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Glacial deposits in locally-glaciated mountain regions
are often expressed through their surface form and the
study of these deposits constitutes a major branch of
geomorphology. Studies of glacial depositional records
in mountain areas have often neglected formal strati-
graphical procedure resulting in an ad hoc development
of quasi-stratigraphical nomenclature. Here, a formal
stratigraphical procedure is recommended, since this
enables a systematic approach to the subdivision of
glacial deposits in mountain regions. Moreover, such an
approach facilitates, in some instances, the development
of a formal chronostratigraphy that can be compared to
regional and global geological time scales. This is
important in locally-glaciated mountain regions where
glacial deposits represent one of the most important
records of cold stage environments. Given that glacial
landforms represent a key component of the Quaternary
record, maintaining a formal link between geomorpho-
logical and geological stratigraphical procedure is a
Sfundamental requirement of a consistent and compara-
ble stratigraphical framework.

Introduction

The aim of this paper is to advocate a formal procedure for the sub-
division of Quaternary glacial sedimentary units in locally-glaciated
mountain regions. Through this, glacial sequences can be compared
and used in conjunction with other terrestrial sequences to establish
regional chronostratigraphical frameworks. This process promotes
the development of independent and coherent stratigraphical frame-
works for terrestrial sedimentary sequences from which comparisons
can be made with sequences spanning equivalent intervals in the
marine and ice sheet records.

Throughout geology, stratigraphy is the universal means by
which rock strata are classified and divided. It may seem almost super-
fluous to make this statement, yet in mountain environments stratigra-
phy has often been less important for the vast majority of workers than
the description of landforms and their lateral relationships.

To most geologists, mountains would seem unlikely places in
which meaningful Quaternary sedimentary sequences might be
found, since in broad terms they are zones of net erosion with steep
slopes and highly active process regimes where sediments are
unlikely to accumulate to any great extent. The vast majority of
upland mountain environments, particularly those in the middle and
high latitudes have been shaped by glaciation during the last 2 mil-
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lion years of the Quaternary Period, especially during the Pleisto-
cene Epoch. In spite of the predominance of intense polycyclic, cold-
climate erosion in these areas, the majority of glaciated mountains
include not only erosional landforms such as cirques and troughs but
also depositional accumulations, including moraines and other
deposits of glacial origin.

Glaciers also formed in many mid- and low latitude mountain
ranges during the cold stages of the Pleistocene, since snowlines were
depressed to much lower altitudes than today (Ehlers and Gibbard,
2004a, 2004b, 2004c¢). Important palacoclimatic records can be pre-
served where these glaciers formed and decayed, as well as in
periglacial areas where landforms and sediments formed as a result of
cold temperatures in non-glacial areas. Moreover, many glaciated
mountain massifs occur outside regions that would have supported
extensive ice sheets at low latitudes, such as those in the Mediterranean,
the Himalaya, the northern Andes, the southern Rockies and equatorial
East Africa. Establishing the occurrence, timing and controlling factors
of glaciation is extremely important in order to better understand
regional patterns of the global climate through the Quaternary.

Stratigraphy is the organisation of rock or sediment strata into
successions of units and is key to understanding the environmental
record in sedimentary sequences. This applies as much to the glacial
record in mountain regions as to any other sedimentary sequences.
Lithostratigraphical units are the basic units of geological mapping
and are bodies of rocks, which are defined and characterised on the
basis of their lithological properties and their stratigraphical rela-
tions. In mountain regions that have experienced glacial activity,
sediment-landform morphology and morphostratigraphical position
are also important in establishing the sedimentary sequence. In fact,
the latter may be more important in differentiating between different
stratigraphical units since glacial units that originated under multiple
glaciations in the same area may be indistinguishable on the basis of
lithology alone. Therefore, in mountain regions a morpho-lithostrati-
graphical approach is required to unravel and order glacial
sequences.

The ordering of depositional units based on morpho-lithostra-
tigraphy in individual cirque-valley systems is the first step towards
the wider establishment of regional stratigraphical relationships and
must precede any attempts to establish the position of these units in
time. The correlation of sequences at different places on the Earth's
surface is fundamental to geology and is the foundation of the strati-
graphical method (e. g. Gibbard and West, 2000). Successful corre-
lation between different sequences requires rigorous and precise
standards. In modern stratigraphical studies, precise standards to
which other records can be compared are provided by chronostratig-
raphy: the classification of rock strata into units representing inter-
vals of geological time (Bowen, 1978; Salvador, 1994). Quaternary
sequences are commonly subdivided on the basis of climate changes
and for many Quaternary workers, climato- and chronostratigraphi-
cal units are interchangeable. This situation is unsatisfactory because
of the imprecision it may bring to inter-regional and ultimately
global correlation (Bowen, 1978; Gibbard and West, 2000). It is
therefore preferable to develop a formally-defined, chronostrati-
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graphically-based system that is fully compatible with that for the
rest of the geological column, supported wherever possible by a reli-
able geochronology. Since climate change is used as the basis for
chronostratigraphy in the Quaternary, and because climate change is
represented differently under terrestrial and marine conditions, it is
also necessary that terrestrial and marine successions are clearly sep-
arated (cf. Gibbard and West, 2000). It is this premise that underlies
the importance of developing independent regional chronostrati-
graphical frameworks and this concept applies equally to different
geographical regions on the Earth's continents.

In many glaciated mountain areas, the principal approach
employed in the study of former glacial activity is geomorphologi-
cal, since surface features, such as moraines, are key to former glac-
ier delimitation. A geomorphological approach inherently employs
morphostratigraphy to subdivide glacial deposits and associated
landforms. However, it can be argued that this currently condemns
the geomorphological approach to the sidelines of Quaternary
stratigraphy and inhibits the use of glacial units in formal chronos-
tratigraphy. This is because: a) morphostratigraphical units are usu-
ally only given informal stratigraphical status (Richmond, 1959;
Rawson et al., 2002) and; b) most geomorphological studies do not
adhere to formal stratigraphical procedure. The latter is likely to
stem from the former. This paper aims to redress this disunion and
proposes a means by which formal stratigraphical procedure and
nomenclature can be applied to glacial (and periglacial) sequences in
mountain regions outside those of the former large Pleistocene ice
sheets.

Current approaches to glacial
stratigraphy in mountain regions

Most studies of mountain glaciation employ geomorphological crite-
ria to identify and subdivide glacial sedimentary units. However, the
schemes and terminology employed to describe and organise sub-
divided glacial sequences are often not applied consistently. Rich-
mond and Fullerton (1986) noted that a profusion of formal and
informal stratigraphical names had developed in different regions of
North America. Here, workers sometimes apply an allostratigraphi-
cal approach to mountain glacial sequences based on discontinuities
in the stratigraphical record (NASCN, 1983). Elsewhere, most work-
ers apply a traditional morphostratigraphical approach. However, in
all areas there is often little emphasis given to formal stratigraphical
procedure. This is the case for both the subdivision and ordering of
sedimentary units independent of time (allo-, litho- and morphos-
tratigraphy) and more especially, when relating glacial sequences in
geological time (chronostratigraphy).

The need for a rigorous stratigraphical approach is discussed by
Osmaston (1989a) and Owen et al. (1998) for the Himalaya. These
authors recognised that the low level of understanding of the glacial
sequence in this region resulted partly from poor adherence to strict
stratigraphical procedures and they advocated a series of measures to
improve the situation. These measures included:

a) the establishment of distinct glacial 'stages' based on features (i.e.
landforms) that are unequivocally glacial in origin;

b) that glacial 'stages' should be clearly separated spatially, strati-
graphically and sedimentologically;

c) that differentiation of glacial 'stages' should be demonstrated
through clear differences in age, based on absolute dating or rel-
ative weathering;

d) that stages should relate to type sites only;

e) that attempts to correlate and to extend the use of stage names
between regions must be avoided until absolute chronologies
have been established;

f) that 'stages' should not be accorded the status of full glacials, sta-
dials, climatic optima or glacial maxima based on marine isotope
stratigraphies or the Northern Hemisphere ice sheets, until
absolute chronologies have been established (Owen et al., 1998).

These proposals are clearly useful as a means of subdividing
glacial deposits and most of the recommendations are supported
here. However, few workers use stratigraphical terminology com-
patible with formal stratigraphies established elsewhere based on the
application of international stratigraphical procedures (cf. Hedberg
1976; Salvador, 1994). For example, in the Himalayan review of
Owen et al. (1998), the term 'stage' is not used in a formal chronos-
tratigraphical sense, since it is used to refer to discrete glacier
advances recorded in moraine assemblages. A chronostratigraphical
unit, such as the stage, is defined as a body of rocks or sediments that
includes all rocks or sediments formed during a specific interval of
geological time, and only those rocks formed during that time span
(Salvador, 1994). Thus, if glacial deposits were laid down on multi-
ple occasions during the last glacial stage then all of these deposits
should be considered as a single chronostratigraphical unit. This is
especially important since stage units should ideally be directly
chronostratigraphically comparable, i.e. to the Wiirmian, Weich-
selian and Wisconsian Stages of the Alps, Northern Europe and
North America respectively —the main objective being to place sed-
iment and rock units within a globally-applicable standard timescale.

The issue of the use of the term 'stage' outlined above is not
merely one of semantics. It highlights the concept of events in the
stratigraphical record and event stratigraphy, whereby geologically
short-lived events, of up to several thousand years or more duration,
leave some trace in the rock record, such as moraines for example
(Whittaker et al., 1991; Rawson et al., 2002). The recognition of
glacial events based on moraines is widely used to define glacial
phases in locally-glaciated mountain regions and examples include
those described in Owen et al. (1998) in the Himalaya as well that of
Shanahan and Zreda (2000) and Osmaston (1989b, 2002) in East
Africa, and Clapperton et al. (1995) in South America.

The identification of glacial events clearly provides important
insight into an otherwise fragmented record. However, this approach
on its own does not establish a stratigraphical framework inclusive
of glacier oscillations through time. Whilst the latter are clearly
recognised in work by authors such as Clapperton et al. (1995), the
identification of short-lived glacial events does not provide a basis
for comparison with glacial chronostratigraphical units over wide
areas. This is especially the case since glacier advances are likely to
be spatially asynchronous. If true chronostratigraphical units are to
be established for these contexts, it is vital that stratigraphical
nomenclature is consistent with that for sediments and rocks
throughout geological time and with that used in lowland and extra-
glacial regions. Without such an approach, meaningful comparison
with other terrestrial chronostratigraphies and independent reference
to a standard time-scale is difficult to achieve.

A formal stratigraphical approach —
theory

In order to systematically establish the sedimentary sequence in any
locally-glaciated mountain area, a formal stratigraphical approach
can be adopted. Lithostratigraphical units are the basic units of geo-
logical mapping that conform to the Law of Superposition. In glaci-
ated cirque-valley systems, lithostratigraphy is usually applied in
conjunction with morphostratigraphy and the establishment of an
integrated morpho-lithostratigraphy is described below.

Each formal lithostratigraphical unit should have a clear and
precise definition or characterisation. A type section or a type local-
ity is an essential requisite to all lithologically-identified units. Sal-
vador (1994, p.26) defined type sections as ‘a specific interval or
point in a specific sequence of rock strata and constitutes the stan-
dard for the definition and characterisation of the stratigraphic unit
being defined’. However, in the context of localised glacial deposits
in mountain areas, the sequence of rock or sediment strata is often
expressed through the spatial surface morphology, i.e. moraine
mounds and ridges, and sections are often limited in vertical extent.
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In these circumstances, the sediment can be regarded as massive and
non-layered and thus a type locality can provide the reference point
for the definition of the deposits in the area. As in all geological
sequences, the type locality is ‘the specific geographic locality in
which the type section is situated’ (Salvador, 1994, p. 26) and pro-
vides the fundamental building-block for local stratigraphy.

A particular type section or type locality may be defined by the
lithological characteristics of the sediment. Lithostratigraphical units
should be defined and distinguished on the basis of sediment proper-
ties such as dominant lithology, sorting, clast size, shape, roundness,
and so on. It is important that non-genetic terms are used, such as
diamicton rather than till, since some sediment materials may be
incorrectly interpreted, with colluvial deposits perhaps mis-inter-
preted as till, for example. Moreover, soil development may be an
important characteristic of certain deposits and pedostratigraphical
units, defined as ‘a buried, three-dimensional body of rock that con-
sists of one or more pedological horizons’ (NASCN, 1983, p.864)
may be useful as a marker horizon when applied in conjunction with
the lithostratigraphy.

In mountain areas, which have experienced localised valley
and cirque glaciation, geomorphology is commonly a key charac-
teristic in defining a type section or type locality. For example, sec-
tions may have been cut in well-defined and possibly arcuate
ridges. Ridge freshness may also be a distinctive characteristic,
with 'freshness' being defined here as the morphological clarity of
landforms, as expressed by ridge amplitude and sharpness, indicat-
ing limited post-depositional modification—although this is a dif-
ficult attribute to quantify. Rawson et al. (2002) suggested that the
identification of a sediment body based on surface form, or mor-
phostratigraphy, is not comparable to standard lithological units.
However, it is often the case in glaciated cirque-valley systems,
that definition on strict litho- and morphological grounds is virtu-
ally identical or at least strongly overlapping. Moreover, the Inter-
national Commission on Stratigraphy (2004) stated that both geo-
logical and geomorphological characteristics can be applied in the
description of a type section. Application of this principle would
imply that some cirque moraine ridges, for example, may be
described (in non-genetic terms) as arcuate ridges dominated by
subrounded boulders with this morphological description also con-
stituting a lithological description.

In all cases, it is the combination of landform and sediment
that is the key to interpreting the nature of formerly glaciated
upland systems (Benn and Evans, 1998, ch. 11). The usual bases of
stratigraphical position are often expressed in the lateral, rather
than the vertical plane. This is because it is virtually always the
case that the lowermost moraines will be older than those that lie
inside and up-valley from them, since glacier advance over exist-
ing deposits will often erode, bury or remobilise pre-existing accu-
mulations. Therefore, it is the relative position of sediment-land-
form assemblages within a cirque-valley system, defined in key
areas by type sections or type localities, which provides the basis
for stratigraphy in mountain areas glaciated by localised ice. For
this reason, in glaciated mountain regions at least, integrating mor-
phostratigraphy, previously considered to warrant only informal
status (Bowen, 1978), with lithostratigraphy, enables the formali-
sation of mountain glacial stratigraphy based primarily on land-
form distribution.

The concept of the morpho-lithostratigraphical unit described
above is similar to the allostratigraphical unit which is defined as 'a
mappable stratiform body of sedimentary rock that is defined and
identified on the basis of its bounding discontinuities' (NASCH,
1983, p. 865). Miall (1997) argued that allostratigraphical methods
enable the erection of a sequence framework that avoids the cumber-
some nature of lithostratigraphy, whereby lateral changes in facies
within a unit of comparable age require a change in name. In North
America, glacial units in mountain areas have been subdivided using
allostratigraphy. For example, Dahms (2002) and James et al. (2002)
grouped moraines and other glacial features into alloformations.
However, Rawson et al. (2002) questioned the necessity of allostrati-
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graphical units and argued that there appears to be a consensus that
if superimposed or contiguous deposits of similar composition can
be differentiated by any other method, it is justifiable to classify
them as separately named lithostratigraphical units. In glaciated
cirque-valley systems, morphostratigraphy is a key criterion in sepa-
rating similar lithological units and the concept of morpho-lithostra-
tigraphy inherently accommodates lateral changes in facies because
of the morphostratigraphical component. In fact, workers such as
Dahms (2002) and James et al. (2002) grouped moraines and other
glacial features into alloformations based on morphostratigraphical
criteria.

Whilst glacial sequences are characterised by erosional hia-
tuses, it is not the break or discontinuity in a sequence which
defines a glacial unit in mountain areas but the sediment-landform
assemblage. In other words, mountain glacial deposits are litholog-
ical units separable using morphostratigraphical criteria. In fact, in
mountain areas, glacial deposits are often tectonised, reworked and
homogenised in the vertical profile. Therefore, if a glacier
advances over existing deposits, the latter become actively part of
a new glacial unit. An example occurs where till becomes
deformed below a glacier to form push moraines. Since the final
morphology of the deformed unit is the result of processes that
acted after deposition of the original material, the pre-existing
older sediment must be considered part of the more recent land-
form. For this reason, vertical discontinuities in glacial sequences
in mountain areas are frequently not clear-cut, a condition that
undermines any allostratigraphical classification. In mountain
areas, morphostratigraphy will always be the defining factor in
separating lithological units. It is therefore questionable whether
an allostratigraphical approach is strictly appropriate for the classi-
fication of mountain glacial sequences.

It is preferable that stratigraphical schemes can be applied to a
range of environments. Although the approach outlined in this paper
is applied to glacial sediments in mountain regions, it could also be
used in the subdivision of periglacial sediments, such as relict rock
glaciers and talus deposits, as well as other sedimentary assemblages
including debris flow, alluvial fan and landslide deposits. A morpho-
lithostratigraphical approach highlights the importance of landform
assemblage as a stratigraphical criterion in certain Quaternary
sequences and emphasises its potential for integration into estab-
lished lithostratigraphical procedure. The latter point is important
since it discourages the proliferation of separate stratigraphical or
quasi-stratigraphical schemes.

A formal stratigraphical approach —
practice

Sediments and associated landforms can be subdivided using the
established universal lithostratigraphical hierarchical terms of
Group, Formation, Member and Bed. These basic subdivisons are
arbitary units of convenience, so that the application of these terms
will depend on the extent of the area under consideration and the
nature of the stratigraphical sequence (Matthews, 1984). These
terms are therefore applied according to the spatial scale of the
research. A stratigraphical approach allows a glacial sequence to be
systematically sub-divided and a lithostratigraphical framework to
be developed.

Beds

Beds represent individual sediment units that are considered to
have formed during the same depositional event. Bed units are
applied in a broad sense so that a stratum of sands and silt, for exam-
ple, would be classified as one unit. This approach enables closely
related glacial and glacio-fluvial deposits to be grouped within a sin-
gle stratigraphical unit at the member level. In a glaciated valley, a
section may comprise the following beds:
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(top of section)

320-400 cm Unit 4: clast-supported diamicton.
Angular clasts.

180-320 cm Unit 3: matrix-supported diamicton.
Subrounded, striated clasts.

150-180 cm Unit 2: interbedded sand and silts.

0-150 cm Unit 1: matrix-supported diamicton.

Subrounded, striated clasts.

(base of section)

Where multiple sections are logged, then beds could be subdiv-
ided by locality, e.g. Unita 1,23..., Unit b 1,2,3..., and so on. It is
important to note that the term ‘unit’ has no stratigraphical signifi-
cance and is used merely to describe any body of related sediment
such as a bed and can be applied at any level of the stratigraphical
hierarchy.

Members

A number of beds in a particular valley may be grouped as part
of a member. Sediment units that together constitute a member may
be defined from a type section or type locality. Several type sections
may be required to fully describe a member, since one exposure may
not give a full representation of all the components of the sedimen-
tary sequence. Moreover, at this level, numerical ordering of mem-
bers is avoided since further intervening units may be discovered in
future. For example, two different members at different morphos-
tratigraphical positions in a glaciated valley in the Pindus Moun-
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Figure 1 A simplified geomorphological map of a glaciated
cirque-valley system on Mount Smolikas, northwest Greece,
illustrating the subdivision of morpho-lithostratigraphical units.
Cirques are numbered 1 to 4. A key to the stratigraphical units
marked a-g is provided in Table 1 (from Hughes, 2004).

tains, Greece, have been termed the Aghia Paraskevi Member and
the Vadulakkos Member (Figure 1, Table 1). Names should be based
on a geographical locality in the local area, such as a village.

If, as is often the case, the upper valley area is characterised by
multiple cirques or tributary valleys, the approach can still be
applied. In these circumstances, multiple members can be identified
and grouped together in the stratigraphical sequence. For example,
in the glaciated valley in the Pindus Mountains shown in Figure 1,
moraines at similar altitudes in the tributary cirques all represent part
of the same stratigraphical unit (Table 1).

A suite of end moraines and associated recessional moraines
may constitute a member in a glaciated valley (Figure 1). Differenti-
ating between suites of moraines deposited during different glacial
phases is important so that recessional moraines are not separated
stratigraphically from the outermost moraine of a particular glacial
phase. If the source of the sediment has remained relatively constant
throughout the period concerned, it is possible that the lithological
characteristics may not differ significantly between different suites
of glacial deposits. Therefore, other criteria, such as the degree of
soil development (pedostratigraphy) on moraine surfaces and land-
form 'freshness' may help to differentiate between surfaces of differ-
ing age and both characteristics assist in the establishment of the rel-
ative-age of glacial units. However, soil development is arguably the
most reliable indicator. Various techniques which quantify the
degree of soil development and the relative age of soils are described
in Harden (1982), Woodward et al. (1994), van Andel (1998), and
Birkeland et al. (2003). Examples of the use of soils and for differ-
entiating between glacial deposits of different glacial stages include
papers by Hall and Shroba (1993, 1995) and Nelson and Shroba
(1998) in the Rocky Mountains of the United States and by Smith et
al. (1997) on Mount Olympus in Northeastern Greece.

A down-valley cross-section through a hypothetical glaciated
cirque-valley system is shown in Figure 2. This diagram illustrates
the use of sediment lithology and landform morphology in conjunc-
tion with pedological horizons to subdivide member units. The dif-
ferent glacial and periglacial units are subdivided on the basis of
lithology, i.e. diamicton/boulder units, and morphology, i.e. moraine
crests and sediment-landform position. The combination of these
units to subdivide glacial sequences is termed here, morpho-litho-
stratigraphy. The subdivision of morpho-lithostratigraphical units is
further aided by pedostratigraphy i.e. using soil development charac-
teristics on different surfaces or at buried unit boundaries to deter-
mine the relative age of the underlying sediment.

Formations

The next highest hierarchial division, the formation, would then
include all members from a particular cirque-valley system. For
example, all the members in the glaciated valley in Greece are
together called the North Smolikas Formation (Figure 1, Table 1).

This scheme is rather different to one that could emerge if the
glaciers extended to lowland plains and coalesced as part of an ice
sheet. In these circumstances, the lowermost stratigraphical glacial
unit, traceable over wide areas, would be more suitably classified as
a formation with higher, stratigraphically separate units also classi-
fied as formations. However, as noted earlier, the application of
lithostratigraphical hierarchical terms depends on the extent of the

Table 1 A morpho-lithostratigraphical framework for the
Vadulakkos valley on Mount Smolikas, northwest Greece. The
different members denoted a—g are indicated in Figure 2 (adapted
from Hughes, 2004).

Unit 4 g. Smolikas Summit East Member
f. Smolikas Summit North Member
NORTH
e. Cirque 3/ Cirque 4 Member
Unit 3 d. Cirque 2 Member SMOLIKAS
c. Cirquel Member
Unit 2 b. Vadulakkos Member FORMATION
Unit 1 a. Aghia Paraskevi Member
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Unit 4 Unit 3 Unit 2 Unit 1

Lake

Boulder unit

Soil (degree of development indicated
by line thickness)

i . | Diamicton

Figure 2 Down-valley cross-section of a hypothetical glaciated
cirque-valley system. The diamicton units are glacial in origin and
the boulder unit represents a periglacial rock glacier.

area under consideration and is intended as a tool to facilitate sys-
tematic understanding of the stratigraphy in a particular area.

Groups

This would include all the formations of a massif or range of
mountains. To prevent over-subdivision, it is preferable to extend
the geographical range of the group to whole ranges where suitable.
Thus, for example, in the Pindus Mountains of Greece, all the glacial
deposits could form part of the Pindus Group (cf. Hughes, 2004)
(Table 2). If mountain ranges cover exceptionally large areas char-
acterised by markedly contrasting climates, such as the Andes of
South America, then the group could be limited to formations within
regions. Another hierarchical term, the Supergroup, could comprise
groups of formations over wide areas.

The approach outlined above assumes that in glaciated cirque-
valley systems, glacial units will rest on top of each other, separated
only by deposits relating to the former units, such as glacio-fluvial or
reworked deposits. However, in some sitiuations glacial units may
be separated by unrelated sediments. For example, on glaciated vol-
canic mountains which have been active during the Quaternary, such
as in Hawaii, glacial deposits are often separated by lava or tephra

Table 2 An example of the hierarchical approach applied to three
valleys on different peaks of the Pindus Mountains, Greece, based on
morpho-lithostratratigraphical units and also, in the case of the
Tsepelovo Formation, a pedological unit (from Hughes, 2004).

Pindus Group

North Smolikas
Formation

Vasilitsa
Formation

Tsepelovo
Formation

4 Smolikas S.N. Member
Smolikas S.E. Member

w

Cirque 3 Member Member Litharion Member

Cirque 1 Member o
{ Cirque 2 Member Vasilitsa Summit {V lasi Member
Cirque 4 Member Tselon Member

N. Vasilitsa Member Laccorponti Member
C. Vasilitsa Member

Vadulakkos Member

[\8)

Stratigraphical units

Voidomatis soil
1 Aghia Paraskevi

Member Smixi Member Voidomatis Member

Mount Smolikas Mount Vasilitsa Mount Tymphi

Key

{ Member units of equivalent stratigraphical position in upper tributary valleys/cirques
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strata (cf. Porter, 1986). In these circumstances, the lava or tephra
strata are obviously lithologically separate to the glacial units and
therefore each glacial unit would be given the formation status and
all of the glacial units in a particular volcanic area would represent a
single lithostratigraphical group.

Despite the problems of subdivision encountered in active vol-
canic areas, the morpho-lithostratigraphical procedure described
above is the most logical approach to stratigraphical subdivision and
correlation in locally-glaciated areas. However, it does result in the
designation of numerous formations at small spatial scales, for
instance in every glaciated cirque-valley system. An alternative
approach would be to define type sections for inter-valley forma-
tions. For example, where they occur in more than one valley, the
lowest deposits in a sequence, characterised from a particular strato-
type, could be identified as the same formation. If three distinct
stratigraphical units occur in all valley systems within a particular
region, then three formations, stacked in time one above the other in
relative order, would exist in this method of classification. However,
in glacial systems, since the glaciers that ultimately formed these
deposits are independent of each other, it is questionable as to
whether deposits in different valley systems should be viewed as part
of the same formation. This is especially the case in marginal glacial
environments where local controls potentially exert considerable
influence on the local stratigraphy, especially the morphostratigraph-
ical relations of glacial units. Whenever possible, inter-valley corre-
lations should therefore only be attempted once the stratigraphy has
been established independently for each separate cirque-valley sys-
tem. When this is in place, the application of geochronological dat-
ing methods is an important next step in correlation between inter-
valley units in different formations and ultimately for wider compar-
ison with other records.

Making the leap: morpho-
lithostratigraphy to chronostratigraphy

A formal stratigraphical framework is essential for the development
of a chronostratigraphy. The stage represents the basic unit of
chronostratigraphy and is defined by its boundary stratotypes (type
sections), sections that contain a designated point in a stratigraphical
sequence. The lower and upper boundary stratotypes of a stage rep-
resent specific moments in geological time, and the time interval
between them is the time span of the stage. According to Salvador
(1994, p. 80), the name of a chronostratigraphical stage should be
derived from a geographical feature in the vicinity of its stratotype or
type area. In English, the adjectival form of the geographical term is
used ending in ‘ian’ or ‘an’ (e.g. Elsterian and Eemian in northern
Europe). Stage units are defined from well-represented type sections
or type localities, especially those where geochronology is also
available.

Many Quaternary workers do not see the need for a chronos-
tratigraphically-based system, especially those who rely on
geochronological dating methods, such as radiocarbon, for correla-
tion. Critics may therefore argue that an event stratigraphy calibrated
by geochronology is the most desirable. However, the use of event
stratigraphy to build a terrestrial Quaternary stratigraphy results in a
discontinuous stratigraphical framework. This is unsatisfactory,
especially since the chronostratigraphical sequence is by its nature
continuous and many events may not be recorded across wide areas
in the sedimentary record. Even though moraines, particularly indi-
vidual moraine ridges, often represent 'snapshots' in time (over geo-
logical timescales), it is very difficult in practice to ascertain strati-
graphical boundaries since glaciers oscillate, readvance and decay
over time intervals ranging from decades to thousands of years. This
is especially likely during glacial stages since it is well established
that climate was unstable with centennial to millennial-scale vari-
ability (Dansgaard et al., 1993). Therefore, it is preferable to con-
sider separable glacial units within the chronostratigraphical contin-
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uum and glacier maxima and periods of glacier-front stabilisation as
merely events within this continuum.

The problem with terrestrial depositional records will always be
one of fragmentation as well as substantially differing rates of sedi-
mentation and erosion in time and space. This makes the concept of
chronostratigraphy especially difficult to apply in the context of gla-
ciated mountain environments. This is because it is the lower and
upper boundaries between stratigraphical units, representing
isochronous surfaces, which define the stage (Bowen, 1978). Defin-
ing the base of a unit is often not possible in glaciated mountain areas
because glacial units are inherently discontinuous. Moreover, the
base of a glacial unit will often be characterised by an erosional con-
tact—a fact utilised by some to apply an allostratigraphical
approach, as discussed above. In some instances, a continuous
parasequence can be used in conjunction with fragmentary
sequences such as the glacial record. For example, glacial and
periglacial records in the Pindus Mountains, Greece, dated using
U-series on secondary carbonate cements, have been assessed in
conjunction with a lacustrine sequence spanning multiple glacial-
interglacial cycles at Ioannina (ca. 40 km to the south), to provide a
chronostratigraphy for Greece for approximately the last 500,000
years (Hughes, 2004) (Table 3).

Continuous, or semi-continuous, terrestrial sequences are much
more likely to be preserved in areas neighbouring locally-glaciated
mountain regions than in areas glaciated by large ice sheets where
ice also covered lowland areas. Ideally, chronostratigraphical frame-
works for fragmented glacial sequences should always be anchored
to continuous terrestrial sequences elsewhere, although where such
sequences are lacking, this admittedly poses difficulties. Neverthe-
less, in such instances, it is preferable that glacial sequences in
locally-glaciated mountain areas should be compared to other terres-
trial sequences, continuous or not. In this way, regional chronostrati-
graphical frameworks can be constructed based on composite
records with each record contributing to a part or whole of a collec-
tively-defined interval of geological time that is the chronostrati-
graphical stage.

Independent terrestrial chronostratigraphical frameworks are
especially important for locally-glaciated mountain regions, since
glacial maxima often do not correspond to peaks or troughs in the
orbitally-tuned marine isotope stratigraphy (cf. Imbrie et al., 1984;
Martinson et al., 1987; Shackleton et al., 1990). The latter is widely
accepted as representing a signal of global ice volume through
glacial-interglacial cycles driven by orbital forcing (Imbrie et al.,
1993), and it provides the reference scale for the Quaternary climate

record. Likewise, the advance and retreat of mountain
glaciers are frequently out of phase with the glacial

Table 3 Chronostratigraphical table showing the relationship between the maxima of high and mid-latitude ice sheets (cf. Seret
fragmentary glacial sequence in the Pindus Mountains, Greece, and the continuous €t al., 1990; Jalut et al., 1992; Garcia-Ruiz et al.,
lacustrine parasequence in the nearby Ioannina 249 and 284 cores (Tzedakis, 1994; 2003). This is because mountain glaciers respond
Tzedakis et al., 2002). The gap in the chronostratigraphical sequence between the rapidly to climate change as a result of their compara-
Vlasian and Skamnellian Stage is facilitated by the continuous sequence at Ioannina tively small size and the sensitivity of steep mountain
(from Hughes, 2004). Minimum ages for the glacial deposits were obtained, where environments to small changes in climate. As a result,
possible, by U-series dating of secondary carbonate cements (Hughes, 2004, unlike large ice sheets, mountain glaciers are particu-
Woodward et al., 2004). MIS = Marine Isotope Stage. § = Names based on Tzedakis larly sensitive to precipitation and temperature
et al. (2002) — all other names for the Ioannina sequence are from Tzedakis (1994). changes over relatively short timescales (decades to
* = Interval dates from Tzedakis et al. (2002) — all other dates from orbitally-tuned thousands of years). It is self-evident therefore that

marine isotope records (Imbrie et al., 1984; Martinson et al., 1987).

independent stratigraphical frameworks should be

established for locally-glaciated mountain regions
before comparison is made with the global chronos-

Interstadial 25
Stadial 2% Stage
Interstadial 1°

73.9 - 83.0% 5a
88.5% - 83.0% 5b
104.5% - 88.5% | 5¢C

Age MIS | loannina Para- Pindus Local Stratotype - . . - .
stratotvoe | Chrono- tratigraphical schemes, in particular the marine and
(x 1,000 years) (IN 249/ 284) boun d);F:y stratigraphy related ice-core isotope stratigraphies (e.g. Bjork et
(IN 249) al., 1998).
1.5- 1 Holocene 17.25 m
2 Conclusions
739-115 3
4 Tymphian Tsouka Rossa Member .| Itis proposed that investigations of glacial deposits in

mountain areas should follow a formal stratigraphical
approach. In mountain regions, glacial deposits can be
subdivided using a standard lithostratigraphical hier-
archical structure utilising both litho- and morphos-

339 - 303 9a-e | IN-17

Pamvotis

362 - 339 10

I11.0%- 1045 |5d | Stadial 1° 4588 m tratigraphical criteria. A morpho-lithostratigraphical
126.6%- 111.0% | 56 | Metsovon £5.00 m approach is advocated here in preference to
allostratigraphy since the latter is unsuited to the sub-
1896 - 1266% | 6 Vlasian Vourtapa Member division .of glacial deposits in girque—valley systems.
Stage 39°55'50"N, 20551'10E, 1650 masl. | Qther criteria, such as pedological development, can
76.00 m also be useful in recognising surfaces of different age
IN-26 and should be used alongside morpho-lithostrati-
2442 - 1899 |7a-e |Zitsa graphical procedure where possible. Ultimately,
IN-23a geochronological techniques can be applied to sup-
port inter-valley correlation and to determine the posi-

303 - 244.2 8 . . e e

9 tion of sedimentary units in time.
Katara

The integration of Quaternary glacial records,
and indeed any Quaternary record, into formal stratig-
raphy, should facilitate changes and revisions that
new evidence may bring, and thus contribute to a

423 - 362 11 Dodoni I/11

162.75 m

robust stratigraphical framework. Furthermore, estab-
lished geomorphological approaches commonly used

478 - 423 12

184.00 m Stage

Skamnellian| kato Radza Member
39°54'08''N, 20°50'40"'E. 984 m a.s.l.

in glaciated mountain areas need to be integrated
within a formal stratigraphy if we are to better under-
stand the impact of environmental change across the
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Earth’s surface. This is preferable to the common approach in glaci-
ated mountain regions, whereby sequences are ordered in time
through direct reference to the marine isotope record of global ice
volume, before local and regional stratigraphical frameworks are
established. These frameworks are essential for the development of
integrated terrestrial stratigraphies, including those in glaciated
mountain regions, and should be a prerequisite before comparison
and attempted correlation with the isotope records.
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