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Abstract—Veniamin Fedorovich Perov, who was a researcher at the Khibiny Station of the Faculty of Geog-
raphy of Moscow State University, discovered very small glaciers in Khibiny Mountains in 1958. He described
four glaciers. They were not studied until 2005, when our research began. We used field observations, drilling,
GIS, and remote sensing methods to ascertain the glacier structure and estimate the change in their geometry
for 60 years. Snow-ice formations were drilled through, ice cores were collected, and geochemical and iso-
tope-oxygen analyses were performed for the first time. The thickness of the ice cores varied from 0.2 to 1.6 m.
Our research has shown that the glaciers remain relatively stable in area despite a weak trend toward shrinkage.
According to the analysis of climate changes in the Khibiny Mountains, the snowfall decreased there in the
early 2000s; the maximum snow thickness at the meteorological site of the Khibiny station was 55 cm in the
winter of 2002/2003. This may be the cause of the shrinkage of the glaciers by more than two times during
these years. However, the snowfall increased after 2007. A snow thickness maximum of 180 cm was recorded
in 2020, which was the maximum value over the observation period (1984–2020). According to the literature
data, the annual average temperature on the plains of the Kola Peninsula has attained 2.3 ± 1°C over the past
50 years; however, the warm-period average temperature has not increased. We believe that this fact, along
with the increase in the snowfall amount in recent years, determine the quite stable state of snow-ice forma-
tions in the Khibiny, which are more resistant to global warming than mountain glaciers.
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INTRODUCTION

The dynamics of different glaciation forms during
the global warming is currently one of the most urgent
issues in mountain glaciology. The degradation of gla-
ciers in different regions, including the Arctic, due to
the climate warming has been the subject of many
studies (Sarana, 2012; Ananicheva, 2014; Ananicheva
et al., 2020; Nosenko et al., 2020). Reductions in the
area and volume of glaciers have been measured on
Spitsbergen, Novaya Zemlya, Franz Josef Land,
islands of the Kara Sea, and in Greenland and amount
to tens of meters and thousands of cubic meters per
year. However, there are many so-called small glacia-

tion forms, including perennial snowfields and snow-
firn-ice formations (SFIFs) in the Arctic and Subarc-
tic mountains. Despite their recent small size (up to
hundreds of meters in diameter), they play or could
play an important paleogeographic role (Bolshiyanov,
2006). Studies of such objects at the Abramov Glacier
station in the Alai Range, as well as in Japan, Canada,
and Europe have shown their age to be of many
decades and perhaps hundreds of years, which con-
firms their weak or absent response to climate change
(Glazyrin et al., 1993, 2004; Kuhn, 1995; Debeer and
Sharp, 2009). Unlike for large glaciers, it is impossible
to distinguish the accumulation and ablation zones in
them; they do not move but contain ice cores and are
S25
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preserved for a long time, while sometimes increasing
or decreasing in size.

The distinction between perennial snowfields and
glaciers remains debatable. There is no common opin-
ion on what a perennial snowfield is and what a small
glacier is. The latter is often understood as an object
smaller than 0.1 km2, without any other explanation
(Glyatsiologicheskii…, 1984).

Half a century ago, M.V. Tronov (1966) classified
slope glaciers that do not descend into main valleys
and “stable snow-firn accumulations” which at least
minimally maintain the appearance and properties of
glacial formations as small glaciation forms. At the
same time, he distinguished small and very small gla-
ciers as a universal significantly stabile glaciation form
on the Earth.

G.E. Glazyrin (Glazyrin et al., 2003) suggested
using the notion of “a small glacier” for a glacier (or
perennial snowfield) with weak redistribution of its
mass due to its movement compared to other mass
exchange processes. According to his observations,
some perennial snowfields withstand significant cli-
mate change almost without consequences, unlike
large glaciers. The adaptation to relief conditions
enables small perennial snowfields lying 1 km or more
below the regional average snow line to survive.

V.A. Sarana (2012), who studied small glaciers on
the Putorana Plateau, gave the following definition: a
small glacier is a slowly moving firn-ice body which
lies below the snow line, occupies one landform, and
exists due to a favorable combination of orographic
and climate factors under conditions of strong snow-
drift transport and avalanche activity.

Numerous observations in mountains at different
latitudes show that snow-firn or firn-ice accumula-
tions arise due to high snow concentrations on small
areas on the earth’s surface. SFIFs have a great variety
of sizes and thicknesses, can be residual and embry-
onic, can lie above or below the climate snow line, and
their ice core can significantly change in morphology.
These formations remain numerous under recent cli-
mate conditions, which leads to considerable interest
in the issues of their existence, structure, and classifi-
cation. These issues can be resolved only via detailed
study.

There are also SFIFs in the Khibiny Mountains in
the central part of the Kola Peninsula. More than
60 years ago, during the International Geophysical
Year (1957–1959), Veniamin Fedorovich Perov
(1931–2017), a researcher of the Khibiny Geographi-
cal Station (the Khibiny Educational and Scientific
Station now, KhESS) (Vikulina et al., 2021), discov-
ered four small glaciers in the Khibiny Mountains
(Perov, 1958, 1968). Their existence was previously
assumed by the famous researchers A.F. Middendorf,
I.K. Tikhomirov, and G.K. Tyshinsky. The glaciers
were included in the Catalog of Glaciers of the USSR
(Katalog..., 1966) and numbered in the order of their
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discovery. They were not studied in detail until the
beginning of the 21st century. The issue of their cur-
rent state has become especially relevant in the context
of the climate warming.

According to observations at lowland weather sta-
tions, the annual average temperature in the Mur-
mansk region has increased by 2.3 ± 1°C over the past
50 years (Marshall et al., 2016). Since the area of gla-
ciers has decreased by 22% in some other regions
(Polar Urals) in the past 10 years (Nosenko et al.,
2020), the increase in temperature should have led to
complete melting of small glaciers in the Khibiny
Mountains. In the early 2000s, some researchers pre-
dicted complete disappearance of the glaciers in the
Khibiny Mountains in a short time (Zyuzin, 2006).

However, our long-term (since 1995) observations
contradict this prediction. The main goal of the
research we carried out in 2007–2021 was to trace the
dynamics of changes in SFIFs in the Khibiny Moun-
tains and the processes of transformation of matter in
them and to ascertain the causes of their stability. Fol-
lowing the discoverer of the Khibiny glaciers
V.F. Perov and the compilers of the Catalog of Gla-
ciers of the USSR (Katalog..., 1966), we call them gla-
ciers, or SFIFs, which is a synonym, in this work.

CONDITIONS FOR THE EXISTENCE 
OF SMALL GLACIERS 

IN THE KHIBINY MOUNTAINS
The Khibiny Mountains (1200 m maximum

height, Mount Yudychvumchorr) are located beyond
the Arctic Circle on the Kola Peninsula and have a
plateau-like relief. The four glaciers discovered by
V.F. Perov (Figs. 1 and 2) are very small and thin
(Tables 1 and 2). They are located at altitudes of 900–
1000 m, under conditions favorable for enhanced snow
accumulation: at the top of the north-facing slope
(glacier no. 1, Fig. 2a); at the foot of the north-facing
slope (no. 2, Fig. 2b); and in narrow rock cracks on the
east-facing slope (nos. 3 and 4, Figs. 1 and 2c).

They all lie 800–1000 m below the theoretical snow
line. According to calculations by G.K. Tushinskii
(Tushinskii and Malinovskaya, 1962), the snow line
passes here at altitudes of 1600–1900 m rising in the
southeastern direction. Due to this low position, the
glaciers should be sensitive to climate change. Never-
theless, despite the increase in the annual average tem-
perature they continue to exist, significantly changing
in size from year to year and sometimes almost disap-
pearing by the end of an ablation period in early Sep-
tember.

The Kola Peninsula is located in the Atlantic-Arc-
tic region in the temperate belt. Therefore, the climate
in the Khibiny Mountains combines features of
regional and local mountain climates. The daily aver-
age temperature transits through 0°C on summit pla-
teaus (1000–1200 m) on July 6 and August 17 on aver-
ITY GEOLOGY BULLETIN  Vol. 79  Suppl. 1  2024
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Fig. 1. Glacier no. 4 in different years: (a) September 18, 2006 (dry winter), the glacier shrank to its minimum; (b) September 25,
2020 (cold summer, snowy winter), the length and width of the glacier is about 230–250 m (photo by M.A. Vikulina); the frag-
ment shows the location of glaciers in the Khibiny Mountain.
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age, i.e., the frost-free period does not exceed 41 days,
and the summer average temperature does not exceed
+5.3°C (Mokrov, 2008).

The stable snow cover season on the plateaus lasts
from early October to early June. Snowfall can occur
in any season. A characteristic feature of the Khibiny
Mountains is strong winds; these blow large amounts
of snow from the plateaus to the slopes. Wind speed
naturally increases with altitude and intensifies in win-
ter when cyclones pass. The monthly average wind
speed in winter attains 6.5 m/s on the plateaus, and
winds stronger than 15 m/s are observed for about
60 days (Mokrov, 2008).

Solid precipitation accounts for 70% of the total
precipitation on the plateaus. According to long-term
data, about 700 mm of solid precipitation falls in the
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 79

Table 1. The Khibiny glaciers

Glacier no. Location

1 Head of the uppermost right tributary of the K
north-eastern edge of the Lyavochor plateau

2 Foot of the Chasnachorr plateau, 
kar in the head of the Chasnayok River

3 Eastern edge of the Kukisvumchorr plateau, 
head of the Tul’yok River

4 North-eastern edge of the Kukisvumchorr plat
head of the Yuzhny Kaskasnyunyok River
Khibiny Mountains per year on average (Zayka et al.,
2012), which yields a snow depth of 296 cm after recal-
culation. However, actual values are significantly
lower, since 50–70% of snow is blown off the plateaus.
Snowstorms are observed 154 days a year on average
on the plateaus (Mokrov, 2008).

For the analysis of the dynamics of temperatures
and solid precipitation in the center of the Kola Pen-
insula, we used data from three weather stations with
continuous observation series since 1966 located at
different distances from the Khibiny Mountains: Mur-
mansk (142 km to the north), Kandalaksha (86 km to
the southwest), and Krasnoshchelye (130 km to the
east) (Bulygina et al., 2021). The increase in the
annual average temperature is pronounced at these
three stations and is confirmed by other studies (Mar-
shall et al., 2016). However, the warm-period average
  Suppl. 1  2024

Morphological type Height range, m

al’yok River, Drifted cornice glacier 1030–1100

Avalanche glacier 
at the base of a slope

890–980

Drifted couloir glacier 940–1070

eau, Drifted couloir glacier 910–1000
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Fig. 2. Khibiny glaciers: (а) glacier no. 1, August 25, 2005 (dry winter, hot summer), ice thickness is 5–10 cm, the arrow shows
the position of the pit (photo by M.A. Vikulina); (b) glacier no. 2, July 3, 2006 (dry winter), the arrow shows the position of the
pit and borehole (photo by F.A. Romanenko); (c) glacier no. 3, September 28, 2007, ice was found in the uppermost most exten-
sive part of the snow body, separated from the underlying snowfields by a distinct rocky outcropping; numbers are the numbers
of pits and boreholes (photo by O.S. Olyunina).
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temperatures change insignificantly (Fig. 3a) and
warming is mainly observed in winter, spring, and
autumn (see Fig. 3b). This is a common pattern in the
Arctic and Subarctic: summer remains cool and the
cold period warms (Shilovtseva et al., 2011). Compar-
ison between regression coefficients, which reflect the
trend in the seasonal average temperatures at the
weather stations located in the Khibiny Mountains
and on the adjacent plains, has not revealed statisti-
cally significant differences (Demin and Volkov,
2017). This allows us to speak about the similar trends
and rates of warming in the mountains and on the
plains of the Kola Peninsula.

The analysis of the total amount of solid precipita-
tion over 1966–2015 at the three lowland weather sta-
MOSCOW UNIVERS
tions (there are no data for the last 7 years) shows a
certain statistically insignificant decrease. Winters
with moderate snowiness predominate, while snowy
and dry winters are quite rare (Zaika et al., 2012).
However, the calculations do not include data from
the last 2 snowy years, 2017 and 2020. Therefore, we
used the snow depth measurements at the KhESS site
since 1984. No trend toward a decrease or increase in
the snow depth was observed at this site before 2010, as
well as at the Central weather station on the Lovchorr
plateau (Zaika et al., 2012). However, the snow depth
has been increasing after 2010, which is confirmed by
recent snowy winters (Fig. 4). During the period of
observations at KhESS (1984–2021), the stable snow
cover season lasts 190 days on average (see Fig. 4) and
ITY GEOLOGY BULLETIN  Vol. 79  Suppl. 1  2024
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Table 2. The sizes of the Khibiny glaciers at the end of an ablation period (late August–September) and the snowfall
of a previous winter

Sn is the winter snowiness (d means dry winter; m means medium snow; s means snowy winter); L is the length (m), W is the width (m),
S is the area (km2); Sav is the average area over the period under study (2005–2019); * means according to (Perov, 1968); ** means
according to (Zyuzin, 2006).

Glacier no. 1 Glacier no. 2 Glacier no. 3 Glacier no. 4

Sn L W S L W S L W S L W S

1958*
d

80 360 0.03 420 50–150 0.03 350 40–90 0.02 240 40–90 0.015
2004** 270 50 195
2005 d 50 350 0.01 300 90 0.02 185 108 0.01
2006 d 22 55 0.0008 60 15 0.0009 90 70 0.003
2007 m 200 30 0.002 100 60 0.004
2009 m 325 133 0.05 194 207 0.18
2012 m 57 411 0.02 126 266 0.015 200 40 0.003 178 50 0.009
2016 m 43 351 0.015 36 157 0.009 191 20 0.005 136 36 0.005
2017 s 56 432 0.02 702 438 0.11 693 277 0.06
2018 m 28 135 0.003 73 55 0.002 93 68 0.004
2019 m 21 232 0.004 115 221 0.014 257 74 0.01 151 104 0.009

Sav 0.01 0.01 0.03 0.03
sometimes attains 228 days (2019–2020). According
to data from the KhESS site over the past 20 years, the
winters of 2013/2014, 2016/2017, and 201/2020 can be
considered snowy (see Fig. 4). The early 2000s had dry
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 79

Fig. 3. Long-term variations in the air temperature at weather 
average and (b) summer average temperatures at Murmansk (1)
lines are trends.
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winters, with minimal amounts of snow in 2002/2003
and 2005/2006.

Thus, despite an increase in annual average air
temperatures on the Kola Peninsula, the warm-period
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stations in Murmansk region (Bulygina et al., 2021): (a) annual
, Kandalaksha (2), and Krasnoshchelye (3) stations. The dotted
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Fig. 4. Variations in the maximum snow cover thickness
and the duration of stable snow period at the meteorologi-
cal site of the Khibiny Educational and Scientific Station:
snow cover thickness (1), number of days with stable snow
cover (2), and trend lines (3).

0

250

200

150

100

50

20
20

–20
21

20
16

–20
17

20
12

–20
13

20
08

–20
09

20
04–

20
05

20
00

–20
01

19
96

–19
97

19
92

–19
93

19
88

–19
89

19
84

–19
85

Sn
ow

 c
ov

er
 th

ic
kn

es
s,

 c
m

;
N

um
be

r o
f d

ay
s w

ith
 st

ab
le

 sn
ow

 c
ov

er

Years

1

2

3

average temperature changes little and the amount of
solid precipitation is slightly increasing in the Khibiny
Mountains.

RESEARCH TECHNIQUE

A comprehensive study of the Khibiny glaciers was
carried out in 2005–2009. During the first stage in
2005–2020, we visually observed them throughout the
ablation period, measured their sizes during the period
of maximum snowmelt in late August–September,
dug pits in snow, ice, and firn, and created digital ele-
vation models (Vikulina, 2008). In summer 2006 and
MOSCOW UNIVERS

Table 3. The comparative characteristics of the internal struc

* Pits and boreholes have not reached glacier bed.

Glacier no. Borehole no. Absolute height 
of borehole, m

Borehole 
depth, m t

2 2 – 2007 948 1.05

1 – 2006 900 4.46

3 859 970 3.1

858* 955 2.5

857* 953 2.5

849 947 2.3

853 898 1.9

854 890 1.65

4 256* 950 2.22
the falls of 2007 and 2008, we drilled through two gla-
ciers (nos. 2 and 3) using a Cherepanov ring ice drill
(also known as PI-8) and reached the bedrock for the
first time. Earlier, the thickness of the glaciers was
estimated only from indirect data. Drilling of glacier
no. 4 had to be stopped due to thick snow in 2008.

A total of nine boreholes were drilled in three gla-
ciers (Table 3); the bedrock was reached in six of the
boreholes. The drilling was usually carried out from
the bottom of pits dug in snow to a depth of up to 4.5 m
or, less often, from the dense surface of firn snow. The
snow-firn layer that covered the ice and the ice were
sampled throughout the depth. The core was divided
into pieces 10–15-cm long, which were placed in
sealed polyethylene bags. Snow and ice melted at an
ambient temperature no higher than 10°C. After melt-
ing, the water was poured into chemically clean jars
and transported to laboratories. Water samples were
filtered through a membrane filter (0.45 μm) and pre-
served for subsequent detection of microelements in
them. In 2006, the samples were laboratory analyzed
for the contents of the main ions by the standard
method (Komarov and Kamenetsev, 2006). Samples
collected in 2007–2008 were analyzed in the Labora-
tory of Geological Phenomena and Processes (Labo-
ratoire des Mécanismes et Transfers en Géologie
(LMTG)) of the Midi-Pyrénéés Observatory (Tou-
louse, France). An Agilent 7700 inductively coupled
plasma mass spectrometer was used for estimating the
content of cations, and an Agilent 1290 liquid chro-
matograph ( Agilent Technologies, Keysight) was used
for anions. The isotope-oxygen analysis was carried
out in the Laboratory of Isotope Geochemistry and
Geochronology of the Geological Institute, Russian
Academy of Sciences, at a Finnigan Delta Advantage
measuring complex with a Gas Bench II sample
preparation and introduction system.

Later, until 2020, we analyzed the dynamics of
SFIF areas by space imagery made at the end of the
ITY GEOLOGY BULLETIN  Vol. 79  Suppl. 1  2024

ture and composition of ice and snow of glaciers

Snow 
hickness, m

Ice 
thickness, m

δ18O, ‰,
SMOW

Cation 
content, mg/L

0.95 0.2 –12.0–13.1 Cations 1.0–3.8

4–4.5 0.66 – 4–9

3.1 no – –

>2.5 not accessed – –

2.05 >0.4 – Cations 0.9–1.5

0.7 1.6 –11.3–14.0 Cations 0.7–4.3

1.9 no –

1.65 no –

>2.5 not accessed – –
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Fig. 5. The internal structure of glacier (a) no. 2 and (b) no. 3 based on the results of pitting and drilling in 2006–2007: ice (1),
snow (2), crushed stone and lumps (3), alkaline rocks (4), and numbers of boreholes (5).
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ablation period. We selected cloudless images for the
required period in years with different meteorological
parameters: GeoEye-1 (2009; 0.5 m), World View-2
(2012; 0.5 m), Spot7 (2016 and 2019; 1.5 m), and
Spot6 (2017 and 2018; 1.5 m). For the measurements
to be reliable, all remote sensing materials were sub-
jected to photogrammetric processing to eliminate
distortions largely associated with the shooting condi-
tions and topography of the objects under study. After
the processing, we had multi-temporal orthophoto-
plans of the territories under study and the boundaries
of the glaciers were identified in them using expert
interpretation methods of GIS technologies.

Summer 2018 was abnormally hot. Therefore, the
sizes of the glaciers were compared with those in the
similar hot summer of 2005. Images of 2012, 2017, and
2019, with cold summers, were also analyzed. In 2017,
which was snowy, snow remained in the mountains
until July. Mean temperatures and amounts of solid
precipitation occurred in 2009 and 2016. We had aerial
photographs made in August 1958, which made it pos-
sible to compare the distribution of SFIFs over
60 years.

RESULTS AND DISCUSSION

The Inner Structure of SFIFs According 
to Drilling Data for 2006–2008

The first object of drilling was glacier no. 2 at the
foot of Chasnachorr Mount, the route to which
crossed the Southern Chorgor Pass. In July 2006, a
borehole was laid on the glacier surface near its central
convex part, where the ice thickness was assumed to be
maximum. The depth of the borehole in snow and firn
attained 4 m, where the top of the ice body was broken.
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 79
To penetration into its depth, we used a ring drill with
total coring.

In borehole 1-2006 (see Fig. 2b), under a surface
snow layer 0.9-m thick, a layer of transparent ice 0.10–
0.13-m thick was revealed, which was apparently
formed due to active melting and freezing in one of the
previous summer seasons. A blind joint moisture-sat-
urated coarse-grained snow layer up to 3–3.3-m thick
occurs below (drilling was carried out on July 2 and 3).
It was underlain by an ice layer 0.66-m thick lying on
the bedrock (Fig. 5a). The upper ice layers were trans-
parent; lower ones were cloudy, with dark gray layers
of scattered dust; smooth ice layers almost without air
bubbles were in between. A thin (5–8 cm) layer of
transparent ice with a small number of bubbles under-
lay the ice body. Crushed stones and lumps of nephe-
line syenites were frozen into the ice base, which
enriched the lower ice layers with sodium, aluminum,
and iron while freezing and melting (Lakes and Gla-
ciers, 2013). Water f lowed along the bedrock. The
slope of the layers in the core corresponded to the
slope of the glacier surface (up to 20°).

In September 2007, when the snow thickness on
the glacier surface was minimal, we drilled borehole
2-2007 50-m higher borehole 1-2006. Under a dense
coarse-grained firn snow layer ~1-m thick, we found a
thin (0.20 m) layer of stratified ice lying on a rock.
Transparent layers with a small number of air bubbles
alternated with cloudy layers with a large number of air
bubbles and sometimes contaminated.

Chemical and Isotopic Analyses

 The chemical analyses of ice from glacier no. 2
(hole 2-2007) showed its extremely low mineralization
  Suppl. 1  2024
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Fig. 6. (A) The contents of cations and (B) isotope abun-
dance of oxygen in snow and ice of glacier no. 3: snow with
ice layers and lenses (1), dusty snow (2), gray cloudy
ice (3), ice with alternating transparent and cloudy inter-
layers (4), transparent ice (5), and ice with alternating
transparent and cloudy interlayers (6). Sampling on Sep-
tember 28, 2007.
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(4–9 mg/L) and chloride-sodium-calcium composi-
tion. Mineralization of overlying snow varied from 2 to
3.5 mg/L. Snow in the upper part has a chloride-cal-
cium-sodium composition. The percentage of sodium
increases to 20% or more below a transparent ice layer
at a depth of 0.9 m. In the snow depth from 0.21 to
0.38 m, the content of hydrocarbonates increases by
2–3 times down the profile (see Table 3).

Glacier no. 3 has a similar structure. In July 2007,
the snow field hiding the glacier occupied almost the
entire eastern slope of Kukisvumchorr Mount. During
the period of maximum ablation in late September
2007, the glacier consisted of three isolated parts sep-
arated by rocky outcrops (see Fig. 2c). The two lower
parts of the glacier were formed by firn snow up to
1.9-m thick, and only the upper part contains an ice
body 1.6-m thick. This morphology is primarily deter-
mined by the bedrock structure. The ice covers a gen-
tler part of the slope, above and below which the slopes
increase, the water f lows down, and ice does not form.
Thus, the glacier lies in a gentle nival niche, which is a
characteristic landform in the Khibiny Mountains.
MOSCOW UNIVERS
Two snow layers are distinguished in the vertical
profile. The surface snow layer is enriched with heavy
metals (Zn, Cu, and Ni), and the underlying layer is
heavily dusty and contains the profile maximum
amount of dissolved and suspended substances (tur-
bidity is more than 3 g/L). In the dusty snow layer,
mineralization (13.7 mg/L) and concentration of
hydrocarbonate ions are high (more than 5 times
higher than the values characteristic of the entire gla-
cier). The gradients in the concentrations of most
chemical components between the dusty snow and
underlying ice layers are significant (Fig. 6). There are
no hydrocarbonate ions in the ice layer; the pH is low
(5.3 against 6.4), and the total mineralization is
7.2 times lower. The snow–ice layer of the glacier has
high content of zinc; it is comparable to the content of
magnesium (0.04–0.06 mg/L) in snow and is
0.02 mg/L on average in ice.

The generalized drilling data show the following
features of the structure of glaciers nos. 2–4. Under
the surface snow layer with ice interlayers and lenses
2—5-mm thick, there is a stratified thick layer of wet
coarse-grained snow. Contact with underlying ice is
different: sometimes there is a thin (up to 0.2–0.3 m)
firn layer, sometimes snow lies directly on the ice (see
Fig. 5b). In glacier no. 3, the upper ice layers are heav-
ily contaminated with dust, while in glacier no. 2 they
are transparent. Lower ice is mainly banded, it con-
sists of alternating lighter transparent and darker
(cloudy) layers, with inclined dark gray interlayers of
scattered dust and transparent ice almost without air
bubbles (Fig. 6).

We performed an oxygen-isotope analysis with the
aim of identifying interannual difference in the tem-
perature conditions for ice formation. We ascertained
that the isotope abundance of oxygen in snow and ice
naturally becomes lower down the profile. This indi-
cates that deeper ice layers formed under lower tem-
peratures than the overlying ones. The value of δ18O
changes from –11.3 to –14‰, which indicates the
noticeable differences in the temperature conditions
for ice formation. According to Fricke and O’Neil
(1999), δ18O values decrease by an average of ~0.5‰
in Arctic latitudes as the annual average Earth surface
temperature decreases by 1°C. This enabled us to con-
clude that the glacier foot formed at a temperature
~4°C lower than today. The isotope abundance of
oxygen is at its maximum in the upper heavily contam-
inated ice layer, where the content of cations is at its
maximum, especially of potassium, magnesium, and
sodium, and is at its  minimum in the bottom ice,
which lies directly on the glacier bed covered with rub-
ble and boulders. The value of δ18O in fresh snow
(-14.3‰) is much lower than in compacted snow
which has undergone numerous transformations
during the ablation period (see Fig. 6 and Table 3).

The snow depth of both glaciers is saturated with
water, which is gradually filtering downwards, i.e.,
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water permanently migrates in the snow depth in sum-
mer. The ice core melts near the foot and grows on the
top due to freezing of water filtering from above. This
exchange process is very rapid, judging by the melting
rate, and the entire depth is probably renewed in a few
years. However, the ice core is preserved in a kind of
water “ring” during the warm season: water from
melting snow and firn f lows down from above, from
the sides along the edges of the ice core, and along the
bedrock. As soon as the temperature drops below zero,
the depth starts freezing, thus turning an SFIF into a
single massif. It becomes a source of snow accumula-
tion in winter, which supports the life cycle of such
objects, which we saw in direct observations.

V.F. Perov (1968) suggested that the Khibiny gla-
ciers arose during the Fernau stage of cooling (13th–
19th centuries) and repeatedly disappeared and reap-
peared in subsequent periods. They remained small,
and their geomorphological activity was very weak.
This is evidenced by the near absence of signs of move-
ment of these objects. Ramparts, accumulations of
unsorted unrounded material 2–4-m high were dis-
covered only at the foot of glacier no. 2; V.F. Perov
considered them to be a consequence of movement of
a snow-firn-ice mass. We assume them to be formed
not by the movement of the glacier, but by accumula-
tion of debris falling in abundance from a tectonic
ditch with heavily fractured sides, which cuts the over-
lying slope, and rolling down the glacier. We observed
debris permanently falling onto the upper part of the
glacier and being moved by meltwater and gravity.

Remote Methods

 The analysis of satellite and aerial imagery made in
August 1958–2020 shows that the most favorable con-
ditions for the formation and preservation of snow-
fields in the Khibiny Mountains are on the northern,
northeastern, and eastern slopes of rock massifs in
negative landforms, that is, ditches, niches, bases of
ledges, etc. About 60% of the all snowfields are in
cirques and kars, most often on slopes with exposure
to the east (leeward). About one-quarter of the snow-
fields are in stream valleys and hollows, the rest are in
pass gorges and saddles.

The comparison of SFIF areas over the past
15 years shows that they constantly change in size,
which correlates with the snowfall in a previous winter
and the summer average temperatures (see Table 2).
The dry early 2000s and hot summer of 2005 led to a
strong decrease in SFIF areas, while the increase in
the amount of solid precipitation in subsequent years
and the repetition of cold years, such as 2008 and 2017,
caused their new increase (see Table 2).

Glaciers nos. 3 and 4 are currently stable and are
larger on average than in 1958. Thus, the area of glacier
no. 4 in September 2020, at the end of the snowmelt
period, was twice its size in 1958 (see Fig. 1). Glaciers
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nos. 1 and 2 are smaller on average compared to 1958.
In 2005, glacier no. 1 disintegrated into several snow-
firn-ice patches of tens of square meters in area due to
the low snowfall in winters of the early 2000s; however,
it continued to exist in the same place as a single for-
mation even after the abnormally hot summer of 2018.
This confirms the conclusion that the amount of solid
precipitation affects the Khibiny SFIFs more than an
increase in air temperature.

Thus, formation of SFIFs (small glaciers) in the
Khibiny Mountains (existence of similar formations
can be assumed in the Lovozero tundra (altitude of
1116 m) and in the Monche and Chuna tundra massifs
(1072 m)) is due to a significant amount of precipita-
tion and extremely favorable conditions for snow
accumulation on leeward slopes and in depressions,
where snow is blown by winds during snowstorms,
during a long (7–9 months) winter. Thus, in July 2007,
after melting began, the thickness of the snow layer at
the foot of glacier no. 3 exceeded 6 m, i.e., it could
reach 10 m in April–May. On the Lyavochor plateau,
in the region of glacier no. 1, the thickness of the
snowdrifts exceeded 1.2 m after the first snowfall on
September 24, 2007, and the snow completely covered
the glacier. Such snow accumulations due to snow-
storms (nos. 1, 3, and 4) and avalanches (no. 2) have
no time to melt during a cool summer and turn into
small glaciers, or SFIFs.

Similar objects have been found in other mountain
systems (Glazyrin et al., 1993, 2004; Kuhn, 1995;
Debeer and Sharp, 2009; Sarana, 2012). Is it right to
call them small glaciers? These are snow-firn-ice for-
mations which remain for a long time and are highly
dynamic. They have an ice core, which distinguishes
them from ordinary snowfields, but do not move like
glaciers. The special term “passive glacier” has long
existed (Bolshiyanov, 2006) for such objects on Arctic
plains; the term SFIF is its synonym in essence.

The long-term existence of such objects in the
Khibiny Mountains confirms the hypothesis of their
stable state under changes in natural conditions. Being
small (less than 0.05 km2 in area), they cannot be con-
sidered indicators of the climate change, because they
are more stable than large glaciers. They maintain sta-
bility, occasionally shrinking when all snow and firn
and partly ice accumulated over previous years melt
and regaining their size the following year or the year
after. The trend in their development depends on the
combination of the amount of solid precipitation and
temperatures of a particular summer. Snow accumula-
tion is significantly affected by wind transport, i.e.,
local changes in the wind direction and speed, which
are difficult to “catch” and directly measure near a
glacier, can significantly increase the amount of snow
in negative landforms.

The leading role in ice core formation is played by
the amount of water that enters during the melting
period and filters through the snow layer and autumn
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temperatures. The warmer the summer is (the more
water enters) and the faster and “sharper” the autumn
onset is, the thicker the ice layer is. That is, the size
and thickness of the Khibiny glaciers strongly f luctu-
ate; they increase under favorable conditions and
shrink considerably under unfavorable ones.

CONCLUSIONS

More than 60 years have passed since the discovery
of small glacier forms in the Khibiny Mountains.
Perov V.F. considered them glaciers and they were
included in the Catalogue of Glaciers of the USSR
(Katalog..., 1966) under that name. In the early
21st century, direct data on the structure of the snow-
firn layer and the thickness of the ice core of these for-
mations were received for the first time. The ice thick-
ness in 2006–2007 was insignificant and ranged from
0.1 m (glacier no. 1) to 1.6 m (glacier no. 3).

Snow, firn, and ice of the Khibiny glaciers have low
chloride-sodium-calcium mineralization (4–9 mg/L).
Heavily dusty layers with much higher mineralization
periodically repeat in the depth. Their formation can
be associated with dry warm summer periods, when
aeolian dust transfer is most active. This does not
occur every year; therefore, the age of the snow-ice
depth cannot be assessed by the number of these lay-
ers. The isotope composition of oxygen in snow and
ice indicated that deeper ice layers were formed at
lower temperatures than overlying ones: deep layers
freeze in the winter later than surface layers, which
freeze in the autumn.

Monitoring of the area of the Khibiny glaciers in
satellite images showed that glaciers nos. 3 and 4
remain in a stable state (the average area of each is
about 0.03 km2) occasionally exceeding their areas in
1958. Glaciers nos. 1 and 2 are gradually decreasing:
their mean area has decreased by three-times com-
pared to 1958 and does not exceed 0.01 km2.

Despite the fact that the annual average tempera-
tures have decreased by 2.3 ± 1°C over the past
50 years, the average temperatures of the warm period
have not significantly increased, while the amount of
snow noticeably f luctuates. Dry winters of the early
2000s, when the maximum thickness of the snow
cover did not exceed 55 cm, were replaced by snowy
winters (2013/2014, 2016/2017, and 2019/2020). Espe-
cially large snowfalls occurred in winter 2019/2020,
when the maximum thickness of the snow cover
attained 180 cm at the KhESS meteorological site.

These f luctuations in winter snowfall caused
changes in the size of the glaciers. Their shrinkage
before 2007 and very small ice thickness discovered by
drilling were due to previous years with little snow and
the hot summer of 2005. The subsequent increase in
the amount of solid precipitation led to the recovery of
the sizes of some glaciers.
MOSCOW UNIVERS
V.F. Perov suggested that the Khibiny glaciers (or
SFIFs) arose in the Little Ice Age (the Fernau stage,
13th–19th centuries). However, one can assume that
they could have survived since the end of the Valdai
Ice Age, periodically nearly disappearing and reap-
pearing according to the mechanism we discovered.
That is, the presence of such objects in mountains
cannot serve an indicator of climate changes due to
their almost “instantaneous” (2–3 years) response to
local changes in precipitation, air temperature, and
even wind conditions.
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