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Dedicated to the memory of Nikolay Vasiliev,
who for many years led the deep drilling project at Vostok Station

Editors’ Preface

Lake Vostok and other subglacial lakes emerged as an important new frontier in Antarctic science at
the end of the last century. Today, the exploration of subglacial Antarctic environments, which are thought to
affect ice sheet dynamics, house unique microbial ecosystems, and hold yet unmatched sedimentary records
of past climate change, is one of the priorities for Antarctic research set by the 1% SCAR Horizon Scan in
2014 for the next two decades and beyond.

With an area exceeding 15000 km? and water depth reaching 1200 m, Lake Vostok, buried beneath the
4 km thick East Antarctic ice sheet, is the largest subglacial water body on our planet. The origin and the
contemporary state of Subglacial Lake Vostok (SLV) are closely related to the geologic evolution, climatic
history, and development of ice cover of the Antarctic continent. As an old, deep tectonic lake isolated from
the open atmosphere and surface biota for millions of years, Lake Vostok has great potential for harbouring
exotic life. A success in the search for life in the lake’s environments (accreted ice, lake water, and sediments)
would yield exciting microbiological and biogeochemical findings, which might provide new insights into
development of life on Earth and have important methodological and motivational implications for the
exploration of extraterrestrial icy ecosystems.

SLV is located in the traditional area of scientific and logistic activity of the Russian Antarctic
Expedition. Vostok Station was established in 1957, long before the discovery of Lake Vostok. By a happy
coincidence, it was built at the southern end of the lake, which not only favours Russian efforts to explore
the lake, but also makes such efforts almost mandatory.

In 19992013, including the International Polar Year 2007/08, Russian exploration at Lake Vostok
was carried out as part of a special project within the framework of the long-term “World Ocean” Federal
Targeted Programme, sub-programme “Antarctica”. This project was implemented by a consortium of eight
Russian research institutions led by the Arctic and Antarctic Research Institute (AARI) of Roshydromet.

During this period, geophysical, geodetic, and glaciological traverses were carried out all over the lake and
its surroundings. The main output of this large-scale field activity was a series of 1:1 000000 maps of the lake
water table limits, the ice and water body thickness, and the bedrock relief. Coordinated field and modelling
efforts yielded improved estimates of the contemporary distribution of the accreted (lake) ice thickness, its
age, and freezing rates along the Vostok flow line. The laboratory analyses of accreted ice, extracted as a core
from the deep boreholes drilled at Vostok, provided the first important insights into the environments and
hydrological regime of the subglacial water body. Biological and chemical studies performed using state-of-
the-art decontamination procedures led to a preliminary conclusion that the lake water from which this ice was
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formed may have a very low microbial content, suggesting that the main water body of SLV may also be
an extremely dilute biological solution, and that life in the lake, if any, is restricted to the bottom sediments.

Drilling of deep borehole 5G began at Vostok Station in February 1990 and reached the surface of
Lake Vostok only after more than two decades of complex operations. In 1999-2001, researchers at the
AARTI and St. Petersburg State Mining Institute proposed an environmentally friendly approach to the
unsealing of SLV. However, the chance to put the technology that was developed into action came only
in 2012, when, on February 5, borehole 5G-2, the second deviated branch borehole at Vostok, broached
the surface of the subglacial lake for the first time. This landmark milestone in the history of Antarctic
research reverberated around the world, and in the December 2012 issue of Nature, the first unsealing of
Lake Vostok was listed among the biggest scientific breakthroughs of the year.

The pre-entry phase of SLV’s exploration has been completed. The results of research into accreted
ice and lake water frozen in the hole after the lake’s unsealing often led to ambiguous (and sometimes
conflicting) evidence about life in the lake, the biogeochemistry of the lake water, and the possible influence
of hydrothermal activity in SLV. The general consensus is that existing discrepancies will not be resolved until
water and sediments are collected in situ and analyzed in laboratories under clean conditions. The next grand
challenge ahead is to develop technologies and tools that will allow clean entry into the lake, conduct in situ
studies, and sample the SLV water column and bottom sediments. We hope that with the commissioning of
the new wintering complex at Vostok station, the time for this new Antarctic venture will come.

This special issue of Arctic and Antarctic Research was originally conceived to mark the tenth
anniversary of the first unsealing of Lake Vostok. But we ran over time, and it so happens that it will
now be published a decade after the second successful unsealing of the lake on January 25, 2025. The
papers presented here cover most areas of research related to the exploration of SLV and other Antarctic
subglacial lakes: ice drilling technology, accreted ice analyses, molecular biological and mineralogical
studies, and the geophysical survey of the lake.

The authors of this special issue dedicate it to the memory of Nikolay Vasiliev (1948-2021),
a renowned professor at the St. Petersburg Mining University. His name is inextricably linked to the
most exciting achievements in the legendary venture to drill through the ice at Vostok Station. For many
years he was the key person leading this project, which played a vitally important role in the study of
past climate change on our planet. It is under his leadership, and with his direct participation, that Lake
Vostok was unsealed for the first time, making it possible to study the core of accreted ice and opening
the door to further exploration of this unique under-ice water body.

Vladimir Lipenkov, Pavel Talalay
Arctic and Antarctic Research. 2024;70(4):418-419.
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Abstract. Since the early 1950s, when extensive exploration of Antarctica began, drilling has become an
integral part of many large-scale scientific projects carried out on the sixth continent. Thanks to the rapid
development of drilling equipment and technology, numerous scientific discoveries have been made in the fields
of paleoclimatology, geology, glaciology, and other natural sciences. Since 1968, the St. Petersburg Mining
University has played a leading role in this area’s development, and several generations of ice drilling specialists
were trained within its walls. One of the most outstanding was Nikolay Vasiliev, who led Antarctic research at
the university from 2002 to 2021. His contribution to the development of ice core drilling in Antarctica cannot be
overestimated. Professor Vasiliev’s extensive and highly creative work laid the foundation for many achievements
in this field over the past 30 years. His path is a brilliant example of hard work and dedication to one’s cause.
This article is a tribute to Professor Vasiliev, who is cherished by his friends and colleagues who had the good
fortune to work and study with this talented person and scientist.
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The main thing, in my opinion, is a spark in the soul, personal motivation, belief in
success, the desire to go forward despite difficulties, and the ability to never give up.

Nikolay Vasiliev (1948-2021)
Introduction

Professor Nikolay Vasiliev was, for many years, the permanent leader of the deep

core drilling project at the Russian Antarctic Vostok Station. Under his direct supervision,
the deepest ice borehole (3769.3 m) [1] was drilled, and the largest subglacial water
body on our planet — Lake Vostok [2] — was penetrated twice. Vasiliev spent two
wintering periods (lasting over a year each) and 12 field seasons (two to three months at
© Asgropsl, 2024 © Authors, 2024
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a time) at Vostok Station, as well as
five field seasons on the glaciers of the
Severnaya Zemlya archipelago, as part
of the high-latitude expedition A-162
and the international PEGAIS project
“Global Arctic Climate Change” [3].

Vasiliev’s achievements in
the field of deep ice drilling have
made him famous as an outstanding
specialist both in Russia and abroad.
He contributed to the development of
international scientific and technical
cooperation in the polar regions and
was one of the key participants in the
Russian-French-American project on
ice core drilling and research at Vostok Station (1989-1998), as well as in long-term
Russian-French collaboration on ice core research and paleoclimate studies (2001-2019).
Professor Vasiliev was a regular participant in numerous international events dedicated
to ice drilling techniques and technology, such as ice drilling symposia, Russian-French
seminars, competitions, and engineering exhibitions.

Vasiliev successfully combined his scientific work with teaching. He taught at the
well drilling department of St. Petersburg Mining University for over 20 years, 13 of which
he served as head. He is the author of 120 published works and patents for inventions, and
supervised three doctors of science who participated in drilling operations at Vostok Station.

During his career, Professor Vasiliev received a number of awards, including the
Order “For Merit to the Fatherland” (fourth class) and the Award of the Government of
the Russian Federation in the field of science and technology.

In this article, we would like to discuss Vasiliev’s life, his key scientific achievements,
and the significance of his work for the development of Russian science.

Professor Vasiliev at the Mining University

IIpodeccop I'oproro ynusepcurera H.11. Bacunbes

The beginning of the journey

Nikolay Vasiliev’s admission to the Leningrad Mining Institute in 1966, specializing
in mining machines and complexes, marked the beginning of his development as an
engineer and inventor. While still a student, young Nikolay became involved in the
scientific life of the Department of Mining Machine
Design; his first scientific article was on the development of
gearing theory [4]. After qualifying as a mining mechanical
engineer in 1971, Vasiliev started working at his university
department as a laboratory assistant, focusing on problems
related to upgrading vibratory conveyors. The results of

Graduation photograph of Nikolay Vasiliev, aged 23,
at the Leningrad Mining Institute,
now the St. Petersburg Mining University (1971)

®dororpadus 23-nernero Hukonas BacuibeBa n3 BEITyCKHOTO
anpboma 1971 roga JIeHMHTpaICKOTO TOPHOTO HHCTUTYTA
(uprae CaskT-IleTepOyprekuii rOpHBI YHUBEPCUTET)
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his work, carried out between 1971 and 1978, were reflected in scientific publications,
copyright certificates, and patents. Vasiliev’s successes in designing mining machines
and equipment attracted the attention of the management of the Mining Thermophysics
Laboratory, which included the Antarctic Research Department (ARD).

Beginning in 1967, scientists from the Antarctic Research Department and their
colleagues from the Arctic and Antarctic Research Institute (AARI) carried out deep
drilling and ice core research in Antarctica. The result of a decade of cooperation was
a ‘dry’ borehole drilled at Vostok Station to a depth of 952.8 m, which is still the deepest
borehole drilled in ice without using drilling fluid [5]. Vasiliev received an invitation to
take up the position of senior engineer at the Antarctic Research Department. The romance
of Antarctic research quickly captivated him, and from that moment on, Vasiliev’s entire
life was inextricably linked with polar science.

The origins of mechanical ice drilling technology

At the initial stages of his work in the ARD, Vasiliev worked on improving the theory
of thermal and, subsequently, mechanical ice destruction, which became a priority for
him. Anticipating the huge potential of electromechanical ice drilling technology, under
the guidance of his mentor, Professor Boris Kudryashov, he took over the baton in the
development of this area from his colleague, Gennady Stepanov, who developed the first
version of a core cable-suspended electromechanical drill (KEMS).

Vasiliev improved the design of KEMS [6], and the changes he made increased
the reliability of the drill and reduced the chances of complications and accidents during
drilling. With the help of this modernized drill, in 1988, as part of the A-162 expedition,
a borehole was drilled to a depth of 459 m on Severnaya Zemlya. This was the first
time that the bedrock under the glacier had been reached and 4.4 m rock cores had been
recovered using a core cable-suspended electromechanical drill [7]. In the same year,
Vasiliev successfully defended his PhD thesis entitled “The electromechanical drill and
the technology of drilling boreholes in ice and subglacial rocks”.

At that time, drilling at the Vostok station was conducted in borehole 4G-2 at

- I depths exceeding 2,000 m using

the thermal drilling method. This

P process was accompanied by

occasional complications due to

%! imperfections in the drilling rig
design [8].

Successful testing of the
upgraded KEMS drill on Severnaya
Zemlya made it possible to switch
to electromechanical drilling
technology at Vostok station at
a depth of 2428.5 m, during the

Nikolay Vasiliev and Vladimir Zubkov carrying 34" Soviet Antarctic Expedition

out maintenance work (SAE) in 1989 — Vasiliev’s first

on the drill at Vostok Station, 2011 Antarctic expedition. Improvement

Huxonait BacunpeB u B.TIaI[I/IMI/Ip 3y6KOB Of deep ice core dl‘llhng teChnOlOgy

BO BpeMs TEXHHYECKOTO 00CITYKUBAHUS continued in the newly drilled 5G
OypoBoro cHapsiia Ha ctaHnuu Boctok, 2011 1. borehole in early 1990.
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Developing a standard for deep ice drilling

Drilling the 5G-1 hole at Vostok with an electromechanical drill was carried out
at a high rate of penetration (with a run length of 2.8 m) up to a depth of 2930 m. This
success was largely due to Vasiliev developing a telemetry and drilling control system,
which was capable of operating in temperatures up to —70 °C and with a drilling fluid
pressure of up to 40 MPa.

Subsequent drilling
was accompanied by some
complications and a significant
reduction in the rate of
penetration due to changes in
the ice structure and its physical @
and mechanical properties with |
depth. Individual ice crystals
were found to have increased
in size (up to 1 m) and the
temperature increased as the drill
approached Lake Vostok. This
type of ice is known as warm ice
in the scientific community, and
many researchers have sought to
improve the efficiency of drilling it [9, 10].

At that time, there were no specific guidelines for ice drilling at great depths, so the
drilling team led by Vasiliev had to take on the role of pioneers and inventors. The deep
modernization of the drill included improvements to the geometry of the drill head [11,
12], the development of new designs for filters [13] and an anti-torque system; extensive
theoretical research also had to be undertaken [14]. These efforts enabled the team to
continue drilling work.

The results of this work were summarized in Vasiliev’s doctoral dissertation, ‘Rational
technology of drilling boreholes in -
ice using a core cable-suspended
electromechanical drill’, which he
successfully defended in 2004.

The last 100 m to the surface
of subglacial lake Vostok were |
especially challenging: the drill
got stuck at the bottom twice.
In the first instance, the accident [
was resolved by a special fishing
tool, designed by Vasiliev and
reproduced in wintering conditions
by Alexander Krasilev and
Vladimir Zubkov [15]. The second
time the drill got stuck proved fatal,
and after numerous attempts to
retrieve it, it was decided to divert

The professor at work

IMpodeccop 3a paboroii

The vivid outcome of Vasiliev’s innovations —
a perfect quality ice core
recovered from the super-deep hole at Vostok.

Harsinueiii pesynsrar naaoBanuit H.W. Bacunbsesa —
KEpH OTIMYHOTO KaueCTBa, MMOJHATHIN
W3 CYNepriyOOKOi CKBaKHHBI Ha CTaHIH BOCTOK.
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the borehole, bypassing the drill left at the bottom. For the first time, Vasiliev’s technology
for deviating from the parent hole was applied [16], allowing branch holes to be drilled
without significant changes to the design of the electromechanical drill.

A new world record of 3769.3 m was set for drilling boreholes in ice when Subglacial
Lake Vostok was finally unsealed on February 5th, 2012. This technology was developed
by a team of scientists from the Mining Institute and AARI in 2000 [17]. In anticipation
of the lake’s unsealing, large-scale preparatory works were carried out. Together with the
perseverance and consistency of the drilling crew, these efforts made it possible to reach
Lake Vostok just one day before the team had to leave Vostok Station on the last plane
at the end of the field season [18].

Professor Vasiliev’s personal qualities, such as his attention to detail and intuition, were
particularly important for the success of this project. These innate characteristics were well
complemented by his deep understanding of the downhole processes involved in drilling.

An in-depth analysis of the hydrodynamic process of water rising into the borehole
during the first unsealing of the lake in 2012 allowed for a more controlled second
unsealing in 2015 [19]. The result of these two operations was the recovery of samples
of congelation ice, which formed as a result of the freezing of lake water that entered
the borehole.

Vasiliev shared his accumulated knowledge and experience through monographs,
scientific articles, and textbooks. His contributions have enabled the following: deepening
fundamental understanding of the complex processes that occur in ice when it is drilled;
establishing the main patterns of changes in the structural and physical properties of the
Antarctic ice sheet with depth, which determines mechanical and rheological properties that
affect borehole drilling and maintenance; and creating safe and competitive technologies
for drilling through ice and environmentally friendly techniques for accessing subglacial
water bodies. He is rightfully considered to be the creator of modern international standards
for deep ice drilling.

Conclusion

Professor Vasiliev was an outstanding
scientist and researcher who made
a significant contribution to the history of
Antarctic research. His work continues
to be the foundation for the development
of technology and tools for drilling into
Antarctic ice. The technology he created,
using the KEMS-135 drill, which he
painstakingly developed and improved,
serves as a model for best practices in deep
ice drilling. The professor himself said that
this achievement was the most significant
result of his creative activity.

His reverent attitude to his work,

Professor Vasiliev hard at work perseverance, and ability to dream, which
JpyskecKuil maps, H306paKkatoLuii are inherent in many outstanding scientists,
npodeccopa Bacuinesa 3a pabotoit became the defining features of his personality
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Vasiliev’s friends and younger
colleagues: staff of the Mining
University and AARI

during the 67th Russian
Antarctic Expeditions

Jpy3bs u nocnenosarenu

H.U. Bacunbesa: coTpyaHUKH
Topuoro yauBepcutera u AAHUN
B cocTase 67-if Poccniickoit
AQHTaPKTUIECKOH SKCIIEANIINT

and the key to his success. Even during periods of insufficient funding, Vasiliev was able
to make scientific progress.

As a leader, Professor Vasiliev has inspired and continues to inspire others to achieve
results. His colleagues, including the polar researchers at the Vostok station, remember him
with warmth and respect. They affectionately call him ‘professor’. His close friends call
him Kolya-golova (‘Kolya the brain’), due to his extensive knowledge and far-reaching
abilities.

It is thanks to Vasiliev that a strong, experienced, and effective drilling team was
established at Vostok station. He was passionate about everything new and promising in
science and technology. He gave all his strength and time to his work. He was democratic
in approach, kind, accessible, benevolent, and friendly. He had an unflagging sense of
humour. He was honest in his judgments and exacting in business.

His work lives on through his students. They rely on the knowledge he left behind,
and continue to explore the Antarctic continent.

Competing interests. Authors have no competing interests.
Acknowledgements. We thank Alice Lagnado for English editing of the manuscript.
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Annoranus. C Havana 50-x rr. XX B., Kor/a HaqaJoch akTHBHOE M3y4eHHe AHTAPKTHIBI, OypEeHHE CTallo HEOTh-
eMJIEMOI1 YaCTbI0 MHOTHX MacIITaOHbIX HayYHBIX IPOEKTOB, OCYILECTBIIIEMBIX Ha JIEITHOM MaTepuke. braronaps
CTPEMHUTEILHOMY PA3BHTHIO TEXHUKH M TEXHOJNOTHI OypeHus ObUIO CIeIaHO MHOXKECTBO HAYYHBIX OTKPBITUN
B 00JTaCTH MaNeOKIMMATONOTUH, T€ONOTUH, IAIMOJIOTHH M psila APYrux ecTecTBeHHbIX Hayk. C 1968 T. u mo
ceil IeHb OJIHY M3 BEIyLIUX pOJiel B pa3BUTHM JaHHOTO HampasineHus urpaer Cankr-IleTepOyprekuii ropHbIi
YHHUBEPCHTET. B ero cTeHax Oblio BOCIMTAaHO HECKOJIBKO MOKONEHHIT CHIELHAINCTOB 110 Oypenuto Jibaa. Ocodoe
MECTO Cpe/M HUX 3aHNMaeT OeCCMEHHBIH PYKOBOIUTEINb HATPABICHAS aHTAPKTHYECKHX HCCIIEIOBAHHH B IEPUOJ
¢2002 o 2021 r., mpodeccop, nokTop TexHnIeckux Hayk Hukomaii ViBanosuy Bacuibes. Ero Bkiaj B pazButue
OTEYECTBEHHOTO OypeHHsi B AHTapKTH/IE HEBO3MOXKHO TePEOLCHUTh. MHOTONETHSIS TBOpUYECKas AeSTENbHOCTh
H.J. BacunbeBa 3anoxmuiia 0OCHOBY JUIsl MHOTHX JIOCTIKEHHH B 3T0# obmacty 3a nocienuue 30 net. Ero myts
SBIAETCS APKUM IPUMEPOM TPYAOTIO0KS H IIPEAHHOCTH CBOEMY JIeiy Ha MPOTSDKEHUH BCeH JKU3HH. JTa cTa-
Thsl — JIaHb YBaXeHHs 1 namsatu npopeccopy H.W. BacuiibeBy, KOTOpyI0 XpaHsT €ro Apy3bs, NOCIEN0BATENN 1
KOJUIETH, IMEBIINE CYACThe paboTaTh C 3TUM TaNaHTIMBBIM YEJIOBEKOM M YUEHBIM U YUHTHCS Y HETO.

KaroueBbie ciioBa: AHTapkTujia, OypeHUe JICTHUKOB, ACKTPOMEXaHNIeCKUii OypoBOii CHapsi, OypeHHE TEImo-
T0 Jb/1a, 03epo BocTok
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Abstract. The paper is based on additional studies of mineral inclusions in the accretion ice sampled by deep
drilling at Vostok Station in central Antarctica. The studies include X-ray microtomography of two mineral
inclusions with identification of their mineral composition; analysis of clay minerals in the soft aggregate
of the largest inclusion; and geochronological study of zircon grains. X-ray microtomography shows intact
morphology of the inclusions in the ice core and their internal texture. The soft aggregate of the largest inclusion
is characterized by the dominance of illite, intermediate concentrations of chlorite and small amounts of kaolinite.
A notable feature is the absence of mixed-layer minerals typical of Antarctic coastal areas. The most valuable
information is derived from new geochronological data and their integration with previous dating data. The
detrital zircon U-Pb ages show strong probability peaks between 900 and 1100 Ma, while the detrital monazite
ages are clustered between 1250 and 1450 Ma. Both of these age intervals correspond to the Rayner Orogeny.
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1. Introduction

The ice borehole at Vostok Station passed through the 3769 m-thick East Antarctic
ice sheet above Lake Vostok with complete sampling of ice cores, which provided very
valuable information on ice properties, palaeoclimate, subglacial environments and other

© Asgropsl, 2024 © Authors, 2024
428 IIpo6nemvr Apkmuxu u Anmaprmuxu. 2024;70(4): 428—443.



G.L. Leitchenkov, N.V. Rodionov, A.V. Antonov, V.V. Krupskaya, L.Y. Kryuchkova
Mineral inclusions in the accretion ice above Lake Vostok

NW Borehole SG !% SE

2 TR
t’qﬁ;?\ N
oot
ln :
‘é-\ﬁ 4 Meteoric Ice
e Y
- f J."
Ell % /
- —5G-1
_Sé. %/ﬁnwk
2 !
a

Ser fovel

l_c;:lu'l_lh mineral

mclusions el 1
e

4 Bedrock

Fig. 1. Ice-water-bedrock section along the ice flow line and across Vostok Station (modified from
[3] and borehole 5SG with branches 5G-1, 5G-2 and 5G-3; the inset at top left shows the contours of
subglacial Lake Vostok (from [9] and the position of the section

Puc. 1. Pa3pe3 1e10B0i#i TOIIH, BOJBI X KOPEHHOT'O JI0XKA BJOJIb IMHUU TOKA JIbJA M Y€PEe3 CTAHIHIO
Boctok (0 [3] ¢ usmenenusamu) u ckBaxkuny SI° ¢ orBerBnenusmu SI'-1, 5SI-2 u 5I-3; Ha BcTaBKe
BBEpXY CJIeBa [MOKA3aHbI KOHTYPBI TOJICIHUKOBOTO 03epa Boctok (13 [9]) u nonokenue paspesa

areas of scientific knowledge [1-3]. Ice core studies show that the ice at this site is
divided into 2 main layers according to its origin: the upper one (3537 m thick), formed
from atmospheric precipitation, and the lower one (232 m thick), frozen from the water
of subglacial Lake Vostok, i. e. accreted from below [4] (Fig. 1). The upper 81 m of
accretionary ice (between 3537 and 3618 m), sampled by three borehole branches [5],
contains small mineral inclusions, generally less than 1 mm in size, although several
intervals contain larger (> 2 mm) inclusions, and the depths of 3606-3608 m are
characterized by the presence of the largest inclusions up to 1 cm across [6] (Fig. 2).

Previous studies of 11 inclusions (from depths 3548, 3549, 3550, 3556, 3559, 3561,
3582, 3607, 3608 m) have shown that most of them are represented by soft aggregates
consisting mainly of clay matrix, mineral grains ranging in size from 5 to 150 mkm (mainly
quartz grains) and rock clasts [3, 7]. Larger inclusions (found mostly in the 3606-3608
m layer) contain rock clasts up to 6-8 mm in diameter. Two inclusions (from 3550 and
3559 m) contain sulfide minerals: pyrite, molybdenite, sphalerite, which may be evidence
of hydrothermal activity in Lake Vostok [3].

Lake Vostok is the largest subglacial freshwater reservoir in Antarctica and one of
the largest in the world with a water layer up to 1000 m thick [9], but only its southern
part provides conditions for water freezing [8] (Fig. 1). The ice sheet drilled at the Vostok
station came from the shallow lake area with an island as the site of the present grounded
ice [3, 9] (Fig. 1). It is evident that mineral inclusions were trapped in the 81 m thick
accreted ice at the time when the ice sheet was flowing over this shallow part of the
lake, either from suspension [10] or directly from the lake bottom during ice grounding
episodes, which provided grabs of relatively large rock clasts [6] (Fig. 2).
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Fig. 2. Calculated concentration of mineral inclusions in the ice cores of accreted ice (borehole 5G-1);
the blak shading shows the concentration of relatively large (> 2 mm) inclusions captured from the
lake bottom (after [6] with modifications)

Puc. 2. IToxcyeT KOHIEHTpAIMH MUHEPAIbHBIX BKIIFOUCHIH B KepHAX aKKPEAI[MOHHOTO JIbJIa (CKBaXKHUHA
5I'-1); yepHOH 3aKpackoif MoKa3aHa KOHIEHTPAUs OTHOCUTEIFHO KPYIHBIX (> 2 MM) BKIIFOYCHHH,
3aXBadeHHBIX CO JHA 03epa (0 [6] ¢ H3MEHEHUSIMN)

Petrographic research, scanning electron microscopy and microanalysis of rock
clasts found in the accreted ice (within soft inclusions) allow us to identify these clasts as
consolidated, unmetamorphosed quartzose siltstones and sandstones. The bottom sediments
trapped in frozen water and incorporated into the ice sheet are thought to be products of
ice erosion of the bedrock upstream of southwestern Lake Vostok. The sedimentary nature
of this region, known as the Vostok Subglacial Highlands, is also supported by magnetic,
gravity and seismic data [3, 11].

All sedimentary rock clasts contained detrital zircon and monazite grains, which
were detected by energy dispersive X-ray microanalysis and dated by secondary ion mass
spectrometer SHRIMP-II. A total of 31 zircon and 5 monazite grains were dated [3]. Within
7 years since the last publication [3], new data on mineral inclusions in the accreted ice have
been obtained. The aim of this paper is to present the results of this additional research.
New research includes: 1) X-ray microtomography of two mineral inclusions from a depth
0f 3606.9 m (branch G-3 ); 2) examination of rock clasts from a depth of 3606.9 m (branch
G-3 ) with identification of their mineral composition; 3) analysis of clay minerals in the
largest soft clast from the 3608 m depth (branch G-1) and, for comparison, in samples from
coastal lakes of the Larsemann Hills, Vestfold Oasis (Princess Elizabeth Land) and Banger
Hills (western Wilkes Land); 4) geochronological study of 10 zircon grains from the largest
(8 mm long) rock clast from the 3608 m depth (branch G-1) and 6 zircon grains from the
4.5 mm long rock clast from a depth of 3607 m (branch G-1).

2. Methods

X-ray computed microtomography was used for the first time to study intact (situated
in ice cores) mineral inclusions. The aim of this technology was the recognition of their
internal structure and original external morphology. This research was performed at Saint
Petersburg State University on a SkyScan 1172 microCT scanner equipped with a cooling
stage (Bruker, Belgium).

The rock clasts were studied in the Center of Isotopic Research of the All-Russia
Geological Institute (CIR VSEGEI) using a scanning electron microscope (SEM) CamScan
MX 2500 equipped with an energy-dispersive X-ray spectrometer Pentafet 10 mm? (Oxford
Instruments, UK) and SEM TESCAN VEGA3 (TESCAN, Czech Republic) with an energy-
dispersive X-ray spectrometer Aztec Ultim 100 mm? (OXFORD Instruments, UK).
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Fig. 3. Study of clay minerals in the largest mineral inclusion from a depth of 3608 m (borehole
branch 5G-1).

a— photograph of ice core with the largest mineral inclusion inside; b — photograph of the largest intact mineral
inclusion (soft aggregate); ¢ — dry fine-grained (mostly clayey) residue after drying, which was used for the study
of clay minerals; d — X-ray diffractogram of the oriented preparation in air-dry state (in brackets are orders of
basal reflections for clay minerals); e — part of infrared spectra and identification of absorption bands; f-k —
micrographs obtained with a scanning electron microscope: clay minerals on the surface of the feldspar grain
(f), aggregate of different clay minerals (g), aggregate of illite particles (h), aggregate of kaolinite particles (k)

Puc. 3. Pe3ynbrarsl H3y4eHHUs! INIMHACTHIX MHUHEPAJIOB B CAMOM KPYITHOM MHHEPAIbHOM BKIIFOUCHUH
¢ n1y6unsl 3608 M (ckBaxuHa 5I'-1).

a— Qororpadus JISATHOTO KepHa C KPYITHEHIITHM MUHEPaIbHBIM BKITFOYCHHEM BHYTPH; b — doTtorpadus camoro
KpYyITHOTO HEHApyIICHHOTO MHHEPAIHHOTO BKIIOYEHHS (arperar); C — CyXoil TOHKOJIMCIICPCHBIH (IIpenMyIIie-
CTBEHHO INIMHHCTHIN) OCTaTOK IOCIe BEICYIIMBAHHS, HCIOIb30BaHHBIN IS H3yYEHUS TIIMHUCTHIX MHHEPAJIOB;
d — peHTreHoBcKast 1 pakTorpaMmMa OpHEHTHPOBAHHOTO TIPEnapara B BO3LYILIHO-CyXOM COCTOSHIH (B CKOOKax
YKa3aHBI IOPSIIKY 0a3aIbHBIX OTPasKeHHH JUIS INTHHUCTBIX MUHEPAJoB); € — 4acTs MK-cnexTpos n naenTuduka-
st ostoc moromterust; f-k — mukpodororpadun, momydeHHbIE Ha CKAHUPYIOLIEM IEKTPOHHOM MHKPOCKOIIE:
IIMHUCTBIC MHHEPAIIBI Ha TOBEPXHOCTH 3epHa 1oseBoro minara (f), arperar pa3nuyHbIX IHHUCTBIX MHHEPAIOB
(9), arperar actun wutnta (h), arperar gacrun kaonuHuTa (K)
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The study of clay minerals was carried out in the Institute of Geology of Ore
Deposits, Petrography, Mineralogy and Geochemistry and the Geological Institute
(Russian Academy of Science) by powder X-Ray diffraction, electronic microscopy and
infrared spectrometry using X-Ray diffractometer “Ultima-IV” (RIGAKU, Japan) with
a semiconductor detector “DTex/Ultra”, SEM LEOSupra 50 VP (Carl Zeiss, Germany)
and a FTIR spectrometer “VERTEX 80v”” with a DTGS detector and a KBr beamsplitter
(Bruker, Germany), respectively.

Infrared spectroscopy (spectra acquisition) was performed in the mid-IR spectral
region (4000-400 cm™') under vacuum pumping conditions with a resolution of 4 cm™. In
order to obtain the most accurate information in the absorption region of the OH-groups,
the sample was additionally heated at 150 °C for 20-24 hours. The results obtained were
processed using the OPUS 7.0 program. The use of infrared spectroscopy allowed us to
correctly apply methods of mathematical modelling of X-ray diffraction patterns from
oriented preparations, to calculate the quantitative ratio of clay minerals, and to determine
the composition of the amorphous phase. Before the analysis, a fine-grained fraction was
extracted from the largest soft aggregate (3608 m; Fig. 3a, b) and a dry specimen with
a weight of approximately 0.5 g was prepared (Fig. 3c).

The geochronological study was carried out at CIR VSEGEI using the Sensitive
High Mass-Resolution Ion Microprobe (SHRIMP-II, ASI; Australia) following the in
situ uranium-lead method described by Williams [12]. Zircon grains were preliminarily
identified using a SEM CamScan MX 2500 in a cut and polished rock clast mounted in
a special preparation for microprobe analysis. Additional zircon grains were found by
re-polishing previously cut rock surfaces. Repeat measurements were carried out on two
grains to statistically increase the data set.

The intensity of the primary beam of negatively charged molecular oxygen ions was
3 nA with a spot diameter of approximately 20 pm at a depth of up to 2 microns. **Pb/>8U
ratios in zircon samples were normalised to the Temora-2 zircon standard (416.8 Ma, [13]).
Concentrations of lead, uranium and thorium in measured zircon grains were obtained
using zircon standard 91500 with a known uranium content of 81.2 ppm [14]. Measured
Pb/U ratios of monazite were corrected using reference monazite from the Thompson
Mine with a known age of 1766 Ma and U content of 2000 ppm, using the energy filtering
technique to reduce the isotopic overlap. The correction for common lead was applied
to the value of the measured **Pb isotope. In some cases where the measured grain size
was comparable to or slightly smaller than the analytical spot, the surrounding matrix was
analysed to ensure the absence (or insignificant content) of lead, uranium and thorium
components. Errors of individual analyses (ratios and ages) are reported at the one sigma
level. Raw data were processed using SQUID-1 software [15]; plots of concordia and
probability of age distribution were generated using the Isoplot-3 program [15]. The
probability density plot consists of ages calculated from the *Pb/***U isotopic ratio for
the concordant data and **’Pb/?*Pb for the few discordant values.

3. Results

3.1. X-Ray microtomography
Two mineral inclusions from a depth of 3606.9 m (branch G-3) were studied using
X-ray computed microtomography in ice cubes cut from ice cores (i.e. in intact conditions).
The inclusions as a whole have a fanciful shape and consist of relatively large elongated
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Fig. 4. Images of two inclusions from a depth of 3606.9 m (borehole branch 5G-3).

a, b — Three-dimensional image of mineral inclusions in the ice obtained using of X-ray computed
microtomography showing their surface morphology; ¢, d — Three-dimensional images of mineral
inclusions in the ice obtained using of X-ray computed microtomography showing sections in the
XZ plane (the bright spots are denser mineral grains); e, f — photographs of rock clasts after their
thawing from the ice and clearing from fine-grained material. The dimensions of 3606.9-3 (1) are
6.3x5.5%2.3 mm, the dimensions of 3606.9-3 (2) are 7.7x5.8x3.5 mm

Puc. 4. 306paskeHus ABYX BKIIOUeHUH ¢ ryOuHbI 3606,9 M (ckBaxuHa 51°-3).

a, b — TpexMepHOE nM300paXkeHre MUHEPAIBLHBIX BKIKOYEHHH BO JIbIY, [OJYYEHHOE C MOMOILLIO
PEHTTEHOBCKOI KOMITBIOTEPHOI MUKpPOTOMOTrpaduH, HOKa3bIBaroliee MOP(OIOrHiio NX OBEPXHOCTH;
¢, d — TpexmepHbIe H300paXKEHHUI MUHEPAIbHBIX BKJIOYCHHI BO JIbY, IIOJYYCHHBIC C TIOMOIIBIO
PEHTTEHOBCKOM KOMITBIOTEPHOI MUKPOTOMOTpaduu, IOKa3bIBAIOLIHME CEYCHHS B ITIOCKOCTH XZ (sp-
K€ sTHA — 0oJiee [UIOTHbIE MUHEpaJIbHbIE 3epHa); €, T — dororpaduu 0610MKOB OPO MOCIE
UX BBITAHBaHUs OTO JIbJIa U OYMCTKU OT MEJIKO3EpHUCTOro marepuana. Pasmeps! 3606,9-3 (1) —
6,3x5,5%x2,3 MM, 3606,9-3 (2) — 7,7x5,8%3,5 Mmm

bodies and numerous small satellites (Fig. 4a, b). The study shows that the large bodies are
rock clasts covered by fine-grained material ranging in thickness from 150 um to 1.2 mm.
Analysis of this material and substance of small satellites using the SEM CamScan MX
2500 revealed a predominance of layered silicates (probably of the hydromica group)
and, to a lesser extent, the presence of quartz grains, feldspars and accessory minerals up
to 20-30 um in size. After the ice melted, the cover was almost completely disintegrated
exposing the rock clast (Fig. 4c).
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3.2. Identification of clay minerals

Comprehensive analysis of the fine-grained fraction from the largest soft aggregate
(3608 m) showed that the total content of clay minerals is 70-75 % and the other part
of the fraction is represented by small grains of quartz, amorphous silica, feldspars and
calcite. Infrared spectroscopy showed that the main peaks of the spectra obtained belong to
vibrations of Al-OH-Al bonds of illite and chlorite in the region of 3620 cm™', Si-O bonds
of illite in the region of 1165, 1083, 1036 cm™', and strain vibrations of Al-O-Si (517
cm™) and Si-O-Si (466 cm™') of illite.

The clay minerals identified are illite (69 %), chlorite (24 %) and kaolinite (7 %) of
terrigenous origin (Figs 3). Illite forms large but thin particles and microaggregates (Fig.
3h), while kaolinite is characterized by thicker particles with a pronounced hexagonal
shape (Fig. 3k). Most of the clay minerals are of terrigenous origin, although authigenic
clay minerals have also been detected on the surface of feldspars (Fig. 3f). Terrigenous
illite is represented by relatively large but thin particles and ultramicroaggregates, while
terrigenous kaolinite is characterized by thicker particles with a pronounced hexagonal
morphology. In contrast, authigenic clay minerals have much finer particles and a relatively
isometric morphology.

Examination of oriented samples in the air-dry state and after saturation with ethylene
glycol did not reveal the presence of swelling phases (smectites or mixed-layer formations
of the illite-smectite, kaolinite-smectite or chlorite-smectite series). Furthermore, a specific
feature of the inclusion in the Vostok ice core is the complete absence of mixed-layer (illite/
smectite) clay minerals, which are typical of Antarctic coastal regions (e. g. Shirmacher
Oasis, Prince Charles Mountains [16, 17], including those investigated in this study
(Larsemann Hills, Vestfold Oasis and Banger Hills).

3.3. Study of rock clasts

Figure 5 shows some of the previously and recently examined rock clasts [2, 3, 7],
most of which are quartzose siltstones and sandstones. The largest, 8 mm long, rock clast
from the 3608 m depth (Fig. 5, 3608-1) was examined using the SEM CamScan MX 2500S
in addition to the petrographic analysis previously performed. It was found that this clast is
characterized by very low porosity (1.5 = 0.5 %) and consists of quartz grains (0.03—0.17 mm
across; 69 %), potassium feldspar grains (0.03—-0.17 mm across; 18 %) and cement of probable
chlorite composition (10 %); the accessory minerals (apatite, garnet, monazite, zircon, iron
hydroxides and others (about 1 %). The integral density of the clast, calculated from the
distribution of the minerals, their average density and porosity, is estimated to be about 2.6 g/
cm?. Four zircon grains (one 15 um and three 40 pm in size) were additionally identified in
this largest rock clast for for further isotopic analysis.

Two new clasts from a depth of 3606.9 m (branch G-3; Fig. 4c; Fig. 5, 3606.9)
have been studied by X-ray microtomography and electronic microscope. The first clast
(Fig. 5, 3606.9-3(1)) is composed of layered silicates (less than 10 um in size; about
75-80 %), quartz (30—50 um in size; 15-20 %), feldspar (about 5 %) and accessory
minerals (apatite, rutile, ilmenite, hematite, monazite, zircon; 520 um in size, less than
1 %;). Several well-rounded oval-shaped quartz grains (up to 1 mm in size) are present
in the rock mass (Fig. 4b). The rock can be defined as silty mudstone. The second clast
(Fig. 5, 3606,9-3(2)) is different in its mineral composition and consists mainly of quartz
(60-65 %), feldspars (about 30 %), layered silicates (3—5 %) and accessories, but a part of
the rock (about 15 % in the section studied) is occupied by a wedge of layered silicates.
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Fig. 5. Photographs of some of the rock clasts studied and backscatter SEM images with identified
minerals. Numbers on the images are borehole depths; the number after the hyphen is the hole branch;
the number in brackets is the sample number

Puc. 5. ®ororpahun HEKOTOPHIX N3YUEHHBIX OOJIOMKOB IOPOJ U M300paskeHHe UX (parMeHTOB B
00paTHO-pacCesSHHBIX AIEKTPOHAX HA CKAaHUPYIOIIEM 3IEKTPOHHOM MUKPOCKOIIE

10 pm

; : 10 pm
10 pm 10 pm il l_E] Hm

Fig. 6. Backscatter SEM images of zircon and monazite grains showing their type morphology. 1-8:
zircon grains (1-7) and monazite grain (8) identified in clast 3608-1 (sandstone); 9—10: zircon grains
identified in clast 3606.9-3 (1); 11-12 zircon grains identified in clast 3607

Puc. 6. V300paxxeHus 3epeH IUPKOHA X MOHAINTA B 0OPaTHO-PACCESHHBIX IEKTPOHAX HA CKAHH-
pYIOIIEM 3JIeKTPOHHOM MHUKPOCKOIE, IEMOHCTPHPYIOIINE UX TUIOBYIO Mopgonoruio. 1-8: 3epHa
nupkoHa (1-7) u Mmonarwra (8), unenrudunuposannsie B oonomke 3608-1 (mecuanuk); 9-10: 3epHa
UPKOHA, HACHTU(HUITIPOBaHHEIE B 0010MKe 3606,9-3 (1); 3epHa IUpKOHa, UACHTH(GUIINPOBAHHEIE
B 0boMke 3607
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3.4. Dating of detrital mineral grains and integration of age data

In addition to the previously dated 31 zircon and 5 monazite grains [3], 10 detrital
zircon grains were found in the rock clast from a depth of 3608 m and 6 zircon grains
in the rock clast from a depth of 3607 m. Moreover, five age determinations of monazite
grains were added from previous studies (not considered in [3]). The size of all the detrital
zircon and monazite grains identified ranges from 10 to 50 pm and predominantly from
30 to 40 um. The zircon grains examined by electron microscopy in sample mounts do
not show the primary crystal forms and most of them are rounded in shape, though some
of the grains have an angular morphology (Fig. 6).

The zircon U-Pb ages show strong probability peaks at 900, 1000 and 1100 Ma
with the latter being the most prominent; the minor but reliable (not less than 5 analyses)
peaks are characterized by ages of 900 and 800 million years; and peaks at 760, 1300,
1600, 1750, 2500 Ma (2-3 analyses) can also can be considered as statistically significant
(Fig. 7). The monazite age distribution is less reliable due to the relatively small number of
analyses. These ages are mainly clustered between 1250 and 1450 Ma and one probability
peak falls at 1100 Ma. Isotope ratios of zircon grains suggest that they may be of both
magmatic and metamorphic origin.

1100

N=47
12501450 Ma N=10

Relative Probability

1750 - 1800

2500

==2300
—

S00 1000 1500 2000 2500 3000
Age, Ma

Fig 7. Probability age distribution for zircon (***Pb/***U; blue line) and monazite (***Pb/>?Th; red line)
grains. The age peaks (in millions of years) of the zircon grains are shown

Puc. 7. BeposTHOCTHOE pacrpenesieHne Bo3pacra 3epeH nuupkona (**°Pb/?8U; cunsist TMHKSA) 1 MOHA-
mura (*°Pb/?2Th; kpacHast iunust). [T0Ka3aHbl [IMKH BO3PACTOB (B MUJUTHOHAX JIET) 3€PCH IUPKOHA

4. Interpretation and Discussion

4.1. Mineral inclusions

The accretion ice contains several layers of relatively large (>2 mm) mineral
inclusions (Fig. 1). The inclusions were extracted from two layers (at depths of 3582 m and
3607-3608 m), and their examination revealed the presence of rock clasts within the soft
aggregates (Fig. 5). It can be assumed that all the other large inclusions (or at least most
of them) also contain rock clasts.

Royston-Bishop with coauthors [18] suggested that the particles composing the
inclusions may have been incorporated into the accretion ice by growing ice crystals
and/or by rising frazil ice crystals with upward water circulation. These mechanisms are
suitable for fine-grained particles, but relatively large (up to 8 mm long) and heavy (tens
to more than hundred milligrams) particles cannot be suspended in the freshwater of the
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lake, and so entrapment of rock clasts must have occurred during occasional contacts of
the accreting ice with the lake bed at several ice grounding points. The ragged morphology
of the lake floor in a shallow bay, which defines different conditions at the bottom of the
ice sheet (floating or grounded state), is confirmed by radio-echo sounding [19].

The freezing process was quite slow, with the possible presence of water pockets in
the already formed accreted ice, where a suspension of fine-grained material was present.
This material was evenly distributed over the surface of the clasts (Fig. 4a,b).

4.2. Clay minerals

[llite, chlorite and kaolinite, identified in the soft aggregate (inclusion) from a depth
of 3608 m are common in Antarctic seas, coastal lakes and outcropped glacial deposits
[17, 20]. Illite is the dominant clay mineral and is the product of physical weathering of
magmatic and high-grade metamorphic assemblages typical of East Antarctica. However,
sedimentary rocks can also be considered as a source of illite, thus, for example, Devonian
to Triassic sedimentary succession (Beacon Supergroup) developed in the Transantarctic
Mts. is considered to be a source of illite in the Ross Sea Basin [21].

Chlorite is also a widespread mineral, mostly derived from low-grade metamorphic,
mafic and sedimentary rocks, and it is not resistant to weathering and long transportation.
Kaolinite is a very resistant mineral and is a product of chemical weathering of feldspar and
is more characteristic of temperate and tropical latitudes, but can occur in polar regions due
to the weathering of older, kaolinite-bearing sediments [20]. The relatively high chlorite
content and the presence of kaolinite in the samples studied (Fig. 3) are related to the
weathering of the sedimentary rocks underlying the ice, and most likely their cement. The
absence of mixed-layer (illite/smectite) clay minerals in the soft aggregates studied suggests
that the environmental and weathering conditions in the subglacial environment of central
Antarctica and the outcropping regions of the Antarctic margins are significantly different.

4.3. Provenance of detrital zircons

East Antarctica is characterized by a variety of tectonic provinces with ancient
metamorphic and magmatic complexes, which are outcropped within coastal regions
and well-studied in terms of rock composition, geochronology and geodynamic settings
[22, 23] (Fig. 8). Major tectonic subdivisions of East Antarctica are Archean cratons and
Proterozoic orogens of different ages (Fig. 8). Crystalline complexes of Archean cratons
are unique due to the abundance of tonalite-trondhjemite-granodiorite suites and high-
(mostly) to medium-grade metamorphic rocks. The ages of the cratons range between
3.9 to 2.4 Ba, but some parts of them were reworked by younger tectonic processes
during the Proterozoic.

The major Proterozoic orogens generally become younger from east to west and are
known as the Wilkes, Rayner and Coats-Maud Orogens [23] (Fig. 8). The Wilkes Orogen
is thought to underlie the coastal region of Wilkes Land. Exposed rocks include high-grade
ortho- and paragneiss and magmatic rocks of varying composition. The dominant age peaks
of detrital zircons are ca. 1800—1700 Ma, ca. 1595 Ma and ca. 1380 Ma. Sedimentary
protoliths were deposited during the interval 1350—1300 Ma and then intruded during
three magmatic events at ca. 1325-1315 Ma, ca. 1250-1210 Ma and ca. 1200-1130 Ma.

The Rayner Orogen is located between Dronning Maud Land and Queen Marie
Land, but is best exposed and studied in the Lambert Rift area, where it is composed
of high-grade tonalite- and granite orthogneisses, paragneisses and schists, quartzites,
metavolcanics, as well as post-kinematic felsic and mafic intrusions. Magmatic and
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Fig. 8. Major Tectonic provinces of East Antarctica (modified from [23].

1— Archean Cratons; 2— Proterozoic Orogens; 3— Neoproterozoic — Early Paleozoic Ross Orogen; 4 — Early
Paleozoic (550-500 Ma) tectono-thermal event (recycling of pre-existing crust); 5— Late Neoproterozoic — Early
Paleozoic sedimentary basins; 6 — Lake Vostok. The red and black numbers (bold font) are the ages of major
magmatic and metamorphic rocks of tectonic provinces. Abbreviations: WO — Wilkes Orogen, RO — Rayner
Orogen, SMO — Coats-Maud Orogen, QML — Queen Marie Land

Puc. 8. OcHOBHBIE TEKTOHHYECKHE IPOBUHINN BocTounoit AHTapkTHIH! (110 [23] ¢ H3MEHEHUSIMN).

1 — apxeiickue KpaToHbl; 2 — TPOTEPO30ICKHUE OPOTEHBI; 3 — HEONPOTEPO30ICKUIl — paHHENaNe030HCKHi
oporeH Pocca; 4 — pannenaneosoiickoe (550-500 MiH j1€T) TEKTOHO-TEpMajbHOE cOObITHE (TepepaboTKa pa-
Hee CyLIECTBOBABLICH KOPBHI); 5 — MO3IHEHEONPOTEPO30NCKIE — PAaHHENAIC030iCKUE 0CaJOuHbIe OacCeHbI;
6 — o3epo Bocrok. Kpacusie u uepHbie 1udpbl (KUpHBIA MWIPUPT) — BO3pPACT OCHOBHBIX MAarMaTHYeCKUX U
Metamopduueckux nopoa. Cokpauienus: WO — oporen Yuikca, RO — Peiinepckuii oporen, RO — oporen
Korca-Mox, QML — 3emust Koponesst Mapu

metamorphic crystallization events are recorded during two major time intervals: ca.
1400-1250 and 1100-800 Ma [24].

The Coats-Maud Orogen is generally traced in bedrock outcrops from Coast Land to
Enderby Land, and its crust was formed during two phases of accretion. The older one is
recorded in the western part of the orogen and consists mainly of high-grade complexes dated
within 1150-1050 Ma; while the second one is typical of the eastern part of the orogen and
is interpreted as the Tonian Oceanic Arc Super Terrane (TOAST), emplaced within 1000-900
Ma interval [26]. Coats-Maud and Rayner orogens experienced Late Neoproterozoic — Early
Paleozoic (600-500 Ma) reactivation (orogeny?) involving magmatism of mainly granitoid
composition and high- to medium-grade metamorphism [23, 25, 26].

The distribution of tectonic terranes beneath the ice in the Antarctic interior is
interpreted from geophysical, mainly magnetic data, which show marked differences in
the magnetic field patterns within the cratons and orogens [23]. For instance, magnetic
data [26] allow us to identify the tectonic provinces underlying the Gamburtsev Mts. in
central Antarctica — the Archean Ruker Craton, which is characterized by an unstructured
mosaic field, and the orogenic terrane showing curved linear, extended anomalies similar
to those developed within the Rayner Origen (Fig. 8).
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Detrital zircon and monazite geochronology is a useful tool for reconstructions of
source regions, paleodrainage patterns and paleogeograpy, especially in Antarctica, which
is almost entirely covered by ice. The zircon population in the rock clasts studied shows
a wide range of ages from Late Neoarchean to Late Neoproterozoic (Fig. 7), reflecting
a diversity of Precambrian source terrains. The zircon grains studied are dominated by 900
to 1100 Ma ages, which are typical of the well-studied Rayner Orogen (Fig. 8). This region
can therefore be considered as the likely provenance for the majority of the detrital zircon
grains found in the rock clasts, though the orogen identified in the southern Gamburtsev
Mts. may be a closer and therefore more appropriate source region.

A small population of zircon grains between ca. 1600 and 2050 Ma is thought to
be derived from complexes of the Wilkes Orogen bordering the Mawson Craton. Similar
zircon U-Pb ages have been obtained from a suite of granitoid clasts collected in glacial
catchments draining central East Antarctica from the Transantarctic Mts. to the Gamburtsev
Mts. [28]. The oldest (single) peaks of 2300 and 2500 Ma may correspond to the nearby
cratonic terrains (Fig. 8).

Of particular interest is the group of well-defined ages between 600 and 800 Ma.
The basement outcrops of these ages have not been found in the coastal regions of East
Antarctica but may be present in the ice-covered regions of central Antarctica and may
record magmatism associated with the crustal extension prior to the break-up of the Rodinia
supercontinent. Detrital zircon grains of similar ages have been found in sediments off
George V Land, with the proposed provenance located to the south of the Ross Orogeny,
whose complexes are outcropped in the Transantarctic Mts [28].

Detrital monazite grains show a predominance of ages between 1450 and 1250 Ma,
demonstrating marked differences in age distribution compared to detrital zircon, and
minor peaks at ca. 840 and 1000 Ma (Fig. 7). The discrepancies in the age spectra are
explained by differences in the physical and petrogenetic characteristics of minerals and
because monazite is formed in a broader range of metamorphic conditions, so it can record
a wider variety of events than zircon [29]. In our case, the age interval of 1450-1250 Ma
corresponds well with the early phase of the Rayner Orogeny, though similar ages are
also typical of the Wilkes Orogen (Fig. 8).

Conclusion

Additional studies of mineral inclusions from cores of accretion ice provide new
information on their initial (intact) morphology and clay mineralogy, the rock clast they
contain, the geochronology of detrital zircon and monazite grains in rock clasts and the
provenance of detrital minerals.

1. X-Ray microtomography of ice cores containing rock clasts shows that the clasts
are covered with a thin film of fine-grained clayey material. Based on this observation we
suggest that the rock clast was captured within the ice grounding zone from the bottom of
a shallow bay, located upstream from Vostok Station, and then spent some time in a water
pocket with a fine-grained suspension that deposited on the clast surface.

2. Clay minerals, illlite (69 %), chlorite (24 %) and kaolinite (7 %), were identified in
fine-grained material of largest mineral inclusion in the accretion ice. The sample studied
(as an analogue of lake sediments) is characterized by the absence of mixed-layer (illite/
smectite) clay minerals typical of Antarctic coastal regions, which is probably a peculiarity
of subglacial weathering in central Antarctica.
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3. The detrital zircon U-Pb ages show strong probability peaks at 900, 1000 and
1100 Ma and minor peaks at 760, 800, 900 1300, 1600, 1750 and 2500 Ma, while the
detrital monazite ages are mainly clustered between 1250 and 1450 Ma with one probability
peak at 1100 Ma. The dominant age group for the detrital zircons between 900 to 1100 Ma
corresponds well with the main phase of the Rayner Orogeny manifested in East Antarctica
between Dronning Maud Land and Queen Marie Land, though the Gamburtsev Mts with
orogenic assemblages of similar ages can be considered as a more probable source region.
Detrital monazite grains show a different age distribution compared to detrital zircon,
with a predominance of age population between 1450 and 1250 Ma, and these ages are
thought to correlate with the early phase of the Rayner Orogeny.
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Annotauus. Cratbs OCHOBaHA Ha JOTOMHUTENBHBIX UCCIENOBAHUAX MUHEPAIbHBIX BKIIOUEHHH B KepHax
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90T PEHTTEHOBCKYI0 MUKPOTOMOTPad)HIO IByX MHHEPATBHBIX BKITIOUCHHH C ONPEIEICHIEM HX MIHEPAIBHOTO
COCTaBa, aHAJIM3 TIIMHUCTHIX MUHEPAJIOB B arperare KpymHOro BKJIFOUEHUS U TEOXPOHOIOTHYECKOE H3yUeHUe
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3epeH IUpKoHa. PEHTreHOBCKask MEUKPOTOMOTrpathus MOKa3bIBaeT HETIOBPEKACHHYI0 MOP(OIOTHIO BKIIOYEHHH
B JIEJSSHOM KEpHE ¥ MX BHYTPEHHIOIO TeKcTypy. Ha ocHOBaHWM aHamM3a MEKpoQoTOrpaduii MOKHO HPEATo-
JIOXKHTH, YTO 0OIOMOK MOPOZBI OBLT 3aXBaueH B 30HE HAJCraHMS JIbJa Ha MEIKOBOJHOM ydacTke osepa Boc-
TOK, PAacIOI0KEHHOM BBIIIE 10 TEYCHHUIO JIbJA OT CTAaHIMK BOCTOK, M 3aTeM HEKOTOpOe BpeMsl HaXONHIICS B
BOJHOM KapMaHe C MEIKO3ePHICTOI B3BEChI0, KOTOPas 0ceala Ha IIOBEPXHOCTH 00IOMKA. ATperar KpyImHOTro
BKJIIOYEHHS XapaKTepH3yeTcs mpeodnaganueM wutnuTa (69 %), IpoMexXyTOIHBIMI KOHIEHTPALIAMHI XJIOPHTa
(24 %) n oTHOCHTENBHO HEOOMBIINM KOTHIEeCTBOM KaonuHuTa (7 %). [IpMedaTenbHbIM SABIAETCS OTCYTCTBHE
CMEIIAHHOCIONCTHIX ITHHHICTHIX MUHEPAIOB, XapaKTePHBIX JUIS PUOPEKHBIX paiioHoB AHTapkTuky. Hanbonee
IIeHHAas HHPOPMAIXS OTyYeHa 13 HOBBIX T€OXPOHOIOTHYECKHX JAHHBIX U UX HHTETPALH C TPEIbIAYIUMH
JaHHBIMH fatupoBaHus. U-Pb BO3pacT HeTpHTOBBIX 3epeH LMPKOHA MOKA3bIBACT JIABHBIC IIMKH HA PyOexkax
900, 1000 u 1100 miH 5eT, B TO BpeMs KaK BO3pacT 3¢peH MOHAIIUTA B OCHOBHOM CTPYMIIHPOBaH Mexay 1250
7 1450 MIH JIeT ¢ OTHUM ITHKOM BeposTHOCTH Ha pyOexe 1100 muH net. JJoMuHupYIomas BO3pacTHas pyIia
3epeH mupkoHa Mexay 900 i 1100 MiH JeT XOpoIIo comiacyercs ¢ IMaBHOH (a3oll peiiHepCKoi OpOTeHNH,
nposiBeHHON B BoctouHoit AnTapkrine mexay 3emieir Koponesst Mox u 3emieir Koponest Mopu, x0Ts
TofuTeAHbIe ropsl ['aMOypIieBa MOXKHO paccMaTpHBaTh Kak 00J1ee BEPOSTHBIA HCTOYHHK CHOCA. 3epHa MOHALHTA,
BEPOSTHO, OTBEYAIOT paHHEeH (ase peiHepCKoil OpOTeHNH.

Karouesble ciioBa: LlenTpanbHas AHTapKTHAA, TOANEIHAKOBOE 03ep0 BOCTOK, 03epHBIH €11, 00I0MKH TOPHBIX
TIOPOJI, INIMHUCTBIE MUHEPAII, UPKOH, MOHAIHT, T€OXPOHONOTUS
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Abstract. In this paper, we present a new dataset on the stable water isotopic composition (8D and 3'%0) in a
sequence of subglacial Lake Vostok’s accreted ice (3538-3769 m) measured along three parallel ice cores. The
high precision of the new data has allowed us to characterize the formation conditions of different sections of
the ice. The whole lake ice interval may be divided into 3 zones: 1) “zone 0”, 3538.8-3549.8 m, is under the
strong influence of the local water formed from melted meteoric ice likely entering from under the glacier on
the lake’s west coast; 2) “zone 1” (accreted ice 1), 3549.8-3607.4 m, is experiencing significant variability due
to the slightly different effective fractionation coefficient in the course of “water inclusions” in the ice matrix
during the freezing process; 3) “zone 2” (accreted ice 2), 3607.4-3768.8 m, is under the influence of glacial
melt water from the northern part of the lake and the hydrothermal flux from the lake’s bottom. We defined the
exact boundary between the accreted ice 1 and ice 2, which corresponds to a sharp isotopic excursion at a depth
0f 3607.4 m. In this work, we present for the first time data on the “!’O-excess” parameter in the lake ice and
water, which allowed us to make a direct calculation of the equilibrium fractionation coefficient for oxygen 17
during water freezing.
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Introduction

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

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

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

Puc. 1. Cxema CbOpMI/IpOBaHI/ISI KOHXKCEIIAMUOHHOTO Jib/Ja IMTOAJIEAHUKOBOI'O O3€pa Bocrok.

JlenHuK nepecekaeT I0XKHYIO YaCTh 03€pHOI KOTIIOBHHEI C CEBEPO-3aI1a/ia Ha I0r0-BOCTOK. Bo Bpemst ABIKeHUS Haz
03epOoM Ha IIOIOIIBY JIeIHUKA HaMep3aeT CJIOH JIb/1a, BCs TOJIIAa KOTOPOTO JeIUTCS Ha ABA HHTEpBaja: 1) «03epHbIi
nen 1» (3539-3609 m), chopMUpOBaHHBIH B IPOJIKMBE MEXY 3aIaHBIM OOPTOM 03€pa 1 OCTPOBOM (M, BO3MOXKHO,
HaJ cCaMHM OCTPOBOM) U COAEpP KAaIHil BUAUMbIE MUHEPAIbHbIC BKIIOUCHHS, a TAKKe OTHOCUTENILHO OOIBIIOE
KOJIMYECTBO I'a30BBIX M XMMHUYECKHUX MpuMeceil; 2) «o3epHsblii en 2» (3609-3769 m), chopMupoBaHHBIN Hal
[TyOOKOBO/IHOM YaCThIO 03€pa M MPAKTHYECKH HE COJePIKaIUi TPUMECei.
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on the isotopic composition of lake ice was the publication of Ekaykin and co-authors
[5], in which a simple isotopic model of the lake was developed and it was shown that
hydrothermal circulation plays an important role in the lake’s hydrological regime. Further,
in [3, 6], the isotopic composition of water was directly measured (which coincided with
the results of calculations performed in [5]) and it was shown that ice formation generally
occurs under equilibrium conditions, but at the same time the isotopic composition of ice
experiences small fluctuations associated with the mechanism of ice formation and with
variations in the isotopic composition of the water itself. The detailed reconstruction of
these factors at that time was limited by the insufficient accuracy of the values of the
isotopic composition profile of lake ice.

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

Methods

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

Isotope measurements were performed in the Climate and Environmental Research
Laboratory of the AARI using Picarro L2120-i and L2140-i laser analyzers according to
the methodology developed by us and previously published [7]. As a working standard, the
VOS-4 standard was used, which was made from surface snow collected near Vostok station
and calibrated relative to the IAEA standards VSMOW-2, SLAP and GISP. The isotopic
values of VOS-4 are —439.7+0.3 %o for 8D, —56.81£0.02 %o for 680 and —30.41+0.01 %o
for 8'70. The working standard is measured every 5 samples. About 10 % of randomly
selected samples are measured repeatedly in order to determine the reproducibility of
measurements. For a single sample measurement, the random measurement error is
0.046 %0 and 0.21 %o for, respectively, 8'*0 and 3D.

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

The standard error of the values of the stacked series of isotopic composition of lake
ice was determined as the standard deviation of the values of the isotopic composition
of ice at a given depth in individual cores, divided by the square root of the number of
observations, and amounting to 0.038 %o and 0.17 %o for, respectively, 5'30 and 8D.

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

Results

In Fig. 2a the profile of the isotopic composition (5'30) of lake ice is shown. Unlike
atmospheric ice, accreted ice is characterized by extremely low variability of isotopic
values in depth: 1 standard deviation of oxygen 18 values in the upper part of the profile
(in the so-called “lake ice 1” [3], up to a depth of 3608 m) is 0.2 %o, and in the lower
part of the profile it is 3 times less (0.06 %o). Despite such low variability of the isotopic
composition, its fluctuations in the upper part of the profile are significant. In the lower
part of the profile (“lake ice 2”), the variability of isotopic values is only 1.6 times higher
than the measurement error. Apparently, there are no significant short-period fluctuations
in the isotopic composition.

Figure 2b shows the profile of the dxs parameter (which is defined as dxs =
dD — 88'%0 [9]). This parameter is widely used in interpreting the isotopic composition
of atmospheric ice as an indicator of the intensity of kinetic isotopic processes during
evaporation of water in a moisture source and during precipitation from ice clouds [10].
It is not convenient for studying isotopic fractionation during the freezing of water,
since the regression coefficient of the “freezing line” (the line connecting the points
of the isotopic composition of water and the formed ice) in typical Earth conditions is
always less than 8.

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

k=[(3D, + 1000)/(5"*0,, + 1000)]-[(ar,— 1)/(a,, — 1)], (1)

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

Thus, a notable feature of the dxs4 parameter is that it does not change during the
freezing process of water (i.e. it is the same for water and for the ice formed from it)
and, moreover, its value does not depend on effective fractionation coefficients, but only
on the isotopic composition of the freezing water.

Arctic and Antarctic Research. 2024;70(4):444-459. 447
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Fig. 2. Stacked isotopic profile of the subglacial Lake Vostok’s accreted ice: @) — concentration of
oxygen 18; b) — dxs parameter (dxs = 8D — 85'%0); ¢) — dxs4 parameter (dxs4 = 8D — 4.025'30);
d) — 7O-excess parameter (’O-excess = (In(8'70/1000 + 1) — 0.5281n (3'*0/1000 + 1))-10°).

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

Puc. 2. CBOHBIIH H30TOMHBIA TPO(IIIE KOHKEISIIMOHHOTO JIbJ1a ITOAIEAHUKOBOTO 03epa Boctok: @) —
coneprkanue kucinopona 18; b) — mapamerp dxs (dxs = 6D — 83'#0); ¢) — mapamerp dxs4 (dxs4 =D —
4,028"0); d) — mapametp "O-excess (’O-excess = (In(6'70/1000 + 1) — 0,528-In(3'*0/1000 + 1))-10°).

Ha puc. 2a—c 3anmBKoii MoKa3aHsbI mpeesns! norpemHocty (+26). Ha puc. 2d myHKTHPOM IOKa3aHBI IPEICTIBI
3HaueHnit 'O-excess, B KOTOpBIe yKiIaabBaeTcst 96 % pacnpeneneHns (£26)

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

Figure 3b shows the values of deuterium concentration (8D) as a function of 5'°0,
and Figure 4 shows a diagram of the dependence of dxs4 on §'*0O for lake ice.

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

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

Discussion

Characteristics of the conditions of lake ice formation in various sections

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

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

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

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

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

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

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

The same colours in Figs. 3a, 3b and 3¢ depict the same segments of the isotopic profile
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Puc. 4. [Tuarpamma dxs4/8'30 myist o3eproro nbaa. [[Beta HHTEPBAIOB COOTBETCTBYIOT AHAIOTHIHBIM
[BeTaM Ha puc. 3

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

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

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

Puc. 3. OnHOpOAHBIE CErMEHTBI H30TOMHOTO MPOQUIIS 03EPHOTO JIbJIa U COOTHOIICHUE MEXAY Pa3-
JIMYHBIMHU U30TOIMHBIMH KOMIIOHEHTAMHU 03€pa BOCTOK.

a — W30TOIHO O{HOPOJHEIE YYAaCTKU TOJIIY 03€PHOTO JIb/Ia, BEIIEICHHbIE Ha OCHOBE JaHHBIX O COOTHOLICHUH
kuciopoxa 18 u neiirepust (puc. 3b) u mapamerpa dxs4 (puc. 2¢ u 4); b — 3aBucumocTs Mex/y KOHIIGHTpaMeit
kucsoposa 18 u neitepus; C— M30TOIHBINA COCTAB PAa3IMUHBIX KOMIIOHEHT MHPOIIOrMYECKOro L1KIIa 03epa Boc-
TOK: IIBETHBIE KPY)KKH — CPEIHHE 3HAYeHHs] H30TOITHOTO COCTaBa OJHOPOAHBIX YYaCTKOB ITOKa3aHHBIX Ha PHC.
3a u 3b; cepsle KPyKKH — M30TOIHBINA COCTAB 03€PHOM BOJIBI, OIPE/ICIICHHBIH 110 «COCYIIbKe», Hamep3iieil Ha
OypoBoii CHapsiJI TOCIIE IIEPBOTO BCKPHITHS 03€pa; H30TOMHEIN COCTaB JIb/Ia, KOTOPHIH HAXOAUTCS B PABHOBECHU C
9TOH 03epHOH BOIOH (3Ta TOUKA COSIMHEHA C IIPEABLAYIIeH TNHUEH ¢ Ko3(DPUIINEHTOM perpeccuy paBHEIM 4,02);
M30TOIHBINA COCTAB TaJOM JIEIHUKOBOH BOJIbI, TOCTYIAIOIIEH B 03€pO B €0 CEBEPHOM 4acTy 110 [5]; N30TONHBIIH
COCTaB HW)KHEW 9acTu aTMOc(epHOTo Jibja kepHa ST B unTepBaiie 3500-3530 M ¥ JIOKaJIbHAS JIMHHUS METEOPHBIX
BOJ ¢ K0d(dHIIeHTOM perpeccuu 8,5.

OnuHakoBble [BeTa Ha puc. 38, 3b 1 3C MoKa3bIBArOT OJIHH ¥ T€ XK€ YIACTKH H30TOMHOTO MPO(HIIs
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Table

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

XapaKTepnchcn OJHOPOAHBIX UHTEPBAJI0OB BEPTUKAJIBHOIO l'lpO(l)l/lJ'lﬂ H30TOITHOI'0 CcoCTaBa
KOHKEJIAIHOHHOI0 JIb/1a 03epa Bocrtok

. Slope

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

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

Note. Bold text highlights statistically significant regression coefficients.
Ipumeuanue. JKupHbIM HIPH(TOM BBIJICICHBI CTATUCTHYESCKU 3HAYUMBbIE KOIP(HUIIUSHTBI PErpecCuH.

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

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

Zone 0—1 (red, 3538.8-3542.3 m):

A strong change (by more than 2 %o) in the values of dxs4 (Fig. 4) indicates an
intensive change in the isotopic composition of the freezing water. The ratio of oxygen
18 and deuterium is 8D = 8.5 3'30 + 44.8. This is very close to the local meteoric water
line for the lower part of the atmospheric ice at Vostok (3500—3530 m), and in general we
interpret the variability of the isotopic composition of the ice in this zone as a manifestation
of the strong influence of local glacial melt water, which can dominate the freezing mixture.

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

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

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

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

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

Zone 1 (green, 3549.8-3606.8 m):

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

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

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

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

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

Zone 2—1 (blue, 3608.1-3629.3 m):

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

Zone 2-2 (purple, 3629.3 — 3693.3 m):

Starting from this section, significant short-period variations in isotopic composition
are completely absent. According to the ratios of 3D vs 80 and dxs4 vs 8'#0, this zone is
similar to the previous one (Table), but at higher (respectively, by 0.08 and 0.3 %o) values
of 330 and dxs4 (Fig. 2¢, 3b and 4), which indicates a slight change in the proportion of
hydrothermal waters in the freezing mixtures.

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

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

Zone 2-4 (pink, 3720.3-3768.8 m):

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

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

This figure confirms the strong difference between zone 0, on the one hand, and zones
1 and 2, on the other. The regression coefficient of the line connecting the average values
of sections 1 and 2 is 5.44. That is, the difference between different sections of the profile
is explained by both a change in the effective fractionation coefficient (the proportion

-440
-440.5
441
441.5
“'n‘- &
s -447 2-4 . 2-2 Ice in equilibrium
2 10 ~® 23 with lake water
-442.5
D
-443 e
0_3 0'2
-443.5
® 0-1
-444
56.6 -56.4 -56.2 -56 -55.8 -55.6
8150 (%o)

Fig. 5. The isotopic composition of the different lake ice segments, as well as the isotopic composition
of the ice in equilibrium with the freezing lake water.

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

Puc. 5. 30TOnHBIN cOCcTaB pa3NUYHbIX YYAaCTKOB 03€PHOTO JIb/1a, a TAKXKE U30TOIMHBII COCTAaB JIbja,
KOTOPBIH HaXOAUTCS B U30TOITHOM paBHOBECHH C 3aMep3arolleil 03epHoil Bonoit. [1penenst norper-
HOCTH TTOKa3bIBAIOT +£2 OIIMOKH CPEITHETO.

LIBeT ToueK COOTBETCTBYET LIBETY Pa3HBIX YIACTKOB JIbJa Ha puc. 3 U 4. [IyHKTHpHOU TMHHEH 0Ka3aHA THHEHHAS
perpeccus Al H30TOIMHOTO COCTaBa 03ePHOTO Ibaa 1 u 2
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of water inclusions) and the influx of glacial melt water (and, possibly, a change in the
isotopic composition of the latter).

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

If we assume that the lower part of the ice is in equilibrium with the lake water,
then the isotopic composition of zone 2—4 can determine the isotopic composition of
the water freezing directly under Vostok station: it is equal to —59.09 %o for oxygen 18
and —452.61 %o for deuterium.

-56.1 =
-56.2
-56.3 -
§§ -56.4 =
o
>4 -56.5 -
-56.6 - - -441.6
-56.7 - -442
- -442.4
-56.8 -
- -442.8
--4432 F
-215.8 L _443.6 %
= -444
-216 4
- -444.4
-216,2 4 - _444.8
;&5 L _445.2
S -216.4
2
=
-216.6 -
-216.8 4
-217 =

I ] T T ] T ] 1
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Depth (m)

Fig. 6. The isotopic composition of lake ice in the interval 3600-3615 m.

From top to bottom: concentration of oxygen 18, concentration of deuterium and the dxs4 parameter

Puc. 6. M3oTonHEIA cocTaB 03epHOTo Jbaa B uHTepBaie 3600-3615 M.

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

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

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

Within this peak, 6'30 changes by 0.75 %o and drops to the minimum values for
the entire lake ice (Fig. 3a). The regression coefficient of the regression line for the ice
interval containing the peak is 4.5 (Fig. 3b and Table). This clearly indicates a sharp
change in the effective fractionation coefficient, which could be caused either by a large
water inclusion or a change in the freezing rate of water (a lower fractionation coefficient
corresponds to a higher freezing rate).

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

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

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

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

Oxygen 17 in the lake ice and the lake water

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

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

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

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

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

Conclusion

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

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

In the future, we plan a more comprehensive analysis of the lake ice, taking into
account all available data on isotopic, gas, mineral and chemical compositions. It is also
necessary to continue theoretical and experimental studies on the geochemistry of oxygen
17 during processes such as freezing/melting and isotope exchange with rocks, which
will clarify the contribution of various sources of Lake Vostok water to its mass balance.
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Amnnorauus. [Ipeacrasnen HOBbIIT HAOOP JAHHBIX MO COCTABY CTAOMIBHBIX H30TOMOB Bobl (8D 1 §'%0) B TomIIe
KOHKEJIALIOHHOTO JIb/Ia TIOIIEAHAKOBOTO 03epa BocTok (3538-3769 M), m3MepeHHBIX 10 TpeM MapaluIeTbHBIM
JIe/ITHBIM KepHaM. BbICOKast TOMHOCTH HOBBIX JAHHBIX I03BOJIMJIA OXAPAKTEPH30BaTh YCIOBHS (HOPMUPOBAHHS
PasIMYHBIX Y4aCTKOB 3TOTO JIbJa. Bech HHTEpBA 03EpPHOTO Jbjja MOKHO PA3AENUTh Ha TPU 30HBI: 1) «30Ha
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nen 1), 3549,8-3607,4 M, HCTIBITHIBAET 3HAYMTENbHBIE KOTEOAHHS H30TOITHOTO COCTAaBA BCIIEACTBUE PA3ITIIMI
s dexrnBHOTO KOdDDHIIEHTa HPAKIIMOHUPOBAHNS TIPH 3aMEP3aHUH BOIHBIX BKIIOUCHHH B JIESHON MaTPHUIIE;
3) «3oHa 2» (o3epHslit nex 2), 3607,4-3768,8 M, HAXOAUTCS MO BIUSHAEM TAIBIX JIETHUKOBBIX BOM, TIOCTY-
TAIOIINX U3 CeBEPHOH YacTH 03epa, ¥ THAPOTEPMATLHOTO IOTOKA CO JIHA 03epa. BriepBrie onpezeneHa TouHast
IpaHuIa MEXK/y O3EPHBIM JbAOM | U JIBIOM 2, KOTOpas COOTBETCTBYET PE3KOMY H30TOIHOMY BBIOPOCY Ha
ry6une 3607,4 m. TlpuBoastest nauHsie 0 napamerpe 'O-excess B 03ePHOM JIbIy U BOJIE, YTO [O3BOIMIO MPO-
BECTH NPAMOii pacueT PaBHOBECHOTO KO puireHTa QpaKHOHUPOBAHIS KICIOpoa 17 pu 3aMep3aHiH BOIBL.
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Abstract. The paper presents a review of the studies carried out in the area of the subglacial Lake Vostok (East
Antarctica) to date. They include geophysical, glaciological, geodesic, and geological investigations. The most
important geophysical investigations were carried out by the Polar Marine Geosurvey Expedition. They included
reflection and refraction seismic, and also radio-echo sounding. The major contribution to the study of this region was
made by American researchers, who in the 2000/01 field season performed a complex airborne geophysical survey
on a regular network. Their work included magnetometric, gravimetric, and radio-echo sounding measurements.
All the research conducted found that the water surface area is 15790 km? and its altitudinal height changes
from —600 to —150 m. The average depth of Lake Vostok is 400 m, and the maximum marks reach 1200 m. The
water body volume is estimated at 6 100 km?. There are 11 islands in the lake, and their total area is 365 km?. In
addition, 56 isolated subglacial water bodies were found around the lake. A special section is devoted to a review
of mathematical models of heat and mass transfer processes in the glacier and water movement in Lake Vostok.
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Introduction

The interest in the study of the subglacial Lake Vostok is related to the uniqueness
of this natural object. Today, it has no analogues on our planet. The hypothesis of the
existence of a large subglacial water body buried under an ice sheet to the north of the
Vostok Station was suggested based on the analysis of satellite data published in the well-
known article [1]. In addition to these data, the article discussed radio-echo sounding (RES)
data, which allow detecting with a very high degree of probability the existence of water
under an ice sheet [2]. Further geophysical studies made by Russian scientists confirmed
the initial hypothesis. However, this issue was finally resolved by the first penetration of
Lake Vostok. This momentous event took place on February 6, 2012, at 0:24 local time,
which corresponds to February 5, 20:25 Moscow time [3].

In retrospect, it is clear that as early as the mid-1970s there was enough information
to suggest that a large subglacial water body exists to the north of the Vostok Station.
Even at the dawn of Antarctic studies, I.A. Zotikov suggested the existence of such
objects. He attributed their formation to basal melting and the filling of the negative
forms of subglacial relief with meltwater [4-6]. In general, one can say that this was
the first large-scale study, which resulted in building a one-dimensional mathematical
model based on an analytical solution of the thermal conductivity equation, taking into
account the vertical movement of the ice sheet. This model was a development of an
earlier and simpler version of the glacier heat transfer model [7]. Less than ten years
after .A. Zotikov’s model was published, in December 1967, new data indicating the
existence of a subglacial water body were obtained in conducting RES around the
Sovetskaya Station [8]. Subsequent studies of Antarctica’s interior led to the discovery of
a large number of similar objects. At present, their revealed number is 675 [9], but Lake
Vostok stands out among them for its truly grandiose size [10]. The first comprehensive
review of Lake Vostok can be found in a monograph written by I.A. Zotikov [11]. It
discusses many important issues, including the formation of the lake and the existence
of life isolated from the rest of the world.

The present work is an attempt to summarize the main geophysical, glaciological,
and geodesic results obtained in the years of study of the Lake Vostok region. The
next step in the study, in the opinion of the authors, should be related to penetration
into Lake Vostok with the aim of studying directly its water column and bottom
sediments. This is the only proper way to get reliable data about the composition of
the lake water, the processes taking place in the lake, the microorganisms living in
the lake, etc., in other words, about the entire environment and its evolution. At the
same time, mathematical modelling of processes in the lake is equally essential. For
this reason, the authors have prepared an overview of the main results of modelling
associated with Lake Vostok. The final part of the article describes how the authors see
the next step in the study of this unique natural object, primarily in terms of remote
sensing and mathematical modelling.
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Main results of research before 1993

The first reliable geophysical data on the Lake Vostok area were obtained in 1958—-1964
in the course of seismic sounding and gravimetric observations performed by A.P. Kapitsa
and O.G. Sorokhtin [12—14]. However, in the process of data interpretation, the layer located
directly under the ice sheet was mistakenly taken for a sedimentary cover. Subsequent
works were mostly related to airborne RES. In particular, in the airborne RES of 1971-1978
reflections typical of water objects were registered to the north of the Vostok Station [2, 15].
In the 33" Soviet Antarctic Expedition (SAE) field season on November 7 1987, Russian
scientists made a regional flight from the Molodezhnaya Station to the Vostok Station, along
the line of which complex airborne RES was performed. Reflections similar to those observed
over ice shelves were registered in the area of the Vostok Station. However, this fact was not
given due attention [16, 17]. Scientists returned to geophysical studies only after the publishing
of the paper, in which the geographical name Lake Vostok first appeared [1].

In addition to several geophysical studies, meteorological, geomagnetic, ionospheric,
glaciological, drilling works, and also observations of cosmic rays were carried out at the
Vostok Station during this period. Meteorological observations started on December 16,
1957, on the day the station opened [18], and almost never stopped. The highest priority
was probably given to glaciological studies. These also began in 1957 with the setting up
of a snow profile and the first core drilling down to a depth of 12 metres. At that time,
a wide range of measurements, including thermometry [ 18], was carried out in this borehole.
Subsequently, the glaciological studies were significantly expanded and supplemented with
observations at glaciological testing sites and in the ITASE traverses. In particular, during
the 15" SAE (1970) along the route Komsomolskaya Station — Vostok Station snow stakes
were installed every 3 km. In the same year deep drilling began at the Vostok Station,
which continued 20 years later, on February 20, 1990 (the 35" SAE), when the borehole
5G was started [19], through which in the following years penetration into Lake Vostok
was performed. The study of the ice core made it possible to form a reasonable hypothesis
on how the climate of Antarctica has changed over the past nearly half a million years. In
addition, the ice core data showed that the lower part of the ice sheet, starting from a depth
of 3538 m, consists of accreted ice formed as a result of lake water freezing [20]. This is
very important information, especially for mathematical modelling of the heat-mass transfer
processes both in the ice sheet and Lake Vostok. There is another important point: the upper
part of the accretion layer in the depth range of 3 538-3 608 metres contains solid (mineral)
unevenly distributed (from 2-3 to 25 particles per metre of the ice core) inclusions, 1-2 mm
in size. They were probably captured by the glacier as it crossed the shallow coastal area
of the lake. Thus, these particles may reflect the composition of the sediments, providing
unique information on the geological structure of the subglacial environment [20, 21]. In
addition to these works, geodesists from East Germany made measurements of the velocity
of near-surface ice flow, which was estimated to be about 3 m/year [22]. These figures were
subsequently refined by their colleagues [23].

Main results of research after 1993

The discovery of Lake Vostok and interest in this natural phenomenon resulted in
the need for a thorough study of this area. For obvious reasons, Russian scientists were
the first to step up their activities. In order to study the lake in detail by remote methods
reflection seismic surveys were started around the Vostok station in 1995, and from 1998
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they were complemented with ground-based RES. Specially for these purposes, the Polar
Marine Geosurvey Expedition (PMGE) developed a unique ice-penetrating radar (RLS-60-
98), which was subsequently modified (RLS-60-06) to have greater power and depth [16,
17]. At the initial stage, experimental and methodological works aimed at improving the
research methodology and increasing its accuracy were performed. The latter was necessary
for penetrating Lake Vostok, which became feasible as there was only about 130 metres
left to drill, and the remaining ice thickness had to be calculated with maximum accuracy.

For this purpose, specialized seismic and RES works were carried out, which allowed
the researchers to determine that directly at the point of drilling the average velocity of
elastic wave propagation in the glacier body and in the pure atmospheric ice (the layer
velocity) is 3810 = 20 m/s and 3920 + 20 m/s, respectively; the average electromagnetic
wave propagation is 168.4 = 0.5 m/us [10]. On the basis of the data, the thickness of the
ice sheet in this area was determined: the average value for both remote methods was
3,768 m, which is only a quarter of a percent less than the value 3758.6 + 3 m obtained
from drilling after penetrating the lake [24]. The total length of the ground-based radar
routes followed during the Russian surveys was 5.190 linear kilometres, and the total
number of reflective seismic sounding points was 318 [16,17]. They are shown in Fig. 1.

Seismic and radio-echo sounding was completed in 2008. This research method
was replaced by seismic refraction experiments, which were carried out between 2009
and 2013 to determine the bedrock velocities and crustal structure of Lake Vostok and
its western coast. During these studies, two lines were acquired with direct and reversed
observation using explosives as a source of seismic waves (Fig. 1) [25]. This survey shows
that seismic velocities at the lake bottom are in the range of 6.0 to 6.2 km/s, and definitely
correspond to the crystalline basement. The data obtained, however, do not exclude the
presence of a thin (100 to 200 m) low-velocity (less than 3.8 km/s) layer representing the
sedimentary cover. On the seismic profile on the western side of the lake, the velocity of
elastic waves was 5.4-5.5 km/s, which corresponds to consolidated sedimentary rocks [25].

In the 1999/2000 season, Italian scientists made 12 separate geophysical survey flights
over the water area of Lake Vostok [26]. In the 2015/16 season, three routes crossed the northern
end of the lake during comprehensive airborne geophysical investigations by Chinese scientists
[27-29]. However, the major contribution to the study of this region was made by American
researchers, who in the 2000/01 field season performed a complex airborne geophysical survey
on a regular network. Their work included magnetometric, gravimetric and RES measurements
[30, 31]. The Russian and American data complemented each other well and made it possible
to plot an integrated diagram of the ice sheet thickness and of the heights of the under-ice relief,
and to map the shoreline of Lake Vostok with high accuracy (Fig. 1). The ice thickness above
the Lake Vostok basin varies between 3 600 and 4350 m. The ice sheet has a distinctive layered
structure, correlating with the ice core data from the borehole 5G [32]. RES data analysis of
the ice sheet stratification (isochrones) allowed drawing ice flow lines practically through its
entire thickness: from 900 to 3 750 metres over three layers [33].

It was found that the water surface area is 15790 km?, and its altitudinal height
changes from —600 to —150 m. The average depth of the lake is 400 m, and the maximum
marks reach 1200 m. The water body volume is estimated at 6 100 km?® [34]. There are
11 islands in the lake, and their total area is 365 km?. In addition, 56 isolated subglacial
water bodies were found around the lake [10], one of which (v20) is active (Fig. 1), i. e.
the height of the ice sheet above it changes with time, which indicates a change in the
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volume of water, which, in turn, indirectly points to possible drainage [9, 35]. On the
basis of the map of the natural relief a geomorphological analysis was done [10], whose
results, when interpreted, helped to more precisely identify the features of the bedrock
and to draw the first orographic diagram of the area [36].

The results of the US complex RES made it possible to substantiate the earlier
assumption that the basin of Lake Vostok is a long-term rift graben filled with sediments
of the Late Mesozoic to Cenozoic age [21, 37, 38]. These conclusions about the deep
structure were confirmed by seismological earthquake converted-wave method observations
made in the 2002/03 season along a 20.7 km profile passing through the Vostok station
(the observation points are shown in Fig. 1). They showed that the western and eastern
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sides of the Lake Vostok basin are divided by a distinct crustal-through rupture zone, the
boundary of which is clearly traced up to 50 km. The crust thickness to the west and
east of the Vostok basin is 34 km and 36 km, respectively. In addition, the data obtained
indicate that an elevated geothermal flux may exist directly beneath the basin [39].

The conclusions about the tectonic nature of the Vostok basin and the neo-tectonic
processes taking place in the region are also confirmed by biological studies. The
thermophilic bacteria Hydrogenophilus thermoluteolus were found in the borehole G5
ice core at a depth of 3607 m [40]. It is known that 50 °C is the optimal temperature for
their growth and development. The hydrothermal activity may be caused by the rise of hot
waters through the deep faults [21]. Moreover, these waters are probably mineralized and,
therefore, the water mass may be stratified. This is extremely important for understanding
the processes at the bottom of Lake Vostok and modelling the lake water circulation.

Important information for the mathematical modelling of heat-and-mass transfer in
the ice and water mass/column has been obtained by geodetic methods. This work was
carried out in ITASE traverses by researchers from the Institute of Planetary Geodesy of
Dresden Technical University (Technische Universitit Dresden — Institut fiir Planetare
Geodasie). In particular, the near-surface velocity of the ice flow above and beyond Lake
Vostok was instrumentally determined to be 2.00 = 0.01 m/year [41]. Another important
result for mathematical modelling was the detection of tides in Lake Vostok and instrumental
determination of variations in the ice surface heights associated with them. It was shown in
[42, 43] that they are about 40 mm, and the resulting redistribution of the lake water from
the tides forms an additional component of the general circulation. The geodetic data and
modelling showed, among other things, that the water of Lake Vostok cannot flow out, it only
can flow in, for example, as a result of drainage from the surrounding small water bodies [44].

Mathematical models of processes in Lake Vostok

The main results presented above do not in themselves answer the question of what
processes occur in Lake Vostok and in the contact zone of its surface with the ice sheet,
and how exactly these processes occur. Meanwhile, they are certainly important not only

Fig. 1. Location of geophysical investigations in the Lake Vostok area.

1 — Russian ground-based RES; 2 — Russian regional complex airborne geophysical survey route (1987); 3 —
American complex airborne geophysical survey (magnetometric, gravimetric, RES, and laser altimetry, 2000/01);
4 — Ttalian complex airborne geophysical survey (magnetometric, gravimetric and RES, 1999/2000); 5— Danish-
American-British airborne RES; 6 — Chinese Airborne (CHINARE) studies (magnetometric, gravimetric and
RES measurements, 2015/16); 7 — Russian reflection seismic (1995-2008); 8 — Russian reflection seismic
(1950-1960s); 9 — Russian sounding by the earthquake converted-wave method; /0 — Russian refraction
seismic; // — Lake Vostok coastal line; /2 — stable subglacial water bodies; /3 — active subglacial water body
v20; 14 — ice surface elevation contours in metres

Puc. 1. Cxema pacronoxeHus reopusndeckux paboT B paiioHe o3epa Boctok.

1 — oredecTBEHHbIC Ha3eMHBIE PaJNOJIOKAIIMOHHBIC HCCIENOBAaHHsS; 2 — PETHOHAIBHBIE MapIIPYTHl KOM-
IIeKCHOM asporeodusnueckoii créMkn CCCP (1987 1.); 3 — xomiuiekcHble asporeodusuueckue padorsl CIITA
(MarHATOMETpPHYECKHE, TPaBUMETPHICCKHE H PAANOJIOKAI[IOHHbIE H3MEPEHH, a TAKIKE JIa3epHask AITHMETPHS;
2000/01 r.); 4 — xoMIIeKcHbIe adporeodusnaeckne padoTsl PNRA (MarauToMeTpHieckue, rpaBUMETPUICCKUE
pannosokanuoHHble m3MepeHus; 1999/2000 r.); 5 — asporeodusmdeckre MapIpyThl KOMIUIEKCHOH JaTCKO-aMe-
PpHKaHO-OpHUTaHCKOM a3poreodusnueckoit ceeMku 1971, 1974-1975 rr.; 6 — pa6otel CHINARE (Marauromerpu-
gecKue, TPaBIMETPHIECKHE U paJHOIOKalnoHHbIe n3Meperus; 2015/16 1.); 7 — oTedecTBEHHBIE ceiicMUIecKue
3onaupoBanust MOB (1995-2008 rr.); 8 — oTeuecTBeHHBIe celicMudeckue 3oHaupoBanust MOB (1950-1960-¢
IT.); 9 — oTeuecTBeHHbIC 30HAupoBanust MOB3; /() — oredectBenHble npoduiu MIIB; 1/ — GeperoBast TMHUS
o3epa Boctok; /2 — crabGuibHbIC MOAJICIHUKOBBIC BOIOEMbI; /3 — aKTHBHBII MOUICAHUKOBBINA Bogoem V20;
14 — M30THUIICH BBICOT JHEBHOI MOBEPXHOCTH B METPaxX
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from the theoretical point of view, but also from the applied perspective, e. g. prediction of
probe behaviour in the process of sampling lake water or bottom sediments. But any remote
sensing methods cannot answer this or other questions. Among the many theoretical and
applied issues related to Lake Vostok, the moving of lake water is the most interesting and
important. To some extent, it can only be resolved by mathematical modeling, which, of
course, should be based on in situ data [45]. Despite the fact that Lake Vostok is covered
by a thick ice sheet, currents may exist in it, as in other subglacial water bodies. Water
circulation is a result of the indirect effects of endogenous and exogenous processes.
The former lead to the vertical movement of water masses due to convection associated
with the Earth’s heat flow. The latter are related to the geomorphological and subglacial
processes of freezing—melting, glacier movement, tides, water and glacial erosion, and
a number of others. In addition, the drainage of subglacial water bodies [46, 47] is also
an additional source of the inlake advection and turbulent diffusion.

Even small density gradients, which in turn depend on pressure, temperature and
mineralization, can cause water circulation in isolated and unstable subglacial water bodies.
The latter parameter is the most uncertain for these objects. As mentioned above, the
water column of Lake Vostok may well be stratified: fresh at the top and mineralized at
the bottom. The water pressure in a subglacial reservoir should be close to that of the ice
sheet above it. In this case, if it exceeds 28.4 MPa (which corresponds to a thickness of
3170 m), the maximum density of fresh water at its freezing temperature is reached. These
conditions occur in Lake Vostok, which is under 3 700—4 300 m of ice [10]. Because the
thickness of the ice sheet above the lake is not constant, but changes by a few hundred
metres, there is a temperature gradient. For example, for Lake Vostok the difference in
ice thickness between its northern and southern parts is 460 m. This creates a temperature
difference of 0.31 °C, which, according to model estimates [48], results in the horizontal
movement of the water at a rate from 0.3 to 0.6 mm/s (i. . up to 20 km per year). The
strength of this horizontal circulation will depend on the heat flow at the ice-water interface,
the inclination of the lake surface, and the Coriolis force. Subsequently, similar calculations
were made using a numerical 3D model of the ocean circulation, and the results confirmed
that Lake Vostok has a weak circulation across the entire area with local variations in the
velocity field determined by bathymetry [49].

One of the methods to study the specific features of water circulation in lakes is
physical simulation in specially designed test apparatuses. Undoubtedly, this is the most
obvious way to get an idea of the true course of natural processes, which, in turn, can help
develop mathematical models. However, physical modelling has its drawbacks, which are
primarily related to the impossibility to simulate the whole set of similarity parameters,
such as the Reynolds, Rayleigh, Taylor, Rossby and Prandtl coefficients, characteristic of
natural basins, in a laboratory environment. Nevertheless, a number of researchers have
been able to obtain very interesting and promising results in their experiments [50, 51].
The authors of these works modelled the convection process in laboratory experiments
with water put in rotating tanks. In particular, the study [50] provides a brief overview of
vortex movements, their genesis, the evolution of vortex structures and their role in the
ocean and atmosphere dynamics. Special attention was given to the influence of vortices
upon small-scale turbulence and water circulation. On the whole, the paper presents general
results of the laboratory and numerical modelling of phenomena associated with vortices
in stratified and rotating liquids, as well as their values in convective flows.
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Wells and Wettlaufer moved from more general questions to more specific ones and
carried out laboratory experiments specifically to study the circulation in subglacial Lake
Vostok [51]. Their experimental tank was made of transparent double-glazed units and
had the following dimensions: length 91.4 cm, width 30.4 cm, and depth from 14.5 to
24.5 cm. In order to account for the effects of the boundary heat fluxes due to ice melting/
freezing and the geothermal heat fluxes, a cooling element was connected to one half
of the structure and a heating element to the other half. The near-bottom part also had
constant heating, simulating the flow of geothermal heat. The entire cell was mounted
on a precision-controlled rotating platform in order to account for the influence of the
Coriolis force on the forming circulation currents. By performing a series of experiments
under different initial and boundary conditions, the researchers obtained two fundamentally
different results. The nature of the convective motions was largely dependent on whether
the tank was rotating or not. In the non-rotating experiment, overturning circulation arose.
When the horizontal scale of the eddies >1, a small stratified domain was formed under
the roof, while the deeper region had an overturning circulation. When the horizontal
scale of the eddies <1, a similar overturning circulation occurred, with sinking beneath
the cold region, rising in the deep region, without the presence of a stratified domain. In
the rotating experiment, columnar eddies dominated in the water body, transferring the
heat directly from the base to the top. The horizontal movement of the particles 100 pm
in size added to the water occurred predominantly in the thin top and bottom boundary
layers. The action of the stronger rotation changed the flow dynamics dramatically so that
the columnar vortices rapidly stirred passive tracers, but the exchange between the parts of
the tank was weak. On this basis, it was concluded that the water exchange between the
northern and southern parts of Lake Vostok might also be small, and thus their chemical
and biological compositions would be different. According to the authors, in both the
experiment and in Lake Vostok, rotation plays a dominant role in controlling the nature
of the convective motions, and compensatory water exchange between the base and the
roof of Lake Vostok takes about 20-30 days, with minimal lateral mixing.

In theoretical works [48, 52], to describe the water circulation in Lake Vostok,
various balance ratios were used, which have a clear physical meaning and with some
simplifications allow one to estimate this process. The advantage of this approach was
that it made cumbersome calculations redundant; however, avoiding the equations of
thermodynamics and hydrodynamics, it is often possible to answer only a small number of
questions. In particular, Jean-Robert Petit formulated the concept of an empirical model of
the water cycle and the energy balance of Lake Vostok and made the following simplified
diagram of water circulation in it [52]. He did not take into account the Coriolis force
deviation. The circulation consisted of two closed structures (loops) in the near-surface
and deep parts of the water body. The currents formed at the surface were thermohaline
structures in which the water temperature and mineralization changed. The cycle began
with the formation of water as a result of melting of the lower edge of the ice cover and
this melt water mixing with the lake water. The flow was directed from the melting area
to the freezing area, where the ice condensed, and the salt, impurities and gases were
expelled. Deeper than this layer was a warmer and more mineralized downward water
loop with a temperature of —2.5 °C. The flow recirculated, returning to the melting area
and mixing heat and salt with the lower layers. The lower water masses cooled, forcing the
water to sink to the bottom of the lake. There it was heated again by geothermal heat and
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rose to the surface. This formed a second circulatory structure, the development of which
was supported solely by the Earth’s heat flow. Thus, according to [52], this circulation of
water from deep layers probably generates additional heat, which increases the thermal flux
to 170 mW/m? (compared to the geothermal flux of ~53 mW/m?), of which almost 2/3 is
used for ice melt and 1/3 is released through the glacier/ice sheet. Similar conclusions
were also presented in [48], which was used by Jean-Robert Petit and other researchers
to further study the circulation in Lake Vostok [51, 53, 54].

An alternative and more relevant approach to studying water circulation in subglacial
lakes is numerical modelling based on hydrodynamic equations. This approach was applied
in two studies [49, 53], which used various modifications of the 3D hydrodynamic model
originally developed for calculations of ocean circulation [55-57]. In the first research [49],
two calculations were made using an adapted model, in one of which the depth of the lake
was made constant, and in the other the author used what little information he had about the
bathymetry and topography of the Lake Vostok basin and assumed the water mineralization
to be equal to zero. Undoubtedly, those assumptions affected the modelling results. In the
first case, he obtained the result that the horizontal circulation in the lake was predominantly
barotropic and accompanied by a single vortex. In the second case, the horizontal circulation
was baroclinic. In general, there was upwelling in the western part of the lake and downwelling
in the eastern one, with vertical speeds of about 0.01 cm/s. There were also other difficulties
caused by the lack of data for studying water circulation in Lake Vostok [48, 58]. However,
the researchers who carried out later assessments no longer faced this kind of problems, as
Lake Vostok had already been well studied by geophysical methods [10].

For instance, more recently, using the 3D Hydrodynamic model ROMBAX, Malte
Thoma and co-authors concluded that a barocline circulation is dominant in Lake Vostok
[53]. A weak counter-clockwise circulation was formed in the northern basin of the
reservoir, while two more strong vortices (one clockwise and one counter-clockwise)
were observed in the southern depression. Also, in the southern part of the lake, where
the freezing area is located, an anticyclonic water circulation was observed closer to
the surface, and a cyclonic circulation in the deeper layers. In general, the anticyclonic
circulation was more dominant with respect to the overall mass transfer. The upwelling
was concentrated in the east and the downwelling in the west. The only exception was
the southern part, where freezing led to vertical stratification of the water column and
upwelling concentrated in the western part. The researchers assumed that initially the lake
was in stationary state, its water was fresh, and its temperature was —2.6 °C (the phase
transition temperature at the pressure created by the ice column). The simulation time was
chosen to be 150 years, this period was sufficient to reach a stationary state [53]. In 2010,
Malte Thoma and co-authors complicated the problem and used both the RIMBAY ice-
dynamics model and the ROMBAX circulation model, as well as their combination in the
RIROCO model to assess the interaction of the two systems: the lake and the glacier [59].

Russian researchers have also attempted to characterize the circulation in the
subglacial Lake Vostok. For instance, papers [60, 61] present a specially developed 3D non-
hydrostatic model. The authors concluded that the previously used hydrodynamic models
with hydrostatic approximation have their limitations. The reason for the insufficient
adequacy of the hydrostatic approximation, in their opinion, is that the horizontal and
vertical components of the water velocity moduli differ by only one order of magnitude
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in the estimates of Lake Vostok circulation parameters made in [48, 49, 52, 53, 62].
Publications [60, 61] present the results of calculations for the hydrodynamic model
of convective circulation, which is based on 3D equations of hydrodynamics in the
variables “vortex” — “vector potential” (Helmholtz equations) and the heat-balance
equation. Refusal to use the hydrostatic approximation entailed limitations on time and
computational resources. For this reason, during the calculations, the model equations
were integrated in time for only two years, a period insufficient for reaching a stationary
state of the circulation system, and due only to the limited computer resources available
to the author’s team. The temperature distribution in the water column of Lake Vostok
and the zonal and meridional velocity of the currents in it were estimated based on the
modelling results. Undoubtedly, the non-hydrostatic model has the advantage of allowing
one to reproduce meso- and small-scale vertical vortex structures, however, that was not
possible within the framework of this work.

Thus, numerical estimates and application of mathematical modelling methods
[48, 49, 53, 54, 58, 63, 64] gave the first ideas about the currents both in Lake Vostok
and other subglacial water bodies. In addition, an analysis of the influence of subglacial
lakes on the overlying ice sheet was given [33, 65—70], which is important for further
studies of subglacial hydrological and geomorphological processes in these unique
natural objects.

Conclusion: plans for the future

Plans for further research of Lake Vostok, as well as any other site, are determined
by the results achieved, which logically leads to setting new tasks. In the previous
studies, a variety of data from different branches of science were obtained. However,
there are important questions that remain unanswered. How, when, and why was Lake
Vostok formed? Was it formed before or after the glaciation? In other words, is the
lake water relic water that existed millions of years ago, or is the basin filled with melt
glacial water? Of course, there are opinions on this issue. They are, in particular, outlined
in [70], which suggest that Lake Vostok is a relic lake. This theory also appeals to the
authors of this paper, but well-grounded answers to these questions can be obtained only
based on the results of the next stage, which, as mentioned above, involves studying the
lake itself as a water body and taking bottom samples. This will allow inferring how the
lake was formed and how it developed. The next question concerns the deep structure
of the Lake Vostok area. The already available geophysical data are still insufficient
for unambiguous classification of the lake basin as rift graben. In the opinion of the
authors, this issue requires further geophysical work, and, first and foremost, deep
seismic sounding and earthquake converted-wave method profiling. These works will
help to define the structural features of the Earth’s crust and determine the Mohoroviéié
discontinuity. Besides, the important issue is the thickness and stratification of the
lake bottom sediments. Unfortunately, the recent investigations described above cannot
characterize it. This is a matter for future research, e. g. by high-resolution common-
depth-point reflection profiling.

And finally, the third question. What is happening in the lake itself? What is happening
in the area of its contact with the ice sheet? A separate issue concerns the behaviour
of small subglacial water bodies surrounding the lake, and a particularly active water
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body v20, which seems to drain into Lake Vostok. Part of the answer to these questions
may be a subsequent in situ study of the lake water and basal sediments. However, the
borehole is not the whole lake, and without mathematical modelling it is impossible to
build a correct, complete, and reasonable picture of these processes. Modelling will require,
among other things, studies of the glacier dynamics, i. e. geodetic and glaciological studies
over a large area of the lake and beyond, as well as systematic satellite observations.
Geodetic measurements are important not only for modelling the moving of the lake water
but also for better understanding of the glacier behaviour both inside and outside the lake.
In addition, ground-based RES and satellite observations can certainly shed light on the
processes taking place in the active subsurface water body v20. Particularly, a series of
satellite altimeters, such as ICESat, CryoSat, and ICESat-2, CryoSat-2, could be used to
see and show how the glacier surface over this small lake has changed in height from
2003 until now.

Thus, the authors see the new stage of research at the renovated station as large-scale
multidisciplinary work based on the results of research in the borehole 5T (including bottom
sampling) [71], and its ultimate goal is to describe the deep structure and evolutionary
stages of the region, as well as a mathematical model of heat-and-mass transfer processes
in the glacier and lake water.

* % %

Study of Lake Vostok is an absolute priority of Russian research in Antarctica, which
is stated in the “Strategy for the Development of Russia’s Activities in Antarctica until
2030 approved by the Government of the Russian Federation on 19.08.2020. The “Plan
of Measures for the Implementation of the Strategy for the Development of the Activity
of the Russian Federation in Antarctica until 20307, approved by the Government of
the Russian Federation 30.06.2021 No1767-p, contains Action 21 “Complex research of
subglacial Lake Vostok and the Earth’s paleoclimate near the Russian Antarctic Station
Vostok”, included in “Strategy...”. Large-scale construction of new buildings, including
scientific ones, is currently under way at the Vostok Station. And the planned work follows
the path of our country’s priority scientific objectives in Antarctica.
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Pacuiupennslii pegepar

B cratbe npencrasnen 0630p Uccle0BaHMI, BBITOTHEHHbIH K HACTOSAIIEMY BpeMEHH B paiioHe OZIeTHUKOBOTO
o3epa Boctok (Bocrounas Antapkruaa). OHU BKITIOYAIOT B ce0st reopu3nuecKue, IISIHOIOTHIEeCKHe, Te0Ie3H-
YecKHe U reoornyeckue ucenenopanus. Hanbonee BakHble reou3nueckue NCCIe0BaHNs ObLIH POBEIECHB!
[onsipHO#t MOpCKOi Teooropa3Bea0uHOi Skcneaunueil. OHM BKIOYaH B ce0s CeiiCMUUIECKUE HCCIIEI0BAHHS
METOJIOM OTPaXKEHHBIX H TIPETOMIICHHBIX BOJIH, 4 TAKXKE PAIHOJIOKALMOHHOE TPOQHINPOBaHIE. SHAYUTEIbHBIH
BKJIaJ B M3yUEHHE 3TOTO PErMOHA BHECIN aMEPUKAHCKHE MCCIEN0BATENM, KOTOPBIE B XO/IE IETHETO MONEBOTO
ce3ona 2000/01 r. mpoBesH KOMILIEKCHYO a9pOreoH3nIecKyr0 CheMKY [0 Pery/sIpHOii cetr MapipyToB. OHa
BKJIIOYaJIa B ce0sl MarHUTOMETPHYECKUE, TPAaBUMETPUYECKHE U PaHONOKalMOHHbIC H3MepenHus. B pesynbrare
9THX paboT YCTaHOBIIEHO, YTO IUIOLIAIb BOJHON MOBEPXHOCTU cocTaBisieT 15790 kM?, a ee BbICOTA HAjl ypOB-
HeM Mops m3Menstercst B mpenenax oT —600 go —150 m. Cpennsist nmy6una o3epa Boctok cocramser 400 M,
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a MakcuMaibHble 0TMeTKH JocturaoT 1200 M. O6beM Bombl 03epa coctaBnser 6100 km®. Ha ero akBaropuu
HacuuThiBaercs 11 0cTpoBOB, a MX ofmas mwiomaas cocrasuser 365 km?. Kpome Toro, Bokpyr o3epa ObLIo
00HapyKEeHO 56 M30MMPOBAHHBIX MOJICJHUKOBBIX BOIOEMOB, OIMH M3 KOTOPBIX aKTHBHBIA. Ha HauanbHOM
9Tare MPOBOIMIIUCH CIELHANTH3HPOBAHHBIE PAOOTHI, HALIPABJICHHbIC HA COBEPILICHCTBOBAHNUE METO/IMKH HCCIIe-
JOBAHUH U MOBBILICHASA HX TOYHOCTH. OHH [O3BOJHIIN YCTAHOBUTD, YTO HEMOCPEACTBEHHO B IYHKTE OypeHus
CKBaXHUHBI 5T Cpe/HssA CKOPOCTh PACIPOCTPAHEHHUS YIPYTUX BOJH B TEINE JIEIHUKA H B YUCTOM aTMOC(hepHOM
npay (TtacToBast ckopocth) coctapisger 3810 + 20 m/c 1 3920 + 20 M/c COOTBETCTBEHHO; CPEIHSS CKOPOCTh
pacrnpocTpaHeHHUs AIEKTPOMATHUTHBIX BOMH coctaBiseT 168,4 + 0,5 m/Mkc. Ha ocHoBe 3THX maHHEIX OblTa
OIpe/ieneHa MOIIHOCTb JICAHUKA B 9TOM paifoHe, Kotopas coctaBmia 3768 M. CrienuanbHblil pa3aen nocBsiieH
0030py MaTeMaTHYecKUX MOJENEH, KOTOpbIC OMMCHIBAIOT MPOLECCHl TEILIO- B MACCOMEPEHOCa B JICIHUKE
JBIDKCHUS BOIBI B 03epe Boctok. HoBbIil 9Tan uccienoBaHuii Ha OOHOBICHHON CTaHLMKM BUIMTCS aBTOpaM
KaK MaciITabHble MyJIBTHAUCLUILIMHAPHBIC PAOOTHI ¢ OMOpPOIl Ha pe3yNbTaThl OYpeHHs CKBOKHHBI, BKIIOYAs
IoHHOE orpoboBaHKe. KOHEUHbIM Pe3y/IbTaToM MOXET CTaTh ONKMCaHUe IIyOMHHOTO CTPOCHHUS U 3TaIloB pas-
BUTHS PETHOHA,  TAK)KE MaTEMaTH4eCKast MOJIEIb IIPOLIECCOB TEIIOMACCONIEPEHOCA B JISAHHUKE M 03EPHOI BOZE.
W3yuenue ozepa BocTok siBisieTcst 6e3yCcI0BHbIM IPUOPUTETOM OTEUECTBEHHBIX HCCIIE/IOBAHMIT B AHTAPKTHIE.
D10 HaiwIo cBoe oTpaxkeHue B «CTpareruy pasBuths JestenbHocTd Poccuiickoit denepauuy B AHTapKTHKE
10 2030 roma», yrepxaeHHoi [IpaButensctBom PO 19.08.2020. B 3TOM 0CHOBOMONArarmeM T0KyMEHTE,
PperIaMeHTHPYIOLIEM Bee Hay4HbIe HCCIIENO0BAHUA B IXKHOI NOIAPHOH obnacth, umeercs Meporpustue Ne 21
«KoMIlTeKCHbIE HCCIIeI0BaHMUS TIOICAHIKOBOTO 03epa BocTok u maneokumara 3emMid B paifoHe poccuiickoii
AHTAPKTUYECKOi CTaHIMU BOCTOK», U IIaHUpyeMble PabOThI CIEAYIOT B hapBaTepe MPHOPUTETHBIX HayYHBIX
3a/1a4 Hallel CTPaHbl B AHTapKTHKE.
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Abstract. The deep holes drilled at Vostok Station by the Russian Antarctic Expedition reached the surface of
Subglacial Lake Vostok twice — on February 5, 2012 and January 25, 2015. Two unsealings of the largest subglacial
water body on Earth, led by Nikolay Vasiliev, have become remarkable events in the history of Antarctic science.
To preserve all the twists and turns of this pioneering work for the ice-drilling community, we have compiled and
carefully analyzed all the available drilling, geophysical, and glaciological observations made prior to, during, and
after the lake piercings. Based on that information, in this paper we have pieced together a detailed narrative of these
two unprecedented drilling operations in the hope that the lessons learned may prove useful for future environmental
stewardship, scientific investigations, and technological developments related to the exploration of Lake Vostok.
Keywords: subglacial lake, deep drilling, access borehole, breakthrough, re-drilling, HCFC-141b hydrate
For citation: Lipenkov V.Ya., Turkeev A.V., Ekaykin A.A., Alekhina L.A., Salamatin A.N., Vasiliev N.I.
Unsealing Subglacial Lake Vostok: Lessons and implications for future full-scale exploration. Arctic and Antarctic
Research. 2024;70(4): 477-498. https://doi.org/10.30758/0555-2648-2024-70-4-477-498

Received 29.10.2024 Revised 21.11.2024 Accepted 25.11.2024

1. Introduction

The decades-long deep-drilling project at Russia’s Vostok Station, which has made
an outstanding contribution to the study of past climate change [1], has, in recent years,
increasingly been linked to the exploration of Lake Vostok, the largest subglacial water
body on Earth, which was discovered in East Antarctica at the end of the 20th century [2].

In 1998, scientists drilling through the Antarctic ice sheet at Vostok reached, via
borehole 5G-1 and at a depth of 3539 m, a stratum of congelation ice that was accreted
from the lake water [3]. This event marked a new stage in research into Subglacial Lake
Vostok (SLV), when the core of accreted ice became the main source of experimental
data on the environments and hydrological regime of the lake [4-9].

© Asropsr, 2024 © Authors, 2024
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The next prize on the horizon was the unsealing of Lake Vostok. Researchers at the
Arctic and Antarctic Research Institute and the St. Petersburg Mining University proposed
a conservative approach that was both relatively simple and associated with a minimal
risk of lake contamination [10]. Their idea was to maintain a small pressure difference
between the drilling fluid in the borehole and the subglacial water immediately before
accessing the lake, so that after the drill pierced the bottom of the ice sheet, the lake water
could enter the borehole and rise several dozens of metres above the lake’s surface. It was
assumed that due to the relatively rapid freezing of the water in the hole, accompanied
by the trapping of dissolved impurities and gases, the newly formed ice would provide
data on the original properties of the lake water that would be easier to interpret than data
from ice that had slowly accreted over thousands of years to the bottom of the ice sheet.

The primary concern when planning the unsealing of SLV was to avoid chemical
and biological contamination of the water entering the hole, and potentially the lake itself,
with the drilling fluid (a mixture of aviation kerosene and Freon HCFC-141b) that is used
to fill the hole in order to prevent its closure. The initial plan, therefore, was to replace
the drilling fluid in the lower 100-metre section of the hole with an environmentally
friendly hydrophobic liquid that is heavier than drilling fluid but lighter than water (e.g.
polydimethylsiloxane). In addition, researchers intended to use a coreless electrothermal
drill to penetrate the bottommost 30-metre layer of ice [10, 11]. However, for a number of
reasons, the decision was made that it was not possible to implement these technological
proposals, as may have been preferred, and they were eventually omitted during the first
(February 5, 2012) and second (January 25, 2015) unsealings of Lake Vostok [12].

Since 2012, several publications have appeared that discuss some aspects of drilling
and borehole operations during the first unsealing of Lake Vostok [12—15], but nothing has
been reported so far about the second unsealing, which took into account the experience
and corrected the miscalculations of the first one.

The aim of our paper is to give, for the first time, a comprehensive description of the
two unsealings of SLV based on a complete dataset, which includes all available drilling,
geophysical, and glaciological observations collected prior to, during, and after the lake
piercings. Ultimately, we attempted data-consistent reconstructions of the subglacial water
and drilling fluid movements in the hole during these events. We hope that the data and
lessons learned from these two endeavours may prove to be useful in terms of guiding
future environmental stewardship, scientific investigations, and technological developments
associated with the exploration of Lake Vostok.

2. Methods

The drilling of borehole 5G, which later on became a multibranch hole (Fig. 1),
began at Vostok Station in February 1990. At first, the TELGA-14M, TBZS-152M, and
TBZS-132 thermal drills were used in succession to reach a depth of 2755 m in hole 5G-1.
Below this depth, drilling operations continued with the cable-suspended electromechanical
drill KEMS-132 [11]. With only minor changes in its assembly, the KEMS-132 drill was
used both for routine ice coring and sidetracking to bypass the drill abandoned inside the
5G-1 hole, as well as for unsealing the lake and then re-drilling the frozen lake water that
filled the hole following the breakthrough. Due to the use of different drills in the early
years of 5G drilling and owing to hole reaming, the borehole diameter varies stepwise with
depth from 165 mm in the upper 120 m cased section of the hole to ~155 mm between
120-2230 m and to 139-135 mm in its deeper section [16].
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Fig. 1. Schematic of the multibranch borehole 5G at Vostok Station as of January 2018.

Depths shown here at an arbitrary scale are from the ice core length measurements. The inclination of the boreholes
is exaggerated: in reality, their deviation from the vertical does not exceed 6°. Lost drills are shown by crosses.
The vertical heights of the maximum water (and/or water-drilling fluid emulsion) rises and of the frozen water
columns in the boreholes after the first and second unsealings of the lake are indicated. 5G-1N and 5G-3N are
the intervals of boreholes 5G-1 and 5G-3 re-drilled after the unsealings. The lower sections of boreholes 5G-1,
5G-2, and 5G-3 remain filled with frozen Lake Vostok water. See text for further explanation

Puc. 1. Cxema ckBaxuns! 51" Ha craniuu BocTok 1o coctosiHuio Ha siHBapb 2018 1.

TTo ocu opauHAT JaHa ITyOMHA CKBaXKUH 110 KepHY (B IPOU3BOIEHOM MaciTade). HakioH cKBaKHH IpeyBendeH —
B pEaIbHOCTH HX OTKJIIOHCHHE OT BEPTUKAIN He TIPEBHIIIAeT 6°. BypoBble CHapsbl, OCTaBICHHBIC B CKBAKHHAX,
ToKa3aHbI KpecTukaMu. Ha cxeme mokaszaHbl ypOBHH MaKCHMAJIBHOTO MOJbeMa BOABI (W/HIIN SMYIECHU BOABI U
3aIMBOYHOH JKHAKOCTH) M BBICOTHI CTOJIOOB 3aMep3Ileil B CKBaXKHHAX 03¢PHOIT BOABI IIOCTIE TIEPBOTO M BTOPOTO
BeKpbITHii 03epa. SI'-1N u ST'-3N — unTepBansl ckBaxkuH SI'-1 u 5I'-3, U3 KOTOPBIX B pe3y/bTaTe MOBTOPHOTO
OypeHust OBUTH MOTHATHI KEPHEI 3aMep3IIeil BOIbI U THIpaTHOro Marepuana. Hikane ygacTku ckBakuH 5I-1,
SI'-2 n 5T-3 ocraiuch 3amoNHEeHb! 3aMep3IIel 03epHoi Bozoi. bonee moxpoOHbIe TOSCHEHNUS NaHEI B TEKCTE

The data acquisition module designed and manufactured by the AMT company (St.
Petersburg) to control and record drilling parameters was put into operation at the final
stage of the 5G-2 hole boring, starting from a depth of 3720 m. In this study we use only
three of all the measured parameters for further analysis: instantaneous depth of the drill,
its lowering/hoisting speed, and weight on bit.

In the practice of ice drilling with cable-suspended drills, three types of depths are
usually distinguished: the drillers’ depth obtained from the cable depth counter (h,), the ice
core logging depths obtained from the core length measurements (h, ), and the vertical depth
(h). In its upper part, up to a depth of 2400 m, the 5G hole is almost vertical; here the empirical
relationship applies: h =~ 0.9992-h ~ 1.0042-h,. Below 2400 m, the average inclination angle
of holes 5G-1, 5G-2 and 5G-3 is close to 6°, and depths h, h and h,, expressed in metres,
are related to each other by the relationship h — 13.70 ~ 0.9935-h, = 0.99852-h, [17]. In what
follows, along with h , which is the official depth of the hole, we also use h, when discussing
drilling and borehole survey data or h when calculating ice and fluid pressures.

The two-component drilling fluid used at Vostok is a mixture of kerosene-based
aircraft fuel (TS-1 or similar) with the dichlorofluoroethane HCFC-141b (CFC-11 was
used when drilling the upper 2270 m of the borehole). We used two methods to estimate
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the hydrostatic pressure of the fluid in the borehole: (i) calculation of the fluid pressure
based on the density of the fluid samples collected from different depths in the hole
[18] (see SOM for details), and (ii) direct measurements of the fluid pressure using
a downhole pressure gauge. In-situ pressure measurements were carried out with the aid
of two KMT downhole loggers, which were manufactured and calibrated in SPE Grant
(Ufa). Manufacturer’s stated accuracy of these loggers is 0.25% of the reading. The results
obtained by the two methods coincided, as a rule, within 0.1 MPa.

Differential pressure in the borehole is defined as Ap = p, — p,, where p, is the
hydrostatic pressure of the drilling fluid and p, is the ice pressure at depth h. To calculate
Ap, we used the linear dependence p,(h) obtained from accurate ice core density data
[19], which is valid at depths greater than 120 m with an accuracy of approximation of
about 0.01 MPa (see SOM):

p,(MPa ) =9.068-103(h(m) — 32.4). €))
An important innovation introduced before the second unsealing of the lake was the

use of an acoustic level meter (Sigma-ART), which allowed real-time monitoring of the
fluid level in the hole during drilling operations.

3. A narrative of the first unsealing of Lake Vostok

After reaching the stratum of SLV accretion ice in 1998, drilling activity in the
5G-1 borehole was suspended for eight years; it resumed only in December 2005. The
drilling of this hole continued in the following years until the drill got stuck and eventually
abandoned at 3666 m in November 2007. The drilling of new branch hole 5G-2, started
in January 2009 to bypass the lost drill by deviation from parent hole 5G-1 [20], was then
continued to the surface of Lake Vostok (Fig. 1).

By the end of the 2010/11 austral season, borehole 5G-2 had reached a depth of
3720 m which made it possible to plan the lake piercing for the next field season, 2011/12.
The main uncertainties and associated risks that complicated preparations for the first SLV
unsealing were as follows.

1. Uncertainty in ice-thickness estimate. A borehole temperature logging performed in
December 2011 showed that the ice temperature at a depth of 3720 m was about —3.2 °C.
The pressure melting temperature of ice at the ice sheet bottom depends, among other
things, on the actual concentration of gases dissolved in the uppermost layer of lake water,
and can range between —2.85 and —2.52 °C at the drilling site [21]. Given these data and
their uncertainties, we calculated that with 95 % probability the lake surface would be
reached within a depth interval of 3750-3782 m (h,), and most probably at depth h, =
3767 m (h = 3756 m), i.e. at an only slightly shallower depth than that predicted by the
combined RES data (h = 3770+11 m, h, = 3781+11 m [22]). Indeed, the first indications
of the presence of liquid water at the hole bottom were encountered when the hole reached
a depth of 3766 m (h,). The surface of an 80-centimetre ice core recovered from the hole
was eroded by water, the core was frozen to the core barrel and the core barrel was covered
with water ice. It was suggested that a small (~3 litres) amount of subglacial water could
have entered the borehole by seepage through hydraulic cracks that appeared along the
weakened (pre-melted) boundaries of ice crystals during the core breakoff [13]. However,
during the subsequent 5 drilling runs preceding the breakthrough, no further indications
of significant water in the borehole were observed.

2. Accurate estimation of subglacial water pressure was hampered by the fact that
the drilling site is located in the transition zone between grounded and freely floating ice
where a deviation from the hydrostatic equilibrium condition was observed [23].
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3. Because of the high total dissolved air content expected in SLV (up to 2.5-2.7 litres
(STP)) of gas per kg of water [21, 24]), there was a certain risk of uncontrolled degassing
of the lake water if it was allowed to rise in the hole too high above the ice-water interface
[25, 26].

Finally, given the experience of previous drilling operations that ended with subglacial
water flooding into the hole (see e.g. [27]), we were well aware that, once breakthrough
occured, our ability to control the movements of liquids in the borehole would be limited.

3.1. Borehole condition prior to breakthrough

The last drilling run in borehole 5G-2, which culminated with the unsealing of Lake
Vostok, was conducted on 5 February 2012. It so happened that the last fluid sampling
and density measurements were carried out on 15 January, a whole three weeks before the
unsealing, when the bottom of the hole was still 31 m above the lake surface. Based on the
results of these measurements it was decided to inject 350 kg of HCFC-141b densifier into
the borehole, in the 3300-3630 m depth interval, in order to increase the mean density of
the fluid column [13]. During the completion of the 5G-2 drilling, as the hole deepened, the
desired level of fluid in the borehole was maintained by the addition of pure kerosene. Finally,
in the course of the last drilling run on 5 February, when the drill was already lowered into
the hole, another 250 litres of kerosene were added to the top of the fluid column.

Taking all these operations into account, we reconstructed the hydrostatic pressure
of the drilling fluid, p,, and the differential pressure, Ap, in the borehole on the evening of
5 February, prior to the lake’s unsealing (see Fig. 2a, curves 1 and 2). Before the unsealing
run began, the fluid level in the hole was 50 m, and when the drill reached the bottom
of the hole it rose up to 20 m below the top of the casing due to displacement of the
fluid by the submerged drill and cable. The mean (effective) density of the fluid column
(py is defined as (p,) = P, Agl,), where |, and P, are, respectively, the height of the fluid
column and the hydrostatic pressure at its bottom, and g is the local gravity acceleration.
We estimate that during the last drilling run in borehole 5G-2, the mean density of the
drilling fluid was (p, ) = 916 kg-m.

Using the similarly defined mean densities of ice {(p,) and subglacial water {p,_),
and assuming equality between the ice overburden and the subglacial water pressure, the
following expression for the expected water rise in the hole due to the lake unsealing can
be obtained (see SOM):

|W=[<<§—;>>Hi—|,J 22:“;{‘;—:“} -1 . 2)

Here | is the expected height of water column above the lake surface, H, is the
ice sheet thickness at the drilling site, d, and d, are the diameters of the borehole in its
upper, cased part and in its bottom part filled with water, respectively. The corresponding
fluid-level rise in the hole, Ah,, is then defined as

Ah, =1, (d /d)> 3)

Using Egs. (2) and (3) with the data gathered in the Table, and taking d, = 165 mm,
and d, = 138 mm, we calculated that immediately after the breakthrough, with the drill still
at the bottom of the hole, the water should rise 20 m above the surface of the lake, which
would cause the fluid level to rise from 20 m to just 6 m below the top of the casing. During
hoisting of the drill to the surface, the water level should rise to 59 m above the lake, while
the level of the drilling fluid should drop to the 11 m mark. (The latter estimate accounts
for a 2-metre drop in the fluid level due to fluid drained from the hole by the cable.)
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Fig. 2. Differential pressure (Ap) in the borehole prior to and in the course of the first (a) and second
(b) unsealings of Lake Vostok.

1 — immediately before lake unsealing (the drill is out of the hole); 2 — same as 1, but the drill is at the bottom
of the hole; 3 — after equilibration of the drilling fluid and sub-ice water pressure in the hole; 4 — the moment
when the drilling fluid first rose to the hole’s mouth during the first unsealing of the lake.

The shaded band shows the typical uncertainty range for determining Ap (£0.1 MPa). See text for various methods
that were used to obtain Ap

Puc. 2. TudpdepennmansHoe nasienue (Ap) B CKBaXKHHE 10 ¥ BO BpeMst niepBoro (a) u sroporo (b)
BCKPBITHH 03epa BocTok.

1 — HemoCPEeACTBEHHO Mepel] BCKPhITHEM 03epa (OypoBoil CHapsiJ Ha MOBEPXHOCTH); 2 — TO K€, YTO 1, HO
CHapsi/ Ha 3200€ CKBaXUHEL; 3 — IOCIIC BRIPABHUBAHMS JaBIeHU OypoBOTO pacTBOpa H 03€pHON BOABI B CKBa-
JKHHe; 4 — MOMEHT Hayasia H3/11uBa OypoBOH XKHUAKOCTh U3 YCThSI CKBAKHHBI BO BPeMsI IIEPBOTO BCKPLITHS 03€pa.
Cepast monoca — THIMYHBIN JUaia30H MOTPemHOCTH onpexneneHus Ap (0,1 MIla). MeToxns! onpeneneHus Ap
CM. B TEKCTE

Table
Summary of borehole observations immediately before and after Lake Vostok unsealings
Tabnuya
Pe3yabTarhl CKBaKHHHBIX HA0IIOIEHHIl HETMOCPEICTBEHHO /10 M NOC/Ie BCKPBITHIL 03epa Boctok
Characteristic F1rsF SCCOI.ld
unsealing unsealing
Measurements and predictions before lake unsealing
Level of drilling fluid in the hole, h. (m)” 50 (20) 96 (66)
Mean density of drilling fluid, (p,) (kg m~) 916 926
Height of drilling fluid column, I, (m)* 3709 (3739) | 3663 (3693)
Differential pressure at the borehole bottom, Ap (MPa)” —0.41 (-0.14) |-0.46 (-0.19)
Mass of drilling fluid in the hole (t)™ 59.53 (58.64) 58.37
Expected height of water column in the hole after lake unsealing, | (m)* 59 (20) 67 (26)
Expected level of drilling fluid after lake unsealing, h, (m)” 11 (6) 51 (47)
Measurements and observations after lake unsealing
Borehole depth at breakthrough, h, (m) 3769.3 3769.2
Water height in the hole estimated from measurements of the - 60
drilling fluid level, | (m)
Water height according to re-drilling results, | (m) 340 61
Level of drilling fluid after pressure equilibration, h, (m) 43 48
Height of drilling fluid column, |, (m) 3376 3650
Mean density of drilling fluid, (p,) (kg m™) 915 925
Mismatch between subglacial water pressure and ice overburden —0.05 -0.02
pressure, (P, — P,) (MPa)
Mass of drilling fluid in the hole (t) 54.04 58.41
Mass of lost drilling fluid (t)™ 5.49 (4.60) —-0.04
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Note:

" The base values refer to the case when the drill is out of the hole, while the values in brackets refer to the
position of the drill at the bottom of the hole.

" The value in brackets does not account for the mass of fluid in the abandoned section of hole 5G-1 (0.89 t).
We assume that this fluid was displaced by subglacial water shortly after the first unsealing of Lake Vostok.
The estimates presented in the table are calculated for the following conditions: the vertical ice-sheet
thickness H, = 3758.6 m, the ice overburden pressure (inclusive atmospheric pressure) at the bottom of the
ice sheet P, = 33.85 MPa, the mean density of ice {(p,) = 915 kg m™, the mean density of subglacial water
in the hole (p,) = 1015.5 kg m" (adapted from [28]).

Ipumeuanue.

" OCHOBHBIC 3HAYCHHSI OTHOCSTCS K CITy4ar0, KOT/ia OypoBOil CHAPSI HAXOAUTCS Ha TIOBEPXHOCTH, 3HAICHHSI
B CKOOKaxX — CHapsi/ Ha 3a00¢ CKBa)XHHBbI.

™ 3HaueHHs B CKOOKAaxX He YUMTHIBAIOT Maccy OYpOBOii JKHUIKOCTH B aBAPHIHOMN 9aCcTH CTBOJA CKBAXKUHBI
5I'-1 (0,89 1). MBI mpeanonaraeM, 4To 3Ta XKUAKOCTH ObLIA BBHITECHEHA MOUICTHUKOBOH BOJOIT BCKOpE
HOCJIE IEPBOTO BCKPBITUS 03€pa.

OuieHKY, pe/ICTaBICHHbIC B TA0JHNIIE, PACCUUTAHBI IS CIICAYIONIMX YCIOBHIA: BEPTHKAIbHAS MOIIHOCTh
JIEJTHUKOBOTO MokpoBa H, = 3758,6 M; naBneHue Jiba y NOIOMIBLI JIEHUKA C YUETOM aTMOCHEPHOTO JaB-
JIEHUS Pi = 33,85 MIla; cpeaHsisi IIOTHOCTH JIbJA (pi) =915 kr-M>; cpeHsis IIOTHOCTD TOJIEAHHKOBOM
BOJIBI B CKBakuHe (p,) = 1015,5 kr-m (anantuposano us [28]).

Given all the uncertainties of the input data, our post factum analysis seems to indicate
that on the evening of 5 February 2012, the borehole condition was not unequivocally
favourable for unsealing the lake. In particular, the level of the drilling fluid in the hole
was probably too high, and its mean density too low, to ensure that the inflow of the lake
water would be counterbalanced by the fluid rise in the casing and that there would not
be any uncontrolled surface release of fluid.

3.2. Description of the last drilling run in borehole 5G-2

Drilling parameters during this run are shown in Fig. 3, where the moment in time
when the drill was placed at the bottom of the hole is designated by number 1, and the
moment of breakthrough is designated by number 2. According to the record, it took about
25 minutes to penetrate the remaining 85 cm of ice that had separated the bottom of the
borehole from the lake since the previous drilling run was completed. The drill bit struck the
surface of Lake Vostok at 11:21 pm local time at a depth of h, = 3769.3 m (h = 3758.6 m),
as manifested by an unusually large increase in weight on bit (time point 2 in Figure 3)
with a simultaneous loss of antitorque moment (not shown). The pressure deficit in the
borehole was estimated to be only 0.14 MPa (see Table), but the hydraulic shock on
breakthrough was strong enough to smash the drilled ice core and press its fragments
against the top of the core barrel (see SOM for the ice core description).

The hoisting of the drill was initiated at 4 seconds following breakthrough, with
a maximum available at this depth speed (~0.3 m s™). After approximately 1 min, drilling
fluid began to flow out of the borehole mouth (Fig. 4a). It was estimated that 1.5 to 2.5 m*
of drilling fluid was released through the top of the casing column, and only a small
part of it was collected to a barrel [13]. The outflow lasted for 4.5 min, after which the
fluid level fluctuated slightly near the top of the casing for 1 min and then slowly went
downward. No signs of lake water degassing, such as gas bubbles reaching the top of the
fluid column, were observed.

Apparently, the end of the fluid outflow from the hole mouth coincided in time with
the moment when the drill broke off the water rising in the hole, which was recorded
by a sharp decrease in weight of bit (time point 3 in Fig. 3). Another 4.5 min later, the
water began to catch up with the drill again (time point 4). During the next 13 min, the
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Fig. 3. Instantaneous depth of the drill (black), lowering/hoisting speed (light blue), and weight on
bit (red) as recorded in the course of the first unsealing of Lake Vostok.

Time is counted from the moment the lake was breached. Numbers /—1/ mark the time points of the record discussed
in the text. The dashed part of the red curve shows the readings of the weight-on-bit sensor after it has frozen
Puc. 3. 3anucu Tekyuieit m1y6uHbI GypoBOro cHapsia (depHast KpuBasi), CKOPOCTH €ro CITyCKa/mogbeMa
(romy0ast KpuBasi) U Harpy3Ku Ha 3a00i (KpacHasi KprBasi) B XOZie IEPBOro BCKPBITHs 03epa BocTok.
Bpewmst oTcUMTBIBaETCS OT MOMEHTA BCKpbITHS 03epa. Lindppamu /—7// 0603HAYCHBI TOYKH HA KPUBBIX, KOTOPBIE

obcysxatorcs B Tekcte. [TyHKTHpHas 4acTh KPaCHOH KPHUBOM OTpaXkaeT IIOKa3aHMUs JJaTYNKa Harpy3KH Ha 3a00i
IOCJIE €T0 3aMep3aHus

Fig. 4. Overflow of drilling fluid from the borehole mouth during the first unsealing of Lake Vostok
(a), and the drill bit covered with frozen lake water after removing the drill from the hole (b)

Puc. 4. M3muB GypoBOii )HUAKOCTH U3 YCThsI CKBAXXHHBI BO BpeMsI IEPBOTO BCKPHITHS 03epa BocTox
(a) n GypoBast KOpOHKa CHapsiia, MOKPHITas 3aMepIel 03epHOH BOIOH, MOCIHIE TOABEMa CHAPSIA U3
ckBaxuHsI (D)
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effect of rising water on the weight-on-bit sensor readings was particularly strong when
the drill lifting was paused several times to fix the winch spooling errors near the winch
flanges (time points 5-7). Judging from the weight-on-bit record in Fig 3, the drill had
finally cleared off the water soon after time point 7, at a depth of h, = 3410 m (h, = 3427
m), so that the subsequent episodes of stopping the drill lifting (time points 8-11) went
unnoticed by the weight-on-bit sensor, which quickly froze after leaving the warm water
into the cold drilling fluid.

At 02:00 am the next day, the drill, coated with ice, was retrieved from the borehole
(Fig. 4b); traces of frozen water on the cable were observed up to at least 15 m above
the cable termination.

Observations and measurements made during the subsequent austral winter showed
that 1) the level of drilling fluid became stabilized at 43 m below the casing top, 2) the
mean density of the fluid was 915 kg-m™ based on measurements of 31 samples collected
from between 50 and 3190 m depths, and 3) the new bottom of the hole appeared to be
at a depth (h) of 3200 m.

3.3. Evidence from the re-drilling of borehole 5G-1 after first LV unsealing

The re-drilling of borehole 5G-1, filled with frozen subglacial water, began in the
2012/13 austral season from a depth of 3194 m, at which a drilling torque was recorded
for the first time. Despite all measures taken to ensure that the drill would not deviate
from the slant parent hole, sidetracking could not be avoided, and eventually a new
5G-3 branch hole was formed at a depth of 3459 m (Fig. 1). Re-drilling revealed that
what was originally thought to be the hole bottom at a depth of 3200 m turned out to be
a 60-cm long lump of solid white material, observed for the first time in the Vostok holes.

From this depth and down to 3385 m, the borehole diameter was only slightly smaller
than it was before the lake unsealing, so re-drilling was reduced to reaming the hole with
a conventional core head, without taking material from the hole into the core barrel. The
chips collected after these reaming runs contained much of the white material similar to
that observed in the lump discovered above.

Re-drilling revealed a gradual narrowing of the borehole between 3385 and
3427 m, caused by accretion of ice from subglacial water on the cold walls of the hole
(Fig. 5a). The thickness of crescent-shaped fragments of congelation ice (frozen lake water)
found in the chip chamber and core barrel increased with drilling depth. Concurrently, in
the interval 3385-3427 m, the amount of solid white material in the hole increased. At
first it came to the surface as a discontinuous core (Fig. 5b) until, finally, a full-diameter
core consisting of an inner core of white material embedded in congelation ice began to
be taken from a depth of 3424 m (Fig. 5c, d).

A preliminary study of the white material in the field showed that its density amounts
927+5 kg-m= and, in contrast with congelation ice, it degasses intensely when placed in
warm water. Further investigation by X-ray powder diffraction and Raman spectroscopy
showed that the white substance recovered from the Vostok borehole was an ice-hydrate
mixture consisting of slI clathrate HCFC-141b hydrate (2040 mass%), kerosene (37—
39 mass%) and ice Th [29]. Thus, it was confirmed that the subglacial water entering
a borehole tends to react with the drilling fluid to form HCFC-141b hydrate, possibly
mixed with air hydrate, as it was first observed in the EPICA borehole drilled in Dronning
Maud Land, where HCFC-141b was also used as a drilling-fluid densifier [30].

In the 3424-3427 m depth (h)) interval, the inner core of the ice-hydrate mixture
was completely wedged out, so that below 3427 m the drilled ice core comprised only
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Fig. 5. Evidence from the re-drilling of borehole 5G-1 after the first unsealing of Lake Vostok (photos
c-f'adapted from [15]).

a— schematic representation of the borehole section 3194-3427 m partially filled with frozen subglacial water and
white solid material that is a mixture of ice and HCFC-141b hydrate; b — discontinuous core of the ice-hydrate
mixture from the depth interval 3417-3423 m; c—f — thin cross sections of the core at depths of 3426 m (c, d)
and 3436 m (e, f), photographed in plain transmitted light (c, €) and between crossed polarizers (d, f)

On microphotographs ¢, e: / — frozen lake water; 2 — ice-hydrate mixture; 3 — host meteoric ice; 4 — layer of
ice-hydrate mixture coating the wall of borehole SG-1 which appeared in the core due to deviation of the drill from
the parent hole; 5 — area around the central canal, which approximately coincides with the axis of borehole 5G-1

Puc. 5. Pe3yneraTel moBropHOro OypeHus ckBaxuHsl SI'-1 mocie nepBoro BCKphITUS 03epa BocTok
(potorpaduu c-f B3siTI U3 [15]).

a — cxeMaTH4eckoe H300paXKeHne yuacTka CKBXKUHBI 3194-3427 M, 4acTHYHO 3aII0JHSHHOTO 3aMep3IIei Moj-
JISAHUKOBOW BOZIOW M OENBIM TBEP/IbIM MaTePUAJIOM, PEACTABIIAIONIMM c000# cMech sibaa u ruapara HCFC-141b;
b — npepbIBHCTHII rHAPaTHO-NEASHON KepH U3 HHTepBaia nyoun 3417-3423 m; c—f — nmonepeunsie nuHdbI
kepHa ¢ riryoun 3426 M (¢, d) 1 3436 M (e, f) B mpoxozsiiiem ecrectBeHHOM (C, €) U nonsipusoBanHoM (d, f) ceere.
Ha muxpodororpadusx C, €: / — 3amep3Inas o3epHast Boja; 2 — THAPATHO-JEIIHas Cep/IleBUHa KepHa; 3 —
BMEIIAFOIIHH JIETHUKOBBIH J1e]1; 4 — TUpaTHO-JIEASTHOM CIIOH, MOKPHIBAOIINK CTEHKY CKBaXHHBI 5I'-1, koTopas
Toraja B KEpPH B Pe3yJIbTaTe OTKIOHEHNUs Oypa OT OCHOBHOTO CTBOJIA; 5 — 001acTh BOKPYT LEHTPAJIbHOTO KaHaa,
MOJIOXKEHHE KOTOPOTO MPUMEPHO COBIAJIAET C OChIO CKBaXKHHBI SI'-1

frozen lake water and an outer crescent-shaped segment of meteoric ice (Fig. 5e, f). Based
on this, we conclude that the pressure equalization at the point of water inflow occurred
when the water in the hole rose to a depth h, of 3427 m (which corresponds to a water
level of 340 m above the ice-water interface) and the level of drilling fluid stabilized at
43 m below the casing top.

Texture and fabric studies performed on cross thin sections of ice cores showed that
the congelation ice has a radial texture (Fig. 5d, f) with the preferred orientation of c-axes
normal to the elongation axis of the ice crystals. This kind of ice fabric is consistent with
the classical law of geometric selection, which implies that crystals exposing their fast
growth direction (the prism plane) to the ice-water interface are preferentially developed.

486 IIpo6nemvr Apxmuxu u Anmapxmuxu. 2024;70(4):477-498.



V.Ya. Lipenkov, A.V. Turkeev, A.A. Ekaykin, I.A. Alekhina, A.N. Salamatin, N. I. Vasiliev
Unsealing Subglacial Lake Vostok: Lessons and implications for future full-scale exploration

Accretion of freezing lake water began from the cold wall of the borehole and
proceeded at a slowing rate towards the borehole axis. Water freezing in the proximity
of the central canal located near the hole axis occurred last of all, and was accompanied
by entrapment of gas and liquid impurities rejected by growing ice crystals and pushed
toward the hole axis (Fig. 5e). Some of these impurities may have flowed down the canal
into the warmer, still unfrozen part of the borehole. In some cases, concentric layers
differing in the size of ice crystals were observed in the thin sections of frozen water
(Fig. 5f). Such layering indicates the stadiality in the ice accretion, and may serve as
evidence of fluctuations in the water level in the borehole during the time elapsed from
the lake’s unsealing to the complete freezing of the water.

Chemical analyses of the frozen lake water confirmed that the concentration of
liquid inclusions (drilling fluid) trapped by congelation ice during water freezing increases
towards the hole axis and decreases from top downward as the sampling depth increases
[15]. Interestingly, this study also revealed a kind of fractionation of organic compounds
comprised in the drilling fluid that occurred as the water froze. The bulk of the frozen water
(region 1 in Fig. 5c, €) was mainly contaminated with kerosene constituents (aliphatic,
naphthenic, and aromatic hydrocarbons), but in the inner core of the ice-hydrate mixture
(region 2 in Fig. 5¢) and in the area around the central canal (region 5 in Fig. 5e) the
concentration of HCFC-141b increased twofold. Moreover, near the central canal, where
almost no organic compounds associated with kerosene were detected, the analysis showed
relatively high concentrations (~30 mg-L™) of phenol congeners that are usually added
to kerosene in very small amounts to prevent oxidation. It was suggested that phenols,
which, unlike other components of drilling fluid, have a high solubility in water, tend to be
excluded, along with other dissolved impurities and gases, from the growing congelation
ice and concentrate near the central canal that freezes last [15].

Unfortunately, the overall high organic contamination of the analyzed samples
(=15 % by volume) [15] and the possible biological and technogenic contamination of
the congelation ice by drilling fluid, cable armour and drill [8, 31] rendered it essentially
irrelevant for studying the chemical, gas, and biological properties of the lake water from
which this ice was formed.

3.4. Reconstructing water and drilling fluid movements
in the borehole during the first LV unsealing

Even in the absence of a fluid level record, the data reported above enables us to
piece together an aggregate picture of what happened in the borehole on the night of
February 5-6 2012, which led to an unexpectedly high water rise in the hole.

According to our calculations, if the drill had not been lifted up from the bottom of
the hole directly after the breakthrough, pressure equalization at the point of water inflow
would have occurred when the height of the water in the hole reached 20 m above the
lake surface, and the rise in the fluid level would have stopped at 6 m below the top of
the casing.

In reality, however, this 6-metre margin (equivalent to a pressure of 0.05 MPa,
which is less than uncertainties of our estimates) was reached and surpassed within the
first minute following breakthrough, resulting in the surface release of the fluid. Because
the unfilled part of the casing was too short to allow for balancing the water head by
increasing the height of the fluid column, complete pressure equalization at the point of
water inflow could now only be achieved by replacing the relatively light drilling fluid
in the hole with the heavier lake water. And since the height of fluid column was limited
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from above, every 100 metres of water rise resulted in an increase in pressure at the base
of the borehole by only 0.1 MPa.

Based on the data in hand, the average rate of water upsurge during the first minute
following breakthrough (0.5 m-s') exceeded the speed of drill hoisting (0.3 m-s™), so
that the water had outrun the 12-metre long drill by the time the fluid reached the top of
the casing. Judging from the traces of frozen water on the cable, the water slug above the
drill could be up to 15 m long. The decrease in the rate of water rise, as the equilibrium
pressure approached, was partially compensated by a strong swabbing effect due to the
high speed of drill hoisting.

Water was still rising in the hole when the fluid overflow ended at 4.6 min following
the breakthrough. This clearly indicated the existence of lateral outflow (loss) of fluid from
the borehole. Another minute later, the fluid level began to drop, indicating that the rate
of the water rise had become less than the rate of the lateral fluid outflow. This, in turn,
led to an increase in the pressure imbalance in the hole and, consequently, to a temporary,
slight acceleration of the water rise.

Shortly after passing time point 4 (Fig. 3), at 10 min following breakthrough, the rate
of the water rise slowed down again as the drill reached the junction between boreholes
5G-2 and 5G-1 at a depth of 3600 m (Fig. 1) and the rising water began to replace the
drilling fluid in the abandoned part of the 5G-1 hole.

Eventually, at 22 min following breakthrough, the water rise almost ceased at a depth
(h)) of 3427 m. In the 3427-3385 m depth interval, the drill kept pushing the water slug
above it. Water gradually ran down through the annulus between the drill and the borehole
walls, forming an inverted-cone-shaped icy shell on the walls (Fig 5a), while the remaining
water inside the drill froze, disabling the weight-on-bit sensor.

Most likely, displacement of the drilling fluid with water in the abandoned hole was
accompanied by an upward slug flow of two-component (water-in-drilling fluid) emulsion
which further complicated the dynamics of water-fluid interaction, forming a disperse
system that promoted the formation of HCFC-141b hydrate. As a result, the entire water
column frozen in borehole 5G-1 between 3666 and 3427 m was contaminated with drilling
fluid components. The re-drilling data (Fig. 5a) suggest that the dispersed water reached
well above the maximum water rise and contributed to the formation of a hydrate layer on
the borehole walls and lumps of hydrate-ice mixture inside the borehole up to 572 m above
the lake surface (h, = 3194 m).

Our estimates of the mass of drilling fluid in the borehole before and after the lake
unsealing (see Table) show that a total of about 5.5 t of fluid was lost during the unsealing
operation. Assuming that the surface release accounts for 1.4 to 2.3 t [13], the remaining
3.2-4.1 t of fluid must have seeped out of the hole laterally.

Hydraulic fracturing in the borehole was first invoked to explain this lateral fluid
outflow [12—14]. Although hydrostatic overpressure in the Vostok borehole before and during
the lake unsealing (Fig. 2) was well below the hydraulic fracture pressure for an intact
borehole walls [32], such fracturing could have developed in the brittle ice zone observed
at Vostok between depths of 250 and 750 m [19]. Crack nuclei in the borehole walls could
have been formed here due to the thermal drill used in this depth range, and also due to
the low level of drilling fluid maintained during the drilling of hole 5G in the 1990s [33].

The alternative, and perhaps the most plausible, explanation for the significant lateral
fluid loss from the borehole is the casing leakage. Indeed, recent tests which involved
changing the fluid level indicated that the casing is likely to be leaking at about 40 m below
its top, and in 2018, casing damage at that depth was recorded by a downhole video camera.
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The experimental data gathered in the Table allow us to calculate a mismatch between
subglacial water pressure, P , and the ice overburden pressure, P, at the ice sheet sole as:

P,—P.=a( {pp+1,{p,)—H ), 4)

where H. is the ice-sheet thickness at the site of drilling, and |, and | are the heights of the
drilling fluid and water columns, respectively, after pressure equilibration. The obtained
pressure mismatch (—0.05 MPa) is considerably less than the uncertainty of our estimate
of ~0.1 MPa. This implies that within this uncertainty, the ice sheet is in hydrostatic
equilibrium at the drilling site, and the hypothesis that the pressure in the lake is much
higher than the ice overburden pressure [34] can be safely ruled out.

Summarizing the above, we have to admit that a number of mistakes were made
during the first unsealing of SLV, which led to a high water rise in the hole. The most
important of these include: the low density of the drilling fluid, a high fluid level in
the casing prior to the unsealing, and the high speed of the drill lifting following the
breakthrough, which caused a strong swabbing effect. The subsequent surface release of
the drilling fluid, along with the casing leakage, resulted in water rising above the junction
with the abandoned hole 5G-1 and in the onset of the upward slug flow of water-fluid
emulsion, thus making it impossible to foresee what would happen next.

Fortunately, the water rise stopped well below the critical depth (~1500 m [21, 25])
above which explosive degassing of SLV with unpredictable consequences would have
been possible.

The knowledge and experience gained during the first unsealing of Lake Vostok
came in handy when preparing and conducting the second unsealing of the lake in 2015.

4. The second unsealing of Lake Vostok

Drilling of the 5G-3 branch hole continued for the next three austral seasons until
finally in January 2015, the borehole approached the surface of the lake for the second
time. Provided that during the first lake unsealing we had indeed reached and broached
the ice-sheet bottom, and that the water entered the hole directly from the lake and not
through intergranular cracks in the ice massive as could also be assumed [35], it was
possible to accurately predict the depth of the second breakthrough and anticipate the
drilling run during which it would occur. We planned and conducted the second unsealing
of SLV based on the above assumption.

4.1. Borehole condition prior to breakthrough

In December 2014 to January 2015, a total of over 1.8 t of HCFC-141b densifier
was injected into the borehole to depths ranging from 500 to 3,720 m to increase the mean
fluid density as required. After reaching a depth (h,) of 3764.6 m, which is ~4.5 m above
the expected ice-water interface, a series of borehole activities (hole reaming, fluid density
and pressure measurements and adjustments) were carried out on 15-22 January. The
resulting profile of differential pressure in the borehole prior to the second unsealing of
the lake is shown in Fig. 2b. Before the unsealing run began, the mean fluid density in
the hole was 926 kg-m™ and the fluid level was set at 96 m, which, according to Egs. (2)
and (3), meant that following breakthrough, the water should initially rise 26 m above
the surface of the lake, resulting in an increase in the drilling fluid level to 47 m below
the casing top. Final pressure equilibration in this case should have been expected at | =
67 m and h, = 51 m (compare with similar estimates for the first lake unsealing in the
Table). Based on previous experience, it was concluded that the borehole conditions were
now favourable to proceed with the second unsealing.
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4.2. Description of the unsealing run in borehole 5G-3

The introduction of an acoustic level meter (Sigma-ART) into the practice of borehole
activities at Vostok was instrumental for the securing smooth running of the second SLV unsealing.

After calibration against a float level gauge, the acoustic meter allowed near real-
time monitoring of the fluid level, h,, with an accuracy of £1.5 m and a fairly accurate
assessment of the water level changes in the hole prior to and following breakthrough.
Assuming zero lateral liquid outflow from the hole below a depth of 40 m, and neglecting
thermal-expansion and compressibility effects, the current water height in the hole, 1 ,
was estimated from the fluid level data:

I,=( =h)(d/d, ), 5)
where h, is the measured level of drilling fluid and h." is the fluid level which would
be observed in a routine drilling run with no water entering the hole. The h” values for
different depths of the drill were obtained from the time-lapse data on the fluid level
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Fig. 6. Drill and liquid control records from the second unsealing of Lake Vostok.

I — depth of the drilling fluid level below the top of the casing, h, (the ordinate is inverted); 2 — estimated water
height above the lake surface, | ; 3 — depth of the drill; 4 — lowering/pulling speed of the drill; 5 — weight on
bit (the dashed part of the curve — readings of the sensor after it has frozen).

The triangles mark the moments when we began to pour kerosene (2x100 litres) into the borehole through its
mouth. Time is counted from the moment the lake was breached

Puc. 6. 3anucu KoHTpOIS OypeHHs U KUIKOCTH MIPU BTOPOM BCKPBITHH 03epa BocTok.

1 — paccTosHue OT ypOBHS 3a/IMBOYHO JKHIKOCTH B CKBaXKHHE JI0 BepXa 06caHoi KononHsl, h (ock mepesepHy-
Ta); 2 — pacyeTHas BHICOTA IIObEMA BOJIbI B CKBaXKHHe, |, ; 3 — riry6una cHapsna; 4 — CKopoCThb crycKa/moabema
CHapsia; 5 — Harpyska Ha 3a00ii (IyHKTHpHas 4acTh KPUBOM — MOKa3aHMs 3aMEPIIETo AaTYUKa Harpy3KH).
TpeyroabHUKaMU OTMEYEHbI MOMEHTBI Hayajla 3aJIMBKU KEPOCHHA B CKBaXXUHY (2%100 nutpos). Bpems otcun-
TBHIBAETCS OT MOMEHTA BCKPBITHS 03€pa
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change while the drill was being lowered into the hole. These data were corrected for the
fluid drained from the hole by the cable and for the addition of 200 litres of kerosene to
the top of the fluid column after the breakthrough (see below).

The second unsealing of Lake Vostok was accomplished on 25 January 2015. The
drill reached the surface of the lake during the drilling run in which this was expected,
and at virtually the same depth (h,= 3769.2 m) as three years earlier. The records of h, and
|, during the unsealing run are shown in Fig. 6 along with other drilling parameters. The
plots presented here give immediate and reliable information on the liquid movements in
the hole following breakthrough.

As with the first lake unsealing, the subglacial water rushing into the hole outran
the drill by ~3 metres in the first minute after the drill lifting started. This time, however,
the rise of drilling fluid column in the hole was not limited by the top of the casing and
the rate of water upsurge rapidly decreased as it approached the current (for a given
drilling depth) pressure equalization at the point of water inflow. Therefore, although the
drill hoisting speed was halved compared to the first lake unsealing in order to reduce
the swabbing effect, already at the 4th minute of hoisting (at a depth h, of ~3724 m) the
drill broke away completely from the water column rising behind it. At the same time,
the drill could, for a long time, continue to push a slug of water and water-fluid emulsion
above it. Judging by the traces of ice and ice-hydrate mixture on the cable, the length of
this plug could initially reach 10-12 m, but it then decreased as it was washed downward
during the drill lifting. Shortly after the drill came out of the water, the weight-on-bit
sensor froze and stopped working.

Attempts to increase the speed of drill lifting made at 11 and 53 min following
breakthrough resulted in an increased swabbing effect and a sharp rise in the fluid and
water levels (see Figure 6), so they were abandoned.

To reduce the water rise caused by a decrease in the height of the overlying fluid column
as the cable emerged from it, pure kerosene was added into the hole twice, at 72 and 83 min
following breakthrough (100 litres each time). The resulting rise in the drilling fluid level and
the drop in water level can be clearly seen in the h and | curves in Fig. 6. A temporary fluid
rise slightly above the level of the casing leakage (40 m) did not, apparently, significantly affect
the calculated values of |, because the initial (excluding added kerosene) mass of fluid in the
borehole remained unchanged within the uncertainties of its estimate (see Table).

The subsequent gradual rise of water in the borehole was due to a drop in the fluid level
as the cable and the drill were pulled out of the borehole. The short-term fluctuations of h;, and
I, seen in Fig. 6 are mainly related to the uneven speed of the hoisting, which was eventually
increased when the drill entered the wider part of the borehole at a depth of 2200 m.

Fluid level observations continued for some time even after the drill was brought
to the surface, until the level was completely stabilized at h, = 48 m (I = 60 m). The
measured values coincided reasonably well with the predictions (see Table) considering
the addition of 200 litres of kerosene into the hole during the drill hoisting. Measurements
made by a KMT downhole logger four days after the lake unsealing showed that up to
the borehole bottom encountered at h, = 3696 m the mean density of the drilling fluid
was 925 kg-m™, i.e. practically the same as measured before the unsealing run began.

4.3. Evidence from the re-drilling of borehole 5G-3 after the second LV unsealing

It was decided to start re-drilling hole 5G-3 just 5 days following breakthrough, when,
according to preliminary calculations, the water in the hole should have already frozen.
Eleven drilling runs were conducted from January 30 through February 3, yielding core
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Fig. 7. Evidence from the re-drilling of borehole 5G-3 after the second unsealing of Lake Vostok
(a, ¢, f are from [36]).

a — schematic representation of the borehole section 3692—-3709 m filled with frozen lake water and ice-hydrate
mixture; b, ¢ — thin cross section of the core at a depth of 3696.75 in plain transmitted light (b) and between
crossed polarizers (C); d — continuous solid core of ice-hydrate mixture from the depth interval 3697.57-3708.12 m;
e—f — thin cross sections of the core at 3708.20 m (e) and 3708.92 m (f) between crossed polarizers

Puc. 7. Pe3ynbrarsl mOBTOpHOTO OypeHHs CKBaXXUHBI SI'-3 TI0CIIe BTOpOTO BCKPHITHS 03epa BocTok
(a, ¢, f B3siTBI M3 paboTsl [36]).

a — CXeMaTH4eCcKoe H300pakeHHe y4acTKa CKBaKUHBI 3692—3709 M, 3ar10THEHHOTO 3aMep31Iel 03epHON BOIOM
¥ THAPATHO-JIEMIHBIM MaTtepranom; b, ¢ — monepeunsiii numd kepHa ¢ nryouns 3696,75 M B mpoxosuemM
ecrectBeHHoM (D) u momsipr3oBanHOM (C) cBeTe; 0 — HEMpPEepHIBHBII THAPATHO-JICISIHON KEPH M3 HHTEpBaia
ory6un 3697,57-3708,12 m; e-f — momepeunsie muudsr kepra ¢ nryoun 3708,20 m () u 3708,92 wm (f) B mo-
JISIPU30BaHHOM CBETE

from a depth interval of 3692.15-3708.94 m (Fig. 7). Drilling was halted when subglacial
water entered the hole for the second time during this field season.

Re-drilling revealed that a 10-metre plug composed of an ice-hydrate mixture had
formed above the freezing water and completely filled the borehole volume in the depth
interval 3697.57-3708.12 m (Fig. 7a, d). A 92 cm thick layer of fractured congelation ice
containing traces of unfrozen water was found immediately above the plug (Fig. 7b, c).
The volume of this layer was about 15 litres, which roughly corresponds to the amount
of water that may have drained out of the drill’s compartments after the drill emerged
from the water rising in the hole. The fact that liquid water accumulated on the top of
the plug indicates that the latter began to solidify while the water was still rising in the
hole behind the drill.

Deeper than the hydrate plug, in the 3708.12-3708.94 m depth interval, the core
was composed of congelation ice with a radial texture characteristic of water frozen in
the hole (Fig. 7e, f). The lower part of this core had a still unfrozen central canal (Fig. 7f),
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through which the lake water began to seep into the hole when the drill reached it. The
top of the frozen water column appeared at a depth of 3708.12 m, or 61 m above the lake
surface, which agrees well with both the fluid level monitoring data and the initial targets.

The data obtained during the second SLV unsealing confirmed a difference of virtually
zero between subglacial water pressure and ice overburden pressure at the drilling site,
as established during the first unsealing (see Table). Calculations based on the estimated
volume and mean density of the drilling fluid showed no loss of fluid mass during the
unsealing operation.

To summarize the above, the second SLV unsealing went as planned, without major
drilling surprises or miscalculations.

5. Summary and outlook

The first two unsealings of Lake Vostok, masterminded by Nikolay Vasiliev, were
important (and indispensable) pioneering steps on the challenging road to full-scale
exploration of the biggest subglacial lake on Earth.

The invaluable experience and knowledge gained during the first unsealing of the
lake was fully taken into account when preparing and conducting the second. In particular,
the miscalculations made during the first attempt to unlock SLV were recognized and
corrected, and monitoring of the liquid movements in the borehole was introduced. These
changes made it possible to eventually achieve good compliance of the actual results of
the whole operation with the set targets.

During the two SLV unsealings, the most accurate data to date on ice sheet thickness
(3758.6£3 m) and ice overburden pressure (33.85+0.05 MPa) at the drilling site were
obtained and revalidated. It was shown that the mismatch between subglacial water pressure
and ice overburden was very close to zero (within uncertainty of 0.1 MPa), which means
that the ice sheet is most likely in hydrostatic equilibrium at this site.

Unfortunately, hopes that the subglacial water frozen in the borehole would be
useful for studying the original properties of SLV’s water were not fully realized. Severe
organic, biological and technogenic contamination of the congelation ice core, recovered
before the drills deviated from the parent boreholes, has largely rendered them unsuitable
for studying most subglacial water properties except for isotopic composition [37]. The
rare exception so far has been the congelation ice sample obtained after the second lake
unsealing, which provided, through rigorous decontamination and control procedures,
evidence that the lake surface water that entered the borehole does not contain microbial
DNA [38]. On the positive side, important new insights into both the conditions of accreted
ice formation, and the environments and the hydrological regime of Lake Vostok were
obtained by studying two replicate cores from holes 5G-2 and 5G-3, which both reached
the surface of the lake (see e.g., [9, 39, 40]).

The re-drilling of the Vostok boreholes that were filled with frozen lake water showed
that in all cases a solid white substance, a mixture of ice and HCFC-141b hydrate, is
formed in the drilling fluid-lake water interaction zone. Hydrate formation was found to
occur almost instantaneously, even before the completion of the drilling run in which the
lake was unsealed. The solid substance that forms partially or completely fills the borehole
and prevents any attempt to sample the liquid lake water. The latter means that the existing
deep borehole filled with a mixture of kerosene and the dichlorofluoroethane HCFC-
141b cannot be used as an access hole for investigating SLV. The previously proposed
replacement of the currently used drilling fluid in the bottomhole zone with a fluid that
does not react with water (e.g., organosilicon fluid) [29] may, in our opinion, only further

Arctic and Antarctic Research. 2024;70(4):477—498. 493



B.A. Jlunenxos, A.B. Typrees, A.A. Exaiikun, U.A. Anexuna, A.H. Canamamun, HY. Bacunves
BckpbITHE NOAIETHHKOBOTO 03epa BocTok: ypoKkH M BHIBOABI 1JIsi GYIyLIMX IOTHOMACIITAGHBIX...

complicate the interaction between different fluids in the hole and create as yet unknown
technological problems, while not addressing the existing environmental concerns.

However further investigations might proceed, the undying scientific and public
interest in exploration of subglacial Antarctic environments and, in particular, Lake Vostok
give us hope that the work started by Nikolay Vasiliev’s team will be continued. The next
grand challenge ahead is sampling and in-situ investigations of SLV’s water column and
bottom sediments.

The experience of two unsealings of Lake Vostok shows conclusively that there is
a need to develop new technology, or adapt those previously devised [see e.g., 41, 42] to
the extreme conditions of Vostok, in order to access and study subglacial environments,
which would enable us to obtain uncompromised scientific data.

Preparing and carrying out the full-scale exploration of Lake Vostok will require
significant financial and human resources. We would like to believe that with the
commissioning of the new wintering complex at Vostok station, the time for this new
Antarctic venture will come.

Supplement. Supplementary material related to this article is available online at:
http://cerl-aari.ru/index.php/lv
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Pacuiupennslii pegepar
JIBa BCKpBITHS KpYIHEHIIero Ha Halel IiaHeTe NOIeAHUKOBOro o3epa BocTok, ocyliecTBieHHbIE MOK
pyxoBozctBoM mpodeccopa CankT-IlerepOyprekoro roproro yHusepcutera Hukonas VBanoBnua Bacumbesa,
CTaJIH BBIJAIOIIMMICS COOBITHAME B HCTOPUHM AHTAPKTHYECKOH HAyKH. BeCIIeHHBIH OIBIT 1 3HAHKS, IONYYCHHBIE BO
BpEMs IEPBOTO BCKPBITHS 03epa 5 dhepast 2012 1., ObLIK MOTHOCTHIO YUTEHBI IPH MIAHUPOBAHKH U POBEICHUH
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BTOPOTO BCKPHITHS TOJUTCAHHKOBOTO BOI0EMa, KOTOpoe ObLIO BEIMONHEHO 25 sHBaps 2015 I ¢ MUHHMANbHBIMU
OTKJIOHEHHSIMH OT 331aHHBIX TTaPaMEeTPOB.

B xome 9TuX yHUKaIBHBIX OypoBBIX OIepalyil ObUIM TONY4YeHBI caMble TOYHBIE HAa CETONHSIIHMI JeHb
OLICHKH MOIIHOCTH JICJHUKOBOTO TIOKpoBa (3758,6 £ 3 M)  aBneHus JbJa Ha KOHTAKTE JICIHHKA C MOJIEIHA-
KoBbIM BogoeMoM (33,85 + 0,05 MIla) B myHkre OypeHus. beuto yctaHoBneHo, 4TO pa3HHIIA JaBIEHUH BOIBI U
JIbJla Ha TPaHUIE pasziena ONM3Ka K HYJIO H, CIIEJOBATENbHO, JIEHAKOBBIN IIUT HA 9TOM YYacTKe HAXOIUTCS B
THPOCTATIHYECKOM PABHOBECHH C 03EPOM.

K coxanenuto, Haaexk/pl Ha TO, YTO MOAHABIIASACA B CKBAXKHHY MOJIEIHUKOBAs BOJA OKAXKETCS MONE3HOM
U1 U3y4eHns cpefsl o3epa BocTok, onpasnanuick He B noHoi Mepe. CHIIbBHOE OpraHA4ecKoe, OHOIOTHYecKoe 1
TEXHOTCHHOE 3arpsA3HEHIe KepHA 3aMep3IIei BOABI 03epa, KOTOPBIi OBLT MOMyYeH 10 BBIXOKa OypoBOro CHapsja
M3 MATEPHHCKOH CKBAXKHHBI, CAENAI0 €T0 MPAKTHIECKH HEPUTOHBIM ISl H3y4eHHs OONbIIMHCTBA CBOICTB MOA-
JIETHUKOBOH BOJIBI, KPOME €€ H30TOITHOTO COCTaBa. PeIKIM HCKITIOUEHNEM cTalla Ipoha KOHKESIHOHHOTO JIbJa,
TOTyYeHHas TOCIIe BTOPOTO BCKPBITHSA 03€pa, KOTopas, Onarofaps CTPOTHM IpOLEeAypaM ACKOHTAMHHALHH U
KOHTPOIIS 3arPA3HEHNS, TO3BOJIHIIA CAENaTh BHIBOJ O TOM, UTO OBEPXHOCTHAS BOZIA 03€Pa, MONABIIIAs B CKBAXKHUHY,
ckopee Beero, He conepxut Mukpooryto JJHK (cm. Bulat et al. B 3Tom HOMepe). BMecTe ¢ TeM uccneoBanus aByx
TMapauIebHbIX KePHOB 13 CKBaXUH SI'-2 1 5I-3, JOCTHITINX MOBEPXHOCTHU 03€pa, TIO3BOMIIIH MOMyIHTh HOBBIE
JaHHbBIE Kak 00 YCIOBUAX (JOPMHUPOBAHHS HAPACTAIOIIET0 Ha HIKHIOK OBEPXHOCTH JIEJHNKA 03EPHOTO JIbJa, TAK
1 0 cpejie ¥ THapoJIornueckoM pexume o3epa Boctok (Ekaykin et al. B 3Tom Homepe).

[ToBTopHOE OypeHue CKBaK1H, 3aIOTHEHHBIX 3aMep3IIeil 03epHOH BOJOH, TTOKa3alI0, 4TO BO BCEX CIydasx
B 30HE B3aMMOJIEHCTBHS 3aIMBOYHON XKUAKOCTH H TIOJIEAHIKOBOH BOfIbI 00pa3yeTcs TBepA0e 6eNoe BEmeCTBO —
cmecs J1bza 1 ruapara ppeona HCFC-141b. Beuto yeraHoBieHo, 4To 00pa3oBaHKe rHpaTa POUCXONUT HPaKTHIe-
CKM MTHOBEHHO, €II[¢ 110 3aBepIIeHHs OypoBOro pefica, B KOTOPOM IIPOH3BOMIOCE BCKpEITHE 03epa. OOpasytomeecs
TBEPAOE BENIECTBO YACTHYHO MM TIONHOCTBIO 3aIONHSET CKBAKIHY H IPEATCTBYET JTF0OBIM MOMBITKAM B3ATh IPOOY
KUIKOH 03epHOH Bozpl. [locnenHee 03HaUaeT, YTO CyIIECTBYIOMmAs NTyOOKas CKBAXKHHA, 3aTOJHEHHAS CMECHIO
kepocuna u auxnop@ropstana HCFC-141b, He MoxeT OBITh HCTOB30BAHA B KAYECTBE CKBAKHHBI OCTYIIA IS
TPOBEICHNUS MPSAMbIX HCCIENOBAHNUI TIOMTEAHIKOBOTO Boioema. [IpennoxeHHas paHee 3aMeHa HCIONb3yeMOH B
HACTOsIIee BpeMs OypOBOH XKUIKOCTH B IPH3a00IHON 30HE CKBAXKHHBI Ha )KUIKOCTb, HE PEATHPYIONIYIO C BOTOK
(Hampumep, KPeMHIHOPTaHIIECKYT0), MOKET, Ha HAlll B3IV, JIMIIb ele OONMbIe YCIOKHUTD B3aNMOEHCTBIE
Pa3IMYHBIX KUAKOCTEH B CKBAXKHHE U CO31aTh IOKA HEU3BECTHbIE TEXHOJIOTMUECKHE POOIEMBI, HE Pa3pEIlB IPH
3TOM CYIIECTBYIOIIUX IKOJIOTHYECKIX 03a004eHHOCTEHH.

[o xaxoMy OBI Ty TH HY TIOLIUTH JaJbHEHIIINE HCCTeI0BAHHS 03epa, HEYTACAFONINI HAYYHBIH 1 00IIECTBEHHBIH
MHTEPEC K U3YUEHUIO NIOJUTETHUKOBOM Cpejibl AHTApKTHIBI BOOOIIE 1 03epa BOCTOK B 4aCTHOCTH JaeT HaM HaJEK Ly
Ha TO, 4TO padora, Hayaras komanyoil H.W. Bacuibesa, Oyner npoomkena. Creytomias rpaHIuo3Has 3aa4a —
MPOHNKHOBEHHE B TTOJIIETHIKOBBII BOZOEM C LEITbI0 MPOBEEHNS 0TO0pa Mpod 1 MPAMBIX HCCIIEA0BAHHH BOAHOK
TOJIIM U IOHHBIX 0cakoB o3epa BocTok. IloAroToBKa u ocylecTBIeHHe MPOHUKHOBEHHS B 03€p0O MOTPEOyIOT
CO3IaHMS HOBEIX OYpPOBBIX M MCCIIEIOBATENBCKUX TEXHONOTHI, a CIEI0BATENbHO, 3HAYUTENBHBIX (PHHAHCOBBIX
1 4eNO0BEYECKHX PecypcoB. X0UeTcs BEPHTH, YTO C BBOJOM B IKCIUTYaTaIMI0 HOBOTO 3MMOBOYHOTO KOMILIEKCA
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Abstract. A study of the subglacial Lake Vostok requires clean accessing and sampling technologies. The
paper presents four potential options — three types of hot-points and a hot-water drilling system — which
can be considered as environmental-friendly technologies and could be used in the cold ice of East Antarctica.
The description contains only general ideas and a brief estimation of the main parameters of the technologies
suggested and does not include any detailed analysis. All the methods proposed have their own advantages and
disadvantages. The final decision about a method’s applicability should be made following careful development
and engineering work, including theoretical studies, modelling, laboratory testing, taking into account the
available funds and logistics opportunities.
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1. Introduction

With an area of about 15500 km?, excluding 70 km? covered by islands, Lake Vostok
is the largest subglacial lake in Antarctica [1, 2]. The volume of the water is ~6 100 km?
and the average depth is ~400 m. The thickness of the ice sheet over the lake is nonuniform
and increases from 3 600 m in the south to 4350 m in the north. A slight thinning of the
ice sheet down to approximately 3250 m was recorded near the eastern shore of the lake,
135 km to the north of the Vostok Station.

Sealed from the Earth’s atmosphere for millions of years, the subglacial Lake
Vostok may provide unique information about microbial evolution, the past climate of
the Earth, and the formation of the Antarctic ice sheet. Although modern observations
widely employ remote-sensing instruments to provide indirect indications of subglacial
environment phenomena, direct observation and sampling by drilling are still much needed
for hydrological, chemical and microbiological studies. The subglacial water is very likely
to contain life, which must adapt to the total darkness, low nutrient levels, high water
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pressures and isolation from the atmosphere. It is obvious that in situ investigations should
not contaminate this subglacial aquatic system. This consideration makes the sustainability
of subglacial environment a factor of chief importance. So far protocols for minimizing the
contamination and thermodynamic disturbance of subglacial aquatic environments have not
been established, although a few initiatives to protect them have been launched [e. g., 3].

In February 2012, Lake Vostok was accessed by an electromechanical drill suspended
on a cable at a depth of 3769.3 m [4]. The borehole was filled with two-component
kerosene-based fluid composed of fuel Jet Al and dichlorofluoroethane HCFC-141b as
a densifier. The operations allowed the lake water to enter and freeze within the lower part
of the borehole, from which further coring recovered a frozen sample of the lake water.
Unfortunately, when subglacial water entered the borehole, it was contaminated by the
toxic drilling fluid [5]. Thus, alternative conceptions and technologies for clean accessing
and sampling of the subglacial Lake Vostok are still urgently needed.

In this paper, we present potential options — hot-points and a hot-water drilling
system — which can be considered, for the moment, as the cleanest technologies for
accessing and sampling of the subglacial Lake Vostok. The description contains only
general ideas and a brief estimation of the main parameters of the technologies suggested
and does not include any detailed conceptions.

2. Ice drilling potentials

For one to be able to drill deep holes in extreme environmental conditions, which
include low temperatures, glacier flows, an absence of roads and infrastructure, intense
winds and snowfall, purpose-built drills have to be designed or conventional equipment
needs to be heavily modified. Depending on the nature of ice disintegration at the borehole
bottom, the techniques that can be used for accessing and sampling subglacial environment
are divided into two large categories: mechanical and thermal drilling methods (Fig. 1).
Mechanical drilling tools most commonly utilize cutting or hammering, while thermal
drilling tools use heat to melt ice [6, 7].

I Methods of drilling to and into subglacial environment I

__,_.--F""—-.-_-—__

—r
-I Mechanical methods } -‘ Thermmal methods |
Cable-suspended -’ Hot-points |

electromechanical drills

-I Hot-water drilling systems |

Conventional machine-
driven rotary drill rigs

Drilling systems with
haeat-transfer mediums

Subglacial lakes
l Sediment samplers I Subglaciat frozen rocks
Subglacial frozen rocks L Till and sediments

-[ Coll-tubing driling rlgs |

Fig. 1. Classification of drilling methods for accessing subglacial environments

Puc. 1. Kimaccudukanms MeTomoB OypeHUst Ui H3y4eHHS TIOIICAHUKOBOW CPEIIbI
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2.1. Mechanical drilling

All mechanical deep ice drilling methods — cable-suspended electromechanical
drills [8-10], conventional machine driven rotary drills [11] and coil-tubing drilling rigs
[12—-14] — utilize environmentally hazardous drilling fluids (two-component kerosene-
based fluids with density additives or ester compounds) to prevent borehole closure and
to remove borehole products when cutting the ice [15].

Currently synthetic-based drilling fluid based on the aliphatic synthetic ester
ESTISOL™140 is identified as the most suitable low-temperature drilling fluid for drilling
in cold ice [16]; however, actual use showed that ESTISOL™140 also has toxic effects
[17]. Low-molecular-weight dimethyl siloxane oils [18-20] and low-molecular-weight
fatty acid esters [21] can be considered as good alternatives to low-temperature drilling
fluids but need to be further investigated for environmental compatibility.

Besides environmental hazard, low-temperature drilling fluids are difficult to clean
and filter off because of the high viscosity and oiliness. In addition, downhole equipment
like electromechanical cables, drill pipes, motors, etc. are not easy to decontaminate
microbiologically or chemically. Therefore, we hold the opinion that mechanical deep
ice drilling methods are not suitable for clean accessing of subglacial environment and
can be used only in areas with a frozen bed where the rocks are considered impermeable
and contamination is less likely.

2.2. Thermal drilling

The same considerations can be applied to thermal drilling systems with intermediate
heat-transfer mediums in which the drilling fluid that fills the borehole is heated in the
downhole or surface heaters and is used as a source of heat to melt the ice at the bottom
of the hole. Zakharov suggested using hot dimethyl siloxane oil as a medium for melting
ice [22]. This will allow one to use the borehole for a long time because the fluid does not
freeze in the borehole, and its hydrostatic pressure prevents borehole closure. As mentioned
above, microbiological, chemical and mechanical cleaning of dimethyl siloxane oil would
be extremely difficult. Drilling a borehole with a diameter of 200 mm will require about
150 m® of the quite expensive (4.5-25 EUR/kg) fluid [19]. In addition, the heat capacity
of dimethyl siloxane oil is 2.3 times lower than that of water. This means that to obtain
a penetration rate equal to that of hot water, the temperature or flow rate of dimethyl
siloxane oil should be much higher than in the case of water circulation.

Boreholes drilled with hot-points or hot-water drilling systems are filled with water
that is currently considered as the most environmentally friendly drilling fluid. However,
meltwater refreezing is a significant issue for the safe retrieval of the drill stem and other
instrument conveyance into and out of the hole. A borehole filled with melted water begins
to cool/refreeze immediately upon creation. Boreholes completely refreeze within 4-23 h at
an ice temperature of —25 °C and an initial diameter of 100-240 mm [23].

When a lake is accessed by thermal drills, the number of microbial cells contained
in the meltwater should not exceed the minimum concentration of microbes in the basal
glacial ice being passed through (~10* cells/ml) [3]. Thus, downhole tools should be
thoroughly cleaned at the surface prior to deployment for the collection of microbial
samples from subglacial zones. Hot points might drag native microbes immured in the ice
as they melt to subglacial targets at depth; however, this occurs in a predictable manner
[24]. In the context of hot-water drilling, water has to be filtered and UV-treated at the
surface. Such cleaning technology was well proven in the case of the subglacial lakes
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Whillans and Mercer, hydraulically active lakes at the coastal margin of West Antarctica,
which were successfully accessed by US teams with hot water circulation in early 2013
and in the season of 2018-2019 [25, 26].

3. Hot-points

Hot-points are non-coring drills equipped by an electrically heated tip to melt ice
(different designs of hot points are reviewed in [7]). In general, electric-heated hot-points
are used in temperate glaciers, which are at their melting point throughout the year from
their surface to their base. However, there are several options to drill in cold ice: (1) using
a heating power cable that prevents the refreezing of the meltwater in the borehole; (2)
antifreeze assisted drilling, in which a hydrophilic liquid is added into the hole and mixed
with the meltwater; (3) freezing-in hot-points which are able to drill downward while the
meltwater refreezes behind the unit (Fig. 2).

] C)
Antifreeze
deploying hose

heater

Winded
power cable

Hot-point Instrumental

section

Fig. 2. Potential options of hot-points for drilling in cold ice: (a) with a heating cable; (b) by adding
antifreeze; (C) freezing-in hot point with an on-board tethering cable (modified from [27])

Puc. 2. Bo3moyxHbBIe BapuaHThI TEPMOUI U1 OYpEeHUs B XOJIOIHOM JIbY: () C IIOMOIIBIO HarpeBa-
TenpHOro Kabens; (b) myrem no6asnenust antrdpusa; (C) TEPMOUIIIA C PACHIOIOKEHHON B CHAPSIE
nebeKol 1 BMOpaxBaeMbIM KabenieM (pUCyHOK nepepaborat u3 [27])

3.1. Hot-points with a heating power cable

The design of hot-point systems includes an electromechanical cable with a winch
to provide power to the downhole heaters and retrieving the drill. The electromechanical
cable can be a small-diameter armored cable or a lighter-weight reinforced tough-rubber or
plastic-sheathed cable. All of them dissipate some heat as a result of power losses during
electric power transmission to the downhole unit. This heat prevents partial refreezing
of the meltwater. Classen was the first to suggest increasing the resistance of the power
cable in order to improve dissipating heat and reduce the hole closure [28].

Suto with colleagues [29] proposed a hot-point that can penetrate through thick ice
using a heating cable which would provide power and also heat the surrounding area to
completely protect the borehole from refreezing. According to theoretical assumptions, the
required power supply for the heaters in the drill and for the heating cable greatly increased
with depth. To penetrate through 3,000 m of cold ice with a temperature of —55 °C at
the surface and 0 °C at the bottom, the hot-point would require 19 kW plus 140-235 kW
to heat the cable. However, the heating cable is a matter of careful design to avoid
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overheating, especially in air. A simple dissipation experiment of 10 W in 1 m of an
ordinary electromechanical cable hung in air shows the melting of the electrical insulation
(Victor Zagorodnov, personal communication, 2023).

3.2. Antifreeze assisted hot points

Of the different antifreeze additives to meltwater that are used (ethylene glycol [30];
methanol [31]; ethanol [32]) only ethanol can be considered as a more or less environmentally
friendly material. Ethanol is an easily biodegradable, natural and widely occurring product.
On the other hand, ethanol is a well-known antiseptic material used as a bactericide and
fungicide. It kills microorganisms by denaturing their proteins and dissolving their lipids,
and is effective against most bacteria and fungi and many viruses [33].

To avoid any effect on subglacial microorganisms, Doran and Vincent [3] suggested
not using biodegradable materials. Some other researchers (e. g. [34]) are of the opinion that
the ethanol-water solution would reduce the possible environmental impact on subglacial
lakes. Talalay and colleagues [15] suggested that ethanol would be rapidly consumed by
the microbiota (if it exists) in the subglacial water body into which it might flow, and the

Borehole temperature (°C) Equilibrium concentration
of ethanol water solution (%)
25 50 75

m)

Depth (

4000

Fig. 3. Smoothed measured temperature profile in a 5G deep borehole at the Vostok Station [37]
and equilibrium concentration of ethanol-water solution corresponding to in-depth temperature [38]
Puc. 3. CrnaskeHHBII H3MEPEHHBIN TEMIIEPATYPHBIN MPOQIIH B TITyOOKO# CKkBaKiHE SI” Ha CTaHIIUHI
Bocrok [37] 1 paBHOBECHas KOHIIEHTPALHS BOAHOCITHPTOBOTO PAaCTBOPA, COOTBETCTBYIOIIAsK TEMIIE-
parype Ha riryoune [38]
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harmful effect depends on the pollutant concentration. Thus, the possibility of ethanol-water
solution’s use as a drilling fluid for accessing subglacial lakes is still under discussion.

From the technological point of view, the main bottleneck of ethanol-water solution
use is that it dissolves ice from the borehole walls down to equilibrium concentration [35].
The equilibrium concentration of the ethanol water solution is the mass of the solvent
contained in the solution in a state of thermodynamic equilibrium, i.e., the state of a system
that is simultaneously in mechanical, thermal and chemical equilibrium. This means that
the thermodynamic variables (temperature, pressure and thermodynamic potentials) are
constant throughout the system. In the case of changing borehole conditions (for example,
the temperature changes due to heat dissipating from the cable or convection processes in
the borehole), the water from the aqueous solution freezes and forms slush in the borehole.

The equilibrium concentration of the ethanol water solution can also be considered
as the concentration of the solvent at the freezing point. It increases with the decreasing
freezing point (in the range down to —67 °C, based on the data from Industrial Solvents
Handbook [36]):

C,=-1.619t-6.2-10°-t, 1)
where C,, is the mass concentration of ethanol, %; t is the freezing point of the ethanol-
water solution, °C.

Antifreeze-assisted drilling involves removing some of the meltwater from the
borehole and careful adding of ethanol such that the equilibrium (or slightly higher)
concentration of the ethanol-water solution must be preserved at every depth (Fig. 3) [37].
The equilibrium concentration in the bottom part of the borehole is quite small and, thus,
the potential harmful effect is also small.

3.3. Freezing-in hot-points

Freezing-in hot-points are able to move towards the ice sheet base while the melted
water refreezes behind the drill. One of the first freezing-in hot-point drills, a subglacial
wireless autonomous station, was supposed to use nuclear energy for melting through
the ice sheet, but it was never realized owing to technical challenges and environmental
considerations [39].

A freezing-in hot point with an on-board tethering cable was proposed by Phillberth
[40] to study the temperature distribution in ice sheets. The most notable characteristic
of the drill is that the wires used for receiving and transmitting electrical power moved
out of the advancing drill and became fixed in the refreezing meltwater above it, hence
the drill only travelled one way. In the summer of 1968, the Philberth probe reached the
remarkable depth of 1,005 m at the Jarl-Joset station in Greenland.

In the following years, nine similar freezing-in thermal hot-points were designed
in different conceptual and testing phases, but all of them travelled one way (drills are
reviewed in [7]). It is likely that non-recoverable hot-points would not pass through the
Environmental Impact assessment designated by the Protocol on Environmental Protection
to the Antarctic Treaty. A drill that is worked-out or dead after penetration into a subglacial
lake is considered as solid non-combustible waste that must be removed from the Antarctic
Treaty area.

The newly developed hot-point — RECoverable Autonomous Sonde (RECAS) —
allows one to drill ice downward and upward and to sample subglacial water while the
subglacial lake remains isolated from the surface [41]. RECAS is equipped with two
electrically powered melting tips located at the upper and lower ends of the sonde, an
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inner cable recoiling mechanism, and a sampling/monitoring section (Fig. 4). The sonde
was successfully tested in East Antarctica during the 2021-2022 field season: it reached
the ice sheet base at the depth of 200.3 m, sampled meltwater from basal ice and recorded
the parameters (pressure, temperature, pH, and conductivity) of the melted water [42, 43].
Then the sonde returned to the ice surface. The average downward penetration rate was
1.85 m/h, and the average upward penetration rate was 2.94 m/h. The borehole inclination
was in the range of 1.1-1.6°. After the sonde passed through, the meltwater in the borehole
behind the sonde froze and closed the borehole, verifying the potential of this technology
for clean subglacial exploration.

In view of the drilling requirements for Lake Vostok with an ice thickness of
3250-3 800 m, many improvements still need to be made to the RECAS working prototype
with a 500 m cable inside. According to preliminary estimations, for one to drill with
a penetration rate of at least 1.5 m/h, the outer diameter of RECAS with a maximum
drilling capacity of 3800 m needs to be increased from 180 mm to 216 mm, the overall
length — from 7.27 m to 13.22 m, and the surface power consumption — from 10.11 kW
to 31.07 kW. The specific parameters are shown in the Table.

To maximize the benefits of a single subglacial lake access, the scientific payload
carried by the sonde can also be improved by adding dissolved oxygen and methane
detectors, camera observation in the lake, etc. The increased RECAS diameter offers
a possibility for such improvements.

Two concepts similar to RECAS were proposed by Stone Aerospace, a US engineering
company [44], and Aachen University, Germany [45]. The stone Aerospace system, the
Subglacial Polar Ice Navigation, Descent and Lake Exploration (SPINDLE) probe, uses
two servo-controlled tether spoolers: a dedicated strong spooler for descent and ascent,
and a dedicated power/communications spooler. The initial prototype was designed with
cables required for a 2500-m-deep Antarctic subglacial exploration mission.

Cable

Upper thermal tip I AN
Pulley driven mechanism e Al
L
Motors and electronics section \g &
e

Inner winch with cable

Sampling/monitoring section

Lower thermal tip%

Fig. 4. 3D-model of the RECAS working prototype with a 500 m cable inside (the sonde body is
shown transparent)

Puc. 4. 3D-monens pabouero npototuna temiosoro 30H1a RECAS c kabenem munoit 500 M BHYTpU
(711 HAMISAHOCTH KOPITYC 30H/1A TTOKa3aH MPO3PadHbIM)
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The Aachen University probe was designed using the Technologies for the Rapid Ice
Penetration and subglacial Lake Exploration (TRIPLE) project line initiated by the German
Aerospace Center (DLR). The TRIPLE-IceCraft melting probe can penetrate several
kilometres of glacial ice at a speed of up to 5 m/h. A demonstration of the TRIPLEIceCraft
with a maximum melting depth of 500 m was carried out at the Ekstrom Ice Shelf in
Antarctica in February 2023 [46]. The main problem found was that the cable has slipped
through the drive wheel and the probe could not move upward.

Table
RECAS parameters with different drilling capacity
Tabnuya
[Mapametps! TensioBoro 3ouaa RECAS c pa3nuyHoii npeaenbHoii riyouHoi 0ypeHust
Maximum Flrlllmg Quter Overall Power Surface power Weight

capacity diameter length (m) of thermal | consumption (ke)
(m) (mm) g tips (kW) (kW) &
3250 216 11.96 10.18 29.14 670
3500 216 12.53 10.18 30.02 690
3800 216 13.22 10.18 31.07 730

4. Hot-water drilling system

A hot-water drilling system can provide rapid and clean access to Lake Vostok for
the deployment of different samplers and corers. During drilling, hot water is pumped
at high pressure through a drill hose to a nozzle that jets hot water to melt the ice. The
water from the nozzle uses the melted hole as the return conduit and then reuses it at the
surface. This method is very quick (penetration rates can reach 120200 m/h), allowing
the drilling of deep holes in a number of days. The components of the drilling system
and circulating water can be cleaned to provide sufficient purity for penetration into the
subglacial lake.

The main parameters of hot-water drilling systems are flow rate, pumped pressure,
and the temperature of the water delivered [47]. The controlled outcome variables are
the diameter of the drilled borehole, the rate of penetration, and the refreezing rate of the
borehole. The minimal flow rate of hot water Q . [m*/s] for drilling can be estimated
according to:

2

0. - np,vD’(l, +¢[T|C) | @

4prwa
where p, is the density of the ice, kg/m’; v is the desired rate of penetration, m/s; D is
the mean diameter of the borehole, m; I, is the latent heat of the melted ice, J/kg; € is the
coefficient accounting for the lateral conductive heat losses in the ice masses outside the
borehole; T, is the ice temperature, °C; C, it the specific heat capacity of the ice, J/(kg-K);
p,, is the density of the water, kg/m’; C_ is the heat capacity of the water, J/(kg-K); T is
the bottom temperature of the drilling water that sprays out of the nozzle, °C.

Estimating the bottom temperature of the drilling water is a complicated task because
it depends itself on the flow rate, the diameter of the borehole, the ice temperature, the
initial temperature of the hot water, the inner/outer diameters of the hose and the material/
thickness of the hose. For precise estimations, it is necessary to establish the additively
closed modelling system (e. g. [48]).
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The initial diameter can be estimated as:

Do | 4PuQCT, 3)
npv(l, +€[T;|C))

Here we present two estimations. The option A includes the required minimal hot
water flow rate at a constant rate of penetration (40 m/h) and the initial borehole diameter
(300 mm). The option B includes estimation of the initial diameter at a constant rate
of penetration (40 m/h) and the flow rate (210 L/min). In the options, we assume the
following parameters and coefficients: p, = 917 kg/m*; v = 0.0111 m/s = 40 m/h; |, =
336000 J/kg; € = 1.1; C, = 2108 J/(kg K); p, = 1000 kg/m’; the heat capacity of water
C, = 4184 J/(kg-K); T, = 90 °C. The ice temperature T, at the Vostok station was taken
according to the polynomial approximation as a function of the true vertical depth [37].
If the required initial borehole diameter is constant and equal to 300 mm, the minimal flow
rate increases from 53.4 L/min to 253.1 L/min (Fig. 5). If the flow rate is constant and equal
to 210 L/min, the initial borehole diameter decreases from 594 mm to 457 mm. It is most
likely that the desirable ranges of the required flow rate and the initial diameter are in
between these boundary options.

Flow rate, L/min Initial diameter, mm
0 50 100 150 200 250 200 300 400 500 600
0
A B A B
500
1000
1500
£
£ 2000
Q.
0]
(=]
2500
3000
3500 \
4000 / \
Likely desirable range Likely desirable range
of flow rate of initial diameter

Fig. 5. Estimations of the required hot water flow rate and initial borehole diameter (explanations
are given in the text)

Puc. 5. Onenounsle rpaduku TpeOyeMOro pacxoa ropsiueii BOIbI H HA9aIbHOTO THaMETpa CKBaKHHBI
(TOSICHEHMST JJAaHBI B TEKCTE)
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The critical point of the hot-water drilling technology is the refreezing of the
meltwater in the hole. How long the borehole will remain sufficiently open should be
considered at the beginning of the project design because the hole cannot be left to refreeze
until its diameter becomes less than the size of the drill stem or the instrumentation
lowered through the hole. This consideration is especially important in the cold ice above
Lake Vostok. Safety accessing of the lake would require a series of reaming operations.
Greenler et al. [48] suggested a comprehensive method to predict the ultimate size and
freezing back rates based on the water flow rate and temperature, the rate of penetration,
ice temperature and reaming parameters. This model proved to be very successful in the
course of the IceCube project at the South Pole.

5. Discussion

We presented several potential options (three types of hot-points and a hot-water
drilling system) for accessing and sampling the subglacial Lake Vostok. Accessing the
lake using a hot-point with a heating cable seems to be the task of the distant future
because the proposed system would require a careful design of a heating power cable of
high strength and with an internal heating element. Currently, no existing cables satisfy
both of these requirements [29].

The carefully prepared technology involving antifreeze-assisted thermal drilling
is quite realistic but its success will depend on the possibility of keeping the right
concentration of ethanol in the borehole. Antifreeze-assisted thermal drilling requires
a large amount of ethanol (25-30 m® in the case of a 120-mm diameter hot-point) that
should be delivered to the drilling site.

We believe that the RECAS sonde deployment could be one of the most promising
options to access and study Lake Vostok. Successful tests in Antarctica have proved the
reliability of the new ‘spider’ drilling approach for subglacial lake measurement and
sampling. The biggest challenge of using RECAS for such deep subglacial lake exploration
is ensuring its long-term working reliability. Damage to any heating element or mechanical
part during drilling may lead to the failure of the whole project. Adding backups and
careful pre-checking of the most important components may be an effective solution.

Deep hot-water drills, with their inherent speed, offer a feasible alternative for rapid
accessing of Lake Vostok. To ensure clean accessing, the drilling water should be ultra-
filtered, UV-treated, and pasteurized before being used to melt the access hole. Thus, it
should contain significantly less microbial and particulate content than the surrounding
ice. Nevertheless, deep hot-water drilling involves considerable technical and logistical
challenges. First of all, these systems are extremely heavy and power hungry.

The UK project to access the subglacial Lake Ellsworth, ~3000 m beneath the surface
of the West Antarctic ice sheet, can serve as an example of impossibility to overcome the
challenges associated with deep hot-water drilling [49]. The main reason for the failure relates
to a subsurface cavity of water 300 m beneath the ice surface that could not be connected
to the main drill hole. The circulation failure consequently resulted in insufficient water
supply to continue the drilling deeper. Thus, reliable drill instrumentation, communication
and monitoring systems are essential for safe and successful deep hot-water drilling.

Overall, drilling with hot-points is relatively cheap: it is estimated to be 8—10 times
less expensive than penetration with a hot-water drilling system, while the installation
and operation require only four-five specialist staff. Due to the slow penetration rates, the
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time of accessing Lake Vostok with hot-points would be 3—4 months. RECAS requires
double the time (6—7 months) to complete the downward drilling and go back. Thus,
continuous drilling operations should be organized by overwintering personnel or on an
automatic basis.

Another problem regarding ice melting with hot-points is the intrusion of components
that cannot be melted, such as dust or rock particles. Mineral inclusions and dust are always
present in glacial ice, and their size and content depend on the site’s location. Although
a decrease in the rate of penetration was observed when drilling in dusty ice, the thermal
head can drill through tephra layers in the ice sheet [50]. This is because solid particles or
dust can be pushed aside from the tip and flushed out from the borehole bottom by water
convection. A simple dust collector can partially collect the suspended solid particles during
drilling. However, penetration through ice containing large-size rocks (the largest rock
intrusion in the Vostok ice core from 3 608 m is 8 mm in length [51] would be problematic).

A final decision about a method’s or methods’ applicability should be made based
on detailed development and engineering work, including theoretical studies, modelling,
laboratory testing, taking into consideration the available funds and logistics opportunities.
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Annoramus. O3epo Bocrok miomasio okomno 15500 km? sBisteTcst KPYMHEHAIINM TOANEIHUKOBBIM 03€pOM B
AmnTapkruze. 3a1a4a IPOHUKHOBEHHS B 03€PO MOXKET OBITh PEIIeHA TOMBKO TyTEM HCTIONb30BAHMS KOOI MUECKH
9HCTOH TeXHONOruU OypeHus, HCKIIIOYAoIel oajaHue B BOXOEM COBPEMEHHOH MUKPOGIOpH! U obecreun-
BAIOIIEH COXPaHEHNUE KU3HECTIOCOOHOCTH PENHKTOBBIX OpraHn3MoB. K coxanenuio, BCKpeITHE 03epa BocTok,
MPOBEICHHOE POCCHACKUME HccienoBarensiMu B despaine 2012 1., He MO3BOIUIO, OTOOPATh «YUCTBIE» TPOOBI
03epHOH BOJIBL, TOCKOJIBKY OHH OKa3aIiCh KOHTAMHHIPOBAHbI TOKCHYHOU OypOBOI KUIKOCTBIO. B cTathe mpen-
CTaBJIEHBI YETHIPE OTEHINAIBHBIX BAPHAHTA BCKPBITHS OIETHIKOBOTO 03epa BocTok — Tpu Trma TepMonr
(c HarpeBaTeNbHBIM KabeneM, ¢ aHTU(PHU3OM H € PACTIONOKEHHOH B CHapsae e0eIKoi 1 BMOPAKHBAEMBIM
kabeneM) u cucteMa OypeHHs ropsaeil BOZOH, KOTOpPbIE MOKHO pacCMaTpHBaTh KaK 3KONOTMUECKH UHCTBIE
TEXHONIOTHH OypeHHs ¥ KOTOPbIE MOTYT OBITh HCIIONB30BAHBI B XONONHBIX JbJaX BOCTOUHOH AHTapKTHIBL
Onmucanue BKIOYaeT B ce0s TONBKO OOIINE UIEH U KPaTKHe OLEHKUM OCHOBHBIX MApaMEeTPOB NPEe/IaraéMbIx
TEXHOJIOTHI U He COIEPKUT JETabHBIX KOHIENIHH. Bee npeokeHHbIe METOIbl HMEIOT CBOM IIPEUMYIIECTBA
1 HefgocTaTki. OKOHYATeIbHOE PeleH e 0 MPIMEHIMOCTH TOTO MM HHOTO METOa BCKPBITHS TOIDKHO IPUHHU-
MaThCs B Pe3yIIbTaTe AeTaIbHBIX HAyIHO-UCCIEI0BATENBCKIX U IPOEKTHBIX PAa0OT, BKIIIOYAIOIIIX TEOPETHIECKIE
HCCIIeI0BAHNUS, MOJETHPOBAHIE, Ta00PATOPHBIC U IIOEBBIC HCIBITAHMS HA 0CHOBE HMEIOIIHXCS BO3MOKHOCTEH
(pMHAHCHPOBAHMS U IOTHCTUKH.
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Abstract. Deep Antarctic subglacial lakes represent physically unexplored aquatic environments, the investigation
of which may provide unique information about microbial evolution, past climate of the Earth, and formation
of the Antarctic ice sheet. Subglacial Lake Qilin identified in the middle part of the Princess Elizabeth Land is
recognized as one of the ideal lakes for upcoming exploration. Currently, R&D work to develop a deep hot water
drilling system to access this lake has been started in China, and the paper presents a general concept of the system
and the brief description of the drilling strategy. Access drilling to the lake is planned for the season 2026/27.
Keywords: clean access, hot-water drilling system, subglacial lake
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1. Introduction

About 99 % of Antarctica is covered by an ice sheet, on average, 2126 m thick
[1]; yet it has been proved theoretically and experimentally that there is liquid water at
the base. According to a hybrid ice-sheet—ice-stream model, approximately 80 % of the
Antarctic ice sheet is likely to be at the pressure-melting point [2]. It is now accepted
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that subglacial hydrological environment is similar to water distribution elsewhere on the
Earth surface and includes a vast network of lakes, rivers, and streams existing thousands
of metres beneath the Antarctic ice sheet. As of 2022, 675 subglacial lakes have been
identified in Antarctica [3].

Some subglacial lakes, so-called active subglacial lakes, are prone to sudden
discharges of water, which can flow hundreds of kilometres and also connect with other
lakes and the ocean [4]. Other lakes are confined within topographic valleys and some are
thought to be isolated, potentially for hundreds of thousands of years, and may provide
unique information about the microbial evolution, the past climate of the Earth and the
formation of ice sheet and glaciers [5, 6].

The next stage of exploration requires direct sampling of these aquatic systems.
The subglacial water most likely contains life, which must adapt to total darkness, low
nutrient levels, high water pressures and isolation from atmosphere. It is obvious that in
situ investigations should not contaminate these subglacial aquatic systems. This criterion
makes sustainability of subglacial environment of key importance. Currently, protocols
for minimizing contamination and thermodynamic disturbance of subglacial aquatic
environments have not been established, although a few initiatives to protect them have
been formulated [7].

Hot-water drilling systems currently offer the cleanest way of accessing the base of
polar ice sheets. These systems are one of the fastest ice drilling systems with penetration
rates reaching 120-200 m/h [8]. Hot water drills have two main functions: (1) to convey
heat to the bottom of the hole to melt the ice and (2) to recover the drill and melt water
to the surface.

Two US clean hot-water drilling projects succeeded in accessing subglacial lakes
Whillans and Mercer in early 2013 to the depth of about 800 m [9] and during the season
0f2018-2019 to the depth of 1067 m [10]. Both lakes are hydraulically active and located
near the coastal margin of West Antarctica. A UK project to access deep subglacial Lake
Ellsworth approximately 3000 m beneath the surface of the West Antarctic ice sheet
failed in 2012 [11]. The main reason for the failure relates to a subsurface cavity of
water 300 m beneath the ice surface that could not be connected to the main drill hole.
Another joint UK—Chile collaborative project to explore subglacial Lake Centro de
Estudios Cientificos (CECs) at a depth of almost 2650 m also in West Antarctica was
terminated because of the COVID19 pandemic issues [12, Keith Makinson, personal
communication, 2021).

For now, the deepest holes with hot-water drilling systems were drilled to the depth
of 2500 m within the IceCube Project at the South Pole [13]. However, this system did
not include water and hose cleaning devices and, thus, did not meet the requirements for
minimizing contamination of subglacial aquatic environments [7]. Makinson and coauthors,
speculated that with a reliable hot-water drilling system and an optimized drilling strategy
to attain minimum drill fuel usage, it would be possible to drill a clean 36-cm 3 500-m deep
access hole [14]. Such a system has not been built physically. So, the challenge of clean
sampling of deep subglacial lakes is still unresolved.

In this paper, we briefly introduce the concept of a new deep hot water drilling
system aimed at accessing Subglacial Lake Qilin in East Antarctica. The required set
of instrumentation and samplers to study the lake water and sediments remains under
discussion.
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2. Potential drill site

In the middle of the 2010s, interpretation of radio-echo sounding revealed a series
of subparallel, narrow, and long subglacial canyons in Princess Elizabeth Land, East
Antarctica, which individually extend to 545 km in length and are up to ~10 km wide [15].
The existence of a large subglacial lake in one of the canyons was suggested on the basis
of subglacial hydraulic flatness, elevated basal reflectivity, and high basal specularity [16].
The lake is estimated ~42 km in length and 370 km? in area, making it one of the largest
subglacial lakes in Antarctica (Fig.1). The lake is overlain with an average ice thickness
of about 3600 m. The estimated maximal water thickness from gravity inversion in the
central part of the lake is ~240 m. The average ice temperature at the surface is assumed
to be near —45 °C [17].

Subglacial Lake Qilin was chosen as a candidate for our exploration because the
lake is (a) logistically accessible through Chinese scientific field operations (~400 km
from the Chinese Zhongshan Station); (b) much deeper and more isolated than lakes
Whillans and Mercer, greatly increasing the likelihood of finding unique microorganisms
and sedimentary climate record; (c) representative of many other continental interior deep
subglacial Antarctic lakes, in terms of pressure and temperature conditions.

A0S \

. Zhongshan

Subglacial Lake A%
Qilin e
__80°E; '/

)
o,
[

———
—|
‘*_\h'lf:j‘-—
1 1
Subglacial canyon
channels |
— — Y — —

Fig. 1. Location of Subglacial Lake Qilin: (&) map of Princess Elizabeth Land, solid dark lines
indicate location of canyon channels; (b) bedrock topography with estimated contour of the lake,
area is marked as a yellow rectangle on the map leftward (modified from [16])

Puc. 1. MecrononoxeHue noaineaHuKoBoro ozepa Lnnuns: (a) kapra 3emnu [Ipunneccs Ennzaserts!,
CIUTOIIHBIC TEMHBIE JTMHUN YKa3bIBAIOT PACIIOIOKEHHE KaHAIOB KaHbOHa; (D) penbed KopeHHBIX mo-
POJI ¢ TIpeAroIaraeMbIM KOHTYPOM 03epa, 00JIaCTh OTMEUEHA KEJNTHIM MPSMOYTOIBHUKOM Ha KapTe
cneBa (u3meHeHo 1o [16])

3. General concept

3.1. System components

The concept of the system is based on previous clean hot water drill designs [11,
12, 18]. The proposed drilling system includes eight subsystems (Fig. 2): (/) primary
heating system, (2) secondary heating system, (3) cleaning system, (4) hoisting system of
the main hole, (5) downhole drill-nozzle, (6) return water system, (7) electrical generators
(not shown in Fig. 2), and (8) control system (the diagram shows the position of the
proposed sensors).

The primary heating system consists of a circulation tank, a pump, a boiler and
a heat exchanger. The system works in a closed loop mode. A heat exchanger conducts
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High Pressure Pump

A B Annuldr water jet

Drifling tank

nie

Fig. 2. Schematic diagram of the hot-water drilling system to access Subglacial Lake Qilin, East
Antarctica: (/) primary heating system, (2) secondary heating system, (3) cleaning system, (4) hoisting
system of the main hole, (5) downhole drill-nozzle, and (6) return water system

Puc. 2. IlpuHuMnransHas cxeMa CHCTeMbI OypeHHsI CKBaXKHHBI TOCTYIIa ropstueil BOZOU K OIS THH-
koBoMy 03epy Llumnub, Boctounast Autapkruaa: (/) nepBUYHBII KOHTYp HarpeBa ropsiaeii Bogsl, (2)
BTOPHYHBIN KOHTYp HarpeBa ropsiueit Bozsl, (3) cucTeMa MeXaHU4eCKoW 1 OHOIOrHYECKOi OYUCTKU
ropstueit Bojibl, (4) crycko-TnoaseMHoe 000pynoBaHie, (5) 3a00itHoe 000pynoBaHKe ¢ THAPABINIECKOI
Hacazkoi u (6) cucTteMa PeLUPKYIISIHN BOIbI

the heat from the hot antifreeze in the primary heating system to the cold water circulating
through the secondary heating system. Separating heating system on two loops reduces
the risks of drill water contamination and allows almost the entire circulation system to
operate at low pressure, enhancing operational safety.

The secondary heating system consists of a melting tank, a water storage (drilling)
tank, a heat exchanger, and high-pressure pumps. The max hot water supply temperature
depends on drill site elevation and boiler capacity. At 3000 m in elevation (expected
elevation of the drill site), water boils at 89.8 °C. Given the heat losses in the exchanger,
the temperature of the water delivered is assumed to be ~85 °C. The secondary heating
system has two additional branches for water delivery into the return hole and for hose
cleaning (annular water jet and air knife).

The cleaning system includes a unit with UV lights and filters for water cleaning,
an annular water jet, an air knife and main borehole entry UV lights for hose cleaning.
The particle size of the solid phase impurity filtration is not greater than 0.1 pm; the
microbial killing rate is 99.99 %.
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The hoisting system of the main hole includes a reel with a hose and a tower. The reel
uses an electrical variable-frequency drive. The traction drive allows increased precision
of the winching process and reduces the load on the main hose reel.

The downhole drill-nozzle includes a drill stem, consisting of a 10-m long ten-piece
brass tube with a replaceable nozzle at the bottom, a downhole measuring system, and
a reamer. Alternative spray nozzles, which could be fitted with the drill stem, would
include: (1) a forward-pointing full core cone spray nozzle (15° to 30°) to form the initial
hole through the porous firn until solid ice is reached; (2) a horizontal spray nozzle tip to
melt the cavity and to aid the interconnection of the main and return holes; (3) a forward-
pointing single spray nozzle (0°) to maximize hole formation in front of the drill stem
in solid ice.

The exit water velocity is expected to be in the range of 30—40 m/s with the pressure
drop of 0.5-1.0 MPa resulting in a rate of penetration of 20—60 m/h. The downhole
measuring system consists of five pressure tubes located around a central tube. The
downhole measuring parameters include the borehole diameter through a leaf-spring caliper
and ultrasonic sensors, borehole inclination and azimuth, water temperature and pressure.

To ensure that the hole is sufficiently large during the pulling out of the drill, the
drill-nozzle includes a reamer. A spring-loaded valve of the reamer is activated when
contact is made as the hole is narrowed while the drill is going up. Upon activation, hot
water flows through a network of channels and sprays over the surface of the reamer cone.

The return water system includes a submersible return reel with an umbilical and
submersible pump. The umbilical has two hoses and electric lines: (1) to deliver water
from the cavity to the surface; (2) to supply hot water from the surface to the cavity to
prevent refreezing; (3) to provide electrical power to the submersible pump; and (4) to
get signals from the downhole sensors.

The electrical generators provide electrical power for the reels, electric pumps, control
systems, and other equipment. The total rated capacity of the generators is >150 kW.

The control system collects and monitors the drill data during the whole operating
process, and sends and receives the control instructions and feedback signals. The entire
system is composed of the surface, borehole and software subsystems. The parameters
chosen for control and monitoring are shown in Fig. 2 by a legend of symbols.

3.2. Proposed drilling technology
The proposed concept includes the drilling of two holes. One hole — return hole — is
the supplementary borehole to be drilled for the water to be returned to the surface and to be
used as the main water supply for the drilling of the second main hole. A water recirculation
system is established for the drilling system to avoid the need for continuous snow melting.

3.2.1. Drilling to the first cavity

The first pilot hole (main hole) is drilled to the depth ~50 m, slightly deeper than the
water pooling depth (Fig. 3). The hose and nozzle are lowered slowly to form a straight hole
because gravity is used as the steering mechanism. At the bottom the cavity is initiated using
a horizontal spray nozzle tip. After completion of the first hole, the drill-nozzle is lifted and
moved to a new position ~1 m from the first hole. A submersible pump is deployed into the
first hole and water is recovered to the surface storage tank. The second hole (return hole) is
drilled to the same depth of ~50 m. At the bottom of the second hole, the cavity is initiated
with a horizontal spray nozzle tip and a connection between the cavities is established. The
excess of water (57 m?) is recovered to the surface storage tank.
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3.2.2. Drilling to the second cavity

The return hole has to be drilled slightly deeper than the hydrological level, which
is estimated at the depth of 315-320 m. Thus, the depth of the return hole is suggested
to be ~330 m (Fig. 4). Upon completion, the second cavity is created near the bottom of
the hole. The position of the drill nozzle and submersible pump has to be changed and
drilling of the main hole is continued to the same depth of ~330 m. At the bottom, the
cavity is made using the horizontal spray nozzle tip and a connection between the cavities
is established. The submersible pump is lowered down to the second cavity and the excess
of water (30—40 m®) is gradually recovered to the surface storage tank.

3.2.3. Drilling to the target depth
Drilling of the main hole is continued with the single straight nozzle tip (0°) to the
base of the ice sheet. The refreezing of meltwater is a significant problem for the safe
retrieval of the drill stem and conveyance of other instruments into and out of the hole [20,
21]. Thus, in operations with the risk of losing the drill in the hole because of refreezing,
two drilling methods might be considered. The first method involves periodic reaming

Boreholde diameter, m
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Fig. 5. Modeled maximal borehole diameter D (dashed lines) during drilling and minimal diameter after drilling
completion D . (solid lines) under different drilling scenarios: drilling at a continuous speed of 40 m/h (red lines)
and drilling with stepped acceleration of speed from 20 to 60 m/h (blue lines); minimal safe diameter (300 mm)
is shown by the vertical black thickened line

Puc. 5. CMozenupoBaHHbIH MaKCHMATbHEIH aHaMeTp CKBaXMHEI D (IITpuXoBbIe TMHMK) BO BpeMs OypeHus
¥ MHHUMaJTBHBIN IHaMETp TociTe 3aBepmenus Oypenus D (CTUIOMHEIE JTMHWM) TP PA3THIHBIX CIEHAPHAX
OypeHus: GypeHHe ¢ IOCTOSHHOU CKOpOCTEI0 40 M/4 (KpacHbIe IMHHUH) B OypeHUe CO CTYIIEHIAThIM YBEINICHHEM
ckopoct oT 20 110 60 M/4 (CHHHE JIMHIN ); MUHAMAIIbHBIH Oe3omacHbIi auameTp (300 MM) oka3aH BEpTHKAIBHOM
YepHO! YTONIICHHON JTMHUEH
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using hot-water sprays; the second one calls for a carefully controlled drilling speed that
ensures that the hole has a minimum safety diameter. Both methods can be implemented
in our project but, at the moment, the second method takes priority. Based on the melting-
refreezing theory developed by Greenler [22], the final diameter of the borehole after
drilling completion with a constant speed of 40 m/h would be less than the minimum safe
diameter of 300 mm (red lines in Fig. 5). However, a stepped acceleration of the drilling
speed from 20 to 60 m/h would ensure that the final diameter is slightly larger than the
minimum safe diameter (blue lines in Fig. 5). An additional hole enlargement will be
provided by upward reaming after penetration into the subglacial lake. It is expected that
creating the main hole using this method will take about 120 hours. After completion, the
main hole can be kept open with the required diameter by regular reaming.

4. Plans for the future

Currently, all the drilling components are in the intensive design stage. According
to the proposed schedule, project joint tests are to be carried out at the drilling facility
of Jilin University in Changchun, China at the end of 2024 — beginning of 2025. The
system should be ready for shipping to Antarctica before October 2025. During the 2025/26
season, the hot-water drilling system will be assembled near the Zhongshan Station, likely
within 40 km of the station, and a trial drilling will be conducted by drilling to the ice
sheet base. During the same season, field radar and seismic investigations are planned
above Subglacial Lake Qilin in order to determine the optimal location of the drill site.
Access drilling to the lake is planned in the season 2026/27.
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Kondaukr nnrepecoB. KOHQIUKT HHTEpECOB OTCYTCTBYET.

dunancupoBanue. /lanHas padoTa nomaep:xana HanmoHamsHO# mporpaMMoit KITio-
ueBblx HOKP Kuras 2021 YFC2801400.

Baarogapuoctu. Mel xotenu Ob1 moOnarogapuTs rpyniy reopaapa Ilomsproro
Hay4YHO-HCCIIEI0BaTeILCKOr0 HHCTUTYTa Kutas mon pykoBoznctBoM npodeccopa bo Cyna
3a MPEIOCTaBICHUE OPUTHHAIBHBIX JaHHBIX O MOIEAHUKOBOM o3epe LlmmmHb, KoTophle
OKa3aJIMCh OYCHB IOJIE3HBIMHU IIPU IMOAAYe 3asBKU HA MPOEKT M pa3paboTke oOImeil KoH-
HENIUH CUCTEMBI TITyOoKoTo OypeHus ¢ ropsaeii Bonoit. Me1 Omaronapus FOioxyn CyHro,
Xyoiirass SAny u Jlyans¢haH XaHro 32 IeHHBIC KOMMEHTapHHU U COBETHI U PEIICH3CHTAM 3a
pEIaKTUPOBAHKE, [ICHHBIC 3aMEUaHNS U ITPEATIOKCHNUS.
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MHKPOOPTaHH3MOB, KIIMMaTe 3eMIIU B IIPOLLIOM U (HOPMUPOBAHMH aHTAPKTHYECKOTO JICASHOro okposa. [Tox-
JIEIHUKOBOE 03epo LIMnHb, 00HAPYKEHHOE CPEICTBAMH JUCTAHLIHOHHOTO 30HIMPOBAHHUS B LICHTPAJIbHOI YacTH
3emimn [pusueccs! EnnsaBetsl B BocTouHoit AHTapKTHIE, SBISETCS OXHUM U3 HICATBHBIX 00BEKTOB 1 MPE-
CTOSIIKX HcclenoBaHuil. J{iHa o3epa oLeHnBaeTcs B 42 kM, a miomiaap — B 370 KM?, 4TO JIeIaeT ero OHIUM
U3 KpyIHEHINX MONeHUKOBBIX 03ep B AHTapkTHe. O3epo MPEANONIoKUTEIBHO SBISAETCS H30MHPOBAHHBIM
¥ TIOKPBITO JIBJOM CpeHel TomumHbI okono 3600 M. B Hactosimee Bpems B Kurae HauaThl HayqHO-HCCIEO-
BaTeJIbCKHE PabOTHI 10 pa3paboTKe CHCTEMBI Iy00Koro OypeHus ¢ ropsiaeii Bozioii A1 9KONOTHYECKH YHCTOTO
JocTyIa K atoMy o3epy. [Ipemaraemas Gypoast cctema BKItodaeT B cebst BoceMs rogcucteM: (1) mepBudHblii
KOHTYp HarpeBa ropsiueii Bozsl, (2) BTOPHYHBINA KOHTYp HAarpeBa ropsdeit Bozsl, (3) cHCTeMy MEXaHHYECKOU 1
OMONOTHYECKOI OYUCTKH TOpsYeil BofBL, (4) cIycKo-ogbeMHoe 000pyaoBanue, (5) 3a00iiHOE 000pyIOBaHHE C
TUIPABIMYECKON HacaaKol, (6) cucTeMy pelHpKYIAINA BOAbL, (7) aJeKTpHIECKHe TeHepaTophl | (8) cucreMy
KOHTpOJIS U ynpaBlIeHus. B crarbe mpescTaBneHbl 0011asi KOHLEIIHS CHCTEMBbI 9KOIOTHYECKU YHCTOrO N1y60-
KOro OypeHus ¢ ropsdeit Bozoil i KpaTkoe OIICAHUE CTpareriu OypeHus. BypeHue CKBaKHHBI 10CTyNA K 03epy
3aIUTaHUPOBAHO Ha ce30H 2026/27 T.
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Abstract. The present buildings of the Russian station Vostok (East Antarctica) began to operate in 1963 and have
been under snow for many years. In connection with the extensive plans to study the subglacial Lake Vostok, it
was decided to build a new wintering complex. Since there is a thick snow-firn layer in the construction area, the
building of the complex requires solid foundations measuring 200x120 m. It was decided to build them by means of
layer-by-layer snow compaction. Based on the approximate weight of the complex of 2 500 tons, its operation time
of about 30 years, and the estimated pressure of the station supports on the snow cover of 100 kPa, the foundations
slab must have a density of at least 550 kg/m?, and the hardness of the coating of more than 0.5 MPa. In developing
the methodology of constructing the slab for the new wintering complex, the method of layer-by-layer snow
compaction was taken as the basis, developed for the construction of airfields on deep snow and suitable for taking
heavy aircraft on wheeled landing gear. Experimental snow compaction was carried out using various caterpillar
tracks, after which stamp tests of snow surfaces with different initial snow characteristics were performed. The
bearing capacity of the foundations was assessed by calculating the vertical mechanical stresses on their lower
surface, which are formed by the pressure of the station supports. The strength characteristics of the snow were
assessed by direct measurements using the Brinell method and with the help of a mechanical press based on the
samples taken and a penetrometer. Ultimately, the density of the snow layers in the upper part of the foundations
reached 650 kg/m®. In addition to the base layer, 9 additional layers were formed. The first eight were formed in
the summer 0f 2019/20, and the last one in January 2022. The total thickness of the foundations exceeded 3 metres.
Upon their construction, the average surface excess relative to the natural snow cover was 210 cm. Based on the
rate of snow accumulation, as well as the subsidence of the station supports and foundations into the snow mass,
the foundations surface will equal the level of natural snow cover in approximately 30 years.
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Introduction

During the Second Comprehensive Antarctic Expedition, the domestic inland Vostok
Station was opened near the South Geomagnetic Pole on December 16, 1957. In addition
to many multidisciplinary, primarily glaciological research programmes, core drilling began
in 1970 [1]. After the discovery of a unique natural phenomenon — the subglacial Lake
Vostok [2, 3] — studying this Antarctic area became especially important and relevant.
Russia undertook systematic research with the great advantage of having a wintering station
and annual logistic traverse. The main emphasis was on remote geophysical work, which
included the seismic-reflection method and radio-echo sounding. The results made it possible
to identify the features of the glacier structure, subglacial relief, and depth structure of the
Vostok Lake area, as well as to measure the water layer thickness [4-6]. The penetration
into Lake Vostok on February 5, 2012 [7] was the greatest event in the study of Antarctica
and allowed the investigation of the body of water by direct methods, i.e., a direct study of
the lake water [8, 9], with the study of the bottom sediments in sight. A general overview
of the studies performed and planned is given in our paper, this issue [10].

The current Vostok Station housing complex has been under a layer of snow up to
6 metres thick for many years. These buildings were constructed between January and June
1963 [11]. The materials used for the construction are in a gradually deteriorating condition.
The station operates all the year round, including winter, when access is virtually impossible.
However, with the forthcoming intensification of research work, which is planned following
Measure No. 21, “Comprehensive studies of the subglacial Lake Vostok and paleoclimate of
the Earth in the area of the Russian Antarctic Vostok Station”, “Action Plan for implementing
the Strategy for Development of Activities of the Russian Federation in the Antarctic until
20307, approved by the Russian Government on June 30, 2021, No. 1767-r, the lack of
modern living and laboratory facilities becomes evident. Therefore, it was decided to build
a new wintering complex (NWC) at the Vostok Station, which will be close to the buildings
of the currently operating station and eventually replace it (Fig. 1).

Fig. 1. Location of the new buildings of the Vostok Station [12]

Puc. 1. Cxema pacnonioxeHus! HOBBIX KOPITycOB cTaHIMHU Bocrok [12]
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The main difficulty is that the Vostok Station is located in central Antarctica. This
region, according to the classification of glaciers [13], is a zone of dry snow with a snow-firn
thickness of about 100 m [14] and a total glacier thickness of more than 3 700 m [5]. The
density of the surface snow layer averages 350 kg/m® [15, 16]. The thickness of the snow-
firn strata at the construction site is also significant, due to which, at the stage of the NWC
Vostok project development, the question arose of constructing preliminary foundations.
In choosing the material, various options were considered, including construction from
frozen ice through layer-by-layer pouring of water and from reinforced concrete structures.
All of these methods were rejected as they required enormous resources. In the end, it
was decided to build the foundations of the station from compacted snow [12] since
this method was thought to be the most reliable and economical, especially considering
the difficulties of transporting materials and equipment to central Antarctica. Similar
stations — Amundsen-Scott (USA) and Concordia (Italy-France) are built on compacted
snow. Based on the authors’ knowledge, this will be the first attempt to construct such
special foundations for a capital structure in Antarctica.

This work aims not only to communicate to the scientific community the main
aspects of the construction of the NWC Vostok foundations, but also to present the results
of experimental tests and characteristics of the snow cover and foundations for possible
use in the future.

Methodology for the construction of the NWC Vostok foundations

In developing the methodology for building the NWC Vostok foundations slab
(FS), the layer-by-layer snow compaction method developed for constructing airfields
on deep snow, suitable for taking heavy aircraft with wheeled landing gear, was taken as
the basis [17]. It is used to build snow-ice runways with a density of snow-firn material
over 600 kg/m? and a hardness of more than 1 MPa. The technique of building such
runways was adapted for coastal Antarctic stations, where the surface temperature of the
snow during the warm period is close to the phase transition temperature. However, the
snow surface temperature in the Vostok Station area does not exceed —25 °C, even in the
summer months. During the 2006-2008 field seasons, experimental and methodological
work was carried out to determine the possibility of compacting the cold snow to create
an airfield suitable for taking wheeled aircraft. The work was carried out in the area of
the existing airfield, which can only take aircraft with ski landing gear. Experimental
snow compaction was carried out using the tracks of different tractors, followed by
stamping tests of snow surfaces with different initial snow characteristics. The results
obtained [18] formed the basis for developing a technique for constructing the NWC
foundations. In particular, dependencies of the snow density on the impact on the snow
cover were obtained. They are shown in Fig. 2. The uniaxial compression strength of
the snow was measured using a mechanical press. A total of 50 plate load tests were
conducted. The hardness of the compacted snow was measured with a penetrometer
with a fracture energy of 8.5 J [17]. Its strength was measured on cylindrical specimens
9 c¢cm in diameter and 16 cm long on a hydraulic press with a dynamic range of 0.2 to
1.5 MPa. The press was calibrated with a precision DOSM-3-1 dynamometer with
a dynamic range from 0.1 to 10 kN. A total of 300 measurements were made on the
samples. Their accuracy is estimated to be no worse than 2 %. Fig. 2 shows the averaged
data for different initial snow characteristics.
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Fig. 2. Dependencies of the density of the compressed snow on the pressure (a) and the snow strength
on density (b)

Puc. 2. 3aBUCHMOCTH IIIIOTHOCTH 00pa3yIOIIErocsi CHeTa OT OKa3aHHOTO HA HETO JAaBICHUS () U
MPOYHOCTH CHETa OT ero motHocTH (D)

The density of the natural snow cover was measured using the VS-43 weight snow
meter, and the density of the compacted snow was measured using samples obtained from
the core samples. The density variation of the natural snow cover did not exceed 10 %.

Fig. 3 shows the dependence of the depth of impact on the snow cover of the applied
stamp pressure P for different snow densities p and its hardness o, obtained as a result of
the plate load tests. The depth of impact refers to the depth of the snow layer in which the
physical and mechanical characteristics of the snow changed after the mechanical impact.
The experiments were carried out on the snow airfield of the Vostok Station, designed for
planes with ski landing gear, where the snow is of varying densities. The impact depth
was measured for compacting devices, and the impact time on the snow cover was several
tens of seconds. The experiments aimed to examine the possibility of compacting cold
snow to a certain density and, consequently, strength.
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Fig. 3. Depth of impact on the snow depending on stamp pressure for various initial snow
characteristics: / — p = 420 kg/m3, 6 = 0.045 MPa; 2 — p = 500 kg/m*, 6 = 0.2 MPa; 3 — p =
580 kg/m?, 6 = 0.45 MPa.
The vertical dotted line shows the maximum possible pressure (P = 0.35 MPa) on the surface exerted by the
sealing devices
Puc. 3. I'myOuHa BO3aeHCTBHS HAa CHEXXHBIM IOKPOB B 3aBUCHUMOCTH OT JIaBJICHUS IITAMIIa IJIs pa3-
JIMYHBIX UCXOIHBIX XapaKTEPUCTHK CHEXKHOTO noKpoBa: / — p =420 kr/m?, 6 =0,045 MIla; 2 —p =
500 kr/m?, 6 = 0,2 MIla; 3— p = 580 xr/m®, 6 = 0,45 MIIa.
BeprukaibHOM TyHKTUPHOM IMHKHEH HOKa3aHO MaKCHMAIIbHOE BO3MOXKHOe aBienue (P = 0,35 Mna) Ha hopmupyemyro
TIOBEPXHOCTDb, OKa3bIBACMOEC YIUIOTHAOLIIUM yCTpOﬁCTBOM, HMEIOLIMMCA B paCIIOPSKEHHUH CTPOUTEIIBHOIO OTpsAa
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Based on the compactor capabilities, the maximum thickness of the snow layer to
be compacted was selected. A mandatory condition was sealing the layer over the entire
thickness, which means the thickness of the layer should not exceed the exposure depth.
The FS snow layers were applied using the Késsbohrer Pisten Bully Polar 300 (Fig. 4a).
After that, due to mixing the snow, its density increased from the initial value of 350 kg/m?
to 420 kg/m?. The main device to compact the FS snow layers was a compaction platform
designed and built to create snow aerodromes suitable for heavy-wheeled aircraft. It received
a patent for invention [19].

Fig. 4. Fragment of the foundations slab for the new buildings of the Vostok Station (a) and the top
view (b).

The compaction of the snow layer by a special platform towed by a heavy artillery tractor is shown in the background
of section a. In section b: 1 — the eastern part of the foundations (intended directly for the new buildings); 2 — the
western part of the foundations; 3 — the temporary glaciological laboratory. The photos are by K.A. Ovchinnikov
Puc. 4. ®parment co3nanus wiutsl pynnamenta H3K Bocrok (a) u Bux cBepxy Ha Hee (b).

VII0THEHHE HAHECEHHOTO CHE)KHOTO CII0S CIIeLHATbHOMN MIatGopMoil, OyKCHPYeMOi apTHILIEPHICKIM TSDKEITBIM
msiradoM (ATT), npeacraBneHo Ha 3aJHeM IU1aHe cekuuu a. Ha cexuun 6: 1 — Boctounas gacts [1D pazmepom
200%x60x3 M (npeHa3HauY€Ha HEMOCPEACTBEHHO [UIst pacrnionoxenus moxyneit H3K); 2 — 3ananHas yacts 110,
pazmepom 200x60%2 M (mns mononHutenbHON nHdpactpykTypsl H3K); 3 — BpemeHHas Dsipoiorayeckas
naboparopusi. Porto K.A. OBunHHHKOBa

Foundations slab construction technology and main results

The horizontal dimensions of the FS were determined by the design dimensions
of the NWC, as well as the accompanying infrastructure (fuel storage, etc.). In addition,
we considered the possibility of working on it with construction equipment on the
entire perimeter of the NWC under construction. The horizontal dimensions of the FS
were 200x120 m. The FS thickness was calculated based on the main functions of the
foundations: to withstand the load from the plant supports and to ensure a higher position
of the NWC relative to the surrounding natural snow cover over a long period (about 30
years). Several factors cause the gradual deepening of the NWC over time: (1) natural
snow accumulation in the area, which is about 7.2 cm/year [15, 16]; (2) sinking of the
station supports into the FS body, due to the compression creep of the snow material under
prolonged exposure to mechanical stress and (3) sinking of the FS into the underlying
snow cover, also due to compression deformation of the snow under prolonged mechanical
impacts of the total weight of the FS and NWC.

At the initial stage of construction, after selecting the FS location, the natural snow
cover was compacted by heavy artillery tractor (HAT) caterpillars, with their pressure on
the snow at about 45 kPa. Compaction was carried out on the entire site of the prospective
FS. As a result, the snow surface lowered by about 50 cm relative to the surrounding
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terrain, and the density of the snow surface of the site to a depth of 40 cm increased from
350 kg/m® to 470 = 20 kg/m>. Below 40 cm, the density of the snow changed insignificantly.
Thus, a basic FS layer was created. Further, the snow layers applied to the foundations site
were compacted by HAT tracks and the compacting platform. When the snow layers were
applied, geodetic control of their thickness and horizontality was carried out. The ground
control of the marks was carried out by a Trimble R10-2 GNSS receiver (Trimble Inc.,
USA) in real time over a 10x15 m network. The height mark was taken on the calculation
of +30 cm from the average height of the previous compacted layer. The snow layers were
applied with the Késsbohrer Pisten Bully Polar 300 (PB-300). In one trip, it could take up
to 4 m® of snow, which was evenly distributed at the FS construction site. Snow was taken
from the surrounding area at 50 to 150 m from the construction site. One transporter PB-
300 took 7 days to apply a snow layer of 30 cm thickness on the entire area of 200x120
m. The work was carried out only during the daytime because the air temperature dropped
below —30 °C at night, which was unacceptable for the operation of the blade’s hydraulic
system. In general, according to the NWC design, the foundations surface was to consist
of two sites located at different levels. The western part of the 200x60 m FS is one metre
lower than the eastern part of the same size FS (Fig. 4). Given the dispersion of vertical
stresses with depth under the station supports, the lower FS layers were not compacted as
thoroughly as the upper ones. The lower FS layers were compacted once, at most twice,
unlike the upper layers, which were compacted repeatedly.

The FS surface in the first construction phase was divided into two equal parts
measuring 200x60 m to save time and for more efficient use of the technology. On one of
the FS sites, the compacted snow layer was applied and on the other already compacted
layer, another snow layer was applied. Fig. 4a shows a photo of the snow layer compaction
section with a platform weighing 9 tons, towed by a HAT with simultaneous application
of the next snow layer by the conveyor blade on the other half of the FS.

In the second phase of construction, after the FS reached a thickness of two metres,
the application of snow layers and their subsequent compaction was carried out only on
the eastern half of the FS. All the foundations work was done during the two summer
field seasons of 2019/20 and 2021/22. No work was performed during the 2020/21 season
for technical reasons.

During the work, the maximum pressure exerted by the compaction platform on the
snow surface was 0.35 MPa. As follows from Fig. 3, the maximum depth of impact on the
snow cover at a snow density of 420 kg/m? is 30 cm. Based on this value, the maximum
thickness of the applied snow layer was selected, which should not be exceeded. It took 10
to 12 hours for the HAT caterpillars to compact the newly applied snow layer over the entire
FS area once. It took at least 14 hours to compact the snow layer with a platform towed
by an PB-300 transporter over the entire FS area. In compacting, the speed of the towed
device should not exceed 5 km/hour because any increase above this speed may destroy the
snow cover [20], i. e., the compacted snow may be thrown out from under the skids of the
compacting platform. Eventually, the density of the snow layers in the upper part of the FS
reached 650 kg/m? to a depth of 2.5 m. In addition to the base layer, 9 layers were formed.
The first eight were formed in the summer of 2019/20, and the last one in January 2022. The
total thickness of the FS, including the base layer, under the NWC modules exceeded 3 m.

A temporary glaciological laboratory was organized near the construction site to
obtain the main characteristics of the resulting FS snow material. The density and uniaxial
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compressive strength were measured using cores taken from the FS body. The hardness
of FS snow layers was measured using a penetrometer directly on the FS. Fig. 5 shows
the averaged vertical distribution of the density and the uniaxial compressive strength of
the snow material inside the FS body on its eastern part, which is intended directly for
the location of the Vostok Station modules.
Snow strength, kPa
0 200 400 800 BOO 1000

] e o L el oo i b

1

=
' B

Compacted snow

o

Snow thickness of the foundatian slab, m
[ %]

300 400 500 800
Snow density, kg/m?*

Fig. 5. Density and strength distribution of the compacted snow in the eastern part of the foundation
slab.

1 — strength of the compacted snow layer for uniaxial compression, 2 — snow density

Puc. 5. Pacnpenernenne IIIOTHOCTH U IIPOYHOCTH CHEXKHOTO MaTepuajia B BOCTOUHOH YacTH IUIUTHI
¢ynnamenta H3K.

1— TIPOYHOCTH CHEKHOT'O ITIOKPOBA HA OAHOOCHOE CXKaTHUE, 2 — IUTOTHOCTB CHETa

The measurement data presented in Fig. 5 were obtained from cores sampled at the
FS in early February 2022. The uppermost ninth layer, formed in January 2022, has much
less strength due to the short time that has passed since its formation. The strength of the
compacted snow layer increases gradually over a long period, which is due to the slow
process of diffusion sintering of the compacted snow granules [21]. In constructing the FS,
an experiment was conducted to measure changes in the strength of the compacted snow
layer over time. At the western FS site, where no additional layers were applied after the
completion of the first phase of construction, the hardness of the compacted snow layer
was measured daily with a penetrometer. The density of the layer investigated increased
immediately after compaction and reached 640 kg/m?, and the hardness actually initially
decreased. Fig. 6 shows the change in the hardness of the compacted layer over time.
Measurements were taken daily for 15 days in January 2020. Further measurements were
not carried out because the seasonal work at the Vostok Station finished. In the following
year, no work was carried out in the Vostok Station area for technical reasons. After two
years, the work resumed and the measurement of the hardness of the FS was carried out
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Fig. 6. The hardening rate of the compacted snow.
The average snow temperature during the measurement period was —32 °C.
Puc. 6. Pe3ynbrarhl SKCriepuMeHTa 110 CKOPOCTH 3aTBEPJEBAHUS YIIJIOTHEHHOTO CHETa.

CpenHsis TeMIieparypa CHera 3a nepuoj u3MepeHuii cocrasuna —32 °C

again in the same place with the same penetrometer. It was found that after two years
the hardness of the compacted snow material almost doubled and reached 1 MPa. The
hardness of the layer was measured once at 30 points evenly across the FS surface. The
variation did not exceed 5 %.

Bearing capacity of the foundations slab

The FS bearing capacity was assessed by calculating the vertical mechanical stresses
on its lower surface, formed by the pressure of the station supports. If the dissipation of the
mechanical stresses on the lower surface of the FS does not exceed the carrying capacity
of the natural snow cover on which it rests, then the FS bending deformation will not
occur, and, as a consequence, its destruction will not follow. This calculation method is
an upper estimate of the sufficient thickness of the FS to withstand the NWC load. The
estimated pressure of the station supports on the snow cover is 100 kPa. The hardness of
the snow material that makes up the FS must be at least higher than the pressure of the
station supports. The dispersion of the vertical mechanical stresses in the FS body with
depth will depend on the strength characteristics of the material forming the FS. They
are shown in Fig. 5.

A rough estimation of the dissipation of the vertical mechanical stresses was
made from the results of a plate load test on compacted snow [18]. A stamp with
a different pressure impacted the pre-compacted snow cover with known mechanical
characteristics. In this case, the depth of the impact on the snow cover studied was
measured. In particular, at its density of 500 kg/m? and the corresponding uniaxial
compressive strength of 0.2 MPa, a pressure of 0.8 MPa was exerted on the snow. The
impact depth was 40 cm. This means that at a depth of 40 cm, the mechanical stress
from the stamp fell to the strength of the snow cover studied and amounted to 0.2 MPa.
Fig. 3 shows the dependencies of the impact depth on the applied stamp pressure for
some snow cover characteristics. These tests were conducted between 2006 and 2008.
The FS was stronger since the coating density was higher than in the stamp tests. By
conducting about 50 experiments with different stamp pressures, a curve of mechanical
stress dissipation with depth was obtained for certain snow cover characteristics. For
example, Fig. 7 shows the vertical stress dispersion curve for a snow cover with a density
of 500 kg/m?® under the stamp at a surface pressure of 100 kPa.
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Fig. 7. Stress relaxation with depth for snow density of 500 kg/m? based on the data collected in
20062008
Puc. 7. Ocnabnenne BepTHKAIbHBIX MEXaHUIECKUX HAPSDKEHUH ¢ IITyOHMHOM U151 CHEXKHOTO IOKPOBa
mwI10THOCTHIO 500 kr/m? o manusiM 2006-2008 1T

The results of the experiments presented in Fig. 7 were obtained in 20062008 at
the airfield of the Vostok Station, where there were snow layers of different densities
and thicknesses. The values presented on the graph agree well with similar data on the
dissipation of vertical stresses under the IL-76 landing gear, given in [17]. The greater the
strength of the snow material investigated, the faster the vertical stresses under the stamp
dissipate with depth. If one imagines an FS of infinite thickness, then at a certain depth,
the vertical stresses from the station supports will reach their minimum value, equal to
the ratio of the station’s weight to the FS area, and will be 1 kPa for NWC Vostok. If the
FS thickness is not less than the calculated depth where the vertical stresses will be less
than the strength of the natural snow cover on which the FS rests, the latter is safe against
collapse. The strength characteristics of the natural snow cover in the NWC construction
area were evaluated by direct measurements using the Brinell method [22]. Fig. 8 shows
a diagram of the experiment.

The measurements were made by embedding spherical objects of two different
diameters into the natural snow cover. The force applied to the objects and the size of
the spherical indentation imprint were measured. The hardness of the snow layer tested
was calculated using the Brinell formula [23]:

P
nDh’
where o is the Brinell hardness of the snow cover, P is the impact force on the sphere, D is
the sphere diameter, h is the sphere immersion depth in the snow cover. The minimum
hardness of the natural snow cover, measured at 30 points by pressing a spherical object
into the natural snow cover at the construction site, was 10 kPa. The measurement points
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Fig. 8. Scheme of the experiment measuring the strength characteristics of natural snow cover by the
Brinell method. The photos are by S.P. Polyakov

Puc. 8. Cxema sKkcriepuMeHTa Mo M3MEPEHMIO IPOYHOCTHBIX XapaKTEPHCTUK €CTECTBEHHOTO CHEXKHOTO
nokposa merooM bpunemnsa. @oro C.I1. [Tonskoa

were chosen evenly. Previously, the density of snow on the surface was measured at 20
points evenly on the site using VS-43. The average value was 350 kg/m?, with no more
than 10 % variation. This value was used to calculate the bearing capacity of the NWC
FS. In general, the measurements were carried out according to the standard methodology.

As follows from Fig. 7, tenfold weakening of the mechanical stresses applied to the
upper surface of the FS will occur at a depth of about 0.7 metres. Given that the initial
pressure on the surface from the station supports is 100 kPa and considering the scale
effect of the difference in the size of the test stamp and the station supports, the minimum
FS sufficient thickness with a snow material density of 500 kg/m* will be about one and
a half metres. In the case under consideration, the density of the upper layers of the FS
exceeded 600 kg/m?, and the FS thickness was more than 3 m. Thus, such an FS is certain
to be sufficient to withstand the load of the NWC supports.
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Creep of the snow material of the foundations slab under the impact
of the NWC Vostok supports

One of the important processes that can lead to a decrease in the height of the
NWC location relative to the surface of the surrounding natural snow cover is the plastic
deformation of the FS snow material under the NWC supports. Calculations of the creep
of snow material of different densities were carried out to assess the degree of influence
of this process. The snow material begins to deform under the pressure of the NWC
supports. The calculation of the deformation was carried out according to the relation

T="8, (1
where 1 is the mechanical stress in the snow (in the case considered, the pressure on the
snow from the NWC supports), 0, is the compression viscosity factor of the FS snow
material, € — the rate of relative deformation.

Considering the one-dimensional case of only the vertical deformation of the FS
under the action of the NWC supports, the formula for calculating the vertical deformation
can be presented in the form:

"
dt
where h is the thickness of the FS layer studied. Accordingly,
dh=¢h-dt. )
The compression viscosity coefficient ), was calculated using Bader’s formula [19]:
a
n, = ﬁexp(bﬂps ), 3)

where p, is the density of fresh ice, p, is the snow density, a, and bn are empirical
coefficients. At the Berd station [24], unique experiments were conducted to measure
the compression viscosity coefficient of snow of different densities at temperatures
T = -28 °C, similar to the surface layer temperature of snow in the summer near the
Vostok station. According to the experimental data obtained by Bader [20] at the Berd
station, at temperature T = -28 °C: n, = 10" Pa-s at p = 450 kg/m*; n, = 10" Pa-s at p =
500 kg/m?*; n, = 10" Pa-s at p = 650 kg/m’.

Given the relation (2), the compression deformation (creep) of the FS snow material
under the NWC supports, AH, for the entire FS of thickness H for the time to will be

tH
AH = [ [&-dh-dt_
00
Substituting into it the value for the relative strain rate taken from (1), one can obtain:

tHhH
AH =[[=dh-dt
00 M
This formula was used to calculate the subsidence of the station supports for a given
time period t, for different strength characteristics of the snow material of which the FS
is composed.
The calculations were performed numerically with a depth step Ah =15 c¢cm and a time
step At = 10 hours for an FS of thickness H = 3 m. The values of vertical mechanical
stresses inside the FS, t(h), were taken from experimentally obtained stamp test data for
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different snow characteristics. In particular, Fig. 6 shows the distribution of vertical stresses
for a snow density of 500 kg/m?. The compression viscosity coefficient nk values were
calculated using Bader’s formula (3). It depends on the snow density and its temperature
and increases as the density increases as the snow material is compacted under the station
supports. The compression viscosity coefficient also depends significantly on the snow
temperature and increases as it decreases. In the calculations, a correction multiplier was
introduced for the temperature of the snow layers inside the FS according to the relation

[25]:
_ Q
nk—kEXP[RT ] 4

0
where Q is the activation energy of snow; R is the gas constant; T, is the absolute
temperature; K is a constant coefficient for a given snow type. The snow temperature in
the calculations was set as the average monthly temperature of the upper snow layers in
the area of the Vostok Station [15, 16].

Fig. 9 shows the results of calculations of the compression creep of the snow material
under the station supports for different density characteristics of the snow material. If one
substitutes the real distribution of snow density in the FS, shown in Fig. 5, the subsidence
of the station supports in the FS body will be 12 cm, 28 cm, and 33 c¢cm for 1 year, 10
years, and 30 years, respectively.

Deformation AH, m

300 400 500 600 700
Snow density of £S, kg/m?

Fig. 9. Calculated compressive creep of the foundations under the station supports for various densities
of the initial snow material for various periods

Puc. 9. Pe3ynbrarsl pacyeToB KoMIipeccHOHHOH nomsydectu 11D mox omopamu cTaHIMU UId pas-
JIMYHOM MIOTHOCTH MCXOIHOTO CHEKHOTO MaTepHaa 3a pa3IndHble epHOAbl BPEMEHH

Another process leading to the lowering of the Vostok NWC location is the
compression deformation of the natural snow cover on which the station foundations
rest. The total weight of the FS, on which the station rests (200x60%3 m), will be about 20
thousand tons. At the same time, the weight of the NWC itself is 2500 tons. Thus, given
the size of the FS, the pressure on the underlying snow layer from the FS side will be
about 20 kPa. The deformation of the underlying snow layers was calculated according to
the same scheme as the creep of the FS snow material under the station supports, presented
above. As a result, for the initial density of the natural snow cover of 350 kg/m3, the FS
decrease will be 9 cm in 1 year, 16 cm in 10 years, and 20 cm in 30 years.
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Discussion of the results

During the whole period of FS construction, geodetic control of the excess of the
FS surface relative to the surrounding natural snow cover was carried out. Thus, at the
end of the 2019-2020 seasonal works, the excess of the FS surface position relative to
the natural snow cover was 200 cm. The unevenness of the height of the FS surface itself
did not exceed 10 cm. At the beginning of the 2021/22 construction season, geodetic
measurements of the excess position of the FS surface were repeated. In fact, over 2 years,
the average immersion of the FS into the snow strata was about 8 cm, which agrees well
with the theoretical calculations presented above. A slightly overestimated result of the
calculations of the FS immersion into the snow strata compared to the actual data can be
explained by the increased density of the underlying snow layers, on which the FS rests
after the first phase of construction in 2019/20. At the end of FS construction, the average
excess of its surface relative to the natural snow cover was 210 cm.

Due to the severe climatic conditions in the area of the Vostok Station, only 2 months
are suitable for work: December and January, when the air temperature rises to —30 °C.
Nevertheless, with two PB-300s and one HAT, the entire 3 m thick snow base could be
created in just one summer field season.

Yet, it should be noted that the performed analysis of experimental data and detailed
numerical estimates do not take into account a possibility that the supports of the new station
buildings could somewhat additionally sink not only due to the one-dimensional compression
of the underlying snow-firn layer but also due to 3D deformational upward flow of snow and
firn around the columns. Another submerging effect can be related to the fact that the new
station area (~ 60x200 m?) in both directions is comparable or even larger than the snow-firn
layer thickness (~80—100 m) in the Vostok region. As a result, the load of the station, not being
dissipated within the firn thickness, could lead to further increase in the total compression rate.

Conclusions

With the technical equipment available to the construction team that built the FS,
namely: one HAT and one PB-300, the construction of the FS took 2 years. Each year the
work was carried out only in the summer period from late November to early February. The
main mechanism for lowering the height of the station location relative to the surrounding
snow cover is natural snow accumulation on the surrounding NWC surface, which is about
7.3 cm/year [15, 16]. Accordingly, over 30 years, the height of the natural snow cover will
increase by about 2 m relative to its original position. The total lowering of the lower part of
the station supports relative to the surface of the natural snow cover, given the compression
deformation of the FS under the station supports and the deformation of the natural snow
cover on which the FS rests, will be about 240 cm in 30 years. Thus, it will take about 30
years for the height of the natural snow cover to reach the height of the bottom of the station
supports. Consequently, the work performed has shown that the new buildings of the Vostok
Station will last satisfactorily for at least thirty years and given that the height of the station
piers themselves is 4 metres, the new buildings could last much longer.
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Pacuiupennslii pegepar

HNmeronmecs Ha ceroHAIIHNI eHb KOpITyca poccHiickoi cranuuu Boctok (Boctounas AHTapKkTHIa) HAYAIM
9KCILTyaTHpOBaThcs B 1963 T. M y)xe MHOTHE TO/bl HAXOJATCS MOJ CHETOM. B CBs3H ¢ OOMIMPHBIMU IUIAHAMU
TI0 M3YYEHHUIO TIOANENHUKOBOTO 03epa BOCTOK ObLIO MPUHATO pelIeHHE O BO3BEACHHH HOBOTO 3MMOBOYHOTO
kommekca. ITockonbky B paifoHe CTPOMTENbCTBA MMEETCS MOIIHAS CHEKHO-(GHMPHOBAS TOMINA, YCTAHOBKA
KOMIUIEKca TpeOyeT Hamuuus TBeproro (yHnamenta. Ero pasmepsl, HCX0asd M3 KOHQUIYpALMH HOBOTO 3H-
MOBOYHOTO KoMILIeKca, cocTanisiior 200%120 m. CtpoutenscTBo (yHAaMEeHTa OBUIO PELICHO OCYIIECTBISTH
yTeM MOCIIOMHOTO yINOTHEH!s cHera. McXo/is U3 OpueHTHPOBOYHOTO Beca KoMIuiekea B 2500 ToHH, BpeMeHH
€ro dKCIUTyaTaluy 0koo 30 JeT ¥ MpeAnonaraeMoro AaBlIeHHs ONop CTAaHIMK Ha CHeXHbIH TokpoB B 100 klla,
winTa QyHIaMeHTa JOJDKHA MMETh INIOTHOCTH He MeHee 550 kr/m®, TBeprocts mokpbitus 6onee 0,5 MITa. [Tpu
CO31aHHH MeTozia e¢ ()OPMUPOBAHHMS 32 OCHOBY ObLIA PHHATA METOAMKA NOCIOHHOTO YIUIOTHEHUS CHEra, pas-
paboTaHHast 1Sl CTPOUTENBCTBA CHEXKHBIX a3POJPOMOB Ha IITyOOKOM CHETY, PUTOJHBIX [ IPHUEMa TSKENbIX
CaMOJIETOB Ha KOJIECHOM IIACCH. DKCTIIEPUMEHTANbHOE YIIOTHEHNE CHETa OCYIIECTBIISIOCH C TOMOIIIBIO Ty CEHHI]
Pa3MUYHBIX TATa4el, OCIIE Yero BIMOMHSINCE IITAMIIOBBIE HCIIBITAHNS CHEKHBIX TTOBEPXHOCTEH C Pa3THUHBIMU
HCXOIHBIMH XapaKTepHUcTHKaMu cHera. OlieHKa Hecyiel CIocOOHOCTH (QyHIaMeHTa OCYIIECTBIANACh METOIOM
pacdeTa BepTHKAIbHBIX MEXaHHUECKHX HAMPSLKEHNH Ha €r0 HIDKHEH TOBEPXHOCTH, 00pa3yIomuXcs OT JaBIeHUs
onop craniuy. OLeHKa NTPOYHOCTHBIX XapaKTEPHCTUK CHETa MPOM3BOAMIACH KAK MPSAMBIMU H3MEPEHHSIMH 110
MeTofy bpuHeris, Tak 1 ¢ MOMOIIBbI0 MEXaHHYECKOTO Mpecca 10 0TOOPaHHBIM 00pa3liaM U MEHETPOMETPOM.
B koHE4HOM HTOTE IIIOTHOCTH CHEXKHBIX CJIOEB B BepXHed yactu dyHaamenta gocrurna 650 kr/v®. B obueit
CII0)XHOCTH, TIOMUMO 0a30BOTO €105, OBLIO CHOPMHUPOBAHO e11ie 9 TOTOMHUTEIbHBIX c10¢B. [lepBrie BoceMb —
nerom 2019/20 r., a mocnenuuit — B suBape 2022 . O6mas TommuHa QyHaameHTa npeBbicuia 3 metpa. [Ipu
HaHECEHNH CHEXHBIX CIIOEB OCYIIECTBIISIICS [e0/Ie3UYECKUI KOHTPOJIb 33 MX TOMIIMHON H TOPH30HTABHOCTBIO.
Pa3bpoc HepOBHOCTH BEICOTHI CaMOii TOBEPXHOCTH (hyHAaMeHTa He npeBbimal 10 cm. [l11 3KoHOMUH BpeMeHN
1 Goree 3 pEeKTHBHOTO HCTIONB30BAHMS TEXHHKHU €TI0 TIOBEPXHOCTb Ha IIEPBOM ITalle CTPOUTEIbCTBA JICITHIIACh
Ha JIBe paBHble Yactu pasmepom 200x60 M. Ha oxHoit u3 momanok GpyHIaMeHTa IpoBOAMIOCH YILIOTHEHHE
HAHECEHHOI'0 CHEKHOTO CJI0f, a Ha JPYroi, yXKe YIIOTHEHHON, HAaHOCUJICS OYepEeHON CHEXHbIN ciioi. [1o
OKOHYAHHH €T0 CTPOUTEILCTBA CPEAHEE TIPEBBIIIEHHE TTOBEPXHOCTH OTHOCUTEIBHO ECTECTBEHHOTO CHEXHOTO
nokpoBa coctapmuio 210 cM. Mcxozist u3 CkOpOCTH aKKyMYJISIIMU CHETa, & TAKKe MOTPYKEHHS ONop CTAHIHHN U
(yHIaMeHTa B CHEXHYIO TOJIILY, TOBEPXHOCTb HIKHEN 9aCTH OTOP CTAHIIMH CPABHAETCS C YDOBHEM €CTECTBEH-
HOTO CHEXHOTO MOKPOBa pUMepHO yepe3 30 siet. Pakriueckoe cpeiHee NorpyKeHue IIMThl GyHIaMeHTa 3a J1Ba
Tofia B CHEXHYIO TOMIILY COCTABHIIO OKOJIO 8 CM, UTO HETLIOXO COTNIACYETCs C TEOPETHIECKIMH pacyeTaMu. Takum
00pa3oM, HOBBIE KOpITyca CTaHIHH BoCTOK yIOBIETBOPHTENBHO MPOCYIIECTBYIOT HA MPOTSHKEHNH 110 KpaitHeH
Mepe TPUJLATH JIET, @ C y4eTOM TOTO, YTO BBICOThI CAMUX €€ OTOp COCTAaBIIAIOT 4 METpa, 3HAYUTEIBHO JOJbIIIE.

KiroueBble cj10Ba: cTaHIus BOCTOK, HOBBII 3UMOBOYHBIN KOMIUICKC, METOAUKA YIUIOTHEHHA CHETa
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Abstract. The implementation of drilling projects in Antarctica requires comprehensive research and development
work to study the processes of interaction between drilling equipment and ice and test devices designed for ice
drilling. Testing facilities with artificial ice are essential for conducting this type of research. The article presents
an analysis of the existing experimental stand projects, which identified a common drawback — inability to re-
create a structure of atmospheric ice and thermobaric conditions similar to those in boreholes drilled in Antarctica.
The authors propose the conceptual project of a center for testing technologies and technical devices for glacier
drilling. The center is to be located on two sites: the first — on the “Sablino” educational and scientific testing
ground of Saint-Petersburg Mining University in the Leningrad Region (Russia), the second — at the drilling
complex of 5G borehole at Vostok station in Antarctica. The implementation of the project will allow conducting
experimental research and testing, using both shallow artificial ice wells and deep boreholes in the Antarctic
glacier. In addition, it will allow maintaining the drilling complex and 5G borehole in a good technical condition.
Keywords: Antarctica, artificial ice borehole, borehole 5G, drilling process, drilling technologies and equipment,
testing center
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1. Introduction

Since the mid-20th century, the world’s leading countries, including the Russian
Federation, have been engaged in active research in Antarctica. Many of the research
projects involve drilling into glaciers to collect ice cores or access subglacial water bodies
and rocks for geological, paleoclimatic, and biological studies [1]. In the former case,
scientists obtain ice core material, which is a unique source of information about the
climatic processes that have occurred on the sixth continent over the past few million years
[2, 3]. In the latter case, scientists get quick access to subglacial reservoirs and bedrock
to conduct geological, paleo-climatic and biological research [4-6].

© Asropsl, 2024 © Authors, 2024
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St. Petersburg Mining University, in collaboration with the Arctic and Antarctic
Research Institute (AARI), has been conducting scientific research at Vostok Station for
over five decades. This work involves drilling deep boreholes into glaciers and studying
the resulting cores. In this time, technologies and technical devices have been developed
and applied, which made it possible to set several world records in glacier drilling [7, 8]
and to unseal subglacial Lake Vostok twice [9, 10].

The testing of the technologies and equipment developed was often carried out
directly during the process of deep ice drilling, which led to increased risks of emergency
situations and prolonged project duration. The mechanical and thermal destruction of ice
differs significantly from the processes occurring during the destruction of rocks [11, 12].
This necessitates the adaptation of the existing drilling technologies and the development of
new ones, taking into account the mining, geological, and physic-geographical conditions
of the Antarctic [13]. These activities require comprehensive research and development,
including experimental studies on the interaction of drilling tools with ice and the testing
of the technical devices developed [14, 15].

A solution to these problems can be worked out on experimental stands that use
various methods for modeling ice masses:

— using single ice blocks (artificial or natural);

— using ice towers;

— using ice wells.

Each of the methods listed has its own advantages and disadvantages, which are
discussed below.

Projects using single ice blocks

In the early 1980s, an experimental setup was developed at Leningrad Mining
Institute (now St. Petersburg Mining University) to simulate the operating conditions of
an ice core electromechanical drill (KEMS) attached to a carrying cable using single ice
blocks [16]. The experimental stand was used at Vostok station. This enabled research
on the drilling equipment of the 5G borehole complex with the circulation of the drilling
fluids used. The main disadvantage of the setup was the artificial model of the bottom hole
with limited dimensions, which did not allow for the required run length, as well as the
difference in the physical and mechanical properties between the ice block and the glacier.

In 1988, a team of Japanese researchers conducted a study on ice cutting, collection
and transportation and tested the electronics used in the drilling equipment (Tachikawa,
Tokyo, Japan) [17]. The research was conducted on a 20 m tall derrick with a refrigeration
chamber at the base, which provided circulation of cooled kerosene and housed an ice
block measuring 0.2 x 0.6 x 0.9 m. The chamber had a window for observing the drilling
process. The main disadvantages of the experimental setup include: the cooling system did
not allow the temperature of the ice and kerosene to be lower than —5 °C; the dimensions
of the ice block limit the number of tests (to three).

In 1994, a group of Japanese scientists developed a more advanced experimental
stand for studying the ice cutting process [18], with pressure ranging from 0.1 to 30 MPa
at temperatures of up to —62 °C. The stand’s disadvantage was that its working chamber
was too small to accommodate a drill.

In 2015, Chinese scientists conducted research to determine the relationships between
the geometric parameters of ice cuttings and the drilling parameters of an electromechanical
auger drill [19]. A special experimental setup was made, including a mechanical part
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and an ice block measuring 0.7x0.6x0.5 m, prepared from lake ice at a temperature of
no more than —5 °C. The mechanical part of the setup contained a 2 m high mast with
a drill suspended on it. The drill was equipped with a single-cutter bit. The parameters
of the drilling modes and the temperature of the ice were recorded by sensors. The main
disadvantages of the experimental stand include the lack of an anti-torque system, which
causes significant vibration during projectile operation and distortion of the results obtained;
and the characteristics of the lake ice not corresponding to those of the atmospheric ice
in Antarctica.

Projects using ice towers

The arrangement of ice blocks in the form of towers provides an increased depth
for experimental drilling and testing of full-scale drilling equipment.

The first experimental complex for studying the ice drilling process was built during
the times of the Russian Empire at the Tomsk Technological Institute in the winter of 1909
[20].The author of the project was Boris Petrovich Weinberg, a famous Russian physicist
and glaciologist, who proposed the theory of ice movement along an inclined channel,
and studied the movement of Arctic ice and its physical and mechanical properties. The
complex consisted of a tower 10 m high, where ice was frozen naturally by gradually
moving a box of steel sheets and adding water. This complex was used to test the first
thermal drill designed for drilling boreholes in ice.

One of the most significant international ice tower projects was the research
conducted by Japanese scientists between 1992 and 1993. This research aimed to test
drilling systems with fluid in polar conditions. In Rikubetsu city, which is located in the
coldest region of Japan, a 30-meter-high testing facility was built, with a 15-meter-tall
ice tower made of 1 X 1 m ice blocks. Before beginning the experiments, pilot holes with
a depth of 8 m were drilled in the ice tower and filled with drilling fluid to a height of
7 m. The tower’s cross-sectional area was sufficient to drill nine holes, with a total drilling
depth of 63 m. However, despite the low air temperatures in winter (down to —25 °C), the
experimental conditions were insufficiently similar to those in which drilling was carried
out in Dome F, Antarctica.

An example of modern experimental research experience using an ice tower is the
testing of the RECAS (RECoverable Autonomous Sonde) thermal probe [Pavel Talalay,
personal communication]. In the winter of 2021, a 15 m high tower made of lake ice blocks
was constructed on Hongqi Lake in Changchun, China. The lake’s depth of 3 m made it
possible to conduct successful experiments on collecting water samples from a reservoir
using a probe. However, during the equipment testing, meltwater leaked between the ice
blocks, leading to overheating of the probe’s elements.

Ice wells projects

Another glacier modeling method is to use ice wells. This method was first used in
1964 in Hanover (USA) to test drilling tools developed by the Cold Regions Research
and Engineering Laboratory (CRELL). The ice was formed in a special structure with
a diameter of 1.22 m and a depth of 63 m. The structure consisted of pipe sections
and an internal coolant circulation system. However, during the research, the well was
depressurized, and the drilling fluid polluted the environment [21].

Another example of an artificial ice well where equipment was tested is the
Laboratory of Glaciology and Geophysics of Environment in Grenoble (France). To test
drilling technologies, researchers created an 8 m deep pit, in which ice was frozen. The
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shallow depth of this structure made it impossible to test a full-size drill, so the final
stages of equipment testing were carried out in Antarctica [22].

A distinctive feature of the ice well created in 2015 at the University of Minnesota
(USA) was the principle of ice freezing due to the circulation of a coolant in the annular
channel between the casing and a pipe simulating a well. The working depth of the well
was 152 m with a diameter of 124.2 mm. Liquid coolant CO, circulated through the
annular space of the well, providing an ice temperature in the range from —25 to —40°C.
However, the small diameter of the well caused frequent contact between the drilling tool
and the wall of the pipe, resulting in damage. During the tests, difficulties were observed
in supplying the coolant to the annular space, leading to difficulties in the process of ice
freezing. A lack of refrigerant flow in the well prevented its use as a permanent testing
facility. After the completion of the testing program for a mechanical drilling rig, the
facility was decommissioned [23].

One of the significant projects currently using ice wells is the ice drilling test facility
at the Polar Research Center of Jilin University in China [21]. In this project, artificial
ice is frozen in a pipe with an internal diameter of 1 m and a wall thickness of 10 mm,
which is installed in a shaft at a depth of 12.5 m. The shaft has a diameter of 2.6 m and
is covered by a waterproof casing. The annular space between the ice well and the walls
of the shaft contains evaporator coils and thermal insulation, which also serves as a space
for equipment maintenance and repairs. The ice well can be used to test technical devices
for glacier drilling and its main advantages include:

— the ability to simulate various environments and geological conditions;

— the ability to regulate the temperature of ice over a wide range;

— high technological efficiency of the design allowing one to perform a series of
tests under identical conditions.

Some disadvantages of this structure include the complexity of installation works,
high requirements for the quality of the underground part, and the complexity of maintaining
cryogenic equipment [24]. Of all the methods of glacier modeling, the most universal is
the creation of artificial ice wells. These models are part of testing facilities that allow
year-round testing of drilling techniques and equipment. However, like other methods,
this method of modeling ice mass cannot recreate the structure of atmospheric ice or the
thermobaric conditions at boreholes in Antarctica, which directly affects the design features
of drilling tools and the drilling process.

2. Glacier drilling technology and equipment testing center

The Center for testing technologies and technical devices for glacier drilling is to
be located on two sites:

1) on the “Sablino” educational and scientific testing ground of Empress Catherine
II Saint-Petersburg Mining University in the Leningrad region (Russia);

2) at the drilling complex at Vostok station in Antarctica, where a 5G deep borehole
has been drilled.

At the first site, drilling equipment will be tested in an artificial ice well. At the
second location, the tests will be conducted in conditions of a deep borehole in the glacier.

The possibility of constructing a complex with two ice wells, similar to the design of
the Jilin University Polar Research Center, is being investigated on the “Sablino” testing
ground. The complex will be housed in a building measuring 18 m long, 15 m width, and

544 IIpo6nemvr Apkmuxu u Anmaprxmuxu. 2024;70(4): 541-553.



S.A. Ignatev, A.V. Bolshunov, E.V. Shishkin, I.V. Rakitin, V.G. Kadochnikov, V.Ya. Klimov
Conceptual project of a center for testing technologies and technical devices for glacier drilling

a) ._ E.

=

L

Fig. 1. Complex with two ice wells: @ — main hall; b — climate equipment (/ — drilling mast;
2 — tested drilling tools; 3 — hydraulic manipulator; 4 — collar of ice well; 5 — refrigeration and
compressor equipment; 6 — hydro-heat-insulated pit; 7 — climate chambers; 8 — evaporators;
9 — ice well)

Puc. 1. Komrutekc ¢ AByMst JIeTOBBIMH CKBKUHAMU: ¢ — OCHOBHOM 3aJT; 6 — KIIMMaTn4Ieckoe 000-
pynoBauue (I — OypoBasi Ma4Ta; 2 — HCIBITHIBAEMbIE OYpOBbIE CHAPSIbIL, 3 — THAPABINYECKHUN
MaHHIOYJIATOp; 4 — YCThsI JICISHBIX CKBOXKHMH; 5 — XOJIOIMIEHO-KOMIIPECCOPHOE 000pYI0BaHHUE;
6 — TUAPO-TEIUION30IMPOBAHHBIN KOTIOBaH; / — KIMMaTHYeCcKue KaMmepsl; 8 — ucnapurenu; 9 —
TeNsTHas CKBaKUHA)

13 m tall (Fig. 1). Below the building’s zero level a 6 m deep hydro- and heat-insulated
pit will be located. The building will include engineering and technical systems such as:

— power supply: power consumption up to 250 kW;

— water supply: centralized cold and hot water supply, with a flow rate of 5 to
10 m*/h, through individual treatment facilities;

— ventilation system: supply and exhaust ventilation system, with heating of the air
supplied in cold seasons;

— heating system: central heating system with a possibility to install heaters in lifting
gates, entrance vestibules and mechanical workshops.

The complex is to be equipped with the following main equipment: ice wells,
mounted in climate chambers installed in a hydro- and heat-insulated pit; refrigeration
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and compressor equipment; a drilling rig on a mobile platform; a hydraulic manipulator
on a movable platform; process fluid tanks, and pumping equipment.

One climate chamber is designed to be able to maintain a constant operating
temperature throughout the entire volume in the range from —2 °C to —70 °C, the second —
with the ability to change the temperature in gradient in the heat-insulated sections of the
chamber, allowing temperature control from +5 °C to =70 °C.

The chambers will be equipped with service hatches, ladders and local lighting
for servicing the climate control equipment. The cooling system is individual for each
chamber and built by using ozone-safe freons R404A and R23. Innovative technology
for regulating the performance of refrigeration-compressor equipment enables smooth
temperature regulation over a wide range.

Each climate chamber has its own autonomous power supply and control system,
complete with an individual touch panel. The software allows saving test programs on a PC
and uploading them to a controller, as well as using convenient functions for displaying
information on the screen and printing. Remote access to the climate chambers is available,
enabling real-time control of their settings from any user device.

The climate chambers’ design and technical specifications were developed in
collaboration with specialists at NPF REOM LLC in St. Petersburg. The drilling rig will
be mounted on a platform with the possibility of longitudinal and transverse movement,
making efficient use of the entire cross-sectional area of the ice well. The design of the
drilling rig allows the use of two types of technologies: with cable-suspended drilling,
and rotary drilling, depending on the research objectives.

The ice well complex fulfills the following tasks:

— study of ice destruction processes using mechanical and thermal drilling methods;

— conducting tests of technologies and technical devices for drilling glaciers and subglacial
bedrock, as well as unsealing subglacial reservoirs and sampling water and sediments;

— testing geophysical equipment for ice boreholes;

— approbation of control systems for ice drilling;

— training of specialists for scientific research in Antarctica.

It should be noted that the establishment of a test center will address scientific and
practical issues not only in Antarctica, but also in the Arctic region, allowing one to:

— investigate the processes related to permafrost thawing to ensure the stability of
civil and industrial infrastructure foundations [25, 26];

— test permafrost drilling equipment to obtain undisturbed samples;

— conduct tests on mobile drilling equipment to sample core material from Arctic
glaciers, icebergs and shelf ice to assess the safety of Northern Sea Route navigation and
drilling platform operation [27, 28].

At the drilling complex of 5G borehole at Vostok station, modernization is planned,
which involves replacing the main and auxiliary equipment.

The drilling complex was constructed during the 27" Soviet Antarctic Expedition on
May 29, 1983 to drill borehole 4G, and later relocated to the site of borehole 5G. Since
the start of its operation, the complex has undergone numerous modifications and now
includes the following main components (Fig. 2):

— a drilling building, which consists of two mobile wagon-type units, installed on
sleds and covered with heat-protective panels;

— a welded 12 m high drilling mast made of metal pipes, equipped with a system
of blocks for tripping and drilling operations on a carrying cable;
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Dimensions of the drilling complex:
Shelter

-Width4.2m

- Height 3.4 m

-Length 19 m

Height of drilling mast 16m

Fig. 2. Drilling complex of well 5G: I — drilling building; 2 — drilling mast; 3 — drilling winch
with control panel; 4 — carrying cable; 5 — deflection roller; 6 — crown block roller; 7 —
electromechanical drill KEMS-135; 8 — casing column; 9 — rewinder

Puc. 2. BypoBoii komIuiekc ckBaxxuHbl SI': 1 — OypoBoe 31aHue; 2 — OypoBasi MauTa; 3 — OypoBast
nebe/ka ¢ MyNbTOM YMpaBieHHs; 4 — rpy3oHecynuii kabenb; 5 — OTKJIOHSIOMUKA ponukK; 6 —
KPOHOJIOUHBIH POJINK; 7 — 3JIEKTpOMEXaHUUEeCKUH KoNOHKOBbIH cHapsig KOMC-135; 8 — obcannas
KOJIOHHA; 9 — MepeMOTOYHOE yCTPOUCTBO

— a drilling winch with an 18,2 kW DC electric drive. On the winch drum a seven-
core armored carrying cable is wound up, 4,100 m long and 17.5 mm in diameter. For
equable laying of the cable on the winch drum, a cable layer on an endless screw is used
with the possibility of manual adjustment;

— power supply system for working and auxiliary equipment;

— a control and monitoring system for tripping and drilling operations, including
the main control panel (manufactured by Leningrad Mining Institute, 1984) and a special
data collection module MSD-A (manufactured by AMT CJSC, St. Petersburg, Russia).

The borehole 5G consists of five branches (Fig. 3). Branch 5G-5 intersects several
of the glacier layers studied, which differ in their structural and physical-mechanical
characteristics:

— snow-firn layer (up to 100 m), represented by permeable layers of compacted
snow turning into ice [29];

— meteoric ice (100 — 3539 m), the crystal size of which increases with depth [9]. This
layer includes brittle ice (250 — 600 m), consisting of fragmented crystals [30], and ancient
ice (3310 — 3539 m), the structure of which has been disrupted by ice flow anomalies;

— accreted (lake) ice with mineral inclusions (3539 — 3769.3 m) [31].The borehole is
filled with a non-freezing drilling fluid — a mixture of Jet-1 aviation kerosene and F-141b
freon, which has a density that compensates for the glacier pressure. The temperature and
pressure of the drilling fluid change with the borehole depth [32]. According to caliper
measurements of branch 5G-5, performed during the 69th Russian Antarctic Expedition
(RAE), it was found that equipment with a diameter of 135 mm can be tested along the
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Fig. 3. Schematic representation of 5G multibranch borehole configuration. The shaded branches are
filled with frozen lake Vostok water. The names of lost drills are shown by red inscriptions (adapted
from [33])

Puc. 3. Cxemarnueckoe npencTaBieHue KOHCTPYKIMH MHOTOCTBOJIBHOM CkBa)kuHBI SI. 3amrpuxo-
BaHHBIC YYaCTKH 3allOJHEHBI 3aMep3iIei Bomol u3 o3epa Bocrok. KpacHsle Haamicn 0003Ha4aroT
HAaMEHOBAHHS CHAPSIOB, OCTABJICHHBIX B CKBAKUHE (aKTyann3upoBaHo u3 [33])

entire depth of the branch. Access to the other branches can only be gained by using
a drilling tool with a controlled deviation in zenith and azimuth angles.

The deep drilling project at the 5G-5 branch was completed during the 69th RAE
season, reaching a depth of 3610 m. Consequently, the borehole can be used to test
technologies and technical devices for drilling glaciers in unique thermobaric conditions.
However, the drilling complex main and auxiliary equipment is significantly worn out,
necessitating modernization. This is the goal of the project “Comprehensive studies of
subglacial Lake Vostok and paleoclimate around the area of Russian Antarctic station
Vostok™.

The modernization includes the replacement of:

— drilling winch and control system;

— carrying cable;

— deflection and crown block rollers of the drilling mast;

— rewinding the cable device;

— auxiliary equipment;
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— inspection and repair of electrical supply systems.

The updated drilling winch with a capacity of 4000m for a 17.5 mm carrying cable
differs from the installed one in: a greater traction force (at least 80 kN); an improved
electromechanical drive with a frequency control (40 kW power); automated control
and monitoring systems for tripping operations and cable laying. For transpooling the
carrying cable, a productive rewinder (winding speed 2 km/h) with a maximum pull
force of 20 kN is to be used. The design and technical specifications of the winch and
rewinder were provided by experts from of the Oktyabrsky Plant of Logging Equipment
“VNIIGIS” LLC.

The new carrying cable for downhole equipment is KG (4 x 0.75 + 3 x 2 x 0.20) —
90 — 17, with a significant breaking force (at least 90 kN). It consists of four cores with
a cross-section of 0.75 mm? and three twisted pairs with a cross-section of 0.20 mm?. The
carrying element of the cable is an UHMPE (ultra-high modulus polyethylene) thread,
which is more resistant to mechanical impacts at low temperatures and in aggressive
environments, has a higher strength and a lower specific gravity than cables wrapped
in steel. The design and technical parameters of the carrying cable were provided by
specialists from SKT Group LLC.

The proposed modernization will allow testing in the borehole:

— mechanical and thermal drills on a load-carrying cable at any depth interval,
including equipment with a directional drilling control system;

— mechanical and thermal borehole reamers;

— technical devices for unsealing subglacial lakes from a borehole filled with a non-
freezing fluid;

— drilling fluids;

— geophysical equipment for ice boreholes exploration;

— equipment for determining the physical and mechanical properties of ice;

— equipment for drilling new boreholes;

— delivery modules for research equipment of subglacial reservoirs;

— equipment for cleaning boreholes from mechanical impurities;

— equipment for eliminating accidents in boreholes;

— telemetry systems, sensors, etc.

3. Conclusions

Drilling operations on Antarctic glaciers necessitate extensive research and
development aimed at understanding the processes of interaction between a drill and
a glacier and testing the technical devices developed for drilling glaciers. For this purpose,
teams of researchers from different countries create experimental stands with artificial ice.
The primary distinction between these designs is the method used to model the glacier.
Each method has advantages and disadvantages, but they all share one limitation: it is
impossible to recreate the structure of atmospheric ice and thermobaric conditions in
Antarctic boreholes.

The authors propose the conceptual project of a center for testing technologies and
technical devices for glacier drilling. The Center will be located on two sites: on the
educational and scientific testing ground “Sablino” of Saint-Petersburg Mining University
in the Leningrad Region (Russia) and at the drilling complex 5G borehole at Vostok
station in Antarctica. The realization of this project will allow conducting experimental
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research and testing, using both shallow artificial ice wells and deep borehole 5G in the
Antarctic glacier.

The first stage of testing drilling equipment and technologies will be validating
the proposed solutions on experimental stands that simulate future operating conditions
under certain assumptions. The location of the stands at “Sablino” will allow conducting
research all-year-round, as well as rapid adjustments to the designs of the devices and
methods developed for conducting experiments.

In the second stage of the tests, the drilling equipment and technologies will be
tested in a deep 5G borehole. This will enable testing the equipment’s operability under
thermobaric conditions and the specific ice structure of the Antarctic glacier.

The proposed approach to the realization of the project “A Center for testing
technologies and technical devices for glacier drilling” will enable the most efficient and
safe implementation of drilling operations in Antarctica.
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B pesynbrare mpoeieHHOr0 0030pa ObII0 YCTaHOBICHO, 4TO B OONBIIIHCTBE CIIy4aeB IKCIICPHMEHTAIb-
HBIE CTEH/IBI M COOPYKEHHUs HMEIOT OTpaHHYCHUS B TadapuTax i (hyHKIMOHATBHBIX BOBMOKHOCTSIX H HE MOTYT
BOCTIPOM3BECTH PEATbHBIX YCIOBHH IKCILTyaTaluy (HI3KHE TEMIIEPATyphl, BRICOKOE NaBICHHE, PU3HKO-MEXaHH-
YEeCKHE CBOHCTBA aTMOC(EPHOT0 JIb/1a) pa3pabaThIBAEMOT0 YHHKAIBHOTO 000pynoBanus. Hagamo sxcrmyarammun
obopynoBanus 6€3 POBEICHNS UCTIBITAHAN B PEATbHBIX CKBAKHHHBIX yCIOBHAX MOBBIIIACT PHCKH BO3HHKHO-
BEHHS OCIOKHEHNH 1 aBapHil B mporecce padoT, BEI3BAHHBIX HETOCTATKAMH B KOHCTPYKIHH 000PYIOBAHHL.
JlaHHBIE HETOCTATKH MOTYT OBITH OOHAPYKEHBI TOJIBKO MPH NPOBEJEHNUH OYpPOBBIX PabOT HEOCPEACTBEHHO B
AHTapKTHIE, UTO MOXKET OTPUIIATEIBHO CKa3aThCs Ha CPOKAX PEATH3aIHH HayTHO-HCCIEOBATEIbCKUX IPOCKTOB.

Pemennem 0603Ha4eHHON TPOOIEMBI ABIIAETCS BBICTPAHBAHUE HOBOH IIOCIIE[0BATEIEHOCTH HCIIBITAHHI
paboToCTIOCOOHOCTH CKBOXKHHHOTO 000PYAOBAHNS U YCIOBHH AHTApPKTH/IBL:

1) AnpoGarust KOHIIENTYaTbHBIX PEMICHHH IS TeXHOIOTHI ¥ TEXHHYECKHX CPEACTB B PAMKaX MAJIbIX
9KCTIEPHMEHTAIBHBIX CTEH/IOB C HCTIONb30BAHIEM JIEASHBIX OOKOB.

2) UcnibITanye OTHOPa3MepHBIX pa0odiX POTOTHIIOB B YCIOBHSX JICASHBIX CKBAXKHH, Ha 0a3e yaeOHO-
HaygHoro nomurona «Cabmuuoy» Cankr-IlerepOyprckoro ropHoro yHuBepcutera (JleHHHTpaznckas o0macTs,
Poccnst). KoHCTpyKims CKBaXKHH M MX TEXHOJNOTMYECKIE BO3MOKHOCTH Pa3pabOTaHbI ¢ YUETOM TOCTOMHCTB
1 HeZOCTAaTKOB MPEIIECTBYIOMHX NPOeKToB. KimMarniyeckne kaMephl, B KOTOPBIX PACTIONOKEHBI CKBAXKHHBI,
paccUMTaHbl Ha PETYINPOBAHKE TEMIEpaTyp B ckBaxuHe B quanasone ot —2 °C no —70 °C. IIpennoxennoe B
paboTe SKCIIepHMEHTATBHOE COOPYKEHHE O3BOIUT HPOBOAUTE MIMPOKHIA KOMILIEKC HCIIBITAHHIT 000pyI0BaHAS
ISt TIOTSIPHBIX yCTIOBHIA.

3) IlpenBapuTenbHbIC HCIBITAHUS 000PYOBAHNS B CKBaXKHHHBIX YCIOBHSX Ha 0a3e MOJICPHI3HPOBAHHOTO
OypoBoro kommuiekca uM. b.b. Kynpsimosa Ha cranuum Boctok, AHtapktuna. McnsitaHue pa3paboTaHHOTO
0060pyOBaHNS B YCIOBHSAX CKBOXKHHBI 51" O3BOJIMT OLCHUTH padoTy YCTPOICTB B PEabHBIX YCIOBHSAX MEpes
UX BHEIPEHHEM B Pab0UyI0 IKCILTyaTarHIo.

JaHHBI KOMIUIEKC CPEJICTB 110 HCTIBITAHUIO 000pY0BaHHS OyIeT CIOCOOCTBOBATE PEIIEHHIO MHOKECTBA
HAayYHBIX U MPAKTHYECKUX 3371ad, CBI3aHHBIX HE TOJIBKO C HCCICTOBAHUAMY B AHTapKTHJE, HO H MPOSKTaMH,
pea3yeMbIMH B apKTHIECKUX PETHOHAX.

Karouessle ciioBa: AHTapktua, OypeHue JeTHIKOB, OypOBbIe TEXHOIOTHH U 000pYI0BaHNUE, JIEASHBIE CKBa-
JKUHBI, CKBaXKUHA 51, SKCIIEPMMEHTANBHBIN CTEH]]

Jast uurupoBanus: Ignatev S.A., Bolshunov A.V., Shishkin E.V., Rakitin 1.V., Kadochnikov V.G., Klimov V.Ya.
Conceptual project of a center for testing technologies and technical devices for glacier drilling. IIpotnems
Apxmuru u Anmapxmiu. 2024;70(4): 541-553. https://doi.org/10.30758/0555-2648-2024-70(4)-541-553
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The uppermost water horizon of subglacial Lake Vostok
could be microbial DNA-free, as shown by Oxford Nanopore
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Abstract. The research aimed to search for microbial life in subglacial Lake Vostok. This was done by
examining the uppermost layer of water that entered the borehole and froze after the lake was accessed. The
sample was collected from a depth of 3721 m and consisted of water-frozen re-cored ice. It underwent thorough
decontamination and was melted successively in cold and cleanroom facilities. Genomic DNA was then isolated
and amplified using v3-v4 16S rRNA bacterial gene region-specific degenerate primers. The Sanger method and
high-throughput Oxford Nanopore sequencing were used to sequence the amplicons generated. The Sanger DNA
analysis revealed 16 bacterial phylotypes, and only one of them, 3721v34-24, met all the contamination criteria.
This phylotype was the dominant one, making up 41.4 % of the clones and consisting of three allelic variants.
However, it remained unclassified and showed 87.7 % similarity to the closest GenBank entry, Mucilaginibacter
daejeonensis NR_041505 of Bacteroidota (family Sphingobacteriaceae). The Oxford Nanopore technology
generated 21067 reads for the 3721m sample and 3780 for the control one. Among these, 7203 (34 %) and
1988 (53 %) reads for the ice sample and the control one were classified with 93 % accuracy. For the 3721m
sample, 21 bacterial phylotypes were identified with an abundance above 0.5 %. Fifteen were identical to the
Sanger findings and identified as contaminants. The remaining six were different, either found in the control
Nanopore trial or were apparent contaminants. The discovery of phylotype 3721v34-24 in the lake water by
Sanger sequencing was unexpected. However, it was later detected in the 3721m sample and control experiments
using nanopore sequencing, indicating it was also a contaminant. Thus, the research suggests that the topmost
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water layer in Lake Vostok may not contain any microbial DNA. Additional frozen-water samples are currently
being analyzed to investigate the issue further.

Keywords: Antarctica, contamination, deep ice coring, frozen lake water, lake unsealing, microbial communities,
nanopore sequencing, subglacial Lake Vostok
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Introduction

Lake Vostok is a giant (270 x 70 km, 15800 km? area), deep (up to 1.3 km) freshwater
liquid body buried in a graben beneath a 4-km thick East Antarctic Ice Sheet with the
temperature near the ice melting point (around —2.5 °C) under 400 bar pressure. It is
exceptionally oligotrophic and poor in primary chemical ions (compared with the surface
snow), under high dissolved oxygen tension (in the range of 320—-1300 mg/L), with no light,
and sealed from the surface biota about 15 Ma ago [1, 2]. Lake Vostok has a breathtaking
history of discovery [3] — starting from assumptions in the 1960s and finishing with
complete certainty [4].

Regarding microbiological studies, only our team has worked on ‘borehole-frozen’
lake water following several cases of lake unsealing. In addition, we are the first to use
high-throughput sequencing technologies to recover possible microbial communities
in Lake Vostok. Nevertheless, cell concentrations and Sanger finds were reported
a decade or more ago. However, regrettably, these studies on natural accretion ice did
not adequately address the issue of “foreign” contamination, which is crucial when
analyzing such pristine low-biomass samples [5, 6]. At the same time, there are papers
by the S. Rogers team [7-9] that reported data (cell counts and DNA study) that appear
to be misleading because of contamination issues linked to the limitation of optical
microscopy (number of fields to scan) and inappropriate methods implemented (e. g.,
for DNA isolation, MinElute Virus Spin Kits (QIAGEN, Valencia, CA) were used,
which, however, cannot break down all the bacteria). This applies to a recent paper
[10], which used an unclear ice sample source and flawed methodology (again, for
DNA isolation, MinElute Virus Spin Kits (QIAGEN, Valencia, CA) were employed).
Anyway, it would be incorrect to compare studies performed on natural accretion lake
ice (due to the features of ice formation—about 1cm per year, and consequent matter
fractionation). Those of “borehole-frozen” lake water speedily flow into a borehole from
the upper-most water horizon (as with our sample 3721).

Water-frozen (in a borehole) samples have been shown to feature very dilute
cell concentrations — from 167 to 38 cells per ml. So far, the 16S rRNA gene Sanger
sequencing has yielded three bacterial phylotypes, all meeting numerous contamination
criteria. Two phylotypes were reported earlier [11] — the still unidentified and
phylogenetically unclassified phylotype w123-10, likely belonging to Parcubacteria
Candidatus Adlerbacteria, and 3429v3-4, which shows below-genus level (93.5 %)
similarity with Herminiimonas glaciei of Oxalobacteraceae (Betaproteobacteria). The
third find (phylotype 3698v46-27) has proved to be conspecific with several species of
Marinilactobacillus of Carnobacteriaceae (Bacillota), featuring very similar 16S rRNA
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genes. Among them is M. piezotolerans, isolated from a 4.15 m deep sub-seafloor sediment
core collected at 4790.7 m deep Nankai Trough [12].

Our purpose was to search for microbial life in the subglacial Antarctic Lake Vostok
by analyzing the uppermost layer of the water that entered the borehole following the lake
unsealing at a depth of 3769 m from the surface [13]. The current study aims to re-evaluate
microbial finds in a 3721 m borehole-frozen lake water sample obtained with Sanger sequencing
applying the high throughput Oxford Nanopore sequencing technology. This technology is now
regarded as an attractive tool for studying microbial communities (metataxonomics), even in
field conditions [14 and references within], including Antarctica [15].

Materials and methods

The water sample studied was 3721 m deep borehole-frozen re-cored ice (Fig. 1).
It was thoroughly decontaminated and melted in cold and cleanroom facilities [16], and
the genomic DNA extracted [16] was amplified with 16S rRNA bacterial gene v3-v4
region-specific degenerate primers Merk-341F and Merk-805R [17] for 31+26 cycles
using FastStart polymerase (Roche, USA) at 53 °C annealing temperature. The amplicons
generated were sequenced by the Sanger technique (Beagle, Saint-Petersburg, Russia).
The negative PCR was used as a control.

It is worth noting that the ice segment was rather clear/transparent but had a faint
smell of kerosene.

Fig. 1. 5G-3N borehole frozen lake water sample (3720.32-3720.75) as a moon-shape segment.
The arrows point to the same ice segment (frozen water)

Puc. 1. Kepn 1p1a 3amep3meii Boast (3720,32-3720,75 m) u3 ckBaxxkuns! ST'-3H.

BuHa «OMyIyHHAs» CTPYKTypa B pe3y/bTare OTKJIOHEHHS CKBOKHMHBI IPU IIOBTOPHOM OypeHHH.
CTpenky yKa3bIBalOT Ha CEIMEHT JIb/[a 3aMepLICH BOIbI

The MinlON device equipped with Flow Cell R9.4 was used for nanopore sequencing.
The sequencing run was operated by MinKNOW software (Oxford Nanopore, UK). The
sequencing was performed with libraries prepared for 16S rRNA gene v3-v4 region
amplicons (about 485 bp). The corresponding kits were implemented — to repair amplicon
ends (NEBNext Ultra II End repair/dA-tailing Module reagents E7546), ligate barcodes
(Native Barcoding Expansion 1-12 EXP-NBD104), and then sequencing adapters (Adapter
Mix II AMII). All these and further steps (like loading the libraries in a flow cell, etc.)
followed instructions provided by Oxford Nanopore Technologies. The sequencing was
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run for 72 hours. The Fast5 files obtained were basecalled under the “high accuracy”
option with trimming barcodes using MinKNOW software. The resulting FastQ files were
processed with EPI2ME software (Oxford Nanopore, UK). The Min similarity score was
settled at 88 % (given the PCR primers comprise about 9 % of the total amplicon length).
Further work was performed on classified reads using GenBank entries.

Results and discussion

Sanger sequencing

The DNA analyses revealed 16 different bacterial phylotypes with a low gene library
coverage of 55.2 %, indicating significant biodiversity (Table 1). Of these, only one
phylotype, 3721v34-24, met all the contamination criteria [16], including the Contaminant
Library, which consists of 329 16S rRNA gene phylotypes.

Phylotype 3721v34-24 was the dominant one, making up 41.4 % of the clones and
consisting of three allelic variants. It was taxonomically unclassified — showed 87.7 %
similarity (below the family level) with Mucilaginibacter daejeonensis NR 041505 of
Bacteroidota (family Sphingobacteriaceae). Some DNA clones with identical sequences
were found in GenBank, such as uncultured unidentified Bacteroidetes DQ316809
from uranium-contaminated sediment in the USA. Additionally, more sediment clones
were found with only a single mismatch, for example, KC431957 and DQ404664, both
unidentified. As a result, the new lake-water phylotype was identified as an unclassified
“sediment-loving” bacterium and was assigned to the new Bacteroidota phylum for the
lake inhabitants. Therefore, the newly discovered bacterial phylotype [18] and the three
previously recorded phylotypes may represent indigenous cell populations in Lake Vostok.

Table 1

3721 m sample vs. Control amplicons in Sanger vs. Nanopore sequencing

Tabruya 1

Oopa3zen Jabaa 3721 M B cpaBHEHUH ¢ KOHTPOJIEM HAHOIIOPOBOI0 CEKBEHUPOBAHUS
U pe3yJIbTaTOM ceKBeHHpoBaHus no CIHmKepy

NANOPORE . NANOPORE .
Sanger Taxa classified Conclusion
No 3721 m Control (closest by DNA similarity) 3721m Status
(reads/%) (reads/%)

1 |Cont +2 3721v34-63 15 Hyphomicrobium denitrificans 844 Cont
(-12) 0.85 12.70

2 |Cont_+2 3721v34-60 136 Sphingobium yanoikuyae 839 Cont
(-19) 7.69 12.62

3 |Cont 3721v34-30 172 |sphingomonas echinoides 822 Cont
9.73 12.37

4 |Cont_3721v34-86 235 Cloacibacterium normanense 784 Cont
13.29 11.79

5 |Cont _3721v34-105 26 Novosphingobium gossypii 303 Cont
1.47 4.56

6 |Cont _3721v34-111 1 read |Corynebacterium 300 Cont
tuberculostearicum 451

7 |Cont _3721v34-122 ND Psychrobacter cibarius 246 Cont
Fermented seafood 3.70

8 |Cont 3721v34-29 13 Acinetobacter junii 141 Cont
0.74 2.12
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End of Table 1
Oxonyanue maon. 1
Sanger NANOPORE Taxa classified NANOPORE Conclusion
No 3721 m Control (closest by DNA similarity) 3721m Status
(reads/%) (reads/%)
9 195.5 %* 8 reads |Novosphingobium 120 Cont
Cont- Naphthalenivorans 1.81
drill 3721v34-17 (Genus level)
10 (Cont_3721v34-117 24 Cutibacterium acnes 99 Cont
1.36 1.49
11 |Cont _3721v34-1 50 Diaphorobacter 94 Cont
2.83 polyhydroxybutyrativorans 1.41
(1546149)
12 |Cont_3721v34-89 12 Phenylobacterium koreense 88 Cont
0.68 1.32
13 |Cont_3721v34-114 1read |Methylobacterium jeotgali 87 Cont
1.31
14 [ND 6 reads |Sphingobium scionense 79 Cont
1.19
15 |Cont_excSK24 ND Staphylococcus warneri 68 Cont
1.02
16 IND ND Psychrobacter immobilis 66 Cont
Human clinical, infection 0.99
17 |Cont_w22-59 17 Rothia amarae 54 Cont
Cont_+16_w23-22 0.96 0.81
18 [ND 8 reads |Cloacibacterium rupense 46 Cont
0.69
19 IND 23 Acinetobacter tjernbergiae 43 Cont
1.30 0.65
20 [ND 11 Sphingomonas kyungheensis 40 Cont
0.62 0.60
21 [ND ND Veillonella rogosae 37 Cont
Human oral microbiome 0.56
87.7 %* ND Mucilaginibacter daejeonensis| 3 (88.8%%*) Cont
+12 3721v34-24 Rice straw 0.04
85.6 %* 5reads |Mucilaginibacter jinjuensis 14 Cont
+12 3721v34-24 (88.8%%*) |Rotten wood (89.4%%*)
0.2

Note. Blastn data (classified reads above 0.5% abundance). Nanopore Control — control trial (sham DNA
isolation/negative PCR, etc); Cont — contaminant (‘Cont_’ in the ‘Sanger’ column means the phylotype
is in our Contaminant Library); ND — not detected; * — similarity score (%); if there is no indication, the
percentage is 98 % or more. Despite the very low similarity score, the Epi2Me Oxford Nanopore software
classified these reads as Mucilaginibacter ssp.

IIpumeyanus. AMIIKOHBI KJIACCU(QUIUPOBAHBI ¢ MCIONb30BaHHeM IporpamMsl NCBI Blastn. [lanubre
TIPUBEACHBI sl BcTpedaeMocTu TakcoHoB 0.5 % u Beimie. B npeanocnenneii KoloHKe TPUBEAECH OKOHYA-
TeIbHBII cTaTyc TakCOHOB. HaHOMOPOBBIM KOHTPOIIb — «xojocTasy» skcTpakuus JJHK/nerarusnas I11P;
Cont — xonramuHanT (‘Cont_’ B IepBoii konoHke “Sanger 3721 m” 03Ha4yaeT, YTO JaHHBIA (HHIOTHII IIPH-
CYTCTBYeT B Hallei Oubinorexe KoHTaMuHaHTOB); ND — He oOHapyxkeHo; ¥ — cxonctBo (%); eciiu HeT
yKazaHuii, To 3HaueHue 98 % U BbIlIe; HECMOTPS HAa OUSHb HU3KOE CXOICTBO (HMKE YPOBHS CEMEHCTBA);
nporpamma s knaccudukanuu (Epi2Me Oxford Nanopore) ¢ ucnons3oBanueM gaHHBIX B GenBank,
KiaccupuIMpoBaia HaHOMOPoBbIe podreHust kak Mucilaginibacter ssp.
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Nanopore sequencing
To clarify the latest finding, phylotype 3721v34-24 from the ice-frozen water core
3721 m was re-tested using high-throughput nanopore sequencing with the same amplicon
for the v3-v4 region of the 16S rRNA gene. This study included nanopore controls (sham
DNA isolation/negative PCR and ‘carry-over’ contamination during nanopore library
preparation) for the first time (see Fig. 2).

Fig. 2. True signal vs. Control in Nanopore
sequencing.

1.7 % composite agarose gel stained with Ethidium
Bromide. L — 100 bp ladder (bright band below —
500 bp in size); C — sham DNA isolation followed
by negative PCR (Ambient RNA-free water); 3721 m
sample amplicon. The recording was performed with
ChemiDoc (Thermo Fisher Scientific, USA), which
allowed us to highlight the band intensity (in red
— overexposure) in trying to detect a signal in the
control lane

Puc. 2. «cTHHHBINY) CUTHAT aMILTHKOHA 00pas3-
na 3721 M B CpaBHEHUU C CUTHAJIOM KOHTPOJIS
(dpaxTHUeCcKH €ro OTCYyTCTBHEM) B HAHOIIOPOBOM
CEKBEHHPOBaHUU.

Hcnonk3oBanu 1,7 % KOMIO3UTHBIN arapo3HbIii relib ¢
OKpammBaHueM stuaueM 6pomuoM. L— 100 1. o. (map
OCHOBAHHIT) MapKep MOJIEKYIISIPHEII BECOB (SIpKHii (ppar-
MeHT cHu3y — paszmep 500 1. 0.); C — KOHTpPOJIBHBIH
aMIUIMKOH («xonoctasy 3kcrpakius JJHK B TILP); am-
IUTHKOH oOpasna 3721 M. JleTeKims CHrHaia BBIIOJHEHA
¢ ucnonb3oBanueM npudopa ChemiDoc (Thermo Fisher
Scientific, USA) ¢ nepeskcniosuumeii curaana (KpacHbIi
I[BET) C LIEIIBIO BBIIBUTH KAKOH-JIOO0 CHTHAJ B KOHTPOIIE

After performing “high accuracy — trim barcodes” basecalling, we obtained 21067
reads for the 3721 m sample and 3780 for the control one (no visible amplicon). Of these,
7203 reads (34 %) for the ice sample and 1988 reads (53 %) for the control sample were
classified with 93 % accuracy. For the 3721 m sample, we identified 21 bacterial phylotypes
above 0.5 % abundance (Table 1). Among these, 15 phylotypes matched Sanger’s findings,
while the remaining six phylotypes were unique to nanopore sequencing and were found
in the control Nanopore trial, indicating contamination. One phylotype unique to nanopore
sequencing, Psychrobacter immobilis, was also considered a contaminant due to its known
origin from a human clinical source [19]. The same was true with Veillonella rogosae
[20]. Therefore, all the 21 phylotypes discovered in nanopore sequencing above 0.5 %
abundance were identified as contaminants (identical to either Sanger contaminants or
control findings). In terms of accuracy, nanopore sequencing (> 97.69 similarity) was found
to be superior compared to Sanger readings (100 % accuracy) for our amplicons (Fig. 3).

Phylotype 3721v34-24 was identified in Sanger sequencing with 12 clones, which
may indicate a population of living cells. This phylotype was detected in the 3721 m sample
with three nanopore reads (0.04 % abundance) and approximately 20 reads for all the three
closely related species. Additionally, it was found in the control sample studied with five
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1: +12_3721v34-24_87.68-Mucilaginibacter_dasjeonensls 100.00 99.04 9952 95928 9928
2: dabfcdb1-3b6a-4293-93ac-d1545181087h_CONTROL 99.04 10000 93.64 9769 9795
3: r-c_bB89629ae-7402-420b-8fee-de2cB8da0573a_CONTROL 99.52 98.64 100.00 88.15 98.19
4: 19cd4690-dE1c-4761-2134-9ce78793252a NANG-LV3721 g99.28 97.69 988.15 100.00 57.91
5: 66003a9h-24fa-42a9-8dcl-bB2f580d4599 NANO-LV3721 99.29 9795 9319 97.91 100.00

Fig. 3. Distance matrix of Nanopore reads (sequences) related to Sanger clone 3721v34-24.
+12_3721v34-24 — Sanger phylotype sequence from 3721 m sample; CONTROL — Nanopore reads from the
control; NANO-LV3721 — Nanopore reads from 3721 m sample; r-c — reverse complement strand

Puc. 3. Marpuna nucranuumii (%) nociae1oBaTeIbHOCTeH HAHOTIOPOBBIX MPOYTSHUN B CPAaBHEHHUH C
kj10HOM 110 Camxaepy 3721v34-24.

+12_3721v34-24 — ¢unorun no Comxaepy obpasua 3721 m; CONTROL — HaHONIOPOBEIC HPOYTEHUS KOH-
TposibHOTO arukoHa; NANO-LV3721 — HaHOMOpOBBIE MPOYTSHUs aMILTMKOHA oOpasia 3721 m; r-c — «o0-
parHo-KomIuieMeHTapHas» HuTh JJHK

reads, although this species was not identical but only closely related to Mucilaginibacter
jinjuensis. Even when using the “super-accurate” option for basecalling, the 3721 m sample
yielded only five reads.

In contrast, when seven additional nanopore controls from other sequencing
experiments were examined for Mucilaginibacter spp., these species were represented
by significantly higher read numbers, with 23 reads for Mucilaginibacter daejeonensis
and 424 reads for the closely related Mucilaginibacter jinjuensis (Table 2). This suggests
that they may be contaminants.

Table 2

Mucilaginibacter spp. — related phylotypes in Sanger and Nanopore sequencing,
including control trials
Tabnuya 2

®uiorunel, cxoaubie ¢ Mucilaginibacter spp., B cekBenupoBanuu nmo Cymkepy
U HAHOIIOPOBOM CEKBE€HHPOBAHMH, BKJIIOYAsi HAHONMOPOBBI KOHTPOJIbL

Controls Taxa LV3721 LV3721
Max reads Nanopore reads Sanger finds
23 Mucilaginibacter daejeonensis* | 3 (88-91 % similarity) | 87.7 % + 12_3721v34-24
424 Mucilaginibacter jinjuensis* |14 (88-91 % similarity) | 85.6 % + 12_3721v34-24

*— Despite a very low similarity score (below family level), the Epi2Me Oxford Nanopore software
classified these reads as Mucilaginibacter ssp.

* — HecMoOTpst Ha OYEHD HU3KOE CXOACTBO (HUKE YPOBHSI CEMEHCTBA), IIpOrpamMMa Jitsl KitacCHHUKaIin
(Epi2Me Oxford Nanopore) ¢ ucrnons3zoBanneM aaHHbix GenBank knaccuduimpoBana HaHOTIOPOBBIE
npoutenus kak Mucilaginibacter ssp.

Phylotype 3721v34-24, linked to Mucilaginibacter daejeonensis, was discovered
in Sanger sequencing [18]. However, it cannot represent findings from Lake Vostok. The
lake’s uppermost water layers may be free of microbial DNA [21]. Additional frozen water
samples, 16S rRNA gene regions, and other Sanger findings are currently being processed
through nanopore sequencing to resolve this issue.

The assumption that the Lake Vostok water body, especially its uppermost layers,
could be free of microbes is not as unusual as many people might think. The belief that
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microbes inhabit the Earth in all possible places may not apply to exceptional cases
such as Lake Vostok. The only factor that can prevent microbes from living there is
the extremely high oxygen levels, which have been calculated but not yet measured. If
the estimated values of around 800 mg/L [22] are accurate, then no life as we know it,
including environmental DNA, should be expected to be found there. The lake could be
considered a “cold oxygen reactor” (quoting Chris McKay). Despite life’s ability to adapt
quickly to environmental changes (e.g., the lake’s ice cover), it may not withstand them
and could become extinct following the Gaian bottleneck hypothesis [23].

Conclusions

Interpreting the findings carefully when analyzing ice/snow samples for microbial
content with very low biomass is essential. The high throughput Oxford Nanopore
sequencing technology allows one to more precisely identify previously discovered
phylotypes. Thus, our research has revealed that phylotype 3721v34-24, previously
recovered by the Sanger technique and thought to be related to organisms from the lake,
has turned out to be a contaminant. The study also suggests that the status of three
bacterial phylotypes identified earlier (100 % — Marinilactobacillus sp. of Bacillota,
family Carnobacteriaceae) (< 86 % known taxa, Parcubacteria Candidatus Adlerbacteria),
3429v3-4 (93.5 % — Herminiimonas sp. of Betaproteobacteria, family Oxalobacteraceae)
and thought to represent native cell populations in Lake Vostok [11, 12] is unclear and
needs to be further investigated.
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Kondaukr nnrepecoB. KOHQIUKT HHTEpECOB OTCYTCTBYET.

®uHa"HcupoBaHue. PaboTa BHINONIHEHA YaCTHYHO B paMKaX I'OCYapCTBEHHOTO
3amaHust MUHHCTEPCTBA HAayKU U BRICIIETo oOpaszoBaHus Poccuiickoit @eneparun (Tema
Ne1023031500033-1-1.6.7;1.6.4;1.6.8 «DyHKUMOHANBHASL U CTPYKTYpHasi OpraHu3alus
CJIOXHBIX, MYJIFTUKOMITOHEHTHBIX OMOJIOTHIECKHUX CUCTEM U MX IWHAMHUKA») U YaCTUIHO
npu (UHAHCOBOH mojiep ke MUHUCTEPCTBA HAYKH U BEICIIETO 0Opa3oBaHus Poccuiickoit
@enepanyn B paMkax IIporpaMMel pa3BUTHS YpaabCcKoro (eepalbHOrO YHUBEPCHUTETA
umenu nepsoro [pesunenra Poccuu b.H. EnblinHa B COOTBETCTBUU € MPOrpaMMOM CTpa-
TErMYECKOro akagemuueckoro aunepcrsa «IIpuoputer-2030».

Baaronapuoctu. Beipaxxaem 6marogaprocts PAD (B.B. Jlykuny), AAHUU (B.4. JIu-
neHkoBy U A.A. Exaiikuny), a Takxke rpymre 0ypoukos u3 Cankrt-IlerepOyprckoro rop-
HOTO YHUBEPCHTETA 3a MPEAO0CTABICHHE 00pa3IoB JIbJa 1 HEOOXOMUMYIO MH(OPMAITHIO.
Ocobas npuzHarensHOcTh Hukonaro ViBanoBudy BacmiibeBy, 6e3 BKiIaga M aKTHBHOCTH
KOTOpOTo paboTa OblLTa OBl HEBO3MOXKHA.
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Annoramus. Llensro nccenoBanys ObLT TOMCK MEKPOOHOM JKI3HH B IOTCTHIKOBOM aHTApKTHIECKOM 03epe
Bocrok myTem n3yueHus BEpXHEro CI0s BOJbL, MONMABLICH B CKBAKUHY M 3aMep3llIei B Hell mociie Toro, Kak
03epo 06110 BckpbITo. OOpasert OB MOTydeH 13 CKBRXKHHBI Ha ITyOHHe 3721 M 1 COCTOSIT M30 JIba 3aMep3IIeit
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C.A. Bynam, O.HU. Anocosa, A.I1O. L]eemxosa, A.B. [llesyos
Bo3MoskHast cTepHILHOCTD BEPXHETO BOJHOTO TOPH30HTA MOAJIEIHHKOBOI0 AHTAPKTHYeCcKoro o3epa BocTok...

03epHOi Bobl. OH ObLI TIATEIBHO JAEKOHTAMUHHPOBAH, PACIUIABICH B YHCTOM HIOMEIICHUH, H BBIICICHHAS
resomuasi JTHK 6buta aMmmnuimpoBana ¢ UCIONB30BAHHEM BHIPOXK/ICHHBIX MPAiiMEPOB, CICLUMUYHBIX I
obmactu v3-v4 6akrepuanbHbix reHoB 16S pPHK. [lns cexBeHHpOBaHUS MONTYYEHHBIX aMILUTUKOHOB HCTIONB30-
Basi MeToz CoHIKepa M TEXHOJIOTHIO BBICOKOMPOU3BOAUTENbHOTrO cekBeHnpoBatus Oxford Nanopore. Ananus
JTHK o merony CaHmkepa BbIABUI B 001LIeH CIOKHOCTH 16 GakTepHaIbHbIX (HIOTHIIOB, H3 KOTOPBIX TOJIBKO
omuH ¢unorur, 3721v34-24, mpomien Bce KPUTEPHH HA KOHTAMIHAIIMEO. DTOT (QHIOTHII ObUT JOMUHHUPYIOIIHM
¥ BKITI09al 41,4 % KIOHOB C TpeMs aJlIebHBIMH BAPHAHTAMH, HO OCTaJICS HEKIACCH(QHIPOBAHHBIM, TIOKa3aB
87,7 % cxoncrsa ¢ Gimkaiimum Takconom B GenBank Mucilaginibacter daejeonensis NR_041505 u3 dumyma
Bacteroidota (cemeiicto Sphingobacteriaceae). Texuomnorust Oxford Nanopore cexBenupoanust gana 21067
npouteHnit 11 oopasua 3721 M u 3780 mpoutenuit ws koHTpons. M3 Hux 7203 (34 %) u 1988 (53 %) mpoure-
HUH U1 06pasma JIb1a B KOHTPOIIS, COOTBETCTBEHHO, OBUTH KIaCCH()HIUPOBAHBI ¢ aKKypaTHOCTBIO 93 Y. s
o0pasma 3721 m 66 naenTHHIEPoBaH 21 GaKTepHaNbHBI (PUIOTHII C YUCICHHOCTHIO TaKCOHOB BbIIe 0,5 %.
TIsaTHAAUATE U3 HUX OKA3aJIHCh OOIIMMHU ¢ Haxoakamu 1o CIHTepy, a OCTaJIbHBIC LECTh ObLIH YHUKANbHBIMH,
HO TIPUCYTCTBOBJIM B HAHOTIOPOBOM KOHTPOJIE WJIH OKAa3aJIMCh OYEBHIHBIMH KOHTaMHHAHTaMH. [IMTHauaTh
(MIIOTHIIOB, COBMA/AIOIIMX C TaKOBbIME 110 CaHIKEpY, ObUIM ONpEeIIeHbl Kak KOHTAMUHAHTBL. DHIOTHII 110
Conmxepy 3721v34-24, KoTOPBIi CYUTAICS ICTUHHON HAXOKOU IS BOJIBI 03¢pa, B HAHOIIOPOBOM CEKBEHHPOBA-
HuH ObUT 00HAPYKEH Kak B o0pasie baa 3721 M, Tak # KOHTPOJIE, T. €. ObLI TaKXKe OTHECEH K KOHTAMHHAHTAM.
Takum 00pa3oM, caMblil BEpXHUI TOPU30OHT BOIBI B 03epe BocTok Moxer He comepxkars MukpobHoit [JHK.
JI1s1 IPOSICHEHHM S 3TOTO BOMPOCA HPOBOAATCS JATbHEHILINE HCCICA0BAHNS 3aMEP3LIHX B CKBAXKUHE POO BOIBI.

KiroueBble cioBa: AHTapKTHIa, BCKPBITHE 03€pa, ITy0oKoe OypeHue BO JIbY, 3arpsA3HEHHE, 3aMep3Ias 03epHas
BOJIa, MHKPOOHBIE COO0IECTBA, HAHOIOPOBOE CEKBEHUPOBAHHE, TIOMICAHIKOBOE 03ep0 BocTok
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