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Abstract. The deep holes drilled at Vostok Station by the Russian Antarctic Expedition reached the surface of
Subglacial Lake Vostok twice — on February 5, 2012 and January 25, 2015. Two unsealings of the largest subglacial
water body on Earth, led by Nikolay Vasiliev, have become remarkable events in the history of Antarctic science.
To preserve all the twists and turns of this pioneering work for the ice-drilling community, we have compiled and
carefully analyzed all the available drilling, geophysical, and glaciological observations made prior to, during, and
after the lake piercings. Based on that information, in this paper we have pieced together a detailed narrative of these
two unprecedented drilling operations in the hope that the lessons learned may prove useful for future environmental
stewardship, scientific investigations, and technological developments related to the exploration of Lake Vostok.
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1. Introduction

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

In 1998, scientists drilling through the Antarctic ice sheet at Vostok reached, via
borehole 5G-1 and at a depth of 3539 m, a stratum of congelation ice that was accreted
from the lake water [3]. This event marked a new stage in research into Subglacial Lake
Vostok (SLV), when the core of accreted ice became the main source of experimental
data on the environments and hydrological regime of the lake [4-9].
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The next prize on the horizon was the unsealing of Lake Vostok. Researchers at the
Arctic and Antarctic Research Institute and the St. Petersburg Mining University proposed
a conservative approach that was both relatively simple and associated with a minimal
risk of lake contamination [10]. Their idea was to maintain a small pressure difference
between the drilling fluid in the borehole and the subglacial water immediately before
accessing the lake, so that after the drill pierced the bottom of the ice sheet, the lake water
could enter the borehole and rise several dozens of metres above the lake’s surface. It was
assumed that due to the relatively rapid freezing of the water in the hole, accompanied
by the trapping of dissolved impurities and gases, the newly formed ice would provide
data on the original properties of the lake water that would be easier to interpret than data
from ice that had slowly accreted over thousands of years to the bottom of the ice sheet.

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

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

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

2. Methods

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

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

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

Tlo ocn opauHAT JaHa ITyOMHA CKBaYKUH 110 KepHY (B IPOU3BOILHOM MacmTade). HakioH CKBaKHH IpeyBenndeH —
B PEaIbHOCTH HX OTKJIIOHCHHE OT BEPTUKAJIN He TIPEBBIIIaeT 6°. BypoBble CHapsIbl, OCTaBICHHBIC B CKBAKHHAX,
NoKa3aHbI KpecTuKaMu. Ha cxeme NmokazaHb! ypOBHH MAaKCHMAJIBHOTO MOJbeMa BOABI (/MM dMYIECHU BOABI
3aIMBOYHON JKHAKOCTH) M BBICOTHI CTOJIOOB 3aMep3Ieil B CKBaXKHHAX 03EPHOIT BOABI IIOCTIE IIEPBOTO H BTOPOTO
BCKpbITHi 03epa. SI'-1N u ST-3N — unTepBainsl ckBaxkuH SI'-1 u 5I'-3, U3 KOTOPBIX B pe3y/bTaTe MOBTOPHOTO
OypeHust OBUTH MOMHATHI KEPHEI 3aMep3IIeil BOIbI U THIpaTHOro Mareprana. Hmkane ygacTkn ckBakuH SI-1,
SI'-2 n 5T-3 ocraiuch 3aloIHe b 3aMep3IIel 03epHoit Bozoii. bonee moxpoOHbIe TOSCHEHNUS JaHEI B TEKCTE

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

In the practice of ice drilling with cable-suspended drills, three types of depths are
usually distinguished: the drillers’ depth obtained from the cable depth counter (/,), the ice
core logging depths obtained from the core length measurements (/,), and the vertical depth
(7). In its upper part, up to a depth of 2400 m, the 5G hole is almost vertical; here the empirical
relationship applies: 4 = 0.9992-h, ~ 1.0042-h,. Below 2400 m, the average inclination angle
of holes 5G-1, 5G-2 and 5G-3 is close to 6°, and depths 4, &, and h,, expressed in metres,
are related to each other by the relationship 4 — 13.70 = 0.9935-h, ~ 0.99852-A, [17]. In what
follows, along with /,, which is the official depth of the hole, we also use 4, when discussing
drilling and borehole survey data or # when calculating ice and fluid pressures.

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

Differential pressure in the borehole is defined as Ap = Py = Ps where p, is the
hydrostatic pressure of the drilling fluid and p, is the ice pressure at depth 4. To calculate
Ap, we used the linear dependence p(h) obtained from accurate ice core density data
[19], which is valid at depths greater than 120 m with an accuracy of approximation of
about 0.01 MPa (see SOM):

p(MPa ) =9.068-10(h(m) — 32.4). (1
An important innovation introduced before the second unsealing of the lake was the

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

3. A narrative of the first unsealing of Lake Vostok

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

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

1. Uncertainty in ice-thickness estimate. A borehole temperature logging performed in
December 2011 showed that the ice temperature at a depth of 3720 m was about —3.2 °C.
The pressure melting temperature of ice at the ice sheet bottom depends, among other
things, on the actual concentration of gases dissolved in the uppermost layer of lake water,
and can range between —2.85 and —2.52 °C at the drilling site [21]. Given these data and
their uncertainties, we calculated that with 95 % probability the lake surface would be
reached within a depth interval of 3750-3782 m (%,), and most probably at depth 4, =
3767 m (h = 3756 m), i.e. at an only slightly shallower depth than that predicted by the
combined RES data (4 = 377011 m, 2, = 3781£11 m [22]). Indeed, the first indications
of the presence of liquid water at the hole bottom were encountered when the hole reached
a depth of 3766 m (h,). The surface of an 80-centimetre ice core recovered from the hole
was eroded by water, the core was frozen to the core barrel and the core barrel was covered
with water ice. It was suggested that a small (~3 litres) amount of subglacial water could
have entered the borehole by seepage through hydraulic cracks that appeared along the
weakened (pre-melted) boundaries of ice crystals during the core breakoff [13]. However,
during the subsequent 5 drilling runs preceding the breakthrough, no further indications
of significant water in the borehole were observed.

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

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

3.1. Borehole condition prior to breakthrough

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

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

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

1W={<<Pi’f;>>H,—lfJ éiji (j—:j “1l )

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

Ah,=—1 (d /d). 3)

Using Egs. (2) and (3) with the data gathered in the Table, and taking d. = /=165 mm,
and d = 138 mm, we calculated that immediately after the breakthrough, with the drill still
at the bottom of the hole, the water should rise 20 m above the surface of the lake, which
would cause the fluid level to rise from 20 m to just 6 m below the top of the casing. During
hoisting of the drill to the surface, the water level should rise to 59 m above the lake, while
the level of the drilling fluid should drop to the 11 m mark. (The latter estimate accounts
for a 2-metre drop in the fluid level due to fluid drained from the hole by the cable.)
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Fig. 2. Differential pressure (Ap) in the borehole prior to and in the course of the first (¢) and second
(b) unsealings of Lake Vostok.
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1 — immediately before lake unsealing (the drill is out of the hole); 2 — same as 1, but the drill is at the bottom
of the hole; 3 — after equilibration of the drilling fluid and sub-ice water pressure in the hole; 4 — the moment
when the drilling fluid first rose to the hole’s mouth during the first unsealing of the lake.

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

Puc. 2. Tuddepennmanproe napnenue (Ap) B CKBOKUHE 70 U BO BpeMs iepBoro (a) u Broporo (b)
BCKPBITHI 03epa BocTok.

1 — HeNoCPEeACTBEHHO Mepel] BCKPhITHEM 03epa (OypoBOil CHapsiJ Ha MIOBEPXHOCTH); 2 — TO Ke, YTO | 1, HO
CHapsi1 Ha 3a00€ CKBaXUHEL; 3 — IOCIIe BRIPABHUBAHMS JaBJICHUs OypOBOTO pacTBOpa H 03EPHON BOJBI B CKBa-
JKHHE; 4 — MOMEHT HayaJia H3/IuBa OypOBOH KHUAKOCTh U3 YCThsI CKBAKHHBI BO BPEMsI IIEPBOTO BCKPLITHS 03€pa.
Cepast monoca — THIMYHBINA UaIa30H MOTPpemHoCTH onpenenenus Ap (0,1 MIla). Metoxns! onpeneneHus Ap
CM. B TEKCTE

Table
Summary of borehole observations immediately before and after Lake Vostok unsealings
Tabnuya
Pe3yabTarhl CKBaKHHHBIX HA0/IOIEHHII HETOCPECTBEHHO /10 M NOC/Ie BCKPBITHIT 03epa Boctok
Characteristic First SCCOI.ld
unsealing unsealing
Measurements and predictions before lake unsealing
Level of drilling fluid in the hole, %, (m)" 50 (20) 96 (66)
Mean density of drilling fluid, (p, (kg m~) 916 926
Height of drilling fluid column, / (m)* 3709 (3739) | 3663 (3693)
Differential pressure at the borehole bottom, Ap (MPa)” —0.41 (-0.14) |-0.46 (-0.19)
Mass of drilling fluid in the hole (t)™ 59.53 (58.64) 58.37
Expected height of water column in the hole after lake unsealing, / (m)* 59 (20) 67 (26)
Expected level of drilling fluid after lake unsealing, / , (m)” 11 (6) 51 (47)
Measurements and observations after lake unsealing
Borehole depth at breakthrough, 4, (m) 3769.3 3769.2
Water height in the hole estimated from measurements of the - 60
drilling fluid level, /  (m)
Water height according to re-drilling results, / (m) 340 61
Level of drilling fluid after pressure equilibration, /. (m) 43 48
Height of drilling fluid column, / (m) ‘ 3376 3650
Mean density of drilling fluid, (p, (kg m™) 915 925
Mismatch between subglacial water pressure and ice overburden —-0.05 —0.02
pressure, (P, — P) (MPa)
Mass of drilling fluid in the hole (t) 54.04 58.41
Mass of lost drilling fluid (t)™ 5.49 (4.60) —0.04
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Note:

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

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

Ipumeuanue.

* OCHOBHBIC 3HAYCHHS OTHOCSTCSI K CIy4aro, Koria 6ypoBOil CHAPSIT HAXOIUTCS HA TOBEPXHOCTH, 3HAYCHHS
B CKOOKaX — CHapsi/] Ha 3a00€ CKBaXXMHbI.

** 3HayeHust B CKOOKaX HE YUHTHIBAIOT MacCy OypOBOM SKHAKOCTH B aBAPUITHOM YaCTH CTBOJIA CKBAKHHBI
5I'-1 (0,89 1). MBI mpeanonaraem, 4To 3Ta KUAKOCTH ObLIa BHITECHEHA MOJUICTHUKOBOH BOJIOI BCKOpe
1ocJIe TIePBOTo BCKPBITHS 03€pa.

OrneHKH, NPe/ICTaBICHHbBIC B TA0JIHUIIE, PACCUUTAHBI JIISI CIICAYIOLIUX YCIOBHUI: BEpPTHKAIbHAsI MOIIHOCTh
JIETHUKOBOTO TIOKPOBa H, =3758,6 M; 1aBieHHeE JIbJIa Y MOIOUIBBI JISAHUKA C YUETOM arMOC(hepHOro 1as-
nenus P, = 33,85 MIla; cpenHss mIOTHOCTD Jibaa (pi) =915 kr-M; cpeHsist TTIOTHOCTD TOJIEAHHUKOBON
BOJIbI B cKBaskuHe (p, ) = 1015,5 kr-m (anantuposano us [28]).

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

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

Drilling parameters during this run are shown in Fig. 3, where the moment in time
when the drill was placed at the bottom of the hole is designated by number 1, and the
moment of breakthrough is designated by number 2. According to the record, it took about
25 minutes to penetrate the remaining 85 cm of ice that had separated the bottom of the
borehole from the lake since the previous drilling run was completed. The drill bit struck the
surface of Lake Vostok at 11:21 pm local time at a depth of 4, = 3769.3 m (h = 3758.6 m),
as manifested by an unusually large increase in weight on bit (time point 2 in Figure 3)
with a simultaneous loss of antitorque moment (not shown). The pressure deficit in the
borehole was estimated to be only 0.14 MPa (see Table), but the hydraulic shock on
breakthrough was strong enough to smash the drilled ice core and press its fragments
against the top of the core barrel (see SOM for the ice core description).

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

Apparently, the end of the fluid outflow from the hole mouth coincided in time with
the moment when the drill broke off the water rising in the hole, which was recorded
by a sharp decrease in weight of bit (time point 3 in Fig. 3). Another 4.5 min later, the
water began to catch up with the drill again (time point 4). During the next 13 min, the
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Fig. 3. Instantaneous depth of the drill (black), lowering/hoisting speed (light blue), and weight on
bit (red) as recorded in the course of the first unsealing of Lake Vostok.
Time is counted from the moment the lake was breached. Numbers /—// mark the time points of the record discussed
in the text. The dashed part of the red curve shows the readings of the weight-on-bit sensor after it has frozen

Puc. 3. 3anucu Texyuieii m1y6uHbI OypoBOro cHapsi/a (depHast KpuBasi), CKOPOCTH €ro CITyCKa/mogbeMa
(rommyOast KpuBasi) U Harpy3Ku Ha 3a00i (KpacHasi KpHBasi) B XOZie IEPBOro BCKPBITHs 03epa BocTok.

BpeM;{ OTCHUHUTBIBACTCSA OT MOMCHTA BCKPBLITUSA 03€pa. HI/ICI)paMI/I 1-11 0603HaYEHbI TOYKH HA KPUBBIX, KOTOPbIC
oﬁcy)l(aa}o‘rc;[ B TEKCTC. HyHKTI/IpHaﬂ 4JacThb KpaCHOﬁ KpHBOﬁ OTpaxacT MOKa3aHus JaTYMKa Harpy3Ku Ha 3a00ii

TI0CJIC €ro 3aMep3aHus

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

Puc. 4. M3muB GypoBOii ®HUAKOCTH U3 YCThsI CKBAXXHHBI BO BPEMsI IEPBOTO BCKPHITHS 03epa BocTok
(a) n GypoBast KOpOHKa CHapsiia, OKPHITas 3aMepIIel 03epHOH BOIOH, OCIIE ToABeMa CHapsIa U3

CKBa)XUHBI (b)
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effect of rising water on the weight-on-bit sensor readings was particularly strong when
the drill lifting was paused several times to fix the winch spooling errors near the winch
flanges (time points 5-7). Judging from the weight-on-bit record in Fig 3, the drill had
finally cleared off the water soon after time point 7, at a depth of 4, = 3410 m (h, = 3427
m), so that the subsequent episodes of stopping the drill lifting (time points 8-11) went
unnoticed by the weight-on-bit sensor, which quickly froze after leaving the warm water
into the cold drilling fluid.

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

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

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

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

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

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

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

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

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

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

Puc. 5. Pe3ynsraTel moBTopHOTo OypeHus ckBaxuHbl SI'-1 mocne nepBoro BCKphITUS 03epa BocTok
(pororpadunu c-f B3stel 13 [15]).

a — cXeMaTH4eckoe H300paXkeHne yyacTka CKBaXUHBI 3194-3427 M, 4acTHYHO 3aI0OJHESHHOTO 3aMep3Iei Mo
JICAHUKOBOW BOZOW M OSIIBIM TBEP/IbIM MaTePUAIIOM, PEACTABISIONIMM c000 cMech sibaa u ruapara HCFC-141b;
b — NpepBIBUCTBIN THAPATHO-TIE/THON KepH N3 MHTepBaia riyOouH 3417-3423 M; c—f — monepedHble mumdbl
kepHa ¢ TryouH 3426 M (¢, d) u 3436 M (e, f) B IPOXOJISILIIEM €CTECTBEHHOM (¢, €) U MOJSIPU30BaHHOM (d, f) cBeTe.
Ha muxpodororpadusix ¢, e: / — 3amep3mias o3epHas Boja; 2 — THAPATHO-JEASHAs CEpALECBUHA KepHa; 3 —
BMELIAOIINI JISTHUKOBBIH J1e/1; 4 — TUAPaTHO-JIEITHON CIIO0H, MOKPBIBAIOIIUI CTEHKY CkBaxuHbI SI'-1, koTOpas
TI011ana B KepH B pe3yJibTaTe OTKIOHSHHUsI Oypa 0T OCHOBHOTI'O CTBOJIA; 5 — 00J1aCTh BOKPYT LIEHTPAIBLHOTO KaHaa,
0JIOKEHHE KOTOPOTO MPUMEPHO COBIIAJIAET C OChIO CKBaKMHBI SI'-1

frozen lake water and an outer crescent-shaped segment of meteoric ice (Fig. Se, f). Based
on this, we conclude that the pressure equalization at the point of water inflow occurred
when the water in the hole rose to a depth 4, of 3427 m (which corresponds to a water
level of 340 m above the ice-water interface) and the level of drilling fluid stabilized at
43 m below the casing top.

Texture and fabric studies performed on cross thin sections of ice cores showed that
the congelation ice has a radial texture (Fig. 5d, f) with the preferred orientation of c-axes
normal to the elongation axis of the ice crystals. This kind of ice fabric is consistent with
the classical law of geometric selection, which implies that crystals exposing their fast
growth direction (the prism plane) to the ice-water interface are preferentially developed.
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Accretion of freezing lake water began from the cold wall of the borehole and
proceeded at a slowing rate towards the borehole axis. Water freezing in the proximity
of the central canal located near the hole axis occurred last of all, and was accompanied
by entrapment of gas and liquid impurities rejected by growing ice crystals and pushed
toward the hole axis (Fig. 5e). Some of these impurities may have flowed down the canal
into the warmer, still unfrozen part of the borehole. In some cases, concentric layers
differing in the size of ice crystals were observed in the thin sections of frozen water
(Fig. 5/). Such layering indicates the stadiality in the ice accretion, and may serve as
evidence of fluctuations in the water level in the borehole during the time elapsed from
the lake’s unsealing to the complete freezing of the water.

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

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

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

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

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

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

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

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

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

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

Most likely, displacement of the drilling fluid with water in the abandoned hole was
accompanied by an upward slug flow of two-component (water-in-drilling fluid) emulsion
which further complicated the dynamics of water-fluid interaction, forming a disperse
system that promoted the formation of HCFC-141b hydrate. As a result, the entire water
column frozen in borehole 5G-1 between 3666 and 3427 m was contaminated with drilling
fluid components. The re-drilling data (Fig. Sa) suggest that the dispersed water reached
well above the maximum water rise and contributed to the formation of a hydrate layer on
the borehole walls and lumps of hydrate-ice mixture inside the borehole up to 572 m above
the lake surface (7, = 3194 m).

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

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

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

P—P =gl (p)+1,(p,)—H (p)) @)

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

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

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

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

4. The second unsealing of Lake Vostok

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

4.1. Borehole condition prior to breakthrough

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

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

After calibration against a float level gauge, the acoustic meter allowed near real-
time monitoring of the fluid level, 4 2 with an accuracy of 1.5 m and a fairly accurate
assessment of the water level changes in the hole prior to and following breakthrough.
Assuming zero lateral liquid outflow from the hole below a depth of 40 m, and neglecting
thermal-expansion and compressibility effects, the current water height in the hole, / ,
was estimated from the fluid level data:

L=(h/=h)(d/d, Y, ©)
where /4, is the measured level of drilling fluid and h” is the fluid level which would
be observed in a routine drilling run with no water entering the hole. The /. values for
different depths of the drill were obtained from the time-lapse data on the fluid level
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Fig. 6. Drill and liquid control records from the second unsealing of Lake Vostok.

I — depth of the drilling fluid level below the top of the casing, 7, (the ordinate is inverted); 2 — estimated water
height above the lake surface, / ; 3 — depth of the drill; 4 — lowering/pulling speed of the drill; 5 — weight on
bit (the dashed part of the curve — readings of the sensor after it has frozen).

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

Puc. 6. 3anrcu KOHTPOIS OypeHUS U KUIKOCTH IIPU BTOPOM BCKPBITHH 03epa BocTok.

1 — paccTosiHIE OT YPOBHS 3aJIMBOYHOMN )KUAKOCTH B CKBaXXMHE JI0 BepXa 00CcaJHON KOJIOHHBI, /1,(0OCh epeBepHY-
Ta); 2 — pacyeTHas BbICOTA MO/IbeMa BOJIbI B CKBAKHUHE, [ ; 3 — TlyOuHa CHapsaa; 4 — CKOPOCTh CIyCKa/moibeMa
CHapsia; 5 — Harpyska Ha 3a00ii (ITyHKTHPHAs 4acTh KPUBOW — ITOKa3aHMUs 3aMEPIIEro JaT4HKa Harpys3KHu).
TpeyronbHUKaMU OTMEYEHbl MOMEHTBI Hayajla 3aJIMBKU KEPOCHHA B CKBaXXUHY (2%100 nutpos). Bpems otcun-
TBIBACTCS OT MOMEHTA BCKPBITHS 03€pa
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change while the drill was being lowered into the hole. These data were corrected for the
fluid drained from the hole by the cable and for the addition of 200 litres of kerosene to
the top of the fluid column after the breakthrough (see below).

The second unsealing of Lake Vostok was accomplished on 25 January 2015. The
drill reached the surface of the lake during the drilling run in which this was expected,
and at virtually the same depth (2,= 3769.2 m) as three years earlier. The records of and
[, during the unsealing run are shown in Fig. 6 along with other drilling parameters. The
plots presented here give immediate and reliable information on the liquid movements in
the hole following breakthrough.

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

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

To reduce the water rise caused by a decrease in the height of the overlying fluid column
as the cable emerged from it, pure kerosene was added into the hole twice, at 72 and 83 min
following breakthrough (100 litres each time). The resulting rise in the drilling fluid level and
the drop in water level can be clearly seen in the 2, and / curves in Fig. 6. A temporary fluid
rise slightly above the level of the casing leakage (40 m) did not, apparently, significantly affect
the calculated values of / , because the initial (excluding added kerosene) mass of fluid in the
borehole remained unchanged within the uncertainties of its estimate (see Table).

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

Fluid level observations continued for some time even after the drill was brought
to the surface, until the level was completely stabilized at 4, = 48 m (/ = 60 m). The
measured values coincided reasonably well with the predictions (see Table) considering
the addition of 200 litres of kerosene into the hole during the drill hoisting. Measurements
made by a KMT downhole logger four days after the lake unsealing showed that up to
the borehole bottom encountered at 2, = 3696 m the mean density of the drilling fluid
was 925 kg-m, i.e. practically the same as measured before the unsealing run began.

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

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

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

Puc. 7. Pe3ynbrarsl MOBTOPHOTO OypeHHsI CKBaKUHBI SI'-3 TI0CIIe BTOpOTro BCKPBITHS 03epa BocTok
(a, ¢, fB3aTHI U3 paboTHI [36]).

a — CXEMaTH4eCKoe H300pakeHHe yqacTKa CKBaKUHBI 3692—3709 M, 3ar10IHEHHOTO 3aMep31Iel 03epHON BOIOM
M TUJIPATHO-JIEJSIHBIM MatepuaioM; b, ¢ — momnepeynblid numd kepHa ¢ nryounsl 3696,75 M B npoxonsiiem
ecTecTBeHHOM (D) M TONMSIpU30BaHHOM (c) CBeTe; d — HENPEPBIBHBIA THAPATHO-JIC/ITHON KEpH U3 MHTEpBaja
m1youn 3697,57-3708,12 m; e—f — nonepeunsie nutidel kepHa ¢ rryoun 3708,20 m (e) u 3708,92 M (f) B no-
JISIPU30BAHHOM CBETE

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

Re-drilling revealed that a 10-metre plug composed of an ice-hydrate mixture had
formed above the freezing water and completely filled the borehole volume in the depth
interval 3697.57-3708.12 m (Fig. 7a, d). A 92 cm thick layer of fractured congelation ice
containing traces of unfrozen water was found immediately above the plug (Fig. 75, ¢).
The volume of this layer was about 15 litres, which roughly corresponds to the amount
of water that may have drained out of the drill’s compartments after the drill emerged
from the water rising in the hole. The fact that liquid water accumulated on the top of
the plug indicates that the latter began to solidify while the water was still rising in the
hole behind the drill.

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

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

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

5. Summary and outlook

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

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

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

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

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

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

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

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

Supplement. Supplementary material related to this article is available online at:
http://cerl-aari.ru/index.php/lv
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yiten u3 xu3Hu 13 sBapst 2018 rona), a Taxke BceM BOJIOHTEpaM, MPUHAMABIINM y4acTHE
B OypoBbIX paborax Ha cranimu Boctok B 2011-2015 romax. MsI 6naronapus [1asmy Tananato
n XKany-PobOepy Iletu 3a 1eHHBIC 3aMEUaHUs M TIPEIUIOKEHHS 110 YITYUIICHHIO CTaTbi. MBI
Taxke OnarogapuM Asmcy JIaHbsio 3a pelakTHPOBAHNE PYKOIMCH HA aHITIMHCKOM SI3bIKE.
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Pacuiupennblii pegepar
JIBa BCKpbITHS KpYIHEHIIEro Ha Halel IIaHeTe NOIeAHUKOBOro o3epa BocTok, ocylecTBIeHHbIE MO
pyxoBozcTBoM Tmpodpeccopa Cankr-IlerepOyprekoro roproro yHusepcutera Hukomas VBanosnua Bacumbesa,
CTaJIH BBIIAIOMIMMICS COOBITHAMI B UCTOPUHM AHTAPKTHYECKOH HAyKH. BeCIIeHHBIH OIBIT 1 3HAHKS, TIOTYUCHHBIE BO
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B.A. Jlunenxos, A.B. Typrees, A.A. Exaiikun, U.A. Anexuna, A.H. Canamamun, H-Y. Bacunves
BckpbiTHE NOIETHHKOBOTO 03epa BocTok: ypoKkH M BBIBOABI AJIsi GYIyLIMX IOTHOMACINTAOHBIX...

BTOPOTO BCKPHITHS TOJUTCAHUKOBOTO BOI0EMa, KOTOpOE ObLIO BEIMONHEHO 25 sHBaps 2015 I. ¢ MUHIMAIbHBIMU
OTKJIOHEHHSAMH OT 331aHHBIX T1aPaMETPOB.

B xome 9TMX yHUKaIBHBIX OypOBBIX Omepalyii ObUIM TONYUYeHBI CaMble TOYHBIE HA CETOIHSIIHMIT JIeHb
OLICHKH MOIIHOCTH JICTHUKOBOTO TIOKpoBa (3758,6 + 3 M)  aBneHus Jba Ha KOHTAKTE JICIAHHUKA C MOJICTHA-
KoBbIM BogoeMoM (33,85 + 0,05 Mlla) B myHkre OypeHus. bsuto ycTaHOBNEHO, 4TO pasHHUIA JaBICHUH BOIBI U
JIbJIa HA TPaHUIE pasziena ONm3Kka K HYJIIO H, CJIEJOBATEIbHO, JIEHAKOBBIN IUT HA 9TOM Y4YacTKe HAXOIUTCS B
THPOCTATIHYECKOM PABHOBECHH C 03EPOM.

K coxanennto, Haiexk /bl Ha TO, YTO MOAHABIIASCA B CKBAXKHHY MOIEIHUKOBAs BOJA OKAKETCS MONE3HOM
JUIs U3ydeHns cpefsl o3epa BocTok, onpasnanick He B noHoN Mepe. CHIIbHOE OpraHndeckoe, OHOIOrHIecKoe 1
TEXHOTCHHOE 3arpsA3HEHIE KepHA 3aMep3IIeil BOABI 03epa, KOTOPBIi ObLT MOMyYeH 10 BBIXOKa OypoBOTo CHapsja
13 MAaTEPHHCKOH CKBAXKHHBI, CAENANI0 €r0 MPAKTHYECKH HEPUTOIHBIM ISl H3y4eHH s OONMbIIHMHCTBA CBOICTB MOJ-
JIETHUKOBOIT BOJIBI, KPOME €€ H30TOITHOTO COCTaBa. Pe/IKIM HCKITIOYEHNEeM cTala poda KOHKESIIHOHHOTO JIbJa,
TMOTyYeHHAs TOCIIe BTOPOTO BCKPBITHSA 03epa, KOTopas, Onarofaps CTPOTHM IPOLEAypaM ACKOHTAMHHALMH U
KOHTPOIIS 3arPA3HEHNS, O3BOJIHIIA CIENaTh BHIBOJ O TOM, UTO TOBEPXHOCTHAS BOZIA 03€Pa, MOMABIIAs B CKBAXKUHY,
ckopee Bcero, He conepxut Mukpooryto JJHK (cm. Bulat et al. B 3Tom HOMepe). BmecTe ¢ TeM uccneoBanus 1Byx
TapauIeTbHBIX KePHOB U3 CKBaXUH SI-2 1 5I'-3, OCTHITINX MOBEPXHOCTHU 03€pa, TIO3BOMIIIH MOMYIHUTh HOBBIE
JaHHbBIE Kak 00 YCIOBUAX (JOPMHUPOBAHHS HAPACTAIOIIET0 HA HIKHIOW MOBEPXHOCTH JIEJHIKA 03EPHOTO JIbJIa, TAK
1 0 cpejie ¥ THApoIornueckoM pexume o3epa Boctok (Ekaykin et al. B aTom Homepe).

[ToBTopHOE OypeHie CKBaK1H, 3aIOTHEHHBIX 3aMep3IIeil 03epHOH BOJOH, TTOKa3alI0, 4TO BO BCEX CIydasx
B 30HE B3aMMOJIEHCTBHS 3aIMBOYHO XKUIKOCTH H TIOJUTEAHHKOBOH BOfIbI 00pa3yeTcst TBep0e 6eoe BEmecTBO —
cmecs J1bza 1 ruapara ppeona HCFC-141b. Beuto ycranoBieHo, 4To 00pa3oBaHKe rHjpaTa MPOUCXONUT HPaKTHIe-
CKM MTHOBEHHO, €II[¢ 10 3aBepIIeHHst OypoBOro pefica, B KOTOPOM IPOH3BOIMIOCE BCKpEITHE 03epa. OGpasytomeecs
TBEPIOE BEIIECTBO YACTHYHO MM TIONTHOCTBIO 3aIONHSET CKBAKIHY H PETATCTBYET JTF0OBIM MOMBITKAM B3ATh IIPOOY
KUJKOH 03epHOH Bozel. [TocenHee 03HAUaeT, YTO CyIECTBYIOMAs NTyOOKas CKBAXKHHA, 3aTOJTHEHHAS CMECHIO
kepocuna u auxnop@ropstana HCFC-141b, He MoxeT OBITh HCTOTB30BAHA B KAYECTBE CKBAKHMHBI OCTYIIA IS
TPOBEICHNS MPSAMbIX HCCIENOBAHMUIT TIOTEAHIKOBOTO Boioema. [IpennoxkenHas panee 3aMeHa HCTIONb3yeMOH B
HACTOsIIIIEee BPeMs OypOBOH KIIKOCTH B IPH3a00IHOM 30HE CKBAXKMHBI Ha JKUIKOCTb, HE PEATHPYIONIYIO C BOIOH
(Hampumep, KPeMHHIHOPTaHHIECKYT0), MOKET, Ha HAIlll B3I, JINIIb ele OOMbIe YCIOKHUTD B3aNMOEHCTBIE
PA3IMYHBIX KUAKOCTEH B CKBAKHHE U CO31aTh TIOKA HEU3BECTHbIE TEXHOIOTMUECKHE POOIEMBI, HE Pa3pEIlnB IPH
3TOM CYIIECTBYIOIINX IKOJIOTHYECKUX 03a004eHHOCTEHH.

Io xaxomy OBI Ty TH HY TIONITH JaJIbHEHIIIE HCCIeI0BAHHS 03epa, HEYTACAFONIHH HAYYHBIH 1 00IIECTBEHHBIH
MHTEPEC K N3YUEHUIO NIOJUTETHUKOBOH Cpejibl AHTApKTHIbI BOOOIIE 1 03epa BOCTOK B 4aCTHOCTH JIaeT HaM HaJEK Ly
HAa TO, 4TO padora, Hayaras komanyoil H.J. Bacuibesa, Oyner npozomkena. Creytomias rpaHIro3Has 3a1a4a —
TPOHNKHOBEHHE B MOJIETHIKOBBII BOZ0EM C eI MPOBECHNS 0TO0pa Mpod 1 MPSMBIX HCCIIe0BAHHH BOAHOK
TOJIIM U JIOHHBIX 0cajikoB o3epa BocTok. IloAroToBKa U ocylecTBIeHHe MPOHUKHOBEHHS B 03ep0O MOTPeOdyrOT
CO3JaHMS HOBBIX OYpOBBIX M MCCIIEIOBATENLCKUX TEXHONOTHI, a CIEI0BATENIbHO, 3HAYHTEBHBIX (PHHAHCOBBIX
1 4eNOBEYECKHX PecypcoB. X0UeTcs BEpPHTH, YTO C BBOJOM B IKCIUTYaTaIMI0 HOBOTO 3MMOBOYHOTO KOMILIEKCA
cTaHIuK BocTok mpupeT BpeMs H 1A 3TOr0 HOBOTO MacIITaOHOTO aHTaPKTHYECKOTO TIPOEKTa.

KuaroueBble cl10Ba: TOIIEIHUKOBOE 03epo, Iy0oKoe OypeHHe, CKBaXKHHA JOCTYIIA, BCKPBITHE, TOBTOPHOE
Oypenue, ruapar Gppeona HCFC-141b
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