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Results of geodetic in-situ observations of ice-flow velocities in the southern part of subglacial Lake Vostok are
combined with data sets of the ice surface topography, ice thickness, surface accumulation, basal accretion and
firn/ice density for interpretations regarding the glaciological setting of the Lake Vostok system. Based on the ice-
flow velocities and the ice thickness, mean surface accumulation rates are derived applying the flux gate method.
These are representative for surface segments extending from the southern part of Lake Vostok to the Ridge B ice
divide. They are consistent with the present-day accumulation rate at Vostok station and its variation upstream
and thus suggest that the area has been close to steady state. In addition, ice-flow dynamics are investigated
along a flow line segment extending from 26 km upstream to 12 km downstream from Vostok station. The analysis
suggests deficiencies in current modelling approaches within the transition zone from floating to grounded ice.

Introduction

The results derived from the deep drilling at Vostok sta-
tion, and the recent penetration to subglacial Lake Vostok,
have impressively demonstrated the wealth and diversity of
scientific questions for the answer of which glaciology can
play a central role. In this context, geodetic observations
and glaciological interpretation are closely linked in the par-
ticular setting of the Lake Vostok system. In 2001, an inten-
sive cooperation between the geodesists of Technische Uni-
versitat Dresden (Germany) and Aerogeodeziya (St. Peters-
burg), along with the glaciologists from the Arctic and Ant-
arctic Research Institute (St. Petersburg) and the
geophysicists of the Polar Marine Geosurvey Expedition
(St. Petersburg) and with logistic support of the Russian
Antarctic Expedition (RAE, St. Petersburg) was begun with
the aim to contribute geodetic results to the exploration of
Lake Vostok and its glaciological setting. This cooperation
has been and will be continued, including joint field work in
the Lake Vostok region, also in the upcoming years.

A brief overview of the results achieved so far by the
joint efforts is given in the following section. Section 3 de-
scribes the observational data available to date for investi-
gations in the southern part of Lake Vostok. Section 4
comprises two examples for the application of these data
with regard to questions of glaciological relevance: First,
mean accumulation rates are inferred from flux gates across
the ice-flow direction which is representative for surface
segments extending from the southern part of Lake Vostok
to the Ridge B ice divide. Second, the flow dynamics in the

transition zone from floating to grounded ice is investigated
along a flow line segment extending from 26 km upstream
to 12 km downstream from Vostok station.

Previous works — a review

Ice surface geometry. One geodetic contribution to the
investigation of subglacial Lake Vostok consists in the pre-
cise determination of the geometry of the ice surface in the
region. A refined analysis of satellite radar altimetry data of
the ERS-1 mission [9] yielded a high-resolution digital el-
evation model (DEM) of the ice surface in the Lake Vostok
area [23]. More recently, a regional crossover analysis was
performed on the satellite laser altimetry data of the ICESat
mission [25] resulting in a new regional DEM of the ice
surface [13]. Compared to the radar altimetry data, the
ICESat data set is characterized by:

a higher accuracy of the altimeter measurements;

a smaller footprint diameter (60—70 m vs. > 2.5 km);

laser altimeter measurements free of the systematic
effect of signal penetration (volume backscatter);

high along-track resolution (172 m vs. 350 m);

a wider across-track spacing (up to 20 km vs. 2 km).

The last fact implies an additional increase in the uncer-
tainty of the DEM within the meshes between the satellite
tracks, where the elevation values are obtained by interpolation.

Both models were combined to a hybrid DEM [13]. At
each ICESat measurement point, the height difference of the
interpolated elevation from the radar-derived DEM minus the
laser altimeter measurement was determined. Over the lake
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area, this difference is very homogeneous (standard deviation
40 cm). The radar-derived elevations are, on average, 1.19 m
lower than the laser altimetry data, which is interpreted as the
effect of signal penetration of the radar altimeter measurements.
The difference (radar minus laser) was interpolated between the
ICESat tracks and applied as a correction to the elevations of
the radar-derived DEM. In this way, the hybrid DEM was ob-
tained which combines the high spatial resolution of the radar
altimetry data with the accuracy of the laser measurements.

This DEM reveals interesting details on the surface relief
in the area of Lake Vostok. Of particular interest are the strik-
ing troughs along the western (upstream), and bumps along
the eastern (downstream) shores of the subglacial lake (see
also [19]). The DEM, along with an ice-thickness model and a
regional geoid model, was furthermore applied for a quantita-
tive evaluation of the hydrostatic equilibrium of the ice sheet
above Lake Vostok [13]. This study showed that most of the ice
surface above the subglacial lake fulfils the hydrostatic equilib-
rium within a few meters. A large positive violation (+10 m) of
the hydrostatic equilibrium is found within a fringe along the
shore line, which would allow to map a generalized lake con-
tour. Further, local violations of the hydrostatic equilibrium
correspond to locations where the ice sheet is grounded on
small bedrock islands. Finally, the HE examination revealed
an area of anomalous, anthropogenic surface snow densifica-
tion along the convoy track from Vostok station towards Mirny.

The ice surface above Lake Vostok was also used as a
calibration area for the determination of ICESat laser opera-
tional period biases [13]. The relative systematic biases can
now be applied as corrections to the ICESat data from other
ice covered regions to separate this systematic effect from
real temporal ice-surface elevation changes.

Ice flow velocities. Another geodetic result of high glacio-
logical relevance consists in the accurate determination of
ice flow velocities. Based on repeated GNSS (Global Navi-
gation Satellite Systems, comprising to date GPS and GLO-
NASS) observations on surface markers, horizontal velocity
components were derived [21]. These velocity components
are given relative to bedrock as the local velocity contribution
of the rotation of the Antarctic tectonic plate was subtracted.
The first of these in-situ observations, commenced in 2001
(47. RAE), were restricted to the southern part of Lake
Vostok [31]. The participation of geodesists in the continen-
tal traverses conducted by RAE allowed extending these ob-
servations to the central and northern parts of the lake [22].
To date (including observations up to 2011, 56 RAE), surface
flow velocities are determined for a total of 50 markers in the
Lake Vostok region (Fig. 1). The accuracy of the velocity
components depends essentially on the time span between
the first and the last observation on the marker. For all of the
50 markers this time span amounts to one year or more; and
accuracies of typically 10 mm/a (flow velocity) and 0.5°
(flow direction) were achieved [22].

The observed ice-flow velocities were used to validate ice-
flow models in the Lake Vostok region. At present, ice-dynamic
models [18, 27] poorly predict the flow velocity field over the
subglacial lake. On the other hand, especially in the southern

part of the lake, the flow velocity directions derived from the
GNSS observations agree well with the flow trajectories in-
ferred by structure tracking from radio-echo sounding data [28].
The surface velocities observed on GNSS markers along the
flow line through Vostok station (VFL; e.g. [12]) were also used
to derive constraints for the transit time of an ice particle across
the lake and the rate of basal ice accretion [22, 31].

Furthermore, the observed velocity components form the
basis for the determination of horizontal deformations at the
surface of the ice sheet by means of a strain analysis [20].
Around Vostok station, a polygon of GNSS markers was es-
tablished and four times (2001—2011) observed for a detailed
monitoring of the surface deformations in the surroundings of
the 5T drilling site [31]. Our results indicate that the surface
deformation in the area of Vostok station is characterized by
extension both along and across the ice flow direction. This
agrees with the large scale surface deformations observed in
the southern part of the lake, and there are no indications for
an additional local effect around Vostok station, e.g. related to
the 5T borehole. The flow velocities and deformation rates
derived from the GNSS observations were combined with ice
thickness data inferred from radio-echo sounding [6] and gla-
ciological data to determine the local ice mass balance at
Vostok station [20]. For the area of the deformation polygon,
a change of the ice mass over time close to zero was revealed.

Surface height changes. The observation of changes in the
surface height over Lake Vostok allows conclusions not only
about the ice sheet, but also about the hydrological regime and
hydrodynamic processes in the subglacial aquifer. GNSS obser-
vations on seven markers in the area of Vostok station between
2001 and 2007 were used to determine vertical velocities [20].
These velocities are in the order of —6 cm/a, and represent the
downward motion of an ice particle (to which the marker is at-
tached) as a consequence of the snow densification. Consider-
ing the observation accuracy, these vertical velocities are, on av-
erage, compensated by the surface accumulation rate indepen-
dently derived for the last 200 years from snow pits in the Vostok
station area [11]. This implies that the secular height change rate
of the surface of the ice sheet is statistically not significantly dif-
ferent from zero [20]. In connection with the close-to-balance
state of the ice sheet, revealed by the local mass balance esti-
mate, it is concluded that no observational evidence is found for
secular changes of the water level of the subglacial aquifer.

Two independent geodetic observation techniques, con-
tinuous GNSS observations over several days and interferome-
try based on satellite synthetic aperture radar data (SAR inter-
ferometry), were used to determine periodic and short-term
surface height changes over Lake Vostok resulting from the as-
tronomic tides in the subglacial lake and the differential effect
of atmospheric pressure variations [30]. The tidal forcing gen-
erates a water circulation within the subglacial lake which
manifests itself as periodical vertical displacements of the ice
sheet surface in space and time in the order of up to 1 cm.
Changes in the air pressure gradients over the lake produce also
a response of the water masses, and thus the floating ice sheet,
according to the differential effect of the local inverse barome-
ter. This implies short-term (typically a few days) vertical sur-

-40-



A. Richter et al.

Fig. 1. Map of the Lake Vostok — Ridge B region. The area of subglacial Lake Vostok according to [5] is shown in blue. Black dots
depict GNSS markers, for which ice flow velocities were determined [22]; open circles denote GNSS markers considered in the
present study; the red dot shows the GNSS marker at Vostok station; green lines show modelled ice-flow lines through GNSS
markers. The orange rectangle marks the area shown in Fig. 2. Height contours (20 m equidistance) are taken from [7]. In the inset,
the red spot shows the area under investigation in East Antarctica

Puc. 1. Kapra paitona momieqHuKoBoro o3epa Boctok u nemopasnena B.

O06JacTh pacrpocTpaHeHUsI BOMHOM MOBEPXHOCTH 03. BOCTOK MokaszaHa royiyObIM LIBETOM IO JaHHBIM [5]. YEpHBIMU KpyXKaMU IMOKa3a-
Hbl Bexu GNSS (Global Navigation Satellite System), KOTopbIe y>Ke MCIOJb30BaJIUCh ISl ONIPEIeICHUS CKOPOCTU IBVKEHUS Jibaa [22];
oenbiMu Kpykkamu — Bexut GNSS (kpacHbiit: cranius BocTok), maHHBIE IO KOTOPBIM 00CYXKIAIOTCS B HACTOSIIIEH paboTe; 3eEHBIMU
JIMHUSIMU 0003HAYSHBI MOJICIbHbIC IMHUM TOKA Jibaa, nmpoxoasiinue yepe3 Bexu GNSS. OpaHKeBblii MPSIMOYTOJbHUK OTPAHUYMBAET U3Y-
YeHHYI0 00JIacTh JIEIHNKA, KOTopasl AEeTaabHO TOKa3aHa Ha puc. 2. M30rurcel moBepxHOCTH JeqHuKa (cedenue 20 M) MpOBEIEHBI 110

naHHbIM [7]. Ha Bpe3ke KpacHOI TOUKOI IMOKa3aHo IMOJ0XKeHHe palioHa ucciaenoBaHuii B BoctouHoit AHTapKTuae

face displacements reaching 1 to 2 cm. Since the vertical dis-
placements produced by tides and the inverse barometer effect
are restricted to the area where the ice sheet is floating, the spa-
tial pattern of these displacements, as revealed in the SAR in-
terferograms (Figs. 8, 9 in [8]), contains information on the
extent and location of the subglacial aquifer. In fact, the con-
figuration of peninsulas and details of the shoreline in the
northern part of Lake Vostok could be predicted based on
these interferograms, already before they were confirmed by
the results of ground-based radio-echo sounding [5].

Observations and data

Horizontal velocity components derived from repeated
GNSS observations on surface markers in the south-eastern
part of subglacial Lake Vostok form the basis for the present
study. They represent a subset of the ice-flow velocities pre-
sented by Richter et al. 2012 [22]. In the following, we will
focus on the 12 GNSS markers highlighted in Fig. 1, and
shown in more detail in Fig. 2. One of these markers (1 in
Fig. 2) is located within the territory of Vostok station, about
70 m away from the 5T drilling site. The markers 2 and 3 are
part of the deformation polygon around Vostok station
[20, 31]. The markers 1—9 were installed and first observed in

the Antarctic field season 2001/02. In the following season,
these markers were re-occupied and marker 10 was observed
for the first time. All these markers consist of wooden stakes,
80 cm long, buried about 50 cm deep into the snow, with a
screw on top onto which the GNSS antenna is mounted
during the observation [31]. Each of these markers was com-
plemented by two wooden reference stakes. Before and after
the GNSS occupations the stability of the GNSS marker was
checked by tape and levelling measurements within the trian-
gle. The occupations usually lasted for several days to weeks,
at minimum 24 h. In early 2007 marker 11, and one year later
marker 12 were installed and observed. These two markers
consist of aluminium tubes of 75 cm length, on top of which
the GNSS antenna is mounted via an adapter. Since 2007
most of the markers (except markers 7 and 8) were re-occu-
pied. Table 1 gives a summary of the GNSS markers and
their occupations. During the occupations, a geodetic GNSS
antenna was mounted on the marker and dual-frequency
GPS (and in some cases also GLONASS) code and phase
measurements were recorded. The antenna orientation was
documented and introduced in the data analysis.

For the GNSS data processing the Bernese GPS Soft-
ware was used. Based on the collected GNSS observation
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Fig. 2: Map of the region under investigation, the southern part
of subglacial Lake Vostok.

1 — GNSS markers considered in this study, numbers according to
Table 1; 2 — modelled upstream ice-flow lines through the GNSS
markers; 3 — shoreline of subglacial Lake Vostok [5]; 4 — segment
of the flow line through Vostok station (VFL). The coloured lines
depict the analyzed flux gates between pairs of GNSS markers, let-
ters according to Table 2. The red dot shows the GNSS marker at
Vostok station

Puc. 2. Kapra paiioHa ucciaenoBaHuii B 103KHOM 4acTU MO~
HUKOBOro o3epa BocTok:

I — Bexu GNSS, ucnonb3oBaHHBIE B HACTOSIIIEH paboTe (HoMme-
pa Bex Kak B Tabi1. 1); 2 — MoAeJIbHbIe TUHUU TOKA JIbJa, MPOXO0-
nsue yepe3 Bexu GNSS; 3 — 6eperosast muHus 03. Boctok [5];
4 — yuacTok nuHumu Toka VFL, mpoxopsiueil yepe3 CTaHIIMIO
Bocrok. LIBeTHbIE MpsiMble — CTBOPBI JIEASIHBIX MTOTOKOB, JJIsl
KOTOPBIX MPOBOIMINCH OalaHCOBBIE PACYETHI MEXIY COOTBET-
crByomurMu BexaMu GNSS (OykBeHHBIe 0003HAYEHMSI CTBOPOB
Kaxk B Tab. 2)

data, and including in addition data from 14 permanent
GNSS stations distributed around the Antarctic continent,
3D coordinates and velocities were determined for each
marker with respect to a global terrestrial reference frame.
Details on the GNSS data processing, the coordinate deter-
mination, the reference frame and the assessment of the ac-
curacy of the results are given by [3, 22]. The horizontal ve-
locity components of the markers in the Lake Vostok region
were corrected for the effect of the rotation of the Antarctic
tectonic plate. The resulting horizontal velocities represent
therefore the surface ice-flow velocity relative to bedrock.
The ice-flow velocities and ice-flow azimuths obtained for
the 12 markers under investigation, along with their uncer-
tainties are included in Table 1.

In addition to the ice-flow velocity vectors for the GNSS
markers, height profiles of the ice sheet were derived from ki-

nematic GPS observations during scientific traverses [4]. In
this study, we use in particular the surface height profile deter-
mined along a segment of the flow line through the drilling
site at Vostok station (VFL, see e.g. [12]). The results of the
geodetic observations are complemented by ice thickness data
derived from ground-based radio-echo sounding [6]. The ac-
curacy of a single ice thickness value in the vicinity of Vostok
station has been estimated at 13 m, composed of a systematic
uncertainty of 11.2 m and random measurement noise of
5.7 m [20]. This estimate has been confirmed recently by the
total thickness of the vertical ice column of 3759 m derived
after the penetration of the 5I' bore hole into the lake.
Throughout the Lake Vostok region, a crossover analysis of all
the thickness profiles derived from ground-based radio-echo
sounding yielded a standard deviation of 42 m. This data set
was merged with ice thickness data derived from airborne ra-
dio-echo sounding to a gridded ice thickness model [26]
(crossover standard deviation including both data sets: 65 m).
Furthermore, the high-resolution shoreline of the subglacial
aquifer inferred from radio-echo sounding is used [5].

In addition, glaciological data on the surface accumula-
tion, basal accretion and the snow/firn/ice density were in-
troduced in the analysis. Ekaykin et al. [12] present surface
accumulation rates along the VFL 100 km upstream from
Vostok station. In addition to results of accumulation stake
measurements, long-term mean accumulation rates repre-
sentative for the last 50 or more years were derived from three
snow pits and shallow ice cores along this flow line segment
(see also [2]). For the last 200 years, the mean surface accu-
mulation rate at Vostok station amounts to 20.6+0.3 mm/a
water equivalent (w.e.) [11]. Practically the same, constant
value (21 mmy/a w.e.) was adopted for the VFL segment ex-
tending from 26 km upstream to 12 km downstream from
Vostok station, which is a subject of the present study. Stake
farm measurements at Vostok station over the last 40 years
yielded an accumulation rate of 22.9+1.8 mm/a w.e. [11].

Information on the variation in the thickness of basal
accretion ice along the VFL can be derived from the results
of airborne radio-echo sounding [8]. These data indicate an
accretion ice thickness of 120 m for the location 16 km
downstream from the bedrock ridge/island off the western
lake shore (33 km NW from Vostok station); 180 m at Vostok
station; and 250 m at the intersection of the VFL with the
downstream (eastern) lake shore. These values seem to un-
derestimate the accretion thickness by about 50 m. Accord-
ing to the 5T ice core, an accretion thickness of 230 m at
Vostok station follows from the depth of the interface mete-
oric-accreted ice of 3529 m [15] and the total thickness of
the vertical ice column of 3759 m. Applying the 50 m offset
we obtain a 170 m accretion thickness for the upstream loca-
tion 16 km SE from the bedrock ridge. For the location of
re-grounding of the VFL this yields an accretion thickness of
300 m, which is in good agreement with the 295 m stated by
Bell et al. 2002 [8] as the average accretion ice thickness
along the south-eastern lake shore. Considering Fig. 4 in [8]
and using the latter thickness value as well as the «corrected»
values for Vostok station and the upstream location, we infer
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Table 1. Overview of the GNSS markers.

Their numbers according to Fig. 2, their coordinates, the year of the first and last observation, the number of occupations, the total amount
of observation data (in daily files), the inferred total ice-flow velocity v with its uncertainty estimate o, (in mm/a), and the ice-flow azimuth

a with its uncertainty estimate o, (in degree NESW) are given

No Latitude S Longitude W Observation | Occupations | Observation data,d| v+ o,, mm/a ato,
1 78° 27.962' 106° 49.966' 20012010 5 148 1994+1 134%0.1°
. ' . ' + +0.1°
2 78° 27.586' 106° 52.791' 2001-2009 4 16 1994+1 133_0.10
3 78 28.252 106 47.302 4 11 1992+1 134%0.1
o ] o ' + + °
4 780 23. 146' 1060 40.594v 20012002 2 12 1894%10 134_0.30
5 78 18.407 106 31.252 2 6 179319 133£0.3
6 78° 13.582' 106° 21.681" 2001-2010 4 71 1661£1 132+0.1°
. . s . T 10 30

7 78 27.871 107 0.896 ' 20012002 2 10 2019+10 132+0.3
8 78° 27.871" 107° 11.431 2 95 20418 128+0.2°
9 78° 29.302' 106° 58.381" 2001—-2006 3 33 202912 132£0.1°
10 78° 32.070 107° 15.276' 2002—-2006 3 24 2087+2 128+0.1°
11 78° 18.530" 105° 59.838' 2006—2009 3 5 1659+7 129+0.2°
12 78° 16.810' 106° 15.702' 2007—2009 2 3 1737x10 131+0.4°

the accretion ice thickness for an arbitrary point of the VFL
segment under investigation by linear interpolation.

According to Ekaykin et al. [1], the average density of
the uppermost 20 cm snow layer at Vostok station amounts
to 330 kg m 3. From the 5T ice core a vertical firn/ice den-
sity profile of the upper 2540 m was derived [17]. In the
following, we assume the uppermost 2000 m of this profile
as representative for the region under investigation. For the
part of the ice column below 2000 m, we adopt a constant
density derived from the mean of the profile values between
2000 m and 2540 m depth (923 kg m™3).

Interpretation and Discussion

Mean surface accumulation rates. Richter et al. [22] ap-
plied the flux gate method (e.g. [10]) to derive mean accumu-
lation rates for four surface segments between Ridge B and the
western shore of the northern part of Lake Vostok. The same
method is now applied to the area of Vostok station and the
southern part of Lake Vostok. This approach is based on the
assumption of steady state. Richter et al. [20] have shown that
the ice mass in the vicinity of Vostok station is at present close
to balance and hence have justified this assumption. In this
case the ice mass passing during a given time interval through
a flux gate, e.g. between two GNSS markers, must equal the
mass of snow accumulating during the same time interval over
a surface segment bounded by the flux gate and the flow lines
through the markers up to the ice divide. Thus, knowing the
ice-flow velocity at the flux gate, the ice thickness Z along the
flux gate, and the mean density p of the vertical ice column at
the flux gate, the mean net accumulation rate « for this surface
segment can be determined according to

Aa=A,Zp. (1)

Here, A, denotes the surface area of the surface segment
between the flow lines and A, the surface area of flow advance.
Assuming a linear change in the flow velocity and flow direction
between the two markers, A, represents a quadrangle made up

of the positions of the two GNSS markers (flux gate) at the be-
ginning and at the end of the considered time interval, respec-
tively. Considering a time interval of one year, it is determined
by the coordinates and horizontal velocity vectors (unit m/a)
derived for the markers from the GNSS observations. For the
floating part of the ice sheet above Lake Vostok the observed
surface velocities can be regarded as representative for the entire
ice column due to the absence of basal friction. The excellent
agreement of flow trajectories inferred by structure tracking
from internal layers at different depths with surface flow direc-
tions derived from GNSS observations confirms this assump-
tion. Therefore, GNSS markers on grounded ice or close to the
grounding line were not considered in this analysis. The GNSS
markers and the corresponding flux gates are shown in Fig. 2.
In (1) Z stands for the thickness of the meteoric ice.
Therefore, in the southern part of Lake Vostok, the thickness
of the basal accreted ice must be subtracted from the total ice
thickness values. For the markers close to Vostok station
(1-3), the total ice thickness was derived from the radio-echo
profile presented in [20] and the accretion thickness accord-
ing to the 5T  ice core (230 m, Section 3) was adopted. For the
remaining markers, the accretion thickness was inferred from
the VFL accretion thickness model (Section 3) after project-
ing their positions orthogonally to the flow direction onto the
VFL profile. In 100 m steps along the flux gate, the total ice
thickness was extracted from the gridded ice thickness model
by [26] and the local accretion ice thickness obtained by
linear interpolation between both markers was subtracted. At
each step, also the mean density of the meteoric ice column p
was determined by integrating the vertical density profile
(Section 3) from the surface down to the base of the meteoric
ice. The mean values for the meteoric ice thickness and its
density was then obtained by integration along the flux gate.
The introduction of the surface segment area A, in (1) re-
quires the determination of the upstream flow lines through
the markers. In general, the flow lines can be inferred from an
ice surface DEM by following the maximum surface gradient
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Table 2. Flux gates in the southern part of Lake Vostok.

For the flux gates shown in Fig. 2, the involved GNSS markers, the
inferred mean surface accumulation rate @ with its formal uncertainty
estimate o, (in mm/a w.e.; equivalent with kg/m?), the surface area A4,
of the upstream surface segment and the annual mass flux is given

Flux GNSS, ato, A km? Mass flux,
gate markers mm/aw.e. ¥ 10% kg/a
A 2 3 23.0£1.1 645.5 14.839
B 1 5 22.4%2.5 2279.8 50.980
C 5 6 21.9+2.4 1123.2 24.581
D 5 11 21.8+1.6 2129.3 46.480
E 6 11 21.9£1.0 3198.2 69.953
F 5 12 19.4%3.6 528.4 10.264
G 11 12 23.1%£1.2 1582.1 36.943
H 6 12 21.2+1.1 1630.0 34.636

from the marker position up to the ice divide. However, over
Lake Vostok, where the ice surface slope is only very small and
diverging from the flow direction, this approach would not
provide satisfactory results. Therefore, the flow azimuths ob-
tained for the GNSS markers and from the flow trajectories
derived by structure tracking [28] were interpolated onto a reg-
ular grid. According to this model and departing from the ob-
served flow azimuth of the marker, the flow lines were propa-
gated up to the western lake shore (see Fig. 2). From there on,
the flow lines were derived from the DEM [7], which has been
shown to be accurate within a few meters in the upper part of
the ice sheet [4]. The DEM was smoothed applying a 100 km
Gauss filter prior to the application of the maximum gradient
tracking algorithm [10]. The flow lines, tracked from the
GNSS markers on the southern part of Lake Vostok up to the
point on Ridge B where the flow lines converge, are shown
in Fig. 1. These flow lines, initially given in geographic coor-
dinates, were transformed into plane coordinates applying
the equal-area Mollweide projection, before the surface area
of the segments was computed. Test computations applying
different DEM's, different filter parameters, and different
equal-area projections have revealed that the aforemen-
tioned configuration yields the most reliable results [22].
The mean accumulation rates obtained for the flux gates
are given in Table 2. Their formal uncertainty estimates, in-
cluded in Table 2, were obtained by propagating the uncer-
tainties of the surface segment area (5% of 4,), of the mete-
oric ice thickness (50 m, including 48 m uncertainty of the
adopted accretion thickness, 12 m systematic error and 5.7 m
random error of the total ice thickness derived from radio-
echo sounding), the flow velocity vectors (10 mm/a), the
marker coordinates (10 mm), and the adopted density value
(1 kgm™3). In the northern part of Lake Vostok, the accura-
cy of the A,, derived by the same approach adopted here, has
been shown to be better than 5% (on average below 2%).
However, we decided on the more conservative estimate,
because the flow lines through the southern part of the lake
are longer than in the north (implying a higher sensitivity of
the results to uncertainties in the flow line modelling) and
the flow line determination across the lake may introduce an

additional uncertainty. The uncertainty contribution of the
A dominates by far (factor 10) the error budget.

In general, the mean accumulation rates obtained for
the different flux gates are very similar among themselves.
Since substantial differences in the mean accumulation rates
should not be expected over such a relatively small area, this
fact may suggest the consistency of our results. Also the un-
certainty estimates are quite homogeneous. The largest
formal uncertainties are obtained for those flux gates which
intersect the flow lines in a narrow angle (F, B, C). The in-
ternal agreement among the results for the flux gates D—H
confirms the consistency of the results as well as the accuracy
estimates. Flux gate A, centred at Vostok station, is the
smallest flux gate. For this gate we possess the most accurate
and reliable information on the thickness of the meteoric
and accreted ice, on the vertical density profile and on the
flow velocities. Moreover, the assumption of a linear change
of the ice flow vector and the accretion ice thickness between
the two markers seems most justified over such a short dis-
tance. On the other hand, this small flux gate is also more
sensitive to small deviations from the modelled flow lines.

The accumulation rates given in Table 2 would represent
the present-day net surface accumulation, if the ice sheet
would respond immediately to changes in the accumulation.
However, according to estimates of the relaxation time of the
East Antarctic ice sheet (e.g. [29]), it may take up to 10 ka for
accumulation changes to manifest themselves in the observed
ice mass flux. A comparison of the flux gate results with pres-
ent-day accumulation rates derived from glaciological in-situ
investigations thus implies that the steady-state assumption is
valid during the Holocene. It also implies that the flow lines
would not have changed significantly during this time. The
agreement of the paleo-flow trajectories derived by [28] with
the present-day flow directions determined by GINSS observa-
tions [22] suggests that at least over the southern part of Lake
Vostok the ice flow direction has not changed significantly
since the structures identified in the internal layers were formed
at the western lake shore (in the order of 50 ka BP, cf. [24]).

The two flux gates most representative for Vostok station
(A, G) both reveal a flux equivalent to a mean accumulation
rate of 23 mm/a w.e. This is slightly higher than the accumu-
lation rate of 20.6+0.3 mm/a w.e. derived at Vostok station
for the period 1816—2004. Accumulation stake measurements
(2005—2012) along the VFL profile 107 km upstream from
Vostok station indicate a slightly increasing accumulation to-
wards W as well as substantially increased accumulation rates
within profile sections of concave surface curvature [12]. Fur-
thermore, the accumulation rates at Ridge B are expected to
be higher than at Vostok station [24]. It must be noted that the
accumulation near the ice divide contributes to the presented
mean rates with a smaller weight than the accumulation close
to the flux gate, because they are represented within the seg-
ment by a smaller fraction of the surface area due to the gener-
ally divergent flow down from the ice divide. Altogether, the
results obtained for flux gates A and G are consistent with the
long-term accumulation rate at Vostok station and the spatial
variation of the accumulation along the flow line upstream.
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This gives confidence in the applicability of the flux gate ap-
proach and that the steady-state assumption is reasonable.

The results obtained for the remaining flux gates might
suggest a slight decrease in accumulation towards N. This
would not be expected from flux gate observations in the
northern part of the lake [22] and from glaciological data
within the lake area [2, 12]. If the trend apparent in the flux
gate results was real, the latter alone would not allow a de-
tailed localization of spatial accumulation anomalies within
the segments, e.g. to distinguish between the lake area and
the vicinity of the ice divide. However, in the comparison of
the flux gate results their uncertainties have to be kept in
mind. In particular, the accretion thickness away from the
VFL is poorly constrained by observational data. Therefore,
we do not interpret the flux gate results as an indication for a
decrease of the mean accumulation rates towards N.

Ice-flow dynamics across the transition zone. The ice surface
topography above Lake Vostok is characterized by prominent
troughs along the western grounding line and bumps along the
eastern grounding line, bounding the flat ice surface of the
freely floating part of the ice sheet [13, 19]. These features have
been interpreted as the manifestation of changes in the ice flow
dynamics in the zones of transition from grounded to floating
(western shore) and back to grounded ice (eastern shore) con-
nected to changes in the ice-base conditions in these zones [ 19].
At the upstream (western) grounding line, the vanishing basal
friction induces a local speed-up of the ice flow which results in
a thinning of the ice sheet and thus in a local negative topo-
graphic anomaly. At the opposite lake shore occurs the reverse
process: increase in basal friction, slowdown of the ice flow,
thickening of the ice sheet and a positive topographic anomaly.
Based on a high-resolution DEM of the ice sheet surface and
reasonable assumptions on the ice thickness, flow velocity, ac-
cumulation rate and the basal sheer stress, Rémy et al. [19] at-
tempted to explain these peripheral topographic features by
means of a first-order model of the changing ice flow through-
out the transition zone. Applying the steady-state equation,
and assuming a linear decrease (western shore) of the basal
sheer stress over 10 km, a satisfactory agreement with the ob-
served surface geometry was achieved.

Today, having accurate in-situ observations of the ice-
flow velocity [22, 31], ice thickness [6], accumulation rate [12],
grounding line position [5] and the surface topography [4, 13]
at hand, one might hope to be able to invert this approach in
order to gain insights into the basal shear stress around Lake
Vostok. For this purpose, we choose the segment of the VFL
from 26 km upstream to 12 km downstream from Vostok sta-
tion which traverses the transition zone at the south-eastern
(downstream) lake shore. Along this flow line segment, we
can rely on four repeatedly observed GPS markers (1, 9,
10, 11; see Fig. 2). The course of the flow line within this in-
terval was inferred from the gridded model of flow azimuths
(Section 4.1) starting from GPS marker 9 (closest to the
grounding line). In fact, the other three markers are aligned
very closely along this flow line, their lateral offsets amount to
74 m (marker 11), 302 m (1), and 23 m (10). Available contin-
uous profiles of the ice thickness, derived from ground-based

radio-echo sounding [6], and of the surface height, derived
from kinematic GPS observations [4], diverge laterally only
slightly (at most 1 km) from this flow line and were projected
orthogonally onto the improved profile course. The surface
height profile, extending only from Vostok station down-
stream, was complemented in the upstream part by surface
heights interpolated from the hybrid DEM by [13]. The sur-
face height profile and the ice thickness profile are shown in
Fig. 3, a. For the entire profile length a constant accumula-
tion rate of 21 mm/a w.e. is assumed, according to the long-
term accumulation rate profile given by [2, 12] for the VFL
upstream from Vostok station. The basal accretion rate distri-
bution along our profile was derived from the VFL accretion
ice thickness model (Section 3, see Fig. 3, b). It implies an
increased accretion rate between Vostok station and the
grounding line, and zero accretion beyond.

Between the four GPS markers along the profile, the
ice-flow velocity was linearly interpolated (see Fig. 3, b). The
flow velocity vectors observed at the remaining GPS markers
included in Fig. 2, off but close to the profile, were used to
derive the across-flow strain component (convergent/diver-
gent flow; see Fig. 3, ¢). In this way, all these quantities are
given at equidistant 50 m intervals along the improved flow
line. The surface height profile shown in Fig. 3, a confirms
the symmetry of the peripheral bump and its dimensions
(20 km length, 6 m height) as stated by [18]. This marks the
transition zone where we will focus our interest on.

We slightly extend the formal approach of [19] by in-
cluding the across-flow strain component dV/dy in the
mass conservation equation and adding the basal accretion
rate b to the surface accumulation rate a (both a and b in
unit m/a ice equivalent) [14]:

a+b— UdZ/dx + ZdU/dx + ZdV/dy) = E + dZ/dt.  (2)

Here, U denotes the ice-flow velocity along the flow
line, dU/dx the along-flow strain (extension/compression),
Z the ice thickness, and dZ/dx the ice thickness gradient
along the flow line. The right-hand side of (2) is composed
of the combined effect of modelling and observation un-
certainties of all involved quantities £ and the change in the
surface height over time dZ/dt reflecting the ice-mass bal-
ance. For each data point along the profile, (2) is evaluated.
The resulting variation of the (E + dZ/dt) quantity along
the profile is shown in Fig. 3, ¢ (red curve).

For the upstream part of the profile, down to the ground-
ing line, this quantity varies only slightly and remains close to
zero. Exactly at the grounding line, a sharp increase by ap-
proximately 50 cm/a is observed. Further down the flow line,
the (E + dZ/dt) drop and oscillate with large amplitudes, ap-
parently in correlation with the ice thickness gradient dZ/dx.
This striking change in the behaviour of the (E + dZ/df) is
not expected. A temporal change in the surface height dZ/dt
is assumed to be coupled with climatically-induced ice-mass
changes, which should occur uniformly over regional scales.
An interpretation of the red curve in Fig. 3, d as real spatial
variation of the surface height change rate dZ/dt is therefore
not plausible. On the other hand, the sudden increase in the
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Fig. 3. Profile along a segment of the flow line through Vostok station (VFL; see Fig. 2):

a — the red line indicates the ellipsoidal height H,; of the ice surface over the profile distance x
from marker 11 to marker 10; the blue line shows the ice thickness Z. The vertical dashed line indi-
cates the location of the grounding line as detected by terrestrial radio-echo sounding; Vostok sta-
tion is located at x = 25.7 km (marker 1); b — green dots: ice-flow velocity U observed at the four
GNSS markers 11, 1, 9, 10; green line: continuous flow velocity profile obtained by interpolation
between the markers; dashed green line: hypothetical flow-velocity profile assuming slowdown in
the transition zone due to basal friction; yellow line: model of the accretion ice thickness Z,,,.
along the profile; ¢ — grey line: along-flow surface deformation dU/dx (dU/dx < 0: compression;
dU/dx > 0: extension); purple: across-flow surface deformation dV/dy (dV/dy < 0: convergence;
dV/dy > 0: divergence); d — modelling results. Red line: Sum of observation and modelling uncer-
tainties and temporal surface height change (E + dZ/dt); green line: the same when assuming the
hypothetical flow-velocity profile (dashed green line above); grey line: the same as the red line,
without accounting for the effect of across-flow surface deformation (E + dZ/dt + ZdV/dy)

Puc. 3. XapakTepucTUKM UCCIeA0BAHHOTO yyacTKa JMHUY ToKa Jibaa VFL, poxonsiieii
yepes cTaHLmo BocTok (ecM. puc. 2):

@ — KpacHast INHKS — BbICOTa MOBEPXHOCTH JIeTHUKa H,,; (oTHocuTebHO autnmiconna WGS84)
Mexay Bexamu /1 10 (x — paccTostHUe TI0 TIpohITio OT Bexu [ 1); ToTy0ast IMHWST — MOIITHOCTb
JieHuKa Z. BepTuKaibHbINA MYHKTUP MMOKA3bIBAeT MOJOKEHWE IMHUY HaJleraH!sl JIeHUKA TI0
JTAHHBIM Ha3eMHOTO paIoIOKAIIMOHHOTO 30HapoBaHust. Ctanims Boctok (Bexa 1) pacmosno-
JKeHa Ha pacCTOsIHUK X = 25,7 KM OT Bexu 11; b — 3e1€HbIMU KPY>KKaMU TTOKa3aHbl 3HAUCHMSI
CKOPOCTH IBVKeHMsI Jibaa U, m3amepeHHbIe Ha 4eThIpéX Bexax GNSS ¢ Homepamu 11, 1, 9, 10;
3eJ1€Hast IMHUST — HEMPEPbIBHBINM MPOGhUIb CKOPOCTH ABUKEHMSI JIbAA, TTOTYJYEHHBIN IMyTEM UH-
TEPITOJISILIM MEXKTY BeXaMU; 3eJIEHBIN TTyHKTUP — THITOTETUYECKUI ITPOMUIIb, YINTHIBAIOIINI
3aMeJUIeHUE CKOPOCTU TeYeHMsI Jiba BOIV3U JIMHUM HaJIeraHusl B pe3yibTaTe MOsIBJICHUSI Tpe-
HUST HAa KOHTAKTE JIeMHUK—TIOACTIIAIONIME TIOPOIbL; SKENTAs JIMHUSI — PAcYETHAsE MOLITHOCTh
03EPHOTO JIbA Z,,., HA JAHHOM NpPOMIIE; ¢ — cepast TMHUSI — MPOIOIbHas (BIOJb IMHUM TOKA)
nechopmaliust IOBepXHOCTH JiemHuKa dU/dx; TypriypHast JIMHUST — TIoTiepevHast aedopmarivist
MOBEPXHOCTH JienHuKa dV/dy; d — pe3yabTaThl MOACIMPOBAHUST: KpacHasl JIMHUSI — CyMMa 3KC-
TEPUMEHTATbHBIX U MOJICJTBHBIX ITOIPEITHOCTEN M BO3MOXKHBIX BPEMEHHBIX U3MEHEHUIA BBICO-
ThI TIOBEPXHOCTH JienHuKa (E + dZ/df); 3en€Hast TMHKS — TO e, HO Oe3 yuéTa achdekTa more-
PeYHBIX Aechopmalinii ToBepXHOCTH JienHuKa (£ + dZ/dt + ZdV/dy)
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variation range at the grounding line can
also not be explained as an effect of ob-
servation and modelling uncertainties £,
since the observation techniques and data
sources used are exactly the same to
either side of the grounding line. The in-
clusion of the across-flow strain dV/dy
has only little impact on the model
output as becomes evident by the grey
curve in Fig. 3,d. It shows the evaluation
of (2) neglecting the across-flow strain
on the left-hand side and thus the com-
bined effect of (E + dZ/dt + ZdV/dy).
However, the difference with respect to
the red curve (complete model including
across-flow strain) is only marginal.

We interpret therefore the increase of
the (E + dZ/df) at the grounding line as
an indication that an important element is
still missing in the modelling approach in
(2) and [19]. It can be concluded that the
modelling approach in its present formu-
lation is not suited to derive the basal shear
stress downstream from the grounding
line. In fact, the inclusion of basal friction
in the model would imply a decrease in
the ice-flow velocity downstream from the
grounding line. However, a steady increase
of the surface flow velocity is observed
along the entire profile, including also
marker 10 located 7 km downstream from
the lake shore. Surface velocities observed
on grounded ice generally overestimate
the mean velocity of the vertical ice
column. Usually a factor of 0.9 is applied
to derive velocities representative for the
ice column from observed surface veloci-
ties (e.g. [10]). In a test computation we
reduce the effective flow velocity by multi-
plication of the surface velocity with a
factor decreasing linearly from 1 (10 km
upstream from the grounding line) to 0.8
(10 km downstream from the grounding
line, cf. [19]). This hypothetical flow ve-
locity profile is included in Fig. 3, b (green
dashed line). The (E + dZ/df) resulting
from (2) with U and dU/dx taken from this
hypothetical velocity profile are depicted
by the green line in Fig. 3, d. The decrease
in the flow velocity results in an immedi-
ate increase of the (E + dZ/df), where the
velocity scaling begins, and follows there-
on roughly parallel to the red curve. Thus,
an inclusion of basal friction and velocity
decrease in the modelling would not
reduce the increase of the (E + dZj/dr) at
the grounding line.
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The most poorly constrained parameter in our analysis is
probably the transversal strain dV/dy (purple line in Fig. 3, c).
It represents the variation in the flow-tube width along the flow
line. For grounded ice, where the ice bed relief becomes effec-
tive, larger changes in the divergence/convergence of flow over
short distances can be expected. It is clear that the adopted
linear interpolation along the profile is only a crude approxi-
mation of the variation of the transversal strain, in particular
where the ice is grounded. Part of the striking oscillations of
the (E + dZ/df) at the grounding line and beyond might thus
be attributed to the limited resolution of this parameter along
the profile. On the other hand, the representation of the trans-
versal strain in Fig. 3, ¢ relies on in-situ observations at eight
points along the profile. Within 4 km to either side of the
grounding line the transversal strain is constrained by three
observed values, one of them located exactly at the location of
the pronounced peak of the (E + dZ dr), about 2 km down-
stream from the grounding line. This peak can therefore not be
explained by the uncertainty of the transversal strain.

The suspicion, that the model description of the flow dy-
namics in the transition zone is not yet complete, is qualita-
tively confirmed also by two profiles across the north-western
lake shore (profiles a and b in [22]). There, where the vanish-
ing basal friction is thought to generate a speed-up of the ice
flow [19], a steady decrease of the flow velocity towards the
lake centre is observed.

Conclusions

The position of the drilling site at Vostok station, far away
from the ice divide, poses particular challenges for the interpre-
tation of the 5T ice core [24]. On the other hand, its location
above the largest of the Antarctic subglacial lakes can be con-
sidered as a fortunate coincidence. Due to this fact unique in-
sights become possible which would not be feasible on ground-
ed ice, for example the reconstruction of paleo-flow trajectories
or the determination of the present-day mass balance. Geodesy
can make useful contributions to the interpretation of the ice
core data and to the understanding of the glaciological setting
of the Lake Vostok system (e.g. strain rates around the drilling
site, accurate ice-flow velocities for the inference of transit
times, accretion rates and water residence times).

Based on observed ice-flow velocities and the flux gate
method, mean net surface accumulation rates are presented
which are representative for surface segments extending from
the southern part of Lake Vostok to the Ridge B ice divide.
These results are consistent with the present-day accumulation
rate at Vostok station and its along-flow variations upstream
and suggest that the region under investigation has been close
to steady state during the Holocene. One important compo-
nent of the ice core interpretation consists in a precise recon-
struction of the ice-flow velocity field for the Lake Vostok-
Ridge B region in the present and past. Existing glacio-dynam-
ic models have been shown to be unable to predict sufficiently
well the flow velocities and directions over Lake Vostok [22].
By means of an analysis of a segment of the VFL crossing the
grounding line downstream from Vostok station, the impor-

tance of the transition zone for the regional flow field as well as
conceptual deficiencies in current modelling approaches were
identified. A better understanding of the mechanics of the ice
flow within the transition zones is crucial for the improvement
ice-flow models both for the past and present.
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I'eone3nyeckne HADMIOIEHUST M MHTEPIPETAIUS
CKOPOCTEi Te4eHus JIb/Ia B KO2KHOM 9aCTH
No//IeIHUKOBOro 03epa BocTok

AHaJIN3 pe3ynbTaTOB BBICOKOTOYHBIX IT'€0Ae3MIeCKUX
M3MEpEeHUM CKOPOCTeil IBMKEHUS JIba B FOXKHOI 9acTH
MOJJIEMIHUKOBOIO 03epa BOCTOK, BBIMOJHEHHBIN € MpU-
BJICUYCHMEM JAHHBIX O BEICOTE TTOBEPXHOCTH M MOIITHOCTH
JIeMHUKA, TJIOTHOCTU JIEMHUKOBOM TOJIIIU, aKKyMYJIs-
IIMA CHEeTa M CKOPOCTU HapacTaHMWs O3E¢PHOTO JbIa Ha
TTOIOINIBY JIGAHWKA, MTO3BOJIMII MOJYYUTh HOBYIO MH(OP-
MAaIlMI0 0 IMHAMUKEe AHTaAapKTUYECKOI'O JEIHUKOBOTO
MOKpoBa B paitoHe ctaHmu Boctok. Ha ocHoBe mpen-
MOJIOXKEHUSI O CTAIlMOHAPHOM COCTOSIHMU JICTHUKA CHIe-
JIaHBI 0aJTAHCOBBIE PACYETHI IJIST BOCBMH ITPOM3BOIBHO
OPUEHTUPOBAHHBIX CTBOPOB JICASHBIX TTOTOKOB, MPOXO-
ISIIAX B JTAaHHOM paiioHe B HEIOCPEACTBEHHOM OJIM30-
CTU OT INIyOOKO# cKBaxXuHbI SI'. OHU MO3BOJMIN Olie-
HUTH CPETHIOI aKKyMYJISIIMIO CHera Ha IUIOIIAmM Cer-
MEHTOB JIETHUKOBOTO MOKPOBa, MPOCTUPAIOIIUXCS OT
10XKHOM yactu 03. BocTok no nepopasnena B. [Monyuen-
HBbIE 3HAYCHUS OKa3aJlNCh BeChMa OJIM3KM K COBpPEMEH-
HOM akKyMyJsIlIMM CHera B paiioHe cTaHuMu BocTok.
BreITToTHEHBI neTallbHBIE MCCIIEOBAaHMS JUHUM TOKa
nbna VFL, npoxoasuieit yepe3 cranuuio BocTok Ha
y4acTKe OT 26-T0 KMJIOMETPA BBEPX I10 TEYEHUIO JIbAa U
oT 12-ro kuyomeTpa BHU3 110 TeueHu1o. [TonbiTKa MHTEP-
MIpeTaluy MOJIYYeHHOT0 Habopa JaHHBIX C ITOMOIIBIO
ycoBeplIeHCTBOBaHHOU Monaenu Pemu [19] mponemoH-
CTPUPOBaJIa HECOCTOSITCILHOCTD ITOCIIEAHE KOPPEKTHO
BOCMPOM3BECTU HabJIogaeMble U3MEHEHUSI CKOPOCTU
IBUKEHUS Jbla B TIEPEXOAHOMN 30HE BOJM3M JIMHUN
HaJieTaHUs JIEMIHWKA, COOTBETCTBYIOIIEH BOCTOYHOMY
Oepery o3epa. Borpeku TeopeTUUECKUM OXUAAHUSIM,
CKOPOCTbh IBIKEHUS TTOBEPXHOCTH JISTHUKOBOTO ITOKPO-
Ba BO3pacTaeT IIpu BhIXOJe JeqHuKa Ha Oeper. Pe3ynbra-
THI TIPOBEAEHHOTO MCCIIETOBAHUS MOTYT OBITh MCIIOJIB30-
BaHBbI [T JATBHEUIIETO COBEPIIEHCTBOBAHUS MOJAEEH
TeYeHUS JSIHUKOBOTO MOKPOBA, UCITOIb3YEMBIX IS
JaTUPOBAHUS JIASIHBIX KEPHOB U MAJIEOKIMMATUUECKOMN
WHTEPIPETALINN MMOTYYSHHBIX ITPU UX HUCCIeIOBAHUM
JTAHHBIX.
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