301

% total variance 80.7 13.0

Cumul. % 80.7 93.7

reactions form the second component. As the lakes are shallow and fleeting, evap-
oration can be another process that increases the ionic concentration in lake water.
Since Lake L6 showed clear precipitation origin, to check the evaporation effect, this
lake was omitted. Since the Na/Cl molar ratio remains constant even when EC is
increased due to evaporation, these two variables’ covariance was checked (Fig. 6).

In Fig. 6, the dotted line gives the linearity of lakes without L6 and the solid
line with L6. If L6 is considered an outlier, the line’s slope is very close to 0, i.e.
evaporation is a dominant process in these lake systems. To get a clear picture of these

Fig. 6 Variation of EC with Na/Cl molar ratio in the lake water of Larsemann Hills
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processes, isotopic ratios were determined, the observations of which are provided
in the subsequent sections.

3.3 Isotopic Characterization of Lakes of Larsemann Hills

The stable isotope composition of 16 lake samples of the study area was determined,
and the results are depicted in Table 5. Similar to the chemical composition, a consid-
erable variation is observed in these lakewaters’ isotopic ratios. δ18O ranged between
–7.6 ‰ and −17.9 ‰ and δD between −108.7 ‰ and −146.5 ‰.

Compared to other lakes, such as in the Schirmacher Oases in East Antarctica
(δ18O = −30 ‰, Gopinath et al. 2020), Larsemann Hills’s lakes have an enriched
isotopic composition. L9, located in theMcLeod island, was the most enriched (δ18O
= −7.6‰). The lakes in the Groveness Peninsula (GP) has an average isotopic
composition of (δ18O = −14.6‰, δD = −121.3‰); lakes in Stornes Peninsula (SP)
has δ18O = −16.8‰, δD = −141.7‰, Sigdoy Island (SI) has δ18O = −12.5‰, δD
= −110.6‰ and the Broknes Peninsula (BP) has δ18O= −14.3‰, δD= −121.9‰.
Lakes located in the islands were enriched, and, on average, a difference of 5‰
was noted as that of the peninsular lakes. We separated the lakes into precipitation
dominant and surface depression storage and compared the isotopic composition
(Fig. 7).

Table 5 Stable isotope data of lake waters of Larsemann Hills, East Antarctica

Sl. no Code Location name δ18O (‰) δ2H (‰) d-excess

1 L1 GP −17.4 −138.7 0.08

2 L2 GP −12.7 −110.6 −9.08

3 L3 GP −13.4 −113.3 −6.02

4 L4 GP −14.8 −122.4 −4.09

5 L5 SP −17.9 −146.5 −3.12

6 L6 SP −16.8 −141.7 −7.06

7 L7 SI −15.0 −130.2 −10.4

8 L8 SI −11.8 −111.0 −16.3

9 L9 MI −7.60 −108.7 −48.3

10 L10 BP −12.7 −112.0 −10.5

11 L11 BP −12.8 −117.0 −14.6

12 L12 BP −11.0 −104.7 −16.6

13 L13 BP −17.3 −138.7 −0.66

14 L14 BP −17.9 −142.5 0.98

15 L15 BP −14.0 −116.5 −4.19

16 L16 SI −13.3 −110.3 −4.31
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Fig. 7 Isotopic composition of the precipitation dominant lakes and shallow surface depression
lakes in Larsemann Hills, East Antarctica

As expected, most of the lakes in the precipitation-dominant category were
depleted in heavier isotopes than the shallow depression storage lakes. However,
Lake L1 (GP), though being depression storage, was depleted in heavier isotopes
may be because of the inflow of isotopically depleted melt eater. Similarly, L9 (MI)
and L12 (BP) had isotopic enrichment though they were precipitation dominant. The
contrasting behaviour can be attributed to the evaporation processes occurring in the
lakes.

3.4 δ18O-δD Covariance in the Lake Water

Figure 8 shows the covariation of δ18O and δD in the lake waters. The lake water line
(LWL)has a slope of 4.54, close to that observed for systems dominant in evaporation.
Horita (2009) have shown that in a naturally freezing method, the remaining water
will be depleted in heavier isotopes and will have a slope of 5–6 in the regression
plot of δ18O-δD that are similar to the slopes due to evaporation processes.

The lake water line’s intersection point (LWL) with the global meteoric water
line represents the isotopic composition of the region’s precipitation. Thus δ18O =
−20‰ and δD = −144‰ can be considered as the initial isotopic composition of
precipitation. A few lakes in the BP and SP have δ values close to this value but
are more enriched, probably due to the kinetically controlled ice-water fractionation
processes. However, the slope of LWL is mainly defined by other lakes in which
evaporation can be the dominant process. The d-excess values obtained also are in
accordance. The evaporation process enriches the water body lowering the d-excess
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Fig. 8 Regression plot δ18O versus δD of the lake waters. The evaporation line or lake water line
is also given

of the residual water. The island lakes have the lowest d-excess values being shallow
basins with entrapped seawater.

4 Conclusions

Hydrochemical and isotopic characteristics of the lakes in theLarsemannHills inEast
Antarctica were determined. Lakes in the Grovness Peninsula, Stornes Peninsula,
Broknes Peninsula, Sigdoy and McLeod Islands were selected for the study. The
island lakes’ pH was slightly alkaline, and the major hydrochemical facies identified
in the lake water was Ca–Cl. There was strong interaction of lake water with the host
rocks, and weathering and reverse ion exchange processes were the source of ions.
The lakes have an enriched isotopic composition than the lakes in the Schirmacher
Oases. The isotopic ratios could identify the lakes as precipitation dominant and
evaporation dominant. The kinetic controlled ice-water fractionation and evaporation
processes control the lake water’s isotopic composition in the Larsemann Hills.
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Effect of Ionosphere Scintillations
on the Loss of Lock-In GPS Signals
at Antarctica Region

A. K. Gwal, Suryanshu Choudhary, and Ritesh Yadav

Abstract We studied the effect of amplitude and phase scintillations on the loss of
lock during five most disturbed days of the December 2006. During all the disturbed
days weak, moderate or intense geomagnetic storms were observed. The main find-
ings of the study are following; during all the disturbed days the amplitude and phase
scintillations of moderate intensity were observed. The amplitude and phase scin-
tillation become frequently, the visible PRNSs does not remains stable for longer
periods. The loss of lock occurs frequently whenever the GPS signals scintillate. In
present studies the diurnal variation of TEC goes higher during the daytime but it
decreases gradually in the Antarctica region.

Keywords Scintillations · Loss of lock · Geomagnetic storms · GPS · Radio wave

1 Introduction

Antarctica is a land of extremes; it is the highest, driest and coldest continent. Inmany
ways, it is a Paradise of Science, and many scientific phenomena have happened,
having weird and unknown facts about earth and sun relation. In between theMagne-
tosphere and Ionosphere, incoming solar wind particles disturb the earth ionospheric
condition. Ionospheric scintillation studies in the polar region are also fascinating
and provide scientific results for space weather phenomena. Many instruments and
scientific payloads are capable of delivering valuable and real-time information of the
polar ionosphere. The Global Positioning System (GPS) has accuracy and reliability,
and its GPS receiver’s performance gives a perfect image of the earth ionosphere.
When a radio wave (either from the satellite or the cosmic noise, especially from the

Present Address:
A. K. Gwal (B) · S. Choudhary · R. Yadav
Department of Physics, Rabindranath Tagore University, Raisen 464993, India

Present Address:
Department of Physics, Dr A P J Abdul Kalam University, Indore 452016, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
N. Khare (ed.), Assessing the Antarctic Environment from a Climate
Change Perspective, Earth and Environmental Sciences Library,
https://doi.org/10.1007/978-3-030-87078-2_11

167

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87078-2_11&domain=pdf
https://doi.org/10.1007/978-3-030-87078-2_11


168 A. K. Gwal et al.

radio star) traverses in an irregular ionosphere (i.e. ionospheric irregularities of elec-
tron density), it develops a random phase of fluctuations across thewave-front. As the
wave-front travels towards the ground, phase mixing occurs. Due to relative motion
between the satellite, ionospheric irregularities and the receiver on the ground, the
spatial pattern of amplitude and phase variations sweeps past the receiver and the
temporal variations of phase and amplitude, which is known as scintillations. It is the
single most crucial deleterious factor in utilising the earth-space propagation path.

The occurrence of scintillation occurs when the earth’s ionised upper atmo-
sphere often becomes turbulent and develops electron density. These irregularities
scatter radio waves from satellites in the frequency range of 100 MHz–4 GHz (Basu
et al. 1988; Aarons 1993). Scintillations are strong at high latitudes, weak at mid-
latitudes and intense in the equatorial region. Scintillation at all margins attains its
maximum value during the maximum solar period when the F-region ionisation
density increases and the irregularities occur in a background of enhanced ionisa-
tion density. Variability of ionospheric irregularities is of grave concern to the GPS
because these irregularities affect the amplitude and phase of trans-ionospheric radio
(satellite) signals. Amplitude scintillation may induce signal fading, and when the
depth of fading exceeds the fade margin of a receiving system, message errors are
introduced in satellite communication systems. It leads to loss of lock by degrading
the carrier-to-noise ratio (C/No) to below the receiver lock threshold (De Oliviera
Moraes et al. 2011), requiring the receiver to attempt reacquisition of the satellite
signals. Losing signal is a significant concern inGPS receiver navigation performance
(Doherty et al. 2000; Phoomchusak et al. 2003; Aquino et al. 2005; Kintner et al.
2007). If navigation is Global Positioning System (GPS) dependent, then amplitude
scintillations may lead to data loss and cycle slips (Aarons and Basu 1994). Phase
scintillation, characterised by rapid fluctuations of carrier-phase, can be a source of
cycle slips and sometimes affect the receiver’s ability to hold a lock on a signal.
Fortunately, many of the essential characteristics of scintillation are already well
known (Basu et al. 1988). These studies revealed that scintillation activity varies
with Season, local time, operating frequency, geographic location, magnetic activity
and 11-year solar cycle. Most severe scintillations occur for a few hours after sunset
in the months of equinoxes at equatorial latitudes during the peak years of the solar
cycle.

It is essential to clearly understand the location, magnitude, and frequency of
scintillation effects on GPS. It is desirable to have statistical tools to recognise scin-
tillation occurrence and classify its characteristics as effectively as possible. During
the high solar activity period, equatorial scintillation is adequately severe, capable
of disabling many communication and navigation systems (Groves et al. 1997). The
effects of small-scale plasma density irregularities on trans-ionospheric radio signals
constitute a problem for a wide range of military and civilian users. The WBMOD
computer code was developed beginning in the early 1970s to model these effects
to provide planners and system operators a tool for assessing these irregularities’
impact on their systems. The WBMOD program uses a collection of empirically
derived models to describe the global distribution and behaviour of naturally occur-
ring ionospheric irregularities and a power-law phase screen propagation model to
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calculate the intensity and phase scintillation estimates irregularities would impose
on a user-defined system and geometry. The model outputs are estimates of intensity
and phase scintillation levels and occurrence statistics for the user-defined scenario.
A report on improvements made to the equatorial sections of the WBMOD model
was presented at the 1993 Ionospheric Effects Symposium (Secan et al. 1995). Thus
to determine the role of spaceweather events on scintillations is essential.Many types
of research (Aarons et al. 1980; Rastogi et al. 1981,1990; Pathan et al. 1991; Kumar
et al. 1993; Kumar and Gwal 2000; Banola et al. 2001; Biktash 2004; Li et al. 2006;
Bhattacharya et al. 2010, 2011) have studied the geomagnetic activity effects on the
occurrence of scintillation over equatorial and low latitude. A moderate amplitude
scintillation (S4 ~ 0.6) may cause more than 10 m error in GPS C/A code positioning
(Phoomchusak et al. 2003). Severe scintillation (S4 ~ 0.7) can lead to up-to 22 m
latitude error and 14 m longitude error in GPS C/A code positioning (Dubey et al.
2006). Single point precise positioning error may reach several meters in vertical
and tens of centimetres horizontally during intense ionospheric scintillation events
(Moreno et al. 2010). Scintillation is severe in the equatorial region, strong at high
latitudes andweak at mid-latitudes (Basu et al. 1988). High latitude aurora irregulari-
ties are formed from the precipitation of energetic electrons along terrestrialmagnetic
field lines into at high latitude ionosphere. These electrons are energised through a
complex interaction between the solar wind and the earth magnetic field, resulting
in optical and UV emissions commonly known as the auroras. This phenomenon
characterises the magnetosphere sub-storm, where associated irregularities in elec-
tron density lead to scintillations (Aarons 1982). Ionosphere irregularities at high
latitude are of interest for users of transmissions and those studying aeronomy. With
the advent of GPS and GPS use for geodesy, a network of stations has continuously
reported data.

In the polar region, irregularities are typical. These irregularities on different scale
cause fluctuations in a signal whose scale is more extensive than 100–300 km and
occur as deep spatial variations of TEC. High latitude and polar cap scintillation
are mainly produced by geomagnetic storms associated with Coronal Mass Ejec-
tions (CME) and coronal hole. Compared to equatorial scintillation, high latitude
scintillations show slight diurnal variation in their rate of occurrence. They can last
from a few hours to days, and they can begin at any time (Klobuchar 1991). The
development of TEC fluctuations over the Antarctica region of the earth has been
studied with different satellite transmissions over several years. It is found that the
intermediate phase and amplitude scintillation occurrence at high latitudes while
working with three stations. He found maximum phase scintillation at Churchill
studied amplitude and phase scintillation at high latitudes for seasonal patterns and
distinct storms. These studies have shown correction between amplitude and TEC
fluctuation occurrence. High margin and polar cap scintillation also offer a seasonal
variation opposite to that observation at low latitude region, being peaked during
autumn equinox through winter to the vernal equinox and found maximum during
summer (Since the occurrence of geomagnetic storms is solar activity-dependent
through sunspot numbers, solar flares and coronal mass ejections, aurorally and
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polar cap scintillation also enormously varies with the 11-year solar cycle, being on
the peak during solar maxima and least occurred during solar minima.

Recently, several types of research used GPS permanent observations to study
irregularities in the auroral region and utilised the GPS data at 30 s intervals to study
ionospheric irregularities of electron density by computing the time rate of change of
the differential carrier phase. This is equivalent to the quality of change of the total
electron content, termed ROT, in units of TEC/min have demonstrated the utility
of such dataset for studying the evolution of different scale irregularities during
magnetic storms at high latitude. A rate of change of TEC index (ROTI) based on a
standard deviation of ROT over a 5 min period. This index statistically quantifies the
ROTmeasurements (Pi et al. 1997). The intensive phase fluctuations observed along
GPS satellite passes are caused by dramatic changes in total electron content (TEC)
and a solid horizontal gradient of TEC. Fluctuation effects and TEC gradient can
have a different impact on GPSmeasurements and data processing for high-precision
GPS positioning. They affect phase ambiguity resolution, increases the number of
undetected and uncorrected cycle slips and loss of signal lock (Wanninger 1993;
Krankowski et al. 2002). In the high latitudes phase, scintillation can be more severe
than amplitude scintillation.

At low latitudes, both amplitude and phase scintillationsmay occur, but in general,
amplitude scintillation ismore severe than phase scintillation (Gwal et al. 2006; Forte
2012). Both amplitude and phase scintillations can degrade the GPS positioning
performance by increasing the tracking error, number of cycle slips and the proba-
bility of losing lock. In precise GPS positioning, based on double differenced (DD)
carrier-phase observables, the vital issue is to resolve the ambiguities to their integer
values and derive an improved estimator of the baseline coordinates (i.e., fixed solu-
tion). Therefore, the ambiguity resolution (AR) performance determines the quantity
of the resulting position coordinates. The development of TEC fluctuations and their
impact on GPS signal loss of lock is presented from the data collected at Indian
Antarctic Base Station, Maitri, during the solar activity period 2006.

2 Datasets and Methodology

This study evaluates GPS performance during extreme or disturbed ionospheric
conditions; consequently, we have chosen five troubled days of December 2006.
At the same time, we have also selected the five quietest days of the same month.
During these disturbed days, the GPS performance was evaluated by considering the
loss of GPS signals during the scintillation events. Irregularities of different scales
characterise the disturbed ionosphere. When the GPS signals encounter these irregu-
larities, significant changes occur in their phase and amplitude, commonly known as
scintillations. The ionospheric scintillations were monitored using NovAtel’s dual-
frequency GISTM- (GPS Ionospheric Scintillation and TEC Monitor) based GPS
receiver GSV4004A. The receiver has been widely used to monitor ionospheric
scintillations and TEC in the past as well. The receiver performs amplitude and
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phase measurements at a 50 Hz sampling rate and measures carrier-code diver-
gence at the 1 Hz rate for each satellite tracked on L1. It computes TEC from
combined L1 L2 pseudorange and carrier phase measurements. The 12 channel is
used to measure noise for C/No as well as scintillations computations. The receiver
was installed in the sub auroral region at the Indian Antarctic Base station, Maitri
(70.45°S, 11.45°E), Antarctica, during the low solar activity period 2006. Disturb
and quiet days are considered for investigation and calculation of Vertical Total Elec-
tron Content (VTEC), measurement of phase and amplitude scintillation during the
loss of lock for each PRN, carrier to noise ratio (C/No) is also measured.

3 Results

The small-scale irregularities in the electron density that usually occur during
disturbed solar and geomagnetic conditions can diffract the signal, leading to rapid
fluctuations in signal intensity and phase, known as amplitude and phase scintilla-
tions, respectively. Amplitude and phase scintillations can be severe enough for the
received GPS signal intensity to drop below a receiver’s lock threshold, forcing the
receiver to lose lock. We have considered five geomagnetically disturbed days of
December 2006 and investigated the effect of scintillations on lock loss during high
geomagnetic activity.

3.1 15th December 2006

The 15th ofDecember 2006was themost disturbing day inDecember, as indicated by
the geomagnetic indices. On this day, an intense geomagnetic storm was observed.
The DST index’s maximum or peak value occurred at 07:00 hrs UT with a peak
value of −162 nT. The other geomagnetic indices like Kp and AE also underwent
a significant increase in achieving peak values of 8.3 and 1372 nT. Therefore, this
day was identified as a disturbing day. We now show the occurrence and effect of
scintillation during this event on the loss of lock. Figure 1 represents the 15 min
Averaged Total Electron Content’s hourly variation using all visible PRNs during
the 15th of December 2006. It means a usual diurnal patter with TEC achieving a
peak of about 28 TECU around 12:00 hrs UT.

3.2 Average VTEC (15 Min) 15 Dec 2006

Figure 2 shows the temporal variation of amplitude and phase scintillation indices
along with the VTEC observed by all visible PRNs at Maitri, Antarctica, on the
15th of December 2006. The S4 represents the amplitude scintillation, and the Phi
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Fig. 1 The diurnal variation of total electron content (VTEC) on the 15th of December 2016

Fig. 2 Temporal variation of amplitude and phase scintillation indices along with VTEC
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1, Phi 3 and Phi 60 represent the phase scintillation at 1, 3 and 60 s, respectively.
From the figure, we find that all the S4 index undergoes rapid fluctuation, and it
reaches a threshold of about 0.5 between 16:00 to 20:00 hrs UT. Similarly, the
phase scintillation indices also reach the point of 0.5 during 10:00 to 15:00 hrs UT,
indicating moderate scintillation during this period. The bottom panel of the figure
shows the variation of VTEC calculated from different PRNs visible at Maitri. The
value of VTEC is highest during 10:00 to 14:00 hrs UT with an apparent dip around
12:30 hrs. During this dip of VTEC, the scintillation activity increases.

3.3 15 Dec, 2006 (All PRN)

The relevant effect of these scintillations on the loss of lock can be seen in Fig. 3,
where the product is described by the C/No ratio and safety time for different visible
PRN’s. The C/No ratio goes less than 40 dB and remains disturbed during the time
of occurrence of scintillations. The locked PRN’s do not seem to be stable for more
extended periods, as shown in blue colour and breaking of lock occurs continuously
during the amplitude and phase scintillation of the signals.

Different PRNs showing loss of lock (in TEC curve) with the rise in scintillation
have been demonstrated in Fig. 4. Their Azimuth and Elevation angle has also been
shown in Figs. 5a, b, c, d, e, respectively.

Fig. 3 The C/N0 ratio and lock time for different visible PRNs
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Fig. 4 RNs showing loss of lock-in TEC curve with the rise scintillation

3.4 14th December 2006

We then identified another disturbing day and presented the effect of geomagnetic
activity on the loss of lock. The 14th of December 2014 was selected as the second
case for this investigation. It was the second most disturbing day of December 2006,
as indicated by various geomagnetic indices. The variation of Storm intensity index
Dst showed a moderate geomagnetic storm. The peak value of Dst was found to
be −69 nT at 23:00 hrs UT. The interpretation of other indices also showed that
geomagnetic activity was high on this day. The peak values achieved by the Kp
index and the AE index were 5.3 and 1616 nT, respectively. Therefore the day was
designated as a disturbing day. Then the effect of increased geomagnetic activity was
evaluated on the occurrence of scintillations and loss of lock. The temporal evolution
of Total ElectronContent (TEC) is represented in Fig. 6. It shows the 15min averaged
TEC computed from all the PRNs. Themaximum value of TEC occurred at 08:00 hrs
UT and the peak value achieved is 25 TECU. Apart from the daily peak, two other
peaks can also be noticed in the diurnal pattern, one at 15:00 hrs UT and the other
at 20:00 hrs UT. Moreover, a steep and sharp decrease in TEC can also be noticed
around 18:00 hrs UT.
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Fig. 5 a: Polar plot showingAzimuth and Elevation for PRN-14 during the 15th ofDecember 2006.
b: Azimuth and Elevation for PRN-22 during the 15th of December 2006. c: Azimuth and Elevation
for PRN-31 during the 15th of December 2006. d: Azimuth and Elevation for PRN-10 during the
15th of December 2006. e: Azimuth and Elevation for PRN-09 during the 15th of December 2006
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Fig. 6 The diurnal variation of total electron content during the 14th of December 2006

3.5 Average VTEC (15 Min) 14 Dec 2006

The occurrence of scintillations and the VTEC from different visible PRNs is shown
in Fig. 7. It shows the temporal changes in the amplitude scintillation index S4 and
phases scintillation index phi. The phase scintillation index phi is calculated at 1,
3 and 60 s. From the figure, we notice that both the scintillation indices increase
around 18:00 hrs UT to about 0.5 thresholds indicating the occurrence of moderate
amplitude and phase scintillations. The scintillation was also observed around 23:00
hrs UT when the geomagnetic storm was in its peak phase. The occurrence of this
scintillation corresponds to the depletion in TEC. The values of the S4 index fluctuate
continuously throughout the day, indicating the event of weak scintillations.

The effect of amplitude and phase scintillations on the loss of lock is shown in
Fig. 7 and changes in the C/No ratio along with locked PRN’s during the 14th of
December 2006. The red dots show the C/No ratio, while the blue diamond’s show
the lock of locked PRNs. From the figure, we notice that C/No falls below 40 dB and
shows rapid fluctuations during the scintillations.

The lock time of the visible PRN’s at Maitri during the time of scintillation,
particularly during the main phase of the geomagnetic storm, is not stable for more
extended periods. The lock brakes regularly. Therefore, we conclude that the occur-
rence of amplitude and phase scintillation during the 14th of December 2006 resulted
in the loss of locks of the visible PRNs at Maitri, Antarctica, and at different PRN’s
their Azimuth and Elevator angle has been shown in Figs. 8a, b, c, d, e respectively.
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Fig. 7 The C/No ratio and lock time for different visible PRN

3.6 12th December, 2006

The occurrence of amplitude and phase scintillation is shown in Fig. 9, along with
the time profile of VTEC of the different PRNs visible at PRNs during the 12th of
December 2006. The S4 index describes the occurrence and intensity of amplitude
scintillations while the phase scintillations are described by Phi 1, Phi 3 and Phi
60 at 1, 3 and 60 s, respectively. We can quickly notice amplitude scintillations of
moderate intensity of 0.5 around 17:00 hrs UT and 21:00 hrs UT from the figure.
Similarly, phase scintillations can also be found to occur between 20:00 hrs UT to
23:00 hrs UT. The occurrences of these scintillations correspond to the recovery
phase of the geomagnetic storm. Around the same time, the AE index, specific to
high latitude regions, peaked at its peak value. Thus during increased geomagnetic
activity, particularly at high latitudes, the occurrence of scintillations is quite frequent.
At the same time, we found that there is a decrement in VTEC.

The relevant effect of the scintillations ofmoderate-intensity is evaluated in Fig. 10
and demonstrates the impact of the C/N0 ratio and the loss of lock. The red dots
represent the C/N0 ratio in decibels, while the blue diamond’s show the lock time
of different PRN’s visible on the 12th of December 2006 at Maitri station. From the
figure, we find that the C/N0 ratio falls below 40 dB and fluctuates rapidly around
the time when the amplitude and phase scintillation become frequent. We also notice
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Fig. 8 a: Azimuth and Elevation for PRN-28 during the 14th of December 2006. b: Azimuth and
Elevation for PRN-19 during the 14th of December 2006 c: Azimuth and Elevation for PRN-17
during the 14th of December 2006. d: Azimuth and Elevation for PRN-14 during the 14th of
December 2006. e: Azimuth and Elevation for PRN-11 during the 14th of December 2006
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Fig. 9 Temporal variation of amplitude and phase scintillation indices along with VTEC

Fig. 10 The C/N0 ratio and lock time for different visible PRN’s
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Fig. 11 PRN’s showing loss of lock-in TEC curve with the rise scintillation

that the PRN lock is also not stable for more extended periods during the existence of
phase and amplitude scintillations. The certainty of the PRN’s visible at this particular
time is lost frequently. Different PRN’s showing loss of lock (in TEC curve) with
the rise in scintillation has been shown in Fig. 11.

3.7 06th December 2006

The last event considered for this study is the 06th of December 2006. It was also
a disturbing day, as indicated by the temporal variation of different geomagnetic
indices like Dst, Kp and AE. It was identified as the fifth most worrisome day of
December 2006. TheDst achieved its peak value of−55nTat 12:00 hrsUT indicating
a geomagnetic storm of moderate intensity. Kp and AE indices’ value was also well
above their typical or average values and recorded 4.7 and 810 nT’s peak values.
Therefore, from the variation of all these geomagnetic indices, we conclude that the
06th of December 2006 was disturbing.

The hourly variability of the VTEC during the 06th of December 2006 is shown
in Fig. 12. The figure describes the behaviour of 15 min averaged TEC calculated
from the observations of all the visible PRNs at Maitri, Antarctica. From the model,
we find that the VTEC follows a regular diurnal pattern with a daily peek at 14:00 hrs
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Fig. 12 The diurnal variation of total electron content during the 06th of December 2006

UT and takes a peak value of 32 TECU, which is comparatively higher than observed
in previous events. A sharp decrement can also be observed in VTEC around 20:00
hrs UT with TEC’s value decreasing to 12 TECU. The Azimuth and Elevator angle
has been shown in Figs. 13a, b, respectively.

3.8 PRN No. and C/No. (dB) for 07-Dec-2006 (All PRN)

The occurrences of scintillations are shown in Fig. 14. It describes the amplitude
scintillation by the S4 index while phi1, phi 3 and phi 60 relate phase scintillations
at 1, 3 and 60 s, respectively. From the figure, we notice that the phase scintillations
of moderate-intensity at all three thresholds occur around 20:00 hrs UT as well as
04:00 hrs UT. It is the same time at which the decrement is VTEC can be observed
from the bottom panel. The weak amplitude scintillations are frequent throughout
the day; however, amplitude scintillation of moderate to vigorous intensity can occur
between 18:00–22:00 hrs UT. Different PRNs showing loss of lock (in TEC curve)
with the rise in scintillation has been demonstrated in Figs. 15a, b, c, d, e.

4 Conclusions and Discussion

We studied the effect of amplitude and phase scintillations on lock loss during the
five most disturbing days of December 2006. During all the hectic days, weak,
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Fig. 13 a: Temporal variation of amplitude and phase scintillation indices along with VTEC. b:
The C/N0 ratio and lock time for different visible PRN’s
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Fig. 14 The C/N0 ratio and lock time for different visible PRN’s

moderate or intense geomagnetic storms were observed. The study’s main findings
are summarised below: During all the disturbed days, the amplitude and phase scin-
tillations of moderate-intensity were observed. The occurrence of these scintillations
usually corresponds to the decrement in the value of VTEC. The value of the C/No
ratio describing the effect of the scintillations was found to fall below 40 dB during
all the selected events.

Moreover, it was also found to fluctuate rapidly during the occurrence of both
amplitude and phase scintillations. The loss of lock was significantly affected by the
occurrence of scintillation during all the events. The amplitude and phase scintillation
become frequent, and the visible PRNSs do not remain stable for more extended
periods. The loss of lock frequently occurs whenever the GPS signals scintillate.
In present studies, TEC’s diurnal variation goes higher during the daytime, but it
decreases gradually in the Antarctica region. Temporal variations were also observed
in amplitude andphase scintillation indices. This studypresents the daily and seasonal
variation in GPS-measured TEC over the Antarctica region using simultaneous GPS
receivers measurements. Observations revealed that the diurnal variation at high
latitude station reached its maximum value between 12:00 and 14:00 LT.

Similarly, the daily minimum in GPS TEC occurs between 05:00 and 06:00 at
the same station. The diurnal variation in GPS TEC shows a range of about 0–60
TECU. The latitudinal and longitudinal variations show a sharp, steep increase of
about 12–16 TECU occurring between 01:00 and 02:00 LT. An intense and short-
lived daytime minimum of about 0–2 TECU occurs between 04:00 and 06:00 LT.
TEC increases with time across all the longitudes until noon-time. The speed and
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Fig. 15 a: PRNs showing loss of lock-in TEC curve with the rise scintillation. b: PRNs showing
loss of lock-in TEC curve with the rise scintillation. c PRNswere showing loss of lock-in TEC curve
with the rise scintillation. d: PRN’s showing loss of lock-in TEC curve with the rise scintillation.
e: PRNs showing loss of lock-in TEC curve with the rise scintillation
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Fig. 15 (continued)
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Fig. 15 (continued)

propagation path of the GNSS signals in the ionosphere depend upon the number and
distribution of free electrons in the course, or Total Electron Content (TEC). Changes
in the TEC result in variable time delays in the signal propagation due to refraction.
The interplanetary electric field’s increase drives an eastward electric field on earth’s
dayside that reaches equatorial latitudes. The near-horizontal magnetic field at low
latitude combinedwith the eastward electricfield renders thevertical plasma transport
(E×B) very effective in lifting the plasma to higher altitudes. The seasonal variations
show that TEC reaches a maximum during the equinox months and is lowest during
the solstice months, revealing an asymmetric semi-annual pattern.
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Study of Positional Error on Ionospheric
Scintillation Over Antarctic Region
and Loss due to Locking of GPS signal

A. K. Gwal, Suryanshu Choudhary, and Ritesh Yadav

Abstract The effect of high geomagnetic activity on the positional error in GPS
signal by considering five geomagnetic storms events of different intensities during
December 2006 has been studied. The main conclusions drawn from the study are
that during all the five geomagnetically disturbed days the positional error increases
significantly. During all the events increase in the latitudinal error is more than the
longitudinal error. Study further records that in most of the events the increase in
both the errors usually occurs during the main phase of the storm. The scatter of the
2D positional error around the actual position was also found to be large during all
the events. However, scatter of error was found be larger along the longitude than
the latitude. The scatter of 2D latitudinal positional error in meters was found to be
larger than the longitudinal error. The error points are within the confidence level
before the onset of geomagnetic storm event and move significantly out of the 95%
error eclipse and error circle.

Keywords Geomagnetic activity · Positional error · Dilution of precision (DOP) ·
Ionosphere · Antarctica

1 Introduction

The ionosphere is the upper atmospheric region from altitudes 60 km up to 1000
km. It is part of the atmosphere where a fraction of the atmospheric particles is
ionized, or particles are separated into positive ions free from electrons. When the
ionosphere is in a refractive medium, radio signals resent through refraction, and the
magnitude of the refraction is proportional to the local electron density. The presence
of irregularities causes rapid fluctuation in the refractivity; therefore, radio signals
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are passes through it. Due to the signal’s enhancements and fades, its amplitude
from their mean value is manifested as amplitude scintillation. The reliability of the
Global Positioning System (GPS) navigational system is affected by the scintillation
and resulting from the positional error of above 10 m larger during high scintilla-
tion activities (Phoonchusak et al. 2003). Strong ionospheric disturbances have an
impact on the performances of the GPS receivers, and the ionospheric effects on
GPS receivers have been studied by many researchers (Doherty 2000; Groves 2000;
Hegarty et al. 2001; Skone 2001; Conker et al. 2003; Bhattacharya et al. 2008; Shukla
et al. 2009; Jain et al. 2010).

The quality ofGPS-derived position estimate depends upon both themeasurement
geometry, which is represented by Dilution of Precision (DOP) values and range
errors caused by signal strength, ionospheric effects, multipath, etc.

The presence of ionospheric irregularities can cause degradation in the GPS navi-
gational accuracy and limitations in theGPS tracking performance (Bandyopadhayay
et al. 1997; Skone 2001). Essentially, free electrons contained in the ionosphere affect
the propagation of the signal as it passes through. Since the signals are travelling at the
speed of light and GNSS is based on nanosecond timing, it does not take much inter-
ference to introduce error. To provide robust and reliable positioning, strict control
of the causes of satellite positioning errors is demanded. GPS technology has broad
applications, and a few of them require high precision, such as crustal deformation,
geodesy, aviation, and emergency services. However, when the satellite signals from
the satellite propagate through a disturbed ionospheric medium, their characteristics
change according to disturbance level. Increased knowledge of the ionospheric struc-
ture and its variability is vital for precise positioning since the ionosphere impacts
GPS L-band radio signals, especially during troubled geomagnetic conditions, due
to its free electrons. When the ionosphere changes from its undisturbed state to more
turbulent states, GPS applications are affected. Therefore, it is necessary to have a
real-time analysis to provide the model to correct this error. Simultaneously, these
perturbations in theGPS signals are taken as scientific information used to investigate
ionospheric scenarios.

2 Position Accuracy and Precision

Accuracy and precision are often used to describe how good is the position acquired
by the GPS receiver. A distinction should be made between accuracy and precision.
Accuracy is the degree of closeness of an estimate to its true but unknown value, and
precision is the degree of intimacy of observations to their means. Figure 1 illustrates
various relationships between these two parameters. The actual value is located at
the intersection of the crosshairs. The centre of the shaded area is the location of
the mean estimate. The radius of the shaded area is a measure of the uncertainty
contained in the calculation.
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Fig. 1 Accuracy versus precision

3 Circular Error Probability (CEP)

Many different measures have been used for describing the accuracy obtainable from
GPS. The most common two terms are CEP and 2DRMS. CEP refers to the radius
of a circle in which contained 50% of the values occur. Plot the results from a large
number of the position scatters and draw a circle centred on the mean of the GPS
receiver. If a CEP of 5 m is quoted, then 50% of horizontal point positions should
be within 5 m of the proper place. The radius of 95% is often quoted, and the term
R95 used. R95 is CEP with the radius of the 95% probability circle.
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4 Data Procurement and Methodology

In this chapter, we have studied the change in the positional error under changing
ionospheric condition. To accomplish the study, we have considered the five most
disturbing days of the year 2005. To investigate the correlation between the disturbed
ionosphere and positional error, we used the Total Electron Content (TEC) param-
eter using GPS observations. The TEC data was collected at the high latitude Indian
Station, Maitri (70.4N,11.4E), Antarctica, during low solar activity 2005. The TEC
was recorded using the GISTM- (GPS Ionospheric Scintillation and TEC Monitor)
based GPS receiver model GSV4004A. The receiver is used to monitor both iono-
spheric behaviour and GPS performance in equatorial regions and high latitude
regions. The system is NovAtel’s dual-frequency GPS receiver.

The receiver performs amplitude and phase measurements at the 50 Hz sampling
rate and measures carrier-code divergence at the 1 Hz rate for each satellite tracked
on L1. It computes TEC from combined L1 and L2 pseudo-range and carrier phase
measurements. The 12 channel is used to measure a noise floor for C/N0 as well
as scintillations computations. The dual-frequency measurements were carried out
with a 30 s data sampling interval to reduce processing time and are usually used to
estimate phase fluctuations and cut off of elevation angleswas set to 40°. BESTPOSA
command has been taken out in ASCII format by using OEM Convert4 solution
software to study the receiver’s exact position in each minute.

In comparison, RANGB Command had been used for a set of visible PRN’s and
with theirC/No recorded everyminutewith all satellite geometry being trackedduring
the time of the experiment. The position performance of GPS is evaluated by defining
positional errors in meter and studying their variation. The satellite geometry can
significantly affect the position determination in GPS. Wrong satellite geometry can
lead to significant errors in positioning. The satellite geometry is measured through
a parameter commonly known as Dilution of Precision (DOP). The DOP is further
classified into five categories, namely Horizontal Dilution of Precision (HDOP),
Vertical Dilution of Precision (VDOP), Positional Dilution of Precision (PDOP),
Geometric Dilution of Precision (GDOP) and Time Dilution of Precision (TDOP).
As the first step in computing DOP, let x, y and z indicate the location of the receiver
and xi, yi and zi denote the position of the satellites.

5 Results and Discussion

We studied the effect on GPS signal positional error during the five most disturbing
days of December 2006. During disturbed days, the irregularities of different scale
are pretty standard, severely affecting GPS signal propagation. This can affect the
causing of scintillation and hence degrade the positioning capability of the GPS. We
have investigated these irregularities’ effect onGPS’s precise position by considering
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the geomagnetic storm events. We will show and discuss the results for each of these
storms one by one.

5.1 15th December 2006 Storm

During December 2006, the geomagnetic activity remained high for many days.
The 15th of December was one of such days when the geomagnetic activity was
relatively high, and an intense geomagnetic storm was observed on this day. The
Dst achieved a peak of minimum value of −162nT. Similarly, the Kp index and AE
also underwent a considerable increase, as indicated by the peak values of 8.3 and
1372 nT, respectively. These indices’ growth clearly shows that the geomagnetic
activity was relatively high on this day; hence was designated as a disturbing day.
The effect of the increased geomagnetic activity on positioning has been illustrated
in the following figures. The temporal changes in the positional error during the 15th
of December 2006 is shown in Fig. 2.

The positional error used in this figure has been calculated in terms of the error
in the longitude and latitude from the actual point. The temporal variation of the
positional error has been only shown during the 10:00UT to 24:00UT. The positional
error has been calculated in meters. We find a significant variation of latitudinal and
longitudinal positional error during the event from the plot. The error varies from −
6 to 5 m. The interpretation of the 2DRMS or the absolute positional error in meters
is shown against the no. of satellites locked is displayed in Fig. 3. We find that if the

Fig. 2 Temporal variation of positional error in meters during the 15th of December 2006



194 A. K. Gwal et al.

Fig. 3 Variation of 2DRMS and no. of satellites locked during the 15th of December 2006

more number satellites are closed, the absolute positional error is more minor, but
as soon as the number of locked satellites decreases, the positional error increases.
Therefore, the figure shows a perfect correlation between the 2DRMS value and the
no. of locked satellites. Moreover, not only the number of closed satellites matters
but their geometry is also substantial. The graph shows the error range with a 99.9%
confidence level of accuracy in the horizontal plane.

Figure 4 demonstrates the scatter plot of error from the actual position. This plot
was chosen to signify how far from the receiver’s position solution is from the point of
reference or origin, or exact status. The blue stars indicate the computed position, and
the red circle shows the actual situation’s level. From thefigure,wefind a considerable
scatter of the added places around the exact position. The spread of the positional
error in meters is shown in Fig. 4. The range of error was expressed in terms of the
CEP, which indicates 49% of the confidence level of accuracies, while 3DRMS is
99.9% accurate in the horizontal plane. Before the commencement of the initial phase
of storms, the errors are within the confidence level of 3DRMS, i.e., within 99.97% of
the accuracy level. As soon as themain stage of the storm’s commencement occurred,
the Dst reached maximum negative value around, while the errors crossed to 99.97%
of the confidential limit. The figure shows the ultimate positional mistake during
that time, and during the recovery phase, the horizontal position converged within
99.97% of confidence levels. During this event, the recorded value of the 3DRMS
and CEP were very high for a standard GPS receiver. Scatter plot of Position Error
induced in latitude and longitude in meters from the actual position during the 15th
of December 2006.
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Fig. 4 Scatters 2D positional error plot

5.2 The 14th of December 2006 Storm

The 14th of December 2006 was also a disturbing day, as indicated by the increase
in the geomagnetic indices. The temporal variation of position dilution of precision
(PDOP) during this event is shown in Fig. 5. Although the time series of PDOP
shows a fluctuating nature, it increases significantly during the storm’s main phase.
A moderate geomagnetic storm was observed on this day with a peak Dst value of
−69 nT. The Kp index and AE index value also significantly increased with peak
values of 5.3 and 1616 nT. Therefore, we can say that the global geomagnetic activity
was relatively high on the 14th of December 2014. Thus, the 14th of December was
designated as the disturbed day and was the secondmost disturbing day of December
2006. Errors occur in the computed position Due to fluctuations in the GPS signals
while encountering irregularities. The temporal changes in the positional error, in
meters, during different hours of the 14th of December, are shown in this result. The
red line shows the latitude calculation error, while the blue line indicates the error
in the longitude analysis. The error varies from −4 to 4 m. During the storm’s main
phase, the latitudinal error increases drastically and reaches a value of 8 m.

The detailed overview of 2D positional error can be seen in Fig. 6, where the
scatter graph of 2D positional error has been shown as a function of latitude and
latitude. The red dot in the centre indicates the place of the GPS Antenna, and the
blue stars represent the positions computed fromGPSmeasurement during the storm
event of the 14th of December 2006. We find from the figure that the blue stars are
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Fig. 5 Temporal variation of positional error in meters during the 14th of December 2006

Fig. 6 Scatter plot of 2D position error in terms during the 14th of December 2006
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Fig. 7 Positional error in meters the 15th of December 2006

scattered around the red dot, and we notice that the longitudinal error is much more
than the latitudinal error.

The scatter of the 2D positional error in meters has been shown in Fig. 7. The
blue diamonds represent the error points, while the solid red line has also drawn the
error circle. The black dotted line shows the 95% error eclipse. The latitudinal error
varies between −6 to 6 m, while the longitudinal error varies between −2 to 2 m.
Therefore latitudinal mistake is more than the longitudinal error. Moreover, the error
increases significantly during the main phase of the storm.

The time profile of the positional dilution of precision has also been computed
for this storm event and is shown in Fig. 8. A fluctuating behaviour of the PDOP can
be seen from the figure. The PDOP increases dramatically during the main phase of
the storm, reaching a maximum value of 5.5. The satellite locks are not stable for
long during the storm’s main stage, which brings the variations in the pseudorange
in the form of absolute error, as shown in the above figure.

5.3 The 12th of December 2006 Storm

We now consider the 12th of December 2006 and show how the positional error
behaved during this event. A moderate geomagnetic storm was observed, the peak
value of storm intensity index (Dst index) was observed at 05:00 hrs UT, and the
peak value of−55 nTwas recorded.Moreover, during this storm, Dst’s value showed
another dip at 21:00 hrs with a −49 nT. The value of other geomagnetic indices
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Fig. 8 Position dilution of precision (PDOP) during the 14th of December 2006

describing the state of geomagnetic activity like the Kp index and AE index also
underwent a significant increase in achieving the maximum values of 5.3 and 824 nT.

From all these indices’ values, we figure out that the 12th of December 2006 was
a geomagnetically disturbed day. It was the third most disturbing day in December
2006. The temporal variation of the positional error in meters is plotted to show the
positional error behaviour during this storm event, as shown in Fig. 9. The red line
shows the latitude error, while the blue line represents the longitude error changes.
The figure shows the error variation from 10:00 hrs UT to 24:00 hrs UT due to data’s

Fig. 9 Positional error on the 12th of December 2016
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Fig. 10 Scatter plot of 2D position error in terms during the 12th of December 2006

non-availability. From the model, we find both the errors increase during the second
dip of Dst. Here we also notice the increase in errors during the recovery phase of
the storm. The maximum values achieved by the longitudinal and latitudinal error
are 3 and 6 m, respectively.

The overview of 2D positional error from the actual position is shown in Fig. 10.
The red dot indicates GPS Antenna’s place, while the blue stars show the computed
positions. From the figure, we find that the longitudinal scatter is comparativelymuch
larger than the latitudinal error.

The range of 2D positional errors in meters is shown in Fig. 11; the X-axis repre-
sents the longitudinal error in meters while the Y-axis represents the latitudinal error
in meters. The error points are represented by blue diamond’s while the blue dotted
eclipse represents the 95% error eclipse, and the red circle shows the error circle.
Before the storm, the error points are in the confidence level, but during the storm,
particularly during the second dip of Dst, we found that the error increases and the
error points move out of the confidence level. The longitudinal error is in the range
of −2 to 2 m while the latitudinal error is between −4 to 5 m, thereby showing
that the latitudinal mistake is more than the longitudinal error. We also computed the
position dilution of precision (PDOP) during the event. The time profile of the PDOP
is shown in Fig. 12. We find that the PDOP does not undergo significant or large
changes during the storm event from the figure. Only at the end of the day, when a
second dip was observed in the Dst, the value of PDOP shoots to a maximum weight
of about 8 units. Also, around 15:00 hrs UT, the value of PDOP shows an increase,
and it was found to be consistent with the rise in theDst index or geomagnetic activity
around the same time.



200 A. K. Gwal et al.

Fig. 11 Positional error in meters during the 12th of December 2006

Fig. 12 Position dilution of precision (PDOP) during the 12th of December 2006

5.4 The 07th of December 2006 Storm

Consider the disturbing day of December 2006 and present the positional error
changes due to the increased geomagnetic activity. The 07th of December 2006
was the fourth most problematic day. On this day, a weak geomagnetic storm was
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Fig. 13 Temporal variation of positional error in meters during the 07th of December 2006

observed as indicated the Dst index reached the peak value of −47 nT at 22:00 hrs
UT. The other index, like the Kp and AE index describing the state of geomagnetic
activity, also recorded a significant increase from their average values. The peak
values of these indices were 5.0 and 697 nT, respectively. The increased impor-
tance of these indices shows that the 07th of December 2006 was a geomagnetically
disturbed day. We now evaluate the effect of this increased geomagnetic activity on
the positional error.

The temporal variation of the positional error is shown in Fig. 13. The figure shows
the hourly changes in the latitudinal and longitudinal error in meters during the 07th
of December 2006. The red line represents the latitude error, while the blue line
represents the longitude error. From the figure, we find the positional error usually
varies between −1.5 to 1.5 m. However, when the geomagnetic activity increases,
both errors increase and reach a maximum value of 6 m.

Moreover, we also notice that during this geomagnetic storm, the increase in the
latitude error is more than the rise in longitude error. The deviation of the computed
positions from the actualwork is shown inFig. 14. It shows the scatter of the positional
2D mistake for the 07th of December 2006. The red dot indicates the receiver’s
actual position, while the blue stars show the functions computed by using the GPS
observation during the high geomagnetic activity. We notice from the figure that the
deviations of computed positions from the actual point are pretty significant. Here
again, we see that the scatter is large along longitude as compared to latitude. The
spread of 2D positional error in meters shown in the error circle and the 95% error
eclipse are also drawn to show confidence. We see the error point are within the
confidence level before the onset of the geomagnetic storm. Still, as the storm enters
the primary phase and achieves its peak value, the error increases and the error point
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Fig. 14 Scatter plot of 2D position error in terms during the 07th of December 2006

out of the confidence level. Here we also notice that the error eclipse and the error
circle do not overlap. The scatter of the latitude error in meters is much larger than
the longitude error spread.

The last event considered for this study is the 06th of December 2006. It was also
disturbed as indicated by the temporal variation of different geomagnetic indices like
Dst, Kp andAE andwas identified as the fifthmost disturbing day ofDecember 2006.
The Dst reached its peak value of−55 nT at 12:00 hrs UT indicating a geomagnetic
storm of moderate intensity. Kp and AE indices’ value was also well above their
typical or average values and recorded 4.7 and 810 nT’s peak values. Therefore, from
the variation of all these geomagnetic indices, we conclude that the 06th of December
2006 was disturbing. The temporal variation of the positional error during the 06th
of December 2006 is shown in Fig. 15. It describes the changes in the latitude error
and longitude error in meters. The red line shows the latitude error, and the blue
line indicates the longitude error. From the figure, we find that significant changes
in both the mistakes from their expected or average values take place at 14:00 hrs
which corresponds to the main phase of the geomagnetic storm.

Figure 16 show the time profile of 2DRMS error with the number of visible or
locked satellites. From the figure, we can easily see the value of 2DRMS increases
when the number of satellites decreases. Thus absolute positional error critically
depends upon the number of locked satellites. The scatter of the positional 2Dmistake
for the 06th of December 2006 is shown in Fig. 17. The red dot indicates the actual
work position, while the blue stars show the functions computed from observations.
From the figure, we can notice a significant scatter of the added places around the
actual position. However, the spread along the longitude is more than along the
latitude. The 2D positional error in meters is shown that the drawn the error circle
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Fig. 15 Temporal positional error in meters on the 06th of December 2016

Fig. 16 Variation of 2DRMS and no. of satellites locked during the 06th of December 2006

and the 95% error eclipse. Here we find the latitudinal error in meters is more than
the longitudinal error. The errors are within the confidence level before the onset
of the geomagnetic storm, but as soon as the geomagnetic storm enters the primary
phase, the error increases. The error point is shown in blue moves out the confidence
level. The temporal changes in the Positional Dilution of Precision (PDOP) during
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Fig. 17 Scatter plot of 2D position error in terms during the 06th of December 2006

the 06th of December 2006 are shown in Fig. 18. From the model, we notice that
during the main phase of the geomagnetic storm around 14:00 hrs UT, the value of
PDOP increase from the average level and reaches a peak value of 3.6 units.

Fig. 18 Position dilution of precision (PDOP) during the 06th of December 2006
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6 Conclusions

Westudied the effect of high geomagnetic activity on theGPS signal’s positional error
by considering five geomagnetic storms of different intensities during December
2006. The main conclusions drawn from the study are enumerated below:

• We found that during all the five geomagnetically disturbed days, the positional
error increases significantly. We found that increase in the latitudinal mistake is
more than the longitudinal error during all the events.

• In most of the events, we found that the increase in both errors usually occurs
during the storm’s main phase.

• The scatter of the 2D positional error around the actual position was also promi-
nent during all the events. However, the spread of error was found to be more
pronounced along the longitude than the latitude.

• The scatter of 2D latitudinal positional error in meters was found to be larger than
the longitudinal error. The error points are within the confidence level before the
onset of a geomagnetic storm event and move significantly out of the 95% error
eclipse and error circle.

The Position Dilution of Precision (PDOP) also increases during high geomag-
netic activity. However, significant changes are observed during the main phase of
the storm event and the recovery phase and the initial phase of the storm.
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Climate Change and Seabirds: Insights
from Ecological Monitoring of Snow
Petrels in the Indian Antarctic Program

Anant Pande and Kuppusamy Sivakumar

Abstract Climate driven changes in the Southern Ocean impact biological commu-
nities and processes. Monitoring these changes requires systematic and periodic data
collection on indicator taxa such as seabirds,which act as ecosystemsentinels.Under-
standing their breeding behaviour and phenology helps assess the impacts of anthro-
pogenic pressure and environmental variations on seabird populations. Antarctic
WildlifeMonitoring Program ofWildlife Institute of India is currently evaluating the
population status, distribution and genetic structure of key seabird species (Adelie
penguin, snowpetrel, south polar skua,Wilson’s stormpetrel) breeding around Indian
research stations. This chapter discusses the results of work being conducted on snow
petrel, a climate-dependent seabird found in the ice-free coastal areas and inland
mountains in Antarctica. Monitoring snow petrel populations in east Antarctica is
critical to understanding their populations’ response to climate change and predicting
future impacts.

Keywords Climate change · Biological communities · Breeding behavior ·
Phenology · Antarctic Wildlife Monitoring Program

1 Introduction

Climate change is considered a significant driver of change across ecosystems as
geographically diverse as tropical (Barlow et al. 2018), temperate (Schlaepfer et al.
2017) and polar (Hansen 2005; Du Pontavice et al. 2020). These changes amplify
further in areas highly vulnerable to its impacts, exceptionally highmountain glaciers
(Banerjee and Shankar 2013) and polar ice caps in the Arctic (Box et al. 2019)
and Antarctica (Lee et al. 2017a, b). These regions comprise some of the planet’s
remotest parts, making scientific measurements challenging to undertake, limiting
our understanding of physical, chemical, geological and biological processes driving
or impacted by climate change.
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Antarctic continent, the fifth-largest continent in the world (larger than Australia
and Europe) recognised globally as the last wilderness (Sanderson et al. 2002), has
been under severe pressure from the rapidly shifting global climate (Shaw et al. 2014;
Lee et al. 2017a, b). Though highly remote, with year-round harsh weather patterns,
the continent and its surrounding Southern Ocean regulate global ocean circulations
and atmospheric processes. An internationally controlled Antarctic Treaty System
prohibits commercial activities (except tourism) and restricts human activities in
Antarctica; its polar ecosystem and biodiversity are considered to be under serious
threat (Croxall et al. 2002; Barbraud and Weimerskirch 2006; Chown et al. 2012;
Constable et al. 2014; Shaw et al. 2014; Cimino et al. 2016). Thus, despite a global
treaty protecting Antarctica from globally mounting environmental change pressure,
the white continent designated as a natural reserve, devoted to peace and science
(NRC 1993), is at the receiving end of the Anthropocene. The rapid changes in the
physical environment of the Southern Ocean affect marine life at all trophic levels,
primary prey species (zooplankton including Antarctic Krill), to mesopredators (like
squids) to top predators such asmarinemammals and seabirds (Atkinson et al. 2004).
It is expected that modifications in the Southern Ocean’s cold climate will impact the
community composition of primary producers, thereby affecting the higher trophic
levels (Croxall et al. 2002; Agusti et al. 2010; Constable et al. 2014), which includes
seabirds.

1.1 Seabirds as Indicators of Environmental Change

Seabird populations across the globe are threatened with human-induced changes.
Long-term monitoring programs have highlighted these threats and the declining
status of seabirds worldwide (Croxall et al. 2012; Thiebot et al. 2016; Pertierra
et al. 2017); Antarctica is no exception. In the Southern Ocean, where seabird
populations have declined substantially over the last few decades (Paleczny et al.
2015), interdisciplinary approaches are being utilised to aid their conservation and
management (Friesen 2007; Croxall et al. 2012; Taylor and Friesen 2012). Current
knowledge on seabird distribution in Antarctica has been known through the efforts
of long-term datasets generated by National Antarctic Programs. With Antarctic
researchers’ efforts working in megafauna ecology, a Biogeographic Atlas of the
Southern Ocean documents the distribution of seabirds and marine mammals in the
Southern Ocean and Antarctica (Ropert-Coudert et al. 2014). The atlas gives large
spatial scale distribution maps from the data on the species sighted at sea or using
the tracking data available from multiple studies on seabirds and marine mammals.
It came out as a product of the discussion during the International Polar Year 2007–
2009 (www.ipy.org) and later from the Census ofMarine Life 2000–2010 (www.com
l.org), provided by the SCAR Marine Biodiversity Information Network (www.sca
rmarbin.be) and Census of Antarctic Marine Life (www.caml.aq) (De Broyer et al.
2014). Seabird species distribution has also been extensively studied utilising data
from ground surveys and through remotely sensed data along several portions of

http://www.ipy.org
http://www.coml.org
http://www.scarmarbin.be
http://www.caml.aq


Climate Change and Seabirds … 209

the Antarctic coast (Mehlum et al. 1988; Schwaller et al. 1989, 2018; Fretwell and
Trathan 2009; Lynch et al. 2010; LaRue et al. 2014; Lynch and LaRue 2014).

Marine top predators such as seabirds serve as indicators of environmental changes
in the Antarctic environment (Woehler 1990; Croxall et al. 2012). Seabirds, being
top predators, maintain the structure of marine food webs, regulate island andmarine
ecosystem processes and act as indicators of aquatic ecosystem health (Lascelles
et al. 2012; Paleczny et al. 2015). Monitoring their populations thus acts as a potent
tool to assess the Antarctic environment’s anthropogenic impact (Croxall et al. 2002;
Micol and Jouventin 2001) and understand the variability of the climatic effect on the
Antarctic biota. Scanty information exists fromvery few long-termpopulation studies
on pelagic seabird populations in Antarctica (Jouventin and Viot 1985; Chastel et al.
1993; Lorentsen 1996; van Franeker et al. 1999; Barbraud 1999, 2000; Barbraud and
Weimerskirch 2001, 2006; Jenouvrier et al. 2005; Barbraud et al. 2015; Descamps
et al. 2016a, b). Limited quantitative knowledge on dynamics of interactions between
top predators, their prey, and their environment hinders the understanding of complex
processes occurring in Antarctica (Croxall et al. 2002), including anthropogenic
activities and climate change (Kennicutt et al. 2014; Rodríguez et al. 2019).

Several studies focusing on seabird population monitoring have highlighted the
threatened status of seabirds across the globe (Croxall et al. 2012; Thiebot et al. 2016;
Pertierra et al. 2017), especially in the Southern Ocean, where seabird populations
have declined substantially over the last few decades (Paleczny et al. 2015). This has
led to efforts focusing on understanding seabird population dynamics using interdis-
ciplinary approaches to aid conservation and management across their distribution
range (Friesen 2007; Croxall et al. 2012; Taylor and Friesen 2012). Focused studies
on Antarctic seabird populations have been carried out on the Antarctic peninsula,
especially on penguins (Lynch et al. 2012a, b; Clucas et al. 2014), skuas (Borghello
et al. 2019; Phillips et al. 2019) etc. Besides, site-specific monitoring of pelagic
species has been carried out at sub-Antarctic islands (Brown et al. 2015; Quillfeldt
et al. 2017) and multiple sites along the Antarctic coast (Barbraud andWeimerskirch
2001, 2006; Techow et al. 2010; Brown et al. 2015).

Seabirds, a numerically significant group in the Southern Ocean fauna (Warham
1996; Olivier 2006), exert control over themarine trophic web and are affected by the
same environmental variations as their prey. Preventing the further decline of their
populations is essential as these species have broad ecological impacts (Welch et al.
2012) in the SouthernOcean. The baseline data necessary to study seabird population
changes over time are scarce and are challenging to obtain given remoteness and
inaccessibility of seabird habitats in Antarctica. Monitoring breeding success and
temporal variations in seabird populations have been successfully validated as a
potent tool to assess the anthropogenic impact and effects of environmental variations
(Croxall et al. 2002;Micol and Jouventin 2001). However, seabirds’ data collection is
often hindered by the extreme climatic conditions in theAntarctic continent.Accurate
forecasting of any environmental or anthropogenic impacts would require a thorough
understanding of drivers of change in the seabird population demographics (Barbraud
et al. 2011) or breeding phenology (Lynch et al. 2012a, b).
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1.2 Long-Term Monitoring of Antarctic Seabirds in Indian
Antarctic Program

Antarctic Wildlife Monitoring Program of the Indian Antarctic Program has been
monitoring seabirds and marine mammals since the early 1990s (Sathyakumar
1995; Bhatnagar and Sathyakumar 1999; Hussain and Saxena 2008; Sivakumar and
Sathyakumar 2012; Kumar and Johnson 2014; Pande et al. 2017, 2018, 2020). The
Phase-I of this programwas conducted to ascertain the feasibility of conducting long-
term research on Antarctica wildlife species. Later, as the Phase-II of the program,
in two successive expeditions, extensive spatial scale surveys were carried out in the
Indian sector of operation in Antarctica and the Southern Ocean to assess penguins’
distribution and abundance seals (Sivakumar and Sathyakumar 2012; Kumar and
Johnson 2014).With knowledge of existing species around the Indian research station
and logistical capabilities, the Phase-III of the program was launched in 2013–14 to
undertake detailed long-term monitoring work on selected indicator species of the
polar ecosystem. The Phase-III of the program was conducted during three succes-
sive expeditions (33rd, 34th and 35th Indian Scientific Expeditions to Antarctica)
and resulted in a critical understanding of species’ distribution and breeding biology
as pelagic seabirds, penguins and seals (Pande et al. 2017, 2018). The program’s
Phase-IV is in progress, ascertaining the population status, distribution and genetic
structure of select seabird species (Adelie penguin, snow petrel, south polar skua,
Wilson’s storm petrel) breeding around Indian research stations (Pande et al. 2020).
It aims to understand two significant aspects of seabird biology in east Antarctica,
viz. nesting ecology and population genetics, with a long-term objective of looking
at changes concerning climatic variations in the environment. This chapter discusses
the work being conducted on snow petrel, a climate-dependent seabird found in the
ice-free coastal areas and inland mountains in Antarctica.

1.3 Nesting Ecology of Snow Petrel (Pagodroma nivea)

The snow petrel (Pagodroma nivea) is endemic to Antarctica, being the most
southerly breeding bird species of the world (Loy 1962; Harrison 1983). It is the only
member of the genus Pagodroma (Bonaparte 1856) in the family Procellariidae. It
spends its entire life in the Southern Ocean waters surrounding the continent while
breeding during the austral summer ice-free areas on theAntarctic coast, rarely found
breeding inland (Ryan and Watkins 1989). Snow Petrels breed colonially at ice-free
islands along the Antarctic coast and on exposed rocky mountain areas over 300–
400 km inland from the open sea during the austral summers (Løvenskiold 1960).
Some earlier reports on breeding locations of snow petrels includeMaher (1962) near
Cape Hallet, Pryor (1968) at Haswell Island, Ryan and Watkins (1989) in Dronning
Maud Land and Chastel et al. (1993) at Terre Adélie. Several other authors have
reported snow petrel breeding in locations in the vicinities of Australian stations,
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Davis and Mawson (Brown 1966; Johnstone et al. 1973; Bonner and Lewis-Smith
1985; Woehler and Johnstone 1991). Detailed studies on the distribution and abun-
dance of snow petrels on theArdery andOdbert Islandswere conducted in the 1980s–
90s by Bonner and Lewis-Smith (1985) and van Franeker et al. (1990). A compre-
hensive review of the existing literature and unpublished records reported breeding
at 298 localities in a circumpolar distribution (Croxall et al. 1995). However, several
reports havedocumented this species’ presence andbreeding sites fromdifferent parts
of the continent; the environmental factors influencing its breeding distribution are
relatively unknown in Antarctica (Olivier and Wotherspoon 2008). Despite compre-
hensive knowledge of their breeding distribution, only two long-term studies have
been conducted on snow petrels. These include a ~60 year long study on snow petrel
breeding biology by French Antarctic researchers at Pointe Géologie Archipelago,
Terre Adélie, Antarctica, site of the French station Dumont d’Urville (Jouventin and
Viot 1985; Viot et al. 1993; Barbraud 1999; Barbraud 2000; Barbraud and Weimer-
skirch 2001; Barbraud et al. 2015) and; at the Australian Antarctic Territory encom-
passing Australian Antarctic stations of Mawson, Davis and Casey (Woehler 1990;
Olivier 2006; Olivier and Wotherspoon 2008; Einoder et al. 2014).

Snow petrel nesting behaviour and reproductive success might differ with nest
site location (Pierotti 1982; Gaston and Elliot 1996), where reproductive success
is influenced by behavioural factors such as breeding synchronisation, incubation
scheduling, etc., predator defence (Coulson2002;Hamer et al. 2002). It has beenposi-
tively demonstrated that nesting behaviour and reproductive success can differ with
nest site location in a seabird colony (Pierotti 1982; Gaston and Elliot 1996), where
reproductive success is influenced by behavioural factors such as breeding synchro-
nisation, incubation scheduling and predator defence (Coulson 2002; Hamer et al.
2002). Apart from location, the physical characteristics of a nest site can influence
intensities of disturbance from conspecifics (Kim and Monaghan 2005a), predation
events (Gaston and Elliot 1996; Gilchrist and Gaston 1997) and nest microclimate
(Kim and Monaghan 2005a, b) and thereby influence parental behaviour at the nest.
Moreover, nest sites with high visibility may cause the parents to spend more time in
vigilance or defending their nest against conspecific intruders or patrolling predators
(Drent 1975; Hatch and Nettleship 1998) with drastic impacts on both energy stores
and the time spent in parenting.

Snow petrels form colonies of variable sizes and suitable nesting locations in ice-
free areas, cliffs and rock faces in Antarctica. They are highly mobile and have
few apparent physical barriers to dispersal like other colonially nesting seabird
species. Thus, they are capable of flying vast distances in search of epipelagic prey
(Avise et al. 2000). However, many seabird species exhibit strong philopatry and can
become genetically distinct over short geographical distances (Milot et al. 2008). The
birds’ movement between breeding sites influences their population dynamics, gene
flow and individual fitness, with subsequent significant consequences for population
persistence and viability (Hanski 2001; Bowler and Benton 2005). Though several
studies have focused on investigating dispersal mechanisms in individual animals
using capture-recapture (Lebreton et al. 2003) or bio-telemetry (Shaffer et al. 2006),
these approaches are relatively difficult to implement in Antarctica due to extreme
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weather conditions and inaccessible terrain supplemented by limited logistics. Alter-
natively, molecular techniques have been effectively used for explaining colonisation
patterns, population genetic structure, gene flow and individual immigrants (Rousset
2001) across a varied range of taxa (Knight et al. 1999; Jehle et al. 2005; Welch et al.
2012).

Nest site selection, protecting both adults and young from environmental condi-
tions and predation, is a substantial factor in bird survival and reproduction, partic-
ularly for order Procellariiformes (Warham 1996; Thompson et al. 1993) species
nest in cavities or burrows. Processes of nest site formation and selection in snow
petrels were suggested in the early work of Brown (1966). Other studies also have
proposed topography as the significant determining factors explaining snow petrel
colonies’ distribution (Ryan andWatkins 1989).More recently, detailed habitat selec-
tion models were established for the snow petrel at Casey in East Antarctica (Olivier
and Wotherspoon 2006). However, the specific process of spatiotemporal selection
of nest sites by snow petrel has not yet been entirely clarified (Olivier et al. 2004;
Olivier 2006; Olivier and Wotherspoon 2008; Einoder et al. 2014).

Isotopic records of stomach oil spits deposited at the nest cavities of snow petrels
suggest that they might be continuously occupied for over 14,000 years (Hiller et al.
1995). Philopatry has been demonstrated in snow petrels though there are studies
that indicate otherwise, too (Chastel et al. 1993). Morphological studies in snow
petrels have shown two forms of different size (P. N. Nivea and P. N. Major) which
are sympatric at some breeding sites (Isenmann 1970; Cowan 1981; van Franeker
et al. 1990; Marchant and Higgins 1990). The origin, status and significance of these
two forms remains controversial (Jouventin and Viot 1985) and demands the need
to clarify the issue using molecular techniques.

CCAMLR Ecosystem Monitoring Program (CEMP) has overlooked snow petrel
in their program to understand population size changes, breeding success, bodymass,
and foraging behaviour in select indicator species (https://www.ccamlr.org). An in-
depth understanding of these dynamics is vital as colonies of seabirds sometimes
contain a disproportionately large population at a small number of sites. Seabirds
are some of the most threatened groups of birds globally. It becomes imperative
to understand gene flow between snow petrel colonies as an essential prerequisite
for their successful conservation and management. Their wide distribution across
the Antarctica coast makes them an important indicator species for monitoring the
Antarctic marine ecosystem’s health.

Snow Petrels are long-lived, upper-trophic-level predators greatly dependent on
the Southern Ocean’s seasonal ice system, which increases their vulnerability to
climate change (Olivier 2006). They are specialist foragers near pack ice areas (Grif-
fiths 1983;Ainley et al. 1986), usually occurring abundantly at latitudes south of 60°S
(Griffiths 1983; Hunt and Veit 1983; Ainley et al. 1986; Bretagnolle and Thomas
1990). Dietary studies have reported Antarctic Krill Euphausia superb to be the
significant component of the snow petrel diet during the breeding season, apart from
fish and squids (Brown 1966; Griffiths 1983; Ainley et al. 1992). Commercial krill
harvesting has raised concerns about its potential damage to the dependent preda-
tors, highlighting the need to generate accurate information on the distribution and

https://www.ccamlr.org
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abundance of Snow Petrels. Climate-dependent variables such as sea ice extent have
been shown to affect their breeding success by affecting nesting rates and chick body
condition (Barbraud and Weimerskirch 2001). Long-term datasets on these birds
link climate change to variations in phenological events in the species’ life history
(Barbraud and Weimerskirch 2006).

2 Methods

2.1 Study Areas

This work was carried out around the Indian sector of operations at two significant
sites in east Antarctica viz. Larsemann Hills and Schirmacher Oasis. Larsemann
Hills (69° 20′S to 69° 30′S Latitude; 75° 55′E to 76° 30′E Longitude), is a group
of islands at Prydz Bay (Fig. 1a). It is an ice-free oasis on the Ingrid Christensen
Coast, Princess Elizabeth Land, located approximately midway between the eastern
end of the Amery Ice Shelf and the Vestfold Hills (Kiernan et al. 2009). Together the
islands form the second largest group of four major ice-free oases found along East
Antarctica’s 5000 km long coastline spread over an area of about 50 km2 (Hodgson
et al. 2005). The region is bordered on both sides by two large peninsulas, the western

Fig. 1 Larsemann Hills, East Antarctica, site of Bharati, Indian Antarctic research station
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Stornes and the eastern Broken, which enclose a group of variously sized islands
and peninsulas. India’s 2nd permanent research station in Antarctica, BHARATI,
is located on the North Groves peninsula (Fig. 1). Four other Antarctic stations,
viz. the progress I and Progress II (Russia), Law-Racovita (Australia-Romania) and
Zhongshan (China), are located along the edge of the Broken peninsula.

Weather at Larsemann hills is influenced by persistent, intense katabatic winds
that blow from east to south-east during austral summer. Daytime ambient
average air temperatures range from amaximum of 4 °C (Dec–Feb) to a minimum of
–40 °C (May–July) (Turner and Pendlebury 2004). Precipitation occurs as snow not
exceeding 250 mm of water equivalent annually (Hogdson et al. 2001). Pack ice is
extensive in the north-eastern side throughout the austral summer, and the fjords and
bays are hardly ice-free even during peak summer. Snow cover is generally higher
and persistent on Stornes Peninsula compared to Broken Peninsula. The sea ice
grows slowly during March–September, reaching its peak in April–June (NCAOR
2006). Since this study also incorporated the phylogeographic assessment of snow
petrel, part of the sampling was conducted at Schirmacher Oasis, Central Dronning
Maudland. Schirmacher Oasis is situated on the Princess Astrid Coast of Dronning
Maud Land, Antarctica, between the Fimbul ice shelf and continental icecap (Fig. 1).
This ice-free land is spread across 34 km2 between the coordinates 70° 44′–46′ S
and 11° 26′–49′ E (Singh et al. 2014). Indian research stationMAITRI is located on
the south-eastern part of the oasis (Fig. 2).

Fig. 2 Schirmacher Oasis, central Dronning Maudland, site of Maitri, Indian Antarctic research
station
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2.2 Field Sampling

Field surveys were conducted to locate snow petrel nests over several Larsemann
hills’ islands under the “Antarctic Wildlife Monitoring Program” of Indian Scientific
Expeditions to Antarctica (ISEA). These surveys were spread over three austral
summers (November–March) of 2013–14, 2014–15 and 2015–16, coinciding with
the Antarctic seabird species’ breeding season. At Larsemann hills, all the named
islands/peninsulas and their adjoining rocky outcrops were surveyed for the presence
of snow petrel nesting sites (Pande et al. 2020). Snow petrel nests were physically
located using a hand-held flashlight (300 lumens) using the area searchmethod. Snow
petrels’ nest in rock cavities or crevices formedwithin natural boulders in steep rocky
slopes (Olivier andWotherspoon 2008; Tveraa and Christensen 2002). Cavities large
enough to hold snow petrel breeding pairs were marked as an occupied nest (OCN)
based on the presence of one or more adult bird or an unhatched egg or a live chick
or a potential unoccupied or potential nest (UPN) based on the fact of dead egg/s or
broken eggshells or hatched eggshells or dead chick or quiet adult or guano marks
or mumiyo deposits. Once a snow petrel nest was detected, an extensive search was
conducted in a 50 × 50 m area around it to locate all occupied and unoccupied or
potential nest cavities. Each OCN and UPN nest cavity was marked using non-toxic,
odourless paint (red or yellow), and its geographic coordinates were recorded on
a hand-held GPS unit (GARMIN eTrex 30xTM). The periphery of the colony was
mapped on the GPS device by walking around the outermost detected nests. Once a
rough estimate of the colony perimeter was ascertained, 3 × 3 m plots were placed
at fixed intervals along lines running diagonally from the bottom to the colony’s top
(Mehlum et al. 1988). Random nests were then chosen from these intensive study
plots (3× 3m)within snowpetrel colonies to study nest cavity characteristics (Figs. 3
and 4).

The nest cavities’ physical characteristics were manually profiled into rock type,
nest bowl metrics, nest orientation, etc. Nest cavity metrics were obtained using a
measuring tape, i.e. nest entrance measurements and nest bowl measurements. In
cases where the access to nest bowl was not possible, an extension mechanical arm
tool was used to reach deeper cavities. Nest orientation and aspect was measured
using a hand-held clinometer and compass verified using a digital compass on the
GPS unit. Each potential nest cavitywithin the study plotwasmarked using non-toxic
paint, and its geographic coordinates were recorded on a hand-held GPS unit. The
nest locationswere also observed onGoogle Earth Pro v.7.1.8 and then later extracted
as KML files for visualisation and planning for monitoring visits over the expedition
duration (Figs. 5 and 6). The monitoring planned to cover all phases of nesting of
the species, starting from November (egg-laying) and ending in February–March
(fledging).
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Fig. 3 Typical cliff habitats where snow petrels nest in Larsemann hills. Yellow boxes represent
plots where nests were marked over these cliffs, while red polygon is the colony’s approximate
periphery
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Fig. 4 Top: Slab type of snow petrel nest cavity; the snow petrels occupy narrow spaces under
these flat rocks. Bottom (left): Boulder type of snow petrel nest cavity; the snow petrels occupy
spaces created within two or more boulders. Bottom (right): Crack or Crevice type of snow petrel
nest cavity; the snow petrels occupy spaces created within a crack in a rock

2.3 Nest Monitoring

Due to logistical constraints and limitations in visiting eachmarked nest site regularly
or in a plannedmanner over the fieldwork period, it was decided to maximise the nest
visits by visiting all substantial nests opportunistically. These visits were conducted
in conjunction with sampling for genetic samples to look at the species’ breeding
success in the study area. Further, few nest sites were chosen for automatic camera
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Fig. 5 Snow petrels occupy natural rock cavities at Grovnes peninsula, Larsemann Hills, East
Antarctica

Fig. 6 Snow petrel nest cavities were measured physically, and nest occupancy was determined at
Larsemann Hills, East Antarctica
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operated monitoring to understand nest attendance and parental care strategies in
snow petrels.

In association with Indraprastha Institute of Information Technology—Delhi, we
designed motion-sensing cameras for monitoring breeding pairs of snow petrels.
Being cryptic cavity-nesting species, manual observation methods do not work with
snow petrel. Moreover, inclement weather conditions in the study area make it diffi-
cult to collect continuous observation data on the species. We decided to experiment
with automated modes of image collection using motion-sensing cameras after due
discussion with engineers and technicians working in wildlife biology. The camera
design needed to be small enough to be fitted inside the nest cavities and sustain the
study area’s sub-zero temperatures (Fig. 7).

The main idea behind developing an automated camera system was to ensure:

(i) An inexpensive device that can be quickly recovered. The camera system’s
cost needed to be less as the chances of losing a device is inaccessible, extreme
climate prone, remote areas is very high.

(ii) The camera system needed to be durable for the harsh climatic conditions of
Antarctica. Larsemann hills change very frequently and receive precipitation
from the katabatic winds blowing from the south-east.

(iii) The camera system needed to be insulated from external temperatures and
snow precipitation to conserve battery power and provide output for a longer
duration.

Fig. 7 Snow petrel individuals at nest cavities, Larsemann Hills, East Antarctica
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With these constraints in mind, we designed a camera system with an optimised
power consumption profile to prolong battery life. Therefore, the system consisted
of two standard USB cameras connected to a Raspberry Pi A+, the smallest and most
power-efficient board of the Raspberry family. Both cameras were programmed to
take an image every second and compile them into short videos after every 10 min. If
there is a change due to, e.g., a movement, the current incarnation was recorded along
with a time stamp on a connected USB pen drive. The timestamp was provided by a
custom PCB equipped with a DS3231 Real-Time-Clock (RTC). Since the system is
self-sufficient, the PCB also provided a user interface to replace the USB pen drive
and a depleted power supply on the fly without shutting down the system. The device
itself recognised these events and acted accordingly by, e.g., turning off the cameras
in case the pen drive has been removed. In case a fault is detected, the system shut
down to a saved state, preserving the battery and preventing any further damages.
Given the harsh environment of LarsemannHills, where temperatures around−20 °C
to −30 °C are recorded regularly, maintaining a power supply remained a challenge.
We fitted one Lithium-ion battery with a rated capacity of 13,000 mAh to supply
each operating system for approximately 24 h before it needed to be replaced. This
was achieved by insulating both the Raspberry Pi and the Li-Ion battery against the
sub-zero temperatures and using the electronic components’ heat to warm the battery
(Fig. 8).

A total of five camera systemswere deployed, each nest camera systemcomprising
of USB cameras (n = 2), Raspberry Pi microcomputers (n = 2), 16 GB USB storage

Fig. 8 Nest camera system designedwith the support of Indraprastha Institute of Information Tech-
nology–Delhi. The images were recorded by a USB Web Camera connected to a pre-programmed
Raspberry Pi microcomputer powered by a 13,000 mAh power bank battery. The images were
recorded on a 16 G.B. data storage pen drive
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devices (n = 2) powered by Li-ion battery (1) at nest sites adjacent to each other.
The nest sites chosen to be monitored using the camera system were selected from
pre-marked nest sites from field surveys conducted earlier (Pande et al. 2017; see
Chap. 1 for details). The nest sites were selected based on their accessibility in
inclement weather conditions and ease of replacement of batteries every 24 h. Nest
sites on the north Grovnes peninsula, the Bharati research station site, were selected
for undertaking this camera-operated continuous monitoring due to accessibility and
feasibility in visiting throughout the study period.

3 Results

A total of 9 islands were covered to establish long-term plots for nest monitoring
of snow petrels. Over 250 cavities/crevices large enough to contain snow petrel
breeding pairs were paint-marked during the breeding season of 2014–15 and 2015–
16 for long-term monitoring. Being alternate year breeders (Chastel et al. 1993;
Olivier et al. 2005), it is imperative to monitor snow petrel nests for a minimum of
two seasons to understand breeding success. In the first season of 2014–15, 95 nest
sites (including OCN and UPN nests) were visited and marked for monitoring. In the
second season (2015–16), 159 more nests were drawn and observed in the previous
year. However, due to various logistical constraints during the fieldwork, an equal
number of visits could not be made to all the nest sites in both seasons. Only 198
nests out of the total 254 (78%) could be visited in 2015–16. Moreover, only a subset
of these marked nests (n = 66) could be seen more than twice in the next season
to check for any nesting activity. A total of 238 nests were visited throughout two
austral summer seasons (Table 1).

3.1 Nest Cavity Characteristics

Snowpetrel nest cavitieswere classified into three types, viz. crack or crevice, boulder
and slab, based on Einoder et al. (2014). A crack or crevice type of nest cavities are
formed by glacial or coldweathering of rocks; boulder type of nest cavities are spaces
available in between two or more stones, whereas; slab type of holes are rooms open
between the ground and large flat boulders.

Out of the 192 cavities classified for rock type (Fig. 9), the boulder and slab
type were equally occupied for nesting (40.6% and 40.2%, respectively). In contrast,
lesser cavities of crack or crevice type were occupied (19.2%). The niches occupied
by snow petrels had about 16% smaller entrance area (Fig. 10) and were about 18%
lower in volume (Fig. 11) compared to the unoccupied ones. An independent-sample
t-test of cavity volumes showed no significant difference between unoccupied and
occupied nest cavities (t-stat = 0.94, p > 0.05).
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Table 1 Nest occupancy, laying success and hatching success of snow petrel nests monitored
over two breeding periods 2014–15 and 2015–16, Larsemann Hills, East Antarctica. Numbers in
parentheses (n) indicate several nests, (–) represents sites not visited to ascertain the status of snow
petrel nesting, (DNA—Data Not Available)—means places that could not be visited later in the
season for confirming nest status

Island 2014–15 2015–16

Occupied
nests

Laying
success%

Hatching
success%

Occupied
nests

Laying
success%

Hatching
success%

Betts – – – 6 63.6 (4) DNA

Bharati 31 90.3 (28) 87.1 (27) 55 63.6 (35) 16.4 (9)

Breadloaf – – – 5 100 (5) 100 (5)

Broknes 34 91.1 (31) 85.3 (29) 41 87.8 (36) 4.8 (2)

Cook – – – 5 20 (1) 120 (6)

Easther 26 50.0 (13) 42.3 (11) 15 93.3 (14) 73.3 (11)

Fisher – – – 24 100 (24) 54.2 (13)

Manning – – – 1 100 (1) 100 (1)

McLeod 4 100 (4) 100 (4) 6 66.6 (4) DNA

Total nest
monitored

95 76 71 152 105 47

Fig. 9 Rock type of nest
cavities occupied by snow
petrels at Larsemann Hills,
East Antarctica

Nest cavities were mostly oriented towards the east direction (~39%) in the study
area (mean Vector 61.749°). Wind direction data (weekly average for December
2015, incubation period) was acquired from a weather station deployed by India
Meteorological Department at Bharati station about 1.5 km away. The wind in the
area was predominantly from the north direction (mean Vector 12.379°). Rose plots
plotted using software Oriana v.4.0 for nest orientation and wind direction exhibit
complete exclusion of north-facing cavities by the snow petrels (Fig. 12). Rayleigh’s
test performed on the circular data of nest orientation was significant (Rayleigh’s
z7.298, p < 0.001; see Table 2 for circular statistics), which means that nest cavities
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Fig. 10 Nest cavity entrance areas of occupied and unoccupied nests of snow petrels at Larsemann
Hills, East Antarctica

Fig. 11 Nest cavity volumes of occupied and unoccupied nests of snow petrels at Larsemann Hills,
East Antarctica

were clustered towards specific directions, in this case towards east-northeast and
north-northwest.

3.2 Breeding Success

Breeding success was classified into (i) laying success calculated as the number of
eggs laid in the occupied nests and (ii) hatching success as the number of eggs hatched
of eggs laid. The fledging success could not be determined as the fieldwork could
not be done post-late-February (last dates for visiting nests in 2014–15 and 2015–16
was 19-Feb 2015 and 12-Feb 2016, respectively). For each year, the percentage of
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Fig. 12 Snow petrel nest orientation andwind direction rose plots of LarsemannHills, East Antarc-
tica. The blue triangles represent the wind direction and nest orientation clustering concerning the
movement, and the black arrow represents the mean direction

Table 2 Summary circular
statistics of nest orientation
and wind direction
measurements at Larsemann
hills using Oriana v.4.0

Variable Nest orientation Wind direction

Data type Angles Angles

Number of observations 171 10,134

Mean vector (µ) 61.749° 12.379°

Length of mean vector (r) 0.207 0.995

Concentration 0.422 100.1

Circular variance 0.793 0.005

Circular standard deviation 101.755° 5.741°

One-sample tests

Rayleigh test (Z) 7.298 10,032.76

Rayleigh test (p) 6.77E-04 <1E-12

Rao’s spacing test (U) 275.211 348.028

Rao’s spacing test (p) <0.01 <0.01

occupied nests was calculated as the number of nests in which laying was observed
divided by the total number of nests monitored. In 2014–15, the mean laying and
hatching success for the first season 2014–15 was higher than that of the second
season 2015–16 (82.8% for 2014–15 and 77.2% for 2015–16; 74.7% for 2014–15
and 58.6% for 2015–16 respectively; Fig. 13).

To account for non-parametric and unequal variances, Mann–Whitney U tests
(two-tailed) were performed to test the effect of cavity characteristics concerning
nest occupancy and laying success, respectively. Sample sizes were not sufficient to
test for differences in the distribution of values in the nests with successful hatching.
The rock cavity volume did not have any effect on occupancy or laying success. Nest
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Fig. 13 Breeding snow petrel success derived from monitored nests during the austral summers of
2014–15 and 2015–16 at Larsemann Hills, East Antarctica

Table 3 Mann–Whitney U test (two-tailed) statistics for nesting success comparison between
cavity volume and nest bowl volumes

Nest occupancy Nest with egg (successful laying)

Cavity volume Nest volume Cavity volume Nest volume

Samples N1 = 137, N2 = 33 N1 = 137, N2 = 33 N1 = 59, N2 = 66 N1 = 66, N2 = 71

U-value 1778.5 1670 1697 1820

z-score −1.89702 −1.89702 −1.23389 2.2508

p-value 0.06 0.06 0.21 0.02*

*Indicate significant value, p < 0.05, 2-tailed

bowl volumes did not affect occupancy but significantly affected spreading success
(see Table 3).

3.3 Breeding Phenology

A total of 12 nests were monitored using the automated motion-sensing camera
systems deployed at North Grovnes peninsula. Cameras were moved if the breeding
pair deserted the nest cavity or the laying did not happen. Out of 12 cavities occupied,
4 teams failed to lay an egg, while two out of those later could not hatch. Hatching
was successful in only 6 of the nests monitored. Over 3 million images from the
automated nest camera systems obtaining crucial insights into the breeding biology
of snow petrels in the study area. Nest attendance patterns of snow petrels were
ascertained during the breeding period using these images.
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Fig. 14 Breeding phenology of snow petrels revealed through automated motion-sensing cameras
deployed at North Grovnes peninsula, Larsemann Hills, East Antarctica

Snow petrels arrived in the last week of November in the area after the pre-laying
exodus and occupied rock cavities for nesting. Nesting began by the first week of
December, though individuals kept coming till Dec 10. Seven snow petrel breeding
individuals were documented laying a single egg during the intervening night of
4th and 5th December 2015. One of the nests could not be assessed for the egg’s
presence as the bird moved very little to give away any hint. After an incubation
period of 43 days, the eggs hatched on 16th or 17th January (n = 6). Later, the
chick-rearing period varied between 10 and 20 days in different breeding pairs. The
monitoring could not go 26–27 days beyond the hatching date due to the expedition
vessel’s departure from Larsemann hills on Feb 12 2016. This first-time automated
monitoring of an Antarctic cavity-nesting seabird provided crucial insights into its
breeding phenology and serves as the first baseline information on the species from
Larsemann hills (see Fig. 14).

4 Discussion

Multiple environmental factors affect the nest-site selection and breeding success
(Bourgeois and Vidal 2007; Catry et al. 2003; Drummond and Leonard 2010;
Einoder et al. 2014). Various physical factors such as cavity depth, volume, rock
type, substrate, slope, aspect and environmental parameters like wind, temperature,
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precipitation etc. are critical for selecting a nesting site to avoid inclement weather
conditions and provide protection from predators (Ramos et al. 1997; Bourgeois and
Vidal 2007). However, collecting data on these variables needs repeated systematic
surveys over several years to assess each variable’s role in nest-site selection studies
significantly. This study forms the first attempt under the Indian Antarctic Program
to gather systematic data on Antarctica’s single species. After several years of field
surveys under limited logistics (Sathyakumar 1995; Bhatnagar and Sathyakumar
1999; Hussain and Saxena 2008; Sivakumar and Sathyakumar 2012), snow petrel
colonies were mapped and marked for long-term monitoring around Indian research
station Bharati (Pande et al. 2017, 2018).

In the IndianAntarctic Expeditions, the field visits are limited by the availability of
travel support to LarsemannHills islands.When the sea ice is thick around the station
area (roughly >1 m thickness), the travel to various nearby islands or peninsulas is
supported by snowmobiles. However, due to the thinning of sea ice in the Quilty
bay and Thala fjord area, the use of snowmobiles is curtailed for safety reasons,
somewhere around mid-December every year. Later, after the arrival of the expe-
dition vessel near the station area, the field visits are supported by single-engine
light utility helicopters that facilitate the visit to far-flung islands. Considering these
logistical limitations, the effort to visit and mark colonies of snow petrels varied
over the two seasons of 2014–15 and 2015–16. In the 2014–15 season (34th Indian
Antarctic Expedition), the support to visit field sites was significantly reduced due
to the helicopter’s technical glitch. Only 95 nest sites could be seen and marked in
10 days (Jan 29 and Feb 19 2015). On the other hand, the duration spent at Larsemann
hills was more in the second season (2015–16; 35th Indian Antarctic Expedition).
Thus, more field visits could be made (24 days between Nov 30, 2015, and Feb 11
2016). Consequently, 62.5% more nests were monitored in the second season.

The laying as well hatching success was higher for the second season compared
to the first season. However, this difference in breeding success could be attributed
to various factors, including differences in sample sizes and local weather pattern,
as excessive snow accumulation is known to negatively impact snow petrel breeding
success (Einoder et al. 2014). At Larsemann hills, snow petrels established nests
between boulders and under flat slab-like rocks and preferred fewer crevices or
cracks within stones. However, a detailed study on the availability of these spaces
suitable for snow petrel nesting versus actual use could be done in the future to look
at the nesting habitat preference of the species.

Snow petrels breed in naturally formed rock cavities (Einoder et al. 2014; Olivier
et al. 2004). At Larsemann hills, snow petrels selected cavities with smaller entrances
and lower overall volume for breeding. Narrower gates presumably reduce airflow
(Einoder et al. 2014) and subsequently lead to lesser ice accumulation during precip-
itation or snowdrifts. This aspect of nest-site selection could be studied in detail in
future monitoring studies. The wind direction in the study area is mainly from a north
direction, and snow petrels select sites which are towards mostly east-northeast and
north-northwest directions. However, the wind direction data was taken from the
weekly average for December 2015. Long-term weather data is needed to look for
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prevailing wind conditions during late November and early December, the months
when the snow petrels arrive for occupying nest cavities.

Research on breeding biology of seabirds has been conducted chiefly from direct
observations or repeated site visits or with the use of hand-held camera devices
(Bourgeois and Vidal 2007; Einoder et al. 2014; Lacey 2018; Mallory 2009; Mejías
et al. 2017; Olivier and Wotherspoon 2008). However, in recent times and with
the advent of advanced remotely operated camera technology, many cryptic cavity-
nesting species have been monitored worldwide (Landers 2011; Prinz et al. 2016;
Sabine et al. 2005). The camera monitoring system designed by us at Wildlife Insti-
tute of India and Indraprastha Institute of Information Technology- Delhi were the
first attempt to study a cavity-nesting Antarctic seabird species. It gave helpful infor-
mation on the breeding phenology of snow petrels at Larsemann hills, specifically
about the dates of laying, hatching and nest attendance by parents. The image dataset
obtained from nest monitoring requires quantification for detailed analysis of snow
petrels’ intra-season breeding behaviour pattern at Larsemann Hills. More data on
the breeding of the only predator in the area, the south polar skua, on long-term
weather patterns and sea ice conditions should also be collected simultaneously to
investigate the impacts of climate change on the breeding success of snow petrel and
other co-habiting seabird species (Barbraud et al. 2015; Barbraud andWeimerskirch
2001; Constable et al. 2014). Species-specific monitoring work with a systematic
long-term approach would yield crucial data on species’ biological responses to
climate change in the continent.
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Antarctic Lichen Response to Climate
Change: Evidence from Natural
Gradients and Temperature
Enchantment Experiments

Sanjeeva Nayaka and Himanshu Rai

Abstract Antarctica is one of the very few ecosystems in the world with minimum
anthropogenic interventions and pollution load. The extreme climatic conditions
such as temperature, precipitation, and smaller ice-free regions allow only cryp-
togams such as bryophytes and lichens to grow dominantly. Although lichens are
well-known biomonitors and bioindicators of climate change, environmental pollu-
tion and anthropogenic perturbations, their potential has been explored very recently.
In this chapter, various climate-change studies in Antarctica employing lichens as
an integrated bioindicator system are reviewed. The studies utilized either natural
gradients of climate across the continent or passive or active air temperature enhance-
ment experiments. The lichen communities in Antarctica has been found sensitive
to both climatic clines and temperature manipulations. The lichens’ response was
species-specific, the species with wider distribution were more adaptive to climate
change than those with restricted distribution. The studies also indicated that climate
warming would cause the extinction of sensitive species. Simultaneously, some will
increase their geographical extension due to the increased water availability and
nutrients in changed ecosystems.

Keywords Cryptogam · Lichenized-fungi · Ecophysiology · Global warming ·
Biodiversity loss · Bioindicator

1 Introduction

Earth’s environment has been unusually stable for the past 10,000 years. Anthro-
pogenic actions since the industrial revolution have become the primary driver of
global environmental change. Climate change, biodiversity loss, nitrogen and phos-
phorus cycles have crossed the critical levels of the threshold for the sustenance of
humanity on earth (Rockström et al. 2009). The mitigation of these factors primarily
requires their early detection and thorough understanding of each component (Cash
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et al. 2003). Traditionally, climate change monitoring involves satellite data, ground
studies, andmodelling of the predications (Appenzeller et al. 2008). The highermain-
tenance cost of the traditional climate change monitoring systems and the inconsis-
tency of monitoring data to actual events have necessitated the researchers to utilize
bioindicators such as fish, insects,mussels, lichens, algae, plants and birds (Guralnick
2002; Caza et al. 2016).

Amid the various bioindicators, lichens, the symbiotic association of a fungus and
green or blue-green algae (sometimes both) has been utilized to monitor air pollu-
tion as early as 1866 (Nylander 1866). Apart from being excellent accumulators of
pollutants (heavy metals, aromatic hydrocarbons and nitrogen), lichens also indicate
land-use change and various other anthropogenic activities world-wide (Garty 2001;
Wolterbeek et al. 2003; Blasco et al. 2008; Rai et al. 2012; Loppi 2019; Landis
et al. 2019; Nascimbene et al. 2019; Serrano et al. 2019; Zhao et al. 2019; Capozzi
et al. 2020; Wang et al. 2020). Lichens are also a proven indicator of climate change
(Sancho et al. 2007; Ellis 2019). Unlike pollution monitoring studies, climate change
studies are influenced by other ecological factors, such as phorophyte types, forest
structure and pollution loads. Therefore, climate changes studies employing experi-
mental, andmodelling systemsmust incorporate different aspects of the environment
(Ellis et al. 2007; Aptroot 2009; Nascimbene et al. 2016; Alatalo et al., 2017; Ellis
2019; Giordani et al. 2019). In Antarctica these interfering factors are minimized,
especially in lichen-based climate changes studies as the continent has minimal air
pollution (Upreti and Pandey 1994; Mietelski et al. 2000; Bargagli et al., 2004)
and anthropogenic influence but has diverse lichen communities and environmental
gradients (Øvstedal and Smith 2001).

Situated in the southern hemisphere, Antarctica is the fifth-largest continent with
an area of 14,200,000 km2. The average elevation of Antarctica is 2500m, the highest
for any continent. The ice sheet covers about 98% of the continent with about 1.9 km
of average thickness (Fretwell et al. 2013). The low-elevational areas are either in
proximity to the seacoast or at the coast. The ice-free area includes only 0.18%
(21,745 km2), the majority of which lies in the Antarctic peninsula, Trans-Atlantic
mountains, along with Dronning Maud land, various coastal islands and nunataks
(Rai et al. 2011; Burton-Johnson et al. 2016). Antarctica is the coldest continent with
an average minimum temperature ranging from−63 °C in coastal areas to−89.2 °C
in continental Antarctica. It is a cold desert with an annual precipitation maximum
of up to 200 mm in the coastal habitats and much lesser in continental Antarctica.
Two biogeographic zones can be recognized within the continent—the continental
and maritime Antarctica (Smith 1984; Convey 2001), which are further categorized
into sixteen eco-regions (Terauds and Lee 2016) (Fig. 1). Antarctica vegetation is
primarily dominated by cryptogams, i.e. bryophytes and lichens, except for two
vascular plants Deschampsia antarctica Desv. and Colobanthus quitensis (Kunth)
Bartl. are limited to the peninsular region (Smith 1994; Convey 2006).

The lichen community ofAntarctica is represented by427–500 species accounting
for about 2.5% of the total estimated lichens globally (i.e. ~20,000 species, Lücking
et al. 2016), of which 40% are endemic to the continent (Smith and Øvstedal 1991;
Upreti and Pant 1995; Upreti 1996, 1997; Gupta et al. 1999; Pandey and Upreti 2000;
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Fig. 1 The two biogeographic zones and sixteen eco-regions of Antarctica (after Smith 1984;
Convey 2001; Terauds and Lee 2016)

Øvstedal and Smith 2001; Sancho et al. 2004; Krzewicka and Smykla 2004; Nayaka
and Upreti 2005; Kim et al. 2006; Singh et al. 2007; Krzewicka and Maciejowski
2008; Olech and Czarnota 2009; Osyczka et al. 2010; Ruprecht et al. 2010; Upreti
andNayaka 2011;Green et al. 2015; Park et al. 2018). The lichenswith cyanobacteria
as primary (i.e. bi-partite) or secondary photobionts (i.e. tripartite) are specifically
restricted to the wetter and warmer peninsular region (Green et al. 2011a, b). The
green algae containing chlorolichens are distributed throughout theAntarcticwith the
dominance of crustose forms and few endemic fruticose species (e.g. Usnea Antarc-
tica Du Rietz) (Green et al. 2011a, b). Lichens play a crucial role in the ecosystem
functioning of the Antarctic. They are the pioneer colonizer on denuded surfaces
which initiate ecological succession and soil formation (Walton 1985; Ascaso et al.
1990; Sancho and Valladares 1993). Lichen also contributes to nutrient cycling and
a food source to the invertebrates in the Antarctic habitats (Lindsay 1978; Greenfield
2004; Kennedy 2004; Cannone et al. 2006; Bokhorst et al. 2007a, b; Leishman et al.
2020).
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Antarctic lichen research was initially focused on the taxonomy and floristics
from the peninsular and accessible regions of the continent (Øvstedal and Smith
2001; Krzewicka and Maciejowski 2008; Park et al. 2018). Studies then gradually
focused on ecophysiology and generating baseline data for environmental gradi-
ents (i.e. climatic and species). In situ, in vitro temperature and nutrient manipu-
lation experiments were carried to understand the effects of a warming climate in
contracting habitats and climatic conditions (Lange and Kappen1972; Barták et al.
2003; Schroeter et al. 2011;Nayaka et al. 2011;Balarinová et al. 2014; Laguna-Defior
et al. 2016;Raggio et al. 2016;Cho et al. 2020).Due to the harsh environmental condi-
tions in continental Antarctica, limitations associated with movement, transportation
and unforeseen situations, the climate change studies employing lichens as response
organisms are primarily reported from the peninsular region and maritime islands
(Table 1). The lichen-based climate change studies can broadly categorize into two
types (i) studies utilizing the natural gradients of climate and lichen communities as
a proxy to climate change, (ii) manipulating the ambient air temperature using either
passive and/or active experimental setups to imitate the warming conditions (Table
1).

2 Gradient Studies

The analysis of lichen response along climatic, species, growth form and time series
gradients are some of themost appropriatemethods to accuratelymonitor and predict
the climate change in stressed habitats of Antarctica (Huiskes et al. 2004; Anderson
et al. 2012; Rodriguez et al. 2018; Folgar-Cameán and Barták 2019). The gradients
forces species to change their adaptability to optimize their physiology, ecological
distribution and reproductive strategies (Chen et al. 2011; Tomiolo and Ward 2018;
Determeyer-Wiedmann et al. 2019; Pérez-Ramos et al. 2020; Rolshausen et al. 2020).
In Antarctica, the environmental gradient effect is more pronounced on the lichen
communities due to minimum interference from the phytosociological competition
and other abiotic factors such as pollution.

The growth of lichen thallus is one of the most reliable parameters for studying
the response of lichens to microclimatic (e.g. water availability and nutrient depo-
sition) as well as macroclimatic (e.g. temperature and precipitation) variables
(Kershaw 1985). Sancho and Pintado (2004) studied the growth rates of six lichens
Acarospora macrocyclos Vain., Bellemerea sp. Buellia latemarginata Darb., Calo-
placa sublobulata (Nyl.) Zahlbr., Rhizocarpon geographicum (L.) DC. and Usnea
antarctica in Livingston Island, South Shetland Islands, maritime Antarctica. The
study compared the growth rates of the lichens between 1991 and 2002. All the
studied lichens showed a higher increased growth rate ever reported for crus-
tose lichens of the region. In contrast, two lichens, R. geographicum and Belle-
merea sp. showed significantly higher growth rates. Such a tendency was attributed
to the Livingston Island ice cap and glaciers’ rapid retreat during that decade,
which was speculated to global warming (Sancho and Pintado 2004). Sancho et al.
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(2007) estimated the growth rates of two taxonomically related crustose lichen
species Buellia latemarginata and Buellia frigida Darb., from sites located in
maritime Antarctica and continental Antarctica, respectively, for nine to 25 years. B.
latemarginata (87 mm 100 y−1) recorded the fastest growth rates ever recorded from
Antarctica, whereas B. frigida recorded minimal, barely detectable growth (1 mm
100 y−1). The extreme difference in growth rate was attributed to temperature linked
precipitation at two habitats. The study concluded that extreme cline in the Antarctic
lichen species’ growth rate could be used to indicate climate change-induced temper-
ature variation when the growth rate is recorded at a specified time interval for long
period monitoring (Sancho et al. 2007).

Sancho et al. (2017) monitored the effect of regional temperature variations
on the growth of six lichen species (Acarospora macrocyclos, Bellemerea sp.,
Buellia latemarginata, Caloplaca sublobulata, Rhizocarpon geographicum and
Usnea antarctica) in Livingston Island, South Shetland Islands, maritime Antarctica
for 24 years. The regional mean summer temperature (MST) of the study location
between 1991 and 2002 increased to 0.42 °C, whereas a decline of 0.58 °C was
observed from 2002 to 2015. The temperature fluctuation response on the lichens’
growthwas species-specific, where some species (Buellia latemarginatai) showed no
reaction. In contrast, some species (Bellemerea sp., Rhizocarpon geographicum and
Usnea antarctica) responded positively with an increase in growth rate from 1991 to
2002 followed by a decrease accordingly to MST in 2015. The lichen species Calo-
placa sublobulata and Acarospora macrocyclos reacted differently with a reduction
and increase respectively, from 1991 to 2002, followed by an abrupt decline in thallus
growth from 2002 to 2015. Such response was attributed to the thallus’ snow kill due
to the longer spans of snow cover (Sancho et al. 2017). Among the six species,Usnea
antarctica, due to its robust upright fruticose thallus and water utilization capacities,
emerged as an appropriate proxy ofAntarctica’s temperature variations (Sancho et al.
2017). Here, the “snow kill” represents a threshold of lower temperature in Antarc-
tica, which can be a driver for the extinction of specific lichen communities and
extension for others (Sancho et al. 2017). The studies revealed that Antarctic lichens’
growth indeed responds to climate warming, where the pioneer colonizer utilizes the
resources made available by retreating glaciers. The steep difference in temperature
of maritime and continental Antarctica affects lichen growth through precipitation
variability. The long-term temperature variation affects the lichen growth according
to the increase and decreases and physical damage caused by a more extended snow
deposition period.

Antarctica’s latitudinal gradient influences the solar insolation on the conti-
nent, which affects the climate creating a cline that can act as a proxy to climate
change or global warming conditions. Green et al. (2011a, b) studied Antarctica’s
terrestrial vegetation as a predictor of climate change, considering the latitudinal
incline and associated climatic variation as proxies. The study involved regression
analysis of the number of lichen species on latitude and meant annual tempera-
ture gradient. The study determined two zones of terrestrial lichen vegetation—
the micro-environmental and macro-environmental zone. The micro-environmental
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area lay south of 72° S. The vegetation is predominately influenced by the micro-
climatic parameters such as the occasional occurrence of warm ambient environ-
mental temperature, water availability, sunlight, and shelter. Further in this zone,
the lichen physiology is essentially modulated to survival mode by curtailing the
thallus growth (Green et al. 2011a, b). The macro-environmental area, which lays
north of 72° S in maritime Antarctica, is characterized by lichen species richness,
higher cover and growth. Due to the increase in water availability, moderate atmo-
spheric temperature, and longer active periods, themacro-environmental zone allows
great net productivity switching lichen vegetation from surviving mode to growth
mode (Green et al. 2011a, b). Cyanolichens incapable of performing physiological
activities in sub-zero temperatures were found distributed to maritime Antarctica but
with only four species, i.e. Leptogium puberulum Hue, Massalongia aff. carnosa
(Dicks.) Körb., Pannaria hookeri (Borrer) Nyl. and Pyrenopsis sp. These species
were distributed on the main continent in proximity to the maritime Antarctic Penin-
sula. The study further concluded that temperature increase due to global warming
would have some predictable effects, such as—the lichen diversity will increase in
the macro-environment zone, and there will be a southward extension of this zone.
There will be a significant change in the micro-climatic zone’s species composition
as a local microclimate guide. The cyanolichens will fan out in the coastal habitats
limited by the availability of appropriate substratum. The study further highlights
Antarctica’s unique latitudinal cline, which can be imitated to predict the present
and future lichen community diversity and changes triggered by global or regional
warming.

Continental Antarctica is characterized by a harsher climatic regime where the
microclimatic resources such as water availability are limited due to occasional
thawing events that decide lichen species composition and community structure.
Colesie et al. (2014) studied variations in lichen communities in six sites (Cape
Hallett, Terra Nova Bay, Botany Bay, Taylor Hill, Diamond Hill, and Queen Maud
mountains) latitudinal gradient at the western Ross Sea coastline in north Antarc-
tica. The study found a decrease in lichen diversity from Cape Hallett to Diamond
Hill except Queen Maud mountains, which harbours similar lichen diversity as Cape
Hallett. The study concluded that lichen diversity was potentially guided by micro-
climatic conditions (i.e. water availability) rather than macroclimatic parameters in
continental Antarctica.

The long-term studies in Antarctica on the effect of climate on the lichen commu-
nities and their dynamics have also exposed the direct impact of climate warming
and the glacial retreat. Olech and Słaby (2016) studied the change in lichen commu-
nities 1988–1990 and 2007–2008 in King George Island, maritime Antarctica, to
the regional climate change. The comparative study recorded significant differences,
especially in the glacial forcefield recently exposed due to glacier retreat (White
EagleGlacier between 1988 and 2008) due to global warming. The study reported the
extinction of some species (Polyblastia gothica Th. Fr., Thelenella kerguelena (Nyl.)
H. Mayrhofer, Thelocarpon cyaneum Olech & Alstrup), reduction in the distribu-
tion of species (Leptogium puberulum, Staurothele gelida (Hook. f. & Taylor) I.
M. Lamb and increase in extant of pioneering species (Bacidia chrysocolla Olech,



244 S. Nayaka and H. Rai

Czarnota & Llop, Caloplaca johnstonii (C.W. Dodge) Søchting & Olech, Candelar-
iella aurella (Hoffm.) Zahlbr., Lecanora dispersa (Pers.) Röhl.). The study empha-
sized the lichen communities’ change in the glacial moraine forefield exposed due to
glaciers’ retreat due to climate warming during the last 5–6 decades. The study points
towards the biodiversity loss in the form of lichen species extinction and prolifera-
tion of early successional lichens, both triggered by the significant glacial retreat in
the past 50 years. Thus, Olech and Słaby (2016) study provide a strong reason for
including lichens in Antarctica climate change studies.

3 Experimental Manipulation Studies

The experimental temperature enhancement has been used extensively to study the
effect of global warming in the past two decades (Marion et al. 1997). Manipulative
warming or temperature enhancement can be achieved by two methods, (i) Passive
temperature enhancement systems (PTES) using open-top chambers (OTC). Here,
the study surface temperature is enhanced in situ by concentrating and retaining solar
insolation for a more extended period diurnally and seasonally (Rai et al. 2010). The
PTES have continuity of experimental microenvironment with the ambient natural
environment. (ii) Active temperature enhancement systems (ATES) using closed
experimental equipment such as growth chambers or incubator. Here the predeter-
mined temperature is enhanced along with manipulating light–dark hours, relative
humidity operating heating assemblies and fluorescence lights.

PTES using OTC have been successfully used to elevate the temperature trig-
gering the warming effect on the ground lichens (Barták et al. 2019). Bokhorst et al.
(2007a, b) studied the effect of experimental warming using OTC on the cryptogam
communities (i.e. lichen and bryophytes) of coastal ecosystems in two Maritime
islands (i.e. Signy Island and Anchorage Island) and one sub-Antarctic Island (i.e.
Falkland Island) for three summers. The study recorded a significant decrease in
the moss vegetation cover in Falkland Island and lichens in Signy and Anchorage
Island. The results were linked to drought stress induced by the elevated temperatures
within the OTCs. The study concluded that the open plant communities (lichens and
mosses) are compassionate to even the slightest change in the climatic variables in
the sub-Antarctic to Antarctic habitats (Bokhorst et al. 2007a, b). Bokhorst et al.
(2016) studied the effect of simulated warming using OTCs on the cover of the
dominant lichen Usnea antarctica in Signy Island (northern maritime Antarctic) for
10 years (2003–2013). They recorded about 71% loss in the lichen cover. The study
concluded that the lichen cover decrease was due to lichen’s inability to compensate
for the increased carbon loss in summer. The higher net respiration rate was driven
by the elevated ambient temperature in the OTCs.

Casanova-Katny et al. (2019) studied climate change on a tripartite cyano-
lichen Placopsis antarcticaD.J. Galloway using OTCs, which enhanced the ambient
atmospheric temperature up to 2.2 °C than the control sites at Fildes Peninsula, King
George Island (maritime Antarctica). The effective quantum yield of photosystem
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II (�PSII), photosynthetic electron transport rate (ETR), photosynthetically active
radiation (PAR) and hydration state of the thallus at 10 min interval were measured
for 12 days (Fig. 2). The study concluded that elevated temperature within OTCs and
dehydration of the thallus limit the photosynthetic processes in P. antarctica. That
was further reflected in decreased ETR and chlorophyll fluorescence of samples. The
effects of manipulated warming were also confirmed by laboratory hydration exper-
iments where the chlorophyll fluorescence (FM) and �PSII corroborated the field
studies. The photosynthetic parameters reacted according to the hydration level of the
thallus (Fig. 3). OTCs study reflected the physiological stress lichens will encounter
global warming, which can be used as an early indicator for long-term studies and
further understand the lichen physiology under high-temperature conditions.

Fig. 2 Experimental set up
of the MONI-PAM with
measuring probes installed
over Placopsis antarctica
thalli. A An overview of the
OTCs located on La Cruz
Plateau; B–D The OTC after
snowfall (Note the absence
of snow in the OTC in D due
to elevated temperature),
E–F The measuring probe on
the control plot (E- after a
rainfall, F- after a snowfall),
G The saturation pulse spot
on Placosis antarctica
thallus, H. The measuring
probe and Cu-Co
thermocouple measuring air
temperature at the measuring
location inside OTC
(Photographs © M. Barták,
after Casanova-Katny et al.
2019)



246 S. Nayaka and H. Rai

Fig. 3 Chlorophyll fluorescence imaging of Placosis antarctica thallus hydrated for 1 h (upper
panels) and 48 h (lower panels). � PSII—effective quantum yield of photosystem II, A-
Cephalodium possesses Nostoc commune, B—marginal part of the thallus possessing green
microalga (after Casanova-Katny et al. 2019)

The ground lichen vegetation can be manipulated with water and nutrients as
a proxy to climatic warming. Wasley et al. (2006) studied the effect of increased
water and nutrient availability on lichen (Usnea) and bryophyte communities in the
Windmill Islands in East Antarctica. The primary productivity (chlorophyll content,
fluorescence, and nutrient content) was used indicator. The study concluded that
though water availability plays a vital role in developing and maintaining lichen
communities, the nutrients act as a determinative factor (Wasley et al. 2006).

ATESusing growth chambers or incubators has been rarely used to study the effect
of simulated warming but can successfully demonstrate some species-specific results
and insight into the species reaction to climate change. Colesie et al. (2018) studied
the effect of temperature elevation on three lichens (Placopsis contortuplicata I. M.
Lamb, Stereocaulon alpinum Laurer, Usnea aurantiaco-atra (Jacq.) Bory) collected
from Livingston Island in peninsular maritime Antarctica using a growth chamber.
The activated lichen samples were subjected to temperature gradients of 5° (control),
15° and 23 °C, and hydration-desiccation cycles (3–4 days) for six weeks (apparently
tomimic the natural conditions). The respiration, net photosynthesis, and chlorophyll
fluorescence of the samples were analyzed. The study found that 15 °Cwas the upper
limit of temperature for photobionts viability inP. contortuplicata andU. aurantiaco-
atra whereas widely distributed S. alpinum was able to retain its photosynthetic
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vitality. The study indicated species-specific response to lichens growing in Antarc-
tica where specialized species (P. contortuplicata and U. aurantiaco-atra) mostly
restricted to the continent negatively affected climate warming widely distributed
species which have wide acclimatization range to temperature variability. The study
highlights Antarctic lichen’s extreme sensitivity, which is incapable of coping with
extreme atmospheric temperature fluctuation induced by climate change.

Studies employing PTES, ATES and natural gradients decipher the intricate corre-
lation of lichen response to the wild and experimental setups. Kennedy (1996), by
analyzing the proxies of climate warming such as passive polystyrene glasshouses,
geothermal heated ground and laboratory incubation of soil samples from maritime
Antarctica (i.e. Signy island, Candlemas island, Deception island), concluded that
climate or substratum warming increases the lichen cover and supports initiation
and diversification of lichens in the otherwise harsh climate of Antarctic. The study
indicated the more significant expansion of cryptogamic communities is limited by
physiological constraints under global warming in Antarctica.

4 Discussion and Conclusions

Antarctica offers several advantages for climate change studies using lichens as
integrative bioindicators due to its unique global ecology positioning. The minimal
human interference, lowest pollution levels, dominant ground vegetation of lichens
with minimal to no vegetative competition, a wide range of climatic with gradients
of temperature and precipitation are some of these advantages. However, studies
carried out so far are scarce in comparison to other habitats of the planet. The lichen
communities of Antarctica show diverse behaviour in the pattern of distribution and
physiology as an indicator to natural climatic gradients and experimental warming,
which can be summarised as follows

1. The lichen communities in maritime Antarctica show high diversity due
to milder temperature regime and high precipitation, which tend to extend
southwards with climate warming.

2. The cyanolichens are limited to maritime Antarctica and peninsular regions.
Climate change-induced warming will increase their extension deep into the
continental area with limitations of physiological parameters.

3. Climate change-induced warming will increase the pace of glacier retreat,
increasing the current extent of lichen communities in all the habitats of
Antarctica.

4. The increased temperature will tend to alter the net photosynthesis of lichens.
It will have a detrimental effect on the endemic species as they are less adaptive
than lichens having circumpolar distribution. This will lead to the extinction of
some species during extension and invasion of other species.

The studies carried out so far on Antarctica’s lichens indicate that climate change
is harmful, leading to biodiversity loss.
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Higher Rate of Pigment Synthesis
in Antarctic Plants: A Strategy
of Survival Under UV Radiations

Jaswant Singh, Rudra P. Singh, and Rajni Khare

Abstract Antarctica is known for the adverse climatic conditions and high UV-B
radiations; thus, it reveals only climatically adapted flora and fauna. Cryptogams are
the main flora of Antarctica and are dominated by lichens, followed by mosses and
algae. Antarctic floral diversity reveals that pigments’ synthesis plays an essential
role in their survival, growth, development, and diversity during the annual spring.
Antarctic cryptogams are growing in the photosynthetically active radiation (PAR)
and ultraviolet radiations (UV-R), closely associated with photosynthetic and photo-
protective synthesise pigments. Antarctic cryptogams cope with high UV radiation
stress by synthesising UV-absorbing compounds; UV-B absorbs pigments and other
compounds; the pigment synthesis protects cryptogamic flora. In lichens, usnic acid,
perlatolic acid, and fumar photometric acid, mainly induced by, UV-B radiation,
provide protection. In other lichens, secondary metabolites such as phenolics, atra-
norin, parietin and melanin also enhance the plant defence against UV radiation.
In mosses, neoxanthin, violaxanthin, lutein, epoxide, anteraxanthin, zeaxanthin, UV
absorbing, and phenolics are the important pigments synthesised by the plants under
stress conditions. InAntarctic aquatic algae, algal pigments such asmycosporine-like
amino acids, violaxanthin and β-carotene are present for protection. In a compara-
tive study of pigments of plants growing in different regions of Antarctica, it was
observed that these plants have a well-developed mechanism of synthesis of a wide
variety of pigments in higher concentrations to cope with the UV radiation and other
adverse environmental conditions.
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1 Introduction

The antarctic ecosystem exhibits one of the extremely adverse environmental condi-
tions across the Earth planet. Antarctica is the coldest, driest and windiest continent,
and it has exposed to high UV radiations. Antarctica is considered a desert, with the
lowest annual precipitation (200mm) along the coast and far less inland. Under harsh
environmental conditions, floral diversity is shallow. A limited number of Lichens,
Mosses, Algae, Fungi and few vascular plants can grow in different parts of the
Antarctic continent.

However, lichens are the dominant floral component in most continental Antarc-
tica parts and are the most visually recognised organisms in Antarctica terrestrial
ecosystems; lichens have high resistance to freezing (Kappen 2000) and other condi-
tions. The Antarctic soil has less humus but rich in nitrogen and phosphorus, which
results in the luxuriant growth of lichens and mosses on rocks and dry and moist
habitats (Crittenden 1998). Cold adapted algal community also grows at floating or
melted glaciers, lakes and wherever waters are present. In favourable conditions,
hard adopted algae form visible surface crusts and mats. The algal flora of Antarc-
tica is dominated by blue-green algae, green algae, yellow-green algae and diatoms.
Antarctic cryptogams possess the ability to enter a dormant state of physiological
inactivity (Robinson et al. 2003).

Antarctic fungi have remarkable physiological plasticity, and some species
produce several types of pigments (Duran et al. 2002; Zhou and Liu 2010; Akilan-
deswari and Pradeep 2016). Fungal pigments demonstrate different functions such
as protection against lethal photo-oxidation and protection to environmental stress
and can act as cofactors in enzymatic catalysis (Mapari et al. 2005). The production
of photoprotective compounds (melanin, carotenoids, and mycosporines) by yeasts
and fungi could be a strategy to survive in extreme environments. This behaviour
can be evidenced by the high number of pigments (Rosa et al. 2009).

Antarctic plants have become a promising source of pigments and are supposed
to be the basis for plants’ survival under extreme environmental conditions. Wynn-
Williams et al. (2002) highlighted pigments synthesis as an essential strategy in
Antarctica’s photosynthetic plants’ survival. Our earlier studies (Singh et al. 2011,
2012; Singh andSingh, 2014) on the synthesis of pigments under harsh environmental
conditions also indicate a higher rate of synthesis of pigments plants exposed high
UV-B radiation. Therefore, in the present communication, we have summarised the
synthesis of plants pigments and their comparison with other Antarctica regions
and the role of pigment synthesis in plants’ survival under harsh environmental
conditions.
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2 Bio-Geographic Zones of Antarctica and Biodiversity

Antarctic biome can be divided into several zones related to their different environ-
mental factors (Longton 1988). “Antarctic botanical zone” divided into six longitu-
dinal sectors Greene (1968), i.e., Maud (30°W–30°E), Enderby (30–90°E), Wilkes
(90–150°E), Ross (150°E–150°W), Byrd (150–90°W) Scotia (90–30°W) (Greene
1968). Numerous bio-geographical schemes were applied to classify the Antarctic
terrestrial environment, and most of the researchers have accepted recognition of
three bio-geographical zones of Antarctica (Fig. 1), i.e., the Sub-, Maritime and
Continental Antarctic zone (Smith 1984; Longton 1988; Ovstedal and Smith 2001;
Convey 2005).

Later on, Peat et al. (2007) studied the Antarctic plant biogeography and estab-
lished the boundaries and components of maritime Antarctica; in the same year,
Chown and Convey (2007) described the biogeographic potential of the division
between the southern Antarctic Peninsula and their remainder of the continent.
Recently, Terauds et al. (2012) have identified greater biogeographic regionalisation
than previously thought, defining 15 distinct “Antarctic Biogeographic Conservation
Regions” (ACBRs) within the continent and Antarctic Peninsula. Recently, Terauds
and Lee (2016) establish a revised version of the ACBRs, highlighting underlying
spatial layers, together with the results of new analysis and reported 16th bioregion.

The sub-Antarctic zone includes isolated Islands and archipelagos at high latitudes
in the SouthernOcean.With SouthGeorgia’s exclusion,Heard andMcDonald Islands
are nearby to or north Polar Frontal Zone (PFZ) of the Ocean. These islands are

Sub-
Antarctic

•South Atlantic 
Ocean Region

Maritime
Antarctic

•Northern 

Antarctica
Region

•Southern 
Region

Continental
Antarctic

•Coastal Region
•Slope Region
•Ice Plateau Region

Fig. 1 Radial representation of Bio-geographic regions of Antarctica (Reference: Ovstedaland
Smith 2001)
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situated under the substantial maritime influence, which controls and adjusts the
temperature differences year-round, as they are not usually affected by the pack or
fast ice. Some researchers reported different groups (Falkland Islands, Gough Island,
Iles Amsterdam and St. Paul, New Zealand’s outlying groups of Snares, Campbell,
Bounty, and Chatham, and parts of Tierra del Fuego) either within the sub-Antarctic
or in a separate “mild Antarctic” classification.

Maritime Antarctic zone is also under strong maritime influences of the Southern
Ocean, in this situation effects being highly seasonal and limited to the shortAntarctic
summer period. This zone includes Antarctic Peninsula (from the western coast) to
72°S, South Shetland, SouthOrkney and the South Sandwich Islands, and the isolated
Bouvetoya and Peter Ioya.

Continental Antarctic covers the largest bio-geographical zone in terms of area;
it includes the whole East and West Antarctica south of 70°S, the Balleny Islands,
and those parts of the Antarctic Peninsula not covered in the maritime zone. In
contrast to sub and marine zones, continental Antarctica’s terrestrial zone habitats
are restricted and isolated. However, this zone includes rocky coastal regions and is
similar to some maritime Antarctic zone (Ovstedal and Smith 2001). Later on, Peat
et al. (2007); Chown and Convey (2007) raise doubt on the latter element’s inclusion,
except climatic conditions.

The plant diversity of sub- Antarctic is tundra-like non-arborescent vegeta-
tion; vascular plants dominate at low altitude, along with different pteridophytes,
bryophytes and lichens. Maritime Antarctica consists of the northern and southern
maritime Antarctic zone. Northern maritime Antarctica dominated by cryptogams,
along with other locally diverse flora in nearby coastal areas.

Growth of mosses restricted to nearby wetter habitats, peats and liverworts diver-
sity are also frequent in this part. The lichens are predominant in exposed drier
and inland conditions; snow algae and macrofungi quickly occur in summer. In
southernMaritime Antarctic, biotic features are similar to Northern region, but cryp-
togamic diversity comparatively less and frequent in closed stands; two phanerogams
(Deschampsia antarctica and Colobanthu squitensis) relatively common and one
Diptera occasional at west coast sites; moss peat accumulation is somewhat less
(Ovstedal and Smith 2001, 2004; Convey and Stevens 2007). Continental Antarctica
consists of coastal, slope and ice plateau parts. In the coastal regions, biotic features
are semi-desert with the growth of moss and algae. Bryophyte diversity is low in
comparison to lichens. The snow algae are rarely growing in these localities. The
slope continental Antarctic zone in the desert with very occasional lichen growth
stands while mosses are rarely growing. In the ice plateau part, macroscopic life is
limited to periodic growth of lichens, algae, cyanobacteria and somemicroorganisms
(Ovstedal and Smith 2001, 2004; Peat et al. 2007).

Despite severe climatic conditions for plant growth, cryptogamic plants are found
on the Antarctic continent, including the two Angiosperms, restricted to the rela-
tivelymildmaritime zone (Smith 1984). In an investigation, Longton (1985) reported
2 Angiosperms, 85 Mosses, 25 Liverworts, 200+, Lichens and 28 Macrofungi at
Antarctic continent (Continental and maritime Antarctic zones). In the maritime
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zone, the cryptogamic vegetation is initially limited to small rocky outcrops, coast
parts, dry valleys, and inland nunatak (Hansom and Gordon 1998).

Themosses have been reported from as far south as 84° S, and although bryophyte
fruiting events are rare in theAntarctic continental zone (Filson andWillis 1975;Wise
and Gressitt 1965). Seppelt et al. (1992) have reported that the moss sporophytes
growth-restricted from as 77° 55′ S. In addition to the relatively conspicuous mosses
and lichens, the continental Antarctic terrestrial vegetation includes groups that are
often overlooked, including the chasmendolithic algae, which occur only within rock
fissures. The lichens, moss, and algae are widespread in Antarctica’s coastal regions
and are believed to underlie 20% of the rock surface in fewAntarctica parts (Hansom
and Gordon 1998; Longton 1985). Later on, Convey (2005) reported Antarctica’s
biodiversity under three bio-geographical zones; Sub-Antarctic’s floral diversity was
dominant than Maritime and continental Antarctic (Table 1). The Sub- Antarctic
zone’s total plant diversity records the maximum 655 species, and the maritime
includes 405 species. In comparison, the lowest plant diversity of 176 species were
reported from continental Antarctic zones. Most recently, Lize-Marie van der Watt
said, about 800 plant species formAntarctica, out of which about 350 are lichens and
100 species of Bryophytes (mosses and liverworts) predominate in maritime regions,
rest all 400 species contributes with a diversity of moulds, yeasts, and other fungi,
as well as freshwater algae and bacteria (https://www.britannica.com/place/Antarc
tica/Plant-life).

3 Antarctic Terrestrial Plants and Their Pigments

Antarctica reveals only climatically well-adopted plants (Singh et al. 2018), and
the changing environmental conditions are attracting researchers’ particular interest.
Antarctic harsh ecological conditions, annual ozone depletion, and highUV radiation
exposure to plants attract world researchers’ attention. In continental Antarctica,
environmental conditions are highly hostile to terrestrial vegetation, icy conditions,
UV irradiance exposure, intense wind speed, and the lowest precipitation (Green
and Schroeter 1999). In an Antarctic ecosystem, snow cover offers protection to
PAR and high UV-B radiation exposure (Marchand 1984). Antarctic Peninsula’s
vegetation is poikilohydric, and the plants’ occurrence depends upon the availability
of water. In the spring and summertime period, plants’ growth is high in Antarctica
(Hovenden et al. 1994). Several pigments like chlorophyll, carotenoid in lichens,
algae, bryophytes, and green alga are the advance parameter rather than morphology
and anatomy to detect ultraviolet radiation’s effects on Antarctic flora (Table 2).

Lichens

Lichens produce many secondary chemicals such a atronorin, usnic acid, zeorin,
triterpins are widely distributed in lichen thallus and protect against climatic stress.
The colour of the lichen thallus, such as dark black, orange, red, yellow and grey
colours also helps in survival under harsh conditions. Elix (1996) reported that these

https://www.britannica.com/place/Antarctica/Plant-life
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Table 2 Photosynthetic and other important pigments synthesised Antarctic plants

S. No Lichens Photosynthetic
pigments

Other pigments References

1 Umbilicaria decussate β-Carotene, Lutein,
Canthaxanthin,
Astaxanthin

Czeczuga et al.
(1996)

2 Umbilicaria antarctica α-tocopherol,
γ-tocopherol,
plastochromanol

Strzalka et al. (2011)

3 Umbilicaria aprina Chlorophyll,
Carotenoids

UV absorbing,
Phenolics

Singh and Singh
(2014)

4 Acarosporag wynnii β-Carotene, lutein,
Hydroxyechinenone

Czeczuga et al.
(1996)

5 Buellia pallid β-Carotene, lutein,
Zeaxanthin

Czeczuga et al.
(1996)

6 Lecidea cacriformis β-Carotene, lutein Czeczuga et al.
(1996)

7 Lecanora fuscobrunnea α-Carotene,
β-Carotene, Lutein

Czeczuga et al.
(1996)

8 Physciacaesia β-Carotene,
β-Cryptoxanthin,
lutein, Astaxanyhin

Czeczuga et al.
(1996)

9 Rhizocarpon flavum β-Cryptoxanthin,
Canthaxanthin,
Lutein,

Czeczuga et al.
(1996)

10 Rinodina olivaceobrumea β-Carotene, lutein,
Zeaxanthin,
Canthaxanthin

Czeczuga et al.
(1996)

11 Umbilicaria antarctica β-Carotene,
β-Cryptoxanthin,
lutein,

Czeczuga et al.
(1996)

12 Xanthoria elegans β-Carotene, β-
Cryptoxanthin,
Lutein, Asthaxanthin

Czeczuga et al.
(1996)

13 Usnea antarctica β -Carotene, β-
Cryptoxanthin,
Lutein,
Hydroxyechinenone

Czeczuga et al.
(1996)

14 Usnea aurantiaco-atra α-tocopherol,
γ-tocopherol,
plastochromanol

Strzalka et al., (2011)

15 Sphaerophorus globosus Astaxanthin,
Adonixanthin

Czeczuga et al.
(1996)

(continued)
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Table 2 (continued)

S. No Lichens Photosynthetic
pigments

Other pigments References

16 Parmelia saxatilis β-Carotene,
β-Cryptoxanthin,
Lutein

Czeczuga et al.
(1996)

17 Turgidosumc oplicatulum Chl. a, Chl. b β-Carotene, lutein,
Neoxanthin,
Violaxanthin

Lud et al. (2001)

18 Caloplaca regalis α-tocopherol,
γ-tocopherol,
plastochromanol

Strzalka et al. (2011)

19 Stereocaulon alpinum α-tocopherol,
γ-tocopherol,
plastochromanol

Strzalka et al. (2011)

20 Himantornia lugubris α-tocopherol,
γ-tocopherol,
plastochromanol

Strzalka et al. (2011)

21 Ochrolechia frigid Strzalka et al. (2011)

Bryophytes

22 Bryum argenteum Chl. a, Chl. b,
Chlorophyll,
Carotenoids

Violaxanthin, β-
Carotein; UV
absorbing; Phenolics

Markham et al. 1990;
Singh and Singh
2014

23 Bryump seudotriquetrum Chl. a, Chl. b Violaxanthin, β-
Carotein

Robinson et al.
(2006)

24 Ceratodon perpureus Chl. a, Chl. b Violaxanthin, β-
Carotein

Dunn (2000)

25 Grimmia antarctici Chl. a, Chl. b Violaxanthin, β-
Carotein

Dunn 2000;
Robinson et al. 2005

26 Sanioniauncinata Chl. a, Chl. b Neoxanthin, lutein,
Zeaxanthin, β, β-
Carotene

Newsham et al.
(2002)

27 Andrea regularis Chl. a, Chl. b Neoxanthin,
violaxanthin, Lutein,
Zeaxanthin

Newsham (2003)

28 Cephaloziella varians Chl. a, Chl. b Neoxanthin, lutein,
Zeaxanthin, β,β-
Carotene

Newsham et al. 2002,
2005

29 Schistidium antarctici Chl. a, Chl. b Anthocyanin Robinson et al.
(2006)

(continued)
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Table 2 (continued)

S. No Lichens Photosynthetic
pigments

Other pigments References

30 Syntrichiam agellanica Chl. a, Chl. b
and Carotene

Neoxanthin,
Violaxanthin, Lutein,
Epoxide,
Anteraxanthin,
Lutein, Zeaxanthin

Strzalka et al. (2011)

31 Polytrichastrum alpinum Chl. a, Chl. b
and Carotene

Neoxanthin,
Violaxanthin, Lutein,
Epoxide,
Anteraxanthin,
Lutein, Zeaxanthin

Strzalka et al. (2011)

32 Sanioni ageorgicouncinata Chl. a, Chl. b
and Carotene

Neoxanthin,
Violaxanthin, Lutein,
Epoxide,
Anteraxanthin,
Lutein, Zeaxanthin

Strzalka et al. (2011)

33 Warnstro fiaarmentosa Chl. a, Chl. b
and Carotene

Neoxanthin,
Violaxanthin, Lutein,
Epoxide,
Anteraxanthin,
Lutein, Zeaxanthin

Strzalka et al. (2011)

Algae

34 Entomeneisk jellmannii Mycosporine like
amino acids

Ryan et al. (2002)

35 Berkeleya adeliense Mycosporine like
amino acids

Ryan et al. (2002)

36 Nitzschia stellata Mycosporine like
amino acids

Ryan et al. (2002)

37 Prasiol acrispa Chl. a, Chl. b Violaxanthin Post and Larkum
(1993)

38 Choricystis minor Chl. a, Chl. b β-carotene Zidarova and
Pouneva (2006)

39 Phormidium sp. Chl. a MAAs
(porphyra-334)
β-Carotene

Quesada et al. (1998)

40 Lyngbya sp. Chl. a MAAs
(porphyra-334)
β-Carotene

Quesada et al. (1998)

41 Oscillatoria sp. Chl. a MAAs
(porphyra-334)
β-Carotene

Quesada et al. (1998)

42 Nodularia sp. Chl. a MAAs
(porphyra-334)
β-Carotene

Quesada et al. (1998)

(continued)
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Table 2 (continued)

S. No Lichens Photosynthetic
pigments

Other pigments References

43 Anabaena sp. Chl. a MAAs
(porphyra-334)
β-Carotene

Quesada et al. (1998)

44 Palmari adecipiens Chl. a Dhargalkar (2004)

45 Phyllophora antarctica Chl. a Dhargalkar (2004)

46 Porphyra endiviifolium Chl. a Dhargalkar (2004)

47 Iridaea cordata Chl. a Dhargalkar (2004)

Fungal Species

48 Sporobolomyces
Salmonicolor

β-Carotene,
torularhodin, and
torulene

Dimitrova et al.
(2010)

49 Sporobolomyces
Metaroseus

β-Carotene and
4-ketotorulene,
furthermore,
β-cryptoxanthin and
spirilloxanthin

Barahona et al.
(2016)

50 Dioszegia sp. OHK torulene Villarreal et al.
(2016)

51 Rhodotorula larynges Torulene and
Lycopene

Villarreal et al.
(2016)

52 Cryptococ cusgastricus Torulene, γ-carotene,
and lycopene

Villarreal et al.
(2016)

53 Rhodotorula mucilaginosa 2-γ-Carotene Villarreal et al.
(2016)

54 Cryptococ cusalbidus β-Carotene Dimitrova et al.
(2010)

55 Cryptococ cuslaurentii β-Carotene Dimitrova et al.
(2010)

56 Dioszegi apatagonica Total
Carotenoid

Trochine et al. (2017)

57 Nadsoniella nigra Melanine Chyizhanska and
Beregova (2009)

58 Thelebolus microspores β-Carotene Singh et al. (2014)

59 Arthrobotrys ferox Carotenoid Mycosporines Arcangeli et al. 2000;
Arcangeli and
Cannistraro(2000)

60 Exophiala xenobiotica Melanine Vasileva-Tonkova
et al. (2014)

Higher Plants

61 Deschampsia antarctica Chl. a, Chl. b Orientin, Luteolin
Hydroxycinnamic
acids, Flavonoids
Ferulic acid,
p-coumaric acid

Ruhland et al. 2005;
Ruhland and Day
2000

(continued)
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Table 2 (continued)

S. No Lichens Photosynthetic
pigments

Other pigments References

62 Colobanthus quitensis Chl. a, Chl. b Orientin, Luteolin
Hydroxycinnamic
acids, flavonoids
ferulic acid,
p-coumaric acid

Lud et al. 2001;
Ruhland and Day
2000

secondary chemicals reach the upper cortex of lichens thallus to protect against
adverse conditions. Huneck (1999) observed that these secondary chemicals some-
times react with rock substratum and secrete a powdery substance on the upper
surface called “Pruna”. These pruna shade the thallus to protect the thallus against
temperature as well as UV radiations. The darkness of melanin pigments of Lobaria-
pulmonaria thallus reflects the exposure of solar light gradient. The brownest thalli
are observed in the most sun-exposed position, and increasing pigmentation causes
a reduced cortical transmittance, mainly UV radiation and short wave radiation.
Riley (1997) analysed the melanin pigments in lichens and reported that melanin
is a predominantly indolic polymer that occurs on the surface of lichen; these are
black and generally set up in Antarctic lichens. A photoprotective role for melanin
compound should imply a higher resistance against excessive light in thalli where
these pigments are abundant (Riley 1997). The melanin exhibit the most robust
protection at energy-rich wavelength; the percentage reduction in transmittance
caused by melanin appears to be prominent in the UV range. McEvoy et al. (2007)
reported that melanin and photosynthetic pigments increase acclimation under high
light intensity exposure; besides this, melanic thalli absorbs higher solar energy
under increased temperatures relatively to pale colour thalli. Gauslaa and Ustvedt
(2003) explored the bright orange colour of an anthraquinone, i.e., parietin found in
lichens and is a UV screening compound. Parietin pigment of lichens may reduce the
adverse impact of ultraviolet radiations. UV-B absorbing pigments, i.e., flavonoids
are wavelength selective UV-B screening pigment, is synthesised rapidly under high
UV-B radiation exposure levels (Caldwell et al. 1983). The secondary medullary
compounds, stictic and nastictic acid, accumulated in the highest quantities in the
photobiont layer and may help UV radiation protection (Bachereau and Asta 1997).

Bryophytes

The bryophytes can be found in moist areas and are supporting Antarctic plant biodi-
versity.Alongwith lichens, bryophytes share the distinction of being the largest group
of plants in theAntarctic region.Despite general assumption, JosephD.Hookermade
the first collections of mosses in Antarctica during 1829–30. The bryophytes are also
poikilohydric; the plant growths are limited to freewater during the summermonth for
photosynthetic carbon gain. Antarctic bryophyte communities are primarily confined
to the margins of melt lake at Casey (the Australian base in the Windmill Island
region, 660 17′S, 1100 32′E), the three leading moss species Ceratodon purpureus,
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Grimmia antarctici and Bryumps eudotriqu etrum are establish in both pure and
mixed communities (Selkirk and Seppelt 1987) and stream areas subject to snow
deposition. In addition to their role in energy storage compounds, sugars and polyols
perform multiple plant functions. They are thought to be active as a cryoprotectant,
as an osmotic regulator in the drought and salt stress plants (Popp and Smirnoff
1995). Various soluble carbohydrates can interact with the polar head groups of
phospholipids, taking water molecules and maintaining membrane integrity during
desiccation (Crowe andCrowe1986); polyols accumulate in higher plants in response
to water stress. These molecules most likely have numerous roles such as compat-
ible solutes, scavengers of active oxygen species, and macromolecules’ stabilisers
(Loescher 1987; Smirnoff and Cumbes 1989; Popp and Smirnoff 1995). Differences
in the response of the three moss species to desiccation and the phenotypic plasticity
were assessed at two sites and were different in water availability; (1) the WC (water
content) at complete hydration, (2) the rates of drying over time, and (3) the relation-
ship between the decline in chlorophyll fluorescence and relative WC. Initial water
loss rates were faster in moss obtained from the wet sites compared to dry areas.
Some moss species of high latitudes have been studied to understand the impact of
UV radiation on growth and morphology (Sonesson et al. 1996; Searles et al. 2002;
Robson et al. 2003; Robinson et al. 2005). Short moss turf and cushion mosses are
frequently reported from sandy and gravelly soils. These moss communities’ extent
is limited to meltwater availability in the summer period and ranges from the exten-
sive mosses bounded to around melt lakes and streams (Selkirk and Seppelt 1987).
Mosses are growing in colonies, which make them possible to store and retain more
water. They also lose less water by evaporation and show a marked ability to use
water rapidly whenever it remains available. Mosses have also become well adapted
to almost continuous light exposure during a long day of polar summer.

Over a few decades, Antarctic plants have been exposed to the most significant
relative increase in UV-B radiation due to ozone depletion. Although photosynthetic
rates were not affected, there was evidence of UV effects on Antarctic bryophytes’
morphology. These findings suggested that G.antarctici may be disadvantaged in
some settings under a climate with continuing high springtime UV-B radiation levels
(Robinson et al. 2005). Newsham et al. (2002) conducted a similar UV related onsite
study with two Antarctic plants (Cephaloziell avarians and Sanioni auncinata) and
reported no change in photosynthetic pigments except an increase in carotenoid
content. In another study, Newsham et al. (2005) said that the chlorophyll concentra-
tions ofC. variantswere reduced in sunlight exposure. A similar study conducted by
Robinson et al. (2005) reported a lower concentration of chlorophyll in G.antarctici
under near-ambient UV radiation exposure.

In the same way, a high concentration of carotenoids was found under reduced
UV radiation exposure. Lud et al. (2001) did not see any changes in chlorophyll,
carotenoid, UV-B absorbing compounds and photosystem II efficiency in Turgi-
dosculum complicatulum under different combinations of UV radiation exposure
and temperature. Day et al. (1999), Searles et al. (2001), Lud et al. (2002), and
Newsham (2003) were reported no effects of UV-B radiation on chlorophyll concen-
tration of the selected plants. Chlorophyll content was significantly lower in plants
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grown under near-ambient UV, while the relative proportions of photoprotective
pigments carotenoids, β-carotene and zeaxanthinwere higher (Newsham et al. 2005).
According to Paul (2001), the carotenoid concentration plays an essential role in an
extended freezing period. The Bryum argenteum produce more energy by photo-
synthesis in low light at 5 °C than it does at 15 °C or higher. Photosynthesis can
start within a few hours of thawing after an extended time of freezing and almost
immediately following in a short time duration; for these reasons, it may survive in
Antarctica.

Algae

Antarctic algae grow in semi-permanent to permanent snow or ice in the world’s
alpine or polar region. Their optimum growth temperature is generally below 10 °C.
According toGreen et al. (1999),more than 300 species of non-marine alga have been
found in Antarctica and are successfully adapted to harsh environmental conditions
through the development of some adaptive features, which includes the formation
of pigments, polyols (sugar, alcohols, e.g. glycerin), sugar and lipid (oils), mucilage
sheaths, motile stages and spore development. The floral vegetation of Antarctica is
characterised by a high degree of adaptation under harsh environmental conditions.
The pigment found in photoautotrophic organisms has a great interest in the ecologist
and biologist for many reasons, e.g., chlorophyll and their derivatives have been
used to measure productivity. The photosynthetic pigment contents in lichenised
alga are chlorophyll a, chlorophyll b, carotenoid, phycocyanin, lutein and b-carotene
lipid-soluble antioxidant alpha-tocopherol (Table 2).

Cyanobacteria have a cosmopolitan distribution ranging from hot springs to the
coldest continent (the Arctic and Antarctic regions). They are characterised by high
variability to adapt to various environmental conditions (Rozema et al. 2002). Blue-
green and other algae are growing under damp sand and gravel around lakes, pools,
melted water streams, or low-lying areas. The blue-green algae from fabulous red,
yellow or green patches over permanent snow area. These red, yellow or green
pigments protect the cells from ultraviolet radiation and high light damage during
the summer. The pigments may be in the form of iron tannin compounds, as Meso-
taenium berggrenii, or orange to red-pigmented lipids, as in the majority of the snow
algae. Some species’ cells also secrete copious amounts of mucilage, making them
unable to adhere to one another and snow crystal and prevent the cell from being
washed away bymeltwater. The adhesive role is to form a protective cover ofUV radi-
ation and delayed thewater loss in algae.According toSinha et al. (2005),Ultraviolet-
B radiation reaching the earth surface destroys phycobiliproteins like phycoerythrin,
phycocyanin, allophycocyanin in blue-green algae. In general, cyanobacteria are
protected by mycosporine-like amino acids (MAAs) and scytonemins (Table 2),
while terrestrial plants contain flavonoids.

Fungi

Like lichen, moss and algae, Antarctic fungi are also an essential source of
pigments due to their physiological plasticity. Some species produce several kinds
of pigments with diverse characteristics (Duran et al. 2002; Zhou and Liu 2010;
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Duarte et al. 2019). When the colonies are established, fungi produce pigments
when the vital supplies become partial (Isaac 1994). Fungal pigments can reveal
diverse functions such as protection against lethal photo-oxidation (like carotenoids)
and environmental stress (melanin) and act as cofactors in enzymatic catalysis
(Mapari et al. 2005). Among several studies, limited findings addressed the produc-
tion of pigments by filamentous fungi. Among these, production of β-carotene
by Thelebolus microspores (Singh et al. 2014) and carotenoid and mycosporine
by Arthrobotrys ferox were reported by Arcangeli et al. (2000), Arcangeli and
Cannistraro(2000).

In the laboratory, the first screening for pigment production by Antarctic fungi is
performed in a solid culture medium (yeast malt agar) through direct visualisation
(Vaz et al. 2011). These pigments are either intracellular or extracellular. The extra-
cellular pigments are screening sun rays, and other pigments have quenching prop-
erties against UV-B radiation. Simultaneously, some absorb UV-B radiation inside
the cell before metabolically essential molecules can be damaged (Wynn-Williams
et al. 2001). Antarctic fungal pigments such as carotenoids have been identified with
photoprotective functions against radiation exposure (Moline et al. 2009; Dimitrova
et al. 2010).

In situ studies conducted by Vendruscolo et al. (2010) reported that fungal
pigments could be produced under controlled conditions through the submerged,
solid, or semi-solid fermentation by using a wide variety of eco-friendly substrates.
The environmental conditions, i.e., temperature, aeration, agitation, pH, and culture
medium, directly influence the pigments’ production and quantity (Medentsev et al.
2005). Fungi produce pigments in different colours and are recognised as black or
dark brown (for melanin), orange (for β-carotene), orange-red (for γ-carotene and
xanthophyll), dark red (for lycopene) (Vasileva-Tonkova et al. 2014; Barahona et al.
2016; Villarreal et al.2016).

Higher Plants

In Antarctica, only two endemic vascular plants,Deschampsia antarctica (Antarctic
hair grass) and Colobanthu squitensis (cushion forming pearlwort) survive south of
56°S. They are distributed under small clumps near the shore of the west coast of
the Antarctic Peninsula. Both plants can tolerate very harsh environmental condi-
tions. The accumulation of UV-B absorbing pigments are advantageous in Antarctic
plants because such passive screens could protect them from UV-B damage (Love-
lock et al. 1995; Cockell and Knowland 1999). Xiong andDay (2001) assessed UV-B
radiation’s influence on biomass production and photosynthesis of C.quitensis and
D.antarctica at Antarctic Peninsula region. Plant leaves under exposed UV-B radia-
tion were denser, probably thicker, and had higher concentrations of photosynthetic
and UV-B absorbing pigments (Xiong and Day 2001).

Ruhland andDay (2000) examined insoluble phenylpropanoids inC.quitensis and
D.antarctica, and the HPLC analysis revealed that ferulic and p-coumaric acid were
the main components of both insoluble and soluble phenylpropanoids. In another
study, Ruhland et al. (2005) analysed the ultraviolet-B radiation effect on phenyl-
propanoid concentrations of D. antarctica. They reported that p-coumaric, caffeic
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and ferulic acids were the primary hydroxycinnamic acids, and luteolin derivatives
were the major flavonoids in both insoluble and soluble leaf extracts. InD.antarctica
and C.quitensis, the synthesis of photoprotective pigments depends on UV radiation
exposure and protects against UV radiation’s adverse impact.

4 Pigments in Cryptogamic Plants Growing in Other
Regions Than Antarctica

Energy flow is one of the most vital functions of any ecosystem; therefore, plant
pigments play an essential role in the flourishing of vegetation. The number of
photosynthetic pigments may indicate the health of flora and the productivity of
the ecosystem. The climatic factors such as variations in temperature, moisture and
radiations are essential inmaintaining the plants’ pigment concentrations (Garty et al.
1985; Lauge et al. 1999). The quantification of pigments in cryptogams has been done
for different purposes, e.g. pigment distributionwithin the thallus (Boonpragob 2000;
Krenelamp1971), observations of the effect of pollutants (Puckett et al. 1973) or envi-
ronmental conditions and as a quotient for composition rate (Farrar 1976). Chloro-
phyll content and chlorophyll degradation are prevalent parameters used to assess the
impact of stress on cryptogams (Singh et al. 2008). Stratospheric ozone depletion
increased UVB radiations (280–320 nm) exposure on the earth surface therefore;
plant life and ecosystem functions are affected by changes in plants pigment concen-
tration (Mc Peters et al. 1996; Herman et al. 1999). Singh et al. (2008) studied the
chlorophylls, carotenoids concerning altitudinal changes, the effect on the pigment
concentration, and reported that cryptogams contain higher chlorophyll content at
the lower altitudeUmbilicaria and Spirogyrawhile Chlorophyll b concentration was
maximum in Spirogyra followed byUmbilicaria,Xanthoria, andCandilari. McEvoy
et al. (2007) studied the resynthesis of usnic acid inXanthoparmelia stenophylla thalli
under the natural UV radiation exposure levels.

Prasad et al. (2005) noticed a significant reduction in chlorophyll content with
increasing doses of UVR. The suppression was more prominent on chlorophyll a
than chlorophyll b, showing decreasing trends in Chl a/b ratio. This reduction could
be due to chlorophyll destruction, as reported in most UV radiation exposed plants
(Teramura and Sullivan 1994). In contrast to chlorophyll concentrations and protein
content, carotenoid showed increasing altitudes, i.e., higher UV radiation (Buffoni
et al. 2002). The carotenoid concentration was maximum in cryptogams growing at
a higher altitude as compared to a lower height.

Interestingly, the carotenoid contents are higher in those species with low chloro-
phyll content and were surviving well. Carotenoids protect the chlorophyll pigments
against the excess radiation energy, which might otherwise photobleach the chloro-
phyll (Nybakken and Solhaug 2004). According to Prasad et al. (2005), carotenoids
are the scavenger of singlet oxygenmolecules formed during intense light and protect
chlorophyll from photooxidative damage. Therefore, increased carotenoid contents
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at a higher altitude due to UV radiations could be a protective mechanism for chloro-
phyll pigments. In another study, Singh et al. (2012)measured the effect of ultraviolet-
B (UV-B) radiation on two cryptogamic plants (Xanthoria elegans andB. argenteum)
growing at a high altitude of the central Himalayan region of India. In the field exper-
iments, both of these plants contain higher amounts of UV-B absorbing compounds
and phenolics. Simultaneously, no significant changes were recorded in total chloro-
phyll and carotenoid under UV-B exposed conditions. A short-term study observed
that B. argenteum contains higher amounts of total chlorophyll, carotenoids, UV-
B absorbing compounds, and phenolics than the X. elegans. Larsson et al. (2009)
observed no significant reduction in chlorophyll a and b in Lobaria pulmonaria and
Xanthoria aureola at different UV-B levels under the laboratory conditions.

5 Conclusions

The synthesis of pigments in cryptogams growing under Antarctica’s adverse envi-
ronmental conditions is of great physiological significance. Extreme cold conditions,
low temperature, lesser availability of nutrients, and higher UV-B radiations affect
the synthesis of photosynthetic pigments and other important pigments, protecting
against UV radiation and different Antarctica’s adverse condition. The amount and
synthesis of photosynthetic and other pigments indicate the growth and development
of flora and the productivity of one of the world’s most fragile ecosystem. Therefore,
recently the scientific community has started quantifying these pigments, growth,
development, morphology, physiology, and plants’ biochemical changes growing in
Antarctica. The synthesis of UV-absorbing pigments, UV screening and secondary
plant pigments protecting the Antarctic flora against harsh environmental conditions
is of particular significance. Our research finding reveals that plants growing at high
altitude regions of the central Himalayas also synthesise more elevated levels of
carotenoids, phenolics and other protective pigments to cope with the adverse envi-
ronmental conditions, including the UV radiation stress. The synthesis of protec-
tive pigments depends on the levels of adverse environmental conditions or high-
stress factors. During the period of ozone depletion, a higher amount of UV radia-
tion reaches Antarctica. That’s why during this period, the plant synthesises higher
amounts of UV-absorbing pigments and other protective compounds to cope with
the adverse effects. This is the basis of plants’ survival in Antarctica’s most adverse
conditions and other polar regions of the world.
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Abstract Antarctica, the southern polar icy continent with its exceptional geody-
namic scenery, has been a part of India’s scientific research since 1981. Currently, the
activities are being facilitated by the National Centre for Polar and Ocean Research
(N.C.P.O.R.), Goa, through scientific expeditions to Antarctica. Since its inception,
CSIR-NGRI has been participating in these expeditions and has established seis-
mological, G.P.S. observatories for monitoring seismicity and to understand the
tectonics of Antarctica plate and has carried out some geological and geophysical
studies, too. We summarise some of the essential contributions of CSIR-NGRI.

Keywords Geodynamics · Seismology · GPS · Plate tectonics · Gravity
measurements

1 Introduction

Antarctica, which is the fifth-largest of the seven continents on Earth, was part of the
supercontinent Gondwana more than 170 million years ago. Over time Gondwana
broke apart, and Antarctica formed around 35 million years ago. The Antarctic plate
has a unique geodynamic setting since it is almost entirely (87%) surrounded by
the mid-oceanic ridges. These divergent or conservative margins are formed due to
the Antarctic plate’s interaction with the South America plate, Africa plate, Australia
plate, Pacific plate and Nazca plate. Only a tiny part of it abuts the subduction zone
formed due to the SouthAmerica plate, Scotia plate andAntarctic plate. Seismicity in
the Antarctica plate interiors is generally low. Most of the seismicity is concentrated
on the plate boundary. A few earthquakes occur in the volcanic region in western
Antarctica and the peninsular region (Reading 2007). The continental interior shows
suppression of crustal failure due to ice loading causing low seismicity. Ice quakes
occur in the continental shelf region due to ice shelf break off. The Antarctic plate
comprising the southern polar continent is considered to be stable and seismically
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quiet. The Antarctica plate’s geology varies from fossiliferous sedimentary rocks,
lava and deep magmatic rocks, to a wide range of metamorphic rocks, and active
volcanoes and glacial deposits.

India started scientific expeditions in Antarctica in 1981 through the Department
of Ocean Development, Government of India and now Ministry of Earth Sciences.
The National Centre for Polar And Ocean Research (N.C.P.O.R.), Goa, organises
scientific expeditions. Since its first expedition, the CSIR-National Geophysical
Research Institute (NGRI), Hyderabad, has been participating in these expeditions
quite regularly. CSIR-NGRI has taken up several geological, geophysical, seismo-
logical and geodetic studies. CSIR-NGRI has also established a permanent seismo-
logical and geodetic observatory at Maitri. Due to logistic hardship, most of the time
has been spent in establishing the infrastructure at Maitri. We attempt to summarise
the outcome of these studies briefly.

2 Geological Studies

The east–west trending Schirmacher Oasis in the Central DroningMaud Land of East
Antarcticamainly comprises of garnet-biotite gneiss, pyroxenegranulite, calc-gneiss,
khondalite along with migmatite and augen gneiss (Singh 1986; Sengupta 1986,
1988). During the 13th Indian Antarctic scientific expedition, several lamprophyre
dykes were noticed. During the 17th expedition, a basaltic dyke, characterised by
several quench morphologies of olivine textures, was reported from Schirmacher
Oasis. The occurrences of these dykes, their petrography and geochemistry were
recorded. The poly-metamorphosed rocks of Schirmacher Oasis are intruded by
dolerite, basalt, pegmatite, lamprophyre dykes and an aplite dyke (Bormann et al.
1986). The available age data (K–Ar ages) on a fewof the basalt dykes of Schirmacher
Oasis range from 290 m.y. to 302 m.y. (Kaiser and Wand 1985). Wand et al. (1991)
have suggested that the lamprophyre dykes are younger than the associated pegmatite
dykes and older than the basalt dykes.

Lamprophyre dykes vary in length from less than 10 m to about 500 m and in
width from a few centimetres to about one meter (Jafri 1997). Lamprophyre dykes,
which occur in the central part of the Oasis, are dark brown, lustrous rocks with
dark brown coloured mica (shining porphyries), which show chilled margins and
are characterised by the occurrence of "ocelli" ranging from a few mm to one cm
in diameter. The basaltic dyke is about 1 m across and is traceable over a length of
about 100 m. It is fine-grained, aphyric and is characterised by chilled margins (Jafri
2000). The mineral compositions were detemined by Electron ProbeMicro Analyser
(EPMA) on polished and carbon-coated thin sections, using Henoc and Maurice’s
(1978) correction procedure (1978). Major and minor elements were analysed by
using anX-rayFluorescenceSpectrophotometer. Trace and rare earth elements (REE)
were determined using an I.C.P.- M.S. (Balaram et al. 1992). Representative rock
sample analysis of lamprophyre dykes for major andminor elements from the central
and the eastern parts of the Schirmacher Oasis suggested that these ultra-potassic
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dykes have been derived from partial melting thickened lithosphere (Jafri 1997). Its
elemental composition indicates that it is an alkalic basalt and that the source magma
was fractionated and contaminated with crustal rocks during its ascent through the
continental crust (Jafri 2000). This dyke is also characterised by the occurrence of
quench olivine textures that were formed by the rapid cooling of the magma at 15–
40° c/h and are similar to those reported from submarine basalts lunar basalts and
experimentally produced quench olivine textures. Further, the delicate nature of the
quench olivine, which is mainly confined to the glassy margins of the dyke, suggests
in situ crystallisation.

3 Geophysical Studies

3.1 Gravity Measurements

Gravity measurements in Antarctica started more than 65 years back during the
Indian Scientific Expedition to Antarctic ( I.S.E.A.), using a relative gravity meter
tied to Goa’s reference gravity station. These measurements with an accuracy of few
mGal couldneither bemergedwith another data set nor couldbeused for any temporal
studies. TheAntarctic landmass has a few absolute reference gravity stations but none
near the Indian station,Maitri. Therefore During the 23rd Indian Antarctic expedition
(the year 2004), the first absolute gravity (A.G.) measurements with an accuracy
of a few microGal, were carried out by the CSIR-National Geophysical Research
Institute (NGRI) in collaboration with the Department of OceanDevelopment (DoD)
by installing FG-5 Absolute Gravimeter (A.G.) at Maitri, Indian station in Antarctica
with two primary objectives of (i) establishing reference gravity station for future
gravimetric surveys, (ii) for studying temporal gravity changes related to Antarctic
ice mass loss. A concrete platform for A.G. measurements was constructed, and
the instruments were installed on 28 January 2004. Measurements were taken from
4 to 27 February 2004 (except on bad weather days), connecting earlier gravity
observations with A.G. reference point. The absolute gravity at the reference pillar
was estimated as 982,578,797 ± 4 micro Gal, Fig. 1, (Tiwari et al. 2006) from the

Fig. 1 The estimated absolute gravity at the reference pillar (982,578,797 ± 4 micro Gal)
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recorded set of observations. This reference gravity station atMaitri could be used for
any future gravity surveys in Antarctica for geodynamic studies and for monitoring
temporal gravity changes at the exact location from time to time, which provides
constraints on the elastic rebound due to deglaciation. Besides, a magnetic traverse
was made, cutting all the exposed litho units of the Schirmacher area.

3.2 Magnetotelluric Studies

The first Magnetotelluric data by CSIR-NGRI were acquired during the 24th Indian
Scientific Expedition to Antarctica (2004) to delineate the deep electrical conduc-
tivity structure in the north-central part of the Dronning Maud Land in East Antarc-
tica, along an east–west transect in the Schirmacher Oasis region. A total of nine
tensor soundings in the period range 0.001–1000 s were taken in a profile of length
16 km, along with the nearly east–west oriented Schirmacher Oasis. M.T. data have
been recorded at only one site on ice cover, situated 4 km south of Schirmacher
Oasis, for experimentation. Use of titanium electrodes along with bentonite and salt
has helped in achieving a good contact resistance of 300 � (100–500 �) with the ice
cover (Murthy et al. 2013). M.T. data were collected for 3–4 days at each site with
a station spacing of ~2–3 km. Despite the odd challenges due to Antarctica’s logis-
tical requirements, good quality M.T. data could be acquired (Murthy et al., 2012).
The most striking feature is the variation of apparent resistivity in transverse electric
(T.E.) and transversemagnetic (T.M.)modes,which are the two principal impedances
parallel and perpendicular to the two-dimensional structure. These results suggest
a highly resistive layer (at short periods) followed by a conductive layer at more
extended periods. It is evident from the magnetotelluric response computed from
three-dimensional forward modelling at six different locations in Schirmacher Oasis
that the apparent resistivities and the phase data do not show much variation due to
the coast effect. These studies revealed a well-defined layer with an average thick-
ness of 15 km, a highly resistive (8000–10,000-� m) upper crust, and a less resistive
(500–600 � m) lower crust all along with the profile.

Thus, the lower resistivity of the lower crustal layer observed along the M.T.
traverse is consistentwith a cratonic nature and solid-phase conductors (Wannamaker
et al. 1996). This layer’s thickness varies over the profile’s length, with 20 km on the
eastern side of Maitri and a thinning (ca. 10 km) towards the western side. There is
reasonably good fit between the observed and computed data for this profile in the
form of apparent resistivity and phase pseudo-sections. The crustal resistivity section
beneath Schirmacher Oasis is interpreted to represent that of a craton (Murthy et al.
2013). Due to accessibility problems, M.T. data could not be collected in a north–
south oriented profile (i.e., in the strike perpendicular direction). To better understand
the upper mantle’s resistivity structure, M.T. sites over a more extended transect are
required.
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4 Seismological Studies

The permanent Seismological Observatory at Maitri—the Indian base station in
Central Dronning Maud Land (D.M.L.), East Antarctica was established by CSIR-
National Geophysical Research Institute (CSIR-NGRI) with the support from
National Centre for Antarctic and Ocean Research (N.C.A.O.R.), with analogue
and short period digital systems became operational during the 17th Indian Scien-
tific Expedition to Antarctica (I.S.E.A.) on 26 January 1998. It was established to
monitor the seismicity in and around Antarctica, crustal structure, earthquake source
mechanism. This observatory was later upgraded with the installation of a Broad-
band seismic system during the 20th I.S.E.A. The temperature is maintained between
20 and 30 degrees Celsius in the recording room and in the vault where the seis-
mometer is kept for better performance. This seismological station was operational
continuously up to November 2009. Later on due to the system’s technical issues,
the station was not in operation. Cracks developed on the pier in a seismic vault that
was constructed in the year 1997. The seismic vault’s reconstruction works were
carried out in the 33rd Indian Scientific Expedition to Antarctica (I.S.E.A.) during
2013–2014 (Fig. 2). The newly constructed seismic vault is suitably covered by adia-
batic walls and is temperature-controlled (thermostat) electronically to maintain a
constant temperature inside the vault at 15° ± 0.5 °C.

Other than earthquake monitoring, the Maitri observatory waveform data have
been used to infer crustal structure beneath the Maitri seismic station using receiver
function analysis (Gupta et al. 2017). The analysis and modelling of the tele-
seismic receiver functions calculated at the seismic station and the Vs structure
suggest that the uppermost 2.5 km ice and sediments (Vs= 1.5–2.0 km/s) are under-
lain by 12.5 km of extrusive igneous rock (rhyolite, Vs = 2.25–2.6 km/s). Between
16 and 28 km depth, Vs gradually increases from 2.9 to 3.4 km/s. In the lower crust,
a ca. 7 km thick layer of Vs = 3.9 km/s is followed by a 6 km thick underplated

Fig. 2 Seismological Observatory at Maitri. The left panel shows the sensor in the vault, while the
right panel shows the recorder
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Fig. 3 Crustal shear
velocity structure (red line)
beneath the Maitri station in
central D.M.L., East
Antarctica through the
receiver. A black line shows
the final inversion model
after Gupta et al. (2017)

layer (Vs = 4.1 km/s) at the crust-mantle boundary. The Moho is at ca. 40 km, and
the uppermost mantle’s Vs is ca. 4.3 km/s (Fig. 3). The presence of underplated
material in the lowermost crust, extrusive volcanic rocks (Rhyolite) in the upper
crust, seaward dipping reflectors in the surrounding area and the general paucity
of seismicity suggest that the crust beneath the Maitri station is a volcanic passive
continental margin and not a typical cratonic continental crust.

Analysis of seismological data indicates frequent small earthquakes in Antarc-
tica’s interior, suggesting the occurrence of icequakes. The icequakes are similar to
earthquakes but occur within the ice sheet itself instead of the crust below the ice.
Careful analysis of data for picking up icequakes, different from tectonic events, will
give better understanding of processes responsible for seismicity.

5 Geodetic Studies

The continuously operatingG.P.S. station atMaitri (MAIT)was established byCSIR-
National Geophysical Research Institute with the support from National Centre
for Polar and Ocean Research (N.C.P.O.R.) in the year 1997 to understand the
Antarctic plate motion and its internal deformation. Observations from the MAIT
GPS site until 2002 consisted of only a few epochs without any change in receiver
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and antenna pair. After the year 2002, a frequent change in the instrument set up, led
to shifts in coordinates’ time series. Further, the monument appears to have become
unstable after 2002. Hence in February 2013, during the 33rd Indian Scientific Expe-
dition to Antarctic, a new GPS site was established, and it was integrated with a met
sensor (Fig. 3).

After establishing a new and stable GPS site at MAIT in 2013, GPS observations
for more than 50 locations from 2008 to 2017 were processed in daily session using
GAMIT/GLOBK. The estimated plate velocity for the Indian base station Maitri is
now better constrained at 6 mm/yr predominantly towards the north. It is consistent
with the plate motion estimated by the global plate models. The Euler pole evaluated
for the Antarctic plate is Latitude = 58.6985 ± 0.41182, Longitude = –130.1819
± 0.41613, Angular Velocity = 0.21534 ± 0.0021293°/Ma (Ghavri et al. 2017).
Corresponding to the estimated pole, the residual motion for most of the sites lie
within 2 mm/yr, which show that the Antarctic plate is quite a rigid plate. The
slight relative movement of 0.9 ± 0.17 mm/yr towards N60o across Trans-Antarctic
Mountains separating east and west Antarctica suggests deformation across it but
needs longer time series to ascertain this. The sites exhibiting substantial seasonal
variations have motion of more than 2 mm/yr. The significant seasonal variation in
the horizontal components compared to the tectonic deformation at the sites close to
the pole indicate that this variation is nontectonic. The variation in Antarctic plate
motion from ~4 to 20 mm/year and its direction is quite spectacular (Fig. 4). Such a
significant variation in the velocity across this primary plate is primarily because it
is surrounded by the divergent plate margins, namely, the mid-oceanic ridges. There
is no significant convergent plate margin for this plate.

Analysis of the spatial and temporal variation in the cyclic and negative trend in
the GPS vertical displacement reveals the associated changes in Ice sheet melting
and consequent mass loss using advanced methods like Singular Spectrum Analysis
(S.S.A.), Wavelet spectrum andMulti Taper Method (M.T.M.) spectrum. The annual
Seasonality rate at some of the sites shows an increase from January-May followed
by a decrease from June-December, consistent with the region’s summer and winter
seasons. The annual mode is undergoing modulation by the decadal-scale climatic
cycles, with the periodic variations in the vertical displacement being non-stationary.
The results also demonstrate that the yearly mode variability is increasing from
east to west Antarctica (Fig. 5), which may be related to the tectonic stability of
eastern Antarctica, and the role of mass variation and tectonic dynamics needs to be
investigated further.

6 Future Work

To better understand the crustal dynamics in and around the Antarctica plate and to
monitor the spatial and temporal distribution of seismicity, long-term operation of
the seismological observatory and permanent GPS station at Antarctica is required.
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Fig. 4 The top panel shows
the permanent G.P.S.
antenna installed at Maitri.
The lower panel shows the
site velocity (observed)
estimated from GPS
measurements at Maitri and
other Antarctica sites. Red
vectors are the predicted site
motion at these sites from the
estimated pole location

CSIR-NGRI has regularly participated in the Indian Scientific Expedition to Antarc-
tica to monitor these observatories’ health and collect data. GPS data will be utilised
to understand various seasonal, tectonic, hydrological and climatic processes in the
vicinity of Indian station, Maitri, Antarctica. Our stations can contribute to under-
stand the anatomy of earthquake slip for significant earthquake sources and pick
up ice quakes characteristic of the ice continent to better understand the processes
responsible for seismicity in Antarctica.
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Fig. 5 Spectral power of annual mode variability of S.S.A. reconstructed G.P.S. vertical displace-
ment estimated using M.T.M. spectrum

7 Conclusions

CSIR-NGRI has been partaking year after year in Antarctica’s scientific expedi-
tions for carrying out geological and geophysical research. CSIR-NGRI has estab-
lished permanent seismological and GPS observatories for earthquake monitoring
and understanding Antarctic plate motion. Modelling of teleseismic RFs calculated
at the seismic station suggests that the Maitri station’s crust is a volcanic passive
continental margin and not a typical cratonic crust.

The Indian permanent GPS station at Maitri moves at a 6 mm/yr velocity predom-
inantly towards the north, consistent with the Antarctic plate’s expected plate motion
at this site. The Euler pole is estimated for the Antarctic plate. The plate is
largely aseismic and there is no significant internal deformation. Singular spectrum
analysis and wavelet spectrum of GPS displacement vertical component demonstrate
that annual mode variability is increasing from east toWest Antarctica. The observed
positive gradient of the vertical displacement probably indicates mass loss due to
the melting of ice. The analysis further reveals that the annual mode is undergoing
modulation by the decadal-scale climatic cycles.
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Seismo-Geophysical Studies
in the Antarctic Region: Geodynamical
Implications

O. P. Mishra

Abstract Conduction of integrated seismo-geophysical studies in the Antarctic
region is a challenge as well as very much warranted to explore the region for
its better geo-scientific understanding. Seismogenesis and seismic potential of the
Antarctic region have not yet been well understood because of lack of common
consensus on various issues, besides its unique and complex geotectonic settings
associatedwith intriguing landscape evolutionof theAntarctic plate since the breakup
of Gondwana, West Antarctic Rift System (WARS), different patterns of exhuma-
tion events that occurred between the Early Cretaceous and Cenozoic. The hostile
climatic situation and inaccessibility of the region due to the huge spatial distri-
bution of thicker ice sheets hindered the mission of conducting comprehensive
seismo-geophysical studies for the Antarctic Peninsula due to severe constraints
of installations of ground-based sophisticated seismo-geophysical equipments in
the region. Several causative factors associated with natural and anthropogenic are
found still enigmatic in the sense to unravel the fact how the genesis of earthquakes
are related to the glacial-dynamics and glacial mass change-induced earthquakes
(GMCIE). It has become important to decipher the role and contribution of the
East and the West Antarctic microplates and West Antarctic rift systems (WARS)
in seismogenesis using advanced methodologies of geosciences. Seismicity of the
Antarctic continent region is confined to different tectonic blocks, distributed into
the southern ocean, continental margin, Lutzow-Holm Bay, Antarctic Peninsula, and
in the volcanic regions in and around Deception Island, which helped estimate the
seismic structure of Antarctica. In this chapter, a comprehensive overview of seismo-
geophysical studies has been made to understand seismo-geodynamical implications
for the Antarctic region in light of the Plate Reconstruction and seismo-geophysical
structures of Antarctica.
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1 Introduction

Antarctica is regarded as the hotspot for conducting multi-disciplinary scientific
research since the advent of modern technology because of its unique geographical
location and intricate tectonic structures in the South Pole region. The 1959Antarctic
Treaty under the Antarctic treaty system (ATS) that entered into force on 23 June
1961 defines Antarctica as all lands and ice shelves south of 60°S latitude, which
advocates that the continent is an international scientific laboratory for peaceful
purposes and allows freedom of scientific investigations as well as dissemination of
scientific data through the exchange among global communities by prohibiting any
attempts of countries in conducting nuclear explosions or the disposal of radioactive
waste there in the Antarctic.

It is observed that the landscape of the Antarctic region begins since the breakup
of the Gondwana that was controlled by the tectonic evolution of the Antarctic Plate
when the Weddell Sea formed by rotation and translation of the West Antarctic
Microplates (Fig. 1). It is reported that the rifting of the continents away from
Antarctica, commencing with Africa and further movement in a clockwise direc-
tion around Antarctica compelled the Antarctic Plate to get isolated from the other
surrounding plates and shows the present polar position of Antarctica. During the
processes, development of seaways and the circum-Antarctic current, thermal isola-
tion, climate change, and the present-day cold polar environment occurred (Lawver
et al. 1992; Fitzgerald 2002). Fitzgerald (2002) reported that the landscape evolution
of the Antarctic continent since the breakup of Gondwana has been controlled in the
first order by changes in the location and configuration of plates. During the breakup,
Antarctica moved towards its present polar location and then became geographically
and thermally isolated that contributed to the development of the present-day hyper-
arid, cold polar climate. Three stages of exhumation occurred between the Early
Cretaceous to Early Cenozoic contributed to regional tectonic events, comprising:
(a) the initial breakup between Australia and Antarctica in the Early Cretaceous; (b)
the main phase of extension between East and West Antarctica in the Late Creta-
ceous accommodated on low-angle extensional faults; (c) propagation of southward
of seafloor spreading from the Adare Trough into continental crust underlying the
western Ross Sea in the early Cenozoic, which might have acted as a trigger for the
flexural uplift of the East Antarctic lithosphere to form the Transantarctic Mountains
(TAM). These geotectonic processes of three-stage exhumation may have a strong
bearing on the seismogenesis and seismic potential of the Antarctic region.

Lawver et al. (1998) demonstrated a model with the fit of the large continents
within Gondwana in which three continents, namely Australia, India, and Africa are
found to fit well against the present-day rifted margins of Antarctica as shown in
Fig. 1. It is further argued that the Gondwana reconstruction is less well constrained
along the Trans2002antarctic margin of East Antarctica where there is consider-
able uncertainty over the number and position of some of the microplates within
the West Antarctic region (Daziel and Elliot 1982; Storey 1996; Storey et al. 1998;
Fitzgerald). The main West Antarctic microplates contain some pertinent tectonic
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Fig. 1 Map showing the
Gondwana tight fit
reconstruction and breakup
model assimilated by using
the information on continent
and microplate positions
along with other inputs
(Lawver et al. 1992, 1998;
Storey 1996). Abbreviations,
AP: Antarctic Peninsula; TI:
Thurston Island; MBL:
Marie Byrd Land; CR:
Chatham Rise; CP:
Campbell Plateau; SNZ:
Southern Newzealand; NNZ:
Northern New Zealand;
LHR: Lord Howe Rise; WS:
Weddell Sea (Adapted from
Fitzgerald 2002)

units, such as the Ellsworth-Whitmore Mountains crustal block (EWM), Antarctic
Peninsula, Thurston Island, andMarie Byrd Land. Several researchers used the Haag
Nunatak, Berkner, and Filchner microplates in reconstructions whilst Marie Byrd
Land can be thought of as comprising both west and east portion of the Antarctic
(De Wit et al. 1988; Divenere et al. 1996; Fitzgerald 2002). These observations are
supported by independent geophysical studies made using Paleomagnetic data with
integration of structural modeling based on geological information to constrain the
fit of these microplates. It is also found that Antarctic Peninsula, Thurston Island,
and Marie Byrd Land contain a large proportion of subduction-related rocks, these
blocks are retained in approximately their present location along the paleo-Pacific
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margin of Gondwana during the majority of reconstructions (Lawver et al. 1992),
which certainly have much influence on nature and extent of seismogenesis in the
region. The initial rifting stage in the breakup of Gondwana as shown in Fig. 1b
shows the involvement of right-lateral transmission as East Gondwana (Antarctica,
Australia, India, New Zealand) and West Gondwana (South America and Africa)
that moved apart with stretching beginning in the north and propagating southward
(Lawver et al. 1992). There is a common consensus among different group of scien-
tists that initial breakup was also associated with plume-generated magmatism and
rotation and translation of microplates, showing Plume-related magmatism having a
head likely located in southeastern Africa (Cox 1988; White and MacKenzie 1989;
Storey 1996) that led to the emplacement of huge within-plate mafic and felsic
magmatic provinces in many Gondwana continents as well as Antarctica. It is well-
established facts that the presence of magmatic, mafic, and felsic materials, besides
the existence of sedimentary basin and rift system make the region more apt for
the genesis of differential strain to bring brittle failure into earthquakes (Mishra and
Zhao 2003;Mishra and Zhao 2004). Such appreciable compositional scenarios in the
East and West Antarctic microplates can have contributed to more seismic potential
of Antarctica.

In the Early Cretaceous, as shown in Fig. 1c, the Gondwana breakup stress regime
changed from dominantly north–south between East and West Gondwana to domi-
nantly east–west with the two-plate system that was replaced by a multiple plate
system (Lawver et al. 1992; Fitzgerald 2002). This change in stress regime dramat-
ically affected the tectonics of the region as evident from the large-scale ductile
deformation concentrated along shear zones in gneissic and magmatic rocks in the
Antarctic Peninsula (Storey et al. 1996), and existing sedimentary basins such as
the Latady Basin underwent thin-skinned deformation and inversion (Kellogg and
Rowley 1989). Separation also began between India and Antarctica in the Early
Cretaceous (Lawver et al. 1991). It has also been noted that initial stretching began
between Australia and Antarctica in the Early Cretaceous (Stagg andWillcox 1992),
but seafloor spreading did not begin until 95 Ma (Candle and Mutter 1982; Veevers
et al. 1990). These observations suggest the tectonic intricacies and complexities of
the Antarctic region be studies in detail in light of its seismogenesis and seismic
potential.

It is estimated that more than 98% of its total area comprising approximately 5.5
million square miles is blanketed by the Antarctic Ice sheet while the vividly exposed
parts of the contents correspond to the coastal regions of the Antarctic Peninsula, the
high ranges of the coastal hinterland of South Victoria Land, the isolated mountains
and nunataks of the interior which pierce the ice carapace, and themarginal regions of
East Antarctica (Adie 1962; Fitzgerald). The geological exploration has been carried
out in West Antarctica since before and after the International Geophysical year of
1957–1958. Those studies, however, found purely of reconnaissance category, and
the mission of exploring Antarctica has been extended to address several unknown
tectonic intricacies of the interior of East andWest Antarctica, which yielded signif-
icant information for the furtherance of extensive seismo-geophysical studies to
explore the Antarctica region using the state-of-the-art techniques by several groups
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of geo-scientists to address a diverse set of geological problems that remained unex-
plored and completely unknown to us. Some of the pertinent problems like strati-
graphical, structural, seismotectonical, and geodynamical remain to be resolved by
generating high-quality data from the field on the deployment of advanced tech-
nology by rendering plausible explanation and interpretation to those unresolved
problems. None-the-less, the state of the Antarctic geology is not static rather very
progressive and advancing continuously and provides enough opportunity to enun-
ciate the reasonable facts and figures that can usher ample avenues to adopt new
ideas to conduct theme-based research for sake of outstanding outcomes through
fascinating researches for the Antarctica continent of the Earth.

As mentioned above, the Antarctic plate is having unique tectonic settings associ-
atedwith diverse sets of structural regimes, surrounded by divergentmargins, conver-
gent or transformed margins in which divergent margins are well characterized by
the circum Antarctic seismic zones and covers nearly 92% of the surroundings of
the Arctic plate whilst the convergent margins locate in the northwestern part of the
South Shetland Islands and are less than 2% of the plate boundary with transformed
margins cover less than 7% along the boundary of the Scotia micro-Plate (Kanao
2014) as shown in Fig. 2.

Fig. 2 Seismotectonic settings of the Antarctic along with the distribution of earthquakes occurred
at different depths represented by solid circles in different colors (sourceNEICofUSGS).Volcanoes
are denoted by solid red triangles (adapted from Kanao 2014)
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2 Geo-Environmental Setup and Tectonics of Antarctica

The unique geology and seismotectonic settings of Antarctica make it possible for a
diverse group of researchers to research diverse topics to understand implications of
seismo-geophysical studies, modeling of geodynamical and mantle thermal states,
crustal and sub-crustal seismogenesis, and seismic potential of the region. Applica-
tions of other geophysical tools to explore natural resources underneath Antarctica as
well as the study on various indicators of climate dynamics for the South pole having
bearing on the rest of the continental regions have become one of the leading-edge
research topics in recent years.

Rock exposures in Antarctica are very limited in extent, occurring mainly as
isolated mountain ranges, nunataks, ice-free fringing coastal areas, and offshore
islands, but the geological record is found to be very much informative and most
revealing about the composition, and structural evolutionary history of Antarctica
(Adie 1962). Based on stratigraphical, petrological, structural, and paleogeograph-
ical studies, Antarctica comprises two important geological provinces: (1) Andean
Province or West Antarctica; (2) Gondwana Province or East Antarctica as shown in
Fig. 3.

The continent of Antarctica found suffered the vicissitudes of mountain building
processes, severe denudation, and sedimentations in geosynclinals troughs. There is
evidence of subsidence and incursion of the sea, large-scale crumpling, and fracturing
of its sedimentary layers. Inundation of vast areas by lava flows and the spread of
volcanic ashes were also reported in the past geological mapping of Antarctica (Adie
1962). Flora and fauna-based interpretation revealed that the climate of Antarctica
has witnessed several reversals in the geological past.

In Permo-Carboniferous times glacial conditions prevailed, but in the Middle
Jurassic, the climate record corresponds to tropical/temperate to sub-tropical condi-
tions, supporting a luxuriant flora because at that time climate got deteriorated
to final refrigeration in the Pleistocene to recent. The present glaciation has also
evolved through several phases of advancement and retreat of glaciers in Antarc-
tica. The main continental shield of Antarctica is analogous to those of the other
southern continents associatedwith rocks ‘which have undergone at least three phases
of regional metamorphism, it is now clear that the continent is composed of two
distinct and contrasting geological provinces though they evolved separately under
different environmental and tectonic conditions since early Paleozoic. Geological
studies of Antarctica revealed that East Antarctica, the older part of the continent,
is the true Antarctic continental shield whilst the rest relatively undisturbed asso-
ciated with early Paleozoic marine sediments and late Paleozoic-early Mesozoic
terrestrial sediments of the widespread southern Gondwana System (Adie 1962;
Fitzgerald 2002). The subsequent geological succession is found heavily intruded by
thick, often differentiated, dolerite sheets of the Lower Jurassic age. Interestingly,
the main tectonic disturbances in East Antarctica appear to be block faulting of a late
Tertiary-Quaternary age with which wide-scale volcanism was reported to occur.
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Fig. 3 A Map showing the two geological sub-division of Antarctica into the Andean Province
and the Gondwana Province (adapted from Adie 1962)

Stratigraphic comparisons with other southern continents depict the similarity of
East Antarctica with Southern Africa as shown in flowing Tables 1 and 2 based on
six selected areas of Antarctica as shown in Fig. 4.

West Antarctica, including the Antarctic Peninsula, is found stratigraphically,
structurally, and tectonically very akin to the west Patagonian Cordillera, which
is a southern extension of the Andean Mountain chain through the Scotia Arc. In
comparison with East Antarctica, it is much younger than having evolved mainly
as a result of searching of the Andean geosynclinal sediments in the late Paleozoic.
A huge and widespread lava and ash eruptions in the Upper Jurassic, marginal to
the Andean geosyncline were associated with a period of minor folding. Further
sedimentation and the formation of themid- to late CretaceousMagellan geosyncline
and the large-scale intrusions of late Cretaceous-early occurred. It has been observed
that sedimentation got abruptly terminated by mid-Miocene volcanism which has
continued intermittently until Recent times. Block faulting and folding have played
an important role in the formation of West Antarctica.
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Fig. 4 A simple sketch map of Antarctica showing sic types of areas of East Antarctica with
abbreviations, A: South Victoria Land; B: Oates Coast; C: MacRobertson Coast; D: Dronning
Maud Land; E: TheronMountains,WhichawayNunataks, and Shackleton Range; F: Central Horlick
Mountains; West Antarctica: I: Antarctic Peninsula; II: Edsel Ford Ranges and King Edward VII
Peninsula (after Adie 1962)

It is found that Antarctica has two geographical regions as shown in Fig. 3. The
more the geology of Antarctica is studied the more it becomes apparent that Antarc-
tica is composed of two geological provinces, each of which has evolved indepen-
dently but in adjacent positions in similar climatic environments. The geological
history of the old stable platform of East Antarctica is closely similar to that of the
other southern continents (Tables 1 and 2) where the great Gondwana System domi-
nates the stratigraphy and for this reason the name ‘Gondwana Province’ (Fig. 3).
West Antarctica is essentially considerably younger than East Antarctica but it has a
more complex tectonic. There remain multitudes of problems related to the geology
of the Antarctica region that needs to be solved and many thousands of square miles
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Table 1 Stratigraphical comparison of South Africa, the Falkland Islands, Brazil, Uruguay, and
Argentina

of ice and snow to be covered in the search for new information that will eventually
lead to the complete solution of Antarctic geology.

The geodynamical model of the West Antarctic Rift System is found to be very
important for understanding themantle thermal state (Harry et al. 2018). They assimi-
lated two-dimensional finite element models with the extension of theWest Antarctic
Rift System (WARS), which exhibits three classes of behavior, which are dependent
upon the pre-rift thermal state of the upper mantle. All of the models begin with
relatively cool East Antarctica lithosphere juxtaposed against warmer West Antarc-
tica. The models all undergo an initial period of extension that is broadly distributed
across theWARS. Harry et al. (2018) enunciated that theWest Antarctic Rift System
(WARS) is a 750–1000-km-wide continental extensional province lying beneath
the Ross Sea and Ross Ice Shelf between Marie Byrd Land on the east and the
Transantarctic Mountains (TAM) at the edge of the East Antarctic craton on the
west (Fig. 5). The timing and distribution of extension in the WARS are not tightly
constrained, particularly beneath the West Antarctic Ice Sheet. However, it is clear
that widespread extension began by Late Cretaceous time and continued at least into
the Pleistocene Epoch. From Late Paleozoic time to ca. 105 Ma, the region now
occupied by the WARS lay on the overriding plate of a convergent margin between
East Gondwana and the Phoenix Plate (Lawver et al. 1992; Lawver and Gahagan
1994) as shown in Fig. 6a.
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Table 2 Stratigraphical Comparison of six selected type areas (Fig. 4) in East Antarctica

(continued)
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Table 2 (continued)

3 Seismic Potential of the Antarctic and Adjoining Regions

Rigorous compilation of seismicity of theAntarctic and the surrounding region by the
International Seismological Centre (ISC) resulted in very significant data as shown
in Figure 2. Earlier studies highlighted that the Antarctic continent and surrounding
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Fig. 5 Location map and major tectonic features of the Ross Sea and West Antarctic Rift System
(WARS) (adapted from Harry et al. 2018). The Location of the Transantarctic Mountains (TAMS)
and boundaries of the WARS (dashed lines) are shown in the inset. Dotted line—Late Cretaceous
through Cenozoic basins and uplifts (Davey et al. 2006); black dots—drill holes penetrating Late
Cretaceous through Cenozoic stratigraphy; red shading—Cenozoic alkaline magmatic rocks; RI—
Ross Island. Relief fromETOPO2 global relief data set (National Geodetic Data Center 2006; Harry
et al. 2018)

ocean region are one of the aseismic regions of the Earth for many decades. On
installations of theGlobal SeismicNetworks and local seismic arrays opened avenues
for conducting an extensive seismic study that dispelled the doubt about the region
not being aseismic. Several tectonic earthquakes were detected in and around the
Antarctic continent, and earthquake recording was found to record several micro-
earthquakes. Kanao (2014) showed that the entire Antarctic region has a total of 13
seismicity areas classified into the Antarctic continent (3 areas) and oceanic regions
within the Antarctic Plate (10 areas). Studies demonstrated that seismic activity
in the continental areas is associated with very low activity in Antarctica. Several
smaller earthquakes are found to occur beneath Wilkes Land in East Antarctica
through the area is a tectonically very active area in the continent. In the oceanic
region, in contrast, seismic activity in the area between 120˚W and 60˚ W sector is
found much higher than those of other oceanic areas. Most interestingly, the tectonic
stress concentration toward the Easter Island Triple Junction between the Antarctic
Plate, the Pacific Plate, and the Nazuca micro-Plate showed appreciable seismicity.
It is important to note that three volcanic areas, such as the Deception Island, the
Mts. Erebus, and Melbourn found associated with very high seismic activities in
comparison to the vicinity of the surrounding areas.
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Fig. 6a Late Cretaceous reconstruction of West Antarctic Gondwana margin ca. 110 Ma showing
the early collision of Phoenix/Pacific spreading system with New Zealand (adapted from Harry
et al. 2018). The Red dashed line shows the trend of incipient West Antarctic Rift. SA—South
America; AFR—Africa; IND—India; AUS—Australia; EA—East Antarctica; NZ—New Zealand.
Major tectonic blocks comprising West Antarctica are AP—Antarctic Peninsula; E—Ellsworth
Mountains; T—Thurston Island block; MAD—Madagascar; MB—Marie Byrd Land. Modified
after Fitzgerald (2002) and Torsvik et al. (2008), Harry et al. (2018)

3.1 Seismic Network and Seismic Noise

The history of the Antarctic seismic monitoring starts from the deployment of six
stations across West Antarctica between 1998 and 2001 under the first temporary
broadband seismic network in Antarctica under the project of Antarctic Network
of Unattended Broadband Seismometers (ANUBIS) [Anandakrishnan et al., 2000].
The Global Seismographic Station Network (GSSN), the Worldwide Standardized
Seismograph Network (WWSSN) as well as the Integrated Research Institutions
of Seismology (IRIS) have provided synoptic coverage since the mid-1960 (Butler
et al., Hansen et al. 2015). Despite being Antarctica demonstrated a large gap in
the distribution of seismic stations where till mid-1990 only eight permanent GSN-
type stations were installed around the periphery of the continent. The mission of
expanding the ANUBIS allows for the enhancement of equipment made of Gurlap
CMG-3T and 24-bit REF TEK 72A-08 dataloggers by 46 in number (Pyle et al.
2010) as shown in Fig. 6b

The quality of data recording in Antarctica is dictated by the advancement in data
recording and technological development related to array/network setup with large
data storage as witnessed by steady developments for GAMSEIS array, containing
30-station network work since the year 2007 in the extremely hostile climatic condi-
tion in the East Antarctic plateau as shown in Fig. 6b. Different types of instruments
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Fig. 6b a Subglacial bedrock topography from theBEDMAP2model (Fretwell et al. 2013). Shapes
indicate stations from various seismic deployments across the continent (black stars, Antarctic
Network of Unattended Broadband Seismometers [ANUBIS]; gray triangles, TransantarcticMoun-
tains Seismic Experiment [TAMSEIS]; gray squares, Gamburtsev Antarctic Mountains Seismic
Experiment [GAMSEIS]; gray circles, Polar Earth Observing Network [POLENET]; white circles
and squares, Transantarctic Mountains Northern Network [TAMNNET]). The polygon highlights
the region shown in (b). Key geographic features are labeled: TAMs, Transantarctic Mountains;
WSB, Wilkes subglacial basin; VL, Victoria Land; RI, Ross Island; RSE, Ross Sea embayment;
WARS, West Antarctic rift system; GSM, Gamburtsev Subglacial Mountains; DML, Dronning
Maud Land; AP, Antarctic Peninsula; and EWM, Ellsworth–Whitmore Mountains. b Regional
map focused on the TAMNNET deployment, with station names indicated. Additional geographic
features not labeled in (a) include TR, Terror Rift; TNB, Terra Nova Bay; andMM,Mt. Melbourne.
Stations denoted by circles are those powered with absorbed glass mat (AGM) batteries and two
lampshade-style solar panel systems, whereas stations denoted by squares have one lampshade-style
solar panel, one AGM battery, and 15 lithium battery packs (after Hansen et al. 2015)

as mentioned above along with Quanterra Q 330 digital acquisition systems (DASs)
with solid-state memory (Heeszel et al. 2013). Because of hostile and extremely low-
temperature, special design has been adopted for installing seismo-geodetic equip-
ment in which the seismometers/sensors were kept inside the insulated piers buried
about 1m below the snow surface, and insulated boxes were used to house the elec-
tronics and batteries in line of earlier deployments of solar panels/wind generators
were used to augment power and to recharge the lead-acid batteries during the austral
summer (Johns et al. 2006; Hansen et al. 2014, 2015). The greatest challenge is to
maintain power supply during the Antarctic winter, which is generally achieved by
setting a system that automatically gets switched to non-rechargeable lithium battery
packs with the provision of a heating pad for heating the system in such a way to
maintain the temperatures inside the insulated box at 20 °C or greater than the ambient
temperature, which gave enough scope of recording seismological data in Antarctica
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for round the year with impressive recovery of data by 95% (Heeszel et al. 2013;
Hansen et al. 2015). To improve the installations of seismographs inAntarctica, snow
vaults were also applied when instruments were installed on isolated rock outcrops
throughout West Antarctica and within the Transantarctic mountains (Anthony et al.
2015). It is also documented that relativelywarmer environment inWestAntarctica in
comparison to that of East Antarctica, the power consumption for running the equip-
ment is comparatively as less as 1.5W, which are operational with lead-acid batteries
and solar panel systems. Recent advancement as mentioned above is the availability
of greater data storage (16–28 GB) with iridium telemetry to monitor station perfor-
mance (Parker et al. 2008; Hansen et al. 2014, 2015). All of these developments in
seismological networking have contributed to the successful deployment of several
sets of temporary broadband arrays in the Antarctic region for a longer period to
record huge data by different networks ascribed to different participating countries
to investigate the 3-D seismic structure of deeper layers of Antarctica to understand
its implications to crustal and mantle dynamics.

The quality of seismological recorded signals (desirable part of the recording) is
of paramount importance because the level of noise (undesirable part of the record)
needs to be kept as minimal as possible. Detection and identification of the source of
noise is again a very daunting task as it needs filtering at various stages of recording
and processing recorded data. Prior knowledge about Seismic noise will help us
to optimize our approach towards future seismological deployments in Antarctica
associated with very hostile climatic and intricate geological conditions. In addition,
microseism arising from ocean wave activity contains useful climate proxy informa-
tion on the state and variability of the relatively poorly sensed southern oceans (Aster
et al. 2010; Stutzmann et al. 2009). It is suggested that microseism is very sensitive to
sea ice concentration and areal coverage in the Polar Regions (Grob et al. 2011; Tsai
and McNamara 2011; Anthony et al. 2014). Characterization of the seismic noise
environment of Antarctica based on documentations of instrument performance, and
comparisons of installations of equipment in different geo-environmental conditions
with ice vaults/rock sites, such as volcanic and heat flow, ocean interference and
wind velocity, glacial movements, and other sub-surface conditions that may have
strongbearing to interfere in seismic recoding and canmake the entire data spurious in
Antarctica. Recent studies based on analyses of a range of data forAntarctica revealed
the fact that the seismic noise environment of Antarctica is free from anthropogenic
noise contamination (Anthony et al. 2014; Hansen et al. 2015).

Spatial distribution of the seismic noise state at various stations can be shown for
Antarctica in Fig. 6c for which the median PSD of each station component has been
separated into six-period bands (Anthony et al. 2014). They examined the median
power in each station for Antarctica (Anthony et al. 2014). It is documented that
the short-period band, 0.15–1.0 s, captures common sources of anthropogenic noise
with seismic coupling due to wind (Peterson 1993; Galperin et al. 1986; Anthony
et al. 2014). Signals ranging from local glaciologicalmovements to teleseismic earth-
quakes also contribute to anthropogenic noise. In search of seismic signals, we are
generally interested in the 1.0–5.0 s teleseismic body wave from exciting local,
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Fig. 6c a The probability density function of power spectral density (PSD) for the vertical-
component of South Pole station QSPA (146 m borehole) for December 2007–December 2012
plotted on a logarithmic color scale to show transient high-amplitude signals (e.g., teleseismic
earthquakes) and other probabilistically secondary features. The median PSD is plotted (solid black
line) as well as 5th and 95th percentile statistics (dashed lines) and are compared to the global high-
and low-noise models of Peterson (1993). In addition, the six-period bands referred to in the text
are labeled. b Temporal evolutions in power in the short period and c primary microseism band are
shown to illustrate the influence of seasonal anthropogenic noise at nearby (7.8 km) Amundsen–
Scott South Pole Station and the unique seasonality (phase-shifted∼90° from the rest of the southern
hemisphere; Aster et al. 2008) of the Antarctic microseism signal due to the annual growth and
decay of sea ice (after Anthony et al. 2014)

regional, and teleseismic earthquake-generated body waves for conducting struc-
tural and source-related studies. In addition, several recent studies have attributed
noise in this band at near-coastal and near-lake stations to local or regional swell
activity (Bromirski et al. 2005; Tasi and McNamara 2011), which constitutes the
shorter period portion of the double-frequency (secondary) microseism (Anthony
et al. 2014). The secondary (5.0–10.0 s) and the primary (10.0–20.0 s) microseism
bands are dominated in the absence of earthquake or other transient source excitation
or by ocean-generated Rayleigh waves. Hasselmann (1963) showed that the primary
microseism originates when deep-ocean waves break or shoal on a shallow seafloor
and are primarily converted into Rayleigh waves. The typically much more powerful
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secondary microseism is usually generated by standing-wave components of the
oceanic wavefield (e.g., coastal reflections, storm, or intrastorm wave interactions as
discussed by Ardhuin et al. (2011), and they demonstrated that seafloor forcing at
half the period of the constituent traveling ocean waves may the source of the noise
(Tanimoto 2007;Anthony et al. 2014).Anthony et al. (2014) showed that variations in
microseism power at specific stations inAntarctica are known to be strongly sensitive
to both near coastal storms and to wave state and also highlighted that amplitude gets
modulated by the annual formation and breakup of sea ice (Aster et al. 2008; Grob
et al. 2011). It has been shown that the 20–50 s intermediate period band contains
power from the longest period microseisms and is strongly excited by intermediate-
period surfacewaves from global earthquakeswhilst the 50–150 s long period band is
controlled by low amplitude (e.g.,∼300 time smaller in power than double frequency
microseism excitation) oceanic excitation of long-period waves generated through
infragravity wave excitation and difference-frequency interaction of opposing ocean
wave trains (Traer et al. 2012; Anthony et al. 2014). A common source of instru-
mentally generated noise in this band is diurnal or another seismometer tilting that
strongly couples into the horizontal components (Peterson 1993). This period band
is also intermittently excited by long-period teleseismic surface waves from large
earthquakes.

Seismic noise in Antarctica varies from surrounding formation on which stations
are being installed and variability in noise is due to different processes, occurring due
to interactions of wind/oceanwave/ stormwith earth surfaces and ice sheets.We have
to choose the ice borehole seismic station and rock borehole station very carefully.
The quieter sensors in Antarctica at high frequencies (>~ 2Hz) by placing instrument
at depth of as more as 200 m that reduces 5 dB baseline natural high-frequency noise
and a 10 dB reduction in anthropogenic noise compared to a sensor located within
the wave guide, which is the quietest station on the earth. The rock bore hole station
in the windy dry valleys at the foot of the seismic stations generally 10 dB quieter
than that of purely rock sites because of lower power levels of microseism of 1–2 dB.
Once sensor will be deployed typically 1–2 m below the surface and atop of thick ice
sheets then 5–7 dB quieter in the short period band than comparable rock and near
rock/shallow snow faults. Rock and shallow snow stations showed that long-period
horizontal noise is attributable to tilt, and in the near-elimination of shorter period
tilt may arise from direct wind forcing on the outcrop and station. Recently, seismic
deployments in the remote interior of Antarctica have dramatically increased the
quality and quantity of broadband data from large unsampled areas of the continent
(Anthony et al. 2014).

It is well documented by Kanao (2014) in Fig. 2 that seismicity gets recorded by a
series of seismograph stations installed in the Antarctic region that described seismo-
tectonic settings with reference to its seismic potential. Some of the different partic-
ipating countries conducted an experimental study to collect seismological using
GNSS equipment to estimate velocity structure for better understanding of complex
seismological and geodetic research in Antarctica; especially by Bulgaria from its
Bulgarian Antarctic base (Dimitrova et al. 2015). The used McNamara method was
used to study ambient seismic noise despite the effects of harsh weather conditions
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and the absence of man-made noise on the distribution of the noise power. Data avail-
able from various seismograph stations in a different network, namely, the Global
Seismographic Station Network (GSSN), the Worldwide Standardized Seismograph
Network (WWSSN) as well as from the Incorporated Research Institutions for Seis-
mology (IRIS) are found not yet adequate for the comprehensive seismological study
of Antarctic region. With the advent of technology and advancement in instrumenta-
tion, an attempt has been made to study Antarctica using a huge amount of seismo-
logical data recorded by the different seismographic network, such as, Transantarctic
Mountains Seismic Experiment (TAMSEIS); the Gamburtsev Antarctic Moun-
tains Seismic Experiment (GAMSEIS); and the Polar Earth Observing Network
(POLENET) (Hansen 2015) that has significantly improved our understanding of
the Antarctic’s tectonic evolution even though more number of seismic stations
are required for a denser network that may help us to unravel the mystery beneath
Antarctica.

3.2 Seismicity Beneath Antarctic Continent

A general seismicity map in and around the Antarctic Plate is shown in Fig. 2. The
earthquake locations are compiled by the National Earthquake Information Center
(NEIC) of USGS. The Antarctic continent is roughly divided into two large tectonic
provinces; East Antarctica (eastern hemisphere part from the Transantarctic Moun-
tains) and the other younger province; West Antarctica. East Antarctica is charac-
terized by a fragment of the Gondwana super-continent, one of the members of
adjacent Pre-Cambrian terrains in the southern hemisphere (South America, Africa,
India, and Australia; Fig. 2). West Antarctica, on the contrary, is attributed to a chain
of many islands beneath the ice sheet of the Cenozoic era, including several active
volcanoes. Four earthquakes inside the continental area of Antarctica were reported
to the ISC catalog in the early stage of Antarctic scientific research. However, except
for only one event out of the four, no significant earthquakes were located in the
continent before the IGY, because neither their locations nor their magnitudes were
accurately determined (Adams et al. 1985). One event which occurred on June 26,
1968, was located in Coats Land, 20˚W, 80˚S using the initial phase readings of
five seismic stations on the Antarctic continent (Kaminuma and Ishida 1971). The
magnitude of the event was 4.3 determined by the waveform amplitude of a three-
component seismograph at South Pole Station (SPA). This was the first earthquake
located instrumentally in the continent using the data of only seismic stations in
Antarctica. However, this event was not listed in the ISC catalog used the data of
five stations for hypocenter determination and two of the five stations were Byrd
Seismic Array. As the focal depth was determined 1 km beneath the sea level, the
event was considered to be an earthquake in the crust, not an ice quake. On the
other hand, it has been reported that an earthquake occurred near the coast of Oates
Land at 70.5˚S and 161.3˚E on October 15, 1974 (Adams 1982). This event was
the only shock to be located on the Antarctic continent by international agency by
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that time. The magnitude of the event was estimated to be 5 and he concluded that
the event might be an ice quake associated with ice movement or cracking. Identi-
fication of very shallow earthquakes near the surface has not been correctly made
based on hypocentral information to understand whether they are tectonic events or
ice-related signals. Regarding the wide inland area of East Antarctica, seismicity
in Wilkes Land (“G” in Figs. 7 and 8) is found to be one order higher than that in
the vicinity of Syowa Station (69.0˚S, 39.0˚E), the Lüzow-Holm Bay (LHB), East
Antarctica (Kamimura 2000; Kanao and Kamimura 2006). Seven earthquakes with
Mb 4.0–4.9 were located in the coastal area of 100˚–170˚E and 66˚–82˚S in Wilkes
Land in 1964–1996. Another nine earthquakes were located in the inland area and
two were located offshore. The magnitudes of these eleven earthquakes were not
accurately determined. The formation, distribution, and stability of these sub-glacial
lakes might affect tectonic processes involving relatively high seismicity in this area.

Not only micro-seismic activity but also small earthquake activity inWilkes Land
and surrounding coasts are higher than that in another area on the East Antarctic
continent. The sub-glacial topography in Wilkes Land is characterized by a sub-
glacial basin with 1000 m below sea level in minimum elevation of the bedrock
(Drewry 1983). The maximum thickness of the ice sheet in the area is over 4000 m
and the surface elevation of the ice sheet is mostly over 2000 m.

3.3 Seismicity of Southern Ocean

Seismic activity inside theAntarctic Plate has been known as very fewdistributions of
their epicenters both in ocean and continent areas. As the spatial distribution and time
variations in seismicity around the Antarctic Plate, in particular for the Indian Ocean
sector (0˚–160˚E, 20˚–80˚S), was previously evaluated and intraplate seismicity was
discussed associated with far-field tectonic stress in the oceanic lithosphere (Kanao
et al. 2006).Weneed to understand the detailed distribution of hypocentral parameters
within the whole Antarctic Plate in the area of 20˚–80˚S and every 60˚ of longitude
has been investigated using the compiled data set by ISC for the recorded years during
1964–2002 as shown inFig. 7. It isworthmentioning thatKanao (2014) demonstrated
very intriguing results based on earthquake distribution among the individual 60˚
longitude sectors and South Pole area in 80˚–90˚S and he found that the earthquake
activities are divided into 13 regions (from “A” to “M”). Since the seismic activities
are extremely high along the plate boundaries around the Antarctic Plate between the
surrounding plates, a criterion of the area for intra-plate was selected very carefully
not to include the events associated with the plate boundaries.



306 O. P. Mishra

Fig. 7 Earthquake locations are determined by ISC in 20˚–80˚S and every 60˚ of longitude.
Surrounded areas by solid redlines indicate individual blocks (“A”–“L”) discussing seismicity in
this paper. These areas were classified into the Antarctic continent (“D” and “G”) and oceanic region
within Antarctic Plate (other regions). Numerous denoted in the brackets correspond to magnitude
ranges representing the number of included events for each 60˚ longitude sector (after Kanao 2014)

3.4 Seismicity of Continental Margin

Reading (2002) pointed out the considerable number of intra plate earthquakes in the
90˚–180˚E quadrant and divided the earthquakes into two groups as poorly located
earthquakes and well-located ones. Inside the continental area in Antarctica, seis-
micity is almost very few in the “D”, “G“, and “M” areas of Fig. 7. However, the
Wilkes Land (“M” in Figs. 7 and 8a) had been identified as the most active within
the Antarctic continent during the IGY period. Poorly located earthquakes were
lined from north to south along the 140˚E longitude (Kaminuma 2000). In the earth-
quake locating area, the Resolution sub-glacial highland, the Adventure sub-glacial
trench, and the Belgica sub-glacial highland are existed along the longitudinal direc-
tion from east to west (Drewry 1983). There is a possibility that the poorly located
earthquakes were ice-quakes because the thick ice sheet and complicated sub-glacial
topography must cause ice-shocks. Generally, the edge of the continent, the coast
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Fig. 8a Earthquake locations in 60˚–80˚S and 110˚–170˚E, including both the Wilkes Land and
aftershock area (red square) of March 25, 1998, Balleny Island earthquake (Mw = 8.1, red circle).
Numerous denoted in the brackets correspondmagnitude ranges representing the number of included
events (after Kanao 2014)

area, is an aseismic region. Over the past few decades, more seismic observations in
the polar region have detected local seismicity by both temporary seismic networks
and permanent stations. It is found that the majority of seismicity near the Scott Base
(SBA, 167˚E, 78˚S) and Wright Valley area (VNDA,162˚E, 78˚S) located along the
coast, particularly near large glaciers (Bannister and Kennett, 2002). They suggested
a few generation mechanisms for these events, distinguishable by their focal mech-
anism and depth: basal sliding of the continental ice sheet, movement of ice streams
associated with several scales of glaciers, movement of sea-ice, and tectonic earth-
quakes. The area has been studied by deploying a local seismic network around
the Neumayer Station (08˚W; 71˚S), and determined hypocenters of local tectonic
events, located along the coast and the mid area of the surrounding bay (Muller and
Eckstaller 2003). A seismic array has been operated for more than one decade at the
Neumayer Station. Since the deployment of the seismic network/array, several local
events could be detected. Two seismic active regions were figured out at inland area
and offshore of the continent. In addition, a broadband seismic network had been
developed in the large region between Mawson and Casey stations and inland as far
as 75˚S by Australia (Reading, 2006). The aim to establish the seismic network is
to discover the seismic structure of the continent under Antarctica (SSCUA). More-
over, India has also been carried out seismic observation at the Maitri Station (12˚E,
71˚S) since 1997. The seismic data have already been contributed to earthquake loca-
tions by ISC. India also has published the ‘Seismological Bulletin of Maitri Station,
Antarctica’ every year (Chander et al. 2003).
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3.5 Seismicity of Lützow-Holm Bay

Once a denser seismic network was established, small/micro earthquake activities
became gradually clear. The LHB area around the Japanese Syowa Station, East
Antarctica, is one of the areas where seismic activity has been well studied since
the 1980s (Kaminuma and Akamatsu 1992). Since seismic observations started by
a tripartite network in 1987, seismicity for relatively small events became clear in
and around Syowa Station. A total of 18 local earthquakes were located during the
15 years in 1987–2003 (Fig. 8b) studied by Kanao and Kaminuma (2006).

Characteristic features in time variations of seismic activity are summarized as
follows; Seismicity in 1987–1989: A three-station seismic network was operated
around the Syowa Station. Epicenters of ten local earthquakes were determined
during these three years. Many different types of earthquakes, such as a main-shock-
aftershock, twin earthquake, earthquake swarms, were detected and identified at that
time. The seismic activity during this period was higher than that of the following

Fig. 8b Earthquake locations in and around the Lutzow-HolmBay (LHB), East Antarctica detected
at Syowa Station (Japan). A total number of 19 events were determined by their hypocenters.
Numerous denoted in the brackets correspond to magnitude ranges representing the number of
included events (after Kanao 2014)
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decade. In 1990–1996, nine local earthquakes were recorded with many different
types of events. The seismic activity during this period was very low and the magni-
tudes of the earthquakes ranged from − 0.5 to 1.4. One local event was detected
in 1997, two events in 1998, and one event in 2001 and 2003, respectively. The low
seismic activity continues to the present day in 2004. The seventeen events were
only detected by the local seismic network deployed around the LHB, except for
the September 1996 Mb = 4.6 earthquake in the southern Indian Ocean. Almost
all the hypocenters were located along the coast, apart from a few on the northern
edge of the continental shelf. Local earthquakes in and around Syowa Station were
presumably caused by tectonic stress accumulated with crustal uplift after deglacia-
tion (Kamimura and Kanao 1992). The effect of ice sheet changes may have caused
phenomena such as crustal deformation, earthquake occurrence, faulting systems in
the shallow part of the lithosphere.

4 Seismological Studies in the Antarctic Region
and Geodynamical Implications

Seismological study in the Antarctic region has so far conducted before and after the
International Geophysical Year, (IGY-1957–1958) using seismic data recorded by
the different global seismographic network as well as in-situ seismographic perma-
nent stations installed in the region by different countries under the International
Antarctic treaty produced outstanding results for better understanding of seismolog-
ical processes, crustal and sub-crustal seismic and thermal structures along with the
deep insight into the mantle dynamics of the region.

Several sets of seismo-geophysical investigations have been deployed in the polar
region,which includes the areas of both theAntarctic and theArctic regions at various
depth ranges from the surface layers to the deep interiors of theEarth. The polar region
has an advantage for investigating deeper layers with the physical condition of the
Earth as a “window” viewed from high latitudes (Kanao 2018a). Seismological tools
have the advantage to investigate the inner structure and dynamics of the solid Earth
by using time-space variations and changes of physical parameters determined from
seismological methods (Kanao 2018a, 2018b; Mishra et al. 2021).

Seismic wave propagation is characterized by heterogeneous behavior that prop-
agates through different strata of the Earth with varying speed with different atten-
uation characteristics that helped many international scientific groups to assimilate
structures, and dynamics of the Earth’s interiors in both areas of the Arctic and
the Antarctic regions using seismic waves and travel-time data: inner structure and
dynamics of the crust and mantle in high latitudes, seismicity and focal mechanism,
seismic wave propagation within the global point of view. There are several Antarctic
permanent stations ascribed to different nations, for example, Maitri and Bharti of
India; Soywa of Japan, and several other countries as shown in Fig. 9 The extent of
global seismicity has been recorded by these stations in the Polar region.
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Fig. 9 Surface topography and bathymetry in the Antarctic (a) and the Arctic (b) (adapted from
Kanao 2018) (ETOPO1) with major geographic location Names of different Antarctic Research
Stations. The red solid circle represents the “Antarctic circle” (66.6 °S). Abbreviations are as
follows: LHB, Lützow-Holm Bay; DML, Dronning Maud Land; GSM, Gamburtsev Subglacial
Mountains; Trans. Ant.Mts., Trans-antarcticMountains;WARS,West Antarctic Rift System;MBL,
Marie Byrd Land; and BFS, Bransfield Strait. Red solid triangles are the permanent stations. SYO,
Syowa Station; NM, Neumayer Station; Dome-F (Fuji); Dome-A (Argus); Dome-C (Charlie); DRV,
Dumont D’urville; SPA, South Pole Station; McM,McMurdo Station; JBG, Jang Bogo Station; and
KSJ, King Sejong Station (original figure prepared for this InTech book). b Surface topography and
bathymetry in the Arctic (ETOPO1) with major geographic location names treated in this review
paper. The red solid circle represents the “Arctic circle” (66.6°N). Abbreviations are as follows:
SV, Svalbard; MR, Mendeleev Ridge; and HB, Hudson Bay. Red solid triangles are the permanent
stations.KMS, Kamenskoye Station; NAS, Ny-Alesund Station, ICE-S (South) (Original figure
prepared for the book by InTech book)

Kanao (2018b) reported that a well defined comprehensive three-dimensional
seismic velocity structure of the Antarctic Plate had been investigated by surface
wave tomography using the shallow earthquakes that occurred at the plate bound-
aries and the surrounding plates (Ritwoller et al. 2001; Danesi and Morelli 2001;
Kobayashi and Zhao 2004). The utilized seismic data have been compiled in the
Data Managing System (DMS) of the Incorporated Research Institutions for Seis-
mology (IRIS) as the stations belong to the digital Seismographic Network (FDSN).
For instance, the seismic travel-time tomography beneath the Erebus Volcano of
Ross Sea (near McM; Fig. 9) indicated the existence of a remarkably low-velocity
anomaly associated with hot spots, which originate from the volcano (Kobayashi
and Zhao 2004). The average thickness of the continental crust of East Antarctica
was 10–20 km larger than that of West Antarctica; the corresponding lithosphere of
East Antarctica posed high-velocity layers down to a depth of 150 km. Seismic body
wave propagationwithin the uppermantle of theEastAntarctica-based study reported
that the presence of a strikingly low-velocity anomaly in the 200-km depths under-
neath the lithosphere (Kuge et al. 2005). The velocity models derived from both
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the observed and theoretical waveforms in corroboration with the presence of the
unique chemical composition and thermal gradient revealed the fact that there exists
a “depleted mantle”, which characterizes the Archean age in the Earth’s history. In
this context, a three-dimensional seismic velocity model of the upper mantle beneath
the Erebus Volcano of Ross Island was derived by travel-time tomography (Gupta
et al. 2009) using the data from the Transantarctic Mountains Seismic Experiment
(TAMSEIS; 2000–2002) (Wiens et al. 2008). Kanao (2012, 2018a) argued that the
low-velocity region corresponds to a hot plume of the volcano that continued from
the surface of the Earth to the 410-km seismic discontinuity. During the IPY, the total
number of seismic stations was remarkably increased within the Antarctic continent
by conducting several geophysical projects. The recording of earthquakes made by
Sowa of Japan and Maitri of India (Figs. 9 and 10), which were used to determined
seismotectonics and geodynamics of the Antarctic and the region covered by the
seismic rays connecting the earthquake sources and recording permanent stations.

Rao et al. (2007) attempted to study Seismotectonics and geodynamical processes
between Antarctica and India by monitoring the seismic activity in and around
Antarctica and the Indian Ocean, a reconnaissance survey for site selection and
the feasibility of operation of the seismological observatory in Antarctica was initi-
ated during 16th Antarctic Expedition. A permanent Digital Seismological Station
has been installed during the 17th expedition. The station was fully commissioned
on 26 January 1998 with analog and short period digital systems. This observatory
was further upgraded with the installation of the Broad Band seismic system in the
20th IAE. During the 21st IAE, only analog and Broad Band systems were used for
daily recording and it is continuously operational and the seismic station is also a
part of AnSWeR (Antarctic Seismic Web Resource). Then ongoing research activi-
ties at Antarctica were successfully carried out during 21st IAE by participating and
contributing data to the Global data centers.

Both GPS and Seismic Observatory at Maitri, Antarctica has gone global and
working in tandem aid mutually, the studies on tectonic processes, analyzing the
seismic activities in and aroundAntarctica, yielded a comprehensive picture on Indian
Plate Kinematics.

Acquisition of uninterrupted good quality Broad Band digital seismic data as well
as GPS data continued. The seismic data was processed and analyzed at NGRI using
SEISANsoftware, up toSeptember 2002, and reported to International Seismological
Centre, United Kingdom (Fig. 10). This data is quite useful in global epicentral
determination, particularly about the earthquakes of the South of Africa, the Indian
Ocean, and the South Sandwich Islands. About 314 events have been reported to
ISC out of which 3 earthquakes of above 7 magnitudes, 30 earthquakes of above 6
magnitudes, and the rest are of magnitudes 5 and 4. The nearest region of the South
Sandwich Islands region also experienced 27 major earthquakes and this data will
be useful for further research activities (Fig. 10).

The GPS and the Seismic results show the strain accumulation and deforma-
tion processes towards the Indian Plate. Therefore these studies would continue
for a longer period to precisely estimate the seismicity and tectonic activity in and
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Fig. 10 A map showing global seismicity in the year 2002 recorded by Maitri (India), Antarctica
(adopted from Rao et al. 2007)

around Antarctica and in the Indian Ocean. There is a need for extensive and inte-
grated research in the Antarctic region by conducting collocation of a Permanent
GPS Station and Seismic Observatory, which may also result in monitoring the
space and time distribution of earthquake occurrences. This integrated approach
may help estimate hypo- central parameters, magnitudes of earthquakes, the release
of energy, strain accumulation, and stress drop and characterize the region resolvedly
by involving velocity inversion to assimilate sub-surface structures at deeper depths
with better insight into physical properties, earthquake source mechanism, receiver
function analysis, attenuation of seismic waves and anisotropic behavior of the entire
Antarctic region.

Advancement of seismological research has been reflected by studying the deep
structure of the polar region when the boundary layers between the outer core and the
lowermost mantle (i.e., the D- layer with a few hundred km of thickness above the
core-mantle boundary) aswell as the structure and dynamics of the inner core (central
core region)weremade before IGY. Seismic tomography uses the P-wave travel times
of all the POLENET data; moreover, the heterogeneous structure of the upper mantle
with wavelengths more than 1000 km was imaged with a high spatial resolution for
the Antarctic continent, rather than those obtained from surface wave tomography
(Hansen et al. 2014). In West Antarctica, particularly under MBL, hot plumes were
recognized down to a depth of 800 km. The POLENET data were efficiently utilized
in addition to the existing FDSN data. For instance, a very high-resolution three-
dimensional shear velocity model was achieved for the upper mantle (both litho-
sphere and asthenosphere) of the Antarctic Plate, by applying a multi-filter technique
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to the surface waves generated by earthquakes that occurred at the surrounding plate
boundaries (Kanao 2012b) (Fig. 10). The tomography study imaged a lithospheric
root in East Antarctica almost reaching down to a depth of 200 km as well as clear
boundaries to separate each tectonic terrain (geological fragments) within the conti-
nent. Moreover, low-velocity regions were found to spread out surrounding GSM,
which might reflect the existence of a deep crustal root beneath the mountains.

Based on Shear-wave-splitting analysis of SKS phases, the major results obtained
for the deep interiors of the Earth by using seismological data from the Federation
of Digital Seismographic Network (FDSN) including the Japanese Syowa Station
of East Antarctica, it is observed that heterogeneous structure of the D- layer exist
beneath the Antarctic Plate where shear wave isotropy of 2.0% for the maximum
within the D- layer beneath the Antarctic continent and the surrounding ocean has
been determined by different researchers (Usui et al. 2005; Usui et al. 2008). The
depths of the velocity discontinuity above the D- layer were determined as 50–
100 km shallower than those of the Alaska region and the Caribbean Sea. Moreover,
the heterogeneous structure and “super-rotation” of the inner core were observed by
using the data from the Amundsen-Scott South Pole Station (ASSPS) and the Syowa
Station including long-term analog records formore than 30 years (Song andRichard
1996; Isse and Nakanishi 2001). Thus, these long-term records obtained from the
polar region have been efficiently utilized to study the Earth’s interior.

5 Structures of Lithosphere and Near the Inner Core
Boundary

A series of studies are made to assimilate lithospheric structure up to deeper layers
extending to near the inner core boundary beneath Antarctica (Knopoff 1969;
Knopoff and Vane 1973; Kanao et al. 2004; Gupta et al. 2006; Ohtaki et al. 2012;
Kanao2014;Hansen et al. 2015;Harry et al. 2018). Seismological resultswere further
supported and corroborated by other geophysical methods consisted of electromag-
netics of earth imaging, Magnetic and gravimetric studies of Antarctica (Hill 2020;
Shimizu 2015), besides estimating ice thickness using controlled source (vibroseis)
seismic method (Eisen et al. 2015).

(a) Structure of the Lithosphere and Upper Mantle

Seismic structures of various provinces of the Antarctic region have already been
discussed above.A recent study byHansen et al. (2014) showed lithospheric structure
beneath the Transantarctic Mountain (TAMa) by estimating shallow structure at a
depth of∼3 km,which is associatedwith fluvial and shallowmarine sediment deposi-
tion (Barrett 1981), and suggested the extent of rock uplift. The lack of compressional
structures in the TAMs has led to considerable debate regarding their origin, and a
variety of uplift mechanisms have been proposed. The seismic velocity structure and
the crustal thickness beneath the TAMs are key components to distinguish between
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competing uplift models. Regional-scale tomography results from TAMSEIS reveal
a low-velocity, high-attenuation upper mantle concentrated beneath the Ross Island
region but extending 50–100 km beneath the TAMs (Lawrence et al. 2006; Watson
et al. 2006). However, these models lose resolution away from Ross Island due to the
limited aperture of the TAMSEIS deployment, making the lateral and depth extent
of the upper mantle anomaly difficult to constrain. Crustal thickness beneath the
TAMs has been primarily investigated using P- and S-wave receiver functions (e.g.,
Bannister et al. 2003). Beneath the central TAMs, the crust appears to thicken from
18–20 km beneath the Ross Sea coastline, immediately adjacent to the mountain
range, to 40–45 km some 100–150 km inland. Beneath the more southerly front is
necessary to more accurately assess competing origin models. The expanded seismic
coverage provided by TAMNNET allows for such additional investigation. TAMs,
constraints from receiver functions, and ambient noise tomography-computed with
POLENET data indicateMoho depths up to∼45 km beneath the TAMs, with thinner
crust underlying the adjacent West Antarctic rift system (Fig. 6b). However, none
of the previous studies provided coverage of the northern TAMs, and additional
characterization of the crustal and upper-mantle structure along this portion of the
mountain.

(b) The Inner Core Boundary regarding Seismic Velocity and Attenuation

It is well-documented fact that the disposition of seismographic stations and scanty
data poses a very crucial task to obtain good spatial coverage of seismic data points
for better understanding the Earth’s core. The more challenging issue is that the
core beneath the Polar Regions remains largely unexplored. In the recent decade,
Ohtaki et al. (2012) analyzed differential travel times and amplitude ratios of core
phases whose ray paths run beneath Antarctica (Fig. 11) for determining the P-wave
velocity (Vp) and P-wave Attenuation (Qp) structure near the inner core boundary
in the south polar region.

Their south polar region model, SPR is revealed various interesting results for the
preliminary reference Earth model (PREM) as follows: a 0.05 km/s lower Vp value
at the top of the inner core, 1.5 times steeper Vp gradient in the upper 300 km of the
inner core, a smaller Qp (300) in the upper 300 km of the inner core, and a 0.04 km/s
lower Vp at the bottom of the outer core. The Vp values of SPR in the lowermost
outer core lie between those of PREM and AK135, being closer to those of AK135.
The lowermost outer core Vp inside the tangent cylinder is thus close to the global
average. In the upper inner core, SPR has a lower Vp than AK135 and PREM. The
SPR Vp profile is close to that of previous models for the Western Hemisphere,
although most of the data sample used by Ohtaki et al. (2012) corresponds to the
Eastern Hemisphere of the inner core. The spectacular findings suggest that the inner
core does not have a simple hemispherical variation as usually supposed based on the
support of data to an eyeball-shaped high-Vp anomaly with a compressional velocity
higher than in 1-D reference Earth models, concentrated to a smaller region beneath
eastern Asia (Fig. 12).

The study revealed that the average Qp in the upper 300 km of the inner core
of SPR is 300, which is in the range (130–400) of the values reported by previous
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�Fig. 11 aUpper: global distribution of the seismic stations (gray triangles) including those in polar
regions (red triangles). SYO indicates Syowa Station. Lower: variation in the number of seismic
stations reporting bulletin data to the ISC from the Antarctic (left) and the Arctic (right) regions.
Copyright Clearance Center (CCC, http://www.copyright.com/). License number: 4278040314413,
license date: January 29, 2018. b Distribution of the permanent seismic stations in polar regions
(upper: theAntarctic; lower: theArctic) for eachdecade in 1960, 1990, and2010, respectively (after).
Copyright Clearance Center (CCC, http://www.copyright.com/). License number: 4278040314413,
license date: January 29, 2018 (adapted from Kanao 2018)

Fig. 12 A 3D image of the upper mantle shear velocity structure by surface wave tomography
from the AGAP/POLENET data (modified after by Kanao 2018b). (Left) The 150-km depth slice
for S-wave velocity distribution. (Upper right) Cross-section down to a depth of 200 km depth for
the profile SYO (u)-Dome-A-McM (u′). (Lower right) Cross-section down to a depth of 200 km
for the profile SPA (S)-Dome-A-ZHG (S′). Copyright Clearance Center (CCC, http://www.copyri
ght.com/).License number: 4278580124881, license date: January 30, 2018 (adapted from Kanao
2018b, Intech Open Book, Chapter)

studies for the corresponding depth range [Niazi and Johnson 1992; Bhattacharyya
et al. 1993; Souriau and Roudil 1995; Tseng et al. 2001; Helffrich et al. 2002; Ivan
et al. 2006; Garcia et al. 2006; Iritani et al. 2010; Ohtaki et al. 2012]. Below the depth
of 300 km from the ICB, they assumed that Qp is 300. The effects on the Lowermost
outer core region (F-region) are seen as differentQp values for the deeper core through
A(df/bc), two Qp models with the same Vp profile as PREM are used in the study by
Ohtaki et al. (2012). For the model whose Qp value is 440 (which is the same as the
PREM’s value), the predicted amplitude ratios are higher than the observations and
for a 100 km, a thick constant-Vp layer is found in the F region to fit the observations.
On the other hand, for the model that has the Qp value of 200 for the deeper inner

http://www.copyright.com/
http://www.copyright.com/
http://www.copyright.com/).License
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core, the thickness of the constant-Vp layer in the F region which gives adequate fits
to the observed amplitude ratios is about 75 km. This is the same as the thickness in
SPR, which means the Qp of the deeper inner core (below 300 km from the ICB) is
not tightly constrained by the data set, recently used by Ohtaki et al. The Qp structure
of the lower half of the inner core has little effect on the observed amplitudes because
our ray paths do not sample that region.

6 Geodynamics of the West Antarctic Rift System (Past
and Present)

Harry et al. (2018) enunciated two-dimensional finite element models simulating
extension of the West Antarctic Rift System (WARS) that exhibit three classes of
behavior, which are dependent upon the pre-rift thermal state of the upper mantle.
All of the models begin with relatively cool East Antarctica lithosphere juxtaposed
againstwarmerWestAntarctica. Themodels all undergo an initial period of extension
that is broadly distributed across the WARS. Class 1 models (Fig. 13a–b) continue
to extend in this way for more than 80 m.y. before abruptly developing a lithospheric
neck at the edge of the model furthest from East Antarctica. The behavior of Class 1
models is dominated by a horizontal temperature gradient caused by the juxtaposi-
tion of the warm WARS lithosphere against the cooler East Antarctica lithosphere.
This produces a corresponding strength gradient, which causes a neck to eventually
develop at the warm, weak edge of the model. Class 1 models have relatively high
pre-rift temperatures at the base of the crust (>800 °C), which inhibits the focusing
of strain during the first 80 m.y. of extension. In Class 2 models the rift axis develops
within the interior of the WARS.

Class 2models (Fig. 14a–c) differ fromClass 1models in that the net heat produc-
tion in the crust plays a larger role in determining the temperature at the top of the
mantle before and during rifting. Necking at the edge of these models is inhibited
because crustal thinning leads to cooling and strengthening of the lithosphere at the
edge of the model. This causes the locus of extension to shift toward the weaker
interior of the WARS (Harry et al. 2018).

In Class 3 models (Fig. 15a–c), the rift axis forms where the pre-rift lithosphere
transitions between relatively cool and thick East Antarctica and warmer and thinner
West Antarctica.

In these models, syn-extensional cooling and strengthening of the lithosphere
cause the locus of strain to shift into the transitional region rather than the interior
of the WARS. Class 3 models resemble the evolution of the WARS, which under-
went a period of broad extension during the Late Cretaceous through the late Paleo-
gene Periods and a more focused extension near the West Antarctica/East Antarctica
boundary during the Neogene Period. All Class 3 models require the mantle poten-
tial temperature during the Late Cretaceous through Paleogene phase of the broad
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Fig. 13 a An orthographic
projection map centered on
(85 °S, 110 °E) showing the
ray paths we used in this
study. The rays of the core
phases from the earthquakes
beneath South America
(stars) to the stations around
Indonesia (triangles)pass
through in the inner core
beneath Antarctica. Solid
lines show the portions of the
ray paths in the inner core.
Solid circles show the
turning point of the rays of
PKIKP and PKPbc and the
midpoints of the diffracted
segments for PKPc-diff. b
The same ray paths as in
Fig. 11a, but on the Hammer
projection centered on 0 °E
for comparison with other
studies. c The ray paths and
turning points are projected
to the surface. The ray paths
were computed using the
TauP toolkit [Crotwell et al.
1999] (after Ohtaki et al.
2012)

extension to be no greater than 1270 °C, suggesting that an active mantle plume was
not present beneath the WARS during the early stages of extension.
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Fig. 14 The observed
differential travel times
relative to PREM are plotted
using the Hammer projection
and centered on 100 °E. All
differential traveltime
measurements are in
seconds. Contours show the
Vp perturbation model for
the upper inner core by
Tanaka and Hamaguchi
(1997) expanded in spherical
harmonics up to degree 1.
Plots show a dT(bc–df) and
b dT(cd–df). Black and gray
lines represent the positive
and negative model values,
respectively. The contour
interval is 0.2%. Note that
rather large negative values
are observed in this study
where very small anomalies
are expected from the model
by Tanaka and Hamaguchi
(1997) (after Ohtaki et al.
2012)

7 Geophysical Studies in Antarctic Region

The antarctic region is intensively studied using different tools of geophysics by
different researchers (e.g., Behrendt et al. 1991; Lisker and Laufer 2011; Shimizu
et al.2015; Murayama et al. 2015; Hill 2020; Dirscherl et al. 2020; Chunxia et al.
2008) to understand the crustal and sub-crustal behaviors beneath the Antarctic
region.

(a) Seismic-Gravimetric Magnetic studies

Systematic gravity and magnetic methods were deployed along with aeromagnetic
data interpretation for the region (Behrendt et al. 1991). A gravimetric and magnetic
study conducted in Antarctica also required studying the topography of the region.
It is observed that the West Antarctic rift system extends over 3000 × 750 km, the
largely ice-covered area from the Ross Sea to the base of the Antarctic Peninsula
comparable in area to the Basin and Range and the East African rift system. The
rift system is characterized by bimodal alkaline volcanic rocks ranging from at least
Oligocene to the present. A spectacular rift shoulders scarp along which peaks reach
4–5 km maximum elevation marks one flank and extends from northern Victoria
Land-Queen Maud Mountains to the Ellsworth-Whitmore-Horlick Mountains. The
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Fig. 15a Typical Class 1 model showing the second invariant of the strain rate. Black lines indicate
finite element mesh. Squares at top of the mesh indicate reference positions shown in Fig. 13b–c.
Moderately high strain rate is broadly distributed throughout West Antarctica for the first 100 m.y.
of extension. By 120 m.y. an extension has become strongly focused within a narrow rift at the
edge of the model furthest from East Antarctica. Minor extensional strain extending into the East
Antarctica crust during the first 75 m.y. in this model is decoupled from the underly in guns trained
mantle by a detachment at the base of the crust (narrow layer of high strain rates). High strain rates
at the base of the lithosphere near the center of the model result from the flow of the lowermost
lithosphere mantle, away from the transitional lithosphere separating East and West Antarctica and
into the extending West Antarctic Rift System region. The simulation was terminated at 120 m.y.
when the crust in the necking region had thinned to less than 5 km (after Harry et al. 2018)

rift shoulder has maximum present physiographic relief of 5 km in the Ross Embay-
ment and7km in theEllsworthMountains-ByrdSubglacialBasin area (Fig. 16a). The
Transantarctic Mountains part of the rift shoulder (and probably the entire shoulder)
has been interpreted as rising since about 60Ma, at episodic rates of 1 km/m.y., most
recently since mid-Pliocene time, rather than continue at the mean rate of 100m/m.y.

The gravimetric study demonstrated that a Bouguer anomaly range of approxi-
mately 200 (+ 50 to –150) mGal having 4–7 mGal/km gradients where measured in
places marks the rift shoulder from northern Victoria Land possibly to the Ellsworth
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�Fig. 15b Yield stress for Class 1 model as a function of depth and time at selected horizontal
positions. The model is shown in Fig. 6. Yield stress is computed using the model temperature
and rheological structure and a constant strain rate of 10–15 s–1. a Position PWAE, at the West
Antarctica edge of the model. b PWAI, in the interior of theWest Antarctic Rift System. c PTZW, at
theWest Antarctica edge of the region of transitional lithosphere between East andWest Antarctica.
D PTZI, in the interior of the region of the transitional lithosphere. e PTZE, at the East Antarctica
edge of the region of the transitional lithosphere. f PEAI, in the interior of East Antarctica. g Net
strength of the lithosphere for each position (the vertical integral of a–f) (after Harry et al. 2018)

Fig. 15c Typical Class 1 model thermal and mechanical evolution. Model is shown in Fig. 6. a
Thickness of the crust. b Stretching factor β. c The temperature at the top of the mantle. D Net
strength of the lithosphere. Solid red lines show positions through a time of reference points located
at theWest Antarctica edge of the model (PWAE), within the interior of West Antarctica (PWAI), in
the middle of the region where the pre-rift crust and lithosphere thicknesses are transitional between
East andWest Antarctica (PTZI), andwithin the interior of East Antarctica (PEAI). Dashed red lines
mark the boundaries of the region with the transitional pre-rift lithosphere (PTZW on the eastern,
or West Antarctica side, and PTZE on the western, or East Antarctica side). C.I.—contour interval
(after Harry et al. 2018)

Mountains where data were too sparse to determine the maximum amplitude and
gradient). The steepest gravity gradients across the rift shoulder require a high density
of mafic to ultramafic rocks within the crust as well as at least 12 km of the thinner
crust beneath the West Antarctic rift system in contrast to East Antarctica. Sparse
land seismic data reported along the rift shoulder where velocities are greater than
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Fig. 16a Typical Class 2 model showing the second invariant of the strain rate. Black lines indicate
finite element mesh. Squares at top of the mesh indicate reference positions shown in Fig. 14b, c.
Moderately high strain rate is initially broadly distributed throughout West Antarctica. Extension
becomesmore focused and a narrow rift develops within the interior ofWest Antarctica after 60m.y.
High strain rates at the base of the lithosphere near the center of the model result from the flow of
the lowermost lithosphere mantle into the extending West Antarctic Rift System region and away
from the region of transitional lithosphere separating East andWest Antarctica. The simulation was
terminated at 78 m.y. when the crust in the necking region had thinned to less than 5 km (after Harry
et al. 2018)

7 km/s, and marine data indicating velocities above 7 km/s beneath the Ross Sea
continental elf support th isi interpretation. The maximum Bouguer gravity range
in the Pensacola Mountains area of the Transantarctic Mountains is only about 130
mgal with a maximum 2 mGal/km gradient, which can be explained solely by 8 km
of crustal thickening (Fig. 16b, c). Large offset seismic profiles over the Ross Sea
shelf combined with earlier USGS and other results indicate 17–21 km thickness
for the crust beneath the Ross Sea shelf which we interpret as evidence of extended
rifted continental crust. A regional positive Bouguer anomaly (0 to + 50mGal), the
width of the rift, extends from the Ross Sea continental shelf throughout the Ross
Embayment and Byrd Subglacial Basin area of the West Antarctic rift system and
indicates that the Moho is approximately 20 km deep tied to the seismic results,
probably coincident with the top of the asthenosphere rather than the earlier studies
reported the Moho was at 30 km.
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�Fig. 16b Yield stress for Class 2 model as a function of depth and time at selected horizontal
positions. The model is shown in Fig. 9. Yield stress is computed using the model temperature
and rheological structure and a constant strain rate of 10–15 s–1. a Position PWAE, at the West
Antarctica edge of the model. b PWAI, in the interior of theWest Antarctic Rift System. c PTZW, at
theWest Antarctica edge of the region of transitional lithosphere between East andWest Antarctica.
d PTZI, in the interior of the region of the transitional lithosphere. e PTZE, at the East Antarctica
edge of the region of the transitional lithosphere. f PEAI, in the interior of East Antarctica. g Net
strength of the lithosphere for each position (the vertical integral of a–f). The net strength of East
Antarctica and the eastern transitional region (reference positions EAI and TZE) are greater than
12 TN/m, and are not shown on this figure. (after Harry et al. 2018)

Fig. 16c Typical Class 2 model thermal and mechanical evolution. Model is shown in Fig. 9. a
Thickness of the crust. b Stretching factor β. c The temperature at the top of the mantle. d Net
strength of the lithosphere. Solid red lines show positions through a time of reference points located
at theWest Antarctica edge of the model (PWAE), within the interior of West Antarctica (PWAI), in
the middle of the region where the pre-rift crust and lithosphere thicknesses are transitional between
East and West Antarctica (PTZI), and within the interior of East Antarctica (PEAI). Dashed red
lines mark the boundaries of the region with the transitional pre-rift lithosphere (PTZW on the
eastern, or West Antarctica side, and PTZE on the western, or East Antarctica side). C.I.—contour
interval(after Harry et al. 2018)
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Fig. 17a Typical Class 3 model showing the second invariant of the strain rate. Black lines indicate
finite element mesh. Squares at top of the mesh indicate reference positions shown in Figs. 15b
and 15c. Moderately high strain rate is initially broadly distributed throughout West Antarctica.
Extension becomes more focused and a narrow rift develops in the transition zone between East and
West Antarctica by 60m.y. Minor extensional strain extends into East Antarctica in this model, with
a detachment at the base of the crust (narrow layer of high strain rates) decoupling deformation in the
crust and mantle. High strain rates at the base of the lithosphere near the center of the model result
from the flow of the lowermost lithosphere mantle into the extending West Antarctic Rift System
region and away from the region of transitional lithosphere separating East and West Antarctica.
The simulation was terminated at 64 m.y. when the crust in the necking region had thinned to less
than 5 km (after Harry et al. 2018)

The near absence of earthquakes in theWest Antarctic rift system probably results
from a combination of primarily sparse seismograph coverage and, secondarily,
suppression of earthquakes by the ice sheet as described by (Johnston 1987), showing
very high seismicity shortly after deglaciation in the Ross Embayment followed
by abnormally low seismicity at present (Muir Wood 1989). The evidence of high
temperatures at shallow depth beneath theRoss Sea continental shelf and the adjacent
Transantarctic Mountains is supportive of thermal uplift of the mountains associated
with lateral heat conduction from the rift and can also explain the volcanism, rifting,
and high elevation of the entire rift shoulder to the Ellsworth- Horlick- Whitmore
Mountains. Previous researchers (Johnston 1987; Muir Wood 1989; Behrendt et al.
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Fig. 17b Yield stress for Class 3 model as a function of depth and time at selected horizontal
positions. The model is shown in Fig. 15a. Yield stress is computed using the model temperature
and rheological structure and a constant strain rate of 10–15 s–1. a Position PWAE, at the West
Antarctica edge of the model. b PWAI, in the interior of theWest Antarctic Rift System. c PTZW, at
theWest Antarctica edge of the region of transitional lithosphere between East andWest Antarctica.
d PTZI, in the interior of the region of the transitional lithosphere. e PTZE, at the East Antarctica
edge of the region of the transitional lithosphere. f PEAI, in the interior of East Antarctica. g Net
strength of the lithosphere for each position (the vertical integral of a–f) (after Harry et al. 2018)
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Fig. 17c Typical Class 3 model thermal andmechanical evolution. The model is shown in Fig. 15a.
a The thickness of the crust. b Stretching factor β. c The temperature at the top of the mantle.DNet
strength of the lithosphere. Solid red lines show positions through a time of reference points located
at theWest Antarctica edge of the model (PWAE), within the interior of West Antarctica (PWAI), in
the middle of the region where the pre-rift crust and lithosphere thicknesses are transitional between
East andWest Antarctica (PTZI), andwithin the interior of East Antarctica (PEAI). Dashed red lines
mark the boundaries of the region with the transitional pre-rift lithosphere (PTZW on the eastern
or West Antarctica side, and PTZE on the western, or East Antarctica side). C.I.–contour interval
(after Harry et al. 2018)

1991) inferred that the Gondwana breakup and the West Antarctic rift are part of a
continuously propagating rift that started in the Jurassic when Africa separated from
East Antarctica, including the failed Jurassic Transantarctic rift. Rifting proceeded
clockwise around East Antarctica to the separation of New Zealand and the Camp-
bell Plateau about 85–95 Ma and has continued (with a spreading center jump) to its
present location in the Ross Embayment andWest Antarctica. The Cenozoic activity
of the West Antarctic rift system appears to be continuous in time with rifting in
the same area that began only in the late Mesozoic. Although the mechanism for
rifting is not completely explained and the study suggested that a combination of the
flexural rigidity model based on the previous study of Stern and ten Brink (1989)
explains the plausible mechanism for the Ross Embayment and the thermal plume
or hot spot concepts. They explained that propagating rift may have been “captured”
by the thermal plume.
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Fig. 18a Generalized topographic profile along the crest of the highest peaks parallel to and along
the CenozoicWest Antarctic rift shoulder (Figs. 1 and 2) (solid line) from the Noah coast of Victoria
land at the fight to the Ellsworth Mountains at left compared with lower topography (dashed line)
of highest peaks in the Transantarctic Mountains from the Horlick Mountains to the Weddell Sea.
Low areas within the mountains probably are the result of glacial and fluvial erosion, differential
uplift, and transversed own faulting and are not shown in these profiles (after Behrendt et al. 1991)

Fig. 18b Bouguer anomaly contourmap forWestAntarctica compiled fromdamcollated at seismic
reflection stations (about 30–40 km speed) where ice thickness measurements were made by overs
now traverse parties 1ed from 1956 to 1964 by Behrendt et al. (1991). The inset map shows the loca-
tions of these over snow traverses. Additional data: Ross Ice shelf from the map of Robertson et al.
(1982). The free air anomaly map over the Ross Sea shelf is from Davey and Cooper (1987). The
numbered bands indicate areas where data density allowed reasonably accurate calculation of gradi-
ents: 1, Duerbaum et al. (1989) 2, Robinson (1964); Smithson (1972); Robinson and Splettstoesser
(1984); 3, Robinson (1964); Robinson and Splettstoesser (1984); 4, Behrendt et al. (1974). Seismic
velocity columns for different structures are indicated by Bentley and Clough (1972) are indicated
(after Behrendt et al. 1991)
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New magnetic, gravity and sub-glacial topography data allowed us to undertake
the region’s first comprehensive geological interpretation. Lithospheric domains and
their bounding faults, including the suture between Indo-Antarctica and Australo-
Antarctica have also been studied by Aitken et al. (2014) as shown in Fig. 17a–c Sub-
glacial sedimentary basins, including theAurora andKnoxSub-glacialBasins and the
previously unknownSabrinaSubglacialBasin, have also been imagedusingmagnetic
data. The commonality of structure inmagnetic, gravity, and topography data suggest
that pre-East Antarctic Ice Sheet (EAIS) tectonic features are a primary control on
sub-glacial topography. The preservation of this relationship after glaciation suggests
that these tectonic features provide topographic and basal boundary conditions that
have strongly influenced the structure and evolution of the EAIS.

The magnetic intensity estimates are found to have a very good correlation with
corresponding gravity data for the Antarctic region as shown in Fig. 18a–b. In this
context aeromagnetic surveys resulted in the Antarctic region by Behrendt et al.
(1991) successfully delineated late Cenozoic volcanic rocks in the Antarctic region
and they showed that high-amplitude short-wavelength magnetic anomalies with
outcrops of late Cenozoic volcanic rocks in theMarie Byrd Land area have long been
discussed in the scientific community. The prominent (>1000nT) linear magnetic
“inuous Ridge” anomaly was interpreted as caused by volcanic rocks of unknown
age.

It has been interpreted that most anomalies in the area covered within the closed
“2” contour of as shown in Fig. 19a–c over the ice-covered area of Marie Byrd Land
(Byrd Sub-glacial Basinal) where depths to sources are < 1 km below the base of the
ice whilst some are probably caused by older shallow sources. The character of the
magnetic field changes abruptly, as marked by the north-trending part of the “ > 2”
contour in Fig. 19a–c, about halfway between the outcropping volcanoes of Made
Byrd Land and the Ellsworth Mountains representative profile). This “break” first
described by Behrendt and Wold (1963), is quite apparent in other profiles.

Totalmagnetic intensitymap assimilated using airborne/groundmagnetic data and
isostatic gravity map from the global satellite data (Fig. 20a–b) unravelled the intri-
cate structural heterogeneities beneath the region having corroboration with short-
wavelengh high magnetic amplitude of varying magnetic susceptibility greater than
100nT/100 km (Fig. 21) anomalies mapped by Behrendt et al. (1991).

8 Conclusions

Conduction of integrated seismo-geophysical studies in the Antarctic region is very
much warranted to explore the region for its better geo-scientific understanding
to explore tectonic intricacies and geodynamical implications in the light of seis-
mogenesis of the Antarctic region. Applications of seismo-geophysical tools of
different types have their constraint because of hostile climatic conditions for which
special design of instrument-protectors under thick ice sheets in the Antarctic region.
Integrated seismo-geophysical studies in corroboration with potential geophysical
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Fig. 19 a Total magnetic intensity anomaly (TMI) image and b isostatic residual gravity anomaly
image. Insets show TMI from the World Digital Magnetic Anomaly Map (WDMAM) (Korhonen
et al. 2007) and gravity disturbance from Eigen-6 s (Förste et al. 2011). c Subglacial topography
from ICECAP data (within grey polygon) and Bedmap-2 (Fretwell et al. 2013). Solid lines indicate
observed faults, long dashed lines indicate fault segments overprinted by younger features, and
short dashed lines indicate the fault-related fjords of Highland A. IAAS–Indo-Australia-Antarctic
Suture; LV—Lake Vostok; and HA—Highland A (after Aitken et al. 2014)
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Fig. 20 a Total magnetic intensity anomalies and b isostatic residual gravity anomalies in the
Leeuwin Gondwana reconstruction at 160 Ma. The color stretch is centered on the mean value for
each continent but has the same dynamic range. Interpretation also included TMI values from the
EMAG2 (Maus et al. 2009) (not shown) and World Digital Magnetic Anomaly Map (Korhonen
et al. 2007) models and gravity from the Eigen-6 s satellite-only gravity model (Förste et al. 2011).
Pierce points indicate regions where intercontinental correlations can be made. The major exam-
ples are BY—Bunger Hills-Yallingup Shelf; DC—Darling-Conger Fault; RT–Rodona-Totten Fault;
MF—Mundrabilla-Frost Fault; GA—Gawler-Terre Adelie (Fitzsimons 2003); DG—Delamerian
Granites; and PKB-Perth-Knox Basin. The α, β, γ, and δ indicate the late granite batholiths (after
Aitken et al. 2014)

Fig. 21 Amap showing the frequency of occurrence of short-wavelength high amplitude anomalies
greater than 100nT/100 km of flight line average of 1° of latitude grid (111 km × 111 km) [after
Behrendt et al. 1991]
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(gravity and magnetic) methods can shed important light on intricate geodynamic
processes involved with intriguing landscape evolution of the Antarctic plate since
the breakup of Gondwana, West Antarctic Rift System (WARS), different patterns
of exhumation events that occurred between the Early Cretaceous and Cenozoic.
Several causative factors associated with natural and anthropogenic are found still
enigmatic in sense to unravel the fact how the genesis of earthquakes are related to
the glacial-dynamics and glacial mass change-induced earthquakes (GMCIE) due
to melting of ice can be extensively studied using huge high-quality seismic data
recorded by different seismic networks of global, regional, and local category. The
Antarctic is evolving andour collaborative seismo-geophysical studieswould provide
deep insight into geodynamical processes in more detail.
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Revealing the Contemporary Kinematics
of Antarctic Plate Using GPS
and GRACE Data

P. S. Sunil, Ajish P. Saji, K. Vijay Kumar, M. Ponraj, S. Amirtharaj,
and Ajay Dhar

Abstract Revised horizontal and vertical plate velocities of the Antarctic conti-
nent in ITRF2008 and the impact of elastic and viscoelastic deformations over the
continent due to Antarctic Ice Sheet (AIS) variations are simultaneously estimated
using GPS and GRACE data for the period 2005–2015. The improved GPS time
series and resulting horizontal and vertical velocities indicate that East Antarctica
is subsiding significantly, whereas West Antarctica is experiencing uplift with tran-
sitional subsidence along the Trans-Antarctic Mountain ranges. According to the
ongoing elastic deformation and AIS mass variations from GRACE data, the East
Antarctic area is subsiding at a rate of 1 mm/yr. The elastically corrected or GRACE
corrected vertical deformation also exposes the deformation patterns associated with
the viscoelastic vertical deformation in terms of East Antarctica subsidence and
West Antarctica upliftment. The GIA model values also agree well with elastically
corrected vertical motions when validated with elastically uncorrected and corrected
GPS vertical velocities. Hence we reveal that the outcome of the elastically corrected
vertical deformation in the Antarctic region is very well connected to the long-term
viscoelastic changes akin to AIS mass variations.

1 Introduction

Antarctica is almost completely encircled by divergent or conservative platemargins,
occupying the main plate’s unique structural setting (Hayes 1991). However, the
lithospheric intra-plate movements taking place in Antarctica can be instigated by
various factors. Long-term mass changes in the Antarctic Ice Sheet (AIS) since the
Last Glacial Maximum (LGM) cause viscoelastic behavior due to Glacial Isostatic
Adjustment (GIA) at first (Farrell 1972). Furthermore, the Earth’s crust reacts more
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elastically in response to the current mass changes of the AIS. Climate variables
such as temperature and humidity control these behaviors associated with snow
accumulation and ablation rates on the surface (Huybrechts 1994). The unloading of
ice mass can root for slight convergence around the main discharge center in terms of
horizontal motions. In contrast, in the case of viscosity, which is an elastic tendency
that includes both the lithosphere and the underlying mantle, the divergence obtained
is different (Bouin and Vigny 2000).

While conferring the intraplate deformation of the main Antarctic plate, West
Antarctica moves independently of East Antarctica during the geological period. The
evolution of the western Antarctic and its relationship to the eastern Antarctic have
profound implications for the reconstruction of the Gondwana continent, as well
as global-scale plate interactions, paleoclimate, and paleo-biogeography (Dalziel
and Elliot 1982). Paleomagnetic data suggests that West Antarctica experienced a
clockwise rotation of about 175–155 Ma and a counterclockwise rotation of about
155–130Ma in comparison to East Antarctica (Grunow1993). As a result, Antarctica
can be divided into two structural domains: East Antarctica, which has a stable
Precambrian shield, andWest Antarctica, which has a more complicated assemblage
of accreted terrain (Morelli and Danesi 2004). These two domains are separated by
the Transantarctic Mountains (TAM), a 3500 km long-range with elevations up to
4500 m (Brink et al. 1997).

To study the lithospheric dynamics of the Antarctic plate, both, horizontal and
vertical displacements of the West and East Antarctic plates must be taken into
account. Over the last few decades, geodetic research has focused on calculating
the current rate of relative plate motion and comparing it to the rate for millions of
years (DeMets et al. 1990; Argus and Heflin 1995). Even though the Antarctic Plate
moves/rotates very slowly (Denton et al. 1991; James and Ivins 1998), advances
in space geodesy allow for extremely precise and accurate spatial observations
in the Polar Regions, particularly in Antarctica, which aid in the study of crustal
dynamics, post-glacial rebound, icemass balance, and other topics (Argus and Peltier
2010; King et al. 2016). The displacement rates of geodetic monuments established
over any part of the Earth’s surface can be measured with a precision of less than
1mm/yr usingmodern space geodetic techniques like very-long baseline interferom-
etry (VLBI), Global Positioning System (GPS), Synthetic Aperture Radar Interfer-
ometry (InSAR) etc. and subsequent observations can be compared with predicted
values from lithospheric deformationmodels of the polar regions (Dietrih et al. 2004;
Ohzono et al. 2006). In addition, the expansion of Gravity Recovery and Climate
Experiment (GRACE) satellite observations conjunction with GPS measurements,
which can analyze temporal changes in the Earth’s gravitational field and estimates
changes in mass near the Earth’s surface with incomparable precision, provide the
current elastic response of the lithospheric plate with high resolution and accuracy
(King et al. 2005; Bevis et al. 2009; Williams et al. 2014).

Contemporary deformation and mass loss of Antarctica is measured using
geodetic observations such as the GPS and GRACE measurements, which provide
constraints for the GIA model to meet (Dietrih et al. 2004; Ohzono et al. 2006;
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Thomas et al. 2011; Williams et al. 2014). Over the Antarctic plate, several contin-
ually observing GPS stations are available, especially along the Antarctic coast to
assess the elastic crustal deformation in response to the ongoing present-day AIS
mass changes, long-term viscoelastic reaction due toGIA, and likely tectonicmotion.
However, the lack of a network of ground-basedGPS observations still limits the vital
tasks in the investigation of kinematics and deformation of the Antarctic plate. To
address the spatial variation of the Antarctic plate’s contemporary kinematics associ-
ated with the present-day ice mass variations, in the present study we use continuous
GPS data from 27 permanent GPS stations distributed across the Antarctic continent
established by different countries, including the 1 continuous observing GPS stations
by India at Maitri (Schirmacher Oasis), and 12 International GNSS Service (IGS)
stations (Fig. 1).

Fig. 1 Map shows the study region Antarctic continent in white color surrounded by the blue color
Southern Ocean. The blue lines indicate the plate boundaries of the South Polar Region. The red
triangles represent the GPS data used in the present study. The green triangle indicates the location
of the Indian Antarctic research base station Maitri
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2 Data and Analysis

2.1 GPS Network and Data

We have used continuous GPS data observed from a site (Maitri, established by
Indian Institute of Geomagnetism) at the Indian Antarctic research base Maitri at
Schirmacher Oasis, East Antarctica, 12 sites from the International GNSS Service
(IGS) network, and 14 sites from other national networks during 2005–2015 (Fig. 1).
In this study, the data from GPS stations that had been in operation for more than
three years were analyzed to achieve accurate results (Blewitt and Lavalle 2002).
The GAMIT/GLOBK 10.5 software from (Massachusetts Institute of Technology,
USA) is used to obtain the time series of all GPS stations in ITRF2008 (Altamimi
et al. 2011). The 24-h GPS dual-frequency and two-phase code observations are
used to calculate the daily position (King and Bock 2005; Herring 2005). The first
step is to use the satellite orbit parameters published by IGS to eliminate the iono-
spheric coupling effects through the ionosphere-free liner combinations. In addition,
the influence of the Earth tide was corrected using the International Earth Rotation
Reference System (IERS2010), and the influence of tidal loads on the ocean was
corrected using the finite element solution model (FES2012). The use of sea-bottom
pressure models with a time’space resolution of 6 h and 0.5°, respectively, eliminates
the effect of non-tidal ocean loading (van Dam et al. 2012). The tropospheric delay
correction was employed using a global barometric temperature (GPT) model to
estimate zenith delay and horizontal slope (Bohem et al. 2007). The effect of atmo-
spheric loading is derived from the National Center for Environmental Protection
(NCEP) reanalysis surface pressure data set. According to the method described in
Van Dam and Wahr (1987) and van Dam (2010), this dataset contains daily files
of 4 periods with a degree spacing of 2.5° × 2.5°. Daily solutions were created by
averaging the obtained GPS data sets over 6 h of atmospheric pressure to enable
compatibility with the daily solution. The remaining GPS variant time series was
then retrieved using two sets of daily solutions (GPS and atmospheric load solu-
tions). In the second step, the computed loose constrained solutions are then passed
to GLOBK to estimate the station position, velocity, orbit, and rotation parameters
of the Earth using Kalman filtering. We used a set of quality IGS sites to implement
the coordinate system in ITRF2008. It is important to note that when processing GPS
data using GAMIT/GLOBK, we did not take into account the effects of hydrological
or AIS loads; therefore, the surface deformation caused by this effect persists in the
remaining GPS time series.

2.2 Common Mode Errors

Common Mode Errors (CME) exist in GPS time series and are one of the major
causes of influencing the accuracy and reliability of location coordinates and the
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secular variation of GPS locations (Wdowinski et al. 1997; Nikolaidis 2002). The
seasonal variations and antenna offsets are the prominent CMEs in the GPS signal.
In general, the seasonal signal is modeled by the first and second harmonics of the
sine functions, and the model is subtracted from the observed time series. Nikolaidis
(2002),Herring (2003), andTian (2011) proposed the following analytical function to
obtain the secular trend, which represents the strain accumulation due to interseismic
plate motion:

d(t) = c + νt + Xsin(ωt + ϕ1) + Y sin(2ωt + ϕ2)

+ a
[
ln

(
1 + t/τlog

)
or/and

(
1 − e−(t/τexp)

)]
(1)

where d(t) is the displacement as a function of time t, v the linear velocity, c the
coseismic offset, X the amplitude of the annual cycle, ϕ1 the phase offset of the
annual cycle, Y the amplitude of the semi-annual cycle, ϕ2 the phase offset of the
semi-annual cycle, ω = 2π

/
T , the amplitude of postseismic decay, τlog the decay

time corresponding to logarithmic decay, and τexp is the decay time corresponding
to exponential decay.

Equation (1) was used to achieve the improved time series and resulting horizontal
and vertical velocities containing secular components of tectonic motion. Figure 2
and Fig. 3 show the resultant horizontal and vertical linear/secular motions at all
GPS sites in ITRF2008 as calculated using the least-squares method suggested by
Tian (2011). The sigmas of the coordinate estimates in the time series are used
to calculate the parameter estimates and uncertainties with either white or flicker
noise assumptions (Herring 2003). To separate the elastic deformation associated
with the contemporary AIS mass changes in the Antarctic region, the GRACE-
derived deformation associated with mass fluctuations has been removed from the
GPS vertical components.

2.3 GRACE Data

The GRACE satellite’s gravity mission was launched in March 2002 to detect
mass changes caused by disturbances in the Earth’s gravitational field caused by
continental hydrology and ice melting (Tapley et al. 2004; Wahr et al. 1998). The
errors tracked by GRACE include the total contributions of groundwater, soil water,
surface water, snow, ice, and biomass. Based on GPS signals (time series), we used
the monthly solution of the field harmonic product GRACE RL03 (Lemoine et al.
2013) of the French organization Groupe de Recherche in Space Geodesy (GRGS).
According to Swenson et al. (2008), the center motion coefficient of 1 degree is
determined by the Stokes coefficient. To generate outliers, we used the coefficients
of the spherical harmonic model and converted the spherical harmonic model to a
quality change according to EWH. The spherical harmonics are the 80th and 80th
orders, corresponding to a spatial resolution (half-wave) of approximately 250 km
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Fig. 2 Map portrays the GPS-derived Antarctic plate horizontal velocity in ITRF2008 after
correcting the common-mode errors

(Wahr et al 1998).The inversion of spherical harmonic coefficients of gravity signals
yielded vertical and horizontal surface deformations or displacements due to mass
variations (Wahr et al., 1998). The horizontal and vertical elastic deformation was
described by Farrell (1972) as follows:

�H(θ, λ, t) = R
∞∑

l=1

l∑

m=0

Plm(cosθ).[�Clm(t)cosmλ + �Slm(t)sinmλ]. ll
1 + kl

(2)

Davis et al. (2004) expressed the vertical elastic deformations as:

�V (θ, λ, t) = R
∞∑

l=1

l∑

m=0

Plm(cosθ).[�Clm(t)cosmλ + �Slm(t)sinmλ]. hl
1 + kl

(3)

where θ and λ are the latitude and longitude of the observed point at time t, R is
the Earth Radius, l and m are the degree and order of the spherical harmonic model,
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Fig. 3 Map illustrates the GPS-derived Antarctic vertical velocity in ITRF2008 after correcting
the common-mode errors. The red shades indicate the uplifting region and blue shades represent
the subsidence region. The size of the circles indicates the uncertainty of the GPS-derived vertical
rate

Plm is fully normalized Legendre functions, �Clm(t) and�Slm(t) are the spherical
harmonic coefficient anomalies of GRACE data and hl and kl are elastic Load Love
numbers (Pagiatakis 1990). The elastic deformation associated with present-day
snow-mass variations was estimated for each GPS location in terms of the Earth-
mass centre, as per Eq. (3). We used the Gaussian smoothing on a regional average
with a radius of 250 kmwindow and global forward modeling to eliminate correlated
GRACE error and bias from GRACEmass changing (Chen et al. 2015). The vertical
trend of elastic deformation estimated from the spherical harmonic coefficients of
GRACE data over the Antarctic from January 2005 to January 2015 is represented
in Fig. 4. The GRACE-derived mass variation-induced displacements in vertical
directions are indicated as circles.
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Fig. 4 Map shows the GRACE-derived vertical elastic deformation rate of Antarctica. The red
shades indicate the uplifting region and blue shades represent the subsidence region. The size of
the circles indicates the uncertainty of the GPS-derived vertical rate

3 Results and Discussion

3.1 GPS-Derived Crustal Motions

Deformations occur in Antarctica due to a combination of factors, including rigid
platform rotations, internal tectonic movement, the viscoelastic glacial isostatic
adjustment in response to previous ice mass changes, and elastic movement due
to present ice mass fluctuations (Farrell 1972; Huybrechts 1994). GPS determined
crustal deformation gives a unique proxy record of AIS mass changes due to the
Earth’s elastic and viscoelastic response to ice mass accumulations and ablation.
The improved time series and resulting horizontal and vertical velocities containing
secular components of tectonic motion were obtained using Eq. (1). Preliminary
assessment of horizontal and vertical time series GPS and GRACE show that the
seasonal variations are present in both horizontal and vertical components, however,
the signal is more prominent in vertical displacement. Table 1, Figs. 2 and 3 represent
the GPS-derived, both horizontal and vertical deformation pattern of Antarctica.

A tectonic plate motion, viscoelastic, and a local component are included in the
measured GPS velocities. The local component is often substantially smaller than
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the plate rotation at intraplate station sites. Thus, in ice-covered regions like Antarc-
tica, the signal emerging from viscoelastic GIA overrules the elastic local signal of
deformation. The spatial view of the horizontal velocity map gives a clear picture of
the clockwise rotation of the Antarctic continent (Fig. 2). As per the paleomagnetic
record, this rotation of the Antarctic plate has been in motion since 175–155 Ma.
However, during 155–130 Ma a counter-clockwise rotation was also been recorded
(Grunow 1993). Consequences of these past clockwise and counter-clockwise rota-
tions portioned Antarctica into two structural domains, theWest and East Antarctica,
and these two domains are separated by TAM (Brink et al. 1997; Morelli and Danesi
2004). It may be noted that the horizontal velocity map illustrates that West Antarc-
tica rotates faster than East Antarctica, where the magnitude of the velocity vectors
almost doubles compared to East Antarctica. Ghavri et al. (2017) suggested that the
Antarctica plate is surrounded by both, convergent and divergence plate margins,
hence the plate motions are large in West Antarctica. However, Zanutta et al. (2018)
reported that the thickness of the Earth’s crust differs between East andWest Antarc-
tica, and the intraplate relative velocities calculated from GNSS data demonstrate
that movements between the two regions are insignificant.

In terms of GPS-derived vertical deformation (Fig. 3), East Antarctica exhibits
significant subsidence while West Antarctica exhibits nearly equal levels of uplift.
Nonetheless, the vertical deformation of GPS sites along the TAM indicates a level of
subsidence intermediate to that of East Antarctica. It should be noted that the spatial
pattern of these velocities does not match any GIA model (Bevis et al. 2009). As a
result, the vertical rate estimated from the GPS time series alone cannot be explained
by an elastic response to current ice loss. The study, however, supports the existence
of discrepancies between the GIA-modeled and observed uplift rates, which could
be attributed to deep-seated, regional-scale structures (Zanutta et al. 2018).

3.2 Elastic Deformation

For the precise estimation of the viscoelastic behavior due to GIA, the signal sepa-
ration associated with elastic deformation is critical (King et al. 2012). Because the
vertical displacement velocity obtained via GPS analysis is the sum of the GIA-
induced viscoelastic and the elastic components. Thus proper correction of elastic
deformation is required to extract the GIA-induced crustal deformation with accu-
racy. Figure 3 shows the GRACE-derived short-term elastic deformation caused by
the current AISmass variation at each GNSS site in this study using Eq. (3). However
the horizontal elastic deformation derived using Eq. (2) was negligible, hence here
we discuss the results in terms of vertical elastic deformation.

Estimation of the vertical rate of the Antarctic region has been carried out by
different investigators. Thomas et al. (2011) and Argus et al. (2014) reported that
following the breakaway of the Larsen B Ice Shelf in February 2002, elastic vertical
crustal deformation rates in the Northern Antarctic Peninsula dramatically acceler-
ated in response to the abrupt ice mass loss. Lutzow-Holm Bay, part of Drowning
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Maud Land, has recently seen a significant increase in surface mass as measured by
GRACE (Velicogna et al. 2020). Snowfall has increased in the region recently, as
indicated by this mass increase. However, an assessment of GIA solutions based on
GPS velocity filed by Li et al. (2019) suggested that GIA and AIS loading have little
impact in East Antarctica, where vertical motion is negligible.

In the present study, we calculated the elastic deformation due to the current AIS
mass variation at each GPS site using GRACE data. GRACE has recently observed
a widespread gain in surface mass over the Antarctica region. The AIS-induced
displacements determined from GRACE using Eq. 2 are shown as circles in Fig. 4.
According to the estimated deformation, the East Antarctica region experiencing
subsidence at a rate of ~1 mm/yr due to AIS associated elastic deformation.

3.3 Elastically-Corrected Deformation

Seasonal hydrological loading and unloading over continents elastically deform the
Earth’s surface (Farrell 1972). Seasonal signal contributions from AIS or hydrolog-
ical mass variations affect the location time series and velocities of GPS stations,
as recorded in Antarctica and elsewhere respectively (Blewitt and Lavallée 2002).
In order to derive the viscoelastic deformation, we have subtracted the GRACE-
derived vertical deformation rates from the GPS-derived counterparts assuming that
the remaining vertical deformation in the Antarctic region is associated with the
long-term viscoelastic deformation.

In terms ofAIS adjustedGPSvelocity vectors, Fig. 5 represents the secular rates of
the vertical deformation of Antarctica. The GRACE corrected vertical deformation,
exposes two unique deformation patterns of eastern side subsidence and western
side upliftment. It may be noted that the maximum upliftment is taking place inWest
Antarctica and especially in the Antarctic Peninsula region. As reported by (Hattori
et al. 2021), here, we believe that these corrections are the vertical motion of GIA due
to changes in the viscoelasticAISmass variations. Thus the results highlight theGIA-
induced vertical trend of the Antarctic continent. It is also worth mentioning that the
GIA’s ice-sheet margin forecasts are heavily reliant on ice-sheet models. To further
analyze the disparities in the GPS-derived and modeled GIA signals, additional GIA
model estimates using alternative ice models are necessary.

3.4 Validation with GIA Model

A numerical simulation of global glacial isostatic adjustment is referred to as a GIA
model. ICE-6G_C (VM5a) is a novelmodel (Argus et al. 2014) of theLateQuaternary
ice age’s last deglaciation episode (Fig. 6). Compared to the previous GIA models,
ICE-6G_C (VM5a) model has been explicitly refined by applying all available GPS
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Fig. 5 Map represents the elastically corrected (i.e. GPS minus GRACE) vertical deformation rate
of Antarctica. The red shades indicate the uplifting region and blue shades represent the subsidence
region

measurements of vertical crustal motion that can be used to constrain the thickness
of local ice cover and its removal timing.

In order to evaluate the correlation between the vertical velocities of the elastically
uncorrected and corrected GPS values and the prediction of GIA model (ICE-6G_C
[VM5a]), we present a linear fit between the vertical velocity of the GPS station
and the predicted value of each GIA model in Fig. 7. It may be noted that the linear
fit of the annual vertical amplitude of the GPS-GRACE (i.e. elastically corrected)
values better fit with the GIA model (slope = 0.86; correlation coefficient = 0.83)
compared to the fit of elastically uncorrected GPS velocities (slope = 0.78; correla-
tion coefficient = 0.75). I.e. higher the correlation coefficient, the larger the degree
of coincidence between the vertical velocities measured at GPS stations and the GIA
model’s predictions. This indicates that the elastically corrected (GPS–GRACE) site
velocities are in best agreement with the GIAmodel velocities. The differences in the
observations and model can be ascribed to ice-load histories, different computation
methodologies, and earth model parameters (Groh et al. 2012).
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Fig. 6 Map illustrates the GIAmodel (ICE-6G_C [VM5a]) estimates of the vertical crustal motion
values at the GPS locations used in the present study. The red shades indicate the uplifting region
and blue shades represent the subsidence region

4 Conclusions

In regions like Antarctica, the short-term elastic response from current mass changes,
the long-term viscoelastic impact from ice-sheet mass variations, and sometimes
ongoing tectonic processes all work together to create horizontal and vertical
crustal displacements. These short and long-term deformations can be captured very
precisely with continuous GPS monitoring. The separation of these signals, on the
other hand, is critical. In terms of Antarctic tectonic plate motion, the improved
GPS time series and resulting horizontal and vertical velocities demonstrate that East
Antarctica is subsiding significantly, whereasWest Antarctica is experiencing almost
equal uplift with transitional subsidence along the TAM regions. However, according
to ongoing elastic deformation and current AIS mass fluctuations from GRACE
data, the East Antarctic area is subsiding at a rate of 1 mm/yr. To derive long-term
viscoelastic deformation GRACE-derived vertical elastic deformation rates were
subtracted fromGPS-derived equivalents. Further, the elastically adjusted orGRACE
corrected vertical deformation highlights the deformation patterns in terms of East
Antarctica subsidence and West Antarctica upliftment associated with the long-term
viscoelastic vertical deformation. The validation of the GIA model with elastically



Revealing the Contemporary Kinematics of Antarctic Plate … 357

Fig. 7 Correlation plot between the annual amplitude estimated from the seasonal signals observed
in GPS and elastically corrected GPS signals with the annual amplitude of the GIAmodel ICE6G_C
[VM5a]. Red and blue lines indicate the estimated best fit line to the GPS elastically uncorrected
and elastically corrected linear fit with slope and correlation coefficient (R) values

corrected and uncorrected GPS vertical velocities show that the GIA model values
agree well with elastically corrected (GPS—GRACE) site velocities.
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