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Quaternary glacia history of Mount Olympus, Greece

Geoffrey W. Smith
R. Damian Nance

Andrew N. Genes

ABSTRACT

Erosional and depositional evidence on Mount Olympus, Greece, and
acrosstheadjacent piedmont providesclear indication that themountain
wasmoreextensvely glaciated over alonger period of timethan hasbeen
previoudy reported. The stratigraphic record of Pleistocene-Holocene
eventson Mount Olympusis most clearly documented on the eastern
piedmont, where three discrete sedimentary packages (units 1-3), each
capped by a digtinctive soil, reflect glacial and nonglacial activity in the
Mount Olympusregion. A working stratigraphic framework for sedi-
mentsand soilsis proposed and istentatively correlated with adated al-
luvial succession south of Mount Olympus. We suggest that the oldest
sedimentary package (unit 1) predates 200 ka (isotope stage 8?). Litho-
logic and pedologic equivalents of the piedmont stratigraphy are found
within major valleysdraining Mount Olympus, aswell aswithin cirque
basinsand on the summit plateau surface. These deposits can beclearly
tied to three stages of cirque development on the upland and at valley
heads. Taken together, upland and piedmont glacial featuresand depos-
itsindicatethefollowing general scenario: (1) earliest glaciation (isotope
stage 8?) produced upland ice and valley glaciersthat extended as pied-
mont lobes eadt, north, and west of Mount Olympus; (2) nonglacial (in-
terglacial) conditions (isotope stage 7?) were accompanied by extensive
erosion and subsequent pedogenesis; (3) a second glaciation (isotope
stage 6?) involved production of upland ice and valley glaciersthat did
not reach the piedmont; (4) interglacial (interstadial) conditions (isotope
stage 5?) provided timefor stream erosion and substantial pedogenesis,
(5) final(?) glaciation (isotope stages 4-2?) wasrestricted to valley heads
(no upland ice) and glaciers that extended to mid-valley positions;
(6) nonglacial conditions (isotope stage 1?) wer e associated with addi-
tional pedogenesisand stream incision. Thelargest cirque on the moun-
tain (Megali Kazania) may contain depositional evidence for neoglacia-
tion. Study of the neotectonic history of the Mount Olympus region
indicates that uplift has persisted throughout the mid-Pleistocene and
Holoceneat arate of about 1.6 m/k.y.; thetotal uplift snce deposition of
unit 2isapproximately 200 m.

INTRODUCTION

Mount Olympus, the highest mountain in Greece, takes the form of a
massive limestone plateau that rises to a height of 2917 m adl (above sea
level) and occupies an areaof more than 300 km?at itsbase (Fig. 1). During
the Pleistocene, this region of northeastern mainland Greece was a signifi-
cant center of glaciation that, at lat 40°N, lay well to the south of the main
alpine centers of Europe. Because of its southerly position, the mountain
serves as an important reference point in regional studies of Pleistocene
paleoclimate and post-Pleistocene climatic change. Despiteitspotentia sig-
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nificance in this regard, the glacial geology of Mount Olympus has never
been examined in detail, and existing knowledge of theregion’sglacia his-
tory has been confined to the results of pioneering reconnaissance studies
that were undertaken more than 25 years ago (e.g., Wiche, 1956a, 1956b;
Messerli, 1966a, 1966b, 1967; Faugeres, 1969). These studies placed the
snowline for the late Pleistocene on Mount Olympus at about 2400 m adl
(aheight exceeded by very few peaks in southern Europe), and concluded
that glaciation in the Mount Olympus region was of limited extent, perma-
nent ice being restricted to upland cirques, and small valley glaciers de-
scending to elevations no lower than 1600 m ad. This early work did little
to establish the sequence and timing of glacial eventsin the Mount Olympus
region, athough theimplication (Messerli, 1967) wasthat glaciation wasre-
stricted to the latest Pleistocene (Wirm; Messerli, 1967).

Field mapping of the Mount Olympus region over a four-year period in-
dicatesthat, in failing to recognize widespread valley and piedmont glacia
depositional features, previous studies have greatly underestimated the ex-
tent of the Pleistocene glacial record and, hence, the intensity of glaciation
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Figure 1. Geogr aphic map of M ount Olympusand adjacent mountain
rangesin northeastern mainland Greece, showing locations of major
townsand rivers. Detail of M ount Olympusupland isshown in Figure5.
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and the paleoclimatic significance of the Mount Olympus region. Prelimi-
nary results of the present study indicate that Mount Olympus was glaciated
on at least three occasions, and that glaciation was extensive enough to pro-
duce piedmont glaciersand upland ice. In addition, thereis evidenceto sug-
gest that the earliest glaciation occurred before 200 ka, and there was snow-
linedepression to at least 1900 m ad—aheight exceeded by numerous peaks
in Greece (Genes et d., 1992, Smith et al., 1993). Furthermore, reconnais-
sance observationsindicate the presence of glacid erosiona and depositional
features, suggesting that substantial glaciers existed in the mountains of the
High Pieriato the north of Mount Olympus and in the OssaM ountains south
of Olympus. Similar features have also been observed in the vicinity of
Mount Parnassos (2457 m), well to the south of Mount Olympus.

Proglacia and interglacia sediments on the piedmont east of Olympus
extended beyond the present Aegean coastline, and may be correlative with
units described on the north Aegean continental margin by Piper and Peris-
soratis (1991) and Lykousis (1991). Significant syndepositiona and post-
depositional normal faulting of piedmont deposits indicates that glaciation
was contemporaneous with rapid tectonic uplift of the Olympus plateau that
continues to the present day (Caputo and Pavlides, 1993).

Therecognition of more extensiveglacial erosional and depositiona fea
tures, and the reinterpretation of features described by previous workers,
suggests to us that there is serious need for a new evaluation of the glacia
history of the Mount Olympusregion. Thefollowing discussion outlinesthe
results of the work of the authors and their students (Belfi and Smith, 1994,
1995; Calef and Smith, 1995; Clerkin and Smith, 1995; Fitzgerald and
Smith, 1995; Hughes, 1994; Hughes et al., 1993; Jones and Smith, 1995;
Mclntyreet a., 1994a, 1994b) to date, and places our proposed sequence of
Quaternary eventsinto aprovisiona time framework.
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Figure 2. Generalized bedrock geologic map of the Mount Olym-
pus region, simplified after Yarwood and Aftalion (1976), Nance
(1981), Schmitt (1983), Katsikatsos and Migiros (1987), and Scher -
mer et al. (1990). Brick pattern—Triassic and Cretaceousto early
Tertiary shelf carbonates (Olympus-Ossa unit); stippling—M esozoic
continental margin sediments (Ambelakia unit); diagonal lines and
cross-hachures—Paleozoic metamor phic rocks and granites, respec-
tively (Pierian and I nfrapierien units); black—ophiolitic rocks. Qua-
ternary unitsare unshaded.
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PHYSICAL SETTING

The Mount Olympus plateau comprises ametamorphosed and deformed
sequence of Triassic and Cretaceousto early Tertiary continental shelf lime-
stones (Godfriaux, 1968; Barton, 1975; Schmitt, 1983; Schermer, 1989,
1990) that were tectonically overridden during the Eocene by a series of
thrust sheets comprising metamorphosed continental margin sediments
(Ambelakia unit), basement gneisses, granites, and metamorphic rocks
(Pierien and Infrapierien units), and ophiolitic rocks (Schermer et a., 1990).
Uplift produced by late Tertiary to Holocene normal faulting subsequently
exposed the Olympus carbonatesin theform of astructural window through
the overriding stack of thrust sheets, each of which now crop out in amore-
or-less concentric arrangement on the flanks of the Mount Olympus and
Mount Ossamassifs (Fig. 2). The PieriaMountains (High Pieria), northeast
of Mount Olympus, are underlain by late Paleozoic granites and metamor-
phic rocks (Yarwood and Aftalion, 1976; Nance, 1978, 1981).

The plateau summit isabroad, planar surface that is surmounted by sev-
eral separate peaks and is surrounded by a broad piedmont slope that
merges with the Aegean coastal plain on the east, and extends to the Plains
of Thessaly on the west. The roughly circular plateau istilted to the south-
west so that the overall radia drainage has been modified by overdevelop-
ment of valleys on the north and east dopes. The morphology of these val-
leys reflects a complex and repeated history of glaciation, tectonic uplift,
and rapid fluvid erosion in such away that classic U-shaped valley profiles
are generally lacking, despite clear depositional evidence of glaciation
within the valleys. Well-developed aluvia fans dominate the geomorphol-
ogy of the piedmont and compriseavirtually unbroken aluvia apronaong
the eastern and western flanks of the mountain. Stream incision, related to
tectonic uplift and eustatic changes of sealevel, has produced a series of
well-defined terraces within major valleys draining the piedmont.

The present climate of the region is generally Mediterranean (Humid
Mesothermal—-Dry Summer Subtropical), although the high elevation of
Mount Olympus imposes a strong orographic influence on local condi-
tions. Weather in the area is further influenced by the fact that Mount
Olympusissituated within the confluence of cool, dry continental weather
systems that move southward out of Europe, and warm, maritime westher
systems arising from the Aegean. The present snowline (0° isotherm) has
been placed (Messerli, 1967) at approximately 3500 m adl in the vicinity
of Mount Olympus.

PREVIOUSINVESTIGATIONS

Previous studies of the Pleistocene and Holocene history of the Mount
Olympus region, particularly asrelated to glaciation, are few. Summaries of
the Quaternary history of the eastern Mediterranean region were provided by
Emiliani (1955), Butzer (1958), Kaiser (1962), Messerli (1966a, 1966b,
1967), Farrand (1971), and Vita-Finzi (1975). Accounts of glaciation in
northwestern and central Greece were documented by Pechoux (1970), and
Lewin et d. (1991). Quaternary climatic cyclesin the area around Mount
Olympus were defined and discussed by Wijmstra (1969) and Tzedakis
(1993). The geology and geomorphology of the piedmont region surround-
ing Mount Olympus have been considered by several workers, including
Schneider (1968), Faugéres (1969, 1977), Psilovikos (1981, 1984), and
Demitrack (1986). Severa studies have aso been made of the neotectonic
evolution and offshore Quaternary sedimentary history of the northern
Aegean Sea (Cramp et d., 1984; Lyberis, 1984; Lykousis, 1991; Piper and
Perissoratis, 1991; Dinter and Royden, 1993, 1994). Studiesthat treat specif-
icaly theglacid history of Mount Olympus are restricted to those of Wiche
(19563, 1956h), Messerli (1966a, 1966b, 1967), and Faugeres (1977). We
suggest that none of these latter studies adequately considersthe diversity of
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erosiona and depositional evidence of glaciation in the Mount Olympus re-
gion, and, as aresult, that they significantly understate the complexity and
the extent of glacid activity inthe area.

GLACIAL GEOLOGY OF MOUNT OLYMPUS

The complexity of the Pleistocene and Holocene geology of Mount
Olympus reflects the fact that regional surface processes have been super-
imposed upon tectonic activity that continues to the present day (Faugeres,
1977; Pope and van Andel, 1984; Psilovikos, 1984; Demitrack, 1986;
Caputo and Pavlides, 1993; Dinter and Royden, 1993, 1994). In addition,
therecord of Pleistocene glaciationincludes erosiona and depositional fea-
tures that extend from the summit of Mount Olympus (Faugeres, 1977;
Hughes, 1994; Hughes et al., 1993; Clerkin, in press; Calef and Smith,
1995; Geneset ., 1992; Smith et al., 1993, 1994c, in press; Smith, in press)
to the Aegean Sea (Faugeres, 1977; Psilovikos, 1984; Belfi, 1995; Belfi and
Smith, 1995; Smith et a., 1993, 19944, 1994b, in press; Smith, in press) and
westward and southward toward the Plains of Thessaly (Schneider, 1968;
Demitrack, 1986). The focus of field investigations related to the present
study has been within the northeastern quadrant of the Olympus plateau and
the adjacent piedmont, where evidence of glaciaion is most clearly docu-
mented and the influence of nectectonic activity is most readily discerned.

Mount Olympus Piedmont: Stratigraphic Framework

The materials of the Olympus piedmont (Fig. 3) comprise acomplex as-
semblage of glacia and aluvia sediments that extend from the mountain
front to the Aegean Sea (and beyond) on the east, and from the mountain to
the Plains of Thessaly on the west and south. Faugéres (1977) and
Psilovikos (1981, 1984) recognized within the deposits of the eastern pied-
mont three distinct sedimentary packages. The definition of these sedimen-
tary unitsisbased largely on the degree of lithification of the sedimentsthat
compose them. (Notethat because all sediments of the eastern piedmont are
derived from Mount Olympus, and al consist of predominantly carbonate
clasts, the degree of lithification isfor the most part afunction of secondary
carbonate cementation.) The oldest sedimentary unit is completely in-
durated (Fig. 4A). Itisrich in fine matrix, and where weathered, is charac-
terized by athick, deep-red, strongly clay-enriched soil. The intermediate
unit is partialy indurated; lithified beds are interlayered with nonlithified
beds (Fig. 4B). Thisunit consists of moderately well-sorted, predominantly
clast-supported, massive and stretified gravel. The soil profile developed on
thisunit is arelatively thick red-brown soil that is pedogenically distinct
(less clay enriched, less rubified; Table 1) from the soil developed on the
oldest sedimentary unit. The youngest unit is generally unlithified, well-
stratified, predominantly clast-supported sand and gravel (Fig. 4C) on
which arelatively thin brown soil has formed.

Results of the present study indicate that the three-part subdivision of
piedmont sedimentsis valid, at least as afirst approximation. Previous
workers (Faugeres, 1977; Psilovikos, 1981, 1984) suggested that the sedi-
ments, which they considered to be fanglomerates, record the following se-
quence of events: (1) deposition of the oldest unit under arid-semiarid con-
ditions (with humid intervals) during early Villafranchian to early
Pleistocenetime; (2) deposition of theintermediate unit in aperiglacia cli-
matic regime during the early to middle Pleistocene; and (3) deposition of
theyoungest unit in aglacial climate during the middleto late Pleistocene.
None of these units have been considered by previous workers to be of di-
rect glacia origin. Thereisno indication in previous studiesthat ice played
any rolein the deposition of these sediments.

Smith et al. (1993, 1994a, 1994b, 1994c) and Smith (in press) suggested
an aternative interpretation of the Olympus piedmont sediments, and pro-
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posed that the ol dest (unit 1) sediments on the piedmont are predominantly
glacial diamictons, with aminor proglacial component. The deep-red soil
developed on these sediments is thought to record an extended interval,
probably of interglacial duration, during which substantial pedogenesisoc-
curred (Fitzgerald, 1996, in press; Jones, in press). Intermediate (unit 2)
sediments on the piedmont are considered to have been deposited in aflu-
vial or glaciofluvid setting. These sediments can betraced into valleysthat
drain the Olympus upland, where they become progressively more di-
amictic (glacia?). Soils developed on these sediments are less pedogeni-
cally mature than those found on unit 1 sediments (Table 1). Soil colorsare
less strong, clay accumulation is less pronounced, and horizon formation
islessdistinct. The soils are, however, fully enough developed to record a
weathering interval of interglacial or interstadial duration. The unit 2 sedi-
mentsalso contain buried partia (truncated) soil profilesthat may likewise
record interstadial weathering intervals (Fitzgerald, in press; Fitzgerald and
Smith, 1995; Jones, in press; Jonesand Smith, 1995). Theyoungest (unit 3)
sediments are generally similar to unit 2 sediments, although they are not
indurated. They areglaciofluvia and aluvid fan deposits, and can likewise
betraced to probable glacial sources on Mount Olympus. Soils are thinner
than those on either unit 1 or unit 2 sediments, and record present non-
glacia conditions. This unit also contains buried partia (truncated) soil
profiles. Unit 1 is considered to record deposition of glacia sediment (di-
rect glacia deposition =till?) by icein piedmont lobes east, north, and west
of Mount Olympus. Units 2 and 3 record deposition of proglacia sediment
from valley ice that never reached the piedmont slope of Olympus. Units 2
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Figure 3. Generalized surficial geologic map of the eastern piedmont
of Mount Olympus. Dashed lines—geomor phic boundaries; heavy
barbed line—Mount Olympus boundary fault; semicircles—cirque
basins; irregular heavy dark lines—end mor aines; A—Piedmont glacial
deposits of Olympus provenance; B—Piedmont glacial deposits of
Pieria provenance; C—Modern alluvial deposits; D—Dissected (ter-
raced) alluvial fan deposits; E—Valley and upland glacial deposits.
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Figure 4. (A) Detail of unit 1 deposits on the western slope of Mount
Olympus. Depositshere, asd sewhereon thepiedmont, arefully lithified.
Deposit shown is cobble-boulder diamict (Dmm) with silt-clay matrix.
(B) Unit 2 deposits north of the village of Litochoro. Outcrop pattern is
indicative of theunit, which ispartially lithified. Deposit shown ispoorly
sorted cobble gravel (Gsm), considered to beice-marginal or proglacial.
(C) Unit 3depositseast of thevillage of Litochoro, exposed inthe DEAL
gravel pit. Thesedepositsarevirtually unlithified. Deposit shown iswell-
sorted sand and pebbleto cobblegravel (Sm, Gsc), that isplanar bedded
and cross stratified. Thisunit is considered to be proglacial outwash as-
sociated with unit 3 (stage 3) glaciation of Mount Olympus.

TABLE 1. SELECTED ATTRIBUTES OF SOILS ON THE EASTERN OLYMPUS PIEDMONT
(INCLUDING PLAKA-GRITSA SOIL AND KATO MILIA-ROTINI SOIL)
AND COMPARISON WITH RODIA NARROWS SOIL

Unit 3 Soils Thickness’ Color® % Clay Clay Skins Structure PDI*
1. (DEAL)* 48 cm. 2.5YR 19 N.D. mod md gran 10.6
2. (DRBS) 25 cm. 7.5YR 7 N.D. mod fn gran 05.0
3. (PRRS) 38 cm. 2.5YR 7 N.D. md sbang blk 11.3
4. (DRRBS) 46 cm. 5YR 9 N.D. wk fn sbang blk 13.2

Unit 2 Soils
5. (PRDR) 135 cm. 5YR 11 N.D. str fn ang blk 38.0

Unit 1 Soils
6. (PRB) 180 cm. 5YR 8 thk con str fn shang blk 72.9
7. (Prionia) 168 cm. 2.5YR 17 thk con str md ang blk 77.5
8. (DRRC)** N.D. 2.5YR 35 thk con mod md shang blk N.D.
9. (P-G)'t 213 cm 7.5YR 25 thk con str fn shang blk 81.7

10. (KM-R) 495 cm. 2.5YR N.D. thk con str fn ang blk 50.8

11. Rodia Narrows 127 cm. 7.5YR 8 N.D. mod md ang blk 26.9

Note: N.D. = not determined. Attributes for all soils are for optimum B horizon. All soils, except the Plaka-
Gritsa soil (P-G) and the Dion Road Red Clay (DRRC) are surface soils. All soils, except the Kato Milia-Rotini
soil and the Rodia Narrows soil, are Olympus provenance soils. The Kato Milia-Rotini soil (KM-R) is a surface
soil of Pieria provenance.

*Letters in parentheses refer to informal soil names employed in this study (DEAL = DEAL gravel pit
[surface brown] soil, DRBS = Dion Road Brown soil, PRRS = Plaka Road Red soil, DRRBS = Dion Road
Red Brown soil, PRDR = Plaka Road Deep Red soil, PRB = Plaka Road Brown soil, Prionia = Prionia Road
soil, DRRC = Dion Road Red Clay, P-G = Plaka-Gritsa soil, KM-R = Kato Milia-Rotini soil).

Profile thickness, measured to top of C horizon (or top of lithified sediment).

8All colors are Munsell designations (moist). Only hue is noted.

#Profile development index (from Fitzgerald, 1996).

**Truncated buried soil (?); possible karren filling. No depth measured.

T Truncated buried profile. A and upper B horizons removed during deposition of unit 2.
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TABLE 2. TENTATIVE CORRELATION OF OLYMPUS PIEDMONT SOILS
WITH SOILS OF THE LARISSA PLAIN

Larissa Plain* Olympus Piedmont® Isotope
Soil Name Depositional interval Soil name stage
Pinios Group soils <200 years Unit 3 surface soils 1
Deleria soil Historical

Girtoni soil 6-7 ka

Noncalcareous brown soil ~ 10-14 ka
Gonnoi Group soils 14-30 ka

Agia Sophia soil 27-42 ka
Rodia Group soils >54-125 ka at intervals

Unit 3 truncated (buried) soils 3

Unit 2 soil

Deep red soil <210 ka Unit 1 soils 7

Note: Refer also to Figures 13 and 15 and Table 1.
*Soil names and depositional intervals from Demitrack (1986).
TThis study (see Table 1 for details of Olympus piedmont soils).

and 3 asoinclude nonglacia fluvia deposits—that is, these two sediment
packages are thought to record both glacial—late glacial and postglacial
deposition on the Mount Olympus piedmont.

The absolute timing of these events is difficult to establish. Because the
sediments are rich in carbonate clasts (and matrix), conventiona radiocar-
bon dating procedures are of little use. The application of cosmogenic 3Cl
procedures to date boulders that occur at the surface of piedmont moraines
is the focus of current study. Nevertheless, a provisional chronology
(Table 2) for depositional and pedogenic events on the piedmont can be
achieved through correl ation of the soil stratigraphy from the eastern Olym-
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pus piedmont (Fitzgerald, 1996, in press; Jones, in press) with asimilar, but
dated (**C on shells, U/Th on pedogenic carbonates), stratigraphy from the
southern Olympus piedmont (Demitrack, 1986).

Demitrack (1986, p. 42) described the oldest soils developed on alluvia
deposits of the Larissa Plain as fragmentary and poorly exposed. The older
of two soils were characterized “as a dark red, noncalcic clay with grussi-
fied clasts, which is exposed against the mountain front [ Thessalian Hills]
in asingle large drainage north of Rodia” The younger of the two soilsis
“yellowish red, clay-rich, and calcic, with multiple calcium carbonate
crusts, the uppermost of which yielded a U/Th disequilibrium date of
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Figure 5. Geography of the
M ount Olympusupland. Study
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the Muses (north of Aghios
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east to Pagos). Letters and
numbersdesignate cirquesre-
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<210 000 years B.P" Demitrack further noted that the old soil (presumably
the younger of the two soils—the dated soil) consists of athick truncated B
[Bt], with aMunsdll color of 5YR, pervasive medium to thick clay films,
and multiple carbonate crugts.

Tentative correlation of the soil devel oped on unit 1 sediments of the east-
ern piedmont with the oldest soils described by Demitrack from the Larissa
Plain is based on the following considerations. (1) The stratigraphic posi-
tions of the parent materials of the two soil groups are similar. Both soil
groups are developed on highly dissected depositsthat are the ol dest to post-
date local bedrock. (2) The pedogenic attributes (Munsall color of optimal
B, degree of clay enrichment (clay coatings and/or skins), and secondary
carbonate accumulations) of the two soil groups match closdly. If this cor-
relationisvalid, theunit 1 soil is considered to date back to oxygen isotope
stage 7, although it may be as young asisotope stage 5.

The development of a detailed soil stratigraphy (Table 2) for the eastern
Olympus piedmont, based, in part, on Harden profile development indices
(Fitzgerald, 1996; Fitzgerald and Smith, 1995; Jones and Smith, 1995), sup-
portsthe correl ation of soils between the eastern and southern piedmont re-
gions. Profile development indices (PDIs) for unit 3 soils (Table 1) arein-
ternally consistent and are distinct from PDIs of older soil groups. The
unit 3 soils are considered to record modern nonglacial conditions (isotope
stage 1). The PDI for the Rodia Narrows soil (Demitrack’s soil AA of the
Rodia Group soils), which was analyzed in this study, is intermediate be-
tween the PDIs for unit 3 soils and unit 2 soils, and may be the pedogenic
equivalent of partial (truncated) soil profiles within the unit 3 sedimentary
package of the eastern piedmont. It is the Rodia Narrows soil that has pro-

vided a U/Th disequilibrium date (on carbonate nodules) of =54 000 years.
Formation of the Rodia Narrows soil is considered to have begun during the
interstadial corresponding to isotope stage 3. PDIsfor the unit 2 soils of the
eastern piedmont are intermediate between, and distinct from, those of
unit 3 soils and unit 1 soils. On the basis of these data, we assume that the
unit 2 soil began developing under interglacial conditions between deposi-
tion of unit 2 deposits and unit 3 deposits, atime that most likely corre-
spondsto isotope stage 5. The PDIsfor the unit 1 soils are separate and dis-
tinct from those of the unit 2 and unit 3 soils. They are significantly greater
than those for the unit 2 soils, and are considered to record pedogenic de-
velopment that began under interglacial conditions during isotope stage 7.
This placement of the unit 1 soilsin isotope stage 7 is consistent with their
placement in that stage based solely on the tentative correlation with Demi-
track’s dated oldest soilsfrom the Larissa Plain.

Mount Olympus Upland

Study of theglacia geology of the Mount Olympus upland hasfocused on
two aress. (1) theareanorth and east of the summit (the Plateau of theMuses:
Hughes, 1994; Hugheset ., 1993), and (2) the area south and east of the sum-
mit (Bara: Clerkin, in press; Clerkinand Smith, 1995; Caef and Smith, 1995).

The general geography of the Plateau of the Muses and the Bara Plateau
isillustrated in Figure 5. Principd peaksinclude Mytikas (summit 2917 m),
Stephani (2909 m), Skolio (2911 m), Pr. llias (2813 m), Diakoptis (2592 m),
Trypes (2607 m), Aghios Antonio (2817 m), Stavroities (2626 m),
Kakovrakos (2618 m), Fragkou Aloni (2684 m), Kaogeros (2701 m), and
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Figure6. (A) Thecal at refuge SEO. View isto the northwest. This
featureoccurson thedivideextending from Mytikasto Pr. Ilias (Fig. 5),
and separ atesupland cirquesthat drain east and north from thedivide.
Pr. llias, which definesthe northern (right) dope of thecol, isahorn on
thearéethat extendsfrom Skaolioto Pr. llias(Fig. 5). (B) Upland cirque
basin north of refuge SEO. View isto the northwest. Typical of upland
cirques, morphology issubstantially degraded. Thiscirque headsat the
col at refuge SEO, and feedsinto the Xer olakki drainage. (Fig. 7 photos
weretaken at the mouth of thiscirque basin.) (C) Valley head cirques
at the head of the Mavrolongus drainage. View is to the southeast.
These cirques, although lacking some elements of classic cirque mor -
phology, have well-defined headwalls and sidewalls. The headwalls of
thesecirques cut unit 2 deposits of the Bara upland.
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Pagos (2682 m). Upland basins occur between these peaks, and are some-
times separated from them by distinct topographic saddles (Fig. 6A). All of
these festuresare considered to berelict glacia erosional landforms (horns,
cirques, cols). Incised into the upland surface, often at the mouths of upland
basins, and aways a the heads of magjor drainage basins, are more clearly

TABLE 3. SUMMARY OF CIRQUE ATTRIBUTES

Orientation Floor k-value* Designation
elevation
(m asl)

Plateau of the Muses
Cirque A East 2560 1.10 Valley head
Cirque B East 2600 0.27 Upland
Cirque C North 2520 0.21 Upland
Cirque D North 2660 0.36 Upland
Cirque F East 2640 1.36 Valley head
Cirque G East 2630 1.06 Valley head
Cirque H East 2480 1.06 Valley head
Cirque | East 2650 1.27 Valley head
Meg. Gourna Southwest 2430 4.93" Valley head
Mic. Gourna North 2270 1.69 Valley head
Meg. Kazania Northwest 2200 9.30" Valley head
Bara Plateau
Cirque 1 Northeast 2180masl N.D. Valley head
Cirque 2 Northeast 2230masl N.D. Valley head
Cirque 3 Northwest 2210masl 1.01 Valley head
Cirque 4 North 2370masl 1.56" Upland
Cirque 5 North 2420masl 4.391 Upland
Cirque 6 Northwest 2400masl 4.38" Upland
Cirque 7 Northeast 2280masl 6.15" Valley head
Cirque 8 Northeast 2460masl 0.73 Upland
Cirque 9 Northwest 2510masl 0.27 Upland
Cirque 10 Southeast 2410masl 0.13 Upland
Cirque 11 Southeast 2390masl 0.20 Upland
Cirque 12 South 2450masl 0.20 Upland
Cirque 13 South 2440masl 0.28 Upland

Note: Modified from Hughes (1994). Cirque designations (letters and
numbers) are keyed to Figure 5.

*The k value (Haynes, 1968) describes the longitudinal profile of cirque
basins in terms of logarithmic curves of the form y = k(1 — x)e™, where x = is
cirque length (headwall to lip), y = cirque depth (headwall to basin), and k is a
constant. Lower values of k (k < 1) indicate open cirques with gently inclined
headwalls. Higher values of k (k >1) indicate deep cirque basins with steep
headwalls.

THigh k values for these cirques reflects the fact that the cirques are
composite forms that were occupied by ice on two or three separate occasions.

defined cirque basins and trough heads (Sugden and John, 1977; Genes,
1978). Study of the Plateau of the Muses has centered on those features con-
sidered to be cirques (Wiche, 1956a, 1956b; Messerli, 1967; Hughes, 1994;
Hugheset ., 1993). Study of the Bara Plateau has focused on features pre-
viously described as nivation basins (Wiche, 1956a, 1956b; Messerli,
19664, 1966b, 1967), aswell as deposits considered by othersto be of flu-
vid origin (Faugéres, 1977).

On the basis of the evaluation of several morphologic attributes (height,
length, width, k-value [defined in Table 3], and ratios), cirques on the
Plateau of the Muses and the Bara Plateau have been divided into two gen-
eral categories: upland cirques and valley head cirques (Hughes, 1994;
Hughes et al., 1993; Calef and Smith, 1995). Table 3 summarizes major
morphometric attributes of both upland and valley head cirques. Upland
cirques are, for the most part, subdued features with poorly defined head-
walls and sidewalls, but with distinct basinal form (Fig. 6B). Valley head
cirques have well-defined cirque morphology (Fig. 6C). Both groups of
cirques contain diamictic deposits (till?; Fig. 7A), and several of these de-
posits overlie striated bedrock surfaces (Fig. 7B).

Cirquefloor elevations distinguish the two groups of cirques, and provide
some basis for defining paleosnowline elevations (Table 3). Cirque floor
elevations (for both the Plateau of the Muses and the Bara Plateau) range
from 2200 m adl to 2660 m ad. On average, upland cirque floor elevations
are close to 2470 m asl, and valley head cirque floors are roughly 70 m
lower (approximately 2400 m ad).

Most cirques of the Mount Olympus upland fed ice that flowed toward
the eastern piedmont. Four of the cirques (all upland cirques on the Bara
Plateau) fed ice that flowed to the western piedmont. The cirques that rim
the southeastern margin of Bara (between Kakovrakos and Pagos, Fig. 5)
are particularly well-developed upland cirques (Fig. 8A) that display com-
pound forms in which younger cirques are inset into older cirques. The
older cirques compriselarge, subdued basin forms associated with colsand
horns that define the southern aréte of the Bara upland (Fig. 8A). We pro-
posethat these basins represent the earliest stage (stage 1 = unit 1) of cirque
development on the mountain, and that glaciers that developed in these
cirques are responsible for the unit 1 deposits that are found within west-,
north-, and east-draining valleys, and on the adjacent piedmont. Smaller
subdued cirque forms are developed within several of the stage 1 upland
cirques. These latter cirques (stage 2 = unit 2) are obvioudy younger than

Figure7. (A) Diamicton at mouth of cirqueillustrated in Figure 6B. View isto the southeast. Depositshere arepoorly sorted, angular, boulder
diamicts (Dmc). The location and distribution of these deposits precludes an origin as solifluction deposits. (B) Glacial striations on bedrock at
mouth of cirqueillustrated in Figure 6B, and directly beneath depostsillustrated in A. Direction of ice flow is north-northwest, paralld to the

axisof thecirque basin.
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the stage 1 cirques, and they appear to be the youngest of the upland cirques.
Glaciers that developed from these cirques are considered to be the source
of deposits (unit 2) that cover much of the Bara Plateau, and that are also
found within valleysthat drain north and east from the mountain.

Valley head cirques (Fig. 6C), defined by more distinct cirque morphology
and lower floor elevations, areincised into unit 2 deposits of the Bara Plateau
and the Plateau of the Muses. These cirques (stage 3 = unit 3) clearly postdate
stage 2 cirque development and upland deposition of unit 2 sediments.

The two cirque groups can aso be distinguished on the basis of the ma-
terialsthat they contain. Upland cirques, and the upland surfaces surround-
ing them, contain sediments that are equivalent to lithified unit 1 and par-
tialy lithified unit 2 deposits of the piedmont sedimentary succession
(Clerkin, in press; Clerkin and Smith, 1995; Calef and Smith, 1995). There
is, however, only very limited evidence of unlithified unit 3 sedimentson the
upland, and these deposits occur within only a few of the upland cirque
basins. Valley head cirques, in general, contain only unit 3 sediments. They
are often incised into unit 1 or unit 2 deposits of the upland. The largest of
the cirques on the mountain (Megali Kazania; Fig. 8B), which isanorth-
facing cirque immediately below the summit, records the most complete
history of upland glaciation. Unit 1 and unit 2 deposits occur at the mouth of
thiscirque, and can betraced discontinuously, through the Xerolakki Valley,
to the eastern piedmont (Fig. 9). Inset into these deposits are unit 3 deposits
that originatein the cirque basin. Megali Kazaniaa so contains deposits and
constructional (morainal) topography that postdate unit 3 materials
(Fig. 8B). These deposits are restricted to the cirque basin, and are tenta-
tively considered to be of Neoglacia age.
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Figure 8. (A) Upland cirques on the Bara Plateau. View isto the east.
The skylineisthe complex arée between Kakovrakos and Kalogeros
(Fig. 5). Two basinson right arecompound cirquesthat recor d two stages
of development (tage 1 and stage 2). Both cirques were reoccupied by
small stage 3 glaciers. (B) Megali Kazania, the largest cirque on Mount
Olympus. View to northwest. Deposits on floor of cirque basin include
unit 3 (stage 3) recessional moraine(right). Interior totheunit 3moraine
isa large unvegetated moraine (center, left) that may be of Neoglacial
age. Protalus ramparts occur between and beside these moraines.
(C) Unit 2 depoditsat the head of the MavrolongusValley. View isto the
ead. Kalogeros and Pagos are peaksin the background. Cliffson left of
photo are headwalls of cirquesillustrated in Figure 6C. Unit 2 deposits
here are massive to gtratified diamictons similar to thoseillustrated in
Figure7A. It isthese deposits, in part, that Faugeres (1977) described as
fluvial sedimentsreated to preuplift drainageon M ount Olympus.

The distribution of deposits considered to be of glacial origin on the
Mount Olympus upland is depicted in Figure 10. Lithified unit 1 deposits,
capped by athick red, strongly clay enriched sail, are exposed beneath par-
tialy lithified unit 2 deposits at the Greek Army base (Refuge B) in the
MavratzaValley, west of the summit. The unit 2 deposits, which arethe most
extensive of the upland deposits, can be traced from a position west of the
Greek Army base, across the Bara Plateau, to the head of the Mavrolongus
Valley, wherethey are severd tensof metersthick (Fig. 8C). These deposits,
for the most part, lack any constructional morphology, and consist of mas-
sive matrix-supported diamictons and gravels that are composed of sub-
angular to subrounded boulder and cobble clastsin apoorly sorted sand-silt-
clay matrix (Figs. 7A and 8C) (Clerkin, in press; Clerkin and Smith, 1995).
These depositshavefew of thefluvia attributes ascribed to them by Faugéres
(2977), who considered the deposits to be related to stream development
prior to uplift of Mount Olympus. They are considered, in this current study,
to be of glacial origin for the following reasons. (1) The distribution of the
sediments appearsto berelated to sourcesin basinsthat have been designated
as cirques. The occurrence of these sedimentsis not restricted to the col at
Bara, asdescribed by Faugéres (1977). Materiasidentical in textureand fab-
ric have been mapped on the Plateau of the Muses and on the surface directly
north of the summit of Mount Olympus (Mytikas). In all cases, the distribu-
tion of sediments can be traced to originsin upland cirque basins. (2) Sedi-
ment textures are predominantly coarse and poorly sorted—the sediments
aretypicaly bimoda or multimodal, with very large clastsin afiner matrix
(Figs. 7A and 8C). Thistexture is consistent with that of glacia diamicton,
andisgeneraly inconsistent with fluvial deposits. (3) In severd instances, it
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Figure 9. Detail of piedmont
glacial depositsin the Xerolakki-
Mavroneri drainage (see also
Fig. 3). Depositswithin theMavro-
neri Valley record the conver gence
of valley icefrom Mount Olympus
and the High Pieria Mountains.
These deposits have been mapped
by others as Neogene fluvial and
lacugtrine sediments.
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can be demonstrated that diamictic sediments directly overlie striated and
polished bedrock (Fig. 7B).

Givenaglacial originfor the upland sediments, their continuity and areal
distribution require that they were deposited by a body of ice that was not
restricted to cirquesand valleys. Directiona markings (striations, crescentic
markings) on the Plateau of the Muses (Hughes, 1994; Hugheset al., 1993)
indicate that ice flow on the upland surface was largely independent of
cirque and valley congtraints.

It could be argued that the Olympus upland provides insufficient surface
areato support upland ice, outside of cirques. However, unit 1 and unit 2
sediments occur over large portions of the upland surface, and these sedi-
mentsare, at least in part, of glacia origin. Whether theiceiscalled upland
ice, or plateau ice, or alocal ice cap can be debated, but the evidence sug-
gests (Hughes, 1994; Hughes et a., 1993; Clerkin, in press; Clerkin and
Smith, 1995) that during the glacial episodesthat produced unit 1 and unit 2
sediments, cirque glaciers devel oped to asize that permitted them to spread
from their basins and to cover substantial portions of the upland surface,
thereby forming a continuousice cover on the upland.

Valleys of Mount Olympus

Study of the valleys on Mount Olympus has concentrated on (1) the
Mavrolongus (Enipius), which drains Olympusto the east, through the town
of Litochoro, to the Aegean Sea, and (2) the Xerolakki, which drains Olym-
pus to the north. These are the two most extensive drainage systems on the
mountain. Preliminary study has been conducted on the west slope of
Mount Olympusin valleysthat drain to the west and south (to Elassona) and
to the south and east (to Platamon). One of the problemsin recognizing the
influence of glaciation on Mount Olympus is the fact that the valleys that
drainthe mountain aretypicaly youthful, in the Davisian sense, and display
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none of the classic U-shaped morphology of many alpine glacial valeys.
This, we believe, is due largely to the fact that the mountain is composed
predominantly of arelatively easily erodible carbonate lithology, and that it
has undergone active tectonic uplift since late Tertiary time, so that original
U-shaped valley forms have been deeply incised and substantially modified
by fluvid erosion and masswasting.

Despite the general lack of classic U-shaped cross-profiles, the valleys
provide evidence that they have developed in several stages, and that early
stages of valley development aremost likely related to glaciation. The clear-
est evidence of thisisto be found in the Mavrolongus Valley. Here, valley
cross-profiles (Fig. 11) indicate a stepped morphology, the hip-roof profile
of Goldthwait (1940), repeated at |east three times.

Depositsthat are considered to be of glacid origin can befound fromval-
ley head cirque basins, through magjor valleys such as the Mavrolongus and
Xerolakki to the eastern Olympus piedmont. The depositsaretypically scat-
tered and discontinuous. Unit 1 and unit 2 deposits, within the valleys, sal-
dom display any obvious constructional morphology. In general, these ma-
terials occur in topographically protected positions within the valleys.
Unit 1 deposits are rare and have been recognized, at thispoint, only in val-
ley floor positions near the mouths of major valleys. Unit 2 sediments are
morewidely distributed in valleys and are extensive enough that progressive
changes in lithofacies types can be defined from valley head to valley
mouth. Unit 3 deposits have been mapped only as constructional morainal
deposits through upper and middle portions of mgjor valleys. These latter
deposits are seldom found in valley bottom positions and are generaly ab-
sent from the lower reaches of valleys. Their occurrences are, for the most
part, restricted to lateral and/or terminal moraines on valley sides.
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The occurrence and distribution of glacial sedimentsin the eastern and
northern valleys of Mount Olympus, coupled with the morphology of these
valleys, suggest the following. (1) Ice originating in upland cirques filled
major east- and north-draining valleys (and probably west-draining valleys)
and spread as piedmont | obes onto the adjacent piedmont during unit 1 time.
(2) Subsequent glaciation during unit 2 time eroded virtualy all unit 1 de-
positsfromthevalleys, but left remnants of unit 1 sedimentson uplandsand
extensive deposits of these sediments on the piedmont. Ice during unit 2
time extended to positions near the mouths of major north- and east-
draining valleys, but did not reach the piedmont. Glaciersduring thisglacia
episode originated in cirques that were inset into stage 1 upland cirques.
(3) Thelast episode of Pleistocene glaciation produced valley glaciers that
extended to mid-valley positions (halfway between head and mouth) in the
Mavrolongus and Xerolakki valleys. Thisice, which originated in valley
head cirques, accomplished less erosion than did preceding ice. Unit 2 de-
posits are more extensively exposed within the valleys, and valley deepen-
ing was less significant than in preceding glacial stages.

Eastern and Northern Mount Olympus Piedmont

The most compelling evidence for the extent of Pleistocene glacial activ-
ity on Mount Olympus (and the High Pieria) isto be found in the sedimen-
tary deposits of the eastern and northern Olympus piedmont. Direct glacial
deposits(glacia diamicton or till) are well exposed on both the eastern pied-
mont and on the piedmont area between Mount Olympus and the southern
High Pieria(Fig. 9). Similar depodits, tentatively considered to be of glacial
origin, are also found west of Olympus, from the mountain front to the

Figure1l. Cross-profilesof the
MavrolongusValley. Profileloca-
tions are shown on accompany-
D" ing map. Dashed lines represent
projected valley cross-profiles.

Horizontal scale

1000 m
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Plains of Thessaly. In general, these deposits consist of poorly sorted (cob-
ble to boulder clasts in a sand-silt matrix) diamictons and gravelsthat are
highly indurated. Where these materials are directly associated with
drainage from Mount Olympus, they aretypical unit 1 sediments. Between
Mount Olympus and the High Pieria, where clast composition is more cos-
mopolitan, having a high percentage of igneous and metamorphic clasts as
well as carbonate clagts, the sediments are less well indurated. Soils devel-
oped on both materials are, however, generaly similar (discussion follow-
ing). In addition, the Olympus-provenance and the Olympus-Pieria—
provenance sediments are interbedded in at least one locality near the con-
fluence of the Xerolakki and the Mavroneri valleys. As a result, the
Olympus- and Olympus-Pieria—provenance deposits, despite their compo-
sitional differences, are considered to be coevd.

The deposits that are considered to be of direct glacia origin display a
distinctive constructional morphology (reflected both in surface contours
and in subsequent, as opposed to consequent, drainage patterns) that is not
amorphology associated with smple alluvia fan construction. The gross
outline of thedistribution of these materialsisintheform of broad, elongate
lobes that extend eastward from the valleys of the Mavrolongus and the
Mavroneri (Figs. 3 and 9), and westward from the Mavratza Valley. These
lobate accumulations are notable in that they are positive topographic ele-
ments on the piedmont. Elevations are as much as 100 m above the general
piedmont surface. Furthermore, within the boundaries of the |obes, topog-
raphy iscommonly defined by the occurrence of distinct linear ridgeforms.
On the eastern piedmont, this morphology is complicated by the fact that
these deposits are cut by a series of young faults that imposes a secondary

linear morphology, essentially parallel to that of the deposits. Theridgesare
considered to be end moraines that record successive retrestal positions of
piedmont ice.

The piedmont glacial sediments and the morainal ridges have been
mapped in greatest detail within thelower reaches of the Mavroneri drainage
(Fig. 9). Here, exposure and access are good, and topographic map and aer-
ial photographic coverage facilitate mapping of geomorphic patterns. Both
Olympus-provenance and Olympus-Pieria—provenance deposits are juxta
posed here, and comparisons between the two groups of deposits can be
made readily. Thisareais of additional interest because previous workers
have mapped and discussed these materiasin terms of Neogenefluvia and
lacustrine sediments (Psilovikos, 1981, 1984; Katsikatsos and Migiros,
1987; Latsoudas, 1985). Other workers (Faugeres, 1992, personal commun.)
have suggested that it is unlikely that glaciers could have extended this far
onto the piedmont, because there is no adequate source for such extensive
glaciers. Evidence discussed later herein refutesthe fluvia-lacustrine origin
of the sedimentsin question, at least in the Mavroneri drainage. Theissue of
whether there is an adequate source for extensive piedmont ice needs to be
looked at in terms of sources other than the cirques of Olympus. We argue
that uplands north of Olympus (the High Pieria), in combination with north-
facing and northeast-facing cirques on Olympus, provided an adequate
source of icefor piedmont glaciersin the Mavroneri drainage.

The sedimentary character of the depositsthat compose the prominent lo-
bate features of the Mavroneri drainage is complex. Extensive stream cuts
along the course of the Mavroneri River, asit enters the piedmont, expose
thick (40-50 m) successions of well-gtratified, generally upward-fining sed-
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Figure 12. (A) View to southeast. This exposureisrepresentative of
stratified moraines, which consist of a coreof diamicton that isoverlain
by an upwar d-fining succession of gravel-sand-silt. The contact between
the two unitsis seen approximately halfway up the exposed face (close
to upper limit of vegetation on cliff face). (B) View to east on Rotini
Road. Themorainehereconsstsof crudely stratified to massivediamic-
ton that containslinear (or planar) concentrationsof largeigneousand
metamor phic boulders, many of which are conspicuoudy grooved. The
boulder concentrations are considered to be shear zonesthat formed
near the stagnant ice margin during retreat of the Mavroneri Valley
glacier. (C) | ce-contact (collapse) defor mation within Mavroneri Valley
moraines. Local areaswithin the Mavroneri Valley moraine complex
display acollapsetopography (cross-hachure patternin Fig. 9) and sed-
imentswith deformational structuressuch asthoseillustrated.
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iments (Fig. 12A). Commonly, these materials consist of alower, massive,
and matrix-supported diamicton that is abruptly, but conformably, overlain
by agtratified and upward-fining sequence of gravel, sand, and silt. Thema:
terials are partidly lithified, and maintain nearly verticd cliff faces. Soils
developed on these materials (Table 1) are red, strongly clay enriched, and
considered to be equivaent to unit 1 soils defined on the piedmont east of
Mount Olympus (Fitzgerald, 1996, in press; Fitzgerad and Smith, 1995;
Jones, in press; Jones and Smith, 1995). Elsewhere, the sediments compos-
ing the linear ridge forms consist of thick (several tens of meters) accumu-
lations of very coarse, matrix-supported diamictons that display glaciotec-
tonic deformation (Fig. 12B). In other places, massive, matrix-supported
diamictons are interbedded with both coarse and fine, fluvially modified
sediments, some of which display deformational featuresrelated to collapse
of the sediment pile (ice-contact deformation; Fig. 12C). In these last-men-
tioned deposits, surface morphology typically mirrors internal sediment
structure. Ridge forms degenerate to a chaotic arrangement of isolated hills
and depressions (kame and kettle). Accumulations of fine, laminated sedi-
ments are common in these areas of chaotic (collapse) topography. Topo-
graphically (and stratigraphically) inset into the variety of deposits de-
scribed above are distinctly fluvial sediments that form paired terraces on
either side of the Mavroneri River.

The morphology and the sedimentary character of the deposits that oc-
cupy the lower reaches of the Mavroneri drainage together define areces-
siond glacia sequence for arather large valley-piedmont glacial system.
The digtinct ridge forms are symmetrically arranged about the valley axis,
and in places close across the valley (being breached only by the modern
drainage). They are concentrically arranged, as would be expected in the
case of aregularly retreating ice margin. They record disruption wherethey
merge with similar ridges produced by ice lobes originating from Olympus
valeys. Apart from their own distinctive morphology, the ridges produce a
paralel (subparallel) pattern of drainage that is unique on the Olympus
piedmont (where most drainage is a function of modern aluvia fan
processes). Given thesefeatures, it isdifficult to argue that the unusua mor-
phology of depositswithin the Mavroneri drainage can be attributed to flu-
vial and/or aluvial fan processes. The sediments cannot be readily ex-
plained in terms of smplefluvial and/or aluvia fan processes.

The deposits described above are, for the most part, composed of Pieria
or Olympus-Pieria—provenance sediments. These deposits can be shown to
be coeval with Olympus-provenance deposits at the mouths of the Xero-
lakki and MavrolongusValleys. Stream cuts near the confluence of the Xe-
rolakki and the Mavroneri rivers expose interbedded Olympus-provenance
and Pieria-provenance deposits, and distinctive soils are devel oped through
sediments of both provenances. The soils developed on Pieria-provenance,
Olympus-provenance, and mixed Olympus-Pieria—provenance sediments
are broadly similar (discussion following). If these soils are equivalent
(Table 2), and if correlation can be made with soils described and dated on
the LarissaPlain (Demitrack, 1986), al of thesedepositsarelikely to be as-
cribed to unit 1 glaciation of the Mount Olympus region.

Olympus-provenance deposits considered to be coeva with the Mavroneri
deposits described above occur at the confluence of the Xerolakki and
Mavroneri valleys and at the mouth of the Mavrolongus Valley. These de-
positsform distinct |obate accumul ationsimmediately adjacent to themoun-
tain front (Figs. 3and 9). They are composed of highly indurated diamicton,
gravel, and sand (unit 1 deposits), and asaresult, rise abovethegenerd level
of adjacent piedmont deposits. Aswith the Mavroneri deposits, these mate-
rials display a surface morphology that consists of distinct ridge forms,
arranged in aroughly concentric arcuate pattern at the mouths of major val-
leys draining, in this case, Mount Olympus exclusively. Ridge forms
(moraines) are shorter, and less clearly defined than those of the Mavroneri.
Thisis partly afunction of the fact that modern drainage has devel oped
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largely independently of ridge morphology and is partly due to the fact that
these deposits have been cut by anetwork of faults rel ated to recent uplift of
Mount Olympus. At the Xerolakki-Mavroneri confluence, the Olympus-
provenance deposits merge with Olympus-Pieria—provenance deposits. Here
the ridge forms of the Olympus-provenance deposits have been deformed
against the margin of the more extensive Olympus-Pieria—provenance de-
posits (Fig. 9), further indicating that the two sets of depositsare coeval.

Deposits of Olympus-provenance glacial sediments exposed at the mouth
of the Mavrolongus Valley (Enipius River), north and south of the town of
Litochoro (Fig. 3), are similar in dl regards to the Olympus-provenance de-
posits that occur at the Xerolakki-Mavroneri confluence. The Mavrolongus
deposits are less extensive than the Xerolakki-Mavroneri deposits. The
Mavrolongus deposits nonethel ess define a distinct |obate accumul ation that
extends eastward from the mouth of the Mavrolongus toward the Aegean
Sea. The gorge of the Enipius River is degply entrenched into these materi-
als and exposes sediments that define the three sedimentary units described
earlier. Itiswithinthisvalley, and inthe coastal bluffsto the eadt, that thejux-
taposition of the direct glacial—ice-contact—proglacia depositional contin-
uum is most clearly documented. Here, massive, matrix-supported diamic-
ton can be shown to grade eastward into progressively more sorted,
clast-supported gravel and sand.

A glacia (as opposed to afluvia and/or aluvia fan) origin for the de-
posits of the eastern and northern Olympus piedmont isindicated by thefol-
lowing: (1) the prevalence of diamictic sedimentsthat consist of subangular
to subrounded boulder and cobble clastsin afiner matrix; (2) the occurrence
within these sediments of shear zonesthat contain (are defined by) grooved
boulder clasts; (3) the superposition, without significant erosional break, of
upward-fining gravel and sand over diamicton; (4) thelaterd continuity and
theinternal uniformity of sedimentary units; and (5) a surface morphology
of distinct ridgesarranged concentrically about the mouths of major valleys
draining Olympusand the High Pieriathat show apparent fluid deformation
at their confluence. The distinction between glaciofluvial (outwash fans,
valley trains) and fluvid and/or dluvia (dluvia fans, flood plains) depos-
itsisnot always clear and distinct. However, the spatial distribution of these
deposits, arranged closeto the mountain and |obate about the mouths of ma-
jor valleys (not al valleys, or even most valleys) and traceable through val -
leysto cirque origins, coupled with a distinct ridge morphology not found
associated with adjacent alluvia fans, but characteristic of terminal-
recessional moraine complexes in other glaciated localities, strongly sup-
ports the concept of an origin for these deposits as glacia piedmont lobes.
If that is the case, ice spread from the Mavrolongus (Enipius) Valley, the
Mavroneri (and Xerolakki) Valley, and probably from major valleys to the
west of Olympus, for several kilometers onto the adjacent piedmont, to
present elevations of lessthan 100 m adl. Acceptance of this conclusion car-
rieswith it acceptance of theideathat glacier ice extended much farther and
much lower than suggested by previous workers (Messerli, 1967), who in-
dicated the lowest ice to be at 1600 m ad (present). It also impliesthat the
regional snowline was substantially lower than the elevation of 2200 m ad
that has been previoudy suggested (Messerli, 1967).

Mount Olympus Piedmont: Soilsand Paleosols

Thelack of radiometric dates on deposits of Mount Olympus and the ad-
jacent piedmont precludes the establishment of anumerical chronology for
Pleistocene eventsin this area. As aresult, emphasis has been placed on
study of the soils that occur on top of, and within, the Mount Olympus de-
posits (Fitzgerald, 1996, in press; Jones, in press). The objectives of these
studies have been to (1) establish abasis for correlation of deposits within
the Mount Olympus ares, and (2) provide abasis for correlation of Mount
Olympus soils with a dated succession of soils south of Mount Olympus
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(Demitrack, 1986). At the sametime, efforts continue for the acquisition of
dates on the Mount Olympus deposits.

Each of the sedimentary units (units 1-3) of the piedmont succession dis-
plays well-developed soil profiles (Figs. 13 and 14). Soils separate each of
the sedimentary packages (are developed on lower units) and also occur
within the sedimentary packages. Some profiles are complete, or virtualy
complete, and others are truncated as aresult of erosion and subsequent sed-
iment deposition. Some soils are laterally extensive and can be recognized
throughout the piedmont area. These soils are considered to be representa-
tive of regional depositiona hiatusesand extended subaeria exposure. Other
soils appear to be more localized, and cannot be traced from exposure to ex-
posure within the piedmont succession. These soils are thought to record lo-
calized depositiond breaksrelated to shifting depositional centersin the con-
struction of the Olympus compound aluvia fan on the eastern piedmont.

The most pedogenically devel oped soils occur on top of unit 1 deposits
(Fig. 14—PrioniaRoad soil, Dion Road red clay, Plaka Road brown soil) or
between unit 1 and unit 2 deposits (Fig. 14—Plaka-Gritsasoil). These soils
are characterized by strong rubification; sail colors (for the optimal B hori-
zon) range from 2.5YR 3/6 to 5YR 4/4. The soil is significantly clay en-
riched (Table 1) and displays distinct Bt horizon formation. Soil structureis
strong, coarse, angular blocky to prismatic. The lower B and upper C hori-
zons are marked by pronounced secondary carbonate accumulation (cal-
crete or Bk/Ck horizons). Profile development indices (PDIs) rangefrom 73
to 82 (Fitzgerald, 1996).
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Figure 13. Locations of soil sites sampled for study in connection
with thisproject.
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A soil (Fig. 14—Kato Milia—Rotini soil) developed on Pieria provenance
depositsin the Mavroneri Valey is pedogenically similar to unit 1 soils de-
veloped on Olympus provenance deposits (Table 1), and therefore is con-
sidered to be correlative (Fitzgerald, 1996, in press; Jones, in press). The
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Kato Milia—Rotini soil issignificantly thicker than those soils (Prionia Road
soil, Dion Road red clay), probably because the Pieria-provenance deposits
are significantly less lithified than the Olympus-provenance deposits. Al-
though details of the profiles differ, the surface soilsin both provenances are
represented by a complete (A/B/C/R) profile (Fig. 14, Table 1). Asdis-
cussed previoudly, the unit 1 soil istentatively correlated with a deep-red
soil developed on fan remnants (Demitrack, 1986) of the southern Olympus
piedmont. That soil hasaU/Th date of <210 000 yearsold.

Theunit 2 soils of the eastern piedmont are thick (2-3 m) and pedogeni-
cally well developed soils (distinct horizon formation, strong coloration
[rubification], high clay content, moderate to strong blocky structure,
PDI = 38) (Fig. 14—Plaka Road deep-red soil). Where these soils occur as
surface soils, as is the case with the Plaka Road deep-red soil, they are
strongly rubified, but less pedogenically devel oped than the surface unit 1
soil (PDI of 38 versus PDIsof 78to 82). They are, however, thicker thanthe
unit 1 soils, at least in part because they are developed in lessindurated par-
ent materids, asisthe Mavroneri unit 1 soil.

Unit 3 soils are the surface soils over most of the piedmont deposits
(Fig. 14—Plaka Road red surface soil; Dion Road brown surface soil, Dion
Road red brown surface soil, DEAL gravel pit brown surface soil). These
soils are relatively thin, and are the least pedogenically developed of the
soils sampled on the piedmont. Profile development indices (Table 1) range
from 5to 13. Differences between soilsare afunction of subtle topographic
details of the piedmont surface (soil catenas), and dightly different agesre-
lated to the devel opment of soilson terracesthat formed in responseto both
tectonic uplift and fluctuations of sealevel.

A soil sampled at RodiaNarrows (Figs. 13 and 14) on the eastern margin
of the Larissa Plain provides a reference to the soil succession dated by
Demitrack (1986). This soil, which is a surface sail, is intermediate in de-
velopment (PDI = 27) to that of unit 3 soils (PDI = 5 to 13) and unit 2 soils
(PDI = 38) of the Olympus piedmont. It is considered to be a soil that is
early unit 3 of the Olympus soil sequence (Table 2). It islikely that buried
soils within the unit 3 deposits of the eastern Olympus piedmont began to
develop at the sametime as did the RodiaNarrows soil. However, the buried
soils of the eastern piedmont formed in amore dynamic environment where
erosion and deposition interrupted pedogenesis. These soils consist of only
partia (truncated) profiles, and asaresult were not sampled for analysisand
determination of development indices.

Preliminary datafrom studies of the Olympus piedmont soilsindicate the
following: (1) ahierarchy of soil development can be established for the soils
of the Olympus piedmont (Table 4); (2) on the basis of the degree of pedo-
genic development, soils can be correlated from one part of the Olympus
piedmont to another; and (3) on the basis of the degree of pedogenic devel-
opment, soils of the Olympus piedmont can be placed into a sequence of
dated soils (Demitrack, 1986) of the Larissa Plain (Figs. 13 and 14—Rodia

Narrows). The significance of acorrelation between the Rodia Narrows soil
and basal (or media) unit 3 depositsof the eastern Olympus piedmont isthat
it is congstent with the suggestion that the unit 2 soil is contemporaneous
with isotope stage 5, and that the unit 2 deposits represent isotope stage 6.

Mount Olympus Piedmont: Neotectonic History

The deposits of the Olympus piedmont are separated from the Olympus
meassif by amajor normal fault that has been active since late Tertiary time
(Schermer et al., 1990) and has resulted in uplift of Mount Olympus and
subsidence of the Thermaikosbasinto theeast. Thisfault visibly offsetsde-
posits of units 1 and 2. In addition, the sediments (including units 1, 2,
and 3) that compose the eastern piedmont are offset by subsidiary normal
faults and terraced as aresult of continued displacement along these faullts.

An important aspect of the present study involves the reconstruction of
the recent tectonic history of the Mount Olympus area (Mclntyre, 1994;
Mclntyreet a., 19943, 1994b, in press, Nance and Mclntyre, in press). In ad-
dition to its importance to the neotectonic history of the area, thiswork has
significant bearing on the glacid history of Mount Olympus, becauseitisan
essential factor in determining the magnitude, in absol ute terms, of snowline
depression during periods of glaciation of the mountain. Estimates of therate
of Quaternary uplift of Mount Olympus, based on the corrélations proposed
inTable 2, center on 1.6 m/k.y.; tota uplift since deposition of unit 2 isabout
200 m. Thesefigures are based upon the following observations (Nance and
Mclntyre, in press): (1) a prominent north-northwest—trending frontal fault
separates unit 2 depositsfrom rocks of the Olympus massif, withaminimum
offset of approximately 150 m; (2) severd subparallel northwest-trending
faults, with acumulative displacement of 130 m, offset the red soil developed
onunit 1 deposits. Fault displacement (including offset on thefrontal fault, as
well asoffset on subsidiary faults) exceedsabout 280 m, yielding aminimum
fault movement rate of roughly 1.25 m/k.y., if an isotope stage 7 age of
220 kais assumed for the unit 1 soil. Cumulative displacement in excess of
200 m on the unit 2 soil producesthe morereliable estimate of 1.6 m/k.y., if
an isotope stage 5e age of 125 kais assumed for the unit 2 soil.

SUMMARY AND CONCLUSIONS

Understanding that the existing data lack a firm chronologic base, and
that the sequence of events can easily be shifted backward or forward in
time, we propose the following general scenario for the glacial history of
Mount Olympus. At some time prior to ca. 200 ka (oxygen isotope
stage 8?), Mount Olympus was high enough and climate was cool and wet
enough to produce glaciation. Upland cirques were developed by glaciers
that filled then-existing valleys and spread as piedmont |obes onto the low-
lands surrounding Mount Olympus. |ce was aso extensive enough to pro-

TABLE 4. HIERARCHY OF SOILS OF THE MOUNT OLYMPUS PIEDMONT (EASTERN PIEDMONT AND
MAVRONERI VALLEY) AND CORRELATION WITH SOILS OF THE LARISSA PLAIN (RODIA NARROWS)

Eastern Piedmont Mavroneri Valley Larissa Plain PDI
Dion Road brown surface soil (DRBS) 5.0
DEAL Gravel Pit soil (DEAL) 10.6
Plaka Road red surface soil (PRRS) 11.3
Dion Road red brown surface soil (DRRBS) 13.2
Rodia Narrows soil (50-55 ka)* 26.9

Plaka Road deep red soil (PRDR) 38.0
Kato Milia-Rotini soil (KM-R) 50.8

Plaka Road brown soil (PRB) 72.9
Prionia Road soil (Prionia) 775
Dion Road red clay (DRRC) N.D.
Plaka-Gritsa soil (P-G) 81.7

Notes: Hierarchy is based largely on profile development indices (PDI) from Fitzgerald (1996). Soils are
arranged sequentially with oldest soils at the bottom. See also Table 1.

*Date from Demitrack (1986).
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duce asmall upland ice cap. Provisional estimates, based on reconstruction
of glacier distribution and calculation of uplift rates, suggest that snowline
depression during this glacial interval was approximately 3000 m. During
the ensuing nonglacia (interglacial = isotope stage 7) interval, unit 1 sedi-
ments were extensively eroded and subsequently pedogenically altered
(unit 1 sail). Uplift of Mount Olympus proceeded at arate that produced be-
tween 100 and 200 m of increased summit elevation, on the basis of pre-
liminary estimates of totd uplift of post—unit 1 sediments (Mclntyre, 1994;
Mclntyre et al., 1994a, 1994b). A second glacia episode (isotope stage 6)
produced the inset upland cirques. Glaciers extended to positions near the
mouths of present major valleys. Upland ice was extensive, covering the
areaof Baraaswell asthe Plateau of the Muses. Snowline was depressed to
an elevation of 1000-1030 m adl (depression of approximately 2500 m).
Proglacid sediments (unit 2) were deposited on the Olympus piedmont. A
subsequent nonglacial period (isotope stage 5) was characterized by ero-
sion, subsequent pedogenesis (unit 2 soil), and tectonic uplift. The final
glacia stage (isotope stages 4-2) involved development of the valley head
cirques and reoccupation of selected upland cirque basins. Glaciers ex-
tended to mid-valley positions, and there was no upland ice cap. Snowline
was depressed by approximately 1300 m. Proglacial sediments were de-
posited on the adjacent piedmont (unit 3). Finally, the mountain was
deglaciated, and present nonglacia conditions were established (including
erosion and development of the unit 3 sails).
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