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ABSTRACT

Mediterranean river systems are particularly sensitive to environmental change and often
provide good archives to reconstruct fluvial histories. This study investigates nver response
to environmental change in two steepland river catchments in Corsica. Late Pleistocene
alluviation and pedogenic weathering is explored within the Tavignano River basin (~775
km?) and river response to Late Holocene (including Little Ice Age) environmental change is
examined in the Figarella catchment (~132 km®). A range of geochronological controls has
been employed including optically stimulated luminescence (OSL) dating, a profile
development index (PDI) determined from pedogenic properties, and lichenometry. This
study also examines the potential of a relatively new absolute dating technique, terrestrial in-
situ cosmogenic nuclide dating, for establishing the timing of recent glacial activity in

Corsica.

Two cosmogenic '°Be nuclide exposure ages of 14.09 + 1.04 k and 12.70 + 0.96 k cal. years
suggest that Corsica was glaciated during the Lateglacial period. Although more samples are
required to confirm these ages, support for this interpretation is evident from other
palaeoenvironmental data in the western Mediterranean and a simple snowpack model
simulating Younger Dryas conditions in Corsica. Analysis of the Tavignano alluvial units
indicates that Pleistocene glaciation is likely to have had a strong impact on the river regime
and sedimentation style. The timing of the major alluviation phases has been estimated using
an age model derived from OSL ages and the PDI. Deposition is broadly coeval with the
Late Pleistocene cold stages and climate change is therefore considered to be the dominant

control on river behaviour during the Late Pleistocene.

Lichenometric dating of coarse flood deposits on the Figarella valley floor has established
the timing of flood periods since ca. AD 1570. At least ten distinct periods of enhanced
flooding are evident over the last five centuries. Flooding was particularly prominent during
the 1500s, mid-late 1700s and throughout the 1800s in the Figarella, corresponding to
particularly cold and wet periods. The apparent synchrony of flood events across the
Mediterranean region during the Little Ice Age suggests that climate variability over the past
500 years has been the overriding control on flood frequency in Corsica. Analyses of
twentieth century rainfall records show a strong correlation between heavy precipitation

events in the western Mediterranean and a strong negative winter North Atlantic Oscillation.
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1 INTRODUCTION

11 SYNOPSIS
This chapter provides an introduction to the investigation by highlighting the importance of

studying river response to environmental change. The selection of Corsica as a study area in the
western Mediterranean basin is justified and a brief summary of previous work conducted on
the island is presented. The number of international research projects undertaken to improve
our understanding of Late Quaternary global and regional environmental change has increased
considerably over the past decade, and several of the current investigations of relevance to this
thesis are listed with their aims. The aims, spatial and temporal scale and objectives of this
project are then outlined. The major controls on river behaviour and catchment processes are
briefly discussed and the nomenclature and dating calibration convertions used throughout this

study are described. Finally, the thesis structure is presented.

1.2  WHY STUDY RIVER RESPONSE TO ENVIRONMENTAL CHANGE?

Rivers are dynamic systems which can respond rapidly to environmental change in terms of
process and form (Schumm, 1977). Rivers are also an important component of the physical
landscape and provide an essential resource to humans. For example, navigation and
agriculture are two important activities which are heavily dependent on river channels and their
water resources (Newson, 1997; Smith & Ward, 1998). The importance of understanding
fluvial response to environmental change must therefore not be understated. The continued
global increase in population will inevitably intensify the pressure on fresh water supplies in the
future and increase the potential to modify catchments and catchment processes. It is important
to appreciate the effects of human-induced changes on the fluvial system, such as dam
construction, forest clearance, urbanization and river channelisation, all of which greatly modify
the sediment yield and hydrology of the river (Knighton, 1998). The current concern for global
warming is also a result of increasing population and the increasing greenhouse gas emissions.
Forecasts of higher temperatures, sea-level rise and enhanced storm frequencies emphasize the
need to improve our understanding of the response of rivers to environmental change. This may

lead to more accurate predictions of environmental change.

Climatic change is one extrinsic control which has had a major impact on river behaviour on a
variety of timescales. For example, it has been shown that the last glacial stage caused dramatic
changes in sediment load and hydrological regime across the northern hemisphere although
many studies focus on the mid latitudes (e.g. Lewin et al., 1995a; Knox, 1995). Over shorter
timescales (10°-10? years) and on a regional scale it has been illustrated that modest climatic

variations (1-2°C change in mean annual temperature (MAT) and <10-20% mean annual
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precipitation MAP)) have resulted in major changes in the frequency and magnitude of flooding
effecting significant adjustments to fluvial activity and form (Knox, 1993; Ely, 1997). The
speed at which climate can change has also recently become clear from high resolution proxy
climate records (e.g. Dansgaard ef al., 1993; Allen et al., 1999; Cacho et al., 2001). Transitions
between fundamentally different climates can occur within decades. In order to understand
these variations and their impact we need to investigate different environments over a range of

temporal and geographical scales.

1.3  SELECTION OF STUDY AREA

It can be argued that Mediterranean rivers (Figure 1.1) have many characteristics which enhance
their sensitivity to environmental change. The high relief of the Mediterranean region promotes
steep hillslope and channel gradients which accentuates erosive forces (Woodward, 1995).
Young, erodible lithologies are also evident in the Mediterranean (Woodward, 1995). In
addition, the basin is especially prone to intense convective storms (Wainwright, 1996) and
flashy, high magnitude flood events which can lead to major channel modifications (Poeson &
Hooke, 1997). It has also been argued that the Mediterranean basin has been especially
sensitive to climatic variations, primarily in response to precipitation related changes in
vegetation cover and sediment yield (Macklin et al., 1995). Generally, climate variations over
the Pleistocene and Holocene have resulted in alternating periods of sediment production and
river alluviation, followed by slope stability and valley floor or fan incision (e.g. Vita-Finzi,
1969; Lewin et al., 1991; Harvey, 1996; Macklin et al., 1997; Maas & Macklin, in press).
Detailed fluvial geochronologies of Late Pleistocene river response to environmental change
have been established in several areas of the western (e.g. Fuller ef al., 1998; Rose et al., 1999)
and eastern (e.g. Macklin et al., 1997; Maas et al., 1998; Hamlin et al., 2000) Mediterranean.
More recent climatic changes of lower amplitude, for example during the Little Ice Age (LIA)
AD 1450-1850, have also led to significant changes in river sedimentation styles (Ballais, 1995;
Grove, 2001) and the frequency and magnitude of flood events (Benito et al., 1996; Barriendos-
Vallve & Martin-Vide, 1998, Maas, 1998). In addition to the steepland environment, the
fragility of the Mediterranean landscape has increased throughout the Holocene due to
disturbance of the land from anthropogenic activities, which has in turn, led to further fluvial
modifications (e.g. van Andel, 1986). The Mediterranean is also a zone of active tectonics
(Dewey et al., 1973), a factor which plays a very important role in river behaviour (Harvey &
Wells, 1987; Kuzucuoglu, 1995).
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Figure 1.1 The river drainage network of the Mediterranean Basin. Values given on land indicate river
runoff and agricultural discharges (after Allen (2001), adapted from Macklin et al., 1995 and Cruzado,
1985 (from 1977 United Nations Environment Programme data)).

The island of Corsica in the western Mediterranean basin was chosen as a study area for a
number of reasons. The island provides a suitable location for investigating Late Quaternary
fluvial activity to allow comparison with other studies conducted in the Mediterranean including
Spain (e.g. Fuller et al., 1998), Mallorca (e.g. Rose et al., 1999) and Greece (Maas et al., 1998;
Hamlin et al., 2000) and to test recent ideas on the long term behaviour of Mediterranean rivers
(e.g. Macklin et al., 2002). In contrast to many other basins in the Mediterranean which are
dominated by sedimentary rocks, namely limestone, flysh and marls, Corsica has a predominant
lithology of granite. This difference provides the opportunity to compare the impact geology
has on sediment production and river behaviour. Corsica was also glaciated during the
Pleistocene period, and as previous studies in the Mediterranean have shown (e.g. Woodward et
al., 1995) the effects of glaciation can propagate well beyond the glacier margins influencing
wholesale changes in river regimes and sedimentation styles. In Corsica during the Late
Pleistocene, the headwater regions of the major rivers are likely to have developed glaciers
under conditions close to their climatic limit of viability because of the limited altitude of the
mountains (< 3,000 m), the latitudinal position (40-44°N) and the vicinity of the Mediterranean
Sea. This provides an ideal area to study environmental change as smaller glaciers react to
changes in temperature and precipitation in much shorter timescales than the larger Alpine
glaciers, possibly providing a better resolution of climatic events in the associated deposits. The
Mediterranean region was also ecologically sensitive during the Late Pleistocene and numerous
plant and animal refuges are likely to have been present in Corsica. The combination of factors
described suggests that the Mediterranean serves as an important reference point in regional

studies of Late Quaternary environmental change.
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1.3.1 Mediterranean steepland river systems

The potential for exploring river responses to environmental change in the Mediterranean is
well illustrated in the publication of Mediterranean Quaternary River Environments (Lewin et
al., 1995a). Nineteen case studies are incorporated and concern the identification of controls on
Quaternary river development. Each study shows the value and range of fluvial archives in the
region for palacoenvironmental reconstruction. The importance of Quaternary tectonic, climatic
and human activity on river behaviour is highlighted repeatedly in a variety of alluvial settings.
Such alluvial environments include alluvial fans, basin and range settings and coastal alluvial
plains and deltas. The publication, however, stresses the need for further research into
Mediterranean steepland river environments (Lewin et al., 1995b). Corsica provides a suitable
research location to address this issue as the island comprises many steepland river systems.
For example, the highest mountain, Mount Cinto is 2,706 m in altitude and is located less than

30 km from the western coastline.

On a temporal scale, Mediterranean Quaternary River Environments emphasizes the need for
steepland river studies encompassing the historical period. Evaluation of environmental
controls on flood frequency and flood magnitude during the LIA is highlighted as a key
research area, whereby the slope-channel linkages and sensitivity to recent climatic changes are
manifest (Lewin et al., 1995b). Recent catastrophic flood events in southern France and
Sardinia (11-13 November, 1999), Italy (8-10 September, 2000), Corsica (14-16 October, 2000)
and Spain (22-24 October, 2000) have illustrated the importance of understanding the detailed
mechanisms of river behaviour in these sensitive environments if appropriate flood alleviation

and sustainable river management schemes are to be developed.

1.3.2 Previous work in Corsica

There have been no recent glacial and fluvial geomorphological investigations conducted on the
island of Corsica. However, in the 1970s Odette Conchon identified and mapped the river
terraces preserved along the major rivers (Conchon, 1975). The glacial deposits evident in
Corsica have also been mapped by Conchon and correlated to the fluvial sediments on the basis
of weathering characteristics (Conchon, 1975, 1986). The terrestrial chronologies proposed by
Conchon (1975, 1986) for glaciation and river aggradation in Corsica are, however, extremely
tentative. The relative ages are based on broad pedogenic parameters which are linked by
analogy to sequences in the Alps (Conchon, 1975, 1978). No robust chronologies were
constructed by Conchon principally because of the lack of appropriate absolute dating controls
in the 1970s.
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1.3.3 Advances on earlier studies in Corsica

Over the last two decades or so, isotopic (cosmogenic nuclide, radiocarbon and uranium-series)
and radiometric (luminescence) dating techniques for Quaternary sequences have been
developed and/or further refined and offer the potential to provide studies with a firmer
chronological base (e.g. Fuller et al., 1998; Hamlin et al., 2000). This study aims to advance
Conchon’s investigations through the use of absolute and relative dating techniques in an
attempt to constrain the age of Late Pleistocene glacial and fluvial activity in Corsica. New and
existing dating methods need to be tested and refined to allow for cause and river response to be
related with confidence (Lewin et al., 1995b). Well dated mountain moraine and alluvial
sequences are necessary to test the notion that climatic variability during the last glaciation was
synchronous and worldwide (Broecker, 1997; Mahaney, 1998). There are also new approaches
(such as the use of mineral magnetic properties) to quantify weathering patterns and to develop
correlation schemes and relative age models (e.g. Harvey et al., 1995; Pope, 2000). Precise age
determinations of glacial and fluvial deposits are necessary if terrestrial and marine records are

to be linked, and base-line data for regional and global climatic change established.

Several studies within the Mediterranean have recently addressed one future research need
outlined in Mediterranean Quaternary River Environments which concerns work on historical
floods. Coarse flood deposits in steepland river systems on mainland Greece (Hamlin, 2000)
and Crete (Maas, 1998) have been mapped and dated by lichenometry. This incremental dating
technique has been used in conjunction with local instrumented precipitation data to provide
high resolution records of enhanced flood frequency and magnitude over the last 3-400 years.
No investigations of this type have been conducted in the western Mediterranean. The steep
gradient cobble- and boulder-bed stream channels in Corsica offer ideal environments for the
supply, entrainment, deposition and preservation of coarse flood material. Providing that
lichens colonise the substrate surface soon after exposure, a detailed flood history can be

developed for the local area.

1.4 CURRENT QUATERNARY PALAEOENVIRONMENTAL RESEARCH
Since CLIMAP (Climate Long-range Investigation, Mapping and Prediction) in the 1970’s there

have been numerous projects set up across the world to study climate variability. Several large-
scale international projects currently active include EPILOG (Environmental Processes of the
Ice Age: Land, Oceans and Glaciers) (http://www.images.cnrs-gif.fr/epilog.html), INTIMATE
(Integration of Ice-core, Marine and Terrestrial Records of the Last Termination)
(http://www.uu.nl/fg/INTIMATE) and PAGES (Past Climate Variability Through Europe and
Africa) (http://www.pages.unibe.ch/). There are also regional investigations such as the ‘Iberia
Project’. Their goals are all similar in that they aim to effect more precise, high resolution

synthesis of palacoenvironmental data. Some authors have argued that there is a clear need for
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more rigorous stratigraphical, palaecoecological and geochronological procedures than those that
have been adopted up to now (Macklin, 1995; Mahaney, 1998; Maddy et al., 2001). The main
challenges presently facing the continental and marine palaco-data communities according to

Lowe (2001) are:

1) To improve the precision by which past environmental changes can be reconstructed.

i) To improve the accuracy by which the inferred environmental changes can be dated.

iii) To provide data at temporal and spatial resolutions that are useful to the climate
modelling community.

It is recognized that although it may not be possible to study terrestrial and marine sequences at
the temporal resolution of ice core records, significant advances are being made with indications
that decadal- to annual- scale resolution may be feasible in certain circumstances (e.g. von
Grafenstein et al., 1999; Litt et al., 2001). Projects focusing on river behaviour and
environmental change include FLAG (Fluvial Archives Group) which was formed in 1996 due
to the increasing interest over the past decade in fluvial systems (http://www.qgra.org.uk/FLAG).
Two major research themes have been identified. The first addresses long terrestrial records
spanning the entire Quaternary and the second examines fluvial environments and processes in
relation to external and internal forcing (see Maddy et al., 2001). In essence, one of the key
issues for all Late Quaternary palaoenvironmental research projects involves the shift from
essentially qualitative investigations to gathering quantitative data in order to validate existing

models and develop new and more accurate models.

1.5 PROJECT AIMS, SCALES AND RESEARCH OBJECTIVES

The overall aim of this thesis is to investigate the impact of Late Quaternary environmental
change on river behaviour in Corsica over a range of temporal and spatial scales including the
Late Holocene period, using a range of absolute and relative age dating methods. It is hoped
that this will improve our understanding of river response to environmental change in the

western Mediterranean.

1.5.1 Spatial and temporal scale of investigation

Two study areas have been chosen for the fluvial investigations; one focuses on the nature of
river response to environmental change on the timescale of 10°-10* years and encompasses the
lower half of the Tavignano River catchment (~775km?), the other explores river response on a
decadal and centennial timescale to recent (<500 years) environmental change from a single
reach (1.5 km) of the Figarella river basin (~132km’) (Chapter 3.2). Both timescales

incorporate periods of considerable climatic instability and fluvial activity. Several studies have
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shown that Mediterranean river catchments witnessed large changes in the storage and flux of
water and sediment during the Last glacial to Interglacial transition (Woodward et al., 1995;
Fuller et al., 1998; Rose et al., 1999; Hamlin et al., 2000). Glacial activity is believed to have
played a major role in river behaviour during this time period (Lewin et al., 1991; Woodward et
al., 1995; Hamlin et al., 2000). The hydroclimatic conditions across Europe and the
Mediterranean during the sixteenth to nineteenth centuries (Little Ice Age) were also especially
changeable (Pfister, 1995) which led to widespread geomorphological adjustments (Maas, 1998;
Hamlin, 2000; Grove, 2001, Maas & Macklin, in press).

1.5.2 Research objectives

There are three key objectives for this study in Corsica:

1) To employ terrestrial in-situ cosmogenic nuclide dating (CND) to establish exposure

ages for Late Pleistocene glacial deposits in Corsica.
i) To investigate river response to environmental change over the Late Pleistocene.

111) To establish the response of a steepland river system to recent (<500 years)

environmental change.

The first objective involves a recently developed dating technique that has not been widely
applied in Europe. This project therefore acts as a pilot study to explore the potential of '*Be
CND in Corsica and indeed in a Mediterranean environment. The second objective builds on
the work of Conchon (1975) by employing a combination of relative and absolute dating
techniques in addition to sedimentological analysis to develop a fluvial history. Comparisons
with regional palacoenvironmental records and previous Mediterranean studies will also help
identify the local, regional and Mediterranean-wide controlling factors. The final objective will
combine instrumented data and historical documents from the western Mediterranean region to
aid in the interpretation of any hydrological and sedimentological adjustments. Chronological
controls over recent timescales (e.g. lichenometry) commonly offer higher resolution records of
past river activity, allowing for cause and effect relationships to be explored more effectively.
It is essential that historical climate variations and their impacts are understood so that more

accurate hydroclimate predictions can be made in the future in the light of global warming.

1.6 RIVER SYSTEMS AND ENVIRONMENTAL CHANGE
This section provides a basic, but important introduction to the controls on river behaviour and
catchment processes. The nomenclature used within this study is also outlined in addition to the

calibration of radiocarbon dates to calendar years.



1.6.1 Controls on river behaviour

A natural river can be thought of as an open system with inflows and outflows of energy and
matter (Leopold and Langbein, 1962). The important characteristics of river behaviour can
therefore be described as the external constraints or controls imposed on the system, the internal
modifications made in response to those controls and the nature of adjustment. The fluvial
system at any particular location reflects the integrated effect of a set of upstream, or
independent basin controls, notably climate, geology, land use and basin physiography which
together determine the hydrologic regime and the quantity and type of sediment supplied
(Knighton, 1998) (Figure 1.2). Climate is of primary significance in that it provides energy for
many of the important fluvial processes but also has an indirect control on hydrology and rates
of erosion through its impact on vegetation. Geology can have an effect at a variety of scales
but it particularly influences drainage pattern (surface and sub-surface) and soil type and hence
vegetation. Tectonic activity and downstream controls such as base level change are also very
important with regards to longitudinal profile adjustment. In addition to these natural controls,
anthropogenic activities presently have a strong influence in terms of land use change and river

regulation and management in many countries.

1.6.2 Catchment processes

The river catchment provides a clearly defined unit for fluvial studies and comprises the
recognizable elements of an open system with inputs, throughputs and outputs. Schumm (1977)
envisaged a simplistic scheme consisting of three zones arranged in a downstream sequence: an
upper zone of sediment production, a middle zone of sediment transfer and a lower zone of
sediment deposition (Figure 1.3). Although it is known that sediment is eroded, transported and
deposited throughout the entire drainage basin, the model underlines how different processes
may dominate longitudinally (Knighton, 1998). This model implies the importance of
headwaters as source areas and how downstream effects may have upstream causes,

emphasizing the need to study the catchment as a whole.
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Figure 1.2 Interrelationships in the fluvial system. Relationships are indicated as direct (+) or inverse (-)
and arrows indicate the direction of influence (after Knighton, 1998).

ZONE 1 ducti
Upstream Controls ‘ (production)

(climate, land-use) Orajnage Basin

ZONE 2 (transfer)

Oownstream
Controls
(baselevel)

ZONE 3 (deposition)

Figure 1.3 Schematic tripartite diagram of catchment processes; sediment production characterizes the
upper zone, sediment transfer is associated with the middle zone and sediment deposition is generally
related to the lower zone (Schumm, 1977).

Whilst rivers establish a form which is in equilibrium with the prevailing hydrological and
sedimentological conditions (Chorley, 1962), numerous disturbances within the catchment
could induce a change in form. These interruptions could either be of a ‘pulsed’ nature, such as
flood events, or of a more progressive ‘ramped’ nature such as variations in climate (Brunsden
& Thornes, 1979). Other disturbances to the system may include tectonic, biotic or
anthropogenic factors. If thresholds are crossed, adjustments need to be made in response to the
induced controls and a certain length of time, namely the ‘relaxation time’, or the ‘recovery

period’ is required in order for the river to regain its steady state. However, because rivers are
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sensitive systems that endure frequent disturbances it has been argued that the state of

equilibrium is rarely achieved (Bull, 1979, Ferguson, 1993).

1.6.3 Nomenclature and calibration

Two of the most contentious issues when correlating different climate proxy records (with each
other and between regions) are the nomenclature used and the calibration of different dating
techniques. The latter is especially important for periods experiencing more abrupt and rapid

changes in climate such as the Lateglacial.

One of the first empirical studies of fluvial response to climatic change was by Penck &
Briickner (1909) who linked aggradation to glacial period sediment supply, and incision with
interglacial intervals. Examination of terraces along tributaries to the Danube in southern
Germany yielded the concept of the four Pleistocene glacial-interglacial cycles. The four major
ice ages in the Alpine chronology were named-Gﬁnz, Mindel, Riss and Wiirm, the latter being

the most recent (Table 1.1).

Table 1.1 Quaternary time units (from Ahnert, 1998).

Years before Condition Alps Northern United North
present Europe Kingdom America
Postglacial Holocene Flandrian Holocene
10 000 Interglacial
Wiirm Weichselian Devensian Wisconsin
70 000 Glacial
Riss/ Wiirm Eemian Ipswichian Sangamon
120 000 Interglacial
Riss Saalian Wolstonian Illinoian
180 000 Glacial
Mindel/Riss Holsteinian Hoxnian Yarmouth
260 000 Interglacial
Mindel Elsterian Anglian Kansan
420 000 Glacial
Giinz/Mindel Cromerian Cromerian Aftonian
820 000 Interglacial
Glacial Beestonian
Interglacial Pastonian
Giinz Menapian Baventian Nebraskan
1.2 million

This model remained dominant until the development of oxygen isotope records from ocean
basins in the 1960s and 1970s and the confirmation of the Milankovitch theory of glaciation
(Hays et al., 1976). The evolution of radiocarbon dating (Libby, 1952) provided the
opportunity to develop a chronology for climatic change from palaeobiological indicators and
independently from alluvial successions (Blum & Témgqvist, 2000). It is now known that the
glacial framework is much more complex than a succession of four glacials with intervening
interglacials. Moreover, within a glacial stage there are warmer short-lived episodes termed

interstadials, contrasting with adjacent colder stadials. Although it is current practice to express
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Quaternary time units as marine isotope stages (MIS), authors still employ the four principal
stage names. Its transference to non-Alpine regions raises problems of correlation, arising
essentially from the discontinuous nature of the geomorphological record. Not only is the
record made up from components in different locations of a region but it may be that in some
regions evidence of particular phases may be totally lacking, in some cases due to eradication

by erosion from a later glaciation of the region.

Reference to the Alpine terminology is made throughout this study, principally due to the
closeness of the Alps to the Mediterranean region. Many Mediterranean palaeoclimatic studies
use the term Wiirm to describe the last glacial period, ca. 70-10 ka, which incorporates the
Quaternary time unit of MIS 2, 3 and 4, the middle phase characterizing a slight warming within
the last glacial period. The subdivisions of the Wiirm are not unanimous and vary from author
to author which results in confusion. The Alpine chronology is divided into Wiirm I, Wiirm II
and Wiirm I1I, but in northwest Europe, the broad substages are Early-glacial, Pleniglacial and
Lateglacial. The latter nomenclature is employed more widely in the Mediterranean literature
than the former, and much more is known about the Lateglacial than the preceding substages
(although the long pollen records are now helping to overcome this, see Table 2.1). The
Lateglacial can be divided up into Interstadials and Stadials, periods of warmer and cooler

climatic conditions respectively (Table 1.2).

Table 1.2 Subdivisions * of the Lateglacial and Postglacial phases of northwest Europe.

Chronozone Condition Radiocarbon  Calendar age (yr BP)
age " (yr BP) _ Intercepts and range ©

Late Sub-Atlantic Cool and wet
2,500 (2,709)-2,581-(2,509)
Middle Sub-Boreal Warm and dry
S og 5,000 5,731
2 g ‘_g Atlantic Warm and wet
23 8 8,000 (8,950)-8,784-(8,767)
& T | Early Boreal Warm and dry
9,000 9,979
Pre-Boreal Warm and dry

10,000 (11,700)-11,500-(11,000)

Younger Dryas  Stadial

11,000 12,917
Allerdéd Interstadial
9 11,800
& Late Wiirm/  Older Dryas Stadial
oy Weichselian 12,000 13,992
3 Bolling Interstadial
13,000 15,437
Oldest Dryas cold
14,000 16,792

* The terminology for the Holocene is based on the Blytt-Sernander sequence.

®The ages in conventional radiocarbon years are those used by Mangerud et al. (1974) to define
chronozones which in the Holocene approximate to the Blytt-Sernander climatic zones.

¢ Calibration to calendar years from Roberts (1998).
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The Postglacial which represents the current interglacial is more commonly known as the
Holocene and can be divided into chronozones. Both the Lateglacial and the Postglacial periods
and their subdivisions are well constrained due to the abundance of suitable organic material
which can be radiocarbon dated. This is due mainly to human settlement throughout the
Holocene and good preservation of organic deposits in the Lateglacial in comparison to the
earlier substages. However, radiocarbon years can not be directly compared to calendar years
and a correction must be made when comparing ages which have been determined from
different dating techniques (Roberts, 1998) (Table 1.2).

1.7 THESIS STRUCTURE

A review of Late Quaternary palaeoclimates in the Mediterranean is presented in the following
chapter. The possible forcing mechanisms of climate cyclicity are reported in addition to the
impacts environmental change has on Late Pleistocene and Late Holocene river behaviour.
Previous studies that have investigated long term (10>-10* years) and short term (10°-107 years)
river development are discussed. Background information on Corsica is described in Chapter 3
where the geological history, tectonic history and physiographic setting of the westen

Mediterranean island are presented together with the present-day land-use and climate.

The results of this investigation are presented in Chapters 4, 5 and 6. Chapter 4 details the
utility of cosmogenic nuclide dating to elucidate the age of glacial deposits in Corsica and
discusses the feasibility of the results incorporating a basic snow accumulation model. Chapter
5 documents the work conducted along the Tavignano River with regards to establishing the
nature of pedogenic weathering and the timing of major aggradation in the area during the Late
Pleistocene. The response of the Figarella river to environmental change over the past 400

years is illustrated in Chapter 6.

A synthesis of the main research findings is provided in Chapter 7 and compares the results of
the investigation in Corsica with other Late Quaternary Mediterranean alluvial environments.
An evaluation of the absolute, incremental and relative dating techniques employed within this
study is also given. Chapter 8 presents the main conclusions of the study and recommendations

for future work.
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2 LATE QUATERNARY CLIMATE CHANGE AND
MEDITERRANEAN RIVER BEHAVIOUR

21 SYNOPSIS

This chapter focuses on Mediterranean climate change from the Late Pleistocene through to the
Late Holocene period. Palaeoclimates encompassing the period from 140 to 10 ka are largely
based on: i) proxy data from terrestrial and marine sources within the western Mediterranean
region, and ii) model simulations comprising a number of environmental variables. Climate
reconstructions for Corsica are based on pollen sequences from cores extracted from Lake
Creno in central Corsica. The palynological records date back to the Lateglacial period and
provide the only available climate proxy for the island. Forcing mechanisms of Late
Quaternary climate change are addressed in addition to the impact variations in climate have on
river behaviour on both a long and short timescale. Other extrinsic influences on Late

Pleistocene and Holocene river behaviour are discussed including tectonic and anthropogenic

activity.

2.2 INTRODUCTION

Interpretation of European and Mediterranean Quaternary environmental change history has
been reconstructed mainly from pollen and plant macrofossil records (e.g. Woillard & Mook,
1982; Ponel & Coope, 1990; Watts et al., 1996) and lake level changes (e.g. Harrison &
Digerfeldt, 1993; Roberts & Wright, 1993). Pollen sequences illustrate the shifting vegetation
patterns that accompanied the glacial-interglacial cycles and also the lower order climate
variations throughout the Quaternary (Table 1.1 & 1.2). Such biological evidence enables
palacoclimates to be inferred, although it is often argued that accurate pollen-based
reconstructions are hampered by the lack of modern analogues for many of the pollen
assemblages (Huntley & Prentice, 1993; Peiialba et al., 1997). Uncertainties also exist about
the resolution of palynological sequences with regards to the lag time between climate change
and vegetation response. However, numerous authors have recently demonstrated that
Mediterranean pollen records can provide a sensitive and high resolution account of rapid
(centennial-millennial) environmental fluctuations comparable to those obtained from marine

and ice cores (e.g. Follieri et al., 1998; Allen et al., 1999; Roucoux et al., 2001).

Ice cores from Greenland (e.g. GRIP and GISP2) and sediment sequences from the North
Atlantic Ocean (e.g. Duplessy ef al., 1992; Waelbroeck et al., 2001) and the Mediterranean Sea
(e.g. Paterne, 1999; Cacho et al.,, 1999, 2001) provide an accurate measure of the timing and

amplitude of climatic fluctuations through variations in isotopic (3'*0) and chemical signatures.
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Chronological control for the Greenland ice cores has been based on a number of parameters.
In the GRIP record, annual cycles in Ca and dust have been counted back to 100 ka in addition
to the application of an ice accumulation model (Johnsen et al., 2001). In the GISP2 record, the
counting of annual laminations and the correlations with the Vostok core provide the dating
control (Meese et al., 1997; Johnsen et al., 2001). One of the main methods of glacial-
interglacial ordering has been by marine isotope stages (MIS), which many of the terrestrial

sequences are used as a chronostratigraphic framework.

The lack of geochronological control beyond the effective dating range of radiocarbon (**C) has
restricted many detailed reconstructions to the Last Glacial to Interglacial transition through to
the present day (e.g. Pérez-Obiol & Julia, 1994). The accuracy of '*C dating has been
questioned due to the fluctuations in the carbon production rate and the plateau identified at
around 12-11 ka BP (Ammann & Lotter, 1989), a time period of considerable environmental
change (Table 1.2). Cross correlation with sequences dated by other methods such as
cosmogenic or uranium-series techniques must be conducted with caution, although it has been
argued that calibration and correction procedures are now more straightforward (e.g. van Andel,
1998). An alternative approach to implementing a numerical dated stratigraphy is to align
terrestrial cores to the marine astronomically tuned timescale (Tzedakis, 1997; 2001). Four long
continuous pollen sequences from southern Europe have been used to develop a complete
stratigraphical scheme of major vegetational events for the past 430 ka (Tzedakis et al., 2001).
In a similar manner, Lateglacial and Holocene tree ring chronologies have been constructed
throughout central Europe and extended to the Mediterranean region (Friedrich et al., 2001).
Absolute dating, however, is crucial for accurate comparisons and correlations between
different continental sequences of environmental change. For example, the fluvial record
cannot be easily compared to the vegetation records if ages of major events are not established.

One exception would be if a common feature such as a tephra layer is identified in both records.

The main aim of this chapter is to outline the major climate changes that have occurred during
the Late Pleistocene and Holocene periods and establish the prevalent river behaviour

throughout the Mediterranean during these times. The objectives are as follows:

i) Define the main climatic boundaries during the Late Quaternary (from 140 ka onwards)

and discuss the dominating climate conditions within each period.

i) Describe the effects climate change has on fluvial systems and review other controlling

mechanisms on river behaviour.

iif) Examine the timing and nature of fluvial activity across the Mediterranean during the

Late Quaternary.
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2.3 CLIMATE CYCLICITY AND THE INFLUENCE OF THE NORTH ATLANTIC
OCEAN

Information on temperature fluctuations in the North Atlantic region over the last 200 kyr have
been obtained from oxygen isotope records of marine and ice cores (e.g. Martinson et al., 1987:
Dansgaard et al., 1993; Meese et al., 1997). The longest cycle is thought to drive the glacial-
interglacial sequences while a combination of the others promotes lower order but higher
frequency climatic variations, known as stadials and interstadial phases. The long term
fluctuations in temperature are primarily the result of periodic changes in the Earth’s orbit and
axis which control the amount of radiation received by the earth (Milankovitch forcing).
Detailed analysis of ocean core sequences suggests that the climatic oscillations operate over
cycles of 43 kyr (obliquity) and 24 kyr (precession) (Hays et al., 1976). A longer cycle of 100
kyr is also evident in the marine and ice core records but the origin is still uncertain. It is
argued that the 100 kyr cycle could also be derived by variations in the Earths orbit

(eccentricity), but there is still some uncertainty.

Superimposed on these 24, 43 and 100 year cycles are distinct changes in temperature on
millennial frequencies. These millennial-scale variations are well illustrated in ice cores, ocean
sediment cores and terrestrial records and are named Dansgaard-Oeschger events (Dansgaard et
al., 1993). The planktonic record of core MD95-2042 (Shackleton et al., 2000) clearly shows
the variation in the concentration of 6'°0 which is indicative of changing ice volume, sea
surface temperature and salinity and used as a proxy for regional temperature trends (Figure
2.1). The Last Glacial in particular exhibited a number of these rapid climate fluctuations of
relatively large magnitude (e.g. Allen et al., 1999). Between 110 and 14 ka, 24 of these warm
events are recognized in the marine and ice core record (Bond ef al., 1993; Dansgaard et al.,
1993; Taylor et al., 1993, 1997). The warmer periods are well defined showing an abrupt
beginning and a more gradual termination. The gradual cooling phase often ends with an
abrupt final reduction in temperature back to cold conditions. Extensive ice rafting events
known as ‘Heinrich events’ (Heinrich, 1988; Broecker ef al,, 1992; Bond et al., 1992; 1993),
outflows of glacial meltwater (Broecker & Denton, 1989; Bard et al., 1996) and re-routed
continental runoff (Manabe & Stouffer, 1997; Clark et al., 2001) into the North Atlantic are
believed to have occurred in the intense cold and dry phase of some Dansgaard-Oeschger
cycles. The massive input of fresh water into the ocean is thought to disrupt the North Atlantic
Deep Water (NADW) formation and the transfer of heat and salt. Weakening of the
thermohaline circulation had a strong influence on atmospheric circulation patterns resulting in
a southward movement of the polar front and winter storm tracks (Duplessy et al., 1992;
Hughen et al., 1996). Low sea surface temperatures (SST) in the Mediterranean basin have
also been attributed to Heinrich events from polar water entrance through the Strait of Gibraltar

(Cacho et al., 1999; Paterne et al., 1999) and intensification of the wind systems in the northern
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hemisphere (Rohling et al., 1998; Bacena et al., 2001). Correlation between Heinrich events
and periods of rapid climate changes reconstructed from isotopic and sedimentological records
in the western Mediterranean also show a strong link with North Atlantic events (Valero-

Garcés et al., 1998; Ramrath et al., 1999; Asioli et al., 2001).

The detailed timescale on which most of these ice-rafting and climate change events began and
ended is uncertain, although it cannot have been very much longer than several decades because
the events themselves lasted no more than a few centuries (Mayewski et al., 1997). Detailed
studies of the Heinrich events suggest that the periodicity was between 7-13 ka during MIS 4, 3
and 2 (Adams et al., 1999). The Dansgaard-Oeschger cycles seem to occur every 1-3 kyr with a
mean cycle length of about 1,500 years (Bond et al., 1997). Similar but lower amplitude 1,500
year oscillations also occur during the Holocene interglacial (Campbell ez al., 1998). The Little
Ice Age (LIA) (AD 1450-1850) is believed to be the latest expression of the 1,500 year cycle
(Bond et al., 1997). Chemical composition analysis in the Greenland ice cores suggests that the
LIA may have been the largest and most rapid change in polar circulation during the Holocene

(O’Brien et al., 1996; Mayewski et al., 1997).

It is uncertain whether the frequent abrupt and severe climatic fluctuations during the Last
Glacial and the Holocene were solely the result of internal mechanisms or whether there was an
external influence. Coupled atmospheric-oceanic models of global circulation have simulated
present day climate conditions without the use of extemal forcing such as insertions of large
amounts of fresh water into the North Atlantic Ocean. Hall & Stouffer (2001) present a model
which suggests a drastic cooling event within 3,500 years. Persistent northwesterly winds
transport large quantities of cold and fresh water into the northern North Atlantic and oceanic
convection shuts down in response. A cooling of 3°C lasting 40 years has been simulated and is
qualitatively similar to some abrupt millennial scale North Atlantic cooling events seen in the
Holocene record (Bond et al., 1997). Bond et al. (2001), however, demonstrate that the Earth’s
climate system is highly sensitive to even weak perturbations in the Sun’s energy output, not
just on a decadal scale but also on centennial and millennial timescales. Over the last 12 kyr
virtually every centennial time scale increase in drift ice evident in the North Atlantic records
was associated with a distinct interval of variable and, overall, reduced solar output (Bond ef
al., 2001). Such studies highlight the need to further our knowledge of centennial-millennial

scale natural variability if the impacts of global warming are to be accurately assessed.
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Figure 2.1 Planktonic oxygen isotope stratigraphy of core MD95-2042 identifying isotope stages,
timescale of Cayre et al. (1999), and Greenland Ice Core Project (GRIP) 5'®0 (Johnsen ef al., 1992).
Taken from Shackleton et al., 2000.

24 MEDITERRANEAN QUATERNARY PALAEOCLIMATES

Climate changes in the North Atlantic region inferred from 8'°O records can be linked to the
changing vegetation communities in the western and central Mediterranean region. Many of
the longest terrestrial pollen sequences originate from sediment cores extracted from maar lakes
in Italy (e.g. Lago di Monticchio) and France (Lac du Bouchet) extending up to 450 ka BP and
these have been correlated to the deep sea oxygen isotope record (e.g. Narcisi et al., 1992;
Allen et al., 1999; Reille et al., 2000). Grande Pile sediment cores from central France also
exhibit a long record of vegetation changes and cover the last 140 ka with a chronology tied to
the marine oxygen isotope stratigraphy (Woillard, 1978; Woillard & Mook, 1982). Other key
sites from which pollen sequences have been widely used to reconstruct climate change in the
western Mediterranean are Banyoles lake in northeastern Spain (Pérez-Obiol & Julia, 1994) and
Padul in southem Spain (Pons & Reille, 1988) (Table 2.1,Figure 2.2). Recent high resolution
marine records from the Mediterranean Sea ((e.g. core MD 95-2043 in the Alboran Sea (Cacho
et al., 1999; 2001) and pollen record (Sanchez-Goiii et al., 2002) and core KET 80-03 in the
Tyrrhenian Sea (Paterne ef al., 1999)) have also revealed climate variability in increasing detail.
Table 2.1 and Figure 2.2 give details of the various climate proxies and their locations that have
been used in the reconstructions of Middle and late Pleistocene and Holocene climate in the

western Mediterranean region.
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Table 2.1 Main climate proxy records in the western Mediterranean region (Figure 2.2).

Record Reference Site and region Climate proxy Length of
record
(MC kﬂ)
Continental
Spain
1 Allen et al., 1996 Lago de Ajo Pollen 14
Northwestern Spain
2 Peiialba et al., 1997 Quintanar de la Sierra Pollen 18.5
North central Spain
3 Pérez-Obiol & Julia, Banyoles Pollen 30
1994 Northeast Spain
4 Florschiitz et al., 1971; Padul Pollen ca. 200
Pons & Reille, 1988 Southern Spain ca. 70
France
Jalut et al., 1992 13 sites in the Pyrenees Pollen 30
5,6,7 Andrieuetal., 1993 Le Moura, Biscaye, Pollen ca. 15
Barbazan
Western Pyrenees
8,9 Reille & Lowe, 1993; Freychinede, La Moulinasse  Pollen
Pons et al., 1987 Eastern Pyrenees ca. 12
10 Woillard, 1978; Grande Pile Pollen 140
Woillard & Mook, Central France
1982
11 Beaulieu & Reille, Les Echets, Pollen
1984 Southern France
12 Ponel & Coope, 1990 La Taphanel Pollen, macrofossil, ca. 15
Massif Central coleoptera
12, 13, Beaulieuet al, 1985 La Taphanel, Marais de Pollen ca. 15
14 Limagne, La Chaumette-
Brameloup
Massif Central
15 Reille et al., 1997, Lac de Creno Pollen 15
1999 Central Corsica
Italy
16 Ponel & Lowe, 1992 Prato Spilla Pollen, coleoptera ca. 15
Northern Apennines, Italy
17 Narcisi., 2001 Lago di Vico Pollen, macrofacies 90
Central Italy and sedimentological
data
18 Follieri et al., 1988; Valle di Castiglione Pollen, mineralogical 250
Narcisi et al., 1992 Central Italy and geochemical and 250
biostratigraphical
data
19 Watts 1985; Lago Grande di Monticchio  Pollen , macrofossil, 15
Watts et al., 1996 Southern Italy diatom
19 Allen et al., 1999 Lago Grande di Monticchio  Pollen, physical and 102
Southern Italy _geochemical data
Marine
20 Cacho et al., 1999, Alboran Sea Sea surface 25
2001 Western Mediterranean Sea  temperature
21,22 Kalleletal, 1997 Tyrrhenian Sea Sea surface 18
Central Mediterranean Sea temperature, salinity
22 Rossignol-Strick & Tyrrhenian Sea Pollen, sea surface
Planchais, 1989; Central Mediterranean Sea temperature, salinity
Paterne et al., 1999 and oxygen isotope 15-75

composition
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Figure 2.2 Location of the main climate proxy records in the western Mediterranean region (Table 2.1)

1. Lago de Ajo; 2. Quintanar de la Sierra; 3. Banyoles; 4. Padul; 5. Le Moura; 6. Biscaye; 7. Barbazan; 8.
Freychinede; 9. La Moulinasse; 10. Grande Pile; 11. Les Eschets; 12. La Taphanel; 13. Marais de
Limagne; 14. La Chaumette-Brameloup; 15. Creno; 16. Prato Spilla; 17. Vico; 18. Castiglione; 19.
Monticchio; 20. Alboran; 21 & 22. Tyrrhenian; 23. Adriatic.

2.4.1 Late Pleistocene (MIS 6) to Last Glacial Maximum

Alternations between forest and open vegetation communities reflect high order changes of
magnitude such as those major climatic shifts from interglacial to glacial modes (Table 1.1).
Interglacial vegetation in southern Europe was generally dominated by mixed evergreen and
deciduous woodland taxa such as oak (Quercus), elm (Ulnus), hazel (Corylus). Mediterranean
taxa included olive (Olea) and pistachio (Pistacia) (van Andel & Tzedakis, 1996). The glacial
stages in contrast, were synonymous with semi-desert like steppe vegetation with abundant
Artemisia in addition to chenopods and grasses (Wijmstra, 1969). Superimposed on these
oscillations is a lower order variability associated with vegetation changes between stadials and
interstadials (Tzedakis, 1993). Often vegetation changes were rapid, frequently occurring in
less than 200 years (Allen et al., 1999). A comprehensive review of the European environment
from 150 to 25 ka BP is given in van Andel and Tzedakis (1996). The distinct climatic divisions
and conditions and associated vegetation for southern Europe throughout the Late Pleistocene
from MIS 6 are illustrated in Figure 2.3. In addition, relative sea level is shown as a proxy to

global ice volume variations.
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The last glacial period (MIS 2) peaked in Europe at around 18 k radiocarbon years BP although
the precise timing varies from region to region. Large ice sheets were present over much of
northern Europe and ice caps covered the Alps and the Pyrenees. Extensive glaciers also
occupied the upland valleys in Corsica (Conchon, 1975, 1986) (Chapter 4.3) during this Last
Glacial Maximum (LGM). Severe cold and aridity characterized the LGM and the succeeding
millennia up to 14 ka BP and these conditions were clearly reflected in the pollen sequences.
However, evidence for high lake levels in the Mediterranean region at the time of the LGM
suggest that the climate was wetter than present (Harrison & Digerfeldt, 1993; Roberts &
Wright, 1993; Harrison et al., 1996). This apparent contradiction has been explained primarily
by the increased seasonality of precipitation when the winters were characterized by cold
temperatures and intense precipitation and the summers were mild and dry (Prentice et al,
1992; Peyron et al., 1998; Collier et al., 2000). Ecological modelling of the LGM in the
Mediterranean region has estimated a reduction in winter temperature by 18°C and a summer
temperature not dissimilar from today (Guiot et al, 2000). The combination of increased
precipitation in the winter and drier summers than modern times would generate more 20%
more runoff (+100 mmyr™") (Guiot et al., 2000). These climatic conditions are slightly more
extreme than those initially established from General Circulation Models by Kutzbach &
Guetter (1986) and COHMAP members (1988) that suggest a decrease of around 10°C in the
winter and 1-2°C below present temperatures in the summer. The mean annual SST in the
western Mediterranean basin during the LGM is estimated to have been 4°C lower than present
(Bigg, 1994). However, the small number of sites used for lake level reconstruction at the
LGM must be highlighted. For the western Mediterranean basin, only one basin was examined
(Harrison & Digerfeldt, 1993). In addition, recent data from loannina basin, northwest Greece
have shown LGM lake levels to be low, which suggests the models for high seasonal
precipitation yet widespread aridity are not necessarily needed (Frogley et al., 2001). More

data must be collected and analysed for this controversy to be settled.

In southern Europe, some areas of open pine (Pinus) and birch (Betula) woodland seem to have
existed during the LGM. In sheltered areas, mainly in the western Balkans (Tzedakis, 1993;
Willis, 1994; Willis et al., 2000), the mountains of Italy (Bennett ef al., 1991), and possibly
Corsica (Reille et al, 1997), scattered temperate tree populations survived in refugia where
temperature variations were not extreme and precipitation was sufficient. Scattered patches of
pine woodland may have also been present in valleys and other sheltered sites in the mountains

of Spain (Turner & Hannon, 1988; Ramil-Rego et al., 2000).
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2.4.2 The Lateglacial to Holocene transition

Recent research on the last glacial period has demonstrated a close correspondence to
millennial-centennial climatic and oceanic variability in the North Atlantic (Rohling et al,
1998; Cacho et al., 1999, Paterne et al., 1999). The last deglaciation and Holocene periods
were also characterized by short-term climatic variability (Bond ef al., 1997). The Lateglacial
(ca. 15 to 10 k radiocarbon years BP) was particularly marked in the northern hemisphere by
conspicuous climate changes which included rapid glacial retreat. The most widely recognized
intervals are the Older Dryas cold phase, the Aller6d/Bélling interstadials and the Younger
Dryas cold phase (Figure 2.4). Each of these rapid climatic fluctuations is clearly evident in
many of terrestrial, deep sea and ice core records in the northern hemisphere. The climate
variations during the Lateglacial have probably been studied in most detail due to the excellent
preservation of fossil material and the availability and application of dating techniques (e.g.

radiocarbon dating).

The rise in global temperatures soon after the Last Glacial Maximum led to an increase in tree
cover across the Mediterranean region associated with an overall reduction in Artemisia and
other steppe like vegetation. However, cooler conditions returned at around 15 k radiocarbon
years BP and a subsequent increase in Artemisia and other non arboreal pollen marked the
beginning of the Lateglacial in Corsica (Reille et al., 1997) (Figure 2.5) and more generally
across the whole of southern Europe (Beaulieu & Reille, 1984; Reille & Andrieu, 1995). This
stadial is often referred to the Oldest Dryas, and although distinct in some terrestrial (e.g. Pons
& Reille, 1988; Watts ef al.,, 1996) and marine pollen sequences (e.g. Combourieu-Nebout et
al., 1998) and SST records (e.g. Kallel et al, 1997), it is not recognized in all
palaeoenvironmental records. The beginning of this period coincides with a large discharge of
icebergs in the North Atlantic, Heinrich event H1 (Bond et al., 1993). Marked aridity also
corresponds to the Oldest Dryas event in southern Europe and the Mediterranean. Lake levels
in the western Mediterranean were at their lowest around 16 to 15 k radiocarbon years BP
(Figure 2.5) due to the periodic poleward movement and strengthening of the subtropical
pressure cells and the reduced winter precipitation from the northward migration of the jet

stream (Prentice ef al., 1992; Harrison & Digerfeldt 1993).
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Figure 2.4 Vegetation and climate characteristics during the Late Glacial in southern Europe. Mean July
temperatures are reconstructed from palynological and coleopteran evidence from La Taphanel, Massif
Central (Guiot et al., 1993, from Beaulieu et al., 1994).

Climatic improvement was widely developed in southwestern Europe by 13 k radiocarbon years
BP (Beaulieu et al., 1994) and deglaciation was half complete (Ruddiman & Mcintyre, 1981).
Climatic conditions continued to warm and moisten which resulted in the growth of open
wooded vegetation. This interstadial, known as the Alleréd-Bolling event across Europe, was
punctuated by two cooling events, the Older Dryas and the Younger Dryas around 12 k BP and
11 k radiocarbon years BP respectively (Figure 2.4). The earlier event was less emphatic and
briefer than the latter and is not as well marked in the palaeoclimatic records, although
significant changes in the §'°O signal are evident in both the Greenland ice core records at this

time (Johnsen et al., 1992; Grootes et al., 1993).

In Corsica, the Older Dryas does not appear to have a significant affect on the vegetation cover
in the vicinity of Lake Creno (Reille er al., 1997). However, the signal is more clearly
identifiable in numerous other palaeoenvironmental records in the western Mediterranean. The
Older Dryas cooling led to an increase in steppe-like vegetation and a reduction in tree pollen in
northern Spain (Watts, 1986; Pérez-Obiol & Julia, 1994), the Pyrenees (Andrieu et al., 1993,
Reille, 1993) and the Massif Central (Beaulieu ef al., 1985; Ponel & Coope, 1990). The stadial
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is also evident by the reappearance of certain beetle species at La Taphanel (Massif Central)
and Prato Spilla (northern Apennines) which are associated with cooler conditions (Beaulieu et
al., 1985; Ponel & Coope, 1990; Ponel & Lowe, 1992). These differences in vegetation cover
and insect species imply that some sites are clearly more sensitive than others to such abrupt
climate variations. It is suggested that the Older Dryas signal was more significant in northern
Spain and Pyrenean sites than in southern parts of Spain (Valero-Garcés et al., 1998). The
Lake Creno site in central Corsica may also be more sheltered than the other Mediterranean
mountain locations which illustrated a more distinct Older Dryas signal. It is interesting to note
however, that one of the highest resolution marine palaeoclimatic reconstructions available

from the western Mediterranean Sea (Cacho et al., 2001) does not show the Older Dryas signal.

The decline of steppe vegetation and extension of xerophytic shrubland around 11.7 k
radiocarbon years BP in the Lake Creno pollen record corresponds to the increased
temperatures and slight moistening of the climate before the onset of the Younger Dryas (Reille
et al., 1997). This evidence is also supported by the increase in birch (Betula pendula) and
alder (Alnus viridis ssp. suaveolens, Alnus glutinosa). Surprisingly, a marked increase in pine
taxa (Pinus nigra ssp. laricio) was not recognized during this period of climatic improvement in
Corsica unlike other parts of southern Europe at similar altitudes (e.g. Reille & Lowe, 1993). A
major expansion of oak (Quercus) during the Alleréd (ca. 11.7 to 11 k radiocarbon years BP) is
also not evident, in contrast to many Italian lacustrine pollen sequences. Perhaps this reinforces
the suggestion that the Lake Creno site is sheltered and is not as responsive to small changes in
climate as other sites. The vegetation during the Allerdd interstadial in Corsica was similar to
that colonising the present slopes between 1,700 m to 2,200 m asl belt on the island (cryo-
oromediterranean, Chapter 3.8). This suggests a lowering of vegetation belts by approximately

500 m between the present and the Allerdd interval (Reille et al., 1997).

A new expansion of Artemisia and Chenopodiceae coinciding with the decrease of all the
mesophilous trees (Quercus, Alnus and Tilia) around 11 k radiocarbon years BP in Corsica is
the best indication of the cooling and drying phase of the Younger Dryas (Reille et al., 1997)
(Figure 2.5). The vegetation response to this climate change was particularly abrupt at the start
of the Younger Dryas and is marked by a sudden increase in steppe species in many of the
records from mountain sites throughout the western Mediterranean between 11 and 10 k
radiocarbon years BP (Beaulieu er al., 1994). Insect evidence (e.g Ponel & Coope, 1990; Ponel
& Lowe, 1992), and sea surface temperatures and salinity records (e.g. Paterne et al., 1986;
Kallel et al., 1997; Combourieu-Nebout et al.,, 1998; Cacho et al,2001) also show the abrupt
onset of the Younger Dryas and indicate that the shifts in the position of the North Atlantic
Polar front were sudden (Pefialba et al., 1997). The Younger Dryas was characterized by low

annual temperatures and dry winters although precipitation was high in the summer months
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compared to the end of the Last Glacial (Pons ef al., 1987; Guiot ef al., 1993; Beaulieu ef al.,
1994; Peiialba et al., 1997). Palaeoclimatic models have suggested that the mean July
temperature during the Younger Dryas was up to 8°C below that of the present day in the
western Mediterranean region (Beaulieu et al, 1994; Peiialba er al, 1997). Annual
precipitation was likely to have been 400-500 mm less than present conditions (Pons ef al.,
1987). Sea surface temperatures in the Alboran and Tyrrhenian Seas were 3-4°C cooler for

throughout the duration of the Younger Dryas (Cacho et al., 2001).

Younger Cryas

Pinus

B []

High Intermedate Low
Populations Lake Level

Figure 2.5 Pine (Pinus) and Artemisia populations from Lake Creno (Central Corsica) during the Last
Glacial and Holocene periods (after Reille et al, 1997, 1999) and lake levels from the western
Mediterranean region from 18 ka (Harrison & Digerfeldt, 1993).
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The Younger Dryas was the most significant rapid climate change event that occurred during
the last deglaciation of the North Atlantic region and its origin is still strongly debated (Berger
& Jansen, 1995; Alley & Clark, 1999 and references therein). However, general opinion rests
with a mechanism disrupting the formation of NADW and ocean-atmosphere coupling. The
abrupt cooling is regarded by some to be the result of the most recent Heinrich event, HO (Bond
et al., 1993; Bond et al., 1997). Others believe it is the consequence of a massive discharge of
fresh water into the North Atlantic, notably Meltwater Pulse 1A (Bard et al., 1996). Either
event would cause a sudden influx of cold fresh water and lower the Atlantic surface salinity
sufficiently to prevent the formation of NADW. Weakening the thermohaline circulation
would provoke an abrupt return to glacial conditions. Vegetational changes in response to
rapid deglaciation phenomena such as Heinrich events are clearly seen in the pollen record
from Banyoles, northern Spain (Pérez-Obiol & Julia, 1994; Allen er al., 1999). The pollen
record does not however, show the brevity of the Younger Dryas termination. It is estimated
that in less than 20 years, the climate in the North Atlantic region became milder and less
stormy as a consequence of a rapid retreat of the sea ice cover. A warming of about 7°C
occurred in about 50 years (Dansgaard et al., 1989; Alley et al., 1993; Watts et al., 1996;
Peiialba et al., 1997). This transition marks the end of the last major climate reorganization

during the deglaciation and the beginning of the Holocene.

2.43 The Holocene

In most regions, climatic reconstructions of the Holocene period based on pollen sequences are
problematic because of the interference of the vegetation cover due to anthropogenic activity.
It is possible to build up a broad picture of climate variation during the present interglacial
using pollen data in association with other palaeoclimatic proxies from the western
Mediterranean region. The earliest known evidence of human presence on Corsica is dated
8.56 + 0.15 k radiocarbon years BP (Grove & Rackham, 2001). Climate reconstructions from

the Lake Creno pollen record in Corsica must be developed with this in mind.

The climatic amelioration towards the end of the Younger Dryas and the onset of the Holocene
promoted the expansion of pine (Pinus nigra ssp. laricio) in Corsica which rose to maximum
values of 70% at around 9.8 k radiocarbon years BP (Reille et al., 1997) (Figure 2.5). Other
major pollen contributors over the next 1 k years were alder (4/nus glutinosa), yew (Taxus),
beech (Fagus) and heather (Erica arborea) (Reille et al., 1999). Abrupt extensions of forest
are recognized in many other pollen sequences in the Mediterranean during the first few
millennia of the Holocene as the result of increased temperatures and moisture. A second
vegetation pulse is evident around 8.5 k radiocarbon years BP in the Mediterranean region

when pistachio (Pistacia) and fir (4bies), spruce (Picea) and cedar (Cedrus) develop indicating
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mild winters and humid Qpﬁng and summer months (Combourieu-Nebout et al., 1998). Lake
levels in the western Mediterranean were high and indicate that conditions were wetter than at
present during the early to middle Holocene (Figure 2.5) (Macklin et al., 1995). The thermal
optimum of the Holocene in Corsica is dated to around 7.7 k radiocarbon years BP (Reille et

al., 1999).

A major event approximately 7.6 k radiocarbon years BP in Corsica resulted in the drastic
reduction of heather (Erica arborea) and alder (Alnus glutinosa). Reille et al. (1999) have
argued that human activity is the cause of the change in vegetation cover rather than that of
climatic change. Birch (Betula) and deciduous oak forests (Quercus) developed as a response
to the disturbance from ca. 7.3 to 6.7 k radiocarbon years BP. Evergreen oak (Quercus ilex)
forest is only well established in Corsica from this time, and expansion takes place over 2.5 k
years later than in similar environments in France and Italy (Reille et al., 1999). A time lag to
allow soil development in the volcanic region in central Corsica is suggested as an explanation
(Reille et al,, 1999). Moisture availability increased during the mid Holocene (ca. 6 ka BP)
when fir (4bies), yew (Taxus) and birch (Betulus) appeared and expanded in many regions of

the western Mediterranean (Watts et al., 1996).

Numerous records in the western Mediterranean basin show a distinct vegetation change around
4.5 to 4 k radiocarbon years BP. Deciduous forest was replaced in some regions by sclerophyll
vegetation (Huntley & Birks, 1983; Huntley & Prentice, 1988). Low lake levels in the western
Mediterranean indicate that arid conditions dominated (Harrison & Digerfeldt, 1993)
suggesting reduced summer precipitation (Jalut et al,, 2000). This period is thought to be the
beginning of the evolution of the Mediterranean climate exhibiting an increase in winter and
summer temperatures and a decrease in precipitation during the growing season (Jalut ef al.,
2000). However, there does not appear to be such a change in the pollen record from Lac de
Creno in central Corsica. The pollen spectra for the period between ca. 6 and 3 k radiocarbon
years BP corresponds to a period of stability dominated by oak forest, with a few openings and
penetration of birch (Betula) and beech (Fagus) (Reille et al., 1999). A mixed maquis of oak
(Quercus ilex) and heather (Erica arborea) is also recorded in the pollen spectra which still
exists today. Human induced fluctuations are clearly illustrated in the Corsican pollen record

from ca. 2.1 k radiocarbon years BP (Figure 2.5).

More detailed palynological studies conducted in the western Mediterranean have identified
periods of marked dryness during the Holocene between 8-7 ka, 3-4 ka and during 2 ka (Valero-
Garcés et al., 1998; Jalut ef al., 2000). Andity in the western Mediterranean is related to the
intensity and location of the winter rain belt which is strongly sensitive to atmospheric
circulation patterns, especially the subtropical anticyclone belt (the Azores High) (Kutzbach et

al., 1993; Huntley & Prentice, 1993). Superimposed on the arid-humid phases of the Holocene
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are shorter term oscillations from wet to dry or cold to warm, with a cyclicity of 260 years, or
more infrequently 520 years (Roberts, 1998). It is not known whether this represents true
regular cycles of natural variability or whether sunspot cycles or volcanic eruptions with large

dust emissions may have had an influence.

It is difficult to be precise about the timing and magnitude of the climatic variations during the
Holocene using pollen sequences due to the overprint of human activity on the climatic
signature. Much of Corsica comprises primary forest so it is unlikely that the island
experienced the mass deforestation recognized in other parts of the Mediterranean such as
Spain and Italy during the early part of the Holocene. Anthropogenic activity is still evident in
the Corsican pollen record however, especially from 2.1 k radiocarbon years BP (Reille et al.,

1999).

2.4.4 Historical climate change

Climate fluctuations which have occurred throughout Europe over the last few hundred years
are relatively well documented (e.g. Pfister, 1995; Serre-Bachet et al., 1995). Weather diaries,
church records and instrumented data all enable accurate climatic reconstruction (see Lamb,
1977). The Medieval Warm Period (MWP) and the Little Ice Age (LIA) are the most recent
analogues for conditions warmer and cooler than the twentieth century respectively. The LIA
spans the time period between AD 1450 and 1850 (Grove, 1988) and is identified in many ice
cores, marine and terrestrial climate proxy records in the northern hemisphere. The MWP

includes a few centuries of milder climate prior to the LIA.

2.4.4.1 Little Ilce Age

The LIA was in general a period of climatic deterioration when temperatures dropped 1°C from
the norm and there were pertods of enhanced precipitation (Grove, 1988). Conditions were
sufficiently severe for glacial advance in the Alps and the prevention of new tree growth in
marginal areas. The LIA was not consistently cold and wet, but comprised a series of cold and
warm episodes (Bradley & Jones, 1995). Marked seasonality in temperature and precipitation
generally characterized the period especially throughout the seventeenth to nineteenth
centuries, although the magnitude and direction of climatic shifts varied between regions across

Europe (Bradley & Jones, 1995).

There is a paucity of climate information in Corsica during the LIA, consequently,
hydroclimatic reconstruction is based on datasets from instrumental records and documented
evidence from sites within the wider western Mediterranean basin. A widespread cooling was

experienced during the second half of the sixteenth century (Lamb, 1977; Pfister, 1988, 1995;
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Camuffo & Enzi, 1995; Serre-Bachet et al.,, 1995; Briffa et al., 1999), especially during the
1560s and 1570s. Glacier advances in the Swiss and French Alps were also recorded
throughout the last three decades of the sixteenth century (Pfister, 1988; 1995; Holzhauser &
Zumbuhl, 1999). Increases in both flood magnitude and flood frequency were recorded in
northern Italy during the 1500s (Pavese ef al., 1995; Brown 1998; Brazdil et al., 1999). Sea
flooding in Venice was also more prominent during the sixteenth century (Camuffo & Enzi,
1995) together with sea storms in the Adriatic Sea (Camuffo ef al., 2000). Weather diaries and
dendrochronological evidence suggest that relatively mild conditions were experienced during
the first half of the seventeenth century, with conditions becoming cooler and wetter towards
1690 (Pfister, 1995; Serre-Bachet et al., 1995). Cold conditions prevailed during the second
half of the eighteenth century and into the nineteenth century. Increased precipitation
throughout Europe was documented in the 1760s and 1770s (Manley, 1969; Pfister, 1995; Jones
& Bradley, 1995).

The first decade of the 1800s was cold and dry in central Europe (Pfister, 1995) and SW
Europe (Serre-Bachet et al, 1995). The climate warmed during the 1820s, but returned to
cooler conditions in the 1840s (Serre-Bachet et al., 1995). The cold-warm-cold oscillation
during the 1800s is displayed in numerous instrumented and climate proxy records in Europe
illustrating the high temperature and precipitation variability experienced towards the end of
the LIA period. Mediterranean weather stations showed distinctly wetter conditions during the
1830s, 1850s and 1880s (Maheras, 1988; Jones & Bradley, 1995). Pfister (1995) comments
that there were 2.5 times as many rainy days in the summer months during 1760-1860 than
throughout the following century. Records from Marseille also show that the climate was much
drier in the latter half of the nineteenth century, but also more stable. This climatic
characteristic is more pronounced for the October to March period than April through to

September (Serre-Bachet ef al., 1995).

As discussed above in Chapter 2.3, the driving mechanism of the LIA and other centennial-
scale climate fluctuations observed throughout the Holocene could be the result of internal
forcings such as the 1,500 year cycle and ocean-atmosphere interaction (Bond ef al., 1997).
Other possible influences include volcanic eruptions (Robock, 2000) and solar activity (Eddy,
1977; Reid, 1997; Mauquoy et al., 2002). However, year to year correlations between the
isotopic record and sea surface and land temperatures over the North Atlantic during the period
1840-1970 (and perhaps the decades preceding) are related to changes in atmospheric
circulation patterns such as the see-saw pattern of the North Atlantic Oscillation (NAO)

(Barlow et al., 1993) (Chapter 6.9).
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25 RIVER BEHAVIOUR IN THE MEDITERRANEAN

Fluvial sedimentary sequences constitute one of the longest continental records of Quaternary
environmental history (e.g. Macklin et al., 2002). Although other climate proxy records such as
ice cores, ocean core isotopic signals and lacustrine sequences are generally more continuous,
fluvial sediments and landforms still provide valuable archives of palaeoclimatic data (Maddy
et al., 2001). However, it is important to appreciate that river channels are one of the most
sensitive components of the physical landscape and respond to a number of external (allocyclic)
and internal (autocyclic) controls (Chapters 1.6.1 & 1.6.2). In any particular sequence it is
often unclear as to which of these allocyclic and autocyclic mechanisms are the primary
controls on river behaviour and sedimentation style. Autocyclic mechanisms (e.g. channel
avulsion and migration) may modify the short-term character of the fluvial system, leading to a
change in the position of the channel. Only long-term allocyclic events (e.g. tectonics, base-
level change, climate and anthropogenic activity) may alter channel width, channel depth,
sediment caliber, sediment discharge, slope and planform causing major architectural changes

(Miall, 1996).

It has been well documented that climate change may have a profound impact on fluvial
systems and this can vary in both space and time (e.g. Blum & Térnqvist, 2000) (Figure 2.6).
Over longer time scales, Milankovitch cycles of the Earth’s orbit and tilt predominantly drive
the glacial-interglacial cycles (Chapter 2.3). Climatic and sea-level changes over this timescale
may have caused local transgressional or regressional sequences to form when fluvial systems
aggrade or degrade (Leeder, 1993). In sediment-starved systems incision may occur, while in
periods of increased sediment flux, aggradation may occur (Jones et al, 1999). On a
hemispheric spatial scale and shorter cyclic timescale, the ocean circulation and the strong
coupling to the atmosphere control the El Nifio Southern oscillation (ENSO) and the North
Atlantic Oscillation (NAO) (Figure 2.6). The latter effects Europe and the Mediterranean
region and influences the decadal climatic cycle (Chapter 6.9). Migration of jet streams in
response to changing ocean circulation can affect the climate on a more frequent time scale,
such as the Tropical Easterly Jetstream (TEJ) over North Africa or the westerly jet stream over
Europe and the Mediterranean. Enhanced precipitation or aridity on a seasonal or monthly
timescale has a more local effect on river basin sediment systems in which catchment

characteristics play an important role in determining channel form.

There is often much controversy however, over the relative impact of climate change in the
development of fluvial systems with respect to other possible forcing factors such as sea-level
change, tectonics and anthropogenic activity. Changes in the long term record can often be
attributed to numerous different mechanisms but which show very similar signatures, for

example, climate and tectonics (Frostick & Reid, 1989; Amorosi et al., 1996; Pedley &
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Frostick, 1999 and references therein) and climate and sea level (Blum, 1990). Over shorter
time scales, human intervention such as deforestation (Starkel, 1991) or initiation or
intensification of agricultural practices (Knox, 1987) can have an indirect affect on fluvial
activity. River response to these anthropogenically induced changes can often be difficult to
distinguish from centennial and millennial scale climate change. The effects of human activity
can often exacerbate the geomorphic response of river systems to natural variability as the
removal of original vegetation increases catchment sensitivity to climatic events (Knighton,
1998). The relative importance of human and climate-related influences on river behaviour are
relevant for the Holocene period and are addressed for the Mediterranean region in Chapter
2.5.2. The following section reviews the interpretation of Mediterranean fluvial landscapes
throughout the Middle and Late Pleistocene when unravelling tectonic and climate signals in

sedimentary successions has always been an important issue.

month season year decade century millenia

......................................................

Tectoolcs Eccentricity
: ' Obliquity  :
6 - : : Precession ;| external
E
o Greenhouse effect :
é 41 Ocean circulation global
_a ENSO/NAO :
3 3‘1 TEJ :| continental
g . ITCZ :
a2 (Land-cover changes) | regional
Mois} :
. onsgmre supply local
0 Lot SRR SIS SRR RENI SHTR o _{
=2 -1 0 1 2 3 4 5 6

Time-scale (log, years)

Figure 2.6 The space and timescales of various forcing mechanisms that can impact on river basin
sediment systems (after Maddy et al., 2001, modified from Hulme, 1994).

2.5.1 Middle and Late Pleistocene river behaviour: climate versus tectonic
controls

Tectonics and structural controls have exerted a strong influence over fluvial systems in the
Mediterranean basin by modifying both the size and shape of drainage basin morphologies (e.g.
Collier et al., 1995; Kuzucuoglu, 1995) and controlling river development in terms of changing
their morphology (Macklin et al, 1995). River systems are affected by tectonic processes
operating both on long time scales, for example orogenic uplift or doming, and shorter time

scales such as active faulting, folding and tilting processes. Quaternary tectonic activity has
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been especially prevalent in the eastern Mediterranean basin affecting much of Greece and
Turkey but is relatively quiescent in much the western Mediterranean, especially in the vicinity
of Corsica (Chapters 3.4 & 3.5.3). A local change in valley slope or cross valley tilting induces
a river response which involves the processes of aggradation and incision. It is not known
however, to what extent river incision can be used to quantify both magnitude and rate of uplift
(Kiden & Tornqvist, 1998; Maddy et al., 2000). Where rivers flow across an area of rapid
uplift or subsidence, drainage networks and long profiles can be disrupted leading to channel
pattern changes and altered lateral and vertical tendencies. Earthquakes and faulting can also

effect river stability and result in adjustments of channel morphology.

The influence of tectonics within each basin is very different. Within the Voidomatis region,
northwest Greece, tectonic processes generally provide the underlying long term determinants
on the pattern of river incision and aggradation, upon which the climatically-induced cycles of
erosion and sedimentation are superimposed (Lewin et al., 1991). In the Guadalope and Ebro
river basins in northeast Spain, tectonic activity plays a minor role in the overall pattern of
aggradation and incision cycles throughout the Late Pleistocene, although the well preserved
terraces can perhaps be partly attributed to the slow uplift (~ 0.12 m/ky) in the region (Fuller et
al., 1998).

The evolution of dating controls over the past five decades has provided the opportunity to
develop a chronology for climate change from palaeobiological indicators and independently
for alluvial successions (Blum & Térmngqvist, 2000). The effective limits of radiocarbon (ca. 40
ka) served to focus on the last glacial to interglacial transition in particular. Advances in other
dating methods more recently have enabled more extensive chronological frameworks to be
developed. Uranium series dating is used in environments where alluvial and colluvial
sequences have been cemented by calcium carbonate (e.g. Pope & van Andel., 1984; Nemec &
Postma, 1993; Maas et al, 1998; Hamlin et al., 2000). Infra-red stimulated luminescence
(IRSL), thermo-luminescence (TL) and more recently optically stimulated luminescence (OSL)
have also been widely employed in dating alluvial sequences and have a dating range in excess
of 200 ka. The main advantage of luminescence methods is that the actual aggradation event
can be dated rather than relying on ages that simply bracket the alluviation episode (Macklin &
Passmore, 1995). TL dating was used in conjunction with electron spin resonance (ESR) and
accelerator mass spectrometry (AMS) radiocarbon dating in the Voidomatis basin, northern
Greece to establish the ages of alluvial sequences (Bailey et al., 1990; Woodward, 1990; Lewin
et al., 1991). A series of sedimentary units were identified and correlated to Late Pleistocene
cold stages. IRSL dating techniques have provided the basis for studies in northeastern Spain
(Macklin & Passmore, 1995; Fuller et al., 1996; 1998; Lopez-Aviles et al., 1998). Studies

conducted in the Mediterranean to evaluate the response of rivers to Mid-Late Pleistocene
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environmental change with the application of reliable dating techniques are listed in Table 2.2.
Other influential factors on river behaviour such as tectonics and base level change are also
evaluated in several studies (e.g. Mather et al., 1995; Roberts et al., 1995; Mather, 2000)

highlighting the complex interplay of controlling mechanisms acting on alluvial systems.

Fuller et al. (1998) present a 200 ka chronology of river response to climate-related
environmental change in the Rio Guadalope basin, northeast Spain which constitutes one of the
best documented records of Late Quaternary river behaviour for the North Atlantic region.
Major aggradation phases correspond to periods of significant global cooling that are recorded
in terrestrial records through analysis of pollen sequences (e.g. Burjachs & Julia, 1994; Pérez-
Obiol & Julia, 1994; van Andel & Tzedakis, 1996) and revealed in ice core and marine oxygen
isotope climate series (e.g. Keigwin et al., 1994; McManus et al., 1994; Thouveny ef al., 1994).
Intervals of major valley infilling in the Guadalope are also coeval with Heinrich events and ice
rafted debris pulses (e.g. McManus et al., 1994; Stein et al., 1996). The Younger Dryas, which
is widely identified in northern hemisphere climate proxy records as a marked episode of
climate cooling, is also linked with considerable tributary fan and trunk river sedimentation

(Fuller et al., 1998), as within the upper reaches of the Loire River in France (Colls ef al.,

2001).

A detailed investigation of river activity has been conducted in northeast Mallorca, Spain (Rose
et al, 1999). OSL dating in conjunction with biostratigraphy was employed to build up a
chronology of aggradation and incision episodes in small catchments over the last 140 ka.
Alluviation was prominent during MIS 5d, Sb, 4 and 2, periods of climatic deterioration and
cool temperate conditions (Rose et al., 1999). The greatest thickness of fluvial sediments were
formed during MIS 2. The extension and aggradation of large alluvial fans in addition to debris
flow events during this period of glacial maximum are clearly evident. An extensive terrace
attributed to a period spanning the LGM is also identified along the upper Loire which drains
the Massif Central in France (Colls et al., 2001).

It is well illustrated outside the Mediterranean region that glacial activity is a major agent of
landscape modification with and influence extending well beyond the glacier margins affecting
the river basin hydrology and sediment fluxes (Church & Ryder, 1972; Rose et al., 1980;
Macklin & Lewin, 1986; Church et al., 1989). The downstream impact of glaciation upon
Mediterranean river environments is poorly known however, despite the recognition of
widespread occurrence of glacial features and sediments in many Mediterrancan headwaters
throughout the Pleistocene (Woodward et al., 1995) (Chapter 4.3). One notable exception is
provided by the Voidomatis River basin draining the Pindus mountains of northwest Greece
where an appreciable body of geomorphological and sedimentological data has been assembled

(Woodward 1990; Lewin et al., 1991; Woodward er al., 1992, 1994, 1995; Hamlin et al., 2000).
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It is believed that the Pindus Range was glaciated during the Pleistocene on at least three
occasions. Glacial activity influenced the river regime by predominant spring and summer
meltwater discharges accelerating sediment delivery from the headwaters to downstream
reaches. The depositional environment was affected typically by large increases in both
suspended and bed sediment loads dominated by glacially-derived material, a shift in channel
planform and a substantial increase in the rate of valley floor accretion (Woodward et al.,
1995). During warmer interglacial periods, the extensive coarse grained, glacio-fluvial

sediments were incised to form terraces which are now prominent landscape features.

Studies such as Fuller et al. (1998), Rose et al. (1999), and Hamlin (2000) provide an
opportunity to compare river behaviour against the high resolution climate proxy records with
the construction of detailed fluvial stratigraphies from accurate dating techniques such as IRSL
and OSL. In broad terms, aggradation was coeval with climatic cooling during glacials or
stadials when the Mediterranean forest vegetation was replaced by open scrub and frost action
increased coarse sediment availability. An increase in storm frequency and enhanced
seasonality of precipitation during cold periods caused by a southward shift in the jet stream
(Prentice et al., 1992) together with reduced tree cover is likely to have increased runoff and
sediment transport. Major phases of channel incision were commonly a response to warmer
conditions throughout interglacials or interstadials when i) less material was available for
entrainment; ii) runoff was reduced due to more substantial vegetation cover and iii) channel
flow was not so effective. This theory is reinforced by a recent review paper of Mediterranean
alluviation during the last interglacial-glacial cycle by Macklin et al. (2002) which illustrates
that river basins of varying sizes, lithologies and tectonic regimes are broadly coeval in their
large scale aggradation phases during cooler intervals (Figure 2.7). Strong correlations are also
identified between alluviation and Heinrich events (Macklin es al., 2002) when sea surfaces
temperatures were reduced and advection of low salinity Arctic water masses were weak (Bard
et al., 2000). This emphasizes the impact of rapid and high frequency climate variations
identified in the North Atlantic region during the Last Glacial period on the Mediterranean
region in terms of catchment-wide erosion and sedimentation as well as vegetation changes

(Woodward et al., 2001; Macklin et al., 2002).



Table 2.2 Mediterranean studies which have assessed the timing and nature of fluvial activity during the Middle-Late Pleistocene (modified from Macklin ef al., 1995; Maas,
1998).

1995

Turkey

basin & range

Reference Region River basin(s) Fluvial setting Present Present  Dating control Topic of investigation
climate tectonics

Devereux, Algarve, Arade, Enxerim, Basin & range, Semi-arid to  Moderate “C River-sediment catchment source linkages,
1983; James & southern Lombos, Odelouca, coastal alluvial sub-humid alluvial soil chronosequences

Chester, 1995  Portugal Quarteira plain

Alonso & Central Spain ~ Jarama Basin & range Semi-arid Moderate “C Channel planform, sedimentation style and
Garzon, 1994 chronosequences

Fuller et al., Northeastern Guadalope, Basin & range Semi-arid Low IRSL Climate and river behaviour correlation
1996, 1998 Spain Bergantes

Lopez-Avilés  Ebro basin, Bergantes Basin & range Semi-arid Low IRSL Floods and sedimentation in a bedrock-
etal., 1998 northeast controlled reach

Spain

Mather et al., Southeast Mula Basin & range Semi-arid High Relative dating  Impact of climate, tectonics and base-level
1995 Spain change on river behaviour

Rose et al., Northeastern Torrente d’es Coco, Steepland, Semi-arid Low OSL, River activity and environmental change
1999 Mallorca, Torrente de sa Telaia  alluvial fan biostratigraphy

Spain Freda

Barker & Central Italy Biferno Basin & range Sub-humid  High "“c, Influence of tectonics, climate and human
Hunt, 1995 archaeological activity on river erosion and sedimentation
Woodward et Northwest Voidomatis Basin & range, = Humid High to ESR, “C AMS, Mountain glaciation and fluvial

al., 1992, Greece steepland very high U-Series sedimentation linkages, Upper Palaeoltihic
1994; Macklin settlement

etal., 1997

Maas er al., Southwest Aradena, Omalos, Steepland, Semi-arid High MC, U-Series River response to environmental change
1998 Crete Rapanas, Samaria, alluvial fan,

Sfakia basin & range

Rowaneral.,  Northern Wadi Zewana Alluvial fan Semi- Low U-Th, ESR, Reconstructing environmental change and
12000 Libya arid/arid OSL river behaviour

Roberts et al.,  Southemn Ibrala Alluvial fan, Semi-arid High e Influence of vulcanicity, tectonics, climate

and human activity on river development

133
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Figure 2.7 Latitudinal plot of dated Middle and Late Pleistocene alluvial units in Greek, Libyan and
Spanish river basins (after Macklin et al., 2002).

2.5.2 Holocene river behaviour: climatic versus anthropogenic controls

There has been much debate over the last four decades as to whether the phases of
sedimentation observed in Mediterranean river basins are attributed to climate-induced factors
or human intervention. Investigations identifying controls on erosion and sedimentation in the
Mediterranean were initiated in the 1960s with numerous projects focusing on the relationships
between Palaeolithic settlement and climatic change in Epirus, Greece (e.g. Higgs & Vita-Finzi,
1966; Higgs et al, 1967). Geomorphological and archaeological surveys were conducted to
assess landscape and settlement associations and climatic oscillations during the Late
Pleistocene. Further work conducted by Claudio Vita-Finzi in various Mediterranean regions
including Greece, Spain, Italy, Tunisia and Algeria, Morocco and Jordan culminated in the very
influential and controversial volume The Mediterranean Valleys: Geological Changes in
Historical Time published in 1969. A model of Late Quaternary alluviation history for the
Mediterranean region was presented and describes a two stage depositional sequence. Two
distinct valley floor sedimentary units were named the Older Fill and the Younger Fill and each
phase of alluviation was followed by a period of stream incision (Vita-Finzi, 1969). The Older
Fill, which was 20-40 m thick and deposited during the Late Pleistocene, between ca.50 and 10
ka BP, was identified by its red colouring and attributed as a response to climate change. Cold
dwelling flora were identified in the Older Fill unit which reflected the severe climatic
conditions experienced throughout the Last Glacial (Vita-Finzi, 1969). It was believed that an

increase in frost weathering in Mediterranean uplands and the seasonal increase of more intense
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rains resulted in hillslope erosion and eventual deposition of the Older Fill (Vita-Finzi, 1969).
The Younger Fill was deposited after a considerable period of stream incision and soil
formation on the Older Fill. The Younger Fill showed no evidence of soil development and is
brown-grey in colour. The unit was assigned an age between late Roman and early modern
times, between 1200 and 450 years BP (Vita-Finzi, 1969). The Younger Fill was also believed
to be deposited in response to a change in climate primarily because of the apparent synchrony
of alluviation throughout the Mediterranean region (Vita-Finzi, 1969). Significant natural
variability in climate, most notably during the Little Ice Age, is evident throughout much of
Europe and North America within the time frame assigned to the deposition of the Younger
Fill. Vita-Finzi argued that there was a lack of evidence to suggest that anthropogenic activity

was the cause of such widespread deposition in the Mediterranean region.

Vita-Vinzi’s model was used as a basis for many other archaeological and sedimentological
studies soon after (e.g. Bintliff, 1976, 1977), but was challenged by later studies that argued
that the twofold alluviation model was oversimplified. (Butzer, 1971, 1980; Kraft et al., 1975,
1977; Davidson, 1980; Wagstaff, 1981). Lithostratigraphical (e.g Bailey er al., 1990;
Woodward, 1990; Lewin et al., 1991) and soil-stratigraphical approaches (e.g. Pope & van
Andel, 1984; Demitrack, 1986; van Andel et al., 1986, 1990) have been used to establish a
more complex alluvial sequence originating from a number of extrinsic and intrinsic controls
(Maas, 1998). A combination of geomorphological methods, dating techniques, archaeological
finds and historical evidence led van Andel and others to identify seven periods of
sedimentation in the southern Argolid, Greece (van Andel ef al., 1986; van Andel et al., 1990).
Three of these sedimentary units were found to date to the Late Pleistocene while another four
marked sedimentation periods in approximately the last 5 ka of the Holocene (van Andel et al.,
1990). As with other parts of Greece such as the Larissa basin and the Argive plain, the
Holocene sedimentation record appeared broadly coeval with human settlement and agricultural
practices. Significantly, alluviation was not synchronous across the southeast regions which
suggests that a ‘universal agent’ such as climate as suggested by Vita-Vinzi (1969), could not
be responsible (van Andel et al., 1986, 1990). This model was supported by other studies in
other areas of the Mediterranean which demonstrated that both inadvertent and planned changes
by humans have influenced and increased sediment delivery within river catchments and
modified the channel form (e.g. Finke 1988; Barker & Hunt, 1995; Hunt & Gilbertson, 1995;
Macklin et al, 1995). The Mediterranean region is naturally vulnerable to the process of
erosion, largely because of its high relief and steep slopes, thin soils and high intensity rainfall
events (Woodward et al., 1995). Changes in catchment vegetation cover such as excessive
burning, overgrazing, agriculture expansion and intensification, all increase runoff and enhance
erosion processes (Macklin et al., 1995). However, short term climate variations or individual

high magnitude storm events can not be excluded from causes of alluviation in the
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Mediterranean (Alexander et al, 1994; Maas et al., 1998; Grove, 2001). A full review of river
response to recent decadal-centennial scale (Little Ice Age) climatic changes in Corsica is

presented in Chapter 6.

26 SUMMARY

Major advances in our understanding of Late Quaternary palaeoclimatology have been derived
from ice cores and marine sediments from which many sedimentary sequences have been
closely correlated. These records illustrate the millennium scale linkage between the North
Atlantic and the Mediterranean region, providing compelling evidence to discriminate between
alternative mechanisms that may have generated climatic variability on such a timescale.
Fluvial systems in the Mediterranean basin have responded in a similar and synchronous
manner to ocean-atmosphere interactions initiated in the North Atlantic over the last
interglacial-glacial cycle whereby during the cooler glacials and stadials, major aggradation
predominated. More investigations are needed within the Mediterranean that provide well
dated empirical records of fluvial systems in various settings and encompass the whole
interglacial-glacial cycle. A robust age framework is vital for interpreting river responses to
Late Pleistocene environmental change by unraveling the effects of tectonic activity, base level
and climate change. The construction of a more detailed regional picture of river response to
recent (e.g. LIA) short term climate variations is also important, although anthropogenic
activities complicate the fluvial records by affecting flow and sediment supply. Again, good
chronological controls are necessary in order to establish correlations between the alluvial

archives and other palaecoenvironmental records.
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3 REGIONAL SETTING AND BACKGROUND TO CORSICA

3.1 SYNOPSIS

This chapter draws upon a range of sources to outline the geographical and geological setting
of Corsica. The chapter provides important context for later chapters by presenting information
on the evolution of the Corsican landscape and its river systems. Many of the factors that
strongly influence river regime and fluvial sedimentation style are described for the island.
These include climate, tectonics, lithology, vegetation, land-use change and other features such

as drainage basin sizes and drainage density.

3.2 INTRODUCTION

Corsica is centrally located in the western Mediterranean Sea between 8°E and 10°E and 41°N
and 43°N and lies 170 km from southern France and 90 km from the northwest coast of Italy
(Figure 3.1). The island is separated from Sardinia by the 11 km Strait of Bonifacio. Corsica is
an island which rises steeply from the Mediterranean Sea and measures ca. 185 km by 84 km
and which has a total area of 8,680 km’. The landscape is dominated by the mountains (with 20
peaks > 2500 m) and the steep river systems draining from them. Corsica is the fourth largest

Mediterranean island after Sicily, Sardinia and Cyprus.
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Figure 3.1 Location of Corsica in the western Mediterranean basin (modified from Conchon, 1975).
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Fieldwork has been focused on four areas within Corsica. Two of them form the basis for work
on the timing of glacial activity, one is associated with river response to Late Pleistocene
environmental change and in the final area, river response to recent climate change is examined

(Table 3.1, Figure 3.2). Each area will be described in more detail within the relevant chapters.

Table 3.1 Study areas in Corsica used in this investigation.

Location Study area Focus of investigations Chapter
(Figure 3.2)
1 Eastern flanks of Mt Giovanni ~ Testing the use of cosmogenic dating to 4
2 Col de Vergio, Golo basin elucidate the timing of glacial activity

Late Pleistocene river behaviour to

i iver .
3 Tavignano Ri environmental change >
4 Figarella River reach iver response to recent (last 500 years) 6
climate change
R car const
Bastia
SCANDOLA

Bonifacio ™

Figure 3.2 Location of study areas in Corsica (refer to Table 3.1).

The principal aim of this chapter is to describe the characteristics of the Corsican environment
that play an important role in the development of river systems. For example, lithology and
tectonic activity can be key factors for controlling rates of channel incision or aggradation (e.g.
Jones et al., 1999; Reneau, 2000). Climate change and human activity are two other factors

which can have a strong influence on river behaviour through their secondary effects on
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vegetation cover and runoff generation. The present climate of Corsica is also described in this
chapter; a comprehensive review of climatic variability within the western Mediterranean
throughout the Late Quaternary has been presented in Chapter 2. The objectives for this

chapter are as follows:

1) To describe the pre-Quaternary geological history of Corsica and the main lithological

units on the island of Corsica.

11) To review Quaternary tectonic activity and sea-level changes.

1i1) To describe the relief and drainage network of Corsica.

iv) To document the present climate of Corsica and vegetation cover.

v) To outline current understanding on the major changes in vegetation patterns in Corsica

as a result of human occupation and land-use change during the Holocene.

3.3 PRE-QUATERNARY GEOLOGICAL SETTING

The evolution of the Corsican landscape is closely linked to the long-term tectonic history of
the wider western Mediterranean basin. During the Palaeozoic (ca. 570-245 Ma) and Mesozoic
(ca. 245-66 Ma) eras, Corsica was part of the southern mainland of France. A period of
mountain building was initiated in Hercynian times (the last 100 m years of the Palaeozoic) and
a unit of continental crust formed what is now the granitic backbone of the Corsican-Sardinia
massif (Figure 3.3). Towards the end of the succeeding Mesozoic Era, compacted sedimentary
material was thrust upwards as the African and Eurasian continental plates collided (Dewey ef
al., 1973; Smith and Woodcock, 1982; Pasquale et al., 1997; Bassi et al., 1998). Compression
continued throughout the first half of the Cenozoic (from 66 Ma) and formed the Alpine and
Apennine mountain chains. Alpine Corsica, the northeastern part of the island is a southerly
prolongation of the western Alps. This structurally complex unit consists of a stack of nappes
derived from either oceanic protoliths (ophiolitic schistes lustrés) or continental basement
which have been deformed and metamorphosed and thrust westward upon the continental unit
of western Corsica (Jolivet et al., 1991; Egal, 1992; Brunet et al., 2000). Conglomerates of
Middle Eocene age are exposed between the western granitic part and the eastern schistes

lustrés (Carmignani et al., 1995).
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Figure 3.3 The present lithospheric plate configuration and types of plate boundary in the Mediterranean
basin together with the distribution of pre-Alpine continental basement (after Dewey et al., 1973 and

Windley, 1984, from Macklin et al., 1995).

During the late Oligocene (ca. 25-30 Ma) compression ceased in the Alps and the Corsican and
Sardinian blocks rotated anticlockwise to their present positions (Jolivet et al., 1991; Bassi et
al., 1998; Jolivet & Faccenna, 2000) due to regional extension and westward subduction of the
Adriatic plate (Malinverno & Ryan, 1986; Egal, 1992; Pasquale et al., 1997). This led to the
opening of the Balearic and Liguro-Provencal oceanic basins and the Tyrrhenian Sea (Bassi e
al., 1997; Jolivet & Faccenna, 2000) and crustal doubling and overthrusting in the northern
Apennines (Pasquale et al., 1997). The Hercynian basement of the Corsica-Sardinia massif
constitutes the hinterland of the Northern Apennines collision belt and is characterized by
northeast trending transcurrent faults associated with the compressional margin (Carmignani et
al., 1995). These major faults are exploited by river systems such as the Tavignano. During
the Miocene (ca. 24-5 Ma), shallow marine sediments were deposited in the south (Bonafacio),
and the southwest of Cap Corse (Saint Florent) in northern Corsica (Figure 3.5) on the
metamorphic rocks exhumed through extension (Carmignani et al., 1995). The marine basin
surrounding Corsica clearly shows that the western side of the island is steep and rocky and the
eastern shelf is of a gentler gradient (Figure 3.4). Many of the main rivers draining into the
Tyhrrenian Sea such as the Tavignano and the Golo once extended over 15 km beyond present

day limits when the sea-level was lower.



Figure 3.4 The marine basin of Corsica which characterizes the west as steep and rocky and the eastern
side more gently sloping (Conchon, 1975).

3.3.1 Geological structure of Corsica

In summary, Corsica can be broadly divided into five geological units, although the island is
essentially made up of two main parts; granite in the west and south, and schist in the north and
east (Figure 3.5). The west is Hercynian in origin and formed of crystalline rocks (granite,
gneiss and diorite) and is part of the Corsican-Sardinia massif, a Palaeozoic basement. The
eastern part consists of younger sedimentary and metamorphic rocks (schist, slate and shale)
and relates to the Alpine continental system. A central depression composed of Jurassic to
Pliocene age sedimentary basins separates Hercynian Corsica from Alpine Corsica and extends
from the northwest to the southeast. Outcrops of calcareous Miocene rocks are present only in
the north and southernmost parts of the island. Quaternary alluvium lines the narrow eastern
plain, the only significant expanse of flat, low lying land on the island. A range of Quaternary

deposits is also present in all of the river valleys.
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Figure 3.5 Simplified geological structure of Corsica (Conchon, 1975).

3.4 REGIONAL TECTONICS

Corsica is tectonically relatively stable in comparison to many parts of the Mediterranean,
showing no lateral movements relative to stable Europe and very little seismic activity
(Beccaluva et al., 1989). Corsica is not located near to a main lithopsheric plate or microplate
boundary (Figure 3.3) and only shallow microseismic events have been recorded on the eastern
side of the island (Rebai et al., 1992; Ferrandini et al., 1994). The western margin of Corsica is
aseismic. Sardinia and most of the northern Tyrrhenian region are also inactive (Flemming,

1969; Laborel et al., 1994; Pasquale et al., 1997) (Figure 3.6).
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Figure 3.6 Seismicity map of the Mediterranean region plotted from data compiled by the National

Earthquake Information Center of the US Geological Survey, showing all events above magnitude 4
between 1970 and 1989 (after King et al., 1997).
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The low seismicity is also reflected in the limited uplift of Corsica. Western Corsica is
believed to have undergone tectonic uplift of between 0.15 and 0.3 mm per year for the last 3
ka (Lambeck & Bard, 2000). Tectonic movements earlier during the Quaternary are also
inferred from the changing of river courses and the gorge cutting. In addition, upwarping of the
fluvial terraces along the Golo and the Tavignano rivers has been reported by Conchon (1975,

1978) (Chapter 5.3.2).

3.5 SEA-LEVEL CHANGES

In broad terms, sea-level change is controlled by eustatic (glacial advance and retreat) and
isostatic (glacial depression and rebound) forces and also vertical displacements originating
from local tectonic stresses. The resultant changes in sea-level have widespread effects upon
river behaviour (Bull, 1991). One advantage of working in steepland river systems is that the
effect of sea-level change is regarded to be relatively insignificant in most of the catchment
(Macklin et al., 1995). Eustatic effects are more important in the lower reaches where the
change in base level has a more direct impact on the rate of incision or aggradation to attain

profile equilibrium (Kraft e al., 1975, 1977; van Andel et al., 1990b).

3.5.1 Late Pleistocene sea-level change

In the last interglacial stage (5¢) (ca. 120 ka) the sea-level in Corsica was higher than that of
today (Figure 3.7). In the western Mediterranean this MIS 5Se sea-level was a few meters above
the present sea-level (Kindler et al., 1997; Lambeck & Bard, 2000). During the Last Glacial
Maximum (ca.18 k radiocarbon years BP) sea-level was at its lowest, estimated around the
island of Corsica to be between 110 and 115 m lower than present (Lambeck & Bard, 2000).
Over the past 15 kyr, climatic warming has seen a general rise in sea-level. The rate of sea-level
>rise was greater during the first half of the Holocene, where between 8.5 and 7.0 k radiocarbon
years BP the sea-level rose approximately 22 meters from 36 m below present sea-level to 14 m

yielding a rate of 14.7 mm per year (Figure 3.8) (Aloisi et al., 1978).

3.5.2 Holocene sea-level change

Various sea-level indicators have been used to determine eustatic variations in the central
Mediterranean during the Holocene including archaeological evidence (Flemming, 1969;
Pirazzoli, 1976), dated marine shells (Labeyrie et al., 1976; L’'Homer et al., 1981), borings and
palynological observations (Alosi et al., 1978; Dubar, 1987) and submerged beach rocks
(Nesteroff, 1984). Many studies however have used biogenic littoral rims built up by coralline
concretions (coralligéne) to establish Holocene sea-level curves (Laborel er al., 1994;

Sartoretto et al., 1996). Coralline algal buildups are abundant on the southern French coast and
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on the rocky western coast of Corsica and are situated between 10 and 60 m below present sea-
level. Laborel et al. (1994) employed this method to determine the rate of sea-level rise for two
sites in Corsica, Cap Corse in the north and Scandola on the west coast (Figure 3.2). The
northern and western coasts of Corsica experienced a rise of 1.6 m over the past 4.5 ka, and of a

rate 0.4 mm per year between ca. 4.5 and 1.5 ka and 0.2 mm per year since 1.5 ka.

Depth below present sea level (m)
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Figure 3.7 Late Pleistocene global eustatic curve indicating sea-level change (MIS 6-2) derived from 6"
variations (Chapell and Shackleton, 1996).
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Figure 3.8 Sea-level rise around the coast of Corsica from the Last Glacial Maximum (drawn from data
within Alosi et al., 1978; Laborel ez al., 1994 and Lambeck and Bard, 2000).
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3.5.3 Tectonic uplift derived from sea-level change

Lambeck & Bard (2000) compared the coralline data of Laborel ez al. (1994) to their model of
Holocene sea-level rise to establish possible vertical tectonic movements within Corsica. They
suggested that western Corsica may have experienced slow tectonic uplift of between 0.15-0.3
mm per year for the past 3 kyr but northernmost Corsica is tectonically stable. The last
interglacial shoreline is believed to be 20-40 m above present sea-level which is in agreement
with Conchon (1988, 1989) who attributes marine sediments lying at an elevation of over 20m

on the steep western coast of Corsica to MIS 5e.

3.6 TOPOGRAPHICAL FEATURES

The terrain of Corsica is largely mountainous, with 1,700 summits ranging in elevation from
300 to over 2,700 m. Two thirds of Corsica consists of an ancient crystalline massif that
divides the island on a northwest to southeast axis and has a cluster of peaks exceeding 2,000
m. The highest peak is Mount Cinto which attains an elevation of 2,706 m and lies only 24 km
from the western coast (Figure 3.9). Other massives include Monte Rotondo (2,622 m), Monte
d’Oro (2,389 m), Monte Renoso (2,352) and Monte Incudine (2,128 m). The mountains
descend steeply in parallel ranges to the west where the coast is cut into steep gulfs and is
marked by high cliffs and headlands. To the east the mountain massif falls in broken
escarpments to extensive alluvial plains. The schistous mountain range of Alpine Corsica in

the northeast does not exceed a height of 1,765 m (Figure 3.9).

3.6.1 Glaciation in Corsica

Conchon (1975, 1982) has argued that the upper valleys in Corsica were glaciated at least four
times (glacial or stadial stages) during the Quaternary. Glacial features show that all the high
peaks (>2,000 m) were glaciated during the Quaternary (Conchon, 1975, 1985, 1988).
Pleistocene glaciers of alpine type are inferred from erosional landforms and glacial sediments.
Lateral moraines in the southern part of the mountain range (Monte Renoso massif) are better
preserved than those further to the north (Monte Cinto, Monte Rotondo massives). Sediments

from the oldest glaciation are inferred to be pre-Wiirmian in age (Chapter 4.3.3) (Conchon,

1975).

Two stages of valley glacier development have been proposed within the Wiirm period
(Conchon, 1975, 1986). The glacier fronts have been reconstructed from lateral moraines,
glacial deposits and glaciofluvial sediments and have been recorded at 700-1,100 m and 1,100-
1,250 m elevation for the oldest and youngest glaciers respectively (Conchon, 1975). The
glaciers were up to 7 km long. Subsequent glaciers had lengths between 3.5 and 5 km and a

corresponding snowline of altitude 1,700-1,800 m. During the Lateglacial stage it is believed
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that small glaciers occupied cirques at higher elevations between 1,600 m and 2,100 m in

altitude. Reille ef al. (1997) have argued from pollen data that Corsica has been ice free since
the Allerdd (ca. 12.5 k radiocarbon years BP).
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Figure 3.9 Relief and highest summits of Corsica.

3.6.2 Drainage network and hydrology

Both the eastern and western watersheds are drained by seasonally torrential rivers that rise in
the mountainous centre and make their way through impressive gorges in the upper reaches to
the coastline. These short steepland river systems are typical of the wider Mediterranean
region (Macklin et al., 1995). The principal rivers of the island are the Golo, Tavignano, Fium
Orbo to the east and the Gravona and Taravo to the southwest (Figure 3.10) and their main

characteristics are given in Table 3.2.
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Benfacd
Figure 3.10 Principal rivers of Corsica (Conchon, 1975) and location of Lake Creno (x).

Table 3.2 Catchment characteristics of the principal rivers in Corsica.

River Catchment area Maximum basin Stream length Glaciated
(km?) elevation (m) (km) headwaters
Golo 1,050 2,710 90 v
Tavignano 775 2,327 82 N
Gravona 590 2,352 S0 N/
Taravo 480 1,950 64 N
Fium Orbu 255 2,352 44 N

In general, flow is low to moderate from June to September and often high from October
through to May. A strong early spring peak flow is due to snowmelt. Flooding often occurs in
summer as a result of thunderstorm activity, frequently enhanced by orographic rain, but its
occurrence is often localized and the storms rarely last longer than two days. Flooding across
the western Mediterranean is more common in the autumn, due to cyclonic disturbances that
originate within the Mediterranean Basin (Chapter 3.7). Intense precipitation events in Corsica
create high discharges and, together with the steep mountain environment provide the energy to
transport a large quantity of sediment which can alter channel morphology. Material over 1 m
in diameter was transported downstream by the Gravona River on 12 November 1980 when
over 200 mm of rain fell in the headwaters over a 24 hour period (Conchon & Gauthier, 1985).

Evidence of a large flood is also preserved within the channel of the Stanciacone river which
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drains the Haut Asco region and flows into the L’Asco and Golo rivers downstream (Figure

3.10). The boulders deposited were in excess of 3 m diameter (Figure 3.11).

Figure 3.11 Large flood deposits within the Stranciacone river channel which leads into the Asco and
Golo rivers. This photograph illustrates the competence of rivers in steep mountain catchments.

Recent discharge data for the rivers in Corsica could not be obtained. However it is
documented that the larger rivers such as the Tavignano and the Golo have an average annual
flow of 40-50 m’s”, with regular high flows of up to 100 m’s™ (Conchon, 1975). The water
levels are very irregular throughout the year, often rising abruptly in autumn and spring. For
example, flow fluctuated from 0.42 m’s’ one day in September 1961 on the Golo river to 84.1
m’s™ in November (Conchon, 1975). Large floods on the Golo have been estimated in excess

of 1,000 m’s™ in 1938 (Conchon, 1975). Similar discharges are believed to have occurred on

the Tavignano (Conchon, 1975).

3.6.3 Flow regime during the Late Quaternary glacial and stadial periods

During the Quaternary cold stages, river regimes were probably more seasonal than at present
and exhibited greater spatial and temporal variability (Macklin ef al., 1995). For the glaciated
catchments in Corsica, low flow would have been during the winter months when precipitation
fell as snow in the glaciated catchments. High flows would have occurred in spring and
summer mainly due to snow and ice melt. Unlike present day conditions, a more continuous
flow would have characterized the summer months, rising with increasing temperature. The
high energy flow would also be efficient at transporting glacially-derived sediment and the

principal rivers would likely have been braided in planform.
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3.7 PRESENT CLIMATE

The geographical location and steep relief of Corsica are two factors which result in the island
having a wide range of temperatures and precipitation totals. The wider Mediterranean basin
lies between subtropical and mid-latitude atmospheric patterns and is sensitive to any shift in
the boundary (Macklin et al., 1995). The Mediterranean Sea and local orographic effects also
strongly influence the climate of Corsica and the hydrology of the river basins. The steep relief
of Corsica produces three main climatic types on the island (Table 3.3). Coastal and low
altitudes experience a Mediterranean climate, whereas elevations between 600 and 1,200 m

offer a continental variation and alpine features are characteristic of elevations above 1,200 m.

Table 3.3 Characteristics of the three climatic types identified within Corsica (after Simi, 1964; from
Reille et al., 1997).

Altitude Mean annual Annual Climate characteristics
(m) temperature precipitation (mm)
Q)
0-600 14-17 600-1100 Mild and humid. Long summer drought
600-1200 10-13 800-1500 High altitude Mediterranean climate.
Shorter dry season than 0-600 m
>1200 <10 >1500 Very cold high altitude Mediterranean
climate. Short, or non-existent summer
drought

3.7.1 Temperature and precipitation

The temperature and precipitation regime of Ajaccio, the capital of Corsica situated at sea-level
and on the west coast (Figure 3.1) is illustrated below in Figure 3.12. The maximal average of
the temperature on the coast is 18°C and is between 23 and 36°C in the summer months. In
winter, the monthly means generally exceed 6°C and the minima rarely drop below zero
(Ballais, 1998). Precipitation is relatively abundant in Corsica, averaging about 655 mm a year
and falling on about 115 days of the year. Higher elevations receive considerably more
precipitation and it is clear that the rainfall distribution in Corsica strongly reflects relief

(Figure 3.13). There is snow above ca. 1,500 m from September to May.
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Figure 3.12 The average monthly temperature and precipitation in Ajaccio for the years 1951-1985
(WCD, Chadwyck and Healey, 1992 ).
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Figure 3.13 Mean annual precipitation across Corsica (after Simi, 1964; modified from Conchon, 1982).
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3.7.2 Cyclonic activity

October and November receive the most rainfall (13 and 14% of the average annual total
respectively (1951-1985)). Autumn and winter rainfall is often associated with the formation
of depressions in the Mediterranean basin when convective instability results from incursions
of cold polar air being warmed by the Mediterranean Sea. Depressions originate over the
Atlantic and south of the Atlas Mountains but the development of cyclonic activity is most
prevalent within the basin itself, accounting for over 74% of the region’s low-pressure systems
(Allen, 2001) (Figure 3.14). The centres of these depressions, known as Genoa types, originate
in the lee of the Alps and the Pyrenees and close to Corsica. Intense rains are attributed to the
warm front and heavy showers and thunderstorms follow behind the cold front. Cyclonic
activity in the autumn is often the cause of major flooding in Corsica and much of the western
Mediterranean. Recent flood events and the forcing factors for large floods are described in

more detail in Chapters 6.4.2 and 6.4.3.
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Figure 3.14 Depressional systems of the Mediterranean Basin (from Allen, 2001).

3.8 VEGETATION COVER

The present vegetation of Corsica can be subdivided into seven classes (Gamisans, 1991).
Table 3.4 illustrates the altitudinal zonation and the common species of shrubs and trees found
within each vegetation belt. Forests cover one fifth of the island and the main woodland
species in Corsica are Corsican pine (Pinus nigra ssp. laricio), maritime pine (Pinus maritima),
downy oak (Quercus pubescens) and beech (Fagus sylvatica). Chestnut forests occur at slightly

lower elevations.

The Corsican pine is one of the most common and widespread trees in Corsica colonising the

mountain and supramediterranean belts (Table 3.4). Corsican pine grows within a fairly large
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climatic range where the annual precipitation is 800 to 1,800 mm and the temperature is
between 12 and 7°C. The Corsican pine is characterized by a very straight trunk and can reach
a height of 50 m and may live up to 1,000 years. The tree has a pioneer role in forest
recolonisation. In forest where birches and firs have been felled, Corsican pine can establish
and maintain itself easily and for a quite a long time until the natural regeneration of firs and
beech trees. The Corsican pine generally occupies the southern slopes where it does not have
to compete with these two species and on the poor and rocky substrata. The tree limit of Pinus
nigra laricio is 1,800 m, a similar elevation to other species in Corsica but abnormally low in

general for such southerly mountains (Reille et al., 1997).

The typical vegetation growing above the treeline in Corsica in the high mountains include
alder bushland (A4lnus virisis spp. Suaveolens). The bush grows 1-3 m in height and consists of
trunkless shrubs that form an impenetrable thicket. This vegetation is described as subalpine in
Table 3.4. Silver birch (Betula pendula) is also evident in the lower part of the subalpine
vegetation belt but predominates in the mountain belt and has a discontinuous distribution in
the supramediterranean belt, ca. 500-1,300 m. Silver birch often forms open woodland with
Corsican pine (Pinus nigra laricio), but is far less tolerant to drought than its counterpart

(Reille et al., 1999).

The unforested landscape of Corsica is characterized by vast pastures or abandoned areas
without hedgerows (Said & Gegout, 2000). The pasture land is mainly covered with maquis, a
scrubby underbush that is composed of aromatic, thorny or toxic shrubs of which many are fire
resistant. The seedlings of non-resistant woody species are grazed by the livestock. The
unpalatable evergreen shrubs usually present on the grassland include species such as gorse,
barberry and juniper (Said & Gégout, 2000). Holm oak (Quercus ilex) and cork oak (Quercus

suber) are also often found growing amongst the maquis on the lower ground.
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Table 3.4 Altitudinal zonation of present vegetation in Corsica (modified from Reille ez al., 1997).

Vegetation belt Altitude (m) Vegetation Species present
type
Thermomediterranean <150 in the south Shrubs Pistachio (Pistacia lentiscus)
<100 in the north Evergreen oak (Quercus ilex)
Maquis Olive (Olea europaea)
Mesomediterranean 0-700 (northern slopes) Magquis Heather (Erica arborea)
0-900 (southern slopes) Strawberry tree (Arbutus unedo)
Cork oak (Quercus suber)
Maritime pine (Pinus pinaster)
Downy oak (Quercus pubescens)
Sweet Chestnut (Castanea sativa)
Supramediterranean 500-700 to 900-1,000 Magquis Heather (Erica arborea)

(Eurosiberian flora as
abundant as the
Mediterranean flora)

(northern slopes)

800-1,000 to 1,200-1,350

(southern slopes)

Varied forest

Holm oak (Quercus ilex)

Sessile oak (Quercus petraea)
Downy oak (Quercus pubescens)
Corsican pine (Pinus nigra spp.
laricio)

Mixed Silver birch (Betula pendula)
woodstands  Alder (4lnus cordata)
Holly (llex aquifolium)
English Yew (Taxus baccata)
Hop-hornbeam (Ostrya
carpinifolia)
Mountain 900-1,000 to 1,600 Forest Corsican pine (Pinus nigra spp.
{northern slopes) laricio)
(Eurosiberian floraup 1,300 to 1,800 Beech (Fagus sylvatica)
to 75%) (southern slopes) Silver fir (dbies alba)
Silver birch (Betula pendula)
Cryo- 1,700-1,800 to 2,200 Dwarfbush  Broom/gorse (Genista lobelii)
oromediterranean (southern slopes and (Astragalus sirinicus ssp.
crests only) (Grassland Genargenteus)
(Mediterranean flora on windy (Anthyllis hemanniae)
> Eurosiberian flora crests) Thyme (Thymus Herbabarona)
because of the dry Barberry (Berberis aetnensis)
soils) Juniper (Juniperus communis spp.
alpina)
N Subalpine 1,400-1,600 to 2,100 Thick Alder (Alnus viridis spp.
(northern slopes only) bushland (1-  suaveolens)
(61-82% Eurosiberian 3min Sycamore (Acer pseudoplatanus)
flora) height) Rowan (Sorbus aucuparia)
Alpine >2,100 Sparse 62 endemic species, comprising
vegetation, 45% of flora available in this
very arid vegetation belt

conditions
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3.8.1 Implications for runoff and slope stability

The summits of the highest mountains and the immediate flanks which surround them, often
comprising scree, do not exhibit a vegetation cover. Factors such as the high altitude (>2,000
m) and low winter temperatures, the steep gradients and a lack of soil, prohibit vegetation
growth but promote rapid runoff. However, the dense alder bushland characteristic of the
mountain belt which varies between 900 and 1,800 m in elevation (Table 3.4) is a good
interceptor of precipitation and a stabilizer of hillslopes. So too are the woodlands at lower
altitude. Overall, Corsica’s vegetation cover is relatively dense compared to other western
Mediterranean countries, particularly Spain. Present day erosion rates are therefore likely to be

considerably lower.

As well as climate and vegetation cover, the lithology has an important underlying influence on
erosion. The marls and sandstones in areas like the Ebro basin in Spain are associated with
rilling, gullying and badlands topography (Allen, 2001). Desertification is a great problem and
projects such as MEDALUS have been attempting to quantify such factors since 1990 and
develop solutions to moderate soil degradation in the Mediterranean since 1990. The granite
lithology of Corsica, although impermeable and tending to enhance the flashy regime of
steepland catchments, is not susceptible to such high sediment losses. In the Iberian Peninsula,
erosion rates from marl are reported as 266 tha"yr'I whereas on granite surfaces the rate is 7.3
tha™'yr' (Conacher & Sala, 1998). Granite is susceptible to physical weathering processes such
as freeze-thaw activity which is very effective at breaking the rock up into smaller fragments.
During cooler times in Corsica, frost shattering would have been an important process.
Sediment availability for fluvial transport would have been greater at these times, accentuated
by the lack of vegetation due to the lower temperatures. Today, soil erosion is not a major
problem in Corsica as the land is relatively well vegetated, due partly to the relatively high

rainfall but also to the less intense anthropogenic activity and land-use (Chapter 3.9).

3.9 CULTURAL HISTORY AND LAND-USE CHANGE

The earliest known evidence of human presence on Corsica is Pre-Neolithic, 8.56 + 0.15 kyr
(Conchon, 1982; Grove & Rackham, 2001). Since then, deforestation resulting from felling or
burning episodes over the last eight millennia has reduced the natural area of the deciduous oak
(Quercus) forest and other wildwoods (Grove & Rackham, 2001). Maquis, steppe and savanna
have since expanded, partly through burning, woodcutting and keeping livestock in the

remaining natural vegetation (Grove & Rackham, 2001).

Prior to the nineteenth century, there is no great change visible in the lowland pollen record
when the first settlements were established (Grove & Rackham, 2001). This may be because

Corsica’s population was spread out between thousands of hamlets a kilometer or so apart. In
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contrast, Sardinia, also a mountainous island with a granite landscape, displayed scores of large
villages and small towns separated by 20 km or more of empty countryside (Grove & Rackham,
2001). The demand on the land in Sardinia in the vicinity of the towns would have been far

greater than Corsica and led to intensification of deforestation and agricultural practices.

There is evidence from maps and documents that between 1830 and 1840, when the local
fisheries and marine transport fulfilled local needs, the slopes of Cap Corse in northern Corsica
were not cultivated (de Raparaz, 1990). With the introduction of steam boats and big shipping
companies and an increasing population between 1850 and 1880, people cleared the hillsides
and organized a system of terraces which covered entire slopes. Having been in use for less
than a lifetime, the terraces were then abandoned at the end of the nineteenth century when
people migrated to the larger towns and the mainland for a more rewarding and less strenuous
means of gaining a livelihood (de Raparaz, 1990) (Figure 3.15). Within fifty years from 1900,
the population of Corsica dropped by a third from 300,000 to 200,000 (de Raparaz, 1990).

Figure 3.15 Abandoned terraces on the hillsides in the Figarella catchment, northwest Corsica.

Agricultural activities over the last century or so, notably grazing, caused slope erosion in some
areas which resulted in thin soils and the lack of ability to retain water (Grove & Rackham,
2001). These conditions favoured the extension of evergreen (holm) oak (Quercus ilex) which
has adapted to a wide ecological range and presently occupies the land up to 1,200 m, in the
thermo- meso- and supramediterranean vegetation belts (Reille ef al., 1999; Grove & Rackham,
2001) (Table 3.4). The deciduous oak forest is recovering now that grazing is in decline.
Presently in Corsica only 2% of the surface is cultivated (meadows, citrus fruits, vineyards) and

according to Ballais (1998) erosion is no longer a major concern for farmers.
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3.10 SUMMARY

Corsica is a large Mediterranean island with a dramatic granite landscape and steepland river
catchments. During the Pleistocene cold stages many of the headwater valleys were glaciated.
There are no glaciers at present, or even permanent snow, but the upland river environments are
still sensitive to precipitation related changes in vegetation cover and sediment yield. The
atmospheric circulations patterns, the regional orographics and the proximity of the
Mediterranean Sea all play important parts in the rainfall regime of Corsica, and the western
Mediterranean basin in general. Floods are particularly common in autumn and the competence
of Corsican mountain river systems during intense precipitation events has been highlighted.
Fine sediment loss is less severe in Corsica than many Mediterranean areas partly due to the
relatively dense vegetation cover. Maquis and mixed woodstands occupy the lowland, forests
comprising oak, pine, beech and birch are evident at mid elevation, and thick bushland of alder
is common at higher altitudes. The following factors have all minimized erosion rates in
Corsica:

i) A humid climate producing a well vegetated landscape.

ii) Resistant igneous bedrock in the main river catchments.

iii) Relatively low intensity human disturbance of the landscape.

Extrinsic factors which affect catchment hydrology and sedimentation style have also been
examined and evaluated for Corsica. Sea-level has varied considerably during the Late
Pleistocene, but it is recognized that changes in base level are not important upstream of the

lower reaches of steepland rivers.
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4 GLACIATION IN CORSICA AND THE MEDITERRANEAN

4.1 SYNOPSIS

This chapter describes present snowlines and the extent of Pleistocene glaciation within the
Mediterranean basin. The timing of recent glacial activity is established in Corsica through the
use of terrestrial in-situ cosmogenic nuclide dating of boulders on glacial moraines. The
exposure ages obtained are placed into an environmental context using the data available for
Corsica and the wider western Mediterranean region. A basic snowpack model is also
presented to test the feasibility of glacier growth in Corsica during the periods of glacial activity

indicated by cosmogenic nuclide dating.

4.2 INTRODUCTION

Recent work in other Mediterranean areas has shown that glacial activity had a major influence
on river regimes and sedimentation styles during the Pleistocene (Chapter 2.5.1) (Woodward et
al., 1995; Macklin er al., 1997). However, the precise timing of glacial activity in the
Mediterranean mountain basins is not well known, principally due to the lack of dating control.
This issue is addressed in Corsica by using terrestrial in-situ cosmogenic nuclide dating to
establish exposure ages of boulders on the crests of moraines. Cosmogenic dating is one of the
few tools which enables quantitative geomorphological studies to be conducted on timescales of
10%-107 years (Lal, 1988). Developing a chronology for Mediterranean glacial and glacio-
fluvial stratigraphies allows comparisons to be drawn with high resolution marine and oxygen

isotope records and other palaeoenvironmental data (e.g. Macklin et al., 2002).
This chapter has three main objectives:
i) To identify and map the main glacial features in the study regions.

i) To assess the feasibility of using terrestrial in-situ cosmogenic nuclide dating

techniques to establish the exposure ages of boulders on the crests of the moraines.

i1i) To use the data from i) and ii) to construct a glacial chronology from the evidence
preserved in Corsica and place these data in a broader context by reviewing the relevant

terrestrial and marine palaeoenvironmental records.
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4.3 GLACIATION IN THE MEDITERRANEAN
This section will first briefly describe the present day glaciation in the Mediterranean and
surrounding mountain chains, and secondly, outline the available evidence for the timing and

nature of glacial activity during the Pleistocene period.

4.3.1 Present glaciation and snowline altitudes

There is only limited glacial activity in and around the Mediterranean region today. There are
glaciers present in parts of the Pyrenees, the mountains of Turkey and the south western part of
the Alps (Messerli, 1967). The World Glacier Inventory compiled in conjunction with the
World Glacier Monitoring Service (WGMS) and National Snow and Ice Data Center (NSIDC)
(Hoelzle & Haeberli, 1999) provides data on the form and extent of glaciers in the World.
Below displays information about glaciers in and around the Mediterranean region today (Table
4.1).

Table 4.1 Average’ mountain and valley glacial extent in and around the Mediterranean region.
Compiled from the World Glacier Inventory (Hoelzle & Haeberli, 1999).

Pyrenees SW Alps

_Latitude 42.59 °N — 42.86 °N 44.12°N-450°N
_Longitude _ 0.29 °W - 0.90 °E 6.02°W - 7.42°W

No. of mountain & valley glaciers 67 219

Max. length of glacier (km) 0.48 0.88

Mean elevation of glacier (m asl) 2769 2069
“Max elevation of glacier (m asl) 2883 3298

Min. elevation of glacier (m asl) 2663 3735 S
"Snow line elevation (m asl) 2785 2817

* not always calculated from all of the glaciers in each region, only the data that are available.

There is one glacier in the Italian Apennines, Ghiacciaio del Calderone, which is the
southernmost glacier in Europe (Messerli, 1980). Ghiacciaio del Calderone is a small glacier of
about S hectares in area and located at 42°28’15”N, 12°27°08"E in the Gran Sasso, Abruzzo
region in Italy between 2,650 and 2,850 m asl (D’Orefice et al., 2000). Interestingly, the glacier
is on a similar latitude to Mt Cinto in Corsica, the highest mountain in Corsica (2,706 m asl)

(Figure 3.9).

The Apennines glacier is typical of the other Mediterranean glaciers in general, experiencing a
constant rise in snowline altitude since the 1850s, as well as an almost continuous sequence of
negative balances. The result has been the reduction of the surface area and thickness,
illustrated in the case of the glaciers of the Southern Maritime Alps (Gellatly et al., 1994,
Pappalardo, 1999) and of the Pyrenees (Arenillas et al., 1991). The Picado de Veleta glacicr in
the Sierra Nevada in southern Spain like many others soon became extinct prior to the 20"

century (Messerli, 1980). At present, there is only a glacierized area of about 12 km? in the

Mediterranean mountains and the Pyrenees (WGMS).
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4.3.2 Pleistocene glaciation

During the Pleistocene Period, glaciation in the Mediterranean was much more extensive
(Figure 4.1). The Sierra Nevada in southemn Spain was glaciated and also the Picos de Europa
region in northern Spain (Gale & Hoare, 1997). There is evidence of Pleistocene glaciation in
the central Apennines (Giraudi & Frezzotti, 1997) and the southern Apennines (Boenzi &
Palmentola, 1997) in Italy. The Albanian mountains (Boenzi & Palmentola, 1997), the Pindus
mountain range in northwest Greece (Lewin et al., 1991) and Mount Olympus in northeast
Greece (Smith et al., 1997) were all glaciated at one or more times during the Pleistocene.
Glaciers have also been present on numerous occasions throughout the Pleistocene period in
Corsica (Conchon, 1975, 1986) (Chapter 4.3.3).

Bay of Biscay

Figure 4.1 Pleistocene glacial features and sediments in the Mediterranean basin and southern-central
Europe (after Messerli, 1967, from Macklin ez al., 1995).

The timing and extent of glacial activity in the Mediterranean region during the Pleistocene has
been evaluated in varying ways in different areas depending on the nature and quality of
available evidence and applicable dating methods. As a result, straightforward interregional
comparisons are difficult. In some cases, snow-line altitude calculations are shown to be the
prime indicator of glacial extent (e.g. Boenzi & Palmentola, 1997) and in other studies, cirque
floor elevation (e.g. Gale & Hoare, 1997; Giraudi & Frezzotti, 1997) and elevation of ice
margin deposits (e.g. Birman, 1968) are the main parameters. Dating techniques such as
luminescence (e.g. Lewin et al., 1991), uranium-series (e¢.g. Hérail et al., 1986; Woodward et
al., in press) and cosmogenic dating (this study) are not widely employed. Authors also employ
the principal stage names of Giinz, Mindle, Riss and Wiirm outside the Alps where the term has

no stratigraphic meaning (Chapter 1.6.3).

4.3.3 Glaciation in Corsica

It is believed that the upper valleys in Corsica were occupied at least four times (glacial or

stadial stages) during the Quaternary (Conchon, 1975, 1986). The oldest known glaciation is
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presumed to be pre-Wiirm (Table 1.1) but no tills have been found. It has been proposed that
Corsica experienced glacial advances in the early part of the Wiirm period but no glacial
deposits are recognised from this episode. Conchon has attributed deposits of valley glaciers to
two additional glacial stadials during the mid-Wiirmian. The oldest and youngest of these
glacial events are believed to have had a lower elevation of between 700 and 1,100 m and
1,100-1,250 m elevation respectively (Table 4.2). Small cirque glaciers of elevations between
1,600 and 2,100 m are thought to have been present during the Lateglacial, perhaps during the
cooling of the Oldest Dryas (Conchon, 1975, 1986) as evident in the Haut Asco region (Figure
42, Figure 4.3). Palynological records suggest that Corsica has been ice free since the Allerdd,
from around 12.5 k radiocarbon years BP (Conchon, 1986) (Table 1.2). The stratigraphy
becomes more tentative further back in time as evidence of the older glacial events is limited
due to erosion by subsequent glaciers. Furthermore, the chronology is based upon weathering
comparisons of glacio-fluvial and fluvial deposits from different regions such as the Alps and

Pyrenees and must therefore be regarded as tentative.

Table 4.2 Tentative stratigraphy of glacial deposits in Corsica (after Conchon, 1986).

Time periods | Time divisions Elevation of Glacial and glacio- Non-glacial deposits
advancement fluvial deposits in the valley
(m) __(refer to Chapter 5)
Younger Dryas
Allerod
Lateglacial Older Dryas
Bélling
Oldest Dryas 1,600 - 2,100 Small glaciers/Cirque Non-weathered
glaciers o Mavial(T7)
''''''''''''''''''''''''''''''' Stadial 1,100 - 1,250 Non-weathered valley tills Non-weathered grey
fluvial (T6)
Wiirmian Stadial 700 - 1,100 Light-weathered valley Brown fluvial (TS)
tills
Stadial Yellowish-red fluvial
(T4) .
Rissian Stadial Strong-weathered drift Yellowish-red fluvial
(valley glaciers) (T3)
? Stadial Yellowish-red fluvial
(T2)
? Stadial Reddish-yellow
fluvial (T1)
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Figure 4.2 The main glacial features of the Haut Asco region (redrawn from Conchon, 1975 after
modifications from aerial photographs).

Figure 4.3 Evidence of glaciation in the Haut Asco region.
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4.4 ESTABLISHING A GLACIAL CHRONOLOGY

This chapter evaluates the potential of employing cosmogenic nuclide dating (CND) to
elucidate exposure ages of glacial deposits in Corsica. Although CND has been a well
established dating technique in the United States for two decades, relatively few studies in
Europe have used the approach. Only one investigation has conducted CND in the

Mediterranean region using the *'Ne isotope (Fernandez Mosquera et al., 2000).

Other common radiometric dating techniques which can be used to date terrestrial materials
over similar timescales to cosmogenic dating include i) uranium series dating ii) luminescence
dating (Chapter 5.6.1) and iii) potassium argon dating. Unlike cosmogenic dating, all of these
methods are restricted to particular minerals and lithologies. The concentration of cosmogenic
isotopes (e.g. *He, '°Be, “C, *'Ne, **Al and *°Cl) can be obtained from quartz, pyroxene or
olivine, minerals found in many lithologies. In some cases, such as **Cl dating, the whole rock
is used for analysis. Cosmogenic dating can be applied in Corsica because the lithology is
predominantly granite, commonly with large quartz grains ideal for the extraction of in-situ
produced cosmogenic nuclides. Beryllium - 10 will be the principal nuclide measured in this
study because of the duration of the half life (1.5 x 10° years) and the suitability of dating
relatively recent glacial deposits (<100 ka) (Peter Kubik and Susan Ivy-Ochs, pers. comm.
2000). There is also no natural isotope loss with '"Be in quartz, so the concentration measured

is that accumulated since exposure (Cerling, 1990; Lal, 1991).

The development of CND represents an important recent contribution to Quaternary
geomorphology. An introduction to cosmogenic nuclide dating and the complex underlying
principles of the technique are presented below in addition to example applications. A
comprehensive review of CND, however, is provided by Gosse & Phillips (2001). The

following sections outline the individual study sites, methodology and results of the cosmogenic

dating technique.

4.4.1 Terrestrial production of in-situ cosmogenic isotopes

A variety of long-lived radioisotopes (e.g. '°Be, **Al, **Cl) are produced in-situ as cosmic rays
interact with minerals in rocks exposed at or near the Earth’s surface (Table 4.3). These
isotopes are produced in the upper surface of a rock by nuclear reactions induced by cosmic
rays. The primary cosmic ray spectrum consists of galactic cosmic rays (energies 1-100 GeV)
which originate outside the solar system, and of solar cosmic rays (energies 10-100 MeV) (Lal
& Peters, 1967; Reedy 1987). The latter are insignificant for the production of cosmogenic
isotopes in rocks. The galactic cosmic ray spectrum is made up of approximately 85% protons,
14% alpha particles and 1% heavier particles (Lal, 1988). A cascade of secondary particles
consisting of protons, neutrons and muons is produced as the cosmic rays enter the earth’s

atmosphere. These particles, dominated by neutrons, produce cosmogenic isotopes in a rock
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surface by spallation reactions, muon-induced reactions and neutron capture reactions and
different production pathways dominate at different depths below the Earth’s surface (Bierman,
1994; Reedy et al., 1994). The primary mechanism of cosmogenic isotope production for "“Be
and Al is spallation, a nuclear reaction whereby several lighter particles are emitted from a
target nucleus hit by cosmic ray particles. For example, within a quartz grain located at the
surface of an exposed rock, an oxygen atom hit by a cosmic ray particle will spall, losing

several nucleons. One of the atoms that can be produced within the quartz lattice is a '°Be atom

(Ivy-Ochs, 1996).

With continued exposure, cosmogenic isotopes accumulate in the rock as a function of time and
depth below the surface. Thus the time elapsed since initial exposure can be calculated from

concentrations of cosmogenic isotopes in the rock (Equation 4.1).

N=_P (l-e “(Hpel ATy +Nge ™ Equation 4.1
Ape
A

Where N is the number if atoms/gram (of SiO, for '°Be and **Al); N, is the number of atoms/gram of the
cosmogenic isotope present at the beginning of exposure; P is the local production rate in atoms/grameyr,
T 1s the length of time the surface has been exposed in yrs; N is the decay constant of the radionuclide in
lyr p is the rock densxty in gcm € is the erosion rate in cmyr A is the cosmic ray attenuation length
in the rock surface in gcm>

In order for the relationships of Equation 4.1 to have simple solutions, several assumptions must
be satisfied. One assumption is that the concentration of the cosmogenic isotope at the
beginning of exposure is zero or is known (N, in Equation 4.1). Likewise, the erosion of the
rock surface from time of exposure is either known or assumed negligible. For cases where
there is significant erosion, the time for which the radionuclide abundance is representative
decreases. The concentration of the various radionuclides becomes constant after 3-4 half lives
and is termed saturation or secular equilibrium, where the production and decay of nuclides are
balanced. This steady state is reached earlier when there is a high rate of erosion (Lal, 1991).

The half life of '*Be is 1.5 Ma and the limit of applicability is ~ 5 Ma.

4.4.2 Applications of in-situ cosmogenic nuclide dating

For many studies, a thousand years of exposure history produces measurable amounts of in-situ
cosmogenic isotopes (Cerling & Craig, 1994). The upper limit extends to millions of years (~5
Ma for '°Be). This technique therefore helps to address the long standing problem of linking
short term process studies to studies of long term landscape evolution. Terrestrial in-situ
cosmogenic dating has the potential to reconstruct a geochronology of events (e.g. glacial

activity) over the entire Quaternary which can be correlated on a regional and local scale.



Table 4.3 Commonly used terrestrial in-sifu cosmogenic nuclide isotopes (modified from Bierman, 1994).

Isotope Half-life Production rate Production rate studies Primary cosmogenic Measurement Common sample
(decay constant) atoms g yr! reactions technique material
(yrs) sea level, > 60° (Lal, 1988) (compound)
*He Stable (olivine) 143 Kurz (1986) Spallation of O, Mg, Si, Fe MS Olivine, pyroxene, quartz
(olivine) 70-220 Kurz et al. (1990)
(olivine) 140 Cerling (1990)
(olivine) 109 Poreda & Cerling (1992)
(silicate) 191 Brook & Kruz (1993)
'“Be 1.5x 10° (olivine) 5.25 Nishiizumi (1991a) Spallation of O, Mg, Si, Fe  AMS (BeO)  Olivine, quartz
(4.6x107yr")  (quartz) 10 Middleton & Klein (1987)
(quartz) 6.0 Nishiizumi ef al. (1989)
(quartz) 64 Brown et al. (1991)
(quartz) 5.75 Kubik et al. (1998)
“c 5730 (quartz) 17.5 Lal (1991) Spallation of O AMS (C) Quartz, whole rock
(12x10%yr™")  (silicate) 19 Jull et al. (1992)
?'Ne Stable (olivine) 0.4 x *He Poreda & Cerling (1992) Spallation of Mg, Al, Si, Fe MS Olivine, plagioclase,
(quartz) 0.4 x *°Al Graf et al. (1991) quartz
N 0.71 x 10° (olivine) 15.4 Nishiizumi (1991a) Spallation of Si, Al, Fe AMS (A1,0;) Olivine, quartz
(99x 107 yr') (quartz) 70 Midleton & Klein (1987)
q
(quartz) 36.8 Nishizumi et al. (1989)
(quartz) 41.7 Brown et al. (1991)
(quartz) 37.4 Kubik et al. (1998)
Cl 0.3x10° 2600-3000 atom mol Ca™ yr' Yokoyama et al. (1977); Davis Spallation of K, Ca, Feand AMS (AgCl) Whole rock
(23x10%yr") & Schaeffer (1995): 33Cl (n, 7) *C1

500-8500 atom mol K™ yr’!

1.2 x 10% atom mol CI"' yr*

Zreda et al. (1991); Swanson et

al. (1993);
Phillips ef al. (1992)

99
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The technique is also unique in that it provides information on the exposure history of rock
surfaces over significant periods of time rather than by association with deposits or other
chronological markers. By yielding information on spatial and temporal variations in rates of

landscape change it greatly enhances our understanding of processes within geomorphic

systems.

The number of studies employing cosmogenic isotopes in constraining rates of landscape
evolution or landform age increased dramatically in the 1980s with the development of
accelerator mass spectrometry (AMS). The sensitivity of the analytical technique has increased
to permit measurement of small abundances of long-lived cosmic ray produced radioisotopes in
terrestrial materials which allowed a large reduction in sample size from ca. 10-100 g to ca. 1-
10 g (Lal, 1998). Improvements in the sensitivity of conventional mass spectrometers of He
and 2'Ne have also increased the potential of this technique. In 1986, successful exposure ages
determinations using *He (Craig & Poreda, 1986; Kurz, 1986), '°Be and *°Al (Klein et al., 1986;
Nishiizumi et al., 1989), ?Ne (Marti & Craig, 1987) and *°Cl (Phillips et al., 1991) were

reported.

This nuclear method applicable for the study of surface exposure ages, denudation and
sedimentation rates is useful in a variety of geomorphic settings (Table 4.4). Studies
ascertaining the precise date of a glaciers maximum stand by exposure dating boulders on the
crest of moraines have measured concentrations of either '°Be (e.g. Gosse e al., 1995a, 1995b)
or *°Cl (e.g. Phillips et al., 1990; Zreda & Phillips, 1995) or a combination of both (e.g.Ivy-
Ochs et al., 1996; Chadwick et al., 1997, Phillips et al., 1997). The ratio of the *Al/'°Be pair is
also widely implemented to establish erosion rate, time of burial after cosmic ray exposure or
exposure age (e.g. Evenson et al., 1993; Nishiizumi et al., 1991b; 1993; Brook et al., 1995; Ivy-
Ochs et al., 1996; Bierman et al., 1999). Shielding or burial allows the shorter-lived nuclide
(*Al) to decay relative to the longer lived nuclide (“*Be) (Bierman et al., 1999). Many authors
have emphasized the need to study multiple nuclides in order to provide an accurate estimate of
the erosion rate and constrain the surface exposure age (e.g. Klein et al., 1986; Nishiizumi ef al.,
1991b; Lal, 1991). However, single cosmogenic nuclides have been used successfully to date
young (<100 ka) glacial surfaces (Phillips et al., 1990; Gosse et al., 1995) following the

constant exposure model of Lal (1991).

Cosmogenic dating has also been applied in a fluvial setting to estimate the rates of downcutting
of the New River, Virginia (Granger et al. 1997) as well as to elucidate the ages of terraces in
the Indus Valley (Burbank et al., 1996; Sharma et al., 1998). Catastrophic flooding events
which were common towards the end of the last glaciation can also be dated (Cerling ef al.,
1994). The age of meteor craters (Nishiizumi et al., 1991c; Phillips ef al., 1991), volcanic
events (Staudacher & Allégre, 1993; Shepard et al., 1995), earthquake recurrence and debris
flow fan deposits (Bierman ef al., 1995) have also been determined by CND (Table 4.4).



Table 4.4 Applications of terrestrial in-situ cosmogenic nuclide dating

Cosmogenic dating application Radionuclides Location Geomorphic context Age range Reference
employed (ka)

EARTHQUAKE RECURRENCE
Holocene displacement *Cl Nabhel East, N. Israel Bedrock fault scarp 3-14 Gran et al,, 1999
Prehistoric earthquakes %1 Hebgen Lake, Montana Bedrock fault scarp 04-24 Zreda & .Noller, 1998
Earthquake recurrence '"Be & Al Sierra Nevada, California  Bedrock fault scarp 0.8-8.0 Bierman et al., 1995
FLUVIAL
Incision rates '°Be & %Al Green River, Kentucky Cave sediments 700 - 2400 Granger et al., 1997
Debris flow '%Be & Al Owens Valley, California  Surface boulders 8-136 Zehfuss et al., 2001
Debris flow *He Grand Canyon, Arizona Surface boulders 0.5-3.0 Cerling et al., 1999
River behaviour '°Be & Al Wind River, Wyoming Strath terraces 118-510 Hancock et al., 1999
Incision rates °Be & Al Indus River, Pakistan Bedrock strath 7-65 Leland e al., 1998
Alluviation '°Be & %Al Fremont River, Utah Fluvial terraces 60 - 151 Repka et al., 1997
Alluvial fan surfaces ""Be El Tigre fault, Argentina  Surface boulders 41-670 Siame et al., 1997
GLACIAL
Ice extent during LGM 3%C1 Chukotka, E. Russia Moraine/outwash deposits  10.1 - 25.8 Gualtieri et al., 2000
Ice extent during Wisconsin '°Be & Al Baffin Island, Arctic Canada Boulders and bedrock 9-24 Marsella et al., 2000
Pleistocene glaciations Cl, °Be Rocky Mountains, USA Moraine/outwash deposits 16 - 130 Chadwick et al., 1997
Timing of deglaciation 1°Be, 29A1, *5CI Julier Pass, Switzerland Boulders on moraine crests  10.1-12.6  Ivy-Ochs et al., 1996
Glaciation during Younger Dryas '°Be Wind River Mtns, Wyoming Boulders and bedrock 11.4-13.8  Gosseetal.,, 1995a
Glacial chronology *Cl Sierra Nevada, California Boulders on moraine crests 21 - 218 Phillips ez al,. 1990
Glacial advance "“Be & Al Sierra Nevada, California  Polished bedrock surface <11 Nishiizumi e al., 1989
METEORIC
Crater "°Be & Al Arizona Meteor crater <49 Nishiizumi et al. (1991c)
Crater Cl Arizona Meteor crater <49.7 Phillips ez al. (1991)
VOLCANIC
Eruption 3%C1 & '°Be Lunar Crater, Nevada Basalt flow 38 Shepard et al. (1995)
Caldera collapse Ne Réunion, off Madagascar Exposed rock from collapse 65-3.3 Staudacher & Allegre (1993)
Eruption 3%C1 Lathrop Wells, Nevada Basalt flow 81 Zreda et al. (1993)
Eruption *He & *'Ne Rio Grande Rift, New 17- 80 Anthony & Poths (1992)

Mexico

89
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4.4.3 Factors affecting the isotope production rate

There are many known and unknown complicating factors that affect the production and
buildup of the isotopes (Table 4.5). The known factors are those which are specific to the
location of the sample and those which can be corrected for confidently. The unknown factors
affecting the production rate are those which have varied through time or those which pertain to
events in the past that cannot be known precisely. Such unknown factors can be divided into
those relating to the cosmic ray flux and those which are site specific. The net effect of these
influences is difficult to constrain, but all of these processes, with the exception of prior

exposure, yield ages which are too young (Phillips et al., 1996; Kurz & Brook, 1994).

Table 4.5 Known and unknown factors affecting isotopic buildup.

Known factors Unknown factors

Cosmic ray flux which is influenced by
Time
Solar Activity
Earth’s magnetic field

Site Specific factors

Latitude Burial by ice, snow, sediment

Altitude Shielding by vegetation

Shielding from the surrounding hillsides Erosion of the surface

Surface angle of sample Shifting, rolling over or exhuming of boulders
Sample thickness Mineral alteration due to rock weathering

Prior exposure
Tectonic activity

4.4.31 Known factors affecting isotopic buildup

The thickness of the atmosphere and the magnetic field affect the production rate of each
isotope and correction factors can be applied for each exposed rock sample location. Latitude
and altitude scaling factors that have been described by Lal & Peters (1967) and Yokoyama
(1977) have been supplanted by Lal (1991). Lal (1991) represents the scaling factors in terms
of a third degree polynomial and is based on the assumption of a dipole field. The experimental
uncertainty in “Be production estimates is about 10% (Lal, 1991). Subsequent work, however,
shows that the error on cosmogenic production rates is closer to 20% (Dunai, 2000, 2001;

Desilets & Zreda, 2001).

The production rate of cosmogenic isotopes within the exposed rock is dependent on the cosmic
rays that the rock surface is subjected to. Therefore, reduction of the cosmic rays by mountain
peaks and ridges surrounding the sampling site reduces the production rate accordingly. The
precise angle to the horizon and the number of degrees of the quadrant affecting the sample site

can be used to calculate the reduction in production rate using Equation 4.2 (Nishiizumi et al.,

1989).
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F(@)=sin2386 Equation 4.2

Where F (8) is the relative angular dependence of the cosmic ray nucleonic component and 0 is the angle
from vertical.

The slope of the rock surface and the surrounding skyline must both be accounted for. For
example, a rock surface sloping at an angle of 25° results in a 2% reduction of the production
rate (Ivy-Ochs, 1996). In certain circumstances cosmic rays are shielded by rocks or trees
usually at relatively low angles above the horizon. The production correction is relatively
small, however, if the shielding angles are low because attenuation of the cosmic rays by the
atmosphere tends to be greater for low angle incident radiation where the atmosphere is
thickest. In many cases shielding of incident cosmic radiation is minimal but for regions of

high relief it may be more significant (Cerling & Craig, 1994).

A correction factor for the thickness of the sample is also needed. The production rate of
cosmogenic nuclides decreases exponentially with depth as secondary particles from cosmic
rays attenuate as they travel through the rock. The integrated production rate over a certain

depth interval is obtained by Equation 4.3 (Ivy-Ochs, 1996):

Powx =Po_A _(1-e %) Equation 4.3
pX

Where P, «, x is the average production (atoms/g SiO,+yr) for the interval from the surface to the given
depth, x is the total rock thickness (cm). Po is the production rate at the surface (atoms/g SiO,yr), is the
rock density and is taken as 2.7 gcm'3 (granite), is the cosmic ray attenuation length of 150 gcm'2 (Brown

et al., 1992).

Masarik and Reedy (1995) argue that near the rock surface, at depths less than ~5 cm, the
cosmogenic production rate profile shows no or little difference. However, most authors (e.g.
Gosse et al., 1995; Ivy-Ochs et al., 1996, 1999; Fabel & Harbor, 1999) do use the depth

correction in final production rate calculations. The thickness correction has been applied in

this study.

4.4.3.2 Unknown factors affecting isotope buildup

There is evidence to suggest that solar activity (Beer et al., 1988, 2000; Bond et al., 2001) and
geomagnetic field intensity (Castagnoli & Lal, 1980; Lal, 1988; Frank, 1997; 2000), have
fluctuated significantly and irregularly during the Pleistocene (Kurz er al, 1990; Lal, 1991).
Both factors greatly affect the cosmic ray flux and thus the isotope production rates. Higher
production rates are associated with weaker winds and reduced irradiance (Masarik & Beer,

1999) and a weaker geomagnetic field (Lao et al., 1992). The greatest change in production
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rates will be at high altitudes and low latitudes (Kurz ef al., 1990; Cerling & Craig, 1994; Clark
et al., 1995).

Variations in the strength of the Earth’s magnetic field is the most important factor controlling
cosmogenic nuclide production (Frank, 2000). It is therefore crucial to establish the
palaeointensity for the time period being investigated. Frank ef al. (1997, 2000) analysed the
relative variations in '°Be production rates in marine and terrestrial sediments and ice cores and
translated these into field intensity modulations. The record shows major periods during which
the field intensity was between 10% and 40% of the present day value, resulting in an overall
30% reduced value for the past 200 ka. A low palacomagnetic intensity at around 40 ka which
is reflected in an increase of '°Be is well documented in ice cores (Raisbeck et al., 1987; Beer et
al., 1988) and deep sea sediment (Castagnoli et al., 1995; Robinson et al., 1995). During the
LGM, the global average production rate of "Be was at least 25-30% (Frank, 2000).

Translating these data into correction calculations for individual studies is difficult.

The site specific factors which cannot be easily constrained are numerous (Table 4.5).
Intermittent shielding of the rock surface by snow, ice or sediment may have reduced the
cosmogenic production rate since time of exposure. It is very difficult to quantify these effects
as conditions and surroundings in the past are not the same as those at present and little
evidence of that coverage remains. Few corrections have been made for snow cover, especially
when the samples are collected from large boulders on the crests of moraines. In many cases,
the substrate surface would have projected above the average snow depth and any snow falling
on the rock surface would have been blown off (Clark et al., 1995). It has also been shown that
the isotopic abundances in near horizontal surface samples collected from the Sierra Nevada,
California, which are prone to burial by snow, were no different to those samples collected in
the same area but from slopes above a 45° angle (Nishiizumi et al., 1989). This suggests that
there has to be a considerable thickness of snow for the production rate to be significantly
affected (Nishiizumi er al, 1989). Sampling large boulders on the moraine crests also
minimises the likelihood that the rock sample was covered in till matrix after moraine

formation. Tall boulders are likely to have stood above the original level of the moraine crest

(Phillips et al., 1990).

The attenuating effects of tree cover on the amount of cosmic rays bombarding the sample is
also a consideration for correction. Cerling & Craig (1994) calculate a 4% reduction in
cosmogenic isotope production due to shielding of the samples in the forest of Puy de Dome,
Massif-Central in France. The calculation is based on a method involving density and biomass
of the forest. However, it is difficult to make corrections for past tree cover as present day
vegetation may have very little in common with that since and during time of rock surface
exposure. Most authors do not regard vegetation cover as a significant shielding factor and do

not apply any correction factors to the production rates.
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Erosion of the rock surface is an important factor affecting the isotope buildup particularly if the
lithology of the rock is easily weathered (e.g. limestone boulders in northwest Greece
(Woodward et al., in press)) or if the exposure age is of considerable duration. Indication of no
or negligible erosion since exposure such as glacial striae is useful but often rare, especially
prior to the latest Pleistocene (Bierman & Gillespie, 1991). The multiple production
mechanisms of *°Cl make it possible to reveal erosion and erosion rates, similarly to the paring
of '°Be and 2°Al (Chapter 4.4.2). This has its most important application for surfaces with
exposure ages in the range of several hundred thousand to several million years. Spalling of
large flakes episodically from the rock surface can also lead to inaccuracies of exposure age

where the assumption of steady state erosion is less valid.

Exposure ages which are too young can also occur due to post depositional movements or
settling of the boulders on the moraine. Blocks may have rotated or rolled down the sides of the
moraine due to processes such as frost heaving or as a result of the finer material on the moraine
eroding away (Hallet & Putkonen, 1994; Zreda et al., 1994). Sampling a large, stable boulder
on the crest of a moraine minimises the uncertainty of the rock having overtumed or having
been exhumed after moraine formation. Ages which are overestimates may have been exposed
to cosmic rays before the exposure age of interest. Prior exposure can occur from many
scenarios such as exposure along a cliff surrounding a glacier, exposure in an older moraine and
where sub-glacial erosion has been insufficient as to remove all of the previously exposed rock.
For a boulder to have experienced several periods of exposure, the exact same rock face must

always have been exposed upward to cosmic rays.

Weathering and alteration of individual mineral grains of the rock surface may lead to open
system behaviour of the isotope and/or contamination with, for example meteoric “Be. This
behaviour is not a problem in the case of quartz which is a very weathering resistant mineral,
but is more significant in olivine or pyroxene (Ivy-Ochs, 1996). The substrate surface which is
subjected to atmospherically derived '®Be can fortunately be effectively cleaned by the
hydrofluoric etching so that only the in-situ '°Be concentration is measured (Nishiizumi et al.,

1989; Brown et al., 1991; Kohl & Nishiizumi, 1992).

Lastly, tectonic activity is a factor that results in elevation change which subsequently leads to a
change in cosmic ray flux and ultimately a variation in isotope production rates. Lal (1991)
models elevation change with respect to erosion models and concludes that only when rock
erosion rates are very low can elevation change be determined from in-situ nuclides. It is also
stated that in regions with high uplift rates there tends to be high erosion rates too and so in

many situations, the in-situ nuclide buildup would be primarily determined by erosion (Lal,

1991).
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4.4.3.3 The production rate of Berrilyium-10

The most widely used production rate of '°Be is that determined by Nishiizumi ef al. (1989) of
6.0 atoms per gram SiO, per year at high latitude (>60°) and sea level, calibrated from exposure
ages of glaciated rocks in the Sierra Nevada, USA, and most recently verified by Nishiizumi et
al. (1996). Other production rate values include Brown et al. (1991) of 6.4, Nishiizumi et al.
(1991) of 6.13 and Kubik et al. (1998) of 5.75 atoms per gram per year (Table 4.6). As an
example of the differences between production rates, applying the rate of 5.75 compared to

Nishiizumi et al. (1989) of 6.0 increases the age of a 12 ka event by about 0.6 ka.

Table 4.6 Published production rates of Be (sea level and geomagnetic latitude > 60°).

Reference Geomorphological Timescale TBe Production rate
context (atoms/yr g Si0O;)

Nishiizumi et al. (1989) Sierra Nevada rocks 11 ka 6.03
Brown et al. (1991) Antarctic rocks <25Ma 6.4
Nishiizumi et al (1991) Antarctic rocks >4Ma 6.13
Masarik & Reedy (1995) Theoretical A few Ma 5.97
Nishiizumi et al. (1996) Water Targets ~10ka? 6.0 +0.3
Kubik ez al. (1998) Austrian rock slide 10 ka 5.75 +0.24

* Long term geomagnetic field correction is added

The production rates of Nishiizumi et al. (1989) however have been contested by Clark es al.
(1995) who believe that the Late Pleistocene and Holocene production rates for '°Be and *°Al
are probably at least 20% too young. New radiocarbon ages, stratigraphic evidence and
palynological studies demonstrate that the Sierra Nevada was deglaciated at least several
thousand years earlier than assumed when Nishiizumi et al. (1989) first calibrated the
production rates on a time integrated average. Clark et al. (1995) show that uncertainties in
ages of calibration surfaces and in geomagnetic field strength variations contribute substantially
and are typically unstated errors to cosmogenic age estimates. These authors imply that many
exposure ages calculated using previously accepted production rates are also too young. It is
suggested that the field strength and the attendant production rate variations may generate age
errors of over 20% over the past ca. 100 ka for all in-situ isotope systems if time averaged

production rates are used to calculate exposure ages. However, this error is not believed to be

significant for younger exposure ages.

4.4.4 Future developments and conclusions

Against the complex background it can be argued that the most important need to enhance the
utility of this dating technique centres on the estimation of the isotopic production rate. More
sites are needed where a wide variety of palacoenvironmental evidence can be tested to
accurately date the area in order to establish and verify production rates (Clark et al., 1995).
Improvements In models that predict how the flux of cosmic rays at the Earth’s surface changes

due to fluctuations in the Earth’s and interplanetary magnetic fields will also be useful in
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estimating cosmogenic nuclide production. Current research to evaluate the variability of the
Earth’s magnetic flux and the feasibility of using magnetostratigraphic records of
palacointensity to adjust cosmogenic nuclide production rates is being conducted. Further
improvement of numerical simulations to corroborate empirically and theoretically determined

production rate data can then follow with greater confidence.

It is becoming clear that the assumptions used in many studies to interpret experimental
measurements of in-situ cosmogenic isotopes need to be reviewed. It is suggested that a 5%
error or better is needed for each factor, such as elevation and shielding, in order to permit
meaningful geomorphological conclusions (Reedy et al., 1994). Paramount to the feasibility of
cosmogenic dating is the knowledge of the geomorphological setting. An exposure history of a
sample cannot be provided unless an appropriate exposure history model based on the
geomorphological context can be utilised. The models and the simulations are also only as

good as the data upon which they are derived.

Of equal importance to understanding the uncertainties and limitations of CND is recognition of
the potential for quantitative geomorphologic studies. Cosmogenic nuclide dating is still in its
infancy, but it has already proved to be an extremely valuable tool. The technique is superior to
many surface exposure dating approaches such as relative methods involving soils and
weathering and rock vamish for example, because it is based on a physical process and can be
quantitatively related to time. Numerical ages, even minima, provide a great improvement in
resolution over relative ages. The technique is useful over a full range of climatic settings and a

wide range of lithologies and is also applicable over the whole Quaternary Era.

A dataset of terrestrial glacial chronologies is slowly developing which can be compared with
marine and ice core records to establish the nature and impact of global climate change.
Phillips et al. (1997) and others have already established links between glacial and fluvial
deposits of the Wind River Range in Wyoming and the deep sea record, correlating cosmogenic
chronologies to marine isotope stages. Other applications in a range of environments are
_expected to yield similar advances. With a gradual improvement in technology, methods,
models and data quality, this field of geophysics will inevitably be refined and our knowledge

of environmental change and landscape evolution will increase.

4.5 COSMOGENIC DATING OF MORAINES IN CORSICA

A total of ten rock samples (C1 to C10) were taken for surface exposure cosmogenic dating in
Corsica in May 1999 and June 2000, however only two (and one blank) were fully prepared and
processed. Five samples were intensively etched with hydrofluoric (HF) acid to isolate the
quartz but only two (C1 and C2) yielded enough good quality quartz. Samples collected in the

vicinity of Mt Cinto were rhyolitic and comprised of very small crystals. The potential of



75

obtaining a meaningful exposure age was very low so the preparation procedure was not
continued. - Four weeks intensive sample preparation was conducted during April 2000 at the
Swiss Federal Institute of Technology (ETH) in Ziirich under the guidance of Dr Susan Ivy-
Ochs. The AMS analysis was conducted by Dr Peter Kubik of the Paul Scherrer Institut also
based at ETH.

4.5.1 Study Sites

The two sites from which C1 and C2 rock samples were taken and in-situ cosmogenic nuclide
surface exposure ages derived were the Taravo catchment in south-central Corsica and in the
Golo catchment in northern Corsica respectively (Table 4.7). Both samples were taken from

large boulders on the crest of lateral moraines.

Table 4.7 Sample site information for exposure age dating of glacial deposits in Corsica.

Field  Location Grid Altitude  Lithology  Vegetation  Surface Glacier front
Ref. Ref. (m asl) cover angle (m asl)
Conchon,1975

Cl N42°00°08 05667 1,200  Granodiorite  Clearing in  Horizontal 700-1,000
E 09° 10’ 26 41908 beech forest

C2 N42°18°47 05405 1,220  Granodiorite ~ Sparse pine  Horizontal ~ 1,100-1,250
E08°55°29 42215 forest

Sample C1 was collected from a large boulder from the southern lateral moraine of the northern
pairing south east of Mt Renoso (2,352 m) in south-central Corsica (Figure 4.4, Figure 4.7).
The moraine is parallel to a tributary of the Taravo river which drains a basin between Mt
Grosso (1,985 m) and Mt Giovanni (1,950 m). Sample C1 is believed to be from a moraine
derived from the glacial advance attributed to mid Wiirmian, sometime prior to the Last Glacial
Maximum (Conchon, 1975; 1986). The altitude of the glacier front has been estimated to be
between 700 and 1,100 m elevation and is associated with the TS fluvial deposits (Table 4.2)
(Conchon, 1975; 1986). The moraines further south are well preserved but less accessible
(Figure 4.5). Sample C2 is taken from a moraine just north of the Catamalzi River, a tributary
of the Golo in the Col de Vergio area in northern Corsica (Figure 4.6, Figure 4.7). It is taken
from a similar altitude as C1 (Table 4.7) but from a lateral moraine which is thought to be of a

later glacial phase in the Wiirmian with a glacier front of between 1,100 and 1,250 m elevation

(Conchon, 1975, 1986).
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Figure 4.4 Location site of cosmogenic sample C1, collected from a boulder on the crest of a moraine in

the Mount Giovanni region.

Figure 4.5 Series of lateral moraines flanking the southeast side of Mount Giovanni, alongside the rivers
Cavallaseccia, Varra, Porcellorolo and Pintoli (Figure 4.4). N
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Figure 4.6 Location site of cosmogenic sample C2, collected from a boulder on a crest of a moraine in
the Col de Vergio region, in the Golo basin.

Figure 4.7 Samples collected from boulders on moraines in the Giovanni (C1) and Col de Vergio (C2)
region for cosmogenic exposure dating.
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4.5.2 Methodology
This section describes the sample collection in the field and the various stages involved in the
preparation, chemical dissolution and extraction of '°Be and *°Al. Although the analysis of *°Al

was not undertaken, the samples were prepared as a backup in case the '°Be results proved

unsuccessful.

4.5.2.1 Collection of samples
The importance of selecting a sample site with the geomorphological context in mind has
previously been emphasized (Chapters 4.4.3 & 4.44). In order to minimise the correction

factors and minimise the effects of ‘unknown’ parameters, the site and substrate selection was

conducted by:

i) Choosing large (>2m), flat boulders on the crests of moraines to reduce the risk of the

substrate having rolled over and consequently exposing a different rock face.

1) Looking for striation marks to illustrate negligible surface erosion, and avoiding
substrates which showed distinctive signs of surface exfoliation or where a layer of rock

had been removed.

1ii) Choosing a site on a south facing slope to reduce winter snow cover and a large

exposed boulder where snow would be readily blown off and not accumulate.

iv) Selecting a site above the tree line or at a reasonably high altitude where the vegetation

cover is not likely to significantly attenuate the cosmic rays hitting the rock surface.

V) Choosing a site away from an adjacent valley sides and a sample from a horizontal or
near horizontal surface to maximise the amount of cosmic ray bombardment at the rock

surface and nuclide production, to yield more accurate measurements.

Once the boulders for sampling were selected, a hammer and chisel were used to exploit pre-
existing weaknesses in the substrate. The sample size of the rock collected was between 1-2 kg.
About 50 g of very pure quartz is needed for the making of BeO and Al,O; AMS targets which
is extracted from 0.5-1 kg of 0.5-2 mm sized crushed rock (Ivy-Ochs, 1996). Samples C1 and
C2 were taken from grandiorite, a lithology exhibiting large quartz grains, ideal for cosmogenic
nuclide extraction. The purer the quartz the greater the success of the Be and Al extraction

procedure.

The rock thickness and lithology were noted in the field in addition to the strike and dip of the
rock face. The geographical location and altitude of the sampling sites were determined by GPS
and calibrated to reference points on the map. Topographic maps were also used to determine

the cosmic ray shielding of the site by the surrounding hillsides and mountains. The precise
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angle to the horizon and the number of degrees of the quadrant affecting the sampling site were

established. Sketches and photographs were also taken of every site and sample.

4.5.2.2 Sample preparation

Where present, the rock surfaces were cleaned of lichens with a wire brush. A jaw crusher was
then used to break the rock samples up into manageable sizes. The rock was then crushed and
sieved to obtain the <2 mm size fraction. The material was then sieved again to separate the
0.5-1 mm and the 1-2 mm fraction. Ideally, the material should be as monominerallic as
possible. The repeated sieving was adequate to reduce the bias (due to sample thickness and
cosmogenic nuclide production) as not all the crushed material was used in the analysis. The
steel jaw crusher and the sieves were cleaned thoroughly between the samples to avoid
contamination. For the extraction procedures, general cleaning of all laboratory ware entailed
rinsing with ultrapure (18Q) water and dilute HCL. Teflon beakers were cooked for several

hours in dilute HNO;, then rinsed at least 10 times with ultrapure water.

4.5.2.3 Be and Al isolation and extraction from quartz

The two samples (C1 and C2) plus a blank were fully prepared and processed using the method
of Ivy-Ochs (1996) modified from Kohl & Nishiizumi (1992) (Figure 4.8). Isolation and
dissolution of the quartz was completed and repeated fuming of the samples were undertaken to
remove all the fluoride. Iron extraction and cation exchange were conducted before the samples
were precipitated. The samples were dried, baked and pressed onto a target for AMS '""Be

analysis. Each of these preparation stages is described in detail in Appendix 1.
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Figure 4.8 Flow chart showing the basic sample preparation steps for '°Be and Al extraction from
quartz (PPT= precipitation) (after Ivy-Ochs, 1996).
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4.5.3 Results
Using Equations 4.2 and 4.3, sample thickness and a shielding correction factor were calculated
in addition to a geographical scaling factor for sample C1 and C2 (Table 4.8, Appendix II). The

final '°Be production rate is determined by the multiplication of all three factors.

The production rate (P) of 6.0 '°Be atoms per gram SiO, per year at high latitude (>60°) and sea
level is used for the age calculations (Nishiizumi ez al., 1989). This value is the most widely
implemented and provides easy comparison with other data. The final number of Be atoms (N)

has been calculated using Equation 4.1 and taking the blank sample into consideration (Table

4.9).

Table 4.8 Correction factors applied to the exposure age.

Field  Lab  Corrected "Be production  Thickness  Shielding Final "Be
Ref. Code rate for correction correction production rate
latitude/longitude/altitude (atoms/g SiO; yr)
(atoms/g SiO; * yr)
Cl ZB1047 14. 846 0.973 0.991 14.323
C2 ZB1048 15.109 0.965 0.991 14.447

Table 4.9 Number of '’Be atoms per gram and final sample ratio error.

Field Lab TBe/’Be Counting Carrier Weight Measured Final number Final

Ref. Code (1IE™) error (mg) (® %Be of '’Be atoms  sample
(%) (atoms/g) (blank ratio
corrected) error
(atoms/g) (%)
Blank ZB1046 0.034 344
Cl1 ZB1047 0.380 54 0.352 40.48 220900 201135 2.36
C2 ZB1048 0.318 4.9 0.349 36.13 205080 183153 2.58

4.5.3.1 Stated errors
Errors inherent in the dating technique which cannot be quantified have already been discussed
(Chapter 4.4.3). However, analytical errors can be calculated precisely and included in the final

error margin.

The uncertainty of an AMS measurement is caused mainly by the counting statistics (detection
of the number of 'Be counts from a sample). The counting error shown in Table 4.9 for the
blank and for the samples is equivalent to (1/squareroot (number of counts)), approximated to
the Poisson statistics error. The counting error for the blank is therefore high (34.4%) because
there are fewer detected counts of '°Be compared to within sample C1 and C2 (5.4% and 4.9%
respectively) where the in-situ produced '°Be has accumulated since exposure. The measured
ratio of the chemistry blank is then subtracted from the measured ratios of the samples to correct
for '“Be in the carrier, any contamination during sample preparation and any cross

contamination occurring in the AMS system (mainly from the ion source). Background due to
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boron is also corrected ('°B is an interfering isotope as AMS recognises the atomic mass
number for concentration measurement, so does not distinguish between '°Be and '°B). The
potential of introducing boron into the sample during preparation is minimised by covering the

samples at all times and by using deionised water. Dust and tap water are the two main sources

of boron.

The final sample ratio errors for C1 and C2 are calculated to be 2.36 and 2.58 % respectively
(Table 4.9). These are 1 ¢ measurement errors which includes the statistical (counting) error
and the error due to normalisation to the standards and blanks. This is a fairly low error
inferring the samples consisted of good quality quartz and the preparation was conducted with
precision and thoroughness. A 5% sample reproducibility error has also been included in the
error on each of the exposure ages. This is based on the reprocessing of several different rock
samples by Ivy-Ochs (1996). Total sampling and analytical error is therefore calculated as
7.36% for sample Cl and 7.58% for C2. It is difficult to assign an error in relation to the

correction factors and to incorporate the unknown parameters.

4.5.3.2 Exposure ages

The exposure age is calculated using Equation 4.4 below. The exposure ages are minima
assuming known production rates, constant surface exposure and no erosion and assuming no
isotopic inheritance.

T=In(l-NN Equation 4.4

P
-\

where T is the length of time the surface has been exposed in years, N is the number of atoms/gram, P is
the local production rate in atoms/g SiO, * yr, \is the decay constant of the radionuclide in yr'.

This calculation gives exposure ages of 14.11 ka + 1.04 for C1 and 12.71 ka + 0.96 for C2
(Table 4.10). The data are calendar years and therefore do not require calibration. These
exposure ages coincide with the Older Dryas and Younger Dryas events respectively. Both are
episodes of cooling experienced in many parts of Europe (Chapter 2.4.2). The Younger Dryas
is much more distinct in the palacoenvironmental records than the Older Dryas and is widely
recognised in the northen hemisphere. A climatic signature corresponding to the Younger
Dryas has also been recognised recently in the southern hemisphere (e.g. Denton & Hendy,
1994; Ivy-Ochs et al., 1996), although this is still controversial (e.g Singer et al., 1998). The
cosmogenic nuclide exposure age of C2 and the Younger Dryas corresponds very well with that
from the Greenland ice cores: GISP2, 12.94 + 0.55 to 11.64 = 0.25 ka (Alley et al., 1993) and
GRIP, 12.7 + 0.10 to 11.55 + 0.07 ka (Johnsen et al,, 1992). The Older Dryas is also evident in
the Greenland ice cores although it is less well illustrated in the Mediterranean

palacoenvironmental record. It is thought that the Older Dryas cooling may be associated with
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a meltwater pulse occurring 14-14.5 ka and related to Antarctic melting. The significance of

these ages is discussed in more detail below.

Table 4.10 Exposure ages calculated from concentrations of the cosmogenic nuclide '*Be in sample C1
and C2.

Field Ref. Lab Code In-situ cosmogenic nuclide exposure age Radiocarbon years
(ka) (ka)*
Cl ZB1047 14.09 £ 1.04 13.07 + 1.04
C2 ZB1048 12.70 £ 0.96 11.70 + 0.96

* Converted by Oxcal. v. 3.5

4.6 THE LATEGLACIAL IN THE MEDITERRANEAN

The Lateglacial in Corsica and other parts of western and central Mediterranean has previously
been described in some detail (Chapter 2.4.2). In this section, palaeoclimatic evidence for the
Older Dryas and Younger Dryas cooling episodes is summarised. The timing and nature of
glacial activity identified in the Mediterranean during the Lateglacial is also outlined. Finally,
temperature and precipitation reconstructions are used to establish whether the conditions in
Corsica were suitable for glacier growth during this period as the pollen data from Corsica
suggests that the island was ice-free from the Older Dryas (Conchon, 1986). The cosmogenic
ages yielded from this study suggest otherwise.

4.6.1 Older and Younger Dryas climatic signals identified in the Mediterranean

The cool event known as the Older Dryas which preceded the Aller6d interstadial is far less
distinctive in the lacustrine sequence from Lake Creno in Corsica than the Younger Dryas
interval (Figure 2.5). This lack of evidence suggests that the intensity and duration of the Older
Dryas was far less than that of the Younger Dryas, and this difference is illustrated fro Europe
as a whole in the schematic diagram Figure 4.9. The Older Dryas is dated to around 12 k
radiocarbon years BP and lasted no longer than 500 years. The cooling signal is identified in
many parts of central Europe by palynology and other climate proxy records (Table 4.11). The
Older Dryas signal is marked by an increase in steppe-like vegetation and a reduction in tree
pollen in the Cantabrian mountains, northern Spain (Watts, 1986), the Pyrenees (Andrieu ef al.,
1993; Reille, 1993a, 1993b) and the Massif Central (Beaulieu et al., 1985; Ponel & Coope,
1990). The Older Dryas is also identified by the reintroduction of certain beetle species in the
Massif Central which are associated with cooler conditions (Beaulieu et al., 1985; Ponel &
Coope, 1990; Ponel & Lowe, 1992). The abrupt cooling of the Younger Dryas is clear in many
of the pollen records from mountain sites throughout the western Mediterranean (Beaulieu et
al., 1994). An increase in Artemisia and a decline in tree pollen is clearly marked in many of
the records from the Iberian Peninsula, the Pyrenees, the Massif Central and the northem

Apennines (Table 4.11). Radiocarbon dating has constrained the timing of the Younger Dryas
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event across these sites to between 11 and 10 k radiocarbon years BP. Sea surface temperatures
and salinity records from the western Mediterranean also indicate cooling intervals during the
Lateglacial synchronous with the Younger and Older (Oldest?) Dryas (Patemne et al., 1986;
Kallel et al., 1997; Combourieu-Nebout et al., 1998; Cacho et al., 2001).

Glacial advances during the Lateglacial are also evident in southwest Europe. Glaciers in the
central Pyrenees extended for the final time between 13.25 and 10.8 k radiocarbon years BP,
perhaps corresponding to the Younger Dryas episode (Hérail ef al., 1986). Interestingly,
periods of enhanced glaciation have been identified in the Gran Sasso region of the central
Apennines not only during the Younger Dryas but the Older Dryas stadial (Giraudi & Frezzotti,
1997). Moraines of the two glacial advances recorded in the Campo Imperatore area have been
dated to ca. 12.85 + 0.2 k and 11.0 k radiocarbon years BP. It is estimated that the reduction in
MAT during this time was 5.6 to 6.7 °C lower than present day, and that the discontinuous
permafrost boundary was at an altitude of 1,900 m, with the equilibrium line altitude at 2,300 m.
The glacial advances in the Apennines correlate well with the isotopic data of cores from the
Tyrrhenian Sea (Paterne et al., 1986). The onset of glacial retreat in the French and Italian
Piedmonts of the Alps has been estimated to between 15 and 14 k radiocarbon years BP (Billard
& Orombelli, 1986). At least two major advances are thought to have interrupted the
Lateglacial deglaciation phase although the precise timing of these have not been established
(Porter & Orombelli, 1982). The main valleys were free of ice from 10 k radiocarbon years BP
which suggests that the cooling episodes responsible for the glacial advances between 14 and 10
ka may be that of the Older (or Oldest?) and Younger Dryas. It is postulated that the warmer
wetter phase separating the two glacial advances was the Aller6d-B6lling Interstadial (Billard &

Orombelli, 1986).

The investigation conducted in Serra de Queixa, northwest Iberia using *'Ne cosmogenic
nuclide dating identified three different stages with the last terminating about 15 k calendar
years BP (Fernandez Mosquera et al., 2000). The error on this age is 7 ka BP so it is possible
that the glacial phase could be attributed to the Older or Younger Dryas stadial. The calculated
CND age of 15 + 7 ka corresponds to the time of final glaciation and is supported by a

radiocarbon date of 13.4 + 0.4 ka for a lacustrine sediment from the same area (Femandez

Mosquera et al., 2000).
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Table 4.11 Terrestrial and marine palacoenvironmental data illustrating signals attributed to the Older
and Younger Dryas events.

Site Younger- “C age Older Dryas '°C age Reference
Dryas signal (ka BP) signal (ka BP)
SPAIN
Largo de Ajo Pollen change 11-10