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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, [.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 [.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 3750 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

Arctic and Antarctic Research. 2024;70(4):460—476. 463



The results of the US complex RES made it possible to substantiate the earlier

C.B. llonos, A.C. boponuna, A.A. Exaiikun, A.B. Knenuxos, I'JI. Jleuuenkos, B.A. Jlunenkos, B.B. JIykun u op.
assumption that the basin of Lake Vostok is a long-term rift graben filled with sediments

I[l/lCTaHIIPIOHHBIe HCCJICAOBAHUA U MaTEeMaTHYE€CKOEe MOICJIMPOBAaHUE 03€pa Bocrok...

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].

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

of the Late Mesozoic to Cenozoic age [21, 37, 38]. These conclusions about the deep
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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 Universitidt Dresden — Institut fiir Planetare
Geodisie). 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 — Italian 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 pacrnonoxeHus reopusndeckux paboT B paiioHe o3epa BocTok.

] — oredecTBEHHbIC Ha3eMHBIE PaJNOJIOKALIHOHHBIE HCCIENOBAHHS; 2 — PETHOHAIBHBIE MapIIPYTHl KOM-
IeKCHOM asporeodusnueckoii créMkn CCCP (1987 1.); 3 — komiuiekcHble asporeodusnueckue padorsl CIITA
(MarHATOMETpPHYECKHE, IPaBUMETPHICCKHE H PAANOJIOKAIIOHHEIC H3MEPEHH, a TAKIKE JIa3epHast AILTHMETPHS;
2000/01 r.); 4 — xoMIuIeKcHbIe adporeodusnaeckne padorsl PNRA (MarauToMeTpHieckue, rpaBUMETPUICCKUE
paanosokanuoHHble H3MepeHus; 1999/2000 r.); 5 — asporeodusndaeckie MapIIpyThl KOMIUIEKCHOH 1aTCKO-aMe-
PpHKaHO-OpHUTaHCKOM a3poreodusnueckoit cheMku 1971, 1974-1975 rr.; 6 — pa6ote CHINARE (Marauromerpu-
YecKHe, TPaBIMETPHIECKHE U paJHOIOKanOHHbIe n3MepeHust; 2015/16 1.); 7 — oTedecTBEHHBIE ceiicMuIecKue
sonaupoBanus MOB (1995-2008 rr.); 8 — oTeuecTBeHHBIe celicMudeckue 3oHaupoBanust MOB (1950-1960-e
IT.); 9 — oTedecTBeHHbIE 30HupoBanust MOB3; /() — oredectBenHble npoduinn MIIB; 1/ — GeperoBast TMHUS
o3epa Boctok; /2 — crabuiibHbIC MOAJICIHUKOBBIC BOIOEMbI; /3 — aKTHBHBII MOUICAHUKOBBINA BogoeM v2(0);
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

Arctic and Antarctic Research. 2024;70(4):460—476. 467



C.B. [lonos, A.C. boponuna, A.A. Exatikun, A.B. Knenuxos, I'JI. Jletiuenkos, B.A. Jlunenxos, B.B. Jlykun u op.
JlMCTaHIHOHHBIE HCCIEJOBAHMSI M MaTeMaTHUecKoe MoJeTHpoBaHue 03epa BocTok...

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 Nol1767-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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Pacuupennslii pedepar

B cratbe npencrasnen 0630p Uccie[0BaHMI, BBITOTHEHHbIH K HACTOSAIIEMY BpEMEHH B paifoHe MOIeIHIKOBOTO
o3epa Boctok (Bocrounas Antapkruaa). OHu BKITIOYAIOT B ce0st reopu3nuecKue, MISIHOI0rHIeCKHe, Fe0Ie3u-
YecKHe M reoiornyeckue ucenenosanus. Hanbonee BakHble reou3nueckue NCCIeI0BaHNs ObLIH POBE/ICHb!
[onsipHO#t MOpCKOI TeoI0ropa3Be0UHOI SKcnenuueil. OHM BKIIOYaNH B ce0sl ceiicMUUIeCKUe HCCIIeI0BaHMS
METOJIOM OTPAXKEHHBIX H TIPETOMIICHHBIX BOJIH, 4 TAKXKE PAAHOJIOKALMOHHOE TPOQHINPOBAHHE. SHAYUTEIbHBIH
BKJIaJl B M3yUEHHE 3TOTO PErHOHA BHECIN aMEPUKAHCKHE MCCIIEN0BATENN, KOTOPBIE B XOJIE IETHETO MONEBOTO
ce3ona 2000/01 r. mpoBesH KOMILIEKCHYO a9pOreoH3nIecKyr0 CheMKY 0 Pery/spHOii cetn MapipyToB. OHa
BKJIIOYAIIa B ce0st MarHUTOMETPHYECKUE, TPABUMETPUYECKHE U PaHOOKalMOHHbIE H3Mepenus. B pesynbrare
9THX paboT YCTaHOBIIEHO, YTO IUIOLIA/Ib BOJHON MOBEPXHOCTU cocTaBisieT 15790 kM?, a ee BbICOTa HAjl ypOB-
HeM Mops m3Menstercst B pefenax o —600 go —150 m. Cpexnsist nmyduna o3epa Bocrok cocramsier 400 M,
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C.B. [lonos, A.C. boponuna, A.A. Exatikun, A.B. Knenuxos, I'JI. Jletiuenkos, B.A. Jlunenxos, B.B. Jlykun u op.
JlMCTaHIHOHHBIE HCCIEJOBAHMSI M MaTeMaTHUecKoe MoJeTHpoBaHue 03epa BocTok...

a MakcuMaibHble 0TMeTKH JocTurator 1200 M. O6bem Bombl 03epa coctaBnser 6100 kv®. Ha ero akBaropun
HacuuThiBaeres 11 0cTpoBOB, a MX ofmas miomaas cocrasuser 365 kvm?. Kpome Toro, Bokpyr o3epa ObLIo
00OHapyKEHO 56 M30MMPOBAHHBIX MOJICJHUKOBBIX BOIOEMOB, OIMH M3 KOTOPBIX aKTHBHBIA. Ha HauanbHOM
Tare MPOBOJMIIACH CIELHANTH3HPOBAHHBIC PAOOTHI, HAIPABJICHHbIC HA COBEPILICHCTBOBAHNUE METO/IMKH HCCIIe-
JIOBAHUH ¥ MOBBIIICHUS HX TOYHOCTH. OHH [O3BOJMIIN YCTAaHOBUTD, YTO HEMOCPEACTBEHHO B IYHKTE OypeHHs
CKBaXHUHBI 5T CPe/Hsis CKOPOCTh PACIPOCTPAHEHHUS YIPYTUX BOJH B TEINE JIEIHUKA H B YUCTOM aTMOC(HepHOM
npay (1mactoBast ckopocth) coctasisger 3810 + 20 m/c 1 3920 + 20 M/c COOTBETCTBEHHO; CPEHSS CKOPOCTh
pacnpocTpaHeHUs AIEKTPOMATHUTHBIX BOMH cocTaisieT 168,4 + 0,5 m/Mke. Ha ocHoBe 3THX jaHHEIX OblTa
OIpeieNieHa MOIIHOCT JICIHUKA B 9TOM paifoHe, Kotopas coctaBmia 3768 M. CrienuanbHblil pa3aen mocBsiieH
0030py MaTeMaTHyecKhX MOJENEH, KOTOpBIC OMUCHIBAIOT MPOLECCHl TEILIO- U MACCOMEPEHOCa B JICIHUKE
JBIDKCHUS BOIBI B 03epe Boctok. HoBbIil 9Tan uccienoBaHuil Ha OOHOBICHHON CTAHIMKM BUIMTCS aBTOpaM
KaK MaciITabHble MyJIBTHIUCLUILIMHAPHBIC PAOOTHI ¢ ONMOPOIl Ha Pe3yNbTaThl OYpPEHHs CKBOKHMHBI, BKIIOYAs
I0HHOE 01poboBaHKe. KOHEUHbIM Pe3y/IbTaTOM MOXET CTaTh ONKMCAHKHE IIyOMHHOTO CTPOCHHMS U 3TAIloB pas-
BUTHS PETHOHA,  TAK)KE MATEMATHYECKast MOJIEITb IIPOLIECCOB TEIIOMACCOIIEPEHOCA B JISAHUKE 1 03EPHOI1 BOJE.
U3yuenune ozepa BocTok siBisieTcst 6e3yCI0BHbIM IPUOPUTETOM OTCUECTBEHHBIX HCCIIE/IOBAHMUIT B AHTAPKTHIE.
D10 Haiwio cBoe oTpaxkeHue B «CTpareruy pasBuths JesteibHocTd Poccuiickoit Ddenepaniy B AHTapKTHKE
10 2030 roma», yrepxacHHol [IpaButensctBom PO 19.08.2020. B 3TOM 0CHOBOMONAraromeM T0KyMEHTE,
perIaMeHTHPYIOLIEM BCe Hay4HbIe HCCIIEIO0BAHUS B I0XKHOIT MOIAPHOM obmacth, nmeercst Meporpustue Ne 21
«KoMILTeKCHbIE HCCIIe[0BaHMUS TIOICAHHKOBOTO 03epa BocTok 1 maneoknumara 3emin B paifoHe poccriickoii
AHTAPKTUYECKO# CTaHIMU BOCTOK», U TITaHUpyeMBble PabOThI CICAYIOT B (hapBaTepe MPHOPUTETHBIX HAyYHBIX
3aj1a4 Hallell CTPaHbl B AHTapKTHKE.
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