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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 ofillite, 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, palacoclimate, subglacial environments and other
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Fig. 1. Ice-water-bedrock section along the ice flow line and across Vostok Station (modified from
[3] and borehole 5G 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. Pa3pes J1e10B0#i TOJIIIIH, BOBI K KOPEHHOTO JI0XKA BIOJIb TMHUU TOKA JIbJd M Y€PEe3 CTAHIHIO
Boctok (110 [3] ¢ uamenenusmu) u ckBaxkuny SI° ¢ orBerBnenusmu SI'-1, 5SI-2 u 5I-3; Ha BcTaBKe
BBEPXY CJIeBa MOKa3aHbl KOHTYPHI MOJIEAHUKOBOTO 03epa BocTok (u3 [9]) u monokenue 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 36063608
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. IToxcueT KOHIEHTpAIMH MHHEPAIbHBIX BKIIIOUCHIH B KePHAX aKKPEAI[MOHHOTO JIb/Ia (CKBaXKHUHA
5I'-1); yepHOH 3aKpackoif MoKa3aHa KOHIEHTPAINS OTHOCUTEIBFHO KPYHHBIX (> 2 MM) BKIIFOYEHHH,
3aXBadeHHBIX CO JHA 03epa (0 [6] ¢ I3MEHCHUSIMN)

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 ofice core with the largest mineral inclusion inside; » — photograph of the largest intact mineral
inclusion (soft aggregate); c — 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
(), aggregate of different clay minerals (g), aggregate of illite particles (%), aggregate of kaolinite particles (k)

Puc. 3. Pe3ynbrarhl H3y4eHHUsI INIMHACTHIX MHHEPAJIOB B CAMOM KPYITHOM MHHEPAIbHOM BKIIFOUCHUH
¢ n1y6ounsl 3608 M (ckBaxuHa 5I'-1).

a— Qororpadus IeITHOTO KepHA ¢ KpYTHSHIITNM MUHEPATLHEIM BKIIOUSHHEM BHYTpH; b — (oTorpadus camoro
KpYyITHOTO HEHAPYIICHHOTO MHHEPAIHLHOTO BKIIOYEHHS (arperar); ¢ — CyXoil TOHKOIHCIICPCHBIH (IIpenMyIie-
CTBEHHO INIMHHCTBIN) OCTaTOK IOCIE BEICYIIMBAHHS, HCIOIb30BAHHBIN IS H3YYCHUS TIIMHUCTHIX MHHEPAJIOB;
d — peHTreHOBCKas IU(paKkTorpaMMa OpHEHTHPOBAHHOTO IIPETIapaTa B BO3LYIIHO-CyXOM COCTOSHHH (B CKOOKaxX
YKa3aHbI IOPSIIKH 0a3aIbHBIX OTPasKeHHH UL INIHHUCTBIX MUHEPAJoB); ¢ — 4acTh MK-crekTpos n naenTuduka-
I¥Is1 TTOJIOC TIOMVIOIICHUST; f~k — MHKpodoTorpadu, morydeHHbIe Ha CKAHUPYIOIIEM YICKTPOHHOM MHKPOCKOIIE:
IIMHUACTBIE MUHEPAIIbl Ha OBEPXHOCTH 3€PHA IIOJIEBOTO MIMara (f), arperar pa3IHIHbIX INIMHUCTHIX MHHEPATIOB
(g), arperar gacTun wonTa (), arperar 4acTUI KaoauHUTA (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. 3¢).

The geochronological study was carried out at CIR VSEGEI using the Sensitive
High Mass-Resolution Ton 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/>U
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. 300paskenus ABYX BKIIOueHUH ¢ ryOnHbI 3606,9 M (ckBaxkuHa 51°-3).

a, b — TpexmepHOe M300paKCHUE MUHEPATBHBIX BKIIOYCHHUH BO JIbIY, MOJYYCHHOE C MOMOIIBIO
PEHTTEHOBCKOI KOMITBIOTEPHOI MHUKPOTOMOTpadrH, OKa3bIBaroiiee MOP(OIOrtio X IOBEPXHOCTH;
C, d — TPEXMEPHBIC 1/1306pa>1<eHm[ MHUHEPAJIbHBIX BKJIIOYEHUH BO JIbYy, NOJIYYCHHBIC C ITOMOIBIO
PEHTTEHOBCKOM KOMITBIOTEPHOI MUKPOTOMOTpaduu, IOKa3bIBAIOLIME CEYCHHS B IIIOCKOCTH XZ (sIp-
KHe TsiTHA — 00Jiee MIOTHBIC MUHEPAIbHBIC 3¢pHA); ¢, / — (poTorpaduu 06JI0MKOB MOPOJ MOCTC
UX BBITAUBAaHUs OTO JIbJIa U OYMCTKU OT MEJIKO3epHUCTOro marepuaina. Pasmepsl 3606,9-3 (1) —
6,3x5,5%2,3 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. 4¢).
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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 AlI-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.
34h), 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 pm in size; 15-20 %), feldspar (about 5 %) and accessory
minerals (apatite, rutile, ilmenite, hematite, monazite, zircon; 5-20 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. 40). 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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minerals. Numbers on the images are borehole depths; the number after the hyphen is the hole branch;
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Puc. 5. ®ororpaun HEKOTOPHIX N3YYEHHBIX OOJIOMKOB IOPOJ U M300paskeHHe UX (parMeHTOB B
00paTHO-pPaCCEsSHHBIX AJIEKTPOHAX HA CKAaHUPYIOIIEM 3JIEKTPOHHOM MUKPOCKOIIE

1
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5 . 11 > | 12
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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 00PaTHO-PACCESHHBIX IEKTPOHAX HA CKAHH-
pYIOIIEM 3JIeKTPOHHOM MUKPOCKOIE, IEMOHCTPHPYIOIINE UX TUIOBYIO Mopdomnoruio. 1-8: 3epHa
nupkoHa (1-7) u Mmonarwra (8), nnentudunuposannsie B oonomke 3608-1 (mecuanuk); 9-10: 3epHa
OUPKOHA, HACHTU(PHUITIPOBAHHEIE B 0010MKe 3606,9-3 (1); 3epHa IUpKOHa, HICHTH(GUIINPOBAHHEIS
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.
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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
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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 AHTapkTH/IH! (110 [23] ¢ H3MEHEHUSIMN).

1 — apxeiickue KpaToHbl; 2 — TPOTEPO30CKHUE OPOTEHBI; 3 — HEONPOTEPO30ICKUil — paHHENaNe030HCKHii
oporeH Pocca; 4 — pannenaneosoiickoe (550-500 MIiIH j1€T) TEKTOHO-TEepMabHOE COObITHE (TepepaboTKa pa-
Hee CyLIECTBOBABIIECH KOPBHI); 5 — MO3IHEHEONPOTEPO30UCKIE — PAHHENAIC030iCKUE 0Ca0uHbIe OacCeiHbl;
6 — o03epo Bocrok. Kpacubie u uyepHble mudpbl (KUPHBIA MIPUPT) — BO3pPACT OCHOBHBIX MAarMaTHYECKUX U
Metamopduueckux nopoa. Cokpamenus: WO — oporen Yuikca, RO — Peiinepckuit oporen, RO — oporen
Korca-Mox, QML — 3emutst 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 14501250 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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3epeH IUpKoHa. PEHTreHOBCKAsk MEUKPOTOMOTrpahus MOKA3bIBaeT HETIOBPEKACHHYIO MOP(OIOTHIO BKIIOUCHHH
B JIEJSTHOM KEpPHE ¥ MX BHYTPEHHIOIO TekcTypy. Ha ocHOBaHHM aHam3a MEKpOQoTOrpaduii MOKHO MpPEAro-
JIOXKHTH, YTO 0OIOMOK MOPOZBI OBLT 3aXBaueH B 30HE HAJCTaHM JIbJa Ha MEIKOBOJHOM ydacTke osepa Boc-
TOK, PAacIOI0KEHHOM BBIIIE 110 TEYCHHMIO JIbJa OT CTAaHIMK BOCTOK, 1 3aTeM HEKOTOpOe BpeMsl HAaXOXHIICS B
BOJHOM KapMaHe ¢ MEIKO3ePHICTOI B3BEChI0, KOTOPas 0cealna Ha MOBEPXHOCTH 00I0MKa. ATperar KpyImHoro
BKJIIOUCHHS XapaKTepu3yeTcs mpeodnaganueM wutuTa (69 %), IpoMeyTOIHBIMI KOHIEHTPALUAMHI XJIOPHTa
(24 %) n oTHOCHTENBHO HEOOMBIINM KoTHIeCTBOM KaonuHuTa (7 %). [IpmMedarenbHbIM SBIAETCS OTCYTCTBHE
CMEIIAHHOCIONCTBIX ITHHHICTHIX MUHEPAIOB, XapaKTePHBIX IS PUOPEKHBIX paiionoB AHTapkTuky. Hanbonee
IIeHHAas HHPOpPMAIUS TOTyYeHa U3 HOBBIX T€OXPOHOIOTHYECKHX JAHHBIX U UX HHTETPALHH C TIPEIbIAY UMK
JaHHEIME fatupoBaHus. U-Pb BO3pacT HeTpHTOBBIX 3epeH HHPKOHA MOKA3bIBACT JIABHBIC IIMKH HA pyOexkax
900, 1000 u 1100 miH 5eT, B TO BpeMs KaK BO3pacT 3¢peH MOHAIIUTA B OCHOBHOM CTPYIIIMPOBAaH Mexay 1250
u 1450 MIH JIeT ¢ OTHUM ITHKOM BeposiTHOCTH Ha pyOexe 1100 muH net. JJoMuHEpYIomas Bo3pacTHas rpyIia
3epeH mupkoHa Mexay 900 i 1100 MiH JeT XOpoIIo comiacyercs ¢ IMaBHOM (a3oll peiiHepCKoi OpOTeHNH,
nposiBeHHON B Boctounoit AnTapkrine mexay 3emieir Koponesst Mon u 3emieir Koponest Mopu, X0Tst
TnouTeAHbIe rophl ['aMOypIieBa MOXKHO PacCMaTpHBaTh Kak 00J1ee BEPOSTHBIA HCTOYHHK CHOCA. 3epHa MOHALHTA,
BEPOSTHO, OTBEUAIOT paHHEH (pae peitHepCKoil OpOTeHHH.
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