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INTRODUCTION

The author, following [ Cuffey, Paterson, 2010;
Congley et al., 2011], considers superimposed ice (SI)
to be a continuous ice layer forming in the lower part
of the snow or snow—firn thickness at the boundary
with the glacier ice. In Russian literature, an analo-
gous layer of ice is called infiltration-congelation ice
[Kotlyakov, 1984], or also superimposed ice [Ush-
nurtsev et al., 1995]. The SI thickness increases until
the entire cold store in the underlying ice is used
[ Cuffey, Paterson, 2010]. In the annual snow layer on
the glacier, all the formed SI melts together with the
snow. In the long-term snow—firn thickness, the ST is
preserved and is an element of internal feeding [Ba-
zhev, 1973, 1980).

The role of SI in the life of glacier is discussed in
numerous publications [Baird, 1952; Fujita et al.,
1996; Wadham, Nuttal, 2002]. Almost all researchers
believe that SI plays an important and sometimes a
decisive role in glacier ice mass balance in Polar re-
gions [ Wright et al., 2007] and regions with continen-
tal climate | Koreisha, 1991]; in other regions, the role
of SI is considered insignificant [Cuffey, Paterson,
2010).

For the glaciers of King George Island, a wide-
spread distribution of SI is typical on the surface of
ice domes after the snow melting; in particular years,
ST cover vast areas. However, this phenomenon is
rarely mentioned in publications on this region; the
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description and mention of SI on King George Island
can be found in [ Gonera, Rachlewicz, 1997; Rachle-
wicz, 1999]; on Signy Island (the South Orkney TIs-
lands) in [ Gardiner et al., 1998].

In general, SI remains insufficiently studied, es-
pecially in Antarctic regions. The present work dis-
cusses SI formation on King George Island with a
focus on the Fildes Peninsula and the Bellingshausen
Dome located on this peninsula, where field work was
conducted during 2007-2012 and 2014—2021 within
the framework of seasonal studies of the Russian
Atarctic Expedition. In addition to understanding
the specificity of the formation and existence of SI, an
attempt was made to determine its role in the ice
dome mass balance.

MATERIALS AND METHODS

Study area

Field study of SI was conducted on the Fildes
Peninsula (62° S) in the southwestern part of King
George (Waterloo) Island in the South Shetland Is-
lands Archipelago, near the northern end of the An-
tarctic Peninsula (Fig. 1).

The Fildes Peninsula is 3 km wide and 10 km
long; the Bellingshausen Dome is found in its nor-
theastern part (Fig. 2a). The size of the dome is
3.3 x 4.5 km, the height is 250 m asl, and its sur-
face area is approximately 8.9 km?2. The Bellingshau-
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sen Dome continuously adjoins to other, larger ice
domes of the island, which is on 95% covered by ice.
More detailed information about the structure of the
Bellingshausen Dome can be found in [ Mavlyudov,
2016].

Climate

The King George (Waterloo) Island is one of the
warmest regions of Antarctica. The climate of King
George is maritime, with mild winters and cool sum-
mers, because of the proximity of the Southern
Ocean. In summer, west to north winds dominate and
bring relatively warm air masses from the Pacific
Ocean; in winter, east to south winds carry cold mass-
es from the Antarctic continent. However, during the
winter, northwest bringing not only warm air but also
liquid precipitation can intrude. A period with above-
zero air temperatures mainly lasts from December to
March. The mean annual air temperature, according
to the Bellingshausen weather station [www.aari.aq],
is —2.3°C, the mean winter temperature (April-No-
vember) is —3.9°C, and the mean summer tempera-
ture (December—March) is 0.97°C. The mean annual
precipitation is 697 mm with approximately 239 mm
in summer (mostly as rain) and 458 mm in winter
(mostly as snow).

Research methods

The study of ST on Fildes Peninsula and on the
Bellingshausen Dome was conducted simultaneously
with mass balance research. Superimposed ice was
studied: (1) in the base of pits excavated for measur-
ing snow on the ice dome at the end of November —
beginning of December (if ST formation had already
started by that time) and during summer seasons in
the period of presence of a snow cover at stakes R1,
R4, R8, R12, BN, FN, and IN; (2) during the period of
snow cover melting, when the SI was entirely ex-
posed (Figs. 2b, ¢, e); and (3) during the period of
SI melting, when the melting crust is formed on its
surface (Fig. 2f). The melting crust is a highly friable
5- to 10-cm thick top layer in the glacier’s ablation
area, which appears as a result of direct penetration
of solar radiation into the ice, which induces ice mel-
ting in the upper layer [Kotlaykov, 1984; Mavlyu-
dov, 2008]. The SI thickness was measured in bo-
reholes (Fig. 2d) drilled by a ring drill of 10 ¢m in
diameter at different times along the edge of the ex-
posed ST (Table 1). The lower boundary of annual SI
in boreholes was a layer of volcanic ash particles,
which at the end of the ablation season usually appear
at the surface of glacial ice.

The SI thickness was also measured on the walls
of fresh crevasses and near 29 ablation stakes installed
across different slopes of the ice dome (Fig. 1). The
density of the ST and melting crust over it were deter-
mined by weighing method.
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Fig. 1. Location of Bellingshausen Ice Dome and
ablation stakes on it.

1 — nunataks, 2 — ablation stakes and their numbers. Inset maps
show the position of King George Island (arrow) near Antarctic
Peninsula and the Bellingshausen Ice Dome (black square) on
King George Island (UTM coordinate system, zone 21).

RESULTS

Identified conditions
of superimposed ice formation

The formation of SI depends on the structure,
thickness and temperature of the snow thickness,
store of cold accumulated in the underlying ice over
the winter, and on the surface structure of glacial ice
[ Kotlyakov, 1984]. Study of the snow cover structure
before the beginning of melting demonstrated that it
consists of snow layers of varying granularity and
density, as well as numerous ice interlayers. Ice layers
in the snow thickness can be of two types. The first is
ice crust forming upon rainfall onto a cold surface of
snow. Ice crusts are usually continuous, and their
thickness does not exceed 1-3 mm. Thinner ice crusts
are formed upon periods of abrupt warming without
liquid precipitation (radiation crusts). The second is
ice interlayer forming during the concretion of water
vapor onto the surface of the snow during strong
winds (most often, northern and northwestern) un-
der conditions of high air humidity (fog) and near-
freezing temperature. In this case, single ice aggre-
gates of about 2 cm wide, 2—4 ¢m long and approxi-
mately 1 cm thick grow on the surface of the snow
cover. These aggregates are inclined at 10°—20° to the
surface of the snow and are oriented against air flows.
In such layers, ice aggregates are not interconnected.
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Fig. 2. Bellingshausen Ice Dome: (@) view from the southeast from a helicopter (March 7, 2020), (5) bound-
ary between snow and exposed SI on southern slope of the dome, (¢) SI field on southern slope of the dome
(December 31, 2019), (d) core of the long-term SI, (¢) surface of the exposed SI with translucent inner
channels, and (/) melting crust with melted out inner channels on the surface of exposed SI.

The overall thickness of the layers with ice aggregates
usually does not exceed 2—3 cm.

At the beginning of the warm season, meltwater
seeps through snow to ice interlayers, beginning to in-
crease the thickness of ice crust and bind together ice
aggregates. However, the heat released during the
freezing of meltwater on ice interlayers most often
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does not allow a significant increase in their thickness.
As aresult, water finds a way through the ice crust or
between ice aggregates and infiltrates into deeper lay-
ers. However, in some cases, meltwater makes ice in-
terlayers impermeable. In this case, ice begins to grow
over these ice interlayers and isolates layers and lenses
of snow or firn within the ice thickness.
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Table 1. Characteristics of superimposed ice on the Bellingshausen Ice Dome in different years
Yo Averfage SI thick- Range of ST thick- ﬁgg Eiosr{l;}lngcg ST melting, SI share in By, SI share in By
ear ness for the dome, | <" L according to stake |according to stake
em ness variation, cm | stake measure- cm w.e. measurements, % | measurements, %
ments, cm w.e.
2007/08 19.9 (214) 1-28 18.1 8.8 28.3 12.0
2008/09 16.0 (107) 7-43 14.3 9.3 26.9 7.4
2009/10 15.6 (76) 4-27 14.4 0.7 18.3 1.6
2010/11 38.9 (53) 4-52 13.4 8.7 21.4 17.2
2011/12 30.3 (20) 10-69 16.1 14.4 28.5 12.6
2012/13 0 0
2013 /14 0 0
2014/15 41.7 (29) 5-54 12.4 0.9 23.0 16
2015/16 95.7 (60) 8-56 16.4 3.1 27.8 55
2016/17 30.7 (36) 6-175 14.9 16.5 281 17.6
2017/18 14.6 (34) 5-150 14.4 19.0 2.4 19.5
2018/19 13.6 (40) 5-35 12.9 4.7 20.7 9.1
2019/20 67.1 (64) 3-300 11.8 31.6 23.0 181
2020/21 13.8 (122) 5-106 10.9 10.9 13.4 10.9

N ot e: Number of measurements is indicated in parentheses. B, is the winter mass balance, and By is the summer mass bal-
ance. Bold face in the first column indicates years with positive mass balance.

A portion of ice in the snow thickness on the ice
dome differed significantly from year to year and from
point to point because it depended on the thickness
and structure of the snow, slope orientation, and
weather conditions during previous periods. During
all years of observation, at the end of the season of
accumulation, at maximum snow accumulation, the
amount of ice (by water content) within the seasonal
snow thickness ranged from 12 to 60% given the aver-
age snow thickness of 0.4-0.5 g/cm?®. During the sea-
son of ablation, the overall amount of ice in the sea-
sonal snow initially increased and then decreased.

Measured snow temperatures at the bottom part
of the snow thickness at the end of the season of ac-
cumulation on the Bellingshausen Dome in different
years varied from —3 to —5°C. Low snow temperature
contributed to freezing of meltwater seeping from the
surface of the snow and moistening the snow thick-
ness with the growth snow grains as well as to the
increase in the thickness of ice interlayers. The ST for-
mation in the lower part of the snow—firn thickness
took place primarily during its moistening by melt-
water. In some cases, this process could begin earlier,
if meltwater flowed or seeped through down the slope
under the snow thickness from higher positions with
a thinner snow, where it melted first, how it hap-
pened, for example, on the slope below stake R4.

Measurements in pits showed that the average
mineralization of seasonal snow in the upper part of
the ice dome was approximately 70 mg/L. During
water flowing down the ice slope, its partial freezing
(during ST formation) took place, which led to in-
creasing concentration of salts in the water flowing

over the ice. At the beginning of the ablation season,
water mineralization reaching 1000 mg/L) was mea-
sured several times in the pits in the lower part of the
snow thickness. This indicates that the water made
quite a long way under the snow. The recorded min-
eralization of the ST itself was 20-30 mg/L. The mea-
sured velocity of water flow under the 1-m-thick
snow cover on a slope of about 10° reached approxi-
mately 80 m/day. If the rate of water flow down the
dome’s slopes is considered as a constant, meltwater
can flow down from the top of the dome to its lower
part in 18—19 days. This rate increases as the steep-
ness of the slope increases and the snow thickness de-
creases. The latter leads to the growth of the thick-
ness of the moistened layer in the lower part of the
snow thickness which achieves a maximum in a strip
of water-saturated snow (“snow bog”) at the bound-
ary of the snow cover and the exposed SI. Upon the
emergence of a thick layer of wet snow, the formation
of ST slows down and then ceases. According to the
author’s estimates, the duration of ST growth on the
dome during the spring is 1—1.5 months and depends
on the air temperature and the activity of spring
snowmelt. At the same time, the growth of the SI
layer occurs on the whole snow-covered surface of the
ice dome. Apparently, an exception is the areas of the
ice dome, where the long-term snow—firn thickness is
maximal, i.e., where it exceeds 3 m, so that SI forms
within this thickness and meltwater runoff during the
ablation season is minimal.

It was determined that snow disappears first in
the areas with the minimum snow thickness in the
middle of the southern (near stake R4) and north-
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western (near stakes EN and FN) slopes and at the
lower part of the dome (if there is no windblown
snow pack there). An area of melted snow appeared in
the snow field and began to grow in all directions in-
creasing the area of the exposed SI layer. The exposed
ST begins to melt, and a layer of melting crust — a
loose mass of weakly cemented ice grains of 1-2 mm
in diameter — forms on it. After the SI melting, glacier
ice is exposed to the surface, and the area of SI encir-
cles exposed glacier ice. Subsequently, the area of ex-
posed glacier ice also begins to increase. Meltwater
channels form in the exposed field of glacier ice and
are drained down the slope, first into the strip of SI,
then also into the area of snow. In the case of active
melting and considerable meltwater discharge
through these channels, slush flows can form in the
snow field. Getting toward the lower side of glacier
ice, meltwater can sometimes penetrate under the
edge of the partially melted ST and further flow be-
neath the SI at some distance. However, as the SI
layer is frozen to the glacier ice at the contact with
the snow field, meltwater flow under it becomes im-
possible. As a result, weakened areas of the SI layer
appear in this zone, where meltwater discharge to the
surface takes place in the form of small fountains giv-
ing the birth to surface water streams. Often, on the
exposed surface of the SI layer on the dome, currently
active and former fountains can be identified by the
presence of dark spots of volcanic ash carried out by
the meltwater streams onto the surface of the whitish
SI. Volcanic ash is present in the form of interlayers
within the glacier ice and is mainly derived from vol-
canic eruptions on Deception Island of the same ar-
chipelago 120 km to the west-southwest [Jiankang et
al., 1999].

If the long-term snow—firn layer exceeds 2 m, as
recorded near stakes R6—-R9, then SI can also form on
the surface of one of the ice interlayers near the bot-
tom of the snow thickness at the end of the ablation
season. Most often, this was observed at a distance of
0.5-0.8 m from the surface of the glacier ice, so that
firn layer sealed from the top by ST was preserved. In
2016, the author measured the thickness of one of
such suspended SI layers in the pit near stake R6; it
equaled 25 c¢cm and was formed over the course of
1.5 years. Subsequently, while the snow cover was
preserved, the thickness of this SI layer increased. In
this case, a new SI layer formed within the firn thick-
ness, under which the layer of sealed firn was pre-
served. At the end of the 2018 /19 summer season, the
thickness of the suspended SI layer reached 70 cm.
An analogous phenomenon was also noted at other
measurement stakes in the upper part of the ice dome
with a sharp decrease in the snow—firn thickness mea-
sured weekly using a metal probe during the ablation
season.

In autumn, ST formation is favored by the condi-
tions in the thin lower part of the snow cover. A new

52

SI layer is formed, the thickness of which decreases in
the direction of increasing snow thickness. A layer of
autumn SI can be preserved until the next ablation
season or melt together with the snow during the
next summer warming.

At the end of the ablation season, the surface of
the glacier ice becomes uneven, very dissected, cut by
numerous channels deepened into the ice and forming
along former ice cracks and other defects. Numerous
recesses and rises of 10—15 ¢m in amplitude are typi-
cal for the ice surface during this time, as well as cryo-
conite holes of different sizes. The formation of ST in
the autumn and, to a larger extent, in the spring leads
to leveling of the ice surface. Consequently, during
simultaneous snow melting in separate areas of the
ice dome, large areas of leveled SI surfaces were ob-
served. Specifically, such leveled surfaces are favor-
able for the formation of areal slush flows from a wa-
ter-saturated snow strip at the boundary with the
snow cover upslope. In many cases, this led to an ac-
celerated disappearance of the snow cover on sepa-
rate areas of the dome, especially on north-facing
slopes.

Characteristics of SI on the ice dome

According to the author’s measurements, the av-
erage thickness of the annual SI layer on the ice dome
is 15—-16 cm. Depending on the relief of the surface
and the presence of crevasses, the thickness of the
layer varied from 2 to 24 ¢cm or more. The minimum
thickness of SI (about 2 ¢m) was recorded at the
lower side of perpendicular long-term crevasses in
the western part of the ice dome. This indicates that
the freezing of water entering from upslope areas
played an important role in the formation of super-
imposed ice.

If, during the summer, snow in the upper part of
the ice dome does not melt fully, as it happened in
2009-2016, as well as partially in 2017-2019, then
SI, which accumulated at the beginning of the abla-
tion season, does not melt under the snow cover. At
the beginning of the next ablation season, a new SI
layer begins to grow on the ST layer from the previous
year. Thus, the thickness of the ST layer is summated.
Given an average thickness of annually accumulating
ST layer of approximately 15 ¢m, a maximum thick-
ness of approximately 75 cm accumulated during five
years was first observed on the ice dome. Then, the
maximum thickness of SI was found to be equal to
145 cm near stake R12 on the eastern slope of the
dome in March 2019. In some areas along the periph-
ery of the ice dome, the ST thickness reached 1.5 m,
which is indicative of about a decade of its continu-
ous accumulation. The ST thickness of 3 m was recor-
ded near stake R7 in ice crevasse under snow and firn.

Data on the average thickness of the ST layer on
the Bellingshausen Ice Dome in different years are
provided in Table 1. They indicate that only in 2007—
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2009, 2017-2018, and 2020 the average SI layer
showed annual growth of up to 16 cm. In other years,
the average ST thickness was higher because of the ST
accumulation over several years.

To compare, Table 2 shows data on SI for differ-
ent regions. It can be seen that the predominant SI
thickness accumulated during one summer season in
different regions is in the interval of 10—20 ¢cm and
increases up to 27—35 cm only high in the mountains
on the Aktru Glacier, at the boundary of the firn—ice
and cold firn zones in conditions of continental cli-
mate of the Altai Mountains. On glaciers of the Sun-
tar-Khayata Ridge, in conditions of cold climate,
similar thicknesses of seasonal ST were recorded in
the ablation zone. Larger SI thickness values ob-
tained for the Kongsvegen Glacier (Spitsbergen)
were possibly related to damming of meltwater in the
snow cover within separate parts of the glacier.

The density of SI on the ice dome slopes was
measured in 10- to 40-cm-long ice cores and reached
0.66—0.91 g/cm?. Such a wide range of SI densities is
apparently connected to the structure of wet snow,
the presence or absence of ice interlayers and their
thickness, as well as to the number of air bubbles in
the ice. Average data from 97 samples showed SI den-
sity equal to 0.82 g/cm?. The obtained average SI
density on the Bellingshausen Ice Dome agrees well
with data from other glaciers (Table 2): 0.8 g/cm? for
Kongsvegen Glacier on Spitsbergen [Brandt et al.,
2008], 0.87 g/cm? for Xiao Dongkemadi Glacier on
the Tibetan Plateau [Fujita et al., 1996], 0.89 g/cm?

for McCall Glacier in Alaska | Wakahama et al., 1976],
and 0.85-0.91 g/cm?® [Bazhev, 1980] and 0.86—
0.98 g/cm?® [ Shumskii, 1955] for various glaciers.

A layer of melting crust appears on the surface of
melting SI, which, despite having a firn-like snow
structure, differs sharply from it. The snow on the
surface of the dome is partly covered by dust because
dust concentrates on the surface during melting and
subsidence of snow. Areal meltwater flows running
from a strip of water-saturated snow wash away all
dust from the surface of the exposed ST leaving it ab-
solutely clean. Because of this, the surface of the
melting ST (melting crust) has a comparable or even a
higher albedo than melting snow and a much higher
albedo than that of the strip of water-saturated snow
and ST just exposed from snow. The following albedo
values were obtained through measurements: melting
SI, 0.8-0.9 (the average of 13 measurements is 0.85);
melting snow, 0.79-0.89 (the average of 8 measure-
ments is 0.85); water-saturated snow, 0.704—0.723
(the average of 4 measurements is 0.716); exposed
and not yet melting SI, 0.62—0.64 (the average of
3 measurements is 0.63). The obtained albedo values
are close to data for other glaciers | Cuffey, Paterson,
2010].

The melting crust surface of the ST is friable and
firn-like; it consists of single firn grains of 1-2 mm
and more in diameter. The density of the melting ST
(to be more exact, the melting crust on SI) varied
from 0.6 to 0.9 g/cm? (the average of 46 measure-
ments is 0.767 g/cm?), i.e., it slightly exceeded the

Table 2. Data on superimposed ice in different regions

Region Glacier ST thickness, | Share of STin |SI density, Iqe forma- Source

cm/yr mass balance, %| g/cm3 | tion zone

Spitsbergen Kongsvegen (16 £6)to 43| 15-33 B, 0.80 fs [Brandt et al., 2008]
Spitsbergen Kongsvegen 15-(60 = 10) 35-100 fs [Obleitner, Lehning, 2004]
Spitsbergen Central Loven 11-18 10-30 By, fs [ Wadham, Nuttal, 2002]
Spitsbergen Central Lovem 15 16-25-37 fs [Wright et al., 2005]
Spitsbergen Store 27 up to 100 fs [Jonsson, Hansson, 1990)
Spitsbergen Austfonna 5-100 B, fs [Dunse, 2011]
Spitsbergen Aldegonda 15-20 [Solovyanova, Mavlyudoo, 2006)
Spitsbergen Eastern Gronfjord 12 [Chernov et al., 2015]
Severnaya Zemlya Mushketova 17 fs [Bolshiyanov et al., 2016]
Alaska McCall 20-30—40 50 0.89 fs [ Wakahama et al., 1976]
Alaska McCall >40 B, fs [Rabus, Echelmeyer, 1998]
Baffin Land, Canada Beims 16.5 fs [Baird, 1952]
Altai Aktry 20-35 fs—cf  |[Narozhnyi, 2001]
Suntar-Khayata No. 30-34 17.5 (5-30) a [Mavlyudov, Ananicheva, 2016]
Tibet Plateau Ksnao Dongkemadi 26—-60 0.87 fs [Fujita et al., 1996]
Various regions up to 80-100 | 0.85-0.91 | fs—cf |[Bazhev, 1980]
King George Island Ekologic 10-15 fs [ Gonera, Rachlewicz, 1997)
King George Island Ekologic 7 up to 20 fs [Rachlewicz, 1999]
Different Regions 0.86-0.89 | fs—cf |[Shumskii, 1955]

Note: By, is winter mass balance; ice formation zones: cf — cold firn zone, fs — firn—snow zone, and a — ablation zone.
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density of the firn and was slightly less than the den-
sity of the ST not subjected to melting. The significant
difference in density values of the melting crust on SI
depended on the presence and thickness of ice inter-
layers existing in the snow and firn before the forma-
tion of SI.

Specific features of SI melting

The melting of SI begins under a thin layer of
snow under the influence of solar radiation. Small in-
ner channels forming a sparse dendritic network of
voids are developed in the SI thickness at shallow
depths. The density of these channels can reach 5 m
per 1 m? and more. How exactly are they formed in
the SI thickness is not quite clear. It is possible that
they develop from air bubbles, which are abundant in
the SI. Under the thick layer of snow, channels are
not formed; melting inside the ice begins under the
influence of solar radiation, when the thickness of the
snow becomes less than 0.5—0.6 m. The melting of in-
ner channels that appear in the SI thickness creates
unevenness on its surface in the form of shallow dry
channels (Fig. 2f).

At the first exposure from under the snow, the
water permeability of the SI layer is low, and the
borehole drilled in it remains completely filled by wa-
ter. But as soon as the area of the exposed SI widens
and a melting crust is formed in its central part, no
water remains in the boreholes near the upper bound-
ary of the exposed area of ST, because water is drained
through the melting crust. On the contrary, in the
boreholes drilled along the lower boundary of the ex-
posed SI area (below the field of exposed glacier ice),
the water level stands at the top of the boreholes, be-
cause of the absence of drainage channels in the SI
thickness.

The layer of SI under the snow cover preserved
after the summer season and the adjacent part of ex-
posed ST contribute to the increase in the thickness of
the glacier ice. In 2007 /08 and 2008,/09, the SI melt-
ed almost entirely on the Bellingshausen Ice Dome;
in 2009/10, it was preserved in some locations the
southern and northwestern parts of the dome above
170 m asl. At higher elevations, SI was preserved ev-
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Fig. 3. Averaged melting rate (stake measurements)
versus mean air summer temperatures at Belling-
shausen weather station in 2007—2021.

4

erywhere. In 2010/11 and 2011/12, it was preserved
at elevations above 180 m asl (on average). In
2012/13-2014/15, the SI layer on the dome did not
melt out under the preserved snow. Active melting of
the ST continued in 2016/17 and 2017 /18 because of
high summer air temperatures; in 2018/19 the SI
melting was reduced because of frequent summertime
snowfalls. In summers of 2019/20 and 2020/21, melt-
ing of the SI was active (Table 1). According to our
estimates, except for cold seasons of 2009/10,
2012/13-2015/16, and 2018 /19, when snow was pre-
served almost on the entire surface of the dome until
the end of the ablation season, the melting of the ST
reached approximately 9 c¢cm in water equivalent
(w.e.) and more. In summers of 2011/12, 2016/17,
2017/18, 2019,/20, and 2020,/21, the SI layer, which
had accumulated over previous years, melted away
completely. A comparison of average melting rates of
the ST on the dome with the mean summer tempera-
tures recorded at the Bellingshausen weather station
(Fig. 3) demonstrated their relatively close relation-
ship with the coeflicient of determination R? = 0.66.

Duration of the SI formation
at different elevations of the ice dome

The formation of SI on the ice dome most often
did not exceed one month. During years with positive
mass balance, the growth of STin the lower part of the
dome began in December and ended in January, and
sometimes could last throughout the entire summer
with varying intensity, as it happened in 2014/15.
During years with negative mass balance, the growth
of the SI in the lower part of the dome began in No-
vember and ended in December. In individual years,
certain shifts in the dates of SI growth in dependence

=

o
Bellingshausen e
Ice Dome s

Fig. 4. Distribution of different types of snow—ice
formations on the Bellingshausen Ice Dome.

1 — snow, 2 — superimposed ice, 3 — glacier ice, 4 — moraine,
5 — ice-free area, 6 — sea. Composed on the basis of TerraSAR-X
radar image from March 12, 2011 (the end of ablation period).
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on the height of the dome were recorded. On the top
of the dome, the growth of ST during active snow
melting, could begin simultaneously with its growth
at the lower part of the dome (2014/15 and 2016/17)
or 1.5-2.5 weeks later. The end of the ST formation
on the top of the dome could take place in 0.5—
1.5 months after the end of this process at the lower
part of the dome. The duration of the SI formation
shortened considerably in summers with positive air
temperatures, abundant and frequent rainfalls, and
periods with thick fogs. The duration of the SI forma-
tion increased in summers with cold weather, solid
(snow) precipitation, and blizzards alternating with
periods of warm weather.

Distribution of superimposed ice

The greatest extent of SI on the dome was noted
in periods with rapid exposure of the ST surface out of
the snow cover. Then, the area of the SI distribution
decreased (Fig. 4).

The area of SI distribution increased in the years
with warm weather after a series of years with a posi-
tive mass balance (2016/17, 2017/18, 2019/20). In
such cases, the strip of the simultaneously exposed SI
was more than 300 m wide because of the melting of
ST of considerable thickness accumulated during se-
veral years. The largest recorded width of the ST strip
(900 m, more than half of the slope of the ice dome)
was recorded on March 21, 2012 on the southeastern
slope of the ice dome and on December 31, 2019 on
the southern slope of the dome.

DISCUSSION

This study, as well as previous research [ Wad-
ham, Nuttal, 2002], demonstrates that the formation
of SI can occur in one step (during the spring) or in
two steps (in the autumn at the end of melting on the
dome and in the spring). A greater part of the SI
thickness forms during the spring stage. In the spring,
SI formation occurs everywhere, whereas in autumn
it only takes place within the fields of snow, in the
course of freezing of snowmelt during autumn (in
some cases, also summer) cooling. Below on slope of
the snow fields, the freezing of meltwater flowing
from them leads to the formation of a congelation ice
layer above the glacier ice [Koreisha, 1991]. The
thickness of the autumn SI depends on the water sa-
turation of the snow higher up the slope and on the
degree of cooling at the end of the ablation season.
More favorable conditions for the formation of ST are
created if rainy weather is abruptly changed by cool-
ing in autumn. In that case, rainwater seeping thro-
ugh the snow joins snowmelt runoff.

In the ablation zone, SI can be seasonal, but it
can easily survive for two years (pereletok) or more,
if the snow cover on some area or on the entire sur-
face of the ice dome does not melt during the summer
season. At negative mass balance on the ice dome, the

STis exposed on the surface as a strip of varying width
at the boundary between the glacier ice and snow
(Fig. 2b, ¢). At even melting of a consistently thick
snow cover, vast surfaces of the ice dome can become
simultaneously covered by SI. This usually lasts a
short time (depending on the weather, from one week
and more). After a long period with a positive mass
balance, at a large thickness of accumulated ST (75 ¢cm
and more), its melting on the surface of the glacier
can take a long time. During the summer of 2016,/17,
melting of the SI in the lower part of the ice dome
lasted over 46 days; in the upper part of the dome, it
affected only the topmost part of the SI thickness,
while its main part remained unchanged. In March
2019, the SI near stake R11 was more than 125 ¢cm in
thickness.

As ST characterizes accumulation and its lower
boundary corresponds to the equilibrium line of the
glacier, the melting of the long-term ST on the slopes
of the ice dome complicates the determination of the
equilibrium line for the particular year, because it is
virtually impossible to separate between annual ice
layers within continuous SI thickness. Tt is possible
to determine the equilibrium line elevation only in
individual places near measuring stakes and between
them. The accumulation of SI over several years can
become a reason for the lack of possibility to reliably
determine the equilibrium line altitude of the Bell-
ingshausen Ice Dome upon complete melting of the
snow cover and exposure of the SI. This is true for all
kinds of terrain research and remote sensing, if stake
measurements are not conducted. Stake observations
are a must on the glaciers and ice domes of the stud-
ied Antarctic region, because even studies of ST in
pits and boreholes do not allow for accurate identifi-
cation of the year to which a specific part of the SI
layer belongs.

Two types of glacier feeding exist on the ice
dome: (a) transformation of nonmelted snow into firn
in the firn—ice zone and (b) accumulation of ST at the
base part of the snow cover in the infiltration—conge-
lation zone. In the latter case, direct transformation
of snow into ice occurs during refreezing of melt-
water. In the first case, the formation of glacier ice
occurs in several steps. First, snow which has not
melted during the summer, transforms into firn con-
taining numerous ice grains, lenses and interlayers, as
well as a layer of SI at the snow base. Subsequently,
by to inner feeding, the amount of ice in the firn
thickness increases, and the growth of ST in the lower
part of the firn layer continues. In many cases, it was
recorded (near stakes R6, R14, 9N, and IN) that the
ST appears within the firn layer and isolates the un-
derlying firn from meltwater. As a result, layers and
lenses of firn are preserved inside the ice thickness. It
is possible that future radar research of the snow—firn
layer in the upper part of the ice dome will indicate
how widespread is this phenomenon and what is the
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thickness of the suspended SI layer (or layers) in the
firn—ice body. In particular, studies of ice cores from
the top of the dome in 1992 demonstrated the pres-
ence of firn interlayers down to a depth of 7 m below
the surface [ Wen et al., 1998)].

Regardless of the sign of mass balance of ice on
the dome in general, in recent years, there always
have been areas, where ST melted away entirely, and
areas, where it continued to accumulate. In years
with a positive mass balance, the accumulation of SI
took place over a larger part of the dome, and in years
with a negative mass balance, it took place only in the
areas with preserved snow—firn thickness. During
warmer periods, the role of the ST layer as a sink of
moisture decreases, whereas during cooling it in-
creases. Currently, the accumulation of ST is the only
process of ice formation on the ice dome, because
even in the upper part of the dome, the thickness of
the accumulating snow and firn is clearly insufficient
for their transformation into ice under their own
weight.

The process of ice formation on the dome
through growth of the ST thickness is typical not only
for the present time. In some parts of the glacier (for
example, near stakes R5 and FN), after melting of the
snow cover and SI, glacier ice with ice crystals of
2-3 mm becomes exposed and quickly transforms
into the snowlike mass of melting crust under the im-
pact of solar radiation. This glacier ice was formed
from the ST in the past. It differs from the modern SI
by the presence of numerous crevasses filled by mac-
rocrystalline ice (which formed during the freezing of
water in crevasses) and cryoconite holes of varying
sizes, which emerged upon melting of the ice enriched
in volcanic ash particles. Such structures do not exist
on the surface of modern SI.

If we take the average thickness of ST accumulat-
ing on the Bellingshausen Ice Dome over a year equal
to 15 ¢m (or 12.2 ¢cm w.e.) and assume that SI forms
under the snow and firn of any thickness, it becomes
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Fig. 5. Dependence of the water content of SI on the
snow cover depth.

Annual water equivalent of ST 12.2 ¢cm w.e., snow density
0.5 g/cm?.
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possible to estimate the portion of SI in the water
content of the snow of varying thickness (Fig. 5).
The portion of the ST layer in the winter mass
balance on the ice dome depends on the snow thick-
ness and decreases exponentially with an increase in
the snow thickness. However, the curve in Fig. 5 is
merely theoretical, because at a small snow thickness,
such an ST layer is unlikely to form because of warm-
ing of the snow thickness by solar radiation. This
means that at a small snow thickness, the ST layer
should also have a smaller thickness, but its portion
in the winter mass balance will be preserved. At an
average thickness of annually accumulating snow of
about 1.0—1.5 m, the SI layer portion in the winter
mass balance can be estimated at 20—-30%, which is
confirmed by measurements at stakes (Table 1). If av-
erage values of snow and ice melting and the thick-
ness of melted away SI measured at stakes on the
dome are taken into account, then the portion of
melting ST in the summer mass balance on the dome
can be estimated. This melted part of the ST does not
exceed 20% of the total mass balance; it increases in
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Fig. 6. Mechanisms of formation and changes in the
superimposed ice on the Bellingshausen Ice Dome
upon (a) complete melting and (») long-term ac-
cumulation.

71— glacier ice, 2 — snow, 3 — firn, 4 — SI, 5 — melting crust at the
SI surface, 6 — melting crust at the glacier ice surface; (I-VI)
sequence of changes.
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years with a negative mass balance and decreases in
years with a positive mass balance.

Two mechanisms of SI formation and change can
be observed on the Bellingshausen Ice Dome: (1) the
accumulation of ST at the base of the snow and firn
layer and its complete melting after the disappear-
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ance of the snow—firn thickness during the ablation
season; and (2) the accumulation of ST at the base of
the snow and firn layer, its preservation under a layer
of nonmelted snow and firn, and the continuing ac-
cumulation of a new ST layer over the SI layer of the
previous year (Fig. 6). The first mechanism domi-
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Fig. 7. Distribution of SI fields on the Bellingshausen Ice Dome in different periods: («) 2007-2009, ()

2009-2012, (c) 2012—-2016, and (d) 2016-2021.

1 — nunataks, 2 — stakes and their numbers, 3 — contour lines on the dome surface, 4 — boundaries of the Bellingshausen Ice Dome;
5-7, zones of ST accumulation (5 — seasonal, 6 — melting, 7 — long-term).
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nates in the periphery of the ice dome, and the second
mechanism is observed in the upper part of the dome
(Fig. 4).

At the dome surface area of 8.9 km? and the aver-
age thickness of SI of 15 ¢m (12.2 ¢cm w.e.), the total
volume of ST on the dome at the beginning of the
summer can be estimated at 1.34-10¢ m3, or
1.09-106 t. This is approximately equal to the annual
increase in the amount of glacier ice (without snow
and firn) in water equivalents in years with a positive
ice mass balance. During the summer, the amount of
ST accumulated in a particular year decreases. The
higher the summer air temperature, the lesser the
amount of SI preserved toward the end of the abla-
tion season and vice versa. In recent years, during pe-
riods with a negative mass balance, approximately
400,000 t of ST have been preserved on the dome an-
nually.

Three zones can be identified on the Belling-
shausen Ice Dome: the zone of seasonal SI accumula-
tion (the average thickness is 15 cm, regardless of the
time of measurements), the zone of melting SI, and
the zone of accumulating SI (Fig. 7).

In the first years of this study, the accumulation
of only seasonal ST took place on the ice dome
(Fig. 7a). After 2009, an area of continuous accumu-
lation of SI with a total thickness of up to 45 cm ap-
peared on the southeastern side of the dome; it was
bordered by the transitional area of melting SI of
0—45 cm in thickness (Fig. 7b). In 2012—-2016, a con-
tinuous growth of the SI thickness took place on the
whole area of the ice dome, up to 60 cm on the periph-
ery and up to 100 ¢cm near the dome’s top (Fig. 7¢). In
2016-2021, a complete melting of SI took place along
the periphery of the dome, where the SI thickness
reached 150 cm. In the area of ablation stake R7, in a
crevasse, the SI thickness measured in the summer of
2020/21 was up to 300 cm (Fig. 7d). Thus, the distri-
bution and thickness of the ST on the dome changed
in time and in space. The further accumulation of SI
and its distribution within the dome will depend on
climate changes.

CONCLUSIONS

Superimposed ice plays the same role in the ice
dome’s mass balance as nonmelted snow: about 20—
30% of the winter balance and up to 20% of the sum-
mer balance.

The functioning of ST can be summarized as fol-
lows:

(1) Superimposed ice levels the surface of gla-
ciers, which is favorable for the development of flush
flows that accelerate the removal of snow from the
surface of glaciers. Because of the leveling of the gla-
cier surface by SI, water flows may change the posi-
tion of their channels in space. Sometimes, meander-
ing former channels of water streams can be seen on
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the exposed glacier surface. Such channels remain
filled with ST for a long time.

(2) Superimposed ice contributes to the trans-
formation of the outer layer of glacier ice under it.
The ice of the Bellingshausen Ice Dome is greatly
contaminated by volcanic ash particles derived from
eruptions of the Deception Volcano. As a result of
partial melting and decreasing thickness of SI, the
underlying glacier ice becomes subjected to the ac-
tion of direct solar radiation. First of all, dark ash par-
ticles are heated and favor ice melting. Therefore, the
surface of glacier ice under SI is often dissected by
vertical microchannels containing ash particles on
the bottom. Thus, a specific melting crust is formed
in the glacier ice; the latter becomes less dense
(0.3 g/cm? and less) and acquires openwork structure
because of the presence of a large number of voids.
Similar phenomenon was described by the author for
Spitsbergen glaciers [ Mavlyudov, 2008]. Rapid melt-
ing of such ice after the disappearance of SI contri-
butes to the leveling of the surface of glacier ice.

(3) Superimposed ice accelerates the transforma-
tion of snow and firn into ice without considerable
growth in their thickness.

(4) The forming ST suspends snow melting; de-
spite settling of the snow surface, the water content
of the snow remains relatively stable in the period of
SI formation. If this SI becomes exposed to the sur-
face, its melting requires more energy than the melt-
ing of snow, which was indicated in [ Koreisha, 1991].

(5) In contrast to many other areas, the strip of
exposed SI on the Bellingshausen Ice Dome has a sig-
nificant width (tens and hundreds of meters) at the
end of the ablation season, which is related to the si-
multaneous melting of snow and firn over large areas
and to the long-term accumulation of SI.

(6) Regardless of the density of ST on the Bell-
ingshausen Ice Dome, the melting crust on its surface
represents a firn-like friable mass of rounded ice
grains of 1-3 mm in diameter, which can serve as evi-
dence of the mainly infiltration origin of the SI. The
role of congelation in the ST formation is less signi-
ficant.

The formation of SI on glaciers plays an impor-
tant role in slowing the response of the glacier mass
balance to climate change [ Wang et al., 2015]. With
climate warming, which is observed in many regions,
the amount of forming and preserved SI should de-
crease; SI is unlikely to influence the mass balance of
glaciers more in the future than it currently does. Tt is
probable that the role of SI in glacier mass balance
should decrease with further warming. However, it
may also increase upon climate cooling, when the ice
temperature under the snow becomes lower, whereas
summer melting of the accumulated snow does not
change much. This is possible upon winter cooling
and preservation of summer temperatures. At the
same time, as SI is a transformed part of the snow
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cover, the change in its share in the snow cover upon
climate changes should be reflected in the glacier
mass balance value. An additional possibility of slow-
er snow melting in the areas of SI accumulation can
be related to the formation of ST not only from local
meltwater but also from dammed meltwater flowing
down the slope from upslope positions. The redistri-
bution of meltwater on slopes can lead to some in-
crease in the ST thickness and retard snow melting.
The particular patterns of meltwater flows depend on
the local features of the relief of the glacier rather
than on climate changes.

It is believed that ST formation decreases runoff
from glaciers as compared with that under conditions
without refreezing [ Wang et al., 2015]. Indeed, in po-
lar and alpine regions, SI thickness increases, while
its decrease in observed in the middle latitudes. This
means that the amount of water stored in SI decreas-
es as we move away from polar and alpine regions. At
the same time, no significant amounts of SI are
formed on warm glaciers, where the role of SI in the
regulation of water discharge from the glaciers is rela-
tively small.

Annually accumulating SI layer (of any thick-
ness) preserved on the dome at the end of summer is
indicative of a positive ice mass balance, while the
complete melting of ST layer attests to negative mass
balance at each particular point of the glacier.

Previous researchers do not note the exposure of
ST to the surface of the Bellingshausen Ice Dome.
Nonetheless, there is no doubt that SI formed and
was exposed to the surface in the past, as well as at
present. In 1968—1970, the equilibrium line altitude
of the ice dome was at 120—145 m asl [Zamoruev,
1972], so the strip of SI exposed after melting of snow
and firn could exist along this line. Undoubtedly, in
the upper part of the dome, where a warm firn zone
was found, SI, together with the innerfeeding par-
tially or completely blocked water discharge from the
upper zone.

Thus, the origin, current state, and dynamics of
ST on the Bellingshausen Ice Dome are considered in
this article. It is demonstrated that the SI layer in the
lower part of the snow cover is distributed everywhere
throughout the dome; in some parts of the dome, it has
a seasonal character and melts away by the end of
summer. The SI layer is preserved under the snow
cover and merges together with the SI formed in the
previous year(s). At the average annual accumulation
of ST of about 15 c¢m, the presence of areas, where the
SI layer has a thickness of 145—150 ¢cm and even
300 cm in some places, confirms its long-term accumu-
lation. The presence of areas with a long-term accu-
mulation of SI creates a problem for the exact deter-
mination of the equilibrium line altitude in particular
positions on the dome. In fact, it cannot be determined
by field or remote sensing methods, except for regular
measurements at ablation stakes.
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