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1 2 Glacial and Periglacial

Environments

Philip Hughes and Jamie Woodward

Introduction

Traditionally, glacial and periglacial geomorphology has
not featured prominently in discussions about the phys-
ical geography of the Mediterranean basin. It is now
clear, however, that on numerous occasions during the
Pleistocene, and to a lesser extent during the Little Ice
Age (LIA), glacial and periglacial activity was wide-
spread in many of the region’s mountain ranges (Hughes
et al. 2006a; Hughes and Woodward 2008). Even today,
small glaciers and active periglacial features can be
found on the highest peaks. Many mountain landscapes
in the Mediterranean basin are therefore the product
of glacial and periglacial processes that have fluctu-
ated in intensity and spatial extent through the Quater-
nary. Glacial processes are defined here as those occur-
ring as a result of dynamic glacier ice. The periglacial
zone is sometimes defined as non-glacial areas where
the mean annual temperature is less than 3°C (French
1996: 20). However, cryogenic processes can be impor-
tant in landform development, even in areas of shallow
frost over a wide range of mean annual temperatures.
Thus, the term ‘periglacial’ is applied here to areas char-
acterized by cold-climate processes—where frost and
nival processes are important—but where glaciers are
absent.

Glacial and periglacial processes in the uplands can
exert considerable influence upon geomorphological
systems at lower elevations. Fluvial systems, for exam-
ple, over a range of timescales have been shown to
be especially sensitive to changes in sediment supply
and water discharge from glaciated mountain headwa-
ters (Gurnell and Clark 1987; Woodward et al. 2008).
Nonetheless, the geomorphological impacts of glaciation

are most clearly evident in the Mediterranean moun-
tains where the erosional and depositional legacy is
frequently well preserved. Cirques, glacial lakes, ice-
scoured valleys, moraines, pronival ramparts, relict
rock glaciers, and other glacial and periglacial fea-
tures can be found in many Mediterranean moun-
tain ranges (Hughes et al. 2006a). Upland limestone
terrains are widespread across the Mediterranean and
many of these landscapes have been shaped by a com-
bination of glacial and karstic processes (Chapter 10).
In fact, glacio-karst is probably the dominant land-
scape in many mountain regions, including the Dinaric
Alps of Croatia/Bosnia/Montenegro (Nicod 1968), the
Cantabrian Mountains of Spain (Smart 1986) and
the Pindus Mountains of Greece (Waltham 1978;
Woodward et al. 2004; Hughes et al. 2006b). Glaciated
mountain landscapes are also found in other rock
types including granite (e.g. Monte Cinto, Corsica)
(Conchon 1978) and ophiolite (e.g. Mount Smolikas,
Greece) (Hughes et al.2006c¢).

Glacial and periglacial landforms provide an impor-
tant record of environmental change and can be used
to reconstruct past glacial climates. This chapter exam-
ines the evidence for both past and present glacial
and periglacial activity in the Mediterranean moun-
tains and assesses its wider significance in the region.
All the sites referred to in this chapter are shown in
Figure 12.1 and all elevations are given in metres above
sea level. This chapter is divided into three main parts.
These consider, in turn, glacial and periglacial envi-
ronments of the present, during the Holocene (with
emphasis on the LIA), and during the cold stages of the
Pleistocene.
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1 Serra da Estrela 7 Sierra Nevada 13 Julian Alps 19 Western Taurus 25 Djurdjura Massif
2 Serra do Géres 8 Pyrenees 14 Dinaric Alps 20 Central Taurus 26 Middle Atlas
3 Serra de Queixa 9 Alpes Maritimes 15 Pindus Mountains 21 Eastern Taurus 27 High Atlas
4 Cantabrian Mountains 10 Corsica 16 Mount Olympus 22 Pontic Mountains
5 Sierra de Gredos 11 Italian Apennines 17 Crete 23 Jbel Liban
6 Penalara Massif 12 Mount Etna 18 Pirin/Rila Mountains 24 Aures Massif
Fig. 12.1. Map of the Mediterranean showing the main mountain areas referred to in this chapter. Currently glacierized areas are indicated.

Modern Glacial and Periglacial
Environments

Modern glaciers are rare in the Mediterranean because
most mountains do not reach the snowline. Glaciers are
present, however, under modern climatic conditions in
the Pyrenees, Alpes Maritimes, Italian Apennines, Julian
Alps, and in the mountains of Montenegro and Turkey
(Table 12.1 and Figure 12.1). These glaciers are mainly
small cirque glaciers on mountains above 2,500 m, but
extensive valley glaciers and small ice caps are present
on some of the highest mountains (>4,000 m).
Periglacial processes are much more widespread and
are active above 2,000 m in areas as far south as the
Moroccan Atlas and at lower elevations in the northern
Mediterranean. Snowfall is heavy in many of the Mediter-
ranean mountains with most falling during the winter
months between November and March (Chapter 3).

Turkey

Thirty-eight modern glaciers have been identified in the
mountains of Turkey and the largest Mediterranean

TaBLE 12.1. Modern glaciers in the Mediterranean

Mountain area Number Total ELA (m) Maximum
of glacier glacier
glaciers area length
(km?) (km)
Pyrenees 41 11.43 2,320-3,005 2.0
Alpes Maritimes 6 0.31 2,800 <0.5
Apennines 1 0.045 2,750 0.4
Julian Alps 1 0.0303 2,500 <05
Turkey 40+ 229 2,900-4,100 4.0
Montenegro 1 0.05 2,150 <0.5

Sources: Based on data provided in Serrat and Ventura (1993), J. M.
Grove (2004), Gellatly et al. (1994), Gabrovec (1998), Ciner (2004), Kurter and
Sungur (1980), and Hughes (2007).

glaciers occur in the mountains of eastern Turkey
(Akcar and Schliichter 2005). The presence of glaciers
in these mountains was noted in the nineteenth century
by Ainsworth (1842) and Palgrave (1872). In 1980,
glaciers covered a total area of ¢.22.9 km? (Kurter and
Sungur 1980), although almost everywhere glaciers
are in retreat (Ciner 2004). Periglacial activity is also
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likely to be a major influence on modern landform
development in these areas, but its effects have not been
studied in detail.

Mount Ararat (Agri Dagi), a dormant stratovolcano
situated in the easternmost Taurus Mountains, is the
highest peak in Turkey (5,137 m) and is covered by
an ice cap of about 10 km?. This represents the largest
single ice mass on any Mediterranean mountain. The
ice cap extends down to ¢.4,100m and has a snow-
line altitude of ¢.4,300 m (Kurter and Sungur 1980).
Glaciers are found on other Turkish volcanoes, including
Mount Stiphan (4,058 m) and Mount Erciyes (3,917 m).
On Mount Siiphan, several glaciers occur in the crater,
the largest being on a north-facing slope with a length
of 1.5 km (Kurter 1991; Ciner 2004). The glacier on
Mount Erciyes has been the focus of studies throughout
the twentieth century and is known to have retreated
from alength of 700 min 1905 to alength of only 380 m
by 1983 (Sarikaya 2003; Ciner 2004). These three vol-
canoes are now dormant, but K-Ar isotope age dating
of lavas indicate volcanic activity during the Quater-
nary (Yilmaz et al. 1998). Volcanic activity is therefore
likely to have interacted with glacial ice, especially dur-
ing cold stages when glaciers were much more extensive.
Three glacial stratigraphical units have been identified
on Mount Ararat and two of these are covered by vol-
canic deposits (ibid.), although the relationship between
dated volcanic units and glacial units on Mount Ararat
is not clear.

The south-eastern Taurus range (Giineydogu
Toroslar) contains the greatest concentration (n =
20) of modern glaciers in Turkey and the wider
Mediterranean region (Figure 12.1). These are also
the most southerly glaciers in the Mediterranean basin
and owe their existence to the high altitude of these
mountains (>4,000m) (Kurter 1991). The largest
occur on Mount Cilo (4,135 m) where the Uludoruk
glacier is nearly 4 km long and covers an area of 8 km?.
In common with many other glaciers in Turkey, it has
retreated throughout the twentieth century and the
altitude of the glacier front rose approximately 400 m
between 1937 and 1991 (Ciner 2004).

Smaller glaciers occur in the central Taurus (Orta
Toroslar), further to the west on the mountains of
Aladag (3,756 m) and Bolkardag (3,524 m). The
snowline in these areas is situated at ¢.3,450 m and
glacier survival in such marginal conditions is controlled
by local climatological and physiographic conditions
(Kurter 1991). In the Aladag Massif, a small glacier cov-
ering an area of <1 km? is considered to be a glacier
remnant consisting largely of dead ice buried by rock
debris. A considerable thickness (¢.120m) of perennial
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snow, firn, and ice has been reported from this site in a
deep karstic shaft at ¢.3,400 m (Bayari et al. 2003).

The northern slopes of the Pontic Mountains drain
into the Black Sea and receive some of the highest pre-
cipitation levels in Turkey. In the east of this area, for
example, mean annual precipitation exceeds 2,000 mm
(Kurter 1991). As a result, the snowline on the north-
ern slopes is between 3,100 and 3,400 m and this is
considerably lower than on most other mountains in
Turkey. At least twelve small glaciers exist in the Pontic
Mountains and, together, they cover an area of about
2.54 km? (Ciner 2004).

The Balkans

Modern glaciers are not present in Greece since the
permanent snowline is situated well above most of the
highest peaks. The snowline is above 3,000 m in the Pin-
dus Mountains of northern Greece and above 3,500 m
across Crete (Messerli 1980). Nevertheless, all these
mountains experience heavy winter snowfalls and, on
the highest peaks (>2,500 m) such as Mount Olym-
pus (2,912 m), even summer snowfall is common (Sah-
samanoglu 1989).

On the highest slopes of the Pindus Mountains
periglacial features are very well developed and some
appear to be active today. Thick accumulations of snow
undergo cycles of freezing and thawing during the
spring and summer melt. Patterned ground, solifluction,
and related features occur in the zone above 1,800 m as
far south as Crete, and have been attributed to present-
day periglacial processes (Poser 1957). Periglacial
activity is likely to be a significant geomorphological
agent in the highest areas of the Greek mountains where
mean monthly temperatures are well below —5°C and
mean minimum temperatures are between —20 and
—25°C during the coldest month (Furlan 1977: 195,
201). Lapse rate data indicate that the mean annual
temperatures at 2,400 m are likely to be <3°C, so the
highest areas of the Pindus Mountains can be considered
‘true’ periglacial environments, as defined by French
(1996: 23).

Further north in the former Yugoslavian republics
and in Albania, the climate is harsher and more con-
tinental than in Greece. An absolute minimum winter
temperature of —29.6°C has been observed at the sum-
mit of Bjelasnica (2,067 m) in central Bosnia and mean
temperatures in January are below —5°C over large
areas of the mountainous Balkan interior (Furlan 1977).
Snowfalls are heavy in most areas; with drifts locally
exceeding several metres (Figure 12.2a) and snow can
persist well into summer (Figure 12.2b).

3550f384 April15,2009 13:21
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Fig. 12.2. (a) Snow accumulation to a depth of c.3 m in early June at an altitude of ¢.2,000 m a.s.l. between the villages of Zabljak and
Crna Gora on the northern slopes of Durmitor (2,522 m a.s.l.), in Montenegro. (b) Looking west from the summit of Mount Orjen (1,894 m
a.s.l.) towards the subsidiary summit of Subra (1,679 m a.s.l.), which is situated less than 15 km from the coast of Montenegro. In this area,
annual precipitation values average over 5,000 mm—the highest in Europe—and snow patches persist into June down to altitudes as low
as 1,000 m a.s.l. (photos: Philip Hughes).
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Fig. 12.3. Map of the Zeleni Sneg glacier on Mount Triglav, Slove-
nia, depicting ice retreat since the mid-nineteenth century. Based on
sources cited in the text.

The coastal Dinaric Alps are the wettest part of
Europe. Here, mean annual precipitation can exceed
5,000 mm and the absolute annual maximum of
8,063 mm was recorded in 1937 (Magas 2002). Despite
such high precipitation values, only a few glaciers exist
in locally favourable topographic settings, since the
snowline occurs at above the highest peaks of this area
(Hughes 2007).

On Mount Triglav (2,864 m a.s.l.), in the Julian Alps
of Slovenia, the Zeleni Sneg glacier is situated on the
northern slopes between ¢.2,550 and 2,400 m. Fig-
ure 12.3 illustrates the fluctuations in the size of this
glacier over the last 150 years and highlights its dra-
matic retreat throughout the second half of the twenti-
eth century (Sifrer 1963). By 1995 the glacier covered
an area of only 0.0303 km? (Gabrovec 1998). Increases
in summer temperatures and maximum daily tempera-
tures from May to September between 1954 and 1994
are closely correlated with the retreat of the glacier front
and the reduction in ice thickness (Gams,1994).

Small glaciers and permanent snowfields are present
further south in the Dinaric Alps. A small glacier called
Debeli Namet, is present on the north face of Sljeme
(2,455 m a.s.l.) in the Durmitor Massif, Montenegro
(Figure 12.4) (Hughes 2007). It is possible that this
glacier represents the remnants of a Little Ice Age glacier,
since the lower margins are bounded by arcuate sub-
rounded boulder ridges and a distinct trimline marks
the boundary between freshly scoured bedrock and
older glaciated terrain (Figure 12.4). Small glaciers and
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permanent snowfields also occur in the Prokletije Moun-
tains (2,694 m a.s.l.) on the border of Montenegro and
Albania. Several glaciers were mapped in the First World
War by the Ministry of Arms of the Austro-Hungarian
Empire (Roth von Telegd 1923), although the current
state of these features is unknown. If glacier ice is still
present in the Prokletije, then these would represent
some of the most southerly glaciers in Europe—at a sim-
ilar latitude to the Calderone glacier in Italy discussed
below.

The Italian Appenines

The Apennine Mountains span the length of the Italian
Peninsula. The highest peak is Corno Grande (2,912 m
a.s.l.) in the Gran Sasso of Abruzzi where the Calderone
glacier is found. This is Europe’s southernmost glacier.
The glacier occurs below the regional snowline in a
steep-sided, north-facing cirque (Gellatly et al. 1994)
where the local topography creates a microclimate suit-
able for glacier development. The glacier has retreated
through the twentieth century and between 1916 and
1990 its volume is estimated to have been reduced by
about 90 per cent and its area by about 68 per cent
(ibid.). The future of the Calderone glacier is therefore
in doubt and in common with other glaciers of southern
Europe, it will soon disappear (J. M. Grove 2004: 218).
Glaciers are not present anywhere else in the Italian
Apennines. However, permanent ice has been reported
in Sicily from the Grotta del Gelo (Cave of Frost) at
¢.2,030 ma.s.l. on Mount Etna (Marino 1992). The cave
is situated well below the regional snowline and again
the presence of ice is likely to be controlled by local con-
ditions.

The lower limit of discontinuous permafrost is
estimated to be at ¢.2,600 m in the Apennines,
based on rock glacier activity and the occurrence
of perennial snow patches (Dramis and Kotarba
1994). Several active periglacial features have been
described in the Gran Sasso Massif. These include
patterned ground, stone-stripes, solifluction lobes,
ploughing blocks, and nivation landforms reported
above the treeline (¢.2,000 m) by Gentileschi (1967a,
b) and Kelletat (1969), and down to about 1,600 m
by D’Alessandro et al. (2003). The lower zone is
characterized by the seasonal occurrence of spring
snow avalanches which can destroy any woodland in
their path (D’Alessandro and Pecci 2001; D’Alessandro
et al. 2003). This phenomenon was also witnessed by
the authors in the Pindus Mountains in May 2003
(Figure 12.5).

3570f384 April15,2009 13:21



12-Woodward-C12 9780199268030-Jamie-Woodward (Typeset by SPi, Chennai)

358

Philip Hughes and Jamie Woodward

3580f384 April 15,2009

Fig. 12.4. The Debeli Namet glacier on the northern slopes of Slieme (2,455 m a.s.l.) in Montenegro (photo: Philip Hughes).

The Alpes Maritimes

The Alpes Maritimes of southern France and western
Italy currently support fifteen small glaciers (Federici
and Pappalardo 1995). These glaciers are the south-
ernmost of the Alpine chain and some are situated less
than 50 km from the Mediterranean Cote d’Azur (Fig-
ure 12.1). Thirteen of the glaciers are found in the
Argentera Massif, which contains the highest peaks
of Alpes Maritimes. The ELA (equilibrium line alti-
tude) of the six largest Argentera glaciers is currently
¢.2,800 m a.s.l. (Fisinger and Ribolini 2001). In com-
mon with other parts of the Mediterranean, all of these
glaciers have retreated during the last century and
recent glacier behaviour is probably a prelude to the
extinction of the glacier ice in the Alpes Maritimes (Fed-
erici and Pappalardo 1995; Pappalardo 1999).

The lower boundary of discontinuous permafrost in
the Argentera Massif occurs at ¢.2,500 to 2,600 m
and active rock glaciers, blockfields, blockstreams, and
gelifluction lobes are generally located above these alti-
tudes (Fisinger and Ribolini 2001; Ribolini and Fabre
2006). On the Italian side of the Argentera Massif,
seventy-one rock glaciers have been identified. However,
most of these are likely to be relict features since some
have front elevations as low as 2,350 m—which is well

below the present-day limit of discontinuous permafrost
(Ribolini 1999; Fisinger and Ribolini 2001).

The Pyrenees

On thirteen peaks in the Pyrenees (Figure 12.6), all over
3,000 m, Serrat (1993) identified forty-one glaciers that
covered a total area of 8.10 km? in 1984. The largest
glacier is the Glaciar d’Aneto in the Spanish Pyrenees,
which covered an area of 1.32 km? in 1984. Glacier
extent has declined since then and Chueca et al. (2005)
reported that the Glaciar d’ Aneto had retreated to cover
an area of only 0.904 km?. The glaciers of the Pyre-
nees are situated close to threshold conditions for glacia-
tion and their development and morphology are strongly
influenced by the effects of topography on aspect and
shadowing (Chueca and Julian 2004). Most glaciers
have suffered negative mass balance in recent years
and the Maladeta glacier had a mean specific net bal-
ance of —811 mm and —1,102 mm (water equiva-
lent) in 2001/2 and 2002/3, respectively (World Glacier
Monitoring Service 2003, 2005). The Pyrenees glaciers
appear not to be in equilibrium with modern climate,
and further rises in temperature are likely to raise the
glacier threshold above the highest cirques.

13:21
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Fig. 12.5. The effects of snow avalanching on beech trees on the northern slopes of Mount Tymphi, Greece (photo: Jamie Woodward).

Serrano et al. (1999) identified thirteen active rock
glaciers in the central Pyrenees, with five on the
northern slopes and eight on the southern slopes. The
south-facing rock glaciers had formed on peaks that
exceeded 2,950 m and a lower limit of discontinuous
permafrost was identified at ¢.2,800m a.s.l. on the
north-facing slopes. However, in common with the
glaciers, conditions for permafrost are becoming
increasingly marginal in the high mountains of the
Mediterranean. This was highlighted for this region by
Chueca and Julian (2005) who undertook a ten-year
geodetic survey of the Besiberris rock glacier in the
central Pyrenees. They found a marked thinning of a
central ice core that they attributed as a response to
recent climatic amelioration.

Iberia

On the Iberian Peninsula south of the Pyrenees, few
glaciers occur today and there is some debate as to
whether any exist at all. Gonzalez-Suarez and Alonso
(1994) reported the presence of a small glacier in the

Picos de Europa (2,651 m), the highest Massif of the
Cantabrian Mountains, and attributed its existence to
high precipitation and shading. However, Frochoso and
Castanon (1995) argued that these features represent
fossil ice bodies inherited from the LIA and that today,
only perennial snow patches and sporadic permafrost
occur in this area.

On many of the highest Iberian peaks, snow persists
for more than 220 days of the year. Snow accumulation
is an important influence on present-day geomorpho-
logical and biogeographical processes—especially on
northern and eastern slopes (Palacios et al. 2003). In
the Pefialara Massif (2,428 m a.s.l.) of central Spain,
for example, nivation niches, protalus ridges, and nivo-
alluvial fans are actively forming today.

In southern Spain, glacier ice existed until the late
twentieth century in the Sierra Nevada at the foot of the
north wall of Picacho del Veleta (3,398 m) in the Cor-
ral Veleta cirque (Garcia 1996). Drilling investigations
have shown that ice still exists within the talus in this
cirque down to ¢.3,050 to 3,100 m (Gémez et al. 2001,
2003). The buried ice in the Corral del Veleta is

3590f384 April15,2009 13:21
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Fig. 12.6. The distribution of currently glacierized areas in the Pyrenees. All the glaciers are small cirque glaciers and the shaded areas
represent general glacierized areas and not the glaciers themselves. Based on sources cited in the text.

significant because it represents the southernmost per-
mafrost remnant in Europe (Gomez et al. 2001) and
periglacial processes are likely to be active in other areas
of the Sierra Nevada. In fact, the whole summit area of
the Sierra Nevada, which culminates at the peak of Mul-
hacen (3,478 m), represents a marginal area of discon-
tinuous permafrost (Gomez et al. 1999) characterized
by miniature patterned ground, terracettes, and active
solifluction lobes (Simon et al. 1994: Gomez-Ortiz and
Salvador Franch 1998).

In the Serra da Estrela of Portugal (Figure 12.1),
Brosche (1978) and Daveau (1978) have reported the
occurrence of a periglacial belt on the highest slopes,
but they present conflicting opinions of its extent. How-
ever, Vieira et al. (2003) have argued that periglacial
activity related to permafrost processes, sensu stricto
French (1996), is not present in the Serra da Estrela,
but recognize that frost action and associated cryo-
genic landforms are active. These include miniature
sorted stripes and nets, microforms related to needle-

ice activity, incipient solifluction lobes, terracettes, signs
of microgelivation, and evidence of upfreezing of gran-
ules (Vieira et al. 2003). Here, as in many other
Mediterranean mountain areas, it would appear that,
whilst permafrost is absent, cryogenic processes play
an active role in sediment production and landform
development.

The Atlas Mountains

The Atlas Mountains are the most southerly moun-
tains in the Mediterranean basin and extend over
1,000 km from Morocco to Tunisia. The highest moun-
tains occur in the High Atlas in Morocco where Mount
Toubkal reaches 4,165 m. Further north in the Mid-
dle Atlas the highest peak of Jbel Bou Iblane reaches
3,340 m. Elsewhere, in the Rif, Tell, and Saharan Atlas
ranges, peaks do not exceed 2,500 m. Periglacial fea-
tures such as solifluction lobes, rasentrappen (German:
‘sea of rock’; a mantle of angular shattered boulders),
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Fig. 12.7. An unglaciated periglacial surface covered in felsenmeer (blockfield) on Ouanoukrim (4,063 m a.s.l.) in the Atlas Mountains.
Glacier ice occupied the cirque in silhouette in the middle distance. Mount Toubkal (4,165 m a.s.l.), the highest peak in the Atlas Mountains,

is in the background (photo: Philip Hughes).

thufurs (mounds formed by heaving of the ground sur-
face), polygons, stone stripes, and felsenmeer are active
today above 2,000 m in the High Atlas (Couvreur 1966)
(Figure 12.7). Frosts are frequent and winter tempera-
tures can fall below —20°C with snow lingering until
early summer on the highest peaks (Robinson and
Williams 1992). At one site below the northern cliffs of
the Tazaghart plateau, in the Toubkal area, perennial
snow has been reported by Smith (2004).

Holocene and Little Ice Age Glacial
and Periglacial Environments

Climate during the Holocene (the last 11,500 years)
has been relatively stable compared to the rapid and
pronounced shifts in temperature that took place dur-
ing the Last Glacial stage (¢f. Dansgaard et al. 1993;

Chapter 4). However, the Holocene has been charac-
terized by climatic oscillations of sufficient magnitude
to cause significant glacier oscillations in various parts
of the world including the Mediterranean region. The
most recent major glacier advance, recorded in most
mountain ranges across the world, occurred during the
LIA. The term ‘Little Ice Age’ is widely used to describe
a period of glacial advance between ¢.1550 and 1800
(Lamb 1977: 104) and was characterized by global cool-
ing of the order of 1-2°C (J. M. Grove 2004: 591).
Glaciers advanced in most glaciated European moun-
tain regions, such as in Iceland, Scandinavia, and the
Alps. Glacier advances in the Alps have been linked with
extreme weather types in the Mediterranean region dur-
ing the LIA, including extreme rainfall, heavy snow,
and intense cold (A. T. Grove 2001). The impacts
on flooding and river basin processes are discussed in
Chapter 11. Glaciers are known to have advanced in

361 0f384 April15,2009 13:21
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the Pyrenees, Alpes Maritimes, Italian Apennines, and
in Turkey during this period. In some areas, such as
southern Spain, glaciers that were present during the
LIA no longer exist.

Turkey

In the Turkish mountains, glaciers appear to have begun
retreating in the early twentieth century, a process that
has accelerated since the 1930s (Erin¢ 1952; Giliner
and Emre 1983; Ciner 2004). However, detailed knowl-
edge of the Holocene history of most Turkish mountain
glaciers is not yet available.

The Balkan Peninsula

In the Balkans, historical documents record severe cold
and heavy snowfalls during the LIA, especially during
1676-1715 and 1780-1830 (Xoplaki et al. 2001). In
the winter of 1686/7, almost every region of Greece
experienced severe cold and heavy snow and Lake
Pamvotis at Toannina remained frozen for more than
three months (Chapter 4). The winter of 1708/9 was
also particularly severe in the Balkans and is widely
regarded as one of the most severe of the last 500 years,
resulting in widespread famine, plague, and death in
the former Yugoslavia (Xoplaki et al. 2001). Few stud-
ies, however, present evidence for the effects of climatic
deterioration during the LIA on glacial and periglacial
landform development in the mountains of the Balkans.
An exception is at the Zeleni Sneg glacier on Triglav in
the Julian Alps, Slovenia. This glacier covered an area
of ¢.40 hectares in the nineteenth century (Sifrer 1963)
but, as noted earlier, had retreated to only a few hectares
by 1995 (Gabrovec 1998) (Figure 12.3).

The Italian Apennines

The Calderone glacier, in the central Apennines, was
much more extensive during the LIA compared with
today. Moraines at the threshold of the Calderone cirque
have been attributed to the LIA and occur 1,000 to
1,050 m above moraines attributed to the Wiirmian
glacial maximum (Federici 1979; Gellatly et al. 1994).
More recently, Giraudi (2003, 2004) recognized a com-
plex of Holocene Neoglacial glacial units in this area
and identified five phases of glacier advance, using radio-
carbon dating to establish the age of interbedded soils.
Giraudi (2004 ) proposed that ice had completely melted
in the Calderone cirque by 9,000'#C years Bp and sub-
sequent glacier formation and expansion occurred after
3,890 + 60, 2,650 + 60, 1450 + 40, and 670 +
40'4C years Bp. A final glacial advance during the four-
teenth century AD covered these earlier units and formed
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the Neoglacial glacier maximum, thus mirroring glacier
expansion elsewhere in Europe during the Little Ice Age
(Giraudi 2003, 2004).

Variations in Holocene glacial activity and periglacial
processes in the Apennines show that winter tempera-
tures were 3.0°C lower than today between ¢.790to 150
calendar years Bp and 1.2°C higher than today between
¢.5,740 and 5,590 calendar years Bp (Giraudi 2005).

The Alpes Maritimes

Federici and Stefanini (2001) carried out a licheno-
metric study on glacial deposits in the high mountains
of the Alpes Maritimes to examine the nature of LIA
glacier fluctuations. The most extensive glaciers of his-
torical times occurred between the thirteenth and four-
teenth centuries (c.Ap 1215-50 and Ap 1310-50) and
moraines were deposited at higher elevations between
c.AD 1640-90, 1760-1785, and 1825. All the glacier
advances occurred during the LIA and the first correlates
with glacier expansion elsewhere in the Alps (¢f. J. M.
Grove 2004). The mean ELA of the most extensive LIA
glaciers in the Argentera area was ¢.2,650-2,700 m
(Fisinger and Ribolini 2001). Earlier Holocene glacier
advances are recorded by moraines at slightly lower alti-
tudes and were formed by glaciers with a mean ELA of
¢.2,600-2,650 m.

The Pyrenees

The Pyrenees represent a classic area where glaciers
are known to have advanced during the LIA and, in
common with the Alps, glacier fluctuations were docu-
mented by observers as early as the eighteenth century.
In the Hautes-Pyrenees, radiocarbon dating of sediments
from a bog at ¢.2,100 m in the Cirque de Troumouse
showed that moraines immediately downvalley formed
during the Holocene before ¢.5190'*C years BP (Gel-
latly et al. 1992). Neoglacial events are also indicated by
younger silt-rich sediments in the bog and two younger
moraine sets on the cirque floor at altitudes of ¢.2,250 to
2,350 m. Little Ice Age glaciers were more restricted in
extent, and are recorded by moraines at ¢.2,360 and at
¢.2,650 m, close to the cirque wall (Gellatly et al. 1992).

Observations of LIA glacier characteristics were made
by Louis-Francois Ramond de Carbonniéres in the late
eighteenth century—when glaciers were significantly
more extensive than today (Grove and Gellatly 1995;
J. M. Grove 2004) (Figures 12.8 and 12.9). Glacier
retreat during the early nineteenth century was fol-
lowed by a mid-nineteenth-century readvance, albeit
smaller than the late eighteenth century readvance. This
was followed by a period of major glacier contraction
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Fig. 12.8. Map of the Glacier d'Ossoue, the largest modern glacier in the Pyrenees, showing former ice margins in 1798, 1865, 1927, and
1993 (modified from an original sketch map compiled from aerial photographs and field mapping in Grove and Gellatly 1995).

between 1864 and 1870 (Michelier 1887). At Glacier
du Pays Baché—on the eastern side of the Néouville
Massif in the Hautes-Pyrenees—Michelier estimated
that the glacier lost ¢.8,400,000 m? in volume as a
result of reduced precipitation and warmer winters after
the middle of the century until the 1880s. The late
nineteenth century was characterized by yet another
advance and Bonaparte (1890) presented photographic
evidence of increased ice thickness between 1880 and
1890. J. M. Grove (2004: 199), too, cites evidence
for increased accumulation for the period 1885-95 at
Glacier d'Ossoue on Vignemale (Figure 12.8). Whilst
glacier recession has dominated the twentieth century,
it has not been continuous, as glaciers either stabilized
or advanced slightly during the intervals from 1906—
11,1926-7,1944-5, 1963-4, and 1978-9 (Grove and
Gellatly 1995;]. M. Grove 2004).

In the Posets Massif of Spain, the second highest in
the Pyrenees, Serrano et al. (2002) identified six phases

of LIA glacier behaviour with the maximum extension
of glaciers reached between 1600 and 1750. A minor
advance occurred between 1905 and 1920, whilst the
interval 1920-80 was generally characterized by glacier
recession and a particularly rapid recession between
1980 and 2000 (Serrano et al. 2002). Overall, the total
reduction in glacier surface area since the LIA is esti-
mated at 39.2 per cent in the Posets Massif (Chueca
etal. 2005).

Figure 12.9 shows the extent of LIA glacial deposits
presented in J. M. Grove (2004: 190) on the Maladeta
Massif, the highest Massif of the Pyrenees, and to the
east of the Posets Massif. A recent study by Chueca
et al. (2005) reconstructed the LIA evolution of the
Maladeta glacier; the largest in this area. This glacier
reduced in size by 35.7 per cent from 152.3 hectares
in 1820-30 to 54.5 hectares in 2000 and the ELA
rose by 255 m over the same period. However, glacier
retreat was interrupted by at least three phases of
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Fig. 12.9. Map of the glaciers of the Maladeta Massif where some
of the largest modern glaciers in the Pyrenees are found (modified
from J. M. Grove 2004: 190).

significant stability during the intervals 1820-30 to
1857;1914-20t0 1934-5; and 1957-81. Ice depletion
here was matched by ice loss across the Pyrenees and the
rising ELA is characteristic of trends observed in other
Mediterranean glaciers.

Iberia

The Corral Veleta glacier in the Sierra Nevada is the most
celebrated LIA glacier in the Mediterranean (Messerli
1967; Garcia 1996). This glacier reached 800 m in
length during the LIA, but never advanced beyond the
confines of its cirque and began its retreat in the mid-
1800s. Further north, on the northern slopes of Pico
Almanzor (2,592 m), in the Sierra de Gredos of central
Spain, Sancho et al. (2001) used lichenometry to show
that a protalus rampart, situated at the base of a nivation
patch, formed during the LIA. This evidence supports
other studies that suggest that there was a substantial
increase in snow cover in the Sierra de Gredos during the
LIA (e.g. Toro et al. 1993).
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Pleistocene Glacial and Periglacial
Environments

As Figure 12.10 shows, many Mediterranean moun-
tains were glaciated during the Pleistocene (Messerli
1967; Hughes et al. 2006a; Hughes and Woodward,
2008). In some areas, this was restricted to the high-
est cirques, whilst in others ice fields formed and valley
glaciers extended many kilometres into lowland areas.
Significantly, the periglacial zone was lowered consid-
erably during Pleistocene cold stages and, in conjunc-
tion with glacial and fluvial processes, it helped to shape
much of the upland Mediterranean landscape we see
today. Many Mediterranean mountain landscapes can
therefore be viewed as products of Pleistocene glacia-
tion and periglacial activity in addition to the influence
of tectonic, fluvial, and associated processes. In several
areas, glacial and periglacial processes have interacted
with karstic processes to form some of the best examples
of glacio-karst landscapes (Chapter 10). Notable exam-
ples occur in the Pindus Mountains, Greece (Waltham
1978; Woodward et al. 2004; Hughes et al. 2006b)
and in the Picos de Europa of north-west Spain (Smart
1986).

Turkey and the Near East

In the Near East, evidence of former glaciation
was first noted in the late nineteenth century by
Diener (1886) in the mountains of Lebanon. According
to Messerli (1967), glacial evidence is particularly well
preserved on Qornetes Saouda (3,088 m), the highest
peak of the Jbel Liban, and on Mount Hermon (2,814 m)
in the southern Anti-Lebanon.

Further north in Turkey, evidence of Pleistocene
glaciation can be found throughout the main moun-
tain ranges. On Mount Ararat, in the eastern Taurus
Mountains, the snowline was depressed to ¢.3,000 m
a.s.l. during the Pleistocene and the volcanic cone was
covered by an ice cap of about 100 km? (Blumen-
thal 1958). Wright (1962) estimated that Pleistocene
snowlines across this part of Turkey were depressed by
between 1,200 to 1,800 m and suggested that much of
this depression can be attributed to increased snowfall
(relative to today), in addition to lower summer temper-
atures.

The Taurus and Pontic mountains of Turkey were
extensively glaciated during the Pleistocene. U-shaped
valleys, moraines, roches moutonnées, and glacial lakes
are abundant throughout this region (Ciner et al. 1999;
Ciner 2004; Akcar and Schliichter 2005). In the
Aladag Massif of the central Taurus, an ice cap on the
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Fig. 12.10. Map of the former extent of Pleistocene glacial and nivation features in the Mediterranean (after Messerli 1967).

Yedigéller plateau (c.3,200 m a.s.l.) covered 40 km?
and outlet glaciers flowed into valleys to the north-east,
west, and east (Bayari et al. 2003). Here there is evi-
dence of seven episodes of glacial advance and retreat,
although just two separate suites of moraines have been
identified based on contrasting moraine ‘freshness’, with
the best preserved above 1,800 m, and others extend-
ing down to 1,200 m (ibid.). Relict rock glaciers have
also been widely preserved and in the central Tau-
rus two generations of rock glaciers are concentrated
between 2,050 and 2,500 m a.s.l. (Arpat and Ozgiil
1972).

A very recent development in Turkey has seen the
application of cosmogenic exposure dating to Pleis-
tocene glacial records in the Kackar Mountains (Akcar
et al. 2007, 2008) and in the western Taurus Moun-
tains (Sarikaya et al. 2008). These studies are pro-
viding important new insights into long-term glacier
behaviour in the eastern Mediterranean and they have
raised important new questions about the palaeocli-
matic conditions associated with glacier development in
this region (Hughes and Woodward 2008).

The Balkans

Glaciers formed in the mountains of Greece, Albania,
and the former Yugoslavian states on multiple occa-
sions during the Pleistocene (Hughes et al. 2006a).

In Greece, glacial deposits and landforms have been
recorded by numerous workers (Niculescu 1915; Sestini
1933; Mistardis 1952; Messerli 1967; Pechoux 1970;
Fabre and Maire 1983; Palmentola et al. 1990; Boenzi
et al. 1992; Smith et al. 1997), and in many areas
moraines and limestone pavements are very well pre-
served (Figures 12.11 and 12.12).

However, the timing of glaciation in Greece has only
recently been established. On Mount Tymphi, in the
northern Pindus, Woodward et al. (2004) dated calcite
cements in tills using U-series methods and found that
the oldest, most extensive glacial deposits were older
than 350,000 cal. years Bp (Figure 12.13). Subsequent
work by Hughes et al. (2006b) has identified evidence
for three glacial phases on Mount Tymphi by combining
detailed geomorphological mapping with an extended
programme of U-series dating.

Hughes et al. (2006b) correlated the various glacial
and periglacial units recorded on Mount Tymphi with
cold stage intervals recorded in the pollen stratigraphy
from Ioannina about 40 km to the south (Tzedakis 1994;
Tzedakis et al. 2002; Chapter 4). The Ioannina sequence
was then used as a parastratotype to define a glacial
chronostratigraphy for the Pindus Mountains and to
facilitate correlations with the marine isotope record
(Table 12.2). The extent of the former glaciers during
the different glacial stages on Mount Tymphi is illus-
trated in Figure 12.15. A key outcome of this work is
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Fig. 12.11. Moraines at ¢.1,700 m a.s.l. in the Vourtapa valley above the village of Skamnelli on Mount Tymphi, Greece (photo: Philip
Hughes).

that the glaciers of the last cold stage in Greece were
much smaller than during earlier Middle Pleistocene
glaciations.

Well-developed periglacial forms are often present
inside former Pleistocene glacier limits. For example,
thick accumulations of talus (Figure 12.14) inside of
the Vlasian Stage (MIS 6) glacier limits (Figure 12.15,
Table 12.2), are the product of periglacial weathering
during the last cold (Tymphian) stage and, to a lesser
extent, through the Holocene. Hughes et al. (2006c¢)
found evidence of a similar glacial sequence to Mount
Tymphi on neighbouring Mount Smolikas (2,637 m).
Here, however, there is also evidence in the high-
est cirques for a fourth and later glacial phase when
small cirque glaciers developed. These small glaciers
on Smolikas had an ELA of ¢.2,420 m and covered
a total area of <0.5 km?. This phase of glaciation is
likely to have occurred after the glacial maximum of
the Tymphian Stage (Table 12.2) and possibly dur-
ing the Younger Dryas (11,000-10,000 '#4C years Bp)
(ibid.).

The glacial history of Mount Olympus (2,917 m a.s.l.),
the highest mountain in Greece, has been documented
by Smith et al. (1997). The Olympus glaciers extended
to the piedmont zone during the most extensive glacial
phase down to altitudes as low as 500m a.s.l. (Fig-
ure 12.16). Smith et al. (1997) proposed a tentative
chronology for glaciation on Mount Olympus by cor-
relating soils on glacial deposits with dated soils in the
river deposits of the Larissa basin. The oldest and most
extensive glaciation was correlated with soils older than
200,000 cal. years BP, leading Smith et al. (1997) to sug-
gest that this glaciation occurred during MIS 8. A sec-
ond phase of glaciation, characterized by upland ice and
valley glaciers that did not reach the piedmont, was cor-
related with MIS 6. During the last major glacial phase,
glaciers were restricted to valley heads, and this glacial
phase was correlated with MIS 4 to 2. Smith et al. (1997)
suggested that a further set of moraines at ¢.2,200 m
in the high cirque of Megali Kazania may be Holocene
Neoglacial features. However, (Hughes et al. 2006c¢)
have argued that features at a similar altitude on Mount
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Fig. 12.12.

Smolikas (2,632 m a.s.l.) in the Pindus Mountains were
Late Glacial in age.

The chronological model suggested for Olympus by
Smith et al. (1997) differs from that established for the
Pindus Mountains to the west. However, the morphos-
tratigraphical sequences are very similar and, given the
short distance between these areas, it is likely that the
Olympus and Pindus sequences correlate. The dating
framework proposed by Woodward et al. (2004) and
Hughes et al. (2006b) for Mount Tymphi is likely there-
fore to provide a good approximation for the age of the
glacial sequences on Mount Olympus, but this can only
be confirmed by further work.

Almagia (1918) provided one of the earliest accounts
of the evidence of former glaciation in the mountains
of central and northern Albania. The largest glaciers
formed in the Prokletije Mountains of northern Alba-
nia and early work by Roth von Telegd (1923) esti-
mated that Pleistocene valley glaciers extended for some
35 km over the border into Montenegro near the towns
of Gusinje and Plav. In fact, the town of Plav is built
on moraines that dam a large lake at ¢.900 m a.s.l.
and the age of these moraines is currently the focus
of research by the authors. In southern Albania, evi-
dence for glaciation was reported by Louis (1926)
from the mountains of Némercka (2,495 m), on the
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Epirus border, and Mali i Lunxheriés (2,200 m),
south-west of Gjirokastér. More recently, Palmentola
et al. (1995) have reported the presence of relict rock
glaciers above 1,700 m that were set within more exten-
sive glacial features in the Prokletije Mountains. The
geochronology of glaciation in this area is yet to be
established.

In the former republics of Yugoslavia, Jovan Cvi-
jic was a pioneer of glacial research and produced
remarkably detailed analyses of the glacial history of
the region (e.g. Cvijic 1900, 1917). More recently,
Menkovic et al. (2004) have compiled evidence of glacia-
tion in the mountains of Serbia, Macedonia, and Mon-
tenegro. Glacio-karst landscapes dominate many of the
highest uplands and glacial landforms are often well
preserved (Figures 12.17 and 12.18). Some of the
largest Pleistocene glaciers formed in the Prokletije
Mountains, where glaciers extended over 35 km, form-
ing U-shaped valleys, moraines, and numerous glacial
lakes (Cvijic 1913). Further west, on Mount Durmi-
tor (2,523 m a.s.l.), in Montenegro, Alpine-type valley
glaciers descended from the highest peaks into a large
plateau ice field above canyons incised by the Piva and
Tara rivers (Marovic and Markovic 1972; Nicod 1968;
Menkovic et al. 2004). A major ice cap also formed on
Maganik to the south and, here, the glacial limits on
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Fig. 12.13. Cemented till on
Mount Tymphi, Greece, that has
yielded ages >350,000 years Bp
using U-series (Woodward

et al. 2004, Hughes et al. 2006b)
(photo: Philip Hughes).

the western slopes were first traced by Liedtke (1962). on Mount Orjen (1,895 m) was probably a function of
Near the Adriatic coast on Mount Orjen (1,895 m very high precipitation and today modern values here
a.s.l.), glacial cirques and valleys exploited older karstic exceed 5,000 mm per year (Magas 2002).

forms to form extensive glaciers (Penck 1900; Sawicki Marjanac and Marjanac (2004) reviewed the evi-
1911; Menkovic et al. 2004). The extensive glaciation dence for glaciation in the coastal Dinaric Alps of
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TABLE 12.2. Correlation table showing the relationship between the fragmentary glacial sequence in the Pindus Mountains, Greece, and
the continuous lacustrine parasequence in the nearby loannina 249 and 284 cores (Chapter 4)

Age MIS loannina Parastratotype Pindus Local Stratotype
(x 1,000 years) (IN 249/284) boundary Chronostratigraphy
(IN 249)
11.5- 1 Holocene 17.25m
73.9-11.5 2 Tymphian Stage Tsouka Rossa Member 39°58'45”N, 20°50'40"E, 2025 m a.s..
3
4
73.9-83.0* 5a  Interstadial 2
88.5*-83.0* 5b Stadial 2
104.5*-88.5* 5¢ Interstadial 1
111.0*-104.5* 5d Stadial 1 45.88 m
126.6"-111.0* 5e  Metsovon 59.00 m
189.9-126.6* 76.00 m Vlasian Stage Vourtapa Member 39°55'50”N, 20°51"10"E, 1650 m a.s.l.
244.2-189.9 IN-26
Zitsa
IN-23a
303-244.2 8 ? No record of glaciation during this interval has been found in the
Pindus Mountains. However, Vlasian Stage glaciers are likely to
have overridden any glacial deposits formed during MIS 10
and 8.
339-303 9a—e Katra
IN-17
Pamvotis
362-339 10 ?
423-362 1 Dodoni I, Il 162.75 m
478-423 12 184.00 m Skamnellian Stage  Kato Radza Member 39°54'08”N, 20°50'40"E, 984 m a.s.l.

Note: MIS = Marine Isotope Stage.

Names in the third column based on Tzedakis et al. (2002)—all other names for the Ioannina sequence are from Tzedakis (1994).
* Interval dates from Tzedakis et al. (2002)—all other dates from orbitally tuned marine isotope records (Imbrie et al. 1984, Martinson et al. 1987) (from Hughes

etal. 2005).
Sources: Tzedakis (1994); Tzedakis et al. (2002).

Croatia. They describe features on some of the Croatian
coast and islands in the Adriatic, which they argue are
glacial in origin. These include kame-terraces on the Krk
and Pag islands to the west of the Velebit Mountains,
as well as glacial and periglacial deposits on the main-
land coast nearby at Novigradsko More and Karinsko
More. They (ibid.) attribute the coastal glacial deposits
to a glaciation during the Early or Middle Pleistocene,
but have acknowledged that more work is needed to
clarify the chronology of the Croatian glacial sequences.
Whatever the age of the glacial deposits, their presence
at such low altitudes in the Mediterranean is of major
significance.

The Italian Appenines

The most comprehensive geochronological framework
for the Pleistocene glacial sequence in the Italian

Appenines is in the Gran Sasso. Here, based on the
radiocarbon dating of ice-dammed lacustrine sediments,
Giraudi and Frezzotti (1997) have demonstrated that
the maximum glacier extent of the last cold stage (Wiir-
mian) occurred prior to 22,680 % 630 #C years Bp. At
the glacier maximum, ice in the Campo Imperatore area
of the Gran Sasso extended 10.5 km down-valley and
covered an area of 19 km? with an ELA of ¢.1,750 m.
A series of recessional moraines and rock glaciers in
the Gran Sasso are thought to correspond to periods of
glacier stabilization or readvance between 20,000 and
10,000 C years Bp.

Based on rock glacier evidence, Giraudi and Frez-
zotti (1997) concluded that mean annual tempera-
tures during the Last Glacial stage were 7.3 to 8.3°C
lower than today. They extrapolated this temperature
depression to the ELA of the contemporaneous valley
glacier in the Campo Imperatore area and, based on the
well-established relationship between accumulation and
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Fig. 12.14.
Tymphi, Greece (photo: Jamie Woodward).

precipitation at the ELA of modern glaciers (cf. Ohmura
etal. 1992), they concluded that snowfall was similar to
today.

In this area Middle Pleistocene glacial deposits are
usually less well preserved and are often strongly eroded
with a much less pronounced morphology. Kotarba
et al. (2001) presented U-series ages for calcite cements
within moraines of 135,000 + 10,000 cal. years Bp.
Thus, given that the cements formed after the deposition
of the host glacial deposits, the moraines were correlated
with the Rissian Stage of the Alps (Kotarba et al. 2001).
At least two major glacial advances are recorded in the
Gran Sasso area, with readvance also recorded during
the Wiirmian Late Glacial.

Glacial deposits that extend lower than moraines
assigned to the Wiirmian Stage have been noted in many
other areas of the Italian Apennines but they are com-
monly fragmentary and their age has not been estab-
lished (Federici 1980). As in the Campo Imperatore area,
they are often partially cemented and show evidence of
prolonged weathering.

Well-developed screes within the limits of Vlasian Stage glaciers (Figure 12.15, Table 12.2) on the southern slopes of Mount

Corsica

Glacial features in the mountains of Corsica were first
reported by Pumpelly (1859) and the most recent
published studies include those by Heybrock (1954),
Letsch (1956), and Conchon (1978, 1986). In con-
trast to many of the glaciated mountains in the
Mediterranean, those in Corsica are formed in gran-
ite, and because of the resistant nature of this lithol-
ogy, the cirques, arétes, and roches moutonées are
particularly pronounced and well preserved. Evidence
obtained from sediment cores, collected up-valley of
the most recent moraines, has shown that the high-
est cirques contained small glaciers between 15 and
14,000 '#C years Bp, but have been free of ice since the
Allered Interstadial at ¢.12,500 #C years Bp (Conchon
1986).

Kuhlemann et al. (2005) have used geomorphological
evidence to reconstruct the Pleistocene glaciers of Cor-
sica. Large ice fields and valley glaciers formed during
the Wiirmian glacial maximum and some glaciers were
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Fig. 12.15. The extent of Middle and Late Pleistocene glaciers on Mount Tymphi, Greece.
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Fig. 12.17. Moraines at ¢.1,000 m a.s.l. in Duboki Do, above the village of Ubli on Mount Orjen, Montenegro (photo: Philip Hughes).

up to 14 km long. The ELA of the Wiirmian glaciers was
between 1,400 and 1,750 m, with variations attributed
to precipitation differences. Mean annual temperatures
during the Wiirmian glacial maximum were 8°C lower
compared with modern values. This finding is simi-
lar to recent data from Greece, but good dating con-
trol has not been firmly established for the bulk of the
Coriscan glacial record. Cosmogenic isotope exposure
dating offers much potential as preliminary investiga-
tions have shown that the Corsican granites are suitable
for this method (Hewitt 2002).

The Alpes Maritimes

During the Wiirmian Stage, the Alpes Maritimes were
covered by ice that was contiguous with the main Alpine
ice sheet—extending over an area of ¢.126,000 km?
(Ehlers 1996). The glacial geomorphology of the Argen-
tera area has been described by Ribolini (1996). The
valleys of this area are deeply scoured and large
moraines were deposited in their lower parts. The Wiir-
mian glacial maximum in the Alps occurred between
¢.28,000 and 20,000 'C years BP in the northern
Alps and at ¢.20,000 to 18,000 '#C years Bp in the
southern Alps (Florineth and Schliichter 2000). Lacus-
trine sediments at Lac Long Inférieur, a glaciated cirque

(2,090 m a.s.l.) in the Alpes Maritimes, indicate that
the ice had melted by 14,190 + 130'4C years Bp
(Ponel et al. 2001). However, in the Argentera Mas-
sif, Fisinger and Ribolini (2001) document evidence
for several glacial advances during the Late Glacial
Substage. Granger et al. (2006) present '°Be cosmo-
genic ages of 16.3 ka and 18.8 ka respectively for two
moraines in the Gesso Valley and argue that they were
part of the same glacial phase. The application of expo-
sure age dating at higher elevations in the Gesso Valley
has led to the recognition of moraines of the Younger
Dryas age (Federici et al. 2008).

The Pyrenees

The Pyrenees were extensively glaciated during the
Pleistocene, a fact recognized in pioneering research in
the early nineteenth century by Albrecht Penck (1885).
These glaciations have been attributed to at least two
Pleistocene cold stages—the oldest deposits are cor-
related to the Rissian Stage and a second, higher,
suite of deposits to the Wiirmian Stage (Barrére 1963).
The largest and most powerful Pleistocene glaciers
formed on the northern slopes of the Pyrenees in
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France (Calvet 2004). In the Ariége valley, for exam-
ple, glaciers extended 65 km to an altitude of 370 m
a.s.l. (Hérail et al. 1986). The chronology of the last
(Wiirmian) glaciation in the French Pyrenees is based on
sedimentological and palynological studies and radio-
carbon dating of lacustrine sediments near former
glacier margins. This approach has indicated that, dur-
ing the last glaciation, the glacial maximum in the
French Pyrenees was before 38,000 *C years sp(Hérail
et al. 1986; Jalut et al. 1992). This is also the case in the
Vosges Mountains of Alsace (Seret et al. 1990).

In the Spanish Pyrenees, most glacial deposits are
thought to have formed during the last glaciation,

3740f384 April15,2009 13:21

Fig. 12.18. Glacial aréte between
the peaks of Sedlena Greda (2,227 m
a.s.l.) and Ranisava (2,081 m a.s.l.) in
the Durmitor mountain area,
Montenegro (looking south-east
from the summit of Sedlena Greda).
This ridge separated two major
Pleistocene ice flows from the central
Durmitor area (photo: Philip
Hughes).

although some isolated glacial deposits have been
attributed to earlier periods (Calvet 2004). However, in
common with French Pyrenees, the geochronology of
the glacial sequences in the Spanish Pyrenees is poorly
defined. Correlations have been made on the basis of
morphostratigraphical comparisons, and, even delimit-
ing the maximum extent of the last glaciation remains
one of the most significant problems of Pyrenean Qua-
ternary geology (Garcia-Ruiz et al. 2003). Nevertheless,
it is significant to note that there is evidence that the
maximum extent of ice during the Last Glacial stage
occurred significantly earlier than for the major ice
sheets of Britain and Scandinavia, which reached their
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maximal extents between 21,000 and 18,000 '4C years
BP (Sibrava et al. 1986). Data from various sources
suggest that the maximum extent of glaciation dur-
ing the Last Glacial phase occurred before 30,000 4C
years BP (Garcia-Ruiz et al. 2003), similar to findings
in the French Pyrenees to the north. However, recent
10Be dates from glacial boulders and rock surfaces con-
flict with the idea of an early glacier maximum. Pallas
et al. (2007) found that the '°Be dates suggest that the
major phase of moraine building in the south-central
Pyrenees occurred after 25,000 cal. years Bp. Further
work using multiple dating techniques is needed to clar-
ify this issue.

Deglaciation in the Pyrenees was staggered by a phase
of upper valley glaciation between 16,000 and 15,000
14C years Bp and then by a phase of cirque glacia-
tion between 14,000 and 13,000 #C years sp (Bor-
donau 1992). The last phase of Pleistocene glaciation
is represented by moraines and rock glaciers close to
the cirque backwalls and may date from the Younger
Dryas between 11,000 and 10,000 '4C years Bp (Serrat
1979), in accord with the Alpes Maritimes and the Ital-
ian Apennines.

In many valleys of the Pyrenees, Wiirmian Stage
glaciers appear to have removed much of the older
glacial deposits. However, in some locations, traces of
earlier and more extensive glacial deposits exist and
these may relate to the Rissian Stage (MIS 10-6) (Bar-
rere 1963). In the eastern Pyrenees, strongly weathered
tills are present at lower elevations than those ascribed
to the Rissian Stage and are considered to have formed
during the early Middle Pleistocene (Calvet 2004). How-
ever, the geochronology of the pre-Wiirmian record is
yet to be defined and this is a key issue across much of
the Mediterranean region.

Iberia

Pleistocene glaciation took place in many of the high
mountain areas of Iberia and these are reviewed in
Hughes et al. (2006a). Most of the glacial sequences
have not been dated, and, given the large number of
glaciated sites, only those studies where progress has
been made in understanding the geochronology of the
glacial record are discussed below. Even though many
of the glaciated basins on the Iberian Peninsula do not
drain to the Mediterranean Sea, they are located in the
same latitudinal belt as the other glaciated terrains dis-
cussed in this review and they provide a valuable source
of comparison.

Some geochronological control is available to the west
of the Picos de Europa of northern Spain, in the Redes
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Natural Park. Here, the most extensive glacial phase
was characterized by an ice field with outlet glaciers
extending up to 5 km in length. These glaciers descended
to ¢.950 m with snowlines at ¢.1,550 m. Radiocar-
bon dating suggests that the maximum phase of glacia-
tion during the Last Glacial stage in this area occurred
prior to ¢.40,000 '*C years Bp (Jiménez-Sanchez and
Farias 2002). Again, this is well before the global
Last Glacial Maximum (LGM), which occurred around
18,000 '*C years Bp (CLIMAP Project Members 1976).
Glacial landforms have been dated using 3°Cl-based
cosmogenic exposure dating in the Sierra de Gredos
and Sierra de Guadarrama in central Spain (Palacios
et al. 2007). These ages put the local glacier maximum
around 21 ka, about the time of the global LGM of
MIS 2.

Other dated glacial sequences in Iberia include those
in the Serra de Queira and Serra de Gérez in Galicia
and northern Portugal (Figure 12.1). Here, Fernadez
Mosquera et al. (2000) applied >!Ne cosmogenic dating
to glacially polished surfaces and push-moraine boul-
ders and three glacial phases have been identified. The
oldest was dated to before ¢.238,000 cal. years Bp, an
intermediate phase to ¢.130,000 cal. years Bp, and the
youngest to ¢.15,000 cal. years Bp. This sequence of
three major Pleistocene glaciations is comparable to the
geochronologies established in Italy and Greece (Giraudi
and Frezzotti 1997; Kotarba et al. 2001; Woodward
et al. 2004; Hughes et al. 2006b) although the oldest
glacial phase appears to be younger than that recorded
in Greece and may correspond to a glaciation during the
early Rissian (MIS 8).

Further south, in the Serra da Estrela of Portugal
(1,991 m) (Figure 12.1), glaciation was characterized by
the development of a plateau ice cap which fed diffluent
glaciers, the longest of which was 13 km and attributed
to the Wiirmian Stage by Daveau (1971). Thermolu-
minescence ages from fluvioglacial units of between
16.6 + 2.5 and 10.6 + 1.6 ka suggest glacial activity
in this area during the Late Glacial (Vieira et al. 2001).

The Atlas Mountains

Quaternary glacial and periglacial features are present
throughout the Atlas Mountains of north-west Africa.
However, little is yet known of the timing and extent of
glaciation in the area (cf. Hughes et al. 2004). Glacial
features including cirques, troughs, roches moutonées,
riegels, and moraines have been reported from the
High Atlas and Pleistocene snowlines have been placed
between 3,700 and 3,300 m (Heybrock 1953; Awad
1963; Hughes et al. 2004). The highest peaks in the
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TaBLE 12.3.  Current understanding of the geochronology of Pleistocene glacial deposits in the Mediterranean
region

Marine Isotope
Stage

Alpine/ Northern Europe
Chronostratigraphy

Region and approximate age of glacial units

2 Wiurmian/ Weichselian

Italy: >22,000" C years BP" (radiocarbon)

Pyrenees: >38,000'“C years BP? (radiocarbon)
Iberia: >29,000"C years BP? (radiocarbon); >15,000 years* (*'Ne
cosmogenic)
21,000 years® (3Cl cosmogenic)
Alpes Maritimes: 19,000 years® ('°Be cosmogenic)
Turkey: 26,000 years” ('°Be cosmogenic); 20,000 years® (34Cl cosmogenic)

6 Late Rissian/ Saalian

Greece: >120,000 years®(U-series)

Italy: >130,000 years'® (U-series)
Iberia: >130,000 years*(*'Ne cosmogenic)

8 Early Rissian/ Saalian
12 Mindelian/ Elsterian

Iberia: >230,000 years* ('Ne cosmogenic)
Greece: >350,000 years9 (U-series)

1Giraudi and Frezzotti (1997); Jalut et al. (1992). 2Garcia-Ruiz et al. 2003. 3Jiménez-Sanchez and Farias (2002). *Fernandez Mosquera
et al. (2000). ®Palacios et al. (2007). ®Granger et al. (2006). 7 Akcar et al. (2007), Akgar et al. (2008). 8Sarikaya et al. (2008). °Hughes
et al. (2004); Hughes et al. (2006d); Woodward et al. (2004). "°Kotarba et al. (2001).

Middle Atlas also show evidence of former glaciation
and the regional snowline is estimated at ¢.2,800 m
a.s.l. during the most extensive glacial phase (Raynal
et al. 1956; Awad 1963). Periglacial features are also
present. Stone polygons, solifluction features, and rock
glaciers have been described on Bou Iblane and Jbel Bou-
Naceur, in the Middle Atlas (Raynal 1952; Dresch and
Raynal 1953; Awad 1963).

Glacial features have also been noted in the Djurd-
jura Massif (2,308 m) of the Algerian Tell (Figure 12.1)
where Barbier and Cailleux (1950) identified cirques, U-
shaped valleys, and terminal moraines. To the south-
east, in the Aures Massif, Ballais (1983) noted the
presence of moraines above 1,600 m on Jbel Ahmar
Khaddou (2,017 m a.s.l.) and Jbel Mahmel (2,321 m
a.s.l.). However, the chronology of glaciation in these
areas and elsewhere in the Atlas Mountains has not been
established and this remains the biggest obstacle to an
improved understanding of the glacial history of north-
west Africa.

Pleistocene Overview

It is clear that very substantial ice masses formed
in many Mediterranean mountain areas during Pleis-
tocene cold stages. The glacial deposits and land-
forms they produced represent important archives of
environmental change. However, until quite recently
good dating frameworks (Table 12.3) and detailed strati-
graphical frameworks had not been established in many
key areas. A clear pattern is now emerging whereby the

oldest and most extensive glacial deposits and landforms
date from the Middle Pleistocene. In fact, in some areas,
at least two phases of Middle Pleistocene glaciation have
been identified during intervals equivalent to the Saalian
and Elsterian Stages of northern Europe (e.g. Fernadez
Mosquera et al. 2000; Woodward et al. 2004; Hughes
etal. 20064, b).

Where sound stratigraphical frameworks supported
by a robust geochronology do exist for the last cold
stage, it has become apparent that glacier maxima in
many parts of the Mediterranean mountains preceded
the global LGM of MIS 2 by more than 10,000 years
(Hughes and Woodward 2008).

The small mountain glaciers of the Mediterranean
would have advanced and decayed rapidly in response
to mass balance fluctuations and they reached their
maximum during the last cold stage well before the
large ice sheets that covered the Alps and northern
Europe. Increased aridity in southern Europe, caused
by a strengthening of high pressure systems over the
expanding Alpine and north European ice sheets, would
have forced glacier retreat in the Mediterranean moun-
tains. The situation is also likely to have been compli-
cated by millennial-scale climate changes recorded in
the Greenland ice sheet (Dansgaard et al. 1993) and
mirrored in long lacustrine pollen sequences in Italy
and Greece (Allen et al. 1999; Tzedakis et al. 2004;
Chapter 4). This has been highlighted for the mountain
glaciers of Greece by Hughes et al. (2006d) who recog-
nized the potential for multiple phases of glacier advance
and retreat during the Last Glacial cycle (Figure 12.19).
This analysis identified ten periods, between 115 and



12-Woodward-C12 9780199268030-Jamie-Woodward (Typeset by SPi, Chennai)

3770f384 April15,2009 13:21

Glacial and Periglacial Environments 377

Climatically favourable conditions for

- loo g§ glacier formation based on a combination of
o [
%A 18 %g pollen and sea surface temperature data
3 16283
85 14 3 ag’g : it Total arboreal pollen
Ag o 02 ¢ . .
Eé 13 §E 3 ,V“\I" “\ Arboreal pollen minus Juniperus + Pinus
e o®
| ) zé
1004
. 75
3 ; B
~ H § i i
[ i H | ’l!
%’ 50 | ﬁﬁ%
a i
254
0 C A C C C
1 1 I ) T T 1 1
0 60 70 80 90 100 110 120 130
Age (ka)

Fig. 12.19. Climatically favourable conditions for glacier formation based on a combination of pollen and sea surface temperature data.
Summary pollen percentage curves from the loannina 1-284 sequence in north-west Greece, spanning the Last Glacial cycle. Potential
intervals suitable for glacier formation are indicated by letters A: major stadials characterized by low arboreal pollen, both including and
excluding Pinus and Juniperus; B: intermediate phases between the apices of major stadials and interstadials; and C: intervals characterized
by large differences between total arboreal pollen frequencies and arboreal pollen frequencies, excluding Pinus and Juniperus. All other
intervals represent major interstadials or interglacials. Both B and C types—the more favourable conditions for glaciation—are indicated
by shading. The upper graph depicts variations in the percentage of Neogloboquadrina pachyderma (sinistral) and alkenone-derived sea-
surface temperatures in marine core MD95-2043 from the Alboran Sea, in the western Mediterranean (from Hughes et al. (2006d).

10ka, when the climate would have favoured glacier
development. The timing of the glacier maxima dur-
ing earlier glaciations is unclear at present, although
large glaciers in the Mediterranean may have been less
responsive to rapid climate changes in comparison to
those that existed during the last cold stage. Recently
published data from Greece show that the transition
from glacial to non-glacial conditions took place very
rapidly at the end of the last cold stage (Woodward et al.
2008).

Glacial and Periglacial Interactions
with Other Geomorphological
Systems

Glacial and periglacial systems may exert consid-
erable influence on other environments, especially
downstream fluvial systems as has been shown for
Mount Tymphi, in the Pindus Mountains, where
Pleistocene glaciation was a major influence on the long-
term behaviour of the Voidomatis River (Chapter 11).

Fluvial sediments transported during cold stages were
dominated by materials from the glaciated upland ter-
rains (Bailey et al. 1990; Lewin et al. 1991; Woodward
et al. 1992, 1995; Hamlin et al. 2000). The interac-
tion of glacial and fluvial systems has also been explored
in the Pineta basin of the central Spanish Pyrenees by
Jones (2000).

Glaciers and their meltwaters have enhanced karstic
processes in many upland areas. In proglacial areas,
dolines may be found concentrated in clusters outside
terminal moraines (Waltham 1978). Where glaciers
occupy only the highest valley and cirque areas, melt-
waters often discharge underground before emerging
as springs at lower elevations. This process is evident
in front of modern and former glaciers in the Pyre-
nees and was termed ‘Pyrenean type’ glacio-karst by
Ford and Williams (1989). This process has also been
observed at the Zeleni Sneg glacier, on Triglav in Slove-
nia, where meltwater disappears through a 280-m deep
pothole and resurfaces 1.25 km down-valley (Gams
2001). The deepest potholes in the world have formed
in glaciated mountain areas such as the Pyrenees, Alps,
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and Caucasus (ibid.; Chapter 11). Karstic hollows, such
as dolines, often promote snow accumulation and can
contribute to glacier development. The interaction of
glacial and karstic processes is an important and distinc-
tive component of the physical geography of the Mediter-
ranean mountains.

Paraglacial effects have also been reported in the
region. For example, Lebourg et al. (2003) discussed the
importance of high mountain landslides and their sliding
mechanisms using a case study of the glaciated Aspe Val-
ley of the Pyrenees. They noted that slope failures occur
most frequently where glacial deposits remain and gen-
erally at the junction between the till and the underlying
strata (Chapter 6). Unstable landslide-prone slopes are
likely to be a legacy of glaciation in many Mediterranean
mountains, especially where glaciers have retreated dur-
ing the Holocene and in areas of recent permafrost melt-
ing. Over longer timescales, Woodward et al. (2008)
have argued that the major Middle Pleistocene glacia-
tions in the Pindus Mountains were responsible for deliv-
ering such large volumes of sediment to the fluvial
system that reworking of these materials was a major
control on river behaviour throughout the Late Pleis-
tocene and Holocene.

Finally, periglacial processes also play an important
role in a range of geomorphological and sedimentary
systems, particularly in terms of debris supply. Frost
action can deliver significant quantities of sediment to
talus slopes and fluvial systems and frost shattering
of rockshelter walls can be an important mechanism
of coarse debris accumulation during glacial periods
(Woodward 1997; Karkanas 2001 Chapter 6). Thus,
even if all the remaining Mediterranean glaciers and
areas of permafrost disappear in the next few decades,
their legacy will remain, not just as a relict geomorpho-
logical record, but also in shaping the sediment supply
dynamics in colluvial and fluvial systems.

Conclusions

Active glacial and periglacial environments are present
in several of the highest mountains in the Mediterranean
and cryospheric processes been shown to have major
impacts on geomorphological systems and biotic com-
munities throughout the upland zone (above 500 m).
However, it is clear that glacial and periglacial envi-
ronments are becoming increasingly marginal in this
region and most glaciers in the Mediterranean moun-
tains appear to be in retreat. There is no docu-
mented evidence of sustained glacier advance in recent
decades and, given current climatic trends (Chapter 3),
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it is possible that many glaciers will disappear in the
twenty-first century. Unfortunately, in many areas,
such as in Montenegro and Albania, few detailed stud-
ies have been made of recent glacier activity and
further work is necessary to understand fully recent
glacier dynamics across the Mediterranean (Hughes
2007).

Permafrost is present in only the highest Mediter-
ranean mountains and is especially susceptible to minor
climatic variations (Goémez et al. 2001). Sporadic and
discontinuous permafrost has been identified in the
Sierra Nevada and Picos de Europa of Spain, the Pyre-
nees, the Alpes Maritimes, the Italian Apennines, the
Julian Alps, and the Pontic and Taurus Mountains
and periglacial processes such as nivation are present
in many more mountains. These periglacial environ-
ments are also likely to diminish in the Mediterranean
mountains during the twenty-first century. It is also
clear that climate change will have major implica-
tions for high-mountain ecosystems in the Mediter-
ranean region, where plants and animals adapted to
cold, alpine conditions now face higher temperatures
and a surge of predators and competitors (Krajick 2004;
Chapter 23).

Whilst contemporary glacial and periglacial environ-
ments in most Mediterranean mountains are becom-
ing increasingly rare, the legacy of past cold condi-
tions is widely recorded and often exceptionally well
preserved. Pleistocene glacial features such as cirques,
U-shaped valleys, limestone pavements, and moraines
often dominate upland landscapes. These are closely
associated with karstic processes in limestone uplands.
A key advance of the last decade has been the wider
application of radiometric dating and this has shown
that glaciers were active in many areas during the
Middle and Late Pleistocene. Periglacial features such
as rock glaciers, scree formations, and frost-shattered
bedrock are also key landscape elements in many upland
areas.
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