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Abstract

The article analyses the results of geophysical studies of rift structures in East Antarctic, direct geological surveying of
which is impossible due to a thick ice sheet. A model is proposed for the formation of Lake Vostok depression sug-
gesting its emplacement within the regional transtensional zone. The Lake basin includes the southern longitudinal
graben forming along the main shear and the northwestern basin, which is estimated as a pull-apart structure. Based on
results of the gravity and magnetic field interpretation proposed in the article, the identification and parameters of the
interblock suture zone in the basement of the coastal part of the subglacial Lake VVostok are substantiated. Similarities
in the structure of the Earth’s crust of regional and local structures containing Lakes Vostok and Baikal have been
recorded for a large number of features: spatial correlation with position of regional shear zones; geniculate morphology
of lake basins composed of linear longitudinal depressions parallel to direction of the shear zone and depressions con-
trolled by diagonal fault displacements; relief of adjacent structures; steepness of coasts; high seismicity with earth-
quakes localized along the main axes of fault displacements as well as the Earth’s crust structure of geostructures
controlling these basins. The formation model of rift structures of East Antarctic localized along subparallel shear zones
is presented. To explain the geodynamic nature of rift systems, the model of the upper mantle convective cell is used.
The Vostok, Scott, Aurora, Concordia, Adventure, Wilkes, and Astrolabe depressions form an extensive tectonic zone
approximately 2,000 km long and 1,500 km wide. Tectonic schemes showing localization of the East Antarctic rift
system as well as depressions of the Mesozoic West Transhaikal rift area and the Cenozoic Baikal-Stanovoi rift zone
are presented.
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Introduction

A.P.Kapitsa and colleagues in 1996 [1] were among the first experts to declare the rift nature
of Lake Vostok and the comparability of this structure in terms of localization conditions with
similar formations in Lake Baikal area. In 2005, G.L.Leitchenkov and colleagues [2] identified
an extensive rift system of Mesozoic origin in the Antarctic extending from the Prydz Bay of the
Commonwealth Sea along the Lambert Glacier deep into the continent. A separate link in this
system could be the graben of Lake Vostok. In 2003, M.Studinger and co-authors [3] concluded
that Lake Vostok formed as a result of minor reactivation of an overthrust within the ancient
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(Precambrian) continental collision zone. In 2011, F.Ferraccioli and co-authors [4] put forward
an evolution model of an extensive Late Paleozoic-Mesozoic rift system comprising Lake VVostok
and some other subglacial lakes in East Antarctic.

According to current concepts, Lake Vostok lies within the East Antarctic Craton, the basement
of which is made up of Archean and Early Proterozoic formations aged from 3.9 to 1.6 Ba. In addition,
Mesoproterozoic-Neoproterozoic mobile belts aged 1,200-1,000 and 570-520 Ma, respectively, are
distinguished there [5-7]. Ice cover thickness within the Craton reaches 4 km with rare basement
exposures on the surface in the coastal part of the continent.

In our constructions we proceeded from the assumption of the strike-slip rift nature of the base-
ment of Lake basins, the emplacement of which was initiated by the Cenozoic geodynamic processes
in the boundary geostructures of the corresponding continents (subduction processes in the boundary
zone of West Antarctic and the Himalayan-Tibetan fold belt in Eurasia) which, from our point of
view, are the source of modern tectonic destruction of lithosphere in internal zones of the ancient
continent.

Methods and objects of studies

Deep structure of the Earth’s crust in the area of Lake Vostok. Previous geological and geo-
physical [8, 9] and remote survey and the results of scientific generalizations [10-12] were analysed.
In the course of the Fourth Integrated Antarctic Expedition of the USSR Academy of Sciences
(1958-1959), Soviet polar aviation pilot R.V.Robinson, having conducted visual observations, was
the first to identify flat areas of the ice surface near the Vostok Station, which he called a lake [13].
Subsequently, based on results of a comprehensive analysis of materials from the Soviet seismic
soundings, the British-American airborne radar surveys and satellite altimetry measurements from the
1950-1990s, this event was officially recognized as the scientific discovery of Lake Vostok [13, 14] and
determined further expansion of geophysical and drilling operations [15-17].

Integrated aerogeophysical studies comprising magnetic, gravimetric, and radar surveys,
were accomplished by a team of American scientists with support of the US National Science Foun-
dation [9]. According to gravimetric data, two negative anomalies are distinguished within the Lake
water area: a gravity minimum with intensity of 115 mGI corresponds to the southern depression,
a negative anomaly of 90 mGI corresponds to the northern depression. According to gravimetric
modelling data, an ancient sedimentary basin to 10 km thick was distinguished in the area of Lake
Vostok [3]. In the magnetic field, the Lake is predominantly localized in the area of negative values.
A large linear alternating-sign magnetic field anomaly is traced along the eastern coast of the Lake.
The intensity of the negative part of the anomaly reaches —300 nT; of the positive one, +700 nT.

Systematic study of Lake Vostok area using reflection seismic and radar methods began in
1995 [18]. During the 2009-2013 Antarctic seasons, the Polar Marine Geological Exploration Expedition
ran four experimental seismic lines in the area of VVostok Station using the refraction method [8]. Based
on the presence of reflectors in the seismic section, bottom sediments were identified, the thickness
of which, according to these data, was estimated from tens to two hundred meters. Such a small
thickness of sediments in Lake VVostok against more than five-kilometre thickness in the Late Paleo-
zoic-Mesozoic Lambert Rift graben, according to G.L.Leitchenkov and co-authors [8], pointed to
its relatively younger age, not exceeding 34 Ma — formation time of the permanent ice sheet in the
Antarctic [19].

East Antarctic is considered as a stable craton; however, its modern tectonic activity is weak.
The active state of the shear zone marking the eastern tectonic boundary of the Lake is evidenced by
a series of low-amplitude earthquakes confined to it, the hypocentres of which, according to earth-
quake catalogues, are at depths of about 10 km [3]. Contemporary, though low, seismicity of this
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S—N 260 750 shear zone can be a source of hydrothermal

activity of the Lake [2]. The detection of sul-
phide materials in cores of accretionary ice is
also indicative of the flow of thermal energy
into the Lake.

Age of the basement of Lake Vostok
is widely debated. Complexes of different
ages can occur there, from formations of the
Archean protocraton to sediments of the an-
cient continental margin and Meso-Cenozoic
volcanics [2]. Analysis of the composition
and absolute age (by zircons) of rocks on
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— inclusions from the core of accretionary ice

L7 [ o |8 [Z=]7 [—]8 can indicate a possible development of
Neoproterozoic-Early Paleozoic sedimentary
Fig.1. Geological and structural scheme of consolidated strata there [8]

basement of subglacial Lake VVostok area : ) .
1 — complexes of ancient (AR-PR;) crust; 2 — complexes of interblock zone ACCOI’dII"Ig to the accompl ished geophySI'
of Proterozoic; 3 — isobaths of Lake Vostok according to [18]; 4 — earthquake cal investigations, Lake Vostok is a genicu-

epicentres according to [3]; 5 — faults (a — main, b — secondary, ¢ —normal . .
faults); 6 — Vostok Station (borehole 5G); 7 — shear dislocations; late depression approximately 250 km long
8 - calculated line and 50-80 km wide [8]. Average depth of the
Lake is about 400 m [18]. According to the features of deep structure, the Lake depression, which
has a wedge-shaped morphology in the section of the upper crust [3] is divided into two parts: the
southern depression with dimensions 70 x 30 km and an average depth of 900 m; the northwestern
depression with dimensions 150 x 70 km and an average depth of 300 m [18-20]. A characteristic
feature of the structure of Lake depression is a rectilinear morphology of its eastern coast over more
than 200 km, which confirms the conclusion about its tectonic nature. Coastal slopes are steep faults
with an amplitude to 1,500 m. A sinuous western boundary allows presuming its subordinate nature
and a gentler slope. In the course of our constructions, the strike-slip nature of coastal slopes was
presumed.

The relief of adjacent structures west and east of Lake Vostok is very similar to that of the struc-
tures adjoining Baikal: east of Lake VVostok and west of Lake Baikal there is a flat area with a slightly
dissected hilly landscape. From the west, Lake Vostok is framed by the subglacial Vostok Plateau
with a mountainous landscape similar to the relief of Transbaikalia.

Modelling. Complex interpretation of geological and geophysical data (potential fields and their
transformants, subglacial relief based on results of radar and seismic studies, earthquake localization)
was performed using cartographic (including lineament) analysis methods under the assumption of a
rift nature of Lake VVostok and its confinement to the regional left-lateral shear zone extending parallel
to the Transantarctic Mountains in the direction of the outer boundary of the continent. Location of
the main fault dislocations and the composition of the consolidated basement formations are shown
against the background of the subglacial Lake outline and its morphology parameters (Fig.1). Seismic
activity of the modelled regional shear developing along the eastern coast of the Lake can support the
assumption of the shear kinematics of these dislocations. Linear morphology of the eastern coast of
Lake Vostok and its steep slope, combined with indented boundary with numerous bays, isolated
islands and depressions on the western coast [18] further confirms our conclusion that the main fault
develops along the eastern flank of the Lake.
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Fig.2. Section of the upper crust of the southern extremity of subglacial depression of Lake Vostok

1 — observed field; 2 — calculated field; 3 — ancient crust complexes (AR-PR;); 4 — complexes of interblock
zone (PR); 5 — glacial layer; 6 — water layer; 7 — bottom sediments; 8 — faults
(a—main, b — secondary); o — density, g/cm?; y — magnetic susceptibility

Analysis of depression manifestation pattern in potential fields and morphology of the Lake al-
lows distinguishing two different types of structures. The southern depression of the Lake can be
classified as a longitudinal strike-slip structure developing along the main suture. It is characterized
by a size of 70 x 30 km and a depth to 1,200 m. The northwestern depression extends at an angle
of 45° relative to the main shear axis and is characterized by a size of 150 x 70 km with water layer
depths to 600 m [18]. The diagram is supplemented by a reference section of the upper crust con-
structed in the line section in the southern part of the depression as well as diagrams of the anomalous
magnetic field (AT) and the anomalous gravity field (Ag) (Fig.2). Position of the line is highlighted
in the geological structural diagram by a red line (see Fig.1).

Composition of rocks making up the basement of the study area is highly debatable. When
interpreting the anomalous gravity and magnetic fields, it was noted that along the eastern flank of
the Lake depression, a positive gravity field anomaly with an intensity to 50 mGal developed against
the background of negative field values above the Lake and west of it. Along the same zone, a linear
magnetic alternating-sign anomaly with a width of 40-50 km and an extending for hundreds of
kilometres is recorded. Their joint qualitative interpretation allows associating the nature of these
anomalies with the interblock suture zone framing the eastern coast of Lake Vostok.

The upper crust section was modelled using algorithms for solving the direct problem of the
gravity and magnetic fields [21]. At the first stage, parameters of the interblock zone geometry were
calculated using gravimetric selection. Density parameters of geological complexes of the crystalline
crust were assigned with regard for the average values determined for formations of the granite-gneiss
layer (2.75 g/cm?®) and Proterozoic complexes of the interblock zones (2.90 g/cm?3) in the course of
the studies of the Baltic Shield (Fig.2). At the second stage, with geometry assigned after gravimetric
data, the values of magnetic susceptibility were selected for complexes of the ancient crust and
the interblock zone as well as the parameters of residual magnetization of the interblock zone
Jr =—-2.5 A/m; inclination | = 10°; declination D = 5°. The selection ensured a match with an error
between the observed and calculated curves of the gravity field of 3 mGal and the anomalous mag-
netic field of 15 nT.
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Thus, the interpretation of the complex of geological and geophysical data allows assuming that
Lake Vostok has a rift origin with left-lateral shear kinematics. The main fault is confined to the
eastern flank of the Lake. This structure is a fragment of a regional shear zone which shows up in the
Cenozoic tectonics. The Lake formed on the ancient Archean-Paleoproterozoic basement. However,
to confirm the conclusion about the Cenozoic age of the rift zone, it is necessary to consider the
current scientific versions of its genesis and to study in more detail the localization of this zone in the
system of tectonic dislocations in the Antarctic. A comparison with a similar set of factual data and
scientific conclusions on Lake Baikal area seems highly promising.

Geotectonic nature of depression in Lake VVostok area was considered in many scientific studies.
V.N.Masolov and co-authors [22] noted the confinement of Lake Vostok to a deep fault which, in
their opinion, is evidenced by linear morphology and a large size of the Lake depression. The same
data indicate its relatively young age. P.Cianfarra and F.Salvini [23] linked the formation of the rift
graben with development of the regional left-lateral transtensional zone along the ancient tectonic
lineament in the Cenozoic.

Summarizing diverse data on specific features of the shows in geophysical fields of the
Earth’s crust structure enclosing Lake Vostok, it can be stated that this is a depressional extension
structure the first tens of kilometres wide, with a longitudinal segmentation and a geniculate pat-
tern of high-amplitude faults of normal and shear kinematics. Two sub-basins participating in the
modern structure of the Vostok depression have a different geodynamic nature. The southern
depression forming along the main sinistral slip dislocation should be assigned to the longitudinal
strike-slip depression; the northwestern depression at an angle of 45° to the main shear — to the
pull-apart depression type. The Dead Sea graben is considered as a typical object of longitudinal
shear zones. The second type of strike-slip pull-apart depressions is localized at an angle to the
axis of the main shear. An example of this type of depressions is Death Valley [24].

Noteworthy is a significant similarity of tectonic deformations and morphology of depres-
sions mapped in the area of Lake VVostok with these models. The shear identified along the eastern
flank of the Lake is a fragment of an extensive regional shear. To confirm this conclusion, it is
necessary to study in more detail the localization of such a zone in the system of tectonic dislo-
cations in the Antarctic.

East Antarctic. The study of localization pattern of regional tectonic dislocations in East Antarc-
tic was based on the materials of scientific generalizations carried out under the supervision of
G.E.Grikurov, G.L.Leitchenkov, S.V.Popov, F.Ferraccioli, M.Studinger and other researchers.
The working bank set up as layers of the geoinformation system includes data of geological mapping,
remote and geophysical survey, and seismological research materials. Qualitative interpretation of
these materials made it possible to substantiate some new conclusions about the geodynamic nature
of regional dislocations in East Antarctic.

Crystalline basement of inner areas of East Antarctic consists of a mosaic of different Precam-
brian cratons and orogenic structures [4, 25]. Formation of this core of the continent occurred in the
Archean — Early Proterozoic [10]. On the coastal periphery of the continent along its Indian Ocean
coast and in inner zones of East Antarctic, formations of the Precambrian folded areas are mapped
characterized by intense plutonic activity and a high-grade metamorphism [10].

Exposures of ancient substrate along the coast studied using isotope-geochemical dating methods,
show its Archean age in the range of 4.0-2.7 Ba with later reworking. Paleoproterozoic U-Pb
dates (1.8-1.6 Ba) are rare and occur on very small areas [10]. Dates of Neoproterozoic orogeny
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in peripheral zones of the Antarctic are associated with formation processes of the Rodinia su-
percontinent [26]. Mesoproterozoic and Neoproterozoic dates (1.2-0.8 Ba) of the Gamburtsev and
Vostok provinces based on detrital zircons were recorded in ice cores [8]. According to data of
magnetotelluric studies, lithosphere of the Antarctic Craton is characterized by a high-resistivity
section (over 1,000 Ohm'm), total thickness of which exceeds 200 km [27]. Rift destruction
of continental margins after the Jurassic-Cretaceous breakup of Gondwana is evident in results
of seismotomographic studies, which highlight “a thicker lithosphere in East Antarctic and a thin-
ner lithosphere on its coast” [28]. The central area of the Craton is characterized by a uniform,
elevated shear wave velocity field (excess of 2-6 % at depths less than 250 km).

East Antarctic Rift System (EARS). In East Antarctic, linear rift systems are traditionally distin-
guished, traced from the geographic centre of the continent to its coastline. A large number of rift
structures are recorded which control the location of subglacial depressions [29]. Within the frame-
work of this model, rift depressions are equidistant from each other at about 650 km. Many rifts
inherit more ancient structural elements. The origin of the EARS is often associated with intraplate
rifting in the Permian-Cretaceous period caused by the breakup of the Gondwana supercontinent
(about 250 Ma) and the Cretaceous shears (about 100 Ma). Rifts show up as the maxima of the
Bouguer gravity field and local minima of the magnetic field as well as in seismological data [4].

Lambert Rift. Occupies the central place among the EARS systems and serves as a peculiar
axis of symmetry, on both sides of which there are six additional rift zones [4]. Total extent of
the Lambert Rift system exceeds 4,000 km [29]. Morphologically, these are extended valleys 50-
150 km wide and to 500 m deep below the sea level [29]. The results of gravimetric and magne-
tometric modelling show that the Lambert Rift encloses rather thick sedimentary deposits on top
of the thinned Precambrian crust [4]. Formation of this rift system is associated with the Mesozoic
phase of the continental platform extension conditions at the beginning of the split between India
and Antarctic.

Strike-slip rifts on the eastern flank of the EARS. To the east of the Lambert Rift zone, a series
of rifts (Vostok, Aurora, Concordia, Adventure, Wilkes) are distinguished confined to extended linear
dislocations running parallel to the Transantarctic Mountains in the direction of the outer boundaries
of the continent [30].

Vostok and Scott Rift systems. Lake Vostok lies along the boundary of the ancient Archean-
Paleoproterozoic block and the Proterozoic suture zone. The mechanism of Cenozoic reactivation
of this tectonic boundary proposed by P.Cianfarra and F.Salvini [30] is reduced to intraplate
east-west shear deformation in East Antarctic. Linear zone of earthquake hypocentre localization
recorded east of Lake Vostok extends in the direction of the Scott Rift. Interpretation of data on
the anomalous magnetic field (ADMAP-2) [31] and subglacial relief (BedMachine) [32] using
cartographic (including lineament) analysis techniques also allows identifying this linear zone
as a possible continuation of Lake VVostok shear zone. The presence of such an extended zone can
point to existence of a major regional discontinuity in the Earth’s crust reflecting significant
horizontal movements and interaction of lithosphere plates.

Aurora and Concordia rift depressions. A characteristic feature of these depressions is a steeper
slope of the eastern flank compared to the western one. Post-Mesozoic tectonic extension activity is
presumed for these structures [33, 34]. The subglacial Aurora depression together with the Scott Rift
forms a complex system of depressions and is considered as the eastern link of the single Aurora —
Scott rift system. Earthquake epicentres are recorded in the Aurora depression [29].

The Adventure rift depression is confined to the left-lateral shear with a transtensional compo-
nent. The depression reaches a thickness of about 4 km under the ice [30]. The trough extending in
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the north-northwest — south-southeast direction for 250 km and 60 km wide adjoins the western flank
of the Wilkes subglacial basin [35]. In section, the rift has the morphology of a half-graben: the
eastern slope is also steeper than the western one. Listric morphology of the Adventure fault with
a vertical displacement to 2.5 km is presumed.

In article [35], based on gravity modelling, the depression is interpreted as a narrow rift basin
with the crust thinned to 25 km and underlain by sediments with a total thickness to 10 km. The
proposed Cenozoic extension is partly superimposed on a more ancient structure formed in the Per-
mian to Cretaceous [30]. The offset between the old basin and the modern asymmetric depression
indicates that the formation of the depression was caused by younger (Cenozoic) tectonic processes.
Radar studies showed the morphology of an asymmetric graben [30]. The vertical offset along the
main fault reaches 2.5 km [30]. Formation of the rift depression is related to the setting of the Meso-
Cenozoic intraplate extension [3, 35] similar to the modern Baikal Rift System [30].

Wilkes Land rift systems. Glaciers to 3 km thick are underlain by deep troughs (to 2,500 m below
the sea level) with steep flanks. According to radar data (RADARSAT), this region is characterized
by echeloned subparallel depression systems of northwestern strike extending for 30 to 250 km.
Geodynamic environment of the Wilkes subglacial basin formation and its tectonic association with
evolution of the Transantarctic Mountains are the subject of discussions [30]. D.A.Golynskii and
A.V.Golynskii in article [29] classify them as complex rift structures, in the section of which Permo-
Triassic deposits also occur. At the same time, they could inherit the extended (> 1,200 km) Neopro-
terozoic system of paleorift basins, which is marked by a distinct magnetic minimum and a positive
anomaly in the Bouguer reduction. Recent rift activity is manifested by the confinement of numerous
earthquake foci to them.

Thus, subparallel shear structures on the eastern flank of the East Antarctic Craton, along which
the Vostok, Scott, Aurora, Concordia, Adventure, and Wilkes depressions are localized, form an ex-
tensive tectonic zone of Cenozoic expansion about 2,000 km long and to 1,500 km wide, possibly,
partly inheriting more ancient structural and material inhomogeneities of the Earth’s crust with an
age from the Riphean to the Cretaceous. In the seismological model AN1-S [36], one of the most
contrasting anomalies of low values of shear waves velocity in the upper mantle (75 and 150 km)
partly corresponds to this area.

Characteristic features of depressions on the eastern flank of the EARS (Vostok, Aurora, Con-
cordia, Adventure) are linear morphology and semi-graben geometry with a steeper eastern slope
compared to the western one. Faults in the section of the upper crust have displacement amplitudes
of adjacent crustal blocks of the first kilometres. Their recent tectonic activity and morphology indi-
cate that they are caused by tectonic extension processes that affected this region in the Cenozoic.
Similar asymmetries were discovered from radar data in West Antarctic [30].

Transantarctic Mountains (TAM). They are a fundamental part of the Antarctic continent dividing
it into East and West Antarctic. They extend for 3,500 km, and the relief differences within their
limits reach 4 km [37]. A fragment of the regional magnetotelluric profile corresponding to the TAM
shows a fundamental change in infrastructure of the section of electrical resistivity at the boundary
of West and East Antarctic [27]. Geodynamic nature of the TAM is a subject of heated debate. The
common feature of the alternative models by A.G.Smith and D.J.Drewry [38], P.Wannamaker and
co-authors [27], W.Shen and co-authors [39], R.Granot and B.C.Storey [40] was the thermal source
and rift nature of the geostructure. Formation of the mountain system during the Rossian orogeny
(560-480 Ma) is associated with subduction processes [10]. The later uplift of the Transantarctic
Mountains dates back to the Late Cretaceous — the first half of the Cenozoic (~55 Ma). The uplift
began with formation of a regional boundary fault dividing West and East Antarctic, which actively
continued in the second half of the Cenozoic to the present day [28].
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West Antarctic. It is presumed that the folded structures of West Antarctic formed due to succes-
sive addition of blocks and island arcs to the margin of the East Antarctic Craton during subduction
and collision processes from the Early Paleozoic to the Middle Mesozoic [10, 27, 41]. In the crust
of the region, a collage is modelled of several (four to five) tectonic blocks with distinctive features
of a continental-type lithosphere [28] separated by suture zones, rifts, and depressions. According to
geophysical evidence, the inner regions of West Antarctic and the Ross Sea waters have a thinned
continental crust [42] with a hot upper mantle and extensive sedimentary basins.

Formation of the TAM structure is accounted for by a combined manifestation of subduction
processes along the paleo-Pacific margin of the Antarctic and rifting which led to development of
magmatic arcs, accretionary complexes, and a sequence of fore-arc and back-arc basins. Some models
of the TAM formation appeal to a single young “active” plume that formed simultaneously with the
onset of volcanism 28-35 Ma ago [43]. Seismic tomography [44] and topographic data [45] confirm
the existence of a very long-lasting mantle thermal anomaly at the coasts of West Antarctic.

West Antarctic Rift System (WARS). A vast area of extensive continental crust between the
TAM and the Pacific margin stretches from the Ross Sea to the Weddell Sea and manifests itself
as a topographic depression 750-1,000 km wide and about 3,000 km long [46-48]. The zone is
characterized by the thinned Earth’s crust (20-30 km), development of deep rift depressions and
an anomalous mantle. Horst-graben dissection of the basement led to marked differences in its
occurrence depth: from exposure to the surface in horsts to subsidence by 15-16 km below the
sea level [10]. A marked change in the resistivity of the Earth’s crust and upper mantle from the
central ridge of the TAM to West Antarctic is interpreted as evidence of the Late Cenozoic ex-
tension activity [28, 49, 50]. At present, weak tectonic seismicity is observed within the West
Antarctic Rift System [28]. Rifting pulses throughout the Cenozoic resulted in crustal thinning,
subsidence, increased heat flow, and rift-related magmatic activity [40].

Volcanism. The area of modern volcanic activity (from 48 Ma to the present) [40] extends
from the Antarctic Peninsula deep into West Antarctic. Along this zone, with total extent of more
than 3,000 km, 138 volcanoes were identified. The eastern branch develops along the axis of the
Transantarctic Belt. Magmatic activity in the Antarctic in the Mesozoic and Cenozoic resulted
from the simultaneous processes of continental rifting and subduction that occurred during the
final stages of the breakup of Gondwana [40]. In a number of studies, the manifestation of alkaline
volcanism in West Antarctic is associated with a sudden separation and submergence of sub-
ducted plates in the Late Cretaceous, which caused a lateral and vertical flow of the warm Pacific
mantle [51].

Specific features of deep structure of the Baikal-Stanovaya regional shear zone (BSRZ). It is
localized along the southern boundary of the Siberian Platform with structures of the Baikal
folded area and further extends into the Stanovoi Megablock. A complex geological evolution
of the southern Eastern Siberia determined the mosaic-block structure of the region. The main
geological units within the study area, in addition to the Siberian Platform, are the Barguzin-
Vitim, Khilok-Vitim, Shilkinskii, Stanovoi megablocks with continental crust and the Baikal-
Vitim interblock suture zone (Fig.3).

Data from the complex of geological and geophysical studies of the southern margin of the
Siberian Platform indicate that the main volume of the Earth’s crust formed by blocks with continen-
tal-type crust [52]. In particular, according to results of electrical exploration, rigid, slightly dislocated
blocks of Paleozoic microcontinents are distinguished in the section by low values of electrical resis-
tivity from 300 to 3,000 Ohm-m [53]. Against this background, interblock zones, including the
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Fig.3. Geotectonic location scheme of rift depressions of Mesozoic West-Transbaikal rift area
and Cenozoic Baikal-Stanovaya rift zone

I — blocks of epi-Caledonian folding: Baikal-Patom (1), Barguzin-Vitim (2); Il — interblock

epi-Caledonian suture zones: Baikal-Vitim (1), Khilok-Vitim (2); Il — blocks of epi-Cimmerian folding: Chikoi (1),

Khilok-Vitim (2), Shilkinskii (3), Stanovoi (4), Argunskii (5); IV — white triangles — interblock epi-Cimmerian zones:

Onoi (1), Mongol-Okhotsk (2); V — Cenozoic rift depressions; VI — Mesozoic rift depressions; VII — faults: a — general

shear dislocations, b — secondary (primitive normal fault kinematics), ¢ — other faults of unspecified kinematics
of lower ranks. Dotted line shows boundaries between structures

Cenozoic zone of the Baikal Rift, exhibit abnormally low (to 50 Ohm-m) values of electrical resistivity.
The main structure of Lake Baikal is localized on the Baikal-Vitim suture zone of Caledonian age.
A system of other smaller Cenozoic depressions develops in the direction of the Stanovoi Mega-
block [54]. In orographic terms, the rift system is a mountain system of intermountain basins and
grabens with maximum elevations of 3,000-3,500 m.

Study of the morphology of active faults using data from the analysis of focal mechanisms of
earthquakes indicates a dominant strike-slip fault kinematic evolution regime of both Lake Baikal,
and the entire Baikal Rift System (BRS). Along with dominating shears of the south-southwest — east-
northeastern orientation, a large number of feather dislocations are mapped forming a branched system
at angles from 100 to 300° on both sides of faults of the highest rank. In the studies of the region [55, 56],
it was shown that the dominant position in the structure of the Cenozoic faults is occupied by shears
of left-lateral kinematics. The direction of lateral displacement along the faults is quite rigidly deter-
mined by their orientation. Latitudinal and northwestern faults have a left-lateral component of displace-
ments, while the meridional and north-northeastern ones, the right-lateral component [57]. Many of the
currently mapped fault dislocations experienced repeated reactivation in the Meso-Cenozoic period
due to the ongoing geodynamic processes [58] covering the entire South Asian region from the
convergent boundary of Hindustan to the southern framing of the Siberian Craton.
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Reflection seismic and DSS allowed assessing the morphology of the rift depression and position
of the main seismic boundaries. Faults in listric morphology were traced to depth both in the near-
flank zone of Lake Baikal and in its internal structure of sedimentary deposits [53].

The main depression of the BSRZ is Lake Baikal, which has a characteristic geniculate mor-
phology in plan. Within the Lake, two sub-basins are distinguished at the general level: the Southern
(450 km) and the Northern (390 km) separated by the underwater Academicheskii Ridge of east-
northeastern strike. Spatial orientation of the sub-basins differs. The Southern sub-basin is characterized
by the southwest — northeastern strike, while the Northern one has the west-southwest — east-north-
eastern orientation. A detailed examination of the Southern sub-basin reveals a strong differentiation
of bottom marks. Thus, in the area of the Selenga River, the depth of the Lake decreases to the first
hundred meters, while south and north of this area, the average values are about 1,500 m. The area of
the Selenga River delta serves as a peculiar connecting strip and divides the Southern sub-basin into
two more depressions of a lower rank. The Northern sub-basin is more uniform in depth and is con-
sidered as a single rift depression.

Modern geodynamic regime of the Lake evolution is considered by many scientists as strike-
slip rifting. Based on results of detailed studies of the Baikal Rift by A.V.Tevelev in article [55],
a much larger number of sub-basins are modelled. Their formation and features of the structural
style are due to crustal heterogeneities of different orders. But even in this classification, the
Southern basin of Lake Baikal, associated with the Tunkinskii Basin, occurs along the left-lateral
Kultuk shear zone of the east-northeastern strike. The eastern boundary of the sub-basin extends
in the north-eastern direction across the Selenga River plain to the Primorskii strike-slip fault and
the Buguldeika River. The connecting link between the Northern and Southern basins are the
transition zones of the Central Basin (Buguldeiskaya, Priolkhone) with extensive manifestation
of left-lateral and right-lateral shear and normal fault dislocations. The Northern basin of general
north-northeastern orientation is dissected by fault zones of predominantly northeastern strike.
The underwater structure of the zones is not very clear, but in the morphology of coastal structures
they form clear plan steps delimited by echelon faults, so that their general kinematics is defined
as strike-slip fault. As a rule, the zones are seismically active and have a shear component of
movement [55]. The authors attribute only the Kicherskaya and the Upper Angara depressions
northeast of the Lake to the type of pull-apart structures. According to the CDP data, it was as-
certained that the sediment thickness reaches 10 km in the Southern sub-basin [59]. The basement
boundary within the depression is recorded at depths of 7-8 km.

Many researchers associate the formation of the Baikal rifting zone with indentation pressure of
India on the margin of the Eurasian continent. As a result, stresses are transmitted deep into the Eurasian
continent through the monolithic Precambrian microcontinents and fold belts of Paleozoic-Mesozoic age
framing them [60, 61]. A.V.Tevelev, developing this model, considers the relative uneven movements of
the Siberian, Sea of Okhotsk and Amur plates as an additional resource for rifting [55].

The Baikal Rift System, as indicated by analysis of the modern seismicity pattern, is expanding
in the east-northeastern direction deep into the Stanovoi Megablock. The accumulation area of the
earthquake foci there is the forming northern boundary of the Amur plate. Faults of mixed kinematics
are recorded. The change from transtensional to transpressional regime can be clearly traced in the
Olekma River area. Scientific and theoretical conclusions indicate that in the future, if the current
geodynamic regime on the southern edge of the Siberian Craton is maintained, the latitudinal expan-
sion of both the BRS and the associated BSRZ will continue.

Localization features of Mesozoic depressions in West Transbaikal rift area. Localization
pattern of the Mesozoic West Transbaikal Rift area was investigated by a team of scientists led
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by V.V.Yarmolyuk [62]. This area extending for about 1,000 km and 200-300 km wide lies at a distance
of about 2,000 km from the subduction boundary of the Eurasian continent. Grabens are filled with thick
strata of basalt-trachyrhyolite-pantellerite formation complexes. The age of rifting ranges from the Late
Jurassic to the Early Cretaceous (155-120 Ma). Some researchers combine the depressions on the north-
eastern flank of the BRS into the Kichera rift basin. The largest of them are the Upper Angara, Muya,
Charskaya, Tokkinskaya as well as several smaller depressions. Almost all depressions are longitudinally
extended. The sizes vary from the first kilometres to several dozens of kilometres. The ratio of longitudinal
to transverse dimensions reaches 10:1.

Grabens are localized along shear dislocations of east-northeastern orientation. Boundary dis-
locations of the grabens are either shear dislocations of the predominant strike or faults of normal
kinematics oriented at an angle of 40 to 50° to them. Amplitudes of faulting in the marginal listric
fault are zero at its ends and maximum in its central part, to which the depocenter of the forming
half-graben is confined. In this regard, deep morphology of depressions is asymmetric. Sedimentary
filling completely inherits deep morphology of depressions. Bathymetric elevations of sediments
reach 2,500 m. Orientation of these dislocations agrees well with parameters of the theoretical
model of the deformation ellipsoid of the left-lateral shear [63]. Thus, grabens have a very definite
structural control and among classical longitudinal strike-slip rifts and depressions of pull-apart
type can be distinguished among them (Fig.3).

Within the BRS, volcanics show up actively. In the general case, it is impossible to explain
these volcanic manifestations by subduction processes of the active continental margin. Due to a
great distance from the subduction zone (about 2,000 km), they are outside the influence zone of
the convergent processes. V.V.Yarmolyuk and colleagues in article [62] relate the development
of marginal magmatic belts in the Late Mesozoic magmatic province of East Asia with intraplate
environments resulting from the activity of mantle plumes.

L.l.Lobkovsky [64] drew attention to the similarity of the formation mechanisms of the Creta-
ceous-Cenozoic igneous provinces and rift zones of Central-East Asia with similar processes in the
Arctic. The same mechanism of the “return upper mantle cell” was proposed by the author to account
for the geodynamic nature of rift systems in West Antarctic and the eastern flank of East Antarctic [65].
According to this model, subduction along the Pacific boundary of West Antarctic generated a return
cell with ascending currents within West and East Antarctic at a distance to 2,000 km. Part of the
EARS is at a greater distance from the subduction zone, and, in this case, it is necessary to take into
account a possible reactivation of the existing and formation of the new rift zones in lithosphere of
East Antarctic under the action of local mantle plumes.

Discussion of results

The results of gravimetric and magnetometric modelling of Lake Vostok area point to the occur-
rence of a regional shear of, presumably, Cenozoic age at the ancient Precambrian boundary. An
important element of the system of evidence for the rift genesis and geodynamic nature of Lake Vos-
tok is a comparison with a similar set of factual data and scientific conclusions for Lake Baikal area.
These features are due to their formation under conditions of stress release within intracontinental
regional left-lateral shears. The latter develop against the background of a heterogeneous basement
and, thus, are segmented, distorted and form strike-slip areas of different types of extension, com-
pression and shear settings.

Lake Vostok depression is considered as an element of the system of rift structures on the eastern
flank of the East Antarctic Craton. We considered the localization features of this zone in the structure
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of tectonic dislocations of Antarctic. Localization pattern of structures on the eastern flank of the East
Antarctic rifting zone is illustrated by the tectonic scheme of the region with earthquake epicentres*
including the central part and the eastern flank of the East Antarctic Craton and the belt of the
Transantarctic Mountains (Fig.4). According to current concepts, magmatic activity of the Antarctic
in the Mesozoic and Cenozoic was largely determined by the simultaneity of the processes of conti-
nental rifting and subduction [40].

The results of geological and geophysical studies demonstrated an extremely wide distribution
of Paleozoic-Cenozoic rift structures in the Antarctic [29]. The phase of rifting associated with the
breakup of Gondwana, the beginning of which dates back to the Jurassic period, and the phase of
Cenozoic rifting are distinguished [27]. Shows of the Mesozoic phase of expansion led to develop-
ment of the West Antarctic Rift System, which divided the continent into the East and West Antarctic
plates. This was followed by the uplift of the Transantarctic Mountains, increased magmatic activity [40]
and, probably, formation of the EARS. Judging by the morphology of Lake Vostok graben, the system
of boundary dislocations of which is in good agreement with parameters of the left-lateral shear de-
formation ellipsoid model, the graben has a well-defined structural control, and in its morphology a
classical longitudinal shear rift and a pull-apart type shear depression can be distinguished.

East Antarctic Rift System includes the deep subglacial Lambert, Aurora, and Wilkes basins as
well as Lake Vostok [29]. Rifts on the eastern flank of the EARS form a vast corridor with total length
to 2,000 km and width to 1,500 km and can be considered as a single rift system. They include the
Vostok, Scott, Aurora, Concordia, Adventure, and Wilkes rifts with a left-lateral transtensional com-
ponent. They are characterized by: a linear character of outer boundaries with morphology of an
asymmetric graben in vertical cross-section; listric morphology of boundary dislocations with vertical
displacements of adjacent blocks in the first kilometres, given that the eastern slope of grabens is
constantly steeper than the western one. Their depth in most cases exceeds 1,000 m below sea level,
and the width reaches ~50 km. The extent of the structure-forming left shears with a transtensional
component reaches many hundreds of kilometres [30]. It is presumed that rift expansion continued
throughout the Cenozoic. Weak tectonic seismicity points to modern tectonic activity of these dislo-
cations [28, 49].

The above-substantiated conclusions about the basement structure of Lake Vostok depression
allow assuming that the main rift structures on the eastern flank of the EARS were reactivated using
rheologically weakened older (epi-Baikalian and younger) sutures. Analysing the pattern of spatial
arrangement of the rift zone on the eastern flank of the EARS and the geometry of rifts closing on
regional shear dislocations, it is possible to record the features of similarity with the Neogene-Qua-
ternary structures of the Baikal rifting zone and the West Transbaikal rifting area of the Late Mesozoic
volcanic province in East Asia identified by V.V.Yarmolyuk in his article [62]. The development of
this idea is the model by A.A.Baranov and L.l.Lobkovsky [66], which links the resumption of rifting
in the Cenozoic with formation of a “return flow in the upper mantle”. This interesting mechanism
was first proposed to substantiate the mechanism of Cenozoic evolution of the Arctic [65]. It is based
on the idea of development of the upper mantle convection beneath the continent caused by subduc-
tion of the Pacific lithosphere under the Eurasian and North American lithospheric plates. The essence
of this model is that the cold substance plunging in the subduction zones and reaching the transition
zone between the upper and lower mantle, passes into an extensive horizontal layer of cold mantle
substance, which extends far (about 2,000 km) beneath the Eurasian continent. This ensures the develop-
ment of an upper mantle convection cell. The lower horizontal branch moves along the transition zone

* Search Earthquake Catalog. URL.: https://earthquake.usgs.gov/earthquakes/search/ (accessed 21.11.2024).
ISC Bulletin: bulletin search. URL: http://www.isc.ac.uk/iscbulletin/search/bulletin/ (accessed 21.11.2024).
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between the lower and the upper mantle, and the upper one forms a return flow of substance beneath
the lithosphere leading to stretching of the continental lithosphere, rifting and the associated magma-
tism [65]. This model was efficiently adapted by A.A.Baranov and L.I.Lobkovsky to explain the
formation conditions of the Cenozoic rift structures in the Antarctic [66].
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Conclusion

A comparative analysis of specific features of deep structure of the Earth’s crust of regional
and local structures enclosing lakes VVostok and Baikal made it possible to record their similarity
in a large number of features: spatial coordination with position of regional shear zones, genicu-
late morphology of lake basins consisting of two types of sub-basins (linear longitudinal depres-
sions parallel to direction of the shear zone and depressions controlled by diagonal normal-fault
dislocations); relief of adjacent structures; steepness of coasts; high seismicity with earthquakes
localized along the main shear dislocations; structure of the Earth’s crust of geostructures con-
trolling these basins.

A wide range of geophysical and remote sensing studies of Lake Vostok area indicates that the
Lake depression has a rift origin. The main fault localized along the eastern flank of the Lake, is a
fragment of a regional shear zone. It comprises two sub-basins of different geodynamic nature: a
longitudinal strike-slip depression localized along the main shear axis and a pull-apart depression
oriented at an angle of 45° to the main axis.

Application of the mechanism of return upper mantle convective cell provides an explanation
for the development of subglacial volcanoes and Cenozoic activation of rifts in West and East Antarctic.
The development of ascending currents of the “return cell” under the central part of West Antarctic
and in East Antarctic at a distance to 2,000 km could lead to reactivation of the existing and formation
of the new rift zones in lithosphere of East Antarctic.

This mechanism, in our opinion, can explain the phenomenon of Cenozoic rifting on the eastern
flank of the EARS including the subglacial depressions of VVostok, Scott, Aurora, Concordia, Adven-
ture, and Wilkes.
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