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Abstract

Lake Vostok in Eastern Antarctica is covered by a �4000 m thick ice sheet that glides over the sub-
glacial water body on a time scale of �20 000 years. As a basis for ``pre-expedition'' planning, a priori
estimates are made for water temperature, heat ¯ux and currents. Whereas vertical temperature gradients
are predicted to be extremely small due to geothermally driven convective turbulence, horizontal temper-
ature gradients are expected to be present due to the horizontal gradient of the pressure-dependent freezing
point at the base of the sloped ice ceiling. Except at the lakeÕs deepest location, where a thin strati®ed layer
may develop, the vertical in situ temperature pro®le will be near the adiabatic lapse rate. Based on internal
heat ¯uxes associated with observed melting and re-freezing at the base of the ice sheet we calculate internal
currents by assuming geostrophic balance. Vertical and horizontal motions are both expected to lie in the
range of fractions of mm/s. Ice plasticity (hydrostatic adjustment) and water±ice heat exchanges are pre-
dicted to ¯atten the ice-cover quickly to a remarkably smooth terrain while the ice moves over the lake.
These results corroborate well with the recent ®nding that only the upper part of accreted lake water,
retrieved from the Vostok ice-core, contains particles. Our predictions are discussed with respect to un-
certainties and the experimental challenges to be met. Ó 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Of all lakes on Earth, Vostok reigns most mysterious. Located in Eastern Antarctica (near
77°S; 105°E) this 10±20 million year-old freshwater body is covered by a 3.7±4.2 km thick layer of
glacial ice. Lake Vostok is large: it has an area (�14 000 km2) near to that of Lake Ladoga, a
volume (�1800 km3) near to that of Lake Ontario, and a maximum depth (�510 m) near to that
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of Lake Tahoe. Lake Vostok was discovered using remote survey methods (e.g., by airborne radio
echo sounding, satellite altimetry, and seismic measurements; see Kapitsa et al., 1996) but no in
situ measurements have yet been made (NSF, 1999). There is evidence, however, that the lake is
composed of fresh water (i.e., low salinity), that up to 500 m thick sediments cover the lake ¯oor,
and that microorganisms that have been isolated from their surroundings for millions of years will
be found in their waters and sediments (Karl et al., 1999; Priscu et al., 1999).

The combination of extraordinarily thick ice-cover and extreme isolation of its microorganisms
makes Vostok an attractive analog for planetary exploration, as noted in the NASA Europa-
Vostok Initiative (F. Carsey, personal communication). Such a work would only be attempted if it
could be done without contaminating samples and the water in the lake. This constraint calls for
the use of in situ micro-robotic instrumentation specially designed to address an anticipated range
of physical and geochemical conditions within Vostok. Our aim here is to outline the physical
conditions that future researchers may face while exploring the lake by asking the following three
questions:
· Do we expect horizontal and vertical gradients of water properties, and, in particular, how will

the density-de®ning temperature distribution look?
· Do we expect measurable motions within the lake, and how are such potential currents related

to boundary conditions?
· What sort of in situ measurement constraints might challenge our ability to detect ¯ow and spa-

tial structure within the Vostok's cavity should penetration be achieved in years ahead?

2. Thermodynamic factors and lake's morphometry

Due to the absence of wind and rivers, we will suppose that density-driven ¯ows dominate
water motion within sub-glacial Lake Vostok. Consideration must thus be given to (1) the e�ect of
pressure on the temperature of maximum density; (2) the e�ect of pressure on the freezing tem-
perature; (3) geothermal heating; (4) Coriolis e�ect; and (5) potential particle and gas ¯uxes from
the overlying ice and their related mineralization and dissolution within the lakeÕs water. In turn,
the inclined ice ceiling may modify these factors.

The depression of the temperature of maximum density, TMD (°C), with pressure p (dbar or 104

Pa) is given in the ``linearized-form'' by (see Fig. 1)

TMD�S; p� � TMD�S; 0� ÿ 0:00215p �°C�; �1�
where S is the salinity (Chen and Millero, 1986). The depression of the freezing temperature, TFP,
with pressure is as follows (see Fig. 1):

TFP�S; p� � TFP�S; 0� ÿ 0:000753p �°C� �2�
(Fujino et al., 1974; UNESCO, 1978). Taking TMD�0; 0� � 3:984°C and TFP�0; 0� � 0°C, we
see that the two lines cross at a critical pressure pCrit � 2840 dbar f3:984=�0:00215ÿ 0:000753�g.
This corresponds to an overlying ice-cover of about 3170 m thickness for an ice density of
qIce � 913 kg mÿ3 (Kapitsa et al., 1996; Fig. 1).

Two thermodynamic cases are now evident. First, for ice sheets thinner than the critical
pressure pCrit we have TMD > TFP. Adjacent to the ice ceiling, the temperature T of the lake water
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must be near TFP. We therefore have TMD > T , which implies that the thermal expansivity
a �Kÿ1� � ÿqÿ1oq=oT < 0. Hence, a stable density strati®cation occurs for geothermal heating
from below (stability N 2 �sÿ2� � gaoh=oz > 0; g � 9:81 m sÿ2 is the gravitational acceleration; h
the potential temperature and z is the vertical coordinate, positive upwards). This is the classical
situation of strati®ed freshwater lakes in winter with an inverse temperature gradient, so we
therefore refer to this as the ``Lake case'' (Fig. 1). Second, for ice sheets thicker than pCrit, as is the
case in Lake Vostok, the sign changes: TMD < TFP, and therefore TMD < T . Thus a > 0 and an
unstable water column results in geothermal heating from below �N 2 < 0�. It is curious that the
large pressure due to the ¯oating ice plays the same role as salt in the ocean in suppressing TMD

below TFP, and thus, in terms of convection, Lake Vostok behaves more like an ocean than a lake.
We therefore refer to this �a > 0� as the ``Ocean case'' (Fig. 1).

According to the ice thickness data on 77 Antarctic sub-glacial lakes listed by Siegert et al.
(1996), 28 and 49 correspond to the Lake case and Ocean case, respectively. An interesting sit-
uation would arise if pCrit were to lie within a lake water body yielding both types of strati®cation
due to the changing sign of a within the water column. In fact, seven out of the above-mentioned
77 lakes do have an ice-cover thickness within a few meters of the critical pressure (Siegert et al.,
1996) and will most probably yield this odd property. In the following, we concentrate on the

Fig. 1. Freezing temperature (TFP) and temperature of maximum density (TMD) as a function of ice thickness: Three

types of lakes under ice can be expected in Antarctica, depending on whether the ice thickness is larger, lesser than or

about equal to the critical depth (�3170 m depth for qIce � 913 kg mÿ3), at which TFP and TMD are identical. In Lake

Vostok (lake temperature �)2.7°C) TFP is warmer than TMD (�)4°C) and the thermal expansivity a is positive (Ocean

case); subsequently potential density rh decreases as the potential temperature increases with depth (convectively un-

stable). In the Lake case rh is stably strati®ed.
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Ocean case type of Lake Vostok and review at the end the implications for the Lake case type of
sub-glacial waters.

Combined data from airborne radio echo sounding, ERS-1 satellite altimetry (Siegert and
Ridley, 1998) and seismic measurements (Kapitsa et al., 1996) provide rough estimates of the
lakeÕs morphometry and ice-cover (Table 1). A schematic section along the lakeÕs main axis (with
y positive towards the north) is shown in Fig. 2. The adjacent ice sheet ¯ows onto the lake from
the northwest and west at a speed of about 3 m aÿ1 (Kapitsa et al., 1996; Siegert and Ridley, 1998;
Siegert et al., 2000). The ice sheet is signi®cantly thicker over the lakeÕs northern end (Siegert and
Ridley, 1998; Fig. 9(a)): being 4.2 and 3.7 km thick over the northern and southern ends of the
lake, respectively, the ice-cover thins towards south by �460 m (Fig. 2). The top of the glacier
has a north±south slope of �40 m over the length of L � 230 km (�0.17 m kmÿ1). Thus an

Table 1

Lake Vostok's morphometry, ice cover and physical constants

Quantity Symbol Value

Lake

Volume V 1800 km3

Area A 14000 km2

Length L 230 km

North±south coordinate y 0±230 km

Average width 60 km

Depth H(y) 0±510 m

Average depth Havg 130 m

Maximum depth Hmax 510 m

Geothermal heat ¯uxa Fgeo 0.050 W mÿ2

Ice cover

Ice thickness HIce(y) �3700±4200 m

Ice surface slope 0.17 m kmÿ1

Ice thickness di�erence (N±S) DHIce 460 m

Ice ceilingb temperature at N-end TIce (y�L) )2.83°C

Ice ceilingb temperature at S-end TIce (y� 0) )2.53°C

Ice ceilingb temperature variation DTIce 0.31 K

Constants

Coriolis parameter (at 77°S) f )1.4 ´ 10ÿ4 sÿ1

Thermal expansivity of waterc a 18 ´ 10ÿ6 Kÿ1

Heat capacity of water cpq 4.2 ´ 106 J Kÿ1 mÿ3

Thermal di�usivity DT 1.35 ´ 10ÿ7 m2 sÿ1

Gravitational acceleration g 9.81 m sÿ2

Adiabatic gradientc C 1.1 ´ 10ÿ5 K mÿ1

Latent heat of melting Lp 3.34 ´ 105 J kgÿ1

Kinematic viscosity m 2.0 ´ 10ÿ6 m2 sÿ1

Ice density qIce 913 kg mÿ3

Water densityd q 1016 � 1 kg mÿ3

a See Salamatin et al. (1998).
b Temperature of the ice-ceiling in contact with the lake water, using Eq. (2).
c Average value.
d Assumption: salinity S � 0 (compressibility is included).
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independent check of the ice thickness variation can be made using the hydrostatic relation. In
order to balance hydrostatic pressure the ice sheet must thicken from the southern to the northern
end of the lake by f1� qIce=�qÿ qIce�g40 � 400 m (again qIce � 913 kg mÿ3 is assumed), in good
agreement with soundings. (The maximum depth of the lake water (Hmax � 510 m) calls for
�q=qIce�Hmax � 560 m thicker ice sheet on the lake boundary to compensate the hydrostatic
pressure.) In the following calculations, we choose the ice thickness di�erence as 460 m, which
yields a temperature di�erence of DTIce� 0.31 K along the 230 km north±south section. We expect
the ice ceiling temperature TIce(y) to be DTIce colder at the northern end than at the southern end.

Three observed features of the ice sheet are important for our analysis. First, the ERS-1 satellite
altimetry reveals a remarkably ¯at surface terrain over the lake (Siegert and Ridley, 1998),

Fig. 2. Sketch of Lake Vostok's geometry, ¯ow and ice-cover for parameters summarized in Table 2. The thin lines

indicate the direction of the ice sheet ¯owing over the lake. Melting occurs at the thick-ice side (N) and at the west-

margin; freezing at the thin-ice side (S) and east-margin. The horizontal convection is directed clockwise (heavy line).

The plumes are tilted to the north (at the west side) and to the south (at the east, where subsequently isotherms are not

exactly vertical). Isotherms T �y1� < T �y2�. The ice-core at the Vostok station (near C) is made of the climatic ice record

(to 3539 m depth) and accreted ice at the lower end (below 3539 m). The upper section of the accreted ice contains

particles (3539±3609 m depth).
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indicating that the irregularities of the ice thickness ¯owing onto the lake are smoothed out by
some processes as the glacier glides over the lake (see below). Second, airborne 60 MHz ice
penetrating radar reveals that the ice sheet, which ¯ows from north±west and west towards east
and south±east at a speed of about 3 m aÿ1, looses ice at the lakeÕs western and northern (thick-
ice) parts, whereas the sheet gains ice at the southern and south-eastern (thin-ice) parts (Siegert
et al., 2000; Fig. 2). Third, deep ice-core drilling indicates, consistent with freezing at the southern
(down-¯ow) end of the lake, the presence of a 210 m thick layer of accreted lake water below the
Vostok core site (Jouzel et al., 1999). This accreted lake water ice is made of two distinct layers.
The upper 70 m contain visible inclusions consisting of inorganic particles, whereas the lower
140 m is extremely clear ice (Jouzel et al., 1999). The accreted ice contains neither dissolved solids
nor air.

3. Hydrodynamics in lake Vostok

In the following section, we examine the scales of motion expected within Lake Vostok by
discussing in the order of: (1) boundary conditions, (2) vertical thermal convection, (3) the heat
internal balance, (4) horizontal convection, and (5) interactions between the lake and the ice
ceiling.

3.1. Boundary conditions

Four boundary conditions are crucial for the internal dynamics of the Lake Vostok's water
body:

· geothermal heat ¯ux, Fgeo;
· freezing and melting and associated heat ¯uxes from/to the ice ceiling, FFM;
· absolute ice thickness, HIce(y);
· tilting of the ice ceiling (temperature di�erence along the tilted ice ceiling, DTIce).

In the following, we will show how these four parameters govern the lakeÕs internal dynamics by
evaluating the vertical and horizontal motions. Information and assumptions on boundary
conditions, lake's morphometry and physical constants are listed in Table 1; whereas Table 2
summarizes the results of our a priori estimates.

The time scale for ice to pass over the width of the lake (�60 km) is about spassage � 20000 years
(60 km at 3 m aÿ1; Siegert et al., 2000). On this time scale one can expect the lakeÕs volume
and boundaries to change substantially. Since we do not know those boundary conditions
(including the conductive heat loss through the ice) from observations, we make the following
key assumptions. First, the heat ¯ux through the lake is equal to the geothermal heat ¯ux
Fgeo � 0:050 W mÿ2 (Salamatin et al., 1998), and the lake is in steady state (i.e., the heat entering
from below leaves the lake water at the ice ceiling; Fig. 2). This assumption implies that there is no
net heating or cooling of the lake water. Second, at the down-¯ow (south and southeast) end of
the lake the re-freezing of �150 m of ice takes place on a time scale of half of the ice passage over
the lake (Siegert et al., 2000). This corresponds to a freezing rate of E � 1:5 cm aÿ1, which is
equivalent to a heat ¯ux FFM from the ceiling of ELpqIce � 0:15 W mÿ2 (where Lp � 3:34� 105 J kgÿ1

is the latent heat of freshwater ice); thus FFM � 3Fgeo. The second assumption allows the lakeÕs
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volume to vary on geological time scales, since the Lake Vostok water residence time due to the
melting/freezing cycle is only Havg=�0:5E� � 17000 years (average lake water depth Havg� 130 m;
Table 1), which is roughly equal to the ice passage. Thus, whereas the phenomenon of the sub-
glacial lake may be old (millions of years), the lakeÕs volume most probably is variable. The ``age''
of the water is given by the age of the glacier base (400 ka; Petit et al., 1999), while the actual water
residence in the lake is relatively short (thousands of years).

3.2. Vertical thermal convective turbulence

The scaling of convection is determined by the height of the convecting layer, the buoyancy ¯ux
Jb and the Coriolis parameter (Fernando et al., 1991; Marshall and Schott, 1999). The convecting-
layer height will vary according to the thickness H(y) of the lake water body (Table 1). In steady
state, the lakeÕs average internal heat ¯ux is identical to the geothermal ¯ux Fgeo, and the buoyancy
¯ux is given by

Jb � ga
qcp

Fgeo � 1:5±2:6� 10ÿ12 �W kgÿ1�; �3�

where cpq � 4:2� 106 J Kÿ1 mÿ3 is the heat capacity of freshwater (pressure-dependence
neglected). Jb is proportional to the pressure-dependent thermal expansivity a�p� �

Table 2

Estimated physical properties of Lake Vostok

Quantity Symbol Value

Vertical convective turbulence

Buoyancy ¯ux Jb � �ga=qcp�Fgeo 1:5±2:6� 10ÿ12 W kgÿ1

Convective velocity scale w� � 2:4�Jb=f �1=2
0.3 mm sÿ1

Eddy viscosity Kcon � w�H=2 200 cm2 sÿ1

Vertical temperature gradient oh=oz 6 ´ 10ÿ7 K mÿ1

Adiabatic temperature gradient C 1.1 ´ 10ÿ5 K mÿ1

Horizontal convection

Thermal di�usive sub-layer �y > L=2� dM 6 cm

Thermal di�usive sub-layer �y < L=2� dF �0.7 m

Convective velocity scale uh 0.34 mm sÿ1

Heat ¯ux melting �y > L=2� FFM �0.25 W mÿ2

Heat ¯ux freezing �y < L=2� FFM �)0.15 W mÿ2

Horizontal temperature gradient oT=oy 5 ´ 10ÿ7 K mÿ1

Time scales

Ice passage spassage 20000 a

Lake water recycling by melting/freezinga Havg=�0:5E� 17000 a

Vertical convection scon � Havg=w� 5 d

Horizontal convection 2L=uh 45 a

Temperature adjusting sadj � dMHavg=DT 2 a
a Melting rate E� 1.5 cm aÿ1 (150 m during half a passage of 20000 a). The factor of 0.5 arises since water is added (by

melting) over the northern half of the lake, whereas water is withdrawn (by freezing) in the southern half of the lake.
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15:6� 10ÿ6�T ÿ TMD�p�� (Kÿ1), which varies from 13±22� 10ÿ6 Kÿ1 within the lake. Here an
average of a � 18� 10ÿ6 Kÿ1 is used. The randomly rising and sinking convective plumes have
vertical velocities of (Fernando et al., 1991)

w� � 2:4�Jb=f �1=2 � 0:3 �mm sÿ1�: �4�

Although this velocity may appear very small, the e�ect of w� is to allow very e�cient vertical
mixing within the lake water body. The time scale for a thermal plume to cover Havg is only
scon � Havg=w� � 5 days, which is instantaneous compared to the age of the lake or the passage
of the ice sheet (Table 2). Furthermore, due to the high vertical turbulent di�usivity of
Kcon � w�Havg=2 � 200 cm2 sÿ1, the vertical gradients of potential temperature can be expected
to be extremely small. The potential temperature (h) will increase with depth at a rate of
oh=oz � Fgeo=�cpqKcon� � 6� 10ÿ7 K mÿ1; thus vertical potential temperature di�erences over
the lake's depth of Dh � oh=ozHavg � 0:08 mK are to be expected. The observable in situ
temperature gradient would consequently be determined by the adiabatic gradient
C � ga�T � 273:15�=cp � 1:1� 10ÿ5 K mÿ1 (corresponding to DT � CHavg � 1:5 mK). There-
fore, a temperature sonde would observe an increase of the in situ temperature from the ice
ceiling towards the bottom of the lake up to �6 mK (CHmax), values which are extremely small
but still detectable with commercial CTDs. As discussed below, the potential temperature
gradients oh=oz will show an asymmetry in the west±east direction due to the Coriolis de-
¯ection.

Other lake properties can potentially in¯uence the net buoyancy ¯ux, and require discussion.
For example, in the northern part of the lake, particles are continuously added to lake water at the
top of the water column, due to melting (Fig. 2) and the subsequent release of entrapped at-
mospheric particles and glacial till and ¯our (see Petit et al., 1999). By assuming that the �500 m
thick sediment layer has been deposited over a time span of 10 million years, we calculate a
particle ``rain'' of �2.2 ´ 10ÿ9 kg mÿ2 sÿ1, which corresponds to a buoyancy ¯ux of �1.3 ´ 10ÿ11 W
kgÿ1, about 10 times that due to geothermal heating. Most of the sediment mass can be expected
to be made of glacial rubble and particles large enough to sink much faster than 0.3 mm sÿ1 (and
therefore not contributing to convective turbulence). However, the lm-particles and sub-lm
colloids do add to convective mixing under the melting ice section. Further, as a result of con-
vective turbulence, particles sinking slower than 0.3 mm sÿ1 (corresponding to a Stokes particle
size of �20 lm) will remain long in the water column. Vostok may thus be expected to be turbid,
visually much like a glacially fed intermontane lake.

If the lakeÕs volume has been present for a su�ciently long time, salts and dissolved gases may
have built up the lake water. It is safe to assume that the salinity is low, since even if the lake has
resided for millions of years, the accumulated salts would still be only a few per mill. Due to the
intermittent behavior of climate, the lake's cavity has likely disappeared on occasion over the time
span of 20 million years. In any case, melting will add salts and dissolved gases (90 ml kgÿ1 ice) at
the northern part (thick-ice), and both a�ect the buoyancy ¯ux. Both gas and salt concentrations
are lower in the newly melted water than the ambient lake water; hence the gases generate positive
buoyancy ¯ux (producing convection and turbulence), and the salts will produce negative
buoyancy ¯ux (suppressing convection and turbulence). Both contributions are less important
than the thermally induced convective turbulence.
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3.3. Heat balance

The steady-state assumption of no net melting/freezing implies that at present the heat entering
the lake water from below (right-hand side of Eq. (5)) leaves the water through the ice ceiling (left-
hand side of Eq. (5))Z y�L

y�0

cpqDT

T �y� ÿ TIce�y�
d�y� dy �

Z y�L

y�0

FFM�y�dy � FgeoL �W mÿ1�; �5�

where DT (1:35� 10ÿ7 m2 sÿ1) is the molecular thermal di�usivity (pressure-dependence neglected)
and d(y) is the thickness of the thermal di�usive sub-layer below the ice ceiling. We know the ice
ceiling temperature TIce(y) to be close to freezing temperature TFP(p(y)) of the local pressure p, i.e.,
TIce(y)�TFP(p(y)). As noted above, vertical mixing is fast and therefore T(y,z) varies little along z
and is almost entirely a function of the north±south coordinate y, i.e., T �y� � T �y; z�. Observa-
tions by radar echo sounding reveal that ice melts at the up-¯ow end (thick-ice in Fig. 2; FFM > 0
is directed out of the water), and water freezes at the down-¯ow end (thin-ice in Fig. 2; FFM < 0 is
directed into the water).

The temperature T(y) is further dependent on the heat balance in the interior of the water body.
Again, for steady state, the horizontally transported heat through a vertical x±z cross-section at y
(left-hand side in Eq. (6)) has to balance the ¯uxes through the lake bottom and ice ceiling of the
water volume on either side of the cross-section (right-hand side in Eq. (6))Z z�H�y�

z�0

Z x�Width

x�0

cpqu�y; x�T �y; x�dxdz � yFgeo ÿ
Z y0�y

y0�0

FFM�y0�dy0 �W mÿ1�: �6�

In Eq. (6), the horizontal heat ¯ux due to turbulent di�usion �cpqKconoT �y�=oy� has been ne-
glected, as it is much smaller than the advective heat ¯ux. If there were no horizontal transport
(i.e., vertical convective turbulence only), the temperature at position y in the lake would almost
be at TIce(y) (in fact slightly warmer) and consequently the horizontal temperature gradient
would be oT �y�=oy � oTIce�y�=oy � 1:3� 10ÿ6 K mÿ1 (or DTIce� 0.31 K over L� 230 km). Any
horizontal heat exchange, however, reduces the horizontal temperature gradient and thereby
increases the water temperature at the cooler (thick-ice; north) side, whereas vice versa the
temperature at the warmer (thin-ice, south) side decreases. As a result, the temperature at the
thick-ice side is T �y� > TIce�y� (consistent with local melting) and vice versa at the thin-ice side
T �y� < TIce�y� (consistent with local freezing). Although, horizontal mixing is not the primary
reason for melting and freezing, it is not counteracting and rather supporting the melting/
freezing segregation along y.

3.4. Horizontal convection

Horizontal convection is generated due to the pressure gradient op=oy � gH�y�qaoT �y�=oy,
e�ected by the horizontal temperature gradient. Since both, oT �y�=oy, as well as a are very small,
the density di�erence Dq=q � aLoT �y�=oy along the lake is very small compared to other natural
water bodies (Table 2). For steady state this baroclinic pressure gradient op=oy is balanced by
Coriolis force and internal friction
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� o
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Aturb
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oz

� �
� 0 �sÿ1�; �7�

where f is the Coriolis parameter (ÿ1:4� 10ÿ4 sÿ1; Table 1). For scaling purposes, we set the
turbulent viscosity Aturb � Kcon. This approximation is justi®ed, because convective turbulence is
active (not suppressed by buoyancy) and consequently the turbulent Prandtl number is close to
unity. Since in Eq. (7) friction is much smaller than the Coriolis force �Aturb=fH 2

avgf g � 1�, we
neglect internal friction. Eqs. (6) and (7) then allow calculating the solution for a given set of
boundary conditions and geometry. Balancing the heat ¯ux at y � L=2 by using Eq. (6)

4Fgeo � cpquhoT=oy�Hmax=2� �W mÿ2� �8a�
and the momentum, by applying Eq. (7)

uh � �gHmax=f �aoT=oy �m sÿ1� �8b�
leads to estimates for the horizontal current speed of uh � f8Fgeoga=�cpqf �g1=2 � 0:34 mm sÿ1 and
for oT=oy � f8Fgeof =�gacpqH 2

max�g1=2 � 5� 10ÿ7 K mÿ1 (0.12 K per 230 km). The horizontal
convection corresponds to a volume ¯ux of 1300 m3 sÿ1, which is equivalent to a convection time
scale of 45 years (lake volume per volume ¯ux). This implies a fast reaction of the horizontal
convection to changing climatic conditions at the ice ceiling. Comparably, the melting/freezing
water ¯ux is only 3 m3 sÿ1.

Due to details not considered (including geometry), the scaling in Eqs. (8a) and (8b) may be o�
by a factor of O�1�. For con®rmation we note that another means for setting an upper limit on the
horizontal velocity scale follows from energy conservation, which requires energy dissipation
Kcon�ou=oz�2 to be smaller than the driving energy source in the form of the buoyancy ¯ux Jb.
Assuming a mixing ratio (the ratio between the rate of change of potential energy to the turbulent
production of kinetic energy) for convection of

cmix � Kcon�ou=oz�2=Jb � 0:2 �dimensionless� �9�
(cf. Ivey and Imberger, 1991) yields an upper limit for the velocity scale of 0.6 mm sÿ1, consistent
with that found using Eqs. (8a) and (8b).

The e�ect of horizontal convection is to reduce the horizontal temperature gradient oT �y�=oy
below the gradient oTIce�y�=oy, imposed by the ice ceiling. The steady state of the horizontal
convection is such that it balances simultaneously the baroclinic pressure gradient and satis®es the
internal heat balance. The latter determines the clockwise direction of the circulation, for which
the heat transport will be most e�cient, given the melting/freezing pattern in Fig. 2. Both, the
melting/freezing rates as well as the tilting of the ceiling determine the scale of the internal con-
vection.

3.5. Interaction between lake water and ice ceiling

On the thick-ice side the lake water T(y) is only slightly warmer than the ice, whereas on the
thin-ice side the lake water is substantially cooler than the ice (Table 2). The di�erence between
T(y) and TIce(y) is not symmetrical along y for the following arguments. For y > L=2 (north) the
vertical heat ¯ux (5Fgeo) forces convective turbulence to rise to the ice ceiling. Here the thickness of
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the thermal di�usive sub-layer d(y) depends on the level of the convective turbulence and on
currents along the ice ceiling. For the ®rst process, d(y) is given by the smallest scales of turbulent
temperature variations, the so-called Batchelor scale, dM � 2p�mD2

T=Jb�1=4
(�0.06 m) where m is the

kinematic viscosity (index ``M'' indicates the zone of ``melting''). Since the horizontal velocities uh

are very small the corresponding thermal di�usive sub-layer (�10 �m=u���DT=m�1=2
, where u� is the

friction velocity; Hinze, 1975) is larger than the Batchelor scale. Subsequently, convective tur-
bulence de®nes the limiting eddy size for molecular heat exchange at the ice ceiling. For y > L=2 a
thermal sub-layer of thickness dM � 0:06 m will build up along the ceiling, within which the
temperature drops from T(y) in the lake water to TIce(y) at the ice by 5FgeodM=�DTcpq� � 0:026 K.

For y < L=2 (freezing in the down-¯ow zone of the lake) the heat ¯ux at the ceiling is towards
the water, which causes stable strati®cation close to the ice ceiling. Evidence for this comes
from the thickness of the molecular interface at y� 0, where dF � DTcpqfTIce�0�
ÿ T �L� ÿ LoT=oyg=�3Fgeo� � 0:7 m (index ``F'' indicates the zone of ``freezing''). There, at the
lakeÕs maximum water depth, we can expect a small pool of slightly warmer (TIce�0� ÿ T �L�
ÿ LoT=oy � 0:17 K) and stably strati®ed water below the ice ceiling.

It is noteworthy to mention that circulation in the lake is driven by the prescribed heat ¯uxes
and the tilting of the ice ceiling. The e�ect of the resulting circulation is that it supports the re-
shu�ing of ice from the thick-ice layer towards the thin-ice layer. As long as there is a temperature
gradient in the water the subsequent baroclinic pressure gradient leads to convection, which
transports heat from the thin-ice side to the thick-ice side and subsequently helps to level the tilted
ice sheet. When the ``ice pump'', however, would come to rest, depends primarily on the lateral
distribution of the ice temperature at the base of the ice sheet and cannot be predicted. Melting
rates, proposed by Lewis and Perkin (1986) and McPhee (1983) allow us to estimate the amount
of ice expected to be reshu�ed. For the temperature di�erences T �y� ÿ TIce�y� and the horizontal
current uh � 0:34 mm sÿ1 their relations predict between 50 and 200 m of ice (depending on the
detailed geometry of the ¯ow) relocated for the time scale of the ice passage. This comparison,
although most probably overextending the range of applicability, con®rms the approximate
volumes of ice melted and reallocated by the internal ice pump.

Changes in the thickness of the in¯owing ice or variations of the ice temperatures cause the
water temperature to deviate from steady-state equilibrium. The time scale of adjustment
sadj�y� � dMH�y�=DT is proportional to the depth H(y) of the water column and the thickness of
the molecular ice±water boundary and reaches a maximum of 80 years at the deepest location of
the lake, but is on average only 2 years. Again, this implies that water column adjustment is fast
compared to the passage of the ice over the lake (Table 2). ERS-1 satellite altimetry reveals that
the ice surface is extraordinarily and almost perfectly ¯at, which coincides exactly with the lake
boundary known from radar and seismic observations (Siegert and Ridley, 1998). It seems
therefore quite obvious to hypothesize that such smoothness is related to the presence of the
sub-glacial water. Let us assume an ice block of 1 m height irregularity moves onto and across
the lake. Hydrostatic adjustment calls for 91% of this irregularity to ``dive'' at the ice ceiling,
leading to a 0.91 m thick irregularity at the ice ceiling. Geothermal heating would eliminate
such an irregularity within 175 years, about 100 times faster than the passage of the ice sheet
over the lake. This implies that during the time ice crosses the lake, melting and freezing are
able to smoothen out irregularities of tens of meters, producing the stunningly ¯at ice that
extends over the lake.
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4. Discussion and conclusions

A summary of what we can expect in terms of physical processes while exploring Lake Vostok
is given in Table 2. The lake water will de®nitely not be at rest and transport and mixing will far
exceed molecular levels. Two types of internal motions can be expected: (a) convective vertical
plumes with velocity scales of �0.3 mm sÿ1; and (b) horizontal convection of the same magnitude
driven by baroclinic pressure gradients consistent with momentum and energy conservation,
whereas the vertical convective turbulence is mainly dependent of the geothermal heat ¯ux, the
key parameters for the horizontal circulation are the prescribed (based on observation) heat ¯uxes
for melting and freezing, and the tilting of the ice ceiling. The phenomenon that tilting can cause
horizontal convection, is not restricted to this application, as shown by Gill and Turner (1969) for
a double-di�usively strati®ed water body of varying depth.

Vertical mixing can be expected to be very fast, e�ciently eliminating density di�erences in the
vertical on a time scale of days. Changes in the behavior of the circulation will occur over time
scales of a few decades, de®ned by the time scales of temperature adjustment (<1 decade), cir-
culation time scale (several decades) and the time scale of removal of ice roughness elements
(century). Due to the continuous addition of atmospheric and glacial particles, the water column
will become very turbid, since convective turbulence will keep �20 lm particles and smaller ones
in suspension.

The presented model explains well the strange third feature of the ice-cover mentioned in
Section 2. Jouzel et al. (1999, see Fig. 3) found inorganic particles in the upper section of the
accreted ice. This is exactly what our model predicts. As the ice sheet moves over the lake, freezing
(accretion) begins at about the central region of the lake. There, vertical convective turbulence is
reaching all the way to the ice ceiling, attaching inorganic particles from the turbid water column.
As the ice sheet reaches the southern part, an m-thick molecular boundary layer builds up (due to
freezing-induced heating from above) and the geothermal convection cannot hit the ice ceiling
anymore. The ice accretion becomes a purely molecular process and leads to perfectly clear ice
with very low partition ratios (no salt, no gas, and no particles), as observed by Jouzel et al.
(1999). Also microorganisms are much more likely to be found in the upper section of the ice,
which was accreted over turbulent lake water.

In the horizontal, however, there will remain a density di�erence, which is �1/3 of the one
imposed by the pressure-dependent freezing temperature TFP(p) along the tilted ice ceiling. The
e�ect of the resulting circulation will lead to temperature and density isolines with a large incli-
nation angle; that is, plumes will rise and sink not vertically but rather at an angle of order �45°.
As a result tilted thermals will warm up and cool o� by Dh � �0:05 mK as they rise on the east
and west side of the ice sheet, respectively (Fig. 2). A high-resolution temperature pro®ler will
therefore ``see'' the combined e�ect of the convectively unstable temperature pro®le (Dh � 0:05 K)
and the tilted plumes (Dh � �0:05 mK) while lowered over the depth of the lake. Whereas on the
west side of the sheet h will be almost constant, h will increase by about 0.1 mK towards the
bottom on the east side. The observable in situ temperature will however, increase towards the
bottom due to adiabatic compression over the lake depth by up to 6 mK at the deepest position,
well resolvable for a commercial CTD.

Melting at the ``thick-ice'' side (north) and freezing at the ``thin-ice'' side (south) of up to 150 m
drives the internal circulation and internal heat ¯ux as the ice sheet passes over the lake. These
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internal heat ¯uxes remove topographic irregularities on time scales much shorter than the ice
passage time. This corroborates well with the observation that the ice surface is extraordinarily
¯at. The general shape of the ice sheet however (460 m thicker at the northern end) re¯ects the
N±S structure of the thickness of the in¯owing ice and is for sure not related to the internal ice
pump, which tends to level the ice ceiling.

Under steady state, other water constituents would likely be well mixed, lacking vertical gra-
dients in particles, salinity, and dissolved nutrients (except a very small volume below the ceiling
where the lake is deepest). We are uncertain, however, of expected gradients of pH and con-
centration of gases, which may be a�ected by pressure and the related formation of clathrate air-
hydrate crystals (Uchida et al., 1994; Salamatin et al., 1998). If the lake were not in steady state
(quite possible) and e.g., still melting, there would be probably no accumulation of salt or other
chemicals (it seems that the water is of fresh origin, no salt-water intrusions). If more ice were to
melt within the lake, some ``spilling over'' and re-freezing could occur below the southern end. Or
during cold episodes, the lakeÕs cavity could be removed by the glacier altogether. This might
transport microorganisms from the lake into the down-¯owing ice, and one cannot assume that
Lake Vostok water is fully sealed from the surrounding land and atmosphere.

Our present analysis has dealt only with the Vostok cavity. We note, however, that there are
at least 77 other sub-glacial lakes in Antarctica (Siegert et al., 1996). Beside the Ocean case
discussed above, there remain two other types of mixing regimes of sub-glacial lakes in Ant-
arctica. For ice-cover less than the critical thickness of 3170 m, we face the Lake case �a < 0�,
which remains stably strati®ed under geothermal heating and vertical convective turbulence is
absent. The horizontal convection will occur in thin intrusion-type layers, transporting heat to
the adjacent ceiling. As the ``water at the thick-ice'' end will be warmed up by the geothermal
heating at a much faster rate than at the ``shallow-ice'' end, and since the pressure-dependent
freezing temperature is lowest at the thick-ice end, melting will be most intense there. The
di�erence with the Ocean case is that the water coming in contact with the melting ice will rise
along the ceiling as it gets progressively cooler and thereby lighter. As the water body is
strati®ed in the interior (much more than in the Ocean case), this boundary-plume will generate
intrusions, which drive a horizontal heat ¯ux. As in the Ocean case, this process will level out
the ceiling, probably at a faster rate. Ceilings of Lake case sub-glacial lakes will therefore
potentially be more level (however, depending on the temperature distribution of the in¯owing
ice).

If the ice-cover is slightly less than the critical thickness, the Ocean case and Lake case are both
present within the lake water. In this ``bimodal case'' we expect unstable strati®cation in the lower
part of the lake and stable strati®cation in the upper.

Many examples are found elsewhere in nature where extreme pressures (the geophysical
squeeze-play) may a�ect water strati®cation and motion; e.g., in the oceans o� Antarctic ice
shelves (Carmack and Foster, 1975) and in deep lakes such as Baikal (Weiss et al., 1991). We also
note that this analysis may be applicable to extraterrestrial bodies having liquid water covered by
ice, such as JupiterÕs moons Europa and Callisto. Prior to in situ measurements of circulation in
Lake Vostok, possible scales of motion should be further explored, and we invite dialog. We also
advocate ®eld experiments to see if ¯ow can be detected in similar but less extreme high pressure
and low temperature situations (e.g., beneath the Ward Hunt Ice shelf o� Ellesmere Island,
Canada (see Je�eries, 1992).
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