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Abstract

Resolving abrupt palaeoenvironmental changes in a lake sediment
sequence from Ioannina, northwest Greece
Palaeoenvironmental sequences from the Mediterranean have, for many years, been a cornerstone
of our understanding of ecological responses to Quaternary climate change. Lake Ioannina (NW
Greece) is one such archive, with a vegetation record which spans multiple glacial-interglacial
cycles. This PhD builds upon earlier work at Ioannina, seeking to characterise last glacial
millennial-scale palaeoenvironmental change at the site through study of core I-08.

Detailed visible and ‘crypto-’ tephra analysis identifies deposits associated with explosive
volcanism at Italian volcanic sources, including Campi Flegrei, Pantelleria, and the Aeolian islands
for the first time at Ioannina. Two visible tephra layers, the Campanian Ignimbrite (CI/Y-5;
ca. 39.8 ka BP) and Pantelleria Green Tuff (PGT/Y-6; ca. 45.7 ka BP) are identified, as well
as the Holocene Vallone del Gabellotto cryptotephra marker (E-1; ca. 8.3 ka BP). Evidence for
repeated remobilisation and redeposition of CI/Y-5 tephra material is outlined, and the potential
mechanisms and impacts of sediment reworking in lake environments are examined. Bayesian
modelling, which incorporates the new tephra ages with earlier radiocarbon ages, extends the
I-08 core chronology back to ca. 46 ka BP.

New, centennial-scale palaeoenvironmental analysis of the I-08 core is presented, spanning
the section of core ca. 46 to 38 ka BP, chronologically well-constrained by the two visible tephra
deposits. The data comprise pollen, loss-on-ignition, XRF, and particle size analyses. Pollen data
suggest multiple expansions and contractions of temperate woodland during this window, however
these changes are not always in phase with changes in sedimentology, suggesting a complex local
response to millennial-scale climatic variability associated with North Atlantic D-O cyclicity. In
contrast, ca. 40 ka BP both sediment and vegetation changes occur synchronously and can be
attributed to abrupt cooling and drying at the Ioannina site associated with Heinrich stadial 4.

Tephra isochrons, particularly the ca. 39.8 ka BP Campanian Ignimbrite eruption, facilitate
direct correlation of the I-08 palaeoenvironmental record to other high resolution last glacial pollen
sequences in the Mediterranean such as Lago Grande di Monticchio (Italy) and Tenaghi Philippon
(Greece) with less ambiguity than work reliant on traditional geochronological approaches.
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Chapter 1

Introduction

The Quaternary, the current geological period spanning the last 2.58 Ma, is characterised by
climatic variability on a range of timescales. Well-characterised cycles of ice advance and retreat
throughout the Quaternary occur on timescales of tens of thousands of years, with dramatic
variations in global ice volume recorded in the global marine oxygen isotope record (δ18O) linked
to changes in insolation (solar energy input) (Hays et al., 1976; Milankovitch, 1941). Less
well understood are the significant climate oscillations which occur on shorter, millennial and
centennial timescales frequently identified in regional records of temperature, hydroclimate, and
palaeoenvironmental change (Voelker, 2002). The mechanisms which underlie millennial-scale
climate cycles are complex to unpick, both due to the difficulties associated with studying
short-lived events through the geological record, as well as their varying expression spatially and
temporally (Voelker, 2002; Li and Born, 2019).

Recent developments in the dating of past climate archives facilitate the study of millennial-
scale variability in an ever-broader array of Quaternary sequences. Through correlation of multiple
archives it is possible to enhance our understanding of spatial and temporal variations in proxy
responses to past climate oscillations. Improving our understanding of the sequencing of proxy
responses to changes in different elements of the climate system and in different environments
may help identify the mechanisms which drive these short term climatic changes, as well as
potential feedbacks which may enhance them. Furthermore, studying the environmental impacts
of changes in the global climate system can help inform our understanding of biotic responses to
climatic variability. Reconstructing species responses to past change can provide insights into the
potential consequences of climate-driven shifts for species populations, community composition,
ecosystem structure and function, and biodiversity (Fordham et al., 2020).

This thesis reconstructs vegetation response to millennial-scale climate change through a
centennial-scale study of the pollen record contained within sediments from Lake Ioannina, North
West Greece. It focusses on a period of the last glacial cycle, between 46 and 40 ka BP, associated
with multiple Dansgaard-Oeschger (D-O) oscillations in the Greenland ice core record (Rasmussen
et al., 2014). The study of both visible and ‘crypto’ tephra, layers of volcanic ash deposited
within the lake sequence, allow accurate dating of the record. Tephra horizons also enable direct
correlation of the new Ioannina vegetation record to other key archives of environmental change
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both in the Mediterranean region and further afield, allowing a consideration of temporal and
spatial variation in ecological response to millennial-scale climate variability.

This chapter provides a brief overview of the varying records of last glacial millennial-scale
climate change and the potential climatic mechanisms which may explain these changes, thus
setting the global context for this work. It will introduce the importance of building robust, site-
specific chronologies in studies of millennial-scale climate variability in order to ensure accurate
comparisons between records. Finally, it focusses in on the Mediterranean, briefly outlining the
existing records of last glacial climate and environmental change, before outlining the aims of
this project, and providing an overview of the structure of this thesis.

1.1 Millennial-scale climate variability during the last

glacial

Whilst there is evidence of millennial-scale climate variability over multiple glacial cycles (Margari
et al., 2010; Roucoux et al., 2011; Wilson et al., 2021) the focus of this thesis is the last glacial
cycle, more specifically Marine Isotope Stage 3 (57-30 ka BP, sensu. Lisiecki and Raymo 2005),
which contains the greatest concentration of D-O cycles (Li and Born, 2019).

Last glacial millennial-scale climate variability has been identified in a range of archives,
with two distinct modes of climate variability identified: D-O cycles and Heinrich stadials. The
expression of these millennial-scale climate cycles varies between archives, providing insights into
the mechanisms driving these climate changes.

1.1.1 Records of millennial-scale climate variability

The diversity of proxy responses to millennial-scale change is, in some cases, a result of the
differences between archives, be it their sedimentary settings, geographical location, the resolution
at which they have been studied, or the individual character of the proxy being used to reconstruct
climate and environmental change. This section provides an overview of some of the key records
which have informed our understanding of last glacial millennial-scale climate oscillations, however
is by no means exhaustive.

The ice core record

Ice core records contain the best-resolved records of millennial-scale climate fluctuations, Figure 1.1,
with a resolution up to sub-annual in detail (Rasmussen et al., 2014). Ice core sequences typically
have independent chronologies, due to the presence of annual layers which can be counted to
provide an age estimate.

In the Greenland ice core records millennial climate oscillations have a distinct character.
Transitions between Greenland stadials and interstadials (GS-x and GI-x respectively, sensu.
Rasmussen et al. 2014) are defined by abrupt increases in surface air temperature reflected in
changes in δ18O, Figure 1.1b, which often occur over less than a decade (Thomas et al., 2009;
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Rasmussen et al., 2014). The transition into stadial conditions is markedly different - δ18O
changes indicate a gradual decrease in surface air temperature prior to interstadial onset. The
duration of both stadials and interstadials in Greenland ice core records ranges from around a
century to millennia.

In Antarctic ice cores, Figure 1.1d, the expression of millennial-scale climate change differs
to Greenland, with both warmings and coolings occurring gradually (Blunier and Brook, 2001).
Coolings, termed Antarctic Isotopic Minima, broadly appear to correspond with Greenland D-O
warmings. Buizert et al. (2015), however, identify a centennial-scale lag between the onset of
warming, reflected through an increase in δ18O, in the Antarctic ice core record relative to the
timing of abrupt warmings as observed in Greenland ice core sequences.

It is not, however, only the δ18O signal that records millennial-scale climate variability in ice
core sequences. In Greenland the transitions into stadial periods are further marked by abrupt
increases in calcium ions (Ca2+) argued to primarily reflect changes in atmospheric dust loading
(Thomas et al., 2009; Rasmussen et al., 2014). Potassium ions (K+) also increase during stadial
periods, linked to an increase in the intensity of the Siberian High (Meeker and Mayewski, 2002).
Increases in sodium ion (Na+) concentration are also observed during Greenland stadials, however
are more challenging to interpret as, whilst often viewed as tracers of sea ice change, have also
been argued to reflect changes storminess, which may impact transportation and deposition
(Thomas et al., 2009; Rhodes et al., 2018).

In both Arctic and Antarctic ice core records interstadials are further marked by increased
levels of methane, Figure 1.1c, in relation to stadial periods (Thomas et al., 2009; Rhodes et al.,
2015). In particular notable increases are observed during Heinrich stadials suggested to reflect
an intensification of terrestrial rainfall in the Southern Hemisphere resulting in increased methane
production in tropical wetlands (Rhodes et al., 2015).

The marine record

As with the ice core records, patterns of millennial-scale climate change vary between marine
records from different regions due to the spatial heterogeneity in climate and environmental
responses.

In the North Atlantic proxies in marine sequences demonstrate a similar millennial-scale
pattern of change to the Greenland ice core records, with abrupt rises in sea surface temperature
followed by more gradual coolings (Bond et al., 1993). Patterns of abrupt shifts synchronous with
Greenland have been identified throughout the North Atlantic region, and into the Mediterranean
(e.g. Shackleton et al. 2000; Cacho et al. 2000).

Stadials in the North Atlantic are generally marked by a decline in sea surface temperature
and salinity, and an increase in brine formation, with similar pattern is seen in the Norwegian
sea (Voelker, 2002). Interstadials are marked, throughout the North Atlantic, by increases in
sea surface temperature and salinity (Voelker, 2002). During the transition into interstadials,
associated with abrupt warming inferred from changes in Greenland δ18O, ocean circulation proxies
indicate an increase in the Atlantic meridional overturning circulation (AMOC) (Lynch-Stieglitz,
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Figure 1.1: Global records of millennial-scale climate variability including the (a) Hulu
Cave speleothem δ18O (Wang et al., 2001), (b) NGRIP Greenland ice core δ18O (Andersen
et al., 2004), and Antarctica WAIS divide (c) CH4 and (d) δ18O (Buizert et al., 2018).
D-O interstadial periods (after Rasmussen et al. 2014) are marked in grey and numbered,
and Heinrich stadials are marked in blue, adapted from: Buizert et al. (2018)

2017).
It is suggested during the last glacial Greenland and North Atlantic coolings were propagated

eastward into the Mediterranean Sea, where surface waters cooled and sank in response to decreas-
ing North Atlantic sea surface temperature (SST), resulting in a close coupling of Mediterranean
thermohaline to abrupt climate changes in the North Atlantic and sub-polar regions (Cacho et al.,
2000).

Another significant component of North Atlantic stadial records is the presence of ice rafted
debris (IRD) during some, but not all, stadials (Ruddiman, 1977; Bond et al., 1993). IRD layers,
termed Heinrich layers, are associated with D-O stadials, and are associated with the expansion
of polar waters as far South as the Mediterranean Sea, as well as large-scale iceberg transport
throughout the North Atlantic (Bond et al., 1993; Cacho et al., 2000).

In the Nordic seas Dokken et al. (2013) identify freshwater input from the Fennoscandian
ice sheet concomitant with warm interstadials on Greenland, whilst foraminiferal assemblages
indicate the presence of sea ice during stadial periods. Evidence of sea ice variability suggests
that feedbacks between the ocean, the atmosphere, and sea ice may play a key role in driving
millennial-scale climate oscillations (Dokken et al., 2013).

In the North Pacific the pattern is less spatially cohesive, with marked regional variations
apparent in proxy responses. Patterns of sea surface temperature change in marine sequences from
the northwest Pacific have been compared to those identified in the North Atlantic, with warming
synchronous with Greenland interstadials (Pisias et al., 2001). In the northeastern Pacific a
range of millennial-scale variations have been reported - ranging from changes in intermediate
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water oxygenation to sea surface temperatures and thermocline depths (Arellano-Torres et al.,
2015). Millennial-scale climatic variability recorded in these records, however, notably differs from
the North Atlantic due to the absence of IRD. The shape of Pacific millennial-scale oscillations
also differs to the North Atlantic and Greenland records, with both the stadial-interstadial and
interstadial-stadial transitions occuring gradually (Hendy and Kennett, 2003).

Whilst records are scarcer in the southern hemisphere, many suggest an antiphased relationship
with the Northern Hemisphere, with increases in sea surface temperature during Greenland stadials,
and decreases during Greenland interstadials (Voelker, 2002).

The terrestrial record

Voelker (2002) argue that climate conditions on land are in good agreement with those in
neighbouring ocean basins due to close coupling between oceanic and atmospheric circulation.

In a review of pollen records from Europe, Fletcher et al. (2010) suggest both terrestrial and
marine pollen sequences record rapid responses to D-O cycles in phase with the signal recorded
in the Greenland ice core record. Largely, stadial periods are associated with arid and semi-arid
taxa tolerant of cooler, drier conditions, with interstadials associated with expansion of forests
which require warmer temperatures and greater moisture availability. Vegetation responses were,
however, spatially varied, often related to the unique ecological and physical context of the site.

Similarly, whilst records from North America are argued to demonstrate a terrestrial en-
vironmental response to D-O and Heinrich cycles, significant spatial variability is apparent
(Jiménez-Moreno et al., 2010). Generally, stadial periods demonstrate cold and dry climate whilst
Greenland interstadial vegetation is indicative of warm and wet conditions (Jiménez-Moreno
et al., 2010).

In Asia some pollen records have been suggested to demonstrate regional vegetation responses
to D-O cycles, however they are minor, only reflecting species abundances rather than representing
a shift in biome (Takahara et al., 2010). Instead shifts in the monsoonal regimes are argued to be
the dominant control on vegetation (Igarashi and Oba, 2006).

In the circum-Atlantic tropics patterns of vegetation variability on millennial timescales
are also varied. Little response to D-O cycles is detected in tropical Africa, although some
vegetation responses to Heinrich stadials are noted (Hessler et al., 2010). In comparison, in South
America Hessler et al. (2010) highlight what they consider a D-O signal, with vegetation trends in
anti-phase close to the northern and southern limits of the present-day Intertropical Convergence
Zone, suggesting that millennial-scale changes in the ICTZ may occur in phase with Greenland
D-O variability.

In North and Eastern Europe loess sequences periods of soil development are correlate with
Greenland interstadials. The development of a soil surface in loess regions indicates that during
interstadials dust deposition is suppressed in Europe, indicating warmer and wetter climates, with
stadials colder and drier (Rousseau et al., 2017). Relatively small oscillations in grain size in loess
sections from northern China have also been identified, however these are largely overprinted by
a cooling trend consistent with an increase in global ice volume (Yang and Ding, 2014).

25



Globally, speleothem records also repeatedly demonstrate sub-orbital climate variability, Figure
1.1a. The Asian Summer Monsoon strengthens synchronously with Greenland interstadials, with
the South American Summer Monsoon responding in (Cheng et al., 2012). The concurrence
of millennial oscillations observed in low-latitude speleothem sequences with climate variability
recorded in Greenland ice cores has recently been supported through synchronisation of the
records using cosmogenic radionuclides (Adolphi et al., 2018).

1.1.2 Mechanisms of millennial-scale climate variability

One mechanism which may explain the spatial pattern of millennial-scale climate variability
during the last glacial are changes in Atlantic Meridional Overturning Circulation (AMOC). The
conveyor belt hypothesis (Broecker et al., 1985) suggests a strong (weak) meridional overturning
circulation enhances (weakens) oceanic transport of heat northward, warming (cooling) northern
climate (Broecker et al., 1985). It is now generally accepted that there are three different modes of
ocean circulation - interstadial mode, where AMOC is operating efficiently; stadial mode, where
AMOC is significantly weakened; and Heinrich mode, where AMOC is effectively “switched of”
(Rahmstorf, 2002).

The mechanism which triggers millennial-scale changes in ocean circulation is less agreed
upon. In model simulations freshwater perturbations are generally required to trigger overturning
changes, however in the proxy record freshwater inputs generally lag climate responses (Barker
et al., 2015). Buizert et al. (2015) note a correlation between the duration of interstadials in
Greenland and Antarctic temperature. Through climate modelling they suggest that warming
in the Southern Ocean strengthens AMOC, with warming in the Southern Ocean leading to a
weakened AMOC, and thus arguing that southern hemisphere climate acts as a control on AMOC
stability.

Sea ice changes are also thought to comprise a key component of the climate system as it
pertains to millennial-scale variability. Sea ice plays an important role in regulating surface heat
and moisture budgets of polar regions, as well as impacting ocean stratification (Dokken et al.,
2013; Li and Born, 2019). No single trigger for changes in sea ice has been identified, although
changes in interactions between ocean stratification and sea ice may produce a self sustaining
oscillation (Jensen et al., 2016).

Li and Born (2019) argue that positive feedbacks associated with known atmosphere-ocean-sea
ice interactions are significant enough to produce and sustain millennial-scale climate oscillations
such as those signalled in the Greenland ice core record, suggesting that the starting point for
this feedback loop is a secondary consideration. Ocean circulation proxies do not, on millennial
timescales, present any evidence to suggest climate variability does not arise from a spontaneous
oscillation of ocean-atmosphere-sea ice interactions, particularly in the glacial Northern Seas (Li
and Born, 2019).

Myriad other alternative mechanisms for D-O warmings have been suggested, including
switching oceanic and atmospheric circulation patterns (Rahmstorf, 1994, 2002), the tropical
driver hypothesis (Bond et al., 1999; Rahmstorf, 2002), extended ice shelf formation (Petersen
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et al., 2013), solar variability (Braun et al., 2005), and changes in wind patterns (Wunsch,
2006). Ultimately, whilst many of these hypotheses can account for certain observed features
of Dansgaard-Oeschger cycles, the prevailing popularity of the AMOC hypothesis is largely due
to its ability to, unlike the other hypotheses, capture much of the spatial pattern of the abrupt
climate changes in climate models (Li and Born, 2019).

1.2 Developing robust chronologies

Whilst studies of millennial-scale change in past climate and environment are clearly of great
importance to enhancing our understanding of a complex global climate system, they are also
difficult. Undertaking correlations between different archives and proxies at a temporal resolution
adequate to resolve short-lived events is vital when studying abrupt climatic oscillations. Building
age-depth models is a key step in this correlation process, however all dating and correlation
methods have limitations and uncertainties associated with them, and it is important that these
are taken into account when correlating between records.

1.2.1 The importance of independent chronologies

When studying the timing and rates of abrupt changes in climate contained within Quaternary
archives, precise and accurate dating of a sequence is an essential precondition of interpretation
and inter-site comparison (Vogel et al., 2010). If we are to fully understand variations in proxy
responses to sub-millennial climate oscillations, both temporally and spatially (between sites), it is
vital that error ranges in these comparisons are shorter than the events being compared (Blaauw,
2012). A range of different techniques can be used to date palaeoclimatic and palaeoenvironmental
archives. All Quaternary sediment dating techniques are, however, limited in application, relying
on certain depositional environments, or the presence of particular types of sediment, such as
certain mineral abundances, soil formations, or high quantities of organic sediment (Lowe and
Walker, 2014).

One popular approach is the temporal tuning of records in order to link them, however this
approach is problematic. Firstly, assumptions of synchroneity do not allow for the isolation of
leads and lags between records, yet such leads and lags are an important tool if we are to better
comprehend the sequencing, and hence the mechanisms, of past climate change. Furthermore, the
choice of sequence for comparison may not be appropriate - many studies of last glacial climate
change use Greenland ice cores as a stratotype for interpreting other proxy archives which, whilst
understandable as these archives are amongst the best-resolved and well-dated, may be founded
upon untested assumptions, as there is little to suggest the climate in Greenland is typical of
global climate (Wunsch, 2010; Blaauw, 2012).

Therefore, in order to ensure accurate correlation and to allow for the identification of
asynchroneities in proxy responses, the development of site-specific chronologies, independent of
tuning to other records, is paramount. Whilst a number of techniques are available for the dating
and correlation of archives, the two most significant in studies of last glacial millennial-scale

27



climate change, and hence to this project, are radiocarbon dating and tephrochronology.

1.2.2 Radiocarbon dating

Radiocarbon dating is the most commonly utilised independent dating method for sediment
records spanning the last ca. 50 ka BP (Blockley et al., 2012). The dating of organic remains
through the amount of 14C contained within them has played at crucial role in enhancing our
understanding of the timing of events and rates of change in archaeological and environmental
proxy records (Reimer et al., 2013). Developments of more accurate methods of calculating 14C
content of samples, such as through accelerator mass spectroscopy, has allowed small samples of
Late Quaternary age to be dated with high accuracy (Wohlfarth et al., 1998).

Dating samples through radiocarbon dating, however, has a number of associated complications.
Firstly, it is important that dated material is terrestrial in origin, as those derived from lacustrine
or marine environments may encounter errors due to reservoir effects, whereby 14C depleted carbon
enters the system, making samples seem erroneously older (Wohlfarth et al., 1998). Furthermore,
diligence is necessary throughout sample preparation, as incorrect storage may lead to the growth
of mould and fungi resulting in inaccuracies (Wohlfarth et al., 1998).

A final concern is the calibration of radiocarbon ages, as 14C years do not directly equate
to calendar years due to variability in atmospheric 14C concentrations over time. Variability in
atmospheric radiocarbon occurs as a result of changes in the production rate through geomagnetic
and solar modulation of cosmic-ray flux, as well as changes in the global the carbon cycle (Reimer
et al., 2013). Therefore, calibration is a necessary and important step in incorporating radiocarbon
ages into Quaternary studies. Calibration curves, most recently IntCal20 (Reimer et al., 2020), are
developed through 14C dating of archives with their own chronologies independent of radiocarbon,
such as tree rings, allowing for the offset between radiocarbon age and calendar age to be modelled.
This extra calibration stage, however, adds uncertainty, particularly in periods of time where
atmospheric 14C changed rapidly, for example the Laschamp Event between 42.25 and 39.70 ka
BP (Lascu et al., 2016) which occurs during the temporal window of this 46 to 38 ka BP study.

1.2.3 Tephrochronology

Tephrochronology is another technique widely used for dating and correlating records of millennial-
scale climate change over the last glacial. The approach utilises instantaneously deposited isochrons
of geochemically distinct volcanic ash, traces of which can be found over areas thousands of
kilometers from the eruption source (Davies, 2015; Lane et al., 2017). The identification of these
layers within sedimentary sequences forms a powerful correlation tool with considerable potential
for addressing a range of scientific questions (Lowe, 2011; Lane et al., 2014; Davies, 2015).

Tephra layers can be either directly dated, for example, through 40Ar/39Ar, or indirectly
dated, for example, through 14C dating. When a tephra isochron is identified within a Quaternary
sequence and correlated to a tephra isochron of known age it is then possible to import the age
for that isochron into the sequence. Once dated, age estimates based upon tephra layers can
be used to develop an age model (e.g. Brooks et al. 2012) or can may be added to an existing
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geochronology, providing a fixed point which may help minimise the age uncertainties associated
with other means of dating (Davies, 2015). Alternatively, tephra age estimates can be used to
independently test age-depth models constructed by other dating techniques (e.g. Scaillet et al.
2013).

Tephra correlations can also act as useful tools for identifying asynchroneities between proxy
responses to climate oscillations recorded within Quaternary archives. For example, through
using the Vedde Ash cryptotephra as a direct tie point between two annually laminated records,
Meerfelder Maar (Germany) record and Kråkenes site (Norway), Lane et al. (2013) demonstrated
the time-transgressive nature of abrupt climate change during the Younger Dryas in northwestern
Europe. Such potential makes tephra studies a powerful means to directly correlate records
without reliance on assumptions of synchroneity.

1.2.4 Incorporating uncertainty into age-depth models

If accurate correlations are to be made between archives, it is important that uncertainty
is taken into consideration when age-depth models are constructed. Whilst traditional age-
depth modelling approaches were based on plotting age against depth and carrying out linear
interpolation between points, such approaches do not take into account the reduction in precision
inherent when interpolating between dated depths. Uncertainty increases away from depths of
known age (Blaauw et al., 2018), however classical age-depth models implicitly assume ages
between dated points lie along a straight line.

Recent developments in age-depth modelling mean that assumptions inherent in classical
models are minimised through the application of new means of interpolation. Monte Carlo
uncertainty estimates are typically applied (Bennett, 1994) coupled with Bayesian modelling
techniques (e.g. Ramsey 2008; Blaauw and Christeny 2011). The primary advantage of a
Bayesian approach to constructing age-depth models is that probabilistic data, such as calibrated
radiocarbon ages, can be incorporated into the final model (Ramsey, 2008; Trachsel and Telford,
2017). The Bayesian approach also allows for prior knowledge to be incorporated, for example,
the order of sediment deposition (Ramsey, 2008).

1.2.5 The importance of site-specific chronologies

This thesis adopts an increasingly common approach to climate and environmental reconstruction
of millennial-scale climate change, particularly on suborbital (millennial and centennial) timescales,
which prioritises the study of sequences with independently generated age models to allow the
identification of leads and lags between sites and between proxies. In particular, it follows the
protocol laid out by the INTIMATE group (INTegrating Ice core, MArine and TErrestrial records)
for the interpretation, synthesis and correlation of Quaternary records of abrupt change (Lowe
et al., 2008).

A key challenge associated with comparisons of proxy responses to short-lived climate oscilla-
tions using independent chronologies are the often large uncertainties inherent in the construction
of age-depth models. Radiocarbon, the most common approach to constructing chronologies
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for last glacial sediments, requires at least two radiocarbon dates per millennium to facilitate
age-depth models which allow the interpretation of centennial-scale changes with reasonable confi-
dence, jumping to ca. 50 dates per millennium to study decadal-scale features of a palaeo-record
(Blaauw et al., 2018). Last glacial sequences with sufficient dating density to resolve centennial-
and decadal-scale proxy responses are, therefore, scarce.

Furthermore, large age uncertainties are not a unique feature of radiocarbon chronologies.
Arguably the best-dated records of environmental change during the last glacial, the Greenland
ice cores, have a chronology (GICC05) primarily based on annual layer counting of the NGRIP
sequence, for which uncertainty is determined through the Maximum Counting Error (MCE).
MCE is an accumulated error, obtained by adding half a year to both the age of the ice and the
MCE each time an uncertain layer is encountered, and ca. 40 ka BP uncertainties are typically
>1,000 years (Seierstad et al., 2014), making robust correlation between ice core and terrestrial
sequences during the last glacial challenging.

Tephrochronology is advocated as a means of directly correlating between archives, and is
a particularly useful tool at sites where age models contain large uncertainties (Lowe et al.,
2008). This study avoids the alignment of archives through tuning, and instead focuses the
use of independent, site-specific chronologies, supplemented by the use of tephra markers as
chronostratigraphical tie points.

1.3 Last glacial records from the Mediterranean

The Mediterranean region is geographically situated in a transitional zone between the mid-
latitude temperate and tropical climate regions (Lionello et al., 2006). The eastern Mediterranean,
located at the point of convergence of the North Atlantic, continental Europe, and North Africa,
is influenced by a complex interplay between these very different climate systems (Blondel et al.,
2010). As such, local climates in the Mediterranean are likely to have been, throughout the
Quaternary, impacted by changes ranging from the strength and location of the Siberian high
pressure cell, to variability in temperate westerlies and associated migrations of the polar front
and subtropical jets, as well as changes in subtropical atmospheric pressure systems.

Since investigations of the Lago Grande di Monticchio sequence in Italy by Allen et al. (1999)
first provided evidence of millennial-scale ecological variability in the Mediterranean, a range
of studies of last glacial climate and environment have been undertaken in the region. Last
glacial palaeoclimate and palaeoenvironmental studies, briefly outlined here, helped develop
our understanding of climate and environmental response to millennial-scale climatic variability
through the study of both marine and terrestrial archives.

1.3.1 The last glacial climate record in the Mediterranean

Climatic indicators in marine sequences from the Iberian continental margin have demonstrated
synchronous millennial-scale variability with the δ18O signal from Greenland ice cores (Shackleton
et al., 2000). Given that the millennial-scale fluctuations recorded in Greenland ice cores are
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Figure 1.2: Mediterranean records of millennial-scale climate variability including the (a)
MD01-2444 (Martrat et al., 2007) and (b) ODP 161-977A (Martrat et al., 2004) sea surface
temperature (SST; ºC), (c) Lago Grande di Monticchio (Allen et al., 1999) and (d) Tenaghi
Philippon (Müller et al., 2011) arboreal pollen (AP; %), (e) Soreq (Bar-Matthews et al.,
2003) and (f) Sofular (Fleitmann et al., 2009) speleothem δ13C, and (g) global relative sea
level showing 95 % confidence interval (light blue) and probability maximum (dark blue)
(Grant, 2012). All data is plotted against published chronologies. D-O interstadial periods
(after Rasmussen et al. 2014) are marked in grey and numbered, and Heinrich stadials are
marked in blue.
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assumed to have been linked to the Atlantic Meridional Overturning Circulation (AMOC), it
seems unsurprising that this variability had a concomitant impact on sea surface temperatures
(SST), Figure 1.2a-b, in not only the the North Atlantic but also the western Mediterranean Sea
(Martrat et al., 2004, 2007).

Beyond a cooling, changes in polar ice sheet size and topography signalled in the Greenland
δ18O record may have impacted effective precipitation in the Mediterranean through alteration
atmospheric circulation, both influencing the pathways of North Atlantic storm tracks as well
as migrating the position of the Intertropical Convergence Zone (Cacho et al., 2000; Naughton
et al., 2009). Furthermore, the decrease or even shutdown of the AMOC (Heinrich mode, sensu.
Rahmstorf 2002) is suggested to have resulted in a southward shift in the oceanic thermal front,
and thus a southward rerouting of the Atlantic jet stream and its associated westerlies (Naughton
et al., 2009). Therefore, stadials in the western Mediterranean are associated with colder, drier
climates whilst interstadials are associated with wetter, warmer conditions (Budsky et al., 2019).

A speleothem record from southern Greece, covering a period from ca. 78 ka to 37 ka, shows
that the climate in this region responded rapidly to changes in temperatures over Greenland,
with Greenland stadial (interstadial) conditions colder (warmer) and drier (wetter) conditions
reflected by depleted (enriched) δ13C values (Finne, 2014).

In the eastern Mediterranean Sea, some palaeoclimate records indicate a similar synchronous
climate response. In their study of a marine sediment sequence in the eastern Mediterranean
Basin over the last glacial period Cornuault et al. (2016) identify three events at around 53, 46
and 37 ka BP, marked by a deep water circulation reduction, which they correlate to Heinrich
stadials recorded in North Atlantic sediments.

Multi-proxy hydroclimate reconstructions from Lake Van, Turkey, demonstrate connections
between drought in the eastern Mediterranean and North Atlantic stadials, arguing that the
latter generate an anticyclonic circulation anomaly over the eastern Mediterranean (Stockhecke
et al., 2016). Fleitmann et al. (2009) further demonstrate evidence of a vegetation response to
D-O cycles in Turkey, with negative shifts in δ13C recorded in speleothems within a few decades
to centuries of stadial-interstadial warmings identified in the Greenland ice core records, Figure
1.2f, indicative of a higher proportion of C3 plants and higher soil productivity due to increasing
temperatures and effective moisture.

North Atlantic climate variability, however, is not the only control on Mediterranean climate
during the last glacial. Speleothem evidence from Soreq Cave in Israel, Figure 1.2e, demonstrates
a weak but evident role of precession in precipitation within the last glacial period, with enhanced
precipitation associated with the precession minima around 60 and 35 ka BP (Bar-Matthews
et al., 2000). Furthermore, in their study of speleothem records from the Carpathians in Romania,
Staubwasser et al. (2018) identify a marked difference between the response recorded in the
Atlantic and the Black Seas, with GS-9 (Heinrich stadial 4) a much more significant stadial
in this sequence than the former. The subsequent interstadial period (GI-8) is significantly
warmer in Central Europe and the Black Sea region, but colder in Western Europe and the
Atlantic - these responses differ to other, earlier, stadial-interstadial cycles in the region, with
an increasing influence of the Siberian High over the course of MIS 3 proposed as a possible
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mechanism (Staubwasser et al., 2018; Obreht et al., 2016).

1.3.2 The last glacial palaeoenvironmental record in the Mediter-

ranean

The present-day Mediterranean climate is defined by large climatic and environmental variation
over relatively small spatial scales (Blondel et al., 2010). Therefore, accurately comparing of records
from different areas of the Mediterranean is vital if we are to understand whether the responses
demonstrated in palaeoecological reconstructions are indicative of a wider, pan-Mediterranean,
signal or simply a local one.

A number of studies of long pollen sequences have been undertaken throughout the Mediter-
ranean, however these have typically focussed on extending our understanding of environmental
change as far back in time as possible, often at the expense of resolution. Nonetheless both
marine and terrestrial pollen sequences provide convincing evidence of millennial-scale variability
during the last glacial (Fletcher et al., 2010).

Whilst the records from individual sites will be discussed in greater detail in Chapter 4, in
their review of last glacial European pollen sequences Fletcher et al. (2010) argue that vegetation
responses occurred rapidly and in phase with D-O climate variability. They highlight, however,
that the character of these millennial-scale oscillations were geographically varied, and suggest that
the specific climatic character of individual D-O warming events also influenced their expression
within European sequences (Fletcher et al., 2010). Particularly, there is an observed contrast in
many sequences between vegetation responses to Heinrich vs. non-Heinrich stadials (Fletcher
et al., 2010), suggesting that AMOC shutdown during Heinrich stadials may have had a large
impact on terrestrial ecosystems.

1.3.3 The environmental context for anatomically modern human

expansion into Europe

The rapid changes in climate that occur throughout the last glacial have been proposed to have
impacted populations of both Neanderthals and anatomically modern humans (AMH). A range
of linkages between the European archaeological record during the last glacial and climate and
environmental responses to millennial-scale climate cycles have been made, however the subject
is one of ongoing debate. Here, the key features of the archaeological record of Europe are briefly
summarised, with a focus on sites with robust geochronologies, before their environmental context
is considered.

The Middle and Upper Palaeolithic of Europe

Neanderthal and AMH populations experienced dramatic changes in their ranges, population
sizes, cultures, and technologies during the last glacial. The archaeological record of the last
glacial is highly complex, containing AMH expansions, cultural transitions from Middle to
Upper Palaeolithic technologies, and rapid declines in Neanderthal populations (Hublin, 2015).
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Figure 1.3: Summary timeline of European Initial Upper and Upper Palaeolithic assem-
blages with their estimated chronological span, alongside the Greenland oxygen isotope
record on the most recent GICC05 chronology (Andersen et al., 2004; Rasmussen et al.,
2014) and the Tenaghi Philippon pollen record (Müller et al., 2011) on the chronology of
Wulf et al. (2018). The best available ages for the Campanian Ignimbrite (CI; Giaccio
et al. 2017a) and Pantelleria Green Tuff (PGT; Scaillet et al. 2013) tephra markers are
also shown, adapted from Hublin (2015)

Developments in the dating of archaeological sites, particularly in the Mediterranean region where
tephra from the widespread Campanian Ignimbrite eruption (ca. 40 ka BP) acts as a useful
tiepoint between records, has begun to clarify a narrative of early AMH expansion into Europe
during the last glacial (Hublin, 2015). Nonetheless, a paucity of data, particularly a scarcity of
human remains, means that much of the debate remains ongoing (Lowe et al., 2015).

Traditionally, the earliest expansion of anatomically modern humans into Europe has been
associated with the Aurignacian complex, however earlier occurrences of modern humans hint at
a more complex picture (Hublin, 2015), Figure 1.3.

A key challenge in our understanding of early AMH colonisations of Europe (> 40 ka BP) is
the proximity of the ages of material to the upper limits of radiocarbon dating. Here, the focus is
on the broader picture, rather than the records from individual sites for which chronologies may
be poorly constrained.

Pre-Aurignacian lithic assemblages associated with AMH tool making, often termed the
Initial Upper Palaeolithic (IUP), have been identified and dated to between ca. 50 and 45 ka
cal BP throughout Europe (Hublin, 2015). Whilst these assemblages are largely associated with
Neanderthals, tool assemblages identified in the Levant, attributed to the Emirian technocomplex,
suggest possible rapid expansion of anatomically modern humans into Europe from the Levant
during this period (Hublin, 2015).

A number of intermediate assemblages, typically termed transitional assemblages, typically
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dated between IUP and Aurignacian technocomplexes add further complexity to this narrative
(Hublin, 2015). Transitional assemblages include a number of technocomplexes tentatively assigned
by Hublin (2015) to Neanderthals. Of the transitional assemblages the Châtelperronian, identified
in sites ranging from the Spanish Pyrenees to southwest and central France, is perhaps the most
widespread, and is typically assigned to late Neanderthal communities, however debate persists
as sites have been identified where AMH remains are found alongside Châtelperronian artefacts
Hublin (2015).

Perhaps the most relevant of the transitional assemblages to this study is the Uluzzian
technocomplex of Italy and Greece, the onset of which has been dated by Douka et al. (2014)
to shortly before 46 and ending ca. 39.5 ka BP, either concomitant or before the Campanian
Ignimbrite eruption. The Uluzzian technocomplex is the only of the transitional assemblages
typically assigned to AMH, and in Klissoura cave in Greece is dated to ca. 40 ka BP (Hublin,
2015).

The Aurignacian, along with with the Early Ahmarian, Kozarnikian and Protoaurignacian
assemblages found throughout the Mediterranean, is argued by Hublin (2015) to demonstrate a
consistent techno-typological ensemble most likely associated with AMH expansion into Europe,
interpreted to have spread rapidly out of the Levant. The expansion of this Protoaurignacian
complex into Europe can be tracked northwards, predating the CI/Y-5 in northern Italy and
the Pyrenees, subsequently expanding into central France and central Italy, with stratigraphical
and radiocarbon evidence suggesting a temporal overlap with the Châtelperronian and Uluzzian
industries (Hublin, 2015).

To summarise, the Middle to Upper Palaeolithic transition in Europe can be loosely divided into
three stages, the Initial Upper Palaeolithic which suggest early AMH expansion into Europe, the
transitional assemblages associated with Neanderthal and AMH populations, and the Aurignacian
associated with rapid AMH expansion from the Levant. The transitions between the Middle,
Initial Upper, and Upper Palaeolithic are neither temporally nor spatially explicit, with overlaps
both in geographical distribution and in timing (Hublin, 2015). Therefore, the causes of early AMH
expansion into Europe, the cultural evolution of both AMH and Neanderthal populations, and
the eventual decline of Neanderthal populations are difficult to determine, although chronological
improvements may help identify the sequencing of events, providing possible indications of the
drivers behind these changes (Lowe et al., 2015).

Palaeoenvironmental change and the expansion of Anatomically Modern Hu-
mans

Environmental shifts have, in some cases, been argued to have played a role in the complex
development of Neanderthal and AMH populations in southern Europe during the last glacial, as
well as driving cultural change amongst these populations. The development of a chronological
framework for the archaeological record of the last glacial enables causal links to be established
between millennial-scale changes in climate and environment, and stages in human dispersal and
development (Lowe et al., 2015).
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Based on the vegetation record from Tenaghi Philippon, Müller et al. (2011) suggest that a
humid period in North Africa between 55 and 45 ka BP helped facilitate AMH expansion into
the Mediterranean. They argue that in addition to a demographic vacuum created by extreme
cooling and aridity during Heinrich stadial 5, the following humid, mild conditions in the eastern
Mediterranean made the natural environment exceptionally favourable for migration into Europe
(Müller et al., 2011).

It is not only the expansion of AMH which has been linked to last glacial climate variability.
Linkages between millennial-scale climate oscillations over the last glacial and the replacement of
Neanderthals by AMH have also been proposed, albeit tentatively, by multiple studies (Staubwasser
et al., 2018). During the Palaeolithic Neanderthals and AMH exploited similar climate and
environmental niches, and contractions in the range of Neanderthals in southwestern Europe
ca. 40 ka BP may, therefore, have arisen from the geographical expansion of AMH populations,
producing competition that led to Neanderthal extinction (Banks et al., 2008).

Staubwasser et al. (2018) highlight the role a poorly temporally constrained continental
palaeoclimate framework has had in hindering identification of any inherent causality between
the dynamic archaeological record of the last glacial and the climatic oscillations, however they
suggest that the replacement of Neanderthals by AMH was diachronous, occurring over multiple
stadial-interstadial cycles.

Another potentially significant event which occurs during the timeframe of this study, the
Campanian Ignimbrite (CI) eruption, is also argued to have impacted both the climates and
environment of southern and southeastern Europe during the last glacial, thus impacting AMH
populations. The ca. 40 ka BP CI eruption occurred concomitantly with Heinrich stadial 4, one of
the most pronounced millennial-scale coolings observed in climate and environmental records from
western Europe (Giaccio et al., 2017a). Fedele et al. (2008) argue Palaeolithic occupation was
severely altered throughout the direct-impact zone of the eruption and likely along fringe areas in
southern and southeastern Europe, however subsequent work by Lowe et al. (2012) suggests that
the timing of these significant cultural transitions, occurring significantly earlier than the volcanic
ash layer, implies that neither the eruption or concomitant Heinrich stadial appear to be the
primary driver. Furthermore Black et al. (2015), in a modelling study, suggest the environmental
impacts of the CI/Y-5 are insufficient to have caused ultimate demise of Neanderthals in Europe,
although it may have impacted the viability of already precarious populations.

Enhancing the spatial scope of reconstructions of climate and environmental change spanning
this period may help develop this narrative. The spatial heterogeneity of climate variability in the
region due to the topographic, ecological, and climatic complexity of the Mediterranean means
that palaeoenvironmental studies which can be directly linked to local archaeological records a
key method of providing meaningful insights into the changing climates and shifting landscapes
of the last glacial and their relationship to early AMH populations.
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1.4 Research aim

The central aim of this thesis is to identify the nature and timing of terrestrial ecosystem responses
at Lake Ioannina in relation to last glacial millennial-scale climate variability as recognised in
the global marine and ice core records. A new, high resolution, Ioannina vegetation record will
illuminate the complexity of regional climate forcing. The thesis has two main objectives:

1 To construct an age-depth model for the Ioannina I-08 core through the identification of visible
and ‘crypto’- tephra

2 Produce a high resolution pollen record of vegetation response to abrupt climate change

This PhD seeks to undertake high resolution sedimentological and pollen study of the Ioannina
sequence, and in doing so seeks to characterise millennial-scale oscillations at the site during
the last glacial. Particular focus on the time period surrounding the Campanian Ignimbrite
eruption (ca. 40 ka BP) will directly link the palaeoecological record from the site with nearby
archaeological records, providing an insight into the landscape occupied by anatomically modern
humans as they first expand into Europe.

1.5 Thesis structure

This introduction has provided a brief overview of the records and mechanisms of millennial
climate change, the importance of building robust, site-specific chronologies when studying these
millennial-scale climate changes, and the Mediterranean record of last glacial climatic variability.
The main body of this thesis is divided into 11 chapters (plus appendices), and has the following
structure:

Chapter 2 Study Site

This chapter highlights earlier work at Lake Ioannina, introducing the I-08 core, as well as
providing a site-specific context for this study. An overview of the study site is given, in
terms of its location, geological, climatic, and ecological setting.

Chapter 3 Tephra Studies

This chapter outlines the principles of tephrochronology, provides a summary of large last
glacial volcanic eruptions and existing last glacial tephrostratigraphies, with a focus on the
Mediterranean record.

Chapter 4 Pollen Studies

This chapter outlines the principles of pollen analysis, considering the different approaches
to interpreting the record through qualitative and quantitative techniques, with a focus on
the Mediterranean record.
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Chapter 5 Methodology

This chapter outlines the key methods and approaches applied within this thesis including
laboratory procedures used in this work, data processing techniques, and the approaches
used in the interpretation of results.

Chapter 6 Stratigraphy and sedimentology

This chapter contains the results of detailed stratigraphic investigations undertaken on the
I-08 core, including visual interpretation of the core sequence, particle size analysis and
loss on ignition.

Chapter 7 Tephrostratigraphy and tephrochronology

This chapter contains a detailed description of the results of tephra analysis undertaken
as part of this study. Glass shard abundances throughout the core are documented, their
morphology and geochemistry given, and correlated to known eruptions based on their
geochemistry, and position within the stratigraphy.

Chapter 8 Vegetation reconstruction

This chapter presents the results of high resolution pollen study undertaken as part of
this study. A summary of the identified taxa are given, pollen assemblages are given by
percentage and concentration, and quantitative approaches to interpreting the pollen record
are applied.

Chapter 9 MIS 3 environmental change at Lake Ioannina

This chapter interprets the data from this study in order to reconstruct changes in the veg-
etation at Ioannina over time. The limitations of the I-08 record are discussed, particularly
regarding taphonomy, feeding in to a broader argument highlighting the need for a holistic
approach to investigations of Quaternary archives.

Chapter 10 Millennial-scale variability at Lake Ioannina: correlations and comparisons

This chapter links the Ioannina record into the broader record of last glacial climatic
variability of the Mediterranean through both tephra correlations and using age-depth
modelling approaches. It considers the similarities and differences between the Ioannina
pollen record and well-resolved pollen data from Lago Grande di Monticchio and Tenaghi
Philippon, before situating the record within a circum-Mediterranean picture including
comparisons to both marine and terrestrial records. Finally, it considers the Ioannina
record within the global context of millennial-scale change.

Chapter 11 Conclusions

This chapter reflects on the key findings of this PhD study, considering the extent to which
the proposed aims have been achieved. It suggests potential improvements to the study,
and in doing so highlights potential avenues for future work.
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Chapter 2

Study Site

Lake sediments from Ioannina, northwest Greece, have been studied for over half a century by
those seeking to understand Quaternary environmental dynamics in the Mediterranean region.
This chapter introduces Lake Ioannina, and the suite of sediment cores which have been used to
reconstruct palaeoenvironmental change at the site, including the one used in this study. The
geology and physical geography of the Epirus region are briefly reviewed, followed by a more
detailed overview of the climate and ecology, firstly on a regional, circum-Mediterranean scale
before focussing in on Epirus, northwest Greece.

2.1 Site description

Lake Ioannina is located in the interior of the Epirus region of northwest Greece, in the western
foothills of the Pindus mountain range, Figure 2.1. The Ioannina basin is 35 km in length along
its longest axis (NNW-SSE), and between 3 and 10 km in width. The basin floor, ca. 470 m a.s.l.,
is bounded by the Tomarochoria and Mitsikeli mountains on its west and east respectively.

The lake basin (also known as Lake Pamvotida or Pamvotis) has undergone extensive artificial
drainage - the present-day lake is 11 km on its longest axis, and 5 km wide at its maximum extent,
with a surface around 23 km2. The modern lake is shallow, with a maximum water depth < 10
m. The present-day lake is a closed system with no major fluvial inputs. The lake is primarily
fed by springs, most notably at the foot of the Mitsikeli Ridge (Higgs et al., 1967). Drainage
occurs through sinkholes, katavothrai, located throughout the basin (Higgs et al., 1967).

Lake Ioannina is situated within a tectonic basin, the growth of which has been attributed
to karst solution (Lawson, 2001). The permeable limestone floor of the basin was sealed by the
deposition of fluvial sediments in the Early Pleistocene allowing formation of the lake in a region
of permeable bedrock (Lawson, 2001). Continued sediment accumulation subsequent to this
initial ‘sealing’ means the lake sediment sequence accumulated at Ioannina is amongst the longest
in the Mediterranean terms of both depth and time (Tzedakis, 2003).
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Figure 2.1: Maps showing the location of the Ioannina site, core sites, and places mentioned
in the text.

2.1.1 Previous work at Ioannina

A substantial body of research has been undertaken in the Ioannina basin, particularly regarding
its environmental history and occupation by early humans.

Work by Higgs et al. (1967) summarises the abundant archaeological record of the Epirus
region, including the site of Kastritsa cave, located to the south of the modern lake.

The first limnological and palynological study of the lake sediments within the basin was
undertaken by Bottema (Higgs et al., 1967), subsequent to which a range of cores from the site
have been extracted and studied - this work is summarised in Table 2.1, with core locations shown
in Figure 2.1.

Further detail on previous pollen study of the Ioannina sequence is outlined in Section 4.6.

2.1.2 Core I-08

This study utilises sediments from the I-08 core, the most recent of the Ioannina sediment
sequences outlined in Table 2.1, recovered in 2008. The I-08 site, on farmland outside the limits
of the present-day lake, was selected for proximity to the I-249 core site, and is located <1km
from the I-284 core site. The I-08 core was extracted using a truck-mounted drill to a depth of ca.
37 m.

Core recovery was ca. 94%. Gaps in the core are, in many cases, most likely a consequence of
unconsolidated sediment, such as coarse sands and tephra deposits.

Jones et al. (2013) developed a chronology for the upper 21 m of the I-08 sequence through
radiocarbon dating. The absence of terrestrial macrofossils and macrocharcoal from the sequence,
coupled with the hard water error inherent in limestone regions where inert carbon is added through
carbonate solution, led to the adoption of novel approach which combined radiocarbon dates
from microcharcoal concentrates with dates determined through compound-specific radiocarbon
analysis (CSRA). Compound-specific radiocarbon analysis involves the measurement of the
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Core Proxies studied Depth (m) MIS studied References
Ioannina-I Pollen 11.5 2,1 Higgs et al. (1967), Bottema

(1974)
Ioannina-II Pollen 5.65 2,1 Higgs et al. (1967), Bottema

(1974)
I-249 Pollen 230 11 to 1 Tzedakis (1991, 1993, 1994)
I-284 Pollen, ostracods, molluscs,

diatoms, oxygen isotopes
319 7 to 1 Frogley (1997), Frogley and

Tzedakis (1999), Tzedakis et
al. (2002, 2003), Lawson
et al. (2004), Wilson et
al. (2008), Rouxcoux et al.
(2008), Frogley et al. (2009),
Roucoux et al. (2011), Law-
son et al. (2013)

I-07-05 Pollen, diatoms 7 2 to 1 Jones et al. (2013)
I-08 Pollen, diatoms 38 3 to 1 Jones et al. (2013), this

study

Table 2.1: A summary of sediment cores extracted from the Ioannina basin

14C content of long-chain, odd-numbered n-alkanes which originate from epicuticular waxes of
terrestrial higher plants, thus circumventing the impact of local lake reservoir effects (Jones et al.,
2013).

Using the CSRA and microcharcoal dates a chronology was constructed for the upper ca. 20
m of the core, Figure 2.2. Calibration used the IntCal09 curve (Reimer et al., 2009)), and the
model was constructed using Bayesian modelling, with the OxCal P_Sequence model at the 2σ
confidence level, using a k value of 1, in OxCal v4.3 (Ramsey, 2008). The I-08 age model was
produced by linear interpolation between the weighted mean of the highest probability density
distributions. These radiocarbon dates will be utilised in this study, and will form the basis of
the chronology to be developed, further detailed in Section 5.5.

Initial cryptotephra study of the Ioannina sequence was undertaken as part of the RESET
project, with 3 cryptotephra layers identified between 16 and 12 m depth, which remain unpub-
lished (Lane, pers. comm.). Two visible tephra deposits were also identified upon core opening
(Lawson, pers. comm.) and their major element geochemistry subsequently analysed by Dr Paul
Albert (RLAHA, University of Oxford). The results of all earlier tephra study on the I-08 core are
presented here for the first time with additional trace element data, also unpublished, provided
by Dr Rebecca Kearney (RLAHA, University of Oxford).

2.2 Geology

The bedrock geology of Ioannina catchment is largely Palaeocene-Eocene limestone, with ridges
and plateaus trending NNW-SSE, Figure 2.3. The Ionian zone, in which Lake Ioannina is located,
forms part of the External Hellenides, and is made up of Alpine formations uplifted in the Middle
Miocene (Ntokos, 2017). The limestone ridges are interspersed with bands of flysch, deposited in
the Ionian zone in the Eocene and Lower Miocene, prior to uplift (Ntokos, 2017).
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Figure 2.2: The initial I-08 age model, based
on six radiocarbon control points with 2σ
confidence intervals, from Jones et al. (2013)

Sample Code Depth Material Age
m 14C BP cal BP

SUERC-26417 11.19– Microcharcoal 8,739 *
11.21 ± 40

ETH-39789 12.20– C23-31-alkanes 3,260 3,474
12.22 ± 181 ± 235

ETH-39790 13.95– C23-alkane 5,973 *
13.97 ± 111

ETH-39791 13.95– C25-alkane 6,141 7,040
13.97 ± 91 ± 119

ETH-39792 13.95– C27-alkane 6,279 *
13.97 ± 138

ETH-39793 13.95– C29/31-alkane 6,249 *
13.97 ± 169

SUERC-26418 14.67– Microcharcoal 7,091 *
14.69 ± 38

ETH-39794 15.08– C23-31-alkanes 11,387 13,252
15.10 ± 194 ± 208

ETH-39795 17.08– C23-31-alkanes 19,888 23,753
17.10 ± 355 ± 468

SUERC-26419 18.60– Microcharcoal 23,028 27,868
18.62 ±168 ± 316

*Level excluded from Jones et al. (2013) age model

Table 2.2: Radiocarbon dates from the I-08
core, from Jones et al. (2013)

Figure 2.3: Simplified Geological map of the study area, adapted from Ntokos (2017)
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Tectonically, the Ionian zone consists of a series of parallel mega-synclines or mega-anticlines
intersected by E-W strike-slip fault, shown in Figure 2.3 (Ntokos, 2017). The region has been
seismically active throughout the Quaternary, with shallow earthquakes primarily related to
processes of compression and uplift (King and Bailey, 1985).

The largely carbonate bedrock of northwestern Greece has an impact on the vegetation, soils,
and hydrology of the region, through its impact on nutrient availiability, pH and groundwater
flow, making it an important consideration in this study.

2.3 Physical geography

The glacial history of the Epirus region, particularly the Pindus Mountains, has been reconstructed
through the study of geomorphological evidence (Hughes et al., 2006; Allard et al., 2020). During
the last glacial glaciers were restricted to the upper valleys and cirques of the region, with terminal
and lateral moraines between 1700 m and 2050 m a.s.l., dated through cosmosgenic exposure to
29.0 ± 3.0 ka, 25.7 ± 2.6 ka and 24.5 ± 2.4 ka (Allard et al., 2020). The upper age is argued
by Allard et al. (2020) as the most representative of moraine emplacement, and a local glacier
maxima ca. 30 to 25 ka BP is suggested. The youngest 37Cl ages suggest that glaciers around
Mount Tymphi had retreated to the high cirques by 24.5 ± 2.4 ka, possibly associated with
cooling and drying during Heinrich Stadial 2. The new dates for local glaciation correlate well
with fluvial evidence from the Voidomatis river basin, ca. 40 km North of Ioannina, where
slackwater sediments ca. 38 to 24 ka BP suggest a system dominated by glacial meltwater flooding
(Woodward et al., 2008; Allard et al., 2020).

The present-day hydrology is most notably influenced by the carbonate geology of the region
which minimises surface flow. Overground rivers and freshwater bodies are limited, particularly
surrounding Ioannina, due to a combination of low precipitation in the summer months and the
porous underlying geology. Ephemeral rivers are present within the Ioannina basin, fed by a
combination of winter precipitation and snowmelt in spring (Lawson, 2001).

2.4 Climate

This section provides an overview of the present-day climate of the Mediterranean Basin. First,
an overview of broad scale, pan-Mediterranean climate is given, before focussing in on Greek
climate with particular reference to the climate of the Ioannina basin.

2.4.1 Climate of the Mediterranean

Mediterranean climates are generally characterised by mild wet winters and hot, dry summers,
and are typically found on the western side of continents between 30° and 40° latitude. The
Mediterranean Basin is set apart climatically from the other Mediterranean climates of the world
due to the presence of the Mediterranean Sea, which is almost completely enclosed and bounded
by multiple continents (Lionello et al., 2006). The climate regime of the Mediterranean Basin is
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described by Barry and Chorley (2010) as transitional, controlled by westerlies in winter and the
subtropical anticyclone in summer.

The onset of winter is rapid in the Mediterranean Basin, with the Azores High (sometimes
termed the North Atlantic Subtropical High) pressure cell, which expands eastwards during
the summer and autumn months, collapsing rapidly leading to a sudden drop in pressure and
increasing in the likelihood of precipitation (Barry and Chorley, 2010). Precipitation is highest
in the Mediterranean region in winter due to the high sea surface temperatures relative to air
temperatures, Figure 2.4. The collapse of the Azores High is associated with the first invasions
by cold fronts, which lead to convective instability, resulting in frontal and orographic rainfall
(Barry and Chorley, 2010).

The generally wet, windy and mild winter season in the Mediterranean is succeeded by what
Barry and Chorley (2010) describe as an indecisive spring season, marked by unpredictable
weather patterns, lasting from March to May. Around April the collapse of the Eurasian high
pressure cell, coupled with the discontinuous northward and eastward extension of the Azores High,
leads to the northward displacement of precipitation-bearing depressions. Over the summer the
Mediterranean Basin continues to be dominated by the expanded Azores High, whilst additionally
the low pressure trough which extends across the Sahara from southern Asia begins to exert an
influence on the mean pressure field in the region. Therefore, the summer months are largely dry
and hot, with prolonged periods of drought (Barry and Chorley, 2010).

There is notable inter-annual variability in the strength of the summer drought in the
Mediterranean. For example, the North Atlantic Oscillation (NAO), the large scale pressure
gradient related to the expansion of the Azores High and the Icelandic Low, has been shown
to have an influence on the climate of the eastern Mediterranean, with strong summer NAO
impacting air temperature and cloudiness in the region in the summer months (Chronis et al.,
2011). The NAO index, which affects the strength and direction of the northwesterlies, is the
pressure gradient between the Icelandic lows and the Azores highs. A positive index pushes the
westerlies towards the north, triggering dry winters in the Mediterranean region and high rainfall
in northern Europe, and is associated with cold temperatures in Greenland. When the NAO index
is negative precipitation increases in southwestern Europe and temperatures increase Greenland.

To summarise, perhaps the most distinctive characteristic of the present-day climate of the
Mediterranean is the extreme seasonality, with cool, wet winters and hot, dry summers marked
by a prolonged periods of drought.

2.4.2 Local climate

Mesoscale variations in climate are important in the Mediterranean, with pronounced differences
in temperature and precipitation found over very short distances (Blondel et al., 2010). Local
variation in climate is particularly marked in northwest Greece, where highly variable topography
impacts temperature and precipitation patterns, Figure 2.5.

Furlan (1977) suggest seasonal variation in adiabatic lapse rate (the fall in temperature with
increasing altitude) of approximately 0.5 °C/100 m in winter, and 0.9 °C/100 m in summer,
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Figure 2.4: Annual mean temperature, minimum temperature of the coldest month, precipitation of the wettest month, and precipitation
seasonality (coefficient of variation) for the Mediterranean Basin, data: WorldClim2 (Fick and Hijmans, 2017)
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JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Minimum Temperature (°C) 0.2 1 3.2 6.1 9.8 13 15.2 15.3 12.2 8.6 4.8 1.7
Mean Temperature (°C) 4.7 6 8.8 12.5 17.6 22 25 24.6 19.9 14.9 9.8 5.9
Maximum Temperature (°C) 9 10.4 13.7 17.5 23 27.7 31 31 26.1 20.6 14.7 10
Mean Humidity (%) 78.6 74.9 70.7 69 66.9 60.3 53.3 55.2 65.3 72.7 80.9 82.6
Prevailing Wind Direction E SE W W W W W W W E SE SE
Mean Wind Power (Kt) 2.7 3.3 3.6 3.2 2.8 2.8 2.8 2.7 2.3 2.5 1.7 2.1
Mean Precipitation (mm) 122.5 112.5 94.9 76.5 66.9 44.1 31.7 30.2 62.4 107.5 168.8 171.3
Mean Precipitation Days 13.1 12.5 12.7 12.7 11.4 7.7 5.1 4.9 7.6 10 13.7 15.1

Table 2.3: Climatic parameters from the Ioannina weather station covering the period
1956-2010, data: HNMS (2020)

meaning altitudinal temperature contrasts in Greece are more marked in the summer months.
The topographic variation in basin therefore means that there is a marked temperature gradient,
with mean temperatures ca. 4 ◦C cooler at the summit of the Mitskiteli Ridge relative to the basin
floor, Figure 2.5. The elevation of the Ioannina basin means that frosts are common, although
snowfall is not, only occurring in anomalously cold winter seasons. Temperature in Greece is
affected by the distance from the Mediterranean coastline, with coastal locations generally warmer,
particularly in the winter months.

There is a marked decline in precipitation trending west to east in Greece, with higher rainfall
in the west coast where most precipitation-bearing depressions make landfall Furlan (1977). At
Ioannina precipitation at the site is considerably higher than in nearby lowlands due to orographic
rainfall, with >1,000 mm yearat the Ioannina site, Table 2.3. The Mitskiteli Ridge (1810 m a.s.l)
acts as a key topographic boundary, with increased precipitation on the SW slope, where Ioannina
is located, relative to the NE oriented slope, Figure 2.5.

Winds, which play a key role in driving temperature and precipitation patterns, vary through-
out the Mediterranean Basin. At Ioannina westerly winds prevail for much of the year, Table
2.3. In winter the Siberian anticyclone migrates southwards bringing cold-air masses to the
region, with present-day climatological studies indicating increased likelihood of cold spells in the
Greek peninsula associated with increased winter intensity of the NW European and/or Siberian
anticyclone (Pappas et al., 2004).

2.4.3 Summary

Climate throughout the Mediterranean Basin is complex due to its location at the interface of
three climate systems - North Atlantic, North African, and the continental climate of Eurasia. As
a result, the region would have been highly sensitive to past climatic changes. The importance of
North Atlantic climate systems to the local climate at Ioannina suggests that millennial-scale
variability in the North Atlantic, such as D-O cycles, should have driven change at the Ioannina
site, however changes in other climate systems, such as the Siberian High, may also have had an
influence.

Further complexity is added through the spatial heterogeneity in climate, with the complex
topography of the Mediterranean Basin leading to mesoscale climatic variability. Spatial variability
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precipitation, precipitation seasonality (coefficient of variation), potential evapotranspira-
tion and growing degree days (above 5 ◦C) for the Epirus region, data: WorldClim2 (Fick
and Hijmans, 2017) and ENVIREM (Title and Bemmels, 2018)
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in climate would have been a feature of the Mediterranean throughout the Quaternary, further
outlining the importance of enhancing the spatial coverage of Quaternary records of climate and
environment, and accurately correlating records to allow for this spatial reconstruction.

Finally, the microclimates which surround the Ioannina basin are an important consideration
due to their impact on the ecology of the region, which will be considered in detail in Section 2.5,
providing a variety of climatic envelopes over a small spatial area.

2.5 Ecology

This section provides a description of the present-day ecology, particularly the vegetation, of the
Mediterranean, which is key to interpreting past ecosystem dynamics. Given the importance of
this context to this study, this section begins with a brief overview of the unique character of
Mediterranean vegetation, and some of the broad challenges associated with interpreting past and
present vegetation patterns in the highly-modified Mediterranean landscapes. Subsequently, this
section introduces the vegetation of present-day Greece, considering the specific characteristics
of lowland and montane Mediterranean ecosystems, before finally summarising the present-day
vegetation at Lake Ioannina. This section does not discuss the Quaternary records of vegetation
change, as these are discussed in detail in Chapter 4.

2.5.1 Vegetation composition in the Mediterranean

The present-day Mediterranean Basin is a region of high ecological diversity, particularly with
regards to the broad range of vegetation communities it accommodates. Due to the persistence
of floral and faunal communities in the Mediterranean throughout the Quaternary a number of
local taxa have complex biogeographic and evolutionary histories (Grove and Rackham, 2001;
Blondel et al., 2010).

The complex geological history of the region, important in isolating populations and in
turn bringing into reproductive contact previously isolated taxa, has greatly impacted species
distributions (Thompson et al., 2005). This complex biogeography means that Mediterranean
plants and animals are often very localised, with high rates of endemism.

The formation, in the Pliocene, of the summer drought climatic zone, which continues
to characterise the region today, led to the development of prominent sclerophyllous woody
ecosystems (Tzedakis, 2007). Sclerophyllous plants are those with thick, waxy leaves, able to
close their stomata to minimise water loss through evapotranspiration, as well as extensive root
networks which facilitate uptake of water from reserves deep within the soil (Thompson et al.,
2005). Pliocene pollen spectra demonstrate the presence of taxa including Pinus, Quercus, Olea,
and Phillyrea, and suggest that these early Mediterranean plant communities primarily developed
on dry calcareous soils on low hillsides (Thompson et al., 2005). The direct descendants of
these early vegetation communities are argued by Thompson et al. (2005) to constitute much of
woodland vegetation of the contemporary Mediterranean flora.

Beyond an evolutionary perspective, the summer drought is central to present-day vegetation
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Figure 2.6: Potential distribution of biomes (Potential Natural Vegetation) at 250 m
spatial resolution based on the BIOME 6000 data set (8057 modern pollen-based site
reconstructions). Further detail on biomes can be found in Table 8.2, data: Hengl et al.
(2018)

development in the region. The extreme seasonality means winter and spring are the primary
growing seasons at low altitudes (Grove and Rackham, 2001). Furthermore, many species
demonstrate phenotypic plasticity - that is to say they change their morphology and physiology
in response to the unique environment of the Mediterranean (Blondel et al., 2010).

Alongside the distinct climate of Mediterranean region as a whole, smaller scale climate
variations allow a mosaic of habitats to persist, from forest and woodlands to shrublands to
wetlands (Grove and Rackham, 2001; Blondel et al., 2010). Topographic diversity, for example,
means that precipitation can vary greatly over small spatial scales, with orographic effects
ensuring high rainfall on windward sides of mountain chains, whilst the surrounding lowlands
may experience minimal precipitation.

A final important consideration is the succession of societies that have, over the course of
several millennia, waxed and waned in the Mediterranean Basin, each with their own substantial
impacts on Mediterranean ecosystems (Blondel et al., 2010). Examples of human activity that
have influenced the ecology include the cultivation of specific taxa, such as oats (Avena sp.)
(Hansen and Renfrew, 1978); physical alteration of the landscape, such as terracing (Grove
and Rackham, 2001); and alteration of fire regimes (Roebroeks et al., 2011). Indeed, Blondel
(2006) argue that what makes present-day Mediterranean landscapes so resilient is this dynamic
coexistence of human and natural living systems, often providing stability alongside catalysing
diversity and productivity.

The myriad connections between the history of human occupation in the Mediterranean and
the present-day ecology of the region inhibit the identification of a natural vegetation state,
adding further complexity when attempting to interpret past vegetation changes. Recent work
by the Biome 6000 project (see Harrison and Marinova 2017) uses modern and fossil pollen
data to map changes in biome distributions on a circum-regional level. In turn, this work has
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facilitated the modelling of a map of global Potential Natural Vegetation (PNV) biomes (Hengl
et al., 2018) representing the expected vegetation absent of anthropogenic landscape modification,
Figure 2.6. The model, based on Ensemble Machine Learning, topography, and bioclimatic
data (Hengl et al., 2018), suggests that the natural vegetation cover for much of Greece would
be warm-temperate evergreen woodland, which is certainly true at some elevations, however
this modelled data focusses on broad scale global vegetation characterisations, and local scale
variations are overwritten due to a lack of spatial resolution.

2.5.2 Local vegetation

The biogeography of Greece is described by Georghiou and Delipetrou (2010) as a crossroads
at the intersection of Europe, Asia, and Africa. Greece has high plant diversity (ca. 5800
species), around 15% of which are endemic (Georghiou and Delipetrou, 2010). Diversity hotspots
in Greece include the island regions, as well as regions with large altitude ranges such as the
mountains of Epirus (Tan et al., 2007). Within the pollen source area of this study, i.e. the
hydrological catchment of the lake defined by the modern lake basin, the present-day vegetation
surrounding Ioannina is far from a natural ecosystem state. As well as a large urban centre and
associated smaller conurbations, agriculture and pasture occupies much of the present-day basin
floor (Gerasimidis et al., 2009).

Higgs et al. (1967) suggest the natural vegetation of the Ioannina basin would be forest, with
constituent taxa varying by altitude. Yet, the complexity of the topography within the Ioannina
basin raises the possibility of a more quintessentially Mediterranean landscape consisting of a
mosaic of varied habitats each occupying their own climate and environmental niche (Grove
and Rackham, 2001). As with the regional scale, proposing a natural vegetation state for the
Ioannina basin is difficult given the extent of human disturbance of the environment over recent
millennia (Gerasimidis et al., 2009). Therefore, the broader present-day biogeography of Greece,
in particular the Epirus region, will be used to aid the interpretation of past ecosystem dynamics.

The nearby Vikos Gorge, and larger Vikos-Aoos National Park, is perhaps the best analogue
for the natural vegetation state of the Ioannina basin. The similarity of climate, particularly with
regards to the topography and resultant range of microclimates, as well as the similar karstic
geology, make it an ideal point for comparison. In particular, it demonstrates the wide variety of
habitats that can be sustained by the complex topography, and the resultant climatic variability
over very small scales. Polunin and Walters (1985) identify several main habitats within the
Vikos-Aoos National Park landscape including:

1. Scrubland Scrubs dominated by Quercus coccifera cover a large part of the National Park,
however vary in character. On the SW slopes of Mt Tymphi Q. coccifera and Juniperus
oxycedrus characterise the landscape, whereas in the Aoos gorge a more diverse landscape
consisting of Carpinus orientalis, Ostrya carpinifolia, Pistacia terebinthus, Quercus cerris,
Acer monspessulanum, and Fraxinus ornus dominates.

2. Deciduous forest Multiple stands of deciduous forest of differing character are recognised
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Figure 2.7: Present-day habitat map for the nearby Vikos-Aoos National Park (see Figure
2.1), showing altitudinal vegetation zonation, redrawn from Hanlidou and Kokkini (1997).

by Polunin and Walters (1985). In the southern section of the Vikos gorge Carpinus
orientalis–Ostrya carpinifolia forest dominate, alongside Acer campestre, A. pseudoplatanus,
A. monspessulanum, Quercus pubescens, Corylus avellana, Tilia tomentosa, and Fraxinus
ornus. Above the scrub formation on the S slopes of Mt Tymphi stands of mixed deciduous
oak forest, composed of Quercus cerris, Q. frainetto, Q. pubescens, Acer campestre, Corylus
avellana, Carpinus orientalis, and C. betulus, with occasional occurences of Fagus sylvatica.

3. Mixed deciduous-coniferous forest Transition from scrubland to mixed deciduous-
coniferous typically occurs ca. 700 to 900 m a.s.l. in the central are of the Aoos gorge,
dominated by Pinus nigra with occassional occurence of P. heldreichii and Abies ∗borisii-
regis. Although Pinus spp. is often found in monospecific stands, elsewhere a broad range
of deciduous tree species have been identified, including Carpinus orientalis, C. betulus,
Quercus cerris, Q. pubescens, Acer obtusatum, A. pseudoplatanus, A. campestre, Corylus
avellana, and Tilia tomentosa.

4. Coniferous forest Stands of Abies ∗borisii-regis and Pinus nigra forests are found on the
western slopes of Tymphi, ca. 1200 and 1700 m.a.s.l., with Pinus heldreichii occupying
the dry, rocky and steep northern slopes of Mt Tymphi at higher altitudes (up to 2,000 m
a.s.l.).

5. Juniper formation On the southern slopes of Mt Tymphi the timber-line consists of
Juniperus foetidissima and J. communis (ca. 1500 to 1600 m a.s.l.).

6. Subalpine vegetation Above the treeline the landscape is characterised by a variety of
habitats. Polunin and Walters (1985) highlight cushion formations dominated by Daphne
oleoides, Juniperus communis, Prunus prostrata, and Rosa spp. and formations dominated
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Figure 2.8: Photograph showing the southwestern slope of the Mitsikeli Ridge viewed from
the western shore of Lake Ioannina with Pamvotida Island in for foreground, October 2019

by Astragalus sirinicus and A. creticus. Both formations are characterised by Hanlidou
and Kokkini (1997) as steppelike meadows, associated with the climatic zonal vegetation at
the highest altitudes of the Balkan Peninsula (Quezel, 1967). The upper altitudes are also
dominated by grasslands, made up of Alopecurus gerardii and Phleum alpinum alongside
less abundant taxa such as Lotus corniculatus, Trifolium parnassi, Berteroa obliqua, and
Armeria canescens. On less consolidated substrates such as screes taxa such as Drypis
spinosa, Thymus leucospermus, and Achillea abrotanoides with Silene spp. and Sedum spp.
found in the rock crevices of the summit area of Mt. Tymphi.

7. Riparian woody vegetation Within a narrow zone along the riversides of both gorges
stands of woody vegetation, dominated by Platanus orientalis, Alnus glutinosa, Salix spp.
and Tamarix spp. are identified by Polunin and Walters (1985).

Perhaps the most prominent feature of the landscape immediately surrounding the lake is
the Mitsikeli Ridge, which rises from the lake basin at 470 m a.s.l. to 1810 m a.s.l. (Yu et al.,
2001). Whilst in the present-day the vegetation on the ridge has been heavily altered by human
activity, it could be supposed that prior to human occupation of the Ioannina basin altitudinal
zonation of the vegetation would have followed broadly similar patterns to those outlined in the
Vikos and Aoos Gorges. Indeed, even subsequent to human alteration altitudinal variation in
vegetation is visible, Figure 2.8. Lower altitudes are dominated by woodland, most notably pine
stands, planted recently to stabilise the slope and limit erosion into the lake, as well as a range of
deciduous arboreal species, including Ulmus campestris (FILOTIS, 2019). Above this wooded
area, the slopes of the Mitskiteli ridge support shrubland vegetation, although an absence of some
archetypal Mediterranean taxa, for example, Olea, has been observed in the basin, attributed
by Lawson (2001) to the relative frequency of frost and the lessened drought impacts associated
with orographic rainfall at the site.

On the northeastern slope of Mitsikeli, woodland stands in the lower altitudes are dominated
by deciduous species including Ostrya carpinifolia, Carpinus orientalis, Fraxinus ornus, Quercus
pubescens, Corylus spp., and Acer spp., and in the higher altitudes stands of Balkan conifer Abies
borisii-regis have been identified (FILOTIS, 2019). This disparity may be environmental - this
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Figure 2.9: Photograph showing stands of Phragmites sp. bordering the Southern edge of
Lake Ioannina, October 2019

slope is generally drier - or, more likely, a consequence of the long history of human occupation on
the southwestern slope has led to more intense alteration. Therefore, it could be suggested that
the northeastern slope provides some indication of a potential ‘natural’ present-day ecosystem.

Wetlands are also present in Greece, with a number of shallow lakes which accumulate peat,
such as Nisi fen (Lawson et al., 2005), marshes made of predominantly minerogenic sediment,
such as Rezina marsh (Willis, 1992), and bogs and mires, such as those of Mount Voras (Tsakiri
et al., 2006). Greek wetlands can support a range of taxa not otherwise found in the region.
At Ioannina, the lake plays an important role in providing wetland habitat, creating a range of
environments in which certain species may thrive. The shallow areas of the lake contain a range
of aquatic species, including Myriophyllum, Nuphar and Potamogeton. A semi-natural zone of
wetland vegetation, including Phragmites and Scirpus spp. border the lake, Figure 2.9, and is
thought to have formed extensive fens in the basin prior to drainage (Higgs et al., 1967). Iris
pseudacorus forms patches near the reed communities, at the margins of the lake. A range of
riparian wooded species are also present, including Salix cinerea and S. alba (FILOTIS, 2019).

2.5.3 Summary

Vegetation in the Mediterranean is highly controlled by environmental factors, particularly
precipitation, temperature, and rainfall, however identifying natural vegetation patterns is
challenging in a landscape which has been heavily modified over millennia. The consensus,
however, seems to be that the complex geology and climate of the Mediterranean mean that the
natural state of the vegetation is likely to be extremely spatially heterogenous, with a mosaic
landscape able to support a range of habitats, and as such a diverse range of plant life.
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Thus, the question of how ecosystems responded to climatic changes in the past at Ioannina is
a complex one. Whilst the topography of the basin offers myriad opportunities for species to track
their niche, further discussed in Chapter 4, there are also marked variations in evapotranspiration
which may affect the ability of populations to migrate. Furthermore, ecological processes such
as intraspecies competition, rates of propogation, and the historical legacy, that is to say that
local species may have developed traits that have helped them survive multiple previous climatic
oscillations, add to an already complex picture.

An environment such as Ioannina is likely to have been highly responsive to climatic variability,
although whether or not it was possible for habitats to track their niches is an interesting and
important consideration when reconstructing vegetation response to past climatic oscillations.
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Chapter 3

Tephra Studies

Tephrochronology is a means of dating and directly correlating sedimentary sequences through the
identification of volcanic ash layers. This chapter will provide an overview of tephrochronology,
arguing the utility of tephra layers as a means of direct correlating Quaternary sequences, whilst
also outlining some of the challenges associated with tephra studies, and recent developments in
the field. Finally it will introduce Mediterranean tephrostratigraphy, focussing on last glacial
volcanism and the widespread tephra isochrons identified throughout the Mediterranean region
and its surrounds, which form the reference database for tephra correlations made as part of this
project.

3.1 Principles of tephra studies

Tephra is a collective term for material explosively ejected by a volcanic eruption, regardless of
the grain size (Lowe, 2011). Tephra is deposited in sedimentary sequences almost instantaneously,
with remote sensing results suggesting that most ash falls out within a day of its eruption (Rose
and Durant, 2009). The thickness of primary tephra deposits decreases exponentially with
increasing distance from the source, ranging from metres of material at proximal locations to
sub-millimetre layers at distal locations (Pyle, 1989). In some ultra-distal locations layers can be
restricted to a limited number of glass shards (van der Bilt et al., 2017). Tephra deposits form a
horizon of equal age that can be identified in a range of depositional environments, ranging from
ice cores (e.g. Davies et al. 2010), to lake sediment sequences (e.g. Wagner et al. 2008), to caves
and rockshelters (e.g. Lane et al. 2014).

Tephra layers have the potential to act as time synchronous marker horizons between a
broad range of sediment sequences, thereby helping to establish stratigraphic relationships within
regionally connected networks of sites (Davies, 2015). Studies of cryptotephra, which are low
concentration and / or fine grained deposits of distal ash, not visible to the naked eye, have
greatly enhanced the geographical scope of tephrostratigraphy (Dugmore and Newton, 1992;
Lowe and Hunt, 2001). Forensic cryptotephra studies focus on the isolation and analysis of small
quantities of far-travelled ash within sedimentary sequences up to thousands of kilometres from
their volcanic source (e.g. Kearney et al. 2018; van der Bilt et al. 2017).
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A key stage in tephra studies is identifying a source eruption for a volcanic ash layer. A
number of techniques are available for ‘fingerprinting’ tephra isochrons, however given that glass
shards make up the majority of the material in many distal tephra deposits, the geochemical
analysis of these shards is the most suitable method for comparison between proximal and distal
tephra (Davies, 2015). The major, minor, and trace element composition of glass shards found
in sedimentary sequences can be compared to the geochemical composition of known eruptions
in order for a source eruption to be identified (see Chapter 5). Once the tephra layer has been
linked to an eruption, dates from that eruption, either through direct radiometric dating of the
tephra layer or through age-depth modelling of the tephra within a sedimentary sequence, can be
‘imported’ into the host sediment sequence.

Once an age for the tephra isochron has been determined, either directly or indirectly, layers
can be used either as an independent verification of geochronologies established using radiometric
and relative age dating techniques (e.g. Brauer et al. 2014), or, if correlations are confident, they
can be incorporated into the age-depth model for the host sequence (e.g. Wastegård and Davies
2009; Lane et al. 2012). Alternatively, these ash fall horizons may be used as isochrons for precise
regional inter-site correlations, independent of other geochronological tools and their associated
uncertainties, allowing for the identification of leads and lags in proxy responses (e.g. Lane et al.
2013).

3.2 Developments in tephra studies

One of the primary concerns of tephra research is the accurate correlation of a tephra layer,
identified within a sequence, to a known eruption event. Such correlations are, however, no simple
task as not only are eruption dynamics often complex, the depositional environments in which
tephra horizons are identified are too. As the scope of tephra studies increases – searching for ever
smaller glass shard concentrations from both more distant and lower magnitude eruption events,
this challenge grows ever greater. Here, some of the challenges associated with distal tephra
studies are considered, many of which are common in Mediterranean terrestrial environments, and
the ways in which they have been overcome in previous work, thus framing the methodological
design of this thesis.

3.2.1 Eruption dynamics

Whilst tephra studies can help better constrain the timing and recurrence of explosive eruptions
for volcanic centres with poorly understood eruption histories, particularly in areas where the
proximal stratigraphies are incomplete (e.g. Albert et al. 2019) or where proximal studies are
challenging (e.g. Martin-Jones et al. 2017), in order to use tephra studies to build chronologies a
more complete understanding of the eruptive histories of volcanoes is vital.

In instances where tephra layers are used as a means of developing chronologies, a detailed
proximal record for correlation is necessary in order to ensure the correct source eruption is
identified, as misidentification of an eruption can result in an incorrect age being imported into
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the sequence. As distal tephra studies often focus on the identification of glass tephra shards,
such studies are also reliant on accurate major and minor geochemical characterisation of glasses
in identified potential correlatives.

A number of large geochemical databases containing both proximal and distal tephra deposits
have been developed, and contain a large amount of geochemical data for comparison, outlined
in Chapter 5. Reference databases, alongside published data from the literature, mean that
identifying correlatives for tephra layers identified should be possible for most deposits. That is
not, however, to say that identifying previously unstudied eruptions is an impossibility.

The quality of geochemical data for comparison is also a vital concern, given the reliance
of tephra studies upon accurate chemical characterisation of individual volcanic glass shards.
Errors may occur at this stage when compositional data are of poor or variable quality (e.g. Lowe
et al. 2007). Collaborative tephra databases are, in this respect, advantageous as they often have
screening processes with regards to data quality or, failing that, at least detailed information on
the analysis conditions, discussed in Chapter 5, allowing an informed decision regarding whether
a dataset should be included. Similarly, analytical conditions are often provided for published
datasets, along with count totals, allowing for an interrogation of data quality.

As tephra studies have advanced to focus in greater detail on particular geographical regions
or time periods, further complications with regards to the accurate correlation of isochrons to a
specific eruption have been encountered. Of particular concern are tephra deposits from different
eruptions, often from the same volcano, with overlapping major and minor geochemical glass
compositions that can make attribution of a tephra layer to a single eruption complex (e.g. Cook
et al. 2018). As the temporal resolution of tephra studies increases as does the likelihood of
encountering multiple tephra deposits from the same eruptive cycle.

Geochemically indistinct eruptions, that is to say different eruptions with very similar
geochemical signatures, are a particular problem in last glacial Mediterranean sequences due to
the eruptive history of Campi Flegrei (Italy), where multiple tephra units have broadly similar
glass geochemical compositions, Table 3.1. In proximal deposits detailed mineralogical study of
the tephra can be used used to better identify distinct eruptive events (e.g. Wutke et al. 2015).
In distal settings, where tephra deposits are often wholly comprised of glass shards, this is not
possible, however a thorough investigation of the sedimentary context in which a layer is identified
may rule out the possibility that a tephra horizon is a consequence of sediment remobilisation,
discussed further in Section 3.2.2.

3.2.2 Sediment dynamics

Understanding the sedimentary dynamics of a sequence in which distal tephra deposits are being
studied is important, particularly in cryptotephra studies which focus on the concentration of
tephra glass shards by depth, as changes in sediment sources and accumulation rates may alter
the abundance of tephra.

Changes in sediment accumulation rates are difficult to identify, as they often rely on the
construction in robust geochronologies, yet many of the sites chosen for tephra study are chosen
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due to uncertainties associated with their chronologies. Changes in sediment characteristics, such
as changes in particle size distribution, may suggest changes in sediment accumulation processes,
and, therefore detailed sedimentological analysis will form a key part of this study.

In addition to changes in the sedimentary regime of a catchment, processes of repeated fluvial
or aeolian input as a consequence of prolonged landscape instability (e.g. Manville and Wilson
2004), and slumping and redeposition (e.g. Pickrill et al. 1991), may result in the displacement of
tephra horizons within sedimentary sequences. Recent work, such as that of Smith et al. (2019),
has sought to characterise reworked deposits through morphological study of the mineral fraction,
however as the nature of reworking tends to be site-specific a black-box approach to identifying
reworked tephra deposits is unlikely to be developed. Therefore, identifying potential tephra
remobilisation at Ioannina will require considered integration of multiple strands of evidence,
including tephra glass shard concentration profiles, detailed sedimentological data, and evidence
for sediment remobilisation identified in other proxy records, such as evidence of reworking of
pollen grains (e.g. Cushing 1967).

When undertaking cryptotephra studies, further complications arise due to the increased
importance of contamination as ever-smaller quantities of glass shards are sought within a sequence.
For example, the presence of a single large eruption can result in a ‘swamping’ effect, whereby
persistent inputs from post-depositional reworking of this single event can mask subsequent,
smaller tephra inputs. Swamping of the tephra signal by reworked tephra deposits should, in a
distal environment such as Ioannina, located hundreds of kilometres from the nearest volcanic
source, be a secondary consideration as there are no local sources. Tephra deposits from large
eruptions, however, deposited across a landscape, can also create a similar swamping signal. The
ca. 40 ka BP Campanian Ignimbrite eruption of Campi Flegrei is known to have deposited large
amounts of tephra throughout the eastern Mediterranean, as well as central eastern Europe (Pyle
et al., 2006), potentially producing a similar effect to a local eruption source.

McLean et al. (2018) recently demonstrated that through careful morphological analysis it
is possible to pick out influxes of tephra glass shards from different volcanic sources, assuming
that these sources have easily distinguishable morphological characteristics. Integrating careful
morphological study of tephra glass shards to identify inputs from distinct eruptions is, therefore,
a central approach in this study, as outlined in Chapter 5.

3.3 Last glacial volcanism

Here, the volcanic eruptions which may provide useful stratigraphic markers within the Ioannina
sequence are introduced, beginning with a detailed summary of volcanism in the Mediterranean
region, 3.1. Whilst cryptotephra have been shown to travel tens of thousands of kilometers
(van der Bilt et al., 2017), here the focus is volcanic sources proximal to the Mediterranean
(Section 3.3.1), or for which far-travelled cryptotephra deposits have been identified in or near to
the Mediterranean (Section 3.3.2).
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Figure 3.1: Map showing the location of Italian and Hellenic arc volcanoes associated with
widespread last glacial tephra deposits.

3.3.1 Mediterranean region

The Mediterranean Basin contains a number of volcanoes with eruptive histories that span the
last glacial. Multiple volcanic centres have generated volcanic eruptions large enough to be
capable of delivering ash to Ioannina, particularly the Italian and Hellenic Arc volcanic systems,
Figure 3.1. Notable Mediterranean volcanic eruptions associated with widespread tephra deposits
are summarised in Table 3.1. Whilst this list of Mediterranean eruptions is by no means exhaustive,
it gives an indication of eruption frequency in the region in the last glacial through the to Early
Holocene, as well as providing a reference point for the geochemical datasets utilised in tephra
correlation later in this thesis, Chapter 7.

Important features of last glacial to Early Holocene Mediterranean volcanism include the
broad range of tephra glass geochemistries - ranging from the less evolved foidites associated
with volcanism at Colli Albani to the highly evolved rhyolites associated with volcanism on
Pantelleria and Santorini. The majority of eruptions, however, have compositions which straddle
the trachyte-phonolite boundary, meaning further interrogation of major, minor, and trace element
geochemistry is often required to correlate tephra deposits with confidence.

3.3.2 Further afield

In Romania, highly explosive eruptions from the Ciomadul volcano are believed to have occurred
in the last glacial, between ca. 60 and 30 ka BP, resulting in the formation of the Mohos and
St. Ana craters, with the most recent eruption of Ciomadul has been dated to 27.7± 1.4 ka BP
(Karátson et al., 2019).

The Anotolian volcanic province, located within the eastern Mediterranean region, Figure
3.2, is traditionally seen as two volcanic areas, the Western and Central Anatolian Volcanic
Provinces. Largely unstudied, some evidence of last glacial volcanism has been identified -
Kuzucuoglu et al. (1998) recognise several tephra layers in sedimentary sequences in close
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Figure 3.2: Map showing the location of the volcanic centres discussed in Section 3.3.2.
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Eruption Distal correlations Volcano Composition Chronology (ka BP)
Vallone del Gabellotto Adriatic Sea (E-1, Paterne et al. 1988; Siani et al. 2004) Lipari Italy Rhyolite (Albert et al. 2017) 8.43–8.73 (14C; Siani et al. 2004), 7.77

± 0.04 (14C; Caron et al. 2012)Ionian Sea (E-1, Paterne et al. 1988, Caron et al. 2012;
M25/4-12-28cm; Albert et al. 2012)
Tenaghi Philippon, Greece (TP05–5.075, Wulf et al. 2018)
Tyrrhenian Sea (E-1, Paterne et al. 1988)

Mercato Lago Grande di Monticchio, Italy (TM-6, Wulf et al. 2004,
2008)

Somma-
Vesuvius

Italy Phonolite (Tomlinson et al. 2015) 8.536 ± 0.091 (14C; Zanchetta et al.
2012)

Adriatic Sea (SA03-11 T363, Matthews et al. 2015)
Lake Ohrid, Albania and Macedonia (OT0702-3, Vogel
et al. 2010; OH-DP-0027, Leicher et al. 2016)
Lake Prespa, Macedonia, Albania, and Greece (PT0915-2,
Damaschke et al. 2013)
Tyrrhenian Sea (V-1, Paterne et al. 1988)

Pomici Principali Lago Grande di Monticchio, Italy (TM-7b, Wulf et al.
2004, 2008)

Campi Flegrei Italy Phonolite (Tomlinson et al. 2012a) 11.999 ± 0.104 (14C; Smith et al.
2011; Bronk Ramsey et al. 2015)

Adriatic Sea (PRAD 203, Bourne et al. 2010; SA03-11
T492, Matthews et al. 2015)
Lago dell’Accesa (1305 cm, Drescher-Schneider et al. 2007)
Tyrrhenian Sea (C-1, Paterne et al. 1988)

Upper Vancori Stromboli Italy Trachyte (Albert et al. 2017) ca. 13 (K/Ar; Gillot and Keller, 1993)
Lagno Amendolare Adriatic Sea (PRAD 650, Bourne et al. 2010) Somma-

Vesuvius
Italy Phonolite, trachyte (Smith et al.

2011)
15.55 ± 0.78 (Varve counting; Wulf et al.
2008)

Lago dell’Accesa (1660 cm, Drescher-Schneider et al. 2007)
Lago Grande di Monticchio, Italy (TM-10, Wulf et al.
2004, 2008, 2008; SA03-11 T651, Matthews et al. 2015)

Casa Lentia Vulcano Italy Trachyte, rhyolite (Albert et al.
2017)

13 ± 1 (K/Ar; De Rosa et al. 2003)

Neapolitan Yellow Tuff Adriatic Sea (PRAD 218, Bourne et al. 2010; SA03-11
T640, Matthews et al. 2015)

Campi Flegrei Italy Phonolite, trachyte (Tomlinson
et al. 2012a)

14.940 ± 1.00 (40Ar/39Ar; Deino et al.
2004), 14.194 ± 0.344 (14C; Siani
et al. 2004; Bronk Ramsey et al. 2015)Fucino, Italy (TF-2, Giaccio et al. 2017b)

Lago dell’Accesa (1542 cm, Drescher-Schneider et al. 2007)
Lago Grande di Monticchio, Italy (TM-8, Wulf et al. 2004,
2008)
Sulmona (SUL4-3 MT1, Giaccio et al. 2009b)
Tyrrhenian Sea (C-2, Paterne et al. 1988)

Upper Pollara Tyrrhenian Sea (E-2, Paterne et al. 1988) Salina Italy Rhyolite (Albert et al. 2017) 15.00-16.09 (14C; Keller, 1980)
Continued overleaf
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Table 3.1 – Continued from previous page
Eruption Distal correlations Volcano Composition Chronology (ka BP)
Biancavilla-Montalto
Ignimbrite

Fucino, Italy (TF-3, Giaccio et al. 2017b) Mt. Etna Italy Trachyte (Albert et al. 2013) 16.965–17.670 (14C; Siani et al. 2004;
Albert et al. 2013)Ionian Sea (Y-1, Keller et al. 1978; Albert et al. 2013;

KC01B I-1, Insinga et al. 2014)
Lago Grande di Monticchio, Italy (TM-11, Wulf et al.
2004, 2008; 2012)

PRa Campi Flegrei Italy Phonolite, trachyte (Tomlinson
et al. 2012a)

16.1 ± 0.2 (40Ar/39Ar; Pappalardo et al. 1999)

Verdoline Adriatic Sea (PRAD 784, Bourne et al. 2010; SA03-11
T865, Matthews et al. 2015)

Somma-
Vesuvius

Italy Trachyte (Tomlinson et al. 2015) 19.226 ± 0.208 (14C; Siani et al. 2004;
Bronk Ramsey et al. 2015)

Lago Grande di Monticchio, Italy (TM-12, Wulf et al.
2004, 2008)

Sant Angelo (younger) Adriatic Sea (PRAD 845, Bourne et al. 2010) Ischia Italy Phonolite, trachyte (Tomlinson
et al. 2015)

ca.20 (K/Ar; Civetta et al. 1991)

Solchiaro Lago Grande di Monticchio, Italy (TM-14, Wulf et al.
2004, 2008)

Procida-Vivara Italy Basaltic, trachyandesite (Wulf
et al. 2004, 2008)

21.26 ± 1.06 (Varve counting; Wulf
et al. 2004, 2008)

Tyrrhenian Sea (C-4, Paterne et al. 1988)
Cape Riva Aegean Sea (Y-2, Keller et al. 1978; Aksu et al. 2008) Santorini Greece Rhyolite (Tomlinson et al. 2015) 22.024 ± 0.642 (Fabbro et al. 2013;

Bronk Ramsey et al. 2015)Marmara Sea (Y-2, Aksu et al. 2008)
Megali Limni, Greece (ML-1, Margari et al. 2007)
Tenaghi Philippon, Greece (TP05–7.61, Wulf et al. 2018)

Pomici di Base Adriatic Sea (PRAD 875, Bourne et al. 2010; SA03-11
T950, Matthews et al. 2015)

Somma-
Vesuvius

Italy Latite, trachyte (Tomlinson et al.
2015)

22.081 ± 0.346 (14C; Siani et al. 2004;
Bronk Ramsey et al. 2015)

Lago Grande di Monticchio, Italy (TM-13, Wulf et al.
2004, 2008; 2012)

Monte Guardia Lago di Pergusa, Italy (T2, Narcisi 2002) Lipari Italy Rhyolite (Albert et al. 2017) 24.65–27.10 (14C; Siani et al. 2004)
Cape Tripiti Aegean Sea (Y-4, Keller et al. 1978, Aksu et al. 2008;

LC21-3.776, Satow et al. 2015)
Santorini Greece Rhyolite (Wulf et al. 2018) ca. 26 (Fabbro et al. 2013)

Lower Pollara Salina Italy Dacite, rhyolite (Albert et al. 2017) 26.41-27.63 (14C; Crisci et al. 1991; Albert
et al. 2017)

VRb Campi Flegrei Italy Trachyte (Tomlinson et al. 2012a) ca. 28 (40Ar/39Ar; Pappalardo et al. 1999)
Masseria del Monte
Tuff

Ionian Sea (Y-3, Keller et al. 1978; Albert et al. 2015) Campi Flegrei Italy Trachyte, phonolite (Albert et al.
2015)

29.0 ± 0.8 (40Ar/39Ar; Albert et al.
2019)

Adriatic Sea (SA03-11 T1327, Matthews et al. 2015)
Lago Grande di Monticchio, Italy (TM-15, Wulf et al.
2004, 2008; 2012)

Continued overleaf
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Eruption Distal correlations Volcano Composition Chronology (ka BP)

Lake Ohrid, Albania and Macedonia (OT0702-4, Vogel
et al. 2010; OH-DP-0115, Leicher et al. 2016)
Lake Prespa, Macedonia, Albania, and Greece (PT0915-5
, Damaschke et al. 2013)
Tenaghi Philippon, Greece (TP05–9.70, Wulf et al. 2018)

Codola Adriatic Sea (PRAD 1494, Bourne et al. 2010; SA03-11
T1463, Matthews et al. 2015)

Somma-
Vesuvius

Italy Trachyte, phonolite (Tomlinson
et al. 2015)

29.250 ± 0.960 (14C; Alessio et al.
1974; Bronk Ramsey et al. 2015)

Lago Grande di Monticchio, Italy (TM-16b, Wulf et al.
2004, 2008)
Lake Ohrid, Albania and Macedonia (OT0702-5, Vogel
et al. 2010)

VRa Adriatic Sea (PRAD 1332, Bourne et al. 2010; Albert et al.
2015; SA03-11 T1226, Matthews et al. 2015)

Campi Flegrei Italy Trachyte (Tomlinson et al. 2012a) 30.3 ± 0.2 (40Ar/39Ar; Pappalardo et al. 1999)

Yali-2 Adriatic Sea (MAR03-24-351cm, Aksu et al. 2008; LC21-
4.285, Satow et al. 2015)

Yali Greece Rhyolite (Satow et al. 2015) 32.894 ± 0.502 and 32.992 ± 0.503 ka BP (Age-
depth model; Satow et al. 2015)

Sant Montano Ischia Italy Phonolite, trachyte (Tomlinson
et al. 2015)

ca. 34 (K/Ar; Civetta et al. 1991)

Schiava Lago Grande di Monticchio, Italy (TM-17-2, Wutke et al.
2015

Somma-
Vesuvius

Italy Trachyte (Tomlinson et al. 2012a) ca. 36 (Stratigraphy; Giaccio et al. 2008)

Albano 7 Fucino, Italy (TF-4, Giaccio et al. 2017b) Colli Albani Italy Foidite (Freda et al. 2006) 37.0 ± 3.0 (40Ar/39Ar; Freda et al,
2006), 33.0 ± 4.0 and 35.9 ± 0.6
(40Ar/39Ar; Giaccio et al. 2009a)

Lago Grande di Monticchio, Italy (TM-17bc, Wulf et al.
2004, 2008; 2012)
Sulmona (SUL4-3 Albano 7, Giaccio et al. 2009b)

TLo Adriatic Sea (SA03-11 T760, Matthews et al. 2015) Campi Flegrei Italy Trachyte (Tomlinson et al. 2012a) <39.85 (Stratigraphy; Tomlinson et al. 2015)
Campanian Ignimbrite Adriatic Sea (PRAD 1653, Bourne et al. 2010; SA03-11

T1598, Matthews et al. 2015)
Campi Flegrei Italy Trachyte, phonolite (Tomlinson

et al. 2015)
39.85 ± 0.14 (40Ar/39Ar; Giaccio
et al. 2017a)

Aegean Sea (Y-5, Keller et al. 1978; Aksu et al. 2008)
Fucino, Italy (TF-5a, Giaccio et al. 2017b)
Ionian Sea (Y-5, Keller et al. 1978; KC01B I-4, Insinga
et al. 2014)
Lago Grande di Monticchio, Italy (TM-18, Wulf et al.
2004, 2008)
Lake Ohrid, Albania and Macedonia (OT0702-6, Vogel
et al. 2010; OH-DP-0169a+b, Leicher et al. 2016)
Lake Prespa, Macedonia, Albania, and Greece (PT0915-7
, Damaschke et al. 2013)

Continued overleaf

63



Table 3.1 – Continued from previous page
Eruption Distal correlations Volcano Composition Chronology (ka BP)

Levantine Sea (Y-5, Keller et al. 1978)
Megali Limni, Greece (ML-2, Margari et al. 2007)
Tenaghi Philippon, Greece (TP05–12.87, Wulf et al. 2018)
Tyrrhenian Sea (C-10, Paterne et al. 1988)

TLf Campi Flegrei Italy Trachyte, phonolite (Tomlinson
et al. 2012a)

>39.85 (Stratigraphy; Tomlinson et al. 2015)

TLc Campi Flegrei Italy Trachyte, phonolite (Tomlinson
et al. 2012a)

>39.85 (Stratigraphy; Tomlinson et al. 2015)

Peperino Ignimbrite Fucino, Italy (TF-5, Giaccio et al. 2017b) Colli Albani Italy Foidite (Freda et al. 2006) 41.0 ± 7.0 (40Ar/39Ar; Freda et al. 2006)
Agnone Ischia Italy Phonolite, trachyte (Tomlinson

et al. 2014)
ca. 43 (K/Ar; Civetta et al. 1991)

Falcone Lipari Italy Rhyolite (Albert et al. 2017) 43 ± 1 (K/Ar; Forni et al. 2013)
Pantelleria Green Tuff Ionian Sea (Y-6, Keller et al. 1978) Pantelleria Italy Rhyolite (Tomlinson et al. 2015) 45.7 ± 1.0 (40Ar/39Ar; Scaillet et al.

2013)Lake Ohrid, Albania and Macedonia (OT0702-7, Vogel
et al. 2010)
Lake Prespa, Macedonia, Albania, and Greece (PT0915-9
, Damaschke et al. 2013)
Levantine Sea (Y-6, Keller et al. 1978)
Sicily Channel (ODP1, Tamburrino et al. 2012)

Pietre Rosse Ischia Italy Phonolite, trachyte (Tomlinson
et al. 2014)

45 ± 6 (Varve counting; Tomlinson et al. 2014)

Nisyros Upper Pumice Nisyros Greece Rhyolite (Tomlinson et al. 2012b) >50.4 (Age-depth model; Tomlinson et al.
2012b)

Schiappone Ischia Italy Phonolite, trachyte (Tomlinson
et al. 2014)

50.6 ± 2.0 (Varve counting; Tomlinson et al.
2014; Bronk Ramsey et al. 2015)

Upper Scoriae 2 Santorini Greece Andesite, dacite, trachyte (Tomlin-
son et al. 2015)

ca. 54 ± 3 (40Ar/39Ar; Druitt et al. 1999)

Punta del Perciato Lipari Italy Rhyolite (Albert et al. 2017) <55 (K/Ar; Forni et al. 2013)
Monte Epomeo Green
Tuff

Adriatic Sea (PRAD 1870, Bourne et al. 2010) Ischia Italy Phonolite, trachyte (Tomlinson
et al. 2014)

55 ± 4 (40Ar/39Ar; Watts et al. 1996)

Fucino, Italy (TF-7, Giaccio et al. 2017b)
Ionian Sea (Y-7, Keller et al. 1978; KC01B I-1, Insinga
et al. 2014)
Lago Grande di Monticchio, Italy (TM-19, Wulf et al.
2004, 2008; 2012)
Tyrrhenian Sea (C-18; Paterne et al. 1988)

Continued overleaf
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Tla Campi Flegrei Italy Phonolite (Tomlinson et al. 2012a) 58.9 ± 1.8 (40Ar/39Ar; Pappalardo et al. 1999)
Porticello Ischia Italy Phonolite, trachyte (Tomlinson

et al. 2014)
59 ± 2 (Varve counting; Tomlinson et al. 2014)

Albano 3 Fucino, Italy (TF-8, Giaccio et al. 2017b) Colli Albani Italy Foidite (Freda et al. 2006) 68.6 ± 1.1 (40Ar/39Ar; Freda et al. 2006), 73.0
± 3.0 (40Ar/39Ar; Giaccio et al. 2009a)

Albano 1 Fucino, Italy (TF-9, Giaccio et al. 2017b) Colli Albani Italy Foidite (Freda et al. 2006) 68.9 ± 0.2 and 69.4 ± 0.6 (40Ar/39Ar; Freda
et al. 2006) 72 ± 3 (40Ar/39Ar; Giaccio et al.
2009a)

Table 3.1: A summary of last glacial Mediterranean volcanic eruptions identified in proximal deposits, detailing the source volcano, associated distal deposits, the geochemical affinity
(after Le Bas et al. 1986), and best available geochronological information
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proximity (ca. 50 km) to central Anatolian volcanoes. Kuzucuoglu et al. (1998) date these layers
indirectly between ca. 70 and 20 ka BP, and suggest sources from the volcanoes of the Central
Anatolian Volcanic Province. 40Ar/39Ar dating produces ages of ca. 33 ± 2 and 29 ± 1 ka BP
for eruptions of the Hasan Dag stratovolcano at ca. 33± 2 and 29± 1 ka BP (Kuzucuoglu et al.,
1998). Gölcük volcano, in the Western Anatolian Volcanic Province, was also active in the last
glacial, with multiple eruptions recorded ca. 70 to 24 ka BP (Platevoet et al., 2008).

There is evidence of frequent, albeit minor, volcanic activity in the Massif Central which
likely produced at least some tephra forming eruptions during the last glacial, although as much
of this volcanic activity has been dated via thermoluminescence (TL) dating, there are large
associated chronological uncertainties (e.g. Guérin and Valladas 1980). Two tephra layers have
been identified in the proximal record - the ca. 47-35 ka BP Le Fau Tephra (Sanzelle et al., 2000)
and the ca. 52-42 ka BP La Vestide du Pal Tephra (Guérin and Gillot, 2007), although these are
yet to be identified in distal archives.

A number of eruptions from the Eifel have been been recognised and dated to the last glacial:
the ca. 22-18 ka BP Eltviller Tuff and the Les Echets Tephra dated to ca. 45-42 ka BP (Veres
et al., 2008) have been linked to volcanism in the region. Furthermore, Woda et al. (2001) suggest
Germündener Maar was active ca. 40-26 ka BP, although this has yet to be identified in the
distal record. The Eifel region is the source of the widespread Laacher See Tephra, from a large
magnitude eruption in the region dated to ca. 13 ka BP, shortly before the onset of the Younger
Dryas (Turney et al., 2006) and identified in sedimentary sequences throughout northern Europe.

The Azores archipelago is formed of multiple volcanic Islands, with evidence of large caldera
forming eruptions originating from the largest Island, São Miguel. At least four large eruptive
events have been identified ca. 40-18 ka BP, many of which source from the highly active Furnas
Volcano (Guest et al., 1999). Distal tephra from the Azores have been identified throughout
western Europe, including in Ireland (Johansson et al., 2017).

Finally, Iceland is home to 30 active volcanic systems (Thordarson and Larsen, 2007). A
number of widespread tephra layers with an Icelandic source have been identified throughout
the North Atlantic and northern Europe, many of which have been identified in the Greenland
Ice core record (Davies et al., 2008) meaning they can be accurately dated using the ice core
chronologies (Rasmussen et al., 2014). Perhaps the two most frequently observed last glacial distal
ash layers are the Faroe Marine Ash Zones (FMAZ) III, dated to 38.12± 0.67 ka BP, and FMAZ
II, dated to 26.69± 0.39 ka AP, originating from the Grimsvötn and Hekla-Vatnafjöll volcanic
systems respectively (Davies et al., 2008). Although far from Mediterranean Basin, tephra from
Icelandic volcanoes has been identified in Quaternary sequences as far south as northern Italy
(Vedde Ash; Lane et al. 2012) and into eastern Europe (Askja-S; Kearney et al. 2018).

3.4 The Mediterranean tephra record

The presence of a number of volcanic centres with recorded last glacial explosive volcanism in
the Mediterranean means the region is well-suited to tephra research. This section will review a
number of last glacial tephrostratigraphies, firstly those from the marine realm, before moving on
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Figure 3.3: Map showing the location of last glacial sequences with tephrostratigraphies.
Cryptotephra sequences are here defined as sites for which detailed tephra investigations,
involving the extraction of tephra and quantification of tephra glass shard concentration,
were undertaken.

to summarise those from terrestrial sequences. As eruptions with correlatives are already outlined
in Table 3.1 this section seeks to outline the primary volcanic source regions for each site, and
any interesting findings of distal tephra studies.

3.4.1 The marine record

Much of our early understanding of the Quaternary eruptive history of the Mediterranean was
derived through study of marine tephra deposits, most notably by Keller et al. (1978). Keller
et al. (1978) identified a sequence of widespread geochemically distinct tephra layers interspersed
between sapropel layers, notable stratigraphic features found Mediterranean marine sequences
associated with the formation of anoxic conditions within the basin. Tephra layers identified by
Keller et al. (1978) were numbered sequentially with a prefix based on their location relative to
sapropelagic formations - last glacial and Early Holocene tephra markers are typically prefixed
‘Y-’, Table 3.1.

Since this early work, tephrostratigraphies have been constructed for a large suite of marine
cores from the Mediterranean Basin, Figure 3.3, with ever more focussed study identifying an
increasing number of isochrons. The names attributed to Mediterranean widespread distal tephra
layers identified by Keller et al. (1978) are, however, still often used in the literature, and, therefore,
where an eruption event is discussed where possible the name within the distal tephrostratigraphy
(e.g. ‘Y-5’) is given in brackets.
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Tyrrhenian Sea

Early studies of Tyrrhenian Sea marine cores by Paterne et al. (1988) identify tephra deposits
associated with explosive volcanism from Mt. Etna, Pantelleria, Aeolian and Campania. The
Campanian Ignimbrite (Y-5) and Masseria del Monte Tuff (Y-3) marker tephras from Campi
Flegrei are both identified, along with the MEGT from Ischia (Paterne et al., 1988).

In their study of the last glacial sequence from Marsili Basin core TIR2000-C01 Di Roberto
et al. (2008) identify three eruptions, the 28-25 ka BP Lower Pollara eruption of Salina, Gabellotto-
Fiumebianco eruption of Lipari. In the same core Albert et al. (2012) identify the ca. 12 ka BP
Soccara eruption of Campi Flegrei.

Subsequent work, also focussing on visible tephra deposits within the stratigraphy, reveal
further evidence of last glacial volcanism. Tamburrino et al. (2016) identify tephras correlated
with Aeolian Arc, Campanian, Mt. Etna and Pantelleria explosive volcanism in core MD01-2474G
from the Marsili Basin, including the Mount Epomeo Green Tuff (Y-7) from Ischia and Pantelleria
Green Tuff (Y-6) from Pantelleria. The Campanian Ignimbrite (Y-5) was not identified in core
MD01-2474G - instead a series of similarly-timed tephra horizons associated with the Intermediate
Brown Tuffs of nearby Vulcano are identified, dated to 42.5, 36.9, and 29.7 ka BP (Tamburrino
et al., 2016). It may be that this local volcanism signal from Vulcano swamps the Campanian
Ignimbrite signal, highlighting the potential pitfalls in tephra study in intermediate environments,
where proximal volcanism masks distal tephra inputs.

Adriatic Sea

The Adriatic Sea marine tephra record is an important tie point for this study, as a number
of detailed cryptotephra studies have been undertaken in the region, identifying a number
of distal tephra layers not previously identified outside of proximal stratigraphies. Careful
cryptotephra analyses undertaken by Bourne et al. (2010) and Matthews et al. (2015) have played
an instrumental role in recognising the number, frequency, and complexity of the Campi Flegrei
eruptions in particular.

In the marine core PRAD 1-2 Bourne et al. (2010) identify 25 discrete visible and crypto-
tephra layers, 21 of which have geochemical signatures correlated to Campanian eruptions spanning
the last 105,000 years, particularly from the Campi Flegrei caldera. Identified horizons include
the widespread Campanian Ignimbrite (Y-5) and Masseria del Monte Tuff (Y-3) marker horizons,
as well as the Codola eruption of Somma-Vesuvius. The SMP1-a tephra, a tephra of Campanian
origin with no proximal correlation yet identified, was also found.

In their shorter (ca. 40 ka to present) record from Southern Adriatic core SA03-11 Matthews
et al. (2015) identify 40 distinct peaks, some visible, many cryptotephra peaks in glass shard
concentration, conducting 28 WDS-EPMA analyses. Of the 28 identified layers, 16 are suggested
to originate from Campi Flegrei, including the Campanian Ignimbrite (Y-5), however due to the
similar geochemical compositions of these eruptions many of the correlations are provisional and
based on stratigraphy (Matthews et al., 2015). Nonetheless, (Matthews et al., 2015) highlight a
number of useful ‘marker’ tephra layers, primarily those which originate from volcanic centres
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outside of the Campi Flegrei cluster, such as the Aeolian Islands, Ischia and Vesuvius.

Ionian Sea

Keller et al. (1978) identified, and named, a number of the key Mediterranean marker horizons
they identified in Ioanian Sea marine sediments, including the Y-7, Y-5 and Y-3 and layers
of Campanian origin. The Y-7 and Y-5 eruptions, correlated by Keller et al. (1978) to the
Campanian Volcanic Zone, have since been correlated with the Mount Epomeo Green Tuff (Ischia)
and Campanian Ignimbrite (Campi Flegrei) eruptions respectively. The peralkalic tephra layer
Y-6, which Keller et al. (1978) correlate with Pantellerian volcanism, has subsequently been
correlated with the Pantelleria Green Tuff (Wolff and Wright, 1981).

Subsequent work on core KC01B by Insinga et al. (2014) led to the identification of further
visible tephra marker layers, including a ca. 53 ka BP eruption of Mt. Etna and a ca. 34
ka BP tephra from Lipari - it must be noted, however, that both dates are derived from an
orbitally tuned chronology and hence dating uncertainties are difficult to quantify. Further tephra
markers correlated with late glacial activity of Vulcano and Mt. Etna, ca. 19 ka BP, were also
identified (Insinga et al., 2014). The identification of these tephra deposits in terrestrial sequences
with robust, independent geochronologies may help further constrain these ages, as would direct
radiometric dating.

Aegean Sea

In their study of marine tephra from the Aegean Sea Keller et al. (1978) found deposits which
they correlated to the Campanian Y-5 eruption identified in the Ionian Sea, as well as the Y-6
eruption of Pantellerian geochemical affinity. In these cores they also identified two eruptions of
Santorini, which they term Y-4 and Y-2 (Keller et al., 1978), subsequently correlated to the Cape
Tripiti and Cape Riva eruptions observed in the proximal stratigraphy (Aksu et al., 2008).

Aksu et al. (2008) similarly identify widespread tephra layers derived from the Santorini,
further identifying the Cape Riva (Y-2) tephra marker in three piston cores from the Marmara
Sea. This study also identifies the Campanian Ignimbrite (Y-5) and Nisyros Lower Pumice tephra
layers within the Aegean, as well as earlier tephras from Yali and the Aeolian Islands.

Cryptotephra studies have also been undertaken in the Aegean, primarily the study of marine
core LC21 (Satow et al., 2015). Satow et al. (2015) identify ash associated with both Campanian
and Pantellerian volcanism, as well tephra layers they correlate with eruptions of Santorini, Yali
and Kos. These include the important Campanian Ignimbrite (Y-5) tephra horizon, along with
an interesting sequence of tephra layers which they correlate to Santorini, some of which were not
possible to correlate with proximal deposits (Satow et al., 2015).

3.4.2 The terrestrial record

Tephrostratigraphies have been constructed for a number of terrestrial sequences within the
Mediterranean region, Figure 3.3, many of which have been linked to both proximal and marine
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tephra deposits allowing for the construction of precise tie points between these records. Terrestrial
tephrostratigraphies are a useful tool in the dating of eruptions, as unlike orbitally tuned marine
sequences, site-specific chronologies are often availiable, allowing the dating of tephra markers.
This section will highlight first the key terrestrial tephrostratigraphic record in the region, Lago
Grande di Monticchio, before outlining other Quaternary sequences from Greece in which tephra
studies have been undertaken.

Lago Grande di Monticchio

The tephra record from Lago Grande di Monticchio is perhaps the most complete archive of last
glacial Italian volcanism, with the tephrostratigraphy of the site acting as a regional stratotype
against which many other archives are compared. The chronology for the site, based on a
combination of varve counting and radiocarbon dating, has made it a valuable tool in the dating
of key tephra marker layers.

Since initial study by Newton and Dugmore (1993) 340 unique tephra deposits have been
identified within the sequence, exclusively of Italian origin (Wulf et al., 2004, 2007, 2008; Wutke
et al., 2015). Of these tephra layers Wulf et al. (2008) argue they can reliably correlate 42
explosive events, forming 24 tephra units, representing certain eruptive cycles from different
Italian volcanoes including the nearby Campanian volcanoes of Vesuvius, Campi Flegrei and the
Islands of Ischia and Procida-Vivara, along with a far smaller number of tephra horizons derived
from high-explosive eruptions of the Alban and Sabatini Hills, the Aeolian Island volcanoes, Mt.
Etna, and Pantelleria Island.

The Monticchio record is, arguably, the most complete record of volcanism from the Campanian
Volcanic Zone, however to some extent it suffers from the swamping effect - the large quantities
of ash from Campi Flegrei and other proximal sources mean that eruptions from further afield are
not fully represented. Consequently, whilst it provides a useful indication of the volcanic history
of the nearby volcanoes, it provides very little detail regarding other volcanoes in the region,
limiting potential direct correlations using tephra layers as tie points.

Important tie-points within the Monticchio sequence include the Campanian Ignimbrite (Y-5)
and Masseria del Monte Tuff (Y-3) tephra layers.

Fucino Basin

The Fucino Basin tephra record consists of deposits sourced from a range of Italian volcanoes
including Campi Flegrei, but also including Colli Albani, Vico, and Sabatina (Giaccio et al.,
2017b).The sequence contains four last glacial eruptions of Colli Albani, only one of which, ca.
38 ka BP, has been correlated with other distal records, in this case Lago Grande di Monticchio
(Giaccio et al., 2017b). The Mount Epomeo Green Tuff (Y-6) of Ischia and Trefola-c eruptions
from Campi Flegrei are identified, however the Campanian Ignimbrite (Y-5) is not identified. The
Biancavilla (Y-1) ignimbrite from Mt. Etna is identified, along with the late glacial Neopolitan
Younger Tuff from Campi Flegrei (Giaccio et al., 2017b).
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Lake Ohrid

Tephra studies from Lake Ohrid have identified ten horizons within the sequence (Wagner et al.,
2008; Vogel et al., 2010), including eruptions from Somma-Vesuvius, Mt. Etna, and Pantelleria.
Key last glacial marker horizons include the Pantelleria Green Tuff (Y-6) and the Campanian
Ignimbrite (Y-5), as well as the Codola and the Masseria del Monte Tuff (Y-3) tephra horizons
(Vogel et al., 2010).

Tenaghi Philippon

8 tephra layers have been identified in the TP-2005 core, of both Italian and Greek origin
(Hardiman, 2012; Wulf et al., 2018). For the last glacial these include the Campanian Ignimbrite
(Y-5) and an earlier eruption from Campi Flegrei, dated to ca. 41 ka BP, correlated to the distal
TM-18-1d tephra from Lago Grande di Monticchio (Wulf et al., 2018). Wulf et al. (2018) also
identify the Y-3 tephra marker from Campi Flegrei, which is dated for the first time to ca. 29 ka
BP. The Tenaghi Philipon 14C age for the Y-3 correlates well with the 40Ar/39Ar ages for this
tephra marker by Albert et al. (2019) The Cape Riva (Y-2) tephra marker from Santorini is also
identified (Wulf et al., 2018) as well as the E-1 marker with an Aeolian Island source.

An important feature of the tephrostratigraphy of Tenaghi Philippon is the identification of
multiple peaks in glass shard concentration surrounding the Campanian Ignimbrite (Y-5) deposit,
which have a geochemical fingerprint which matches that of the CI eruption. Given that some of
these peaks in glass shard concentration underlie the visible Campanian Ignimbrite (Y-5) layer
within the stratigraphy, they are argued to be an artefact of contamination during the coring
process (Wulf et al., 2018). Alternatively Wulf et al. (2018) suggest tephra glass shard peaks
in close proximity to the visible deposit may be related to be post-depositional movement of
glass shards in-situ, which may give an insight into past environmental change at the Tenaghi
Philippon site, for example, changes in ground water level (Wulf et al., 2018).

Kopais

In their study of a sediment core from Kopais, Hardiman (2012) identified multiple peaks in glass
shard concentration, including the Campanian Ignimbrite (Y-5), however many subsequent layers
with a Campanian geochemical affinity were considered to be reworked tephra associated with
the CI/Y-5 deposit.

Lesvos

Work by Margari et al. (2007) identified five tephra layers in the Megali Limni lake sequence from
Lesvos Island in the Aegean. These included the Pantelleria Green Tuff (Y-6), the Lower and
Upper Nisyros Pumices, the Campanian Ignimbrite (Y-5) and Cape Riva (Y-2) tephra layers.
Whilst the identification of the Campanian Ignimbrite (Y-5) and Cape Riva (Y-2) tephra layers
are supported in a subsequent cryptotephra study by Hardiman (2012), the identification of the
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Nisyros Lower Pumice and Pantelleria Green Tuff have since been revised to the Nisyros Upper
Pumice and the Pantelleria P-11 tephra marker respectively.

Cave sites

Tephra from the Campanian Ignimbrite (Y-5) has been identified in a range of cave sequences
throughout Italy and the eastern Mediterranean (see D’Errico and Banks (2015) and references
therein), providing a range of opportunities for correlation between sites.

A number of archaeological sites throughout Greece have been demonstrated to contain tephra
layers such as Klissoura and Franchthi, which contain tephra from the ca. 40 ka BP Campanian
Ignimbrite (Y-5) eruption (Lowe et al., 2012). Theopetra, another cave site in the region, contains
both the Pantelleria Green Tuff (Y-6) and the Nisyros Upper Pumice (Karkanas et al., 2014).

3.4.3 Widespread tephra layers in the Mediterranean

The last glacial in the Mediterranean is host to a complex tephrostratigraphy, dominated by
eruptions from Italy. Perhaps the most widespread tephra isochron within the Mediterranean
region is the Campanian Ignimbrite (CI/Y-5) tephra marker associated with a ca. 40 ka BP
caldera forming supereruption of the Campi Flegrei volcano, the largest eruption in the region
within the last 200 ka (Sparks et al., 2005).

Other important last glacial tephra markers identified in multiple sequences include others
from Italian volcanic sources, including the ca. 29 ka BP Masseria del Monte Tuff (Y-3; Campi
Flegrei) and ca. 39 ka BP Codola (Somma-Vesuvius) eruptions. The identification of the ca. 46
ka BP Pantelleria Green Tuff (Y-6; Pantelleria) in Lake Ohrid suggests a northward dispersal
axis for this eruption (towards Ioannina). Within Greece the identification of the ca. 26 ka BP
Cape Tripiti (Y-4) and ca. 22 ka BP Cape Riva (Y-2) and eruptions of Santorini in Tenaghi
Philippon may also provide useful points of comparison.
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Chapter 4

Pollen Studies

Palynology, the study of pollen and spores, has a history spanning over a century. The technique
is a powerful one, allowing for the reconstruction of vegetation change on a range of timescales.
This chapter will provide a summary of the principles of pollen studies, before highlighting some
of the challenges associated with pollen identification and interpretation. It will focus in on
pollen studies on Quaternary timescales, with an emphasis on reconstructions of millennial-scale
change relevant to this thesis, before introducing the myriad Mediterranean pollen reconstructions.
Finally, it will focus in on the Ioannina record, and the potential of this key Mediterranean
Quaternary sequence to provide insights into the impacts of millennial-scale change on vegetation
patterns in the eastern Mediterranean.

4.1 Principles of pollen studies

The production of pollen by flowering plants, and the subsequent liberation of this pollen through
both wind and animal vectors, provides myriad opporunties for those seeking to understand past
environments. In the atmosphere, efficient transport and mixing mean that pollen and spores are
widely and evenly spread, and can be preserved for long timescales in a range of sedimentary
environments - both marine and terrestrial (Seppä, 2013).

Pollen grains are the microscopic (mostly between 15 and 100 µm) unicellular organs produced
by flowering plants, and contain the male gametophyte. Pollen grains are generated in the anthers
of the male flowers of plants and are released during flowering in order to germinate on a stigma
and fertilise the ovule of the female flower. Transportation of pollen grains from anther to stamen
can occur via wind, water, or animal vector.

Only a small proportion of pollen grains reach the stamen of female flowers, with much
more falling on land or water which, when deposited in an anoxic sedimentary environment, is
preserved. During sedimentation, the cytoplasm (cell contents) of pollen grains are lost, meaning
fossil pollen grains consist solely of the outer layer, the exine, made of hard and chemically
resistant sporopollenin. The sporopollenin content of the exine impacts preservation potential,
which means that some pollen grains preserve better in suitable depositional environments (Seppä,
2013). Spores are equivalent parts of ferns and mosses, although the reproductive process is
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somewhat different (Bennett and Willis, 2001). They are, however, also made of sporopollenin,
and thus are similarly preserved within sedimentary environments (Mackenzie et al., 2015).

Laboratory processes, outlined in Section 5.6, allow the extraction of pollen and spores from
a sediment matrix through a series of physical and chemical treatments intended to remove the
surrounding sediment. The concentration of pollen grains in sediments in the temperate latitudes
may often reach 103 to 105 grains cm-3 (Seppä, 2013).

The interpretation of pollen records may be undertaken qualitatively, through direct interpre-
tation of the vegetation signal, or quantitively. Quantitative pollen reconstructions utilise a range
of approaches in order to interpret pollen data.

Early quantification was undertaken through the identification of indicator species - those
whose presence is typically associated with a limited environmental niche, and presence or absence
can be interpreted to indicate conditions within or outside that niche respectively (Iversen, 1944).
This approach, whilst useful, fails to utilise the large datasets palynologists assemble, potentially
casting aside useful data.

More recent work has utilised biomisation which, based upon the habitat preferences and
biological function of species within a pollen assemblages, groups taxa and utilises the present
distribution of similar biomes to infer past climatic variability (e.g. Allen et al. 1999).

Another approach, the Modern Analogue Technique (MAT), seeks to link pollen assemblages
to present-day environments where ecosystems are analogous to those of the past. MAT typically
utilises dissimilarity matrices to compare pollen samples from palaeoenvironmental sequences
with those taken from a range of modern environments (e.g. Jackson and Williams 2004).

Finally, transfer functions utilise surface pollen assemblages to determine correlations with
the pollen assemblage and present-day vegetation distribution. Once relationships between pollen
assemblages and present-day distributions have been determined, multivariate analysis can be
utilised to extrapolate this present-day information onto fossil pollen assemblages (e.g. Seppä
and Hicks 2006).

4.2 Developments in pollen studies

4.2.1 Pollen production and taphonomy

One challenge in pollen studies is are the variable rates of pollen production, largely a consequence
of plant type and dispersal vector. Wind-pollinated plants (including many trees, grasses, and
sedges) typically produce more pollen than animal-pollinated plants (Seppä, 2013). Such variable
rates of pollen production are a problem as it can lead to taxa being over- or under-represented
within pollen assemblages. To some extent, the issue of over-representation of a single taxa due
to presence of that taxa near the core site is not an issue in this study, as the core site is located
towards the centre of the pre-drainage lake limits, and thus terrestrial taxa are unlikely to have
produced pollen in direct proximity to the core. Some species are, however, more abundant
than others throughout the Ioannina record, and the extent to which this is representative of
basin-scale abundance or rates of pollen production is difficult to determine.
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4.2.2 Pollen identification and interpretation

The level to which taxa can be identified is a challenge in pollen studies globally, as many pollen
grains cannot be identified to species level. As such, most pollen taxa are identified either to
the genus or, in some cases, family level only. In order to ensure identification to the lowest
possible level, this study will utilise a range of identification tools, including reference collections
and regional and local pollen keys (see Section 5.6.3). Whilst in some cases this comprehensive
approach allows the identification of taxa to a generic level, caution will be applied to minimise
the risk of erroneous identification.

Interpretation in pollen studies has, traditionally, been undertaken in a qualitative way,
inferring vegetation history from pollen diagrams with little robust statistical analysis of the data
(Birks, 1998).

Multiple quantitative approaches are available for interrogation of pollen datasets. Many
quantitative approaches seek to derive climatic parameters from pollen data. One approach is the
identification of indicator species which can only grow in a well-constrained climatic envelope (e.g.
Zagwijn 1994). Palaeoecological transfer functions, such as the Modern Analogue Technique and
Weighted Averaging have also been used. Transfer function approaches utilise modern vegetation
distributions and contemporary climatic parameters, to interrogate the relationship between plant
taxa or broad-scale vegetation groupings and climate (Birks et al., 2010). Thus, past climatic
conditions can be inferred from analogous modern pollen assemblages. Issues of pollen taphonomy
(Section 4.2.3) and lags in vegetation responses (Section 4.3), however, add complexity to these
approaches. Furthermore, it has been suggested that transfer function approaches may produce
aberrant results at times of climate–environment disequilibria (Birks and Seppä, 2004).

The dynamism of last glacial climate, as well as the complex sedimentary dynamics of the
Ioannina site, Chapter 6, limit the application of quantitative approaches to climate reconstruction
using the I-08 dataset, and therefore are not used in this study. That is not to say, however, that
the Ioannina dataset will not be statistically analysed, with two main approaches, Hierarchical
Cluster Analysis (HCA) and Biomisation used to interrogate the dataset. A detailed description
of the statistical approaches used to analyse the I-08 pollen record generated through this study
is given in Section 5.6.4.

4.2.3 Sediment dynamics

A number of complexities associated with interpretation of pollen records are associated with the
dynamic nature of the sedimentary sequences pollen is found within. Changes in the sedimentary
regime of a lake - for example, a rapid shift in accumulation rate as a result of increased catchment
run off - may lead to a change in pollen concentration or pollen source area. Changes within the
sedimentary regime of a system may mean that pollen is subject to reworking - particularly from
catchment soils and lake marginal deposits at sites where the lake has fluvial input (e.g. Li et al.
2012), suggesting pollen records may be impacted by changes in sediment sources. Additionally,
post-depositional processes such as slumping can result in the displacement of pollen within the
sequence.
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Reworking of pollen and spores is difficult to identify in sedimentary sequences, but becomes
increasingly important as studies resolve to timescales within which pollen can be reworked in
the environment without degrading, such as the sub-millennial timescales of change which are
the focus of this study. Here a range of approaches are utilised which seek to, if not solve the
problem of reworking, at least identify layers in which material may have been reworked, through
a holistic interpretation of all the available data. This thesis will employ a focussed approach
which looks at degradation of individual pollen grains (see Section 5.6).

Furthermore, comparison of palaeoenvironmental archives, including comparisons between
pollen records, relies on their alignment on a mutual timeseries, often achieved through age-depth
modelling. Therefore, if a site has an inaccurate or imprecise age-depth model, an age-depth
model at insufficient resolution, or fails to take uncertainties into account in a meaningful way,
incorrect interpretations of the vegetation signal are possible (Trachsel and Telford, 2017; Blaauw
et al., 2018). The use of tephra layers as a tool for correlation mitigates some of the uncertainties
associated with synchronising records on the basis of the proxy being studied - however it also
limits the pool of potential comparisons. Therefore, whilst a focus will be made on sites for which
well resolved pollen studies have been developed alongside robust tephrochronologies, comparisons
to other sites may be included where a robust age-depth model has been produced.

Different Quaternary archives record vegetation change at different spatial scales. Some, such
as peat, are traditionally understood to record a local signal of environmental change, whereas
marine sediments may record environmental change on a continental scale (Waller et al., 2017;
Sánchez Goñi et al., 2018). As a result, with regards to comparison between records, the very
different sedimentary contexts of Mediterranean sites is a primary consideration, particularly
when identifying the similarities and differences in timing and magnitude of response between the
records. Whenever possible this study will utilise the raw data - rebuilding chronologies using the
latest calibration and deposition modelling approaches (see Section 5.5).

4.2.4 Other potential sources of error

Field and laboratory preparation may also have an impact on the accuracy of pollen assemblages.
There are multiple approaches to pollen extraction from the sediment matrix, and whilst the
myriad approaches are generally understood to yield comparable results (Campbell et al., 2016)
these must also be considered a potential source of discrepancy between studies.

Furthermore, incomplete core retrieval, displacement of sediments during core retrieval, and
even incorrect labelling of cores may lead to unacknowledged breaks or inversions in the record
unless carefully considered. Issues with coring are, however, difficult to circumvent. The core
used in this study was extracted specifically for use in Quaternary sediment studies, an advantage
over previous cores I-284 and I-249, which were extracted by the IGME for mineral exploration
processes. As such the sediment has not dried out, enabling detailed stratigraphic study which
should aid in the identification of any coring artefacts.
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4.3 Species responses to climatic change

Historically, it has been assumed within the ecological community that species distributions
and assemblages are related to a climate niche optimum where species climate niches match the
observed climate. As such, changes in climate should induce changes in community composition
or species distribution, the community effectively tracking this equilibrium state with the climate.

Many studies of Quaternary ecosystem change support the idea that flora and fauna track
an optimal climatic and environmental niche. On a continental scale, fossil and pollen records
suggest that many European species survived glacial maxima by retreating to southerly refugia,
such as Iberia, Italy, and the Balkans (e.g. Huntley and Birks 1983; Bennett et al. 1991). With
this idea in mind, southerly European sites such as Ioannina become important hotspots for the
persistence of trees during glaciations, thus preserving biodiversity.

This relationship is, however, an oversimplification at best. A number of studies have since
demonstrated the myriad ways in which vegetation communities interact with their environment
beyond this simplistic model of species presence in places where climatic conditions suit an
identified climatic niche.

Firstly, through pollen, fossil, and phylogenetic study it has been inferred that plant and
animal populations also persisted in northern refugia, frequently termed cryptic refugia. It is
typically assumed that cryptic refugia are located in areas of sheltered topography which provide
suitable stable microclimates even when the regional climate may not have been able to sustain
them (e.g. Willis et al. 2000; Stewart and Lister 2001).

Secondly, vegetation communities are not mobile - therefore the range must shift through
waves of reproduction and dieback at the leading edge and trailing edge of a species range
respectively. The rates at which species migrate are influenced by species characteristics such
as seed morphology and dispersal adaptations (e.g. Matlack 1994; Thomson et al. 2011); biotic
interactions, for example, competition slowing migration rates (e.g. Urban et al. 2012; Hannah
et al. 2014); and environmental characteristics such as habitat continuity, microrefugial ‘stepping
stones’, and barriers to dispersal (e.g. Collingham and Huntley 2000). Additionally, life traits
such as life span and fecundity as well as niche features, such as niche breadth and niche optimum,
have been suggested to shape species responses to climatic variability on millennial timescales
(Benito et al., 2019).

At the trailing edge of a shifting climate niche, in areas where climate was previously suitable
but may have become unsuitable, some species may be able to persist. García and Zamora (2003)
highlight how long-lived taxa in some ways decouple their population dynamics from climate
variability, as length of time taken for trees to reach maturity, prevents them from tracking
short-lived climate oscillations. In doing so, longer life spans may also allow the persistence of
biomass under low climate suitability, as observed in relict plant populations (Hampe and Arroyo,
2002), facilitating rapid recovery of pollen production and reproductive function as conditions
become more suitable, without requiring a long process of population build-up (Benito et al.,
2019).

Furthermore, climate alone does not govern species distribution. Soils also play a key role in
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limiting the potential range of a species (Lög, 1974). Whilst soil conditions are, to some extent
governed by climate, they are also influenced greatly by the underlying geology, sediment inflows,
slope angle, organisms present, as well as past climate conditions. Fire, tephra deposition, glacial,
and periglacial processes all may have impacted soils both with regards to the time they have
had to develop as well as nutrient content.

Finally, the growing consideration of ecological memory, argued by Padisak (1992) to be the
capacity of past states or experiences to influence present or future responses of the community,
may also impact the nature of vegetation response to climatic oscillations. The idea, sometimes
termed ‘legacy’, being that long term patterns may drive short term responses. Ecological memory
alludes to a combination of endogenous memory, that is to say the impact of previous patterns of
change in a biotic variable of interest on itself, and exogenous memory, which considers previous
legacies of change in an external driver or drivers on the biotic response (Ogle et al., 2015;
Herzschuh et al., 2016; Benito et al., 2019).

Palaeoecological reconstructions as well as historical abundance data have demonstrated that,
as a result of these myriad interactions, a lag is often observed between a species’ leading and
trailing edges and the expected climate niche of a species. Lags in species’ response to climatic
variability has been observed at continental to landscape scales, in local population build-up and
succession, in local evolutionary responses, and in ecosystem development (Svenning and Sandel,
2013).

As such, whilst many researchers have suggested that palaeoecological evidence supports
general equilibrium between climate and plant distributions, in many cases this is typically not
achieved without lags lasting several centuries - and these are rarely accurately quantified. Lags
between a climate oscillation and the vegetation response to that oscillation are an important
consideration in this work.

4.4 Vegetation responses to millennial-scale climate vari-

ability

Given that a better understanding of the lags in vegetation response to climate is necessary to
begin to understand potential future species migrations, high resolution pollen records present
an interesting opportunity to explore the nature of vegetation responses to multiple climatic
oscillations, perhaps providing insights into the nature and expression of lags.

Vegetation records from many regions demonstrate a clear response to sub-orbital climate
oscillations such as D-O cycles (see Section 1.1.1, however less certain is the speed of vegetation
response to climate changes that are both large and rapid (Harrison and Sanchez Goñi, 2010).
Large-scale syntheses of pollen data suggest species migrations can occur several orders of
magnitude faster than would be predicted from measured distances of seed dispersal. For
example, Harrison and Sanchez Goñi (2010) demonstrate a rapid vegetation response to last
glacial millennial-scale climate changes, with marine records and well-dated terrestrial sites
demonstrating no discernible lag between changes in climate and vegetation response. Rapid
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vegetation responses to climatic variability can be attributed to a number of factors, including
long-distance dispersal events (Clark et al., 1998) or the expansion of isolated populations that
were able to persist in small climate niches outside the main population, termed cryptic refugia
(Stewart and Lister, 2001).

Yet, such in phase vegetation responses are not universal and numerous studies have demon-
strated lags in vegetation development. In their high resolution pollen study of sediments from
Gerzensee, Switzerland Ammann (1989) identify some vegetational changes which they can
attribute to rapid warmings, such as the expansion of Juniperus. These rapid responses were,
however, superimposed upon migrations of vegetation which were much slower to develop, over
centuries as opposed to decades (Ammann, 1989).

In varved sequences with multi-proxy reconstructions, the timing of these lags can be accurately
determined, for example, in their study of the palynological record of varved sediments from
Meerfelder Maar, Germany Engels et al. (2015) identify a ca. 145 varve year delay in vegetation
response following the onset of the Younger Dryas as recorded through sedimentological proxies.
Engels et al. (2015) suggest this delay may be related to time-demanding competition effects with
the taxa which dominated during the preceding climate phase.

Ultimately, pollen sequences in Europe which record millennial-scale climate oscillations are
typically spatially heterogenous, although broadly in phase with the D-O signal recorded in
Greenland ice cores (Fletcher et al., 2010). The myriad differences between sites, ranging from
different sedimentary contexts to their environmental and ecological contexts, mean that every
site will, most likely, demonstrate a unique response to climatic change.

Enhancing the resolution of pollen analyses to study vegetation change on millennial timescales
can exacerbate many of the difficulties outlined in Section 4.2. For example, when studying
millennial-scale climate change many of the climate transitions occur on timescales of hundreds of
years to decades, whilst many approaches to dating Quaternary sequences often have errors >100
years. To minimise difficulties associated with chronological uncertainties, high resolution pollen
analyses are often carried out on varved sequences with precise chronologies. The paucity of such
sites, however, means that if we are to fully gauge the environmental impacts of millennial-scale
climate change in a range of environmental contexts, and thus alternative approaches to building
robust chronologies are required.

Furthermore, Blaauw and Mauquoy (2012) argue issues of replication are a challenge in high
resolution palynological studies, such as those seeking to reconstruct vegetation change. In their
study of the palaeoecological record of multiple peat sequences extracted from the same site
(Blaauw and Mauquoy, 2012) suggest the difficulty of identifying which elements of the ecological
response is a consequence of signal (climate) as opposed to noise (internal dynamics) means
that in complex environments single cores are of limited value for reconstructing centennial-scale
climate change. The suggestion arises that it is only through combining multiple cores and proxies
that a reliable understanding of past environmental change and possible forcing factors can be
determined.

Replication of palaeoenvironmental studies is, however, extremely challenging, particularly
when working with long sequences such as Ioannina, as the time and cost intensive nature of
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Figure 4.1: Map showing locations of last glacial sequences with pollen records.

study limits potential research. It should also be noted that the internal dynamics of lakes are
very different to those of peat bogs - in situ changes in ecology are unlikely to occur, and the
record is usually considered indicative of a broader scale signal.

Tephrochronology provides an exciting opportunity to compare heterogenous vegetation
responses to climatic change without the ambiguities and uncertainties associated with traditional
age-depth modelling approaches. The use of a tephra marker as a tie-point between records allows
direct comparison of records, and as such may provide insights into the inter-site differences in
vegetation responses to the same climate oscillation, allowing inferences of their relative timings,
impact, and climatic implications.

4.5 The Mediterranean last glacial pollen record

Spatial variations in past climatic responses are a key consideration in the interpretation of past
ecosystem dynamics in the Mediterranean region due to the complex topography of the region and
resultant climate variability (Hewitt, 1999; Tzedakis, 2002). Pollen sequences have been developed
for numerous sequences within the Mediterranean region. This section will first briefly review
the marine record of vegetation change, before focussing individually on centennial resolution
terrestrial sequences which span the last glacial, particularly between 46 and 38 ka BP.

4.5.1 The marine record

Pollen analysis of deep-sea marine sediments in the Mediterranean region are a key means of
linking the terrestrial and marine records through the provision of direct land–sea correlation as
marine and terrestrial proxies can be analysed in a single core (Sánchez Goñi et al., 2008). Marine
pollen records on the Atlantic coast of the Iberian peninsula reveal contemporaneous changes
in vegetation composition and sea-surface temperature variations, Figure 4.2, synchronous with
millennial-scale oscillations signalled in the Greenland cores (Roucoux et al., 2005; Sánchez Goñi
et al., 2008).
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On the Mediterranean flank of the Iberian peninsula marine pollen records demonstrate an
alternation between warm temperate and temperate forest development with deciduous and
evergreen Quercus during interstadials and semi-desert/steppe expansion during stadials (Fletcher
and Sánchez Goñi, 2008). Heinrich stadials, whilst not marked by the presence of IRD in
Mediterranean cores, generally indicate a more pronounced vegetation response, with the greatest
decreases of forest taxa accompanied by highest frequencies of semi-desert taxa during these
events (Fletcher and Sánchez Goñi, 2008). Off the French coast in the Gulf of Lyons pollen
records demonstrate millennial-scale variability with episodes of decreased arboreal pollen (AP)
and increased Artemisia, although this vegetation signal is hindered by the very high proportion
of reworked pollen (Beaudouin et al., 2007).

A low resolution marine core from the Tyrrhenian Sea, located in the Central Mediterranean,
indicates parallels between frequencies of Quercus and Abies pollen and the δ18O signal recorded
in planktonic foraminifera interpreted as coeval “climatic improvements” on land and in the sea
(Rossignol-Strick and Planchais, 1989), however subsequently Paterne et al. (1999) have reinter-
preted this, in light of SST reconstructions through foraminiferal assemblage, as evidence for forest
expansion in response to higher precipitation during stadials, particularly those associated with
Heinrich stadials. High resolution pollen records from the southern Adriatic show a contrasting
reduction of deciduous Quercus with Abies concomitant expansion of steppic (Rossignol-Strick
and Planchais, 1989).

The vegetation record recorded in sediments from the eastern Mediterranean Basin is argued
by Fletcher et al. (2010) to be relatively unstudied, with little information on millennial-scale
vegetation dynamics of the last glacial is currently available. Pollen from a marine sequence from
the eastern Mediterranean, just off the southern coast of Israel, indicates a cold and dry climate
during the last glacial period, with low arboreal pollen (AP) levels and high values of semi-desert
and desert vegetation, with some fluctuations in humidity implied by the pollen record between
56.3 and 43.5 ka BP (Langgut et al., 2011), potentially indicative of vegetation responses to
millennial-scale climate change.

Recent work studying the pollen record of Dead Sea sediments have been suggested to indicate
millennial-scale climate oscillations, with four phases of reduced available moisture expressed by
changes in the ratios of Artemisia and Quercus ithaburensis to Amaranthaceae (Miebach et al.,
2019). Phases of decreased moisture in the Dead Sea vegetation record are synchronous with
the deposition of gypsum, correlated by Neugebauer et al. (2016) to cold phases in the North
Atlantic, and the stadial conditions recorded in other Mediterranean records.

4.5.2 The terrestrial record

Tenaghi Philippon

Comparisons of the pollen records from Tenaghi Philippon and Ioannina (e.g. Tzedakis et al.
2004; Roucoux et al. 2008; Milner et al. 2013) have frequently highlighted the spatial variability
in ecological responses to past climatic oscillations in the Mediterranean. Much of this work,
however, has been based on chronologies built through tuning of the pollen record to existing
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Figure 4.2: Vegetation changes through MIS 3 in several high resolution marine and terrestrial records from Europe, shown using
a simplified circum-European biome scheme alongside a single curve (filled, black) showing the percentage values of a single taxon
(either deciduous Quercus or Betula) displaying millennial-scale variability. Composite sequences based on two cores recovered from
approximately the same geographic location are presented (SU81-18 and MD95- 2042; MD03-2697 and MD99-2331), adapted from:
Fletcher et al. (2010).
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stratotypes, which limits the ability of studies to identify leads and lags in vegetation response
between the sites. This thesis aims to begin to build more robust temporal correlations between
the proxy records of the two sites based on independent chronologies alongside tephra tie-points,
and as such the most recent Tenaghi Philippon core, TP-2005, is a key point of comparison for
this thesis. The TP-2005 chronology incorporates a number of radiocarbon dates which span
the sequence (Müller et al., 2011) with further recent work at the site by Staff et al. (2019)
extending this independent chronology back to 48.2 ka BP, significant as beyond the ca. 40 ka
BP Campanian Ignimbrite tephra marker the chronology had previously been based on wiggle
matching of the pollen record (Müller et al., 2011).

Over the last glacial, the pollen record from Tenaghi Philippon shows a series of strong,
centennial-scale increases in AP punctuating the otherwise high percentages of Artemisia and
Chenopodiaceae (Müller et al., 2011). Müller et al. (2011) suggest these fluctuations in arboreal
taxa signal a series of interstadials, associated with D-O warmings, characterised by short-term
expansions of tree populations. Interstadial conditions are followed by a cooling, indicated by the
dominance of dry steppic taxa such as Artemisia and Chenopodiaceae (Müller et al., 2011).

Furthermore, frost-sensitive Mediterranean taxa such as evergreen Quercus, found frequently
in the records in the Holocene and Last Interglacial, were almost constantly absent throughout
the last glacial period suggesting serious winter frosts occurred regularly at the site during the
last glacial, even during interstadial events (Müller et al., 2011). In contrast, deciduous tree
taxa such as deciduous Quercus, which require warm summers were frequently present during
interstadial periods (Müller et al., 2011).

The chronology for Tenaghi Philippon over the last glacial is based on a combination of
radiocarbon and tephra analyses, and suggests that millennial-scale changes observed at the site
occur in phase with changes observed in Greenland. Whilst earlier studies, e.g. Müller et al.
2011, use tuning of the record to nearby sequences as a means of dating the >40 ka BP section of
the TP-2005 record. Recent work published by Staff et al. (2019), however, builds a robust, site
specific, age model, between ca. 48.2 and 38.8 ka BP, and thus allows comparison of the TP-2005
pollen record with the Ioannina pollen record produced as part of this study.

As a core extracted from a peatland, results from Tenaghi Phillippon are highly likely to
have been impacted by internal dynamics as well as climate dynamics, as argued by Blaauw
(2012). Changes in the local depositional environment seem significant through the last glacial,
demonstrated through sedimentological changes are observed in the TP-2005 sequence. In
particular, sediments which overlie the Campanian Ignimbrite deposit (ca. 40 ka BP) which show
a transition from fen-peat to marl (Wulf et al., 2018).

Lago Grande di Monticchio

The Monticchio record spans vegetation change over the last 102 ka. The vegetation has been
classified into three forest and three steppe biomes: warm mixed forest, temperate deciduous
forest, cool mixed forest, wooded steppe, warm steppe, and cold steppe (Allen et al., 1999). The
last glacial environment is primarily charcterised as steppic at the site, with transitions between
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wooded steppe and warm steppe to cold steppe observed on millennial timescales.
Allen et al. (1999) argue that this rapidity with which forest or wooded steppe biomes replace

steppe biomes and vice versa is surprising, with a mean interval for absolute changes of <20% in
total pollen of woody taxa is ca. 140 years, with decreases typically occurring more quickly than
increases.

The chronology for Lago Grande di Monticchio is site specific, based on a combination of
varve counting, radiocarbon dating, and tephra analyses (Allen et al., 1999). The age-depth
model indicates that vegetation change at the site is in phase with the ice core oxygen isotope
record on millennial timescales, although in some cases the signal recorded by the Monticchio
vegetation varies to the signal observed in the polar records.

Kopais

Whilst multiple coring and study campaigns have been undertaken on sequences from the Kopais
basin, the best-resolved of these is the pollen study by Tzedakis (1999), and it is this record which
shall act as the primary point of comparison. This record demonstrates a number of pronounced
sub-orbital fluctuations in AP concentration, particularly in both Pinus and deciduous Quercus,
with some tree species, such as Ostrya and Carpinus present throughout most of the record.

The original age-depth model for the Kopais sequence was orbitally tuned, and suggested
to span 130 ka BP to 10 ka BP (Tzedakis, 1999). The revised chronologies of Tzedakis et al.
(2004) and Hardiman (2012), however, set a basal age nearer 50 ka BP. This study will utilise the
tephrochronology of Hardiman (2012) as this constitutes the most up to date age-depth model
for the K-93 sequence.

Lesvos

The Megali Limni sequence, extracted from a lake on Lesvos Island, is an important site in the
eastern Mediterranean palaeoenvironmental network due to its island setting and high resolution
(Fletcher et al., 2010; Margari et al., 2009). Margari et al. (2007, 2009) describe a composite
pollen record which shows a number of oscillations between steppe, forest-steppe and forest, in
concert with North Atlantic millennial-scale variability, spanning the period from 62 to 22 ka BP.

The chronology for this site has subsequently been revised through work by Hardiman (2012),
and the record is now believed to extend back to ca. 160 ka BP. Throughout the last glacial,
however, the age model is anchored by the Campanian Ignimbrite tephra layer and, therefore,
does not vary too greatly from the original. Therefore, the oscillations in climate <38 ka BP are
likely to correspond to millennial-scale climate oscillations.

Lake Ohrid

The last glacial at Ohrid is characterised by open (steppe) vegetation, with sparse presence of
mesophilous and montane species, with fluctuations in pollen concentrations, which are generally
higher outside of the glacial periods (Sadori et al., 2016). Particularly abundant taxa include
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Artemisia, accompanied by herbs incuding Poaceae, Chenopodiaceae, and Cyperaceae (Sadori
et al., 2016).

High variability over this period is evidenced by notable oscillations of most tree species,
however at present resolution (ca. 2,000 year intervals) further detail is difficult to ascertain
(Sadori et al., 2016). The chronology for the core is based on a combination of both tephra and
radiocarbon, and unreliant on tuning approaches.

Other sites

Vegetation change at Lagaccione, Italy, has been reconstructed over the last glacial cycle, and
demonstrate oscillations in AP on millennial timescales (Magri, 1999). Primarily expansions
in Pinus and deciduous Quercus are observed, along with expansions of Betula. Throughout
this period of the last glacial Fagus, Corylus, Alnus, Acer, Tilia, Ulmus, Carpinus betulus and
Ericaceae are present in low frequencies, with the last presence of Zelkova recorded at ca. 29 14C
ka BP (Magri, 1999). It is argued, however, that radiocarbon dates between ca. 30 and 23 14C ka
BP show inconsistencies (Magri and Sadori, 1999), highlighting potential problems in sediment
deposition and/or in core collection with respect to last glacial sediments.

Similarly, vegetation change has been reconstructed at Lago di Vico (core VI) over the last 90
ka, showing suborbital changes in vegetation composition, most notably a number of expansions
in forest taxa ca. 38, 35 and 33 14C ka BP. These forest expansions are indicated by increases
in abundance of Pinus, deciduous Quercus, and, most notable ca. 33 14C ka BP, Betula (Magri
and Sadori, 1999). The Lago di Vico pollen record of Magri and Sadori (1999) is considerably
lower resolution than the Monticchio record, with sampling intervals ca. 1,000 years. Whilst
radiocarbon dates mean the chronology for the V1 Lago di Vico sequence is independent, and
unreliant on biostratigraphical tuning, last glacial sediments from the site may not be continuous.
Magri and Sadori (1999) interpret an abundance of moss macroremains identified within the
sediments as an indicator of lowering lake levels which may have resulted in interruptions in
sediment accumulation.

4.6 The Ioannina pollen record

No study of Ioannina is complete without reference to the breath of Quaternary palaeoecological
study previously undertaken at the site. A suite of palaeoenvironmental studies have been carried
out on sediments from Lake Ioannina, outlined in Section 2.1.1, beginning with the work of
Bottema at the site over 50 years ago. This section will provide an overview of the current state
of understanding regarding vegetation change at the site over the last 400,000 years, providing
some context for vegetation change during the last glacial.

Palynological study of core I-249 by Tzedakis (1993, 1994) demonstrates the persistence of
temperate taxa in the Ioannina basin throughout glacial stages, amongst the first evidence of
southerly glacial refugia for temperate taxa. In contrast to the palaeoecological record from
Tenaghi Phillippon, located in northeast Greece, where tree populations dramatically reduce
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Figure 4.3: Arboreal pollen percentages for the period spanning MIS 8-1 from Ioannina
core I-284, showing approximate MIS correlations, data courtesy of K.H. Roucoux, I.T.
Lawson, V. Margari, and P.C. Tzedakis.

during glacial stages, at Ioannina far smaller declines are recorded (Tzedakis, 1993, 1994). It is
argued that at Ioannina tree populations are further from their tolerance limit, particularly with
regards to aridity (Tzedakis, 1994). As such Tzedakis (1993) argues the record from Ioannina
provides a clearer representation of ecosystem response to changes in temperature than Tenaghi
Philippon, where the record is primarily responding to changes in moisture availability.

Subsequently Tzedakis (2002) revisited the Ioannina site, increasing the resolution of palyno-
logical study to ca. 225 year intervals. Whilst this work demonstrated evidence of millennial-scale
variability, minimum AP values are always above 21%, with continuous curves for several temper-
ate tree pollen types and, moreover, the amplitude of oscillations is relatively subdued. Tzedakis
(2002) argue that the subdued response suggests that Ioannina and its surrounds produces an area
of relative ecological stability due to the combined attributed of continued moisture availability
through orographic rainfall and the myriad microclimates arising from the varied topography
within the region. Furthermore, Tzedakis (2002) argue that persistent buffering of populations at
Ioannina from Quaternary climatic extremes may have worked in symphony with the climatic
isolation of the Ioannina refugia to encourage lineage divergence, thus facilitating the emergence
of new species.

Increased resolution study of the late glacial pollen record of the I-284 core Lawson et al.
(2004) suggests a landscape dominated by steppic taxa Artemisia and Chenopodiaceae, the closest
modern analogue to which would be vegetation communities in the Near East associated with
arid conditions (Zohary, 1973; Lawson et al., 2004). Lawson et al. (2004) argue that the pollen
assemblages throughout the glacial represent a range of steppe biomes at Ioannina, both warm
and cool, suggested by an equal presence of indicator taxa such as Hippophae and Polygonaceae,
suggesting cool steppe, and Cruciferae, Labiatae (Lamiaceae) and Crassulaceae, suggesting warm
steppe, after the suggestion Tarasov et al. (1998). Consequentially, a variety of temperature
regimes, most likely linked to the diverse topography of the basin, would have supported different
steppic habitats within the Ioannina catchment during the last glacial at the site. Lawson et al.
(2004) suggest these different arid vegetation communities may have existed at different elevations
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or on different soils, forming a ecological patchwork whereby Poaceae-dominated steppe occupies
wetter areas, and more aridity-tolerant taxa Artemisia and Chenopodiaceae dominate drier areas.

During the Last Glacial-Interglacial Transition (LGIT) an early expansion of temperate
woodland occurs, with simultaneous declines in steppic taxa Artemisia and Chenopodiaceae
(Lawson et al., 2004). Limited woodland contraction is reflected in the pollen assemblage during
the Younger Dryas chronozone, in contrast to strong evidence for a contemporaneous sharp
drop in sea surface temperature in the nearby Adriatic sea. Multiple large-scale vegetational
and sedimentological changes are identified during the Holocene, however disentangling climatic
responses to the earlier detailed history of human occupation within the basin prohibits the
identification of direct linkages between climate variability and environmental responses throughout
this period.

Roucoux et al. (2008) continued pollen analysis of core I-284, and observed that distinct
vegetation shifts also occurred within the MIS 7 interglacial complex, indicating rapid transitions
from warm, humid conditions to cooler and drier climates (ca. 200 to 140 m depth; Figure 4.3).
Select periods of re-afforestation at Ioannina during MIS 7 show a repeated pattern of ecological
succession beginning with an expansion of pioneer taxa (Juniperus, then Pinus), followed by
expansion of deciduous Quercus, Olea and/or Pistacia and Fraxinus ornus, quickly followed by
the expansion of Ulmus. Next, Tilia, Corylus, Alnus, Ostrya carpinifolia/Carpinus orientalis and
Carpinus betulus expanded, followed by Abies, then Fagus and finally Buxus (Roucoux et al.,
2008).

Strong responses to millennial-scale climatic changes during glacial stage MIS 6 are also
recorded within the Ioannina sequence, with AP decline differing in extremity between isotopic
minima – for example, the climate at Ioannina was argued to be cooler and wetter during MIS 6e
than MIS 6c (Roucoux et al., 2011). MIS 6, the penultimate glacial, also acts as an interesting
comparison to the last glacial, as the study of multiple glacial-interglacial cycles in the same
sequence facilitates comparison of glacial intervals with different orbital boundary conditions.
Roucoux et al. (2011) suggest comparison between MIS 4-2 and MIS 6 in I-284 reveals some
similarities, suggesting that the portion of MIS 7 from 185–155 ka (ca. 140–115 m depth; Figure
4.3) is similar to MIS 3, attributed to the timing of changes in orbital geometry. There are,
however, significant differences between the vegetation responses recorded during MIS 6 and MIS
4-2, with the former marked by lower thermophilous tree populations and increased Pinus, leading
Roucoux et al. (2011) to suggest a cooler and wetter MIS 6e climate at Ioannina than MIS 3c.

Whilst there are similarities between the MIS 3 portion of the I-284 record and the MIS 6
record at the site, it could be argued MIS 3 lacks a close analogue elsewhere in the sequence,
defined as it is by relatively stable AP concentrations ca. 40% terrestrial pollen sum, Figure 4.3.
Most notably, throughout MIS 3, AP closely tracks AP-PJB without a substantial lag, suggesting
that soils are not significantly degraded within this period or, alternatively, that the treeline does
not alter considerably. Furthermore, there is a gradual decline in AP over the course of MIS 3,
with arboreal taxa abundance decreasing by half from 60 to 30%. The closest analogue is perhaps
ca. 220 m depth, corresponding to the latter stages of MIS 8, as AP are broadly similar, however
there is not a similar gradual decrease in AP.
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4.6.1 Millennial-scale change at Ioannina

Centennial-scale pollen study of the I-284 sequence reveals millennial-scale variability at Ioannina,
primarily characterised by interstadial forest development, primarily associated with expansions
in deciduous Quercus forest and Pinus (Tzedakis, 1999, 2002; Tzedakis et al., 2004).

Work on core I-284 by Tzedakis et al. (2004) focussed on the MIS 3 pollen record, and
demonstrated a large reduction in tree pollen attributed to climatic change associated with
Heinrich stadial 4. Yet, whilst the identification of a vegetation response to a Heinrich Event
suggests millennial-scale events are expressed in the pollen record from the site, given that the
record is reliant on tuning, synchroneity between the Ioannina record and the North Atlantic
marine record is assumed rather than proven.

Whilst the pollen record of I-284 is resolved to centennial-scale, identification of millennial-scale
changes during non-Heinrich stadials, such as the D-O oscillations expressed in the Greenland
record and in other Medterranean archives (see Voelker 2002; Fletcher et al. 2010), were not
identified given that the rapidity of changes were beyond the resolution of any geochronological
tool then available for dating the sequence (Tzedakis et al., 2004).

4.7 A return to Lake Ioannina

Due to difficulties in dating the Ioannina sequences, previous work on the site has often relied
upon tuning approaches to develop chronologies to allow comparison of the record with others
in the region, such as Lake Ohrid and Tenaghi Philippon. Whilst a powerful tool in developing
age-depth models for hard to date sites, adoption of tuned chronologies mean similarities or
differences in the timing of proxy responses to climate forcing may be overlooked.

This PhD project will seek to rectify this, generating a high resolution pollen study that can
be correlated precisely and accurately to other records from the region through tephrostratigraphy.
The pollen record will be the first high resolution reconstruction of vegetation change in northwest
Greece during the last glacial. Ultimately, sediment and pollen analysis of the I-08 core will allow
similarities and differences in the timing and nature of vegetation response to abrupt change
between Mediterranean sequences during a focussed interval of the last glacial, ca. 46 ka BP to
40 ka BP, to be studied.

The 46 to 40 ka BP interval contains numerous significant events: the global Laschamp
geomagnetic field reversal dated to ca. 41 ka BP, the Campanian Ignimbrite supereruption, the
largest Northern Hemisphere eruption of the last 100 ka, as well as three D-O cycles GS-12 to
GS-9 in Greenland (44.28-39.90 ka BP, sensu. Rasmussen et al. 2014), the latter of which (GS-9)
is associated with the deposition of IRD at the Iberian Margin (HS4; 40.2 to 38.3 ka BP, sensu.
Sanchez Goñi and Harrison 2010).
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Chapter 5

Methodology

This chapter outlines the methods used in this study to reconstruct environmental change at
Lake Ioannina. It broadly follows the structure of the thesis, initially focusing on sediment
description and analysis, before providing an overview of the methods used in the construction
of the age-depth model, including cryptotephra analysis (sample preparation, identification and
counting, geochemical analysis) and Bayesian age-depth modelling approaches. It then discusses
the approach to pollen analysis, including sampling preparation, pollen identification and counting,
and interpretation of the record. Finally, it outlines the other records for comparison, including
the age-depth models for other sites.

5.1 Sediment description

Sedimentological analysis is an important stage of all lake sediment studies. Information regarding
the depositional environment of sediment can be inferred through study of both the physical and
chemical properties of Quaternary sequences (Lowe and Walker, 2014). Furthermore, observable
changes in sediment characteristics are useful indicators of climatic and environmental changes
(Lowe and Walker, 2014).

Sediments were initially described based on their appearance and lithology. Using the working
half of the core, a clean surface was exposed. Distinct sediment units, identified visually through
changes in colour and grain size, were recorded, building upon work undertaken in the uppermost
21 m of the core by Jones et al. (2013). A MUNSELL soil colour chart was used to categorise
colour variations. The cores, taken in 2008, had been open for > 5 years at the time of study, and,
therefore, alteration is likely - this was taken into consideration, and changes in colour indicative
of oxidation of the steel core containers, were noted. Lithologic variation was recorded using the
Tröels-Smith (1954) sediment classification system. Photos were also taken of the core, as well as
depths of particular interest. Stratigraphic logging was undertaken from 21 m depth to the base
of the core at 38 m depth.

Sediment description also included the identification of visible tephra layers. Visible layers
were lighter in colour and coarser than the surrounding silts and clays. Upon inspection under a
high powered polarising microscope, sediments identified as visible tephra deposits were shown to
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contain a number of glass shards, identified through their optical characteristics - non-crystalline
materials, such as tephra glass shards, are isotropic and, unless chemically altered, are extinguished
in cross-polarised conditions - and their morphology.

Given the limited stratigraphic zonation between 21 m and the base of the core, zona-
tion approaches are instead based on subsequent detailed geochemical analysis through X-ray
fluorescence.

5.2 X-ray fluorescence

X-ray fluorescence is a useful tool for studying the geochemical composition of sediment sequences
which may provide novel insights into lake sedimentation processes, potentially providing insights
into the controls on sedimentation patterns and sediment source (Martin-Puertas et al., 2017).

X-ray fluorescence scanning uses X-rays irradiated onto the surface of a split sediment core,
and the returning energy dispersive XRF radiation. The spectral signature of this radiation
provides a chemical composition of the sediment, expressed as element intensities (cps). Element
intensities are correlated to element concentration, but also impacted by changing matrix effects,
physical properties of sample, and the geometry of the sample throughout the core, the impacts of
which were taken into consideration with regards to the approaches used to analyse and interpret
data.

Measurements were carried out on the working half of the core at <1 cm resolution using the
Avatech scanner in the Department of Earth Sciences, University of Cambridge by Dr Katherine
Roucoux and Dr Ian Lawson (Geography, University of St Andrews), Dr Tim Jones, and Simon
Crowhurst (Earth Sciences, University of Cambridge).

The steel containers in which the cores were retrieved are a source of potential error in this
dataset, although quantifying and characterising the impact of the core liners on the results is
challenging. The impact of the steel coring tubes is demonstrated most clearly by the difference
between the XRF readings for the majority of the core and the ca. 1 m section of core (29.51
to 28.53 m depth) extracted and stored in more traditional, plastic casing. In this area of the
core, particularly the areas around them, data has been cleaned to remove outliers which are
potentially related to the required recalibration of this data following the transition from plastic
core container to steel. Outliers associated with this reanalysis were determined by removing
values more than 2 standard deviations away from the 10-point running mean, resulting in the
removal of ca. 81 data points from a dataset of 6,983.

This thesis interprets the XRF data for the previously unstudied lower section of the core,
between 38 and 21 m depth, for the first time. To aid interpretation lithozones determined through
stratigraphically constrained cluster analysis by sum-of-squares (CONISS) was implemented using
R package rioja (Juggins, 2017). Initial zonation was based on the full XRF geochemical
assemblage, however given NA readings for some elements, most likely due to low concentrations
within the sediment matrix, only Al, Ca, Cl, Cr, Fe, K, Mn, Rh, S, Si, Ti, Cu, Zn, Br, Rb, Sr, Zr
and Pb were included in the final zonation scheme and in subsequent data analysis.

Subsequent analysis of XRF outputs utilised three main approaches. The first two approaches
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involve the use of ratios in order to counter closed sum effects caused by changes in organic and
water content. For initial exploration log-ratios were calculated and plotted against depth elements
associated with different sedimentation regimes (after Weltje and Tjallingii 2008). Secondly,
ratios of terrestrially derived elements such as Titanium (Ti), Aluminium (Al), and Potassium
(K) to Calcium (Ca) were plotted in order to identify potential changes in terrestrial inputs with
time (Davies et al., 2015).

A final approach to analysing the XRF outputs was the application of hierarchical cluster
analysis. In order to capture the full variability of the XRF dataset XRF measurements were,
following centered log-ratio (clr) transformation, clustered using Ward’s hierarchical clustering
analysis (after Martin-Puertas et al. 2017). A number of different clustering methods exist, however
here Ward’s minimum variance method is used, which aims at finding compact, spherical clusters.
Here, the R package stats ‘hclust’ function option ‘ward.D2’ was implemented. Geochemically
similar clusters, identified through cluster analysis, were then compared on the basis of their
compositional differences, through the application of PCA to generate biplots of the different
variable loadings. Centred log-ratios were used as they are argued by Martin-Puertas et al. (2017)
to eliminate specimen effects, as well as resolving difficulties associated with closed-sum data
when carrying out multivariate statistical approaches to data analysis.

The XRF data were further utilised as the basis of sedimentological zonation of the core,
with zonation undertaken using incremental sum-of-squares cluster analysis, with additional
stratigraphic constraint, carried out using the chclust function from the R package rioja (Juggins,
2017), with the broken stick method (see Bennett 1996) utilised to determine the optimal number
of zones.

5.3 Particle size analysis

In some cases limited variation in sediment texture or structure was visible through basic sediment
description approaches, and further approaches were needed to identify changes in sediment
deposition. Particle size analysis was used as a supplement to visual and lithological sediment
classification. Analysis of particle size distributions, and changes in these distributions with
depth, were used to provide insights into changes in the nature of sediment deposition at the
site. Whilst there is no single model used to infer past depositional environments based on
sediment composition, the grain size distribution of sedimentary sequences are often used to
indicate changes in sediment availability, flow competency, and transport mechanisms (Beierle
et al., 2002).

Sections of the core identified for particle size analysis were based on multiple criteria. The
section of particular interest for particle size analysis was the window in which pollen analysis
was undertaken (5.6), to identify any changes in sediment deposition which may have impacted
the pollen assemblage present. Furthermore, sections identified as containing visible tephra layers,
as well as sediments which overlay visible tephra layers, were studies in order to gain a clearer
picture of depositional dynamics in these sections of interest. In particular, particle size analysis
was used to evaluate the degree of reworking of tephra material, and changes in grain size within
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the ash layer.
Analysis was carried out using the Malvern Mastersizer in the Department of Geography,

University of Cambridge. Laser Diffraction, a particle sizing technique used to calculate particle
size distributions for samples ranging from submicron to millimetres in diameter, works through
measuring the scattering of light through a suspended particulate sample, providing a volume
equivalent sphere diameter. The Laser Diffraction approach to particle size analysis was selected
due to its speed, resolution and replicability.

Subsamples < 1 cm3 were taken from the working half of the core using a spatula, following
cleaning of the surface of the core to minimise contamination. Samples were pre-treated with
4.4% sodium pyrophosphate to ensure complete disaggregation of the sample, primarily the
deflocculation of clay particles. Due to the minimal organic content (<5 %) of the Ioannina
sediments pretreatment with hydrogen pyroxide was deemed unnecessary. Prior to analysis,
samples were agitated using a vortex mixer to ensure a representative subsample was extracted
for measurement.

5.4 Tephrochronology

Tephrochronology, the use of volcanic ash horizons to date sedimentary sequences, outlined in
Chapter 3, acts as the primary means of dating the Ioannina sequence. The development of this
tephrochronology followed a four stage process:

• Stage 1 core subsampling

• Stage 2 cryptotephra extraction, identification, and counting

• Stage 3 geochemical characterisation

• Stage 4 geochemical correlation

The first two stages of tephra study developed a tephrostratigraphy through the identification
of horizons of increased glass shard concentration, potentially associated with the primary air-fall
of volcanic ash, termed ‘isochrons’ (Davies, 2015). The third and fourth stages are focused
on the identification of the tephra source, and correlation of the ash layer from the sequence
with a single known volcanic eruption event. Once a tephra isochron has been correlated to an
eruption a date for this eruption can be imported to the sequence, allowing the construction of a
tephrochronology.

5.4.1 Subsampling

Visible tephras, identified through the sediment description procedure outlined in Section 5.1,
were subsampled using a spatula to extract a sample with a dry weight of < 0.5 g. Visible tephra
layers consisted of > 90% glass shards, and so were simply treated with HCl to remove carbonates
before being prepared for EPMA, outlined in Section 5.4.5.
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Figure 5.1: Schematic illustration of the cryptotephra subsampling methodology

Cryptotephra analysis was carried out on the remaining 17metre of core. Approximately
1 cm3 was collected per sample and samples were dried and weighed to allow a calculation of
tephra glass shards per gram (s g-1).

Cryptotephra subsampling was undertaken in three stages prior to processing. 10 cm ‘range
finder’ contiguous sediment samples were processed following Lane et al. (2014); Blockley et al.
(2005) (Section 5.4.2, Figure 5.1i). Samples from distinct stratigraphic units were subsampled
separately, and, therefore, sample intervals varied where necessary. Subsequent high resolution
analysis was undertaken at 1 cm intervals for intervals where low resolution analysis yielded
significant glass shard concentrations relative to background concentrations (Figure 5.1ii).

Finally, following identification of a cryptotephra isochron, a 1cm sample at the position of
the ischron was sampled for geochemical analysis (Section 5.4.5, Figure 5.1ii).

5.4.2 Cryptotephra extraction

Cryptotephra extraction followed the method of Blockley et al. (2005), designed to extract glass
shards from bulk sediments whilst avoiding chemical alteration of tephra glass shards. Typically,
for lake sediments, this uses sieving and density separation (Figure 5.2). This method was chosen
as it is less destructive to glass shards than chemical extraction techniques (e.g. Dugmore et al.,
1992), therefore allowing for the detection of shards at low concentration.

In sections of the core where low resolution analysis yielded glass shard counts > 10,000 s g-1,
a Lycopodium tablet was added to subsequent high resolution (1 cm) samples after Stockmarr
(1971). The addition of Lycopodium markers allowed for more accurate estimations of tephra glass
shard concentration, allowing identification of peaks in sections of the core where background
concentrations were high. Lycopodium marker tablets were added following density separation,
and were dissolved using 1 mol HCl. The samples were then washed using deionised water 3
times prior to mounting. Each Lycopodium tablet contained a known number of Lycopodium
marker spores.

5.4.3 Cryptotephra identification and counting

Samples were mounted on glass slides using Canada balsam as a mounting medium. In sections
of the core where glass shard concentrations were low (< 1,000 s g-1) the entire sample was
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ix. Mount on slides using Canada balsam

viii. Sieve samples at 25 µm  to ensure removal of SPT and remaining clays

vi. Add 4ml of SPT at 2.55 g cm-3 and centrifuge at 2500 rpm for 15 minutes. 
Pour supernatant (containing concentrated tephra glass shards) into 15 ml 

conical-bottomed centrifuge tube. Repeat once

v. Add 4ml of sodium polytungstate (SPT) at 1.95 g cm-3 and centrifuge at 
2500 rpm for 15 minutes. Pour supernatant (cleaning �oat) into 15 ml coni-

cal-bottomed centrifuge tube. Repeat once

i. Sub-sample material from core, dry and weigh

ii. Add 10% HCl to remove carbonates

 iii. Sieve sample between 80 and 25 µm sieve sizes, adding dilute detergent 
to break up clays. Retain residue from 25 µm mesh and wash with distilled 

water into 12 ml round-bottomed centrifuge tube

iv. Concentrate material in bottom of tube by centrifuging sample at 2500 
rpm for 5 min. Discard water 

vii. Top up all tubes with distilled water and centrifuge  at 2500 rpm for 5 
minutes. Pour o� SPT to recycle. Repeat once

Figure 5.2: Cryptotephra extraction protocol, adapted from Blockley et al. (2005)
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Figure 5.3: Photomicrograph of glass shards from cryptotephra peak 29 m depth, showing
a variety of colours and morphologies. Key morphologies highlighted (a) and illustrated
(b)

mounted and counted, sometimes using multiple slides. In sections of the core with increased
concentration, and where Lycopodium marker spores were added, the sample was agitated using a
vortex mixture to ensure suspension of both glass shards and Lycopodium, and a small subsample
extracted and mounted. For slides where Lycopodium were used, numbers of glass shards and
Lycopodium were counted over 3 evenly spaced transects of the slide - if < 300 Lycopodium spores
were counted, a second slide was made and counted.

Slides were primarily scanned at 100x magnification using a Leica DM750p high powered
polarising microscope. Tephra shards were identified based primarily on their morphology, with
examples of morphological features demonstrated in Figure 5.3.

The total number of shards counted was multiplied by the dry weight of the subsample to
give shard concentrations per gram (s g-1). Following low resolution study, shard concentrations
were plotted against the core stratigraphy to allow the identification of peaks for further high
resolution investigations. Identified peaks were resampled at 1 cm resolution (Section 5.4.2ii) and
the samples reprocessed following the same methodology.

Glass shard counts for 1 cm high resolution samples were also be plotted by depth to identify
a precise depth for the tephra isochron. In cryptotephra investigations, glass shard concentrations
are typically used as the main indicators of isochron position (Davies, 2015). Primary air-fall
tephra horizons are marked by a discrete horizon of glass shards, with the layers below and above
containing only background glass shard concentrations. In cases where a discrete layer is not
clear in the vertical profile, due to taphonomic processes such as in-wash or bioturbation, a peak
in shard concentration can be identified, and used as an isochron position (Figure 5.4).
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Figure 5.4: Schematic illustration of possible shard distribution profiles that may be
observed in association with cryptotephra deposits. Indicative examples of where the
isochron may be placed are shown, redrawn from Davies (2015)

5.4.4 Contamination protocols

In distal tephrochronology it is important to take steps to minimise contamination as the presence
of small numbers of glass shards may lead to inaccurate results. The following steps were taken
to minimise contamination risk:

• All cryptotephra subsampling and extraction work was undertaken in the Cambridge Tephra
Laboratory, a clean lab space, with protocols in place to minimise contamination risk

• Core surfaces were cleaned prior to subsampling to minimise contamination through core
storage procedures

• All surfaces and equipment were cleaned before and after use, and new, previously unused,
sieve mesh and test tubes were used in the processing of all cryptotephra samples

• ‘Blank’ samples were undertaken at the sieving and density separation stages as a contamination
check

• Sodium polytungstate (SPT) was filtered multiple times through < 1 µm filters prior to reuse

5.4.5 Geochemical characterisation

Preparation of samples for EPMA

Samples from each tephra isochron were prepared for geochemical analysis. For sections of the
core with low tephra glass shard concentrations individual shards were be manually picked from
the extracted sediment using a gas-chromatography syringe mounted on a micromanipulator
(Figure 5.4) and placed on a flat 25 mm epoxy resin stub (after Lane et al. 2014). This process
reduced the machine time required for compositional analyses by ensuring mounted samples
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contain limited other grains beyond the tephra glass shards (Lane et al., 2014). Samples were
covered with a thin film of Streuers SpeciFix-40 epoxy resin, before being cured at 50 ◦C for 5
hours.

Once set, the mounted samples were ground and polished to expose a cross section of the
shards with a flat surface for WDS-EPMA analysis. Grinding was undertaken by hand using wet
360, 600, 1200, and 3000 grit silicon carbide paper. Polishing was undertaken using a Buehler
MetaServ 250 Grinder-Polisher, using 3 µm, 1 µm, and 1/4 µm Buehler MetaDi II Diamond
Polishing Compound and fluid. Time taken to grind and polish each sample varied, and the
polished surface was checked at regular intervals, using a high-powered microscope under reflected
light, to determine whether the shards were exposed, as well as checks for scratching and pitting.
For all samples polishing time was kept to a minimum to prevent topography developing on the
surface of the stub, due to the need for a flat surface for WDS-EPMA.

For sections of the core where tephra isochrons contained > 10,000 s g-1 multiple samples were
mounted in a single epoxy resin stub with predrilled holes. Each hole was labelled on the side of
the stub, and Sellotape affixed to the polishing face. A small amount of epoxy resin was added to
each predrilled hole, followed by the tephra sample, and the contents mixed. Further resin was
added, and the samples were placed in an oven at 50 ◦C to allow samples to cure. Caution was
taken not to contaminate by covering holes with Sellotape when they were not being prepared.
As with the single mount samples, the stub was ground and polished to expose a flat internal
surface for EPMA.

Stub surfaces were imaged to cut down machine time for compositional analysis, and also so
that precise individual shards analysed using WDS-EPMA could be identified should subsequent
analysis (e.g. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)) be
necessary.

Electron Probe Micro Analysis (EPMA)

Electron probe micro analysis (EPMA) is an analytical technique that identifies the elemental
constituents of solid samples by measuring the characteristic X-ray intensities emitted when
bombarded with a focussed electron beam (Reed, 2005). Measurements of X-ray intensities can
then be quantified through comparison to analytical standards, in order to correct for differences
in electron transport, and X-ray generation and transport, through the application of ‘matrix
correction’ procedures (Reed, 2005).

WDS-EPMA utilises Wavelength Dispersive Spectrometers, which allow for the quantification
of individual element concentrations through the use of filters, usually diffraction crystals.
Diffraction crystals allow for the enhancement of particular wavelengths through constructive
interference (Reed, 2005). Proportional counters are then used to measure the flux of X-rays which
have passed through the wavelength filter, allowing the determination of element concentration
(Reed, 2005).

Samples were analysed for their major and minor oxide compositions in October 2018 using
a Cameca SX100 WDS-EPMA in the Department of Earth Sciences, University of Cambridge.
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The targeted element oxides for analysis were: SiO2, CaO, FeO, K2O, Na2O, Al2O3, MgO, MnO,
TiO2, and P2O5.

Analyses sought to minimise sodium migration through a number of means. Firstly, whilst
the size of the glass shards being analysed (generally between 25 and 100 µm) required use of a
small, 10 µm diameter, beam, this beam was defocused. Furthermore, sodium was amongst the
first elements analysed in each run to ensure migration had minimal impact on recorded counts.
Analyses utilised a 15 keV accelerating voltage, with a 10 nA beam current.

Prior to analysis the probe was calibrated using a range of mineral standards. Glass secondary
standards ATHO-G and StHs6/180-G were analysed before, between, and after batches of analyses
to ensure consistency between sessions (Table 5.1). For cryptotephra samples, all glass shards
exposed at the surface of the stub were analysed, up to a maximum of 20. For larger samples, 20
analyses were carried out on individual glass shards.

The results of WDS-EPMA analysis of secondary standards are presented, Table 5.1, demon-
strating close correspondence between the results of WDS-EPMA analysis and the reference values
published in the GeoReM reference material database (Jochum et al., 2006). Such close correspon-
dence between analytical runs and the reference values allows the major element geochemistries
presented here to be utilised with confidence, within error.

SiO2 TiO2 Al2O3 MnO MgO FeO CaO Na2O K2O P2O5

StHs6/80-g
Average 63.10 0.71 17.44 4.41 0.07 1.97 5.30 4.61 1.36 0.16
2sd 0.85 0.02 0.71 0.23 0.06 0.04 0.16 0.14 0.05 0.06
GeoReM 63.70 0.70 17.80 4.37 0.08 1.97 5.28 4.44 1.29 0.16
ATHO-g
Average 75.16 0.25 12.00 3.32 0.12 0.10 1.73 3.89 2.77 0.02
2sd 0.63 0.02 0.63 0.22 0.07 0.01 0.09 0.21 0.10 0.04
GeoReM 75.60 0.26 12.20 3.27 0.11 0.10 1.70 3.75 2.64 0.03

Table 5.1: Average major and minor element compositions of glass secondary standards
ATHO-G (rhyolite) and St-Hs6/80-G (andesite). Standards were analysed over 4 EPMA an-
alytical sessions. Published concentrations, from the GeoReM reference material database
(Jochum et al., 2006), are given for comparison. All concentrations are in wt.%.

5.4.6 Geochemical correlation

Correlation of tephra layers within a sediment sequence to a known volcanic eruption is a key
stage in the construction of a tephrochronology. Geochemical fingerprinting is the primary
means of correlation in most tephra studies, however in order to demonstrate a correlation of a
tephra isochron to a known eruption further evidence, such as stratigraphic position and relative
age, mineralogy, shard morphology or further analytical data (i.e. trace element analysis), is
helpful, and used wherever possible in this study. Where further information beyond geochemical
composition is not available, correlations are described as tentative correlations, and should be
interpreted with caution.
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Another important consideration, when working with geochemical data, is the normalisation
of data. Major and minor oxide values from WDS-EPMA are presented as percentages of sample
weight (wt.%), meaning that the sum total of all the oxides for any given sample should be
100%. This is, however, rarely the case, for a range of reasons. The primary reason volcanic
glasses rarely have an oxide wt.% total of 100% is due to the water content of volcanic glass,
through both geological, taphonomic, and post-depositional processes (Blockley et al., 2005).
Sample preparation and analysis, for example, through surface topography, small sample sizes, or
poor beam spot targeting, can also result in low analytical totals. Element mobilisation and the
presence of unmeasured minor elements may also cause low totals (Pollard et al., 2006).

Normalisation of data to 100% is frequently undertaken prior to geochemical comparisons.
Lowe et al. (2017) advocate performing data analysis on both the raw and the transformed
data. Differences between raw and transformed data may be useful for highlighting important
features within the dataset (Lowe et al., 2017). In this study data exploration therefore used both
approaches, however in the results and discussion normalised totals are used unless explicitly
state otherwise.

Published data for comparison and correlation include a range of both proximal and distal
geochemical datasets, many of which were obtained using the RESET database (Bronk Ramsey
et al., 2015). Key proximal geochemical datasets for the Mediterranean include those published
in Tomlinson et al. (2012a, 2015); Albert et al. (2012); Smith et al. (2015). Comparisons were
also made using distal tephra datasets from Lago Grande di Monitcchio (Wulf et al., 2004, 2007;
Wutke et al., 2015) and Tenaghi Philippon (Wulf et al., 2018).

There are a number of means through which the normalised and unnormalised geochemical
compositions of tephra layers can be correlated, and no one method has been agreed upon
for validating such correlations. Visual correlation using bivariate (element–element) plots of
geochemical data allow simple analysis of often complex datasets, clearly showing compositional
ranges as well as any trends within the dataset (Pearce et al., 2008). Correlations between elements
can be related to geological processes, making them a standard approach in the classification of
igneous rocks. As such element-element biplots were the primary means of data exploration for
geochemical correlation utilised in this study.

Caution should, however, be applied when utilising biplots as a sole means of correlation. As
Pearce et al. (2008) point out it is not enough to plot a few bivariate plots to correlate between
samples; only an overlapping composition on all possible element–element plots, within instrument
error ranges, is necessary to demonstrate correlation. Scatterplot matrices across the full suite of
elements analysed were therefore utilised to demonstrate correlation, within uncertainty.

5.5 Age-depth model

The age-depth model generated for this study uses a combination of radiocarbon dates and tephra
dates. Radiocarbon dates were generated during earlier work by Jones et al. (2013) on the upper
21 m of the I-08 core, Section 2.1.2. Tephra dates were imported into the Ioannina sequence to
the base of the tephra isochron, at the point of contact with the underlying sediment.
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This study utilises the Poisson process (‘P_Sequence’) deposition model tool contained
within the OxCal software package (Ramsey, 2008) for the construction of a Bayesian age-depth
model. The OxCal code used to generate age-depth models is contained in Appendix D. Bayesian
age-depth modelling approaches, such as P_Sequence deposition models, work by identifying
a suite of possible ages for each depth point within a sedimentary sequence (Ramsey, 2008).
Age distributions are calculated through the use of Markov Chain Monte Carlo sampling, which
utilises the random walk approach to build up a distribution of possible solutions, incorporating
the probability distributions of radiocarbon and tephra ages, to the sequence.

P_Sequence models operate, unless told otherwise, on the assumption that deposition processes
are uniform, however as highlighted by Ramsey (2008), this is not an appropriate assumption
in all circumstances, for example, accumulation restarting following an hiatus, or a change in
sedimentation rate associated with climatic instability. If this tephra marker is small, <1 cm in
thickness, it should not impact the age-depth model too dramatically, however a large tephra
deposit with little sign of autogenic sedimentation (i.e. carbonate deposition) is likely to have been
deposited over a short space of time, but may be covered by ca. 1,000 years in an age-depth model.
As such, >1 cm tephra deposits are here removed from the stratigraphy through importation
of the same tephra age to the base and the surface of the visible tephra unit, based on the
assumption that the entire unit was deposited synchronously. Accurate identification of the upper
bound of the unit is therefore paramount, achieved through careful logging of sediments.

5.6 Pollen analysis

Pollen analysis, outlined in Chapter 4, is the primary means of palaeoenvironmental reconstruction
this thesis, which seeks to reconstruct vegetation responses to abrupt climate change during the
last glacial. Pollen analysis was carried out for the period spanning ca. 46 to 38 ka BP (ca. 31 to
28 m depth), in sediments chronologically well-constrained by the two visible tephra markers.

5.6.1 Subsampling

Initial pollen analysis was undertaken at 8 cm resolution (n = 23) between 32.06 and 28.70 m
depth. Pollen data were then analysed (Section 5.6.4) and a window for high resolution analysis
selected, based on three criteria:

• Temporal interval of the core section for the study of vegetation responses to abrupt climate
change - ideally a time period associated with multiple Dansgaard-Oeschger oscillations in
the Greenland δ18O record.

• Quality of the age-depth model at target depth interval to ensure that any correla-
tions to other Quaternary sequences could be as robust as possible

• Evidence of reworking at target depth interval such as abrupt change in sediment geo-
chemistry, tephra reworking, or poor preservation of pollen (Section 5.6.3) identified during
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low resolution study may indicate reworking of sediment, and these depths should be
avoided for high resolution pollen study

Based on these criteria a window for higher resolution study, at a 2 cm sampling interval (n
= 83), was identified between 31.98 and 28.67 m depth.

As with cryptotephra analysis, all pollen samples were taken from the working half of the
core. Due to high pollen concentrations within the sediment, and the increased sieving times
associated with larger samples, 0.5 cm3 samples were taken from a cleaned core surface using a
microspatula, and were measured using water displacement in a 5ml measuring cylinder.

5.6.2 Pollen preparation

Pollen preparation followed the standard protocol of the Cambridge Geography Science Labora-
tories, using a multi stage wet chemical technique to concentrate palynomorphs. This included
treatment with hydrochloric acid, sodium hydroxide, hydrofluoric acid, and an acetolysis stage to
remove polysaccharides and robust organic tissues, notably cellulose, to facilitate identification.

A limited number of modifications were made to the standard methodology. The addition of a
microsieving stage, following the protocol of Cwynar et al. (1979), at which samples were passed
through a 7 µm mesh and the residue retained, was rendered necessary due to the coaggulation of
sediments. Pollen concentration was determined through addition of Lycopodium marker spores,
after Stockmarr (1971), during the initial hydrochloric acid treatment.

Recent work, e.g. that of Campbell et al. (2016) has advocated the use of density separation
using Sodium Polytungstate (SPT) to remove silicates, in lieu of treatment with hydrofluoric acid
(HF), which is extremely corrosive. Here, however, in order to ensure consistency with early work
at the site the traditional HF approach was utilised.

The finalised preparation protocol, used in the preparation of all pollen samples included in
this study, is outlined in Figure 5.5.

5.6.3 Pollen identification and counting

A small amount of the prepared sample was mounted on a microscope slide for analysis. Silicone
oil was used as a mounting medium to allow for the rotation of grains through the application
of pressure to the coverslip. This minimised the number of concealed grains, improving data
accuracy, as well as enhancing pollen identification as each grain could be viewed from multiple
angles.

Slides were examined using a Leica DLMB high-powered binocular fluorescence microscope.
Scanning was undertaken at 400 ×magnification, however in cases where more detail was required
to make an identification a 1,000 ×magnification and immersion oil were utilised. Three to five
transects spread evenly across the slide were made, and if the counts proved insufficient, a second
slide was made.

A minimum of 300 pollen grains of terrestrial plant origin (excluding pteridophytes) were
counted in each sample. Other palynomorphs, such as algal forms (e.g. Pediastrum type), and
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xvii. Leave samples overnight to allow TBA to evaporate. Mount on slides using 
silicone oil

xvi. Warm tertbutyl alcohol (TBA; (CH3)COH) in waterbath. Transfer samples to 
small glass vials and Centifuge at 3000 rpm for 3 min. Add 5 ml TBA to each 

sample. Centrifuge at 3000 rpm for 5 min. 

xv. Add distilled water. Centrifuge at 3000 rpm for 5 min. Discard supernatant

xiv. Add 15 ml 38% glacial acetic acid. Centifuge at 3000 rpm for 5 min. Discard 
supernatant 

xiii. Make up acetolysis mixture using 9 parts acetic anhydride (C4H6O3) with 1 
part of 38% sulphuric acid (H2SO4). Add  5 ml to each sample and heat to 90oC 
in waterbath for 3 mins to remove cellulose and polysaccharides. Top up with 

glacial acetic acid. Centifuge at 3000 rpm for 5 min.  Discard supernatant 

xii. Add 15 ml 38% glacial acetic acid (CH3COOH). Centifuge at 3000 rpm for 5 
min. Discard supernatant 

viii. Add 15ml 7% HCl , heat to 90oC in waterbath for 30 mins to remove �uoro-
silicates. Centrifuge at 3000 rpm for 5 min. Discard supernatant

vii. Add 15ml 38% HF and heat  90oC in waterbath for 2 hours to remove sili-
cates. Centifuge at 3000 rpm for 5 min. Discard supernatant

vi. Add 15ml 7% HCl to acidify the sample.  Centifuge at 3000 rpm for 5 min. 
Discard supernatant

 v. Sieve sample between 125 and 7 µm sieve sizes, adding distilled water. 
Retain residue from 7 µm mesh and wash with distilled water into plastic tubes 

suitable for HF. Centifuge at 3000 rpm for 5 min. Discard supernatant

iv. Add 15ml 10% NaOH and heat to 90oC in waterbath for 3 mins

iii. Add distilled water. Centrifuge at 3000 rpm for 5 min. Discard supernatant

ii. Add one � � � � � � � �� �  exotic marker tablet along with 15ml 7% HCl and heat 
to 90oC in waterbath for 30 mins to remove carbonates. Centrifuge at 3000 rpm 

for 5 min. Discard supernatant

i. Sub-sample material from core, dry and weigh

Figure 5.5: Pollen concentration protocol for preparations, adapted from Moore et al.
(1997)
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Example Description
Poaceae Family identification certain but lower categories either un-

determined (good preservation, but not identified further)
or indeterminable (poor preservation limits the degree of
identification)

Thalictrum Genus identification certain but lower categories either
undetermined or indeterminable

Plantago lanceolata Species determination certain
Sedum cf. S. rosea Genus identification certain, species identification tentative

through poor preservation or close resemblance to other
species

Plantago major/Plantago media One pollen type present, two plant taxa considered equally
likely alternatives

Angelica-type One pollen type present, three or more plant taxa consid-
ered equally likely alternatives

Rosaceae undiff. Family identification certain, one or more other morpholog-
ical types within the family distinguishable and, if present,
treated separately

Stellaria undiff. Genus identification certain, one or more other morpholog-
ical types within the genus distinguishable and, if present,
treated separately

Table 5.2: Conventions used to indicate the degree of certainty in the identification of
pollen. After Birks (1973)

spores were also recorded. The average count was 428 palynomorphs per slide.
Pollen identification utilised a number of key reference materials. The Godwin pollen collection,

housed in the the R.G. West Laboratory, Department of Geography, University of Cambridge,
was a key source of pollen reference material. The pollen key of Beug (2004) was a primary
reference text. Additional sources used for pollen identification include the dichotomous keys of
Chester and Raine (2001) and Moore et al. (1997).

The choice of taxonomic nomenclature for identified pollen grains was based on a combination
of the sources used for identification, primarily Beug (2004). A key aim of this thesis is to
produce pollen data which are both accurate and repeatable, but also biologically and ecologically
meaningful. Traditionally pollen analysis in Europe has utilised the plant families as outlined
in Flora Europaea (Tutin, 1993), however changes in plant families suggested by Stace (2005)
have since become the standard in pollen analysis, for example, in Beug (2004). Therefore in this
thesis updated family names are used, including: Asteraceae (formerly Compositae); Brassicaceae
(Cruciferae); Poaceae (Gramineae); Lamiaceae (Labiateae); and Apiaceae (Umbelliferae). At
species and genera level pollen nomenclature follows Flora Europaea (Tutin, 1993).

Pollen and spores were identified to the narrowest taxonomic category possible. Typically
within pollen studies the precision of identification varies from family level to specific level. This
study follows the nomenclature of Birks (1973) to indicate different levels of uncertainty in the
identification of pollen, outlined in Table 5.2. A full list of pollen taxa identified, showing the
different levels of taxonomic identification in this study, can be found in Appendix B.
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Subdivision of oak species followed Smit (1973), which distinguishes between three distinct
morphological forms. Using the terminology of Beug (2004), the deciduous oaks were identified
as either Quercus robur -type or Quercus cerris-type, and the evergreen oaks as Quercus ilex -
type. For ease of comparison between the I-08 record and earlier Ioannina records, however, the
deciduous and evergreen Quercus categories are used in analysis and interpretation.

In this study the subdivision of grass (Poaceae) type grains was considered due to the
generally good preservation of palynomorphs. Such subdivisions, however, traditionally rely on
discrimination of taxa based on size, and are challenging in environments such as Ioannina with
its diverse range of habitats, capable of accommodating a diverse range of grasses. Furthermore,
laboratory techniques can lead to changes in grain size, as can the mounting medium selected
(see Moore et al. 1997). In earlier studies at the site (Lawson, 2001), cereals have been identified
separately, however this was typically undertaken to identify evidence of cultivation, not applicable
to the last glacial. For this study, which predates any likely agriculture at the Ioannina site, the
narrowest level of taxonomic identification of grass pollen types was to family level.

Issues of taphonomy are a key consideration in all pollen studies, however understanding
taphonomic processes and potential changes in these are particularly important in lakes with large
catchments, such as Ioannina. Difficulties in quantifying the relationship between the recovered
pollen assemblage and the vegetation communities they represent have been an ongoing concern
in the palynological community (Moore et al., 1997). Differences in the rates of pollen production
between species, varied dispersal mechanisms, reworking of previously deposited material, and
post-deposition bioturbation processes all cast uncertainty on vegetation reconstructions based
on pollen analysis (Moore et al., 1997). Pollen taphonomy is, therefore, considered throughout
the interpretation and analysis of the Ioannina pollen record.

Reworking of sediments within the basin, and potential changes in the rate of reworked
material being deposited over time, were identified as a key concern in the study of high resolution
vegetation change in a large catchment such as Ioannina. As issues of preservation following
deposition are less apparent in lake environments than they are in other sedimentary sequences,
an analysis of pollen deterioration as a potential indicator of individual grain taphonomy was
possible (Lowe, 1982). As such, grain deterioration was noted at the time of identification, based
upon the 5 broad classifications:

• Corroded refers to grains with exines that appeared pitted or perforated, after Cushing (1967).
Corrosion can occur both chemically (Havinga, 1967) or biologically (Lowe, 1982).

• Degraded refers to grains which are waxy in appearance, where structural and sculptural
elements are difficult to resolve, however for which identification is still possible (Cushing,
1967). These grains have likely been subjected to physical or chemical alteration of the
exine (Lowe, 1982).

• Broken grains are those with a distinctly ruptured exine, representing mechanical damage to
the grain. Such damage is often attributed to physical or biological processes (Lowe, 1982;
Cushing, 1967).
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• Crumpled grains are those which are twisted or folded along a single axis (Cushing, 1967).
As with broken grains, crumpling of grains is primarily attributed to physical or biological
processes (Lowe, 1982; Cushing, 1967).

• Indeterminate refers to grains too damaged to be identified, as well as those concealed, or
unknown to the analyst.

Deteriorated grains were categorised according to the type of degradation they demonstrated,
and any grain deterioration was recorded at the time of identification, based on Cushing (1967)
and Lowe (1982). Where a grain exhibited more than one type of damage, the damage was
assessed in order of severity, with corrosion the most damaged, followed by degraded, crumpled,
broken, or well preserved, and the most severe damage type ascribed. Therefore, a grain classed
as both broken and corroded would be simply classed as corroded (after Cushing 1967 and Lowe
1982).

Deteriorated grains were not included in the final pollen sum, following the suggestion of
Campbell (1991) that damaged pollen in most stratigraphic contexts is likely the consequence of
the remobilisation of pollen previously deposited on the soil surface and subjected to weathering,
including physical weathering (i.e. wet-dry cycles), chemical, and biochemical weathering.

5.6.4 Analysis and interpretation

Determination of which palynomorphs are to be excluded from the pollen sum is a key stage
in pollen analysis, as it acts as the basis for the calculation of pollen percentages, establishing
a framework for answers generated. As research questions vary from study to study, there is
no standard selection of taxa to include. Generally, however, only taxa relevant to the research
question should be included in the pollen sum.

In the case of this study, only terrestrial pollen taxa were included in the pollen sum, as this
work seeks to reconstruct terrestrial ecosystem responses to abrupt climate oscillations. Taxa
included in the pollen sum are outlined in Appendix B. Whilst there is some debate about whether
Poaceae should be incorporated into the terrestrial pollen sum, particularly at Ioannina where
aquatic grass taxa such as Scirpus sp. are present, here they are included to allow comparison
with other lake sites.

For ease of presentation the full pollen dataset is presented in two diagrams - the first showing
percentage abundances of arboreal pollen taxa, followed by non arboreal. Taxa are grouped
in these diagrams by their ecological requirements, with taxa typically associated with similar
requirements grouped, with the exception of plant families where pollen grains were identified
to a greater taxonomic level - these are plotted alongside other taxa within that family. Most
taxa in a typical full pollen dataset occur at low frequencies and as such contributes little that
is statistically-useful (Birks and Berglund, 1979). Therefore, beyond the main pollen diagram
the dataset is limited to types which reach a 5% minimum value somewhere within the sequence,
with a full list of taxa identified included in Appendix B.
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Percentage abundances of taxa excluded from the terrestrial pollen sum (including spores and
aquatic pollen) were calculated following the approach of Moore et al. (1997) using the equation:
X% = Nx×100

T+Nx

Where X% is the percentage of the taxa, Nx is the count of the individual sample, and T is the
terrestrial pollen sum.

Summary diagrams are typically used to present pollen data, normally plotting arboreal
pollen (AP) against non-arboreal pollen (NAP), for example, in Tzedakis (1993). This approach
is utilised here particularly for comparison of multiple datasets, as it is, arguably, the simplest
means of comparing pollen archives. It is, however, limited in its scope, and whilst AP:NAP
may vary greatly over glacial-interglacial cycles, variations on millennial-scale timescales are less
pronounced.

To aid the analysis and interpretation of pollen diagrams, pollen assemblages are zoned
according to their pollen spectra. Pollen zonation was undertaken to simplify the description
and interpretation of pollen data. Traditionally pollen assemblage zones are based on major
variations within the dataset, however the identification of suitable boundaries is a challenge
given the multivariate nature of pollen data sets. Quantitative zonation methods, therefore, are
frequently used in the interpretation of pollen data, as they limit opportunities for subjective
interpretation and ensure that important features of the dataset are not missed. Sections of the
core designated as pollen zones do not, in this study, take variations in sediment stratigraphy or
chronology into consideration, and are based primarily on statistical analysis.

A range of statistical analytical tools which facilitate the interpretation of pollen diagram
are available, many of which may produce different results. Statistical zonation approaches
can, broadly, be split into agglomerative and divisive methods, the former containing clustering
approaches such as constrained cluster analysis by information content (CONIIC) and constrained
cluster analysis by sum-of-squares (CONISS), and the latter containing splitting approaches
binary splitting (by sums-of-squares and by information content) and optimal splitting (by sums-
of-squares and by information content). In this study, multiple zonation approaches were applied,
using a combination of pollen plotting and analysis software Psimpoll (Bennett, 1996), and R
package rioja (Juggins, 2017). Given the good agreement between these methods of zonation, a
primary statistical approach to pollen zonation was chosen due to its ease of application using the
R package rioja (Juggins, 2017), in this case incremental sum-of-squares cluster analysis, with
additional stratigraphic constraint, CONISS.

Statistical analysis was also undertaken on the pollen samples. Utilising similar methods to the
interpretation of XRF data, hierarchical cluster analysis was undertaken based on euclidian linkage
distances and Ward’s clustering algorithm in the R package stats. Whilst zonation approaches
also utilised HCA, these relied on additional stratigraphic constraint. Using unconstrained cluster
analysis allowed the full variability of the pollen dataset to be interrogated. As the aim of this
study is to identify patterns of vegetation change over multiple stadial interstadial cycles, this
unconstrained approach to analysis allows for statistically similar but stratigraphically offset
samples to be identified. The pollen assemblages of each individual cluster was then studied
through PCA, generate biplots of the different loadings of taxa which characterise each cluster,
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and biplots of key indicator taxa were utilised to further visualise the clusters.
A final approach utilised in the interpretation of the pollen record from the I-08 core was

the biomisation approach. Biomisation is one of the simplest approaches to reconstruction of
past vegetation patterns from pollen data in a semi-quantitative, more objective way, and has
been applied to records globally (Prentice et al., 2000, 1996). Biomisation is a simple three step
process which assigns pollen assemblages to a biome based on their constituent taxa. First all
taxa are assigned to a plant functional type. In turn, plant functional types are then assigned to
a biome. An affinity score, based on the percentage abundance of taxa assigned to each biome, is
then calculated. (Prentice et al., 1996).

A number of potential problems associated with Biomisation which can can affect the reliability
of the reconstructions have been identified. The ambiguity of assignments of pollen taxa to
PFTs, for example, is a challenge given that pollen taxa often represent a variety of species with
different ecosystem functions. Furthermore, pollen production biases which generally result in
the over-representation of woody species and the under-representation of herbaceous species in
the pollen assemblage; and transport of tree pollen into non-forested areas resulting in poor
delineation of ecotonal boundaries. Here, to allow the dataset to be tied into the comprehensive
EMBSeCBIO database (Cordova et al., 2009), the PFT and biome characterisations of Marinova
et al. (2018) are utilised, as this scheme has been demonstrated to successfully predict broadscale
patterns of modern vegetation across the region using surface pollen assemblages, discriminating
deserts from shrublands, the prevalence of woodlands in moister lowland sites, and the presence
of temperate and mixed forests at higher elevations.

Affinity scores between each pollen assemblage and each biome were calculated as the sum of
pollen percentages for the taxa in the PFTs that may occur in that biome. Pollen values were
adjusted by square root transformation to increase the signal-to-noise ratio and correct for the
over-representation of taxa that produce large quantities of pollen, and minimum thresholds
for inclusion of a taxon were tested however ultimately 0.5%, the recommended threshold, was
utilised (Prentice et al., 1996). Pollen assemblages were designated to biomes on the basis of
affinity scores, however as some biomes are characterised by a subset of the PFTs present in
another biome (e.g. the PFTs defining deciduous forest types are often a subset of those defining
equivalent mixed forest types); such biomes could have identical affinity scores. In such cases
biomes were assigned based on an order established by Marinova et al. (2018).

Analytical error associated with pollen counts were determined using the approach of Maher
(1972), which determines confidence intervals based on the number of grains counted, implemented
here using analysis software Psimpoll (Bennett, 1996).

5.7 Correlation and comparison of records

Records for comparison were selected on two scales: regional, and global. Regional records are
those from the Mediterranean, incorporating the subtropical NE Atlantic given the close coupling
between Atlantic and Mediterranean climate throughout the last glacial (Cacho et al., 2000).
Sites with independent age depth models, not reliant upon tuning, were preferred, however this
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Figure 5.6: Comparison of IntCal13 and IntCal20 curves showing model uncertainty, data:
Reimer et al. (2013, 2020).

was not always possible.
When undertaking correlation and comparison data from other sites was presented using the

best available age model. For some sequences where tephra layers identified within the Ioannina
sequence are identified, the age-depth models may have been pinned using the assigned date of
the tephra marker as a tie-point. In some cases, when deemed necessary due to the availability
of updated chronological data, the age-depth model was rerun using the approach outlined in
Section 5.5. Table 5.3 outlines the age models utilised for all sites used in this thesis.

As outlined in Section 1.2.5, this thesis adopts an approach which focuses on the development
of independent age-depth models when synthesising and correlating records of millennial-scale
change. There is some debate in the literature, however, about how applicable such an approach
is in marine environments, due to spatially and temporally variable marine radiocarbon reservoir
age effects which limit the application of radiocarbon age-depth models (Austin and Hibbert,
2012). It is argued, instead, that a robust approach to ‘tuning’, through linking the mid-point of
Greenland D-O cycles (e.g. Rasmussen et al. 2014) to SST records throughout the North Atlantic
currently provides the most robust correlation tie-points from which to derive age control (Austin
and Hibbert, 2012). Such tuning approaches fail, however, to quantify uncertainty. Here, instead,
updated, independent chronologies for key marine sequences (MD95-2042 and MD95-2042; 5.3)
have been constructed based on radiocarbon ages. To ensure key correlations are not lost, marine
records will be presented with key tie-points, where they have been robustly linked to climate
oscillations recorded in the Greenland ice sheet, indicated.

The release of the IntCal20 and Marine20 radiocarbon calibration curves (Reimer et al., 2020),
following the completion of analysis for this project, provides potential for further chronological
refinement, particularly the improvement in calibration over the period > 30 ka BP, Figure 5.6.
As remodelling of all sites was not possible within the scope of this thesis, only selected sequences
have been remodelled using this updated calibration curve, Table 5.3. For consistency and clarity
of argument, calibration throughout this thesis is undertaken on the IntCal13 curve unless stated
otherwise.

Pollen data for other sites, where available, is presented in summary form. Intermediate pollen
diagrams typically used for comparison of sites, which show proportions of trees, shrubs and
herbs, are less readily applied in the Mediterranean region, where plants frequently adopt different
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Location Site/Core ID Type Proxy Proxy data reference(s) Dating Age model reference(s) Remodelled?
Antartica WAIS Divide δ18O Buizert et al. (2015) Alignment w/ NGRIP Buizert et al. (2015) No
Greenland GISP2 Ice core δ18O Stuiver and Grootes (2000) Layer counting and alignment w/ NGRIP Rasmussen et al. (2014) No

Ca2+ Mayewski et al. (1997)
K+ Mayewski et al. (1997)

Greenland GRIP Ice core δ18O Grootes and Stuiver (1997) Layer counting and alignment w/ NGRIP Rasmussen et al. (2014) No
Ca2+ Fuhrer et al. (1993)

Greenland NGRIP Ice core δ18O Andersen et al. (2004) Layer counting Rasmussen et al. (2014) No
Ca2+ Bigler (2004)

Kopais K-92 Lake Pollen Tzedakis (2002) Tephrochronology Hardiman (2012) No
Lago Grande di Monticchio B/C/D Lake Pollen Allen et al. (1999) Varve counting Brauer et al. (2007) No

Tephrochronology Wulf et al. (2004, 2008); Wutke et al. (2015) No
Megali Limni ML-01 Lake Pollen Margari et al. (2007) Tephrochronology Margari et al. (2007); Hardiman (2012) IntCal13
Ohrid DEEP Lake Pollen Sadori et al. (2016) Tephrochronology Leicher et al. (2016) IntCal13
Xinias Xinias I Lake Pollen Radiocarbon Sánchez Goñi et al. (2017) No
Tenaghi Philippon TP-2005 Peat Pollen Müller et al. (2011) Radiocarbon Müller et al. (2011); Staff et al. (2019) IntCal13 and

Tephrochronology Wulf et al. (2018) IntCal20
Ascunsa POM1 Speleothem δ18O Staubwasser et al. (2018) U/Th Comas-Bru et al. (2020) No
Bunker BU2_2018 Speleothem δ18O Weber et al. (2018) U/Th Comas-Bru et al. (2020) No
Campanet CAM1 Speleothem δ18O Dumitru et al. (2018) U/Th Comas-Bru et al. (2020) No
Holloch HOL-7 Speleothem δ18O Moseley et al. (2014) U/Th Comas-Bru et al. (2020) No
Hulu M1-2 Speleothem δ18O Wang et al. (2001) U/Th Burns et al. (2003) No
Karaca K1 Speleothem δ18O Rowe et al. (2012) U/Th Comas-Bru et al. (2020) No
Sofular SO-1 Speleothem δ18O /δ13C Fleitmann et al. (2009) U/Th Fleitmann et al. (2009)
Soreq Composite Speleothem δ18O /δ13C Bar-Matthews et al. (2003) U/Th Bar-Matthews et al. (2003) No
Tausoare 1152 Speleothem δ18O Staubwasser et al. (2018) U/Th Comas-Bru et al. (2020)
Villars Vil-stm14 Speleothem δ18O /δ13C Genty et al. (2010) U/Th Comas-Bru et al. (2020) No

Vil-stm9 Speleothem δ18O /δ13C Genty et al. (2003) U/Th Comas-Bru et al. (2020) No
Vil-stm27 Speleothem δ18O /δ13C Genty et al. (2010) U/Th Comas-Bru et al. (2020) No

Adriatic Sea PRAD 1-2 Marine δ18O Piva et al. (2008) Tephrochronology Bourne (2012) No
Adriatic Sea SA-03 Marine δ18O Piva et al. (2008) Tephrochronology Bourne (2012) No
Alboran Sea MD95-2043 Marine Pollen Fletcher and Sánchez Goñi (2008) Radiocarbon Cacho et al. (1999) Marine20

Alkenone-derived SST Cacho et al. (1999)
IRD Cacho et al. (1999)

Arabian Sea SO130-289KL Marine Reflectance Deplazes et al. (2013) Radiocarbon and alignment w/ NGRIP Deplazes et al. (2013) No
Atlantic Ocean MD95-2042 Marine Pollen Sánchez Goñi et al. (2013) Radiocarbon Bard et al. (2004) Marine20

Alkenone-derived SST Pailler and Bard (2002)
IRD Sánchez Goñi et al. (2013)

Cariaco Basin MD03-2621 Marine Reflectance Hughen et al. (1996) Radiocarbon and alignment w/ NGRIP Deplazes et al. (2013) No
Levantine Sea LC21 Marine δ18O Grant (2012) Tephrochronology Satow et al. (2015) No

Alignment w/ Soreq Grant (2012) No
Levantine Sea ODP 160-967 Marine δ18O Grant (2012) Alignment w/ LC21 No

Table 5.3: Details of last glacial archives used for comparison to the Ioannina I-08 record, including information on proxy and chronological
data sources.
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growth forms based on environmental pressures. Instead, this study groups taxa based on their
ecology, broadly following the megabiomes outlined by Fletcher et al. (2010). The groupings used
are warm temperate, temperate, montane, pioneer, shrubs and herbs, and steppe taxa. Whilst
typically at Ioannina sclerophyllous evergreen mediterranean trees, including pollen taxa such as
Olea and Phillyrea type, are grouped independently, due to their low abundances across all the
last glacial sequences studied here these are included in the warm temperate tree grouping, which
contains other warm temperate summergreen broad-leaved taxa such as Ostrya and Ilex, after
Fletcher et al. (2010). The pioneer pollen grouping consists of taxa typically associated with
initial vegetation expansion at Ioannina, and includes Pinus, Juniperus, Populus, and Betula.
The complete classification of tree and shrub pollen taxa for the purposes of summary diagrams
is outlined in Appendix C.

For sites where the chronology is poorly constrained (uncertainties generally > 1 ka, e.g.
Megali Limni) and/or the full pollen dataset is not publicly available (e.g. Kopais), arboreal pollen
percentages are shown, enveloped by their 2σ age uncertainty where the data is available. The
grouping of Mediterranean Temperate grouping used when presenting pollen data from marine
cores MD95-2042 and MD95-2043 (after Fletcher and Sánchez Goñi 2008) includes Acer, Alnus,
Betula, Carpinus, Cistus, Coriaria myrtifolia, Corylus, Fraxinus excelsior type, Olea, Phillyrea,
Pistacia, Populus, Quercus deciduous-type, Quercus evergreen-type, Quercus suber -type, Taxus,
Ulmus. Terrestrial sums for marine pollen samples exclude Pinus.
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Chapter 6

Stratigraphy and sedimentology

This chapter presents the results of sedimentological analysis of the I-08 core, building on previous
work from the upper 21 m, published in Jones et al. (2013). This chapter includes the results of
stratigraphic logging on the previously unstudied section of the core, from the base, ca. 35 m, to
21 m depth, discussing possible interpretations of the detail observed. Next, it presents the XRF
data for this lower half of the core, data provided by Roucoux and Lawson (pers. comm.), and
considers the potential utility of this data. Finally, the results of more focussed sedimentological
study on the section of the core targeted for high resolution pollen analysis are presented, through
loss on ignition and particle size analysis.

6.1 Stratigraphy

Results of stratigraphic analysis of the I-08 core sediments are summarised in in Table 6.1.
A key issue with the I-08 core is the presence of gaps in the sequence at a number of depths.

Lowe and Walker (2014) argue that unless overlapping cores are taken, stratigraphic units that are
either thin or of limited lateral extent may be missed during sampling. Gaps in the core present
issues for sediment, tephra, and pollen studies. In sediment studies it is possible that changes
in the lake environment may be missed, yet these changes may have an impact on subsequent
sedimentary regimes. With regards to the tephrostratigraphy, missing sediments may contain key
tephra markers, and faulty core retrieval, whereby core material falls back into the borehole, may
result in the stratigraphic displacement of tephra markers. In pollen studies, any stratigraphic
displacement will also significantly impact the results. Concerns about stratigraphic displacement
are typically easily overcome by detailed analysis of the core stratigraphy. For example, tephra
deposits in core section 30.21 to 30.47 were identified as a ’dropstone’, likely a coring artefact,
and thus were excluded from subsequent investigations. The absence of coring artefacts elsewhere
in the sequence, as well as the presence of horizontal banding (e.g. ca. 27 m depth) suggests that
the core retrieval did not alter the sediments, and therefore should not compromise the results of
this study.

For the most part sediments in the I-08 core are a combination of carbonate clays and silts,
as is common in lake sediments in karstic regions. Sometimes coarser lenses are present (<5 mm),
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Depth (m) Description Troels Smith Comments
Upper Lower
20.97 21.22 Coarse sand Gs1 Ga2 As1 Abrupt contact at base, erosional?
21.22 21.52 Fine sand, some clay Ga3 As1 Dl+ Lenses of finer material (clay and silt)
21.52 21.53 Coarse sand Gs2 Ga1 As1 Disturbed sediment
21.53 21.64 Fine sand, some clay Ga3 As1
21.64 21.67 Gap in core
21.67 21.85 Silt, some clay Ag3 As1 Abrupt contact at base
21.85 21.98 Clay As4 Ag+
21.98 22.24 Gap in core
22.24 22.34 Fine sand, some clay Ga3 As1
22.34 22.94 Clay As4 Sediments laminated, some sandy lenses
22.94 23.11 Clay As4 Sand wedge (ca. 3 cm width, 6 cm depth)
23.11 23.12 Fine sand Ga3 As1 Abrupt contact at base, small layer
23.12 23.64 Clay As4 Some lamination
23.64 24.34 Clay, some silt Ag1 As3 Clay, with some siltier laminae
24.37 24.34 Gap in core
24.34 24.45 Clay As4
24.45 24.49 Silt, some clay Ag3 As1 Layer diagonal, possible coring issue?
24.49 25.04 Clay, some silt Ag1 As3 Some lamination
25.04 25.44 Clay, some silt Ag1 As3 Silty lenses
25.44 25.62 Silt Ag2 As2 Fining upwards, abrupt contact at base
25.62 25.74 Clay As4 Some lamination
25.74 26.04 Clay, some silt Ag1 As3 Silt wedge (ca. 3.5 cm width, 8 cm depth)
26.04 26.14 Clay As4
26.14 26.28 Clay As4
26.28 26.31 Silty clay Ag2 As2
26.31 26.4 Clay As4
26.4 26.42 Silt, some clay Ag3 As1

Continued overleaf
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Table 6.1 – Continued from previous page
Depth (m) Description Troels Smith Comments

Upper Lower
26.42 26.94 Clay As4
26.94 27.69 Clay, some silt Ag1 As3 Some lamination, silty lenses
27.69 28.34 Gap in core Core section missing
28.34 28.58 Clay As4
28.58 28.68 Clay As4
28.68 28.72 Shell layer, clay Ag1 As3
28.72 28.88 Clay Ag1 As3
28.88 28.89 Shell layer, clay Ag1 As3
28.89 28.9 Clay, some silt Ag1 As3
28.9 28.91 Shell layer, clay Ag1 As3
28.91 28.97 Clay As4 Ag+ Some tephra glass shards
28.97 28.98 Tephra layer n/a Mostly tephra glass shards, some carbonate
28.98 29.91 Clay As4 Predominantly clays, occasional mollusc frags
29.91 30.14 Tephra layer n/a >90% volcanic glass shards, clear w/ primarily platy forms
30.14 30.21 Gap in core Below tephra layer, no clays/silts present
30.21 30.47 Clay, some silt Ag1 As3 Tephra dropstone (ca. 10 cm, coring artefact?)
30.47 31.92 Clay As4
31.92 31.93 Tephra layer n/a >90% volcanic glass shards, light olive w/ platy and cuspate forms
31.93 32.31 Clay, some silt Ag1 As3
32.31 33.11 Gap in core
33.11 33.81 Clay As4
33.81 35.12 Clay, some silt Ag1 As3
35.12 36.48 Clay As4

Table 6.1: Stratigraphic log of the lower part of the I-08 core, from
20.97 m to 36.48 m (base)
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possibly indicative of short-term changes in catchment dynamics. Shell layers are identified at
some depths, however are by no means present throughout the core. The colour of the sediments
is generally olive grey. Sediments are likely deposited through a combination of autogenic and
allogenic processes.

Autogenic inputs to the lake sediments include biogenic silicates such as diatom frustules and
sponge spicules, and biogenic carbonates such as ostracod and mollusc shells. The core sediments
may also constitute organic residues from algae which live within the lake environment. Further
carbonate material may be deposited through process of carbonate precipitation as a result
of supersaturation through chemical and physical processes (Kelts and Hsü, 1978). Autogenic
deposits are typically fine grained, primarily clays and silts.

Allogenic inputs are primarily derived from within the catchment and transported into the lake
through surface run off processes. Potential inputs include eroded soils and the catchment bedrock.
Lawson (2001) identify numerous allogenic constituents of the I-284 core sediment including
silicates such as quartz in a range of size fractions. Allogenic carbonates are also identified,
including detrital products from erosion of the limestone bedrock, as well as possibly reworked
carbonate lake sediments from elsewhere in the basin (Lawson, 2001). Allogenic sediments
transported and deposited in the lake through surface run off are likely to deposit coarsest
materials near lake margins, fining with distance from the lake shore, so that only the finest
materials reach the lake centre.

The lowermost part of the sequence alternates between fine silts and clays, with the exception
of two visible tephra layers identified during sediment core logging at 31.93-31.92 m and 30.14-29.91
m depth. Lighter in colour and coarser than the surrounding silts and clays, inspection under
high-powered microscopy enabled their identification as tephra layers, each containing a high
concentration of glass shards. The visible layers at 31.93 and 30.14 m depth, first identified in
preliminary work on the core (Lawson, pers. comm.), are correlated to the Campanian Ignimbrite
(Y-5) and Pantelleria Green Tuff (Y-6) respectively (Albert, pers. comm.), further discussed in
Chapter 7.

With the exception of the visible tephra layers, sediments between the base of the core ca. 36
m and 21.53 m depth are broadly homogenous, alternating between silty clays and clayey silts,
with occasional shell layers, Table 6.1; Figure 6.1. Limited variability within this section was
observed during stratigraphic logging, as detecting fine scale changes in clay and silt is challenging
visually.

Between 21.53 m and 20.97 m depth coarse sediments, primarily sands and silts, dominate
the stratigraphy, with occasional small lenses of finer clays and silts (<1 cm), Figure 6.1. It is
possible that this coarser material was deposited at the core site due to lower lake levels, meaning
the core site was closer to the lake margin, hence coarser material would be deposited.

A lowering of lake level at Ioannina may be related to a change in climate such as a decrease
in precipitation or an increase in evapotranspiration, resulting in a deficient hydrological balance.
The previous age model for the core, outlined in Section 2.1.2, suggests that the coarser sediments
deposits date to 30 ka BP, and hence may be indicative of the local glacial maximum. Work
on the earlier I-249 and I-284 cores have shown pollen assemblages associated with cooler and
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Figure 6.1: Stratigraphic log of the I-08 core from 12 m depth, spanning the last glacial
and LGIT. Stratigraphic logging and radiocarbon dates from 20.98 to 12.00 m depth from
Jones et al. (2013).

115



drier conditions at the site, for example, an expansion of Artemisia, are found between ca. 30
and 15 ka BP (Higgs et al., 1967; Tzedakis, 1993). Furthermore, molluscan evidence indicates
low lake levels during the last full-glacial (Frogley, 1998), as well as diatom evidence across a
range of Ioannina cores which consistently indicate a shallow, turbid environment dominated by
facultative planktonic taxa (Wilson et al., 2008; Jones et al., 2013).

The presence of fine grained lenses between 21.53 m and 20.97 m depth, however, does not
support a sustained reduction in lake level. Prentice et al. (1992) model Mediterranean climate
under full-glacial conditions, and suggest that a distinct seasonality of climate with wetter winters
but a summer soil-moisture deficit may explain this offset.

Alternatively, coarser material between 21.53 m and 20.97 m depth may represent a change
in catchment dynamics, particularly with regards to run off from the surrounding hill-slopes or
a fluvial input from one of the ephemeral streams, which may have caused increased seasonal
sediment in-wash to the lake. A mechanism for rapid alteration of the sedimentary dynamics
within the lake basin, and hence the presence of coarser-grained material within the I-08 core, is
the opening up of the katavothrai (sinkholes), leading to rapid outflows of water lowering the lake
level. Lowered lake levels would have made the I-08 core site more peripheral to the lake body,
and, therefore, in receipt of coarser sediment inputs.

Within this coarser sediment deposit a sharp transition from underlying fine sands, silts and
clays, to coarse sands at 21.22 m is interpreted as an erosional contact, implying that this deposit,
which fines upwards up to ca. 21 m, is a high-energy input. A number of processes may have led
to the deposition of this coarse material at the core site towards the centre of the lake. The coarse
sand layer may, for example, be an input from a flood event which led to large inputs of coarser
grained sediments to the lake, however given that there are no present-day fluvial inputs, it is not
possible to identify potential sources of flood deposits. Alternatively, tectonic activity within the
basin may lead to the displacement of coarser material from the lake margins to the centre of
the lake. A geological disturbance would generate a turbidity current generally characterised by
graded bedding similar to that seen here (Kelts and Hsü, 1978).

Red mottling, as seen in Figure 6.2a, was observed in some sections of the core. Initial
interpretation attributed red mottling, found towards the edges of the core, to oxidation of iron
within the steel coring tubes. Similar features, however, were also identified in the conventionally
stored I-284 core (Frogley, 1998). Thus, the presence of mottling may be indicative of changes
in sediment chemistry, particularly increased iron inputs or changes in the oxidation status of
iron within the lake. The attribution of the red mottling to changes in sediment chemistry is
further supported by the fact that the mottling is not seen throughout, seen in the contrast
between Figure 6.2a and b. Mottling is only visible at the edges of Figure 6.2a, however is visible
throughout the sediments in Figure 6.2b. The increased mottling of some sections of core may be
related to increased iron concentrations, changes in iron chemistry prior to deposition, or the
result differences in sedimentology which allow for oxidation of material towards the centre of the
core. To rule out the last option, detailed sedimentological study would be required at the time
of core opening, not possible here.

Given that coarse grained deposits are typically less suitable for pollen analysis this study
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coarser sediments, incl. shell frags silts and �ne sands, red mottling

a

b

20.97 m depth 21.64 m depth

24.35 m depth 25.04 m depth

laminated clays and siltshomogenous clays and silts

Figure 6.2: Photographs of two sections of the I-08 core from (a) 21.64 to 20.97 m depth
showing a transition with depth from silts and fine sands to coarser sediments including
shell fragments; and (b) 25.04 to 24.35 m depth showing a transition from to homogenous
silts and clays to laminated silts and clays.

will henceforth focus on the underlying homogenous silts and clays. Given that XRF study has
been undertaken for the entire core, analysis of this data will cover the section of core from its
base ca. 36 m depth through to the transition to coarser deposits ca. 21 m. High resolution
sedimentological analysis, Sections 6.3 and 6.4, will focus on the section of core between 31.93 and
30.14 m, bracketed by the two visible tephra deposits, as these provide a temporally-constrained
window for high resolution pollen analysis.

The minimal variation identified in stratigraphic study of this section of core, which primarily
consists of silty clays throughout, lithological units (lithozones) were not prescribed through
sediment logging. Instead, XRF data were used in zonation of the I-08 sediments to aid
interpretation, outlined in Section 6.2.

6.2 X-ray fluorescence

Stratigraphic logging of the I-08 core is supplemented by continuous, high resolution XRF data,
retrieved as part of preliminary study of the sequence. XRF data provides further insights into
the sedimentary regime as it gives an indication of changes in sediment geochemistry. Despite the
noise added to the data through the metal casing material, broad scale trends are still identifiable.

Lithozones, Figure 6.3g, are numerically determined using stratigraphically constrained cluster
analysis (CONISS). The broken stick model (Bennett, 1996) outputs suggest the optimal number
of zones for the ca. 15 m section of core is 15. Henceforth these lithozones will be used to facilitate
interpretation of the sedimentology.

K and Al concentrations are highly correlated, Figure 6.3d. The most likely source of K
and Al within the Ioannina catchment are the flysch outcrops which border the south of the
lake, which are rich in Sanidine, Albite, Oligoclase and Andesine (Lawson et al., 2004; Vakalas
et al., 2004), and, therefore, it is likely increases in the concentration of these minerals in the core
are related to changes in detrital inputs associated with terrestrial erosion processes, similar to
processes identified in Lake Mondsee, Austria (Lauterbach et al., 2011). The use of K and Al
concentrations as a proxy for terrestrial (detrital) inputs is further supported by their correlation
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Figure 6.3: XRF data from 35.12 to 20.97 m depth showing (a) Calcium as an indicator of endogenic calcite production and detrital
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with Titanium (Ti), a primarily lithogenic element. It should be noted, however, that tephra and
aeolian dust inputs may also drive changes in the concentration of these elements (Davies et al.,
2015).

The ratio of terrigenous elements (K, Al, Ti) against Ca, Figure 6.3d, shows distinct increases
and decreases throughout lithozones 1 to 10, indicating regular changes in influxes of terrigenous
sediments at these depths. In lithozones 11 to 14 the picture is noisier, with no clear signal
identifiable.

Silica concentrations also correlate, to some extent, with K, Al, and Ti, however may also
have a biological source, and, therefore, ratios of Si against predominantly lithogenic elements
such as Ti allows for an indication of biogenic silica, primarily diatoms (Kylander et al., 2011;
Martin-Puertas et al., 2012). Variation in Si/Ti throughout the lower part of the I-08 core
demonstrates marked, cyclical, increases in lithozones 5 to 8, Figure 6.3e, interpreted here as
increases in diatom production, and thus increased biological productivity within the lake.

Changes in Ca concentration with depth in the I-08 sequence are more ambiguous, Figure 6.3a,
given that myriad environmental changes may lead to a change in Ca concentration in karstic
lakes over time. Whilst autogenic (diagenetic) calcite precipitation in the lake is a likely key
source of Ca, biogenic carbonate, notably the presence of molluscan fauna at some intervals, Table
6.1, may also lead to increased Ca. Largely, Ca increases can be linked to warmer conditions and
thus increased productivity, however lower lake levels may also facilitate increases in molluscan
fauna at the I-08 core site (Kylander et al., 2011; Haberzettl et al., 2007).

Increased autogenic productivity in lithozones 5, 9, and 10 is suggested by the similarity
in the timing of increases in Si/Ti and Ca/Ti (Olsen et al., 2013; Cuven et al., 2011), however
such correlations are not present upward of lithozone 11. Regardless, ratios of elements with
terrigenous sources (e.g. K, Al, Si) and Ca, Figure 6.3, allow the identification of trends in
sediment source, with higher values indicative of an increased terrestrial sediment influx relative
to autogenic sedimentation processes.

Hierarchical cluster analysis (HCA) allows further interrogation of the XRF data. The
euclidian linkage distances between the clusters suggested either 4 or 6 clusters would be most
appropriate. When clusters were plotted against depth, subdivision of the dataset into 4 clusters
was decided to lose important detail, for example, the data did not pull out silty layers between ca.
24 and 22 m depth which were identified during stratigraphic logging. Instead, the dataset was
split into 6 clusters, which drew out a good level of detail when plotted against depth, Figure6.4b.
The good correspondence between the XRF cluster approach and the stratigraphic description
of sediments, that is to say the large changes observed throughout the XRF data correspond to
stratigraphic units noted during stratigraphic logging of the core, implies that the decision to split
the XRF data into 6 clusters is adequate to identify sedimentological, and resultant geochemical,
trends.

The six clusters identified pick out compositional changes based on concomitant variations
across the complete spectrum of elements studied through XRF core scanning. Changes in
geochemical composition are visualised through PCA, with covariance biplots showing the relative
loadings of elements with respect to principal components 1 and 2, Figure 6.4c. Elements which
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are positively correlated are similarly orientated in the biplot, whereas those which are negatively
correlated are opposite. The clusters demonstrate repeated grouping of some elements, for
example: those associated with allogenic, detrital inputs such as titanium (Ticlr), aluminium
(Alclr), potassium (Kclr) and, to a lesser extent, silica (Siclr); those associated with autogenic
processes such as biogenic silica primarily through diatom growth (Siclr), and biogenic carbonate
precipitation (Caclr); and the redox-sensitive elements (Mnclr and Feclr).

Of the 6 clusters, the chemical compositions of clusters 1 (n = 627), 2 (n = 385) and 4 (n =
359) are more consistent with the dominance of allogenic sedimentation, with higher Siclr and
Ticlr relative to Caclr, Figure6.4c. In contrast, clusters 6 (n = 237) and, to a lesser extent, 3 (n =
376) have higher values of Caclr - whilst this may correspond to influxes of detrital carbonates,
detrital inputs should peak similarly to other terrigenous inputs. Instead, increased carbonate
precipitation or biogenic calcification are the likely drivers of increases in Ca. The size of cluster
5, consisting of only 6 observations, meant it was not possible to statistically analyse the cluster
through PCA.

The geochemical assemblage of cluster 6 is particularly interesting for two reasons. Firstly,
the loadings of PCA analysis on this cluster suggest that in this section of the core there is no
correlation between K and other terrestrially derived elements such as Si and Ti. Secondly, the
elemental Si/Ti ratio in this section of the core is amongst the highest found in the last glacial
I-08 sequence. High Si/Ti ratios may indicate increased biogenic silica at these depths, most likely
associated with increases in diatom productivity (Kylander et al., 2011; Martin-Puertas et al.,
2012). Diatom concentration in the I-08 core is shown by Jones et al. (2013) to vary between
19 and 12 m depth related to fluctuations in lake level, changes in productivity associated with
catchment soil development, and the effects of climate change on the lake environment (Jones
et al., 2013; Wilson et al., 2008). Cluster 6 is the dominant cluster throughout lithozone 10.

When looking at the stratigraphic distribution of the major clusters the most significant
feature seems to be a large change in geochemistry at 28.40 m depth. Below 28.40 m, in
lithozones 1-10, sediments are predominantly associated with clusters 3, 4, and 6, with elemental
assemblages associated with autogenic sedimentation. Above 28.40 m, in lithozones 11-15,
elemental assemblages are, for the most part, grouped clusters 1 and 2, indicative of allogenic
sedimentation processes. Thus it seems that in the earlier sediments from lithozones 1-10 are
indicative of a more productive lake environment at the I-08 core site, with subsequent deposits
associated with a less productive lake environment. The processes leading to this change in
sediment geochemistry may be of climatic origin or, alternatively, it may be associated with an
internal change in the lake environment, for example, a change in catchment hydrology. The
difference in the ratio of manganese (Mnclr) to Ticlr ratio in cluster 6, 6.4d, may be indicative
of increased oxygenation of the samples, further supporting a change in hydrology, perhaps a
change in lake level.
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of the sediments based on their geochemistry. Shown are: (a) clusters plotted against
depth, (b) the Hierarchical Cluster dendrogram showing euclidian linkage distance between
the respective clusters, (c) covariance biplots for the 5 largest clusters indicating the
correlation of main elements with respect to the first two principal components and (d)
biplots indicating the geochemical composition with respect to the clusters identified
through cluster analysis with potential physical and chemical processes which may be
reflected in these relationships (after Davies et al. 2015).
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6.3 Loss on Ignition

Loss on ignition was undertaken at the depths selected for high resolution pollen analysis, focussing
on the window between the two visible tephra deposits at 30.14 and 31.83 m. In this window
LOI reveals a number of changes in % organic and % calcite, with changes in the organic content
less marked, Figure 6.5.

Mean calcite values for this section of the I-08 core range between 2.49 and 24.62% with a
mean of 9.51%. In the longer I-284 sequence from Ioannina calcite content varies between ca.
10% and 60% (Lawson et al., 2004), however values during the last glacial are typically ca. 10%.
Thus, calcite content in this section of the I-08 core is broadly consistent with last glacial values
of the I-284 sequence (Lawson et al., 2004).

Throughout this section of the I-08 core % organic ranges from 0.92 to 8.31 %, with a mean of
4.52 %. Organic content is below 10%, in line with the other cores from Lake Ioannina, including
I-284 (Frogley et al., 1999).

Increased calcite in the lake is interpreted as a product of two main processes, the first of
which is autogenic calcite precipitation associated with increased evapotranspiration, and the
second allogenic calcite influx due to catchment erosion and in-wash. The latter should track
other terrestrially derived elements, such as Ti, and, therefore, at depths with higher values of
Ca/Ti are more likely to represent autogenic changes in calcite production.

There are three main increases in organic matter content in this section of the I-08 core, in
lithozones 5, 7, and 8. A number of potential mechanisms may lead to changes in the organic
matter concentration in the sediment. Within the lake organic matter production may increase
due to increased nutrient availability facilitating growth, likely dependent on catchment soils
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and their relative stability. Alternatively, it may be through increased terrestrial organic matter
inputs, either from the lake periphery or the wider catchment, such as pollen rain.

Loss on ignition values appear to closely track findings from the XRF dataset. LOI % calcite
closely tracks Cacps determined through XRF, Figure 6.5b, thus demonstrating that the XRF
data picks out important geochemical trends. The XRF approach is not without its uncertainties,
however - a pronounced dip in % calcite between 30.82 and 30.74 m depth is not recorded in
the XRF calcium content. Given that this feature in the LOI curve does not relate to a single
datapoint but spread over 4 measurements it implies this feature is not an outlier. Likely this is
related to the detection limits of the XRF approach, which is ineffective at recording small shifts
in concentration of elements present at lower concentrations.

Another interesting feature of the LOI is the similarity between the organic content of samples
by depth (% organic) and the ratio of S to Ti, Figure 6.5d, which supports the suggestion of
Moreno et al. (2007) that S/Ti ratios are, in some lakes, closely linked to lake organic content.
This relationship may arise from the formation of pyrite, which in turn relies upon the rates of
supply of decomposable organic matter, dissolved sulphate, and reactive detrital iron minerals
(Berner and Raiswell, 1983).

6.4 Particle size analysis

Particle size analysis (PSA) data from high resolution (1 cm) analyses between 32.01 and 28.5 m
depth show a number of changes in the sedimentary regime at the core site, Figure 6.7. Mean
(inclusive) particle sizes are between 4.42 and 7.63 µm throughout this section of the I-08 core.
Silts and clays dominate the samples, with the % <63 mm ranging from 55.18 to 99.57 % with a
mean of 85.94 mm.

Visible tephra layers at 30.14 and 20.93 m depth are easily identified in the PSA data,
showing abrupt coarsening in the surface plot showing the full bulk particle size distribution, with
corresponding rises in the median particle size and percentage of sand sized particles, and the
lowest values of PC1. The range in the particle size distribution of these two tephra layers vary
greatly. The much larger (ca. 30 cm) visible tephra layer with its base at 30.14 m depth correlated
to the ca. 40 ka BP Campanian Ignimbrite (Y-5) has a much greater particle size distribution
relative to the smaller (ca. 1 cm) visible layer with its base at 31.93 m depth, correlated to the
Pantelleria Green Tuff (Y-6), Figure 6.6.

As PSA assumes spheres little can be inferred about tephra grain sizes from this data, other
than there appears to be a greater spread of grain sizes in the upper, thicker tephra unit at 30.14
m (CI/Y-5). The difference in PSA outputs between the two eruptions could be related to shard
morphology or differences in tephra grain size - both of these parameters are largely controlled by
eruption dynamics with additional influence of sorting during long-distance aeolian transport and
deposition (Lowe, 2011).

In lithozone 9 raised levels of % silt and % sand above the CI/Y-5 tephra layer at 30.14 m
depth may indicate reworking of this tephra deposit, further considered in Chapter 7.

Outside of sections of the core where tephra glass shards characterise particle size distributions,
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particle size is primarily driven by changes in the sedimentary regime. Particle size has been
used previously to infer information about changes in lake depth (Dearing, 1997), however other
potential mechanisms which lead to a change in grain size include wind strength and frequency,
wind exposure, sediment type and littoral vegetation inputs (Dearing, 1997).

In particle size analysis of Core I-284 Lawson et al. (2004) argue that sediments associated
with colder, glacial stages are typically more fine grained at Ioannina. Given the location of
core sites towards the centre of the lake basin, the fine silts and clays deposited during the
glacial period are most likely associated with relatively stable, distal sedimentation dominated by
allogenic sediments (Lawson et al., 2004). In contrast, coarser sections of the I-284 sequence are
dominated by biogenic material such as shell fragments, diatoms and sponge spicules (Lawson
et al., 2004). Alternatively, the deposition of finer (coarser) material at the core site may be
related to increased (decreased) water depth.

There are four marked increases in clay content in I-08 lithozones 5-10. There are multiple
distinct peaks (ca. 20%) in clay content. In lithozone 6 raised clay values (relative to surrounding
sediments) are identified between 31.59 and 31.43 m depth. Two similar rises occur in lithozone
8, the first between 31.12 and 30.93 m depth, with a more gradual increase to a similar level (ca.
30%) between 30.93 m depth to a peak at 30.64 m depth. The largest peak in clay content occurs
at 29.59 m depth where clay accounts for 37% of the total volume.

Changes in the % silt and % sand are less marked. The greater degree of scatter in these
fractions relative to the clay fractions may be related the incomplete deflocculation of clay
minerals, or the break down of shell fragments during the sample preparation process. Typically,
however, minima in sand content seem to occur in tandem with peaks in clay content, with the
exception of the most gradual rise in clay content ca. 30.64 m depth, associated with a decline
in silt content. This may suggest that different mechanisms lead to these changes compared to
changes in clay content.

Principal component analysis based upon data from all size (φ) classes further indicate three
main sedimentary regimes, with scores on the first PC axis (PC1) of ca. 7 and ca. -2. Depths
associated with PCA scores <-3 are those associated with greater median particle size, and
reduced clay content, most prominently the two visible tephra layers, indicated by grey shading
in Figure 6.7. Secondly, there is a regime associated with deposition of finer sediments, at depths
associated with higher PCA scores in lithozones 6 and 8 are those with lower median particle
size, higher % clay and lower % sand, argued by (Lawson et al., 2004) to reflect distal, allogenic
sedimentation processes, reflecting perhaps a less productive lake environment or deeper lake
environment. Finally, PCA values ca. 0 are reflective of coarser sediments, ith raised % sand and
silt, and reduced % clay, which likely reflect a more productive lake environment or, alternatively,
lower lake levels.

6.5 The I-08 last glacial sediment record

This thesis focusses in on a section of core, bracketed by tephra layers at 31.93 and 30.14 m depth,
with a homogenous stratigraphy generally made up of clays and silts which will be the focus of
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detailed pollen study in Chapter 8. Given the lack of visible variation within the stratigraphy,
beyond the presence of tephra layers, detailed chemical and grain size analyses are necessary to
better understand the sedimentary environment.

Lithozone 5, at the base of this section for high resolution study, has an XRF assemblage
which suggests a dominance of autogenic sedimentation processes at the core site, which may
reflect either lower lake levels (and thus the position of the core site closer to the photic zone) than
in the surrounding sediments, or may reflect a more productive overall lake environment, with to
higher air temperatures perhaps facilitating enhanced production in situ. Particle size analysis
reflects a coarser sedimentology throughout this zone, Figure 6.8d-e, again associated at Ioannina
with either warmer ambient air temperatures, or lower lake levels at the core site. Organic %
rises throughout the zone, however most notable % calcite are higher in this zone than in any
others, Figure 6.8f. As argued in Section 6.3 increased calcite may be related to either autogenic
calcite precipitation associated with increased evapotranspiration, or allogenic calcite influx due
to catchment erosion and in-wash. As there is no notable influx in other terrestrially derived
elements, such as Ti, Figure 6.8b, this likely represents autogenic changes in calcite production,
again suggesting a more productive lake environment, or the location of the core site within the
photic zone.

Lithozone 6 has an XRF assemblage which, in contrast to lithozone 5, suggests a dominance
of allogenic sedimentation processes at the core site, perhaps indicative of a less productive overall
lake environment, or linked to deeper water at the I-08 core site. Increased % clay may reflect
lake margins further from the core site (perhaps due to a deepening of the lake), however may
also reflect decreased productivity in the lake itself or the surrounding watershed. A decrease in
productivity is similarly suggested by a dip in organic % and a dramatic reduction in % calcite,
Figure 6.8f.

Similarly to lithozone 5, lithozone 7 is interpreted as reflecting a more productive lake
environment, or potentially shallower water at the core site. Organic content, however, remains
relatively high throughout this zone and there is no change in % calcite. Thus, whilst sediments
may indicate a more productive environment than those in lithozone 6, it is most likely less
productive than in lithozone 5.

Lithozone 8 is more complex, featuring multiple cycles of sediment change in some proxies.
At the base of the zone, similarly to lithozone 6, the suite of proxy responses suggest of decreased
productivity within the lake or, perhaps, at the core site due to deeper water. XRF geochemical
assemblages are consistent with increased allogenic sedimentation, as is an increase in % clay.
This is then followed by a coarsening of sediments, alongside an increase in % organic which
occurs concurrently with a shift to XRF geochemical assemblages associated with more autogenic
sedimentation processes, particularly a reduction in the ratio of terrigenous elements (K, Al, Ti)
to calcium (Ca), Figure 6.8b, as well as an increase in % organic, Figure 6.8f. Finally, towards the
top of the zone XRF and PSA suggest a more terrestrially-derived, finer, sedimentation regime
associated with a relative increase in allogenic inputs, Figure 6.8b-e.

Lithozone 9, whilst dominated by the large input of a visible tephra layer, also includes a
subsequent increase in allogenic inputs and decreases in grain size.
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Terrestrially derived, finer sediments are interpreted by Lawson et al. (2004) as the glacial
sedimentary regime at the Ioannina site. The simultaneous reduction in organic matter content
at depths associated with particle size minima and increased allogenic sedimentation further
support this conclusion. Consequently these intervals of finer sediments are proposed to indicate
cooler, less productive conditions at the lake site, which may have a similar climatic origin to the
stadials recorded in the Greenland isotope record.

In contrast, depths associated with coarser sediments predominantly have XRF assemblages
associated with increased productivity, for example an increased Si/Ti ratio. Increases in calcium
content in particular are likely reflective of warmer periods with high evapotranspiration allowing
for enhanced calcite and biogenic calcium carbonate precipitation at the I-08 core site.

Alternatively, however, these episodes of finer material may be related to rising lake levels at
Ioannina, distancing the I-08 core site from the littoral zone. The absence of coarse shell layers
between ca. 35 and 29 m depth suggest greater water depth, as do the low calcite values between
31.72 and 30.22 m depth. Relative increases in allogenic sedimentation would, instead, reflect
a reduction in biogenic sedimentation, associated with the location of the core site beyond the
photic zone.

Whilst Fletcher et al. (2010) demonstrated that throughout the Mediterranean stadial periods
are typically associated with drier, cooler climates it should be noted that a rise in lake level at
Ioannina and a cooling of climate are not mutually exclusive. For example, a summer cooling
may reduce evapotranspiration from the lake, ensuring that even at the summer low stand the
I-08 core site is still beyond the photic zone. Snow melt may also contribute to raising lake levels
during colder periods.

6.6 Summary

Through multi proxy sedimentological study a complex picture emerges of last glacial variability
at Lake Ioannina.

Sediments from 26.04 to 20.97 m depth paint a picture of a dynamic late glacial lake
environment, with dramatic changes in sedimentology recorded during stratigraphic logging
suggesting multiple changes in climate and lake level, in line with earlier work at the Ioannina site
(Lawson et al., 2004). This time period is one which has been studied in good detail at Ioannina
(e.g. Lawson et al. 2004; Jones et al. 2013) so for the most part the climatic conditions associated
with the deposition of these sediments will not be further considered here.

The lowermost section of the core, from ca. 36 to 26 m depth, consists primarily of silts and
clays, indicative of a relatively stable lake environment. Two visible tephra layers linked to known
eruptions were identified in this section of the core, which shall be further outlined in Chapter
7. The window between these two visible tephra markers will be the focus of this study going
forward, and indeed formed the focus point for high resolution sediment study, most notably LOI
and PSA analysis.

Interestingly, high resolution sediment analysis carried out between 32.01 and 28.50 m depth
hint that the relatively stable lake environment suggested through stratigraphic logging, is actually
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characterised by subtle shifts in particle sizes, geochemical composition, and organic and calcite
content. Comparing the sedimentological signals with those identified in the vegetation record
from the I-08 core, the focus of Chapter 8 will allow insights into the relationships between
vegetation response and broader catchment processes.

Whilst seeking a potential climatic fingerprint in changes in the sedimentary regime at the
core site is tempting, there are a range of potential mechanisms which may explain the changes in
sediment size, geochemistry, and organic content demonstrated in this chapter. It is only through
multi proxy study that a fuller picture of the past environmental and climatic conditions under
which sediments were deposited can be examined. Therefore, the results of sedimentological
investigations will play a crucial role, alongside pollen analysis, in the interpretation of past
changes at Ioannina in Chapter 9.
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Chapter 7

Tephrostratigraphy and
tephrochronology

This chapter presents the results of tephra investigations undertaken on the I-08 core. It begins
with analysis of the two visible tephra units, introduced in Chapter 6, followed by the results of
cryptotephra study. An updated age-depth model for the I-08 core is presented, incorporating
new tephra-based age-estimates.

This work builds on the results of pilot tephra study of the I-08 core, including geochemical
analysis of visible tephra ash layers I08T_31.93 and I08T_30.14 (Albert, pers. comm.), and
cryptotephra study from 21 to 12 m depth (Lane, pers. comm.). The results of that incomplete
and unpublished study are interpreted and presented here for completeness, and as these tephra
layers contribute to a revised and extended age-model for the I-08 sequence. To address the
research questions of this thesis, further detailed tephra analysis was carried out between 36 and
21 m depth - an interval correlating to MIS 3 and the first part of MIS 2.

A comprehensive glass geochemical dataset containing the results of single-grain WDS-EPMA
and LA-ICP-MS analysis of Ioannina tephra deposits is included in Appendix A.

7.1 Visible tephra

The two visible ash layers, I08T_31.93 and I08T_30.14, were observed during core-opening
(Lawson, pers. comm.) and analysed through WDS-EPMA (Albert, pers. comm.). Here, the
major element geochemistries of these tephra units are presented for the first time along with
additional detail, including tephra layer characteristics and glass morphologies.

7.1.1 I08T_31.93 - Y-6/Pantelleria Green Tuff

I08T_31.93 is a <1 cm thick layer that is visible within the stratigraphy due to its lighter, beige
colour compared to the surrounding olive-coloured sediments.

When viewed under the microscope tephra glass shards in I08T_31.93 have varied morpholo-
gies; primarily they are platy and fluted, with fewer cuspate shapes. Maximum long axis lengths
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Figure 7.1: Major element geochemistry for tephra glass shards from visible tephra layer
I08T_31.93, showing: (a) total alkali vs. silica plot (Le Bas et al., 1986) and (b) FeOt vs
AlO3, plotted alongside geochemical data from proximal Pantelleria Green Tuff deposits
and distal occurances of the Y-6 tephra marker.

are 110 µm. Tephra glass shards in I08T_31.93 are predominantly light olive in colour.
The geochemical composition of I08T_31.93 glass shards is predominantly rhyolitic (n=20)

with a limited number (n=2) of trachytic shards, Figure 7.1. SiO2 spans from 64.2 to 72.5
wt.%, and Na2O (4.7-6.9 wt.%) is generally greater than K2O (4.2-4.8 wt.%). The rhyolitic glass
shards are pantelleritic following a peralkaline classification, where FeOt (7.9-8.7 wt.%) and Al2O3

(7.7-8.6 wt.%) are near equal in their abundance. The two trachytic shards have lower FeOt

(6.3-6.5 wt.%) and increased Al2O3 (11.6-14.0 wt.%), Table 7.1.
The major and minor element composition of I08T_31.93, Table 7.1, corresponds in full

to the proximal glass compositions of the Pantelleria Green Tuff (PGT; Civetta et al. 1984;
Tomlinson et al. 2015). Eruptions from anorogenic volcanism on Pantelleria Island are easily
distinguished from other Mediterranean sources by their high SiO2 and low Al2O3 content
(Tomlinson et al., 2015). Whilst other widespread Pantellerian tephra markers have been
identified in the Mediterranean, the Green Tuff is easily discriminated on the basis of FeOt

concentrations (Hardiman, 2012) - I08T_31.93 FeOt concentrations closely match both proximal
PGT (Tomlinson et al., 2015) and distal Y-6 (Vogel et al., 2010; Tamburrino et al., 2012), Figure
7.1b.

The Pantelleria Green Tuff was produced during a caldera forming eruption of the Island of
Pantelleria in the Sicily channel, dated to 45.7 ± 1.0 ka using the 40Ar/39Ar method (Scaillet
et al., 2013). It is therefore possible to add the age for this eruption into the I-08 age-depth model
at 31.93 m.
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7.1.2 I08T_30.14 - Y-5/Campanian Ignimbrite

The I08T_30.14 tephra unit appears ca. 18 cm thick, however as 7 cm of material is missing
between 30.21 and 30.14 m depth the true thickness of this tephra deposit is uncertain. As the
underlying core section, with its surface at 30.21 m, contains a ca. 5 cm dropstone of agglomorated
ash it is likely that the missing section of the lake sequence was predominantly tephra. Overlying
and underlying sediments are generally well compacted clays and silts, less likely to be lost
during core extraction than disaggregated, coarse grained tephra. Therefore it is possible that the
thickness of the deposit is as much as 25 cm, which is indicative of an eruption that generated a
significant amount of ash-fall and potential secondary thickening.

The I08T_30.14 tephra deposit primarily consists of colourless glass shards with varied
morphologies, however the majority of shards are either platy or fluted. In accordance with the
results of particle size analyses presented in Section 6.4, glass shards have a broad range of longest
axes lengths as measured under high-powered microscopy, with an upper limit ca. 130 µm.

I08T_30.14 glass shard major and minor element compositions straddle the phonolite-trachyte
boundary with SiO2 ranging from 60.9 to 62.3 wt.% and total alkalis ranging from 13.8 to 14.0
wt.%. Glass compositions are potassium rich (K2O: 7.1-10.3 wt.%) with lower sodium (Na2O:
3.05-7.15 wt.%), Table 7.1, consistent with magma erupted from the Campanian Volcanic Zone
(Tomlinson et al., 2012a), Figure 7.2.

Two closely-related compositional groups can be recognised within the I08T_30.14 tephra
deposit, illustrated by differences in CaO, MgO and K2O at overlapping SiO2 concentrations,
Figure 7.3.

I08T_30.14 glass compositions are consistent with glass compositions of the Campanian
Ignimbrite (CI) generated from a caldera forming eruption of the Campi Flegrei volcano, Italy, ca.
40 ka BP (Tomlinson et al., 2012a), Figure 7.3, and correlated to the widely-recognised Y-5 marine
tephra in the Mediterranean tephrostratigraphy (Keller et al., 1978). The Campanian Ignimbrite
eruption is one of the largest known Quaternary eruptions, with tephra deposits correlated to the
eruption found thousands of kilometers from source (Pyle et al., 2006).

Interestingly, I08T_30.14 contains the full major and minor element variation observed in the
CI proximal deposits. This includes an end member (CaO <2; K2O <8; Na2O > 5) associated
with the lower and intermediate fall deposits of the CI eruption in the proximal deposits, as

SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Cl

I08T_30.14
Average 61.08 0.41 18.45 3.00 0.19 0.41 1.97 5.52 8.02 0.07 0.90
2sd 1.22 0.09 0.55 0.44 0.13 0.32 0.70 2.48 2.01 0.09 0.55
I08T_31.93
Average 70.20 0.52 8.65 7.99 0.35 0.11 0.47 6.03 4.39 0.04 1.24
2sd 3.50 0.24 3.42 0.92 0.12 0.18 0.49 1.14 0.30 0.08 0.67

Table 7.1: Representative shard-specific normalised major and minor element (WDS-
EMPA) glass data for visible tephra units I08T_30.14 and I08T_31.93. A full grain-specific
glass data set is presented in Appendix A.
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well as as the higher CaO and K2O and lower Na2O end member associated with the upper
flow (Tomlinson et al., 2012a). Of the distal occurrences of the CI/Y-5 tephra this upper flow
endmember is only identified in Megali Limni, Tenaghi Philippon, Kaklodiki (Greece) and Crvena
Stejna (Montenegro), Figure 7.3. Elsewhere CI/Y-5 tephra deposits, for example, in Adriatic
Core PRAD 1-2 and Lake Ohrid (Albania/Montenegro), only chemical compositions associated
with the lower and intermediate fall deposits are identified. The offset in glass geochemical
composition of the CI/Y-5 tephra layer between these different sites may arise from a variety
of factors, including the height of the volcanic plume at different stages of the eruption, the
prevailing wind direction, and the varying atmospheric transport and deposition of tephra glass
shards due to either chemistry or morphology.

With regards to the thickness of the Ioannina I08T_30.14 (CI/Y-5) deposit, estimates from
the Costa et al. (2012) ash fall out model for the Campanian Ignimbrite suggest that a ca. 10
cm deposit is expected at the site. That the deposit in the I-08 sequence, at even the lowest
estimate for layer thickness, exceeds the model estimate is likely related to site-specific factors.
Primarily, the large scale of the Ioannina catchment means large volumes of tephra would have
been deposited into the lake environment through subsequent in-wash processes. Laboratory
simulations by Jones et al. (2017) demonstrate the ability of fine-grained surface tephra layers to
form runoff following a volcanic eruption. Additional input to the lake through runoff seems likely
at Ioannina, where orographic rainfall results in high precipitation relative to the surrounding
lowlands.

Thickness data from tephra layers is a useful tool for those who seek to better understand
volcanic ash hazards, however to provide useful data to inform such isopach maps the thickness of
the CI/Y-5 deposit in multiple cores from different environmental contexts within the lake basin
should be studied for a more complete picture of depositional processes relating to the eruption.
Whilst tephra studies were undertaken in earlier Ioannina cores (Frogley et al., 1999), no deposits
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have been identified.
On the basis of the correlation of I08T_30.14 to the CI/Y-5 tephra isochron, the widely used

40Ar/39Ar and 14C age of the CI 39.85± 0.14 ka BP (Giaccio et al., 2017a) is imported at the
upper bound of the Campanian Ignimbrite visible tephra deposit, at 30.04 m depth in the I-08
core chronology.

7.2 Cryptotephra

This section presents the results of cryptotephra investigations for the I-08 sequence from the
base of the core to 12 m depth. These results include earlier, unpublished cryptotephra study for
the section of core from 21 to 12 m depth (Lane, pers. comm.), presented and interpreted here
for the first time.

7.2.1 Rangefinder investigations

Low resolution rangefinder investigations identified 11 horizons of increased volcanic glass concen-
tration which warranted further study, Figure 7.4. Sections of the core were selected for high
resolution study by identifying significant increases in glass shard concentration relative to the
underlying rangefinder samples.

The depths selected for high resolution study in the I-08 core were:

• 34.11 to 33.81 m Section 7.2.2
• 31.21 to 31.11 m

}
Section 7.2.3

• 30.71 to 30.81 m
• 29.88 to 29.40 m

}
Section 7.2.4

• 29.00 to 28.51 m
• 24.90 to 24.80 m
• 25.54 to 25.44 m
• 26.44 to 26.34 m
• 16.10 to 16.00 m

Section 7.2.5• 15.30 to 15.20 m
• 14.40 to 14.30 m

Due to the gap in the core between 32 and 33 m, the increase in glass shard concentration at
ca. 33.1 m was not interrogated, as interpreting this deposit would be challenging, and it may be
tephra at the top of this core section is associated with core retrieval complications.

Three small peaks at ca. 26.3, 25.5, and 24.9 m depth were also identified as warranting 1 cm
resolution study given that overlying and underlying sediments suggest little background tephra
deposition. The results of these investigations are not featured here as high resolution tephra
analysis found no distinct peaks in tephra glass shard concentration, instead a small number of
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tephra glass shards (1-4 shards) were identified in multiple samples. Given the location of these
shards in sections of the core where the sedimentology visibly coarsens, suggesting an in-wash
event, these are unlikely to be primary ash-fall deposition, and, therefore, shall not be discussed
further.

7.2.2 Pre-Pantelleria Green Tuff (> 30.93 m depth; > ca. 46 ka

BP)

Five peaks in cryptotephra concentration were identified through high resolution cryptotephra
study between 34.11 and 33.81 m depth in the I-08 core, Figure 7.5a, at 34.07, 34.03, 33.99,
33.97, and 33.85 m depth. At all depths, glass shards were generally light olive in colour, and of
varying relief, with both fluted and cuspate forms. Shards were generally small, <40 µm on the
longest axis, however at 34.03 m depth larger shards (ca. 80-100 µm) accounted for ca. 5% of the
total shards counted. In the uppermost layer, I08T_33.85, a small number of shards containing
microcrysts were identified. I08T_33.97 contains the highest concentration of tephra glass shards
in this section of the core with ca. 1,600 shards per gram.

Of the five peaks identified below the I08T_31.93 tephra layer, geochemical analysis of a
limited number of tephra glass shards was possible for three, hereon I08T_34.02, I08T_33.97,
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and I08T_33.85.
WDS-EPMA analysis of shards in this section of core was challenging due to their small

size, however at least one analysis was possible for shards at each depth. All three tephra layers
demonstrate a strong Pantellerian affinity, with diagnostically low Al2O3, between 8 and 12 wt.%,
and FeOt ca. 8 wt.%, Figure 7.5b.

There are three known widespread Mediterranean tephra isochrons of Pantellerian origin, the
ca. 46 ka BP Pantelleria Green Tuff (Y-6; Scaillet et al. 2013), the ca. 77 ka BP P-10 (Paterne
et al., 1988) and the older, ca. 131 ka BP, P-11 tephra marker (Paterne et al., 2008). The P-11
tephra marker has been identified in Greece, at Theopetra Cave (Karkanas et al., 2014) and
Megali Limni (Lesvos; Margari et al. (2007); Hardiman (2012)). The P-11 tephra can be ruled
out as a correlative as the I08T_34.02, I08T_33.97 and I08T_33.85 all have higher FeOt values,
Figure 7.5.

I08T_34.02, I08T_33.97, and I08T_33.85 cryptotephra peaks may represent smaller, previ-
ously unknown eruptions of Pantelleria. Much of our understanding of Pantellerian volcanism is
based on the proximal stratigraphy, and smaller eruptions from Pantelleria predating the large
P-11 and Green Tuff (Y-6) deposits may not have been observed due to subsequent burial by more
voluminous deposits. Whilst distal tephra study has been undertaken on visible units identified
in marine sequences from the nearby Sicily Channel, very few detailed cryptotephra studies have
been undertaken in the southern Mediterranean. Consequently, the I08T_34.02, I08T_33.97, and
I08T_33.85 tephra deposits may be associated with pre-PGT, smaller eruptions of Pantelleria.
Correlation of these tephra deposits is, however, not possible at present.

The geochemical affinity of glass shards in layers I08T_34.02, I08T_33.97, and I08T_33.85
does not, however, rule out the possibility that these layers are stratigraphically displaced
contamination from the visible I08T_31.93 tephra layer. The absence of tephra glass shards from
a number of samples, for example, between 33.96 and 33.86 m depth, as well as the absence of
tephra glass shards from the blank samples run during the extraction process, make it unlikely
that laboratory contamination during the cryptotephra extraction and analysis is responsible.

Alternatively, tephra layers I08T_34.02, I08T_33.97, and I08T_33.85 may be a coring
artefact, given that the borehole from which cores were retrieved would still have contained
tephra from the I08T_31.93 visible deposit which may have been retrieved in subsequent core
drives. Similar stratigraphic contamination/reworking of tephra glass shards has been identified
in the TP-2005 core from Tenaghi Philippon, with glass shards associated with the Campanian
Ignimbrite identified 22.78 m below the visible CI/Y-5 deposit, attributed by Wulf et al. (2018)
to coring-related displacement. Particularly, following retrieval of a core drive the load of the
water column in the borehole is suggested to have forced glass shards to depths of 20 cm or more
into the upper part of the subsequent drive (Wulf et al., 2018).

In contrast to the peat-dominated Tenaghi Philippon sequence, the matrix of the I-08 sequence
is silt and clay, and as such the denser, more cohesive Ioannina cores should be less susceptible
to such displacement mechanisms. Samples I08T_34.02, I08T_33.97, and I08T_33.85 are
located 21, 16, and 4 cm below the top of the 70 cm core segment respectively. Glass shard
distributions, Figure 7.5, do not support this coring-associated displacement hypothesis – glass
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shard concentrations are typically <5 shards gram-1 between 33.87 and 33.96 m depth, with a
peak in tephra concentration below, when contamination through water load should disperse
shards throughout the stratigraphy.

Therefore, I tentatively correlate tephra layers between 34.11 and 33.81 m depth in the
I-08 core to previously unrecognised eruptions of Pantelleria, however confirmation is needed by
replication in another site.

7.2.3 Post-Pantelleria Green Tuff and Pre-CI (31.93 to 30.14 m

depth; ca. 46 to 40 ka BP)

Two intervals of increased glass shard concentration were identified for further study in the section
of core bracketed by the visible I-08 tephra layers, I08T_31.93 and I08T_30.14, correlated to
the Pantelleria Green Tuff and Campanian Ignimbrite respectively. High resolution (1 cm) study
was focussed, however, on the largest increases in glass shard concentration identified through
rangefinder study, from 30.81 to 30.71 m depth and 31.21 to 31.11 m depth. Within these
two sections, three depths of increased glass shard concentration were identified, I08T_31.19,
I08T_31.17, and I08T_30.73, Figure 7.6a.

The lower horizon, I08T_31.19, consists primarily of faint, olive-coloured shards of generally
low relief. Major element analysis of glass shards from I08T_31.19 demonstrates the the diagnostic
low Al2O3 chemical composition associated with distal deposits from Pantelleria, Figure 7.6b.
Whilst within this grouping there is some variation in Na2O with values between 3.2 and 6.8 wt.%,
and SiO2, with values between 72.3 and 74.1 wt.%, values for FeOt and K2O are well clustered,
Figure 7.6c-e. Stratigraphically, the I08T_31.19 tephra marker is chronologically constrained
between visible tephra units I08T_31.93 and I08T_30.14, dating it to 46 to 40 ka BP.

Whilst evidence exists for post-PGT eruptive activity at Pantelleria, a period of quiescence
has been suggested following the PGT, ending at 35 ka BP with the eruption of the Serra di
Ghirlanda tephra (Civetta et al., 1984). In contrast, Mahood and Hildreth (1986) suggest that
volcanism at Pantelleria resumes rapidly after the PGT eruption, identifying trachyte lavas from
a vent at Monte Gibele which they K/Ar date to ca. 44-37 ka BP. Regardless, no distal studies
have yet identified tephra deposits associated with post-PGT Pantellerian volcanism.

Alternatively, I08T_31.19 may be the result of remobilisation of tephra glass shards associated
with the I08T_31.93 tephra marker – mechanisms which may drive post depositional reworking
will be discussed in greater detail in Section 7.2.4.

The upper layers, I08T_31.17 and I08T_30.74, contain faint and low relief colourless shards
in concentrations ca. 200 shards gram-1. Tephra glass shards from both layers are phono-trachytic
and have a geochemical signature which matches eruptions of the Campanian Volcanic Field.
The stratigraphic position of tephra layers I08T_31.17 and I08T_30.74 indicates they predate
the Campanian Ignimbrite eruption.

Multiple pre-CI eruptions have been recorded in both proximal (Tomlinson et al., 2012a) and
distal archives including marine cores from the Adriatic (Bourne et al., 2010; Matthews et al.,
2015). Most notably, the tephra record from Lago Grande di Monticchio identifies at least four
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Figure 7.6: Identified cryptotephra peaks between 31.93 and 30.14 m depth in the I-08 core, showing (a) glass shard concentration
against depth, and (b-e) major element biplots for Ioannina cryptotephra layers, alongside proximal and distal tephra layers associated
with the Pantelleria Green Tuff and Campanian Ignimbrite eruptions.
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Figure 7.7: Biplot showing major element glass compositions of cryptotephra I08T_31.17
and I08T_30.74 m, showing the geochemical field of the visible I08T_30.14 tephra marker,
and medial-distal products of Campi Flegrei with a stratigraphic position below the CI.

smaller-scale tephra markers associated with pre-CI volcanism from Campi Flegrei which occur ca.
600 varve years prior to the CI (Wulf et al., 2004, 2008; Wutke et al., 2015). The pre-CI LGdM
tephra markers, termed the TM-18 tephras, are geochemically difficult to distinguish from the
CI and from one other without high-precision trace element glass data (Wutke et al., 2015). Of
these markers Wulf et al. (2018) identify medial distal tephras TM-18-1d, TM-18-4, TM-18-9e as
the most likely correlatives for pre-CI Campi Flegrei tephra horizons identified in distal settings.
Tephra deposits associated with the TM-18 pre-CI sequence have been identified in a limited
number of distal archives. TM-18-1d, for example, has been identified in the Tenaghi Philippon
sequence (Wulf et al., 2018). The geochemical fingerprint of the Ioannina tephra markers can,
however, be separated from many of these pre-CI deposits on the basis of K2O/Na2O, Figure 7.7.

As with the ca. 33 m depth tephra markers, it is also possible that I08T_31.17 and I08T_30.74
are related to downcore displacement of tephra shards associated with the coring process. All the
tephra deposits identified fall within the major element composition of the I08T_30.14 tephra
deposit, Figure 7.7, this likelihood cannot be ruled out at present. Given that layers with very
similar geochemical composition to visible deposits I08T_31.93 and I08T_30.14 are identified
in sediments underlying both visible tephra markers, the downcore displacement hypothesis for
tephra layers ca. 33 and 31 m depth cannot be ruled out at this time.

I08T_31.19, I08T_31.17, and I08T_30.73 are, at present, uncorrelated, however may rep-
resent distal deposits of 46-40 ka BP activity at Pantelleria (I08T_31.19) and Campi Flegrei
(I08T_31.17, and I08T_30.73). Given their close geochemical match with the visible I08T_31.93
and I08T_30.14 tephra markers, however, it seems likely that these layers may represent post-
depositional reworking of tephra glass shards (I08T_31.19) and/or downcore contamination
associated with core retrieval processes.
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Figure 7.8: Stratigraphic plot showing (a) results of high resolution (1 cm) cryptotephra
study, (b) XRF-derived K/Ti ratio, and (c) bulk particle size distribution of the I-08 core.

7.2.4 Post-CI (29.88 to 28.51 m depth; ca. 40 to 30 ka BP)

High resolution (1cm) cryptotephra investigations were undertaken between 29.88 and 29.51
m depth, and 29.01 to 28.51 m depth. The section of core between 29.51 and 29.01 m depth,
where glass shard concentrations fell below 100 shards per gram in rangefinder investigations,
was not studied further, Figure 7.4. The abrupt hiatus in tephra deposition between 29.51 to
29.01 m, observed via cryptotephra analyses, is verified by the XRF scanning data. XRF-derived
elemental ratios for bulk sediment, most notably the K/Ti ratio, closely tracks tephra glass shard
concentration throughout this section of the core, Figure 7.8b.

Above the I08T_30.14 marker, but below the hiatus in shard deposition at 29.51 m depth,
three abrupt increases in glass shard concentration relative to the underlying sample were observed
at 29.72, 29.65, and 29.62 m depth, Figure 7.8a. Whilst peaks in glass shard concentration at
29.65 and 29.62 m depth are lower than peaks at 29.83 and 29.72 m depth, tephra glass shard
concentrations at 29.65 and 29.62 m depth (ca. 5 x 105 and 11 x 105 shards g-1 respectively)
represent large increases relative to the underlying samples, Figure 7.8a. Glass shards at all
depths were generally between 60 and 100 µm on the longest axis. At 29.72 m depth, however,
shards were much larger, typically ca. 100 µm on the longest axis, Figure 7.8c.

A fourth sample at 29.83 m depth, was investigated as a potential primary ash-fall horizon
on the basis of shard morphology as, similarly to the sample from 29.72 m depth, shards in this
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Figure 7.9: Major element geochemistry of tephra glass shards from I-08 cryptotephra
layers between 29.88 and 28.51 m depth, including (a) total alkali vs. silica plot (Le Bas
et al., 1986). Geochemical fields are based on data from (1) Tomlinson et al. (2012a), (2)
Tomlinson et al. (2015) and (3) Tomlinson et al. (2015).

sample were far larger than in surrounding tephra samples, typically > 100 µm on the longest
axis, Figure 7.8c. Glass shards throughout this section of core were generally colourless, of low
relief, and largely consisted of platy forms, with a range of other morphologies, including fluted
and cuspate shards, also present within the samples.

A distinct increase in tephra glass shards is observed at 28.98 m depth, also identifiable
through a peak in the K/Ti XRF ratio, as well as a coarsening in the particle size data. Above
28.98 m there is a return to glass shard concentrations ca. 1 x 105 shards g-1 until 28.83 m depth,
at which point glass shard concentrations begin to increase, with a number of sharp jumps in glass
shard concentration. The increase in tephra glass shard concentration throughout this section of
the core correlates with an increase in K/Ti ratio, Figure 7.8b, however no clear coarsening signal
is clear in the particle size data beyond an increase in the frequency of particles between 100 and
200 µm, Figure 7.8c.

In addition to the peak at 28.98 m depth a further 6 samples were investigated on the basis
of an increase in glass shard concentration relative to the underlying sample, Figure 7.8b. Glass
shard morphologies are broadly consistent between 29.01 and 28.51 m depth, with shards largely
low relief, colourless, and dominated by platy, curvilinear, and cuspate forms, however a change
in morphology is observed in samples ca. 28.66 m depth. Whilst clear, platy shards are present,
there is an increase in the number of glass shards that display a greater relief, including some
inclusions, as well as an increase in pumiceous shards. Above the I08T_28.66 tephra peak a
return to platy, low relief shards is observed. Throughout this section most shards are between
30 and 50 µm on their longest axis, however larger shards (up to 200 µm on the longest axis) are
present throughout the section.

Two possible hypotheses are presented here to explain the unusual stratigraphic distribution
of tephra glass shards throughout this section of the core. The first possibility is that the peaks,
which are often abrupt increases in glass shard concentration relative to the underlying deposits,
are primary air-fall horizons associated with post-CI eruptions in the Mediterranean, Section
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7.2.4.1. The second is that these peaks represent a complex process of post-depositional reworking
of the Campanian Ignimbrite tephra deposit in the Ioannina basin, Section 7.2.4.2.

7.2.4.1 The primary air-fall hypothesis

In order to identify which of the cryptotephra glass shard peaks may be associated with primary
air-fall deposits, geochemical analysis was undertaken on all 11 peaks identified throughout this
section of the core. The results of geochemical analysis suggest a striking similarity between
all the samples, Figure 7.9. Glass shards from all 11 depths are phono-trachytic, Figure 7.9a,
ruling out potential correlations to a range of post-CI widespread Mediterranean tephra markers,
such as rhyolitic volcanism from Santorini (Tomlinson et al., 2015) and Lipari (Albert et al.,
2017) and foiditic volcanism from Colli Albani (Freda et al., 2006), Table 3.1. Post-CI (<40 ka
BP) Mediterranean tephra markers with phono-trachytic glass compositions may correlate to
eruptions from the Campanian Volcanic Zone (trachytic and phonolitic; Tomlinson et al. 2015)
and Mt. Etna (trachytic; Albert et al. 2013), Table 3.1.

The far lower alkali content of proximal pumice and scoria glasses from Mt. Etna (Na2O
= 5.1–6.8 wt.% and K2O = 2.8–4.4 wt.%; Albert et al. 2013) rule out correlation to Mt. Etna
tephra layers, including the ca. 17 ka BP Biancavilla Ignimbrite (Siani et al., 2004; Albert et al.,
2013). The most likely correlatives are therefore last glacial post-CI eruptions from volcanoes in
the Campanian Volcanic Zone - Campi Flegrei, Ischia, and Somma Vesuvius. The MgO and CaO
concentrations of all 11 Ioannina tephra deposits between 29.99 and 28.51 m depth indicate that
the glass shards are associated with eruptive activity from Campi Flegrei, Figure 7.9.

Four post-CI last glacial eruptions of Campi Flegrei have been identified in the proximal
stratigraphy, often termed the ‘Tufi Biancastri’ sequence: the ca. 16 ka BP PRa, the ca. 28 ka
BP VRb, the ca. 30 ka BP VRa deposits (Pappalardo et al., 1999), and the <38 ka BP TLo
(Tomlinson et al., 2012a). A recent addition to the proximal stratigraphy is the Messeria del
Monte Tuff (MdM), associated with a large VEI 6 eruption ca. 30 ka BP, and correlated with the
widespread Y-3 tephra (Albert et al., 2019). The Masseria del Monte Tuff/Y-3 tephra marker has
been identified at a range of sites throughout the Mediterranean, including at Tenaghi Philippon
(Wulf et al., 2018), Table 3.1. Additionally, a number of extra-caldera outcrops linked to post-CI
activity at Campi Flegrei, most notably the SMP1-e (Sulpizio et al., 2003) and CE-1 deposits
(Albert et al., 2015), have also been identified.

In the distal realm, a range of post-CI markers associated with eruptions of Campi Flegrei
have been described that have not been correlated to an eruption identified within the proximal
stratigraphy. For example, in sediment cores from the Adriatic Matthews et al. (2015) highlight a
layer consisting of both trachytic and rhyolitic shards, termed SA03-11-T1535. The trachytic
component of SA03-11-T1535 is chemically trachytic component is chemically identical to the
Campanian Ignimbrite, but its stratigraphic position and association to the rhyolitic component
mean a link to the CI eruption is argued to be implausible. The SA03-11-T1535 tephra marker
correlates with a Post-CI tephra marker reported in the Ionian Sea (Insinga et al., 2014), where the
rhyolitic and trachytic chemical signature make it a distinctive layer. The absence of any rhyolitic
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component in the post-CI cryptotephra peaks observed in the I-08 record make correlation with
SA03-11-T1535 unlikely.

As discussed in Section 7.1 the I08T_30.14 visible tephra marker has a broad geochemical
composition, containing not only the low CaO, MgO, and FeOt and high Na2O end members
of the CI fall and lower/intermediate flow but also the raised K2O, lower Na2O end member
associated with the upper flow in the proximal stratigraphy. All of the tephra deposits identified
overlying the I08T_30.14 tephra marker have major and minor element geochemical compositions
which fall within the envelope of the I08T_30.14 tephra unit, Figure 7.10, and, therefore, may
represent reworked material from this deposit.

7.2.4.2 The reworking hypothesis

The presence of glass shards with geochemical compositions unique to the CI is the primary
indicator that peaks in glass shard concentration overlying the I08T_30.14 (CI/Y-5) are most
likely the products of the remobilisation of this tephra marker, Figure 7.10. Specifically the
products of the lower and intermediate flow (sensu. Tomlinson et al. 2012a), characterised by low
CaO, MgO, and FeOt and high Na2O are unique identifiers of the reworked material.

The profile of glass shard concentrations against depth further supports reworking, particularly
in the upper layers (<28.8 m depth). In low energy lake sediment sequences primary air-fall
tephra inputs are typically associated with a distinct peak followed by a decrease in the overlying
sediments (Davies, 2015). The gradual increase in glass shard concentration between 28.97 and
28.66 m depth in the I-08 core does not suggest a primary input, and could instead be interpreted
as a gradual change in the sedimentary regime in the catchment. Indeed, the presence of shell
layers from 28.9 m depth, Table 6.1, along with an increase in the Ca/Ti and Si/Ti ratios in the
XRF data between 29.6 and 28.5 m depth suggest an increase in autogenic production.

Both lines of evidence, the shell layers and a shift to a sedimentary regime dominated by
autogenic sedimentation, suggest a fall in water depth at the site. Thus, it is likely that a fall in
lake level explains the trend of gradual increase in tephra glass shard concentrations between
29.88 and 28.51 m depth, as tephra material at the lake margins, exposed following the lowering
of lake level, would be remobilised and transported further into the lake basin, including to the
I-08 core site, Figure 7.11.

An alternative indicator of post-deposition reworking, beyond trace element analysis, is the
identification of geochemical alteration of the tephra glass shards. Geochemical alteration of glass
shards can take the form of cationic leaching from the matrix, particularly mobilisation of alkalis,
or complete destruction of the silica network (Pollard et al., 2003). Little evidence of alkali loss is
seen the tephra analysed in the post-CI section of the I-08 core, Figure 7.10. Furthermore, the
high totals (generally > 95%) for WDS-EPMA analysis of tephra glass shards in the Ioannina
sequence suggest that the silica network remains intact (full WDS-EPMA single grain major and
minor element analysis data can be found in Appendix A).

Silicic glasses such as trachytes and rhyolites will show very limited leaching of alkali cations
from the surface under cirumneutral conditions, yet are largely hardy, and have been shown
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(a) glass shard concentrations, (b) K/Ti xrf elemental ratio, (c) major and minor element compositions for identified peaks in glass
shard composition. Also plotted for comparison are the major and minor element compositions of selected widespread tephra markers
originating from Campi Flegrei.
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Figure 7.11: A schematic showing how a fall in lake level may have facilitated tephra
reworking within the Ioannina catchment.

by Dugmore et al. (1992) to retain their overall chemical integrity on millennial time-scales.
Therefore, the lack of geochemical alteration does not rule out remobilisation, but rather may
demonstrate the resilience of phonotrachytic tephra glass shards with intermediate to high SiO2

concentrations to withstand chemical alteration whilst undergoing post-depositional reworking.
A final mechanism to explain the remobilisation of tephra deposits associated with the

Campanian Ignimbrite eruption is that they may reflect a regional, extra-basin, signal. Reworking
of the Campanian Ignimbrite tephra layer has been identified in both the Tenaghi Phillipon (Wulf
et al., 2018) and Kopais (Hardiman, 2012) Greek cryptotephra records. Remobilisation of tephra
deposits is becoming an increasingly recognised stage in the life cycle of volcanic ash (Dominguez
et al., 2020; Buckland et al., 2020), and the Campanian Ignimbrite deposit – widespread and
deposited contemporaneously to the dry stadial conditions associated with Heinrich stadial 4,
would likely have been frequently entrained through remobilisation processes. Indeed, tephra
associated with the Campanian Ignimbrite eruption is found in aeolian sequences as far afield
as Ukraine (Melekestsev et al., 1984), with > 1 m thick deposits identified in loess sequences in
Romania (Fitzsimmons et al., 2013). It is therefore possible that aeolian remobilisation of tephra
material may also have impacted the Ioannina record, however, as noted, little evidence exists of
geochemical alteration of tephra which would be expected if tephra has been remobilised from
exposed environments.

Neither a fall in lake level or an increase in aeolian input provides a mechanism for the sudden,
often rapid, increases in tephra glass shard concentration frequently observed in the I-08 <29 m
sediments, particularly the increase at 28.98 m depth. I08T_28.98 could represent a primary
air-fall tephra marker associated with a post-CI eruption of Campi Flegrei, although correlation
to a specific eruption is not possible through major and minor element geochemistry alone.

A primary difficulty in identifying subsequent isochrons associated with post-CI activity at
Campi Flegrei is the broad geochemical composition of the I08T_30.14 tephra deposit. Second
to the CI, the most widespread last glacial tephra marker from Campi Flegrei is the ca. 30 ka
BP Y-3 stratigraphic marker correlated by Albert et al. (2019) to the proximal Masseria del
Monte Tuff. Across the a range of major elements the geochemical fingerprint of the Y-3 tephra
marker falls within the envelope of the I08T_30.14 Ioannina visible tephra deposit, Figure 7.12.
It is possible to differentiate the markers, however, through FeOt wt.% and the bimodal K2O
distribution associated with the MdM/Y-3 deposit, Figure 7.12.

The geochemical composition of the I08T_28.98 tephra horizon does not match the MdM/Y-3
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across the full major element geochemical assemblage of the Y-3, Figure 7.12, yet nor does
the I08T_28.98 perfectly match the geochemistry of the I08T_30.14 tephra marker. Given
the difference in composition between the I08T_28.98 cryptotephra layer and the I08T_30.14
(CI/Y-5) deposit, the I08T_28.98 is suggested to represent a post-CI primary air-fall deposit,
although correlation is not possible at this stage. Trace element analysis may provide a means of
discriminating primary tephra inputs associated with post-CI volcanism from reworked material
associated with the Campanian Ignimbrite and I08T_30.14 tephra markers.

To summarise, the tephra record of the I-08 core between 29.88 and 28.51 m depth suggests
reworking of material from the surface of the I08T_30.14 deposit at 29.92 m through to 29.70 m
depth, at which point deposition of tephra stops. There is then a hiatus in tephra deposition,
suggesting that tephra deposits associated with primary tephra fall from the Campanian Ignimbrite
eruption within the basin are no longer exposed, and thus reworking of CI material is limited to
a few shards. This hiatus is clear in both the XRF data as well as the cryptotephra stratigraphy,
and a degree of change is also clear in the particle size data, Figure 7.8. Within this hiatus in CI
deposition the I08T_28.98 tephra marker is argued to be a primary air-fall deposit associated
with Tufi Biancastri volcanism at Campi Flegrei caldera, however cannot yet be correlated to an
identified eruption. From ca. 28 m depth a change in the sedimentary regime at the I-08 core site,
argued here to be associated with a change in lake level resulting in the remobilisation of tephra
material from the lake margins, however extra-basin inputs from either aeolian remobilisation of
exposed tephra surfaces or subsequent primary air-fall tephra inputs cannot be ruled out.

7.2.5 Last Glacial Interglacial Transition (16.20 to 14.20 m depth;

ca. 25 to 7 ka BP)

Three discreet peaks in cryptotephra glass shard concentration (I08T_16.07, I08T_15.23, and
I08T_14.39) are located between 16.20 and 14.20 m depth in the I-08 core. This section overlies
the coarse sand deposits associated with low lake levels during the last full glacial (MIS2, ca.
22 ka BP), and shown by Jones et al. (2013) to cover the Last Glacial-Interglacial Transition
(LGIT). In contrast to tephra peaks between 29.88 and 28.51 m depth in the I-08 sequence, these
peaks are isolated, with no tephra glass shards found in the overlying and underlying sediments.
Therefore, I am confident that these are independent isochrons.

Shards from I08T_16.07, I08T_15.23, and I08T_14.39 are highly evolved rhyolites, Figure
7.13b, characterised by high SiO2 values from 75.1 to 75.7 wt.% and total alkalis from 8.3 to 9.3
wt.%. Mediterranean volcanic centres which produce highly evolved rhyolites include the Aeolian
Islands (notably Lipari and Salina; Albert et al. 2017) and Santorini (Tomlinson et al., 2015),
compared to the Ioannina LGIT tephra compositions in Figure 7.13. The Ioannina LGIT tephra
correlate well to high-K calc-alkaline activity at Aeolian island volcano Lipari. Multiple eruption
phases are identified in the proximal Lipari record (Albert et al., 2017). Of these, the Vallone del
Gabellotto eruptive cycle (sensu. Albert et al. (2017)) dated to ca. 8 ka BP (Caron et al., 2012;
Siani et al., 2004), is the most likely correlative for the Ioannina LGIT tephra markers, Figure
7.13.
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Figure 7.13: Identified cryptotephra peaks between 16.20 and 14.20 m depth in the I-08 core, showing (a) glass shard concentration
against depth, (b) diatom assemblages from Jones et al. (2013) showing the late glacial to early holocene transition in the I-08 core, (c)
total alkali vs. silica plot (Le Bas et al., 1986), geochemical fields are based on data from (1) Albert et al. (2017) and (2) Satow et al.
(2015) (d-e) major element biplots for Ioannina cryptotephra layers, also plotted for comparison are the major element compositions of
proximal deposits associated with Lipari volcanism (Albert et al., 2017).
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Of particular note is the widespread Vallone del Gabellotto (E-1) tephra marker dated to 8,730
to 8,430 cal yrs BP and correlated to horizons present in Tyrrhenian, Ionian, and Adriatic marine
cores (Albert et al., 2017) as well as Tenaghi Philippon in NE Greece. Of the three Ioannina
LGIT tephra markers the most likely correlative for this widespread Holocene tephra marker
is the uppermost I-08 tephra layer, I08T_14.39, the only tephra marker that sits within the
Holocene section the diatom record, Figure 7.13b. The correlation of I08T_14.39 with the Vallone
del Gabellotto (E-1) isochron is further supported by new trace element analysis, Appendix A.2.1
(Kearney, pers. comm.). Figure 7.14 shows good correspondence between I08T_14.39, three
proximal deposits of the Vallone del Gabellotto, and the distal correlative M25/4-12-28cm tephra
marker recovered from the Ionian Sea by Albert et al. (2017).

In the proximal Lipari record no LGIT tephra have been described (Albert et al., 2017),
however an older layer with a Gabellotto-like Lipari composition at 44 cm depth in the Ionian
Sea core M25/4-12 (Albert et al., 2013). The lowermost Ioannina LGIT tephra layer, I08T_16.07,
has a trace element geochemistry that corresponds well to the distal Ionian Sea tephra marker
M25/4-12-44cm, which has yet to be linked to a proximal deposit. Therefore, I propose a tentative
correlation of I08T_16.07 to Ionian Sea tephra marker M25/4-12-44cm. The identification of this
tephra marker ca. 500 km from source is currently the most distal deposit, and the first outside
of Italy and the surrounding seas.

The intermediate Ioannina LGIT tephra marker, I08T_15.23, has yet to be correlated to
a proximal or distal isochron, however has distinctly lower Th, La, Eu, and Ce concentrations,
Figure 7.14, than the other tephra layers, and therefore is likely the product of a separate eruption.
Therefore I08T_15.23 may provide an additional stratigraphic marker in the future.

On the basis of the correlation of I08T_14.39 to the E-1 tephra isochron, the uncalibrated
14C age of this marker, 7.77± 0.04 ka BP (Caron et al., 2012; Albert et al., 2017), is imported to
this depth in the I-08 core chronology and recalibrated as part of the OxCal P_Sequence, Section
7.4.

7.3 The I-08 tephra record

Three tephra layers have been identified and allow for direct correlation between the Ioannina
sequence and other key Mediterranean Quaternary archives, including Lago Grande di Monticchio,
Lake Ohrid, and Tenaghi Philippon, as well as a variety of marine cores and archaeological sites
in the region. The presence of these three tephra layers situates Ioannina within the broader
Mediterranean and European tephra frameworks.

The presence of three important regional marker horizons in the Ioannina sequence, the
Pantelleria Green Tuff (PGT/Y-6), the Campanian Ignimbrite (CI/Y-5), and the Vallone del
Gabellotto (VdG/E-1) is particularly significant as these widespread tephra isochrons can facilitate
direct correlation of the Ioannina I-08 sequence with other palaeoecological and palaeoclimatic
reconstructions from different environmental contexts, Figure 7.15.

The identification of the widespread CI/Y-5 permits correlation of the Ioannina record to other
key southern European terrestrial palaeoenvironmental records. These include Lago Grande di
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(E-1) (Albert et al., 2019), Mercato (Santacroce et al., 2008) and Pantelleria Green Tuff
(Y-6) (Scaillet et al., 2013).
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Monticchio, Italy (Allen et al., 1999; Wulf et al., 2004), Lakes Ohrid and Prespa, Albania (Wagner
et al., 2008; Vogel et al., 2010; Sulpizio et al., 2010; Leicher et al., 2016) and Tenaghi Philippon,
Greece (Müller et al., 2011; Wulf et al., 2018). The CI/Y-5 also facilitates direct comparison with
a range central and eastern Mediterranean marine proxy records, such as cores from the Ionian
(Keller et al., 1978; Albert et al., 2012), Tyrrhenian (Paterne et al., 1988), Adriatic (Bourne
et al., 2010); Aegean (Keller et al., 1978; Satow et al., 2015) and Black Seas (Cullen et al., 2014).
Furthermore, the presence of the CI/Y-5 tephra allows direct correlation of the I-08 sequence to
numerous archaeological sites throughout Southern Europe, summarised in Fedele et al. (2008).

The PGT/Y-6 tephra marker facilitates further correlation. Direct temporal comparison is
possible to marine cores from the Sicily channel (Tamburrino et al., 2012) and Ionian Sea (Keller
et al., 1978). Linkages to terrestrial records with palaeoenvironmental sequences including Lakes
Ohrid and Prespa are also possible (Wagner et al., 2008; Vogel et al., 2010; Sulpizio et al., 2010).

The identification of three Lipari cryptotephra layers provides direct correlations of the
Ioannina record to archives in the Ionian, Adriatic and Tyrrhenian seas (Albert et al., 2017), as
well as the terrestrial Tenaghi Philippon record (Wulf et al., 2018) through the the Vallone del
Gabellotto (E-1) isochron. A further potential correlation between Ioannina and the Ionian Sea
has also been identified.

The utility, or lack thereof, of cryptotephra study in identifying horizons of primary ash fall
in the section of the I-08 core between 27 and 21 m is the consequence of a number of factors.
Firstly, whilst the number of eruptions in the Mediterranean region during the last glacial period
mean that it seems an ideal timeframe for tephrostratigraphic study, the swamping effect of the
reworked Campanian Ignimbrite (Y-5) tephra layer means that even if primary air-fall tephra
layers were present in the I-08 core sequence as cryptotephra horizons they would be difficult to
identify.

Whilst glass shard colour, size, and morphology were carefully considered in this study, many
distal archives report similar morphologies for silicic tephra shards from a range of Mediterranean
eruptions throughout the last glacial (Bourne et al., 2010; Matthews et al., 2015), so few eruptions
are distinguishable on the basis of morphology alone. For the most part, researchers looking at last
glacial volcanism in distal Mediterranean archives are frequently only able to isolate individual
events as they are discretely located within the stratigraphic record and, subsequently, on the
basis of their geochemical analysis. Given the reworking of the CI/Y-5 upwards of 2 m below the
stratigraphic location of the visible deposit in the I-08 sequence, identification of discrete layers
has not been possible throughout much of the last glacial Ioannina record.

Whilst lake sequences are exceptionally important in building our long-term terrestrial
understanding of long term climate and environmental change, in many cases they may not be
ideally suited to tephra analyses due to processes of intra-basin focussing and redistribution
of tephra glass shards (Watson et al., 2016). Preferential deposition near inflows and internal
redistribution through currents may result in tephra deposits being reworked to below detection
levels, however such processes are not consistent and the location of intra-basin focussing varies
over time (Dugmore and Newton, 2012; Watson et al., 2016). At Ioannina this is reflected in the
contrast between the distinct tephra horizons identified ca. 15 m depth, correlated with the LGIT,
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in contrast to the complex picture associated with cryptotephra concentrations throughout the
last glacial, which reveal complex processes of sediment remobilisation and reworking, suggesting
tephra taphonomy can provide insights into the integrity of the sediment record as a primary,
undisturbed, deposit.

Syn-depositional and post-depositional tephra transportation have been demonstrated in a
range of studies undertaken in lake environments, with often large intra-basin variability in visible
tephra layer thickness (Mangerud et al., 1984). As such, tephrostratigraphic analysis of a single
core may not result in the recovery of the complete record of tephra which has fallen out over
that lake site (Watson et al., 2016).

The omission of key regional tephra markers, for example, the Y-3, may be a result of gaps
in the I-08 sequence. Studying tephra deposits in sequences with stratigraphical gaps can be
problematic for a number of reasons - the most obvious being that the sections containing key
isochrons may be missing. It may also mean that the primary ash fall layer is not identified,
and instead a reworked layer is identified as a primary air-fall deposit, which can result in age
attribution of an eruption age to an incorrect depth.

Another reason tephra markers may be missing is the atmospheric setting of the Ioannina
site, Section 2.4. The Pindus mountain range acts as an orographic barrier, particularly limiting
the transportation tephra markers from the east to the site. For example, the Cape Riva/Y-4
marker from Santorini, which we know traveled in a westward direction as a visible tephra deposit
associated with the eruption has been identified in Tenaghi Philippon in NE Greece (Wulf et al.,
2018), is not identified in the Ioannina sequence.

Methodologically, a key source of uncertainty is that the cores were not sampled for tephra
work when freshly opened, alongside a systematic sedimentological description, leading to potential
contamination which it has not been possible to fully assess. Given the demonstrated value of
tephra study for chronology and correlations, going forward best practice should dictate that
sampling for tephra work is undertaken immediately following core opening and description to
minimise the potential for sample contamination.

That is not to say, however, that cryptotephra study of the I-08 core has been entirely useless.
Horizons of tephra reworking can, in supplement to other proxy data such as grain size and
geochemistry, provide an insight into changing catchment processes of erosion, sediment in-wash,
and reworking. Reworked tephra layers have been suggested to act as indicators of wider landscape
changes in a range of depositional environments, ranging from peatlands (Swindles et al., 2013)
to visible tephra exposures (Gatti et al., 2013). Whilst this information is interesting, I do not
suggest that cryptotephra study is by any means the most efficient means by which to study
catchment in-washing processes, and is still best used as a geochronological tool as opposed to a
proxy!

7.4 Age-depth model

Here a new, extended age depth model for the I-08 sequence is constructed using the identified
tephra markers and earlier radiocarbon dates from macrocharcoal samples and compound specific
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Figure 7.16: P_sequence age-depth model for the I-08 core, utilising all available geochrono-
logical data from 10 m depth to the base of the sequence at 36.48 m depth, showing 95.4%
confidence limits using the OxCal v4.3 program Ramsey (2008); Bronk Ramsey (2009) and
the IntCal13 calibration curve Reimer et al. (2013) (blue) and the OxCal v4.4 program
Ramsey (2008); Bronk Ramsey (2009) and the IntCal20 calibration curve Reimer et al.
(2020) (red).
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Ioannina Tephra Correlative Eruption Age Method Reference
Proximal Distal (ka BP)

I08T_14.39 Vallone del Gabellotto E-1 7.77± 0.04 14C Caron et al. (2012)
I08T_30.14 Campanian Ignimbrite Y-5 39.85± 0.14 40Ar/39Ar Giaccio et al. (2017a)
I08T_31.93 Pantelleria Green Tuff Y-6 45.7± 1.00 40Ar/39Ar Scaillet et al. (2013)

Table 7.2: Ioannina core I-08 tephra layers, and most widely used dates associated with
their marine and distal correlatives. 14C are uncalibrated.
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Figure 7.17: Posterior probability density function for I08T_16.07 and I08T_15.23,
generated using the OxCal P_Sequence model for the I-08 core. The brackets at the base
of the distribution represent the 95.4% probability range.

radiocarbon analysis (CSRA) for the upper section of the core (Jones et al., 2013). The limited
number of identified tephra markers in the I-08 sequence mean that developing a precise age-depth
model is not possible. Irrespective of this, here the focus is on building the best possible age-depth
model, taking into account all of the available geochronological data for the I-08 core.

Correlation of three primary air fall tephra markers, I08T_31.93, I08T_30.14, and I08T_14.39,
to the Pantelleria Green Tuff (Y-6), Campanian Ignimbrite (Y-5), and Vallone del Gabellotto
(E-1) respectively, allows the incorporation of three tephra based ages, Table 7.2, into the I-08
age-depth model, and extends it back to ca. 46 ka BP, Figure 7.16. The uncalibrated radiocarbon
date is used for the E-1 marker (Caron et al., 2012), allowing this age to be recalibrated as part
of the OxCal model.

The difference between the two age models built using the IntCal13 and IntCal20 curves is
minimal, particularly during the timeframe ca. 46 to 40 ka BP, where both dates which anchor
the chronology at this point are imported 40Ar/39Ar dates, and, therefore, unaltered by updates
to the calibration curve.

Given that visible tephra deposits are most likely deposited over the course of days and weeks
as opposed to years, the 18 cm I08T_30.14 deposit is seen as an event horizon and treated as such
in the age-depth model. This is only the case for visible deposits which contain no indication of
steady sediment accumulation through autogenic processes. To do this the same date, 39.85±0.14

ka BP, determined through 40Ar/39Ar dating, is imported to the 30.14 and 29.96 m depths.
The new age model also provides age estimates for the uncorrelated Aeolian tephra markers,
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I08T_16.07 and I08T_15.23, dated here to 12,461–10,214 and 10,651–8,526 BP respectively,
Figure 7.17. The age of 12,461–10,214 BP for I08T_16.07 further supports the correlation of
that layer to the Ionian Sea tephra marker M25/4-12-44cm, located in the late glacial period of
the M25/4-12 oxygen isotope stratigraphy (Negri et al., 1999; Albert et al., 2017).

In the period of the record which will form the foundation for high resolution study, between ca.
46 and 38 ka BP, the uncertainty with in the age depth model varies considerably. Proximally to
the CI tephra marker uncertainty is <200 years, however in some sections is as high as 3,000 years.
The average uncertainty over the period of the record selected for high resolution pollen study is
ca. 2,350 years. This uncertainty is large, especially considering the short-lived nature (typically
ca. 1,000 years) of climatic oscillations during the last glacial, however direct correlations are
possible through tephra horizons, and there is further potential for future refinement through the
application of radiocarbon dating.

7.5 Summary

This chapter has outlined the major findings of detailed tephra investigations undertaken in the
I-08 core. Three key Mediterranean tephra isochrons have been identified for the first time at
the Ioannina site, the Pantelleria Green Tuff (Y-6), the Campanian Ignimbrite (Y-5), and the
Vallone del Gabelotto (E-1). As well as facilitating the extension of the I-08 core chronology to
46 ka BP, identified tephra isochrons will form a useful basis for the direct correlation of the I-08
palaeoenvironmental sequence to others in the region.

Cryptotephra investigations raise key questions about sediment taphonomy, as they clearly
demonstrate sediment reworking. These taphonomic questions will be important to interpreting
the proxy evidence from the Ioannina sequence, particularly with regards to high resolution study
which requires a well-resolved, undisturbed sequence to provide accurate results.
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Chapter 8

Vegetation reconstruction

This chapter presents the pollen record from 32.06 to 28.70 m depth in the I-08 core, describing the
changes therein, and interpreting these changes in terms of the vegetation represented. Zonation
of the pollen data is outlined and two pollen diagrams, showing pollen concentrations and pollen
percentages plotted on the sediment depth scale, are presented. Quantitative statistical analysis
is undertaken through both Hierarchical Cluster Analysis (HCA) and biomisation. The nature of
vegetation response to last glacial change at Ioannina is interpreted in the context of present-day
vegetation at the site and in the surrounding areas, in addition to previous palaeoenvironmental
study undertaken at the site, as outlined in Chapter 2. Through doing so initial inferences about
the nature of vegetation change at the Ioannina site, and the climate oscillations that may have
driven these changes between ca. 46 and 38 ka BP, are made.

Initial description and statistical analysis of the pollen record is undertaken on the depth
scale, with subsequent interpretation based on the new I-08 age model presented in Section 7.4.
In this chapter pollen data will be considered independently, before being integrated with the
results of sedimentological and tephra study in Chapter 9.

The pollen data set consists of 112 samples, with a focus on sediments deposited between
tephra layers I08T_31.93 (ca. 46 ka BP) and I08T_30.14 (ca. 40 ka BP) associated with the last
glacial cycle at Ioannina, and correlated to Marine Isotope Stage 3 (57-30 ka BP, sensu. Lisiecki
and Raymo 2005) in the global marine oxygen isotope stratigraphy. More specifically, sediments
studied here were deposited contemporaneously to GS-12 to GS-9 in Greenland (44.28-39.90 ka
BP, sensu. Rasmussen et al. 2014).

Palynological study of cores I-249 (Tzedakis, 1993, 1994) and I-284 (Tzedakis, 2002) demon-
strate MIS 3 vegetation at the Ioannina site consists of both deciduous woodland and steppic
elements, with expansion in steppic taxa during colder, drier phases and expansion in arboreal
vegetation during phases where warmer, wetter conditions prevail. Earlier work at Ioannina,
particularly (Tzedakis et al., 2004), undertaken at ca. 500 year sample resolution between 46
and 40 ka BP, suggests intermediate contractions in tree populations associated with the cold
phases of D-O climate cycles interspersed with larger crashes synchronous with Heinrich Events
observed in the North Atlantic marine records. In order to resolve this inference, pollen analysis
from the I-08 sequence was undertaken at ca. 60 year intervals for the same timeframe, based on
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the independent chronology presented in Section 7.4.

8.1 Description

The full pollen dataset is presented in Figure 8.1, which shows the abundance of arboreal taxa,
and Figure 8.2, which shows the abundance of nonarboreal taxa, both plotted as a percentage of
the terrestrial pollen sum. Pollen % concentrations are calculated based on the terrestrial pollen
sum, excluding pteridophytes. Figure 8.3 presents concentrations for selected taxa in grains cm-3.
For a complete list of taxa identified see Appendix B. Pollen data are described and interpreted
in detail in Table 8.1 according to the zonation scheme outlined in Section 8.2.

The arboreal pollen record presented here is largely dominated by deciduous Quercus (Q.
robur - and Q. cerris-type), with a mean Q. robur abundance of 21.91% (range = 2.24 to 44.21%,
sd = 8.09%) of the terrestrial pollen taxa. Herbaceous taxa are dominated primarily by Poaceae
(mean = 26.66%, range = 8.8 to 44.69%, sd = 7.50%), Artemisia (mean = 16.26%, range = 17.39
to 48.30 %, sd = 7.71%) and Chenopodiaceae (mean = 6.32%, range = 0.00 to 14.22%, sd =
2.69%). Arboreal pollen concentrations oscillate, ranging between 11.18 and 65.60 %, with a
mean of 38.63% (sd = 12.44%).

Expansions in Q. robur are typically accompanied by concomitant expansions in temperate
taxa such as Ulmus and Corylus, particularly in the lower section of the record. Temperate
tree expansions are often later followed by expansions in Q. cerris-type, Abies, and Carpinus.
Non arboreal taxa, primarily Poaceae, Artemisia, and Chenopodiaceae, expand during periods
of reduced arboreal pollen, and are often accompanied by expansions in Lamiaceae, Asteraceae,
Rosaceae, and Apiaceae, and Cyperaceae.

Interpretation of changes in the relative abundance of some taxa are easier than others. For
example, whilst increases in arboreal pollen can be simply interpreted as reflecting an increase in
forest cover at the site, and semi-arid taxa Chenopodiaceae and Artemisia most likely reflect an
expansion of steppic environments and opening up of the landscape within the pollen source area,
changes in Poaceae are more ambiguous. Lawson et al. (2004) suggest different arid vegetation
communities may have co-existed within the basin at different elevations or on different soils,
forming a mosaic landscape whereby with Poaceae-dominated steppe occupies wetter areas, with
more arid taxa Artemisia and Chenopodiaceae dominating drier areas. In the more littoral I-08
site, however, Poaceae concentrations may reflect changing proximity of lake margins, where
present-day vegetation is dominated by wetland taxa including grasses Phragmites and Scirpus
spp., to the core site. As outlined in Chapter 6, it is possible that some of the changes in
sedimentology were driven by changing lake levels, an idea which will be further discussed in
Chapter 9 where the pollen data will be situated within its broader sedimentary context.

A distinctive feature of this new I-08 record is the scarcity of quintessentially Mediterranean
taxa such as Q. ilex -type, Olea and Phillyrea, which rarely exceed <1% abundance, however this
is in good accordance with previous work focussing on the MIS 3 record of the site (Tzedakis
et al., 2004).
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Figure 8.1: Main I-08 pollen diagram, showing arboreal pollen taxa as a percentage of the terrestrial pollen sum. Grey bars indicate
visible tephra deposits.
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Figure 8.2: Main I-08 pollen diagram, showing nonarboreal pollen taxa as a percentage of the terrestrial pollen sum, alongside arboreal
pollen (AP) and arboreal pollen excl. pioneer taxa Pinus, Juniperus, and Betula (AP-PJB). Grey bars indicate visible tephra deposits.
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Figure 8.3: Main I-08 pollen diagram, showing taxa concentration in grains per gram, with a 5% threshold. For a complete list of taxa
identified, see Appendix B. Grey bars indicate visible tephra deposits.
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PAZ Main palynological characteristics Interpretation of vegetation changes

Pollen zone I: 32.06 to 31.57 m depth
Declining Quercus robur -type from base of the zone, oscillating between
ca. 15 and 35% throughout the zone. Artemisia and Chenopodiaceae
increase from the base of the zone, with Artemisia reaching ca. 20%
from 32.9 m depth, whilst Chenopodiaceae continues to expand to ca.
10% at 31.72 m depth. Abrupt crease in Q. cerris-type coincident with
a decline in Q. robur at 31.9 m depth.Pinus declines from the base of
the zone, from ca. 15% to ca. 10% before levelling off. Small increase in
Alnus (2%) from 31.7 m depth. Poaceae concentrations in the zone range
between 20 and 40%, with expansions concomitant with decreased AP.

A contraction of tree populations results in expansion of
steppic taxa Artemisia, Chenopodiaceae, and Poaceae, and an
opening up of the landscape. Of the arboreal taxa, deciduous
Quercus dominates, however Pinus is also present throughout.

Pollen zone II: 31.57 to 31.27 m depth
Expansion in arboreal taxa to ca. 60%. Initial increase in Q. robur -
type and Corylus, concomitant with contraction in Artemisia. Corylus
declines from 31.56 m depth, with subsequent expansion in Abies and
Pinus, which reach their maxima in this zone at 31.40 m depth. Expansion
in Carpinus ca. 31.3 m depth. Overall decline in Poaceae throughout
the zone, allowing gradual expansion of Artemisia and Chenopodiaceae,
with the exception in an abrupt decline in Artemisia at 31.38 m depth.
Expansion in Q. cerris (to 5%), Carpinus, Betula, and Corylus at the
top of the zone.

An expansion in tree populations in this zone, dominated by
Q. robur initially, followed by an expansion in Abies. After
an initial decline steppic taxa Artemisia and Chenopodiaceae
gradually expand throughout the zone at the expense of
Poaceae. An abrupt event ca. 31.38 m depth leads to a
contraction in Artemisia and Poaceae whilst arboreal taxa
expand, although Chenopodiaceae stays constant.

Pollen zone III: 31.27 to 30.81 m depth

Continued overleaf
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Table 8.1 – Continued from previous page

PAZ Main palynological characteristics Interpretation of vegetation changes

Decrease in Q. robur (from 35 to 15%) and Abies (from 10% to 3%)
at the base of the zone synchronous with an expansion in Artemisia.
Q. robur -type populations recover to ca. 20% at 31.1 m depth, where
they level off. Following an expansion to 15% abundance at the base of
the zone Pinus concentrations contract to ca. 7%. Dramatic increase
in Poaceae (from 20 to 40%) at 31.2 m depth, followed by a more
gradual decline. Expansion non arboreal pollen throughout the zone,
particularly Asteraceae Tubliliflorae-type (4%), the Rosaceae family (3%)
and Caryophyllaceae.

A contraction in trees leads to an expansion in steppic taxa,
and an increase in open landscape demonstrated through
expansion across a range of non arboreal pollen types. Tree
populations remain dominated by Q. robur, with a small
expansion in Pinus.

Pollen zone IVa: 30.81 to 30.68 m depth
A ca. >10 % increase in arboreal taxa, primarily Q. robur -type, followed
by a small expansion in Abies and Q. cerris-type, occurs, primarily to
the detriment of Artemisia, although there is a small (2%) contraction in
Chenopodiaceae. A small increase in Asteraceae Liguliflorae-type is also
observed, and persists throughout zones IVa and IVb.

Tree population expansion, dominated by oak forests, is
inferred, likely expanding into areas earlier dominated by
steppic taxa. Some open ground remains, suggested by the
presence of Asteraceae Liguliflorae-type.

Pollen zone IVb: 30.69 to 30.63 m depth

Continued overleaf
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Table 8.1 – Continued from previous page

PAZ Main palynological characteristics Interpretation of vegetation changes

A ca. 20 % reduction in arboreal pollen taxa, which reaches a minima
at 30.66 m depth, particularly Q. robur -type which declines by 15 %
and Abies where concentrations reach <1 %. Steppic taxa show different
responses, with Artemisia recording a decline to values <10 %, whilst
little change is observed in Chenopodiaceae concentrations. A dramatic
increase in Poaceae (ca. 40 %) is observed, alongside expansions in herb
taxa including Asteraceae and Caryophyllaceae, which rise to >5 %, the
highest observed in the record. Pollen concentrations also drop to some
of their lowest values within this section.

The rapid contraction in tree and steppe taxa with a rise in
Poaceae and Asteraceae suggests a transition to open grass-
land. Subsequently, an equally rapid expansion is inferred
in tree populations, whilst steppic environments take longer
to reestablish. Low pollen concentrations throughout this
section may hint at a disturbance event, an abrupt change in
sedimentation regime or, alternatively, reduced biomass in
the basin at this time.

Pollen zone IVc: 30.69 to 30.22 m depth
Arboreal pollen concentrations continue to rise following their minima in
pollen zone IVb. An initial expansion in Q. robur and Pinus, followed by
and Abies. Arboreal taxa remain high, ca. 50% through to the top of the
zone. A small increase in Corylus, Q. cerris and Abies occurs ca. 31.4 m
depth.

Tree populations recover and continue to expand, with forests
initially dominated by deciduous oaks, and diversifying as
they become increasingly established. Steppic taxa, particu-
larly Artemisia are suppressed throughout this zone, perhaps
restricted to small areas not suitable for forest development.

Pollen zone V: 29.93 to 28.70 m

Continued overleaf
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Table 8.1 – Continued from previous page

PAZ Main palynological characteristics Interpretation of vegetation changes

A slight fall in AP at the base of the zone (30%) is followed by a
pronounced across all arboreal taxa at 30. 9 m depth, with AP ca. 10%,
amongst the lowest value recorded in the Ioannina sequence. Absence of
Abies, Betula, Alnus, Carpinus, Ostrya, along with severe contractions in
Quercus and Pinus taxa. Poaceae concentration is (ca. 40%) throughout
the zone, and an initial expansion in Asteraceae is followed by a large
expansion in Artemisia (> 40%). A slow increase in Q. robur -type
and Alnus is followed by increases in Pinus and Betula, however Abies
populations fo not recover and are <1% throughout the zone.

An initial small contraction in tree populations is followed by
a dramatic reduction in tree taxa synchronous with a large
expansion in Artemisia as well as a more modest increase in
Chenopodiaceae, suggesting a predominantly steppic land-
scape with limited tree cover. This steppic landscape persists
until tree populations begin to restablish ca. 29.8 m depth,
with an initial, gradual expansion in deciduous taxa, particu-
larly Quercus and Alnus which may have persisted locally,
followed by an expansion in pioneer taxa Pinus and Betula.

Table 8.1: Pollen assemblage zone descriptions and interpreta-
tion with regards to the vegetation represented169
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the CONISS statistic and (b) simplified pollen diagram showing taxa used in statistical
zonation, delineated by the final zonation scheme.

8.2 Pollen zonation

Statistical zonation, Figure 8.4, is based on the full terrestrial pollen assemblage. For the most
part, statistical zonation approaches require a number of zones to be input, making the number of
zones is somewhat subjective. Bennett (1996) suggest an optimal number of zones to be ca. one
tenth of the number of samples, so therefore all initial zonation analysis, implemented through
the Psimpoll software package (Bennett, 1994), specified 10 zones, Figure 8.5. Whilst some zone
boundaries, for example, those at 31.57, 31.27, and 30.81 m depth are identified through all
six statistical zonation approaches, Figure 8.5, other boundaries, for example, those ca. 30.6
m, are set at a variety of depths based on the different zonation approaches. Interestingly, the
three boundaries which are consistently identified are located in the lower part of the section of
core studied here. As no consensus is reached between the different zonation approaches for the
majority of the suggested zones, it may be that ten zones is too great a number for this dataset.

In order to determine a more appropriate number of zones the broken stick method (see
Bennett 1996) was applied, Figure 8.4a, with the value of n where the two lines cross gives an
indication of the maximum number of reliable zones. The broken stick method suggests that
the optimal number of statistically defined zones for this pollen data is six, however as when
six zones are used one of these zones is located in the low resolution section of the pollen study
(<29.5 m depth) five are used. The final zonation scheme, shown in Figure 8.4b, will be used
henceforth when discussing the I-08 pollen assemblage.
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Figure 8.5: Simplified pollen diagram showing percentage abundances of key taxa, as a percentage of the terrestrial pollen sum, alongside
the outputs of the different zonation approaches implemented through Psimpoll (Bennett, 1994). For complete pollen diagrams see
Figure 8.1 and 8.2. Grey bars indicate visible tephra deposits.
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8.3 Statistical analysis

Whilst stratigraphically constrained hierarchical cluster analysis (CHCA) was utilised in the
zonation of pollen zones, millennial-scale climate oscillations are cyclical and, therefore, should
the vegetation at Ioannina be responding to sub-orbital climate oscillations, hierarchical cluster
analysis (HCA) without stratigraphic constraint may provide useful additional insights. Using
unconstrained HCA vegetation groupings corresponding to stadials (for example) would, hypo-
thetically, be more closely statistically related to one another than the underlying and overlying
interstadial pollen assemblages.

As with CHCA whilst individual clusters are defined statistically, the researcher is required
to identify the cut off level at which a hierarchical cluster is defined. Here, the data is split into
four clusters based on the euclidian linkage distances between the clusters, Figure 8.6a. Given
the similar height of the euclidian linkage cut off for clusters 4 and 5 relative to clusters 3 and 4
it was considered more statistically meaningful to opt for four.

The four clusters are broadly broken down into two clusters which can be considered end
members, representing the extremes of vegetation change in this section of the Ioannina sequence,
and two clusters which represent intermediate vegetation assemblages, Figure 6.4c and d.

One end member is cluster 4 (n = 26), in which pollen assemblages are characterised by high
AP (> 40%), with a reduced steppic component (Artemisia + Chenopodiaceae <20%).

Intermediate clusters, 1 (n = 41) and 2 (n = 25), are associated with AP values between 25
and 50%, however differ in the proportion of steppic taxa, with cluster 1 associated with higher
abundances of Artemisia + Chenopodiaceae (typically > 20%) relative to cluster 2 (typically
<20%). Cluster 1 is generally associated with lower Poaceae values (<30%) than cluster 2 for
which Poaceae is always > 25%.

The other endmember, cluster 3 (n = 20) is associated with some of the lowest AP (<25%)
whilst steppic vegetation typically exceeds > 20%. Poaceae is typically > 30%.

The loadings generated through PCA of the individual clusters show strong differences between
the clusters in terms of the correlation between taxa. For example, Artemisia and Poaceae are
typically negatively correlated across all clusters. Chenopodiaceae and Poaceae, however, show
a strong correlation in Cluster 1, a slightly less strong correlation in Cluster 2, and a negative
correlation in cluster 4. The negative correlation between Artemisia and Poaceae may represent
that these two taxa are in competition with one another, and an expansion in one typically
leads to a decline in the other, whilst neither is in direct competition with Chenopodiaceae.
The loadings associated with cluster 3 are also particularly interesting, as they appear to show
very few strong correlations between the data - this is perhaps because these assemblages are
associated with the arboreal pollen minima, particularly the extremes (AP <20%), which are
likely associated with significant disturbance. The correlations that are identified, e.g. between
Pinus and Betula hint at a simultaneous expansion of pioneer tree species.

When HCA pollen clusters are plotted by depth, Figure 8.6a, similar pollen assemblages are
not stratigraphically clustered, and temporally disparate pollen assemblages frequently show close
similarity. For example, pollen assemblages assigned to cluster 4, associated with AP > 40%, are
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Figure 8.6: Hierarchical clustering results performed on the full pollen assemblage data set,
providing objectively defined and statistically significant sub-composition of the sediments
based on their pollen assemblages. Shown are: (a) the Hierarchical Cluster dendrogram
showing euclidian linkage distance between the respective clusters, (b) covariance biplots
for clusters indicating the correlation of principal taxa with respect to the first two principal
components and (c-d) biplots of frequently applied palynological ratios (AP % and steppic
taxa % (Chenopodiaceae + Artemisia) plotted against Poaceae %) with respect to the
clusters identified through cluster analysis (e) unconstrained HCA clusters plotted against
depth alongside pollen zones defined by stratigraphically constrained hierarchical cluster
analysis. Grey bars indicate visible tephra deposits.
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Figure 8.7: The Eastern Mediterranean–Black Sea–Caspian Sea biome classification scheme
after Marinova et al. (2018), showing (a) biome distribution as inferred from modern
pollen reference data, from Harrison and Marinova (2017) and (b) conceptual model of
biomes in climate space, redrawn from Marinova et al. (2018). MTCO: mean temperature
of the coldest month. For biome codes refer to Table 8.2. Grey bars indicate visible tephra
deposits.

most frequent in PAZ II and IV, pollen assemblages associated with cluster 3, representing the
other endmember of AP <20%, are typically found in pollen zone V. The repetition of similar
assemblages may suggest the vegetation at Ioannina over this period oscillates between two
semi-stable states. Although repeated switching between clusters 2 and 4 may hint at a lack of
ecological stability both represent pollen assemblages associated with low steppic taxa, typically
<20%, and the transition between the two may represent changes in pollen taphonomy as opposed
to large-scale vegetation reorganisation at the site.

8.4 Biomisation

Biome designations for the I-08 core are based on work by Marinova et al. (2018) who characterised
biomes within Eastern Mediterranean–Black Sea–Caspian-Corridor, Table 8.2. Species assignments
to plant functional types (PFTs), are also based on work by Marinova et al. (2018) but here
presented with reference to taxa present in the I-08 pollen sequence, are included in Appendix B.

NW Greece sits on the western edge of the Eastern Mediterranean–Black Sea–Caspian Sea
geographical range studied by Marinova et al. (2018), however this dataset still draws upon a
number of modern surface assemblages from the Epirus region, Figure 8.7a. Dominant biomes
reflected in classification of modern pollen assemblages in Ioannina and the surrounding region
include WTEF, WTDF, and CMIX. The spatial distribution of pollen assemblages assigned to
the WTEF and WTDF biomes shows clustering in areas of varying topography, perhaps reflective
of the range of microclimates within the Pindus mountains or the shelter from incursions of polar
air provided by topographic variability (Tzedakis et al., 2004).
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More broadly, the present-day Eastern Mediterranean–Black Sea–Caspian Corridor region
features a range of climate spaces (Chapter 2) and accordingly accommodates a diverse range of
biomes, many of which may provide analogues for past environmental conditions at Ioannina.

Five biomes are assigned to the I-08 last glacial pollen sequence based on the maximum
affinity score for each pollen assemblage, Figure 8.8. Biomes identified are CENF (Cold evergreen
needleleaf forest; n=15), DBWD (Deciduous broadleaf woodland; n=3), ENWD (Evergreen
needleleaf woodland; n=40), GRAM (Graminoids with forbs; n=36), and XSHB (Xeric shrubland;
n=18).

The palaeobiomes reconstructed, most commonly evergreen needleleaf woodland and graminoids
with forbs, both have analogues in modern day Greece, however are by no means characteristic
of the present-day vegetation, Figure 8.7a. In the present-day Epirus region warm-temperate
evergreen needleleaf and sclerophyll broadleaf forest and cool mixed evergreen needleleaf and
deciduous broadleaf forest are the most abundant biomes, however given the scale of anthropogenic
landscape disturbance a natural vegetation state for the region is challenging to identify.

Pollen samples in pollen zone I are assigned to a range of biomes through the biomisation
process: CENF, GRAM, ENWD, and XSHB are all recognised in this section of the I-08 core.
These biomes are associated with a range of climate spaces, Figure 8.7b, particularly with regards
to evapotranspiration and, resultantly, moisture availability, however all are associated with mean
temperature of the coldest month is at, or near 0 ◦C, relative to the present-day MTCO of ca.
10 ◦C.

It should be noted, however, that the primary taxa contributing to the GRAM biome affinity
score for many depths is Poaceae. The abundance of Poaceae in the record has previously been
challenged by those who worked on earlier records from Ioannina, as this may be closely linked to
the lake level, particularly the expansion of Phragmites at the lake periphery, rather than any
particular climatic variable.

Pollen zone II, associated with a rapid rise in arboreal pollen, has pollen assemblages with
ENWD, CENF, GRAM, and DBWD biome affinities. All three biomes are associated with
increased moisture availability relative to more steppic and scrub environments, and have analogues
in present-day Greece, Figure 8.7.

The period of relative vegetation stability in pollen zone III, between 31.7 and 31.2 m depth,
in which all pollen assemblages were assigned to the same cluster through HCA (cluster 1), is here
classified as ENWD (evergreen needleleaf woodland), with assemblages assigned to XSHB at some
depths. Explaining this classification is challenging, given that this period is largely associated
with the expansion of Artemisia and Chenopodiaceae. It may be that the ENWD classification is
a consequence of taphonomy, which leads to some arboreal taxa being over-represented within
records due to their typically aeolian dispersal mechanisms, compared to forbs which are frequently
reliant on biological vectors for dispersal (Marinova et al., 2018).

Pollen zone IV sees a transition away from the XSHB biome towards those associated with
arboreal taxa, at times including assemblages assigned to the CENF and DBWD biomes, as well
as an increase in samples with a GRAM affinity, suggesting increased water availability, and
perhaps an increase in temperature.
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Biome Code Plant Functional Types
1 Tundra TUND Arctic forb, sedge graminoid, arctic dwarf shrub, arctic low-to-high shrub
2 Desert DESE Halophyte, rosette or cushion forb, succulent, switch plant, tuft tree
3 Graminoids with forbs GRAM Grass graminoid, geophyte, other forb
4 Xeric shrubland XSHB Drought-tolerant forb, switch plant, xerophytic shrub
5 Warm-temperate evergreen

sclerophyll broadleaf shrubland
WTSHB Warm-temperate low-to-high shrub, temperate low-to-high shrub, warm-temperate

sclerophyll tree
6 Cold evergreen needleleaf forest CENF Boreal low-to-high shrub, boreal cold-deciduous malacophyll broadleaved tree, bo-

real evergreen needle-leaved tree, boreal needle-leaved deciduous tree, eurythermic
evergreen needle-leaved tree

7 Cool evergreen needleleaf forest COOL Boreal cold-deciduous malacophyll broadleaved tree, boreal evergreen needle-leaved
tree, cool-temperate evergreen needle-leaved tree, temperate (spring frost tolerant)
cold-deciduous malacophyll broadleaved tree, temperate evergreen needle-leaved tree

8 Warm-temperate deciduous
malacophyll broadleaf forest

WTDF Temperate (spring frost intolerant) cold-deciduous malacophyll broadleaved tree, tem-
perate (spring frost tolerant) cold-deciduous malacophyll broadleaved tree, warmtem-
perate sclerophyll tree, climber/liana/vine

9 Temperate deciduous malaco-
phyll broadleaf forest

TEDE Temperate (frost-induced late budburst) cold-deciduous malacophyll broadleaved
tree, temperate (spring frost intolerant) cold-deciduous malacophyll broadleaved tree,
temperate (spring frost tolerant) cold-deciduous malacophyll broadleaved tree

10 Cool mixed evergreen needle-
leaf and deciduous broadleaf
forest

CMIX Cool-temperate evergreen needle-leaved tree

11 Warm-temperate evergreen
needleleaf and sclerophyll
broadleaf forest

WTEF Warm-temperate needle-leaved evergreen tree, warm-temperate sclerophyll tree,
warmtemperate evergreen malacophyll broadleaved tree, temperate (spring frost
intolerant) cold-deciduous malacophyll broadleaved tree, eurythermic evergreen
needle-leaved tree

12 Evergreen needleleaf woodland ENWD Warm-temperate low-to-high shrub, other forb, eurythermic evergreen needle-leaved
tree, warm-temperate needle-leaved evergreen tree

13 Deciduous broadleaf woodland DBWD Warm-temperate evergreen malacophyll broadleaved tree, temperate (spring frost
intolerant) cold-deciduous malacophyll broadleaved tree, warm-temperate low-to-high
shrub, temperate low-to-high shrub, other forb

Table 8.2: Eastern Mediterranean–Black Sea–Caspian-Corridor biomes and their constituent plant functional types, after Marinova et al.
2018; Prentice et al. 1996.
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BIOME
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Figure 8.8: Palaeobiomes plotted stratigraphically, showing biome affinity score contributions for each pollen assemblage to each biome,
line shows 3-point running mean.
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Biome affinities of pollen assemblages from pollen zone V, primarily GRAM and XHSB,
associated with more steppic environments, 8.7b. Evergreen needleleaf woodland affinity is still
high, Figure 8.8, although as elsewhere this may be a consequence of long-range transport of tree
pollen leading to over-representation of taxa.

8.5 Pollen concentrations

An important feature of the I-08 pollen record between 32.06 and 28.70 m depth is the variability
in pollen concentration, most clearly seen through comparison of the % and concentration pollen
diagrams. Typically in Ioannina sediments pollen concentrations fluctuate by several orders of
magnitude. In the Holocene section of the I-284 sequence, for example, total terrestrial pollen
concentration rises to ca. 106 grains cm-3, whereas during the late glacial pollen concentrations
are generally closer to ca. 104 grains cm-3 (Lawson, 2001).

In the MIS 3 I-08 core studied here total pollen concentration oscillates between ca. 103 grains
cm-3 and 105 grains cm-3, Figure 8.9a. Multiple fluctuations in pollen concentration are recorded,
however these changes do not always correspond with changes in vegetation composition.

There are a number of factors which impact pollen concentration within sediments. Firstly,
changes in pollen production in and around the Ioannina catchment can alter the amount of
pollen deposited within the lake. Surface pollen studies have found that pollen influx within a
lake environment was functionally related to the vegetation which surrounds it, and that the
total pollen influx reflects the sum productivity of the vegetation (Davis et al., 1972). With
regards to fossil data, however, it is unclear whether vegetation density, cover, biomass, or primary
productivity are best correlated with pollen concentration within lake sediments (Magri, 1994).

Should changes in pollen concentration simply be related to an increase in taxa which produce
a large quantity of pollen, for example, arboreal taxa, correlation should be observable between
the AP and pollen concentrations, Figure 8.9b and a respectively. In the record presented here,
however, the correlation between AP and pollen concentration is weak. Applying a Pearson’s
correlation to the pollen concentrations and AP between 32.06 and 28.70 m returns a coefficient
of -0.035 (p = 0.71). This relationship between AP and pollen concentration may not be constant
over time, and when a running correlation is applied there are some sections of the core where AP
and pollen concentration appear strongly correlated, for example, a strong positive correlation
(when one increases, the other also increases) at the boundary between pollen zone II and III,
Figure b. In other sections of the record, however, the two variables (pollen concentration and AP)
are in antiphase, and as such in these sections of the core increases in pollen concentration cannot
be attributed to an increase in arboreal vegetation in and around the lake catchment. Therefore
whilst, to some extent, the marked changes in pollen concentration within the I-08 sequence are
related to changes in arboreal vegetation abundance within the lake basin and surrounds, they do
not independently explain the pollen concentration patterns seen within the core.

The nature of the sedimentary environment within which the pollen is deposited also has a
significant impact on pollen concentration, with increasing sediment accumulation associated with
reduced pollen concentration (Lehman, 1975; Green, 1983; Davis et al., 1984). One approach which
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Figure 8.9: Depth plot showing (a) pollen concentration between 32.06 and 28.70 m,
(b) arboreal pollen%, (c) mean particle size, (d)% clay plotted alongside, and (e) inclu-
sive skewness of the particle size distribution, (b-e) plotted alongside rolling correlation
coefficients (period = 5) with pollen concentration. Grey bars indicate visible tephra
deposits.

attempts to remove this sediment accumulation signal is the calculation of pollen accumulation
rates (PAR), which calculate the absolute amount of pollen deposition per unit area in time (Davis
and Deevey, 1964). Such calculations, however, rely on the construction of a precise, well resolved
age-depth model. Such approaches would not be particularly effective in this section of the I-08
record dated through interpolation between the imported ages of the I08T_30.93 (PGT/Y-6) and
I08T_30.14 (CI/Y-5) tephra units. Nonetheless, comparisons of sediment characteristics (namely
particle size) and pollen concentration change should indicate whether changes in sedimentary
regime drive the observed variability in pollen concentrations.

Mean % Clay % Silt % Sand Inclusive mean Inclusive SD Inclusive skewness
Correlation -0.12 -0.32 0.34 -0.09 -0.11 -0.24 -0.30

P-value 0.23 <0.01 <0.01 0.37 0.24 0.01 <0.01
Upper confidence -0.30 -0.48 0.17 -0.27 -0.29 -0.41 -0.46
Lower confidence 0.07 -0.14 0.50 0.10 0.07 -0.05 -0.12

Table 8.3: Pearson’s correlation between pollen concentration and different measures of
sediment particle size.

Pearson’s product-moment correlation between the total pollen concentration and different
particle size variables is used in order to assess whether there was a relationship between pollen
concentration and the sedimentary regime, Table 8.3. Of the sedimentological proxies, those
which show a statistically significant correlation with pollen concentration are the mean particle
size based on volume, the %clay, and the inclusive skewness. On visualisation no clear linkage
between pollen concentration and particle size distribution is visible, Figure 8.9. The lack of
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Figure 8.10: Depth plot of pollen % for selected taxa between 32.06 and 28.70 m, showing
the 95% confidence interval. Grey bars indicate visible tephra deposits.

a clear relationship between sedimentological changes and changes in pollen concentrations is
further demonstrated when a running correlation is applied between pollen concentration and the
three particle size variables, which shows that not only the strength of the correlation changes with
depth, the direction of the correlation (positive or negative) also changes, Figure 8.9. This suggests
that the changes in pollen concentration are not solely driven by changes in the sedimentary
regime of the I-08 core site.

As such, the pattern of pollen concentrations cannot be simply explained as a response to
either change in the vegetation assemblage of the pollen source area, nor can it be linked to
changes in sedimentary regime at the site. As such, it is likely that changes in pollen cover
also represent changes in vegetation density, cover, biomass, or primary productivity within the
Ioannina basin. Given the role in climate in driving these factors, it seems likely that increases
in pollen concentration are associated with conditions more optimal to vegetation development
within the Ioannina catchment, namely warmer, wetter conditions.

8.6 Analytical error and confidence limits

The high resolution study of pollen sequences, whilst providing myriad opportunities for better
understanding of ecological responses to short lived climate and environmental changes, also
presents a number of problems which limit the interpretation of fine resolution features (Green,
1983).

Confidence intervals for pollen % data are shown in Figure 8.10. For the most part fluctuations
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Figure 8.11: Depth plot from 32.06 to 28.70 m of the I-08 core. Showing: (a) total
terrestrial pollen concentration; (b) arboreal pollen percentages; the percentage of broken
grains of (c) Pinus and (d) Abies as a% of the total count for each taxon; grains (as a% of
total count sum) categorised as (e) corroded, (f) degraded, (g) broken, (h) crumpled and
(i) indeterminate, excluding Pinus and Abies. Grey bars indicate visible tephra deposits.

in the primary taxa shown are beyond the bounds of confidence intervals, implying that these
variations are demonstrative of a trend within the data and not an artefact of experimental error
as defined by Maher (1981).

Beyond the statistical error associated with palynological analysis, a source of uncertainty in
the I-08 pollen record is the possibility that pollen grains, like the tephra glass shards identified
in Chapter 7, have been subjected to reworking. Pollen preservation was generally good between
32 and 28 m depth, although at some depths the number of grains recorded as either corroded,
degraded, broken, crumpled, or indeterminate increased. Generally the taxa most frequently
categorised as broken were the bisaccate pollen types, Abies and Pinus, where the bladders
were frequently separated from the body of the grain. Here, the percentage of broken bisaccate
grains shown as a proportion of total grains for individual taxa after (Tolonen, 1980), Figure
8.11c-d. Also shown are the% of grains (as a% of the terrestrial count sum) categorised into the 4
categories of damage with the highest level of degradation (corroded) on the left, along with the
number of unidentified (indeterminate) grains at each depth. Pinus and Abies grains were not
incorporated in these degradation totals.

Throughout much of the record the number of grains identified as degraded typically accounts
for <5% of the terrestrial pollen total, suggesting that the majority of pollen grains identified can
be attributed to contemporaneous deposition in the sedimentary environments. Therefore, in
much of the record, I do not consider reworking to have significantly impacted the pollen signal.

Sections of the record where pollen grains show considerable degradation, suggesting reworking,
can be easily identified, most notably in pollen zone IVb, Figure 8.11. Pollen assemblages at these
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depths may represent a less accurate signal of the contemporaneous vegetation. The possibility
that these horizons include a high proportion of reworked pollen grains (up to 15% of grains
identified showed evidence of degradation), may explain the dramatic vegetation response in
pollen zone IVb, particularly with regards to the rapid expansion of Poaceae ca. 30.7 m depth.
More caution should be applied to interpreting the pollen signal in pollen zone IVb, as the pollen
assemblage is likely less representative of the contemporaneous vegetation than elsewhere in the
sequence.

Interestingly, addition of the degraded Poaceae grains into the pollen sum does not greatly
alter the overall picture. For example, 15 degraded grass grains were removed from the count
at 30.66 m depth. Adding these grains into the full sum, and recalculating the% abundance of
Poaceae moves the total Poaceae value from 43 to 46%, with arboreal pollen declining from 13 to
12%. Therefore, even in this period of the record where degradation data suggests that reworking
may alter the pollen assemblage, the decision to incorporate reworked material has little impact
on the relative abundances of pollen taxa.

Whilst I am confident that the impact of pollen reworking on the pollen assemblage is minimal
throughout the section of the core selected for high resolution palynology, in areas of the core
where a greater number of grains are assigned to one of the degradation classes this may provide
useful environmental insights. A key question is the extent to which the breaking up of bisaccate
pollen grains represents a reworking signal. Here, damage to grains suggests that pollen has been
exposed to subaerial processes of wetting and drying, as demonstrated in laboratory experiments
(Campbell, 1991). The literature widely supports this assumption – for example, other elements
of the climate system, such as freeze-thaw cycles, are unlikely to cause significant damage to
pollen grains (Campbell, 1991).

It is challenging to quantify the full error associated with the reworking of pollen grains, as
there may be processes of reworking beyond in-wash of damaged pollen grains from terrestrial
environments which show visible signs of degradation, particularly in lake environments where
changing lake levels may remobilise sediments from lake margins. In Chapter 9 the possibility
that other processes of reworking, similar to those suggested for tephra remobilisation in Chapter
7 impact the pollen record, is interrogated through synthesis of the sediment and pollen records.

Other sources of error associated with pollen analysis are outlined in Chapter 5 along with
the practical steps which were taken to minimise these errors. Overall, whilst it seems likely that
the trends observed within the data largely fall outside the bounds of analytical error, there is
some evidence that pollen in-wash from the catchment may have altered pollen assemblages in
pollen zone IVb - therefore inferences about change at these depths must be made with caution.

8.7 Situating the new record

In order to aid the interpretation of the new I-08 record here it is situated in the context of earlier
work reconstructing the last glacial at Ioannina.

The I-08 ca. 46 to 38 ka BP record presented here reflects, quite clearly, the last glacial open
vegetation identified by Tzedakis (1994) in the original long sequence from Ioannina, I-249 (see
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also Tzedakis 1993). Consequently the record represents part of the Vikos interglacial in the
regional stratigraphy. This original work suggested that glacial periods of open woodland begin
with a steppe-forest or a forest-steppe vegetation, followed by a transition into grassland steppe
community and finally a discontinuous desert-steppe vegetation (Tzedakis, 1994). In contrast
to this idea of an overarching successional pattern, tending towards an ultimate, desert-steppe
vegetation, high resolution (ca. 60 year) analysis of I-08 has identified more dynamic vegetation
with numerous oscillations between different open vegetation types, including regular expansions
of tree populations. More detailed correlation to Tzedakis’ (1994) original long Ioannina sequence
is not possible given the coarse resolution at which the earlier study was undertaken.

Subsequent palynological work on the I-284 Ioannina core, with a sample resolution <100
years during the LGIT (Lawson et al., 2004) and <1,000 years throughout much of the sequence,
the provides a more useful point of comparison for the new I-08 pollen record. There are multiple
potential means of correlation of the new I-08 Ioannina sequence with earlier work on the I-284
Ioannina core. Ideally, tephrostratigraphy would have been utilised as a primary approach to link
the two cores, however access to the I-284 core material was not possible, and tephra layers were
not identified in earlier work on the core (Frogley et al., 1999).

Low pollen concentrations ca. 30 m depth in I-284 HS4 interval led to analysis at lower sampling
resolution than elsewhere in the sequence (Tzedakis, pers. comm.). Subsequent comparison to the
I-08 tephra record suggests that low pollen concentrations ca. 30 m depth interval in I-284 may
be a consequence of high tephra inputs associated with the Campanian Ignimbrite supereruption.
Palynostratigraphic correlation is used to situate the I-08 record within the longer I-284 sequence.
It should be emphasised that this comparison, which uses tuning of the pollen signal to link the
I-08 sequence with the earlier I-284 sequence, is not undertaken to date either record but rather
to situate the new I-08 MIS 3 pollen record within its longer term ecological context.

The primary palynostratigraphic marker used for correlation of the record is the contraction
in arboreal taxa at 29.86 m depth in the I-08 record, tie point A. Two further tie points are
identified, however are less certain - the pollen record in this section of the core is not marked
by dramatic shifts, impeding the application of palynostratigraphic correlation. A retraction in
percentage concentrations of Corylus and Carpinus following a decline in deciduous Quercus taxa
and preceding a rise in Poaceae at 31.26 m in the I-08 record is suggested as a second correlative,
tie point B. An expansion of Abies pollen recorded in both sequences at 31.48 m depth in the
I-08 record, suggested tie point C.

Should these tie-points be accurate, there is a striking similarity in the depths at which they
are situated between the two records. Tie point A, the most certain of the palynostratigraphic
markers, is located ca. 30 m in both, suggests a similar sedimentation rate at both sites. This is
perhaps surprising given the more littoral position of the I-08 core, closer to the boundary of the
original lake (prior to drainage) (Jones et al., 2013), however it is possible that this is, to some
degree, serendipitous.

Given the difference in resolution between the two studies detailed comparison of the MIS 3
records recorded in both is challenging, however, broadly, two main expansions in steppic taxa
Artemisia and Chenopodiaceae are observed in the I-284 record between ca. 32 and 30 m depth.
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Figure 8.12: Summary I-08 and I-284 pollen diagrams, showing suggested tie points between the two records. I-284 data courtesy of K.H.
Roucoux, I.T. Lawson, and P.C. Tzedakis.
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Expansions in steppic taxa ca. 32 to 30 m depth may correlate to increased steppic taxa in pollen
zone I and pollen zone III of the I-08 pollen record, suggesting that the I-284 sequence, although
at lower resolution, does detect the fluctuations in aboreal and steppic taxa observed in this high
resolution study of core I-08. It does not, however, pick out the extreme contraction of arboreal
taxa ca. 30.68 m depth, nor does it pick out the detail regarding short-lived expansions of Abies,
Carpinus, and Corylus.

Furthermore, whilst the I-284 pollen sequence records two expansions of AP over this period
the latter, ca. 30.2 m, is muted relative to the preceding expansion. If the palynostratigraphic
correlation is correct, than the new I-08 record suggests that both tree population expansions
were of similar magnitude. The discrepancy between the I-08 and I-284 records is likely due
to the differences in sampling resolution, highlighting the advantages of high resolution study
for providing a more comprehensive picture of change. The offset in the magnitude of change
between the two records may, however, reflect the differing contexts of the core site – I-284 is
located towards the centre of one of the deepest sub-basins of the lake, whereas the I-08 site is
more littoral, and, therefore, may capture pollen inputs from the lake margins (Jones et al., 2013).

8.8 The I-08 last glacial pollen record

This study seeks to characterise millennial-scale vegetation responses at Ioannina to the abrupt
climate oscillations observed in last glacial records throughout the North Atlantic and Europe.
Here, the focus is on interpreting the pollen record, with Chapter 9 further interrogating the nature
of millennial-scale change at the Ioannina site through synthesis of the pollen and sedimentological
records. Previous last glacial pollen study at Ioannina suggests a vegetation response to millennial-
scale change, with stadials (interstadials) recorded in the Greenland oxygen isotope stratigraphy
expressed at Ioannina as intermediate contractions (expansions) in arboreal pollen taxa (Tzedakis
et al., 2004).

The temporal window of this study, ca. 46 to 40 ka BP, is characterised in the Greenland
oxygen isotope stratigraphy by three full cycles of D-O warming and subsequent cooling from ca.
46 to 40 ka BP, beginning with the gradual transition from GI-12 to GS-12, and ending with he
transition from GI-9 to GS-9 (44.28 and 39.90 ka BP respectively, sensu. Rasmussen et al. 2014).
The 39.90 ka BP GS-9 stadial is associated with the deposition of IRD at the Iberian Margin
(HS4; 40.2 to 38.3 ka BP, sensu. Sanchez Goñi and Harrison 2010), Figure 8.13.

Broadly, the Ioannina I-08 sequence records three prolonged periods (> 100 years) of suppressed
AP, Figure 8.13, typically associated with expansion of steppic taxa. Reductions in tree populations
at Ioannina during the last glacial have been associated with declines in winter temperature at
the site, on the basis that, although models suggest during the LGM (assumed to correlate to
maximum aridity) precipitation values at Ioannina (ca. 655 mm) are still substantially higher
than the threshold suggested for the survival of tree populations (ca. 300 mm) (Zohary, 1973;
Tzedakis et al., 2004). Periods of increased tree cover, pollen zone II and IV (44.5 to 43.5 ka
BP and 41.3 to 40 ka BP), are characterised by a marked increase in deciduous Quercus taxa
(primarily Quercus robur -type, with some Quercus cerris-type). Given that the present-day
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distribution of Q. robur has been shown by environmental niche models to be closely linked to
temperature seasonality and annual mean temperature, increases (decreases) in oak populations
are likely linked to decreases (increases) in temperature seasonality, or increases (decreases) in
annual mean temperature (Ülker et al., 2018). It seems likely that the emphasis here is on winter
temperature, argued to have a dominant influence on vegetation structure at the Ioannina site
(Tzedakis et al., 2004).

The first decline in arboreal taxa occurs in pollen zone I, dated to 45.5–44.5 ka BP. Initially
this decline in arboreal pollen occurs without a concurrent increase in steppic taxa Artemisia
and Chenopodiaceae, reflected in the results of HCA which primarily assigns them to cluster
2. Instead, Poaceae abundance increases, which may reflect higher moisture availability, as the
dominance of semi-desert taxa such as Artemisia and Chenopodiaceae are typically indicative of
cooler, drier conditions (Tzedakis, 1993; Lawson et al., 2004; Roucoux et al., 2008). Steppic taxa
then gradually rise, reaching their maxima at 44.8 ka suggesting cooling and/or drying.

The transition from the enhanced forest cover which characterises pollen zone I to the
grassland/steppe which characterises pollen zone II ca. 45.5 ka BP is indicated again through the
biome assignations, with a shift from pollen assemblages classified as cool evergreen needleleaf
forest (CENF) to those biomes classified as graminoid steppe (GRAM) and evergreen needleleaf
woodland (ENWD). The transition from forest biome to steppe and woodland may be related
to drying, cooling, or a combination of both. Throughout this section of the core the pollen
assemblage seems to hint at ecosystem instability, with multiple habitats represented within the
pollen assemblage but no one dominant biome, and also hinted at by ca.10% fluctuations in AP.

In pollen zone II, ca. 44.5 to 43.5 ka BP, arboreal pollen rises to > 50%, with Quercus
robur -type typically accounting for 30% of the terrestrial pollen sum. Pollen assemblages are
grouped into HCA clusters 2 and 4 characterised by abundant arboreal taxa and minima in
steppic taxa Artemisia and Chenopodiaceae. Through the biomisation process pollen assemblages
are generally classified as deciduous woodland (ENWD) or needleleaf forest (CENF), although the
nature of woodland or forest varies with time – initial woodland expansion is primarily associated
with the growth of deciduous woodland, followed by subsequent expansion in evergreen needleleaf
forest habitats. The expansion of woodland is typically associated with warmer, wetter climates
at Ioannina, with stadial conditions in the North Atlantic suggested to drive cooling at Ioannina
(Tzedakis et al., 2004; Roucoux et al., 2008).

A second period of enhanced steppe vegetation and reduced tree populations is observed in
pollen zone II, dated to between ca. 43.5 and 42 ka BP. Again, the dominance of steppic taxa
indicates at least seasonal moisture deficiency (Huntley et al., 1999). Hierarchical cluster analysis
assigns pollen assemblages to the same cluster (cluster 1) throughout this period, suggesting
a relatively stable environment, characterised by the highest values of Chenopodiaceae in the
section of the Ioannina record studied here, and relatively high values of Artemisia. An increase
in steppic taxa leads to the biome classifications of xerophytic shrubland (XSHB) and evergreen
needleleaf woodland (ENWD). Similarly to 45.5–44.5 ka BP affinity of pollen assemblages to
these two biome types suggests that both are present simultaneously within the Ioannina basin
and its surrounds, attributable to similar patterns of altitudinal vegetation zoning to those seen
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Figure 8.13: Summary diagram showing I-08 pollen data, including: (a) the results
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in the present-day surrounding regions, particularly the Vikos Gorge as outlined in Chapter 2.
Pollen zone IV has a more complex structure. A gradual rise in tree populations ca. 42 ka BP,

followed by an abrupt decline at 41.5 ka BP (sub-zone IVb). Tree populations recover quickly
following this short-lived event, with the AP minima (ca. 10%) lasting <100 years, however
the low pollen concentrations and presence of high numbers of reworked grains in this section
suggest that this event may represent a disturbance in the sediment. If the pollen assemblage is
robust, the replacement of tree populations by Poaceae as opposed to steppic taxa Artemisia
and Chenopodiceae suggests higher moisture availability than during other periods of arboreal
contraction, although may reflect a successional regime whereby initial cooling is associated with
grassland expansion followed by an expansion of steppic taxa (Tzedakis, 1994).

Throughout pollen zone IVc, between ca. 41.3 and 40 ka BP, increased tree populations,
including expansions in deciduous taxa such as Ostrya, Tilia, and Corylus, are inferred here as
indicating warmer, wetter climates at Ioannina. Throughout pollen zone IVc AP is broadly similar
to pollen assemblages in pollen zone II. Pollen assemblages are again primarily assigned to the
deciduous woodland (ENWD) or needleleaf forest (CENF) biomes, however, unlike pollen zone II,
pollen assemblages are assigned to HCA clusters 1, 2, and 4. The presence of pollen assemblages
assigned to cluster 1 during this period suggests that steppic taxa persist in the Ioannina basin
throughout this period, highlighting the differences between these two local inferred warmings.
Moisture-demanding Abies, as well as Carpinus, and Corylus populations, in particular, do not
reach the maxima ca. 41.3 to 40 ka BP they rise to between 44.5 and 43.5 ka BP. A greater
expansion in warm temperate tree taxa such as Ostrya and Buxus, suggests that ambient air
temperatures were higher in pollen zone IVc (ca. 41.3 and 40 ka BP) than pollen zone II (ca.
44.5 and 43.5 ka BP), suggesting a slightly different character to this (inferred) local warming.

The final period of reduced tree populations occurs in pollen zone V (ca. <40 ka BP) and
marks the most dramatic tree population collapse recorded in this section of the Ioannina record
(AP <20%). The interval is well-constrained chronologically as sediments immediately overlie the
Campanian Ignimbrite tephra unit (I08T_30.14). Tree populations ca. 39 ka are amongst the
lowest recorded in the entire Ioannina sequence (see Tzedakis 2002; Tzedakis et al. 2004; Roucoux
et al. 2008, 2011). As with the AP decline between 43.5 and 42 ka BP, tree populations are
initially replaced by open vegetation taxa Poaceae and Asteraceae Tubiliflorae-type, however ca.
40 ka BP there is also a simultaneous increase in Chenopodiaceae. Perhaps most interesting is
the expansion of Ephedra fragilis, associated with more continental, arid conditions (Tzedakis
et al., 2002). Subsequently, an increase in Artemisia occurs to the detriment of Poaceae and
Asteraceae Tubiliflorae-type.

Whilst many species, such as deciduous Quercus taxa, have recovered ca. 39 ka BP a number
of arboreal taxa see a lasting decline – for example, Abies values are typically below 2% between
39 and 38 ka BP. This contrasts to the response of Abies populations following AP decline ca.
41.5 ka BP (pollen zone IVb) which recover within ca. 100 years. The longer duration of ca. 40
ka BP tree population decline, which lasts for ca. 300 years, relative to the abrupt <100 year
decline at 41.5 ka BP may explain this difference. At the trailing edge of a shifting climate niche,
in areas where climate was previously suitable but may have become unsuitable, some species
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may be able to persist due to the decoupling between population dynamics of long-lived taxa and
climate variability (García and Zamora, 2003). The short duration of climatic change ca. 41.5
ka BP would have allowed the persistence of relict Abies populations, facilitating rapid recovery
of pollen production and reproductive function as conditions became more suitable, without
requiring a long process of population build-up (Benito et al., 2019). The longer duration of the
<40 ka BP cooling, however, nears the upper lifespan of eastern Mediterranean Abies species,
estimated at ca. 150 to 250 years (Hrivnák et al., 2017), and, therefore, many of these relict
populations would have largely died out before the return of suitable climatic conditions.

The offset between the I-08 vegetation record presented here and the hypothesised patterns
of millennial-scale change (D-O cycles) will be further interrogated in Chapter 9 which seeks to
synthesise the sedimentological, tephrostratigraphic, and pollen data from this thesis.

8.8.1 Comparison to earlier glacials at Ioannina

One of the advantages of studying part of a long sequence is the potential of comparison
with earlier periods at the same site, circumventing challenges which arise due to differences
between Quaternary sequences such as differing pollen source areas and catchment dynamics when
comparing sequences from different sites. A useful point of comparison for this new last glacial
pollen record is the vegetation response to suborbital change recorded during earlier glacials at
the Ioannina site (e.g. Roucoux et al. 2011).

Millennial-scale variability observed in the MIS 3 I-08 record demonstrates often synchronous
expansions in pioneer (primarily Pinus) and temperate tree populations, similar to those observed
by Roucoux et al. (2011) in the I-284 MIS 6 record. The lack of a distinct pioneer phase during
glacial periods contrasts to sub-orbital variability associated with the onset of forested intervals
during the MIS 7 interglacial which show a distinct pattern of vegetation succession (Roucoux
et al., 2008). Absence of a pioneer phase preceding the expansion of thermophilous taxa during
glacial periods may suggest that no significant soil erosion occurs during stadial intervals, similarly
to cold phases prior to MIS 7a, during which Roucoux et al. (2008) posit high altitude vegetation
cover may have persisted. It may be, however, that whilst warmer and wetter conditions do occur
during MIS 3, they were not warm or wet enough to facilitate upward expansion of the tree line,
and instead during warmer periods trees expanded into areas of the basin previously occupied by
steppic taxa. Thus, through resolving vegetation response to millennial-scale change during MIS
3 further in this study, it is possible to support many of the conclusions made by Roucoux et al.
(2011).

Possibly the closest analogue for the ca. 46 to 40 ka BP period of the I-08 sequence in
the I-284 penultimate record is the F-5 sub-zone (ca. 170 ka BP, sensu. Roucoux et al. 2011).
Both periods are associated with similar insolation values ca. 500 W m-2 at both 60 and 40°N
suggesting that insolation may be a key vegetation driver at the Ioannina site. The F-5 arboreal
pollen assemblages are broadly similar, with Pinus ranging from 10–20%, Quercus deciduous
between 20 and 30%, with low concentrations of temperate deciduous taxa Corylus, Alnus, and
Ulmus, with total AP ranging from 20–60%. In contrast, however, this period has lower Abies
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values, and higher Juniperus. Again, this may be related to soil conditions, which may have
better facilitated expansion of Abies during MIS 3 than MIS 6, or may hint at increased moisture
availability at the Ioannina site during MIS 3.

The persistence of Abies over the 46 to 40 ka BP is most likely related to refugial (relict)
populations, supported by the limited recovery of populations following the collapse in sediments
overlying the ca. 40 ka BP CI/Y-5 tephra unit. The collapse in arboreal taxa ca. 40 ka BP
(coeval with HS4, sensu. Sanchez Goñi and Harrison 2010) is far more extreme than the preceding
contractions in tree populations. The impact of HS4 on refugial Abies populations highlights the
legacy of the dramatic cooling/drying associated with Heinrich stadials, and the extent to which
they set a baseline for vegetation responses to subsequent, less severe, millennial-scale oscillations.
The impacts of HS4 described here relative non-Heinrich vegetation responses support previous
inferences that the magnitude of D-O stadials at Ioannina were less pronounced than Heinrich
stadials (Roucoux et al., 2011; Tzedakis et al., 2004). Spatial comparison of vegetation responses
to millennial-scale changes, allowing consideration of the eastern propagation of changes in the
North Atlantic climate system during Heinrich stadials relative to D-O stadials, will be undertaken
in Chapter 10.

8.9 Summary

In summary, the section of the I-08 core between 31.93 and 30.14 m depth, dated to ca. 46 to 40
ka BP, is marked by two distinct cycles of vegetation change, showing expansions and contractions
in woodland, and corresponding contractions and expansions in steppic environments at the site,
with the most dramatic contraction in arboreal pollen occuring <40 ka BP, in sediments which
overlie the 39.85 ka BP Campanian Ignimbrite tephra marker.

In this chapter the Ioannina pollen record has been interpreted in isolation, with the exception
of the linkage of changes in pollen concentration to changes in sedimentation. Chapter 9 contains
a synthetic interpretation of all the proxy data for this 46 to 40 ka BP window in the I-08 core
sequence. A holistic interpretation, which utilises the range of sedimentological proxies discussed
in Chapter 6 alongside the pollen record presented here allows for the examination a fuller picture
of the past environmental and climatic conditions under which sediments were deposited.

Subsequently Chapter 10 compares the new I-08 palaeoenvironmental record to changes
recorded in last glacial sediments from elsewhere in the Mediterranean region and beyond. In
doing so the changes outlined here can be assigned to either a broader, circum-Mediterranean
picture, or interpreted as demonstrative of the unique character of the Ioannina site, and the
Epirus region.
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Chapter 9

MIS 3 environmental change at Lake
Ioannina

Tzedakis et al. (2004) proposed Ioannina as an ideal site to study the individual character of last
glacial millennial-scale cycles in the Mediterranean as trees are not near their tolerance limit as
they are at other sites in Greece such as Tenaghi Philippon, Xinias, and Kopais, particularly with
regards to moisture. Yet, although millennial-scale environmental variability is observed in the
I-08 sequence, the character of these oscillations at Ioannina differs between the pollen and the
sediment records in quite a significant way.

This chapter will focus on the asynchroneities in proxy responses to sub-orbital scale climate
change recorded ca. 46 to 38 ka BP in the I-08 core sequence. Initial comparisons will also
be made to the timing of D-O cycles observed in the Greenland oxygen isotope stratigraphy,
generally assumed to have driven sub-orbital scale vegetation change in the Mediterranean region
during the last glacial cycle.

The findings of cryptotephra study from the I-08 core are also considered here within this
broader site context, particularly the extent to which sediment remobilisation and reworking
suggested by the tephra record may impact the millennial-scale record of climate and environmental
change recorded in Ioannina sediments.

9.1 An overview of the I-08 record from ca. 46 to 38

ka BP

The section of the I-08 core bounded by the Campanian Ignimbrite and Pantelleria Green Tuff
visible tephra layers appears on the macro-scale as an interval characterised by fairly homogenous
sedimentation. However, all the proxies studied here demonstrate multiple cycles of change.

In the sedimentological data, coarsening grain sizes in the I-08 core are typically associated
with XRF geochemical assemblages consistent with an increase in autogenic sedimentation, Figure
9.1f. A more productive lake environment may reflect increasing temperatures, increased nutrient
status, or lower lake level. Conversely, finings in grain size have an XRF geochemical assemblage
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which suggests higher allogenic inputs, demonstrated through increases in terrestrially-derived
elements such as K and Ti. Chapter 6 argues, following the suggestion of Lawson (2001), that
finer, more allogenic, sediments at Ioannina are typically (although not always) associated with
colder conditions, whereas autogenically-derived, coarser sediments are associated with warmer
conditions, and the associated increase in lake productivity.

The oscillations in sedimentology between 31.93 and 30.14 m depth correspond to the number
of Greenland stadials identified during the 46 to 38 ka BP window (GS-12, 11, and 10, sensu.
Rasmussen et al. 2014). Therefore, sediment proxies are interpreted as indicating a response to
millennial-scale climate variability, potentially related to the stadial-interstadial oscillations (D-O
cycles) observed in the Greenland ice core records.

Millennial-scale vegetation changes recorded in other last glacial Mediterranean archives have
typically been correlated with D-O cycles recorded in Greenland and the North Atlantic, with
vegetation records argued to indicate regional shifts from warm and wet conditions associated
with interstadials, to colder and drier stadial conditions (Allen et al., 1999; Fletcher et al., 2010;
Müller et al., 2011). In the I-08 record, however, temperature and aridity minima suggested by
increased concentrations of steppe taxa Artemisia and Chenopodiaceae, Figure 9.1b, are not
synchronous with increased terrigenous sediment inputs argued to correspond to stadial conditions
at the Ioannina site. Unlike the sediment record, the number and timing of > 100 year periods of
reduced AP identified (i.e. those which do not suggest short-lived events) in the pollen record do
not correspond to the number of cycles observed in the Greenland oxygen isotope record.

The offset between the response recorded in the Ioannina pollen assemblage, the Ioannina
sedimentological record, and the Greenland oxygen isotope stratigraphy is challenging to interpret,
and may be attributed to a number of factors. Here, a range of possible explanations for these
offsets between these different records are considered:

• Sediment and vegetation proxies at Ioannina are responding to changes in different elements of
the climate system (Section 9.2)
• Accurate correlation of the Ioannina record with the Greenland oxygen isotope record is impeded
by chronological uncertainty (Section 9.3)
• Ioannina sediments are unsuitable for high resolution study due to catchment dynamics and
the remobilisation of material (Section 9.4)

9.2 Proxy responses

Here the Ioannina sequence is interpreted with reference to the two main-drivers of suborbital scale
climate variability within the Mediterranean, firstly the changes in ocean circulation associated
with D-O cycles frequently argued to characterise last glacial climate change in the Mediterranean
region, and secondly the changes in orbital geometry which have been shown to influence global-
scale climate systems, such as the summer monsoon, as well as overprinting D-O cycles in the
subtropical NE Atlantic (Sánchez Goñi et al., 2008) and Western Mediterranean (Fletcher and
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Sánchez Goñi, 2008).

9.2.1 Proxy responses to D-O cyclicity

Increases in the clay-sized fraction, Figure 9.1g, and the relative abundances of terrigenous
elements Al, K, and Ti, Figure 9.1e, are argued to reflect local coolings at the Ioannina site.
The three cycles of cooling correspond to the number of Greenland stadials identified in the
Greenland oxygen isotope stratigraphy. When plotted on the I-08 age-depth model, these local
inferred coolings at Ioannina lead Greenland stadials by ca. 500 years, however large chronological
uncertainties from Ioannina (typically >2,000 years) and Greenland (between 2,000 and 1,500
years over the 46 to 38 ka BP window), which will be discussed in Section 9.3, limit inference of
leads and lags in responses, and it is possible Ioannina coolings/dryings occured in-phase with
Greenland stadials. Therefore, sedimentological changes within the lake environment can be
interpreted as reflective of local coolings at Ioannina driven by broader-scale changes responsible for
the oscillations identified in Greenland (Andersen et al., 2004) and elsewhere in the Mediterranean
(Allen et al., 1999; Fletcher et al., 2010), generally linked to millennial-scale AMOC variability
(Rahmstorf, 2002).

There is, however, a degree of ambiguity in the interpretation of the I-08 sediment record. For
example, increases in autogenic production, reflected through coarser bulk sediment and increased
Ca/Ti and Si/Ti, may represent periods of lower lake level at the I-08 core site. In the present
day, Lake Ioannina is a closed system with no major fluvial inputs, which to some extent limits
the range of mechanisms which may have driven past changes in lake level. Potential drivers of
lake level at the site include climatic change, tectonic activity, changes in outflow, or changes
in groundwater. The cyclicity of changes in sedimentology between 46 and 38 ka BP, however,
suggest a climatic driver.

If we are to interpret changes in sedimentology as indicative of changing lake levels, modelling
by Prentice et al. (1992) suggests that changes in seasonality of precipitation, possibly driven
by changing solar insolation values or changes in the prevailing climate systems, could explain
an offset between the lake level inferred climate and vegetation inferred climate. Most notably
changes in winter precipitation, or changes in potential evapotranspiration (PE) would increase
runoff at the expense of soil moisture causing an increase in lake levels and a reduction in
vegetation cover (Prentice et al., 1992). Such a mechanism may explain some of the disparity
between the vegetation signal and the sedimentological proxies. For example, ca. 43.5 ka BP,
where Artemisia + Chenopodiaceae percentage abundances increase and AP declines, particle
size and XRF data only suggest a small change in catchment dynamics. This may be explained
by a change in soil moisture due to changes in PE which do not impact the hydrological balance
of the ground-fed lake.

With regards to the vegetation record, work (e.g. Tzedakis et al. 2004) has suggested that
vegetation assemblages, particularly tree populations, at Ioannina should also record an in phase
response to D-O cycles. As shown, fluctuations recorded in the Ioannina vegetation record suggest
cyclicity, however a number of contractions and expansions in tree populations, particularly
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temperate woodland taxa such as deciduous Quercus, are identified, Section 8.8. The number
of expansions of temperate woodland taxa does not, however, reflect the number of stadial-
interstadial cycles identified in the Greenland record during this temporal window. This may be
as vegetation assemblages are not solely characterised by climatic change and factors such as soil
development, competition, and migration rates limit the extent to which ecosystem composition
is in equilibrium with climate.

Lags between abrupt changes in climate and resultant vegetation changes are not without
precedent in Quaternary sequences. In Gerzensee (Switzerland) Ammann et al. (2013) highlight
a rapid primary vegetation succession to Last Glacial-Interglacial Transition (LGIT) climatic
oscillations. In particular Juniperus pollen recorded a rapid (<20 year lag) increase relative to
the shift in oxygen isotopes, followed by expansion of Betula ca. 200 years later, and Pinus > 1
ka later. It should be noted, however, that context of this response, which shows post-glacial
vegetation response in a heavily glaciated alpine region without the proximity to glacial refugia
means these responses should differ from stadial-interstadial transitions seen at Ioannina.

In Mediterranean environments more similar to Ioannina, subtropical NE Atlantic marine
cores for example, expansions in arboreal pollen closely track millennial-scale climate variability,
tracking alkenone-derived SST changes with a ca. 150 year offset (Sánchez Goñi et al., 2002).
Similarly in the western Mediterranean phases of forest development and semi-desert expansion
are in phase with last glacial SST fluctuations, demonstrating the rapid transmission of North
Atlantic climate changes into the region (Fletcher and Sánchez Goñi, 2008). Therefore, whilst
lags in vegetation response to climate changes may explain the offset between inferred warming
at Ioannina and warmings in Greenland, such lags are not typical of environmental responses to
sub-orbital climate change in the Mediterranean.

In contrast to the pollen assemblage record, I-08 pollen concentrations, Figure 9.1d, show
distinct, prolonged concentration minima at 44.5 and 41.5 ka BP in phase with changes recorded
in the sediment. Concentration changes, as argued by Roucoux et al. (2008), are here interpreted
as increases in vegetation biomass at the Ioannina site. Minima in pollen concentration at 44.5 and
41.5 ka BP occur synchronously with finer, more allogenic sedimentologies. As organics were not
removed prior to PSA grain size and pollen concentration proxies are not independent. Nonetheless,
given the transition towards XRF elemental ratios associated with allogenic sedimentation it
seems likely that changes in pollen concentration occur in phase with the sedimentary regime of
the site.

It is possible that pollen production might be broadly constant, and the change in concentration
is linked to an increase in allogenic sedimentation at the site. Untangling the complex relationship
between pollen concentration and sedimentary dynamics is challenging, and can often only be
fully addressed through the calculation of a pollen accumulation rate (PAR) which determines the
influx of pollen grains independently of sedimentation rates. Such calculations, however, require
a robust chronology, and are best applied to well-dated sequences such as varved records.

The limitations of pollen assemblage and concentration data may impede inference of abrupt
vegetation responses to millennial-scale climate change recorded in the Ioannina record. In a
high resolution study of the pollen record in the annually resolved Meerfelder Maar (Germany)
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sequence, Engels et al. (2015) highlight a difference in timing between vegetation responses
recorded by percentage assemblage data and the PAR curves of the most important taxa, with a
more rapid response recorded in the PAR. Whilst Engels et al. (2015) suggest biostratigraphy
remains a useful tool for upscaling individual proxy records to regional signals, they highlight the
importance of robust, precise dating when undertaking high-resolution proxy analyses as changes
in pollen accumulation play an important role in deciphering abrupt ecosystem and climate
changes. The lack of precise (centennial-scale) chronostratigraphical control for this section of the
Ioannina core prohibits similar analysis, however future improvements in the age-depth model,
such as radiocarbon dating, may facilitate calculation of PAR providing further insights into the
character of vegetation response to abrupt climate change.

Even accounting for potential lags in vegetation response at Ioannina, explaining why tree
expansions recorded in the Ioannina pollen record do not occur in concert with identified changes
in the sedimentology is challenging. The absence of an explicit shift in the Ioannina pollen
assemblage, in phase with the sediment response and, on a broader scale, which tracks D-O cycles
recorded in Greenland, the North Atlantic, and elsewhere in the Mediterranean may reflect the
unique character of the Ioannina site. The presence of a variety of climate spaces within the
Ioannina basin, outlined in Chapter 2, provides what Tzedakis et al. (2004) describe as a range of
microclimates into which climate sensitive taxa may retreat during times of environmental stress.
It also offers climate-sensitive species opportunities to track their niche over short distances, for
example, an upward expansion of the treeline in response to rising temperatures, which should,
theoretically facilitate rapid species responses to climate change, mitigating the risk of rapid
population collapse.

Another potential explanation is that sedimentary processes in the Ioannina catchment are
responding to changes in different elements of the climate system than the surrounding vegetation,
such as seasonality. Tzedakis et al. (2004) argue that during the last glacial, tree growth in Greece
was primarily limited by increases in aridity, decreased atmospheric CO2 content resulting in less
efficient water use by plants, and lower minimum winter temperatures. At Ioannina, however,
LGM climate simulations suggest that even at times of extreme aridity precipitation did not drop
below the minimum threshold for tree population survival (Tzedakis et al., 2004). Furthermore,
ice core records suggest atmospheric CO2 is constant between 46 and 38 ka BP, before rising
ca. 40 to 38 ka BP (see Gottschalk et al. 2016 and references therein). CO2 concentrations can,
therefore, largely be ruled out as a driver of vegetation change in sediments which underlie the ca.
40 ka BP Campanian Ignimbrite. Consequently, if we are to follow the argument of Tzedakis et al.
(2004), the most likely driver of vegetation change at Ioannina ca. 46 to 38 ka BP is variability in
winter temperature at the site.

9.2.2 Proxy responses to changing orbital geometries

D-O cycles do not characterise all records globally throughout the last glacial, and other changes
in the climate system may lead to change on sub-orbital timescales. Most notably, changing
orbital geometries on millennial timescales may drive seasonal changes in climate which overprint
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Figure 9.2: Orbital parameters for the last 100 ka showing changes in (a) precession, (b)
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distribution in latitude and longitude of incoming solar radiation at (e) 45 and (f) 40 ka
BP based on (Berger and Loutre, 1991) and calculated using R package Palinsol (Crucifix,
2016).

or, potentially, counteract vegetation responses to D-O cyclicity. Over 46 to 38 ka BP changes
in summer insolation are minimal at 65°N, however at 40°N there is a notable increase in June
insolation, shown in Figure 9.2d, due to a shift towards precessional maxima and a corresponding
shift to an obliquity minima. The primary impact of these changes in astronomical configuration
is the extension of the period of maximum solar insolation in the Northern Hemisphere tropics
and subtropics into spring, Figure 9.2e-f, a key growing season in the Mediterranean (Grove and
Rackham, 2001).

At 40°N, precessional and obliquity cycles result in a spring insolation maximum at ca. 40
ka BP, Figure 9.3b. Increasing spring insolation may explain the apparent discrepancy between
the Greenland isotope stratigraphy ca. 42 to 40 ka BP, which is dominated by cooler, stadial
conditions, to the Ioannina record where sustained forest expansion suggests warmer, wetter
conditions at the site.

Precession, modulated by orbital eccentricity, alters the structure of the seasonal cycle,
whereas obliquity alters seasonality and latitudinal radiation gradients (Barry and Chorley, 2010).
Previously, Mediterranean vegetation changes have repeatedly demonstrated pervasive influence of
precession on orbital timescales (Magri and Tzedakis, 2000), and records which demonstrate clear
D-O cyclicity in the Mediterranean region have also been shown to be overprinted by precessional
forcing, primarily at lower (<40°N) latitudes (Sánchez Goñi et al., 2008; Fletcher and Sánchez
Goñi, 2008). At times of precession minima perihelion falls in boreal summer, increasing solar
insolation in the northern hemisphere summer.

The relationship between changing orbital geometries and Mediterranean climate is complex,
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Figure 9.5: Annual mean (a) temperature and (b) precipitation change associated with
obliquity maxima (Omax-Omin) in the EC-Earth fully coupled ocean-atmosphere GCM
(general circulation model), data: (Bosmans, 2019).

associated not only with direct changes in insolation inputs, but also their interaction with
broad-scale climate systems. Climate models can provide some insight into these changes. The
impacts of precessional forcing on temperature and precipitation are demonstrated in Figure 9.4
which shows the difference in climate between model runs associated with precession maxima
and minima (see Bosmans et al. 2015, 2020). Whilst the impacts of precession are particularly
pronounced in the lower latitudes during autumn, precession maxima also result in springtime
warming (relative to precession minima) in the Mediterranean region, corresponding to changes in
incoming solar insolation. Modelling outputs also suggest that precession maxima are associated
with wetter winter and spring seasons and drier summers in the Mediterranean, Figure 9.4.

The climate impacts of changes in Obliquity are demonstrated in Figure 9.5. From 46 to 40
ka BP there is a transition towards an obliquity minima, which when simulated results in relative
temperature decreases in Europe during boreal winter, and warmer boreal summers. Obliquity
minima are also suggested by the model to result in wetter autumn and winter seasons, and a
dryer spring in the Mediterranean. Therefore, to some extent, the move towards a precession
maxima from 46 to 40 ka should be somewhat moderated by the move towards an obliquity
minima.

The difficulty in interpreting the interplay of orbital geometry with broad-scale climate
systems is further demonstrated through LOVECLIM simulations of past climate changes at
nearby Lake Ohrid (Wagner et al., 2019) which suggest that, whilst annual mean temperature
displays a steady increase over the study period, simulated precipitation is more variable, Figures
9.3d-e. Adjustments in orbital geometry may, therefore, change large-scale circulation patterns in
complex ways, however linking these to complex ecological responses is not a simple task.

9.2.3 Other sub-orbital climate drivers

Internal climate mechanisms beyond changes in AMOC may also explain the different responses
recorded in the pollen and sedimentological proxies, and the contrast to the Greenland oxygen
isotope stratigraphy. Typically it is assumed that last glacial millennial-scale changes recorded in
Mediterranean sequences are responding to the same large-scale changes in ocean-ice-atmosphere
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interactions as recorded in oxygen isotope profiles from Greenland ice cores (e.g. Rasmussen et al.
2014) and North Atlantic marine sequences (e.g. Shackleton et al. 2000). It may be, however,
that in the eastern Mediterranean responses to millennial-scale fluctuations are more complex.

The eastern Mediterranean lies at the interface of three contrasting climate systems - the
North Atlantic, continental Europe, and North Africa. Detailed comparison of the Ioannina
record to proxy records which demonstrate an explicit response to one of these three climate
systems allows the identification of potential synchroneities, providing insights into potential
mechanisms which explain the proxy responses. For example, the Greenland K+ record is argued
to indicate the relative strength of the Siberian High, the central component of the continental
European climate system (Mayewski et al., 1997). Comparison of the Ioannina record to archives
which express explicit responses to changes in the North Atlantic, North African and continental
European climate system, Chapter 10, may facilitate the identification of climate systems which
act as a secondary driver on the Ioannina vegetation record.

9.3 Chronological uncertainties

Perhaps the most significant challenge associated with reconstructing environmental responses
to past climate change is building an accurate, precise, and robust chronology which allows for
records to be compared. The I-08 pollen record presented here and the Greenland oxygen isotope
stratigraphy both have chronologies with significant uncertainties. At Ioannina the 40Ar/39Ar
date associated with the Pantelleria Green Tuff (Y-6) tephra marker, which sets the upper
temporal constraint for this high resolution study, has a 2σ uncertainty associated with it of
ca. 1 ka (Scaillet et al., 2013). Whilst the 2σ uncertainty associated with the lower bound, the
Campanian Ignimbrite (Y-5) tephra, is lower, there is still a 140 year uncertainty (Giaccio et al.,
2017a).

Furthermore, changes in sedimentology observed through the particle size data suggest changes
in the sedimentary regime. This would also likely be reflected in changes in accumulation rate,
and as a result adds extra uncertainty to the age-depth model, which is challenging to quantify.
However, the Bayesian approach to age-depth modelling applied here allows for confidence limits
to be statistically assessed. Figure 9.6 shows the I-08 arboreal pollen fluctuations plotted showing
the chronological uncertainty, showing the 95.4% (2σ) confidence limits determined by the OxCal
P_Sequence algorithm. The 95.4% (2σ) confidence limits range from ca. 300 years in sediments
proximal to the well-dated Campanian Ignimbrite tephra marker, to ca. 2,800 years ca. 43 ka
BP. The average 2/sigma age uncertainty through the section selected for high resolution pollen
analysis is ca. 2,000 years.

The chronology for the Greenland ice cores is primarily based on annual layer counting,
with the uncertainty determined through the Maximum Counting Error (MCE) which is an
accumulated error, obtained by adding half a year to both the age of the ice and the MCE each
time an uncertain layer is encountered (Seierstad et al., 2014). Synchronisation of the NGRIP,
GRIP and GISP2 ice cores is based on volcanic ash peaks and chemo-stratigraphic matching
(Seierstad et al., 2014). Fleitmann et al. (2009) suggest that the NGRIP (GICC05) chronology,
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when compared to speleothem records, shows non-systematic age offsets which indicate that ice
core chronologies are consistently too young.

The ca. 1.5 ka maximum counting error associated with the Greenland ice core chronology
at this time, alongside the typically > 1 ka uncertainty in the Ioannina sequence, could explain
the ca. 1.5 ka offset between the onset of more steppic environments at Ioannina and cooling
recorded in the Greenland record. This is expressed in Figure 9.6, which shows both records
plotted with associate chronological uncertainties.

Tree populations decline between 45.5 and 44.5 ka BP, suggesting cooling at the site in line
with cooling in Greenland comfortably within chronological uncertainties. Tree expansion occurs
ca. 44.5, coincident with a brief warming event observed in the Greenland isotope record, and also
within chronological uncertainty of GS-12/GI-11 transition. Increased arboreal populations persist
until 43.5 ka BP, at which point they decline. This decline is within uncertainty of the transition
between GI-11/GS-11. Increases in arboreal pollen ca. 42 ka BP fall within uncertainty of the
GS-11/GI-10 transition, and an abrupt decline in AP ca. 41.5 ka BP falls within uncertainty of
both the GS-11 and GS-10. Therefore, the 41.5 ka BP tree population collapse at Ioannina pollen
may be related to abrupt change in Greenland. In Greenland, however, warming at interstadial
onset is typically rapid whilst cooling is more gradual.

As shown here, the large uncertainties between both records during this time period makes
robust correlation challenging. It is possible, however, to interpret changes in particle size as a
direct climate signal, reflecting cooling and drying at Ioannina associated with reduced AMOC
(stadial mode, sensu. Rahmstorf 2002), as all inferred coolings occur within error of Greenland
stadials. Whilst some of the changes recorded in the pollen assemblage can be attributed to
D-O climate variability some, such as inferred warming ca. 42 to 40 ka BP, do not correlate
well with changes observed in the Greenland ice core record. To some extent, the host of
external drivers (e.g. soil moisture, precipitation/temperature seasonality) which may also control
vegetation assemblages at the Ioannina site, may explain this offset, and will be considered
through comparison of the Ioannina record with regional and global climate records in Chapter
10.

9.4 The impact of reworking on the Ioannina sequence

A final mechanism which may explain why the vegetation record at Ioannina does not display
distinct cyclical vegetation responses which occur synchronously (within chronological uncertainty)
with Greenland interstadials may be a product of taphonomy, particularly post-deposition
reworking of material within the catchment. This section takes a multi-proxy approach to
interpret the role that reworking of sediment may have had on the integrity of the Ioannina
sequence. To do so, evidence for reworking of material within the Ioannina catchment identified
in the cryptotephra record and the pollen record is outlined. Subsequently, sedimentological data,
particularly XRF elemental ratios, will be examined to see if these can provide further insight
into the mechanisms of sediment reworking.
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9.4.1 Identifying erosive impacts of lake level change

The most significant evidence for cryptotephra (and, therefore, sediment) reworking was identified
above the CI, and, therefore, postdates the 46 to 38 ka BP interval for which the high resolution
palaeoenvironmental study has been undertaken. The lake and catchment processes identified
are, however, informative for considering reworking processes in the Ioannina catchment.

With regards to the cryptotephra reworking, the most significant change is a gradual increase
in glass shard concentration ca. 28.6 m depth, Section 7.2.4. Glass shards identified in this section
of the core all have a major and minor element composition consistent with the I08T_30.14
(CI/Y-5) tephra unit, suggesting that rather than representing primary air-fall of later eruptions,
they can instead be attributed to remobilisation of the CI/Y-5 tephra within the Ioannina basin.
Given that there are no major inflows to Lake Ioannina reworking at the site is instead attributed
to a fall in lake level at the I-08 core site, Section 7.2.4.2 . A lake level fall would expose limnic
sediments at the lake margins, the erosion of which would also include any tephra beds therein,
and could explain the deposition of remobilised tephra in the I-08 sequence.

The inference of a fall in lake level is supported by the appearance of shell layers in the
stratigraphy. A similar lake level response has been suggested by multiple proxies in the low
resolution I-284 record. Most notably, an expansion in Pediastrum pollen from <10% to values
ca. 40% ca. 27 m in the I-284 sequence suggests an extreme change in the lake environment,
potentially related to a lowering of lake level. Study of molluscan fauna over the last glacial in core
I-284 also hint at a decline in lake level ca. 26 m depth, at which Dreissena beds are identified,
clear indicators of low lake levels at this time (Frogley et al., 1999). In core I-284 these lake level
changes precede the LGM suppression of arboreal pollen, particularly deciduous Quercus, which
spans 24 to 17 m depth, suggesting that lake levels fell prior to the aridity maxima associated
with the local LGM. Diatom evidence from the I-08 core suggest low lake levels during the LGM
(Jones et al., 2013), rising during the late glacial, although it is suggested that deepening occurs
ca. 1,000 years earlier at the I-284 core site relative to I-08.

XRF-derived elemental assemblages also demonstrate an abrupt transition ca. 29 m, with
increases in Ca/Ti, K/Ti, and Si/Ti. As argued in Chapter 7, the K/Ti ratio closely follows
the cryptotephra glass shard distribution. The Si/Ti ratio also broadly tracks glass shard
concentrations, however it is more variable, likely due to changes in diatom production during
this period. Increases in Ca/Ti in this period are attributed to increased autogenic sedimentation
at the I-08 core site, further supporting the reduced lake level hypothesis. The termination of
tephra reworking synchronous with a reduction in Ca/Ti is interpreted as a subsequent rise in
lake level, thus burying tephra deposits and limiting further tephra remobilisation.

The identification of sediment remobilisation, established through identification of reworked
tephra horizons, raises questions about the utility of I-08 sediments as a reliable record of last
glacial climate change at the Ioannina site. The inference of changing lake levels leading to
remobilisation of lake sediments from more littoral contexts to the I-08 core site may impact on
the pollen record. Therefore in Section 9.4.2 the evidence that similar processes may be reflected
in the sediments selected for high resolution proxy study is considered, and the implications this
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may have on the pollen record.

9.4.2 Multi-proxy assessment of sediment reworking ca. 46 to 38

ka BP

Here the likelihood of sediment reworking in the section of the I-08 core selected for high resolution
pollen study is considered. Identifying possible sediment reworking is important, as it may have
implications for the integrity of the high resolution pollen data. Two approaches are utilised here
to investigate this hypothesis. First, the pollen degradation data outlined in Section 8.6 is placed
it in its sedimentological context, and consider potential mechanisms of reworking. Secondly, the
extent to which cryptotephra concentrations vary between 32 and 30 m depth in the I-08 core are
considered, as they may also provide insights into the integrity of the record at these depths.

Pollen degradation typically occurs through oxidation, with Campbell (1991) showing that
repeated wetting and drying is the most effective physical process which causes damage to pollen
grains. As there is no stratigraphic evidence to suggest the I-08 core site was exposed, pollen grains
exhibiting damage are likely remobilised grains originally deposited in a subaerial environment.
Therefore, influxes of damaged pollen grains would be expected in sections of the sequence where
the geochemical data suggests terrigenous inputs dominate the sediment, identifiable in the XRF
data through high Ti/Ca, K/Ca, and Al/Ca ratios, Figure 9.7g. Both peaks in degraded grains
(ca. 15% terrestrial pollen sum) are associated with the upper peak in these allogenic/autogenic
sedimentary signals, suggesting both reflect terrestrial inputs into the lake environment.

It was hypothesised that evidence of pollen reworking would rise in conjunction with reworking
of tephra glass shards, as it was assumed that both arise through processes of sediment remobilisa-
tion within the catchment and the lake environment. Analysis of damaged pollen grains, however,
does not support this suggestion, Figure 9.7d-f. Pollen degradation indices suggest reworking is
most apparent ca. 41 ka BP, when there is limited evidence of reworking in the tephra record. In
contrast, in sections of the core where tephra study suggests reworking of sediments, ca. 43 ka
BP, there is minimal evidence for pollen reworking other than some minor changes in the conifer
bladder/full grain ratio. It should be noted that high resolution (1 cm) cryptotephra study was
not undertaken throughout this section of the core, and as such tephra glass shard concentrations
are averaged over ca. 10 cm units, Figure 9.7j.

It is possible that both lines of evidence suggested to act as proxies of sediment remobilisa-
tion, pollen degradation and tephra reworking, are subject to different sediment remobilisation
mechanisms. Pollen grains which show evidence of having been reworked are likely to have been
exposed in terrestrial environments prior to their entry to the lake environment, and, therefore,
changes in the number of visibly degraded pollen grains are likely to be related to terrestrial
in-wash processes. In contrast, the origin of the reworked tephra glass shards is less certain.
Reworked glass shards ca. 43 m depth may be the product of terrestrial in-wash, however they
may have been subject to similar reworking mechanisms to shards at 28 m depth where tephra
influx is attributed to erosion and remobilisation of lake sediments (see Chapter 3). The offset
between evidence for pollen reworking and evidence for tephra reworking may be demonstrative
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Figure 9.7: Summary of sedimentological and pollen data from 46 to 38 ka BP shown
alongside (a) Greenland δ18O (NGRIP Andersen et al. 2004), including (b) summary
pollen diagram, (c) terrestrial pollen concentration, (d)% of non-conifer pollen grains
displaying damage (excluded from the pollen sum), broken grains as a% of total grains for
(e) Pinus and (f) Abies, XRF-derived elemental ratios corresponding to inferred changes in
(g) allogenic and (h) autogenic inputs, (i) % clay, and (j) tephra glass shard concentrations
determined during low resolution tephra study. For pollen taxa grouping details see
Appendix C, I-08 data plotted against age according to the IntCal20 age-depth model
outlined in Section 7.4
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of the multiple mechanisms through which sediments can be remobilised post-deposition.
Ultimately, throughout the window of the I-08 core selected for high resolution pollen analysis

only small volumes of tephra glass shards (<1,000 shards g-1) have been identified through
cryptotephra study. Although it remains possible that the pollen record has been reworked
internally within the lake environment, given the average terrestrial pollen concentration is ca.
75,000 grains cm-3 it is unlikely that reworking occurred on a scale significant enough to greatly
impact the pollen results. Furthermore, whilst tephra remobilisation is likely related to the
exposure of large units consisting of almost pure ash fallout to erosion, reworked pollen grains
likely represent remobilisation of sediment containing a small amount of pollen. Most notably the
low abundance of degraded pollen grains outside of the bisaccate taxa suggests the impact of
this reworking and remobilisation is minimal. Therefore, whilst pollen data ca. 42 to 41 ka BP
should be interpreted with caution due to the influx of corroded grains at these depths, elsewhere
the record is robust and should provide a reliable reconstruction of vegetation in the Ioannina
catchment.

9.5 Summary

Reconciling the millennial-scale changes in sedimentology recorded in the I-08 core with the
vegetation changes therein is challenging, as changes are rarely synchronous between the different
proxies. The difference between the pollen and sediment response may provide a number of
interesting insights into the processes which drive vegetation responses on suborbital timescales at
Ioannina, suggesting that abrupt climate fluctuations which define palaeoenvironments elsewhere
in the Mediterranean do not define, to such a large extent, the vegetation at Ioannina, outside of
the dramatic and sustained cooling and drying associated with Heinrich stadials at the site.

Here, three hypotheses have been presented to explain the disparity between the millennial-
scale changes recorded at Ioannina and those identified in Greenland and replicated throughout
the North Atlantic realm.

Firstly, that offsets are due to differences in the nature of the proxies, and the elements of the
climate system they respond to. The sedimentology of the Ioannina core demonstrates distinct
millennial-scale climate signals which can be correlated within error to the D-O oscillations
expressed in the Greenland ice sheet, however these do not occur in phase with fluctuations
suggested by the vegetation. A range of potential drivers for tree expansions and contractions are
suggested, and these shall be discussed in greater detail in Chapter 10.

Secondly, chronological uncertainties associated with both the record of millennial-scale
climate cycles recorded in the Greenland oxygen isotope stratigraphy and environmental responses
recorded at Ioannina may explain, to some extent, the temporal offsets between the two records.
The large, frequently > 1 ka, uncertainties associated with both chronologies raise important
questions about the robustness of comparisons between records.

Finally, the possibility that reworking may impede the utility of the Ioannina sequence to
record vegetation responses to abrupt last glacial climatic oscillations is considered. This theory
is, however, broadly rejected, given that pollen and cryptotephra records show minimal evidence
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of reworking in the section of the I-08 core selected for high resolution study.
In Chapter 10 this new Ioannina record will be compared to other Quaternary sequences which

reconstruct changes in the Mediterranean climate system ca. 46 to 38 ka BP, before situating
these changes within their regional and global context.
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Chapter 10

Millennial-scale variability at Lake
Ioannina: correlations and comparisons

As outlined in Chapter 9 vegetation responses recorded through high resolution study of the I-08
sequence cannot be explicitly correlated to Greenland stadial-interstadial transitions between
ca. 46 and 38 ka BP. Given that millennial-scale oscillations at Ioannina have been frequently
linked to changes in North Atlantic circulation (AMOC; e.g. Tzedakis et al. 2004; Roucoux et al.
2011), the absence of a clear linkage reflected between the I-08 pollen record and the Greenland
oxygen isotope stratigraphy (the best-resolved record of last glacial millennial-scale change) raises
a number of questions, including:

• How localised is the Ioannina vegetation signal?
• Which climate systems drive the millennial-scale change recorded in the Ioannina sequence?
• What are the ecological implications of last glacial millennial-scale changes at Ioannina?

In order to answer these questions, this chapter compares the pollen from Ioannina to palaeoenvi-
ronmental and palaeoclimate records from the Mediterranean Sea and its surrounds which may
help explain the vegetation responses recorded at Ioannina between 46 and 38 ka BP. Subse-
quently, the Ioannina sequence will be placed within its global context through comparison with
the best-resolved records of last glacial climate, including the polar ice cores of Greenland and
Antarctica, the Hulu cave speleothem (China), and Cariaco Basin (nr. Venezuela). In doing so,
the findings of this thesis are outlined, contextualised, and new avenues for future research are
identified.

10.1 How localised is the Ioannina vegetation signal?

As outlined in Section 2.5 the Ioannina site is, in the present day, able to support a broad array of
taxa due to the diversity of microclimates facilitated by the topography of the surrounding pollen
source area. Therefore, it may be that the vegetation response to last glacial millennial-scale
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Figure 10.1: Pollen assemblages from (a) Lago Grande di Monticchio (Core B/C/D; Allen
et al. 1999) and (b) Ioannina core I-08 for ca. 46 to 38 ka BP. For pollen taxa grouping
details see Appendix C, for age-depth model details, see Table 5.3.

climate forcing, to some extent, reflects the ability of the surrounding topography to ‘buffer’
ecological responses (see Tzedakis 1993). To test this hypothesis, here the vegetation response at
Ioannina is compared to other records of vegetation change from the Mediterranean which span
the last glacial period.

Very few terrestrial studies of vegetation change at exist at centennial-scale proxy resolution,
particularly in the eastern Mediterranean. Two sequences which have comparable proxy resolution
to the I-08 sequence are records of millennial-scale change from Lago Grande di Monticchio (Italy;
Allen et al. 1999) and Tenaghi Philippon (Greece; Müller et al. 2011), both of which can be
correlated directly to Ioannina using the CI/Y-5 tephra marker (see Chapter 7). Selected records
from elsewhere in the central and eastern Mediterranean, including records from Greek sites
Kopais (Tzedakis, 1999), Xinias (Bottema, 1979), and Megali Limni (Margari et al., 2009), have
vegetation records which indicate millennial-scale variability, albeit at a lower resolution, and
are also compared to the new I-08 record. Details of site chronologies used for comparison are
outlined in Table 5.3.

10.1.1 Lago Grande di Monticchio

Lago Grande di Monticchio (LGdM) was the first terrestrial sequence to record a vegetation
response to last glacial millennial-scale climate oscillations in an independently dated sequence
(Allen et al., 1999). However, when comparing the LGdM pollen record to the new I-08 record,
Figure 10.1, the lower resolution of the LGdM sequence through the 46 to 38 ka BP window
makes direct comparisons challenging.
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Perhaps the clearest correlation between the LGdM and Ioannina sequences is the onset of tree
population decline ca. 40 ka BP near which the sequences can be directly linked using the CI/Y-5
tephra marker, Figure 10.1. In both sequence initial tree population degrease commenced prior
to the CI/Y-5 tephra marker, however maximum expansion of steppic, semi-arid taxa (Artemisia
and Chenopodiaceae) occurs in sediments which overlie the tephra. At LGdM, where varved
sediments allow for accurate dating, the onset of tree population decline commences ca. 50 years
prior to the CI/Y-5, at 39,825 years BP. The date of this onset is a close match for the onset of
GS-9 (the Greenland isotopic event coeval with HS4), which is dated by Rasmussen et al. (2014)
to 39.90± 1.57 b2k, 39.85 ka BP.

Other than abrupt change following the deposition of the CI/Y-5 tephra marker, the most
extreme vegetation response throughout this period of the LGdM record is an increase in tree
populations, followed by a decline ca. 44 ka BP, within error of the onset of GS-12 at 44.23 ka BP
(44.28± 1.78 b2K, sensu. Rasmussen et al. 2014). The timing of this ca. 44 ka BP decline in AP
correlates well to a fall in AP and an associated expansion in steppic taxa in the I-08 sequence,
suggesting that both sequences may be responding to a slowing of AMOC (stadial mode, sensu.
Rahmstorf 2002).

10.1.2 Tenaghi Philippon

The TP-2005 pollen demonstrates multiple centennial-scale increases in arboreal pollen punctuat-
ing the otherwise high percentages of Artemisia and Chenopodiaceae (Müller et al., 2011) during
the last glacial, outlined in Section 4.5. A recent, updated version of the Müller et al. (2011)
pollen data, provided by Pross and Kostoudendris (pers. comm.) is presented, for the first time,
on the new chronology based on 54 14C dates (Staff et al., 2019), the Campanian Ignimbrite and
Y-3 tephra markers (Wulf et al., 2018), and calibrated using the new IntCal20 curve (Reimer
et al., 2020), Figure 10.2d.

The comparison between the age-depth model for TP-2005 based on IntCal13, Figure 10.2c,
and the age-depth model constructed using the updated IntCal20 calibration curve, show marked
differences in the timing of tree population expansions. In doing so, the Tenaghi Philippon
pollen record demonstrates the importance of accurate and precise calibration when building
chronological models based on 14C dating. In contrast, the Ioannina pollen record, ca. 46 to
40 ka BP, has an age-depth model based on importing 40Ar/39Ar eruption ages, and, therefore,
shows minimal change through the same window.

The offset in the age of the CI/Y-5 marker at the two sites, Figure 10.2, is largely a result
of the age-depth models - whilst the imported 40Ar/39Ar age of the CI/Y-5 marker provides a
sole tie-point in this section of the Ioannina record in the Tenaghi Philippon record the younger
radiocarbon ages which surround it result in the Bayesian P_sequence suggesting a younger
age for sediments at that depth. In doing so, it demonstrates the value of tephra markers as a
means of directly correlating sequences, independent of age-depth modelling approaches and their
associated uncertainties.

In the section of the TP-2005 and I-08 sequences where the CI/Y-5 provides a direct chrono-
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Figure 10.2: Pollen assemblages from Ioannina (I-08; this study) plotted on age-depth
scales generated using the (a) IntCal13 and (b) IntCal20 calibration curve and Tenaghi
Philippon (TP-2005; Müller et al. 2011, Pross and Koutsodendris, pers. comm.) plotted
on age-depth scales generated using the (c) IntCal13 and (d) IntCal20 calibration curve
shown alongside (e) δ18O NGRIP (Andersen et al., 2004; Rasmussen et al., 2014). For
age-depth model details, see Table 5.3.
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213



logical link, inferences about asynchroneities between the record are more explicit. TP-2005
sequence an extended period of suppressed tree populations, dated to between 41.2 and 40.0 ka
BP, suggest a 1.2 ka period of sustained cooling or aridity at the site prior to the deposition of the
Campanian Ignimbrite tephra marker. The abrupt onset of this inferred cooling/drying event in
the Tenaghi Philippon sequence at 41.2 ka BP may be related to an abrupt decline ca. 41.5 ka BP
in tree populations recorded in the Ioannina sequence, suggesting that tree collapse at both sites
may be a response to a regional driver. If we are to assume vegetation at both sites is responding
to the same disturbance, this provides a very interesting insight into differences in ecosystem
resilience between the two catchment areas. Whereas at Ioannina a rapid recovery (<100 years)
is recorded across a range of arboreal taxa, including late successional species such as Abies, at
Tenaghi Philippon tree populations do not recover for at least 1,200 years, shortly before the
deposition of the CI/Y-5 tephra marker. This may be related to unfavourable climate for tree
growth at Tenaghi Philippon, particularly with regard to the vulnerability of tree populations to
increased aridity (Tzedakis et al., 2004).

Whilst Ioannina is located in the Pindus mountain range, Tenaghi Philippon is located in the
Philippi basin, part of the interior plain of Drama, Eastern Macedonia, Greece (Tzedakis et al.,
2006), meaning that the two sites experience very different climate regimes. Unlike Ioannina,
the Philippi basin does not benefit from the orographic precipitation and, therefore, and tree
populations at Tenaghi Philippon are argued to have been far closer to their tolerance limit with
regards to moisture throughout the last glacial (Tzedakis et al., 2004). Pollen signals recorded in
TP-2005 are, therefore, primarily related to changes in moisture availability, and as such are not
expressed in the I-08 pollen record.

Another comparison between the records lies in the sediments which overlie the Campanian
Ignimbrite tephra marker, which demonstrate a vegetation response to Heinrich stadial 4 (HS4;
40.2 to 38.3 ka BP, sensu. Sanchez Goñi and Harrison 2010). The identification of the ca. 40 ka BP
tephra marker in both sequences provides a direct tie point between the two records, facilitating
chronologically robust comparison of the vegetation response to this climate amelioration at the
two sites, Figure 10.3c. Results show a clear lag in the vegetation response at Ioannina relative
to Tenaghi Philippon. Potential 4 cm sediment loss in the I-08 record below the CI/Y-5 isochron
(see Table 6.1) somewhat complicates interpretation of the timing of tree population collapse at
Ioannina, however overlying the CI/Y-5 there is a clear ca. 100 year window prior to the arboreal
pollen minima. In contrast, the arboreal pollen minima at Tengahi Philippon (AP <1%) predates
the deposition of the CI, occurring ca. 50 years prior to the deposition of the CI/Y-5 tephra
marker.

The duration of the HS4 signal in the I-08 is also different between the two sites - at Ioannina
it takes tree populations ca. 130 years to return to pre-HS4 levels (AP ca. 50%), whereas at
Tenaghi Philippon tree populations do not return to pre-HS4 levels (AP ca. 20%) until ca. 36
ka, > 3,000 years later. The potential ecological implications of this difference will be discussed
further in Section 10.3.

Away from the CI/Y-5 tephra marker, a key feature of the two records is the difference in the
number of recorded tree population expansions between 46 and 40 ka BP, and the comparison to
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Greenland. It is possible that the different number of shifts in vegetation assemblage reflect an
inherent difference between the two sites, related to their differing climate and ecological contexts.

Alternatively, the mechanisms driving millennial-scale vegetation oscillations may differ
between the Tenaghi Philippon and Ioannina sites. Whilst it is generally assumed that the
during the last glacial vegetation in the eastern Mediterranean responded in phase with climate
oscillations recorded in Greenland (e.g. Allen et al. 1999; Tzedakis et al. 2004, few independently
dated records exist to support this assumption. The eastern Mediterranean is particularly complex,
as its climate has also been shown to respond to the hydrology of the eastern Mediterranean Basin,
which in turn is related to the hydrology of the Nile River and, therefore, North Africa, as well
as continental influences from the East, such as the expansion of the Siberian High. Therefore,
identifying a driver (e.g. changes in temperature, moisture availability) for the vegetation responses
recorded at Ioannina relative to other sites in the Mediterranean will require comparison to a
wider range of Quaternary palaeoclimate reconstructions which record, more explicitly, different
elements of the regional climate system (Section 10.1.5).

10.1.3 Other Mediterranean pollen records

Whilst a breadth of Mediterranean palaeoecological research has been undertaken to reconstruct
vegetation responses to Quaternary climate changes spanning the last glacial cycle, very few of
these records are well-resolved or chronologically well-constrained.

Lake Ohrid (North Macedonia/Albania) presents an interesting point for comparison to the
Ioannina record, with a pollen record which spans the last 500 ka BP. The Pantelleria Green Tuff,
whilst identified in earlier studies of Lake Ohrid sediments (e.g. Vogel et al. 2010; no pollen data)
was not isolated through XRF study of the DEEP core (Leicher et al., 2016), and, therefore,
large uncertainties are present in the Ohrid DEEP age model ca. >40 ka BP, hindering direct
correlation with the Ioannina site. Furthermore, the low resolution of the Ohrid DEEP record ca.
46 to 38 ka BP limits detailed comparison , Figure 10.4b. Broadly, however the arboreal pollen
record suggests tree populations at the site began to retract prior to the Campanian Ignimbrite
(Sadori et al., 2016; Leicher et al., 2016), similarly to Tenaghi Philippon, suggesting an earlier
vegetation response to Heinrich stadial 4 at these sites than at Ioannina.

No tephra study has been undertaken at Xinias (Thessaly, Greece) and, as the chronology is
based on radiocarbon dating of bulk clays, comparisons to this record are made with caution.
Broadly, however, the record suggests two arboreal pollen maxima between 46 and 40 ka BP,
Figure 10.4c, with reduced tree populations at the site from ca. 42 ka BP onwards (Bottema,
1979). Suppressed tree populations ca. 42 ka BP at Xinias present a marked contrast to vegetation
changes at Ioannina where tree populations gradually increase ca. 42 ka BP, Figure 10.4. There
is no clear change in arboreal pollen associated with the onset of HS4/GS-8 at Xinias, however as
highlighted the chronology for Xinias is less robust, and does not incorporate the Campanian
Ignimbrite tephra marker.

Similarly, poor age control throughout the 46 to 40 ka BP section rules out robust correlation
of the record from Kopais (Boeotia, Greece) to the new Ioannina sequence, however broadly the
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Figure 10.4: Arboreal pollen percentages from (a) Ioannina (I-08; this study), (b) Ohrid
(DEEP; Sadori et al. 2016), (c) Xinias (Xinias I; Bottema 1979, (d) Kopais (K93; Tzedakis
1999, Tenaghi Philippon (TP-2005; Müller et al. 2011, (e) Pross and Koutsodendris, pers.
comm.), (f) Megali Limni (ML-01; Margari et al. 2009) and (g) Greenland δ18O (NGRIP;
Andersen et al. 2004; Seierstad et al. 2014). Greenland stadials and interstadials are shown,
as defined by Rasmussen et al. (2014). Locations of tephra markers follow Hardiman
(2012); Margari et al. (2007); Wulf et al. (2018). Shading represents 2σ chronological
uncertainty, for age-depth model details see Table 5.3.
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site records a strong response to HS4 (Tzedakis, 1994). Pollen assemblages suggest that, similarly
to Tenaghi Philippon, the arboreal pollen minima at Kopais is reached prior to the ca. 40 ka
BP Campanian Ignimbrite eruption (Hardiman, 2012), however this may be an artefact of low
sample resolution obscuring detail in the vegetation response.

Moving eastward, pollen data from Megali Limni (Lesvos, Greece) suggest large-amplitude
fluctuations in tree populations during the last glacial (Margari et al., 2009). With regards to
Heinrich stadial 4, as with Ioannina and LGdM contraction of tree populations commences prior
to the deposition of the Campanian Ignimbrite (Margari et al., 2007), however arboreal pollen
minima is reached following tephra deposition.

10.1.4 Summary of Mediterranean terrestrial pollen records

The main feature, common across all Mediterranean pollen records featured here ca. 40 ka BP, are
collapses in tree populations most likely associated with eastward propagation of climatic change
as a result of AMOC shutdown (Heinrich mode, sensu. Rahmstorf 2002) during Heinrich stadial
4. If we are to infer the two contractions in tree populations ca. 46 to 40 ka BP at Ioannina as an
expression of D-O stadials as recorded in Greenland, then these differ in character significantly
to the minima recorded in sites such as Tenaghi Philippon, where stadials are associated with
dramatic collapses in tree populations. Consequently it is much easier, in the new Ioannina
record, to distinguish ‘regular’ D-O stadials and ‘Heinrich’ stadials, as the latter are associated
with arboreal pollen minima, although the extent to which this is an artefact of the difference in
resolution of the various pollen studies is difficult to predict. Nonetheless, this finding supports
the suggestion of Tzedakis et al. (2004) that Ioannina records a more complete vegetation response
to millennial-scale change, as throughout much of the MIS 3 glacial stage trees are not close to
their tolerance limit.

Of the studies resolved to centennial-scale all (Lago Grande di Monticchio, Ioannina, Tenaghi
Philippon, and Megali Limni) record an AP minima ca. 41.5 ka BP (within 2σ chronological
uncertainty). Inferred in many records to have been driven by cooling/drying of climate, this
ca. 41.5 ka BP abrupt vegetation change may be related to the onset of stadial conditions in
the Mediterranean region. Correlating this event to an individual Greenland stadial is, however,
challenging, as it falls within chronological uncertainty of both GS-11 and GS-10, Figure 10.4g.
The challenges associated with correlation of this inferred cooling and drying, particularly with
building chronologies which span this time period, are further considered in Section 10.3.3.

A number of differences between the records are also very apparent. Ioannina is the only
site which records an increase in tree populations ca. 42 ka BP onwards. If we are to infer tree
population minima ca. 46 to 40 ka BP at Ioannina as an expression of D-O stadials as recorded
in Greenland the pollen record in this section of the Ioannina core (ca. 42 ka BP through to the
ca. 40 ka BP CI/Y-5 deposit) demonstrates increased reworking during this section, and it is
possible that the pollen assemblage is not truly representative of the contemporaneous vegetation.
However, as argued in Chapter 9, the difference in the pollen record excluding pollen types
showing notable degradation, and the pollen record including degraded grains is minimal, and

217



the XRF data for these depths do not indicate increased terrigenous inputs at 42 ka BP.
If we are to accept that the difference between the vegetation response at Ioannina and the

nearby sites is real and not an artefact of the post-depositional reworking within the I-08 sequence
then identifying a mechanism for this offset is challenging. As has been suggested by earlier
authors, the Ioannina site is unique amongst the Greek sites due to its location at the foothills
of the Pindus, providing both a range of microclimates facilitating the rapid migration of taxa
in response to climate changes, as well as the buffering effect of orographic precipitation, which
ensures trees are not near their tolerance limits (Tzedakis, 2002; Tzedakis et al., 2004). The latter
is perhaps the defining feature of the Ioannina site during the last glacial, given that the onset of
aridity associated with reduced AMOC (stadial mode, sensu. Rahmstorf 2002) most likely plays
a less significant role in driving vegetation changes at Ioannina than at the other sites. It may,
therefore, be that D-O stadials are primarily expressed, moving eastward, as aridity minima. If
this is the case, alternate mechanisms, such as insolation changes, need to be invoked to explain
the millennial-scale changes recorded in the I-08 pollen record.

Whilst, broadly, there is little variation in solar insolation ca. 46 to 40 ka BP shifts in orbital
configuration may help explain the difference between the expression of millennial-scale change in
the Greenland ice cores and the Ioannina vegetation record, as suggested in Chapter 9. Through
altering the spatial distribution of solar energy they would likely have a large impact on large-scale
atmospheric circulation, particularly the expansion of the dry, warm Azores High (sometimes the
North Atlantic Subtropical High) in the Mediterranean region throughout the summer months.
Given, however, that the relationship between climate and vegetation is by no means a direct one,
a consideration of other Quaternary archives which present evidence for climatic change during
the last glacial cycle may provide further insights into the changes in the climate system which
drive the I-08 vegetation record presented here.

10.1.5 Other Mediterranean climate records

A number of climate proxy records exist in the region which may provide some context for the
changes identified in the I-08 pollen sequence. These include speleothems, used to reconstruct
hydrological changes, and marine sequences, used to reconstruct changes in circulation (e.g. Cacho
et al. 2000), temperature (e.g. Martrat et al. 2004), and regional vegetation cover (e.g. Sánchez
Goñi et al. 2002)

10.1.5.1 Speleothem records

Amongst the best-resolved terrestrial archives of last glacial climate are carbonate precipitates,
such as flowstone and speleothem records. Figure 10.5 shows the full range of speleothems in the
SISAL database which reconstruct climate in and around the Mediterranean Basin ca. 46 to 40
ka BP, along with two key eastern Mediterranean speleothem records Soreq cave (Bar-Matthews
et al., 2003) and Sofular cave (Fleitmann et al., 2009).

At Soreq and Sofular, perhaps the best known Mediterranean speleothem sequences, Burstyn
et al. (2019) argue that two main processes dictate the composition of δ18O: the moisture source,
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Fleitmann et al. 2009), (j) δ18O and (k) δ13C from Soreq (SO-1; Bar-Matthews et al. 2003),
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where strong present-day seasonality limits rainfall to winter cold fronts which quickly inherit the
isotopic signature of nearby water masses, and the ‘amount effect’ whereby isotopic composition of
cave dripwater is negatively correlated with rainfall amount, site altitude, and distance from the
sea. The isotopic signature of source water masses is perhaps the most important on millennial-
timescales, reflecting global ocean isotopic changes, such as glacial-interglacial variability in global
ice volume, as well as more local variability such as increases Nile outflow, which is isotopically
light (Burstyn et al., 2019).

A millennial trend is clearly visible in the δ18O and δ13C records from Sofular Cave, which is
well-resolved between 46 and 40 ka BP, Figure 10.5h-i. The primary water source at the Sofular
cave site is the Black Sea, leading to a δ18O trend isotopically opposite to changes recorded at
Soreq (Burstyn et al., 2019). Variability in the Ioannina pollen record tracks the δ13C record
from Sofular, and is in antiphase with the δ18O at the cave site, perhaps indicating a common
atmospheric driver for these proxy responses. Variability in the lower resolution Soreq record,
Figure 10.5j-k, is limited between 46 and 38 ka BP, however records δ18O maxima ca. 46 ka BP
and minima ca. 41.5 ka BP.

North of Ioannina cold events observed in Tăuşoare cave (δ18O minima) have been correlated
to isotopic changes are observed in Sofular Cave, and are argued to demonstrate a common
response to Atlantic millennial-scale climate variability as observed in the Greenland record
(Staubwasser et al., 2018). The contrast between this record and Ascunsă cave, further south,
particularly the markedly different δ18O record, is highlighted by Staubwasser et al. (2018), who
suggest the Ascunsă cave record can be more closely correlated with the record from Soreq cave
(Israel), Figure 10.5j-k. The difference between the records are reflect changes in moisture sources
between the N and S Balkans during the last glacial, with Southern Romania (Ascunsă), the
Southern Black Sea, and the eastern Mediterranean were dominated by local sources of moisture,
in contrast to the predominantly Atlantic-sourced moisture over Northern Romania (Tăuşoare).
Most notably, the expression of Heinrich stadials in Tăuşoare but not in Ascunsă record leads
Staubwasser et al. (2018) to argue that the exposure of the S Balkans to cold Atlantic air masses
was limited during MIS 3. This contrasts, however, to the vegetation records from Ioannina and
other sites in the region in which Heinrich stadial 4 is very clearly expressed.

Another interesting feature of European speleothem records are the MIS 3 intervals conducive
to speleothem formation at more northerly sites, such as Hölloch im Mahdtal (Figure 10.5e;
Moseley et al. 2014) and Bunker Cave (Figure 10.5d; Weber et al. 2018). Both records show an
onset of speleothem growth ca. 46 ka BP, broadly coeval with GI-12 (46.84 ka BP ± 1.91 to 44.28
± 1.78 ka B2K, sensu. Rasmussen et al. 2014), suggesting that conditions during this interstadial
were more conducive to speleothem formation in more northerly areas of Europe, an interesting
insight into the different character of individual Greenland stadials and their climatic impact in
Europe. One potential mechanism which may have facilitated speleothem formation ca. 46 ka
BP is a peak in obliquity forcing at this time.

Although of differing resolution the two records from Western Europe, Villars (Figure 10.5c;
Genty et al. 2010) and Coves de Campanet (Figure 10.5b; Dumitru et al. 2018), record a similar
overall trend over this time period, suggesting trends in δ18O reflect a regional isotopic signal.
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see Table 5.3.
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Neither record, however, displays an explicit response to D-O cyclicity. Genty et al. (2010)
suggest that differences between Villars cave isotopic records, the Greenland oxygen isotope
stratigraphy, and inferred millennial-scale changes recorded in terrestrial and marine sequences
from the surrounding Mediterranean region could be due to differing sensitivities to orbital forcing
such as precession and obliquity.

One of the most distinctive features of the Villars cave speleothem sequences, replicated across
both sequences with chronologies with > 1 date per millennium (Vil-stm-17 and Vil-stm9; Figure
10.6), is a slow down in growth rate ca. 40 ka BP. Changes in relative growth rates, particularly
those replicated in multiple stalagmites from the same cave system, suggest hydroclimatic changes
(see Baker 1998). Consequently, Genty et al. (2010) argue that the variations in growth rate of
speleothem Vil-stm27 and others from the cave suggest three dry and cold periods between 48.2
and 46.6 ka, 44.1 and 41.6 ka, and 40.4 and 31.9 ka, with two main warm and humid periods
between 46.6 and 44.1 ka and 41.6 and 40.4 ka. Aridity and cooler temperatures between 44.1 and
41.6 ka BP are (within error) coincident with prolonged arboreal contraction at Ioannina, whilst
humid periods from 46.6 to 44.1 ka and 41.6 to 40.4 ka are coincident with expanded tree cover
at Ioannina. The synchroneity of aridity recorded in Villars and suppressed tree populations at
Ioannina raises the possibility that these two records are responding to a mutual climatic driver,
Section 10.2.

10.1.5.2 Marine records

Marine records also provide crucial insights into last glacial climate dynamics in the Mediterranean,
providing insights into changes in temperature, ocean circulation, and regional vegetation on
millennial timescales, considered here from west to east.

As outlined in Section 5.7 tuning approaches are often applied in marine sequences when
studying millennial-scale change, primarily due to limitations associated with the radiocarbon
dating of seafloor sediments which arise from spatial and temporal variations in reservoir age
effects (Austin and Hibbert, 2012). Given that this thesis tries to avoid the application of tuning
approaches to chronologies, in this section independent chronologies will be used as far as possible,
as outlined in Table 5.3.

In the subtropical NE Atlantic, particularly the Iberian Margin, high sedimentation rates
have facilitated well-resolved marine proxy sequences, many of which have been shown to closely
track the D-O climate oscillations recorded in Greenland (see: Shackleton et al. 2000; Roucoux
et al. 2001; Sánchez Goñi et al. 2002; Margari et al. 2020). Here, we focus on the Iberian Margin
core with the best-resolved radiocarbon chronology, MD95-2042 (Bard et al., 2004).

The primary tie-points in many North Atlantic marine sequences are Heinrich layers, associated
with the presence of ice-rafted debris (IRD) in marine cores, Figure 10.7d. In core MD95-2042 age
offsets, likely related to the marine reservoir effect, mean that the IRD signal linked by Sánchez
Goñi et al. (2013) to Heinrich stadial 4 (broadly coeval with GS-9 [40.2 to 38.3 ka BP] respectively,
sensu. Sanchez Goñi and Harrison 2010) is dated by this new MD95-2042 radiocarbon-derived age
depth model to ca. 36 ka BP, suggesting around a 4,000 offset in the age depth model, assuming
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accurate correlation of sediments to Heinrich stadial 4.
The MD95-2042 record, Figure 10.7b-d, shows synchroneity in the responses of terrestrial

(pollen) and marine (alkenone-derived SST) proxies to millennial-scale climatic changes (Sánchez
Goñi et al., 2008). Interestingly, whilst the SST cooling is markedly more pronounced for Heinrich
stadials than for other sub-orbital fluctuations, pollen responses across non-Heinrich and Heinrich
stadials are similar. The offset between pollen and SST variability may point to differences in
terrestrial and marine thresholds of proxy response, as terrestrial vegetation, as it approaches
a tolerance threshold, may not resolve differences in the amplitude of the climate oscillations
(Tzedakis et al., 2004).

Between the IRD layers associated with HS5 and HS4 (broadly coeval with GS-13 [ca. 50.0
to 47.0 ka BP] and GS-9 [40.2 to 38.3 ka BP] respectively, sensu. Sanchez Goñi and Harrison
2010) there are three millennial-scale cycles recorded in the pollen and SST proxy records
(Sánchez Goñi et al., 2013; Pailler and Bard, 2002). It is possible that, in the Iberian Margin
sites, this is related to a low sample resolution limiting the identification of short-lived climate
oscillations. Interestingly, however, this corresponds to the Ioannina record, which also records
fewer millennial-scale transitions than would be expected between ca. 46 and 40 ka BP.

Changes in the North Atlantic-Greenland climate system are argued to have propagated
eastward into the Mediterranean Basin, both with regards to atmospheric and ocean circulation.
Broadly it is suggested during the last glacial surface waters in the Mediterranean Sea cooled and
sank in response to the decreasing sea surface temperature (SST) of surface waters in the NE
Atlantic, resulting in a close coupling of Mediterranean thermohaline to abrupt climate changes
in the North Atlantic and sub-polar regions (Cacho et al., 2000).

High resolution pollen analysis of Alborán Sea core MD95-2043 by Fletcher and Sánchez Goñi
(2008) demonstrates fluctuations in temperate Mediterranean forest cover on millennial timescales,
interpreted as an in-phase response to Dansgaard-Oeschger climate variability, Figure 10.8b. D-O
variability is also reflected in the SST reconstructions from core MD95-2043, Figure 10.8c (Cacho
et al., 1999), with fluctuations occurring in-phase with those observed in the terrestrial biosphere.

As with Iberian Margin core MD95-2042 Heinrich layers have been identified in the sequence,
signalled by increases in the abundance of polar foraminifera Neogloboquadrina pachyderma
(sin.), Figure 10.8d (Cacho et al., 1999). Similarly to the chronology for core MD95-2042, the
radiocarbon-based age-depth model ages for Alborán Sea core MD95-2043 produces ages for
Heinrich stadials which are not in accordance with the widely accepted ages of Heinrich stadials
throughout the North Atlantic. Again, this is likely related to variability in reservoir age effects
both spatially and temporally (Austin and Hibbert, 2012).

Heinrich stadials in the western Mediterranean, as in the Iberian Margin, are argued to result
in greater cooling relative to non-Heinrich D-O stadials, Figure 10.8c, attributed to a significant
weakening or even complete shutdown of the AMOC (Heinrich mode, sensu. Rahmstorf 2002) and
a subsequent dramatic reduction in the northward transport of ocean heat (e.g. Ganopolski and
Rahmstorf 2001). Sierro et al. (2005) suggest a more direct hydrologic connection between the
Atlantic and Mediterranean during Heinrich stadals, triggered by the massive release of icebergs
in the North Atlantic which are argued to have reached the entrance to the Mediterranean, thus
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slowing deepwater Mediterranean circulation (see Combourieu Nebout et al. 2002).
Between the N. pachyderma (s) peaks correlated to HS5 and HS4, a temporal window which

spans ca. 50.0 to 38.3 ka BP (Sanchez Goñi and Harrison, 2010), there are three millennial-scale
cycles recorded in the pollen (Fletcher and Sánchez Goñi, 2008) and SST (Cacho et al., 1999)
proxy records. Again, this reflects records from the Iberian Margin, and may be ascribed limited
sample resolution, which limits the expression of short lived climate cycles.

Moving further eastward, changes recorded in climate proxies from the central Mediterranean,
Figure 10.9a-b, show millennial-scale oscillations which correlate within error to Greenland,
however the lower resolution and large uncertainties of these records limit detailed comparison
with the Ioannina record. A rapid rise in δ18O ca. 39 ka BP recorded in PRAD1-2 suggests that
Heinrich stadial 4 had a significant isotopic impact in this region, yet is not recorded in SA-03,
perhaps due to the low resolution of the δ18O data. The absence of well-resolved marine studies
in this Central Mediterranean region is limiting, as precipitation at Ioannina is closely coupled
with evapotranspiration in the nearby Ionian and Adriatic Seas.

In the eastern Mediterranean and Black Seas well-resolved studies demonstrate distinct
variability in climate during the last glacial, Figure 10.9d-f. The record from core LC21, for
example, which has been aligned to the Soreq Cave speleothem chronology with independent
dating through tephrochronology (Satow et al., 2015), shows the two records diverge throughout
much of the MIS 3 period, suggesting marked spatial and temporal climatic contrasts in the
eastern Mediterranean during this time (Grant, 2012).

Wegwerth et al. (2015) use a TEX86-based temperature reconstruction from the SW Black Sea
to argue that the temperature impacts of millennial-scale change were not stronger during HE-
equivalent stadials than during regular stadials. In some ways, this stands in significant contrast to
the amplitude of vegetation response recorded in this Ioannina record, which seems much greater
during Heinrich stadial 4 than during the preceding D-O stadials. It may be that the Ioannina
vegetation response is not a consequence of a more extreme temperature change, but rather a
change in precipitation, with reduced moisture availability leading to a contraction in arboreal
taxa. The suggestion that Heinrich stadials lead to extreme aridity in the eastern Mediterranean
is not a new one, for example, Bartov et al. (2003) identified evidence for dramatic lake level
change at Lake Lisan (Dead Sea–Jordan Valley) associated with Heinrich stadials, suggesting
that cold-water input to the Mediterranean reduced evaporation and, therefore, precipitation in
the eastern Mediterranean.

10.2 Which climate systems drive millennial-scale change

as recorded in the Ioannina sequence?

As shown, the nature of sub-orbital climatic variability differs throughout last glacial Quaternary
archives in the Mediterranean, both spatially and temporally.

With regards to temporal variation in proxy responses, millennial-scale climate oscillations
in the Mediterranean are typically argued to demonstrate a response to changes in the North
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Atlantic climate system (e.g. Shackleton et al. 2000). In terms of number and timing many
records, particularly those from the subtropical NE Atlantic and the western Mediterranean
broadly follow the stadial-interstadial transitions identified in Greenland oxygen isotope records,
whilst the picture eastward is less explicit.

The pollen record from Lago Grande di Monticchio, perhaps the best-resolved record of
palaeoenvironmental change in the central Mediterranean, is argued to closely track Greenland
climate, however on closer inspection this linkage is less explicit between 46 and 38 ka BP, perhaps
due to uncertainties in the varve chronologies due to recurring tephra inputs at these depths.
Whilst the vegetation assemblages from the site suggest millennial-scale variability, the number
of climate cycles expressed in the pollen record during this period is difficult to determine.

The Tenaghi Philippon record, which has the best-resolved age-depth model between 46 and
38 ka BP (comprised of 54 radiocarbon dates; Staff et al. 2019) similarly fails to convincingly
track Greenland isotopic variability. Prolonged colder, drier conditions at the Tenaghi Philippon
site ca. 41.8 to 40.2 ka BP do not reflect the transitions observed in Greenland over this period,
particularly GI-9.

The new Ioannina I-08 sequence adds further ambiguity, as outlined in Chapter 9. The
sedimentology suggests a similar number coolings/dryings at Ioannina as there are stadials
observed in the Greenland ice core record over this period, with all local coolings occurring
within chronological error of a Greenland cooling. Adding further complexity, even in sites
where D-O cycles are observed and robustly correlated with Greenland stadials and interstadials,
the character of individual cycles can vary. Pollen data from the Iberian margin are argued
by Sánchez Goñi et al. (2008) to have been modulated by orbital parameters. For example,
expansion of Mediterranean forest correlated to Greenland interstadials 16–17, 8 and 7 are argued
to demonstrate enhancement of the Mediterranean climate (summer-dry, winter-wet) during D-O
events coinciding with precession minima (Sánchez Goñi et al., 2008).

To test the impact of precessional forcing Fletcher and Sánchez Goñi (2008) compare the
proxy record from the Alboran sea coeval with GI-12 and GI-8, both of which have a duration
> 1 ka, and fall near a precession maximum and minimum, respectively. Whilst both interstadials
are associated with warm SSTs and are associated with mixed oak forest expansion, for GI-12 the
vegetation composition is more Atlantic (with maxima in deciduous Quercus and Ericaceae), in
contrast to the markedly Mediterranean character of forest during GI-8. Fletcher and Sánchez
Goñi (2008) suggest this reflects enhanced aridity, indicating prolonged wintertime stability
of atmospheric high-pressure systems over the southwestern Mediterranean which occur in
conjunction with gradual cooling of the North Atlantic over this ca. 46 to 38 ka period. A similar
pattern of enhanced Mediterranean forest taxa between 46 and 38 ka BP is not seen in pollen
records from the eastern Mediterranean (Ioannina and Tenaghi Philippon), suggesting that the
enhancement of summer-dry/winter-wet seasonality is limited to the western Mediterranean.

Spatial and temporal offsets in proxy responses to millennial-scale change during the last
glacial in the Mediterranean may also be related to changes in global climate beyond those in the
North Atlantic. The climate of the eastern Mediterranean is a complex interplay between the
North Atlantic, continental, and subtropical weather systems. In the present day, high to mid
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latitude climate, primarily westerlies, dominate the region in winter, and tropical/subtropical
climate systems, particularly the Azores High, in summer. Similarly in the past the North Atlantic
climate, the Siberian High (e.g. Marino et al. 2009), and subtropical atmospheric pressure systems
such as the East African summer monsoon (e.g. Larrasoana et al. 2003) have all been shown to
influence eastern Mediterranean climate.

Ice core sequences, such as those from Greenland, can provide insights into past changes
in atmospheric circulation, for example, Rasmussen et al. (2014) utilise Ca2+, a proxy for dust
deposition and as such continental aridity. Of particular note over the 46 to 38 ka BP period are
GS-10 and the onset of GI-9, both of which are atypical relative to other stadials and warmings
observed in the Greenland during the last glacial. During GS-10, Ca2+ levels are lower than in
the adjacent stadials GS-11 and GS-9, Figure 10.10b, with a more gradual onset of GI-9 relative
to neighbouring transitions (Rasmussen et al., 2014).

In the GISP2 record increases (decreases) in K+ are argued to covary with strengthening
(weakening) of the winter/spring Siberian anticyclone, the coldest and densest Northern Hemi-
sphere air mass (Mayewski et al., 1997; Meeker and Mayewski, 2002)), Figure 10.10c. The offsets
between the K+ and Ca2+ records from Greenland during this period suggest a weaker Siberian
anticyclone during GS-10.

High resolution study of the the West Antarctic Ice Sheet Divide (WAIS Divide) ice core
identifies, for each Greenland D-O warming, a corresponding Antarctic Isotopic Maximum (AIM)
(Steig et al., 2015). AIM 9 (ca. 40 ka BP sensu) is argued by Buizert et al. (2015) to be very
weakly expressed in WDC, Figure 10.10h. The weak corresponding AIM further supports the
suggestion that between 42 and 40 ka BP millennial-scale oscillations, on a global scale, are
exceptional in their character, perhaps explaining why they are not clearly expressed in the
Ioannina pollen sequence.

Alternatively, other changes in the global climate system may have driven change at Ioan-
nina. Studies of present-day climate systems have repeatedly demonstrated the linkage of the
Mediterranean and Asian monsoon regions through atmospheric teleconnection patterns, with
summer aridity in the Mediterranean region is driven by atmospheric subsidence (descent) and
strengthening of the oceanic subtropical anti-cyclones correlating well to the strength of the Asian
monsoon (e.g. Alpert et al. 2006). Palaeoenvironmental records have suggested this teleconnection
also operated in the past, with Iberian margin sediments displaying increased Mediterranean
taxa (those with high drought tolerances) increasing at times of precession minima during the
last glacial period (Sánchez Goñi et al., 2008).

The Hulu Cave δ18O record is generally interpreted as a proxy for East Asian Summer
Monsoon intensity, and this is argued to have changed in agreement with Greenland’s temperature
between 75 and 11 ka BP, Figure 10.10e. Warmer Greenland temperatures correlate with a
more intense summer East Asian Monsoon (lower δ18O values), suggesting a close link between
the EASM and North Atlantic climate. Yet over the 46 to 38 ka BP period this linkage is not
consistent, most notably the δ18O response to GS-10 is muted.

Further low-latitude evidence from the Cariaco Basin and Arabian Sea sequences suggest
GS-10 may have been atypical, as neither sequence registers strong cooling at this time, Figure
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10.10f-g. Deplazes et al. (2013) suggest that GI-10 and GI-9 may, therefore, represent parts of the
same interstadial period. Therefore, multiple lines of evidence suggest anomalous D-O cyclicity ca.
42 to 40 ka BP, particularly GS-10. Section 10.3.3 focusses in on this time period, and considers
the degree to which arboreal expansion in the I-08 record ca. 42 to 40 ka BP may be related to
the unique character of GS-10.

Through this prism, the Ioannina record presented here is argued to exemplify the interplay
between multiple climate systems which operated on millennial timescales during the last glacial.
Whilst it seems likely that the site, as with many others in the Mediterranean region, was
influenced by millennial-scale AMOC variability, changes in continental weather systems such as
the Siberian High may also have played a key role in characterising last glacial vegetation change
at Ioannina.

10.3 Impacts of regional and global climate on the ecosys-

tem at Ioannina

The 46 to 38 ka BP I-08 record demonstrates millennial-scale shifts in both the sediment and pollen
record. As outlined in Chapter 9, changes recorded in the I-08 sequence are rarely synchronous
between the different proxies. Sedimentological changes are interpreted as distinct millennial-scale
climate signals which can be correlated within error to the D-O oscillations expressed in the
Greenland ice sheet, but pollen changes do not respond synchronously. A number of mechanisms
have been proposed to explain the absence of an explicit D-O signal in the I-08 pollen assemblage,
including the pace of vegetation response, the ecological buffering capacity of the Ioannina site,
and the role of seasonality in modulating proxy responses. Here, three features of the Ioannina
pollen record are highlighted, focussing on the period ca. 42-38 ka BP surrounding the well-dated
CI/Y-5 tephra marker, and consider the potential external climatic drivers.

10.3.1 Heinrich stadial 4

In studies of North Atlantic marine deposits Heinrich stadial 4 is frequently one of the most
pronounced last glacial events (Cortijo et al., 1997; Hemming, 2004), and is argued to have been
marked by an almost complete shutdown of the thermohaline circulation (Roche et al., 2004).
Alkenone data suggest major decreases, up to 5°C, in SST at the southern limit of the Iberian
margin, synchronous with a decrease in salinity (Bard et al., 2000; Martrat et al., 2007). Almost
all of the Mediterranean records compared here show a marked response to this Heinrich stadial,
with most records suggesting far cooler, drier conditions.

In the Ioannina I-08 record the decline in arboreal pollen in sediments overlying the Campanian
Ignimbrite tephra deposit, dated by Giaccio et al. (2017a) to ca. 40 ka BP, is coeval with the age
of Heinrich stadial 4 (HS4; 40.2 to 38.3 ka BP, sensu. Sanchez Goñi and Harrison 2010). The
extent of tree population decline at Ioannina is as extreme as arboreal pollen minima during MIS 4
and 2 associated with full glacial conditions (see Lawson et al. 2004), demonstrating the important
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role of North Atlantic circulation in moderating the climate of the eastern Mediterranean.
Perhaps the most intriguing element of the vegetation response to HS4 recorded at Ioannina

is the timing of tree population responses, which show a limited decline prior to the Campanian
Ignimbrite, reaching their minimum ca. 39 ka, similarly to Lago Grande di Monticchio and Megali
Limni. In other sites containing the Campanian Ignimbrite tephra layer, particularly in the
well resolved vegetation record from Tenaghi Philippon, arboreal pollen minima predates the
deposition of the CI/Y-5 tephra layer.

Asynchroneities in vegetation response to HS4 recorded across different eastern Mediterranean
pollen sequences may reflect different local ecological thresholds (e.g. Tzedakis et al. 2004),
resulting in a syncopated vegetation response whereby species at different sites respond at
different speeds due to differing resilience of the local ecosystem. As such, the offset in responses
to HS4 recorded in the pollen sequences from these sites may reflect staggered responses to the
same climatic driver. At Tenaghi Philippon, however, vegetation responds ca. 200 years prior to
deposition of the Campanian Ignimbrite, with AP minima reached at Lago Grande di Monticchio
some 200 years following the deposition of the same tephra marker. Such a prolonged lag time
seems unlikely, especially with the large body of evidence which suggests European vegetation
responded rapidly and in phase with D-O climate oscillations recorded in the Greenland ice cores
(Fletcher et al., 2010).

Well-resolved multi-proxy records have been used to interrogate the anatomy of Heinrich
stadials, and suggest that events seem to follow a distinct sequencing. In the NW Iberian margin
a two-phase pattern is detected within Heinrich stadials 4, 2 and 1 between the ocean and in
the adjacent landmasses, and can be explained by changes in the position of the Atlantic Jet
Stream (Eynaud et al., 2009). During the earlier phase of the Heinrich stadial proxy data suggest
a southward displacement of the oceanic thermal front to ca. 35 to 37°, synchronously driving
the jet stream southward. During the second phase a northward shift in this thermal front to
ca. 42°N drives a contemporaneous shift in the jet stream (Eynaud et al., 2009). With regards
to atmospheric circulation, these two phases are reminiscent of the present-day negative and
positive prevailing modes of the North Atlantic Oscillation (NAO), respectively, however Eynaud
et al. (2009) argue that high resolution studies of additional North Atlantic key sites and climate
simulations are needed to confirm the hypothesis of a NAO-like mechanism operating on millennial
timescales.

In a recent high resolution study of HS5 and HS4 in Iberian Margin core MD01-2444 Margari
et al. (2020) suggest a three stage stadial, whereby proxies suggest an initial ca. 200–300 year,
relatively fast, cooling phase, followed by a ca. 750–900 year interval characterised by IRD and
N. pachyderma maxima alongside minima in alkenone SST and maxima in semi-desert pollen
taxa, suggesting ice rafting/increased NH sea ice extent. Ultimately, a ca. 500–800-year interval
of slowly evolving conditions with superimposed oscillations towards more biogenic sediments,
coeval with a reduction in IRD and N. pachyderma and increasing alkenone SST and temperate
tree populations.

In the western Mediterranean Fletcher and Sánchez Goñi (2008) similarly report a three
phase Heinrich Stadial on the basis of multi-proxy reconstruction of last glacial millennial-scale
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variability. Initial SST cooling occurs in tandem with changes in the δ13C values record reflecting
increased deep-water formation in the Alborán Sea, synchronous with the onset of cooling in
the North Atlantic. Subsequently, there is a peak N. pachyderma reflecting the main episode of
sub-polar water entrance into the Alborán Sea. Finally, N. pachyderma declines demarcate the
onset of a late phase associated with low or rising SSTs and typically by enhanced circulation.
Fletcher and Sánchez Goñi (2008) suggest, based on peaks in semi-desert taxa Chenopodiaceae,
maximum aridity was associated the incursion of sub-polar, N. pachyderma rich, waters into the
Mediterranean, which they attribute to reduced evaporative maritime moisture from the Alborán
Sea.

It may be that the timing of arboreal pollen minima and steppic pollen maxima is associated
with changes in Mediterranean circulation driven by the incursion of polar waters as suggested by
Cacho et al. (2000). Declining SSTs in nearby seas may have limited evapotranspiration and thus
orographic rainfall at the Ioannina site. No high resolution records of Ionian/Adriatic SST extend
beyond the last glacial, however data from the Sicily Strait suggest cooler inflows of Atlantic
water due to iceberg melting had an impact on the central Mediterranean (Sprovieri et al., 2012).
Furthermore, in the Levantine Sea Cornuault et al. (2016) identify three events at around 53, 46
and 37 ka BP, marked by a reduction in deep water circulation, which they correlate to Heinrich
stadials recorded in North Atlantic sediments, further suggesting changes in Mediterranean Sea
circulation propagated eastward.

Ultimately, the Ioannina record demonstrates the spatiotemporal complexity in terrestrial
responses to changes in North Atlantic ocean and atmospheric circulation during Heinrich stadials.
A wider range of well-resolved eastern Mediterranean archives which record a range of proxy
responses, including ocean temperature and circulation change, to Heinrich forcing will provide a
better insight to the sequencing of climatic response, and thus the elements of the climate system
which have the greatest impact on vegetation.

10.3.2 Tree expansion at Ioannina ca. 42 to 40 ka BP at Ioannina

Whilst the expansion of arboreal pollen ca. 44 ka BP falls within dating uncertainties of both
GI-12 and GI-11, increased arboreal taxa ca. 42 ka, and particularly following the abrupt cooling
ca. 41.5 ka BP, is challenging to reconcile with interstadial periods observed in Greenland which
are generally short-lived between 42 and 40 ka. Eastern Mediterranean sequences such as the
Sofular and Soreq cave speleothem records, and the LC21 marine record hint prolonged cooling,
potentially associated with AMOC in stadial and/or Heinrich mode (sensu. Rahmstorf 2002)
throughout this period. Some records, however, show evidence for humid, warmer conditions
between 42 and 40 ka, including the speleothem record from Villars cave which shows increased
growth rates over the same time window, Figure 10.6d.

Pollen records from throughout the eastern Mediterranean also show changes which appear
contradictory. Many of the sites that record arboreal pollen minima during this timeframe (e.g.
Tenaghi Philippon, Xinias), in contrast to tree expansion suggested in the I-08 record. The
difference between pollen records in particular may be reconciled by considering the elements of
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the climate system which drive vegetation response. At Tenaghi Philippon and Xinias, vegetation
is likely responding to changes in moisture availability ca. 42–40 ka BP which, upon crossing an
ecological threshold, can lead to declines in tree populations (Tzedakis et al., 2004).

At Ioannina, where orographic uplift leads to higher precipitation than the surrounding
lowlands, AP declines on millennial timescales are argued by Tzedakis et al. (2004) to reflect
decreasing winter temperatures. As outlined in Section 10.2 GS-10 is atypical in the Greenland
record, with reduced K+ concentrations argued to reflect a weakened Siberian High ca. 42 to 40
ka BP. Present-day climatological studies have shown that the highest probability of cold spells in
the Greek peninsula are associated with increased winter intensity of the NW European and/or
Siberian anticyclone, thus extending high-pressure ridges to the Balkans (Pappas et al., 2004).
This mechanism may explain why Ioannina vegetation assemblage does not record a marked
sustained vegetation response to GS-10, as the weakened Siberian High during this stadial may
have limited winter cooling at the site.

Additionally, the period from 42 to 40 ka BP is associated with an increase spring insolation
and summer insolation at 40°N. Given that spring is a key growing season in the Mediterranean
(Grove and Rackham, 2001) this may also explain the expansion of temperate taxa at the Ioannina
site over this period. Interestingly, at 40 ka BP perihelion occurs towards the spring equinox,
linked by Magri and Parra (2002) to extreme dry/cold episodes inferred from concurrent AP
minima. It is suggested that radiative loss through surface albedo is highest in spring in middle
and high latitudes (Berger, 1981; Magri and Parra, 2002). As such, when a large part of radiation
is delivered in spring there is a reduction in overall shortwave absorption. Yet, times of maximum
precession are associated with decreased insolation seasonality because perihelion is reached
during winter solstice which, given winter temperature is argued to be a dominant control on tree
populations at the Ioannina site, should facilitate the expansion of temperate taxa.

Whilst identifying a precise mechanism for this expansion in tree populations at Ioannina
between ca. 42 and 40 ka BP, it seems likely that the complex interplay between high and low
latitude climate systems will have played an important role. Enhancing our understanding of
these teleconnections through the robust correlation of ice core, marine, and terrestrial archives
may in turn enhance our knowledge of the global climate system.

10.3.3 41.5 ka BP: atypical D-O stadial or event horizon?

A repeated feature of many of the well resolved records presented here is an abrupt change
recorded ca. 41.5 ka BP, frequently associated with abrupt tree population decline in pollen
sequences from across the Mediterranean.

In the Ioannina record there is an abrupt and short-lived deforestation event ca. 41.5 ka
BP, which is not associated with an expansion in steppic taxa Artemisia and Chenopodiaceae.
Instead, Poaceae and Asteraceae expand, suggesting open vegetation with substantial moisture.
The onset of tree population decline recorded in the I-08 sequence is very abrupt (<100 years)
with a rapid recovery, Figure 10.11b. No visible change is recorded in the sediments at this depth,
however particle size and XRF data suggest increased autogenic inputs, interpreted as reflecting
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cooling or an increase in lake level at these depths.
In Tenaghi Philippon tree populations also rapidly decline at 41.5 ka BP, however do not

recover rapidly, Figure 10.11c. Whilst the difference between sites could reflect the increased
resilience of ecosystems in the Ioannina basin, it may also be that tree population at Tenaghi
Philippon loss occurred at a time of ecological stress (sensu. Tzedakis et al. 2004) such as low
available moisture, and, therefore, conditions did not support tree population recovery.

Some last glacial speleothem records (including Villars and Tăuşoare) demonstrate an isotopic
depletion within chronological error of the Ioannina pollen minima ca. 41.5 ka BP, concomitant
with arboreal pollen minima recorded in many of Mediterranean pollen sequences, suggesting
that this event is representative of abrupt climate change across a large region.

Perhaps the most likely explanation for this abrupt climatic oscillation is that it is related to
a transition to stadial AMOC resulting in widespread cooling throughout Mediterranean Europe –
both GS-11 and GS-10 fall within chronological uncertainty of the recorded Mediterranean proxy
changes, Figure 10.11. However, at Ioannina at least, this cooling is the only significant cooling
observed between 46 and 40 ka BP, suggesting it is of different character to earlier D-O coolings.
Furthermore, whilst the transition towards stadial conditions, as recorded in the Greenland ice
cores, are typically gradual, cooling at Ioannina and Tenaghi Philippon occurs in <100 years.

As highlighted, GS-10 was different in character to other coolings, as suggested by the
difference between the Greenland K+ record for GS-10 relative to other Greenland stadials, Figure
10.10c, interpreted as a proxy for a weaker Siberian High (Mayewski et al., 1997). A reduced
Siberian High would, however, most likely reduce the number of polar air incursions to the
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Balkans (Pappas et al., 2004), and thus reduce winter extreme temperatures at the Ioannina
site, which should facilitate tree growth at Ioannina (Tzedakis et al., 2004). Further research is,
therefore, required to determine a driver for this inferred cooling event.

Reconstructing change ca. 42 ka is challenging, primarily due to the difficulties in radiocarbon
calibration at this point in time. The ca. 41.5 ka BP Laschamp geomagnetic excursion, led
to a weakened geomagnetic field which in turn led to reduced shielding of galactic cosmic rays,
highly energetic particles of cosmic and solar origin. This palaeointensity minima is demonstrated
through the GLOPIS stack, and also coincides with maxima in cosmogenic radionuclide 10Be
flux recorded in the Greenland ice core record and atmospheric 14C, Figure 10.12. Due to
this abrupt change in atmospheric 14C calibrating radiocarbon ages accurately ca. 42 to 40
ka BP is challenging, as demonstrated by the large change between the IntCal13 and IntCal20
calibration curves over this period, Figure 10.12d. Chronological constraints over this period
further demonstrate the efficacy of tephra layers as a means of directly linking archives, as well
as in independently testing age-depth models over periods where radiocarbon calibration is less
certain.
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It is also possible that environmental change ca. 42 ka BP over this period may be related
to the weakened magnetic field, as enhanced GCR flux may drive climatic cooling by increasing
low cloud formation, which enhances albedo, sometimes termed the umbrella effect (Kitaba
et al., 2017). Enhanced understanding of the impact of GCR fluxes may be possible through
interrogation of palaeoenvironmental reversals during marine isotope stages (MIS) 19 and 31,
possible in the Mediterranean given the presence of a number of long core sequences in the region,
such as DEEP Ohrid and TP-2005, both of which span > 1 million years. Whilst this suggestion
is speculative, changes in solar activity have been invoked to explain abrupt changes in North
Atlantic climate throughout the Holocene (e.g. Bond et al. 2001), and these centennial-scale
climatic oscillations have, in turn, been argued to impact the Mediterranean Basin (Magny
et al., 2013). The environmental implications of a change in solar activity are, however, poorly
understood, and very few studies make an explicit connection between vegetation responses and
past solar variability.

10.4 Reconciling the environmental and archaeological

record

A key finding of this study is the explicit spatial variability in vegetation response in the
Mediterranean during the last glacial cycle. For example, sites such as Tenaghi Philippon suggest
repeated cycles of extreme aridity ca. 46 to 40 ka BP whereas the Ioannina pollen record suggests
muted vegetation response throughout the same period, with persistent tree coverage throughout
indicating moisture availability. Given the proximity of Tenaghi Philippon to Ioannina, the
two sites located <200 km from one another, this spatial heterogeneity in palaeoenvironmental
responses to sub-orbital climate change has important implications for narratives which link AMH
expansion and environmental change at a single site.

Müller et al. (2011) argue that climate-related environmental shifts, particularly Heinrich
stadial 5 ca. 48 ka BP, were as extreme as those recorded during the previous full glacial stage,
MIS 4. Evidence from I-08 of a strong environmental response associated with HS4, similar
in magnitude to MIS 2 vegetation response at Ioannina (Lawson et al., 2004), reinforces the
findings of earlier work undertaken at the Ioannina site which suggested that Heinrich stadials
drive pronounced vegetation change at Ioannina, identified both in the last glacial and the
preceding MIS 6 glacial period (Tzedakis et al., 2004; Roucoux et al., 2011). Perhaps most
interesting, however is the relatively rapid subsequent afforestation, which occurs <100 years
after AP minima, as well as the persistence of tree populations throughout which suggest the
presence of microclimate refugia. The persistence of arboreal taxa is, however, perhaps unique
to the Ioannina site, located in a mountainous region where topography provides an additional
barrier to winter cold air fronts which limit tree population expansion.

Prior to HS4, one of the main findings of this study is that environmental changes recorded
in Greece ca. 46 to 40 ka BP are highly spatially variable, most explicitly expressed in the
comparison between the Ioannina and Tenaghi Philippon pollen records, Section 10.1.2. Due to

237



Ionian Sea

Aegean 
SeaIOANNINA

31

2

5

6

7

8

4

�

�

0 2

m

14C date

Ashy deposit

Disturbed deposit

Limestone TL date

� � � � � � � � � � � � � � � � � � �� � �
98.5 ka BP

35 30 25 20
Cal date 
(ka BP)

45 40 35 30
Cal date
(ka BP)

4

3

7 & 10

13

14

18

> 39.9 ka BP

1

2

3

4Asprochaliko

Kastritsa

Theopetra
5

6

7

8

Kolomintsa
Franchthi

Crvena Stijena
KlissouraKlithi

a b

Figure 10.13: (a) Map showing the locations of sites outlines in the text and (b) the
stratigraphy of the Asprochaliko rockshelter, redrawn from Bailey et al. (1992) with
radiocarbon dates recalibrated using OxCal v4.3 (Ramsey, 2008).

this spatial heterogeneity in environmental response the focus here is on the archaeological record
for sites in the Epirus region, in close proximity to the changes recorded in the Ioannina sequence.

The archaeological record of Epirus contains a greater number of Middle Palaeolithic sites than
other regions of Greece, which Tourloukis et al. (2018) argues is a consequence of a biogeographical
pattern that emerges at either sides of the Pindus Mountains, defined by a contrast between
the eastern lowlands where more arid, continental climates demonstrate significant vegetation
crashes during glacials and stadials and mid-altitude sites of western Greece with their increased
ecological buffering capacity.

The Asprochaliko rockshelter sequence was, in many ways, a type-site for Middle Palaeolithic
Mousterian variability in Greece. Mousterian assemblages at Asprochaliko have been thermolu-
minescence dated to ca. 100 ka BP (Huxtable et al., 1992), Figure 10.13, and are succeeded by
upper Mousterian industry, the age of which exceeds the upper limit of radiocarbon dating (Bailey
et al., 1984). More recent investigations elsewhere on the Adriatic-Ionian coast suggest that the
intensity of occupation towards the end of the Middle Paleolithic was considerably greater than
had been presumed, with the late Middle Palaeolithic assemblages at Asprochaliko, correlated
by (Mihailović and Whallon, 2017) to sites such as Crvena Stjena (Montenegro), and Klissoura
(Greece) where lithic assemblages indicate an archaeologically distinct industry.

A sterile layer (Layer 13; Figure 10.13) running throughout the excavated area and located
between the Middle and the Upper Palaeolithic layers indicates a major hiatus in the occupation
of the site. Understanding the timing of the hiatus in the Asprochaliko sequence may provide
important insights into its causes - whether it is environmentally driven or the result of other
push pull factors.

Following the hiatus the Upper Palaeolithic at Asprochaliko consists of later, Gravettian
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assemblages radiocarbon dated to 27.5 ka BP, 10.13. Upper Palaeolithic sequences have also
been identified and dated within the Epirus region, with the cave sites of Klithi (see Bailey and
Woodward 1997) and Kastritsa (see Bailey et al. 1984) occupied ca. 20 ka BP.

Whilst transitional assemblages are scarce in the Epirus region, they are not entirely absent.
Aurignacian assemblages, dated in other sites in Greece to ca. 40 ka BP (Franchthi; Douka et al.
2011), 33–31 ka BP (Klissoura; Kuhn et al. 2010), and 33,870 ± 550 years BP (Kolominitsa;
Darlas and Psathi 2016), have been identified in Epirus at the undated open-air site of Spilaion
(Runnels, 2019).

The primary constraint on linking the Ioannina record into the the local Epirus archaeology
is the lack of chronological constraint in many of the archaeological sequences. Improved data
of the Asprochaliko rockshelter sequence, particularly the timing of the hiatus, may provide
further insights into the role abrupt climatic oscillations during MIS 3 may have played in the
presence of, and technological and demographic changes in, Palaeolithic human settlement in
Greece. For example, improvements in radiocarbon dating, such as more advanced radiocarbon
sample preparation techniques and improvements in calibration, should improve the accuracy and
precision of radiocarbon ages. Additionally tephrochronology, particularly the identification of
the Pantelleria Green Tuff and Campanian Ignimbrite tephra markers, both of which have already
been found in Greek archaeological sequences (Karkanas et al., 2014; Lowe et al., 2012; Lane et al.,
2014), across a greater range of sites may help better constrain the timing of Palaeolithic human
settlement in Greece and facilitate direct correlations with the palaeoenvironmental records from
Ioannina and Tenaghi Philippon.

Whilst there is evidence for abrupt climatic change within the Mediterranean during the
last glacial, environmental responses were spatially heterogenous. Studies which make inferences
about the role of climate in the expansion of early humans into Greece should focus on reconciling
archaeological records with local records of environmental change, and should focus on the
construction of robust, accurate chronologies which facilitate the reconciliation of archives of
environmental change and archaeological sequences.
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Chapter 11

Conclusion

The central aim of this thesis has been to identify the nature and timing of terrestrial ecosystem
responses at Lake Ioannina in relation to last glacial millennial-scale climate variability, as
recognised in the global marine and ice core records. In order to achieve this aim, it set out to:

1 Construct an age-depth model for the Ioannina I-08 core through the identification of visible
and ‘crypto-’ tephra

2 Produce a high resolution pollen record of vegetation response to abrupt climate change

This chapter reflects on the key findings of this PhD study, considering the extent to which
the proposed aims have been achieved. It suggests potential improvements to the study, and in
doing so highlights potential avenues for future work.

11.1 Tephrostratigraphy as a means of dating the I-08

sequence

This thesis represents the first tephra record for the Ioannina site, and represents the first detailed
cryptotephra investigation of a terrestrial site in the Epirus region of Greece. Detailed visible
and ‘crypto-’ tephra analysis identifies deposits associated with explosive volcanism at Italian
volcanic sources, including Campi Flegrei, Pantelleria, and the Aeolian islands for the first time
at Ioannina. Two visible tephra layers, the Campanian Ignimbrite (CI/Y-5; ca. 39.8 ka BP)
and Pantelleria Green Tuff (PGT/Y-6; ca. 45.7 ka BP) are identified, as well as the Holocene
Vallone del Gabellotto (E-1; ca. 8.3 ka BP) cryptotephra marker. Further tephra isochrons of
Pantellerian and Aeolian origin have been identified which, if linked to a proximal deposit, may
allow the incorporation of additional dates into the Ioannina chronology. Bayesian modelling of
these new tephra ages, along with 10 previously obtained radiocarbon ages, extends the earlier
chronology for the I-08 core back to ca. 46 ka BP.

Cryptotephra investigations raise key questions about sediment taphonomy within the sequence
at some depths, where they clearly demonstrate sediment reworking. Changes in lake levels,
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suggested by changes in sedimentology and the presence of molluscan fauna, are argued to have
facilitated the exposure of tephra deposits at the lake margins resulting in remobilisation of
tephra material within the Ioannina catchment. No explicit evidence of sediment reworking is
detected in the section of the core selected for high resolution pollen analysis, suggesting pollen
data from these depths should represent an accurate picture of contemporaneous vegetation.

11.2 High resolution sediment and pollen analysis of

the I-08 sequence

In undertaking high resolution study in sediments bracketed by the Pantelleria Green Tuff (Y-6)
and Campanian Ignimbrite (Y-5) tephra horizons this study has produced a chronologically
well-constrained record of environmental response at Ioannina to last glacial climate variability
ca. 46 to 38 ka BP. The possibility that reworking, suggested by the tephra record, impedes the
utility this new pollen record to reflect the vegetation is, for the most part, rejected as pollen and
cryptotephra records show minimal evidence of reworking in the section of the I-08 core selected
for high resolution study.

In Greenland three full D-O cycles are observed between ca. 46 and 38 ka BP. Greenland
stadials within this period may be reflected in AP minima observed in the I-08 record ca. 45, 43
and 41.5 ka BP, each of which fall within uncertainty of a Greenland cooling (GS-12, GS-11, and
GS-10 respectively), however the latter minima is associated with the reworking of pollen and
thus may not reflect the contemporaneous vegetation. Alternatively, three increases in % clay
at 44.3, 43, and 41.4 ka BP associated with an increase in elemental ratios suggesting increased
allogenic sedimentation can also be interpreted as reflecting summer temperature minima at the
site. Thus, whilst millennial-scale variability is identified in both the sediment and pollen record,
reconciling the changes therein is challenging, as the responses are rarely synchronous between
the different proxies. Most likely these offsets are associated with the different response thresholds
– most notably, sustained moisture availability and a topographically diverse landscape supports
the persistence of tree populations at the Ioannina site, which may have limited the vegetation
response to short-lived climate fluctuations (Tzedakis et al., 2004).

Furthermore, neither changes observed in the pollen nor sediment record occur synchronously
with Greenland D-O cycles. Chronological uncertainties, frequently >1 ka, associated with the
Greenland and Ioannina records during this interval may explain, to some extent, the temporal
offsets between the two records.

Finally, a study of this nature, whereby high resolution study is undertaken in a very specific
temporal window, has only been possible at Ioannina due to the well-studied record of longer-term,
glacial-interglacial vegetation response at the site, which provides much needed context for the
changes observed.
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11.3 The nature and timing of terrestrial ecosystem re-

sponses at Ioannina to last glacial millennial-scale

change

Tephra isochrons, particularly the ca. 39.8 ka BP Campanian Ignimbrite eruption, facilitate direct
correlation of the I-08 palaeoenvironmental record with other high resolution last glacial pollen
sequences in the Mediterranean, such as Lago Grande di Monticchio (Italy) and Tenaghi Philippon
(Greece), with less ambiguity than work reliant on traditional geochronological approaches. In
doing so, asynchroneities in pollen responses to last glacial climate change in Mediterranean
sequences have been identified, most notable in sediments across a range of sites which contain
tephra deposits correlated to the Campanian Ignimbrite eruption. Lags in response occur on up
to centennial timescales – for example, pollen assemblages from Ioannina and Lago Grande di
Monticchio suggest aridity maxima >100 years after the deposition of the CI/Y-5 tephra marker,
contrasting to Tenaghi Philippon where arboreal pollen minima precede tephra deposition by ca.
200 years.

Whilst it is possible that different response thresholds of local vegetation may explain this
offset (e.g. Tzedakis et al. 2004), this centennial-scale lag may have a climatological origin,
with different sites responding to different climatic forcing mechanisms. Heinrich stadials have
been shown to contain considerable structure in high resolution marine pollen records from the
Iberian Margin and Alboran seas (Fletcher and Sánchez Goñi, 2008; Sánchez Goñi et al., 2008;
Margari et al., 2020). It is possible the structure identified in Atlantic and Western Mediterranean
archives is reflected in the vegetation responses from the eastern Mediterranean, with a multi-stage
Heinrich event consisting of fast- (e.g. atmospheric) and slow-acting (e.g. AMOC recovery)
changes producing climate adjustments over a range of timescales (Margari et al., 2020).

A warmer, more humid period suggested by both expansion of tree populations and increased
lake productivity ca. 42 to 40 ka BP contrasts with other records of millennial-scale change
over this period in the North Atlantic and Mediterranean. As this offset cannot be explained by
pollen reworking or chronological uncertainty, instead changes in orbital geometry, particularly an
increase in spring and summer insolation at 40°N, are suggested to have modulated environmental
responses at Ioannina. Alternatively, the unique character of GS-10 (40.80 ka BP ± 1.62 to
40.17 ± 1.580 ka B2K, sensu. Rasmussen et al. 2014), where ice core evidence suggests that the
Siberian High did not strengthen in the same way as in previous stadials (Mayewski et al., 1997),
may have limited the expression of this D-O stadial in the Ioannina sequence.

11.4 Recommendations for further work

This work has demonstrated the utility of the CI/Y-5 tephra marker as a tool to interrogate the
sequencing of proxy responses to Heinrich stadial 4, one of the most severe last glacial coolings
recorded in many sequences. Better understanding of the leads and lags between sites will help
improve our understanding of spatial variability in climate responses. Furthermore, synchroneities
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recorded between proxies which respond to different elements of the climate system may identify
the sequencing of climate change and the impacts of climate changes on ecosystems.

In order to establish the sequencing of climatic change during HS4 direct correlation of North
Atlantic and Mediterranean sequences to the Greenland ice core sequence would be advantageous.
The age uncertainty associated with the GICC05 chronology, which has a mean counting error
> 1,000 years throughout this period, as well as the 140 year uncertainty associated with the
40Ar/39Ar age of the Campanian Ignimbrite tephra marker, hinders comparison of Mediterranean
proxy responses to HS4 with the atmospheric signals recorded in the ice cores. Whilst a peak in
sulphate concentration within the GISP2 Greenland ice core has previously been linked to the
CI eruption (Zielinski et al., 1996) subsequent investigations failed to identify tephra shards at
the same depth within the Greenland ice core records (Davies et al., 2010). Future work which
accurately links the Campanian Ignimbrite tephra marker with the GICC05 timescale will allow
a more complete picture (both spatial and temporal) of climatic change during Heinrich stadials
to be reconstructed.

A paucity of independently dated sites in the eastern Mediterranean with last glacial proxy
records resolved to decadal timescales has been a severe limitation in this work, as it limits
comparison of the new Ioannina record. In particular, very few marine sequences in the eastern
Mediterranean cover this period at resolutions <1,000 years, limiting interpretation of how past
changes in ocean circulation and temperature may have driven climate change at Ioannina.
Furthermore, multi-proxy marine studies which draw together pollen records and δ18O records
within the same sequence, similar to those of the subtropical NE Atlantic (e.g. Sánchez Goñi et al.
2002), may help identify temporal offsets between climate responses recorded in the terrestrial
and marine realms in the eastern Mediterranean during the last glacial.

A lack of independent dating of archaeological sequences also hinders integration of this new
palaeoenvironmental record with the history of human occupation in the Epirus region. Tephros-
tratigraphic investigation of archaeological sequences in the surrounding region, particularly
focussed on identification of the Campanian Ignimbrite tephra marker, may help reconcile these
records, and provide a fuller picture of the landscapes occupied by early AMH populations in
Epirus.

11.5 Summary

This thesis has produced two primary outputs: a new chronology for the I-08 sequence, which
extends dating of the core back to ca. 46 ka BP, and a new, high resolution, pollen data set,
supported by sedimentological data, which has facilitated detailed reconstruction of environmental
change at the site between 46 and 38 ka BP.

Comparison of this new Ioannina record to other records of vegetation change elsewhere in
Greece and beyond has raised important questions about spatial variability in palaeoenvironmental
response to last glacial change recorded in the eastern Mediterranean. The large chronological
uncertainties associated with many of the age-depth models during the last glacial, which in many
sequences are greater than the duration of the events being studied, highlights the utility of tephra
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isochrons in providing direct, precise linkages independent of traditional dating approaches.
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Appendix A

Geochemistry

A.1 EPMA data: Visible tephra layers

Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Cl Total
I08T_30.14 30.14 Ioannina-2_1 60.19 0.44 19.27 2.86 0.19 0.33 1.78 6.45 7.36 0.03 1.10 96.85
I08T_30.14 30.14 Ioannina-2_2 60.18 0.37 18.92 3.05 0.30 0.37 1.79 6.29 7.49 0.08 1.16 98.10
I08T_30.14 30.14 Ioannina-2_3 60.12 0.39 18.78 3.22 0.12 0.78 2.60 3.20 10.19 0.17 0.44 96.88
I08T_30.14 30.14 Ioannina-2_5 60.23 0.39 19.03 3.00 0.25 0.35 1.67 6.57 7.32 0.04 1.14 97.21
I08T_30.14 30.14 Ioannina-2_7 61.70 0.35 18.80 2.75 0.16 0.25 2.10 4.84 8.18 0.06 0.82 96.78
I08T_30.14 30.14 Ioannina-2_8 60.47 0.42 19.38 2.78 0.24 0.34 1.83 6.00 7.38 0.07 1.08 94.70
I08T_30.14 30.14 Ioannina-2_9 60.35 0.39 18.68 2.98 0.18 0.30 1.84 6.62 7.50 0.06 1.10 96.75
I08T_30.14 30.14 Ioannina-2_10 60.61 0.45 18.43 2.80 0.25 0.33 1.70 6.87 7.40 0.04 1.13 99.18
I08T_30.14 30.14 Ioannina-2_11 60.79 0.41 18.53 3.31 0.05 0.74 2.51 3.58 9.49 0.13 0.46 96.38
I08T_30.14 30.14 Ioannina-2_12 60.44 0.36 18.27 3.39 0.17 0.74 2.76 3.05 10.15 0.19 0.49 94.35
I08T_30.14 30.14 Ioannina-2_13 60.55 0.45 18.27 3.01 0.29 0.36 1.83 6.38 7.77 0.08 1.01 98.56
I08T_30.14 30.14 Ioannina-2_14 61.51 0.37 18.38 2.86 0.10 0.44 1.96 4.98 8.72 0.04 0.63 97.39
I08T_30.14 30.14 Ioannina-3_1 61.59 0.31 18.42 3.03 0.14 0.56 2.29 4.95 8.09 0.11 0.51 95.30
I08T_30.14 30.14 Ioannina-3_2 60.34 0.36 18.53 3.36 0.06 0.74 2.54 3.20 10.25 0.15 0.46 96.29
I08T_30.14 30.14 Ioannina-3_4 60.54 0.45 18.59 3.11 0.25 0.28 1.88 5.88 7.87 0.04 1.11 96.70
I08T_30.14 30.14 Ioannina-3_5 60.73 0.44 18.67 2.86 0.24 0.28 1.67 6.44 7.52 0.06 1.09 98.99
I08T_30.14 30.14 Ioannina-3_6 60.01 0.45 18.63 2.96 0.23 0.31 1.66 7.15 7.43 0.03 1.13 98.77
I08T_30.14 30.14 Ioannina-3_7 60.49 0.48 18.32 2.87 0.26 0.33 1.79 7.02 7.26 0.06 1.12 98.61
I08T_30.14 30.14 Ioannina-3_8 60.22 0.43 18.39 2.88 0.26 0.33 1.79 6.75 7.92 0.05 0.97 97.92
I08T_30.14 30.14 Ioannina-3_10 60.41 0.39 18.22 3.43 0.15 0.75 2.71 3.13 10.17 0.17 0.48 97.04
I08T_30.14 30.14 Ioannina-3_11 60.61 0.41 18.45 2.95 0.25 0.34 1.75 6.71 7.34 0.04 1.16 98.39
I08T_30.14 30.14 Ioannina-3_12 60.99 0.41 18.64 3.00 0.25 0.30 1.72 6.47 7.18 0.00 1.03 95.57
I08T_30.14 30.14 Ioannina-3_14 61.02 0.40 18.68 3.09 0.16 0.54 2.15 4.58 8.63 0.06 0.69 96.50
I08T_30.14 30.14 Ioannina-3_15 60.91 0.41 18.62 2.98 0.22 0.31 1.72 6.45 7.27 0.00 1.11 97.30
I08T_30.14 30.14 Ioannina-3_9 61.28 0.38 18.22 2.95 0.29 0.31 1.68 6.57 7.17 0.06 1.07 95.64
I08T_30.14 30.14 Ioannina-3_8 62.63 0.33 18.10 2.41 0.10 0.29 1.98 4.91 8.31 0.07 0.88 94.64
I08T_30.14 30.14 Ioannina-3_7 61.67 0.35 18.10 2.98 0.07 0.59 2.17 4.38 9.00 0.12 0.56 98.43
I08T_30.14 30.14 Ioannina-3_6 61.72 0.41 17.99 3.05 0.12 0.50 2.20 4.06 9.33 0.11 0.52 95.40
I08T_30.14 30.14 Ioannina-3_5 61.61 0.42 18.38 2.96 0.23 0.30 1.69 6.19 7.13 0.06 1.04 99.64
I08T_30.14 30.14 Ioannina-3_30 61.06 0.44 18.52 2.93 0.19 0.31 1.71 6.02 7.75 0.07 0.99 99.43
I08T_30.14 30.14 Ioannina-3_26 61.63 0.38 18.34 2.83 0.20 0.33 1.78 6.32 7.12 0.07 1.01 95.30
I08T_30.14 30.14 Ioannina-3_25 62.25 0.40 18.06 2.82 0.13 0.44 2.09 4.87 8.20 0.04 0.71 92.71
I08T_30.14 30.14 Ioannina-3_24 61.17 0.31 18.25 3.17 0.16 0.74 2.43 3.23 9.96 0.11 0.46 96.74
I08T_30.14 30.14 Ioannina-3_23 61.01 0.39 18.92 2.70 0.12 0.29 1.75 5.81 7.75 0.05 1.18 93.99
I08T_30.14 30.14 Ioannina-3_22 61.93 0.37 18.35 2.92 0.17 0.32 1.78 5.84 7.34 0.06 0.91 96.87
I08T_30.14 30.14 Ioannina-3_19 61.26 0.48 18.40 3.01 0.30 0.22 1.66 6.19 7.39 0.05 1.05 91.12
I08T_30.14 30.14 Ioannina-3_18 60.08 0.55 18.70 3.62 0.11 0.70 3.11 3.11 9.82 0.13 0.09 95.58
I08T_30.14 30.14 Ioannina-3_17 61.19 0.39 18.27 2.96 0.27 0.34 1.79 6.48 7.25 0.03 1.02 95.68
I08T_30.14 30.14 Ioannina-3_16 61.14 0.44 18.40 3.05 0.17 0.31 1.79 6.49 7.11 0.05 1.05 99.39
I08T_30.14 30.14 Ioannina-3_15 60.58 0.43 18.15 3.50 0.06 0.79 2.65 3.11 10.05 0.17 0.51 97.80
I08T_30.14 30.14 Ioannina-3_13 61.38 0.45 18.11 2.87 0.22 0.32 1.74 5.81 7.92 0.06 1.11 97.44
I08T_30.14 30.14 Ioannina-3_12 61.43 0.40 18.40 2.74 0.23 0.30 1.68 6.37 7.29 0.05 1.13 96.30
I08T_30.14 30.14 Ioannina-3_11 61.00 0.36 18.24 3.47 0.13 0.69 2.67 3.06 9.75 0.14 0.48 95.68
I08T_30.14 30.14 Ioannina-3_10 60.74 0.41 18.35 3.11 0.17 0.33 1.75 6.70 7.25 0.07 1.11 98.38
I08T_30.14 30.14 Ioannina-2_9 61.58 0.39 18.16 3.11 0.28 0.34 1.71 5.47 7.91 0.04 1.02 92.64
I08T_30.14 30.14 Ioannina-2_7 61.29 0.32 18.15 3.24 0.16 0.62 2.40 3.58 9.61 0.14 0.50 96.32
I08T_30.14 30.14 Ioannina-2_6 61.18 0.44 18.43 2.99 0.14 0.31 1.68 6.54 7.23 0.01 1.03 96.94
I08T_30.14 30.14 Ioannina-2_5 61.18 0.46 18.26 3.07 0.21 0.33 1.75 6.29 7.22 0.05 1.18 94.23
I08T_30.14 30.14 Ioannina-2_4 61.42 0.40 18.37 3.00 0.28 0.31 1.82 6.14 7.15 0.03 1.07 96.78
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Table A.1 – Continued from previous page
Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Cl Total
I08T_30.14 30.14 Ioannina-2_23 61.78 0.35 18.21 3.04 0.07 0.51 2.31 4.49 8.55 0.12 0.56 98.48
I08T_30.14 30.14 Ioannina-2_22 61.23 0.41 18.45 2.89 0.15 0.32 1.71 6.55 7.12 0.05 1.12 99.45
I08T_30.14 30.14 Ioannina-2_2 62.54 0.38 18.30 2.58 0.20 0.44 1.90 5.48 7.52 0.02 0.65 95.28
I08T_30.14 30.14 Ioannina-2_19 61.60 0.41 18.21 3.14 0.29 0.32 1.72 5.75 7.45 0.07 1.05 94.41
I08T_30.14 30.14 Ioannina-2_17 61.04 0.45 18.45 2.86 0.20 0.34 1.85 6.07 7.64 0.07 1.01 95.36
I08T_30.14 30.14 Ioannina-2_13 61.63 0.44 18.42 2.86 0.19 0.33 1.73 6.25 6.99 0.07 1.10 97.61
I08T_30.14 30.14 Ioannina-2_12 61.52 0.46 18.52 2.91 0.20 0.33 1.83 5.79 7.35 0.06 1.05 97.49
I08T_30.14 30.14 Ioannina-2_11 61.55 0.41 18.36 2.80 0.25 0.32 1.79 6.06 7.33 0.01 1.12 97.70
I08T_30.14 30.14 Ioannina-2_10 61.09 0.43 18.39 2.96 0.15 0.35 1.85 6.24 7.37 0.04 1.12 96.90
I08T_30.14 30.14 Ioannina-2_1 61.26 0.36 18.51 2.98 0.19 0.33 1.76 5.87 7.72 0.03 0.99 95.90
I08T_31.93 31.93 Ioannia-1_6 71.11 0.50 7.66 8.35 0.40 0.10 0.36 6.18 4.30 0.01 1.04 96.60
I08T_31.93 31.93 Ioannia-1_3 68.79 0.56 9.56 7.95 0.38 0.11 0.59 6.63 4.45 0.06 0.93 97.16
I08T_31.93 31.93 Ioannia-1_25 71.36 0.49 7.83 8.03 0.43 0.08 0.36 5.78 4.23 0.03 1.37 92.42
I08T_31.93 31.93 Ioannia-1_24 66.82 0.81 12.31 6.87 0.34 0.24 0.94 6.39 4.73 0.13 0.43 93.83
I08T_31.93 31.93 Ioannina-1_2 63.98 0.93 14.59 6.57 0.38 0.47 1.39 6.56 4.76 0.16 0.22 96.23
I08T_31.93 31.93 Ioannina-1_3 70.89 0.48 8.07 8.03 0.27 0.09 0.40 6.12 4.27 0.00 1.39 94.05
I08T_31.93 31.93 Ioannina-1_4 71.42 0.52 8.08 8.36 0.32 0.10 0.38 4.86 4.54 0.03 1.40 93.22
I08T_31.93 31.93 Ioannina-1_5 70.96 0.45 7.82 7.97 0.35 0.10 0.32 6.43 4.17 0.05 1.38 94.19
I08T_31.93 31.93 Ioannina-1_7 70.46 0.55 7.98 7.85 0.43 0.08 0.38 6.42 4.45 0.02 1.38 94.99
I08T_31.93 31.93 Ioannina-1_10 71.21 0.47 7.84 7.95 0.24 0.08 0.39 6.11 4.38 0.01 1.31 94.72
I08T_31.93 31.93 Ioannina-1_11 70.85 0.44 7.81 7.97 0.38 0.07 0.37 6.47 4.22 0.02 1.40 96.59
I08T_31.93 31.93 Ioannina-1_12 71.16 0.47 7.92 7.78 0.42 0.11 0.36 6.09 4.32 0.00 1.37 95.11
I08T_31.93 31.93 Ioannina-1_14 70.68 0.51 7.86 8.07 0.26 0.06 0.33 6.47 4.31 0.03 1.42 97.72
I08T_31.93 31.93 Ioannina-1_15 70.93 0.50 8.03 8.21 0.34 0.07 0.37 5.81 4.33 0.03 1.37 94.65
I08T_31.93 31.93 Ioannina-1_17 70.58 0.43 7.82 7.94 0.28 0.08 0.39 6.77 4.30 0.05 1.35 96.58
I08T_31.93 31.93 Ioannina-1_18 70.40 0.42 7.80 8.17 0.32 0.07 0.41 6.49 4.43 0.05 1.43 99.18
I08T_31.93 31.93 Ioannina-1_19 70.62 0.46 7.84 8.22 0.42 0.09 0.36 6.31 4.27 0.04 1.37 95.62
I08T_31.93 31.93 Ioannina-1_22 68.80 0.57 10.33 8.21 0.31 0.11 0.58 5.58 4.56 0.00 0.95 93.78
I08T_31.93 31.93 Ioannina-1_23 70.88 0.49 8.31 8.15 0.35 0.11 0.40 5.44 4.36 0.02 1.49 94.14
I08T_31.93 31.93 Ioannina-1_26 70.69 0.52 8.21 8.42 0.38 0.11 0.41 5.29 4.40 0.06 1.50 93.61
I08T_31.93 31.93 Ioannina-1_29 70.64 0.49 8.24 8.23 0.44 0.07 0.36 5.75 4.37 0.02 1.38 95.58
I08T_31.93 31.93 Ioannina-1_30 71.16 0.48 8.43 8.58 0.32 0.08 0.43 4.66 4.36 0.03 1.47 93.65

A.2 EPMA data: Cryptotephra layers

Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Total
Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Total
I08T_14.34 14.34 OxT5531_1 75.32 0.07 13.25 1.48 0.07 0.00 0.78 3.82 5.19 0.03 94.8936
I08T_14.34 14.34 OxT5531_2 75.18 0.08 13.13 1.57 0.10 0.01 0.75 4.08 5.09 0.01 96.4605
I08T_14.34 14.34 OxT5531_4 75.07 0.06 13.28 1.47 0.09 0.03 0.77 3.99 5.18 0.05 95.4743
I08T_14.34 14.34 OxT5531_5 75.32 0.11 13.13 1.53 0.09 0.02 0.70 3.80 5.26 0.02 96.2723
I08T_14.34 14.34 OxT5531_7 75.28 0.07 13.26 1.45 0.10 0.02 0.72 3.85 5.23 0.03 95.6988
I08T_14.34 14.34 OxT5531_11 75.28 0.06 13.36 1.60 0.07 0.02 0.71 3.84 5.04 0.03 95.6286
I08T_14.34 14.34 OxT5531_12 75.78 0.09 13.47 1.52 0.06 0.05 0.71 3.27 5.06 0.00 98.5114
I08T_14.34 14.34 OxT5531_13 75.41 0.05 13.10 1.42 0.02 0.03 0.77 4.12 5.08 0.00 95.7167
I08T_14.34 14.34 OxT5531_16 75.54 0.12 13.11 1.41 0.01 0.00 0.76 3.89 5.13 0.03 95.1499
I08T_14.34 14.34 OxT5531_17 75.37 0.02 13.31 1.43 0.11 0.03 0.75 3.93 5.04 0.00 95.9355
I08T_14.34 14.34 OxT5531_18 75.55 0.05 13.09 1.38 0.10 0.00 0.68 4.16 4.98 0.00 96.66
I08T_14.34 14.34 OxT5531_19 75.21 0.10 13.26 1.61 0.05 0.03 0.73 3.85 5.16 0.00 95.1872
I08T_14.34 14.34 OxT5531_21 75.26 0.07 13.09 1.56 0.03 0.02 0.80 4.13 5.05 0.00 95.7684
I08T_14.34 14.34 OxT5531_23 75.31 0.10 13.25 1.46 0.09 0.03 0.76 3.91 5.09 0.00 95.9257
I08T_14.34 14.34 OxT5531_24 75.03 0.11 13.18 1.71 0.03 0.06 0.79 3.99 5.06 0.03 96.1167
I08T_14.34 14.34 OxT5531_25 75.63 0.07 13.28 1.33 0.07 0.01 0.78 3.83 4.96 0.02 95.7087
I08T_14.34 14.34 OxT5531_26 75.22 0.09 13.21 1.62 0.10 0.03 0.77 3.79 5.15 0.01 96.2329
I08T_14.34 14.34 OxT5531_29 75.67 0.09 13.06 1.33 0.02 0.02 0.74 3.88 5.15 0.02 95.1448
I08T_14.34 14.34 OxT5531_14 75.56 0.10 13.17 1.34 0.03 0.02 0.75 3.72 5.30 0.01 93.6316
I08T_15.22 15.22 OxT5527/2 75.70 0.07 13.21 1.45 0.04 0.03 0.69 3.65 5.17 0.00 94.3131
I08T_15.22 15.22 OxT5527/3 75.69 0.09 13.16 1.29 0.07 0.03 0.72 3.80 5.14 0.00 93.9419
I08T_15.22 15.22 OxT5527/6 75.50 0.08 13.23 1.46 0.07 0.06 0.77 3.71 5.07 0.04 95.4925
I08T_15.23 15.22 OxT5527/9 75.58 0.04 13.36 1.44 0.08 0.01 0.65 3.86 4.94 0.03 95.7672
I08T_15.22 15.22 OxT5527_1 75.12 0.10 13.28 1.42 0.06 0.03 0.72 4.05 5.21 0.02 94.3528
I08T_16.06 16.06 OxT5513_1 75.64 0.05 12.98 1.61 0.05 0.02 0.76 3.69 5.18 0.01 94.8098
I08T_16.06 16.06 OxT5513_3 75.35 0.06 13.17 1.41 0.14 0.06 0.69 3.83 5.29 0.01 95.8157
I08T_16.06 16.06 OxT5513_4 75.32 0.07 13.19 1.46 0.07 0.01 0.72 3.99 5.15 0.01 95.4147
I08T_16.06 16.06 OxT5513_5 75.24 0.11 13.14 1.42 0.10 0.04 0.74 3.99 5.22 0.00 95.167
I08T_16.06 16.06 OxT5513_6 75.27 0.04 13.09 1.54 0.03 0.03 0.80 3.91 5.30 0.00 95.929
I08T_16.06 16.06 OxT5513_8 75.37 0.10 13.29 1.63 0.08 0.01 0.77 3.71 5.00 0.03 95.0602
I08T_16.06 16.06 OxT5513_9 75.32 0.04 13.33 1.47 0.04 0.02 0.73 3.82 5.22 0.02 94.7615
I08T_16.06 16.06 OxT5513_11 75.08 0.14 13.21 1.51 0.11 0.03 0.78 3.98 5.16 0.00 95.2169
I08T_16.06 16.06 OxT5513_12 75.57 0.07 13.18 1.30 0.04 0.05 0.73 3.84 5.21 0.00 95.4967
I08T_16.06 16.06 OxT5513_15 75.67 0.02 13.10 1.41 0.13 0.04 0.73 3.84 5.06 0.01 95.4842
I08T_16.06 16.06 OxT5513_16 75.58 0.03 13.12 1.42 0.08 0.03 0.70 4.00 5.04 0.01 96.3775
I08T_16.06 16.06 OxT5513_17 75.24 0.10 13.26 1.66 0.00 0.01 0.76 3.94 5.04 0.00 95.5044
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Table A.2 – Continued from previous page
Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Total
I08T_28.55 28.55 CT538_5 61.94 0.42 18.85 2.71 0.19 0.38 1.73 5.71 8.01 0.05 95.377
I08T_28.55 28.55 CT538_17 61.51 0.44 18.70 2.77 0.26 0.36 1.79 6.84 7.28 0.05 96.586
I08T_28.55 28.55 CT538_23 62.12 0.37 18.50 2.77 0.13 0.44 1.95 4.93 8.69 0.09 98.162
I08T_28.55 28.55 CT538_29 62.16 0.37 18.48 2.83 0.17 0.45 1.95 5.50 8.03 0.05 95.783
I08T_28.55 28.55 CT538_9 61.69 0.46 18.67 2.86 0.27 0.33 1.65 6.67 7.38 0.01 97.961
I08T_28.55 28.55 CT538_13 61.95 0.37 18.20 2.87 0.12 0.44 1.94 5.51 8.52 0.08 98.817
I08T_28.55 28.55 CT538_21 61.34 0.42 18.86 2.89 0.21 0.36 1.92 5.94 8.05 0.02 97.7
I08T_28.55 28.55 CT538_4 61.47 0.45 18.79 2.90 0.23 0.34 1.77 6.45 7.57 0.04 94.823
I08T_28.55 28.55 CT538_28 61.14 0.44 18.87 2.93 0.36 0.33 1.70 6.67 7.48 0.09 99.111
I08T_28.55 28.55 CT538_1 61.41 0.45 18.90 2.94 0.22 0.33 1.75 6.43 7.52 0.04 96.461
I08T_28.55 28.55 CT538_19 61.78 0.42 18.54 2.96 0.22 0.35 1.76 6.42 7.45 0.10 98.042
I08T_28.55 28.55 CT538_25 61.18 0.43 19.07 2.97 0.27 0.34 1.77 6.52 7.42 0.02 96.027
I08T_28.55 28.55 CT538_11 62.36 0.39 18.41 2.97 0.23 0.42 1.87 5.44 7.83 0.07 95.295
I08T_28.55 28.55 CT538_2 60.99 0.45 18.99 2.98 0.26 0.33 1.81 6.59 7.55 0.06 98.652
I08T_28.55 28.55 CT538_27 61.17 0.44 18.85 3.00 0.19 0.35 1.83 6.41 7.69 0.06 96.01
I08T_28.55 28.55 CT538_12 61.07 0.44 18.83 3.02 0.24 0.32 1.74 7.05 7.25 0.05 97.216
I08T_28.55 28.55 CT538_8 61.30 0.42 18.62 3.05 0.24 0.33 1.72 6.81 7.44 0.06 97.808
I08T_28.55 28.55 CT538_7 61.13 0.42 18.70 3.06 0.28 0.34 1.78 6.75 7.49 0.06 98.467
I08T_28.55 28.55 CT538_26 61.30 0.44 18.55 3.06 0.24 0.33 1.75 6.44 7.84 0.05 97.685
I08T_28.55 28.55 CT538_18 61.03 0.44 18.60 3.06 0.28 0.34 1.83 6.47 7.89 0.05 97.905
I08T_28.55 28.55 CT538_30 61.16 0.43 18.72 3.07 0.22 0.34 1.68 6.45 7.87 0.06 97
I08T_28.55 28.55 CT538_15 61.70 0.36 18.18 3.08 0.13 0.57 2.24 3.89 9.73 0.13 95.373
I08T_28.55 28.55 CT538_3 61.60 0.45 18.63 3.08 0.24 0.34 1.82 6.43 7.36 0.05 96.579
I08T_28.55 28.55 CT538_10 61.10 0.45 18.96 3.16 0.32 0.35 1.69 6.56 7.39 0.03 95.314
I08T_28.55 28.55 CT538_20 61.15 0.39 18.15 3.31 0.18 0.63 2.41 3.72 9.94 0.12 95.367
I08T_28.55 28.55 CT538_22 61.07 0.37 18.25 3.39 0.13 0.78 2.72 3.06 10.11 0.13 94.438
I08T_28.55 28.55 CT538_16 61.48 0.36 18.44 3.40 0.16 0.63 2.29 4.40 8.75 0.10 97.959
I08T_28.55 28.55 CT538_14 60.89 0.37 18.40 3.47 0.04 0.74 2.64 4.34 8.97 0.14 97.306
I08T_28.55 28.55 CT538_6 60.91 0.37 18.05 3.60 0.16 0.77 2.58 3.23 10.20 0.13 98.499
I08T_28.66 28.66 CT549_26 62.23 0.40 18.63 2.65 0.18 0.40 1.74 5.64 8.06 0.07 97.619
I08T_28.66 28.66 CT549_7 61.80 0.45 18.50 2.66 0.24 0.34 1.80 6.49 7.68 0.04 94.484
I08T_28.66 28.66 CT549_28 62.38 0.36 18.37 2.80 0.06 0.50 2.03 4.21 9.24 0.05 97.855
I08T_28.66 28.66 CT549_12 62.63 0.37 17.89 2.83 0.11 0.49 2.13 4.68 8.79 0.07 94.806
I08T_28.66 28.66 CT549_21 61.57 0.45 18.62 2.87 0.26 0.34 1.89 6.52 7.38 0.10 97.487
I08T_28.66 28.66 CT549_11 62.00 0.44 18.22 2.87 0.21 0.33 1.71 5.98 8.23 0.03 96.039
I08T_28.66 28.66 CT549_2 61.65 0.43 18.81 2.92 0.20 0.36 1.68 6.67 7.28 0.02 97.086
I08T_28.66 28.66 CT549_22 61.81 0.43 19.05 2.93 0.24 0.34 1.83 5.90 7.40 0.08 93.818
I08T_28.66 28.66 CT549_16 61.61 0.45 18.98 2.93 0.23 0.34 1.78 6.29 7.34 0.04 94.644
I08T_28.66 28.66 CT549_20 62.55 0.37 18.49 2.93 0.13 0.45 1.97 5.82 7.23 0.07 95.975
I08T_28.66 28.66 CT549_13 62.06 0.47 17.96 2.94 0.27 0.35 1.84 5.27 8.81 0.05 93.736
I08T_28.66 28.66 CT549_5 62.11 0.43 18.25 2.94 0.29 0.36 1.81 6.45 7.29 0.07 94.557
I08T_28.66 28.66 CT549_27 61.61 0.44 18.54 2.96 0.21 0.34 1.88 6.06 7.90 0.06 96.162
I08T_28.66 28.66 CT549_23 61.75 0.42 18.67 2.97 0.24 0.34 1.76 6.50 7.28 0.08 95.222
I08T_28.66 28.66 CT549_25 61.69 0.45 18.56 2.97 0.23 0.34 1.78 6.32 7.63 0.04 96.683
I08T_28.66 28.66 CT549_4 61.17 0.45 19.10 2.99 0.23 0.33 1.75 6.67 7.27 0.06 97.703
I08T_28.66 28.66 CT549_19 61.58 0.42 18.61 2.99 0.23 0.33 1.83 6.48 7.52 0.02 95.406
I08T_28.66 28.66 CT549_17 61.18 0.43 18.77 3.00 0.25 0.33 1.77 6.68 7.48 0.11 99.367
I08T_28.66 28.66 CT549_10 61.51 0.43 18.81 3.00 0.24 0.35 1.89 5.72 8.02 0.04 95.693
I08T_28.66 28.66 CT549_30 61.54 0.45 18.77 3.01 0.28 0.34 1.74 6.35 7.48 0.05 96.439
I08T_28.66 28.66 CT549_9 61.79 0.43 18.41 3.02 0.27 0.35 1.81 6.57 7.27 0.07 95.636
I08T_28.66 28.66 CT549_14 61.29 0.43 18.90 3.03 0.25 0.34 1.72 6.40 7.59 0.03 95.488
I08T_28.66 28.66 CT549_6 61.42 0.43 18.77 3.08 0.27 0.34 1.86 6.46 7.35 0.02 95.01
I08T_28.66 28.66 CT549_18 61.24 0.45 18.81 3.10 0.24 0.35 1.84 6.53 7.43 0.01 95.751
I08T_28.66 28.66 CT549_29 61.50 0.37 18.71 3.21 0.13 0.62 2.32 5.10 7.91 0.12 97.975
I08T_28.66 28.66 CT549_24 61.37 0.37 18.32 3.27 0.09 0.68 2.43 3.33 9.96 0.18 93.436
I08T_28.66 28.66 CT549_15 61.04 0.37 18.18 3.41 0.09 0.84 2.77 3.18 9.95 0.18 94.773
I08T_28.66 28.66 CT549_3 60.77 0.35 18.11 3.50 0.09 0.73 2.65 3.24 10.35 0.19 94.598
I08T_28.70 28.7 CT555_28 62.11 0.38 18.68 2.61 0.12 0.44 1.93 5.23 8.45 0.05 97.756
I08T_28.70 28.7 CT555_14 61.47 0.45 18.79 2.78 0.27 0.32 1.72 6.81 7.34 0.04 96.436
I08T_28.70 28.7 CT555_11 61.20 0.43 19.06 2.82 0.17 0.36 1.89 5.87 8.13 0.06 94.481
I08T_28.70 28.7 CT555_13 61.10 0.41 18.66 2.83 0.33 0.34 1.81 6.52 7.93 0.06 94.898
I08T_28.70 28.7 CT555_8 62.20 0.37 18.47 2.86 0.19 0.48 2.07 5.33 7.97 0.05 94.696
I08T_28.70 28.7 CT555_6 61.51 0.43 18.72 2.87 0.28 0.34 1.81 6.66 7.36 0.02 97.029
I08T_28.70 28.7 CT555_18 60.97 0.46 18.87 2.87 0.31 0.34 1.80 6.42 7.95 0.02 98.197
I08T_28.70 28.7 CT555_19 61.32 0.46 18.75 2.89 0.28 0.36 1.82 6.06 8.01 0.06 94.372
I08T_28.70 28.7 CT555_27 61.35 0.44 18.78 2.91 0.18 0.35 1.83 6.69 7.44 0.04 96.203
I08T_28.70 28.7 CT555_15 61.43 0.43 18.99 2.92 0.22 0.40 1.79 6.21 7.55 0.07 94.083
I08T_28.70 28.7 CT555_22 61.58 0.43 19.28 2.93 0.23 0.33 1.79 6.03 7.33 0.07 93.001
I08T_28.70 28.7 CT555_7 61.31 0.43 18.58 2.93 0.30 0.32 1.79 6.86 7.44 0.03 96.971
I08T_28.70 28.7 CT555_23 61.03 0.42 19.01 2.96 0.21 0.36 1.80 6.69 7.46 0.06 94.618
I08T_28.70 28.7 CT555_24 61.19 0.44 18.76 2.97 0.26 0.37 1.90 6.29 7.76 0.05 94.514
I08T_28.70 28.7 CT555_5 61.38 0.42 18.93 2.97 0.21 0.35 1.80 6.60 7.26 0.07 94.611
I08T_28.70 28.7 CT555_16 61.14 0.42 18.87 3.00 0.20 0.34 1.85 6.69 7.45 0.04 97.886
I08T_28.70 28.7 CT555_17 61.39 0.45 18.70 3.00 0.18 0.35 1.78 6.74 7.34 0.07 94.586
I08T_28.70 28.7 CT555_30 61.20 0.43 18.73 3.00 0.23 0.33 1.80 6.64 7.63 0.02 97.218
I08T_28.70 28.7 CT555_20 61.47 0.45 18.53 3.04 0.25 0.34 1.84 6.71 7.32 0.05 95.143
I08T_28.70 28.7 CT555_25 61.27 0.43 18.89 3.04 0.27 0.34 1.79 6.49 7.40 0.08 95.18
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Table A.2 – Continued from previous page
Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Total
I08T_28.70 28.7 CT555_26 61.26 0.44 18.85 3.08 0.20 0.35 1.73 6.63 7.42 0.04 93.857
I08T_28.70 28.7 CT555_12 61.25 0.36 18.38 3.08 0.09 0.71 2.57 3.49 9.91 0.17 94.146
I08T_28.70 28.7 CT555_3 61.15 0.44 18.89 3.09 0.27 0.34 1.79 6.75 7.26 0.02 96.39
I08T_28.70 28.7 CT555_10 61.17 0.45 18.65 3.10 0.24 0.36 1.82 6.75 7.44 0.02 96.167
I08T_28.70 28.7 CT555_1 60.97 0.45 18.64 3.10 0.27 0.34 1.77 6.45 7.94 0.07 97.276
I08T_28.70 28.7 CT555_29 61.37 0.43 18.57 3.13 0.26 0.34 1.70 6.72 7.44 0.06 99.028
I08T_28.70 28.7 CT555_21 60.89 0.45 18.95 3.16 0.20 0.35 1.82 6.51 7.55 0.11 95.025
I08T_28.70 28.7 CT555_2 61.16 0.45 18.91 3.29 0.31 0.38 1.75 6.38 7.33 0.04 95.427
I08T_28.70 28.7 CT555_9 60.68 0.38 18.37 3.53 0.07 0.81 2.65 3.16 10.21 0.15 96.693
I08T_28.72 28.72 CT559_22 62.48 0.39 18.59 2.48 0.20 0.33 1.81 5.42 8.21 0.08 94.489
I08T_28.72 28.72 CT559_1 61.97 0.37 18.28 2.70 0.17 0.46 2.10 4.73 9.11 0.11 98.236
I08T_28.72 28.72 CT559_17 62.05 0.36 18.65 2.74 0.13 0.37 1.99 4.88 8.75 0.06 96.367
I08T_28.72 28.72 CT559_29 62.72 0.39 18.60 2.76 0.15 0.42 1.73 5.84 7.35 0.05 93.27
I08T_28.72 28.72 CT559_12 61.51 0.38 18.53 2.80 0.17 0.45 2.01 6.12 7.92 0.12 97.681
I08T_28.72 28.72 CT559_28 61.49 0.43 18.88 2.84 0.28 0.36 1.83 6.37 7.50 0.03 95.997
I08T_28.72 28.72 CT559_7 61.82 0.45 18.20 2.88 0.30 0.36 1.83 6.71 7.40 0.05 93.249
I08T_28.72 28.72 CT559_8 61.34 0.43 18.58 2.89 0.21 0.36 1.81 6.67 7.68 0.03 96.276
I08T_28.72 28.72 CT559_2 61.53 0.42 18.86 2.91 0.27 0.33 1.86 6.38 7.38 0.06 94.375
I08T_28.72 28.72 CT559_11 61.70 0.43 18.94 2.92 0.23 0.32 1.69 6.36 7.40 bdl 95.082
I08T_28.72 28.72 CT559_26 61.48 0.44 18.73 2.94 0.24 0.37 1.83 6.56 7.40 0.03 95.345
I08T_28.72 28.72 CT559_20 61.47 0.43 18.77 2.95 0.26 0.34 1.75 6.51 7.42 0.10 97.219
I08T_28.72 28.72 CT559_15 61.48 0.43 18.94 2.98 0.21 0.34 1.76 6.63 7.21 0.02 95.398
I08T_28.72 28.72 CT559_14 61.56 0.44 18.61 3.02 0.24 0.34 1.74 6.58 7.39 0.08 97.139
I08T_28.72 28.72 CT559_30 61.11 0.45 18.95 3.03 0.22 0.35 1.82 6.44 7.60 0.03 97.165
I08T_28.72 28.72 CT559_27 61.13 0.45 18.69 3.06 0.20 0.33 1.85 6.65 7.57 0.06 97.044
I08T_28.72 28.72 CT559_23 61.17 0.43 18.91 3.06 0.29 0.33 1.69 6.80 7.33 bdl 96.141
I08T_28.72 28.72 CT559_16 61.44 0.43 18.87 3.08 0.28 0.34 1.68 6.50 7.36 0.04 95.634
I08T_28.72 28.72 CT559_18 60.96 0.44 18.84 3.10 0.30 0.33 1.76 6.76 7.45 0.06 98.271
I08T_28.72 28.72 CT559_21 61.28 0.44 18.79 3.10 0.20 0.35 1.81 6.32 7.65 0.08 94.714
I08T_28.72 28.72 CT559_9 61.38 0.46 18.56 3.11 0.18 0.34 1.77 6.76 7.38 0.06 95.823
I08T_28.72 28.72 CT559_3 61.25 0.46 18.59 3.12 0.23 0.34 1.82 6.67 7.47 0.06 94.151
I08T_28.72 28.72 CT559_19 61.34 0.46 19.30 3.16 0.29 0.34 1.77 6.11 7.17 0.06 96.201
I08T_28.72 28.72 CT559_10 61.24 0.36 18.47 3.20 0.09 0.61 2.32 3.74 9.86 0.10 94.011
I08T_28.72 28.72 CT559_5 60.56 0.35 18.34 3.27 0.13 0.74 2.61 3.48 10.37 0.16 96.658
I08T_28.72 28.72 CT559_25 60.61 0.40 18.56 3.30 0.15 0.74 2.58 3.33 10.22 0.12 94.913
I08T_28.72 28.72 CT559_24 61.30 0.37 18.77 3.31 0.10 0.69 2.49 2.99 9.81 0.17 95.866
I08T_28.72 28.72 CT559_13 60.66 0.37 18.36 3.56 0.06 0.76 2.68 3.19 10.17 0.19 98.356
I08T_28.72 28.72 CT559_4 60.62 0.38 18.19 3.63 0.12 0.80 2.64 3.22 10.22 0.18 92.573
I08T_28.76 28.76 CT563_9 61.33 0.45 18.94 2.66 0.28 0.35 1.92 6.67 7.34 0.08 96.583
I08T_28.76 28.76 CT563_29 62.14 0.36 18.61 2.76 0.21 0.48 2.06 4.47 8.79 0.11 93.509
I08T_28.76 28.76 CT563_11 61.42 0.44 18.92 2.86 0.23 0.33 1.85 6.55 7.37 0.03 95.3
I08T_28.76 28.76 CT563_1 61.47 0.44 18.87 2.86 0.25 0.37 1.82 6.53 7.39 0.01 94.598
I08T_28.76 28.76 CT563_14 61.45 0.46 18.73 2.89 0.33 0.33 1.76 6.63 7.37 0.06 97.038
I08T_28.76 28.76 CT563_27 61.07 0.42 18.93 2.92 0.28 0.35 1.76 6.49 7.74 0.04 95.06
I08T_28.76 28.76 CT563_21 61.54 0.44 18.98 2.93 0.22 0.36 1.83 6.39 7.24 0.07 94.201
I08T_28.76 28.76 CT563_30 61.16 0.45 19.01 2.93 0.20 0.35 1.73 6.70 7.42 0.06 95.713
I08T_28.76 28.76 CT563_5 61.57 0.43 18.94 2.93 0.29 0.37 1.86 6.43 7.16 0.03 92.582
I08T_28.76 28.76 CT563_6 61.57 0.43 18.96 2.94 0.23 0.34 1.81 6.12 7.54 0.05 94.673
I08T_28.76 28.76 CT563_22 61.46 0.45 19.06 2.94 0.22 0.35 1.78 6.19 7.50 0.04 94.285
I08T_28.76 28.76 CT563_15 61.71 0.42 18.85 2.95 0.26 0.34 1.76 6.49 7.14 0.07 94.73
I08T_28.76 28.76 CT563_13 61.40 0.43 18.96 2.96 0.21 0.35 1.80 6.16 7.66 0.06 93.4
I08T_28.76 28.76 CT563_8 61.79 0.43 18.98 2.97 0.14 0.34 1.84 6.10 7.34 0.05 95.144
I08T_28.76 28.76 CT563_3 61.37 0.44 19.02 2.99 0.29 0.37 1.78 6.21 7.47 0.06 95.015
I08T_28.76 28.76 CT563_12 61.53 0.44 19.10 3.00 0.32 0.35 1.90 6.00 7.32 0.05 95.037
I08T_28.76 28.76 CT563_16 61.49 0.45 18.97 3.05 0.28 0.35 1.76 6.49 7.15 bdl 93.785
I08T_28.76 28.76 CT563_17 61.33 0.44 19.08 3.06 0.21 0.36 1.74 6.47 7.22 0.09 95.845
I08T_28.76 28.76 CT563_2 61.16 0.45 19.02 3.09 0.23 0.36 1.86 6.39 7.36 0.09 95.421
I08T_28.76 28.76 CT563_26 61.64 0.44 19.07 3.09 0.26 0.34 1.82 6.16 7.14 0.04 92.345
I08T_28.76 28.76 CT563_19 61.66 0.43 18.58 3.09 0.27 0.34 1.85 6.13 7.60 0.04 95.651
I08T_28.76 28.76 CT563_23 61.31 0.44 18.73 3.12 0.25 0.34 1.83 5.98 7.93 0.07 95.292
I08T_28.76 28.76 CT563_28 61.11 0.36 18.22 3.27 0.12 0.73 2.64 3.20 10.22 0.14 94.422
I08T_28.76 28.76 CT563_24 60.84 0.37 18.01 3.40 0.08 0.77 2.70 3.45 10.18 0.21 96.402
I08T_28.76 28.76 CT563_7 60.54 0.37 18.26 3.47 0.16 0.82 2.89 2.92 10.38 0.19 94.612
I08T_28.76 28.76 CT563_20 60.55 0.37 18.05 3.58 0.11 0.81 2.73 3.27 10.33 0.19 92.955
I08T_28.83 28.83 CT498_1 61.75 0.44 18.96 2.84 0.22 0.35 1.84 6.23 7.35 0.02 94.107
I08T_28.83 28.83 CT498_30 61.16 0.44 19.06 2.84 0.27 0.33 1.80 6.17 7.84 0.09 94.81
I08T_28.83 28.83 CT498_9 61.21 0.44 18.74 2.85 0.30 0.35 1.76 6.70 7.58 0.07 93.311
I08T_28.83 28.83 CT498_20 61.22 0.44 19.17 2.88 0.20 0.34 1.75 6.25 7.68 0.07 94.363
I08T_28.83 28.83 CT498_25 61.52 0.44 18.66 2.88 0.23 0.33 1.92 6.18 7.81 0.03 94.017
I08T_28.83 28.83 CT498_16 61.66 0.42 18.75 2.91 0.25 0.35 1.81 6.44 7.38 0.03 93.837
I08T_28.83 28.83 CT498_14 61.72 0.35 18.17 2.92 0.19 0.54 2.16 3.96 9.85 0.13 97.978
I08T_28.83 28.83 CT498_17 61.39 0.44 18.60 2.93 0.26 0.33 1.80 6.76 7.46 0.04 95.381
I08T_28.83 28.83 CT498_11 61.41 0.43 18.94 2.93 0.25 0.36 1.85 6.38 7.45 bdl 94.1
I08T_28.83 28.83 CT498_18 61.16 0.45 18.66 2.95 0.19 0.33 1.83 6.73 7.70 0.01 97.467
I08T_28.83 28.83 CT498_5 61.53 0.45 18.74 2.95 0.26 0.36 1.88 6.12 7.64 0.07 91.191
I08T_28.83 28.83 CT498_8 61.34 0.45 18.93 2.96 0.26 0.35 1.78 6.43 7.42 0.08 94.142
I08T_28.83 28.83 CT498_4 61.09 0.35 18.24 2.99 0.17 0.64 2.59 3.33 10.45 0.15 95.008
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Table A.2 – Continued from previous page
Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Total
I08T_28.83 28.83 CT498_29 61.90 0.43 18.11 3.02 0.23 0.36 1.90 6.48 7.49 0.08 93.547
I08T_28.83 28.83 CT498_19 61.27 0.44 18.83 3.03 0.24 0.35 1.87 6.41 7.49 0.07 94.356
I08T_28.83 28.83 CT498_3 61.98 0.45 18.23 3.04 0.26 0.36 1.81 6.54 7.33 bdl 90.338
I08T_28.83 28.83 CT498_6 60.87 0.35 18.10 3.10 0.13 0.71 2.55 3.18 10.85 0.15 98.563
I08T_28.83 28.83 CT498_28 61.56 0.38 18.57 3.18 0.18 0.55 2.24 4.10 9.11 0.13 94.696
I08T_28.83 28.83 CT498_26 61.90 0.37 18.31 3.19 0.15 0.62 2.20 5.19 7.97 0.12 93.948
I08T_28.83 28.83 CT498_24 60.98 0.44 18.79 3.22 0.20 0.35 1.93 5.86 8.14 0.08 94.555
I08T_28.83 28.83 CT498_13 60.73 0.35 18.20 3.30 0.14 0.69 2.50 3.36 10.57 0.15 95.002
I08T_28.83 28.83 CT498_31 60.99 0.36 18.06 3.31 0.09 0.70 2.58 3.25 10.49 0.17 93.767
I08T_28.83 28.83 CT498_23 60.50 0.37 18.38 3.35 0.08 0.78 2.62 3.83 9.94 0.15 95.758
I08T_28.83 28.83 CT498_27 61.13 0.37 18.79 3.40 0.10 0.77 2.59 4.66 8.03 0.17 96.302
I08T_28.83 28.83 CT498_15 60.68 0.38 18.28 3.43 0.07 0.76 2.62 3.08 10.53 0.18 94.91
I08T_28.83 28.83 CT498_12 60.87 0.37 18.07 3.44 0.10 0.74 2.59 3.26 10.37 0.19 93.932
I08T_28.83 28.83 CT498_10 60.50 0.38 18.38 3.52 0.06 0.78 2.66 3.39 10.12 0.21 95.846
I08T_28.83 28.83 CT498_22 60.66 0.37 17.98 3.71 0.05 0.80 2.82 3.38 10.10 0.12 95.133
I08T_28.98 28.98 CT486_11 62.31 0.40 18.15 2.64 0.19 0.40 1.88 6.10 7.89 0.04 96.293
I08T_28.98 28.98 CT486_13 62.23 0.39 18.43 2.65 0.17 0.46 2.07 5.08 8.46 0.05 95.555
I08T_28.98 28.98 CT486_12 62.40 0.39 18.11 2.73 0.19 0.43 1.86 5.53 8.29 0.07 95.731
I08T_28.98 28.98 CT486_5 62.49 0.38 18.27 2.78 0.15 0.48 2.08 5.61 7.65 0.11 97.59
I08T_28.98 28.98 CT486_1 61.40 0.44 18.94 2.78 0.23 0.35 1.85 6.54 7.42 0.05 97.007
I08T_28.98 28.98 CT486_8 61.37 0.43 18.77 2.79 0.31 0.34 1.89 6.29 7.76 0.06 93.71
I08T_28.98 28.98 CT486_15 61.74 0.46 17.88 2.82 0.25 0.34 1.84 5.74 8.90 0.05 94.007
I08T_28.98 28.98 CT486_14 62.22 0.36 18.02 2.84 0.15 0.55 2.17 5.15 8.48 0.06 95.078
I08T_28.98 28.98 CT486_9 61.37 0.46 18.53 2.88 0.28 0.34 1.86 6.43 7.80 0.05 95.156
I08T_28.98 28.98 CT486_4 61.93 0.38 18.53 2.89 0.16 0.44 1.98 5.99 7.60 0.09 97.697
I08T_28.98 28.98 CT486_3 61.30 0.44 18.97 2.93 0.26 0.35 1.81 6.35 7.50 0.09 94.462
I08T_28.98 28.98 CT486_2 61.62 0.42 18.72 2.93 0.26 0.34 1.75 6.48 7.43 0.04 95.076
I08T_28.98 28.98 CT486_6 62.28 0.44 18.01 2.94 0.24 0.35 1.92 6.09 7.69 0.04 94.712
I08T_28.98 28.98 CT486_10 61.59 0.42 18.29 2.98 0.26 0.34 1.84 6.43 7.83 0.01 94.272
I08T_28.98 28.98 CT486_16 61.52 0.35 18.33 3.00 0.09 0.66 2.53 3.53 9.84 0.14 95.355
I08T_28.98 28.98 CT486_7 61.07 0.42 18.76 3.06 0.26 0.35 1.94 6.40 7.71 0.04 94.067
I08T_28.98 28.98 CT486_21 60.90 0.37 18.18 3.13 0.14 0.72 2.68 3.22 10.53 0.13 94.991
I08T_28.98 28.98 CT486_17 61.15 0.37 18.55 3.15 0.11 0.63 2.39 3.58 9.97 0.10 94.908
I08T_28.98 28.98 CT486_23 60.00 0.37 18.41 3.35 0.10 0.77 2.68 3.20 10.91 0.21 96.636
I08T_28.98 28.98 CT486_18 60.56 0.37 18.46 3.37 0.19 0.76 2.65 3.25 10.26 0.16 95.684
I08T_28.98 28.98 CT486_19 61.30 0.37 17.68 3.39 0.11 0.75 2.61 3.21 10.42 0.17 95.319
I08T_28.98 28.98 CT486_22 60.77 0.39 17.88 3.50 0.08 0.81 2.67 3.09 10.69 0.11 94.665
I08T_28.98 28.98 CT486_24 60.19 0.36 18.13 3.59 0.09 0.76 2.61 3.01 11.07 0.19 97.344
I08T_28.98 28.98 CT486_20 60.39 0.39 18.05 3.67 0.12 0.84 2.77 3.10 10.44 0.23 96.931
I08T_29.62 29.62 CT744_11 61.61 0.45 18.82 2.78 0.24 0.31 1.86 6.48 7.40 0.05 96.146
I08T_29.62 29.62 CT744_3 61.65 0.43 18.41 2.84 0.22 0.35 1.88 5.87 8.32 0.03 96.535
I08T_29.62 29.62 CT744_1 61.38 0.45 19.12 2.86 0.25 0.35 1.73 6.09 7.73 0.05 95.981
I08T_29.62 29.62 CT744_22 61.82 0.42 18.62 2.90 0.27 0.34 1.68 6.50 7.38 0.05 98.042
I08T_29.62 29.62 CT744_17 61.23 0.44 18.72 2.91 0.30 0.34 1.69 6.56 7.77 0.03 97.498
I08T_29.62 29.62 CT744_29 61.41 0.44 18.78 2.94 0.27 0.34 1.78 6.44 7.59 0.02 97.265
I08T_29.62 29.62 CT744_28 61.20 0.44 18.85 2.96 0.25 0.33 1.88 5.94 8.14 0.03 94.324
I08T_29.62 29.62 CT744_4 62.10 0.37 18.44 2.99 0.15 0.51 2.13 4.47 8.80 0.04 95.67
I08T_29.62 29.62 CT744_18 61.18 0.44 19.09 2.99 0.24 0.33 1.77 6.44 7.46 0.06 96.331
I08T_29.62 29.62 CT744_14 61.32 0.43 18.88 2.99 0.28 0.34 1.89 6.55 7.24 0.08 96.144
I08T_29.62 29.62 CT744_6 60.91 0.45 18.65 3.00 0.28 0.32 1.76 6.36 8.24 0.03 98.665
I08T_29.62 29.62 CT744_27 61.44 0.44 18.86 3.01 0.25 0.36 1.71 6.65 7.26 0.01 96.471
I08T_29.62 29.62 CT744_20 61.35 0.42 19.02 3.01 0.22 0.33 1.80 6.52 7.29 0.03 97.954
I08T_29.62 29.62 CT744_15 61.20 0.45 18.88 3.02 0.24 0.33 1.78 6.21 7.83 0.07 96.424
I08T_29.62 29.62 CT744_5 61.93 0.44 18.45 3.04 0.23 0.33 1.76 6.55 7.21 0.04 96.878
I08T_29.62 29.62 CT744_8 61.50 0.42 18.64 3.07 0.17 0.32 1.78 6.36 7.71 0.02 96.925
I08T_29.62 29.62 CT744_30 61.34 0.44 18.67 3.08 0.29 0.34 1.79 6.56 7.41 0.07 97.139
I08T_29.62 29.62 CT744_21 61.31 0.43 18.63 3.09 0.27 0.33 1.76 6.51 7.64 0.05 98.452
I08T_29.62 29.62 CT744_16 61.29 0.45 18.75 3.11 0.34 0.34 1.88 6.19 7.56 0.09 95.973
I08T_29.62 29.62 CT744_10 61.26 0.43 19.00 3.11 0.28 0.36 1.74 6.40 7.41 0.02 94.558
I08T_29.62 29.62 CT744_26 61.37 0.44 18.66 3.12 0.29 0.35 1.72 6.64 7.36 0.03 97.981
I08T_29.62 29.62 CT744_23 61.24 0.44 18.82 3.14 0.23 0.36 1.72 6.64 7.36 0.05 97.398
I08T_29.62 29.62 CT744_9 61.10 0.37 18.21 3.21 0.10 0.69 2.57 3.54 10.06 0.16 94.956
I08T_29.62 29.62 CT744_7 61.26 0.44 18.77 3.24 0.23 0.33 1.83 6.29 7.54 0.06 98.642
I08T_29.62 29.62 CT744_13 60.23 0.37 18.57 3.46 0.15 0.82 2.82 3.21 10.18 0.20 96.637
I08T_29.62 29.62 CT744_25 60.45 0.40 18.30 3.57 0.16 0.83 2.69 3.03 10.34 0.23 96.784
I08T_29.62 29.62 CT744_2 60.28 0.37 18.64 3.60 0.16 0.75 2.57 3.18 10.33 0.11 96.095
I08T_29.62 29.62 CT744_24 58.53 0.43 19.66 3.66 0.37 0.33 2.20 6.76 8.02 0.05 97.8
I08T_29.65 29.65 CT747_7 61.54 0.43 18.83 2.80 0.22 0.36 1.91 6.40 7.45 0.06 94.663
I08T_29.65 29.65 CT747_19 62.58 0.37 18.07 2.80 0.17 0.41 1.96 5.58 7.97 0.09 98.704
I08T_29.65 29.65 CT747_11 61.88 0.41 18.76 2.80 0.10 0.40 1.85 5.90 7.85 0.05 97.333
I08T_29.65 29.65 CT747_9 62.13 0.36 18.64 2.82 0.18 0.52 2.15 5.55 7.56 0.10 98.45
I08T_29.65 29.65 CT747_24 61.19 0.42 19.29 2.88 0.27 0.33 1.87 6.10 7.62 0.01 95.082
I08T_29.65 29.65 CT747_8 61.67 0.45 18.75 2.89 0.24 0.34 1.72 6.70 7.19 0.05 98.949
I08T_29.65 29.65 CT747_25 61.98 0.43 18.32 2.89 0.24 0.36 1.85 5.97 7.92 0.04 95.363
I08T_29.65 29.65 CT747_23 61.26 0.44 18.89 2.92 0.21 0.33 1.75 6.69 7.46 0.05 99.303
I08T_29.65 29.65 CT747_20 61.72 0.46 19.01 2.92 0.26 0.34 1.68 6.35 7.28 bdl 95.079
I08T_29.65 29.65 CT747_6 61.62 0.44 18.69 2.93 0.24 0.34 1.68 6.40 7.63 0.04 94.803
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Table A.2 – Continued from previous page
Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Total
I08T_29.65 29.65 CT747_10 60.92 0.43 18.94 2.94 0.26 0.34 1.76 6.88 7.47 0.07 97.093
I08T_29.65 29.65 CT747_27 61.45 0.44 18.62 2.95 0.26 0.33 1.84 6.19 7.86 0.05 98.969
I08T_29.65 29.65 CT747_4 61.22 0.43 18.97 2.98 0.30 0.33 1.76 6.79 7.21 0.01 96.976
I08T_29.65 29.65 CT747_13 61.16 0.44 18.71 2.98 0.27 0.33 1.79 6.83 7.40 0.09 98.785
I08T_29.65 29.65 CT747_15 61.17 0.44 19.02 2.99 0.18 0.33 1.70 6.75 7.35 0.07 98.184
I08T_29.65 29.65 CT747_26 61.52 0.46 18.83 3.01 0.20 0.34 1.77 6.45 7.40 0.04 94.495
I08T_29.65 29.65 CT747_14 61.47 0.44 18.55 3.03 0.26 0.32 1.76 6.69 7.42 0.05 97.795
I08T_29.65 29.65 CT747_28 61.27 0.45 18.99 3.03 0.24 0.35 1.73 6.79 7.15 bdl 96.628
I08T_29.65 29.65 CT747_18 61.33 0.47 18.82 3.04 0.27 0.33 1.73 6.44 7.50 0.08 95.204
I08T_29.65 29.65 CT747_2 61.44 0.45 18.68 3.04 0.20 0.34 1.81 6.31 7.69 0.04 98.433
I08T_29.65 29.65 CT747_3 61.33 0.43 18.74 3.04 0.27 0.34 1.78 6.61 7.38 0.07 97.946
I08T_29.65 29.65 CT747_30 61.17 0.44 18.73 3.10 0.30 0.33 1.82 6.49 7.58 0.04 98.3
I08T_29.65 29.65 CT747_29 61.63 0.45 18.79 3.15 0.24 0.33 1.72 6.36 7.31 0.03 98.234
I08T_29.65 29.65 CT747_12 61.42 0.46 18.83 3.16 0.24 0.33 1.70 6.68 7.12 0.04 97.243
I08T_29.65 29.65 CT747_22 61.17 0.43 18.43 3.20 0.30 0.34 1.76 6.73 7.55 0.07 98.881
I08T_29.65 29.65 CT747_16 60.97 0.37 18.45 3.26 0.13 0.67 2.45 3.44 10.07 0.19 97.212
I08T_29.65 29.65 CT747_1 60.55 0.35 18.75 3.43 0.16 0.63 2.38 3.53 10.10 0.12 98.079
I08T_29.65 29.65 CT747_5 60.46 0.37 18.50 3.49 0.12 0.79 2.68 3.09 10.33 0.18 98.044
I08T_29.65 29.65 CT747_17 60.52 0.38 18.51 3.49 0.14 0.76 2.60 3.06 10.34 0.20 97.951
I08T_29.65 29.65 CT747_21 59.93 0.39 18.53 3.80 0.13 0.88 2.99 3.08 10.15 0.12 99.211
I08T_29.72 29.72 CT687_13 59.82 0.56 20.06 2.48 0.14 0.33 2.24 5.70 8.62 0.05 93.419
I08T_29.72 29.72 CT687_10 62.01 0.42 18.48 2.77 0.18 0.36 1.79 6.32 7.61 0.04 99.104
I08T_29.72 29.72 CT687_24 61.56 0.44 18.97 2.84 0.25 0.33 1.77 6.24 7.53 0.09 93.829
I08T_29.72 29.72 CT687_3 61.95 0.38 18.29 2.86 0.09 0.54 2.20 4.43 9.19 0.08 96.827
I08T_29.72 29.72 CT687_30 61.38 0.44 18.99 2.87 0.21 0.33 1.80 6.41 7.53 0.04 95.586
I08T_29.72 29.72 CT687_23 61.87 0.43 18.15 2.87 0.25 0.33 1.97 6.05 8.03 0.04 95.427
I08T_29.72 29.72 CT687_28 62.24 0.44 18.35 2.87 0.20 0.34 1.69 6.44 7.40 0.03 94.194
I08T_29.72 29.72 CT687_18 61.35 0.43 18.85 2.92 0.27 0.36 1.80 6.66 7.30 0.05 96.91
I08T_29.72 29.72 CT687_17 61.80 0.45 18.26 2.94 0.33 0.34 1.76 6.37 7.68 0.08 98.449
I08T_29.72 29.72 CT687_29 61.26 0.43 19.06 2.94 0.26 0.33 1.67 6.40 7.57 0.08 95.445
I08T_29.72 29.72 CT687_20 61.50 0.43 18.73 2.95 0.21 0.34 1.77 6.73 7.34 bdl 96.152
I08T_29.72 29.72 CT687_7 61.56 0.42 18.44 3.00 0.25 0.36 1.80 6.10 7.97 0.09 98.481
I08T_29.72 29.72 CT687_26 61.70 0.44 18.07 3.00 0.27 0.34 1.83 6.72 7.60 0.02 96.003
I08T_29.72 29.72 CT687_25 61.08 0.44 18.62 3.02 0.27 0.34 1.75 6.86 7.60 0.03 98.252
I08T_29.72 29.72 CT687_8 61.34 0.44 18.73 3.04 0.28 0.34 1.77 6.52 7.51 0.02 96.168
I08T_29.72 29.72 CT687_15 62.15 0.39 17.67 3.05 0.16 0.62 2.33 3.79 9.73 0.11 96.581
I08T_29.72 29.72 CT687_22 61.31 0.44 18.76 3.05 0.27 0.33 1.74 6.65 7.41 0.05 98.793
I08T_29.72 29.72 CT687_16 61.17 0.45 18.62 3.05 0.14 0.33 1.87 6.68 7.66 0.02 98.481
I08T_29.72 29.72 CT687_5 61.07 0.43 18.74 3.07 0.26 0.35 1.73 6.42 7.84 0.08 96.521
I08T_29.72 29.72 CT687_21 61.47 0.45 18.70 3.10 0.25 0.34 1.73 6.56 7.33 0.06 98.061
I08T_29.72 29.72 CT687_12 62.19 0.38 18.22 3.11 0.08 0.55 2.29 5.40 7.68 0.11 96.775
I08T_29.72 29.72 CT687_27 61.33 0.42 18.76 3.18 0.31 0.37 1.83 5.52 8.24 0.05 95.558
I08T_29.72 29.72 CT687_6 61.19 0.46 18.59 3.18 0.26 0.34 1.75 6.69 7.49 0.06 96.464
I08T_29.72 29.72 CT687_9 61.32 0.44 18.64 3.24 0.20 0.34 1.75 6.43 7.61 0.02 97.567
I08T_29.72 29.72 CT687_4 61.72 0.37 18.44 3.26 0.14 0.69 2.61 5.03 7.61 0.13 95.238
I08T_29.72 29.72 CT687_11 61.18 0.43 18.55 3.27 0.31 0.32 1.68 6.72 7.47 0.07 97.45
I08T_29.72 29.72 CT687_1 61.44 0.38 18.35 3.41 0.10 0.69 2.40 5.36 7.75 0.12 97.177
I08T_29.72 29.72 CT687_19 60.62 0.38 18.28 3.49 0.02 0.78 2.83 3.42 10.01 0.18 96.578
I08T_29.72 29.72 CT687_14 60.51 0.38 18.39 3.55 0.06 0.81 2.75 3.33 10.07 0.14 95.393
I08T_29.72 29.72 CT687_2 60.35 0.38 18.45 3.57 0.08 0.75 2.70 3.10 10.43 0.19 95.939
I08T_29.83 29.83 CT752_29 62.17 0.41 18.84 2.71 0.14 0.40 1.76 5.50 7.99 0.08 94.757
I08T_29.83 29.83 CT752_14 61.45 0.44 18.68 2.85 0.29 0.33 1.80 6.52 7.63 0.02 97.87
I08T_29.83 29.83 CT752_22 61.97 0.42 18.66 2.85 0.19 0.39 1.77 6.05 7.63 0.09 95.966
I08T_29.83 29.83 CT752_19 61.56 0.44 18.75 2.89 0.26 0.36 1.86 6.46 7.34 0.07 96.405
I08T_29.83 29.83 CT752_15 61.24 0.45 18.81 2.90 0.27 0.35 1.90 6.56 7.51 0.01 94.235
I08T_29.83 29.83 CT752_21 61.18 0.44 18.96 2.91 0.21 0.36 1.73 6.65 7.48 0.10 95.979
I08T_29.83 29.83 CT752_6 61.43 0.42 18.91 2.92 0.20 0.35 1.79 6.66 7.28 0.04 95.947
I08T_29.83 29.83 CT752_16 61.74 0.45 18.66 2.93 0.24 0.35 1.89 6.17 7.55 0.03 93.377
I08T_29.83 29.83 CT752_30 61.74 0.44 18.66 2.93 0.19 0.35 1.89 5.80 7.95 0.06 94.326
I08T_29.83 29.83 CT752_28 61.63 0.43 18.75 2.93 0.20 0.32 1.67 6.60 7.38 0.09 96.626
I08T_29.83 29.83 CT752_27 61.42 0.44 18.88 2.95 0.28 0.35 1.79 6.39 7.44 0.04 95.02
I08T_29.83 29.83 CT752_3 61.43 0.46 18.90 2.99 0.22 0.35 1.72 6.50 7.44 0.01 95.769
I08T_29.83 29.83 CT752_25 61.27 0.44 18.52 2.99 0.22 0.34 1.79 6.59 7.78 0.06 98.468
I08T_29.83 29.83 CT752_20 61.43 0.45 18.67 3.00 0.31 0.34 1.76 6.73 7.27 0.05 97.071
I08T_29.83 29.83 CT752_23 62.62 0.37 18.12 3.00 0.11 0.59 2.16 5.31 7.61 0.11 94.578
I08T_29.83 29.83 CT752_18 61.21 0.45 19.04 3.01 0.25 0.35 1.84 6.35 7.43 0.07 95.693
I08T_29.83 29.83 CT752_1 61.65 0.46 18.61 3.02 0.28 0.34 1.77 6.23 7.59 0.05 94.821
I08T_29.83 29.83 CT752_2 61.75 0.44 18.89 3.03 0.23 0.35 1.76 6.09 7.40 0.06 94.243
I08T_29.83 29.83 CT752_13 61.62 0.44 18.39 3.03 0.18 0.35 1.80 5.96 8.22 0.01 95.739
I08T_29.83 29.83 CT752_4 61.51 0.46 18.55 3.04 0.27 0.36 1.86 6.40 7.49 0.06 95.768
I08T_29.83 29.83 CT752_26 61.80 0.37 18.67 3.12 0.07 0.56 2.20 4.99 8.15 0.08 97.363
I08T_29.83 29.83 CT752_9 61.53 0.36 18.54 3.19 0.13 0.58 2.29 4.05 9.19 0.13 96.273
I08T_29.83 29.83 CT752_24 61.30 0.44 18.48 3.20 0.26 0.37 1.79 6.89 7.25 0.02 95.846
I08T_29.83 29.83 CT752_8 61.35 0.43 18.76 3.28 0.29 0.35 1.89 5.63 7.93 0.08 94.869
I08T_29.83 29.83 CT752_10 61.03 0.36 18.76 3.29 0.05 0.66 2.37 3.13 10.18 0.17 95.888
I08T_29.83 29.83 CT752_5 60.21 0.38 18.68 3.50 0.14 0.76 2.69 3.00 10.45 0.20 94.509
I08T_29.83 29.83 CT752_17 60.63 0.35 18.78 3.52 0.08 0.75 2.26 2.76 10.68 0.20 95.945
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Table A.2 – Continued from previous page
Sample Depth (m) Sample ID SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 Total
I08T_29.83 29.83 CT752_11 60.22 0.38 18.58 3.53 0.13 0.82 2.75 3.18 10.22 0.18 95.004
I08T_29.83 29.83 CT752_12 60.25 0.36 18.34 3.63 0.10 0.79 2.71 3.36 10.34 0.13 97.169
I08T_30.74 30.74 CT367_5 61.39 0.46 19.04 2.88 0.21 0.36 1.78 6.23 7.63 0.03 96.269
I08T_30.74 30.74 CT367_1 62.21 0.44 19.26 2.91 0.20 0.36 1.81 5.21 7.54 0.06 92.717
I08T_30.74 30.74 CT367_4 61.19 0.46 19.39 3.14 0.24 0.35 1.71 6.06 7.40 0.07 96.993
I08T_30.74 30.74 CT367_6 73.54 0.52 8.32 8.65 0.38 0.11 0.39 3.79 4.28 0.02 91.113
I08T_31.17 31.17 CT383_2 62.17 0.44 18.68 2.87 0.26 0.35 1.56 5.96 7.64 0.08 92.481
I08T_31.17 31.17 CT383_1 61.79 0.44 18.52 2.88 0.26 0.34 1.77 6.38 7.56 0.05 94.625
I08T_31.19 31.19 CT385_4 72.37 0.49 8.09 7.78 0.35 0.10 0.41 5.77 4.60 0.04 92.935
I08T_31.19 31.19 CT385_2 72.72 0.47 7.71 7.78 0.27 0.11 0.41 6.11 4.43 bdl 94.027
I08T_31.19 31.19 CT385_10 71.74 0.50 8.20 8.03 0.34 0.10 0.40 6.27 4.40 0.02 95.031
I08T_31.19 31.19 CT385_14 74.01 0.51 7.89 8.08 0.37 0.10 0.37 3.99 4.66 0.02 92.041
I08T_31.19 31.19 CT385_1 72.61 0.48 8.08 8.08 0.36 0.11 0.39 5.51 4.33 0.04 92.932
I08T_31.19 31.19 CT385_15 73.54 0.48 8.19 8.16 0.41 0.11 0.36 4.27 4.47 0.01 92.421
I08T_31.19 31.19 CT385_13 72.29 0.49 7.52 8.18 0.33 0.10 0.39 6.24 4.41 0.04 93.441
I08T_31.19 31.19 CT385_11 73.65 0.50 8.34 8.26 0.38 0.10 0.39 4.06 4.26 0.06 93.463
I08T_31.19 31.19 CT385_12 73.63 0.49 8.30 8.53 0.31 0.11 0.37 3.82 4.41 0.02 91.2
I08T_33.85 33.85 CT393_12 67.76 0.77 12.59 7.61 0.32 0.24 0.98 4.80 4.91 0.03 98.138
I08T_33.85 33.85 CT393_13 67.94 0.73 12.22 7.93 0.26 0.17 0.89 4.82 4.98 0.06 97.319
I08T_33.85 33.85 CT393_14 74.02 0.49 8.35 8.01 0.32 0.11 0.38 3.84 4.45 0.04 93.338
I08T_33.85 33.85 CT393_19 72.14 0.45 8.09 8.30 0.37 0.09 0.41 5.58 4.57 bdl 93.703
I08T_33.85 33.85 CT393_8 72.45 0.48 7.88 8.31 0.36 0.12 0.36 5.72 4.31 0.02 93.357
I08T_33.85 33.85 CT393_18 71.86 0.49 8.12 8.42 0.40 0.10 0.38 5.85 4.32 0.05 93.6
I08T_33.85 33.85 CT393_10 74.01 0.51 8.34 8.50 0.32 0.11 0.40 3.19 4.58 0.05 89.693
I08T_33.85 33.85 CT393_17 72.45 0.50 7.86 8.70 0.34 0.10 0.37 5.22 4.44 0.01 92.787
I08T_33.97 33.97 CT405_3 72.23 0.48 7.98 8.18 0.39 0.10 0.38 5.90 4.33 0.04 94.216
I08T_33.97 33.97 CT405_2 72.83 0.51 8.27 8.37 0.41 0.10 0.40 4.54 4.56 0.01 92.114
I08T_34.03 34.03 CT411_2 72.59 0.50 8.57 8.08 0.11 0.37 0.39 4.81 4.56 0.03 96.744
I08T_34.03 34.03 CT411_1 73.04 0.49 8.09 8.27 0.35 0.10 0.36 4.60 4.70 bdl 92.186

A.2.1 LA-ICP-MS data: Cryptotephra layers
Sample ID Depth (m) Sample Rb Sr Y Zr Nb Ba La Ce Pr Nd Sm Eu Gd Dy Er Yb Lu Ta Th U
I08T_14.39 14.39 12048-3 314.1 14.7 37.1 158.7 35.5 14 50.1 99.9 10.3 38.1 6.7 0.2 5.8 6.1 3.7 4.1 0.5 2.2 41.6 13.7
I08T_14.39 14.39 12048-4 326.9 18.9 38 161.7 36.5 41.3 49.7 100.6 11 38.9 7.5 0.2 5.7 6.1 3.5 3.9 0.6 2.2 42.1 12.7
I08T_14.39 14.39 12048-5 329 16.2 35.4 156.8 36.6 14.1 48.2 98.3 10.8 38 7 0.2 6.6 5.9 3.8 5.2 0.6 2.3 40.8 14.2
I08T_14.39 14.39 12048-6 324.3 16.1 40.4 172.1 37.7 14.8 54.1 107.4 11.2 38.9 8.2 0.2 6.6 6.6 4.2 4.5 0.6 2.5 48.9 15.4
I08T_14.39 14.39 12048-8 320.3 17.7 39.2 166.2 37.5 16.1 52.8 105.5 11.3 40.3 8.4 0.2 5.8 6.6 4.2 4.1 0.8 2.4 46.4 14.8
I08T_14.39 14.39 12048-9 325.3 16.5 40.9 170 37.4 16.3 53.9 108.2 11.4 40.9 8 0.2 6.6 6.8 3.8 4.7 0.7 2.4 46.8 14.3
I08T_14.39 14.39 5531_1 320.5 17.4 39.9 168 36.1 17.7 53 107 11.2 40.1 8 bdl 7.1 6.5 4.3 4.6 0.6 2.7 49.8 15.6
I08T_14.39 14.39 5531_11 314.4 15.7 39.8 174.5 36.8 14.3 53.2 106.8 11 39.1 9 bdl 6.5 6.5 4.3 4.6 0.8 2.5 49.6 14.8
I08T_14.39 14.39 5531_17 314 16.8 39.9 173.3 36.7 16.1 55.3 112.2 11.6 42.2 8.9 bdl 6.5 6.8 4.5 4.6 0.7 2.6 51.1 15.5
I08T_14.39 14.39 5531_18 326.6 12.9 40.1 160.3 37.2 11.6 49.2 97.1 10.8 39.2 7.7 bdl 6.9 6.6 4.1 4.4 0.7 2.4 47.9 14.9
I08T_14.39 14.39 5531_2 316.8 16.1 34.9 155.4 33.3 23.6 50 97.3 10.4 34.9 7.3 bdl bdl 6 3.7 3.8 bdl 2.3 42.8 13
I08T_14.39 14.39 5531_23 319.5 15.9 38.2 167.1 36 15.4 53.1 107.3 11.3 37.3 8.2 bdl 6.6 6.2 4.2 4.4 0.6 2.6 48.6 15.2
I08T_14.39 14.39 5531_29 318.3 16.1 38.5 160.3 33.9 15.8 50.8 102.9 10.4 38.2 8.1 bdl 6.3 5.6 3.9 4.4 0.6 2.2 45.3 14.2
I08T_15.23 15.23 12047-1 317.6 18.1 38.3 150.6 35.7 12.3 47.2 94.4 10 36 7.7 bdl 6.4 6.3 3.9 5.2 bdl 2.4 43.3 13.7
I08T_15.23 15.23 12047-2 325.4 23 37.7 151.9 36.4 21.9 47.5 96.2 10.3 35.3 7.6 bdl 6.7 6.6 4.2 4.3 bdl 2.4 44.6 14.8
I08T_15.23 15.23 12047-3 315.8 14.9 35.5 152.6 34.3 12.4 48.9 95.3 10 34.4 8.5 bdl 5.8 6.4 4.1 5 bdl 2.3 40.6 13.5
I08T_15.23 15.23 12047-4 324.6 13 37.7 150.8 35.4 10.1 45.4 93.5 9.6 37.6 8.2 bdl 6.8 6.3 4.4 4.6 bdl 2.4 41.8 13.8
I08T_16.07 16.07 12046-1 314.7 16.3 39.1 161 35.7 14.9 51.6 102.3 10.7 39.9 8.3 0.2 5.9 6.6 4.2 4.6 0.6 2.3 44.4 13.7
I08T_16.07 16.07 12046-3 321.8 15.6 40.3 171.3 37.2 14.8 53.7 107.1 11.3 39.4 8.3 0.2 6.9 6.7 4.4 4.8 0.7 2.5 49.6 14.5
I08T_16.07 16.07 12046-4 325.2 16.8 41.7 172.5 37.5 16.2 55.3 111.6 11.3 40 8.2 0.2 6.9 7.1 4.2 5 0.7 2.5 50.7 14.9
I08T_16.07 16.07 12046-5 320.4 15.6 41 161.9 36.9 14.1 49.6 100.8 10.8 39 8.5 0.2 6.4 7.2 4.3 5 0.7 2.6 49.5 15.1
I08T_16.07 16.07 12046-6 324.2 15.7 40.2 163.2 37.2 15.6 49.5 99.5 10.5 38.7 7.7 0.1 6.4 7 4.4 4.7 0.7 2.6 48.8 15.1
I08T_16.07 16.07 12046-2 321.7 18.8 40 162.3 37.6 16.7 49.7 99.3 10.6 37.6 8.4 0.3 6.7 6.8 4 4.4 0.6 2.5 46.9 14.5
I08T_16.07 16.07 12046-4 318.6 18.1 39.6 174.6 38.1 15.1 54.7 107.9 11 39.4 8.2 0.2 5.9 6.8 4.4 4.9 0.7 2.5 49.4 15.6
I08T_16.07 16.07 12046-7 315.2 17.9 39 165 36.2 16.1 52.6 100.7 10.5 42.2 6.8 0.3 6.3 6.2 4.2 4.2 0.6 2.3 46.1 14.2
I08T_16.07 16.07 5513_15 324.3 15.6 41.3 171.8 36.5 15 54.5 108 11.9 37.2 8.1 bdl 7.3 6.6 3.8 4.5 0.6 2.7 49.7 15.7
I08T_16.07 16.07 5513_4 330.9 15.2 39.1 165.6 36.8 15.8 52.6 106.1 11.2 39.1 7.7 bdl 6.6 6.4 4.1 4.7 0.7 2.5 48.7 15.2
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Appendix B

List of taxa identified

Taxonomic nomenclature for terrestrial pollen types used in this thesis, based on Beug
(2004), Chester and Raine (2001), and Moore et al. (1997), with PFT Designations after
Marinova et al. (2018).

Taxon Notes PFT Designation(s)
Abies Mill Boreal evergreen needleleaved tree, temper-

ate (spring frost tolerant) cold-deciduous
malacophyll broadleaved tree, temperate
evergreen needle-leaved tree

Acer L. Temperate (frost-induced late budburst)
colddeciduous malacophyll broadleaved
tree, temperate (spring frost intolerant)
cold-deciduous malacophyll broadleaved
tree

Alnus Mill Boreal cold-deciduous malacophyll
broadleaved tree, warm-temperate needle-
leaved evergreen tree

Betula L. Arctic dwarf shrub, temperate (spring frost
intolerant) cold-deciduous malacophyll
broadleaved tree, boreal cold-deciduous
malacophyll broadleaved tree

Buxus L. Warm-temperate sclerophyll tree
Carpinus betulus L. Temperate (spring frost intolerant) cold-

deciduous malacophyll broadleaved tree,
temperate (spring frost tolerant) cold-
deciduous malacophyll broadleaved tree,
climber/liana/vine, warm-temperate low-
to-high shrub/small tree

Castanea Mill Temperate (spring frost intolerant) cold-
deciduous malacophyll broadleaved tree

Continued overleaf
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Taxon Notes PFT Designation(s)
Corylus L. Temperate (frost-induced late budburst)

colddeciduous malacophyll broadleaved
tree, Temperate (frost-induced late
budburst) cold deciduous malacophyll
broadleaved tree

Ephedra distachya L. Switch plants
Ephedra fragilis Desf. Switch plants
Fagus L. Temperate (spring frost intolerant) cold-

deciduous malacophyll broadleaved tree,
temperate (spring frost tolerant) cold-
deciduous malacophyll broadleaved tree, bo-
real needle-leaved deciduous tree

Fraxinus excelsior -type Incorporates F. excelsior
L. and F. angustifolia
Vahl.

Temperate (frost-induced late budburst)
cold-deciduous malacophyll broadleaved
tree

Fraxinus ornus L. Temperate (spring frost tolerant) cold-
deciduous malcophyll broadleaved tree,
warm-temperate low-to-high-shrub/small
tree

Hippophae L. Temperate low-to-high shrub
Ilex L. Warm-temperate evergreen malacophyll

broadleaved tree
Juglans L. Temperate (spring frost intolerant) cold-

deciduous malacophyll broadleaved tree
Juniperus L. Warm-temperate low-to-high shrub/small

tree, xerophytic shrub, eurythermic ever-
green needle-leaved tree, warm-temperate
needleleaved evergreen tree

Larix L. Boreal needle-leaved deciduous tree
Ostrya Scop. Incorporates Carpinus ori-

entalis Mill
Temperate (spring frost intolerant) cold-
deciduous malacophyll broadleaved tree,
warm-temperate evergreen malacophyll
broadleaved tree, warm-temperate low-to-
high shrub/small tree

Olea L. Warm-temperate low-to-high shrub/small
tree, warm-temperate sclerophyll tree

Phillyrea L. Warm-temperate low-to-high shrub/small
tree

Pistacia L. Warm-temperate low-to-high shrub/small
tree, temperate (spring frost intolerant)
cold-deciduous malacophyll broadleaved
tree

Continued overleaf
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Taxon Notes PFT Designation(s)
Pinus L. Boreal evergreen needleleaved tree, boreal

low-to-high shrub, eurythermic evergreen
needle-leaved tree

Quercus cerris-type Incorporates Q. cerris L.,
and Q. suber L.; grouped
as deciduous Quercus

Temperate (frost-induced late budburst)
colddeciduous malacophyll broadleaved
tree, temperate (spring frost tolerant) cold-
deciduous malacophyll broadleaved tree

Quercus ilex -type Incorporates Q. ilex L. and
Q. coccifera L.; grouped as
evergreen Quercus

Warm-temperate sclerophyll tree

Quercus robur -type Incorporates Q. robur L.,
Q. petraea Liebl., Q.
pubescens Willd., and Q.
rubra L.; grouped as decid-
uous Quercus

Temperate (frost-induced late budburst)
colddeciduous malacophyll broadleaved
tree, temperate (spring frost tolerant) cold-
deciduous malacophyll broadleaved tree

Rhamnaceae L. Sometimes Rhamnus-type Temperate low-to-high shrub, warm-
temperate low-to-high shrub/small tree, xe-
rophytic shrub, remperate (spring frost
intolerant) cold-deciduous malacophyll
broadleaved tree

Salix L. Arctic dwarf shrub, boreal cold-deciduous
malacophyll broadleaved tree, temperate
(frost-induced late budburst) cold decidu-
ous malacophyll broadleaved tree

Tamarix L. Halophyte
Tilia Incorporates Tilia cordata

Mill and Tilia platyphyllos
Scop.

Temperate (frost-induced late budburst)
colddeciduous malacophyll broadleaved
tree, temperate (spring frost intolerant)
cold-deciduous malacophyll broadleaved
tree

Ulmus L. Incorporates Zelkova
carpinifolia Pall.

Temperate (spring frost intolerant) cold-
deciduous malacophyll broadleaved tree,
temperate (frost-induced late budburst)
colddeciduous malacophyll broadleaved
tree, temperate (spring frost tolerant) cold-
deciduous malacophyll broadleaved tree

Vitis L. Climber/liana/vine
Allium L. Geophyte
Apiaceae Undiff., sometimes Umbel-

liferae
Other forb

Asteraceae Sometimes Compositae
Artemisia L. Xerophytic shrub, rosette or cushion forb,

drought-tolerant forb
Continued overleaf

293



Table B.1 – Continued from previous page
Taxon Notes PFT Designation(s)

Centaurea L. Drought-tolerant forb, other forb
Cirsium Mill Other forb
Liguliflorae-type Contains all fenestrate

Asteraceae which could
not be further differenti-
ated

Rosette or cushion forb, drought-tolerant
forb, other forb

Matricaria -type Incorporates Achillea spp.,
and Anthemis spp.

Drought-tolerant forb, other forb

Senecio-type Incorporates Aster spp.,
and Helianthus annuus L.

Other forb

Tubiliflorae-type Contains all non-fenestrate
Asteraceae which could
not be further differenti-
ated

Rosette or cushion forb, drought-tolerant
forb, other forb

Xanthium spinosum-type Incorporates Ambrosia
artemisiifolia L.

Drought-tolerant forb, other forb

Brassicaceae Undiff., sometimes Cru-
ciferae

Other forb

Caryophyllaceae Undiff. Drought-tolerant forb, other forb
Chenopodiaceae Incorporates Amaranthus

spp., sometimes Amaran-
thaceae

Drought-tolerant forb, other forb, halo-
phyte, succulent, temperate low-to-high
shrub, warm-temperate low-to-high
shrub/small tree, xerophytic shrub

Cuscuta L. Climber/liana/vine
Coronilla L. Other forb
Cyperaceae Undiff. Sedge graminoid
Euphrasia L. Other forb
Fumaria L. Other forb
Helleborus L. Other forb
Helianthemum Other forb
Lamiaceae Undiff., sometimes Labi-

atae
Lavandula angustifolia Mill Temperate low-to-high shrub, warm-

temperate low-to-high shrub/small tree, xe-
rophytic shrub

Mentha-type Temperate low-to-high shrub, warm-
temperate low-to-high shrub/small tree, xe-
rophytic shrub

Thymus Temperate low-to-high shrub, warm-
temperate low-to-high shrub/small tree, xe-
rophytic shrub

Liliaceae L. Geophyte
Poaceae Undiff. Grass graminoid

Continued overleaf
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Taxon Notes PFT Designation(s)
Plantago L. Other forb
Polygonaceae Undiff. Arctic forb, other forb

Polygonum bistorta-type Arctic forb, other forb
Rumex L. Other forb

Ranunculaceae Undiff. Climber/liana/vine
Thalictrum Arctic forb

Rhinanthus L. Other forb
Rosaceae Undiff. Arctic forb, temperate low-to-high shrub,

other forb
Filipendula Mill Other forb
Sanguisorba minor Scop. Other forb
Rosa L. Arctic forb, temperate low-to-high shrub

Rubiaceae Undiff., most likely
Galium-type

Other forb

Saxifragaceae Undiff. Arctic forb
Urtica L. Other forb

Aquatic pollen grains identified (not included in pollen sum): Alisma, Myriophyllum,
Nymphea, Sparganium, Typha latifolia, Pediastrum, Potamogeton, and Nuphar

Fern spores identified (not included in pollen sum): Botrychium, Equisetum, Osmunda,
Polypodium, Pteridium, and Monolete spore Undiff.
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Appendix C

Pollen groupings

Taxa groupings for summary diagrams, after Müller et al. (2011).

Taxa grouping Constituent taxa
Warm temperate Buxus, Castanea, Celtis, Daphne, Cornaceae, Fraxinus ornus, Hedera,

Ilex, Lonicera, Olea, Ostrya, Phillyrea, Pistacia, Quercus ilex -type, Rham-
naceae, and Vitis

Temperate Acer, Alnus, Carpinus betulus, Cedrus, Frangula, Corylus, Fraxinus ex-
celsior -type, Quercus robur -type, Quercus cerris-type, Sambucus, Salix,
Taxus, Tilia ,Ulmus, and Viburnum,

Montane Abies, Fagus, Larix, and Picea
Pioneer Betula, Juniperus, Pinus, and Populus
Other herbs Allium, Anthemis-type , Apiaceae, Armeria, Asphodelus-type, Aster -

type,Asteraceae (Liguliflorae-type), Asteraceae (Tubiliflorae-type), Bor-
aginaceae, Brassicaceae, Calligonum-type, Campanulaceae, Cannabaceae,
Caryophyllaceae, Centaurea, Ceratophyllum, Cirsium, Cladium,
Cupressaceae-type, Cyperaceae, Digitalis-type, Dipsacaceae, Epilobium,
Ericaceae, Filipendula, Galium-type, Geranium, Helianthemum, Hip-
pophae, Lamiaceae, Lavandula, Leguminosae, Lemnaceae, Mentha-type,
Papaveraceae, Pedicularis, Plantago, Poaceae*, Polygonaceae, Polygonum
bistorta-type,Potentilla-type, Primulaceae,Ranunculus, Resedaceae, Rhi-
nanthus, Rosaceae, Rosa, Rubiaceae, Rumex, Sanguisorba minor, Sax-
ifragaceae, Scilla-type, Senecio-type, Serratula-type, Thalictrum, Urtica,
Valeriana, and Xanthium spinosum-type

Steppe Artemisia, Chenopodiaceae, Ephedra fragilis-type, E. distachya type,
Lygneum spartum
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Appendix D

P_Sequence code

Options()
{
kIterations=1000;

};
Plot()
{
Outlier_Model("RScaled", T(5), U(0,4), "r");
Outlier_Model("SSimple", N(0,2), 0, "s");
P_Sequence("I-08 (McGuire, 2020)", 100, 10, U(-2,2))
{
Boundary("Base - 36.48 m")
{
z=36.48;

};
C_Date("PGT",-45700,500)
{
Outlier("RScaled", 0.05);
z=31.93;

};
C_Date("CI",-39850,110)
{
Outlier("RScaled", 0.05);
z=30.14;

};
Boundary("CI")
{
z=30.14;

};
Boundary("CI")
{
z=29.96;

};
C_Date("CI",-39850,110)
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{
Outlier("RScaled", 0.05);
z=29.96;

};
R_Date("SUERC-26419",23028,168)
{
Outlier("RScaled", 0.05);
z=18.60;

};
R_Date("ETH-39795",19888,355)
{
Outlier("RScaled", 0.05);
z=17.08;

};
Date("I08_T16.07")
{
z=16.07;

};
Date("I08_T15.23")
{
z=15.23;

};
R_Date("ETH-39794",11387,194)
{
Outlier("RScaled", 0.05);
z=15.08;

};
R_Date("SUERC-26418",7091,38)
{
Outlier("RScaled", 0.05);
z=14.67;

};
R_Date("I08_T14.39",-7770,40)
{
Outlier("RScaled", 0.05);
z=14.39;

};
R_Combine("I08_13.95")
{
R_Date("ETH-39792",6279,138);
{
Outlier("SSimple", 0.05);

};
R_Date("ETH-39793",6249,169);
{
Outlier("SSimple", 0.05);
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};
R_Date("ETH-39791",6141,81);
{
Outlier("SSimple", 0.05);

};
Outlier("RScaled", 0.05);
z=13.95;

};
R_Date("ETH-39789",3260,118)
{
Outlier("RScaled", 0.05);
z=12.20;

};
Boundary("Surface")
{
z=10;

};
};

};

301



302


	Introduction
	Millennial-scale climate variability during the last glacial
	Records of millennial-scale climate variability
	Mechanisms of millennial-scale climate variability

	Developing robust chronologies
	The importance of independent chronologies
	Radiocarbon dating
	Tephrochronology
	Incorporating uncertainty into age-depth models
	The importance of site-specific chronologies

	Last glacial records from the Mediterranean
	The last glacial climate record in the Mediterranean
	The last glacial palaeoenvironmental record in the Mediterranean
	The environmental context for anatomically modern human expansion into Europe

	Research aim
	Thesis structure

	Study Site
	Site description
	Previous work at Ioannina
	Core I-08

	Geology
	Physical geography
	Climate
	Climate of the Mediterranean
	Local climate
	Summary

	Ecology
	Vegetation composition in the Mediterranean
	Local vegetation
	Summary


	Tephra Studies
	Principles of tephra studies
	Developments in tephra studies
	Eruption dynamics
	Sediment dynamics

	Last glacial volcanism
	Mediterranean region
	Further afield

	The Mediterranean tephra record
	The marine record
	The terrestrial record
	Widespread tephra layers in the Mediterranean


	Pollen Studies
	Principles of pollen studies
	Developments in pollen studies
	Pollen production and taphonomy
	Pollen identification and interpretation
	Sediment dynamics
	Other potential sources of error

	Species responses to climatic change
	Vegetation responses to millennial-scale climate variability
	The Mediterranean last glacial pollen record
	The marine record
	The terrestrial record

	The Ioannina pollen record
	Millennial-scale change at Ioannina

	A return to Lake Ioannina

	Methodology
	Sediment description
	X-ray fluorescence
	Particle size analysis
	Tephrochronology
	Subsampling
	Cryptotephra extraction
	Cryptotephra identification and counting
	Contamination protocols
	Geochemical characterisation
	Geochemical correlation

	Age-depth model
	Pollen analysis
	Subsampling
	Pollen preparation
	Pollen identification and counting
	Analysis and interpretation

	Correlation and comparison of records

	Stratigraphy and sedimentology
	Stratigraphy
	X-ray fluorescence
	Loss on Ignition
	Particle size analysis
	The I-08 last glacial sediment record
	Summary

	Tephrostratigraphy and tephrochronology
	Visible tephra
	I08T_31.93 - Y-6/Pantelleria Green Tuff
	I08T_30.14 - Y-5/Campanian Ignimbrite

	Cryptotephra
	Rangefinder investigations
	Pre-Pantelleria Green Tuff (> 30.93 m depth; > ca. 46 ka BP)
	Post-Pantelleria Green Tuff and Pre-CI (31.93 to 30.14 m depth; ca. 46 to 40 ka BP)
	Post-CI (29.88 to 28.51 m depth; ca. 40 to 30 ka BP)
	The primary air-fall hypothesis
	The reworking hypothesis

	Last Glacial Interglacial Transition (16.20 to 14.20 m depth; ca. 25 to 7 ka BP)

	The I-08 tephra record
	Age-depth model
	Summary

	Vegetation reconstruction
	Description
	Pollen zonation
	Statistical analysis
	Biomisation
	Pollen concentrations
	Analytical error and confidence limits
	Situating the new record
	The I-08 last glacial pollen record
	Comparison to earlier glacials at Ioannina

	Summary

	MIS 3 environmental change at Lake Ioannina
	An overview of the I-08 record from ca. 46 to 38 ka BP
	Proxy responses
	Proxy responses to D-O cyclicity
	Proxy responses to changing orbital geometries
	Other sub-orbital climate drivers

	Chronological uncertainties
	The impact of reworking on the Ioannina sequence
	Identifying erosive impacts of lake level change
	Multi-proxy assessment of sediment reworking ca. 46 to 38 ka BP

	Summary

	Millennial-scale variability at Lake Ioannina: correlations and comparisons
	How localised is the Ioannina vegetation signal?
	Lago Grande di Monticchio
	Tenaghi Philippon
	Other Mediterranean pollen records
	Summary of Mediterranean terrestrial pollen records
	Other Mediterranean climate records
	Speleothem records
	Marine records


	Which climate systems drive millennial-scale change as recorded in the Ioannina sequence?
	Impacts of regional and global climate on the ecosystem at Ioannina
	Heinrich stadial 4
	Tree expansion at Ioannina ca. 42 to 40 ka BP at Ioannina
	41.5 ka BP: atypical D-O stadial or event horizon?

	Reconciling the environmental and archaeological record

	Conclusion
	Tephrostratigraphy as a means of dating the I-08 sequence
	High resolution sediment and pollen analysis of the I-08 sequence
	The nature and timing of terrestrial ecosystem responses at Ioannina to last glacial millennial-scale change
	Recommendations for further work
	Summary

	Bibliography
	Geochemistry
	EPMA data: Visible tephra layers
	EPMA data: Cryptotephra layers
	LA-ICP-MS data: Cryptotephra layers


	List of taxa identified
	Pollen groupings
	P_Sequence code

