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Abstract

This study presents a review on Holocene glacial traces in Bulgaria. Pleistocene glaciation in this territory was spread over
a number of mountains above 2000 m a. s. 1., while in the later time, it was restricted only to the highest areas of the two
highest mountains, Pirin and Rila. Two major phases can be distinguished on the basis of field evidence—a Little Ice Age
(LTA) phase, and a present-day phase. Features of present-day glaciation are only found in the Pirin Mountains, in the high-
est parts of Northern Pirin which are built of carbonate rocks (marble). The two glacierets in these mountains, which are
now the southernmost glacial masses in Europe, occupy only c. 1.5 ha. Several permanent snow patches are also found to
fill the bottoms of high altitude karst dolines in the same area, contributing to a total of 3.5 ha of firn and ice, which have not
completely melted for several centuries. The post-LIA climatic warming, which has progressed with an increased pace for
the last 3 decades, reduced the glaciated area in the highest mountains of Bulgaria by 58%. However, glacierets and snow
patches in Bulgaria have appeared to be more stable when compared to most other locations with similar topographic setting

in Southeastern Europe.

Keywords Pirin - Rila - Glacierets - Snow patches - Climate warming

Introduction

In modern science, the Holocene is considered the latest of
Quaternary interglacials. As a result of numerous studies
(Vavrus et al. 2018; Ruddiman 2001; Jouzel et al. 2003;
Liithi et al. 2008), it has been proved that in general, climate
conditions throughout the Holocene have been quite similar
to those in previous warm periods, especially what concerns
the first half of the epoch. On the basis of data from the
drilling of Greenland and Antarctic ice sheets, some scien-
tists (Ruddiman 2001, 2005; Parrenin et al. 2007; Ruddiman
et al. 2016) conclude that for the second half of the Holo-
cene, temperature greenhouse gas levels (CO,, CH,, etc.)
have started to deviate from the naturally expected down-
ward trends, and this has been especially obvious since the
beginning of industrial revolution, when human impact has
globally become as strong as never before. In a reconstruc-
tion of temperatures for the final centuries of the Late glacial
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and the Holocene, based on marine reconstructions, Marcott
et al. (2013) presented evidence and concluded that the post-
LIA warming has appeared as an extraordinary interruption
of the cooling trend which had started after the Atlantic opti-
mum. CO, levels of 410 ppm that we have today, have not
have a precedent for the whole Quaternary, as it is witnessed
from the cores of Greenland and Antarctic ice sheets (Gore
2006; Bereiter et al. 2015).

Being a part of the northern periphery of the Mediter-
ranean zone, the mountains of the Balkan Peninsula are
on the margin between tropical and boreal influences, and
between the warm and cold climates, respectively (Velev
2010; Buri€ et al. 2012). Due to this geographical position,
the highest mountain areas of the peninsula have been peri-
odically switching between glacial and non-glacial condi-
tions. They were repeatedly occupied by extensive moun-
tain glaciation during the coldest spells of the Pleistocene
(Marjanac and Marjanac 2004; Djurovi¢ 2009; Kuhlemann
et al. 2009, 2013; Hughes et al. 2006, 2007, 2010, 2011),
and in some areas of the Dinaric Mountains, traces of large
glaciers were documented from the cold phases of the Late
glacial (Zebre et al. 2019; Ciner et al. 2019). On the other
hand, during warm phases the glaciers entirely, or almost
entirely, disappeared.
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In Bulgaria, the presence of classical relict traces of
Pleistocene glaciers has been documented in the two high-
est mountains of the Rhodope Massif: Rila (2925 m a. s.
1.) and Pirin (2914 m a. s. l.), and embryonic glacial land-
forms have also been described in Stara Planina (2376 m
a. s. 1.), Osogovo (2252 m a. s. 1.) and Vitosha (2290 m a.
s. 1) (Cviji¢ 1897, 1908; Jankovié 1903, 1908; Louis 1930;
Glovnia 1958, 1962, 1968; Velchev 1995, 1999; Velchev
et al. 1994, 2000 and others).

During Pleistocene ice ages Rila and Pirin were the
only mountains high enough to sustain extensive gla-
ciers. At their maximum extent (around the Last Glacial
Maximum), glaciers in the Rila Mountains covered about
430 km? (Kuhlemann et al. 2013), which was confirmed by
the dating of several moraines with cosmogenic nuclides
(loBe). Both in Rila and Pirin Mountains, ELA of the
maximum glaciation was at about 2150-2300 m a. s. 1.
(Louis 1930; Georgiev 1991), and glaciers up to several
km long descended down the main valleys. The longest
glaciers, Beli Iskar in Rila (22 km) and Demianitsa-Bun-
deritsa in Pirin (11 km) flew down to the north. (Kuhle-
mann et al. 2013; Lilienberg and Popov 1966). On north-
ern slopes, fragments of terminal moraines are preserved
down to 1100-1500 m a. s. 1., and on southern slopes to
1500-1900 m a. s. 1. Systems of extensive cirques, many of
which with complicated configuration and staircase floors,
now occupy the high mountain interiors. In Rila, there is
morphological evidence for the existence of several ice
caps during the Pleistocene: in the eastern, southwestern
and northwestern parts of the mountain massif (Ivanov
1954; Glovnia 1968; Baltakov and Mladenova 1989; Bal-
takov 2004; Kuhlemann et al. 2013).

The weakness and scarcity of glacial traces in the latter
mountains indicate that throughout the Holocene (even dur-
ing its coldest phases) the glaciation was restricted to Rila
and Pirin only, and, more strictly, in their highest parts.

As it is well known, the climate during the Holocene
itself has been quite variable, especially in the last millen-
nia (Grunewald and Scheithauer 2008b, 2011), which has
reflected on the extent and forms of glaciation. On the Bal-
kans, evidence for glaciers during the LIA was provided
by Hughes (2007, 2010) for the Durmitor Mountains, by
Styllas et al. (2016) for Mt. Olympus, by Wilkinson (2011),
Gachev et al. (2016) and Hughes (2018) for Prokletije
Mountains, by Grunewald and Scheithauer (2008b, 2011)
for Pirin Mountains, by Gachev et al. (2008) for Rila Moun-
tains. Today several very tiny, small glaciers, still manage
to survive in some of the highest mountain ranges on the
Balkans: for the last decades such have been documented
in Prokletije Mountains (in Albania), in Durmitor (Monte-
negro), and Pirin (Bulgaria), and sustainable snow patches
survive colder summers in the Olympus (Greece), Magli¢
(Bosnia and Hertzegovina), the Rila Mountains (Bulgaria)
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and elsewhere (Grunewald and Scheitchauer 2010; Gachev
et al. 2016; Gachev 2017).

Recently, two glacierets and several sustainable snow
patches have remained in Pirin, and one long-lasting snow
patch in Rila. The glacierets in the Pirin Mountains have
been presently recognized as the southernmost glacial
masses in Europe, the only ones situated south of 42° N
(Grunewald and Scheitchauer 2010). Geomorphological evi-
dence, however, indicate that throughout the cold phases of
the Holocene, mountain glaciers on the territory of Bulgaria
occupied larger area (Gachev et al. 2008; Gachev and Gikov
2010; Mitkov 2020).

The aim of this paper is to summarize the data about the
possible maximum Holocene glaciation in the mountains
of Bulgaria, as well as to inform about the present state of
glaciers and snow patches and the most recent trends in their
evolution.

Study areas

The present study is focused on the highest mountain areas in
Bulgaria—the Pleistocene cirques around the peaks Musala
(Rila) and Vihren (Pirin) (Fig. 1). More in particular, the
study areas include the cirque ensemble between the peaks
Vihren (2914 m a. s. 1.) and Razlozhki suhodol (2570 m a.
s. 1.) in the Pirin Mountains (the so called “Vihren area”,
or “the High Karst Ridge”), and Musala cirque in the Rila
Mountains.

Kazanite cirque complex (Pirin)

The cirque complex Kazanite is situated in the northern part
of Pirin Mountains, at the NE foot of Mt. Vihren (2914 m
a. s. L.). It comprises two cirques, situated one above the
other. Golemia Kazan (“The Big Cauldron™) occupies the
upper section, with the floor on altitudes 2400-2450 m a. s.
1. To the southwest the cirque is bordered by Vihren peak,
with its prominent 450 m high wall. To the northeast is the
Kutelo peak (2908 m a. s. 1.), the second highest in Pirin.
Malkiat Kazan (“The Little Cauldron”) is situated to the east
of Golemia Kazan, and occupies altitudes between 2200 and
2400 m a. s. 1. The cirque complex is carved in white—grey
marble, and represents an ensemble of several glaciokarstic
depressions (uvalas). Due to the karstified bedrock there are
no lakes on cirque floor.

In Golemia Kazan cirque, just at the foot of Vihren’s
wall, is situated the Snezhnika glacieret—one of the two
small glaciers in Bulgaria (the southernmost glacial mass
in Europe, Grunewald and Scheitchauer 2010) with an area
about 0.5 ha (80 m length X 90 m width) and aspect to the
east (Fig. 2). The altitude of the glacieret is 2400-2450 m
a.s. L.
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Fig. 1 Areas in Bulgaria with
evident traces of Holocene
glaciation
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Fig.2 Snezhnika glacieret and
Vihren Peak (October 2013)
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Snezhnika glacieret was first described and studied by
Popov (1962, 1964). He organized a first drilling of the
firn/ice that reached the bottom at 8 m depth, and con-
ducted 4-year climatic measurements in Golemia Kazan
cirque in 1957-1961. Later, in September 2006, another
drilling was done by Grunewald et al. (2008) that meas-
ured 11 m depth. Pure ice was found in the core below
7 m, and the '*C dating of organic material within the
ice at 10 m depth gave around a 100 year age, which con-
firmed Snezhnika as a small glacier (glacieret).

The glacieret is surrounded by three sides (south, east,
north) by a W-shaped protalus-moraine ridge, made of
coarse blocks and boulders of various size, with relative
height 2—-4 m above the glacieret surface. Relict primitive
soil is partly developed on the front side of the moraine,
directed towards cirque outlet. On the basis of *C dating
of these soils, Grunewald et al. (2008) came to the conclu-
sion that the moraine is formed in its present shape during
the LIA. Presently, the ice margin reaches the moraine
on the front size very rarely. In most cases in the autumn,
there are 15-25 m of snow free surface, filled with debris
with mostly pebble size. Traces are obvious from a new
ridge that has started to form, in result of the smaller gla-
cieret extent in the recent years.

Further down the cirque, about 200 m to the east, a
well-preserved crescent-shaped ridge marks a previous
deglaciation stage in Golemia Kazan. It is made of mar-
ble blocks of various size, with a cover of grass over the
fine grained material. Stones are covered in lichen, and
bear traces of intense weathering and corrosion. The ridge,
which height is 7-8 m on the internal side, and 1-2 m on
the outside, is much older in age than the moraine that
surrounds the present glacieret. This conclusion is also
supported by the results of Schmidt hammer tests done by
Mitkov (2020).

Based on the field evidence, the crescent moraine should
be addressed to the next colder stage back in time before the
Little Ice Age. If we take into account the climatic recon-
structions done on the basis of pollen and vegetation studies,
which point out that no abrupt events were registered in the
high mountain environment of Pirin throughout much of the
Holocene, and also the state of the moraine (strong weather-
ing of the boulders, both physical and chemical, dense lichen
cover), the most probable age for that moraine should be
the Younger Dryas cold episode. The same suggestion is
supported also in the works of Grunewald and Scheithauer
(2008a, 2011).

Fragments of at least two moraine ridges can be suggested
towards the outlet of Golemia Kazan cirque. However they
are hard to determine, as part of the material there is of a
rockfall origin. A huge moraine is deposited near the north-
eastern rim of the cirque, with a relative height of 40-45 m.
Today, on top of it rests a small shelter for tourists (Kazana
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refuge). This moraine should belong to the previous cold
phase—the Oldest Dryas.

No morainic deposits were discovered in Malkia Kazan
cirque. On its almost flat, grassy floor, there is a sinkhole,
above which a peat bog developed. There is a relict debris
fan from the northern side that has filled the cirque depres-
sion with some material. Probably, if there were some
moraines in the cirque, they were probably buried.

Kutelo cirque

This is the next cirque on the marble section of the northern
slope of Northern Pirim, situated to the NW of Golemia
Kazan. A long and relatively narrow glacio-karstic depres-
sion of a simple shape, the cirque lies to the north-east of
Kutelo II peak (2907 m a. s. 1.). The upper section of the
cirque is covered by screes. There a crescent moraine from
fresh blocks is situated at 2400 m a. s. 1. The field between
the ridge and the headwall is covered with debris, and a
snow patch remains there usually until the end of July. Dur-
ing the Little Ice Age, a small glacier might have existed in
the cirque, with length up to 250-300 m. No moraines are
observed further down the cirque, except some weathered
boulders at the cirque outlet, at about 2150-2200 m. a. s. L.,
overgrown by Pinus mugo trees and grasses.

Banski suhodol cirque

This is the largest cirque in the marble (carbonate) part of
Northern Pirin (2.3 km?) (Fig. 3). In general, it has a rhom-
boid shape and aspect towards NNE. To the south, it is bor-
dered by the high main ridge of Pirin (altitudes between
2810 and 2908 m a. s. 1.), and to the NE it reaches the main
rigel at 2300 m a. s. 1. The altitude ranges from 2908 m a.
s. 1. at Kutelo I peak to 2230 m a. s. 1. at the lowest part of
cirque floor. The cirque floor is a labyrinth of karst sink-
holes, hills and low ridges. The main sinkhole, where the
lowest point is located, is in the northern part near the rigel.
In its upper part, the vast cirque is divided into three sec-
tions, each section resembling a separate cirque which ends
in a sinkhole. The eastern section is the largest—it includes
a small intra-cirque U-shaped valley with a strip of dolines
at its base—which ends in the main doline of the cirque.

In Banski suhodol cirque, the setting of glacial land-
forms, especially moraine ridges, has much in common
with that in Golemia Kazan. The uppermost part of
cirque’s middle section is occupied by the Banski suhodol
glacieret, the largest in Pirin and Bulgaria (Fig. 3), with
an average surface area of 1.1 ha for the last 10 years. The
glacieret has been described, mapped and measured for the
first time in 2009 (Gachev and Gikov 2010). In 2012, after
a strong recession, bedrock was uncovered at the front
of the firn surface, which carried fresh traces of glacial
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Fig.3 Banski suhodol cirque
with the glacieret (in the centre)
and snow patches (October,
2013)

abrasion (striae). This was interpreted as an evidence for
glacial type of motion of the firn/ice mass (Gachev 2014;
Gachev and Mitkov 2019).

A curved protalus-moraine surrounds Banski suhodol
glacieret from the lower side, at 2600-2620 m a. s. 1.
The moraine comprises two parallel ridges, separated by
a shallow trench. The outer ridge has primitive soil and
vegetation developed on it, quite similar to the outer side
of the ridge around Snezhnika glacieret, which suggests
their ages are similar (LIA). The inner ridge is younger,
probably from the twentieth century.

Some 200 m further down to the north, another ridge is
observed at about 2500 m a. s. 1. Its composition, appear-
ance and weathering rate (as measured by Mitkov 2020),
indicates its age should correlate to that of the crescent
ridge in Golemia Kazan—most probably from the Younger
Dryas.

The eastern section of Banski suhodol cirque provides
another sequence of well-preserved morainic accumula-
tions. At present, a sustainable snow patch persists on the
bottom of a doline, surrounded by debris. The first ridge is
situated 10-20 m from the snow at the end of ablation sea-
son. Another one is found 50 m below, perching on top of
a roche moutonnee, and surrounding a doline. Both ridges
are made of fresh angular blocks, whitish (not grey) in
colour, with no lichens, soil or vegetation. This should be
considered the LIA extent of a small glacier, which rem-
nant is the present-day snow patch. Moraines of weathered
material with soil and grass are observed further down to
mark the probable Younger Dryas glacier margins.

Another sustainable snow patch also exists in the west-
ern section of the cirque. Indications in the rocks and relief
show that it was much larger and thicker in the recent past.
However, no moraines are recognizable around the snow
patch, as it ends in a gully and a steep slope, and all mate-
rials transported by the former small glacier were pushed
away and rolled down.

Bayuvi dupki cirque (Pirin)

This is the next cirque to the west of Banski suhodol. To the
south, it is bordered by the main ridge (2770-2821 m a. s.
1.). This is a glacio-karstic depression opened to the north,
about 1700 m long and 900-1000 m wide. It has one deep
uvala at its centre, near the main rigel at 2370-2390 m a. s.
1. Piles of fresh morainic material, angular, with no lichens,
are scattered across cirque floor, especially in its lower sec-
tion, towards the uvala.

Nowadays, the cirque floor of Bayuvi dupki is usually
snow free in August—September. But the presence of a small
glacieret on this place until the 1960s was documented by
Peev (1960, 1961), who described it in detail. Moreover, he
conducted regular observations on the site between 1934 and
1958, and, although not making exact size measurements,
he pointed out the years, in which the glacieret was larger
in summer, and the years when it was smaller. Peev’s work
has now been considered as the first glaciological monitor-
ing in Bulgaria.

Musala cirque (Rila)

This cirque is located in the eastern part of the Rila Moun-
tains (Fig. 1). It has a northern aspect and altitudes between
2925 and 2389 m a. s. 1. It is developed entirely in gran-
ite. The complex cirque is a cascade comprised of several
smaller cirques (cirque sections). Seven lakes are spread on
cirque floors (Fig. 4).

The uppermost cirque section lies to the NE of Musala
peak, and has altitudes between 2925 and 2709 m a. s. 1.
Here is situated the highest lake in Rila—Ledeno ezero (Icy
lake)—with size 170X 100 m and maximum depth 14.3 m. A
moraine composed of three parallel ridges of granitic boul-
ders dams the lake on the NE side. Another ridge is found
on lake bottom, about 2 m below water level (Gachev et al.
2008). The underwater ridge lies near the SW shore of the
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Fig.4 Musala cirque (September, 2006)

lake, surrounding a shallow depression on the bottom witha  with grass cover on it, a lobate relict rock glacier, which
maximum depth of 4.1 m. The discussed ridge has a crescent ~ during the LIA was definitely not under ice. Rather the gla-
configuration, and is supposed to have marked the extent of a  cieret had a V-shape, with ice descending from two sides and
small glacieret (snow patch) which existed on the NE slope =~ merging at lake’s end (Fig. 5).

of Mt. Musala. Probably, the glacieret was persisting during The state of the moraine damming the lake at
the LIA, and its summer-round existence was evidenced in 2700-2710 m a. s. l. indicates that it is much older than
the beginning of the twentieth century (Radev 1920). Onthe  the LIA, most probably formed during the Younger Dryas.
slope of Musala, above the lake, there is a lobe of boulders It was not excluded, however, that this moraine dates from

2000 2100 2200 2300 2400 2500 2600 2700 2800 2900

metres above sea level

1.5 2 25 3
: s

glacieret
(rock wall base)

glacieret
(talveg)

snow patch

moraine

A glacieret in
the Rila Mountains
(Musala Cirque)
Holocene maximum stage

lake

rock wall

name of
a cirque

Fig.5 Holocene glacier extent in Pirin Mountains (maximum stage to the left, present-day stage to the right) and Rila Mountains (maximum
stage only)

@ Springer



Holocene glaciation in the mountains of Bulgaria

109

some cold phase in the first millennia of the Holocene (pio-
tino/Kromer stage?), because the altitude is very high and
here even a slight disturbance in climate could lead to glacier
formation.

The next cirque section is situated to the north of Mt.
Musala, from the peak to the lake Bezimenno at 2580 m a.
s. 1. It encompasses the northern slope of Musala peak and
the eastern slope of the ridge that descents from the peak to
the north. The southern part is occupied by the Musala rock
glacier, a complex body of granitic boulders. The rock gla-
cier consists of two parts, formed separately during discrete
time episodes, which has been supported by geomorphologi-
cal evidence and Schmidt hammer testing (Gachev 2018).

There are traces of a small moraine ridge situated right
behind (to the SW of) the last of the five ridges of the rock
glacier’s lower part. This moraine indicates that a small gla-
cier (glacieret) might have existed in the beginning of the
Holocene. However, the state of the lobate upper part of
Musala rock glacier suggests that definitely there was no
ice there during the LIA (Gachev et al. 2017; Gachev 2018).
Only permafrost and some cryogenic replacements might
have taken part.

Methods

Geomorphological mapping was applied to identify traces
from deglaciation stages in the highest areas of Pirin and
Rila Mountains. Mapping was done on the field, as well as
with the use of various remote sensing techniques. Present-
day glacierets and snow patches have been measured on a
regular basis every autumn (in September—October) with the
use of measuring tape (rope) and, in more recent years, with
a laser range finder. Field measurements have been entered
in GIS software, where surface areas for the particular years
are calculated. The moraine ridge at the bottom of Ledeno
ezero in Rila was mapped and measured with bathymetry
methods, using a boat, a measuring rope, and a GPS receiver.

Suggestible extent of glaciers during the maximum Holo-
cene stage has been outlined and digitized in ArcGIS 10
on the basis of topography maps, satellite and land based
images. This allowed for the calculation of total and partial
surface areas.

On Vihren peak (the highest of the Pirin Mountains),
climatic data have been collected since 2014 by automatic
equipment, but for the analyses in the present study daily
and monthly data from the meteorological station at Musala
peak (Rila) has been used (Nojarov 2008; http://www.strin
gmeteo.com), with extrapolation for the altitude of Snezh-
nika glacieret.

Results
Extent of Holocene glaciation

Summarizing the above detail description of glacial traces,
on the basis of the location, morphology and state of
moraines, and of data from previous studies, a conclusion
can be made that two major stages of Holocene glaciation
can be outlined in the highest mountain areas of Bulgaria:
maximum stage, and present-day stage. Greatest extent dur-
ing both stages had the glaciation in Northern Pirin, espe-
cially in the part made of carbonate rocks (marble). This
demonstrates the importance of bedrock as a factor for gla-
cier persistence in marginal areas such as the Mediterra-
nean, where climate in general does not favour a year-round
preservation of snow and ice at 20003000 m altitude. In
the Rila Mountains, Holocene glaciers had much smaller
extent, and existed only in the maximum phase. No glaciers
are found there today, although the absolute altitude of the
highest peaks and cirque floors reaches bigger values.

The glacier extent of the two mentioned stages is shown
in Fig. 5.

According to geomorphological and glaciological
evidence, during the maximum stage glacierets covered
approximately 11.8 ha (9.2 ha in Pirin and 2.6 ha in Rila).
At present, their total area (based on average surface size for
the last 10 years) is about 1.7 ha (18.3% of the maximum
stage extent) and glacierets remained only in Pirin. During
the maximum stage, sustainable snow patches in the marble
part of Northern Pirin occupied over 6 ha, while now their
average size is 3.55 ha (58% of the maximum stage extent).
In the two areas researched in details, the area occupied by
summer-round ice and snow had decreased by two-thirds
(Table 1, Fig. 6).

Table 1 Glacierets and
sustainable snow patches in
the highest parts of the Pirin

and Rila Mountains during
the maximum stage and in the
present stage

Category Location Total area max  Total area present Decrease, (%)
[ha] [ha]

Glacieret—rock wall foot Pirin 2.85 1.68 41

Glacieret—talveg Pirin 6.33 0.00 100

Glacieret—talveg Rila 2.60 0.00 100

Snow patch Pirin 6.04 3.55 42
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Fig.6 Recorded areas of Snezhnika and Banski suhodol glacierets at
the end of the balance year (September—October)

Recent changes in Pirin glacierets

The glacierets in Pirin have been observed regularly for
the last decades. Measurements for the period 1994-2007
were presented by Grunewald et al. (2008), and for the
later years by Gachev (2011, 2016) and Gachev and Mit-
kov (2019). For Snezhnika glacieret, the changes of area
in the end of the balance year (autumn) for the period
1994-2019 have shown a slight trend towards decrease
(Fig. 7). Inter-annual variations have been often great,
reaching differences of two times the area. The absolute
minimum was registered in 1994, in the very beginning
of regular observations. Quite close to that value were
the sizes for 2012, 2017 and 2019. Greatest was the size
in 2006, and relatively large in 2005, 2009, 2010, 2013
and 2018.

Since the start of the annual measurements of Banski
suhodol glacieret in 2009, a strong downward trend has
been recorded. In fact, for the same latest period similar
is observed for Snezhnika, but for the latter glacieret, the
overall trend is balanced by the period 1994-2003 which
was characterized by small sizes.
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Temperature (C)
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o

annual air temperature

Fig.7 Temperatures at Musala peak station (1934-2019)
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Discussion

Main stages of deglaciation in the Rila and Pirin
Mountains during the Late glacial and the Holocene

Studied glacial evidence from the Rila Mountains (Kuh-
lemann et al. 2008, 2013) shows that Pleistocene glaciers
in the Rila Mountains reached their maximum during the
LGM. According to data from cosmogenic nuclide dating
(Kuhlemann et al. 2013), glacier advances in this particular
mountain massif were registered at the beginning and at the
end of this stage, while at the culmination of LGM, a retreat
was suggested, similar to what was found for the High Tatras
(Gadek 1998; Klapyta and Zasadni 2018).

The Late glacial was marked by considerable and pro-
gressive warming, interrupted by some disturbances. Of the
latter, most notable were the Oldest Dryas and the Younger
Dryas cold episodes. Especially in the eastern part of the
Balkan Peninsula, both phases were characterized by cold
and pronouncedly dry climate, a fact, which has been proved
by data from numerous pollen studies from Rila and Pirin
Mountains, and from the studies of lake and Black sea
levels which were situated considerably lower than today
(Bozhilova 1978; Stefanova and Ammann 2003). The transi-
tion from the relatively damp and cold climate at the termi-
nation of the LGM, to the warmer and dryer conditions of
the Late glacial, should have been associated with a strong
glacial retreat. According to the studies of Dimitrov and
Velchev (2012) and Mitkov (2020), glaciers restricted their
extent within the margins of the Pleistocene cirques no later
than the Oldest Dryas. For the very large cirque systems,
such as Bunderishki cirque in Pirin and Seven Lakes cirque
in Rila, the lowermost cirque floor sections were ice free
already in the Oldest Dryas. Especially in Rila and Pirin,
temperatures during the Oldest Dryas were lower than
during the Younger Dryas (Stefanova et al. 2003), which
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— annual temperature (10-year moving averages)



Holocene glaciation in the mountains of Bulgaria

m

resulted in the larger expression of glaciation during the first
of these cold phases.

A '°Be date from stadial recessions in Rila Mountains are
available for the cirque of the Seven lakes—a roche mou-
tonnee from Suhia rid yielded an age of 10 ka BP (Kuh-
lemann, Gachev. unpublished information), revealing that
during the Younger Dryas, the ridge between the main parts
of the complex cirque with an altitude 2400-2450 m a. s. 1.,
was already free of ice. Another '°Be sample taken from a
moraine in Yakorudski cirque, gave an age of around 12 ka
(Kuhlemann, Gachev, unpublished data).

Dry conditions continued to prevail also in the initial
millennia of the Holocene, at least until 8 ka BP (Wright
et al. 2003; Stefanova and Ammann 2003). The warming
culminated during the Atlantic optimum (6-5.5 ka), with
temperatures around 2 °C higher than the present (the last
decades of the twentieth century) (Crowley 1996; Blumel
2002; Nikolov 2011). In pollen spectra, this Holocene, maxi-
mum of temperature is characterized by expansion of the fir,
and rise of the timberline to 200-250 m higher than its cur-
rent position (Kachaunova and Stefanova 1999; Stefanova
and Ammann 2003; Stefanova et al. 2006).

In the time after the Atlantic, the climate has become
changeable, with average temperatures several degrees lower
(Grunewald and Scheithauer 2008a). The Early Iron Cool-
ing, the Roman Optimum, the Early Medieval Cool Epi-
sode, the Medieval Warm Period, and the Little Ice Age
were the main stages of climate history in this period. After
1850 the contemporary warming progressed, with phases of
intense increase of temperatures (1860-1890, 1920-1950,
1980—present), and stages of stagnation (or slight cooling)
(1890-1920, 1950-1980) (Grunewald and Scheithauer
2008b). The last time episode, since 1980, has been marked
by warming on an increased pace.

Vegetation reconstructions done on the basis of pollen
studies in Rila and Pirin (Bozhilova 1978; Stefanova and
Ammann 2003; Stefanova et al. 2003; Tonkov and Marinova
2005; Tonkov et al. 2006, 2008) do not indicate noticeable
cold phases and abrupt changes in the period from the begin-
ning of the Holocene to the medieval times, and the Little
Ice Age (LIA), which was the coldest period since the begin-
ning of the Holocene.

On the basis of the character of climatic phases, the evo-
lution of glaciers in the Holocene can be suggested as fol-
lows: (1) in the early millennia: retreat of Younger Dryas
glaciers, ending with the minimum Holocene glacier extent
during the Atlantic (glaciers may have totally disappeared);
(2) the period since 3000 BP: development of microforms
of glaciation, with possible disappearance during warm
episodes; (3) glacier and snow patch formation and growth
during the Little Ice Age; and (4) after 1850: a contempo-
rary period with residual glacial features that show shrinking
trends.

From the above description, it becomes clear that the
maximum stage of Holocene glacier extent can be related to
the Little Ice Age. Possible traces of earlier colder episodes
throughout the Holocene were most probably overdrawn by
the LIA glaciers. However, this is not 100% certain, espe-
cially in the Musala area (the highest part of Rila Moun-
tain). In the pollen-based vegetation reconstructions in the
Rila Mountains, the cold stage piotino (9 ka BP) was also
recorded as a small crisis in vegetation history (Bozhilova
1978).

Relation between glaciation and post-LIA climate
change

The post-LIA recession of glacierets and snow patches in
Bulgaria’s highest mountains can be explained with the rise
of temperatures, which is clearly demonstrated by the tem-
perature record of Musala peak meteorological station, in
operation since 1933 almost without interruption (Fig. 7).

The rising trend is observed after 1980, but in the last
15 years, the warming has progressed with an increased
pace. The average annual temperature for the period
1931-1970 was — 3.0 °C, for 1979-2008 — 2.7 °C, and for
1990-2019, it was — 2.2 °C. For the last decade, the average
temperature reached — 1.7 °C.

The pattern of precipitation change has been much more
complicated. For Musala, about 15% decrease of annual
amounts was registered from the middle of the twentieth
century to the first decade of our century, according to the
study of Nojarov (2012). Precipitation regime, however,
differs between the highest parts of Rila and Pirin, as the
latter is subject to much stronger Mediterranean influ-
ence. Concerning precipitation in SW Bulgaria, Grunewald
and Scheithauer (2008b) outline the following periods:
1897-1901—damp, 1902-1909—dry, 1910-1934—normal
to dry, 1935-1944—damp, 1945-1953—dry, 1954-1984—
damp, 1985-1994—dry. According to data from Musala sta-
tion in the years since, the period 1995-1998 is moderate,
1999-2003—dry, 2004-2013—damp, 2014-2016—dry
winters and damp summers, 2017-2019—dry. The varia-
tions in 10 years moving averages for the period 1990-2019
reach 200 mm (20-25%), which means that the decrease
mentioned by Nojarov (2012) could originate not from a
long-term change, but from the comparison between damp
and dry periods.

As it is seen on Fig. 8, no trend can be derived from
the precipitation record of Musala peak. This is valid for
the annual totals, as well as for the amounts of snow (from
November to April) and rain (from May to October). In gen-
eral, the periods 1997-2000 and 2005-2010 have higher
winter precipitation, while they are low in 1990-1994,
2001-2004 and 2014-2019.
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Fig.8 Precipitation at Musala 1200
peak station (1990-2019)
(http://www.stringmeteo.com)
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Along with the shrinkage of Snezhnika glacieret,
which bigger size was documented in numerous photo-
graphs taken between the 1950s and 1980s (about 30%
reduction in area, between 1950-1980 and 1994-2007,
Grunewald and Scheitchauer 2010), the change of climate
since the middle of the twentieth century caused the com-
plete disappearance of the small glacieret in Bayuvi dupki
cirque, documented by Peev (1960, 1961).

Recent studies (Gachev 2016; Gachev and Mitkov
2019; Nojarov et al. 2019) have proved that the size
of Pirin glacierets is mostly related to the temperature
conditions during the ablation season. A correlation of
— 0.73 was registered between the size of Snezhnika and
the sum of positive daily temperatures, extrapolated for
the site of the glacieret on the basis of meteorological
data from Musala peak (Gachev 2016). This correlation
remains very stable in the course of time. Winter pre-
cipitation appear as a secondary factor. The low sizes of
Snezhnika during the 1990s were result of reduced snow
income, especially in the first half of the decade, and the
increase of snow amounts lead to the much higher sizes
during the period 2004-2013. Since 2014, warm and dry
winters have been predominant, and this caused another
recession. Especially in this last period, the years 2017
and 2019, which combined a deficit of snow with high
summer temperatures, were marked by great shrinkages
of Pirin glacierets.

However, avalanche contribution has been proved to be
very important for the existence of Snezhnika glacieret.
The ratio between the snow catchment and the area of the
glacieret is 22.28, almost entirely consisting of slopes
steeper than 40°. Thus, the glacieret persists on east-
ern exposure, shone by the sun several hours a day even
in winter. On the other hand, the same ratio of Banski
suhodol glacieret is only 6.22, which is compensated by
the much higher altitude (200 m higher than Snezhnika),
and the northern exposure. In the years of observation,
this glacieret showed greater stability and higher depend-
ence on ablation temperature.
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Regional correlations of Holocene glaciation
on the Balkans

In fact, the whole territory of the Balkan Peninsula east of
the Dinaric mountain range is in a position of a rain shadow
to the air masses that carry the moisture from the Medi-
terranean (main source of winter moisture at present, and
probably throughout the whole Holocene as well) (Hughes
and Woodward 2008). On the other hand, air masses which
invade from NW and carry moisture directly from the Atlan-
tic Ocean, lose considerable amount of water vapour on the
slopes of the Carpathians, resulting in lesser precipitation for
the mountain ranges inside the Balkan Peninsula. This has
determined the relatively small glacier extent in the eastern
Balkans, compared to the Dinaric Mountains and the Alps.

Except in the Pirin Mountains of Bulgaria, at present,
small glaciers on the Balkans have also been found, explored
and described, in two more mountain ranges: Prokletije
Mountains (2694 m a. s. 1.) in northern Albania, and Dur-
mitor massif (2522 m a. s. 1.) in Montenegro (Djurovi¢ 1999,
2012; Milivojevi¢ et al. 2008; Hughes 2007, 2008, 2009;
Wilkinson 2011; Gachev and Stoyanov 2012; Gachev et al.
2016; Gachev 2017; Gachev and Mitkov 2019; Milivojevié¢
2019). Both mountains belong to the vast Dinaric chain,
constituting its first and second highest massifs, respec-
tively. They lie 90-110 km away from the Adriatic Sea, and
receive abundant moisture from the SW. The bedrock of both
is limestone.

In the central parts of Prokletije (the areas around Maja e
Jezerces and Maja Gryk e Hapt peaks), traces of relatively
fresh moraines without lichen cover are observed several
tenths to several hundreds of meters outside of the contem-
porary ice margins (Wilkinson 2011; Gachev 2017). The
most prominent example is the largest glacieret in Prokletije
and on the Balkans as well, Jezerce III (2.5-5 ha at present),
where a sequence of moraines outline the former presence
of a glacier snout descending down from the upper level of
the cirque. Similar sequence of very fresh moraines is also
discovered around Mertur glacier, to the south of Valbona
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valley. All this evidence indicate the much larger extent of
glaciers in those mountains during the LIA.

Hughes (2010) made a detail study of LIA glaciation in
the Durmitor Massif, using mainly lichenometry. According
to his findings, the current moraine that surrounds Debeli
namet glacier consists of three parallel ridges, situated
within 10—15 m, the outermost of which was formed around
1878 AD, soon after the end of the LIA. In contrast to this
very small change, the same author found evidence for the
existence of several other large glacierets in the mountain,
at locations that are now completely ice free.

Throughout the northern shores of the Mediterranean,
glacierets are found at topographic and climatic settings that
are similar to those described on the Balkans (Gachev et al.
2009; Hughes 2009; Grunewald and Scheitchauer 2010).
During the Little Ice Age, all these remnants were much
larger, both in terms of volume and surface area (Hughes
2014, 2018). Since the end of the eighteenth century Calde-
rone glacier in Gran Sasso (Apennines, Italy) has reduced
its surface approximately 20 times, scattering into two gla-
cierets in the beginning of our century (Rovelli 2006; Pecci
et al. 2008). Similar has been the fate of Triglav glacier in
the Julian Alps of Slovenia, which shrank from over 30 ha
about 100 years ago, to only 0.4 ha in 2012, as well as that of
Canin glacier in Italy (Gabrovec et al. 2013; Triglav Cekada
et al. 2014). Despite the forecasts for its complete disap-
pearance, the glacieret has been fallen into stagnation since,
its size fluctuating around 1 ha. The other example from
Slovenia, Skuta glacier in Grintavec massif, has lost about a
third of its surface area for the last 70 years, but suffered at
least 90% reduction of thickness (Pavsek 2004, 2007). For
the last century, a drastic shrinkage has been observed also
for the other small glaciers in the Southeastern lower flanks
of the Alps (in Italy and Austria), which have similar altitude
range as the highest mountains of Bulgaria (Hohenwarter
2013; Colucci 2016).

The existence of present-day small glaciers in some of
the high mountains of Southern Europe is a result of favora-
ble (and to a considerable extent accidental) combination of
factors. Among them is the strong influence of topography,
which modifies regional climatic conditions locally to sup-
port great snow and ice accumulation at certain locations.
Topography itself is determined by the geological setting,
and the impact of climate on it.

Carbonate rocks (limestone, marble, dolomite) are
lighter in colour than most silicate rocks that build the
high mountains on the Balkans (granite, gneiss, schist,
amphibolite, gabbro, conglomerates, etc.). For instance,
granites can be light grey, but the lichens that grow on
them often form a dense cover of dark colour, especially
when exposed on sunlight for a long time through the
year. Hence, on balance, carbonate rocks reflect more
light and remain colder during sunshine. Karst processes,

which develop in soluble rocks, determine the infiltration
of waters that are produced by glacier melt and summer
rains. Disappearing underground, water is not retained
at glacier bottom to support and enhance ice meltdown.
Increased dissolution of carbonate rocks in vertical direc-
tion and the enhanced vertical erosion of glaciers in karst
terrains favour cirque overdeepening and the formation
of high vertical rock walls, which provide optimal shad-
ing conditions. Of course, sufficient altitude is needed to
provide a low-temperature base. In the mountains of the
Balkans, small glaciers exist on altitudes between 2700
and 1900 m a. s. 1., and in the Dinarides, sustainable snow
patches are observed even at 1600 m a. s. 1. (Gachev et al.
2016; Gachev 2017). Also, Colucci (2016) mentioned the
properties of carbonate bedrock to provide favourable con-
ditions for snow accumulation on relatively low altitudes,
due to the formation of closed karst depressions.

The influence of bedrock is well demonstrated when com-
paring neighbouring mountains of contrast lithology. An
example already demonstrated above are the Pirin and Rila
Mountains, and Pirin alone, which high area has a diverse
rock composition. The highest parts of Rila and central
Northern Pirin, built of granites and silicate metamorphites,
do not support glacierets at present, despite the high alti-
tude and the presence of some favourable peculiarities of
topography (Gachev et al. 2009). In contrast to them is the
marble part of Pirin, where two glacierets and numerous
snow patches are not only present, but also have been rela-
tively stable in the past decades. Quite similar is the com-
parison between the central and western parts of Prokletije
mountain system, where limestone is predominant, and the
eastern and northeastern sections, with a mosaic lithology
of mostly silicate rocks (schists, quartzites, granite, gabbro,
serpentinite etc.,) (Osnovna geoloSka karta SFRJ (2020)
1:100 000). No glaciers presently exist in the latter area,
despite the high altitude, which exceeds 2500 m at several
locations (including Djeravica peak, 2655 m a. s. 1., the sec-
ond highest of Prokletije). In contrast, 13 small glaciers and
numerous sustainable snow patches are found in the carbon-
ate parts (Gachev et al. 2016; Gachev 2017). In general, the
much stronger influence of physical weathering on silicate
rocks leads to their gradual disintegration into larger frag-
ments (compared to limestone especially) and this leads to a
greater mass movement and to a formation of steadier slopes
and shallower cirques, that provide less favourable shading
conditions.

Winter precipitation is another very important factor
for glacier formation. All the areas on the Balkans where
glacierets and snow patches are concentrated, have pre-
cipitation regime with a strong Mediterranean influence,
which is expressed with a great share of winter precipita-
tion. Especially important is the avalanche and windblown
snow contribution, which can increase the actual amount
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of snow accumulation over glacier surface several times
compared to the direct atmospheric input (Hughes 2008).

Indicative cases for strong avalanche feeding are Snezh-
nika glacieret (in Pirin) and Jezerce III (Prokletije) which
survive on eastern aspect, opened to sunshine in the morn-
ing all year round. The presence of flat plateau surfaces
near deep cirques can also be a favourable condition for
glacier persistence, as such surfaces accumulate much
snow, which is then blown over into cirques (especially if
the cirque provides shading). Such is the case with Debeli
namet glacier in Durmitor, Kolata glacier in Prokletije,
and, to some extent, Snezhnika glacieret in Pirin.

In general, traces from LIA glaciation from the western
Balkans, Apennines and the SE Alps, indicate that the
glacier recession there was much stronger than in Pirin
Mountains, where the post-LIA retreat can be categorized
as moderate.

Recent short-term fluctuations of glaciers have been
more pronounced in areas with a damper climate and high
precipitation. After several years of negative mass bal-
ance, after the summer of 2017, the glaciers in the Dinaric
Mountains almost disappeared (most sites, including the
Debeli namet glacier, were debris fields with exposed bur-
ied snow). A sequence of dry winters caused that drastic
recession, as winter precipitation is the main factor for
glacier size. On the other hand, glacierets in Pirin showed
much greater stability and a weak long-term negative
trend, related to temperature changes.

The role of topography is also crucial for each par-
ticular glacier. Those who are in deep and narrow rocky
depressions have had smaller change in surface area, while
those that occupy parts of wide cirque floors or doline
bottoms, have shrunk much more. According to Colucci
(2016), the damming effect of the moraine ridges, situated
close to glacier margins, is also very important, as they
retain avalanche snow and keep it over the glacier surface.

Some studies (Triglav Cekada and Gabrovec 2013;
Scotti and Brardinoni 2018; Santin et al. 2019) confirm
that the smaller is one glacier, the least dependent is it
from climate change. Many glaciers in the southern and
the eastern Alps have shrunk rapidly throughout the twen-
tieth century, and, when they reached sufficiently small
size (e.g. comparable to that of Pirin glacierets), they
become relatively stable. Such is the case with a num-
ber of glaciers in the Julian Alps (Gabrovec et al. 2014;
Colucci 2016). In Prokletije, the rapid shrinkage probably
occurred also throughout the last century. At other small
glaciers of the Southern Alps (Eiskar, Austria, Marmolada,
Italy) the rapid reduction is still in progress (Santin et al.
2019; Hohenwarter 2013). Evidence has shown that the
glacierets in Pirin were in the “small size” stage also in
the LIA, and this provides an explanation why they have
changed relatively little since.
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On the other hand, the catastrophic situation with almost
all of the Dinaric glaciers in 2017 has put a question on
the proposed stability of very small glaciers. Maybe climate
change is already leading them on a threshold, beyond which
glacier survival is impossible.

Conclusions

The detailed study of glacial traces shows that during the
Holocene, glaciation in the mountains of Bulgaria has been
very restricted, and limited to the highest cirques of the high-
est mountains Pirin and Rila. The most favourable have been
the conditions in the highest part of Northern Pirin, which is
built of carbonate rocks (marble). These rocks provide opti-
mal physical and topographical conditions: higher albedo
to reduce bedrock heating by the sun, infiltration of water
into karst caverns to hinder basal melting, strong shading,
provided by high, almost vertical rock walls. Another impor-
tant factor for the preservation of two glacierets and several
highly persistent snow patches is the Mediterranean climatic
influence and considerable winter precipitation, which con-
tribute to snow accumulation not only directly, but also as
avalanches and windblown snow.

During the maximum Holocene phase, which can be
addressed to the LIA, the glacial extent in Bulgarian high-
est mountains was about as twice as big as today (in terms of
surface area), which points to a much more modest post-LIA
reduction than what has been observed in many other loca-
tions throughout the Mediterranean. This is addressed to the
more continental climate of the eastern Balkan Peninsula,
and the lesser variation in precipitation.

In the last decades, glacierets in Pirin have displayed a
trend towards retreat, which reflects the increased climatic
warming. Glacieret size in autumn (at the end of the balance
year) depends mainly on the thermal conditions during the
ablation season. The recession has been more pronounced in
the years since 2006, because in this period, the temperature
rise is combined with a reduction of winter precipitation.

Despite the observed tendency for glaciers to stabilize
when they become very small (decoupling from climate
change due to strengthening the effect of topography), the
recently observed catastrophic downfall of some small gla-
ciers on the Balkan Peninsula raises the question about the
survival of small glaciers in the conditions of enhanced
warming.
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