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Airborne radar survey above Vostok region, east-central
Antarctica: ice thickness and Lake Vostok geometry
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ABSTRACT. During the 1999-2000 Italian Expedition, an airborne radar survey was
performed along 12 transects across Lake Vostok, Antarctica, and its western and eastern mar-
gins. Ice thickness, subglacial elevation and the precise location of lake boundaries were de-
termined. Radar data confirm the geometry derived from previous surveys, but with some
slight differences. We measured a length of up to 260 km, a maximum width of 81 km and an
area of roughly 14 000 km® Along the major axis, from north to south, the ice thickness varies
from 3800 to 4250 m, with a decreasing gradlent From west to east the ice thickness is fairly
constant, except for two narrow strips located on the western and eastern margins, where it
increases with high thickening rate. Over the lake the surface elevation increases from
3476 ma.s.l. (south) to 3525 (north), with a decreasing gradient, while the lake surface eleva-
tion decreases from —315 to =750 m a.s.l., with a decreasing gradient (absolute value). The ice-
surface and lake-ceiling slopes suggest that the lake is in a state of hydrostatic equilibrium.

INTRODUCTION

- \ Contour line every 100 m from ERS-1
| a1 Altimetry DEM (Remy and others, 1999)

Contour line every 10 m from ERS-1

Altimetry DEM (Remy and others, 1999)

The discovery of Lake Vostok, east-central Antarctica,
involved many scientists over a period of more than four
decades. Oswald and Robin (1973) were the first to bring to
light the existence of a subglacial lake beneath the Vostok
region, based upon a radio-echo sounding survey. The rough
dimensions of the subglacial lake were obtained by Ridley
and others (1993) from analysis of the ice-sheet surface top-
ography. A seismic survey performed in 1964 by Russian
scientists was re-analyzed, allowing the water thickness to
be calculated (Kapitsa and others, 1996). The existence of a
water body was confirmed by isotope studies indicating that
the Vostok ice core, from 3539 m below the ice surface to its
bottom, consists of refrozen ice from Lake Vostok water
(Jouzel and others, 1999).

MEASUREMENTS

During the 1999-2000 Italian Expedition, airborne ice-
penetrating radar measurements were made over the Vostok—
Dome C region in order to increase our knowledge of Lake
Vostok and its boundary, and to contribute towards the
reconnaissance of the entire area’s bed morphology. The
choice of flight-lines was based on analysis of the ice-sheet
surface topography (Siegert and Ridley, 1998; Rémy and
others, 1999; Siegert and others, 2000) and on the Kapitsa
outline of the lake (Kapitsa and others, 1996). This paper con-
fines itself to setting forth results from the flights made over
the Vostok region. The radar lines are located in Figure 1. The
transects “ew2” and “ew3” over the lake run parallel to the
flowlines (Kwok and others, 2000), while the transects “ewl”
and “ew4” present an angle of approximately 20° and 8°,
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VK = Vostok Station
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Fig. I Location of radio-echo sounding flight-lines of Italian
Expedition 1999 and of Scott Polar Research Institute
(SPRI)—Technical University of Denmark ( TUD )—U.S.
National Science Foundation (NSF) survey (Siegert,
2000). VK, Vostok station.
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Fig. 2. Transect “ewl” (a) RPRC; (b) radar sections with ice thickness and two-way time (‘TWT); (¢, d) surface and bed

elevation, respectively (m a.s.l.).

respectively. The transects “nsl” and “ns2” are roughly per-
pendicular to the flowlines.

Radar data were acquired using an airborne 60 MHz
INGV-ITdigital radar, linked to a global positioning system
(Tabacco and others, 1999). We used a 1 ps pulse length (about
160 m ice thickness), a 20 MHz digital sampling frequency
yielding an accuracy of 50 ns (~8m in ice). We acquired 10
tracess ' (approximately I trace per 7 m at the main aircraft
speed) with a time range of 64 us. Ice thickness was calcu-
lated using a constant velocity of 168mpus ' (Glen and
Paren, 1975; Robin, 1975; Bogorodsky and others, 1985;
Paterson, 1994). Cross-checking between the intersection of
east-west and north—south profiles yields thickness differ-
ences of <10 m; the error in thickness determination along
each transect is estimated at <16 m. Bed elevation was calcu-
lated by subtracting the ice thickness from the surface eleva-
tion obtained by the European Remote-sensing Satellite-1
radar altimeter data (Rémy and others, 1999).

LAKE BOUNDARY

It is well known that the reflection strengths from ice/water
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and ice/rock interfaces differ by >10 dB due to the values of
the real part of the dielectric constant of water and rock,
and to the roughness of bedrock (Oswald and Robin, 1973;
Siegert and others, 1996; Gorman and Siegert, 1999; Siegert,
2000). For this reason the variation of reflection strength
along each transect was analyzed in order to obtain the
accurate position of the grounding line. To evaluate the
strength variation due only to the bottom interface, we need
to remove from the measured bottom reflections all those
contributions caused by overlying ice.
The reflected power Py is calculated by:

A2 L
Pr = 2 - p -t
=G e T

(1)
where G is the antenna gain, A is the wavelength, r is the
distance, Pr is the transmitted power, @ is the refractive
gain, Lt is the gain/loss due to the focusing/defocusing effect
of surface shape and L is the total power loss, due to volume
inhomogeneity (L), ice-surface and ice-bottom scattering
(Lg and Lg,), reflection at the icefair and air/ice interfaces
(Ly), polarization (L;), medium absorption (L,) and trans-
mission at the bottom interface (Ly).
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Fig. 3. Transect “ew2” (a) RPRC; (b) radar sections with ice thickness and TW'T; (¢, d) surface and bed elevation, respectively

(ma.s.l.). (7 ) denotes cross-point between profiles.

Expressing Equation (1) in dB and considering geometri-
cal attenuation L, = 20 log(4 7/ G \), we obtain:

[Pr] =[Pr] — [Lg] + [Q] — [Li] — [Ls] @)
- [LV] - [Lp} - [Lr] - [Ld] - [Lt] - [st] :

The transmitted power Pr for the INGV-ITradar is 62.6 dB.
The refractive gain @) and the focusing—defocusing effect L¢
are 3—4 dB for nearly flat reflecting surfaces (Bogorodsky and
others, 1985). The scattering loss from the ice/air interface, Lg,
ranges from near zero to several dB depending on surface
roughness. In this work we assume a value of about 1-2dB
obtained after an averaging of raw data. Based on a prelimin-
ary elaboration of the raw data, we found that the values Ly,
L, and L, may be considered constant along each profile, and
their total contribution is approximately 4 dB.
With these assumptions:

[PR] = (626 - [Lg] - [La] - [Lt] - [st] - 2) dB, (3)

where Ly and Lg, are the two terms strictly related to the
bottom interface; their sum might be considered as a relative
power reflection coefficient (RPRC). Setting [RPRC] =
[Li] + [Lsp] we obtain:

[RPRC] = (62.6 — [Px] — [Lg] — [La] — 2)dB.  (4)
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By measuring the amplitude of the echo signals Py, and the
ice thickness, we are able to calculate Ly and Ly, and finally
RPRC. There are some problems with the calculation of L.
The absorption is given by L, = kod, where kis a constant, o
1s the conductivity dependent on temperature and depth,
and d is the thickness; its estimation is influenced by errors
due to uncertainty relating to the value of conductivity and
to its variation with depth. We restricted the amplitude
analysis to the lake and the surrounding shore; in this case,
the depth difference between lake ceiling and bedrock is
<100 m, so the errors due to an incorrect value of the absorp-
tion coefficient have little bearing upon the RPRC trend
along the profiles at the lake/bedrock transition. The
RPRC values and the bottom morphology were sub-
sequently used to identify the grounding line. On the east—
west transects, bottom reflections with both very rough and
flat morphology can be identified (Figs 2-5). On account of
the reflection amplitude we are able to distinguish:

(1) awide tract over the flat area, with a high and fairly con-
stant (varying within 1dB) RPRC value, interpreted as
an ice/water interface;

(2) a short tract, close to the western margins of the flat area,
with a very high RPRC value (roughly 4 dB higher than
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Fig 4. Transect “cw3”’ (a) RPRC; (b) radar sections with ice thickness and TWT; (¢, d) surface and bed elevation, respectively

(ma.s.l.). (7 ) denotes cross-point between profiles.

the previous one). This very high reflection strength is
also interpreted as an ice/water interface and thus as a
lake ceiling.

(3) surrounding tracts over a rough reflector with widely
variable amplitude (varying up to 20 dB) and low reflec-
tion strength (more than 10 dB lower than the flat area).
These low and irregular values are typical features of an
ice/rock interface.

Similar results were obtained for the north—south profiles.

ICE THICKNESS

Along the transect “nsl” (Fig. 6) ice thickness over the lake
increases from 3799 m (south) to 4250 m (north). We can
identify three sectors with a thickening rate that decreases
from ~5.9mkm " (south) to ~25mkm ' (central) to ~lm
km ' (north).
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In each east—west transect (Figs 2—5) we distinguish
three sectors:

(a)a western sector with a steep eastward ice thickening,
located over the area with very high reflection strength.
The thickening rate along the flight tracks is greater in
the southern-central area (20-43mkm ') than in the
northern area (8 mkm l);

(b) a central sector with near-constant thickness;
(c) an eastern sector with sharp westward ice thickening.

Taking into account ice-thickness variation, the pressure-
dependent freezing temperature at the lake ceiling and the hori-
zontal temperature gradient were calculated for each sector,
according to the equation T'(p) = T(0) —0.00753p, where T
is the freezing temperature at pressure p (expressed in bar)
and T'(0) is assumed to be 0°C (Fujino and others, 1974; Sou-
chez and others, 2000; Wiiest and Carmack, 2000). The tem-
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Fig. 5. Transect “ew®” (a) RPRC; (b) radar sections with ice thickness and TW'T; (¢, d) surface and bed elevation, respectively

(ma.s.l.). (7 ) denotes cross-point between profiles.

perature gradients of the western and eastern sectors are
greater than those in the north—south sectors (Table 1).

SURFACE AND BED TOPOGRAPHY

The subglacial topography surrounding the lake is highly
complex and irregular; bed elevation ranges between —750
and +1000 m a.s.l. The western and eastern lake shores along
the south-central area have a gradient of >100m km ", and
at the northern end the bedrock gradient is lower at
~80mkm ' (Fig.7). Lake Vostok occupies a depression elong-
ated parallel to the boundary between the Vostok Subglacial
Highlands and the western Aurora Basin. This depression is
at least 260 by 80 km, with the longer axis north-northwest—
south-southeast oriented. A rift, with a possible link to a rift-
ing system entering inland from the Amery Basin, has been
proposed by Leitchenkov and others (1998). We note that the
lake-flanking bed morphology does not evidence any
smoothing effects of substantial surface erosion or sedimen-
tation processes. Hence, these indications strongly suggest
that the depression developed over a relatively short geological
time, most probably during the Cenozoic period (Leitchenkov
and others, 1998; Dalziel, 1998).
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Over the lake, the ice surface elevation (Rémy and
others, 1999) increases from 3476 m (south) to 3525m
(north), with an average northward gradient of 0.2 m km
while the lake-ceiling elevation decreases from —315m
(south) to =750 m (north), with an average northward gradi-
ent of =17 mkm . The ratio between lake-ceiling and sur-
face slope gradients is —8.5. Neither surface nor ceiling slope
from south to north is constant, and we may distinguish
three sectors (Fig. 6): sector 1, between 0 and 25 km (surface
gradient 0.5m km ', ceiling gradient —59, ceiling/surface gra-
dient ratio —11.8); sector 2, between 25 and 70 km (surface
03 m kmfl, ceiling —2.6 mkmfl, ratio —87); and sector 3,
between 70 and 260km (surface 0.1mkm ', ceiling 0.9 m
km ", ratio —9.0). The values of the ratio between lake-ceiling
and ice-surface gradients are consistent with the ice and lake
model in hydrostatic equilibrium, where the gradients of ice/
water interface must be approximately 10 times, and in the
opposite direction to, the ice-surface gradient (Oswald and
Robin, 1973). The surface and bed elevation over the central
part of the lake are fairly constant on all the east—west transects.

Along the western side, over a narrow strip (<5 km long)
the surface topography indicates a trough roughly 8 m deep,
while the lake ceiling dips with a gradient ranging from
8mkm ' (transect “ew4”) to 40mkm ' (transect “ew2”).
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Along the eastern side, confined to the central southern part
of the lake, surface topography indicates a peak about 7m
high, while the lake ceiling dips with a rate of about
15mkm . We may assume that these features are due to
downslope and upslope motions produced by a mechanism
driven by a change in ice dynamics from grounded, floating
and regrounded ice (Kapitsa and others, 1996; Siegert and
Ridley, 1998).

DISCUSSION AND CONCLUSION

The amplitude analysis allowed for a definition of the nature
of bottom interfaces and for unambiguous positioning of the
grounding line indicated by sharp amplitude changes. Our
radar data confirm the geometry of Lake Vostok derived from
previous analysis, but with some slight differences, the main
one being the extent of the lake. We measured a length of up

Table 1. Features of the lake derived from radar transects. T hickening rate and horizontal temperature gradient are calculated from

west to east and from south to north

Transect Lake length Lake boundary coordinates Lake sector Length Minimum — Maximum — Thickening ~ Horizontal temperature
thickness thickness rate gradient
km km m m mkm ' Km'

784918°S  106.3908° E Western 32 3725 3791 20.5 14 %10 ;

ewl 16.8 784433°S  107.0862° F, Central 11.0 3791 3781 >-01 6.1 %10
’ ’ Eastern 2.6 3781 3845 24.7 16 %107

-5

779919°S  104.8826° E Western 2.9 3894 4021 43.5 29 x 1077

ew2 46.1 779033°S  106.9810° . Central 39.0 4021 4045 0.6 41 x10

' ’ Eastern 42 4045 4132 20.8 14 x107°

5

774155°S  1044775° F, Western 59 3994 4141 24.9 17 x 10 .

ew3 46.6 773021°S  106.3284° E. Central 36.9 4141 4156 <0.1 2.7 x10

’ ’ Eastern 3.8 4160 4199 10.1 69x10°

-6
769741°S  102.8085° E, Western 12.2 4125 4232 8.0 5.9_>< 10 77

ewd 810 76.6729°S  105.7122° F, Central 61.6 4232 4155 -1l 2.5 %10
’ ’ Eastern 7.2 4155 4182 37 25x10°°

Southern 25.0 3799 3946 59 39x10°°

784732°S 106.8184° E .

nsl 261.7 76 2721, S 103.1160° E Central 450 3946 4058 25 17 x10°°
’ ’ Northern 191.7 4058 4250 1.0 67 %107
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Fig. 7. Bed elevation (m a.s.l.) of the Vostok area with tracks of radar lines. Contour lines 100 m. VK, Vostok station.

to 260 km and a maximum width of 8 km. A map of surface
slopes superimposed on the radar tracks showing lake reflec-
tions is given in Figure 8. Lake boundaries derived from
radar measurements are highly appropriate for arcas with a
slope gradient of <0.02%. It should be noted that both the
surface “trough”, running along the western lake shores, and
the “peak” along the eastern shores (slope gradient ranges:
0.02-0.1% and 0.1-0.2%) are to be included in the lake body.
The lake area, calculated on the basis of surface area with
slope <0.02%, is about 14 000 km? this value is affected by
some uncertainties due to the location of the northern bound-
aries, and represents the minimum area.

Ice-surface and lake-ceiling ratios from south to north
confirm the ice-water model in hydrostatic equilibrium.

Finally, we should point out that, along the western and
castern edges, lake-ceiling temperatures are higher and
lower, respectively, than those over the central body of the
lake. The east—west horizontal gradients on the pressure-
dependent freezing temperature should be taken into
account, in addition to the north—south gradient (e.g. Wiiest
and Carmack, 2000), when modelling water circulation.
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