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[1] Lake Vostok, the largest Antarctic sub-glacial lake
(14,000 km?), lies beneath nearly 4 km of ice. Sub-glacial
geophysical observations and studies of ice accreting at the
lake-glacier interface are the only means available to
obtain information on the environment and dynamics of
this huge water body formed several million years ago.
Accretion ice has been studied using high-resolution
synchrotron X-Ray micro-fluorescence. For the first time,
liquid brine micro-droplets (3—10 pm) are observed,
coexisting with large irregular sulfur-rich aggregates
(10—800 pm) containing gases and a mixture of very
fine particles. Most of these objects are sequestered inside
large crystals that grew slowly after ice formation. Their
structure and composition support the existence of
hydrothermal activity at the lake bottom and the
occurrence of haline water pulses carrying fine solid
debris and eventually biota from a deeper evaporitic
reservoir into the lake. Citation: de Angelis, M., M.-C.
Morel-Fourcade, J.-M. Barnola, J. Susini, and P. Duval (2005),
Brine micro-droplets and solid inclusions in accreted ice from
Lake Vostok (East Antarctica), Geophys. Res. Lett., 32, L12501,
doi:10.1029/2005GL022460.

1. Background

[2] Lake Vostok is about 240 km long and 40 km wide
[Kapista et al., 1996] and its southeastern end lies under
3750 m of ice, beneath the Russian Vostok Station where ice
drilling has been completed down to 3623 m. The ice above
3538 m is of meteoritic origin while below this depth it is
formed by accretion, i.e. the consolidation and freezing of
slush made of host water from the lake and frazil ice
produced by glacier melt in the northern part of the lake
[Jouzel et al., 1999]. Accreted ice generally contains many
visible inclusions above 3608 m (ice-1) and is very clean
below that depth (ice-2). Ice-1 was likely formed in a
shallow bay on the northwestern side of the lake, while
ice-2 was formed over the main lake [Bell et al., 2002]. Two
other layers of clean ice have been observed, centered
around 3540 and 3590 m. The first comprehensive study
of the ionic composition of accretion ice [de Angelis et al.,
2004] showed that this ice was significantly different in
composition from meteoric ice and contained varying con-
centrations of salts, dominated by halite, calcium sulfate,
and magnesium sulfate. Interestingly, halite, fluoride, and

"Laboratoire de Glaciologie et Geophysique de I’Environnement,
CNRS, St Martin d’Heéres, France.
European Synchrotron Radiation Facility, Grenoble, France.

Copyright 2005 by the American Geophysical Union.
0094-8276/05/2005GL022460$05.00

L12501

nitrate are uniformly distributed in the ice on the cm scale,
while sulfate and ammonium are scattered. Combined with
additional isotopic and iron measurements, these data
suggest that sedimentary sequences close to evaporite in
composition contribute to the lake chemistry. However, a
better understanding of mechanisms leading to the production
and incorporation of large quantities of salts and particles in
refrozen ice requires determination of the compositions and
locations of the impurities. The nature of the visible inclu-
sions and their presence in accreted ice, which is generally
made of large crystals of very high crystalline quality
[Montagnat et al., 2001], remains particularly puzzling.
X-ray microanalysis performed with a Low-Vacuum
Scanning Electron Microscope (LVSEM) showed significant
amounts of S, Mg, and O at a triple junction of accreted ice,
suggesting the presence of sulfate crystallite [Cullen and
Baker, 2002]. However, ice sublimation occurring within
the LVSEM chamber was used to preconcentrate impurities
and may have led to salt coalescence or precipitate formation
by localized surface diffusion (to reduce surface energy)
[Baker and Cullen, 2003; Barnes et al., 2003].

2. Method and Samples

[3] This paper presents data obtained by X-Ray Fluores-
cence (XRF), using a microprobe developed at the ID21
beam-line of the European Synchrotron Radiation Facility
(ESRF). The method, described in detail elsewhere [Susini
et al., 2002; Morel Fourcade et al., 2005], was used to
determine the location of trace impurities (ppm concentra-
tion) in the uppermost layer of ice samples (1 cm in
diameter and 5 mm thick). The direct relationship linking
the fluorescence signal intensity of a given element and its
relative abundance was used to make elemental maps with
varying spatial resolution. The exciting energy of the
microprobe was set to maximize the fluorescence yield of
the elements of interest, i.e. 4.5 keV for elements lighter
than Ca. A special experiment was carried out for sulfur
species by slightly varying the energy of the probing X-ray
photons around the energy of the absorption edge. In this
way, the spectral features observed close to the absorption
edge — referred to as X-ray Absorption Near Edge Structure
(XANES) - reflect the molecular environment of a given
absorbing atom and provide the basic mechanism
for imaging based on chemical sensitivity [Stohr, 1992].
When studying sulfur species, the exciting energy
was tuned around 2.5 keV and the shift in energy produced
a clear distinction between sulfur present as sulfide
(S™, 2.470 keV), sulfite (S", 2.478 keV), and sulfate
(SV1, 2.482 keV) [Prietzel et al., 2003], while the fluores-
cence emission of the other elements was not affected. The

1 of 4



L12501
3572mlce-1 Na
50 pm
Al
oF 5 (oxidized )
@ G o.
SO,
2 3
‘qc__‘,l 4 5 ’ "I. S (reduced)
ﬁ i "IL
> .
T 2 si |'
[a's
f |
|
o |' \
0 AN ¢ S \-\
0 1000 2000

Figure 1. Solid inclusion at 3572 m. Probe size: 0.3 X
0.3 pm; exciting energy: 2.470 and 2.278 keV for sulfide
and sulfate mapping, respectively. On every elemental map,
the relative abundance of a given element in a given pixel
increases from white to black and the highest concentration
is automatically scaled to black.

cell containing the sample was maintained at —140°C and
sealed within an XRF film made of “ultralene”™, making it
possible to study the upper 50 um thick layer of the sample
for several hours under high vacuum conditions without any
visual change of the ice surface. A preliminary examination
of the sample was carried out using an optical microscope
coupled with the XRF microprobe.

[4] Samples were prepared in the cold room facilities of
the LGGE in Grenoble. To prevent air trapping under the
Ultralene™ film, samples were carefully shaved with a
microtome until the ice surface was perfectly flat and
matched the surface of the cell window. This procedure is
also known to be very efficient for contamination removal
[Legrand et al., 1993]. One sample was made of de-ionized
(total ionic content lower than 2 ng g ") filtered (0.2-pm
pore size) frozen water to check the cleaning procedure and
provide a reference for background conditions. Three sam-
ples were taken in ice where many inclusions were visible and
containing sulfate salts in the pg g ' range, two at 3551 m and
one at 3572 m. A fourth sample was taken at 3539 m in the
uppermost layer of accretion ice, where ionic content was
extremely low and very close to the values measured in ultra-
pure water [de Angelis et al., 2004]. A thin grain boundary
structure was clearly visible to the naked eye in the first
sample taken at 3551 m, and a very large dark inclusion
(~500 pm in diameter) was located very close to the surface
of the second sample. MicroXRF investigations focused on
selected objects spotted by optical microscopy (a grain
boundary, dark inclusions, matrix irregularities) or were used
to scan selected areas for background studies.

3. Results and Discussion

[s] Only the sample at 3572 m was studied for sulfur
speciation. Several sulfur-rich objects, 10 to 30 um in size,
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were detected by random scanning and one is presented in
Figure 1. It seems to be made of fine aggregated particles
dominated by silicon (not only in the form of alumino-
silicate), sulfate, and reduced sulfur species, while the
sulfite signal remains negligible. It also contains significant
amounts of Si, O, and P. Other elements are also present, in
particular Al, Mg, and Na (Cl, K, and Ca could not be
studied under these experimental conditions). The depleted
area, visible on the oxygen map, is due to the detection
geometry in which the fluorescence signal is screened by
the particle. This suggests that the oxygen of the ice lattice
may be detected. S and SO, distributions in the inclusion
show small differences. Energy spectra are presented in the
lower part of the figure. The relative intensity, i.e. the ratio
of emitted (I) to incoming (Iy) intensity, was used to take
into account the variations of incoming intensity (Iy) during
experiments. The continuous curves correspond to the mean
signal of the inclusion (sulfide and sulfate experimental
configurations), and the dotted curve to the ice matrix.

[6] Many gas bubbles were visible at the surface of the
inclusion at 3551 m (Figure 2a). Elemental maps of the
three contiguous areas delineated by white lines in Figure 2a
are presented in Figure 2b (Ca, K), 2¢ (S, Mg), and 2d
(Si, Al). This very large inclusion is a heterogeneous
mixture containing carbonate-rich particles, either smooth
and round or angular with sizes up to 5 or 10 pm, and a
wide range of other particles with various shapes and
compositions, among them fine alumino-silicate and larger
aggregates where sulfate is associated with magnesium. As
in the inclusion at 3572 m, silicon was not always associ-
ated with aluminum and could also be present as quartz or
amorphous silica produced by in-situ reactions. Other scarce
and smaller aggregates showing rather similar compositions
were found in this sample.

[7]1 Elemental maps (K, CI and Ca) of the grain boundary
structure at 3551 m are presented in the lower part of
Figure 3, where the white line delineates the area containing

3551 m Ice-1

Figure 2. A 500 pm inclusion at 3551 m. Probe size: 1 x
1 pm; exciting energy: 4.5 keV. See Figure | for
concentration scaling.
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Figure 3. Grain boundary at 3551 m. Probe size: 1 x 1 um;
exciting energy: and 4.5 keV. On every elemental map, the
relative abundance of a given element in a given pixel
increases from dark blue to red, and the highest concentra-
tion is automatically scaled to red.

the grain boundary. The energy spectrum of this area is
represented by the red curve in the upper part of the figure,
and the mean signal of the surrounding area by the black curve
(background of ice matrix), showing significant differences
mostly in the potassium signal due to micrometer-sized
particles located along the grain boundary and containing
also small amounts of Ca and Cl. However these particles are
very thin compared to aggregates detected inside the crystals.
Considered together with the very large crystal size (and
thus the small number of grain boundaries), this implies
that impurities at grain boundaries should not significantly
contribute to ice-1 chemical composition.

[8] Except very scarce small particles, none of the objects
investigated here contained noticeable amounts of chlorine,
while NaCl concentrations close to 1.5 pg g~ were found
by ion chromatography in neighboring samples. A small
part of the Cl may be present as a solid solution in the ice
lattice as suggested both by the shadow on Cl mapping in
Figure 3 (denoted by a white arrow) and by a Cl relative
intensity mean value slightly higher in the ice matrix at
3551 m than in ultra-pure frozen water (factor ~1.5) [Morel
Fourcade et al., in press]. However, considering the
very low CI concentration measured in the blank reference
(<1 ng g "), it is very unlikely that a solid solution could
account for Cl concentrations as high as 1 pg g~ '.

[o] The same sample was then carefully examined by
optical microscopy, revealing several colorless oblong
objects, distributed rather regularly. Five images of
such objects, denoted I, II, III, IV and V, are displayed in
Figure 4a. Object V exploded during microscope investiga-
tion. Enlarged elemental maps of object II are presented in
Figure 4b (linear intensity scale) and 4¢ (logarithmic scale).
All these objects are rounded and have a tail-shaped feature
(Figure 4c) as well as very similar compositions largely
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dominated by Cl. Strong concentration gradients are
observed, with maximum values at the center (Figures 4a
and 4b). Most of the chlorine was found in these bubble-like
objects, which also contain significant amounts of Na and
smaller amounts of K, and are very likely brine micro-
pockets entrapped in the ice lattice. A very rough estimate of
the brine salinity may be made, assuming that the Cl
contribution from a solid solution may be neglected and
that droplet distribution does not change significantly
throughout the ice sample. Five droplets, 3 to 15 pm in
size, were observed in an area of 200 x 200 pm with an
investigation thickness of 50 pm. This corresponds to a
distribution coefficient of ~10> and a salinity of ~1.5%o
based on Cl concentrations in the ice sample. This is
significantly higher than the maximum salinity of 0.05 to
0.3%o calculated for the main lake [de Angelis et al., 2004]
and suggests the existence of an additional source of haline
water in the shallow bay where accretion ice-1 forms. Very
low Fe concentrations were found at 3551 and 3572 m,
ruling out pyrite and thus bedrock weathering as significant
sulfide sources [de Angelis et al., 2004]. Taken together, the
occurrence of salty water input and the presence of large
amounts of both sulfate and sulfide in aggregates may be
explained by chemical reactions between deeper sedimen-
tary layers, containing large amounts of sulfate and halite as
found in evaporitic sequences, and hydrothermal circulation
activated by sporadic seismo-tectonic activity through
crustal faults bordering the lake graben [Studinger et al.,
2003; Bulat et al., 2004; Wakita et al., 1980].

[10] Given this water circulation pattern, it is likely that
accretion ice contains solid particles initially carried by
saline water into consolidating frazil slush. Note that
thermophilic bacteria revealed by their DNA signature in
the accreted ice [Bulat et al., 2004] may have been trans-
ported together with sediments from hot basement faults.
Once formed, accreted ice remains very close to the melting
point [Jouzel et al., 1999]. At high temperature (—3°C for
accreted ice, under in situ conditions), the minimization of
grain boundary free energy implies grain growth, allowing
the formation of grain boundaries of high crystalline quality
[Montagnat et al., 2001]. At the beginning of the grain
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Figure 4. Brine inclusions at 3551 m. Probe size: from
0.3 x 0.5pum (Il and IT) to 1 x 1 pm (I, IV and V); exciting
energy: 4.5 keV. See Figure 3 for concentration scaling.
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growth process, particles initially homogeneously distributed
in the ice lattice should be captured by moving grain
boundaries, reducing free surface energy. As grain growth
occurs, particles initially located at grain boundaries aggre-
gate. The pinning pressure exerted by particles on moving
grain boundaries decreases and the particles, once large
enough, can be located within the ice lattice. Considering its
high salinity, the brine is likely in a liquid state at —3°C.
Interaction between grain boundaries and liquid inclusions
should be close to ice-water interactions, allowing brine
bubbles to remain in the ice lattice. When extracted, ice
cores are cooled to about —50°C and the outer pressure
decreases from 30 to 0.1 MPa. Water droplets should freeze
and cracks may be initiated along crystallographic planes
due to density differences between water and ice. The shape
and orientation of bubble extensions clearly visible in
Figure 4c should be directly related to the crack planes.
The freezing of brine droplets could also lead to concentra-
tion gradients as observed in brine bubbles (Figure 4b), due
to solute exclusion occurring at the ice water interface
during the freezing process.

[11] Both brine and mineral material were present in a
bubble-shaped inclusion found in sample at 3539 m. Inter-
estingly this object depicted a tail-like structure rather
similar to those observed in ice-1. The mechanism proposed
to explain impurity distribution in ice-1 would also be
expected to be valid for ice-2. However, given the very
low total ionic content found at 3539 m (<10 ng g~ ), this
layer should contain very few fine solid particles preventing
segregation between liquid and solid phases at the begin-
ning of the grain growth process. A comparison of Cl mean
intensity measured in ice-2 droplets with that of ice-1
suggests that the salinity of brine water is much lower in
ice-2 than in ice-1. This was expected from Cl~ concen-
trations measured by ion chromatography (2 and 950 ng g~
in ice-2 and —1, respectively) and suggests that ice-2
contains refrozen host water originating from the main lake.

[12] This work shows that ice accreted at the surface of
lake Vostok contains two different kinds of objects located
inside ice crystals: liquid brine microdroplets and large and
complex aggregates. It provides new arguments for the
occurrence of hydrothermal activity supplying the bay
where inclusion-rich ice forms with large amounts of
haline fluid and particles from deeper sedimentary strata.
Thermophilic bacteria originating from deeper basement
faults may have been carried out and entrapped in
consolidating slush along with other material. The
presence of both reduced and oxidized sulfur forms tightly
associated is of particular interest regarding potential
bacterial activity and needs to be confirmed by further
investigations focusing on sulfur speciation. On other
hand, accreted ice formed over the main lake shows very
low brine and particle content, likely owing to strong
decrease in the influence of hydrothermal activity.
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