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Abstract

Palynological studies from two lacustrine sites, Lochan An Druim in northern Scotland
and Nikkupierjav'ri in northern Finnmark, have demonstrated quantitative changes in
the vegetation of the northwest European continental margin, following deglaciation (ca
16.0 - 7.5 ka BP), and these changes have been correlated with the short term
fluctuations and rapid changes in climate as recorded in the GRIP ice-core record. It
has been shown that the palaesovegetation profiles from these sites, near to the
potential extremities of northward penetration of warm ocean surface water during this
time have recorded some of these events differentially, indicating a northward lag in
response to Holocene warming that is not temporally consistent, and this has been
attributed to the relative proximity of the North Atlantic Polar Front. In addition,
evidence is presented for a previously unrecorded early Holocene Icelandic
cryptotephra from Lochan An Druim, together with evidence in support of a ‘Younger

Borrobol’ cryptotephra from Lateglacial sediments of Allerad age at the same location.




Chapter 1

Introduction

1.1 Introduction
1.2 Aims

1.3 A Guide to the Thesis




1.1 introduction

One of the current foci of Quaternary research is the study of the rates and magnitudes
of past rapid climate changes. Information about the systems involved, and their leads
and lags, are pertinent to a better understanding of the potential mechanisms and
impacts of impending anthropogenic climate changes. Key information can be obtained
from palaeoecological studies of periods marked by series of such changes, and
targeted in regions potentially sensitive to such changes. In particular, palaeoclimate
studies that focus on the transition from the last glacial period, the Weichselian, to the
present interglacial period, the Holocene, have become a central theme in this
research, because this particular period has been shown to have encompassed rapid
climatic shifts of interstadial / stadial amplitude (e.g. Dansgaard et al., 1993; Johnsen et
al., 1992).

Across the terrestrial, oceanic and ice realms, this period provides many archives of
natural climate proxies that reflect the temporal and spatial nature of these changes,
and which can be used for developing models of climate change, thus furthering our
understanding of the complex dynamics of the natural and anthropogenic drivers of
such changes. Climate models require syntheses of palaeodata derived from these
various sources and correlated across the realms. These correlations require a high-
resolution climate proxy that is sensitive to change, supported by a dating framework
that is robust enough to enable time-stratigraphic correlation, and thus capable of
delivering reliable, quantified time-series of climatic information. According to Walker
(2001) biological evidence is the single most reliable source of such information
spanning this period. In this study high temporal resolution pollen data have been used
to develop a terrestrial climate signal from the Lateglacial and early Holocene period.
This is underpinned by the most robust dating framework available, in order to provide

time-stratigraphic correlation with ice-core and marine records.

Two palynological records have come from study sites that were chosen at extreme
locations along the northwest European continental margin, which lies adjacent to the
northeast Atlantic, and the Norwegian, Greenland and Barents Seas. Both coastal and
inland areas of this margin have a maritime climate, influenced by changes in the
circulation and temperature of the North Atlantic Ocean (Kog et al., 1993; Ruddiman
and Mcintyre, 1981). The limits of this seaboard lie close to the northeasternmost and
southwesternmost extent of the influences of the warm North Atlantic surface currents
during the last deglaciation, and were, therefore, potentially very sensitive to the
climatic fluctuations that have been recorded in that area at that time (Johnsen et al.,
1992: Lehman and Keigwin, 1992; Taylor et al., 1993).




Independent chronologies to support the palynological profiles have been developed
from AMS radiocarbon dating of terrestrial and marine macrofossils, and from the
positive identification of two known cryptotephra horizons from Lateglacial
stratigraphies. As a result of the tephrochronological analyses a previously unrecorded
early Holocene Icelandic cryptotephra has been identified and dated, and in addition,
evidence is presented in support of a ‘Younger Borrobol’ cryptotephra’ from Lateglacial
sediments of Allerad age (see Appendix |).

The palaeoenvironments at each study site have been inferred from the vegetational
histories developed through qualitative and quantitative analysis of the pollen data, and
these have been discussed in relation to other studies in these areas. The
development of individual chronologies has enabled time-stratigraphic correlation
between the two palynological sequences and with the marine and ice realms. The
GRIP oxygen isotope signal (6'°0) (Dansgaard et al., 1993; Johnsen et al., 1992),
recommended by the INTIMATE group as a type profile for this period (Bjorck et al.,
1908; Walker et al., 1999), has provided some key links. The Lateglacial marine record
of sea surface temperatures (SSTs) in the northeast Atlantic, estimated from changes
in the composition of planktonic foraminiferal assemblages (Kroon et al., 1997) has
provided a useful correlation in the south of the study area, and the diatom records
from the eastern Norwegian sea (Birks and Kog, 2002; Kog¢ et al., 1993) have been
correlated during the Younger Dryas and early Holocene in the north of the study area.

Finally, a synthesis of the palaeoenvironment along this northwest European
continental margin has been developed and discussed by comparing the nature and
timing of vegetational development at the two sites. There is a similarity in the flora of
the two areas but notable differences in levels of development and the timing of major
changes. These have been discussed in the light of the profound influence on regional
climate by fluctuations in the North Atlantic Ocean circulation at that time.



1.2  Aims
The principal objective of this study is to test the following two hypotheses:

1. That, following deglaciation, northwest European vegetation exhibited
quantitative changes, related to short-term fluctuations and rapid

changes in climate as recorded in the GRIP ice core record; and

2. That palaeovegetation profiles from sites near the potential extremities
of northward penetration of the warm ocean surface water will record

these events differentially.
in order to undertake this test, the following aims have been addressed:

. to describe the Lateglacial palaeoenvironmental history at Lochan An Druim in
northern Scotland,

. to describe the Lateglacial palaeoenvironmental history at Nikkupierjav'ri in
northern Finnmark;

. to investigate the potential for cryptotephras in the tephrochronology of the two
study areas.

1.3 A Guide to the Thesis

Chapter 1 introduces the thesis in its immediate context and briefly justifies the
selected time period, the regional choice of study sites and the chosen climate proxy.

The broad aims of the study are set out, and finally a guide to the thesis is provided.

Chapter 2 of this thesis sets out a broad background to the study. The concept of
natural climate variability, and the topical issue of ‘climate change’, are introduced. The
complex ocean-atmosphere interactions in the North Atlantic provide a backdrop to this
study, and a variety of dynamic systems is described that serve to influence the
climate, and hence the vegetation, of the study areas. A useful study requires testable
hypotheses, using a suitable proxy and the development of a robust and independent
chronology. The choice of pollen as a climate proxy and the use of radiocarbon and
tephrochronological techniques to develop a chronology are outlined. The palynological
study is described in general terms and the methods of data analysis such as

palaeoclimate reconstructions and correlation are introduced.

Chapter 3 presents the two study sites: Lochan An Druim in northern Scotland and
Nikkupierjav'ri in northern Finnmark. Locations are detailed with descriptions of the
geology, vegetation and climate, and local deglaciation and relative sea-level histories
are discussed. Previous work in the two areas in relation to palynological and
tephrochronological studies is documented.




Chapter 4 describes the fieldwork undertaken and the methods used in the laboratory

analyses, and subsequent data analyses.

Chapters 5 and 6 present the results for Lochan An Druim and Nikkupierjav'ri
respectively, with a discussion of the Lateglacial and early Holocene

palaeoenvironment at each site in relation to other such studies in those areas.

The discussion in Chapter 7 provides a palaeoenvironmental synthesis for climate
changes on the northwest European continental margin during the Lateglacial and

early Holocene, in the context of the two hypotheses that have been tested.
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2.1 Introduction

Popular interest in the functioning of the Earth’s climate system has developed from
sound scientific evidence that climate is changing; air temperatures have increased
substantially in the last 100 years (e.g. Mann et al., 1998). Recognising the problem of
potential global climate change, the World Meteorological Organisation and the United
Nations Environment Programme established the Intergovernmental Panel on Climate
Change (IPCC) in 1988. The role of the IPCC is to assess, on a comprehensive,
objective, open and transparent basis, the scientific, technical and SOCio-economic
information relevant to understanding the of risk of human-induced climate change, its
potential impacts, and options for adaptation and mitigation (Houghton et al., 2001).
However, palaeoclimatic data document a sensitive climate system subject to large,
and perhaps unpredictable, abrupt changes, and these data suggest that neither the
sensitivity nor the variability of the climate are fully captured in some climate change
projections. Athropogenic influences on this system cannot as yet be qualified nor
quantified until separated from the effects of natural variability, which needs to be
defined and understood. Hindcasting, by means of palaeoclimatic studies, is therefore
an imperative if we are to gain a better understanding of this background of natural
variability, which is essential if we wish to detect and predict the climatic consequences

of human activity.

2.1.1 The Natural Variability of Climate

Climate has an intrinsic natural variability. The Earth’s internal system is complex,
made up of components, including the hydrosphere, atmosphere, cryosphere and
biosphere, which can influence regional and global climate each with its own response
time and thermodynamic properties. These components have non-linear relationships,
which are further complicated by their interacting with other complex systems such as
the carbon-cycle. Climate can also be affected by external forcing mechanisms,
principally the operation of the astronomical variables, and the influence of feedbacks
(the amplification or modulation of one process by another). e.g. changes in snow
albedo (a measure of the reflectivity of snow), affect the snow-temperature feedback,
whereby the initial melting of a snow covered area causes a decrease in albedo and
hence more sunlight is absorbed, thus raising the temperature and amplifying the snow
melt. The converse of this is also true with the formation of snow promoting a cooling
cycle.

The search for the causal mechanisms that initiate such changes began with Croll in
1875 proposing his ‘Astronomical Theory’, which was subsequently developed by

Milankovitch in 1930 who suggested a process of climate control by insolation, due to




changes in the geometry of the Earth’s orbit. Today, climatic variability is studied
theoretically through the development of general circulation models which in their most
complex form are ‘coupled atmosphere-ocean general circulation models’. For
example, according to Alley (2003), this type of model has been able to link the abrupt

climate changes of the Lateglacial period to changing North Atlantic freshwater fluxes.

21.2 Quaternary Climate

The Quaternary (ca the last 2.6 million years) appears to be a period of major
environmental changes as compared to any other time during the Cenozoic era of the
last 65 million years. It is characterised by periodic glacier activity with the development
of major continental ice sheets, and the expansion of mountain glaciers. This glacial
condition has been interrupted periodically by warm interglacials, and in the mid- and
high-latitudes, temperatures have sometimes been higher that those of the present
day. The glacial - interglacial cycles have been further sub-divided into stadial and
interstadial episodes of shorter duration and less extreme temperature shifts. Climatic
oscillations therefore, are not in themselves unusual, since there may have been as
many as 50 cold / temperate cycles during the Quaternary (Patience and Kroon, 1991,
Ruddiman et al., 1989).

There are two types of natural and abrupt climate change that have been identified
during the last glacial (60 - 10 ka), and these are known as the Dansgaard - Oeschger
temperature oscillations, (D/O events) (Dansgaard et al., 1993), and the Heinrich ice-
rafting events (e.g. Bond and Lotti, 1995; Heinrich, 1988). D/O events have a proposed
cyclicity of ca 1,500 years (Alley et al., 2001) and they are centred on the North
Atlantic, but can affect other regions that have an atmospheric response to changes in
that area. They typically start with an abrupt warming of Greenland by 5 -10°C over a
few decades or less, and are then followed by a gradual cooling lasting no more than
500-2000 years, and often ending in an abrupt return to stadial conditions (Ganopolski
and Rahmstorf, 2001). Heinrich ice-rafting events are associated with major ice sheet
breakouts in the North Atlantic (Sarnthein et al., 2002), and they have a variable
millennial cyclicity, occuring in the stadial phase of some D/O cycles (Ganopolski and
Rahmstorf, 2001). The most recent of these events ‘Heinrich 1’ is recorded as reaching
its maximum extent at ca 14 "“C kyr BP (ca 16.7 ka BP) just predating period of this
study (Bond et al., 1993; McCabe et al., 1998). In addition, the Younger Dryas has
sometimes been dubbed ‘Heinrich 0’ (e.g., Andrews, 2000; Clark et al., 2002).

The late Quaternary climate is now known to have been highly unstable and prone to
major, rapid changes, that occurred within periods of a few decades or less. The

history of these millennial to decadal scale climate changes is documented in the




fluctuations in &'®0 record in the Greenland ice sheet (Dansgaard et al., 1993; Grootes
et al., 1993; North Greenland Ice Core Project members, 2004).

22  The Background to the Present Study

The complex ocean-atmosphere interactions in the North Atlantic are manifest in a
variety of dynamic (and non-linear) systems that serve to influence the continental-
margin climate in the region, and hence the development of different vegetational
communities. Principally, the North Atiantic serves as a major contributor to deep-
water formation in the world ocean. This North Atlantic Deep Water flux is part of a
wider convection system known as the Global Thermonhaline Circulation (GTC) that
connects the world’s ocean basins. The sensitivity of this ‘conveyor’ has important
implications for global heat transfer, and its function has a direct effect on the position
of the North Atlantic Polar Front and hence on the degree of northward penetration of
the warm waters from the Gulf Stream. For example, data from marine sediment cores
suggest that the changes in temperature and salinity caused by the meltwater pulses
associated with Heinrich events can shut down or drastically reduce the formation of
North Atlantic Deep Water (Broecker, 1992; Elliot et al., 2002; Sarnthein et al., 1994)
and hence alter the path of the GTC in the North Atlantic.

These interdependent systems ultimately influence the phases of glaciation and
deglaciation in the region, and hence impact on the relative sea-level history of this

continental margin.

2.2.1 North Atlantic Deep Water

Within the North Atlantic basin at the present time, warm surface waters with a
relatively high salinity (developed in the warmer conditions of the lower latitudes where
evaporation is greater) move northward to around latitude 60°N, where the
combinations of salinity and colder temperatures cause an increase in the density of
the waters and they sink to form a cold salt-rich deep-water mass, North Atlantic Deep
Water (NADW). This cold saline current is then returned to the southern oceans, via
the global conveyor system. As a consequence of this sinking action, ‘ventilation’ of
these higher latitude oceanic waters takes place, providing the driving force for the
global conveyor and releasing heat to the overlying air masses that tend to move

eastward towards northern Europe.

In the North Atlantic the impact of NADW formation on the climate is considerable, due
to the release of heat to the atmosphere. The current release of heat energy has been
calculated as equivalent to approximately 25 per cent of the solar heat reaching the
surface of the Atlantic Ocean in the region north of 35°N (Broecker and Denton, 1990).
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It follows that any variation in NADW production would significantly affect spatial
patterns of heat release, and could therefore be responsible for generating regional
climate changes. Past changes in the production and circulation of NADW have been
inferred from 8'3C records in benthic foraminifera (a proxy for deep-water ventilation).
Using these data, Sarnthein (1994) and Elliot (2002) have suggested that the changes
in temperature and salinity caused by major meltwater pulses (e.g. those associated
with Henirich Events, and anomalous meltwater events related to the draining of large
glacial lakes) can shut down or drastically reduce the formation of NADW, and hence
alter the path and/or intensity of the North Atlantic Thermohaline Circulation (NATC),
thus reducing heat transfer to the northern hemisphere. Additional evidence in the form
of the atmospheric '“C record during the Lateglacial / early Holocene, shows sharp
increases simultaneous with cold oscillations (Bjorck et al., 1996). These have usually
been explained as the effect of reduced oceanic CO, ventilation following freshwater
forcing of the NATC, thus suggesting that stagnation in the NATC is the cause of both
climate change and increasing atmospheric 14C (van Geel et al., 2003). An alternative
hypothesis suggests that these fluctuations in '*C are caused by changes in solar
activity and therefore are not in the first instance the effect of climate change but reflect

the triggering factor i.e. changes in solar activity (van Geel et al., 2003).

222 The Migrating North Atlantic Polar Front

The North Atlantic Polar Front (NAPF) is a prominent hydrographic/oceanographic
boundary which separates the warm water of high salinity flowing northwards, from the
cold low salinity water flowing from the Arctic (Lowe and Walker, 1997, p 236). itis a
mobile boundary the position of which is dictated by the complex interaction of the
extension of sea-ice and the extent of northward penetration of warm surface waters
associated with the NATC. The position of this boundary has a significant effect on

climate, since weather systems tend to be entrained along its southern flank.

The resulting climatic history of the North Atlantic during the last glacial - interglacial
transition has been demonstrated primarily through the Ruddiman and Mcintyre model
of movements of the NAPF. Marine records of planktonic foraminiferal assemblages,
and carbonate productivity by coccoliths and foraminifera, are used to infer the
sequence of events of the movement of the front during this transition (Ruddiman and
Mclintyre, 1981). At the last glacial maximum the southerly limit of the NAPF lay close
to Lisbon on its eastern flank (see Figure 1 position 1). Following initial warming, the
front moved north to a position at the latitude of northern Portugal (see Figure 1
position 2). During the rapid climatic amelioration of the Lateglacial Interstadial the
eastern flank of the NAPF shifted northward such that the front eventually lay north of

Iceland (see Figure 1 position 3). However, a southward migration of this eastern flank
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55°N (approx. 2,000 km) occurred at a rate of > 2 km yr', and inferred even more rapid

southerly movements of > 5 km yr' during the Younger Dryas event.

2.2.3 The Gulf Stream

Regional climate is intimately linked to ocean circulation, as is evident in the nature of
the current mild maritime climate of Western Europe which contrasts with the more
severe climate of comparable latitudes in North America. This amelioration of the
climate can be attributed to a north-eastwards transfer of heat to Western Europe via
the Gulf Stream. This warm current originates off the North American coast and flows
northeast becoming the North Atlantic Current at about 40°N and 50°W. This then
divides, such that the north-easterly flow passes between Scotland and lceland,
becoming the Norwegian Current (see Figure 2).

A major climatic influence therefore, in this eastern sector of the North Atlantic, would
have been shifts in the path of the Norwegian Current (Lowe et al., 1994), which is able
to flow round the British Isles and into the Norwegian sea when the NAPF lies towards
its northern limit. However, with a southward migration of the NAPF, warm waters
would not reach the northwest European continental margin. Research by Kog et al.
(1993) into diatom assemblages from North Atlantic sediment cores, has shown that
these organisms formed unique groups which reflect the significant changes in the
climate boundary conditions during the transition from Lateglacial to early Holocene in
that region. The study indicates that during deglaciation, in spite of increasing solar
radiation, the Greenland, Norwegian and Barents seas were still extensively covered
by sea-ice. However, a sea-ice-free corridor extending northward had opened along
the Norwegian coast by ca 16.0 ka BP. This suggests a significant incursion by the
warm Norwegian Coastal Current, and it is proposed that this rise in sea surface
temperatures promoted the comparatively early deglaciation of the northwest European
continental margin. The position and timing of this Lateglacial ice-free passage, and of
the development of the following Holocene oceanic circulation, have been further
constrained by analyses of additional diatom records from the Vering Plateau (see
Figure 2) which is located in a sensitive position with respect to these changes (Birks
and Koc, 2002).
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224 Deglaciation and Relative Sea-level History

Environmental Processes of the Ice-Age: Land, Oceans, Glaciers (EPILOG) is a multi-
national collaborative programme which is facilitating development of a comprehensive
reconstruction of the state of the Earth during the Last Glacial Maximum (LGM), and
the transitions into and out of that period (Clark and Mix, 2002). This revisits the
CLIMAP study of the LGM Earth (Denton and Hughes, 1981). The LGM is defined by
the EPILOG project as an interval centred on 21,000 years ago (Clark and Mix, 2002).
At this time three broad centres of glaciation affected the northwest continental margin:
the British and Irish Ice Sheet (BIIS) centred on Scotland (Bowen et al., 2002); the
Scandinavian Ice Sheet (SIS) with a centre of mass located over southern Norway
(Kleman et al., 1997); and the Barents ice Sheet (BIS) (Landvik et al., 1998).

The BIIS was a long-lived feature probably evolving as a mobile and sensitive ice sheet
throughout the Weichselian (ca 116-11 ka BP), advancing to its LGM position at ca 22
ka BP. At this time the BIIS and SIS were not coalescent, and it is suggested that
northeast Scotland would have been ice-free (Bowen et al., 2002). This most recent
modelling of the LGM, places the northwestern extent of the BIIS well beyond the study
site at Lochan An Druim. There were however, some ice free areas at this time, in the
form of nunataks, which persisted in areas peripheral to the main centres of
accumulation (Ballantyne et al., 1998). Extensive deglaciation of the BIIS followed the
LGM, starting at ca 17.4 £ 1.3 ka BP; sub-glacial imprints and ice marginal patterns
record massive deglaciation from the continental shelf towards terrestrial centres of ice
dispersion (Bowen et al., 2002). The maximum extent of the Younger Dryas re-
advance, after the initial deglaciation in Scotland, has been reconstructed by Hubbard
(1999) from previously mapped limits and trimline studies. The northern extension of

this re-advance lies well south of the study site at Lochan An Druim.

The major fluctuations of the SIS throughout the Weichselian have followed the
precession cycles of the Earth’s orbit of ca 23 ka (Mangerud et al., 1996). The
evolution of ice-sheet configuration and flow pattern in Fennoscandia through the last
glacial cycle has been modelled by Kleman et al. (1997), showing the build up of the
main ice sheet starting ca 70 ka BP. The advance and retreat history of this ice-sheet
prior to its maximum extent is not known, although reconstructions have been
assembled. Glaciological inversion models suggest that Finland, and most of Sweden
and Norway, were glaciated prior to 25 ka BP (Kleman et al., 1997), however reliable
radiocarbon dates from Finnish mammoths suggest a large ice-free area in southeast
Fennoscandia during the Middle Weichselian Substage (Marine Oxygen Isotope
Stages 4 and 3 (see section 2.3.3.3)) (Ukkonen et al., 1999).
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The major fluctuations of the BIS throughout the Weichselian have followed the ca
41ka obliquity cycles that are associated with the tilt of the Earth’s rotation axis. This
has a more significant effect on summer insolation at this latitude than further south in
connection with the SIS. The Late Weichselian advance peaked at ca 22 ka BP, and in
the western Barents Sea the maximum advance was probably of short duration
(Mangerud et al., 1996). The LGM in the southern Barents Sea represents the
confluence zone between the two dynamically independent ice sheets, the BIS and the
SIS. The LGM in the southwestern Barents Sea occurred in two phases with the most
recent advance after 19 ka BP (Laberg and Vorren, 1995: Vorren and Laberg, 1996;
Vorren et al., 1988). Ice sheet extent and behaviour have been modelled by Landvik et
al. (1998) and these models support ice sheet extension to the edge of the continental
shelf at the LGM with deglaciation starting ca 15 '“C ka BP; by 12 4G ka BP most of
the central Barents Sea was ice free. In northern Norway, glaciological studies on the
continental margin indicate that the Finnmark coast was deglaciated by ca 17.5 ka BP
(Andersen, 1979; Sollid et al., 1973: Vorren and Plassen, 2002).

During this last deglaciation two distinct phases of rapid climate warming occurred in
the North Atlantic region at ca 14.7 and ca 11.5 ka BP: the transition from Oldest Dryas
stadial to Lateglacial Interstadial (GS-2 to Gl-1e) and Younger Dryas stadial to
Preboreal (GS-1 to Preboreal) respectively (Renssen and Isarin, 2001a; Renssen and
Isarin, 2001b; Vandenberghe et al., 2001) (see section 2.3.2 and Figure 3 for guide to
nomenclature). These rapid temperature increases are well represented in the biotic
and abiotic proxy-records. There is also a signal of rapid change in global meltwater
discharge recorded in the Tahati and Barbados corals at the same times (Bard et al.,
1996; Fairbanks, 1989). More locally, the deglacial sea-level history from a site in
northwest Scotland registers the older meltwater pulse as a temporary slowing down of
the relative sea level fall and constrains the timing and magnitude of this event
(Shennan, 1999). '

Changes in relative sea level (RSL) have varied the position of the coastline of the
northwest continental margin considerably during the Quaternary. However, this can
only be inferred for the postglacial period, due to the erosion of former shorelines.
During deglaciation relative sea-levels were dominated by glacio-eustatic fluctuations
that had a global impact (Fairbanks, 1989), and were combined with localised isostatic
adjustments. Together the effects of these two mechanisms are most apparent in areas
adjacent to the ice margins, where raised shorelines terminating inland in glacial
outwash are characteristic. Such areas have been identified in Scotland (Sutherland,
1984) and northern Scandinavia (Sollid et al., 1973).
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In northwest Scotland, changes in RSL following deglaciation have been inferred from
biostratigraphic and lithostratigrapic records in raised tidal marshes and isolation
basins (see the end of this section); the two nearest sites to Lochan An Druim being
Dubh Lochan (Shennan et al., 2000) and Wick River (Dawson and Smith, 1997). The
main features of change show a regression from the marine limit, which lay between
36.5m and 40m OD at Kentra/Arisaig, at 15.9 ka yrs BP (range 15.6 -16.3 ka BP)
(Shennan et al., 2000), and suggest rapid sea-level fall (ca 9mm '*C yr") until the early
Holocene when levels remained stationary for a period before rising to a mid-Holocene
maximum (Shennan et al., 1995).

By contrast with Scotland, the marine limits along the coast of Finnmark have been
mapped using altitudinal measurements of coastal landforms (Sollid et al., 1973). This
mode! provides an outline chronology for deglaciation based on the distribution of
glacial and fluvioglacial deposits, coupled with a regional map depicting the elevation of
the local marine limits. This is a relative chronology in which shorelines of different
elevation (and hence age) provide local age estimates that are used to correlate local
moraine sequences. The marine limit rises in a southerly direction from ca 50m OD on
the outermost north coast, to elevations >100m OD at the heads of the fjords. The
marine limit also becomes younger in a southerly direction, reflecting later deglaciation
and greater ice load (hence increased rebound). The height difference between these
limits and the Younger Dryas shoreline decreases, reflecting the progressively shorter
time interval between deglaciation and the Younger Dryas (Anthony Long, pers. com.).
A reconstructed RSL curve for Nikel-Kirkenes on the Norwegian-Russian border
indicates a postglacial isostatic response to glacial unloading (Corner et al., 1999) and

hence sustained regression.

Isolation basins are natural rock depressions that may, at various times in their history,
be connected to, or isolated from, the sea by changes in RSL (Long et al., 1999). There
are three common stratigraphical units within basins that have been isolated from the
sea by a fall in the RSL: a basal clastic unit of marine origin; a brackish transitional unit
formed as isolation occurs; and an upper freshwater gyttjia deposited after isolation
(Long et al., 1999). The transitional unit varies depending on the size of the basin,
which can have an effect on water mixing, and the rate of the isolation process.
Laminated sediment is commonly deposited as lakes become isolated from the sea
and may reflect reduced bioturbation resulting from anoxic bottom conditions and/or
from enhanced seasonal variability in oxygen content (Snyder et al., 1997). The
pyritization of iron takes place under reducing conditions near the lake bottom and

separate dark laminae will be formed in iron-rich lakes (Saarnisto, 1986).
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23  Developing Palaeoenvironmental Histories

This section outlines the choice of climate proxy and broadly discusses the methods
used in developing palaeoenvironmental histories and the potential value of

correlations.

2.3.1 Pollen as a Climate Proxy

Palaeoclimates can be inferred from geomorphic features recording glacial activity and
past sea-levels, or from sediments where fossil flora and fauna are recorded as a proxy
for climate. The Quaternary palaesovegetation record of pollen is multivariate in nature,
as well as multiscale with respect to both temporal and spatial dimensions, and
therefore has the potential to provide a wealth of palaeoenvironmental information
(Huntley, 2001). Pollen palaeodata can be compared with data from modern analogue
assemblages and calibrated in terms of those environmental variables that are of
particular interest (e.g., see section 2.3.3.4). However, these palaeoenvironmental
reconstructions are reliant upon the uniformitarian assumption that the ‘present is the
key to the past’ (first proposed by James Hutton in 1788 (Birks and Birks, 1980)), and
must be supported by inter alia the assumption that species distributions are today in
dynamic equilibrium with the contemporary environment, as were the fossil taxa with
the changing palaeoenvironment (after, Huntley, 2001). Therefore, a principal
disadvantage of using pollen as a climate proxy is the potential limitation imposed by
the occurrence of ‘no-analogue’ assemblages in the fossil record as identified
extensively by Huntley (1990a), and discussed in terms of indications that certain cold-
stage plant communities have no analogues in the modern flora (see, e.g. (West,
2000)).

2.3.1.1 Pollen Analysis

Pollen is an aeolian deposit and can therefore become incorporated into the
stratigraphic record, thus reflecting the vegetation at the time of deposition. The
climatic signal therein can be distinguished from the other variables affecting pollen
accumulation by aggregation of data at the regional scale, and interpretation at the
appropriate temporal scale. Lacustrine polien records have the potential to provide a
continuous and undisturbed record with high temporal resolution, providing data with
sedimentation rates of one order of magnitude higher resolution than marine records
(Zolitschka and Negendank, 1999).

It has become traditional to present pollen data in a relative form. The continuation of
such practice enables effective comparisons between historic records and provides a

visual image of the vegetation changes that might have taken place throughout a
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profile. However, polien production and dispersal vary widely between different taxa,
and since this representation of data is relative to the total pollen assemblage, results
can be misleading, as the pollen type is only very rarely in a 1:1 relationship with the
abundance of that taxon in the local vegetation. The theoretical ‘Fagerlind Effect’
predicts that within a system of three or more taxa the pollen percentage of any one
depends not only on its own abundance but on that of the other taxa involved (Prentice
and Webb 1ll, 1986). Despite being counter to the intuitive nature of the ‘Fagerlind
Effect, the use of pollen percentages does provide robust first approximations for
palynological studies (Prentice and Webb lil, 1986), provided caution is applied to the
interpretation of pollen types at very high and very low values. A more objective way of
presenting results is by means of pollen influx data, whereby meaningful comparisons
can be made, since the influx values for each taxon are independent. Pollen influx is an
estimate of the annual rate of deposition of pollen grains in the accumulating sediment,
developed from pollen concentration values and a robust age-depth model. The influx
of a particular pollen taxon to a sediment is closely related to the distance of that taxon
from the site; Hicks (2001) has developed threshold influx values for Betula and Pinus
with reference to Salix and Alnus, from long-term annual influx data collected between
1982 and 1999 in northern Fennoscandia and these can be used to evaluate the
proximity of the relevant tree lines. Thus changes in influx rates imply changes in taxon

abundances that cannot necessarily be inferred from relative pollen representation.

The particular depositional environment at a study site directly influences pollen
recruitment to the sediment. Differing erosional and hydrological processes acting on
the surrounding topography and the catchment characteristics of airborne particles
(generated by prevailing weather patterns interacting with topography), serve to dictate
the allochthonous (transported) contribution; and the nature of any biological activity
governs the autochthonous (non-transported) contribution. These differences are
particularly important when considering marine and non-marine sites. Lacustrine
environments tend to develop higher sedimentation rates due to more efficient trapping
of sediment, compared to the more dynamic marine environments where sediment is
more likely to be sorted and smaller particles can be removed in suspension, with the
movement of the tides. The pollen record from marine sites has the potential to contain
evidence of taxa on a much larger spatial scale, due to inwash and transport from
many different freshwater outlets, and a much more vigorous mixing dynamic; some

selection of the more resillient polien grains would be expected.
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Furthermore, influx values in lacustrine environments can be influenced as a result of
local depositional and hydrological processes such that results from different parts of

the same lake are not always comparable (Hyvarinen, 1976).

2.3.2 Developing Chronologies

The Lateglacial and early Holocene period poses unique problems for stratigraphic
sub-division and correlation (Walker, 2001), since historically the mixed use of
biostratigraphy, chronosratigraphy and lithostratigraphy has been applied. In addition,
during this latter part of the Quaternary, climatic shifts occurring at the hemispherical
scale and over time intervals of centuries and even decades (e.g. Hughen et al., 1996)
have resulted in a stratigraphic record of such fine resolution that conventional

geological procedures (€.9. Whittaker et al., 1991) have been difficult to apply.
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2.3.21 Greenland Ice-core Chronology

The INTIMATE group has therefore proposed that the oxygen isotope signal (8'°0)
from the appropriate section of the GRIP Greenland ice core should provide a type
profile for this period (Bjorck et al., 1998; Walker et al., 1999), where the isotopic trace
can be regarded as a proxy for mean local annual temperature (Jouzel et al., 1997),
thus establishing a standard time-scale against which independently constructed
schemes can be compared. However, the GRIP chronology (ss08c) (Von Grafenstein
et al., 1999) is one of three such schemes between which there are important
differences in the estimated ages of events, which need to be acknowledged when
correlations are proposed between different realms (Lowe and Hoek, 2001). This
proposed Event Stratigraphy defines a series of stadials and interstadials (further
divided into sub-stadial or sub-interstadial episodes) based on marked oxygen isotope
variations which identify a series of events, with dates derived from the independent
GRIP (ss08c) chronology based on ice-core years (see Figure 3). It is proposed as a
standard for comparing the synchroneity (or asynchroneity) of these events in the North
Atlantic region, where the ice core records provide the highest available temporal

resolution from which to derive chronologies.
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Figure 3

The solid line shows the 5'°0 curve as measured in the GRIP Greenland ice core with the
chronology of the Lateglacial following (Bjorck et al., 1998) and the chronozones of
Mangerud et al.(1974) (Gl = Greenland Interstadial; GS = Greenland stadial).

2.3.2.2 Radiocarbon Dating

Working with Lateglacial palaeodata is confounded by the problems with radiocarbon
dating during this interval, but despite this the radiocarbon age time frame has been

used extensively during the past 50 years in many disciplines.

Radiocarbon can be used to date organic materials up 10 40 ka, and has proved to be
an extremely useful dating technique for studying late Quaternary climate changes.
The ubiquitous distribution of '“C has enabled the technique to be used to date
samples of, inter alia, peat, wood, ‘old’ sea-water, marine and lacustrine sediments and
atmospheric CO, trapped in glacier ice. Conventional radiocarbon dating has been

based on the detection and counting of § emissions i.e. decay products from “C atoms
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over time. Results are compared with a modern reference standard such that the
activity of the sample is interpreted as an age estimate. More recently the method has
been improved by the use of accelerator mass spectrometry (AMS), used to measure
directly the relative abundance of *C, '*C and "®C atoms in a sample. This technique
can measure very much smaller samples and has thus improved the spectrum of
potential sources for dating. However, several sources of possible error have been

clearly identified in association with radiometric dating.

Fundamental to the principles of radiocarbon dating is the assumption that atmospheric
"“C levels have remained constant; however, temporal variations in atmospheric '“C
production, and hence atmospheric concentration, have occurred. ‘plateaux’ of
constant age have been demonstrated during the Lateglacial, where AMS dates from
lake sediments in Switzerland, record these events at around 12.7, 10 and 9.5 '“C ka
BP. It is suggested that these reflect episodes of decreasing atmospheric '“C
concentration (Ammann and Lotter, 1989), possibly linked to the rapid release of fossil
carbon dioxide from the oceans during NADW formation (Sarnthein et al., 1994). It
follows then, that instabilities in the North Atlantic Thermohaline Circulation (NATC)
could be implicated as a possible influence on the periodic variation in the intensity of
atmospheric *C.

Contamination by old or young carbon can influence the reliability of radiocarbon dating
by creating an ‘apparent age’. For example, contamination resulting in anomalously low
levels of "*C can arise when organic materials to be dated take up carbon from water
containing bicarbonate derived from old inert sources (i.e. '“C-free), such as areas of
calcareous rocks, particularly in deglaciated terrain. This results in a lowered '*C: '2C

ratio and will, when "*C dated, give an older ‘apparent age’.

Similarly, fossils obtained from marine sequences can be subject to what is known as
the ‘marine reservoir effect’ causing an apparent radiocarbon age that is older than the
true age. This is due to the slow mixing of ocean waters such that any upwelling of '*C
depleted waters, which occurs near some coasts, becomes incorporated in the fossil
type and compromises the '*C: '2C ratio. Correction factors have been derived from
measurements of *C activity in contemporary marine organisms from the part of the
ocean from which the fossil material was obtained (Lowe and Hoek, 2001). The
modern (pre-industrial) mean reservoir correction is about 400 years, but there are
local variations of several hundred years or more (Reimer and Reimer, 2001). To
accommodate these local effects, the difference ‘Delta R’ in reservoir age of the local
region of interest and the model should be determined. A global Delta R database is
available (see Reimer and Reimer, 2001).
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There are a number of potential error sources that are recognised as influencing the
AMS radiocarbon dates of bulk sediment samples, particularly from the Lateglacial
period (e.g. Wonhlfarth, 1996; Wohlfarth et al., 1993). Lacustrine sediments are
composed of a heterogenous mixture of clastic particles and organic debris derived
from a variety of sources and concentrated by differing erosional processes; if
differentiated, these components would generate a range of ages. Thus, published 1C
dates from a vast majority of bulk sediment samples are almost certainly derived from
averages of a range of activity values, and therefore 4G dates based on organic
detrital limnic sediments, obtained from Lateglacial sequences, are often characterised
by an ‘ageing effect’ due to the dilution of the 146 12C ratio in organic residues (Lowe
and Walker, 2000). Terrestrial plant macrofossils are now generally accepted as the
routine material for the dating of Lateglacial sequences providing the most reliable
AMS '“C ages. However, Turney et al. (2000) and M J C Walker (pers. comm.) have
approached these dates more critically, and provide data that suggest systematic age
differences between dated series from different types of macrofossil. Turney et al.
(2000) and Lowe (2000) suggest that the most reliable chronology for this time period
might be obtained from the ‘humic’ sediment component that is not contaminated by
older carbon residues.

Radiocarbon dates generally require calibrating against a chronology of calendar
years, in order to standardise data and facilitate comparisons, particularly for high-
resolution studies interested in rates of change and absolute timescales (Pilcher,
1991). Problems with calibrating radiocarbon dates from the Lateglacial and early
Holocene using INTCAL98 are documented in Lowe and Hoek (2001). They
emphasise the fact that the first section of the calibration curve, which is based on
dendrochronological data, is in close agreement with both the GISP2 and GRIP
chronology as far back as mid-GS-1 (close to the Vedde Ash), but thereafter,
calibration is based on the Cariaco Basin (marine) dates that are in agreement only
with the GISP2 reconstruction (GRIP ss09 reconstruction diverges by up to 200 years
younger than the GISP2 reconstruction in this section). They conclude that the extent
of the age uncertainties varies markedly throughout the Lateglacial. In only a few
limited sectors of the calibration curve (i.e. the steep sections where the error ranges
are small) do plots of radiocarbon ages give a limited range of possible calendar ages.
In many areas, the radiocarbon age intersects with the calibration curve at more than
one point generating two or more probability ranges. The best representation of the full
uncertainties in calibrated dates is achieved by citing the full 20 range of the calibrated
radiocarbon date.

An alternative approach involves the ‘wiggle-matching’ of radiocarbon data sets to

radiocarbon calibration curves. Gulliksen et al. (1998) used this technique with the
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INTCALO8 data set for dating the GS1/Holocene boundary in Norway, and Davies et al.
(2004) have tried both the Cariaco Basin dataset (Hughen et al., 2000), and the Lake
Suigetsu dataset (Kitagawa and van der Plicht, 2000), to constrain the age of the
Borrobol Tephra in Sweden, achieving the best fit with that from the Cariaco Basin.
However, this method requires a large number of radiocarbon dates for confident

matching to the calibration curves (Lowe and Walker, 2000).

To summarise, despite these uncertainties, the radiocarbon method is the most
frequently used in developing chronologies for marine and terrestrial sequences. The
robustness of this dating method depends on: the number of dates available for each
sequence; quality assurance methods that underlie sample selection and treatment
prior to radiocarbon measurement; the nature of the samples dated (e.g. bulk
sediment, organic carbon content, selected fossils); and eventually the analytical
precision achieved by the dating laboratory (Lowe and Hoek, 2001). In addition, the
dating of fossils obtained from lacustrine sites can be affected by the local presence of
old carbon, and those from marine sequences are subject to the marine reservoir
effect. At present, this ‘contamination’ with old carbon is one of the major limitations of
correlations between marine and terrestrial records. The uncertainties associated with
age estimates based on marine fossils can be well in excess of the analytical precision
of the "C dates themselves (Lowe and Hoek, 2001). Thus, the radiocarbon calibration
curve for the Lateglacial is far from precise with uncertainties varying markedly
throughout the time span, and problems that are compounded by temporal variations in

atmospheric 'C producing ‘plateau-effects’ (Lowe and Hoek, 2001).

2.3.2.3 Tephrochronology

Tephra, a rhyolitic or basaltic volcanic product, is a collective term for all airborne
pyroclasts. Tephra layers constitute unique marker horizons in the stratigraphic record
that are essentially isochronous. Tephra layers of Icelandic origin have been identified
in sediments of Lateglacial and Holocene age in marine sediments from inter alia the
North Atlantic ocean, Norwegian sea, and from terrestrial sequences in Scandinavia,
the British Isles and Ireland (Haflidason et al., 2000). They have proved to be an
outstanding tool for chronostratigraphical correlation and dating of Quaternary
sedimentary sequences. Several tephras have been found in northwest European
sequences spanning the Lateglacial and early Holocene, the three best known being
the ‘Vedde Ash’ (mid-Younger Dryas), the ‘Borrobol Tephra' (early Lateglacial
interstadial) and the ‘Saksunarvatn Tephra’ (early Holocene).

The Vedde Ash was first identified at Alesund in western Norway (Mangerud et al.,
1984), and more recently in Lateglacial sequences in Scotland (Lowe et al., 1999;

Lowe and Turney, 1997). It has been precisely dated most recently by AMS analyses
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of terrestrial plant material and lake sediment at Krakenes in western Norway to 10310
+ 50 'C yrs BP (Birks et al., 1996), which converts to a median estimate of 12125 +
263 cal yrs BP (using CALIB 4.4.1(Stuiver and Reimer, 1993) with calibration data set:
intcal98.14c (Stuiver et al., 1998a)). This date encompasses the range 11980 + 80 ice
core years assigned to the Vedde Ash found in the GRIP ice-core at Summit
Greenland (Grénvold et al., 1995).

The Borrobol Tephra was first discovered at the lacustrine site of Borrobol in Scotland.
The date 12260 '*C yrs BP or 14400 cal yrs BP suggested for this tephra was based
on AMS measurements of bulk sediment (Lowe et al., 1999; Turney et al., 1997). There
are a number of potential error sources that are recognised as influencing the AMS
radiocarbon dates of bulk sediment samples, particularly from the Lateglacial period
(e.g. Wohifarth, 1996; Wohlfarth et al., 1993) (see section 2.3.2.1), and therefore these
early dates obtained for the Borrobol Tephra in Scotland are not generally considered

robust.

Subsequent to the discovery of the Borrobol Tephra in Scotland, a cryptotephra of
identical geochemical compostition has been reported in a marine record on the
lcelandic plateau, with a considerably older age estimate of 13400 14C yrs BP, based
on AMS measurements of foraminifera (Eiriksson et al, 2000). More recently, the
Borrobol Tephra has been identified in lacustrine sediments in southern Sweden where
a series of AMS radiocarbon measurements of terrestrial plant macrofossils has been
used to attempt to constrain its age. Calendar age estimates for this event have been
derived from a visual wiggle match of the 14C age series to the Cariaco Basin data-set,
giving an age of ca. 13900 Cariaco varve yrs BP, and also a method based on
Bayesian probability analysis using the Cariaco Basin and Lake Suigetsu records as
calibration data-sets giving ages of 13800-14450 and 13667-14331 cal yrs BP (95%
confidence), respectively (Davies et al., 2004). Thus far, the wide range amongst these
dates casts doubt on the coeval nature of the occurrences of the Borrobo!l Tephra in

northern Europe.

The Saksunarvatn Tephra has been precisely dated by AMS analysis of terrestrial plant
material and lake sediment at Krakenes to 8930 - 9060 14C yr BP (Birks et al., 1996). It
was first identified on the Faroe Islands (Mangerud et al., 1986), and is awaiting
confirmation of identification at the Borrobol site in Scotland (Turney 1998 In: Lowe et
al., 1999). Both the Vedde and Saksunarvatn tephras have been correlated with GISP2
(Zielinski et al., 1996) and GRIP ice cores (Grénvold et al.,, 1995), and the marine
record (e.g. Eiriksson et al., 2000).

27




2.3.3 Other Palaeoenvironmental Evidence

The interpretation of the polien stratigraphy can be supported by macrofossil evidence
gleaned from the pollen washings, which contain the >180um fraction from the sub-
sample. Evidence of specific plant remains and the identification of seeds can help to
confirm the presence of particular taxa. However, other types of macrofossil can be
valuable in interpreting particular palaeoenvironmental conditions. In this study, the
presence of various algae, Cladocera, Ostracoda, Bryozoa, Dinoflagellate cysts and
even the formation of iron pyrites, together with evidence for the ubiquitous chironomid
and other insects, have helped to form a general picture of the changing lake

environment through the Lateglacial and early Holocene.

Algae are simple (eucaryotic) plants that are generally abundant in most aquatic or wet
environments, and they are the dominant plants in the sea. In freshwater most species
are microscopic unicellular or colonial organisms, but some do form visible plant
bodies, and a variety of types of algae help to characterise the pollen washings. Of the
unicellular taxa: the ubiquitous Pediastrum is non-flagellated and non-motile and is
never fixed to a substratum; diatoms (Bacillariophyta) are non-flagellated and usually
attached to a substratum; and dinoflagellates (Dinophyta), which are represented by
only a few freshwater species, are solitary and motile (Fitter and Manuel, 1994, p 42-
63). Some dinoflagellates are known to develop a benthic cyst stage, in response to
adverse environmental conditions, or following sexual reproduction (Brasier, 1980, p
21-29), and it is this stage that can be preserved in sediments. In the marine realm
dinoflagellates are represented by many more species, and their cysts are preserved
such that their stratigraphies can be used to reconstruct palaeoclimates (Boessenkool
et al., 2001; Shennan et al., 1996). Remains of the multicellular Thallophyta, which
have usually at some stage in their life cycle been attached to a substrate (Dickinson,

1963, p 10-11), are also preserved in marine sediments.

The charophytes (Charophyta) are macroscopic green plants with a higher level of
organisation than the unicellular algae and are well anchored to the substratum (Fitter
and Manuel, 1994, p 42-63). Charophytes thrive in stable environmental conditions, e.g
clear water and marl-rich lakes; their production of oospores (gametangia) are
triggered by lengthening photoperiod. They can also be successful in habitats that
experience extreme changes, e.g. ephemeral water bodies, with the plants developing
from buried oospores. They are often successful colonisers since the oospore is a
highly resistant cell that can remain dormant in unfavourable conditions, with some fast
maturing species that hold an advantage over the slower growing macrophytes in these
habitats and often become the dominant group in both the shallow and deep water

niches. However, they are at a competitive disadvantage in more productive habitats
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where they are out-competed by more robust macrophytes early in the succession
(Moore, 1986).

Cladocera can be a dominant component of the zooplankton or microcrustacean fauna
of standing waters, where they occur in open water and in the littoral zone (Duigan and
Birks, 2000). In a northern climate during most of the open-water season only
parthenogenetic females are found (reproducing by asexual reproduction) (Sarmaja-
Korjonen, 2003). A stressful event such as the onset of winter triggers gamogenetic
(sexual) reproduction; in Cladocera this always leads to the production of diapause or
resting eggs (ephippia). These provide a mechanism for re-establishing populations
eliminated by such recurring or aperiodic environmental stresses, where the principal
climatic stimuli are temperature and the length of the photoperiod (Frey, 1982). Another
small crustacean group, Ostracoda, are of biostratigraphic utility because both species
and assemblages display rapid migration and successions in response to
environmental and climatic change, and the Quaternary record contains evidence of
both speciation and extinction (Griffiths, 2001). Ostracods are able dispersers,
employing a wide range of methods. Some species can produce dessication resistant
eggs or have diapausing life-history stages; they may be transported by other
organisms, e.g. birds and amphibians, or in moving water and lastly, as aerial plankton.
Some parthenogenetic taxa are able to establish new populations from single
individuals. Such dispersal strategies allow them both rapidly to invade newly created
or ephemeral habitats and to be able to ‘track’ their environmental and climatic optima.
Palaeoecological records from European deep lakes suggest very early colonisation
after deglaciation; candonids and limnocytherines have been found from the very start
of site sedimentary records (Griffiths, 2001). Two different ostracoda faunas have been
identified that discriminate between the Lateglacial and the Holocene, the candida -
Fauna and the cordata - Fauna respectively (Griffiths, 2001). The candida - Fauna is
essentially cold, oligotrophic and benthic, suited to shallow, newly formed water bodies
necessarily low in accumulated nutrients and high in dissolved oxygen. By comparison,
the cordata - Fauna includes more eurythermal, free-swimming and phytophylic forms,
suited to waters with a higher nutritional status.

Bryozoa are colonial sessile “moss animals” usually fixed to a substratum and
generally found in clean fresh water where they produce statoblasts (asexually), which
are overwintering bodies that can be preserved in the fossil record (Fitter and Manuel,
1994, p 173).

Pyrite is one of the major diagenetic minerals in anoxic sediments, and is an indication

of stagnating bottom conditions (Alm, 1993). An oxygen deficit in the bottom water

29



layers suggests a limited fauna and consequently little bioturbation, potentially resulting

in laminated sediments.

Chironomidae (non-biting midges) is a diverse group of true-flies (Diptera) with an
aquatic larval stage, which are often the dominant faunal element in muddy sediments
(Fitter and Manuel, 1994, p 278-279). Their heavily chitinised head capsules are well
preserved in lacustrine sediments. Many species are stenothermic (unable to tolerate
wide variations in temperature) and therefore the group has considerable potential as a

proxy indicator of palaeoclimate change (e.g. most recently Rosenberg et al., 2004).

Foraminifera are single-celled organisms, many species of which possess hard
calcareous shells, often distinctively coiled, which are preserved as fossils in sediment
profiles. Most are marine and benthic although a few genera are planktonic and some
have adapted to freshwater. Due to their abundance and diversity, foraminifera have
become an invaluable tool in Quaternary palaeoceanography and palaeoclimate
reconstructions (Lowe and Walker, 1997, p 215).

234 Making Correlations

A crucial issue in late Quaternary palaeoenvironmental research is determining the
timing and synchroneity or asynchroneity of the abrupt climatic events inferred from the
oceanic, terrestrial and ice realms, and the resulting regional climatic effects.
Therefore, the most appropriate correlations for securely dated high resolution
palynological studies, involve direct comparisons between different pollen profiles at
local and regional scales, as well as comparisons with other proxy data, primarily the

Greenland ice core record and the marine sedimentary record.

2.3.41 Palynological profiles

Pollen analyses present a large amount of information on the covariance of different
pollen types through time, such that the ordering of samples with depth and age
enables the presentation of the palynological data within a stratigraphical sequence i.e.
biostratigraphical assemblage zones. The identification of such zones indicates
changes in a sequence, enabling interpretation of the data as a temporal record of
changes in vegetation, and by inference, past environments at a local and regional
scale. In order to avoid subjectivity in this exercise, objective computer-based zonation
programmes have been developed (see Birks, 1986). Initial classification into local
pollen assemblage zones, combined with a robust age-depth chronology, provides a

means of correlation between individual pollen profiles.
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2.3.4.2 The Greenland lce-core Records

The Greenland ice sheet provides the most favourable conditions in the Northern
Hemisphere for obtaining a high-resolution time-series of climate related parameters
(Johnsen et al., 1992). The oxygen isotope record for GRIP and GISP2 ice cores have
been studied and compared with previous deep Greenland ice cores, and the observed
isotopic fluctuations have been evaluated for climatic significance (see Dansgaard et
al., 1993; Grootes et al., 1993; Johnsen et al., 1992). This has provided a high-
resolution record of climatic changes, not only in the vicinity of the Greenland ice sheet
but also related to other areas of the northern hemisphere e.g. the tropical Atlantic
region (Hughen et al., 1996; Taylor et al., 1997). Studies have shown that abrupt
climate changes (i.e. century scale), of at least regional extent, characterise the last
deglaciation period, and suggest the potential for rapid reorganisation of the climate
systems in the North Atlantic region (Dansgaard et al., 1993). Most recently, the North
Greenland lce Core Project (NGRIP) has published an undisturbed climate record
extending to 123 ka BP (North Greenland lce Core Project members, 2004). The data
have been published as a 50 year mean and compared to the annual mean data
published for the GRIP record show a broadly similar pattern, although they do not
provide sufficiently high resolution for comparisons with the palynological records from
this study.

2.3.4.3 The Marine Sedimentary Record

Marine cores can provide long and continuous records as the floors of the deep ocean
basins accumulate sediment formed from terrigenous material (from erosion of land
masses) and biogenic material (accumulations of calcareous and siliceous skeletal
remains of micro-organisms e.g. diatoms and Foraminifera), and they are relatively
undisturbed over time. However, on account of very low sediment accumulation rates,
i.e. ca 1-20 cm / 1000 yrs (Zolitschka and Negendank, 1999), marine records tend to

show a poor resolution, particularly by comparison with the ice core records.

Within the ocean sediment sequence in the mid- and high-latitudes, the delivery of
terrigenous detritus, i.e. periods of enhanced ice rafted debris (IRD), can be broadly
correlated with glacial episodes (Ruddiman et al., 1989). A widespread feature of the
North Atlantic Ocean record has been the identification of distinctive layers formed
during the last glaciation, high in IRD and low in foraminifera (Bond et al., 1992;
Heinrich, 1988). These cycles of IRD deposition form the distinctive Heinrich Layers,
originating from massive discharges of icebergs from the eastern margins of the
Laurentide ice-sheet (Bond et al., 1992). These discharges were accompanied by

decreases in sea surface temperatures (SSTs) and salinity (Chapman et al., 2000).
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The most recent and reliable of these deposits, denoted H1, has been AMS dated at
14.3 ka *C BP from DSDP site 609 (Bond et al., 1992) and 14.2 ka **C BP from core
SU90-03 (Chapman et al., 2000). Similar ice rafting events in the northeast Atlantic
have been associated with iceberg discharge from the Fennoscandian ice sheet and
the Norwegian Sea and it is suggested that the Norwegian Sea IRD event 1
corresponds closely enough with the H1 event in the North Atlantic to infer a link
between the behaviour of both ice sheets (Baumann et al., 1995).

Fine ocean sediments dominated by biogenic material tend to be characteristic of
warmer periods, and these fossil remains can provide a record of ocean circulation and
ocean temperature, and hence imply past atmospheric temperatures (Lowe and
Walker, 1997, p 148). Environmental changes in the oceans are best reflected in the
chemical and isotopic content of marine fossil organisms (such as diatoms,
foraminifera, ostracods, radiolaria and coccolithophores) that are influenced by
circulation, nutrient supply, salinity and water temperature. Analysis of the stable
isotope ratios of both oxygen (**0:'°O, i.e. 5'%0) and carbon (°C:'*C i.e. §"°C) have

provided valuable data on oceanographic changes.

The §'®0 of carbonate in marine organisms depends on both temperature and the
isotopic composition of seawater at the time of secretion of their tests. This signal
varies locally with temperature and to a lesser degree salinity, and globally with
variations in ice volume (Bradley, 1999, p 199). Oxygen isotope traces through deep-
ocean cores can therefore be interpreted as a record of global palaeoglaciation,
providing evidence of warm and cool episodes and hence glacial to interglacial
transitions; a proxy record of Milankovitch or orbital scale climate change (Patience and
Kroon, 1991). Thus, changes in the isotopic composition of benthic Foraminifera,
(which tend to come from environments of more stable temperature and salinity,
resulting in more constant traces) have been used as an index of global land-ice
volume, and records have been developed into a standard oxygen isotope chronology.
This isotopic signal is geographically consistent, so that inflections in the profiles
represent time-parallel events and therefore constitute an age equivalent marker
horizon. This has enabled these globally correlated divisions to be used to form the
basis for a scheme of oxygen isotope stages. The first standard chronology - the
SPECMAP timescale - was developed by Imbrie et al. (1984), and further developed at
a higher resolution by Martinson et al. (1987). According to this scale the last glacial to
interglacial transition occurred at Marine Oxygen Isotope Stage boundary 2/1.
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2.3.4.3.1 The Lateglacial and Early Holocene Marine Sedimentary Record
in the North Atlantic

In the North Atlantic efforts to improve the temporal resolution of marine records have
focused on sites of high sediment accumulation rate provided by the North Atlantic
drifts and continental slope sequences of the North Atlantic margins. Locations of the
records discussed are in Figure 2. From the area of the Barra Fan northwest Scotland,
high-resolution (century / decadal) marine records of SSTs have been estimated from
changes in the composition of planktonic foraminiferal assemblages, and SSSs
estimated from the oxygen isotope composition of two of these species (Kroon et al.,
1997). These records have shown a series of rapid oscillations during the Lateglacial
period that are very similar to those observed in the §'®0 records from the Greenland
ice-cores, and attest to the inherent instability of the deglacial climate system during
this interval (Austin and Kroon, 2001). They have been compared with other Atlantic
Ocean records to evaluate the timing of deep-sea ventilation with changes in surface
water characteristics. Results indicate that the northward transport of heat and salt was
highest during the Bolling. They also suggest that NADW formation strengthened
during the Belling-Allerad period, when it was at least as strong as it has been through
the Holocene, although it was reduced during the Younger Dryas period (Austin and
Kroon, 2001). This coupling between surface and deep-water changes would suggest
that the NATC is a potential driver for the climate changes that might be recorded
coincidentally in the terrestrial record. This has been demonstrated by analysis of high-
resolution diatom records from the eastern Norwegian Sea, to show patterns of SSTs
from the Younger Dryas through the Holocene, and linking periods of terrestrial glacial
advance with cool oscillations in SST reconstructions (Birks and Kog, 2002; Kog et al.,
1993).

The problem of variability in marine reservoir age in the region has been assessed by
Austin and Kroon (1996), Haflidason et al. (2000) and Eiriksson et al. (2004). Following
the determination of a modern surface ocean reservoir correction of 405+40 yrs
(Stuiver et al., 1998a; Stuiver et al,, 1998b), Austin and kroon (1996) used lcelandic
tephra from core 57/-09/46 to quantify the marine “C reservoir ages during the
Younger Dryas period. From the age depth curve the marine radiocarbon age of the
peak in shards of Vedde Ash was estimated to be 11 ka BP, as compared to a date of
ca 10.3 ka BP estimated from terrestrial macrofossils (Birks et al., 1996), thus providing
evidence to support a significant increase in the marine reservoir age correction at this
time, to ca 700 years. Haflidason et al. (2000) have since investigated the '“C ages of
paired terrestrial and marine deposits using tephrochronology to demonstrate that

marine reservoir corrections during the Younger Dryas in the north Atlantic and eastern
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Norwegian sea could be as much as ca 800 years increasing to ca 1100 years in the
western Nordic seas. They suggest that in the early Holocene reservoir age reduced to
ca 700 years but was systematically higher in the western Nordic seas. In addition,
Eiriksson et al. (2004) have researched marine reservoir age variability in the lceland
Sea during a period spanning AD 1717 to 12 ka BP; thirteen different tephra layers
were utilised in the development of tephrochronological age models for the five marine
cores studied. The deviations between reservoir corrected radiocarbon dates of
molluscs or foraminifera and the tephrochronological age models show variations from
tens to hundreds of years. The authors suggest that this highlights the need for
independent control on 4C dating of marine sediment cores, and particularly those
obtained from oceanographic boundary regions such as that separating the Atlantic
and Arctic water mases. This temporal variability in North Atlantic marine reservoir
ages significantly alters the reliability of radiocarbon calibrations into calendar years
Kroon (1997).

Age-depth models are only meaningful and useful when calculated using calibrated
radiocarbon dates (Bartlein et al., 1995), since age-depth models calculated on
uncalibrated radiocarbon dates make the implicit, and implausible, assumption that
variations in the sedimentation rate cancel out the wiggles in the calibration curve
(Telford et al., 2004). The marine reservoir corrections suggested by Austin and Kroon
(1996) and Haflidason et al. (2000) were derived from uncalibrated age-depth models,
which thus adds to the lack of definition for these corrections, and this is highlighted by
Eiriksson et al. (2004) who demonstrate even more complexities in the nature of this
variability using calibrated models. They postulate that the intervals with increased and
variable marine reservoir age reflect incursions of Arctic water masses, and thus
suggest a link between the southward movement of the NAPF and increased variability
and hence unreliability of radiocarbon dates derived from those periods.

in the light of these uncertainties regarding protocols for both marine reservoir
correction and radiocarbon calibration, three marine records of SSTs from the region
have been selected for comparison with this palynological study: core 56/-10/36 (Austin
and Kroon, 2001; Kroon et al., 1997); core HM79-6/4 (Birks and Koc, 2002; Kog et al.,
1993); and MD95-2011 (Birks and Koc, 2002). These records contained the
appropriate temporal period of this study, i.e spanning the Lateglacial and early
Holocene in the south and the Younger Dryas / Holocene transition in the north, and in
addition they have been developed from calibrated age models that take account of the
variable marine reservoir correction for this period. The details of these records are

discussed below.
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Core 56/-10/36 (56° 43N, 09° 19'W) is situated on the continental margin (Barra Fan)
off northwest Scotland (see Figure 2). It provides a record of century scale deglacial
surface circulation changes. The age-depth model is derived from four foraminiferal
AMS '“C dates outside the Younger Dryas period and so corrected for a modern
marine reservoir effect of 400 years, plus three dated tephra horizons, and these are
transferred into calendar years using the U/Th calibration curve of Bard et al. (1993)
[recalibration of the corrected radiocarbon ages using CALIB 4.4.1(Stuiver and Reimer,
1993) with INTCAL98.14c calibration data set (Stuiver et al., 1998a) as per this study,
gives the midpoint of the 2 sigma range for all the dates between —400 and +550
years.] The reconstructed SSTs and SSSs show a series of rapid oscillations that are
broadly similar to the GRIP and GISP2 records during the last deglacial period,
however some differences in the chronologies are highlighted. For example, the SST
record appears to lead the GRIP ice core chronology by over 200 years during the
Bolling/Allerod period, but this phase difference is not apparent in comparisons with the
GISP2 record. It is suggested that the mismatches could be due to changes in
sedimentation rates, bioturbation influencing the radiocarbon dates and unknown
variations in the marine reservoir effect. For the accepted model, these problems were
overcome by wigglematching the SST record to the GISP2 record, however it is
recognised that this approach prevents further consideration of relative timing of events
between different realms. This version of the age-depth model is supported by relative
abundance records for Neogloboquadrina pachyderma in other nearby cores (V23-
81(Broecker et al., 1988) and EN 120GGC1 (Keigwin et al., 1991)), and further
supported by very similar relative abundance records from the marine core Troll 8903
taken in the Norwegian Channel! (Haflidason et al., 1995), and thus it is suggested that
the derived palaeotemperature records are representative of the North Atlantic as a

whole.

Fossil diatoms assemblages have been used to reconstruct SSTs between 13 ka BP
and 2.7 ka BP from analysis of core MD 95-2011 taken from the eastern Voring
Plateaux (66° 58.18' N, 07° 8.35" E) (Birks and Koc, 2002). The age-depth model is
derived from six AMS '*C dates from monospecific foraminifera samples. None of
these samples were within the Younger Dryas period and all 4C dates were corrected
for a marine reservoir age of 400 years (after (Haflidason et al., 2000)). Radiocarbon
dates were calibrated using the INTCAL93 data set and method A in CALIB v3.0.3c
(Stuiver and Reimer, 1993) in order to achieve consistency and comparability with
previous calibrations on the same core. However, trial calibrations based on the
INTCALO98 data set and CALIB v4.2 (Stuiver et al., 1998a) showed that the results were
very similar in this age range. The lower part of the core was constrained by correlating

the level interpreted in the SST reconstructions as the onset of the Holocene, with the
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date of 11.5 ka BP for the Younger Dryas / Holocene boundary, from the terrestrial
record at Krakenes (Gulliksen et al., 1998) which is about 4 degrees south of this site.
This removes any possibility of determining any relative terrestrial — ocean leads or
lags in this onset of the Holocene. Within this study, new SST reconstructions were
made for core HM79-6/4 and M23071 (for location see Figure 2) (Kog et al., 1992),
using corrected and calibrated 145 dates in order to achieve comparability between the

cores, and also using an enlarged modern data set for HM79-6/4.

These marine records have not been directly correlated with the records from Lochan
An Druim and Nikkupierjav'ri since the age-depth models in both cases precluded any
assessment of leads or lags between the oceanic and terrestrial realm, but useful links

between the studies are discussed.

2.34.4 Reconstructing Palaeoenvironments

Marine records can provide evidence of climate related variables such as past global
ice volume and changes in ocean circulation, but only terrestrial records can reveal
features of past atmospheric general circulation, i.e. patterns of seasonal temperature
extremes, drought, growing-season temperature sums, and continental precipitation
distribution (Huntley, 1993).

Palynological studies using surface samples have shown that the composition and
amount of pollen rain broadly reflect geographical vegetation patterns, thus suggesting
that fossil pollen can be useful in the subjective inference of palaeoclimatic conditions.
There are, though, problems associated with resolving the magnitude and duration of
any changes (Davis and Webb IlI, 1975; Huntley and Birks, 1983). The broad-scale
relationships between modern pollen rain and modern climatic conditions have been
shown to be robust (Huntley, 1990a; Huntley and Prentice, 1993) and therefore they
can be used in a direct analogue approach, to calibrate the fossil pollen record. This
enables quantitative palaeoclimate reconstructions to be produced by conversion of the
fossil pollen record into specific palaeoclimate estimates using transfer functions (in
this case: the mathematical derivations of the relationship between modern pollen rain
and modern climatic conditions). However, many past communities have no modern
analogue as a result of the individualism of response of taxa, and the development of
novel climate regimes as a result of independent variation through time of major
climate variables (Huntley, 1990a; Huntley, 1990b). Periods characterised by rapid
climate change are therefore less likely to have representative modern analogues (e.g.
Huntley, 1990a; Overpeck et al., 1985).

Attempts to overcome the ‘no-analogue’ problem, have involved the computation of

‘climate response surfaces’ by re-mapping abundance patterns from geographic space
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into ‘climate space’ (Bartlein et al., 1986). Within a study area, e.g. the northern
hemisphere or Europe, the pollen distribution from modern pollen samples is
considered in terms of ‘climate space’ as defined by a three-dimensional array of the
key bioclimate variables. These indicative driving variables for different functional types
of plant are considered to be: the mean temperature of the coldest month (MTCO); the
annual accumulated temperature over 5°C, referred to as the number of growing
degree days over 5°C (GDDS5); and a drought index, developed from the ratio of actual
to potential evapotranspiration (AET/PET) (Prentice et al., 1992). The relationship is
then described for each individual pollen taxon, so that the no-analogue spectra can be
interpolated in the climatic space. This technique has been used to infer past climates
using palynological data from eastern North America (Prentice et al., 1991), Scotland
(Huntley, 1994) and southern Italy (Allen et al., 2000).

This response surface method of palaeoclimate reconstruction has been refined by
using pre-determined biome constraints. Biomes are vegetational categories defined by
their dominant plant functional types, and have been used to represent vegetation at a
regional scale (Prentice et al., 1992). A systematic method for pollen-based
palaeobiome reconstruction using surface sample data for validation, has been
developed by Prentice et al. (1996). In addition, this model has been adapted to the
biomes of southern Europe and used successfully to present another proxy for
systematic comparison (Allen et al., 2000). This method has the advantage that the
biomes emerge through the interaction of constituent plants (Prentice et al., 1996) and

could therefore develop some representative for non-analogous situations.
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3.1 Introduction

Coastal, lacustrine study sites were chosen according to several criteria; principal
amongst these were their topographical location and size, and their accessibility with
coring equipment. The lakes needed to have formed in glaciated terrain beyond the
influences of the Younger Dryas readvance, therefore providing a record of the
Lateglacial period. They also needed to be of sufficient surface area to recruit at least a
landscape pollen signal (Jacobsen and Bradshaw, 1981). It was important that they
contain adequate water depth, typically >2m, to minimise disturbance of the basal
waters by wind or changes in thermal stratification. They should also ideally be a
closed system, or at least have a minimal throughput, to increase the potential for a

lengthy sedimentary sequence with continuous accumulation.

The site in northwest Scotland was selected following an extensive field campaign in
1999. Close scrutiny of the mapped topography of the area, indicated that potential
sites might be found along the coast beween Tongue (NC 595570) on the north coast
and Inverewe (NG 858819) on the west coast. Many potential sites were probed for
depth of sediment and cores were taken from two sites, Lochan An Druim on th‘e coast
of Loch Eriboll in northwest Scotland and Inverewe further southwest. Visual inspection
of the core from Inverewe did not indicate an adequate Lateglacial record, whereas a
previous palynological study by Birks (1984) at Lochan An Druim indicated that there
would be a Lateglacial record, and this work was supported by extensive macrofossil
analysis that could be used to compliment a new study. The previous core had been
recovered from the dense Phragmites australis fen on the west side of the lochan, and
it was felt that a new core from the open water in the middle of the basin should yield a
greater depth of sediment and thus provide the potential for a record of sufficiently high
resolution that it could be compared with the GRIP ice core record.

The site in northern Finnmark, was chosen from twelve different sites that were cored
close to the coast throughout the region, during a field campaign in 2001. Visual
inspection of all the cores suggested that the sequence from Nikkupierjav’ri would be
the only one to have a substantial Lateglacial record. This was subsequently confirmed
with a basal AMS 'C date (from marine algae) of 14 090 +269 BP.

The study sites at Lochan An Druim in northern Scotland and Nikkupierjav'ri in northern
Finnmark, Norway, are described in terms of their location, geology and vegetation,
and the prevailing climate. Information is given about deglaciation and relative sea-
level change in the regions, and a summary is provided of previous palynological and

tephrochronological work at the sites and in the regions, that are pertinent to this study.
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3.2 Lochan An Druim

3.3.1 Location
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Figure 4

Location of Lochan An Druim beside Loch Eriboll in northwest Scotland.

An Druim is a small ridge orientated north /south between the sea loch, Loch Eriboll,
and the A838 road (see Figures 4 and 6). A shallow valley is formed between the ridge
and the road, which contains a small lochan (GR NC 435568 58° 28'30°N, 04°
40'18"W: altitude 25m asl). This site was given the name ‘Lochan An Druim’ in the
previous study of the Late-Quaternary pollen and plant macrofossil stratigraphy at this
location (Birks, 1984). It is a designated Geological Conservation Review site (GCR
No. 1528) located within the Eriboll Site of Special Scientific Interest (1,770 ha), which
is designated for the protection of its geological and biological specimens. The citation
for Lochan An Druim includes the importance of its pollen and macrofossil stratigraphy,
as evidence for Lateglacial and Holocene environmental conditions at low altitudes in
northern Scotland.

Geologically, the site falls within the Moine Thrust Zone (see 3.1.2), with a bedrock of
Durness Limestone. The basin is approximately 300m long, and 200m wide at its
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widest point, giving a basin size of ~6 ha. However, at the time of sampling the basin
was becoming infilled and there was only ~0.5 ha of open water surrounded by a

dense fen of Phragmites australis (common reed).

3.2.2 Geology and Vegetation

In terms of global vegetation, northern Scotland lies just beyond the northerly limit of
the Temperate zone and into the southern Boreal zone (Meusel and Jager, 1992). The
geology of the region is characterised by the very ancient Precambrian Lewisian
Gneiss, which is exposed in westernmost areas of the Northwest Highlands. Inland it is
overlain by a sequence of much younger rocks, with Torridonian Sandstone followed
by a sequence of Cambro-Ordovician rocks that includes the Durness Limestone
(consisting mostly of dolomite). All these rocks are separated from the rest of the
Scottish Highlands by the Moine Thrust dislocation that runs up to twenty miles inland
along the western seaboard of the Scottish Highlands, from Loch Eriboll and Whiten
Head in the north, to the Sound of Sleat (Roberts, 2003 p. 21-27).

The Durness Limestone supports an Atlantic vegetation comprising a rich calcicolous
flora of Dryas octopetala-Carex flacca heath on the outcrops, with the deeper soils
between outcrops supporting aspecies-rich Agrostis-Festuca grassland. The
grasslands around Lochan An Druim have been improved for grazing, and these grade
through Juncus effusus dominated communities, to a dense Phragmites australis
dominated reed swamp in the shallow waters around the circumference of the lochan
(Birks, 1984). This dense P.australis fen extends into the lake leaving only 0.5 ha of
open water that supports a dense aquatic flora, including Potomogeton natans and
Nymphaea alba (J P Huntley, Pers. Comm. 2000). The lochan has two small inflowing
streams, both draining higher ground that rises to Meall Bad Mhuidhe at 289m asl, ca
1km southeast of the site. The single outflow breaches the rock lip at the northwest
margin of the basin, to flow the 700m north to Loch Eriboll. Fluctuations in the water
level are driven by seasonal changes in the ground water table and the hydrogeology
suggests it is either a sinkhole in the limestone or a spring fed depression; there is no
evidence of brackish influence (J P Huntley, Pers. Comm. 2000).

3.23 Climate

Although rainfall data are available from Durness, the closest meteorological record of
the diverse aspects of the regional weather at a coastal location in northwest Scotland
is that for Stornaway (58° 11" 5” N 6° 22° W, 15m AMSL) see Table 1(for location see
Figure 2).
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Table 1

Met Office weather data 1971-2000; monthly averages and annual totals for Stornoway

(15 m AMSL) (http://www.metoffice.com, 20 October 2004).

Month Daily Daily Monthly Monthly Rainfall
Max Temp | Min Temp | Sunshine | Rainfall >= 1mm (days)
(°C) (°C) (hrs) (mm)
January 7.0 2.0 319 1411 20.3
February 7.0 1.9 62.7 104.5 16.0
March 8.0 26 98.9 112.7 19.7
April 9.5 3.7 141.6 70.7 14.5
May 12.1 6.0 196.5 57.3 11.6
June 13.9 8.2 162.3 63.8 12.7
July 15.8 10.3 129.6 72.5 141
August 15.9 10.3 132.1 81.7 13.7
September 14.0 8.6 109.5 113.4 17.0
Qctober 11.7 6.4 82.5 134.5 20.3
November 8.9 3.7 43.2 143.8 20.6
December 7.6 2.7 26.0 135.8 20.9
Year 11.0 5.6 1216.8 1231.7 201.4

Over the last 30 years daily maximum temperatures average an August maximum of
15.9°C with the daily minimum dropping to a minimum of 1.9°C in February. May has
the highest number of hours of sunshine and the wettest months are November,
December and January. The data set reflects a typical Oceanic/Atlantic climate with
cool moist conditions, limited temperature fluctuations, and mild winters, which are due

to the close proximity of the Guilf Stream.
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324 Deglaciation and Relative Sea-level History Summary

The BIIS (British and Irish Ice Sheet) models for the LGM show the north-western
extent of the ice sheet well beyond the study site, and suggest extensive deglaciation
beginning ca 17.4 + 1.3 ka BP (Bowen et al., 2002). The subsequent Younger Dryas
re-advance centred on Rannoch Moor, and, as reconstructed by Hubbard (1999),
reached a northern margin well south of the study site. The main features of changing
relative sea-levels in northwest Scotland show a regression from a marine limit
between 36.5m OD and 40m OD, dated to 15.9 ka BP (range 15.6-16.3 ka BP)
(Shennan et al., 2000) (nearest sites to Lochan An Druim, are Dubh Lochan (Shennan
et al., 2000) and Wick River (Dawson and Smith, 1997)). A rapid sea-level fall (ca 9mm
4G yr') is suggested (Shennan et al., 1995), temporarily slowed by global meitwater
discharge ca 14.0 ka BP (Shennan, 1999), until the early Holocene, when levels

remained stationary before rising to a mid-Holocene maximum (Shennan et al., 1995).

3.25 Tephrochronology

Three well documented Icelandic tephra layers from Termination 1 have been recorded
in sedimentary sequences in Scotland: the rhyolitic Borrobol Tephra (Turney et al.,
1997); the rhyolitic component of the Vedde Ash (Lowe and Turney, 1997), the visible
basaltic component of the Vedde Ash (Davies et al., 2001) and the non-visible basaltic
component of the Vedde Ash (Mackie et al., 2002); and on the Faeroe Islands, the
basaltic Saksunarvatn Tephra (Mangerud et al., 1986; Wastegard et al., 2001).
Scotland is distal from the sources of Icelandic ash plumes and so there is limited
evidence for visible tephra layers in this area (Davies et al., 2001). However,
pioneering work in Scotland on density separation techniques to extract invisible or
cryptotephra layers, has been very successful in extending the known limits of such
marker horizons (Turney et al., 1997), and indicates a potential for the discovery of

hitherto undocumented cryptotephras.

3.2.6 Previous Palynological Studies

The highlands and islands of northwest Scotland lie in the high-latitude North Atlantic
Ocean (40°W — 65°N) adjacent to that sector of the ocean which experienced some of
the most dramatic Lateglacial and early Holocene climatic shifts (Ruddiman and
Mclntyre, 1981). Pollen-stratigraphic data have been assembled from Scottish island
and mainland sites to develop a regional pattern and chronology of environmental
change through this transition (see Figure 2 for locations).

The first extensive investigation of the Lateglacial and early Holocene vegetational

history of northwest Scotland was undertaken by Professor Winnifred Pennington, who
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published pollen diagrams on a north-south transect of western Scotland (Pennington,
1977a). Interpretation of these pollen stratigraphies, correlated by uncalibrated “C
dating, suggested the climatically conditioned chronozones of the Late-Weichselian as
defined by Mangerud et al. (1974), could be recognised, with clear evidence of the
Belling / Allerad Interstadial (GI-1) divided by a very minor regression of vegetation
during the Older Dryas (Gl-1d) (Pennington, 1977b). This work was later extended to
the far northwest of Scotland where the same climatic sequence was inferred at
Lochan An Druim (Birks, 1984). Similarly, at Morrone in the eastern highlands of
Scotland, where quantitative climate reconstructions from the Lateglacial record
identifies a marked cooling consistent with the Older Dryas (Gl-1d) event (Huntley,
1994), and at Abernethy Forest where the lowest local pollen assemblage zone has
been correlated with this event. However, these records are supported by uncalibrated

bulk sediment radiocarbon dates.

Skye has long provided a venue for palaeoecological research. The first pollen
analytical work here was carried out on blanket peats by Erdtman (1923), and the first
complete profiles published by Vasari and Vasari (1968) and (Birks, 1973). A
collaborative research programme has since undertaken polien-stratigraphic
investigations at fourteen sites as part of a major revision of the Lateglacial record from
the island (Walker et al., 1988), however these studies are only supported by
uncalibrated ™C dates dring the Holocene period. Most recently, work on four new sites
(Walker and Lowe, 1990) suggests that these latest records are broadly similar to the
Lateglacial sequences described from the mainland (e.g. Pennington, 1977a), and on
the Isle of Mull (Lowe and Walker, 1986; Walker and Lowe, 1990). Again, these
records are supported by uncalibrated bulk sediment radiocarbon dates.

The Lateglacial and Holocene vegetation of the Western Isles has been reconstructed
by Fossitt (1996) from two lacustrine records. However, the resolution of the Lateglacial
and early Holocene section is low since the record is confined to only about 10 cm in
one profile and 30 cm in the other. In her review of the regional develoment, which
included all the published Lateglacial records for the western Isles, Fossitt concludes
that all the records show a similar successional sequence, but chronological control
and stratigraphical resolution are poor, such that the timing of major vegetaion changes
on the islands cannot be identified. Indications of the onset of the first major extenstion
of plant cover were before ca 15 ka BP in the southeast of the islansds and after ca
14.5 ka BP in the northwest. The Younger Dryas (Lateglacial stadial) appears as an
interruption of vegetational development characterised by an expansion of Empetrum

nigrum that peaks during this period.
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Similarly, (Whittington et al., 2003) and (Birnie, 2000) have published the only two
Lateglacial records for Shetland, Clettnadal and Aith respectively (see Figure 2).
However, neither study provides any conclusive evidence for terrestrial vegetational
development or changes that could support the Lateglacial interstadial climatic
episodes that have been identified on the mainland. Clettnadal registers the opening of
the Holocene consistent with the date of the event in the GRIP record, ca 11.5 ka BP
ice-core yrs BP whilst a lithological boundary marks this transition at Aith where there is

no chronology.
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3.3  Nikkupierjav'ri

3.3.1 Location
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Location of Nikkupierjav'ri on Varangerhalvaya, northern Finnmark, Norway.

Nikkupierjav'ri is an isolation basin (Norwegian GR 35W 0583727; UTM7843549;
70° 40'48°N, 29°15'15"E; altitude 44m asl) lying below the marine limit (ca. 54.4m asl)
(Sollid et al., 1973) (see Figure 5).

The lake is approximately 1000m long, by 250m wide at its widest point, giving a basin
size of ~20ha. There are two sources of inflow: the higher ground to the northeast
drains via two smaller vatnets (lakes) into a stream flowing in at the northern end of the
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lake; and the higher ground to the west drains via a stream flowing in at the lake’s
westernmost point. There is one outflow stream, flowing south for 350m into Straumen
Rivdniji (see Figures 5 and 6).

3.3.2 Geology and Vegetation

In terms of global vegetation, northern Finnmark lies just beyond the northerly limit of
the Boreal zone and into the southern Arctic zone (Meusel and Jager, 1992). The
geology of the region is principally a sedimentary acidic sandstone bedrock of
Precambrian-Eocambrian origin (Berglund et al., 1996, p154). In August 2000 the
vegetation was recorded at two locations within 1.5 km north of this site: (a) 35W
0583503 UTM7845165; 70° 41.71' N, 29° 15.81' E; 80m asl; and (b) 35W 0583408
UTM7844309; 70° 41.25' N, 29° 15.60" E; 107m asl. The field notes associated with
these sites record an Arctic dwarf-heath tundra; taxa recorded include: Betula
pubescens subsp. tortuosa, Betula nana, Empetrum nigrum, Rubus chamaemorus,
Salix herbacea, Salix spp., Juniperus communis, Vaccinium spp., Loiseleuria
procumbens, Phyllodoce caerula, Dryas octopetala, Campanula sp., Bartsia sp.,
Cirsium helenoides, Solidago virgaurea, Equisetum sp., Selaginella sp., Eriophorum

spp., Carex spp. and mosses (See Plate 1).
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3.34 Deglaciation and Relative Sea Level History Summary

In northern Finnmark conspicuous end moraines mark the outer limits of the different
recessional stages of the northern limits of the Scandinavian Ice Sheet (SIS). To date,
there is no absolute chronology for the timing of deglaciation; however, a baseline
(relative) chronology for deglaciation is provided by Sollid et al. (1973). Their model is
based on the distribution of glacial and fluvioglacial deposits coupled with a regional
map depicting the elevation of the local late Weichselian marine limit. Based on the
elevation of these shorelines, three main sub-stages in the retreat of the SIS are
identified: Phase 1, the Outer Porsanger and Korsnes substage; Phase 2, the
Repparfjord substage; and Phase 3, the main (Tromse-Lyngen) or Younger Dryas
substage. Beyond the Outer Porsanger substage moraine is the less well defined

Risvik substage, representing the oldest of the retreat phases in the ice sheet.

Nikkupierjav'ri lies well beyond the Tromse-Lyngen marginal moraine, reliably dated to
the Younger Dryas (11-10 “C ka BP (Andersen, 1979)) and just inside the Outer
Porsanger marginal moraine which crosses the Varanger peninsula and has been
dated by correlation with corresponding raised shorelines to ca. 14 “C ka BP
(Marthinussen 1974 in: Seppa, 1996) (see Plate 2).

The northern Fennoscandian seaboard lies close to the confluence zone between the
dynamically independent Barents Sea and Fennoscandian ice sheets. The Lateglacial
history of the interactions between these two ice sheets in the southern Barents Sea
region has been evaluated by Vorren and Laberg (1996). Two Lateglacial maxima are
indicated - the first before 22 ka BP and the younger after 19 ka BP. They identify a
major deglaciation phase initiated during a warm spell between 16 and 15 ka BP, but
retarded between 13.7 and 13 ka BP. A close interrelation between summer air
temperatures and the expansion and contraction of these ice sheets suggests that
most of the ice sheet decay was due to climatic warming. The subsequent halts and re-
advances due to climatic deteriorations were caused by influxes of icebergs into the
Norwegian Sea, thus cooling surface water and promoting sea ice preservation through

the summer.
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However, only the record at Ostervatnet (Prentice, 1981) extends beyond GS-1
(Younger Dryas), where the inferred vegetational history characterises the major
Lateglacial climatic oscillations including GlI-1d (Older Dryas). The record at Lake Ifjord
is supported by a series of calibrated '*C dates from bulk sediment samples (Seppa,
1996) and has been used in quantitative climate reconstructions of the GS-1 (Younger
Dryas) to early Holocene transition (Seppa et al., 2002).

Further south along the Norwegian coast palynological studies at three lakes on the
island of Andeoya in the Vesterdlen islands have yielded long late Weischselian
sequences: Endletvatn ca 18 *C ka BP (Vorren, 1978); Nedre A rasvatn ca 20 “C ka
BP (Vorren et al., 1988); and @vre /rasvatn ca 22 *C ka BP (Alm, 1993). These
records provide evidence of a unique early deglaciation in the Scandinavian peninsular
(Birks et al., 1994). Here also, the chronology is not detailed but bulk sediment
radiocarbon dates again conform to the biozones of Mangerud et al. (1974). For the
Lateglacial and early Holocene period, only Nedre Ardsvatn provides a complete
record since the other two sequences are incomplete due to low sedimentation rates
and several hiatuses (Birks et al., 1994). Analyses of the plant macrofossils at this site
has improved the resolution such that the oscillations of GlI-1 (Lateglacial Interstadial),
including Gt-1d (Older Dryas) are differentiated (Alm and Birks, 1991).

In the Sunnmare area, a more recent multi-proxy study (including pollen) has led to the
reconstruction of the palaeoclimate at Krdkenes, with special emphasis on the
development of the Lateglacial and early Holocene aquatic ecosystem of the Lake
(Birks et al., 2000a). The chronology is developed for one core only, with AMS
radiocarbon measurements made on terrestrial plant material, except for the early
Holocene where the humic fraction of bulk sediment samples was used. The Holocene
dates were calibrated using the Hohenheim dendrochronology and for the Lateglacial
by approximation from the Lake Suigetsu chronology (Gulliksen et al., 1998). This age
depth model is supported by the fact that the dates attributed to the two tephra layers
identified at the site, the Saksunavatn Ash and the Vedde Ash, closely match the GRIP
ice-core ages for these tephras (Birks et al., 2000a). There appears to be no
differentiation of Gl-1d (Older Dryas) at this site.

In the Rogaland area of southwest Norway a suite of four Lateglacial lacustrine sites
have been studied by Aage Paus, covering the Lateglacial and early Holocene at Utsira
(Paus, 1990), and the Lateglacial at Sandvikvatn (Paus, 1988), Liastemmen (Paus,

1989b) and Eigebakken (Paus, 1989a), and further north in the area of Sunnmare, a
7tsi\fe at‘ 'Le'rété‘c»iuvétn -'(Kfi’éﬂti'aﬁ'se‘n et al., 1588). None of these sites have a detailed
chronology although there are a few radiocarbon dates that conform to the biozones of
Mangerud et al. (1974) (Birks et al., 1994).
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The Late Weichselian and Holocene vegetation and environmental history of the
northern Timan Ridge, European Arctic Russia, is documented from the LGM up to the
present (Paus et al.,, 2003). The chronology for the site is calibrated according to
Stuiver et al. (1998a) and developed from sixteen calibrated AMS dates (usually on
terrestrial macrofossils) with seven conventional radiometric dates on bulk sediments
and peat, and two TL-dates. Thus providing the most robust correlation of some of the
key events during the lateglacial and early Holocene for comparison with this study.
(see Figure 2 for locations).
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4.1 Fieldwork

The cores were taken using Wright-modified square-rod piston corers (Livingstone) of
5cm and 7.5cm diameter (Wright, 1979).

Lochan An Druim (~ 0.5 ha. surface area) was cored in March 1999, from a floating
platform (2.2 x 2.8m) secured by cross ropes in the open water (see Plate 3). The raft
surface was taken as datum, and all depth measurements hereafter are given as
metres below this datum.

A set of overlapping cores were taken 30cm apart, using the 5cm diameter corer, from
the open water in the middle of the lochan, where the sediment water interface was
2.5m below datum (see Figure 6). These cores yielded 9.5m of sediments, with ~1.6m
of Lateglacial sediments, and bottomed on sand. The two cores taken were
differentiated LAD1 and LAD2, where LAD2 was used for most of the analyses, with
LAD1 used only when additional material was needed. The core used by Birks (1984)

was recovered from the dense Phragmites australis fen on the west side of the lochan.
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Nikkupierjav'ri (~ 20 ha. surface area) was cored in April 2001, from a small wooden
platform over a hole (20 cm diameter) drilled in the frozen lake surface (see Plate 4).
The platform surface was taken as datum, and all depth measurements hereafter are

given as metres below this datum.

The topography of the surrounding land was assessed to estimate the deepest part of
the lake, which was likely to hold the maximum amount of accumulated sediment. To
find a suitable position for coring, several locations were investigated by drilling through
the ice and measuring the depth with a weighted line. Water depth was a limiting factor,
since the time and effort required to recover a core was sensibly restricted to ~15m of
coring equipment. Several locations were tried before optimum conditions were found,
i.e. the deepest possible location in an area where sediment accumulation would be

greatest.

A set of overlapping cores taken ~30cm apart, was recovered from the middle of the
narrowest part of the lake (see Figure 6 ), where the sediment water interface was 6m
below datum. These cores were taken with the 7.5cm corer and yielded ~3.5m of
sediments with ~2.5m of Lateglacial sediments, and bottomed on sand and stone.

At both sites the cores were extruded in the field, and the more fragile sections rolled
into plastic gutters to help maintain their structure. Field-notes were taken to record the
sequence of core sections, and outline lithologies were drawn. The core sections were
then wrapped in plastic film and aluminium foil to help retain moisture and for protection
from the air, which can cause oxidation of the minerals. The cores were labelled at this
stage, and the top of each section clearly marked. The cores were subsequently stored
at 4°C at Durham University; at this temperature there is no freezing action which

would damage fine sediment structures, but it is sufficiently cold to minimise fungal or
algal growth which are damaging to the organic content of the core.
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4.2 Laboratory Analysis

The laboratory techniques used for the palynological and geochemical studies are
described in the following sections.

421 Lithostratigraphy

The cores were split longitudinally using a cheese wire, to expose uncontaminated
sediments suitable for obtaining a photographic record, and then sub-sampling. At this
stage, the overall stratigraphy of both the cores suggested that the basal sediments,
from the bedrock to just beyond the sharp transition from minerogenic sediments to
gyttja, represented the Lateglacial and early Holocene (~1.6m at Lochan An Druim;
~2.5m at Nikkupierjav'ri). The stratigraphies have been described for these Lateglacial
and early Holocene sections, following a modification of the Troels-Smith system
(Troels-Smith, 1955) as proposed by Aaby and Berglund (1986) (see Tables 4 and 12)
and have been generated graphically using TILIAGRAPH (Grimm, 1997) (see Figures 8
and 22).

422 Sub-sampling Methods

All the core surfaces were scraped clean (by removing the outer ca. 2.5mm) prior to
any sub-sampling. Adjacent sub-samples for pollen and percentage loss on ignition
analysis were taken using a calibrated 0.5cm® circular brass sampler. These were
initially removed every 2 cm, with areas of particular interest, later resolved down to
icm intervals. Sub-samples for pollen analysis were stored under glycerol, in glass
vials, until they could be analysed; the loss on ignition sub-samples were transferred to
weighed porcelain crucibles and analysed directly. A ruler and spatula were used to
measure and remove contiguous blocks (5cm x 1cm x 1cm) for tephra analysis, and
also to remove smaller regular segments for sieving for macrofossils, potentially
suitable for radiocarbon dating.

423 Analytical Methods

The methods are described for estimating the organic content of the sediment sub-
samples, and for extracting and preparing suitable samples for radiocarbon dating. The
techniques used in the preparation and identification of pollen and cryptotephra are
outlined.
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4231 Estimation of the Organic Content of the Sub-samples

The estimate of organic content for each sub-sample by calculating the percentage
loss on ignition (dry weight) can be used to infer past biological productivity and provide
information to help select potential levels for sampling for macrofossils and can provide
a potential for core correlation. In addition this calculation conversely provides
information about the erosion of sediment from the surrounding landscape as

represented by the degree of mineral inwash into the basin.

Sediment sub-samples of 0.5cm® were dried in porcelain crucibles of known weight, in
a fan oven at 105°C for ~12 hours, and allowed to cool in a desiccator before being re-
weighed to get a dry weight. Samples were then transferred to a muffle furnace and left
overnight at 550°C, and then allowed to cool in a desiccator before re-weighing to get
an ignited weight (Dean Jr, 1974). The percentage loss on ignition (LOI) (dry weight)
was then determined as follows:

%LOI of sample (dry weight) = [(dry weight - ignited weight) / dry weight] x 100

Data are displayed within the pollen diagrams (see Figures 15 and 23, 8 and 22) and a
table of data is provided in Appendix Il.

4232 Preparation of Sub-samples for Radiocarbon Dating

The sub-samples for radiocarbon dating (~5cm®) were taken from strategic points,
chosen according to the sediment composition, pollen assemblage zones, the location
of cryptotephra horizons and the % LOI (dry weight) results (which gave an indication
of the potential amount of carbon). Sub-samples were washed over a 250um wire
mesh (the fine fraction was saved, labelled and stored), which collected any coarse
material that might be suitable for radiocarbon dating. This was subsequently examined
using a low power binocular microscope, Leica WILD MC3 with variable magnification
up to x60. Macrofossil remains of terrestrial higher plants, and where appropriate
macro-algae, i.e. seaweeds, were extracted and identified as far as possible, and then
cleaned of silt and other contaminants. The presence of other organisms was noted.
Samples were air dried overnight at 50°C, and an estimate of total carbon was made,
according to the type of material (http://www.radiocarbon.pl/samptypes.htm, 17.08.05)
and the weight of the dry sample. The material was then wrapped in aluminium foil and
samples were submitted for AMS '“C analysis at: the Angstrém Laboratory, Uppsala
University, Sweden; the NERC Radiocarbon Laboratory, SUERC East Kilbride,
Scotland; or th‘e'PzaAz'nan Radiocarbon -Labératdry', ul. Rubiez 46, PL-61-612 Poznan,
Poland.
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Terrestrial plant macrofossils were sought to date the tephra horizon S13 (see 5.1.3) at
Lochan An Druim but there was insufficient material found in the gyttja at this level and
a different strategy had to be adopted. A bulk sediment sample was used, however, as
there is a known problem with contamination from old carbon from the carbonate
bedrock at this site (Birks, 1984), a further bulk sediment sample coincident with the
closest possible plant macrofossil sample was also dated, in order to estimate a

correction for the contamination. Results are presented in Tables 5 and 13.

4233 Pollen Preparation Techniques and Identification

At the beginning of the analysis, sub-samples of 0.5cm® (organic) or 1cm?® (mineral, i.e.
LOI (dry weight) < 10%) were used; however, sub-sample size for the mineral sections
was later increased to 4 or 5cm® depending on the availability of material, in order to
increase the pollen count.

Pollen was extracted from the sediment sub-samples, and prepared for counts by
standard methods (Faegri and lversen, 1964; Huntley and Allen, 1989; Moore et al.,
1991). Where necessary, any residues or supernatants were transferred and washed
using distilled water, and unless otherwise stated, centrifugation was carried out for 5

minutes at 3000 rpm. The following treatments were carried out in sequence.

Absolute pollen counts were facilitated by the addition of a calibrated suspension of
Eucalyptus ficifolia grains. These were prepared from a dried sample of E. ficifolia
collected by Dr Paul Adam in New South Wales, Australia in 1998. The stamens were
separated from the flowers and soaked in 10% sodium hydroxide for 1 hour prior to
sieving through a 1804m nylon mesh. The suspension of pollen was then washed in
distilled water and acetolysed as per the method described below. The cleaned pollen
was suspended in 10% glycerol and calibrated using a haemocytometer slide. Three
batches were used: 48 000 [SD * 2.6] grains cm®; 33 000 [SD * 2.0] grains cm™®; and
30 000 [SD + 2.0] grains cm™. 1cm?® of a calibrated suspension was added to each sub-
sample prior to preparation.

Sub-samples were disaggregated in 10% sodium hydroxide (NaOH), heated in a
boiling water bath for 2-5 minutes and then sieved through a 10um nylon monofilament
mesh to remove the bulk of the clay size particles, which were discarded. Sieving was
then repeated using a 180um nylon monofilament mesh (i.e. the pollen fraction 10-
180um). The coarse fraction was collected for later examination of contents and
identification where possible.

Following disaggregation and sieving, excess cold 10% hydrochloric acid (HCI) was
added to the pollen fraction to test for and remove any carbonates (as indicated by
effervescence due to the production of carbon dioxide (CO,)), and then heavy liquid
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separation was used to remove the heavy mineral fraction. Residues were suspended
in a saturated zinc chloride solution (ZnCly; relative density > 1.9 g cm3), and
centrifuged for 15 minutes at 3000rpm.

Acetolysis was then carried out in order to remove cellulose (by acid hydrolysis). Pollen
samples were dehydrated by washing twice with glacial acetic (CH;COOH) acid and
then suspended in ~10cm® of a fresh mixture of acetic anhydride ((CH;C0),0) and
concentrated sulphuric acid (HSO,)(9:1), and heated in a boiling water bath for 2

minutes. After washing with glacial acetic acid (CH;COOH), samples were re-hydrated
prior to staining.

Pollen grains were stained with dilute aqueous safranin, and then dehydrated using
tertiary butyl alcohol (CsHyOH), before being suspended in silicone oil (viscosity
2000cs). A sample of the residue was then placed on a glass slide with further dilution
with silicone oil as necessary, and protected with a square cover slip which was
secured at the four corners with nail varnish. The combination of viscous oil and the
slightly elastic mounting for the cover slip allows, where necessary, the pollen grains to

be rolled when under the microscope objective lens, in order to aid identification.

Pollen grains, and spores of Pteridophytes and Sphagnum were counted using a
compound light microscope, either Leitz Dialux or Leitz Labourlux K, with regular
examination at a magnification of x400, and an oil immersion objective x1000 used for
more detailed inspection, anisole (C;HgO) being used as the immersion medium.
Traverses were counted at 1mm intervals across the slide and counts included any
grain that entered the field of view. The target count of 300-500 terrestrial polien grains
was not always achievable, especially in the more mineral sediments, so thresholds
were chosen according to specific conditions as outlined in sections 5.1.4 and 6.1.4.
These data are presented in both proportional and absolute terms using traditional
pollen diagrams generated in TILIAGRAPH (Grimm, 1997) (see Figures 15, 16, 23 and
24). The pollen diagrams include both a % LOI (dry weight) curve and a curve for the
total concentration of terrestrial polien, where an indication of the frequency of
sampling is expressed as bars on these curves. The terrestrial pollen sum for each
sub-sample is indicated on the percentage pollen diagrams. Indeterminable grains
have been classified into four groups according to Birks (1973): deteriorated
(degraded+corroded), obscured, crumpled and broken. However, for presentation
purposes these numbers have been combined, together with the number of grains that
.could not be identified, and used to give one figure for all indeterminable grains.

Relative proportions of each taxon, and the indeterminable pollen, are plotted with
respect to the given pollen sum as indicated below. In order to examine the regional

vegetational history the terrestrial pollen sum excludes obligate aquatic plants and taxa

61



that represent the local lowland mire vegetation (Janssen, 1976-7; Prentice, 1988).
Pinus has also been excluded from the terrestrial pollen sum. There is no Lateglacial or
early Holocene macrofossil evidence for Pinus at Lochan An Druim (Birks, 1984), or in
more southerly areas of Scotland in either the Morrone Birkwoods (Huntley, 1994) or
Abernethy forest (Birks and Mathewes, 1978), nor is Pinus represented as far south as
Llanilid in South Wales (Walker et al., 2003). According to Huntley and Birks (1983) the
earliest colonisation of Pinus dates to ca 8.8 ka BP (8.0 "*C ka BP). Similarly, for
Nikkupierajav’ri, there is no Lateglacial or early Holocene macrofossil evidence for
Pinus in northern Finnmark at this time, and according to Huntley and Birks (1983) the
earliest colonisation of Pinus here dates to ca 7.8 ka BP (7.0 '*C ka BP). Jensen and
Vorren (2002) have found evidence of Pinus macrofossils and suggest that the first
Pinus individuals may have become established ca 9.7 to 9.6 ka BP in central Troms
(approximately 600 km south west of Nikkupirerajav'ri. Therefore it is proposed that the
presence of Pinus pollen at either of the study sites would not indicate a local or even
regional presence for this taxon (see 5.1.4 and 6.1.4). Therefore, pollen sums are
specified as follows for selected taxa: Terrestrial Pollen (ZTP), i.e. Arboreal Pollen
minus Pinus (AP) plus Non-Arboreal Pollen (NAP); Terrestrial Pollen and Terrestrial
Pteridophyte Spores (XTP + ZPS); Terrestrial Pollen and Aquatic Pollen (including
Sphagnum) (TP + ZAP); Terrestrial Pollen and indeterminable Pollen (XTP + ZIP). In
addition, proportional curves for Pinus have been developed individually for each site

by including the Pinus count in the ZTP, i.e. AP plus Pinus, plus NAP.

Absolute pollen counts have been calculated with reference to the Eucalyptus ficifolia
counts, (i.e. a known quantity of exotic grains were added to a specific volume of wet

sediment) giving pollen concentration values [Pollen Sample] as follows:
[Pollen Sample] grains cm® =

Pollen Counted x [Eucalyptus Spike] x Volume Eucalyptus Spike / Eucalyptus Grains
Counted x Volume of Sample

Data tables are given in Appendix il.

Identification of pollen grains and spores of Pteridophytes and Sphagnum was carried
out to the lowest possible taxonomic category following the set of conventions for
naming the morphological categories proposed by Birks (1973) and used by Moore et
al. (1991). Pollen identification was based principally on Moore et al. (1991) and the
substantial photographic collection by Reille (1992), as well as the reference collection
Held at the University of Durham. Pollen nomenclature follows that recommended by
Berglund and Ralska-Jasiewiczowa (1986) and plant nomenclature follows that used in
the Flora Europaea (Tutin et al., 1964-1993).
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cryptotephra particles from mineral-rich lacustrine sediments. Where necessary, any
residues or supernatants were transferred and washed using distilled water, and unless
otherwise stated, centrifugation was carried out for 10min at 2500 rpm. Standard
methods, which included the following series of treatments, were carried out in

sequence.

Acid digestion of the sediment sub-samples was carried out by refluxing in hot
concentrated nitric acid (HNO;) for 90 minutes at ~180°C, which removes the organic
and calcareous material (Daniell et al., 2000). The residue was then heated in 0.3M
sodium hydroxide (NaOH) for ca 3 hours at 80-90°C, to remove as much of the
biogenic silica as possible (this leaves the more robust forms of silica, amorphous and
minerogenic) (Rose et al.,, 1996). It was then sieved through a 10um nylon
monofilament mesh to remove fine silt and clay particles. Heavy liquid separation,
using sodium polytungstate (Nag(H.W12040).H20) as a flotation medium, was then used
to remove the heavier material and hence concentrate any cryptotephra particles
present. A relative density value of 2.5 g cm™ was chosen as the optimum density for
recovering the rhyolitic cryptotephras that might be encountered at these study sites
(Turney et al., 1997). Residues were suspended in the solution and centrifuged for 20
minutes at 2500rpm. Following this treatment some samples were found still to be
contaminated with large quantities of diatoms; these were mostly removed by a further
density separation at a relative density of 2.0 g cm™.

For the first set of samples (5cm® ‘vertical’), the residues were slowly pipetted onto
warm microscope slides, allowing the water to evaporate, before being mounted in
Canada Balsam. Cryptotephra shards were then identified by optical examination using
a polarizing light microscope Leica DM/LM. Slides were initially examined with crossed
polars and a 1A compensator inserted, at a magnification of x100, in order to identify
isotropic grains. These were then examined critically at a magnification of x400 using
the Becke Line Method (Strobier and Morse, 1994), in which plane-polarised light is
used to determine the sign of relief of the isotropic grains. Using this method, when the
distance between the sample and the objective is increased, the Becke Line appears in
the material of higher refractive index (n); i.e. where n ¢ypiotephra< N canada baisam (1.54) the
relief is negative. Cryptotephra shards were subsequently positively identified on the
basis of their morphology and relief (cf (Dugmore et al., 1995; Mangerud et al., 1984),

and the presence of shards per sample was recorded.

For the second set of samples (5cm® ‘horizontal’), the residues needed to be retained
for subsequent geochemical analyses, so they were each made up to 0.5cm® with
distilled water, and a single drop was mounted and examined, and then returned to the
tube. Tephra shards were positively identified on the basis of their morphology, and the
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total number of shards per drop (i.e. the residue from a 5cm® sample of wet sediment
suspended 0.5cm® of distilled water) was recorded. Results are presented in Table 6
and Figure 9.

The residues from the samples with peak shard counts were dried on duplicate frosted
glass slides, where specific areas had been marked out and labelled for each sample.
The grains in each discrete area were then incorporated into an epoxy resin by mixing
with a fine wooden stick and left overnight to cure. The dried resin films were ground to
a uniform 75um, and then polished using first 64m and then 1zm-diamond paste, and
where necessary slides were cleaned in an ultrasonic bath. Both slides were carbon
coated prior to geochemical analysis, and the ends of the slides and the sample areas
on each slide were connected with aquadite to improve electrical transmission (A J
Newton Pers. Comm.).

Quantitative geochemical analysis of the micro-tephra shards was undertaken on a
CAMECA SX100 Electron Probe Microanalyser, at the Tephrochronology Analytical
Unit, Department of Geology and Geophysics, University of Edinburgh, UK. Nine major
elements were measured, using a standard WDS (wavelength dispersive spectrometry)
technique with an accelerating voltage of 20keV, a beam current of 4nA, and with a
raster beam size: scan:5.0um. Calibration was carried out using standards of known
composition (pure metals, synthetic oxides, and simple silica compounds), and at
regular intervals throughout the analytical sessions an andradite (Ca; Fe, Siz 042)
sample of known composition was analysed to control for any variation in the machine
operating conditions. Sequential acquisition of elemental data with the WDS technigue
enables monitoring of sodium mobilisation. A rejection threshold for shard data, of
95%, was applied because totals in the range 95-97% are consistently reproducible
from tephra found at British sites. Lower totals are probably a reflection of partial
alteration of the volcanic glass which increases with increasing vesicularity, reducing
glass thickness and increasing surface area to volume ratios (Dugmore et al., 1995).
The results are presented in Tables 7, 8 and 9.

4.3 Data Analyses

Independent chronologies have been developed for both stratigraphies, with age-depth
models (cal yrs BP, m(BD)) using various combinations of (a) ages for the tops of the
cores (-49 yrs for Lochan An Druim, and -51yrs for Nikkupierjav,ri), (b) the accepted
AMS radiocarbon dates, (c) literature dates associated with the known tephra horizons
and (d) published palynological dates. The sediment stratigraphy was then used as a

guide to major changes in sedimentation rate so that linear segments or polynomial
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curves could be extrapolated to these boundaries in order to complete the model.

Hence, the sample ages have been determined by interpolation.

Pollen diagrams have been drawn using TILIAGRAPH (Grimm, 1997). and
CorelDRAW™. Taxa have been grouped into arboreal pollen taxa and non-arboreal
pollen taxa, terrestrial Pteridophytes, and aquatics (including Sphagnum), and plotted
against a continuous age scale interpolated from the age-depth model! (a depth scale is
also presented for reference). Exaggeration x10 has been used to better illustrate the
less abundant taxa. Data for all taxa are presented in Appendices Ill and IV, but
summary diagrams with selected taxa have been used to best illustrate the trends that
are discussed throughout the text (see Figures 15 and 23). An individual proportional
curve for Pinus has been plotted with respect to an (AP+NAP) sum that includes Pinus,

since this pollen curve can provide information relating to its remoteness from the site.

Pollen influx diagrams (grains cm? yr') for selected taxa have been developed in
combination with the age-depth models, with estimates obtained by multiplying the
observed pollen concentration (grains cm™®) by sediment deposition time (cm yr') (see
Figures 16 and 24).

The coarse fraction of the pollen sub-samples contains material that is representative
of the local flora and fauna and presence/absence data have been tabulated and used
to help interpret the pollen record. However, these data do not contribute to the
numerical and systematic data analyses, which are aimed at interpreting the regional
signal (see Figures 17 and 25).

Analysis of these palynological data has involved the use of several different methods
in order to infer the character of the palaeovegetation and palaeoenvironment at the
two locations. Initially, subjective qualitative techniques were used and these were

subsequently developed further by applying systematic quantitative analysis.

4.3.1 Descriptions of the Pollen Zones

The pollen stratigraphical sequences have been sub-divided into a series of local
pollen assemblage zones (LPAZs), on the basis of variations in the relative curves for
the principal taxa (typically, Betula, Ericales, Gramineae etc.), and guided by a
constrained incremental sum of squares (CONISS) analysis using data for all terrestrial
taxa, and carried out within the TILIA program (Grimm, 1987). These LPAZs are used
as a framework in which to discuss the palaeovegetation and inferred
_.palaeoenvironment at each. study site (see Figures 15 and 23).

66



43.2 Systematic - Quantitative Analysis

The regional palaeovegetation and palaeoenvironment represented at both study sites
have been quantitatively re-constructed enabling inference of the prevailing climatic
factors.

A systematic method for pollen-based palaeobiome reconstruction, initially developed
by Prentice et al. (1996) has been applied to the proportional pollen data from all the
arboreal and non-arboreal pollen taxa. This provides a basis for quantitative inference
of the regional palaeo-macroclimate since each palaeobiome has a modern analogue
that is associated with a particular range of climatic conditions (Prentice et al., 1992).
This method uses two key rule-sets. The first allocates each pollen taxon to one or
more of a set of plant functional types (PFTs) which have been defined according to
the stature, leaf form, phenology and climatic adaptations of the plant species
contributing to the pollen taxon (Prentice et al., 1992). The second rule-set determines
those PFTs that contribute to the affinity score for each of a set of inferred biomes. It is
based upon the relationships between the patterns of occurrence of pollen of each PFT
in surface samples and the biomes from which those samples are derived (Allen et al.,
2000). This assignment of PFTs to biomes has been modified by Tarasov et al. (1998)
to improve the distinction between the non-arboreal warm and cool steppes. This was
done by broadening the scope of criteria for selecting PFTs by assigning a wider range
of herbaceous and arboreal taxa across the set, then-modifying the rule sets used to
assign PFTs and biomes. An additional step was then added to the biomization
process to use evidence from the tree taxa represented in the pollen spectrum to
determine the eventual PFT assignments of herbaceous and shrub taxa that may
ambiguously represent either cool or warm steppe. The rule sets that apply to this

study and which are used in this method are presented in Tables 2 and 3.

The data for Pinus have not been included in this analysis. The argument for Pinus not
being established in the vegetation at either site is discussed in section 4.2.3.3, and
since the data used to develop the palaeobiomes uses proportional data, it was felt that
the inclusion of Pinus could influence the final biome determinations, particularly at

Nikkupierjav'ri where the Lateglacial pollen counts were especially low.

67




Table 2

Assignment of the pollen taxa in this study to plant functional types (PFTs).

tree/shrub/liane.

PFT
code PFT Pollen taxa
Oxyria-type (mountain sorrel), Polygonaceae undiff. (dock
cgs cool herb/shrub and knotweed family), Rumex (dock).
Armeria (thrift), Cruciferae (Brassicaceae) (cress family),
wgs warm herb/shrub Crassulaceae (stonecrop family), Hypericum (St John's
wort).
Caryophyllaceae (pink family), Compositae (Asteraceae)
(daisy family), Compositae subfam. Tubuliflorae
(Asteroideae) (aster sub-family), Compositae subtam.
Liguliflorae (Cicharioideae) (chicory sub-family)
Chamaenerion (rosebay willowherb), Filipendula
sf steppe forb/shrub (meadowsweet), Galium-type (bedstraw), Geum (avens),
Plantago undiff. (plantain), Potentilla (cinquefoil),
Ranunculaceae (buttercup family), Rosaceae undiff. (rose
family), Thalictrum (meadow rue), Umbelliferae
(Apiaceae) (carrot family), Urtica (nettie).
Artemisia (wormwood), Chenopodiaceae (goosefoot and
sf/df steppe/desert forb/shrub orache family).
g grass Gramineae (Poaceae)(grass family).
h Heath Ericales (heath family), Calluna (ling).
S sedge Cyperaceae (sedge family).
o Betula nana-type (dwarf birch), Dryas octopetala
aa :Liﬂg /ﬁlgrlge dwarf (mountain avens),Saxifragaceae (saxifrage family),
Saxifraga cf. S. stellaris (starry saxifrage), Salix (willow).
ab arctic/boreal herb Rubus chamaemorus (cloudberry).
bs boreal summergreen tree | Betula (birch).
ac eurythermic coniferous Juniperus-type (juniper), Pinus subgen. Diploxylon (yellow
tree/shrub pine).
boreal/temperate . .
bts summergreen shrub Cornaceae (dogwood family), Sorbus (mountain ash).
boreal/temperate o
bsits | <im mergreen tree/shrub Alnus (alder), Populus (poplar), Salix (willow).
temperate summergreen )
ts tree/shrub/liane Quercus robur-type (oak).
cool-temperate -
ts, summergreen tree/shrub Corylus (hazel), Tilia (lime), Ulmus (eim).
warm-temperate
ts, summergreen Cannabaceae (hemp family).
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Table 3

Assignment of plant functional types (PFTs) found in this study, to the appropriate

biomes
Biome PFTs
cold mixed forest (h), bs, ec, bsfts, (ts4), ab
temperate deciduous forest (h), bs, ec, bts, bsfts, ts, ts;
cold deciduous forest (h), bs, ec, (ab)
warm steppe wgs, sf, sf/df, g
cool steppe cgs, sf, st/df, g
shrub tundra / dwarf-shrub tundra / prostrate
shrub tundra / cushion-forb-lichen-moss g, h, s, aa, ab
tundra

Note 1) - PFTs in parentheses are restricted to part of the biome.

The results of biomization of the pollen spectra for Lochan An Druim are presented in
Figure 19 and for Nikkupierjav'ri in Figure 27. The assigned biomes are shown plotted
along a stratigraphic plot of sample scores on the first axis of the detrended
correspondence analysis (DCA) of the proportional pollen data, which was carried out
within the TILIA program (Grimm, 1987).

The influence of climate on terrestrial plants has been shown to be expressed through
at least three distinct controlling variables: tolerence of low temperature extremes;
requirements for accumulated warmth during the growing season; and tolerence of
moisture deficiency (Huntley, 2001). The case has been made for using these three
bioclimatic variables together to determine species’ overall range (e.g. Huntley et al.,
1995; Sykes et al., 1996). These indicative climate variables are expressed as: the

mean temperature of the coldest month (MTCO °C); the annual temperature sum

above 5°C (GDD5 degree days); and the estimated ratio of actual to potential

evapotranspiration (AET/PET).

Biomization implicitly infers a broad range of indicative climate variables, since each
biome is developed from several different PFTs. For example, the presence of the
‘temperate deciduous forest’ biome implies that the MTCO lies above -15°C, the GDD5
is above 1200° days, and the AET/PET is high, generally above 0.8, although
temperate summergreen trees can occur as long as AET/PET is above 0.65. This
approach, however, does not directly utilise the large amount of quantitative
information provided by the palynological data (Alien et al., 2000). In order to improve

the quantitative estimates of palaeoclimates made by biomization, the method of
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pollen-climate response surfaces, developed by Bartlein et al. (1986) and Huntley
(1993) has been applied to the palynological data.

These palaeoclimate reconstructions, following Huntley (1993), use pollen-climate
response surfaces fitted to pollen data for 7816 surface samples, which provide direct
analogues from across the temperate and boreal latitudes of the northern hemisphere.
These are fitted in a three-dimensional climate space derived from an extensive
modern climate database (Leemans and Cramer, 1991), with axes of the indicative
climate variables MTCO, GDD5 and AET/PET. All the major taxa and some of the
minor taxa that have climate indicative value' are utilised, and actual values are
calculated using the algorithms of the Prentice et al. (1992) BIOME model. Potential
analogue pollen spectra are then interpolated at intervals of 1°C for MTCO, 100 degree
days for GDD5 and 0.025 for AET/PET. This process serves to smooth the data,
thereby removing some of the ‘noise’ and it also eliminates any problems associated
with replication in the sample set (i.e. a cluster of samples in the same area providing a
majority of the ten closest samples identified in the subsequent analysis using fossil
pollen). Each fossil pollen spectrum was compared with the response surface in order
to identify the “closest” 10 interpolated analogues, but subject to the constraint that
they represented the same biome as had been reconstructed for the fossil pollen
spectrum. This “closeness” distance is measured in terms of chord distance that
expresses the degree of analogy (i.e. dissimilarity). Reconstructed bioclimate values
were then calculated as the distance-weighted mean of the values for these 10 closest
analogues. The mean chord distance indicates the overall reliability of the
reconstructed value, and the standard error provides an indication of the likely
precision.

The results of the palaeoclimate reconstructions for Lochan An Druim and

Nikkupierjav'ri are discussed in section 5.2.4.2.
4.3.3 Land - Sea - Ice Correlations

The GRIP event stratigraphy scheme provides a standard profile for the entire North
Atlantic region (Renssen and Isarin, 2001a). This sequence of climatic events, as
recognised in the GRIP ice-core record and recommended by INTIMATE (Bjérck et al.,
1998; Walker et al., 1999) as the standard for comparison, has been used throughout
this study. It provides a framework for the interpretation of the individual study sites and

a means of teleconnection between the study sites. The GRIP 60 record (Dansgaard

! Abies, Alnus, Betula, Carpinus betulus, Castanea, Cedrus, Corylus, Ephedra, Fagus,
Juniperus-type, Larix, Olea, Ostrya-type, Phillyrea, Picea, Pinus subgen. Diploxylon, Pinus
subgen. Haploxylon, Pistacia, Quercus robur-type, Quercus ilex-type, Salix, Tilia. Ulmus,
Antemisia, Chenopodiaceae, Cyperaceae, Ericales (Ericaceae plus Empetrum) and Gramineae
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et al., 1993; Johnsen et al., 1992) has been plotted alongside the appropriate summary
diagrams for Lochan An Druim and Nikkupierjav'ri with their own independent
timescales (calibrated *C years BP for the pollen records, with GRIP ice-core years
(Johnsen et al., 1997)) (see Figures 15 and 23). Marine data indicating deglacial
surface circulation changes in the northeastern Atlantic recorded off northwest
Scotland (Kroon et al., 1997) are also provided for correlation (see Figure 28). Marine
data from the eastern North Atlantic documenting rapid changes in ocean circulation
and SSTs (Birks and Kog, 2002; Kog et al., 1993) are also discussed.
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The Lateglacial and early Holocene

Palaeovegetation and Palaeoenvironment at Lochan An Druim
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5.1 Results

5.1.1 Sediment Stratigraphy

A description of the sediments for the Lateglacial and early Holocene section of the
core from Lochan An Druim is presented in Table 4. The lithological boundaries are

identified, principally according to the proportion of organic material.

Sedimentation commences at 12.18m(BD), which provides evidence for deglacial
activity and hence gives a projected date for deglaciation beyond 15.0 ka BP. The
lowermost 1.6m of sediments from the core LAD2, contain the ‘tripartite’ lithological
sequence typical of Lateglacial successions in Britain (e.g. Lowe and Walker, 1986;
Walker et al., 1988; Walker and Lowe, 1990): minerogenic-organic-minerogenic,
underlying the uniformly organic sediments of the Holocene. This sequence
commences with a minerogenic basal unit of glacial sand and clay (Lith1), with a well
defined lithostratigraphic boundary at 12.00m, at the onset of some organic
accumulation. This is overlain by 0.35m of organic rich silts and clays (Lith2), divided
by a fine organic band (6mm) at 11.782m. These are in turn overlain by a
predominantly minerogenic unit, 0.47m of silts and clays (Lith3), with two organic
bands between 11.30 and 11.33m. There is a well defined boundary at 11.18m, above
which lie the organic rich gyttja sediments (Lith4), which extend to the lake bed.
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The %LOI (dry weight) curve (see section 5.1.6 below) supports these broad divisions
with very low values in the minerogenic units Lith1 (mean 1.08 [SE +0.11]) and Lith3
(mean 4.77 [SE +0.18)) excluding the organic band about 11.32m), and higher values
in the more organic units Lith2 (mean 13.04 [SE +1.56]) and Lith4 (mean 39.86 [SE
+1.54)).

51.2 Radiocarbon Chronology

The sample information and the results of AMS radiocarbon dating of terrestrial
macrofossils and bulk sediment samples are shown in Table 5. The results are
corrected for isotopic fractionation by normalising to -25%. relative to PDB standard
using measured 6'°C values. These AMS radiocarbon dates have been calibrated
using CALIB REV4.4.1, using the calibration data set INTCALO9S, based on
dendrochronologically dated tree rings, uranium-thorium dated corals and varve-

counted marine sediment (Stuiver et al., 1998a).

The results for the plant macrofossil samples RC1, RC2, RC3, RC4 and RC8(2),
present a chronological sequence with depth (Samples RCS and RC6 are from the
study site Nikkupierjav'ri). However, it was considered that the results for RC3 at
11.65m and RC4 at 11.28m were indistinguishable, since their ranges overlapped, so
these have been averaged to give one date of 12,335 cal yrs BP at 11.435m. Results
for RC8(1), RC8(2) and RC7 are discussed in section 5.1.3.
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513 Tephrochronology

Analyses of the first run of tephra extractions (5cm?® ‘vertical’) identified four horizons
containing cryptotephra (size range 10-100um): (1) 10.87 — 10.96 (S13); (2) 11.12 -
11.16; (3) 11.32 — 11.36 (S21); and (4) 11.82 — 11.96. Subsequently, analyses of the
second run of extractions (5cm?® ‘horizontal’) provided a quantitative estimate of the
peak counts (see Table 6, peak counts in bold), and the spread of shards about that
point for each horizon (see Figure 8)

Table 6
Number of shards of cryptotephra per drop (tephra float from 5cm® wet sediment in
0.5cm® distilled water).

Horizon Depth m(BD) Sample no. shards
1 10.87 5
10.88 11
10.89 9
10.90 61
10.91 30
10.92 128
10.93 290
10.94 S13 600+
10.95 10
10.96 55
2 11.12 1
11.13 0
11.14 2
11.15 1
11.16 4
3 11.32 S21 21
11.33 3
11.34 1
11.35 0
11.36 0
4 11.82 0
11.83 0
11.84 0
11.85 0
11.86 S30 9
11.87 1
11.88 0
11.89 2
11.90 1
11.91 3
11.92 0
11.93 0
11.94 0
11.95 0
11.96 0
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Figure 8

Graph of the number of shards of cryptotephra per drop (tephra float from 5cm® wet
sediment in 0.5cm° distilled water).

The peak count in horizon 1 (sample S13) at 10.94m, was very clear but not well
defined, with the bulk of the spread above suggesting some bioturbation for ~7cms.
The individual counts in horizon 2 were consistently low, and it was considered that
there was insufficient material for further analysis on this occasion. The peak counts in
horizons 3 (sample S21) and 4 (sample S30), at 11.32m and 11.86m respectively,
were both abrupt with only a small spread of shards 1 — 2 cm below. This would
indicate more stable conditions than in horizon 1, with movement due only to migration

of the shards caused by to gravitational sorting.

The levels with peak counts of cryptotephra (S13, S21 and S30) were re-sampled for
quantitative geochemical analyses. The results are shown in Tables 7, 8 and 9.
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Table 7

The major oxide concentrations of individual glass shards in sample S13. All oxides are

shown as weight percent, and total iron is expressed as FeO.

No. Si0, | TiO, | A1,0; | FeO | MnO | MgO | CaO | Na,0 | KO | Total
1 7228 | 0.18 | 1191 | 285 | 0.06 | 0.07 | 0.36 534 | 452 | 97.57
2 7067 | 0.16 | 1225 | 3.03 | 0.07 | 0.07 | 0.35 5.65 | 4.18 | 96.43
3 70.80 | 0.15 | 1233 | 275 | 0.08 | 0.08 | 0.38 | 539 | 4.41 | 96.36
4 7119 | 016 | 1211 | 270 | 0.13 | 0.06 | 0.35 534 | 429 | 96.32
5 7058 | 0.09 | 13.09 | 242 | 015 | 0.08 | 0.20 | 535 | 4.19 | 96.24
6 7143 | 013 | 11.87 | 2.84 | 0.08 | 0.06 | 0.35 5.07 | 4.27 | 96.09
7 7065 | 0.17 | 1190 | 290 | 007 | 0.07 | 038 | 536 | 4.45 | 95.96
8 70.80 | 0.17 | 11.72 | 2.96 | 0.08 | 0.04 | 0.38 5.37 | 4.44 | 95.95
9 71.05 | 0.16 | 11.83 | 2.88 | 0.10 | 0.05 | 037 | 5.09 | 4.33 | 95.85
10 70.94 | 0.16 | 1162 | 277 | 0.12 | 0.08 | 0.41 5.46 | 4.26 | 95.82
1" 70.71 | 012 | 1202 | 259 | 0.12 | 0.04 | 0.40 | 4.84 | 443 | 95.27
12 70.81 | 017 | 11.79 | 2.96 | 0.00 | 0.06 | 0.40 4.88 | 4.16 | 95.22
13 70.16 | 0.17 | 12.02 | 256 | 0.07 | 004 | 0.35 | 5.17 [ 4.48 | 95.00

mean | 70.92 | 0.15 | 12.03 | 279 | 0.09 | 0.06 | 0.37 525 | 4.34 | 96.01

1SD 0.51 002 | 0.37 | 018 | 0.04 | 0.01 0.03 | 023 | 0.12 | 0.65

Table 8

The major oxide concentrations of individual glass shards in sample S21.

shown as weight percent, and total iron is expressed as FeO.

All oxides are

No. si0, | Tio, | ALO; | FeO | MnO | MgO | CaO | Na,O | KO | Total
1 7097 | 027 | 1348 | 383 | 023 | 023 | 1.34 | 466 | 3.47 | 98.47
2 69.99 | 023 | 1299 | 372 | 0.16 | 0.18 | 136 | 511 353 | 97.28
3 69.77 | 0.28 | 1321 | 3.47 | 0.18 | 0.24 | 1.30 522 | 3.55 | 97.22
4 69.37 | 032 | 1329 | 380 | 0.12 | 0.19 | 129 | 534 | 3.31 | 97.03
5 69.70 | 0.21 | 13.06 | 3.87 | 0.14 | 0.21 127 | 4.89 | 3.40 | 96.75
6 68.34 | 0.20 | 13.26 | 392 | 0.19 | 0.21 1.31 4.96 | 3.45 | 95.85
7 68.69 | 0.29 | 12.81 | 3.70 | 0.06 | 0.24 1.32 5.15 | 3.42 | 95.65
8 68.36 | 0.27 | 1312 | 3.88 | 0.23 | 0.20 | 1.33 498 | 3.28 | 95.64
9 68.59 | 0.23 | 1293 | 357 | 006 | 0.22 | 1.23 534 | 3.37 | 9554
10 68.43 | 023 | 1300 | 369 | 0.13 | 023 | 120 | 503 | 3.37 | 95.38
1 69.75 | 0.28 | 12.95 | 3.87 | 0.10 | 0.23 | 1.30 3.34 | 3.16 | 94.97

mean | 69.27 | 0.26 | 13.10 | 3.76 | 0.14 | 0.21 1.30 4.91 3.39 | 96.34

1SD 085 | 004 | 020 | 014 | 006 | 0.02 | 004 | 056 | 0.11 1.07
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Table 9
The major oxide concentrations of individual glass shards in sample S30. All oxides are

shown as weight percent, and total iron is expressed as FeO.

No. si02 | Tio2 | A1203 | FeO | MnO | MgO | CaO | Na20 | K20 | Total
1 7459 | 0.10 1276 | 1.37 | 0.00 | 0.08 | 0.73 4.05 3.66 | 97.34
2 72.93 | 0.11 1297 | 120 | 0.02 | 0.06 | 0.82 4.57 3.38 | 96.06
3 73.45 | 0.11 1232 | 149 | 0.10 | 0.07 | 0.75 4.00 3.68 | 95.97
4 72.88 | 0.13 12.44 | 151 | 0.02 | 0.08 | 0.76 4.08 395 | 95.85
5 73.95 | 0.09 1234 | 1.37 | 0.00 | 0.07 | 0.74 3.63 3.47 | 95.66
6 73.30 | 0.09 1223 | 1.40 | 0.03 | 0.10 | 0.77 3.98 3.68 | 95.47
7 7252 | 0.12 1238 | 1.48 | 0.05 | 0.10 | 0.76 4.00 3.96 | 95.38
8 73.08 | 0.09 11.88 | 151 | 0.06 | 0.07 | 0.75 4.04 3.89 | 95.37
9 72.65 | 0.11 12.38 | 1.51 | 0.02 | 0.04 | 0.77 3.95 3.90 | 95.34
10 72.74 | 0.12 12.28 | 1.40 | 0.05 | 0.07 | 0.72 4.02 3.80 | 95.20
1 72.56 | 0.09 12.18 | 153 | 0.07 | 0.09 | 0.73 414 3.80 | 95.20
12 72.65 | 0.09 1242 | 146 | 0.03 | 007 | 0.75 3.97 3.67 | 95.10

mean | 73.11 | 0.10 12.38 | 1.44 | 0.04 | 0.08 | 0.76 4.04 3.73 | 95.66

18D 0.63 0.02 0.27 0.09 | 0.03 | 002 | 0.03 0.21 0.19 | 0.61

The three cryptotephra horizons can be clearly characterised and differentiated by their

major element geochemistry as illustrated by examples of two bi-plots in Figure 9.

Using a model based on Le Maitre (1989), a plot of potassium against silica
discriminates the three cryptotephra horizons but also illustrates their common
silicic/rhyolitic character, see Figure 11. All three fall into the high K area, which would
indicate that they all have Icelandic sources (http://www.geo.ed.ac.uk 19.08.05).
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The horizon S30 lies in Lith2, sediments of early interstadial age, and above the oldest
AMS date of 12625 "C yrs BP (14940 cal yrs BP). The Borrobol Tephra, dated in
Scotland at 12260 '“C yrs BP (14400 cal yrs BP) (Turney et al., 1997) and of Hekla
origin (Haflidason et al., 2000), is well documented in Scotland by Turney (1997), and
provides an obvious choice for comparison. The horizon $21 lies in Lith3, the stadial
sediments; the Vedde Ash of Katla origin (Haflidason et al., 2000) is also well
documented in Scotland (e.g. Davies et al., 2001; Lowe and Turney, 1997; Turney,
1998; Wastegard et al., 2000a). It has also been detected in the GRIP Greenland Ice
core and has been assigned an age of 11980 180 GRIP ice-core years BP (Gronvold

et al., 1995). This is also an obvious choice for comparison.

The ternary diagram in Figure 11 shows the ratio of calcium, iron and potassium. It
illustrates the similarities between the chemical signature of the S21 horizon and the
Vedde Ash (Bjorck and Wastegard, 1999; Turney et al., 1997; Wastegard et al., 1998;
Wastegard et al., 2000b) and of the S30 horizon and the Borrobol Tephra (Turney et
al., 1997). This supports the correlations: S21 with the Vedde Ash, and S30 with the
Borrobol Tephra. (Data from http://www.geo.ed.ac.uk/tephraexe/ 19.08.05).
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Figure 11

A ternary diagram of the ratio of calcium oxide (wt %), potassium oxide (wt %) and total
iron oxide (wt %), to compare the S21 and $30 horizons with the Vedde Ash and
Borrobol Tephras. The fields are defined by data from Tephrabase
(http://www.geo.ed.ac.uk/tephraexe/ 19.08.05).

The horizon S13 lies in Lith4, the early Holocene deposits, and this is confirmed by the
proximal AMS date of 8590 **C yrs BP or 9560 cal yrs BP. However, there is a dirth of
comparable known tephras around this time (Haflidason et al,, 2000; Wastegard,
2002). The three closest are: Lairg B dated ca. 6000 *C yrs BP, with Torfajékull as a
suggested source (Dugmore et al., 1995); SSn dated ca. 6-7000 "C yrs BP, with
SnaefeIISJokull as a suggested source (Boygle, 1999); and Hovsdalur dated ca. 10500
yrs. BP W|th SnaefeIISJokull as a suggested source (Wastegard 2002)

iz

Data from Tephrabase (http //www geo. ed ac. uk/tephraexe/ 19 08 05) for known early
Holocene Icelandic tephras with high potassium have been plotted in the ternary
diagram in Figure 12. These are: Lairg B (Dugmore et al., 1995); Snn (Boygle, 1999);
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and Hovsdalur (Wastegéard, 2002), and are plotted together with the data from horizon
S13. This illustrates both the compactness of the geochemical analyses for horizon
S13 and also its geochemical isolation from the three other known Holocene tephras
(although it is similar to three outlying samples from the Lairg B data, which has a
much larger chemical footprint).

However, care must be exercised when identifying an apparently novel tephra. It is not
necessarily the case that a unique geochemical signature is indicative of a previously
undiscovered tephra. Pollard et al (2003) have studied variations in the chemical
durability of tephra in the post-depositional environment, where cryptotephra shards,
which have a high surface to volume ratio, might be expected to undergo some
chemical alteration by leaching, particularly in an aqueous and possibly acid
environment. They applied established models of vitreous durability to the published
chemical analysis of a large number of Icelandic tephras, in order to predict their
relative durabilities under equivalent conditions. They conclude that tephras should be
expected to show predictable differential chemical stability in the post-depositional
environment. Their preliminary results show that some tephras are likely to be less
stable than others in any given depositional environment, and they rank the Borrobol
Tephra and Vedde Ash (rhyolitic) as essentially stable.

In the case of the cryptotephra in horizon S13, which shows a compact and
characteristic geochemical signature, it has been dated and this date is sufficiently
isolated from the other known tephras, to suggest that it is a new addition to the suite of
early Holocene tephras. It is therefore proposed that this is the first documented find of
this particular tephra that will hereafter be referred to as the ‘An Druim Tephra’ (see
(Ranner et al., 2005) in Appendix I).
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The Total Alkali (Na;O + K;0) vs. Silica (TAS) plot in Figure 13 shows the geochemical
evolutionary trends of three of the most active Icelandic volcanic systems (modelled by
Haflidason et al. (2000), after Jakobsson (1979) and Oskarsson et al. (1985). It also
illustrates the proximity in character of the three cryptotephra horizons S13, S21 and
S30. The Borrobol Tephra is known to be of Hekla origin and the Vedde Ash of Katla
origin (Haflidason et al., 2000); it is likely therefore that with such a characteristically
high potassium component that the An Druim Tephra was sourced from the Torfajokull

area.

Table 10 provides a summary of the cryptotephra horizons found in this study at
Lochan An Druim, together with their correlated tephra horizons and the assigned
dates. This tephrochronology has been combined with the radiocarbon chronology at
this site and used to develop an independent age-depth model for this sequence. (see
section 5.1.4)

Table 10
Summary of cryptotephra samples found at Lochan An Druim and the correlated tephra
horizons and absolute dates

Depth Age Age

Sample m(BD) Cryptotephra “C yrs BP cal yrs BP Reference
S13 10.94 An Druim 8 590 +50 9560173 (Ranner, 2005)
(Birks et al.,
11 980 +80 .
S21 11.32 Vedde 10 310 50 GRIP ICO-COT YIS B 1996) (Gronvold
et al., 1995)
(Lowe et al.,
12 260 1999; Turney et
al., 1997)
(Eiriksson et al.,
13 400
S§30 11.86 Borrobol 2000)
ca 13 900
Cariaco Varve yrs (Davies et al.,
13 800 — 14 450 2004)
13 667 — 14 331
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514 The Age-Depth Model

The age-depth relationship for the Lateglacial section of this sequence has been
constructed using a polynomial model fitted to the accepted and calibrated radiocarbon
dates (within the 2 sigma age range), and the literature date assigned to the Vedde
Ash (see Figure 14). Although a Borrobol like tephra was identified, the widespread
nature of the dates assigned to this layer casts doubt on its coeval nature in northern
Europe, and it was therefore not included in this model. However, the model indicates a
date of ca 13.6 ka yrs BP for this cryptotephra, which does fall within the younger age
range for this tephra calculated from the Lake Suigetsu calibration data-set (see
section 2.3.2.1). For a more in depth discussion about this cryptotephra see Ranner et
al. (2005) in Appendix I.

A third order polynomial provided a good fit to these Lateglacial data points (R = 0.99).
However, extrapolating this curve back to the top of the core produced a negative date,
since it did not provide an inflexion that would connect with the top of the sequence i.e.
-49 years cal BP.

Since the Lateglacial was the area of most interest in this study, and the polynomial
model provided an acceptable fit for the period, it was accepted. However, it was
decided to make a tentative attempt to model the early Holocene section separately. In
order to constrain this lower section within the temporal scope of the study, and enable
a realistic back projection to the present day, three other points were chosen and linked
by linear segments. These were: a point extrapolated from the polynomial where the
pollen profile indicates a short climatic reversal; the palynological date for the
expansion of Alnus which appears at the top of the core section; and a point of inflexion
which was extrapolated to a point in Lith4 at 10.67m (BD) where there was a slight
colour change in the sediment. These choices are discussed below.

The Lateglacial polynomial model was extrapolated to 10.84m, a level at which there
was an uncharacteristically low total pollen concentration for the Holocene, i.e. only
24% of the samples at 2cm above and below that point The extrapolated date of 8088
cal yrs BP at this level, falls within the proposed scope of the 8.2 ka event (i.e. 8.4 ka -
8 ka) as recorded, inter alia, in the GISP2 core from central Greenland (Alley et al.,
1997). It is noted however, that this reversal does not register in the %LOI (dry weight)
curve. At the time of this study the Holocene sediments were not of paramount interest
and analysis was carried out at 2cm intervals, so that this proposed reversal could in
future be better constrained by higher resolution analysis about that depth.

The palynological date for the expansion of Alnus, was used to fix a date for the
expansion of Alnus at Lochan An Druim which is indicated at 10.56m (BD) in the
profile. The potential woodland zones identified by McVean and Ratcliffe (1962) in their
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assessment of the plant communities of the Scottish Highlands, place Lochan An
Druim and the Isle of Skye in the same coastal zone ‘Predominant Birch Forest’. Three
palynological records from the Isle of Skye record the expansion of Alnus in the early
Holocene, ranging from ca. 6500 - 6300 '“C yrs BP (Birks and Williams, 1983). The
average 6400 '“C yrs BP, converts to a median estimate of 7320 + 166 cal yrs BP
(using CALIB 4.4.1 (Stuiver and Reimer, 1993) with calibration data set: intcal98.14c
(Stuiver et al., 1998a)). In addition, the record at Loch a Phuinnd in the Western Isles,
indicates a date between 7422 and 5527 cal years BP (Fossitt, 1996). These dates
agree with the Alnus fossil pollen isopoll maps of Huntley and Birks (1983), where
Lochan An Druim (with a value at 10.56m of 1.28% Alnus) lies close to the 2% isopoll
at 6500'C yrs BP.

It was felt that a back projection to the present day was justified since a visual
inspection of the complete core suggested that the Holocene sediments were of a
uniform gyttja with no obvious lithological changes. Therefore, the first linear segment
connected the top of the core (2.5m (BD), -49 yrs BP) with the Alnus rise (10.56m (BD),
7320 cal. yrs BP)

An inflection was then needed to link this first segment to the climatic reversal
extrapolated from the polynomial model. A slight change in colour of the sediment in
Lith4 provided such a point and so the first segment was extrapolated to this boundary
(10.67m (BD), 7420 cal. yrs BP). The second linear segment then connected (10.67m
(BD), 7420 cal. yrs BP) to the point extrapolated from the polynomial for the 8.2 event
(10.84m (BD), 8088 cal. yrs BP). These two linear segments are combined with the
third order polynomial to give the completed age-depth model down to 12m (BD) at ca
15.0 ka BP. However, in view of the uncertainties discussed above in connection with
the Holocene section of the model, the age-depth relationship for this period is not
considered to be robust and a lens has been placed over this section in all the figures
for Lochan An Druim to indicate the unreliability in the model at this time.

The age-depth model has been divided into smaller sections (1-9) of similar gradient in
order to estimate sediment accumulation rates, which are indicated on the diagram
(see Figure 14).
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5.1.5 Correlation with the Greenland lce Record

The proportional pollen data, pollen influx data and the macrofossil data have been
plotted with respect to the age-depth model developed in section 5.1.4. This provides a
calendar years age scale that has been correlated directly with the ice core years scale
in the GRIP ice core &0 data for the Lateglacial and early Holocene (Dansgaard et
al., 1993; Johnsen et al., 1992), thus providing a direct correlation with the event
stratigraphy recommended by Bjérck et al. (1998) for this period (see section 2.3.2.1).
This correlation is shown in subsequent palaeoclimate records from this site.

5.1.6 Pollen Analyses

The aim was to sub-sample at decadal to centennial resolution. Pollen counts have
been accepted (AP+NAP counts >200 grains) for 61 sub-samples at intervals of 4 cm
throughout the early Holocene and 1-2 c¢m in the Lateglacial. The mean count for
AP+NAP was 514 grains [SE+33]. Calendar ages have been assigned to each sub-
sample, interpolated from the age-depth model (see section 5.1.4) and the resulting
mean temporal interval between the sub-samples is 256 [SE+44] years for the
Holocene and 80 [SE+8] years for the Lateglacial. A total of 51 arboreal and non-
arboreal taxa have been identified, 9 obligate aquatic taxa including Sphagnum, and
various spore taxa.

Relative abundance pollen data are displayed for the most common taxa, rare taxa
mentioned in the text, and totals for monolete and trilete Pteridophyte spores (see
Figure 15). Taxa are sorted into arboreal pollen taxa, non-arboreal pollen taxa,
terrestrial Pteridophytes and obligate aquatics and plotted against age (cal yrs BP).
There is an overall summary for the main terrestrial groups of woody taxa (i.e. trees
plus shrubs but not including Ericales), Ericales and herbaceous taxa. % LOI (dry
weight) and the percentage of pollen not specifically identified (indeterminate pollen) is
displayed. The total number of AP+NAP grains counted is plotted, with depth bars to
indicate the frequency of sampling. Below 12m four samples yielded pollen information
but there were insufficient grains to justify analysis and so these taxa have been
marked as present where appropriate. The results of the CONISS analysis carried out
on the proportional data of all AP+NAP is displayed as a dendrogram, and the resultant
divisions used to guide the divisions representing the local pollen assemblage zones
(LPAZs). These same divisions have been added to the diagrams in Figures 16 and
17 Figure 16-shows pollen influx data for taxa mentioned in the text, and the total
pollen influx for arboreal and non-arboreal taxa (see section 5.1.7), and Figure 17
shows macrofossils information from the pollen washings as presence data (see
section 5.1.9).
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Figure 15

Lochan An Druim: Relative abundance data are displayed for the most significant taxa
with totals (undifferentiated) for the monolete and trilete Pteridophyte spores; taxa have
been grouped into arboreal taxa and non-arboreal taxa, terrestrial Pteridophytes and
obligate aquatics and plotted against age (cal yrs BP). Pollen sums are specified as
follows for selected taxa: Terrestrial Pollen (ZTP), i.e. Arboreal Pollen minus Pinus (AP)
plus Non-Arboreal Pollen (NAP); Terrestrial Pollen and Terrestrial Pteridophyte Spores
(TP + ZPS); Terrestrial Pollen and Aquatic Poilen (including Sphagnum) (ZTP + ZAP);
Terrestrial Pollen and Indeterminable Pollen (ZTP + ZIP). The first axis from the DCA
analysis of the pollen spectra is plotted with the assigned palaeobiomes developed
through the systematic biome analysis (see section 5.1.10.1). The GRIP ice core 6'°0
data for the Lateglacial and early Holocene (Dansgaard et al., 1993; Johnsen et al., 1992)
are plotted for correlation. LPAZs are indicated.
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51.7 Pollen Influx

The influx of AP+NAP (see Figure 16) increases upwards through the lithological
sequence, suggesting a very general amelioration in climate following deglaciation.
This is evidenced by: insufficient pollen to assess Lith1; Lith2, mean 299 [SE +56]
grains cm? yr'; Lith3, mean 892 [SE +141] grains cm? yr'; and Lith4 mean 4333 [SE
+903] grains cm? yr'. However, there were fluctuations in influx within the different
units. In Lith2 there are two isolated spikes: a small peak of 182 grains cm? yr', at
14089 cal yrs BP (11.92m); and a more significant peak of 851 at 13464 cal. yrs BP
(11.84m). Lith3 is more complex, the lower section exhibiting small fluctuations peaking
at 2717 grains cm? yr' at 12365 cal yrs BP (11.52m), before declining in the upper
section to a low of 165 grains cm? yr' at 11706 cal yrs BP (11.22m), then followed by a
rapid increase into Lith4. This initial steep rise in influx at the beginning of Lith4,
peaked at 4835 grains cm? yr', at 11198 cal yrs BP, following which lower levels of
between 1120 and 2563 grains cm™ yr' were sustained for ca 2800 years. There was
then a significant rapid increase up to 12434 grains cm™? yr' at 7393 cal yrs BP
(10.64m).

Lith3 has the highest rate of matrix sedimentation (mean 0.048 m yr' [SE +0.003],
compared to a mean 0.021 m yr' [SE +0.003] for the rest of the core section), with a
higher silt/clay proportion, suggesting a larger allochthonous contribution that could
also contain pollen that was originally deposited outside the basin. This might provide

an explanation for the high influx rates. Similar explanations are offered by Birks (1984)
for the Lateglacial sediments at Lochan An Druim, Pennington (1973) relating to the
Lateglacial sediments of Blea Tarn in northern England, and by Hyvarinen (1976)
relating to the Lateglacial sediments of Domsvatnet in Fennoscandia. Walker (1990)
discusses pollen preservation data for Empetrum through the Lateglacial and
demonstrates a significant increase in damaged grains at the transition from the
Lateglacial Interstadial to the Younger Dryas Stadial. This evidence for abrasion by
mineral material during inwash from catchment soils suggests that increases in
Empetrum and possibly also Ericales at this stage could be as a result of secondary
rather than primary deposition. The percentage of unidentifiable pollen grains in this
lithological section (see Figures 18 and 19) is generally higher than the rest of the

Lateglacial section, and thus supports this inference of secondary deposition.

The influx during Lith3 is composed almost entirely of NAP with a minimal amount of
Betula,"a proportion of which could“beB. nana, although this species has not ‘been
positively differentiated in this study nor in Birks (1984). However, there was no
macrofossillevidence either during this period (Birks, 1984), thus, the combination of

very low pollen influx combined with the absence of macrofossils would indicate a local
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absence of Betula at this time (see section 5.2 for a discussion of Betula influx, and the
assignment of B. nana in the Lateglacial.)

The presence of Pinus pollen through the Lateglacial and early Holocene at this site
can be shown not to be a significant component of the local pollen rain. Generally,
influx figures of over 500 grains cm™ yr' can be used to indicate the presence of Pinus
(Hyvarinen, 1975), but the record at Lochan An Druim is very low with values of 0-32
grains cm® yr' in LPAZ LAD1-10 and only up to 353 grains cm? yr' in LPAZ LAD11
(see Figure 16). Therefore, this analysis supports the suggestion (see section 4.2.3.3)
that Pinus was not growing in the region at this time, and that the low levels of Pinus
pollen throughout this period must reflect long distance transport.
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Figure 16
Lochan An Druim: Pollen influx data are displayed for a selection of taxa and plotted
against age (cal yrs BP). LPAZs, and lithological units are indicated.
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5.1.8 Descriptions of the Pollen Zones

Ten local pollen assemblage zones (LPAZs) and two sub-zones have been identified
from the relative pollen data (see Figure 19), supported by the dendrogram divisions,
and correlated with the event stratigraphy of the Lateglacial, following Bjérck et al.
(1998). The biozones of Mangerud et al. (1974) have also been correlated. The LPAZs
are numbered from the bottom up the sequence and are described from the oldest to

the youngest. This information is summarised in Table 11 in section 5.1.10.1.

LAD1

15000(+) - 14400 cal yrs BP
Greenland Stadial 2: GS-2a
Late Pleniglacial

Sample Resolution ca 150 years

Polypodiaceae -type — Oxyria digyna / Rumex acetosella - type — Gramineae — Salix

A predominantly herbaceous flora dominated by Oxyria digyna / Rumex acetosella -
type (ca. 30%) and Gramineae (ca. 20%) with Cyperaceae and Compositae, and some
Saxifraga oppositifolia | S. aizoides -type, Carophyllaceae and Artemisia. The woody
taxa are comprised mostly of Salix (ca. 20%) with generally less than 5% of Betula.
Although the percentage of Salix pollen is relatively high here, the influx is very low
suggesting that Salix was not abundant in the vegetation. Pteridophytes are relatively
abundant (ca. 40%) and are dominated by Polypodiaceae -type. The mean organic
content is 5.2 [SE +0.7]% (dry weight) and the mean influx of terrestrial pollen is very
low at 41 [SE 5] grains cm? yr™.

LAD2

14400 - 14000 cal yrs BP (400 yrs)
Greenland Interstadial 1: Gl-1e (Bglling)
Sample Resolution ca 200 years

Ericales — Oxyria digyna/ Rumex acetosella -type — Gramineae

The dominant patterns in this zone are the proportional declines in the herbaceous and
the woody taxa, which are replaced by Ericales, which increases from <1% in the
previous zone to around 25%. However, within the declining woody taxa the
‘_proportlonal representatlons change with Betula dominating over Salix. The
herbaceous\flﬂor”a ;|s éﬁll dominated by Oxyr/a d/gyna / Rumex acetosella -type (ca.
30%) and Gramineae (ca. 15%) with Cyperaceae and Compositae, and some

Saxifraga oppositifolia/ S. aizoides -type, Carophyllaceae and Artemisia. Pteridophytes
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decline to <10% towards the boundary with LAD3. The mean organic content has
increased to 8.8 [SE +0.2]% and the mean influx of terrestrial polien increased to 117

[SE +64] grains cm™ yr™.

LAD3

14000 - 13650 cal yrs BP (350 yrs)
Greenland Interstadial 1: Gl-1, including G1-1d (Older Dryas)
Sample Resolution ca 117 years

Ericales — Oxyria digyna/ Rumex acetosella -type — Gramineae

Ericales continue to expand through this zone to ca 60%, however there is a significant
reversal between 13900 and 13700 cal yrs BP with a corresponding relative increase in
the woody taxa, herbaceous taxa and Pteridophytes. The relative proportions of the
representative herbs remain constant. The mean organic content has increased to 11.8
[SE £3.6]% and the mean influx of terrestrial pollen increased slightly 146 [SE +42]
grains cm? yr.

LAD4

13650 - 13150 cal yrs BP (500 yrs)
Greenland Interstadial 1: Gl -1, encompassing G1-1c¢ (Allerad)

Sample Resolution ca 71 years
Ericales

Ericales remain dominant throughout this zone with a sustained relative abundance
that fluctuates between 60 and 80%. The herb flora consists mainly of Cyperaceae
(<15%) and Gramineae (<10%) and is much reduced, as is the Pteridophyte flora,
although Selaginella appears and starts to increase. The mean organic content has
increased to 21.7 [SE +1.9]% and the mean influx of terrestrial pollen increased to 374
[SE +83] grains cm? yr,

LADS

13150 - 12670 cal yrs BP (480 yrs)
Greenland Interstadial 1: Gl-1, { GI-1b (Intra-Allerad cold period) and Gl-1a)
Sample Resolution ca 96 years

Ericales — Cyperaceae
The proportional representation of the main groups of Wwoody taxa, Ericales and”
herbaceous taxa in this zone is very similar to that in LPAZ - LAD3, repeating a similar

reversal in dominance of Ericales. However, the representation of the main

98



components of the herbaceous flora has changed, with up to 40% Cyperaceae with ca
20% Gramineae and <10% Oxyria digyna / Rumex acetosella -type, at this time.
Generally the relative proportion of Pteridophytes begins to increase towards LPAZ -
LADS, driven principally by Lycopodium spp. but with some Selaginella. The mean
organic content has decreased significantly to 10.5 [SE +1.1]% and the mean influx of
terrestrial pollen increases further to 459 [SE +127] grains cm? yr™.

LAD6a

12670 - 12300 cal yrs BP (370 yrs)
Greenland Stadial 1: GS -1
Younger Dryas

Sample Resolution ca 41 years

Ericales — Lycopodium spp. — Selaginella

This zone is dominated by Ericales ca 90% with generally <3% Salix and between 10
and 25% Pteridophytes, principally Lycopodium spp. and Selaginella, with woody taxa
generally <5%. The herbaceous flora is represented by very low proportions of
Gramineae and Cyperaceae with - Saxifraga oppositifolia / S. aizoides -type and
Artemisia, although the diversity of herbaceous taxa is beginning to increase. The
mean organic content continues to decrease to 5.6 [SE +£0.4]% but the mean influx of
terrestrial pollen increases substantially to 1443 [SE +188] grains cm? yr™.

LAD6b

12300 - 11750 cal yrs BP (550 yrs)
Greenland Stadial 1: GS-1
Younger Dryas

Sample Resolution ca 46 years

Ericales — Lycopodium spp. — Saxifraga oppositifolia/ S. aizoides -type

Ericales are still dominant in this zone but begin to decline to ca 55% towards PAZ -
LADS, the Pteridophytes Lycopodium spp. and Selaginella decline also, but the herbs -
principally Saxifraga oppositifolia /| S. aizoides -type, Artemisia and the
Caryophyllaceae, begin to increase. The herbaceous flora becomes much more
diverse with the expansion of, inter alia, the Chenopodiaceae, Potentilla and Armeria
maritima. The mean organic content decreases slightly to 4.5 [SE 10.3]%, except for an
isolated spike about-12000-cal yrs BP-(11.31-11.325 m), adjacent to. the organic-band..
However, the mean influx of terrestrial pollen decreases significantly to 568 [SE +113]
grains cm® yr'. The organic band does not coincide with any marked increase in influx

of terrestrial pollen and investigations of the coarse fraction of the sub-samples at this
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level indicate the presence of miscellaneous mosses and Sphagnum with
Spermatophyta leaf fragments. This would suggest that it was principally a moss band,
which is typical of Younger Dryas sediments from such successions in northern Britain
(Walker et al., 1993).

LAD7

11750 - 11300 cal yrs BP (450 yrs)
GS-1 to Preboreal
Sample Resolution ca 150 years

Ericales — Betula

This zone encompasses the clear change in lithology from minerogenic to organic
sediments. There is a much reduced representation of Ericales (from ca 60% to ca
35%) and a dramatic increase in Betula (from ca 3% to ca 33%) with small short-lived
expansions of up to 20% each of Gramineae, Cyperaceae, Oxyria digyna / Rumex
acetosella -type, and Myriophyllum alterniforum. Caryophyllaceae, Saxifraga
oppositifolia / S. aizoides -type, Artemisia and Armeria maritima phase out completely.
Corylus appears in this zone representing <1%, and there is some Salix ca 5%. The
balance of the Pteridophytes also changes as the Lycopodium spp. phase out, to be
replaced by a variety of Filicales taxa. The mean organic content increases significantly
to 10.1 [SE £6.1]%, but the mean influx of terrestrial pollen remains similar to the
previous zone at 445 [SE +241] grains cm™@ yr.

LADS

11300 - 10750 cal yrs BP (550 yrs)
Preboreal
Sample Resolution ca 275 years

Betula

Woody taxa are dominant at ca 90% throughout. This is a very stable zone with Betula
dominating at ca 60%, with Salix increasing slightly but remaining below 10%. Corylus
achieves ca 5% at about 10923 cal yrs BP. This accords broadly with the 5% isopoll of
Huntley and Birks (1983) at ca 9500 '*C yrs BP or 10855 cal yrs BP (CALIB REV4.4.1
(Stuiver et al., 1998a)). The monolete Pteridophyte taxa remain ca 15%, and
Sphagnum occurs at <1%.

This z6rie marks thé beginhing of qualitative chariges in"the representation' of arboreal
taxa with the introduction of very small proportions of Quercus, Ulmus and Sorbus

aucuparia that are maintained throughout the rest of this section of the core. The
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herbaceous flora is now essentially Gramineae at ca 5% with ca 15% monolete
Pteridophyte taxa.

The mean organic content continues to increase to 41.4 [SE +2.5]%, as does the mean
influx of terrestrial pollen which rises dramatically to 3661 [SE +1129] grains cm? yr™,

LAD9

10750 - 8000 cal yrs BP (2750 yrs)
Sample Resolution ca 400 years

Betula — Corylus

The woody taxa remain ca 90%, but throughout this zone there is an apparent
juxtapositioning between the proportions of Corylus and Betula, with a constant
representation of Salix ca 5% throughout, with Gramineae (<6%) and the monolete
Pteridophyte taxa generally <10%. Corylus appears to expand ca 10200 cal yrs BP to
ca 35%,; this accords broadly with the expansion of Corylus in Britain. This was
documented by Huntley (1983) at ca 9000 "C yrs BP or 10088 cal yrs BP (CALIB
REV4.4.1 (Stuiver et al., 1998a), (Stuiver et al., 1998a)), where local values of >60%
were reached. The herbaceous flora is still primarily Gramineae, but <10% with
generally <10% monolete Pteridophyte taxa and ca 1% Sphagnum.

The mean organic content decreases to 37.4 [SE £1.7]%, and the mean influx falls
significantly to 1685 [SE +148] grains cm™ yr™.

LAD10

8000 (-) cal yrs BP
Sample Resolution ca 93 years

Betula — Corylus

The boundary into this zone marks a subtle but significant change in the relative
proportions of pollen. Woody taxa are still dominant at ca 95%, represented principally
by Betula and Corylus with ca 4% Salix and slightly increased representation of
Quercus and Ulmus, and the first occurrence of Alnus 7350 cal yrs BP. The herb flora
is still principally Gramineae, but <3%, with <3% monolete Pteridophyte taxa and <1%
Sphagnum. The mean organic content is slightly increased to 44.4 [SE +0.6]%, but the
mean influx increases to 8088 [SE +1179] grains cm™ yr”, significantly higher than that

in PAZ - LAD10.
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5.1.9 Macrofossil Analyses

The macrofossils found in the pollen washings were recorded only as presence /
absence data (see Figure 17) and as such can only serve to help interpret the polien
data. The results for the aquatic invertebrates, Algae and Charophyta, are described
within respect to the INTIMATE event stratigraphy (see section 5.1.5 and correlated
LPAZs in Figure 15), as these divisions are broader than the LPAZs and provide a
more general framework that is better suited to the distribution of these particular

organisms.

Miscellaneous insect parts and Chironomid head capsules were present throughout,
although in varying numbers. Pediastrum was present throughout and diatoms were
only absent during two of the warmer periods, Gl-1e (Belling) and Gl-1a (Allered).
Cladocera remains were present throughout; however, Cladoceran ephippia were only
found in the Lateglacial sediments, coinciding with the warmer periods of Gl-1e
(Bolling), Gl-1c (Allerad), Gl-1a (Allered) and the GS1 (Younger Dryas) / Preboreal
transition. During harsh climatic conditions the open-water season can be reduced,
and it is possible that in very severe climatic conditions gamogenetic reproduction
takes place during most of the open-water season (Frey, 1982). Since the general
climate of the Lateglacial would fall into the severe category, the occurrence of patches
of presence of Cladoceran ephippia could be indicative of periods of relatively milder
climatic conditions facilitating summer open-water. Ostracods were found principally in

the basal glacial clays with one record in Gl-1b (Intra-Allered cold period).

Charophyte oogonia were only found in the Lateglacial sediments and particularly in
the basal glacial clays. Charophytes thrive in stable environments and the production of
gametangia is essentially a reaction to ameliorating conditions, and an increased
photoperiod (Moore, 1986). This presence of Charophyte oogonia could therefore be
associated with reduced ice cover at this time, and/or low bioproduction in the lochan
due to the cool conditions. Both factors would contribute to an increase in photoperiod.
Bryozoan statoblasts also appear to coincide with the cooler periods of the Lateglacial,

indicating a similar response

A single Selaginella megaspore was found in Gl-1a (Allerad) and corresponds directly
with the peak in Selaginella microspores. In addition, leptosporangia which are
produced by the Filicales (higher ferns), were found throughout the Preboreal and
Holocene gyttjas, but also in the very early organic clays/silts of Gl-1e (Bglling); these
occurrences correspond-to the two periods where there were substantial" propottions of
monolete Pteridophyte spores. Both these records would confirm a local presence of
these taxa and suggest moister conditions that correspond well with the Gi-1e (Belling)
and Holocene warmings.
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The various seeds, leaf fragments and moss fragments (not specifically identified) were
found throughout the Lateglacial sediments, with some isolated records through the
Holocene. Polytrichum sp. and Sphagnum sp. were present in GS-1, Polytrichum
principally in LPAZ - LAD6a and Sphagnum principally in LPAZ — LAD6b. These
coincide with the presence of Juncus spp. seeds throughout GS-1 and regular records
of Ericales seeds and two records of Caryophyllaceae seeds. Juncus spp. seeds were
found throughout GS-1, but Juncus pollen is very delicate and hence poorly preserved
and difficult to extract (Faegri and Iversen, 1964, p 79) and no grains were identified
throughout. Leaf fragments from woody plant species were found throughout the
LPAZs, but not in the basal clays and sands. Specific identification was only possible
for Lateglacial specimens, where preservation was sufficiently good to enable
identification of Salix herbacea, Betula nana and Dryas octopetala fragments. Betula
fruits (tree Betula) were only found in the very early Holocene sediments and again at
the very top of the core section in LPAZ - LAD10.
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5.1.10 Systematic - Quantitative Analyses

5.1.10.1 Palaeobiome Reconstructions

Four biomes were identified, based on the pollen data, as a result of the systematic
palaeobiome reconstructions: tundra; cool steppe; cold mixed forest; and temperate
deciduous forest. This assignment of biomes is plotted stratigraphically in relation to
the pollen sample scores on the first axis of the detrended correspondence analysis
(DCA) of the palynological data (see Figure 18). This first axis of the DCA analysis
(Eigenvalue 0.83) represents the primary pattern of variation amongst the pollen data,
matching in many features with a curve of the % woody taxa in the pollen data, and
thus describes the changes between those spectra dominated by the pollen of woody
taxa representing forested conditions, and those spectra dominated by the pollen of
herbaceous taxa representing cool steppe and tundra conditions.

Cool steppe prevailed in the Late Pleniglacial, changing to tundra throughout the
Lateglacial Interstadial, before developing into cold mixed forest at the beginning of the
Holocene, and thereafter, through the early Holocene, fluctuating between cold mixed
forest and temperate deciduous forest. The sequence of biomes through this period
reflects the changes in the prevailing vegetation that can be used to infer more specific
climate detail.

Cool steppe is defined here principally by the presence of Oxyria digyna / Rumex
acetosella -type, with various steppe forbs, (e.g. Compositae, Caryophyllaceae,
Umbelliferae, Potentilla, Ranunculus, Rosaceae and Thalictrum), Artemisia and
Chenopodiaceae, steppe/desert forbs and Gramineae. This biome is associated with

regions with summer temperatures cooler than 22°C and enough precipitation to meet
28-65% of demand (Prentice et al., 1992).

Tundra is represented here principally by Ericales with Gramineae and Cyperaceae,
and with the Arctic Alpines, Salix and Saxifraga spp. It is found in humid regions where
precipitation meets >65% of demand, but GDD5 is insufficient for tree growth, i.e.
<350. This biome is today analogous with the Arctic tundra (Prentice et al., 1992).
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temperatures that define the two biomes, both cool summers, but in contrast, cold
deciduous forests have a GDD5 <900 (Prentice et al., 1992). Corylus must therefore be
an indicator of less-cool summers. Prentice et al. (1992) alludes to a lack of
differentiation between predominantly coniferous or predominantly deciduous forests in
his temperate deciduous biome definition and suggests that the missing factor may be
the seasonality of drought stress rather than the annual total as used.

Temperate deciduous forest is defined here by the dominance of boreal and cool-
temperate summergreen trees and shrubs, principally Betula and Corylus, but also with
Quercus, Alnus, Salix, Sorbus aucuparia and some Ericales and Juniperus. It is found
in areas with cool winters (-2 to 5°C) and enough precipitation to meet 65% of demand,
and where GDD5 >1200.

The fluctuating ‘temperate deciduous forest’ and ‘cold mixed forest’ biomes throughout
the early Holocene can be accounted for by the varying proportions of the temperate
summergreen tree Quercus (values range from 0.2 to 1.4%). Sorbus aucuparia, a
boreal/temperate summergreen shrub, also fluctuates here but never represents >0.5%
of any pollen spectrum, as compared to Quercus. These fluctuations suggest a
response to the length of the growing season, where perhaps the high summer
insolation (June-July) of the early Holocene (Laskar et al., 2004) could be holding
GDDS5 values close to the threshold between the requirement of <1200 for cold mixed
forest and > 1200 for temperate deciduous forest.
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5.1.10.2 Palaeoclimate Reconstructions

The palaeoclimate reconstructions of the indicative climate variables MTCO, GDD5
and AET/PET using the climate surface response method of Huntley (1993) were
unsuccessful. All the sets of data that was generated using three different methods of
biome constraint produced a range of mean chord distances (i.e. for the closest ten
interpolated analogues) that were >0.4 and hence outside the acceptable range. This
would suggest that there were no suitable interpolated analogues for these fossil pollen
spectra.

Further analysis was carried out using a direct analogue approach, which compared
the same fossil pollen spectra directly with the original surface sample analogues. This
produced a data set with a range of chord distances that were acceptable. However, on
further investigation the range of SE values at 95% confidence were generally very
high (see Figure 19), which suggested that sets of very disparate analogues were
being found. The full set of analogue locations are mapped in Figure 20, which
demonstrates an extensive longitudinal range of 173° in Alaska to 180° in eastern
- Siberia. The latitudinal range is much tighter at 82° to 36° but covers a very diverse
selection of geographic areas from high Arctic to central and southern Asia, which

actually embraces a greater range of climates.
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Figure 20

A ‘map’ of the full set of modern analogue iocations found in the direct analogue method
of palaeoclimate reconstructions for Lochan An Druim (identified by the square symbol)

The problems incurred in reconstructing these palaeoclimates raises the question of
the possibility of non-analogue situations, i.e. that there are no present-day analogues
in existence for these Lateglacial fossil pollen spectra. Quantitative no-analogue
assemblages of fossil pollen occur extensively (Huntley, 1990a), and it is suggested
that these assemblages might have developed as a consequence of environmental
change that is so rapid that species with slower migration rates might have lagged
behind their potential environmental thresholds. Alternatively, they might reflect
combinations of environmental conditions for which no spatially extensive analogue
exists today (Huntley, 2001). The dominant Lateglacial assemblages of cool steppe
taxa and tundra taxa at Lochan An Druim appear to co-exist throughout the Lateglacial
period, showing a quantitative response to the fluctuating climate with no apparent
qualitative change in taxa until the early Holocene.This would suggest that migration is
not the issue here, however, it could have been a factor following the rapid warming at
ca 11.5 ka BP, where the rapidly expanding Betula initially out-competes the tundra
and cool steppe taxa, but where the arrival of a more diverse selection of the boreal

and cool temperate summergreen trees takes longer to effect (see Figure 18).

On investigation of the data sets for the modern analogues used in the reconstructions,
there was a dirth of samples with such relatively high proportions of Ericales pollen.
The Allered interval in northern Scotland is charactensed by a tree- Iess dwarf-shrub
heath frequently dominated by Empetrum (presumably nigrum) (Blrks 1984 Fossntt
1996) (Huntley, 1994) (Birks and Mathewes, 1978). Any further definition of associated
pollen spectra that could be provided by specific identification of Empetrum pollen,
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would inevitably be lost in any subsequent climate reconstruction analysis, since in
processing the pollen data, Ericales is the only category for all the heath taxa. This
would suggest that Ericales is inadequate as a summary group for Lateglacial
reconstructions, and closer modern analogues could perhaps be found with more
refined definition of this group. However, in order to find a suitable modern analogue
for the conditions at this site during the Lateglacial and early Holocene, there would
need to be a seaboard at a similar latitude but experiencing summer insolation in the
order of between 3% and 8% higher than at the present-day, and winter insolation in
the order of between -1% and -4% lower than at the present-day (Laskar et al., 2004).
In addition, following the initial warming at Gl-1e (Bglling), SSTs would have been
much cooler than present-day (ca 8°C - 12°C) ranging between ca 0°C to below 12°C
at the opening of the Holocene (Kroon et al., 1997). Furthermore, the climatic effects of
the proximity of the receeding continental glaciers and of their periodic readvance,
cannot at present be found in this type of geographical location. Taken together, these
facts suggest that there is not likely to be any modern spatially extensive analogue for
such a coastal maritime community.

It is clear that the use of such quantitative palaeoclimate reconstructions from areas
such as Lochan An Druim, requires a much more extensive set of modern analogues
than has hitherto been identified. Efforts to develop a more representative and more
highly refined dataset may need to be focussed in very specific (and probably
geographically smaller) areas. However, in reality, there are probably no modern
analogues to be sampled that could compare with such unique Lateglacial pollen
spectra.
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5.2 The Palaeoenvironment at Lochan An Druim

The previous palynological study at Lochan An Druim (Birks, 1984) (study ‘A’) is
correlated with this new study (study ‘B’), in order to combine the different attributes of
each, and hence improve the palaeoenvironmental interpretation of the Lateglacial and
early Holocene period at this site. These improvements are manifest principally in a
more robust and independent chronology and higher resolution analysis added in study
‘B'.

The two stratigraphies have been correlated using the patterns of organic content of
the sediment and the characteristic taxonomic features as defined by the LPAZs. The
individual LPAZs are related to four key biozones common to both studies (see Table
12).

The chronology developed for study ‘A’ uses four '“C bulk sediment dates; however, it
is suggested that these dates are 600-800 years older than dates for comparable
pollen stratigraphical horizons at Abernethy Forest (Birks and Mathewes, 1978).
Following the correlation of the two sequences, and using the key biozones, the time -
stratigraphic scale in study ‘B’ suggests that the calibrated '“C dates for study ‘A’ are
ca 900 years older, with the exception of the date marking the onset of organic
accumulation which appears to correspond to within ca 100 years. This reduction in the
effect of old carbon on the older age estimate could have been due to the ambient
temperature of the lake being too low to facilitate the dissolving of the carbonate, or
that the water was too alkaline.

Study ‘A’ was carried out at lower resolution than study ‘B’. Birks (1984) sampled at 5
cm intervals, which according to the chronology of study ‘A’ gives intervals of ca 163
years (calendar years), and according to the chronology of study ‘B’ gives intervals of
ca 218 years (calendar years). In study ‘B’ samples were taken every 1 or 2 cm giving

intervals throughout the Lateglacial of 80 [SE18] years.

Interpretation of Birks (1984) palynological study is supported by quantitative
macrofossil analysis. This is an important additional technique for identifying the taxa
that are locally present as opposed to those taxa represented by anemophilous pollen
that has been transported over long-distances (e.g. Pinus). It also provides evidence
for taxa that may not be well represented in the pollen spectra due to degradation of
the pollen grains (e.g. Juncus), and particularly for those taxa that are entomophilous
and which therefore produce less pollen (e.g. Dryas octopetala).

This study includes the addition of systematic analysis of the pollen spectra to define
the regional biomes and thus infer a range of indicative climate variables, MTCO,
GDD5 and AET/PET (see section 5.1.10.1).
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The organic content of the compared LPAZs broadly concurs. However, the figures for
the mean influx of terrestrial pollen are consistently higher in study ‘A’ and this must be
attributed essentially to the differing physical conditions at the different locations of the
cores. In study ‘A’ the core was recovered from the dense Phragmites australis fen
towards the perimeter of the lake, whereas the cores used in study ‘B’ were taken from
the deepest part of the lake in open water. The overall accumulation of Lateglacial
sediment in study ‘A’ was 0.86m compared to 0.94m in study ‘B’ (i.e. 0.08m less), as
might be expected with sediment accumulation higher in the more central location due
to inwash and settling, and since neither core is consistently different across the
LPAZs, these variations must be attributed to localised spatial and temporal
taphonomic effects. Although the values for the mean influx of terrestrial pollen are
consistently higher in study ‘A’, both studies follow a similar pattern with values
increasing up the sequence. Again, this difference is likely to be due to the taphonomic
dynamics of the lake, combined with an increased trapping effect due to the
macrophyte growth around the perimeter of the water.

The palaeoenvironment of each of the four biozones is discussed below, together with
a brief comment concerning the boundary into a fifth zone which represents the

opening of the main Holocene period.

Biozone 1

In study ‘A’ the highest pollen percentages reported for this biozone are for Salix
Gramineae and Cyperaceae with comparitively high percentages of Rumex spp. and
Oxyria digyna, with Empetrum nigrum and Ericales (undifferentiated) increasing
through the zone. Macrofossil evidence indicates the presence of Dryas octopetala.
Although the percentages of Salix pollen are high its influx is very low, suggesting that
it was not abundant in the vegetation (Birks, 1984).

In study ‘B’ a similar pattern of relatively dominant taxa occurs through LADs 1, 2, and
3 but with analyses at a higher resolution it has been possible to differentiate three
distinct LPAZs. The earliest, the Late Pleniglacial stage (LAD1), is dominated by Oxyria
digyna / Rumex acetosella -type and Gramineae with some Salix (again influx values
suggest that it was not abundant in the vegetation), and abundant Pteridophytes
dominated by Polypodiaceae -type. Oxyria digyna as specifically identified in study ‘A’,
is a pioneer species of recently deglaciated terrain (Polunin and Walters, 1985, p 167)
and Polypodiaceae are characteristic of rocky habitats (Tutin et al., 1964-1993), which
would'indicate a newly ‘deglaciated landscape with unstable gravels and rocks with little
yet in the way of soil development, and supporting a sparse vegetation.
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The climatic amelioration of the Bolling (Gl-1e, LAD2) registers with evidence for
vegetational development, a decline in the herbaceous taxa and a proportional
increase in Ericales. Whilst some Empetrum pollen was identified, the overall nature of
most of the grains, which were distorted, reduced confidence in accurate identification
and it was decided to present only one count for total Ericales. Birks (1984) identified
significant proportions of Empetrum nigrum pollen (increasing to ca 30%) in this
biozone, and E. nigrum macrofossils in the upper biozone 2. Taken together, this
evidence supports the suggestion that E. nigrum was an important constituent of the
Ericales taxon in this zone. The proportional representations of Betula and Salix within
the woody component appear to change, with Salix declining and Betula increasing.
However, the influx values for both are extremely low and since Birks (1984) has no
record of either Salix or Betula macrofossils in this zone, it must be supposed that
neither formed a significant part of the local vegetation and that the pollen present was
probably transported from a distance. This apparent dominance of E. nigrum, which is
characteristic of Arctic dwarf-heath tundra and indicative of nutritionally poor soils
(Polunin and Walters, 1985), suggests a more extensive ground cover and indicates
the beginning of the development of more stable soils following deglaciation. The
presence of D. octopetela macrofossils found in Study ‘A’, would suggest perhaps a
tundra mosaic with D. octopetela occupying the drier raised areas, and E. nigrum

forming a more dense cover of the lower ground.

In LAD3 the continued expansion of Ericales (cf Empetrum nigrum) is interrupted by a
reversal between 13.9 and 13.7 ka BP that has been correlated with Gl-1d (Older
Dryas) (see Figure 15). This reversal episode, which only lasted ca 200 years, registers
as a quantitative change in the vegetation cover, with an expansion of the relative
proportion of herbs, principally Gramineae with some Saxifraga oppositifolia / S.
aizoides -type, and a corresponding contraction of Ericales (cf E. nigrum), but where
the diversity of the representative taxa (i.e. the variety of other taxa in the pollen
spectrum that remain constant but which fluctuate quantitatively) remains constant.
This change suggests that the tundra patchwork might have opened out in response to
the cooling event; a theory supported by the identification of S. oppositifolia seeds in

this biozone in study ‘A’, since this species is characteristic of more open habitats.

The lochan itself appears to have been unproductive throughout this biozone.
According to Birks (1984) the macrophyte vegetation was dominated by Nitella
associated with some Chara, and Charophyte oogonia were found in study ‘B’. This
would suggest that this biozone corresponds with the early colonisation of the Lochan
following deglaciation, where cold stable conditions prevailed. Dinoflagellate cysts
(undiff.) were recorded throughout LAD1 and LAD2 with influx values of up to 50 cysts
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cm? yr' in LAD1 and 70 cysts cm? yr' in LAD2, but they were not present in LAD3
when it is suggested that the climate deteriorated.

Biozone 2

The pollen influx and the organic content of the sediment in this biozone show a
greater than threefold increase in both studies suggesting vegetational development in
response to the ameliorating environmental conditions.

The most abundant pollen types in study ‘A’ are Empetrum nigrum with Cyperaceae
and Gramineae and a considerably reduced representation of Salix. However, the
macrofossil evidence for Salix herbacea suggests that this species was probably
abundant throughout this zone. The pollen of S. herbacea is anemophilous but it is only
produced in small amounts, and due to the stature of the plant, necessarily close to the
ground; therefore dispersal is limited (Birks, 1984). This would suggest that generally
S. herbacea might not be adequately represented in lacustrine palynological records.
Again, there is a small proportion of Betula pollen supported by very low influx, and no
macrofossil evidence for the presence of this taxon.

In both studies most of the herb taxa from biozone 1 persist but with reduced
representation due to the dominance of Ericales (cf Empetrum nigrum). Birks (1984)
records abundant E. nigrum macrofossils, which are virtually confined to this zone.
Again there is macrofossil evidence for Dryas octopetala, recorded throughout this
zone (AD2) in study ‘A’, and in the lower LPAZ in study ‘B’ (LAD4), although there is no
pollen evidence for this species. D. octopetala is entomophilous and therefore
produces relatively low amounts of pollen, which could account for this discrepancy.
Selaginella spores appear in both records towards the younger boundary of this zone,
from where they begin to increase. This lesser clubmoss is widely found today in damp,
base-rich grasslands and flush communities. Coincidentally with the appearance of
Selaginella, the Pteridophyte flora begins to expand, driven principally by the club moss
Huperzia selago.

Study ‘B’ differentiates two LPAZs, LAD4 and LADS5, in this biozone. The former
dominated by Ericales (cf Empetrum nigrum) and the latter registering another reversal
with the juxtaproportions of Ericales (cf E. nigrum) and Cyperaceae, and which has
been correlated with Gl-1b (Intra-Allerad cold period) (see Figure 15). This increase in
the proportional representation of Cyperaceae is reflected in an increased influx of
pollen, and supported by macrofossn evudence from study ‘A’. This second reversal
meplsode also Iasts for ca 200 years and S|m|IarIy reglsters as a quantltatlve change in

vegetation cover with the diversity of the representative taxa remaining constant.
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The biomes throughout biozone 2 indicate a continuation of the ‘tundra’ landscape, with
the same representative taxa but with fluctuating relative abundances. The tundra
mosaic in this biozone would be similar to that discussed for biozone1 with additional
evidence for the presence of Salix herbacea, which would probably have colonised the
more open areas. This species is indicative of late snow patches. The particular taxa
discussed here would indicate that moisture availability was increasing through this
zone, suggesting a general warming trend as might have been expected during the
Lateglacial interstadial.

According to Birks (1984), the environment of the lochan becomes more productive in
this biozone, as indicated by abundant Nitella and Chara oospores (also recorded in
study ‘B’) and the appearance of aquatic Ranunculus spp., recorded in the macrofossil
evidence.

Biozone 3

Pollen influx continues to increase in this biozone but both studies record a reduction in
the sedimentation rate. Pollen percentages are still dominated by Ericales, but Birks
(1984) notes that the tetrads in this zone could not be identified to species because of
their poor state of preservation. She suggests however, that the majority belong to
Empetrum nigrum, although, there is no supporting macrofossil evidence for Ericales in
this zone. This dominance by Ericales causes a reduction in the relative proportions of
the representative taxa in both studies, but both records show a marked increase in
pollen from Saxifraga oppositifolia / S. aizoides -type, Artemisia, Carypohyllaceae and
Huperzia Selago (referred to as Lycopodium selago in study ‘A’) and the appearance of
a hitherto unrecorded species, Armeria maritima.

Study ‘B’ differentiates two LPAZs, sub-zones LAD6a and LAD6b in this biozone. The
former is still dominated by Ericales, but with an abundant Pteridophyte flora,
principally Lycopodium spp. and Selaginella with a reduced herbaceous flora, but with
Saxifraga oppositifolia | S. aizoides -type and Artemisia beginning to increase towards
the end of the zone. This has been correlated with Gl-1a (the end of the Allergd) and
develops into LAD6b correlated with GS-1 (Younger Dryas) (see Figure 15). in this
LPAZ, the Ericales begin to decline, with a corresponding increase in principally,
Saxifraga oppositifolia / S. aizoides -type, Artemisia and Caryophyllaceae. At the same
time the herbaceous flora becomes more diverse with the reappearance of Potentilla -
type and the appearance of Armeria maritima, while Selaginella declines.

Thé‘rgr;:a‘rked”ﬁ'rchokllc;gi‘égl changémthlszone to a more minerogenic sediment would
indicate that the surrounding soils had become unstable, allowing increased mineral

inwash. The significant increase in pollen influx and rise in deteriorated grains, would
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suggest that pollen was being transported from the surrounding soils with the mineral
erosion. Birks (1984) identifies increased macrofossils of Polytrichum sexangulare
leaves and abundant Salix herbacea remains that suggest an increased extent of snow
beds at this time.

The nature of the ‘tundra’ vegetation has changed again, with the contraction of the
dwarf-shrub heaths of Empetrum nigrum and Dryas octopetela, and the development of
a more open community of abundant Saxifraga oppositifolia / S. aizoides -type with
Artemisia, Caryophyllaceae, and Armeria maritima. The appearance of A. maritima in
this biozone is the first qualitative response of the vegetation to changing climate since
the rapid expansion of Ericales (cf E. nigrum) towards the end of biozone 1. A.
maritima has a widespread distribution in arctic and temperate regions and is therefore
not of value in inferring past climate, but it is a successful species in open communities
(West, 2000), and was therefore able to take advantage of the opening up of the
landscape during the Younger Dryas cooling.

Birks (1984) records a virtual absence of any evidence from aquatic plants and
animals, and describes the lochan as barren except for a few algae. In this study the
presence of bryozoan statoblasts and cladoceran ephippia are recorded, particularly in
the early part of this biozone, which correlates with the end of the Allerad. This
suggests a response to the deteriorating conditions at the end of this warm period

before moving into the more severe climate of GS-1 (Younger Dryas).

Biozone 4

In biozone 4, both studies record a rise in pollen influx values and a corresponding
increase in organic content of the sediment together with a return to former, higher
sedimentation rates.

This biozone is characterised by rising values for Betula, with its presence in the local
flora supported by macrofossil evidence, together with a corresponding decline of
Ericales. In addition, Study ‘A’ records a peak of 10% Juniperus communis and
although Juniperus does peak here in study ‘B’, the proportions are lower at 1%. J.
communis is notoriously difficult to identify, and as a result care was taken in study ‘B’
to check for significant amounts of pollen at this level, with a selection of samples being
checked and recounted by Dr JRM Allen; however, no more grains were found. One

explanation could be that J. communis would have developed as a low lying shrub at

this time, possibly ssp. nana, pioneering the change from the severe conditions that

prevailed during GS-1 (Younger Dryas), and it is possible that the characteristics of this
anemophilous pollen were not sufficient to enable it become airborne before being

trapped in any peripheral vegetation around the lochan. Birks (1984) records

119



macrofossil evidence for Juncus, suggesting that it was common, probably around the
perimeter of the lochan. This lack of accord between the sites highlights the problems
encountered in the proportional representation of pollen counts that are particularly low.
The influx value for J. communis in study ‘B’ is 52 grains cm? yr™, unfortunately there is
no comparable figure for study ‘A’, however, the two records have quite different
AP+NAP influx rates in this biozone, with study ‘A’ showing a nine fold increase in
influx over study ‘B’ during this time. The higher pollen influx value for Study ‘A’ in this
particular biozone could be accounted for by increased inwash from the surrounding
unstable soils left after the Younger Dryas stadial being trapped by the macrophyte
growth around the perimeter of the lake (sediment accumulation here is higher in Study
‘A’). Therefore, it is suggested here that the difference between the studies is as a
result of this increased inwash, and the lower results for J communis in Study ‘B’ could
therefore reflect the airboure component of the total pollen for this taxon at this time.

Both studies differentiated this biozone into two distinct LPAZs: AD-4a / LAD7 and AD-
4b / LADS. In AD-4a/LAD7 there is a marked decline in the taxa characteristic of
biozone 3, particularly Saxifraga oppositifolia /| S. aizoides -type, Artemisia,
Caryophyllaceae, and Armeria maritima, corresponding to a brief increase in
Cyperaceae, Gramineae and Oxyria digyna / Rumex acetosella -type. Salix pollen
values remain low, and S. herbacea macrofossils cease to be represented. Huperzia
selago (Lycopodium selago) declines with a corresponding rise in monolete
Pteridophytes. During this time the vegetation changed from a species rich ‘tundra’
assemblage through a dwarf-shrub heath phase, dominated by Juniperus communis
and Empetrum nigrum with abundant ferns, to ‘cold mixed forest’ principally of Betula.
The quantitative changes in the herbaceous taxa precede the most significant
qualitative change in this record i.e. the arrival of Betula, which very quickly came to
dominate the surrounding landscape (macrofossil evidence suggests that there was
little or no Betula nana represented).

This shift from ‘tundra’ to ‘cold mixed forest’ is characterised by ameliorating winter
conditions, and typified by the arrival and expansion of Betula. A continuing maritime
influence maintained the humidity, and whilst there was a change towards milder
winters (-2 to 5°C), summers temperatures were too cool (GDD5<1200) for temperate
summergreen trees at this site. These conditions are analogous today with relatively

small areas on the extreme maritime fringes of northwest Europe.

Major changes took place in the lochan at the opening of this biozone, with Chara and
Nitella proliferating. Subsequently other subfnérged équatic plants arrived, nofably
Myriophyllum alterniflorum that registered a significant signal in both studies, and Birks
(1984) records increases in both algae and aquatic animals.
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The sudden change in both terrestrial and aquatic vegetation during this biozone
reflects a rapid and substantial amelioration of climate over a period of ca 450 years,

and corresponding with the start of the Holocene.

The LPAZ AD-4b/LADS8 is dominated by Betula, and as this birch forest developed
Juniperus communis and monolete Pteridophytes remained common understorey
plants, with Gramineae gradually declining. Very low pollen values for Quercus, Ulmus,
Populus tremula and Sorbus aucuparia appear, the former two probably due to long
distance transportation from the south (Huntley, 1990b). According to Birks (1984)
there is macrofossil evidence for the persistence of some of the plants of open ground,
namely, Saxifraga spp., Caryophyllaceae and Dryas octopetala, and several of these
species still grow near to An Druim today, notably D. octopetala.

Biozone 4/Holocene boundary

The boundary of biozone 4 with established Holocene conditions marks a major
change in the fossil pollen assemblage with the rapid expansion of Corylus, giving rise
to relative pollen values equalling those of Betula. The local presence of Corylus is
confirmed by macrofossil evidence in study ‘A’. The relative dominance of these two
woody taxa (ca 90%) suggests substantial woodland and the resident understorey
appears to decline through this phase, probably as a result of the increased canopy.

The burst of aquatic plant productivity in the previous zone declines here, with the
apparent disappearance of, inter alia, Myriophyllum alterniflorum. There is, however,
both pollen and macrofossil evidence for the arrival of Nympaea. Birks (1984) suggests
that the perimeter of the lake could have become shallow enough to allow for the
growth of this taxon, which would have consequently shaded out the submerged
aquatic plants. The absence of cladoceran ephippia in both studies suggests that the
winter conditions were not sufficiently severe to initiate ephippial production.

This study documents the next LPAZ, LAD9, which covers a span of ca 2750 years
during which the characteristic taxa from biozone 4 prevail. There appears to be
continuous juxtaproportioning between Betula and Corylus throughout, reflecting early
Holocene climate oscillations, and suggesting fluctuations about the threshold
conditions that limit the growth of boreal taxa (i.e. Betula) and cool-temperate
summergreen taxa (i.e. Corylus). This is predominantly a reflection of fluctuating
summer temperatures, where cool-temperate summergreens require GDD5 >1200
(Prentice et al., 1992). These changes register in the biome assignments that oscillate
between ‘cold mixed forest’ and ‘temperate deciduous forest. This is particularly
apparent towards the upper boundary of this LPAZ, where it is suggested that the
revertence episode at ca 8.1 ka BP registers the ‘8200 event’ (Alley et al., 1997). This

121



is a widespread cooling event recorded in many early Holocene records (Duplessy et
al., 2001; Johnsen et al.,, 2001; Paus et al.,, 2003; Snowball et al., 2002; von
Grafenstein et al., 1998) (see also section 5.1.4).

The boundary between LAD9 and LAD10 marks an important qualitative change in
taxa, as the relative proportion of Quercus pollen begins to rise and the woody taxa
begin to diversify. This new community is reflected in a consistent biome change from
‘cold mixed forest’ to ‘temperate deciduous forest'.

The pollen profile in Study ‘A’ has been compared and correlated according to the
chronozones of Mangerud et al. (1974) with other Lateglacial sites in northern Scotland
(see Birks (1984)); both the Lateglacial and Younger Dryas chronozones are defined
throughout the region. However, there appears to be no evidence for the Bglling
chronozone; at all the sites the lowest pre interstadial zones are correlated with the
Older Dryas, and similarly at Abernethy Forest (Birks and Mathewes, 1978). Only at At
Morrone (Huntley, 1994), where the record is longer, is there evidence for the
interruption of the Lateglacial interstadial with the Older Dryas reversal at ca 11.5 C
ka yrs BP (13.5 cal yrs BP), compared to 13.75 ka yrs BP at Lochan An Druim (Study
‘B’). Allered vegetation across the region appears to be a treeless dwarf-shrub heath
frequently dominated by Empetrum. There is no evidence in any other records of the
Intra Allerod Cold Period that is so clearly defined by a decline in the proportional
representation of this taxon in the record at Lochan An Druim ca 13 ka yrs BP (Study
‘B).

Study ‘B’ thus provides a high resolution terrestrial record for the Lateglacial in the
north of Scotland, revealing both of the Lateglacial interstadial reversals indicated in
the GRIP record, and providing an independent chronology for these events. This

unique record serves to justify the original decision to re-sample an existing site.
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Chapter 6

The Lateglacial and early Holocene
Palaeovegetation and Palaeoenvironment
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6.1_ Results

6.1.1 Sediment Stratigraphy

A description of the sediments for the Lateglacial and early Holocene section of the
core from Nikkupierjav'ri is presented in Table 13. The lithological boundaries are
identified, principally according to the proportion of organic material.

These sediments show a marine-transitional-freshwater facies succession, indicating a
single isolation event. Sedimentation commences at 9.60m BD. The lowermost 2.5m of
sediments contain the lithological sequence typical of Lateglacial and early Holocene
successions in an isolation basin, with minerogenic postglacial marine sediments
underlying the uniformly organic sediments of the Holocene. This sequence comprises
five broad lithological units. The basal unit of glacial sand (Lith1), has a well defined
lithostratigraphic boundary at 9.45m with the onset of some organic acccumulation.
This is overlain by 1.6m of marine sediments (Lith2) indicating that the basin was below
sea level at deglaciation. These sediments are divided into three sub-sections. The
lowermost sub-section (Lith2a) consists of 0.74m of clayey silt with abundant marine
algae that tends to form organic bands towards the base of the unit, but mixes upward
with the mineral to form a homogenous black sediment (that oxidises to pink). The mid
0.185m sub-section (Lith2b) forms a band of grey homogenous silty clay with only a
few organics. Above this lies the upper sub-section (Lith2c) of 0.675m of coarser
sediment, sandy silt with a few stones (<1cm) and layered organic bands of varying
width up to 0.5cm. Overlying these marine sediments is 2cm of paper-thin laminae
indicating the isolation contact (the marine to freshwater diatom transition occurs about
this level).
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This laminated section would have been formed during the transition between the
marine and lacustrine phases, when the basin no longer received a regular supply of
marine water across the threshold. During this phase marine bottom water in the basin
would have become anoxic, or subject to enhanced seasonal variability in oxygen
content, causing the cessation of bioturbation. Laminated facies in most basins are
thought to have formed during a meromictic (salinity stratified) phase that would have
developed and persisted for some time after isolation and thus the isolation contact
should be placed at the bottom of the laminated section corresponding to mean high
tide level (Corner et al., 1999). Earlier interpretations of this phase have indicated that
the laminated unit represents a brackish phase occurring immediately before isolation,
and therefore places the isolation contact at the top of the unit (Kaland et al., 1984).
Limited diatom analysis in this study indicated brackish diatoms at 2cm below the unit
(J Lloyd Pers. Comm.), thus supporting the former interpretation.

Above the laminated section lies a 0.230m band of blue-grey clay (Lith3) with an abrupt
upper boundary overlain by 0.320m of silty gyttja (Lith4), which suggests the beginning
of organic non-marine sedimentation in the lake. Overlying this is the beginning of
organic rich gyttja sediments (Lith5) that extend to the lake-bed.

The %LOI (dry weight) curve (see section 6.1.6 below) supports these broad divisions
with the lowest values in the minerogenic marine units, Lith2a, 2b and 2c, these
increase upwards from a mean of 1.76 [SE +0.06] in Lith2a to a mean of 3.24 [SE +1.7]
in Lith2c. There is a slight increase in Lith3 (mean 5.87 [SE +0.72]), and a more
significant increase into the organic sediments of Lith4 (mean 17.02 [SE +0.77).
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6.1.2 Radiocarbon Chronology

Sample information and results of AMS radiocarbon dating are shown in Table 14. The
results are corrected for isotopic fractionation by normalising to -25%. relative to PDB

standard using measured 6'3C values.

The AMS radiocarbon dates have been calibrated using CALIB REV4.4.1, using the
calibration data set INTCAL98, based on dendrochronologically dated tree rings,
uranium-thorium dated corals and varve-counted marine sediment (Stuiver et al.,
1998a).

For comparison, the marine samples have also been calibrated using the MARINE98
dataset (Stuiver et al., 1998a), which incorporates a time-dependent global ocean
reservoir correction of 400 years. In addition, the on-line marine reservoir correction
database (http://www.calib.org/marine) has been used to select an appropriate
correction factor for the Barents Sea area of: Delta R = 109.0 + 70 (Reimer and
Reimer, 2001). These corrections for the marine reservoir age inevitably give younger
age estimates. Preliminary diatom assessment at 7.89m (2cm above sample RC5)
indicated a brackish assemblage (Pers. Comm. J Lloyd), and in the environment of an
isolation basin the degree of marine influence cannot be estimated without concurrent
proxy studies, e.g. diatom assemblages. However, 6'°C values can give some
indication of the carbon sources incorporated into the material dated, since 6'°C values
tend to be high in samples containing predominantly marine/brackish diatoms and low
in samples containing predominantly freshwater diatoms (Corner et al., 1999). The §'°C
values in this study show some variation with a decreasing trend upward through the
sediments and a clear distinction between the brackish and freshwater sediments (-2.7
%o PDB). This would suggest that the source of the organic material changes upwards
through the succession. However, the relatively high §'°C in this study is not
necessarily indicative of marine carbon content. Isolation basin studies in the Nikel-
Kirkenes area in northwestern Russia (120 km southwest of Nikkupierjav'ri), and at
Polyarny (250 km southwest of Nikkupierjav'ri), have demonstrated that the &'°C values
in marine and terrestrial organic material overlap. The values obtained from the study
at Nikkupierjav'ri, i.e. -23.6 to -28.7, lie within this overlap. In addition, Corner et al.
(2001) have compared dates from closely spaced samples of gyttja containing different
proportions of marine/brackish diatoms, and achieved reasonably close agreement
without any reservoir age adjustment. Furthermore, they developed inverted age
relationships when a reservoir age adjustment was used, based on the percentage
content of marine/brackish diatoms.
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The AMS radiocarbon age for sample RC5 in the brackish sediments in this study,
10085 £70 years at 7.910m, becomes inverted with respect to the upper date from
non-marine sediments of 9548 +88, if a marine reservoir adjustment is made (see
Table 14). In the light of the evidence presented above it was decided not to use a

marine reservoir correction for any of the dates in this isolation basin.

The 'C date for sample RC6 at 8.485m was inverted with respect to the next upper
date for sample RC5, and results for RC6 gave an error of +100 years as compared to
an error of £70 for RC5. Since the sub-sample for RC6 was taken from close to the top
of a core section and could therefore have suffered some contamination, this date has
been rejected.
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6.1.3 Tephrochronology

Cryptotephra shards were found in only one vertical sub-sample of the core (7.35m to
7.39m) and this horizon was rationalised to 7.36m. Unfortunately, although several
shards were identified in the final sub-sample, no shards were found on the ground
resin surface prepared for electron microprobe analyses. Therefore it was felt that there
was likely to be insufficient material to warrant any further grinding and re-probing (A J
Newton, Pers. Comm.).

The record of cryptotephra in this early Holocene deposit in northern Finnmark appears
to lie well to the northeast of the known distributions of European early Holocene
cryptotephras (Davies et al., 2002). Other traces of volcanic shards have been found
(Pers. Comm. J R M Allen) but again, not in sufficient quantity to enable geochemical
analysis. These discoveries suggest that Holocene cryptotephras might be more
widespread than hitherto recorded. A more specific study in this area could therefore
establish the potential for developing a tephrochronology for northern Finnmark, which
would provide a key correlative tool for records spanning the length of the northwest
continental margin.

6.1.4 Age-Depth Model

In order to obtain the best age-depth relationship for this sequence linear segments
and polynomial models were fitted to the accepted and calibrated radiocarbon dates,
and a date of -51 years for the top of the core. Visual inspection of the Holocene
sediments suggested that sedimentation had been relatively uniform throughout this
period, and therefore it would be acceptable to include a date for the top of the core.
Three models were tried.

Firstly, a line of best fit was drawn to the calibrated radiocarbon data points (R® = 0.98),
however, it was felt that this did not take sufficient account of the changes in lithology
through the section.

Secondly, a third order polynomial provided a good fit to the 2 sigma age range of the
calibrated radiocarbon data points (R* = 1.00); however, projecting this curve to the
base of the core produced a deglaciation date of ca 22 ka BP, somewhat earlier than
that suggested by Vorren (1978), Vorren (2002) and Andersen (1979).

Finally, a series of linear segments were fitted between the date for the top of the core
(5.25m, -51 yrs BP) and the calibrated AMS radiocarbon date (7.555m BD, 10910 yrs
BP) and this was extrapoléied to the promi‘nént- Iri.th'olog.ical boundary (Lith4/Lith3) giving
a date of 11267 yrs BP at 7.63m BD. This point was then joined to the calibrated AMS
radiocarbon date (7.91m BD, 11520 yrs BP) close to the prominent Lith3/Lith2
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boundary, giving the second linear segment. Finally, the third linear segment was
developed between the calibrated AMS radiocarbon date at (7.91m BD, 11520 yrs BP)
and the calibrated AMS radiocarbon date at (8.675m BD, 14090 yrs BP), and then
extrapolated to the beginning of sediment accumulation at 9.615m, to give an
estimated date for deglaciation of ca 17200 cal years BP. These three linear segments
are combined in Figure 21 to give the completed age depth model.

These last two models gave the same date of 11520 cal yrs BP for the Lith3/Lith2
boundary, but different projected dates for deglaciation. In view of the closeness of
these two models at the top of the sequence it was decided to use the linear segment
model since it projected a more realistic date for deglaciation.

It is noted that extrapolation of the model both to the top and the bottom of the core
reduces confidence in the projected sections of the model, and this is taken into
account in further discussions.
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6.1.5 Correlations with Greenland Ice Record

The proportional pollen data, pollen influx data and the macrofossil data have been
plotted with respect to the age-depth model developed in section 6.1.4. This provides a
calendar years age scale that has been correlated directly with the ice core years scale
in the GRIP ice core 6'°0 data for the Lateglacial and early Holocene (Dansgaard et
al., 1993; Johnsen et al., 1992), thus providing a direct correlation with the event
stratigraphy recommended by Bjérck et al. (1998) for this period (see section 2.3.2.1).
This correlation is shown in subsequent palaeoclimate records from this site.

6.1.6 Pollen Analyses

The core was sub-sampled at decadal to centennial resolution, and the rationale for
accepting sub-samples is explained. For the Holocene section of the study (7.31m to
7.86m) pollen counts have been accepted for all sub-samples where the AP+NAP
counts were >200 grains sample™, with the exception of the sub-samples at 7.59m and
7.87m. These gave counts of 163 and 146 grains respectively, and were accepted on
the basis of the relative percentage of Eucalyptus filicifolia grains counted with the
sample (this gave an indication of the proportion of the whole sub-sample that was
counted); these were 4.94 and 6.47 respectively, which éompared well with the mean
of 2.97 [SE+0.43] for the other accepted Holocene samples and suggested that these
low counts would be an acceptable representation of the pollen spectra at those two
levels. This rationalisation of sub-samples resulted in the selection of a total of 23 sub-
samples at intervals of 2-4 cms, where the mean count for AP+NAP was 445 grains
[SE+39].

Developing a rationale for the Lateglacial section was more difficult since all the
AP+NAP counts were between only 4 and 157 grains, and therefore not statistically
viable. This problem has also been encountered in other investigations of isolation
basins on the Kola Peninsula in northern Russia; Snyder et al. (2000) record that the
Lateglacial marine section of the core was deemed to have insufficient pollen for further
investigation, and Yelovicheva et al. (1998) in Corner et al. (2001) record less than 50
grains per gram in the Lateglacial marine sediments. It was therefore decided that
preliminary analysis of the data recovered at Nikkupierjav'ri for the Lateglacial would
provide novel research, provided that interpretation of the data is presented within this
constraint, and it is recognised that pollen data from these sediments are not suitable
for confident palaeoclimate reconstructions. In order to make the best use of the data
for this, a threshold of >20 grains was chosen as this would provide a full range of
samples covering the entire span of the Lateglacial. Therefore, for this section of the
study (7.88m to 9.45m) pollen counts have been accepted for all sub-samples where
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the AP+NAP counts were >20 grains sample”, with the exception of the sub-samples
at 8.29m and 8.31m. These gave counts of 13 and 11 grains respectively, and were
accepted on the basis of the relative percentage of Eucalyptus filicifolia grains (as
above); these were 3.31 and 3.91 respectively, which compared well with the mean of
2.97 [SE+0.43] for the accepted Holocene samples. This rationalisation of sub-samples
resulted in the selection of a total of 53 sub-samples at intervals of 2-4 cms. There
were, however, five sections where the intervals were greater, ranging from 5-11cms.
The mean count for AP+NAP was 41 grains [SEz4].

Calendar ages have been assigned to each sub-sample, interpolated from the age-
depth model and the resulting mean temporal interval between sub-samples is 88 [+18]
years for the Holocene and 98 [+9] years for the Lateglacial. A total of 41 arboreal and
non-arboreal taxa have been identified, with 5 obligate aquatic taxa including
Sphagnum, and various spore taxa.

Relative abundance pollen data are displayed for the most common taxa, rare taxa
mentioned in the text, and totals for monolete and trilete Pteridophyte spores (see
Figure 22). Taxa are sorted into arboreal pollen taxa, non-arboreal pollen taxa,
terrestrial Pteridophytes and obligate aquatics and plotted against age (cal yrs BP).
There is an overall summary for the main terrestrial groups of woody taxa (i.e. trees
plus shrubs but not including Ericales), Ericales and herbaceous taxa. % LOI (dry
weight) and the percentage of pollen not specifically identified (indeterminate pollen) is
displayed. The total number of AP+NAP grains counted is plotted, with depth bars to
indicate the frequency of sampling. The results of the CONISS analysis carried out on
the proportional data of all AP+NAP is displayed as a dendrogram, and the resultant
divisions used to guide the divisions representing the local pollen assemblage zones
(LPAZs). These same divisions have been added to the diagrams in Figures 23 and
24. Figure 23 shows pollen influx data for taxa mentioned in the text, and the total
pollen influx for arboreal and non-arboreal taxa. Figure 24 shows macrofossils
information from the pollen washings as presence data.
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Figure 22

Nikkupierjav'ri: Relative abundance data are displayed for the most significant taxa with
totals (undifferentiated) for the monolete and trilete Pteridophyte spores. Taxa have been
grouped into arboreal and non-arboreal taxa, terrestrial Pteridophytes and obligate
aquatics plus Sphagnum, and plotted against age (cal yrs BP). Polien sums are specified
as follows for selected taxa: Terrestrial Pollen (XTP), i.e. Arboreal Pollen minus Pinus
(AP) plus Non-Arboreal Pollen (NAP); Terrestrial Pollen and Terrestrial Pteridophyte
Spores (ZTP + ZPS); Terrestrial Pollen and Aquatic Pollen (including Sphagnum) (ZTP +
ZAP), Terrestrial Pollen and Indeterminable Pollen (ZTP + ZIP). The first axis from the
DCA analysis of the pollen spectra is plotted with the assigned palaeobiomes developed
through the systematic biome analysis (see section 6.1.10.1). The GRIP ice core §'°0
data for the Lateglacial and early Holocene (Dansgaard et al., 1993; Johnsen et al., 1992)
are plotted for correlation. LPAZs are indicated.
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6.1.7 Pollen Influx

The mean rate of pollen influx (AP+NAP) trends upwards through the lithological units
with: 5 [SEx1] grains cm™® yr' in Lith2a; 11 [SE+2] grains cm?yr” in Lith2b; 19 [SE8]
grains cm?yr' in Lith2c; 339 [SE+87] grains cm? yr' in Lith3; and 325 [SE+71] grains
cm?yrtin Lith4.

Pollen influx values are very low throughout the Lateglacial section of this sequence -
ca 5 to 19 grains cm? yr', as might be expected at such extreme northerly latitudes
during deglaciation and especially in marine sediments where taphonomic effects
exacerbated by even the weakest tidal flows can lead to a relative loss of grains. The
sedimentation rate during this time is 0.3 mm yr' (see Figure 23), and consists of a
silty clay with marine algal remains. The sediments in this section are generally faintly

laminated, suggesting relatively stable conditions.

Lith3 is a complex unit where the isolation of the basin from marine influence coincides
with the major environmental transition from GS-1 (Younger Dryas) to the Holocene.
Here, there is an increase in sedimentation rate from 0.3 to 1.0 mm yr"'. This could be
accounted for by an increased retention of fine minerogenics, since the basin is no
longer affected by tidal action. The input of this material might not have actually
increased but rather has had the opportunity to settle out of suspension, whereas
previously it would have been removed in suspension by tidal action. Coincident with
this increase in sedimentation rate is an increase in pollen influx values. This rise is
from 19 to 339 grains cm?yr”, and represents a 17.8 -fold increase as compared to the
increase in sediment accumulation rate from 0.3 to 1.0 mm yr”, which is only a 3.3 —
fold increase; i.e., pollen influx increased 5.4 times as much as sediment accumulation
rate and cannot therefore be accounted for by the latter. This would indicate a

substantial increase in the vegetation cover of the surrounding landscape at this time.

The pollen influx values of ca 325 grains cm?yr" during the early Holocene (Lith4), can
be compared with the rate for the same period at Domsvatnet (see Hyvarinen, 1976) a
small lake situated near the eastern coast of the Varanger peninsular (70° 19'N, 31°
02’E; altitude ca 120m asl). Sediment deposition rates are slower at Nikkupierjav'ri: 0.2
mm yr', compared to 0.37 mm yr' at Domsvatnet. The pollen influx rates at
Domsvatnet of 500-2000 grains cm-2 yr are higher than would be expected from early
Holocene records from other tundra locations where values range from 100 - 600
grains cm? yr'1 (see Hyvarinen, 1976), and. so, the influx value of ca 325 for Lith4
-would appear to be more. typical for.such a site. The difference between the two
records must be attributed to the nature of the surrounding vegetation suggesting
higher productivity and or vegetation cover at the more southerly site with less severe
tundra conditions.
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The presence of Pinus pollen throughout the Lateglacial and early Holocene at this site
can be shown not to be a significant component of the local pollen rain. Generally,
influx figures of over 500 grains cm? yr' can be used to indicate the colonisation of
Pinus (Hyvarinen, 1975), the record at Nikkupierjav'ri never exceeds 30 grains cm™?
yr'. Therefore, this analysis supports the suggestion (see section 4.2.3.3) that Pinus
was not growing in the region at this time, and that the low levels of Pinus pollen
throughout this period must reflect long distance transport.
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| Figure 23
Nikkupierjav'ri: Pollen influx data are displayed for a selection of taxa and plotted against
age (cal yrs BP). LPAZs and lithological units are indicated.
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6.1.8 Descriptions of the Pollen Zones

Eight local pollen assemblage zones (LPAZs) and two sub-zones have been identified
from the relative pollen data (see Figure 21), supported by the CONISS dendrogram
divisions, and correlated with the event stratigraphy of the Lateglacial following Bjorck
et al. (1998). The biozones of Mangerud et al. (1974) have also been correlated. These
LPAZs are described below from the oldest to the youngest, and they are also
summarised in Table 15. It is noted that the zoning of the Lateglacial section of the
core is very tentative, in view of the unacceptably low pollen counts for this period (see

discussion in section 6.1.6).

Mean values for % LOI (dry weight) and AP+NAP pollen influx are not given for the
separate zones since these values are very low throughout. In the Lateglacial
sediments values for % LOI (dry weight) range from 1% to 12% and influx values from
ca 3 to 160 grains cm?yr’. In the Holocene sediments, values for % LO! (dry weight)
increase to ca 20%, and influx values to ca 900 grains cm?yr™.

The relative proportions of woody taxa are described but should be viewed in the
context of very low pollen influx values. Betula is the most significant component of this
group but throughout the Lateglacial and the start of the Holocene pollen counts remain
below the threshold influx value of 500 grains cm? yr' (Hicks, 2001) suggested as
evidence for established Betula woodland. This would indicate that the tree line (the
limit of expansion) for this taxon was not present to within at least 1 km of the sampling
site until ca 10 ka BP. Salix influx values remain <4 grains cm? yr' throughout the
Lateglacial rising to a maximum of 39 grains cm? yr' ca 11.5 ka BP, and Alnus only
ever achieves a value of 1 grain cm?yr" until ca 10 ka BP when it rises to only 3. It is
suggested here, that such low pollen influx values are indicative of the presence of the
prostrate species of these taxa, several of which grow in Finnmark today (Hultén,
1950), but also including Alnus viridis ssp. fruticosa which is found in north east Russia
(B Huntley, Pers. Comm.). Small amounts of c¢f Betula nana pollen were identified
throughout the Lateglacial sediments, and one B. nana fruit was identified ca 11.7 ka
BP in LPAZ N6. Since the colonisation of tree Betula in this sequence would appear to
be ca 10 ka BP (see LPAZ N9 below), and it is estimated to be between 10 and 9.5 ka
BP at Domsvatnet on the eastern coast of the Varanger peninsular (Hyvarinen, 1976),
the presence of this macrofossil confirms a local presence of B. nana. Thus, the
inference is made that most/all of the Lateglacial Betula pollen is representing B. nana,
with the possibility that any representation of tree Betula pollen suggests long distance
irahsport of thié faxZ)h. -
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N1
16700(+) - 15520 cal yrs BP

Greenland Stadial 2: GS-2
Late Pleniglacial
Sample resolution ca 114 yrs

Gramineae - (Betula nana) — Artemisia

The pattern throughout this zone is of fluctuating proportions of herbaceous taxa ( up to
84%) and woody taxa (up to 67%) with occasional Ericales, a mixed Pteridophyte flora
including Lycopodium spp. and Gymnocarpium dryopteris, and some Sphagnum. The
herbaceous flora is characterised by Gramineae and Artemisia with some
Chenopodiaceae and Cyperaceae. The woody taxa are represented principally by
Betula, with occasional Salix and Alnus. Following the discussion above it is suggested
that B. nana was a local component of the tundra mosaic at this time. Of note in this
zone, is a single grain of Typha latifolia at ca 16 ka BP. This thermophilous (thrives in
warmer temperatures) species is found today only where mean July temperature is >
13°C (Isarin and Bohncke, 1999).

N2

15520 - 15050 cal yrs BP (470 yrs)
Greenland Stadial 2: GS-2

Late Pleniglacial

Sample resolution ca 78 yrs

Artemisia — Gramineae - (Betula nana)

This is a herb dominated zone, principally Artemisia between 28% and 63% with some
Gramineae between 9% and 38%. The taxa are more diverse than previously and
there are small but increasing proportions of Oxyria digyna / Rumex acetosella-type,
Chenopodiaceae and Caryophyllaceae. The woody taxa are again principally
represented by Betula nana at generally <20%, with occasional Salix and Alnus.
Pteridophytes maintain a low level, generally <15% and are principally Lycopodium
spp. Sphagnum is absent for most of this zone, but reappears at the border with
LPAZ-N3.
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N3

15050 - 14175 cal yrs BP (875 yrs)

Greenland Stadial 2: GS-2 to Greenland Interstadial 1 - Gl-1e
Late Pleniglacial to Belling

Sample resolution ca 97 yrs

Gramineae — Artemisia— (Betula nana)

The CONISS analysis suggests that this zone is divided into two sub-zones 3a and 3b.
The sub-zone 3b correlates with Gl-1e (Belling) and the sublte differences are
described below. Again, this is a herb dominated zone, principally Gramineae (up to
55%) with 30-35% Artemisia throughout. The relatively low levels of Oxyria digyna /
Rumex acetosella-type and Chenopodiaceae continue from the previous zone, but
decline in N3b. The woody taxa are represented principally by Betula at <33%, again
with some Salix throughout, and developing up to 4% Alnus and 6% Ericales in N3b.
The Pteridophytes maintain a low level at generally <30% and are principally
Lycopodium spp. Sphagnum is absent for most of the zone, but there is an isolated
peak of ca 20%.in N3b. Pollen influx values for Betula peak at 6 grains cm™ yr' in N3b,
indicating an increased density of B. nana shrub tundra on the landscape.

N4

14175 - 13575 cal yrs BP (600 yrs)
Greenland Interstadial 1: GI-1 (Gl-1e - d)
Allered

Sample resolution ca 75 years
(Betula nana) — Gramineae — Artemisia

The woody and herbaceous taxa in this zone are of similar proportions to each other.
Gramineae represents up to 41% and Artemisia up to 35%, with some Cyperaceae,
Chenopodiaceae and Caryophyllaceae, but a wider variety of herbs has developed
with, inter alia, occasional Galium and Chamaenerion angustifolium-type. Amongst the
woody taxa Betula has the highest representation of up to 49%, with some Salix, and
there is a small spike of Ericales. The balance of Pteridophytes is similar to the
previous zone. Pollen influx values for Betula rise to 11 grains cm? yr”, reinforcing the

previous suggestion of an increased density of B. nana shrub tundra on the landscape.
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N5a

13575 - 12830 cal yrs BP (745 yrs)
Greenland Interstadial 1 - GI-1 (Gl-1c - a)
Allergd

Sample resolution ca 106 years

Salix — Gramineae — Artemisia

This zone is dominated by herbaceous taxa which expand up to 71%, principally
Gramineae up to 37%, and Artemisia up to 35%, with some Chenopodiaceae. There is
still a variety of other herbs such as Thalictrum, Geum and Umbelliferae present
occasionally. The woody taxa are dominated here by Salix, up to 45%, with only ca
15% Betula, and occasional Alnus. The Pteridophytes are still <20% and predominantly
Lycopodium spp. with occasional Gymnocarpium dryopteris. Sphagnum is also present
occasionally. Pollen influx values for Betula and Salix do not rise above 2 grains cm™
yr, throughout this zone.

N5b

12830 - 11480 cal yrs BP (1350 yrs)
Greenland Stadial 1 - GS-1
Younger Dryas

Sample resolution ca 96 years

Artemisia

This zone is dominated by herbaceous taxa at ca 65%, with up to 62% Artemisia, and
up to 24% Gramineae, with Chenopodiaceae expanding to a maximum of 14%, and
with some Cyperaceae and Caryophyllaceae. The woody taxa at ca 34%, comprise
Betula and Salix in similar proportions, and never more than 29% of each, with some
Alnus. The Pteridophyte flora is slightly reduced, usually <10% and dominated by
Lycopodium spp. with occasional G. dryopteris. Sphagnum is present throughout, up
1o 7%.
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N6

11480 - 11180 cal yrs BP (300 yrs)
Greenland Stadial 1 - GS-1/ PB
Younger Dryas / Preboreal
Sample resolution ca 33 years

Artemisia

This zone is dominated by herbaceous taxa, at ca 91%, including up to 83% Artemisia
where its pollen influx values peak at 439 grains cm? yr. There is <10% Gramineae,
with Chenopodiaceae, Caryophyllaceae and Saxifraga spp, but the overall diversity of
taxa has increased. The woody taxa represent only 9% with Betula and Salix, and
occasional Alnus. The Pteridophyte flora is reduced further to <1%. There is no record
of Ericales and a very small amount of Sphagnum. Pollen influx values for Betula rise
to 67 grains cm™ yr' towards the top of the zone, which supports the suggestion of
further expansion of the B nana shrub tundra. It is possible however, that some of this
increase in influx could be accounted for by long-distance transport of tree Birch pollen,
providing evidence for the expansion of Betula forest elsewhere. The position of the
Younger Dryas moraines indicates that this would have come from either the southwest
or the east. In the east, Paus et al. (2003) suggest the possibility of tree Birch in the
pollen record of the northern Timan Ridge, European Arctic Russia, at ca 13.5 ka BP,
but this is not supported by macrofossil evidence. In the southwest, however, the
establishment of Birch woodland, in northern Norway, is constrained by pollen and
macrofossil analyses in the Tromsg area (ca 400 km from Nikkupierjav'ri), to around ca
9.9 ka BP (Jensen et al., 2002). It is probable therefore that the increase in influx of
Betula pollen at Nikkupierjav'ri is principally that of B nana.

N7

11180 - 10370 cal yrs BP (810 yrs)
PB
Preboreal

Sample resolution ca 135 years
Ericales — Betula

This zone is characterised by a very rapid rise in the proportion of Ericales pollen, from
0 to ca 45%, with woody taxa and herbaceous taxa sharmg snmllar proportlons i.e. ca
36% and ca 33% respectively. The change in herbaceous taxa is typlfled by declunlng
proportions of Artemisia, to <5%, and Chenopodicaeae to <1%. Oxyria digyna / Rumex

acetosella-type expands initially to a maximum of 19% and then begins to decline,
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while other herbs such as Rosaceae and Ranunculus become established. The woody
taxa are dominated by Betula that expands to 42%, with declining proportions of Salix
and occasional Alnus. The Pteridophytes expand again, to 16% at the upper boundary;
principally Lycopodium spp. Sphagnum is present throughout and Equisetum expands
to >5%. Pollen influx values for Betula continue to rise slowly reaching 97 grains cm™®

yr' towards the top of the zone.

N8

10370 - 9750 cal yrs BP
Holocene

Sample resolution ca 103 years
Betula — Pteridophyta (Lycopodium spp. and Gymnocarpium dryopteris)

The proportional representation of the woody taxa, principally Betula with some Salix
and occasional Alnus, expands in this zone from 57% to 81%, while the proportion of
Ericales declines to 15%, and the herbaceous taxa to 15%. The herbaceous taxa
comprise principally Gramineae and Cyperaceae in equal proportions with Artemisia,
Oxyria digyna / Rumex acetosella-type, Caryophyllaceae and Chenopodiaceae
declining to <1%. The Pteridophyte flora expands significantly to ca 30% driven by
Lycopodium spp. and Gymnocarpium dryopteris, whilst Sphagnum remains at <1%.
Pollen influx values for Betula continue to rise achieving 664 grains cm? yr”, indicating
that tree Birch probably becomes established in the regional vegetation in this zone,
i.e. ca 10 ka BP.
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6.1.9 Macrofossils

The macrofossils found in the pollen washings were recorded as presence/absence
data (see Figure 24) and serve to help interpret the quantitative data.

The sediments in this core are clearly differentiated by the algal content into the marine
sediments containing Foraminifera and marine algae, and the freshwater sediments
with diatom spp. Diatom samples assessed from sediments about the marine contact
grade from brackish species at 7.89m to freshwater species at 7.59m (J Lloyd, Pers.
Com.). Pediastrum, a freshwater taxon, is present throughout the Lateglacial
sediments, indicating some run off of freshwater into the basin during this period.

Miscellaneous insect parts, Chironomid head capsules and Pediastum spp. are present
throughout the sequence. During the marine phase, these must have come with
freshwater influx from streams draining freshwater lakes in the surrounding landscape.
Macrofossils associated with freshwater are present only during Lith3 and Lith4, from
the GS-1 (Younger Dryas) transition to the Preboreal and the beginning of the
Holocene sediments, e.g. Cladocera remains don’t appear until Lith3. Ostracods and
the fossil remains of Charophytes (oogonia), appear in Lith4 suggesting their early
colonisation, with the oogonia being produced in response to environmental stress
such as seasonal freezing. This is also indicated by the presence of Cladoceran
ephippia and Bryozoan statoblasts. Moss fragments (unidentified) were found during
the Lateglacial and throughout the Holocene sediments, indicating some degree of
freshwater run off from the land into the lake from the point of deglaciation, and
indicating some brackish element from the beginning of deposition. Polytrichum and
Sphagnum were identified in the upper levels of Lith4. Leaf fragments from woody plant
species were found from the middle of Lith2 upwards, indicating the beginning of the
development of the surrounding vegetation ca 14 ka BP. A few Betula macrofossils and
miscellaneous seeds are present from the beginning of Lith3, and one Ericales seed
coincided with the peak in these taxa in Lith4.

Two discrete horizons of pyrite globules were found, both associated with the more
compact silt/clay sections of Lith2b and Lith3. The development of these structures
indicates stagnating bottom conditions where the lack of oxygen would suggest a poor
fauna and little bioturbation. This would have probably contributed towards the clearly
laminated sediments at the lower boundary of Lith3.
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Figure 24
Nikkupierjav'ri: Data indicating the presence of macrofossil evidence are plotted against
age (cal yrs BP). LPAZs and lithological units are indicated.
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low-lying Arctic Alpine shrubs representative of tundra conditions and those spectra
dominated by the pollen of herbaceous taxa, representative of cooler and drier steppe
conditions.

Throughout the Lateglacial the dominent biomes fluctuated between tundra and cool
steppe, only developing into cold deciduous forest in the early Holocene, at ca 10.4 ka
BP. The sequence of biomes through this period reflects changes in the prevailing
vegetation that can be used to infer more specific climate detail, although confidence in
the interpretation of the switching biomes in the Lateglacial is low (as discussed in
section 6.1.6).

Tundra is represented here principally by the Arctic Alpine taxa, ¢f B. nana, Salix and
Saxifraga spp, with some Ericales (including Empetrum) and Cyperaceae. Tundra
indicates a humid environment where precipitation meets >65% of demand, but GDD5
is insufficient for tree growth, i.e. <350 (Prentice et al., 1992).

Cool steppe (there were two samples that invoked the steppe test to differentiate
between cool and warm steppe (after, Tarasov et al., 1998)) is defined here, principally
by the presence of the steppe/desert forbs Artemisia and Chenopodiaceae with Oxyria
digyna / Rumex acetosella -type and a variety of other steppe forbs, mainly
Caryophyllaceae, Ranunculus, Rosaceae, Thalictrum, and Asteraceae, with some
Gramineae. Cool steppe is predicted for the less humid regions with MTCO <5°C
(Tarasov et al., 1998) and where precipitation meets <65% of demand, but GDD5
remains insufficient for tree growth.

Cold deciduous forests are dominated by boreal summergreen trees (Prentice et al.,
1992) represented here by Betula. Ericales are also present although representation is
very low, not more than 7% in the Holocene spectra, and according to Prentice et al.
(1992) they only occur in restricted parts of the biome. This biome occurs in maritime
climates where the GDD5 is <900, as required by cool temperate conifers, but where
winters are too warm for boreal evergreen conifers (-2 to 5°C). This climate type is
today represented by the ‘sub-arctic’ Betula woodlands of coastal Iceland, part of
Scotland and coastal Scandinavia and Beringia (Prentice et al., 1992).

6.1.10.2 Palaeoclimate Reconstructions

In view of the unsuccessful palaeoclimate reconstructions using the climate surface
response method of Huntley (1993), that were tried for the pollen data from Lochan An
Druim (see discussion in section.5.1.10.2), it. was decided not to_pursue. this analysis at.
Nikkupierjav'ri. As already discussed (see section 6.1.6), the pollen counts for the
Lateglacial at this site were unacceptably low, and would not therefore stand up to

robust statistical analysis. In addition, the training set used does not include any sub-
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tidal arctic sample sites (B Huntley, Pers. Comm. 2006) and would therefore present a
poor source of modern analogous environments. The inclusion of data collected from
such sites would greatly enhance the model, and offer the potential for developing such
reconstructions in the future.

6.2 The Palaeoenvironment at Nikkupierjav'ri

Throughout the Lateglacial period the basin at Nikkupierjav'ri was principally marine.
There is, however, evidence of some freshwater influence with macrofossil analysis
indicating the presence of mosses, spermatophyta leaf pieces and Pediastrum,
suggesting some freshwater run off into the basin. Sedimentation rate appears
constant throughout this period and so fluctuations in pollen influx values can be taken
to reflect local or regional vegetation productivity. These values, though, are very low
throughout (<25 grains cm? yr') and therefore difficult to interpret in vegetational
terms. Prentice (1981) also has estimated pollen influx rates of only 20-40 grains cm™®
yr' from Allered sediments at three lacustrine sites on the Varanger Peninsular, which
she suggests indicates very sparse vegetation and implies harsh tundra conditions at
this time. Some general observations at Nikkupierjav'ri have however been made
during this period. Pollen influx values do show a slight increase between ca 14.5 and
13.7 ka BP, which correlates closely with the period of initial warming, Gl-1e (Belling) in
the GRIP record, but values decrease again for the next 2000 years from ca 13.6 to
11.6 ka BP. Lohne et al. (2004) have suggested that according to sea-level changes in
western Norway, the Younger Dryas re-advance had already started in the late Allerad,
with significant glacial loading of the lithosphere starting ca 13.3 ka BP. This
suggestion of such an early cooling is supported by the sustained low levels of pollen
influx following the initial warming of the Bglling at Nikkupierjav'ri. Whilst the pollen
influx values are very low, the systematic palaeobiome reconstructions use pollen
percentage data, and it would seem that the relative proportions of the few
characteristic taxa that were identified can have some indicative value. The taxa of the
tundra and cool steppe biomes prevail throughout the Lateglacial, where the
fluctuations in palaeobiome assignments are principally characterised by the relative
proportions of the steppe taxa Artemisia and Chenopodiaceae, with the principal Arctic
Alpine taxon B. nana, and with some Salix. These fluctuations in dominant PFT
indicate relatively high frequency quantitative shifts of the vegetation with respect to the
changing climate boundary conditions, with the differences accounted for in terms of
moisture availability; the tundra biome indicates more humid conditions, where
precipitation meets >65% of demand (Prentice et al., 1992). The vegetation at this time
probably formed a discrete mosaic, with the tundra communities occupying the lower

more moist ground, and the steppe communities on the higher and drier ground. The
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changes in dominance from tundra to cool steppe i.e. the expansion and contraction of
the relevant mosaic patches, would therefore suggest short cooling events with
reduced moisture availability, except during the GS-1 (Younger Dryas) event, where
the constant cool steppe biome suggests a more stable period of drier and colder
conditions.

The characteristic Artemisia signal for GS-1, recorded all around the northern and
eastern margin of the Scandinavian Ice Sheet (Hyvarinen, 1975; Hyvarinen, 1976;
Prentice, 1982; Seppé, 1996; Vorren, 1978) is not directly apparent in the data at
Nikkupierjav'ri. However, the establishment of the cool steppe biome in LPAZ-N5b that
correlates with GS-1 (Younger Dryas), would indicate a significant representation of
steppe taxa at this time, of which Artemisia is the most dominant. An alternative
interpretation might suggest that the chronology at this time is incorrect, and that the
Artemisia peak in LPAZ-N6 should correlate with GS-1 (Younger Dryas). However, the
record does indicate the beginning of a response to the Holocene warming at the very
top of LPAZ-N5b where the influx values begin to rise ca 11.6 ka BP. This registers as
very short lived increases in the proportions of Betula, Ericales, Salix and Oxyria
digyna / Rumex acetosella-type, before a rapid change in pattern to the herbaceous
dominated LPAZ-N6.

The transition from GS-1 (Younger Dryas) to Preboreal provides a complex record that
is difficult to interpret. This transitional zone coincides with the period of isolation of the
basin, identified by preliminary diatom analysis (J Lloyd, Pers. Comm.), where the
prevailing influence changes from marine through brackish to freshwater. The isolation
contact shows clearly in a section of finely laminated sediments and is dated to ca 11.5
ka BP. This period of isolation therefore coincides with the second major warming of
the postglacial period, and also with the beginning of the rise in pollen influx values
identified in the sequence. Thereafter, both sedimentation rate and pollen influx
increase for a period of ca 250 years. The sediment here is a fine clay which would
suggest that it originated from an unstable landscape (raw mineral soils following
recent deglaciation) supporting sparse vegetation, as might have been expected during
the previous GS-1 (Younger Dryas) period. The landscape was not glaciated during
this time but would have experienced some severe conditions, and perhaps been
subjected to freeze-thaw effects that would have loosened and degraded the soil, thus
contributing fine minerogenics to the allochthonous input into the basin. The isolation of

the basin subsequently - allowed sedimentaion of these fine particles. It has been

- -demonstrated-that-during-this-period pollen influx increased-5.4x.as much.as .sediment

accumulation rate, and therefore cannot be accounted for by the latter, but would
indicate that the vegetation cover at that time was greatly increased. This increase in

pollen influx is driven principally by Artemisia with some Chenopodiaceae, and is
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coincident with a reduction in the representation of woody taxa, and stable cool steppe
conditions. This signal in the pollen profile, correlates with the Preboreal Oscillation
(PBO), a cooling event in the GRIP record, and also to a cooling event recorded in the
terrestrial pollen record at Lake Ifjord ca 11.45 - 11.2 ka BP (Seppa et al., 2002). The
record at Nikkupierjav'ri demonstrates very clear quantitative responses to the
fluctuating climate at this time. Vegetation showed an initial and short-lived response to
the ameliorationg climate with relative increases in the pollen of the woody taxa.
However, with the PBO reversal, the herbaceous taxa associated with the cool steppe
dominate the pollen spectrum again, but demonstrate a significant increase in influx.
The climate is still very harsh but this expansion suggests a response to a reduction in
environmental stress, but not sufficient to effect qualitative changes in taxa or even

expansion of the woody taxa of the tundra.

The frequent occurrence of the PBO in proxy records from central Europe has been
reviewed by Bjérck (1997) and dated in the terrestrial record at ca 11.3 - 11.15 ka BP.
It indicates a widespread climatic cooling around the North Atlantic region. The ocean
records of SSTs in the eastern Norwegian sea also indicate a cooling event following
the early Holocene steep temperature rise, and this has been related to the PBO and
dated to between 11.26 and 11.04 ka BP (Birks and Koc, 2002). Birks and Kog (2002)
suggest that the warm North Atlantic Water in the very early Holocene promoted ice-
sheet melting, leading to an increase in the glacial meltwater input. This freshening of
the ocean caused a slowing down and a reduction in the NATC, and the consequent
southerly displacement of the NAPF would have led to this renewed cooling of the
North Atlantic region.

At Nikkupierjav'ri at this time there are no trees established in the vegetation, and
therefore the signal in the pollen is necessarily an herbaceous one (and is probably
confounded by its coincidence with the isolation event). There is a very slight indication
of vegetational development in response to the initial Holocene warming (as
discusssed above), before the cooling event is registered. It is suggested here that the
very limited response to the initial Holocene warming and the pronounced response to
the PBO event indicates that at this extreme northerly location the PBO became an
extension of GS-1 (Younger Dryas), thus delaying the onset of vegetational
development that could be associated with the Holocene warming. Kog et al. (1993)
have mapped a seasonally ice free passage to 72°N along the Norwegian coast

throughout GS-1 (Younger Dryas). Although Nikkupierjav'ri-lies at 70° 40'N, it lies to the

“@ast of the nofthernmost-point of the mainland at¢a 71°N; this must-have-beena very

sensitive location as regards fluctuations in this ice free passage. Evidence at this site
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would suggest that sea ice persisted throughout this period, and that Nikkupierjav'ri lay
close to the NAPF at this time.

Marine evidence from core M23071 from the western Vering Plateau (see Figure 2),
which lies off western Norway in the path of the Norwegian Current but outside the
influence of the Norwegian Coastal Current (which maintains the ice free passage),
indicates a gradual transition over 1500 years out of GS-1 (Younger Dryas) (Kog et al.,
1993; Birks and Koc, 2002). This is a more gradual impact of the re-organisation of the
water-masses in the early Holocene than was experienced in the ice-free passage
along the Norwegian coast (Birks and Koc, 2002). This response time is more in line
with the record at Nikkupierjav'ri, where it takes ca 1600 years to progress from the
cool steppe flora of GS-1 (Younger Dryas) to the pioneering birch woodland of the
Holocene. The terrestrial site at Krdkenes Lake in western Norway, which would have
benefited from the warming of the Norwegian Coastal Current, records this GS-
1/Preboreal transition at ca 11.5 - 11.1 ka BP, and shows no evidence in the
temperature reconstructions of any reversion to colder conditions that could be referred
to as the PBO (Birks et al., 2000b). Here, the vegetational development from the end of
GS-1 (Younger Dryas) to the onset of the pioneer birch phase takes ca 700 years
compared to the 1600 years at Nikkupierjav'ri. This lends support to the suggestion of
the close proximity of the NAPF to the site at Nikkupierjav'ri throughout the GS-
1/Preboreal transition.

The pattern of succession into the early Holocene that follows this transiton at
Nikkupierjav'ri, begins with declining proportions of Artemisia, continues through a brief
period dominated by Salix and Oxyria digyna / Rumex acetosella-type, on to the
expansion of Ericales and Betula, and then to the development of the pioneering birch
woodland. This pattern is typical of other records in the area at this time (Hyvarinen,
1975; Hyvarinen, 1976; Prentice, 1982; Seppa, 1996). However, comparing the
calibrated chronologies at Lake Ifjord and Nikkupierjav'ri, there is some disagreement.
The onset of the development of the pioneering birch woodland at ca 9.9 ka BP at
Nikkupierjav'ri, is between 1000 and 1200 years later than that suggested at Lake
Ifjord. The age depth model for Lake Ifjord was developed using the estimated age of
11.5 ka BP for the GS-1 (Younger Dryas) / Holocene boundary as the basal age for the
core. This boundary was identified by a change from the Artemisia dominated spectra
to the Salix and Oxyria digyna / Rumex acetosella-type dominated spectra, a
characteristic feature of other pollen records in northern Fennoscandia. The estimated
date was then obtained by correlating this change with the-GS-1 / Preboreal transition
in the Greenland ice cores, and with calibrated radiocarbon dates derived from wiggle-
matching in western Norway, and with tree-ring chronologies from northern Europe
(Seppa et al., 2002). This basal date was then used with three calibrated '*C bulk
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sediment dates from the early Holocene sediments, and extended to an assumed
modern age for the top of the core. By contrast, at Nikkupierjav'ri this boundary lies
between two AMS '“C dates from macrofossils, the lower date derived from marine
algae, and the upper date from terrestrial woody leaves and stems. This model is
similarly extended to an assumed modern age for the top of the core. This latter model
places the GS-1 / Preboreal boundary coincident with a rise in Artemisia, and thereafter
suggests that the early Holocene vegetation developed more slowly than at Lake Ifjord,
with the pioneering birch woodland not developing until ca 9.9 ka BP. The possible
proximity of the NAPF to the study site at this time has already been discussed, and it
is suggested that this apparent delay in vegetational development could be attributed to
the persistent harsh conditions prevailing along the coast at this time. Lake Ifjord is not
a coastal site and does lie much further south at 70° 26’'N°. However, this discrepancy
in dates is perhaps rather more than might be expected bearing in mind the proximity
of the two sites, and could have been exacerbated by the unreliability of the bulk
sediment dates, which are prone to contamination by old carbon (see the discussion in
section 2.3.2.1).

Following the PBO the first major qualitative change in vegetation takes place. The
dominant herbaceous taxa of the cool steppe and tundra that have waxed and waned
over the previous deglacial period are succeeded initially by Ericales (still a taxon
indicative of tundra) and subsequently by the colonisation of tree birch. Tree birch
becomes established ca 9.9 ka BP, with these first birch woods characterised by
abundant Lycopodium spp. and Gymnocarpium dryopteris, a feature commonly found
associated with the early Holocene pioneer birch phase elsewhere in Fennoscandia
(Hyvarinen, 1975; Hyvarinen, 1976; Prentice, 1982; Sepp4a, 1996).
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Chapter 7

Synthesis

The southerly study site along the northeast Atlantic seaboard, Lochan An Druim, is
broadly compared with the northerly study site at Nikkupierjav'ri. Their differences in
vegetation type and vegetational development are discussed for the period following
deglaciation and up to the onset of the development of pioneer birch woodland in the
early Holocene. Independent chronologies have been developed for each profile that
have been compared with the GRIP event stratigraphy scheme (Bjérck et al., 1998;
Walker et al., 1999).

Deglaciation dates for the study sites have been suggested from estimated dates for
the beginning of mineral accumulation. Sedimentation commenced at Lochan An Druim
at 12.18m(BD), providing evidence for deglacial activity, and giving a projected date for
deglaciation before 15.0 ka BP (the age-depth model was not developed beyond the
lowest radiocarbon date). According to Bowen (2002) deglaciation is estimated to have
begun ca 17.4 + 1.3 ka BP, beginning from the continental shelf and retreating
towards terrestrial centres of ice dispersion. At Lochan An Druim there are records of
the presence of a few herbaceous taxa and of cf Betula nana, beyond ca 15.0 ka BP.
The onset of organic accumulation is not apparent in the lithology untii ca 15.0 ka BP,
corresponding with the beginning of the initial warming phase Gl-1e (Bglling) in the
GRIP record. At Nikkupierjav'ri, mineral accumulation is estimated to have begun ca
17.2 ka BP which accords well with the suggestion that most of the western part of the
Fennoscandian Ice Sheet and the Barents Sea Ice Sheet had receded from the outer
continental shelf by ca 17.5 ka BP (Andersen, 1979; Vorren and Plassen, 2002).
Evidence for the onset of organic accumulation is difficult to estimate from this site
since it was a marine basin at that stage. However, there is evidence of a very low
influx of pollen into the inlet (<7 grains cm™ yr'), consisting of Artemisia, Gramineae
and cf B. nana. Together with evidence of moss inwash, this would suggest that the
surrounding landscape was ice free and supporting a sparse cover of low growing
vegetation by ca 16.5 ka BP. Retreat of the ice sheets is estimated to have begun from
the continental shelf at about the same time in both locations, and this study would
suggest that the continental margin was free of ice in Fennoscandia by 16.5 ka BP.

Throughout Gi-1 (Lateglacial Interstadial) at Nikkupierjav'ri, the polien influx values
remain generally well below 25 grains cm™yr'. This might be attributed to the fact that
at this time the basin Was a marine inlet and therefore not-such an efficient
environment for collecting pollen. However, the terrestrial record at Ostervatnet (100

km south southeast and still on Varangerhalvgya) also indicates very low values of 20-
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40 grains cm™ yr'' during this interstadial, rising to only 60-150 grains cm? yr' during
GS-1 (Younger Dryas), and this is indicative of very harsh tundra-like conditions
(Prentice, 1981). These figures can be compard with modern pollen influx rates in
Arctic areas; in Greenland Fredskild (1985) demonstrates a decrease in values from
Low Arctic to High Arctic, i.e. >70 grains cm™ yr” to <10 grains cm™? yr' respectively.
By comparison, the pollen influx values at Lochan An Druim during GlI-1 (Lateglacial
Interstadial) are somewhat higher, with a mean of 357+62 grains cm? yr', still
suggesting tundra-like vegetation but with more ground cover. Nevertheless, due to the
very low level of pollen recovered (or deposited) at Nikkupierjav'ri, it is difficult to
correlate this site with Lochan An Druim in terms of vegetational characteristics. There

are, however, some observations to be made.

The Gl-1 (Lateglacial Interstadial) period is characterised at both sites by the taxa of
the cool steppe and tundra biomes. At Lochan An Druim cool steppe is characterised
by Oxyria digyna /Rumex acetosella-type, but at Nikkupierjav'ri Artemisia prevails as
the dominant taxon. In the tundra biome at Lochan An Druim, Ericales (cf Empetrum
nigrum) is very dominant and is accompanied throughout by the Arctic Alpines Salix
and Saxifraga oppositifolia / S. aizoides -type. At Nikkupierjav'ri, by comparison, the
predominent taxa are Salix and cf Betula nana with only very occasional Saxifraga
oppositifolia / S. aizoides-type or Ericales (cf E. nigrum). Tundra prevails for most of the
Gl-1 (Lateglacial Interstadial) at Lochan An Druim compared to Nikkupierjav'ri where
the conditions appear to be more unstable with generally more cool steppe. GS-1
(Younger Dryas) is stable in both profiles but characterised by cool steppe in the north
and tundra in the south; both represent treeless floras, but with warmer and moister
conditions in the south.

During a relatively warm period such as Gl-1 (Lateglacial interstadial) when the NAPF
tends to migrate north (see Figure 1), the site at Nikkupierjav'ri would be much closer
to the front than the site at Lochan An Druim, and therefore more susceptible to minor
fluctuations in its position. The cooler and drier periods of expansion of the steppe taxa

may suggest brief southerly movements of the NAPF during this time.

At Lochan An Druim the first increase in pollen influx, of up to 55 grains cm? yr”,
occurs ca 14.9 ka BP, with a further sustained increase correlating with the beginning
of the warming phase Gl-1e (Bglling) at ca 14.5 ka BP. There is a coincident and
corresponding signal at Nikkupierjav'ri. Here pollen influx remains <7 grains cm? yr’
until ca 14.5 ka BP, after which there is a sustained increase to ca 25 grains cm? yr

‘WhICh is also taken to indicate the begmnlng of this warming phase. Both sites were -
ice-free at this time, and the warming signal perhaps indicates an expansion of the

existing flora in response to the ameliorating conditions, and therefore more expansive
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colonisation of the relatively bare ground left after the retreat of the ice. Pollen influx
rates at Nikkupierjav'ri fall again ca 13.5 ka BP, and it is suggested here that this could
be an early response to Gl-1b (Intra-Allerad cold period), since there is no further
increase in pollen influx that would suggest vegetational development before the onset
of the early Holocene. In contrast, this cold interval presents a significant signal in the
taxa at Lochan An Druim ca 13.0 ka BP, with a reduction in Ericales (cf Empetrum
nigrum) and an expansion of the steppe herbs; however, the Ericales (cf E. nigrum)
appear to expand again for a time before the onset of GS-1 (Younger Dryas).

Following the southward movement of the NAPF during Gl-1b (Intra-Allered cold
period), it may not have shifted northward again during Gl-1a, as much as it had during
Gl-1c, and hence remained south of Nikkupierjav'ri. As a result neither Gl-1a nor the
subsequent GS-1 (Younger Dryas) is distinguishable in the pollen record from
Nikkupierjav’ri and cannot be directly compared with that from Lochan An Druim.

An initial response to the warming of the Holocene registers as quantitative changes in
vegetation at both sites. This is typified by an increase in the relative proportion of
woody taxa and a reduction in the relative proportion of the herbaceous flora. This first
signal occurs at ca 11.7 ka BP at Lochan An Druim and ca 100 years later at
Nikkupierjav'ri. Thereafter, the first qualitative change in the vegetation at Lochan An
Druim is the succession of the pioneering birch woodland, which begins at ca 11.4 ka
BP. This most significant and indicative change of taxa in response to the Holocene
warming is delayed by a substantial ca 1500 years at Nikkupierjav'ri, until ca 9.9 ka BP.

In summary - both sites show a coincident quantitative response to postglacial warming
in terms of the pollen influx of pioneering taxa following deglaciation, although the
signal is much more pronounced in the south. Thereafter, the vegetation at Lochan An
Druim responds very sensitively to minor fluctuations in the climate through Gi-1
(Lateglacial Interstadial), with quantitative shifts in the proportional representation
between the dominant taxa, and showing an increasing trend in productivity. The
record in the north from Nikkupierjav'ri is far less responsive and appears to be
constrained by the colder intervals, i.e, Gl-1b (Intra-Allerad cold period), GS-1
(Younger Dryas) and the PBO, which seem to persist with no evidence of any
vegetational recovery between them. This has a cumulative effect, such that the timing
of the initial development of the pioneering birch woodland takes place 1500 years later
at Nikkupierjav'ri.

These t two records have been placed in the W|der context of the North Atlantlc reglon
by comparing the onset dates of key cllmatlc events in both the terrestrlal coastal
records and the ocean records. Appropriate marine records for comparison have been

chosen as discussed in section 2.3.4.3.1, and coastal terrestrial records as discussed
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in sections 3.2.6 and 3.3.7. Only the early Holocene record at Nikkupierjav’ri had been
used for this comparison owing to the uncertainties attached to the interpretation of
results for the Lateglacial section, on account of the very low pollen counts for that
period. Published and uncalibrated radiocarbon dates for some of these events have
been calibrated using CALIB 4.4.1 (Stuiver and Reimer, 1993) with the INTCAL98.14¢
calibration data set (Stuiver et al., 1998a) for the purposes of this discussion. The
limitations of such detailed comparisons must be viewed in the context of the problems
of radiocarbon dating and the different calibration methods as discussed generally in
section 2.3.2.2., and more specifically to the records that are compared here, in
sections 3.2.6 and 3.3.7. These records and events are compared in Table 16.

The onset of the Lateglacial Interstadial (Gl-1) begins about 14.4 ka BP at Lochan An
Druim, laggging the 14.7 ka GRIP ice-core yrs BP. This warming event is delayed -
northeastward until ca 13.4 ka BP at Krakenes and 13.8 ka BP at the North Timan
Ridge. The 400 year difference between these sites is probably due to dating
inaccuracies, but nonetheless there is an evident delay of ca 1000 years in the
warming of the north of the region (the very early date of 15 ka BP at Andoya follows
the early terrestrial deglaciation of the area).

The subsequent Lateglacial interstadial reversals are not well recorded in the area.
Evidence for the Older Dryas (Gl-1d) in two records in the Rogaland area show a
response at ca 14.3 ka BP, which is about 400 years before Lochan An Druim where it
registers to within 150 years of the 14.05 ka GRIP ice-core yrs BP. Similarly, the Intra
Allerad Cold Period (Gl-1b) reversal in the Rogaland and Sunnmere areas leads the
record at Lochan An Druim by about 300-400 years. The Lochan An Druim record is
coincident with GRIP at 13.15 ka GRIP ice-core yrs BP.

The onset of the Younger Dryas (GS-1) appears to be a broadly coincident event
throughout the terrestrial and marine records of the region, registering earliest in the
northeast at 13 ka BP and slightly later in the southwest at 12.75 ka BP, just leading
the GRIP record at 12.65 ka GRIP ice-core yrs.

Similarly, the Younger Dryas (GS-1)/Holocene transition in both terrestrial and marine
records is broadly coincident, but also correlates with the GRIP record of 11.5 ka GRIP
ice-core yrs BP (the record in the Sunnmare area at Lerstadvatn appears rather old by
comparison).
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The GRIP record tends to lag the terrestrial and ocean records to varying degrees, in
response to the periods of climatic deterioration as indicated by the cold reversals of
the Older Dryas (Gl-1d), the Intra Allered Cold Period (Gl-1b), the Younger Dryas (GS-
1) and the Preboreal oscillation. By contrast, it leads the terrestrial record relatively
significantly at the onset of the Lateglacial Interstadial and is coincident with it at the
transition to the Holocene. This lag in vegetational development at the beginning of the
Lateglacial Interstadial could be explained in terms of the time taken for the processes
of migration and colonisation, following deglaciation, to take effect. By comparison, the
response in vegetational development at the beginning of the Holocene, would show a
signal earlier, with the expansion and development of existing taxa able to respond to
the ameliorating conditions, and hence indicating a coincident response with the ice-
core record. it might be expected that vegetation would respond quite rapidly to the
stress of climatic deterioration, with retreat or extinction processes initiated rather more
quickly than migration and colonisation. Hence the terrestrial record tends to lead,
marginally, the GRIP record for these colder periods.

Comparison of the northeast Atlantic marine record and the timing of the climatic
events at Lochan An Druim for the onset of the Younger Dryas (GS-1) and the Younger
Dryas (GS-1) / Holocene transition, show coincident timing, and must indicate a close
coupling of the marine record with the adjacent terrestrial record for these periods.
Thus suggesting the potential for a rapid terrestrial response to changing SSTs.

In terms of the relative timing of these events along the northwest European continental
margin there is a general pattern described here of a southwest to northeast lag in
response to warming events, and the reverse in response to cooling events. It is
suggested that these gradients result from the relative penetration of warm surface
currents during times of climatic amelioraton and their withdrawl during climatic
deterioration. If the link between SSTs and terrestrial vegetational changes is as close
as suggested above, a more specific chronology for these events could be developed
in the future, with further high-resolution analysis and robust calendar age chronologies
for both marine and terrestrial records along this seaboard.

The Lateglacial is known to provide a record of frequent, and sometimes relatively high
amplitude, climate changes. In view of the problems associated with low pollen
production generally at this time (and especially at high latitudes), and particularly of
recovery of a suitable record from an isolation basin environment, effort needs to be
focused on sites that have not had a marine influence, and in addition, would benéfit
from=a- multi-proxy approach. Hélogens récords generally can provide a fuller account
of vegetational developmet and the Holocene marine record in the North Atlantic is

more comprehensive, so that such coupling could perhaps be better assessed for this
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period instead, although this would require very high resolution analyses in order to
attempt to overcome the loss of amplituded during the more stable climatic conditions

of this period.

ek dedkdedeok

The principal objectives of this study i.e., to test the two hypotheses related to
quantitative changes in vegetation, as outlined in chapter1, have been met. This study
has demonstrated quantitative, as well as the well-known qualitative, changes in the
vegetation of the North Atlantic European continental margin following deglaciation.
These changes have been shown to correspond with the short-term fluctuations and
rapid changes in climate as recorded in the GRIP ice-core record. It has also been
shown that palaeovegetation profiles from sites near to the potential extremities of
northward penetration of warm ocean surface water during this time have recorded
some of these events differentially, indicating an irregular northward lag in vegetational
development, and this has been attributed to the relative proximity of the NAPF. In
addition, the Lateglacial palaeoenvironmental histories at Lochan An Druim in northern
Scotland, and Nikkupierjav'ri in northern Finnmark have been described. The
investigation into the tephrochronology of the two study areas has provided evidence
for a new early Holocene Icelandic cryptotephra from Lochan An Druim, together with
evidence in support of a “Younger Borrobol’ cryptotephra from Lategalcial sediments of
Allerad age at the same location.
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ABSTRACT: Clarification of the temporal relationships amongst records of environmental change is
dependent on accurate timescales. Event markers such as tephra layers are extremely important for
constraining chronologies and providing tie points. In this report we present evidence of a previously
unknown early Holocene lcelandic cryptotephra from a lake in northern Scotland—the ‘An Druim
Tephra'. The calibrated radiocarbon age of 9560 cal. yrBP for this new cryptotephra makes it an
important addition to the suite of cryptotephras now recorded from the last glacial termination and

early Holocene in northwest Europe. In addition we report evidence in support of a ‘Younger Borrobol  |gurnal of Quaternary Science
Tephra’ from Lateglacial sediments of Allerad age. Copyright © 2005 John Wiley & Sons, Ltd.

KEYWORDS: An Druim Tephra; Younger Borrobol Tephra; cryptotephra; Iceland; Lateglacial; Torfajokull.

Introduction

Event horizons, such as tephra layers, are important synchro-
nous markers that enable precise correlation between different
records of past environmental changes. Such correlation is
essential to clarify the temporal relationships between changes
in different environmental components during times of rapid
global environmental change such as the last glacial termina-
tion and early Holocene. In regions distal to volcanic sources,
the identification of very thin or sparse layers of tephra shards,
cryptotephra layers (Turney et al., 2004), in sedimentary
records from this interval is increasingly important. Although
no discernible changes in vegetation are associated with most
such layers (Hall, 2003), they are nonetheless of great impor-
tance in constraining the chronologies of sedimentary
sequences. Such layers frequently are overlooked, however,
especially in lake sediments that often have a high proportion
of inorganic components; only through careful, targeted scru-
tiny of such sediments can these layers be detected.

Several cryptotephras previously have been found in
northwest European sedimentary sequences spanning this
interval, the three best documented being: the Borrobol Tephra
(Turney et al., 1997; Davies et al., 2003, 2004); the Vedde Ash
_ (Mangerud et al., 1984; Birks et al., 1996; Lowe and Turney,
T 1997; Wastegard et al., 2000a, 2000b; Davies et al., 2001);
...and the Saksunarvatn Tephra (Mangerud et al., 1986; Gronvold

etal., 1995; Bjorck et al., 2001). An increasing number of such

* Correspondence to: Judy R. M. Allen, Institute of Ecosystem Science, School of
Biological and Biomedical Sciences, University of Durham, South Road, Durham
DH1 3LE, UK. E-mail: j.r.m.allen@durham.ac.uk

layers is also reported from more recent Holocene sediments in
northwest Europe, especially those from lreland (Dwyer et al.,
1995; Hall and Pilcher, 2002; Hall, 2003), Scotland (Dugmore,
1989; Dugmore et al., 1995) and Germany {(van den Bogaard
et al., 2002; van den Bogaard and Schmincke, 2002). Most of
the layers found in the British Isles are from Icelandic volca-
noes, in particular Hekla, Katla, Snaefelisjokull, Grimsvotn/
Kverkfjoll and Torfajokull. Here we report the identification
of a new Icelandic cryptotephra layer from early Holocene
sediments of a small lake, Lochan An Druim, in northwest Scot-
land, as well as new records of a ‘Borrobol-like tephra’ and of
the Vedde Ash from the same location. The calibrated radiocar-
bon age of 9560 cal. yr BP for what we name as the An Druim
cryptotephra makes it an important addition to the suite of
cryptotephras now recorded from the last glacial termination
and early Holocene in northwest Europe.

Study site and coring

Lachan An Druim (58° 28’ 30" N, 4° 40’ 18" W; UK NGR NC/
435568; 25m OD) is a small (ca. 0.5 ha) lowland lake to the
east of Loch Eriboll, a sea loch on the north coast of Sutherland,
Scotland, UK. (Fig. 1). The present open water surface of the
lake is surrounded by a fen, dominated by the common reed,
Phragmites australis (Cav.) Trin. ex Steudel, that occupies the
majority of the area of the basin that extends to ca. 6 ha in total.
The basin has two small inflowing streams and a single small
outflow to the northwest. The sediment sequence from this site
previously was studied by H. H. Birks in the 1970s (Birks, 1984)
using a core taken within the P. australis fen on the western side



(S007) 80Z~ LOT (£)0T "JOA 13§ Aewsaieny)

3y} Yum aumeusis [ed1wayd syl o SISeq ay) UO Pale|a1iod ag
ued (Wgg | 1ZS) wayl 1o auQ (0007 “fe 1@ uosepijieH)
$324N0S DIPUB[3D| WOL) PaALIAP (e Ajqeqoad isow ale Aay)
ey} satedipul Wwaod wnissejod ydiy 119yl ‘slouisyunyg
(6861 /B 13 3131BW 97) J310€1RYD DIII|OAYI/DIDI]IS UCWWIOD B
Suneosipur ‘siuajuod wimissejod pue ediyis ydiy aaey saiy) |8
‘uo1iIsodwod apIxo Juswa|a Jolew s1ay) Aq Ajses|d palenua
-1a1p aJe su9Ae| eaydal a1y 3] 1ey) s|esAal ‘(g'e)g 24Ny ul
parensnjt asoy) se yons ‘sjojdiq jo uoneuiwexa ydnoyi|y
‘| 9|qe ] u pauasasd aie sasAjeue aqoidosdiw w92 Y] Jo
SNSaY (5661 “fB 19 alowdn(]) ssew preys ayl Jo %66 Uey)
SS9 SeM [B10) SAPIXO Yl 21aym SPIeYS |eNPIAIPUL Jo} Pal1da(al
319M SJUBWIBINSERR “suonipuod Zunesado-auiydew ul suonel
-1eA 10§ Pa1J2410D 3q 0} Sjuawainseaw ajduies ajgeus o} pPasA|
-eue sem uotisodwod umouy| Jo ajdwes [onuod (ELpfiglateD)
ajpelpue ue uoissas (edNAjeue Yyoea 1noy3nouyl sjeasaiul Jejn
-8a1 1e {(spunodwiod edtjis 3jdwis pue sapIX0 DIBYIUAS ‘s|elauu
aind) uonisodwod umouy jo spiepuels Juisn N0 pated
sem uoneiql e “wr ' JO YIPIm Ueds B YlIm weaq Jaises e pue
VU JO JUaLIND Wweaq e ‘A Og Jo a8eijoa Buiesaladde ue ynm
anbiuyoal (SaM) Alswondads aalsiadsip yidus|aaem prepuels
e Suisn ‘y3inquipg jo Ansiealun ‘1un [eanAjeuy ASojouoiyd
-oayda| D¥IN 3y 1e 1asA [eueoidiwl aqoidosdiw uondad 00 L XS
edswe’) J1ajpwoiads aAly ay) uo pawuopad a1am sasAjeuy
(5661 “1e 19 a1owdnq) sanbiuyoay piepuels Suisn pasedaid
Suiaq sisAjeue aqoidoidiw u0u1I3|2 10 SAPI|S ‘SISA{EUE JOJ PAsN
a19M s3ead 3DUBIINDI0 Y} WO SPIBYS “13ULIN) PIIPNIS JOU SEM
1 pue a1el A[aLalixa a5am (W g [ | ‘0ZS) Yyunoy syl Jo spaeys
‘sishjeue aqoidoidiw uod9)d Aq uONESUSIDBIRYD [BDHWAYD
10} spaeys uepunde pue ad1e| Apuaidiyns Aq pajuasaldal a19m
(WOg |1 ‘0ES ‘W ZELL '1TS ‘WH6E'0L ‘€1S) @53y Jo 921y] “(Z
814) Aem sty1 ur payedo| a1am (wit 9o 1—-0| 28uel azis) speys
(‘deid ui ‘1ouuey) esydaroydAid alejndIssA jo sisAe] unog
(Z "814) paynuapi aq 0) 92USLNID0
yead jo syidap Surgeus snyy ‘UoNENUIDUCD pleys DANE[D)
aulwiap o) Ajjesidodsoidiw paulwexa sem ydiym jo doup 9|3
-Uis ® “J3Jem pPaj|Isip JO (WD 6°Q Ui papuadsnsas a1sm sanpisai
[Ul} “310j219Y3 ‘9D SIU) U| "A2ULINID0 pJeys yead jo yidep
ay) Ajresnooe alow AJuapl o) se [am se ‘eaydsl ay) jo uol
-eS19)DBIEYD [EDIWAYD JOj [eldieW apiacid 03 pannbas a1em
yidop wod | Buiuueds sajdwes yuanbasgns aty) ‘pa1daIep aam
spaeys eaydal a1aypn sspaeys eiydal jo sduasaid ayy wayuod
0] pasn sem (66| ‘ISIOW Pue 1aqloas) ydiy pasuejod-sueid
ur aul| ayoag aanedau e Juimoys suresd oidonosi jo Adojoyd
-Jow ay) Jo ‘uonedyiuSew Qoy X 1e ‘uoneulwexs |eon) "oe|d
- Jojesuadwod y | e pue siejod passon ynm adodsoidt 1y3i
WIWQ €197 e Buisn QoL x Jo uoniedyuew e je pauiuexa
3JOM SHUNOW ISBY] ‘wes|eg epeued) ul sse|319A00 e Japun
PAUNOW d13M SUOIIDRIIX JO 135 {BNIUI DY) WOlf SINPISDY
w807
e uopeiedas Ansuap puodas B JuiSN PIAOWSI DI9M SLIO)
-eip duiurewas A1essadau aIdYM (88661 ‘Aduin]) o w867
jo Ausuap e yim uonnjos  (OFH.(YOF' MTH)%eN)  S1els
-BuniAjod wnipos Buisn uonesedas Aysuap Aq paenxs aem
sesyda) onioAys pue Buinsis w0 AQ PaAOWI 219M S3IDI)
-1ed aul {(966 | “JE 19 350Y) WUBWIRAN HOEBN AQ POAOWDL SEM
ed1|is d1adolqg {00z “Ie 12 siaqueyd 0007 e 19 |[Pueq)
EONH W uonsadip pioe Aq umop uayolq a1am sjuauoduiod
snoatedjed pue d1uedio :smo|jo} se patedaid asem sajdwes
"3dUBPUNGE WNWIXEW (0 syidap 953y} wouy pajdesxa
spleys uo pawlopad aiam SISAjRUE [BDIWBYI0DT) ‘WD | O]
POA|OSD4 I5BD DS Uf SeM adUBPUNGE pleys winunxew jo yidap
ays Aem siyy up "wd | jo yidep e Sujuueds yoes ((wdg) soyd
-wes snondnuod Guisn pajduies-al sem UONDIS WD-G JUBAD|DI
ay) Pa1dalap a1am spieys eiydal S19UAA “pauILIEXD 1511} D19M
‘wo g Jo yidap e Buruueds yoes ‘(wdg) sapdwies snondnuo)
‘spaeys esyday 21dodsomniw 10} A[[EDNBWNSAS Payieas aam

P11 “su0S % ASp uyol $007 @ WyBuidod

S)UBWIPaS BUADOIOH Alea puk |e1de[3a1e 3yl (‘dasd ul Jauuey)
sasAjeue usjjod uonnjosar jeiodwsl Y3y Yyum Apuaunouo)

sisAjeue eayda]

“1aded siy) Jo 123fgns 3y} SWIO) pUE LONRILBUIIP3S AUII0|OH
Aea pue |ejoe|dare sjuasaidar palaA0Ial SJUBLUIPSS JO W E'|
jeseq ay] "uonenauad seyuny pajuaraid yidop siyy e passy
-unodUB [dARIE pUE PUES 3SILOD [PINDB| |0 SEM W 0§ 6 JO LISUI|
310D |10} Y "9JBLISIU| JAlEM—]USUIPIS BU) SAOCE W G Sem
iod wnjep pjaly ay| "sisA|eue 10} papasu U D, 18 PAIOIS
am Aayl weying o} uodsues) Fuimol|o) (|10} wniulune
pue w)y dnsejd ul paddesm asam suondas 2100 w-| ayy ‘Suid
-0 pjay J1o1q 18y sados sso1d uisn paloow yel e wolj pare
-19d0o (£961 ‘WY3uA) 12100 uoisid pou asenbs payipow-1y3LAA
191awelp wd g e 3uisn axe| ay) Jo ued isadaap ayi wouy paydg)
-|02 a19m sa102 Buiddejsano ‘s)usunpas je1de|3ale Jo A1arodal
asiuwixew 0] 13pio U] *(‘daid ug “Jsuuey) UOIIN|OSIS [BIUUSIUBD 0)
|epedap je utdrew jejuaunuod ueadoiny samylou ay) Suoje
saBueyd |eyuswuoiAua |edejSare Sunednsaaul Apnmis e Jo
ued se g6 | Ul P3I03-31 SBM 3)IS BY] "SJUBWIPIS S} Ul PIAIDS
-aad piodal jeuswuoiauaoasejed ay) jo ssueuodun ay) uodn
paseq Juiaq Uons se UOIEND SH “(1S2430UJ DYNUIIDG |e1dads
JO 3US) ISSS 11013 By Ulyim Pa1edo] “(£661 ‘PUBHIYING pue
UOPIOD) 875 | "ON WD) 3lIS MBIAIY UONBAISSUD)) |BDIZ0|09N)
€ se pajeudisap uaaq aduIs sey s aY| "dUIDCJOH pue |e1de}d
-31e7 9y SulINP PUB|102S LBYLOU Ul SUOIIIPUOD |PIUSLLLIOIIAUSD
apNNlje-MO| 10} 2DuapIAd anbiun sapraosd als syl e Ayd
-eidnens (1ssojoioew pue uajjod sy Jo piodal JBH ANe| Ay} Jo

PUBIODS LIayuouU 0] puead) Jo Apwixoid ay) smoys pue
(3|3ue1das ¥or|g) PUB[IODS 1SIMLLIOU Ul BAJE APNIS 3y} Jo uoiitsod ay)
SIILDIPUY 195U| (‘W QE [eAlalut 1nojuo)) “uoihsod Buuod ayl Syiew x
PUR|I0DS 1SIMUMOU ‘||OGIIT YD0T JO SI0Ys UJRisea ayl Uo wini(]
Uy UeYDI0T JO UoNedo| ay) smoys dew urepy ‘sdew uoneso ] | aingiy

S|eAsalUl WOE B, .

SBUI| PUS) [RUOHEN () e 18 saul| Inojuo) ¢

SPEOY e = ays 6unoo pue seem uado 3

sBuippng H us) siensne sajubeiryd e
wods RS R ’,7
r T S -.. . “ :-"... '/‘— -
- - SR T
'\: F : . N N /36p0‘| | y
. .é A sl 7 1oqu3 “\. .
- < .. .. . . / . . .
Q * N . . . ’
. A N I
B R AN A .
& « & ‘../ . ., ,
N s .' . Q‘b .t '. . I
LN IENER A @ I
L T b
R ., . . : ‘ .. I >
- Y Y
TR o

IDNIIDS AYVYNIILYNO 40O TYNANO[ 20z



A NEW CRYPTOTEPHRA FROM NW SCOTLAND

203

z '@Q
g T N &
& g 8 & 49
I @ s e & 2 &
% 4 % E & _\%\ <§o
b 1 tg @ 2 & S
o ¢} z 2 3 c N 2 & 3N &
= Es o g 5 o© 5 ol Q&) L &
o3 sy z 88 \ & N Fe' S 5 ®
=0 oo 2 = £ 8 42 & . ,60 S & O 8 2 S
29 ] ] s £ 9 & & s & &P 5 S &° S & &
it 2 g £88 & o FF &N ISR S
Eg 8 8§ g8 ¥ ¢ & @ & FE P & S
10,60] r‘
10.70
10.80
10.90 ;
ca 9560 calibrated
| - <313 "C years BP
3 11.00
Early £ o Early
Holocene [-11000 Holocene 1.10
F E 4 shards only.
r 31 11.20 \ <820 » no further analyses
[ ] D) 20
L 1 - L <] 5 0 80
12000 11.30 : «521 » 11,980 ¢
L 1 Younger ice core years BP
LL L
L | Dryas 11.40
[N L L
GS-1 [ b (Y L
| | 11.50 CC w
L L
11601 L L )
Allered -
L U
Gh1a 1.70 D
Gl-1b o TR L .
L coldperiod T
Allerad ca 13,610 calibrated
Gl-1c L ' X
L (= r «s30 > “C years BP
L <
Gl-1e L C
Gs-2 L] = R
LLLEL 20 40 60 80 100 10 20 2 3 20 40
o %
........... % °
KEY
Siity clay .
% with organic detritus s Organic band
[ L1
L bhbLi OBy
L LY Clayand
organic deftritus ~ *.t.tett Sand
L L
N ELLYD  Clay with
l_,_"L organic detritus

Figure 2 Summary diagram of Lateglacial pollen and sediment stratigraphy. Stratigraphic plot of sediment type, pollen percentages (xP=all
terrestrial pollen and spores), total polten and spore concentration, and organic content as estimated by loss in weight upon ignition (550°C). Also
shown are the positions of the radiocarbon samples and cryptotephra layers

already well-known Vedde Ash; a second (S30; 11.86 m) has
a Borrobol-like chemistry. Figure 3(c) illustrates these corre-
lations using a ternary plot of potassium, calcium and iron
oxides. No match has been found, however, for the third
layer identified at Lochan An Druim (S13). This tephra is
characterised by a particularly high potassium content.
Although its chemical signature is similar to that of some
shards of the Lairg B Tephra (Figure 3(d)), the latter is much
younger, being of mid-Holocene age (ca. 6000 '*CyrBP:
Dugmore et al., 1995). We have named this new tephra the
‘An Druim Tephra’.

Chronology

Lochan An Druim lies on the eastern edge of an outcrop of the
Durness limestone (Cambrian-Ordovician, 540-500 Ma),
hence there are potential problems in radiocarbon dating bulk
sediment samples that may incorporate carbonate derived from
this source. In the previous study of this site, Birks (1984)
obtained radiocarbon age determinations for bulk sediment

Copyright © 2005 john Wiley & Sons, Lid.

samples, each spanning ca. 10 cm sediment depth. These ages
were consistently older, by as much as 1000 T4c yr, than
expected on the basis of the well-known and distinctive fea-
tures of the pollen stratigraphy to which they related. In this
study we have obtained AMS radiocarbon age determinations
of terrestrial plant macrofossils wherever possible, each macro-
fossil sample being obtained from a 1 cm depth sediment slice.
In the case of the An Druim Tephra layer (513, 10.94 m), how-
ever, terrestrial plant macrofossils were absent from the adja-
cent sediments. Our strategy for dating this tephra, therefore,
was to obtain an AMS age determination upon a bulk sediment
sample from a 1 cm depth slice centred upon the cryptotephra,
and also to obtain paired AMS age determinations for terrestrial
plant macrofossils and for a bulk sediment sample from the
immediately underlying 1 cm depth slice. These paired mea-
surements provide an estimate-of the adjustment to be applied
to the bulk sediment age obtained for the An Druim Tephra
layer. We do not propose that this ‘correction’ can be applied
elsewhere in the stratigraphy, nor to Birks’s (1984) bulk sedi-
ment ages. However, because the An Druim Tephra is only
1 cm above the paired samples, and from the same sedimentary
unit, we believe it is acceptable to use the results of the paired
measurements to adjust the bulk sediment age obtained for the

J. Quaternary Sci., Vol. 20(3) 201-208 (2005)
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Figure 3 Chemical characteristics of tephras. Two biplots showing the clear separation of the three tephra layers at Lochan An Druim by their major
element oxides, also shown are the envelopes for the Vedde Ash (Turney et al., 1997; Wastegdrd et al., 1998; Bjorck and Wastegdrd, 1999; Wastegard
et al., 2000b) and Borrobol Tephra (Turney et al., 1997): (a) plot of potassium oxide and iron oxide; (b) plot of magnesium oxide and calcium oxide.
Two ternary diagrams showing the relative proportions of the oxides of potassium, calcium and iron in the three tephra layers at Lochan An Druim and
various other tephras: (c) 521 and S30 tephras from Lochan An Druim, Vedde Ash (Turney et al., 1997; Wastegard et al., 1998; Bjérck and Wastegdrd,
1999; Wastegird et al., 2000b) and Borrobol Tephra (Turney et al., 1997) (data for the latter two from Tephrabase: http://www.geo.ed.ac.uk:81/
tephra/). (d) An Druim Tephra (513) and known early Holocene tephras with high potassium content (Ssn (Snaefellsjokull) (Boygle, 1994), Lairg A

(Dugmore et al., 1995; Pilcher et al., 1996; Hall and Pilcher, 2002), Lairg B (Dugmore

et al., 1995; Pilcher et al., 1996), Hogstorpmossen (Bjorck

and Wastegdrd, 1999) and Hovsdalur (Wastegard, 2002) Tephras (data for the former three from Tephrabase: http://www.geo.ed.ac.uk:81/tephra/))

Table 2 Radiocarbon dates

Depth below Laboratory Material (dry weight) 14C age (yrBP) Calibrated age®
datum (m) number (20 range; midpoint)
10.935-10.945 POZ-6525 Bulk sediment—organic gyttja (412.3 mg) 9920+ 50 11197-11364; 11280
10.945-10.955 POZ-6527 Bulk sediment—organic gyttja (915.4 mg) 10010+ 150 11254-11694; 11470
10.945-10.955 POZ-6526 Woody plant fragments (2.3 mg) 8680+ 50 9538-9781; 9660
11.275-11.285 Ua-21242 Woody plant fragments (8.5 mg) 10345 +100 11746-12681; 12220
11.645-11.655 Ua-21241 Woody plant fragments (12.1 mg) 10465175 12070-12837; 12450
11.765-11.775 Ua-21240 Woody plant fragments (9.6 mg) 11095+75 12872-13218; 13040
11.995-12.005 Ua-21239 Woody plant fragments (10.3 mg) 12625+100 14 265-15620; 14940

“ Calibrated using CALIB 4.4.1 (Stuiver and Reimer, 1993) with the INTCAL98 dataset (Stuiver et al., 1998).

points. The best-fitting model (Fig. 4) was obtained using a {Lowe and Walker, 2000), we note that our estimated age

“third-order polynomial: model fits-well our interpretation of the pollen stratigraphic

information from this site (Fig. 2). We therefore believe that
this mode! can Be uséd 16 obtain an estiriiated agé for the

y =12778.69x* — 439890.759x° ‘Borrobol-like tephra’ found at a depth of 11.86m in the

+5049058.309x — 19311 069.039(r? = 0.999) Lochan An Druim sediments; the age estimated is ca.
13610cal. yrBP.

Whilst we acknowledge that there are many problems asso- The same model also estimates an age of 8085 cal. yr BP for

ciated with '*C dating the last glacial-interglacial transition the prominent pollen concentration minimum in the sample at

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 4 Chronology. Age—depth relationship for the Lateglacial part of the Lochan An Druim stratigraphy

a depth of 10.84 m (Fig. 2); the close correspondence between
this age estimate and the prior inference from the palynostrati-
graphy that this concentration minimum is a likely correlate of
the ‘8200 event’ {Alley et al., 1997) adds to our confidence in
the age-depth model fitted. This widespread cooling event
is recorded in many early-Holocene records (von Grafenstein
et al, 1998; Duplessy et al, 2001; Johnsen et al., 2001;
Snowball et al., 2002; Paus et al., 2003) and variously dated
to ‘between 8000 and 8400cal.yrBP. At Lochan An Druim
the cooling event, the duration of which we estimate as no
more than 600 years, was of sufficient magnitude to be
reflected clearly in the palynological record.

Discussion

Understanding the complex and rapid environmental changes
that took place during the Lateglacial and early Holocene, as
the global system moved from a glacial to an interglacial con-
dition, requires improved knowledge of the phase relationships
between different components.of the global system. Event mar-
kers, such as distinct tephra layers, that can be detected in sedi-
ment or other records.from many localities and/or more than
one realm are vital to this effort. Securely dated and chemically
characterised teplhiras, including the so-called- cryptotephra
layers (Turney et al., 2004)-that can be identified in lake sedi-
ments, are increasingly important in improving the accuracy
and precision that.can be attained in correlating records from
separate localities, As a contribution to this area. of research,
three cryptotephla‘layers identifiedin the Lateglacial and early
Holocene sediments at Lochan An Druim have been: chemi-
cally charactensed including the newly recorded. rhyolitic
An Druim Tephra

Copyright © 2005 lohn‘WiIey & Sons, Lid.

Although, as we have shown above, there is some overlap in
chemical composition between the An Druim Tephra and the
Lairg B Tephra, they differ in age by >2500 "*Cyr (An Druim:
8590450 '*CyrBP; Lairg B: ca. 6000 '“CyrBP). Thus,
although it is likely, given its chemical signature, that the An
Druim Tephra originated from the same volcanic source as
the Lairg B Tephra (Torfajokull in southern Iceland) we propose
that the An Druim and Lairg B Tephras reflect distinct volcanic
events. Of previously widely recorded early-Holocene tephras
not identified from the sediments at Lochan An Druim, the
Saksunarvatn Tephra (Gronvold et al., 1995; Birks et al.,
1996; Eiriksson et al., 2000) is most similar in age to the An
Druim Tephra (9560 cal.yrBP); being dated variously to
9930-10010cal. yr BP (Birks et al., 1996} or 10 240.cal. yr BP
(Bjorck et al., 2001). The Saksunarvatn Tephra, however, is
basaltic with no rhyolitic cemponent recorded- from any of
the sites where it has been found to date; thus it not only differs
in age from the An Druim Tephra by ca. 500 years, but also
is chemically distinct. Three other less widely reported tephras
recorded from northwest-Europe, however, have high potas-
sium levels broadly comparable to those of the An Druim
Tephra. One of these, the Ssn (Snzefellsjokull} Tephra (Boygle,
1994) dates from. the period -6000-to 7000 '*CyrBP and
thus, like the Lairg B Tephra, is much younger than the An
Druim Tephra. The other two, however, are of a similar
age to the An Druim- Tephra: the rhyolitic Hovsdalur Tephra
found in the Faroe Islands (Wastegdrd, 2002) and dated to
10500.cal. yr BP; and a tephra represented by just two shards
from Hogstorpmossen, Sweden (ca. 9000 '*CyrBP; Bjorck
and Wastegard, 1999), Both of these, however, are chemically
distinet from the An Druim Tephra when viewed on a ternary
plot of potassium, .calcium and total- iron oxides (Fig. 3d).
We thus conclude that the An Druim Tephra'is an additional
early Holocene tephra layer in the Scottish. tephrochronologi-
cal sequence’ younger than the widely found Saksunarvatn

J. Quaternary Sci., Vol. 20(3) 201-208 (2005)
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Tephra and substantially older than the chemically similar
Lairg B Tephra.

The ‘Borrobol-like tephra’ found at Lochan An Druim (S30)
lies in sediments representing the early part of the Allerad
interval (Gl-1c of Bjorck et al., 1998), the onset of which is
marked at this site by a small peak in Betula, an increase in
Ericales and decreases in Artemisia and Saxifraga oppositifo-
lia/s. aizoides type (Fig. 2); the age of this tephra is estimated
as ca. 13610cal.yrBP. Turney et al. (1997) in their paper
reporting the discovery of the Borrobol Tephra estimated its
age to be ca. 12.5 "*Ckyr BP on the basis of its stratigraphic
position in the Balling (Gl-1e). This age estimate is equivalent
to ca. 14 600 cal. yr BP, but was revised by Turney (1998b) on
the basis of '*C dating of bulk organic sediment to
14400 cal.yrBP; it is thus ca. 800-1000 years older than
the “‘Borrobol-like tephra’ found at An Druim. Davies et al.
(2004) discuss the possibility that at least two chemically
identical ‘Borrobol-like tephra’ layers may have been dep-
osited during the interval between ca. 13600 and
ca. 14500cal.yrBP. The evidence they discuss includes
the report by Turney (1998b) of the occurrence at the
Borrobol site of a low concentration layer of tephra shards,
chemically indistinguishable from those of the Borrobol
Tephra, some 30 cm above the latter in sediments dating from
the early part of the Allergd (Gl-1¢). The new evidence pre-
sented here of a ‘Borrobol-like tephra” at An Druim dating
from ca. 13 610cal. yr BP lends further support to the occur-
rence of a ‘Younger Borrobol Tephra’ dating from the early
Allergd. Until such time as both this and the original Borrobol
Tephra are identified and dated in a single stratigraphic pro-
file, however, ‘Borrobol-like tephras’ will remain of limited
value as event markers.

The Vedde Ash is a unique layer, clearly identifiable by
its major element chemistry, that was deposited during the
Younger Dryas (GS-1 of Bjorck et al., 1998). It has been
identified in many deposits, both marine and terrestrial (e.g.
Mangerud et al., 1984; Austin et al., 1995; Birks et al., 1996;
Lowe and Turney, 1997; Turney, 1998a; Turney et al., 1998;
Eiriksson et al., 2000; Wastegdrd et al., 2000a, 2000b;
Bondevik et al., 2001), and is an extremely useful event
marker horizon. tn the Lochan An Druim pollen stratigraphy
the Vedde Ash lies within the peak of Arternisia and Saxifraga
oppositifolia/ S. aizoides type, a short distance below the
marked increase in woody taxa (especially Betula), that
marks the transition to the early Holocene (Fig. 2); this is con-
sistent with deposition during the Younger Dryas as recorded
elsewhere.

Locating, characterising and determining the age of crypto-
tephras such as these in lake sediments offers new opportu-
nities for detailed correlations between records. New
techniques, such as the application of laser ablation sampling
coupled to ICP-MS analysis (Pearce et al., 1999, 2002, 2004),
may in future address the dual challenges of chemically char-
acterising even the extremely small tephra shards of which
many of these layers are composed and of ‘fingerprinting’,
using elements present at very low concentrations, tephras
such as the Borrobo! and Younger Borrobol that are at present
indistinguishable using electron microprobe analyses of
major oxides.
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Appendix li
Data tables for analyses at Lochan An Druim and Nikkupierjav'ri

Contents

Folder: 1 - Lochan An Druim

Files:

LAD-% Loss on Ignition (dry weight).xls
Results and calculations.

LAD-Age-depth Model.xls
Development of model segments and calculations of the dates assigned
to each sample.

LAD-Biomes.xls
Systematic biome analysis of pollen percentage data.

LAD-Detrended Correspondence Analysis-output.xls
Output from the detrended correspondence analysis carried out within
the Tilia Programme.

LAD-Pollen Data-Final.xls
Pollen count data and presence/absence data for the macrofossils from
the pollen washings, for the accepted samples, with the subsequent
calculations for percentage data, concentration values, influx data (with

mean values) and mean sample resolution.

LAD-Pollen Data-Original.xls
Pollen count data and presence/absence data for the macrofossils from
the pollen washings, for all the samples.

LAD-Climate Reconstructions (Direct Analogue) (Northern Hemisphere+Pinus).xls
Data for the reconstructed bioclimate variables derived using the direct

analogue approach.
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Folder: 2 — Nikkupierjav'ri

Files:

LAD-% Loss on Ignition (dry weight).xls
Results and calculations.

LAD-Age-depth Model.xlIs
Development of model segments and calculations of the dates assigned
to each sample.

LAD-Biomes.xls
Systematic biome analysis of pollen percentage data.

LAD-Detrended Correspondence Analysis-output.xls
Output from the detrended correspondence analysis carried out within
the Tilia Programme.

LAD-Pollen Data-Final
Pollen count data and presence/absence data for the macrofossils from
the pollen washings, for the accepted samples, with the subsequent
calculations for percentage data, concentration values, influx data (with

mean values) and mean sample resolution.

LAD-Pollen Data-Original
Pollen count data and presence/absence data for the macrofossils from
the pollen washings, for all the samples.
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Appendix Il

Lochan An Druim: Relative abundance data are displayed for all the taxa with
totals (undifferentiated) for the monolete and trilete Pteridophyte spores; taxa
have been grouped into arboreal taxa and non-arboreal taxa, terrestrial
Pteridophytes and obligate aquatics and plotted against age (cal yrs BP). Pollen
sums are specified as follows for selected taxa: Terrestrial Pollen (ZTP), i.e.
Arboreal Pollen minus Pinus (AP) plus Non-Arboreal Pollen (NAP); Terrestrial
Pollen and Terrestrial Pteridophyte Spores (XTP + XZPS); Terrestrial Pollen and
'Aquatic Pollen (including Sphagnum) (XTP + ZXZAP); Terrestrial Pollen and
Indeterminable Pollen (ZTP + ZIP).
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Appendix IV

Nikkupierjav'ri: Relative abundance data are displayed for all the taxa with totals
(undifferentiated) for the monolete and trilete Pteridophyte spores; taxa have
been grouped into arboreal taxa and non-arboreal taxa, terrestrial Pteridophytes
and obligate aquatics and plotted against age (cal yrs BP). Pollen sums are
specified as follows for selected taxa: Terrestrial Pollen (XTP), i.e. Arboreal
Pollen minus Pinus (AP) plus Non-Arboreal Pollen (NAP); Terrestrial Pollen and
Terrestrial Pteridophyte Spores (TP + ZPS); Terrestrial Pollen and Aquatic
Pollen (including Sphagnum) (TP + ZAP); Terrestrial Pollen and Indeterminable
Pollen (ZTP + ZIP).
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