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15.1. INTRODUCTION

In his seminal review of glaciation in the Mediterranean
region, Messerli (1967) reported evidence for Pleistocene
glacial activity in several areas of upland Greece and
assigned all the glacial phenomena to the last (Warmian)
cold stage. Messerli s overview brought together some of
the earliest work on glaciation in Greece including Nicules-
cu s pioneering (1915) study of Mount Smolikas in north-
west Greece and Sestini s (1933) observations on the
mountains of southern Epirus. Figure 15.1 shows how the
Pindus Mountains, aligned roughly NNW SSE, extend
along the length of mainland Greece and dominate its
topography. Much of this mountain chain lies over
1000 m a.s.l., and many peaks exceed 2000 m. Evidence
for glacial activity has been identified throughout the
Pindus Mountains from Mount Grammos (2523 m) on
the Albanian border to Mount Taygetos (2407 m) in the
southern Peloponnese. The principal sites in Greece
included on Messerli s (1967) map for which there is addi-
tional published information on Pleistocene glaciation are
shown in Fig. 15.1. Table 15.1 provides summary data
for each of the sites shown in Fig. 15.1 and lists the key
references in each case.

In general terms, during Pleistocene cold stages, the gla-
ciers of Greece decreased in size with decreasing latitude,
although climatic and topographic controls could be locally
important. Well-preserved glaciated terrains of Pleistocene
age have been observed in the highest parts of the northern
Peloponnese (Mastronuzzi et al., 1994), and Fig. 15.2
shows a range of glacial landforms on the high limestone
peaks of Mount Chelmos (2341 m) which lies just south
of 38 N. The evidence for glacial activity on the mountains
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of Crete is less clear cut, and further research is needed.
Nemec and Postma (1993) have argued that the White
Mountains were glaciated during the Pleistocene, and on
Mount Idi (also known as Ida or Psiloritis at 2456 m), Fabre
and Maire (1983) have reported a cirque with moraines at an
altitude of just ca. 1945 m. This claim is out of step with the
evidence from mainland Greece. Boenzi and Palmentola
(1997), for example, have argued that evidence for glacia-
tion is only present in Greece on mountains that exceed
2200 m. Several publications on the White Mountains of
Crete (e.g. Poser, 1957; Bonnefont, 1972; Boenzi et al.,
1982) do not report any evidence for the action of glaciers.
At some of the Greek sites discussed in Messerli s (1967)
review, the evidence for glacial activity is rather limited
in areal extent being confined to the highest peaks
and modern investigations have not yet taken place
(Table 15.1). In some of these cases, cirques, ice-steepened
cliffs and ice-scoured bedrock surfaces account for most of
the evidence for the action of former glaciers, with only
very limited evidence for the transport and deposition of
glacial sediments to lower elevations. Thus, in some of
the localities shown on Messerli s (1967) map and Fig. 15.1,
glacial deposits have not been marked on the later 1:50,000
geological sheets produced by the Greek Institute for Geo-
logical and Mineral Exploration (IGME).

Recent reviews of glaciation in the mountains of the
Mediterranean (Hughes et al., 2006a, Hughes and Wood-
ward, 2009) have shown how the history of research can
be broadly classified into three stages of development
(either Pioneer, Mapping or Advanced stages) as defined
in Table 15.1. The published literature on Pleistocene
glaciation in Greece shows that all three of these stages
are represented (Table 15.1). By far, the most detailed work
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FIGURE 15.1 Topographic map of Greece highlighting mountain landscapes above 2000 m. Most of the published evidence for Pleistocene glacial
activity in the mountains of Greece comes from the 10 locations indicated (Table 15.1). Pleistocene snowlines for the Pindus Mountains are also shown
(based on Hagedorn, 1969). Glaciers do not exist today in the mountains of Greece, but snowfall is heavy and extensive snow patches are common in the
early summer on the highest peaks and ridges. Winters are severe in the mountains and evidence of periglacial processes is widespread. There are marked
variations in precipitation across Greece with values in excess of 2000 mm in the northwest and central uplands, falling to <500 mm in the lowland coastal
zone of the southeast.
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TABLE 15.1 Geographical Data for Each of the Glaciated Mountains Shown in Fig. 15.1

Massif and Region Elevation (m)

1. Grammos, Epirus 2523 40 34N
2. Smolikas, Epirus 2637 40 05°'N
3. Olympus, Pieria 2917 40 05'N
4. Tymphi, Epirus 2497 39 97°N
5. Peristeri, Epirus 2295 39 68'N
6. Kakarditsa, Epirus 2429 39 46°N
7. Oeta, Sterea 2160 38 75'N
8. Parnassos, Sterea 2457 38 52'N
9. Chelmos, Achaia 2341 37 96'N
10. Taygetos, Messinia 2404 36 95'N

Latitude (approx.)

ELA (m) References Phase®
1800 Louis (1926) (P)
1800 Niculescu (1915) (P)
Boenzi et al. (1992) (M)
1030 Faugeres (1969) (M)
Smith et al. (1997) (M)
Manz (1998) (M/A)
1600 Palmentola et al. (1990) (M)
Smith et al. (1998) (M)
Woodward et al. (2004) (A)
Hughes et al. (2006b) (A)
1750 Sestini (1933) (P)
1750 Sestini (1933) P
2150 Mistardis (1952) (P/M)
2200 Pechoux (1970) (P/M)
2150 Mastronuzzi et al. (1994) (M)
2150 Mastronuzzi et al. (1994) (M)

The ELA values for Mount Olympus are from Smith et al. (1997) and the rest are from Hagedorn (1969) as shown in Fig. 15.1.

2The letter in brackets after the reference refers to the scheme of Hughes et al. (2006a) for Pioneer, Mapping and Advanced phases of research. Pioneer phase
refers to locations where evidence of glaciation has been observed but not mapped. The Mapping phase refers to locations where detailed geomorphological
maps of glacial phenomena, and related landforms have been produced but without radiometric dating control. The Advanced phase refers to sites where
systematic mapping and detailed stratigraphical assessments have taken place in conjunction with a programme of radiometric dating that has led to the

development of a robust chronological framework for the glacial record.

on Pleistocene glaciation has been carried out in northern
Greece on Olympus and Tymphi (Fig. 15.1), which both
lie close to 40 N. This chapter will therefore review the gla-
cial records from these two areas in detail. A key feature of
recent work in Greece has been the development of a dating
framework for the glacial record in tandem with systematic
geomorphological mapping and formal stratigraphical
appraisal of the glacial geology. In the 1960s, when Mes-
serli (1967) produced his synthesis, radiometric dates were
not available for any of the glacial records in the Mediter-
ranean and this situation remained largely unchanged for
over 30 years. The past decade, however, has seen major
advances in geochronology with dating frameworks based
on a range of methods (including uranium-series, cosmo-
genic radionuclides, OSL and tephrostratigraphy) emerging
for glacial records across the Mediterranean (e.g. Kotarba
etal., 2001; Woodward et al., 2004; Vidal-Roman- and Fer-
nandez-Mosquera, 2006; Pallas et al., 2007; Akgar et al.,
2008; Kuhlemann et al., 2008; Sar kaya et al., 2008,
2009; Lewis et al., 2009; Chapter 30). Research in Greece,
using uranium-series dating, has been at the forefront of
these developments (Hughes et al., 2006b; Woodward

etal., 2008; Hughes and Woodward, 2009). This new chapter
builds onan earlier contribution to the first edition of this vol-
ume (Woodward et al., 2004) and reports some key advances
in our understanding of Pleistocene glaciation in Greece. It
can be argued that these findings have important implica-
tions for the study of Pleistocene glacial records in upland
environments not only across the Mediterranean region
but also in glaciated mountain terrains around the world.

15.2. THE GLACIAL RECORD ON MOUNT
OLYMPUS, NORTHEAST GREECE

Olympus is the highest mountain in Greece (2917 m) and is
located to the east of the main Pindus Mountain chain in the
northeast corner of peninsular Greece, close to the Aegean
coast (Fig. 15.1). The most recent research on the glacial
record on Olympus was conducted by an American team
led by the late Geoffrey Smith from the Department of
Geological Sciences at Ohio University. Smith and his
co-workers (1994, 1997, 2006) argued that the earlier
studies in the Mount Olympus area had significantly under-
estimated the extent of glacial activity, as deposits on the
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FIGURE 15.2 Glaciated topography on the upper slopes of Mount Chelmos in the northern Peloponnese (Number 9 in Fig. 15.1). The upper photograph
shows moraines and glacially steepened limestone back-wall cliffs behind the dried out lake basin of Mavrolimni. The lower photograph shows a large
moraine and active scree slopes in a large cirque on the northwest slopes of Mount Chelmos at an elevation of ca. 1900 m. Note the figure on the moraine
crest for scale.
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eastern piedmont of the massif that were previously clas-
sified as fluvial sediments are, in fact, glacial diamictons.
As Smith et al. (1997) have pointed out, the early investiga-
tions on Mount Olympus did little to establish the sequence
and timing of glacial events in the area although the impli-
cation was that glaciation was restricted to the latest Pleis-
tocene or Warmian Stage (Messerli, 1967).

15.2.1. The Glacial Sedimentary Sequences
on Mount Olympus

The stratigraphic record of Pleistocene and Holocene
events on Mount Olympus is most clearly observed on
the eastern piedmont within the valleys of the Mavrolongus
and Mavroneri Rivers which drain to the Aegean coast
(Fig. 15.3). Extensive moraine complexes have been
mapped in the Mavroneri valley to the west and southwest
of the town of Katerini, and thick proglacial outwash sedi-
ments are well preserved on the valley floor (Fig. 15.3A).
The deposits in this valley represent the convergence of val-
ley ice from Mount Olympus (to the south) and the High
Pieria Mountains (to the north). Three discrete sedimentary
packages (units 1 3) have been identified in the area each
capped by a distinctive soil. The deposition of these sedi-
ments and the subsequent phases of pedogenic weathering
reflect periods of glacial and nonglacial activity, respec-
tively (Smithetal., 1997, p. 809). The deposits of the eastern
piedmont comprise a range of glacial, glaciofluvial, fluvial
and alluvial fan sediments. Smith et al. (1997, 2006) have
argued that each of the three main sedimentary units can
be related to a period of glacial activity in the uplands.

During the glacial phases that led to the deposition of the
unit 1 and unit 2 sediments, cirque glaciers developed to a
size that allowed them to spread out from their basins to form
a continuous cover of upland ice (Smith et al., 1997, 2006).
The Bara Plateau is part of the Mount Olympus upland that
lies a few kilometres south of the Mytikas summit (2917 m).
The glacial geology of the plateau is shown in Fig. 15.3B.
Here, the unit 2 sediments are the most extensive in this area
and can be traced for almost 2 km from the headwaters of the
Mavratza River across the Bara Plateau to the head of the
Mavrolongus valley (Smith et al., 1997; Fig. 15.3B). Thir-
teen cirques have been identified on the Bara Plateau with
cirque floor elevations ranging from 2180 to 2510 m above
present sea level. On the Plateau of the Muses, which
includes the Mytikas summit, 11 cirques range in elevation
from 2200 to 2660 m a.s.l. (Smith et al., 1997, 2006).

The glacial and proglacial sedimentary records in the
Mount Olympus area constitute a potentially important
archive of landscape change to the east of the Pindus Moun-
tains and one that could be usefully compared to the long
pollen record at Tenaghi Philippon ca. 160 km to the north-
east (Wijmstra, 1969; Tzedakis et al., 2006). However, a

robust geochronological framework for the glacial
sequences on the Olympus massif is still lacking. Smith
et al. (1997, p. 820) have conceded that the lack of radio-
metric dates on deposits of Mount Olympus and the adja-
cent piedmont precludes the establishment of a numerical
chronology for Pleistocene events in this area. Attention
was therefore directed towards the study of the weathering
profiles associated with soils on the Mount Olympus
deposits to develop a relative-age dating framework and
to allow comparisons with other Quaternary records in
northeast Greece.

Pedogenic maturity indices have been determined for
the soil profiles on units 1 3 in an attempt to correlate
the deposits of the Olympus piedmont with the sequence
of soils developed on dated alluvial sediments in the Larissa
Basin immediately to the south (Demitrack, 1986; van
Andel et al., 1990). This approach led to the tentative cor-
relation put forward by Smith et al. (1997), shown in
Table 15.2. This model places the unit 1 sediments before
200 ka within marine isotope stage (MIS) 8 and the unit
2 deposits within MIS 6. On the basis of this age model,
the nature of the unit 1 soil suggests that the last major
glaciation of the Olympus massif took place at some time
during the last cold stage (MIS 2 or 4) but was restricted
to valley heads and glaciers extended to mid-valley
positions (Smith et al., 1997).

Smith et al. (1997) presented this correlation as tentative
because of the absence of radiometric dates. It is also impor-
tant to point out that the chronological control for the allu-
vial sequence and soils of the Peneios River in the Larissa
Plain, studied by Demitrack (1986), is relatively poor by the
standards of more recent investigations (see Macklin et al.,
2002; Macklin and Woodward, 2009) in the Mediterranean,
and it can be argued that it does not form a reliable yardstick
for regional correlation (Table 15.2). It is often difficult to
make valid intersite comparisons of soil profile develop-
ment when sites are located at different altitudes in contrast-
ing geomorphological settings. In such cases, establishing
the long-term constancy of important soil forming factors
such as parent material and local climate can be especially
problematic (Birkeland, 1984).

To improve the age control for the glacial deposits of
Mount Olympus, cosmogenic dating of unit 1 boulder sur-
faces using chlorine-36 (*°Cl) was attempted. This was one
of the earliest efforts to use cosmogenic exposure dating in
the Mediterranean. Manz (1998) reports cosmogenic dates
from two sites within large (unit 1) recessional moraine
complexes on the eastern piedmont. Limestone boulders
at Site 1 (immediately north of the town of Litochoro)
yielded 3°Cl ages within the range 32 49 ka. Boulders at
Site 2 in the Mavroneri catchment to the west of Katerina
(Fig. 15.3B) yielded ages ranging from 43 to 56 ka. One
boulder at Site 2 gave an age of 146 ka (MIS 6), and this
outlier has been attributed to either previous exposure or
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FIGURE 15.3 Geomorphological maps of the glaciated uplands of Mount Olympus in northeast Greece showing the landscape near the village of
Katerini (A) and the cirques and glacial deposits close to the summit (B) (modified from Smith et al., 1997).

evidence of an earlier glacial phase. Manz (1998) argued units 1 3 proposed by Smith et al. (1994, 1997, 2006) and
that the Site 2 ages were more reliable because silicate rocks  shown in Table 15.2 would need to be radically revised if
are better suited to this method. The tentative age model for  the *°Cl ages for the unit 1 sediments are accepted. Indeed,
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