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Abstract

In order to reproduce the conditions under which sediments were transported in surging glaciers, samples were taken
from the margin and foreland of the surge Medvezhiy Glacier situated in West Pamir (Tajikistan). They were subjected
to an analysis of rounding and frosting of quartz sand grains (0.8-1.0 mm) and of grain surface micromorphology under
scanning electron microscope (SEM). Results obtained showed intense chemical weathering occurred in the majority
of quartz grain surfaces, marked in the form of etching and precipitation. Frequencies of microstructures of glacial or-
igin were low; individual microstructures were visible on single grains. A predominance of the crushing process over
abrasion in transformation of quartz grains was noted. The commonest microstructures connected with a surge-glacier
environment were large and small conchoidal fractures. However, grains with primary features not connected with
a glacial environment were equally common. The majority of the grains examined showed features of multiple cycles
of mechanical and chemical weathering forming a microtexture under various conditions (overprinting). Common
features of grains from surging glaciers are also breakage blocks of >10um, which depend of the phase of separation of

the grain from the rock or on thermal changes in the glacier’s foreland.
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1. Introduction

Glacier surges are a kind of pulsating flows of
ice in a glacier, which are characterised by internal
release of sudden bursts in flow velocity (Meier &
Post, 1969; Clarke, 1987; Raymond, 1987). Benn &
Evans (1998) defined the surges as a periodic phe-
nomenon which lasts between a few years to a few
hundred years, and in which one can distinguish
two phases: an active phase and a quiescent one.
The maximum velocity of flowing ice in an active
surge is equal to or greater than ten times that
reached prior to the surge (Raymond, 1987; Pater-
son, 1994; Benn & Evans, 1998). Surges differ great-
ly and are rarely recorded. It is estimated that they
appear in less than 1% of the total number of the

world’s glaciers (Murray et al., 2003). Some surges
are minor and short-term, while others are extreme
events in the movement of a glacier and they trans-
form its margin and foreland completely (Dolgush-
in & Osipova, 1975).

Examining glacier surges provides information
on the internal processes ruling the glacier system
(Embleton & King, 1975) - the mechanisms of ice
flow, the conditions on the glacier’s bed and the
impact of climate on glaciers (Benn & Evans, 1998).
Moreover, examining glacier surges, especially in
populated areas (such as Pamir, Karakorum, Hin-
du Kush) may have a much wider significance.
The International Centre for Integrated Mountain
Development (ICIMOD 2011) reported on glacier
surges among the causes of glacial lake outburst
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floods (GLOF) which endanger human lives and
economy. Understanding the mechanisms of this
dramatic glacial advance allows people to predict
and prevent the consequences of the floods in en-
dangered areas.

The aim of Kenig's research (1980) in Spitsber-
gen and that by Rose and Hart (2007) in Norway
was the micromorphological character of sediments
of surging glaciers. The results of these analyses are
a valuable source of knowledge on the intensity and
type of processes occurring inside a glacier during
a surge.

The object of my research was the micromorphol-
ogy of sediments transformed by the glacier surges
including: (1) determining the conditions during
transportation of the material on the glacier’s bed,
(2) determining the sediment source, (3) the degree
of their transformation quartz sand grains during
transport in the glacial environment, (4) evaluation
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of the impact and intensity of post-sedimentary
processes affecting the grains, and (5) establishment
of characteristics of the morphological structure of
quartz grain surfaces from surging glaciers.

2. Study area

Field work was conducted on the foreland and
margin of the Medvezhiy Glacier located in West
Pamir, Tajikistan (Fig. 1A, B), in September 2012.
Medvezhiy Glacier is a valley glacier which flows
down the western slopes of the Akademiya Nauk
Range into the Vanj Valley. The summits surround-
ing the ice tongue are up to 5,800-6,000 m a.s.L
(Dolgushin & Osipova, 1975). Length and surface
of Medvezhiy Glacier fluctuate depending of the
glacier’s surges which occur regularly, every 10 to
14 years on average (Dolgushin & Osipova, 1975).

Fig. 1. Study area: A - Vanj valley, Pamir,
Tajikistan (satellite imagery from NASA
World Wind, modified by author);
B - Location of sampling places (www.
earthexplorer.usgs.gov).
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In the quiescent phase, the glacier has a length of up
to 13 kilometres, with an average ice tongue width
of 500 metres (Zabirov, 1955; Dolgushin & Osipo-
va, 1975). The ice tongue of the Medvezhiy Glacier
flows down from the firn field in a 600-metre and
a 45-degree inclined icefall, while the average slope
on the last 8 kilometres of the tongue does not ex-
ceed 7-8 degrees (Dolgushin & Osipova, 1975).
During my research, the glacier’s snout was located
at 2,915 m a.s.l,, following the 2011 surge.

2.1. Review of Medvezhiy Glacier surges

Medvezhiy Glacier surges are characterised by
an exceptional regularity, as they occur every 10
to 14 years (Fig. 2). The most commonly registered
phenomenon of this kind were the 1937 and 1951
surges (Dolgushin & Osipova, 1975). The first surge
of the Medvezhiy Glacier that was described in the
scientific literature took place in 1963. Based on
aerial photographs and measurements taken in the
field, changes in glacier morphology, the velocity of
the ice flow and glacial mass balance were inferred
(Dolgushin & Osipova, 1975). The greatest velocity
of the glacier’s snout during this transgression was
around 100 metres per day. In two months the snout
had moved by over 1,600 metres (Dolgushin & Osi-
pova, 1975). The transgression led to the creation of
an ice dam and a reservoir on the upper segment of
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Fig. 2. Frequency and scale of snout’s advances of Med-
vezhiy Glacier surges, based on Dolgushin & Osipova
(1975), Kotlyakov et al. (1997), Novikov (2002) and
personal observations.

* _ estimated value of snout’s advances; ? - lack of
data on the scale of snout’s transgression.

the valley, and breaching of the dam caused a gla-
cial flood with serious consequences (Dolgushin &
Osipova, 1975; Nowikov, 2002). The next surge was
registered in 1973, when the Medvezhiy Glacier
flowed down through the valley once again, block-
ing the Abdukagor River and the estimated snout’s
transgression was 1,950 metres long (Kotlyakov et
al., 1997). The episodes in 1988-1989 and in 2001
were not such great transgressions. Medvezhiy Gla-
cier’s last surge occurred at the turn of the months
of June and July 2011. Based on aerial photographs
and measurements taken in the field it was estimat-
ed that the snout had moved by 800 to 1,000 metres.

3. Methods

The rounding and frosting of sand quartz grains
(0.8-1.0 mm) were examined on the basis of the
method by Cailleux (1942), with subsequent modi-
fications of Gozdzik (1980) and Mycielska-Dowgial-
to & Woronko (1998), and was carried in order to
describe the processes in glacial environment thor-
oughly. It was then supplemented by a detailed
analysis of microstructures on the quartz grain sur-
face (0.8-1.0 mm) under SEM (Whalley & Krinsley,
1974; Mahaney et al., 2001; Mahaney, 2002).

3.1. Samples

Five samples were taken from the margin and
foreland of Medvezhiy Glacier: 1 - the recent termi-
nal moraine, created during the 2011 surge; 2 - the
supraglacial stream flowing from the glacier’s
snout; 3 - the ridge of the old terminal moraine;
4 - the glacier’s old lateral moraine; 5 -the bottom
part of the old terminal moraine (Fig. 1B). Exami-
nations were based on the collection of just a sin-
gle sample at each point, which is explained by the
difficult conditions in the area. There are numerous
crevasses on the glacier’s snout after the last surge
in 2011, and Tajik law forbids the transport of min-
erals from the Pamir Mountains.

Samples 3 and 5 come from a moraine of over c.
100 years old, which is corroborated by its size, the
presence of flora and the fact that the moraine can
be seen in archive aerial and satellite photographs
and pictures. Samples 1, 3 and 5 provide data on
transformation of the quartz grain surface caused
by processes in environment of a surging glacier.
Samples 2 and 4 allow to supplement data on the
characteristics of the source material from the val-
ley’s slopes, because these were transported pas-
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sively. Samples 1, 3, 4 and 5 were collected from
a depth of 10-15 cm.

3.2. Rounding and frosting of sand quartz
grains

The method of assessing rounding and frost-
ing of quartz grains (0.8-1.0 mm) follows Cailleux
(1942), as modified by Gozdzik (1980) and Myciel-
ska-Dowgiatto & Woronko (1998). Between 100
and 120 randomly selected grains were counted in
each sample. Before the analysis all samples were
rinsed with a 10 % hydrochloric acid (HCI), then
they were washed with distilled water and left
to dry (Mycielska-Dowgiallo & Woronko, 1998).
This analysis combines the degree of roundness of
grains by a 9-degree classification of grain shape by
Krumbein (1941) with their surface. Seven round-
ing and frosting classes were distinguished in the
sand quartz grains: NU - fresh, with sharp all
edges and no traces of processing in current envi-
ronments e.g. aeolian or fluvial; C - cracked, with
over 30% loss of the original grain surface, it can
represent different environments, but they are
mostly characteristic of glacial or periglacial envi-
ronments; EL - very well-rounded with smooth and
shiny surface, high-energy, aquatic environments;
EM/EL - shiny, moderately rounded, high-ener-
gy, aquatic environments; RM - very well-round-
ed, mat surface, aeolian; EM/RM - moderately
rounded mat grains, aeolian environment and
OTHERS - not fitting any other group, with sur-
face formed by chemical weathering, present as
precipitation or etching (Mycielska-Dowgialto &
Woronko, 1998). Based on the results of the analy-
sis, grain origin was established, together with the
type and intensity of processes which formed the
grain’s surface. Results were presented as histo-
grams of percentages of a certain grain type in each
sample.

3.3. Micromorphology of quartz grains under
SEM

Twenty to twenty-five grains were selected from
each sample to be examined under SEM, type JSM-
6380 LA, coupled with an EDS microprobe. SEM
analysis of the microstructures on quartz grain sur-
faces was carried out in order to obtain more de-
tailed data on the genesis and conditions during
transport, deposition of sediments, and post-sedi-
mentary processes which formed the quartz grain
surface (Krinsley & Doornkamp, 1973; Whalley

& Krinsley, 1974; Whalley & Langway, 1980; Ma-
haney, 1990, 1995, 2002; Traczyk & Woronko, 2010).
The investigation was divided into two stages. The
first one was carried out at c. 30x magnification, to
determine the diversity of microrelief (low/medi-
um/high) and sharpness of grain edges (rounded
or sharp). The second stage consisted of the identi-
fication of microstructures on the grain surfaces ac-
cording to Mahaney (2002), extended to microstruc-
tures as described by Helland & Holmes (1997) and
Woronko (2012). Microstructures were identified at
a 1,000x magnification. Traces of abrasion, crush-
ing, chemical and mechanical weathering were not-
ed on the grain surfaces.

Moreover, microstructures were identified that
are related to frost weathering: (1) breakage blocks
(>10 pm and <10 pm), which occur on rounded edg-
es, inside of depressions and crevasses; (2) cracks
along crevasses and (3) fresh conchoidal fractures
(Woronko & Hoch, 2011). Based on the number of
microstructures on the surface of individual quartz
grains related to frost weathering the ST index of de-
gree of weathering was calculated. Its scale has four
points, from 0 to 3, as follows: 0 - no visible traces
of frost weathering; 1 - one or two microstructures
caused by frost weathering visible; 2 - three to ten
visible microstructures caused by frost weathering;
3 - frost weathering visible on most of the grain sur-
face. The sum of the ST index for individual grains
divided by the number of particles used in the anal-
ysis made it possible to calculate the dimensionless
frost action index (FAI). It changes the value in the
range from 0 to 3 (Woronko & Hoch, 2011).

4. Results and interpretation

4.1. Cailleux analysis

The results of the analysis of rounding and
frosting of quartz grains (0.8-1.0 mm) based on the
method described by Cailleux (1942), with later
modifications by Gozdzik (1980) and Mycielska-
-Dowgialto & Woronko (1998), show that all sam-
ples are dominated by grains classified as OTHER
(Fig. 3A; Table 1). The frequency of OTHER grains
changes from 39% in sample 1 (the recent terminal
moraine) to 81% in sample 4 (the old lateral mo-
raine) (Fig. 1B; Table 1). The surface of most of these
grains was shaped by intensive chemical weather-
ing (amorphous precipitation). The next commoner
type was cracked grains (C). A large amount was
noted in samples 3 (30%) and 5 (39%). Whereas in
sample 4 its value does not exceed 20% (Table 1).
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Fig. 3. A - OTHER type of
grain (sample 1); B - High
relief of NU type of grain
(sample 1); C - Arc-shaped
steps (sample 1); D - Con-
choidal fracture >10pm.

Much rarer than the above-mentioned there are
grains completely fresh and of the angular type, NU
(Fig. 3B). Their percentage does not exceed 10%, ex-
cept in sample 1, where the amount of these grains
(NU) exceeded 20%. In samples 1 and 3 there were
identified shiny, moderately rounded grains (type
EM/EL), typical of high-energy beach or fluvial
environments (Mycielska-Dowgiatto & Woronko,
1998). Their frequency was more than 10% in sam-
ple 1. Shiny, well-rounded grains (EL), mat very
well-rounded (RM) and mat moderately rounded

Table 1. Results of roundness and frosting analysis of
quartz grains (0.8-1.0 mm) following Cailleux (1942),
with modifications by Gozdzik (1980) and Mycielska-
-Dowgialto & Woronko (1998).

Samples (percentage of grains)

Type of grain 1 2 3 4 5
NU 25 5 2 10
EL 0 0 0 0 0
RM 0 0 0 0 0
EM/EL 11 0 1 0 0
EM/RM 0 0 0 0 0
OTHER 39 71 68 81 52
C 25 24 30 19 39

grains (EM/RM) were not found in any of the sam-
ples (Table 1).

4.2. Micromorphology of quartz grains under
SEM

Most grains were medium and high relief in all
samples (Fig. 3B). They had diverse microrelief and
sharp edges. High-relief grains made up high per-
centage of the sediments from 2011 terminal mo-
raine (sample 1-80%) and from the bottom part of
the old terminal moraine (sample 5-70%).

4.2.1. Microstructures caused by chemical
weathering

In all samples, on most grains microforms were
observed that were caused by chemical weather-
ing. They resulted from intensive, selective etching
and enhancing the defects in quartz structure. The
frequency of grains with etched microstructures in
samples 1-4 exceeds 90%, while in sample 5 it is
55% (Fig. 4). Among them the commonest was the
dissolution surface and the rarest were solution cre-
vasses and solution pits. At the same time surfaces
were observed that formed as a result of amorphous
precipitation. In many cases both processes, etch-
ing and amorphous precipitation, occupied most
of grain surfaces and they were responsible for the
edge rounding of grains. Also, a frequent presence
of microforms caused by chemical weathering is
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closely linked with a high percentage of fragments
of older, pre-weathered surfaces which were pres-
ent on over 95% of grains analysed.

4.2.2. Microstructures caused by crushing and
abrasion

On quartz grain surfaces effects of crushing and
abrasion were visible (Mahaney, 2002). Encoun-
tered regularly were large conchoidal fractures
(>10um) caused by crushing (Sharp & Gomez,
1986) (Fig. 3D). They were found on 80-100 % of the
grains of each sample (Fig. 5). Although these large
conchoidal fractures were observed on such a large
number of particles, they existed in the form of in-
dividual microstructures of the surface of a single
grain. In most cases the surface of the conchoidal
fractures was characterised by a weak morpho-
logical structure, flat, without any additional mi-
crostructures such as linear and microsteps or arc-
shaped steps (Fig. 3C). The surface of the conchoidal
fractures was not fresh in all cases. Parts of them
were old and coated by amorphous silica. The last
of the microstructures was listed on the 60-90% of
grains, but mostly as a single trace. The rarest in the
samples examined were radial fractures (5-10%).

Microstructures caused by abrasion (Fig. 6)
were small conchoidal fractures (<10um) (Sharp &
Gomez, 1986). On the surface of the grains exam-
ined they were rarer than those caused by crushing
(Figs. 5, 6). Small conchoidal fractures predominate;
in addition, they were observed on the rounded edg-
es of grains as well as on the sharp edges of larger
conchoidal fractures (>10um). The effect of abrasion
created more isometric grains (Rose & Hart, 2007).
Similar to large conchoidal fractures the frequency
of small ones was very low on the surface of indi-
vidual grains. In every sample a few microgrooves
were noted, both straight grooves (from 5% in sam-
ple 4 to 50% in sample 1) and curved grooves (from
10% in samples 3 and 5 to 40% in sample 1) (Fig. 6).
Extremely rare are chattermark microstructures. In
sample 3 they were not found and in samples 1 and
5 their frequency does not exceed 25%.

Table 2. Frequency of occurrence of overprinted surfaces
in individual samples.

Number of sample 1 2 3 4 5

Overprinted surfaces
in the sample [%]

45 10 60 32 50

Table 3. The FAI value.
Number of sample 1 2 3 4 5
The FAI value 0.65

075 065 079 0.95

The grains which were characteristically over-
printed surfaces were commonest in samples 1
(45%), 3 (60%) and 5 (50%). This feature expresses
the multiple cycles of processing which every grain
passed through (Table 2).

4.2.3. Microstructures caused by mechanical
weathering in situ
The most frequent microstructures connected
to mechanical weathering in situ were breakage
blocks >10um. The frequency of their occurrence
varied between 80 % (sample 3) and 95 % (samples
1 and 2). Also small conchoidal fractures <10um
and small breakage blocks<10um were observed on
sharp features of grains.

4.2.4. Frost action index (FAI)

The frost action index (FAI) for individual sam-
ples varied from 0.65 to 0.95. Sample 5 collected
from the bottom part of the old terminal moraine
had the highest value. The lowest value was re-
corded in the moraine number 1 (Table 3). Marks of
frost action were noticed mainly on sharp features
of grains. Most often microforms ascribable to frost
action processes were breakage blocks and small
conchoidal fractures (Fig. 7A, B).

5. Discussion

5.1. Effect of surging Medvezhiy glacier
transport on quartz grain surface

The micromorphology of the quartz grain sur-
faces analysed under SEM yields data on transport
conditions in surging glaciers, allowing researchers
to estimate the influence of individual processes on
the texture of the grains. Mahaney (2002) reported
that on the quartz grains representing the glacial
environment can be found a broad spectrum of
microstructures, including multiple fracture faces,
V-shaped percussion cracks, shock-melted textures
and a range of dissolution microfeatures. These
could result from weathering, occurring e.g. during
a pre-existing interglacial, prior to glacial entrain-
ment to the ice. Quartz grains, which were affected
in glacial environments, were of the extremely an-
gular form with sharp edges, they had high relief
and adhering particles (Krinsley & Doornkamp,
1973). Moreover, microstructures of great variabil-
ity in size such as conchoidal fractures, arc-shaped
steps, linear steps, subparallel linear steps, chat-
termarks, straight groove, curved groove were
founded on the quartz surface as well (Krinsley &
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Fig. 4. Percentage frequency of occurrence
of microstructures linked to chemical
weathering. Numerals denote sample
numbers (see Fig. 1B).

Fig. 5. Percentage frequency of occurrence of 100%

microstructures linked to crushing. Nu-
merals denote sample numbers (see Fig.
1B).

Fig. 6. Percentage frequency of occurrence of 100%

microstructures linked to abrasion. Nu-
merals denote sample numbers (see Fig.
1B).
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Fig.7. A - Breakage blocks caused by frost weathering (sample 3); B - Frost weathering on edges of grain (white arrow;

sample 5).

Doornkamp, 1973; Tulaczyk et al., 1998; Mahaney
et al., 2001; Mahaney, 2002; Rose & Hart, 2007). Ma-
haney (2002) emphasised that the most character-
istic microstructures of glacial environments were
chattermarks, being an effect of plugging. Most of
the microstructures were created during grain-to-
grain contact or grain to glacier bed (Mahaney et
al., 2001). However, Sharp & Gomez (1986) pointed
at the presence of not rounded quartz grains with
sharp features and fresh surface and they were also
formed in passive transport, and they could not con-
nect to processes operating in glacial environments.
Therefore, features of grains believed to have come
from glacial environments may also have been de-
rived from a former environment and might have
been created during mechanical weathering in situ
(Sharp & Gomez, 1986).

Results of my examinations of sediments from
Medvezhiy Glacier do not hint at a key role of the
glacial environment in the formation of quartz grain
surfaces. This is supported by the fact that most of
particles analysed are very little effects of crushing
and abrasion. In contrast, they dominate the micro-
structure being the effect of chemical weathering.
Results of Cailleux’s (1942) analysis clearly showed
that percentages of fresh grains of type NU were
very low (<20%). Additionally, numbers of crushed
grains (C) were also low, whereas numbers of
weathered grains in situ (OTHER) varied between
39 and 81% (Table 1). Moreover, the surface of the
large conchoidal fractures (>10 pm) was almost flat
without additional microstructures. It suggests that
they were created by weathering in situ outside
of a glacial environment, e.g., by frost weathering
(Woronko, 2012; Woronko & Pisarska-Jamrozy, in
press).

A micromorphological analysis of quartz grain
surfaces in surging-glacier deposits was carried out
for Gésbreen, Spitsbergen, by Kenig (1980) and for
Briksdalbreen, Norway, by Hart (2006). In both cas-

es samples contained large amounts of grains with
sharp, very often fresh features and they were char-
acterised by high and medium relief. In the majority
of them different sizes of conchoidal fractures were
observed, occasionally with a surface with small-
er step forms - linear steps, micro steps and arc-
shaped steps. However, equally common are grains
with features that are not connected with abrasion
in a glacial environment. Common features of the
grains were breakage blocks > 10um, which were
created during the phase of grain separation from
the host rock or during thermal changes in the gla-
cier’s foreland. These authors agreed on the lack
of features pointing at any environment and pro-
cess dominating in the formation of quartz grain
surfaces transported in surging glaciers. Kenig
(1980) stressed the short time and low intensity of
mechanical processes in such environments, while
Hart (2006) emphasised the role of grain rotation
during transport.

Results obtained clearly show that there are
no specific microstructures on the surface of sand
quartz grains transported in the surging glaciers.
Indeed, it can be noted that the amount of micro-
structures resulting from abrasion or crushing is
very small and limited to conchoidal fractures of
different size.

5.2. Conditions in the surging Medvezhiy
glacier

In all samples examined, the number of micro-
forms caused by abrasion (chattermarks, curved
grooves and straight grooves) was much low-
er than that of the ones formed by crushing (arc-
shaped steps, conchoidal fractures <10 pm, linear
steps, micro steps, radial fractures) (Figs. 5, 6). All
microforms caused by abrasion were most com-
monly registered on grain edges, which results
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from mutual tension either amongst particles or
between particles and the bed during glacial trans-
port (Sharp & Gomez, 1986). The predominance of
microforms caused by crushing over those caused
by abrasion may be connected to the fact that dur-
ing a surge, the changing pressure in pore-water
influences the strain and intensive fragmentation
of the material. According to Mahaney (1995) frac-
turing and abrasion of quartz sand grains probably
occurred in till under both low and high pore wa-
ter pressure. However, those processes were most
predominant in till when pore water pressure was
low, which permitted grain-to-grain contact. Prob-
ably both processes form an erosional continuum, i.e.
occur simultaneously or directly after each other
(Iverson et al., 1995; Hart, 2006; Rose & Hart, 2007).
The number of conchoidal fractures > 10um with
diverse microtexture may denote a vibrating move-
ment of grains (Mahaney 2002), which takes place
due to the high pressure of pore water. Observa-
tions carried out during the active phase of surge
show that the rapid movement of ice occurs in the
basal part of the glacier. Increased ice flow veloci-
ty during a surge is triggered by water trapped in
glaciers and changes their pressure, which can play
a key role in instabilities that cause the activation of
surges (Clarke et al., 1984).

Results of an analysis of rounding and frosting of
quartz grains (0.8-1.0 mm) by Cailleux (1942) show
the grains of the type “OTHER” were the common-
est and reveal features of intensive etching in the
form of broad coating. In the case of the sediments
from a surging glacier it may be a sign of short-lived
transport of the material or it may have resulted
from the preserving properties of the glacial envi-
ronment. Whalley & Krinsley (1974) claimed that
in englacial and subglacial environments, in which
there were lower concentrations of material, quartz
grains did not undergo significant changes. A con-
siderably large number of cracked grains (C) were
created probably during the process of separation
from the host rock. To a smaller extent they were
the result of the grains crushing into each other dur-
ing transport in a subglacial environment. Wright
(1995), Woronko & Hoch (2011) and Woronko
(2012) connected cracked grains (C) also to frost
weathering. Samples 3 and 5 come from sediments
from the old moraine, where the influence of post-
sedimentary processes, such as frost weathering,
on the surface of quartz grains could have caused
the observed cracks. Moreover, Bennett et al. (2003)
believed that on the basis of surging glacier, pro-
cesses of freezing and thawing occur constantly and
the thermal regime of this type of glaciers vary be-
tween warm in the active phase and cold after the

surge, which also may lead to numerous cracked
grains observed in the samples. Fresh grains with
sharp features (NU) occurred rarely. They made up
a higher percentage of sample 1, only on account of
the origin of the material, which was collected from
the terminal moraine formed in the 2011 surge. The
presence of shiny, rounded grains (EM/EL) in some
samples (Table 1) can probably be explained by the
material having been delivered from an outcrop of
quarzitic sandstone along the western slopes of the
valley.

5.3. Erosional continuum in surge glaciers

On many quartz grains few cycles of abrasion
and crushing were noted which were marked by
the presence on a single grain of conchoidal frac-
tures fresh and ones coated by amorphous silica.
They had overprinted features. This is because
Medvezhiy Glacier surges are characterised by an
exceptional regularity. Formation of quartz grain
surfaces proceeds depending of consecutive, occa-
sionally repetitive processes. The majority of grains
examined showed features of having repetitively
undergone individual steps in microtexture forma-
tion and under various conditions (overprinting).

The first process which forms the grains is sep-
aration from the host rock by mechanical weath-
ering in situ, which is marked by the presence of
large breakage blocks (> 10 um) or large conchoidal
features (> 10 um). The next process that formed
the surface of quartz grains examined is chemi-
cal weathering, which might have occurred even
when the grains were still in the weathered rock,
during contact with external factors. Signs of chem-
ical weathering can take the form of dissolution or
amorphous precipitation. In the sample from the
2011 terminal moraine (sample 1) traces of dissolu-
tion were observed - raised between fresh surfaces,
which are an effect of the next process - damage
in a subglacial environment. Most probably, the
weathering had modified the grains for a long time.
Corroborating this may be the high percentage of
grains that show edge rounding caused by etching
or precipitation in samples 2, 3, 4 and 5. Moreover,
the high frequency of microforms caused by chem-
ical weathering is directly connected with the high
prevalence of pre-weathered elements, which were
present in over 95% of all grains analysed. Thus,
it may be assumed that the grains examined were
not completely transformed after having entered
the glacial environment. In the case of deposits of
the surging glacier, a range of microstructures re-
lated to chemical weathering can be an indication
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of short-lived transport of material in a glacier en-
vironment or conditions during glacial transport
were not favourable for abrasion or crushing. It can
also be a result of the preservational properties of
the glacial environment.

At the same time, effects of frost weathering
were observed on grain surfaces. Microstructures
caused by thermal changes in the environment
were examined on previously chemically etched
surfaces, on edges of conchoidal fractures > 10um
and on all kinds of microsteps. Also the value of
FAI, the determinant of changes in grain surface
under the influence of frost weathering, indicates
a significant role for freeze-thaw processes in the
modelling of grain surfaces. It seems that the older
the moraine is, the more advanced frost weathering
will be. Frost weathering usually was the last pro-
cess to form the grain surface. In summary, every
grain analysed has undergone a few cycles of pro-
cessing, which can be seen in Fig. 8.

6. Conclusions

Results of analyses of the micromorphological
structure of quartz grain surfaces indicate the limit-
ed significance in grain processing of glacial trans-
port in the surge glacier. Grains were affected both
by abrasion and crushing. Unfortunately, the out-
come does not allow to establish features character-
istic of the texture of the surface of quartz grains
coming from surging glaciers. However, those pro-
cesses did not lead to damaging the surface, which
had already been shaped by earlier stages of grain
formation. Therefore, we may assume that trans-
port was short and of low intensity in damaging
processes. In the samples examined, some grains do
show the origin of the material in being pre-weath-
ered. What is also worth noting is the significance
of the post-sedimentary processes, especially frost
weathering, traces of which are visible on most
grains.
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